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The immunologic relatedness of the various human immunodeficiency virus type 1 (HIV-1) clades was
determined with 13 human anti-HIV-1 monoclonal antibodies (MAbs) to six immunogenic regions of the HIV-1
structural proteins. The immunoreactivity of the native, oligomeric viral envelope glycoproteins expressed on
the surfaces of human peripheral blood mononuclear cells infected in vitro with primary isolates from clades
A through E was determined by flow cytometry. Some epitopes in the immunodominant region of gp41 and the
C terminus of gp120 appear to be HIV-1 group specific in that they are expressed on the surfaces of cells in
cultures infected with the majority of viruses tested from clades A to E. Epitopes within the V3 region appear
to be clade restricted. Surprisingly, one MAb to an epitope in the C terminus of gp120 was entirely clade B
specific. Staining with anti-V2 and anti-CD4 binding domain (CD4bd) reagents was infrequently detected.
Anti-CD4bd MAbs stained only CD4-negative T cells because the CD4bd of gp120 appeared to be complexed
with membrane CD4. When present, the epitopes of V2 and the CD4bd appeared to be expressed on cells
infected with various clades. Thus, the results suggest that MAbs to gp41, the C terminus, and the V3 loop of
gp120 are most useful in serotyping primary isolates of HIV-1, providing group-specific, clade-restricted, and
clade-specific reagents. The use of the immunofluorescent method with the reagents described herein distin-
guishes infection with clade B from that with all other HIV-1 clades. With additional MAbs, this technique will
allow a broadly applicable, reproducible, and practical method for serotyping HIV-1.

In order to map the immunologic relationships among the
human immunodeficiency virus type 1 (HIV-1) clades and de-
termine how serotypes parallel or diverge from genotypes,
immunologic studies with primary isolates from the various
HIV-1 clades and with defined monoclonal antibodies (MAbs)
are required. These studies are also needed to characterize the
virus within an individual and the virus strains within a defined
population, and they are necessary, as well, to provide a foun-
dation for ongoing vaccine development and information
about the extent to which critical epitopes are shared by viruses
of the various clades of HIV-1.
Preliminary studies of the immunologic relatedness of the

various HIV-1 subtypes have been published. Thus, some
group-specific epitopes in the HIV-1 envelope have been iden-
tified. These include determinants in the immunodominant
region of gp41 (6, 53) and the C terminus of gp120 (43). While
MAbs to these epitopes have not previously been tested on
typed viruses from around the world, these epitopes appear to
be present in all or most variants of HIV-1 that have been
tested to date.
Antibodies to the CD4 binding domain (CD4bd) of gp120

are also commonly referred to as being group specific since
early studies indicated that antibodies to this region cross-react
with divergent laboratory isolates (22). Antibodies to the
CD4bd have neutralizing activity, but anti-CD4bd MAbs are
not capable of neutralizing all HIV-1 strains; thus, of a panel of
three human anti-CD4bd MAbs tested against eight type B
HIV-1 laboratory isolates, none was able to neutralize all vari-

ants (16). Similar results were found by others using both
laboratory and primary isolates of HIV-1 (2, 24, 39, 44, 51).
A potentially important group-specific MAb is that reported

by Muster et al. (37). This human MAb is directed against the
external domain of gp41 in a region that is highly conserved; it
is capable of neutralizing many type B isolates of HIV-1 (10)
but has not been tested for its ability to react with non-clade B
viruses.
To date, no clade-specific antibodies reactive with envelope

antigens have been definitively identified. The data of Mascola
et al. (32) suggest that polyclonal sera from infected individuals
show clade-restricted neutralization patterns in that sera from
U.S. and Thai patients preferentially neutralize the homolo-
gous clades of U.S. and Thai primary isolates. One human
MAb and some rodent anti-V3 (clade B) antibodies (1, 9, 16,
41) appear to react broadly with many clade B viruses, but
there are, as yet, no reports as to their reactivity with non-clade
B viruses.
Intraclade subdivisions have been distinguished genotypi-

cally. Thus, for example, clade F viruses have been divided into
two separate categories, with one subclade appearing in Brazil
and one occurring in Romania (11, 31, 45). Similarly, intra-
clade groups have been identified serologically. Thus, Eben-
bichler et al. (12) have used a panel of anti-V3 MAbs to classify
two distinct V3 loop conformations which correlate with T-cell
tropism and macrophage tropism.
Most of the aforementioned studies of immunologic rela-

tionships among HIV-1 viruses have been performed with lab-
oratory isolates or with untyped primary isolates. In order to
define these relationships more precisely, we have chosen to
use human MAbs to analyze the expression of epitopes on
peripheral blood mononuclear cells (PBMCs) infected in vitro
with primary viruses from five different clades. These human
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MAbs were induced by native viral proteins during the course
of natural infection and were selected on the basis of their
reactivity with proteins or peptides of laboratory strains of
clade B. Using these methods and materials, we have been able
to define group-specific, clade-restricted, and clade-specific
epitopes of HIV-1.

MATERIALS AND METHODS

Viruses used. Virus preparations were provided by three sources: (i) the
Military Medical Consortium for Applied Retroviral Research and the Henry M.
Jackson Foundation for Military Medicine (MMCARR/HMJF), (ii) the World
Health Organization (WHO), and (iii) the National Institute of Allergy and
Infectious Diseases (NIAID). The methods of virus isolation and preparation
have been described previously (7, 47). Briefly, virus was isolated by coculture of
phytohemagglutinin (PHA)-stimulated PBMCs from infected and uninfected
individuals. For expansion to high-titered stocks, culture supernatants from the
initial isolates were used to infect PHA-stimulated PBMCs from healthy, unin-
fected individuals. Cultures were monitored for p24 production, and supernatant
was collected and stored in 1-ml aliquots in liquid nitrogen. None of the primary
isolates was passaged through neoplastic cell lines, and the viruses used through-
out were uncloned; each virus preparation therefore contains a population of
viruses. A PBMC-adapted stock of HIVLAI was obtained from A. Prince. This
virus was prepared and tested in the same manner as that described above for
primary isolates.
The assignment of each virus to a clade was based on multiple genetic analyses

(54). Amino acid sequences were described by Myers et al. (38) or were provided
by MMCARR/HMJF, WHO, or NIAID. Viruses received from WHO and NI-
AID are referenced according to the nomenclature now used by Myers et al.
(38). Thus, for example, isolate A2RW021 denotes that this isolate belongs to
clade A (A), was collected in 1992 (indicated as 2), was derived from a patient
in Rwanda (RW), and was assigned specimen number 021. Isolates provided by
MMCARR/HMJF do not conform to this identification scheme. Country codes
include RW, Rwanda; US, United States; BZ or BR, Brazil; TH, Thailand; HA,
Haiti; SM, Somalia; SG, Senegal; and UG, Uganda. The designations for virus
phenotypes were provided by each of the contributing agencies. In cases in which
analyses of syncytium-inducing and non-syncytium-inducing phenotypes had not
been performed by the virus provider, such analyses were performed as part of
this study by means of the MT-2 assay of Koot et al. (30).
The following virus isolates were obtained through the AIDS Research and

Reference Reagent Program, Division of AIDS, NIAID, from the WHO Net-
work for HIV Isolation and Characterization: A2RW021W, A2RW023W,
A2RW026W, B2TH014W, B2TH026W, C2BR025W, D2UG001W, D2UG021W,
D2UG024W, E2TH001W, E2TH003W, and E2TH005W.
The following isolates were obtained through the Division of AIDS, NIAID:

B2US657D and B2US727D from the Multicenter AIDS Cohort Study, from
Roger Detels and John Phair, respectively; B2HA593D, B2HA594D, and
B2HA599D from Neal Halsey, Johns Hopkins University; and B2US714D from
Kenrad Nelson, Johns Hopkins University.
Preparation of cultured, infected cells for flow cytometry. PBMCs from unin-

fected donors were prepared by Ficoll-Hypaque density centrifugation from
Leukopaks purchased from the New York Blood Center. The Leukopaks con-
sisted of whole blood, collected in CPDA-1 (citrate, phosphate, dextrose, and
adenine solution), from which plasma had been removed. These fresh PBMCs, at
a concentration of 2 3 106 cells per ml, were stimulated for 3 days with 5 mg of
PHA per ml (Difco Laboratories, Detroit, Mich.) in medium containing 20%
fetal calf serum, 2% penicillin-streptomycin (Bio-Whittaker, Walkersville, Md.),
and 1% L-glutamine (Bio-Whittaker). Cultures were carried out in tissue culture
flasks incubated in 7% CO2 at 378C. After 3 days, the cells were readjusted to a
concentration of 23 106 cells per ml in the medium described above, except that
the medium lacked PHA and was supplemented with 20 U of recombinant
interleukin-2 per ml (Boehringer Mannheim Biochemicals, Indianapolis, Ind.).
Cells (5 ml) and virus (1 ml) containing a minimum of 20 50% tissue culture
infectious doses per ml were incubated together for 30 min at 378C, and then 4
ml of interleukin-2-supplemented medium was added. The cultures were main-
tained with feeding every 2 days, spun, decanted, and resuspended in 10 ml of
medium (as delineated above) until the number of CD4-positive cells decreased
by at least 10% as measured by flow cytometry (see below), usually 4 to 8 days.
The same procedure was used for primary isolates and for PBMC-adapted
HIVLAI. For uninfected negative control cultures, virus-free medium was added
in place of virus; all other steps in infected and uninfected cultures were iden-
tical.
Antibodies used for staining. The mouse anti-CD4 MAb Leu-3a (Becton

Dickinson, San Jose, Calif.) was used to identify CD4-positive cells. The human
anti-HIV-1 MAbs used for analysis and the epitopes for which they are specific
are shown in Table 1. Human MAbs were used to determine if antibodies
representative of those produced by the human immune response could distin-
guish between viruses from different geographic locations and if they could
define serotypes. The human MAbs used were chosen from a panel of over 60.
They were selected on the basis of the diversity of epitopes with which they react,

and those used were MAbs whose epitopes had been well characterized (Table
1 and references therein). Maximal staining was achieved at MAb concentrations
of $0.5 mg/ml. Staining levels remained constant when MAb concentrations of
up to 80 mg/ml were used. Three human MAbs to the C terminus of gp120 which
have not previously been described were used in these studies. Each of these was
produced by heterohybridomas derived from the PBMCs of HIV-infected indi-
viduals as previously described (17, 19), and they were selected by screening
supernatants on recombinant gp120 (rgp120) from HIVLAI (Repligen, Cam-
bridge, Mass.). The anti-C terminus MAbs were mapped by their ability to react
with peptides from the C terminus of rgp120 (data not shown).
Unpurified MAbs in culture supernatants were used to avoid any aggregation

which might occur upon purification and which might lead to an increase in
nonspecific background staining levels. A pool of sera from five HIV-positive
subjects was also used to stain cells; this serum pool was used at a dilution of
1:1,000.
Staining of cells and flow cytometric analysis. For single-color staining, 106

washed cells (in 100 ml) which had been cultured as described above were
incubated with 100 ml of a given human MAb for 30 min at 48C. Following
incubation, the cells were washed once by centrifugation in phosphate-buffered
saline containing 0.1% sodium azide (PBS-azide). To the cell pellet was added 50
ml of a 1:8 dilution of phycoerythrin (PE)-conjugated goat Fc-specific anti-
human immunoglobulin G (IgG) (Caltag, South San Francisco, Calif.). After 30
min of incubation at 48C, the cells were again washed once, resuspended in
PBS-azide, and analyzed by flow cytometry with a FACScan (Becton Dickinson).
For single-color analyses, the cells were gated on live lymphocytes using forward
and 908 scatter; the negative peak was defined with infected cells stained with
goat anti-human IgG-PE in the absence of any human anti-HIV MAb.
For two-color analyses, the cultured cells were incubated with 100 ml of the

designated human anti-HIV MAb and 15 ml of fluorescein isothiocyanate-la-
beled mouse anti-CD4 MAb (Becton Dickinson) for 30 min at 48C and then were
washed once with PBS-azide. A 1:8 dilution of the goat anti-human IgG-PE (50
ml) was then added, incubation was continued for 30 min at 48C, and after they
were washed once, the cells were resuspended and analyzed. For dual-color
analyses, the cells were gated on scatter as described above. The cells were
regated on CD4-positive cells to determine the mean channel fluorescence of
CD4-positive cells stained with anti-HIV MAbs.
For three-color analyses, in addition to human anti-HIV MAbs and fluores-

cein isothiocyanate-labeled anti-CD4, Per CP anti-CD3 (Becton Dickinson) was
added to the cultured cells in the initial incubation. The cells were gated by
scatter and regated on HIV-positive, CD4-negative cells to determine the per-
centage of the latter which were CD3 positive.
Flow cytometry was carried out with a Becton Dickinson FACScan. The

instrument sensitivity and reproducibility were verified with reference particles
(CaliBRITE Beads; Becton Dickinson). Compensation was set with fluoro-
chrome-labeled reference particles and optimized on normal control cell mix-
tures. Data on one to three experiments performed with each virus are reported.
When more than one experiment was performed (for 8 of the 28 viruses studied),
data are shown as the mean; repeat analyses were performed on newly infected
cells. Each analysis was performed on cells infected with viruses as they were
received, and thus viruses of several different clades were usually represented in
each experiment that was conducted.
Statistical methods. The MAbs were grouped into clusters by the techniques

of cluster analysis (26). Similarities between MAbs were based on the patterns of
response (positive and negative) of cells infected with HIV isolates to the MAbs,
and these similarities were quantified by the average linkage algorithm. This
algorithm treats the distance between two clusters as the average distance be-
tween all pairs of items for which one member of a pair belongs to each cluster.
Initially, all MAbs are in separate clusters. The most similar MAbs are then
grouped, and these initial groups are subsequently merged according to their

TABLE 1. Human MAbs used

MAb Epitope Reference(s)

71-31 p24 17
50-69 gp41 (amino acids 579–613) 17, 56
858-D gp120 (C terminus: VVQREKR) This study
670-D gp120 (C terminus: PTKAKRR) This study
989-D gp120 (C terminus: VVQREKR) This study
257-D gp120 (V3 loop: RKIHI) 19, 20
268-D gp120 (V3 loop: HIGPGR) 19, 20
447-52-D gp120 (V3 loop: GPGR) 16, 20
694/98-D gp120 (V3 loop: GRAF) 16, 20
697-D gp120 (V2 loop) 18
559/64-D gp120 (CD4 binding domain) 28
654-D gp120 (CD4 binding domain) 33
729-D gp120 (CD4 binding domain) 33
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similarities. Eventually, all subgroups are fused into a single cluster. SAS statis-
tical software was used for the analysis.

RESULTS

Staining characteristics of HIVLAI-infected cells. To ascer-
tain the ability of a panel of MAbs to stain antigens on the
surfaces of HIV-1-infected cells, PBMCs infected with a
PBMC-adapted variant of HIVLAI were stained with each of
13 human MAbs. An anti-p24 MAb (MAb 71-31) was used as
a negative control. With this latter MAb, only 2.9% of cultured
cells were stained over the gate set with infected cells which
were treated with goat anti-human IgG-PE in the absence of
any human anti-HIV MAb. Anti-V3 MAbs 257-D and 268-D
had previously been shown to be unreactive with HIVLAI (19,
20); these two MAbs served as additional negative controls in
this experiment and were found to stain 2.6 and 2.5% of in-
fected cells, respectively. In 15 experiments, staining levels with
the anti-p24 MAb used as a negative control reached a mean
1 2 standard deviations of 6.2%, which was hereinafter used as
the cutoff between negative and positive values. The additional
12 anti-HIV MAbs tested, which were specific for antigenic
determinants of gp41 and gp120, had previously been shown to
react with HIVLAI (16, 17, 19, 20, 28), and each stained.6.2%
of cells (Fig. 1). Three anti-CD4bd MAbs known to react with
rgp120 HIVLAI stained between 7.0 and 8.0% of cells. An
anti-V2 MAb (697-D) stained 9.2% of cells, and an anti-gp41
MAb (50-69) stained 27.1% of cells. TwoMAbs to the V3 loop,
447-52-D and 694/98-D, known to react with and neutralize
HIVLAI, stained 19.1 and 58.4% of cells in HIVLAI-infected
cultures, respectively. The differential staining of these two
anti-V3 MAbs is consistent with their respective binding affin-

ities for rgp120LAI and their ability to neutralize HIVLAI (19,
20). Other MAbs which were also reactive with the cells in the
HIVLAI-infected culture were the MAbs to the C terminus of
gp120 (MAbs 670-D, 858-D, and 989-D), which stained 62.8,
57.6, and 48.3% of the cells, respectively. Thus, among the
reactive MAbs, the hierarchy of surface staining by antibody
specificity for various epitopes was (in order of ascending per-
centages of cells stained) anti-CD4bd, anti-V2, anti-gp41,
anti-V3 ; anti-C terminus. Uninfected cells did not stain
above background levels with any anti-HIV MAb (Fig. 1) but
did stain with anti-CD4 (data not shown).
The hierarchy of staining ability was similar to that derived

when the data were analyzed for mean channel fluorescence
(MCF) rather than for percent positive cells. Thus, the average
MCF value for the three MAbs that did not stain the cells was
37.3. The MCF value for three anti-CD4bd MAbs was 39, that
for one anti-V2 MAb was 49, that for one anti-gp41 MAb was
70, that for two anti-V3 MAbs was 86, and that for three anti-C
terminus MAbs was 116.
Because the anti-CD4bdMAbs showed only a small percent-

age of positively stained cells (7.0 to 8.0%) and the MCF value
of CD4-positive cells stained with anti-CD4bd MAbs was es-
sentially unchanged above the negative control values, the na-
ture of the cells binding the anti-CD4bd and other anti-HIV
MAbs was investigated. Figure 2a shows that neither CD4-
negative nor CD4-positive cells stained with the anti-p24 MAb
71-31. Figure 2b and c show that both CD4-negative and CD4-
positive cells stained intensely with the anti-V3 and anti-C
terminus MAbs, respectively. However, Fig. 2d, e, and f show
that three anti-CD4bd MAbs stained only CD4-negative cells.
These data suggest that on CD4-positive cells, the CD4bd of

FIG. 1. Percentages of cells in cultures infected with primary isolates (or HIVLAI) which stain positively with human MAbs. Values in color are in excess of the mean
value 1 2 standard deviations for cells in infected cultures stained with anti-p24 as a negative control (3.39% 1 2.8% 5 6.19%). C-TERM, C terminus; NSI,
non-syncytium inducing; SI, syncytium inducing; N.D., not done.
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gp120 may be complexed with CD4, thus blocking the CD4bd.
However, since HIV-1 infection down-regulates CD4 (15, 25,
48), the CD4bd should be available on infected cells which no
longer express CD4. This appears to be supported by the data
shown.
Staining characteristics of cultures infected with primary

isolates. In order to ascertain whether cells in cultures infected
with primary isolates were stained in a pattern similar to that
observed with the cells infected with the HIVLAI clade B lab-
oratory strain, normal PBMCs were infected with one of sev-
eral clade B viruses. The results, summarized in Fig. 1, show
that cells in cultures infected with primary isolates of clade B
can, indeed, be stained with anti-gp41, anti-C terminus, anti-
V3, anti-CD4bd, and anti-V2 MAbs. The details of the staining
profiles with these reagents are presented in Fig. 1 and are
described below. Figure 3 shows the contour maps of cells in
cultures infected with a clade B virus, B2HA593D, which were
stained with anti-CD4 and various anti-HIV MAbs. The sim-
ilarity of the staining patterns of cells in cultures infected with
this primary isolate to those of cells infected with the PBMC-
adapted strain of HIVLAI is evident from a comparison of Fig.
2 and 3. Thus, essentially no cells were stained with anti-p24
(Fig. 2a and 3a), cells were stained strongly with anti-V3 and
anti-C terminus MAbs among both CD4-negative and CD4-
positive populations (Fig. 2b and c and 3b and c), and CD4-
negative cells were essentially the only cells which were stained
with the anti-CD4bd MAbs (Fig. 2d to f and 3d to f). Three-
color analysis demonstrated that 88% of the infected CD4-
negative cells were CD3-positive T cells (data not shown).
Moreover, time course experiments showed that the CD4bd on
CD4-negative cells was the last epitope to be detected, and this
occurred at a time when the number of cells expressing CD4

had begun to decline dramatically (data not shown). These
data support the hypothesis that the CD4bd is blocked by
membrane CD4 but is available for binding on cells whose
CD4 has been down-regulated.
The staining intensity of the primary isolates with the dif-

ferent categories of MAbs was analyzed next. For those CD4-
positive cells from infected cultures that were stained positively
with anti-HIV MAbs, staining was weakest with anti-CD4bd
MAbs, intermediate with anti-gp41 and anti-V2 MAbs, and
strongest with anti-C terminus and anti-V3 MAbs. Examples of
the intensity of the staining of the cells infected with clade B
primary isolates can be discerned from the contour maps in
Fig. 3 and from the histograms in Fig. 4. It should be noted that
the intensities of staining achieved with polyclonal antibodies
from a pool of sera from HIV-infected individuals (Fig. 4g),
with an anti-C terminus MAb (Fig. 4e), and with an anti-V3
MAb (Fig. 4f) were similar (MCFs were 138.1, 128, and 133.5,
respectively).
Group-specific antigens recognized on the surfaces of cells

in cultures infected with HIV-1 primary isolates from diverse
locales. After the ability of various human anti-HIV MAbs to
stain PBMCs in cultures infected with laboratory and primary
isolates of clade B was established, the ability of these MAbs to
stain PBMCs in cultures infected with various primary isolates
from diverse geographic locations was tested. Virus isolates
from clades A to E were used to infect PHA-stimulated human
PBMCs. Three MAbs were found to stain cells in cultures
infected with most of the viruses tested (Fig. 1). Thus, MAb
50-69 specific for the immunodominant domain of gp41 (56)
stained cells in cultures infected with 21 of 27 (78%) of the
primary viruses tested. Similarly, MAbs 670-D and 858-D spe-
cific for the C terminus of gp120 stained cells in cultures
infected with 100% (n 5 19) and 81% (n 5 27) of the viruses
tested, respectively. In each case, cells in cultures infected with
viruses from each of the five clades were among those which

FIG. 2. Relationship of CD4 and HIV antigen expression determined by flow
cytometric analysis of PHA-stimulated PBMCs which had been infected 4 days
earlier with a PBMC-adapted strain of HIVLAI. Contour maps of cells stained
with fluorescein isothiocyanate (FITC)-labeled anti-CD4 mouse MAb and with
human anti-HIV MAbs and PE-conjugated goat Fc-specific anti-human IgG are
shown. The intensity of the fluorescein isothiocyanate staining (anti-CD4) is
shown on the x axis, and the intensity of the PE staining (anti-HIV) is shown on
the y axis. Human anti-p24 MAb 71-31 (a), anti-V3 MAb 694/98-D (b), anti-C
terminus (gp120) MAb 670-D (c), anti-CD4bd MAb 559/64-D (d), anti-CD4bd
MAb 654-D (e), and anti-CD4bd MAb 729-D (f) were used.

FIG. 3. Relationship of CD4 and HIV antigen expression determined by flow
cytometric analysis of PHA-stimulated PBMCs which had been infected 4 days
earlier with primary isolate B2HA593D. Contour maps are shown, and the
details of the staining are identical to those delineated in the legend to Fig. 2.
FITC, fluorescein isothiocyanate.
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stained positively. These data confirm the findings of others
that antigens from the immunodominant domain of gp41 and
from the C terminus of gp120 appear to be ubiquitous among
HIV-1 isolates and are, therefore, group-specific antigens (43,
53). The frequency with which cells from infected cultures
stained positively with anti-C terminus MAbs ranged from 8 to
82% (Fig. 1). This is not dissimilar to previous reports that 50
to 100% of cells infected with HIV in vitro express antigens
that can be detected by flow cytometry (5, 23, 29, 55).
Clade-restricted antigens on the surfaces of cells in cultures

infected with HIV-1 primary isolates. Four anti-V3 MAbs were
tested for their ability to recognize antigens on the surfaces of
cells in infected cultures. These MAbs had been derived from
the cells of North American HIV-positive patients and had
been shown to react with the V3 loop from clade B viruses.
These MAbs reacted primarily with cells in cultures infected
with viruses from clade B (Fig. 1). Eleven of the 14 primary
clade B viruses tested contain the GPGR motif at the crown of
the loop. Staining this group of 11 primary isolates with the
four anti-V3 MAbs resulted in positive values in 38 of 44
(86%) analyses. Of the three clade B viruses which had diver-
gent sequences at the crown of the V3 loop, two were from
Thailand (B2TH026W and TH237) and one was from Haiti
(B2HA599D). The two Thai viruses differed from the majority

of viruses tested here by having PLGPGQ and HLGPGK (in-
stead of HIGPGR) at the tip of the loop. The aberrant Haitian
virus had a 3-amino-acid insertion near the crown of the loop
and GGGR at the tip (Table 2). These viruses are hereinafter
categorized as clade B9 on the basis of their aberrant binding to
the four anti-V3 MAbs. Only 1 of 12 (8%) analyses of these
clade B9 viruses resulted in cells stained positively with anti-V3
MAbs. The data suggest that most of the type B viruses from
around the world, including those from the United States,
Brazil, Haiti, and Thailand, can be identified with anti-V3
(clade B) human MAbs.
The anti-V3 MAb 447-52D, which is specific for the GPGR

sequence at the crown of the V3 loop, reacted with cells in-
fected with all of the viruses bearing this sequence (Table 2);
this MAb has previously been shown to be broadly neutralizing
for clade B primary and laboratory isolates (9, 16). MAb 694/
98-D has GRAX as its core epitope; it stained cells infected
with 10 of 11 viruses having this sequence in the V3 loop. This
MAb, more than any of the other anti-V3 MAbs, is affected by
conformation-dependent factors, as it was selected on rgp120
rather than on a V3 peptide (16, 20). MAb 257-D, whose core
epitope was previously defined as KRIHI (19), stained cells in
cultures infected with 9 of 11 clade B primary viruses; those not
stained or which stained poorly (viruses BZ167 and B2US714D)
were infected with viruses with a substitution in at least one
residue within this epitope (Table 2). MAb 268-D, whose core
epitope was previously defined as HIGPGR (19), stained cells
in cultures infected with 8 of 11 clade B primary viruses; cells
that were not stained were infected with viruses with a substi-
tution for the histidine in this epitope (Table 2). These data
show the remarkably consistent sequence-dependent staining
by anti-V3 MAbs.
Two of the anti-V3 MAbs showed reactivity with cells in-

fected with one of three clade A viruses. The staining of the
cells cultured with this clade A virus (A2RW023) was strong
and unequivocal in three replicate experiments.
One anti-C terminus MAb, 989-D, was entirely clade B spe-

cific but was reactive with only 7 of 11 (64%) clade B primary
viruses and with two of three (67%) clade B9 viruses.
Expression of V2 on cells in cultures infected with primary

isolates. Only one human MAb to the V2 region, MAb 697-D,
has been identified to date. The epitope of this MAb appears
to span the region from positions 161 to 194 of gp120 (the
position numbering is based on HIVHXB2R numbering [38]),
and it is primarily conformation dependent, with weak reactiv-
ity for a linear region between amino acids 161 and 180 (18).
This anti-V2 MAb reacted sporadically with viruses from
clades B, B9, C, and D (Fig. 1). Although no consistent se-
quence which differentiated the V2 sequences of those viruses
that generated cells that were stained with 697-D from those
viruses that did not (data not shown) could be identified, a
particularly frequent variation was noted in the V2 region from
positions 164 to 172 (SIRGKVQKE), a region which was pre-
viously noted to be involved in the epitope of MAb 697-D (18).
In addition, a correlation was observed (Fig. 1) for those cul-
tures which stained with the anti-CD4bd MAbs. This was con-
firmed by cluster analysis (see below).
Expression of CD4bd on cells infected with primary isolates.

As noted above, the staining of cells in infected cultures with
anti-CD4bd MAbs was sporadic because of the blockade of the
CD4bd by CD4; only infected CD4-negative cells stained with
anti-CD4bd MAbs. The staining, when it did occur, was found
on cells infected with viruses from clades A, B, C, and D. The
data are consistent with previously published results that the
CD4bd may be broadly distributed among HIV-1 viruses (27,
35); however, immunofluorescence does not appear to be an

FIG. 4. Fluorescence histograms of CD4-positive PHA-stimulated PBMCs
which had been infected 4 days earlier with primary isolate US1. The intensities
of the staining with human anti-p24 MAb 71-31 (a), anti-CD4bd MAb 559/64-D
(b), anti-gp41 MAb 50-69 (c), anti-V2 MAb 697-D (d), anti-C terminus (gp120)
MAb 670-D (e), and anti-V3 MAb 447-52D (f) are shown. In panel g, the cells
were stained with a 1:1,000 dilution of sera pooled from five HIV-positive
subjects.
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optimal technique for assessing its distribution among the var-
ious clades.
Cluster analysis of the data. The results of the cluster anal-

ysis were utilized to construct a phenogram (not shown) which
describes the history of the clustering process and suggests the
existence of immunologic relationships as a result of the reac-
tivities of the cells from infected cultures with the MAbs spe-
cific for various epitopes. This analysis suggests the following
clusters.
(i) The anti-gp41 MAb and anti-C terminus MAb 858-D

cluster together. (Analysis of anti-C terminus MAb 670-D
could not be performed because of an incomplete data set with
this MAb; inspection of Fig. 1, however, suggests that MAb
670-D belongs in this cluster.) On the basis of the ubiquity of
these epitopes among the various clades, this cluster appears to
reflect an immunologic association that identifies the relevant
epitopes as being group specific.
(ii) The V3 MAbs tend to cluster together among them-

selves and with 989-D, an anti-C terminus MAb. On the basis
of the restricted reactivity of this cluster, it appears to reflect
the immunologic association which identifies the relevant
epitopes as clade related. The two most closely related pairs of
MAbs in this cluster are MAbs 447-52D and 694/98-D and
MAbs 257-D and 268-D. These relationships confirm the over-
lap noted in the mapping of the core epitopes of these MAbs
(Table 2).
(iii) The anti-CD4bd MAbs cluster together and with the

anti-V2 MAb. This finding supports the notion of a relation-
ship between the V2 loop and the CD4bd on both immuno-
chemical and functional bases. This relationship has been de-
scribed previously (14, 34, 46).

DISCUSSION

The serotyping of infectious organisms is the classical tech-
nique used to categorize of organisms within a given genus or
species. This approach allows the differentiation of strains of
bacteria and viruses on the basis of antigenic structures which
are recognized with specific antisera or MAbs and provides
information on shared immunologic and structural character-
istics. Thus, for example, poliovirus is divided into serotypes
primarily on the basis of epitopes located on the three struc-
tural proteins making up the viral surface (13, 42, 52). Similar
immunologic, or serotypic, analyses have been used to catego-
rize most virus families, subfamilies, and genera (13). More

recently, with the development of techniques in molecular bi-
ology, serotypic analyses of many bacteria and viruses have
been augmented with genotypic classification wherein organ-
isms are categorized by restriction endonuclease mapping or
by sequence analysis at the nucleotide level and/or amino acid
level.
Like most viruses, HIV-1 and HIV-2 were first distinguished

by serologic methods. Thus, Barin et al. (3) and Clavel et al. (8)
described sera from West African subjects which reacted more
strongly with simian immunodeficiency virus than with HIV-1.
Virus isolation and sequence analysis later revealed that this
West African virus, HIV-2, was distinct from HIV-1 and that
these two viruses represented two different species within the
lentivirus genus (21).
In contrast to the typing of most viruses, subclassification of

HIV-1 was initially based on nucleotide sequence analysis
rather than on serotyping. More than six HIV-1 subtypes, or
clades, have now been definitively identified, and they are
approximately equidistant from one another on a coding se-
quence tree (38). Viruses of each clade tend to cluster in
geographic areas.
In order to determine how these viruses were immunologi-

cally related, whether serotypes exist, and if so, whether sero-
types parallel the genotypic groupings, we studied the reactivity
of antigens expressed on the surfaces of PBMCs cultured with
primary isolates from each of five different genotypes (clades A
to E). Flow cytometry was used, as opposed to studying the
antigens detected in detergent-treated lysates of virions by
immunochemical techniques, to examine the antigenic struc-
ture of oligomeric viral glycoproteins in their native configu-
ration on the surfaces of cells rather than partially denatured
monomeric glycoproteins captured onto a plastic substrate.
Moreover, in order to analyze these antigens in the context of
the human anti-HIV immune response, MAbs derived from
the cells of HIV-1-infected humans were used.
To standardize the method, MAbs were first tested for their

ability to stain cells infected with a PBMC-adapted laboratory
isolate, HIVLAI; all of the MAbs to the HIV-1 glycoproteins
which had previously been shown to react immunochemically
with recombinant proteins and peptides of HIVLAI were able
to stain cells infected with this virus. Interestingly, the patterns
of the staining of cells infected with HIVLAI and with clade B
primary isolates were strikingly similar (Fig. 1 to 3).
The method used, acute infection of stimulated PBMCs with

free virus, gave excellent levels of infected cells expressing viral

TABLE 2. Correlation of staining with anti-V3 MAbs and V3 sequences of isolates used to infect PBMCs

Virus designation V3 sequence
Cells (%) staining with MAb: Sequence in virus corresponding

to core epitope of MAb257-D 268-D 447-52D 694/98D

US4 KSIHI---GPGRAF 41 42 41 28 KSIHI HIGPGR GPGR GRAF
BZ167 RRIRI---GPGRTF 43 19 GPGR GRTF
B2THO14W KSIHL---GPGRAW 17 16 18 13 KSIHL HLGPGR GPGR GRAW
TH130 KRIHI---GPGRAF 43 44 44 23 KRIHI HIGPGR GPGR GRAF
US1 KSIHI---GPGRAI 78 78 79 77 KSIHI HIGPGR GPGR GRAI
US2 KSIHI---GPGRAF 73 74 64 43 KSIHI HIGPGR GPGR GRAF
B2US714D RSIHM---GPGRAF 15 16 17 HMGPGR GPGR GRAF
B2HA594D KRISI---GPGRAS 28 35 23 KRISI GPGR GRAS
B2HA593D KRISI---GPGRAF 21 24 28 KRISI GPGR GRAF
B2US657D KGIHI---GPGRAF 39 40 40 28 KGIHI HIGPGR GPGR GRAF
B2US727D KSVHI---GPGRAF 12 23 14 KSVHI HIGPGR GPGR GRAF
LAI KSIRI-QRGPGRAF 19 58 GPGR GRAF
B2TH026W KSIPL---GPGQAW
B2HA599D RSVHSGHIGGGRTL
TH237 KSIHL---GPGKAW 28 KSIHL
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antigens. The mean percentage of cells stained with the most
sensitive and broadly reactive MAbs, the two group-specific
anti-C terminus MAbs, was 36%. While the range of percent
positive cells in cultures stained with these two MAbs extended
from 8 to 82%, the level of infection was consistent with those
in studies in the literature showing that 50 to 100% of trans-
formed cells infected in vitro are infected (5, 23, 29, 55) and
that ;30% of acutely infected PBMCs in vitro are infected
(23). These figures are strikingly higher than those for the level
of infection achieved by cocultivation of activated cells from
normal and infected donors, which results in a much lower
level of infection that peaks much later (40, 57).
Analysis of the immunologic nature of HIV-1 envelope gly-

coproteins in their native configuration on the surfaces of in-
fected cells revealed various categories of epitopes.
Group-specific epitopes appear on cells infected with the

majority of HIV-1 isolates, regardless of clade. Included in this
category are an immunodominant epitope of gp41 located be-
tween amino acid residues 579 and 613 and recognized by
MAb 50-69 (17, 56) and two distinct antigens at the C terminus
of gp120 recognized by MAbs 670-D and 858-D. Previous
studies have suggested that the immunodominant antigen on
gp41 is partially obscured by its association with gp120 (48–50);
this appears to be confirmed here on the basis of the lower
level of fluorescence obtained with this MAb compared with
that for MAbs that stained other envelope epitopes.
Clade-restricted epitopes appear on cells in cultures infected

with only some or one of the HIV-1 clades. Surprisingly, there
appears to be a clade B-restricted epitope in the C terminus of
gp120 which is recognized by MAb 989-D. Clade-specific
epitopes in this region have not, heretofore, been described,
although Blomberg et al. (4) showed that African sera reacted
preferentially with peptides from the C terminus of gp120 of
two Zairian viruses. While the MAb that recognizes the clade-
specific C terminus epitope maps to the same peptide to which
the group-specific anti-C terminus MAb 858-D maps
(VVQREKR), the two MAbs clearly differ in the patterns of
viruses they recognize (Fig. 1). Since the specificity of MAbs to
linear determinants is determined in large measure by confor-
mation (16), this unusual epitope may be primarily conforma-
tional, thus providing an explanation for the absence of infor-
mation about this determinant from sequence analysis. Studies
to delineate the different epitopes of several anti-C terminus
MAbs are continuing.
The other category of clade-restricted epitopes was recog-

nized by anti-V3 MAbs. Two anti-V3 MAbs recognized cells in
cultures infected with viruses of clade B and with viruses of
clade A or clade B9 (those with aberrant V3 loops compared
with those of most clade B viruses). Two other anti-V3 MAbs
reacted with cells in cultures infected with only clade B viruses,
suggesting the existence of a category of clade-specific anti-V3
epitopes. Since V3 is one of the principal neutralizing deter-
minants in primary isolates (9), the data herein support the
concept that the V3 loop epitope is important in defining a
functionally relevant (neutralizing) serotype. The various an-
ti-V3 MAbs may be useful not only in distinguishing between
clades but in making distinctions within clades. Thus, while
only three clade B9 viruses were available for testing, these
were distinguished from the clade B viruses by the anti-V3
MAbs. Such intratypic subgroups have previously been re-
ported for clade F, as determined by genotypic methods (31).
The immunologic data presented herein suggest that at least
one intratypic subgroup within clade B may now be discerned
immunologically.
It is noteworthy that these various anti-V3 MAbs react

broadly with clade B virus-infected cultures despite the hyper-

variability of the V3 loop (Table 2). The reactivity of the four
anti-V3 MAbs in 86% of the analyses with 11 clade B primary
viruses suggests the existence of an immunologic similarity
between diverse isolates even in this variable region. Human
MAbs which were stimulated by natural infection as opposed
to MAbs induced by peptides may be particularly adept at
recognizing the conserved shape of the clade B V3 loop. In-
deed, all of these human anti-V3 MAbs have been shown to
bind more avidly to rgp120 than to V3 peptides (16, 20), dem-
onstrating a required conformational aspect of the antigen in
order for binding to be maximal.
A third category of epitopes can be detected only sporadi-

cally on cells in cultures infected with isolates from the various
clades. The best example of this type of epitope is that recog-
nized by the anti-V2 MAb 697-D on cells in cultures infected
with a minority of viruses from clades B, B9, C, and D. The V2
epitope was expressed on both CD4-positive and CD4-negative
cells (data not shown) in 30% of the analyses performed with
cultures infected with primary isolates. Similarly, anti-CD4bd
MAbs stained cells infected by a minority of viruses from
clades A to D, staining cells in 23% of the analyses performed.
When cells stained with anti-CD4bd MAbs were analyzed, it
was found that only cells that failed to stain for CD4 with
Leu-3a stained with the anti-CD4bd MAbs. Interestingly, a
relationship between the presence of the V2 and CD4bd
epitopes appears to exist, and this relationship can be seen by
an inspection of the data (Fig. 1) and by cluster analysis.
Evidence for functional and immunochemical relationships be-
tween V1/V2 and the C4 region and CD4bd of gp120 has
previously been described (14, 36, 46).
The V2 and CD4bd epitopes may be variant specific, i.e.,

present on cells in cultures infected with only a minority of
viruses which, however, are not restricted by membership in
any particular clade. Alternatively, one or both of these
epitopes may be more widespread but poorly detected on the
surfaces of infected cells because of the blockade of the
epitopes by gp120 (15). At a minimum, one can state that
shared antigens of the CD4bd are found among most of the
clades (35), but the degree to which they are shared by in-
dividual viruses cannot be ascertained by staining infected
PBMCs. Previous studies of virus neutralization (2, 16, 24, 39,
44, 51) showed that only a portion of viruses studied can be
neutralized by anti-CD4bdMAbs, suggesting that, on this func-
tional criterion, some antigens of this large and complex
epitope may fall into the variant-specific rather than the group-
specific category.
Quantitative rather than qualitative analysis of the data

highlights additional issues. Thus, each of the MAbs tested
stained cells in infected cultures to various degrees. For exam-
ple, the anti-C terminus MAb 670-D stained all infected cul-
tures tested, but the level of staining varied from 19 to 82%
(Fig. 1). The level of staining with the anti-gp41 MAb 50-69
ranged from 2.2 to 27.1%. This range in the staining by a single
MAb of cells infected with different viruses and the differences
noted in staining by different MAbs of cells infected with a
single virus may be due to several nonexclusive factors: the
nonclonal nature of the infecting viruses, differences in the
affinities of given MAbs for any given virus glycoprotein, the
various states of glycoprotein processing and glycosylation on
the surfaces of infected cells, and the degree to which different
primary viruses shed monomeric gp120 which may bind to the
surfaces of uninfected cells.
Definition of group-specific and clade-specific antigens and

a panel of MAbs that would define each will be useful in
epidemiologic studies and in some clinical settings, particularly
in countries where infection is caused by multiple clades. With
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these reagents, definition of the dominant clades causing in-
fection in a defined geographic region or in an individual could
be performed relatively simply by fluorescence microscopy,
and the need for isolation, sequencing, and/or production of
the relatively large amounts of virus needed for immunochemi-
cal analysis could be avoided (35). The MAbs to group-specific
antigens would serve as positive controls; the clade-specific
MAbs would distinguish between clades. Given the current
assumption that reagents for active and/or passive immuniza-
tion will need to match the locally dominant virus (or the virus
in an infected pregnant mother), readily available information
about the serotypes of HIV-1 in populations and in individuals
is essential.
To date, the vast majority of anti-HIV-1 human MAbs have

been derived from PBMCs from North American and Euro-
pean HIV-infected individuals and selected on proteins and
peptides of clade B viruses. These have yielded reagents that
are useful in categorizing group-specific epitopes, clade-re-
stricted epitopes (which react with clade A-, B-, and B9-in-
fected cells), and clade-specific epitopes (which react exclu-
sively with clade B-infected cells). Studies are now under way
to develop MAbs derived from the cells of individuals infected
with non-B clades in order to complete a panel of MAbs for
serotyping which will contain clade-specific reagents reactive
with each of the individual clades of HIV-1. These reagents
and the methodology described in this paper provide a prac-
tical approach for the serotyping and categorizing of strains of
HIV-1 without the sequencing or growing of large quantities of
the virus.
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