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Abstract— Bispecific antibodies (bsAbs) are some of the most promising biotherapeutics due to the versatility provided 
by their structure and functional features. bsAbs simultaneously bind two antigens or two epitopes on the same antigen. 
Moreover, they are capable of directing immune effector cells to cancer cells and delivering various compounds (radionu-
clides, toxins, and immunologic agents) to the target cells, thus offering a broad spectrum of clinical applications. Current 
review is focused on the technologies used in bsAb engineering, current progress and prospects of these antibodies, and 
selection of various heterologous expression systems for bsAb production. We also discuss the platforms development 
of bsAbs for the therapy of solid tumors. 
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INTRODUCTION

Throughout its entire history, the humankind has 
drawn inspiration from nature to create medicines and 
treatments for various diseases [1]. As an alternative to 
chemically produced drugs, pharmaceutical and biotech-
nology companies are turning their attention to biolog-
ics, such as oligonucleotides (DNA and small interfering 
RNAs), peptides, proteins, enzymes, and their complex-
es, for the development of novel medicinal products [2].

The term biotherapeutics, or biologics, refers to a 
broad category of macromolecular products that includes 
cytokines, growth factors, hormones, vaccines, proteins, 
peptide-based products, and antibodies, i.e., active sub-
stances obtained from biological sources. One  of the 
most rapidly developed subclasses of biotherapeutics is 
monoclonal antibodies  (mAbs) that are employed for 

treating various chronic conditions, including cancer, 
autoimmune disorders, and infectious diseases [3,  4]. 
Currently, therapeutic mAbs are used mostly, but not ex-
clusively, for targeting tumors and in the complex cancer 
immunotherapy [5] in combination with other therapeu-
tic approaches [6]. Beside their application in systemic 
targeted immunotherapy, mAbs serve as valuable tools 
in cancer diagnostics [7, 8] and imaging [9, 10].

High antigen-binding activity, stability, and low 
immunogenicity are the three essential physicochemi-
cal features of mAbs that determine their use in thera-
py [11]. Furthermore, antibodies can be easily modified 
by the methods of protein engineering and have an in-
herent ability to bind antigens and endogenous immune 
receptors. Therefore, the mode of action and the effi-
cacy of therapeutic antibodies are determined by their 
universal features, such as antigen recognition driven 



MISORIN et al.1216

BIOCHEMISTRY (Moscow) Vol. 88 No. 9 2023

Structural arrangements of three main bsAb classes: a) canonical IgG; (b) asymmetric bsAb [Bivalent (1+1)]; c) fragment-based bsAb (tandem 
scFv, BiTE, diabody); and d) symmetric bsAb [Tetravalent (2+2)]

by the variable regions (Fab fragments), effector activity, 
and extended half-life mediated by the constant regions 
(Fc fragments) [12].

Since monospecific IgGs may not be ideal for many 
therapeutic applications [15], a wide range of multispe-
cific antibodies (msAbs) targeting multiple antigens or 
different epitopes of the same antigen have been devel-
oped [13, 14]. Despite the existence of numerous msAb 
formats, the main issue with their production is that 
these biomolecules sometimes lack desirable physical 
and chemical characteristics, which hinders their ther-
apeutic application. Moreover, many of the innovative 
drugs, including bispecific antibodies (bsAbs), are com-
posed of different antibody chains with different structure 
and binding properties. This requires multiple aspects of 
protein engineering to be taken into account during dis-
covery and development of these compounds  [16, 17]. 
Recent advances in genetics and protein biochemistry, 
as well as the accessibility of bioprocesses, have helped 

to overcome the above-mentioned issues, and thus far, 
different technologies for the industrial production of 
bsAbs have been well established [18-20]. In this article, 
we have focused on the potential of various heterologous 
expression systems for the production of bsAbs, which 
are currently tested in the late-stage clinical trials for 
the therapy of solid tumors, and explained the need for 
the further development of the recombinant antibody 
technology.

STRUCTURAL DESIGN AND ENGINEERING 
OF MONO- AND BISPECIFIC ANTIBODIES

Canonical IgGs are Y-shaped molecules composed 
of two identical heavy chains and two identical light 
chains. The heavy chain consists of four domains  – 
three constant and one variable (CH1-CH3 and VH, 
respectively). The light chain consists of two domains – 
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one constant (CL) and one variable (VL). Heavy chains 
are connected by disulfide bonds in the hinge region 
between the CH1 and CH2 domains. Each heavy chain 
is joined to the light chain by a disulfide bridge at the 
junction of CH1 and CL. The CH2 and CH3 domains 
of two heavy chains form the Fc fragment. The vari-
able domains of the light and heavy chains (VH and VL, 
respectively) are connected to the closely located CH1 
and CL domains, forming the Fab fragments.

There are several approaches to the bsAb construc-
tion, including obtaining different antigen-binding frag-
ments [Fab, single-chain variable fragment (scFv), vari-
able domain of heavy-chain antibody (VHH)] [21] and 
optimizing canonical antibody structure by mutagene-
sis with the purpose of heavy and light chain heterodi-
merization [18, 22]. Out of a wide variety of approach-
es to bsAb classification and systematization [14, 16], 
we have focused on the recently developed stratification 
approach [18, 23] that has become widely accepted due 
to its simplicity. According to this classification, all types 
of bsAbs can be divided into three groups: (i) asymmet-
ric, (ii) symmetric, and (iii) fragment-based (figure).

The simplest type is fragment-based bsAbs usually 
created by merging two or more antigen-binding frag-
ments (scFv, VHH, Fab) with different antigen speci-
ficities via polypeptide linkers. Human serum albumin 
(HSA) can be added to the molecule to extend its half-
life [23, 24]. The resulting molecule is a single polypep-
tide chain with a simple structure, which allows to avoid 
the problem of improper chain association [25]. 

Symmetric bsAbs can contain an Fc fragment, but 
also have two antigen-binding fragments with different 
specificities in the same polypeptide chain. Typically, 
they are obtained by addition of scFv or VHH fragments 
directly to canonical antibodies through the linkers or 
by fusion of fragment-based bsAbs with Fc fragments. 
Usually, such molecules have a tetravalent structure with 
two binding sites for each antigen and avoid the issues of 
improper chain association.

Asymmetric bsAbs consist of heavy and light chains 
obtained from different parental antibodies [26]. Their 
recombinant production can be complicated by the 
problems of proper chain association that are typically 
solved by introducing mutations facilitating correct het-
erodimerization of heavy and light chains.

Below, we provide a detailed description of main di-
rections and advances in the development of commercial-
ly available platforms for the production of recombinant 
bsAbs with special focus on the progress in the clinical 
application of bsAbs for the treatment of solid tumors.

Asymmetric bsAbs. Xmab®. The XmAb platform de-
veloped by Xencor uses a set of amino acid substitutions 
in the antibody constant domains (from the hinge region 
to the CH3 domain) for eliminating or enhancing the ef-
fector properties of the antibody, increasing its half-life, 
and creating bispecific molecules [27]. Researchers from 

Xencor have used in  silico-based rational design to find 
original amino acid substitutions ensuring heavy chain 
heterodimerization, as well as correct assembly and 
high thermal stability of final bsAbs [28]. The modified 
heavy chains were further optimized to change their pI 
values in order to facilitate the purification process [27].

Azymetric®. Zymeworks have developed an alterna-
tive in silico-based algorithm, the main feature of which 
involved unique amino acid substitutions for the heavy 
chain heterodimerization. The company also created 
a bsAb consisting of two different heavy chains and two 
different light chains by introducing mutations not only 
into the CH3 domain, but also into the CH1 and CL 
domains. This approach can be combined with the use of 
kappa and lambda light chains.

CrossMab®. The original CrossMab platform devel-
oped by Hoffman la Roche facilitated correct assembly 
of bsAbs with two different light chains and two differ-
ent heavy chains. The main advantage of this technol-
ogy is that it provided correct cross-chain dimerization 
that was ensured by introduction of the knob-into-hole 
mutations [29]. This technology can be implemented 
in three different variants.

The first variant (CrossMabFab format) involves in-
corporation of the original heavy chain VH-CH1 do-
mains in the Fab of the second specificity as the novel 
“light chain”, while transferring the corresponding light 
chain VL-CL domains into the heavy chain for the gen-
eration of a novel “heavy chain”. The main problem in 
this case is formation of byproducts represented by heavy 
chain dimers (formed due to the knob-into-hole com-
plementarity and complementarity of CH1 of the first 
heavy chain and CL of the second heavy chain) and Fab 
fragment (formed due to the complementarity of the 
CH1 and CL domains from different light chains). In the 
second variant (CrossMabCH1-CL), only the CH1-CL do-
mains are exchanged between the light and heavy chains 
of the second specificity. Theoretically, such replace-
ment should prevent byproduct formation. The third 
variant (CrossMabVH-VL) involves a similar exchange of 
variable domains in the light and heavy chains of the 
second specificity. However, such exchange can yield 
an undesirable byproduct with a common light chain. 
This  variant can be optimized by introducing charged 
amino acid substitutions into the constant regions of the 
light and heavy chains of the first specificity to prevent 
byproduct formation.

The simplicity of the mentioned platforms allows 
their application for the construction of bivalent bsAbs 
(with one specificity per valency, 1+1), as well as tri- and 
tetravalent msAbs [30].

FIT-Ig®. EpiMab has developed an original platform 
for creating tetravalent bsAbs based on the CrossMab 
approach, the so-called Fabs-In-Tandem Immunoglob-
ulin  (FIT-Ig). In this method, constant and variable 
domains of the light chain of the second specificity are 
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added to the N-termini of the heavy chains with the 
specificity to the first antigen. The resulting bsAbs con-
sist of two canonical light chains with the specificity 
to the first antigen and two light chains containing con-
stant and variable domains of the heavy chain with the 
second specificity. The use of the CrossMab approach 
allows to fully solve the problem of correct dimerization 
of light and heavy chains [31, 32].

cLC®. This bsAb format is similar to a canonical 
immunoglobulin molecule, but its dual specificity is 
achieved through heterodimerization of different heavy 
chains using the knob-into-hole mutations. The light 
chain is selected so that it is complementary to both 
heavy chains and also to avoid the loss of functional ac-
tivity or changes in the antibody physicochemical prop-
erties [33, 34].

Triomab®. In the Triomab format, bsAbs are ob-
tained through the somatic fusion of two hybridoma 
cells, each expressing a unique mAb. The resulting hy-
brid cell co-expresses heavy and light chains of immuno-
globulins from the parental cells. The process of antibody 
assembly yields both parental and hybrid immunoglob-
ulins. Although the quadroma technology has been his-
torically used for the development of bsAb production, 
it has serious disadvantages, such as low productivity and 
high product heterogeneity. The percentage of function-
al bsAbs in a quadroma cell line is unpredictable, and 
labor-intensive purification of bsAbs from the byprod-
ucts is required. Later, this technology was optimized 
by using mouse and rat hybridoma cells for the fusion. 
The  content of chimeric mouse/rat bsAbs was signifi-
cantly higher due to preferential dimerization of heavy 
and light chains of the same species, unlike random pair-
ing in regular mouse/mouse or rat/rat quadromas [35].

Biclonics®. Merus uses the well-known bsAb for-
mat with a common light chain, except that instead of 
the popular knob-into-hole mutations, they used pro-
prietary mutations (L351D and L368E in one chain 
and L351K and T366Kin the other chain) to create the 
charge-to-charge paired construct, termed DEKK, pro-
viding heterodimerization of heavy chains  [33]. Thus, 
the Zenocutuzumab (MCLA-128) antibody was devel-
oped using this technology.

HLE-BiTE®. The HLE-BiTE platform developed 
by Amgen is a bispecific T-cell engager (BiTE), a class 
of bsAbs directing host’s cytotoxic T cells against cancer 
cells. BiTEs are fusion proteins consisting of two scFvs 
from different antibodies. One of these fragments binds 
to a T cell, typically through the CD3 receptor, while the 
other fragments bind to a malignant cell via a tumor-
specific molecule. HLE is an acronym for half-life extend-
ed, because addition of the Fc fragment to the BiTE mol-
ecule increases bsAb residence time in the patient’s body.

CRIB. Alphamab has developed its own CRIB 
(charge repulsion induced bispecific) platform for the 
heavy chains heterodimerization using the knob-in-

to-hole mutations. Optimization of this platform by in-
troducing one amino acid substitutions into each heavy 
chain increased the fraction of correctly assembled het-
erodimers from 74 to 94% [36].

Symmetric bsAbs. Tandem sdAb-Fc®. Alphamab 
uses VHH fragments genetically fused with the Fc frag-
ment of human IgG to develop new antibodies. To ob-
tain bsAbs, two VHH fragments were fused together and 
the resulting VHH dimer was directly linked to the Fc 
fragment. Homodimerization of the Fc fragments can 
yield a tetravalent bsAb with two valences.

TETRABODY – ITAB®. Akesobio had developed 
an advanced platform called Tetrabody, which is based 
on adding an scFv fragment specific to the second an-
tigen to the C-terminus of each heavy chain, resulting 
in the molecule with four binding sites to two targets.

DVD-Ig®. The DVD-Ig (dual variable domain im-
munoglobulin) format was originally described in 2007 
[37, 38]. This four-chain molecule consists of two heavy 
chains and two light chains and has a functional Fc re-
gion and constant domains in a configuration similar to 
canonical IgG. However, each arm of the molecule con-
tains two variable domains  (VDs) connected by linkers 
in the heavy and light chain. Similar to the Tetrabody 
format, DVD-Ig is a tetravalent antibody capable of in-
teracting via its two binding sites with each of two targets. 
A DVD-Ig antibody can be constructed by linking to-
gether the sequences of variable fragments from any pair 
of mAbs. It can be composed of fully human sequences to 
reduce immunogenicity and its serum stability is similar 
to that of normal IgG. It was claimed that the DVD-Ig 
antibodies could be efficiently produced in standard 
mammalian expression systems and exhibit physico-
chemical properties comparable to those of regular IgG 
despite their larger size and non-canonical structure.

IgG + TGFβ receptor. The format utilized in this 
context bears a resemblance to the Tetrabody format, 
with a notable exception. In lieu of incorporating scFv for 
the second specificity, the binding domain of TGF-βRII, 
a receptor for transforming growth factor beta that can 
interact with three TGF-β isoforms, has been incorpo-
rated at the C-terminus of the anti-antibody that inter-
acts with programmed death ligand 1 (PDL1).

Fragment-based bsAbs. TriTAC®. TriTAC (trispe-
cific T-cell activating construct) is a new T-cell engager 
format developed by Harpoon Therapeutics. This new 
class of T cell-based immunotherapy aims to achieve 
a superior efficacy in solid tumors compared to the gold-
en standard that is T-cell therapy. The TriTAC format of 
bsAbs consists of three antigen-binding domains, one 
of which binds albumin to increase the serum half-life 
of bsAb. TriTAC molecules have a molecular weight 
of  ~53 kDa, which makes them smaller than most T-cell 
engager formats with extended half-life. One of the main 
advantages of small-size antibodies is faster diffusion 
into the tissues of human solid tumors [39].
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ImmTAC®. ImmTAC is a fusion protein composed 
of the recombinant T-cell receptor (TCR) fused via a 
linker to the scFv that interacts with CD3 leading to the 
activation of polyclonal T cells with the following release 
of inf lammatory cytokines and cytolytic proteins result-
ing in direct lysis of tumor cells. A significant difference 
from canonical bsAbs or fused antigen-binding fragments 
is that ImmTAC molecules interact with tumor antigens 
through the TCR. While antibodies can only target se-
creted molecules or cell surface antigens, TCRs can rec-
ognize peptides derived from the intracellular targets and 
presented by the human leukocyte antigen (HLA) mole-
cules [40, 41].

EXPRESSION SYSTEMS AND APPROACHES 
TO PRODUCTION OF BISPECIFIC ANTIBODIES

A demand for highly productive expression systems 
has been growing with the increase in the number of 
new bioproducts and biosimilars. The choice of a het-
erologous expression system is strongly determined by 
the economic requirements (e.g., target protein yield 
and production cost), as well as by the biochemical and 
biophysical properties of the final product (number of 
chains in the protein molecule, glycosylation patterns) 
and characteristics of the bioprocess itself.

Relatively simple proteins, such as antibody frag-
ments fused in a single polypeptide chain, can be pro-
duced in prokaryotic hosts, usually Escherichia coli 
cells [42]. More complex proteins, e.g., full-size anti-
bodies consisting of several polypeptide chains, are typ-
ically synthesized in eukaryotic, mainly mammalian, 
cell lines [43]. Such systems can provide correct folding, 
post-translational modifications, and glycosylation ac-
cording similar to those in human cells. Mammalian cell 
can be modified for a large-scale production to produce 
required amounts of therapeutic antibodies [44]. In this 
section, we reviewed heterologous expression systems 
used for bsAbs production that have already demonstrated 
their efficacy in the industrial manufacturing of bsAbs.

Prokaryotic cells (E. coli). E. coli strains are com-
monly used for the biosynthesis of recombinant pro-
teins because of numerous advantages, including high 
expression levels, cost effectiveness, rapid growth, and 
scalability. E. coli has been used for the production of 
many recombinant therapeutic proteins (e.g., antibod-
ies, cytokines, and growth hormones). Antibodies can be 
synthesized in E. coli cells in different formats, including 
scFvs, Fab fragments, and even full-length antibodies. 
However, production of the latter in E. coli can be chal-
lenging due to the complexity of these molecules and the 
need for their correct folding and assembly [45].

Production of bsAbs in E. coli is also possible; how-
ever, it can be even more challenging than production of 
monospecific antibodies due to the complex structure 

of bsAbs and the need to maintain the natural antibody 
architecture. According to the recent study [42], sev-
eral antibody fragments and antibody fragment fusion 
proteins produced in E. coli have been approved for the 
treatment of various human diseases, while full-length 
mAbs and bsAbs expressed in E. coli have not yet been 
approved.

However, recent advances in protein engineering 
and expression have made possible production of dif-
ferent formats of bsAbs in E. coli cells using various ap-
proaches. One of them is the use of fragment-based 
formats, such as bispecific T-cell engagers (BiTEs) or 
trispecific killer engagers (TriKEs), i.e., small antibody 
fragments expressed in E. coli and assembled into bsAbs 
or trispecific antibodies. This approach was employed 
for the development of Tebentafusp, an agent for a novel 
form of immunotherapy based on the ImmTAC® plat-
form and approved for cancer treatment. It is a soluble 
T-cell receptor fused to the anti-CD3 scFv. The T-cell 
receptor domain of Tebentafusp targets cells carrying on 
the surface a complex of HLA*02:01 with a peptide de-
rived from the melanoma-associated antigen gp100 [46]. 
This bsAb is produced in E. coli cytoplasm as inclusion 
bodies and needs complex refolding procedure.

Another example of successful production and pu-
rification of bsAb from E. coli cells is a molecule com-
posed of conventional anti-CD3 Fab fragment and 
HER2-targeting VHH. The purified antibody triggered 
the T cell-mediated cytotoxicity against HER2-positive 
cells both in vitro and in vivo. The authors suggested that 
this approach could be used for the production of bsAbs 
targeting other tumor antigens [47].

Another approach for the biosynthesis of bsAbs 
in E. coli cells involves co-expression of two different 
half-antibodies, each consisting of a heavy chain and 
a  light chain, that can spontaneously assemble into an 
intact bsAb molecule with the natural antibody architec-
ture [48]. The authors described a method for produc-
tion of bsAbs by co-culturing two strains of bacteria, each 
expressing a half-antibody. Using this approach, they 
were able to generate 28 different bsAbs. One of these 
antibodies that targeted both MET and EGFR receptor 
tyrosine kinases was shown to inhibit the corresponding 
signaling pathways and suppress tumor growth driven by 
these kinases. This method allows quick and inexpensive 
production of bsAbs from any two existing antibodies in 
quantities sufficient for early drug development and pre-
clinical research.

There are still challenges associated with the pro-
duction of both monospecific and bispecific antibodies 
in E. coli cells that are related to potentially irrevers-
ible aggregation and degradation of expressed proteins, 
as  well as the lack of certain post-translational modifi-
cations [49]. Despite these challenges, E. coli remains an 
attractive expression system for heterologous production 
of bsAbs due to the high expression levels and scalability. 
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Large-scale production of bsAbs in E. coli is possible us-
ing fermentation technologies that provide the growth of 
highly dense cell cultures and production of large quanti-
ties of recombinant proteins [50].

Eukaryotic cells (CHO). Expression in Chinese 
hamster ovary  (CHO) cells is commonly used for pro-
duction of recombinant proteins, in particular, canoni-
cal mAbs [51]. CHO cells are preferred for their robust 
cell growth, efficient post-translational modifications, 
and well-established standards of good manufacturing 
practice (GMP). These cells have been extensively stud-
ied and optimized for protein production, making them 
a reliable and efficient choice for the large-scale manu-
facturing. An important parameter for any cell line is pro-
ductivity. Transient expression systems are used in early 
drug development due to their simplicity and speed, while 
later stages of drug development require the use of stable 
cell lines capable of producing antibodies with a consis-
tent quality. CHO cells are currently used in the produc-
tion of more than 50% of biological preparations [52].

In 1957, Theodore Puck isolated a cell from the 
Chinese hamster ovary tissue that was found to be im-
mortal and had been developed into the CHO-ori cell 
line. Later, in 1968, CHO-ori cells were used for the cre-
ation of the CHO-K1 cell line. Both cell lines had been 
grown as adherent cell cultures and demonstrated limit-
ed utility for a large-scale production. In 1971, Thomp-
son at the University of Toronto adapted another sub-
line, now known as CHO-S, for a growth in suspension 
culture, thus allowing its culturing in bioreactors [53].

Currently, mAbs are produced mostly in the parental 
CHO cell line. As of 2017, about two third of all approved 
mAbs (as well as bsAbs) were produced in CHO cells [54]. 
By 2022, nine approved bsAbs have been produced in 
mammalian expression systems (excluding Catumax-
omab), and six of them were synthesized in CHO cells.

Due to their advantages (rapid growth in suspension 
culture and high yields of recombinant proteins), CHO 
cells are now widely used in the production of bsAbs in 
both R&D and industrial settings. Also, CHO cells en-
sure post-translational modifications (e.g., glycosyla-
tion) important for the functioning and stability of many 
recombinant proteins. Some studies have shown that the 
same proteins, in particular, bsAbs, produced in E. coli 
and CHO cells demonstrate significantly different results 
in the functional activity tests [55, 56].

The challenge in the use of mammalian expression 
systems (like CHO and HEK293 cells) is the need for 
expensive production platforms and limited cell growth 
conditions to ensure cell viability and to prevent gener-
ation of undesirable byproducts. Cell culturing condi-
tions can significantly affect post-translational modifi-
cations and functional activity of the final product [57]. 
To achieve the desired attributes of producing cell lines, 
it is essential to have a complete understanding of the 
biosynthetic processes and to control them. Optimiza-

tions of the production technology may be challenging 
during expanding the production or implementing the 
process in a new laboratory.

One of the challenges in obtaining pure bsAbs is 
correct molecule assembly. There are only a few stud-
ies that have systematically investigated the strategies 
for optimization of the CHO line to improving the pu-
rity and structure of the produced bsAbs. For example, 
it was recommended to express heavy and light chains 
from separate plasmids because manipulating the plas-
mid ratio is  an easy and efficient way to optimize pro-
tein assembly. Another proposed approach is a two-stage 
pool selection method that increased the purity of the 
expressed bsAbs from 44.5 to 88.6% [58].

Another problem in the synthesis of bsAbs is for-
mation of high-order aggregates that increase the risk 
of unwanted immunogenicity and should be removed, 
which reduces the target protein yield. It was suggested 
that aggregation of bsAbs in CHO cells can be caused 
by impaired glutathione regulation. Evaluation of the 
aggregate formation in the fed-batch and perfusion pro-
cesses demonstrated that the use of perfusion resulted 
in a significantly lower bsAb aggregate content than the 
fed-batch process [59].

Some works have studied approaches to increas-
ing the yield of antibodies in CHO cells. One of them is 
genetic engineering of cells aimed to achieve the over-
expression of genes involved in the cell cycle control. 
It has been long known that by accelerating or slowing 
down the growth rate of cells at different phases of the 
cell cycle (G0/G1 or G2/M), it is possible to increase 
the yield of recombinant proteins. Thus, overexpression 
of CDKL3 and COX15 genes involved in the cell cycle 
regulation led to a significant increase in protein pro-
duction [60].

An alternative way to increase cell productivity is 
a knockout of genes responsible for expression of host 
cell proteins (HCPs) secreted by the live cells or released 
upon cell death, as these proteins represent impurities 
that have to be removed from the antibody preparation. 
It was shown that the knockout of several HCP genes 
led to a significant increase in the antibody titers. The 
authors explained it that the blockade of HCP synthesis 
made available the cell resources to enhance the expres-
sion of the gene of interest, as well as helped to achieve a 
higher purity of the final antibody preparation [61].

Regulation of gene expression using genetic en-
gineering is not the only way to increase cell produc-
tivity. It was shown that continuous culturing of CHO 
cells at low temperatures (33°C) or addition of sodium 
butyrate (NaBu) to the culture medium increased pro-
duction of recombinant proteins presumably due to the 
cell cycle arrest in the G1/G0 phase. Growing the cells 
at low temperatures or in the presence of NaBu also led 
to changes in the cell transcriptome, especially, with 
regard to the cell cycle regulation. At the same time, 
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the transcriptomes associated with the cell cycle and 
proliferation differed between the cell cultured at low 
temperatures and in the presence of NaBu, suggesting 
different mechanisms involved in the cell cycle regula-
tion in these two approaches.

Presumably, cell culturing at low temperatures ar-
rested cell cycle in a p53-dependent manner. p53 is a 
major regulator of cell cycle and apoptosis; its activation 
leads to the cell cycle arrest via upregulation of a series of 
p53-targeted genes (e.g., CDKN1A, BAX, MDM2).

On the other hand, addition of NaBu arrested cell cy-
cle by modulating expression and activity of cyclin-depen-
dent kinases (CDKs) and CDK inhibitors, which are reg-
ulatory proteins involved in the G-phase transition [62].

Eukaryotic cells (HEK293). HEK293 cell line 
has been derived from human embryonic kidney cells. 
HEK293 cells are another extensively used expression 
system for recombinant protein production, as they offer 
several advantages, including high proliferation rate and 
easy transfection procedure. Also, because of the human 
origin, HEK293 cells provide human-like post-transla-
tional modifications of synthesized proteins [63].

Proteins glycosylation profile is an important factor 
in the protein use as a biotherapeutics. Glycoproteins 
with proper glycosylation profiles exhibit higher potency 
and stability, longer half-life, and reduced immunoge-
nicity. The main advantage of HEK293 cells as an ex-
pression platform lies in their ability to ensure specific 
glycosylation profiles of biotherapeutic products [64].

There are many subtypes and derivatives of HEK293 
cells, including HEK293T, HEK293-F, and original 
HEK293 that frequently used in the production of bio-
pharmaceuticals. For example, the HEK293E cell line 
(HEK293EBNA1, or 293E) is a subtype of HEK293 cells 
stably expressing the Epstein–Barr virus (EBV) nuclear 
antigen-1 (EBNA1), which allows for episomal replica-
tion of plasmids with the EBV origin of replication (oriP). 
Using expression vectors with oriP in HEK293-E cells 
can increase the yield of recombinant proteins threefold 
compared to analogous non-oriP vectors.

Similarly, theHEK293-6E cell line was established 
by expressing truncated EBNA1 lacking the Gly-Gly-Ala 
domain. HEK293-6E cells demonstrated improved tran-
sient expression and cell growth compared to HEK293-E 
cells [65].

HEK293-F cells (marketed as GIBCO brand cells) 
are a clonal cell line derived from HEK293 parental 
cells and adapted to growth in suspension cultures in 
serum-free media. HEK293-F cells have been used to 
produce several FDA-approved therapeutics, including 
recombinant FVIII fusion protein (rFVIIIFc) (Elosta®) 
and glucagon-like peptide  1 receptor agonist (Dulaglu-
tide; Trulicity®) for the treatment of hemophilia A and 
type 2 diabetes, respectively.

HEK293G cells (Promega, USA) stably express 
cAMP GloSensor™ (20F) biosensor [66].

Commonly used HEK293T cells are derivatives of 
HEK293 cells established by expression of a tempera-
ture-sensitive mutant of the SV40 T-antigen. Expression 
of the T-antigen allows plasmids that carry the SV40 or-
igin of replication (SV40 ori) to actively replicate in the 
cells [67].

HEK293 cells can also be used for a large-scale an-
tibody production. However, there are certain challeng-
es associated with scaling up the antibody production in 
HEK293 cells, including maintaining high levels of pro-
tein expression and product quality.

Some studies have shown a positive effect of the 
CASP8AP2 gene knockout on recombinant protein pro-
duction. CASP8AP2 encodes the FLICE-associated huge 
protein (FLASH). During the Fas-mediated apoptosis, 
FLASH is a part of the death-inducing signaling com-
plex (DISC) assembled after binding of the death recep-
tor Fas with its ligand FasL. DISC assembly activates 
procaspase 8 with the formation of proteolytic caspase 8 
that initiates extrinsic apoptotic cascade. FLASH also 
participates in the maturation of histone mRNA, reg-
ulation of histone gene transcription in the S phase of 
cell cycle, and activation of transcription factors cMYB 
and nuclear factor kappa B (NF-kB). HEK293 cells 
deficient by CASP8AP2 demonstrated a seven-fold in-
crease in specific expression of recombinant luciferase 
and a  2.5-fold increase in expression of recombinant 
SEAP (secreted embryonic alkaline phosphatase) with-
out significant effect on the cell growth and viability. 
Transcriptome analysis showed that disruption of the 
cell cycle regulation, in particular, activation of cyclin- 
dependent kinase inhibitor 2A (CDKN2A), contributed 
to the improved recombinant protein expression in cells 
with the CASP8AP2 deficiency. These results confirm 
that the CASP8AP2 gene is an important target for im-
proving recombinant protein expression in HEK293 
cells [68].

Despite that HEK293 cells provide a human-like 
glycosylation profile, their use for the production of 
therapeutic proteins is still problematic because of the 
high levels of terminal N-acetylgalactosamine (GalNAc) 
modification and low levels of sialylation. Modification 
of therapeutic proteins with N-glycans often triggers 
their rapid clearance from the patient’s bloodstream via 
binding to the asialoglycoprotein (ASGPR) and man-
nose (MR) receptors. However, recently developed gly-
coengineered HEK293-F cell line eliminates terminal 
GalNAc glycosylation and increases sialylation due to 
the knockout of GalNAc transferases B4GALNT3 and 
B4GALNT4 and overexpression of sialyltransferases 
ST6GAL1 and ST3GAL6. This glycoengineered cell line 
is well-suited for the production of therapeutic proteins 
with fully human N-glycosylation profile and superior 
pharmacokinetic properties [69].

The use of HEK293 cells for the biosynthesis of 
therapeutics, including bsAbs, is somewhat limited. 
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While many studies have reported production of bsAbs 
by transient expression in HEK293 cells [70, 71], stable 
CHO cell lines are more commonly used for manufac-
turing biopharmaceuticals. Since 2015, seven products 
synthesized in HEK cells have been approved the FDA. 
HEK293 cells and their derivatives have been used in six 
cellular and gene therapy procedures for production of 
viral vectors.

Despite this, many bsAbs generated by transient ex-
pression are currently at the clinical development stage, 
which demonstrates a potential of this expression sys-
tem in bsAb production. In addition to traditional ap-
proaches to the bsAb development, when each fragment 
is tested separately and then one or several best variants 
are combined into a particular bsAb format, new meth-
ods have been developed. One of them involves testing 
various bsAbs (up to 22,000 candidates) in a cellular as-
say [72]. It was reported that HEK293 cells are the most 
suitable system for the transient expression due to the 
high protein titers  – the yield of antibodies expressed 
in HEK293 cells ranged from tens to hundreds of mil-
ligrams per liter [73-75]. However, we disagree with this 
opinion, as it was possible to obtain up to 150 mg/liter of 
antibodies (which is sufficient for the lead characteriza-
tion) by transient expression in CHO cells. Nevertheless, 
the task of increasing antibody titers, both in the case 
of transient expression or synthesis in stable cell lines, 
remains relevant. Low production of a specific antibody 
can be a reason for discontinuing its further development.

It has also been shown that transient overexpression 
of individual subunits of the eukaryotic translation factor 
eIF3 (eIF3i and eIF3c) in CHO and HEK293 cells led to 
a moderate increase in the total amount of eIF3i (max-
imum increase, 40% above control) and approximately 
10% increase in the rate of global protein synthesis in 
CHOK1 cells. Engineered HEK293 cells overexpress-
ing eIF3i demonstrated a higher growth rate associated 
with the increased c-Myc expression, resulting in great-
er biomass, and increased recombinant protein yields. 
Engineered CHOK1 cells expressing eIF3c showed 
higher proliferation rates and improved synthesis of re-
combinant proteins [76].

Summarizing the above information, HEK293 cells 
are a versatile expression system for the production of 
recombinant proteins, including bsAbs. While there are 
certain challenges associated with using HEK293 cells 
for antibody production, numerous advantages offered 
by these cells make them a valuable tool for researchers 
and biotechnology companies.

CONCLUSION

Here, we provide a quick summary of bsAbs for-
mats, platforms for their production, and successful cas-
es of bsAbs development, from research to clinical trials. 

We selected therapeutic bsAb that have been successful 
against solid tumors in phase  II and later clinical trials 
(table). It is hard to define the universal “silver bullet” 
based on the bsAb molecular features. Out of numerous 
eukaryotic (mammalian, plant, and insect) and prokary-
otic (E. coli, Bacillus subtilis) expression platforms, only 
three cell-based systems are used. Often, antibody pro-
duction using the state-of-the-art production platforms 
results in candidates with compromised physicochemical 
features. The use of prokaryotic expression systems for 
the biosynthesis of bsAbs with their complex structure is 
impractical and risky, as they offer only limited modi-
fications. Therefore, it is worth searching for alternative 
platforms allowing improvement of the biosynthesis pro-
cess, such as eukaryotic CHO and HEK293 cells. Cell 
optimization and engineering of biochemical pathway, 
utilization of various cell line derivatives, investigation 
of transcriptomic and genomic profiles might improve 
the efficiency of protein production. Tailoring a cho-
sen platform for required protein yields is a promising 
direction in the use of systems for heterologous expres-
sion [77, 78].

Unfortunately, the above-described bsAbs formats 
and numerous expression systems, such as B. subtilis, 
Streptomyces, yeast, transgenic plants, transgenic ani-
mals, and insect cells, are still ineffective in producing 
large quantities of recombinant proteins and are rarely 
used in antibody production [79].

However, a platform that might arise as a break-
through in protein production is cell-free protein expres-
sion (CFPE). Popularized mostly by Sutro Biopharma 
(USA), it has become a valuable instrument in synthetic 
biology [80-85] not only as a platform for selection and 
direct evolution of polypeptides from large libraries, but 
also as a valuable tool for the structural and functional 
characterization of integral memrane proteins [86-88] 
and various formats of mAbs and bsAbs. CFPE uses pro-
karyotic and eukaryotic cell extracts that contain ribo-
somes, translation factors, aminoacyl-tRNA synthetases, 
amino acids, tRNAs, dNTPs, ATP and its regeneration 
system, and other necessary factors, as well as exogenous 
linear or circular DNA templates [85, 87]. Prokaryotic 
and eukaryotic CFPE systems for has found an increas-
ing use in the production of antibody fragments [89, 90] 
and full-length antibodies [91] even against complex 
transmembrane antigens, such as G-protein coupled re-
ceptors [92, 93] and extracellular regions of other multi-
spanning integral memrane proteins [94].

CFPE systems deserve special attention for a num-
ber of reasons. Despite the use of pro- or eukaryotic 
cell lysates, which allows to avoid problems associated 
with expression in cells, these systems have some lim-
itations determined by the properties of a particular 
system and its suitability for the synthesis of a protein 
of choice. However, the diversity of existing platforms 
and approaches helps to overcome possible obstacles. 
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Cell-free  (CF) synthesis is performed mostly in two 
popular formats: batch synthesis and continuous ex-
change cell-free synthesis. The latter requires a relatively 
stable supply of fresh components to the reaction cham-
ber, which extends the duration of synthetic process and, 
therefore, increases protein yield. The benefits of CF 
systems can be used in many areas, from antibody engi-
neering to vaccine production.

However, despite the versatility and f lexibility of CF 
systems, one of the cornerstones in the protein produc-
tion is economic feasibility, and CF system require some 
improvements in this regard to become more competi-
tive on the antibody manufacturing market in the future. 
Comparison of economic feasibility of a bacterial cell 
extract-based CF system to the commonly used CHO 
cells for the commercial protein production revealed that 
the production costs for the proteins synthesized in a CF 
system were significantly higher than for the production 
in CHO cells (the most expensive component was bac-
terial cell extract). Nonetheless, CF systems might offer 
greater benefits in a long-term prospect [95].

In general, eukaryotic CF systems allow protein 
production in amounts sufficient for direct function-
al analysis and, if optimized, industrial or therapeuti-
cal needs. They allow to perform rapid screening, sep-
arate the processes, and save time in the production of 
common and hard-to-synthesize proteins. CF systems, 
as  well as proteins produced using this platform, are 
more f lexible and susceptable to modifications, which is 
an important feature valued by the drug developers and 
facilitates a large-scale protein production for therapeu-
tic demands [96, 97].

An example of successful commercial CF platform 
is the XpressCF+™ technology by Sutro Biopharma. 
This platfrom is fast, precise, and highly efficient and 
can generate “meet-all-the-requirements” proteins in 
less than 24 h. The problem of energy supply for the pro-
tein biosythesis was solved by manufacturing an E. coli-
based cell extract containing required elements in a nec-
essary form, which allowed to improve the overall quality 
of the system. The XpressCF+ platform enables easier in-
corporation of non-natural amino acids and conjugates, 
as well as reduces protein heterogenicity and facilitates 
biosynthesis of structurally complex precisely assem-
bled products. At present, Sutro has four conjugates and 
bsAbs in its portfolio that have been produced with the 
XpressCF+™ technology and continues to expand its in-
f luence by collaborating with other companies [98, 99].

In conclusion, each platform or format have their 
own strengths and limitations. The choice should de-
pend on the goals of a research project or industrial de-
velopment.
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