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ABSTRACT The development of and research into new therapies that can selectively and effectively destroy 
tumor cells that overexpress the ErbB2 receptor is a pressing task. Recently, research into the use of type I 
interferons in the treatment of cancer has intensified. Cytokine therapy is aimed at activating the cells of the 
immune system to fight tumors, but it has drawbacks that limit its use because of a number of side effects the 
severity of which varies depending on the dosage and type of used cytokine. At the moment, a number of studies 
are being conducted regarding the use of IFNβ in oncology. The studies are aimed at mitigating the systemic 
action of this cytokine. The immunocytokine complex made of a bispecific antibody against the ErbB2 receptor 
and recombinant IFNβ developed in this study underlies the mechanism meant to avoid the systemic action of 
this cytokine. Part of this study focuses on the development of full-length antibodies that bind to the ErbB2 
receptor on the one hand, and bind and neutralize IFNβ, on the other hand, which allows us to consider the 
antibodies as a means of cytokine delivery to tumor cells.
KEYWORDS bispecific antibodies, CrossMab, ErbB2, interferon-beta, immunocytokine complex.
ABBREVIATIONS ErbB2 – human epidermal growth factor receptor 2; IFNβ – human interferon-beta; Tz – trastu-
zumab; mAb - monoclonal antibody; BsAb – bispecific antibody, L and H – antibody light and heavy chains; VL 
and VH – antibody light and heavy chain variable domains; CH1–CH3 – antibody heavy chain constant domains; 
SOE-PCR – PCR with overlapping regions; EC50 – half maximal effective concentration; PBS – phosphate-saline 
buffer.
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INTRODUCTION
Breast cancer is the leading cause of cancer mortality 
in females. It accounts for almost 11% of all cancers 
and is the most prevalent cancer in the world. In the 
Russian female population in 2017, breast cancer ac-
counted for 21.1% of malignant neoplasms; the number 
of patients with stage I–II of the disease amounted 
to 69.9% [1]. Overexpression of the epidermal growth 
factor receptor ErbB2 was detected in a significant 
percentage of the tumors. Amplification and/or over-
expression of ErbB2 occurs in 20–34% of invasive 
breast cancers [2, 3]; it is associated with increased 
cell proliferation, enhanced angiogenesis, decreased 

apoptosis of tumor cells, and, as a result, with a high 
metastasis potential [4, 5]. Overexpression of ErbB2 is 
considered an independent prognostic factor that de-
notes an increased risk of disease recurrence. In the 
case of stage I–II ErbB2-positive breast cancer, the risk 
of local recurrence and the risk of distant metastasis 
are 2.7-fold and 5.3-fold higher, respectively, than that 
of a ErbB2-negative cancer [2]. In addition, ErbB2 can 
be overexpressed in tumors of the bladder, pancreas, 
ovary, uterus, colon, kidney, head and neck, stomach, 
esophagus, and prostate [6]. Overexpression of HER2 is 
detected mainly in malignant neoplasms of epithelial 
origin [7]. The HER2/neu gene status (ErbB2) is one 
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of the main indicators used to identify breast cancer 
subtypes, predict disease progression, and choose 
treatment options for patients. Thus, the relationship 
between overexpression and/or amplification of ErbB2 
and a poor clinical prognosis suggests that ErbB2 is an 
important link in the molecular biological classification 
of breast cancers and an important therapeutic target. 
Currently, there are drugs whose action targets ErbB2. 
A breakthrough in antitumor therapy occurred with 
the advent of the drug Herceptin (trastuzumab), which 
is a humanized antibody to the extracellular domain of 
ErbB2 [8–10], which inhibits the proliferation of tu-
mor cells. The efficacy of trastuzumab monotherapy is 
26–35% in previously treated patients with metastatic 
ErbB2-positive breast cancer and 12–15% in patients 
who have not undergone previous therapy for me-
tastasis [11]. Currently, trastuzumab, in combination 
with chemotherapy, is considered the main drug for 
ErbB2-positive breast cancer [12]. However, there is 
resistance to this drug in some cases. Therefore, the 
search for new therapies for ErbB2-positive tumors 
remains an important area of research.

Human interferon-β (IFNβ) is an immunomodula-
tory cytokine exhibiting antiviral, antiproliferative, 
pro-apoptotic, and anti-angiogenic activity. The ef-
ficacy of the antiproliferative and apoptotic action of 
interferons varies depending on the type of tumor cells; 
however, IFNβ is considered more effective than IFNα 
and IFNγ, e.g., in the inhibition of hepatocellular carci-
noma [13], glioma [14], and pancreatic [15] and breast 
[12, 16] tumors. IFNβ facilitates the arrest of tumor 
cells in S-G2-M cell cycle phases and also stimulates 
apoptosis in them [15]. In addition, experimental studies 
have shown that IFNβ induces the expression of major 
histocompatibility complex class I (MHC-I) molecules, 
which is considered one of the universal mechanisms 
for enhancing the antitumor response due to T-cell cy-
totoxicity [17]. The mechanism of action of type I inter-
ferons (IFNα and IFNβ), as well as current ideas about 
the use of interferons in cancer therapy, is addressed in 
detail in review [18].

A potentially promising and attractive cytokine 
therapy is rooted in activating the cells of the immune 
system to fight tumors, but its use is limited by its side 
effects, the severity of which varies depending on the 
dose and type of the cytokine. The possibility of reduc-
ing the systemic effect of IFNβ in the treatment of 
tumors is currently under study. Most of these studies 
use viral vectors carrying the IFNβ gene. A number of 
studies have shown that type I interferons conjugated 
with monoclonal antibodies to tumor cell-associated 
proteins can induce an antiproliferative effect caused 
by both the conjugated interferon and the antibodies 
[19–23]. Bi- and multi-specific antibody derivatives 

may be considered as the next, and very promising, 
generation of biologics for targeted cancer therapy. The 
general concept behind these antibodies is combination 
of two recombinant antibodies with different specifici-
ties to interact with at least two antigens or epitopes.

We plan to create an immunocytokine complex 
where one of the bispecific antibody parts binds to 
IFNβ and neutralizes its effect, and the second should 
be able to bind to the ErbB2 receptor on the tumor cell 
surface. IFNβ is supposed to locally accumulate at the 
tumor and metastasis sites, which excludes the adverse 
systemic reactions underlying the clinical picture of the 
side effects typical of IFNβ monotherapy.

The aim of this study was to create, based on the 
previously generated recombinant chimeric neutral-
izing mAbs to IFNβ [24] and an antibody to ErbB2, 
bispecific full-length antibodies as a component of the 
immunocytokine complex with IFNβ, which is intended 
for the treatment of ErbB2-positive tumors, as well as 
to study their biochemical and immunochemical prop-
erties.

EXPERIMENTAL
We used the SKOV3-ErbB2 human ovarian adenocar-
cinoma cell line expressing ErbB2 (ATCC® HTB-77™); 
the HT29 human colon adenocarcinoma cell line with a 
low or without expression of ErbB2c (ATCC® HTB-38™); 
a SKOV3 human ovarian adenocarcinoma cell line that 
had lost its overexpression of ErbB2.

We used a pharmaceutical substance of glycosyl-
ated IFNβ-1a manufactured by LLC Pharmapark, the 
commercial drug IFNβ-1b (Betaferon), a nitrocellulose 
membrane (nitrocellulose membrane filters with a pore 
size of 0.45 μm, S045A330R, Advantec MFS, Inc., USA); 
a Vivaflow 200 membrane (Sartorius Stedim Biotech, 
Germany), 96-well high-binding capacity plates (Corn-
ing-Costar, Netherlands), and Twin 20.

Preparation of nucleotide sequences encoding 
the L and H chains of anti-human ErbB2b 
antibodies with knob* and hole mutations
Nucleotide sequences encoding the VL and VH anti-
bodies to ErbB2 were synthesized by a chemical-en-
zymatic procedure using overlapping oligonucleotides 
based on the amino acid sequences of the antibody 
trastuzumab [25], with allowance for an optimization 
of the codon frequency in the Chinese hamster genome. 
The Kozak sequence and leader peptide sequences 
were placed at the 5’-ends of the antibody VL and VH 
sequences to secrete the antibodies into the culture flu-
id. Also, for subsequent matching of the VL and kappa 
domains, as well as the VH and constant CH1–CH3 
domain sequences, segments complementary to the 
5’-fragment of the constant domains were introduced 
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at the 3’-end of the V domain sequences. The VH and 
VL sequences were combined using SOE-PCR. Knob-
type* and hole-type mutations were introduced into 
the CH3 domain of the H chain, using mutagenizing 
primers.

Preparation of sequences encoding the 
L and H chains of the IFNβ-neutralizing 
B16 antibody with a crossover
To prepare antibody genes with a crossover, additional 
sequences were introduced into the antibody VL and 
VH sequences using PCR. The primers were designed 
based on the VL and VH sequences. To prepare the L 
chain gene with a crossover, the elbow region and a 
small fragment of the H chain sequence containing the 
Bsp120I restriction endonuclease recognition site were 
introduced at the 5’-end of the VL chain sequence. 
Then, a fragment overlapping with the kappa L chain 
constant domain sequence was introduced into the 
B16 antibody VH chain sequence by PCR. The kappa 
domain sequence was fused with the modified VH do-
mains using SOE-PCR.

To generate the H chain gene with a crossover, a 
sequence containing an H chain C

H
1 domain fragment 

and the Bsp120I restriction site was introduced at the 
3’-end of the VL chain sequence. Then, the produced 
sequences were cloned into an expression vector at the 
NheI and Bsp120I restriction sites, which was prepared 
by restriction at the NheI and Bsp120I sites of a plas-
mid containing the anti-ErbB2 antibody H chain gene 
with a knob-type* mutation.

Construction of bicistronic expression 
plasmids containing B16 antibody genes 
with crossover and KiH-star mutations
Bicistronic expression vectors were prepared by liga-
tion of a sequence of the IRES element and H chain 
gene into plasmids containing the L chain gene. This 
vector was generated for each component of a bispe-
cific antibody. The IRES element sequence flanked by 
BamHI and NheI restriction sites, after treatment with 
the restriction enzymes BamHI and NheI and isolation 
of a 630 bp fragment from a 1% agarose gel, was ligated 
with a vector site containing the antibody L-chain gene 
with crossover (BamHI–XhoI) and a fragment involv-
ing the H-chain gene with crossover and knob-type* 
mutations.

Preparation of experimental 
bispecific antibody samples
Transient expression was used to produce test anti-
body samples. Twenty-four hours before transfection, 
CHO cells at a concentration of 4 × 106 cells/mL were 
transferred to an Erlenmeyer flask containing 30 mL of 

a CD OptiCHO culture medium (Invitrogen, USA) sup-
plemented with 8 mM L-glutamine (Invitrogen) and 
0.1% Pluronic F68 (Gibco, USA). Cell transfection was 
performed using lipofectamine (Invitrogen) according 
to the manufacturer’s recommendations and pairs of 
bicistronic vectors containing the L and H chains of 
the Tz antibody and B16 antibody. For transfection, 
we used 18 μg DNA and 15 μL of the FreeStyle MAX 
transfection reagent (Invitrogen). Cultivation was con-
tinued for 10–14 days at a temperature of 37°C in an 
atmosphere containing 8% CO

2,
 under constant stirring 

on an ELMI S3.20L orbital shaker at 130 rpm until the 
amount of living cells in the culture had decreased to 
a level of 0.3 × 106 cells/mL. To produce the required 
amounts of the protein, transfection was performed in 
six flasks for each of the plasmid pairs. After cultiva-
tion, the cells were precipitated by centrifugation at 
1 200 rpm for 10 min; then, the supernatant containing 
antibodies was centrifuged at 4 000 rpm for 15 min, 
and the antibody solution was sterilized by filtration 
through a membrane with a pore size of 0.22 μm. Be-
fore isolation of the antibodies, the supernatant was 
stored at 4°C.

Isolation of BsAbs by affinity chromatography
Culture fluid samples were dialyzed against PBS and 
concentrated on a 5 mL chromatographic column 
packed with the MabSelect SuRe LX Protein A resin 
(GE Healthcare) for further purification. Antibodies 
were isolated according to the manufacturer’s proto-
col. After purification on an affinity column and, when 
necessary, concentration of the sample, analytical gel 
filtration chromatography was performed on the Su-
perdex 200-10/300 GL resin to determine the presence 
and ratio of monomeric and oligomeric antibody forms. 
The concentration of target proteins was determined 
spectrophotometrically using a NanoPhotometer P300 
(IMPLEN, Germany).

Indirect enzyme immunoassay (ELISA)
The ability of the produced proteins to interact with 
IFNβ or the recombinant extracellular domain of 
ErbB2 was determined using indirect ELISA. Anti-
gens in PBS buffer (0.5 μg/mL) were adsorbed onto a 
plate, blocked with 5% bovine serum albumin (BSA) in 
PBS, and washed. Then, the test proteins were added, 
incubated at room temperature for 1 h, and washed 
with a 0.05% Tween 20 solution in PBS. After washing, 
the 4G7 monoclonal antibody to the kappa light chain 
domain of human Ig (LLC Bialexa, Russia), conjugated 
with horseradish peroxidase, was added at a dilution 
of 1 : 75 000, incubated at room temperature for 1 h, 
washed with a 0.05% Tween 20 solution in PBS, and 
added to a chromogenic substrate (tetramethylben-
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zidine). After color development, the reaction was 
stopped by adding 10% sulfuric acid. Optical absorption 
was measured at 450 nm.

Immunoblotting of glycosylated and 
non-glycosylated human interferon-β 
using bispecific antibodies
After electrophoretic separation of IFNβ samples in 
15% PAG under non-reducing conditions, the proteins 
were electro-blotted onto a nitrocellulose membrane 
(pore size 0.45 μm; Advantec MFS, Inc., USA). Trans-
ferred proteins were detected using indirect ELISA 
(immunoblotting) after blocking with 5% casein at room 
temperature on a shaker for 1 h and washing with 
PBS-T (10 mM K

2
HPO

4
, pH 7.5; 0.145 M NaCl; 0.05% 

Tween 20). The membrane was cut into strips, placed 
in antibody solutions (5 μg/mL), and incubated on a 
shaker at room temperature for 1 h. After triple wash-
ing, the strips were incubated with horseradish perox-
idase conjugated with 4G7 mAb against a human IgG 
kappa chain at room temperature on a shaker for 1 h. 
After repeated washing three times in PBS-T and final 
washing once in PBS, a substrate (3,3-diaminobenzi-
dine, 4-chloro-1-naphthol, and hydrogen peroxide) 
was added, incubated for 10 min, and the reaction was 
stopped by washing the strips with water.

Indirect ELISA using cell lysates
To prepare lysates, culture flasks or Petri dishes were 
placed on ice, washed once with cold PBS, and cells 
were detached with a cell-culture scraper. The cell 
pellet was washed twice with cold PBS by centrifug-
ing at 2 000 rpm and 4°C for 10 min. The cell pellet was 
lysed with a RIPA buffer supplemented with protease 
inhibitors (1-mM PMSF and 1-mM aprotinin). The 
RIPA buffer composition was as follows: 20 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 1 mM Na

2
EDTA, 1 mM 

EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM 
sodium pyrophosphate, 1 mM β-glycerophosphate, 
1 mM Na

3
VO

4
, and 1 μg/mL leupeptin. The pellet was 

sonicated to maximally extract membrane proteins 
and then centrifuged at 12 000 rpm and a tempera-
ture of 4°C for 10 min. Supernatants were collected, 
and the protein concentration was measured in them; 
supernatant aliquots were stored at –20°C. For ELISA, 
the above-described procedure was used with some 
variations. Cell lysates were adsorbed onto a plate at 
a concentration of 10 μg/mL in PBS (0.01 M KH

2
PO

4
, 

0.1 M NaCl), pH 7.2–7.4, 50 μL per well in a 96-well 
ELISA plate at 4°C overnight. The plate was washed 
thrice with PBS-T (0.1% Tween 20), 200 μL per well. 
BsAb samples were titrated from 800 ng/mL in a dilu-
tion of 2 in PBS–AT (0.01 M KH

2
PO

4
, 0.1 M NaCl, 0.2% 

BSA, 0.1% Tween 20). The plate was incubated at room 

temperature for 1 h. Washing, the reaction with the 
conjugate, development, and measurement of optical 
absorption were performed as described above. The 
antibody trastuzumab (Herceptin) at a concentration of 
10 μg/mL was used as a positive control.

Detection of simultaneous binding of 
interferon-β and ErbB2 by sandwich ELISA
Bispecific binding of the produced antibody was 
confirmed using sandwich ELISA in two variants. 
In the first variant, IFNβ (1 μg/mL) was adsorbed 
onto a solid phase in an amount of 100 μL/well and, 
after blocking, incubated with BsAbs (1 μg/mL) 
in 3-fold serial dilutions. After washing of the un-
bound antibodies, a biotinylated recombinant ErbB2 
(200 ng/mL) and an avidin-horseradish peroxidase 
conjugate (150 ng/mL) were added. In the second 
variant, a recombinant extracellular domain of ErbB2 
(200 ng/mL), BsAbs (also in serial dilutions), biotiny-
lated IFNβ (250 ng/mL), and an avidin-horseradish 
peroxidase conjugate (150 ng/mL) were sequentially 
adsorbed onto the solid phase. As a control, we used 
the full-length B16 antibody to IFNβ and monospecific 
antibodies to ErbB2: the commercial drug Herceptin 
and the produced recombinant antibody trastuzumab 
(Herceptin analogue).

Determination of the neutralizing activity of BsAbs
The human HT29 colon adenocarcinoma cell line not 
expressing ErbB2 was used for the analysis. Human pe-
ripheral blood mononuclear cells (PBMCs) were isolated 
from the whole blood of a healthy donor in a ficoll-1077 
gradient according to the procedure in [26]. Serial dilu-
tions of BsAbs and control antibodies (mouse B16 anti-
body, chimeric and humanized B16-based IFNβ-neu-
tralizing antibodies (positive control)) were prepared. 
Recombinant glycosylated IFNβ (Pharmapark) at a con-
centration of 3 ng/mL was added to the antibodies. All 
solutions were prepared in a complete growth medium 
containing 2% cattle serum. Tumor cells were cultured 
in a mixture with PBMCs in the presence of IFNβ and 
antibodies at various concentrations for 5 days. The final 
concentrations of active substances and cells were as fol-
lows: antibodies – from 0 to 100 μg/mL; IFNβ – 1 ng/mL 
(0 in control wells); PBMCs – 50 × 103 cells/well; tu-
mor – 3,000 cells/well. The number of living cells was 
evaluated by the MTT test [27]. Each measurement was 
performed in quadruplicates.

RESULTS AND DISCUSSION

Design of bispecific antibodies and their expression
Co-expression of two different immunoglobulin-heavy 
chain genes (H

1
 and H

2
) can result in three types of 
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heavy-chain dimers: H
1
–H

1
, H

2
–H

2
, and H

1
–H

2
. In this 

case, H
1
–H

1
 and H

2
–H

2
 are part of monospecific anti-

bodies, and H
1
–H

2
 is part of bispecific antibodies. Given 

the same dimer formation efficiency, the maximum 
possible BsAb yield is 50% of total produced immuno-
globulins. To increase BsAb production, mutations that 
increase the free energy of monospecific antibody for-
mation can be introduced. This approach renders the 
BsAb formation energetically more favorable, which 
may increase the production of BsAbs compared to 
that of monospecific antibodies. One of the possible ap-
proaches is to generate knob-into-hole mutations [28]. 
In this approach, the T366W mutation is introduced 
into the H chain CH3 domain of one antibody, and the 
T366S, L3638A, and Y407V mutations are introduced 
into the H chain CH3 domain of another antibody. The 
T366W mutation leads to the emergence of a large 
hydrophobic base on the interface of an H chain CH3 
domain dimer. This mutation will hereinafter be re-
ferred to as the knob-type. T366S, L3638A, and Y407V 
mutations lead to the formation of a sterically comple-
mentary hole for T366W. To facilitate the purification 
of BsAbs by affinity chromatography, the H457R and 
Y458F mutations were introduced into the H chain CH3 
domain containing knob-type mutations. These muta-
tions change the formation constant of the antibody–
staphylococcus A protein complex, which enables the 
separation of a mixture of bispecific and monospecific 

antibodies during elution with a pH gradient buffer 
from an affinity carrier [29]. Further in the text, the 
H457R and Y458F mutations will be designated as 
“star” or “*”.

To prevent improper pairing of L- and H-chains of 
different antibodies, W. Schaefer et al. [30] proposed 
an elegant solution called the “crossover” of antibody 
variable domains. The antibody VL domain is attached 
to the H chain CH1 domain, and the VH domain is at-
tached to the L chain kappa domain in the so-called 
elbow region (Fig. 1). The amino acid sequences in the 
crossover region are described in more detail in [30].

In our study, the crossover was planned for a BsAb 
region corresponding to the B16 IFNβ-neutralizing 
antibody. Hole-type mutations were introduced into 
the H chain corresponding to the anti-ErbB2 antibody; 
knob*-type mutations were located in the B16 antibody 
H chain. This enables preferential binding of H-chains 
as knob-hole pairs, thereby ensuring the formation 
of a bispecific antibody. Schematically, the structure 
of a bispecific antibody with a crossover of variable 
domains, knob*-hole mutations in the H chain CH3 
domain, and mutations reducing binding to protein 
A-sepharose is shown in Fig. 2.

To simultaneously produce four chains – L and H 
antibodies to ErbB2 as well as L and H antibodies to 
IFNβ – we used bicistronic vectors in which the genes 
of the heavy and light chains of each antibody were 

IgG1 Crossover

VH          VL                   VL          VH

elbow

CH1        CL                   CH1       CL

Fig. 1. Schematic representation of the crossover of the 
amino acid sequences of the antibody H- and L-chain 
variable regions (elbow region) [29]

CrossMab
ErbB2 IFNβ

domain crossover 
modification

modified protein A  
binding site

protA

knob-into-hole mutations

VH

VH
VL

VL

Ck Ck

CH1 CH1

C
H

2 
C

H
3

Fig.2. Structure of a bispecific antibody with crossover of 
the variable domains in the IFNβ binding region, knob-hole 
mutations, and mutations reducing binding to Staphylo-
coccus aureus protein A
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expressed under the control of a single promoter. The 
pcDNA3.4 Poly40 plasmid (a proprietary modification 
of the pcDNA3.4 vector (Invitrogen) with an inserted 
polylinker) was chosen as an expression vector for the 
production of BsAbs in eukaryotic cells. This plasmid 
has a cytomegalovirus immediate-early promoter-
enhancer to ensure biosynthesis of the target protein. 
Given the results of our previous studies, the promoter 
was first followed by the antibody L chain gene; then, 
the H chain gene was placed after the IRES regula-
tory element. An internal ribosome entry site (IRES) 
of the encephalomyocarditis virus (EMCV) was used 
as a regulatory element for ensuring expression of the 
antibody H chain gene (Fig. 3).

Two such vectors were prepared. In one vector, se-
quences encoding the L chain and H chain with hole-
type mutations in the trastuzumab antibody were 
cloned; in the other, sequences encoding the L chain and 
H chain with knob*-type mutations in the human anti-
IFNβ-1a antibody were cloned in the crossover format. 
To facilitate the purification of the bispecific antibody 
by affinity chromatography, the H457R and Y458F mu-
tations were introduced into the coding sequence of the 
CH3 domain of the H chain gene containing knob-type 
mutations. Combinations of two vectors were used for 
transient expression in mammalian cells, which pro-
duced bispecific antibodies to two different antigens.

Antibodies were produced using a transient expres-
sion system. A transient expression system in CHO cells 

enables fast production of recombinant antibodies in 
an amount sufficient for an immunochemical analysis, 
a determination of affinity, and investigation of the 
neutralizing activity. In this case, the proteins have the 
correct spatial folding and are correctly glycosylated. 
After purification on a protein-A-sepharose affinity 
column, analytical gel-filtration was performed on a 
Superdex 200-10/300 GL resin to detect the antibodies 
and determine their ratio of monomeric and oligomeric 
forms. Analytical HPLC demonstrated that the intro-
duction of a second chromatographic step increases 
the purity of recombinant antibodies to 96–98% and 
enables purification from aggregate forms of the re-
combinant antibodies (Fig. 4A).

The purity and homogeneity of BsAbs was con-
firmed by Laemmli electrophoresis [31] under reduc-
ing and non-reducing conditions, followed by densi-
tometry of the electrophoregram (Fig. 4B). According 
to the densitometry results, the purity of BsAbs was 
97.8 ± 1.0%.

Investigation of BsAbs by immunochemical methods

Binding of BsAbs to IFNβ. Binding of BsAbs to the 
glycosylated and non-glycosylated forms of IFNβ 
was tested by indirect ELISA. Both the glycosylated 
(IFNβ-1a) and non-glycosylated (IFNβ-1b) forms of 
IFNβ adsorbed in a solid phase were found to bind 
to BsAbs (Fig. 5). The binding of BsAbs to IFNβ was 

IRES

LidH
VH

CH1–CH3

WPRE

Tkterm

pUCori

AmpR

pCMV

LidL

VL

Ck

Fig.3. Schematic of a bicistronic vector for BsAb expres-
sion. pCMV – cytomegalovirus promoter; VH and VL – 
variable antibody domain genes; CH1–CH3 – sequences 
encoding the constant domains of the antibody H-chain; 
IRES – internal ribosome entry site; WPRE – regulatory el-
ement sequence; Tkterm – signal sequence of polyadeny-
lation of the herpes simplex virus thymidine kinase mRNA

A B

0 10 20 30 40
Time, min

m
A

U

60
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0

1     2    3   4

Fig.4. Chromatogram of the B16 BsAb in the CrossMab 
format (A). Electrophoregram of the B16 BsAb in 12% 
SDS-PAGE; (B): 1 – non-reducing conditions; 4 – re-
ducing conditions; 2, 3 – molecular weight markers: 
2 – 200.0, 150.0, 120.0, 100.0, 85.0, 70.0, 60.0, 50.0, 
40.0, 30.0, 25.0, 14.4 kDa; 3 – 116.0, 66.2, 45.0, 35.0, 
25.0, 14.4 kDa
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similar to that of the mouse B16 antibody – a BsAb 
prototype.

Binding of BsAbs to IFNβ was also examined by im-
munoblotting (Western blotting). This method enables 
visualization of antigen–antibody immune complexes 
after electrophoretic separation of the antigen sample 
under denaturing conditions, followed by transfer 
to the membrane. The main difference between im-
munoblotting and indirect ELISA is the ability to dis-
criminate between immune complexes with different 
molecular weights, e.g., monomeric and oligomeric 
forms of antigen as well as intact antigen, and products 
of its degradation. At the first stage of immunoblot-
ting, IFNβ samples were electrophoretically separated 
in 15% SDS-PAGE under non-reducing conditions. As 
previously shown, IFNβ under reducing conditions 
loses its ability to bind to antibodies (data not shown); 
therefore, immunoblotting under reducing conditions 
was not performed. Immunoblotting confirmed the 
specificity of the analyzed BsAbs, which was earlier 
demonstrated by indirect ELISA—antibody samples 
interacted with glycosylated IFNβ (Pharmapark) and 
non-glycosylated IFNβ (Betaferon) and stained bands 
with molecular weights of 18.5 kDa (non-glycosylated 
IFNβ) and 20–22 kDa (glycosylated IFNβ) (Fig. 6).

Binding of BsAbs to ErbB2. The produced BsAbs should 
exhibit reactivity not only towards IFNβ, but also to-
wards a surface molecule of tumor cells – ErbB2. Bind-
ing of BsAbs to ErbB2 was analyzed by indirect ELISA 
using cell lysates. The pharmaceutical drug Hercep-
tin (trastuzumab) was used as a positive control. The 
ELISA was performed on lysates of tumor cell lines 
both expressing and non-expressing ErbB2 (Fig. 7A,B). 
The ErbB2 expression level was evaluated by indi-
rect ELISA using cell lysates and Herceptin (data not 
shown). The inflection point (EC50

) of the Herceptin an-
tibody titration curve was 15 ng/mL for the ErbB2-ex-
pressing SKOV3 line and more than 3 000 ng/mL for 
the ErbB2-negative SKOV3 line.

Bispecific antibodies interacted with the cell lysates 
of the ErbB2-positive SKOV3 line (Fig. 7A) and did not 

interact with the lysates of SKOV3 cells with low HER2 
expression (Fig. 7B). Also, binding of BsAbs to ErbB2 
was shown by ELISA with solid phase adsorption of a 
recombinant ErbB2 extracellular domain obtained in 
our laboratory, compared to the commercial drug Her-
ceptin specific to this receptor. Binding of the Cross-
Mab BsAb to the receptor was the same as binding of 
the Herceptin antibody (Fig. 7C).

Analysis of simultaneous binding of interferon-β 
and the ErbB2 receptor by sandwich ELISA
Bispecific binding of the produced antibody was con-
firmed by sandwich ELISA in two variants (Fig. 8). In 
the first variant, IFNβ (antigen 1) was adsorbed onto 
a solid phase and then, after blocking, incubated with 
BsAbs in serial dilutions. After the washing of unbound 
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Fig.6. Immunoblot of IFNβ-1b (non-glycosylated; Betafer-
on) (A) and IFNβ-1a (glycosylated; Pharmapark) (B) 
with BsAb under non-reducing conditions after 15% 
SDS-PAGE. Lanes: 1 – BsAb B16/1; 2 – BsAb B16/2; 
3 – Herceptin; 4 – negative control (humanized antibodies 
against Shiga toxin); 5 – control of an anti-species perox-
idase conjugate of the 4g7 antibody against the human 
Ig kappa chain; 6 – trastuzumab; 7 – molecular weight 
markers

Fig. 5. Binding of 
bispecific (A) and 
mouse monoclonal 
prototypical anti-
bodies (B) to gly-
cosylated (IFNβ-1a) 
and non-glycosylated 
(IFNβ-1b) IFNβ. Her-
ceptin – commercial 
drug, antibody to the 
ErbB2 receptor (nega-
tive control)
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antibodies, biotinylated recombinant ErbB2 (antigen 2) 
and an avidin–horseradish peroxidase conjugate were 
added. In the second variant, recombinant ErbB2 (an-
tigen 1), BsAbs (in serial dilutions), biotinylated IFNβ 
(antigen 2), and an avidin–horseradish peroxidase con-
jugate were sequentially adsorbed onto a solid phase. 
Monospecific antibodies were used as a control: a B16 
chimeric neutralizing antibody to IFNβ and antibodies 

to ErbB2 – the commercial drug Herceptin and the 
produced recombinant antibody trastuzumab (Her-
ceptin analogue). In the case of the monospecific anti-
bodies, no ELISA signal was observed. The bispecific 
antibody bound to IFNβ and ErbB2 in both variants 
(Fig. 9).

The bispecific nature of the produced BsAbs was 
confirmed by sandwich ELISA.

Interferon-β-neutralizing activity 
of bispecific antibodies
The biological activity of the BsAb samples was eval-
uated in experiments on the neutralization of the an-
tiproliferative effect of IFNβ. The bispecific antibodies 
used as a means of IFNβ delivery to tumor cells should 
have neutralizing properties against the cytokine to 
avoid adverse systemic reactions during transport. 
Binding of the immunocytokine complex to tumor cells 
is supposed to lead to the release of IFNβ and the onset 
of its antiproliferative effect, in addition to the action 
of the anti-ErbB2 antibody. The antibody’s ability to 
neutralize IFNβ was evaluated using a cell model lack-
ing ErbB2. Due to the antiproliferative activity of the 
BsAb region responsible for binding to ErbB2, it was 
not possible to analyze the antiproliferative activity of 
IFNβ by another method. The experiments were per-
formed on the colon adenocarcinoma cell line HT29 that 
is the most sensitive, according to preliminary experi-
ments, to the antiproliferative effect of IFNβ (results 
not shown). Recombinant glycosylated IFNβ was added 
to serial dilutions of BsAbs and the control antibodies: 
the mouse B16 IFNβ-neutralizing antibody, as well as 
chimeric and humanized B16-based antibodies, as a 
positive control. Tumor cells were cultured in a mixture 
with PBMCs in the presence of IFNβ and antibodies 
at various concentrations. Cultivation was carried out 

Fig. 7. Titration curves 
of the BsAb B16 and the 
control antibody Her-
ceptin on the lysates of 
the HER2-overexpress-
ing cell line SKOV3 (A), 
HER2-underexpressing 
cell line SKOV3 (B), and 
the recombinant extracel-
lular domain of the ErbB2 
receptor (C)
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Fig. 8. Scheme of a sandwich ELISA for the analysis of 
the simultaneous binding of BsAb to IFNβ and the ErbB2 
receptor
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for 5 days. The number of living cells was evaluated 
by the MTT test [27]. The neutralizing activity of the 
antibodies was expressed as a percentage of the cell 
proliferation rate without IFNβ and calculated by the 
formula

neutralization (%) = (A
i
 – A

0
)/(A

100
 – A

0
) × 100%,

where A
i
 is the mean optical density in the wells with 

an i-th antibody concentration; A
0
 is the mean optical 

density in the wells with IFNβ without antibodies; A
100

 
is the mean optical density in the wells without IFNβ 
and antibodies.

On the basis of our analysis (Fig. 10), the neutral-
ization index IC

50
 for the B16 BsAb was found to be 

50 μg/mL, which is 2.5-fold higher than that for the 
prototype mouse B16 antibody. This may be explained 
by the fact that the BsAb contains only one interferon-
binding site, while the mouse antibody contains two. 
In addition, the B16 BsAb lacks a cooperative binding 
effect, so that its neutralizing activity corresponds to 
the theoretically assumed one.

CONCLUSION
We used the B16 neutralizing antibody to IFNβ and 
the trastuzumab (Tz) antibody specific to ErbB2 to 
produce bispecific CrossMab antibodies with knob and 
hole mutations in the CH3 domain of H chains. These 
proteins were shown to bind and neutralize IFNβ, as 
well as ErbB2, in tumor cell lysates and as a recom-
binant extracellular domain. These molecules may be 

used as a component of the immunocytokine complex 
for the delivery of IFNβ to the cells of ErbB2-associ-
ated tumors, which may block the side effects caused 
by IFNβ monotherapy. This approach to the treatment 
of ErbB2-associated tumors will be tested in animal 
models. 
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