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Abstract

Therapeutic monoclonal antibodies (mAbs) have been successful for therapy of a number of
diseases mostly cancer and immune disorders. However, the vast majority of mAbs approved for
clinical use are full size, typically in 1gG1 format. These mAbs may exhibit relatively poor tissue
penetration and restricted epitope access due to their large size. A promising solution to this
fundamental limitation is the engineering of smaller scaffolds based on the IgG1 Fc region. These
scaffolds can be used for generation of libraries of mutants from which high-affinity binders can
be selected. Comprised of the CH2 and CH3 domains, the Fc region is important not only for the
antibody effector function but also for its long half-life. This review focuses on engineered Fc
based antibody fragments and domains including native (dimeric) Fc and monomeric Fc as well as
CH2 and monomeric CH3, and their use as novel scaffolds and binders. The Fc based binders are
promising candidate therapeutics with optimized half-life, enhanced tissue penetration and access
to sterically restricted binding sites resulting in an increased therapeutic efficacy.
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1. Introduction

The vast majority of the more than 40 monoclonal antibodies (mAbs) approved for clinical
use are full-size antibodies in IgG1 format [1, 2]. Although these mAbs have significant
impact on clinical benefits in several diseases, they still have limitations due to their
relatively large size which causes poor penetration into tissues (e.g., solid tumors) and a lack
of binding to epitopes on the surface of some targets that are accessible only by molecules of
smaller size [3-5]. A variety of antibody fragments of smaller size such as Fab, Fv, scFv,
and domains such as heavy chain variable domain (VH) and light chain variable domain
(VL) have been previously developed [6-8]. However, these antibody fragments and
domains have been of limited therapeutic applications because they display greatly reduced
half-lives compared to that of the full-size 1gG. To increase the serum half-life, various
approaches including fusion with Fc, aloumin, additional peptides to bind with the neonatal
Fc receptor (FcRn) or albumin, as well as pegylation have been used [9]. But, the advantage
of smaller size is essentially lost as additional modifications to improve the half-life
significantly increase the molecule’s size.

The 1gG Fc is a homodimer consisting of two heavy chain constant domains and has various
effector functions. Moreover, the Fc region contributes to the long half-life of 1gG through
its pH-dependent association with FcRn [10, 11]. The IgG Fc can bind to FcRn in the acidic
environment of the endosome after internalization and then be recycled into the cell surface
and released into circulation. This protects 1gG from degradation and increases its serum
half-life [12]. Therefore, to overcome the problem of short half-life in smaller antibody
domains and fragments, the 1gG Fc itself and its constant domains were proposed as
scaffolds that could be engineered for binding to antigens while retaining its binding to
human FcRn [13-17].

From a structural point of view the constant domains share the topology and three-
dimensional structure with the variable domains but lack the C’ and C” strands and the C’C”
loop [18]. Hence, structural components of isolated constant domains, namely, beta strands
A through G and exposed loop regions between these strands could provide scaffold
functionality including some intrinsic stability and exposed regions tolerant to amino acid
mutations as well as grafting of complementarity-determining regions (CDRS) into the
scaffolds [15, 16, 19]. Previously, other approaches through chemically programmed
antibodies (cpAbs) including the modification of Fc domains with antigen binding capability
were also described [20-22], and was recently reviewed elsewhere [23]. These chemical
programing with antigen-binding small molecules in the Fc based scaffolds could also be
applied to the engineered Fc based antibody domains and fragments. Here, we review the
strategies and technologies that have been adopted to develop novel antigen binding
scaffolds derived from different Fc based antibody fragments and domains, including Fc,
monomeric Fc (mFc), CH2 and monomeric CH3 (mCH3) domains (Fig. 1). We also discuss
some of the engineered scaffolds as the potential candidates with better tissue penetration
and reduced steric hindrance resulting in increased therapeutic efficacy. Further
development of these Fc based antibody scaffolds would offer the next-generation of binders
of smaller size with potentially enhanced half-life, which could make them promising
candidate therapeutics and diagnostics.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ying et al.

Page 3

2. Engineered IgG1 Fc as a scaffold

Although the Fc domain lacks the antigen binding capability of full-size 1gG, it governs their
cytotoxic effector functions and long serum half-life. Therefore, extensive efforts have been
made to engineer the Fc domain to fulfill a variety of therapeutic demands. The Fc region
mediates cellular cytotoxic effector functions such as antibody-dependent cellular
cytotoxicity (ADCC), antibody-dependent cell phagocytosis (ADCP) and complement-
dependent cytotoxicity (CDC) through its interactions with Fcy receptors (activating
receptors: FcyRI, FcyRIla and FcyRIl1a; inhibitory receptor FcyRIIb) and complement
factor C1q [24-27]. The cytotoxicity of 1gGs is correlated with the affinity of interactions
between Fc and the Fcy receptors and C1q [28, 29]. In knockout mice, it has also been
shown that the presence of activating Fcy receptors is necessary for the cytotoxicity of 1gGs,
while a deficiency of the inhibitory Fcy receptor, FcyRIIb, further elevates ADCC [30]. In
one example of effector function optimization, Lazar et al. engineered Fc variants with
enhanced affinity for activating receptors and reduced affinity for the inhibitory receptor
FcyRIlb, which resulted in enhanced effector functions in vitro and improved in vivo
cytotoxicity in macaques [31]. The inhibitory effects of FcyRIIb have also been capitalized
on to suppress the immune response by increasing affinity to FcyRI1b, which confers anti-
inflammatory effects [32]. Groups have also worked to eliminate C1q binding [33] and to
silence effector functions entirely [34] to reduce side effects such as injection site reactions
and cross-targeting, respectively.

The interactions of the Fc region with FcRn significantly contribute to the exceptionally
long serum half-life of IgG1 (about three weeks) compared to that of small-molecule drugs
(minutes to hours) [35]. However, due to the unique pH-dependent association of the Fc
with FcRn, in which Fc binds with FcRn at the endosomal pH but is released back to
circulation at a physiological pH, enhanced affinity does not immediately equate to
improved half-life in vivo [36]. Only the selectively improved binding of Fc to FcRn at pH
6.0 but not at pH 7.4 enhances half-life; for instance, the engineered Fc variants of
bevacizumab (Avastin) that exhibit increased affinity with FcRn at pH 6.0 have been shown
to not only possess longer half-lives but also improved antitumor activity in vivo [37].
However, in some cases, such as that of antibodies which serve as targeted carriers of
radioisotopes and other toxic therapies, antibodies may benefit from greatly reduced half-
lives. The Fc region has therefore also been engineered for reduced FcRn binding to FcRn
[38].

It has recently been shown that the Fc region itself can serve as an antibody scaffold by
engineering the loop regions at the C-terminal of the CH3 domains of Fc to form new
antigen-binding sites [15]. To identify Fc binders (Fcab; Fc antigen binding) specific to
HER2/neu, Wozniak-Knopp et al. generated a large yeast display library of human IgG1 Fc
regions in which these loop sequences were randomized. FACS sorting against the
HER2/neu resulted in the identification of H242-9 and, through subsequent affinity
maturation of the clone, H10-03-6. The latter Fcab exhibited specific and selective binding
to HER2-positive cells and elicited ADCC in vitro, as well as an in vivo half-life comparable
to that of wild-type Fc in mice. However, although the Fc domain is considered a fairly
stable molecule, the mutations in these loop structures have been shown to result in a loss of
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stability. Therefore, this same group engineered additional intradomain disulfide bonds to
connect the N-terminus of the CH3 domain to the F-strand and the BC loop of the CH3
domain with the D-strand, which not only enhanced thermal stability in wild-type Fc but
also in Fcabs [39]. These results demonstrate that, even in its small-size format of 60 kDa,
Fcabs can possess the antigen specificity, effector functions and long serum half-life of full-
size 1gG antibodies.

3. Engineered monomeric IgG1 Fc as a scaffold

Recently several engineered monomeric 1gG1 Fc have been developed in our laboratory
[17]. A large phage library was generated displaying clones that have extensive mutations in
the CH3 dimerization interface of 1IgG1 Fc. This library was used to select desired clones
using a novel multiple panning/screening strategy (Fig. 2). It was first panned against
protein G to enrich soluble and well-folded clones. After depletion of the poor behavior
clones, the phage pool was further panned against FcRn to enrich clones that bind FcRn in a
pH-dependent manner, and dominant clones were further screened to select purely
monomeric mutants. Three Fc monomers were successfully selected using this strategy.
They are purely monomeric, highly soluble, bind to FcRn and can be high efficiently
expressed in E. coli.

Compared to the dimeric Fc, the engineered Fc monomers could have several advantages
when used as scaffolds. First, the size advantage could lead to better tissue penetration and
the targeting of sterically restricted epitopes. The size of monomeric Fc (~27 kDa) is
comparable to scFv but could have much longer serum half-life due to the contribution of
pH-dependent FcRn binding. Importantly, compared to the wild-type Fc, a large surface area
(>1000 A?) is exposed in the Fc monomer due to the exposure of the CH3 dimerization
interface, providing more accessibility for antibody engineering (Fig. 3). This area does not
overlap with the binding sites of FcRn and Fcy receptors, presenting a unique opportunity
for the grafting of complementarity determining regions or the introduction of extensive
mutations.

4. lg CH2 as a scaffold

CH2in IgG, IgA, and IgD, and CH3 in IgE and IgM, exhibit very weak carbohydrate-
mediated interchain protein-protein interactions in contrast to the extensive interchain
interactions that occur between the other Ig domains. This property of CH2 results in its ~14
kDa independently folded monomeric form when expressed in bacteria [40, 41]. The
structure of isolated CH2 has been characterized [41, 42] and shown to contain seven [3-
strands connected by three loops (loop BC, DE and FG) and two helices (helix 1 and 2). The
three loops in CH2 are relatively flexible and similar to that of the three CDRs in VH. After
replacement of the original residues in these loops by other sequences for construction of the
library, specific binders based on CH2 that target certain antigens could be selected by
panning (Fig. 4A). In addition, as part of Fc, CH2 contains binding sites or portions of
binding sites for Fc receptors (e.g., FcRn) and complement C1q [43], which could naturally
extend half-life and mediate stability and effector functions in vivo. Therefore, CH2 was
proposed as a new scaffold for the development of novel therapeutic candidates, termed
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nanoantibodies (nAbs), that can not only bind to specific antigens but also confer Fc
functions (e.g. bind to FcRn) [13, 44].

5. Engineered IgG1 CH2 as a scaffold

Although isolated native CH2 exists as a monomer independently, it has significantly lower
thermal stability compared with other scaffolds in a similar size range, such as the 10th type
I11 domain of human fibronectin (FN3) [40, 41, 45]. It also has a high probability of
instability when engineered for binding to antigens and enhanced effector functions. In
native 1gG and Fc molecules, the N-terminal residues of CH2 from the two heavy chains
interact with each other and form hinge regions. By contrast, the N-terminal residues are
highly disordered in isolated CH2. We have hypothesized that the removal of the CH2 N-
terminal residues may not only increase its stability but also its aggregation resistance.
Therefore, we generated a shortened human 1gG1 CH2 variant, CH2s, by removing seven
residues from the N-terminus. As expected, CH2s showed increased stability and
aggregation resistance [46]. We also tried to further increase the stability of CH2s by
introducing an additional disulfide bond between strands A (the first strand) and G (the last
strand). We engineered a new mutant m01s that is extremely stable with high Tm (> 80°C)
[14]. The half-life of m01s is about 10 hours as measured in normal B6 mice, human FcRn
transgenic mice and cynomolgus macaques [47], which is much longer than that of other
scaffolds of similar size such as human VH (range in minutes). This extended half-life may
be due to its binding to FcRn. The binders based on m01s scaffold may exhibit very unique
advantages when administered in vivo.

A previous study reported the construction of a large phage-displayed library by using the
human CH?2 as a scaffold [19]. Several binders were identified after panning against an
HIV-1 gp120-soluble CD4 complex. The highest-affinity binder, mlal, specifically binds to
a highly conserved CD4i epitope that is also recognized by other broadly neutralizing
antibodies [43]. mlal can neutralize seven of nine HIV-1 isolates in a pseudovirus model
from different clades. Recently, a newly designed library based on m01s was constructed by
novel strategies: rational mutagenesis on loop BC according to the frequency of the
occurrence of the amino acids in its partner VH CDR1; limited mutagenesis on loop DE
without significantly changing the properties of each mutated residue; precise replacement
of loop FG (no changes in its flanking sequences) by VH CDR3 from VH libraries by multi-
step PCR [48]. Panning of this library against a peptide from HIV-1 membrane proximal
external regions resulted in the identification of a bivalent binder m2al, which interacts non-
competitively with an HIV-1 neutralizing epitope and FcRn. Similar to m1al, m2al could
also neutralize a panel of HIV-1 isolates based on a pseudovirus assay. Therefore, m2al
could be considered the first prototype of a nanoantibody. However, both m1al and m2al
can only bind to the target with low affinity, which results in only modest neutralizing
activity. They should therefore be further improved for sufficient efficacy as therapeutic
candidates.

Although we developed binders based on CH2-based scaffolds further studies are needed to
develop them as therapeutics of potential clinical use. Firstly, as we found, the stability and
aggregation resistance of CH2 could be increased through proper mutations. Therefore, a
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possible direction is to continue resolving these issues to prevent the molecule from
incorrectly folding after the introduction of foreign sequences. Secondly, the CH2 scaffold
can naturally possess Fc or part of Fc functions because it is derived from the Fc fragment,
but the molecule may not be flexible enough to present foreign sequencing for perfect
docking to the antigen, which leads to poor affinity. Thus, appropriate mutations should be
carried out in the CH2 molecule to increase its flexibility or a new strategy for library
construction should be adopted for better, high affinity interactions between the antibody
and antigen. Thirdly, for treatment in vivo, more modifications of CH2 may be considered to
further extend the half-life, by enhancing its binding to FcRn, or attain other necessary Fc
functions.

6. Engineered monomeric IgG1 CH3 as a scaffold

By using a similar strategy for generating monomeric IgG1 Fc [17], we also developed a
monomeric 1gG1 CH3 domain [12] as a potential scaffold. mCH3 has four mutations to the
wild-type CH3 and exists in pure monomer. Its thermal stability was low but was largely
enhanced by introducing a disulfide bond connecting its N-terminal A strand and C-terminal
G strand. It contains a part of the FcRn binding site of Fc, and can bind FcRn in a pH-
dependent manner, although this binding is weaker than that of the wild-type Fc and Fc
monomers.

Similar to that of the Fc monomers, the monomeric IgG1 CH3 domain would possess
exposed surface areas that were inaccessible in the dimeric Fc and CH3 domains. These
areas would enable the engineering of antigen binding sites and the use of this novel
antibody domain as a potential scaffold (Fig. 4B). Their size is even smaller than mFc-based
binders, leading to improved penetration, better targeting of cavities and sterically restricted
regions resulting in increased potency per dose and reduction in overall manufacturing cost.
Moreover, the mCH3-based binders could be advantageous in certain circumstances. For
instance, the lack of CH2 domain in mCH3 would lead to a loss of binding to Fcy receptors
and C1q, which are critical for ADCC and CDC induced by antibodies. This particular
advantage of engineered Fc based domains and scaffolds (e.g., mCH3) with a lack of Fcy
receptor binding could be their lower immunogenicity as these potential scaffolds with non-
self amino acid sequences in their engineered paratopes may not be directly delivered and
processed in Fcy receptor-expressing antigen binding cells that trigger T-cell dependent
antibody responses. Thus, they may be used under some circumstances where Fc-induced
cytotoxic effects are disadvantageous.

7. Conclusions and prospects

Engineered Fc based antibody fragments and domains including the dimeric Fc, mFc, CH2
and mCH3 have been shown to be promising novel scaffolds. Table 1 summarizes the Fc
based scaffolds with engineering strategies and characteristics of the binders developed.
Particularly, novel panning/screening strategies were generated for the development of
monomeric Fc based scaffolds. These monomers could be expressed in E. coli with high
efficiency and were found to be relatively stable while retaining the ability to bind FcRn in a
pH-dependent manner. Another scaffold, CH2, was derived from the native sequence
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without any mutations and formed a stable monomer, which is in contrast to all other
constant domains and most of the variable domains. The mCH3 scaffold, which has only
four mutations compared to dimeric CH3 and exists in pure monomer, exhibited higher
FcRn binding compared to CH2, and may possess more accessibility for antibody
engineering due to the exposure of a large surface area that was buried in dimeric Fc and
CH3 domains. However, protein design strategies through disulphide bond engineering and
random or site-directed mutagenesis combined with structural analysis may be further
required to enhance their drugability properties [49, 50]. Because of their smaller size and
the FcRn binding capability, the Fc based engineered fragments and domains have potential
as novel scaffolds for construction of libraries. Several large libraries were already
constructed and antigen-specific binders were successfully identified [19, 48, 51]. Thus, the
Fc based scaffolds and binders could be used for the development of candidate therapeutics
with optimized half-life, enhanced tissue penetration and access to sterically restricted
binding sites resulting in increased therapeutic efficacy.
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Fig. 1.
Schematic diagram of Fc based scaffolds.
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Fig. 2.

Illustration of a phage-display based multiple panning/screening strategy to generate
monomeric IgG1 Fc. A phage display library containing 10° different rational-designed
1gG1 Fc mutants was panned against protein G, FcRn and screened by expression levels.
The three 1IgG1 Fc monomers selected using this strategy were highly soluble, efficiently

expressed in E. Coli and possessed pH-dependent FcRn binding capability.
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Fig. 3.

M%Iecular structure (left panel) and cartoon representation (right panel) for monomeric Fc
serving as scaffold. The FcRn binding sites were colored in green. The yellow ball and
sticks in the left panel show the residues that were mutated in a library to generate the
antigen-binding sites. Compared to dimeric Fc, a large surface was exposed in the
monomeric Fc due to the breaking of CH3 dimerization interface, providing more
accessibility for antibody engineering (colored in purple in right panel).

Biochim Biophys Acta. Author manuscript; available in PMC 2015 November 01.



1dussnuein Joyny vd-HIiN 1dussnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Ying et al.

Mutation for library
construction

construction

FcRn binding site FcRn binding site

CH2 scaffold mCH3 scaffold

Fig. 4.

Page 15

Mutation for library

Schematic diagram of CH2 (A) and mCH3 (B) scaffolds. The green circles represent FCRn
binding sites of CH2 and mCH3 scaffolds. The purple circles represent the loop regions that

are suitable for introducing antigen binding sites.
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Different Fc based antibody domain scaffolds that are used to develop novel binders along with strategies
applied and characteristics

Scaffold  Size Source Strategy Characteristics
Fc 60 kDa  Wozniak- Generated yeast display library of Fc regions  Specific and selective antigen binding; In vitro
Knopp et al, with randomly mutated loop regions at the ADCRC elicitation; In vivo half-life similar to wild-
PEDS, 2010 CH3 C-terminal, which could serve as new type Fc; Loss of stability(Improved with additional
) antigen-binding sites; Performed FACS engineered intradomain disulfide bonds)
Wozniak- sorting against antigen.
Knopp et al,
PloS One, 2012
mFc 27 kDa  Yingetal, Generated large phage library of mFc with Highly soluble; High affinity binding to FcRn (59—
JBC, 2012 mutations at the CH3 dimerization interface 204 nM); Large exposed surface area (>1000 A2 ) -
gf EC; Panned against protein G followed by potential for engineering antigen binding sites
cRn.
CH2 14kDa Xiaoetal, mlal: Generated large phage library of CH2 ~ mlal & m2al: Specifically binds to epitope
BBRC, 2009 with its two loops (BC and FG) mutated to recognized by other broadly neutralizing mAbs; Low
four residues (Y, A, D or S); Panned against affinity to target antigen; Modest neutralization of
Gong et al, antigen. pseudoty ped HIV-1 from multiple clades.
PL0S One,
2012
m2al: Generated large phage library based m2al (based on m01s): Increased stability;
on m01s (shortened CH2 variant) with Aggregation resistance; Modest pH-dependent
rational mutagenesis on loop BC, limited binding to FcRn (~4 uM); Long in vivo half-life;
mutagenesis on loop DE and precise Non-competitive interactions with both HIV-1
replacement of loop FG; Panned against neutralizing epitope and FCRn.
antigen.
mCH3 14 kDa Yingetal, Similar to mFc strategy: Generated large Moderate pH- dependent binding to FcRn (940 nM);
JBC, 2013 phage library with mutations at the CH3 Low thermal stability - enhanced by additional

dimerization interface; Panned against
protein G followed by FcRn.

disulfide bond; Greater exposed surface area -
potential for new antigen binding sites; Lack of Fc-
induced cytotoxic effects.
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