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Abstract 

Background  BI 836880 is a humanized bispecific nanobody® that binds to and blocks vascular endothelial growth 
factor (VEGF) and angiopoietin-2 (Ang-2). A comprehensive biomarker and modeling approach is presented here 
that supported dose finding for BI 836880.

Methods  Two Phase I dose-escalation studies (1336.1 [NCT02674152], 1336.6 [NCT02689505]) assessed BI 836880 
in adults with confirmed locally advanced or metastatic solid tumors, refractory to standard therapy or for which 
standard therapy was not reliably effective. Two dosing schedules were investigated, 3 weeks (q3w) or once weekly 
(qw), starting at a dose of 40 mg. In a comprehensive biomarker approach, soluble pharmacodynamic markers (free 
and total plasma VEGF-A and Ang-2), as well as circulating angiogenic factors (soluble VEGF3, soluble Tie2 and pla-
centa growth factor, amongst others) were analyzed to assess target engagement in peripheral blood for q3w doses. 
A Population based pharmacokinetics/pharmacodynamics (PopPK/PD) model was built using the limited Phase I 
dataset to support dose finding by simulations. In order to demonstrate drug activity in the tumor, dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI) was applied.

Results  DCE-MRI scans supported target engagement in the tumor. Free VEGF-A was depleted at all doses, whereas 
free Ang-2 decreased dose-dependently, reaching depletion in most patients from 360 mg q3w onwards. While 
total VEGF-A levels increased in a dose-dependent manner, reaching saturation at 360 mg q3w, total Ang-2 lev-
els increased, but did not plateau. Angiogenic biomarkers showed changes from doses ≥ 360 mg q3w. PopPK/PD 
modeling showed that doses ≥ 360 mg q3w led to > 90% inhibition of free Ang-2 at steady-state in most patients. By 
increasing the dose to ≥ 500 mg q3w, > 90% of patients are expected to achieve this level.

Conclusions  The comprehensive analyses of multiple target engagement markers support BI 836880 720 mg q3w 
as a biologically relevant monotherapy dose schedule.

Trial registration: NCT02674152 and NCT02689505.
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Introduction
In 2022, an estimated 20 million cases of cancer were 
reported and by 2050, this number is expected to 
increase by approximately 77% [1]. With an overall 
mortality rate of around 50%, cancer remains a 
major global health concern [2]. Despite advances in 
immunotherapy and targeted therapies, chemotherapy 
remains the standard of care for many types of cancer 
[3, 4]. However, prolonged exposure to chemotherapy 
has been associated with excessive toxicities, making 
the need for effective therapeutic options increasingly 
critical [3, 4].

Angiogenesis, one of the hallmarks of cancer, is an 
essential process in tumor growth and metastasis [5, 6], 
and the vascular endothelial growth factor (VEGF) is one 
of the key regulators. Binding of VEGF to its receptors 
on endothelial cells induces angiogenic processes, such 
as endothelial cell proliferation and migration [7]. VEGF 
is overexpressed in many cancers and high expression 
levels are often correlated with poor prognosis [8].

Targeting of VEGF is an established therapeutic 
strategy in oncology. Bevacizumab—a humanized VEGF-
A-specific monoclonal antibody—was first approved for 
metastatic colorectal cancer in 2004 and is now used 
in the treatment of several advanced cancers, including 
metastatic breast cancer, non-small-cell lung cancer, 
glioblastoma, renal cell carcinoma, ovarian cancer and 
cervical cancer [9]. Other approaches to targeting the 
VEGF pathway include the VEGF receptor tyrosine 
kinase inhibitors (such as sunitinib, sorafenib, nintedanib 
and lenvatinib) and the VEGF receptor-2 monoclonal 
antibody, ramucirumab [7]. While these agents have 
demonstrated substantial clinical benefit in patients with 
certain advanced cancers, some patients do not respond, 
and others will eventually experience disease progression 
because of the development of resistance to treatment. 
As such, additional research has focused on identifying 
markers to predict those patients who are most likely to 
obtain clinical benefit and the role of other angiogenic 
factors [10].

One pathway of interest is the angiopoietin (Ang)/
Tie signaling pathway, which also contributes to blood 
vessel remodeling: Ang-1/Tie2 signaling stabilizes new 
blood vessels, while Ang-2/Tie2 signaling destabilizes 
them [11]. Since stabilizing and destabilizing signals are 
both transmitted via the same receptor kinase, Tie-2, the 
destabilizing activity can only be properly addressed via 
specific Ang-2 blockers.

Given the complementary actions of VEGF and Ang-2 
signaling, it is anticipated that combined inhibition may 
improve antitumor activity. Preclinically, combined 
VEGF/Ang-2 inhibition showed better antitumor activity 
than inhibition of either pathway alone [12, 13].

BI 836880 is a humanized bispecific nanobody® 
comprising two single variable domains that bind to and 
block VEGF-A and Ang-2, as well as an albumin-binding 
module for half-life extension in  vivo [14]. Preclinically, 
BI 836880 has been shown to be a potent and selective 
inhibitor of VEGF-A and Ang-2. BI 836880 showed 
antitumor activity in a range of patient-derived xenograft 
models, with superior activity to VEGF-A or Ang-2 
inhibition alone [14].

Two Phase I studies were conducted to determine 
the maximum tolerated dose/recommended Phase II 
dose of BI 836880 and assess its safety and activity in 
patients with advanced solid tumors (NCT02674152 
and NCT02689505) [15]. Study 1336.1 assessed  
BI 836880 given intravenously every 3 weeks (q3w) while 
study 1336.6 assessed BI 836880 given once weekly (qw). 
BI 836880 demonstrated a manageable safety profile with 
a maximum tolerated dose of 720 mg q3w (study 1336.1) 
and 180  mg qw (study 1336.6), respectively. One dose-
limiting toxicity (DLT) event occurred at the q3w treat-
ment (grade [G] 3 pulmonary embolism [1000 mg]). Five 
DLTs occurred in four patients treated qw (G2 proteinu-
ria [120 mg]; G3 hypertension [180 mg]; G3 proteinuria 
and G3 hypertension [240  mg]; and G4 respiratory dis-
tress [240 mg]) [11].

Historically, dose finding for oncology has relied 
on dose escalation until dose limiting toxicities 
occurred followed by a dose reduction to determine 
the maximally tolerated dose. For cytotoxic drugs, like 
many chemotherapeutics, this was considered a rational 
approach. However, targeted therapies may show 
relevant biological effects before toxicity levels have 
been reached, or may not show dose-limiting toxicities 
at all. Anti-angiogenic drugs, as was also shown for  
BI 836880, are generally well tolerated with hypertension 
as the major on-target toxicity, which can be addressed 
by co-medication. Determining a biologically active 
dose is therefore of considerable importance. Also, the 
FDA has recently started project OPTIMUS to address 
the issues in defining the right dose in oncology drug 
development [16–19].

In this report, we describe the analysis of multiple 
biomarkers in Phase I dose escalation studies to 
demonstrate BI 836880 target engagement and, in 
combination with a population based pharmacokinetic/
pharmacodynamic (PopPK/PD) modeling approach, 
support dose decisions for further clinical development. 
Given the intrinsic difficulty of dose escalation studies 
with small, heterogeneous patient populations, assays 
needed to be robust, fit-for-purpose, and validated in 
order to avoid introducing even more complexity into 
data analysis. Assay development and validation for the 
soluble pharmacodynamic (PD) markers of this study 
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(free and total plasma VEGF and Ang-2) are explained in 
detail. Results from the measurement of these markers 
together with a set of complementary angiogenesis-
relevant circulating factors (soluble VEGF3 [sVEGFR3], 
soluble Tie2 [sTie2] and placenta growth factor [PlGF]) 
are presented, along with the development of the PopPK/
PD model. The PK data relevant for the PopPK model 
development have been published elsewhere [11], and 
are not topic of the present manuscript. In the absence 
of tumor measurements of these biomarkers, dynamic 
contrast-enhanced-magnetic resonance imaging 
(DCE-MRI) was employed to demonstrate the effect of  
BI 836880 on the tumor vasculature. The complete 
dataset was then used to support 720 mg as a biologically 
active dose.

Materials and methods
Patients and study design
Study design and eligibility criteria for studies 1336.1 
and 1336.6 have been published previously [15]. In brief, 
studies 1336.1 and 1336.6 were non-randomized, open-
label, dose escalation studies. Adult patients with locally 
advanced or metastatic solid tumors which were either 
refractory after standard therapy or for which standard 
therapy was not reliably effective were enrolled. Patients 
received BI 836880 via intravenous infusion at a starting 
dose of 40 mg given q3w or qw. Data from study 1336.1 
were used to demonstrate target engagement for different 
q3w dose levels based on a multiple biomarker approach. 
In addition, combined data from studies 1336.1 and 
1336.6 were considered for population (Pop)PK/PD (Ang-
2) modeling. The studies were conducted in accordance 
with the Declaration of Helsinki and Good Clinical 
Practice guidelines as defined by the International 
Conference on Harmonization; all patients provided 
written informed consent for study participation; and the 
institutional review board approved the study.

PK and PD sampling and assays
For quantification of free/total VEGF-A and free/total 
Ang-2, 6 mL of blood was taken at pre-defined timepoints 
throughout treatment after the first and repeated doses. 
In study 1336.1, free/total levels of VEGF-A and Ang-2 
were measured on days 1, 2, 3, 8 and 15 in cycles 1, 2 and 
4; days 1, 2 and 3 in cycle 3; and day 1 in cycles 5‒12. For 
circulating angiogenic biomarkers, such as sVEGFR3, 
sTie2 and PlGF, 3 mL of blood was taken at pre-defined 
timepoints throughout treatment (cycle 2, day 1 for 
sVEGFR3 and sTie2 and cycle 1, day 3 for PlGF). DCE-
MRI scans were performed at baseline, 1  week after 
administration of BI 836880, after the second treatment 
cycle (week 6) and after the fourth treatment cycle (week 
12) in the absence of progressive disease. DCE-MRI data 

acquisition details are provided within the Additional 
file, including sequence parameters of the MRI protocol 
(Additional file Table  S1). PK samples of BI 836880 
were also taken at pre-defined timepoints throughout 
treatment (days 1, 2, 3, 8 and 15 in cycles 1, 2 and 4; days 
1, 2 and 3 in cycle 3; day 1 in cycles 5‒12).

Total VEGF‑A
Total VEGF-A levels were determined by a nano liquid 
chromatography high-resolution mass spectrometry 
(LC-HRMS) method developed at Boehringer Ingelheim. 
Recombinant human VEGF165 (Ala27-Arg191) was used 
as a calibration standard (R&D systems, 293-VE-050, 
USA). SILuTM Prot VEGF165 (Ala27-Arg191, Merck, 
MSST0005, Germany) recombinant protein was used 
as an internal standard, in which all lysine and arginine 
residues are replaced at a ≥ 98% rate with heavy labeled 
analogues (Arg [13C6, 15N4], Lys [13C6, 15N2]). All 
protein stock solutions and working solutions were 
prepared and diluted in 0.1% protease-free bovine serum 
albumin/phosphate buffered saline (PBS) solution. A 
calibration standard working solution was prepared at 
a concentration of 10 µgEq/mL and a healthy volunteer 
K2 ethylenediaminetetraacetic acid (EDTA)-plasma pool 
was spiked with this working solution at concentration 
levels of 0, 1, 5, 10, 25 and 50 ngEq/mL. Each batch 
included a set of calibration samples and quality control 
(QC) samples at two different concentration levels (QC.1: 
8 ngEq/mL and QC.2: 40 ngEq/mL recombinant VEGF-A 
in healthy K2 EDTA-plasma).

Either 50 µL of study sample or calibration/QC sample 
was used as input. Internal standard was added to each 
sample at the beginning of the sample extraction protocol 
(final internal standard concentration was 5 ngEq/mL) 
to normalize for variable extraction rates of different 
samples. Samples were diluted with 150 µL 50  mM 
ammonium bicarbonate (ABC) buffer. Afterwards, heat 
denaturation was performed under rigorous shaking at 
95  °C for 5  min to disrupt most biological interactions 
in the sample. Samples were reduced with 5  mM 
dithiothreitol at 60  °C for 30  min. The 96-well sample 
plate was cooled, 15  mM iodoacetamide was added 
and samples were incubated at room temperature (RT) 
for 30  min protected from light. Samples were further 
diluted to a total volume of 8  mL with 5  mM CaCl2 in 
50 mM ABC buffer. Digestion was performed with 40 µg 
of bovine pancreas trypsin (Merck, T1426, Germany) 
at 37 °C overnight. As the achieved digestion rates were 
insufficient for the required sensitivity of the assay, a 
further 40  µg trypsin was added and the digestion step 
at 37 °C was prolonged by 6 h. Any remaining proteolytic 
activity in the sample was then blocked by the addition of 
2.5 µg/mL aprotinin.
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For immunoprecipitation, the sample was further 
diluted by the addition of 400  µL of 10 × Tris Buffered 
Saline (TBS-T, Bio-Rad, Germany). Samples were 
mixed with 20 µL polyclonal anti-VEGF-A antibody 
(immunogen: “a synthetic peptide derived from 
N-terminus of human VEGF”, PA5-16754, rabbit, 
immunoglobulin G, Thermo Fisher Scientific, UK) and 
incubated under moderate shaking at 4 °C for 3 h. After 
incubation, 20 µL of a protein A magnetic bead slurry 
(Thermo Fisher Scientific, 10001D, Germany) was added 
and samples were incubated on a rolling wheel at 4  °C 
overnight. Washing steps were performed on a King 
Fisher Flex magnetic bead handling system (Thermo 
Fisher Scientific, UK) using the following washing 
solutions: wash 1: 300 µL of 0.5 × TBS-T, wash 2: 200 µL 
of 0.5 × TBS-T, wash 3 and 4: 200 µL of 10 mM HEPES/
KOH, pH 7.9. Peptides were eluted from the beads with 
150  µL 0.25% trifluoroacetic acid (TFA). Supernatants 
were transferred and further purified by SOLAµ HRP 
2  mg/mL 96-well solid phase extraction plates (Thermo 
Fisher Scientific, Germany) according to manufacturer’s 
instructions by using a positive pressure manifold 
(Waters, USA). Finally, peptides were eluted twice 
from the solid phase extraction plate by 35 µL of 70% 
acetonitrile (ACN). Organic solvents were removed by 
evaporation at 40  °C and samples were reconstituted in 
30 µL sample buffer (0.1% TFA, 0.5% acetic acid, 2% ACN 
in water).

10  µL of the sample was injected into an NCS-
3500RS nano LC system (Thermo Fisher Scientific, 
USA). A standard 70  min gradient was run (buffer A: 
0.5% acetic acid in water; buffer B: 0.5% acetic acid in 
ACN; gradient 0–7  min: 5% buffer B; 30  min: 14.5% 
buffer B; 40  min: 45% buffer B; 45–55  min: 85% buffer 
B; 59–70 min: 5% buffer B) at a flow rate of 300 nL/min. 
An Acclaim PepMap 100 trap column (100  µm × 2  cm, 
C18, 5  µm, 100  Å, Thermo Fisher Scientific, Germany; 
loading buffer: 0.1% TFA, 1% ACN in water) was used 
to pre-focus the peptides. Peptides were separated 
on an Easy-Spray column (75  µm × 15  cm, C18, 3  µm, 
100  Å, Thermo Fisher Scientific, Germany) heated to 
40  °C. “APM[MetO]$AEGGGQNHHEVVK” 3 + and 
4 + precursor ion currents (elution time: 15.6 min; mass 
[3 +]: 559.5984, mass [4 +]: 419.5907) and “APM[MetO]
AEGGGQNHHEVVK [1 × deamidation, (N,Q)]” 3 + and 
4 + precursor ion currents (elution time: 15.6 min; mass 
[3 +]: 559.9265, mass [4 +]: 420.1967), as well as their 
corresponding heavy analogues, were recorded on a Q 
Exactive high field high resolution mass spectrometer 
(Thermo Fisher Scientific, USA) operated in the full scan-
ddMS2 modus (mass accuracy < 5  ppm). The resolution 
for full scan experiments was set to 60,000 (at m/z 200) 
and automatic gain control target to 1e6 ions (range: 

350–1600 m/z). For ddMS2-experiments, the resolution 
was set to 30,000 and automatic gains control target to 
1e5 ions. 3 + and 4 + precursor peak areas were summed 
up to gain more intensity. Summed “APM[MetO]
AEGGGQNHHEVVK” signals were used as quantifier, 
while summed “APM[MetO]AEGGGQNHHEVVK 
[1 × deamidation, (N,Q)]” signals were used as qualifier. 
Neither unmodified peptide forms nor other prominent 
modifications, other than the two described, were 
detected (in validation nor in study samples). As the 
calibrator used in this study was not fully characterized, 
the assay was considered as relative quantitative.

Free VEGF‑A
Free VEGF-A was measured using a commercial 
electrochemiluminescence immunoassay kit without 
major modification (Human VEGF V-Plex Kit, Cytokine 
Panel 1, Meso Scale Discovery, USA, K151RHD). The 
sandwich assay uses monoclonal anti-VEGF-A antibodies 
as capture and detection reagents. One of them competes 
with the anti-VEGF-A binding epitope of BI 836880. 
It was calibrated relative to the recombinant standard 
from the kit. Plasma samples were measured without 
further preparation in a fixed dilution of 1:2. The assay 
was performed in a semi-automated manner using a 
Hamilton Star liquid handling system for dilution of 
samples and distribution to the microtiter plate as well as 
a microtiter plate robot for automated performance of all 
incubation, washing, addition of reagents and reading of 
response steps of the immunoassay. This system has been 
developed at Boehringer Ingelheim.

Total Ang‑2
Total Ang-2 was analyzed using a modified and 
automated commercial enzyme-linked immunosorbent 
assay (ELISA) kit from BioTechne (R&D Systems, 
USA #SANG20). The standard sandwich ELISA uses a 
monoclonal anti-Ang-2 capture antibody immobilized to 
the microtiter plate and a second monoclonal anti-Ang-2 
detection antibody. As reference standard, bulk material 
of one lot was banked in aliquots at −  70  °C (623-AN-
025, R&D Systems/BioTechne Inc. USA). The assay was 
calibrated relative to this recombinant standard material. 
The lyophilized standard was reconstituted, diluted in 
assay buffer and stored as single-use working aliquots 
at −  70  °C. The stability of the ready-to-use calibration 
samples has been proven for several years. Simple 
thawing of the calibration samples reduces the workload 
on each measuring day and also the assay variability. 
The assay was performed according to the kit manual 
with one modification. After washing of the uncovered 
microtiter plate, 90 µL of assay diluent that had been 
spiked with 100 ng/mL drug was dispensed in each well of 
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the plate. Thereafter 50 µL of the diluted plasma samples, 
quality controls and calibrators were added in duplicates 
(one sample in two wells). After 4 h of incubation at RT 
on a shaker the plate was washed, the detection antibody 
conjugated to horseradish peroxidase was added, and 
the plate was incubated for another 2 h at RT. Final steps 
were washing, addition of tetramethylbenzidine substrate 
solution, incubation in the dark for 30  min, addition 
of stop solution (1  M phosphoric acid) and reading of 
responses (difference responses at 450–650  nm). The 
Ang-2 concentration corresponding to the measured 
optical absorbance was calculated via data fitting of the 
non-linear 4-parameter logistic standard curve obtained 
by measuring the calibration samples prepared from the 
recombinant human Ang-2. Distribution of samples to 
the microtiter plate was performed on a Hamilton Star 
liquid handling system in a randomized manner. The 
steps of the ELISA process were automated on a robotic 
system developed at Boehringer Ingelheim.

Free Ang‑2
Free Ang-2 was analyzed using an ELISA developed 
at Boehringer Ingelheim. The sandwich assay uses 
the biotinylated anti-Ang-2 therapeutic nanobody 
as capture reagent immobilized to the streptavidin 
coated microtiter plate (StreptaWell High Bind Plates, 
Roche Diagnostics GmbH, Germany). It captures all 
“free” Ang-2 from the plasma sample that has not been 
blocked by the drug. After washing of the plate, 25 µL 
of assay buffer was added to each well to prevent drying 
of the plate. Then 100 µL of calibrators, quality controls 
and plasma samples were added. The calibrators were 
prepared from the same reference standard as in the 
total Ang-2 ELISA and diluted in PBS + 0.1% Casein 
Blocker (Bio-Rad, USA) + 0.05% Tween 20. All plasma 
samples were diluted in the minimum required dilution 
of 1:2 in the same assay buffer. After incubation for 
4  h at RT on a shaker, the plate was washed and the 
mouse monoclonal anti-Ang-2 detector antibody 
was added (R&D Systems Inc., USA, MAB0983). Two 
hours later, the immune complexes formed on the plate 
surface were detected by a goat anti-mouse secondary 
antibody labeled with horseradish peroxidase (#31439, 
Thermo Fisher, USA) for 1  h at RT. The plates were 
then washed and 100 µL per well tetramethylbenzidine 
Super Sensitive Microwell One Component Peroxidase 
substrate (BioFX Laboratories, L.L.C., USA) was added. 
After incubating in the dark for 30  min, 100  µL 1  M 
phosphoric acid was added to terminate the enzyme 
reaction and the adsorption was read at 450–650  nm. 
The Ang-2 concentration corresponding to the 
measured optical absorbance was calculated via data 
fitting of the non-linear 4-parameter logistic standard 

curve. The same automated equipment was used as for 
the total Ang-2 ELISA.

Circulating angiogenic factors
Circulating angiogenic factors such as sTie2, sVEGFR3 
and PlGF were analyzed in K2 EDTA plasma using 
a multi-analyte profiling (MAP) immunoassay kit 
(Angiogenesis MAP®; Rules-Based Medicine [RBM]).

DCE‑MRI
DCE-MRI scans were conducted to provide non-invasive 
quantification of microvascular structure and function 
properties, such as vascular permeability, vascular 
density and regional vascular flow, within tumor lesions. 
DCE-MRI data acquisition details are provided within 
the Additional file (Table S1).

BI 836880 plasma concentrations
BI 836880 plasma concentrations were quantified using a 
validated bioanalytical assay [11].

Data analysis
Biomarker and imaging data analysis (study 1336.1)
Mean time profiles of free and total VEGF-A and Ang-2 
in study 1336.1 were summarized by treatment group 
using exploratory plots. Likewise, levels of sVEGFR3, 
sTie2 and PlGF at baseline and following treatment with 
BI 836880 q3w were explored graphically by treatment 
group.

For DCE-MRI analysis, only patients with lesions 
considered suitable for DCE-MRI by a radiologist 
(preferably liver metastases > 2  cm) were included to 
minimize methodological variability. All patients who 
had at least two DCE-MRI measurements were included 
in the analysis. DCE-MRI images were analyzed using 
dedicated software, MRDAC perfusion tool V5.

Initial area under the contrast agent concentration–
time curve at 60  s (iAUC60) and the transfer constant 
(Ktrans) were reported for each imaging time point. 
iAUC60 is a model free parameter while Ktrans results 
from quantitative modeling [20] of tissue gadolinium 
concentration–time curve using a multi-compartmental 
model. Time profiles of Ktrans and iAUC60 and 
their changes from baseline were summarized using 
descriptive statistics.

PopPK/PD (Ang‑2) modeling (studies 1336.1 and 1336.6)
PopPK/PD modeling of BI 836880 in patients with 
solid tumors was performed based on combined 
measurements of total BI 836880 and free and total 
Ang-2 in plasma from studies 1336.1 and 1336.6. Free 
and total VEGF-A were not included as PD endpoints 
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because free VEGF-A levels were below the lower limit 
of quantification (LLOQ) at all sampling times and all 
dose levels (indicating full blockage) and total VEGF-A 
levels were measured in only a limited number of 
patients. A sequential modeling approach was applied 
first establishing a PopPK model for BI 836880. A PD 
model was then developed using individuals’ plasma 
concentrations of BI 836880 predicted from the PK 
model. Interindividual variability (IIV) and interoccasion 
variability (IOV) were modeled using exponential 
random effect models and a full covariance matrix. IIV, 
IOV and residual (unexplained) variability were assumed 
to be symmetrically distributed around 0. IIV was 
included on all PK or PD model parameters wherever 
possible. IOV was included on Ang-2 synthesis to 
accommodate for the variability in total Ang-2 levels over 
time. An initial covariate screening of PK parameters 
was performed considering the covariates of gender, 
body weight, human serum albumin (HSA), estimated 
glomerular filtration rate (eGFR), alkaline phosphatase 
(ALP), Eastern Cooperative Oncology Group (ECOG) 
performance status, anti-drug antibodies, country of 
study site location and study. HSA, eGFR and ALP were 
included as time-varying covariates, whereas the other 
covariates were implemented as time-independent 
covariates (baseline covariates). No covariate was missing 
in more than 10% of the patients. The missing covariates 
were imputed with the median of the remaining values 
(for baseline covariates) or by last observation carried 
forward imputation (for time-varying covariates). Model 
selection was guided by change in objective function 
values, identifiability of parameters and precision of 
parameter estimates, correlation between the estimates 
of fixed effect parameters, numerical stability, ability 
to obtain a successful COVARIANCE step and visual 
inspection of basic goodness-of-fit plots. The covariate-
parameter relationships were first evaluated using 
exploratory graphics (including graphical inspection of 
IIV versus baseline covariates plots) combined with an 
assessment of scientific interest and prior knowledge 
of mechanistic plausibility. Afterwards, a full covariate 
model was constructed with covariate-parameter 
relationships selected in the first step taking care to avoid 
correlation or collinearity in predictors (covariates with 
correlation coefficients > 0.35 were not simultaneously 
included as potential predictors). Inferences about 
relevance of covariate effects were based on the resulting 
parameter estimates of the full model and measures 
of estimation precision (asymptotic standard errors, 
bootstrap 95% confidence intervals [CI] or log-likelihood 

profile). No hypothesis testing was conducted. Under 
circumstances that some covariate effects were estimated 
with large uncertainty, the full PK model was simplified to 
a final PK model by removing these covariate effects. No 
covariates were included in the PD model. A sensitivity 
analysis was conducted comparing different approaches 
of handling the large percentage of measurements below 
the limit of quantification (BLQ) for free Ang-2 samples. 
Besides discarding BLQ values from model development, 
methods were explored, in which the probability of a 
sample being BLQ is calculated and included as part of 
the model’s objective function (M3 method) [18]. In 
addition, the assignment of a value of less than the LLOQ 
(LLOQ*0.99, LLOQ/2, LLOQ/3) to all BLQ values or 
by merging all consecutive BLQ values to one value was 
evaluated. All analyses were conducted via nonlinear 
mixed-effects modeling with a qualified installation of the 
nonlinear mixed effects modeling software NONMEM, 
Version 7.3 (ICON Development Solutions, Hanover, 
MD, USA). The final model was evaluated by visual 
predictive checks (VPCs) assessing the model’s ability to 
reproduce overall trends and variability in the observed 
data. Therefore, 500 Monte Carlo simulation replicates 
of studies 1336.1 and 1336.6 were generated using the 
developed population PK/PD model. For the VPC, plots 
of the observed data were constructed and overlaid with 
the simulated median and 10th and 90th percentiles.

The PopPK/PD model was used to simulate PK and PD 
profiles of BI 836880 and to summarize the probability 
of achieving minimal inhibition levels of free Ang-2 of 
90% and 95% at trough concentrations of BI 836880 
(defined as target attainment). The simulation population 
consisted of 1000 patients whose baseline covariate 
values were obtained by randomly and jointly sampling 
from appropriate multivariate parametric proximations 
of the covariates’ observed values in both studies 1336.1 
and 1336.6. Individual PK parameters were obtained 
from the PopPK model. The sources of variability 
included IIV and IOV in the PK and the PD model, as 
well as parameter uncertainties in both models.

Simulated treatment consisted of 3-week treatment 
cycles (q3w dosing), with each treatment cycle consisting 
of a single infusion with a nominal infusion duration of 
90 min at the start of the cycle. Simulated dose levels of 
BI 836880 per infusion were 40, 120, 360, 500 or 720 mg. 
The probability of target attainment (median and 5th 
and 95th percentiles) was calculated as a function of 
treatment cycle and dose. The simulation was repeated 
1000 times to calculate CIs for the predicted probabilities 
of target attainment.
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Results
Free and total VEGF‑A and Ang‑2 assay development 
and validation
Context of use
The direct targets of BI 836880, Ang-2 and VEGF-A, were 
quantified in EDTA plasma from patients as markers of 
target engagement to prove the pharmaceutical principle 
and support dose selection by means of the PopPK/PD 
model.

Modelling of the drug–target equilibria requires the 
separate, specific determination of the free and the 
total soluble target concentrations (see glossary box for 
definitions). It was expected that total target levels would 
increase after multiple treatments due to prolongation of 
target half-life, whereas free target levels were expected 
to decrease due to drug–target complex formation. The 
assays were required to be specific for total and free 
target, precise, parallel (see glossary box for definitions) 
and sensitive enough to detect a 90% decrease from 
baseline of healthy volunteer levels (free Ang-2, free 
VEGF-A). For total Ang-2 and total VEGF-A, a sensitivity 
in the range of healthy volunteer baseline levels was 
considered sufficient. All assays needed to be robust 
enough to guarantee comparability of results during 
clinical development of the drug. This would include 
an assay monitoring program based on banked sample 
controls, reference standards and careful bridging of lot 
changes of the calibration standard and critical reagents 
[21].

EDTA plasma was chosen as sample matrix for 
all assays as VEGF-A levels in serum are artificially 
increased by its release from platelets during coagulation, 
leading to a distortion of the original endogenous level 
in plasma [22]. Assay development is described in detail 
in the Supplementary Material.

Analytical performance (validation)
A series of validation experiments were performed 
to confirm the suitability of the four assays (Table  1). 
Further experiments considered stability of whole blood 
samples, influence of centrifugation speed, stability of 
stock solution, calibration samples and coated plates; 
and robustness of assay when performed by different 
scientists (data not shown). Assay validation was 
successful for all four assays confirming their suitability 
for use in the Phase I clinical study.

Patient sample measurement
Assay performance during sample measurement from 
the clinical Phase I studies was comparable to the 
performance during validation. Between-run precision of 
the QC samples was in the expected range for each of the 
assays.

To compare the free and total Ang-2 assays, 53 pre-
dose EDTA plasma samples from patients were analyzed 
with both ELISAs. The results were correlated using the 
Excel Ad-in Analyze-it and the Spearman correlation 
function. Correlation was high (ρ = 0.9) and the linear 
regression showed a slope of 1.14 between free and total 
Ang-2 results (Additional file Fig S1C). The free Ang-2 
ELISA quantifies about a 14% higher level in the baseline 
samples without drug than the total Ang-2 ELISA which 
is mainly caused by the bias in the total Ang-2 ELISA due 
to addition of drug to each sample.

Biomarker and imaging data analysis (study 1336.1)
Free/total VEGF‑A and free/total Ang‑2 levels during  
BI 836880 treatment
Pre-dose VEGF-A levels ranged from 0.022 to 0.669 
µgEq/L. Systemic free VEGF-A was completely blocked 
(below LLOQ) for all doses (Fig.  1A). Free VEGF-A 
remained blocked until the next treatment cycle. A 
dose-dependent increase of total VEGF-A levels was 
observed. Total VEGF-A levels appeared to reach satura-
tion at ≥ 360 mg q3w (Fig. 1B). Pre-dose free Ang-2 levels 
ranged from 0.72 to 13 µgEq/L. Free Ang-2 was dose-
dependently blocked, reaching depletion in most patients 
at doses of ≥ 360 mg q3w, and remained blocked until the 
next treatment cycle, again in most patients (Fig.  1C). 
Total Ang-2 levels increased after BI 836880 treatment 
but did not appear to plateau (Fig. 1D).

Other angiogenic marker levels during BI 836880 treatment
Additional angiogenesis-related proteins were analyzed 
using the RBM Angiogenesis MAP panel. This panel 
contains, amongst others, angiogenesis-related factors 
that may to some degree complement the loss of Ang-2 
and VEGF-A, as well as soluble receptors, which are 
known to regulate the levels of their ligands in the blood.

sVEGFR3 and sTie2 levels decreased compared with 
baseline at BI 836880 doses of ≥ 360  mg q3w (Fig.  2A 
and B). PlGF levels increased versus baseline at doses 
of ≥ 360  mg q3w (Fig.  2C). No similarly consistent 
changes were observed in any of the other analytes (data 
not shown).

DCE‑MRI analysis
DCE-MRI has been used successfully to measure changes 
in tumor vessel permeability, an important measure 
of anti-angiogenic drug activity. The volume transfer 
constant Ktrans assesses capillary permeability using a 
PK model describing the volume transfer coefficient of 
the gadolinium-based contrast agent between the blood 
plasma and the extracellular extravascular leakage space 
[19].
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DCE-MRI analysis was conducted in 14 patients in 
study 1336.1 (120  mg q3w, n = 1; 720  mg q3w, n = 12; 
and 1000  mg q3w, n = 1). Clinically meaningful (≥ 40%) 
reductions in Ktrans [19] were observed in 9 patients 
(7 patients in the 720 mg group and one each from the 
120  mg and 1000  mg groups; Fig.  3A). DCE-MRI scans 
from a patient whose tumor vessel permeability, as deter-
mined via Ktrans, was reduced by 80% compared to base-
line after 2 weeks of treatment are presented in Fig. 3B. 

PopPK/PD modeling (studies 1336.1 and 1336.6)
A two-compartment PK model well described the meas-
ured plasma concentrations of BI  836880 from studies 
1336.1 and 1336.6 both at the population (Additional file 
Fig S3) and individual levels and PK was approximately 
dose linear. Based on a graphical inspection of predefined 
covariate-parameter relationships for PK, body weight 
at baseline was included as a covariate on volumes and 
clearance PK parameters in the full PopPK covariate 
model (see glossary box for explanations of some of the 
modelling-related terms). As the precision of the body 

weight exponents was low, with 95% CIs approaching the 
value of 0, a fixed body weight exponent of 0.75 was used 
for clearance parameters and an exponent of 1 was used 
for volume parameters. Additional covariates imple-
mented in the full covariate model consisted of HSA, 
ALP, eGFR, gender and ECOG performance status for the 
parameter of systemic clearance. Both exploratory plots 
of covariate parameter relationships and model-based 
parameter estimation showed that BI 836880 clearance 
increased with increasing body weight and with decreas-
ing HSA. As such, these covariates were kept in the final 
model. The covariates of ALP, eGFR and ECOG perfor-
mance status were associated with small effect sizes on 
PK and resulted in high uncertainty in parameter estima-
tion. Therefore, these covariates were removed from the 
final PopPK model. In summary, the inclusion of covari-
ate effects only explained to a minor extent PK variabil-
ity in the population. Of the five covariates included on 
clearance (CL) in the full covariate model (Sex, eGFR, 
ALP, HSA, and ECOG) only HSA had a statistically sig-
nificant, but minor effect on CL, considering the narrow 
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range of HSA in the patient population (Additional file 
Table S2).

Using PopPK model estimated PK parameters, the 
PD model was developed as a mass action model in 
which BI 836880 in the central compartment binds free 

Ang-2 and sequesters it in a complex, which degrades 
with a rate estimated by the model; the model also 
estimated the rate of synthesis of Ang-2. In addition to 
the included covariate effects on PK as described above, 
the sources of variability included IIV and IOV in PK 
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and PD parameters as well as additive and proportional 
residual variability terms for the different PK and PD 
measurements. In order to increase model stability, 
shared IIVs for parameters with high correlations in IIV 
were assumed (as outlined in Additioanl file Table  S2). 
PK and PD model parameter estimates of the final 
PopPK/PD model are shown in Additional file Table  S2 
and Table S3, respectively.

Goodness-of-fit evaluations and VPCs demonstrated 
consistency of final model predictions with observed data 
with no systematic bias except for an underprediction 
of the probability of free Ang-2 being BLQ observed in 
the higher dose groups for study 1336.6 (with weekly 
treatment schedule). This potential bias was not observed 
for study 1336.1 including the relevant 3-week treatment 
schedule (q3w dosing; Additional file Fig S4 and Fig S5).

During sensitivity analyses exploring the handling of 
high number of BLQ values for free Ang-2 samples, it 
was not possible to use the method referred to as M3 [23] 
due to model instabilities. In contrast to this, merging 
all consecutive BLQ values to one value (assigned to 
LLOQ/2) gave reasonable results in terms of fitting the 
free Ang-2 data of individual patients and reproducing 
the observed patterns of samples that were BLQ. This 
implementation was therefore kept in the final PopPK/
PD model.

PopPK/PD model-based simulations were performed 
to compare the degree and duration of Ang-2 inhibition 
for various dose levels considering IIV in the analyzed 
population of studies 1336.1 and 1336.6 as well as 
parameter uncertainty as implemented in the final 
PopPK/PD model. A high degree of Ang-2 inhibition 
at BI 836880 dose levels of 360, 500 and 720  mg q3w 
was predicted with most patients reaching > 90% free 
Ang-2 inhibition over the complete treatment cycle at 
steady-state. For dose levels of 500 mg and 720 mg q3w, 
more than 90% of patients were predicted to have > 90% 
inhibition of Ang-2 over the complete treatment cycle at 
steady state (91.4% and 95.6% of patients, respectively; 
Table 2; Additional file Fig S6).

Discussion
In this paper, we present a multiple biomarker approach 
to support dose selection of BI 836880, a VEGF/
Ang-2 inhibitor, in a Phase I dose escalation study. The 
simultaneous analysis of various biomarkers allowed a 
comprehensive assessment of target engagement and 
activity for BI 836880 and supported dose selection at a 
time where limited clinical activity data were available.

Assays to measure free and total Ang-2 and VEGF-A 
were specifically developed and validated for this study. 
The requirement for antibody pairs that bind to the 
target independently, and do not interfere with drug 
binding, made the development of total target assays 
challenging. Interference of drug in the commercial 
Ang-2 ELISA could be saturated and therefore 
compensated to allow use of the ELISA as a total Ang-2 
assay for post-dose samples containing BI 836880. In 
contrast, the only approach to quantify total VEGF-A 
was use of a LC-HRMS assay. This approach was used 
due to interference of the drug in all tested antibody 
combinations for the total VEGF-A immunoassay which 
could not be compensated by saturation of the samples 
with drug.

Our analyses demonstrated that free VEGF-A, but 
not free Ang-2, levels were depleted at all dose levels of 
BI 836880 from 40 to 720  mg. Depletion of free Ang-2 
was dose-dependent and observed from 360  mg q3w 
onwards in most patients. The overall reduction of 
free VEGF-A and Ang-2 levels served as a proof of the 
mechanism of action of BI 836880. Vanucizumab, a 
bispecific monoclonal antibody targeting VEGF and Ang-
2, also showed reductions in free VEGF-A and Ang-2 [24]. 
Similarly, bevacizumab has been shown to reduce free 
VEGF [25, 26].

Total Ang-2 and VEGF-A levels increased dose-
dependently upon treatment with BI 836880, likely due 
to a prolonged half-life of the targets when bound to  
BI 836880 (due to its HSA-binding, the half-life of 
BI 836880 is around 11  days). Similar increases were 
observed during treatment with vanucizumab [24]. An 
increase of VEGF-A and Ang-2 synthesis may also con-
tribute, however, there is no direct evidence to support 
this hypothesis. Whereas total VEGF-A levels appeared 

Fig. 3  Change of tumor blood flow and/or permeability as determined by DCE-MRI in patients treated with BI 836880 in study 1336.1. Ktrans 
was determined via a model that describes the volume transfer coefficient of the gadolinium-based contrast agent between the blood plasma 
and the extracellular extravascular leakage space. A The percent change of Ktrans from baseline to week 2, 6, and/or 12 after treatment onset. 
B An example of a DCE-MRI scan from baseline (left) and the first follow up scan 2 weeks after treatment with BI 836880 (right) from a patient 
of the 1000 mg cohort with a not otherwise defined neoplasm, for whom an 80% reduction in Ktrans was calculated. Ca: carcinoma; DCE-MRI: 
dynamic contrast-enhanced-magnetic resonance imaging; ER + : estrogen receptor positive; Her2: human epidermal growth factor receptor 2 
negative; Ktrans: transfer constants

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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to reach saturation at 360 mg q3w or higher, total Ang-2 
levels did not reach an obvious plateau and the dose 
dependency was partly non-monotonic. This observation 
cannot be clearly explained based on the limited number 
of patients per dose group. However, in the dose groups 
of 120  mg and 1000  mg, where particularly high lev-
els of total Ang-2 were observed, some patients showed 
still detectable, albeit very low, levels of free Ang-2 while 
on treatment (2 and 5 patients at 120 mg and 1000 mg, 
respectively). This suggests that some patients may be 
capable of increasing Ang-2 to higher levels than others 
(e.g. due to IIV in the turnover rate of Ang-2), providing 
a potential explanation for the higher total levels found in 
the 120 mg and 1000 mg groups as compared to the other 
dose groups.

As part of the RBM Angiogenesis MAP, levels of 
soluble receptors, which may serve as ligand traps to 
regulate Ang-2 and VEGF levels, were analyzed. The 
amount of sVEGFR3 (receptor of VEGF-C and VEGF-
D) decreased during BI 836880 treatment. A decrease 
of sTie2, the soluble Ang-2 receptor, was also observed. 
We also analyzed levels of other ligands that can con-
tribute to angiogenesis and showed that levels of PlGF 
(an alternative ligand to VEGFR1) increased during  
BI 836880 treatment. This might reflect the body’s 
attempt to counteract the systemic loss of VEGF-A and 
Ang-2. Of note, PlGF has previously been suggested as a 
resistance mechanism to anti-angiogenic agents. Inter-
estingly, it does not appear to be produced by the tumor, 
but by the host as a systemic response [27].

DCE-MRI is a well-established imaging method 
to assess treatment-induced changes of vascular 
permeability [28]. A change in Ktrans of ≥ 40% is 
considered clinically significant. DCE-MRI analysis in 
our study confirms the mechanism of action of BI 836880 
in the tumor at the recommended dose, with evidence of 
changes in tumor vessel permeability at doses ≥ 120  mg 
q3w. Other VEGF and/or Ang-2-targeting agents have 
also shown reductions in Ktrans. Administration of 
vanucizumab, a bispecific monoclonal antibody targeting 
VEGF and Ang-2, resulted in sustained post-treatment 
reductions in DCE-MRI parameters [24]. At doses of 
30  mg/kg biweekly or weekly, vanucizumab treatment 
was associated with a median reduction in Ktrans of 
31.4% and 29.7%, respectively. AMG 386, an anti-Ang-1/
Ang-2 peptibody, showed a median Ktrans reduction of 
20.3% in 10 patients within the 30  mg/kg dose cohort 
[29].

The two-compartment PopPK model developed 
based on combined data from the two Phase I stud-
ies with different dosing schedules overall provided a 
good description of measured plasma concentrations of  
BI 836880. As expected, due to its binding to HSA,  
BI 836880 had an extended plasma half-life of about 
11  days. During covariate assessment, small effects of 
body weight and HSA on the PK of BI 836880 were 
identified. Based on the limited number of analyzed 
patients, the precision of the body weight exponents was, 
however, low, and therefore these parameters were fixed 
according to the allometric principle. As expected from  
BI 836880’s binding to HSA leading to its half-life 
extension, patients with higher HSA levels tended to 
show a lower central clearance. Additional data from 
Phase II or Phase III studies would be needed to improve 
the characterization of the effects of intrinsic of extrinsic 
factors (covariates) on the PK of BI 836880. Based on fixed 
PK from the PopPK model, the PD part of the PopPK/

Table 2  Ang-2 inhibition at the end of each 3-week treatment 
cycle

Inhibition of Ang-2 based on PopPK/PD model simulations. Numbers present 
medians (95% confidence interval) based on 1000 simulations of 1000 patients 
each, considering interindividual variability and parameter uncertainty

Ang-2: angiopoietin-2; PopPK/PD: population pharmacokinetics/
pharmacodynamics

BI 836880 dose Cycle Percentage patients

 > 90% Ang-2 
inhibition

 > 95% Ang-2 
inhibition

40 mg 1 8.8 (4.8‒13.7) 1.8 (0.6‒3.7)

2 14.2 (8.7‒20.6) 3.5 (1.4‒6.7)

3 16.5 (10.6‒23.7) 4.4 (1.9‒8.1)

4 17.4 (11.0‒24.6) 4.8 (2.2‒8.7)

5 17.7 (11.5‒25.0) 5.0 (2.4‒8.7)

120 mg 1 35.3 (26.2‒44.2) 13.8 (8.1‒19.8)

2 46.9 (36.4‒55.7) 21.4 (13.9‒29.5)

3 50.4 (40.1‒59.9) 24.3 (16.5‒32.9)

4 51.8 (41.3‒61.1) 25.6 (17.6‒34.1)

5 52.1 (41.9‒61.4) 26.0 (17.7‒34.7)

360 mg 1 73.8 (64.8‒81.2) 47.5 (37.0‒57.1)

2 82.5 (75.1‒88.6) 59.6 (49.1‒68.4)

3 84.4 (77.4‒90.4) 62.9 (52.4‒72.1)

4 85.4 (77.9‒90.8) 64.4 (53.9‒73.2)

5 85.5 (78.6‒90.7) 64.6 (54.5‒73.6)

500 mg 1 82.8 (75.3‒88.7) 59.7 (49.8‒69.1)

2 89.2 (83.5‒93.7) 71.0 (61.4‒79.0)

3 90.6 (84.8‒94.8) 73.7 (64.5‒81.7)

4 91.2 (85.7‒94.9) 75.0 (65.6‒82.5)

5 91.4 (86.0‒95.2) 75.2 (66.5‒82.6)

720 mg 1 90.1 (84.4‒94.4) 72.4 (62.9‒80.3)

2 94.3 (90.0‒97.0) 81.5 (73.8‒87.9)

3 95.2 (91.3‒97.7) 83.6 (76.1‒89.8)

4 95.4 (91.8‒97.9) 84.5 (76.7‒90.4)

5 95.6 (91.6‒98.0) 84.7 (77.4‒90.3)
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PD model was implemented as a mass action model, in 
which BI 836880 in the central compartment binds free 
Ang-2 and sequesters it in a complex (BI:Ang-2). A major 
challenge in PD model development was the handling 
of samples with unquantifiable free Ang-2 observed 
particularly at the higher dose levels of BI 836880 (free 
Ang-2 was quantifiable in only 25% of the 771 samples 
across dose levels). Due to model instabilities, it was not 
possible to use the method referred to as M3 [23], in 
which the probability of a sample being BLQ is calculated 
and included as part of the model’s objective function. In 
contrast to this, merging all consecutive BLQ values to 
one value (assigned to LLOQ/2) gave reasonable results 
in terms of fitting the free Ang-2 data of individual 
patients and reproducing the observed patterns of 
samples that were BLQ. Only in the higher dose groups 
of study 1336.6 (weekly treatment schedule), model 
underpredictions of the probability of free Ang-2 being 
BLQ seemed to be present based on VPCs. Currently it 
is not known whether this is a true bias due to the high 
proportion of BLQs or whether it is an artefact in the 
VPC due to the limited number of patients per dose 
group, where observations were available. This potential 
bias was not observed for study 1336.1 including the 
relevant 3-week treatment schedule (q3w dosing), which 
was used for the simulations. Based on this, a greater 
uncertainty might be assumed for model predictions 
of free Ang-2 at higher dose levels with measured free 
Ang-2 values close to or below the limit of detection and 
estimates for free Ang-2 inhibition by the model might 
be considered conservative (slightly higher actual Ang-2 
inhibition than predicted by the model). In general, the 
PopPK/PD model integrating data from the two Phase 
I studies and characterizing the degree and duration of 
Ang-2 inhibition for various dose levels on average as well 
as on the individual level (taking into account PK and PD 
variability) was considered a useful tool to support the 
assessment of target engagement of BI 836880 at different 
dose levels and to guide dose selection of BI 836880.

In conclusion, our PD analysis and PopPK/PD model 
supported BI 836880 720  mg q3w as a biologically 
relevant dose providing high target engagement 
based on comprehensive analyses of multiple target 
engagement biomarkers. Our biomarker data and model 
results were in agreement with the preliminary efficacy 
results from the Phase I studies, with responses tending 
to be observed in the higher dose cohorts (≥ 720  mg 
q3w) [28]. As often in Phase I dose escalation studies, 
the number of patients per dose level was limited in our 
study, reducing the confidence in the analyses. However, 

by using robust assays in combination with the PopPK/
PD modeling approach, we attempted to deal with 
this inherent uncertainty in the best possible manner, 
and consider this as a potentially useful approach 
for other Phase I dose escalation studies. A similar 
binding model has been established to characterize the 
dynamics and interactions of xentuzumab with blood 
biomarkers, assessing target engagement and thereby 
guiding dose selection in a Phase I oncology trial [30]. 
For other molecules, such an approach was also chosen, 
e.g. PRMT5 [31, 32]. In light of Project OPTIMUS, 
the presented comprehensive evaluation of multiple 
biomarkers combined with PopPK/PD modeling can 
therefore serve as an example of biomarker aided 
dose justification/optimization during early phase of 
drug development in oncology. Combined with other 
assessments (e.g. safety and efficacy) this can support the 
totality of evidence approach for dose optimization in 
oncology as recently summarized by Gao and colleagues 
[33].

In addition to their well-recognized roles in angio-
genesis, VEGF and Ang-2 also have immunosuppres-
sive effects in the tumor microenvironment, promoting 
interest in combining anti-angiogenic agents with inhi-
bition of the programmed cell death protein 1 (PD-1) 
pathway. Combination of anti-VEGF and anti-PD-1 ther-
apy has shown efficacy in several tumor types [34, 35].  
BI 836880 is currently being investigated in combination 
with ezabenlimab (BI 754091), an anti-PD-1 antibody, in 
patients with advanced solid tumors (NCT03468426 and 
NCT03697304). Ezabenlimab is given in a q3w schedule; 
based on our analyses and the clinical results, BI 836880 
doses of 360, 500 and 720 mg q3w, which show biological 
activity, were selected for investigation.

Glossary Boxes

Glossary Box 1: Assay Development

Free, total target concentration Free target levels are defined 
as the fraction of total target 
present in the plasma sample 
that is unbound to drug and still 
able to bind to drug at assay 
conditions. Total target levels are 
the sum of free and bound target.

Precise Here defined as ≤ 30% coefficient 
of variation between-runs.
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Parallel/Parallelism The ability of the assay 
to quantify the endogenous 
analyte in the same manner 
as the recombinant (surrogate) 
calibration standard. Non-spiked 
individual matrix samples are 
serially diluted and measured. 
The measured concentration 
adjusted to pure matrix should 
be independent from the dilution 
factor over a range of dilutions. 
Parallelism is the prerequisite 
for a quantitative immunoassay.

Relative quantitative manner An assay that quantifies 
the analyte relative to the used 
(surrogate) calibration 
standard and the specificity 
of the antibodies. The measured 
concentration can be used 
for quantitative data evaluation 
but are not the “true” absolute 
concentrations of the analyte 
that in case of proteins most often 
is heterogenous and without a 
defined molecular weight.

Isochronic approach A long term stability investigation 
approach that stresses various 
aliquots of stability samples 
at different conditions for different 
time periods and store them 
thereafter at ultra cold conditions (− 
150 °C) together with a non-stressed 
reference aliquot that has not been 
stored at higher temperatures. 
At the day of measurement all 
aliquots are thawed and measured 
together in the same run. Possible 
relative deviations in concentration 
between the stressed 
and the reference aliquot would 
indicate instability of the analyte.

Intra/Inter-assay Precision The coefficient of variation 
of several results of a homogenous 
test sample that have been 
measured within a run (within-run/
assay precision) or in several runs 
on several days (between-run/assay 
precision).

Glossary Box 2: PopPK/PD Model Development

PopPK Population Pharmacokinetics 
(PopPK) analysis is a well-
established, quantitative 
method that can explain 
some of the variability in drug 
concentrations over time 
among individuals. This variability 
can be attributed to intrinsic factors, 
such as differences in body weight 
or the presence and extent of liver 
or renal impairment or to extrinsic 
factors, such as effects of food 
on drug absorption. Population 
PK analysis has the potential 
to integrate all relevant PK 
information across a range of doses 
and populations to identify factors 
that can affect a drug’s exposure.

PopPK/PD Population Pharmacokinetics/
Pharmacodynamics (PopPK/
PD) analysis is an extension 
of the PopPK analysis by additionally 
considering the pharmacological 
effect of the drug (binding 
and blocking of Ang2, in this 
example) and its variability.

Non-linear mixed effects (NLME) 
model

Nonlinear mixed-effects models are 
frequently used for pharmacokinetic 
and or pharmacodynamic 
data analysis. They account 
for inter-subject variability 
in pharmacokinetic and/
or pharmacodynamic parameters 
by incorporating subject-specific 
random effects into the model. 
The random effects are often 
assumed to follow a (multivariate) 
normal distribution. Using NLME 
models, pharmacometricians 
have the ability to leverage data 
from multiple studies, dosing routes, 
and administration schedules.

Interindividual variability (IIV) The interindividual variability 
reflects the variance of a parameter 
across individuals of a population.

Interoccasion variability (IOV) The interoccasion variability (also 
called Intra-individual variability) 
reflects a transient, within-person 
change of a parameter estimated 
as variability between different 
occasions.

Residual variability Residual variability is unexplained 
variability after controlling for other 
sources of variability.
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Covariates In the current manuscript, this 
refers to intrinsic or extrinsic 
factors that can impact 
the pharmacokinetics behavior 
of a drug (e.g. factors that can affect 
a drug’s absorption, distribution 
or elimination into/from the human 
body). Examples of intrinsic factors 
are patient characteristics such 
as the presence and extent of liver 
or renal impairment (potentially 
affecting the drugs elimination). 
An example of an extrinsic factor 
is food (potentially affecting 
the drugs absorption). Population 
PK analysis has the potential 
to identify factors that can affect 
a drug’s exposure.
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