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Single-chain derivatives of JRFL gp120 linked to the first two domains of human CD4 (gp120-CD4,,,,) or to
the CD4 miniprotein analog CD4M9 (gp120-M9), have been constructed. Biacore studies revealed that gp120-
CD4,,,, and gp120-M9 bound to antibody 17b with dissociation constants of 0.8 and 25 nM, respectively, at pH
7.0, while gp120 alone did not bind. The binding of gp120-CD4,,,, to 17b is not affected by the addition of excess
soluble CD4,,,,, while the binding of gp120-M9 is enhanced. This finding indicates that the M9 component of
the single chain interacts relatively weakly with gp120 and can be displaced by soluble CD4,,,,. Inmunoge-
nicity studies of gp120, gp120-CD4,,,, and gp120-M9 were carried out with guinea pigs. All three molecules
were highly immunogenic. The resulting antisera were examined for neutralizing activities against various
human immunodeficiency virus type 1 isolates. Broadly neutralizing activity was observed only with sera
generated against gp120-CD4,,,,. These antisera were depleted of anti-CD4,,,, antibodies by being passed over
a column containing immobilized CD4,,,. The depleted sera showed a loss of broadly neutralizing activity.
Sera that were affinity purified over a column containing immobilized gp120-M9 also lacked such neutralizing
activity. This finding suggests that the broadly neutralizing response observed is exclusively due to anti-CD4
antibodies. Competition experiments showed that only antisera generated against gp120-CD4,,,, competed
with the CD4, antibody 17b and that this activity was not affected by depletion of anti-CD4 antibodies. The data
indicate that although antibodies targeting the CD4, epitope were generated by the gp120-CD4,,,, immunogen,
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these antibodies were nonneutralizing.

One of the major goals of human immunodeficiency virus
(HIV) vaccine research is to find an immunogen that will elicit
broadly cross-reactive neutralizing antibodies against HIV.
Most antibodies in HIV type 1 (HIV-1)-infected individuals
are dircted against the Env surface glycoprotein of the virus.
The gp120 subunit of Env binds to the cellular receptor CD4
(10). CD4 binding results in a conformational change which
enables subsequent binding of gp120 to the coreceptor CCRS
and/or CXCR4. The conformational change results in the ex-
posure of previously buried (cryptic) epitopes known as CD4-
induced (CD4,) epitopes (1, 2, 7, 11, 16, 31, 32, 36-39, 42).
Previous attempts to use gpl20 as a vaccine failed to elicit
antibodies capable of neutralizing primary isolates of the virus
(5, 9, 14, 23, 24, 40). Antibody responses in vaccinated indi-
viduals were often found to be directed against linear epitopes
accessible in denatured gp120 that are not exposed in correctly
folded gp120 (40). A recent phase III vaccine trial that used
monomeric gp120 as an immunogen also failed to demonstrate
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any efficacy for this molecule (VaxGen press release, 12 No-
vember 2003 [http://www.vaxgen.com]).

Several different innovative strategies have been employed
to obtain Env-based immunogens capable of generating a
broadly neutralizing response. Immunogens can be subdi-
vided into protein- and peptide-based immunogens. In the
former category, strategies include (i) attempts to stabilize
gp120 by filling in a part of the CD4 binding site (44); (ii)
attempts to construct immunogens that display cryptic
epitopes that are normally not exposed, such as the core-
ceptor binding site (examples are the use of cross-linked
gp120:CD4 complexes as immunogens [12], the use of cross-
linked complexes of gp120 with antibody A32, which induces
exposure of CD4; epitopes on gpl120 [22], and the use of
gp120 from CD4-independent viruses that have enhanced
exposure of the coreceptor binding site [17]); (iii) use of
hyperglycosylated derivatives of gp120 that attempt to focus
the immune response to conserved epitopes that form part
of the CD4 binding site (29); and (iv) design of Env deriv-
atives that mimic the gp120:gp41 native trimer on the virus
(including gp140 derivatives with cleavage site mutations
and with [4, 46] or without [34, 35] artificial C-terminal
trimerization sequences, as well as gp140 derivatives with
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engineered disulfides between the gp120 and gp41 compo-
nents [3, 33]).

Alternative approaches have attempted to generate peptides
which bind known broadly neutralizing antibodies such as im-
munoglobulin Gb12 (IgGb12) (6) or 2F5 (49). In one such
study, a peptide that bound the broadly neutralizing antibody
IgGb12 (48) was isolated by phage display, though there have
been no subsequent reports of the ability of the peptide to yield
b12-like antibodies when used as an immunogen. Similar dif-
ficulties were encountered in attempts to generate 2F5-like
antibodies by using constrained peptide epitope mimics (25).

Of the immunogens described above, some of the gp140-
based trimeric immunogens have yielded neutralizing re-
sponses of greater breadth than monomeric gp120 (4). How-
ever, the best neutralizing responses observed to date were
obtained in a recent study that employed cross-linked com-
plexes of gp120 with the four extracellular domains of human
CD4 as an immunogen in rhesus macaques (12). The study
suggested that antibodies against CD4; epitopes had broadly
neutralizing activity and hence that antigens that expose such
epitopes are potentially important immunogens.

In the present work we report on the biophysical and im-
munological characterization of JRFL gp120 and two of its
single-chain derivatives, one linked to CD4y,, (gpl20-
CD4p,,) and one linked to M9 (gp120-M9). These constructs
are described in greater detail in Materials and Methods. Sim-
ilar single chains have been constructed previously by using
gp120 from the Bal isolate (13). In the present work, gp120,
gp120-CD4p,,, and gp120-M9 were injected into guinea pigs,
and the resulting antisera were characterized. As in an earlier
macaque study that used cross-linked complexes of gp120 with
the four extracellular domains of human CD4 (12), broadly
cross-reactive neutralizing responses were observed only in
guinea pigs injected with the gp120-CD4,,, single chain. How-
ever, in these animals there was a very high proportion of
anti-CD4 antibodies. Sera depleted of these antibodies did not
show a broadly neutralizing response. Furthermore, sera that
were affinity purified by binding to immobilized gp120-M9 also
showed no neutralization. The data suggest that the broadly
neutralizing response observed was due to anti-CD4 antibod-
ies. Although antibodies against CD4; epitopes in gp120 were
also found in sera from animals immunized with gp120-
CD4p,,,, there was no evidence to suggest that these antibodies
had significant neutralizing activity. In contrast to the results of
earlier work (12), the present results suggest that gp120 anti-
gens displaying the CD4; epitope are unlikely to be able to
generate a gpl20-directed broad neutralizing response.

MATERIALS AND METHODS

Construct descriptions. The gp120 (amino acids 1 to 505) used in this work is
from the JRFL isolate. The gene sequence was codon optimized for expression
in human cells. CD4,, refers to the first two domains (amino acids 1 to 183) of
human CD4. All amino acid residues that contact gp120 are located in domain
D1 of CD4 (20). M9 is a 27-residue CD4 analog based on a scyllatoxin scaffold.
It is a structural mimic of beta-strands C’ and C” of domain D1 of human CD4.
MO binds gp120 about 100-fold less strongly than CD4 (41). Single chains similar
to gpl120-M9 and gp120-CD4p,, have been constructed previously by using
gp120 from the Bal isolate (13).

Cell lines and antibodies. The 293 cell line was obtained from the National
Centre for Cell Sciences, Pune, India. Monoclonal antibody (MAb) 17b was
obtained from the National Institutes of Health AIDS Reagent Program. The
anti-gp120 MAb NEA-9301 was purchased from NEN. Polyclonal antisera

J. VIROL.

against CD4M9 and CD4p,,, were generated in rabbits. Lyophilized protein was
reconstituted in water and mixed with Freund’s complete adjuvant at a 1:1
(vol/vol) ratio of protein to emulsion. Rabbits were immunized subcutaneously
with 100 pg of protein. For booster injections, protein was mixed with Freund’s
incomplete adjuvant at a 1:1 (vol/vol) ratio of protein to emulsion. Boosters with
50 pg of the immunogen were given after every 15 days. Bleeds were collected on
the second day after each injection following the second immunization.

CD4M09 gene synthesis. The CD4M9 gene was synthesized from a series of six
overlapping oligonucleotides. These six oligonucleotides collectively encode the
synthetic version of 81-bp CD4M9. Complementary oligonucleotides overlap by
20 nucleotides. All the oligonucleotides were combined in a 50-ul PCR mixture
to a final concentration of 1 uM and subjected to PCR amplification. The gene
assembly reaction mixture was then further diluted 20-fold in 50 pl of a PCR
mixture containing 3 U of Tag DNA polymerase and outside primers at 1 uM.
This mixture was subjected to 25 cycles of PCR. The amplified product was gel
purified and cloned into the pTZ57R/T vector, provided with the InsT/A clone
PCR product cloning kit (MBI), according to the manufacturer’s protocol.

Construction of gpl120-CD4y,,, and gpl120-M9. Plasmids carrying gp120-
CD4p 1, and gp120-M9 were constructed as follows. The gene encoding gp120
was PCR amplified from the Vljnstpaoptgp140 vector. This vector contains the
codon-optimized sequence for gp140 from the JRFL isolate with a tissue plas-
minogen activator leader under the control of a cytomegalovirus promoter. A
20-amino-acid linker sequence similar to that described previously (13) was
generated by overlap PCR using four oligonucleotides in a manner similar to that
described above for CD4M9 gene synthesis. The CD4,, or CD4M9 gene was
amplified with a 5" overhang of the linker sequence. The three PCR products
(gp120, linker, and CD4 or CD4M9) were mixed together and subjected to
overlap PCR. The resultant product was digested with the Apal and Kpnl
enzymes and cloned into V1jnstpaoptgp140 digested with the same enzymes to
produce the final constructs. These are designated V1Jnstpagp120-CD4y,;, and
V1JInstpagp120-M9. The nucleotide sequence of the linker used was GGAAGC
GCTGGATCTGCTGGTTCCGCCGGCAGCGCAGGCAGTGCGGGCAGC
GCAGGTTCT.

The corresponding peptide sequence is GSAGSAGSAGSAGSAGSAGS.

Expression of gp120, gp120-CD4,,,,, and gp120-M9 proteins. Plasmids
V1Instpagp120-CD4,,, V1JInstpagp120-M9, and V1JInstpagpl20 were tran-
siently transfected into 293 cells by using Ca3(PO,), (Amersham Pharmacia
Biotech) according to the manufacturer’s protocol. Eight hours after transfec-
tion, the medium was replaced with Optimem reduced serum medium (Gibco).
After an additional 48 to 72 h, supernatants were collected and analyzed for
protein expression by anti-gp120 and anti-CD4y,,, immunoblot assays.

Immunoblot analysis. Samples were treated by boiling for 5 min in 2% sodium
dodecyl sulfate (SDS) and 1% B-mercaptoethanol and were then electropho-
resed over a 10% polyacrylamide gel. Protein was then electrophoretically trans-
ferred to polyvinylidene difluoride membranes. The membrane was then treated
with 5% nonfat milk (Carnation) in phosphate-buffered saline (PBS) for 2 h at
room temperature. The membrane was washed three times with PBS containing
3% milk-0.05% Tween and then incubated with either MAb NEA-9301 (anti-
gp120) or rabbit polyclonal anti-CD4. The membrane was washed three times
with PBS containing 3% milk-0.05% Tween and then incubated with an appro-
priate secondary antibody conjugated to horseradish peroxidase in 3% milk-PBS
at a dilution of 1:1,000. Bound antibody was detected with an ECL-Plus kit
(Amersham Pharmacia Biotech).

Purification of gp120, gp120-CD4,,,,, and gp120-M9 proteins. Protein was
purified by affinity chromatography using Lentil-Lectin Sepharose 4B (Amer-
sham-Pharmacia Biotech). Bound protein was eluted with 500 mM «-D-methyl
mannopyranoside in PBS. Protein concentration was determined by a BCA assay
(SIGMA) according to the manufacturer’s protocol using BSA as a standard.

Expression and purification of CD4y,,. Plasmid pET-9a-pELB-rsCD4,g,, en-
coding human CD4p,,, (two domains), was a gift from Marcia Osborne (28). In
this construct, the first two domains of human CD4 (amino acids 1 to 183) are
expressed C-terminal to a pelB signal sequence under the transcriptional control
of the T7 promoter in plasmid pET9a. The fragment encoding the PelB signal
peptide and the CD4,, region was isolated by digestion of plasmid pET-9a-
PELB-1sCD4,4; with Xbal and Xhol and then cloned into the corresponding
sites of the pET-20b vector to generate pET20b-CD4p,,,. In this construct a
C-terminal His tag has been added to CD4p,,, to facilitate protein purification.
Subsequently, the CD4p,,, gene, along with the pelB signal sequence and His tag,
was cloned into the arabinose-inducible vector pBAD24 (13a) to generate
pBAD24CD4,,. The recombinant plasmid was transformed into Escherichia
coli strain DH5a. The culture was induced with 1% arabinose during mid-
logarithmic growth. Cells were lysed by sonication for 10 min. Protein was
purified from the soluble fraction by affinity purification over a nickel-nitrilotri-
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acetic acid (Ni-NTA) column (QIAGEN). The yield of purified protein was 0.7
mg/liter.

The CD4p,, gene without the pelB signal sequence but with the C-terminal
His tag was subcloned from pBAD24CD4,,, into the pET9a vector to generate
pET9a-CD4p,,. pET9a CD4y,, was expressed in E. coli strain BL21(DE3).
After cell growth and lysis, inclusion bodies were resuspended in 6 M guanidine
hydrochloride (GdnCl) in PBS for 4 h at room temperature. The solution was
centrifuged at 9,000 X g for 30 min. The supernatant was bound on Ni-NTA
beads and eluted with 6 M GdnCl in PBS containing 300 mM imidazole at room
temperature. The eluted sample was extensively dialyzed against PBS at 4°C. The
dialyzed sample was spun at 9,000 X g for 30 min. at 4°C. The supernatant was
collected and subjected to SDS-polyacrylamide gel electrophoresis (PAGE).
Protein was found to be >95% pure.

Gel filtration analysis of CD4y,,,, gp120, gp120-CD4y,,,, and gp120-CD4M9.
Approximately 50 pg of each protein was analyzed under nondenaturing condi-
tions by gel filtration chromatography in PBS buffer at room temperature by
using either a Superdex-75 (for CD4p,,) or a Superdex-200 (for gp120, gp120-
CD4p5, and gp120-M9) analytical gel filtration column. A standard curve of
elution volume versus molecular weight was generated by using a set of protein
standards. This curve was then used to calculate the apparent molecular weights
of the proteins.

Far-UV CD spectroscopy. Circular dichroism (CD) spectra were recorded on
a Jasco J-715 C spectropolarimeter flushed with nitrogen gas. The spectra were
recorded with a 0.1-cm-path length cuvette using a scan rate of 10 nm/min and
a time constant of 8 s. All data were averaged over a minimum of six scans.
Ellipticities were calculated as follows:

{0}y = (100 - Ou)/(d - C)
{Ohre = (100 - Ou)/[d + C + (n —1)]

where {0},, is the calculated molar ellipticity (expressed as degrees per square
centimeter per decimole), {®}yrg is the calculated mean residue ellipticity
(expressed as degrees per square centimeter per decimole), {®},, is the ob-
served ellipticity (expressed in degrees), d is the path length (in centimeters), C
is the molar protein concentration, and » is the total number of amino acids in
the protein or protein-protein complex. Far-UV CD spectra were taken for
gp120, gp120-CD4 5, gp120-M9, CD4y,,,, and gp120 preincubated with a three-
fold molar excess of CD4p,,. Molar ellipticities were calculated for all the
proteins. To calculate the molar ellipticity of the gp120:CD4y,;, complex, the
following formula was used:

{®} e (gp120 [200 nM] + CD4p,; [200 nM]) = {O} o, (gp120 [200 nM]
+ CD4py, [600 nM]) — {©} 4 (CD4p,, [400 nM])

This {®} ., was used to calculate the {@} gz of the gp120:CD4y,,, complex. To
compare the secondary structure of gp120 in free gp120, gp120-CD4y,,,, and
gp120-M9, the {0},, of CD4y;, was subtracted from the {®},, of gp120-
CD4p,, the {O},, of M9 was subtracted from the {@},, of gp120-M9, and
{O}mrE Was calculated from {@},, as described above.

Biacore experiments. All Biacore experiments were performed with a Biacore
2000 (Biacore, Uppsala, Sweden) optical biosensor at 25°C. In the first assay, 500
resonance units (RU) of the full-length human MAb 17b was attached by amine
coupling to the surface of a research-grade CM5 chip. The binding of gp120 and
its derivatives to this surface was examined in the presence and absence of
CD4p,,. A naked sensor surface without antibody served as a negative control
for each binding interaction. gp120 and its derivatives, which had been serially
diluted, were run across each sensor surface at four different concentrations in a
running buffer of PBS plus 0.05% Tween 20. Protein concentrations ranged from
50 to 500 nM for gp120 and from 12.5 to 100 nM for gp120-CD4p, . In addition,
the binding of the noncovalent gp120:CD4,,, complex to 17b was also examined.
CD4p,, was added at a fivefold molar excess to gp120 at least 15 min before
binding was measured. The binding of gp120-CD4y,,, and gp120-M9 to 17b in
the presence of additional CD4y,,, was also examined. Binding and dissociation
were measured for 75 and 300 s, respectively, at a flow rate of 30 wl/min. In all
cases, the sensor surface was regenerated between binding reactions by one to
two washes with 10 mM NaOH for 60 s at 10 pl/min. Each binding curve was
corrected for nonspecific binding by subtraction of the signal obtained from the
negative-control flow cell. Kinetic constants for association and dissociation were
derived from linear transformations of the exported binding data using at least
four concentrations of the analyte. The kinetic parameters obtained were com-
pared with those estimated by fitting the data to the simple 1:1 Langmuir
interaction model by using BIA EVALUATION 3.1 software. The pH depen-
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dence of the binding of gp120 and its derivatives to 17b was determined by using
CGH25 buffer (25 mM citrate, 25 mM glycine, 25 mM HEPES) adjusted to the
desired pH.

Denaturation of gp120, gp120-CD4 ,,,, and CD4,,,,. A 500-p1 volume of a 10
M solution of protein was unfolded in 6 M GdnCI-PBS containing 400 pM of
dithiothreitol (DTT) for 1 h. To this solution, iodoacetamide was added to a final
concentration of 2 mM and incubated in the dark for 30 min. The reaction
mixture was rapidly desalted on a PD10 column equilibrated in PBS.

Immunization protocol. All animal experiments were approved by Merck
Research Laboratories Institutional Animal Care and Use Committee. Three
different protocols, with DNA alone, DNA primed with a protein boost, and
protein alone, respectively, were used. For DNA alone, guinea pigs were injected
intramuscularly with 2 mg of plasmid DNA expressing the desired antigen in
phosphate buffer and were boosted with 2 mg of plasmid DNA 4, 8, and 24 weeks
after the initial immunization. Sera were collected 3 weeks after each injection.
Terminal bleeds were collected 44 weeks after the first injection. For DNA
primed with a protein boost, two DNA injections at weeks 0 and 4 were followed
by injection of a purified protein antigen (40 wg of protein with 40 pg of QS21
adjuvant). For protein alone, each of the four injections contained 40 pg of
protein along with 40 g of QS21, and the schedule described above was fol-
lowed.

Neutralization assays. Two different assay formats were employed. The first
was a peripheral blood mononuclear cell (PBMC) assay. PBMCs at 10°/ml were
infected at a multiplicity of infection of ~0.01, incubated overnight, then washed
extensively, and plated into 96-well plates. Test sera were diluted by twofold
serial dilutions and mixed with the cells. Cultures were incubated for an addi-
tional 72 h and then assayed for viral production by a commercial simian immu-
nodeficiency virus viral core p27 assay kit (Coulter Immunology). End point
titers were recorded as the reciprocal of the serum dilution in which 90% or more
of the viral antigen production was inhibited relative to production in untreated
viral growth control wells.

The second format was a single-cycle infectivity assay. P4/RS5 cells containing
a stably integrated long terminal repeat-lacZ reporter were seeded in 96-well
plates at 2.5 X 10%/well, incubated overnight, and infected with different strains
of HIV-1 at a multiplicity of infection of ~0.01in the presence of varying dilu-
tions of antisera. After incubation for an additional 48 h, cells were lysed, and
B-galactosidase was detected by using GalScreen chemilumniscent substrate
(Tropix).

Depletion of anti-CD4 antibodies from sera collected from vaccinated ani-
mals. Collected sera were depleted of anti-CD4 antibodies by using CD4p,,
immobilized on Ni-NTA agarose as follows. One milligram of CD4p,, was
incubated with 200 wl of Ni-NTA slurry overnight at 4°C in PBS. The mixture was
centrifuged at 1,000 X g. Beads were washed three times with PBS. For quan-
titation of bound CD4p,,, CD4-Ni-NTA beads were treated by boiling for 15
min in 2% SDS and 1% B-mercaptoethanol and were then electrophoresed over
a 12% polyacrylamide gel.

Affinity purification of antisera by using immobilized gp120-M9. One hundred
micrograms of biotinylated gp120-M9 (1 pg/ml) was incubated with 40 pl of
streptavidin-agarose beads (Sigma) for 3 h at room temperature. The suspension
was spun at 2,000 X g for 2 min, and unbound gp120-M9 was removed. The beads
were washed three times with 300 .l of PBS. To quantitate the amount of bound
gp120-M9, beads were boiled for 15 min in 2% SDS-1% B-mercaptoethanol and
then electrophoresed over a 10% polyacrylamide gel. Approximately 80% of the
protein was found to be bound. Sera from terminal bleeds were incubated with
gp120-M9-streptavidin beads for 2 h at room temperature. Beads were spun at
2,000 X g for 2 min, and the unbound fraction was collected. Beads were washed
three times with PBS. Bound antibodies were eluted at pH 3 in 10 mM glycine-
HCI, and the pH was immediately adjusted to 7 with 1 M phosphate buffer.
Increasing either the amount of immobilized gp120-M9 or the total volume of
beads had no effect on the titer of bound antibodies.

Determination of titers of antibody against native and rcm gp120, gp120-
CD4y,,,, and CD4y,,,. Enzyme-linked immunosorbent assays (ELISAs) against
native gp120 or native gp120-CD4,,, were performed in 96-well plates to which
D7324 (1 ng/ml) (Cliniga Corporation, Fallbrook, Calif.) had been adsorbed
after overnight incubation at 4°C in capture buffer (100 mM NaHCO; [pH 9.5]).
D7324 is a sheep antibody against the carboxy-terminal 15 amino acids of gp120.
Plates were washed three times with PBS-0.5% Tween20 (PBST) and blocked
with 200 pl of 5% nonfat milk in PBST. After a wash, 70 ul of native gp120 (100
ng/ml) was captured over the plate by incubating for 2 h. Serial dilutions of serum
in a total volume of 70 wl were added in separate wells and incubated for 2 h at
room temperature. For the negative control, PBST was added without any
serum. Bound sera were detected by using a peroxidase-conjugated goat anti-
guinea pig antibody (Jackson ImmunoResearch) at a dilution of 1:5,000 and the
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chromogenic substrate o-phenylenediamine dihydrochloride. The reciprocal of
the serum dilution showing an optical density reading more than twice that of the
negative control and greater than 0.1 was taken as the antibody titer. For
corresponding ELISAs with reduced, carboxymethylated (rcm) gp120, rem gp120
was desalted on a PD10 column to remove DTT and GdnCl before incubation
with D7324. To determine the titer of serum against CD4,,,, microtiter wells
were coated with either native or rcem CD4p,, (2 wg/ml) overnight at 4°C. After
three washes, the wells were blocked with 5% nonfat milk in PBST. Wells were
washed three times with PBST, and 70 pl of serum was added in different
dilutions. Incubation was carried out for 2 h at room temperature. Bound anti-
bodies were detected with a peroxidase-conjugated goat anti-guinea pig antibody
as described above.

Competition ELISAs of sera with 17b and 447-52d. ELISA plates were coated
with D7324 as described above. A 60-pl volume of gp120-CD4y,,, (5 png/ml) was
added per well and incubated for 2 h. After three washes with PBST, serial
dilutions of sera in 3% milk were added. Wells were washed three times, and 70
wl of 17b or 447-52d (5 pg/ml)was added and incubated for 2 h. Wells were
washed three times, and 70 ul of a peroxidase-conjugated anti-human antibody
was added per well and detected by using o-phenylenediamine dihydrochloride
as described above.

RESULTS

Construction, expression, and purification of gp120 and its
single-chain derivatives. The gp120 used in the present work
comprises codons 1 to 505 from the JRFL isolate. The gene
sequence was codon optimized for expression in human cell
lines. Plasmid DNA was transiently transfected into 293 cells,
and protein was purified from tissue culture supernatants by
affinity chromatography as described in Materials and Meth-
ods. Yields of purified proteins were approximately 1 to 2
mg/liter of cell culture supernatants. No cleavage in the linker
region was observable in either of the single-chain constructs
(Fig. 1, top). Gel filtration studies (Fig. 1, bottom) showed that
all three proteins are monomeric, though in the case of
gp120-M9 an appreciable fraction of a higher-molecular-
weight aggregate was also present. The observed elution vol-
ume of gp120 (Fig. 1, bottom) was 13.05 ml, while the calcu-
lated elution volume based on the column calibration was 13.2
ml.

Expression and purification of CD4,,,, and its derivatives.
CD4,,, was cloned into the E. coli expression vector pET9a to
generate the pET9aCD4,,, construct with a C-terminal His
tag. BL21(DES3) cells transformed with this plasmid were used
to express CD4,,,. The protein was purified from inclusion
bodies under denaturing conditions using Ni-NTA agarose and
was refolded as described above. The refolded protein was
found to be monomeric by gel filtration chromatography on
Superdex-75 columns and to have gp120 binding activity com-
parable to that of either commercially available four-domain
CD4 expressed in mammalian cells or two-domain CD4 ex-
pressed in soluble form by using a construct with a signal
peptide (data not shown). The yields of purified protein were
approximately 5 to 10 mg/liter of E. coli culture.

Characterization of gp120 constructs by SPR. CD4 binding
to gp120 results in a conformational change in gp120 that
exposes cryptic epitopes known as CD4; epitopes. One MAb
specific for the CD4; conformation of gp120 is 17b (38). The
binding of all three gp120 constructs to 17b, in the presence or
absence of soluble CD4,,,, was characterized by surface plas-
mon resonance (SPR). 17b was immobilized on the surface of
a CMS chip, and a solution of the gp120 derivative was passed
over the chip surface. Real-time binding to surface-immobi-
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FIG. 1. Characterization of gp120, gp120-CD4y,,,, and gp120-M9.
(Top) SDS-PAGE analysis. Three micrograms of each purified protein
was loaded onto a 10% gel. Samples were boiled with 2% SDS and 100
mM DTT prior to loading. The gel was stained with Coomassie blue.
Lane 1, gp120; lane 2, gp120-CD4y,,; lane 3, gp120-M9. (Bottom) Gel
filtration analysis of native gp120, gp120-CD4,,,, and gp120-M9
polypeptides on a Superdex 200 analytical gel filtration column in PBS
buffer at room temperature. For comparison, gp120 was also preincu-
bated with a molar excess of CD4,,, for 30 min. at room temperature
and then loaded onto the gel filtration column. The absorbance at 220
nm is shown as a function of the elution volume for gp120-CD4,,,
(trace 1), gp120-M9 (trace 2), gp120 (trace 3), and gp120 preincubated
with CD4,,, (trace 4).

lized 17b was assayed by using the BIACORE 2000 SPR in-
strument. Binding was assayed both in the presence and in the
absence of a fivefold excess of soluble CD4,,,. JRFL gp120 in
the absence of CD4,,, showed no detectable binding to 17b.
Binding increased in the presence of added CD4,,, and be-
came saturated in the presence of a fivefold molar excess of
CD4y,, (Fig. 2). In contrast, the gp120-CD4,,, single chain
bound to 17b in the absence of soluble CD4,,,, and no en-
hancement of binding was observed after addition of a fivefold
molar excess of CD4,,,. The extent of 17b binding for gp120-
CD4,,, was similar to that of an identical concentration of the
noncovalent gp120:CD4,,, complex, suggesting that all of the
single chain is properly folded (Fig. 3). The gp120-M9 complex
bound to 17b, but with much lower affinity than gp120-CD4, 5.
Furthermore, 17b binding to gp120-M9 was appreciably en-
hanced in the presence of excess CD4p,,,, in contrast to 17b
binding to gp120-CD4,,, (Fig. 4) The data suggest that the
gp120-M9 single chain may be relatively flexible and may con-
tain both molecules in which the M9 component is complexed
to gp120 (CD4; conformation) and a large fraction of mole-
cules which more closely resemble free gp120. CD4,,, would
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FIG. 2. Sensorgram overlays to show the binding of JRFL gp120 to
the immobilized 17b surface. Surface density, 500 RU; buffer, 10 mM
phosphate (pH 7.4)-150 mM NaCl-0.0005% Tween 20; flow rate, 30
pl/min. (A) JRFL gp120 at 100 nM does not bind to 17b (curve 2), but
when it is preincubated with 500 nM CD4,,, there is a marked
increase in binding (curve 1). CD4p,;, at 500 nM does not show any
detectable binding to 17b (curve 3). (B) Binding of gp120 to 17b as a
function of CD4p,, concentration. A 40 nM concentration of gp120
was incubated with 400, 320, 160, 80, or 40 nM CD4,,, for 30 min, and
binding to 17b was monitored (curves shown from top to bottom of the
graph in order of decreasing CD4,, concentration). (C) The final
response at the end of the association phase was plotted against the
molar ratio of CD4,,:gp120.

be able to bind to the latter molecules and convert them to a
CD#4, conformation.

SPR studies were carried out as a function of protein con-
centration and pH to obtain values of the rate constants for
association and dissociation (k, and k,, respectively) and the
equilibrium dissociation constant (K,) value (k,/k,) for bind-

gp120-CD4p,,, AND gp120-M9 IMMUNOGENS 1717

40
A
_. 30 A
o 20 A
g 2
&
o 10
o
0 4
-10 T
0 100 200
Time (s8)
40
B
g
o
o
=]
o
oy
&
Time (s)
40
c
g 1
§
g 2
&
& 10 4
4
0
0 100 200
Time (s)

FIG. 3. Sensorgram overlays for the binding of gp120 (preincu-
bated with CD4,,,), gp120-CD4,,,, and gp120-M9 to surface-immo-
bilized 17b. Surface density, 500 RU; buffer, 10 mM phosphate (pH
7.4)-150 mM NaCl-0.0005% Tween 20; flow rate, 30 wl/min. (A) Bind-
ing of 100, 50, 25, or 12.5 nM gp120, preincubated with a fivefold molar
excess of CD4,;, for 30 min, to surface-immobilized 17b (curves 1, 2,
3, and 4, respectively). (B) Binding of 100, 50, 25, or 12.5 nM gp120-
CD4y,, to surface-immobilized 17b (curves 1, 2, 3, and 4, respectively).
(C) Binding of 5,500, 250, 125, or 62.5 nM gp120-M9 to surface im-
mobilized 17b (curves 1, 2, 3, and 4, respectively).

ing of the various constructs to 17b (Table 1). Binding is largely
independent of pH in the pH range 5 to 9. The gp120-CD4,,,
single chain and the noncovalent gp120:CD4,,, complex have
similar K,s for 17b, while the corresponding K, of the
gp120-M09 single chain is 10-fold higher. This difference results
primarily from a lower &, for this protein. The binding constant
of the noncovalent gp120:CD4,,,, complex to 17b is similar to
that reported previously (17). In addition, the binding of
CD4p,, to gpl120 was also measured by us, and the binding
parameters (9.5 X 10* M~ ' s~ ! for k, and 1.7 X 10~ * s~ ! for
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FIG. 4. Effect of added CD4p,, on binding of gp120-M9 and
gp120-CD4,, to 17b. (Top) Binding of gp120-M9 to surface-immo-
bilized 17b increases upon preincubation with increasing concentra-
tions of CD4,,, (curves 1 to 6). Binding saturates at a fivefold molar
excess of CD4p;,. This binding is comparable to that of the same
concentration of gp120 preincubated with a fivefold molar excess of
CD4y,,, (curve 7). Shown is the binding of 100 nM gp120-M9 to
surface immobilized 17b (curve 1), with 50 nM (curve 2), 100 nM
(curve 3), 250 nM (curve 4), 500 nM (curve 5), and 750 nM (curve 6)
CD4p,. (Bottom) Binding of gp120-CD4y,,, to surface-immobilized
17b does not increase upon preincubation with a fivefold molar excess
of CD4y,,,. Shown is the binding of 100 nM gp120-CD4,,, to surface-
immobilized 17b with (curve 1) and without (curve 2) CD4y,,,. Surface
density, 500 RU; buffer, 10 mM phosphate (pH 7.4)-150 mM NaCl-
0.0005% Tween 20; flow rate, 30 pl/min.

k,) were very similar to published values (6.7 X 10* M~ ' s~ !

for k, and 1.5 X 1073 s~ ! for k,) (27). All the above studies
suggest that the gpl20 and gpl20 derivatives used in the
present work are properly folded. In contrast to some previous
studies (19, 47), we did not observe binding of gp120 to 17b in
the absence of CD4,,, for the full-length gp120 constructs
used in the present work, though such binding was observed in
gpl120 constructs in which the loop was deleted (K.
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Chakraborty and R. Varadarajan, unpublished data). The rea-
sons for this difference are not clear, but we speculate that it
may be due to differences in the glycosylation pattern of JRFL
gp120, used in these studies (expressed by transient transfec-
tion in 293 cells), and the gp120 molecules used in the earlier
studies, which were expressed in Drosophila S2 cells.

Spectroscopic characterization of single-chain complexes.
Far-UV CD spectra of gp120, gp120-CD4,,,, and CD4,,, are
shown in Fig. 5A. The spectrum for gpl120-M9 (data not
shown) has molar ellipticity values intermediate between those
for gp120 and gp120-CD4,,,. Figure 5B shows mean residue
ellipticities (MRE) for gp120, gp120-CD4,,,, and the nonco-
valent gp120:CD4,,, complex. For the complex, the contribu-
tion of excess unbound CD4,,, has been subtracted. Figure 5C
shows MRE for gp120, gp120-M9, and gp120-CD4,,,. For the
latter two molecules, the contributions of M9 and CD4,,
have been subtracted. In all cases the subtractions were carried
out before the raw data were converted to MRE (see Materials
and Methods). The subtractions make the reasonable assump-
tion that the secondary structures of these two ligands
(CD4y,, and M9) are the same in the free form and the single
chain. The figure shows that the secondary structure of gp120
is identical in all three constructs. This implies that the con-
formational changes induced by CD4 or M9 in gp120 primarily
involve rigid body motions of domains, without any overall
change in secondary structure.

Immunogenicity and neutralization studies. Immunization
of guinea pigs with the three antigens (gp120, gp120-CD4y,,,,
and gpl120-M9) was carried out using the three different im-
munization protocols described in Materials and Methods. Ta-
ble 2 shows ELISA and neutralization titers obtained after the
fourth immunization. ELISA titers to all antigens in all groups
increased progressively for injections 1 to 3, reached a plateau
for injections 3 and 4, and decreased somewhat for the termi-
nal bleeds (data not shown). Values reported are means for
each group. The DNA-alone and DNA-protein injection pro-
tocols yielded similar titers, while the animals receiving protein
alone had markedly lower titers (data not shown). All animals
receiving the gp120-CD4,, antigen had very high titers against
CD4,,. These were 5- to 10-fold higher than the corresponding
gp120 titers. Surprisingly, low but consistent and reproducible
titers against CD4 were also seen in all animals receiving gp120
alone, suggesting that some antibodies against gp120 cross-
react with CD4,,,. Neutralization studies were carried out for
all animals receiving DNA alone or DNA-protein by using a
standard PBMC assay as described in Materials and Methods.
The data show that broadly neutralizing activity is present only

TABLE 1. Rate constants and equilibrium constants for the binding of the different constructs to 17b as a function of pH as measured by
BIAcore SPR

Value® at:
Protein PH pH 7 PH 5
MsTY k) Ky M) kM) k) KM A MsT) k) Ky (M)
(107) (10%) (10%) (1079) (10%) (10%) (107%) (10%) (10%)
gp120:CD4,, (1:5) 1.7 5.6 34 3.0 1.6 3.1 4.6 1.5
gp120-CD4p,» 2.2 22 1.0 2.3 0.8 22 4.9 2.2
gp120-M9 0.2 6.0 32.0 7.9 25.0 0.2 4.5 20

“k, and k,, rate constants for association and dissociation, respectively. K, equilibrium dissociation constant.
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FIG. 5. Far-UV CD spectra of gp120 and its derivatives. Spectra
were obtained with 0.61 uM gp120, 0.76 uM gp120-CD4,,, 0.80 uM
gp120-M9, and 2 pM CD4p,,, in CGHS buffer (pH 7.4) with a 0.1-cm-
path length cuvette, a scan rate of 10 nm/min, and a time constant of
8 s. Data reported are averaged over a minimum of six scans. (A) Mo-
lar ellipticities for gp120 (solid line), gp120-CD4,,, (open squares),
and CD4p,,, (solid circles). (B) MRE for gp120 (solid line), gp120-
CD4y,,, (solid circles), and gp120 preincubated with a threefold molar
excess of CD4p,, after subtraction of the contribution from excess
CD4y,,, (open squares). (C) MRE for gp120 (solid line), gp120-M9
after subtraction of the M9 contribution (solid circles), and gp120-
CD4y,,, after subtraction of the CD4y,,, contribution (open squares).
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in sera derived from animals receiving the gp120-CD4,,, im-
munogen. Neutralization was also examined by using a more-
sensitive single-cycle infectivity assay. Here, too, neutralization
was observed only with sera from animals receiving the gp120-
CD4,, immunogen (Table 2, footnote c). No differences in
neutralization profiles were observed between animals receiv-
ing the gp120 and gp120-M9 antigens. Hence the gp120-M9
antisera were not subjected to further detailed characteriza-
tion.

CD4,,,, depletion and affinity purification studies. Since the
gp120-CD4,,, antisera contained very high titers of anti-CD4
antibodies, it is likely that these are primarily responsible for
the broad neutralizing response. In order to test this possibility,
antisera from gp120-CD4,,, animals were passed over a col-
umn containing immobilized CD4,,. In a control experiment,
corresponding gp120 antisera were also subjected to the same
procedure. Table 3 shows ELISA and neutralization titers for
these sera before and after depletion. The data clearly show
that the depletion procedure completely depletes sera of anti-
CD4,,, antibodies without significantly affecting the titer
against gp120. There is also a corresponding loss of neutral-
ization activity upon depletion.

Antisera were affinity purified by being passed over
gp120-M9 immobilized on agarose beads. Table 4 shows that
both the CD4 ELISA titers and the neutralization titers were
present exclusively in the unbound fraction. A substantial frac-
tion of anti-gp120 antibodies bound to the column and were
eluted. However, these antibodies did not show any neutral-
ization. A control experiment showed that the CD4; antibody
17b could be efficiently captured and eluted from the beads
and that the elution procedure did not result in any loss of
bound gp120-M9 from the beads. Both the depletion and the
affinity purification experiments clearly indicate that the broad
neutralizing response observed in animals receiving the gp120-
CD4,, immunogen is wholly due to anti-CD4,,, antibodies.

Immunological characterization of antisera. Antisera were
further characterized for their relative titers against native and
denatured gp120. It has been reported previously (40) that
individuals vaccinated with gp120 have a high proportion of
antibodies directed aginst linear epitopes that are present only
in the denatured protein. Table 5 demonstrates that animals
inoculated with gp120 or gp120-CD4,,, had equivalent titers
to native and rem gp120. There was little or no change in these
titers after depletion of anti-CD4 antibodies. Thus, the pres-

TABLE 2. ELISA and neutralization titers” for sera obtained after the fourth immunization

ELISA titer

Neutralization titer (ICq)”

Group Vaccine antigen

gp120 M9 CD4p15 MN JRFL Bal 1B 13570
1 gp120 (DNA) 237,500 100 3,200 72 <10 <10°¢ <10°¢ <10
2 gp120-CD4p,,, (DNA) 175,000 100 2,532,600 600 70 50¢ 40¢ 120
3 gp120-M9 (DNA) 64,000 256,000 100 120 <10 <10°¢ <10°¢ <10
4 gp120 (DNA-protein) 1,024,000 100 1,000 240 <10 <10 <10 <10
5 gp120-CD4,,, (DNA-protein) 2,867,200 4,800 4,915,200 1,000 120 45 <10 10
6 gp120-M9 (DNA-protein) 409,600 307,200 100 45 <10 <10 <10 <10

“ Values are means for each group.

> 1Cqy, 90% inhibitory concentration, expressed as the reciprocal of the serum dilution in which 90% or more of the viral antigen production was inhibited relative

to production in untreated viral growth control wells.

¢ Neutralization titers were also measured by using a more-sensitive single-cycle infectivity assay. Mean titers (ICs) for animals vaccinated with gp120-CD4y,,, were
1,765 and 4,982 for HIV strains IIIB and Bal, respectively. No neutralization was observed in sera from animals receiving gp120 or gp120-M9 as the immunogen.
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TABLE 3. Comparison of ELISA and neutralization titers before and after depletion of anti-CD4 antibodies from sera collected after the

fourth immu

nization

ELISA titer

Neutralization titer (ICy,)”

Group Vaccine antigen CD4 gp120 MN 1357-0°

Undepleted Depleted Undepleted Depleted Undepleted Depleted Undepleted Depleted

1 gp120 (DNA) 3,200 3,200 100,000 100,000 80 46 10 <46

1,600 1,600 400,000 400,000 160 46 <10 <46

1,600 1,600 50,000 50,000 <10 <40 20 <40

6,400 6,400 400,000 400,000 40 44 <10 <44

2 gp120-CD4,,, (DNA) 300,000 1,000 400,000 400,000 >1,280 51 160 <51

1,638,400 1,000 100,000 100,000 320 <57 160 <57

6,553,600 1,000 100,000 100,000 640 <67 320 <67

1,638,400 1,000 100,000 100,000 160 <48 20 <48

“1Cy0, 90% inhibitory concentration, expressed as the reciprocal of the serum dilution in which 90% or more of the viral antigen production was inhibited relative

to production in untreated viral growth control wells.
? CCR5-utilizing primary isolate.

ence of the stabilizing CD4,,, ligand in the single chain does
not appear to have resulted in a very large increase in the
proportion of antibodies that recognize conformational
epitopes present only in intact gp120. In contrast, the anti-CD4
antibodies were directed primarily against conformational
epitopes present only in intact CD4. Antisera were also char-
acterized for their abilities to compete with the CD4; antibody
17b and the V3 loop-directed antibody 447-52d. gp120-CD4,,
and gp120 antisera competed equally well with the anti-V3
loop antibody 447-52d. This was expected, because this loop
should be accessible in both immunogens. Figure 6 shows that
only antisera to gp120-CD4,,, were able to compete with 17b.
Interestingly, this activity was not affected by depletion of anti-
CD4,,, antibodies. Preincubation of the gp120-CD4y,,, sera
with CD4,, also had no effect on the ability of the sera to
compete with 17b. Both these experiments suggest that the
desired CD4; antibodies have been generated in response to
the gp120-CD4,,, immunogen. However, these antibodies ei-
ther have a low titer relative to other anti-gp120 antibodies or
are weakly neutralizing. A recent study suggests that CD4;
antibodies are likely to be poorly neutralizing because they
may be sterically excluded after attachment of the virus to the
CD4 receptor (21).

DISCUSSION

Despite intensive efforts over the past decade, there has
been little success in obtaining an immunogen that elicits a

TABLE 4. Characterization of neutralization properties of guinea
pig sera before and after affinity purification on immobilized gp120-

broadly neutralizing antibody response against HIV-1. The
virus has evolved a number of mechanisms to avoid a neutral-
izing response. While the gp120 and gp140 proteins are obvi-
ous targets for the immune system, the protein surface is
heavily glycosylated. Recent work (18) has shown that muta-
tions that alter the glycosylation pattern contribute signifi-
cantly to immune evasion. It is believed that conserved
epitopes such as the receptor or coreceptor binding sites are
either recessed (CD4 binding site) or sterically inaccessible
(coreceptor binding site) in the trimeric form of the Env pro-
tein on the virus. Upon receptor binding, gp120 undergoes a
conformational change that exposes its coreceptor binding
sites. Epitopes exposed at this stage are known as CD4;
epitopes. Several MADs that target CD4; epitopes, such as 17b
and 48d, have been isolated (38). However, none of these
antibodies has been shown to have broadly neutralizing activ-
ity. Recently a Fab fragment named XS5, isolated by phage
display against a gp120:CD4:CCRS complex, was reported to
have broadly neutralizing activity (26). However, subsequent
work showed that when X5 was converted to a full-length
antibody, there was a substantial decrease in its neutralizing
activity (21). The neutralizing activities of X5, 17b, and 48d
were studied for full-length IgG, Fab, and scFv forms. In all
three cases the neutralizing activity was found to decrease as
molecular size increased, i.e., the activity of scFv was highest,
followed by Fab and IgG, in that order.

The data were consistent with a neutralization mechanism in

TABLE 5. ELISA titers against native and rcm protein for terminal
bleed sera

M9 beads
. Neutralization
. ELISA titer .
S;c]g'al Material titer

CD4“ gpl20° MNP 1357-(°

1 Untreated sera 1,000,000 150,000 640 80

2 Column flowthrough 1,000,000 150,000 704 88

3 Eluted fraction 3,600 150,000 <44 <44

“ ELISA antigen.
b Viral strain used for neutralization assay.

Sf}gf‘l Vac‘“'(‘g%f;‘gm ELISA antigen ELISA titer
1 gpl20 Native gp120 17,000
2 gpl20 rem gp120 20,000
3 gpl120-CD4p,, Native gp120 25,000
4 gpl120-CD4p,, rcm gp120 25,000
5 gpl20 Native CD4p» 600
6 gp120 rem CD4p 5 600
7 gp120-CD4p,, Native CD4,,, 1,00,000
8 gp120-CD4p» rem CD4p 5 500
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FIG. 6. Characterization of immune sera by a competition ELISA.
(A) A 1:10 dilution of the serum obtained from a gp120-CD4p,,-
vaccinated animal preincubated with varying amounts of CD4,,, (O0)
was able to compete out 17b binding to gp120-CD4,,,. This compe-
tition was not due to anti-CD4 antibodies, because it was independent
of the CD4p,, concentration. The preimmune serum control (@)
showed no competition. (B) Sera obtained from animals vaccinated
with gp120-CD4y,, (O), gp120-M9 (00), gp120 (A), or the preimmune
serum (@) were examined for their abilities to compete out 17b bind-
ing to gp120-CD4y,;, in a competition ELISA (details in Materials and
Methods). Only gp120-CD4,,, antisera competed with 17b. The
gp120-CD4p,,, antisera depleted of anti-CD4,,, (¢ ) retained the abil-
ity to compete out 17b binding to gp120-CD4,,,. (C) Sera obtained
from animals vaccinated with gp120-CD4p,, (O) or gp120 (®) com-
peted out 447-52D binding to gp120-CD4y,, to equal extents (for
details, see Materials and Methods).

which the CD4, epitope is exposed only after attachment of the
virus to CD4 on the host cell. After attachment, it is likely that
the larger IgG molecules are sterically excluded from binding
to CD4; epitopes, and this is a probable explanation for the
inverse correlation of antibody neutralization efficiency with
antibody size. However, all these experiments were carried out
with a limited set of MAbs. Given the high degree of flexibility
and diversity in antibody structure, it is still unclear if antigens
that present the CD4; epitope are capable of generating a
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neutralizing response. A recent study (8) demonstrated that
the sulfated antibody 412d, derived from an infected individ-
ual, neutralized the primary R5 ADA isolate better than the
well-studied unsulfated CD4; antibodies 17b and 48d. Another
similarly derived sulfated antibody, E51, was also shown (45) to
neutralize primary isolates JRFL and SA32 better than 17b,
though the enhancement in neutralization efficacy was rela-
tively modest. Both 412d and E51 are CD4; antibodies. A
CD4-independent virus was previously shown to exhibit par-
tially exposed CD4; epitopes (17), but there is so far no evi-
dence demonstrating that the corresponding envelope is a use-
ful immunogen. It was also recently reported that cross-linked
complexes of gpl120 with four-domain soluble human CD4
generated a potent and broadly neutralizing immune response.
Although anti-CD4 antibodies were present in these sera, the
sera were reported to show appreciable neutralization activity
after being affinity purified on a column containing the immo-
bilized gp120-M9 single chain (12).

This finding suggested that gp120:CD4 complexes or other,
related molecules, which exposed the CD4; epitope, might be
useful immunogens. Chemically cross-linked protein com-
plexes are relatively inhomogeneous molecular species which
are difficult to produce reproducibly on a large scale. An ear-
lier report described the construction of gp20-CD4y,, and
gp120-M09 single chains in which the two molecules were linked
by a 20-amino-acid linker (13). These constructs used gp120
derived from the Bal isolate. In the present work we have
described the biophysical and immunological characterization
of gp120-CD4,,, and gp120-M9 single chains derived from the
JRFL isolate. In both cases, folded and largely monomeric
proteins were obtained. gp120-CD4,,, was found to bind 17b,
a prototypical CD4; antibody, with a 10-fold lower K, than
gp120-M9. The binding of 17b to gp120-CD4,,, was not en-
hanced by addition of exogenous CD4,,,, demonstrating that
all single-chain molecules were in a properly folded conforma-
tion that exposed the CD4; epitope. In contrast, exogenous
CD4,,, considerably enhanced the ability of gp120-M9 to bind
17b, suggesting that the CD4,,, was able to displace the M9
component of the single chain from its intramolecular binding
site in gp120. Free M9 is known to bind approximately 100-fold
less strongly than CD4,,, to gp120 (41). Evidently, even link-
ing M9 and gp120 in a single chain to decrease the entropic
penalty for binding is not sufficient to prevent CD4,, from
displacing M9. The present work indicates that the broadly
neutralizing response observed in guinea pig sera, associated
with the gp120-CD4,,,, single-chain construct, is exclusively
due to anti-CD4p,,, antibodies. While CD4,; antibodies are
clearly induced by this immunogen, they do not appear to be
responsible for neutralization. This result is quite different
from that observed in the earlier study that utilized cross-
linked gp120-CD4,,, complexes in rhesus macaques (12).
There are several possible explanations for this discrepancy.

First, cross-linked complexes behave differently from single
chains. It is possible that the single-chain molecules may be
more susceptible to proteolysis and/or degradation than the
cross-linked complexes. However, we found no evidence that
the linker region in our constructs was particularly sensitive to
proteolysis. Indeed, incubation of our purified single-chain
constructs with a serum-containing medium for more than 72 h



1722 VARADARAJAN ET AL.

showed no cleavage of the single chain into its individual com-
ponents.

Second, the earlier animal studies (12) were carried out with
macaques, while the present data used guinea pigs. Rodent
immune responses are known to differ in important respects
from those of primates. In particular, rodents lack the ability to
produce long CDR3 loops (30); these loops are an important
feature of the broadly neutralizing antibody b12, which targets
the recessed CD4 binding site of gp120 (30). It was recently
reported that sulfated CD4; antibodies derived from HIV-1-
infected individuals and able to neutralize RS isolates are also
associated with long CDR3 loops.

Third, in the previous study (12), efforts were made to af-
finity purify the neutralizing activity by passing the material
over an affinity matrix composed of gp120-M9 immobilized
onto agarose beads. The ratios of antiserum titers to gp120 and
CD4, respectively, were approximately 10 and 20 before and
after the affinity purification (Fig. 2A and C) (12). It was
suggested that the observed CDA4 titer after affinity purification
was due to promiscuous binding of anti-gp120 antibodies.
However, the small change in relative titer after affinity puri-
fication also indicates that all CD4 antibodies may not have
been removed by this treatment. Hence it is possible that some
nontrivial fraction of the neutralization observed in the earlier
study may have been due to anti-CD4 antibodies. A similar
affinity purification procedure in our case resulted in a com-
plete removal of anti-CD4 antibodies as well as a lack of
observable neutralizing activity. In a recent study (15), the Bal
gp120-CD4 single chain was injected into mice. While the
molecule was highly immunogenic, the corresponding antisera
did not show any neutralizing activity. MAbs generated from
the immunized mouse bound to the single chain but, surpris-
ingly, did not bind to the noncovalent gp120:CD4 complex or
to free gp120. Since the present work clearly demonstrates that
the single chain and the noncovalent complex are structurally
very similar, this result is quite puzzling. It suggests that the
MAbs may be binding to the linker region of the single chain.
Another recent study (22) examined the immunogenicity of
HIV gp120 cross-linked to MAb A32. A32 is an antibody that
induces 17b and 48d epitopes upon binding on gp120, although
it binds at a site distinct from CD4 (43). In agreement with the
results reported here, no increase in the breadth of neutraliza-
tion, relative to that observed by using gpl20 alone as an
immunogen, was seen with the A32-gp120 immunogen.

In summary, the present work shows that the broad neutral-
ization activity observed in guinea pigs receiving the gp120-
CD4,, single-chain immunogen is due exclusively to anti
CD4p,, antibodies. Although antibodies against CD4;
epitopes were present in these sera, they were not associated
with any significant neutralizing activity. These studies illus-
trate the difficulties involved in targeting CD4,; epitopes and
also suggest that CD4; epitopes may not be a good target for
HIV-1 vaccine design.
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