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Abstract. Vascular endothelial growth factor receptor 2 
(VEGFR2)-mediated signaling is the key rate-limiting step 
in angiogenesis. VEGFR2 serves as the most important 
target of anti-angiogenic therapy for cancers. Single-chain 
trimer (SCT) comprising antigen peptide, β2-microglobulin 
(β2m), and major histocompatibility complex (MHC) class I 
heavy chain was a particularly powerful strategy involved 
in the increase of the potency of DNA vaccine against 
tumors and infections. In the present study, we constructed 
an SCT-encoding VEGFR2 antigen peptide [aa400-408, 
also known as kinase insert domain-containing receptor 
(KDR2)], β2m, and mouse MHC class I heavy chain H-2Db 
[pcDNA3.1(+)-KDR2-β2m-H-2Db, or SCT-KDR2]. The 
constructed SCT-KDR2 DNA was efficiently expressed in the 
human A293 embryonic kidney cell line. Intradermal immu-
nization of C57BL/6 mice with SCT-KDR2 DNA was able to 
successfully break self-immunological tolerance and induce 
robust cytotoxic T-lymphocyte (CTL) response to VEGFR2, 
leading to marked suppression of tumor cell-induced angio-
genesis and metastasis in murine models of B16 melanoma 
and 3LL Lewis lung carcinoma. Taken together, the results 
showed that VEGFR2-targeted SCT vaccination is an effec-
tive modality that can be utilized in anti-angiogenic active 
immunotherapy for various types of cancer.

Introduction

The formation of new blood vessels that supply the tumor 
mass, or tumor angiogenesis, is a characteristic of cancer and 
is important in tumor outgrowth, progression and metastasis, 
due to the proliferation and metastasis of malignant tumors 
depending on the sufficient nutrition supplied by the new 
blood vessels (1-5). Molecules have been demonstrated as 
angiogenesis-promoting factors (3,6-8), such as vascular 
endothelial growth factor (VEGF), epidermal growth factor 
(EGF), fibroblast growth factor (FGF), placental growth 
factor (PlGF), transforming growth factor-α/β (TGF-α/β), 
angiogenin, CD105 (endoglin), the anthrax-toxin-receptor 
(ATR, TEM8), prostate-specific membrane antigen (PSMA), 
connective tissue growth factor (CTGF), urokinase plasmin-
ogen activator (uPA) and the up-to-date reported galactin-1 
(Gal1) (also known as galectin, a member of a conserved 
family of animal lectins). It has been demonstrated, however, 
that VEGF-mediated signaling through vascular endothelial 
growth factor receptor 2 (VEGFR2) is the critical rate-limiting 
step in tumor angiogenesis, and is crucial in angiogenesis or 
neovascularization (4,9).

VEGFR2, also known as kinase insert domain-containing 
receptor (KDR) in human and fetal liver kinase 1 (flk1) in 
mouse, is involved as a therapeutic target of anti-angiogenic 
therapy for various types of cancer because VEGFR2 is 
strictly expressed on endothelial cells and upregulated when 
these cells proliferate during angiogenesis in the tumor 
vasculature. A number of approaches have been previously 
used to block the VEGFR2-mediated signaling in anti-
angiogenic therapy for various types of cancer, including 
neutralization of VEGF by monoclonal antibodies (10-12), 
therapy with T4 phage displaying VEGFR2 (13), administra-
tion of small-molecule receptor tyrosine kinase inhibitors 
(RTKIs) (6,14), and vaccination with endothelial cells (15), 
VEGFR2 cDNA transfected-bacteria (16,17) or VEGFR2 
protein (18) pulsed- or mRNA- (19) and cDNA- (20) trans-
fected-dendritic cells (DC). Furthermore, it was identified 
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that there were three H-2Db-restricted CD8+ T-cell epitopes 
in mouse VEGFR2, designated as KDR1, KDR2 and KDR3, 
respectively (21). KDR1 was derived from the intracellular 
domain of VEGFR2, while KDR2 and KDR3 were derived 
from the extracellular domain (21). Immunization with KDR2 
or KDR3, but not KDR1 peptides, was able to break self-tole-
rance and induce a specific CD8+ cytotoxic T-lymphocyte 
(CTL) immune response in C57BL/6 mice, thereby inhibiting 
angiogenesis and tumor growth in a mouse model (21). In addi-
tion, it was found that KDR2 was more efficiently processed by 
proteasomes and/or transported to the endoplasmic reticulum 
by transporter-associated with antigen processing (TAP) 
rather than KDR3, offsetting the higher affinity of KDR3 (21). 
Therefore, KDR2 is an attractive candidate of CD8+ T-cell 
epitopes suitable for active immunotherapy targeting tumor 
blood vessels in which the main aim is to break self-tolerance 
of the molecules that promote angiogenesis.

It has been demonstrated that the single-chain trimer (SCT) 
composed of major histocompatibility complex (MHC) class I 
heavy chain, β2-microglobulin (β2m), and antigen peptide was 
a particularly powerful strategy used to increase the potency of 
DNA vaccine against tumor (22-26) and infection (22,27-31). 
In the present study, we constructed a DNA vaccine encoding 
an SCT composed of KDR2, β2m and H-2Db [pcDNA3.1(+)-
KDR2-β2m-H-2Db, or SCT-KDR2] and tested its ability to 
induce specific CTL response to VEGFR2 and its capacity to 
inhibit tumor-induced angiogenesis and metastasis in mouse 
models.

Materials and methods

Mice and cells. Female C57BL/6 mice (H-2b), 6-8 weeks 
of age, were purchased from SLAC Laboratory Animal 
Co., Ltd., (Shanghai, China) and were housed in specific 
pathogen-free conditions. All the animal procedures were 
performed according to approved protocols and in accor-
dance with recommendations for the proper use and care of 
laboratory animals by the Institutional Committee. B16 (a 
mouse melanoma cell line of C57BL/6 origin, H-2b), EL-4 (a 
lymphoma cell line, H-2b), A293 (a human embryonic kidney 
cell line), and 3LL (a Lewis lung carcinoma cell line, H-2b) 
were obtained from the American Type Culture Collection 
(Manassas, VA, uSA). H5V (H-2b), a mouse endothelial 
cell line expressing VEGFR2, was a kind gift from Dr A. 
Vecchi (Instituto Mario Negri, Via Eritrea, Milan, Italy) as 
indicated in our previous report (20). 3LL-sflk1 (3LL Lewis 
lung carcinoma cells stably expressing extracellular domain 
of VEGFR2) was established in our laboratory as previously 
described (20).

Plasmid DNA constructs and DNA preparation. The construc-
tion of pcDNA3.1(+)- KDR2-β2m-H-2Db (SCT-KDR2) and 
pcDNA3.1(+)-OVA-β2m-H-2Db (SCT-OVA) is shown in Fig. 1. 
To construct SCT-KDR2, an insert containing the mouse β2m 
signal peptide plus H-2Db-restricted immunodominant KDR2 
(aa400-408) epitope and flanking NheI/SpeI restriction 
enzyme sites was created by annealing two single-stranded 
oligo-nucleotides [sense, 5'-CATGCTAGCATGGCTCGC 
TCGGTGACCCTAGTCTTTCTGGTGCTTGTCTCACTGA 
CCGGCTTGTATGCTGTCATCCTCACCAACCCCATTTC 

AATGACTAGTGGTG and antisense, 5'-CACCACTAGTCA 
TTGAAATGGGGTTGGTGAGGATGACAGCATACAAGC 
CGGTCAGTGAGACAAGCACCAGAAAGACTAGGGTCA 
CCGAGCGAGCCATGCTAGCATG-3', Sangon Biotech 
(Shanghai) Co., Ltd., Shanghai, China]. The generated cDNA 
was linked, through the SpeI restriction site, with Linker 1 
which was generated by annealing two single-stranded oligo-
nucleotides flanking the SpeI and HindIII restriction sites as 
follows: 5'-GACTAGTGGTGGCGGAGGTTCTGGTGGCGG 
AGGTTCTGGTGGCGGAGGTTCTGGTGGCGGAGGTTC 
TAAGCTTGGG-3' (sense) and 5'-CCCAAGCTTAGAACCT 
CCGCCACCAGAACCTCCGCCACCAGAACCTCCGCCA 
CCAGAACCTCCGCCACCACTAGTC-3' (antisense). The 
yielded cDNA was subcloned into pcDNA3.1(+) (Invitrogen, 
Carlsbad, CA, uSA) between the NheI and HindIII restriction 
sites. cDNA encoding H2-Db and β2m were cloned by RT-PCR 
from the spleen cells of C57/B6 mouse with a Superscript 
One-Step RT-PCR system (Invitrogen). Primers used for 
H-2Db were: 5'-TTGCGGCCGCGGCCCACACTCGATGC 
GGT-3' (sense) and 5'-GCTCTAGATCACGCTTTACAATCT 
CGGAG-3' (antisense). Full-length H-2Db cDNA was then 
inserted into the above constructed recombinant vector 
between the NotI and XbaI restriction sites. Primers used for 
β2m were: 5'-CCCAAGCTTATCCAGAAAACCCCTCAAA 
TTC-3' (sense) and 5'-CGGGATCCCATGTCTCGATCCCAG 
TAGAC-3' (antisense). The β2m cDNA was subcloned into the 
recombinant plasmid between the HindIII and BamHI restric-
tion sites. Linker 2 was produced by annealing the following 
two single-stranded oligo-nucleotides flanking the BamHI and 
NotI restriction sites: 5'-CGCGGATCCGGTGGCGGAGGT 
TCTGGTGGCGGAGGTTCTGGTGGCGGAGGTTCTGGT 
GGCGGAGGTTCT-3' (sense) and 5'-TTGCGGCCGCAAGA 
ACCTCCGCCACCAGAACCTCCGCCACCAGAACCTCC 
GCCACCAGAACCTCCGCCACC-3' (antisense) (Sangon 
Biotech). cDNA encoding Linker 2 was subsequently inserted 
into the above generated recombinant vector to form the 
SCT-KDR2. To generate SCT-OVA, β2m signal peptide plus 
immunodominant KDR2 (aa400-408) epitope was replaced by 
β2m signal peptide plus H-2Db-restricted immunodominant 
ovalbumin (OVA) epitope (aa257-265, ESIINFEKL) which 
was generated by annealing the synthesized oligo-nucleotides 
(sense, GCTAGCATGGCTCGCTCGGTGACCCTAGTCT 
TTCTGGTGCTTGTCTCACTGACCGGCTTGTATGCTTA 
GTTGTACAGTTCAGCTCTTTATAATACTAGTGGTG-3' 
and antisense, 5'-CACCACTAGTATTATAAAGAGCTGAA 
CTGTACAACTAAGCATACAAGCCGGTCAGTGAGACA 
AGCACCAGAAAGACTAGGGTCACCGAGCGAGCCATG 
CTAGCATG-3'). The SCT DNA was amplified in E. coli 
DH5α and prepared using an endotoxin-free DNA Preparation 
kit (Qiagen, Valencia, CA, uSA) according to the manufac-
turer's instructions.

Detection of SCT expression by flow cytometric analysis. 
A293 cells were transfected with the corresponding recom-
binant plasmid DNA by Lipofectamine™ 2000 (Invitrogen) 
according to the manufacturer's instructions. After 36 h, 
the transfected cells were collected and stained with 
FITC-conjugated rat anti-mouse H-2Db monoclonal antibody 
(BD Pharmingen, San Diego, CA, uSA). Flow cytometric 
analysis was performed using Becton-Dickinson's FACSCan.
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Immunization of mice with DNA vaccines. C57BL/6 mice 
were intradermally immunized three times, at 7-day intervals, 
with 50 µg of pcDNA3.1(+)-KDR2-β2m-H-2Db (SCT-KDR2), 
pcDNA3.1(+)-OVA-β2m-H-2Db (SCT-OVA), or the control 
DNA pcDNA3.1(+) (vector), respectively. Ten days after the last 
immunization, the immunized mice were used for evaluation 
of CTL response to VEGFR2, analyses of tumor cell-induced 
angiogenesis, or observation of the anti-metastatic effects in 
murine-metastatic models of B16 melanoma and 3LL Lewis 
lung carcinoma.

Detection of VEGFR2-specific CTL cytotoxicity. CTL 
responses were detected as previously described (20,32) 
with minor modifications. Briefly, 10 days after the last 
immunization, erythrocyte-depleted splenocytes from mice 
(n=3-5 per group) were prepared and restimulated for 7 days 
with mitomycin-inactivated VEGFR2-expressing H5V cell 
line (at a responder to stimulator ratio of 10:1) in the pres-
ence of 50 u/ml murine IL-2 (PeproTech, uK) in RPMI-1640 
with 10% fetal calf serum. CTL activity was determined by a 
lactate dehydrogenase (LDH) release assay with CytoTox 96 
Non-Radioactive Cytotoxicity Assay kit (Promega, Madison, 
WI, uSA) at an effector:target ratio of 12.5:1, 25:1 and 50:1, 
respectively. The VEGFR2+ H5V and 3LL-sflk1 cell lines, and 
VEGFR2- EL-4 and 3LL cell lines served as the targets, respec-
tively. Specific cytotoxic activity was calculated according to 
the following: % specific lysis = 100x (experimental-effector 
spontaneous-target spontaneous)/(target maximum-target 
spontaneous).

Alginate bead analysis of tumor cell-induced angiogenesis. 
Alginate bead analysis of tumor cell-induced in vivo angiogen-
esis was performed as previously described (20). Briefly, 3LL 
Lewis lung carcinoma cells were suspended in 1.5% sodium 

alginate and added drop by drop into a swirling 37˚C solution 
of 250 mM calcium chloride. Alginate beads (each containing 
5x104 tumor cells) were prepared. Four beads were implanted 
subcutaneously into each mouse through an incision made on 
the dorsal side under anesthetization. After 12 days, 100 µl 
FITC-dextran solution (20 mg/ml) were intravenously injected 
into each mouse. The mice were sacrificed 20 min later and 
alginate beads in each mouse were collected and incubated 
overnight at room temperature in 1 ml Tris-HCl (1 mM, pH 
8.0). The beads were ground with a hand-held mixer and 
an additional 1 ml Tris-HCl (1 mM, pH 8.0) was added. 
Samples were vortexed and centrifuged at 250 x g for 5 min. 
Fluorescence of FITC-dextran in the sample supernatants was 
measured on a fluorescence spectrophotometer by excitation 
at 492 nm and emission at 515 nm. Concentrations of FITC-
dextran were extrapolated from a standard curve and data 
were expressed as ng/bead.

Immunohistochemical analysis of tumor-induced angio-
genesis. The C57BL/6 mice (5 per group) were intradermally 
vaccinated three times, at 7-day intervals, with SCT-KDR2, 
SCT-OVA, or the vector. Ten days after the last immunization, 
each of the immunized mice was inoculated subcutaneously 
with 1x105 B16 melanoma cells in the rear leg. After 10 days, 
tumors were removed and fixed in 10% formalin. Tumors were 
embedded in paraffin wax, and 5-µm sections were cut and used 
in the immunohistochemical analysis of the factor VIII-related 
antigen by streptoavidin biotin-peroxidase complex (SABC) 
method to evaluate tumor-induced angiogenesis as previously 
described (33), with minor modifications. Briefly, after depar-
affinization, the tissue sections were incubated in 0.3% H2O2 in 
methanol for 30 min to inactivate endogenous peroxidase, and 
washed with PBS (0.01 M, pH 7.4). The slides then were incu-
bated at 4˚C overnight with rabbit polyclonal antibody against 

Figure 1. Schematic diagram of SCT constructs. Diagram of an antigen peptide-β2m-MHC I SCT on cell surface (upper) and diagram of an SCT encoding 
KDR2 or OVA peptide linked to β2m and H-2Db (bottom). Each was cloned into pcDNA3.1(+) vector to create the DNA vaccines. SCT, single-chain trimer; 
β2m, β2-microglobulin; OVA, ovalbumin. 
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factor VIII-related antigen (1:200; Cell Marque, Rocklin, CA, 
uSA). After washing with TBST (pH7.6), biotinylated goat 
anti-rabbit IgG (1:1,000; Jackson ImmunoResearch, PA, uSA) 
were applied to the sections for 30 min at room temperature. 
The sections were then incubated with streptavidin-HRP 
(Sigma-Aldrich, St. Louis, MO, uSA) for 30 min at room 
temperature. HRP activity, which resulted in a brown staining 
of the reaction sites, was visualized by incubation for 10 min in 
Tris-buffered saline containing 0.05% diaminobenzidine and 
0.01% H2O2. Hematoxylin was used for the counterstaining.

B16 melanoma metastasis mouse model. C57BL/6 mice 
(10 per group) were intradermally vaccinated three times, at 
7-day intervals, with 50 µg SCT-KDR2, SCT-OVA, or vector, 
respectively. Ten days after the last immunization, the mice 
were intravenously injected with 1x106 B16 melanoma cells 
and were sacrificed 28 days later. Tumor load was evaluated 
by counting tumor nodules on the lung surfaces as previously 
described (20). Images of one representative tumor-bearing 
lung in each group were captured.

3LL Lewis lung carcinoma metastasis mouse model. C57BL/6 
mice (10 per group) were intradermally vaccinated three times, 
at 7-day intervals, with 50 µg SCT-KDR2, SCT-OVA, or vector, 
respectively. Ten days after the last immunization, the mice 
received an intrafootpad injection with 2x105 3LL tumor cells. 
When the tumor reached ~6 mm in diameter, the tumor-bearing 
leg was amputated surgically. The mice were sacrificed based 
on the metastatic death in the control groups. Tumor load was 
evaluated by counting the tumor nodules on the lung surfaces.

Statistical analyses. Statistical analyses were performed 
using the Student's t-test. P<0.05 was considered statistically 
significant.

Results

Expression of KDR2-β2m-H-2Db and OVA-β2m-H-2Db SCT. 
To characterize the SCT protein expression, human A293 
cells were transfected with vector, SCT-KDR2 and SCT-OVA 
constructs, respectively. SCT expression on transfected cells 
was examined by flow cytometry with FITC-conjugated 
rat anti-mouse H2-Db monoclonal antibody. As shown in 
Fig. 2, A293 cells transfected with SCT-KDR2 or SCT-OVA 
expressed mouse H-2Db, whereas A293 cells transfected with 
vector did not express mouse H-2Db. These results confirmed 
that the SCT-encoded recombinant plasmids pcDNA3.1(+)-
KDR2-β2m-H-2Db and pcDNA3.1(+)-OVA-β2m-H-2Db could 
be expressed successfully in eukaryotic cells.

Immunization of mice with DNA vaccine encoding 
KDR2-β2m-H-2Db SCT induces CTL response to VEGFR2. 
To examine whether vaccination with SCT-KDR2 was able to 
break self-tolerance and induce CTL response to VEGFR2, 
mice were intradermally immunized three times, at 7-day 
intervals, with vector, SCT-OVA and SCT-KDR2. Ten days 
after the last immunization, splenocytes were prepared and 
restimulated in vitro for 7 days with the inactivated VEGFR2+ 
endothelial H5V cell line. CTL activity against H5V (Fig. 3A) 
and 3LL-sflk1 (Fig. 3B) was determined by LDH release assay. 

As shown in Fig. 3, vaccination of mice with SCT-KDR2 
induced CTL responses to VEGFR2 significantly, while, 
vaccination with vector or SCT-OVA did not induce such 
responses. Moreover, when the syngeneic VEGFR2- 3LL and 
EL-4 cell lines were used as targets, no significant cytotox-
icity was detected (data not shown), suggesting that this CTL 
response was VEGFR2-specific. Therefore, our data suggested 
that vaccination of mice with SCT-KDR2 was able to break 
self-tolerance and induce a CTL response to VEGFR2.

Immunization of mice with DNA vaccine encoding 
KDR2-β2m-H-2Db SCT inhibits tumor-induced angio-
genesis. To examine whether the CTL response to VEGFR2 
in mice vaccinated with SCT-KDR2 construct inhibited 
tumor-induced neovascularization, alginate bead and immu-
nohistochemical analyses of tumor cell-induced angiogenesis 
were performed. As shown in Fig. 4A, FITC-dextran concen-
tration in alginate beads derived from mice immunized with 
SCT-KDR2 was significantly reduced when compared with 
that in beads derived from mice vaccinated with the vector 
or SCT-OVA (P<0.01). This inhibition reached 53.2% when 
compared with the group of SCT-OVA (3.6±0.8 vs. 7.7±1.4 ng/
bead). Furthermore, the immunohistochemical analysis of 
factor VIII-related antigen in B16 melanoma showed again 
that vaccination of mice with SCT-KDR2 inhibited tumor-
induced vascularization. As shown in Fig. 4B, tumors in 
the SCT-KDR group showed markedly decreased factor 
VIII-related antigen-positive cells compared with those in 
the vector and SCT-OVA groups. Taken together, our data 
demonstrated that vaccination of the mice with SCT-KDR2 
significantly inhibited tumor cell-induced angiogenesis.

KDR2-β2m-H-2Db SCT DNA vaccination inhibits tumor 
metastasis. To examine the anti-metastatic effects of 

Figure 2. SCT expression in eukaryotic cells. A293 cells were transfected with 
SCT-KDR2, SCT-OVA, and the vector DNA, respectively. SCT expression 
on transfected cells was examined by flow cytometry with FITC-conjugated 
rat anti-mouse H2-Db monoclonal antibody. SCT, single-chain trimer; OVA, 
ovalbumin.
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SCT-KDR2 vaccination, a murine metastatic model with 
B16 melanoma was initially employed. As shown in Fig. 5A, 
mice vaccinated with vector, or SCT-OVA developed exten-
sive pulmonary metastases. However, a marked reduction 
in pulmonary metastases was observed in mice vaccinated 
with SCT-KDR2. The number of tumor nodules on lung 
surfaces decreased by 63.6 and 60% in mice vaccinated with 
SCT-KDR2 when compared with that in mice vaccinated with 
vector, or SCT-OVA, respectively. Moreover, it was obvious 
that the volumes of the tumor nodules on the lung surfaces 
from the mice immunized with SCT-KDR2 were significantly 
reduced in size as compared to those from the mice vaccinated 
with vector or SCT-OVA (Fig. 5A), which is in agreement with 
the results of tumor-induced neovascularization. To confirm 
this finding, anti-metastatic effects using other tumor models, 
such as the mouse 3LL Lewis lung carcinoma metastatic 
model, was employed. As shown in Fig. 5B, our data showed 
again that vaccination of mice with SCT-KDR2 markedly 
inhibited pulmonary metastasis.

Discussion

Anti-angiogenic therapy for various types of cancer has 
attracted much attention in recent years. Blockade of VEGF-A 
signaling with bevacizumab, a humanized anti-VEGF mono-

clonal antibody, or RTKIs has improved progression-free 
survival and, in some cases overall survival, across many 
types of cancer, including metastatic colorectal and non-small 
cell lung cancer, renal cell carcinoma, metastatic breast cancer, 
and hepatocarcinoma (6,34). However, the clinical benefit 
of these therapies is variable, and tumors from some treated 
patients eventually reinitiate growth due to the induction of 
compensatory angiogenic pathways (35). In a recent study by 
Croci et al found that glycosylation-dependent lectin-receptor 
interactions compensate for the absence of cognate ligand 
and preserve angiogenesis in response to VEGF blockade (7). 
Remodeling of glycome on the surfaces of endothelial cells 
regulated the selective binding of Gal1, which following the 
recognition of complex N-glycans on VEGFR2, activated 
VEGF-like signaling (7). These findings demonstrated again 
that VEGFR2-mediated signaling is the rate-limiting step in 
angiogenesis and VEGFR2 is the most important target for 
anti-angiogenic therapy. Moreover, in comparison with the 
administration of angiogenic inhibitors and anti-angiogenic 
antibodies, anti-angiogenic active immunotherapy has 
obvious advantages. If a break of immunological tolerance to 
angiogenesis-promoting regulators is successfully induced, 
the long-lasting immune response to angiogenesis-related 
molecule may be present in the body, thereby providing long-
lasting inhibitory effects on angiogenesis. Therefore, it is 
expected to be the more cost-effective strategy as compared 
to angiogenic inhibitor or anti-angiogenic antibody therapy 
where continuous use of the drugs is required (2).

DNA vaccines have become potentially important thera-
peutic agents for combating various types of cancer, including 
anti-angiogenic immunotherapy for cancers, because of their 
stability, safety, and simplicity (24). unlike viral or bacterial 
vectors, DNA vaccines may be administered repeatedly without 
eliciting a neutralizing antibody response against the vectors 
themselves. Although DNA vaccines have these advantages, 
one major drawback is their limited potency, because naked 
DNA does not have the inherent ability to replicate in vivo. 
Therefore, attempts have been made to improve the potency of 
DNA vaccines (24).

It has been proven that a particularly powerful strategy 
to enhance the potency of DNA vaccines involves bypassing 
the antigen-processing pathway in DNA-transfected antigen-
presenting cells (APCs) by expressing an SCT consisting of 
an immunogenic peptide, β2m and MHC class I heavy chain 
(22,27,36,37). The SCT localizes to the plasma membrane of 
APCs and stably displays an antigenic peptide for recogni-
tion by CD8+ CTLs (22). Therefore, in the present study, we 
have introduced the SCT platform into our DNA vaccine that 
consists of KDR2, β2m and H-2Db and examined its ability to 
induce CTL response to VEGFR2 and its capacity to inhibit 
tumor-induced angiogenesis and metastasis in mouse models.

The results show that the constructed SCT DNA vaccine 
was efficiently expressed in eukaryotic cells. Human A293 
kidney embryonic cells were transfected with SCT DNA, and 
expression of the SCT protein on the cell surface was exam-
ined by flow cytometry with FITC-conjugated rat anti-mouse 
H2-Db monoclonal antibody. As A293 cells do not express 
mouse MHC class I molecules H-2Db themselves, the presence 
of H-2Db on A293 cells demonstrates that SCT DNA could be 
successfully expressed. As the main purpose of anti-angiogenic 

Figure 3. Vaccination of mice with SCT-KDR2 induced CTL response 
to VEGFR2. CTL activity against (A) H5V and (B) 3LL-sflk1 was deter-
mined by LDH release assay at an effector:target ratio of 12.5:1, 25:1 and 
50:1, respectively. SCT, single-chain trimer; VEGFR2, vascular endothelial 
growth factor receptor 2; CTL, cytotoxic T lymphocyte; LDH, lactate dehy-
drogenase; flk, fetal liver kinase 1.
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active immunotherapy is to break self-immunological toler-
ance to angiogenesis-promoting regulators and VEGFR2 is the 
most important therapeutic target in anti-angiogenic therapy 

for cancers (2), it is critical to determine whether SCT-KDR2 
immunization could induce CTL response against VEGFR2. 
Our results show that CTLs derived from mice vaccinated with 

Figure 5. Vaccination of mice with KDR2-β2m-H-2Db SCT inhibited tumor metastasis. (A) Vaccination of mice with SCT-KDR2 inhibited tumor metastasis 
in mouse B16 melanoma model. Images of one representative tumor-bearing lung in each group were shown. (B) Number of tumor nodules on the surfaces 
of lungs in mouse metastatic models of B16 melanoma or 3LL Lewis lung carcinoma. *P<0.01 when compared with the group of SCT-OVA (n=10). β2m, 
β2-microglobulin; SCT, single-chain trimer; OVA, ovalbumin.

Figure 4. Immunization of mice with DNA vaccine encoding KDR2-β2m-H-2Db SCT inhibited tumor cell-induced angiogenesis. (A) Alginate bead analysis 
of tumor cell-induced angiogenesis. n=8-10, *P<0.01 compared with that in the groups of vector and SCT-OVA. (B) Immunohistochemical analysis of 
tumor-induced angiogenesis. Original magnification, x200. β2m, β2-microglobulin; SCT, single-chain trimer; OVA, ovalbumin.
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SCT-KDR2 were able to kill VEGFR2+ H5V and 3LL-sflk1, 
while CTLs from mice vaccinated with vector or SCT-OVA 
did not kill VEGFR2+ H5V and 3LL-sflk1. Furthermore, 
when EL-4 and 3LL, which are syngeneic VEGFR2- cell lines 
were used as targets, no significant cytotoxicity was observed, 
demonstrating that this CTL response was VEGFR2-specific. 
Therefore, our findings show that vaccination of mice with 
SCT-KDR2 was able to break self-tolerance and induce 
CTL response to VEGFR2. We also examined the effects of 
SCT-KDR2 vaccination on tumor-induced angiogenesis. In 
accordance with the results in CTL activities, the alginate bead 
and immunohistochemical analyses showed that vaccination 
of mice with SCT-KDR2 markedly inhibited tumor-induced 
angiogenesis. In the alginate bead analysis this inhibition 
reached 53.2% when compared with the group vaccinated 
with SCT-OVA. With regard to the anti-metastatic effects, the 
results show that the number of metastatic tumors on the lung 
surfaces in the B16 melanoma and 3LL Lewis lung carcinoma 
metastatic mouse models vaccinated with SCT-KDR2 mark-
edly decreased when compared with those in mouse models 
vaccinated with vector or SCT-OVA. As VEGFR2 is strictly 
expressed in proliferating endothelial cells (2,38), but not in 
3LL Lewis lung carcinoma and B16 melanoma cells (20), the 
anti-metastatic effects observed were considered to be caused 
indirectly by interference with the tumor cell-induced angio-
genesis, which is also supported by the results of the CTL 
response to VEGFR2 and tumor cell-induced angiogenesis 
in vivo. Furthermore, the volumes of tumor nodules on the 
lung surfaces from mice vaccinated with SCT-KDR2 were 
markedly reduced in size compared to those in mice vacci-
nated with vector or SCT-OVA, which supports the hypothesis 
that angiogenesis is critical for tumor outgrowth, progression 
and metastasis.

Taken together, we have successfully shown that vaccination 
with SCT-KDR2 DNA was able to break self-immunological 
tolerance and induce a robust CTL response to VEGFR2, 
leading to the significant inhibition of metastasis through 
inhibition of tumor cell-induced angiogenesis in mouse B16 
melanoma and 3LL Lewis lung carcinoma metastatic models. 
Our data show that VEGFR2-targeted SCT vaccination is an 
effective modality in anti-angiogenic active immunotherapy 
for various types of cancer and it is important to evaluate this 
modality further in translational medicine.
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