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Aim: Nanobody is an antibody fragment consisting of a single monomeric variable antibody domain, which can be used for a variety 
of biotechnological and therapeutic purposes.  The aim of this work was to isolate and characterize a human signal domain antibody 
against VEGFR-2 domain3 (VEGFR D3) from a phage display library.
Methods: To produce antigen-specific recombinant nanobodies with high affinity to VEGFR2 D3, a liquid phase panning strategy 
was used for all rounds of panning.  For nanobody expression and purification, four VEGFR2 D3-blocking clones were subcloned 
into a pETduet-biotin-MBP expression vector.  The recombinant proteins carried an MBP tag to facilitate purification by affinity 
chromatography.  Recombinant NTV(1–4) was obtained after an additional gel filtration chromatography step.  The interactions 
between VEGFR2 D3 and NTV(1–4) were assessed with luminescence-based AlphaScreen assay and SPR assay.  Anti-angiogenesis 
effects were examined in human umbilical vein endothelial cells (HUVECs).
Results: In the AlphaScreen assay, NTV1 (100 and 200 nmol/L) elicited the highest binding signal with VEGFR2 D3; NTV2 showed 
moderate interactions with VEGFR2 D3; NTV3 and NTV4 exhibited little or no interaction with VEGFR2 D3.  In the SPR assay, NTV1 
displayed a high affinity for VEGFR2 D3 with an equilibrium dissociation constant (KD) of 49±1.8 nmol/L.  NTV1 (1–1000 nmol/L) dose-
dependently inhibited the proliferation of HUVECs and the endothelial tube formation by the HUVECs.
Conclusion: The nanobody NTV1 is a potential therapeutic candidate for blocking VEGFR2.  This study provides a novel and promising 
strategy for development of VEGFR2-targeted nanobody-based cancer therapeutics. 
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Introduction
Angiogenesis is the process through which new blood vessels 
form from pre-existing vessels.  This tightly regulated pro-
cess plays a critical role in a variety of physiological events, 
including wound healing and granulation tissue formation[1].  
However, pathological angiogenesis contributes to multiple 
diseases, including cancer, psoriasis, age-related macular 
degeneration, arthritis and blindness[1–5].  Vascular endothe-
lial growth factors (VEGFs) are crucial regulators of vascular 

development during angiogenesis.  In mammals, five VEGF 
ligands have been identified to date.  These ligands bind in an 
overlapping pattern to three receptor tyrosine kinases, known 
as VEGF receptor-1, -2 and -3 (VEGFR1–3), as well as to co-
receptors, such as heparan sulfate proteoglycans and neuro-
pilins[3].  Of these, both VEGFR-1 and VEGFR-2 are expressed 
predominantly on tumor endothelial cells, indicating that 
VEGF is primarily a paracrine mediator of tumor angiogen-
esis.  Thus, anti-VEGFR therapy seems to have a very promis-
ing future for the treatment of cancer.

It has been well established that anti-VEGFR2 antibodies 
suppress tumor angiogenesis by blocking the binding of VEGF 
to VEGFR2[3].  A variety of drugs that target VEGFR2, such as 
antibodies and small molecule receptor tyrosine kinase inhibi-
tors, effectively prevent the growth of many mouse tumors 
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and tumor xenografts[6–9].  Biochemical analyses have shown 
that the Ig domain-3 in VEGFR2 (VEGFR2 D3) is important for 
ligand-binding specificity[10].  Thus, we chose a recombinant 
VEGFR2 D3 protein as the target protein.  Previously, we suc-
cessfully isolated an scFv, named AK404R, against VEGFR2 
D3.  This has a high binding affinity and potent antiangio-
genic properties[6].  However, studies of AK404R have been 
hampered by its poor pharmacokinetic properties in animal 
experiments, mainly due to its short half-life.  A nanobody is 
an antibody fragment consisting of a single monomeric vari-
able antibody domain.  

As with other recombinant antibody fragments, nanobodies 
are highly specific because they recognize unique epitopes on 
target antigens and have the advantages of ease and low cost 
of manufacturing, lack of immunogenicity and potential for 
oral dosing formulation.  Nanobodies can be used in a broad 
range of applications for biotechnological and therapeutic 
purposes: for example, as probes in biosensors, for diagnosing 
infections and for treating diseases such as cancer or trypano-
somiasis[11].  Therefore, the selection of nanobodies specific for 
VEGFR2 may provide a novel therapeutic strategy.

Here, we present the first example of VEGFR2-specific nano-
bodies isolated from the commercial human single domain 
antibody library HuSdLTM.  We demonstrated the ability of 
one of these nanobodies, named NTV1 (Nanobody Targeting 
VEGFR), to bind VEGFR2 D3 with high affinity and specific-
ity, as determined by both AlphaScreen and Biacore assays.  
Furthermore, NTV1 inhibited proliferation and tube formation 
of human umbilical vein endothelial cell (HUVECs) in vitro.  
In summary, NTV1 is a potent anti-VEGFR2 D3 nanobody 
candidate for treating tumors via inhibiting VEGF-mediated 
angiogenesis.

Materials and methods
Cell lines and expression and purification of soluble VEGFR2 D3 
Primary-cultured HUVECs were maintained in Endothelial 
Cell Medium (ECM, ScienCell Research Laboratories, Carls-
bad, CA, US) supplemented with 5% FBS at 37 °C, 5% CO2.  

VEGFR2 D3 (amino acid residues 220–330, GenBank acces-
sion No AF035121) was cloned into the expression vector 
pET24a (Novagen) and was designed to be expressed as a 
His6-SUMO-biotin (for phage display and Biacore assay) or 
His6-SUMO (for AlphaScreen and functional assays) fusion 
protein.  The recombinant plasmid was transformed into BL21 
(DE3) cells.  Expressed proteins were obtained as described 
previously[12].  Briefly, periplasmic proteins were extracted 
and loaded on a Nickel HP column (GE Healthcare).  After 
washing with PBS, the bound proteins were eluted with 250  
mmol/L imidazole.  The eluted fraction was cleaved over-
night with a Ulp1 Sumo protease at a protease/protein ratio of  
1: 500 in the cold room, loaded on a HiLoad 26/60 Superdex 
200 gel filtration column (GE Healthcare) and concentrated 
using a Qubit® Protein Assay Kit (Life Technologies).  The 
purity of the protein was evaluated using a 15% SDS–PAGE 
followed by staining with Coomassie Blue R250.

Selection of human anti-VEGFR2 D3 nanobodies from a phage 
display library
To produce effective antigen-specific recombinant nanobodies 
with superior binding strength to the antigen VEGFR2 D3, 
a liquid phase panning strategy, based on a modification of 
that reported in reference[13], was used for all four rounds of 
panning.  Briefly, an affinity matrix (Dynabeads® MyOne™ 
Streptavidin C1 magnetic beads, Invitrogen) was used for 
panning.  The beads were coated with biotin-VEGFR2 D3 at 
a concentration of 8 μmol/L in PBS.  A large phage display 
library, the HuSdLTM phage display human single domain 
antibody library (Creative Biolabs), containing 1×1012 clones 
was used for selection.  After each selection, bound phage 
particles were immediately used to infect exponentially 
growing E. coli TG1 cells.  The culture was then rescued with 
an M13KO7 helper phage.  It was then amplified, precipitated, 
and used for the next round of selection.  The panning was 
repeated four times as described above.  Enrichment was 
measured to check the number of phages recaptured after each 
round of panning, by counting the number of colony forming 
units (CFU) of the infected TG1 cells.  To examine the integrity 
of the library after the final rounds of panning, 120 individual 
colonies of E. coli TG1 were randomly isolated.  The presence 
of the nanobody DNA insert in these clones was confirmed 
by polymerase chain reaction (PCR) amplification and DNA 
sequencing.

Expression and purification of target nanobodies
Target sequences were cloned into a pETDuet-biotin-MBP 
expression plasmid, and E. coli BL21 cells were transformed 
with these plasmids.  The fusion proteins were extracted and 
loaded on an amylose column (GE Healthcare).  Further pro-
tein purification was performed as described above.

AlphaScreen assay for interactions between VEGFR2 D3 and 
NTV(1–4)
Interactions between VEGFR2 D3 and NTV(1–4) were assessed 
by luminescence-based AlphaScreen technology (Perkin 
Elmer).  His6-tagged VEGFR2 D3 was attached to nickel-
chelated acceptor beads, and biotinylated NTV(1–4) proteins 
were attached to streptavidin-coated donor beads.  The experi-
ments were conducted with NTV(1–4) proteins and VEGFR2 
D3 in the presence of 5 µg/mL donor and acceptor beads.  The 
results were based on an average of three experiments.  

Surface plasmon resonance (SPR) kinetic measurements
To determine the binding properties of NTV1, a Biacore exper-
iment was performed using an SPR assay on Biacore T200 (GE 
Healthcare), according to the manufacturer's instructions.  A 
Biotin CAPture Kit containing CAP chips and reaction solution 
was obtained from GE Healthcare.  Biotin-NTV1 was captured 
at a concentration of 10 μmol/L at a flow rate of 10 μL/min 
for 1 min.  Meanwhile, one flow cell of the sensor chip was left 
without captured biotin-NTV1 to provide a reference surface.  
VEGFR2 D3 was prepared in a series of 7 concentrations using 
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a 3-fold serial dilution.  All Biacore kinetic experiment data 
were obtained using Biacore T200 Evaluation Software to esti-
mate the ka and kd.  Data from the three experimental flow cells 
of a single biosensor chip were globally fit to a 1:1 bimolecular 
binding model.  The KD was calculated from the ratioof kd/ka.

MTT cell proliferation assay
An MTT assay was performed following the method of Mos-
mann[14].  Briefly, HUVECs (5×103 cells/well) were plated 
onto 96-well tissue culture plates (Wallach) in 100 μL 5% FBS-
ECM medium and incubated at 37 °C for 24 h.  NTV1 at the 
indicated concentrations or vehicle was added to each well 
and incubated for an additional 72 h.  The color development 
was measured by reading the absorbance at 570 nm on a micro 
plate reader (Bio-Rad).

Endothelial tube formation assay (in vitro angiogenesis) 
A Geltrix solution (Invitrogen) was thawed on ice, and 50 μL 
aliqouts were transferred to a 96-well tissue culture plate and 
incubated at 37 °C for 1 h.  For this assay, 4.5×103 HUVECs 
were added in 100 μL 5% FBS-ECM with NTV1 at indicated 
concentrations overnight at 37 °C.  The following day, endo-
thelial tube formation was digitally photographed with an 
OLYMPUS inverted microscope.  Endothelial cell tube forma-
tion was quantified by manual counting of high power fields 
(×100), and the percentage inhibition is expressed using the 
untreated group as 100%.

Statistical analysis 
All data are expressed as the mean±SEM repeated three times 
for cell proliferation and endothelial tube formation assays.  
Statistical analyses were performed using one-way ANOVA 
followed by a post hoc Dunnett's test.  A value of P<0.05 was 
considered to be statistically significant.

Results
Selection and sequence analysis of VEGFR2 specific nanobodies
To isolate nanobodies against human VEGFR2, we expressed 
and purified the human VEGFR2 D3 domain (amino acid 
residues 220–330) as the antigen (Figure 1).  After two or three 
rounds of selection, the antigen-binding clones showed a clear 
enrichment, as shown in Figure 2.  The phage-display library 
consisted of 1.8×108 clones (CFU/mL) after the fourth round 
of panning.

At least eight unique genes (NTV1–8) were identified by 
DNA sequencing after the final round of panning.  Table 1 
shows the percentages of these clones based on identical DNA 
sequences.  Of all the positive clones, NTV1 (38/120, 32%) and 
NTV2 (33/120, 28%) were identified as the most abundant 
clones.  The frequency of NTV5 was 4% (5/120), and NTV(6–
8) were each only 2%.  Figure 3 shows amino acid sequences 
deduced from the obtained nucleotide data of NTV(1–8).  In 
the complementarity determining region (CDR), the amino 
acid sequences had a relatively low sequence homology.  

Table 1.  Percentages of positive clones based on distinct DNA sequences 
after the fourth round panning.

Clone type	 No of clones with 	 % of distinct DNA 
	 identical sequence	 sequence

NTV1	 42	 35
NTV2	 28	 23
NTV3	 20	 17
NTV4	 18	 15
NTV5	 5	   4
NTV6	 3	   2.5
NTV7	 2	   1.7
NTV8	 2	   1.7

 

Figure 2.  Enrichment of phage-display nanobodies by panning.  Phage-
display nanobodies were selected against biotin-VEGFR2 D3 protein 
and E coli TG1 was infected with bound phage.  The number of phages 
eluted after each round of panning was counted based on the number of 
colonies (CFU/mL) formed after reinfection of the host bacteria with the 
eluted phage particles.

Figure 1.  Purification and identification of the VEGFR2 D3 proteins with 
and without biotinylation.  The purity of the proteins was determined using 
Coomassie-stained 15% SDS/PAGE.  Size standards are shown on the 
left side of gel.  Lane 1, biotin-VEGFR2 D3 protein; Lane 2, VEGFR2 D3 
protein.
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Subcloning, expression and purification of NTV(1–4) 
For nanobody expression and purification, 4 VEGFR2 
D3-blocking clones (NTV1–4) were subcloned into a pETDuet-
biotin-MBP expression vector.  The recombinant proteins car-
ried an MBP tag to facilitate purification by affinity chroma-
tography.  After an additional gel filtration chromatography 
step, recombinant NTV(1–4) were obtained.  No impurity was 
detected on Coomassie-stained SDS PAGE gels.  The recom-
binant nanobodies were present as a single band of ~57 kDa 
(Figure 4).  An average yield of approximately 5 mg purified 
protein was obtained per liter of overnight culture grown in 
baffle shake flasks.

Affinity measurements
To determine whether the selected nanobodies NTV(1–4) were 
binders of VEGFR2 D3, we developed an AlphaScreen assay 
(shown in Figure 5A).  As shown in Figure 5B, of the selected 
nanobody proteins, NTV1 elicited the highest binding sig-
nal with VEGFR2 D3 protein at concentrations of either 100  
nmol/L or 200 nmol/L.  In contrast, NTV1 showed little inter-
action in the control groups (donor and acceptor beads with 
VEGFR2 D3 or NTV1 only, or beads without bound protein), 
indicating specific binding of NTV1 to VEGFR2 D3.  NTV2 

showed moderate interactions with VEGFR2 D3 (Figure 
5C).  NTV3 and NTV4 exhibited little or no interaction with 
VEGFR2 D3 (Figure 5D and 5E).

In addition, the SPR assays confirmed the specificity of 
NTV1/VEGFR2 D3 binding.  For this, biotin-NTV1 was immo-
bilized on the CAP sensor chips.  The response, in binding 
units, of NTV1 to VEGFR2 D3 was recorded.  NTV1 displayed 
a high affinity for VEGFR2 D3, yielding an equilibrium disso-
ciation constant (KD) of 49±1.8 nmol/L (Figure 6).  By contrast, 
no binding between VEGFR2 D3 and the biotin control was 
detected.

Effects of NTV1 on HUVEC proliferation and endothelial tube 
formation 
VEGFR2 signaling in endothelial cells is primarily responsible 
for tumor angiogenesis[3].  The anti-angiogenic effects of NTV1 
were determined using HUVECs.  As shown in Figure 7, 
NTV1 inhibited the proliferation of HUVECs.

As tube formation is one of the late stages of angiogenesis[15], 
we next evaluated the effects of NTV1 on tube formation by 
HUVECs.  In the control group, the HUVECs formed a mesh 
of tubes within 8 h.  Notably, NTV1 at a concentration of 1000 
nmol/L almost completely inhibited the formation of the cap-
illary-like structures by the HUVECs (Figure 8).

Discussion
The VEGF-VEGFR system plays central roles in pathological 
angiogenesis in diseases such as cancer.  Therefore, a variety 
of anti-angiogenic drugs, including anti-VEGF/VEGFR anti-
bodies and VEGFR/multi-receptor kinase inhibitors, have 
been developed and approved for clinical use.  Sunitinib, 
which is a nonselective tyrosine kinase inhibitor that inhib-
its VEGFR, platelet-derived growth factor receptor and fms-
related tyrosine kinase 3 (FLT3), is currently used for the treat-
ment of metastatic renal cancer.  Bevacizumab, an anti-VEGFA 
antibody, is currently used in metastatic colorectal carcinoma 
(CRC) patients[16–19].  While the clinical efficacy of these drugs 
has been clearly demonstrated in cancer patients, they have 
not been shown to be effective in curing cancer, suggesting 
that further improvement in their design is necessary.

In this study, a human anti-VEGFR2 D3 nanobody named 
NTV1 was isolated from a phage library.  This library pro-

Figure 3.  Alignment of amino acid sequences of the NTV(1–4) nanobodies.  Amino acid sequences were deduced from the nucleotide sequences.  
Complementarity determining regions (CDRs) of the variable domain are indicated by white symbols.  Framework regions are shown by bold symbols.

Figure 4.  Purification of NTV(1–4).  The purity of the proteins was 
determined using Coomassie-stained 10% SDS/PAGE.
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duces camelized human antibodies that have a human VH3 
elongated with HCDR3.  Thus, this type of nanobody will gain 
a competitive advantage over non-human antibodies because 
of its lower immunogenic potential in humans[20], which will 
be especially useful for long-term and multiple-dose admin-
istration.  The binding affinity of NTV1 was close to the 
nanomolar range, thereby approaching the binding affinity of 
several bivalent anti-VEGFR monoclonal antibodies produced 
from immunized animals by using hybridoma technology[16–19].  
This result indicated that the nanobody phage display library 
can be used to identify functional high-affinity nanobodies 

that target antigens such as VEGFR.
Considerable clinical and experimental evidence suggests 

that VEGF-A plays a pivotal role in cancer angiogenesis and 
metastasis[21].  Through binding VEGF-A, VEGFR2 is the main 
signal transducer in tumor-associated angiogenesis.  Thera-
peutic approaches that target the VEGF-A/VEGFR2 signaling 
axis have been explored for decades.  However, efficient and 
specific small molecule-targeting of this pathway has not yet 
been achieved[22, 23].  Conventional antibodies against VEGFR2 
will block the angiogenic activity of VEGF-A as well as that of 
other family members exerting their angiogenic effects via the 

Figure 5.  Interactions between VEGFR2 D3 and NTV(1–4) in the AlphaScreen assay.  (A) Cartoon diagram of AlphaScreen assay for detecting NTV(1–
4)/VEGFR2 D3 binding.  (B–E) NTV(1–4)/VEGFR2 D3 binding was detected by the AlphaScreen assay.  Significant binding signals were detected 
with biotin-NTV1 and his-tagged VEGFR2 D3 at the indicated concentrations (20, 50, 100 and 200 nmol/L at a ratio of 1:1).  The binding assay was 
repeated three times.
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same receptor, including VEGF-C, VEGF-D and VEGF-E[18].  
Gene deletion analysis has demonstrated that the extracellular 
Ig-like domains 1–3 of VEGFR2 are required for high-affinity 
binding of VEGF-A, and deletion of Ig domain 3 was found to 
cause a greater than 1000-fold reduction in binding, indicat-
ing the critical role of this domain in VEGFR2/VEGF interac-
tion[24].  Thus, we used VEGFR2 D3 as the binding target to 
obtain a nanobody that might have binding affinity for VEGF-
A with high specificity.  Our results demonstrated that NTV1 
bound to VEGFR2 D3 with high affinity, indicating that NTV1 
might exert its VEGF-A blocking activity by steric hindrance 
resulting from the interaction between the antibody and the 
receptor.  This hypothesis is worthy of further confirmation by 
structural analysis of the NTV1/VEGFR2 D3 complex.

VEGFR2-neutralizing antibodies have shown encouraging 
inhibitory effects on solid tumor growth, ascites formation and 
metastatic dissemination in several animal models[7, 8, 25].  How-
ever, the results in human cancer have been less impressive[20].  
One possible explanation might be the large size of conven-

tional antibodies, which are unlikely to penetrate the vascular 
barrier efficiently[26].  Additional limitations of monoclonal 
antibodies against VEGFR2 are their serious (although uncom-
mon) side effects and high costs[27].  Nanobodies have many 
advantageous properties, such as a low molecular mass (<60 
kDa), strict monomeric behavior, low immunogenicity, high 
affinity, high solubility and stability and high yield in bacteria  
or yeast[28–30].  Here, we demonstrated that NTV1 effectively 
inhibited the proliferation and tube formation of HUVECs.  
The anti-angiogenic effects of NTV1 suggest that NTV1 is a 
functional nanobody candidate for blocking tumor angiogen-
esis.

In conclusion, we described the successful isolation of the 
VEGFR2 D3-specific nanobody NTV1 from a human single 
domain antibody library.  Following the expression of soluble 
NTV1 protein, the characterization of its binding to VEGFR2 
D3, by AlphaScreen and surface plasmon resonance, and its 
function, by proliferation and tube formation inhibition, were 
carefully assessed.  Taken together, the results show that NTV1 

Figure 6.  Interaction of NTV1 with VEGFR2 D3 by surface plasmon 
resonance (SPR) analysis.  Biotinylated NTV1 was injected at a concen
tration of 10 μmol/L, and the response level was ~3500 RU.  Sensorgram 
responses at equilibrium were plotted against VEGFR2 D3 at the 
indicated concentrations (20, 60, 180, 550, 1600 and 5000 nmol/L).  
The association and dissociation constant (ka, kd) were calculated using 
Biacore T200 Evaluation software.  KD was calculated from the quotient of 
kd /ka.

Figure7.  Effects of NTV1 on HUVEC proliferation.  An MTT assay was 
performed on HUVECs (5×103 cells/well).  NTV1 at the indicated 
concentrations (1, 10, 100 and 1000 nmol/L) or vehicle was added to 
HUVECs.  After 72 h, the intensity of the color was monitored at 570 nm in 
a micro plate reader.  Mean±SEM.  n=3.  *P<0.05.

Figure 8.  In vitro anti-angiogenic effects of NTV1 on HUVECs.  NTV1 was added to HUVECs (4.5×103 cells/well) at the indicated concentrations (0, 10, 
100 and 1000 nmol/L) and incubated overnight.  The following day, endothelial tube formation was digitally photographed with an inverted microscope.  
(A, B) Endothelial cell tube formation was quantified by manual counting in high power fields (×100), (A) 1000 nmol/L NTV1; (B) untreated group: 
HUVECs without NTV1.  (C) Percentage inhibition is expressed using the untreated group as 100%.  Mean±SEM.  n=3.  *P<0.05.
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is a potential therapeutic candidate for blocking VEGFR2 D3, 
thereby providing a novel strategy for the development of 
VEGFR2-targeted nanobody-based cancer therapeutics.  Fur-
ther studies focusing on improving the binding affinity and 
specificity of this nanobody by multiple methods, such as gene 
evolution, are ongoing.  The current study provides a basis for 
further improvements in functionality and stability.  Structural 
analysis of the NTV1/VEGFR2 D3 complex and clinical evalu-
ation of NTV1 will also be worthy of further investigation.  
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