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Overexpression of HER2 has been reported in many types of cancer, making it a perfect

candidate for targeted immunotherapy. The combination of two FDA approved monoclonal

antibodies (mAbs), trastuzumab and pertuzumab, has more robust anti-tumor activity in

patients with HER2-overexpressing breast cancer. We recently produced a new humanized

anti-HER2 mAb, hersintuzumab, which recognizes a different epitope than trastuzumab and

pertuzumab on HER2. This mAb, in combination with trastuzumab, exhibits more potent

anti-tumor activity than each parental mAb alone. Here we have developed a novel bispecific

anti-HER2 antibody (BsAb) designated as trasintuzumab, composed of trastuzumab and

hersintuzumab, using dual variable domain immunoglobulin (DVD-Ig) technology. Both

variable domains of trasintuzumab are fully functional and have similar affinities to the

parental mAbs and are also able to bind to natural HER2 on the surface of several HER2-

expressing cell lines. Trasintuzumab was found to inhibit the growth of different types of

tumor cell lines through suppression of the AKT and ERK signaling pathways as efficiently as

the combination of the parental mAbs. It also induced tumor regression as potently as the

combination of the two mAbs in nude mice bearing ovarian and gastric cancer xenografts.

Our data suggest that trasintuzumab may be a promising BsAb therapeutic candidate for

the treatment of HER2-overexpressing cancers.
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INTRODUCTION

The human HER (human epidermal growth factor receptor) family includes HER1 (ErbB1, also

known as EGFR), HER2 (ErbB2, c-erbB2, or HER2/neu), HER3 (ErbB3), and HER4 (ErbB4)

molecules. These receptors are structurally similar and their hetero/homo dimerizations play

important roles in cell differentiation, growth, and survival (1). Among this family, HER2 is studied
more extensively. It is a 185 kDa protein with four extracellular domains (ECD) and an intracellular

tyrosine kinase domain, which mainly signals through phosphatidylinositol-3 kinase (PI3K) and

mitogen-activated protein kinase (MAPK) signaling pathways (2). There is no identified ligand for

Frontiers in Immunology | www.frontiersin.org February 2021 | Volume 11 | Article 6008831

Edited by:

Giovanna Schiavoni,

National Institute of Health (ISS), Italy

Reviewed by:

Junpeng Qi,

The Scripps Research Institute,

United States

Piero Pileri,

Toscana Life Sciences, Italy

*Correspondence:

Fazel Shokri

Fshokri@tums.ac.ir

Mohammad Mehdi Amiri

m_amiri@tums.ac.ir

Specialty section:

This article was submitted to

Cancer Immunity

and Immunotherapy,

a section of the journal

Frontiers in Immunology

Received: 31 August 2020

Accepted: 23 December 2020

Published: 17 February 2021

Citation:

Mohammadi M, Jeddi-Tehrani M,

Golsaz-Shirazi F, Arjmand M,

Bahadori T, Judaki MA, Shiravi F,

Zare HA, Haghighat FN, Mobini M,

Amiri MM and Shokri F (2021) A Novel

Anti-HER2 Bispecific Antibody With

Potent Tumor Inhibitory Effects

In Vitro and In Vivo.

Front. Immunol. 11:600883.

doi: 10.3389/fimmu.2020.600883

ORIGINAL RESEARCH
published: 17 February 2021

doi: 10.3389/fimmu.2020.600883

https://www.frontiersin.org/articles/10.3389/fimmu.2020.600883/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.600883/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.600883/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Fshokri@tums.ac.ir
mailto:m_amiri@tums.ac.ir
https://doi.org/10.3389/fimmu.2020.600883
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.600883
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.600883&domain=pdf&date_stamp=2021-02-17


HER2 and it forms heterodimers with other members of the HER

family to activate downstream signaling pathways. Overexpression

of HER2 is associated with disease prognosis and has been

observed in approximately 25%–30% of breast cancers, 6%–35%

of gastric cancers, 9%–32% of ovarian cancers, and 25%–78% of

prostate cancers (3).
Since the discovery of the HER2 role in tumor progression,

extensive efforts have been made to produce monoclonal

antibodies (mAbs) against this target. Trastuzumab is the first

mAb against domain IV of HER2 (4), which was approved by the

FDA for breast cancer in 1998 and for metastatic stomach cancer

in 2010. Pertuzumab is another mAb that targets domain II of
HER2 (5). Since trastuzumab and pertuzumab bind to different

domains of HER2 and are non-competitive, their combination

therapy showed synergistic effects (6) and was later approved for

treatment of metastatic breast cancer in 2012. Based on the

synergistic effects of trastuzumab and pertuzumab against

different epitopes of HER2, efforts have been made globally to
develop novel antibodies for combination therapies. Bong-Kook

and colleagues developed a humanized anti HER2 mAb, 1E11,

that showed synergistic effects in combination with trastuzumab

in gastric cancer cell lines (7). In another study, a mixture of

three non-overlapping anti-HER2 antibodies showed a stronger

anti-tumor activity than the combination of trastuzumab with

pertuzumab in vitro and in vivo (8). It was also reported that a
mAb targeting ErbB2 domain III provided synergy with either of

trastuzumab or pertuzumab for inhibition of HER2

heterodimerization and cell signaling (9). GB235, another anti-

HER2 mAb, in combination with trastuzumab inhibited tumor

growth in the NCI-N87 gastric xenograft tumor model (10).

There are other studies that reported similar results using
different combinations of anti-HER2 mAbs (11).

Recently, we produced a humanized mAb, hersintuzumab,

which targets domains I–II of human HER2, a distinct epitope

from those recognized by trastuzumab and pertuzumab (12).

Hersintuzumab induced growth inhibition, G1 cell cycle arrest,

and cell signaling inhibition in HER2 expressing tumor cell lines

(12). This mAb displayed significant synergistic inhibitory effects
in combination with trastuzumab.

Bispecific antibodies (BsAbs) could be used to target two

epitopes on the same or on distinct molecules instead of using

two mAbs. So far, three BsAbs were approved in the USA and

Europe (13), and many promising BsAbs are in the pipeline,

targeting either two non-overlapping epitopes on HER2 (14–20)
or HER2 together with other molecules such as HER3 (21, 22),

CD3 (23–26), PD-L1 (27), 4-1BB (28), or CD63 (29).

Various molecular formats of BsAbs have been developed

(30). Dual variable domain immunoglobulin (DVD-Ig) is

composed of variable domains of two pre-existing mAbs via

naturally occurring linkers, which yields a tetravalent IgG-like

BsAb (31). In addition to a wide range of DVD-Igs directed
against tumors (14, 16, 19, 32–34), several DVD-Igs targeting a

variety of specificities such as TNF-a, IL-17A (35), IL-1a, and
IL-1b (36) for treatment of autoimmune diseases, VEGF and

PDGF for treatment of age-related macular degeneration (37),

gp41 and gp120 for treatment of AIDS (38), TGF-b and

fibronectin extra domain A (FN-EDA) for treatment of fibrotic

kidneys (39), and amyloid-beta and transferrin receptor for

treatment of Alzheimer’s disease (40) have been constructed

and characterized recently. Some of these DVD-Igs are currently

undergoing clinical trials (41–43).

In this study we generated and characterized a BsAb against
HER2 in DVD-Ig platform, using variable domains of

trastuzumab and hersintuzumab.

MATERIALS AND METHODS

Cell Lines
Human breast cancer cell lines BT-474, MCF-7, JIMT-1, HCC-

1954, human ovarian cancer cell line SKOV-3, human gastric

cancer cell line NCI-N87 and CHO-K1 cells were obtained from

the National Cell Bank of Iran (Pasture Institute of Iran, Tehran,

Iran). All cell lines were cultured in RPMI 1640 medium (Gibco,

Grand Island, NE, USA) supplemented with 100 U/mL
penicillin, 100 mg/mL streptomycin (Gibco), and 10% fetal

bovine serum (Gibco). BT-474 was cultured in 20% fetal

bovine serum (Gibco) and also supplemented with 10 mg/mL

human insulin (Exir Co., Boroojerd, Iran). 3T3-L1 was obtained

from Iranian Biological Resource Center (Tehran, Iran) and was

cultured in DMEM medium (Gibco) supplemented with 100 U/

mL penicillin, 100 mg/mL streptomycin (Gibco), and 20% fetal
bovine serum (Gibco).

Design, Expression, Purification, and
Structural Characterization of DVD-Igs
Two forms of anti-HER2 DVD-Igs, based on the proximity of
variable domains of trastuzumab or hersintuzumab to N-terminal

of the heavy and light chains of DVD-Ig, were designed as

described previously (31). Briefly, the VL and VH sequences of

hersintuzumab (12) and VL (GenBank: GM685466.1) and VH

(GenBank: GM685464.1) sequences of trastuzumab were attached

with two linkers ASTKGPSVFPLAP and TVAAPSVFIFPP,

respectively, and then joined to human IgG1 heavy and Ck light
chain constant domains. These linkers are basically the same as the

natural linkers present between the constant and variable domains

of the heavy and light chains of an IgG molecule, providing a

flexible conformation to both domains. These domains have been

widely used in various DVD-Igs (33, 34, 44, 45). The genes of

heavy and light chains of DVD-Igs were synthesized (Biomatik
Co., Cambridge, ON, Canada) and cloned to a homemade dual-

promoter expression plasmid that contains glutamine synthetase

(GS) gene as a selection marker. The plasmid was then transfected

to CHO-K1 cells by Lipofectamin 3000 reagent (Lifetechnology,

USA) and stable clones were selected in the presence of

methionine sulfoximine (MSX). The final selected high-
producing clone was cultured in serum free medium and

recombinant antibodies were purified with protein A affinity

chromatography (GE Healthcare, USA). The purified DVD-Igs

were run on 8% SDS-PAGE under reducing and non-reducing

conditions. After electrophoresis, the gel was stained with

Coomassie brilliant blue.
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Dual Specific Binding of DVD-Igs to
Recombinant and Native Forms of HER2
For specific binding of each domain of DVD-Igs, recombinant

full HER2-extracellular domain (ECD) and its subdomains, I+II

and III+IV, which had been produced in our previous study (46),

were coated in ELISA plate for 1.5 hours at 37°C. After 1 hour

blocking with PBS containing 0.05% tween20 (PBS-T) and 3%
skim milk (Merck, Darmstadt, Gemany) at 37°C, different

concentrations of DVD-Igs or parental mAbs were added and

incubated for 1 hour at 37°C and then HRP-conjugated rabbit

anti human Ig (Sinabiotech Co., Tehran, Iran) was added and

incubated for another 1 hour. After addition of TMB substrate

(Pishtazteb Co., Tehran, Iran) at room temperature, the reaction

was stopped with HCL 1N, and finally ODs were measured by an
ELISA plate reader (Beckman Coulter, Brea, California, USA) at

450/630 nm.

Total IgG concentration was determined by an immunoglobulin-

specific ELISA. Briefly, sheep anti-human Ig polyclonal antibody

(SinaBiotech) was coated in 96 well-ELISA plate and blocked as

previously described. Different concentrations of antibodies were
then added and after incubation for 1 hour at 37°C and washing,

HRP-sheep anti-human Ig polyclonal antibody (SinaBiotech) was

added and the experiment proceeded as indicated above.

For competitive ELISA assay, recombinant full HER2-ECD or

its subdomains, I+II and III+IV, were coated in ELISA plate for 1.5

hours at 37°C. After 1 hour blocking with PBS-T and 3% skim

milk at 37°C, serial dilutions of DVD-Igs or parental mAbs were
mixed with HRP-labeled trastuzumab or HRP-labeled

hersintuzumab and incubated for an additional 1 hour at 37°C.

After addition of TMB substrate at room temperature, the reaction

was stopped with HCL 1N, and finally ODs were measured by an

ELISA plate reader at 450/630 nm. The IC50 values of competitors

were calculated using a four-variable algorithm.
For flow cytometry, different cell lines with various levels of

HER2 expression were trypsinized and after twice washing with

PBS, incubated with 100 μl of trastuzumab, hersintuzumab, or

DVD-Igs at final concentration of 5 μg/ml on ice for 45 minutes.

A chimeric anti-hepatitis B mAb harboring human IgG1/k was

used as isotype control (47). Cells were then washed and

incubated with FITC-labeled sheep anti-human Ig antibody
(Sinabiotech) on ice for additional 45 minutes, and after

washing, cells were scanned by a flow cytometer (Partec,

Nuremberg, Germany), and data were analyzed using the

FlowJo v10 software.

For flow cytometry competitive binding assay, 1×106 SKOV-3

cells were incubated with increasing concentrations of DVD-Igs,
trastuzumab, or hersintuzumab and incubated for 45 minutes on

ice. Then, FITC labeled trastuzumab or hersintuzumab

(prepared in our laboratory) were added to the tubes and

incubated on ice for another 45 minutes. After twice washing

with PBS, cells were analyzed by flow cytometer. The IC50 values

of competitors were calculated using a four-variable algorithm.

Affinity Measurement
Binding affinity of DVD-Igs was measured with ELISA, as

described previously (12). Briefly, serial concentrations (1200–

75 ng/mL) of recombinant subdomains I+II, III+IV, or full

HER2-ECD were coated in ELISA plate for 1.5 hours at 37°C.

After 1 hour blocking with PBS-T containing 3% skim milk at

37°C, serial concentrations (1000–15.6 ng/mL) of DVD-Igs were

added to the wells and incubated for 1 hour at 37°C. Then, HRP-

conjugated rabbit anti-human Ig antibody was added and after 1
hour incubation at 37°C and washing twice with PBS-T, TMB

substrate was added and after 5–10 min incubation at room

temperature, the reaction was stopped with HCL 1N. Finally, the

plate was read with plate reader at 450/630 nm. ODs were plotted

against logarithmic values of antibody concentration and the

antibody concentration giving 50% of the maximum absorbance
value ([Ab]t) at a particular antigen coating concentration was

chosen for the affinity measurement using the formula KD = 1/2

(2 [Ab’]t - [Ab]t). [Ab’]t and [Ab]t represents the antibody

concentrations resulting in 50% of maximum absorbance value

at two consecutive concentrations of coated antigen where [Ag]

= 2[Ag’]. The mean of such calculations for three non-
overlapping antigen concentrations was taken as the final

KD value.

Proliferation Inhibition of Various Cancer
Cell Lines by DVD-Igs
6×103 BT-474, 2×103 JIMT-1, 3.5×103 HCC-1954, 1.5×103

SKOV-3, and 11×103 NCI-N87 cells were seeded in flat-

bottomed 96-well plates and incubated overnight in a

humidified atmosphere containing 5% CO2 at 37°C. DVD-Igs,

hersintuzumab, trastuzumab (20, 1, 0.2, and 0.04 μg/ml) or

combination of hersintuzumab and trastuzumab (10, 0.5, 0.1,

and 0.02 μg/ml of each) were added to the wells, and after 3 days
of incubation, 1 μCi3H–thymidine (PerkinElmer, MA, USA) was

added to each well and incubated for an additional 20 hours. The

cells were then harvested and transferred to the scintillation fluid

and the amount of 3H-thymidine uptake was measured by a b-
counter (Wallac 1410 Liquid Scintillation Counter, Pharmacia,

Sweden). All experiments were performed at three independent

times in triplicates. The proliferation inhibition rate was
calculated with the use of following formula:

Proliferation inhibition (%) = ([Counts per minute (CPM)

without antibody − CPM with antibody]/CPM without

antibody) × 100.

Effect of DVD-Igs on Downstream Cell
Signaling Pathways
Cell signaling studies were done as described previously (48).

Briefly, BT-474, NCI-N87, SKOV-3, HCC-1954, JIMT-1, and
MCF-7 cells were seeded in T-25 flasks and after an overnight

incubation at 37°C in a humidified atmosphere containing 5%

CO2, trastuzumab plus hersintuzumab or BiHT were added to

the flask at a final concentration of 20 μg/ml and excipient was

used as control. After 24 hours of incubation at 37°C and 5%

CO2 atmosphere, cells were then trypsinized and lysed with M-

PER reagent (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) containing Halt™ protease and phosphatase inhibitor

(Thermo Fisher Scientific). Total protein content of cell lysates
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was normalized using BCA assay kit (Thermo Fisher Scientific)

and were subjected to 10% SDS-PAGE, and after transferring to

PVDF membrane, immunoblotting was done using antibodies

against phosphorylated AKT, phosphorylated ERK, AKT, ERK,

HER2, and b-actin as primary antibodies and HRP-conjugated

anti-rabbit antibody (Cell signaling Technology, Danvers,
Massachusetts, USA) as secondary antibody. These

experiments were done once for all cell lines. Finally, protein

bands were visualized with enhanced chemiluminescence prime

kit (ECL, GE Healthcare, Uppsala, Sweden), scanned, and

analyzed with ImageJ software. Band density was calculated

using the following formula:

Band density =
band density   of   mAb

band density   of   its   corresponding   bActin

� �

=

band density   of   Control   (excipient)

band density   of   its corresponding   bActin

� �

Antibody-Dependent Cell-Mediated
Cytotoxicity (ADCC)
A standard lactate dehydrogenase (LDH) release assay was

performed to analyze ADCC. Normal human peripheral blood

mononuclear cells (PBMCs) and SKOV-3 cells were used as

effector and target cells respectively. Target cells were seeded in

U-bottom 96-well plates at 10,000 cells/well and opsonized with

serial dilutions of DVD-Igs and parental mAbs for 30 minutes. A
chimeric anti-hepatitis B mAb harboring human IgG1/k was

used as isotype negative control (47). Then, PBMCs were added

at 500,000/well and incubated in a humidified atmosphere

containing 5% CO2 at 37°C for an additional 5 h. Then, 2%

Triton-X 100 was used for maximum release of the LDH from

target cells. The LDH released from cells in the culture
supernatant was determined using a cytotoxicity assay kit

(Promega, Madison, WI, USA). The percentage of cytotoxicity

was calculated by the following formula:

Cytotoxicity % = (Experimental release − Effector cells

spontaneous release − Target cells spontaneous release)/

A

B

FIGURE 1 | Structural characterization of anti-HER2 DVD-Igs. (A) Schematic presentation of BiHT and BiTH design. (B) SDS-PAGE analysis of trastuzumab, BiHT

and BiTH under reducing (left) and non-reducing (right) conditions. Tra, trastuzumab; Her, hersintuzumab; HC, heavy chain; LC, light chain; MS, molecular size.
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(Target cells maximum release −Target cells spontaneous

release) × 100.

Pharmacokinetics of BiHT
To determine pharmacokinetic properties, a single dose of 10 mg/
kg of BiHT, hersintuzumab, or trastuzumab were injected

intraperitoneally (IP) to 6-week-old female BALB/c mice.

Trastuzumab was also injected intravenously (IV) as a control.

Blood samples were taken from the lateral tail vein at 30 min, 2 h,

and 1, 2, 7, 14, 21 days after administration and sera were collected

and stored at -20°C. The antibody levels were measured by a
sandwich ELISA. Briefly, mouse mAb specific to human IgG1

(Sinabiotech) were coated overnight in an ELISA plate at 4°C and

after 1 hour blocking with PBS-T containing 3% skimmilk at 37°C,

serial dilutions of mouse sera were added into the wells. Then,

mouse-adsorbed HRP-conjugated rabbit anti-human Ig

(Sinabiotech) were added and after 1 hour of incubation at 37°C
and three times washing with PBS-T, TMB substrate was added

and the reaction was then stopped with 1N HCL. Finally, the ODs

were measured with a plate reader at 450/630 nm. Pharmacokinetic

parameters were calculated by a noncompartmental analysis using

Phoenix Winnonlin (31).

Tumor Growth Inhibition In Vivo
Two HER2 over-expressing cell lines were employed for
xenograft study. NCI-N87 cells (5×106 in Matrigel; Corning,

Life Sciences, Corning, NJ) and SKOV-3 cells (5×106 in PBS)

were implanted subcutaneously into the right flank of female

BALB/c nude mice. When the tumor volume reached about 100–

150 mm3, the mice were randomly divided in three groups of 6

mice. DVD-Ig (10mg/kg), Trastuzumab plus Hersintuzumab (5

mg/kg of each), or PBS were intraperitoneally injected once a
week for 6 consecutive weeks. Tumor sizes were measured three

times a week and the tumor volumes were calculated by the

formula: volume = length × (width)2/2. All animal experiments

were performed according to the permission granted by the

Ethics Committee of Tehran University of Medical Sciences (IR

NIMAD REC 1396 060).

Statistics
The results were analyzed with One-Way ANOVA test using

SPSS software (version 20, IBM SPSS statistics data editor).

Differences between groups were significant at p values less
than 0.05 (p < 0.05). The results are presented as mean ±

standard error of the mean (SEM).

RESULTS

Design, Construction, Expression, and
Characterization of Anti-HER2 DVD-Igs
Two DVD-Igs (BiHT and BiTH) were engineered using variable

domains of trastuzumab and hersintuzumab, which are joined

together in tandem with different orientations (Figure 1A). Both

DVD-Igs were expressed in conjunction with human IgG1 and

Ck constant domains. The structure of DVD-Igs were analyzed

by SDS-PAGE, and the results showed similar patterns for both

DVD-Igs with a monomeric form (200 kDa) under nonreducing

and two monomeric heavy (~65 kDa) and light (~40 kDa) chains

under reducing conditions (Figure 1B).

The constructs were transfected in CHO cells, and the BsAbs
were screened in culture supernatant by ELISA. Immunoglobulin-

specific ELISA was used to determine the concentration of each

antibody (Figure 2A), and the samemolar concentration of DVD-

Igs and mAbs were used in all experiments. Dual specific binding

and affinity of DVD-Igs to subdomain I+II (hersintuzumab

epitope), subdomain III+IV (trastuzumab epitope), and full
ECD of human HER2 were assessed by a HER2-specific ELISA.

The results demonstrated that both DVD-Igs were able to bind

specifically to their epitopes. The binding profiles of both BiHT

and BiTH to full ECD and subdomain III+IV at different

concentrations were quite similar to those of the parental mAbs

(Figure 2B). However, while reactivity of BiHT to subdomain I+II
was similar to hersintuzumab, reactivity of BiTH to subdomain I

+II was notably weaker than that of the parental hersintuzumab

(Figures 2C, D).

The affinity constant of each BsAb to HER2-ECD was similar

to the mean of affinity constants of the parental mAbs (Table 1).

The affinity constant of BiHT to DI+II and DIII+IV (i.e., the

target of its inner and outer variable domains, respectively) have
decreased 2–3 times, as compared to the corresponding parental

mAbs (Table 1). However, while the affinity constant of BiTH to

DIII+IV (i.e., the target of its outer variable domain) was similar

to that of trastuzumab, its affinity to DI+II (i.e., the target of its

inner variable domain) has decreased 11 times as compared to

the corresponding parental mAb, hersintuzumab (Table 1). In
other words, the variable domain of trastuzumab is more

compatible with the inner orientation of DVD-Ig, as compared

to hersintuzumab.

Competitive binding assays were used to assess the relative

binding affinity of BiHT and BiTH for their epitopes expressed

on recombinant HER2-ECD, subdomain I+II, or subdomain III

+IV, using ELISA (Figures 3A–D) and flow cytometry (Figures
3E, F). The results showed that IC50 values of BiHT for

recombinant HER2-ECD (Figure 3A), subdomain III+IV

(Figure 3C) and native HER2 (Figures 3E, F) were similar to

the parental mAbs. Despite the slight decrease in the IC50 values

in competitive ELISA (Figures 3B, D), BiTH retained the full

binding activity for native HER2 in competitive flow cytometry
(Figures 3E, F).

In order to determine the binding profile of DVD-Igs to the

HER2-overexpressing tumor cells, flow cytometry analysis was

conducted. Both DVD-Igs could detect HER2 on the surface of

different cancer cell lines similar to trastuzumab and

hersintuzumab with regards to percent of positive cells and

mean fluorescence intensity (Figure 4). Taking together,
results of binding assays demonstrate that BiHT retains full

binding activity to both of the corresponding epitopes in

comparison to the parental mAbs. However, the binding

activity of BiTH is decreased as indicated by the competitive

ELISA results (Figures 3B, D).
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Effects of Bispecific Antibodies on Tumor
Cells Proliferation
3H-thymidine incorporation assay was used to assess the

antiproliferative effect of DVD-Igs on BT-474, SKOV-3, NCI-
N87, and the trastuzumab resistant cell lines, HCC-1954 and

JIMT-1. Trastuzumab, hersintuzumab, and their combinations

were used as controls. The results indicated that both anti-HER2

DVD-Igs and the combination of trastuzumab and

hersintuzumab inhibited the proliferation of BT-474, SKOV-3,

and NCI-N87 more significantly than each parental mAb alone,
at all treatment doses (Figure 5 and Supplementary Table 1).

Interestingly, at lower doses, the antiproliferative effect of BiHT

was more potent than BiTH as well as the combination of

trastuzumab and hersintuzumab in SKOV-3, NCI-N87, and

BT-474 cell lines. Similar results were obtained with the

trastuzumab resistant cell line HCC-1954. At higher doses, the
antiproliferative effect of BiHT was as potent as the combination

of trastuzumab and hersintuzumab in all cell lines with the

exception of BT-474, in which the combination was more potent

than BiHT and BiTH (Figure 5 and Supplementary Table 1).
However, JIMT-1, the other trastuzumab resistant cell line,

displayed a different profile, and the antibodies showed poor

antiproliferative effect on this cell line.

Antibody-Dependent Cell-Mediated
Cytotoxicity (ADCC)
LDH release assay was performed using normal human PBMCs

as effector cells and SKOV-3 tumor cells as target cells. The

results showed that ADCC activity of BiHT was comparable to
those of trastuzumab and hersintuzumab. However, ADCC

activity of BiTH was decreased to a quarter of the parental

mAbs (Figure 6). According to the results of the proliferation

and ADCC assays, we decided to select BiHT for the rest of

the experiments.

Pharmacokinetics Analysis
In order to study the pharmacokinetics of BiHT, trastuzumab,

and hersintuzumab, 12 female mice (three in each group) were

administered intraperitoneally (IP) with BiHT, trastuzumab, and

hersintuzumab and intravenously with trastuzumab alone. The

concentration of each antibody was measured in serum at
different time intervals by a sandwich ELISA. As demonstrated

A B

C D

FIGURE 2 | The profile of binding of DVD-Igs and their parental mAbs to HER2 and its subdomains. Different concentrations of antibodies were comparatively

determined by an immunoglobulin-specific ELISA (A). Binding patterns of trastuzumab, hersintuzumab, BiHT, and BiTH with full HER2-ECD and its subdomains DI+II

and DIII+IV were analyzed by a specific ELISA (B–D).

TABLE 1 | Affinity constant of bispecific mAbs and the parental antibodies to full

HER2-ECD and its subdomains.

Antibodies KD (DI+II) nM KD (DIII+IV) nM KD (ECD) nM

Trastuzumab – 0.59 0.84

Hersintuzumab 0.13 – 0.22

BiHT 0.43 1.37 0.61

BiTH 1.41 0.38 0.50
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in Figure 7 and Table 2, the pharmacokinetic parameters of

BiHT were similar to those of the parental antibodies, indicating

that this BsAb is probably stable in vivo, although stability needs

to be confirmed with other experiments such as Western

blotting. In order to substantiate our pharmacokinetic results
and compare them with the results reported in the literature,

since most papers have employed a single IV administration of

trastuzumab, we decided to include a single IV administration of

trastuzumab in our study. Our data are compatible with those

reported by other investigators (14). Since cross reactivity of the

anti-human HER2 mAbs with murine HER2 affects the
pharmacokinetics of these mAbs, we checked cross reactivity of

hersintuzumab and transtuzumab with mouse HER2 by flow

cytometry, using a HER2 expressing mouse cell line (3T3-L1).

No cross reactivity was observed (Supplementary Figure 1).

Inhibition of Cell Signaling and
HER2 Downregulation
MAPK and AKT/PI3K are the two major signaling pathways

affected by the HER family. We evaluated the effects of BiHT and

trastuzumab plus hersintuzumab on the phosphorylation of

these signaling pathways in BT-474, SKOV-3, NCI-N87, HCC-

1954, JIMT-1, and MCF-7 cell lines. The results showed that

BiHT induced almost complete inhibition of phosphorylation of

AKT and ERK1/2 in BT-474, SKOV-3, and NCI-N87, while it
slightly suppressed phosphorylation of AKT and ERK in HCC-

1954 and ERK in MCF-7, but failed to inhibit AKT/ERK

signaling pathways in JIMT-1 cell line. All these inhibitory

effects were similar to those obtained by the combination of

parental antibodies, with the exception of BT-474 and NCI-N87,

which displayed more potent phosphorylation inhibition of

A B

C D

E F

FIGURE 3 | Binding competition and related IC50 of BsAbs. Trastuzumab, hersintuzumab, BiHT, and BiTH compete with trastuzumab-HRP (A, C) or

hersintuzumab-HRP (B, D) for binding to recombinant HER2-ECD (A, B), and subdomains III+IV (C) and I+II (D) by ELISA. Binding competition of trastuzumab,

hersintuzumab, BiHT, and BiTH with FITC-labeled trastuzumab (E) and FITC-labeled hersintuzumab (F) to native HER2 on SKOV-3 cell line was also assessed by

flow cytometry. IC50: The half maximal inhibitory concentration.
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AKT/ERK by BiHT than the combination of trastuzumab and

hersintuzumab. The combination therapy was slightly more
potent than BiHT in the phosphorylation inhibition of AKT in

SKOV-3 (Figure 8). Interestingly, BiHT downregulated HER2

expression more efficiently than the combination of the two

parental mAbs in almost all cell lines, except for JIMT-1 and

HCC-1954.

Growth Suppression of Ovarian and
Gastric Cancer Xenografts in Nude Mice
The potential therapeutic efficacy of BiHT and the combination

of trastuzumab and hersintuzumab was determined in nude

BALB/c mice bearing established SKOV-3 and NCI-N87

xenografts. The results in SKOV-3 xenograft indicate that mice
treated with BiHT and the combination of the two parental

mAbs had significantly lower tumor size than the control group

(excipient). Mice treated with the combination of mAbs

displayed relatively smaller tumor sizes than the BiHT group,

but the differences were statistically insignificant (Figure 9).
Similar results were obtained in NCI-N87 xenograft treated

mice. Tumor sizes of mice treated with BiHT and the

combination of mAbs were highly similar to each other and

significantly lower than those of the control group (Figure 9).

Moreover, we have previously shown in a pilot study that the

combination of trastuzumab and hersituzumab was more potent

than each antibody alone for regression of both NCI-N87 and
SKOV-3 xenograft tumors (Supplementary Figure 2).

DISCUSSION

Despite the great success of mAbs in cancer therapy, many efforts

are being made to improve their therapeutic efficacy. Combination

therapy of two mAbs is a promising strategy to achieve synergistic

FIGURE 4 | Binding profile of DVD-Igs and their parental antibodies to HER2-expressing tumor cell lines. BT-474, JIMT-1, HCC-1954, MCF-7, SKOV-3, and NCI-

N87 cell lines were treated with trastuzumab, hersintuzumab, BiHT, BiTH as primary antibodies and then FITC labeled anti-human Ig polyclonal antibody was used

as the secondary antibody. The final results were analyzed by flow cytometry. A chimeric anti-hepatitis B mAb harboring human IgG1/k was used as isotype control.
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effects of anti-cancer therapy. Combination of trastuzumab and

pertuzumab disrupted the heterodimerization of HER2 with
HER3, inhibited AKT signaling in BT-474, and suppressed

HER2-positive breast and non-small cell lung cancer xenografts

more potently than either monotherapy (49, 50). Many research

groups try to develop novel anti-HER2 mAbs hoping to use them

in combination with another anti-HER2 mAb to obtain better

inhibitory synergistic effects (7–9).

In our previous work, we developed a new humanized mAb
designated hersintuzumab, which recognizes different epitope than

trastuzumab and pertuzumab without any cross-reactivity with

other members of the HER family (US patent: US20170066829A1).

Preliminary functional characterization of this mAb indicated that

it induces cell cycle arrest at G1 phase and in combination with

trastuzumab had more potent antiproliferative effect on tumor cell
lines than the combination of pertuzumab and trastuzumab (12).

Moreover, its combination with trastuzumab significantly inhibited

both AKT and ERK phosphorylation more potently than the

combination of trastuzumab and pertuzumab (48). In accordance

with in vitro studies, hersintuzumab in combination with

trastuzumab showed superior anti-tumor activity than each mAb

alone in ovarian and gastric xenograft bearing mice
(Supplementary Figure 2), which makes it a perfect partner for

generation of a new BsAb antibody.

Converting non-overlapping and non-competitive mAbs to a

BsAb antibody enables us to have synergistic effects of two mAbs

FIGURE 5 | Anti-proliferative effects of BsAbs and their parental mAbs on the proliferation of BT-474, HCC-1954, JIMT-1, SKOV-3, and NCI-N87 cell lines. Data

represent percentage of cell growth inhibition of triplicate cultures conducted three times. Combination denotes treatment with trastuzumab and hersintuzumab at a

half dose of the indicated concentration for each mAbs. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns: non-significant.
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in one molecule (30). BsAb antibodies that bind two different

epitopes may have synergistic effects on different aspects of

HER2 functions, such as heterodimerization and cell signaling.

At least three research groups developed anti-HER2 BsAbs from

trastuzumab and pertuzumab in different formats (14, 16, 17). In
this study, we used DVD-Ig technology (31) to develop two

BsAbs, designated BiHT and BiTH, using variable domains of

trastuzumab and our new anti-HER2 mAb, hersintuzumab,

which bind to the domain IV and I+II of human HER2-ECD,

respectively. We used a long linker between variable domains of

trastuzumab and hersintuzumab in the light and heavy chains of

BiHT and BiTH. The length of the linkers between two tandem

variable domains of a DVD-Ig has been shown to affect the

affinity of the inner domain, long linkers display better flexibility

and binding affinity than short linkers for some variables domain
of mAbs (44, 45, 51, 52). Another consideration in the design of

DVD-Ig is the orientation of the two variable domains (53).

Accordingly, we generated BiHT and BiTH, in which

hersintuzumab is in the outer and trastuzumab is in the inner

variable domain and vice versa, respectively.

Both DVD-Igs were transfected and expressed in CHO-K1
cells without any intermediate light or heavy chain surplus

byproduct after purification and they retained their IgG like

structure (Figure 1B). We found that the binding affinity of

trastuzumab variable domain in BiHT and BiTH is similar to

the corresponding parental mAb, trastuzumab. Moreover, binding

affinity of hersintuzumab variable domain in BiTH is far less than
that of BiHT (Table 1). In fact, when trastuzumab variable domain

is in the outer or inner domain of DVD-Ig, its reactivity doesn’t

change profoundly. In contrast, the reactivity of hersintuzumab

variable domain decreases in the inner, but not in the outer

position. In accordance with our results, Wu and colleague

showed that IL-1a variable domain retains potency of parental

mAb, even with short linker, in the inner and outer domains of
DVD-Ig. In contrast, potency of IL-1b variable domain reduces in

the inner domain of DVD-Ig and it seems that IL-1a variable

domain is more compatible with the inner domain position than

IL-1b variable domain (44). Bohua et al. showed that with the use

of a long linker, trastuzumab keeps its potency either in the inner

or outer layer of DVD-Igs, but not with a short linker (14). In
another study it was demonstrated that trastuzumab retains its

activity in both orientations, even with a short linker (16).

The results obtained from ELISA and flow cytometry

(Figures 3C, D) indicated that despite the decrease in the

binding activity of BiTH to subdomain I+II (Figure 2C), there

is no significant difference between BiHT and BiTH for binding

to recombinant full HER2-ECD and native HER2 on the surface
of different cell lines (Table 1 and Figure 4), which might be due

to the compensatory binding activity of the variable domain of

trastuzumab. None of the previous works used subdomains of

HER2 to determine the reactivity and affinity of their BsAbs

(14, 16).

Antiproliferative effect of BiHT on different HER2-
overxpressing cell lines showed that with the exception of the

JIMT-1 cell line, it inhibits the growth of all cell lines doses

dependently, similar to the combination of the parental mAbs.

At subsaturated doses, BiHT showed more potent growth

inhibitory effects than the combination of the two parental

mAbs or BiTH. In contrast to BiTH, the ADCC activity of

BiHT was similar to the parental mAbs. Significantly lower
ADCC activity of BiTH compared to BiHT could be associated

with its lower HER2 binding affinity. The effect of antigen

binding affinity on ADCC activity has already been reported

for other antibody specificities (17, 54, 55). As a result, we

omitted BiTH from the rest of the experiments and focused on

FIGURE 6 | Antibody dependent cell cytotoxicity (ADCC) of the BsAbs.

SKOV-3 cells were cocultured with human PBMCs in the prescence of serial

concentrations of mAbs and LDH release was measured in the supernatants.

A chimeric anti-hepatitis B mAb harboring human IgG1/k was used as

isotype negative control. The ADCC experiments were performed in triplicate,

and the data are representative of mean ± SEM of two independent

experiments. EC50: The half maximal effective concentration, HB: hepatitis B,

**P < 0.01.

FIGURE 7 | Pharmacokinetics profile of BiHT, trastuzumab, and

hersintuzumab. Serum concentrations (± SEM) were measured at different

time intervals after administration of a single dose of 10 mg/kg

(intraperitoneally/IP or intravenously/IV) in BALB/c mice (3 mice/group). IP:

intraperitoneal, IV: intravenous.
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BiHT. The growth inhibitory results were in accordance with the

results of downstream signaling pathways, showing significant

inhibitory of phosphorylation of AKT and ERK by BiHT

treatment (Figure 8). Jinming Gu et al. developed eight anti-

HER2 DVD-Igs from trastuzumab and pertuzumab with

different orientations of variable domains and different linker
sizes. Four of these DVD-Igs inhibited the cell proliferation of

NCI-N87 cells while the other four DVD-Igs enhanced the

proliferation of this cell line (16). Enhancement or inhibition

of cell proliferation by these two groups of BsAb was attributed

to the avidity, together with domain orientation of DVD-Igs,

which may induce different HER2 conformational changes. Both

of our DVD-Igs displayed anti-proliferative effects in four cell

lines from three different tissue origins.

In ovarian and gastric cancer cell lines, SKOV-3 and NCI-

N87, BiHT suppressed xenograft tumor growth as efficiently as
the combination of trastuzumab and hersintuzumab (Figure 9).

In our pilot study we observed that the combination of

trastuzumab and hersintuzumab was significantly more

effective than each mAb alone for the inhibition of SKOV-3

and NCI-N87 xenograft models (Supplementary Figure 2).

As we can see from the proliferation experiments of SKOV-3
and NCI-N87 cell lines (Figure 5), there is little difference between

1 and 20 μg/ml of mAb concentration for proliferation inhibition,

which indicates that 1 μg/ml is a saturated concentration.

Moreover, in the pharmacokinetics experiments, serum

concentration of all administrated mAbs is more than 1 μg/ml

one week after 10 mg/kg IP or IV administration (Figure 7). Based
on these considerations we decided to use 10 mg/kg of the

combination of trastuzumab and hersintuzumab or BiHT once a

week in our xenograft model. Harumi Sakahara et al.

demonstrated that the concentration of the antibodies in the

tissues expressing the specific ligand is 1.2–17 times more than

TABLE 2 | Pharmacokinetic parameters of BiHT, trastuzumab, and

hersintuzumab in BALB/c mice (3 mice/group).

Trastuzumab Hersintuzumab BiHT

IP Tmax (h) 24 24 24

Cmax (µg/ml) 258 ± 18 225 ± 24 206 ± 2

T1/2 (h) 124.8 ± 7 105 ± 6 82 ± 4

Clearance (L/h) 0.004 0.005 0.005

IV Trastuzumab

Clearance (L/h) 0.006

T1/2 (h) 119.04 ± 5

Tmax, time point of maximum concentration of the antibodies; Cmax, maximum

concentration of the antibodies; T1/2, half-life; IP, intraperitoneal; IV, intravenous.

FIGURE 8 | Inhibitory effects of BiHT on phosphorylation of the AKT and ERK1/2 signaling pathways and HER2 expression. BT-474, SKOV-3, NCI-N87, HCC-

1954, JIMT-1, and MCF-7 cell lines were treated with BiHT (20 µg/ml) or combination of trastuzumab and hersintuzumab (10 µg/ml, each) for 24 h. Cell lysates were

separated on SDS-PAGE and immunoblotted to detect AKT, pAKT, ERK1/2, pERK1/2, HER2, and beta actin as a house keeping protein. Cnt: Control, Com:

Combination. The figures presented underneath of each mAb treatment represent the band densities calculated as described in Materials and Methods.
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their serum concentration after 96 hours of injection (56). As a

consequence, it could be deduced that the dose of the antibodies in

the tumor niche of our xenograft model is much more than the
saturation dose and similar to the proliferation experiments, there

is no difference between BiHT and the combination of

trastuzumab and hersintuzumab at this dose.

Altogether, our results demonstrated that BiHT was as

efficient as the combination of the parental mAbs in vitro and

in vivo. As a result, having the additive or synergistic effects of the
two mAbs in one BsAb reduces drug cost due to manufacturing

of a single mAb instead of two mAbs, improves safety of patients

due to less manipulation, and increases patients’ satisfaction.

CONCLUSION

In this study we demonstrated that our novel BsAb (BiHT),

designated trasintuzumab, is a dual functional and in vivo stable

IgG1 antibody, which inhibits cell proliferation, downregulates

HER2 expression, and blocks AKT and ERK downstream

signaling pathways. It displayed anti-tumor activity in vitro and

in vivo as efficiently as the combination of the parental mAbs

trastuzumab and hersintuzumab. Trasintuzumab is expected to

exhibit more potent therapeutic effects than the combination of
trastuzumab and pertuzumab and is a potential therapeutic

candidate for treatment of HER2 overexpressing cancer types.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by ethics

committee of National Institute for Medical Research

Development of Iran - NIMAD (IR NIMAD REC 1396 060).

AUTHOR CONTRIBUTIONS

FS and MMA made substantial contributions to the study

conception, design, analysis and interpretation of the data.

MM made substantial contributions to the design, acquisition,
analysis and interpretation of the data. MA, TB, HZ, FH, FS,

MAJ and MM contributed to the acquisition of the data. The first

draft of the manuscript was written by MM and MMA. FS, FG-S

andMJ-T commented on subsequent versions of the manuscript.

All authors contributed to the article and approved the submitted

version. FS is the guarantor for the overall content of the article.

FUNDING

This study was partially supported by grants from National

Institute for Medical Research Development of Iran (Grant No.

957625), Tehran University of Medical Sciences (Grant No. 97-

02-27-38122), Avicenna Research Institute (Grant No. 97-004),

and Academic Center for Education, Culture and Research/

ACECR (Grant No. 3075-33).

ACKNOWLEDGMENTS

The authors wish to express their thanks to Prof. A. H. Zarnani

for scientific consultation and Jalal Khoshnoodi for

technical support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.

600883/full#supplementary-material

A

B

FIGURE 9 | In vivo therapeutic efficacy of BiHT mAb in nude mice. SKOV-3

(A) and NCI-N87 (B) xenograft tumor bearing nude mice were treated once a

week with a combination of trastuzumab plus hersintuzumab (5 mg/kg of

each), or BiHT (10 mg/kg), for 6 consecutive weeks and the control group

received excipient alone. Tumor sizes were measured three times a week.

Data is shown as mean ± SEM. ****P < 0.0001. Tra: trastuzumab. Her:

hersintuzumab. Arrows show timing of mAb administration.
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