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Abstract Monoclonal antibodies (mAb) have been used
as therapeutic agents for various diseases, and immuno-
globulin G (IgG) is mainly used among antibody isotypes
due to its structural and functional properties. So far,
regardless of the purpose of the therapeutic antibody, wild-
type IgG has been mainly used, but recently, the engineered
antibodies with various strategies according to the role of
the therapeutic antibody have been used to maximize the
therapeutic efficacy. In this review paper, first, the overall
structural features and functional characteristics of antibody
IgG, second, the old and new techniques for antibody
discovery, and finally, several antibody engineering strategies
for maximizing therapeutic efficacy according to the role
of a therapeutic antibody will be introduced.

Keywords: therapeutic antibody, antibody engineering, Fc
engineering, bispecific antibody
1. Introduction

After the first US Food and Drug Administration (FDA)
approved monoclonal antibody (mAb), for 30 years, mAbs
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become a valuable mainstream in the development of drugs
against diverse diseases. All aspects of the development of
therapeutic mAbs have matured from clinical research to
commercialization strategies [1-6]. FDA and European
Medicines Agency (EMA) approved 36 mAb drugs from
2013 to 2017, and the FDA approved 23 new mAbs in the
last two years (2018-2020.04) (Table 1). The total number
of mAb drugs approved by the FDA or EMA continues to
grow, with new projects continually evolving from proof of
concept to new goals and new technologies. We are
experiencing the golden age of mAb drug development. In
particular, we have witnessed recent breakthroughs in the
anti-cancer antibodies’ development, including cancer-
targeting antibody, immune checkpoint blockade, efc. [5,7].
Anti-cancer mAbs can induce immune responses in various
ways, including directly targeting malignant cells, delivering
the effector cells' cytotoxicity, and retargeting cellular
immunity towards malignant cells [2,5,6,8,9]. These functions
can be affected by the characteristics of mAb such as
antigen specificity, overall structure, affinity against an
antigen, and immune response by antibody Fc domain.
Immunoglobulin G (IgG) isotype is the most widely used
antibody isotype, and its various forms are used for
therapeutic purposes. IgG has numerous roles in the human
immune defense system and is increasingly used as a key
linker between adaptive immunity and innate immunity
with great success [10].

However, current antibody therapies still need to be
improved, so diverse efforts are being made to develop
enhanced therapeutic mAbs [9,11-13]. This review addresses
i) the overall characteristics of antibody IgG, ii) the efficient
technics and methods to discover therapeutic antibodies,
iii) antibody engineering to develop therapeutic antibodies.
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Table 1. FDA approved antibodies for recent 2 years (lists are from https://www.fda.gov/)

Drug Name Active Ingredient Target Approval Date FDA-approved use on approval date*
Sarclisa Isatuximab CD38 3/2/2020 Multiple myeloma
Vyepti eptinezumab-jjmr Calcitonin gene-related 2/21/2020 For the preventive treatment of migraine in adults
peptide (CGRP) ligand
Tepezza teprotumumab-trbw Insulin-like growth factor ~ 1/21/2020 Thyroid eye disease
1 receptor (IGF-1R)
Enhertu fam-trastuzumab HER2 12/20/2019  Metastatic breast cancer
deruxtecan-nxki
Padcev enfortumab vedotin-ejfv ~ Nectin-4 12/18/2019  Refractory bladder cancer
Adakveo crizanlizumab-tmca Selectin P 11/15/2019  Painful complication of sickle cell disease
Beovu brolucizumab-dbll Vascular endothelial 10/7/2019 Wet age-related macular degeneration
growth factor (VEGF)
Polivy polatuzumab vedotin- CD79B 6/10/2019 Relapsed or refractory diffuse large B-cell
piiq lymphoma Adult patients
Skyrizi risankizumab-rzaa Interleukin 23A (IL-23a)  4/23/2019 Moderate-to-severe plaque psoriasis adult
patients who are in the systemic therapy or light
therapy
Evenity romosozumab-aqqg Sclerostin 4/9/2019 Osteoporosis in postmenopausal women at high
risk of fracture
Cablivi caplacizumab-yhdp von Willebrand factor 2/6/2019 Adult patients with acquired thrombotic
thrombocytopenic purpura (aTTP)
Ultomiris ~ Ravulizumab C5 12/21/2018  Paroxysmal nocturnal hemoglobinuria (PNH)
Gamifant ~ emapalumab- Interferon-gamma (IFNy) ~ 11/20/2018  Primary hemophagocytic lymphohistiocytosis
lzsgemapalumab-lzsg (HLH)
Libtayo cemiplimab-rwlc Programmed death 1 (PD-  9/28/2018 Cutaneous squamous cell carcinoma (CSCC)
1) receptor
Emgality galcanezumab-gnlm CGRP 9/27/2018 For the preventive treatment of migraine in adults
Ajovy fremanezumab-vfrm CGRP 9/14/2018 For the preventive treatment of migraine in adults
Lumoxiti moxetumomab CD22 9/13/2018 Hairy cell leukemia
pasudotox-tdfk
Takhzyro  Lanadelumab Kallikrein 8/23/2018 Types I and II hereditary angioedema
Poteligeo = mogamulizumab-kpkc C-C chemokine receptor 4  8/8/2018 Two rare types of non-Hodgkin lymphoma
Aimovig erenumab-aooe CGRP receptor 5/17/2018 For the preventive treatment for migraine
Crysvita burosumab-twza Fibroblast growth factor 4/17/2018 Adults and children ages 1 year and older with x-
23 (FGF23) linked hypophosphatemia (XLH), a rare,
inherited form of rickets
Ilumya tildrakizumab 1L-23 3/20/2018 Moderate-to-severe plaque psoriasis adult
patients who are in the systemic therapy or light
therapy
Trogarzo  ibalizumab-uiyk CD4 3/6/2018 HIV patients who have limited treatment options

2. Antibody Structure and Function

Antibody IgG is composed of two heavy chains connected
by disulfide bonds at hinge regions and two light chains.
The heavy chain is composed of four domains of VH-
CH1-CH2-CH3, and there is a hinge, which is a very
flexible linker between CH1 and CH2 domains [14,15].
The light chain consists of two domains, VL and CL, and
the last amino acid of CL, cys, forms a disulfide bond with
the heavy chain CH1 domain. Each domain belongs to the
immunoglobulin (Ig) domain family, and the general Ig
domain consists of 7 B strands and a loop connecting each
B strand (Fig. 1A). In the Ig domain of VH differ with that
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of the VL domain, both domains contain two short A
strands (A1 and A2) and additional C f strands (C’ and C")
comparing with other Ig domain [14]. Some of the loops
between J3 strands in VH and VL domain are complementarity-
determining regions (CDRs; BC loop: CDR1, C'C" loop:
CDR2, and FG loop: CDR3) which are hypervariable
regions and responsible for direct physical contact with an
antigen [14,15]. Six CDRs, three from each heavy and light
chain, provide a unique antigen specificity of antibodies
and act like fingers indicating the intensity of antigen-
binding [14,15]. Notably, the VH-CH1 / VL-CL portion
having antigen-binding properties is referred to as fragment
antigen-binding (Fab) regions. The constant region contains
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Fig. 1. Antibody nomenclature and structure. (A) The secondary structure of the general immunoglobulin domain. (B) Schematic
diagram depicting the basic structure of the antibody IgG. IgG consists of two light chains and two heavy chains. The light chain (shown
in light grey) consists of a variable (VL) and a constant (CL) domain, while the heavy chain (shown in dark grey) consists of a variable
(VH) domain and three constant domains (CH1, CH2, and CH3). The complementarity determining regions (CDR) in variable domains
govern antigen specificity, and the Fc domain modulates diverse immune functions through binding to FcyRs, complement C1q, neonatal
Fc receptor (FcRn), TRIM21, efc. (C) Immune complexes are capable to activate diverse effector functions, such as FcyR-mediated
ADCC and ACDP and complement mediated CDC, CDCC, and CDCP.

nearly identical amino acid sequences in all antibodies that
are categorized as the same isotypes, but it differs in
different isotypes. The isotype of antibodies defines the
class of a heavy chain, and there are five isotypes of
mammalian Ig heavy chain described by Greek letters: a,
d, &, v, and . These chains are respectively found in IgA,
IgD, IgE, IgG, and IgM antibodies. Moreover, heavy chains
v, o, and o carry a constant region consist of three tandem
Ig domains and a hinge region that giving flexibility. The
heavy p and € have a constant region composed of four
immunoglobulin domains [14,15], and the antibody's
constant domain determines the isotype of the antibody and
even plays a critical role in the immune system.

The IgG Fc domain, which is glycosylated at Asn297,
has a wide variety of functions because it recruits many Fc
binding proteins, including six Fcy receptors (FcyRs),
complement Clq, Fc receptor-like protein 5 (FcRLS),

neonatal Fc receptor (FcRn), tripartite motif containing-21
(TRIM21), and type II lectin receptors (Fig. 1B) [3,16-22].
The interaction of antibody Fc domains with Fc binding
proteins results in numerous cell phenotypes collectively
referred to as “effector functions™ [3,16,17]. The effector
functions are the main mechanisms of action for the
treatment of many therapeutic antibodies, particularly cancer
treatment and infectious diseases [3,10]. There are two
types of FcyRs involved in the removal of pathogenic cells
by leukocytes (Fig. 1B and 1C). Type I receptors include
FcyRI (CD64), FeyRIla/b/c (CD32a/b/c), and FcyRlIlla/b
(CD16a/b) belong to the immunoglobulin superfamily.
FeyRIle (CD16¢) expresses only about 15% of the total
population; FcyRIIIb (CD16b) is expressed only in
inactivated Polymorphonuclear (PMN) cells and has no
signal transduction domain. Type II lectin receptors (CD23,
CD209) have mainly immunomodulatory functions and are
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not directly involved in the killing of target cells [16,17].

The immune complexes (ICs), composed of an antibody-
opsonized pathogen activates several FcyRs to induce
Antibody-Dependent Cellular Phagocytosis (ADCP) or
Antibody-Dependent Cellular Cytotoxicity (ADCC) for
eliminating pathogenic cells [3,21,23] through intracellular
signaling by the phosphorylation of immunoreceptor
tyrosine-based activation motifs (ITAMs). Similarly, the
ICs activate several FcyRs to remove pathogens using
other mechanisms such as trogoptosis or the release of
cytokines and chemokines [24,25]. In addition, ICs recruit
the complement C1q proteins, which results in ICs activating
the classical complement pathway (Fig. 1B). The activated
complement proteins, C5-C9, form a membrane attack
complex (MAC) on the target cell surface, which induce
lysis the target cells, namely the Complement Dependent
Cytotoxicity (CDC). Furthermore, the activated complement
proteins, such as C3b or C5, would deposit on the target
cell surface and the deposited complement proteins are
capable of activating complement receptors (CRs) on
effector cells and causing Complement-Dependent Cellular
Phagocytosis (CDCP) or Cytotoxicity (CDCC) (Fig. 1B
and C) [18].

Antibodies are further classified based on the heavy
chain sequences. IgA has two subclasses (IgA1 and IgA2),
which contain three alleles, respectively, and IgG has four
subclasses (IgG1-4) (Fig. 1B). Although the four IgG
subclasses have more than 90% identical amino acid
sequences, each IgG subclass has a unique profile in terms
of structural characteristics, sites of antigen binding, immune
complex formation, complement activation, induction of

Table 2. Properties of human IgG subclasses

IgGl 1gG2 1gG3 1gG4
Amino acids in the 15 12 62* 12
hinge region
Inter-heavy chain 2 4 1n? 2
disulfide bonds
Mean adult serum 6.98 3.8 0.51 0.56
level (g/L)
Half-life (days) 21 21 7~21° 21
Clq binding ++ + +++ -
FeyRI -+ - bt ++
FeyRITag 3 ++ ++ b ++
FeyRlIlagys; ++ + -+ ++
FeyRIIb/c + - ++ +
FeyRlIllag s ++ - -+ -
FeyRITIayss ++ + -+ ++
FcyRIIIb +++ - -+ -
FcRn (at pH<6.5) +++ +H+ A

“Depends on allotype.
Binding activities of IgG subclass to each Fc receptor are from Bruhns
et al. and Lee et al. [20,127].
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FcyR, half-life and placental transport (Table 2) [11,18,20,
26-28]. Functionally, IgG1 and IgG3 are potent inducers of
Fc-mediated effector mechanisms such as ADCC, CDC,
and ADCP [3,16,17]. Since the IgG3p435r binds to FcRn at
both acidic and physiological pH conditions due to H435R,
which is key residues for interacting with FcRn, the 1gG3
has a limit in terms of serum half-life [29]. Nevertheless,
some individuals with G3m allogeneic “s” or “15” markers
(i.e, G3m (s) / G3m and G3m (st) / G3m allogenes) are
found to have an extended IgG3 [28,29]. However, the
extended serum half-life of IgG3-H435 does not improve
the anti-cancer effect in a mouse model. Compared to the
IgG3, the IgG2 has shown to be able to significantly induce
superior complement and Fc-receptor-mediated responses
to high-density epitopes such as polysaccharides but
generally induces more subtle responses [28]. The hinge's
stiffness of IgG2 may cause these unique biological
characteristics, and the rigid hinge can provide improved
agonistic activities of antibody IgG than that of the flexible
hinge [30-32], which is proper for agonist antibody. As a
representative example, Yu showed the importance of the
hinge rigidity in the agonistic activity of antibodies with
anti-CD40 antibodies [32].

Furthermore, antibodies have been shown to exhibit allelic
mutations (antibody-allotypes), which can differ between
individuals and ethnic groups. Currently, five human
immunoglobulins heavy constant (IGHC) genes, IGHG],
IGHG2, IGHG3, IGHA2, and IGHE genes, are identified
as antibody allotypes. Those are designated as Gm1, G2m,
G3m, A2m, and Em allotrope. Especially, the Gm poly-
morphism is determined by the IGHG1, IGHG2, and IGHG3
genes, which have alleles encoding allotypic antigenic
determinants referred to as Glm, G2m, and G3m allotypes
for markers of the human IgG1, IgG2, and IgG3 molecules
(no Gm allotypes have been found on the IGHG4). At
present, 18 Gm allotypes are known: G1m [1,2,3,17], G2m
[23], G3m [5,6,10,11,13-16,21,24,26-28] (Table 3). Moreover,
specific Gm haplotypes are found in distinct biological
human taxonomy. For example, Gm 5%;3;.. and Gm 5%;3;23
are typically shown in Caucasoids, whereas three Gm
haplotypes only occur in the Mongoloids: Gm 15,16*;1,17;..
largely in the northern hemisphere, and Gm 5%;1,3;.. and
Gm 5%;1,3;23 in the southern hemisphere. Especially, the
whole set of Gm haplotypes in the Negroids is unique,
while the Caucasoids and mongoloids have two haplotypes
in common, Gm 21%;1,17;.. and Gm 21%*;1,2,17;.. [33].

Some antibody allotypes have been proven to be immuno-
genic, and this can induce the anti-allotype reaction during
therapeutic monoclonal antibodies treatment. Therefore, it
may crucial to consider the way to reduce their immuno-
genicity during therapeutic antibody development. Therapeutic
antibodies are mostly based on the IgG1 isotype, so some
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Table 3. The isotypes, subclasses, and alleles of immunoglobulin heavy chain in humans
Isotype IgM IgA IgE IgG
Subclass IgAl IgA2 IgG1 1gG2 1gG3 IgG4
Allotype A2ml Glml D12, L14 or G2m23 V45.1 G3m5 R115,F116 or
[or GIm(a)] E12,M14  [or G2m (n)] [or G3m (b1)] HI15, Y116
A2m2 Glm2 G110 G3m6 S44, E98
[or GIm(x)] [or G3m (c3)]
G1lm3 R120 G3m10 S44, 1101
[or GIm(f)] [or G3m (b5)]
Glm17 K120 G3mll1 S44 or N44
[or GIm(z)] [or G3m (b0)]
G1m28 R115, Y116 G3ml3 S44, Q98
[or G3m (b3)]
G3m14 Mg4,
[or G3m (b4)] RI115,F116
G3ml5 M39, H115,
[or G3m (s)] Y116
G3ml16 W83
[or G3m ()]
G3m21 L82 or P82
[or G3m (gl)]
G3m24 S44, V101
[or G3m (c5)]
G3m26 R115
[or G3m (u)]
G3m27 1101
[or G3m (V)]
G3m28 R115, Y116
[or G3m (g5)]

Antibody nomenclature is based on the IMGT database (http://imgt.org/) IMGT numbering was used).

of them contain potential immunogenicity. Thus, the constant
regions of the gammal chains are often engineered to
replace the G1m3 allotype into less immunogenic Glm17
(CH1 R120 > K) (G1m17 more extensively found in different
populations) [33]. Recently, the anti-drug antibody response
of adalimumab or infliximab was reported, but the correlations
of allotype and anti-drug antibody responses are not clear
until now [34]. So far, we are not fully aware of the
immunological effects of these antibody allotypes because
they have not yet been reviewed by modern technology.
Antibody allotypes include the number of unknown variants,
and how often they appear within and between groups.
Antibody allotypes may have functional consequences
affecting expression levels, half-life, effector functions by
FcyRs or complement, Fe:Fc interaction and immunogenicity.
It may have significant consequences for antibody-mediated
immunotherapy. For instance, a recent study by Gestur
Vidarsson research group demonstrated that the IgG3 allele
has different ADCC activities while other 1gG1, IgG2, and
IgG4 allotypes did not show a significant difference [35].
Additionally, the IgG allele did not affect CDC activities
[36].

3. Antibody Discovery

There are four primary techniques for antibody discovery
technologies, which including i) mice immunization followed
by hybridoma generation [5,37], ii) transgenic mice
genetically engineered for producing human antibodies
[38], iii) human B-cell repertoire technology [39,40], and
iv) in vitro methods such as phage display, yeast display,
ribosome display, bacterial display, mammalian cell surface
display, and mRNA display [41-43].

Since Kohler and Milstein introduced the hybridoma
method in 1975, the animal immunization became one of
the most commonly used techniques for mAbs development,
and various other techniques are often combined with the
animal immunization. For example, mouse immunizations
followed by hybridoma screening, bacterial display techniques,
or single B-cell screening are widely used (Fig. 2) [39,42-
44]. Typically, a fusion of mouse B cells from the spleen
with myeloma cells to generate hybridomas can be used for
functional screening, such as ELISA assay [45,46]. However,
even with automation, it is a slow process that does not
comprehensively characterize the mouse antibody repertoire
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Fig. 2. Antibody discovery by animal immunization. The B cells harvested from spleen and blood, after immunization, can be
immortalized by fusion with myeloma cell lines, as in traditional hybridoma techniques. The hybridomas can then be screened for
specific antibodies by high throughput screening methods, biopanning, efc. The specific antibodies can be isolated by other methods,
such as antibody libraries with display techniques. Finally, the specific antibodies can be discovered by the next-generation sequencing

technology.

and can only analyze thousands of antibodies [45,47-49].
In bacterial display techniques, individual heavy and light
chain genes and sequences, expressed on the bacterial
surface, are obtained through polymerase chain reaction
(PCR) of B cells in bulk and/or high-throughput sequencing
of B cells in bulk. Then, the antibody libraries are screened
with multiple rounds of fluorescence-activated cell sorting
(FACS) for isolating antigen-specific binders. However,
such methods have limitations that often result in antibodies
with low selectivity and inferior biophysical properties
compared to authentic human immunoglobulins due to the
non-cognate pairing of heavy and light chain immunoglobulin
(Ig). The single B-cell sequencing technologies with the
natively paired VH:VL antibody repertoire based on next-
generation DNA sequencing (NGS) technology can overcome
these limitations. To construct the cognate paired VH and
VL gene, VH and VL ligation can be achieved by two-
steps; i) single-cell emulsion lysis and ii) oligo-dT capture
of VH and VL mRNA and reverse transcription (RT) and
overlap-extension (OE) -PCR steps. The amplified VH and
VL genes are displayed on the yeast surface as a Fab
format, and then target-specific mAbs could be isolated by
FACS [44]. However, mice may not be able to produce
high affinity and/or non-specific antibodies against human
proteins that are evolutionarily conserved compared to that
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of mice by B cell tolerance [50,51]. The reason is that
human proteins are often recognized as self-antigens in
mice, which can be solved by using animals that are
evolutionarily distant from human beings. Various animals
have been used for this purpose but were not routinely used
to obtain mAbs, due to difficulties in establishing immor-
talized antibody-producing cell lines by hybridoma, viral
transformation, or reprogramming [52-54]. In addition, a
variety of state-of-the-art technologies are being developed.
The most representative method is the high-throughput
single-cell screening of IgG-secreting primary plasma B
cells, which characterize the binding activities of antibodies
against antigens [55,56].

Contrarily, the human combinatorial antibody library
based on phage, Escherichia coli (E. coli), ribosome, or
yeast display can provide several advantages over animal-
based methods, particularly because of the low cost, high
flexibility, and time-efficiency. More importantly, there is
no step for eliminating self-reactive B cells, and therefore
high affinity and/or specific antibodies against human
proteins can be discovered unlikely in animal immunization
methods. Based on the antibody sequence source, the
antibody libraries can be classified as immune, naive, or
synthetic antibody libraries. Immune antibody libraries
include antibodies with superior affinity to the target



Development of Therapeutic Antibodies and Modulating the Characteristics of Therapeutic Antibodies to Maximize --- 301

relative to naive or synthetic antibody libraries because the
antibody genes and sequences are obtained from B cells of
immunized animals. However, as mentioned above, there
is a B cell tolerance issue [50,52]. The use of naive antibody
libraries is derived from germline sequences, genes
rearranged from various naive B cell sources, or synthetic
antibody libraries that allow the selection of high-affinity
antibodies against various antigens, including non-
immunogenic or self-antigens [57-59]. Various synthetic
antibody libraries have been constructed and reported.
Recently, the diversity of CDRs was introduced by codon-
based mutagenesis at specific positions within CDRI,
CDR2, and CDR3 sequences based on the BCR sequences
of naive human B-cells [60-62]. However, these antibody
libraries generally use one or a few frameworks, thus
losing the structural diversity of native antibodies that
gives the CDRs a unique form that is thought to broaden
the range of epitopes recognized for the target [60-62]. In
addition, the isolated antibodies usually do not have high
affinities against target molecules due to the lack of
somatic hypermutations [60-62].

4. Antibody Engineering

The antibodies also can be engineered to obtain desired
characteristics of selected leading candidates such as high-
affinity against a target, low immunogenicity, improved
effector function, improved protein production, improved
stability, and others [63-66]. Depending on the antigen’s
location, antigens of monoclonal antibodies can be classified
into two groups: membrane-bound antigen and soluble
antigen [9]. FDA-approved monoclonal antibodies mainly
target membrane-bound antigens, which include tumor
surface markers (HER2, CD20, and CD19), tyrosine kinase
receptors (EGFR and VEGFR), and cytokine receptors (IL-
6 receptor) [1,9]. As soluble antigens, there are the cytokines
(TNFa, IL-6, IL-12, and IL-17), growth factors (VEGF)
and other soluble disease mediators (IgE and C5) [1,9,64].
Moreover, bispecific antibody development has also been
developed along with antibody engineering, and the current
bispecific antibody aimed not only targeting two molecules
but also engineered the Fc region of an antibody to induce
enhanced or reduced effector function. After discovering
therapeutic antibody candidates using the above methods,
the next step is ‘optimization of antibody efficacy.’
Increasing the binding affinity against an antigen by
‘affinity maturation’ in vivo or in vitro has been the most
common approach to improve the antibody efficacy [67,68].
However, in recent years, various methods have been used
to improve the efficacy of antibodies [69-72].

4.1. Affinity maturation

Affinity maturation based on antibody CDR engineering
can have various benefits: reduced doses, fewer side effects,
and low-cost [73]. In general, therapeutic antibodies are
expected to have a strong affinity of sub-nM for their
antigen, and it is common to repeat the affinity maturation
cycle once or multiple times to develop therapeutic
antibodies [74]. There are three methods to enhance the
affinity of antibodies: in vitro, in silico, and next-generation
DNA sequencing (NGS) [67]. For in vitro affinity maturation,
antibody libraries are constructed by random mutagenesis
such as error-prone PCR and primers with degenerated
codons, or targeted mutagenesis such as site-directed
mutagenesis or alanine scanning [75,76]. Recent advances
in antibody 3D structure prediction technology have led to
the development of new methods for affinity maturation.
One of the most important advantages of this in silico
method is that all variants designed in the virtual library are
enormous (~10*) and can be retrieved in a short time [77].
In contrast, in vitro method only explores about 10'
candidates (limit of antibody surface display method), and
the library screening process will take several weeks as
well [78]. Finally, the NGS was combined with a protein
display method (phage, E. coli, yeast, or ribosome system)
to analyze a huge library produced by mutagenesis techniques.
NGS technology, coupled with a protein display method,
has made it possible to analyze vast numbers of single
clones from antibody libraries generated by mutagenesis
techniques. The conventional in vitro method analyzed
about 10%-10° single clones using Sanger sequencing
technology to select the final clone. However, the NGS
technology provides much deeper insight into the diversity
of libraries provided by more than 107 sequences and
provides us a deeper understanding of the immune system
and engineering of antibody structures with antibody
modeling technology [79].

4.2. Soluble antigen targeting antibody

In general, antibodies targeting cytokines aim to bind to the
target cytokine and interfere with the interaction between
the cytokine and the receptor. Since the antibody IgG has
two Fab arms, it can inhibit two cytokines. In other words,
the concentration of the antibody injected for therapeutic
purposes should be at least half the concentration of the
target cytokine present in the blood to inhibit the effect of
the target cytokine completely. These characteristics of
cytokine-blocking antibodies may have two potential
limitations [80]. First, if the antigen concentration is too
high, the required amount of antibody would be very high
so that the therapeutic antibody will not be able to fulfill its
role. Second, the antigen-binding antibody would circulate
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Fig. 3. Antibody engineering to develop a “sweeping antibody”.

in the blood due to the FcRn-mediated antibody IgG
recycling mechanism, resulting in an increase in antigen
concentration in the blood. A newly developed antibody,
“the sweeping antibody,” which can solve these problems
and works with the following mechanisms (Fig. 3) [70,80-
82]; 1) Binding to antigen in blood 2) Due to the isoelectronic
point (pI) or the exposed positive charge clusters of the
engineered sweeping antibody, it exists near the inner wall
of the blood vessel, so it has a relatively high probability of
pinocytosis. 3) After pinocytosis, a change in pH and ca
concentration occurs in the endosome, resulting in separation
of antigen and antibody. 4) Antigen without FcRn binding
ability by endosomal sorting is the lysosomal pathway, and
antibody with FcRn binding ability moves out of the cell
through exocytosis. 5) The antibody moved out of the cell
performs the role of step 1 again.

Unlike conventional blocking antibodies, the sweeping
antibodies can ‘sweep’ target molecules from the blood
continuously rather than once [80]. So, the sweeping antibody
should have the following two properties; 1) binding to the
antigen only in the blood and be separated from the antigen
in the early endosome, 2) positive charge cluster or the
positive net charge of the antibody to be located near the
endothelium. To optimize the function of the sweeping
antibody, two additional properties are required. The Better
serum half-life of antibodies induces longer therapeutic
antibody persistence in blood so that it will cause effective
clearance of antigen by the sweeping antibody [70]. The
significant role of the sweeping antibody is inhibiting the
interaction between the antigen and its receptor and clearing
the antigen in the blood. Thus, some Fc-mediated functions
are not necessary, and other Fc-mediated function needs to
be enhanced. For example, the enhanced serum half-life of
sweeping antibody will induce enhanced therapeutic
efficacy, but the sweeper antibodies do not need Fc
receptor-mediated effector functions; therefore, the binding
activities of the sweeper antibodies need to be removed
[70]. Other engineered Fc variants that have decreased
effector functions or enhanced serum half-life are listed in
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Table 4. Of these, three Fc variants are notable. Two Fc
variants, TM-YTE (L234F/L235E/P331S-M252Y/S254T/
T256E) and FQQ-YTE (L234F/L235Q/K322Q/M252Y/
S254T/T256E) have extended serum half-life and non-
detectable ADCC and CDC activities and other Fc variant,
IgG20, does not bind to FecyRs and Cl1q binding activities
at all even in the form of immune complex mimic [83,84].

4.3. Cell surface antigen targeting antibody
Receptor-targeting antibodies perform one of three roles; a
receptor antagonist, a receptor agonist, or a linker between
pathogenic and effector cells [1,10,23,85]. As mentioned
earlier, antibody IgG has a wide variety of functions, but
when acting as an antagonist, most of those functions are
unnecessary because the consequence of FcyR and
complement-mediated effector functions is usually the
death of target cell. Therefore, after FDA first approved
nivolumab in 2014, many PD-1 blockade antibodies have
been developed based on IgG4, which has a relatively
weak effector function than IgG1 due to the above reasons
[86-88]. However, IgG4 is still capable of recruiting
several effector cells via Fc receptors, which can kill target
cells and induce diverse immune responses such as ADCC,
ADCP [89], CDC, CDCC, CDCP [18], trogocytosis [24],
and NETosis [90,91]. Importantly, the recent research
reports that PD-1 antibodies bound to T-cell in a tumor
microenvironment induce trogocytosis by FcyR, which can
remove antigen-antibody complex [92].

In contrast to antagonist antibodies, the agonistic antibodies
need different functions comparing with the antagonistic
antibody because the agonistic antibody is desired to
activate the signaling of cell surface receptors. IgG has two
Fab arms and IgG Fc domain interacts with other IgG Fc
domain so that the receptor bound IgGs can form clusters on
the cell surface and induce the multimerization of receptors
[93]. This multimerized receptor-bound IgG complexes
can enhance the signaling transduction. The hexabody,
which is developed by Genmab, is very suitable for this
purpose [71,94,95]. The hexabody technology was developed
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Table 4. The list of the engineered Fc variants
Engineering and intended function Mutation Reference
Remove eftector functions

Aglycosylated N297A or N297Q or N297G or T299L [18,128,129]

Reduced FcyR and Clq binding IgG1: L234A/L235A; IgG4:F234A/L235A [130]
1gG2: H268Q/V309L/A330S/P331S [131]
1gG20 (V234A/G237A/P238S/H268A/V309L/A330S/P331S) [83]

Reduced FcyR and Clq binding and Enhanced TM-YTE (L234F/L235E/P331S-M252Y/S254T/T256E) [132]

pH-dependent FcRn binding FQQ-YTE (L234F/L235Q/K322Q/M252Y/S254T/T256E) [132]

Enhance ADCC

Increased FcyRlIlla binding, Decreased FcyRIIb binding ~ S239D/1332E/A330L [104]

Increased FeyRlIlla binding S239D/1332E [104]
F243L/R292P/Y300L/V3051/P396L [133]
S298A/E333A/K334A [134]
A chain: 1234Y/L235Q/G236W/S239M/H268D/D270E/S298A  [105]
B chain: D270E/K326D/A330M/K334E

Added FcoR binding IgG1/IgA “cross-isotype” antibody [72]

Enhance ADCP

Increased FcyRlIla binding, Increased FcyRllla binding G236A/S239D/1332E [107]

Increased FeyRlla binding S298G, T299A, N390D, E382V, M428L [108]

Added FcoR binding 1gG1/IgA “cross-isotype” antibody [72]

Enhance CDC

Increased C1q binding K326W/E333S [135]
S267E/H268F/S324T [109]
IgG1/1gG3 cross subclass [136]

Increased & selective C1q binding T299L/K320E/Q386R [18]

Increased C1q binding via hexamerization E345R/E430G/S440Y or E345R [71]

Increase serum half-life

Enhanced pH-dependent FcRn binding M252Y/S254T/T256E [114]
H433K/N434F [115]
M428L/N434S [111]
L309D/Q311H/N434S [20]

Decrease serum half-life

Enhanced FcRn binding activity at both pH
Selective Fc receptor binding
FeyRI-binding

FeyRlIlla-binding

Increased & selective C1q binding

M252Y/S254T/T256E/H433K/N434F

E382V/M4281
S239T, P248L, V264E, V282M, T299A, L309Q, A378V
T299L/K320E/Q386R

[137]
[21]
[18]

based on an engineered Fc domain to improve Fc:Fc
interaction. For instance, IgG-E345R forms hexamer only
on the cell surface, but IgG-RGY (E345R/E430G/S440Y)
has a much stronger Fc:Fc interaction than that of IgG-
E345R and forms hexamer in solution [71,94]. Therefore,
0X40, 4-1BB, CD37, DR4, and DR5 could be suitable
target receptors because one hexabody theoretically binds
to twelve target receptors on the cell surface and forms the
signaling cluster, thereby maximizing signal transmission
by the target receptor [95]. Currently, HexaBody®-DRS5/
DRS5 and DuoHexaBody®-CD37 (GEN3009) are under
clinical trial [96]. Anti-CD40 antibodies took a different
strategy instead of hexabody technology to multiply CD40
on the cell surface [30,97]. CD40-bound antibodies recruit

leukocytes expressing Fc receptors through the IgG Fc
domain and the multimerized Fc receptor could induce the
oligomerization of CD40. For this Fc receptor-mediated
oligomerization, FcyRIIb is supposed to be the most crucial
receptor [98,99], and thus the CD40 antibody had been
developed in the form of IgG2, which has similar FcyRIIb
but weaker other FcyR binding activities comparing to
IgG1 [30].

Finally, the therapeutic antibody can play a role as a
linker between the pathogenic cell, and the effector cell.
The Fab domain of antibody IgG is generally bound to a
pathogenic cell-specific marker, and the antibody IgG Fc
domain recruits effector cells through the Fc receptor [17].
Activated effector cells by several Fc receptors can activate

@ Springer



304

Biotechnology and Bioprocess Engineering 26: 295-311 (2021)

VH

VL

FcyRs &

Glycan
at N297

Glycoengineering

Fc:Fc interaction
- eg. Hexamerization

Fig. 4. Possible Fc engineering to modulate Fc-mediated functions.

effector functions [18,21,24,25] and the improved effector
functions can be achieved by increasing affinity for FcyR
through site-specific mutation of the Fc domain or
glycoengineering of a single sugar chain (N-glycan) attached
to N297 of the Fc domain [3,5,99]. For glycoengineering,
afucosylated antibody is the most successful example. The
absence of core fucose on Fc N-glycans has been shown to
increase ADCC activity by 40-80 fold increase in IgG1 Fc
binding affinity for FcyRIlla present on immune effector
cells such as natural killer cells (NK cells) [100] and
afucosylated IgG approved by FDA in Japan in 2012 and
USA in 2018 [69,102]. On the other hand, a high level of
terminal sialylation is associated with reduced inflammation
[69].

For site-specific mutation of the Fc domain, there are
several ways to modulate the Fc-mediated effector function,
including point mutations, bacterial or yeast display, and
asymmetric Fc engineering (Fig. 4). Each Fc variants
modifying Fc-FcyR interaction and the effector functions
are listed in Table 4. Generally, Fc engineering has been
focused on increasing FcyRlIlla binding activity of the Fc
domain because FcyRllla is the most potent Fc receptor for
mediating ADCC and NK cells, the most important
contributor to ADCC, express only FcyRlIlla [102,103].
Briefly, according to the research conducted by Lazar, they
engineered a series of Fc variants with optimized FcyR
affinity and reported that S239D/I332E and S239D/I332E/
A330L as two Fc variants with enhanced ADCC activity
[104]. In addition, Mimoto designed Fc variants with an
asymmetrically engineered Fc domain by introducing
different amino acid substitutions in each Fc polypeptide
chain (A chain: 1234Y/L235Q/G236W/S239M/H268D/
D270E/S298A and B chain: D270E/K326D/A330M/K334E)
which has more than 1000-fold enhanced affinity to the
FeyRlIllay,sg and more than a 2000-fold enhanced affinity
to the FeyRlllagsg with enhanced ADCC activity [105].
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Moreover, FcyRlla is a potential target receptor for enhancing
ADCP because FcyRlIla is known as a key receptor for
ADCP and has a higher expression level than that of
FeyRllla in the macrophages [106]. The Fc engineering for
enhancing ADCP had been focused on increasing the
FeyRIla-binding activity of the Fc domain [107,108].
However, a recent study showed that the contribution of
FeyRlIlla in ADCP might be equivalent to that of FcyRlIla
[21]. There were other efforts to enhance Fc-mediated
effector functions by increasing complement binding activity
and complement-mediated effector functions are key
effector functions of anti-CD20 therapeutic antibodies such
as Rituximab and Ofatumumab [12,18]. Moore developed
the EFT-Fc variant (S267E/H268F/S324T) with 47-fold
enhanced Clq binding activity and 6.9-fold CDC activity
comparing with that of wild type IgG1 [109]. On the other
hand, Lee developed the A801-Fc variant (T299L/K320E/
Q386R) that increases C1q binding activity but does not
bind to all human and murine FeyRs at all [18]. Additionally,
the hexabody has greatly enhanced C1q binding activities
and CDC activity over IgG1 due to avidity [71]. However,
since the hexamerized IgG can induce unwanted complement
activation in the blood, the researchers had studied to find
the appropriate Fc:Fc interaction strength to form a
hexamer only on the cell surface and found that IgG-
E345R forms hexabody only on the cell surface unlikely
IgG-RGY [71,110].

4.4. Engineering pharmacokinetics

There are several reasons why antibody IgG is most
commonly used as a therapeutic protein, but one of the
reasons is that antibody IgG has a much longer half-life (~
21 days) in blood compared to that of other serum proteins
due to the FcRn-mediated recycling of antibody IgG. The
enhanced serum half-life of an antibody can provide several
advantages, which include less frequent administration and
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reduced doses, which can bring improved patient compliance
and lower costs. In some cases, better PK enhances the
therapeutic efficacy of anti-cancer antibodies [111]. Briefly,
IgG is recycled by the following steps; 1) antibodies and
other serum proteins are internalized by vascular endothelial
cell pinocytosis, 2) acidification of endosome and interaction
of FcRn and IgG (highly localized FcRn in early endosome),
3) endosomal sorting of FcRn-bound IgG vs. FcRn-unbound
proteins, 4) exocytosis of FcRn-bound IgG but lysosomal
degradation of FcRn-unbound proteins, and 5) re-endocytosis
of un-released IgG that failed to release from FcRn during
exocytosis [112]. Therefore, for efficient FcRn-medium
IgG recycling, the ability to bind to FcRn strongly at
endosomal pH (about 6) and dissociate from FcRn quickly
at physiological pH are important [20,113]. There were
diverse efforts to develop the engineered Fc variant, which
has enhanced serum half-life and were a few successful Fc
variants, such as YTE-Fc, LS-Fc, KF-Fc, and DHS-Fc
[20,111,114,115]. These four Fc variants showed 4-6 folds
extended B-phase serum half-life in human FcRn transgenic
mice comparing with that of wild type IgG [20,111,114,115].
For LS-Fc, ravulizumab, a complement C5-inhibiting
antibody with a serum half-life of ~50 days, was FDA-
approved for paroxysmal nocturnal hemoglobinuria, and
VRC-HIVMABO080-00-AB (VRCO1LS), with broad HIV-
1 neutralizing activity, is under clinical phase Ib/2a [116].
For YTE-Fc, MEDI8897, a respiratory syncytial virus
(RSV)-neutralizing antibody was shown to have a serum
half-life of ~70 days in infants in a phase 1b/2a study
[117]. On the other hand, the FcRn binding ability of the Fc
domain can be engineered in different ways. For example,
‘Abdeg’ has substantial FcRn-binding activities to FcRn at
both acidic and physiological pH, so it is capable of
inducing fast clearance of endogenous IgG by blocking
FcRn-mediated recycling of endogenous IgG for clearing
pathogenic IgG (e.g., Autoantibodies) in severe autoimmune
diseases [118,119].

5. Bispecific Antibodies

Since Nisonoff and his colleagues first demonstrated two
different antigen-binding sites containing bispecific antibody
(bsAb) in 1961, the development of bsAb has been evolved
along with antibody engineering and biology. Currently,
two bsAbs are commercially available (emicizumab and
blinatumomab), and over 100 bsAbs are in clinical develop-
ment [120]. As the term describes its name, bsAbs are
designated to recognize two different epitopes or antigens.
Notably, numerous formats provide different characteristics
toward targets. Generally, natural antibodies hold two
antigen-binding sites that are identical and comprise

determinants from VH and VL domains. So, the different
strategies are demonstrated to develop different formats of
bsAbs, including asymmetric, symmetric, and fragment-
based formats. The different formats of bsAbs can affect
manufacturing, valency, Fc-mediated effector functions, and
in vivo half-life [121].

Asymmetric formats are achieved by forcing proper
heavy and light chain pairing and/or heavy chain hetero-
dimerization during the co-expression process for the four
polypeptide chains. However, the HL chain mispairing
may occur during production, so the alternative approaches
that promote heavy chain heterodimerization by mutation,
such as sperate expression of both specificities as half-
molecules; parent antibodies through post-production
assembly or recombinant half-molecules [121]. With these
strategies, one or two specific binding sites (1+1 or 1+2)
can be constructed (Fig. 5). Symmetric formats are designed
by fusing antibody fragments to native antibody molecules
through co-expression of one to two polypeptides chains.
So, most of the symmetric formats composed of two specific
binding sites (2+2) designs. However, the additional
antibody fragments may bring improper properties, such as
loss of stability and reduced solubility, because these
additional antibody fragments differ the size and antibody
architecture. Thus, this can be causative of the impairment
in physicochemical and/or pharmacokinetic. Therefore, the
optimization of linker length and domain position is required
for the optimal engagement of symmetric bsAbs. In contrast
to the asymmetric and the symmetric formats, fragment-
based formats can be established by a simple combination
of multiple antibody fragments, which can construct into
1+1, 1+2, and 242 fragment-based structure. Since they do
not contain the Fc region, this allows high yield and
reduced costs during production. However, the absence of
the Fc region may cause a reduced half-life and lack of
effector functions.

These distinct formats of bsAbs from three strategies
obtain various obligate mechanisms based on sequential
binding of the two binding domains, including in-trans
binding, in-cis binding for inhibition or activation, co-factor
mimetic, and piggybacking [121]. The in-trans binding
concepts of obligate bsAbs induce exclusive activation of
the effector cells in the presence of target cells. For example,
MGDO014, currently on phase I trial, is intended to redirect
and/or to activate T cell by targeting CD3 molecules and
the HIV-1 envelope [122]. On the other hand, an in-cis
binding mechanism aims to crosslink the specific cell
surface receptors, which can induce either inhibition or
activation. As representative bsAbs, BFKB8488A is currently
on clinical trial phase II, and PRV-3279 has completed
phase 1. These bsAbs target two molecules on the specific
cell surface. For instance, the PRV-3279 is diabody format
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bsAbs that target the CD32b and CD79b on the surface of
B lymphocyte and inhibit effector function from mediating
immune-mediated disorders [123]. Also, the blinatumomab
is one of the approved bsAbs which contain fragment-
based tandem scFv 1+1 format. This specific bsAb can
target CD19 and CD3, which allow cytotoxic T cell
function toward malignant B cells [124]. Furthermore,
bsAbs can be functioned as co-factor mimetic, which can
produce precise enzyme and substrate positioning. For
instance, one of commercially available bsAbs, emicizumab,
is the asymmetric 1+1 hetero H cL. IgG4 with hinge-
stabilization and pl-engineered format and designated to
alternate a critical clotting factor in the treatment of
hemophilia. The structure of this bsAb imitates the co-
factor FVIII function, and this allows the binding to FIXa
enzyme and FX zymogen, which can mediate proper
positioning and induce FIXa-catalysed FX activation [125].
Lastly, the bsAb under piggybacking mechanisms provide
the translocation of binding arms to inaccessible cellular
compartments. For instance, the Vobarilizumab is the
fragment-based bsAb, which contains tandem Vi [anti-
IL6 and anti-human serum albumin (HAS)]. This significant
structure and design allow the bsAb to penetrate into tissue
and inhibit the IL-6 mediated inflammatory parameters
while anti-HAS binding site allows prolonging half
extensions [126].

6. Conclusion

IgG has several binding molecules, including antigen, six
FcyRs, complement Clq, FcRn, FcRLS5, TRIM21, etc.
However, we still do not understand the precise role in
antibody functions. To improve therapeutic efficacy, we
need a deeper and accurate understanding of the antibody
and its functions. An efficacious strategy in the development
of therapeutic antibodies will be obtained when using
antibodies with each function of the antibody adjusted to
the characteristics of each disease based on an accurate
understanding of the various functions of IgG. Furthermore,
applications of bispecific antibodies analogies also can be
a future-oriented approach. Currently, two bsAbs are
available in markets, and 100 of them are in clinical trials,
bsAbs design and development also become a fascinating
opportunity for novel antibodies as well as antibody
engineering.
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