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Editorial on the Research Topic
Antibody Fc Engineering: Towards Better Therapeutics

Efficacy of monoclonal antibodies (mAbs) attributes to both the antigen-binding fragment (Fab)
and crystallizable fragment (Fc). Fc, which naturally exists in mAbs but also functions as skeleton
in Fc-fusion proteins, can be engineered to possess unique properties and various applications. This
collection combines six reviews (Li et al.; Saxena and Wu; Liu et al.; Yang et al.; Ha et al;; Jiang et
al.) with three original research articles (Wang et al.; Ye et al.; Okagawa et al.) together to provide
substantial knowledge of Fc engineering approaches to regulate effector functions, to extend serum
half-life by modification of neonatal Fc receptor (FcRn) binding, to heterodimerize of Fc for design
of new Fc formats and to monomerize Fc for improved druggability and novel applications.

Two reviews thoroughly offer an extensive perspective on traditional Fc engineering methods,
namely glycoengineering and site mutagenesis (Li et al; Saxena and Wu). These two methods
affect mAbs effector functions by modulating the Fc-FcyRs and FcRn interactions. To affect these
interactions, glycoengineering and site mutagenesis both alter either Fc conformations or interfaces
of interaction. Li et al. give a detailed review of the biology of IgG-Fc N-glycans (their structures,
biosynthesis, and efficacy on mAbs effector functions), the strategies to re-model glycosylation
(host cell engineering and chemo-enzymatic glycosylation remodeling), and the discussion of two
novel mAbs formats (aglycosylated mAbs and Fc glycan specific antibody-drug conjugates). In the
other review, Saxena et al. discuss the modulation of mAbs effector functions and serum half-life
(Saxena and Wu). To begin with, a detailed description is given to present differences among Fc
receptors. Then Saxena et al. summarize the strategy of modulation of mAbs effector function and
pharmacokinetics by Fc engineering. At the end of their article, recent Fc engineering-based mAbs
under clinical trials are extensively reviewed.

Currently, apart from Fc engineering at certain amino acids, novel Fc variants are designed to
meet the requirements of new antibody scaffolds. The novel variants could derive from recent
technologies, such as display-based strategies. Two reviews and one original research article
highlight the intense interest in the development of monomeric and heterodimeric Fc (Liu et al;
Ha et al.; Wang et al.) There are two side effects that hinder the application of Fc-fusion proteins.
The first side effect is the homodimeric nature of IgG1 Fc; the other is non-specific binding of Fc
variants.
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In order to solve the two problems above, heterodimeric and
monomeric Fc are designed. Heterodimeric Fc is designed to
address the heavy chain mispairing issue of bispecific antibodies
(bsAb) while retaining biophysical and biological properties of
the wild-type Fc. Ha et al. firstly focus on the literature of the
design and application of heterodimeric Fc (Ha et al). There
are four approaches to design the heterodimeric Fc, namely (i)
symmetric-to-asymmetric steric complementarity design (e.g.,
KiH, knobs-in-holes), (ii) charge-to-charge swap (e.g., DD-
KK), (iii) charge-to-steric complementarity swap plus additional
long-range electrostatic interactions (e.g., EW-RVT), and (iv)
isotype strand swap [e.g., strand-exchange engineered domain
(SEED)]. Noteworthily, the pioneering KiH approach’s patent
is expired and, as a result, widely implemented in current
clinical trials. Two different antigen binders could attach to
heterodimeric Fc at the N- and/or C-terminus of each Fc chain.
This contributes to the creation of various heterodimeric Fc-
based antibodies with divergences in specificity, binding valency
and binding geometry. Ha et al. then describe a promising
scaffold for the next generation of Fc-fusion proteins and
cytokines. The authors specified that, in tumor-targeting IgG-
based immune-cytokines, in comparison with homodimeric Fc-
fused cytokines, the heterodimeric Fc-fused cytokines could
reduce the associations with immune cells, which substantially
lead to tumor tissue accumulation. This process minimizes
systemic toxicity, and further facilitates their development as
therapeutics.

Wang et al. report monomeric Fc with half size of IgGl
Fc, significantly lower non-specific binding while retaining
FcRn binding (Wang et al.). The phage display library-based
technology was utilized to combine rational with random
scanning mutagenesis of Fc residues which have been previously
identified to impact the Fc dimerization or FcRn binding by
the same group. In addition to their latest effort to acquire
monomeric Fc, Protein G magnetic beads were introduced
to exclude the non-specific binders among the Fc variants.
Therefore, this approach could simultaneously identify the
monomeric Fc variants (mFc) with low non-specific binding.
Moreover, Wang et al. describe the decisive roles of T366R and
L368H mutations in creating monomeric status. Importantly,
the size of mFc is only half compared with the wild-type
Fc while retaining FcRn binding. Consequently, the efficacy
of mFc-based fusion proteins and antigen binders could
benefit from enhanced tissue penetration and wider range of
potential targets.

Recently, some small antibody fragments (e.g., nanobody,
human single-domain Ab, scFv, Fab, BITE) and bsAb fragments
are designed that have the ability to penetrate better into
tissues compared to IgG. However, their small size leads to

shorter serum half-life. Besides, these novel formats, derived
from IgG, suffer from low solubility and aggregation. Thus, Fc
engineering could provide a platform to solve the druggability
issues of novel antibody fragments. For instance, the engineered
monomeric Fc could be a potential solution based on the
minimized non-specific binding, high solubility, high vyield,
high thermostability, and long in vivo half-life. Liu et al. also
review recent advances in the therapeutic potential of bispecific
molecules and small novel Ab fragments (Liu et al.). The authors
then summarize two key approaches to optimize bsAb, namely
structural and physicochemical optimization. In another article
reviewed by Yang et al. the authors provide the overview on
strategies applied on engineering physicochemical properties
of Fc.

Regarding to Fc engineering, only a considerably small
portion of Fc-fusion proteins have been approved by FDA to date.
Fewer Fc-based antigen binders are in clinical studies. However,
according to our collection, Fc engineering have become critical
tools in both traditional and novel scaffolds of mAbs, and more
regulatory approval of Fc engineering-based therapeutics would
be expected shortly.
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Crystallizable Fragment
Glycoengineering for Therapeutic
Antibodies Development

Wei Li*, Zhongyu Zhu, Weizao Chen, Yang Feng and Dimiter S. Dimitrov*

Protein Interactions Section, Cancer and Inflammation Program, Center for Cancer Research, National Cancer Institute,
National Institutes of Health, Frederick, MD, United States

Monoclonal antibody (mAb)-based therapeutics are the fastest growing class of
human pharmaceuticals. They are typically IgG1 molecules with N-glycans attached to
the N297 residue on crystallizable fragment (Fc). Different Fc glycoforms impact their
effector function, pharmacokinetics, stability, aggregation, safety, and immunogenicity.
Fc glycoforms affect mAbs effector functions including antibody-dependent cell-
mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) by mod-
ulating the Fc-FcyRs and Fc—-C1q interactions. While the terminal galactose enhances
CDC activity, the fucose significantly decreases ADCC. Defucosylated immunoglobulin
Gs (IgGs) are thus highly pursued as next-generation therapeutic mAbs with potent
ADCC at reduced doses. A plethora of cell glycoengineering and chemoenzymatic
glycoengineering strategies is emerging to produce IgGs with homogenous glyco-
forms especially without core fucose. The chemoenzymatic glycosylation remodeling
also offers useful avenues for site-specific conjugations of small molecule drugs onto
mADbs. Herein, we review the current progress of IgG-Fc glycoengineering. We begin
with the discussion of the structures of IgG N-glycans and biosynthesis followed by
reviewing the impact of IgG glycoforms on antibody effector functions and the current
Fc glycoengineering strategies with emphasis on Fc defucosylation. Furthermore,
we briefly discuss two novel therapeutic mAbs formats: aglycosylated mAbs and Fc
glycan specific antibody-drug conjugates (ADCs). The advances in the understanding
of Fc glycobiology and development of novel glycoengineering technologies have facil-
itated the generation of therapeutic mAbs with homogenous glycoforms and improved
therapeutic efficacy.

Keywords: monoclonal antibodies, crystallizable fragment glycosylation, homogenous glycoforms, effector

function, crystallizable fragment glycoengineering, chemoenzymatic glycosylation remodeling, aglycosylated
monoclonal antibodies, antibody-drug conjugate

INTRODUCTION

Monoclonal antibody (mAb)-based therapeutics have been the fastest growing class of human
pharmaceuticals with applications in various clinical indications such as oncology, inflammatory
diseases, organ transplantation, and bacteria and virus infection (1). Currently, more than 60 mAbs
and derivatives are approved in USA and Europe for human use with some of them being blockbus-
ters in the biopharmaceutical markets (2, 3). Under the vigorous engine of modern translational
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biotechnology, mAbs and derivatives are estimated to be >30%
of the new licensed drugs (4). Most recombinant therapeutic
mAbs are glycosylated immunoglobulin G (IgG) molecules with
glycans attached to the amide nitrogen atom of asparagine 297
(N297) in the crystallizable fragment (Fc) region (Figure 1A)
(5). It is well accepted that the N297-attached oligosaccharide
is structurally integral to the IgG-Fc with multiple non-covalent
interactions with the protein surface of the Cu2 domain (6).
The extensive carbohydrate-polypeptide interactions as well as
carbohydrate-carbohydrate interactions modulate the confor-
mations of the IgG molecules, which would ultimately impact
the biological functions of mAbs (7).

During the last several decades, substantial knowledge has
been acquired regarding the impact of Fc glycosylation on mAbs
efficacy, pharmacokinetics (PK), stability, aggregation, safety, and
immunogenicity (8-10). Many mAbs exhibit biological functions
through immune effector functions including antibody-depend-
ent cell-mediated cytotoxicity (ADCC), antibody-dependent cell-
mediated phagocytosis (ADCP), and complement-dependent
cytotoxicity (CDC) mediated by Fc-FcyR and Fc-Clq interac-
tions (11). Alterations of glycoforms impact effector functions
through modulating these Fc-ligand interactions (12-14).
The effector functions of aglycosylated or deglycosylated IgGs
are significantly dampened or eliminated due to the much lower
binding to FcyRI or no binding to FcyRII and FcyRIII (15). Fc
N-glycans impact stability of therapeutic antibodies in terms of
shelf storage, thermal and chemical stability (such as pH and
urea), aggregation propensity, susceptibility to proteolysis, in vivo
clearance rate, and PK properties. The biophysical properties of
therapeutic antibodies including the size, mass, charge, solubility,
and colloidal stability are affected by N-glycans. Thus, different

glycoforms could endow antibodies with distinct physicochemical
and storage stabilities. Structurally, the glycans hold together with
Fc Cu2 domain with extensive non-covalent interactions, which
not only protect the aggregation prone region (Phe241, Phe243,
Pro244, Val262, Val264, Val303, and Val305) of Cy2 from solvent
exposure but also contribute to reduce the dynamics of Cy2
and aid in Cu2 folding (16, 17). These structural features could
explain the decreased thermal, chemical stability, and increased
aggregation propensity of aglycosylated IgGs compared with the
glycosylated counterparts (16, 18, 19). In addition, the fact that
the large complex type N-glycans with terminal galactose sup-
port an “open” Fc conformation compared with the “closed” Fc
sustained by small glycans indicates N-glycans can also influence
the folding of the Fc part (20). On the other hand, N-glycans
impact the PK of IgG via modulating IgG sensitivity to serum
protease cleavage. Due to the glycans protection, glycosylated
IgGs are more resistant to trypsin, chymotrypsin, and pepsin
than the aglycosylated IgGs (21). Glycoforms with distinct length,
branching, and charge of sugar residues relate to the different
susceptibilities of IgGs to proteolysis. While the terminal GIcNAc
and sialic acid residues improve the resistance to proteolysis and
hence enhance in vivo stability of IgG, terminal galactose residue
confers higher sensitivity to proteases (22-24). The other way of
selective clearance of glycosylated IgGs is executed by the C-type
lectins mediated endocytosis. N-glycans with high mannose
or terminated with GIcNAc could bind to the mannose recep-
tors on macrophages/dendritic cells leading to the accelerated
clearance of IgGs (25, 26). IgG with terminal galactose residue
could be bound and cleared by the asialoglycoprotein receptor
expressed in the hepatocytes (27). Besides, mAbs glycosylation
also correlates with their immunogenicity and safety in humans.

sugar residues are attached to the core by the red dash line.

Fab

FIGURE 1 | The structures of immunoglobulin G (IgG) and N-glycans. (A) Cartoon representations of a full-length IgG showing the functional domains. An IgG
consists of two heavy chains (blue) and two light chains (red). The N-glycans are presented by the green color. Crystallizable fragment (Fc) is a dimer of G2, C13,
and glycans. Antigen-binding fragment (Fab) is composed of variable heavy and light domains, as well as two constant domains (CH1 and CL). (B) The schematic
structures of the possible biantennary oligosaccharides attached to human IgG-Fc at N297. The core heptasaccharide (GO) is linked in black lines; the outer arm
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Therapeutic mAbs heterologously produced in CHO and murine
myeloma cells (Sp2/0 and NSO cells) possess non-natural sugars
compared with human IgG, such as N-glycolylneuraminic acid
(NGNA) residues and terminal a-1,3-linked galactose, which
could induce potential immunogenicity in humans (28, 29).

Given its importance, glycosylation is considered a critical
quality attribute for mAb therapeutics (30). The regulatory
authorities require developers to keep glycoforms humanized
and consistent with limited heterogeneity. Hence, developers
need to strictly control the glycosylation profile during the devel-
opment and production of mAbs. However, mAbs glycosylation
is intrinsically heterogenous since glycans biosynthesis is not
directly template driven. It is the product of sets of biochemical
reactions involving a complex network of metabolic enzymes,
which depends on the availability of sugar-nucleotide substrates,
the enzyme distribution in the host cell, orchestrated process in
endoplasmic reticulum (ER) and Golgi bodies and environmen-
tal factors (31, 32). Consequently, it is very challenging to achieve
a highly homogenous glycoform independent of fermentation
batches when expressing mAbs in eukaryotic cells. In the past
decade, with significant advances in molecular and cell biology,
protein and antibody engineering and gene editing, researchers
have demonstrated individual glycoforms of antibodies could
provide optimal efficacy for selected indications (Table 1)
(33, 34). The pharmaceutical industry is increasingly pursuing the
next-generation mAbs with tailored therapeutic effects. Herein,
we review the current progress of mAbs Fc glycoengineering. We
first present structures and biosynthesis of Fc N-glycans, followed
by the discussion of impact of mAbs glycosylation on effector
functions and the current glycoengineering strategies with
emphasis on Fc defucosylation. Furthermore, we briefly discuss
two novel therapeutic mAbs formats involving Fc glycans: aglyco-
sylated mAbs and N-glycans targeted site-specific antibody-drug
conjugates (ADCs).

lgG-Fc N-GLYCANS STRUCTURES
AND BIOSYNTHESIS

The IgG-Fc N-glycan is usually of limited size with no more
than three antennae (33). Typically, oligosaccharides of normal

human IgGs are biantennary complex structures with a core
heptasaccharide and an outer arm of sugar residues (6)
(Figure 1B). The core oligosaccharide (GlcNAc2Man3GIcNAc2,
designated as GO) is composed of two inner GIcNAc, three man-
noses, and two GIcNAc f-1,2 linked to «-3 and a-6 mannose
forming two antennae («-3 arm and a-6 arm). One major feature
of IgG-Fc glycans is the microheterogeneity, which not only
stems from the linkage of sugar isomers and glycosylation site
occupancy but also results from the outer arm sugar addition
depending on the expression system and glycosylation enzymatic
machinery (31, 64). Such additions include fucose (Fuc, GOF),
galactose (Gal, G1, and G2), bisecting GlcNAc (linked to the
core GlcNAc-associated mannose, which is catalyzed by GIcNAc
transferases I1I), and sialic acid including N-acetylneuraminic
acid (NANA) or N-glycolylneuraminic acid (NGNA) residues
(9). In addition, structural studies have shown that the two
N-glycans from every heavy chain are asymmetrically ori-
ented (65, 66), which further diversifies IgG-Fc glycoforms.
Consequently, Fc N-glycans possess more than 400 glycoforms
considering random pairing of two different heavy chain glycans
(67). Human serum IgG-Fc glycans typically contain ~30% GOF,
~35% G1E ~16% G2F, and ~15% bisecting GIcNAc (68). Low
levels of sialylation are observed in human IgG-Fc glycans with
monosialylated and disialylated glycoforms accounting for
approximately 5-10 and 1%, respectively (69). Interestingly,
mADbs produced in recombinant expression systems share similar
N-glycans structures with IgGs from human serum (13). MAbs
produced in CHO, NS0, and Sp2/0 cell lines have predominant
glycoforms of GOF, G1F, G2F, a paucity of sialylated glycans and
do not contain bisecting GIcNAc (34, 70).

Like other glycoproteins, glycosylation of IgG occurs through
the conserved ER and Golgi glycosylation pathway (32).
N-glycosylation begins with the addition of a pyrophosphate-
dolichol precursor (Dol-P, Glc3Man9GIcNAc2) to the consensus
N-glycosylation sequon (Asn-X-Ser/Thr, where X is any amino
acid except Pro) of a nascent polypeptide by a transmembrane
oligosaccharyltransferase (Figure 2) (71). Thereafter, the
N-glycans are subjected to series of sequential modifications by
sets of glycosidases and glycosyltransferases. In the lumen of the
ER, polypeptide associated Glc3Man9GIcNAc2 is sequentially
trimmed by glucosidases I and I and endo-mannosidase to yield

TABLE 1 | Selected glycosylation engineering of therapeutic antibodies for targeted diseases.

mAbs name Target Indication Glycol modification Development status Reference
Otelixizumab CD3 Type | diabetes, rheumatoid arthritis Aglycosylated Phase | (completed) (35)
MTRX-1011A CD4 Rheumatoid arthritis, cutaneous lupus Aglycosylated Phase | (completed) (36)
Mogamulizumab CCR4 ATLL, CTCL Afucosylated Approved (87, 38)
MDX-1342 CD19 Relapsed or refractory CLL Afucosylated Phase | (39)
Obinutuzumab CD20 CLL, follicular lymphoma Low fucose Approved (40)
DI-B4 CD19 CD19-positive indolent B-cell lymphoma Low fucose Phase | (41)
RG7160 EGFR EGFR-positive solid tumors Bisected; non-fucosylated Phase Il (42)
GTMAB2.5GEX Mugin 1 A-MUC1-positive ovarian cancer Glycooptimized Phase Il (43)
Rituximab CD20 CLL and NHL Galactosylated NA (44)
Intravenous immunoglobulin NA Autoantibody-driven inflammation Sialylated NA (13)

CCR4, C-C chemokine receptor type 4; EGFR, epidermal growth factor receptor; ATLL, adult T-cell leukemia/lymphoma; CTCL, cutaneous T-cell lymphomas; CLL, chronic
lymphocytic leukemia; NHL, non-Hodgkin’s lymphoma; NA, not applicable; mAb, monoclonal antibody.
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FIGURE 2 | Glycan biosynthesis through the endoplasmic reticulum (ER) and Golgi glycosylation pathway. The biosynthesis begins with the processing of the initial
high mannose N-glycan in the ER followed by transferring into the cis-Golgi to generate the core N-glycan substrate used for further diversification in the trans-Golgi.
The potential glycoforms include the high mannose, hybrid, and complex structure.

Man8GIcNAc2 (72). This process is under protein folding quality
control mediated by calnexin-calreticulin complex. In the cis-
Golgi, the Man8GIcNAc2 is sequentially processed by two class
a-mannosidases that act specifically on a-1,2-Man residues to give
rise to the core Man5GIcNAc2 glycan for further diversification
in the medial and trans-Golgi, which include stepwise addition
of the outer arm monosaccharide residues, catalyzed by GlcNAc
transferases I, II, and III (GnT I, II, and III), fucosyltransferases,
galactosyltransferases (GalT), and sialyltransferases (SiaT).

IMPACT OF Fc GLYCOSYLATION ON IgG
EFFECTOR FUNCTIONS

Crystallizable fragment glycoforms affect the effector function of
antibodies by modulating the fine structure of Fc and thus alter-
ing Fc-ligands interactions. In recent years, structural insights
into how antibody Fc glycoforms impact effector functions
have been acquired by X-ray crystallography, nuclear magnetic
resonance spectroscopy, and thermodynamics studies. Due to the
stabilization effect of protein-sugar interaction, the core struc-
tures of GIcNAc2Man3 on the 1,3 arm and 1,6 arm are usually
visible in the crystal structures. These two arms adopt distinct
orientations—the 1,6 arm hangs over the hydrophobic face of Cii2
domain while the 1,3 arm is orientated toward the internal space
within the Cy2 dimer (73). The oligosaccharide is well conserved
and spans over 500 A2 of the surface of each Cy2 domains (20)
(Figure 3A). Oligosaccharides make multiple hydrophobic and
polar non-covalent interactions with the inner face of the Cy2

domain (74). Impressive interactions include D265 hydrogen
bonding to the inner GIcNAc and the «-1,6 arm forming strong
CH-n packing with Phe241 and 243, which restricts the mobility
of the glycans (75). Reciprocally, these intramolecular interac-
tions restrain the Cu2 conformation by stabilizing the C'E loop
where the Asn297 locates, through which N-glycans pre-organize
the ligands (FcyRs and C1q) binding interface on Fc (15). Besides,
carbohydrate—carbohydrate interactions also contribute to main-
tain Fc conformation. The reciprocal mannoses from the two
heavy chains make sp-sp contacts with each other (Figure 3B),
which is necessary to establish a proper Fc conformation for
ligand binding (14).

Multifaced impacts of terminal sugars on the antibody
effector function have been elucidated. While high mannose, low
fucose, and bisecting GlcNAc increase ADCC due to enhanced
FcyRIIIa binding, terminal sialic acid decrease ADCC of IgG
(14). For CDC, terminal galactose increases CDC by improv-
ing Clq binding, whereas terminal GIcNAc and sialic acid
decrease CDC (12). Among these effects, reduction in fucose
and terminal galactose, which improves ADCC and CDC, is
highly desirable in antibody glycoengineering (76). Regulating
a-2,6-linked terminal sialic acid is also an attractive strategy due
to the anti-inflammatory role of these terminal sialic acid (77).

Absence of Core Fucose Results in
Improved ADCC Activity of IgG

Addition of a fucose to the innermost GlcNAc (the core fucose)
is catalyzed by the a-1,6-fucosyltransferase in the medial-Golgi.
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FIGURE 3 | One X-ray crystal structure of N-glycan attached to N297 of crystallizable fragment (Fc) (PDB ID: 4CDH). (A) Cartoon representation of Ci2 domain with
N-glycans of biantennary complex structures. The sugar residues are represented as sticks and spheres models by PyMOL. Some non-covalent interactions
between oligosaccharides and proteins are presented. (B) The structural orientations of N-glycans in Fc. The two glycans from each Fc pack against each other on
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More than 80% of the human IgG and >90% of the recombi-
nant IgG produced by CHO cells contain the core fucose (13).
However, the absence of core Fuc residue in the N-glycans sig-
nificantly improves ADCC activity of IgG due to the substantially
enhanced binding affinity to FcyRIIla (31, 75). For example,
afucosylated anti-HER2 IgG exhibits a ~100-fold greater ADCC
effect compared with the fucosylated counterpart (51). The
defucosylated antibody is also more potent than the fucosylated
counterpart in the clinic (37, 78). The resolved complex crystal
structures of Fc-FcyRIIIa have provided molecular rationales
underlying the enhanced binding to FcyRIIIa for defucosylated
IgGs. The crystal structure of sFcyRIIIa with high mannose-type
glycans in Asnl162 complexed with the defucosylated Fc show
that the lower hinge regions of Cy2 dimer dock onto the D2
domain of FcyRIIIa (79). Both the carbohydrate-carbohydrate
and carbohydrate-protein interactions exist at the interface.
The chitobiose core of Asn162 glycans hydrogen bond to the
innermost GlcNAc of Fc. The 1,3-arm mannose of FcyRIIla
forms a hydrogen bond to the GIn295 of Fc. The branching
f-mannose and Lys128 of FcyRIIIa make contacts with Tyr296
residue of Fc (Figure 4). However, these non-covalent interac-
tions were unfavorable or disrupted due to the steric hindrances
imposed by the presence of fucose in the fucosylated Fc. Besides,
the conformation of Tyr296 is more constrained in the fuco-
sylated Fc, which prevents Tyr296 from adapting a favorable
conformation for binding to FcyRIIIa (80). Thus, the fucose

moiety exerts allosterically inhibitory effects on the Fc-FcyRIIla
interaction, although it does not contact directly with FcyRIIIa.
The enhanced binding affinity to FcyRIIla endows defuco-
sylated IgG several therapeutic merits. First, the high affinity
could make the exogenous defucosylated IgG outcompete the
endogenous serum IgG, thus avoiding the inhibitory effects of
high concentration of serum IgGs on therapeutic IgG efficacies.
For example, the inhibitory effect of endogenous IgG on ADCC
was alleviated by defucosylated anti-CD20 antibodies (81, 82).
Second, defucosylated antibodies have enhanced binding to the
low affinity allotype of FcyRIIIa-158F and reduce the differences
of ADCC efficacies of antibodies among the FcyRIIIa-158V and
FcyRIIIa-158F allelic patients. Defucosylated IgGs have broader
applications for all patients independent of the FcyRIIIa poly-
morphisms (83, 84). Finally, in addition to enhanced activation
of FcyRIITa-expressing killer cells (NK cells, monocytes, and
macrophages) to mediate ADCC, the defucosylated antibody
has also been reported to evoke ADCP effect through engaging
FcyRIIIb on neutrophils, which in turn facilitates antigen pres-
entation and recruitment of adaptive immunity, as evidenced
by the defucosylated anti-CD20 IgG mediating upregulation
of MHC class II molecules on neutrophil cell surface (85).
Collectively, Fc fucosylation represents the most important
influencer in modulating IgG effector function. Since ADCC
is the main mode of action for mAbs in clinical oncology,
defucosylated IgGs are highly desirable as the next-generation
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FIGURE 4 | The crystal structures of non-fucosylated crystallizable fragment (Fc) (PDB ID: 3SGK) and fucosylated Fc (PDB ID: 3SGJ) complexed with FcyRllla with a
high mannose glycan on N162. (A) Cartoon representation of non-fucosylated Fc—FcyRllla complex produced by PyMOL. The oligosaccharides and part of
hydrogen bonding formation residues are shown in sphere and stick representation. The hydrogen bonds are depicted as black dash lines. (B) Cartoon
representation of fucosylated Fc-FcyRillla complex. The core fucose locating at the interface of Fc N297 glycan and FcyRllla N162 glycans is highlighted with the
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therapeutic antibodies. The high demand in defucosylated
mAbs is driving the development of multiple glycoengineering
strategies to produce low fucose antibodies (see below Table 2).

High Galactose Enhances CDC Activity
of IgG

Both human serum IgG and recombinant IgG contain predomi-
nantly terminal galactose residues in their antennae (31). CHO
cells-derived IgGs usually have lower levels of galactosylation
compared with IgGs produced in mouse myeloma cells (32).
Although the terminal galactose does not affect ADCC activity of
IgG, it plays an important role in modulating the CDC activity (86).
For example, the galactosylated rituximab exhibited higher CDC
than the degalactosylated glycoform due to the higher affinity to
C1q (44). Structurally, the extensive hydrophobic and hydrophilic
interactions between terminal Gal residue and protein could
impact the conformation of the Cs2 domain, resulting in altered
Clq binding (20). More hydrogen bonds between sugar residues
and amino acids are found in the G2 glycoform compared with
the GO form of IgG1 (Figure 5) (14, 87, 88). Consequently, the
stretch from residue 244 to 247 of Cu2 domain is destabilized in
the GO glycoform, which was also supported by the comparative
differential scanning microcalorimetry showing that GO form
associates with a lower enthalpy than the G2 form (89). These
studies suggest that the non-covalent interactions between
galactose and amino acid residues may account for the increased
binding affinity between galactosylated Fc and Clq. Although
the role of terminal galactose is not completely elucidated and in

some cases the effect of terminal galactose has been reported to be
antibody dependent, a proper control of galactosylation during
manufacturing is still warranted.

Impact of Terminal Sialylation

on IgG Functions

The terminal sialic acid residue prolongs IgG half-life in the
serum by shielding “galactose” residues from exposure to
galactose-specific receptors in hepatocytes (32). On the other
hand, sialylation may be undesirable because it renders IgGs
more sensitive to protease compared with asialylated antibod-
ies, probably due to the bulkier sialic acid leading to structural
perturbations of C42 domains (22, 90). The crystal structure has
shown that the 1,6-arm sialic acid poses away from the protein-
associated galactose residue and is entirely exposed to the sol-
vent (91). The a-2,3-sialylation negatively impacts the canonical
galactose-protein interactions and potentially destabilizes the
Cu2 domain (92). In addition, sialylation has negative effect on
the ADCC activity of mAb (93), which may either stem from
the decreased hinge flexibility upon sialylation causing reduced
FcyRIIIa binding, or from the reduced bivalent antigen binding
due to the lack of hinge flexibility (94). Antibody sialylation
is desired due to its anti-inflammatory effects with potential
applications in autoimmune and inflammatory diseases (95).
The effect of sialylation was first discovered from human intra-
venous immunoglobulin but can also be recapitulated by the
a-2,6-sialylation in recombinant IgG (96). Although not fully
understood, this anti-inflammatory effect is triggered by the
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TABLE 2 | Summary of the cell glycoengineering strategies to produce defucosylated antibodies.

Cell type Glycoengineering Company and technology Antibody name Targets Development Reference
modification platform status
Non- Yeasts och or alg3 KO NA Rituximab Anti-CD20 NA (45-47)
mammalian GS4.0
cells Plants RNAi of B-1,2-XyIT and a-1,3-FucT ~ MAPP Biopharmaceutical ZMAPP Anti-Ebola Phase 2/3 (48, 49)
Mammalian ~ YB2/0 Intrinsic low core fucose content LFB Biotechnologies Ublituximab; roledumab Anti-CD20; anti-RhD ~ Phase 2/3 (50)
cells YB2/0 (FUT8 low); Lec13 EMABIing Technology
CHOGcells Lecicels ~ (GMPlow) Biowa Hu4D5 Anti-HER2 NA (1)
WT CHO Addition of sugar analog into Seattle Genetics SEA-CD40 Anti-CD40 Phase 1 (52)
culture medium (process SEA Technology
engineering)
Genetically GMD KO GMD knockout CHO/DG44 Rituximab Anti-CD20 NA (53)
modified CHO
RMD overexpression ProBioGen, GlymaxX Technology  Trastuzumab Anti-HER2 NA (54)
GFT KO CRISPR-Cas9 KO GFT CHO-F6 LSEVh-LS-F Anti-HIV-1 Env Pre-clinic (55, 56)
GnT lIl overpression Roche Obinutuzumab Anti-CD20 Approved (57)
GlycoMab Technology RG7116 Anti-HER3 Phase 1 (58)
RNAi of FUT8 and/or GMD FG16 KM2160 Anti-CCR4 NA (59, 60)
FUT8 KO Kyowa Hakko Kirin Mogamulizumab Anti-CCR4 Approved 61)
Potelligent Technology Benralizumab, ecromeximab,  Anti-IL-5Ra, GD3, In clinical trials (81)
MEDI-551, BIW-8962, CD19, GM2, CD123,
KHK2804, 2823, 2898, 4083  CD98
FUT8 knockout CHO/DG44 NA Anti-CD20 NA (62)
293 FreeStyle a-Mannosidase inhibitors kifunensine  NA 4Dm2m-F Anti-HIV-1 Env NA (63)

cells

NA, not applied; RhD, rhesus D antigen; GFT, GDP-fucose transporter; GM2, ganglioside mono-sialic acid 2; GD3, ganglioside di-sialic acid 3; GMD, GDP-mannose 4,6-dehydratase; GnT lll, GIcNAc transferase IIl.
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FIGURE 5 | Representative crystal structures of IgG1 GOF, and G2F glycoforms. (A) The crystal structure of GOF. N-glycans and amino acids involving hydrogen
bond formation are depicted by stick and sphere models. Cn2 domain is represented as gray cartoon. The blue, green, and red colors represent GIcNAc, Man, and
Fuc, respectively. Hydrogen bonds are drawn by black dash lines. (B) The crystal structure of G2F. The purple stick represents Gal, which engages several hydrogen
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sialylated IgG interacting with the murine C-type lectin-like
receptor-specific intracellular adhesion molecule-grabbing
non-integrin R1 (SIGN-RI) on macrophage and dendritic cells
(human ortholog, DCSIGN), which leads to increased FcyRIIb
expression and expansion of Treg cell populations suppress-
ing of inflammatory response (97, 98). Collectively, terminal
sialic acid residues have both positive and negative effects on
antibodies biological functions. It is necessary to strictly control
sialylation in recombinant IgGs.

IgG-Fc GLYCOENGINEERING

Since different glycoforms have distinct impacts on antibody
effector function, it is necessary to control antibody glycoforms.
With advanced knowledge of glycobiology, it is feasible to pro-
duce homogeneously glycosylated antibodies with tailored effec-
tor function. Strategies include host cell based glycoengineering
involving manipulations of biosynthetic pathways and in vitro
chemoenzymatic glycosylation remodeling.

Cell Glycoengineering

Host cell glycoengineering has been highly pursued in recent
years to produce recombinant IgG with desired glycoforms. As
mentioned above, antibody glycoforms resulting from sets of

enzymatic reactions pathways are a combined function of host
cells, enzyme kinetical parameters, nucleotide sugar substrates,
and the external factors. Following this lead, we classify cell
glycoengineering strategies into the following four types.

Selection of Cell Type, Environmental Factors,

and Cell Culture Conditions

Antibody glycosylation is largely influenced by the host cells
from which they are manufactured. mAbs produced by CHO
cells are somewhat under-sialylation due to the lack of a-2,
6-sialyltransferase in these cells (31). Host cells with intrinsically
low a-1,6 fucosyltransferase activity could be used to produce
IgGs with low core fucose (99). For example, the rat hybridoma
cell line YB2/0 with low FUTS activity, a type of a-1,6 fucosyl-
transferase responsible for adding the core fucose, is used for
the productions of defucosylated IgG (50). Another example is
the Lecl3 cell line, a derivative of CHO cells with deficiency in
GDP-mannose 4,6-dehydratase (GMD) function leading to low
fucosylation (51). On the other hand, the cell culture environ-
ment could be manipulated during the fermentation process to
alter and optimize antibody glycoforms (process glycoengineer-
ing) (32). For example, addition of uridine, manganese chloride,
and galactose could increase terminal Gal to enhance CDC
activity of IgG (76, 100). Addition of UDP-GIcNAc and using
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serum-free culture increased sialylation of IgG1 (101). Addition
of modified sugars such as 2-fluorofucose to the culture medium
inhibits core fucose incorporation (102).

Using Enzyme Inhibitors to Intervene Host
Biosynthesis Pathway

Inhibitors able to modulate mAbs glycosylation have been
reported. Antibody glycosylation is the result of multiple stepwise
events. Enzyme inhibitors arresting mAbs in the intermediate gly-
coforms could prevent the additions of outer arm sugar residues
including fucose (13). Such examples include the ER glucosidases
I and II inhibitors, deoxynojirimycin and castanospermine pro-
ducing Glc3Man9GlcNAc2 glycoform; the ER o-mannosidase
inhibitors, deoxymannojirimycin and kifunensine producing
the high mannose (Man9GIcNAc2) glycoform; and Golgi
a-mannosidase II inhibitor swainsonine producing hybrid gly-
coforms such as GlcNAcMan5GIcNAc2Fuc (103). The authors’
group has used kifunensine to produce a defucosylated IgG-like
bispecific and multivalent anti-HIV-1 molecule, 4Dm2m-F (63).
4Dm2m-F exhibits approximately threefolds higher binding
affinity to FcyRIIla than fucosylated 4Dm2m (Figure 6). The
ADCC activity of 4ADm2m-F is also significantly improved based
on the Promega ADCC reporter assay.

Genetic Modifications of the Host Biosynthesis
Pathway

Antibody glycoforms can be altered by modulating host
N-glycosylation pathway. The substrate availability can be changed
by inactivation or overexpression of the corresponding nucleotide
sugar transporters. For example, knockout of the mammalian
GMD gene decreases the synthesis of the fucose donor, GDP-
fucose, leading to production of defucosylated IgG (104). A similar
method involves the overexpression of the GDP-6-deoxy-D-lyxo-
4-hexulose reductase (RMD) (ProBioGen, GlymaxX technology)
(105). In another example, co-transfection of cytidine mono-
phosphate-sialic acid synthase, cytidine monophosphate-sialic
acid transporter, and a-2,3-SiaT in CHO cell lines significantly has
increased the intracellular CMP-SA level and improved the SA
content of the recombinant protein (106). Recently, the gene edit-
ing technology is also used to engineer defucosylated antibodies.
ZFNsand TALENs were used to inactivate GDP-fucose transporter
(GFT) gene (Slc35c1) in CHO cells for production of fucose-free
antibodies (107). Our group recently has used CRISPR-Cas9 to
knockout GFT gene in CHO cell line (termed as CHO-F6) for the
production of various afucosylated mAbs and Fc-fusion proteins
(Figure 7) (55). Alternatively, the unwanted glycan pathways could
be outcompeted by desired ones. For example, Roche’s GlycArt
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FIGURE 6 | Use of the endoplasmic reticulum a-mannosidase inhibitors, kifunensine, to produce the high mannose glycoform with low fucose. (A,B) Deconvoluted
mass spectra for heavy chains of 4Dm2m produced in the culture medium without (A) or with addition of kifunensine (B). 4Dm2m and 4Dm2m-F were treated in
buffer (7.5 M guanidine-HCI, 0.1 M Tris—HCI, and 1 mM EDTA) in the presence of 20 mM DTT and incubated at 70°C for 15 min. Mass spectrometry data were
acquired on an Agilent 6520 Accurate-Mass Q-TOF LC/MS System. (C) Binding affinity to FcyRllla measured by surface plasmon resonance on a Biacore X100
(GE Healthcare) using a single-cycle approach. (D) Comparisons of antibody-dependent cell-mediated cytotoxicity (ADCC) activity of 4ADm2m and 4Dm2m-F by
using the Promega ADCC reporter assay. Jurkat T cells engineered to express human FcyRllla and luciferase, through which ADCC signals were monitored.
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FIGURE 7 | Knockout of GDP-fucose transporter gene in CHO cell line to generate CHO-F6 cell line for the production of afucosylated immunoglobulin Gs.

(A) Deconvoluted mass spectra for heavy chain of m860 produced in the wide-type CHO cells (110). (B) Deconvoluted mass spectra for heavy chain of m860
produced in the CHO-F6 cell line. M860 and m860-F were treated in buffer (7.5 M guanidine-HCI, 0.1 M Tris—-HCI, and 1 mM EDTA) in the presence of 20 mM DTT
and incubated at 70°C for 15 min. Mass spectrometry data were acquired on an Agilent 6520 Accurate-Mass Q-TOF LC/MS System.
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technology overexpresses f-1,4-GlcNAc transferase ITI (GnT III) to
inhibit the downstream o-1,6-fucosyltransferase processing lead-
ing to the bisecting GlcNAc glycoforms rather than fucosylation
(108). This technology has been used to produce the FDA approved
anti-CD20 obinutuzumab (Gazyva®) (57). Co-overexpression
of GnT III and a-mannosidase II leads to further lower fucose
content by introducing non-fucosylated hybrid-type glycans
(109). Another approach to control the desired or unwanted
glycoforms is either genetically inactivating or increasing glycosyl-
transferases activity directly responsible for transferring of single
monosaccharides to glycan structures. For sialylation, overexpres-
sion of a-2,3-sialyltransferase and [-1,4-galactosyltransferase
elevates IgG sialylation and galactosylation (32). For fucosyla-
tion, genetically dampening FUT8 expression encoding o-1,
6-fucosyltransferase significantly decreases or completely abol-
ishes the terminal fucose (99). Small interfering RNA (siRNA)
technique has been used to reduce a- 1,6-fucosyltransferase activity
for production of partially defucosylated IgGs (59). Furthermore,
double siRNA knockdown of FUT8 and GMD gene achieves
completely afucosylated IgG (60). Alternatively, knockout of
FUT8 gene by the disruption of the genomic locus via homologous
recombination could result in 100% afucosylated IgGs (62). One
such afucosylation platform is the Potelligent Technology from
Kyowa Hakko Kirin company utilizing FUT8 KO CHO cell line
to develop the anti-CCR4 mogamulizumab (Table 1, the first
approved glycoengineered antibody) (61).

“Humanization” of N-Glycosylation Pathway

of Non-Mammalian Cells

Some non-mammalian cell lines have been used to produce
therapeutic antibodies due to the cost-effectiveness and/or
decreased fucosylation (31). Glycoengineering of non-mamma-
lian cells aims to humanize the immunogenic glycoforms by elim-
inating enzymes responsible for adding non-mammalian glycans
and subsequently introducing the mammalian glycan processing
enzymes. For example, knockout of the och or alg3 genes in yeasts

and knockout of plant-specific B-1,2-xylosyltransferase (p-1,
2-XylT) and a-1,3-fucosyltransferase (a-1,3-FucT) genes achieve
the elimination of the high mannose glycoforms and p1,2-xylose
and core al,3-fucose. The mammalian glycan processing enzymes
such as mannosidases I and II, GnT I and II, B-1,4-GalT, and
a-2,6-SiaT are then used to introduce human IgG-like glycoforms
(13). Examples include the production of the rituximab in Pichia
pastoris (45), the anti-HIV mAb 2G12 in Nicotiana benthamiana
(111), and the anti-Ebola ZMAPP antibody cocktail (lack of core
fucose) in plant (48).

Chemoenzymatic Glycoengineering

Despite much progress in cell glycoengineering, it is still very
challenging to produce IgGs with highly homogenous glycoforms
in host cells. Consequently, the in vitro chemoenzymatic glyco-
sylation remodeling provides an attractive alternative for the pro-
duction of therapeutic mAbs with predefined and homogeneous
glycoforms (34, 112). This method usually contains three steps:
deglycosylation of IgG by an endo-p-N-acetylglucosaminidase
(ENGase, such as endoglycosidase S, EndoS), simultaneously
leaving the innermost GIcNAc at N297; preparation of oxazoline
derivatives of customized N-linked glycan structures as sugars
donors by chemical methods; transglycosylation of the glycan
oxazoline donor to the innermost GIctNAc acceptor (113). The
transglycosylation usually proceeds stereo-specifically under
the catalysis of an ENGase, which was engineered to abol-
ish the hydrolytic activity and improve substrate specificities
(e.g.,EndoS D233Q, EndoAN171A, EndoA E173Q, EndoMN175A,
and EndoM N175Q) (114, 115). This chemoenzymatic approach
has been successfully used to produce homogenous Fc glyco-
forms including non-fucosylated, fully sialylated and bisecting
GlcNAc (116, 117). For example, rituximab was engineered from
GOFE, G1F, and G2F glycoforms to G2 and G2S2F glycoforms by
EndoS-D233A and D233Q (114). Recently, the chemoenzymatic
glycosylation remodeling was also elegantly used for site-specific
conjugation of drugs onto antibodies (see below).
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AGLYCOSYLATED FULL-LENGTH IgG AS
A NOVEL THERAPEUTIC FORMAT

In recent years, aglycosylated full-length IgGs have gained sub-
stantial attentions due to their novel features (43, 118). Although
the absence of N-glycans leads to the “closed” conformation
of Fc and destabilization of C'E loop, the overall structures of
aglycosylated IgG are similar to the glycosylated counterparts
(119, 120). Thus, aglycosylated IgGs have almost identical
antigen-binding affinity and pH-dependent FcRn binding
and hence PK to glycosylated IgGs (121), which endows
aglycosylated mAbs applications in the cases not requiring or
avoiding undesired effector functions such as receptor blocking,
targeted delivery, and anti-inflammation (122). Aglycosylated
mAbs can be either produced in prokaryotic hosts (E. coli) or
in eukaryotic hosts by introducing mutations at the Fc N297 or
by the chemoenzymatic methods such as EndoS and PNGase-F
enzyme treatment (120). Compared with the glycosylated IgG,
aglycosylated IgGis devoid of glycan heterogeneity, hence signifi-
cantly simplifies the biomanufacturing process leading to faster
development timelines and lower developmental cost. Besides,
aglycosylated IgG may be more susceptible to engineering due to
the higher flexibility of the Fc conferred by the lack of N-glycans
(118). Aglycosylated Fc could be engineered to restore or even
improve its binding to FcyRs compared with glycosylated
counterparts, which potentially extends the applications of
aglycosylated IgGs into the cases effector functions are needed.
For example, aglycosylated IgG-Fc could be engineered to bind
to FcyRIIa and FcyRIIb comparably with glycosylated IgG-Fc
by introducing double mutations S298G/T299A (123). More
importantly, the higher flexibility renders the aglycosylated
Fc being relatively easily engineered to exhibit unique FcyR
specificity and novel effector functions. Jung et al. have used
high-throughput library screening to develop an aglycosylated
trastuzumab variant with five mutations (S298G/T299A/
N390D/E382V/M428L) in Fc exhibiting >160-fold enhanced
binding to FcyRIIa-R131 and 25-fold increased selectivity to
FcyRIIa-R131 over FcRIIyb compared with the wide-type tras-
tuzumab (124). Aglycosylated IgGs have established a new way
for immunotherapy. Currently, several aglycosylated antibodies
are under clinical investigation for efficacy and safety (120).

Fc N-GLYCAN SPECIFIC ADC

Antibody-drug conjugates are IgGs conjugated with cytotoxic
small molecules through chemical linkers. By specifically
targeting cancer cells and selective delivery of highly cytotoxic
drugs, ADCs fundamentally revolutionized the way of cancer
immunotherapy and chemotherapy (125). Currently, four
ADCs (Adcetris®, Kadcyla®, Besponsa®, and Mylotarg®) have
been approved by FDA with more than 80 ADCs under clinical
evaluations (126). The mode of action of ADCs involves antigen-
mediated endocytosis, followed by the release of drugs by either
lysosomal degradation or hydrolytic/proteolytic cleavage (127).
The methods for conjugating the small molecule drugs onto IgG
represent one of the key technologies in ADC development. The

conventional conjugation approaches involve random addition
of drugs onto Lys or reduced Cys residues by amide coupling
and maleimide alkylation chemistry, which leads to highly
heterogeneous mixtures with different drug-antibody ratios
and inconsistent yield (128). This heterogeneity negatively
impacts the in vivo efficacy, stability, PK of ADCs (129). Thus,
site-specific conjugation methods are highly pursued (130).
Conjugation through IgG-Fc N-glycans represents one of the
most widely used site-specific conjugation methods (131).
Glycosite-specific conjugation proceeds with the introduction
of a chemically active moiety onto the Fc N-glycans followed
by reacting with payloads carrying another chemically active
group. In this method, native IgG with heterogeneous N-glycans
is deglycosylated by a wild-type endoglycosidase followed by
the transglycosylation of a chemical group capped homogenous
N-glycan substrate. The transglycosylation is catalyzed by an
endoglycosynthase (a mutant of endoglycosidase) that lacks
hydrolytic activity but possesses transglycosylation activity
(132). Subsequently, the drug payload can be conjugated by
biocompatible chemical reactions such as click chemistry and
oximation. Boons et al. have reported the utilization of a sia-
lyltransferase to attach an azido-tagged sialic acid moiety onto
the galactosylated IgG N-glycan and conjugate the payload,
doxorubicin on the azido group via the “click chemistry” (133).
van Geel et al. reported a different method to produce ADC,
which involved the endoglycosidase-mediated deglycosylation
to obtain the Fuc-a-1,6-GlcNAc disaccharide glycoform of IgG,
followed by the addition of azido-capped UDP-galactose cata-
lyzed by a mutant galactosyltransferase (134). Our group has
exploited a galactosyltransferase mutant (f-1,4-Gal-T1-Y289L)
to achieve glycosite-specific conjugation by transferring the
keto-tagged or azido-tagged galactose onto the degalactosylated
GOF glycoform of IgG. The final ADC products, m860-AF
(Auristatin F) ADC and m276-PBD (pyrrolobenzodiazepine)
ADC, were obtained through the keto oximation-mediated
addition of AF and the “click chemistry”-mediated addition of
PBD dimer onto m860 IgG1 and m276 IgG1, respectively (110,
135). The glycosite-specific conjugation strategies provide novel
routes for the preparations of ADCs with better homogeneity
and drug to antibody ratios.

CONCLUSION AND PERSPECTIVES

Unlike DNA and protein synthesis, antibody glycosylation
synthesis is not directly template driven but is rather a result of
networks of enzymatic reactions. Both host cells and the culture
environment impact antibody glycosylation. Recombinant
mAbs produced in host cells carry heterogenous Fc glycosyla-
tion, presumably with more than 400 possible glycoforms.
Different glycoforms affect the in vivo efficacy, effector function,
PK, stability, aggregation, safety, and immunogenicity of IgG.
Among these, the impacts of Fc N-glycans on antibody effector
function including ADCC and CDC are widely studied. IgG
N-glycans affect their ADCC and CDC activity by altering Fc
conformations and modulating the non-covalent interactions
between oligosaccharides and Cu2 domains. While the terminal
Gal enhances CDC activity, the core fucose significantly inhibits
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ADCC by sterically hindering the interactions between IgG-Fc
and FcyRIIIa. Thus, the regulatory authorities require developers
to keep glycoforms of mAbs consistent with limited heterogene-
ity, which has driven the development of multiple cell glycoen-
gineering strategies to produce mAbs with desired glycoforms,
especially without fucose. Although progress has been made, it
is still challenging to consistently produce fully homogenously
glycosylated antibodies by glycoengineered cell lines. The
chemoenzymatic glycosylation remodeling offers revolution-
ized avenues to IgG with homogenous glycoforms. However,
most current chemoenzymatic glycoengineering is still under
lab-scale explorations, which is very challenging to scale up for
industrial development. The chemoenzymatic glycoengineering
approaches also provide novel routes for the productions of
ADCs. On the other hand, the glyco-heterogeneity of mAbs
could be bypassed by aglycosylated full-length IgGs. However,
it remains to be seen for the outcomes of the clinical trials of
aglycosylated antibodies in terms of the in vivo stability and
immunogenicity. In the future, “omics” technologies and systems
biology modeling hold promises to aid the glycoengineering for
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Today, monoclonal immunoglobulin gamma (IgG) antibodies have become a major option
in cancer therapy especially for the patients with advanced or metastatic cancers. Efficacy
of monoclonal antibodies (mAbs) is achieved through both its antigen-binding fragment
(Fab) and crystallizable fragment (Fc). Fab can specifically recognize tumor-associated
antigen (TAA) and thus modulate TAA-linked downstream signaling pathways that may
lead to the inhibition of tumor growth, induction of tumor apoptosis, and differentiation.
The Fc region can further improve mAbs’ efficacy by mediating effector functions such
as antibody-dependent cellular cytotoxicity, complement-dependent cytotoxicity, and
antibody-dependent cell-mediated phagocytosis. Moreover, Fc is the region interacting
with the neonatal Fc receptor in a pH-dependent manner that can slow down IgG’s
degradation and extend its serum half-life. Loss of the antibody Fc region dramatically
shortens its serum half-life and weakens its anticancer effects. Given the essential roles
that the Fc region plays in the modulation of the efficacy of mAb in cancer treatment,
Fc engineering has been extensively studied in the past years. This review focuses on
the recent advances in therapeutic Fc engineering that modulates its related effector
functions and serum half-life. We also discuss the progress made in aglycosylated mAb
development that may substantially reduce the cost of manufacture but maintain similar
efficacies as conventional glycosylated mAb. Finally, we highlight several Fc engineer-
ing-based mAbs under clinical trials.

Keywords: antibody Fc region, ADCC, CDC, ADCP, serum half-life, aglycosylated antibody, FcRn, cancer therapy

INTRODUCTION

Monoclonal antibodies (mAbs) can target tumors through specific recognition of tumor-associated
antigens and subsequent recruitment of effector elements including macrophages, dendritic cells,
natural killer (NK) cells, T-cells, and the complement pathway components (1). Such recruitments
are achieved by interactions among the immunoglobulin gamma (IgG)-crystallizable fragment (Fc)
and the immune cell receptors like Fcy receptors (FcyRs) and the complement protein C1q of the
complement system (2-4). These interactions lead to the activation of immune cells for enhanced
antibody-dependent cellular cytotoxicity (ADCC)/antibody-dependent cell-mediated phagocyto-
sis (ADCP), formation of the membrane attack complex, and more efficient presentation of antigen

Frontiers in Immunology | www.frontiersin.org 21

December 2016 | Volume 7 | Article 580


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2016.00580&domain=pdf&date_stamp=2016-12-12
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2016.00580
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:wudh@shanghaitech.edu.cn
https://doi.org/10.3389/fimmu.2016.00580
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00580/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00580/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00580/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00580/abstract
http://loop.frontiersin.org/people/374415
http://loop.frontiersin.org/people/281018

Saxena and Wu

Fc Engineering for Cancer Therapy

to the dendritic cells (1). Through a recycling mechanism, the
neonatal Fc receptor (FcRn) prolongs the half-life of mAbs in a
pH-dependent interaction with the Fc region (5). The schematic
of overall IgG structure and its binding regions with FcyRs, Clq,
and FcRn is depicted in Figure 1.

The FcyRs, consisting of FcyRI (CD64), FcyRII (CD32), and
FcyRIII (CD16) classes, are heterogeneous in terms of their cel-
lular expression and Fc binding affinities (1, 6). FcyRI binds to the
Fc region with Kp ~107%-107? M and is expressed on mononuclear
phagocytes, dendritic cells, and IFN-y-activated neutrophils (1,
7, 8). FcyRII binds to the Fc region with relatively lower affinity
(Kp ~1077 M) and exists in five isoforms; among them, activating
(FcyRlIla, harboring an immunoreceptor tyrosine-based activa-
tion motif on neutrophils) or inhibitory (FcyRIIb, harboring an
immunoreceptor tyrosine-based inhibitory motif predominantly
on B-lymphocytes) are critical for immune regulation (1, 7).
FcyRIII, expressed in two isoforms, binds the Fc region with
the lowest affinities (Kp ~10° M) (1, 7). Among these, FcyRIIIa
has a moderate Fc binding allele (V158) and a low binding allele
(F158), and is expressed on NK cells, macrophages, and T-cell
subsets and activates NK and T cell-mediated ADCC response
(1, 6, 7); FcyRIIIb is exclusively present on neutrophils and lacks
signal generation capacity (1, 7).

Crystal structures of Fc in complex with FcyRI (9) (Figure 2A),
Fc in complex with FcyRII (10) (Figure 2B), and Fc in complex
with FcyRIII (11) (Figure 2C) reveal that the FcyRs’ interaction
sites on Fc are all located within the lower hinge-upper heavy
chain constant domain 2 (CH2). Furthermore, the binding affin-
ity of Fc region to FcyRs also varies with the IgG subclasses (12).

The Clq is a multisubunit protein of the complement system
(3). It uses one of its six heads to establish a low-affinity (~107° M)
interaction with the lower hinge-upper CH2 domain of the Fc
region (3). Crystal structure of the human C1q head revealed that
it is assembled with a heterotrimer globular architecture (14).
Though the molecular basis of how the C1q head recognizes the
Fc region is not known at the atomic resolution, Schneider and
Zacharias (15) proposed a working model of C1q in complex with
Fc based on known experimental data, docking, and molecular
dynamics simulation. According to this model, upon initial weak
interaction between the Clq head and the Fc region, IgGs can
aggregate while recognizing “multiple epitopes” on the antigen
surface and thus give many Clq molecules an opportunity to
bind to their Fc regions, which enhance the “cumulative affinity”
to ~10™ M (3, 15). This leads to the deposition of complement
component 3 (C3b) on the target cell and ultimate formation of
the membrane attack complex that disrupts the lipid bilayer of
the target cell, promotes cytolysis, and completes complement
dependent cytotoxicity (CDC) (16, 17).

The pharmacokinetic profiles of antibodies vary among sub-
classes and are related to the structural features of the Fc region
(18, 19). It is known that the serum half-life of IgG subclasses
(IgG1, 1gG2, and IgG4) is ~23 days as compared to 2-6 days
for 1gG3 and other Ig classes (18, 19). The Fc region spanning
the interface of CH2 and CH3 domains interacts with the FcRn
in the placenta, liver, mammary glands, and adult intestine
to regulate IgG homeostasis and deliver maternal IgG across
the placenta to the fetus (5). This interaction is favored by an
acidic environment of the endosome after IgG is pinocytosed

Fab —

CH2

Fc region —

CH3

—

interface of CH2-CH3 (yellow rectangle).

FIGURE 1 | Schematics of immunoglobulin gamma overall structure and its binding regions with FcyRs, C1q, and FcRn. The constituent heavy [VH,
CH1, hinge, CH2, and CHS (gray)] and light chains [VL and CL (gray)] linked by inter-chain disulfide bonds are shown. The site at which FcyRs/C1q interacts with
the crystallizable fragment (Fc) region is located in the lower hinge-upper CH2 (green rectangle); the site at which FcRn interacts with the Fc region is located in the

=== FcyRs/Clq binding region

—= FcRn binding region
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FIGURE 2 | Crystal structures illustrating crystallizable fragment (Fc) interactions with FcyRs and FcRn. Representative structures are shown for (A)
Fc-FcyRI cocrystals [PDB: 4W40 (9)], (B) Fc-FcyRll cocrystals [PDB: 3RY6 (10)], (C) Fc—-FcyRlll cocrystals [PDB: 1T89 (11)], and (D) Fc-FcRn cocrystals [PDB:
111A (13)] with B2 microglobulin (32M) domain shown in cyan. The Fc region and FcyRs are represented by gray and yellow color, respectively (A-D). N297 glycans
within the CH2 domain are shown in stick model. The critical binding regions are highlighted in the upper part of each panel; region from the Fc fragment in green,
region from the FcyRs, FCRn, and p2M in red. The lower part of each panel shows the detailed residues, which are involved in the interactions between Fc and its
binding partners.
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and thus IgG is protected from lysosomal degradation (20).
The endocytosed IgG is then recycled to the cell surface and
released into the blood stream at an alkaline pH, thereby main-
taining the sufficient IgG serum half-life for proper immune
functions and desired therapeutic efficacies (20). Recently, the
endothelial and hematopoietic cells are identified as the major
sites associated with FcRn expression and their critical role in
IgG homeostasis (20-23).

Based on site-directed mutagenesis of Fc region and design of
a hybrid Fc heterodimer harboring one half of Fc wild type (WT)
and one half of Fc mutant, Kim and coworkers identified the
key Fc residues involved in the FcRn interaction and proposed a
preliminary model that one Fc hinge homodimer bound with two
FcRn molecules (24, 25). Shortly thereafter, Burmeister and cow-
orkers reported high resolution crystal structure of FcRn alone
at 2.2 A and low resolution crystal structure of Fc in complex
with FcRn at 6.5 A (26, 27). Structural analysis and biophysical
data confirmed that one Fc homodimer binds with two FcRn
molecules (26-29). Later, Martin and coworkers reported a high
resolution crystal structure of Fc in complex with FcRn at 2.8 A
(13). This structure clearly shows the key residues involved in Fc
and FcRn interactions and reveals the pH-dependent binding
mechanism (13) (Figure 2D).

Evidence demonstrates the presence of oligosaccharides,
attached to the N297 residue within the CH2 domain Asn-X-Ser/
Thr glycosylation motif of Fc region, is essential in maintaining
the Fc conformation and mediating its interactions with FcyRs
(FcyRI, FcyRlIla, FeyRIIb, and FeyRIIIa) and Clg, but not FcRn
(30-41). The glycan moiety is formed by two N-linked bianten-
nary oligosaccharide chains consisting of a core heptasaccharide
[N-acetylglucosamine (GIcNAc) and mannose (Man)] but occur-
rence of other residues like terminal N-acetlyneuraminic acid,
galactose (Gal), bisecting N-acetylglucosamine (GIcNAc), and
fucose (Fuc) have also been reported (1, 42, 43). Additionally,

5-17 and 2-7% of IgG structures could be monosialylated
and disialylated, respectively (1, 44). This imparts a significant
complexity and heterogeneity to therapeutic IgG molecules when
expressed in mammalian cells, which can affect the therapeutic
profile of IgG (30). On the other hand, the presence of bisected
N-acetylglucosamine structures in rituximab, a purer glycoform
with lesser heterogeneity, leads to an efficient engagement of
FcyRIII and increases ADCC activity against CD20* cells by
up to 20-fold (30, 45). Similarly, non-fucosylated glycoform of
Herceptin produced in engineered Chinese hamster ovary (CHO)
cell line (LEC13) can enhance ADCC via FcyRIII engagement by
up to 50-fold (30, 46).

However, mAb-associated glycan heterogeneity poses sev-
eral key challenges (30, 33, 45-51) including (1) difficulties in
developing therapeutic mAbs with glycan composition similar
to naturally occurring human IgG1, (2) difficulties in controlling
glycan heterogeneity, (3) lengthier development time to construct
cell lines producing glycan homogeneity, (4) lengthier IgG pro-
duction time and higher manufacturing cost in mammalian cells
as compared to that in E. coli or yeast-based expression systems,
(5) dominance of particular glycoforms that can affect effector
functions of IgG molecules, and (6) difficulties in separating vari-
ous glycoforms generated from mammalian cells. Alternatively,
development of aglycosylated mAbs with similar efficacy as gly-
cosylated counterpart but lower manufacturing cost has attracted
great efforts in the past decade.

In this review, we focus on the recent progress in therapeutic
Fc engineering-associated effector functions (ADCC, ADCP,
and CDC) and pharmacokinetics. The mutations known to
induce profound effects on Fc interaction with FcyRs, Clq, and
FcRn are summarized (see Table 1). We also briefly describe
the advances in aglycosylated mAb development. Finally, we
highlight clinical trials of several mAbs developed from relevant
Fc engineering.

TABLE 1 | Tabulation of the Fc mutations known to mediate a profound effect on antibody effector functions and immunoglobulin gamma homeostasis.

Fc type Mutation Target Functional Reference
Hu-1gG2-Glyco KB826W/E333S Clqg Yes (52)
Mu-1gG2b-Glyco E235L FeyRl Yes 2)
Hu-IgG3-Glyco E235Y FeyRl Yes (35)
Hu-IgG1-Glyco S239D, I332E, S239D/I332E, and S239D/I332E/A330L FeyRillla Yes (6, 53-55)
Hu-1gG1-Glyco G236A, G236A/I332E, S239D/I332E, and G236A/S239D/I332E FeyRlla > FeyRllla > FeyRI Yes (56)
Hu-lgG1-Glyco L235V/F243L/R292P/Y300L/P396L FeyRlla Yes (57, 58)
Hu-IgG1-Glyco P238D/L328E FeyRllb NA (59)
Hu-IgG1/IgA-Glyco IgGA (many motifs) FcyRs + FcaRlI Yes (60)
Hu-1gG1-Glyco F243L/R292P/Y300L and F243L/R292P/Y300L/P396L FeyRllla/FeyRlla Yes (29)
Hu-lgG1-Aglyco S298G/T299A FeyRlla NA 61)
Hu-IgG1-(-Fuc) F234L FeyRllla Yes (62)
Hu-IgG1-Aglyco E382V/M428| FeyRl Yes (63)
Hu-1gG1-Aglyco Q295R/L328W/A330V/P331V/I332Y FeyRl Yes (64)
Hu-1gG1-Glyco M428L/N434S FcRn Yes (65)
Hu-IgG1-Glyco M252Y/S254T/T256E and H433K/N434F/Y436H FcRn Yes (66, 67)
Hu-IgG1-Glyco N343A/E380A FcRn Yes (68)
Hu-1gG1-Glyco M252Y/S254T/T256E FcRn Yes (69)
Hu-1gG1-Glyco T250R/M428L FcRn Yes (70)
Hu-IgG1-Aglyco Q295R/L328W/A330V/P331V/I332Y FcRn Yes (64)

Hu, Human; Mu, Murine; Glyco, Glycosylated; Aglyco, Aglycosylated; Fuc, Fucose; NA, not available.
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MODULATION OF EFFECTOR FUNCTIONS
BY Fc ENGINEERING

To develop more effective antibodies with desired ADCC, ADCP,
and CDC activities, various strategies including site-directed
mutagenesis, alanine scanning, structure-based computational
design, and directed evolution technologies are employed.

The Fc amino acid residues that confer improved binding
to FcyRs/Clq and enhanced immune response were initially
characterized by site-directed mutagenesis studies. The earliest
described mutations were discovered by scanning residues to
isolate non-binders while focusing on the conserved residues.
Fc residues (E318, K320, and L322) in the mouse IgG2b-Fc
region were identified as the C1q binding site (3). However, the
relevance of E318 and K320 was challenged in human Fc-Clq
interaction (71). Novel residues (D270, K322, P329, and P331)
were proposed for normal Clq binding on human Fc (71). This
finding underscores the interspecies differences in such molecu-
lar interactions that may show a different effect in preclinical
models. Furthermore, an IgGl1 isotype of rituximab carrying
K326W/E333S mutations was shown to have fivefold more bind-
ing to C1q (52) and the same motif, when transferred to the IgG2
isotype (poor complement activator) of rituximab, increased
the cell lysis by fivefold (52). Next, a single mutation from E to
L at position 235 of the mouse IgG2b-Fc region proposed it to
be the “major determinant” for FcyRI binding (with ~100-fold
increased affinity to human monocyte FcyRI) (2). Additionally,
using a mouse-human chimeric antibody, amino acids at posi-
tion 234 and 237 were shown to mainly influence the interaction
with FcyRII. Based on these observations, FcyRI and FcyRII were
proposed to recognize an overlapping but non-identical site on
the Fc region (35).

Alanine scanning mutagenesis of selected Fc residues resulted
in many variants with altered binding to specific FcyRs, which
was also reflected in their ability to promote ADCC. Activating
FcyRIIIa mutations improved ADCC by 100% (68). Furthermore,
mutants based on the activating or suppressing effect on FcyRs
were categorized into different classes. Among these, IgGl
mutations A327Q/P329A (interact with FcyRI), D265A/S267A/
H268A/D270A/K326A/S337A (interact with FcyRIla), and
T256A/K290A/S298A/E333A/K334A (interact with FcyRIIIa)
promoted high-affinity interactions (68).

Computational optimization of the Fc region by creating
a single (S239D or 1332E), double (S239D/I332E), and triple
mutations (S239D/I332E/A330L) improved the affinity against
human FcyRIIIa"'*¥ 8 allele by up to 169-fold (6). The muta-
tions favoring Fc binding to activating (FcyRIIla) receptor over
the inhibitory (FcyRIIb) receptor are important to develop IgGs
with better activating to inhibitory capacity (IITa:IIb ratio),
which was monitored using surface plasmon resonance. These
mutations showed up to ninefold improvement in IITa:IIb ratio
and contributed to more than twofold enhancement in ADCC/
ADCP activity, and the S239D/I332E double mutant significantly
depleted CD20* B cells in vivo compared to WT IgG (6). The
same Fc mutations also enhanced in vitro ADCC/ADCP activ-
ity against lymphoma cell lines and directly translated into a
more effective treatment of lymphoproliferative diseases when

incorporated into anti-CD19/CD40 mAbs (53, 54). Furthermore,
it was shown that a change from glycine to alanine at residue 236
can shift the immune balance toward activating FcyRIIa relative
to inhibitory FcyRIIb (56). The coupling of G236A to either I332E
or S239D/I332E had dual beneficial effect as these mutants not
only improve FcyRITa:FcyRIIb ratio but also enhance binding to
FcyRIIIa by ~6- to 31-fold (56). These mutants had significantly
improved NK cell-mediated ADCC and macrophage-mediated
ADCP activity (56).

In addition, “shuffled variants” of anti-CD20/CD57 antibody
were constructed by grafting the CH1/hinge and CH3 carboxyl-
terminal of IgG1 into the Fc of IgG3 to retain both the ADCC
activity from IgG1 and the CDC activity from IgG3 (72). It is
known that IgGl is the most potent ADCC activator, while
IgG3 has highest potency to recruit complement system (72).
Therefore, IgG1 and IgG3 Fc regions can complement one another
to maximize the immune effector response. These variants with
chimeric CH regions showed ~25-60% increase in ADCC and
CDC activity compared to WT of IgG1 and IgG3 molecules (72).
Furthermore, the CDC activity of humanized anti-CD20 IgG1
(ocrelizumab) was increased by ~23-fold while retaining normal
IgG1 ADCC by combining a triple mutant (S267E/H268F/S324T)
with earlier reported G236A/I332E in the CH2 domain (73).

Multiple mutations (L235V/F243L/R292P/Y300L/P396L) in
the trastuzumab Fc region (MGAH?22) increased the potency
against low Her2-expressing cells via low-affinity FcyRIIIa™®
engagement (57). The same Fc motif was applied to the MGA271
mAb (anti-CD276), which targets B7-H3* tumor cells and
resulted in an increased binding to FcyRIlla, enhanced ADCC,
and potent antitumor activity in a renal cell carcinoma/bladder
cancer xenograft mouse model (58). Recently, the immune acti-
vating potential of IgA via FcaRI engagement was exploited by
developing IgG and IgA hybrid molecules “IgGA” through sub-
stituting ol loop residues of CH,2/3 region with CHw2/3 (60).
The “IgGA” hybrid trastuzumab mediated an enhanced ADCC/
ADCP activity against Her2 overexpressing cells and destroyed up
to 50% SkBr3 breast cancer cells (via ADCC) and MDA-MB-453
cells (via ADCP) (60). Similarly, “IgGA” hybrid rituximab lysed
~70% of the CD20* calcein-AM-loaded Raji tumor cells when
compared to the WT counterparts (60).

A negative selection strategy was applied using yeast surface
display to enrich Fc mutants exhibiting selective high affinity
to FcyRIIIa (29). Among these isolates, F243L was predicted to
make a direct contact with the carbohydrate portion, which can
“influence sialylation and affect the quaternary structure” of the
Fc domain (29). Additionally, R292P partially reduced the bind-
ing to FcyRIIa, while Y300L, in combination with other mutations
(F243L/R292P/V3051/P396L), showed an ~10-fold less Kp, 100-
fold enhanced ADCC activity, and potency in a xenograft mouse
model of ovarian and breast cancer (29). Furthermore, an Fc vari-
ant with three changes (F243L/R292P/Y300L) was also effective
in increasing the rate of cytolysis by ~100-fold (29). In another
report, human IgG1 Fc variants were generated by an error-prone
PCR and ribosome display to select high-affinity aglycosylated
binders to human FcyRIIIa using a solution phase method (62).
The isolated Fc mutant (F243L) lacked Fuc residues in most
oligosaccharide chains and exhibited an improved FcyRIITa""*®
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F158 binding and enhanced ADCC as compared to WT Fc (62).
Recently, an anti-EGFR antibody (S239D/I332E) was noted to
elicit mononuclear cell-mediated ADCC via FcyRIIla engage-
ment and at the same time showed impaired polymorphonuclear
cell (PMN)-mediated ADCC due to the engagement of FcyRIIIb,
a highly homologous isoform to FcyRIIIa (55). The inability of
FcyRIIIb to activate immune signaling in such a scenario can be
overcome by imparting high-affinity binding to FcyRIla, which
can enhance both NK cell- and PMN mediated ADCC (55). These
observations highlight that Fc engineering toward related FcyRs
needs to be tailored specifically to achieve desirable immune
effects.

MODULATION OF ANTIBODY
PHARMACOKINETICS BY Fc
ENGINEERING

Along with the efforts to engineer Fc regions for enhanced effec-
tor functions, attempts have been made to improve antibody
pharmacokinetics. Clearly, enhanced Fc-FcRn interaction at
acidic pH can extend IgG’s serum half-life and positively regulate
its homeostasis, which may benefit patients by greater therapeutic
efficacy, less frequent dosing, and lower cost burden. Alanine
scanning and display/directed evolution are commonly used
techniques to identify favorable Fc mutants that can strengthen
Fc-FcRn pH-dependent interactions.

A human Fc variant (N434A), isolated by alanine scanning of
all solvent-exposed residues, showed fourfold increased binding
to FcRn at pH 6.0 (68), which later, when studied in cynomolgus
monkeys, showed a twofold extension of IgG serum half-life
confirming the modulation of pharmacokinetics (74). Such an
interaction at pH 6.0 prolongs IgG availability in serum, which
correlates with the therapeutic effectiveness as demonstrated
by the improved antitumor activity of IgG-Fc mutant (M428L/
N434S from the CH3 domain) in a human FcRn transgenic
mouse model (65).

A phage displayed antibody library approach was employed
with the aim of isolating high-affinity binders against FcRn at pH
6.0. Random mutations were created at residues T252, T254, and
T256, which are proximal to the IgG-FcRn interaction site, and
binders were selected in a solution phase against FcRn at pH 6.0
and eluted by PBS at pH 7.4 (66). The Fc mutants generated in this
manner were able to bind both human and rat FcRn with high
affinity at pH 6.0; however, these variants (M252Y/S254T/T256E
from the CH2 domain and H433K/N434F/Y436H from the CH3
domain) also showed tighter binding to mouse FcRn at pH 7.4
that decreased the serum IgG concentration in a mouse model
(67). Yeung and coworkers (74) reported a similar observation
that an Fc mutant (N434W), though possessing an ~80-fold
enhanced affinity to FcRn at both acidic and neutral pH, did not
stabilize serum IgG due to the loss in pH selectivity. These results
suggest that high-affinity binding to the receptor at neutral pH
can compromise the “beneficiary effect” of increased affinity at
pH 6.0. Later, a humanized anti-respiratory syncytial virus anti-
body (MEDI-524) with a triple mutant Fc (M252Y/S254T/T256E
from the CH2 domain) was reported to have a 10-fold increase

in a pH-dependent way toward FcRn and about 4-fold improve-
ment in serum half-life in cynomolgus monkey (69). Similarly, a
high-affinity Fc variant (T250R/M428L) bound FcRn selectively
at pH 6.0 and accounted for a 2.8-fold lesser degradation of serum
IgG2 (70) and IgG1 (75) in rhesus monkey. Accumulating stud-
ies highlight that to prolong IgG serum half-life, pH-dependent
FcRn affinity has to be maintained.

Of note, Grevys and coworkers recently analyzed known
IgG-Fc mutants, which show enhanced FcRn pH-dependent
affinity and extended serum half-life (M252Y/S254T/T256E from
the CH2 domain and M4281/N434S from the CH3 domain), for
their effects on ADCC, ADCP, and CDC (65, 69, 76). Surprisingly,
they found that both mutants showed reduced effector functions
with regards to ADCC, ADCP, and CDC. More interestingly,
they found one previously known mutant (H433K/N434F from
the CH3 domain), which showed reduced FcRn pH-dependent
affinity and shortened serum half-life, displayed enhanced effec-
tor functions in ADCP, CDC, and ADCC (76, 77). These findings
highlight that, though the interaction region of Fc with FcyRs and
C1q (lower hinge region-CH2 domain) is distant from its interac-
tion with FcRn (CH2-CH3 domain interface), it is still possible
that these mutants can trigger a long range effect to other part of
the Fc region in an unknown mechanism.

AGLYCOSYLATED Fc TO OVERCOME
GLYCAN HETEROGENEITY

The demand for therapeutic antibodies is high, and it has been
estimated that 8,000 kg of clinical grade mAbs were produced
in 2013 (78). Currently, ~50% of the clinical grade biologics are
produced in mammalian cells like CHO, mouse myeloma cell
lines NSO and SP2/0 (30, 78-80).

However, the inherent glycan heterogeneity of mAbs when
expressed in mammalian cell systems can cause high production
costand variations of mAb functions from batch to batch. Recently,
great efforts have been invested in developing aglycosylated mAbs
as an alternative. Ideally, aglycosylated mAbs would be as efficient
as or even better than its glycosylated peers in mediating effector
functions for antigen or target cell clearance.

To develop aglycosylated IgGs as alternatives, Sazinsky
and coworkers constructed three small subsets of saturation
substitutions covering the Asn-X-Ser/Thr glycan motif of the Fc
C’/E loop and displayed these libraries on the yeast cell surface
(61). After selection against FcyRIIa by fluorescence-activated
cell sorting (FACS), a double Fc mutant isolate (S298G/T299A)
in an aglycosylated form showed threefold stronger binding as
compared to the WT and variants with single mutation, which
indicates that the glycosylation of N297 is not a strict require-
ment for the interaction of Fc with FcyRIla (61). In contrast,
the indispensable role of asparagine at position 297 was demon-
strated in the backdrop of N297Q, N297D, or N297A mutation,
which abolished the double mutant (S298G/T299A) binding to
FcyRIIa (61). Moreover, this dual mutant is functional in vivo
in that murine platelet clearance is as efficient as that of WT
mAb. Based on the modeling of Fc dual mutants in complex
with FcyRlIla, the N297 residue of an aglycosylated IgG can
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make a hydrogen bond with the S126 residue of FcyRIIa (61,
81). Furthermore, such interaction may be strengthened by a
bridging water molecule present in an unbound FcyRII crystal
(61, 81). However, this dual mutant showed 10-fold reduced
FcyRI binding and no binding to both FcyRIIT and Clq proteins.
The inability of aglycosylated mAbs to bind with Clq and thus
activate CDC can limit their application in treating hospital
acquired microbial infections among cancer patients where
complement activity plays an important role (82).

In another major breakthrough, bacterial display and FACS
was used to isolate Fc variants displaying increased binding and
specificity to FcyRI (63). One such aglycosylated variant called
“Fc5” (E382V/M4281) was incorporated into trastuzumab. The
trastuzumab-Fc5 variant bound selectively to the FcyRI with
nanomolar range affinity and promoted monocyte-derived den-
dritic cell-dependent lysis of SkBr3 breast cancer cells that over-
express Her2. (63). The three-dimensional structure of human
aglycosylated Fc domain suggests a greater “conformational
flexibility of the CH2-CH3 domain interface,” as compared to the
glycosylated counterpart (83). Additional mutations (Q295R/
L328W/A330V/P331V/I332Y) in trastuzumab-Fc5 variant
(63) increased the affinity for FcyRI by ~120-fold and retained
pH-dependent FcRn binding and function (64). Other mutants
were also reported with specific binding to FcyRI and without
compromising the pH-dependent FcRn binding (84).

It is worth mentioning that removal of appended glycans,
though does not affect IgG’s solubility, binding affinities to FcyRs,
and in vivo half-life but often compromises IgG related CDC,
lowers its thermostability and increases its aggregation at the low
pH (85-87).

Fc ENGINEERING-BASED mAbs UNDER
CLINICAL TRIALS

A number of mAbs harboring various modifications in the Fc
region are being investigated in different clinical trial stages
(see Table 2 for Fc engineering-based mAbs being tested in
clinics). These molecules broadly fall into three categories (1)
with enhanced effector response to treat cancer and infectious
diseases, (2) capable of inhibiting immune activation to treat

inflammatory diseases, and (3) new class of aglycosylated mAbs
with either inert or active-immune function.

The Fc variants capable of inducing enhanced ADCC are
being tested in many antibody candidates. Anti-CD37 antibody
(BI836826; Boehringer) against B cell malignancies is currently
under phase-1 trial for the treatment of chronic lymphocytic
leukemia (CLL) (6, 88, 89). This is a mouse-human chimeric
antibody, which targets tetraspanin CD37 and shows high proa-
poptotic activity against malignant B cells via enhanced ADCC.
Using human CD37 transgenic mice, a single dose of BI836826
was demonstrated to reduce peripheral B cells (88) and effica-
cious in suppressing tumor growth in Ramos mouse model of
human B-cell lymphoma (88). Furthermore, therapeutic efficacy
of a surrogate Fc-engineered antibody against macaque CD37
has also been demonstrated in cynomolgus monkey (88). A fully
humanized anti-CD123 antibody (JNJ-56022473; Janssen R & D)
targeting overexpressed interleukin-3 receptor a-chain is being
tested in acute myeloid leukemia patients (89-91). The Fc frag-
ment of JNJ-56022473 has been engineered for enhanced NK cell-
mediated ADCC. The molecule efficiently reduced the growth of
the patient-derived acute myelogenous leukemia xenografts in
bone marrow and peripheral organs and increased the survival in
animal models (91). Similarly, a humanized anti-CD30 antibody
(XmADb2513; Xencor) with enhanced binding to FcyRIIIa is being
evaluated in the treatment of CD30* Hodgkin’s lymphoma (HL)
patients who had previously received two or more therapies (89,92,
93). It has been shown to be safely administered and biologically
active in relapsed, refractory HL subjects and reduces tumor in a
majority of patients (92, 93). Another interesting molecule is an
anti-CD19 antibody (XmAb5774; Xencor), which induces potent
NK cell-mediated ADCC/ADCP response against CLL (89, 96).
The antibody is known to get internalized in primary CLL cells
and induces a modest toxicity (96).

Antibodies harboring Fc mutations that can suppress the
immune response are being tested for the treatment of inflam-
matory diseases. The immunosuppressive version of anti-CD19
antibody (XmAb5871; Xencor) binds inhibitory FcyRIIb with
~430-fold enhanced affinity and efficiently depletes CD19* B-cells
in systemic lupus erythematosus (SLE) patients (90, 94). The
depletion of CD19* B-cells correlates with the strong inhibition

TABLE 2 | Fc-engineered antibody candidates under clinical evaluation.

Antibody Target Fc modification Disease Clinical development Company Reference
BI836826 CD37 NA CLL Phase-1 Boehringer (6, 88, 89)
JNJ56022473 CcD123 NA AML Phase-2 Janssen R & D (89-91)
XmAb2513 CD30 NA Hodgkin/large cell lymphoma Phase-1 Xencor, Inc. (89, 92, 93)
XmAb5871 CD19 S267E/L328F SLE Phase-1 Xencor, Inc. (90, 94)
XmAb7195 IgE S267E/L328F Allergic diseases Phase-1 Xencor, Inc. (95)
XmAb5774 CD19 S239D/I332E CLL Phase-1 Xencor, Inc. (89, 96)
TRX4 CD3 N297A Type-1 diabetes mellitus (autoimmune) Phase-3 GSK/Tolerx (48, 49, 97)
Onartuzumab MET N297A NSCLC/gastroesophageal cancer Phase-3 Roche (48, 98, 99)
ALD518 IL-6 N297A RA/NSCLC/oral mucositis Phase-2 Alder (48, 49, 100)
TRX518 GITR N297A Malignant melanoma Phase-1 Tolerx (48, 49, 101)

CLL, chronic lymphocytic leukemia; AML, acute myeloid leukemia; SLE, systemic lupus erythematosus; NSCLC, non-small cell lung cancer; RA, rheumatoid arthritis;

NA, not available.
Source: https.//clinicaltrials.gov/.
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of B-cell receptor-induced calcium mobilization among healthy
volunteers and SLE patients (94). The same Fc fragment has been
engineered into a humanized anti-IgE antibody (XmAb7195;
Xencor) for the treatment of allergies (95). This antibody prevents
the binding of IgE to its high-affinity IgE receptor (FceRI) that is
present on basophils and mast cells and is useful in the treatment
of allergic asthma (95). The XmAb7195 has 5- and ~430-fold
higher affinity for human IgE and FcyRIIb, respectively, and
therefore is effective in inhibiting IgE production and plasma cell
differentiation (95).

Finally, aglycosylated IgG molecules have recently been shown
to have therapeutic properties (48, 49, 61, 63), and a few of them
are undergoing clinical testing. An anti-CD3 antibody (TRX4;
Tolerx) incorporating the N297A mutation suppresses pathogenic
T-cells in type-1 diabetes (T1D) patients (48, 49, 97) and is being
evaluated in phase-3 trials. The antibody downregulates patho-
genic T-cells while restoring the normal activity of T-regulatory
cells and thereby inhibits autoimmune mediated T1D (97).

It is widely accepted that hepatocyte growth factor (HGF)
binding to receptor tyrosine kinase MET aggravates malignancy
in a variety of cancers (98). Therefore, an aglycosylated anti-
MET antibody (Onartuzumab; Roche) is being evaluated in
phase-3 trials to inhibit the binding of HGF for treating lung and
gastroesophageal cancers (49, 98, 99). This is an E. coli-derived
humanized, affinity-matured antibody, which engages MET,
thereby inhibiting HGF binding and receptor phosphorylation in
HGF-dependent tumor models (98). Similarly, an aglycosylated
mAb (ALD518; Alder) targeting IL-6 is being tested in phase-2
for a variety of diseases including rheumatoid arthritis, non-small
cell lung cancer (NSCLC), and oral mucositis (48, 49, 100). The
antibody was developed to inhibit proinflammatory cytokine
IL-6 in oncogenic niches, which can otherwise lead to a cancer.
The mAb ALD518 is reported to be well tolerated in phase-1 and
-2 studies and ameliorated NSCLC-related anemia and cachexia
(100). Another aglycosylated mAb (TRX518; Tolerx) is currently
in phase-1 trials to treat malignant myeloma (48,49, 101). TRX518
mAb recognizes the glucocorticoid-induced tumor necrosis fac-
tor receptor on regulatory and effector T-cells, B-cells, NK cells,
and antigen-presenting cells to enhance effector T-cell response
and inhibits T-regulatory cell-mediated suppression (101).
Furthermore, the efficacy of TRX518 mAb in reducing tumor
burden and increased survival rates has been demonstrated in
mouse and non-human primate models (101).
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Fc Engineering for Developing
Therapeutic Bispecific Antibodies
and Novel Scaffolds
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' Laboratory of Antibody Engineering, Shanghai Institute for Advanced Immunochemical Studies, ShanghaiTech University,
Shanghai, China, ?Banting and Best Department of Medical Research, Terrence Donnelly Center for Cellular and
Biomolecular Research, University of Toronto, Toronto, ON, Canada, °Department of Molecular Genetics, Terrence Donnelly
Center for Cellular and Biomolecular Research, University of Toronto, Toronto, ON, Canada

Therapeutic monoclonal antibodies have become molecules of choice to treat autoim-
mune disorders, inflammatory diseases, and cancer. Moreover, bispecific/multispecific
antibodies that target more than one antigen or epitope on a target cell or recruit effector
cells (T cell, natural killer cell, or macrophage cell) toward target cells have shown great
potential to maximize the benefits of antibody therapy. In the past decade, many novel
concepts to generate bispecific and multispecific antibodies have evolved successfully
into arange of formats from full bispecific immunoglobulin gammas to antibody fragments.
Impressively, antibody fragments such as bispecific T-cell engager, bispecific killer cell
engager, trispecific Killer cell engager, tandem diabody, and dual-affinity-retargeting are
showing exciting results in terms of recruiting and activating self-immune effector cells
to target and lyse tumor cells. Promisingly, crystallizable fragment (Fc) antigen-binding
fragment and monomeric antibody or half antibody may be particularly advantageous to
target solid tumors owing to their small size and thus good tissue penetration potential
while, on the other hand, keeping Fc-related effector functions such as antibody-de-
pendent cellular cytotoxicity, complement-dependent cytotoxicity, antibody-dependent
cell-mediated phagocytosis, and extended serum half-life via interaction with neonatal
Fc receptor. This review, therefore, focuses on the progress of Fc engineering in gen-
erating bispecific molecules and on the use of small antibody fragment as scaffolds for
therapeutic development.

Keywords: mAbs, Fc region, FcRn, bispecific, monovalent, heterodimer, monomeric Fc, Fc antigen-binding

INTRODUCTION

Since approval of the first therapeutic monoclonal antibody (mAb) muromonab-CD3 by the United
States Food and Drug Administration for treatment of organ transplant-associated acute rejections
in 1992, a total of 62 mAbs have been approved by the USFDA for clinical use as of May 2016
(1, 2). Therefore, the USFDA has approved an average of two to three mAbs each year over the
last 25 years. Surprisingly, in 2015, a total of 10 mAbs were approved (2). Clearly, the demand for
antibody molecules and global sales have been rising rapidly.

Most therapeutic mAbs are complete immunoglobulin gamma (IgG) molecules which consist
of two heavy and two light chains that fold into a complex quaternary Y-shaped structure (1). The
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two arms of the Y-shaped molecule form the antigen-binding
domains called antigen-binding fragment (Fab) regions, and the
stalk forms the crystallizable fragment (Fc) region. Native IgG
molecules can be digested by papain protease into separate F(ab),
dimers and Fc domains (3). Fab arms are responsible for antigen
binding and have been extensively engineered for developing
highly specific and synthetic antibodies against numerous targets
(4). The Fc region bears recognition motifs for binding innate
immune receptors [Fcy receptors (FcyRs), Clq, and neonatal Fc
receptor (FcRn)] on an effector cell and thus is responsible for
mediating immune effector functions and in vivo IgG stability
(5-11). This part has been a prime molecular engineering target
for either enhancing or inhibiting the immune response includ-
ing antibody-dependent cellular cytotoxicity (ADCC), comple-
ment-dependent cytotoxicity (CDC), and antibody-dependent
cell-mediated phagocytosis (ADCP) (9, 12-14). Besides the Fab

domain, antigen-binding character has also been engineered into
the Fc, CH2, and CH3 domains (15, 16). Such novel fragments
have demonstrated therapeutic-like profiles in early studies and
remain attractive ventures.

Antibody molecules can be made more efficient by engineer-
ing additional specificities so that multiple antigens or epitopes
present on a cell can be targeted (17, 18). Extensive academic
and industrial research in the past decade focused on develop-
ing bispecific Abs and Igs (bsAbs and bslgs) and multispecific
antibodies (e.g., TriMabs) (17-20).

Initially, bsAbs were generated by a quadroma technology,
which required the somatic fusion of two hybridomas harboring
different specificities (21, 22). This led to the foundation of bispe-
cific antibody production for simultaneous targeting of two dif-
ferent antigens or epitopes on a cell (Figure 1A). However, these
molecules suffered from low production yields, heterogeneity,

Quadroma Knobs-in-holes Knobs-in-holes CrossMab CrossMab CrossMab TriMab
Cognate light chains Common light chains Fab VH-VL CH1-CL
H | J K L M
OAscFab-1gG dsFv-IgG DuetMab cFAE-IgGl1 Charged pair scFv-Fc SEEDbody Two-arm LUZ-Y
o P Q R S T U
Ki-body BiTE Diabody Tandab DART BiKE TriKE

\'} w

mFc-VH Fcab

FIGURE 1 | Formats of bispecific antibodies and scaffolds described in the literature. (A) Bispecific quadroma generated by somatic fusion of two
hybridomas, (B-J) bispecific formats developed by using knobs-in-holes (KiH) Fc heterodimerization strategy, (K) bispecific IgG1 developed by controlled Fab-arm
exchange, (L) bispecific Fc-fusion constructs developed by electrostatic optimization, (M=0) bispecific formats developed by strand exchange, insertion of cleavage
motif and expressing two light chains with single heavy chain, and (P-W) novel bispecifc or multi-specific scaffolds. Abbreviations: OAscFab-IgG, one-arm
single-chain Fab-immunoglobulin gamma (IgG); dsFv-IgG, disulfide stabilized Fv-IgG; cFAE-IgG1, controlled Fab-arm exchanged-IgG1; scFv-Fc, charged pair single-
chain Fv-Fc fusion; SEEDbody, strand-exchange engineered domain body; LUZ-Y, two-arm leucine zipper heterodimeric monoclonal antibodies; (kA-body, kappa
lambda body; BITEs, bispecific T-cell engagers; BiKEs/TriKEs, bispecific/trispecific killer cell engagers; DART, dual-affinity retargeting molecules; mFc, monomeric
Fc; Fcab, Fe antigen binding. Color codes are as follows: heterodimeric CH domains are shown in black and white; cognate light chains are shown in green and
orange; the antigen-binding domains [VH (black/white), VL (green/orange), and VH-VL (paired white—orange/black—green)] are shown as indented bubble; additional
specificity in trispecific molecules is shown by red/blue scFv or VH-VL pair (G,l,U); light chains of kA-body (O) are shown in light and dark green; red bulge at
CH3-CH3 interface depicts knobs-in-holes motif; curved arrows indicate cross-matched domains; interchain linkers are shown as red lines; interchain disulphide
bonds are shown as black lines; engineered disulfide bonds are shown as yellow lines; red stripes depict exchanged sequences; black asterisks indicate site of
mutations favoring heterodimerization; orange asterisks indicate protein A ablation mutation (J). +/— represents charged pair mutations; lightning bolt indicates
cleavable peptide linkers.
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and human anti-mouse antibody (HAMA) response and there-
fore a decreased efficacy in patients (23). Nevertheless, one such
bsAb EpCAM x CD3 (triomab; catumaxomab) was approved
by the European Medicines Agency in 2009 for the treatment of
patients with epithelial cancer-associated malignant ascites (24).
Two additional bsAbs produced using the quadroma method,
HER2 x CD3 (triomab; ertumaxomab) and CD20 x CD3 (trio-
mab; FBTAO05), are being evaluated in clinical trials for cancer
treatment (25, 26).

Later, bsAb construction primarily relied on Fc heterodi-
merization by creating “knobs-in-holes” (KiH) mutations in
the CH3 domain, which is prerequisite to assemble two half
antibodies (common Fc heterodimer and unique VH-CH and
VL-CL domains) (27-29). However, a major bottleneck in this
strategy has been the incorrect pairing of light-heavy chains.
Consequently, newer strategies based on KiH and other platforms
have been developed to circumvent faulty heavy and light chain
pairing.

Small antibody fragments like nanobodies from llama and
camel immune systems (30-33), single human domain antibod-
ies (34-37), and single-chain variable fragments (scFvs) (38, 39)
can be used to impart bispecificity or multispecificity to antibody
molecules (18). Moreover, small non-immunoglobulin fragments
like monoclonal lamprey antibodies (lambodies) (40), affibodies
(41),and DNA/RNA aptamers (42, 43) can be fused with the anti-
body Fc fragment (homodimerization or heterodimerization)
to have antibody-like properties such as Fc-associated effector
functions (ADCC, CDC, and ADCP), extended pharmacokinet-
ics and bispecificity (44, 45).

In this review, we describe recent advances in the therapeutic
potential of bispecific molecules and small Ab fragments as
novel scaffolds. We summarize the key breakthroughs achieved
by employing and optimizing various strategies. Representative
design, expression, purification, and purity of final bispecific mol-
ecules are summarized (see Table 1). Some bispecific antibodies
and antibody fragments currently under clinical evaluation are
listed (see Table 2), and graphical models of bispecific molecules
under development are presented (see Figure 1).

STRUCTURAL OPTIMIZATION

The KiH (Figure 1B) concept was first proposed by Ridgway
et al. (29) to develop Fc heterodimers. It allows the generation
of complementary interacting interfaces by manipulating key
amino acid residues that participate in the Fc dimeric interac-
tion. Amino acids with small side chain are replaced by ones with
larger side chains, thereby creating a knob or protrusion in one
chain and vice versa to create a hole or socket in the partner chain.
Traditionally, a T366Y mutation in one CH3 domain has been
used to create a knob while an Y407T mutation in the other CH3
domain (hereafter denoted as Y407'T) gives rise to a hole (29).
Such mutations establish intermolecular interactions and promote
the heterodimer formation due to knob/hole pairing and bring
about the association of two different Fab regions to give rise to a
monovalent bslg. It was also found that complementing existing
knob/hole mutations with F405A and T394'W on the knob and
hole side, respectively, yielded 92% molecules as heterodimers

(29). In an effort to further improve and stabilize the KiH model,
a phage-displayed library of CH3 (T366W) knob domain and
CH3 (randomized at 366’, 368" and 407’) hole domain was cre-
ated by fusing FLAG-tagged CH3-hole to the N-terminal region
of the gene-III minor coat protein of M13 bacteriophage (27).
The heterodimers were selected by an anti-FLAG antibody and
were found to be completely diverse from parent T366W-Y407'A
clone. Phage display optimized variants existed preferably as
heterodimers and exhibited greater stabilities (27).

The KiH concept suffered from mispairing of heavy and
light chains in the heterodimers. Merchant et al. (28) suggested
using identical light chains for both Fab domains, which can be
further stabilized by engineered disulfide bonds (Figure 1C).
They employed a scFv phage-displayed library with restricted
light chain usage to identify antibodies recognizing c-MPL and
HER3 using common light chains and developed a bispecific
c-MPL x HER3 antibody with approximately 95% heterodimer
recovery (28).

However, it is not always possible to use a common light chain
for developing bispecific molecules because antigen recognition
can critically rely on the partner light chain (73, 74). To circum-
vent the existing light chain mispairing in bslgs, a methodology
termed as “CrossMab” (47) was developed and combined with
the KiH technology. In principle, “CrossMab” is achieved by
the exchange between heavy and light chains of the Fab portion
of one partner in order to generate formats of “CrossMab Fab”
(Figure 1D), “CrossMab VH-VL’ (Figure 1E), or “CrossMab
CH1-CL” (Figure 1F) (47). Such bispecific formats clearly
reduced the heavy-light chain mispairing, allowed simultaneous
recognition of the two antigens (VEGF-A and Ang2), retained
the affinity and stability profiles of the parent antibodies and
exhibited antiangiogenic and antitumor activity in vivo (47).

Similarly, trispecific antibodies “TriMabs” (Figure 1G)
were developed and combined with the KiH technology using
N-terminal single-chain Fab (scFab) and C-terminal scFv fusions
of Fc region, which avoids the light chain mispairing. The concept
was demonstrated by using four specificities (EGFR, IGFR, cMET,
and HER3) incorporated into three structural formats (19).
TriMabs 1 and 2 engage their respective antigen in a monovalent
manner while TriMab 3 binds HER3 in a bivalent fashion. These
molecules retained their ability to bind individual antigens and
shared kinetic properties with their parent molecules. Besides,
the TriMabs were also shown to simultaneously recognize their
respective antigens when immobilized on a chip or expressed on
human pancreatic adenocarcinoma cells (BXPC-3) and inhibited
receptor signaling and tumor growth (19).

An scFab heterodimeric bslg format (OAscFab-IgG)
(Figure 1H) with anti-IGF1R and anti-EGFR specificities has
also been described to prevent faulty chain pairing (48). The light
chains in the scFab format were attached to the N-terminus of the
heavy chain through a 32-residue linker, and heterodimer forma-
tion was achieved by KiH mutations. This strategy allowed the
recovery of 99% pure heterodimers, which exhibited comparative
antigen-binding affinity to the parent antibodies (48).

Further, a conditional functionality was engineered in a bispe-
cific molecule which relied on proteolytic cleavage to generate
functional binders. The VH and VL domains incorporating C44
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TABLE 1 | Strategies to promote bispecificity by heterodimer formation.

Strategy/ Mutation Target Bispecificity Protein expression/purification/ Remarks Reference
format analysis/yield (%) yield (g/L)
Quadroma NA EpCAM x CD3, HER3 x CD3, lon-exchange Hybridoma/protein A Associated human (26, 46)
CD20 x CD3 chromatography and anti-mouse antibody
SEC/12.5% response
Knobs-in-holes  T366W/T366Y (knobs) and T366S/L.368A/ CD3 x CD4, c-MPL x HER3, Electroblotting, SLD, SEC,  HEK293, Escherichia coli, and cell-free  Faulty light and heavy (19, 27-29,
T394W/FA05A/Y407V(T) (holes) VEGF-A x Ang2, CD20 x hL243y1, MS-TOF (73-100%) expression system/protein A, DEAE, chain pairing 47-53)
EGFR x IGF1R, HER3 x cMET, and Mab Select Sure/0.004-1.0 g/L
CD3 x EpCAM, CD3 x HER2,
EGFR x HER2, CD4 x CD70,
MET x EGFR
Biochemical S364H/F405A (CH3A) andY349T/T394F CD16 x HER2 and CD3 x HER2 HPLC/SEC (89%) HEK293F/protein A, nickel affinity (54)
optimization (CH3B) chromatography
Biochemical L.368E/K409R (CH3), R221E/R228E CD3 x CD20, EGFR x ErbB2 lon-exchange HEK293/protein A/in vitro cell-free Cognate chain pairing (55)
optimization (lgG1-hinge), and R223E/R225E/R228E chromatography and LCMS  assembly
(I9G2-hinge) (65-100%)
Biochemical P228S (IgG1-hinge) and FA05L/K409R (CH3) CD20 x EGFR ESI-MS (95.7%) HEK293/protein A/SEC/473.4 g/L High yield and efficiency (56)
optimization
Biochemical H435R and Y436F (IgG1-CHJ) CD20 x CD3 SEC (100%) Stable CHO-K1/protein A/0.2-0.3 g/L  Cognate chain pairing (57, 58)
optimization
Biochemical S354C (CH3A), Y394C (CH3B), F126C EGFR x IGF1R, CD20 x hL243y1, MS-TOF, SEC (73%) HEK293/protein A/0.004-0.03 g/L Prevent homodimer (49, 52, 53)
optimization (CH1), S121C (LC), C44 (VH), and C100 (VL) HER3 x cMET formation
Biochemical F241R, F243S, F241S, F243R (CH2) and NA MS-TOF (90%) E. coli/protein A Avoid covalent bonding (50)
optimization C226S, C229S (hinge) of heterodimers
Electrostatic K409D (CH3A), D399R (CH3B), K409E CD3 x TARTK LC/MS (98%) HEK293/Select Sure column and SEC ~ Prevent homodimer (59)
optimization (CH3A), D399K (CH3B), and K409E (CH3A), formation
D399R (CH3B)
Electrostatic K409W, K360E, K370E (CH3A) and D399V,  VEGFR-2 x MET SEC (80-90%) HEK293/protein A Prevent homodimer (60, 61)
optimization F405T, QB347R, E357N, S364B (CH3B) formation
Electrostatic QB9K, Q105K (VH), S183D (CH1), Q38D HER2 x EGFR SEC (100%) Stable CHO/protein A/0.2-0.3 g/L Cognate chain pairing (57)
optimization (VL), S176D (CL), K392D, K409D (CH3A),
and E356K, D399K (CH3B)
Electrostatic T350V, L351Y, F405A, Y407V (CH3A) and HER2 x ErbB2 SEC (95%) CHO/protein A/0.25 g/L Improved biophysical 62)
optimization T350V, T366L, K393L, T394W (CH3B) properties
kh-body NA CD19 x CD47, CD47 x EpCAM Isoelectric focusing/41.5%  PEAK cells/protein A, CaptureSelect Exploits variable light (63)
immunoglobulin gamma (IgG)-CH1, chains for generating
KappaSelect, and LambdaFabSelect bispecifics
affinity chromatography/1.5 g/L
(Continued)
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affinity

chromatography

retargeting

(69-72)

Natural Killer cell
activation

E. coli/ion-exchange chromatography

SEC

CD16xCD19, CD16xCD19xCD22

NA

Bispecific/

trispecific killer
cell engager

CHB3A and CH3B mean that these mutations are located on the partner chain.

Abbreviations: SLD, scanning laser densitometry; SEC, size exclusion chromatography; MS-TOF, time-of-flight mass spectrometry; FPLC, fast protein liquid chromatography; LCMS, liquid chromatography-mass spectrometry; ESI-

MS, electrospray ionization mass spectrometry; DEAE, diethylaminoethanol ion-exchange resin; NA, information not available.

or C100 mutations, respectively, were attached to the C-termini of
the Fc region in knob and hole mutant, respectively, via a flexible
linker. The VH C44 and VL C100 generate a disulfide stabilized
Fv (Figure 1I), bypassing the requirement of a VH-VL linker
to promote heterodimer formation in such an arrangement (49).
Here, the C-terminal attachment does not affect off-rate and
instead relieves steric hindrance after proteolytic cleavage. This
methodology can be applied to express toxic products in an inac-
tive state in a cell which can be activated later during the process-
ing steps by proteolytic cleavage (49). This design incorporated
a proteolytic motif for Pre-Scission within the peptide linker
on one of the partner chains. The recognition motif for other
proteolytic systems like furin, matrix metalloproteinase-2/9, or
urinary plasminogen activator can also be engineered for varying
applications (49).

Next, a structure-guided approach was used to generate bslg
by separately expressing monomeric IgG (harboring KiH muta-
tions) in Escherichia coli. Equimolar amounts of two monomeric
IgGs, when mixed together at a basic pH, resulted mostly in heter-
odimeric IgGs (50). These constructs also incorporated mutations
in CH2 domain residues (F241R/F243S or F241S/F243R) which
remain solvent exposed in aglycosylated IgG molecules and the
hinge region (C2265/C229S) to avoid covalent association of
knob/knob or hole/hole monomers (50).

Recently, Xu et al. (51) utilized a cell-free expression system
to generate bsIg based on KiH format. They used anti-CD3,
anti-EpCAM, and anti-HER2 antibodies to generate eight bsIgs
in four different KiH scaffolds. Among these scaffolds, scFv-KiH
and scFv-KiH" (reverse) exhibited superior yields. Moreover, this
system allowed optimal heterodimer expression by using equi-
molar plasmid ratios with an insignificant amount of free chains
(51). The Fc fragments with a hole were found to be more stable
than Fc-knob, and it was suggested to fuse difficult-to-express
proteins to Fc-hole for high-level of expression (51).

Using the KiH platform, Mazor et al. (52) introduced two
cysteine pairs in the CH1-CL interface of one of the Fab arm
to create disulfide bonds for correct light chain pairing. Almost
100% monovalent bslg was recovered from variant with
CHI1 (F126C) and CL (S121C) mutations. These mutations
were applied to construct EGFR X HER2 and CD4 x CD70
“DuetMabs” (Figure 1J) (52) and were shown to be devoid of
any free chains or fragments and had a molecular mass similar to
native IgG. The thermal stabilities of EGFR X HER2 (T;, = 55°C)
and CD4 x CD70 (T, = 58°C) antibodies were comparable to
the parental antibodies. DuetMabs could simultaneously engage
their targets and as a result CD4 X CD70 DuetMab preferentially
recognized CD4*CD70* T cells over CD4*CD70~ or CD4-CD70*
T cells. Similarly, the EGFR X HER2 molecule shared binding
kinetics with parental antibodies and also exhibited normal bind-
ing to FcyRs, Clq, and FcRn (52).

Based on multistate designs involving molecular modeling,
X-ray crystallography validation, and rounds of iteration, Lewis
and coworkers (75) identified several favorable mutants across the
interface of VH-VL and CH1-CL for formation of an orthogonal
Fab interface. In combination with previously reported Fc muta-
tions in favor of the Fc heterodimerization (59), five bsIgs were
correctly assembled from six parental mAbs with an average of
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TABLE 2 | Bispecific antibody candidates under clinical evaluation.

Format

Strategy

Target

Clinical development phase

Disease

Company

Catumaxomab Triomab Quadroma EpCAM x CD3 Approved by European Medicines Agency EpCAM* tumor; malignant ascites Neovii Biotech
Phase-2 (NCT00189345) Platinum refractory epithelial ovarian AGO Study Group
carcinoma
Phase-2 (NCT01504256) Gastric adenocarcinoma AlO-Studien-gGmbH
Phase-2 (NCT01246440) Ovarian cancer Grupo Espanol de Investigacion
en Cancer de Ovario
Ertumaxomab Triomab Quadroma HER2 x CD3 Phase-1/2 (NCT01569412) Her2/Neu* advanced solid tumor Krankenhaus Nordwest
Phase-2 (NCT00351858)
Phase-2 (NCT00452140) Advanced metastatic breast cancer Neovii Biotech
Phase-2 (NCT00522457)
FBTAOS5 Triomab Quadroma CD20 x CD3 Phase-1/2 (NCT01138579) CLL Technische Universitat Munchen
RO695688 Crossmab Knobs-in- CEA x CD3 Phase-1 (NCT02324257) Advanced metastatic CEA* solid tumors Hoffmann-La Roche
holes (KiH)
R0O5520985 Crossmab KiH Ang2 x VEGFA Phase-1 (NCT01688206) Advanced or metastatic solid tumors Hoffmann-LA Roche
R0O5520985 Crossmab KiH Ang2 x VEGFA Phase-2 (NCT01688206) Advanced or metastatic solid tumors Hoffmann-La Roche
Phase-2 (NCT02484690) AMD Hoffmann-La Roche
RG7813 scFv-IgG NA CEA x IL-2 Phase-1 (NCT02004106) Advanced metastatic CEA* solid tumors
MM-141 scFv-IgG NA IGF x HERS3 Phase-1 (NCT01733004) Advanced solid tumor Merrimack Pharmaceuticals
Phase-2 (NCT02399137) Metastatic pancreatic cancer Merrimack Pharmaceuticals
MOR209/ES414 scFv-IgG NA PSMA x CD3 Phase-1 (NCT02262910) Metastatic prostate cancer Aptevo Therapeutics
LY3164530 Ortho-Fab IgG Structural MET x EGFR Phase-1 (NCT02221882) Metastatic neoplasm Eli Lilly and Company
optimization
ALX-0061 Nanobody NA IL-6R x HSA Phase-2 (NCT01284569) Rheumatoid arthritis Ablynx
ATN-103 Nanobody NA TNF x HSA Phase-2 (NCT01063803) Rheumatoid arthritis Ablynx
Blinatumomab Bispecific T-cell NA CD3 x CD19 Approved by Food and Drug Administration ~ ALL Amgen GmbH
engager BITE Phase-1 (NCT00274742) Relapsed NHL Amgen GmbH
Phase-2 (NCT01207388) Residual ALL Amgen GmbH
Phase-2 (NCT01209286) Relapsed/refractory ALL Amgen GmbH
Phase-1 (NCT02568553) Relapsed NHL National Cancer Institute
Phase-2 (NCT02143414) ALL National Cancer Institute
Phase-3 (NCT02003222) BCR-ABL~- B-cell lineage ALL National Cancer Institute
Solitomab BITE NA CD3 x EpCAM Phase-1 (NCT00635596) Advanced solid tumors Amgen GmbH
AMG330 BiTE NA CD33 x CD3 Phase-1 (NCT02520427) AML Amgen GmbH
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93% success rate (75). More recently, Leaver-Fay and coworkers
é i (76) furthered the multistate design strategy by construction of a
% % negative state pool across the CH3 interface via protein docking
= ;é; and sequence design. Several novel mutants were discovered to
Q £ 3 favor the formation of Fc heterodimerization with a purity of
> é é 8| g 8 8 = more than 90% (76). In combination with the orthogonal Fab
2 S o o9
g 2|9 S|z 8 g & e interface, four fully bslgs could be correctly formed with an aver-
[Z]
g 5 £ 2 2| 5| 8 2 2 @ age success rate of more than 93% in one-step process (76).
ENN 2 3 E E| 28 8|8 3 8 bp
o a | % 2 5 = = = s CH1-CK heterodimeric scaffold can be used to build bispe-
§( cific molecules (77, 78). However, it is known that the CH1-CK
g © E pair alone is not strong enough to form a stable heterodimer
]
£ § g and CH1-CK pair requires cooperation from VH-VL pair for a
g 3 g g stable heterodimer assembly (79, 80). To improve the CH1-CK
8| & o £ 2 heterodimerization in the absence of VH-VL pair cooperation,
o | © c e} = P P
5| = 5 . 5 g Chen et al. employed structure-based design in combination with
g = § s | = 3 p phage display directed evolution (81). They identified thata S66V
z é o > 5 2 £ S mutation in the CH1 domain together with a S69L in the CK
S| 5| T 2] | £ | g | J &
9 5 Z S| 8| 9 s| 5| I domain can stabilize CH1-CK heterodimerization and increase
] 8 = = g £ o | o <
= g 52 ol g g the in vivo serum half-life of a previously described CD4-antibody
e} =1 ° =1 2] . . .
§ 2 g 2 g 28 8z £ fusion protein (4Dm2m), which targets the CD4-induced (CD4i)
2 2 2 37 s 5|8 5 ° coreceptor binding site of the human immunodeficiency virus
e e T == =7 § (HIV) 1 envelope glycoprotein 120 (81-84). It seems that this
é CHI1-CK stabilization may increase the overall stability of
> 4Dm2m and thus improve its pharmacokinetics. Moreover, the
3 strengthened CH1-CK heterodimerization may pave the way for
g g y P y
® = construction of bispecific molecules based on this scaffold (81).
17} 3 P
©
£ e
S 5 = = & F © 5 @8
|8 58 §88 § 8¢ BIOCHEMICAL OPTIMIZATION
£ SRS ¥ S|e 3|5 e
g 5/ &5 & S § S S| 8 § A structure and sequence guided approach identified low energy
3 2121 ¢ 21219 o 9% amino acid pairs in the CH3 domain, which could promote
3 2 z/z z|lz z z z 5§ P P
= o I S I T § heterodimer formation (54). These mutations were engineered
o
= g 8 & g 3 3 8| 88 into the design of a new library, which increased the heterodimer
= < < < < < < f= c | ©
© e e e e yield up to 89%. The strategy was applied to either Fc/single-chain
- @ 2 Fv-Fc fusion (scFv-Fc) or scFv-Fc formats utilizing two differ-
) - o Pl QB g ent CH3 domains favoring heterodimer formation to generate
QO ol A ol < = 20| ® 8 8
©clal o ol = Q S| x| 5 CD16 x HER?2 bispecific, which exhibited improved antitumor
X O O o [ >
5 L X > § é X X % g attributes against the breast cancer cell line SKBr3 in the presence
8 91 818 8|18 8 5 83 of CD16* natural killer (NK) cells from human peripheral blood
g mononuclear cells (PBMCs) (54).
8 In another approach, Strop et al. (55) developed bispecific
- < 9% P P p
2 ° IgG1 and IgG2 antibodies by oxidation/reduction methodology
© )
g < | < | < < | < | < < | < |9 for chain pairing. They described bispecific mutations (K409 and
(2] P P P pd P =z zZ - p g y p
S L368) in the CH3 domain, which allowed the development of
S >
> T S bslg either by coexpressing monomers bearing common light
3 « & g Y p g g g
8 .8 § chains or by mixing the purified monomers under mild reducing
. g 3 ol o E % % g conditions. Highest bispecificity was achieved by complementing
E wlw| 88|18 S| oIS 8 K409/1L368 with either IgG1-hinge or IgG2-hinge mutations (55).
5 E E §8 5 5 38/ 2 </8 § 8 8 5 &
i< s 8 fc & & a8 48 og § A CD3 x CD20 bsIg so generated showed in vitro cytotoxicity
X
£ 3 against mouse B-cell lymphoma in the presence of freshly iso-
= 5 g ymp p y
- £ 5,8 lated mouse primary T cells. Further, the bsIg mediated a dose-
3 Sgs .
g E = 588 dependent lysis of target cells and also depleted CD20* B cells
= by © IS . .
2 g 2 S 35 3 in vivo by T-cell engagement (55).
3 % | B 583 A similar concept to generate IgG1 bispecific molecules was
o N o = . Q 5 o §88 applied by Labrijn et al. (56). They incorporated a P228S hinge
~ | = - S
a % = = S| Q é é é g § § mutation which makes bonds more susceptible to cleavage under
= 2l s 5] % < 2] = S/ 2254 reducing conditions and additional mutations in separate human
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IgG1-CH3 domains to promote Fab-arm exchange. Two mutated
antibodies in IgGl format (anti-EGFR and anti-CD20) were
expressed separately and then mixed together in the presence of
reducing agent, which resulted in 96% efficient Fab-arm exchange
(Figure 1K) (56). The bispecific molecules so generated were
stable at 5°C for over a period of 6 months and had comparable
pharmacokinetics to their parent antibodies. A dual targeting
CD3 x HER?2 bispecific IgG1 was also constructed and showed
a great enhancement in the T cell-mediated cytotoxicity against
breast adenocarcinoma cells (AU565) in comparison to control
antibody and in vivo tumor growth inhibition in an adoptive
transfer xenograft model of gastric carcinoma with freshly pre-
pared human PBMCs (56).

ELECTROSTATIC OPTIMIZATION

Gunasekaran et al. (59) exploited charged pair based attrac-
tion/repulsion in different Fc chains in the scFv-Fc format
(Figure 1L). They identified conserved oppositely charged
residues in the CH3-CH3 domain interface (D356-K439’,
E357-K370’, K392-D399’, and D399-K409’). Among these,
the D399-K409’ pair is buried and contributes to CH3-CH3
interaction. Mutations in these key residues (K409D-D399'K,
K409D-D399'R, K409E-D399'K, and K409E-D399'R) favored
greater than 90% heterodimer formation (59). The strategy was
applied to generate a CD3 X TARTK bsAb and shown to kill
U87-TARTK* human glioma cell line by CD3 ligation in the
presence of human PBMCs (59).

Similarly, Choi et al. (60) substituted conserved and charged
amino acids from the core of the CH3 domain with hydrophobic
residues to perturb the structural symmetry and designed long-
range electrostatic attraction at the edge of the CH3 domain to
promote heterodimer formation. A “W-VT” CH3 mutant pair
(K409W and D399'V/F405'T) and “ER” CH3 mutant pair (K360E
and Q347'R) accounted for 77 and 53% heterodimer species,
respectively. This was attributed to the disruption of electrostatic
and hydrophobic interactions and increased steric hindrance due
to the K409W-F405'T mutations (60). Further, the combination
of W-VT and ER mutant increased heterodimer formation up
to 91%, enhanced binding to FcRn and imparted parent-like
thermal stability. The “ERW-VT” mutant was used to generate
MET X VEGEFR-2 bispecific scFv (bscFv)-Fc, which bound more
strongly to HUVEC cells and inhibited cell growth and VEGF/
HGF-mediated ERK/AKT signaling. The MET X VEGFR-2 bsAb
induced a twofold greater reduction in tumor volume in MKN45
human gastric cancer xenograft models compared to parent
antibodies (60).

Subsequently, Fc heterodimer mutants were isolated based on
displayed (CH3A) or secreted (CH3B) yeast libraries from either
W-VT mutant or wild-type Fc incorporating K370-E357'/5364’
or D399-K392'/K409’ interaction pairs. The haploid yeast cells
carrying individual libraries upon mating resulted in a diploid
cell harboring both Fc variants, which if heterodimerized were
displayed on the cell surface (61). In addition, these Fc variants
carried C228S/C231S mutations to prevent homodimer forma-
tion and N297Q to avoid hypermannosylation in yeast (61).

Further, structure-guided design assisted with the computa-
tional algorithm and optimized energy function in between the
partner chains were used to improve biophysical properties of
bsIg molecules. Identified mutations [ZW1—Chain A (T350V/
L351Y/F405A/Y407V) and Chain B (T350V/T366L/K393L/
T394W)], which favor pure heterodimer formation (95%) and
stability comparable to the wild-type Fc, were applied to create
bispecific molecules (62). These mutations greatly improved the
stability of the heterodimer when exposed to heat, acid, base,
agitation, oxidation, freeze-thaw, and varying pH (62).

Electrostatic interactions were also optimized for the correct
pairing of the heavy chain and its cognate light chain when
coexpressed in the same cell. To achieve this, structure-guided
mutations were made by replacing polar or hydrophobic residues
of the CH1-CL and VH-VL interfaces with charged amino acids.
These mutations promoted correct pairing of the heavy and light
chains due to the maximization of electrostatic interactions over
H-bonding and Van der Waals forces. The HER2 X EGFR bslg
induced a greater receptor internalization than achieved by the
combination of parental antibodies and, furthermore, exhibited
enhanced capability to inhibit BXPC-3, PANC-1, and Calu-3
tumors in xenograft models (57).

CONCEPTUAL ADVANCES

Davis et al. (85) exploited the sequence diversity in CH3 domains
of IgG and IgA (~47% diverse in humans) and proposed that if
diverse patches of IgG and IgA CH3 domains are mutually replaced
then they can be heterodimerized (85). This strategy resulted in
a unique complementarity among the CH3-CH3 interface. It
was experimentally shown by constructing a strand-exchange
engineered domain body (SEEDbody) fusion protein [IgGl-
hinge-CH2-(SEED-IgA-CH3)], which preferentially associated
into heterodimers (85-95%) (85). Depending on the patched
sequence, these molecules were referred to as either AG or GA
SEED. Further, novel SEEDbodies (Figure 1M) retained normal
FcRn and protein A binding due to a specific motif introduced
from IgG into the IgA. The major advantage of SEEDbody is to
engineer additional specificity via scFv fused to the N-terminus of
the SEEDbody, which overcomes the faulty light chain pairing (85).
Antibody scaffolds have also been used to develop bispecific
pharmacophore fusions “COVX-Bodies” by chemical optimiza-
tion of bsAbs (86). The principle involved here is to chemically
link two pharmacophore peptides via branched azetidinone
linker followed by an irreversible site-specific covalent fusion to
the scaffold antibody. The azetidinone linker interacts with the
K94 of Ig heavy chain and establishes an amide bond with the
antibody. For example, a humanized IgGlx aldolase antibody
has been used as a scaffold for monovalent display of anti-VEGF
and anti-Ang?2 peptide pharmacophores to develop a monovalent
bispecific COVX-241 (86). The bispecific COVX-241 inhibited
VEGF-VEGFR2/Ang2-Tie2 interactions and further exhibited
an improved efficacy against colon adenocarcinoma xenograft
model as compared to the monospecific COVX-body (86).
Another methodology to develop bsAbs was proposed by
Wranik et al. (87), which employed a common light chain
and leucine zipper (LUZ-Y) (Figure 1N). They demonstrated
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heterodimer assembly by creating a point mutation and the addi-
tionofaleucinezipperat the heavy chain C-terminus (87). Further,
K222A substitution was made in the hinge region to avoid Lys-C
endopeptidase-mediated cleavage if used for removing leucine
zipper through C-terminal lysine of the CH3 domain. The light
chain (VL-CL) was fused to the N-terminus of the heavy chain
construct by a non-cleavable linker. However, the leucine zipper
did not completely prevent homodimer formation, as an outcome
of disproportionate expression in CHO cells most probably due
to an incorrect DNA ratio during the transfection (87). Two
armed LUZ-Y bispecific molecules hFceRIa X hFcyRIIb showed
desirable binding to respective targets and inhibited histamine
release from hFceRIa/hFcyRIIb* rat basophil leukemia cells
when activated by IgE. Similarly, EGFR X HER3 bispecific LUZ-Y
inhibited the growth of EGFR/HER3-dependent FaDu cells (87).

Bispecific IgG has also been assembled from a bacterial expres-
sion system. Half-IgG (one heavy and one light chain) molecule
representing MET (hole mutant) and EGFR (knob mutant)
specificities were expressed in bacterial cultures separately. The
half-IgGs were purified by protein A affinity chromatography and
analyzed to quantify monomeric form by size exclusion chroma-
tography. Two half-IgGs were mixed in the presence of a reducing
agent and subsequently oxidized to generate bsAb, which binds
to the targets in a monovalent fashion (88). Similarly, a bacte-
rial coculture of two strains expressing individual half-IgGs was
shown to be the most rapid and efficient way to produce bsAbs
(88). These bsAb molecules also inhibited MET X EGFR driven
tumor growth (88).

In another effort, broadly neutralizing anti-HA1 (Ab-002)
and HA2 (Ab-005) antibodies against influenza virus A were
covalently linked by their C-termini. This methodology involved
the fusion of a bacterial sortase recognition motif (LPETGG)
via GsS linker to the C-terminus of the IgG heavy chain. Click
chemistry in the form of either cyclooctyne (DIBAC) or azide was
used in the presence of sortase to promote covalent association of
the two antibody molecules (89). Such covalently linked antibod-
ies remained stable for up to 3 weeks at 37°C and also retained
the Fc effector functions. These bispecific covalently linked IgGs
contributed to an increased breadth of HA binding and antiviral
potency as compared to the monospecific molecules (89).

Further, the light chain pairing was also used to generate
bslg molecules (kA-bodies) (Figure 10). This was achieved by
coexpressing a single heavy chain with two light chains (k and A)
through a single expression vector (63). It was presumed that 50%
yield would be of kA heterodimers. The strategy involved a three-
step purification to separate (a) whole IgG fraction by protein A/
CH1 resin, (b) k light chain by kappa select resin, and (c) A light
chain by lambda select resin. Fed-batch culture yielded 1.5 g/L of
total IgG with 41% being k) heterodimer (63).

Smith et al. (58) used antibody isotype local chimeras to
develop a bsAb that could trigger T cell-mediated B-cell killing.
The rationale behind this approach was to exploit the differential
protein A binding ability of antibody isotypes. It is known that
IgG3 does not bind protein A and harbors a dipeptide Arg-Phe
at the CH3 domain that corresponds to IgG1 H435 and Y436,
respectively, while IgG1 can bind protein A with high affinity.
Moreover, crystal structure of IgG1 in complex with protein A

confirms that H435 is involved in interaction with protein A
(90). Fc substitutions (H435R, Y436F) were created in anti-CD3
antibody to develop CD3 x CD20 bsAb using a common light
chain. Such isotype local chimeras exhibited asymmetric binding
to protein A, which was exploited for separation of heterodimers
by a pH gradient (58). The yield of the bispecific CD3 x CD20
IgG1 (REGN2280) was 43%. The IgG4 isotype of CD3 x CD20
(REGN1979) exhibited T cell-mediated cytotoxicity against
CD20* Raji lymphoma and inhibited the growth of Raji lym-
phoma cells in NOD SCIDy (NSG) mice when injected along
with the human PBMCs (58).

bsAb FRAGMENTS FOR T CELL
AND NK CELL ACTIVATION

Besides the different formats of full-length bsAb design, sig-
nificant effort has also been invested on bsAb fragment designs
that lack Fc region or only contain some constant domains. The
building blocks of bsAb fragments include nanobodies, human
single-domain antibodies, scFvs, and Fabs (18). More than 25
bsAb fragment formats have been documented, and most formats
currently under clinical trial for treatment of different tumors
involve bridging immune effector T cell (CD3 as the antigen)
toward tumor specific antigens (18).

Blinatumomab, the first bsAb fragment and second bispecific
molecule approved for therapy, is a bispecific T-cell engager
(BiTE) molecule (Figure 1P; Table 2 for clinical status) that is
built from two scFvs linked in tandem with a short peptide linker
(64, 91). Blinatumomab uses one arm to recognize CD19, which
is highly expressed on B-cell acute lymphocytic leukemia (ALL),
and the other arm to recruit CD3, which is expressed on T cells,
and induces a T-cell-tumor cell contact and potent lysis of tumor
cell (64, 91, 92). Interestingly, the BiTE format of CD3 x CD19
bispecific antibody is superior to other formats including diabody
(66) (Figure 1Q), tandem diabody (Tandab) (67, 68) (Figure 1R)
and quadroma in terms of T cell-mediated tumor cell lysis (93).
This finding highlights that the relative orientation and distance
between the two scFvs may have significant impacts on how to
bridge T cell and tumor cell into close contact so as to trigger
T cell-mediated tumor cell lysis. Currently, several bispecific
antibody fragments based on BiTE, Tandab, and dual-affinity-
retargeting (Figure 1S) (69) formats are under clinical trials
involving CD3 and tumor related antigens (18, 94) (Table 2).

Effects of bsAb fragments capable of interacting with NK cells
via CD16 have also been investigated. Gleason and coworkers
demonstrated the enhanced efficacy of bscFv CD16 X CD19 and
trispecific scFv CD16 x CD19 x CD22 constructs in targeting
tumor cells by coengaging NK cell effector function (70). These
molecules were termed as bispecific and trispecific killer cell
engagers (BiKEs and TriKEs) (Figures 1T,U), respectively. Such
molecules are constructed by linking specific binders together
through a short linker derived from human muscle aldolase.
Further, a BiKE construct against CD16 and CD33 has been
shown to activate CD16% NK cells to lyse CD33* HL60 target
cells (71). Recently, a TriKE construct with additional specificity
against IL-15 induced enhanced NK cell cytotoxicity, degranula-
tion, and cytokine production against CD33* HL60 cells via
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increased NK cell proliferation and survival (72). Reusch et al.
designed a Tandab-based anti-CD16A X CD30 bispecific tetrava-
lent fragment and found that this format is better than normal
monoclonal anti-CD30 IgG, optimized monoclonal anti-CD30
IgG for FcyR binding, and diabody (bispecific and bivalent anti-
CD16A and anti-CD30) formats in triggering NK cell lysis of
Hodgkin lymphoma cells (CD30 as the antigen) (95, 96). This
format of anti-CD16A X CD30 bispecific fragment (known as
AFM13) is under phase-2 clinical trial (Table 2) for treatment of
refractory or relapsed Hodgkin lymphoma patients (97).

MONOMERIC Ig SCAFFOLDS

Much work in the last 5 years has focused on engineering the IgG
constant domains as scaffolds. The IgG-Fc region and isolated CH
domains have shown promising virtues in terms of small size,
antigen targeting, effector function, and serum half-life.

Soluble monomeric Fc (mFc) was developed by destabilizing
the CH3-CH3 domain interface. A phage-displayed library was
constructed with random mutations introduced within seven key
residues known to be involved in CH3 domain homodimeriza-
tion and selected against binding of protein G first to enrich
well-folded mutants and then against human FcRn (16). The
selected clones were diverse in their CH3 domain, and monomer
promoting mutations were identified (16). These variants with
each containing six to seven mutations had considerably lower
melting temperature but exhibited comparable stabilities and pH-
dependent FcRn binding profiles to that of dimeric Fc (16). The
experimental conceptualization was proved by mFc67.3-m36VH
fusion (Figure 1V) targeting HIV-1 envelope glycoprotein (ENV)
and neutralization of viral isolates (16). Based on the identified
mFc mutants, the same group (98) optimized mFc to generate
mutants with fewer mutations and improved thermostability
while maintaining similar pH-dependent FcRn binding as that
of wild-type Fc dimer. Interestingly, the new mFc mutants when
expressed either in bacteria or mammalian cells all showed
selective binding to only FcyRI but not to other receptors includ-
ing FcyRIla, FcyRIIb, FcyRIlla, and Clq (98). This selectivity
attractively made the mFc mutant as a potential carrier to treat
chronicinflammatory diseases where inflammatory macrophages
showed increased expression of FcyRI (98-103). In addition, this
selectivity also excluded unwanted cytotoxicities such as ADCC
from FcyRIIIa and CDC from Clq (98).

In another strategy to keep Fc in a monomeric form, aspara-
gine-linked glycan structures were engineered into the CH3-CH3
interface of IgG1 Fc lacking the hinge (104). A mutant incorpo-
rating N-glycosylation sites (asparagine at positions 364 and 407)
yielded a stable, soluble, and mFc scaffold with wild-type-like
FcRn binding activity, which suggests that N-glycosylation pro-
motes functional monomeric state and improves the biophysical
characteristics (104).

Smaller scaffolds like CH2 domains also possess interesting
properties like a properly folded structure, conformational flex-
ibility, lesser propensity to dimerize, and associated FcRn/Clq
binding functions, which can have therapeutic benefits (103, 105).
A CH2 domain variant (m01) harboring disulfide bond muta-
tions (L12C and K104C) was found to exist solely as a monomer

and remained thermally more stable than native counterparts
(105). Further, 50% of monomeric CH2 unfolded at a urea
concentration of 6.8 M as compared to 4.8 M for the wild-type
CH2 (105). The biophysical attributes of the CH2 domain (m01)
were further optimized by developing a shorter version where
the unstructured random coil at the N-terminus was shortened
by seven residues (m01s) (106). This strategy increased the melt-
ing temperature of CH2 isolate up to 82.6°C, enhanced stability
in serum and mediated stronger binding to soluble FcRn (106).
Similarly, a structure-guided design allowed the engineering of
an IgG1-CH3 FcRn recognition motif into the CH2 scaffold to
impart enhanced pH-dependent FcRn binding, prolongation
of serum half-life, and epithelial transcytosis in comparison to
parent CH2 isolate (m01s) (107).

Antigen recognition activity was engineered in CH2 scaffolds
carrying mutations in the BC and FG loops by selecting against
the HIV-1 envelope glycoprotein (gp120)-CD4 complex (15),
which yielded CH2 fragments bearing the same BC but differ-
ent FG loops, suggesting the importance of the latter in such
interactions. One such isolate (mlal) specifically recognized a
highly conserved CD4i epitope on the HIV-1 gp120 protein and
neutralized HIV-1 isolates in a cell based pseudovirus assay (15).
In another approach, a randomly selected VH domain targeting
the HIV-1 gp41 protein was grafted into the BC/FG loops of
“mO01s” without affecting the flanking regions to develop antigen
targeting CH2 domains (m2al) (108). This domain bound to
sp62 peptide of HIV-1 envelope membrane-proximal external
region, neutralized HIV-1 isolates, and showed pH-dependent
FcRn interaction (108).

Initial success with the mFc and CH2 domains prompted the
development of a monomeric CH3 (mCH3) scaffold (103, 109).
The seven contact residues of the CH3 domain from the previ-
ously reported mFc molecules (16) were mutated, and a combina-
tion of mutations was found to be required for CH3 monomer
to exist (109). These mutations were responsible for stronger
intermolecular hydrophobic interactions, which resulted in an
intact, folded and thermally stable CH3 monomer (109). The
mCH3 scaffold exhibited significant binding to FcRn and protein
G (109). Furthermore, mCH3 fused to a VH domain of an HIV-1
targeting antibody (m36.4) showed satisfactory stability, viral
neutralization, and pH-dependent FcRn binding (109). A com-
parative analysis between the dimeric and monomeric scaffolds
has demonstrated increased solubility, comparable serum stabil-
ity, and higher pH-dependent FcRn binding by monomers (103).
These properties make antibody scaffolds promising potential
therapeutic candidates.

Fc ANTIGEN-BINDING FRAGMENT

The Fc has also been developed as an antigen-binding domain
“Fcab” (Figure 1W) by imparting specificity against antigens
through yeast surface display (110). The AB and EF loops of
IgG1-CH3 domain were randomly mutagenized, cloned into
a yeast surface display vector, and selected against HER2/neu
extracellular domain (ECD) for two rounds. The selected binders
were again randomized in the AB loop and selected on HER2/
neu ECD. One of the isolated Fcab molecules (H10-03-6) showed
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specificity for binding to HER2, retained binding to FcyRI/protein
A, and exhibited an in vivo pharmacokinetics profile similar to
the native human Fc (110). Post-affinity maturation, Fcab exhib-
ited ~10-fold enhanced binding to the antigen as compared to
the parental molecule and elicited NK cell-mediated cytotoxicity
in vitro against the breast cancer cell line Calu-3, but the potency
was ~20-fold weaker than that of Herceptin (110).

Introducing antigen-binding ability into the Fc fragment
could compromise stability, and therefore, additional disulfide
bonds were engineered within the CH3 domain to provide
increased stability (111). Further, these mutations did not affect
pH-dependent FcRn binding, which suggests the correct fold-
ing of the engineered Fc fragments (111). Similarly, immune
modulating activity of Fcab was demonstrated using a HER2
targeting Fcab (HAF3-4), bearing CD16a modulating mutations
(111). Both mutants showed binding to the recombinant or cell
surface expressed HER2 and had an expected CD16a modulating
behavior which correlated with the ADCC potency (111). Later,
Woisetschlager and coworkers (112) showed the in vivo tumor
reduction efficacy of anti-HER2 Fcab (H10-03-6) by simultane-
ous engagement of the HER2/CD16a and the involvement of
ADCC (112).

Since antigen—antibody interaction at an acidic pH can nega-
tively affect drug pharmacokinetics, anti-HER2 Fcab (H10-03-6)
variants with weaker binding at pH 6.0 were developed (113).
The residues in the AB and EF loops were randomized and
selected against HER2-ECD alternately at pH 7.4 and 6.0 using
yeast display. The isolated binders exhibited lower affinity at an
acidic pH and similarly engaged HER2* cells in a pH-dependant
manner (113). A year later, Leung et al. (114) developed Fcab that
could degrade HER2 and induce apoptosis. The AB and EF loop
residues of IgG-Fc were randomly mutagenized and selected via
yeast display for binding to HER2-ECD. After affinity maturation,
the candidate Fcab (FS102) exhibited an affinity for HER2-ECD
that was equivalent to that of pertuzumab and trastuzumab and
an extended serum half-life comparable to the native Fc (114).
Further, ECs values of 1.1 and 3.3 nM were observed against
SKBr3 and HCC1954 breast cancer cells, respectively, and a com-
plete tumor regression was shown using HER2* patient-derived
colorectal/gastric cancer xenografts (114). This effect correlated
with caspase 3/7 activation in SKBr3 cells in a dose-dependent
manner indicating the induction of tumor cell apoptosis (114).

CHALLENGES IN CLINICAL
DEVELOPMENT OF bsAbs AND
FRAGMENTS

Smaller antibody fragments (nanobody, human single-domain
Ab, scFv, or Fab) and bsAb fragments offer a number of advan-
tages over full-length IgG, including ability to penetrate tissue,
cost effective and facile manufacturing methods, and high yields
(23, 115). However, their small size leads to a shorter serum half-
life, lesser tissue retention, and rapid clearance from the blood
through kidneys. This is true for blinatumomab, which has a
serum half-life of around 2 h while the serum half-life of full-
length IgG1 is around 2-3 weeks. Thus, patients need a regimen

of atleast 3-cycle treatment with each cycle consisting of continu-
ous infusion for 4 weeks in a cycle of 6 weeks (116). On the other
hand, the fast clearance of small size bsAb fragments may be
desirable in imaging and radioimmunotherapy (117, 118).

Specific approaches can be used to increase the longevity of
small bsAb fragments in blood and tissue by (1) fusion of the Fc
region of IgG molecules or human serum albumin to prolong the
serum half-life. These fusions not only increase molecular size of
bsAb fragments and therefore protect them from being excreted
out of the body but also mediate binding to the FcRn expressed
on the endothelial cells to enter IgG serum stabilization pathway
(25, 119-121); (2) multimerization of antibody fragments to
increase the molecular size for stabilizing concentration in blood
and enhancing the valency of antigen binding (120, 122). The
multimerization approach, however, runs a risk of imparting
heterogeneity to the molecule and can also lead to undesirable
effects by crosslinking of the target receptor (120); and (3) linking
of a hydrophobic molecule like polyethylene glycol, a clinically
proven technology for serum half-life extension (120, 123).
Besides, other polymers like polysialic acid, N-(2-hydroxypropyl)
methacrylamide, and dextran can also provide protection to the
small antibody fragments (25, 120).

Currently, there are more than 60 bsAb formats (18). Of note,
the success story of blinatumomab in the format of BiTE, but
not in other formats including diabody, Tandab, and quadroma
indicates that bispecific molecule design has to consider more
than one format from the beginning (93). Moreover, expression
and purification of these variable formats require tailored pro-
cedures based on each design. This may pose a great challenge
in developing bispecific molecules. Table 1 summarizes relevant
information from available literatures.

FINAL REMARKS

Considerable progress has been made in the development of
bispecific molecules based on different scaffolds in recent years.
Much of this understanding has made it possible to enter an
era of bispecific clinical development with two such molecules
(catumaxomab and blinatumomab) having been approved for
clinical use in humans (18). The field of bsAbs has been evolution-
ary and revolutionary, which is reflected in our ability to obtain
100% pure heterodimers, the complete evasion of heavy and light
chain mispairing, fairly standardized production/purification/
analytical methods and, importantly, clear ideas of their potential
applications.

The full-length mAbs have relatively poor tissue penetration
ability. In contrast, smaller antibody fragments like BiTE, BiKE,
and TriKE can effectively penetrate tumor tissue and efficiently
recruit and activate immune effector cells to lyse tumor cells
(23, 70, 93, 115). Besides, the recent success in delivering a bslg
across the blood-brain barrier by targeting transferrin receptor
and p-secretase to reduce brain amyloid-f in non-human primate
model may open the era of specific antibody brain delivery
and treatment of neurodegenerative diseases (124). In another
possibility, combining non-antibody small fragments such as
lambody, affibody, and aptamer with current antibody scaffolds
may expand the treatment arsenal of bispecific molecules.
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Moreover, monomeric Ig domain scaffold and Fcab are potent
new formats to target difficult to reach sites in the body and to
add additional antigen specificity along with enhanced stability,
effector function, and extended serum half-life. These properties
make them suitable for clinical validation.

In the future, bispecific molecules based on various scaffolds
will represent an indispensable class of therapeutic options to
treat a variety of clinical indications. However, efforts to improve
production and purification on an industrial scale must continue
to ensure harvesting of the full benefits of these entities.
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Therapeutic monoclonal antibodies and Fc-fusion proteins are successfully used in
treatment of various diseases mainly including cancer, immune disease, and viral infec-
tion, which belong to the Fc-based therapeutics. In recent years, engineered Fc-derived
antibody domains have also shown potential for Fc-based therapeutics. To increase the
druggability of Fc-based therapeutic candidates, many efforts have been made in opti-
mizing physicochemical properties and functions mediated by Fc fragment. The desired
result is that we can simultaneously obtain Fc variants with increased physicochemical
properties in vitro and capacity of mediating appropriate functions in vivo. However,
changes of physicochemical properties of Fc may result in alternation of Fc-mediated
functions and vice versa, which leads to undesired outcomes for further development
of Fc-based therapeutics. Therefore, whether modified Fc fragments are suitable for
achievement of expected clinical results or not needs to be seriously considered. Now,
this question comes to be noticed and should be figured out to make better translation
from the results of laboratory into clinical applications. In this review, we summarize
different strategies on engineering physicochemical properties of Fc, and preliminarily
elucidate the relationships between modified Fc in vitro and the subsequent therapeutic
influence in vivo.

Keywords: monoclonal antibody, Fc-fusion protein, Fc-based therapeutics, optimization, physicochemical
property, stability, aggregation

INTRODUCTION

Since the hybridoma technology for the production of monoclonal antibodies (mAbs) was invented
more than 40 years ago, mAbs are widely used as diagnostics and therapeutics. The first commercial
therapeutic mAb, muromonab-CD3 (trade name Orthoclone OKT3), was approved by the U.S. Food
and Drug Administration (FDA) for prevention of kidney transplant rejection in 1986 (1). Because
it is a murine antibody, administration of this antibody in human might lead to the production
of human anti-mouse antibody (HAMA) responses. To reduce the immunogenicity, the develop-
ment of therapeutic mAbs undergoes four generations: murine mAbs, chimeric mAbs, humanized
mAbs, and fully human mAbs (2). Nine therapeutic mAbs have been approved by the U.S. FDA
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since the start of 2017" (3) while the total sales of 70 mAbs for
clinical treatment will exceed 100 billion U.S. dollars this year.
Among those mAbs, Adalimumab (trade name Humira) the first
approved fully human mAb derived from phage display, led the
list of top-selling pharmaceutical products with global sales of 16
billion U.S. dollars in 2016 (4).

Fc-fusion proteins are composed of an immunoglobulin (Ig)
Fc domain that is directly linked to another peptide, protein, or
protein domain. For therapeutic propose, the first description
of CD4-Fc fusion protein showed the inhibitory activity against
the formation of syncytia during HIV-1 infection in 1989, which
showed the proof-of-concept of use of therapeutic Fc-fusion
proteins for treatment of HIV-1 infection (5). Subsequently, many
modified CD4-Fc fusion proteins were constructed including
PRO 542, which was still clinically evaluated (6, 7). Etanercept
(trade name Enbrel), a recombinant human tumor necrosis factor
(TNF) receptor-Fc fusion protein, was the first TNF-a antagonist
approved in the USA for the treatment of rheumatoid arthritis
in 1998 (8, 9). The total sale of etanercept is about six billion U.S.
dollars in 2016 reported by Amgen (Chairman and CEO Letter
and Amgen Inc. 2016 Annual Report?), which demonstrates huge
market for therapeutic Fc-fusion proteins.

Fc-derived antibody domains are emerging candidates as
Fc-based therapeutics. Since they are part of Fc fragments, they
may have complete or partial Fc-mediated functions. Therefore,
they could be used as scaffold for selection of functional binders,
or as carrier for generation of novel fusion proteins for potential
clinical use (10). Several candidates have been selected based on
Fc-derived scaffolds while Fc-derived domain-fusion protein
were also constructed, which were promisingly functional in the
aspect of potential therapeutic significance. However, the gap
between current progress and clinical use is still huge.

Although great success has been achieved, there are still many
limitations during the development of Fc-based therapeutics
from bench to bedside (1, 11). The poor physicochemical prop-
erties are considerable factors that lead to failure of potential
candidates in clinical trials. For marketed drugs, such drawbacks
could increase their adverse effects. Therefore, a new-developed
candidate should be well characterized in its physicochemical
properties which may need to be optimized for better therapeutic
outcomes, while increase of physicochemical properties could
also be one strategy to make current biodrugs better (biobet-
ter). Although a lot of effort has been put into modification of
physicochemical properties on Fc fragment, whether modified
physiochemical properties can lead to desired efficacy in vivo has
not be well understood yet. Here, we summarize the methodol-
ogy in engineering of physiochemical properties of Fc and try
to discuss how the improvement of physicochemical properties
influences the efficacy for administration in vivo.

Fc-BASED THERAPEUTICS

As described above, Fc-based therapeutics are now widely
used in therapy and prevention of various diseases. Fc is the

'http://www.antibodysociety.org/tag/approved-antibodies/.
Zhttp://investors.amgen.com/phoenix.zhtml?c=61656&p=irol-reportsannual.

crystallizable fragment derived from Ig which has five classes
including IgG, IgA, IgD, IgM, and IgE in human (12). An Ig
molecule is composed of antigen-binding fragments (Fab)
Fc. Fc plays multiple roles in dimerization for formation of
Y-shaped structure of Ig and maintenance of the structure, and
Fc-mediated effector functions and extension of serum half-life.
There are two domains: second constant domain (CH2) and
third constant domain (CH3) in monomeric Fc of IgG. CH2
domain has a single N-linked glycan at N297 (all the antibody
residues here are numbered according to EU numbering (13)
unless specified). Two CH3 domains interact strongly with each
other to form homodimer resulting in dimerization of Fc. These
elements contribute to the physicochemical characteristics of
Fc. Through the binding of Fc in IgG to its receptor Fc-gamma
receptors (FcyRs), immune leukocytes presenting FcyRs on their
surface membrane are recruited and activated, which subse-
quently triggers antibody-dependent cell-mediated cytotoxicity
(ADCC) and antibody-dependent cell-mediated phagocytosis
to kill and clear target cells (e.g., tumor cells) (14, 15). In addi-
tion, Fc can bind to the serum complement molecule (C1q) to
initiate the assembly of membrane attack complex formed by
complement cascade proteins to destroy target cells, which is
termed complement-dependent cytotoxicity (CDC) (16, 17).
These effector functions are important for the pharmaceutical
efficacies of Fc-based therapeutics. Besides mediation of effec-
tor functions, Fc can also bind to neonatal Fc receptor (FcRn)
in a pH-dependent manner, which leads to the extension of
the serum half-life of IgG (18). In addition, binding of Fc to
immune-related molecules such as Fc receptors can regulate
immune response in vivo (19). Taking together, Fc part in an
Fc-based therapeutic protein plays important roles in biological
and pharmacological properties including (i) increased stability
and aggregation resistance; (ii) acquired multivalent binding
to the target; (iii) enhanced Fc-mediated effector functions;
(iv) extended serum half-life; and (v) modulated immunogenicity.

Full-Size mAbs

The therapeutic mAbs have been successfully used for the
treatment of various diseases including cancer, immune
disease, and infection (20-22). They are highly specific and
efficient. Currently, most of the U.S. FDA-approved therapeutic
mAbs are full-size IgG molecules with a molecular weight of
approximately 150 kDa. Within the IgG isotype, there are four
subtypes (IgG1-IgG4) with differing properties distinguished by
different hinge regions and Fc fragments. Most of the currently
marketed therapeutic IgGs are of the IgG1 subtype while no
mAb of IgG3 format is approved yet. A typical IgG1 molecule
contains two copies of Fab fragments and one Fc fragment. Each
Fab fragment contains a heavy chain variable domain (VH), a
light chain variable domain (VL), a first heavy chain constant
domain (CH1), and a light chain constant domain (CL). The Fc
fragment is dimeric which contains two CH2 domains and two
CH3 domains. Fab and Fc are connected by flexible hinge region.
In total, a full-size mAb has 12 Ig-fold domains, which means
the formation of corrected folding is a complicated process in
the production of functional IgG1 molecule. Therefore, how to
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prevent them from unfolding and aggregating is still a big chal-
lenge in modern biopharmaceutical industry (23).

Fc-Fusion Proteins

Lots of endogenous proteins in our body and other foreign
proteins may have potential to treat various diseases due to the
antagonistic or agonistic effects. However, these proteins may
have many limitations (e.g., instability and rapid clearance rate
from the circulation), which constrains their further application
in clinic. To solve this problem, fusion of them to the antibody Fc
fragment is an effective strategy. Fc-fusion proteins are molecules
in which the Fc fragments are fused to proteins of interests, such
as extracellular domains of receptors, soluble cytokines, ligands,
enzymes, engineered domains, or peptides (24-27). Therefore,
Fc-fusion proteins inherit some antibody-like properties such as
relatively good physicochemical characteristics for easy expres-
sion, purification, formulation, storage and transportation, bi- or
multivalent, long serum half-life, enhanced function, and adjust-
able immunogenicity, which increases the possibilities for clinic
use. However, the similar problems as mentioned in the above
paragraph should also be considered during clinical development
of Fc-fusion proteins.

Engineered Domains from Fc Fragment
as Potential Therapeutics

A major problem for full-size mAbs is their poor penetration
into tissues (e.g., solid tumors) and weak or absent binding to
sterically restricted regions on the surface of some molecules
(e.g., on the viral envelope glycoproteins), which are fully
accessible only by molecules with small size (28). Reduction
of molecular weight of full-size mAbs such as identification of
the minimum binding domain is one of attractive directions to
overcome the drawbacks. Therefore, lots of derivates from intact
Igs appeared during last two decades. These derivates include
Fab, single chain variable fragment (scFv), heavy chain variable
domain (VH) and light chain variable domain (VL) (29). The
functional VH from camelidae, specially termed as nanobody,
has been clinically developed by Ablynx. However, due to
the lack of Fc part, the serum half-lives of these variants are
relatively short, which is one of the major obstacles for in vivo
administration (29). Other Ig domains including CH2 and CH3
derived from Fc and Fc itself have been proposed as new scaf-
folds for development of novel Fc-based therapeutics (10, 28,
30, 31). They are also smaller than full-size mAbs. Compared
with those variants from Fab-based backbone, these scaffolds
from Fc-based backbone might offer additional Fc-mediated
advantages such as high stability, potential effector functions,
and long half-life due to incorporation of full length or truncated
Fc fragment (10, 28). Optimization of the Fc-based scaffolds
on their folding and aggregation resistance could confer better
potentially therapeutic outcomes.

The full-size mAbs, Fc-fusion proteins, and engineered
domains from Fc fragment share Fc fragment or portion of Fc
fragment as common region. Therefore, engineering of Fc could
be benefit for all of them. Here, we focus on the current progress
in increase of physicochemical properties of Fc including stability
and aggregation resistance toward better clinic consequences.

INCREASE OF PHYSICOCHEMICAL
PROPERTIES OF Fc FRAGMENT

In general, the stability and aggregation resistance of a protein
are two major physicochemical properties we most concern. The
stability is the ability of a protein which retains its correctly folded
conformation under harsh conditions such as high temperature,
chemical denaturant, protease, and others, while the aggregation-
resistant property is to reduce the formation of soluble oligomers
and insoluble precipitates during expression, concentration,
storage, and others.

One important restrictive factor in development of Fc-based
therapeutics is that these proteins may tend to unfold and aggre-
gate upon exposure to various stresses (32), including agitation
(33, 34), high temperature (35, 36), low pH (37, 38), high protein
concentration for subcutaneous therapeutic delivery (39), freeze—
thaw cycle (40, 41), and transportation and long-term storage (42,
43), which means loss of function and increase of immunogenic
risk. For example, aggregation may lead to not only loss of activ-
ity but also immune response, and negatively impact on many
production processes including expression, purification, and
formulation (44). A stable protein typically could be correctly
expressed at high level, easily purified with no requirement of
specific conditions such as low temperature and additional
protease inhibitor, which makes the manufacture process much
easier and cheaper. It remains active during long-term storage
and after administration in vivo, which achieves less frequent
usage atalower dosage. An aggregation-resistant protein could be
concentrated to high concentration without formation of inactive
oligomer, which reduces the injection volume and makes patient
more comfortable. Although stability and aggregation propensity
are in different descriptions, the relationships between them are
close (45). In many cases, increased stability can also lead to
less aggregation propensity. Hence, during the development of
recombinant therapeutic proteins, prevention of unfolding and
aggregation is essential for ensuring efficacy and safety. The
structure of a protein is maintained by covalent and non-covalent
interactions (46). The covalent interactions are typically caused
by the formation of disulfide bonds between two cysteine
residues. The non-covalent interactions include hydrogen bonds,
Van der Waals forces, hydrophobic interactions, and salt bridges
(ionic bonds). These interactions guide the correct folding of a
protein to form secondary structure such as a-helix and -sheet,
then form advanced tertiary structure and quaternary structure.
Therefore, optimizing the covalent and non-covalent interactions
is major direction to increase the physiochemical properties of
Fc fragment.

Role of CH2 and CHS3 in Maintaining

Fc Structure
The antibody heavy chain constant domain is generally defined as
CHI1-CH2-CH3 in IgG, IgA, and IgD, with an additional domain
(CH4) for IgM and IgE (12). The crystal structure of a fucosylated
human IgG1 Fc is used here for presenting (PDB 3AVE) (47)
(Figure 1).

Structural comparison of fucosylated CH2 in IgG, IgA, and
IgD is equal to CH3 in IgM and IgE. The primary sequence of IgG
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FIGURE 1 | Structure of Fc [PDB 3AVE (47)] presented by PyMOL. The CH2
and CH3 domains are colored by blue and green, respectively; the residues
(N297, S298, and T299) in glycosylation motif in CH2 are colored dark red;
the residues (T366, L368, P395, F405, Y407, and K409) involved in the
interactions between two CH3 domains are colored by light red; and the
oligosaccharides and native disulfides are colored by lemon and yellow,
respectively.

CH2 has a glycosylation motif N297-S298-T299 that results in
N-linked glycosylation (48). The oligosaccharides are important
for the stability, aggregation propensity, and effector functions of
Fc fragment (49). For example, removal of the oligosaccharides
results in reduction of aggregation resistance in IgG1 under acidic
conditions (50).

The secondary structure of CH2 consists of two [-sheets
forming a barrel as solved crystal structure of glycosylated IgG1
CH2 in an intact IgGl molecule (51), a fucosylated human
IgG1 Fc (47), or isolated aglycosylated CH2 (52) (Figure 1).
There are seven p-strands from A to G connected by three loops
(loops BC, DE, and FG) and two helices (helix 1 and 2) in CH2
(Figure 1). The native disulfide bond between strand B (C261)
and F (C321), buried in the hydrophobic core of the molecule,
should be important for the structural stability of CH2 although
the direct evidence is still lacking (Figure 1). CH2 is relatively
unstable compared with other Ig domains such as CH3 (53, 54).
For example, during thermo-induced unfolding, the melting
temperature (Tm) of mouse IgG1 CH2 is only 41°C. The Tm of
human IgG1 CH2 is 54°C, which is also low but higher than that
of mouse IgG1 CH2 (55). In serial comprehensive studies, it was
found that (i) different IgG subclasses have different stability
and aggregation propensities due to the sequence variation of
their CH2 domains, and IgG1 is the best one among all the four
subclasses in general (56-59); (ii) Fc aggregation induced by low
pH is firstly triggered by CH2 unfolding associated with the pro-
tonation of specific acidic residues (54, 60). Therefore, it is one of

the major determinants for the unfolding of Fc-based molecules
(61). Engineering of CH2 to increase its stability and aggregation
resistance is expected to improve the physicochemical properties
of Fc, which could be used to modify Fc-based therapeutics.

CH3 is the Ig domain following CH2. The structure of CH3
is very similar to that of CH2 (Figure 1). It also contains seven
p-strands from A to G connected by three loops (loops BC, DE,
and FG) and two helices (helix 1 and 2) with a native disulfide
bond between strand B (C367) and F (C425) as CH2 although
strand D seems to be shorter than that in CH2 according to the
crystal structure (Figure 1) (47, 51). Distinguishing from two
CH2 domain with in Fc, two CH3 domains can interact with each
other very strongly, which leads to the formation of dimeric Fc
structure. Probably due to the homo-interaction, dimeric CH3
has much higher stability than monomeric CH2 (62). In the
interface of two IgG1 CH3 domains, there are at least six residues
(T366, L368, P395, F405, Y407, and K409) involved in the inter-
actions (Figure 1) (63). In detail, residues T366 and Y407 form
a hydrogen bond and represent the principal intermolecular and
intramolecular contact with each other, while residue K409 forms
a hydrogen bond with residue D399 on the partner CH3 domain.
Residues L368 and F405 form intermolecular and intramolecular
contacts through van der Waals interactions only. These five
residues locate on the two internal antiparallel p-strands and
form a patch at the center of the interface. P395 contributes to
the flexibility of the proline-containing loop constituting the
domain-domain interface. Furthermore, the direct evidence
showed that the native disulfide bond is not only involved in the
folding of single CH3 domain, but also related to the dimerization
process of two CH3 domains (64, 65), which is helpful for preven-
tion of aggregation (66). Combination of display technology and
high-throughput sequencing discloses a stability landscape of the
CH3 domain (67). For example, it has been found that hotspots
locate at C- and F-strand (positions 378-383 and 423-428,
respectively) which are tolerant and intolerant to substitution
due to their different orientations in a B-sheet. The side chains
of hydrophobic residues V379, W381, F423, and V427, as well
as the disulfide bond forming residue C425, are directed to the
hydrophobic core of the CH3 domain and interact with residues
of the inner p-sheet. They are highly intolerant to mutation. By
contrast, the solvent-exposed side chains of A378, E380, E382,
$424, 5426, and M428 are more tolerant to mutation. This strongly
suggests that the intolerance to mutation of a particular residue is
not primarily caused by its localization in a secondary structural
element, but by side-chain interactions with other parts of the
molecule. The factors are more complicated for those residues in
the inner B-sheet because they interact with other residues either
in other chains in the same domain or in the same chains in the
symmetrical partner CH3 domain.

Interestingly, although the glycan chain does not contact the
CH3 domain, the CH3 domain in glycosylated Fc reveals a higher
stability than that in aglycosylated Fc, implying an indirect contri-
bution of the glycan chain to maintain the CH3 structure domain
possible through stabilization of CH2 domain (68). Although the
CH2 domain firstly unfolds during acid-induced unfolding, the
colloidal stability of the CH3 homodimer in the fully unfolded
state is lower than that of CH2 monomer and aglycosylated Fc,
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and the unfolded CH3 homodimer forms much larger aggregates
(68, 69). Therefore, it was concluded that (1) the unfolding
process of CH2 and CH3 domains is independently from each
other in the aglycosylated Fc region; (2) the colloidal stabilities of
the CH2 and CH3 domains affect the aggregation process of the
unfolded aglycosylated Fc region in a compensatory manner; and
(3) the CH3 domain plays the most critical role among different
Ig domains in driving intact antibody aggregation under acidic
conditions (68, 69).

Although different antibody subclasses and subtypes have
different Fc sequences, Fc is the common part of all the full-size
antibodies and Fc-fusion proteins. To increase the stability and
aggregation resistance of Fc, most previous work has focused
on introducing mutations to form covalent interactions such
as disulfide bonds or enhance the non-covalent interactions.
In addition, change of the glycosylation form may also alter the
folding of the Fc-based molecules.

Introduction of Covalent Bond in Fc

Disulfide bonds are main kind of covalent interactions in intra- or
inter-Ig domains, formed by the oxidation of two thiol groups
within cysteine residues, which fix and stabilize the structure of
proteins in an oxidative environment. There are 12 intra-domain
disulfide bonds (each domain has one intra-domain disulfide
bond locating in hydrophobic core) that exist in IgG, while 4, 6,
13, and 4 inter-chain disulfide bonds exist in IgG1, IgG2, IgG3,
and IgG4, respectively, due to different length of hinge regions
(70). Disruption of the intra-domain disulfide bonds in CL, VH,
VL or CH3 results in a significant reduction of the structural
stability of those domains, especially the thermodynamic stability
(66, 71-77). Similarly, inter-domain disulfide bonds also have an
effect on structural stability of IgG (68, 78). The existence of one
disulfide bond in hydrophobic core of IgG domain could stabilize
the structure. Hence, additional disulfide bond may improve the
stability of Ig domain. The IgG1 Fc fragment consisting of two
CH2 domains and two CH3 domains has four inherent intra-
domain disulfide bonds (one disulfide bond in each domain).
Additional disulfide bonds could be engineered in single domain
or between two domains.

Engineering of Disulfide Bond in CH2

There is one intrinsic disulfide bond in hydrophobic core of CH2
domain between p-strand B and F (C261 in strand B and C321
in strand F) as mentioned earlier (Figure 1). In our previous
research, based on possible distance of forming disulfide bond
between two cysteines, five pairs of amino acids were substituted
to cysteines among which two of them could be well expressed
in bacterial expression system (55). Those two mutants termed
moO1 and mO02, respectively, in which an additional disulfide
bond between f-strand A and G was engineered by mutations
on L242C and K334C in m01 (Figure 2A) as well as V240C and
L334C in m02 (Figure 2B). The Tm of mO01 is 73.8°C, which is
almost 20°C higher than that of wide-type CH2 (wtCH?2). Both of
them are also much more stable against urea unfolding compared
with wtCH2. Meanwhile, the secondary structure of m01 is not
affected by this additional disulfide bond measured by circular
dichroism (CD) and nuclear magnetic resonance. The stability of

K447C K447C

FIGURE 2 | The structures of CH2 and CH3 domains [PDB 3AVE (47)] with
different mutations for introduction of additional disulfide bonds presented by
PyMOL. (A) CH2 mutant L242C/K334C. (B) CH2 mutant V240C/K334C.

(C) CH2 mutant A287C/L306C. (D) CH2 mutant R292C/V302C. (E) CH3
mutant S375C/P396C. (F) CH3 mutant P343C/A431C. (G) CH3 mutant
P343C/A431C/K447C. The native disulfide bond is colored by yellow,
whereas the mutated residues for additional disulfide bonds are colored by
red. All the marked distance is the measured between two a-carbon atoms in
related two cysteines after mutagenesis by using PyMOL.
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mO02 is also much better than that of wtCH2, but the aggregation-
resistant property is not as good as m01. It has been shown that
the Tm of CH2 with mutations in L242C and L334C in IgGl is
8.7°C higher than that in wtIgG1 (79). In another research (80), to
improve the stability of an IgG1 variant with mutation of N297G
(mAbW.IgGl, an effector function silenced IgG1), an additional
disulfide bond according to the design of m01 was introduced
between position L242 and K334 (81). As expected, the stability
of this IgG1 variant (mAbW.SEFL2.0) with mutations on L242C/
N297G/K334C is improved particular in the thermal stability,
but it shows faster clearance in the rat in pharmacokinetics study.
Another four IgG1 variants with different additional disulfide
bond formation were designed, constructed, and expressed in
CHO expression system, among which two variants mAbW.
SEFL2.1 with mutations of A287C/N297G/L306C in CH2 domain
(Figure 2C) and mAbW.SEFL2.2 with mutations of R292C/
N297G/V302C in CH2 domain (Figure 2D) with improved
stability, decreased rate of clearance, and longer half-lives in both
the rat and cynomolgus monkey models compared with mAbW.
IgG1. Importantly, the Tm values of mAbW.SEFL2.1 and mAbW.
SEFL2.2 are about 8°C higher than that of mAbW.IgG1, while
mAbW.SEFL2.0 is about 2°C higher than that of mAbW.IgGl,
which indicates introduction of disulfide bonds in different posi-
tions results in different outcomes.

Addition of Disulfide Bond in CH3

The same as CH2 domain, CH3 domain also has one intrinsic
disulfide bond in hydrophobic core (C367 and C425). To inves-
tigate the influence of this disulfide bond in CH3, a variant of
CH3 reducing disulfide bond was engineered (66). And in the
following studies it has been shown that the thermal stability of
the reduced form is lower than that of the oxidized form meas-
ured by CD and differential scanning calorimetry (DSC) results.
In addition, the reversibility after unfolding is also significantly
lower. And although most of reduced form retained a stable
dimeric structure, aggregation is improved. Similarly to CH2,
introduction of additional disulfide bond inside the domain could
also improve the stability of CH3. In another study, an additional
disulfide bond was engineered into isolated monomeric CH3
by mutation of P343 and A431 to two cysteines, resulting in
improved protein expression (up to fivefold) and elevated Tm
(from 40.6 to 76.0°C), without affecting FcRn binding ability (82).
In a more previous study, two additional disulfide bonds were
engineered into CH3 domain, respectively. Hence the Tm value
of Fc variant with dual mutations of P343C/A431C and S375C/
P396 in CH3 domain (Figures 2E,F, respectively) was obviously
improved measured by CD and DSC experiment compared with
wtFc (83). Since two CH3 domains interact non-covalently with
each other, in addition to introduction of intra-domain disulfide
bonds, there are some works on engineering of additional inter-
domain disulfide bonds between two CH3 domains. The last three
amino acids (P445, G446, and K447) at C-terminal of CH3 were
replaced by G, E, and C, respectively, derived from CL domain
(Figure 2G), which could introduce an additional inter-domain
disulfide bond between two CH3 domains in Fc or dimeric CH3
(68, 84). And the conformational stability of both the CH2 and
CH3 domains could be improved in an Fc variant with this kind

TABLE 1 | Introduction of disulfide bonds and engineering of non-covalent
interactions in CH2 and CH3 domains.

Position Domain® ATm (°C) Description® Reference
Covalent
. 242C/K334C CH2 18.7 Isolated IgG1 CH2 (55)
V240C/L334C CH2 11.2  lIsolated IgG1 CH2 (55)
.242C/K334C CH2 8.7 CH2inlgG1 (79)
L.242C/K334C CH2 2.1 CH2 in (81)
aglycosylated IgG1
A287C/L306C CH2 7.8 CH2in (81)
aglycosylated IgG1
R292C/\/302C CH2 8.1 CH2 in (81)
aglycosylated IgG1
P343C/A431C CH3 35.4  Isolated IgG1 CH3 (82)
P343C/A431C CH3 10.2  CH3inlgG1 Fc (83)
S375C/P396C CH3 4.7  CH3inlgG1 Fc (83)
P343C/A431C CH3 15.2  CH3inlgG1 Fc (83)
S375C/P396C
P445G/G446E/ CH3 35 CH2inlgG1Fc (84)
K447C 9.1 CH3in IgG1 Fc (84)
P343C/A431C CH3 145  CH2inlgG1 Fc (84)
P445G/G446E/ 18.1 CHS3in IgG1 Fc (84)
K447C
Non-covalent
L235K/L309K CH2 2.7  CH2inlgG (45)
L234F/L235Q CH2 5.7 Compare to IgG1 with 99
K322Q/M252Y Mutation of “TM-YTE”
S254T/T256E
G197K/S207G/ Bovine CH3 10.0 Compare to bovine (102)
T246L wtCH3
Q295F/Y296A CH2 32 CH2inlgG1 Fc (103)
Truncation of CH2 5.1 Isolated IgG1 CH2 (107)

N-terminal residues
“APELLGG”

2All the domains are from human IgG1 if not specified.
bAll the islolated domains are expressed in Escherichia coli,
others are expressed in eukaryotic cells.

of inter-domain disulfide bond (68). In another research, an Fc
variant (P343C, A431C P445G, G446E, and K447C) with not only
additional intra-domain but also inter-domain disulfide bond
could increase the thermostability of CH2 and CH3 (84). The Tm
of CH3 in this variant was improved by 18.1°C compared with the
wtFc. Furthermore, the properties of pH and aggregation resist-
ance of this variant were also increased when compared with the
wtFc. The mutations in CH2 and CH3 domains for introducing
disulfide bonds are listed in Table 1.

Optimization on Non-Covalent

Interaction in Fc

Although introduction of disulfide bonds can significantly
increase the stability of a protein, the risk of increasing aggregation
propensity caused by incorrectly paired cysteines might not be
neglected. Therefore, optimization of non-covalent interactions is
another efficient strategy to improve the stability or aggregation
resistance of Fc fragments. The optimization could be performed
by site-directed mutations (without forming covalent disulfide
bond) under the aid of sequence and structural information, and
computation, which could change the local residue-to-residue
interactions and influence the whole Fc-based molecule.
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Introduction of Intramolecular Non-Covalent
Interactions in CH2

The exposure of hydrophobic residues may increase the aggrega-
tion propensity due to non-specific hydrophobic interactions,
especially when the large hydrophobic clusters form. Therefore,
rational disruption of those continuous hydrophobic residues
without affecting the molecular structure may be helpful for
decreasing the formation of aggregation. A computational technol-
ogy termed spatial aggregation propensity (SAP) was developed
to measure the dynamic exposure of hydrophobic patches and
identify the location and size of these aggregation-prone regions
based on the atomistic molecular dynamics simulations, which
can guide the performance of target mutations for engineering of
protein stability and aggregation resistance (45, 85, 86). By this
technology, several mutations with different combinations were
introduced to generate several IgG variants (45). One variant
with combinational mutations of L235K and L309K in the CH2
domain (Figure 3A) showed not only increased thermostability
stability but also improved aggregation resistance. Being a hydro-
philic amino acid, lysine can discontinue the hydrophobic patch
and reduce the non-specific interactions between hydrophobic
patches. Furthermore, as mentioned earlier, CH2 domain is
typically the least stable domain in the Fc portion, which influ-
ences the whole molecular stability and aggregation propensity.
Therefore, the physicochemical properties of the antibody mol-
ecule could be optimized after rational introduction of proper
hydrophilic amino acids for disruption of the large hydropho-
bic aggregation-prone clusters. In addition to SAP (87-89),

A 235K B L234F
L.235Q
K3220
T256E
S254T
L309K M252Y

FIGURE 3 | The structures of CH2 and CH3 domains [PDB 3AVE (47)] with
optimized non-covalent interactions presented by PyMOL. (A) CH2 L235K/
L309K mutant. (B) CH2 L234F/L235Q/K322Q/M252Y/S254T/T256E mutant
(FQQ-YTE). (C) The residues K392, G402, and 441 in human IgG1 CH3
domain, which can be used to replace the corresponding residues in the
bovine CH3 domain (G197, S207, and T246) for increase of the stability. The
mutated residues for additional disulfide bonds are colored by red.

several online programs such as TANGO?® (90-92), PASTA* (93),
AGGRESCAN? (94), and Aggrescan3D°® (95) are also widely used
to predict aggregation-prone regions within proteins. Therefore,
it is desired that new Ig variants could be identified in the future.

In many instances, it might be desirable for a therapeutic
mAb and Fc-fusion protein to lack/reduce effector functions.
According to previous studies, two sets of mutations in CH2
domain including “TM” (triple mutations of L234F/L235E/
P331S) and “YTE” (M252Y/S254T/T256E) are effective in abol-
ishing the binding of Fc to FcyRs (96) and Clq and enhancing
the pH-dependent binding to FcRn (97, 98), respectively, which
can generate an IgG variant (TM-YTE) with extended half-life
but without Fc-mediated effector functions in vivo. However,
these mutations adversely influence the stability and aggregation
propensity and result in many difficulties for further applications
(99). For example, it has been shown that replacement of the origi-
nal amino acids M252, $254, and T256 to Y, T, and E significantly
reduced the stability and increased the aggregation tendency due
to the increased local flexibility of the 244-254 segment in CH2
(100, 101). To compensate the decreased physicochemical prop-
erties, several mutants were designed with different combinations
of mutations with the strategies including substitution of charged
residues (e.g., E) by uncharged residues (e.g., Q). According to
a serial of experiments by characterization of designed mutants,
one novel mutant (FQQ-YTE) with combinational mutations of
L234F/L235Q/K322Q/M252Y/S254T/T256E (Figure 3B) was
identified, which had significantly improved conformational sta-
bility while retaining the same biological activities as TM-YTE
mutant (99).

Introduction of Intra- and Intermolecular
Non-Covalent Interactions in CH3

Sequence analysis among different Ig classes and subtypes can
provide useful clues for Fc optimization. One good example is
the mutation on bovine IgG1 CH3 for increased stability deduced
from the sequence and structural information (102). According
to sequence alignment and frequency analysis among 36 unique
IgG Fc sequences originating from 19 different mammalian spe-
cies, bovine IgG1 demonstrated the closest resemblance to the
consensus sequence other than primate IgG sequences, while a
few crucial positions could be mutated to make the molecule
more stable. Therefore, the residues S174, Y179, G197, S207, and
T246 in bovine IgG1 CH3 numbered according to the reference
(102) which are partnered with G371, D376, K392, G402, and
L441 in human IgGl CH3 were selected to be substituted by
G, D, K/A, G, and L, respectively. Four of these 5 mutant posi-
tions are at residue sites of reasonable heterogeneity (i.e., the
measured positional entropies are in the top 70% for all residue
positions), while mutation at S207 (G402) was the only posi-
tion that highly conserved because only 4 of the 36 sequences
have another residue other than G. In spatial structure, each
residue is far away from the four others. After measurement of

*http://tango.crg.es/.
*http://protein.bio.unipd.it/pasta2/index.html.
*http://bioinf.uab.es/aap/.
¢http://biocomp.chem.uw.edu.pl/A3D/.
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heat-induced unfolding, one combination with G197K/S207G/
T246L (Figure 3C) showed the highest Tm, which increased
about 10°C compared with that of wide-type bovine IgG1 CH3.
The experimental results could be explained as follows. First,
among these mutations, replacement of G197 to K392 inserts
a lysine at the interface between the CH3 dimer locating at
the hydrophobic portion of the side-chain that packs against
a hydrophobic patch created by F210 (F405) and V202 (V397)
of the opposite dimer subunit. Although adding a hydrophobic
moiety like alanine to this cavity is also better than original G,
introduction of positive charged lysine at this position is shown to
be best due to the adjacency to D204 (D399), a negative charged
amino acid can possibly enhance the favorability of lysine at
this position. Second, substitution of S207 by G402 places G
in a tight turn between B-strands, which likely releases strain
induced by the tight turn since the backbone dihedral angles
of this residue in the crystal structure are outside the generally
allowed ranges for a-substituted amino acids (all amino acids
other than G). Finally, the mutation of T246 to L441 completely
buries the isobutyl side chain into the hydrophobic interior of
the p-sandwich. Although burial of three groups are expected for
more favorable contributions, the actual effect is not as obvious
as desired. The reason is that the side chain of T can compensate
somewhat for the loss of buried hydrophobic surface area due to
steric placement or hydrogen bonding.

This finding indicates that cross-species analysis provides
useful information about the relationship between residues and
physicochemical properties, and further guides the rational design
for a better Fc with more stable, more aggregation-resistant and
more soluble characteristics.

Engineering of Loop and Other Regions

in CH2 and CH3

Both CH2 and CH3 domains have several flexible loop regions,
which could also be the targets for optimization of the phys-
icochemical properties. For example, to stabilize the CH2
domain, an enhanced aromatic sequon (EAS) (Q295F/Y296A)
(Figure 4A) was engineered into the top of N-glycosylated
DE loop, which led to a 4.8°C increase of the Tm of the puri-
fied IgG1 Fc fragment (103). This strategy could be used in
optimizing a full-length IgG1 molecule for enhancement of its
resistance to unfolding and aggregation. The crystal structure of
the EAS-stabilized IgG1 Fc fragment reveals the importance of
the GIcNAc1-F295 interaction, as well as the participation of the
core fucose (Fuc) attached to GIcNAcl in an interaction with
F295. As mentioned earlier, the yeast display technology is also
used in high-throughput screening of improved CH3 mutants
with replacement of its original loops for optimization on Fc and
development of antigen-specific Fc binders [Fc-antigen binding
(Fcab)] (104, 105).

It has been shown that natural B-sheet proteins use negative
design to avoid edge-to-edge aggregation, which indicates that
the residues at N- and C-termini may be involved in aggrega-
tion formation (106). A shortened CH2 (CH2s) (Figure 4B) was
constructed with truncation of seven unstructured N-terminal
residues according to a crystal structure of an intact IgG1 (PDB
1HZH) (51), which showed significantly increased aggregation

B A244 E246

FIGURE 4 | Engineered of loop and other regions in CH2 presented by
PyMOL. (A) Introduction of an enhanced aromatic sequon (EAS) (Q295F/
Y296A) in CH2 loop DE [PDB 3AVE (47)]. The mutated residues are

colored by red, whereas the oligosaccharides are colored by lemon color.

(B) Truncation of N-terminus of CH2. Seven unstructured residues from A244
to G250 are colored by red, which could be removed [PDB 1HZH (51)].

resistance and potential Fc-mediated functions (107). Engineering
of C-terminal residues in CH2 might also have the same influence
as described earlier. The optimizations on non-covalent interac-
tions in CH2 and CH3 domains are summarized in Table 1.

Glycoengineering in Fc

There are only two symmetrical N-glycosylation sites in the Fc
fragment, which locate at amino acid position N297 in IgG1
CH2 domain. It has been widely accepted that N-glycan has a
critical impact on the structure and effector functions of Fc-based
therapeutics (108-111). Absence of the N-glycan can cause dra-
matic conformational change and decreased stability of the Fc
(112-117). Without N-glycan, the binding of Fc to various recep-
tors and their associated biological functions is either reduced
or completely lost (112, 116, 118-120). The factors influencing
the oligosaccharide profiles of Fc-based therapeutics are very
many, such as the use of different cell lines, cell culture condi-
tions, scales, and other factors (121, 122). Therefore, variation of
glycoform is one of the main factors that cause heterogeneity of
therapeutic antibodies and Fc-fusion proteins. Although aglyco-
sylated Fc-based therapeutics have been explored for clinical use,
the majority of these therapeutic proteins are still glycosylated. In
most conditions, the function of N-glycan is irreplaceable for the
treatment of some diseases.

According to the difference of oligosaccharides on the outer
arms, N-glycan can be classified into three categories including
high mannose (Man), complex, and hybrid (49). All of these
classes share an invariable core structure containing two copies of
primary N-acetylglucosamine (GlcNAc), one primary Man and
the two secondary Man residues. High Man oligosaccharides are
composed of Man only in the outer arms. Complex oligosaccha-
rides are composed of GIcNAc and galactose and potentially sialic
acid in the outer arms. Meanwhile, complex oligosaccharides can
exist with or without the core Fuc. Hybrid oligosaccharides are
made of one arm with complex and the other arm with high Man
residues (Figure 5) (49). Therefore, different configurations and
compositions of N-glycan can lead to >400 different variants
concerning the two CH2 domains of IgG Fc (123).
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FIGURE 5 | Structures of three categories of N-linked oligosaccharides in
IgG1 CH2. Subscripts indicate the absence (0) or presence (1 and X) of
corresponding monosaccharide. X represents a number that is equal or
greater than 1 of this monosaccharide. Abbreviations: Gal, galactose;
GlcNAc, N-acetylglucosamine; Man, mannose; Fuc, fucose; Sia, sialic acid.

The position of glycosylation on the Fc determines that it has
no impact on antigen-antibody binding and FcRn binding, but
oligosaccharides are critical for the binding of FcyRs and Clg,
which trigger different immune responses (FcyRs for ADCC and
Clqfor CDC). On the other hand, changes occurring on the com-
position of N-glycan can influence the conformation of the whole
antibody or Fc-fusion protein molecule, causing alteration in the
binding affinity for various FcyRs (124). That is one of the reasons
for the glycosylation playing such effective role in engineering
Fc-based therapeutics.

The process of glycosylation only occurs in eukaryotes,
so Escherichia coli and Chinese Hamster Ovary cell (CHO)
derived IgG1 Fc were usually used to illustrate the impact of
N-glycosylation on the stability of Fc, representing aglyco-
sylated and glycosylated Fc proteins, respectively (50). Both of
them behave similarly during heat and low pH induced unfold-
ing. First, the tertiary structure and CH2 domain are unfolded,
then the secondary structure and CH3 domain are changed.
Due to the interaction of oligosaccharides, the glycosylated Fc
protein is more compact (smaller hydrodynamic radius) than
the aglycosylated Fc protein at neutral pH. In the aspects of
thermostability and pH resistance, the Tm of glycosylated CH2
domain is 4-5°C higher than that of aglycosylated domain and
the acid resistance of glycosylated Fc is ~0.5 pH lower than
aglycosylated Fc (50).

Previousstudieshave proved thattruncation of N-glycosylation
is a major method to understand the relationship between the
functions, structures and Fc glycoforms. Fc glycoform variants
with partial or complete removal of glycan carbohydrates were
compared with wtFc by using long molecular dynamics simula-
tions (125). Theresultsindicated that glycan truncation or removal
can cause quaternary structural deformation of the Fc due to the
disruption or loss of a lot of inter-glycan contacts. Because the
existence of the weak binding through two oligosaccharides,

glycan truncation/removal can also cause the tertiary structural
deformation of CH2 domains, which results in destabilization of
individual CH2 domains. During elevating Tms, glycan trunca-
tion is differentially affecting structural deformation in locations
of helices 1 and 2 in CH2 that are far from the oligosaccharide
attachment point. Deformation of these helices, which form part
of the binding surface to FcRn, could affect the binding to FcRn
if these regions are unable to refold after Tm normalization.
During elevated Tm simulations of the deglycosylated variant,
CH2 domains collapse onto CH3 domains. All these studies
show that glycosylation plays an important role in the stability
of Fc. Besides that, different formations of glycosylation in N297
site were compared, containing three Fc proteins produced from
the yeast Pichia pastoris with three kinds of glycosylation sites
(di-, mono-, and nonglycosylated) and another three different
forms of nonglycosylated Fc (mutating N297 to two different
amino acids and enzymatic digestion of the Fc glycoforms), to
examine the differences of structural stability. Under different
pH conditions, the di- and monoglycosylated forms of Fc showed
the highest and lowest levels of stability, respectively, while the
stability of nonglycosylated form was in the middle and depended
on the solution pH (126, 127). Furthermore, hemi-glycosylated
(same to monoglycosylation) Fc shows that the binding affinities
toward all FcyRs were significantly decreased and a moderate
decrease (~20%) in C1q binding, representing change of effector
functions (128).

Lots of previous studies have proved that glycosylation
also deeply affects the aggregation of antibodies and Fc-fusion
proteins (126, 129-131). By comparing the differences between
glycosylated and deglycosylated antibodies, it has been found that
deglycosylated antibodies had not only less thermostability and
resistance to GdnHCl-induced unfolding, but also higher aggre-
gation rates at a accelerated stability study (129). The possible rea-
son for these findings is that disruption of protein-carbohydrate
interactions leads to the exposure of aggregation-prone motifs
and further results in the aggregation of the whole deglycosylated
antibodies (130). The interactions between two monomeric Fc
regions of an antibody include protein-protein, carbohydrate—
carbohydrate, and protein-carbohydrate, all these forces have
contributions to the stability and aggregation resistance. So any
change of oligosaccharides (e.g., truncation and variation on
glycoforms) might have serious impact on the physicochemical
properties of Fc-based therapeutics.

Although the importance of N-glycosylation on Fc is clear,
the production of Fc-based proteins with selected glycoforms
is still very difficult. For now, the enzymatic modification of
recombinant IgGs in vitro or engineering the host expression
system can be used to modify the glycoforms of Fc-based thera-
peutics (108).

Due to the complexity and limit of technology for engineering
the N-glycoform, lots of work still focuses on the generation of
IgG variants with aglycosylation, which only needs to introduce
a mutation into N297, for decrease of the effector functions
to treat some chronic diseases. However, as described earlier,
these mutants may influence the physicochemical properties of
Fc-based proteins deeply and cause the loss of efficacy, which will
be further discussed in the following paragraph.
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RELATIONSHIPS BETWEEN
PHYSICOCHEMICAL PROPERTIES
AND CLINICAL POTENTIAL

The development of therapeutic antibodies, Fc-fusion proteins,
and Fc-based antibody domains faces many challenges from
bench to bedside. For example, an mAb may have excellent
activities in vitro but lose the entire or major function in vivo and
vice versa. Hence, to make a successful Fc-based therapeutics, it
may need many modifications before clinical use.

Historically, either IgG2 or IgG4 isotypes have been selected
for applications where cytotoxic effector functions are not
required due to their limited cytotoxic effector functions (132).
However, IgG1 is still the first choice due to its comprehensive
advantages in many cases. Therefore, to eliminate undesired
effector functions, removal of the glycosylation is an efficient way.
A major concern is that deglycosylation will lead to instability
and aggregation. Hence, the IgG1 scaffold with stable effector
functions missing (81) needs to be further optimized. Based on
the computational modeling, two variants mAbW.SEFL2.1 and
mAbW.SEFL2.2 with tri-mutations on A287C/N297G/L306C
and R292C/N297G/V302C, respectively, as mentioned earlier
showed improved stability, decreased clearance rate, and longer
half-life (80), which could be used for development of therapeutic
mAbs without effector functions.

As mentioned, Etanercept is one of the most successful
recombinant Fc-fusion proteins in the market. When adminis-
tered in vivo, the dose of each injection is large (e.g., 25 mg/twice
or 50 mg/once per week), which requires high concentration
of Etanercept in the formulation. The risk of aggregate forma-
tion in this condition is increasing, which may lead to loss of
functions and increase of side effects. To improve the solubility
and reduce the aggregation, two mutations D239E and L241M
were introduced into the Fc portion of Etanercept, which may
increase the stability and aggregation resistance of whole recom-
binant protein (133). Actually, the formation of aggregation
should be seriously considered when developing a biosimilar
of Etanercept (134).

As a domain from Fc, CH2 has been proposed as a scaffold
for development of C-based single domain antibody (C-sdAb),
which has been extensively reviewed (10, 28). CH2 could have or
partially have Fc effector functions and affinity to FcRn. Therefore,
it could have relatively longer serum half-life after engineering
due to the containment of FcRn binding sites inherited from Fc
(135, 136) compared with other Ig domains (e.g., VH) as binders
(29). Based on this scaffold, a panel of C-sdAbs has been selected
against different targets (137, 138). However, in general, their
activities are modest. Since it has been shown that CH2-based
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The monospecific and bivalent characteristics of naturally occurring immunoglobulin G
(Ig@) antibodies depend on homodimerization of the fragment crystallizable (Fc) regions
of two identical heavy chains (HCs) and the subsequent assembly of two identical
light chains (LCs) via disulfide linkages between each HC and LC. Immunoglobulin Fc
heterodimers have been engineered through modifications to the CH3 domain inter-
face, with different mutations on each domain such that the engineered Fc fragments,
carrying the CH3 variant pair, preferentially form heterodimers rather than homodimers.
Many research groups have adopted different strategies to generate Fc heterodimers,
with the goal of high heterodimerization yield, while retaining biophysical and biological
properties of the wild-type Fc. Based on their ability to enforce heterodimerization
between the two different HCs, the established Fc heterodimers have been extensively
exploited as a scaffold to generate bispecific antibodies (bsAbs) in full-length IgG and
IgG-like formats. These have many of the favorable properties of natural IgG anti-
bodies, such as high stability, long serum half-life, low immunogenicity, and immune
effector functions. As of July 2016, more than seven heterodimeric Fc-based IgG-
format bsAbs are being evaluated in clinical trials. In addition to bsAbs, heterodimeric
Fc technology is very promising for the generation of Fc-fused proteins and peptides,
as well as cytokines (immunocytokines), which can present the fusion partners in the
natural monomeric or heterodimeric form rather than the artificial homodimeric form
with wild-type Fc. Here, we present relevant concepts and strategies for the genera-
tion of heterodimeric Fc proteins, and their application in the development of bsAbs
in diverse formats for optimal biological activity. In addition, we describe wild-type
Fc-fused monomeric and heterodimeric proteins, along with the difficulties associated
with their preparations, and discuss the use of heterodimeric Fc as an alternative
scaffold of wild-type Fc for naturally monomeric or heterodimeric proteins, to create
Fc-fusion proteins with novel therapeutic modality.

Keywords: bispecific antibody, Fc engineering, heterodimeric Fc, Fc-fusion proteins, immunocytokines, antibody
engineering
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Heterodimeric Fc Technology and Its Applications

INTRODUCTION

Bispecific antibodies (bsAbs) simultaneously bind two different
antigens or two distinct epitopes on the same antigen as a single
molecule; they differ from naturally occurring immunoglobulin
G (IgG) monospecific antibodies (mAbs) (1, 2). Owing to
their additional targeting ability, bsAbs often offer improved
clinical benefits for the treatment of complicated diseases,
such as cancers and immune disorders, wherein multiple
cell-surface receptors or ligands are engaged (1-3). Numerous
efforts have been made to engineer mAbs into bsAbs, which
has resulted in the generation of more than 60 different bsAb
formats (3-5). Many bsAbs have been engineered by linking
antibody fragments, such as single-chain variable fragments
(scFv), antigen-binding fragments (Fab), and heavy (VH) and
light chain (VL) variable domains, as well as their appendages
to IgG-format mAbs (3-6). However, these novel formats,
deviating from the conventional IgG structure, often suffer
from poor physicochemical properties, such as low solubility
and aggregation, difficulties in large-scale manufacturing, poor
pharmacokinetics, and potential immunogenicity (3-6). To
improve the developability, bsAbs in the formats of intact IgG or
IgG-like (containing an Fc) architectures have been extensively
developed (5-7).

Conventional IgG antibodies are bivalent and monospecific,
the assembly of which depends upon in vivo homodimeriza-
tion of two identical heavy chains (HCs), which is mediated by
homodimeric associations between CH3 domains, and subse-
quently disulfide linkages between each HC and each light chain
(LC), in B cells (8-11). Thus, the development of bsAbs, using
intact IgG formats with wild-type HCs and LCs, faces HC-HC
and HCvu.cui—LC mispairing problems (5, 7). Some approaches
for IgG-based bsAbs, based on wild-type homodimeric Fc
regions, have been utilized, such as a dual-action Fab (DAF,
two-in-one antibody) (12), a kA-body (13), and a rat/mouse
chimeric antibody (14). However, DAF and kA-body technolo-
gies require extensive antibody engineering and screening and
are not easy to generate with previously established mAbs. The
rat/mouse chimeric antibody requires multiple purification
stages, suffers from low purification yields, and faces potential
immunogenicity.

To address the HC mispairing problem, heterodimeric Fc
technology, which enables two different HCs to be prefer-
entially assembled together, rather than with the same HCs,
has been developed (5, 7, 15). Heterodimeric, Fc-based, intact
IgG-format bsAbs have been developed in combination with
a common LC approach (16) or with two distinct LCs, using
the CrossMab technology (17) and ortho-Fab IgG technol-
ogy (18). Additional heterodimeric Fc scaffolds have been
extensively exploited for the generation IgG-like bsAbs by
appending antigen-binding antibody fragments, such as VH,
VL, scFv, Fab, and single-chain Fab (scFab). Depending on the
designed architectures, the resulting bsAbs differ in antigen
specificity (from monospecific to tetraspecific) and antigen-
binding valency (from monovalent to tetravalent). In addition
to the heterodimeric IgG scaffolds for bsAbs, heterodimeric
Fc fragments are now emerging as excellent scaffolds to create

Fc-fused monomeric or heterodimeric proteins or cytokines,
which are challengeable formats to be achieved by wild-type
homodimeric Fe.

In this review, we first focus on the design and generation
of heterodimeric Fc and their application in the development
of therapeutic bsAbs in diverse formats. We then describe the
current status of homodimeric Fc-fused monomeric proteins
and peptides and propose that heterodimeric Fc fragments,
which can present the fusion partner as native-like monomeric
or heterodimeric forms, represent a promising scaffold for the
next generation of Fc-fused proteins and cytokines.

HETERODIMERIC Fc ENGINEERING

Wild-type Fc homodimerization is initially mediated by a
large, tightly packed interface (~2469 A? buried surface area),
between the two identical CH3 domains with sub-nanomolar
affinity, and subsequently by disulfide linkages in the hinge
region (Figure 1A) (8, 9). For this reason, heterodimeric Fc
variants have been mainly engineered through the replacement
of homodimer-favoring interactions at the CH3 domain interface
with heterodimer-favoring interactions. This is achieved by
introducing asymmetric mutations in each CH3 domain, which
promotes the assembly of HCs from two different antibodies
(Figure 1B). This heterodimeric Fc engineering, using CH3
variant pairs, has been approached using two strategies: (1)
structure-based rational design and (2) directed evolution.

X-ray crystal structures of human IgGl Fc show that Fc
homodimerization is driven by both hydrophobic interactions at
the center of the CH3 interface core and symmetric electrostatic
interactions surrounding the rim of the hydrophobic core (19,
20), as schematically shown in Figure 2A. Thus, structure-based
rational design of heterodimeric Fc fragments has been utilized
to generate heterodimeric CH3 variant pairs (CH3A:CH3B)
with different mutations in each chain at the CH3 interface core
such that the variant pair thermodynamically favors the forma-
tion of heterodimers over the homodimers. The structure-based
rational design of such heterodimeric CH3 variant pairs can
be classified into four strategies: (i) symmetric-to-asymmetric
steric complementarity design (e.g., KiH, HA-TE, and ZW1)
(21-24), (ii) charge-to-charge swap (e.g., DD-KK) (25), (iii)
charge-to-steric complementarity swap plus additional long-
range electrostatic interactions (e.g., EW-RVT) (26), and
(iv) isotype strand swap [e.g., strand-exchange engineered
domain (SEED)] (7, 24), as summarized in Table 1. Critical
parameters in heterodimeric Fc engineering include the yield
of heterodimeric Fc formation over unwanted homodimeric Fc
contaminants, minimal loss in stability relative to the natural
Fc, and maintaining natural Fc-like properties, such as serum
half-lives and effector functions. Heterodimeric Fc-directed
bsAb formation usually yields greater than 90% of the desired
product by co-expressing two heterodimer Fc-based antibodies.
This makes it feasible for large-scale production and quality
control to meet clinical needs. In contrast to heterodimeric
Fc engineering, an approach to generate monomeric Fc frag-
ments was explored by introducing four mutations at the CH3
interface (27).

Frontiers in Immunology | www.frontiersin.org

62

October 2016 | Volume 7 | Article 394


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Ha et al.

Heterodimeric Fc Technology and Its Applications

A Conventional IgG

'

Disfavored

Homodimer-favoring
; Interactions

_____

B Heterodimeric Fe-based IgG-format bispecific antibody
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FIGURE 1 | Schematic diagram showing the assembly of conventional IgG and heterodimeric Fc-based IgG-format bsAbs. (A) The homodimeric
interactions between the wild-type CH3 domains are the initial driving force for HC homodimerization and subsequently disulfide bonds in the hinge regions and
between the HC and LC complete the assembly of conventional IgGs, which are bivalent and monospecific. (B) Heterodimer Fc technology introduces asymmetric
mutations in each CH3 domain, which enforces two different HCs to be predominantly assembled together, while disfavoring homodimerization between the same
HCs. Heterodimeric Fc fragments facilitate the generation of IgG-format bsAbs, which can simultaneously bind to two different antigens.
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In a pioneering approach, Carter and colleagues from Genentech
conceived the heterodimeric Fc variant and invented the so-called
“Knobs-into-Holes (KiH)” Fc technology (21, 22). The concept
was to introduce a “knob” in one CH3 domain (CH3A) by sub-
stitution of a small residue with a bulky one (i.e., T366Wchsa in
EU numbering). To accommodate the “knob,” a complementary
“hole” surface was created on the other CH3 domain (CH3B)
by replacing the closest neighboring residues to the knob with
smaller ones (i.e., T366S/L368A/Y407Vcuss) (Figure 2B) (15).
The “hole” mutation was optimized by structured-guided
phage library screening (21). X-ray crystal structures of KiH Fc
variants (28, 33) demonstrated that heterodimerization is ther-
modynamically favored by hydrophobic interactions driven by
steric complementarity at the inter-CH3 domain core interface,
whereas the knob-knob and the hole-hole interfaces do not favor
homodimerization owing to steric hindrance and disruption of
the favorable interactions, respectively. The KiH Fc was further
engineered to improve purity and stability by introducing an
additional inter-CH3 domain disulfide bond pair, S354Ccrsa—
Y349Cchss, generating the KiHss Fc variant. This exhibited a
high yield of heterodimerization (~95%) and improved thermal
melting (T.) of the CH3 domain by 6 to ~78°C (16). Most KiH
Fc-based bsAbs currently being evaluated in clinical trials have
adopted the KiHss Fc as a scaffold (Table 2).

Extensive strategies combining structure-based computa-
tional design of many variants and subsequent experimental
validation to assess the heterodimerization yield have been
adopted to generate other heterodimeric Fc variants with steri-
cally complementary mutations. These include HA-TF Fc from

Xencor (23) and ZW1 Fc from Zymeworks (24). Particularly,
ZW1 was generated by a two-stage approach, combining nega-
tive design to first destabilize the natural Fc homodimer-favoring
interactions at the CH3-CH3 interfaces and then positive design
of the previously designed variant to increase biophysical stability
(24, 45). Negative design, maximizing unfavorable interactions
in potential homodimers while promoting specificity between
heterodimeric species, generated an Fc variant with F405A/
Y407 Vcusa-T366L/T394Weisp, and resulting in a heterodimeri-
zation yield of ~95% (24). However, the T, of the CH3 domain
was ~72°C, similar to that of KiH Fc (22), but ~10°C lower than
that of the wild-type CH3 domain (30). The subsequent positive
design, which added T350V/L351Ycusa—T350V/K392Lcuss muta-
tions to the first variant, yielded ZW1 (T350V/L351Y/F405A/
Y407Versa-T350V/T366L/K392L/T394Wenss), which retained
the high Fc heterodimerization yield of ~95% and exhibited
Fc stability similar to that of the wild-type CH3 domain with a
T value of 81.5°C (24). The high heterodimer purity of ZW1,
validated by stable expression in Chinese hamster ovary (CHO)
cells, and the favorable biophysical properties could improve the
manufacturability of ZW1-based bsAbs (45).

More recently, Leaver-Fay et al. (29) computationally pro-
duced heterodimeric Fc variants, using an explicit multistate
design (sequence optimization) combined with negative design
to destabilize and eliminate homodimer-favoring inter-CH3
interactions. One of the best clones, 7.8.60 Fc, was first designed
by introducing mutations of D399Mcusa—K409Veuss to elimi-
nate the conserved electrostatic interactions of D399-K392/
K409 in the wild-type CH3 interface. In the next-round,
computational optimization identified the following substitu-
tions sequentially: Y407Acusa-T366Vcuss to minimize CH3B
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FIGURE 2 | Schematics of the major interactions contributing to homodimeric CH3 interactions in the wild-type (A) and heterodimeric CH3A-CH3B
interactions in the KiH (B), DD-KK (C), and EW-RVT (D) heterodimeric Fc variants. In (A), due to the twofold symmetry of the inter-CH3 interface, each
pairwise interaction is represented twice in the structure. In (B=D), the upper panels highlight the main heterodimeric Fc-driving interactions with the indicated color
codes. The lower panels show the crystal structures of the wild-type Fc [PDB 3AVE (19)] and the representative heterodimeric Fc variants of KiH [PDB 4NQS (28)],
DD-KK [PDB 5DK2 (29)], and EW-RVT [PDB 4X98 (30)], highlighting the inter-CH3 domain interfaces. The images were generated using PyMol software (DeLano
Scientific LLC).

homodimerization and to improve the heterodimer formation,
K360Dcu3a — Q347Rcuss to eliminate CH3B homodimers, and
ﬁnally E345RCH3B to strengthen the K36ODCH3A—Q347RCH3B
interaction (Table 1). The crystal structure determined clearly
resolved the interface and showed that the models were very
accurate. The 7.8.60 heterodimeric Fc combined with orthogo-
nal Fab interface mutation technology (18) produced intact
IgG-format bsAbs with ~93% purity (29).

Charge-to-Charge Swap Design

As an alternative approach, Gunasekaran et al. from Amgen (25)
sought to design aheterodimeric Fcby reversing symmetric charge
complementarity at the CH3 domain interface, while retain-
ing hydrophobic core integrity (Figure 2C). Owing to twofold
symmetry at the inter-CH3 interface, the targeted electrostatic
interaction pairs were symmetrically duplicated on both periph-
eral sides of the hydrophobic core (Figure 2A). They converted
the symmetric charge-pair residues into asymmetric charge

polarity by first designing a K409Dcu3a—D399Kcusp pair variant
and then further screening for additional charge-pair mutations
through experimentally assessing heterodimerization yield. This
resulted in DD-KK with K409D/K392Dcti3a—~D399K/E356Kchss
mutation pairs. The asymmetric charge mutation pairs drove
heterodimerization, whereas “positively charged” and “negatively
charged” homodimers were suppressed by unfavorable repulsive
charge interactions. Particularly, E356Kcuss was introduced in
an attempt to suppress the Fccusp—Fccnss homodimerization to
increase the purity of Fccusa—Fccmss heterodimer. The DD-KK
design resulted in greater than 90% heterodimerization depend-
ing on the transfection ratio of the two chains.

Charge-to-Steric Complementarity
Swap and Long-Range Electrostatic

Interaction Design
The concept of KiH and DD-KK Fc design can be summarized as
the replacement of the symmetric hydrophobic and electrostatic
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TABLE 1 | Design and strategies for heterodimeric Fc variants.

Heterodimeric Paired mutations Heterodimer-favoring interactions PDB ID Reference
Fc name
CHB3A chain CHS3B chain
KiH T366W T366S/L368A/Y407V Hydrophobic/steric complementarity 4NQS/5DI8/5HY9 (28)
KiHs.s T366W/S354C T366S/L368A/Y407V/Y349C KiH + inter-CH3 domain S-S bond - (16, 29)
HA-TF S364H/F405A Y349T/T394F Hydrophobic/steric complementarity - (23)
ZWA T350V/L351Y/F405A/ T350V/T366L/K392L/T394W Hydrophobic/steric complementarity 4BSW (24)
Y407V
7.8.60 KB360D/D399M/Y407A E345R/Q347R/T366V/K409V Hydrophobic/steric complementarity + 5DJZ (Partial) (29)
electrostatic complementarity
DD-KK K409D/K392D D399K/E356K Electrostatic complementarity 5DK2 (25)
EW-RVT KBB60E/K409W Q347R/D399V/F405T Hydrophobic/steric complementarity plus 4X98 (26, 30)
long-range electrostatic interaction
EW-RVTss K360E/K409W/Y349C QB47R/D399V/F405T/S354C EW-RVT + inter-CH3 domain S-S bond 4X99 (30)
SEED IgA-derived 45 residues  1gG1-derived 57 residues Hydrophobic/steric complementarity - (31)
on lgG1 CH3 on IgA CH3 (strand exchange between IgG and IgA)
A107 K370E/K409W E357N/D399V/F405T Hydrophobic/steric complementarity + - (32)
hydrogen bonding complementarity
(directed evolution using yeast surface display)
TABLE 2 | Heterodimeric Fc-based antibody formats, generated in previous studies, and now being evaluated in clinical trials.
Antibody format Heterodimeric Fusion format (target) Clinical trials Reference
Fc scaffold
Fcchaa Fccuss
Monospecific and monovalent antibodies
VH-Fc/VL-Fc EW-RVT VH (c-Met) VL (c-Met) - (26)
Fc/Fab-Fc KiH - Fab (c-Met) Phase 3 (failed) (34)
HCuh-cri-Fe/LC-Fe DD-KK HCuhcri (MTNFRT) LC (MMTNFR1) - (25)
lgG-like formats with appendages of scFv and scFab
scFv-Fc/scFv-Fe EW-RVT scFv (c-Met) scFv (VEGFR-2) - (26)
scFv-Fc/scFv-Fc DD-KK scFv (CD3) scFv (TARTK) - (25)
Fc/scFv,-Fc (Fo/BITE-Fc) KiH - scFv; (CD3/EpCAM) - (35)
Fab-Fc/scFv-Fc HA-TF Fab (CD123) scFv (CD3) Phase 1 (36)
Fab (CD20) scFv (CD3) Phase 1
Fab-Fc/scFab-Fc (OAscFab-I1gG) KiHs-s Fab (EGFR) scFab (IGF-1R) - 37)
scFab-Fc/scFab-Fc-scFv KiHs-s scFab-Fc (EGFR) scFab-Fc-scFv (IGF1R/HER3) - (38)
scFab-Fc-scFv /scFab-Fc-scFv KiHs.s scFab-Fc-scFv (EGFR/HER3) scFab-Fc-scFv (IGF1R/HERS) - (38)
Fab-CrossMabcH!ct IgG KiHs-s Fab (CEA) Fab-CrossFab®!-c- (CEA/CD3) Phase 1 (39, 40)
Fv-/Fv-CrossMab®H-C- IgG KiHs.s Fv-Fab-Fc (HER3/VEGF) Fv-CrossFab®!-ct-Fc (HER2/EGFR) - (41)
Intact IgG formats with correct LC association
Common LC-IgG KiHs-s Fab (FIXa) Fab (FX) Phase 3 (42)
CrossMab®'-¢t IgG KiHs.s Fab (Ang-2) CrossFab®-ct (VEGFA) Phase 1 (RG7221); (17, 39)
Phase 2 (RG7716)
Four-in-one CrossMab®'-C- IgG KiHs.s Dual-action Fab (EGFR/HER3)  Dual-action CrossFab®'-°- (HER2/VEGF) - (41)
Ortho-Fab IgG DD-KK Ortho-Fab (EGFR) Ortho-Fab (c-Met) Phase 1 (18)
Intact IgG formats with in vitro assembly
19G KiH Fab (BACE1) Fab (TfR) - (43, 44)

interactions conserved at the CH3 interface with the same, but
asymmetric, interactions. In contrast to the sterics-based KiH
design and charge-swap DD-KK design, Choi et al. (26) replaced
the conserved, symmetric electrostatic interactions at the buried
interface of the CH3 domains with asymmetric hydrophobic
interactions. This resulted in the generation of a W-VT Fc vari-
ant with K409Wensa-D399V/F405T cuzp mutations, favoring Fec
heterodimer formation (~77% purity) due to complementary
hydrophobic interactions, while disfavoring homodimers owing
to the loss of the K409-D399 electrostatic interactions and the

steric collision of K409Wcusa—F405¢usa. To increase the heter-
odimerization yield of W-VT, they replaced a K360-Q347 pair
with negligible interactions, owing to the long distance (4.61 A) at
the rim of the CH3 interface (19) with the K360Ecu3a—Q347Rcss
asymmetric mutation pair, which favors the heterodimer
because of the long-range electrostatic interaction at a distance
of 3.45 A (30). The combined heterodimeric Fc, called EW-RVT
(Figure 2D), showed a heterodimer yield of ~91% and a CH3
domain T, value of ~77.5°C, which were comparable to those
of KiH and DD-KK Fc variants (26). The X-ray crystal structure
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of the EW-RVT Fc heterodimer led to the addition of an inter-
CH3 disulfide bond with a Y349Ccusa—S354Ccnse pair, yielding
EW-RVTss Fc. The asymmetric disulfide bond was confirmed
by resolving the crystal structure (30). EW-RVTss Fc showed
improved heterodimer yield (by ~3%) and higher thermody-
namic stability of the CH3 domain (by ~2.8°C) compared to
those parameters of the parent EW-RVT Fc (30). The crystal
structures of EW-RVT and EW-RVTss Fc fragments, obtained
to determine the molecular details of the CH3A/CH3B interface,
revealed that the mutations did not cause any significant changes
in the Fc structure (30). In agreement with the crystal structure,
the EW-RVT Fc heterodimer displayed the native IgG1-like, pH-
dependent, neonatal Fc receptor (FcRn) binding pattern, and Fcy
receptor (FcyR) interaction, which were equivalent to those of
the native IgG1 (previously reported) (46, 47). This suggests that
the EW-RVT-based antibody will have similar serum half-lives
and effector functions to those of the conventional human IgG1.

Isotype Strand Swap Design

Davis et al. from Merck Serono (31) designed a heterodimeric
Fc by mixing human IgG and IgA CH3 domain segments to
create a complementary CH3 heterodimer, which was referred
to as SEED Fc. Native CH3 domains of human IgA and IgG are
structurally similar (10), but cannot dimerize because of lower
homology within interface residues. They analyzed the structural
dimerization motif in the CH3 domain of each isotype and
devised SEED through the exchange of some B-strand segments
in the CH3 domain of each isotype to drive heterodimer forma-
tion through steric complementary contact surfaces. The SEED-
based antibodies (e.g., SEEDbody) were purified with a protein
A resin and exhibited long serum half-life and effector functions
comparable to those of wild-type human IgG1 Fc-based antibod-
ies (48). However, owing to the artificial sequence of the SEED
CH3 heterodimer, the potential immunogenicity has not been
determined.

Directed Evolution of Heterodimeric Fc

Aforementioned Fc heterodimers have been generated through
structure-based rational design or computational modeling.
Recently, Choi et al. (32) generated heterodimeric Fc variants
through directed evolution combined with yeast surface display
and high-throughput screening (49, 50). A combinatorial het-
erodimeric Fc library display system was developed by mating
two haploid yeast cell lines; one haploid cell line displayed an
Fc chain library (displayed Fccnsa) with mutations in one CH3
domain on the yeast cell surface, and the other cell line secreted
an Fc chain library (secreted Fccnsp) with mutations in the other
CH3 domain. In the mated cells, secreted Fccuss was displayed
on the cell surface through heterodimerization with the dis-
played Fccusa. Fluorescence-based detection of this interaction
enabled screening of the library for heterodimeric Fc variants
by flow cytometry. For the proof-of-concept, they constructed
combinatorial heterodimeric Fc libraries with simultaneous
mutations on targeted residues of both CH3A and CH3B based
on the template of the W-VT Fc variant, and screened the
libraries to isolate numerous heterodimeric Fc variants with
heterodimerization yields of ~90%. This directed evolution

approach identified unexpected heterodimer-favoring muta-
tion pairs at the CH3 interface, such as hydrogen bonding or
cation-m interactions, as well as homodimer-disfavoring pairs,
which have not been tested by structure-guided rational design.
The best clone, A107, exhibited a heterodimerization yield of
~93%, which was much higher than that (~77%) of the parent
W-VT Fc variant.

HETERODIMERIC Fc-BASED ANTIBODIES
IN DIVERSE FORMATS

Heterodimeric Fc are compatible with independent fusion of two
different antigen-binding units to the N- and/or C-terminus of
each Fc chain. This facilitates the creation of diverse heterodi-
meric Fc-based antibodies with differences in specificity, binding
valency, geometry of target-binding sites, among others, as sum-
marized in Figure 3 and Table 2.

Monospecific and Monovalent Antibodies
Heterodimeric Fc-based monospecific antibodies (mAbs) with
monovalent antigen binding have been generated by fusion of
the Fab to the N-terminus of only one Fc chain (Fc/Fab-Fc), the
scFv to the N-terminus of only one Fc chain (Fc/scFv-Fc), the
VH-CH1 (HCyh.ctni) and VL-CL to the respective N-termini of
each heterodimeric Fc chain (HCyy.cmi-Fc/LC-Fc), or the VH and
VL to the respective N-termini of each heterodimeric Fc chain
(VH-Fc/VL-Fc) (Figure 3).

The Y-shape of typical IgG antibodies often limits their utility
against some targets, whereby bivalent target-binding dimerizes
and agonizes, rather than antagonizes, the intended targets.
For example, targeting the c-Met receptor tyrosine kinase with
bivalent antibodies can mimic the ligand hepatocyte growth
factor (HGF)-mediated agonism via receptor dimerization (51).
To address this issue, Genentech developed a KiH Fc-based, one-
armed Fc/Fab-Fc format monovalent antibody, onartuzumab
(MetMab), through fusion of a humanized anti-c-Met 5D5
Fab to the N-terminus of only the “hole” of the Fc chain (34).
Whereas the bivalent anti-c-Met 5D5 IgG antibody acted as an
agonist causing c-Met-activated tumor cell growth, rather than
growth inhibition, the monovalent MetMab bound the recep-
tor in a one-to-one fashion to inhibit HGF binding and block
receptor activation, thus acting as an antagonist. Co-expression
of three chains, specifically the Fc, HCyu.cmi-Fe, and LC, from
three respective cistrons on a single plasmid, and targeting these
chains to the periplasmic space of Escherichia coli, efficiently
resulted in the production of MetMab. Purification by size-
exclusion chromatography yielded ~95% purity (34). A clinical
trial of MetMab combined with the epidermal growth factor
receptor (EGFR) kinase inhibitor erlotinib to block metastasis
in non-small cell lung cancer was recently halted in Phase 3, but
other clinical trials with MetMab are expected. The EW-RVT Fc
variant was also applied to make a MetMAb-like monovalent
antibody in the VH-Fc/VL-Fc format, called msMet, wherein
the VH and VL of MetMab were fused to the N-terminus of
each heterodimeric Fc chain (26). As a single agent, the msMet
antibody suppressed the in vivo tumor growth of human gastric
cancer xenografts in mice.
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DD-KK Fc was exploited to generate a monovalent 14D2
antibody, in the HCyu.cui-Fc/LC-Fc format, to target tumor
necrosis factor receptor 1 (TNFR1) by linking the VH-CH1 and
VL-CL of the anti-TNFR1 14D2 antibody to the N-terminus
of each heterodimeric Fc chain (25). The parent bivalent 14D2
antibody showed undesirable activity, specifically activation of
TNEFRI at low doses via cross-linking of the receptor, similar to
that observed for the TNF ligand. However, the monovalent anti-
body was devoid of agonistic activity, and blocked TNF-mediated
chemokine induction in mice. Importantly, the monovalent 14D2
antibody exhibited similar pharmacokinetic profiles as the full-
length IgG when injected in mice.

IgG-Like Formats with Appendages

of scFv and scFab

Heterodimeric Fc technology can resolve the HC mispairing
problem, but still faces the challenge of a LC-pairing problem,
specifically, cognate HCvu.cui-LC pairing in the Fab region,

to generate bsAbs in intact IgG formats (5, 7). To address the
HCvu.ci-LC-pairing  problem, single-chain antigen-binding
units, such as scFv and scFab, have been, respectively, linked to
each heterodimeric Fc chain or tandemly linked to one hetero-
dimeric Fc chain, generating IgG-like bsAbs in formats of
scFv-Fc/scFv-Fc, scFab-Fc/scFab-Fc, Fc/scFv,-Fc, Fab-Fc-VH/
Fab-Fc-VL, Fab-Fc/scFv-Fc, Fab-Fc/scFab-Fc, and scFab-Fc-
(scFv)/scFab-Fc-scFv (Figure 3).

The EW-RVT Fc was exploited to generate a bsAb, dubbed
bsVeMet, simultaneously targeting both c-Met and VEGF recep-
tor 2 (VEGFR-2), with two respective antigen-specific scFvs fused
to the N-termini of each heterodimeric Fc in the format of scFv-
Fc/scFv-Fc (26). The bsVeMet more potently inhibited HGF and
VEGF-stimulated cell proliferation, downstream signaling, and
in vivo angiogenesis than the two parent mAbs.

Furthermore, bsAbs have been extensively designed to recruit
immune effector cells, such as T cells, to tumor cells (52, 53).
Bispecific T-cell Engager (BiTE) was constructed by tandem
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connection of two scFvs, one of which was specific to CD3 on
T cells and the other was specific to a tumor-associated antigen
on tumor cell surfaces. The goal of this strategy was to engage
cytotoxic T cells for lysis of the targeted antigen-expressing
cancer cells, and was first developed by Mack and colleagues
(54). Later, the CD19 X CD3 BiTE blinatumomab was developed
by Micromet and clinically approved in 2014 for the treatment
of relapsed/refractory B-cell acute lymphocytic leukemia (55).
However, the serum half-life of tandem scFv-based BiTEs in
mice was only 5-6 h (56), which was much shorter than that of
Fc-containing antibodies. The fast clearance of blinatumomab
requires infusions or repeated injections to maintain a thera-
peutically effective dose over a prolonged period, specifically,
daily infusions for 8 weeks in clinical trials (57). To improve
pharmacokinetics of such scFv-based BiTEs, a DD-KK Fc-based
bsAb was generated in the scFv-Fc/scFv-Fc format by fusing two
scFvs with different binding specificities, one against human CD3
and the other against a tumor-associated receptor tyrosine kinase
(TARTK), to each Fc heterodimer chain (25). Due to the presence
of the Fc region, the scFv-Fc/scFv-Fc antibody exhibited a much
longer in vivo half-life in mice and could be administered more
infrequently compared to other types of CD3 bispecific scFv
fragments (25). The CD3 X TARTK bsAb completely suppressed
the growth of the TARTK-positive glioma in a xenograft mouse
model.

Xu et al. from Sutro Biopharma (35) produced a KiH Fc-based
BiTE bsAbs using the E. coli-based cell-free expression system.
They designed epithelial cell adhesion molecule (EpCAM) X CD3
bsAbs in the two-armed scFv-Fc/scFv-Fc format or the one-
armed Fc/scFv,-Fc (i.e., Fc/BiTE-Fc) format and further reversed
the two formats by exchanging the “knob” Fc and “hole” Fc fusion
partner. They found that the expression yield and biological
activities, such as dual targeting and tumor cell killing by engag-
ing T cells, was highly variable and depended on the formats.
This suggested that a more sophisticated optimization process is
necessary to determine the optimal ratio of the two expression
plasmids for enhanced cell-free expression of the Fc fusion part-
ner for the two scFvs or the tandem scFv BiTE. Intriguingly, the
KiH Fc-based bsAb (100 kDa) showed significantly longer serum
half-life (T1, ~ 4.9-5.2 days) than the BiTE control (50 kDa)
(T2 = 0.2 days), but were less stable than trastuzumab IgG
(150 kDa) (T, ~ 25 days) and scFv-Fc (100 kDa) (T, ~ 9.1 days)
in mice. This might be attributed to destabilizing mutations in the
CH3 domains of the KiH Fc (35).

Using an HA-TF Fc scaffold, Xencor generated Her2 x CD3
or Her2 X CD16 bsAbs in Fab-Fc-VH/Fab-Fc-VL (dubbed mAb-
Fv) format through the fusion of VH and VL domains of CD3 or
CD16 antibodies to the C-termini of two distinct HCs (23). The
advantage of the mAb-Fv format is improved tumor targeting due
to bivalent antigen engagement through two intact arms of the
IgG mAb, compared to the monovalent target-binding formats,
such as scFv-Fc/scFv-Fc and scFab-Fc/scFab-Fc. However, mAb-
Fv showed non-native oligomeric species and the C-terminal Fv
exhibited inferior affinity to the CD16 or CD3 antigen compared
to the parent Fab. This was most likely due to steric hindrance
and suggested the need for C-terminal-fused Fv optimization.
For these reasons, Xencor adopted an HA-TF Fc-based Fab-Fc/

scFv-Fc bsAb format (dubbed “plug-and-play” platform),
which showed native mAb-like stability and non-compromised
antigen-binding activity (36). For example, the Fab-Fc/scFv-Fc
formatted bsAbs, such as CD123 x CD3 (XmAb14045) and
CD20x CD3 (XmAb13676), are expected to begin clinical Phase
1 trials for acute myeloid leukemia (NCT02730312) and B-cell
malignancies, respectively, in 2016." Glenmark Pharm is also
developing bsAbs in a heterodimeric Fc-based Fab-Fc/scFv-Fc
format (dubbed “BEAT” by Glenmark), in which the heterodi-
meric Fc was designed by introducing mutations, mimicking the
natural association of the heterodimeric T-cell receptor (TCR) «
and P chains, into the interface between the two CH3 domains
of IgG (58).

Schanzer et al. from Roche (37, 59) generated a KiH Fc-based
bsAb XGFR in the format of Fab-Fc/scFab-Fc for targeting EGFR
with the Fab format in one arm and the insulin-like growth factor
receptor type I (IGF-1R) with scFab format in the other arm. The
format of XGFR bsAb, the so-called one arm scFab IgG (OAscFab-
IgG) was devised to prevent incorrect pairing of LCs, while
maintaining the closest possible format to intact IgG. XGFR was
produced with high expression yields comparable to those of the
respective parent IgG mAbs. However, other tested bsAb formats
of IgG-scFv (IGF-1RIgG with C-terminal attachment of disulfide-
stabilized EGFR scFv) and dual-variable domain (DVD)-IgG
(IGF-1R IgG with the N-terminal attachment of EGFR VH and
VL in the HC and LC, respectively) showed ~2-fold and ~16-fold
lower expression yields than that of the OAscFab-IgG format (37,
59). To further increase immune effector functions triggered by
XGFR bsAb, the heterodimeric Fc portion was glycoengineered
to remove the fucosylation, leading to strong antibody-dependent
cell-mediated cytotoxicity. The resulting XGFR demonstrated
potent anti-tumor efficacy in multiple mouse xenograft tumor
models (37, 59). In addition, Castoldi et al. from Roche (38)
constructed a KiHss Fc-based trispecific antibody (dubbed
TriMAD) in the scFab-Fc-(scFv)/scFab-Fc-scFv format, in which
anti-EGFR and anti-IGF-1R scFabs are on the respective arm of
IgG with anti-Her3 scFv to fused to the C-terminus of both chains
or only one chain. The EGFR X IGF-1R X HER3 TriMADb showed
growth inhibitory effects comparable to that of a combination of
each single parental antibody, in a model cell proliferation assay.

Intact IgG Formats with Correct

LC Association

IgG-like bsAbs based on appending scFv and scFab to hetero-
dimeric Fc fragments have overcome HCyu.cii-LC mispairing
issues within the Fab region, but they are limited in their use of
linkers, the length and composition of which often needs to be
optimized. A sub-optimal linker can cause undesirable problems,
such as loss of antigen binding, due to binding site hindrance,
poor expression levels, immunogenicity, poor pharmacokinetics,
and in vivo cleavage. Thus, many attempts have been made to
develop bsAbs that deviate minimally from natural IgG antibodies
without the use of artificial linkers. Since antigen specificity usu-
ally resides in the Fv chain composed of the VH and VL, correct

'http://xencor.com/
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pairing between the cognate HC and LC during co-expression
and assembly of bsAbs is essential to ensure antigen-binding
specificity and affinity. LC mispairing occurs because the Fab
heterodimerization interfaces of VH-VL and CH1-CL between
two distinct antibodies are almost identical, though the comple-
mentarity determining regions (CDRs) of VH and VL are quite
different. Thus, to generate bsAbs using a full-length IgG format,
cognate HCyn.cui-LC pairing should be ensured, in addition
to correct HC pairing by heterodimeric Fc technology. The LC
mispairing problem has been addressed by using a common LC
(15, 16), a domain crossover (CrossMab) (17), and a designed
orthogonal Fab interface (18) (Figure 3).

The use of a common LC, compatible with the two distinct
HCvi.cus, is a straightforward way to construct bsAbs with intact
IgG formats (15). Two mAbs can be first isolated from a human
scFv phage library sharing identical VLs and then assembled into
a single IgG format using KiH Fc-based HC heterodimerization
(16, 60). However, this approach constrains antibody discovery
for two different targets with a single LC or requires novel
antibody libraries, and is difficult to adopt when using two dif-
ferent previously established antibodies. A notable example of an
IgG-format bsAb using a common LC in combination with a KiH
Fc is emicizumab (ACE910) developed by Chugai, which targets
factor IXa and factor X (FIXa X FX) (61, 62). They first generated
various FIXa- and FX-specific mAbs by immunizing mice with
human FIXa and FX antigens and then generated a lead chimeric
bsAb based on the retention of biological activity and the feasibil-
ity of using only one LC (62). FIXa and FX form a complex with
cofactor FVIII but the complex formation is deficient in hemo-
philia A patients. Standard treatment for this disease includes
frequent injection of recombinant or plasma-derived factor VIII
(62). Emicizumab mimics FVIII functions by allowing FIXa and
FX to be close for the formation of the complex. This is because
the distance between the FIXa- and FX-binding sites of FVIIIa
is similar to that between the two antigen-binding site arms of
the Y-shaped IgG. Emicizumab overcomes the short half-life
(T12 = 0.5 days) of recombinant FVIII and is expected the lower
immunogenicity. Emicizumab is now in a Phase 3 clinical study
in patients with hemophilia A (NCT02622321) (42).

To facilitate antibody generation with a common LC, Merus
developed a transgenic mouse (MeMo), engineered to generate
antibodies with a single human common LC and diverse human
HCs (63). The MeMo technology combined with their own CH3-
domain engineered heterodimeric Fc technology allows them to
generate intact IgG-format bsAb (dubbed Biclonics by Merus).?
A Biclonics-based bsAb MCLA-128 targeting Her2 X Her3 is now
being evaluated in Phase 1/2 clinical trials for patients with solid
tumors (64).

CrossMab technology from Roche (17) is another strategy to
solve the HCyu.cui—LC association problem in combination with
KiH Fc technology. This technology keeps one Fab untouched,
whereas the VH or CH1 domain of the other Fab is switched with
partner VL or CL domains. In the early proof-of-concept stage
of CrossMabs, they were evaluated in three formats according to

*http://www.merus.nl/

the crossover region: (1) CrossMab™, crossover of the complete
VH-CH1 and VL-CL domains, (2) CrossMabY# "V, crossover
of only the VH and VL domains, and (3) CrossMab“"-ct,
crossover of only the CH1 and CL domains. Although the three
CrossMab variants showed comparable thermal stability to that
of the parental IgG mAbs, the CrossMab“™"! format showed
only minimal unwanted side products; however, the other two
formats produced some portion of side products (17). For this
reason, the CrossMab“"“" format was predominantly used
over the other two formats. CrossMab-based bsAbs might be
easily derived from pre-existing antibody pairs using domain
crossover without the need for identification of common LC and
the Fab interface mutations, required for correct LC association
(39). Many CrossMAbs have been generated and evaluated
and currently four different CrossMab-based bsAbs are now
in active Phase 1/2 clinical trials (39) (Table 1). For example,
two versions of a VEGF X Ang2 CrossMab“™"“! are currently
being evaluated in clinical trials: (1) RG7221 (Vanucizumab),
one VEGF X Ang2 CrossMab®""“", in Phase 1 in patients with
cancers (NCT01688206) and (2) RG7716, the other tailor-made
VEGF X Ang2 CrossMab“""“", in Phase 2 trials for patients with
macular degeneration (NCT02484690).

The CrossMab®™-“" format was further extended by fusion of a
Fab to the N-terminus to generate the Fab-CrossMab®™-“" format
for trivalent bsAbs (Figure 3). Using this format, IgG-based T-cell
bsAbs (TCBs) with bivalent binding to carcinoembryonic antigen
(CEA), dubbed CEA-TCB, was developed (40). Currently, a
Phase 1 clinical trial of CEA-TCB is ongoing (NCT02324257) for
the treatment of CEA-expressing solid tumors (39). Furthermore,
the genetic fusion of the two different DAFs (dual-action
Fabs, i.e., two-in-one antibody), one EGFR X Her3 DAF and
another Her2 X VEGF DAF, to the N-terminus of each arm of
a KiH-based four-in-one CrossMab“"“" format generated the
EGFR x Her3 X Her2 X VEGF targeting tetraspecific IgG-format
antibody (41) (Figure 3). The same group also generated an
EGFR x Her3 x Her2 X VEGF targeting tetraspecific, tetravalent
antibody by combining the CrossMab®'“* and DVD-IgG tech-
nologies (65), resulting in the Fv-/Fv-CrossMab®-“" IgG format
(41) (Figure 3).

An alternative approach for enforcing correct HCyu.cii—LC
association includes introduction of a set of mutations at the het-
erodimeric VL-CL and VH-CHI interface (18, 66, 67), similar
to modification of the CH3 interface for the heterodimeric Fc
design. In an ortho-Fab IgG approach (18), structure-based
regional design introduced complementary mutations at the
LC and HCvu.cu interface in only one Fab, without any changes
being made to the other Fab (Figure 3). Based on the ortho-Fab
IgG format combined with heterodimeric Fc technology, the
EGFR X c-Met bsAb (LY3164530) from Eli Lilly was generated,
which is currently being evaluated in a Phase 1 clinical study of
patients with advanced or metastatic cancer (NCT02221882).
Zymeworks is also currently developing intact IgG-format bsAbs
generated by the combination of ortho-Fab IgG and ZW1 Fc
technologies.’

*http://www.zymeworks.com/
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In Vitro Assembly of Intact IgG Formats
Heterodimeric Fc technology alone, without the combination
of HCvu.cui—-LC association technology, can generate intact
IgG-format bsAbs by separate expression of two parental
half-antibodies [HC-LC (HL) pairs] and subsequent in vitro
recombination into desirable bsAbs, the assembly of which is
driven by heterodimer-favoring Fc interactions under controlled
biochemical conditions (60). This approach allows the correct
HCvh.cun-LC association during the expression stage of the
parental half-antibody and maintains the cognate HCvu.cii—LC
pairing in the next in vitro assembly step. Spiess et al. from
Genentech (68) further combined the two separate processes
into one step by co-culture of two transformed E. coli cell
lines, each expressing a half-antibody. They demonstrated the
robustness of the technology by producing 28 unique IgG
bsAbs. However, this E. coli expression system was limited to
production of non-glycosylated antibodies. Shatz et al. (69)
applied this technology to a mammalian expression system
to produce glycosylated antibodies. A notable example of a
bsAb prepared using the above manufacturing system is the
TfR X BACE1 bsAb that targets TfR (transferrin receptor) and
BACEI (B-site amyloid precursor protein-cleaving enzyme) (43,
44). In a human TfR knock-in mouse, the bsAb could cross
the blood-brain barrier and accumulated in the mouse brain
where it inhibited BACE1 to reduce brain AP production (44).
This bsAb was validated in preclinical models, and is now on
the path to clinical trials.

Unlike the human IgGl isotype, IgG4 has been shown to
undergo Fab arm exchange (FAE) both in vivo and in vitro,
in which one half-antibody (HL pair) recombines with other
half-antibodies from other IgG4 molecules (10, 70, 71). The
structural basis of IgG4 for FAE resides in the IgG4 core hinge
region (**Cys-Pro-Ser-Cys-Pro*'), and especially the Ser228
residue and the CH3 domains (critically, the R409 residue)
(70, 72). To confer FAE ability to IgG1, two groups engineered
FAE-capable IgG1 by introducing the FAE-associated 1gG4-
specific mutation pairs at the core hinge region and inter-CH3
interface, for example, D221E/P228E/L368Ecu3s—D221R/P228R/
K409Rcnss (dubbed EEE-RRR) from Rinat-Pfizer (73), or only
at the inter-CH3 interface, such as K409Rcusa—K405Lcnse
(dubbed Duobody) from Genmab (72). The retention of the
stable wild-type IgG1 hinge in the Duobody technology might
be beneficial for the generation of bsAbs, which are resistant
to reduction under physiological conditions in vivo and are
much more stable during storage after FAE-mediated manu-
facturing (74). It should be noted that the above two mutation
pairs at the CH3 interface are not enough to predominantly
produce heterodimeric Fc fragments when the two HCs are co-
expressed, unlike the KiH, DD-KK, and EW-RVT heterodimeric
Fc technology. Instead, two mAbs based on the FAE-capable
IgG1 are separately expressed and purified and then mixed
together under mild redox conditions, resulting in a stable
IgG1 bsAb with high yields (greater than 90%) (72-74). The
EGFR X c-Met bsAb (JNJ-61186372) generated by Duobody
technology was effective against EGFR inhibitor-resistant lung
tumors in mice (75).

Fc-FUSED PROTEINS WITH THE
NATURAL MONOMERIC OR
HETERODIMERIC FORM

The genetic fusion of proteins, such as ligand-binding soluble
receptors, cytokines, growth factors, enzymes, and peptides,
to the Fc domain of human IgG1 is a well-established strategy
to extend the serum half-life and often enhance biological
activity through dimerization of the fusion partner (76-78).
Conjugation to the Fc may also enhance tissue penetration of
the fusion partner by FcRn-mediated transcytosis (79, 80). In
addition, the Fc moiety in many cases improves the biophysical
properties of its fusion partner, such as the solubility and stabil-
ity of the protein (81). At the end of 2015, about 11 Fc-fusion
proteins had been clinically approved (82). All of the marketed
Fc-fusion proteins and many others in clinical trials are based
on the wild-type human IgGl Fc, which presents the fusion
partner as a homodimer due to the homodimeric Fc structure.
However, some cytokines and hormones naturally occurring in
monomeric or heterodimeric forms exhibit markedly improved
pharmacokinetics and even biological activities when they are
fused to the Fc in natural forms (83). Thus, Fc-fusion, while keep-
ing the original configuration of the fusion partners, is desirable
for those proteins. However, as described below, generation of
such Fc-fused monomeric or heterodimeric proteins based on
the wild-type Fc is not straightforward (Figures 4A-C) due to
the homodimeric structure. A promising solution to this limita-
tion is the use of a heterodimeric Fc as an alternative scaffold to
wild-type Fc (Figures 4D,E).

Wild-Type Fc-Fused Protein Monomers
Naturally occurring monomeric cytokines and hormones, such
as erythropoietin (Epo), interferon a/f (IFNa/p), and Factor IX
(FIX), Fc-fused proteins in the native monomer format, dubbed
Fc-fused monomers, showed improved pharmacokinetics and
even biological activities, compared to Fc-fused dimers (83).
Epo is a glycoprotein hormone drug of ~34 kDa that exerts its
effects by binding to the Epo receptor to stimulate red blood cell
production (84). Bitonti et al. (85, 86) demonstrated that human
IgG1 Fc-fused Epo in monomeric format (Epo-Fc monomer),
consisting of a single molecule of Epo conjugated to a wild-type
Fc dimer (Figure 4A), exhibited enhanced pharmacokinetic and
pharmacodynamic properties, compared to the Epo-Fc dimer, in
both cynomolgus monkeys and humans. The inferior activity of
the Epo-Fc dimer might be attributed to steric hindrance intro-
duced by two molecules of Epo linked to a dimeric Fc; this could
adversely affect the binding to respective receptors (83). To pre-
pare an Epo-Fc monomer, two plasmids encoding FLAG-tagged
Epo-Fc at the C-terminus (Epo-Fc-FLAG) and untagged Epo-Fc
were first co-transfected into CHO cells. Three protein products
were produced by the cells: the Epo-Fc/Epo-Fc homodimer
(Epo-Fc dimer), the EpoFc/Epo-Fc-FLAG heterodimer (Epo-Fc
monomer), and the Epo-Fc-FLAG/Epo-Fc-FLAG homodimer.
The Epo-Fc monomer was purified using a combination of
protein A chromatography, size-exclusion chromatography, and
subsequently FLAG-affinity chromatography (85, 87).
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FIGURE 4 | Fc-fused monomeric or heterodimeric proteins. (A) Wild-type Fc-based Epo-Fc dimer vs. Epo-Fc monomer. (B) Aglycosylated Fc-fused
GLP-1/GCG monomeric peptide, generated by the LAPScovery technology. (C) Wild-type Fc-based Fc-FSH tandem homodimer vs. Fc-FSH heterodimer.

(D) Heterodimeric Fc KiH-based IgG-fused IL2v monomer, IgG-IL2v, developed by Roche. (E) Potential use of heterodimeric Fc for the generation of Fc-fused
monomeric or heterodimeric proteins to present the fusion partner in its naturally occurring form. The Fc-fused monomer can easily be generated by the fusion of
monomeric protein to the N- or C-terminus of one heterodimeric Fc chain. The Fc-fused heterodimer can be generated by separate fusion of the two subunits of
heterodimeric proteins to each chain of the heterodimeric Fc at the N- or C-terminus.

B GLP-1/GCG-Fc monomer

O » | Flexible PEG Linker

GLP-1/GCG peptide Aglycosylated Fc

IgG-IL2v Immunocytokine

IgG
!!KiHYY
2y

Heterodimer Fc-based heterodimeric protein

Naturally occurring
heterodimeric proteins

Similar to the Epo-Fc monomer, Fc-fused monomer formats
of IFN, IFNa, and FIX exhibited much better biological activ-
ity in the monkey models compared to corresponding Fc-fused
dimers (83). Intriguingly, in the case of IFNa, the IFNa-Fc
monomer showed very similar pharmacokinetics to that of the
IFNa-Fc dimer; however, the IFNa-Fc monomer displayed much
better in vivo efficacy compared to the IFNa-Fc dimer (83). This
enhanced efficacy of IFNa-Fc monomer was also dependent
on the length of the linker between the IFNa and Fc regions.
Longer linker length resulted in increased specific activity of the
IFNa-Fc monomer, indicating that there might have been some
steric hindrance between IFNa and its receptor. The Fc-fused
monomer was then prepared as described previously for the
Epo-Fc monomer. Thus, the desired Fc-fused monomer could
theoretically be prepared up to only 33% of the total expression
yield. Despite many desirable properties of Fc-fused monomers,
the development of wild-type Fc-based monomers faces difficul-
ties associated with isolating desired Fc-fused monomers from

other format mixtures using robust purification steps, and is also
limited by the inherent poor yield of a maximum of 33%.

For Fc-fused monomeric peptides, Kang et al. from Hanmi
Pharm (88) developed a glucagon-like peptide-1 (GLP-1)/gluca-
gon (GCG) dual agonist for the potential treatment of obesity
and diabetes by activating both GLP-1 and GCG receptors based
on LAPScovery™ (Long-Acting Protein/Peptide Discovery)
technology. They chemically conjugated GLP-1/GCG peptides to
only one arm of human IgG1 aglycosylated Fc fragments, pro-
duced from E. coli via a flexible polyethylene glycol (PEG) linker
(Figure 4B). The GLP-1/GCG-Fc monomer exhibited markedly
improved pharmacokinetics and greater in vivo biological activ-
ity compared to the GLP-1/GCG-Fc dimer (89). However, the
preparation of the GLP-1/GCG-Fc monomer was complicated,
requiring separate Fc preparation, in vitro chemical conjugation
of the GLP-1/GCG peptide to the Fc via a PEG linker, and, finally,
multi-step purification of the desired product from the reaction
mixture (89). Based on LAPScovery technology, aglycosylated
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Fc-fused monomers for insulin, human growth hormone, and
granulocyte-colony stimulating factor were developed, and are
now in clinical trials in Europe.*

Wild-Type Fc-Fused Protein Heterodimers
For heterodimeric proteins composed of two different subunits,
the Fc-fusion format, achieved by fusion of each subunit indepen-
dently to separate Fc fragments might be desirable to maintain
biological activity, in comparison to the homodimeric form by
tandem subunit linkage to wild-type Fc. Follicle-stimulating
hormone (FSH) is a non-covalently linked heterodimeric protein
consisting of a and f subunits, and its recombinant protein is com-
monly used for therapy in the treatment of both male and female
infertility (90). However, it requires daily injections for several
days for up to months due to its short half-life (35 h in humans)
(90). To prepare long-acting FSH, Low et al. (91) designed a
human IgG1 Fc-fused FSH in two different formats. One is a
single chain-linked FSH-Fc (Fc-FSH tandem homodimer) with
tandemly linked a-f subunits fused to the N-terminus of the Fc
fragment. The other is a heterodimeric FSH-Fc (Fc-FSH heter-
odimer) with o and p subunits fused separately to the N-termini
of each arm of the Fc fragment (Figure 4C). They found that
the Fc-FSH heterodimer was significantly more active than the
Fc-FSH tandem homodimer, whereas the two Fc-fusion proteins
had similar terminal serum half-lives in both rodents and mon-
keys. It is likely that the architecture of the Fc-FSH heterodimer
might present the @ and p subunits in a more favorable conforma-
tion for bioactivity than that of the Fc-FSH tandem homodimer.
To purify Fc-FSH heterodimers, they inserted a 6 X His-tag into
the C-terminus of the p subunit-fused Fc fragment only. As a
result, whereas the Fc-FSH tandem homodimer was ~90% pure
following a single protein A chromatography step, the Fc-FSH
heterodimer required additional purification by nickel affinity
chromatography to achieve similar purity. However, in addition
to multi-step purifications, such preparations of Fc-FSH heter-
odimers gave lower purification yields (33%) compared to the
total expression yield.

Antibody-Fused Cytokines,

Immunocytokines

Cytokines are key players in controlling immune responses dur-
ing physiological and pathophysiological processes (92). Various
cytokines have been clinically approved for diverse immune-
related diseases, including interleukin-2 (IL2) and tumor necrosis
factor (TNF) as well as INFa for malignant cancer therapy (92,
93). However, the therapeutic efficacy of cytokines is often
hampered by poor pharmacokinetics and significant toxicity
associated with their systemic administration. To overcome such
limitations, antibody-cytokine fusion proteins, the so-called
immunocytokines, have been devised in an attempt to enhance
antibody-mediated tumor tissue targeting of cytokines, and to
increase serum half-lives (93, 94). However, a recent study in
mice using an immunocytokine of IL2-fused to tumor antigen-
specific IgG in format of IgG-1L2, showed that the biodistribution

“http://www.hanmipharm.com/

and pharmacokinetics are entirely governed by the cytokine IL2
moiety, rather than the expected antibody-targeting antigen
specificity (95). The IgG-IL2 predominantly remained systemic
and was associated with innate immune cells expressing IL2
receptors regardless of antigen specificity or FcyR interactions,
whereas the parent IgG antibody was preferentially accumu-
lated in antigen-targeted tumors (95). Rather than the IgG-IL2
immunocytokine, a combination of an anti-tumor antigen IgG
antibody and an untargeted Fc-IL2 monomer was approached for
synergistic anti-tumor immunotherapy (96).

Furthermore, the biodistribution of immunocytokines was
considerably influenced by the ratio of antibody to cytokine. IL12
is a heterodimer (~70 kDa) consisting of heavy (p40) and light
(p35) chain subunits, which are covalently linked by disulfide
bonds (97). In an attempt to develop IL12-based immunocy-
tokines combined with an L19 scFv that targets the EDB domain
of fibronectin, Gafner et al. (98) constructed three different forms
ofimmunocytokines differing in the ratio of antibody to cytokine.
They found that the format with 2:1 antibody to cytokine ratio of
p40-L19 scFv/L19 scFv-p35, a heterodimeric fusion protein in
which the disulfide-linked p35 and p40 subunits of IL12 are fused
to L19 scFv, displayed the highest tumor-targeting performance
in biodistribution studies. Thus, enhanced therapeutic activity
was observed when compared to the other two formats having
1:1 or 2:2 ratio of antibody to cytokine. Similar results were also
obtained with IL12 immunocytokines generated with a differ-
ent F8 scFv antibody (99). With a monomeric cytokine of IL7
(~20 kDa), the same group evaluated the biodistribution of three
different formats of IL7-fused F8 scFv immunocytokines differ-
ing in antibody to cytokine ratios (100). They found that, as in
the case of IL12, the format with a 2:1 antibody to cytokine ratio
showed the highest tumor localization compared to the other two
formats with 1:1 and 2:2 ratios.

Heterodimeric Fc-Fused Immunocytokines
The above results suggest that increasing the antibody to cytokine
ratio results in improved tumor tissue localization via decreasing
cytokine-mediated targeting, which can potentially reduce the
dose-related toxicity. IgG-based immunocytokines have been
typically generated by fusion of cytokines to the C-terminus of
homodimeric Fc fragments of HCs, which present the cytokine
as a homodimeric form (31). However, such IgG-based immu-
nocytokines might display poor pharmacokinetics and distribu-
tion, as shown with IgG-IL2 formats (95, 101). To generate an
IgG-based cytokine monomer format for monomeric (e.g., IL2,
IL4, IL7, IL9, IL15, and IL21) and heterodimeric cytokines (e.g.,
IL12, IL23, IL27, and IL35), a heterodimeric Fc is an attractive
scaffold to present cytokines with native structures. Roche
(102, 103) generated CEA-targeted IgG-fused IL2 monomeric
immunocytokines (CEA-IL2v) by fusion of an engineered IL2
variant (IL2v) to the C-terminus of an antibody with the KiH
heterodimeric Fc to obtain a 2:1 antigen-binding valence to
cytokine ratio (Figure 4D). Similarly, they also developed the
fibroblast activation protein (FAP)-directed IgG-IL2v mono-
meric immunocytokine (FAP-IL2v) (103, 104). Both CEA-IL2v
(NCT02004106, NCT02350673) and FAP-IL2v (NCT02627274)
are now being evaluated in Phase 1 clinical trials.
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CONCLUSION AND PROSPECTS

In summary, immunoglobulin Fc heterodimer technology is very
useful in generation of bsAbs with various antigen specificities
and binding valencies in full-length IgG and IgG-like formats,
while retaining many favorable properties of natural IgG antibod-
ies. As of July 2016, more than seven heterodimeric Fc-based IgG-
format bsAbs are now being evaluated in clinical trials (Table 2).
Nonetheless, there are some issues to be considered for heterodi-
meric Fc-based bsAbs. All of the heterodimeric Fc-based bsAbs
require assembly with three or four separate chains, which often
hampers cell line development for high yield expression. Since
each heterodimeric Fc chain has different mutations in each CH3
domain, the expression level and stability are somewhat different
from each other, often requiring optimizing processes to identify
the best pair between heterodimeric Fc chain and fusion partner
(35). Furthermore, since the so far developed Fc heterodimers
do not reach a 100% heterodimerization yield, the downstream
process to ensure high bsAb purity, to meet clinical needs, should
be considered from the initial stage of the heterodimeric Fc-based
bsAb design.

In addition to bsAbs, heterodimeric Fc technology is now
emerging as a promising scaffold for the generation of Fc-fused
proteins and cytokines in monomeric or heterodimeric formats.
The generation of Fc-fused monomeric proteins with wild-type
Fc fragments is not any more desirable because it requires
additional artificial sequences, such as extra tags for selective
affinity chromatography and also multiple purification steps
with limited purification yields (maximum 33%). Fusion to
heterodimeric Fc fragments can present the fusion partner in its
natural monomeric form for monomeric proteins and peptides as
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A corrigendum on

Immunoglobulin Fc Heterodimer Platform Technology: From Design to Applications in
Therapeutic Antibodies and Proteins
by Ha J-H, Kim J-E, Kim Y-S. Front Immunol (2016) 7:394. doi: 10.3389/fimmu.2016.00394

In the original article, there was an error [wrong description on LY3164530 (Eli Lilly) antibody in
the last paragraph of page 9 of original article].

A correction has been made to section “HETERODIMERIC Fc-BASED ANTIBODIES IN
DIVERSE FORMATS?, subsection “Intact IgG Formats with Correct LC Association’, sixth Paragraph
(line 8-12 of the sixth paragraph) (In the last paragraph of page 9 of original article):

An alternative approach for enforcing correct HCvu.cui—LC association includes introduction
of a set of mutations at the heterodimeric VL-CL and VH-CH]1 interface (18, 66, 67), similar to
modification of the CH3 interface for the heterodimeric Fc design. In an ortho-Fab IgG approach
(18), structure-based regional design introduced complementary mutations at the LC and HCvi.cm
interface in only one Fab, without any changes being made to the other Fab (Figure 3). Zymeworks
is currently developing intact IgG-format bsAbs generated by the combination of ortho-Fab IgG and
ZW1 Fc technologies (http://www.zymeworks.com/).

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way.
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Due to the long serum half-life provided by the neonatal Fc receptor (FCRn) recycling,
the IgG1 Fc has been pursued as the fusion partner to develop therapeutic Fc-fusion
proteins, or as the antibody-derived scaffold that could be engineered with antigen-bind-
ing capabilities. In previous studies, we engineered the monomeric Fc by mutating
critical residues located on the IgG1 Fc dimerization interface. Comparing with the
wild-type dimeric Fc, monomeric Fc might possess substantial advantages conferred
by its smaller size, but also suffers the disadvantage of non-specific binding to some
unrelated antigens, raising considerable concerns over its potential clinical development.
Here, we describe a phage display-based strategy to examine the effects of multiple
mutations of IgG1 monomeric Fc and, simultaneously, to identify new Fc monomers with
desired properties. Consequently, we identified a novel monomeric Fc that displayed
significantly decreased non-specificity. In addition, it exhibited higher thermal stability
and comparable pH-dependent FcRn binding to the previous reported monomeric Fc.
These results provide baseline to understand the mechanism underlying the generation
of soluble IgG1 Fc monomers and warrant the further clinical development of monomeric
Fc-based fusion proteins as well as antigen binders.

Keywords: monomeric IgG1 Fc, non-specific binding, neonatal Fc receptor, half-life, monoclonal antibody

INTRODUCTION

Monoclonal antibodies (mAbs) have become the fastest growing class of biological therapeutics,
with over 50 such molecules approved by the FDA for therapeutic use and hundreds more cur-
rently in clinical development (1-5). Most of the mAbs on the market are IgG1 antibodies partially
because of the long in vivo half-life conferred by their pH-dependent association with the neonatal
Fc receptor (FcRn). The Fc region of IgG1 can bind to FcRn in the acidic environment of the endo-
some after antibody internalization, protecting antibody from degradation until its back to the cell
surface for re-release into circulation at neutral pH (6, 7). This mechanism enables a less frequent
dosing and/or lower dose than other biologics lacking the IgG1 Fc region (8-10). Therefore, it
is promising to develop novel long-acting protein therapeutics based on IgG1 Fc by fusing Fc to
otherwise fast-turnover therapeutic proteins. IgG1 Fc is also being pursued as the novel antibody-
derived scaffold that could be engineered with antigen-binding capabilities, aiming to overcome
the limitations of full-size mAbs, such as poor tissue penetration, high manufacturing cost, and
hindered access to sterically restricted epitopes (11-14).
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However, until now, only a few Fc-fusion proteins have been
approved by FDA, and even fewer Fc-based antigen binders are
in pre-clinical and clinical development. The applicability of IgG1
Fc is largely hampered by its homodimeric nature, resulting in
the large size of fusion proteins and the inability to generate a
monovalent fusion construct. Besides, wild-type IgG1 Fc contains
multiple binding sites in order to interact with a variety of distinct
cell receptors and complement proteins, e.g., FcRn, Fcy receptors
(FcyRs), complement component 1q (Clq), tripartite motif-
containing protein 21 (TRIM21) (15-18), and the introduction
of mutant sites in the Fc region are prone to induce non-specific
binding to irrelevant proteins. Therefore, a key challenge is to
avoid the introduction of non-specific cross-reactivity during the
engineering of IgG1 Fc for desired properties (19), e.g., reduced
molecular weight, improved stability and solubility, or enhanced
in vivo half-life and effector functions.

In the previous studies, we generated a large phage library
(~1.3 x 10° diversity) of IgGl Fc molecules with extensive
mutations in the dimerization interface, and developed a phage
display-based multiple panning/screening strategy to search
for monomeric Fc constructs (20, 21). One of the identified Fc
monomer, designated as mFc, has only four mutations to the
wild-type IgG1 Fc, and is half the size (molecular mass 27 vs.

54 kDa). It was used to generate mFc-based fusion proteins due
to the comparable pharmacokinetics to dimeric Fc. Recently,
we also used mFc as the scaffold for generating antigen bind-
ers (Figure 1A). By introducing point mutations in the CH2
domain and CDR3-grafting onto the CH3 domain of the mFc
scaffold, we successfully identified panels of high-affinity mFc-
based binders against viral and cancer antigens (unpublished
data). However, we found that these binders and mFc per se
exhibited different extents of non-specific binding at high pro-
tein concentrations (>1 pM) to some unrelated antigens, raising
considerable concerns over their potential clinical development.
We hypothesized that the non-specificity came from the intro-
duced mutations at the IgG1 Fc dimerization interface. Hence,
a current priority is to understand the role each of the four mFc
mutations plays in the formation of monomer and introduction
of non-specificity, and translate this information into the design
of a new generation of monomeric IgG1 Fc constructs with
minimal non-specific bindings.

Here, we describe a novel strategy to examine the effects
of multiple mutations of IgGl mFc and, simultaneously, to
identify new Fc monomers with desired properties. Based on
our knowledge of Fc homo-dimerization, we designed a phage
display library that enables a combination of rational and random
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FIGURE 1 | Design and construction of a large Fc mutant library. (A) Representative of mFc used to generate mFc-based fusion proteins or mFc-based antigen
binders. (B) Structure of human IgG1 Fc CH3 domain, showing key residues in its dimerization interface and neonatal Fc receptor-binding region (Protein Data Bank
code 2WAH). (C) Binding of 2uM mFc and Fc to eight recombinant viral proteins and cancer-related antigens (HIV-1 gp140, ZIKV EDII, ZIKV EDIIl, mesothelin, 5T4,
PD-L1, OX40, TIM-3) measured by ELISA. The recombinant antigens were coated on ELISA plates, and HRP conjugated anti-FLAG antibody was used for
detection of Fc and mFc. (D) Sequences of 30 randomly selected clones from Fc mutant library, showing its diversity.
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scanning mutagenesis of seven mFc residues (positions Leu-351,
Thr-366, Leu-368, Pro-395, Lys-409, Met-428, and Asn-434).
All these residues have been previously identified to impact the
Fc dimerization or FcRn binding (Figure 1B) (6, 15, 20-22).
The displayed variants were then subjected to five rounds of
extensive bio-panning based on their conformation, specific and
non-specific FcRn binding. While the non-monomeric mutants
have diverse sequences, the identified IgG1 Fc monomers have
similar positive-charged amino acids at positions 366 and 368
(T366R, L368H), suggesting a critical role of these mutations in
the disruption of Fc dimerization. Importantly, we identified a
novel monomeric Fc mutant that still maintained FcRn-binding
capability, and exhibited significantly decreased non-specific
binding as compared to the previously developed monomeric
IgG1 Fc mutants. These results provide baseline to understand
the mechanism underlying the generation of soluble IgG1 Fc
monomers and warrant the further clinical development of mFc-
based fusion proteins as well as antigen binders.

MATERIALS AND METHODS

Library Construction and Selection

of Fc Mutant Clones

A large phage display library, with an estimated diversity of
1.28 X 10° was constructed by site-directed mutation of four
residues of human IgG1 Fc (Leu-351, Thr-366, Leu-368, and
Pro-395), and randomly mutation of the other three residues,
one located at the CH3 dimer interface (Lys-409) and the other
two located within the FcRn-binding site of CH3 (Met-428 and
Asn-434). The synthesized gene (Genewiz Inc., Suzhou, China)
was cloned into the pComb3x phagemid as described previ-
ously (20, 21). Amplified libraries with 10'? phage-displayed
Fc mutants were used in the following bio-panning. After two
rounds of protein G panning using protein G magnetic beads
(Roche Applied Science), the phages capable of binding to
protein G were amplified from the TGI cells and used in the
bio-panning against FcRn. The FcRn, being composed of alpha
chain (or heavy chain) and a beta 2 microglobulin noncovalently
linked at the 1:1 M ratio, was expressed in mammalian cells and
purified as a soluble protein as previously described. Next, 10'*
phages were mixed with phosphate-buffered saline (PBS, pH 6.0)
and incubated with biotin-labeled FcRn conjugated to magnetic
beads (Invitrogen, Carlsbad, CA, USA) for 1.5 h at room tem-
perature. After incubation, the beads were washed two times for
the first round and increase progressively for the later rounds
with PBS (pH 6.0) containing 0.05% Tween 20. The bound
phages were eluted with PBS (pH 7.4), amplified by infecting
TG1 cells along with helper phage M13KO7 (Thermo Fisher).
Positive clones that bound to FcRn at pH 6.0, but did not bind
at pH 7.4 were randomly picked from the fifth selection round
bio-panning using monoclonal phage ELISA.

Expression and Purification of Fc Mutants
The selected clones were sequenced, and plasmids extracted
from these clones were used for transformation of HB2151
cells. A single and freshly transformed colony was added to 3 ml

2YT medium with 100 pg/ml ampicillin and 2% (w/v) glucose,
incubated at 37°C with vigorous shaking at 250 rpm for 3-4 h,
and then transferred into 200 ml of SB medium with 100 pg/ml
ampicillin for continued incubation until optical density of the
culture at 600 nm reached 0.6. Next, IPTG (isopropyl-1-thio-
B-p-galactopyranoside) was added to a final concentration of
1 mM to induce protein expression, and the culture was further
incubated overnight at 30°C, 250 rpm. Bacteria were collected
by centrifugation at 8,000 rpm for 10 min and re-suspended in
30 ml PBS buffer. Polymixin B (Sigma-Aldrich) (0.5 pm/ml) was
added to the bacteria solution (1:1,000). After 30 min incubation
with rotation at 250 rpm at 30°C, the suspension was centrifuged
at 8,000 rpm for 10 min at 4°C. Proteins were purified using
protein G column (Roche Applied Science) according to the
manufacturer’s protocol. The degree of protein purity was deter-
mined by SDS-PAGE, and protein concentration was measured
spectrophotometrically.

Size Exclusion Chromatography (SEC)
Protein samples were prepared at concentrations of 400-500 pg/ml
in PBS buffer. Each sample (250 pg) was injected onto an ana-
Iytical Superdex 75 10/300 GL column (GE Healthcare) connected
to an FPLC AKTA BASIC pH/C system (GE Healthcare). PBS was
used as the running buffer at the flow rate 0.5 ml/min, and the
eluted proteins were monitored at 280 nm. Fc (50 kDa) and mFc
(25 kDa) were used to define the molecular mass. A minimum
of three independent experiments was performed.

Circular Dichroism (CD)

The CD spectra were collected on a Jasco J-815 spectropolarim-
eter (Jasco International). The protein samples were dissolved
in PBS at a final concentration of 0.25 mg/ml. For evaluation
of thermal stability, the spectra were analyzed by monitoring
the molar ellipticity changes at 216 nm as a function of tem-
perature increase (0.1 cm path length). The instrument was
programmed to acquire spectra at 1°C intervals over the range
20-100°C. A minimum of three independent experiments was
performed.

Binding ELISA

ELISA was used to determine the binding capability of the
selected proteins to various unrelated antigens. All Fc mutants
(mFc, 1-B10-9, 1-D1-15) were expressed in E. coli HB2151, as
described above. Antigens (gpl140, mesothelin, ZIKV EDII,
ZIKV EDIII, 5T4, PD-L1, OX40, TIM-3) were coated on 96-well
ELISA plates (Corning, #3690) overnight with 100 ng/well in PBS
at 4°C, and blocked with 100 ul per well of 3% MPBS (PBS with
3% milk) at 37°C for 1 h. The plates were washed with PBS with
0.05% Tween 20 (PBST), then threefold serial diluted proteins
were added and incubated at 37°C for 1.5 h. Plates were washed
five times with PBST and 50 pl of 1:1,000 HRP conjugated anti-
FLAG antibody (Sigma-Aldrich) in PBS were added per well
before incubation at 37°C for 45 min. After extensive washes
with PBST, the binding was measured by the addition of diam-
monium 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonate)
(ABTS) substrate (Roche Applied Science) and signal reading
was carried out at 405 nm.
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FcRn Binding Measured by Bio-Layer
Interferometry (BLI)

The binding of proteins to soluble human FcRn was measured
by BLI using an Octet-Red96 system (Pall ForteBio) in 96-well
plates (Greiner) at 37°C. Purified human FcRn (biotin labeled)
was diluted in PBS with 0.02% Tween 20 (pH 7.4) and loaded
onto streptavidin coated Dip-and-Read biosensor tips (Pall
ForteBio) until saturation. Next, the tips were washed in the
same buffer (60 s) for blocking unoccupied streptavidin-binding
sites and were placed for 5 min in wells containing proteins. The
proteins were diluted in PBS with 0.02% Tween 20 for the detec-
tion of binding at pH 7.4 or 6.0. A twofold dilution of proteins
(mFc, 1-B10, 1-D1) was prepared from 10 uM to 0.625 pM. Then
the sensor surfaces were regenerated with glycine buffer (pH
1.7) after 5 min of dissociation. The experiments included the
following steps at 37°C: (1) equilibration step with assay buffer
(PBS with 0.02% Tween 20, pH 7.4) for 10 min, (2) baseline
step with assay buffer for 60 s, (3) loading step with 30 ug/ml
biotin-FcRn in assay buffer for 5 min, (4) baseline step with
assay buffer (pH 6.0/7.4) for 5 min, (5) association step with
varying concentrations of proteins in assay buffer (pH 6.0/7.4)
for 5 min, (6) dissociation step with assay buffer for 5 min, and
(7) regeneration step with glycine buffer (pH 1.7) for 5 s, repeat
three times. The curves were fitted based on the 1:1 binding
kinetic model using ForteBio Data Analysis software.

Statistics

Statistical analysis was performed using SPSS 19.0 software. The
comparison of binding capability of the selected Fc mutants to
various unrelated antigens were carried out by Student’s t-test.
All comparisons were two-tailed and p < 0.05 was considered
statistically significant.

RESULTS

Construction of a Large Fc Mutant Library
and Selection of Monomeric Fc

We have previously reported the generation of three mFc proteins
using a combination of rational design and multiple panning/
screening procedure (20, 21). Previous studies have focused on
reducing the molecular weight of Fc. The resulting Fc monomers
were found to possess high stability, FcRn-binding capability
and similar serum half-life as compared to the wild-type IgG1 Fc
in vivo (20). Despite this, we recently found that they displayed
relatively strong non-specific binding to unrelated antigens
at high protein concentration. As shown in Figure 1C, at a
concentration of 2 tM, mFc evidently bound to all eight tested
viral proteins and cancer-related antigens, including HIV-1
gp140, Zika virus (ZIKV) envelope protein domain II (EDII),
domain III (EDIII), mesothelin, 5T4, PD-L1, OX40, TIM-3.
We hypothesized the non-specificity came from the introduced
mutations located at the original CH3 dimmerization interface
of IgG1 Fc, and could be resolved by the change of mutation
sites of mFc. Therefore, based on our knowledge of Fc homo-
dimerization, we designed a phage display library that enables a
combination of rational and random scanning mutagenesis of 7

IgG1 Fc residues (positions Leu-351, Thr-366, Leu-368, Pro-395,
Lys-409, Met-428, and Asn-434). Among them, five residues
(positions Leu-351, Thr-366, Leu-368, Pro-395, Lys-409) were
previously found to greatly impact Fc dimerization, since some
specific combinations of their mutations were able to result in
soluble monomeric Fcs. In light of the experience gained during
the development of monomeric Fcs (20, 21), we simultaneously
mutated Leu-351 to Ser or unchanged, Thr-366 to Arg or His,
Leu-368 to His or unchanged, Pro-395 to Lys or Arg, and Lys-
409 to any of the 20 amino acids (random mutation). Meanwhile,
two other residues (Met-428, Asn-434), the mutation of which
has been reported to enhance FcRn binding, were randomly
mutated to compromise the potential decrease of FcRn-binding
activity due to the mutagenesis. Combination of these mutations
resulted in a large phage display library containing 1.28 x 10°
unique IgG1 Fc mutants. The diversity was verified by randomly
picked and sequenced 30 clones from this library (Figure 1D).

In addition to the library design, we also improved the
library panning procedures to generate clones with decreased
non-specific binding (Figure 2A). In the previous studies, we
screened for phage-displayed soluble and well-folded Fc mutants
by purifying phages with protein G resin. The aggregated or
non-structured mutants were not able to bind protein G and,
therefore, were removed from the library. Although this screen-
ing was quite potent and effective, we realized that the mutants
with high non-specificity can still bind protein G and thus
retained in the following FcRn panning rounds. To address this
issue, in the current study, instead of protein G resin we used
protein G covalently attached to magnetic beads, which enables
the harsh and thorough washing of the bound phages in solution.
Moreover, we panned against protein G magnetic beads for two
rounds, instead of one round of screening in the previous studies
(20), enabling the enrichment of strong and specific protein G
binders and, importantly, the removal of Fc mutants with non-
specific bindings.

After two rounds of protein G panning, the enriched library
was further panned against human FcRn for three additional
rounds (Figure 2A). To isolate binders with pH-dependent FcRn
binding, phages were washed using buffer at acidic pH (6.0)
and eluted from beads using buffer at neutral pH (7.4). Using
this procedure, 45 clones were selected from the final enriched
library by monoclonal phage ELISA. Interestingly, the sequences
of the Fc mutants were very diverse, suggesting that soluble
Fc mutants with potent FcRn binding could be achieved by
multiple combinational mutations.

Next, we assessed the oligomeric state of the Fc mutants by
SEC. All these Fc mutants were highly expressed in soluble form
in E. coli, and 10-20 mg purified protein could be obtained from
1 1 bacterial culture under optional conditions. One Fc mutant,
designated as 1-B10-9, was found to be pure monomeric, with
a single monomer peak eluted at 12.0 ml (Figures 2B and 3A).
Our previously reported monomeric Fc (molecular masses of
27 kDa) displayed an identical pattern with a single peak also
at 12.0 ml (data not shown). All other mutants were found to
exist as a mixture of monomer and dimer, as exemplified by
1-D1-15 (Figures 2B and 3A). Surprisingly, 1-B10-9 has Arg, His,
and Lys at positions 366, 368, and 395, respectively, which are
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identical to the previously reported mFc. This result suggests that
these mutants are essential to maintain a pure monomeric state.
Different from mFc, 1-B10-9 has no mutation at position 351 as
compared to the wild-type Fc, but has two additional mutations,
K409T and M428L as compared to mFc (Figure 2B).

Stability of Monomeric Fc

To detect the thermal stability of the Fc mutants, their CD
ellipticity at 216 nm was measured as a function of temperature.
The previously reported mFc and the wild-type dimeric IgG1
Fc were used as controls. Interestingly, we found that 1-B10-9
and 1-DI1-15 were more stable than the previously identified
mFc. The midpoint transition (melting) temperature (Tm) for
mFc was 58.4 + 0.2°C, which is in consistent with the previous
report (54.3 + 0.1°C) (21). The Tm for 1-B10-9, 1-D1-15, and
Fc were 64.0 + 0.1, 66.6 = 0.2, and 80.6 + 0.3°C, respectively
(Figure 3B). These results suggest that different mutation sites

affect the stability of IgG1 Fc mutants, and that the additional
mutations identified on 1-B10-9 and 1-D1-15 may stabilize the
constructs.

The New Monomeric Fc Binds

to Human FcRn

We next examined whether 1-B10-9 could bind to human FcRn in
a pH-dependent manner as the wild-type Fc or mFc using BLI by
Octet-RED (Pall ForteBio). Streptavidin coated biosensors immo-
bilized with biotinylated human FcRn were exposed to different
concentrations of 1-B10-9, 1-D1-15, mFc, and the wild-type Fc.
The assay was carried out under pH 6.0 and pH 7.4, respectively,
and the biosensors were regenerated with pH 1.7 buffer. As shown
in Figure 4, the wild-type Fc and Fc mutants (mFc, 1-B10-9,
1-D1-15) displayed potent binding to FcRn at pH 6.0. The equi-
librium dissociation constant (Kp) of the wild-type Fc for FcRn
was 0.26 pM with on-rate (ko,) of 1.1 X 10> M~'s™" and off-rate
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was evaluated using 1:1 Langmuir binding model by Fortebio Data Analysis 8.0 Software.
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FIGURE 5 | The binding of IgG1 Fc and Fc mutants (mFc, 1-B10-9, 1-D1-15) to recombinant viral proteins and cancer-related antigens (HIV-1 gp140, ZIKV EDII,
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(kor) 0f 3.0 X 107* 57!, which is comparable to that in the previous
report (Kp of 0.11 uM) (20). The 1-B10-9 displayed very similar
binding kinetics (kon of 1.1 X 10° M™'s7!, kg 0f 5.6 X 107* s7") to
mFc (kon 0f 1.2 X 10° M~'s7!, kogof 6.4 X 10~ s71), while the 1-D1-
15 displayed slightly faster on-rate (3.8 X 10° M~'s™") and faster
off-rate (1.3 X 10~*s7'). All these three Fc mutants (mFc, 1-B10-9,
1-D1-15) exhibited very similar binding affinities to FcRn (Kp of
0.54, 0.49, and 0.35 uM, respectively). On the contrary, the wild-
type Fc and the Fc mutants showed drastically reduced binding to
FcRn when the assay was performed at pH 7.4 (Figure 4). Taken
together, these results demonstrated that 1-B10-9 maintained the
characteristic pH-dependent FcRn binding of IgG1 Fec.

The New Monomeric Fc Has Significantly
Decreased Non-Specific Binding

To evaluate the effectiveness of our strategy in reducing non-
specific binding, we randomly selected a panel of viral or cancer-
related antigens available in our laboratory, and measured the
binding of IgG1 Fc and Fc mutants to these recombinant proteins.
Such antigens include HIV-1 gp140, ZIKV glycoprotein EDII,
EDIIIL, mesothelin, 5T4, PD-L1, OX40, and TIM-3. The ELISA
plates were coated with these antigens and incubated with serial
dilutions of Fc or Fc mutants. As show in Figure 5, the previously
developed mFc displayed relatively strong non-specific binding
to all these proteins especially at the highest concentration tested
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(2 uM). Strikingly, 1-B10-9, as well as 1-D1-15 and IgGl1 Fc,
showed significantly lower (p < 0.05) binding to these antigens at
high concentrations (Figure 5). These results confirmed that the
Fc mutants with significantly decreased non-specificity could be
successfully identified using the present library-based panning
approach.

DISCUSSION

In previous studies, we have described the generation of
several monomeric Fcs (mFc.1, mFc.23, mFc.67, and mFc)
by mutating four to seven critical residues located on the
IgGl Fc dimerization interface (20, 21). The monomeric
Fcs bound FcRn comparably with the wild-type dimeric Fc,
providing direct evidence that Fc dimerization is not required
for effective binding to FcRn. This property is critical for the
developability of monomeric Fc-based therapeutics, as various
studies have demonstrated that half-life of an IgG depends on
its pH-dependent binding to FcRn, and that Fc engineering
to enhance FcRn binding is effective for elongating half-life
or increasing cellular uptake of IgG (6, 14, 23, 24). Based on
this finding, we have furthered our studies and developed
a number of mFc-based or mFc-derived constructs (mono-
meric CH3, CH2-CH3 hybrids, etc.) and used them as fusion
partners to generate monomeric fusion proteins (25-27).
Some of these fusion proteins showed the improved transport
across FcRn-expressing cells and did not induce Fc-mediated
cytotoxicity in vitro (ADCC and CDC) (21). Meanwhile, we
introduced point mutations in the CH2 domain and grafted
CDR3 regions onto the CH3 domain of mFc, we successfully
identified panels of high-affinity binders by panning mFc-
based libraries against viral and cancer antigens (unpublished
data). The size of mFc is largely reduced compared with the
wild-type Fc, and therefore, the mFc-based fusion proteins or
antigen binders could achieve enhanced tissue penetration
and wider range of possible targets, as well as lower production
costs.

In spite of these advantages, in the follow-up study, we
found that the binding to unrelated proteins was generally
observed for such monomeric Fcs, raising potential risks
for their clinical application due to the immunogenicity and
pharmacokinetics-related issues. For instance, the unwanted
formation of antigen-antibody immune complexes can elicit
a variety of downstream effects and further immunogenic
responses (28). Their levels, kinetics of interaction, size,
polyclonal diversity, distribution, elimination, and antibody-
mediated physiological effects can be potentially translated
to clinically observable adverse effects (29, 30). Besides,
unrelated proteins could bind to the FcRn-binding site of the
monomeric Fcs, thereby inhibiting FcRn-mediated recycling
of fusion proteins or mFc-based binders. We reasoned that the
non-specificity came from the introduced mutations during
the generation of monomeric Fc. Therefore, in the present
study, we re-designed a phage-displayed Fc mutant library
that enables a combination of rational and random scanning
mutagenesis of seven mFc residues, and largely improved our

panning and screening procedure with a focus to remove non-
specific binding. Using these strategies, we identified a new
monomeric Fc, 1-B10-9, that displayed significantly decreased
non-specificity. In addition, it exhibited higher thermal stabil-
ity than mFc, and comparable pH-dependent FcRn-binding
capability.

Several conclusions can be drawn from these results. First,
the successful generation of new monomeric Fc with minimal
non-specificity demonstrates the robust performance of the
present approach in reducing non-specific protein binding.
One major difference to the previous strategies probably comes
from the introduction of Protein G magnetic beads to enrich
for the strongest Protein G binders. In contrast to the previous
studies using Protein G resin only to remove unstructured
mutants (20), the application of Protein G beads enabled harsh
and adjustable washing conditions to remove non-specific
binders and to result in focused enrichment of Fc mutants with
the most potent Protein G binding. Only neglectable binding
to unrelated antigens was detected not only for the dimeric
Fc and the monomeric 1-B10-9 but also for 1-D1-15, the Fc
mutant existing as a mixture of monomer and oligomer as
suggested by SEC analysis (Figures 3A,5). This result suggests
that the non-specificity was from the introduced mutation
amino acids, rather than the monomeric nature of Fc mutants.
Interestingly, we found that the non-specificity was probably
not due to the hydrophobicity of these residues, as all the Fc
mutants possess comparable calculated hydrophobicity index
(mPFc, —0.654; 1-B10-9, —0.610; 1-D1-15, —0.553). Second, the
current display-based strategy allows for the examination of
each mutation residues related to the functionality of IgG1 Fc
mutants. This can be achieved by rationally or randomly mutat-
ing the residue of interest in a displayed mutation library and
subsequently analyzing the sequences enriched from bio-pan-
ning for those with particular properties. For instance, whereas
the non-monomeric Fc mutants have diverse sequences, the
identified new IgGl monomeric Fc, 1-B10-9, has the identi-
cal T366R and L368H mutations to the previous reported
mFc, suggesting the essential roles of these two mutations in
maintaining monomeric status. It is possible that a positively
charged surface formed by these two mutations plays a role in
the disruption of dimerization. The 1-D1-15, in contrast, has a
histidine at residue 366 but a leucine at residue 368, and exists
in a non-monomeric form. Besides, the other two residues
that located at the CH3 dimerization interface (residues 351
and 409) may play a crucial role in the non-specific binding of
Fc mutants. Of note, only the previous-developed mFc has a
L351S mutation, suggesting that the Ser-351 residue per se or
the local conformational change introduced by this mFc muta-
tion may contribute to its relative strong non-specific binding
to unrelated targets.

In summary, this study suggests that the new monomeric
IgG1 Fc, 1-B10-9, could be potentially applicable in the engi-
neering and development of novel biopharmaceuticals due to
its high stability, pH-dependent FcRn binding, and significantly
decreased non-specificity compared with the previous reported
monomeric Fc mutants.
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Zi-Wei Ye'!, Shuofeng Yuan', Kwok-Man Poon’, Lei Wen', Dong Yang', Zehua Sun’,
Cun Li', Meng Hu', Huiping Shuai’, Jie Zhou'?, Mei-Yun Zhang', Bo-Jian Zheng’,
Hin Chu'?* and Kwok-Yung Yuen'’%34*

! Department of Microbiology, The University of Hong Kong, Hong Kong, 2 State Key Laboratory of Emerging Infectious
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Hong Kong, Hong Kong, #Carol Yu Centre for Infection, The University of Hong Kong, Hong Kong

Engaging the antibody-dependent cell-mediated cytotoxicity (ADCC) for kiling of
virus-infected cells and secretion of antiviral cytokines and chemokines was incorporated
as one of the important features in the design of universal influenza vaccines. However,
investigation of the ADCC epitopes on the highly immunogenic influenza hemagglutinin
(HA) head region has been rarely reported. In this study, we determined the ADCC and
antiviral activities of two putative ADCC epitopes, designated E1 and E2, on the HA
head of a pandemic H1N1 influenza virus in vitro and in a lethal mouse model. Our data
demonstrated that sera from the E1-vaccinated mice could induce high ADCC activities.
Importantly, the induction of ADCC response modestly decreased viral load in the lungs
of H1N1-infected mice. However, the elevated ADCC significantly increased mouse
alveolar damage and mortality than that of the PBS-vaccinated group (P < 0.0001). The
phenotype was potentially due to an exaggerated inflammatory cell infiltration triggered
by ADCC, as an upregulated release of cytotoxic granules (perforin) was observed in
the lung tissue of E1-vaccinated mice after HIN1 influenza virus challenge. Overall, our
data suggested that ADCC elicited by certain domains of HA head region might have
a detrimental rather than protective effect during influenza virus infection. Thus, future
design of universal influenza vaccine shall strike a balance between the induction of
protective immunity and potential side effects of ADCC.

Keywords: antibody-dependent cell-mediated cytotoxicity, HIN1 influenza virus, hemagglutinin, lung damage,
mice
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INTRODUCTION

Influenza viruses, as one of the major zoonotic pathogens, have
continuously caused global health concerns due to their high
propensity for unpredictable genetic mutation in major surface
antigens, hemagglutinin (HA), and neuramindase. Antivirals and
vaccines are vital in combating the threat of influenza epidemics
and pandemics. However, the increasing usage of licensed antivi-
rals has resulted in the global emergence of amantadine- and/or
oseltamivir-resistant strains of influenza virus. Typical examples
include the worldwide spread of adamantine resistant A(H3N2)
viruses since 2003, oseltamivir-resistant seasonal A(HIN1)
viruses since 2007, adamantane-resistant pandemic A(HIN1)
viruses in 2009, and peramivir-resistant A(H7N9) viruses in
2013 (1). On the other hand, seasonal influenza vaccines have
to be updated annually due to the continuous antigenic drift and
shift (2). Otherwise, the mismatch between vaccinated formula-
tions and that of natural selection would considerably limit the
effectiveness of influenza vaccines.

Neutralizing antibodies have traditionally been thought
to provide protection against influenza viruses. Nevertheless,
the effectiveness induced by such vaccines is limited by the
emergence of mutant viruses that are resistant to antibody-
mediated neutralization (3). In this regard, the quest for
universal influenza vaccines has fueled the interest in broadly
reactive antibodies in addition to direct virus neutralizations.
Antibody-dependent cell-mediated cytotoxicity (ADCC) uses
effector arms of both innate and adaptive immune responses to
eliminate target cells. Natural killer (NK) cells, upon triggered
by specific ADCC antibodies, mediate the clearance of virus-
infected cells (4). The NK cell CD16 receptor recognizes the
Fc portion of IgG1 antibodies that in turn bind to antigens on
virus-infected cells (5). This interaction induces degranulation
of NK cells to release perforin/granzymes as well as secretion
of antiviral cytokines such as interferon-y (IFN-y) and tumor
necrosis factor-o (TNF-a) (5).

Since ADCC could invoke protective immune response
against infections from a broad array of viruses, the ADCC anti-
body response was incorporated as one of the most important
features of potential universal vaccine candidates by the World
Health Organization. Notably, multiple components of influenza
viruses are known to induce ADCC, including the viral surface
proteins such as HA (6) and M2 ectodomain (7, 8), as well as
the internal proteins including NP and M1 (9). The glycoprotein
HA consists of two functional domains, the immunodominant
globular head domain and the more conserved stalk domain (10).
Conventionally, neutralizing antibody response to influenza virus
is dominated by antibodies that target the head region, which
block the virus receptor-binding site. Compared with the bulky
globular HA head, the HA stem region is far less immunogenic,
and antibodies directed to this domain occur at a relatively low
frequency. However, a rare class of neutralizing antibodies that
target a conserved site in the HA stem was reported recently,
which might shed new light for the development of universal
influenza vaccines (6).

We have previously identified two putative ADCC epitopes
that mapped to the HA head of a pandemic HIN1 influenza virus

(11). Both epitopes, designated E1 and E2, revealed by epitope
mapping of convalescent-phase plasma IgG antibodies from
six HIN1-infected human subjects, are dominant and highly
conserved (11). In this study, we further dissected the function
of the two ADCC epitopes in vitro and in a lethal mouse model.
Surprisingly, our results demonstrated that the ADCC response
elicited by the E1 epitope triggered a detrimental rather than
protective effect against influenza virus infection. While the anti-
viral efficacy provided by the stalk-specific ADCC antibodies has
been confirmed (12), our data raised concerns on the side effect
of certain HA head epitopes in devising a universal influenza
vaccine. In this regard, our study suggested that a delicate bal-
ance between protective immunity and over induction of ADCC
should be maintained, which should be an important considera-
tion in evaluating vaccine safety.

MATERIALS AND METHODS

Cells and Viruses

The LA4 cell line, which was derived from mouse lung adenoma,
was maintained in DMEM/F-12 medium (Gibco) supplemented
with 20% heat-inactivated fetal bovine serum (FBS), 50 U/ml
penicillin, and 50 pg/ml streptomycin (P/S). Peripheral blood
mononuclear cells (PBMCs) were prepared by Ficoll-Paque
separation (13) of heparinized whole blood obtained from
healthy BALB/c mice (6-8 weeks old). To prepare the ADCC
target cells, LA4 cells were transfected with an HA expression
plasmid that based on the ¢cDNA fragment of influenza virus
strain A/Hong Kong/415742/2009(HIN1)pdm09. Specifically,
the full-length HA fragment was cloned into a mammalian
expression vector pEAK10 plasmid containing a mouse IgG1 Fc
gene (CH2 + CH3) (14). The pandemic HIN1 influenza virus
strain A/Hong Kong/415742/2009(HIN1)pdm09 was used
for in vitro virus infection; while its mouse-adapted version,
A/Hong Kong/415742Md/2009 (HIN1)pdm09 was propagated
in embryonated hens’ eggs and utilized for in vivo experiment
(15). The viruses were stored in —80°C in aliquot and titrated
by standard plaque assay. All experiments with live viruses were
conducted using biosafety level 2 facilities as described previ-
ously (16).

Mouse Study

BALB/c female mice, 6-8 weeks old, were kept in biosafety level
2 housing and given access to standard pellet feed and water
ad libitum. All experimental protocols followed the standard
operating procedures of the biosafety level 2 animal facilities and
were approved by the Animal Ethics Committee in the University
of Hong Kong (17).

Vaccination

Vaccinations were carried out to immunize the mice with E1 or
E2 or HA epitopes by DNA priming and protein boost. PBS was
used as a negative control. The specified vaccination scheme was
listed in Table 1. To prepare the DNA plasmids, either of the E1
or E2 fragment (11) was cloned into the mammalian expression
vector pEAK10 as described for the HA plasmid construction.
The resultant plasmid DNA (100 pg per mice) was used for DNA

Frontiers in Immunology | www.frontiersin.org

87

March 2017 | Volume 8 | Article 317


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Ye et al.

ADCC Epitopes on HA Head

TABLE 1 | Mouse vaccinations scheme.

Inoculation and bleed Day PBS group (n = 15) E1 group (n = 15) E2 group (n = 15) Hemagglutinin (HA) group (n = 15)
Bleed 0 0 6- to 8-week female mice

Primary inoculate (DNA) 1 PBS (100 pl) E1 plasmid (100 pg/100 pl) E2 plasmid (100 pg/100 pl) HA plasmid (100 pg/100 pl)

Bleed 1 28

Boost 1 (DNA) 29 PBS (100 pl) E1 plasmid (100 pg/100 pl) E2 plasmid (100 pg/100 pl) HA plasmid (100 pg/100 pl)

Boost 2 (protein)? 43 PBS (100 pl) E1 protein (25 pg/100 pl) E2 protein (25 pg/100 pl) HA protein (25 pg/100 pl)

Boost 3 (protein)? 57 PBS (100 pl) E1 protein (25 pg/100 pl) E2 protein (25 pg/100 pl) HA protein (25 pg/100 pl)

Bleed 2 68

Virus challenge 69 (1,000 FPU/mouse for all groups, record the mouse body weight, and survival every day, until day 83)

aSigma adjuvant system was added as adjuvant.

priming of the mice by electroporation. To prepare protein for
vaccination, recombinant HA, E1, and E2 fusion proteins were
expressed in FreeStyle 293FTT™ transient expression system
(Invitrogen) and purified by protein A affinity (GE Healthcare).
Subsequently, proteins were dialyzed and concentrated with
Vivaspin 20 centrifugal concentrator (GE Healthcare), followed
by protein boosting through intramuscular route. Each mouse
received 25 pg protein at each protein boosting. Sera were
obtained at day 68 postimmununization before virus challenge.
Antibody titers raised against E1, E2, and HA in mouse sera were
evaluated by ELISA as previously described with some modifica-
tions (18). Mouse sera collected from the PBS-treated group were
taken as a background control.

Virus Challenge Study

Immunized mice (15 mice/group) were inoculated with five 50%
lethal dose (LDso) of mouse-adapted pandemic HIN1 influenza
virus by intranasal route, i.e., 1,000 PFU/mouse. Animal survival
and body weight were monitored daily for 14 days after virus chal-
lenge. A body weight loss of 30% was set as the humane endpoint.
Three mice per group were randomly selected and euthanized
on day 3 and 5 post-challenge, respectively. Mouse lungs were
collected from the euthanized mice. Half of the lung tissues were
harvested for virus titration by RT-qPCR methods (19), while
the other half were immediately fixed in 10% of PBS buffered
formaldehyde for histopathological analyses as described previ-
ously (20).

Histopathological Assessment

Slides were examined in a blinded manner and scored with
a semiquantitative system according to the relative degree of
inflammation and tissue damage (21-24). Inflammation was
scored as follows: 0, no inflammation; 1, perivascular cuff of
inflammatory cells; 2, mild inflammation (extending through-
out 25% of the lung); 3, moderate inflammation (25-50% of
the lung); 4, severe inflammation involving over one half of
the lung.

ADCC Assay

Antibody-dependent cell-mediated cytotoxicity activity, reflected
by the rate of cell death, was measured by a flow cytometry-based
assay that described previously with some modifications (11).

Generally, the PKH-67 dye (Sigma) was utilized to label the target
cells, i.e., HA-transfected LA-4 cells; while 7-Aminoactinomycin
D (7-AAD; Invitrogen) was used to stain the dead cells that medi-
ated by ADCC activity. Experimentally, PKH-67-labeled target
cells and unlabeled effector cells (i.e., PBMCs) were prepared in
RPMI 1640 medium (Gibco) containing 10% FBS and 1% P/S with
a cell density of 10° and 10° cells/ml, respectively. Subsequently,
50 pl of target cells were dispensed into a round-bottom 96-well
plate, followed by addition of 1 ul of mouse serum. Mouse serum
concentration in each group was normalized before addition
according to their titers determined by ELISA. One hour after
incubation, 50 pl of effector cells were added to incubate with the
target cells. Three hours later, another 1 pl of 7-AAD was added
to each well before performing the flow cytometry. Cell death
was determined with a FACSAria III flow cytometer using the
BD FACS software (BD Biosciences). Percent cell death was cal-
culated by software analysis of four identifiable cell populations:
live effector cells (no dye), dead effector cells (7-AAD positive),
live target cells (PKH-67 positive), and dead target cells (PKH-67
and 7-AAD double positive). Assay controls used to define cell
populations included target cells alone (background cell death)
and target cells with 1 pl Triton X-100 added (maximum cell
death). Percent ADCC was calculated as [(percent experimental
lysis — percent spontaneous lysis)/(percent maximum lysis — per-
cent spontaneous lysis)] X 100%, in which percent spontaneous
lysis refers to the percent lysis of infected cells with effectors but
in the absence of serum, while percent maximum lysis refers to
the percent lysis of infected cells with effectors in the presence of
1% Triton X-100. Experiments were performed in triplicate and
repeated twice for confirmation.

Confocal Imaging

Immunostaining was performed as previously described to
visualize perforin expression in mouse lung tissues (25).
Rat anti-mouse perforin (abcam Ab16074) and goat anti-rat
Alexa 594 were used as primary and secondary antibodies,
respectively. Images were acquired with a Carl Zeiss LSM 780
system.

Quantitative Real-time RT-PCR

RNA extraction, reverse transcription, and qPCR were performed
as previously described (26, 27). In brief, total RNA was extracted
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from mouse lung with RNeasy Mini Kit (Qiagen) and reverse
transcribed with Transcriptor First Strand cDNA Synthesis Kit
(Roche). Real time PCR was performed using LightCycler® 96
(Roche) machine according to the manufacturer’s instructions.
Relative gene expression was normalized to the corresponding
B-actin values. The sequences of the primers for RT-qPCR are
listed in Table S1 in Supplementary Material.

Statistical Analysis

Statistical comparison was performed by Student’s t-test using
GraphPad Prism 6. Differences were considered statistically
significant when P < 0.05.

RESULTS

ADCC Responses Are Enhanced by the
Sera of E1-Vaccinated Mice

In our previous study, we mapped two putative ADCC epitopes,
El and E2, on the HA head region. By depleting E1 and/or E2
from clinical plasma IgG antibodies, the ADCC activity dropped
significantly, which suggested that the two epitopes played
potential roles in eliciting ADCC (11). In this study, we sought
to confirm the function of these putative epitopes in the induc-
tion of ADCC activity using a mouse model. Immunization of
mice gave raise to IgG titers against the E1, E2, or HA protein,
as quantified by ELISA (Figure 1). A prime/boost immunization
strategy was adopted, and mice that immunized with PBS or HA
were included as a negative or a positive control, respectively

A 351 E1 = 1:200
3.0 =3 1:400
= 3 1:800
E 2.5 3 1:1600
—_ 3 1:3200
3 201 £ 1:6400
< @ 1:12800
E‘ 1.5 @ 1:25600
O 1.0
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0.0-
E1-serum HA-serum PBS-serum
B 25- . 1:200
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=3 1:800
2.04 3 1:1600
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FIGURE 1 | Detection of binding activities in mouse serum samples.
ELISA was used to measure antibody titers in serum samples collected from
the mice vaccinated with E1 (E1-serum), E2 (E2-serum), HA (HA-serum), or
PBS (PBS-serum) on day 68. Binding was tested against either the antigen
E1-Fc (A) or E2-Fc (B), respectively. Binding intensities were measured at an
absorbance of 450 nm. The experiments were conducted in triplicate. Data
shown represents the mean values + SD (n = 6).

(Table 1). Our results indicated that serum samples from mice
vaccinated with E1 (Figure 1A) or E2 (Figure 1B) both exhibited
strong dilution-dependent antibody responses, reaching a titer of
more than 1:5000. Additionally, using HA as the coating antigen
for ELISA, we demonstrated that E1 and E2 sera could bind full-
length HA at a comparable efficiency (Figure S1 in Supplementary
Material). Taken together, our data suggested that the vaccination
was successful and the resultant serum samples could be utilized
for further investigations.

Next, ADCC activities in serum samples from E1-, E2-, or
HA-immunized mice were evaluated by flow cytometry-based
ADCC assays. To this end, the HA-transfected LA4 cells were
labeled with the cell-membrane marker PKH67 and utilized as
target cells for ADCC-specific antibody binding. Subsequently,
the vaccinated mouse serum was added to bridge the interac-
tion between target cells and PBMC effector cells (Figure 2).
The presence of ADCC-mediating antibody was determined
by analyzing the cytotoxicity rate within the cell mixture that
contained the target cells, serum, and effector cells, in which
the dead target cell population was revealed by the cell death
marker, 7AAD (Figure 3). As shown in Figures 3A-G, sera
from the El-vaccinated mice consistently triggered the highest
7AAD + rate among all evaluated groups, suggesting that a
higher percentage of cell lysis was induced in the E1 group in
comparison to the other groups. The percentage of cytotoxicity
was normalized using the formula reported by Srivastava et al.,
with spontaneous and maximum cell cytotoxicity rate taken into
consideration (11). Quantitatively, sera from the El-vaccinated
mice elicited a significantly increased (P < 0.05) ADCC activity
in comparison with the PBS-vaccinated group (Figure 3H). Of
note, though sera from the E2-Vaccinated mice triggered a subtle
increase in ADCC activity, the difference was not statistically
significant (Figure 3H). Intriguingly, albeit HA contained the
E1 epitope, sera from the HA-vaccinated group did not induce a
significantly elevated cytotoxicity response in comparison to that
of the PBS control group (Figure 3H).

E1-Vaccinated Mice Are Adversely

Affected by ADCC

Since E1 was capable of inducing ADCC activities, we hypoth-
esized that El-vaccinated mice could potentially be protected
by the elicited ADCC activity after influenza virus challenge.
To this end, we inoculated the vaccinated mice with pandemic
HINTI influenza virus in a lethal mouse model (Figure 4A).
As shown in Figure 4B, mice in the HA-vaccinated group, as a
positive control, demonstrated a substantial reduction of viral
load on both day 3 and day 5 post-inoculation in comparison
to the PBS-vaccinated group. Importantly, we detected an
approximately one log decrease of viral load in the mouse
lungs of the El-vaccinated group in comparison to that of the
PBS-vaccinated group on day 5 post-inoculation, while no sig-
nificant difference could be observed between the two groups
on day 3 post-virus challenge (Figure 4B). In addition, the
viral load in the lungs of the El-vaccinated mice was notably
lower on day 5 when compared with that of day 3, suggesting
that the ADCC effect was triggered between day 3 and 5 post-
inoculation (Figure 4B).
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In parallel, we measured the survival rate and body weight
changes of the mice. As shown in Figure 4C, all mice from the
HA-vaccinated group survived the course of infection while all
mice received PBS-treatment died, indicating that the virus chal-
lenge was successful. Unexpectedly, our results demonstrated
that the mice in the E1-vaccinated group succumbed to influenza
virus infection at a significantly earlier time (P < 0.0001) post-
inoculation when compared with that of the PBS-vaccinated con-
trol group (Figure 4C). In line with the survival rate, mice from
the E1-vaccinated group suffered from an apparently accelerated
weight lost starting on day 3 post-inoculation in comparison to
mice from the PBS- and E2-vaccinated groups, although the dif-
ference did not reach statistical significance (Figure 4D).

Next, we carried out histopathological examinations on the
lung sections of the virus-infected mice. Using uninfected mouse
lung tissues as a control (Figures 5I,]), our observation showed
that on both day 3 and day 5, mice from the HA-vaccinated group
(Figures 5G,H) exhibited ameliorated alveolar morphology
changes when compared with those from the E1 (Figures 5C,D),
E2 (Figures 5E,F), and PBS (Figures 5A,B) groups. Importantly,
the lung pathological scores of mice from the HA-vaccinated
group on both day 3 and day 5 were significantly lower than those
of the PBS-treated mice (Figures 5K,L); while mice from the
El-vaccinated group suffered from a significantly more dramatic
interstitial inflammatory infiltration than that of the PBS-treated
mice on day 5 (Figure 5L). This result indicated that the detri-
mental lung damage of E1-vaccinated mice, possibly triggered by
ADCC, might account for the reduced viral load in lungs as well
as the earlier drop in survival.

To address whether the severe lung damage in the
El-vaccinated group could be attributed to the ADCC effect, we

performed immunofluorescence staining to visualize the expres-
sion level of perforin among different mouse groups. Perforin is
released by activated NK cells and is known as a marker of ADCC
activation (28). As quantitated in Figure 6M, the El-vaccinated
mice (Figures 6D-F) demonstrated the highest perforin expres-
sion level in the lung sections amongst the other three groups on
day 5 post infection (Figures 6A-C,G-L). However, the mRNA
expression level of perforin was not significantly different across
all evaluated groups (Figure 6N).

Binding of Fc receptor (FcR) on effector cells triggers the
secretion of cytotoxic granules as well as antiviral cytokines
and chemokines, such as IFN-y and TNF-a (4). To investigate
if elevated expression of proinflammatory cytokines might con-
tribute to the lung damage, we measured the mRNA expression
level of representative cytokines including TNF-a (Figure 7A),
IL-1p (Figure 7B), and IFN-y (Figure 7C) in the mouse lungs
samples. Our results showed that the gene expression of all three
proinflammatory cytokines were significantly enhanced in the
El-vaccinated group when compared with those of the PBS-
treated group (Figure 7), which were in line with the perforin
protein expression pattern in Figure 6. Together, our data sug-
gested that the E1 epitope from the HA head domain mediated
unfavorable ADCC that resulted in a more severe lung damage
and exacerbated mouse mortality despite a successful control of
the HINT influenza viral load.

DISCUSSION

Antibody-dependent cell-mediated cytotoxicity, as a bridge of the
innate and adaptive immunity, plays important roles in humoral
and cellular immune response (4, 9). Since ADCC antibodies are
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known to recognize a wide range of viral proteins that lead to the
lysis of virus-infected cells, a better understanding on the ADCC
mechanism during influenza virus infections will facilitate the
development of universal influenza vaccines with broader protec-
tions (4, 9, 29). The conserved viral proteins or domains, such as
M2 extracellular domain and HA stem domain, have been widely
studied as potential targets of domain-based universal influenza

vaccines. Jegerlehner and colleagues have demonstrated that the
protective role of M2 ADCC-mediating antibodies was depend-
ent on FcR (7, 8). DiLillo et al. provided further support that the
influenza-specific ADCC antibody, though elicited by the HA
stem, also required FcRs interaction for protection against lethal
influenza infection (6). Collectively, both studies highlighted
the functional importance of FcR during ADCC-mediated virus
clearance. On the other side, unexpected cases have been reported
that young adults without prior exposure to the 1968 H3N2 virus
produced robust ADCC-mediating antibody response upon
infection of this virus strain. Some individuals even possessed
cross-reactive ADCC-mediating antibodies toward avian H5N1
and H7N7 strains in the absence of prior exposure (30). However,
the mechanism of such antibody responses remains unclear to
date.

In this study, we investigated the ADCC effect of the two puta-
tive HA head epitopes in vitro and in vivo. Our data demonstrated
that El-induced ADCC activity against HIN1 influenza virus
infection in vitro (Figure 3). Unexpectedly, although E1 vaccina-
tion decreased the viral load in HIN1-infected mice (Figure 4B),
it induced exacerbated lung damage (Figure 5) and a higher
level of NK activity (Figure 6) that accelerated mouse death
(Figure 4C). NK cells, which offer the first line of defense against
virus infection, have been widely considered to be beneficial to
the host during viral infections. However, a recent report by Zhou
et al. revealed that adoptive transfer of NK cells from influenza
virus-infected lungs, but not uninfected lung, resulted in a more
rapid weight loss and increased mortality of virus-infected mice
(31). This finding was in line with our observation that E1-induced
ADCC exhibited deleterious impact to promote mortality during
influenza virus infection.

Most healthy donors have a persistently low level of cross-
reactive ADCC-mediating antibodies, while these cross-reactive
antibodies are found in individuals in the absence of detectable
neutralization (4, 9). In our previous study, both E1 and E2
epitopes were identified as putative regions that could induce
ADCC activity. The depletion of such antibodies in human
plasma significantly decreased the ADCC effect. However, for
certain samples, it appeared that more diluted plasma exhibited
higher ADCC activity than less diluted plasma, and the use of IgG
antibodies at a low concentration led to a higher ADCC activity
than the use of IgG antibodies at a high concentration (11). To
date, there is no conclusive study on the correlation between anti-
body concentration and ADCC activity, neither was the optimal
concentration of ADCC antibodies that could protect against
virus infection elucidated. In this context, we demonstrated here
that an overwhelming production of ADCC antibodies in the
absence of neutralization might not play a protective role against
influenza virus infection. Indeed, multiple factors such as satura-
tion of antibodies or interference from non-ADCC antibodies
may contribute to the induction of ADCC (4, 11). In this case, the
threshold level of protective ADCC-mediating antibodies should
be investigated in further studies.

Various ADCC assays that mainly differ in the choice of
effector cells and measurement of ADCC activity have been
reported (4, 9). For example, some studies used HA-transfected
or virus-infected A549 cells as target cells, which were susceptible
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to NK cell-mediated ADCC after incubating with the sera from
healthy donors or clinical blood samples (6, 32, 33). In our case, we
isolated PBMCs from healthy mice as effector cells and measured
the death rate of target cells in the presence of vaccinated mouse
sera (Figure 2). At the same time, utilization of flow cytometry for

T T
PBS E1 E2

FIGURE 5 | Lungs of E1-vaccinated mice exhibit more severe
histopathological changes upon influenza virus infection. Representative
histologic sections of the lung tissues from the mice harvested on day 3 and 5
post-inoculation were stained with H&E. The level of inflammatory infiltrate and
thickening of the alveolar septum (as alveolar damage) was detected in
samples from mice vaccinated with PBS (A,B), E1 (C,D), E2 (E,F), and HA
(G,H). Lung tissues from the uninfected normal mice were included for
comparisons (l,J). The black arrows indicate inflammatory cell infiltration. Scale
bars represent 20 pm. (K,L) Pathological changes were scored as the criteria
indicated in Section “Materials and Methods” (P < 0.05; **P < 0.01).
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quantitation of cell cytotoxicity provided an efficient and precise
way to assess the ADCC responses (Figure 3). Importantly, the
HI1N1-infected LA4 cells showed a low background of cell death
in the absence of antibodies (Figure 3C), which suggested LA4 as
an ideal cell line for the mouse-specific ADCC assay. Collectively,
the established in vitro ADCC assay, together with the BALC/c
mouse model, might be applied for the evaluation of other
influenza-specific ADCC epitopes.

Experimental mouse models are an invaluable scientific
resource that allow comprehensive investigation of key biological

questions in vivo and provide an essential platform in the study of
many human diseases. It has been widely acknowledged that the
mouse and human antibody repertoire share a general similarity
(34-36). However, differences in germline antibody repertoire
exist between species, and the number of mature naive B cells
from mice is smaller than that from humans (37). Both variations
may contribute to the dissimilarities in the antibodies elicited by
the El-containing fragments in humans compared to those in
mice. Due to the diversity of the B cell antigen receptor repertoire
between the mouse and human model, the antibodies bind to the
same fragments in distinct host models might potentially have
slightly different epitopes. Alternatively, there may be funda-
mental differences between murine and human in terms of the
regulation in NK cell cytotoxic granule secretion (38).

Surprisingly, distinct expression patterns of perforin were
detected between protein (Figure 6M) and mRNA (Figure 6N)
levels. The discrepancy might be explained by a previous finding
that resting murine NK cells are “pre-armed” with high amounts
of perforin mRNA, which can be rapidly translated into protein
upon activation in vitro and in vivo (38). This mechanism of
murine NK cells facilitates a better control of perforin expres-
sion, allowing a rapid production of effector proteins without
the need of de novo gene transcription (38). Upon activation,
ADCC effector cells produce various cytokines such as TNF-a,
IL-1p, and IFN-y. Further, cytokines may represent one of the
arming pathways that stimulate the translation of perforin (38).
Notably, human NK cell is minimally cytotoxic at rest, expresses
little perforin protein, and becomes potently cytotoxic only
after cytokine activation (39, 40). Our result showed that TNF-
a, IL-1P, and IFN-y were significantly elevated in E1-vaccinated
group when compared with those of the PBS-treated group
(Figure 7). In this regard, the upregulation of these cytokines
may activate the cytotoxic perforin to cause the detrimental
damage in mouse lungs.

In our previous study, E1 and E2 epitopes were located on
the HA head (Figure S2 in Supplementary Material), both of
which are conserved in HIN1 strains from 2009 (2009_H1NT1)
(11). To date, however, the role of HA head during influenza
virus infection and ADCC activation has not been fully deline-
ated. In a recent study, DiLillo and colleagues reported that
neutralizing antibodies targeting the HA stem but not the HA
head were capable of conferring influenza-specific ADCC (6).
They proposed that only the anti-stem antibodies could bind
in a correct conformation to ligate FcRs, which was based on
the observation that a strain-specific anti-HA head antibody
(PY102) was unable to mediate FcyR binding and to protect
mice. On the other hand, HA head-induced ADCC activities
were reported by a number of other groups (41-43), which was
in agreement with our findings. The discrepancy between these
observations might be due to the sequential and structural
variations among subtypes/strains of influenza virus used.
Interestingly, although both E1 and E2 epitopes are located on
the HA head, serum from the HA-vaccinated group did not trig-
ger a significantly elevated cytotoxicity response (Figure 3H),
implying that additional regulators exist to control the ADCC
activity.
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In summary, we provided in vitro and in vivo evidence to verify
the effect of the HA head epitope E1-mediated ADCC. Importantly,
our data suggested that E1-mediated ADCC alone caused detrimen-
tal effect during influenza virus infection, which raised concerns on
using this conserved non-neutralizing region of the HA head in
future designs of a universal influenza vaccine. In fact, the “headless
HA” has been recommended in several vaccine designs that aimed to
make use of ADCC antibodies (44-47). Our data provided further
evidence in support of this “headless HA” vaccine design strategy.
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The functions of immunoglobulin transporting receptors (Ig transporting receptors) in
immune system encompass from passive immunity to adaptive immunity by transporting
immunoglobulins (Igs) and prolonging their half-life as well as enhancing immunosur-
veillance. Prior to the weaning, Ig transportations from mother to offspring confer the
immediate passive immunity for neonates. After the weaning, FCRn and polymeric
immunoglobulin receptor on infant intestinal epithelial cells retrieve Ig in intestinal lamina
propria into the gut lumen for preventing pathogen invasion. This is not only improving
the pathological consequences of infection but also helping the neonates for develop-
ing their own immune response; besides it would be the guidance for designing novel
vaccines. Moreover, the investigations on Ig transporting receptors over-expressed
transgenic animals have been carried out to improve Ig concentrations in serum and
milk; thus, it would be a sustainable method to produce antibody-enriched milk-derived
colostrum replacer for neonates. In order to generate mammary gland bioreactor, a series
of methods have been developed for enhanced regulation of Ig transporting receptors
expression and Ig transportation.

Keywords: immunoglobulin transporting receptors, immunoglobulins, immunity, bioreactor

INTRODUCTION

The continuous supply of maternal IgG1 (ruminants) and IgA (monogastric) confers the passive
immunity to neonatal mammals until weaning. Neonatal Fc receptor (FcRn) and the polymeric
immunoglobulin receptor (pIgR) are responsible for the transportation of these maternal immuno-
globulins (Igs). FcRn has been considered as a saturable receptor that mediates the passive transfer
of IgG from mother to offspring and protects IgG from catabolism (1). pIgR is responsible for
the transport of pentameric IgM and/or dimeric IgA by binding with their joining peptide chain
(J-chain) (2). The binding affinity of pIgR toward IgM and IgA is differing among the species; high
affinity could be found in human and bovine compared to mice and rats (thereby less IgM and IgA
secretion in the milk) (3, 4). The expressions of FcRn and pIgR in mammary gland vary among
different animal species and influence the level of Igs in milk. For instance, IgA constitutes 90% of
total milk Igs in monogastric species, but it is only 9% in case of bovine (5).

The Igs transport from mother to offspring occurs through placenta and small intestine; these two
sites exhibit different significance in different animals (1, 6, 7). Passive immunity relies on prenatal
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IgG transfer mediated by FcRn on placental syncytiotrophoblasts
in monogastric animals, whereas in ruminants, it relies on Ig
absorption from colostrums after birth (1, 8). It has been reported
that the FcRn expressed on antigen-presenting cells (APCs) could
bind with antigens; then, the immune complexes are delivered
to dendrtic cells (DCs) for primary immune response (9, 10). In
addition, the pIgR on the mucosal surfaces could translocate the
secretory IgA (SIgA) from the lamina propria into intestine and
maternal precursors of IgA-containing cells would home to the
mammary gland where they secrete IgA into milk (11-13). Thus,
the FcRn and pIgR could protect animals from the pathogen
invasion in intestinal, respiratory and reproductive systems,
and/or dietary antigens (1, 12). Hence, both FcRn and pIgR play

important roles for not only strengthening passive immunity but
also promoting active immunity. It has also been observed that
significant increase in humoral responses and mAbs production
without any sign of autoimmunity in the transgenic (tg) mice
(14-16).

Numerous studies have reported that multi-copies of FcRn and
pIgR in animals could exhibit an increased ability in strengthen-
ing immunity. Besides, the strategies of genetic engineering and
molecular regulations have been applied to regulate the expression
of FcRn and pIgR. Factors involved in the regulation of passive
immunity transfer and immunosurveillance are summarized in
Figure 1. This review aims to summarize the vital roles of FcRn
and pIgR for the improvement of passive immunity and adaptive
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immunity; as well as the strategies coupled with the regulations
of FcRn and pIgR.

PASSIVE IMMUNITY IMPROVEMENT
MEDIATED BY FcRn OR pigR

Ruminants are born hypogammaglobulinemic (reduction in all
types of gamma globulins). The young ungulates are depending
on mammary secretion of colostrum and intestinal absorption of
Igs prior to the development of their own humoral defense system
for enhancing intestinal and systemic protection (18). In general,
aminimum of 150-200 g of IgG is required for achieving adequate
passive transfer within 2 h after birth (19). A failure of passive
immunity delivery will occur when a threshold concentration
of IgG is not reached before closure occurs (20). Moreover, in a
mice study, lacking of maternal antibodies led to delayed genera-
tion of their own IgG compared to the normal littermates (21).
As such, the intake of antibody-enriched milk (for the neonates)
is necessary for the establishment of animals’ adaptive immune
defense in early life. Since milk is a convenient source of antibody
collection, bovine is the superexcellent choice used for polyclonal
and monoclonal antibody production. In FcRn over-expressed
tg rabbits immunized with ovalbumin, a long serum persistence
of IgG (7.1 + 0.46 days when 5.3 & 0.3 days in control group) and
the highest IgG level [31.61 + 2.7 mg/ml while 14.8 + 2.6 mg/
ml in wild type (wt) (p < 0.01)] were observed (22). In addition,
it has been observed that more IgG were transported into milk
after upregulated the expression of FcRn receptors in the mam-
mary glands of possum, rabbit, and bovine (23-25). On the other
hand, continuous milking is defined as a management system
without a planned dry period; it has been described to reduce
health problems common in periparturient cattle, but result-
ing in reduction on colostrum Ig and subsequently calf health
(26-28). In FcRn over-expressed tg bovine, the increased IgG
protection and transportation could be achieved with adequate
IgG along with continuous milking; thus, it reduces the health
problems associated with the high yielding transition cow. FcRn
or pIgR over-expression in bovine could also be useful for the
treatment of mastitis. In general, the control of mastitis during
lactation relies on administration of antibiotics or non-steroidal
anti-inflammatory drugs; nonetheless, the antibiotic treatment
is inefficient and the antibiotic residues would pass on to milk
(29). The tg bovine over-expression of pIgR could increase the
SIgA in the mammary gland; it would provide stronger and
longer protection against the mastitis pathogens from the envi-
ronment. The free secretory component (SC), the extracellular
ligand-binding region of pIgR, is an important component of
innate anti-microbial defense (11). In addition, IgA-containing
cells would home to the mammary gland when there is inflam-
mation, increased pIgR in mammary gland of tg bovine could
transport more SIgA to resist environmental pathogens as well
as continuous supply of Igs into milk. Ig-enriched milk from tg
animal is an effective alternative to antibiotics, the widespread
use of antibiotics alternatives would reduce antibiotic resistance,
accordingly, to better maintain the intestinal homeostasis, espe-
cially to the newborn (30, 31).

ADAPTIVE IMMUNITY IMPROVEMENT
MEDIATED BY FcRn AND pigR

The presence of FcRn on APCs suggests that FcRn may influence
the antigen presentation (32, 33). Generally, vaccines exhibit a
shorter half-life (several hours) but immunogen containing
IgG-Fc exhibits longer half-life (20 days) with the confirmed
involvement of FcRn on enterocytes and APCs; further it could
reach up to 30 days in FcRn over-expressed animals (34). The
immunization of FcRn over-expressed tg mice led to 3- to 10-fold
increases of antigen-specific IgM and IgG in serum, as well as
higher number of antigen-specific B cells and DCs in spleen (16).
The elevated antigen-specific IgM and IgG levels were proposed
to be the result of the increased diversification of the antigen-
specific Ab repertoire (35). bFcRn tg mice immunized with a
conserved hemagglutinin subunit 2-based synthetic peptide
mounted a robust immunoreaction on day 28 that continued
to rise through day 50 while wt mice showed a weak immune
response (14). The strength humoral immune response was
owing to a higher level of ICs and their increased phagocytosis
by the tg neutrophils (NE) and greater influx of these cells into the
regional secondary lymphoid organs (35, 36). In another study, tg
mice expression of bovine FcRn (bFcRn) in secondary lymphoid
organs can boost a threefold of antigen-specific activated T
helper (Th) cells compared with wt immunized with T-dependent
antigens (9). Hence, tg DC can phagocytose and present antigens
to Th cells more efficiently when loaded with Antigen-IgG ICs
(35, 37). Meanwhile, ligation of FcRn to ICs can also induces the
production of IL-12 from DCs, thereby activating CD4+ T(II)
cells in the induction of Th1 polarization and priming CD8+ T(I)
cells in the promotion of cytotoxicity activation (37).

In general, the antibodies must be active at the portals of viral
entry in the gastrointestinal tract to prevent intestinal infection.
SIgA, produced by selective transport of pIgA across mucosal epi-
thelial barrier by pIgR, is the first line of specific immunological
defense against environmental pathogens. During the adaptive
immune response, the immune system could prime pIgR for
the transportation of IgA produced in the laminar propria into
intestinal tract as SIgA (6, 12). It has been proved that pIgR is
involved in lymphocyte homing in addition to transporting
mucosal pIgA (11). pIgR knockout mice lack mucosal Igs and
accumulate 100-fold of serum IgA than wt, meanwhile, 14-fold
IgA-secreting plasma cells was detected in the intestinal lamina
propria compared to wt (38). Increased lymphocyte and SIgA in
mucosa help to maintain mucosal homeostasis in the intestine of
the neonate. FcRn also behave an important factor on bacterial
colonization and pathological consequences of infection in addi-
tion to antigen presentation. Tg mice with human FcRn exhibited
that antigen within the lumen can be retrieved by administering
specific IgG intravenously. These formed Antigen-IgG ICs are
retrieved by the epithelial cell and transported into the lamina
propria, being internalized by APCs (39, 40). In a Helicobacter
heilmannii infection model, the specific IgG were exclusively
presented in gastric juice of wt mice, while lymphoid follicles and
bacterial loads have increased along with deeper gastric epithe-
lium invasion in FcRn-deficient mice (41). FcRn over-expressed
tg mice fed with Francisella tularensis led to more efficient antigen

Frontiers in Immunology | www.frontiersin.org

99

June 2016 | Volume 7 | Article 214


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Jiang et al.

Immunoglobulin Transporting Receptors

recognition in the gastrointestinal tract and mucosal localization
enhancement that confers immune protection (42). Similarly,
the FcRn-mediated transport of IgG across the gastric, genitou-
rinary, and lung epithelium is associated with protection from
viral infections and H. heilmannii at these sites (39). Likewise,
the FcRn is the vehicle that transports luminal antigens across
the luminal epithelial barrier and presents the cargo to related
immune cells. The application of mucosal vaccination targeted to
FcRn can effectively promote the internalization of immunogen,
resulting in substantial and enabling immune efliciencies. The
non-immunized 7- to 8-month-old bFcRn tg mice did not show
detectable antinuclear antibodies with the same general antibody
profile compared to wt littermates (43). Hence, tg animal with
bFcRn over-expression could be proposed as an ideal choice for
monoclonal antibody production; because it enhances immune
responsiveness without eliciting autoimmunity (14). However,
the vaccinated wt and pIgR knockout mice behaved equally resist-
ant despite dramatic differences in the titer of SIgA in intestinal
secretions in a Salmonella typhimurium challenge experiment
without any differences in terms of CD8+ T cells and T-cell
responses (44). In another S. typhimurium challenge experiment,
pIgR knockout mice were profoundly sensitive to infection with
S. typhimurium and shed more bacteria that can readily infect
other animals (45). These findings suggest that the major role of
pIgR probably to resist the invasion of mucosal antigens based on
SIgA, rather than protection of local mucosal surfaces by prompt-
ing an immune response.

CURRENT UNDERSTANDING ABOUT THE
REGULATIONS OF FcRn AND pigR

In order to increase the host immunity and antibody production,
a series of methods have been developed for enhanced regulation
of FcRn and pIgR expression. It will bring substantial advantages
for the production of antibody-enriched milk, which would
replace colostrums and serve as functional food.

Genetic Modulations
Gene polymorphisms and haplotypes of receptor genes are the
crucial factor to the antibody production and livability of the
neonates (41, 46-48). In order to harvest antibody-enriched
colostrum or milks, Ig bioreactors could be bred by genetic engi-
neering with respect to FcRn and pIgR on the basis of their poly-
morphisms and haplotype research. This would also be useful in
the intervention to some immunosuppressed periparturient cows.
Besides, the development of nuclear transplantation technique
and the CRISPR/Cas9 system (clustered regularly interspaced
short palindromic repeats/CRISPR-associated system) realize the
possibility for using cattle as an attractive candidate of bioreactor.
Allelic variation in FCGRT (which encodes the a-chain
of FcRn) is associated with variation of IgG concentration in
neonatal calves. Among five different variable number tandem
repeat (VNTR1-VNTRS5) in FCGRT promoter, the monocytes
from VNTR3 homozygous individuals express 1.66-fold more
FcRn transcript and show an increased binding to polyvalent
human IgG when compared with monocytes from VNTR2/
VNTR3 heterozygous individuals; VNTR3 allele supports the

transcription of a reporter gene twice as effectively as the VNTR2
allele; moreover, monocytes from VNTR3 homozygous individu-
als were reported to bind IgG at acidic pH more efficiently than
heterozygous individuals (47). f.-microglobulin (f,M) exons II
and IV are identified with 12 single-nucleotide polymorphisms
(SNPs) and were assorted into 8 haplotypes. One of the haplotypes
(the B.M 2, 2) showed an increased risk of failure for Igs transfer
(47). Researchers have also identified three divergent haplotypes
of pIgR and explained the variation in the concentration of
SIgA and the pIgR level (46). Genome-wide analysis identified
a significant association between SIgA and six SNPs located in
the PIGR, PIGR-2, PIGR-5, PIGR-9, PIGR-13, PIGR-17, and
PIGR-19. Pair-wise analysis demonstrated that all six SNPs were
in almost complete linkage disequilibrium. PIGR-17 transformed
to alanine from valine at codon 580, and PIGR-2 located in the
promoter region is likely to influence the quality or quantity of the
gene product (49). IgG clearance is more rapid in f,M-deficient
mice than in a-chain-deficient mice (23, 50, 51). However, the
homologous molecules of ,M, such as MHC-I, are not known
to extend the half-life of IgG. There must be another $,M-related
molecule that plays a supporting role during the recycling of IgG.
These results suggest that supplemental copies of the gene may
prolong half-life of IgG as well as maintain a high IgG concentra-
tion. A study using FcRn tg mice in mammary glands results in
an increase of IgG levels both in milk and serum (23). Another
study reported that, tg mouse over expressing bovine FCGRT led
to a higher transcription and expression of FcRn and an extended
IgG half-life (52). Furthermore, the tg mice over-expression of
pIgR from 60- to 270-fold above normal pIgR showed total IgA
levels in milk to be 1.5- to 2-fold higher compared with IgA levels
of wt mice (53). An overview of the genetic modulations on Ig
transporting receptors studies associated with transcytosis is
shown in Table 1.

Genome engineering techniques are targeting Ig transport-
ing receptors for improving the Ig concentrations in milk and
maintain immune homeostasis, thereby enhancing the chance
to generate Ig bioreactor by combining natural genetic variation
selection.

Molecular Modulations

Numerous pieces of evidence suggest that microbial-associated
molecular patterns (MAMPs) stimulate expression of pIgR on
IECs, as part of a homeostatic loop in which the microbiota
enhances the production of SIgA, which in turn regulates the
composition and function of the microbiota (57, 58). Ultraviolet-
inactivated reovirus induced a stronger increase in pIgR expres-
sion than live virus in HT-29 cells, suggesting that the induction
of pIgR expression required viral components but not viral
replication (59). It has been reported that MAMPs stimulate the
expression of pIgR, more specifically, the immune response was
initiated by microbial component, the toll-like receptor ligands,
and then induced de novo synthesis of RelB and activation of PIGR
transcription through the TLR3 pathway (11). The regulation
pathways are presented in Figure 2. Additionally, in PRM/AIf
mice with a huge extended intestine, a twofold increase of IgA-
containing cells and pIgR expression in mammary gland as well
as two- to fourfold increase of IgA in milk have been described
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TABLE 1 | Genetic modulation on FcRn or pigR.

Receptor Target Genetic modulation  Species Experimental outcomes Reference
gene
FcRn FCGRT/p2M FCGRT/p2M Murine Twofold serum IgG increase in milk and two- to fourfold increase in serum (23)
over-expression
p2M p2M disruption Murine 10*-fold IgG reduction in serum (21)
FCGRT or p2M knockout or Murine Decreased IgG half-lives in p2M-deficient mice (21.8 h) and FcRn FCGRT-deficient (50)
peM FCGRT knockout mice (26.6 h)
p2M p2M over-expression Brushtail Increased FcRn transcription and IgG concentration in milk (24)
possum
FCGRT FCGRT Murine Three- to ten-fold increases of antigen-specific IgM and IgG, which lead to twofold (16)
over-expression increase of specific titers in the hemagglutination inhibition assay
plgR PIGR PIGR over-expression  Murine 1.5- to 2-fold IgA increase in milk (53)
PIGR PIGR over-expression  Murine 10- to 270-fold (0.1-2.7 mg/ml) SC protein increase in milk (54)
J chain J chain disruption Murine Stable binding of plgA and SC decreased (55)
PIGR PIGR knockout Murine Lack of active external IgA and IgM transcytosis completely (54)
rab3b rab3b over-expression  Epithelial cells  Ten percent reduction of digA transcytosis (56)
BAR

- Hormone-receptor

: ‘ complex lear membranes

l 4
I’ Steroid hormone

\ receptor

The complex induce the

Rel/p50 expression of receptor genes.

et Exon1 3 ERarb AP WA Exon 2
IRF 1 = -
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FIGURE 2 | FcRn or plgR transcription regulation. Serum NE binds with $2AR on B cells and activates PKA-p38 MAPK pathways, which subsequently leads to
the release of bound p-p38 MAPK to bind with enhancer in the promoter region of p/gR, and plgR increase followed (62). When inflammation occurs, lymphocyte
homing induced antibodies production in lamina propria; subsequently, microbes bind with epithelial TLRs with MAMPs and activate NF«kB; cytokines released in the
vicinity of lymphocytes bind to cytokine receptors and activate IRF-1/NFkB-dependent pathways (58); IRF-1/NFkB proteins get into nucleus and trigger the
transcription of Igs receptors (63). As a consequence, concentrations of Ig transporting receptors increase.
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compared with C57BL/6] mice (29). This result indicated that
the intestine can export IgA-containing cells to the mammary
gland; and MAMPs could be a stimulation of pIgR expression
and SIgA accumulation in mammary gland and milk. As such,
MAMPs can be applied on the Ig transport receptor tg cattle to
acquire immune milk with enriched antibody. Additionally, the
signals (released by antibody and microbiota in neonate gut)
have a modulation effect on the maturation of intestinal barrier
function and activation of endogenous Ig transportation, as well
as the development of adaptive immunity (60, 61).

Host cytokines, such as IFN-y, IL-4 and TNF-a can regulate
the gene transcriptions of Ig transporting receptor by activating
and nuclear of STAT1 dimers, resulting in de novo transcription
of AP-1, NF-xB, and IRF-1 (58, 64) (Figure 2). For instance,
ISRE presents at the first outer exon in promoter region of
FcRn (the binding site of IRF-1). It has been reported that the
stimulation of bovine endothelial cells with the IFN-y could
lead to the appearance of activated STAT1 in the nucleus and
increased transcription of the IRF1 gene. This has resulted in
rapid upregulation of the bFcRn expression in endothelial cells
(65). Interactions among these cytokine-inducible elements
in exon 1 and intron 1 of the PIGR gene may be responsible
for the observed synergy between IFN-y, IL-4, and TNF in
upregulation of pIgR expression (58, 66). One putative NFkB
transcription binding sites was identified in the 5’-flanking
region of the mouse FCGRT promoter and was the close prox-
imity to the transcription start site (63). A fourfold increase of
bFcRn gene in spleen, and twofold increase of bFcRn protein
in macrophages were observed in the bFcRn tg mice stimulated
by intraperitoneal LPS injection (63). The activation of NF-xB
by inflammatory cytokines could enhance the gene transcrip-
tion of FcRn indirectly by synergizing with STAT1 to activate
IRF1 gene transcription, or by binding to a cognate element in
the 5'-flanking region of the FcRn genes directly (63, 65, 66).
Pro-inflammatory agents can induce the rapid and temporary
upregulation of bFcRn; it could be the immunologic adjuvants
and optimize the expression and function of Ig transporting
receptor in the professional APCs, this contributes to the much
augmented humoral immune response.

The concentrations of FcRn are significantly upregulated in
late pregnancy and reach their peaks during colostrogenesis; then
downregulated in the lactation period and coincident with the
Ig concentrations in milk and colostrum that differs at various
stages of lactation with the highest concentrations appearing in
early colostrum secretions (5). In an in vitro study, the stimulation

REFERENCES

1. Roopenian DC, Akilesh S. FcRn: the neonatal Fc receptor comes of age. Nat
Rev Immunol (2007) 7:715-25. doi:10.1038/nri2155

2. Bourges D, Meurens F, Berri M, Chevaleyre C, Zanello G, Levast B, et al.
New insights into the dual recruitment of IgA+B cells in the developing
mammary gland. Mol Immunol (2008) 45:3354-62. doi:10.1016/j.
molimm.2008.04.017

3. Norderhaug IN, Johansen FE, Schjerven H, Brandtzaeg P. Regulation of the
formation and external transport of secretory immunoglobulins. Crit Rev
Immunol (1999) 19:481-508.

of bovine mammary epithelial cells with estrogen (E2) and pro-
gesterone (P4) induced an increase of FCGRT mRNA, coincident
with FcRn expression during late pregnancy and the colostro-
genesis period; meanwhile, a similar increase was observed
on bRab25 and bRhoB mRNAs (members of GTPases) and
assist recycling or transcytosis (67). This reveals the regulatory
mechanism of E2/P4 for colostrogenesis extended temporarily
by increasing the expression of FcRn and transcytosis-related
motor proteins. However, the binding sites of E2/P4 have not yet
identified in FcRn gene.

CONCLUSION

The clear understanding of the mechanisms behind the expres-
sion and mediation of Ig transporting receptor in the mammary
gland and intestinal mucosa would contribute for the better inter-
vention of Ig transfer from mother to fetus. This could also aid for
the development of mammary gland bioreactor. Ig transporting
receptors could mediate the immunity transfer and immune
surveillance, thereby the high survival rate and improved
immune system can be achieved. In Ig transporting receptors
over-expressed tg animals, the increased Ig concentrations in
serum and mucosa can supply adequate Ig through continuous
milking as well as safe and effective protection against mastitis
pathogens. Moreover, the presence of Ig transporting receptors
in mucosal epithelium is capable of transporting antibody or
antigen-antibody complex bidirectionally, and further present
to APCs. This would help to design immunization strategies for
mucosal protection from infections.

AUTHOR CONTRIBUTIONS

XZ, XJ, and JH contributed to conception and design; X]J con-
tributed to acquisition of data and manuscript writing. XJ and JH
made equal contribution to this paper.

ACKNOWLEDGMENTS

This work was supported by the Open Foundation of the
Provincial Department of the state Key Laboratory of Tarim
Animal Husbandry Science and Rechnology (HS201305), the
National Natural Science Foundation (31572556), Ph.D. Programs
Foundation of Ministry of Education (20130204110023), the
Key Construction Program (2015SD0018) of International
Cooperation Base in S&T, Shaanxi Province, China.

4. Norderhaug IN, Johansen FE, Krajci P, Brandtzaeg P. Domain deletions in the
human polymeric Ig receptor disclose differences between its dimeric IgA and
pentameric IgM interaction. Eur ] Immunol (1999) 29:3401-9. doi:10.1002/
(SICI)1521-4141(199910)29:10<3401::AID-IMMU3401>3.0.CO;2-G

5. Hine B, Hunt P, Beasley A, Windon R, Glover S, Colditz I. Selective trans-
port of IgE into ovine mammary secretions. Res Vet Sci (2010) 89:184-90.
doi:10.1016/j.rvsc.2010.02.010

6. Qiao S-W, Kobayashi K, Johansen F-E, Sollid LM, Andersen JT, Milford E,
et al. Dependence of antibody-mediated presentation of antigen on FcRn.
Proc Natl Acad Sci U S A (2008) 105:9337-42. doi:10.1073/pnas.080
1717105

Frontiers in Immunology | www.frontiersin.org

102

June 2016 | Volume 7 | Article 214


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1038/nri2155
http://dx.doi.org/10.1016/j.molimm.2008.04.017
http://dx.doi.org/10.1016/j.molimm.2008.04.017
http://dx.doi.org/10.1002/(SICI)1521-4141(199910)29:10﻿<﻿3401::AID-IMMU3401﻿>﻿3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1521-4141(199910)29:10﻿<﻿3401::AID-IMMU3401﻿>﻿3.0.CO;2-G
http://dx.doi.org/10.1016/j.rvsc.2010.02.010
http://dx.doi.org/10.1073/pnas.080
1717105
http://dx.doi.org/10.1073/pnas.080
1717105

Jiang et al.

Immunoglobulin Transporting Receptors

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Baker K, Rath T, Pyzik M, Blumberg RS. The role of FcRn in antigen
presentation. Front Immunol (2014) 5:408. doi:10.3389/fimmu.2014.00408
Cui D, Zhang L, Li ], Zhao Y, Hu X, Dai Y, et al. Bovine FcRn-mediated human
immunoglobulin G transfer across the milk-blood barrier in transgenic mice.
PLoS One (2014) 9:€115972. doi:10.1371/journal.pone.0115972

Schneider Z, Jani PK, Szikora B, Vegh A, Kovesdi D, Ilias A, etal. Overexpression
of bovine FcRn in mice enhances T-dependent immune responses by amplify-
ing T helper cell frequency and Germinal Center Enlargement in the Spleen.
Front Immunol (2015) 6:357. doi:10.3389/fimmu.2015.00357

Weflen AW, Baier N, Tang QJ, Van den Hof M, Blumberg RS, Lencer W1, et al.
Multivalent immune complexes divert FcRn to lysosomes by exclusion from
recycling sorting tubules. Mol Biol Cell (2013) 24:2398-405. doi:10.1091/mbc.
E13-04-0174

Kaetzel CS. The polymeric immunoglobulin receptor: bridging innate
and adaptive immune responses at mucosal surfaces. Immunol Rev (2005)
206:83-99. doi:10.1111/j.0105-2896.2005.00278.x

Asano M, Komiyama K. Polymeric immunoglobulin receptor. J Oral Sci
(2011) 53:147-56. doi:10.2334/josnusd.53.147

Underdown BJ, Schiff JM. Immunoglobulin A: strategic defense initiative
at the mucosal surface. Annu Rev Immunol (1986) 4:389-417. doi:10.1146/
annurev.iy.04.040186.002133

Vegh A, Cervenak J, Jankovics I, Kacskovics I. FcRn overexpression in mice
results in potent humoral response against weakly immunogenic antigen.
MAbs (2011) 3:173-80. doi:10.4161/mabs.3.2.14462

Schneider Z, Cervenak J, Baranyi M, Papp K, Prechl], Laszlo G, etal. Transgenic
expression of bovine neonatal Fc receptor in mice boosts immune response
and improves hybridoma production efficiency without any sign of autoim-
munity. Immunol Lett (2011) 137:62-9. doi:10.1016/j.imlet.2011.02.018
Cervenak ], Bender B, Schneider Z, Magna M, Carstea BV, Liliom K, et al.
Neonatal FcR overexpression boosts humoral immune response in transgenic
mice. ] Immunol (2011) 186:959-68. doi:10.4049/jimmunol.1000353

Wilson E, Butcher EC. CCL28 controls immunoglobulin (Ig)A plasma cell
accumulation in the lactating mammary gland and IgA antibody transfer to
the neonate. ] Exp Med (2004) 200:805-9. doi:10.1084/jem.20041069
Yoshida M, Kobayashi K, Kuo TT, Bry L, Glickman JN, Claypool SM, et al.
Neonatal Fc receptor for IgG regulates mucosal immune responses to luminal
bacteria. J Clin Invest (2006) 116:2142-51. doi:10.1172/JCI27821

Osaka I, Matsui Y, Terada F. Effect of the mass of immunoglobulin (Ig)
G intake and age at first colostrum feeding on serum IgG concentration
in Holstein calves. JDairy Sci (2014) 97(10):6608-12. doi:10.3168/jds.
2013-7571

Hurley WL, Theil PK. Perspectives on immunoglobulins in colostrum and
milk. Nutrients (2011) 3:442-74. doi:10.3390/nu3040442

Israel EJ, Patel VK, Taylor SE, Marshak-Rothstein A, Simister NE. Requirement
for a beta 2-microglobulin-associated Fc receptor for acquisition of maternal
IgG by fetal and neonatal mice. J Immunol (1995) 154:6246-51.

Catunda Lemos AP, Cervenak ], Bender B, Hoffmann OI, Baranyi M,
Kerekes A, et al. Characterization of the rabbit neonatal Fc receptor (FcRn)
and analyzing the immunophenotype of the transgenic rabbits that overex-
presses FcRn. PLoS One (2012) 7:¢28869. doi:10.1371/journal.pone.0028869
Lu W, Zhao Z, Zhao Y, Yu S, Zhao Y, Fan B, et al. Over-expression of the
bovine FcRn in the mammary gland results in increased IgG levels in
both milk and serum of transgenic mice. Immunology (2007) 122:401-8.
doi:10.1111/j.1365-2567.2007.02654.x

Adamski FM, King AT, Demmer J. Expression of the Fc receptor in the
mammary gland during lactation in the marsupial Trichosurus vulpec-
ula (brushtail possum). Mol Immunol (2000) 37:435-44. doi:10.1016/
S0161-5890(00)00065-1

Lemos AC, Cervenak J, Bender B, Hoffmann OI, Baranyi M, Kerekes A, et al.
Characterization of the rabbit neonatal Fc receptor (FcRn) and analyzing the
immunophenotype of the transgenic rabbits that overexpresses FcRn. PLoS
One (2012) 7:¢28869. doi:10.1371/journal.pone.0028869

Verweij JJ, Koets AP, Eisenberg SW. Effect of continuous milking on immu-
noglobulin concentrations in bovine colostrum. Vet Immunol Immunopathol
(2014) 160:225-9. doi:10.1016/j.vetimm.2014.05.008

Suthar VS, Canelas-Raposo ], Deniz A, Heuwieser W. Prevalence of subclinical
ketosis and relationships with postpartum diseases in European dairy cows.
J Dairy Sci (2013) 96:2925-38. doi:10.3168/jds.2012-6035

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Beam AL, Lombard JE, Kopral CA, Garber LP, Winter AL, Hicks JA, et al.
Prevalence of failure of passive transfer of immunity in newborn heifer calves
and associated management practices on US dairy operations. ] Dairy Sci
(2009) 92:3973-80. doi:10.3168/jds.2009-2225

Boumahrou N, Chevaleyre C, Berri M, Martin P, Bellier S, Salmon H. An
increase in milk IgA correlates with both pIgR expression and IgA plasma
cell accumulation in the lactating mammary gland of PRM/AIf mice. ] Reprod
Immunol (2012) 96:25-33. doi:10.1016/j.jri.2012.08.001

Macpherson AJ, Geuking MB, Slack E, Hapfelmeier S, Mccoy KD. The
habitat, double life, citizenship, and forgetfulness of IgA. Immunol Rev (2012)
245:132-46. d0i:10.1111/j.1600-065X.2011.01072.x

Janoff EN, Gustafson C, Frank DN. The world within: living with our
microbial guests and guides. Transl Res (2012) 160:239-45. doi:10.1016/j.
trs.2012.05.005

Qiao S-W, Sollid LM, Blumberg RS. Antigen presentation in celiac disease.
Curr Opin Immunol (2009) 21:111-7. doi:10.1016/j.c0i.2009.03.004

Baker K, Qiao S-W, Kuo TT, Aveson VG, Platzer B, Andersen J-T, et al.
Neonatal Fc receptor for IgG (FcRn) regulates cross-presentation of IgG
immune complexes by CD8— CD11b+ dendritic cells. Proc Natl Acad Sci
US A (2011) 108:9927-32. doi:10.1073/pnas. 1019037108

Ye L, Zeng R, Bai Y, Roopenian DC, Zhu X. Efficient mucosal vaccination
mediated by the neonatal Fc receptor. Nat Biotechnol (2011) 29:158-63.
doi:10.1038/nbt.1742

Kacskovics I, Cervenak ], Erdei A, Goldsby RA, Butler JE. Recent advances
using FcRn overexpression in transgenic animals to overcome impediments
of standard antibody technologies to improve the generation of specific
antibodies. MAbs (2011) 3:431-9. doi:10.4161/mabs.3.5.17023

Cervenak J, Kurrle R, Kacskovics 1. Accelerating antibody discovery using
transgenic animals overexpressing the neonatal Fc receptor as a result of
augmented humoral immunity. Immunol Rev (2015) 268:269-87. doi:10.1111/
imr.12364

Baker K, Rath T, Flak MB, Arthur JC, Chen Z, Glickman JN, et al. Neonatal
Fc receptor expression in dendritic cells mediates protective immunity
against colorectal cancer. Immunity (2013) 39:1095-107. doi:10.1016/j.
immuni.2013.11.003

Uren TK, Johansen FE, Wijburg OL, Koentgen F, Brandtzaeg P, Strugnell RA.
Role of the polymeric Ig receptor in mucosal B cell homeostasis. ] Immunol
(2003) 170:2531-9. doi:10.4049/jimmunol.170.5.2531

Rath T, Kuo TT, Baker K, Qiao S-W, Kobayashi K, Yoshida M, et al. The
immunologic functions of the neonatal Fc receptor for IgG. J Clin Immunol
(2013) 33:9-17. doi:10.1007/s10875-012-9768-y

Yoshida M, Claypool SM, Wagner JS, Mizoguchi E, Mizoguchi A,
Roopenian DG, et al. Human neonatal Fc receptor mediates transport of IgG
into luminal secretions for delivery of antigens to mucosal dendritic cells.
Immunity (2004) 20:769-83. doi:10.1016/j.immuni.2004.05.007

Suleiman YB, Yoshida M, Nishiumi S, Tanaka H, Mimura T, Nobutani K,
et al. Neonatal Fc receptor for IgG (FcRn) expressed in the gastric epithelium
regulates bacterial infection in mice. Mucosal Immunol (2011) 5:87-98.
doi:10.1038/mi.2011.53

Végh A, Farkas A, Kovesdi D, Papp K, Cervenak J, Schneider Z, et al. FcRn
overexpression in transgenic mice results in augmented APC activity and
robust immune response with increased diversity of induced antibodies. PLoS
One (2012) 7:€36286. doi:10.1371/journal.pone.0036286

Schneider Z, Cervenak ], Baranyi M, Papp K, Prechl], Lszl6 G, etal. Transgenic
expression of bovine neonatal Fc receptor in mice boosts immune response
and improves hybridoma production efficiency without any sign of autoim-
munity. Immunol Lett (2011) 137:62-9. doi:10.1016/j.imlet.2011.02.018

Sait L, Galic M, Strugnell RA, Janssen PH. Secretory antibodies do not
affect the composition of the bacterial microbiota in the terminal ileum of
10-week-old mice. Appl Environ Microbiol (2003) 69:2100-9. doi:10.1128/
AEM.69.4.2100-2109.2003

Wijburg OL, Uren TK, Simpfendorfer K, Johansen FE, Brandtzaeg P,
Strugnell RA. Innate secretory antibodies protect against natural Salmonella
typhimurium infection. ] Exp Med (2006) 203:21-6. doi:10.1084/jem.20052093
Berry S, Coppieters W, Davis S, Burrett A, Thomas N, Palmer D, et al. A triad
of highly divergent polymeric immunoglobulin receptor (PIGR) haplotypes
with major effect on IgA concentration in bovine milk. PLoS One (2013)
8:€57219. doi:10.1371/journal.pone.0057219

Frontiers in Immunology | www.frontiersin.org

June 2016 | Volume 7 | Article 214


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.3389/fimmu.2014.00408
http://dx.doi.org/10.1371/journal.pone.0115972
http://dx.doi.org/10.3389/fimmu.2015.00357
http://dx.doi.org/10.1091/mbc.E13-04-0174
http://dx.doi.org/10.1091/mbc.E13-04-0174
http://dx.doi.org/10.1111/j.0105-2896.2005.00278.x
http://dx.doi.org/10.2334/josnusd.53.147
http://dx.doi.org/10.1146/annurev.iy.04.040186.002133
http://dx.doi.org/10.1146/annurev.iy.04.040186.002133
http://dx.doi.org/10.4161/mabs.3.2.14462
http://dx.doi.org/10.1016/j.imlet.2011.02.018
http://dx.doi.org/10.4049/jimmunol.1000353
http://dx.doi.org/10.1084/jem.20041069
http://dx.doi.org/10.1172/JCI27821
http://dx.doi.org/10.3168/jds.
2013-7571
http://dx.doi.org/10.3168/jds.
2013-7571
http://dx.doi.org/10.3390/nu3040442
http://dx.doi.org/10.1371/journal.pone.0028869
http://dx.doi.org/10.1111/j.1365-2567.2007.02654.x
http://dx.doi.org/10.1016/S0161-5890(00)00065-1
http://dx.doi.org/10.1016/S0161-5890(00)00065-1
http://dx.doi.org/10.1371/journal.pone.0028869
http://dx.doi.org/10.1016/j.vetimm.2014.05.008
http://dx.doi.org/10.3168/jds.2012-6035
http://dx.doi.org/10.3168/jds.2009-2225
http://dx.doi.org/10.1016/j.jri.2012.08.001
http://dx.doi.org/10.1111/j.1600-065X.2011.01072.x
http://dx.doi.org/10.1016/j.trsl.2012.05.005
http://dx.doi.org/10.1016/j.trsl.2012.05.005
http://dx.doi.org/10.1016/j.coi.2009.03.004
http://dx.doi.org/10.1073/pnas.1019037108
http://dx.doi.org/10.1038/nbt.1742
http://dx.doi.org/10.4161/mabs.3.5.17023
http://dx.doi.org/10.1111/imr.12364
http://dx.doi.org/10.1111/imr.12364
http://dx.doi.org/10.1016/j.immuni.2013.11.003
http://dx.doi.org/10.1016/j.immuni.2013.11.003
http://dx.doi.org/10.4049/jimmunol.170.5.2531
http://dx.doi.org/10.1007/s10875-012-9768-y
http://dx.doi.org/10.1016/j.immuni.2004.05.007
http://dx.doi.org/10.1038/mi.2011.53
http://dx.doi.org/10.1371/journal.pone.0036286
http://dx.doi.org/10.1016/j.imlet.2011.02.018
http://dx.doi.org/10.1128/AEM.69.4.2100-2109.2003
http://dx.doi.org/10.1128/AEM.69.4.2100-2109.2003
http://dx.doi.org/10.1084/jem.20052093
http://dx.doi.org/10.1371/journal.pone.0057219

Jiang et al.

Immunoglobulin Transporting Receptors

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Sachs U]J, Socher I, Braeunlich CG, Kroll H, Bein G, Santoso S. A variable
number of tandem repeats polymorphism influences the transcriptional
activity of the neonatal Fc receptor o - chain promoter. Immunology (2006)
119:83-9. doi:10.1111/j.1365-2567.2006.02408.x

Zhang R, Zhao Z, Zhao Y, Kacskovics I, Eijk MVD, Groot ND, et al.
Association of FcRn heavy chain encoding gene (FCGRT) polymorphisms
with IgG content in bovine colostrum. Anim Biotechnol (2009) 20:242-6.
doi:10.1080/10495390903196448

Obara W, Iida A, Suzuki Y, Tanaka T, Akiyama F, Maeda S, et al. Association of
single-nucleotide polymorphisms in the polymeric immunoglobulin receptor
gene with immunoglobulin A nephropathy (IgAN) in Japanese patients.
J Hum Genet (2003) 48:293-9. d0i:10.1007/s10038-003-0027-1

Kim J, Bronson C, Wani MA, Oberyszyn TM, Mohanty S, Chaudhury C,
et al. P2-Microglobulin deficient mice catabolize IgG more rapidly
than FcRn-a-chain deficient mice. Exp Biol Med (2008) 233:603-9.
doi:10.3181/0710-RM-270

Bender B, Bodrogi L, Mayer B, Schneider Z, Zhao Y, Hammarstrom L,
et al. Position independent and copy-number-related expression of the
bovine neonatal Fc receptor alpha-chain in transgenic mice carrying a 102
kb BAC genomic fragment. Transgenic Res (2007) 16:613-27. doi:10.1007/
§11248-007-9108-9

Robert-Guroff M. IgG surfaces as an important component in mucosal
protection. Nat Med (2000) 6:129-30. doi:10.1038/72206

De Groot N, Van Kuik-Romeijn P, Lee SH, De Boer HA. Increased
immunoglobulin A levels in milk by over - expressing the murine
polymeric immunoglobulin receptor gene in the mammary gland
epithelial cells of transgenic mice. Immunology (2000) 101:218-24.
doi:10.1046/j.1365-2567.2000.00094.x

Johansen F-E, Pekna M, Norderhaug IN, Haneberg B, Hietala MA, Krajci P,
et al. Absence of epithelial immunoglobulin a transport, with increased
mucosal leakiness, in polymeric immunoglobulin receptor/secretory
component-deficient mice. JExp Med (1999) 190:915-22. doi:10.1084/
jem.190.7.915

Hendrickson BA, Rindisbacher L, Corthesy B, Kendall D, Waltz DA,
Neutra MR, et al. Lack of association of secretory component with IgA in J
chain-deficient mice. ] Immunol (1996) 157:750-4.

van IJzendoorn SC, Tuvim M]J, Weimbs T, Dickey BE, Mostov KE. Direct inter-
action between Rab3b and the polymeric immunoglobulin receptor controls
ligand-stimulated transcytosis in epithelial cells. Dev Cell (2002) 2:219-28.
doi:10.1016/51534-5807(02)00115-6

Macpherson AJ, McCoy KD, Johansen FE, Brandtzaeg P. The immune
geography of IgA induction and function. Mucosal Immunol (2008) 1:11-22.
doi:10.1038/mi.2007.6

Johansen FE, Kaetzel CS. Regulation of the polymeric immunoglobulin recep-
tor and IgA transport: new advances in environmental factors that stimulate
pIgR expression and its role in mucosal immunity. Mucosal Immunol (2011)
4:598-602. doi:10.1038/mi.2011.37

59.

60.

61.

62.

63.

64.

65.

66.

67.

Pal K, Kaetzel CS, Brundage K, Cunningham CA, Cuff CF. Regulation of
polymeric immunoglobulin receptor expression by reovirus. ] Gen Virol
(2005) 86:2347-57. doi:10.1099/vir.0.80690-0

Priestley D, Bittar J, Ibarbia L, Risco C, Galvao K. Effect of feeding maternal
colostrum or plasma-derived or colostrum-derived colostrum replacer on
passive transfer of immunity, health, and performance of preweaning heifer
calves. ] Dairy Sci (2013) 96:3247-56. doi:10.3168/jds.2012-6339

Rogier EW, Frantz AL, Bruno MEC, Leia W, Cohen DA, Stromberg AJ, et al.
Secretory antibodies in breast milk promote long-term intestinal homeostasis
by regulating the gut microbiota and host gene expression. Proc Natl Acad Sci
U S A (2014) 111:3074-9. d0i:10.1073/pnas.1315792111

Lara-Padilla E, Campos-Rodriguez R, Jarillo-Luna A, Reyna-Garfias H,
Rivera-Aguilar V, Miliar A, et al. Caloric restriction reduces IgA levels and
modifies cytokine mRNA expression in mouse small intestine. ] Nutr Biochem
(2011) 22:560-6. doi:10.1016/j.jnutbio.2010.04.012

Cervenak J, Doleschall M, Bender B, Mayer B, Schneider Z, Doleschall Z,
et al. NFkB induces overexpression of bovine FcRn: a novel mechanism that
further contributes to the enhanced immune response in genetically modified
animals carrying extra copies of FcRn. MAbs (2013) 5(6):860-71. doi:10.4161/
mabs.26507

Cox S, Ebersole L, Carpenter G, Proctor G. Effects of autonomic agonists
and immunomodulatory cytokines on polymeric immunoglobulin receptor
expression by cultured rat and human salivary and colonic cell lines. Arch Oral
Biol (2007) 52:411-6. doi:10.1016/j.archoralbio.2006.10.006

Brandtzaeg P. Role of secretory antibodies in the defence against
infections. Int ] Med Microbiol (2003) 293:3-15. doi:10.1078/1438-
4221-00241

Pine R. Convergence of TNF alpha and IFN gamma signalling pathways
through synergistic induction of IRF-1/ISGF-2 is mediated by a composite
GAS/kappa B promoter element. Nucleic Acids Res (1997) 25:4346-54.
doi:10.1093/nar/25.21.4346

Stark A, Vachkova E, Wellnitz O, Bruckmaier R, Baumrucker C.
Colostrogenesis: candidate genes for IgGl transcytosis mechanisms in
primary bovine mammary epithelial cells. J Anim Physiol Anim Nutr (2013)
97:1114-24. doi:10.1111/jpn.12021

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Jiang, Hu, Thirumalai and Zhang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

104

June 2016 | Volume 7 | Article 214


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1111/j.1365-2567.2006.02408.x
http://dx.doi.org/10.1080/10495390903196448
http://dx.doi.org/10.1007/s10038-003-0027-1
http://dx.doi.org/10.3181/0710-RM-270
http://dx.doi.org/10.1007/s11248-007-9108-9
http://dx.doi.org/10.1007/s11248-007-9108-9
http://dx.doi.org/10.1038/72206
http://dx.doi.org/10.1046/j.1365-2567.2000.00094.x
http://dx.doi.org/10.1084/jem.190.7.915
http://dx.doi.org/10.1084/jem.190.7.915
http://dx.doi.org/10.1016/S1534-5807(02)00115-6
http://dx.doi.org/10.1038/mi.2007.6
http://dx.doi.org/10.1038/mi.2011.37
http://dx.doi.org/10.1099/vir.0.80690-0
http://dx.doi.org/10.3168/jds.2012-6339
http://dx.doi.org/10.1073/pnas.1315792111
http://dx.doi.org/10.1016/j.jnutbio.2010.04.012
http://dx.doi.org/10.4161/mabs.26507
http://dx.doi.org/10.4161/mabs.26507
http://dx.doi.org/10.1016/j.archoralbio.2006.10.006
http://dx.doi.org/10.1078/1438-
4221-00241
http://dx.doi.org/10.1078/1438-
4221-00241
http://dx.doi.org/10.1093/nar/25.21.4346
http://dx.doi.org/10.1111/jpn.12021
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Immunology

ORIGINAL RESEARCH
published: 07 June 2017
doi: 10.3389/fimmu.2017.00650

OPEN ACCESS

Edited by:
Tianlei Ying,
Fudan University, China

Reviewed by:

Daniel Olive,

Institut national de la santé et de la
recherche médicale (INSERM),
France

William Davis,

Washington State University,
United States

*Correspondence:
Satoru Konnai
konnai@vetmed.hokudai.ac.jp

*Present address:

Ryoyo Ikebuchi,

Laboratory of Immunology, Faculty of
Pharmacy, Osaka Ohtani University,
Tondabayashi, Japan

Specialty section:

This article was submitted to
Vaccines and Molecular
Therapeutics,

a section of the journal
Frontiers in Immunology

Received: 22 March 2017
Accepted: 17 May 2017
Published: 07 June 2017

Citation:

Okagawa T, Konnai S, Nishimori A,
Maekawa N, lkebuchi R, Goto S,
Nakajima C, Kohara J, Ogasawara S,
Kato Y, Suzuki Y, Murata S and
Ohashi K (2017) Anti-Bovine
Programmed Death-1 Rat-Bovine
Chimeric Antibody for
Immunotherapy of Bovine Leukemia
Virus Infection in Cattle.

Front. Immunol. 8:650.

doi: 10.3389/fimmu.2017.00650

®

Check for
updates

Anti-Bovine Programmed Death-1
Rat-Bovine Chimeric Antibody for
Immunotherapy of Bovine Leukemia
Virus Infection in Cattle

Tomohiro Okagawa', Satoru Konnai'*, Asami Nishimori’, Naoya Maekawa’,
Ryoyo lkebuchi, Shinya Goto', Chie Nakajima?®, Junko Kohara*, Satoshi Ogasawara®,
Yukinari Kato%’, Yasuhiko Suzuki?®, Shiro Murata' and Kazuhiko Ohashi’

" Department of Disease Control, Graduate School of Veterinary Medicine, Hokkaido University, Sapporo, Japan, 2 Division of
Bioresources, Research Center for Zoonosis Control, Hokkaido University, Sapporo, Japan, °Global Station for Zoonosis
Control, Global Institution for Collaborative Research and Education (GI-CoRE), Hokkaido University, Sapporo, Japan,
“Animal Research Center, Agriculture Research Department, Hokkaido Research Organization, Shintoku, Japan,
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Blockade of immunoinhibitory molecules, such as programmed death-1 (PD-1)/
PD-ligand 1 (PD-L1), is a promising strategy for reinvigorating exhausted T cells
and preventing disease progression in a variety of chronic infections. Application
of this therapeutic strategy to cattle requires bovinized chimeric antibody targeting
immunoinhibitory molecules. In this study, anti-bovine PD-1 rat-bovine chimeric
monoclonal antibody 5D2 (Boch5D2) was constructed with mammalian expression
systems, and its biochemical function and antiviral effect were characterized in vitro
and in vivo using cattle infected with bovine leukemia virus (BLV). Purified Boch5D2
was capable of detecting bovine PD-1 molecules expressed on cell membranes in flow
cytometric analysis. In particular, Biacore analysis determined that the binding affinity
of Boch5D2 to bovine PD-1 protein was similar to that of the original anti-bovine PD-1
rat monoclonal antibody 5D2. Boch5D2 was also capable of blocking PD-1/PD-L1
binding at the same level as 5D2. The immunomodulatory and therapeutic effects of
BochbD2 were evaluated by in vivo administration of the antibody to a BLV-infected
calf. Inoculated Boch5D2 was sustained in the serum for a longer period. Boch5D2
inoculation resulted in activation of the proliferation of BLV-specific CD4* T cells and
decrease in the proviral load of BLV in the peripheral blood. This study demonstrates
that Boch5D2 retains an equivalent biochemical function to that of the original antibody
5D2 and is a candidate therapeutic agent for regulating antiviral immune response
in vivo. Clinical efficacy of PD-1/PD-L1 blockade awaits further experimentation with
a large number of animals.

Keywords: immunoinhibitory molecules, programmed death-1, PD-ligand 1, T-cell exhaustion, immunotherapy,
chimeric antibody, bovine leukemia virus, cattle
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INTRODUCTION

For decades, a variety of studies have attempted to enhance the
T-cell response in chronic infections. However, immunoinhibi-
tory pathways such as programmed death-1 (PD-1)/PD-ligand 1
(PD-L1) downregulate T-cell functions, likely causing the failure
of previous attempts to develop vaccines and immunotherapies
(1-3). Antibodies that block PD-1/PD-L1 can restore T-cell
function and reduce viral load in vivo in mouse and non-human
primate models (4-6). These antibodies are clearly potential
novel therapeutic agents for the control of chronic infections.
Recently, anti-human PD-1 antibodies have been approved
and launched for the treatment of melanoma, non-small cell
lung cancer, renal cell carcinoma, and Hodgkins lymphoma in
humans (7-10). In addition, PD-1/PD-L1 blockade is under
consideration for immunotherapy against chronic infections with
human immunodeficiency virus, Epstein-Barr virus, hepatitis B
virus, hepatitis C virus, and Mycobacterium tuberculosis (11-15)
in human medicine. To date, however, blockers of PD-1/PD-L1
have not been approved for clinical use in veterinary medicine,
including cattle.

Functional exhaustion of T-cell response has also been
reported in cattle infected with bovine leukemia virus (BLV)
(16-20), Mycobacterium avium subsp. paratuberculosis (21, 22),
Anaplasma marginale (23), and Mycobacterium bovis (24). T-cell
exhaustion may play a role in the immunopathogenesis of these
diseases where pathogens evade immune elimination and estab-
lish persistent infection. To reveal the mechanism responsible for
T-cell exhaustion in cattle, our previous studies investigated the
expression and function of the bovine PD-1/PD-L1 pathway in
BLV infection (25, 26), paratuberculosis (27), bovine anaplas-
mosis (28), and bovine mycoplasmosis (29). PD-1 is upregulated
in CD4* and/or CD8* T cells during B-cell lymphoma caused
by BLV infection (25), subclinical stage of paratuberculosis (27),
acute anaplasmosis (28), and clinical mycoplasmosis (29). In con-
trast, the expression level of PD-L1 increases on infected cells and
antigen-presenting cells, including BLV-infected B cells (25, 26),
M. avium subsp. paratuberculosis-infected macrophages (27), and
peripheral monocytes in anaplasmosis (28) and mycoplasmosis
(29). Thus, the PD-1/PD-LI axis is involved in the inhibition
of T-cell function during disease progression in several chronic
infections in cattle. Additionally, we established several clones
of anti-bovine PD-1 rat monoclonal antibodies (mAbs) that
are capable of blocking the interaction of PD-1 and PD-L1 and
activating the functions of bovine T cells (25). More remarkably,
PD-1/PD-L1 blockade using one of these blocking mAbs, clone
5D2, inhibits the expression of BLV gp51 protein and B-cell
activation in vitro (25). Therefore, the PD-1/PD-L1 pathway is a
candidate therapeutic target for chronic infections in cattle.

However, blocking antibodies derived from rat are considered
to be not suitable for administration to cattle. Previous studies
have shown that the administration of mouse antibody to cat-
tle induces the bovine anti-mouse antibody response within
10-14 days in in vivo depletion experiments, as the mouse anti-
body is recognized as a heterologous protein in cattle (30-32).
The immunogenicity of heterologous antibody is known to
depend mainly (90%) on the constant regions (33). For this

reason, replacing constant regions of heterologous antibody
with those of bovine immunoglobulins is expected to reduce the
bovine anti-antibody response and remain stable and effective for
a longer period in vivo (31, 34).

In this study, we established anti-bovine PD-1 rat-bovine
chimeric antibody (chAb), named as Boch5D2. Boch5D2 consists
of variable regions from anti-bovine PD-1 rat mAb and constant
regions from bovine IgG, and Iglambda. Additionally, amino acid
residues of the constant domain of Boch5D2 IgG; were mutated
to reduce effector functions mediated via Fcy receptors (FcyRs).
We examine mammalian expression systems for the production of
Boch5D2. The stable expression system was successful in produc-
ing sufficient amounts of Boch5D2 for further experiments. The
purified Boch5D2 was tested for biochemical properties compared
with the original anti-bovine PD-1 rat mAb 5D2. Accordingly,
in vivo administration of anti-PD-1 antibodies 5D2 and Boch5D2
was conducted to clarify the in vivo stability and antiviral effects of
these blocking antibodies in BLV-infected cattle.

MATERIALS AND METHODS

Cloning of cDNA Encoding the Variable
Regions of Anti-Bovine PD-1 Rat mAb

Total RNA was isolated from cultivated clones of hybridomas
producing anti-bovine PD-1 rat mAb (5D2) (25) with the use
of the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. cDNAs
encoding the variable regions of rat immunoglobulin, IgG.., and
Igk were amplified with a 5'-Rapid Amplification of cDNA Ends
(5’-RACE) System (Thermo Fisher Scientific). Briefly, first strand
cDNAs were synthesized from the obtained total RNA with a rat
IgGa.-specific primer (RACE RAG2a-1) and a rat Igk-specific
primer (RACE RACK-1) (35). Primer sequences are presented in
Table S1 in Supplementary Material. After removal of the RNA
template by RNase and purification of the first strand product by
S.N.A.P. column (Thermo Fisher Scientific), the obtained cDNAs
were tailed with poly(C) on their 3’-ends and further amplified
using poly(G) primer and the other gene-specific primers, RACE
RAG2a-2 (rat IgG) and RACE RACK-2 (rat Igk) (35). The
polymerase chain reaction (PCR) amplicons were purified with
a FastGene Gel/PCR Extraction Kit (Nippon Genetics, Tokyo,
Japan) and cloned into the TA cloning site of pPGEM-T Easy Vector
(Promega, Madison, WI, USA). The plasmid clones were purified
with a Plasmid DNA Purification Kit (Qiagen, Hilden, Germany)
and sequenced with a CEQ 2000 DNA Analysis System (Beckman
Coulter, Fullerton, CA, USA).

Expression of Boch5D2 in CHO DG44 Cells
The nucleotide sequences of the variable regions of the heavy and
light chains of 5D2 were combined with the constant regions of
bovine IgG; (GenBank accession number X62916) and bovine
Ig lambda (GenBank accession number X62917), respectively.
For the preparation of Boch5D2 with IgG1 triggering reduced
Fc-mediated effector functions (Boch5D2 IgG; ADCC—), amino
acid mutations were introduced into the binding sites for FcyRs of
bovine IgG, CH2 domain (Figure S3A in Supplementary Material)
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(36-38). The designed sequences were modified according to the
optimal codon usage of Chinese hamster, synthesized (Integrated
DNA Technologies, Coralville, IA, USA), and cloned into a
pDN112 expression vector (pDN11 with a modified multicloning
site) (Figure 1A) (38, 39).

Stable high-producer cell lines expressing Boch5D2 were
established with the use of the dihydrofolate reductase (dhfr)/
methotrexate gene amplification system in dhfr-deficient (dhfr='-)
Chinese hamster ovary (CHO) DG44 cells. CHO DG44 cells were
transfected with pDN112-Boch5D2 IgG; ADCC— and selected in
CD OptiCHO medium (Thermo Fisher Scientific) supplemented
with 2 mM GlutaMAX-I (Thermo Fisher Scientific) and 800 pg/ml
G418 sulfate (Enzo Life Sciences, Farmingdale, NY, USA). After
3 weeks, the cells were screened for the ability to produce Boch5D2
by dot blotting and enzyme-linked immunosorbent assay (ELISA)
with horseradish peroxidase (HRP)-conjugated anti-bovine IgG
Fc rabbit polyclonal antibody (Rockland Immunochemicals,
Pottstown, PA, USA), as previously described (38). Single-cell
cloning of the polyclonal cell lines obtained above was performed
by limiting dilution and screened again as described above. Gene
amplification of the single-cell clones was subsequently performed
in CD OptiCHO medium (Thermo Fisher Scientific) containing
60 nM methotrexate (Enzo Life Sciences). Boch5D2 was produced
by shaking cultivation of the established cell lines producing the
highest amount of antibody in G418- and methotrexate-free CD
OptiCHO medium (Thermo Fisher Scientific) at 37°Cand 125 rpm
with 5% CO, for 14 days. Live and dead cells were counted with a
Countess Automated Cell Counter (Thermo Fisher Scientific) on
days 3, 7, 10, and 14. At the same time points, the concentration
of Boch5D2 in the culture supernatant was determined by bovine
IgG ELISA, as described above.

Purification of Boch5D2

Purification of Boch5D2 from the culture supernatant was per-
formed by affinity chromatography with an Ab-Capcher ExTra

(ProteNova, Kagawa, Japan), and the buffer was exchanged
with phosphate-buffered saline (PBS) by size exclusion chro-
matography using PD-10 Desalting Column (GE Healthcare,
Buckinghamshire, England, UK). The concentration of Boch5D2
was measured by ultraviolet (UV) absorbance at 280 nm with a
NanoDrop 8000 Spectrophotometer (Thermo Fisher Scientific).
The purity of Boch5D2 was confirmed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in reducing
or non-reducing condition using 10% polyacrylamide gel and
2x Laemmli Sample Buffer (Bio-Rad, Hercules, CA, USA).
Precision Plus Protein All Blue Standard (Bio-Rad) was used as
a molecular-weight size marker, and the proteins were visual-
ized with Quick-CBB (Wako Pure Chemical Industries, Osaka,
Japan). The purity of Boch5D2 was evaluated by densitometry
with CS Analyzer Software version 3.0 (Atto, Tokyo, Japan) and
was routinely >90%.

Binding Assay of Boch5D2 to Membrane-
Bound Bovine PD-1

To confirm the binding activity of Boch5D2 to membrane-bound
bovine PD-1, flow cytometric analyses were performed using
myc-tagged bovine PD-1-expressing CHO DG44 cells (BoPD-
1-myc cells) (25). Briefly, BoPD-1-myc cells were incubated with
5D2 (25) or Boch5D2 at room temperature for 30 min. Rat IgGa,
(R35-95, BD Biosciences, San Jose, CA, USA) and bovine IgG,
antibodies (Bethyl Laboratories, Montgomery, TX, USA) were
used as isotype controls. The cells were then washed with PBS and
labeled with APC-conjugated anti-rat immunoglobulin antibody
(Southern Biotech, Birmingham, AL, USA) or APC-conjugated
anti-bovine IgG Fc goat antibody (Jackson ImmunoResearch,
West Grove, PA, USA) at room temperature for 30 min. Finally,
the cells were washed and analyzed immediately using FACS
Verse (BD Biosciences) and FCS Express 4 (De Novo Software,
Glendale, CA, USA). The primary antibodies used in this experi-
ment are also shown in Table 1.

FIGURE 1 | Anti-programmed death-1 chimeric antibody, Boch5D2. (A) Schematic structure of a plasmid vector encoding Boch5D2 (pDN112-Boch5D2 IgG;
ADCC-). A light chain consists of a variable region (VL) and a constant region (CL). A heavy chain consists of a variable region (VH) and a constant region (CH: CH1,
hinge, CH2, and CH3). The pDN112 vector includes a neomycin-resistant gene (npt), and a dihydrofolate reductase gene (dhfr). (B) Schematic structure of
Boch5D2. Boch5D2 is composed of two identical heavy chains and light chains, as with the normal IgG antibody.
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TABLE 1 | Primary antibodies used in flow cytometric analyses of this study.

Target Isotype Clone Source Fluorochrome  Conjugation or labeling
Binding assay of anti-programmed death-1 (PD-1) antibodies
PD-1 Bovine 19G+ Boch5D2  This study Alexa Fluor 647  Alexa Fluor 647-conjugated anti-bovine IgG Fc antibody (Jackson
ImmunoResearch)
Bovine IgG; isotype control  Bovine IgG+ Poly Bethyl Alexa Fluor 647 Alexa Fluor 647-conjugated anti-bovine IgG Fc antibody (Jackson
ImmunoResearch)
PD-1 Rat I9Gza 5D2 In house (25) APC APC-conjugated anti-rat Ig antibody (Southern Biotech)
Rat IgG.. isotype control Rat 19G2a R35-95 BD Biosciences APC APC-conjugated anti-rat Ig antibody (Southern Biotech)
Flow cytometric analysis of T-cell proliferation
CFSE - - Sigma-Aldrich CFSE -
CD3 Mouse IgG1 MM1A WSU Monoclonal  PE Zenon R-PE Mouse IgGi Labeling Kit (Thermo Fisher Scientific)
Antibody Center
CD4 Mouse IgG+ CC30 Bio-Rad Alexa Fluor 647  Zenon Alexa Fluor 647 Mouse IgG; Labeling Kit (Thermo Fisher
Scientific)
cD8 Mouse 1gG.. ~ CCB3 Bio-Rad PerCp/Cy5.5 Lightning-Link PerCp/Cy5.5 Conjugation Kit (Innova Biosciences)
TCR1-N24 (5 chain) Mouse 1gG,  GB21A WSU Monoclonal  APC/Cy7 Lightning-Link APC/Cy7 Conjugation Kit (Innova Biosciences)
Antibody Center
IgM Mouse 1gG1 IL-A30 Bio-Rad PE/Cy7 Lightning-Link PE/Cy7 Conjugation Kit (Innova Biosciences)

CFSE, carboxyfluorescein diacetate succinimidy! ester; PE, phycoerythrin; PerCp, peridinin-chlorophyli-protein complex; APC, allophycocyanin; Cy, cyanin.

Surface Plasmon Resonance (SPR)
Analysis
To assess the binding affinity of 5D2 and Boch5D2 to bovine
PD-1, SPR analysis was performed using the Biacore system
(GE Healthcare) with polyhistidine-tagged bovine PD-1
protein (BoPD-1-His). For the preparation of BoPD-1-His,
cDNA encoding the extracellular domain fragment of bovine
PD-1 (GenBank accession number AB510901) with a signal
sequence was amplified by PCR with gene-specific primers
with a Kozak sequence, a C-terminal 6X histidine tag-encoding
sequence, and restriction enzyme cleavage sites (Table S1 in
Supplementary Material). The amplicon was then cloned into
the multicloning site of pCXN2.1(+) (kindly provided by Dr.
T. Yokomizo, Juntendo University, Japan) (40). A transient cell
line expressing BoPD-1-His was established with the use of
Expi293 Expression System (Thermo Fisher Scientific). Briefly,
Expi293F cells were transfected with pCXN2.1(+)-BoPD-1-His
with the use of ExpiFectamine (Thermo Fisher Scientific) and
cultivated with shaking in Expi293 medium (Thermo Fisher
Scientific) at 37°C and 125 rpm with 8% CO, for 7 days. BoPD-
1-His was purified from the culture supernatant with TALON
Metal Affinity Resin (Clontech, Palo Alto, CA, USA), and the
buffer was exchanged with PBS as described above. The purity
of BoPD-1-His was confirmed by SDS-PAGE, and the concen-
tration of BoPD-1-His was determined with a NanoDrop 8000
Spectrophotometer (Thermo Fisher Scientific) as described
above.

Surface plasmon resonance measurement was performed on
a Biacore X100 instrument (GE Healthcare) at 25°C. Purified
BoPD-1-His was immobilized on a CM5 sensor chip (GE
Healthcare) by an Amine Coupling Kit (GE Healthcare) follow-
ing the manufacturer’s instructions to analyze 5D2 or Boch5D2
binding. HBS-EP+ (GE Healthcare) was used for both the run-
ning and the dilution buffers. Control run responses containing
buffer only were subtracted to obtain specific binding responses.

The kinetic constants of 5D2 and Boch5D2 were determined by
fitting with the 1:1 kinetic binding model.

Blockade Assay of PD-1/PD-L1 Binding
Bovine PD-1-bovine IgG Fc fusion protein (BoPD-1-Ig) was
expressed in a previously established stable expression cell line,
purified, and quantified as described previously (38). To confirm
the ability of 5D2 and Boch5D2 to block PD-1/PD-L1 binding,
biotinylated BoPD-1-Ig (5 pg/ml) was incubated with various
concentrations (0.39-50 pg/ml) of 5D2 and Boch5D2 at 37°C
for 30 min. The incubated BoPD-1-Ig proteins were then reacted
with bovine PD-L1-EGFP-expressing CHO DG44 cells (BoPD-
L1-EGFP cells) (38) at 37°C for 30 min. BoPD-1-Ig bound to
BoPD-L1-EGFP cells was labeled with APC-conjugated strepta-
vidin (BioLegend, San Diego, CA, USA) at room temperature for
30 min, washed with PBS, and analyzed immediately by FACS
Verse (BD Biosciences). Rat IgG,, (R35-95, BD Biosciences) and
bovine IgG; antibodies (Bethyl Laboratories) were used as isotype
controls.

Administration of Boch5D2 to Cattle

To confirm the effects of Boch5D2 in cattle (in vivo), a BLV-
infected calf (animal number 15-6; Holstein, male, 173 kg,
4 months old) was administered 14 mg (0.08 mg/kg) of purified
Boch5D2 intravenously. Peripheral blood was collected before
inoculation and more than once a week after inoculation. This
animal was inoculated with 1.4 X 10® leukocytes infected with
BLV (1.4 X 107 copies of provirus) 8 weeks before antibody
inoculation and developed the aleukemic stage of BLV infection.
Infected leukocytes were isolated from the blood of a BLV-
infected cow in the persistent lymphocytosis stage. These animals
were kept in a biosafety level I animal facility at the Animal
Research Center, Agricultural Research Department, Hokkaido
Research Organization (Shintoku, Hokkaido, Japan). This animal
experiment was approved by the Ethics Committee of the Animal
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Research Center, Agricultural Research Department, Hokkaido
Research Organization.

Detection of Boch5D2 in Serum of the

Inoculated Cattle

To determine the kinetics of Boch5D2 in the serum of animal
15-6, anti-PD-1 antibody was detected by ELISA with BoPD-1-
His protein. BoPD-1-His was diluted to 10 ug/ml in 0.05 M car-
bonate-bicarbonate buffer (Sigma-Aldrich, St. Louis, MO, USA)
and coated onto Nunc MaxiSorp ELISA plates (Nunc, Roskilde,
Denmark) at 4°C overnight. The plates were washed with Tris-
buffered saline supplemented with 0.05% Tween20 (TBS-T) and
incubated with TBS-T containing 1% skim milk at room tem-
perature for 1 h. After washing with TBS-T, the serum samples
of animal 15-6 were incubated in triplicate at room temperature
for 1 h. The plates were washed again with TBS-T, and antibody
binding to PD-1 was detected by HRP-conjugated anti-bovine
IgG Fc rabbit polyclonal antibody (Rockland Immunochemicals)
and TMB One Component Substrate (Bethyl Laboratories). The
reported values are the means of triplicate samples.

Cell Proliferation Assay

To investigate the effect of PD-1 blockade on the BLV-specific
T-cell response, cell proliferation assays were performed.
Peripheral blood mononuclear cells (PBMCs) were purified from
the blood samples by density gradient centrifugation on Percoll
(GE Healthcare), washed three times with PBS, and suspended in
PBS. Isolated PBMCs were then labeled with carboxyfluorescein
diacetate succinimidyl ester (CFSE) (Sigma-Aldrich) and cul-
tured in triplicate with 2% heat-inactivated culture supernatant
of BLV-infected fetal lamb kidney (FLK) cells (41) or BLV gp51
peptide mix [0.1 and 1 pg/ml of each peptide (25)] for 6 days. The
heat-inactivated culture supernatant of BLV-uninfected FLK cells
was used as a negative control antigen. All cell cultures were grown
in 96-well round-bottomed plates (BD Biosciences) containing
1 X 10° PBMCs in 250 pl RPMI 1640 medium (Sigma-Aldrich)
supplemented with 10% heat-inactivated fetal bovine serum
(Cansera International, Etobicoke, ON, Canada), 200 IU/ml of
penicillin, 200 pg/ml of streptomycin, and 0.01% L-glutamine
(Thermo Fisher Scientific) at 37°C with 5% CO,. After 6 days,
the PBMCs were harvested and incubated in PBS containing 10%
goat serum (Sigma-Aldrich) at room temperature for 15 min to
prevent non-specific reactions. The cells were then stained with
anti-CD3-PE (MM1A; Washington State University Monoclonal
Antibody Center, Pullman, WA, USA), anti-CD4-Alexa Fluor 647
(CC30; Bio-Rad), anti-CD8-PerCp/Cy5.5 (CC63, Bio-Rad), anti-
TCR1-N24-APC/Cy7 (anti-TCR & chain; GB21A; Washington
State University Monoclonal Antibody Center), and anti-IgM-
PE/Cy7 antibodies (IL-A30; Bio-Rad) at 4°C for 30 min. MM1A
and CC30 were pre-labeled with R-PE and Alexa Fluor 647 with
ZenonMouselIgG, Labeling Kits (Thermo Fisher Scientific). CC63,
GB21A, and IL-A30 were conjugated with PerCp/Cy5.5, APC/
Cy7, and PE/Cy7, respectively, with Lightning-Link Conjugation
Kits (Innova Biosciences, Cambridge, England, UK). The cells
were then washed with PBS containing 1% bovine serum albumin
(Sigma-Aldrich) and analyzed immediately by FACS Verse (BD
Biosciences) and FCS Express 4 (De Novo Software).

Quantification of BLV Proviral Load

To determine proviral loads in the Boch5D2-inoculated animal,
BLV tax gene was measured by quantitative real-time PCR. Briefly,
genomic DNA was extracted from 2 X 10° PBMCs with a Wizard
Genomic DNA Purification Kit (Promega). Amplification of the
BLV tax gene was performed in a reaction mixture containing
5 ul of Cycleave PCR Reaction Mix (Takara Bio, Otsu, Japan),
0.5 pl of Probe/Primer Mix for BLV (Takara Bio), 1 ul of a DNA
template, and 3.5 pl of RNase-Free Distilled Water (Takara Bio)
with a LightCycler 480 system II (Roche Diagnostics, Mannheim,
Germany). Serial dilution of BLV Positive Control (Takara Bio)
was used to generate calibration curves to determine the copy
number of the BLV tax gene. Each DNA sample was tested in trip-
licate, and the reported values are the mean numbers of copies per
50 ng of DNA. The concentration of DNA was measured by UV
absorbance at 260 nm with a NanoDrop 8000 Spectrophotometer
(Thermo Fisher Scientific).

Statistical Analysis

Significant differences were identified by Welch’s t-test and
repeated one-way analysis of variance, followed by Dunnetts
test. All statistical tests were performed with GraphPad Prism
6 (GraphPad Software, San Diego, CA, USA). Differences were
considered statistically significant when P < 0.05.

RESULTS

Treatment of Anti-PD-1 Rat mADb in BLV-
Infected Cattle

To evaluate the therapeutic effects of PD-1 blockade in vivo,
a BLV-infected cow was inoculated with anti-PD-1 rat mAb
(5D2). The serum concentration of the inoculated 5D2 was
high during the first week postinoculation and decreased from
11 days postinoculation (dpi) (Figure S1 in Supplementary
Material). At 18 dpi, 5D2 was not detected in the serum (Figure
S1 in Supplementary Material). Before inoculation, ex vivo cul-
ture of PBMCs resulted in low or no production of interferon-y
(IFN-y) in response to BLV gp51 peptides (Figure S2A in
Supplementary Material), indicating the functional exhaus-
tion of gp51-specific T cells in this animal. After inoculation,
however, gp51-specific IFN-y production was slightly activated
until 25 dpi (Figure S2A in Supplementary Material), suggest-
ing that PD-1 blockade partially restores the effector function
of BLV-specific T cells in vivo. Despite enhancement of the
BLV-specific T-cell response, the proviral load of BLV did not
change in the animal throughout the experiment (Figure S2B in
Supplementary Material).

Establishment of the Anti-Bovine PD-1

Rat-Bovine chAb, Boch5D2

We hypothesized that treatment with anti-PD-1 rat mAb 5D2
could not induce antiviral effects because 5D2 was rapidly elimi-
nated as a heterologous protein in cattle. To obtain a blocking
antibody that was more stable in vivo, 5D2 was then engineered
into an anti-bovine PD-1 rat-bovine chimeric monoclonal
antibody, Boch5D2 (Figure 1B). Additionally, Boch5D2 is
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desired to induce no Fc-mediated effector functions, such as
antibody-dependent cell-mediated cytotoxicity (ADCC). Thus,
we introduced amino acid mutations into possible binding
sites for FcyRs of a CH2 domain of bovine IgG, (Figure S3A in
Supplementary Material) according to the confirmed mutations
on human IgG; (34, 35). Homology modeling predicted the
structure of the constant region of bovine IgG, and revealed that
the target residues for mutation were located in the upper CH2
domain near the hinge region (Figure S3B in Supplementary
Material). These residues were estimated to form the binding sites
for FcyRs like human IgG, (37). We then developed Boch5D2
IgG, variants with wild type (IgG, WT) and mutated constant
regions (IgG; ADCC—) in Expi293 Expression System (Figure
S4A in Supplementary Material). Soluble bovine FcyR proteins
were also prepared in Expi293 Expression System (Figure S4B in
Supplementary Material) and tested for the bindings of Boch5D2
IgGy WT and ADCC— (Figure S5 in Supplementary Material).
Boch5D2 IgG; WT bound strongly to bovine FcyRI, weakly to
bovine FcyRII, but not to bovine FcyRIII and Fcy2R (Figure S5
in Supplementary Material). The mutations introduced into the
CH2 domain of Boch5D2 IgG; ADCC— were effective to dimin-
ish the interactions with bovine FcyRI and FcyRII (Figures S5A,B
in Supplementary Material). Thus, Boch5D2 IgG, ADCC— is
expected to induce no effector functions via FcyRs and is a suit-
able form as a blocking antibody targeting PD-1.

Establishment of Stable High-Producer
Cell Lines Expressing Boch5D2

To obtain large amount of Boch5D2 (IgG; ADCC-) for further
characterization in vitro and in vivo, Boch5D2 (IgG; ADCC-)
was stably expressed and produced with the use of the CHO
DG44 cell expression system. The highest-producing cell line

in CHO DG44 cells stably produced 91.7 mg/l of Boch5D2
after 14 days of shaking culture (Figure 2A). Boch5D2 was
successfully purified from supernatants with the use of Protein
A resin (Figure 2B). As expected, the heavy and light chains
of Boch5D2 were detected at approximately 50 and 25 kDa,
respectively (Figure 2B). Thus, Boch5D2 has been successfully
established and produced with the use of mammalian expres-
sion system.

Reactivities of Boch5D2 to

Membrane-Bound Bovine PD-1

The binding ability of anti-PD-1 chAb was determined by flow
cytometric analysis with membrane-bound PD-1-expressing
cells. Flow cytometric analysis showed that Boch5D2 bound to
more than 95% of PD-1-expressing cells at 1-100 pg/ml and to
62% at 0.1 pg/ml (Figure 3), representing a binding ability similar
to that of 5D2. The Boch5D2 produced in this study is capable of
detecting its target with reactivity similar to that of the original
rat mAb.

Binding Affinity of Boch5D2 to Bovine

PD-1 Protein

To confirm the binding affinity of Boch5D2 to PD-1 protein,
BoPD-1-His was prepared in Expi293 Expression System (Figure
S6 in Supplementary Material), and SPR analysis was performed
with the use of a Biacore instrument. 5D2 and Boch5D2 bound to
BoPD-1-His protein successfully. As shown in Table 2, 5D2 and
Boch5D2 showed significantly similar affinities for PD-1, with Kp
values of 0.12 + 0.04 and 0.10 + 0.06 nM, respectively. Therefore,
the chimerization of anti-PD-1 antibody does not change its
binding affinity to bovine PD-1 protein.
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FIGURE 2 | Production and purification of Boch5D2 in CHO DG44 cells. (A) Expression of Boch5D2. Boch5D2 was expressed stably in CHO DG44 cells in 30 ml of
shaking culture. The numbers of live and dead cells (right axis: white circle and diamond) and antibody production (left axis: gray bar) were measured at 3- to 4-day
intervals. (B) Purification of Boch6D2. Boch5D2 was purified from supernatants of shaking cultures. Purified protein was confirmed by reducing and non-reducing
sodium dodecyl! sulfate-polyacrylamide gel electrophoresis.
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FIGURE 3 | Reactivity of Boch5D2 with BoPD-1-myc cells. Flow cytometric analyses using Boch5D2. BoPD-1-myc cells were stained with 5D2 and Boch5D2 in
serial dilutions (from 100 pg/ml to 1 ng/ml).

TABLE 2 | Binding affinity of 5D2 and Boch5D2 to BoPD-1-His protein.

Antibody ka (1/Ms) ka (1/s) Kb (M)*
5D2 1.84x10°+0.27  215x 10 +0.44 1.22 x 107% + 0.39
Boch5D2 207x10*+0.06  216x10*+112  1.05x 10+ 0.58

aThe Kp values of 5D2 and Boch5D2 are not significantly different (P > 0.05).

Blockade of PD-1/PD-L1 Binding by

Boch5D2

To analyze the blocking activity of Boch5D2, the inhibitory
efficacy of chAb in PD-1-Ig binding to PD-L1-expressing cells
was evaluated in cell-based experiments using flow cytometry.
Preincubation of PD-1-Ig with either 5D2 or Boch5D2 inhibited
PD-1/PD-L1 binding in a dose-dependent manner (Figure 4).
In preincubations using 50 pg/ml of the antibodies, such as
Boch5D2 and 5D2, inhibited 42.4 and 35.2% of PD-1/PD-L1
binding, respectively (Figure 4). Thus, the blocking activity of
Boch5D2 is similar to that of the original rat mAb 5D2.

Reactivation of T-Cell Functions by
Treatment with Boch5D2 in BLV-Infected
Cattle

To evaluate the therapeutic effects of Boch5D2 in vivo, a BLV-
infected calf was inoculated with anti-PD-1 chAb (Boch5D2). The
serum concentration of the inoculated Boch5D2 was relatively
high during the first week postinoculation (Figure 5), showing
a trend similar to that in a 5D2-inoculated animal (Figure S1 in
Supplementary Material). Unlike the concentration of inoculated
5D2, the concentration of Boch5D2 decreased slowly, and it was

still detectable in the serum at 70 dpi when this animal experi-
ment was terminated (Figure 5). The BLV-specific proliferation
of PBMCs was analyzed at 1- or 2-day intervals during the first
week after inoculation. Activation of CD4* T-cell proliferation
stimulated by FLK-BLV antigen was significantly higher from
1 dpi than at 0 dpi (Figure 6A). In contrast, CD8" T-cell prolifera-
tion was activated in response not only to FLK-BLV antigen but
also to controls (FLK control antigen and medium) after Boch5D2
inoculation (Figure 6A). Furthermore, a proliferation assay
with BLV gp51 peptides showed that CD4* T-cell proliferation
in response to the peptide antigens was significantly enhanced
after inoculation, but that of CD8* T cells was not (Figure 6B).
Surprisingly, the enhanced proliferation of BLV-specific CD4*
T cells was not impaired at 70 dpi (Figures 6A,B). A single treat-
ment with Boch5D2 activated the effector function of T cells,
including BLV-specific CD4* T cells, in a BLV-infected animal
in the long term.

Reduction of Proviral Load by the
Treatment with Boch5D2 in BLV-Infected

Cattle

In this tested animal, the BLV proviral load in PBMCs was 15.4
copies/50 ng DNA before inoculation (at 0 dpi) (Figure 7). This
animal remained in the aleukemic stage of BLV infection through-
out the experimental period, such that the proviral load was low
but detectable. After inoculation with Boch5D2, the proviral
load decreased significantly after 1 dpi (5.0 copies/50 ng DNA)
(Figure 7), consistent with the enhancement of the BLV-specific
T-cell response (Figure 6). The proviral load did not increase after
3 dpi; at 70 dpi, it was 1.4 copies/50 ng DNA, which was 10.7-fold
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FIGURE 5 | Kinetics of Boch5D2 in serum of the inoculated calf. A bovine
leukemia virus-infected calf (n = 1) was inoculated with Boch5D2 (0.08 mg/
kg). The serum concentration of Boch5D2 was determined by enzyme-linked
immunosorbent assay precoated with BoPD-1-His protein. Each dot
represents the mean of three independent experiments.

lower than at 0 dpi (Figure 7). Consequently, in vivo blockade of
PD-1/PD-L1 resulted in a prolonged decrease in BLV-infected
lymphocytes in the BLV-infected animal.

DISCUSSION

In this study, anti-bovine PD-1 chAb Boch5D2 was established in
mammalian expression systems and exhibited equivalent in vitro

activities to the original mAb 5D2 in terms of the binding affinity
to bovine PD-1 protein and the blocking activity on bovine PD-1/
PD-L1 interaction. Furthermore, the bovinized chimerization of
anti-PD-1 mAb improved its in vivo stability presumably due to
reduced immune response against constant regions of the inocu-
lated antibodies, which is a strong advantage of this strategy. The
chimerization technology will be useful to the development of
therapeutic antibodies as well as cell type-specific antibodies for
in vivo depletion experiments.

We administrated Boch5D2 to a small calf (173 kg) at a low
dose (0.08 mg/kg) as a pilot trial, but administration of the chAb
to adult cattle at higher dose requires gram-scale quantities of the
chAb. For example, 0.5 g of chAb is required for administration
to a 500-kg adult cow at a dose of 1 mg/kg. The current capacity
of chAD production in CHO DG44 cell lines is still poor (about
0.1 g/1) and could be improved by further gene amplification
using methotrexate at higher concentrations. In addition, large-
scale culture using larger culture flasks and bioreactors is helpful
for producing large amounts of chAbs (42). In recent studies,
higher peak cell concentrations and product titers of up to 5 g/l
have been routinely achieved in CHO DG44 cells, as production
processes have steadily improved through advances in optimiza-
tion of selection processes, basal media, and feed supplements
(42-44). Thus, optimization of basal media and feed supplements
will be among the next strategies for improving the established
high-producing cell lines.

Although binding specificity and affinity to antigen are central
for functional activity of antibody drug, the adequate choice of
the constant region of the heavy chain is also essential to obtain
expected effects of antibody treatment. IgG subclass inducing no
Fc-mediated effector functions, such as ADCC, complement-
dependent cytotoxicity (CDC), and antibody-dependent cell-
mediated phagocytosis (ADCP), is considered to be suitable
for the blocking antibody targeting PD-1 in human medicine
(45, 46). Anti-human PD-1 antibodies launched for cancer
therapy (nivolumab and pembrolizumab) are composed of
human IgG; heavy chain (46), which does not trigger ADCC and
CDC functions via its Fc region (45).

Three IgG subclasses, IgG;, IgG,, and IgGs, have been
described in cattle (47-49), and cattle do not produce functional
IgG, because bovine IGHC4 gene encoding bovine IgG, heavy
chain exists as a pseudogene on the genome (50). In earlier
studies, bovine IgG, and IgG; are clarified to mediate ADCC and
ADCP (51, 52). Bovine IgGs is characterized by a longer hinge
sequence, which is presumably effective in the cross-linking with
FcyRs and complement, and triggers active Fc-mediated effector
functions like human IgGs (45, 49). Thus, intact constant regions
of bovine IgG subclasses may not be applied for effective blocking
antibody. This study indicates that Boch5D2 IgG; ADCC— does
not interact with FcyRI and FeyRII, but Boch5D2 IgG; WT does.
The mutated bovine IgG; may not trigger ADCC and ADCP
and is a suitable form for blocking antibody. Further studies are
needed to investigate ADCC, ADCP, and CDC functions of the
Boch5D2 IgG; variants and confirm the efficacy of the amino acid
mutations in detail.

In the calf-administered Boch5D2, PD-1 blockade remarkably
activated BLV-specific CD4* T-cell proliferation. In contrast, the
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FIGURE 6 | Effect on proliferation of bovine leukemia virus (BLV)-specific T cells of the administration of Boch5D2. T-cell proliferation specific for BLV antigen
stimulation. Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled peripheral blood mononuclear cells were cultured in triplicate with fetal lamb kidney
(FLK)-BLV antigen, control FLK antigen (A), or gp51 peptides (0.1 and 1 pg/ml) (B) for 6 days. The percentage of CFSE" cells in CD4* and CD8*y8TCR- T cells
was measured by flow cytometry. CFSE®" cells represent cells proliferated during cultivation. Each dot represents the mean of three independent experiments.
Significant differences were determined by Dunnett’s multiple-comparison test across the time points. “*1P < 0.05 versus 0 dpi in each stimulation.

proliferation of BLV-specific CD8" T-cells was limited before and

20 -
after the inoculation. This result is consistent with the previous
" P<0.05 observation that CD4* T cells express more PD-1 than do CD8*
Y (vs. day 0) T cells in BLV-infected cattle (25). Certainly, most of the PD-1*

cells were found among CD4" T cells, with PD-1*CD8" T cells
representing a minority of the PD-1* cells in this animal before
Boch5D2 inoculation (data not shown). In addition, exogenous
antigen is mainly recognized by CD4* T cells via the MHC II
pathways in proliferation assays. CD8* T cells are also stimulated
by exogenous antigens by cross-presentation via MHC I, but this
stimulation is usually insufficient. Thus, BLV antigen-bearing
antigen-presenting cells are required for detecting BLV-specific
CD8* T-cell responses in the assays. Most importantly, Boch5D2
0 10 20 30 40 50 60 70 treatment significantly decreased the BLV proviral load in the calf.
Days post-inoculation This effect was presumably caused by the activation of BLV-specific

CD4" T cells. These data suggest that Boch5D2 may prevent disease
progression in BLV infection through reduction of the viral load.
A hypothesis arises from the administration of anti-PD-1 rat

BLV proviral load (copies/50ng DNA)

FIGURE 7 | Effect on proviral loads of bovine leukemia virus (BLV) in a
calf-administered Boch5D2. Provirus copy number per 50 ng DNA of
peripheral blood mononuclear cells (PBMCs) from an inoculated calf. Proviral

loads of BLV were quantified in PBMCs at each time point by real-time mAb 5D2. In the BLV-infected cow inoculated with 5D2, PD-1
genomic polymerase chain reaction targeting the BLV tax gene. Each dot blockade unexpectedly restored the IFN-y response specific for
represents the mean of three independent experiments. Significant BLV gp51 antigens up to 25 dpi. Nevertheless, the BLV proviral

differences were determined by Dunnett’s multiple-comparison test across
the time points. *P < 0.05 versus 0 dpi.

load was not decreased in this animal. These results indicate that
not only IFN-y response but also other T-cell functions, such as
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proliferative activity, cytotoxic activity, and production of other
T-cell cytokines (such as tumor necrosis factor-a and interleu-
kin-2) and effector molecules (such as perforin and granzyme)
may be involved in the control of BLV-infected cells in vivo.

The PD-1/PD-L1 pathway is expected to be a potential target
for reinvigorating the function of exhausted T cells. A number
of researchers and pharmaceutical companies have investigated
antibody treatments that block the PD-1/PD-L1 pathway in
humans, and anti-PD-1 and anti-PD-L1 antibodies have been
approved for various human cancers or evaluated in clinical trials
(7-11, 46). In the field of veterinary medicine, the PD-1/PD-L1
pathway has also attracted much attention for its potential as a
novel target for cancer immunotherapy in companion animals
(53-55). We recently established anti-bovine PD-L1 rat-bovine
chAb as another candidate agent for blocking the PD-1/PD-L1
pathway (56). Administration of anti-PD-L1 chAb to a BLV-
infected calf enhanced BLV-specific CD4" T-cell proliferation
and reduced BLV proviral load in vivo, which is consistent with
the results in the current study. Thus, targeting the PD-1/PD-L1
pathway is a significant strategy for the regulation of T-cell
response to pathogens in cattle.

The current work is a pilot study with a primary aim to deter-
mine the effects of Boch5D2 treatment. Although Boch5D2 treat-
ment induced the immunomodulatory and antiviral effects in
the initial trial, this result requires confirmation in a clinical trial
with a large number of BLV-infected cattle from different herds
or farms. Furthermore, we have revealed that T-cell exhaustion
mediated by PD-1/PD-L1 presumably facilitates persistent infec-
tion and disease progression in BLV infection as well as bovine
paratuberculosis, anaplasmosis, and mycoplasmosis (25-29).
Clinical trials in cattle with paratuberculosis and anaplasmosis
would determine whether Boch5D2 can be applied for a broad-
spectrum immunotherapy against chronic infections of cattle.
Additionally, expression and functional analyses are required in
other infectious diseases of cattle, such as tuberculosis, chronic
mastitis, theileriosis, and babesiosis, to expand the potential
applications targeting the PD-1/PD-L1 pathway.
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