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Abstract: Background: EpCAM and VEGFR2 play an important role in angiogenesis and tumorigenesis. It is
currently of paramount importance to produce new drugs that can inhibit the angiogenesis and proliferation
of tumor cells. Nanobodies are potential drug candidates for cancer therapy due to their unique properties.
Objective: This study aimed to investigate the combined inhibitory effect of anti-EpCAM and anti-VEGFR2
nanobodies in cancer cell lines.

Methods: Inhibitory activity of anti-EpCAM and anti-VEGFR2 nanobodies on MDA-MB231, MCF7, and
HUVEC cells was investigated using both in vitro (MTT, migration, and tube formation assays) and in vivo
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(p < 0.05). In addition, the combination of anti-EpCAM and anti-VEGFR2 nanobodies efficiently inhibited
tumor growth and volume of Nude mice bearing MDA-MB-231 cells (p < 0.05).

Conclusion: Taken together, the results indicate the potential of combination therapy as an efficient approach

to cancer therapy.
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1. INTRODUCTION

After cardiovascular disease, cancer is known as the leading
cause of death [1]. Tumor cell proliferation in different cancers can
exacerbate the disease in patients [2, 3]. The development of novel
drugs, which can inhibit tumor cell proliferation with minimal side
effects, has been of interest to researchers [3]. Angiogenesis is a
physiological process through which new vessels are formed from
old ones [4, 5]. Vascular endothelial growth factor (VEGF) is one
of the factors involved in the formation of blood vessels. The
VEGF family consists of VEGFA, VEGFB, VEGFC, VEGFD,
and PLGF [6, 7]. Among others, the VEGF receptors include
VEGFR2/Kinase insert domain receptor (KDR) and VEGFR1 (flt-
1) [8]; the former, which is much more stable, is overexpressed in
many tumor cells, such as breast, colorectal, and lung, compared to
normal ones [9-11]. Consisting of 1356 amino acids, VEGFR2 is
the main VEGF receptor on the vascular endothelial cell surfaces
[12, 13]. The anti-angiogenesis drugs for VEGF include kinase
inhibitors (sorafenib and apatinib), and monoclonal antibodies
(bevacizumab) which are used limitedly due to their side effects
[14]. Another factor with a high expression in tumor cells is the
Epithelial cell adhesion molecule (EpCAM), which was discovered
as a tumor antigen on colorectal carcinomas four decades ago [15,
16]. EpCAMs are single transmembrane proteins containing 314
amino acids, of which 265 and 25 amino acids are extracellular and
intracellular, respectively [17, 18]. The EpCAM molecule is a heart-
shaped dimmer [19]. The EpCAM gene comprises six isoforms,
called EpCAM-201, EpCAM-202, EpCAM-203, EpCAM-204,
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EpCAM-205, and EpCAM-206, with EpCAM-206 is more frequent
[20]. EpCAM is considered a target and an anchor molecule due to
its high expression on carcinomas and metastasis. The function and
expression of EpCAM may vary depending on the type and site of
the tumor [16]. It can generally be argued that the high expression
of EpCAM is caused by the growth, proliferation, and increased
metastasis of the tumor [21, 22]. High expression levels of Ep-
CAM are seen at the early stages of breast [23], colorectal [24],
prostate [25], gallbladder [26], ovary [27], bladder [28], and pan-
creas cancers, which may result from the proliferation and growth
as well as the increased metastasis of tumor [29]. The development
of inhibitors that can prevent VEGFR2 and EpCAM functions can
be effective for the treatment of cancer. As a new generation of
antibodies, nanobodies are of interest to researchers owing to their
unique properties [30]. They are composed of 120 amino acids
with a mean weight of 12-17 kDa and a size of 4 x 2.5 nm [31].
Nanobodies consist of four frame works (FRs) and three comple-
mentarity-determining regions (CDRs), among which CDR3 caus-
es their specificity [30, 32, 33]. The high stability in different con-
ditions, a simple structure, and lower production costs than anti-
bodies have made nanobodies interesting to many researchers [31,
34]. The main drawback of nanobodies is their rapid elimination
from the body after administration. This requires repeated injec-
tions, limiting practical clinical use [35-37]. However, the half-life
of monoclonal antibodies vary from 7-21 days [38]. Caplacizumab
(anti vWF nanobody) was the first nanobody approved by FDA in
2019 for treatment of acquired thrombotic thrombocytopenic pur-
pura [39, 40]. This study is the first to investigate the simultaneous
use of two nanobodies against VEGFR2 and EpCAM in the inhibi-
tion of angiogenesis compared to individual forms of nanobodies.

© 2023 Bentham Science Publishers
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2. MATERIALS AND METHODS
2.1. Nanobodies Targeting VEGFR2 and EpCAM

The nanobodies against VEGFR2 and EpCAM were developed
using biopanning against immobilized antigens [41-44]. Four con-
secutive rounds of biopanning were performed using an immune
nanobody library to select specific nanobodies against their targets.
The sequence of selected nanobodies was sub-cloned in the
pHENG6c expression vector using the restriction enzymes (Pst I and
BstE 11) and transformed into competent WK6 E. coli cells using
heat-shock and CaCl,. Expression of recombinant nanobody was
induced by IPTG 1mM and incubated at 28°C overnight. Then, the
culture was centrifuged at 5000 x g for 10 min. The periplasmic
proteins were purified using 2 ml of TES (sucrose 20%, 0.5 M
EDTA, 30 mMTris) and 18 ml of TES/4. Afterward, the resulting
supernatant was purified by Ni-NTA affinity chromatography.
Finally, the purified protein was dialyzed (cut-off 5 kDa) and
stored at 4°C. The expression of the purified nanobodies was ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). The expression of target proteins was confirmed
by western blotting in which the protein bands were transferred to
nitrocellulose paper and blocked with a skim milk 4% solution at
4°C overnight. The nitrocellulose paper was incubated overnight
with anti-His HRP conjugated antibody (1:500). Finally, a western
blot was developed using ECL substrate [45].

2.2. Affinity Analysis

The affinity of nanobodies to the antigens was analyzed using
the method described by Beatty et al. [46]. Briefly, 100 pul of two
different concentrations (1 and 10 mg/ml) of VEGFR2 and Ep-
CAM antigens, with BSA as control, were coated in a 96-well plate
and incubated at 4°C overnight. It was then incubated with a skim
milk 4% solution at RT for 1 h to block the wells. After washing
the wells with PBST (Tween 20 0.05%, v/v), different concentra-
tions (0-10 mm) of the nanobodies were added to each well and
incubated for 1 h at RT. Then, the wells were washed and incubat-
ed with HRP-conjugated anti-His antibody (1:500). ELISA was
developed with TMB and then stopped with 2N H,SO,. The perox-
idase activity was measured at 450 nm [41, 47].

2.3. Specificity Assay

The specificity of anti-EpCAM and anti-VEGFR2 nanobodies
to their targets was evaluated using the ELISA experiment. Briefly,
1 pg/ml of various antigens (EpCAM, VEGFR2, VEGF (vascular
endothelial growth factor), NRP-1 (neuropilin-1), EGF (epidermal
growth factor), PD-1 (programmed cell death protein 1). PD-L1
(programmed death-ligand 1), LIV-1 (zinc transporter protein) and
BSA were coated onto a 96-well plate at 4°C overnight. The wells
were blocked (skim milk 2%) and incubated for 2 h at RT. Then,
anti-EpCAM and anti-VEGFR2 nanobodies were added to each
well and incubated at RT for 1 h. After washing the wells with
PBST (5 times) anti-His HRP conjugated antibody (1:500) was
added to the wells and incubated for 1 h at RT. The wells were
washed and incubated with TMB for 15 min [45].

2.4. MTT Assay

MDA-MB-231cells (expressing Ep)CAM and VEGFR2 as well),
MCF7 (over-expressing EpCAM, no VEGFR2 expressing), HU-
VEC (Over-expressing VEGFR2, no EpCAM expressing) were
obtained from the Pasteur Institute of Iran, cultured in the DMEM
medium containing FBS 10%, and then incubated at 37°C. The
required tests were conducted at a cell density of 90%. The cells
(approx. 10* with 1 ml of the media containing FBS 2% were
transferred to a 96-well plate, and the cells were attached to the
plate. Various concentrations of anti-EpCAM and anti-VEGFR2
nanobodies (as mixture or individual) (0-10 pg) were added to the
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wells and incubated at 37°C for 24 and 48 h. PBS and H39Nb (an-
ti-scorpion nanobody, used as negative control nanobodies) were
used as controls. Next, 10 pul of MTT (5 mg/ml) solution was add-
ed to the wells and incubated at 37°C for 4 h. Finally, MTT solu-
tion was removed from the wells, and each well received 10 pl of
dimethyl sulfide (DMSO). After 30 min, the results were analyzed
by spectrophotometer at 570 nm [41, 42].

2.5. Tube Formation Assay

The plate wells were coated with 50 pl of matrigel and incu-
bated at 37°C for 45 min. MCF7, HUVEC, and MDA-MB-231
cells (approx. 10%) were seeded in the wells, followed by adding
anti-EpCAM and anti-VEGFR2 nanobodies (as mixture or indi-
vidual) (10 pg) and incubated for 6 h at 37°C. PBS and H39Nb
(anti-scorpion nanobody, used as negative control nanobody) were
used as controls. Afterward, the structure of the tubes was exam-
ined by the Image J software [33, 48].

2.6. Migration Assay

Considered an important assay in angiogenesis and metastasis,
the migration assay examines the ability of cells to migrate toward
the growth factor. In this assay, 3 x 10° MDA-MB231, HUVEC,
and MCEF7 cells cultured in 500 pl of the DMEM medium were
added to the upper part of the Boyden chamber. 10 pg/ml of anti-
EpCAM and anti-VEGFR2 nanobodies were added to the lower
part of the Boyden chamber and incubated at 37°C for 12 h. PBS
and H39NDb (anti-scorpion nanobody, used as negative control
nanobody) were used as controls. Cells migrated toward the lower
part of the Boyden chamber were trypsinized and counted after-
ward [37].

2.7. In vivo Assay

The animal study was conducted according to the ethical
committee of the Pasteur Institute of Iran (IR.PIL.REC.1398.35).
About 200 ul of MDA-MB231 cells (10% were injected subcuta-
neously (s.c.) into the right flank of Nude mice (18-20 g). The
tumor size was measured three times a week and tumor volume
was recorded after each measurements (Tumor Volume = Length
of the tumor x width? of the tumor x 0.52). When the tumor vol-
ume reached 100-150 mm®, the mice received 10 mg/kg of nano-
bodies (mixture or individual) were injected intravenously (i.v.)
three times a week for three weeks [36, 49].

2.8. Statistical Analysis

Statistical data analysis was performed using PRISM software
(GraphPad, San Diego, CA, version 8.0). The #-test was performed
for analysis between two groups and a p-value < 0.05 considered
as statistically significant.

3. RESULTS
3.1. Expression and Purification of the Nanobodies

Anti-EpCAM and anti-VEGFR2 nanobodies were expressed
with His tag at their C-terminal and purified from the periplasmic
space of the WK6 cells using nickel affinity chromatography. The
purity of purified nanobodies was checked by 15% SDS-PAGE
(coomassie blue staining). In addition, the presence of His tagged
nanobodies and their molecular weight were evaluated by western
blot using anti-His HRP conjugated antibody. A band of 15 kDa
was observed in SDS-PAGE and western blot analysis (Fig. 1).
The final yield of anti-EpCAM and anti-VEGFR2 nanobodies was
about 5 mg/ml.

3.2. Affinity Analysis

Binding affinity (k,z) of anti-EpCAM and anti-VEGFR2 nano-
bodies was measured to be 52 and 82 nM according to the modi-
fied formula of the Beatty ef al. method, respectively [46, 47].
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Fig. (1). Expression and purification of anti-EpCAM and anti-VEGFR2 nanobodies. (A) SDS-PAGE results after purification with Ni-NTA chroma-
tography. 1; anti-EpCAM Nb, 2; anti-VEGFR2 Nb. (B) Western blot results. Western blot was performed with anti-His HRP antibody and devel-
oped by ECL. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).
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Fig. (2). Specificity analysis. Anti-EpCAM and anti-VEGFR2 nanobodies detected their own antigen in an ELISA experiment and no cross-
reactivity with other antigens was observed. Error bar indicates for mean (duplicate assay) = SD. (4 higher resolution/colour version of this figure is

available in the electronic copy of the article).

3.3. Specificity Assay

Both anti-EpCAM and anti-VEGFR2 nanobodies specifically
detected their target on ELISA and detection of other antigens was
not observed even in the case of mixture use of anti-EpCAM and
anti-VEGFR2 nanobodies (Fig. 2).

3.4. Inhibitory Effect of Anti-EpCAM and Anti-VEGFR2
Nanobodies on Cell Proliferation

The cytotoxicity of anti-EpCAM and anti-VEGFR2 nanobod-
ies on HUVEC, MCF7, and MDA-MB-231 cells was examined
both individually and in combination using MTT assay. Results
showed that a mixture of anti-EpCAM and anti-VEGFR2 nanobod-
ies efficiently inhibited MDA-MB-231 cells (expressing EpCAM
and VEGFR2), compared to the effect of each individual nanobod-
ies (p < 0.05) (Fig. 3). However, there was no significant differ-
ence between the inhibitory effect of anti-EpCAM and anti-
VEGFR2 nanobodies in both states (mixture use and individual) on
HUVEC (Over-expressing VEGFR2, lack of EpCAM expression)
and MCF7 (over-expressing EpCAM, lack of VEGFR2 expres-
sion) cells as expected (Fig. 3). In fact, the additive effect of anti-
EpCAM and anti-VEGFR2 nanobodies was observed on MDA-
MB-231 cells due to the presence of their target on the surface of
this cell line (EpCAM and VEGFR2).

3.5. Anti-EpCAM and Anti-VEGFR2 Nanobodies Inhibited in
vitro Tube Formation

The mixture of Anti-EpCAM and anti-VEGFR2 nanobodies
significantly inhibited the formation of tube-like structures in
MDA-MB-231 cells compared to each individual nanobodies (p <
0.05) (Figs. 4 and 5). Whereas, the additive inhibitory effect of
anti-EpCAM and anti-VEGFR2 nanobodies on tube formation of
HUVEC and MCF7 cells was not observed (Fig. 4).

3.6. Anti-EpCAM and Anti-VEGFR2 Nanobodies Inhibited in
vitro Migration

Migration assay results showed that mixture of anti-EpCAM
and anti-VEGFR2 nanobodies significantly inhibited the migration
of MDA-MB-231 cells from upper part of the Boyden chamber to
the lower part compared to each individual nanobodies (p < 0.05)
(Fig. 5). Whereas, there was no significant differences between
migrated HUVEC and MCF7 cells from upper part to the lower
part of the plate in both state (mixture or individual nanobodies)

(Fig. 5).

3.7. Anti-EpCAM and Anti-VEGFR2 Nanobodies Inhibited in
vivo Tumor Growth

Animal study results showed that in agreement with in vitro
results, the mixture of anti-EpCAM and anti-VEGFR2 nanobodies
significantly suppressed tumor growth, and weight compared to
individual nanobodies (Fig. 6).

4. DISCUSSION

Angiogenesis is the formation of new blood vessels from the
pre-existing vasculature [4]. Given the importance of angiogenesis,
meticulous studies are focused on pathologic angiogenesis to in-
vestigate the safe and available drugs [50]. Proliferation, differen-
tiation, and migration of cells are controlled by the protein tyrosine
kinases (PTKs) [51]. Receptor tyrosine kinases (RTKs) mediate the
transfer of signals to hormones, cytokines, and growth factors [51].
As one of RTKs, VEGFRs are VEGF receptors, with the subtypes
VEGFR1and VEGFR2 [52]. Among VEGFs, VEGFA is a critical
factor for angiogenesis during early embryogenesis [50]. Acting as
an important receptor in the angiogenesis process, the VEGFR2
tyrosine kinase is more active in response to VEGFA [52, 53]. As a
multi-functional transmembrane protein, the EpCAM antigen is
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Fig. (3). Cytotoxicity results. Additive effect of anti-EpCAM and anti-VEGFR2 nanobodies was observed on MDA-MB-231 cells due to presence of
their target on the surface of this cell line (EpCAM and VEGFR2). However, in HUVEC and MCF7 cells additive inhibitory effect of anti-EpCAM
and anti-VEGFR2 was not observed due to absence of simultaneous presence of both targets. Error bar indicates for mean (duplicate assay) + SD.
*indicates for p < 0.05. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

involved in the regulation of cell adhesion, proliferation, and mi-
gration [16]. Nanobodies are a new generation of monoclonal anti-
bodies that are derived from the variable domain of the heavy
chain antibodies [30]. Despite their simple structure, nanobodies
are structurally stable and exhibit resistance to high pressure and
pH. Compared to monoclonal antibodies, the easier production
process makes nanobodies potential tools for the development of
novel drugs [54].

The present study aimed to investigate the combined effect of
anti-EpCAM and anti-VEGFR2 nanobodies on the inhibition of
angiogenesis. Anti-EpCAM and anti-VEGFR2 nanobodies were
expressed, purified, and their activity on MDA-MB231, HUVEC
and MCF7 cells were examined by MTT, migration, and Tube

formation assays. According to our results, combined anti-EpCAM
and anti-VEGFR2 nanobodies showed efficient inhibitory activity
on proliferation, migration, and tube formation of MDA-MB-231
cells than the individual forms of nanobodies. In addition, com-
bined anti-EpCAM and anti-VEGFR2 nanobodies inhibited tumor
growth of Nude mice bearing MDA-MB-231 cells more efficiently
than each individual nanobodies. Combined treatment has recently
received attention from researchers in many studies. For instance,
the combination of two nanobodies against VEGF/VEGFR2 and
NRP-1 was used to inhibit angiogenesis [47, 48, 55, 56]. In various
studies, nanobodies against VEGFR2 and EpCAM were individu-
ally examined in vitro and in vivo [41-43]. Sadeghi et al. used a
mono-specific anti-VEGF bivalent nanobody for the inhibition of
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tube like structures in MDA-MB-231 cells compared to each individual nanobodies. Error bar indicates for mean (duplicate assay) £ SD. *indicates
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Fig. (5). Migration assay. Mixture of anti-EpCAM and anti-VEGFR2 nanobodies significantly inhibited migration of MDA-MB-231 cells from
upper part of the Boyden chamber to the lower part compared to each individual nanobodies. Error bar indicates for mean (duplicate assay) + SD.
*indicates for p < 0.05. Ns indicates for no significant. (4 higher resolution/colour version of this figure is available in the electronic copy of the

article).
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Fig. (6). Animal study results. Mixture of anti-EpCAM and anti-VEGFR2 nanobodies significantly suppressed tumor growth and volume of MDA-
MB-231 cells compare to individual nanobodies. Error bar indicates for mean (duplicate assay) + SD. *indicates for p < 0.05. **indicates for p <
0.001. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

angiogenesis. Their results indicated that the mono-specific anti-
VEGF bivalent nanobody could effectively inhibit angiogenesis
compared to its nanobody form [37]. Huang ef al. used an anti-
VEGF agent together with doxorubicin to inhibit angiogenesis in
vivo and in vitro. They reported that a combination of these two
drugs could properly inhibit angiogenesis with an acceptable anti-
tumor effect [S7]. A combination of anti-cMET or anti-PLGF (Pla-
cental growth factor) monoclonal antibodies with bevacizumab
was also reported to have a significant effect on the treatment of
glioblastoma, and the combined drugs were more effective in the
disease treatment than their individual forms [58, 59]. In the recent
decade, the use of VEGFR1-3 angiogenesis inhibitor together with
C-kit inhibitor has shown considerable antitumor activity [60].
Anti-EpCAM antibodies were developed and used for the treat-
ment of colon cancer [61], metastatic breast cancer [62], and ma-
lignant ascites [63]. According to the reviewed articles, drugs in
uncombined forms can be moderately effective in the treatment of
tumors, sometimes making tumor cells resistant to the treatment.
Combination therapy has been proposed to overcome limitations
associated with monotherapy, such as drug-resistance of tumor
cells and toxicity. In addition, combination therapy requires lower
doses of therapeutic agents compared to monotherapy, thus reduc-
ing toxicity associated with high doses of therapeutic agents.

CONCLUSION

According to the achieved results, the combination of anti-
EpCAM and anti-VEGFR2 nanobodies showed efficient anti-
cancer activity both in vitro and in vivo. These findings potentiate

the combination use of nanobodies targeting two or more antigens
as an efficient approach for the treatment of cancer.

LIST OF ABBREVIATIONS

DMSO = Dimethyl Sulfide

PLGF = Placental Growth Factor

PTKs = Protein Tyrosine Kinases

SDS-PAGE = Sulfate-polyacrylamide Gel Electrophoresis

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

The animal study was conducted according to the ethical
committee of the Pasteur Institute of Iran (IR.PII.LREC.1398.35).

HUMAN AND ANIMAL RIGHTS

No humans were used for studies that are the basis of this re-
search. All the animals were used in accordance with The US Na-
tional Research Council's “Guide for the Care and Use of Labora-
tory Animals”, The US Public Health Service's “Policy on Humane
Care and Use of Laboratory Animals”, and “Guide for the Care
and Use of Laboratory Animals”.

CONSENT FOR PUBLICATION
Not applicable.

AVAILABILITY OF DATA AND MATERIALS

The data and supportive information are available within the
article.



Anti-EpCAM/VEGFR2 Nanobodies

FUNDING

This study was funded by the Pasteur Institute of Iran (Grant
number 1123).

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or other-
wise.

ACKNOWLEDGEMENTS

This authors would like to acknowledge the Pasteur Institute of
Iran for financial support.

REFERENCES

[1] Jemal A, Siegel R, Ward E, et al. Cancer Statistics, 2008. CA
Cancer J Clin 2008; 58(2): 71-96.
http://dx.doi.org/10.3322/CA.2007.0010 PMID: 18287387

[2] Twombly R. Cancer surpasses heart disease as leading cause of
death for all but the very elderly. J Natl Cancer Inst 2005; 97(5):
330-1.
http://dx.doi.org/10.1093/jnci/97.5.330 PMID: 15741564

[3] Modi SJ, Kulkarni VM. Vascular endothelial growth factor recep-
tor (VEGFR-2)/KDR inhibitors: Medicinal chemistry perspective.
Drug Discov Today 2019; 2: 100009.
http://dx.doi.org/10.1016/j.medidd.2019.100009

[4] Birbrair A, Zhang T, Wang ZM, Messi ML, Mintz A, Delbono O.
Pericytes at the intersection between tissue regeneration and pa-
thology: Figure 1. Clin Sci 2015; 128(2): 81-93.
http://dx.doi.org/10.1042/CS20140278 PMID: 25236972

[5] Birbrair A, Zhang T, Wang ZM, et al. Type-2 pericytes participate
in normal and tumoral angiogenesis. Am J Physiol Cell Physiol
2014; 307(1): C25-38.
http://dx.doi.org/10.1152/ajpcell.00084.2014 PMID: 24788248

[6] Neufeld G, Cohen T, Gengrinovitch S, Poltorak Z. Vascular endo-
thelial growth factor (VEGF) and its receptors. FASEB J 1999;
13(1): 9-22.
http://dx.doi.org/10.1096/fasebj.13.1.9 PMID: 9872925

[7] Khodabakhsh F, Muyldermans S, Behdani M, Kazemi-Lomedasht
F. Liposomal delivery of vascular endothelial growth factor/
receptors and their inhibitors. J Drug Target 2020; 28(4): 379-85.
http://dx.doi.org/10.1080/1061186X.2019.1693578 PMID: 31822133

[8] Wang X, Bove AM, Simone G, Ma B. Molecular bases of
VEGFR-2-mediated physiological function and pathological role.
Front Cell Dev Biol 2020; 8: 599281.
http://dx.doi.org/10.3389/fcell.2020.599281 PMID: 33304904

[9] Shibuya M. Vascular endothelial growth factor (VEGF) and its
receptor (VEGFR) signaling in angiogenesis: A crucial target for an-
ti-and pro-angiogenic therapies. Genes Cancer 2011; 2(12): 1097-
105.
http://dx.doi.org/10.1177/1947601911423031 PMID: 22866201

[10] Miettinen M, Rikala MS, Rys J, Lasota J, Wang ZF. Vascular
endothelial growth factor receptor 2 as a marker for malignant
vascular tumors and mesothelioma: An immunohistochemical
study of 262 vascular endothelial and 1640 nonvascular tumors.
Am J Surg Pathol 2012; 36(4): 629-39.
http://dx.doi.org/10.1097/PAS.0b013e318243555b PMID: 22314185

[11] Cortés F, Debacker C, Péault B, Labastie MC. Differential expres-
sion of KDR/VEGFR-2 and CD34 during mesoderm development
of the early human embryo. Mech Dev 1999; 83(1-2): 161-4.
http://dx.doi.org/10.1016/S0925-4773(99)00030-1 PMID: 10381576

[12] Liu Z, Qi L, Li Y, Zhao X, Sun B. VEGFR?2 regulates endothelial
differentiation of colon cancer cells. BMC Cancer 2017; 17(1): 593.
http://dx.doi.org/10.1186/s12885-017-3578-9 PMID: 28854900

[13] Ebos JML, Bocci G, Man S, et al. A naturally occurring soluble
form of vascular endothelial growth factor receptor 2 detected in
mouse and human plasma. Mol Cancer Res 2004; 2(6): 315-26.
http://dx.doi.org/10.1158/1541-7786.315.2.6 PMID: 15235107

[14] Fontanella C, Ongaro E, Bolzonello S, Guardascione M, Fasola G,
Aprile G. Clinical advances in the development of novel VEGFR2
inhibitors. Ann Transl Med 2014; 2(12): 123.

PMID: 25568876

[15] Herlyn M, Steplewski Z, Herlyn D, Koprowski H. Colorectal
carcinoma-specific antigen: Detection by means of monoclonal an-
tibodies. Proc Natl Acad Sci 1979; 76(3): 1438-42.

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

Current Pharmaceutical Design, 2023, Vol. 29, No. 13 1065

http://dx.doi.org/10.1073/pnas.76.3.1438 PMID: 286328

Gires O, Pan M, Schinke H, Canis M, Baeuerle PA. Expression
and function of epithelial cell adhesion molecule EpCAM: Where
are we after 40 years? Cancer Metastasis Rev 2020; 39(3): 969-87.
http://dx.doi.org/10.1007/s10555-020-09898-3

PMID: 32507912

Strnad J, Hamilton AE, Beavers LS, et al. Molecular cloning and
characterization of a human adenocarcinoma/epithelial cell surface
antigen complementary DNA. Cancer Res 1989; 49(2): 314-7.
PMID: 2463074

Baeuerle PA, Gires O. EpCAM (CD326) finding its role in cancer.
Br J Cancer 2007; 96(3): 417-23.
http://dx.doi.org/10.1038/sj.bjc.6603494 PMID: 17211480

Pav§i¢ M, Guncéar G, Djinovi¢-Carugo K, Lenar¢i¢ B. Crystal
structure and its bearing towards an understanding of key biologi-
cal functions of EpCAM. Nat Commun 2014; 5(1): 4764.
http://dx.doi.org/10.1038/ncomms5764 PMID: 25163760

Mohtar M, Syafruddin S, Nasir S, Low TY. Revisiting the roles of
pro-metastatic EpCAM in cancer. Biomolecules 2020; 10(2): 255.
http://dx.doi.org/10.3390/biom 10020255 PMID: 32046162

Brown TC, Sankpal NV, Gillanders WE. Functional implications
of the dynamic regulation of EpCAM during epithelial-to-
mesenchymal transition. Biomolecules 2021; 11(7): 956.
http://dx.doi.org/10.3390/biom11070956 PMID: 34209658

Keller L, Werner S, Pantel K. Biology and clinical relevance of
EpCAM. Cell Stress 2019; 3(6): 165-80.
http://dx.doi.org/10.15698/cst2019.06.188 PMID: 31225512
Spizzo G, Gastl G, Obrist P, et al. High Ep-CAM expression is
associated with poor prognosis in node-positive breast cancer.
Breast Cancer Res Treat 2004; 86(3): 207-13.
http://dx.doi.org/10.1023/B:BREA.0000036787.59816.01 PMID:
15567937

Seeber A, Untergasser G, Spizzo G, et al. Predominant expression
of truncated EpCAM is associated with a more aggressive pheno-
type and predicts poor overall survival in colorectal cancer. Int J
Cancer 2016; 139(3): 657-63.

http://dx.doi.org/10.1002/ijc.30099 PMID: 26996277

Massoner P, Thomm T, Mack B, et al. EpCAM is overexpressed
in local and metastatic prostate cancer, suppressed by chemothera-
py and modulated by MET-associated miRNA-200¢/205. Br J
Cancer 2014; 111(5): 955-64.
http://dx.doi.org/10.1038/bjc.2014.366 PMID: 24992580

Varga M, Obrist P, Schneeberger S, et al. Overexpression of epi-
thelial cell adhesion molecule antigen in gallbladder carcinoma is
an independent marker for poor survival. Clin Cancer Res 2004;
10(9): 3131-6.

http://dx.doi.org/10.1158/1078-0432.CCR-03-0528 PMID: 15131054
Spizzo G, Went P, Dirnhofer S, et al. Overexpression of epithelial
cell adhesion molecule (Ep-CAM) is an independent prognostic
marker for reduced survival of patients with epithelial ovarian
cancer. Gynecol Oncol 2006; 103(2): 483-8.
http://dx.doi.org/10.1016/j.ygyno.2006.03.035 PMID: 16678891
Brunner A, Prelog M, Verdorfer I, Tzankov A, Mikuz G, Ensinger
C. EpCAM is predominantly expressed in high grade and ad-
vanced stage urothelial carcinoma of the bladder. J Clin Pathol
2007; 61(3): 307-10.

http://dx.doi.org/10.1136/jcp.2007.049460 PMID: 17586680

Fong D, Moser P, Kasal A, et al. Loss of membranous expression
of the intracellular domain of EpCAM is a frequent event and pre-
dicts poor survival in patients with pancreatic cancer. Histopathol-
ogy 2014; 64(5): 683-92.

http://dx.doi.org/10.1111/his. 12307 PMID: 24117877

Farnoodian M, Wang S, Dietz J, Nickells RW, Sorenson CM,
Sheibani N. Negative regulators of angiogenesis: Important targets
for treatment of exudative AMD. Clin Sci 2017; 131(15): 1763-80.
http://dx.doi.org/10.1042/CS20170066 PMID: 28679845
Cortez-Retamozo V, Lauwereys M, Hassanzadeh Gh G, et al
Efficient tumor targeting by single-domain antibody fragments of
camels. Int J Cancer 2002; 98(3): 456-62.
http://dx.doi.org/10.1002/ijc.10212 PMID: 11920600

Nguyen VK, Hamers R, Wyns L, Muyldermans S. Camel heavy-
chain antibodies: Diverse germline VHH and specific mechanisms
enlarge the antigen-binding repertoire. EMBO J 2000; 19(5): 921-
30.

http://dx.doi.org/10.1093/emboj/19.5.921 PMID: 10698934



1066

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Current Pharmaceutical Design, 2023, Vol. 29, No. 13

Karami E, Sabatier JM, Behdani M, Irani S, Kazemi-Lomedasht F.
A nanobody-derived mimotope against VEGF inhibits cancer an-
giogenesis. J Enzyme Inhib Med Chem 2020; 35(1): 1233-9.
http://dx.doi.org/10.1080/14756366.2020.1758690 PMID:
32441172

Walper SA, Anderson GP, Brozozog Lee PA, ef al. Rugged single
domain antibody detection elements for Bacillus anthracis spores
and vegetative cells. PLoS One 2012; 7(3): ¢32801.
http://dx.doi.org/10.1371/journal.pone.0032801 PMID: 22412927
Kontermann R. Therapeutic proteins: Strategies to modulate their
plasma half-lives. John Wiley & Sons: New York, USA, 2012.
http://dx.doi.org/10.1002/9783527644827

Bagheri M, Babaei E, Shahbazzadeh D, et al. Development of a
recombinant camelid specific diabody against the heminecrolysin
fraction of Hemiscorpius lepturus scorpion. Toxin Rev 2017,
36(1): 7-11.

http://dx.doi.org/10.1080/15569543.2016.1244552

Sadeghi A, Behdani M, Muyldermans S, Habibi-Anbouhi M,
Kazemi-Lomedasht F. Development of a mono-specific anti-
VEGF bivalent nanobody with extended plasma half-life for
treatment of pathologic neovascularization. Drug Test Anal 2020;
12(1): 92-100.

http://dx.doi.org/10.1002/dta.2693 PMID: 31476257

Kontermann RE. Strategies to extend plasma half-lives of recom-
binant antibodies. BioDrugs 2009; 23(2): 93-109.
http://dx.doi.org/10.2165/00063030-200923020-00003
19489651

Duggan S. Caplacizumab: First global approval. Drugs 2018;
78(15): 1639-42.

http://dx.doi.org/10.1007/s40265-018-0989-0 PMID: 30298461
Scully M, Cataland SR, Peyvandi F, et al. Caplacizumab treatment
for acquired thrombotic thrombocytopenic purpura. N Engl J Med
2019; 380(4): 335-46.

http://dx.doi.org/10.1056/NEJMoal806311 PMID: 30625070
Roshan R, Naderi S, Behdani M, et al. Isolation and characteriza-
tion of nanobodies against epithelial cell adhesion molecule as
novel theranostic agents for cancer therapy. Mol Immunol 2021;
129: 70-7.

http://dx.doi.org/10.1016/j.molimm.2020.10.021 PMID: 33183767
Kazemi-Lomedasht F, Behdani M, Bagheri KP, et al. Inhibition of
angiogenesis in human endothelial cell using VEGF specific
nanobody. Mol Immunol 2015; 65(1): 58-67.
http://dx.doi.org/10.1016/j.molimm.2015.01.010 PMID: 25645505
Behdani M, Zeinali S, Khanahmad H, et al. Generation and char-
acterization of a functional nanobody against the vascular endothe-
lial growth factor receptor-2; angiogenesis cell receptor. Mol Im-
munol 2012; 50(1-2): 35-41.
http://dx.doi.org/10.1016/j.molimm.2011.11.013 PMID: 22208996
Roshan R, Naderi S, Behdani M, Ahangari CR, Kazemi-
Lomedasht F. A novel immunotoxin targeting epithelial cell adhe-
sion molecule using single domain antibody fused to diphtheria
toxin. Mol Biotechnol 2022; 65(4): 637-44.
http://dx.doi.org/10.1007/s12033-022-00565-2 PMID: 36129635
Baharlou R, Tajik N, Behdani M, et al. An antibody fragment
against human delta-like ligand-4 for inhibition of cell prolifera-
tion and neovascularization. Immunopharmacol Immunotoxicol
2018; 40(5): 368-74.
http://dx.doi.org/10.1080/08923973.2018.1505907
30183441

Beatty JD, Beatty BG, Vlahos WG. Measurement of monoclonal
antibody affinity by non-competitive enzyme immunoassay. J
Immunol Methods 1987; 100(1-2): 173-9.
http://dx.doi.org/10.1016/0022-1759(87)90187-6 PMID: 2439600
Karami E, Naderi S, Roshan R, Behdani M, Kazemi-Lomedasht F.
Targeted therapy of angiogenesis using anti-VEGFR2 and anti-
NRP-1 nanobodies. Cancer Chemother Pharmacol 2022; 89(2):
165-72.

http://dx.doi.org/10.1007/s00280-021-04372-5 PMID: 34988654
Mohseni N, Roshan R, Naderi S, Behdani M, Kazemi-Lomedasht
F. In vitro combination therapy of pathologic angiogenesis using

PMID:

PMID:

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

Karami et al.

anti-vascular endothelial growth factor and anti-neuropilin-1
nanobodies. Iran J Basic Med Sci 2020; 23(10): 1335-9.

PMID: 33149867

Kazemi-Lomedasht F, Pooshang-Bagheri K, Habibi-Anbouhi M,
et al. In vivo immunotherapy of lung cancer using cross-species
reactive vascular endothelial growth factor nanobodies. Iran J
Basic Med Sci 2017; 20(5): 489-96.

PMID: 28656083

Shibuya M. Vascular endothelial growth factor and its receptor
system: Physiological functions in angiogenesis and pathological
roles in various diseases. J Biochem 2013; 153(1): 13-9.
http://dx.doi.org/10.1093/jb/mvs136 PMID: 23172303

Mirshafiey A, Ghalamfarsa G, Asghari B, Azizi G. Receptor tyro-
sine kinase and tyrosine kinase inhibitors: New hope for success in
multiple sclerosis therapy. Innov Clin Neurosci 2014; 11(7-8): 23-
36.

PMID: 25337443

Park SA, Jeong MS, Ha KT, Jang SB. Structure and function of
vascular endothelial growth factor and its receptor system. BMB
Rep 2018; 51(2): 73-8.
http://dx.doi.org/10.5483/BMBRep.2018.51.2.233
29397867

Shibuya M, Claesson-Welsh L. Signal transduction by VEGF
receptors in regulation of angiogenesis and lymphangiogenesis.
Exp Cell Res 2006; 312(5): 549-60.
http://dx.doi.org/10.1016/j.yexcr.2005.11.012 PMID: 16336962
Alirahimi E, Kazemi-Lomedasht F, Shahbazzadeh D, et al. Nano-
bodies as novel therapeutic agents in envenomation. Biochim Bio-
phys Acta, Gen Subj 2018; 1862(12): 2955-65.
http://dx.doi.org/10.1016/j.bbagen.2018.08.019 PMID: 30309831
Naderi S, Roshan R, Ghaderi H, et al. Selection and characteriza-
tion of specific nanobody against neuropilin-1 for inhibition of an-
giogenesis. Mol Immunol 2020; 128: 56-63.
http://dx.doi.org/10.1016/j.molimm.2020.10.004 PMID: 33070092
Ahadi M, Ghasemian H, Behdani M, Kazemi-Lomedasht F. Oli-
goclonal selection of nanobodies targeting vascular endothelial
growth factor. J Immunotoxicol 2019; 16(1): 34-42.
http://dx.doi.org/10.1080/1547691X.2018.1526234
30409071

Huang S, Shao K, Liu Y, et al. Tumor-targeting and microenvi-
ronment-responsive smart nanoparticles for combination therapy of
antiangiogenesis and apoptosis. ACS Nano 2013; 7(3): 2860-71.
http://dx.doi.org/10.1021/1n400548g PMID: 23451830

Cloughesy TF, Finocchiaro G, Belda C, ef al. Onartuzumab plus
bevacizumab versus placebo plus bevacizumab in recurrent glio-
blastoma (GBM): HGF and MGMT biomarker data. American So-
ciety of Clinical Oncology 2015.

Lassen U, Chinot OL, McBain C, et al. Phase 1 dose-escalation
study of the antiplacental growth factor monoclonal antibody
RO5323441 combined with bevacizumab in patients with recur-
rent glioblastoma. Neuro-oncol 2015; 17(7): 1007-15.
http://dx.doi.org/10.1093/neuonc/nov019 PMID: 25665807
Bhattarai P, Hameed S, Dai Z. Recent advances in anti-angiogenic
nanomedicines for cancer therapy. Nanoscale 2018; 10(12): 5393-
423.

http://dx.doi.org/10.1039/C7NR09612G PMID: 29528075

Liao MY, Lai JK, Kuo MYP, et al. An anti-EpCAM antibody
EpAb2-6 for the treatment of colon cancer. Oncotarget 2015;
6(28): 24947-68.

http://dx.doi.org/10.18632/oncotarget.4453 PMID: 26317650
Schmidt M, Scheulen ME, Dittrich C, et al. An open-label, ran-
domized phase II study of adecatumumab, a fully human anti-
EpCAM antibody, as monotherapy in patients with metastatic
breast cancer. Ann Oncol 2010; 21(2): 275-82.
http://dx.doi.org/10.1093/annonc/mdp3 14 PMID: 19633042
Bokemeyer C. Catumaxomab — trifunctional anti-EpCAM anti-
body used to treat malignant ascites. Expert Opin Biol Ther 2010;
10(8): 1259-69.

http://dx.doi.org/10.1517/14712598.2010.504706 PMID: 20624115

PMID:

PMID:



	Efficient Inhibition of Pathologic Angiogenesis using Combination Therapy ofAnti-Epcam and Anti-VEGFR2 Nanobodies
	Abstract: Background
	Objective:
	Results:
	Conclusion:
	Keywords:
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	3. RESULTS
	Fig. (1).
	Fig. (2).
	4. DISCUSSION
	Fig. (3).
	Fig. (4).
	Fig. (5).
	Fig. (6).
	CONCLUSION
	LIST OF ABBREVIATIONS
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	HUMAN AND ANIMAL RIGHTS
	CONSENT FOR PUBLICATION
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES



