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Abstract
Vascular endothelial growth factor receptor 2 (VEGFR2)/KDR plays a critical role in 
tumor growth, diffusion, and invasion. The amino acid sequence homology of KDR 
between mouse and human in the VEGF ligand- binding domain was low, thus the WT 
mice could not be used to evaluate Abs against human KDR, and the lack of a suit-
able mouse model hindered both basic research and drug developments. Using the 
CRISPR/Cas9 technique, we successfully inserted different fragments of the human 
KDR coding sequence into the chromosomal mouse Kdr exon 4 locus to obtain an 
hKDR humanized mouse that can be used to evaluate the marketed Ab ramucirumab. 
In addition, the humanized mAb VEGFR- HK19 was developed, and a series of com-
parative assays with ramucirumab as the benchmark revealed that VEGFR- HK19 has 
higher affinity and superior antiproliferation activity. Moreover, VEGFR- HK19 selec-
tively inhibited tumor growth in the hKDR mouse model but not in WT mice. The most 
important binding epitopes of VEGFR2- HK19 are D257, L313, and T315, located in 
the VEGF binding region. Therefore, the VEGFR2- HK19 Ab inhibits tumor growth by 
blocking VEGF- induced angiogenesis, inflammation, and promoting apoptosis. To our 
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1  |  INTRODUC TION

Cancer is a major burden of disease worldwide. Pathological an-
giogenesis is a hallmark of cancer and various inflammatory and 
ischemic diseases.1 A combination of antiangiogenic therapy and im-
munotherapy is considered the most promising treatment options for 
cancer.2 Among the wide spectrum of endogenous angiogenic mol-
ecules, vascular endothelial growth factor (VEGF) is the most stud-
ied and has been identified as the most important factor affecting 
physiological and pathological angiogenesis.3 In addition to placental 
growth factor, the VEGF family includes VEGF- A, with its predomi-
nant isoform VEGF165 and VEGF- B, VEGF- C, and VEGF- D.4– 6 There 
are three VEGF receptors, VEGFR1 (Flt- 1 in mice), VEGFR2 (Flk- 1; 
KDR), and VEGFR3 (Flt4), which combine with several coreceptors.7 
Among them, VEGFR2 was confirmed as a viable antitumor thera-
peutic target, following earlier findings that overexpression of VEGF 
and VEGFR2 is associated with invasion and metastasis in several 
malignancies.8 Moreover, VEGFR2 is mainly responsible for cell 
proliferation, vascular permeability, and cell survival through VEGF- 
induced signaling in endothelial cells,9 but the function of VEGFR2 is 
multifaceted.10– 13 Consequently, selective VEGFR2 blockade inhibits 
receptor phosphorylation and tumor angiogenesis, thereby inducing 
tumor cell apoptosis, ultimately leading to tumor regression.14

Clinical trials of angiogenesis inhibitors were mainly based on 
mAbs binding to VEGF/VEGFR, or multitarget receptor tyrosine ki-
nase inhibitors with antiangiogenic specificities.15– 18 The humanized 
IgG1 mAb ramucirumab (IMC- 1121B), targeting the extracellular do-
main of VEGFR2 with high affinity, has been approved for the treat-
ment of solid tumors.19– 22 Preclinical studies confirmed the precise 
effect and safety,23 and be widely used as a benchmark human Ab 
for developing novel Abs for cancer treatment in animal studies.24 
The murine version of ramucirumab, DC101, targeting VEGFR2 
(Flk- 1/KDR), does not cross- react with human VEGFR2, which has 
been evaluated in C57BL/6 and athymic mice.8,25

Mouse Kdr shares 85% nucleotide sequence similarity with human 
KDR, but they are not functionally equivalent. Knockout of Kdr in 
mice led to death,26 and Hooper et al. found that activation of Kdr 
is critical for hematopoiesis.27 To our best knowledge, no humanized 
KDR mouse model is available, limiting the in vivo efficacy and safety 
evaluation of therapeutic products targeting VEGFR. Here a human-
ized mouse model was established and further functional verifica-
tion for evaluating therapeutic products was carried out. Moreover, 
a novel human mAb VEGFR2- HK19 was developed and evaluated.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

MC38 cells (Sino Biological Inc.) were cultured in RPMI- 1640 
medium (Corning) containing 10% FBS. The HUVEC (Lifeline 
Cell Technology) and VEGFR2 overexpressing 293FT cells (Basic 
Medical Cell Center) were cultured in phenol red- free M199 me-
dium (Gibco) containing 10% FBS and 5% L- glutamine at 37°C and 
5% CO2.

2.2  |  Construction of hKDR humanized mice

A cassette encoding “part of exon 4 to part of exon 7 of human KDR 
coding sequence (CDS)- part of exon 7 to TAA stop codon of mouse 
Kdr CDS- WPRE- poly- A” was cloned into the corresponding part of 
exon 4 of mouse Kdr. The target sequence of guide RNA (sgRNA) 
GTTTGAAATCGACCCTCGGCAGG was designed using website 
https://zlab.bio/guide - desig n- resou rces and used as a template for 
in vitro transcription using the MEGA ShortScript T7 High Yield 
Transcription Kit (Invitrogen). Cas9 mRNA was obtained as described 
previously.20 Both sgRNA and Cas9 mRNA were purified using the 
MEGAclear kit (Invitrogen). The targeting vector, sgRNA, and Cas9 
mRNA were microinjected into C57BL/6 zygotes subsequently im-
planted into CD- 1 pseudo- pregnant mice.

2.3  |  Genotyping

Genomic DNA of the tail from offspring was isolated and subjected 
to PCR amplification using a two- step PCR strategy. The genomic 
DNA of hKDR mice yielded amplicons of 2.9 kb and 2.3 kb, respec-
tively. For offspring genotyping, primers F3/R3 were used to iden-
tify the hKDR mice with an amplicon of 351 bp (Table 1).

2.4  |  Southern blot analysis

Genomic DNA was digested with the restriction enzymes Bsu36I (5′-  
arm) and NsiI (3′-  arm) and resolved on a 0.8% agarose gel. Upon 
transfer to a nylon membrane and UV cross- linking, prehybridiza-
tion and hybridization were carried out at 42°C according to the 

best knowledge, this novel humanized KDR mouse fills the gaps both in an animal 
model and the suitable in vivo evaluation method for developing antiangiogenesis 
therapies in the future, and the newly established humanized Ab is expected to be a 
drug candidate possibly benefitting tumor patients.
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instructions for DIG Easy Hyb Granules (Roche). The membrane was 
then developed using the DIG Detection Kit (Roche), following the 
manufacturer’s instructions. The primers used for probe template 
synthesis were listed in Table 1.

2.5  |  Real- time PCR

Total RNA from hearts, lungs, and kidneys was extracted using TRIzol 
reagent (Life Technologies) and then converted into cDNA using the 
RT- PCR kit (Takara) using a Light Cycler 480 Real- Time PCR system. 
Relative expression levels of hKDR and mKDR were determined using 
the primers hKDR- F (5′- TGTGGTTCTGAGTCCGTCTC- 3′)/hKDR-
 R (5′- GTGCTGTTCTTCTTGGTCATCA- 3′), and mKDR- F (CAAAC 
CTCAATGTGTCTCTTTGC)/mKDR- R (AGAGTAAAGCCTATCTCGC 
TGT). Mouse GAPDH mRNA was used as an internal control and quan-
tified using primers GAPDH- F (5′- CAGCAACTCCCACTCTTCCAC- 3′) 
and GAPDH- R (5′- TGGTCCAGGGTTTCTTACTC- 3′). Each reaction 
was carried out in triplicate. The data represent the relative tran-
script abundance of hKDR normalized to GAPDH.

2.6  |  Selection of humanized VEGFR2 Ab HK19

The VEGFR2 Abs were screened through phage display from a 
single- chain variable fragment (scFv) library generated from spleen 
mRNA of mice immunized with recombinant VEGFR2 protein (Sino 
Biological Inc.). Specific mAbs against VEGFR2 were screened using 
recombinant VEGFR2 protein as bait. Candidate scFvs that bind 
effectively to recombinant VEGFR2 were further developed into 
chimeric Abs. Chimeric mhK19 showed high affinity and strong inhib-
itory activity, thus mhK19 was further humanized using the classical 
complementarity determining region (CDR) transplantation method. 
IGKV1- NL1*01 and IGHV3- 21*01 with 70.5% and 81.6% homology 
to the heavy and light chains of mhK19, respectively, were selected 
as humanization templates. The CDRs of humanized templates were 
then substituted for the corresponding CDRs of mhK19 in light and 
heavy chain. Finally, a single point mutation P60A was introduced in 
HCDR2 to obtain humanized Ab VEGFR2- HK19 (IgG1 subtype).

2.7  |  Enzyme- linked immunosorbent assay

Human VEGFR2- His protein was coated onto 96- well plates over-
night at 4°C, and then blocked with BSA. Either VEGFR2- HK19 or 
control Ab ramucirumab (2 mg/L) was incubated for 1 h at room 
temperature (RT). TMB solution was added for color development. 
Plates were measured at 450 nm (A450) and the data were processed 
using GraphPad Prism 8.0 software.

To verify whether VEGFR2- HK19 cross- binds to VEGFR2 or-
thologs from other species, recombinant human, mouse, and rhesus 
macaque VEGFR2- His proteins were coated onto 96- well plates at 
concentrations of 0.04, 10, and 10 mg/L, respectively.

2.8  |  Flow cytometry and OCTET

Different concentrations of VEGFR2- HK19 were incubated 
with 3 × 105 293FT- VEGFR2 cells at 4°C for 45 min. After re-
moving the unbound proteins, the cells were incubated with a 
FITC- labeled secondary Ab for 20 min at 4°C, followed by flow 
cytometry after washing and filtration. Data analysis was under-
taken using FlowJo and GraphPad Prism 8.0 software. The bind-
ing kinetics of Abs to VEGFR2 were measured by Octet using 
an SA sensor (Pall Corporation), after which Abs were added for 
real- time association and dissociation analysis using Octet96e 
(ForteBio) at RT.

2.9  |  Blocking of VEGFR2/VEGF interaction 
in vitro

Vascular endothelial growth factor receptor 2- HK19 or ramucirumab 
was mixed with a fixed amount of VEGFR2- His (1 mg/L), human 
VEGF- C- His (0.5 mg/L), or human VEGF- D- His (2 mg/L), after which 
the mixtures were transferred to 96- well plates precoated with 
VEGF- A (0.5 mg/L) or VEGFR2- Fc (5 mg/L). Samples were incubated 
for 1 h at RT. The C- His- R023/HRP was used as the secondary Ab 
for detection. The plates were washed and developed following the 
procedure described above for ELISA.

TA B L E  1  Primer sequences used to 
identify genetically modified mice Primer Sequence (5′– 3′) Product length

Region 1 F1 ATGTAGGGGATGAATAGGATCTC 2.9 kb

R1 AAATCCTATACCCTACAACGACAAC

Region 2 F2 CTGGAAGACAGGAACAAATTATCTC 2.3 kb

R2 CTGACCAGAGAGGACCCTATATC

F3 TTTATGTTTCAGGTTCAGGGGGA 351 bp

R3 CCAGCACTGTCTAAATTCAACGGC

Southern 
probe (5′)

F5 CTTCGCTGTGCAGGATAATGGTGA 6.2 kb- MT

R5 GGGAGTAACTTCATCCCCTAGAGACAG 4.2 kb- WT

Southern 
probe (3′)

F5 GTTACCTCGTTTTCAGTCACTGCATCC 4.3 kb- MT

R6 AACTGGGGAGAGTAAAGCCTATCTCGC 7.3 kb- WT

Abbreviation: MT, mutant.
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2.10  |  Blocking of VEGFR2/VEGF interaction in 
cultured cells

For the competitive 293FT- VEGFR2/VEGF- A blocking assay, differ-
ent concentrations of VEGFR2- HK19 or ramucirumab were incu-
bated with 3 × 105 293FT- VEGFR2 at 4°C for 20 min. A fixed amount 
of biotin- labeled VEGF- A (35.7 mg/L) was added to the mixture and 
incubated at 4°C for 20 min. The cells were incubated with a strepta-
vidin Alexa Fluor 488- labeled secondary Ab for 20 min at 4°C, and the 
cell binding of VEGF- A was detected by flow cytometry after washing.

2.11  |  Neutralization of VEGF- induced HUVEC 
proliferation

Human umbilical vascular endothelial cells were seeded (4 × 103 
cells/well) and incubated with VEGFR2- HK19 or ramucirumab 
(analog of CYRAMZA, US7498414; Sino Biological), followed by 
human VEGF- A (10 μg/L), VEGF- C (1000 μg/L), a mixture of human 
VEGF- C (1000 μg/L) + VEGF- D (8181 μg/L), a mixture of human 
VEGF- A (25 μg/L) + VEGF- C (1000 μg/L) + VEGF- D (5455 μg/L), 
mouse VEGF- A (20 μg/L), or mouse VEGF- C (2000 μg/L). In addition, 

F I G U R E  1  Generation of the hKDR humanized mouse model using CRISPR/Cas9 technology. (A) Schematic illustration of targeting. (B) 
PCR genotyping of F1 hKDR mice. (C) Right insertion was confirmed by sequencing. (D) Insertion was identified by southern blot using 5′-  
and 3′-  probes. Genomic DNA was digested with Bsu36I and NsiI, and produced the expected 6.2 kb and 4.3 kb bands in size, respectively. 
(E) Detection of hKDR mRNA expression in heart, lung, and kidney tissues (n = 3). (F) mKDR mRNA expression was detected in heart, lung, 
and kidney tissues (n = 3). Values are presented as means ± SD of three mice and were normalized to GAPDH levels. CDS, coding sequence; 
hete, heterozygous; homo, homozygous; KI, knock in; MT, mutant; WT, wild- type
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a blank well, M group (without Ab, but with VEGFs), and M′ group 
(without Ab and VEGFs) were also included. Plates were incubated 
for 72 h at 37°C, followed by the addition of WST- 8 (GLT008; 
Nanjing Robiot Co., Ltd), then plates were measured at 450 nm and 
630 nm using a microplate reader (SpectraMax i3x; Thermo Fisher). 
The neutralization rate was then calculated using the formula: neu-
tralization rate (%) = (M − antibody)/(M − M′) × 100%.

2.12  |  Homology modeling and molecular docking

The Antibody Model program in DS 4.0 (Accelrys Software Inc.), 
was used to model VEGFR2- HK19 and the VEGFR2 structure was 
extracted from the PDB database (ID: 3V2A). The VEGFR2- HK19 
model and VEGFR2 structure were docked using the ZDOCK pro-
gram. According to the docking results, the top 10 candidates were 
optimized using RDOCK, after which the optimal model was further 
analyzed using the Protein Interface Analysis program.

2.13  |  Tumor study in hKDR humanized mice in vivo

MC38 cells (5 × 106 cells per mice) were subcutaneously inoculated 
into the dorsal flank of 3- week- old hKDR and C57BL/6 mice for the 
tumor bearing model. The tumor size was measured using a slide 
caliper and calculated as length × width2 × 0.5. When the tumor size 
reached 100– 200 mm3, the mice were randomly divided into different 

groups (n = 8 per group) and treated with ramucirumab (20 mg/kg 
i.v.), VEGFR2- HK19 (20 mg/kg i.p.), DC101 (20 mg/kg i.p.), or solvent 
twice weekly for 3 weeks. Bodyweights were determined during the 
experiment. At the end of the experiment, blood samples were col-
lected from the abdominal aorta of anesthetized mice. Cytokines in 
sera were tested using a Bio- Plex 200 system and Bio- Plex Pro Mouse 
Cytokine 23- plex Assay (M60009RDPD; Bio- Rad). Tumor tissues 
were collected, weighed, and frozen at −80°C for further analysis.

2.14  |  Western blot analysis

Tissues were homogenized in RIPA lysis buffer supplemented with 
a 1× proteinase inhibitor cocktail (Roche). Samples were separated 
on 8% polyacrylamide SDS- PAGE gels, then transferred onto a 
methanol- activated PVDF membrane. Mouse or rabbit mAbs against 
p- VEGFR2, VEGFR2, cleaved caspase- 9, procaspase- 9, and GAPDH 
(1:1000 dilution; Cell Signaling Technology) were added, followed by 
HRP- conjugated anti- mouse IgG or anti- rabbit IgG (1:10,000, Santa 
Cruz Biotechnology). The Immobilon Western Chemiluminescent 
HRP Substrate kit (Millipore) was used to develop the protein bands.

2.15  |  Histopathology and immunohistochemistry

Tumor tissues were fixed in 10% neutral- buffered formalin, H&E staining 
was carried out on 5 μm paraffin sections. For immunohistochemistry, 

F I G U R E  2  Humanized vascular 
endothelial growth factor receptor 2 
(VEGFR2) Ab selectively inhibited tumor 
growth in hKDR mice. (A) Mice bearing 
MC38- derived xenograft tumors were 
treated with ramucirumab. (B) Tumors 
from different treatment groups. (C) 
Tumor growth in different groups. (D) 
Tumor weight was measured at the end of 
the experiment. (E) Bodyweight change 
was measured at various time points. 
Group 1, PBS (WT mice); group 2, PBS 
(hKDR mice); group 3, ramucirumab (WT 
mice); group 4, ramucirumab (hKDR mice). 
All data represent the mean of 8 mice per 
group. Error bars, SD. *p < 0.05, **p < 0.01, 
***p < 0.001
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CD31 and CD34 (1:100 dilution; HuaAn Biotechnology Co., Ltd) staining 
was carried out. The apoptotic cells in the tumor tissue were detected 
by TUNEL assay using an apoptotic cell detection kit (Merck Millipore). 
Images were taken with a Pannoramic MIDI (3DHISTECH) microscope. 
Microvessel density was calculated using Image Pro Plus 6 software in 12 
randomly selected fields at 200× and 400× magnifications.

2.16  |  Statistical analysis

Data are presented as mean ± SD and analyzed using GraphPad Prism 
8.0. Student's t- test or one- way ANOVA was used to assess the sta-
tistical significance of differences between the groups. p < 0.05 was 
considered to indicate statistical significance.

F I G U R E  3  Characteristics of the newly established vascular endothelial growth factor receptor 2 (VEGFR2)- HK19 humanized Ab. 
(A,B) Octet affinity analysis of (A) ramucirumab and (B) VEGFR2- HK19 with recombinant VEGFR2 protein. (C,D) VEGFR2- HK19 blocked 
the binding of human VEGF- A to (C) recombinant VEGFR2 protein and (D) VEGFR2- overexpressing 293FT cells according to ELISA and 
FACS analysis, respectively. (E,F) VEGFR2- HK19 inhibited the proliferation of HUVECs induced by (E) human VEGF- A or (F) human 
VEGF- A + VEGF- C + VEGF- D
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3  |  RESULTS

3.1  |  Generation of hKDR humanized mouse model 
using CRISPR/Cas9 technology

An insert spanning part of exon 4 to part of exon 7 of human KDR 
CDS, and part of exon 7 to the TAA stop codon of mouse Kdr CDS 
was inserted into the mouse Kdr exon 4 locus, followed by a wood-
chuck hepatitis virus posttranscriptional regulatory element (WPRE) 
and poly- A sequence. This design resulted in an intrinsic expression 
profile of hKDR under control of mouse Kdr promoter (Figure 1A). 
The targeting vector and sgRNA and Cas9 mRNA were injected into 
the zygotes of C57BL/6 mice, resulting in two positive insertions 
in 93 offspring. The surviving founder was crossed with C57BL/6 
mice and generated a successful germline transmission. F1 positive 
mice were confirmed by PCR genotyping (Figure 1B), sequencing 
(Figure 1C), and southern blotting (Figure 1D). The homozygous mice 
were designated as C57BL/6- Kdr em1(hKDR)/NIFDC, abbreviated as 
hKDR mice. The mRNA expression of hKDR was detected in heart, 
lung, and kidney tissues of hKDR mice (Figure 1E), but not in WT 
mice. No mRNA expression of mKDR was detected in homozygous 
hKDR mice (Figure 1F), indicating mKDR was replaced fully by hKDR.

3.2  |  Ramucirumab selectively inhibited tumor 
growth in hKDR mice

To verify the suitability of the hKDR mouse model for the evalu-
ation of drugs targeting VEGFR in vivo, a tumor- bearing model 
was established by subcutaneous injection of MC38 cells.24 Both 
hKDR and WT mice bearing tumors were treated with human ra-
mucirumab or PBS (Figure 2A). The results showed that the tumor 
shape (Figure 2B), tumor volume (Figure 2C), and weight (Figure 2D) 
decreased in hKDR mice after treatment with ramucirumab, com-
pared with the PBS control group (p < 0.01). By contrast, ramu-
cirumab treatment did not reduce tumor volume, or weight in WT 
mice, which was similar to the PBS group (p > 0.05). The bodyweight 
change corresponded well with tumor growth (Figure 2E). These re-
sults indicated that the human mAb only inhibited tumor growth in 
hKDR mice but not in WT mice; only the hKDR mice were fit for 
evaluation of the in vivo effect of ramucirumab.

3.3  |  Generation and evaluation of neutralizing Ab 
VEGFR2- HK19

An unmet clinical need has compelled us to develop a new Ab targeting 
VEGFR2 using phage display platforms and high- throughput screen-
ing strategies.28 Candidate scFvs that bind effectively to recombi-
nant VEGFR2 were further developed into human– mouse chimeric 
Abs. One chimeric Ab, named mhK19, showed highest affinity and a 
strong inhibitory effect on VEGF- induced endothelial cell prolifera-
tion. Therefore, it was further humanized and named VEGFR2- HK19.

The EC50 of VEGFR2- HK19 binding to recombinant VEGFR2- 
His protein and VEGFR2- overexpressing 293FT cells was 191.5 
and 17.18 μg/L, respectively (Figure S1A,B). The KD value of 
VEGFR2- HK19 combined with recombinant human VEGFR2 protein 
was 1.06 × 10−11 M, while that of ramucirumab was 4.58 × 10−11 M 
(Figure 3A,B). These results show that VEGFR2- HK19 possesses high 
binding specificity for the VEGFR2 antigen, better than ramucirumab.

Next, the ability of VEGFR2- HK19 to inhibit the binding of human 
VEGFs to VEGFR2 was investigated using competitive binding as-
says with both purified proteins in vitro and cultured cells. Combined 
VEGFR2- HK19 and ramucirumab prevented human VEGF- A from 
binding to either VEGFR2 protein or 293FT cells overexpressing 
VEGFR2 (Figure 3C,D). Moreover, both Abs also prevented the 
binding of other subtypes of human VEGF, including VEGF- C and - D 
(Figure S1C,D). In addition, the EC50 of VEGFR2- HK19 was compa-
rable to that of ramucirumab or even slightly lower (Table S1), indi-
cating that both VEGFR2- HK19 and ramucirumab have high ligand 
competitiveness.

The activity of VEGFR2- HK19 inhibiting angiogenesis was 
tested. The results show that VEGFR2- HK19 neutralized endothe-
lial cell proliferation induced by a single human VEGF isoform and 
showed high neutralization ability with different human VEGF mix-
tures (Figures 3E,F and S1E,F), the EC50 and maximum inhibition 
rates with different VEGFs are shown in Table 2. As expected, the 
relatively low EC50 of VEGFR2- HK19 suggests that it could have su-
perior antiproliferation activity compared to ramucirumab.

3.4  |  Ramucirumab and VEGFR2- HK19 share most 
binding epitopes

The epitopes bound by VEGF- A are located in the second and 
third domains of VEGFR2.29 Homology modeling and molecular 
docking predicted that the key binding peptides of VEGFR2- HK19 
were 137YITENK142 and 164RYPEKR169 from domain 2, as well as 
255GIDFNWEY262 and 310SSGLMTKK317 from domain 3. To further 
verify these key epitopes, various VEGFR2 variants were generated 
and assayed for their ability to bind VEGFR2- HK19, ramucirumab, or 

TA B L E  2  Vascular endothelial growth factor receptor 2 
(VEGFR2)- HK19 blocked the induction of endothelial cell 
proliferation by vascular endothelial growth factor (VEGF)

Stimulant Antibody
EC50 
(μg/L)

Max 
(%)

VEGF- A Ramucirumab 649.8 93.9

VEGFR2- HK19 296.4 91.3

VEGF- A+VEGF- 
C+VEGF- D

Ramucirumab 1986 93

VEGFR2- HK19 663.2 82

VEGF- C Ramucirumab 87.45 100.7

VEGFR2- HK19 23.85 100.3

VEGF- C+VEGF- D Ramucirumab 86.02 95.3

VEGFR2- HK19 42.65 98.9
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VEGF- A. The key epitopes of VEGF- A and ramucirumab (Figure 4A,B) 
are consistent with previous results of crystal structure analysis.30,31 
The most important binding epitopes of VEGFR2- HK19 are R164/
Y165, D257, L313, and T315, while other sites such as Y137/K142, 

S311/G312, Y137, E261, and S310 are also essential (Figure 4A). 
In addition, Y137/K142, R164/Y165, S311/G312, Y137, and D257 
were identified as the key epitopes that simultaneously affected 
the binding of VEGFR2- HK19 and VEGF- A to VEGFR2, showing 

F I G U R E  4  Epitope mapping and cross- binding of vascular endothelial growth factor receptor 2 (VEGFR2)- HK19 to VEGFR2. (A) Epitopes 
were analyzed by ELISA using recombinant VEGFR2 variants. (B) Human VEGF- A and ramucirumab epitopes are displayed based on the 
crystal structure of human VEGF- A/VEGFR2 in the PDB database (3V2A) or the ramucirumab/VEGFR2 crystal structure (3S37). Cyan, 
epitopes of human VEGF- A; red, ramucirumab; dark yellow, overlapping epitopes. (C) Based on the detection results of (A), VEGFR2- HK19 
epitopes were labeled on the crystal structure of VEGFR2 (PDB 3S37). Cyan, human VEGF- A epitopes; purple, VEGFR2- HK19 epitopes; 
light yellow, overlapping epitopes. (D) Different sites in human VEGF- A ligand- binding regions of VEGFR2 from different species. Blue, 
differences between humans and mice; green, differences between humans and rhesus macaques. (E) VEGFR2- HK19 and ramucirumab do 
not cross- bind with mouse VEGFR2 in ELISA.
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F I G U R E  5  Therapeutic efficacy of vascular endothelial growth factor receptor 2 (VEGFR2)- HK19 in mice. (A) Time profile of the 
VEGFR2- HK19 and ramucirumab serum concentration following intravenous administration (n = 6). (B) Treatment schedules. (C– E) 
Tumor growth (n = 8) (F– H) and tumor weight at the end of the treatment (n = 8). (I– K) Bodyweight change (n = 8). All data are shown as 
means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001
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that the VEGFR2- HK19 Ab and VEGF- A had overlapping epitopes 
(Figure 4A,C). These results revealed that VEGR2- HK19 shares most 
binding epitopes with ramucirumab, such as R164/Y165, D257, L313, 
and T315, confirming that their antiangiogenic effect is through di-
rect inhibition of ligand- binding. The sites R222, E261, S310, and 
L313 had different effects on the binding affinity of the two mAbs.

3.5  |  Cross- binding of VEGFR2- HK19 to 
receptor orthologs

The VEGF- A ligand- binding regions in VEGFR2 have three differ-
ent amino acid residues between humans and mice, namely L313R, 
I256L, and V135I, and no difference between humans and rhesus 
macaques (Figure 4D). L313 is the core epitope of VEGFR2- HK19, 
while I256 is adjacent to the core epitope D257, which could af-
fect the binding of humanized Abs to mouse VEGFR2. The ELISA 
results further confirmed that VEGFR2- HK19 and ramucirumab did 
not cross- bind to mouse VEGFR2 but retained binding capacities for 
rhesus macaque VEGFR2 (Figure 4E). The differences in VEGFR2 
between human and mice could explain why humanized KDR mice 
were suitable for the evaluation of in vivo antitumor activities, but 
WT mice were not (Figure 2).

3.6  |  Strong antitumor effect of VEGFR2- HK19 in 
hKDR mice

To investigate the in vivo pharmacokinetics, 5 mg/kg VEGFR2- HK19 
or ramucirumab was given to CD- 1 mice intravenously with mul-
tiple doses. Notably, VEGFR2- HK19 showed a long half- life of up 
to 295.3 (295.3 ± 64.75) h, indicating that the stable serum level of 
VEGFR2- HK19 could maintain its effect in vivo (Figure 5A).

As mouse VEGF- A and VEGF- C cross- activate human VEGFR2 
receptor and VEGFR2- HK19 and ramucirumab cross- inhibit mouse 
VEGF- induced human HUVEC cell growth (Figure S3), human-
ized hKDR mice can be used to evaluate VEGFR2 Ab activity in 
vivo. The murine version of ramucirumab, DC101, together with 
the two humanized Abs were included to test the antitumor ac-
tivities (Figure 5B). On day 17, the DC101 Ab began to show an-
titumor activity, and the tumor volumes decreased compared with 
the PBS group in wild- type mice (Figure 5C). After dissection, the 
tumor weight was significantly lower than the PBS control group 
(Figure 5F). Serum tumor necrosis factor- α (TNF- α) level decreased 
slightly (p > 0.05; Figure S2). Ramucirumab showed no antitumor ac-
tivity in WT mice, but it had obvious antitumor activity in hKDR mice 
(Figure 5D,G), accompanied by a decline of blood TNF- α (Figure S3). 

Similarly, VEGFR- HK19 decreased the tumor size and weight in 
hKDR mice but not in WT mice (Figure 5E,H). Mouse body weight 
change was monitored, as shown in Figure 5I– K, and no adverse 
effects were noted. Overall, VEGFR2- HK19 had a strong antitumor 
effect in hKDR mice, and showed a promising therapeutic efficacy 
in vivo. Based on the tumor volume (Figure 5D,E) and tumor weight 
(Figure 5G,H), VEGFR2- HK19 had similar in vivo antitumor activity 
to that of ramucirumab.

3.7  |  VEGFR2- HK19 inhibits tumor angiogenesis by 
promoting apoptosis

CD31 is a widely used endothelial marker for quantifying angiogen-
esis by calculating microvessel density (MVD).32 CD34 is the most 
sensitive marker of neovascular endothelial cells and can reflect 
the proliferation level of tumor cells to a certain extent.33 Here we 
observed that cells from tumor tissues in the PBS group were dis-
ordered, and the nuclei were irregularly distributed. Gaps in the cy-
toplasm might suggest tumor microvessel rupture. By contrast, the 
arrangement of tumor cells in the VEGFR2- HK19 and ramucirumab 
groups was normalized, and MVD obviously decreased compared 
with the PBS group (Figure 6A,B), which was correlated with re-
duced expression of endothelial cell markers CD31 and CD34 ac-
cording to immunohistochemical staining.

Similarly, TUNEL staining in the PBS group showed few apop-
totic cells and the normal cell nucleus are blue, while in ramucirumab 
and VEGFR2- HK19 treated groups, the cells were arranged irregu-
larly and were brown and shrunken (Figure 6A). Western blot anal-
ysis (Figure 6C) revealed that VEGFR2- HK19 significantly reduced 
phosphorylated and total VEGFR2 (Figure 6D). The increased pro-
caspase- 9 expression caused by Ab treatments supported their ef-
fective roles in apoptosis (Figure 6D). Together, these data suggested 
that VEGFR2- HK19 inhibits tumor growth by promoting apoptosis 
and decreasing vessel density, similar to a previous report,8 and was 
as effective as ramucirumab.

4  |  DISCUSSION

Antiangiogenesis is considered a promising antitumor strategy,34– 36 
and several antitumor inhibitors, including ramucirumab, have been 
developed to disrupt the signaling pathways of VEGFs.21 Due to 
the lack of suitable animal models, the in vivo efficacy of therapeu-
tic products was evaluated mostly in nonhumanized mice, and in a 
few cases, in nonhuman primates.12,37– 39 Nevertheless, wild mouse 
VEGFR is not a functional substitute of human's, implying WT mice 

F I G U R E  6  Vascular endothelial growth factor receptor 2 (VEGFR2)- HK19 inhibited angiogenesis and induced apoptosis. (A) H&E and 
immunohistochemical staining with Abs against CD31 and CD34, and TUNEL staining results in mouse tumor tissue sections. Arrows 
indicate CD31+ and CD34+ cells and apoptotic cells. (B) Effects of VEGFR2- HK19 on microvessel density in tumor tissues (n = 12). (C,D) 
Western blot analysis of p- VEGFR2, VEGFR2, cleaved caspase- 9, and procaspase- 9 protein levels in tumor tissues (n = 3). All data are shown 
as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significance
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are not an appropriate evaluation animal model. Therefore, a ge-
netically stable humanized KDR mouse model is quite necessary. 
Multiple in vivo validation experiments (Figures 2 and 3) showed 
that this hKDR humanized mouse could effectively evaluate the 
therapeutic efficacy of Abs, which is highly desirable for basic re-
search and drug development, especially now, when nonhuman pri-
mates are very, very scarce.

The key binding sites for the investigated Abs are residues 135, 
313, and 256 of VEGFR. Human, nonhuman primate, and mouse 
VEGFR orthologs have different amino acids at these sites: valine, 
leucine, and isoleucine for human and nonhuman primate orthologs 
mice, and isoleucine, arginine, and leucine for mice, respectively 
(Figure 4D). This difference could be the reason why the Abs against 
human VEGFR fail to bind to its mouse ortholog. The cross- binding 
experiments also showed that ramucirumab and VEGFR2- HK19 had a 
good binding for VEGFR2 from humans and nonhuman primates but a 
weak affinity for the murine receptor (Figure 4E). To our best knowl-
edge, this novel hKDR mouse could be the first humanized model.

So far, hundreds of thousands of patients have benefited from 
drugs targeting the angiogenic protein VEGF.40 Various inhibitors, 
such as small molecules and mAbs targeting the VEGF/VEGFR2 
pathway, have revolutionized oncological treatment.15– 18 In light 
of the potential need, the humanized mAb VEGFR2- HK19 was 
developed and characterized in detail. The VEGFR2- HK19 mAb 
has a long in vivo half- life, which was comparable to that of ramu-
cirumab.23 It has also a higher affinity, stronger neutralization activ-
ity (Figures 3E,F and S1E,F), and similar in vivo antitumor potential 
(Figure 5). Ramucirumab and VEGFR2- HK19 share five key binding 
sites, including R164, Y165, D257, L313, and T315, implying the two 
have similar functions.

Ramucirumab and VEGFR2- HK19 effectively inhibited the tumor 
growth in humanized hKDR mice, except in WT mice (Figure 5). The 
decreased microvessel density and decreased protein expression of 
VEGF2 in the tumors from treated hKDR mice might be due to the 
Abs binding to human VEGFR2, which could affect the overall tumor 
microenvironment to restrict tumor growth.

It has been reported that DC101 treatment and subsequent 
tumor cell apoptosis reduce vascular density, leading to slower tumor 
cell proliferation in a mouse model.8 Therefore, we speculated that 
VEGFR2- HK19 has such a similar effect. Apoptosis is a cellular suicide 
program critical for development and tissue homeostasis.41 Excess 
apoptosis is associated with degenerative disorders,42 while a failure 
of apoptosis contributes to tumor development and progression.43 
Caspase- 9 is a key molecule that responds to various apoptotic signals 
to activate the intrinsic or mitochondrial pathway. Failing to activate 
caspase- 9 has profound physiological and pathophysiological effects, 
leading to degenerative and developmental disorders and cancer.41,44 
In this study, we observed that VEGFR2- HK19 blocks the induction 
of HUVEC proliferation by VEGF. Treatment with VEGFR2- HK19 
increased the levels of cleaved caspase- 9 and procaspase- 9 in xe-
nografted tumors implanted into hKDR mice, and TUNEL staining 
indicated that VEGFR2- HK19 promoted apoptosis in hKDR mice. It 
was reported that the phosphorylation of VEGFR2 in endometrial 

cancer cells is associated with a significantly poorer prognosis.45 In 
our research, the expressions of p- VEGFR2 and VEGFR2 in the tu-
mors of VEGFR2- HK19- treated hKDR mice decreased, compared 
with PBS treatment, implying that VEGFR2- HK19 can inhibit tumor 
angiogenesis, thus achieving an antitumor effect that indicated that 
VEGFR2- HK19 inhibited tumor growth by inducing apoptosis.

Yoh et al. reported that ramucirumab plus docetaxel safely pro-
longed the survival of patients with non- small- cell lung cancer in a 
phase II study.46 The results in this study indicated that the anti-
tumor mechanism of VEGFR2- HK19 might not be the same as that 
of ramucirumab. The protein levels of cleaved caspase- 9 and pro-
caspase- 9 in the tumors of ramucirumab treated hKDR mice were 
higher than in the VEGEFR2- HK19 treated group, which was con-
sistent with the TUNEL results (Figure 6). We, therefore, thought 
that ramucirumab mainly acts by inducing apoptosis to inhibit tumor 
growth, while the proapoptotic effect of VEGFR2- HK19 is weaker 
than that of ramucirumab; however, the two have similar in vivo an-
titumor activity (Figure 5).

We established the first humanized KDR mouse model and ana-
lyzed the key differential amino acids in the VEGFR binding domains 
of humans and mice. A new mAb targeting human VEGFR was de-
veloped and evaluated in vitro and in vivo, revealing its potential as 
a clinical drug candidate (Figure S4).
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