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Soluble forms of the human immunodeficiency virus type 1 (HIV-1) primary receptor CD4 (soluble CD4 [sCD4]) have
been extensively characterized for a quarter of a century as promising HIV-1 inhibitors, but they have not been clinically
successful. By combining a protein cavity-filling strategy and the power of library technology, we identified an engineered
cavity-altered single-domain sCD4 (mD1.22) with a unique combination of excellent properties, including broad and po-
tent neutralizing activity, high specificity, stability, solubility, and affinity for the HIV-1 envelope glycoprotein gp120, and
small molecular size. To further improve its neutralizing potency and breadth, we generated bispecific multivalent fusion
proteins of mD1.22 with another potent HIV-1 inhibitor, an antibody domain (m36.4) that targets the coreceptor-binding
site on gp120. The fusion proteins neutralized all HIV-1 isolates tested, with potencies about 10-, 50-, and 200-fold higher
than those of the broadly neutralizing antibody VRC01, the U.S. FDA-approved peptide inhibitor T20, and the clinically
tested sCD4-Fc fusion protein CD4-Ig, respectively. In addition, they exhibited higher stability and specificity and a lower
aggregation propensity than CD4-Ig. Therefore, mD1.22 and related fusion proteins could be useful for HIV-1 prevention
and therapy, including eradication of the virus.

Soluble forms of human CD4 (sCD4) comprising all four (D1
to D4) or the first two (D1D2) extracellular domains are po-

tent inhibitors of the human immunodeficiency virus type 1
(HIV-1) in vitro (1, 2). Several promising monomeric (3–5), di-
meric (6–8), and tetrameric (9–11) sCD4 derivatives have been
tested in animal models and in human clinical trials, but they
exhibited modest and transient antiviral activities. Previously, we
demonstrated that decreasing the molecular size of D1D2 to a
single domain, D1, significantly increased its antiviral activity and
reduce its nonspecificity, i.e., interactions with molecules other
than the HIV-1 envelope glycoprotein (Env) gp120; a D1 variant
(mD1.2) was identified that is also more soluble than D1D2 (12).
However, mD1.2 still binds to human B cells and CD4� T cells
without HIV-1 Env expression, although it binds more weakly
than D1D2 and its stability is comparable to that of D1D2, which
is relatively low (12).

It has been shown previously that some proteins exhibit poor
hydrophobic packing, leading to low stability and solubility due to
the presence of cavities within or on the surfaces of proteins that
are either empty or hydrated (13, 14). Identification of such cavi-
ties and filling them with bulkier hydrophobic amino acid side
chains have proven effective in improving stability and other
properties of proteins (15). By combining this cavity-filling strat-
egy with the power of library technology, we identified an mD1.2
mutant, designated mD1.22, that has significantly higher soluble
expression, thermal stability, and specificity than mD1.2. Bispe-
cific multivalent fusion proteins of mD1.22 with m36.4, an engi-
neered human antibody domain targeting a CD4-induced (CD4i)
epitope overlapping the HIV-1 coreceptor-binding site (CoRbs)

on gp120 (16–18), exhibited remarkable neutralizing activity
against HIV-1 as well as higher stability and specificity and a lower
aggregation propensity than CD4-Ig, a clinically tested D1D2-Fc
fusion protein (6, 7). Therefore, mD1.22 and related fusion pro-
teins are promising drug candidates for HIV-1 prevention and
therapy, including eradication of the virus.

MATERIALS AND METHODS
Cells, viruses, plasmids, proteins, and other reagents. BJAB cells were a
gift from Anu Puri (National Cancer Institute, Frederick, MD). We pur-
chased 293T and SUPT1 cells from ATCC, and 293 FreeStyle cells were
obtained from Invitrogen. Other cell lines and plasmids used for expres-
sion of various HIV-1 Envs were obtained from the National Institutes of
Health AIDS Research and Reference Reagent Program (ARRRP).
gp140SC, gp140MS, gp120MS, D1D2, CD4-Ig, mD1.2Fc, IgG1 m102.4,
IgG1 m909, m36.4, and m36h1Fc were produced in our laboratory
as described previously (12, 16, 17, 19, 20). gp140Con-s (21),
gp140CH12.0544.2, and gp14089.6 were gifts from Barton F. Haynes (Duke
University Medical Center, Durham, NC). IgG1s VRC01, b12, and 2G12
and Fab b12 were obtained from the ARRRP. Human serum was pur-
chased from Invitrogen.
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Computational analysis for identification of cavities and D1 mu-
tagenesis. The atomic coordinates of D1 were extracted from the crystal
structure of a ternary complex of HIV-1 gp120 with D1D2 and the anti-
body 17b (PDB entry 2NY1). To identify cavities in D1, we used the
Hollow program (22) with a grid spacing of 0.25 Å to probe inside the D1
structure, and this generated a casting of the interior volume of the protein
filled with dummy atoms. The interior cavities of the D1 structure were
located by concomitantly visualizing the dummy atoms and the amino
acid residues at the protein core by using the PyMOL molecular graphics
system (version 1.5.0.4; Schrödinger, LLC). The approximate volume of
the cavity was calculated by using the normal Voronoi method with Cho-
thia radii (23). The single point mutation A55V was modeled by using the
PyMOL Mutagenesis Wizard with an appropriate side chain rotamer, and
its effect on D1 stability was predicted using the Site-Directed Mutator
(SDM) server (24).

Library construction and panning. The phage display libraries of
mD1.2 mutants were constructed by random mutagenesis. We used the fol-
lowing primers: SfiF, 5=-GAGGAGGAGGAGGAGGAGGCGGGGCCCAG
GCGGCC-3= (sense); mD1.2R, 5=-CTGGTCCCACAGGCTCCGCCGGCT
GTCWNNCCTGTCGTTCAG-3= (antisense); mD1.2F, 5=-CTGTGGGACC
AGGGAAACTTCCCANNSATCATCAAGAAC-3= (sense); FlagR, 5=-CTGG
GGACTGCCCTTATCGTCATCGTCCTTG-3= (antisense); mD1.22F, 5=-A
GCTTCCTGACCAAGGGACCTAGCAAGNNSAACGACAGGGTTGAC-
3= (sense); mD1.22R, 5=-GGTCAGGAAGCTGCCCTGGTTGCCCAGWNN
CTTGATCTGGTTGCT-3= (antisense).

To randomize the D1 residues A55 and L69, two gene fragments were
first amplified by PCR with an mD1.2-carrying plasmid as the template
and primer pairs SfiF/mD1.2R and mD1.2F/FlagR, respectively. The PCR
products were gel purified and used as templates for amplification of
full-length mD1.2 mutants. Overlapping PCR was performed in a volume
of 50 �l by using both fragments at the same molarities for 7 cycles in the
absence of primers and 15 additional cycles in the presence of 500 pM
primers SfiF and FlagR. The overlapping PCR product was gel purified,
digested with SfiI, and gel purified again. The purified fragments were
then cloned into phagemid pComb3X linearized by using SfiI. A phage
library was prepared by electroporation of Escherichia coli strain TG1 elec-
troporation-competent cells (Stratagene, La Jolla, CA) with desalted and
concentrated ligation, as described previously (25). For randomization of
the D1 residues I36 and L51, a second library was constructed in the same
way except for the use of mD1.22, which was identified from the first
library, as a template and primer pairs SfiF/mD1.22R and mD1.22F/FlagR
for amplification of mD1.22 gene fragments.

The phage libraries were used for selection of mD1.2 mutants against
HIV-1 Envs (in 96-well plates coated with the Envs, as described previ-
ously [26]). For sequential panning, 50 and 5 ng of gp140SC (clade B) and
gp120MS (clade A) were used in the first and second rounds, respectively.
To identify individual mutants that specifically bound to the Envs and
were soluble in the periplasm of E. coli cells, clones were randomly picked
from the second rounds of panning, inoculated into 96-well plates, and
induced for protein expression by using isopropyl �-D-1-thiogalacto-
pyranoside (IPTG). To select those clones that had high yields of soluble
expression and/or high stability against degradation, the supernatants of
individual clones were incubated at 4°C for 3 days and then screened with
a soluble expression-based monoclonal enzyme-linked immunosorbent
assay (semELISA) as described previously (27).

Cloning of mD1.22Fc and mCD4-Ig. The following primers were used
for cloning of mD1.22Fc and mCD4-Ig: D1-53F, 5=-TGACGCGGCCCAGC
CGGCCAAGAAGGTGGTGTACGGC-3= (sense); D1-53FcR, 5=-TTTGTC
GGGCCCGCCTACCACTACCAGCTG-3= (antisense); D1D2mF, 5=-GACA
GGGTTGACAGCCGGCGG-3= (sense); D1D2mR, 5=-GCTGTCAACCCTG
TCGTTCAG-3= (antisense); D1D2FcF, 5=-TGGTTTCGCTACCGTGGCCC
AGCCGGCCAAGAAGGTGGTGCTGGGC-3= (sense); D1D2FcR, 5=-GTG
AGTTTTGTCGGGCCCGGCCAGCACCACGATGTC-3= (antisense).

To clone mD1.22Fc, an mD1.22 gene fragment was PCR amplified
with primers D1-53F and D1-53FcR. The product appended with SfiI and

ApaI restriction sites on both sides was digested and cloned into
pSecTagB-Fc. For construction of mCD4-Ig, two gene fragments were
amplified with a D1D2-carrying plasmid as the template and primer com-
binations D1D2FcF/D1D2mR and D1D2mF/D1D2FcR, respectively. The
PCR products were gel purified and joined together by overlapping PCR
using primers D1D2FcF and D1D2FcR, as described above. The overlap-
ping PCR product was digested with SfiI and ApaI and cloned into
pSecTagB-Fc.

Cloning of 2Dm2m, 4Dm2m, and 6Dm2m. The following primers
were used for cloning of 2Dm2m, 4Dm2m, and 6Dm2m: mD1.22H2, 5=-
ACTACAGGTGTCCACTCCAAGAAGGTGGTGTACGGC-3= (sense);
mD1.22H4, 5=-CCTTGGAGCTCGATCCGCCACCGCCAGAGCCACC
TCCGCCTGAACCGCCTCCACCGCCTACCACTACCAGCTG-3= (an-
tisense); m36.4L2, 5=-CTTACAGATGCCAGATGTCAGGTGCAGCTGG
TGCAG-3= (sense); m36.4L4, 5=-AGAGCCACCTCCGCCTGAACCGCC
TCCACCTGAGGAGACGGTGACCAG-3= (antisense); bnIgG20H1, 5=-
GTGTTCTAGAGCCGCCACCATGGAATGGAGCTGGGTCTTTCTC
TTC-3= (sense); bnIgG20H3, 5=-GGAGTGGACACCTGTAGTTACTGAC
AGGAAGAAGAGAAAGAC-3= (antisense); bnIgG20L1, 5=-GTGTAAGC
TTACCATGGGTGTGCCCACTCAGGTCCTGGGGTTGCTG-3= (sense);
bnIgG20L3, 5=-ACATCTGGCATCTGTAAGCCACAGCAGCAGCAAC
CCCAGGAC-3= (antisense); bnIgG20L4, 5=-GTGTGAATTCATTAACA
CTCTCCCCTGTTGAA-3= (antisense); CLF, 5=-TCAGGCGGAGGTGG
CTCTGGCGGTGGCGGATCACGAACTGTGGCTGCACCA-3= (sense);
HleaderF, 5=-TAATTCTCTAGAGCCGCCACCATG-3= (sense); CH3R,
5=-AGAGCCACCTCCGCCTGAACCGCCTCCACCTTTACCCGGAGA
CAGGGA-3= (antisense); AAAF, 5=-TGAGTGCGACGGCCGGCA-3=
(sense); AAAR, 5=-CCCGAGGTCGACGCTCTC-3= (antisense); CLDmF,
5=-AGCGGTGGCGGGGGAAGTGGCGGTGGAGGGAGCAAGAAGGT
GGTGTACGGC-3= (sense); D1mRR, 5=-ATCAATGAATTCATTAGCCT
ACCACTACCAGCTG-3= (antisense); CLR, 5=-ACTTCCCCCGCCACC
GCTGCCACCCCCTCCACACTCTCCCCTGTTGAA-3= (antisense).

2Dm2m was constructed by cloning mD1.22 and m36.4 into the
plasmid vector pDR12, which contains human IgG1 constant region-
encoding gene cassettes and allows simultaneous expression of the
heavy and light chains, by using protocols and reagents similar to those
we used previously (28). To fuse mD1.22 to the N terminus of the
human IgG1 heavy chain constant region, mD1.22 and the heavy chain
leader peptide (Hleader) gene fragments were PCR amplified with
primer pairs mD1.22H2/mD1.22H4 and bnIgG20H1/bnIgG20H3, re-
spectively. Hleader was joined to mD1.22 by overlapping PCR with
both templates (at the same molarities) for 7 cycles in the absence of
primers and 15 additional cycles in the presence of primers
bnIgG20H1 and mD1.22H4. The product appended with XbaI and
SacI restriction sites on both sides was digested and cloned into
pDR12. To fuse m36.4 to the N terminus of the human IgG1 light chain
constant region, gene fragments encoding the light chain leader pep-
tide (Lleader), m36.4, and the human IgG1 kappa light chain constant
region (CK) were amplified by PCR with primer pairs bnIgG20L1/
bnIgG20L3, m36.4L2/m36.4L4, and CLF/bnIgG20L4, respectively.
Lleader was linked to m36.4 and CK by overlapping PCR with primers
bnIgG20L1 and bnIgG20L4, as described above. The Lleader-
m36.4-CK fragment was then digested with EcoRI and HindIII and
cloned into the pDR12 construct containing mD1.22 in the heavy
chain. To generate 4Dm2m, Hleader-mD1.22-Fc, mD1.22, and
poly(A) signal gene fragments were PCR amplified by using 2Dm2m as
a template and primer pairs HleaderF/CH3R, mD1.22mF/mD1.22mR,
and AAAF/AAAR, respectively. Hleader-mD1.22-Fc, mD1.22, and
poly(A) were joined to each other by overlapping PCR with primers
HleaderF and AAAR. The product was digested with XbaI and SalI and
cloned into 2Dm2m. To clone 6Dm2m, Lleader-m36.4-CK and
mD1.22 gene fragments were amplified with primer pairs bnIgG20L1/
CLR and CLDmF/D1mRR, respectively. Lleader-m36.4-CK was fused
to the N terminus of mD1.22 by overlapping PCR using primers
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bnIgG20L1 and D1mRR. The product was digested with EcoRI and
HindIII and cloned into 4Dm2m.

Protein expression and purification. D1 mutants were expressed in
E. coli HB2151; all Fc-fusion proteins were produced in 293 FreeStyle cells,
as described previously (17). D1 mutants, which were tagged with six-
histidine at their C terminus, were purified from the soluble fraction of
HB2151 periplasm via immobilized metal ion affinity chromatography
(IMAC) with Ni-nitrilotriacetic acid resin (Qiagen, Valencia, CA) accord-
ing to the manufacturer’s protocols. Fc-fusion proteins were purified
from 293 FreeStyle cell culture supernatants by using protein A-Sepharose
4 Fast Flow (GE Healthcare, Piscataway, NJ) column chromatography.

Size exclusion chromatography. A Superdex75 10/300 GL column
(GE Healthcare, Piscataway, NJ) was calibrated with protein molecular
mass standards of 14-kDa RNase A, 25-kDa chymotrypsin, and 44-kDa
ovalbumin. Purified D1 mutants and D1D2 in phosphate-buffered saline
(PBS) were loaded onto the preequilibrated column and eluted with PBS
at 0.5 ml/min. Fc-fusion proteins were analyzed using a Superdex200
10/300 GL column (GE Healthcare, Piscataway, NJ) calibrated with pro-
tein molecular mass standards of 14-kDa RNase A, 25-kDa chymotrypsin,
44-kDa ovalbumin, 67-kDa albumin, 158-kDa aldolase, 232-kDa catalase,
440-kDa ferritin, and 669-kDa thyroglobulin.

Dynamic light scattering. Proteins concentrated to 10 mg/ml in 220 �l
were stored at �80°C and slowly thawed on ice before measurements. Sam-
ples were then incubated at 4 or 37°C. On day 0, 1, 3, and 7, 50-�l samples
were collected and centrifuged at 18,000 � g for 10 min. The supernatants
were diluted to 1 mg/ml, and 400 �l was used for dynamic light scattering
(DLS) measurements (Zetasizer Nano ZS 3600; Malvern Instruments Ltd.,
Westborough, MA) according to the manufacturer’s instructions.

ELISAs. ELISAs were performed as described previously (12, 17).
Bound D1 mutants were detected by horseradish peroxidase (HRP)-
conjugated anti-FLAG tag antibodies (Sigma-Aldrich, St. Louis, MO)
or by using the Penta-His HRP conjugate kit from Qiagen. Bound
Fc-fusion proteins were detected with HRP-conjugated anti-human
IgG (Fc-specific) antibodies (Sigma-Aldrich, St. Louis, MO). Half-
maximal binding (the 50% effective concentration [EC50]) was calcu-
lated by fitting the data to the Langmuir adsorption isotherm.

Surface plasmon resonance. Binding kinetics of D1 mutants with
HIV-1 gp140 were assessed by using surface plasmon resonance (SPR)
analysis on a Biacore X100 apparatus (GE Healthcare) and using a single-
cycle approach according to the manufacturer’s instructions. Briefly, pu-
rified HIV-1 gp140 was diluted in sodium acetate (pH 5.0) and immobi-
lized directly onto a CM5 sensor chip via the standard amine coupling
method. The reference cell was injected with N-hydroxysuccinimide–1-
ethyl-3-(3-dimethyaminopropy)carbodiimide and ethanolamine with-
out injection of gp140. D1 mutants and D1D2 were diluted with running
buffer HBS-EP (100 mM HEPES [pH 7.4], 1.5 M NaCl, 30 mM EDTA,
0.5% surfactant 20). All analytes were tested at 500, 100, 20, 4, and 0.8 nM
concentrations. Kinetic constants were calculated from the sensorgrams
fitted with the monovalent binding model of the BiacoreX100 Evaluation
software 2.0.

Flow cytometry. For detection of interactions with human blood cell
lines, approximately 106 BJAB or SUPT1 cells in 200 �l PBS containing
0.1% bovine serum albumin (PBSA) were incubated with sCD4-Fc fusion
proteins at a final concentration of 1 �M on ice for 1 h. Cells were washed
twice and resuspended in 200 �l PBSA and 1 �l goat F(ab=)2 anti-human
IgG (�-specific)–fluorescein isothiocyanate conjugate (Sigma-Aldrich, St.

FIG 1 Identification of a cavity in the hydrophobic core of D1 (A) and a cavity-altered D1 variant, mD1.22 (B). (A) The void filled with dummy atoms (the
irregular sphere) depicts the presence of a cavity in the interior of D1 that was identified by the Hollow program. The hydrophobic residues lining the cavity (I36,
L51, A55, and L69) are indicated, and their side chains are shown in stick representation. (B) The amino acid sequence of mD1.22 is aligned with those of mD1.2
and the wild-type D1. The sequences are numbered. The residues in the D1 mutants that are identical to those of the wild-type D1 are indicated by dots.
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Louis, MO) was added. Following a 30-min incubation on ice, cells were
washed twice and then subjected to flow cytometry analysis.

Solubility measurements. Proteins in PBS were concentrated using an
ultrafiltration method and then quantified as described previously (12).

Circular dichroism spectroscopy. Secondary structures and thermal
stability of D1 mutants were determined by circular dichroism (CD) spec-
troscopy as described previously (29).

Serum stability measurement. Proteins in PBS were mixed at a 1:1
(vol/vol) ratio with human serum or PBS to give a final concentration of
500 nM in a total volume of 50 �l. After incubation at 37°C, reactions were
stopped by freezing the samples at �80°C. After all samples were col-
lected, 50 �l of 4% milk in PBS were added to each sample, and diluted
proteins were evaluated in ELISAs with gp140Con-s. Standard curves were
generated by using the original protein stocks to quantify functional pro-
teins that survived the different periods of incubation.

Neutralization of historical HIV-1 isolates in HOS-CD4-CCR5 cell-
based assays. HIV-1 pseudoviruses were generated, and a HOS-CD4-
CCR5 cell-based neutralization assay was performed as described previ-
ously (17).

Neutralization of more recent HIV-1 isolates in TZM-bl cell-based
assays. HIV-1 pseudoviruses were generated and the TZM-bl cell-based
neutralization assay was performed as described previously (30).

Neutralization of HIV-1 isolates predominantly circulating in
China in TZM-bl cell-based assays. A panel of pseudoviruses with Envs
derived from HIV-1 isolates predominantly circulating in China was gen-
erated, and previously described neutralization assay protocols were used
(31, 32).

Neutralization of HIV-1 in a human peripheral blood mononuclear
cell-based assay. HIV-1 infectious molecular clones carrying the Renilla
luciferase reporter gene were tested, and a neutralization assay of HIV-1 in
human peripheral blood mononuclear cells (PBMC) was performed as
described previously (33).

Inhibition of HIV-1 Env-mediated cell-cell fusion. Cell-cell fusion
assays were performed as described previously (34), except that in our
study we used HOS-CD4-CCR5 and 293T cells.

Toxicity test. Antibody toxicity on PBMC and TZM-bl cells was eval-
uated with the CellTiter 96 AQueous One Solution cell proliferation assay
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-

FIG 2 Oligomeric state (A), thermal stability (B), and secondary structure (C) of mD1.22. (A) The oligomeric state of mD1.22 was measured by size exclusion
chromatography. The arrows at the top indicate the elution volumes of the molecular mass standards in PBS: RNase A (14 kDa), chymotrypsin (25 kDa), and
ovalbumin (44 kDa). The thermal stability and secondary structure of mD1.22 were measured by CD. The fraction folded (ff) of the proteins was calculated as
follows: ff � ([	] � [	M])/([	T] � [	M]). [	T] and [	M] are the mean residue ellipticities at 225 nm of the folded state at 25°C and the unfolded state at 90°C. Tm

values were determined based on the first derivative [d(fraction folded)/dT] with respect to temperature (T). The measurement of the secondary structure was
performed at 25°C.
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phenyl)-2H-tetrazolium] system (Promega, Madison, WI) according to
the manufacturer’s instructions.

RESULTS
Identification of a cavity in D1 and selection of a cavity-altered
mD1.2 variant (mD1.22) with improved soluble expression and
thermal stability. Our computational analysis with the Hollow
program identified a cavity (volume, approximately 57 Å3) in D1
lined by four hydrophobic residues (I36, L51, A55, and L69) (Fig.
1A). Accordingly, we chose these residues for random mutagene-
sis and construction of phage display libraries of mD1.2 mutants.
For simplicity and convenience in PCR amplification, we first gen-
erated a library in which the residues A55 and L69 were random-
ized by using the degenerate codon NNS, which encodes the com-
plete set of standard amino acids. Panning the library sequentially
against two HIV-1 Envs from different clades and screening for
high Env-binding activity, soluble expression, and stability against
prolonged incubation resulted in the identification of mD1.22,
which has a single amino acid substitution (A55V) compared to
mD1.2 (Fig. 1B). We then constructed a second library by using
mD1.22 as a template for randomization of the residues I36 and
L51. Panning and screening the second library did not lead to the
identification of mD1.22 variants with improved properties, and
so our further characterization was focused on mD1.22.

mD1.22 was expressed as a soluble protein in E. coli with a yield
(5 mg/liter) that was about 7-fold higher than that of mD1.2 (0.75
mg/liter). It was monomeric in PBS (pH 7.4), as measured by size
exclusion chromatography, with an apparent molecular weight
(aMW) that was slightly higher than its calculated molecular
weight (cMW) (13,484, including the six-histidine and FLAG tags
at its C terminus) (Fig. 2A). It was concentrated to 175 mg/ml in
PBS without visible precipitation after high-speed centrifugation,
suggesting high solubility of the protein. mD1.22 (melting tem-
perature [Tm], 68.3°C) was thermally more stable than mD1.2
(Tm, 60.7°C) (Fig. 2B). Similarly to mD1.2, mD1.22 consists pri-
marily of a �-strand secondary structure at 25°C (Fig. 2C).

Affinity, neutralizing activity, and specificity of mD1.22.
Binding of mD1.22 to genetically diverse HIV-1 Envs was ana-
lyzed by ELISA and SPR. In an SPR analysis with four HIV-1 Env
gp140s, mD1.22 showed affinities comparable to or higher than
those of mD1.2 (Table 1). Like D1D2 and mD1.2, mD1.22 en-
hanced binding of a CD4i antibody-Fc fusion protein (m36h1Fc)
(17) to a consensus gp140 (gp140Con-s) designed by aligning

1,000 sequences of HIV-1 group M (21) in an ELISA (data not
shown). In contrast, b12, a broadly neutralizing antibody (bnAb)
that targets the CD4-binding site (CD4bs) on gp120 (35), did not
show enhancement effects. mD1.22 neutralized two R5-tropic
HIV-1 primary isolates from clade B, Bal and JRFL, with a potency
severalfold higher than those of D1D2 and mD1.2 (Fig. 3).

m102.4, a negative-control antibody specific to Nipah and Hendra
viruses (19), did not significantly inhibit any isolate tested.

CD4 also interacts with the major histocompatibility complex
class II (MHC-II) molecules that assist T cell receptors in activat-
ing T cells and presumably other targets (36). To briefly evaluate
the nonspecificity of mD1.22 in vivo, we used a human B cell line
that expresses high level of MHC-II (BJAB) and a human T cell
line with no detectable MHC-II expression (SUPT1) (12). Because
oligomerization of CD4 is required for a stable interaction with
MHC-II (37), we generated Fc-fusion proteins of D1D2 (CD4-Ig),
mD1.2 (mD1.2Fc), and mD1.22 (mD1.22Fc). Our results showed
that CD4-Ig at a concentration of 1 �M bound strongly to both
cell lines; mD1.2Fc also bound to the cell lines, although to a lesser

TABLE 1 Binding kineticsa of mD1.2 and mD1.22 with HIV-1 gp140 measured by SPR

HIV-1 gp140 Clade

mD1.2 mD1.22

Ka (M�1 s�1) Kd (s�1) KD (nM) Ka (M�1 s�1) Kd (s�1) KD (nM)

gp140Con-s Consensusb 1.7 � 105 9.3 � 10�4 5.4 1.7 � 105 7.7 � 10�4 4.4
gp140MS A 4.2 � 105 1.0 � 10�4 0.24 3.8 � 105 7.3 � 10�5 0.19
gp14089.6 B 3.4 � 105 4.0 � 10�4 1.2 2.5 � 105 2.1 � 10�4 0.87
gp140CH12.0544.2 B 1.5 � 105 1.1 � 10�4 0.72 1.2 � 105 2.0 � 10�5 0.17
a Ka, association rate constant; Kd, dissociation rate constant; KD, equilibrium dissociation constant.
b A consensus gp140 designed by aligning 
1,000 sequences of HIV-1 group M.

FIG 3 Neutralization of HIV-1 pseudoviruses by mD1.22. Bal and JRFL are
two R5-tropic HIV-1 primary isolates from clade B. The neutralization assay
was performed in duplicate with HOS-CD4-CCR5 cells as target cells. m102.4,
a negative-control antibody specific to Nipah and Hendra viruses, is in the
IgG1 format.
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extent (Fig. 4). In contrast, the negative-control m36h1Fc and,
unexpectedly, mD1.22Fc, did not significantly interact with the
cells at the same concentration, suggesting that mD1.22 might
have a higher specificity to HIV-1 than do mD1.2 and D1D2
in vivo.

In an attempt to elucidate possible mechanisms underlying the
remarkable differences between mD1.2 and mD1.22, we identified
a panel of CD4-specific antibodies from our yeast display libraries,
one (m1006) of which is sensitive to D1 conformational changes.
In an ELISA, the A55V mutation resulted in a dramatic decrease of
m1006 binding to mD1.22Fc compared to mD1.2Fc (Fig. 5A),
suggesting that the single amino acid substitution induces confor-
mational changes in D1. m1006 also exhibited lower binding to
mCD4-Ig, a CD4-Ig variant with the same mutation, than to CD4-
Ig, suggesting that the ability of the A55V mutant to induce D1
conformational changes is D2 independent. As a consequence,
mCD4-Ig bound to gp140Con-s more strongly (Fig. 5B) and to
BJAB and SUPT1 cells more weakly (Fig. 5C) than CD4-Ig.

Generation and initial characterization of bispecific multi-
valent fusion proteins of mD1.22 with m36.4. To generate highly
potent and cross-reactive HIV-1 inhibitors, we combined mD1.22
with m36.4, a broadly neutralizing antibody domain that targets
the CoRbs on gp120 (16), and we used the human IgG1 constant
region as a scaffold for multimerization (Fig. 6A). 2Dm2m, a
bispecific tetravalent construct, was generated by fusing mD1.22
and m36.4 to the N termini of the human IgG1 heavy (CH1) and
kappa light (CK) chain constant regions, respectively, via a poly-
peptide linker composed of three repeats of the G4S motif. Based
on the finding that the CD4bs and CoRbs on gp120 are in close
proximity (38), we assumed that a similar orientation of the two

binding moieties would favor simultaneous targeting of the same
gp120 molecule, although such a construct as 2Dm2m could also
build inter-gp120 or interspike cross-linking. For possibly higher
avidity, we covalently linked another mD1.22 to the C terminus of
2Dm2m Fc to generate a hexavalent construct, 4Dm2m. Fusion of
another mD1.22 to the C terminus of 4Dm2m CK resulted in an
octavalent construct, 6Dm2m. In a parallel experiment, we used
m36.4 to make constructs with higher valences. However, the con-
structs containing additional m36.4 at the C termini did not
show increased binding activity or neutralization potency than
2Dm2m, likely because the polypeptide linker could interrupt the
interaction of m36.4 with gp120 in such configurations, in agree-
ment with our previous study (16). Therefore, our further char-
acterizations were focused on 2Dm2m, 4Dm2m, and 6Dm2m.

2Dm2m, 4Dm2m, and 6Dm2m were expressed in transiently
transfected 293 FreeStyle cells and secreted into shaking culture
supernatants at yields of approximately 8, 10, and 6 mg/liter, re-
spectively. They ran on a reducing SDS-PAGE with aMWs larger
than their cMWs (147,600, 171,900, and 196,300 for 2Dm2m,
4Dm2m, and 6Dm2m, respectively), likely due to glycosylation
(Fig. 6B). They were mostly (
95%) monomers in PBS, as dem-
onstrated via size exclusion chromatography (Fig. 6C).

Exceptionally potent and broad neutralizing activities of the
bispecific multivalent fusion proteins. In the experiments with
two HIV-1 primary isolates (Bal and JRFL), we found that the
inhibitory activities of the mD1.22-m36.4 fusion protein against
virus-cell interactions and Env-mediated cell-cell fusion were
generally positively correlated with their valences (Tables 2 and 3).
Therefore, 4Dm2m and 6Dm2m, the two proteins with the high-
est valences, were extensively characterized. Previous studies had

FIG 4 Binding of mD1.22Fc to human blood cell lines as measured by flow cytometry. Closed and open diagrams are for reference cells and cells incubated with
proteins at a final concentration of 1 �M, respectively.
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shown that HIV-1 antibodies may exhibit various levels of neu-
tralizing activity in assays where different cell types or the same
type of cells with different surface receptor concentrations are
used (34, 39). A recent study demonstrated that HIV-1 became
increasingly resistant to the newly identified potent bnAbs, in-
cluding VRC01 (40) and PG9 and PG16 (41) over the course of the
epidemic (42, 43). We therefore tested our proteins with different
target cells and panels of HIV-1 isolates for a relatively compre-
hensive evaluation of their neutralizing potencies and breadths of
activities.

In an assay with HOS-CD4-CCR5 cells and 13 historical HIV-1
isolates, 4Dm2m and 6Dm2m potently neutralized all viruses,
with 50% inhibitory concentrations (IC50s) and IC90s in the pico-
molar range (Table 4). They were on average severalfold more
potent than the bnAb VRC01 (P � 0.017, 0.009, 0.011, and 0.010
for the IC50s and IC90s of 4Dm2m and 6Dm2m versus those of
VRC01, respectively; Student’s paired t test) and were much more
potent than the bnAb 2G12 (44), which did not neutralize all
viruses. In another assay where TZM-bl cells and two more recent

HIV-1 isolates randomly selected from each clade from A to D,
AE, and AG (total n � 12) were used, 4Dm2m and 6Dm2m were
much more potent than b12 and CD4-Ig and about 10-fold more
potent than VRC01 when the geometric means of their IC50s and
IC90s were compared (Table 5). Both b12 and VRC01 did not
neutralize two of the isolates at the highest concentration tested.
However, the higher potencies of 4Dm2m and 6Dm2m compared
to VRC01 were not statistically significant (P � 0.131, 0.132,
0.062, and 0.070 for the IC50s and IC90s of 4Dm2m and 6Dm2m
versus those of VRC01, respectively; Student’s paired t test). In yet
another assay, we compared 4Dm2m and 6Dm2m to T20
(Fuzeon, or enfuvirtide), a U.S. FDA-approved peptide inhibitor
derived from the HIV-1 Env gp41 C-terminal heptad repeat
(CHR), C34, another potent CHR peptide inhibitor, and CD4-Ig
for neutralizing activities against a panel of 41 HIV-1 isolates that
are predominantly circulating in China (Table 6). 4Dm2m and
6Dm2m neutralized all viruses, with IC50 geometric mean values
of approximately 0.20 nM, which are about 50-fold (P � 0.002,
Student’s paired t test), 16-fold (P � 0.001, Student’s paired t test),
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FIG 5 Effects of the A55V mutation on D1 conformations. (A) ELISA binding of the anti-D1 antibody m1006 to the Fc-fusion proteins of D1D2, mD1.2, and
their mutants. Ninety-six-well plates were coated with the Fc-fusion proteins, and bound m1006 was detected by HRP-conjugated anti-FLAG tag antibodies. (B)
ELISA binding of mCD4-Ig to 96-well plates coated with gp140Con-s. Bound Fc fusion proteins were detected by HRP-conjugated anti-human IgG (Fc-specific)
antibodies. (C) Binding of mCD4-Ig to human blood cell lines as measured by flow cytometry. Closed diagrams are for reference cells. Open diagrams with light
and dark curves are for cells incubated with CD4-Ig and cells incubated with mCD4-Ig at a final concentration of 1 �M, respectively.
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and 200-fold (P � 0.001, Student’s paired t test) lower than those
(11, 3.5, and 42 nM) of T20, C34, and CD4-Ig, respectively. The
superior potencies of 4Dm2m and 6Dm2m were also observed
when the IC90s were compared. Finally, these inhibitors were
tested using PBMC as target cells. Both 4Dm2m and 6Dm2m neu-
tralized all three HIV-1 isolates from clades B, C, and CRF01_AE,
with potencies comparable to or greater than those of b12,
VRC01, and CD4-Ig (data not shown). None of the fusion pro-
teins neutralized pseudotyped murine leukemia viruses (MuLV),
and no toxicity was observed with the compounds on PBMC or
TZM-bl cells in a viability test. These results suggest that bispecific
multivalent fusion proteins of mD1.22 with m36.4 could provide
100% neutralization coverage of HIV-1 at clinically achievable
low concentrations.

At similarly low concentrations (0.032 to 10 nM), D1D2 en-
hanced Bal infectivity (data not shown), in agreement with a pre-

vious study (45). mD1.22 also exhibited enhancement effects at
low concentrations (0.032 to 2 nM). In contrast, 4Dm2m and
6Dm2m did not significantly enhance Bal infectivity at any con-
centration tested. Similar results were obtained with the JRFL iso-
late.

Solubility, stability, and aggregation propensity of the bispe-
cific multivalent fusion proteins. To evaluate the potential of
these potent inhibitors for further development as drugs, we
tested several drug-related properties, including solubility, stabil-
ity, and aggregation propensity. 4Dm2m and 6Dm2m in PBS were
concentrated to 25.0 and 25.9 mg/ml, respectively, without visible
precipitation after high-speed centrifugation. They were stored at
4°C for 2 weeks, and no additional precipitation was observed,
suggesting high solubility of the proteins.

To test whether soluble aggregates of 4Dm2m and 6Dm2m
formed during prolonged incubation, we used DLS (Fig. 7). Pro-

FIG 6 Design, generation, and initial characterization of bispecific multivalent fusion proteins of mD1.22 with m36.4. (A) Schematic representation of the fusion
proteins. Calculated molecular masses are shown in parentheses. (G4S)3 denotes a polypeptide linker composed of three repeats of the G4S motif. Fc, human IgG1
crystallizable fragment; CH1, human IgG1 heavy chain constant region 1; CK, human antibody kappa light chain constant region. (B) Reducing SDS-PAGE
results. Molecular masses of standards are shown on the left. (C) Size exclusion chromatography results. The arrows at the top indicate the elution volumes of the
molecular mass standards in PBS: RNase A (14 kDa), chymotrypsin (25 kDa), ovalbumin (44 kDa), albumin (67 kDa), aldolase (158 kDa), catalase (232 kDa),
ferritin (440 kDa), and thyroglobulin (669 kDa).

TABLE 2 Neutralization of HIV-1 by mD1.22 of different valences in HOS-CD4-CCR5 cell-based assays

HIV-1
isolate Clade Tropism

IC50 (nM)a IC90 (nM)a

m36.4 mD1.22 mD1.22Fc 2Dm2m 4Dm2m 6Dm2m m36.4 mD1.22 mD1.22Fc 2Dm2m 4Dm2m 6Dm2m

Bal B R5 16 � 1 2.1 � 0.1 0.40 � 0.00 0.34 � 0.15 0.12 � 0.01 0.063 � 0.004 75 � 18 5.2 � 0.2 1.9 � 0.2 0.59 � 0.05 0.36 � 0.06 0.22 � 0.02
JRFL B R5 18 � 5 2.9 � 0.4 1.2 � 0.1 0.090 � 0.008 0.060 � 0.014 0.043 � 0.004 106 � 4 25 � 1 25 � 6 0.59 � 0.06 0.29 � 0.09 0.21 � 0.01

a The assay was performed in duplicate. Results are means � standard deviations.
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teins concentrated to 10 mg/ml in PBS were stored at �80°C and
slowly thawed on ice before measurements. Our results showed
that the particles of 4Dm2m and m909, a control human antibody
in the IgG1 format (20), were predominantly small (average di-
ameters, 16.3 and 12.7 nm, respectively). The minor aggregates of
4Dm2m disappeared within the first day of incubation at both 4°C
and 37°C, while m909 aggregation continued to occur following
the incubation at 37°C. In comparison, about 30 to 50% of the
CD4-Ig particles were large, with average diameters of approxi-
mately 100 nm, and the aggregation persisted during the whole
period of incubation. 6Dm2m partially aggregated after the
freeze-thaw cycle; although the aggregation was weakened follow-
ing the incubation, it led to a relatively wide particle size distribu-
tion. These results suggest that like typical IgG1s, 4Dm2m has a
low aggregation propensity, lower than that of CD4-Ig.

The proteins were then assessed for their stability against deg-
radation during 15 days of incubation with PBS or human serum
at 37°C (Fig. 8). Incubation in PBS for 10 days caused no signifi-
cant decrease in the amount of functional 4Dm2m, whereas about
20% and 30%, respectively, of 6Dm2m and CD4-Ig lost binding
activity to gp140Con-s. 4Dm2m began to be degraded and 6Dm2m
continued to be degraded thereafter, while CD4-Ig appeared to be
stable. Finally, about 90% of 4Dm2m remained functional,
slightly more than those (80%) of 6Dm2m and CD4-Ig. With
human serum, levels of all proteins declined at similar rates during
the first 5 days of incubation. However, degradation of 4Dm2m

and 6Dm2m became slower than that of CD4-Ig during the next 5
days of incubation. At the end of the measurement period, the
level of CD4-Ig that retained binding activity was slightly higher
than that for functional 4Dm2m and 6Dm2m, but the differences
in the amounts were not statistically significant.

DISCUSSION

A major finding of this study is the identification of a cavity-al-
tered single CD4 domain with a unique combination of proper-
ties, including broad and potent neutralizing activity, high speci-
ficity, stability, solubility, and affinity for gp120 and a small
molecular size. The substitution of a single amino acid residue
(A55V) lining a cavity structure in D1 improved the soluble ex-
pression, thermal stability, and specificity of mD1.2. The differ-
ence between the van der Waals volumes of valine and alanine
residues is about 50 Å3 (46), which is similar to the volume (ap-
proximately 57 Å3) of the cavity observed in D1. This suggests that
the introduction of a couple of methylene groups into the cavity
might contribute to an increase in hydrophobic interactions in the
D1 core and thereby improve protein stability without causing any
steric clashes. It was previously shown that mutations designed to
fill cavities may be effective in improving protein stability in some
cases (47), but in other cases the expected hydrophobic stabiliza-
tion is offset by the strains introduced by mutations (48, 49). The
SDM method (24) predicted that the A55V mutation is stabilizing,
based on calculation of the difference in free energy of unfolding

TABLE 3 Inhibition of HIV-1 Env-mediated cell-cell fusion by mD1.22 of different valences

HIV-1
isolate Clade Tropism

IC50 (nM)a IC90 (nM)a

m36.4 mD1.22 mD1.22Fc 2Dm2m 4Dm2m 6Dm2m m36.4 mD1.22 mD1.22Fc 2Dm2m 4Dm2m 6Dm2m

Bal B R5 11 � 1 21 � 0 24 � 4 21 � 6 4.1 � 0.1 3.0 � 0.0 235 � 49 108 � 4 135 � 21 113 � 39 13 � 3 5.0 � 0.8
JRFL B R5 128 � 5 66 � 1 66 � 1 7.5 � 0.0 1.6 � 0.7 0.46 � 0.07 1,075 � 35 208 � 4 
222 80 � 9 11 � 2 10 � 3
a The assay was performed in duplicate. Results are means � standard deviations.

TABLE 4 Neutralization of historical HIV-1 isolates in HOS-CD4-CCR5 cell-based assays

HIV-1 isolate Clade Tropism

IC50 (nM)a IC90 (nM)a

2G12b VRC01b 4Dm2m 6Dm2m 2G12 VRC01 4Dm2m 6Dm2m

92UG037.8 A R5 0.53 0.33 0.051 0.14 63 3.8 0.45 2.1
Bal B R5 3.1 0.11 0.15 0.12 41 0.56 0.50 0.38
JRFL B R5 3.0 0.31 0.14 0.10 13 0.82 0.39 0.43
JRCSF B R5 0.58 0.28 0.29 0.21 9.3 5.6 3.0 1.0
AD8 B R5 1.2 0.36 0.13 0.11 18 4.3 0.74 0.60
R2 B R5 0.68 0.34 0.028 �0.021 4.6 4.4 0.43 0.14
IIIB B X4 1.5 0.26 0.037 �0.021 9.3 0.83 0.10 0.086
NL4-3 B X4 1.3 0.25 0.094 0.068 18 2.6 0.15 0.19
89.6 B R5X4 1.3 0.37 �0.021 �0.021 43 14 �0.021 �0.021
GXC C R5 
67 2.1 0.61 0.63 
67 6.6 4.0 1.7
Z2Z6 D R5 0.70 0.11 0.14 0.045 14 0.85 1.1 0.50
CM243 E R5 
67 0.53 0.29 0.15 
67 9.5 1.2 1.8
GXE E R5 
67 2.0 0.83 0.83 
67 26 8.2 6.3

Arithmetic meanc 24 0.57 0.22 0.19 41 6.1 1.6 1.2
Geometric meanc 3.2 0.37 0.12 0.083 26 3.4 0.56 0.46
a The assay was performed in duplicate. Reported results are means (without standard deviations). Means were calculated only when the difference between results for the duplicate
assays was within 3-fold.
b The bnAbs 2G12 and VRC01 used in the neutralization assay were in the IgG1 format.
c Arithmetic and geometric means were calculated for all viruses, including those with results of �0.021 nM, which were assigned a value of 0.01, and those with results of 
67 nM,
which were assigned a value of 100.
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between the wild-type and modeled A55V mutant CD4 D1 struc-
tures (

G � 1.02). However, the effects of the point mutation on
other hydrophobic residues in the vicinity of the cavity and/or
other interior residues in the hydrophobic network layers may not
be predictable.

The A55V substitution does not reduce the binding of mD1.22
to HIV-1 Envs but results in decreased mD1.22 interactions with
the human blood cell lines BJAB and SUPT1. The crystal struc-
tures of D1D2-gp120 and D1D2–MHC-II complexes show that
CD4 binds similarly to both targets, and only the D1 domain
makes contacts (38, 50, 51). Monomeric human sCD4 exhibits
nanomolar affinities for HIV-1 gp120 (12); however, oligomeriza-
tion of CD4 is required for stable interaction with MHC-II (37),
suggesting that the binding interfaces of gp120 and MHC-II on D1
are substantially different. CD4-Ig strongly bound to not only
BJAB cells but also SUPT1 cells, which do not express MHC-II,
suggesting multitarget and/or nonspecific interactions of CD4 in
vivo. Interestingly, mD1.2Fc showed largely decreased interac-
tions with the cells compared to CD4-Ig, and very weak or no
interactions were observed for mD1.22Fc (Fig. 4). In mD1.2, the
mutation is on the surface areas (mainly the D1 interface with D2)
that are not involved in the CD4 interaction with MHC-II (12, 50,
51). The side chain of the amino acid residue 55 is buried, accord-
ing to the D1D2 crystal structure (38, 50), so it is not supposed to
directly contact MHC-II and other targets. It is therefore most
likely that the decreased interactions of mD1.2 and mD1.22 with
BJAB and SUPT1 cells are due to possible conformational changes
induced by the mutagenesis. Indeed, the anti-D1 antibody m1006
bound to CD4-Ig, mD1.2Fc, and mD1.22Fc to different extents
(Fig. 5A), indicating such a possibility. Moreover, the A55V sub-
stitution had similar although relatively modest effects on CD4-Ig
(Fig. 5), suggesting that its ability to induce conformational
changes in D1 is not necessarily dependent on D2 but could be
affected by D2 and/or other factors. In all cases, the mutagenesis
did not lead to reduced affinities or cross-reactivity of D1 with
HIV-1 Envs, providing supporting evidence for our hypothesis

that decreasing the molecular size of D1D2 to D1 and altering D1
structures through mutagenesis can significantly reduce the non-
specificity of D1 while preserving its binding and cross-reactivity
with HIV-1 Envs. One can also hypothesize that the cavity in the
hydrophobic core of D1 was generated during human evolution
for specific biological functions related to binding to MHC-II and
other possible targets of CD4 (52). Interestingly, previous studies
showed that monomeric sCD4 did not inhibit immune functions
in vitro (53) or in monkeys (54) and that dimeric (8) and tetra-
meric (11) sCD4 derivatives were well tolerated in humans.
Therefore, the polyspecificity of CD4 may not lead to significant
side effects of sCD4-based HIV-1 inhibitors.

Small-size CD4 mimics have been previously reported. For
example, the 27-amino-acid peptides CD4M3, CD4M8, and
CD4M9 were generated by transferring 9 residues of the D1 CDR2
loop to a scorpion toxin scaffold (55). They bind to HIV-1 gp120
and inhibit virus infection, with IC50s in the micromolar range. To
optimize interactions with gp120, nonstandard (nonproteino-
genic) amino acid residues were introduced into CD4M9 (56, 57).
The optimized peptides CD4M33, CD4M47, and [Phe23]M47
had CD4-like affinities and the ability to neutralize diverse HIV-1
primary isolates. [Phe23]M47 was recently further improved by
replacing the phenylalanine at position 23 with cyclohexylme-
thoxy phenylalanine to increase the flexibility of inserts into the
interfacial Phe43 cavity of gp120 (58). The new variant M48U1
achieved picomolar affinities and neutralization of all 180 HIV-1
isolates tested except those from clade AE with noncanonical
Phe43 cavities. Another example is the small-molecule organic
compounds NBD-556 and NBD-557, for which potent virus-cell
and cell-cell fusion inhibitory activities have been shown at low
micromolar levels (59). These CD4 mimics are potentially useful
as anti-HIV-1 agents, especially as topical microbicides. However,
the usefulness of the peptides as candidate therapeutics or com-
ponents of vaccine immunogens could be limited due to their
short half-lives in vivo, as well as the presence of nonstandard

TABLE 5 Neutralization of HIV-1 in TZM-bl cell-based assays

HIV-1 isolate Clade Tropism

IC50 (nM)a IC90 (nM)a

b12b VRC01b CD4-Ig 4Dm2m 6Dm2m b12 VRC01 CD4-Ig 4Dm2m 6Dm2m

KNH1088.EC5 A R5 117 3.0 
250 0.48 1.0 
167 18 
250 18 33
KNH1144.EC1 A R5 
167 2.2 4.8 0.081 0.11 
167 9.5 42 1.0 1.1
Bal.EC1 TC B R5 1.2 0.39 0.60 0.057 0.045 3.6 5.2 3.2 0.22 0.20
BZ167.ec9 B X4 14 6.4 13 0.077 0.10 
167 31 60 0.50 0.76
GS-015.EC12 C R5 0.085 
167 0.20 0.022 0.027 1.6 
167 3.2 0.17 0.17
PBL286.VRC36aPV C R5 4.0 2.1 87 2.0 2.1 19 10 
250 14 12
A07412VRC12A D R5 12 1.3 57 0.75 0.76 
167 6.0 
250 5.7 6.1
57128.VRC18 D R5 2.3 
167 5.4 0.40 0.44 30 
167 41 2.8 2.6
CM240.EC1 AE R5 82 0.66 20 0.45 0.40 
167 11 
250 3.7 3.6
N1 1046.e3 PV AE R5 138 4.2 183 3.5 3.1 
167 18 
250 27 30
CAM0015BBY.EC3 AG R5 81 21 41 0.72 1.4 
167 
167 
250 7.4 7.6
55815.EC3 AG R5 
167 0.33 6.2 0.084 0.077 
167 2.6 116 0.61 0.67

Arithmetic meanc 71 37 60 0.72 0.80 138 59 172 6.8 8.2
Geometric meanc 17 4.2 14 0.28 0.32 67 21 82 2.4 2.6
a The assay was performed in duplicate. Reported results are means (without standard deviations). Means were calculated only when the difference between results for the duplicate
assays was within 3-fold.
b The bnAbs b12 and VRC01 used in the neutralization assay were in the IgG1 format.
c Arithmetic and geometric means were calculated for all viruses, including those with results of 
167 nM, which were assigned a value of 200, and those with results of 
250,
which were assigned a value of 300.
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amino acid residues and a nonhuman scaffold that could be im-
munogenic in humans.

Another major finding was that the bispecific multivalent fu-
sion proteins composed of the unique single human CD4 domain
mD1.22 and the engineered CD4i antibody domain m36.4 exhib-
ited exceptionally potent and broad inhibitory activities, as well as
excellent drug-related properties. HIV-1 entry relies on CD4 and a
coreceptor (either CCR5 or CXCR4), which on cell surfaces are
thought to be clustered (60, 61). Poor competition with the clus-
tered receptors could lead to relatively weak neutralizing activity

of HIV-1 inhibitors targeting the CD4bs and the CoRbs, which
form monomers or low-order oligomers. This could be particu-
larly true if HIV-1 Env-mediated cell-cell transmission needs to be
interrupted because it occurs via formation of virological syn-
apses, which are organized contact areas with concentrated recep-
tors and Envs (62, 63). In agreement with this line of reasoning are
the findings of a recent study that showed that bnAbs to the CD4bs
such as VRC01 and b12 dramatically lost potency during cell-cell
transmission, although they potently blocked infection by free
viruses (64). Our results also showed that mD1.22, m36.4, and

TABLE 6 Neutralization in TZM-bl cell-based assays of HIV-1 isolates circulating predominantly in China

HIV-1 isolate Clade Tropism

IC50 (nM)a IC90 (nM)a

T20 C34 CD4-Ig 2Dm2m 4Dm2m 6Dm2m T20 C34 CD4-Ig 2Dm2m 4Dm2m 6Dm2m

CH64 BC R5 3.1 1.2 48 1.7 0.17 0.13 25 6.7 
250 14 1.6 0.80
CH70 BC R5 65 7.6 7.3 0.40 0.11 0.09 
750 84 109 3.1 1.2 0.67
CH91 BC R5 8.6 2.3 35 3.7 0.39 0.27 310 12 
250 56 10 3.5
CH110 BC R5 4.3 0.78 28 0.93 0.11 0.09 262 6.3 
250 8.7 0.83 0.58
CH114 BC R5 102 5.4 23 1.5 0.11 0.18 
750 25 198 19 4.0 1.9
CH117 BC R5 2.3 0.60 27 5.4 0.33 0.22 34 3.2 
250 62 15 5.1
CH119 BC R5 2.0 3.3 85 2.7 0.17 0.13 25 20 
250 25 3.4 1.1
CH120 BC R5 11 4.6 104 4.3 0.33 0.27 443 39 
250 46 6.6 3.5
CNE7 BC R5 4.3 6.4 19 1.5 0.18 0.14 58 22 161 8.1 1.8 1.2
CNE15 BC R5 14 3.8 106 3.0 0.29 0.17 157 22 
250 20 2.6 1.3
CNE16 BC R5 14 11 11 0.77 0.08 0.07 169 51 229 8.5 1.2 0.71
CNE20 BC R5 5.5 3.3 65 11 0.05 0.29 41 14 
250 
100 5.3 2.9
CNE23 BC R5 15 2.1 
250 5.4 0.49 0.48 228 18 
250 35 4.9 9.9
CNE30 BC R5 26 14 17 0.58 0.07 0.06 285 110 211 3.6 0.44 0.31
CNE40 BC R5 4.9 0.77 0.06 0.04 0.01 0.01 108 7.8 0.50 0.33 0.11 0.09
CNE46 BC R5 26 6.4 99 3.8 0.27 0.21 743 115 
250 81 9.4 2.8
CNE47 BC R5 4.9 1.9 152 1.5 0.11 0.12 42 14 
250 30 2.8 1.2
CNE49 BC R5 9.1 2.3 21 0.40 0.05 0.05 236 12 224 2.6 0.56 0.44
CNE53 BC R5 51 2.0 14 2.8 0.24 0.47 721 23 
250 95 5.5 12
CNE68 BC R5 32 2.2 9.7 0.40 0.11 0.04 321 12 133 4.5 0.78 0.89
CNE1 B= X4 1.6 0.73 197 0.47 0.11 0.22 17 6.8 
250 4.1 0.61 2.2
CNE4 B= R5 1.7 6.3 3.9 0.40 0.11 0.13 14 23 24 0.40 2.4 0.80
CNE6 B= R5 1.4 1.6 68 1.7 0.33 0.22 15 15 192 6.9 2.3 1.4
CNE9 B= R5 1.7 0.87 9.9 1.1 0.22 0.22 14 5.8 63 7.0 3.2 1.7
CNE11 B= R5 3.5 4.6 
250 1.8 0.33 0.36 36 42 
250 11 2.6 3.4
CNE14 B= R5 9.7 3.9 105 0.80 0.17 0.18 305 17 248 4.13 2.4 1.6
CNE57 B= X4 2.5 2.0 250 2.1 1.2 0.71 24 14 
250 
100 19 22
CNE64 B= R5 1.9 5.1 12 1.4 0.56 0.22 16 21 113 6.5 3.2 1.5
CNE17 C R5 42 3.2 11 2.4 0.11 0.13 676 82 231 36 2.4 0.84
CNE58 C R5 54 2.0 
250 10 2.1 1.1 745 13 
250 
100 
28 
28
CNE65 C R5 5.9 3.1 15 1.1 0.28 0.22 78 16 115 12 3.3 1.5
CNE66 C R5 129 2.1 159 1.2 0.17 0.09 729 11 
250 
100 7.7 3.1
CNE3 AE R5 5.6 7.1 
250 1.9 0.39 0.31 38 71 
250 11 2.8 2.0
CNE5 AE R5 2.1 5.9 94 1.8 0.67 0.53 19 63 236 15 8.7 5.9
CNE55 AE R5 26 7.9 213 5.9 0.45 0.46 549 103 
250 42 10 5.1
CNE59 AE R5 1.4 3.4 10 0.93 0.17 0.18 17 28 220 16 2.7 3.8
CNE107 AE X4 3.8 2.8 135 3.7 0.52 0.89 45 32 
250 33 18 21
AE20 AE R5 212 7.4 50 1.5 0.72 0.49 572 69 
250 10 5.8 4.1
AE03 AE R5 304 24 
250 5.7 0.67 0.40 510 85 
250 58 12 15
YN192.31 AE R5 42 27 155 5.7 0.89 2.4 336 225 
250 65 21 19
GX2010.36 AE R5 255 15 12 4.7 0.11 0.13 
750 165 
250 90 18 6.8

Arithmetic meanb 37 5.3 94 2.6 0.34 0.32 277 42 242 38 6.2 5.0
Geometric meanb 11 3.5 42 1.7 0.22 0.20 123 25 195 17 3.5 2.4
a The assay was performed in duplicate. Reported results are means (without standard deviations). Means were calculated only when the difference between results for the duplicate
assays was within 3-fold.
b Arithmetic and geometric means were calculated for all viruses, including those with results of 
750 nM, which were assigned a value of 800, those with results of 
250 nM,
which were assigned a value of 300, those with results of 
100, which were assigned a value of 150, and those with results of 
28 nM, which were assigned a value of 30.
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their fusion proteins neutralized free viruses more potently than
cell-cell fusion (Tables 2 and 3). Moreover, we found that 2Dm2m
did not inhibit Bal Env-mediated cell-cell fusion more strongly
than m36.4, mD1.22, or mD1.22Fc, while 4Dm2m and 6Dm2m
did exhibit higher inhibitory activities than 2Dm2m; a similar
trend was observed with the JRFL isolate (Table 3). These results
suggest the possible existence of a valency threshold (the number
of valencies �6, if both m36.4 and mD1.22 are considered) for this
class of multivalent inhibitors.

Previously, a polyvalent sCD4 construct (D1D2Ig-�tp) was de-
signed in which D1D2 was fused through a hinge to the human
IgG1 Fc; the latter was further covalently linked to an 18-amino-
acid human IgA� secretory tailpiece (45). Each D1D2Ig-�tp
molecule carries �12 D1D2 units and has molecular sizes rang-
ing from 600 to 1,200 kDa, with a 12-nm average hydrody-
namic radius. Cryo-electron tomographic analysis showed that
D1D2Ig-�tp cross-links the viral spikes on the same virus particle
and on neighboring viruses, resulting in inactivation of not only
the bound spikes but also those on the closely apposed surfaces of
cross-linked viruses (65). The novel mode of action leads to the
very potent neutralizing activity (IC90s, �3 nM) of D1D2Ig-�tp
(66). 4Dm2m and 6Dm2m could have a similar mechanism of
neutralization, in which cross-linking may be achieved not only
through mD1.22, which targets the CD4bs, but also via m36.4,
which is directed against the CoRbs. Monomeric sCD4 has an

intrinsic capacity to enhance HIV-1 entry at low concentrations
while D1D2Ig-�tp does not, likely due to the high avidity of
D1D2Ig-�tp for HIV-1 Envs, which leads to efficient competition
with cell membrane-associated clustered CD4 (45). Our results
also showed that 4Dm2m and 6Dm2m did not promote infection
by Bal and JRFL at suboptimal concentrations, while D1D2 and
mD1.22 did. It is conceivable that in addition to the avidity of
mD1.22, m36.4 could further decrease the probability of HIV-1
infectivity enhancement by interrupting the gp120-coreceptor in-
teractions. However, if the CD4 element of our constructs alone
promotes infection in some cases, their neutralization potencies
and breadths would be limited by that of m36.4. Another major
advancement with 4Dm2m and 6Dm2m compared to D1D2Ig-
�tp is their much smaller IgG1-like molecular sizes and shapes,
which are expected to result in favorable diffusion and retention in
vivo, as well as stability and homogeneity, which are important
considerations in biotherapeutics development. In addition,
4Dm2m and 6Dm2m bound to MHC-II-expressing BJAB and
CD4� SUPT1 cells much more weakly than did CD4-Ig (data not
shown), suggesting that they could be even more specific to HIV-1
than D1D2Ig-�tp in vivo.

Virus eradication has been a major goal of HIV-1 research. A
possible key determinant of success is discovery of molecules that
exhibit high affinity, cross-reactivity, and specificity to HIV-1
Envs and could therefore guide toxic drugs or killer cells for spe-

FIG 7 Aggregation propensities of 4Dm2m and 6Dm2m. Proteins at a concentration of 10 mg/liter in PBS were analyzed via DLS after incubation at either 4 or
37°C for different periods of time. m909, a folate receptor �-specific human antibody in the IgG1 format, was used as a control. The three curves in each histogram
that almost overlap with each other represent three individual measurements.
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cific killing of potentially all HIV-1-infected cells expressing the
Envs. mD1.22 and m36.4, alone or in combination, are promising
candidates as such molecules. They could be used to generate an-
tibody-drug conjugates (67), bispecific killer cell engagers (68), or
chimeric antigen receptors (69), which have been highly success-
ful in cancer therapy. Their Fc-fusion proteins could be engi-
neered to enhance Fc-mediated immune effector mechanisms for
clearance of infected cells, such as antibody-dependent cellular
cytotoxicity and complement-dependent cytotoxicity (70). Some
HIV-1-infected cells express low levels of Envs on their cell sur-
face. One can hypothesize that due to avidity and/or synergistic
effects, bispecific multivalent Env-binding molecules such as
4Dm2m could confer increased sensitivity of targeting those in-
fected cells with low Env expression. HIV-1 latently infected cells
are a long-lived viral reservoir that must be eliminated or reduced
to a very small size in order to achieve a functional cure for HIV-1
infection. However, there is no or only minimal expression from
the the HIV-1 genome in latently infected cells. It is therefore most
likely that the above-proposed strategies need to be combined
with agents capable of activating HIV-1 latently infected cells so
that they can be specifically targeted and killed (71).

Aggregation and immunogenicity are of significant concern

for the development of biotherapeutics. The DLS analysis revealed
a low level of soluble aggregates of 4Dm2m after a freeze-thaw
cycle, but the aggregation was reversible, disappearing within the
first day of incubation, and did not recur during the 7 days of
incubation at either 4°C or 37°C (Fig. 7), suggesting a low aggre-
gation propensity of the bispecific multivalent construct. The en-
gineering of mD1.22, m36.4, and their fusion proteins might lead
to immunogenicity, and only human clinical trials can definitely
evaluate such a possibility. The relatively complex structures of the
fusion proteins might pose potential challenges for large-scale
production. Other drug-related properties, such as pharmacoki-
netics, also need to be investigated in detail if the proteins are to be
further developed as HIV-1 therapeutics.
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