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Background: Only a small proportion of patients respond to anti-VEGF therapy, pressing the need for a reliable biomarker that
can identify patients who will benefit. We studied the biological activity of anti-VEGF antibodies in patients’ blood during anti-
VEGF therapy by using the Ba/F3-VEGFR2 cell line, which is dependent on VEGF for its growth.

Methods: Serum samples from 22 patients with cancer before and during treatment with bevacizumab were tested for their effect
on proliferation of Ba/F3-VEGFR2 cells. Vascular endothelial growth factor as well as bevacizumab concentrations in serum
samples from these patients were determined by enzyme linked immunosorbent assay (ELISA).

Results: The hVEGF-driven cell proliferation was effectively blocked by bevacizumab (IC50 3.7 mg ml� 1; 95% CI 1.7–8.3 mg ml� 1).
Cell proliferation was significantly reduced when patients’ serum during treatment with bevacizumab was added (22–103%
inhibition compared with pre-treatment). Although bevacizumab levels were not related, on-treatment serum VEGF levels were
correlated with Ba/F3-VEGFR2 cell proliferation.

Conclusions: We found that the neutralising effect of anti-VEGF antibody therapy on the biological activity of circulating VEGF
can be accurately determined with a Ba/F3-VEGFR2 bioassay. The value of this bioassay to predict clinical benefit of anti-VEGF
antibody therapy needs further clinical evaluation in a larger randomised cohort.

Angiogenesis is important for tumour growth and metastasis. The
most abundant and well-described angiogenic growth factor,
vascular endothelial growth factor (VEGF), has been thoroughly
investigated in the clinic as a therapeutic target to inhibit
angiogenesis. The anti-VEGF monoclonal antibody bevacizumab
is approved for use in combination with different chemotherapy
regimens as a treatment for several advanced solid malignancies
(Ferrara and Adamis, 2016; Jayson et al, 2016), whereas the fusion
protein VEGF-trap is approved for the treatment of metastatic
colorectal cancer (mCRC; Ferrara and Adamis, 2016; Jayson et al,
2016). For these anti-angiogenic therapeutics, there is a major lack
of knowledge on biological determinants that can predict clinical

benefit in patients with cancer (Jayson et al, 2016). Most research
focused on circulating proteins (Pommier et al, 2014), vascular
changes monitored by DCE-MRI (Mehta et al, 2011; Guo et al,
2015) or immunohistochemistry (IHC; Giatromanolaki et al, 2012)
as well as clinical parameters (Nakaya et al, 2016), as potential
biomarkers for response.

Vascular endothelial growth factor is widely expressed through-
out the human body and circulates as an angiogenic factor in blood
predominantly carried by platelets (Verheul et al, 1997). Neutralisa-
tion of platelet VEGF by bevacizumab occurs within 8 h following
administration and this neutralisation inhibits platelet-induced
endothelial cell proliferation (Verheul et al, 2007). Other cell types
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which secrete and express VEGF include fibroblasts (Dong et al,
2004), leucocytes, tumour cells and skeletal muscle cells (Kut et al,
2007). Although the VEGF concentration in tumour tissue is
considerably higher than in the blood compartment, the total
quantity of VEGF in a tumour is relatively low compared with total
VEGF available in man. It appears that skeletal muscle tissue is
actually the main source of VEGF in the human body (Kut et al,
2007). In the context of anti-angiogenic therapy, neutralisation of
tumour-derived VEGF as well as VEGF from normal tissue may be
equally important. In that respect, it might be challenging to eliminate
the relatively small amount of VEGF present in the tumour
microenvironment completely considering the large amount of VEGF
derived from other body compartments, which may need to be
neutralised as well.

Treatment with bevacizumab has shown to reduce free VEGF
levels in serum and plasma as determined by ELISA (Del et al,
2010; Loupakis et al, 2011; Hayashi et al, 2014). This indicates that
the growth factor is indeed neutralised in blood, which
consequently prevents the dimerisation and activation of VEGFR2
expressed on endothelial cells. In contrast, there are studies
reporting increased circulating free VEGF levels after starting
bevacizumab treatment (Baar et al, 2009; Willett et al, 2009). This
could possibly be due to the exchange of VEGF, bevacizumab and
the bevacizumab-VEGF immune complex between tumour tissue
and the circulation (Stefanini et al, 2010), increased synthesis
or decreased clearance of VEGF in the presence of bevacizumab
(Hsei et al, 2002). Whether anti-VEGF therapy also depletes VEGF
in the tumour microenvironment is unknown. Several models
indicate that free VEGF in the tumour itself is indeed significantly
reduced upon bevacizumab treatment (Stefanini et al, 2010; Finley
and Popel, 2013), though experimental data in patients with cancer
confirming these data are lacking. Recent reports indicated that the
tumour uptake of PET-tracer labelled bevacizumab is significantly
reduced after anti-angiogenic treatment in patients with melanoma
or renal cell cancer, indirectly suggesting that the expression of the
drug target (VEGF) in the tumour microenvironment is reduced
(Nagengast et al, 2011; Oosting et al, 2015). However, a decreased
tumour uptake of PET-tracer labelled bevacizumab could also be
due to reduced tumour penetration from anti-angiogenic
treatment.

If related to their efficacy, measuring the degree of VEGF
blockade in the circulation may represent a useful readout for
potential efficacy of bevacizumab or VEGF-trap. There is no
consensus on the use of serum or plasma to determine meaningful
VEGF levels, because serum concentrations are mainly comprised
of VEGF released by activated platelets whereas plasma only
constitutes free circulating VEGF. Inadequate plasma preparation
can also lead to platelet activation, which results in falsely elevated
plasma VEGF levels (Webb et al, 1998; Brookes et al, 2010). The
value of baseline serum or plasma VEGF levels as a prognostic
factor for outcome in patients with cancer has been reported,
though this may largely be due to its direct correlation with the
number of circulating platelets (Verheul et al, 1997; Pinedo et al,
1998; George et al, 2000; Verheul and Pinedo, 2007). It has also
been shown that platelet VEGF content is higher in patients with
cancer compared with healthy controls (Niers et al, 2011; Peterson
et al, 2012), possibly through an increased tendency of ex vivo
platelet activation (Niers et al, 2011). The results on circulating
VEGF as predictive biomarker for response to treatment are even
more inconsistent (Hegde et al, 2013). Overall, these data indicate
that VEGF neutralisation in blood as determined by ELISA may
not reflect the anti-angiogenic and anti-tumour efficacy of anti-
VEGF treatment.

During anti-VEGF therapy, such as bevacizumab, a new
equilibrium emerges between free VEGF, bevacizumab and
VEGFR2 and either bound VEGF to bevacizumab and bound
VEGF to cellular or free circulating VEGFRs in the different body

compartments (Stefanini et al, 2010; Finley et al, 2011; Finley and
Popel, 2013). In case of effective neutralisation this balance would
shift towards more VEGF—bevacizumab complexes resulting in
reduced levels of free VEGF and inhibition of VEGFR2-mediated
angiogenesis. We reasoned that a direct test evaluating the
competitive action of bevacizumab in inhibiting the binding of
VEGF to VEGFR2 in the patients’ blood-endothelium interface
during anti-VEGF therapy could serve as a predictive biomarker
for response. Here we describe the development of such a bioassay.
In this bioassay the inhibition of VEGF-dependent cell prolifera-
tion by patients’ serum is assessed using the Ba/F3-VEGFR2 cell
line, which is a murine pre-B lymphocyte cell line engineered to
become dependent on VEGF for proliferation and survival
(Figure 1A and B). Cell proliferation assays with the Ba/F3-
VEGFR2 cell line were performed to explore the VEGF blocking
activity of bevacizumab or patients’ serum before and during
bevacizumab therapy (Figure 1C and D). We hypothesised that the
inhibition of VEGF-induced cell proliferation by the addition of
patients’ on-treatment serum is related to the anti-angiogenic
potential of bevacizumab in the individual patient, and could
therefore be of use for prediction of clinical efficacy.

MATERIALS AND METHODS

Ba/F3-VEGFR2 cell culture. The Ba/F3-VEGFR2 cells were a
kind gift from K. Alitalo (Helsinki, Finland) and were licensed by
the Ludwig Institute for Cancer Research, New York, NY. The
generation of these cells is described elsewhere (Stacker et al, 1999;
Makinen et al, 2001). In brief, parental mIL-3Rþ Ba/F3 cells were
transfected with a receptor chimera consisting of the extracellular
domain of VEGFR2 and the transmembrane and cytoplasmic
domain of mouse erythropoietin receptor (mEpoR). This resulted
in a cell line dependent on human VEGF (hVEGF; R&D Systems,
Minneapolis, USA) or mouse IL-3 (mIL3; R&D systems) for
proliferation and survival. A graphical representation of these cells
is shown in Figure 1. Ba/F3-VEGFR2 cells were maintained as
suspension cultures in DMEM (Lonza, Verviers, Belgium)
supplemented with 10% heat-inactivated foetal bovine serum
(FBS; BioWest SAS, Nuaillé, France), Penicillin-Streptomycin
(Lonza), L-glutamine (2 mM; Scharlab S.L., Barcelona, Spain),
mIL3 (4 ng ml� 1), zeocin (500 mg ml� 1; Invitrogen, California,
USA) in an atmosphere of 5% CO2 at 37 1C.

Patient samples. A total of 44 serum samples from 22 patients
were included in this study. From eight patients (nr 1–8) with
advanced solid tumours of various types who received bevacizu-
mab every 2 weeks as monotherapy or in combination with
chemotherapy as standard therapy, serum samples were obtained
in the context of a study evaluating the pharmacodynamics of anti-
VEGF therapy (Verheul et al, 2008). Sixteen serum samples
obtained pre-treatment (C1) and before the second bevacizumab
administration (2 weeks after start of treatment) were used for the
purpose of this particular study. In addition, 28 serum samples
were obtained from 14 patients (nr 9–22) with locally recurrent or
metastatic breast cancer participating in a phase II clinical trial in
which bevacizumab (10 mg kg� 1 every 2 weeks) was given in
combination with paclitaxel (Lam et al, 2014). Serum samples were
obtained pre-treatment (C1) and before the third bevacizumab
administration (4 weeks after start of treatment). For both studies,
approval was given by the local ethical committee and all patients
provided written informed consent before study entry.

Ba/F3-VEGFR2 cell proliferation assay. A volume of 50 ml
complete medium (DMEM, supplemented with 10% heat-inacti-
vated FBS and antibiotics) containing hVEGF (1.25 ng ml� 1)
or mIL3 (4 ng ml� 1) was pre-incubated with or without bevaci-
zumab (Avastin; Roche, Welwyn Garden City, UK) and plated in a
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96-wells plate for one hour at 37 1C. In other experiments,
complete medium containing hVEGF (1.25 ng ml� 1) was pre-
incubated with human Ig or patients’ serum (either pre-treatment
or on-treatment). Titrations determining the optimal serum
dilution to be used in the bioassay were performed using sera of
healthy volunteers. It was found that 1 : 20 dilution was the lowest
dilution that did not result in unspecific cell proliferation
inhibition (data not shown). Consequently, patients’ serum was
added in a dilution of 1 : 20 in complete medium. Before adding,
Ba/F3-VEGFR2 cells were washed five times in complete medium
to remove residual mIL3. After washing, 50 ml complete medium
containing 10 000 Ba/F3-VEGFR2 cells was added to the 96-wells
plate. The cells were incubated in a humidified atmosphere of 5%
CO2 for 72 h. Cell proliferation was quantified by the addition of
10 ml WST-1 (Roche Applied Science, Mannheim, Germany) for
90 min. Absorbance was measured with a Tecan Spectrafluor plate
reader at an optical density (OD) value of 450 nm and a reference
wavelength of 600 nm. The cell proliferation of hVEGF- or mIL3-
treated cells was calculated as percentage of the proliferation with
hVEGF 1.25 ng ml� 1 or mIL3 4 ng ml� 1 treated cells, respectively.
For Figure 3A, cell proliferation when incubated with patients’ sera
(C1 or on-treatment) was calculated as percentage of the
proliferation with hVEGF 1.25 ng ml� 1. For Figure 3B–E, the
inhibition of cell proliferation when incubated with on-treatment
patients’ serum was calculated by the following formula: 100�
(cell proliferation using on-treatment serum/cell proliferation
using C1 serum)� 100%. All samples were assayed in triplicates
and in at least three independent experiments.

Vascular endothelial growth factor and bevacizumab measure-
ments using ELISA. Pre-treatment (C1) and on-treatment serum
hVEGF concentrations were measured in duplicate by sandwich
ELISA (R&D systems) according to the manufacturers’ directions.

Human vascular endothelial growth factor concentrations were
corrected for platelet counts and expressed as pg ml� 1/1� 106

platelets. Human vascular endothelial growth factor neutralisation
was calculated using the following formula: 100� (platelet
corrected on-treatment hVEGF concentration/platelet-corrected
C1 hVEGF concentration)� 100%. Serum bevacizumab concen-
trations were determined in duplicate using an indirect ELISA in
which recombinant carrier-free hVEGF (1 mg ml� 1; PeproTech,
London, UK) was used as capture antigen and a rabbit antibody to
human IgG conjugated to horseradish peroxidase (HRP)
(162.5 mg ml� 1; DakoCytomation, Glostrup, Denmark) as detec-
tion antibody. HRP activity was detected by incubation with
3,30,5,50-Tetramethylbenzidine (TMB; R&D systems). The reaction
was stopped by the addition of 2 N H2SO4. The absorbance was
measured with a Tecan Spectrafluor plate reader at an OD value of
450 nm and a reference wavelength of 540 nm. Because of the
excess of bevacizumab molecules compared with hVEGF in serum,
we reasoned that the competitive effects of circulating hVEGF will
be extremely small and thus will not majorly affect the
bevacizumab concentrations measured in serum. We showed that
circulating hVEGF (at a clinically relevant concentration of
1000 pg ml� 1) did not significantly reduce the binding of
immobilised hVEGF to bevacizumab in ELISA (data not shown).

Statistical analysis. One-way ANOVA with Dunnett’s post test
was performed to discriminate differences in cell proliferation
relative to negative control (VEGF 0 or mIL3 0) or VEGF
1.25 ng ml� 1. Spearman’s correlation test was employed to
evaluate the relationship between inhibition of Ba/F3-VEGFR2
cell proliferation and bevacizumab or hVEGF concentration in
serum. Two-tailed P-valueso0.05 were considered statistically
significant and indicated with asterisks (*Pp0.05, **Pp0.01,
***Pp0.001, ****Pp0.001). Statistical analyses were performed
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Figure 1. Structure of Ba/F3-VEGFR2 cells. Ba/F3-VEGFR2 cells exhibit two critical receptors; the VEGFR2/mEpoR chimera (consisting of the
extracellular domain of VEGFR2 fused to the transmembrane and cytoplasmic domain of mEpoR) and the mIL3 receptor (A). Ba/F3-VEGFR2
proliferate and survive on mIL3 or hVEGF. When grown in medium devoid of these growth factors the cells stop proliferating (B). Before start of
treatment VEGF is able to bind VEGFR2 (C). Upon start of treatment with bevacizumab a new equilibrium arises of free VEGF, free bevacizumab
and VEGF bound to bevacizumab (D).
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using GraphPad Prism version 5.00 for Windows, GraphPad
Software, La Jolla California USA.

RESULTS

Growth stimulatory activity of hVEGF and mIL3. At first the
optimal conditions for the proliferation assays were assessed.
Human vascular endothelial growth factor and mIL3 stimulated
Ba/F3-VEGFR2 cell proliferation in a dose-dependent manner
(Figure 2A and B). mIL3 stimulated cell proliferation when added
in concentrations over 2 ng ml� 1 compared with culture without
mIL3 (Pp0.05). When hVEGF was added in concentrations over
0.5 ng ml� 1, cell proliferation was significantly increased com-
pared with culture without VEGF (Pp0.05). A clinically relevant
hVEGF concentration of 1.25 ng ml� 1 was chosen to study the
effects of VEGF inhibition by bevacizumab.

Growth inhibitory activity of bevacizumab. Without the addi-
tion of hVEGF (at 1.25 ng ml� 1), Ba/F3-VEGFR2 cell proliferation
was reduced by 83% (s.d.)±12%) compared with cell proliferation
induced by hVEGF 1.25 ng ml� 1 (Figure 2C). Growth stimulatory
activity of hVEGF was effectively blocked by bevacizumab in a
dose-dependent manner (Figure 2C). At a bevacizumab dose of
3.7mg ml� 1 (95% CI, 1.7–8.3 mg ml� 1) cell proliferation was

reduced by 50% as compared with the condition without any
bevacizumab added to hVEGF 1.25 ng ml� 1. Non-specific human
IgG did not inhibit the growth stimulatory activity of hVEGF at a
comparable dose at which bevacizumab did block Ba/F3-VEGFR2
cell proliferation, that is, 100 mg ml� 1 (Figure 2C). Moreover,
bevacizumab did not interfere with the growth stimulatory activity
of mIL3 over a dose range in which effective hVEGF blocking was
observed, showing the blocking effect to be specific (Figure 2D).

hVEGF and bevacizumab concentrations in clinical samples. To
establish the performance of the bioassay with patient samples,
pre- and on-treatment serum samples, obtained from 22 patients
who received bevacizumab within the context of two clinical
studies, were used. First, hVEGF and bevacizumab concentrations
were determined in these sera (Table 1 for patients 1–8 and Table 2
for patients 9–22). The mean serum hVEGF concentration of
patients 1–8 before start of bevacizumab treatment was
631 pg ml� 1 (s.d.±945 pg ml� 1) and decreased to 58 pg ml� 1

(s.d.±19 pg ml� 1) after one administration of bevacizumab
(Table 1). In patients 9–22 hVEGF concentrations dropped from
793 pg ml� 1 (s.d.±836 pg ml� 1) to 161 pg ml� 1 (s.d.±56 pg ml� 1)
after two administrations of bevacizumab (Table 2). When corrected
for platelet counts, hVEGF concentrations decreased from
1.54 pg ml� 1/1� 106 platelets (s.d.±0.73) to 0.24 pg ml� 1/1� 106

platelets (s.d.±0.14) in patients 1–8, whereas in patients
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Figure 2. Ba/F3-VEGFR2 proliferate on hVEGF and mIL3 and hVEGF-driven cell proliferation can be inhibited by the addition of bevacizumab.
Ba/F3-VEGFR2 cells proliferate dose dependently on hVEGF. Cell proliferation is calculated relative to hVEGF 10 ng ml� 1 (A). Ba/F3-VEGFR2 cells
proliferate dose dependently on mIL3. Cell proliferation is calculated relative to mIL3 10 ng ml�1 (B). Co-incubation of a fixed hVEGF
concentration (1.25 ng ml� 1) with a titration range of bevacizumab induces a dose-dependent proliferation inhibition of Ba/F3-VEGFR2 cells,
whereas total human Ig does not inhibit VEGF driven Ba/F3-VEGFR2 cell proliferation (C). Bevacizumab does not inhibit mIL3 driven Ba/F3-
VEGFR2 cell proliferation (D). Data are expressed as mean± (s.d.) of 3 independent experiments except for the experiment with total human Ig in
which data shown represent mean±s.d. of triplicate wells of 1 experiment. *Po0.05, **Po0.01, ***Po0.001.
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9–22 concentrations reduced from 2.36 pg ml� 1/1� 106 platelets
(s.d.±1.81) to 0.61 pg ml� 1/1� 106 platelets (s.d.±0.40; data not
shown). In nearly all patients’ sera hVEGF was (partly) neutralised
(i.e., decreased) after one or two cycles of bevacizumab (mean±s.d. of
patients 1–8 by 79%±16%, in patients 9–22 by 39%±76%). This was
also the case for platelet-corrected hVEGF neutralisation (80%±16%
in patients 1–8, 39% ±77% in patients 9–22). In two patients (nr 14
and 18) serum hVEGF concentrations actually increased upon
bevacizumab treatment. The mean trough bevacizumab concentration
in patients 1–8 was 65mg ml� 1 (s.d.±45mg ml� 1) and in patients 9–
22 it was 127mg ml� 1 (s.d.±90mg ml� 1).

Bioassay of bevacizumab inhibitory activity in human serum.
Next, the capacity of serum obtained from bevacizumab-treated
patients to inhibit hVEGF-driven proliferation of Ba/F3-VEGFR2
cells was assessed. Patients’ sera were diluted 1 : 20 and pre-
incubated with 1.25 ng ml� 1 hVEGF. After one hour, the Ba/F3-
VEGFR2 cells were added and 72 h thereafter cell proliferation was
determined. As depicted in Figure 3A, patients’ sera before start of
bevacizumab treatment (C1, black bars) in general had little effect on
Ba/F3-VEGFR2 cell proliferation. In three patients (nr 10, 16 and 21)

cell proliferation was already completely inhibited upon addition of
C1 (i.e., pre-treatment) serum (Figure 3A) and the results of these
patients were therefore excluded from further analysis. Addition of
on-treatment sera was very effective in reducing Ba/F3-VEGFR2
cell proliferation (Figure 3A). In contrast to pre-treatment sera,
bevacizumab containing-sera (i.e., on-treatment) were able to
inhibit the hVEGF-driven proliferation of Ba/F3-R2 cells to
varying degrees in all 19 remaining patients (on average by 55%;
95% CI 45–65%; Po0.0001, data not shown). Due to the
differences in proliferation induction by individual patient
samples, pre-treatment values were set at 100% and cell
proliferation inhibition using on-treatment sera were calculated
accordingly. The inhibition of cell proliferation relative to pre-
treatment cell proliferation differed among patients ranging from 22
to 103% (mean 57% for patients 1–8; mean 65% for patients 9–22).

In Figure 3B and C the on-treatment bevacizumab concentra-
tion in serum, as measured by ELISA, was plotted against the
inhibition of Ba/F3-VEGFR2 cell proliferation (compared with C1
values) induced by the addition of on-treatment patients’ samples.
No significant correlation between the bevacizumab concentration
and the hVEGF neutralising ability in the Ba/F3-VEGFR2 cell

Table 1. hVEGF concentrations, platelet counts and trough bevacizumab concentrations in patients 1–8

Patient
number Tumour type

VEGF concentration
C1 (pg ml�1)

VEGF concentration
on-treatment

(pg ml�1)
Platelet count
C1 (�109 l�1)

Platelet count
on-treatment
(�109 l�1)

Bevacizumab
concentration

(lg ml�1)
1 Liver 373.8 44.1 194 282 86.9

2 Ovarian 316.8 71.1 206 193 156.1

3 Neuroendocrine 178.1 72.3 157 184 74.2

4 Ovarian 2952.9 48.1 1157 1162 18.9

5 Renal 469.9 57.5 185 231 35.2

6 Ovarian 168.2 46.7 183 195 82.8

7 Breast 200 91 246 223 41.2

8 Bladder 388.5 34.5 446 445 24.6

Mean (±s.d.) 631.0 (±944.6) 58.2 (±18.7) 346.8 (±339.9) 364.4 (±333.4) 65.0 (±45.3)

Abbreviation: VEGF¼ vascular endothelial growth factor.

Table 2. hVEGF concentrations, platelet counts and trough bevacizumab concentrations in patients 9–22

Patient
number Tumour type

VEGF concentration
C1 (pg ml�1)

VEGF concentration
on-treatment

(pg ml�1)
Platelet count
C1 (�109 l�1)

Platelet count on-
treatment (�109 l�1)

Bevacizumab
concentration

(lg ml�1)
9 Breast 781.2 169.9 428 372 68.3

10 Breast 425.5 129 195 248 85.3

11 Breast 1136.7 87.1 386 275 98.8

12 Breast 288.5 171.3 217 262 137.9

13 Breast 435.7 204.5 173 120 104.8

14 Breast 104.8 197.4 207 206 119.6

15 Breast 218.3 218 220 236 78.5

16 Breast 207 134.9 316 364 86.9

17 Breast 671.9 167.7 288 396 178.6

18 Breast 67.3 176.2 327 321 92.4

19 Breast 1492.3 21.3 261 419 424.1

20 Breast 3277.1 215.4 533 612 97.5

21 Breast 890.7 146.7 476 396 94.1

22 Breast 1101.6 220.1 294 259 104.1

Mean (±s.d.) 792.8 (±836.1) 161.4 (±55.7) 320.4 (±110.9) 320.4 (±119.5) 126.5 (±90.0)

Abbreviation: VEGF¼ vascular endothelial growth factor.
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culture could be detected in either patient cohort. A trend towards
a statistically significant negative correlation was found between
the on-treatment serum hVEGF levels (corrected for platelet
counts) as determined by ELISA and the inhibition of
Ba/F3-VEGFR2 cell proliferation in patients 1–8 (R¼ � 0.7143,

P¼ 0.0576; Figure 3D), whereas in patients 9–22 this correlation
was indeed statistically significant (R¼ � 0.8000, P¼ 0.0047;
Figure 3E). The latter observation clearly points to a direct
relationship between in vivo hVEGF neutralisation and the in vitro
inhibition of hVEGF-driven Ba/F3-VEGFR2 cell proliferation.
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Figure 3. Effect on Ba/F3-VEGFR2 cell proliferation when hVEGF is added together with pre-treatment (C1) or on-bevacizumab treatment
serum. Effect on Ba/F3-VEGFR2 cell proliferation when pre-treatment patients’ serum or on-bevacizumab treatment serum (in 1 : 20 dilution) is
co-incubated with hVEGF (1.25 ng ml� 1). Cell proliferation is quantified relatively to hVEGF 1.25 ng ml� 1. Cell proliferation is quantified relative
to hVEGF 1.25 ng ml� 1. Patient samples 10, 16 and 21 were excluded for further analyses because of the inhibitory effects observed with
pre-treatment serum. Data is shown as mean±s.d. of three independent experiments. *Po0.05, **Po0.01, ***Po0.001, ****Po0.0001 (A).
Correlation plot of bevacizumab concentration vs the inhibition of Ba/F3-VEGFR2 cell proliferation. Data points are the mean values±s.d. of three
independent experiments (B for patients 1–8; C for patients 9–22). Correlation plot of platelet corrected on-treatment hVEGF concentration vs the
inhibition of Ba/F3-VEGFR2 cell proliferation. Data points are the mean values±s.d. of three independent experiments (D for patients 1–8;
E for patients 9–22).
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DISCUSSION

A reproducible VEGF-dependent cell proliferation bioassay was
established. Serum collected during bevacizumab therapy could be
used in a dilution of 1 : 20 (5%) to measure VEGF-dependent cell
growth inhibition. Serum samples of bevacizumab-treated patients
inhibited the cell proliferation compared with their pre-treatment
controls to a variable extent (22–103% inhibition). Inhibition was
independent of bevacizumab concentrations in the patient’s serum
samples, whereas on-treatment serum hVEGF levels were corre-
lated with Ba/F3-VEGFR2 cell proliferation. These findings
indicate that indeed during anti-VEGF therapy, such as bevacizu-
mab, a new equilibrium emerges between free VEGF, bevacizumab
and VEGFR2 and either bound VEGF to bevacizumab and bound
VEGF to cellular or free circulating VEGFRs. This is further
supported by the finding that inhibition of cell proliferation using
on-treatment serum (compared with C1 serum) of 100% was
uncommon in patients. Because of other factors present in blood
that possibly interfere in VEGF-bevacizumab or VEGF-VEGFR2
binding, similar doses of bevacizumab might lead to variable VEGF
neutralisation in different patients, as a consequence of the levels of
these interfering factors. Although complete VEGF neutralisation
is most likely required for optimal anti-VEGF treatment efficacy,
these results imply that in patients in whom there is no 100%
inhibition, the dosing or frequency of bevacizumab should be
altered to maximise VEGF blockade and thereby to improve
its efficacy. Formal clinical evaluation of the optimal dosing of
anti-VEGF therapy by using the Ba/F3-VEGFR2 bioassay is of
importance to determine whether this treatment strategy can be
individualised to further improve its benefit.

As indicated above, the clinical benefit of bevacizumab
treatment in patients with advanced solid tumours is difficult to
predict, because (1) bevacizumab is usually given in combination
therapy and (2), the overall benefit is limited in most tumour types.
In mCRC an improvement of 1.4 to 4.4 months in progression-free
survival (PFS) was achieved (Hurwitz et al, 2004; Kabbinavar et al,
2005; Saltz et al, 2008; Tebbutt et al, 2010), whereas in only one
randomised trial a statistically significant increase in overall
survival (OS) of 4.7 months was shown (Hurwitz et al, 2004). In
non-small cell lung cancer (NSCLC) an increase of 0.4 to 1.7
months in PFS was found (Sandler et al, 2006; Reck et al, 2009),
whereas only one phase III randomised trial reported a significant
increase of 2.0 months in OS (Sandler et al, 2006). Because of this
minimal clinical benefit it would be important to define
biomarkers that can identify those patients who are likely to
respond to this treatment. Until now, no such predictive marker
has been established. Circulating biomarkers with putative
predictive value of these anti-VEGF therapeutics that are under
evaluation include VEGF polymorphisms (Lambrechts et al, 2012),
plasma neuropilin-1 (Van et al, 2012) and VEGF downstream
markers like Esm1, Prnd and Aplnr (Brauer et al, 2013).

There are no prior studies reported on the use of Ba/F3-
VEGFR2 cells as a bioassay for anti-VEGF agents. Ishikawa et al
(2000) have employed Ba/F3 cells transfected with human growth
hormone receptor (Ba/F3-hGFR) in order to measure the
bioactivity of growth hormone in serum of people with short
stature related to growth hormone bioactivity. They found that this
proliferation assay is both suitable and sensitive enough to serve as
bioassay for human growth hormone. In a later study by Pagani
et al (2010), it was reported that the Ba/F3-hGFR bioassay might
only be sensitive enough to detect extreme cases of growth
hormone bioactivity (Pagani et al, 2010). Recently, another group
has shown that the Ba/F3-hGFR bioassay can also be used to detect
anti-human growth hormone neutralising antibodies in human
serum (Zou et al, 2013). Similar to the findings by Pagani et al
(2010) for growth hormone bioactivity, the Ba/F3-VEGFR2 cell

proliferation assay is not sensitive enough for detecting bioactivity
of endogenous VEGF present in human serum when used in 1 : 20
dilutions. However, serum diluted to a lesser extent (1 : 10 or
lower) seemed to a variable extent toxic to the cells (data not
shown) and was therefore not further used in our evaluation of the
bioassay.

In three patients (nr 10, 16 and 21) the use of pre-treatment
serum already markedly reduced the cell proliferation compared
with hVEGF 1.25 ng ml� 1. We observed that the VEGF-dependent
cell proliferation inhibition of Ba/F3-VEGFR2 cells did not
correlate with the bevacizumab concentration as measured by
ELISA. Although serum was used in a dilution of 1 : 20, there
should still remain ample bevacizumab to effectively neutralise
hVEGF. A possible reason for the observed inhibition of cell
proliferation with the addition of pre-treatment sera of patients
10, 16 and 21 could be the presence of other factors in blood that
interfere with the binding of VEGF to VEGFR2. Similarly, this
could also be an explanation for the lack of correlation between the
bevacizumab concentrations and inhibition of cell proliferation
when co-incubated with on-treatment sera. In addition, other
factors present in blood might cause differences in binding affinity
and/or the VEGF neutralising ability of bevacizumab. This is also
indicated by the fact that the bevacizumab concentrations did not
correlate with the hVEGF concentrations measured at the same
time point (data not shown). Factors that could have a role include
changes in pH (Bee et al, 2013) and the presence of serum proteins,
like alpha-2-macroglobulin (Soker et al, 1993; Bhattacharjee et al,
2000). Another possible explanation for this observation is the
presence of soluble VEGFR-1 in serum, a protein that is able to
compete for the binding of VEGF to membrane bound VEGFR2
(Duda et al, 2010; Wu et al, 2010). Third, the lack of patients’ sera
heat-inactivation could potentially lead to complement activation
due to the presence of antibodies against antigens expressed on
Ba/F3-VEGFR2 cells and consequent cell lysis. However, heat-
inactivation can also result in adverse effects, like protein denaturation
and aggregation of immunoglobulins (Soltis et al, 1979).

Other VEGF family members capable of binding to VEGFR2
(VEGF-C and VEGF-D) are still able to do so during bevacizumab
treatment, since bevacizumab does not neutralise these factors
(Yu et al, 2010). Vascular endothelial growth factor-C as well as
VEGF-D have been described as possible bypass resistance
mechanism of bevacizumab therapy (Lieu et al, 2013). These
data suggest that VEGF-C and VEGF-D can still promote
Ba/F3-VEGFR2 cell proliferation during bevacizumab therapy,
resulting in less inhibition of cell proliferation compared with pre-
treatment. Although these factors possibly interfere with the Ba/
F3-VEGFR2 cell proliferation and complicate the outcome of the
bioassay, this better mimics the in vivo situation as opposed to
conventional ELISA and we therefore suggest that the bioassay
could serve as a more reliable biomarker for anti-VEGF therapy
response in patients with cancer.

The clinical monitoring utility of this bioassay may also be of
value when the endogenous formation of anti-VEGF antibodies is
stimulated by a vaccination treatment against VEGF (Gavilondo
et al, 2014). Currently, we are conducting a phase I clinical trial to
assess the VEGF-neutralising capacities of antibodies induced by a
therapeutic vaccine targeting hVEGF (NCT02237638). Through
active immunisation, it is expected that a polyclonal antibody
response against hVEGF will be induced with VEGF-neutralising
activity. In this trial the Ba/F3-VEGFR2 bioassay is being evaluated
to measure the bioactivity of circulating VEGF when polyclonal
anti-VEGF antibodies are being generated, which are supposed to
neutralise VEGF.

In summary we have shown that the Ba/F3-VEGFR2 cell
proliferation assay can be used to reproducibly determine the
efficacy of bevacizumab in neutralising the biological activity of
VEGF both in vitro and in patient-derived serum samples before
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and during treatment with bevacizumab. The interaction of
VEGF with its receptors occurs at the interface of (endothelial)
cells and blood, which is mimicked in the Ba/F3-VEGFR2
bioassay. Therefore, we propose that the bioassay more
accurately reflects the availability of VEGF for binding to its
receptor as it occurs in patients compared with conventional
ELISA. Accordingly we hypothesise that the degree of functional
VEGF neutralisation as measured by the Ba/F3-R2 cell
proliferation assay correlates with the VEGF neutralising ability
of bevacizumab and possibly other agents that target VEGF.
Especially in the situation where bevacizumab is not given in
combination with chemotherapy (i.e., glioblastoma or renal cell
carcinoma) this could be associated with clinical response and/or
survival. To investigate this hypothesis, a follow-up study should
investigate this bioassay in a larger patient cohort with clinical
response data.
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