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Abstract. The selective induction of tumor vascular 
thrombosis using truncated tissue factor (tTF) delivered via 
a target ligand is a promising novel antitumor strategy. In 
the present study, an anti‑neuropilin‑1 (NRP‑1) monoclonal 
antibody (mAb)‑streptavidin (SA):tTF‑biotin (B) composite 
system was established. In this system, anti‑NRP‑1‑mAb 
located tTF to the tumor vascular endothelial cell surface 
and induced vascular embolization. Due to their high binding 
affinity, SA and B were used to enhance thrombogenic 
activity. mAb was conjugated with SA using a coupling 
method with water‑soluble 1‑ethyl‑3‑(3‑dimethylaminopropyl) 
carbodiimide and N‑hydroxysulfosuccinimide. Biotinylated 
tTF (tTF‑B) was prepared using a B‑labeling kit subsequent 
to the generation and purification of fusion protein tTF. 
Confocal microscopy and flow cytometry indicated that 
the anti‑NRP‑1‑mAb‑SA conjugate retained mAb targeting 
activity. The preservation of B‑conjugate binding capacity was 
confirmed using a competitive ELISA, and factor X‑activation 
analysis revealed that tTF‑B retained the procoagulant activity 
exhibited by tTF. Live imaging was performed to assess 
mAb‑SA distribution and tumor‑targeting capability, and this 
yielded promising results. The results of in vivo studies in mice 
with subcutaneous xenografts demonstrated that this composite 
system significantly induced tumor vascular thrombosis and 
inhibited tumor growth, whereas these histological changes 
were not observed in normal organs.

Introduction

Tumor progression and metastasis relies on the delivery 
of sufficient oxygen and nutrients via blood vessels  (1). 
Selectively inducing thrombosis in tumor vasculature, leading 
to tumor infarction, is an effective and promising antitumor 
strategy (2). Over the past 20 years, encouraging research into 
a new vascular targeting therapy has emerged (3,4). In this 
strategy, truncated tissue factor (tTF) is used as a mediator and 
an extracellular domain of tissue factor (TF). TF is a major 
initiator of thrombogenic cascades  (5). As a recombinant 
form of TF, tTF only contains the cell surface domain and 
exhibits less (1x105) factor X activity compared with TF in the 
phospholipid membrane (6). Both the intrinsic and extrinsic 
blood coagulation pathways lead to activation of coagulation 
factor X (7); activated factor X then converts prothrombin 
to thrombin, which finally accumulates in the generation of 
fibrin polymers and blood clots. tTF exhibits limited ability 
to activate factor X; however, tTF can recover its native 
function and initiate local thrombosis once bound to the cell 
surface (negatively charged phospholipid) using a targeting 
agent (8). This targeting agent may be an antibody or a peptide 
ligand. Numerous biochemical conjugates and recombinant 
fusion proteins associated with tTF have been synthesized, 
and have been demonstrated to exhibit potential antitumor 
activity  (9,10). However, the use of tTF‑ligand has certain 
limitations. Due to the low affinity of the targeting moiety 
in tumors, the undesirable tumor‑specific targets often fail to 
induce complete thrombosis (11). Identification of additional 
targeting ligands or tumor‑specific receptors may be required 
to enhance therapeutic efficacy.

Neuropilin‑1 (NRP‑1) is a non‑tyrosine kinase trans-
membrane receptor of 120‑130 kDa. This glycoprotein, first 
characterized as the receptor of neuronal semaphorin 3A, 
was subsequently revealed to be a co‑receptor of vascular 
endothelial growth factor (VEGF)165 (12). Therefore, NRP‑1 
may indirectly enhance the biological activities of VEGF, 
including promoting the migration and angiogenesis of human 
umbilical vein endothelial cells (HUVECs) (13). Furthermore, 
NRP‑1 expression has been revealed to be upregulated in 
a variety of tumor types, including hepatocellular carci-
noma and breast cancer, and has been associated with poor 
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prognosis (14‑16). Due to the association of NRP‑1 with tumor 
promotion, NRP‑1 appears to be a promising angiogenesis 
target. However, conjugated antibody‑tTF often cannot induce 
complete thrombosis due to this antibody only solving the 
issue of specific delivery (17,18). The distribution of vascular 
targets (antigens or receptors) in the tumor vasculature is a 
major factor affecting tTF concentration (19). In the present 
study, the accumulation of tTF in tumor blood vessels was 
increased using the streptavidin (SA)‑biotin (B) system, which 
was introduced to promote coagulation efficiency.

SA is a 60‑kDa tetrameric protein generated from 
Streptomyces avidinii, and is commercially available at a 
high purity and exhibits favorable in vivo stability (20,21). 
The binding affinity of SA for B, a 244‑kDa vitamin, is high 
(Kd=10‑15 mol/l) (22). Due to the rapid association and strong 
interaction between SA and B, these molecules have been 
widely used as binding pairs in analysis, drug delivery systems 
and pre‑targeting radioimmunotherapy (23‑28). 

In the present study, a novel tumor vasculature‑targeting 
approach was explored. This strategy consisted of an 
SA‑conjugated anti‑NRP‑1 monoclonal antibody (mAb‑SA) 
and biotinylated tTF (tTF‑B). Anti‑NRP‑1 mAb (mAb), 
which was previously generated via the hybridoma technique 
in the laboratory  (29), was conjugated to SA to pre‑target 
the NRP‑1 receptors on the tumor vascular endothelial cell 
surface. mAb‑SA diffused into the tumor area, and tTF‑B 
was subsequently administered and efficiently combined with 
mAb‑SA to induce local tumor thrombosis. To explore the 
therapeutic feasibility of this two‑step coagulation approach, 
in vitro studies were performed to assess the targeting ability of 
mAb‑SA and procoagulant activity of tTF‑B, and to compare 
the B/SA binding capacity between mAb‑SA and tTF‑B. Live 
imaging was used to investigate the distribution and in vivo 
tumor‑binding ability of mAb‑SA. Antitumor activity and 
coagulation efficiency was subsequently evaluated via in vivo 
assessments and histological analysis.

Materials and methods

Materials. Anti‑NRP‑1 mAb with a high purity was produced 
using the hybridoma technique and preserved in the laboratory 
after freeze‑drying (29). 2‑(N‑morpholino) ethane sulfonic 
acid (MES), 1‑ethyl‑3‑(3‑dimethylaminopropyl) carbodi-
imide (EDC), N‑hydroxysulfosuccinimide (sulfo‑NHS), 
streptavidin (SA), Sephadex G200 and a Sephadex G200 
column (1.5x22  cm) were purchased from Sigma‑Aldrich 
(Merck KGaA). GoldBand 3‑color Regular Range Protein 
Marker (10‑180 kDa) was purchased from Shanghai Yeasen 
Biotechnology Co., Ltd. Endothelial cell medium (ECM) 
containing human epidermal growth factor was purchased 
from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd. 
DMEM and FBS were purchased from Invitrogen (Thermo 
Fisher Scientific, Inc.). Mouse IgG isotype (cat. no. 0107‑01) 
was obtained from AmyJet Scientific Inc. Rhodamine B 
isothiocyanate (RBITC)‑conjugated goat anti‑mouse IgG 
(cat. no. D111097), isopropyl‑l‑thio‑B‑d‑galactopyranoside 
(IPTG), BSA, Hoechst 33258 powder, and hematoxylin and 
eosin (H&E) were purchased from Sangon Biotech Co., Ltd. 
Factors X and VII were obtained from Sigma‑Aldrich (Merck 
KGaA). pET22b (+) plasmid and E. coli BL21(DE3) were 

purchased from Novagen (Merck KGaA). cDNA encoding 
for tTF, containing amino acids 1 to 218 of human TF, was 
used to generate the tTF expression vector tTF‑pET22b (+) via 
PCR using the following primers: Forward, 5'‑TCC​ATG​GGC​
TCT​GGC​ACT​ACA‑3' and reverse, 5'‑GTG​CTC​GAG​TTC​
TCT​GAA​TTC​C‑3'. NcoI and XhoI restriction enzymes were 
used to insert cDNA into the plasmid. Nickel‑nitrilotriacetic 
acid (Ni‑NTA) agarose was purchased from Qiagen, Inc. 
A B‑labeling kit was obtained from Wuhan Elabscience 
Biotechnology Co., Ltd. Cyanine‑5 (Cy5) NHS‑ester was 
purchased from Tiangen Biotech Co., Ltd. 

Preparation of mAb‑SA conjugate. The purity of anti‑NRP‑1 
mAb was first identified via 12% SDS‑PAGE. As presented 
in Fig. 1, the mAb‑SA conjugate was synthesized using a 
coupling method (30). The concentration of mAb was adjusted 
to 3 mg/ml with reaction buffer (0.1 mol/l MES; 0.5 mol/l 
NaCl; pH 6.0) according to the improved Bradford method. A 
total of 3.83 mg (0.02 mmol) of EDC and 4.34 mg (0.02 mmol) 
of sulfo‑NHS were weighed and immediately transferred 
to the reaction solution (1 ml). The solution was mixed and 
stirred at room temperature for 15 min. SA concentration was 
adjusted to 1.2 mg/ml with 0.1 mol/l potassium phosphate 
buffer (pH 7.5), and 1 ml SA was added to the reaction buffer. 
Nitrogen gas was purged into the solution for 3 min and the 
beaker was then sealed. The reaction was subsequently left 
to proceed at room temperature for 2 h, then purified using a 
Sephadex G200 column as previously described (31,32), with 
some modifications. Briefly, Sephadex G200 was swelled in 
a boiling water bath for 2 h and cooled. Pretreated Sephadex 
G200 was poured into the column slowly, with no air mixing 
in, and equilibrated with pure water (pH 7.5) for 40 min. 
The crude product was then slowly added to the column and 
eluted with pure water at a rate of 0.2 ml/min. Eluted samples 
(1.5 ml/tube) were collected and read with a NanoDrop™ 
2000 spectrophotometer (NanoDrop Technologies; Thermo 
Fisher Scientific, Inc.) at 280 nm. All purification steps were 
conducted at 4˚C. Native 8% PAGE was performed to confirm 
whether conjugated protein had been successfully isolated (33).

Cell culture. HUVECs and the human liver cancer cell line 
HepG2, which both overexpress NRP‑1 (34,35), were obtained 
from the American Type Culture Collection. HUVECs were 
used for in vitro experiments, and HepG2 cells were used to 
establish a mouse tumor model. HepG2 cells were cultured 
in high‑glucose DMEM supplemented with 1% penicillin‑
streptomycin and 10% FBS. HUVECs were cultured in ECM 
containing human epidermal growth factor. All cells were 
incubated in a humidified atmosphere with 5% CO2 at 37˚C.

Confocal immunofluorescence. HUVECs (1x105  cells/ml) 
were seeded into a 6‑well culture plate with one glass cover-
slip per well. The cells were then incubated and subsequently 
washed with PBS (pH 7.4) three times, until 50% cloning effi-
ciency had been reached. The cells were then fixed with 1 ml 
4% paraformaldehyde at 4˚C for 30 min and washed with PBS 
three times. A total of 2 ml PBS containing mAb, mAb‑SA 
or a mouse IgG isotype control (1:5,000) was added, and the 
cells were cultured at 37˚C for 1 h. After washing, cells were 
cultured with a goat anti‑mouse RBITC mAb (1:200) at 37˚C 
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for an additional 1 h in the dark. Hoechst 33258 was used 
to stain cell nuclei at 37˚C for 5 min and the samples were 
then examined under a FV1000MPE‑B confocal microscope 
(Olympus Corporation) and photographed. Five random fields 
per sample were analyzed (magnification, x600).

Flow cytometry. Semiquantitative analysis was conducted to 
further assess the ability of the mAb‑SA conjugate to target 
NRP‑1. HUVECs were removed from the culture plate using 
trypsin and washed with PBS three times. The cells were then 
fixed with 1 ml 4% paraformaldehyde at 4˚C for 30 min and 
washed with PBS three times. After being resuspended in PBS, 
cells were incubated with mAb, mAb‑SA or the mouse IgG 
isotype (1:5,000) control at 37˚C for 1 h and incubated with the 
anti‑mouse RBITC mAb (1:200) at 37˚C for a further 1 h. Each 
sample of 10,000 cells was analyzed using a CytoFlex S flow 
cytometer (Beckman Coulter, Inc.). Results were analyzed 
using CytExpert version 2.0 (Beckman Coulter, Inc.). 

Production of fusion protein tTF. E.  coli (BL21; DE3) 
containing tTF expression vector were cultured in Luria broth 
supplemented with 1% ampicillin. IPTG was added when 
the germiculture reached 0.6‑0.8 at 600 nm to induce the 
expression of the fusion protein tTF. After stimulation for 6 h, 
bacterial cells were collected and centrifuged at 12,000 x g 
at 4˚C for 20 min. A total of 5 ml lysis buffer (20 mmol/l 
Tris/HCl; pH 8.0; 0.5 mol/l NaCl; 2 mol/l urea; 20 ml/l Triton 
X‑100) per gram (wet weight) was subsequently added. After 
incubating for 90 min, cells were centrifuged at 12,000 x g 
for 20 min at 4˚C. The pellet was resuspended and sonicated 
(sonication time: 5 sec; interval time: 5 sec) in washing buffer 
(20 mmol/l Tris/HCl; pH 8.0; 0.5 mol/l NaCl; 2 mol/l urea; 
20 ml/l Triton X‑100) at 4˚C for 30 min. A total of 5 ml solu-
bilization buffer (20 mmol/l Tris/HCl; pH 8.0; 8 mol/l urea; 
1 mmol/l β‑mercaptoethanol; 20 ml/l Triton X‑100) per gram 
(wet weight) was added to dissolve the inclusion bodies. After 
incubation at room temperature overnight, the suspension was 
centrifuged at 12,000 x g for 20 min at 4˚C. The supernatant 
was then purified with a Ni‑NTA column according to the 
protocol of the His‑Bind Buffer kit (Novagen; Merck KGaA). 
The products were analyzed using 12% SDS‑PAGE under 

denaturing conditions. The purified fusion protein tTF was 
then concentrated using a Centrifugal Filter and freeze‑dried 
for subsequent use.

Factor X activation. tTF‑B was prepared using a B‑labeling kit 
according to the manufacturer's protocol. A factor X activation 
assay was performed to assess the coagulation activity of 
tTF‑B, as previously described (36). Various concentrations 
(0.01‑10 µmol/l) of BSA, tTF or tTF‑B were incubated with 
100  nmol/l factor VII in Tris‑buffered saline at  37˚C for 
10 min. Factor X (5 nmol/l) was then added, and the mixture 
was incubated for 10 min at room temperature. The reaction 
was subsequently quenched using 100 mmol/l EDTA. A total 
of 2 nmol/l Spectrozyme FXa was added to the mixture, and 
the absorbance was detected at 405 nm after 3 min.

ELISA. A competitive ELISA was performed to determine 
the B/SA‑binding capacity of mAb‑SA/tTF‑B. A 96‑well 
plate was coated with tTF‑B (100  µl/well; 20  µg/ml) in 
coating buffer (7.5 mM sodium carbonate; 17.4 mM sodium 
bicarbonate; pH 9.6) and incubated overnight at 4˚C. The 
plate was then washed three times with PBS‑Tween solution 
(0.01 mol/l, pH 7.4, 0.05% Tween‑20), and 10% FBS was then 
used to block the unbound sites at 37˚C for 1 h. After washing 
the plate five times, HRP‑labeled SA (100 µl/well; 200 µg/ml) 
and was added to each well to serve as the competitor. 
Serially diluted mAb‑SA or SA (100 µl/well; 200‑12.5 µg/ml) 
was then added separately. After incubation for 1 h at 37˚C, 
the enzyme substrate orthophenylenediamine, in 50 mM 
phosphate‑citrate buffer (pH 5.0 with fresh 30% hydrogen 
peroxide) and at a concentration of 0.4 mg/ml, was added 
(100 µl/well). The plate was subsequently incubated at room 
temperature for 20 min, and 1 M H2SO4 was added to quench 
the reaction (50 µl/well). Absorbance values were measured 
at 490 nm. The inhibition rate was calculated according to 
a previous study (37) to determine the immunoreactivity of 
mAb‑SA.

Mouse tumor models. Female BALB/c nude mice (n=60, 
6‑8 weeks old, 18‑22 g) were purchased from the Experimental 
Animal Center of Xiamen University, of which 52 were 

Figure 1. Formation of the mAb‑SA conjugate via the EDC reaction. SA was conjugated to mAb using a two‑step cross‑linking procedure with zero‑length 
heterobifunctional cross‑linkers. mAb, monoclonal antibody; SA, streptavidin; EDC, 1‑ethyl‑3‑(3‑dimethylaminopropyl) carbodiimide; sulfo‑NHS, 
N‑hydroxysulfosuccinimide.
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ultimately used for experiments. HepG2 cells were dissociated 
in a culture plate using 10% trypsin at 37˚C for 3 min, and 
subsequently resuspended in PBS. Each mouse was then subcu-
taneously injected in the right flank with 100 µl HepG2 cells 
(1x106). Animals were housed in the Experimental Animal 
Center under specific pathogen‑free conditions: Temperature, 
22‑25˚C; humidity, 50‑60%; 12‑h light/dark cycle. Mice had 
free access to water and Purina 5L79 rodent chow. Animal 
health and behavior were monitored daily. Animal welfare 
was in accordance with institutional guidelines. When the 
mean tumor volume [calculated as (length x width2)/2)] 
reached 150‑250 mm3, those mice were used for live imaging, 
antitumor activity studies and histological analysis after being 
acclimatized. The largest subcutaneous tumor observed in the 
present study was 1.9 cm in diameter at its widest point, and 
no mice exhibited multiple subcutaneous tumors. According to 
a previous study (38), the humane endpoints were determined 
based on the mouse weight loss (>20% of total body weight) or 
mouse activity assessment (hunching, stationary, ruffling and 
poor grooming), and mice were euthanized via cervical dislo-
cation and dissected. The duration of the animal experiment 
was ~25 days. Then, all remaining mice were euthanized by 
cervical dislocation, and no mice were found dead. All animal 
experiments performed in the present study were approved by 
the Ethics Committee of Xiamen University. 

Fluorescent labeling. SA, anti‑NRP‑1 mAb and mAb‑SA were 
labeled with fluorescein. The concentration of Cy5 NHS‑ester 
used was 1 mg/ml in DMSO. According to the total amount of 
proteins (SA, anti‑NRP‑1 mAb or mAb‑SA), 0.01 mg fluores-
cein per mg protein were mixed at room temperature for 2 h. 
Dialysis was performed to remove unlabeled Cy5 NHS‑ester 
for 4 h at room temperature and subsequently at 4˚C over-
night with 0.15 mol/l NaCl solution. The whole process was 
performed in the dark.

In vivo imaging. To investigate the in  vivo distribution of 
mAb‑SA, nude mice with subcutaneous xenografts were 
randomly divided into four groups (n=3/group). Mice in each 
group were intravenously injected with 100 µl saline, SA‑Cy5, 
anti‑NRP‑1 mAb‑Cy5, or mAb‑SA‑Cy5 via the tail vein. After 
the mice were anesthetized in 1.5% isoflurane, the Cy5 fluoro-
chrome was then detected in mice using an Imaging IVIS‑200 
system (PerkinElmer, Inc.) at 0.5, 3, 6, 12, 24, 36, 48 and 72 h. 
The nude mice were sacrificed after imaging. Tumor tissues 
and major organs, including the heart, liver, spleen, lungs, 
kidneys and brain, were isolated from the mAb‑SA‑Cy5 treat-
ment group, and their fluorescent signal intensity was measured 
using Living Image version 4.3 (Caliper Life Sciences, Inc.; 
PerkinElmer, Inc.). 

Antitumor ef f icacy evaluation. Nude mice bearing 
150±50  mm3 HepG2 tumors were randomly assigned to 
four groups (n=10/group). Mice in each group received four 
intravenous administrations of saline, mAb‑SA, tTF‑B and 
mAb‑SA:tTF‑B, at 3‑day intervals, at a dose of 5 mg/kg. In the 
mAb‑SA:tTF‑B treatment group, tTF‑B was injected 24 h after 
each administration of mAb‑SA. Tumor size was measured 
every second day. Tumor tissues were surgically removed and 
weighed after 12 days of treatment. 

Histological analysis. To evaluate the tumor vascular 
targeting ability of the mAb‑SA:tTF‑B composite system 
and its effects on intravascular thrombosis in vivo, tumors 
from different treatment groups and major organs from 
the mAb‑SA:tTF‑B group were fixed in 4% formaldehyde 
solution at room temperature for 48 h before embedding in 
paraffin and cutting into 5‑7‑µm sections for Harris H&E 
staining. Tissues were stained with hematoxylin and eosin 
at room temperature for 3 min and 20 min, respectively. 
Five random fields per sample were examined under a light 
microscope (magnification, x200).

Statistical analysis. All data in the present study were analyzed 
using Prism 6.0 (GraphPad Software, Inc.) and presented as 
the mean ± standard deviation. One‑way ANOVA with Tukey's 
multiple comparison post hoc test was performed to assess the 
differences among groups. P<0.05 was considered to indicate 
statistically significant differences.

Results

Preparation of mAb‑SA conjugate via EDC reaction and 
purification using gel‑filtration. As presented in Fig. 2A, 
the purity of anti‑NRP‑1 mAb reached ~95%. To separate 
the desired synthetic product from any impurities, including 
the cross‑linked byproduct, any unreacted antibodies and 
the unreacted SA, the crude products were purified using a 
Sephadex G200 gel‑filtration column, which was washed 
using pure water (pH 7.5). To avoid dissociation to monomeric 
species, the conjugate was analyzed using native 8% PAGE 
under a non‑boiled condition. The bands shown in Fig. 2B 
correspond to (from left to right) unreacted SA, unreacted 
mAb and conjugate products after purification. The final puri-
fied conjugate was well‑defined and clear.

Confocal immunof luorescence and f low cytometry 
demonstrate the in vitro NRP‑1 targeting ability of mAb‑SA. 
Confocal immunofluorescence and flow cytometry were 
performed to determine whether mAb‑SA maintained 
biological targeting activity. As presented in Fig. 3A, red fluo-
rescence of RBITC was observed on the surface membrane of 
HUVECs treated with mAb or mAb‑SA. This result indicated 
that mAb‑SA was able to bind with NRP‑1 on the cell surface. 
The results of flow cytometry (Fig. 3B) were similar to those of 
the confocal experiment. The anti‑NRP‑1 mAb and mAb‑SA 
groups exhibited significant HUVEC‑binding activity. The 
NRP‑1‑binding capacity of mAb‑SA was almost equivalent to 
that of mAb.

Preparation and purification of tTF fusion protein. To 
optimize the culture conditions, various concentrations 
(0‑1  mmol/l) of IPTG were used. 12% SDS‑PAGE was 
performed to evaluate the induced fusion protein yield (Fig. 4). 
A maximum yield was observed when the IPTG concentration 
reached 0.8 mmol/l. The fusion protein was expressed in the 
form of inclusion bodies. The inclusion bodies were washed 
with washing buffer and subsequently dissolved in denatur-
ation buffer. A nickel affinity column was used to purify the 
soluble products. As presented in Fig. 4, the objective fusion 
protein was ~34 kDa with ~99% purity.
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tTF‑B promotes blood coagulation in vitro. A factor X activa-
tion assay was performed to evaluate the retention of blood 

coagulation activity in tTF‑B. As presented in Fig. 5, tTF and 
tTF‑B exhibited similar factor X activity at the corresponding 

Figure 2. Preparation and purification of mAb‑SA. (A) SDS‑PAGE analysis showed that the purity of anti‑NRP‑1 mAb reached ~95%. Heavy and light 
chain bands were observed at ~45 and ~25 kDa, respectively. (B) Synthetic products were characterized using native 8% PAGE. Lane 1, SA (60 kDa) before 
conjugation; lane 2, anti‑NRP‑1 mAb (~150 kDa) before conjugation; lane 3, final purified conjugate mAb‑SA (~210 kDa). mAb, monoclonal antibody; SA, 
streptavidin; NRP‑1, neuropilin‑1; M, protein marker.

Figure 3. Functional characterization of mAb‑SA. (A) Targeting ability of mAb‑SA was analyzed using confocal immunofluorescence. mAb and mAb‑SA 
bound to the surface of HUVECs, whereas the negative control (mouse IgG) did not. (B) Flow cytometry was performed to further evaluate the targeting 
capacity of mAb‑SA. Cell count curves with different fluorescence intensities were shown. mAb (red curve); mAb‑SA (blue curve); negative control (black 
curve). RBITC, Rhodamine B isothiocyanate; mAb, monoclonal antibody; SA, streptavidin; HUVECs, human umbilical vein endothelial cells.
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concentrations, indicating that tTF‑B retained the tTF moiety 
when inducing blood coagulation.

Verification of B/SA binding ability. A competitive ELISA 
was used to detect the in vitro binding ability of tTF‑B and 
mAb‑SA (Fig. 6). The results revealed that the EDC reaction 
did not impair the B‑binding ability of SA. The tTF‑B‑binding 
capacity of the mAb‑SA conjugate was 73% compared with 

that of unmodified SA. Therefore, the in  vitro use of the 
mAb‑SA:tTF‑B system may also be of value for in vivo studies.

In vivo distribution of mAb‑SA. Live imaging was performed 
to assess the distribution of mAb‑SA in tumor‑bearing mice. 
A variety of Cy5‑labeled reagents and saline (blank control) 
were intravenously injected, and the fluorescent signals were 

Figure 6. Competitive ELISA of SA vs. mAb‑SA on tTF‑B. Competitive 
ELISA was performed to determine the tTF‑B‑binding capacity of 
SA/mAb‑SA. The tTF‑B‑binding capacity of mAb‑SA conjugate was 
73% relative to that of unmodified SA. mAb, monoclonal antibody; SA, 
streptavidin; tTF, truncated tissue factor; B, biotin; OD, optical density; IR, 
inhibition rate.

Figure 4. SDS‑PAGE analysis of the expression and purification of the fusion protein tTF. Lane 2‑8, total proteins induced by IPTG at a concentration of 0, 
0.1, 0.2, 0.4, 0.6, 0.8 and 1 mmol/l, respectively; lane 9, final fusion protein tTF purified with a nickel affinity column. tTF, truncated tissue factor; M, protein 
marker.

Figure 5. Factor X coagulation assay. The ability of tTF‑B and control protein 
tTF to facilitate the specific proteolytic activation of factor X by factor VII 
was assessed using a factor X coagulation assay; BSA was used as the 
negative control. The tTF‑B retained the ability of the tTF moiety to induce 
blood coagulation. tTF, truncated tissue factor; B, biotin; OD, optical density.
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detected at various time points. As presented in Fig.  7A, 
Cy5‑labeled mAb and mAb‑SA were detected in the tumor area 
at 3 h following intravenous injection. The peaks in fluorescent 
signals were similar at 24 h; however, no SA‑Cy5 fluorescent 
signal was observed in tumor tissues. The fluorescent signals 
in the mAb and mAb‑SA‑Cy5 treatment groups remained 
strong at 72 h (Fig. 7B and C). Weak Cy5 fluorescence signals 
were detected in the major organs; the fluorescence intensity 
ratio of tumor to non‑tumor tissue was ~8.83‑29.80 in mice 
injected with mAb‑SA‑Cy5. The results of the present study 
suggested that the mAb‑SA conjugate was able to selectively 
target tumor tissues, but was not retained by normal organs.

Antitumor activity of the mAb‑SA:tTF‑B system. The anti-
tumor activity of the mAb‑SA:tTF‑B system was evaluated in 
HepG2 xenograft‑bearing nude mice. Tumor growth curves 
are presented in Fig. 8A. Overall, tumors in mice treated 
with mAb‑SA:tTF‑B exhibited decreased growth compared 
with other treatment groups. Tumor regression was also 
only observed following the third treatment on day 6. This 
indicated that the two‑step coagulation approach was able to 
effectively inhibit the growth of HepG2 xenografts and may 
result in tumor regression. In addition, the results revealed 
that mAb‑SA alone could markedly affect tumor growth rate 
(mAb‑SA vs. saline, P<0.05). These results are supported by 
the final tumor weights (Fig. 8B) of mice in different treatment 
groups after treatment for 12 days. 

In  vivo intravascular thrombosis is observed following 
mAb‑Sa:tTF‑B treatment. H&E staining was performed to 

Figure 7. Representative live imaging of Cy5‑labeled agents in tumor‑bearing mice. (A) In vivo imaging of HepG2 xenograft‑bearing nude mice at various time 
points following administration of saline, SA, mAb and mAb‑SA. (B) Fluorescence imaging of major normal organs and tumor tissues from the mAb‑SA‑Cy5 
treatment group at 72 h following administration. (C) Mean fluorescence intensities of major organs and tumors from the mAb‑SA‑Cy5 treatment group. mAb, 
monoclonal antibody; SA, streptavidin; Cy5, cyanine‑5.

Figure 8. Antitumor efficiency studies on HepG2 tumor‑bearing nude mouse 
models. (A) Mean tumor size was recorded for 12 days following the first 
treatment dose. Mice in various treatment groups received four intravenous 
injections of saline, mAb‑SA, tTF‑B, and mAb‑SA:tTF‑B at the indicated 
time (black arrows). Orange arrows indicate the time points at which the 
mAb‑SA:tTF‑B treatment group received tTF‑B. (B) Mean tumor weight 
was evaluated after 12 days of treatment. *P<0.05; **P<0.01; ***P<0.001. mAb, 
monoclonal antibody; SA, streptavidin; tTF, truncated tissue factor; B, biotin.
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observe histological changes in the tumor tissues of mice from 
the different treatment groups. Extensive thrombosis (estimated 
at ~80%) in blood vessels and necrosis were observed in the 
tumor tissues of mice treated with mAb‑SA:tTF‑B (Fig. 9A). 
In contrast, decreased intravascular embolization was exhib-
ited in the other treatment groups. These results confirmed that 
the mAb‑SA conjugate retained tumor vasculature‑targeting 
ability and induced intravascular thrombosis in  vivo by 
directing tTF‑B to the vascular endothelial cell surface, 
thereby causing inhibition of tumor growth and promoting 
tumor regression. Major organs from the mAb‑SA:tTF‑B 
treatment group did not exhibit any visible ectopic embolism 
or overt tissue injury (Fig. 9B).

Discussion

Vascular targeting therapy was developed to selectively 
induce thrombosis in the vasculature of solid tumors. There 
are several advantages of this antitumor strategy (39). A local 
occlusion in the tumor vasculature may cause subsequent cell 
death due to the deprivation of adequate oxygen and nutrient 
supply. Drugs can also directly target universal tumor vascular 
endothelium cells in the blood; it has been reported that tumor 
vascular endothelial cells are unlikely to transform or acquire 
mutations (40). Therefore, this targeting therapy may be widely 
applicable. Conversely, conventional therapies, including 
chemotherapy and radiotherapy, although widely used, may 
exert cytotoxic effects on normal tissues (41,42). Numerous 
reports have demonstrated that the tTF ligand, which targets 
a specific antigen, can markedly inhibit tumor growth and 
promote tumor regression by selectively inducing intratumoral 
thrombosis (43‑45); tTF has been conjugated with various 

peptides to improve its efficacy, including SP5.2, NGR peptide 
and arginylglycylaspartic acid, or their derivatives. However, 
these fusion proteins require multiple administrations to 
achieve complete thrombosis in the tumor vasculature, which 
prevents the use of this strategy in clinical trials. This may be 
attributed to the target's low affinity for the targeting moiety 
and poor distribution (46). Therefore, to improve the antitumor 
efficacy of this ligand‑directed approach, it is important to 
find a suitable tTF ligand delivery moiety and ensure it has 
a suitable tumor‑specific receptor, which is also expressed in 
solid tumors.

NRP‑1 is highly expressed in the endothelial cells of 
a variety of tumors, and exerts a positive effect on tumor 
angiogenesis, progression and metastasis (47‑48). Therefore, 
the anti‑NRP‑1 mAb has been previously demonstrated to 
be a promising delivery method that may be used to target 
tumor vessels (14). To increase the concentration of tTF in 
tumor blood vessels and minimize its distribution in normal 
tissues, the present study introduced the SA/B system, which 
is characterized by high binding affinity. 

In this approach, the preparation of mAb‑SA conjugate 
was performed using EDC and sulfo‑NHS. Sephadex G200 
column chromatography was used to purify and unify the 
products. Native SDS‑PAGE analysis was subsequently 
conducted to characterize the mAb‑SA conjugate that was 
synthesized. The results indicated that a homogeneous conju-
gate product was obtained, with a theoretical molecular weight 
of ~210 kDa. A B‑labeling kit was used to prepare tTF‑B after 
the fusion protein tTF had been generated and purified. The 
in  vitro activity of the mAb‑SA:tTF‑B system was tested 
prior to in vivo investigations. In vitro experiments, including 
confocal immunofluorescence, flow cytometry and factor X 

Figure 9. H&E staining of tumor tissues in nude mice and thrombotic risk evaluation in normal tissues of mAb‑SA:tTF‑B‑treated mice. (A) H&E‑stained 
tumor tissues from different treatment groups (magnification, x200). (B) H&E‑stained normal tissues from the mAb‑SA:tTF‑B treatment group (magnifica-
tion, x200). H&E, hematoxylin and eosin; mAb, monoclonal antibody; SA, streptavidin; tTF, truncated tissue factor; B, biotin.
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activation, indicated that mAb‑SA preserved the antibody's 
binding ability in HUVECs, which highly express NRP‑1 (35). 
The results also demonstrated that tTF‑B retained the ability 
to induce blood coagulation. Furthermore, the mAb‑SA:tTF‑B 
system was assessed using competitive ELISA, which 
demonstrated stable binding between mAb‑SA and tTF‑B. A 
subcutaneous tumor‑bearing nude mouse model was estab-
lished to identify the in vivo feasibility of the mAb‑SA:tTF‑B 
system. The in vivo distribution and tumor‑targeting efficacy 
of mAb‑SA was evaluated using live imaging. An intense fluo-
rescent signal was observed in the tumor area after 3 h; this 
fluorescence persisted for 72 h. Conversely, weak fluorescence 
was observed in healthy organs. This suggested that mAb‑SA 
was able to selectively target tumor tissues by interacting 
with NRP‑1 on the vascular endothelial cell surface. In the 
antitumor activity studies, the mAb‑SA conjugate was used to 
localize tumors, with the conjugate accumulating for 24 h until 
the concentration reached its peak. tTF‑B was subsequently 
administered and captured by SA. Data from the growth 
inhibition assay demonstrated that tumor size decreased after 
day 6, and that the mean tumor volume and weight on day 12 
were reduced compared with the other treatment groups. 
Histological analysis revealed that the mAb‑SA:tTF‑B system 
induced extensive thrombosis in tumor vessels. No visible 
ectopic embolism or injury was observed in normal organs, 
which reflects the robust biological targeting ability of this 
system.

In conclusion, an antitumor composite system based on 
vascular targeting was successfully constructed in the present 
study. In vitro experiments and in vivo studies demonstrated 
that the mAb‑SA:tTF‑B system effectively inhibited tumor 
growth and promoted tumor regression by selectively targeting 
tumor blood vessels and inducing complete vascular infarc-
tion. The introduction of the SA/B system is a promising 
approach for improving tTF‑ligand coagulation efficiency and 
antitumor activity. Therefore, the present study may provide 
novel insight for the development of vasculature‑targeting 
antitumor treatments.
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