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Abstract

Three laboratory workers have been infected with the IIIB
strain of HIV; their antibody response to HIV has been studied
in serial serum specimens. Because the infecting virus is
known, the fine specificity of the antibody response was studied
on the homologous strain of HIV. Anti-p17, anti-p24, anti-
gpl6O, CD4/gpl2O blocking and neutralizing antibodies devel-
oped in parallel. Epitope mapping of the anti-gpl60 response

indicated several regions that consistently induced an antibody
response. Serum contained antibody which reacted with V3-spe-
cific peptides corresponding to the very tip of the loop and
crossreactivity was seen with V3 loop peptides from other se-

quence divergent strains of HIV. Antibody to the V1 loop was

produced at levels comparable with that seen for the V3-loop.
Anti-Vl neutralized HIV with a titration curve equivalent to an

anti-V3 monoclonal antibody. Because the infecting virus is
known and serial reisolates have been obtained, we explored
the relationship between production of antibody to a given epi-
tope and mutation in the virus. The data suggest that an associa-
tion exists, but do not clearly indicate that antibody drives the
selection for mutant viruses. The findings presented here pro-

vide a fine specificity analysis of the evolution of the antibody
response to HIV in greater detail than has previously been
performed. (J. Clin. Invest. 1994. 93:2505-2513.) Key words:
HIV * AIDS * antibody

Introduction

Evaluation of the immune response to HIV is complicated by
sequence variability of viral proteins, particularly of the enve-

lope protein(s) gpl 60. The infecting isolate of HIV is rarely
known and the immune response is frequently measured on

recombinant proteins, peptides, and virus isolates that corre-

spond to frequently used laboratory strains of HIV ( 1, 2).
Thus, the human immune response to the infecting strain of
HIV has not been fully assessed. Because important antigenic
structures may be localized in the variable regions of the viral
proteins, it is possible that significant aspects of the response

may be missed. In previous studies we have epitope mapped
the systemic antibody response in three sets of subjects, all of
whomhave been exposed to gp 160 derived from a single strain
of HIV (IIIB/LAV) (3, 4). The subjects include humans im-
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munized with gp 160 subunit vaccines, chimpanzees immu-
nized with gp 160 and then challenged with live HIV, and labo-
ratory workers accidently infected with HIV during the course
of their experiments (5). In this communication, we report on
the temporal evolution of the antibody response to gpl6O in
the infected laboratory workers. The data are consistent with
the premise that testing for antibody responses on homologous
HIV may reveal important epitopes that may be missed when
heterologous strains are used.

Methods

Infected laboratory workers. Three laboratory workers, all of whom
worked with highly concentrated HIV, have been infected with the
IIIB/LAV strain of HIV during the course of their work. The first
reported worker, L.W.F., has been described elsewhere (5). The event
causing infection occurred in 1985 and has not been defined. L.W.F. is
currently healthy and stable, with a CD4cell count < 500/mm3. Treat-
ment with vaccine therapy (6) began in February 1993. L.W.R. was
infected in 1985 possibly because of a skin puncture with a chemically
decontaminated elutriator needle. L.W.R. seroconverted in late 1985
and developed AIDS in May 1991. He has received AZT since June
1991, ddI since March 1992, and vaccine therapy was instituted in
December 1992. L.W.S. was infected in 1990 after a heavy exposure of
skin and mucous membranes to highly concentrated HIV. L.W.S. is
currently healthy and clinically stable with a CD4 cell count consis-
tently < 300/mm3. Therapy with AZTbegan in 1990, ddI in 1992, and
vaccine therapy was added in December 1992. Serial serum samples
were obtained on the lab workers from the earliest time point available
until December 1992. Since vaccine therapy started in December 1992
or February 1993, any later time points will not reflect the natural
evolution of the antibody response. Sequences of the complete enve-
lope gene from the laboratory workers were obtained either by viral
isolation and molecular cloning of the provirus or by PCRfrom periph-
eral blood leukocytes.' Sequence analysis has confirmed that the labora-
tory workers were infected with the IIIB/LAV strain.

Immunoassays. All assays used in this study are described in detail
elsewhere (3). Unless otherwise noted, all recombinant proteins and
peptides correspond to the IIIB/LAV strain of HIV. Sera were tested in
ELISA at a 1: 1,000 dilution. Microtiter wells were coated with recombi-
nant proteins at 1 ug/ml and soluble peptides at 5 gg/ml. The following
recombinant antigens were used: baculoviral gp I60HIB (Repligen,
Cambridge, MA), gpl20IIIB (American Bio-Technologies, Cambridge,
MA), p24 (National Institutes of Health AIDS Research and Refer-
ence Reagent Program, Rockville, MD), and p17 (MRC AIDS Re-
agent Project, Potters Bar, UK). Synthetic peptides were synthesized
using a peptide synthesizer (model 43 IA; Applied Biosystems Inc.,
Foster City, CA). The following synthetic peptides were used: VlIIIB
(amino acids [AA]2 131-156, numbering according to reference 7,
sequence of HXB-2B) CTDLKNDTNTNSSSGRMIMEKGEIKNC,

1. Reitz, M. S., L. Hall, M. Robert-Guroff, J. Lautenberger, B. Hahn,
G. Shaw, L. Kong, S. Weiss, D. Waters, R. C. Gallo, and W. A.
Blattner, manuscript submitted for publication.
2. Abbreviations used in this paper: AA, amino acid; s, soluble.
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V3IIIB (AA 297-330) TRPNNNTRKSIRIQRGPGRAFVTIGKI-
GNMRQAH,and mid-gp4l1IIB (AA 718-743) QTHLPTPRGPDR-
PEGIEEEGGERDRD.Peptides corresponding to the V3 loop of
the HIV strains MNand RFwere purchased from American Bio-Tech-
nologies. The sequences of the peptides were as follows: MNloop,
CNKRKRIHIGPGRAFYTTKN;RF loop, CNTRKSITKGPGRVI-
YATGQ. Antibodies were detected with alkaline phosphatase-conju-
gated anti-human immunoglobulins (anti-IgG, I-A, and I-M; Zymed
Laboratories, South San Francisco, CA) and p-nitrophenyl phosphate
substrate (Sigma Chemical Co., St. Louis, MO). Data are reported as
A405 and represent means of triplicate values.

Epitope scanning was performed by the method of Geysen (8). A
set of 283 overlapping 12-mer peptides was constructed on solid sup-
ports using materials and protocols supplied by Cambridge Research
Biochemicals (Wilmington, DE). Peptides began every third AA
(starting at the amino terminus) and thus had a nine-AA overlap. Se-
quences used to construct the peptides conform to those of the BHIO
isolate of HTLV-IIIB. Three control pins with irrelevant peptides were
included. Before use, the peptides were blocked with 2%BSA(Sigma
Chemical Co.), 0.1% Tween 20 in PBS. The supports were incubated
with the test serum diluted 1:1,000 in PBS. 2%BSA, followed by succes-
sive washings and incubation with alkaline phosphatase-conjugated
goat anti-human Ig antibody and then substrate. Data are reported
with the background absorbance of the control pins subtracted. After
each use of the peptide support matrix, antibodies were rigorously de-
sorbed, and the pins tested for residual antibody (3).

Inhibition of the interaction between soluble CD4 (sCD4) and
gpl2O (American Bio-Technologies) was measured by ELISA, using
immobilized gp120 and biotin-labeled sCD4. Sera to be tested for
blocking antibodies were first added to the immobilized gpl20. Biotin-
sCD4 was added 2 h later, and the mixture was incubated overnight.
Binding of sCD4 was detected with alkaline phosphatase-conjugated
avidin and substrate. The specificity of the assay was demonstrated
with appropriate monoclonal antibodies (3).
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Figure 1. Anti-gpl60 antibody response. Anti-gpl60 antibodies were

measured by ELISA on rgpl60. Serial serum samples from each lab-
oratory worker were tested at a 1:1,000 dilution. Antibody binding
was detected with alkaline phosphatase goat anti-human Ig and the
colorimetric substrate p-nitrophenyl phosphate. A405 is shown on the
vertical axis. The specimens are arranged serially on the horizontal
axis, with the years labeled. Data are the mean and SE of triplicate
samples. Negative controls are normal human sera; the positive con-

trol is pooled HIV immune globulin.
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Figure 2. Anti-Gag antibody response. Anti-p 17 (black bars) and
anti-p24 (dotted bars) antibody levels were determined by ELISA.
Conditions were as described for Fig. 1.

Neutralization assays. Virus neutralization was performed using a
focal infectivity assay (3, 9-1 1). The molecularly cloned HIV strains
NL4-3 (12) and MN( 13) were used in the neutralization assays. Env of
NL4-3 is derived from LAV. A pretitered dilution of cell-free virus was
mixed with the serum to be tested and incubated for 1.5 h at 37°C. The
mixture was then transferred to a monolayer of CD4+HeLa cells (cell
line 1022) for 3 h. The monolayer was washed free of virus and anti-
body, seeded with fresh media, and incubated for 3 d. The cells were
fixed, and HIV-infected cells were identified by immunoperoxidase
staining associated with the characteristic morphology of a syncytium.
Neutralizations on serial viral isolates from L.W.F. were performed by
a quantitative microtiter syncytium-forming assay using CEM-SScells
( 14). Briefly, 50,000 cells to be infected were attached to poly-L-lysine-
coated microtiter wells. HIV- I stocks were used at a concentration of
100-250 syncytium-forming units and mixed with the test sera at two-
fold serial dilutions. The cells were incubated with the antibody-virus
mixture for 1 h at room temperature after which they were washed and
replaced in complete RPMI 1640. Syncytia corresponding to a single
focus of infection were counted on day 5 and compared with values in
control wells (normal human serum). The endpoint neutralization
titer was defined as the reciprocal of the highest antibody dilution giv-
ing 90% inhibition of syncytia formation.

Affinity purification of anti-VJ antibody. VI loop peptide was im-
mobilized on agarose (SulfoLink Gel; Pierce, Rockford, IL) through
the terminal cysteine residues at 2.4 mgpeptide/ 1.5 ml of gel. Aliquots
(0.5 ml) of L.W.F. serum (June 1991 ) were passed over the column,
and the column was washed with PBS and then 0.5M NaCl, 0.O1M
EDTA. The purified antibody was desorbed with 0.2 Mglycine, pH
2.5. No additional antibody was desorbed with 6 Mguanidine HCI.
Desorbed antibody was neutralized immediately and dialyzed against
PBS. As a control, normal serum was subjected to the identical proce-
dure and concentrated to the same final volume.

Results

Antibody to Env and Gag proteins. Serum anti-Env antibody
was measured by ELISA on recombinant gpl60 (Fig. 1 ). Anti-
body levels in L.W.F. slowly rose from 1986 until 1989 and
then remained reasonably constant. It is not possible to state
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Figure 3. Peptide scanning of laboratory worker sera. All laboratory worker sera were tested for binding to a set of 283 overlapping 12-mer
Geysen peptides representing the entire sequence of the IIIB/LAV Env protein. Six analyses representing early and late time points are shown.
Controls include a normal serum, a pooled preparation of HIV immune globulin, and three monoclonal antibodies recognizing linear epitopes.
The numbers on the horizontal axis indicate the numerical position of the first amino acid of each peptide. The peptides attached to the supports
are arrayed on the horizontal axis with the closest to the amino terminus on the left and proceeding toward the carboxyl-terminal peptides to
the right. Binding of antibody to each peptide is shown on the vertical axis as A405 x I03 (minus binding to control pins with no peptide). Because
each sample was run on a different day, the level of binding seen in one sample cannot be compared with that seen in another.

whether the last value represents the beginning of a true fall in
the antibody level, since vaccine therapy was initiated shortly
thereafter. L.W.S. has demonstrated consistently high levels of
antibody from the initial time point. Antibody levels in L.W.S.
appeared to be falling through 1992. Only two serum samples
were available from L.W.R., both obtained while the patient
had AIDS. Both of these samples had less antibody than was

seen at plateau levels in the other two laboratory workers. At all
time points, antibody levels in all three patients were signifi-
cantly higher than those seen in seronegative controls. Al-
though antibody levels shown in Fig. 1 were from a single
1: 1,000 dilution, we have performed titration curves, and these
results reflect those seen with titrations.

Antibody to the core proteins p17 and p24 are shown in
Fig. 2. As with antibody to gpl6O, levels in L.W.F. rose and
then levelled off, while those in L.W.S. started at a high level
and remained high through the entire time course. Initial levels
of anti-Gag in L.W.F. were not significantly higher than seen in
seronegative controls. Wefailed to detect anti-Gag in L.W.R.

Fine specificity of anti-Env. The fine specificity of the anti-
body response to gp 160 was measured using synthetic peptide
antigens in two different formats: soluble peptides used to coat
microtiter wells and Geysen peptides immobilized on solid
supports (3, 4, 8). The latter are best used to localize antigenic
regions because large numbers of overlapping peptides can be
synthesized. But this method is semiquantitative at best, since
only a single serum was tested at a time. To quantitate antibody
levels to important epitopes, soluble peptides were used.

Wehave identified the immunogenic regions of gpl6O in
the three laboratory workers at all time points using a set of 283
overlapping 12-mer Geysen peptides. Although there were dif-
ferences between the laboratory workers and at different times
in individuals, there were several regions of gp 160 that were

consistently immunogenic. Representative analyses are shown
in Fig. 3. Immunogenic regions of gpl2O included the NH2
terminus (AA 1-20), Vl loop (AA 142-153), V3 loop (AA
300-330), C5 domain (AA 425-450), and the COOHter-
minus (AA 480-510). In gp41, the "immunodominant" re-
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gion (AA 580-610) and the COOHterminus (AA 820-850)
bound antibody.

Because antibody to the VI and V3 loops was seen in most
peptide scanning analyses of the laboratory worker sera, solu-
ble peptides corresponding to these regions were constructed.
ELISA was performed with both of these peptides in the same
experiment, and the results are shown in Fig. 4. In most serum
samples, with the exception of the early L.W.S. specimens,
there were equivalent levels of antibody to the VI and the V3
loops. This was surprising, since the V3 loop has been identi-
fied as a major immunodominant domain (1, 15), while the
VI loop has not previously been shown to be antigenic. Anti-
body levels to the V3 loop showed strikingly different temporal
patterns in L.W.F. and L.W.S., with a rising trend seen in
L.W.F. and a decline in L.W.S. with time. L.W.R. made low
levels of antibody to the V3 loop.

The fine specificity of the anti-V3 response has been tested
in two ways: mapping on overlapping 12-mer Geysen peptides
and testing for crossreactivity on V3 loop peptides correspond-
ing to other strains of HIV. Mapping on the overlapping pep-
tides demonstrated that every serum sample preferentially
bound the peptide that corresponded with the tip of the loop
(Fig. 5). Although there was reactivity seen with peptides
corresponding to other portions of the loop, the greatest reactiv-
ity was to the tip, which contains the well conserved core se-
quence GPGR( 16). Crossreactivity of anti-V3 antibodies was
assessed on peptides corresponding to the V3 loops of the
strains MNand RF(Fig. 6). Different patterns of crossreaction
were seen among the laboratory workers. L.W.F. recognized
the RF loop, particularly in the later serum samples, while nei-
ther L.W.R. nor L.W.S. sera bound this peptide. All lab
workers showed considerable reactivity with the MNloop pep-
tide. The positive control, a pool of immune globulins from
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Figure 4. Binding of antibody to peptides representing V3 (black
bars) and VI (dotted bars) loops. Antibodies to the VI and V3 loops
were detected by ELISA on peptides corresponding to sequences of
these regions. Conditions were as described for Fig. 1.

seropositive patients, preferentially reacts with MNand RF
peptides.

Because we have reported previously that immunization
with vaccinia-gp 160 primes both humans and chimpanzees to
respond to an epitope in mid-gp4l (AA 720-740) upon subse-
quent exposure to gpl60 in the form of either recombinant
protein or live HIV (3, 4), we have analyzed the LWsera for
reactivity to this epitope. None of the sera bound to a peptide
corresponding to this region of gp4 1 (data not shown).

Assays offunctional antibody activity. The ability of anti-
body to block the interaction of CD4with gpl20 is an impor-
tant component of neutralizing antibody (2, 17-19). Using
immobilized gpl20 and biotinylated sCD4, we have analyzed
the ability of the laboratory worker sera to block this interac-
tion (Fig. 7). Both L.W.F. and L.W.S. showed temporal pat-
terns of this antibody similar to that seen with all their other
antibody responses, i.e., L.W.F. showed increasing amounts of
antibody with time, whereas L.W.S. had high levels from the
beginning and maintained these levels. Interestingly L.W.R.,
who produced only low levels of antibody to most other HIV
antigens, had high levels of gpl2O/CD4 blocking antibody.
Although the CD4-binding site on gpl20 is thought to be a
conformational structure involving multiple regions of gpl20
( 17, 20), one region in particular (AA 425-440) has been im-
plicated as being particularly important (21, 22). Wehave con-
structed a peptide corresponding to this region (AA 418-441 )
and measured antibody binding. There was no correlation be-
tween the presence of antibody binding to this peptide and
inhibition of gpl 20/CD4 binding (data not shown).

Wehave measured virus neutralization using a focal infec-
tivity assay ( 3, 9-1 1 ). Neutralization was measured on homolo-
gous (NL4-3) and heterologous (MN) strains of HIV. Fig. 8
shows the results obtained on NL4-3. L.W.F. showed increas-
ing titers of neutralizing antibody with time, L.W.S. peaked in
1991, and L.W.R. failed to demonstrate any neutralization.
Similar patterns of neutralization were seen with MN(data not
shown).

Because there was a significant antibody response to the VI
loop, we have asked whether this antibody has any neutralizing
activity. We have affinity-purified anti-V 1 antibody from
L.W.F. on immobilized VI peptide. Wehave confirmed that
this antibody reacts only with the VI loop as follows: (a) it
reacts only with VI peptide and no other Geysen or soluble
peptide used in this study, and (b) it binds to a recombinant
gp l 20 construct, but not an identical construct lacking the VI
and V2 loops. Fig. 9 shows titration curves of neutralization
obtained with affinity-purified anti-V 1 and an anti-V3 mono-
clonal antibody on the HIV strain NL4-3. The results show
that the anti-V 1 has neutralization activity equivalent to anti-
V3. No neutralization was seen with a normal human serum
purified in a fashion similar to the anti-V 1, with purified nor-
mal human immunoglobulins at the same concentration, nor
of a murine leukemia virus with the anti-V 1 antibody.

Analysis of relationship between epitopes and mutations.
Sequences of Env from L.W.F. have been obtained at multiple
time points during the course of infection.' 10 sequences of the
complete envelope gene were obtained from 1985 to 1992.
During this time there were 18 mutations from the initial se-
quence that were seen at least two different times. To deter-
mine whether there was a relationship between the presence of
antibody to a given region of gp160 and a mutation in the
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Figure 5. Fine specificity of anti-
V3 antibody. Epitope mapping
was performed using Geysen
peptides. Binding of antibody to
each peptide is shown on the
vertical axis as A405 X 103
(minus binding to control pins
with no peptide). The peptides
attached to the supports are
arrayed on the horizontal axis
with the closest to the amino ter-
minus on the left (1) and pro-
ceeding toward the carboxyl-ter-
minal peptides to the right.
The peptides were
1, VQLNQSVEINCT;
2, NQSVEINCTRPN;
3, VEINCTRPNNNT;
4, NCTRPNNNTRKS;
5, RPNNNTRKSIRI;
6, NNTRKSIRIQRG;
7, RKSIRIQRGPGR;
8, IRIQRGPGRAFV;
9, QRGPGRAFVTIG;
10, PGRAFVTIGKIG;
1 1, AFVTIGKIGNMR;
12, TIGKIGNMRQAH;
13, KIGNMRQAHCNI;
14, NMRQAHCNISRA;
15, QAHCNISRAKWN;and
16, CNISRAKWNNTL.

region, three different analyses were performed. The first was

statistical and the others experimental. The statistical analysis
was performed with the data from the Geysen peptide analyses.
Wecompared the peptides that contained a mutation with the
peptides that were bound by antibody and asked whether these
were dependent events. Wedefined a peptide as a "valid" epi-
tope if there was antibody binding (optical density > 0.2) in
more than one-half of the L.W.F. sera tested (n = 15). Using
these criteria, there were five peptides representing an epitope,
three of which contained mutations. In the total group of 283
peptides, the sites of the 18 mutations were represented in 61
peptides. The value for x2 was 4.44, indicating that the associa-
tion of three mutations with the five epitopes was not because
of chance (P < 0.05).

Two of the mutations occur in the immunodominant V1
and V3 loops. To test whether the mutations were induced by
antibody selection, we constructed peptides that correspond to
the original and mutated sequences. If the mutations were se-

lected by antibody, then sera from the time before the mutation
should bind to the peptide representing the original sequence,
but not to the mutant. Results of the ELISA analysis are shown
in Fig. 10. For both the Vl and the V3 loops, it is apparent that
there was no difference in the binding of the antibody to the
original or the mutant sequence at any point in time. These
data suggest that antibody selection may not have been an im-
portant factor in the evolution of the mutations in the V 1 and
V3 loops.

Finally, we tested HIV isolates obtained from L.W.F. at
different points in time to determine if they were susceptible to
neutralization by serial autologous serum samples (Table I).
The data reveal that between 1985 and 1987, coincident with
the appearance of the mutations in the V 1 and V3 loops, there
was a change in the neutralization pattern of the virus. The
1985 isolate was neutralized by early sera ( 1986 and earlier) as

well as by the TIB typing serum; the 1987 isolates were neutral-
ized by neither early sera nor the typing serum. Although this
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Figure 6. Binding of antibodies to heterologous V3 loop peptides.
Crossreaction of laboratory worker sera to peptides representing the
V3 loops of two heterologous strains (MN [dotted bars] and RF
[white bars]) and the homologous strain (IIIB [black bars]) were

tested by ELISA. Conditions were as described for Fig. 1.

may suggest that the later viruses arose as escape variants, it is
noteworthy that the peak neutralization titer for each of these
later isolates was present on the date that the isolates were ob-
tained, indicating that the isolate existed in the presence of
antibody capable of neutralizing it.
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Figure 7. Inhibition of gpl20/CD4 binding by laboratory worker
sera. Inhibition of the interaction of gpl20 and CD4 was measured
by solid-phase ELISA in which gpl20 was immobilized, incubated
with a 1: 100 dilution of the test serum, and then with biotinylated
CD4. The binding of CD4was detected with avidin-alkaline phos-
phatase and p-nitrophenyl phosphate. Binding of CD4 to the solid
phase is shown on the vertical axis as A405. Thus, inhibition of binding
is seen as a lower optical density. Results are mean and SDof tripli-
cate samples.
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Figure 8. Neutralization of homologous HIV by laboratory worker
sera. Neutralization of the molecularly cloned HIV NL4-3 was mea-

sured by focal infectivity assay. Serum and virus preparations were

incubated for 1.5 h and then transferred to a monolayer of CD4+
HeLa cells. The antibody-virus mixture remained on the monolayer
for 3 h and was washed off, and the monolayer was incubated for 3
d. Foci were detected with anti-HIV sera and immunoperoxidase
staining as well as by the characteristic morphology of multinucleated
syncytia. The number of foci is shown on the vertical axis. Neutral-
ization is seen as a diminution in the number of foci. Serum dilution
is shown on the horizontal axis. Each point is the mean of duplicate
samples. The number of foci in 18 control wells with normal human
serum was 235±8.

Discussion

In this paper we continue our analyses of the antibody response
to the IIIB/LAV strain of HIV, which has included the HIV-in-

fected laboratory workers, seronegative vaccinees in phase I

clinical trials, and chimpanzees that have been vaccinated and
then challenged with live HIV (3, 4). By confining our studies
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Figure 9. Neutralizing activity of anti-V 1 antibody. Anti-V 1 antibody
was purified from L.W.F. serum on immobilized VI peptide. Neu-
tralizing antibody was detected using the focal infectivity assay as de-
scribed in Fig. 8. The number of foci is shown on the vertical axis,
and the antibody concentration is shown on the horizontal axis.
Anti-V 1 indicates the affinity-purified anti-V 1 antibody from L.W.F.
and anti-V3 is monoclonal antibody 924. The initial concentrations
of antibody before dilution were 1 mg/ml. Start refers to the original
serum before passage over the affinity column, while effluent is the
serum after passage over the column (the dilution of the serum during
column passage is corrected for in stating the reciprocal dilution).
Each data point is the mean of duplicate samples.

to this group of individuals, we can study the antibody response
on peptides, viral preparations, and recombinant proteins that
correspond to the same strain of HIV to which the subjects
have been exposed. Although there is some sequence microhet-
erogeneity between different isolates of the IIIB/LAV strain,
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Figure 10. Binding of L.W.F. sera to peptides representing mutant
sequences. Env sequences from L.W.F. have revealed mutations
within the V1 loop (A) and the V3 loop (B). The original (black
bars) and mutant (dotted bars) sequences are shown on the left side
of each panel. Geysen peptides were constructed representing the
original and the mutant sequence. Sera from the indicated dates were
tested for binding to the peptides. Each point represents the mean of
duplicate samples.

Table I. Neutralization of Serial HI V Isolates from L. W.F.

Neutraliation titer*
Date of

bleed RF IIIB 9/4/85 4/7/87 9/30/87

9/4/85 4 4 4 4 4
2/4/86 4 32-64 8-16 8 4
3/4/86 8-16 32-64 8 4 4-8
8/5/86 4 8-16 16-32 4 4
8/20/86 4 16 16-32 8-16 8
9/16/86 8-16 32-64 16 16 4
10/15/86 4 8-16 16 4 4
2/11/87 8-16 128 32 16-32 8-16
3/19/87 8 32-64 32-64 16-32 16-32
4/7/87 8 32-64 64 32-64 8-16
9/30/87 32-64 32-64 64-128 8-16 16-32
11/30/87 32-64 32-64 64-128 8-16 16-32
1/21/88 4-8 128-256 64-128 32-64 16-32
5/4/88 16-32 32-64 32-64 8-16 16
IIIB typing sera <4 128 128 16 4

* Neutralization titer is the reciprocal of the dilution giving 90% in-
hibition of 150-200 synctium-forming units of virus.

we are able to epitope map the antibody response in far greater
detail than has previously been possible.

Wehave shown previously that although vaccinated indi-
viduals make antibody to gpl 60, to the V3 loop, and to the
CD4-binding site in titers comparable with infected individ-
uals, there are significant differences in the quality of the anti-
body produced, particularly with regard to neutralization and
fine specificity of the anti-V3 (3). Wehave also shown that
immunization with vaccinia-gpl 60 results in priming for an
antibody response to a region of gp4 l (AA 720-740) not nor-
mally immunogenic (3, 4). Here we follow the evolution of the
antibody response with time in the three laboratory workers
infected with HIV during the course of their work.

The IIIB/LAV strain of HIV has several unique character-
istics that set it apart from other laboratory strains and clinical
isolates of HIV. Most notable is the ability of this strain to
cause a persistent infection of T cell lines in which virtually all
cells remain productively infected for indefinite periods of time
(23). This characteristic appears to mapto the envelope region
(23, 24). Because of these unique characteristics as well as
other differences between IIIB/LAV and clinical isolates, con-
cern has been raised whether IIIB/LAV is a pathogenic form of
HIV. Declining CD4 counts in all the infected laboratory
workers and outright AIDS in one demonstrate that this strain
of HIV can indeed cause disease despite its long in vitro pas-
sage. Moreover, the development ofclinical features in the labo-
ratory workers, in the absence of any other risk factors, clearly
shows the Duesberg hypothesis, that HIV is not the cause of
AIDS (25), to be untenable.

Perhaps the greatest surprise in these studies was the demon-
stration that the V1 loop of gpl 20 is both immunodominant
and the target of neutralizing antibody. Wehave also found
this to be true in chimpanzees challenged with IIIB/LAV (4).
It is likely that this has been missed in previous studies because
the V1 loop is hypervariable, and differences between the in-
fecting isolate and the test strain did not allow for detection of
antibody to this region ( 1, 2). An alternate explanation is that
one of the unique characteristics exhibited by the IIIB/LAV
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strain is that the Vl loop has greater exposure than in clinical
isolates. If these findings regarding the Vl loop can be con-
firmed in patients infected with more typical clinical isolates,
then these findings have important implications for vaccine
design. None of the current IIIB/LAV-based subunit vaccines
induce antibody to the Vl loop, although in chimpanzees who
received vaccinia-gp 160 and then were infected with HIV, anti-
V 1 antibodies rose to higher levels after infection than in con-
trol chimpanzees [(3, 4) and Pincus, S. H., and K. G. Messer,
unpublished data].

There are some important differences in the temporal evo-
lution of the antibody response in the different laboratory
workers. L.W.F., who was infected with an inapparent inocu-
lum, had a slow rise in the level of all antibodies over the 7 yr of
follow-up. In contrast, L.W.S., infected with a large inoculum,
had high levels of antibody from the initial time point. This
may be a function of inoculum size, since similar, although less
marked, findings have been seen in chimpanzees infected with
a high versus low inocula (4). Another difference between
L.W.F. and L.W.S. is the crossreaction of L.W.F. with the V3
loop of RF. It is possible that the differences between L.W.F.
and L.W.S. are due to differences in the genetic makeup of the
individuals affecting immune response genes, but with only
two individuals this cannot be tested.

Wecan also draw correlations between clinical progression
and the antibody response of the laboratory workers. L.W.F.
has the least advanced clinical syndrome, with CD4 counts
only recently beginning to drop. L.W.F. antibody levels have
been climbing or on plateau levels throughout the observation
period. L.W.S. has had a continually low and dropping CD4
during the postinfection period. The rapid progression of dis-
ease in this case may be related to inoculum size. During 1992
L.W.S. has had a fall in the levels of anti-gp160, anti-V3, and
neutralizing antibody. This fall may be related to the advance
in clinical disease. L.W.R., who has AIDS, has the lowest anti-
body levels of all of the laboratory workers, with background
levels of neutralizing and anti-Gag antibodies. Unfortunately,
only a few serum samples are available from this individual, so
we cannot determine whether the fall in antibody levels pre-
ceded the development of AIDS.

In spite of the differences pointed out above, there were
many consistencies in the anti-V3 response of all the laboratory
workers, which were also seen in HIV-challenged chimpanzees
(4). The most marked is that the tip of the V3 loop, which
contains the conserved core sequence GPGR( 16), is the im-
munogenic region of V3 (Fig. 5). This is in marked contrast to
what is seen after vaccination, where other regions of the V3
loop are the antigenic sites [(3) and Pincus, S. H., and K. G.
Messer, unpublished data]. The recognition of the core se-
quence as well as the crossreaction with peptides corresponding
to other V3 loops suggest that the neutralization of nonhomo-
logous strains of HIV by sera from infected individuals may in
part be because of crossreactions of anti-V3 antibody (26).

The nature of neutralizing antibodies is important to assess.
Generally it is believed that there are two components of neu-
tralizing antibody: anti-V3 (26, 27) and CD4/gp120 blocking
antibodies (2, 17-19). In previous studies we have shown that
the titer of neutralizing antibodies correlates most closely with
the fine specificity of anti-V3 antibodies and not with the titers
of anti-gp 160, anti-V3, or CD4/gp 120 blocking antibody (3,
4). In this paper, we demonstrate that, at least in the laboratory
workers, anti-V 1 antibody appears to be an important compo-

nent in neutralization. Anti-V 1 antibodies do not block the
interaction of CD4and gpl20 (data not shown). Also of inter-
est is the finding that L.W.R. has very high levels of CD4/
gp 120 blocking antibody, but no neutralizing activity. Because
all of the sera tested have anti-V3 with the same fine specificity,
we cannot correlate this with the titer of neutralizing antibody.

It has been suggested that the evolution of HIV during the
course of infection in a single individual is the result of selec-
tion by antibody for escape variants (28). Because there have
been complete Env sequences obtained from L.W.F. at multi-
ple time points' and we have mapped the antigenic regions, it
was possible for us to test the hypothesis that antibody selects
for mutant viruses. Our analyses yielded mixed results. The
statistical association of epitopes and mutations as well as the
fact that there were mutations in the VI and V3 loops, both
immunodominant sites, argue that antibody may indeed be
selecting for the mutations. However, the experimental data, in
which sera from times preceding the mutation bind peptides
corresponding to the original and the mutant sequence equally,
argue against antibody selection because the antibody would
have selected equally against both the original and the mutant
virus. Moreover, there were no mutations in regions of Env
shown to result in escape mutants (29, 30) nor in any other
neutralization epitopes. These results leave the relationship be-
tween mutation and antibody selection an open question. Simi-
larly, our data on the neutralization of serial HIV isolates
yielded conflicting information on this issue. There was clearly
a shift in neutralization phenotype of the L.W.F. isolates be-
tween 1985 and 1987, suggestive of selection. However, the
highest titer of neutralizing antibody to each of the later reiso-
lates was present on the day the virus was cultured, indicating
that the isolates could exist in the presence of neutralizing anti-
body.

The studies reported in this manuscript represent an unfor-
tunate experimental opportunity. The risk factor that these lab-
oratory workers shared in commonwas that all worked in facili-
ties engaged in the preparation of highly concentrated batches
of HIV. The infection of the laboratory workers with a defined
strain of HIV has allowed us to evaluate in great detail the
evolution of the systemic antibody response to HIV. Because
these individuals are now receiving vaccine therapy (6), the
natural evolution of the antibody response can no longer be
studied. However, future studies will allow a detailed analysis
of alterations induced by the therapeutic vaccine.
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