VIROLOGICA SINICA, April 2013, 28 (2):071-080
DOI: 10.1007/s12250-013-3313-x
WWW.virosin.org
Email:info@pvirosin.org

Review

Human Monoclonal Antibodies as Candidate Therapeutics Against Emerging

Viruses and HIV-1"

Zhongyu Zhu'*, Ponraj Prabakaran'?, Weizao Chen', Christopher C. Broder’, Rui Gong** and
Dimiter S. Dimitrov'™

1. Protein Interactions Group, National Cancer Institute, National Institutes of Health, Frederick, Maryland 21702,
USA;

2. Basic Research Program, Science Applications International Corporation-Frederick, Inc., Frederick, Maryland
21702, USA,

3. Department of Microbiology and Immunology, Uniformed Services University, Bethesda, MD 20814, USA;

4. Center for Emerging Infectious Diseases, Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, Hubei
430072, China)

More than 40 monoclonal antibodies (mAbs) have been approved for a number of disease indications with only one of
these (Synagis) — for a viral disease, and not for therapy but for prevention. However, in the last decade novel potent
mAbs have been discovered and characterized with potential as therapeutics against viruses of major importance for
public health and biosecurity including Hendra virus (HeV), Nipah virus (NiV), severe acute respiratory syndrome
coronavirus (SARS-CoV), Ebola virus (EBOV), West Nile virus (WNV), influenza virus (IFV) and human
immunodeficiency virus type 1 (HIV-1). Here, we review such mAbs with an emphasis on antibodies of human origin,
and highlight recent results as well as technologies and mechanisms related to their potential as therapeutics.
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Monoclonal antibodies (mAbs) are currently successfully
used for treatment of a number of diseases mostly cancer
and immune disorders (Ashkenazi A, 2008; Carter P J,
2006; Casadevall A, et al., 2004; Dimitrov D S, 2012;
Reichert J M, 2008; Schrama D, et al., 2006; Waldmann T
A, 2003; Weiner L M, et al., 2009). The number of mAbs
entering clinical trials per year has increased significantly
since 1997 from just a few until late 1980s and to 12-14
from the late 1980s to 1996 to some 34 in 2006 (Reichert
J M, 2008). The number of antibodies in preclinical
development and in the discovery phase has also
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increased significantly during the past decade. The
success of the antibody-based therapeutics is mostly due to
the use of basic concepts and methodologies developed
during a major paradigm change in biological sciences
several decades ago which resulted in dramatic improvement
of key features of candidate therapeutic antibodies required
for their approval by FDA-safety, efficacy and quality.
However, although more than 40 mAbs have been
approved for therapy of various diseases, the humanized
mAb Synagis (palivizumab) (Scott L J, et al., 1999) has
remained the only mAb against a viral disease approved
by the FDA as a prophylactic measure against respiratory
syncytial virus (RSV) infections in neonates and immune-
compromised individuals. This situation has begun to
change as increased numbers of mAbs against viral
targets implicated in the outbreaks of SARS-CoV and
other emerging viruses (Marasco W A, et al., 2007;
Prabakaran P, et al., 2009; Ye J Q, et al., 2012) as well as
against the HIV-1 and other infectious agents have been
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developed (Bonsignori M, et al., 2012; Gong R, et al.,
2012; Kwong P D, et al., 2012), and some of them
showed therapeutic potential for human clinical use. Very
recently, Raxibacumab (Migone T S, et al., 2009) made
history by being the first mAb approved by the FDA for
therapy (and prophylaxis) of an infectious-related agent —
in this case inhaled anthrax. This approval is also
important because it is the first one based only on animal
models to demonstrate efficacy. Another mAb, m102.4 (Zhu
Z, et al., 2008), also made history recently of being the
first mAb administered on a compassionate basis to
humans exposed to an infectious agent (HeV) based on its
efficacy in vitro and in animals (Bossart K N, et al.,
2009; Bossart K N, et al., 2011).

Here we review human mAbs with potential as
therapeutics against selected viruses which are important
for public health and biosecurity along with their
capability for causing pandemics such as some emerging
viruses, e.g., SARS-CoV, and some variants of viruses
which have existed for long time, e.g., HIN1 of IFV. We
also highlight recent developments in the field of broadly
neutralizing antibodies (bnAbs), engineered antibody
domains (e¢Ads) and bispecific fusion proteins against the
HIV-1 which continues to be of great importance for
public health as well as recently developed effective
neutralization screening methods and antibody isolation
techniques, design of structure-based antigenic probes and
high-throughput 454 sequencing technology that have
enabled rapid identification and characterization of
anti-viral mAbs. A number of useful reviews on antiviral
mAbs have been recently published (Euler Z, et al., 2012;
Marasco W A, et al., 2007; Prabakaran P, et al., 2009; Ye J
Q, etal., 2012).

Potent broadly neutralizing human mAbs (bnAbs)
against the SARS-CoV

The SARS-CoV surface glycoprotein (S protein or S
glycoprotein) mediates viral entry into the host cell and is
composed of two subunits S1 and S2. The S1 is involved
in the binding of the cellular receptor angiotensin
converting enzyme 2 (ACE2), whereas the S2 facilitates
the fusion between the viral and host-cell membranes.
Several groups developed potent bnAbs targeting the S
protein of SARS-CoV which were already reviewed in
detail elsewhere (Coughlin M M, et al., 2012; Du L, et
al., 2009; Prabakaran P, et al., 2009; Zhang M Y, et al.,
2005). Some of them, e.g., S3.1, S215.13 and S230.15,
were identified by the EBV transformation method (Traggiai E,
et al, 2004; Yang Z Y, et al, 2005; Zhu Z, et al., 2007).
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S230.15 showed potent inhibitory activity against isolates
from the first and second outbreaks and from palm
civets (Zhu Z, et al., 2007). Two other human mAbs, 201
and 68, were derived from transgenic mice with human
immunoglobulin genes; 201 was effective for post-
exposure prophylaxis in an animal model (Greenough T
C, et al., 2005). Phage display technology has also been
used to select effective mAbs against the S protein,
including CR3014 (ter Meulen J, et al., 2006), CR3022 (ter
Meulen J, et al.,, 2006), Bl (Duan J, et al., 2005),
m396 (Prabakaran P, et al., 2006) and 80R (Hwang W
C, et al., 2006). Both CR3014 and CR3022 bound to S1
domain and showed neutralization of SARS-CoV in a
synergistic fashion such that CR3022 neutralized CR3014
escape viruses. B1 antibody is known to target the S2
domain within amino acids 1013-1189. The mAbs m396
and 80R blocked the binding of S1 to ACE2 and further
crystallographic characterization of m396 and 80R in
complex with the receptor binding domain (RBD) of Sl
domain precisely identified the location of their
epitopes (Hwang W C, et al., 2006; Prabakaran P, et al.,
2006). m396 potently neutralized GD03 and representative
isolates from the first SARS outbreak (Urbani, Tor2) and
from palm civets (SZ3, SZ16). These two antibodies also
protected mice challenged with the Urbani, or recombinant
viruses bearing the GD03 and SZ16 S glycoproteins. Finally,
X-ray structural analyses of SARS-CoV RBD in complexes
with m396 and 80R antibodies as well as the ACE2 (Li F,
et al., 2005) reveals the common molecular mechanisms
for their target binding as well as their specificity for
different strains including the specific binding of m396 to
GDO3 strain. Both antibodies m396 and 80R competed
with the ACE2 for binding to the RBD suggesting a
mechanism of neutralization that involves interference
with the SARS-CoV-ACE2 interaction. The antibody
complex structures of m396 and 80R also shared a similar
mode of RBD recognition as seen in the RBD complex
structure of a neutralizing mouse mAb, F26G19, elicited
by immunization with chemically inactivated SARS
-CoV (Pak J E, et al., 2009).

Realizing the possibility of reemergence of SARS-CoV
or any related virus such as the newly discovered human
coronavirus (HCoV-EMC/2012) (van Boheemen S, et al.,
2012), research on mAbs against the SARS-CoV is still
continuing. Recently, new bnAbs, 4D4, 1F8 and 5SE9,
against highly conserved heptad repeat 1 (HR1) and HR2
of the SARS-CoV S2 were identified, and cocktail of
these mAbs targeting different conserved regions of the S
protein was shown to be more effective in neutralizing
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different SARS-CoV clinical isolates (Elshabrawy H A, et
al., 2012). Also, random mutagenesis and DNA shuffling
of 80R followed by bacterial display screening were used
to generate a number of higher-affinity variants of 80R
with equilibrium dissociation constants Kp as low as 37
pM, a >270-fold improvement relative to that of the
parental 80R (Rani M, et al., 2012).

Interestingly, in contrast to bnAbs against HIV-1, broad
and potent neutralizing activity against the SARS-CoV does
not require high level of somatic hypermutation (Chen W,
et al., 2010; Xiao X, et al., 2009). For example, m396 is
much less somatically mutated than any of the known
bnAbs against HIV-1. The maturation pathways for such
mAbs are much less complex than those for bnAbs
against HIV-1 and therefore their elicitation should be
quicker and more effective. To find whether there are
germline antibodies or antibodies with very low level of
somatic hypermutations that could bind the S protein with
high affinity, phage-displayed human cord blood-derived
IgM libraries were recently constructed and panned
against the SARS-CoV RBD which yielded a germline-
like antibody, m390, with only two mutations each in the
V regions of the heavy and light chains and no mutations
in the D and J regions (Chen W, et al., 2012). The
purified soluble Fab m390 bound to the S protein RBD
with an ECsy of 50 nM. The neutralizing germline-like
mAbs against the SARS-CoV could be useful for the
design of effective vaccine immunogens and antibody
based therapeutics.

bnAbs against HeV and NiV

HeV and NiV are closely related emerging paramyxoviruses
which are capable of causing severe lethal disease in both
animals and humans (Eaton B T, et al., 2006). Currently,
there are no approved therapeutics against them. HeV and
NiV are enveloped viruses and have two membrane
glycoproteins, an attachment (G) glycoprotein which
binds to the virus receptors ephrinB2 and ephrinB3, and a
fusion (F) glycoprotein, which facilitates the fusion of
virus and host cell membranes. Antibodies specific for
either the F or G glycoproteins can neutralize virus, but it
is those antibodies specific for the G glycoproteins which
appear to be the dominant target antigen for neutralizing
antibodies. Potent neutralizing human mAbs targeting the
viral envelope glycoprotein G were identified by using a
highly purified, oligomeric, soluble HeV G (sG) glycoprotein as
the antigen for screening of a large naive human
phage-display library (Zhu Z, et al., 2006). Seven Fabs,
ml101-7, which inhibited, to various degrees, cell fusion
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mediated by the HeV were selected. One of these Fabs,
ml02, exhibited high level of cross-reactivity to both
HeV and NiV G and was further in vitro affinity matured
to m102.4 by light chain shuffling (Zhu Z, et al., 2008).
The matured m102.4 showed significantly improved
neutralizing activity against both NiV and HeV in vitro
with IC50s below, respectively, 0.04 and 0.6 pg/mL. After
conversion to an immunoglobulin G1 (IgGl) format,
m102.4 demonstrated exceptional cross-reactive neutralizing
capability in vitro and completely protected ferrets from
lethal NiV-mediated disease when administered 10 hours
after virus challenge (Bossart K N, et al., 2009). The
crystal structures of the G glycoprotein in complex with
ephrin-B2 (Bowden T A, et al., 2008) and ephrin-B3 (Xu
K, et al., 2008) as well as with m102.3 antibody, a clonal
variant of m102.4 (Nikolov D B, et al.,, Submitted),
reveal high level of overlapping between the mAb epitope
and the receptor binding site suggesting that mimicry of
the receptor recognition is a major molecular mechanism
of the m102.4 neutralizing activity and cross-reactivity.
Recently, m102.4 was tested in African green monkeys
(AGMs) infected with HeV (Bossart K N, et al., 2011).
Fourteen AGMs were challenged intratracheally with a
lethal dose of HeV, and 12 of them were infused twice
with a 100-mg dose of m102.4 beginning at either 10, 24,
or 72 hours after infection and again 48 hours later. The
HeV-mediated disease and its associated pathogenic processes
in AGMs essentially mirrored the outcomes observed in HeV
infected humans. Also, the pharmacokinetics of m102.4 in
the AGM was similar to previously published human
immunoglobulin half-life data for non-human primates.
Most importantly, m102.4 protected all 12 AGMs from
illness (10hr/72hr and 24hr/72hr) and fatal disease
(72hr/d5) when administered following a lethal HeV
challenge. The untreated control subjects succumbed to
disease on day 8 post infection. Although all animals in
the 72-hour treatment group exhibited neurological signs
of disease, they started to recover by day 16 after infection.
These results demonstrated successful post-exposure in vivo
efficacy by a hmAb, m102.4, against HeV and offered a
glimpse of the potential impact a hmAb can have on
human disease due to deadly viral infection. Based on its
high efficacy in two animal models and its fully human
nature, m102.4 was administered on a compassionate
basis to four patients in Australia who were exposed to
HeV. There were no side effects. One of the patient who
received the mAb too late (he was in coma) and too little
(100 mg) died but the other three are still healthy. These
results show that m102.4 exhibits potent cross-reactive
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neutralizing activities against both Nipah virus and
Hendra virus, and could be useful for the therapy,
prophylaxis, and diagnosis, and as a research reagent and
aid in the development of vaccines.

Antibody-based candidate therapeutics against EBOYV,
WNYV and IFV

In recent years mAbs against EBOV (Filoviridae),
WNV (Flaviviridae) and IFV (Orthomyxoviridae) have
received much attention as potential therapeutics both for
prophylaxis and therapy of infected humans. EBOV
envelope glycoprotein GP1 mediates the attachment to target
cells while GP2 drives fusion of the viral membrane with the
endosomal membrane of the target cell. There are five
antigenically distinct EBOVs, Bundibugyo virus, Sudan
virus, Reston virus, Tai Forest virus, and Zaire virus,
which can cause hemorrhagic fever in humans and/or
non-human primates. Several protective mAbs were mapped
to five distinct epitopes on the Ebola glycoprotein (Wilson J
A, et al., 2000). Antibody 13F6 (Lee J E, et al., 2008)
and its modified version of a human recombinant
antibody, h-13F6, were shown to protect mice against a
lethal challenge of EBOV. Another antibody, KZ52, was
isolated from the bone marrow of a human survivor of
EBOV infection; it targets the complex of GPland
GP2 (Lee J E, et al., 2008). KZ52 neutralized EBOV in
vitro and protected from lethal EBOV challenge in a
rodent model, but not in monkeys (Friedrich B M, et al.,
2012). Structural basis for differential neutralization and
antibody-mediated neutralization mechanisms of EBOVs
have now been well established (Bale S, et al., 2012;
Shedlock D J, et al, 2010). In a recent study, two
human-mouse chimeric mAbs, ch133 and ch226, which
have strong neutralizing activity against Zaire ZEBOV
exhibited partial protective activity in a rhesus macaque
model of Ebola hemorrhagic fever (Marzi A, et al., 2012).
In another study, a total of 8 mAbs against the EBOV
were produced using traditional hybridoma cell fusion
technology, and characterized by ELISA using ZEBOV
VLPs. All 8§ mAbs bound to three distinct epitope regions,
and a mouse model showed that these mAbs improved
survival rates by 33%-100% against a high dose lethal
challenge with mouse-adapted ZEBOV (Qiu X, et al.,
2011). These results shed light on the antibody-mediated
neutralization of EBOV and have implications for novel
therapeutic and vaccine strategies.

WNV is a mosquito-borne flavivirus closely related to
the human epidemic-causing dengue, yellow fever and
Japanese encephalitis viruses. Previously, humanized mAb,

Virologica Sinica| www.virosin.org

Zhongyu Zhu, et al.

E16, was developed targeting the viral envelope, which
blocked infection of cells by ten different strains of WNV
in vitro, including the original lineage II strain which was
isolated in 1937 (Oliphant T, et al., 2005). It appears that
both affinity and the precise epitope are important
determinants of the WNV neutralization by mAbs (Sanchez
M D, et al., 2005). The X-ray structure of the Fab
El6-antigen complex showed that the mAb engages 16
residues positioned on four loops of DIII, a consensus
neutralizing epitope sequence conserved in WNV and
distinct in other flaviviruses (Nybakken G E, et al., 2005).
Another human mAb, CR4354, which was isolated from a
patient, neutralizes WNYV infection at a postattachment
stage in the viral life-cycle. This mAb blocks virus fusion
with liposomes in vitro and recognizes virus particles, but
not the recombinant E ectodomain. This suggests that its
epitope requires an oligomeric E arrangement present
only in virions or subviral particles (SVP). Further
analysis of neutralization escape mutants identified
residue Lys136 as part of the CR4354 epitope that is close
to the flexible DI-DII hinge interface and is found to be
critical for antibody binding (Kaufmann B, et al., 2010).
These anti-WNV complex structures are helpful to analyze
the complete epitope and understand the mechanism by
which viral fusion is inhibited for WNV and also
antibody-mediated neutralization of other related flaviviruses
such as yellow fever, Japanese encephalitis, and tick-
borne encephalitis viruses.

Influenza is mainly caused by infection with either
influenza A (IFVA) or influenza B (IFVB) viruses.
IFVAs are considered to be more dangerous than IFVB
viruses as the former have the capacity to mutate into
deadly pandemic strains, although the latter also have
significantly contributed to the annual influenza related
illness in humans. IFVAs are further classified by subtype
on the basis of the two main surface glycoproteins:
hemagglutinin (HA) and neuraminidase (NA). Current
subtypes of IFVA viruses that are in circulation
worldwide include the pandemic 2009 HINI1 (swine
influenza), the seasonal HINI1, H3N2 and the highly
virulent H5SN1 (avian influenza or bird flu). Previously, a
panel of 13 human mAbs from combinatorial display
libraries that were constructed from human IgM(+)
memory B cells of recent influenza vaccinees were
isolated (Throsby M, et al., 2008). These mAbs have broad
heterosubtypic neutralizing activity against antigenically
diverse H1, H2, HS, H6, H8 and H9 influenza subtypes.
The most potent mAb from this panel, CR6261, was
protective in mice when given before and after lethal
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HSN1 or HIN1 challenge.
non-immune antibody phage-display library panned by the
H5 HA ectodomain, ten mAbs were selected and found
effective against all group 1 influenza viruses tested,
including H5N1 and the HIN (Sui J, et al., 2009).
Further, the crystal structure of one of those mAbs (F10)
bound to HS5
neutralizing mechanism-F10 blocks infection by inserting

In another study, using a human

suggests possible explanation of its

its heavy chain into a conserved pocket in the stem region
of H5, thus preventing membrane fusion. Interestingly,
both CR6261 and F10 use the same variable heavy chain
gene IGHV1-69 and similar mode of antigen recognition
by binding to a conserved epitope in helix A of the HA
stem (Ekiert D C, et al., 2009). Another mAb, CR8020,
isolated from human memory B cells binds to HAs of
several group 2 subtypes including H3 and H7 (Ekiert D
C, et al,, 2011). The complex structure of CR8020 with
H3 HA showed how this antibody binds to an epitope in
the HA stem which is unique and closer to viral
membrane as compared to the group 1 antibodies. FI6 is
the first mAb antibody isolated using a novel plasma cell
culture method which was found to bind to both group 1
(H1) and group 2 (H3) HAs (Corti D, et al., 2011). The
complex crystal structures of FI6 with Hland H3 HAs
from group 1 and group 2, respectively, revealed a
quaternary epitope using both heavy and light chains
CDRs. Also, another antibody, CR9114, identified from a
phage library was discovered which binds to both IFVA
and IFVB HAs (Dreyfus C, et al., 2012). The mAbs
targeting different globular head sites are also known, for
example, FE17 (Corti D, et al., 2010) and CH65 (Whittle
JR, etal., 2011) which target the calcium binding site and
sialic acid-biding pocket respectively and are able to
neutralize different viruses in addition to HINI. The B
cell epitopes identified from these studies could accelerate
the design of improved influenza vaccines eliciting
bnAbs as well as antibody-based therapies for treatment
of IFVs.

Several mAbs from human and other organisms targeting
many viruses such as hepatitis C virus (HCV) (Meuleman P,
et al., 2012), norovirus (NV) (Lindesmith L C, et al., 2012),
rotavirus (RV) (Higo-Moriguchi K, et al., 2004), Marburg
virus (MARV) (Kajihara M, et al., 2012), Junin virus
(JUNV) (Nakauchi M, et al., 2009), herpes simplex virus type
2 (HSV-2) (Bugli F, et al, 2004), human cytomegalovirus
(HCMV) (Ohta A, et al, 2009), Chikungunya virus
(CHIKV) (Fric J, et al., 2013), Crimean- Congo hemorrhagic
fever virus (CCHFV) (Saijo M, et al., 2005) and vaccinia virus
(VACV) (Meng X, et al., 2012) have also been developed,
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and many of them were used as diagnostics or tested in
animal models as therapeutics which could have potential
clinical use in case of epidemic outbreaks or terror
attacks.

bnAbs, engineered antibody domains and bispecific
fusion proteins against HIV-1

Only four bnAbs capable of neutralizing multiple
primary HIV-1 isolates were identified during the first
two decades of HIV-1 research; these antibodies target
three sites on the HIV-1 envelope glycoprotein - glycan
site on gp120 recognized by 2G12 (Trkola A, et al., 1996),
the CD4 binding site (CD4bs) of gpl120 recognized by
bl12 (Burton D R, et al., 1994), and the membrane
proximal external region (MPER) site of gp41 recognized
by 2F5 (Muster T, et al., 1993) and 4E10 (Stiegler G, et al.,
2001). All these antibodies exhibit high levels of somatic
mutation suggesting the importance of understanding
their maturation pathways and properties of putative
germline predecessors (Dimitrov D S, 2010; Xiao X, et al.,
2009; Xiao X D, et al., 2009). In addition to these bnAbs,
several mAbs with intermediate neutralizing activity were
isolated and characterized including the CD4bs
mAbs (Chen L, et al., 2009; Prabakaran P, et al., 2006;
Zhang M Y, et al., 2004); F105, b13, ml14 and ml8;
CoRbs (CD4i) mAbs (Darbha R, et al., 2004; Huang C C,
et al., 2005; Huang C C, et al., 2004; Kwong P D, et al.,
1998); 17b, 48d, 47¢, ES1, 412d and X5. X-ray structural
analysis combined with binding experiments and modeling
studies of many of these mAbs showed that subtle
differences in antigen combining sites and recognition
mechanisms, when compared to that observed with bnAbs,
are crucial for HI'V-1 neutralization.

Recently about two dozens of bnAbs have been isolated
from HIV-1 patients using direct neutralization screening of
individual B cells, designed probe-based B cell isolation and
in combination with deep sequencing (Bonsignori M, et al.,
2012; Kwong P D, et al., 2012; Verkoczy L, et al., 2011).
These include two mAbs targeting the CD4bs, VRCO1
and VRCO02, which were identified by isolation of single
mAb-producing B cells against an antigenically resurfaced
HIV-1 gp120 specific for the structurally conserved site of
initial CD4 receptor binding. Neutralization screening of
individual B cell methods were also used to identify several
new bnAbs-PG9, PG16, CHO01-04 and PGT141-145
targeting gpl20 conformational or quaternary epitope;
PGT121, PGTI128 and PGTI135 targeting epitopes on
glycan-V3 site of gp120; HJ16 on near CD4bs and 10E8
on MPER, which have been recently reviewed in
elsewhere (Bonsignori M, et al., 2012; Kwong P D, et al.,
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2012; van Gils M J, et al., 2013). Also, fluorescence
activated cell sorting (FACS) and 454 deep sequencing
have been used to identify 3BNC117 and 12A12 which
target the CD4bs. Further, VRC-CH31 and VRC-PG04
families of bnAbs by using resurfaced gpl20 core, and
NIH45-46 by structure-based design were also identified.
Notably, an MPER specific antibody m66.6 which is
significantly less divergent from their germline counterparts
than other bnAbs was recently identified from a phage
displayed immune library constructed using the antibody
gene repertoire derived from a HIV patient whose serum
antibodies showed broadly cross reactive neutralization
activity and specific binding activity to MPER
peptide (Zhu Z, 2011). The “antibodyome”
approach (Dimitrov D S, 2010) in studying the origin,

et al.,

diversity and maturation pathways of human antibodies
that neutralize the HIV-1 has been made possible by 454
antibody sequencing despite the significant challenges due to
errors and limitations of the methods involved (Prabakaran
P, et al., 2011). The 454 analysis could also be useful to
identify less somatically mutated bnAbs and/or antibody
maturation intermediates that may be useful to elucidate
the mechanism of initiating immune responses leading to
the ultimate development of bnAbs. Recently, germline-
like or less-somatically mutated V genes in the human
antibody repertoires of healthy humans to find antibody
intermediates corresponding to known bnAbs (Prabakaran P,
et al, 2012) as well as an acutely HIV-1 infected
patient (Chen W, et al., 2012) were identified by using
454
technologies are useful in exploring B cell ontogenies and

sequencing. Thus, the applications of new
clonal lineages which could provide insights into the
development of bnAbs and template design of novel
HIV-1 vaccine immunogens (Dimitrov D S, 2010; Haynes
BF, etal., 2012; Kwong P D, et al., 2012).

Engineered antibody domains (eAds, 11-15 kDa) could
be more effective than full-size antibodies particularly for
targeting the HIV-1, which impedes recognition of bnAbs
by steric occlusion of the conserved epitopes on the Env
as one of the strategies to evade neutralizing immune
responses. M36 is the first reported human VH domain-
based eAd (~15 kDa) which targets a sterically restricted
CD4i epitope and potently neutralizes genetically diverse
HIV-1 isolates in vitro (Chen W, et al., 2008) and in
humanized mice (Harris Goldstein et al, unpublished).
Several variable domains of camelid heavy chain
antibodies, VyHs, selected from libraries constructed by
immunized camelids by HIV-1 Env targeting the CD4bs
or CXCR4 (Strokappe N, et al., 2012), and a single
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domain antibody from llama targeting the HIV-1 non-
structural protein Nef (Bouchet J, et al., 2011) were also
identified and characterized. Recently, CH2 domains
(second domain of IgG heavy chain region) have been
used as a scaffold for eAd library construction; they
contain binding sites or partial binding sites of various
Fc receptors such as the neonatal Fc receptor, Fc gamma
receptors (FcyRs) and complement C1q which extend the
half-life and are involved in stability and effector
functions of full-size antibodies in vivo (Dimitrov D S, 2009).
Thus CH2-based eAds could be potentially developed into
nanoantibodies with small size but still bearing the
features and effector functions of the full-size IgGs. For
example, a large (5%10'° members) phage-displayed CH2
domain library (in which mutation of all residues in its
two loops (BC and FG) to four residues (Y, A, D, or S))
yielded several binders against HIV-1; the highest-affinity
binder, mlal, specifically recognizes a highly conserved
CD4i
neutralizes seven of nine HIV-1 isolates from different
clades (Xiao X, et al., 2009). Further, a multi-step PCR
method allowing the precise replacement of loop FG by

epitope overlapping with that of m36 and

human complementarity determining region 3 of the
heavy chain (CDR H3s) from another library along with
limited mutagenesis of loops BC and DE of CH2 domain
was developed and used for generation of an eAd
phage-displayed library. Panning of this library against an
HIV-1 gp41 MPER peptide resulted in selection of a
binder, m2al, which neutralizes HIV-1 isolates from
different clades with modest activity and retains the m01s
capability of binding to FcRn (Gong R, et al., 2012). This
result indicates that bispecific/bifunctional engineered
antibody domains could be developed using the CH2
domain based eAds to interact noncompetitively with an
HIV-1 neutralizing epitope and FcRn which could mimic
the function of full-size antibodies (binding to antigen as
well as FcRn). Recently, human soluble monomeric IgGl
Fcs (mFcs) were constructed using a combination of
structure-based rational protein design and multiple
screening strategies (Ying T, et al., 2012). These mFcs
were highly soluble and retained binding to human FcRn
comparable with that of Fc. Taken together, CH2 domain
based eAds as well as mFcs are useful in the development
of potential antiviral therapeutics, and could be used as
fusion proteins to make novel types of Ab-based
therapeutics of small size and long half-lives. Although
there has been some success already in developing eAds
based on human fibronectin domain (FN3) (Jacobs S A, et
al., 2012; Koide A, et al., 2012), camelid VyH (Deschacht
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N, et al., 2010) and Shark Variable New Antigen Receptor
(VNAR) domain (Fennell B J, 2010), the
CH2-based eAds and mFcs offer unique biophysical

et al.,

properties and biological functions which could be useful
for therapeutic applications.

Conclusions

Despite major obstacles arising from target heterogeneity
and strategies to evade antibody immune responses of
for the
prophylaxis and treatment of viral diseases have now

emerging viruses, effective human mAbs
turned into reality. Recent examples of the Raxibacumab
approval by FDA for inhalational anthrax therapy and the
use of the human mAb ml102.4 in humans for post-
exposure prophylaxis are promising for potential
development of human therapeutic mAbs against viruses.
In addition, recent discovery of potent bnAbs from HIV-1
patients, eAds targeting conserved epitopes in sterically
occluded regions, highly potent bispecific fusion proteins
based on eAds as well as understanding of antibody-
mediated neutralizing mechanisms and maturation pathways
of bnAbs could be useful for therapeutic applications and/or

for providing insights in vaccine development.
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