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a b s t r a c t

Currently used antiretroviral therapy is highly successful but there is still a need for new effective and
safe prophylactics and therapeutics. We have previously identified and characterized a human engineered
antibody domain (eAd), m36, which exhibits potent broadly neutralizing activity against HIV-1 by tar-
geting a highly conserved CD4 binding-induced (CD4i) structure on the viral envelope glycoprotein (Env)
gp120. m36 has very small size (∼15 kDa) but is highly specific and is likely to be safe in long-term use
thus representing a novel class of potentially promising HIV-1 inhibitors. Major problems with the devel-
opment of m36 as a candidate therapeutic are possible short serum half life and lack of effector functions
that could be important for effective protection in vivo. Fusion of m36 to human IgG1 Fc resulted in dra-
matically diminished neutralization potency most likely due to the sterically restricted nature of the m36
epitope that limits access of large molecules. To confer effector functions and simultaneously increase
the potency, we first matured m36 by panning and screening a mutant library for mutants with increased

binding to gp120. We next fused m36 and its mutants with the first two domains (soluble CD4, sCD4) of
the human CD4 using a polypeptide linker. Our results showed that the selected m36 mutants and the
sCD4 fusion proteins exhibited more potent antiviral activities than m36. The m36-sCD4 fusion proteins
with human IgG1 Fc showed even higher potency likely due to their bivalency and increased avidity
although with a greater increase in molecular size. Our data suggest that m36 derivatives are promising
HIV-1 candidate therapeutics and tools to study highly conserved gp120 structures with implications for

ms of
understanding mechanis

. Introduction

Human immunodeficiency virus type 1 (HIV-1) entry is trig-
ered by interaction of the viral envelope glycoprotein (Env) gp120
ith cellular receptor CD4. Binding of CD4 induces extensive con-

ormational changes in gp120 leading to formation and/or exposure
f highly conserved structures. These structures are functionally
mportant and, therefore, are potential targets for therapeutics
ncluding monoclonal antibodies (mAbs) (Choudhry et al., 2006;
hen and Dimitrov, 2009).
The coreceptor-binding site (CoRbs) on the viral spike, of which
he “bridging sheet” of gp120 is a critical component, contains
eterminants that are highly conserved across genetically diverse
IV-1 isolates from different clades (Kwong et al., 1998). It is highly

∗ Corresponding author at: Protein Interactions Group, CCRNP, CCR, NCI-
rederick, NIH, Bldg. 469, Rm. 144, Frederick, MD 21702-1201, USA.
el.: +1 301 846 1770; fax: +1 301 846 5598.

E-mail address: chenw3@mail.nih.gov (W. Chen).

166-3542/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.antiviral.2010.08.004
entry and design of vaccine immunogens and small-molecule inhibitors.
Published by Elsevier B.V.

immunogenic eliciting many antibodies in vivo. The CoRbs is typ-
ically hidden or unformed on free virons. It becomes exposed or
formed after attachment of viruses to target cells through CD4
binding that induces conformational changes in gp120. Therefore,
antibodies to the CoRbs are called CD4-induced (CD4i) antibodies.
A representative of CD4i mAbs is 17b, which was derived from B
cells of an HIV-1-infected individual, was extensively studied, and
helped for the solution of the X-ray crystallographic structure of
gp120 complexed with the first two domains (soluble CD4, sCD4) of
the human CD4 (Kwong et al., 1998). Other CD4i mAbs include E51
(Xiang et al., 2003), 412d (Choe et al., 2003), 21c (Xiang et al., 2002),
X5 (Moulard et al., 2002) and its improved version, m9 (Zhang et
al., 2004). Some of these antibodies, as antibody fragments such as
single-chain Fv fragments (scFvs) and antigen-binding fragments
(Fabs), exhibit potent broadly neutralizing activities in vitro. How-

ever, when they are converted to full-length antibodies such as
IgG1s, neutralization could be dramatically decreased or totally lost
(Labrijn et al., 2003). According to a previously published model
(Labrijn et al., 2003), the size-dependent neutralization by CD4i
antibodies could be due to steric restriction for antibody access to

dx.doi.org/10.1016/j.antiviral.2010.08.004
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:chenw3@mail.nih.gov
dx.doi.org/10.1016/j.antiviral.2010.08.004
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D4i epitopes. One of the reasons could be that after cellular CD4
inds to the virus, the available space between the virus and the tar-
et cell surface is not sufficient to accommodate a whole antibody
olecule but is adequate for antibody fragments. We, therefore,

ypothesized that the smallest independently folded antibody
omains can be engineered (engineered antibody domains, eAds)
size, 11–15 kDa) to exhibit exceptionally potent and broad neu-
ralizing activity by targeting hidden conserved epitopes that are
ot accessible by larger antibodies (Chen et al., 2008a). This led to
ur discovery of the first reported human eAd against HIV-1, m36,
hich targets a highly conserved CD4i epitope on gp120 and effi-

iently neutralized HIV-1 strains from genetically diverse groups in
pseudovirus-cell line-based assay (Chen et al., 2008a). m36 also

fficiently neutralized a panel of primary isolates from clade B in
PBMC-based assay and inhibited HIV-1 Env-mediated cell–cell

usion (Chen et al., unpublished work). Several single heavy chain
ariable domains (referred to as VHHs) have been recently selected
rom llama immunized with HIV-1 gp120 and characterized as
otent HIV-1 entry inhibitors, interfering with virus binding to CD4
Forsman et al., 2008).

Two major issues need to be addressed before eAds or VHHs can
e suited for in vivo use which are similar for other small-size anti-
ody fragments including scFvs and Fabs. These include their short
alf life in circulation and lack of biological effector functions. Long
alf life is important for long-lasting antiviral activity; antibody
c-mediated effector functions have been demonstrated to con-
ribute to sterilizing protection of animals against simian/human
mmunodeficiency virus (SHIV) challenge (Hessell et al., 2007).

possible solution to these issues is to fuse antibody fragments
ith human antibody Fc. However, development of m36-Fc fusion
roteins with preserved neutralization potency and breath is
ar more challenging because the increase in the molecular size
esulted in dramatic decreases in antiviral activity most likely
ue to the steric occlusion of CD4i epitopes on HIV-1 gp120
Chen et al., 2008a). In this study, we address these issues by

aturing m36 for improved binding to gp120 in the absence of
D4 and recruiting sCD4 in the m36-Fc fusion proteins, aiming
t circumventing the physical constrains established by the cel-
ular CD4. Our results show that the new constructs have on
verage higher potency and possibly broader neutralizing activ-
ty than m36. Due to the presence of Fc, favorable serum half
ife and effector functions such as antibody-dependent cytotoxic-
ty (ADCC) and complement-dependent cytotoxicity (CDC) are also
xpected.

. Materials and methods

.1. Cells, viruses, plasmids, gp120s, gp140s, and antibodies

We purchased the 293T cells from ATCC. Other cell lines and
lasmids used for expression of various HIV-1 Envs were obtained
rom the National Institutes of Health AIDS Research and Ref-
rence Reagent Program (ARRRP). Gp140SC and gp140CAP were
roduced in our laboratory; their genes were codon optimized
rom the Env sequences of a clade-B and a clade-C HIV-1 iso-
ate, respectively, and synthesized. The codon-optimized genes

ere cloned into the mammalian expression vector pSecTagB.
he hexahistidine-tagged proteins were expressed in stably trans-
ected CHO-K1 cells and purified by immobilized metal ion affinity
hromatography (IMAC) using Ni-NTA resin (Qiagen, Valencia, CA)

ccording to the manufacturer’s protocols. Gp140JRFL was a gift
rom B.F. Haynes (Duke University Medical Center, Durham, NC).
p120Bal and the single-chain fusion protein gp120Bal-CD4 (Fouts
t al., 2000) were gifts from T. Fouts (Institute of Human Virol-
gy, Baltimore; currently at Profectus, Baltimore, MD). Horseradish
rch 88 (2010) 107–115

peroxidase (HRP)-conjugated anti-FLAG tag antibody and HRP-
conjugated anti-human IgG (Fc-specific) antibody were purchased
from Sigma–Aldrich (St. Louis).

2.2. Library construction and selection of m36 mutants

A phage-displayed library (size, ∼108 members) of m36 was
constructed by random mutagenesis. To introduce point mutations,
we performed random DNA mutagenesis with the Gene-Morph
PCR Mutagenesis Kit (Stratagene, La Jolla, CA) according to the
manufacturer’s instructions. m36 gene fragments with mutations
were PCR amplified using m36-encoding plasmid as a template and
primers m36F1 (5′-TGGTTTCGCTACCGTGGCCCAGGCGGCCCAGG-
TGCAGCTGGTG-3′) (sense) and HISR (5′-GTCGCCGTGGTGGTGG-
TGGTGGTGGCCGGCCTGGCCACTTG-3′) (antisense). The PCR prod-
ucts were gel-purified, digested with SfiI, and gel-purified
again. The purified fragments were then cloned into the
phagemid pComb3X linearized by SfiI. A phage library was pre-
pared by electroporation of Escherichia coli (E. coli) strain TG1
electroporation-competent cells (Stratagene, La Jolla, CA) with
desalted and concentrated ligation, as described previously (Chen
et al., 2008b).

The library (phage) was used for selection of m36 mutants
against HIV-1 antigens conjugated to magnetic beads (Dynabeads
M-270 epoxy; DYNAL Inc., New Hyde Park, NY) as described previ-
ously (Zhu et al., 2006). For sequential panning, 5, 2.5 and 0.5 �g of
gp120Bal were used in the first, third and fifth rounds, respectively;
antigens were alternated with 5, 2.5 and 0.5 �g of gp140JRFL during
the second, fourth and sixth rounds. Clones that bound to HIV-1
antigens were identified from the sixth round of panning using sol-
uble expression-based monoclonal ELISA (semELISA) as described
(Chen et al., 2010).

2.3. Cloning of the fusion proteins of m36 and its mutant

The following primers were used: m36F, 5′-TGGTTTCGCTACC-
GTGGCCCAGCCGGCCCAGGTGCAGCTGGTG-3′ (sense); m36R1,
5′-GTGAGTTTTGTCGGGCCCTGAGGAGACGGTGAC-3′ (antisense);
CD4F1, 5′-GGTGGCTCTGGTTCCGGTAAGAAGGTGGTGCTGGGC-3′

(sense); CD4R1, 5′-CGGGTTTAAACTCAGCCCTTATCGTCATCGTCC-
TTGTAGTCGCCGTGGTGGTGGTGGTGGTGGGCCAGCACCACGATGTC-
3′ (antisense); CD4R2, 5′-GGAGGGCCCGGCCAGCACCACGATG-
TC-3′ (antisense); LinkerF1, 5′-GGAGGGCCCGGCGGCGGCTCT-
GGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAG-3′

(sense); LinkerF2, 5′-GGAGGGCCCGAGGGTGGTGGCTCTGAG-3′

(sense); LinkerR1, 5′-ACCGGAACCAGAGCCACCACCGGAACCGCCT-
CCCTCAGAGCCGCCACCCTCAGAACCGCCACCCTCAGAGCCACCACC-
CTC-3′ (antisense); CD4FcF, 5′-TGGTTTCGCTACCGTGGCCCAGCCG-
GCCAAGAAGGTGGTGCTGGGC-3′ (sense); CD4FcR, 5′-GTGAGT-
TTTGTCGGGCCCGGCCAGCACCACGATGTC-3′ (antisense).

To construct the Fc fusion protein (m36.4h1Fc) of m36 mutant
m36.4, the m36.4 fragment was PCR amplified using primers m36F
and m36R1, digested with SfiI and ApaI, and cloned into pSecTagB-
Fc. For generation of m36-sCD4 fusion proteins, linkers L1 (primers:
LinkerF1 and LinkerR1) and L2 (primers: LinkerF2 and LinkerR1)
were PCR amplified without a template. The human sCD4 gene
fragment was amplified by PCR (primers: CD4F1 and CD4R1) with
sCD4-encoding plasmid pD1D2 as a template. The linker L1 was
joined to sCD4 by overlapping PCR performed in a volume of
50 �l using both templates (in the same molarities) for 7 cycles
in the absence of primers and 15 additional cycles in the pres-

ence of primers (500 pM of LinkerF1 and CD4R1, respectively).
The resultant product appended with ApaI and PmeI restriction
sites on both sides was digested and cloned into the pSecTagB-
Fc vector-based m36h1Fc-encoding plasmid (Chen et al., 2008a)
to generate m36L1CD4. In the same way m36L2CD4 was con-



W. Chen et al. / Antiviral Research 88 (2010) 107–115 109

F re nu
i ption
i

s
p
w
w
m
L
fi
p
g
F
c
t
a
w
p

2
f

f
p
f
c
t
p
b
N
t
2
F

2

m
a
c
p
a
m
L

2

t
a
d
t
a
I
c
r

ig. 1. Amino acid sequence alignment of m36 mutants with m36. The sequences a
cs (IMGT) numbering system (http://imgt.cines.fr/IMGT vquest/vquest?livret=0&O
ndicated by dots.

tructed except for the use of linker L2 as one of the templates and
rimers LinkerF2 and CD4R1 in the overlapping PCR. m36.4L2CD4
as generated by replacing the Fc portion in the m36.4h1Fc
ith L2-sCD4 gene fragment, which was obtained for cloning of
36L2CD4 as described above. For construction of m36L2CD4Fc,

2-sCD4 fragment was PCR (primers: LinkerF2 and CD4R2) ampli-
ed with m36L2CD4-encoding plasmid as a template. The PCR
roduct containing ApaI restriction site on both sides was digested,
el-purified and cloned into the m36h1Fc-encoding pSecTagB-
c plasmid linearized by ApaI. m36.4L2CD4Fc was generated by
loning the same L2-sCD4 fragment as for m36L2CD4Fc construc-
ion into the plasmid encoding m36.4h1Fc. sCD4Fc was made by
mplifying (primers: CD4FcF and CD4FcR) sCD4 fragment, which
as subsequently digested with SfiI and ApaI, and cloned into
SecTagB-Fc.

.4. Expression and purification of m36, its mutants and their
usion proteins

m36 and its mutants were expressed in E. coli HB2151; all the
usion proteins were produced in 293 free style cells as described
reviously (Chen et al., 2008a). The m36 mutants and the sCD4-
usion proteins (excluding sCD4Fc and the m36-sCD4-Fc fusion
onstructs), which were tagged with hexahistidine and FLAG at
heir C-terminus, were purified from the soluble fraction of HB2151
eriplasm and the 293 cell culture supernatants, respectively,
y immobilized metal ion affinity chromatography (IMAC) using
i-NTA resin (Qiagen, Valencia, CA) according to the manufac-

urer’s protocols. The Fc fusion proteins were purified from the
93 cell culture supernatants using nProtein A Sepharose 4 Fast
low.

.5. ELISA

ELISA was performed as described (Chen et al., 2008a). Bound
36, m36 mutants and the sCD4 fusion proteins (excluding sCD4Fc

nd the m36-sCD4-Fc fusion constructs) were detected by HRP-
onjugated anti-FLAG tag antibody (Sigma–Aldrich). The fusion
roteins with human IgG1 Fc were detected by HRP-conjugated
nti-human IgG (Fc-specific) antibody (Sigma–Aldrich). The half-
aximal binding (EC50) was calculated by fitting the data to the

angmuir adsorption isotherm.

.6. Pseudovirus neutralization assay

Pseudoviruses were derived from 293T cells and neutraliza-
ion assay was performed in duplicate using HOS-CD4-CCR5 (for
ll R5 and dual tropic viruses) or HOS-CD4-CXCR4 cell lines as
escribed previously (Chen et al., 2008a). Percentage neutraliza-

ion was calculated by the following formula: (1 − average RLU of
ntibody-containing wells/average RLU of virus-only wells) × 100.
C50 and IC90 of neutralization were assigned for the antibody
oncentration at which 50 and 90% neutralization were observed,
espectively.
mbered and antibody FRs and CDRs are indicated according to the ImMunoGeneT-
=humanIg). The residues in the mutants, which are identical to those in m36, are

3. Results

3.1. Construction of a library of random m36 mutants and
selection of highest-affinity binders

Lack of or weak binding to gp120 and dramatically increased
binding after engagement of CD4 are striking features of CD4i anti-
bodies. Attachment of virions to cellular receptor CD4, however,
creates steric occlusion between viral spike and target cell surface
which could strongly decrease neutralizing activities of CD4i anti-
bodies by limiting access of large antibody molecules (Labrijn et al.,
2003). We therefore hypothesize that maturation of CD4i antibod-
ies by improving binding to gp120 in the absence of CD4 could, to
certain extent, compromise the steric occlusion and endow anti-
bodies with more potent neutralization when the antibodies are
converted to larger molecules for purposes such as gain of long half
life in circulation.

To test this hypothesis, we constructed a phage-displayed
library (size, ∼108 members) of m36 where point mutations were
introduced by random mutagenesis through error-prone PCR. The
library was panned sequentially against two different Envs from
clade-B isolates, gp120Bal and gp140JRFL, in order that enriched
m36 mutants could preserve cross-reactivity. To identify individ-
ual antibody that specifically bound to both antigens, clones were
randomly selected after six rounds of panning and subjected to
semELISA. Sequencing of a number of positive clones revealed
that they represented four different clones, designated m36.1,
m36.2, m36.4 and m36.5, respectively (Fig. 1). These clones were
also selected by panning the library sequentially with gp140SC
(clade B) and gp140CAP (clade C). Notably, three (m36.1, m36.4
and m36.5) of them acquired the same mutation (44Q/E) to an
acidic residue in the framework (FR) 2 (FR2) compared to m36;
the other one (m36.2) also carried an acidic residue substitution
(45A/D) at a close position. Besides m36.4, the other three mutants
contained additional mutations in various positions. In ELISA-based
assays, these mutants showed specific and significantly higher
binding than m36 to gp120Bal (Fig. 2A) and gp140JRFL (Fig. 2B)
in the absence of CD4; they also bound much better to gp140SC
(Fig. 2C) and gp140CAP (data not shown). Although these antibod-
ies were selected against Envs only, slightly increased interaction
with gp120Bal-CD4 complex was also observed with some of the
mutants (Fig. 2D).

3.2. Improved neutralization by the selected m36 mutants and
their larger size fusion proteins

To see whether the increase in binding could result in more
potent neutralization, m36.4, which contained only a single muta-
tion compared to m36, was chosen and tested with a small panel

of HIV-1 Env-pseudotyped viruses from genetically diverse pri-
mary isolates. As shown in Table 1, m36.4 exhibited slightly
higher potency than m36 – on average both IC50s and IC90s
were decreased. Higher decreases in IC50s were observed with
92UG037.8 (clade A), 89.6 (clade B) and CM243 (clade E). In a

http://imgt.cines.fr/IMGT_vquest/vquest%3Flivret=0%26Option=humanIg
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ig. 2. ELISA binding of m36 and its mutants to gp120Bal (A), gp140JRFL (B), gp140SC

ovine serum albumin (BSA).

revious study we generated a fusion protein (m36h1Fc) of m36
ith human IgG1 Fc for possible avidity effects and long half life

n vivo (Chen et al., 2008a). m36h1Fc exhibited higher binding to
nvs than m36. However, there was a dramatic decrease in neu-
ralization against most of the isolates tested likely because of the
terically restricted nature of the m36 epitope that limits access
f large antibody derivatives, representing a strategy that HIV-1
as evolved to escape from antibodies generated by the human

mmune system; the finding that in the presence of low concentra-
ion of sCD4, m36h1Fc restored potent neutralization against these

solates supports this possible mechanism (Chen et al., 2008a). To
nd out whether the increased binding of m36.4 to gp120s could
ecrease the effects of the size constrain, we made the same fusion
rotein for m36.4, designated m36.4h1Fc. It was tested side by side
ith m36h1Fc against three isolates, Bal, JRFL and 89.6, of which

ig. 3. Dose-dependent neutralization of Bal, JRFL and 89.6 by m36h1Fc and m36.4h1F
erformed on HOS-CD4-CCR5 cells.
d gp120Bal-CD4 (D). Antibody specificity is determined using an unrelated antigen,

the first two were barely neutralized and the last one was efficiently
neutralized by m36h1Fc in a previous study (Chen et al., 2008a). The
results showed that m36.4h1Fc exhibited slightly better neutral-
ization than m36h1Fc to Bal and JRFL while having a much greater
increase in antiviral activity against 89.6 (Fig. 3).

3.3. Generation of fusion proteins of m36 and m36.4 with sCD4 or
sCD4-Fc

Synergy in neutralization between sCD4 and CD4i antibodies has

been observed in several studies (Dey et al., 2003; Lagenaur et al.,
2010; West et al., 2010); the major mechanism of action is that sCD4
induces conformational changes in gp120 that result in formation
and/or exposure of CD4i epitopes without involvement of cellular
CD4. Thus, the antibodies could better anchor free virons before

c. The pseudotyped viruses were generated from 293T cells and the assays were
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attachment, which could help solve the accessibility problem with
large antibody molecules.

We, therefore, generated fusion proteins of m36 with human
sCD4. First, we determined the appropriate order of the anti-
body and sCD4 in the single-chain chimeric fusion proteins. In a
separate experiment, we made two homodimers of m36. In one
construct (m36d1), two m36 molecules were covalently linked by
a polypeptide composed of three repeats of G4S motif. In the other
construct (m36d2), a single cysteine was introduced to a polypep-
tide tail at the C-terminus of m36 and dimerization of the purified
protein via a disulfide bond was determined by size-exclusion chro-
matography, non-reducing and reducing SDS-PAGE. We found that
binding to gp120s and neutralization of m36d1 were decreased by
∼16 folds and ∼3 folds, respectively, compared to those of m36
while m36d2 showed comparable or better binding and neutral-
ization than m36 (Chen et al., unpublished work). These results
suggest that in m36d1, the linker could interrupt recognition of
the second m36 molecule probably because the linker is in close
proximicity to the antigen-binding site of the second m36. There-
fore, we decided to join m36 to the N-terminus of the human sCD4
(Fig. 4A). Because the N-terminus of sCD4 is relatively far away
from the binding site of gp120 according to the crystal structure
of a gp120-sCD4 complex (Kwong et al., 1998), we assume that
these polypeptide linkers may not interfere with interaction of
sCD4 with gp120. Second, we tried a natural polypeptide linker
derived from the M13 bacteriophage where the linker connects
the second and third domains of capsid protein pIII; the linker
is expected to provide remarkable flexibility and stability as it is
naturally designed for such purposes and proved to be capable of
efficiently displaying a variety of foreign proteins in phage display
technology (Hoogenboom et al., 1998). To explore the effects of
linker length, we used the full-length bacteriophage pIII linker (L1,
39 residues) in one construct (m36L1CD4) and an empirically short-
ened linker (L2, 27 residues) in the other construct (m36L2CD4)
(Fig. 4A and B).

m36L1CD4 and m36L2CD4 were expressed in transiently trans-
fected 293 free style cells; the proteins were secreted into the
shaking culture supernatants with yield of ∼1.6 mg l−1. Both pro-
teins ran on reducing SDS-PAGE with an apparent molecular weight
(MWa) of ∼40 kDa, which was close to the calculated MW (MWc)
(37.192 kDa for m36L1CD4 and 36.417 kDa for m36L2CD4, includ-
ing the His and FLAG tags) (Fig. 4C and data not shown). In an
ELISA assay, they bound to gp120Bal much better than m36 or sCD4
alone, or a combination of m36 and sCD4 (with the same molar-
ity), suggesting the contribution of synergistic and/or avidity effects
(Fig. 5A). Notably, m36L2CD4 bound even better than m36L1CD4.
However, we did not observe obvious difference in neutralization
potencies between two constructs against several isolates tested
(data not shown). We used linker L2 for generation of additional
m36-based fusion proteins.

To further increase avidity effects and serum half life and confer
biological effector functions, we fused m36L2CD4 to human IgG1
Fc (Fig. 4A and C). The new construct, designated m36L2CD4Fc, was
well expressed and easily purified from the shaking 293 free style
cell culture supernatant with a yield of ∼4.2 mg l−1. It bound to
gp120Bal with an EC50 (8 nM) higher than that (25 nM) of m36L2CD4
(Fig. 5B). To rule out the possibility that the strong binding was
resulted mainly from the dimerization of either m36 or sCD4, we
made fusion protein (sCD4Fc) of sCD4 with the human IgG1 Fc and
compared binding of m36L2CD4Fc to those of m36h1Fc and sCD4Fc
(Fig. 5C). The results showed that although sCD4Fc and m36h1Fc

exhibited stronger binding to gp120Bal than monomeric sCD4 and
m36, respectively, their binding strengths were much lower than
that of m36L2CD4Fc.

We then made similar constructs by replacing m36 with m36.4.
The resultant proteins, m36.4L2CD4 and m36.4L2CD4Fc showed
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r m36.4 with sCD4. (C) Reducing SDS-PAGE of m36, m36.4 and their fusion protein

lightly higher binding to gp120Bal than their parent counterparts,
espectively (Fig. 5D).
.4. Efficient neutralization of HIV-1 by the sCD4 and sCD4-Fc
usion proteins of m36 and m36.4

To determine the potency and breadth of HIV-1 neutralization
y these fusion proteins, we conducted cell line-based pseudovirus

ig. 5. Comparative analysis of ELISA binding. (A) m36-sCD4 fusion proteins with linker
CD4, for binding to gp120Bal. (B) Difference in binding of m36L2CD4 and m36L2CD4Fc
36h1Fc and sCD4Fc. (D) Comparison between the fusion proteins of m36 and m36.4 for
fusion protein architectures. (B) Sequences of polypeptide linkers connecting m36

neutralization assays with 14 HIV-1 isolates from different clades
including those which were categorized as tier 1 (e.g., Bal and
IIIB) or tier 2 (e.g., JRFL and JRCSF) viruses in terms of sensi-

tivity to broadly neutralizing antibodies. Although there was an
increase in molecular size, all fusion proteins were more effective
than m36 against almost all the isolates tested, having IC50s and
IC90s on average several folds lower than those of m36 (Table 1).
m36L2CD4Fc and m36.4L2CD4Fc exhibited even more potent neu-

s of different lengths are compared to m36 or sCD4 alone, and unlinked m36 plus
to gp120Bal. (C) Dramatic increase in binding of m36L2CD4Fc compared to that of
binding to gp120Bal.
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ralization than m36L2CD4 and m36.4L2CD4 against some isolates
hile a slight decrease in potency was observed with GXE (clade

) for m36.4L2CD4Fc. Overall, no significant difference in potency
as seen between m36L2CD4 and m36.4L2CD4, and between
36L2CD4Fc and m36.4L2CD4Fc whereas some isolates could be

lightly more efficiently neutralized by one antibody and others
ould be better affected by the other antibody. Of particular note,
XE (clade E), which was insensitive to m36, could be relatively
otently neutralized by the fusion proteins (Table 1) suggesting that
he neutralizing activities of the fusion proteins could be broader
han that of m36.

We next compared m36L2CD4Fc to m36h1Fc and sCD4Fc in neu-
ralization against four isolates (Fig. 6). m36h1Fc did not or poorly
nhibited three isolates (92UG037.8, Bal and JRFL) while efficiently
eutralized 89.6, in agreement with our previous study (Chen et
l., 2008a). sCD4Fc was highly efficient in neutralizing all the iso-
ates with IC50s less than 40 nM. As expected, even more potent
eutralization occurred with m36L2CD4Fc; the IC50s with Bal and
9.6 were at least 9-fold lower than those for sCD4Fc; about 5 and
folds decreases in IC50s with 92UG037.8 and JRFL, respectively,
ere also observed for m36L2CD4Fc compared to that for sCD4Fc.

hese results also confirmed that the increased potency of m36 and
36.4 after fusion with sCD4 or sCD4-Fc was attributed mainly to

he synergistic and/or avidity effects between the antibody and the
CD4 but not due to the dimerization of the antibody or sCD4.

. Discussion

Isolated stable human eAds have been described (Holt et al.,
003) and are promising candidate therapeutics against cancer and
utoimmune diseases. Recently, one eAd (against TNF�) was suc-
essfully evaluated in a phase I clinical trial and a phase II trial

as commenced (http://www.arana.com); a VHH from camelid ori-
in (called nanobody) was also safe (http://www.ablynx.com). In
ur previous study (Chen et al., 2008a), we described the discov-
ry and potent anti-HIV-1 activity of the first reported human eAd,
36. The small size (11–15 kDa) of eAds endows them with two
nd m36L2CD4Fc, respectively. The pseudotyped viruses were generated from 293T

major unique beneficial properties – much better penetration into
densely packed tissues (e.g., lymphoid tissues where HIV-1 pre-
dominantly replicates) compared to the conventional antibodies
(150 kDa for a human IgG1) and ability to access functionally impor-
tant structures on the surface of some molecules (e.g., HIV-1 Envs)
that are not accessible by full-length antibodies. Other excellent
biophysical properties of eAds include high yield (low production
cost) from bacterial cells, solubility, stability and ease for engi-
neering such as affinity maturation. As reagents for diagnosis, eAds
could be also useful because they can be rapidly cleared and exhibit
relatively low or no toxicity and immunogenecity. However, due to
their small size and lack of binding to the Fc receptors, eAds exhibit
short half life in circulation and lack of biological effector func-
tions that are critical for eliminating both free agents (e.g., virus
particles) and aberrant cells (e.g., virus-infected cells) in vivo. A
possible solution is to fuse eAds with Fc (Chen and Dimitrov, 2009)
(see also http://www.arana.com); although it brings eAds back to
medium MW (∼75 kDa for fusion with human IgG1 Fc) reagents, the
fusion proteins could still promise more efficient penetration than
full-length antibodies (∼150 kDa for a human IgG1). This solution,
however, may not be applicable to m36 because it targets a steri-
cally restricted structure formed during HIV-1 entry and therefore,
the increase in antibody size could dramatically diminish neutral-
ization potency, as has been demonstrated in our previous study
(Chen et al., 2008a). To address these issues, we used two strategies
in this study – affinity maturation for enhanced binding to gp120
without CD4 and fusion to sCD4 and Fc. We found that sCD4-Fc
fusion proteins of m36 and its matured version exhibit a profound
increase in antiviral activity compared to m36 alone, albeit with
about 9-fold increase in MWs.

Our finding that a single mutation in the FR2 of m36 (m36.4) sig-
nificantly improves the antibody affinity and neutralization could
also help understand how the antibody interacts with its highly

conserved hidden epitope on gp120. One possible explanation for
the increased binding is that the mutation could play a critical
role in adjustment of the antibody tertiary structure that results
in adoption of a better-fit antigen-binding site. It is noteworthy,
however, that three of the mutants (m36.1, m36.4 and m36.5)

http://www.arana.com/
http://www.ablynx.com/
http://www.arana.com/
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arry the same mutation (44Q/E), which is acidic; the other one
m36.2) also has an acidic amino acid substitution (45A/D) at a
ery close position (Fig. 1). Crystallographic analysis (Kwong et al.,
998) of the sCD4-gp120-17b complex shows that the hydrophobic
nd acidic surface of the 17b heavy chain accounts for its interac-
ion with gp120 by mimicking the tyrosine-rich, acidic N-terminal
egion of CCR5; possible electrostatic interactions occur between
he basic surface of the gp120 “bridging sheet” and the acidic
ntibody residues (all known CD4i mAbs show unusually high con-
entration of acidic residues in heavy chain CDR loops) (Huang et
l., 2004). These results suggest an alternative explanation that the
cquired acidic residues in the FR2 of m36 mutants could be part
f the binding interface, enhancing the electrostatic interactions
ith basic residues on gp120. It is theoretically possible that eAds

ould use FRs to compensate the loss of antigen-interacting surface
ontributed by the hypervariable loops of either VH or VL. If the sec-
nd possibility proves to be true, m36.4 could be further matured
y screening a mutant library with introduction of additional acidic
nd hydrophobic mutations to the interface where the 44Q/E muta-
ion occurs. The newly identified mutants and those described in
his study could be potentially useful not only as potent candidate
herapeutics but can also help probe the highly conserved struc-
ures around the CoRbs with implications for the development of
mall-molecule inhibitors and elucidation of mechanisms of viral
ntry and evasion of immune responses.

Linkage between sCD4 and CD4i mAbs for synergistic and/or
vidity effects on neutralization has been previously described (Dey
t al., 2003; Lagenaur et al., 2010; West et al., 2010). In these
tudies, a single or multi-repeat G4S motif, which was artificially
esigned, was exclusively used as the linker between sCD4 and
ntibody. Here, we selected as a linker a polypeptide derived from
13 bacteriophage where the peptide connects the second and

hird domains of capsid protein pIII. This naturally occurring pep-
ide may be more resistant to cleavage by proteinases and therefore,
ould confer a higher level of stability of the fusion proteins. How-
ver, peptides from non-human sources may be immunogenic in
umans; there will be a need to evaluate such a possibility or to
elect human-derived linkers to reduce possible immunogenicity.
he compositions of the phage pIII linker are almost the same as
hose of the G4S linker, except that the former contains addition-
lly glutamines, and glycine and serine are not regularly distributed
Fig. 4B). It will be of interest to test whether such an arrange-

ent could really delay the degradation of fusion proteins in vivo.
n one of the previous studies (Lagenaur et al., 2010), effects of dif-
erent linker lengths were explored. The results showed that no
bvious difference in neutralization potency was observed among
hree constructs with linker of 35 residues (7 repeats of G4S motif),
0 residues (8 repeats of G4S motif) and 55 residues (11 repeats
f G4S motif), respectively, whereas the use of a linker composed
f a single G4S motif gave a much weaker potency suggesting a
ength spanning five amino acid residues may not be sufficient for
imultaneous binding of the sCD4 and antibody moieties to a single
p120 subunit. In agreement with the recent study (Lagenaur et al.,
010), our results showed that m36L1CD4 (linker, 39 residues) and
36L2CD4 (linker, 27 residues) had indistinguishable potencies

n neutralizing several isolates tested (data not shown), although
he latter exhibited higher binding to gp120Bal (Fig. 5A). A possible
xplanation is that bifunctional binding molecules can potentially
isplay enhanced activities even when the two binding moieties
re incapable of interacting simultaneously with a single target
olecule. Lagenaur et al. (2010) showed that a sCD4-17b fusion
rotein linked by a single G4S motif, which was not expected to
nable simultaneous binding of two moieties, could be more effec-
ive against some isolates than the mixture of unlinked sCD4 plus
7b. West et al. (2010) demonstrated that a sCD4 fusion protein
ith the anti-HIV carbohydrate antibody 2G12 also resulted in a
rch 88 (2010) 107–115

potent neutralizing reagent with more broadly neutralizing activity
than 2G12 alone.

Some isolates (e.g., Z2Z6 and GXE) were not neutralized very
effectively by the newly constructed fusion proteins (Table 1). Two
likely reasons could be suggested for this observation. First, sCD4
does not bind well to gp120s from some isolates especially primary
isolates as was demonstrated previously (Moore et al., 1992); in the
trimeric envelope spike, engagement of multiple CD4 molecules
might be required to elicit the conformational changes that expose
the CoRbs. Our results showed that sCD4 bound very weakly to
gp120Bal and only slightly enhanced m36 binding when the two
components were not covalently linked (Fig. 5A) while sCD4 had
a high affinity (EC50, ∼6 nM) with gp140JRFL (data not shown).
Interestingly, the fusion proteins exhibited dramatic increases in
binding to gp120Bal (Fig. 5) suggesting that the benefits from avidity
effects could be significantly higher than those (synergistic effects)
due to the enhanced exposure/formation of the m36 epitope by
sCD4. sCD4 could have even weaker binding to other gp120s than
to gp120Bal. Second, the linker we used may not provide sufficient
flexibility for efficient binding to some isolates because the slight
deviations in the angles, at which sCD4 and antibody approach
gp120, could result in substantial differences in the requirement for
linker flexibility. As a result, neither avidity nor synergistic effects
could be expected when sCD4 is fused with antibodies and the
antiviral potency of the fusion proteins can be significantly com-
promised by the increased antibody size. Thus, additional work is
desirable to determine optimal linker lengths and compositions.

The fusion proteins of m36 and its mutants described in this
study could be useful not only as candidate HIV-1 therapeutics
adding a new member to the growing family of bifunctional entry
inhibitors, but also as a tool to explore mechanisms of entry and to
understand how HIV-1 guards its conserved structures and evades
neutralizing immune responses.
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