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Abstract

Sera from 11 volunteers immunized with a recombinant HIV-1
gp160-expressing vaccinia virus (HIVAC-1e; Oncogen / Bris-
tol-Myers Squibb, Seattle, WA ) and boosted with baculovirus-
derived rgp160 (VaxSyn; MicroGeneSys, Inc., Meriden, CT)
were evaluated for functional serum antibodies and their epi-
topes. Sera obtained prior to boosting had undetectable HIV-
1-specific IgG and neutralizing activity, and did not block
HIV-1 from binding or fusing to CD4* MT-2 cells. 14 d after
boosting, sera from each volunteer contained HIV-1-specific
IgG titers of 1:40 to 1:1,280. Five of these sera also contained
neutralizing antibodies, where most or all neutralizing activity
was blocked by a synthetic peptide corresponding to amino
acids 307-330 of the V3 loop of gp120, indicating that neutraliz-
ing antibodies were mostly V3 loop—specific. All sera obtained
after boosting contained HIV-1 binding / fusion-inhibition anti-
bodies, and a significant portion of their activity was blocked by
the V3 loop peptide, a result consistent with the presence of
antibodies against the region of the V3 loop that participates in
fusion. Three sera with V3 loop-specific neutralizing and fu-
sion-inhibition antibodies were studied further. In competitive
antibody binding experiments, antibodies reactive with the con-
formation-dependent, CD4 binding site of gp120 were undetect-
able in each serum. When evaluated in combination with a
monoclonal antibody to the CD4 binding site of gp120, two sera
demonstrated synergism in neutralizing assays, and all three
sera demonstrated synergism in binding /fusion-inhibition as-
says, further indicating that the functional antibodies were pri-
marily V3 loop-specific. The synergism also suggests that a
vaccine that elicits strong serum antibody responses to both
regions of gp120 may improve the potential for inducing protec-
tive immunity. (J. Clin. Invest. 1993. 92:840-847.) Key words:
acquired immunodeficiency syndrome vaccine « neutralizing an-
tibodies » epitopes

Introduction

Infection by HIV-1 is accompanied by a vigorous and sus-
tained antibody response that ultimately fails to prevent pro-
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gression to AIDS (1, 2). A more favorable clinical outcome
might be possible if immunity existed prior to infection, as was
observed in vaccinated chimpanzees that were protected from
infection after experimental inoculation with live HIV-1 (3-
5). Vaccine protection also has been reported in a number of
trials using the simian immunodeficiency virus (SIV)'/ma-
caque model (for review see reference 6). Serum antibody re-
sponses might be an important element of vaccine protection
because hyper-immune globulin prepared from asymptomatic,
seropositive humans or macaques, protected chimpanzees
from HIV-1 infection (7, 8), and macaques from HIV-2 and
SIV infection (9), respectively. Protection from HIV-1 infec-
tion has also been observed in chimpanzees that had been pas-
sively immunized with a neutralizing human monoclonal anti-
body (10). Establishing a state of immunity by vaccination
which is equal to or surpasses that induced by natural infection
will be difficult to achieve using the current subunit vaccines,
where HIV-1 antigens are not represented in their native form.
These approaches are favored, however, because they pose no
risk of infection from the vaccine products.

Correlates of effective antibody responses will be useful
when evaluating the potential of candidate vaccines to provide
protection. Two serological activities thought to be important
correlates of HIV-1 immunity are neutralizing antibodies and
antibodies that block the HIV-1 gp120 surface envelope glyco-
protein from binding to its cellular receptor, CD4 (11, 12).
This gp120 molecule is derived from a precursor gp160, giving
rise also to a transmembrane gp41 (13) which, together with
gp120, participates in fusion of the viral membrane with the
cytoplasmic membrane of target cells (14-17). A number of
neutralizing regions and epitopes of HIV-1 have been identi-
fied, most notably those in the third hypervariable (V3) loop
(18) and the CD4 binding site (19-22) of gp120. The V3 loop
is often regarded as the principal neutralizing domain and con-
tains multiple linear epitopes, which in most cases elicit type-
restricted antibody responses capable of neutralizing only ge-
netically similar isolates (23, 24). However, sequences at the
tip of the V3 loop might be less variable and elicit broader
neutralizing antibodies (25, 26). V3 loop-specific antibodies
have been shown to interfere with a step involved in fusion, but
to have no effect on gp120-CD4 binding (14, 15). This is con-
sistent with the results of biochemical and functional studies,
where mutations in the V3 loop prevented fusion but not
gp120-CD4 binding (16, 17). In contrast to antibodies against
the V3 loop, antibodies against the CD4 binding site of gp120
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pathogenic effect; IFA, immunofluorescence assay; MFI, mean fluores-
cence intensity; NHS, normal human serum; SIV, simian immunodefi-
ciency virus. TCIDs,, tissue culture infective dose-50.
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recognize conserved, discontinuous conformational epitopes,
block gp120-CD4 binding, and neutralize a wider range of iso-
lates (20-22, 27-31). These antibodies seem to appear later in
infection (32-35), and have been difficult to generate in immu-
nized animals (3, 4).

Recently, a set of broadly cross-reactive, gp120-specific hu-
man monoclonal antibodies (humAbs), which block gp120-
CD4 binding and neutralize diverse strains of HIV-1 in vitro,
have been identified (20, 28-30). These antibodies recognize a
discontinuous, conformation-dependent region overlapping
the conserved CD4 binding site of gp120 (21, 31). Interest-
ingly, murine mAbs to the V3-loop increased the magnitude by
which the above humAbs bound to the CD4 binding site of
gp120 (36, 38). Further, the combination of mAbs to these two
sites of the gp120 molecule acted in a cooperative or synergistic
manner in HIV-1 neutralizing assays (36-39). It might there-
fore be relevant in the design of HIV-1 vaccines to produce a
vaccine that elicits strong serum antibody responses to at least
these two regions of the gp120 molecule.

A phase I clinical trial was recently completed in healthy,
vaccinia-naive, HIV-seronegative volunteers, who received a
gp160 recombinant vaccinia virus (HIVAC-1e) and later were
boosted with 640 ug of purified rgp160 synthesized in insect
cells (40). Both immunogens were derived from HIV-1 strain
LAV/IIB. Each of the 12 vaccinees developed strong serum
antibody responses 2 wk after boosting, as measured by ELISA
and Western blot, and eight developed neutralizing antibodies
(40). This vaccine approach is novel in humans, and offers
potential benefits because neither vaccine alone produced
serum antibody responses of this magnitude (41-43). How-
ever, while this represents one of the most effective strategies to
date for eliciting serum antibodies to HIV-1 envelope glycopro-
teins in humans, it is clear that not all sera with HIV-1-specific
antibodies were capable of neutralizing the virus or blocking
gp120-CD4 binding in vitro (40, 44).

To better understand the potential benefits and limitations
of sequential immunization with the above products, sera ob-
tained before and after boosting from 11 of the 12 vaccinees
described above were evaluated for functional antibody activ-
ity directed against linear epitopes within the V3 loop, and
against conformational epitopes within the CD4 binding site of
gp120. Functional activities included the ability to block viable
HIV-1 from binding or fusing to MT-2 cells, and the ability to
neutralize HIV-1 in an infection assay. The results demon-
strated that the serum neutralizing antibodies were mostly V3
loop-specific, and suggested that an improved antibody re-
sponse to the CD4 binding site of gp120 might significantly
increase the level of neutralizing activity induced by vaccina-
tion.

Methods

Cell lines, viruses and reagents. The CD4* human lymphoblastoid cell
lines MT-2 (45) and CEM (obtained from Jean-Claude Chermann,
National Institute of Health and Medical Research, Marseille, France),
were maintained in culture at 37°C in RPMI 1640 containing 12%
heat-inactivated (56°C, 1 h) fetal bovine serum, and 50 ug of gentami-
cin per ml. Stocks of HIV-1 IIIB (obtained from R. C. Gallo, National
Cancer Institute, Bethesda, MD) were harvested from chronically in-
fected cultures of CEM cells. Virus-containing culture fluids were clari-
fied of cells by low speed centrifugation and filtration through 0.45-um
cellulose-acetate filters (Millipore Corp., Bedford, MA). Virus was

quantitated by p24 immunoassay as described by the supplier (Abbott
Diagnostics, North Chicago, IL) and by tissue culture infective dose-50
(TCIDs,) assay as described previously (46). H9/HIV-1 MN cells
from Dr. Gallo were provided by the AIDS Research and Reference
Reagent Program, AIDS Program, National Institute of Allergy and
Infectious Diseases, National Institutes of Health, (ERC Bioservices
Corp., Rockville, MD). Peptides corresponding to the V2 region of
gp120 (amino acids 254-274), to the V3 loop'of gp120 (amino acids
307-330), and to gp41 (amino acids 579-601) were purchased from
Sigma Chemical Co. (St. Louis, MO). Numbering is based on the se-
quence of HIV-1 IIIB (47). The humAb, F105, and IgG1k, was pro-
duced as previously described (30, 31). Cell-free supernatant was puri-
fied over a protein G column (Pharmacia LKB Biotechnology Inc.,
Piscataway, NJ). The antibody was directly labeled using biotin- N-hy-
droxysuccinimide ester (Calbiochem-Novabiochem Corp., San Diego,
CA). Sera from HIV-1-infected individuals contained antibodies to all
major HIV-1 antigens by Western immunoblot (DuPont Co., Wil-
mington, DE).

Vaccine study and sera. Volunteers were healthy adults, seronega-
tive for vaccinia and HIV-1. HIVAC-1le was administered using bifur-
cated needle punctures. Volunteers were boosted 280-650 d later with
640 ug of rgp160 as described (40). Sera were obtained from 11 of 12
volunteers at 220 or 14 d prior to boosting, and again at 14 d after
boosting. Sera from the remaining volunteer were unavailable for
study. The recombinant vaccinia virus, v-envNYS (HIVAC-1le; Onco-
gen/Bristol-Myers Squibb, Seattle, WA), contained the entire coding
sequence of gp160 from the LAV/IIIB strain of HIV-1 (48). It was
constructed from a vaccinia virus obtained from a commercial prepara-
tion of smallpox vaccine (Dryvax; Wyeth Laboratories Philadelphia,
PA). Purified rgp160 (VaxSyn), also derived from the LAV/IIIB
strain of HIV-1, was developed by MicroGeneSys, Inc., Meriden, CT.
It was purified from cell lysates after expression by a recombinant bacu-
lovirus in Spodoptera fugipoda cells as described (49).

Immunofluorescence assay (IFA) antibody titers. Antibodies to
viral antigens were quantitated by IFA using CEM cells that were re-
cently infected with HIV-1 IIIB, and where > 80% of cells were antigen
positive. Slides of fixed, infected cells were prepared by air-drying and
fixing in a 1:1 mixture of acetone/methanol for 30 min. Sera were
diluted in PBS containing 0.1% globin-free BSA (PBS-0.1% BSA) and
incubated on slides for 30 min at 36°C and 100% humidity. After two
washes in carbonate buffer (0.11 M Na,CO,, 0.4 M NaHCO,, 0.15M
NaCl, 0.05% Tween-80), the slides were incubated for 30 min at 36°C
and 100% humidity with a 1:200 dilution of fluorescein-conjugated,
IgG fraction of goat anti-human IgG (heavy and light chains specific;
Cappel Laboratories, Cochranville, PA) containing Evan’s blue
counter stain. Slides were again washed twice in carbonate buffer, and
then mounted using 50% glycerol and examined for fluorescence using
a fluorescence microscope (DIAPHOT-TMD-EF; Nikon Inc., Mel-
ville, NY). Antibody titers are defined as the last dilution yielding
positive fluorescence.

Competitive binding assay for antibodies reactive with the F105
epitope. Inhibition of binding of biotin-labeled F105 to HIV-1-infected
cells by serum antibody was measured by flow cytometry. HIV-1-in-
fected cells were incubated for 30 min at 4°C with sera diluted 1:50,
followed by washing with cold PBS. Cells were then incubated with
biotin-labeled F105 for 30 min at 4°C, washed with PBS, and incu-
bated with FITC-conjugated Streptavidin (Caltag Labs, San Francisco,
CA). After a 30-min incubation at 4°C, cells were washed and fixed
with 1% paraformaldehyde. As a negative control, HIV-1 infected cells
were incubated in normal human serum (NHS) diluted 1:50 followed
by staining with labeled F105. Purified F105 (2 ug/ 10° cells) diluted in
NHS (1:50) was used as a positive control. Dependent on the experi-
ment, this concentration of F105 resulted in 15-45% inhibition of la-
beled F105 binding to cells. Samples were acquired on a FACScan®
(Becton-Dickinson Co., Franklin Lakes, NJ) and analyzed using
LYSYS II software to determine mean fluorescence intensity (MFI).
Percent inhibition was determined by the formula: [(F105 MFlyys
— F105 MFlypy ; serum)/ (F105 MFIyys)] X 100. Total serum antibody
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reactivity was titered on HIV-1-infected cells by incubation with serial
dilutions of HIV-1 sera for 30 min at 4°C. After washing, the cells were
stained with FITC-labeled, goat F(ab'), anti-human IgG, Fc specific
(Tago, Inc., Burlingame, CA ). Cells were fixed and acquired on a FAC-
Scan® with analysis using LYSYS II software.

Neutralizing antibody assay. HIV-1 1IIB neutralizing antibodies
were measured in an MT-2 cell infection assay in 96-well plates as
previously described (46). Briefly, twofold dilutions of heat-inacti-
vated (56°C, 1 h) sera were made in triplicate in a total of 100 ul growth
medium per well. 50 gl of virus (5 X 10* TCIDs, of HIV-1 IIIB) were
added to all wells except for 1 row of cell control wells, which received
growth medium in place of virus. Virus and sera were incubated to-
gether for 1 hat 37°C. MT-2 cells (5 X 10%in 100 gl of growth medium)
were then added to each well. Viable cells were quantitated colorimetri-
cally by vital dye (neutral red) uptake 3 d later. Neutral red uptake is a
linear function of cell viability, where light absorption at 540 nm wave-
length is linear from 0.025 to 0.85, corresponding to 2 X 10 to 25
X 10* viable cells/well in this assay (46). Percent protection was de-
fined as the difference in absorption between test wells (cells + serum
+ virus) and virus control wells (cells + virus) divided by the difference
in absorption between cell control wells (cells only) and virus control
wells. Plates were processed for staining when > 70% cytopathogenic
effect (CPE) was present in the virus control wells. Neutralizing titers
are the reciprocal of the last dilution to provide at least 45% protection.
The concentration of virus in the inoculum was determined by titra-
tion on MT-2 cells using serial threefold dilutions of virus made in sets
of eight wells per dilution. The reciprocal dilution at which cells in at
least half the wells showed cytopathic effects after 2 wk defined the titer
(1 TCIDg,).

HIV-1 binding /fusion-inhibition assay. Antibodies were examined
for an ability to block whole virus from binding or fusing to viable,
CD4-positive MT-2 cells. Here, cell-free HIV-1 I1IB (2,500 pg p24 ) was
incubated with vaccine serum in growth medium for a total volume of
250 pl at 37°C for 30 min. A control set of reactions contained growth
medium in place of serum. MT-2 cells (3.75 X 10% in 250 ul of growth
medium) were added and the mixtures incubated at room temperature
for 2 h with constant gentle mixing. Unbound and loosely bound virus
particles were removed by three washes with 5 ml of growth medium.
Cell pellets were lysed in 0.5 ml of 0.5% Triton X-100, debris was
removed by brief centrifugation, and p24 antigen was quantitated by
immunoassay (Abbott Laboratories) as described by the supplier. All
HIV-1 binding/fusion assays were done in duplicate and p24 values
averaged. Duplicate samples rarely varied by more than 5%. Values are
given as the percent of binding/fusion that was blocked, where total
unblocked binding/fusion activity yielded 170-190 pg p24/ml of cell-
associated virus, depending on the experiment. A stock suspension of
viral particles used for all experiments was prepared as described above
and stored at —70°C in 0.6-ml aliquots. Each time an experiment was
to be performed, an aliquot of virus was thawed in a room temperature
water bath and diluted 1:5 with growth medium. 125 ul of diluted virus
(2,500 pg p24) was used in each reaction.

Calculation of synergism, additiveness, and antagonism. Sera from
vaccinated volunteers were evaluated in combination with F105 for
neutralization and binding/fusion-inhibition activity. Neutralization
was measured as described above, except that eight twofold dilutions of
a serum sample and F105, alone and in combination, were made on a
single plate. For binding/fusion-inhibition activity, four dilutions of
each serum sample and F105 were evaluated separately and in combi-
nation. Mathematical calculations were performed using the computer
program of Chou and Chou (50), which is based on the equations of
Chou and Talalay (51). The combination index is defined:

C1=_(ﬂ_+ (D), a(D) (D),
(Dx),  (Dx),  (Dx),(Dx),

where CI is the combination index, (Dx), is the dose of agent 1 re-
quired to produce x percent effect alone, and (D), is the dose of agent 1
required to produce the same x percent effect in combination with

(D),. The values of (Dx), and (D), are similarly derived for agent 2.
The value of « is determined from the plot of the dose-effect curve
using the median effect equation, fa/ fu = (D/Dm)™, where fa is the
fraction affected by dose D, fuu is the unaffected fraction, Dm is the dose
required for 50% effect, and m is the slope of the dose-effect curve. For
mutually exclusive antibodies (i.e., similar modes of action), both anti-
bodies alone and their mixture should give parallel lines in the median
effect plot. Mutually nonexclusive antibodies (i.e., independent modes
of action), should give parallel lines in the median effect plot but in
mixture will give a concave upward curve. If antibodies are mutually
exclusive, « is 0, and if they are mutually nonexclusive, ais 1. CI values
of < 1 indicate synergy, values > 1 indicate antagonism, and values
equal to 1 indicate additive effects.

Results

HIV-1-specific IgG and neutralizing antibodies present before
and after boosting. HIV-1-specific IgG and neutralizing anti-
bodies were measured in sera obtained either 220 d (visit 10) or
14 d (visit 13) before boosting, depending on by which visit the
samples were available for testing. They also were measured in
sera obtained 14 d (visit 15) after boosting for all volunteers.
The data are shown in Table I. HIV-1-specific IgG was present
in only one sample (A17) prior to boosting, where IgG was
detected at a 1:20 dilution of serum. Neutralizing antibodies
were undetectable prior to boosting.

After boosting, moderate to high titers of HIV-1-specific
IgG were detected by IFA, where titers ranged from 1:40 to
1:1,280 and had an average titer of 1:585 (SD = 1:460). Higher
titers of HIV-1 IgG were detected in sera from infected individ-
uals, but it should be remembered that these titers represent
antibodies to all major HIV-1 antigens. Also after boosting,
neutralizing antibodies were detected in sera from five volun-
teers. These individuals had titers of HIV-1-specific IgG of
1:320 or greater. No neutralizing antibodies were detected in
sera with an HIV-1-specific IgG titer less than 1:320. Neutraliz-
ing titers ranged from 1:48 to 1:128 and did not seem to corre-
late with titers of HIV-1-specific IgG because samples with an
IgG titer of 1:320 (A12)and 1:640 (A2) and 1:1,280 (A27) had
no detectable neutralizing antibodies.

Antibodies which block HIV-1 from binding or fusing to
MT-2 cells. The binding/ fusion-inhibition assay was standard-
ized by establishing the linear range of virus particles found
attached to MT-2 cells using a fixed number of cells. This was
done using viral suspensions containing from 976 to 31,250 pg
of p24 /ml. The quantity of cell-associated virus was linear over
the entire range of viral concentrations tested (Fig. 1). A viral
suspension equal to 2,500 pg p24/reaction was chosen for all
subsequent assays because this concentration produced 170-
190 pg p24/ml of cell-associated virus particles. Because the
p24 immunoassay was linear from 6 to 200 pg p24/ml, these
conditions allowed all p24 determinations to be performed on
undiluted samples, saving expensive reagents and time, and
adding to consistency. In fact, the same experiment performed
at different times by the same person or by different individuals
yielded highly reproducible results. The stock suspension of
viral particles used in all assays contained no detectable, non-
virus-associated p24 at the dilution used, where non-viral-as-
sociated p24 was sought by excluding Triton X-100 from the
p24 immunoassay. This, together with the fact that envelope
glycoprotein-specific antibodies in sera from vaccinated volun-
teers blocked binding or fusion (Table I), indicated that the
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Table 1. HIV-1-specific IgG, Neutralizing and Binding/Fusion-
Inhibition Antibodies, and Competition of Binding/Fusion-
Inhibition Antibodies with a V3 Loop Peptide

Percent inhibition of

binding/fusion*
Neutralizing
Serum* IgG* titer! —V3 pep +V3 pep
Vaccinees
Al vi3 <20 NT 18 NT!
vl5 320 48 36 30 (17)
A2 vi3 <20 NT 8 NT
vls 640 <24 50 27 (46)
Al10vi3 <20 <16 9 NT
vl5s 160 <16 52 16 (69)
Al12v13 <20 <16 14 NT
vl5 320 <16 45 14 (69)
Al5v13 <20 <16 25 NT
vl5 160 <16 36 16 (56)
Al17v10 20 NT 13 NT
vls 1,280 48 70 16 (77)
A20v13 <20 <16 18 NT
vls 640 128 90 25(72)
A22v10 <20 NT 16 NT
vl5 1,280 48 94 40 (57)
A27v10 <20 NT 7 NT
vis 1,280 <24 32 7(78)
A28 v13 <20 NT 5 NT
vl5 320 96 47 24 (49)
A29vi13 <20 NT 13 NT
vis 40 <24 26 16 (38)
Infected patients
P031 >5,120 128 53 24 (55)
P064 2,560 64 85 67 (21)
P070 2,560 64 78 72 (8)
P074 2,560 128 83 76 (8)

* Binding/fusion-inhibition assays were performed at a 1:16 dilution
of serum with virus prior to adding cells. As negative controls, sera
from six different seronegative individuals were evaluated for bind-
ing/fusion-inhibition activity. The range of activity for these six sera
was 0-16% inhibition with a mean of 9.5%+6.3% SD. A V3-loop
peptide (V3 pep) was comprised of amino acids 307-330 of the V3
loop of gp120. The peptide was present at 10 ug/ml and had no
direct effect on binding/fusion by itself. Values in parentheses repre-
sent the percent of binding/fusion-inhibition activity that was blocked
by the V3-loop peptide.

* Sera from vaccinees were obtained before (visits 10 and 13) or 14 d
after (visit 15) rgp160 boosting.

§ HIV-1-specific IgG was measured by indirect immunofluorescence
of fixed, CEM/IIIB cells. Titers are given as the reciprocal of the last
dilution where fluorescence was detected by fluorescence microscopy.
I Titers of neutralizing antibodies are given as the reciprocal serum
dilution at which a 45% or greater reduction in HIV-1-induced cyto-
pathicity was observed.

¥ NT, not tested.

assay measured the binding or fusion of whole virus particles
and not the binding of free p24, or of p24 immune complexes.

Sera obtained prior to boosting contained low levels of
HIV-1 binding/ fusion-inhibition activity ( Table I), which was
probably due to background inhibition because up to 16% activ-
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Figure 1. Concentration-dependent attachment of HIV-1 to MT-2
cells. Binding/fusion assays were performed using 1.5 X 107 MT-2
cells/ml and suspensions of HIV-1 IIIB containing from 976 to
31,250 pg p24/ml in a total vol of 0.5 ml as described in Methods.

ity has been observed for control sera from HIV-1-negative
individuals (Table I, footnote *). After boosting, HIV-1 bind-
ing/fusion-inhibition activity increased in sera from each vol-
unteer. The increase in several cases was dramatic, where 50%
or greater inhibition was observed by five sera. The addition of
a synthetic peptide corresponding to the V3 loop of gp120
(amino acids 307-330) reduced the activity of all postboost
sera (Table I), where the mean reduction of activity was
57%+a SD of 19% (n = 11). In 6 of 11 sera, the activity was
reduced to background levels, indicating that most or all bind-
ing/fusion-inhibition activity was V3 loop-specific. The V3
loop peptide had much less of an effect on the binding/fusion-
inhibition activity of antibodies in sera from HIV-1-infected
individuals, where the mean reduction of activity was 23%+ a
SD of 22% (n = 4). Peptides corresponding to amino acids
254-274 (i.e., V2 peptide) and to amino acids 579-601 (i.e.,
gp41 peptide) of the gp160 molecule had no effect on one of
the most potent sera evaluated (i.e., A20, visit 15). Further,
none of the peptides at the concentrations used had an effect on
HIV-1 binding or fusion by themselves. These results indicate
that the V3 loop peptide specifically competed with HIV-1
binding/fusion-inhibition antibodies.

V' 3 specificity of neutralizing antibodies. The gp160 syn-
thetic peptides were further evaluated for an ability to compete
for neutralizing antibodies. Four sera with neutralizing antibod-
ies were preincubated with each peptide (10 ug/ml) and then
examined for HIV-1 IIIB neutralizing activity. The results are
shown in Table II. Preincubation of sera with the V3 loop pep-
tide completely abolished the neutralizing activity of sera from
volunteers A17 and A20, and eliminated most of the neutraliz-
ing activity of sera from volunteers A22 and A28. In contrast,
the V2 peptide and the gp41 peptide had no effect on neutraliza-
tion. None of the peptides had an effect on infectivity in the
absence of neutralizing serum (data not shown).

Absence of antibodies to the CD4 binding site of gp120 rec-
ognized by F105. Of the four sera in which neutralizing activity
was shown to be primarily V3 loop-specific, three (i.e., Al17,
A20, and A28) were evaluated for antibodies to the CD4 bind-
ing site of gp120 recognized by F105. Sufficient serum from the
fourth individual (i.e., A22) was not available for testing. One
method by which antibodies to the CD4 binding site were evalu-
ated was to examine each serum’s ability to compete with bio-
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Table I1. V3 Loop Specificity of Neutralizing Antibodies

Percent protection from HIV-1-induced CPE in presence of

No
Serum peptide aa254-274 2a307-330 2a579-601
Al7 61+5 55+6 0 63+1
A20 70+4 70+2 0 54+4
A22 7343 735 3+6 80+7
A28 79+5 81+3 10+1 78+3

All sera were from visit 15 (i.e., 14 d after boosting) and were present
at a 1:40 dilution. Percent protection from HIV-1-induced cytopath-
icity was calculated as described in Methods.

Peptides were present at 10 ug/ml. The peptides alone had no cell
toxicity and provided no antiviral activity.

tin-labeled F105 for binding to H9 cells chronically infected
with HIV-1 IIIB or MN. Before doing this, the reactivity of
each serum with the surface of infected cells was determined
(Table IIT). Each serum reacted with a majority (> 80%) of
HIV-1 IIIB cells and had end-point titers of 1,600-6,400. Their
reactivity with HIV-1 MN-infected cells was considerably
lower, where fewer cells stained positive and end-point titers
were much lower. In competition experiments, unlabeled F105
(2 pug/ml) blocked 36% and 16% of biotin-labeled F105 from
binding to the surface of cells infected with HIV-1 IIIB and
MN, respectively (Table III). In comparison, neutralizing sera
from vaccinated volunteers were unable to compete with bio-
tin-labeled F105 for binding ( Table III).

Synergism between F105 and sera from vaccinated volun-
teers for HIV-1 neutralization and binding /fusion-inhibition
activity. Another method by which antibodies to the CD4 bind-
ing site of gp120 were sought was to evaluate their HIV-1 bind-
ing/fusion-inhibition and neutralizing activity in combination
with F105, where their presence would be expected to produce
an additive effect. On the other hand, because antibodies to the
V3 loop are known to enhance the activity of antibodies to the
CD4 binding site of gp120 (36-39), a synergistic effect would

Table III. Competitive Binding Experiments for Detecting
Antibodies Reactive With the CD4 Binding Region
of gp120 Recognized by F105

Percentage of Percentage of
End-point cells F105
titer* staining positive? blocked?
Serum 11IB MN B MN IIIB MN
F105 NA NA 97 64 36 16
Al7 1600 100 82 14 0 0
A20 1600 400 96 54 0 0
A28 6400 200 99 13 0 0

* End-point titers are the last dilution giving a positive signal by flow
cytometry after staining infected cells.

* Percent of cells staining positive with a 1:50 dilution of serum. F105
was used at 2 ug/ml.

§ Reduction in mean fluorescence intensity of IIIB-infected cells
stained with biotinylated F105 after preincubation of the cells with a
1:50 dilution of vaccine serum. F105 was used at 2 ug/ml.

be expected if functional antibodies to the CD4 binding site
were not well represented in vaccinee’s sera. Neutralization
was measured at eight dilutions of each serum and F105, alone
and in combination. Similarly, HIV-1 binding/fusion-inhibi-
tion activity was measured at four dilutions of each serum and
humAb F105. Each combination produced greater neutraliz-
ing and HIV-1 binding/fusion-inhibition activity than was
present for each serum or F105 individually (Fig. 2). The
slopes of the curves were evaluated by the method of Chou and
Chou (50) for synergism, additive effects, and antagonism at
50% activity. The data is shown in Table IV. Each combination
proved synergistic for HIV-1 binding/fusion-inhibition activ-
ity, and two of three sera (i.e., A17 and A28) were synergistic
with F105 for neutralizing activity. One serum (i.e., A20), that
failed to demonstrate synergism in the neutralization assay ap-
peared to be additive, or possibly mildly antagonistic with
F105.

Discussion

The extensive genetic and antigenic variation exhibited by
HIV-1, together with the nature of this virus to integrate its
genome into that of infected cells and remain clinically latent
for long periods, undoubtedly will make effective vaccination a
formidable task. Preliminary studies in animal models of AIDS
have provided evidence that vaccine protection is possible
under a restricted set of conditions (3-6). Further, passive im-
munization studies in these animal models have yielded evi-
dence that serum antibodies will make an important contribu-
tion to protection (7-10). It is critical to define the correlates of
immunity that pertain to optimal serum antibody responses, so
that they may be monitored during clinical trials of candidate
AIDS vaccines in humans. Recently, a human vaccine trial in
which healthy, uninfected volunteers were primed with a
gp160 recombinant vaccinia virus and boosted with purified
rgp160 produced one of the strongest vaccine-induced, serum
antibody response to HIV-1 envelope glycoproteins in humans
to date (40, 44). In the present study, sera from these volun-
teers were evaluated for neutralizing and binding/fusion-inhi-
bition antibodies, and for the epitopes or regions of gp160 re-
sponsible for these functional activities.

Boosting with rgp160 elicited relatively high titers of HIV-
1-specific antibodies as measured by IFA in sera from all 11
vaccinees evaluated (Table I). This is in agreement with the
appearance of strong Western blot and ELISA reactivities ob-
served previously (40). Boosting also resulted in the appear-
ance of neutralizing antibodies in five of the vaccinees as mea-
sured in the MT-2 cell assay (Table I). Sera from the same
vaccinees, and from three others, had neutralizing antibodies
in an AAS5-cell assay, and were reactive with the V3 loop in a
peptide ELISA (40). The inability to detect neutralizing anti-
bodies in the other three sera using our MT-2 cell assay proba-
bly reflects the low titer of antibodies present in these samples.
Four of four neutralizing sera tested here became completely or
nearly completely ineffective in the presence of a synthetic pep-
tide corresponding to the V3 loop, but not in the presence of
synthetic peptides to two other regions of the gp160 molecule
(Table II). These results indicate that neutralizing antibodies
induced by rgp160 boosting were restricted and directed pri-
marily against the V3 loop.

An important human immune response to native, intact
HIV-1 is directed against the CD4 binding site of gp120. These
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antibodies block gp120-CD4 binding and neutralize diverse
strains of HIV-1 in vitro (20-22, 27-31). Hence, it would be
desirable to elicit these antibodies by vaccination. The neutral-
izing sera evaluated here were previously shown to block radio-
labeled gp120 from binding to CD4* cells (40) and, although
the regions or epitopes responsible for this activity were not
identified, it seems likely that they were directed against the
CD4 binding site of gp120. However, the fact that the majority
of neutralizing activity was blocked by a synthetic peptide
corresponding to the V3 loop of gp120 ( Table II) suggests that
antibodies to the CD4 binding site did not contribute signifi-
cantly to neutralization.

Efforts to evaluate HIV-1 binding/fusion-inhibition anti-
bodies were made here using a method more representative of
natural conditions, where an assay was developed to detect
antibodies capable of blocking whole virus particles from bind-
ing or fusing to viable cells. This assay differed from the radio-
labeled gp120 assay in that gp120 was in its native, multimeric
form attached to gp41 (52, 53), and was capable of mediating
fusion owing to the presence of gp41 and an intact viral mem-
brane (14-17). It was determined that boosting elicited HIV-1
binding/fusion-inhibition antibodies in all 11 volunteers and
that much of this activity could be removed by a synthetic
peptide corresponding to the V3 loop, indicating that these
antibodies were V3 loop-specific (Table I). The portion of

Serum or F105 (reciprocal dilution)

filled squares, vaccinee’s
serum + F105.

activity directed against the V3 loop probably represented fu-
sion-inhibition activity because the V3 loop is not known to
participate in binding (14-17). In fact, the 24-amino acid V3
loop peptide used in these experiments contained the GPGRA
sequence shown to be important for fusion (16, 17). It is likely
that V3 loop-reactive antibodies demonstrated activity in this
assay because viral binding was secured by a fusion event that
was blocked, and since gp120 is so loosely bound to gp41 (54),
virus particles blocked in fusion were disengaged from cells by
extensive washing. Because a portion of activity in some sera
was not removed by the V3 loop peptide, additional antibodies
were probably involved which recognized other sites on the
gp160 molecule. These antibodies could have been against the
CD4 binding site of gp120, as indicated by the binding-inhibi-
tion activity identified using a radiolabeled gp120 assay (40).
The fact that much less binding/ fusion-inhibition activity was
V3 loop-specific in sera from infected individuals (Table I)
indicates that infection induces a higher proportion of binding/
fusion-inhibition antibodies to other regions of the envelope
glycoproteins of HIV-1.

Antibodies reactive with the CD4 binding site were further
evaluated using a competitive antibody-binding assay, where
sera from vaccinated volunteers were examined for an ability
to block F105 from binding to its conformation-dependent epi-
tope in the CD4 binding region of gp120. Antibodies in three of
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Table IV. Combination Indices for Data Obtained in HIV-1
Neutralizing and Binding/Fusion-Inhibition Assays
with Vaccinee’s Sera and F105

Combination index calculated at 50% activity if*

Serum Mutually exclusive Mutually nonexclusive

Neutralization

Al7 0.64 0.72

A20 1.00 1.30

A28 0.52 0.59
Binding/Fusion-Inhibition

Al17 0.27 0.27

A20 0.38 0.42

A28 0.33 0.34

* Mathematical calculations were performed according to Chou and
Chou (50) and are based on experimental results presented in Fig. 2.
Antibodies having different modes or sites of action are considered
mutually nonexclusive while antibodies having the same or similar
action are considered mutually exclusive.

CI <1, synergistic; CI = 1, additive; CI >1, antagonistic.

three neutralizing sera examined were not able to compete with
F105 for gp120 binding (Table III). The CD4 binding site is
composed of multiple epitopes that all overlap (21, 22), so it
might be expected that all antibodies to this site will cross-in-
hibit binding of one another. The results obtained here, there-
fore, strongly suggest that putative antibodies to the CD4 bind-
ing site of gp120 responsible for the HIV-1 binding-inhibition
activity detected previously (40), and confirmed here (Table
I), were not abundantly present in these sera.

There have been reports that antibodies directed against the
V3 loop and CD4 binding site of gp120 act synergistically to-
gether for gp120 binding (36, 38) and for HIV-1 neutralization
(36-39), suggesting that if antibodies to both regions of the
gp120 molecule were elicited by vaccination, individuals might
be afforded better protection than if either type of antibody
response were lacking. Synergism between antibodies to these
two regions of gp120 was confirmed here, where vaccine-in-
duced, V3 loop-specific human neutralizing antibodies were
synergistic with F105 for neutralizing and binding/fusion-in-
hibition activity (Fig. 2 and Table IV). The presence of syner-
gism is further evidence that antibodies to the CD4 binding site
of gp120 were not prevalent in the vaccinees’ sera, otherwise
they should have resulted in an additive effect upon addition of
F105. The fact that one serum, A20, had additive effects in
neutralization assays might indicate that this individual had a
higher titer of antibodies against the CD4 binding region, but
their presence was not sufficient to compete with F105 for
gp120 binding ( Table III). The poor representation of antibod-
ies against the CD4 binding site of gp120 in sera from the re-
maining volunteers is consistent with the difficulty in eliciting
these antibodies inimmunized animals (3, 4), and their appear-
ance late in infection (32-35).

In conclusion, neutralizing antibodies in vaccinees’ sera
after rgp160 boosting were mostly V3 loop-specific, where a
portion of these antibodies might have been against a region of
the V3 loop that participates in fusion. Because the V3 loop
tends to be highly variable and strain specific (23, 24), this
particular vaccine will probably induce only type-specific hu-

moral immunity. New vaccines that optimize serum antibody
responses to the more conserved CD4 binding site of gp120, in
addition to the V3 loop, could potentially elicit broadly cross-
reactive antibody responses with stronger neutralizing activity
and improved chances for providing protective immunity.
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