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We designed a novel single-chain chimeric protein, designated sCD4-17b, for neutralization of human im-
munodeficiency virus type 1 (HIV-1). The recombinant protein contains domains 1 and 2 of soluble CD4
(sCD4), connected via a flexible polypeptide linker to a single-chain variable region construct of 17b, a
human monoclonal antibody that targets a conserved CD4-induced epitope on gp120 overlapping the core-
ceptor binding region. We hypothesized that the sCD4 moiety would bind gp120 and expose the 17b epitope;
the 17b moiety would then bind, thereby blocking coreceptor interaction and neutralizing infection. The
sCD4-17b protein, expressed by a recombinant vaccinia virus, potently neutralized a prototypic R5 clade B
primary isolate, with a 50% inhibitory concentration of 3.2 nM (0.16 pg/ml) and >95% neutralization at 32 nM
(1.6 pg/ml). The individual components (sCD4 and 17b, singly or in combination) had minimal effects at these
concentrations, demonstrating that the activity of sCD4-17b reflected the ability of a single chimeric molecule
to bind gp120 simultaneously via two independent moieties. sCD4-17b was highly potent compared to the
previously characterized broadly cross-reactive neutralizing monoclonal antibodies IgGb12, 2G12, and 2F5.
Multiple primary isolates were neutralized, including two previously described as antibody resistant. Neutral-
ization occurred for both R5 and X4 strains and was not restricted to clade B. However, several primary
isolates were insensitive over the concentration range tested, despite the known presence of binding sites for
both CD4 and 17b. sCD4-17b has potential utility for passive immunization against HIV-1 in several contexts,
including maternal transmission, postexposure prophylaxis, and sexual transmission (topical microbicide).
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The primary neutralization target on the human immuno-
deficiency type 1 (HIV-1) virion is the envelope glycoprotein
(Env), which promotes virus entry by catalyzing fusion between
the virion and target cell membranes. Env is thus the major
focus for humoral vaccine and antibody-based immunothera-
peutic strategies against HIV-1 (reviewed in references 29 and
49). Passive immunization studies in murine and nonhuman
primate models have suggested the protective potential of Env-
targeted neutralizing antibodies against establishment of infec-
tion and possibly against subsequent disease progression. How-
ever, such efforts have been frustrated by the difficulties in
eliciting antibodies with potent neutralizing activities against
genetically diverse HIV-1 isolates.

Env has evolved a multilayered strategy to carry out its
fusogenic function in the face of a persistent humoral immune
response (29, 49). Potential neutralizing epitopes on the gp120
external subunit are occluded by genetically variable loops,
by extensive glycosylation, and by subunit interactions within
the surface Env trimer. Moreover, conformational features of
gp120 protect the conserved determinants involved in sequen-
tial binding to specific target cell receptors, i.e., first to CD4
and then to the coreceptor (chemokine receptor CCRS or
CXCR4 [4]). The invariant gp120 residues that form the CD4
binding site are located within a conformationally dependent
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pocket that is poorly accessible to antibody and is probably
highly unstable prior to the CD4 interaction (18, 19, 26). More-
over, the highly conserved “bridging sheet” of the gp120 core
that constitutes a critical component of the coreceptor binding
site (18, 31) is masked (or unformed) prior to CD4 binding and
is exposed (or formed) only after a CD4-induced conforma-
tional change(s).

The latter point is supported by several experimental find-
ings with HIV-1 and the related simian immunodeficiency vi-
rus, as follows. (i) The CD4 interaction greatly enhances bind-
ing of soluble gp120 to coreceptor (2, 14, 16, 21, 22, 36, 43, 47).
(ii) Soluble CD4 (sCD4) induces Env to promote fusion/entry
with cells bearing coreceptor but lacking surface CD4 (32, 36,
37, 39). (iii) Structural, kinetic, and thermodynamic analyses
suggest that CD4 binding induces major structural rearrange-
ments in the gpl20 core, which in the absence of CD4 is
unlikely to adopt a conformation with the bridging sheet ex-
posed (or formed) (18, 19, 26). (iv) The CD4 interaction en-
hances binding of monoclonal antibodies (MAbs) directed
against highly conserved gp120 epitopes overlapping the con-
served bridging sheet (e.g., human MAbs17b and 48d) (38, 40,
41, 48, 50); such epitopes are referred to as CD4 inducible
(CD4i). (v) MAbs 17b and 48d block binding of CD4-activated
gp120 to coreceptor (15, 47). (vi) MAbs 17b and 48d only
weakly neutralize Env function, but the activities are greatly
enhanced in the presence of sCD4 (32, 40). (vii) HIV-1 isolates
selected in vitro for CD4 independence display stable exposure
of the coreceptor binding site and enhanced sensitivity to neu-
tralizing antibody (11, 16). The favored interpretation is that
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the conserved CD4i epitopes of gpl20 are only transiently
exposed in standard infectivity or cell fusion assays, after CD4
binding but before the coreceptor interaction; kinetic and/or
steric factors limit the accessibility of the corresponding anti-
bodies and hence their efficacy at neutralization. Indeed, re-
cent immunostaining studies demonstrated that the 17b epi-
tope is inaccessible (to immunoglobulin G [IgG] or Fab) at the
site of Env-target cell interaction (12). Thus, antibodies against
the conserved CD4i determinants of gp120 involved in core-
ceptor binding have the potential to neutralize infection, if
only their epitopes can be accessed.

In this report, we describe a novel neutralizing agent based
on the ability of sCD4 to render the CD4i epitopes on the
conserved bridging sheet accessible to antibody-mediated
blockade. The agent, designated sCD4-17b, is a recombinant
chimeric protein containing sCD4 attached via a flexible
polypeptide linker to a single-chain variable region construct
(SCFv) of MAD 17b. The concept is that binding of the sCD4
moiety to gp120 on virions would induce exposure of the 17b
epitope; the 17b SCFv moiety would then bind, thereby block-
ing the gp120-coreceptor interaction and neutralizing infectiv-
ity. The bifunctional binding of the chimeric protein, coupled
with the conserved nature of both the CD4 and 17b binding
sites on gp120, would be expected to confer high potency and
broad cross-reactivity. Moreover, the fact that both the sCD4
and 17b sequences are human would be expected to minimize
immunogenicity. The sCD4-17b protein would therefore have
critical features for preventing and treating HIV-1 infection.

MATERIALS AND METHODS

Cells, viruses, and proteins. BS-C-1 cells were obtained from the American
Type Culture Collection. Indicator cell lines MAGI (HeLa-CD4-LTR-B-gal)
(17) and MAGI-CCRS5 (9) were obtained from the National Institutes of Health
(NIH) AIDS Research and Reference Reagent Program, as were all HIV-1
strains. Two-domain sCD4 was the generous gift of the Upjohn Company. Pu-
rified MAbs 2G12 (46) and 2F5 (25) were kindly provided by John Mascola,
purified IgGb12 (6) by Dennis Burton, and hybridoma 17b (41) (from which we
purified the 17b IgG by affinity chromatography on Hi-Trap Protein G columns
[Pharmacia]) by James Robinson.

Genetic constructs. Standard recombinant DNA methods (33) were used to
construct plasmid pCD-3, which contains the sCD4-17b cDNA sequence cloned
downstream from a strong synthetic vaccinia virus early/late promoter; the pro-
moter-cDNA is flanked by vaccinia virus thymidine kinase sequences. The sCD4
sequence (including the N-terminal leader) was derived from plasmid pCB-3 (5).
For the 17b SCFv (7), we started with a plasmid (generously donated by R.
Wyatt, Dana-Farber Cancer Institute) containing the 17b SCFv cDNA followed
by a thrombin cleavage site and a 6-His tag, cloned into plasmid vector pmt del0.
Synthetic oligonucleotides were used for the linker connecting sCD4 to the 17b
SCFv. Plasmid pCD-3 was used to generate vaccinia virus recombinant vCD-3
from the parental WR strain, using standard methods of homologous recombi-
nation and thymidine kinase selection (24). Details of the sCD4-17b protein
sequence and the corresponding genetic construct are described in Results.

Expression, affinity chromatography, and quantitation of sCD4-17b protein.
BS-C-1 monolayers were infected with vCD-3 at a multiplicity of infection (MOT)
of 1 to 2 in MEM plus Earle’s balanced salts supplemented with 2.5% fetal
bovine serum; where indicated, control cells were infected in parallel with the
parental WR strain. After 2 h at 37°C, the cells were washed, then incubated in
low-serum-containing medium (OPTI-MEM,; Invitrogen) (10° cells/ml) for 20 to
24 h at 37°C. To remove cell debris and vaccinia virus, the media were centri-
fuged at 1,000 X g for 10 min at room temperature and filtered through 0.2-
mm-pore-size low protein binding filters (Millex-GV; Millipore). The filtrate was
concentrated 40-fold at 4°C (Centriprep-10; Millipore).

For analytical comparison of media and cell lysate fractions, infected cell
monolayers were dislodged in phosphate-buffered saline (PBS) plus protease
inhibitors (1% aprotinin and 1 mM AEBSF) and centrifuged for 10 min at 1,000
X g. Cell pellets were washed once in PBS plus protease inhibitors, resuspended
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in lysis buffer (10 mM Tris-HCI [pH 8.0], 10 mM MgSO,, 2 mM CaCl,, and 0.1%
Triton X-100, supplemented with protease inhibitors and 65 U of micrococcal
nuclease/ml), and subjected to three freeze-thaw cycles. Nonreducing sodium
dodecyl sulfate (SDS) sample buffer was added, and the samples were incubated
40 min at room temperature with intermittent vortexing.

For affinity chromatography, proteins from concentrated medium superna-
tants were applied to Ni-nitrilotriacetic acid (NTA) minispin columns (Qiagen)
in the presence of 10 mM imidazole. Unbound proteins were removed by four
washes with 20 mM imidazole, and bound proteins were eluted with 250 mM
imidazole. The eluate was dialyzed against PBS at 4°C (minidialysis units;
Pierce).

SDS-polyacrylamide gel electrophoresis (PAGE) was performed on 4 to 20%
polyacrylamide gels under reducing conditions (3% B-mercaptoethanol in sam-
ple buffer), unless otherwise noted. For immunoblot analysis, proteins were
transferred to Protran nitrocellulose membranes (Schleicher and Schuell). CD4
sequences were detected with a 1:7,000 dilution of the T4-4 anti-CD4 rabbit
serum (NIH AIDS Research and Reference Reagent Program) followed by
125]-labeled protein A (Amersham Pharmacia); quantitation was performed on a
Typhoon 9600 phosphorimager. Alternatively, the second probe was donkey
anti-rabbit IgG conjugated to horseradish peroxidase; images were developed
with chemiluminescent substrates (Pierce) and exposure to X-ray film. For de-
tection of the His tag, the anti-His, MAb (Qiagen) followed by peroxidase-
conjugated sheep anti-mouse IgG was used.

For determination of sCD4-17b concentrations, comparative immunoblot
analyses were performed on serial dilutions of both the sample and a standard
preparation of purified two-domain sCD4. CD4 sequences were detected with
T4-4 anti-CD4 rabbit serum followed by '*I-labeled protein A, as described
above.

HIV-1 infectivity assays. Infection was quantitated using an indicator cell
system (17). MAGI (HeLa-CD4-LTR/B-gal) or MAGI-CCRS indicator cells
were plated in 96-well plates at 10* cells per well in 200 w1 of medium (Dulbec-
co’s modified Eagle medium with 10% fetal bovine serum) and incubated over-
night at 37°C. HIV-1 dilutions were preincubated with various concentrations of
the indicated agents in 50 pl of medium for 30 min at 37°C. The amounts of input
virus were chosen to give a readily countable number of blue cells per well in
untreated controls. Dextran sulfate was added (final concentration, 20 wg/ml),
and the virus-agent mixtures were added to individual wells from which the
media had been removed. After 2 h of incubation at 37°C, one of the following
treatments was performed (these gave equivalent results). (i) The mixtures were
removed, the monolayers were washed twice with medium, and 200 wl of me-
dium was added. (ii) The mixtures were diluted with medium to 200 pl. (iii) The
mixtures were diluted to 200 pl with medium containing the original agents at the
same concentrations. Following a 2-day incubation at 37°C, the monolayers were
fixed and stained with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-
Gal); blue cells were counted under light microscopy.

RESULTS

Design of sCD4-17b. We sought to engineer a recombinant
chimeric protein containing the gp120-binding region of sCD4
attached via a flexible polypeptide linker to an SCFv of a MAb
whose epitope overlaps the conserved CD4-induced bridging
sheet of gp120. We chose the 17b SCFv for several reasons: (i)
the epitope is highly conserved on genetically diverse HIV-1
strains (38, 40, 41); (ii) in a cell fusion assay whereby Env is
activated by sCD4 to promote fusion with target cells express-
ing coreceptor but no CD4, 17b potently inhibits fusion for all
Envs tested from genetically diverse isolates (32); (iii) the
reported X-ray crystallographic structure of the core gp120 in
a ternary complex with two-domain sCD4 and the 17b Fab (18)
provides a specific guide to the design of the chimeric protein;
and (iv) 17b is a human antibody.

We examined the atomic coordinates of the ternary complex
and determined the optimal design (Fig. 1A). The C terminus
of two-domain sCD4 (through Ser, ) is connected via a flex-
ible polypeptide linker (designated L1) to the N terminus of
the 17b Vy; chain; the C terminus of the V; is attached by a
second polypeptide linker (designated L.2) to the N terminus of
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FIG. 1. sCD4-17b design. (A) Predicted structure of sCD4-17b in-
teracting with gp120. A Ca worm diagram showing the trimeric com-
plex containing the gp120 core (red), two-domain sCD4 (yellow), and
the 17b SCFv (Vy, purple; V, blue) was derived from the coordinates
of the published X-ray crystallographic complex (18), using the
GRASP program (27). The L2 linker is depicted at the back of the
complex. The thrombin cleavage site followed by the 6-His tag is not
shown. (B) Schematic of the sCD4-17b genetic construct (not drawn to
scale), including the CD4 leader at the N terminus and the thrombin
cleavage site followed by 6 histidne residues (T) at the C terminus.

the V| chain, thereby creating the 17b SCFv moiety. There are
multiple advantages of this design. (i) The L1 linker spans the
shortest distance between available termini on sCD4 and the
SCFv (60 A, compared to 80 A for the CD4 C terminus to the
V. N terminus, 67 A for the CD4 N terminus to the V; C
terminus, and 86 A for the CD4 N terminus to the V, C
terminus). (ii) The L1 linker appears not to interfere sterically
with the gp120 core or any other components of the complex
(Fig. 1A). (iii) Free 17b SCFv linked in the desired fashion has
been reported to have activity comparable to that of the pa-
rental antibody (7). We designed the L1 linker conservatively
to contain 35 residues (seven repeats of Gly,Ser), which we
calculated would comfortably span the required 60 A. The 17b
SCFv (7) contains a 15-residue linker (three repeats of
Gly,Ser, commonly used for SCFvs); there is also a thrombin
cleavage site and a 6-His tag at the C terminus (not shown in
Fig. 1A). The DNA construct of sCD4-17b is depicted sche-
matically in Fig. 1B.

Expression and affinity chromatography of sCD4-17b. A
recombinant vaccinia virus (vCD-3) containing the sCD4-17b
cDNA linked to a strong synthetic vaccinia virus promoter was
generated and used to infect BS-C-1 cells in low-serum-con-
taining medium; control cells were infected in parallel with the
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parental vaccinia virus strain WR. Medium and detergent cell
lysate samples corresponding to the same number of cells were
analyzed by SDS-PAGE and immunoblotting (Fig. 2). On re-
ducing gels (Fig. 2A, left panel), medium from cells infected
with vCD-3 (encoding sCD4-17b) displayed a discrete protein
species reactive with anti-CD4 antibodies, which migrated near
the expected position of the chimeric protein (50.8 kDa; 483
amino acids); the detergent lysate from these cells displayed an
even more prominent band at the expected position, plus
dense diffuse staining at a higher molecular weight. No bands
were observed in the corresponding medium and lysate frac-
tions of cells infected with the WR (control) virus. Under
nonreducing conditions (Fig. 2A, right panel), the vCD-3
medium yielded a single anti-CD4-reactive band near the
expected monomeric sCD4-17b position, whereas the corre-
sponding lysate gave very dense diffuse staining near the top of
the gel. As expected, these reactivities were absent from the
control medium and lysate. We conclude that a minor fraction
of the total sCD4-17b protein was secreted into the medium;
the bulk of the chimeric protein remained cell associated,
apparently in aggregated form. As shown in Fig. 2B, a MAb
directed against the 6-His tag detected a band at the expected
position in medium from cells infected with vCD-3 encoding
sCD4-17b, but not with the WR control.

Affinity chromatography was performed based on the 6-His
tag at the C terminus of sCD4-17b, and the samples were
analyzed by Coomassie blue staining (Fig. 2C). The concen-
trated media from cells infected with vCD-3 (encoding sCD4-
17b) or WR (control) displayed similar complex protein pro-
files. The affinity chromatography-enriched material from
vCD-3-infected cells contained a prominent band at the ex-
pected position of sCD4-17b, which was absent from the WR-
infected cells; in addition, both affinity chromatography-en-
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FIG. 2. Expression and affinity chromatography of sCD4-17b. BS-
C-1 cells were infected with WR (control) or vCD-3 (sCD4-17b).
SDS-PAGE was used to resolve samples of media (M) and corre-
sponding detergent lysates (L). In each experiment, arrowheads indi-
cate the migration according to molecular size standards (in kilodal-
tons), and an asterisk indicates the position of the sCD4-17b band.
(A) Immunoblot analysis with anti-CD4 polyclonal antisera, on reduc-
ing (left panel) and nonreducing (right panel) gels. (B) Immunoblot
analysis of concentrated media with a MAb against the His tag.
(C) Coomassie blue staining of concentrated media (M) and affinity
chromatography-enriched (AC) fractions. Each lane in panels A and B
represents material from equivalent numbers of cells; to facilitate
visualization in panel C, the affinity chromatography-enriched samples
represent material from three times the number of cells as the con-
centrated media samples.
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FIG. 3. Neutralizing activity of sCD4-17b against a primary HIV-1
isolate. The Ba-L strain was preincubated with increasing volumes of
concentrated media from BS-C-1 cells infected with either vCD-3
(sCD4-17b, corresponding to the indicated concentrations) or WR
(none); equivalent virus samples were preincubated with increasing
amounts of the purified protein sCD4, 17b IgG, or sCD4 plus 17b IgG.
The infectivity assay was performed with MAGI-CCRS cells. Results
are expressed as the percentage of blue cells compared to the level
(taken as 100%) in samples incubated with no additions (which gave
108 blue cells per well). Error bars indicate standard deviations of
duplicate samples. On the x axis, the “pl/well” label refers to the
volumes of concentrated media from vaccinia virus-infected cells; the
“nM?” label indicates the corresponding concentrations of sCD4-17b in
the concentrated medium of vCD-3-infected cells, as well as the con-
centration of each purified protein.

riched fractions contained a prominent band at a lower
molecular weight, plus several minor bands.

Based on immunoblot quantitation, a typical yield from the
medium of 20 X 10° BS-C-1 cells after 40-fold concentration
was 15 pg in 0.75 ml. Neutralization analyses were performed
either with concentrated media or with affinity chromatogra-
phy-enriched material, as indicated for each experiment.

Neutralization of HIV-1 infection by sCD4-17b. We ana-
lyzed the effects of sCD4-17b on infectivity by Ba-L (13), a
prototypic primary CCRS-specific (R5) HIV-1 isolate. Infec-
tivity assays were performed with MAGI-CCRS indicator cells,
which contain the Escherichia coli lacZ gene linked to the
HIV-1 long terminal repeat (LTR); infection leads to produc-
tion of B-galactosidase, and blue cells are scored microscopi-
cally after X-Gal staining. Figure 3 shows that dose-dependent
neutralization occurred when virus was preincubated with con-
centrated medium from cells infected with vCD-3 (encoding
sCD4-17b), but not with that from cells infected with WR
(control). The neutralization was highly potent, corresponding
to a 50% inhibitory concentration (ICs,) of 3.2 nM (~0.16
pg/ml), and >99% neutralization at 32 nM (~1.6 pg/ml). We
also compared the effects of the individual component proteins
comprising the chimeric molecule: neither sCD4 nor 17b IgG
neutralized infection when preincubated singly with virus, as
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expected from the known resistance of primary HIV-1 isolates
to these agents. The combination of sCD4 plus 17b IgG had
minimal effects over the concentration range examined, con-
sistent with the high sCD4 concentration (200 nM) previously
used to render primary Envs susceptible to inhibition by 17b
IgG (32).

Potency of sCD4-17b compared to those of neutralizing
MAbs. A limited number of MAbs have been described with
neutralizing activity against genetically diverse primary HIV-1
isolates; these are considered to be promising candidates for
passive immunotherapy (10, 29, 49). IgG1b12 is a recombinant
human antibody against the conserved CD4 binding site of
gp120 (6, 35); MAb 2G12 (IgG1) recognizes a conserved car-
bohydrate-dependent conformational epitope on gp120 (34,
46); MADb 2F5 (IgG3) binds to a conserved linear epitope in
the ectodomain of gp41, proximal to the membrane (25, 28).
As shown in Fig. 4, Ba-L infection of MAGI-CCRS cells was
neutralized by each MAb, with potencies in the ranges previ-
ously described in the literature for diverse primary isolates by
use of various neutralization assays (6, 10, 30, 45, 46). The
sCD4-17b chimeric protein was even more potent (15- to 240-
fold on a microgram-per-milliliter basis, corresponding to 5- to
80-fold on a nanomolar basis).

Activity of sCD4-17b against both RS and X4 HIV-1 strains.
The coreceptor binding determinants on gp120 include both
the conserved bridging sheet and several variable loops (V3, as
well as V1/V2); the latter regions (particularly V3) determine
whether an individual viral strain can enter via CCRS only
(RS), CXCR4 only (X4), or either coreceptor (R5X4). In var-
ious assay systems, RS isolates typically are non-syncytium
inducing (NSI) whereas X4 and R5X4 isolates are syncytium
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FIG. 4. Comparison of the HIV-1 neutralization potency of sCD4-
17b with those of anti-Env MAbs. Virus samples were preincubated
with increasing volumes of concentrated media from cells infected with
vCD-3 (containing sCD4-17b at the indicated concentrations) or WR
(control), or with increasing amounts of purified MAb IgGb12, 2G12,
or 2F5. Infectivity was assayed with MAGI-CCRS cells. Results are
expressed as the percentage of blue cells compared to the level (taken
as 100%) in a parallel control in which virus was preincubated with no
additional proteins (which gave 770 blue cells per well). Error bars
indicate standard deviations of duplicate samples.
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TABLE 1. Effects of sCD4-17b against genetically
diverse HIV-1 isolates

% Neutralization

Phenotype

Expt® Isolate Clade? (coreceg?or by sCD4-17b at:
usage)” 64nM  32nM

1 Ba-L B NSI (RS) 94 98

LAV B SI (X4) 50 75

2 92RW023 A NSI (RS) 0 0

Ba-L B NSI (RS) 26 99

91US054 B ns 0 0

92US714 B NSI (RS) 0 80

92US076 B SI (R5X4) 11 84

93IN905 C NSI (RS) 7 6

92UG024 D SI (X4) 0 65

93THO73 E NSI (RS) 0 0

93BR029 F NSI (RS) 14 0

“ In experiment 1, viruses were preincubated with the indicated concentrations
of sCD4-17b in medium and assayed for infectivity, by using MAGI-CCRS cells
for Ba-L and MAGI cells for LAV. The numbers of blue cells per well in
untreated controls were 350 for Ba-L and 300 for LAV. In experiment 2, viruses
were preincubated with the indicated concentrations of affinity chromatography-
enriched sCD4-17b and assayed for infectivity by using MAGI-CCRS cells. For
the different viruses, the numbers of blue cells per well in the untreated controls
ranged from 50 to 475.

" Clade and coreceptor usage phenotypes are as specified in the AIDS Re-
search and Reference Reagent Program catalogue.

¢ ns, not specified.

inducing (SI) (4). Studies have demonstrated that coreceptor
specificity is not a significant determinant of susceptibility to
neutralizing anti-Env antibodies (20, 44). Because of the con-
servation of the 17b epitope on viruses with different corecep-
tor usage phenotypes, we anticipated that sCD4-17b would be
active against both RS and X4 strains. This prediction is con-
firmed in Table 1 (experiment 1); the chimeric protein neu-
tralized the prototypic X4 T-cell line-adapted LAV strain (3)
as well as the RS primary Ba-L isolate; the potency was some-
what lower for LAV than for Ba-L.

Breadth of sCD4-17b neutralization against genetically di-
verse HIV-1 isolates. The 17b epitope is conserved geograph-
ically on diverse HIV-1 isolates of different genetic subtypes
(clades). We previously demonstrated that in an assay whereby
Env-expressing cells are activated by sCD4 to fuse with cells
expressing coreceptor but no CD4, Envs from genetically di-
verse isolates (clades A through F) were all potently inhibited
by MAb 17b (32). We therefore anticipated that the sCD4-17b
chimeric protein would display neutralizing activity against a
broad array of genotypes. Table 1 (experiment 2) shows the
results with a panel of HIV-1 primary isolates from clades A
through F. Surprisingly, we observed marked variation in the
sCD4-17b sensitivity of different strains; including both exper-
iments 1 and 2, the extent of neutralization at the highest
concentration tested (32 nM) ranged from strong (75 to 99%
for Ba-L, LAV, 92US714, and 92US076) to moderate (65%
for 92UG024) to negligible (<10% for 92RW023, 91US054,
93IN905, 93TH073, and 93BR029). Experiment 2 expands the
previous conclusion that sCD4-17b sensitivity was not associ-
ated with coreceptor specificity. Nor was there a clear corre-
lation with genetic subtype: four clade B isolates were strongly
neutralized but one was unaffected, the single clade D isolate
was moderately neutralized, and the single isolates from each
of clades A, C, E, and F were minimally affected at the con-
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centrations tested. Interestingly, two strains (92US714 and
92US076) previously reported to be highly MAD resistant (30)
were strongly neutralized by sCD4-17b. Especially puzzling
was the finding that sSCD4-17b resistance was observed for one
isolate (93BR029) whose corresponding Env was previously
found to be highly sensitive to MAb 17b in an sCD4-activated
fusion assay (32).

DISCUSSION

The results presented herein demonstrate the powerful neu-
tralizing activity of sCD4-17b against multiple HIV-1 primary
isolates. Based on the minimal activity observed with the
monofunctional sCD4 and 17b proteins (individually or in
combination), we conclude that the potency of the chimeric
protein derives from the ability of two distinct moieties on the
same protein to associate simultaneously with their corre-
sponding binding sites on a single gp120 subunit. It is likely
that this bifunctional interaction greatly reduces the dissocia-
tion rate of the chimeric protein compared to those of the
unlinked sCD4 or 17b constituent proteins; indeed, prelimi-
nary surface plasmon resonance analyses support this model
(D. Hamer, personal communication).

When tested against the Ba-L strain, sCD4-17b proved to be
highly potent compared to the well-characterized broadly
cross-reactive neutralizing MAbs IgGb12, 2G12, and 2F5. This
activity is particularly striking in view of the monomeric nature
of the chimeric protein compared to the divalent structure of
the MAbs (IgGs). In previous studies of the b12 antibody, the
monovalent Fab b12 was converted to the divalent IgGb12 to
improve neutralizing acitivity (6); similarly, sCD4 has been
rendered dramatically more potent for neutralization by engi-
neering fusion proteins with immunoglobulin constant regions,
resulting in divalent (8, 42), tetravalent (45), or dodecavalent
(1) derivatives. Thus, the potency of sCD4-17b might be en-
hanced even further by producing analogous multivalent con-
structs with immunoglobulin constant regions, most logically
by attachment at the C terminus of the SCFv moiety (see Fig.
1). Such modifications probably would also increase the half-
life of the protein in the circulation.

Given the broad conservation of the sCD4 binding site and
the 17b epitope, we anticipated that sCD4-17b would be active
against diverse HIV-1 isolates. As expected, we found that the
chimeric protein functioned against viruses using either CCRS
or CXCR4. When primary isolates from different geographic
regions were examined, no clear correlation was evident be-
tween sCD4-17b sensitivity and genetic clade; however, only a
small number of non-B isolates were tested, and more exten-
sive studies are required to establish this point. Particularly
encouraging was the strong activity observed against two pri-
mary strains previously shown to be highly resistant to the
broadly cross-reactive MAbs.

In contrast with these favorable findings, we were surprised
that many of the primary isolates appeared resistant to the
chimeric protein, at least at the relatively low maximum con-
centration tested (32 nM, ~1.6 pg/ml). Studies are under way
to improve the expression, secretion, and purification proto-
cols so that higher concentrations can be tested. Several expla-
nations can be envisioned to explain the marked variations in
sensitivity of different strains, each involving inherent proper-
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ties of the corresponding Envs. (i) The affinity of the 17b SCFv
may be relatively weak for some isolates. While possible, this
hypothesis would not explain the enigmatic observation that
for one of the sCD4-17b-resistant strains (93BR029), the cor-
responding Env was previously found to be highly sensitive to
MADb 17b in an sCD4-activated cell fusion assay (32); this
finding rules out the interpretation that the 17b epitope is
simply absent from the gp120 subunit. (ii) Kinetic and thermo-
dynamic barriers may limit the sensitivity of some Envs to
sCD4-17b. In studies of neutralization of different HIV-1 iso-
lates by MADbs and sCD4, there is a good correlation between
neutralization activity and binding to the oligomeric Env ex-
pressed on the virion surface (but not to the corresponding
soluble gp120 monomers); the association rate appears to be of
particular significance (reviewed in reference 23). Recent ther-
modynamic studies have indicated that the structural rear-
rangements associated with CD4 binding to gp120 are accom-
panied by uncharacteristically high entropic changes compared
to those for typical protein-protein interactions; this entropic
barrier may provide a major resistance mechanism against
HIV-1 neutralization by antibodies or sCD4 derivatives (26; P.
Kwong, personal communication). Perhaps the varying sCD4-
17b sensitivities of different HIV-1 strains may reflect variation
in these kinetic and thermodynamic parameters. However, this
argument is difficult to reconcile with our consistent observa-
tion that sCD4-17b was somewhat less potent against the pro-
totypic T-cell line-adapted LAV strain than against the pri-
mary Ba-L strain, despite the fact that T-cell line-adapted
viruses have long been known to be much more susceptible
than primary viruses to neutralization by sCD4, and their oli-
gomeric Envs bind sCD4 with considerably higher affinities and
faster association rates (23). Nevertheless, if kinetic and ther-
modynamic barriers are responsible for the sCD4-17b resis-
tance of some isolates, then multimeric fusion proteins with
sCD4-17b linked to immunoglobulin constant regions (see
above) may help to overcome this problem. (iii) Perhaps for
some strains, the L1 linker is of insufficient length to enable
simultaneous binding of the sCD4 and 17b moieties to the
same gpl120 subunit. Our design of the chimeric protein was
guided by the X-ray crystallographic structure of the strain
HXBc-2 gp120 core in complex with sCD4 and the 17b Fab
(18). From this we proposed that the L1 linker would not
interfere sterically with any components of the complex (Fig.
1A). However, additional considerations may complicate this
interpretation. For one, determination of the crystallographic
structure necessitated deliberate removal of multiple determi-
nants on gp120, notably the V1/V2 and V3 variable loops as
well as the complex oligosaccharide chains (18). Perhaps in
gp120 from some HIV-1 isolates, these determinants impart
steric hindrance with the L1 linker, thereby preventing bifunc-
tional binding of the sCD4-17b construct. Examination of the
gp120 primary sequences of some of the resistant strains (i.e.,
numbers of residues in the variable loops) failed to provide any
insight (data not shown), but such analyses cannot reveal the
critical three-dimensional structure information. A related is-
sue is the relative orientation of sCD4 and 17b when bound to
gp120; perhaps there is variation such that in the resistant
isolates, the distances between the sCD4 C terminus and the
17b V; N terminus are greater than reported in the crystallo-
graphic structure for the complex with HXBc-2 gp120. Thus,
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the 35-residue L1 linker might not be sufficiently long to span
the required distance. We are addressing these possibilities by
designing constructs of sCD4-17b with different L1 linker
lengths.

The potent neutralizing activity of sCD4-17b suggests its
potential use for passive immunization against HIV-1. The fact
that both the sCD4 and 17b sequences are human should
minimize immunogenicity problems, although the linker may
be of concern. Therapeutic applications can be envisioned,
perhaps using the chimeric protein in combination with other
anti-HIV agents. Particularly intriguing is the notion of using
sCD4-17b to prevent acute HIV-1 infection in various circum-
stances, including blockade of maternal transmission, postex-
posure prophylaxis, and use as a topical microbicide against
sexual transmission. Future efforts to broaden the activity of
sCD4-17b against diverse HIV-1 variants will greatly influence
the viability of these prospects.
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