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We have studied the development of the antibody response to the surface glycoprotein gpl20 of human
immunodeficiency virus type 1 in three individuals who presented with primary human immunodeficiency virus
type 1 infection syndrome. Serum anti-gpl20 antibodies were first detected 4 to 23 days after presentation, after
p24 antigen and infectious-virus titers in the peripheral blood had declined manyfold from their highest values.
Whether anti-gpl20 antibodies present at undetectable levels are involved in clearance of viremia remains
unresolved. Among the earliest detectable anti-gpl20 antibodies were those to conformationally sensitive
epitopes; these antibodies were able to block the binding of gpl20 monomers to soluble CD4 or to a human
monoclonal antibody to a discontinuous epitope overlapping the CD4-binding site. Some of these antibodies
were type specific to a degree, in that they were more effective at blocking ligand binding to autologous gpl20
than to heterologous gpl20. However, the appearance of these antibodies did not correlate with that of
antibodies able to neutralize the autologous virus in vitro by a peripheral blood mononuclear cell-based assay.
Antibodies to the V3 loop were detected at about the same time as, or slightly later than, those to the
CD4-binding site. There was a weak correlation between the presence of antibodies to the V3 loop and
autologous virus-neutralizing activity in two of three individuals studied. However, serum from the third
individual contained V3 antibodies but lacked the ability to neutralize the autologous virus in vitro, even
immediately after seroconversion. Thus, no simple, universal correlate of autologous virus-neutralizing activity
in a peripheral blood mononuclear cell-based assay is apparent from in vitro assays that rely on detecting
antibody interactions with monomeric gpl20 or fragments thereof.

Infection of humans with human immunodeficiency virus
type 1 (HIV-1) leads to the development of AIDS. The period
between infection and the onset of AIDS is variable but is
usually of many years' duration. During this asymptomatic
phase, HIV-1 replication is partially suppressed by the immune
system, although it is clear that the infection is not truly latent;
significant virus production occurs at this stage, particularly in
lymphoid tissues (15, 16, 26, 41, 42, 52). Nonetheless, the
vigorous immune response to HIV infection may modulate the
pathogenic effects of the virus on the host, so it behooves us to
understand the nature of this response when considering the
design of future HIV-1 vaccines or immunotherapeutic agents.

Perhaps the most dramatic demonstration of the power of
the immune system to suppress HIV-1 replication occurs
during the acute stage of infection. Within a few weeks to
months of virus transmission, plasma HIV-1 titers in the
recipient can increase to extremely high levels, as measured by
the detection of viral p24 antigen, RNA, or infectious HIV-1
(9, 13, 21). In some cases, this viremic phase is associated with
clinical symptoms (9, 13). Yet within a short period, plasma
viremia declines dramatically, with reductions in virus titers of
up to 1,000-fold occurring over a few days (9, 13, 24, 43). We
are interested in determining what facets of the immune
response might be involved in controlling acute HIV-1 viremia.
Our prior studies have shown that the earliest immune system
parameter we can consistently measure is the appearance of
cytotoxic T-lymphocyte (CTL) activity, preceding that of virus-
neutralizing antibodies (24). It is clear, however, that while
CTLs can kill virus-infected cells and reduce the rate of virus
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production, they cannot themselves clear circulating plasma
virus, which must involve other active or passive mechanisms.
One candidate for a system to clear virus and viral antigen
from the circulation is antiviral antibody (3, 10, 17, 24, 54).
Here we analyze the temporal development of the antibody
response to the HIV-1 surface glycoprotein, gpl20, during
primary HIV-1 infection syndrome.

MATERIALS AND METHODS

Patients. Patients AD-6, AD-11, and AD-13 presented on
day 0 with symptoms of primary HIV-1 syndrome and were
confirmed as being acutely infected by determining their
changing virological and serological statuses, as described in
detail elsewhere (24, 55). It is presumed that each individual
became infected several weeks prior to presentation through
homosexual contact with an infected partner (24). All three
patients gave informed consent and were monitored frequently
for at least 6 months. Patients AD-6 and AD-11 were found to
be HIV-1 antibody positive by commercial enzyme-linked
immunosorbent assay (ELISA) testing on days 8 and 10 after
presentation, respectively. Patient AD-13 had been HIV-1
seronegative 12 days prior to presentation with symptoms and
was found to be HIV-1 seropositive at the time of this second
presentation (day 0) (24).

Virus culture and neutralization. Plasma taken from pa-
tients during the phase of peak antigenemia was cocultured
with peripheral blood mononuclear cells (PBMC) to expand
HIV-1 in tissue culture without selection for variants able to
replicate preferentially in T-cell lines. All virus-containing
supernatants used were derived from first (Pl) or second (P2)
cultures. Virus neutralization was assessed by using phytohe-
magglutinin-stimulated PBMC as indicator cells, with determi-
nation of extracellular p24 antigen production as the end point,
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essentially as described previously (12). Briefly, PBMC were
stimulated with phytohemagglutinin for 24 h before removal of
the mitogen by washing. The lymphoblasts were then exposed
for 24 h to an inoculum of fifty 50% tissue culture infective
doses (TCID50) of HIV-1 that had been previously incubated
for 30 min at 37°C with or without serum. Excess virus and
antibody were then removed by extensive washing, and the
cultures were maintained for 5 to 7 days. Virus production
(p24 antigen) was measured during the logarithmic growth
phase of the cultures by using a commercial kit (Abbott
Laboratories, Chicago, Ill.). The concentrations of sera able to
reduce p24 production by 90% (ID90s) were calculated. Datum
points were the products of triplicate cultures. Appropriate
controls were performed to ensure that interference of serum
anti-p24 antibodies with p24 assays was negligible (27).
The V3 sequences of P1 viruses were derived as described

elsewhere (24, 55) and were as follows: AD-6, CIRPNNNTRK
SITMGPGKVFYVTDIIGDIRQAQC; AD-11, CTRPNNNT
RRSIPIGPRAFYTTGQIIGDIRQAHC; and AD-13, CVRPN
NNTRRSIHIGPGRAFYATGDIIGDIRQAHC.
MAbs and polyclonal sera. All human serum or plasma

specimens were heat inactivated (56°C, 30 min) before use.
Human monoclonal antibodies (HuMAbs) 15e, 21h, and 19b
have been described elsewhere (23, 48, 51) and were donated
by James Robinson (University of Connecticut Medical
School, Farmington, Conn.). HuMAb 447-D (rl) has been
described previously (18, 19, 31) and was donated by Emilio
Emini and Anthony Conley (Merck Sharp and Dohme Re-
search Laboratories, West Point, Pa.). HuMAbs 15e and 21h
recognize discontinuous epitopes that overlap the CD4-bind-
ing site (CD4BS) on gp120, while HuMAbs 19b and 447-D (rl)
recognize determinants in the V3 region of gpl20 (18, 19, 48,
51). Soluble CD4 (sCD4) was provided by Paul Maddon
(Progenics Pharmaceuticals Inc., Tarrytown, N.Y.) (39). MAbs
and sCD4 were labelled with biotin as described previously (35,
45, 46). Serum sample FF3346 (5/7/92), drawn from a labora-
tory worker infected with HIV-1 IIIB in 1985 (53), was
provided by William Blattner (National Cancer Institute, Fre-
derick, Md.). Its use in other immunological assays has been
described elsewhere (30, 33).

Sources of gpl20. HIV-1 culture supernatants were treated
with 1% Nonidet P-40 (NP40) nonionic detergent to inactivate
HIV-1 and release gpl20 from virions in, it is presumed,
predominantly monomeric form. These NP40-treated cultures
provide a source of seroconvertor virus gpl20 and were stored
in 1-ml aliquots at -40°C. Other sources of gpl20 were
NP40-treated supernatants from H9 cell cultures of HIV-1
HxB2, gp120 purified from HIV-1 MN-infected H9 cells (a gift
from Larry Arthur, National Cancer Institute), recombinant
SF-2 gpl20 expressed in CHO cells (50) (a gift from Kathelyn
Steimer, Chiron Inc., San Francisco, Calif.), and recombinant
BH10 gpl20 expressed in CHO cells (34) (UK Medical Re-
search Council AIDS Directed Programme Reagent Reposi-
tory and Celltech Ltd., Slough, United Kingdom). In some
experiments, gpl20 was denatured by boiling with 1% sodium
dodecyl sulfate-50 mM dithiothreitol for 5 min before dilution
with 9 volumes of TBS-NP40 buffer (Tris-buffered saline
[TBS], pH 7.5, containing 1% NP40 and 10% fetal calf serum),
as described previously (33, 35).

Direct-binding and competition assays to detect anti-gpl20
antibodies by antigen capture ELISA. To determine serum
anti-gpl20 levels, we used an antigen capture assay (29, 33-35,
37) that detects antibodies to discontinuous and continuous
gpl20 epitopes. Detergent-treated virus culture supernatant
was used as a source of autologous gpl20 for studies of
individual AD-6, as AD-6 virus grew to high titers in PBMC.

However, to increase the sensitivity of anti-gpl20 antibody
detection at early times we also used recombinant gpl20 in
some experiments, as this enabled greater amounts of gpl20 to
be captured by the solid-phase antibody.

Sheep polyclonal antibody D7324 or D7324-A (Aalto
BioReagents, Dublin, Eire), raised against the conserved car-
boxy-terminal 15 amino acids of HIV-1 BRU, was used to
capture gpl20 indirectly onto a solid phase (Immulon 2
MicroElisa plates; Dynatech) as previously described (29,
33-35, 37). Antibody D7324-A was derived by absorbing
antibody D7324 against normal human serum to reduce the
amount of nonspecific binding of human immunoglobulin G
(IgG) to D7324 during the capture ELISA procedures. Anti-
body D7324-A was used to minimize assay background in all
experiments in which the binding of human serum antibodies
to gpl20 was detected (direct-binding assays), whereas D7324
was used in competition assays when the binding of MAbs or
sCD4 to gpl20 was detected. All direct-binding assays were
performed in the presence and absence of added gpl20; the
extent of specific anti-gpl20 antibody binding was determined
by subtracting the optical density at 492 nm (OD492) values
derived in the absence of gpl20 (nonspecific background
absorption) from those derived in the presence of gpl20.
To capture gpl20, culture supernatants or recombinant

gpl20 (100 ng/ml) was diluted in TBS-NP40 buffer and incu-
bated with solid-phase-adsorbed antibody D7324 or D7324-A
for 2 h at room temperature. After unbound gpl20 had been
washed away, human serum antibodies orMAbs were added in
TMT-SS buffer (TBS containing 2% nonfat milk powder, 20%
sheep serum, and 0.5% Tween 20) for 30 to 60 min. In
competition experiments, an equal volume of TMT-SS buffer
containing biotin-labelled MAb or sCD4 was added and the
extent of MAb or sCD4 binding was measured 60 min later. In
direct-binding assays, the extent of serum antibody or MAb
binding was measured after 60 min. When peptides were used
as competitors for serum antibody or MAb binding, these were
mixed with the serum or MAb in TMT-SS buffer for 30 min
prior to addition of the mixture to wells containing captured
gpl20. To detect bound antibodies, we used alkaline phos-
phatase-conjugated goat anti-human IgG (Accurate Chemi-
cals, Inc.) or alkaline phosphatase-conjugated streptavidin
(Dako Diagnostics) and the AMPAK ELISA amplification
system (Dako Diagnostics), as described previously (29, 33-35,
37).

Competition assays were used to detect serum antibodies to
the major neutralization sites of gpl20: the V3 loop and the
CD4-binding site. The selection of test reagent is important for
competition assays; sCD4 was an obvious choice, and we were
constrained by the scarcity of V3 HuMAbs into choosing
whatever we could find that bound the seroconvertor gpl20s.
For a CD4BS antibody (CD4BSAb), we used a well-character-
ized HuMAb, 21h (23, 51), which bound each of the serocon-
vertor gpl2Os. This enabled us to use the same reagent with all
three sets of serum samples, thereby facilitating interpatient
comparisons.
The concentrations of biotin-labelled MAb used in compe-

tition experiments were chosen to give approximately 75% of
the maximum level of binding; this allows effective competition
by serum antibodies to be achieved, while maintaining an
adequate level of biotin-MAb binding for detection purposes.
In the absence of competitor, ELISA signals (OD492) were
typically in the range 0.5 to 1.0, the magnitude depending upon
the amount of gpl20 that was present on the solid phase. When
two different virus gpl2Os were compared in the same experi-
ment, care was taken to ensure that similar amounts of gpl20
were captured onto the solid phase. Furthermore, the input
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TABLE 1. Binding or blocking of MAbs and sCD4
used in this study

Concn (pg/mi) giving half-maximal
Assay and virus binding or blocking for`:

sCD4 21h 19b 447-D (rl)

Binding
AD-6 0.13 1.5 0.015 >30
AD-11 0.20 1.4 0.07 0.30
AD-13 0.12 0.6 0.04 0.015

Blocking
AD-6 0.13 0.5 0.05 ND
AD-11 0.30 1.2 0.15 ND
AD-13 0.10 0.8 ND 0.03

Values for the binding assay indicate half-maximal binding of MAbs or sCD4
to seroconvertor gpl20, and values for the blocking assay indicate half-maximal
blocking of biotinylated MAbs or sCD4 by unlabeled MAbs. ND, not done.

concentrations of biotin-labelled HuMAb were adjusted to
give similar levels of binding to the different gp120s. All datum
points for the competition assays were the means (± standard
deviations [SD]) for triplicate wells or, for some experiments,
the means of duplicates. However, those datum points repre-
senting the absence of competitor (100% binding) were the
means (± SD) for 12 wells. The extent of competition was
determined by calculating the percentage of binding in the
presence of competitor relative to that in the absence of
competitor (100%), after correction of all OD492 values for
background absorption (no gpl20); this background value was
in the range of 0.03 to 0.1. In most experiments, the unlabelled
version of the biotin-labelled MAb was titrated to provide a
calibration curve for the extent of competition achieved by
serum antibodies; resultant data are presented in terms of
"MAb equivalences" present in sera. Direct-binding assays
were calibrated by adding known concentrations of a mixture
of a V3 HuMAb and a CD4BS HuMAb to the assay mixture;
each pair included 21h, which was mixed with 19b for experi-
ments with HIV-1 from AD-6 and AD-11 and with 447-D (rl)
for experiments with HIV-1 from AD-13. Concentrations of
unlabelled MAbs giving half-maximal binding in direct-binding
assays, and giving half-maximal inhibition of the binding of the
corresponding biotin-labelled MAb, are presented in Table 1.

Peptide-binding assays. Solid-phase peptide-binding assays
were performed as described elsewhere (30, 31). V3 loop
20-mer peptides from HIV-1 MN (CNKRKRIHIGPGRAFYT
TKN), SF-2 (CNTRKSIYIGPGRAFHTTGR), and HxB2
(CNTRKRIRIQRGPGRAFVTIGK) were obtained from
American Biotechnologies, Inc. (Cambridge, Mass.), while the
corresponding 20-mer peptide from HIV-1 from AD-6 (NTRK
SITMGPGKVFYVTDII) was purchased from Bio-Synthesis,
Inc. (Lewisville, Tex.). An additional 33-mer peptide based on
the AD-6 V3 sequence (CIRPNNNTRKSITMGPGKVFYVT
DIIGDIRQAQ) was a gift from Seth Pincus (NIAID Rocky
Mountain Laboratories, Hamilton, Mont.). Immulon 2 Micro-
Elisa plates were coated with peptides at 10 p,g/ml in TBS, and
MAbs or sera were reacted with bound peptides in TMT-SS
buffer unless otherwise described (30, 31).

RESULTS

We studied three individuals, AD-6, AD-11, and AD-13,
who presented on day 0 with symptoms of primary HIV-1
syndrome and seroconverted while under medical care. Clini-
cal, virological, and immunological profiles of these patients
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FIG. 1. Development of anti-gpl20 antibody response in individual

AD-6. Sera taken from AD-6 at the indicated days after presentation
were (A) titrated against AD-6 viral gpl20 or (B) tested at a 1:300
dilution against no gpl20 (0), AD-6 viral gpl20 (O), or recombinant
BH10 gpl20 (0), and the amount of bound anti-gp120 antibody was
determined. The OD492 values in panel A have been corrected for
background absorption (no gpl20) and are the products of single
ELISA wells. The OD492 values in panel B represent the means ± SD
for triplicate wells. When error bars are not shown, they lie within the
symbol.

have been presented elsewhere (24). Each individual is pre-
sumed to have become infected with HIV-1 several weeks
prior to his initial presentation with symptoms (24).

Individual AD-6. On day 0, AD-6 was p24 antigenemic and
his plasma was positive for HIV-1 RNA and culturable virus.
Within 4 days, all three indicators of plasma viremia had
declined dramatically (24). As assessed by commercial ELISA
and Western blot (immunoblot) assays, AD-6 seroconverted to
p24 and gp4l on day 8 and was continuously seropositive
thereafter (data not shown). With autologous gpl20 in the
antigen capture ELISA, anti-gpl20 antibodies were first de-
tectable in AD-6 serum on day 8, and the anti-gpl20 antibody
titers then increased rapidly over time (Fig. 1 and data not
shown). We failed to find IgM antibodies to gpl20 in sera from
individual AD-6 even at early times; our analysis is restricted to
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IgG antibodies. When recombinant BH10 gpl20 was used
instead of autologous gpl20, anti-gpl20 IgG antibodies were
detected as early as day 4 (Fig. 1B). This result does not imply
that AD-6 had a better anti-gpl20 response to heterologous
gpl20 than to autologous gpl20; it simply reflects the assay-
limiting concentrations of gpl20 present in PBMC cultures of
AD-6 virus. Denaturation of either autologous or BH10 gpl20
by boiling with sodium dodecyl sulfate and dithiothreitol
completely abolished binding of anti-gpI20 antibodies in AD-6
sera taken from early (day 15 or 32) or late (day 336) in the
longitudinal series (data not shown). Thus, anti-gpl20 antibod-
ies in AD-6 serum against conformationally sensitive epitopes
(33) are found even at early times.
We determined the ability of antibodies in AD-6 serum to

inhibit the binding of biotin-labelled V3 and CD4BS HuMAbs
or biotin-labelled sCD4 to autologous AD-6 gpl20 (Fig. 2).
Preliminary experiments using HIV-negative sera established
that a serum dilution of 1:50 was the minimum that did not
cause significant (±+15%) nonspecific inhibition of HuMAb
binding to AD-6 gpl20. Antibodies able to inhibit the binding
of the CD4BS HuMAb 21h to gpl20 were first detectable at
significant levels in AD-6 serum on days 8 to 15, when
approximately 30% inhibition of 21h binding occurred at a
serum dilution of 1:50. By day 24, the extent of inhibition was
more than 50% at a 1:50 dilution of serum, and the 21h-
blocking activity increased markedly thereafter (Fig. 2A).
Titration of AD-6 serum showed that 50% inhibition of 21h
binding to AD-6 gpl20 occurred at serum dilutions of 1:100 on
day 32, 1:300 on day 56, 1:600 on day 105, 1:1,000 on day 210,
1:2,000 on day 336, and 1:6,000 on day 463 (data not shown).
As expected, sCD4-blocking antibodies appeared in AD-6

serum simultaneously with 21h-blocking antibodies (Fig. 2B).
Significant inhibition (30%) of sCD4 binding was first found
around days 11 to 24, and a 1:50 dilution of day 32 serum
caused 50% inhibition. sCD4-blocking titers of 1:100 by day 56,
1:500 by day 105, 1:1,000 by day 336, and 1:3,000 by day 463
were achieved (data not shown). The relationship between
sCD4- and 21h-blocking antibodies and the total anti-gpl20
response is also shown in Fig. 2, where the latter is presented
in the form of the OD492 value found at a 1:300 serum dilution;
this presentation underestimates the gpl20-binding capacity of
the sera from late time points but allows the clear demonstra-
tion that antibodies to epitopes overlapping the CD4BS appear
very early after seroconversion.
The anti-V3 response of individual AD-6 was monitored in

three ways: by determining competition between serum anti-
bodies and the V3 HuMAb 19b for binding to AD-6 gpl20; by
determining competition between an AD-6 20-mer V3 peptide
(1 ,ug/ml) and AD-6 serum antibodies for binding to AD-6
gpl20 (30, 31); and by measuring direct binding of AD-6 serum
antibodies to solid-phase V3 peptides. By the V3 HuMAb
competition assay, V3 antibodies were first detected consis-
tently on day 56, a 1:50 dilution of this serum causing 30%
inhibition of 19b binding (Fig. 2). HuMAb 19b-blocking titers
of 1:75 on day 105, of 1:150 on day 210, of 1:250 on day 336,
and of 1:1,000 on day 463 were found (data not shown). In the
peptide competition assay, a very small, but significant, reduc-
tion in the binding of AD-6 serum (1:300) to AD-6 gpl20 was
observed with sera from as early as day 15 and day 24 (data not
shown). However, only a minor fraction of the total anti-gpl20
antibodies in AD-6 serum could be blocked by competition
with the AD-6 V3 peptide at any time point (data not shown),
significantly less than the amount we observed previously in
similar experiments with sera from another individual infected
with HIV-1 IIIB (30, 33).
The assays using solid-phase V3 peptides produced results

that were very strongly influenced by the identity of the peptide
used. A 20-mer peptide from the central, immunodominant
section of the AD-6 V3 loop was very poorly reactive with
AD-6 sera, whereas a 33-mer peptide comprising the entire
AD-6 V3 loop was strongly reactive with the same sera (Fig.
2B). With the latter peptide, V3-reactive peptides were detect-
able in AD-6 sera (1:300 dilution) on day 8, almost as early as
total anti-gpl20 antibodies (Fig. 1) and significantly before V3
antibodies were detectable in the V3 MAb competition assay
(Fig. 2B). Titration curves showed that AD-6 serum specimens
from days 8, 11, and 15 all contained very similar, low levels of
V3 peptide-reactive antibodies (Fig. 2B and data not shown).
The titer of these antibodies subsequently increased by about
threefold between days 15 and 24 and then remained constant
(±twofold) until day 336. There was then a further sixfold titer
increase by day 463 (Fig. 2B and data not shown), which
reflected the significant increase in total anti-gpl20 antibody
levels that also occurred between days 336 and 463 (Fig. 1 and
3). In contrast to the poor reactivity of the AD-6 20-mer
peptide with AD-6 serum antibodies, a peptide of the same
length from the MN V3 loop was recognized by these antibod-
ies. However, MN V3 peptide-reactive antibodies were detect-
able in AD-6 serum only on and after day 106, 98 days later
than antibodies reactive with the AD-6 33-mer V3 peptide
were detectable (Fig. 2B). After they appeared, MN V3
peptide-reactive antibodies were present at a level comparable
to that of antibodies recognizing the AD-6 33-mer V3 peptide
(Fig. 2B). Similar data were obtained when a 20-mer V3
peptide from the SF-2 V3 loop was used instead of the MN V3
peptide, but there was no significant binding of AD-6 serum to
the corresponding HxB2 V3 peptide (data not shown).

It is clear from Fig. 2 that the time when V3-reactive
antibodies can be detected in AD-6 serum depends upon the
assay format used. With the 33-mer AD-6 V3 peptide in a
solid-phase assay, V3 antibodies were detectable almost simul-
taneously with those able to block sCD4 or 21h binding to
gpl20 and soon after gpl20-reactive antibodies were measur-
able. However, according to the V3 MAb competition assay,
V3 MAb-blocking antibodies appeared slightly later than
sCD4- or 21h-blocking antibodies. Furthermore, MN V3 pep-
tide-reactive antibodies appeared 98 days after the appearance
of AD-6 V3 peptide-reactive antibodies, which may represent
a qualitative change in the immune response of individual
AD-6. Taking the data sets together, there appears to be a
small, but detectable, V3 loop component in the set of
antibodies made by AD-6 during the very early stages of
seroconversion.

Quantitative aspects of the anti-gpl20 antibody response in
AD-6: relationship to virus neutralization. To measure the
gpl20-binding capacity of the different types of anti-gpl20
antibodies present in AD-6 serum, we used purified HuMAbs
to calibrate the assays described above. The antigen capture
assays for anti-gpl20 antibodies were calibrated by comparing
the OD492 values derived by using serum with those obtained
by using a pair of HuMAbs able to recognize the gpl20 used as
antigen in the assay, one HuMAb being to the V3 loop (19b)
and one being to the CD4BS (21h). It must be emphasized that
because of the imprecise way in which a polyclonal response
can be mimicked by MAbs, this calibration method provides
only crude estimates of absolute serum antibody concentra-
tions. However, it does provide a reasonable way to monitor
the relative anti-gpl20 antibody concentrations in longitudinal
samples of serum from a single individual, although affinity
maturation of the polyclonal response will influence the situ-
ation to a degree; we make no allowance for this.
With HuMAbs 19b and 21h used as standards for compar-

VOL. 68, 1994

July 14, 2010 
jvi.A

S
M

.O
R

G
 - 

D
O

W
N

LO
A

D
E

D
 F

R
O

M
 

http://jvi.asm.org


5146 MOORE ET AL.

300 400

- 100

-75
m

.0
-50 D

2

- 25

-0

-1.6

-1.4

-1.2

-1.0 c
m

0
-0.8 9-

X

-0.6 . '
r_

-0.4

-0.2

K0

500

Days
FIG. 2. Appearance of V3 and CD4BSAbs in individual AD-6. (A) Data for total anti-gpI20 antibodies (-) were derived from the 1:300
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control serum specimens had no effect on HuMAb or sCD4 binding (± 15%). Assay backgrounds (no gpl20; 0% binding) typically had an OD492
value of 0.100, and OD492 values corresponding to 100% binding (no serum) were around 0.700 for 21h and 0.900 for 19b at the dilutions of the
biotin-labelled reagents used in the competition assays. (B) The reagents used in the competition assays were sCD4 (0) and V3 HuMAb 19b (A).
For sCD4, 100% binding corresponded to an OD492 value of 0.500. Also shown are the binding levels of AD-6 serum (1:300 dilution) to MN 20-mer
(-), AD-6 20-mer (-), and AD-6 33-mer (A) V3 peptides in a solid-phase assay.
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FIG. 3. Quantitation of anti-gp12O antibody response in individual AD-6. Estimates of the amounts of antibodies with different characteristics

in longitudinal samples of AD-6 serum were made as described in the text. The data are presented in terms of MAb equivalences. When datum
points at early times are not shown, the values are below the sensitivity limits of the assays. Autologous neutralization titers (X) are also depicted.
ot - gp12O, anti-gp12O.

ison, the MAb equivalences of anti-gpl20 antibodies in AD-6
serum were about 0.5 ,ug/ml on day 4 (data not shown) and
about 1.5 ,ug/ml on days 8 to 11 (Fig. 3). Thereafter, the MAb
equivalence of anti-gpl20 antibody increased by approximately
1 ,ug/ml/day for the next 325 days, reaching a level of 380 ,ug/ml
on day 336. Between days 336 and 463, there was a further
ninefold increase in the anti-gp120 antibody titer (Fig. 3).
The same HuMAbs or sCD4 was used to calibrate the

competition assays, providing estimates of the MAb equiva-
lences of 21h-, sCD4-, and 19b-blocking antibodies in AD-6
serum at different times (Fig. 3). The solid-phase peptide-
binding assay using the AD-6 33-mer V3 peptide was cali-
brated with HuMAb 19b (Fig. 3). The binding capacities of
each type of antibody increased in concert over time, roughly
paralleling total anti-gp120 antibody synthesis and affinity
development; there was no evidence of any preferential syn-
thesis of one type of antibody over another type. Note that
similar (±threefold) estimates for 19b-equivalent antibodies
were derived from the solution phase competition assay and
the solid-phase peptide-binding assay at late, but not at early,
times (Fig. 3). We discuss below the limitations of our method
of estimating the concentrations of blocking antibodies in
polyclonal sera, but we emphasize here that the MAb equiva-
lences indicated in Fig. 3 and in other similar figures (see Fig.
8 and 10) are not true concentrations of immunoglobulin
molecules.

Neutralization of autologous virus in PBMC cultures by
AD-6 serum antibodies was first detected on day 77, and the
neutralization titer (ID90) subsequently increased sharply,
reaching a level of 1:512 by day 210 (Fig. 3). It is not certain
from the data presented in Fig. 3 what types of antibodies are

responsible for autologous neutralization of AD-6 virus. How-
ever, there is no obvious correlation between CD4BSAb titers
and neutralizing-antibody titers; antibodies capable of blocking
sCD4 or HuMAb 21h binding to AD-6 gpl20 were present at
high levels prior to the appearance of neutralizing antibodies.
This is also true of antibodies reactive with the 33-mer AD-6
V3 peptide; the titers of these antibodies remained unchanged
(±twofold) from day 24 to day 210 (Fig. 2B and data not
shown). During this period, the autologous neutralization titer
increased from <1:8 to >1:512 (Fig. 3). Thus, no correlation
between antibodies reactive with the autologous V3 peptide in
a solid-phase assay and virus-neutralizing antibodies for indi-
vidual AD-6 was observed, although the appearance of anti-
bodies reactive with an MN V3 peptide was approximately
coincident with the onset of AD-6 neutralizing activity (Fig. 2B
and 3). Antibodies able to block HuMAb 19b binding to the V3
loop of AD-6 gpl20 were also first detectable at or about the
same time as were autologous neutralizing antibodies, and the
titers of both 19b-blocking and virus-neutralizing antibodies
subsequently increased with time. Thus, some of the autolo-
gous neutralizing activity in AD-6 sera may be V3 directed, but
further studies will be required both to confirm this and to
assess the importance of Vl- and V2-directed antibodies in
these sera.

Antibodies to the CD4BS can show a degree of type speci-
ficity. Previous reports had indicated that the appearance of
V3 antibodies precedes that of antibodies to the CD4-binding
site on gpl20 (5, 23). We therefore explored whether our use
of autologous gpl20 in the competition assays accounted for
our unusually early detection of CD4BSAbs. In the first
experiment, we found that AD-6 serum was a much more
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FIG. 4. Partial type specificity of CD4BSAb in AD-6 sera. AD-6

lysate gp120 (1:6 dilution) (-) or recombinant BH1O gpl20 (2 ng/ml)
(0) was captured onto the solid phase, after which AD-6 serum from
(A) day 32 or (B) day 105 was titrated at the concentrations indicated
before addition of a fixed amount of biotin-21h (1:200 dilution) and
detection of bound MAb. Each datum point represents the mean ± SD
from three wells. When error bars are not shown, they lie within the
symbol. One hundred percent binding corresponded to OD492 values
of 0.740 and 1.100 for AD-6 and BH10 gpl20, respectively, whereas the
OD492 value for 0% binding (no gpl20) was 0.075.

potent inhibitor of 21h binding to autologous AD-6 gpl20 than
to heterologous, recombinant BH10 gpl20 (Fig. 4). A similar
result was obtained with a lysate of HxB2 virus as antigen
source, indicating that the use of a recombinant protein was

not the source of the difference (data not shown). To eliminate
the possibility that the 5-fold-higher affinity of 21h for HxB2
gpl20 (0.3 ,ug/ml compared with 1.5 ,ug/ml for AD-6 gpl20)
accounted for the discrepancy, the experiment was repeated,
with the addition of a 5-fold-higher concentration of biotin-21h
to AD-6 gp120 than to HxB2 gpl20; 5- to 10-fold less AD-6
serum was required for inhibition of 21h binding to AD-6
gpl20 than to HxB2 gpl20 even under these more stringent
conditions. Furthermore, the amount of AD-6 serum needed
to inhibit 21h binding to JR-CSF viral gpl20 was intermediate
between those required to inhibit 21h binding to AD-6 and
HxB2 gpl20s (data not shown). We also obtained similar data
(not shown) using sCD4 in place of 21h.
To confirm the apparent partial type specificity of the

CD4BSAbs in HIV-1-positive serum, we compared the abili-
ties of AD-6 serum and a sample from a laboratory worker
infected with HIV-1 IIIB to block binding of sCD4 to AD-6

AD-6 gpl2O

r1I.....r-
0 1/3X 104 1/104

.... .. I

1/103 1/102
Serum dilution

FIG. 5. Partial type specificity of CD4-inhibitory antibodies in
HIV-1-positive sera. HxB2 lysate gpl20 (1:60 dilution) (A) or AD-6
lysate gpl20 (1:6 dilution) (B) was captured onto the solid phase. AD-6
serum from day 336 (0) or serum from an HIV-1 IIIB-infected
laboratory worker (0) was titrated at the concentrations indicated
before addition of biotin-sCD4 at a 1:2,500 dilution (A) or a 1:500
dilution (B) and detection of bound sCD4. Each datum point repre-
sents the mean ± SD from three wells. When error bars are not shown,
they lie within the symbol. One hundred percent binding corresponded
to OD492 values of 0.860 and 0.830 for HxB2 and AD-6 gpl20s,
respectively, whereas the OD492 values for 0% binding (no gpl20)
were 0.075 and 0.100, respectively.

gpl20 and to HxB2 gp120. The serum from the laboratory
worker was 30-fold more potent than AD-6 serum (day 336) at
blocking sCD4 binding to HxB2 gpl20, whereas the two serum

specimens were approximately equivalent when tested against
AD-6 gp120 (Fig. 5). A very similar pattern of data was
observed when the experiment was repeated with 21h in place
of sCD4 (data not shown). Antibodies able to inhibit the
binding of 21h to heterologous BH10 gpl20 appeared in AD-6
serum many months after those that could block binding to the
autologous gpl20 (Fig. 6). Whether the appearance of these
antibodies reflects qualitative or quantitative changes in the
anti-gpl20 immune response of AD-6 is uncertain.
The above observations were not unique to sera from

individual AD-6; when 21h or sCD4 competition experiments
were performed with a serum sample from the HIV-1 IIIB-
infected laboratory worker and one taken from individual
AD-13 191 days after presentation (see below), a pattern of
results virtually identical to those shown in Fig. 5 was observed
(data not shown).
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FIG. 6. Appearance of type- and group-specific CD4BSAbs in
AD-6 serum. Data for total anti-gp120 antibodies (A) were derived as

described in the legend to Fig. 2A. Serum samples taken from AD-6 at
the days indicated were tested at 1:100 dilutions for inhibition of
biotin-21h (1:200 dilution) binding to AD-6 lysate gpl20 (0) or

recombinant BH10 gpl20 (0). Datum points represent the means ±

SD for six wells from two separate experiments. Three HIV-negative
serum specimens had no effect on HuMAb or sCD4 binding (± 15%).
Assay backgrounds (no gp120; 0% binding) corresponded to an OD492
value of 0.060, and 100% binding (no serum) corresponded to OD492
values of 0.600 for AD-6 gpl20 and 1.000 for BH10 gpl20.
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FIG. 8. Quantitation of anti-gp120 antibody response in individual
AD-i1. Estimates of the amounts of antibody in longitudinal samples
of AD-11 serum with different characteristics were made as described
in the text. The data are presented in terms of MAb equivalences.
Estimates of total anti-gp120 (0), 21h-inhibitory antibody (0), sCD4-
inhibitory antibody (O), and 19b-inhibitory antibody (A) are shown.
When datum points at early times are not shown, the values are below
the sensitivity limits of the assays. Autologous neutralization titers (x)
are also depicted.
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grew only to rela-
ile to measure tne We were able to use autologous AD-11 gpl20 in competi-

120. We therefore tion assays to determine when antibodies able to compete with

Lnti-gpl20 antibody sCD4 or HuMAbs first appeared in AD-11 serum. HuMAb

t which anti-gp120 21h- and sCD4-inhibiting antibodies were first detectable on

one of two experi- day 58, and the titers of these antibodies subsequently in-
tly positive and the creased sharply over the next 111 days (Fig. 8). Titration of the

strongly (Fig. 7). sera showed that 50% inhibition of 21h binding occurred at a
Df BH10 gpl20, the 1:150 dilution of day 58 serum and at a 1:2,500 dilution of day

onsistently positive 169 serum. For sCD4 blocking, the corresponding titers were

of AD-11 serum 1:60 on day 58 and 1:1,200 on day 169. The titration curves

of known concen- were calibrated with known concentrations of 21h or sCD4, to
d estimates of the produce estimates of amounts of blocking-antibody equiva-

in the longitudinal lents in AD-11 sera (Fig. 8).

V3 loop antibody production in AD-11 sera was assessed
initially by a competition assay using HuMAb 19b. No reduc-
tion of 19b binding to AD-11 gpl20 was observed with AD-11
serum from day 58 at dilutions up to 1:30, but strong inhibition

------- of 19b binding was found with sera from days 169 and 261.
Thus, day 169 and day 261 sera inhibited 19b binding by 50%
at dilutions of 1:250 and 1:800, respectively. Comparison with
known concentrations of 19b provided estimates of blocking-
antibody equivalents in these serum samples (Fig. 8). By using
a solid-phase peptide assay with a V3 peptide from HIV-1 MN,
a minimal level of reactivity could be observed with day 58
serum (OD492 of 0.200 above background at a 1:100 dilution of
serum). This was estimated to be 62- and 185-fold less than the
reactivities found on days 169 and 261, respectively, when
titration curves indicated half-maximal antibody binding at
serum dilutions of 1:1,400 and 1:4,300. Significant V3 antibody

260 250 360 levels were also found with day 169 and day 261 sera (but not
with day 58 serum) when MN or SF-2 V3 peptides were used

ressinito inhibit binding of AD-11 serum to MN or SF-2 gpl20. For

ter presentation were example, binding of day 169 and day 261 sera (1:500) to MN
:r recombinant BH10 gpl20 produced mean OD492 values of 0.290 and 0.530,
Oantibody was deter- respectively (corrected for assay background, 0.110), which
SD for six wells from were reduced to 0.165 and 0.260 by preincubation with MN V3
n, they lie within the peptide (1 ,ug/ml). This extent of reduction we consider strong;

thus, when a V3 response does develop in individual AD-11,
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FIG. 9. Development of anti-gp120 antibody response in individual
AD-13. Sera taken from AD-13 or the transmitter, AD-12, were
titrated against AD-13 lysate gpl20, and the amount of bound
anti-gpl20 antibody was determined. The OD492 values have been
corrected by subtraction of an assay background value (no gpl20),
determined for each serum dilution. Datum points represent the
means for duplicate wells. Serum samples were taken from AD-13 on
day 14 (0), day 17 (O), day 51 (A), day 80 (0), and day 191 (A) and
from AD-12 on day 14 (A).

sometime after day 58, it is vigorous and accounts for a
significant fraction of the total anti-gpl20 response.

Autologous neutralizing antibodies were present at signifi-
cant titers (1:32) only in the day 233 and 261 AD-11 serum
samples (Fig. 8). They appeared significantly after the sCD4-
and 21h-blocking antibody titers had reached a constant level
on day 169, indicating that an increase in the amount of
antibodies recognizing the CD4BS on monomeric gpl20 was
unlikely to be responsible for the increase in neutralizing
activity seen between days 197 and 233 (Fig. 8). It is possible
that the correlate of neutralization is antibodies to the V3
region of gpl20; although V3-reactive antibodies were clearly
present on day 169 before neutralization activity appeared,
there was a threefold increase in 19b-blocking activity between
days 169 and 261, when the neutralization titers were <1:8 and
1:32, respectively. However, the autologous neutralizing-anti-
body activity in AD-11 sera from late time points was at least
20-fold less than in AD-6 serum samples that contained
comparable or lower titers of 19b-blocking activity (cf. Fig. 3
and 8). Thus, any conclusions as to the impact of V3-directed
antibodies on autologous neutralization of AD-11 virus must
be tentative.

Individual AD-13. When the reactivity of AD-13 sera with
autologous AD-13 gpl20 was determined, it was clear that
AD-13 had already developed an anti-gpl20 response by day
14 after presentation, when the first serum sample became
available (Fig. 9). Similar data were obtained when MN gpl20
was used in place of autologous gpl20 (not shown). Anti-gpl20
titers in AD-13 sera subsequently increased by 17-fold over the
next 177 days, when the titer was about 3-fold lower than that
found in a serum sample taken from individual AD-12 on day
14; AD-12 was the transmitter of virus to AD-13 (Fig. 9).
The presence of antibodies able to inhibit the binding of

HuMAbs 21h and 447-D (rl) (V3 loop), and of sCD4, to
AD-13 gpl20 was assessed by titration of AD-13 and AD-12
sera. Significant amounts of 21h- and sCD4-blocking antibod-
ies were present in the earliest serum sample (day 14), at which
time no significant V3 MAb blocking activity could be detected
(<20% inhibition at a 1:100 dilution of serum). Significant

1

I I I I

0 40 80 120
Days

i| 11_
160 200 14

FIG. 10. Quantitation of anti-gpl20 antibody response in individ-
ual AD-13. Estimates of the amounts of antibody with different
characteristics in longitudinal samples of AD-13 serum were made as

described in the text. The data are presented in terms of MAb
equivalences. Estimates for total anti-gpl20 (0), 21h-inhibitory anti-
body (0), sCD4-inhibitory antibody (O), 447-D (rl)-inhibitory anti-
body (A), and MN V3 peptide-binding antibody (A) are shown. When
datum points at early times are not shown, the values are below the
sensitivity limits of the assays. Data derived from the transmitter,
AD-12, are shown on the far right of the figure. Autologous neutral-
ization titers were <1:8 at each time point tested.

447-D (rl)-inhibitory activity (30% inhibition) was first found
in day 51 serum. Serum dilutions causing 50% inhibition of
binding to AD-13 gpl20 of 21h, sCD4, and 447-D (rl),
respectively, were as follows: day 14, 1:110, 1:370, and <1:100;
day 17, 1:160, 1:500, and <1:100; day 51, 1:380, 1:700, and
<1:100; day 80, 1:1,250, 1:1,400, and <1:100; day 191, 1:4,200,
1:6,700, and 1:400. For AD-12 on day 14, the respective
dilutions were 1:5,600, 1:10,000, and 1:1,800. Estimates of the
relative levels of each type of antibody, obtained by using the
appropriate HuMAb or sCD4 to calibrate the assays, are

presented in Fig. 10. Note that in these competition assays, the
amount of each biotin-labelled test reagent added to the assay
mixture was adjusted to give a comparable level of binding in
the absence of added serum; the mean OD492 values corre-

sponding to 100% binding were as follows: 21h assay, 0.570;
sCD4 assay, 0.690; and 447-D (rl) assay, 0.705. Thus, we would
expect to see competition for 447-D (rl) binding to AD-13
gpl20 in the early AD-13 serum samples if antibodies of the
appropriate specificity and with affinities comparable to those
of antibodies able to inhibit sCD4 or 21h binding were present.
A competition experiment using the MN V3 loop peptide to

inhibit AD-13 serum binding to MN gpl20 revealed that a

significant fraction of the anti-gpl20 response in late samples
of AD-13 serum was directed against the V3 loop. Thus,
binding of day 80, day 191, and day 14 AD-12 sera (1:500) to
MN gpl20 resulted in mean OD492 values of 0.220, 0.490, and
0.970, respectively (corrected for assay background, 0.080),
which were reduced to 0.150, 0.280, and 0.570, respectively, by
preincubation with MN V3 peptide (1 ,ug/ml). Thus, as with
individual AD-11, when the V3 response develops in AD-13, it
is strong.
Although AD-13 sera taken soon after presentation lacked

antibodies able to compete significantly with HuMAb 447-D
(rl) for binding to AD-13 gpl20, some V3 antibodies were
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present in these early serum samples, as judged by a solid-
phase V3 peptide-binding assay using MN or SF-2 V3 peptides
(there was no significant binding of AD-13 sera to HxB2 or
AD-6 V3 peptides). Half-maximal binding of AD-13 sera to
the MN peptide was found at the following serum dilutions:
day 14, 1:690; day 17, 1:770; day 51, 1:910; day 80, 1:1,050; and
day 191, 1:1,540. For AD-12 at day 14, the dilution was 1:2,200.
HuMAb 447-D (rl) binding to the same peptide was used to
calibrate the assay (Fig. 10). Note that despite the 17-fold
increase in total anti-gp120 antibody over the longitudinal
series, and the correspondingly large increases in the titers of
447-D (rl)-, 21h-, and sCD4-blocking antibodies, there was
only a 2.2-fold increase in the titer of the V3 peptide-reactive
antibodies (Fig. 10). One explanation may be that the latter
antibodies are of low affinity and so unable to register in the V3
MAb competition assay. The biological importance of such
antibodies is not known.
Autologous neutralizing antibodies were undetectable in

AD-13 sera at significant levels (1:8 dilution) at any time
during the 6 months of study. The lack of neutralizing activity
was despite the anti-gpl20 response that was apparent soon
after AD-13 presented and despite the presence of antibodies
to both the CD4BS and the V3 region of AD-13 gpl20 (Fig.
10). Quantitatively, the total anti-gpl20 and sCD4- or 21h-
blocking antibody titers in late samples of AD-13 sera were
little different from those seen in AD-6 and AD-11 sera, in
which autologous neutralizing-antibody activity was detectable
(cf. Fig. 3, 8, and 10). Furthermore, AD-13 was unique among
the individuals we studied in that V3 peptide-reactive antibod-
ies were detectable in the earliest serum sample (Fig. 10). The
presence of these V3 peptide-reactive antibodies is clearly not
predictive of autologous virus-neutralizing activity, which is
consistent with our previous reports of the limitations of
peptide-based assays (30, 31).

DISCUSSION

The human immune system very rapidly and dramatically
suppresses HIV-1 plasma viremia during the acute phase of
HIV-1 infection (9, 13, 24, 43). For example, infectious-virus
titers, p24 antigen levels, and viral RNA copy number in
plasma from patient AD-6 are reduced by 100- to 1,000-fold
over a period of no more than 8 days (24). Of course, HIV-1 is
not eliminated from the body during the period when plasma
viremia is reduced; more sensitive methods confirm the per-
sistence of viral particles in plasma (43). Notwithstanding the
failure of the immune system to completely suppress HIV-1
replication, it behooves us to understand just how plasma
viremia is reduced during acute infection.
We have shown elsewhere that the earliest immune system

parameter that can be measured during acute infection is the
appearance of CTL precursors (24). These were present in
patient AD-6 as early as day 2, demonstrating the critical
contribution of cellular immunity to the suppression of vire-
mia. It is possible that multiple factors contribute to the
clearance of virus from plasma subsequent to the destruction
of virus-producing cells by CTL activity; these factors could
include the classical or alternative pathways of the complement
system (22, 49), deposition of viruses onto CD4+ cells, or
physical removal of virions by nonspecific means. However,
one obvious possibility is that antibody binding to virions
mediates their clearance (3, 10, 17, 24, 54). The formation of
immune complexes could lead to the removal of the opsonized
virus by the reticuloendothelial cell system. Alternatively,
opsonized virus could be deposited onto antigen-presenting
cells such as follicular dendritic cells (6, 42). Agglutination of

virus by antibodies would be favored when the ratio of
antibody to virus is low, soon after development of the
antibody response. The measurement of the early humoral
immune response to HIV-1 infection is the focus of this study.
The most disappointing facet of our investigation is that we

can draw no definitive conclusion about whether antibodies
contribute to the clearance of plasma viremia. The earliest
time at which we can detect anti-gpl20 antibodies in the sera
of the individual we studied most, AD-6, is around day 4 after
presentation, when plasma viremia has already declined sub-
stantially from its peak on or prior to day 0 (24). Our failure to
detect free anti-gpl20 antibodies any earlier than day 4 does
not, of course, mean that they are absent from AD-6 serum; it
is entirely possible that significant quantities of anti-gpl20
antibody are present, but at a level below the sensitivity limit of
our assay. We estimate that the minimum input concentration
of high-affinity V3 and CD4BS HuMAbs that can be detected
by our assay is 1 to 3 ng/ml. As we cannot use human serum at
dilutions less than 1:300 in our assay because of assay back-
ground considerations, the assay sensitivity limit for serum
antibodies corresponds to 0.3 to 1 jig/ml. Low-affinity serum
antibodies would be detected less efficiently than high-affinity
MAbs, so the above figure represents a reasonable lower limit
for antibody detection. To put this value into perspective, the
peak p24 antigen concentration in AD-6 serum on day 0 is 100
pg/ml (24), and free gpl20 levels would be expected to be
comparable. Thus, a serum antibody concentration 3,000-fold
lower than our detection limit would be comparable to the
gpl20 concentration present at the peak of viremia. It may be
noted that our antigen capture ELISA for anti-gpl20 antibod-
ies is not inherently of poor sensitivity; we could detect
anti-gpl20 antibodies in AD-6 serum on day 4 after presenta-
tion (Fig. 1B), whereas commercial Western blot assays or
diagnostic ELISAs indicated that AD-6 seroconverted on day
8 (24). Of course, at these very low concentrations (1 pM
range) of antigen and antibody, of presumably relatively low
affinity for one another, formation of an immune complex
would not be favored. Thus, while antibodies may well con-
tribute to the clearance of viremia, we can neither prove
unequivocally nor refute the point.
We have quantitated and characterized antibodies able to

react with autologous or heterologous gpl20 using simple
assays based on monomeric gpl20. However, monomeric
gpl20 is an imprecise mimic of the natural envelope glycopro-
tein conformation on the surface of virions or virus-infected
cells (7, 14, 46), so we must use caution when extrapolating
from in vitro assays to a more physiologically relevant situa-
tion: virus neutralization by antibodies. Notwithstanding the
limitations of our methods, we can draw several conclusions.
Firstly, antibodies to conformationally sensitive or discontinu-
ous gpl20 epitopes were present right from the start of the
antibody response to HIV-1 infection; denaturation of the
autologous gpl20 from patients AD-6 and AD-13 reduced
serum antibody reactivity manyfold, even with a serum sample
taken from AD-6 as early as day 15. This is consistent with our
earlier report of the predominance in HIV-1-positive sera of
antibodies to complex epitopes over those to simple, linear
epitopes (33). Prolonged exposure to gpl20 may not be
required for the induction of antibodies to complex gpl20
epitopes, an observation which could be important for vaccine
development.
Our second conclusion is that antibodies able to block the

binding of sCD4 or HuMAb 21h to the CD4-binding region of
autologous gpl20 can arise very early in infection, at about the
same time as do antibodies able to inhibit the binding of V3
HuMAbs to gpl20 and V3 peptide-reactive antibodies. This is
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perhaps of only minor physiological importance, but it is of
some academic interest. It has been considered that V3
antibodies appear earlier than those to the CD4BS and that
the latter account for the broadening of neutralization that
occurs over time in sera from humans and chimpanzees
infected with HIV-1 IIIB (5). It is not obvious what accounts
for the discrepancy between our binding-assay results and
those obtained in studies of IIIB-infected people, as both sets
of in vitro assays for CD4-blocking antibodies used autologous
gp120 (5). One possibility is that different individuals respond
to different HIV-1 strains in different ways. However, perhaps
the most likely explanation is that the various assays used in the
separate studies (e.g., V3 peptide assays versus competition
assays) do not all have the same sensitivities or dynamic ranges.
For example, using 20-mer and 33-mer AD-6 V3 peptides
would give completely different answers as to when V3-reactive
antibodies appeared in AD-6 serum, and these answers would
not be the same as the one derived from the V3 MAb
competition assay (Fig. 2B). What is seen in these types of
binding assay depends on how sensitive the assays are, so it
seems unrewarding to compare results derived from assays
with different properties and conclude that one type of im-
mune response precedes another.
Another study used gp120 derived from HIV-1 IIIB for

detecting CD4-blocking antibodies in sera from individuals
infected with heterologous HIV-1 strains and also concluded
that CD4-blocking antibodies arose relatively late after infec-
tion (23); we have shown that to detect these antibodies with
maximal sensitivity requires the use of autologous gpl20 (Fig.
4 and 5). Our change in procedure, coupled with the sensitivity
conferred by the use of a fairly low-affinity MAb in a compe-
tition assay format, probably accounts for the difference be-
tween our present findings and those described previously (23).
Thus, we conclude that at least a fraction of the CD4BS
antibodies present in HIV-1-positive serum is relatively type
specific for autologous gpl20. We would expect many, if not
most, of these antibodies to cross-react with heterologous
gpl20, but perhaps with a reduced affinity. It is notable that
most HuMAbs to the CD4BS have been identified by virtue of
their reactivity with recombinant gpl20, usually derived from
HIV-1 IIIB. These antibodies are, by definition, cross-reactive.
However, use of heterologous gpl20 may not be the best
screening system that could be devised for identifying more
type-specific CD4BS antibodies of greater affinity for autolo-
gous virus. Detection of CD4BS antibodies by techniques
based on monomeric gpl20 does not necessarily indicate that
the antibodies are neutralizing; the binding of HuMAbs to the
CD4BS on monomeric gpl20 predicts but poorly their abilities
to neutralize primary viruses (32).
V3 peptides are commonly used to detect antibodies to the

V3 region of gpl20 in solid-phase binding assays. This can be
problematic, for these assays can be subject to artifacts and
interpretative problems (30, 31). In the present study, we
found that a 20-mer peptide from the AD-6 V3 loop was
essentially unreactive with AD-6 serum, whereas a peptide of
the same length from the MN V3 loop was strongly immuno-
reactive (Fig. 2B), despite the considerable sequence diver-
gence between the AD-6 (NTRKSITMGPGKVFYVTDII)
and MN (CNKRKRIHIGPGRAFYTTKN) V3 loop peptides.
We have shown elsewhere that the AD-6 20-mer V3 peptide is
very poorly antigenic when applied to plastic but is appropri-
ately immunoreactive in solution phase assays (31). Thus, the
poor reactivity of AD-6 serum with the autologous 20-mer V3
peptide (Fig. 2B) is due to an artifact of solid-phase peptide
assays (31) rather than to an absence of reactive antibodies in
AD-6 serum or any deficiency in the peptide itself. This has

worrisome implications considering the widespread use of V3
peptides of 15 to 20 residues for monitoring autologous and
heterologous immune responses to HIV infection. Longer
peptides might be better (Fig. 2B), but they may also detect
antibodies to the flanks of the V3 loop that cannot bind to
native gpl2O (30, 35). With a 33-mer autologous V3 peptide,
antibodies were detectable in AD-6 serum 98 days before
antibodies reactive with a 20-mer peptide from the MN V3
loop were detected (Fig. 2B); whether the appearance of
MN-reactive antibodies represents a significant, qualitative
change in the humoral immune response of AD-6 has not been
resolved.
The quantitative aspect of our study bears inspection, but we

caution that our estimates of the amounts of different types of
antibody in HIV-1-positive sera must be interpreted carefully.
Firstly, in the direct-binding assay for serum antibodies using
autologous gp120, we use as calibration standards a pair of
high-affinity HuMAbs to the CD4BS and the V3 loop. MAbs
cannot be used to precisely calibrate a polyclonal response, so
our estimates are subject to a systematic error. By using as
calibration standards a pair of HuMAbs to the two most
immunodominant, nonoverlapping epitopes on gp120, we have
attempted to minimize the degree of error, but it is difficult to
assess its extent. We believe, however, that the anti-gpI20
antibody concentrations in the sera of each of the three
patients are likely to be within the range of 0.1 to 1.0 mg/ml
when the titers become nearly stable about 6 to 12 months
after presentation. Consistent with our estimate, some HIV-1-
positive sera contain very high titers of anti-p24 antibodies able
to interfere with p24 antigen detection (27); the concentrations
of these anti-p24 antibodies in serum can be calculated to be
approximately 500 ,ug/ml. Furthermore, the levels of serum
IgG specific for vesicular stomatitis virus antigens in mice
infected with this virus have been estimated to be about 500
.g/ml (4). Values such as these imply that a significant

proportion of total serum IgG (10 to 15 mg/ml) in HIV-1-
infected people is HIV-1 antigen specific; it is notable that a
major fraction of antibodies released from cultures of B cells
from HIV-1-positive individuals has been reported to be
directed against HIV-1 proteins (1, 40). Considerable HIV-1
antigen production would seem necessary in vivo to continu-
ously stimulate this amount of specific antibody production.

Given the presence of such large quantities of anti-gpl20
antibodies in human serum, it seems highly improbable that
the low titers of virus-neutralizing antibodies in these sera
could be due to antigen excess, even soon after seroconversion.
Amounts of p24, and by inference gpl20, in HIV-1-positive
sera rarely exceed I ng/ml, whereas we estimate anti-gpI20
antibody concentrations routinely to exceed 100,000 ng/ml.
Antigen excess could be relevant only if antibodies effective at
HIV-1 neutralization constituted a tiny fraction of the total
anti-gpl20 response and recognized a unique epitope not
occluded on the native virus by the vast excess of antibodies to
nonneutralizing epitopes. This seems improbable, albeit not
impossible.
The competition assays are calibrated by using known

amounts of the unlabelled version of the biotin-labelled detec-
tion MAb, allowing estimation of the magnitude of blocking
activity for sCD4, a V3 HuMAb, and a CD4BS HuMAb in the
HIV-1-positive sera in terms of MAb equivalents. The relative
values that describe the development of these activities within
longitudinal serum samples from an individual are not likely to
be seriously in error, but the absolute values are certainly not
estimates of the actual physical amounts of the different types
of antibody in the sera. Various factors can influence the
efficiency with which polyclonal serum inhibits the binding of a
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MAb to gpl20: the amounts of antibodies with specificity
similar to that of the MAb; the affinities of these antibodies;
and the presence of antibodies to other regions of gpl20 that
may enhance, or indirectly compete for, the binding of the test
MAb are all relevant. Thus, a relatively low concentration in
serum of a CD4BSAb with an affinity for autologous gpl20 that
is significantly greater than that of 21h could account for the
very efficient blockage of 21h binding that is found in all three
patients' sera. Given the partial type-specific nature of the
CD4BSAb- and sCD4-blocking activities in these sera, this
seems a likely explanation. HuMAb 21h has an affinity for the
three seroconvertor gpl20s that is slightly lower than those of
most CD4BSAbs for monomeric gpl20s from primary viruses;
our observations are that the majority of these MAbs bind
gpl20 half maximally at concentrations between 0.03 and 0.3
,ug/ml (cf. Table 1 for 21h). Our choice of a relatively low-
affinity test MAb has two consequences. Firstly, competition by
serum antibodies is easier than it would be if we had chosen a
higher-affinity MAb, thus facilitating detection of these com-
peting antibodies; secondly, because the affinity of 21h for the
seroconvertor gpl20s is probably lower than those of the
average autologous serum antibody to the same site, using 21h
to calibrate the assay will lead to an overestimation of the true
concentration of CD4BSAbs present in the sera. Conversely,
because the available V3 HuMAbs are of rather high affinity
(Table 1), their use as calibration standards will tend to lead to
underestimations of the true concentrations of V3 antibodies
in the same sera.

Irrespective of potential errors in determining the absolute
concentrations of blocking antibodies, the competition assays
clearly indicate that there are very substantial amounts of
sCD4- or CD4BSAb-blocking activities in HIV-1-positive sera,
measured as blocking titers. These high titers have two impli-
cations. Firstly, it is difficult to imagine how a soluble gpl20
molecule that has been shed from an infected cell could bind to
a CD4 molecule on an uninfected cell in the presence of such
a large excess of antibodies able to block the interaction
between soluble, monomeric gp120 and CD4. Thus, the killing
of "innocent-bystander" cells via surface-bound gp120 (2, 20)
may not be important in practice, unless it takes place in an
environment such as lymph nodes; here the dense packing of
cells could facilitate gpl20-CD4 interactions even in the pres-
ence of excess blocking antibody (25). Secondly, passive im-
munotherapy with HuMAbs with characteristics similar to
those of the HuMAbs we have used in our studies is under
active consideration. If our estimates that the concentrations
of CD4BSAb- or sCD4-blocking antibodies in the plasma of
HIV-1-seropositive people are in the 100- to 1,000-,ug/ml range
are remotely accurate, to increase these titers of endogenous
antibody would require the passive administration of compa-
rable amounts of exogenous antibody. This may be very
difficult in practice (47). Perhaps it would be better to focus on
neutralizing antibodies of unusual specificity, for significant
increases in the titers of such antibodies might require lower
absolute levels to be administered exogenously.

It is difficult to be certain what accounts for the autologous
neutralizing activities that are detectable in late samples of
AD-6 and AD-11 sera. However, the presence at high titer of
antibodies able to block sCD4 or CD4BS HuMAbs from
binding to autologous, monomeric gp120 clearly does not
predict primary virus neutralization. Antibodies to the CD4BS
appear to be similar to sCD4 in that both types of reagents are
relatively ineffective at neutralizing primary viruses, despite
their ability to bind to monomeric gpl20 from these viruses
(12, 32, 36). We believe that sCD4 and CD4BSAb resistance
are linked mechanistically (32, 38). There is some correlation

between the presence of neutralizing activity in AD-6 and
AD-11 sera and that of antibodies to the V3 loop, but this is
dependent upon the assay used to detect these antibodies. For
example, the titers of antibodies reactive with the AD-6 33-mer
V3 peptide in a solid-phase assay remained unchanged (±
twofold) from day 24 to day 210 (Fig. 2B and data not shown),
while the autologous neutralization titer increased from <1:8
to >1:512 (Fig. 3). Furthermore, V3 antibodies do not appear
to be a universal predictor of primary virus neutralization; for
example, late samples of AD-13 serum contain respectable
amounts of V3 HuMAb-blocking antibodies yet lack autolo-
gous neutralizing activity. In addition, all samples of AD-13
serum contain V3 peptide-reactive antibodies, so the binding
of an antibody to a V3 peptide clearly need not predict
neutralizing activity for a primary virus. This may, in part,
reflect the inherent limitations of peptide-based assays (30,
31).

Others have clearly shown that both V3 peptide-binding
antibodies and sCD4-blocking antibodies are correlates of
virus neutralization in assays relying on T-cell-line-adapted
viruses, such as HIV-1 IIIB or MN, and transformed T-cell
lines (8, 44, 56). These correlations may be a consequence of
the greater ease by which T-cell-line-adapted viruses are
neutralized; both V3 loop-directed and sCD4-blocking anti-
bodies are able to neutralize such viruses with considerable
potency, so binding assays able to detect their presence may
have some predictive value. Yet the relevance of neutralization
assays based on T-cell lines and adapted viruses is question-
able, and it is not certain what conclusions can now be drawn
from studies based on such assays (11). There are now
legitimate concerns that neither V3-directed nor sCD4-block-
ing antibodies possess strong neutralizing activity under in vivo
conditions (14, 32, 38). Thus, it is perhaps not surprising that
we observed no simple correlate of primary virus neutraliza-
tion. It may be that effective neutralization of primary viruses,
in vitro or in vivo, requires threshold concentrations of anti-
bodies to different sites on the HIV-1 envelope to be reached
in plasma. Our overall conclusion must be that simple, ELISA-
based assays using autologous or heterologous monomeric
gpl20, or V3 peptides, are unreliable predictors of primary
virus neutralization. More sophisticated techniques based on
the native, oligomeric form of gpl20-gp41 complexes found on
the virion should be explored (7, 14, 45, 46). Such methods
have been developed for studies of T-cell-line-adapted viruses
that grow to high titers (7, 33, 45, 46) and might profitably be
adapted for studies of primary viruses.

Finally, while it is now clear that primary viruses grown only
in PBMC are relatively resistant to neutralization by both
sCD4 and neutralizing antibodies, these viruses can be neu-
tralized (12, 28, 32, 36). Thus, late samples of AD-6 serum
neutralize the autologous virus with ID90 values of >1:512, so
there is no intrinsic, absolute resistance of these viruses to
neutralizing antibodies. Although we are unsure what is re-
sponsible for this neutralization activity or how best to detect it
by simplified assays, it seems that we will need to better
understand how primary viruses can be neutralized if we are to
design a vaccine that will be effective at raising protective
humoral immunity against these viruses.
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