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Because immunologic classification of human immunodeficiency virus type 1 (HIV) might be more relevant
than genotypic classification for designing polyvalent vaccines, studies were undertaken to determine whether
immunologically defined groups of HIV (“immunotypes”) could be identified. For these experiments, the V3
region of the 120-kDa envelope glycoprotein (gp120) was chosen for study. Although antibodies (Abs) to V3 may
not play a major protective role in preventing HIV infection, identification of a limited number of immuno-
logically defined structures in this extremely variable region would set a precedent supporting the hypothesis
that, despite its diversity, the HIV family, like the V3 region, might be divisible into immunotypes. Conse-
quently, the immunochemical reactivities of 1,176 combinations of human anti-V3 monoclonal Abs (MAbs) and
V3 peptides, derived from viruses of several clades, were studied. Extensive cross-clade reactivity was observed.
The patterns of reactivities of 21 MAbs with 50 peptides from clades A through H were then analyzed by a
multivariate statistical technique. To test the validity of the mathematical approach, a cluster analysis of the
21 MAbs was performed. Five groups were identified, and these MAD clusters corresponded to classifications
of these same MAbs based on the epitopes which they recognize. The concordance between the MAb clusters
identified by mathematical analysis and by their specificities supports the validity of the mathematical
approach. Therefore, the same mathematical technique was used to identify clusters within the 50 peptides.
Seven groups of peptides, each containing peptides from more than one clade, were defined. Inspection of the
amino acid sequences of the peptides in each of the mathematically defined peptide clusters revealed unique
“signature sequences” that suggest structural motifs characteristic of each V3-based immunotype. The results
suggest that cluster analysis of immunologic data can define immunotypes of HIV. These immunotypes are
distinct from genotypic classifications. The methods described pave the way for identification of immunotypes
defined by immunochemical and neutralization data generated with anti-HIV Env MAbs and intact, viable HIV

virions.

Within three years of isolation of the human immunodefi-
ciency virus type 1 (HIV) from patients in North America and
Western Europe, the genetic diversity of HIV was recognized
as a consistent feature, manifesting itself in the constant and
variable regions of the 120-kDa envelope glycoprotein (gp120)
of the virus (48). With further virus isolations from patients
around the world and extensive sequencing, HIV strains were
grouped into genotypes, or clades, based on sequence cluster-
ing patterns (41). To date, these sequence analyses have re-
vealed at least 10 major clades, designated A through I, in the
major group (group M) and a still unknown number of clades
in the outlier group (group O) (24, 25, 30, 32, 40, 42). The
extensive variability of HIV is now recognized as having a
critical impact on diagnosis, therapy, and prevention (11).

The issue of HIV diversity is currently being revisited from
the point of view of the human immune response to this virus
family. It is clear from previous studies that HIV genotypes do
not generally correspond to serotypes defined on the basis of
immunochemical or neutralizing activity (4, 16, 17, 29, 36, 44,
45, 47, 53), although data reported by Mascola et al. suggest
that clade E viruses constitute an immunologically distinct
subtype within group M (33). Clearly, however, much more
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extensive work is needed to determine if immunologically re-
lated groups (immunotypes) of HIV can be defined and
whether they will be more relevant than genotypes for the
design of a vaccine.

In fact, both sequence data and immunochemical data, when
analyzed by various mathematical approaches, suggest that
serotypes do indeed exist and that they do not appear to cor-
relate with clades. Two groups independently studied the
amino acid sequences and serologic characteristics of the V3
portion of gp120 (4, 28, 47); the results of these studies sug-
gested that there are rational alternatives to the genotypic
classification of HIV and that these newly defined groups con-
tain viruses from multiple clades. An initial study by Korber et
al. using V3 sequence data employed protein similarity-based
cluster analysis (28). These studies of the V3 sequences of 302
viruses from clades A through F suggested that 14 clusters
could be observed. While some clusters contained viruses from
only a single clade (e.g., clade D or E), other clusters contained
representatives of multiple clades. Moreover, clades A and C
were found to have identical or highly similar V3 amino acid
sequences, and the D clade sequences were found to possess
the most radically divergent set of V3 loop sequences. Addi-
tional studies using a subtype-specific enzyme-linked immu-
nosorbent assay (ELISA) with 321 HIV-positive sera from
patients in 10 countries and 19 V3 peptides from clades A
through F, followed by cluster analysis of the serologic data,
revealed five to nine serologic groups, some of which contained
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a single clade (e.g., A or D), while others contained represen-
tatives of multiple clades (4, 47). These studies, and others (29,
36, 44, 45, 53), reveal the existence of HIV epitopes shared by
viruses belonging to different clades and suggest the existence
of HIV immunotypes. However, with the exception of the
serologic studies conducted with defined peptides (4, 47), ex-
periments using polyclonal sera provide only limited informa-
tion about the identity of the shared epitopes.

Monoclonal antibodies (MAbs) provide the specificity
needed to map shared epitopes. Indeed, human MADs to the
V3 region have revealed shared epitopes by their broad intra-
and interclade reactivity (9, 16, 17, 20, 37, 43, 55). Extensive
cross-clade reactivity is also exhibited by MAbs to the CD4
binding domain, to the C terminus of gp120, and to regions on
gp41 (6,9, 10, 27, 37, 49, 50, 55). Cross-clade reactivity of these
MADs also suggests that immunotypes may exist and that the
epitopes defining the immunotypes can be identified.

To test the hypothesis that HIV immunotypes can be iden-
tified, a panel of 21 human anti-V3 MAbs was studied immu-
nochemically for cross-reactivity to V3 peptides derived from
the sequences of viruses of group M (clades A through H) and
group O. Extensive cross-clade reactivity was observed. The
patterns of interaction were then analyzed mathematically, re-
vealing groups of V3 loops that cluster together on the basis of
their profiles of reactivity with the MAbs. Each of these clus-
ters contains peptides from more than one clade, demonstrat-
ing that the immunotypic clusters do not correspond to cladal
groups. Moreover, peptides belonging to the same cluster pos-
sess characteristic patterns of amino acids, i.e., signature se-
quences, which distinguish them from peptides of other clus-
ters. These studies of the V3 loop provide the basis for further
investigation of immunochemically and functionally defined
HIV immunotypes based on examination of intact virions with
MADs derived from subjects infected with diverse viruses and
MADs specific for several envelope epitopes.

MATERIALS AND METHODS

MAbs. Twenty-one immunoglobulin G anti-V3 MAbs were derived from cell
lines made from the peripheral blood of patients infected with HIV-1. Produc-
tion of these human MAbs has been described in detail (19). With the exception
of MAb 1324E, all MAbs came from the cells of subjects in the United States
infected with clade B. MAb 1324E came from the cells of a subject infected in
Thailand with clade E (16). Selection of the heterohybridomas producing the
anti-V3 MAbs was performed by screening with V3, (14, 19, 20), gp120p
(14), V3gg (17), V3g (16), or oligomeric gp140 from HIV,s, (18, 51, 52). An
additional anti-V3 MADb, 1108, was derived by screening cells with a 23-mer
peptide, peptide 987, which is the best mimeotope of MAb 447-52D (26). Peptide
987 was supplied by A. Conley (Merck Research Laboratories, West Point, Pa.)
and contains the GPGR motif, which is the core epitope of MAb 447-52D (26),
within a random amino acid sequence generated in a random phage display
library. MAb 447-52D is referred to hereafter as MAb 447.

Peptides. Fifty-six 19- to 30-mer peptides which span the tips of the V3 loops
of viruses from group M (clades A through H) and group O were synthesized.
Eleven V3 peptides, representing the sequences of MN, SF2, SC, NY/5, RF,
WMJ2, CDC4, BRU, SF33, MAL and ELI, were purchased from Intracel, Inc.
(Cambridge, Mass.); these peptides were purified by high-performance liquid
chromatography (HPLC) and found to have a purity of >80%. All peptides from
Intracel contained cysteine residues at the N terminus. One peptide, D687, was
synthesized by Genemed Biotechnologies, Inc. (South San Francisco, Calif.); it
was synthesized by using the standard 9-fluorenylmethoxycarbonyl (Fmoc) tech-
nology, purified by C-18 reverse phase HPLC, identified by mass spectroscopy,
and found to have a purity of >80%. Peptide 987 was provided by A. Conley (see
above) and was previously described (26). The peptide that represents is the
consensus sequence of the V3 loop of clade E was synthesized by C. Fiol,
Colorado State University (Fort Collins, Colo.), and was used as a preparation
which was 68% pure as judged by HPLC analysis. The V3 peptides from clades
G and H were purchased from Princeton BioMolecules Corp. (Columbus, Ohio);
purity as assessed by HPLC, amino acid analysis, and mass spectroscopy was
>85%. The remaining peptides from clades A, C, D, E, and F were synthesized
by Lawrence Loomis-Price at the H. M. Jackson Foundation (Rockville, Md.) by
standard solid-phase methods with an ABI 433 automated peptide synthesizer
(Applied Biosystems, Foster City, Calif.) and were >70% pure as assessed by
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HPLC with the exceptions of peptides D3AMA959 and 12233, both clade C, whose
purities were 53 and 50%, respectively. None of the N- or C-terminal amino acids
were derivatized, and none of the peptides were cyclic.

ELISA. A standard peptide ELISA which has been described previously was
used (15, 17). Briefly, V3 peptides were coated onto plastic Immulon 2HB plates
(Dynex Technologies, Inc., Chantilly, Va.) at 1 pg/ml. Plates were blocked for 1 h
at 37°C with 2.5% bovine serum albumin in phosphate-buffered saline and then
washed three times with phosphate-buffered saline containing 0.05% Tween 20
(pH 7.4). Subsequently, each human MAD, at 10 pg/ml, was added and incubated
for 1.5 h at 37°C. After subsequent washing, the plates were incubated with
alkaline phosphatase-conjugated goat anti-human immunoglobulin G (y-chain
specific) (Zymed, Inc., South San Francisco, Calif.). Color was developed with
the substrate p-nitrophenyl phosphate. Plates were read at 410 nm. Negative
controls consisted of V3 peptide-coated wells reacted with an irrelevant human
MADb, 670-D, specific for a linear epitope in the C5 region of gp120 (55).

A panel of 21 anti-V3 MADbs and 50 peptides (exclusive of the six clade O
peptides) was run four times, and all sets of data were analyzed. Because of the
close concordance of the data sets, the results of only a single set are shown in
this presentation. The panel of 21 MAbs with the six clade O V3 peptides was run
only once. Because of the lack of reactivity between these MAbs and the clade
O V3 peptides (see below), these latter data were not included in the mathe-
matical analyses.

Mathematical analyses. The programs used to analyze the optical density
(OD) data generated by studying the ELISA reactivities of the 21 MAbs with the
50 V3 peptides were written in the S language, which is available as part of the
interactive statistical package SPLUS (Mathsoft, Inc.) originated from the
AT&T Bell Labs. The procedure used has been described in detail in reference
44 and is based on the principle of grouping Abs and antigens with similar
specificities and reactivities. Basically, the profile of reactivities of each MAb
with all 50 peptides was compared for similarities to the profile of each of the
other MAbs. Assignment to individual groupings was made by comparing reac-
tivity profiles; those patterns closest to one another were grouped together. This
was accomplished by calculating the distance between each pair of profiles. This
distance was the total absolute difference in reactivity between two profiles across
the panel. The procedures for clustering the MAbs and for clustering the pep-
tides were performed by using the same panel of data because it provides the
answers to both of the questions being addressed, namely, which MAbs have
similar reactivity profiles and which peptides have similar reactivity profiles.

Immunoreactivity was assessed by using ELISA data that were treated as
continuous variables and were normalized by calculating the log specific reac-
tivity (LSR), which was calculated as log (ODcyperimental MAb + peptide/
ODonirol MAb + peptide) fOr each MAb and peptide combination. (For the LSRs,
see Fig. 1, where the columns display the reactivities of the V3 peptides and the
rows display the reactivities of the human anti-V3 MADs studied.)

From the LSR shown for each MAb and peptide combination was subtracted
the average LSR of all MAbs with that peptide and the average LSR of all
peptides with that MAb. Then, the grand average LSR of all MAbs and peptides
was added; this produced a double-centered 21 by 50 data matrix of specific
interactions. Each of the 21 MAbs was then modeled as a single point in 50
dimensions. The data were subsequently projected to a four-dimensional sub-
space by using the singular value decomposition of the matrix. This produced a
version of the matrix, one from which nonstructural variation (noise) had been
removed. The relationships among the 21 MAbs were then depicted by clustering
them hierarchically (bottom up) to produce a complete dendrogram, and the
Hartigan algorithm (see below) was applied to identify the approximate number
of clusters into which the 21 MAbs fell. The identical procedure was followed for
analyzing the 50 peptides and identifying the members and number of peptide
clusters.

The following modifications of the mathematical analysis, described in detail
in reference 44, were made: unweighted, rather than weighted, averages were
calculated; a bottom-up hierarchical clustering procedure was used; and the
number of clusters was identified with a modification of Hartigan’s algorithm
(22). This algorithm is based on an F statistic which compares within-cluster
variability to between-cluster variability. The modification consists of the sequen-
tial use of this F statistic to increase the number of clusters until the sequence of
F statistics fails to exceed a critical threshold. For a discussion of the use of such
algorithms, see reference 35.

RESULTS

Reactivity of 21 anti-V3 MAbs with 56 V3 peptides from
group M (clades A through H) and group O. Twenty-one
human anti-V3 MAbs were reacted with 56 V3 peptides rep-
resenting sequences derived from viruses in groups M (clades
A through H) and O. The results of the ELISA reactions
between these 1,176 MAb and peptide pairs are shown in Fig.
1 and are expressed as the 10g (ODyperimental MAb + peptide!
OD_ontrol Mab + pepride); TOT clarity, the LSR values have been
replaced by a spectrum of colors corresponding to the degree
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FIG. 1. ELISA results of the reactivity of each V3 peptide with each of the human anti-V3 MAbs. The data are displayed as a matrix in which the spectrum of color
shown at the top of the figure corresponds to the LSR, which is defined as log (ODxperimental Mab + peptide/ ODcontrol MAb + peptice) fOT €ach of the 1,176 combinations
of MAbs and peptides. The MAbs are listed vertically, and the suffix of each denotes the peptide or protein with which it was selected (see text). The peptides are listed
horizontally, and each suffix denotes the clade of the virus from which the peptide was derived.

of reactivity observed. Each row shows the reactivity of a single
MADb with the 56 peptides tested. The first row shows data
acquired with the anti-V3; MAb 1324E (16). The rest of the
rows show data acquired with anti-V3 MADs derived from the
cells of clade B-infected subjects and selected with clade B
reagents. Each column of Fig. 1 shows the reactivity of a single
peptide with the 21 MAbs tested. The peptides are grouped
both according to clade, indicated by the last letter of the
peptide designation, and in decreasing order of reactivity. Each
“cell” in the figure represents the reactivity of the particular
MAD and peptide combination tested. The results shown in
Fig. 1 indicate several features, as follows.

(i) Anti-V3 MAbs display exceptionally broad cross-clade
reactivity. Indeed, cross-clade reactivity is the rule rather than
the exception. Every MADb reacted with peptides from more
than one clade, and only peptides from group O failed to react
significantly with any of the MAbs. The lack of reactivity of the
group O V3 peptides is attributable to their extreme divergence in
sequence from the V3 region of group M viruses and is con-

sistent with previously published results describing the sero-
logic features that distinguish groups M and O (34, 39, 45).

(ii) The anti-V3; MADb 1324E was able to distinguish certain
peptides that the subtype B-derived MAbs could not. For ex-
ample, MAb 1324E reacted with peptides from clade E
(among others) but reacted weakly with peptides from clade B.
In contrast, the anti-V3 MAbs derived from clade B-infected
individuals reacted with peptides from clade B (among others)
but failed to react with peptides from clade E. In addition,
MAD 1324E distinguished between clade B and clade F pep-
tides, whereas anti-V3; MAbs did not.

(iii) The most extensive reactivities of the anti-V3; MAbs
are with peptides from clades A, B, and F.

(iv) Peptides from a single clade display divergent reactivities.
For example, about half of the clade B peptides react well with
the 20 anti-V3; MAbs while the others react poorly. This suggests
that immunologic polymorphism within individual clades exists, as
has previously been suggested by Morgado et al. (38).

These results correct the widely accepted misconception,
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FIG. 2. Dendrogram of the 21 anti-V3 MAbs showing the immunologic relationships defined by their reactivities with 50 V3 peptides. The dark horizontal line
denotes the point in the tree at which Hartigan’s algorithm delineates the most appropriate number of clusters—five in this case. Each cluster is numbered at the bottom
of the figure. The vertical axis shows the distance between merged clusters measured in mean-squared LSR units.

derived from early studies of limited numbers of clade B lab
strains, that V3 antibodies are type specific (21, 46). The data
presented in Fig. 1, as well as previously published results
which were derived from immunochemical and functional
studies showing broad cross-reactivity of anti-V3 MAbs within
clade B and between the various clades of HIV (9, 13, 14, 16,
17,20, 23, 55), demonstrate that anti-V3 antibodies are broadly
cross-reactive rather than being type specific.

To ascertain what other reactivity patterns that are difficult
to observe in this particular two-dimensional representation of
the data exist in the data set, the data matrix in Fig. 1 was
subjected to the mathematical analyses described in Materials
and Methods. The analyses were performed by comparing pro-
files of immunoreactivity (i) to detect clusters of related MAbs,
i.e., MAbs within this set of anti-V3 reagents which have sim-
ilar patterns of reactivity, and (ii) to detect immunologically
defined clusters of related peptides, i.e., peptides with similar
patterns of immunoreactivity. Each pattern of reactivity can be
seen by scanning each row (for each MADb profile) or each
column (for each peptide profile). MAbs with similar profiles
formed individual MAD clusters; peptides with similar profiles
formed individual peptide clusters.

Cluster analysis of the MAbs. If the mathematical tech-
niques used in this study were appropriate, there should be a
concordance between the MAb groupings that were defined
mathematically on the basis of binding activity and the group-
ings that were defined by MAD specificity. Therefore, MAb
clusters were identified mathematically and subsequently ex-
amined with respect to the peptide or protein used to select
each MADb and the epitopes for which the MAbs within each
cluster were specific.

The results of the mathematical clustering of the MAbs are
displayed as a dendrogram in Fig. 2. The suffix of each MAb
listed in Fig. 2 identifies the peptide or protein with which the
MADb was selected, as follows: MAbs 694.8 and 1334 were
selected for reactivities with gp120;,5; and oligomeric

gp140,5,, respectively (14, 18); MAbs designated with the RF
suffix were selected for reactivity with V3, (17); MAbs shown
with the MN suffix were selected for reactivity with V3, (14,
19, 20); and MADb 1108 was selected with peptide 987, a
mimeotope for the anti-V3 MAb 447 (26). Nineteen of the 21
MADs that were tested had been characterized with respect to
their core epitopes (16, 17, 19, 20); these are shown in Fig. 3,
where the boxes enclose the amino acids within the core
epitopes of the MADs in each cluster which are shared by all or
most of the MADs in that cluster. Without the information
from the cluster analysis, most of the MAbs selected on V3,
could not have been separated into three distinct groups (clus-
ters II, IV, and V), since many of the core epitopes of MADbs in
these clusters display considerable overlap. The members of
these MAD clusters do not, however, simply recognize the
limited primary sequences shown in the boxed areas of Fig. 3,
as the antibody combining sites recognize more than these few
core amino acids. Thus, while the MAbs generally reacted with
peptides containing their respective core epitopes, reactivity
was often noted when the core epitope was not present and was
occasionally lacking when the core epitope was present. For
example, MAD 447 reacted with 14 of 16 peptides containing
its core epitope, GPGR; it also reacted with many peptides
lacking this sequence (for instance, those containing GPGQ),
and it failed to react in 2 of 16 instances with GPGR-contain-
ing peptides. This phenomenon has been noted previously (7,
43) and underscores the critical role played in antibody recog-
nition by conformation-conferred shapes, even within so-called
linear epitopes. Similarly, it can be seen that some MADbs with
identical core epitopes, e.g., MAbs 268 and 453, fall into dif-
ferent clusters. This, too, suggests that the core epitope only
partially describes each MAD’s reactivity and that interactions
between the MAb and regions outside of the core epitope
contribute to the binding energy and the reactivity pattern of
each MAD. (The role of sequence variation in the V3 loop, its
impact on reactivity with the MAbs, and how the structures of
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FIG. 3. Core epitopes of anti-V3 MAbs grouped by mathematically defined
clusters. The core epitopes of 19 of the 21 MAbs used in these studies have been
identified (16, 17, 20). These MAbs are shown grouped according to the MAb
cluster into which they fall; this is noted as the roman numeral preceding each
MAD designation and is based on the analysis shown in Fig. 2. The core epitope
for each MAb is shown. For orientation, the sequences of the V3 loops of the
consensus sequences of V3 [B (MN)] and of V3g [E (conc)] are presented.
The boxes denote the amino acids within the core epitopes of the MAbs in each
cluster which are shared by all or most of the MAbs in that cluster.

the V3 epitopes vary independent of clade are discussed be-
low.)

The interrelationships of the MAbs are displayed as a den-
drogram in Fig. 2, and by using Hartigan’s algorithm, the
number of MAD clusters was identified as five. It can readily be
seen that the single MADb derived from the cells of a clade
E-infected individual and selected with the V3 consensus
peptide (MAb 1324E) forms a distinct cluster (cluster I in Fig.
2 and 3). The five MAbs selected with V3, which recognize
an epitope to the left of the tip of the V3 loop, also form their
own cluster (cluster IIT in Fig. 2 and 3). As can be seen from
the dendrogram in Fig. 2, the MADs in cluster III are joined by
a short branch to the MADs of cluster II. Thus, cluster II is
more closely related to cluster III than it is to cluster I, IV, or
V. The amino acids with which most MAbs in clusters II and
IIT react are immediately to the left of the tip of the V3 loop,
as shown in Fig. 3. Similarly, clusters IV and V are most closely
related (Fig. 2), and the amino acids with which the MAbs in
clusters IV and V react are at the tip of the loop: cluster IV
MADs react with a broad region encompassing the entire
crown of the loop, whereas cluster V MAbs react with a nar-
rower band of amino acids at the tip of the loop (Fig. 3).

Cluster analysis of the peptides. The correlation of mathe-
matically defined MADb clusters with their immunochemical
characteristics supports the use of the mathematical approach
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used to identify biologically relevant clusters within the data
matrix shown in Fig. 1. Consequently, this matrix was also
analyzed for the presence of immunologically defined clusters
of peptides. Only the 50 peptides from group M viruses (clades
A through H) were included in the analysis, since the group O
peptides reacted poorly or not at all with the 21 MAbs studied
here. Figure 4 shows the dendrogram derived from the math-
ematical analysis conducted to seek clusters among the 50
peptides. To identify the number of peptide clusters, a modi-
fied version of Hartigan’s algorithm was again used (22). The
exact number of clusters is extremely sensitive to minor vari-
ations in the data; however, the breakpoint in the curve gen-
erated by the algorithm (data not shown) suggests that seven
clusters exist. While this number may change as new MAbs are
added to the panel, examination of the seven clusters, as de-
fined here, revealed that each cluster contains peptides from
more than one clade, a finding that is consistent with earlier
work showing that HIV serotypes identified based on the re-
activity of V3 peptides with polyclonal HIV-positive sera do
not correlate with clades (4).

The amino acid sequences of the 50 V3 peptides, grouped by
clusters, are shown in Fig. 5. The peptides studied all over-
lapped at 19 positions. The aligned sequences for the peptides
at 18 of these positions are shown in Fig. 5. The amino acids
immediately preceding the position designated as X1 in Fig. 5
are not shown although they were present in all peptides; this
is because, in several cases, the appropriate amino acid from
the virus sequence was replaced with a cysteine by the manu-
facturer. The degree of amino acid variation at each position
within each cluster is noted, and among the peptides within
each individual cluster studied, most amino acids are invariant
or are replaced by only a single alternative amino acid (depict-
ed in an open box). Those residues shown in shaded boxes
reflect amino acids at positions in which maximal variation
occurs within that cluster. For example, cluster 7 (Fig. 4 and 5)
shows the maximum variation, with 15 of 18 positions contain-
ing multiple amino acids. In fact, this cluster is the least reac-
tive cluster (see below), and the members of this cluster will
probably be reclassified into additional clusters when addi-
tional MAbs become available to study their reactivities. In
contrast, the sequences of amino acids in peptides that belong
to each of the other six clusters display distinct patterns. For
example, clusters 2 and 3 show considerable stability, with only
a single position out of 18 displaying heterogeneity. These two
clusters differ from one another in the single position in each
which is heterogeneous: position 13 in cluster 2 and position 14
in cluster 3. Similarly, clusters 6 and 1 are quite stable, with 2
and 3 of the 18 positions being heterogeneous, respectively; in
cluster 6, the variation appears at positions 4 and 14, while in
cluster 1, the variation occurs at positions 3, 7, and 8. Finally,
clusters 4 and 5 are heterogeneous at 7 and 8 of the 18 posi-
tions, respectively.

Inspection of the sequences of the 50 peptides listed in Fig.
5 shows that those peptides which are most similar in structure
often belong to the same peptide cluster. For example, pep-
tides F-CONS and F-R02.RM53015 differ from one another at
only one position (position 8, where the amino acids L and I,
respectively, are found). Not surprisingly, these two peptides
react quite similarly with the 21 MAbs (Fig. 1); this yields
similar profiles of activity, which, by definition, results in these
peptides clustering together. However, nonconservative
changes at particularly important positions, such as position 7
(54), change peptide reactivities sufficiently to alter the cluster
into which each peptide falls (e.g., compare peptide
H-ZR.VI557 [cluster 1] to C-ZAM18 [cluster 3]).

Peptides in all of the clusters have a net positive charge. The
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FIG. 4. Dendrogram of 50 peptides showing their immunologic relationships defined by reactivities with the 21 anti-V3 MAbs. The dark horizontal line denotes the
point in the tree at which Hartigan’s algorithm delineates the most appropriate number of clusters—seven in this case. Each cluster is numbered at the bottom of the
figure. The vertical axis shows the distance between merged clusters measured in mean-squared LSR units. The clade of the virus from which each peptide was derived

is shown as the last letter in each peptide designation.

only notable distinction between the clusters due to charged
amino acids is found in clusters 4 and 5, in which arginine
predominates at position 12, located at the tip of the V3 loop,
whereas in all other peptide clusters glutamine predominates
at this position.

Depiction of the reactivities of the members of each MAb
cluster with the members of each peptide cluster. To more
easily visualize the relationships between the MAD clusters and
the peptide clusters, the median of the log specific reactivity of
all peptides in each of the seven peptide clusters with each
MAD is shown in star plots in Fig. 6. Each spoke represents the
median LSR of the peptides in the designated cluster with each
MAD. The length of each line is proportional to the LSR, and
the color of each spoke corresponds to the MAb cluster to
which the MAb belongs. This graphic representation shows
clearly that cluster 7 peptides were the least reactive while the
peptides of cluster 4 reacted with the maximum number of
MADs. Each peptide cluster displays a characteristic and dis-
tinct pattern of reactivity. For example, MAb 1324, from the
clade E-infected patient, reacts well with peptides of clusters 1,
2, 3, and 6 but not with peptides of cluster 4, 5, or 7. Similarly,
the members of MAb cluster III (selected with V3gy) react
best with peptides of clusters 1 through 4 but poorly or not at
all with members of peptide clusters 5, 6, and 7. The distinct
patterns suggest that immunologically related families of HIV
exist and can be identified on the basis of their reactivities with
monoclonal reagents.

DISCUSSION

In order to establish a method for identifying groups of
HIVs based on antigenic relatedness (designated here as im-

munotypes), the immunochemical cross-reactivity of the highly
variable V3 region of HIV gp120 was studied by using 21
human anti-V3 MAbs and 56 V3 peptides derived from the V3
sequences of isolates from groups M (clades A through H) and
O. The immunochemical data were analyzed by a multivariate
statistical approach in order to identify immunotypes. To de-
termine the validity of this mathematical approach, the char-
acteristics of the five mathematically identified groups into
which the 21 MAbs were divided were studied in light of their
known immunochemical properties (16, 17, 20). The five math-
ematically defined groups of MAbs each displayed distinct
immunologic characteristics based on their specificities for dis-
tinct regions within V3 (Fig. 3).

With the general concordance between the mathematical
and immunochemical groupings of the MAbs providing a val-
idation of the mathematical method, we approached our pri-
mary objective: determining whether immunologically related
clusters of V3 peptides could be identified and, if so, what
characterized the members of each cluster. The analysis dis-
closed that the 50 peptides from group M (clades A through H)
studied could be divided into approximately seven peptide
clusters (Fig. 4). Further subdivision, especially of the least
reactive cluster (cluster 7), can be anticipated when additional
MAbs with different specificities within V3 become available
and are included in the analysis. Nonetheless, each of the seven
clusters now defined contains peptides from more than one
clade, a finding which is consistent with previously published
data revealing the independence of genotypic and immuno-
logic classifications (29, 36, 44, 47, 53). Further analysis of the
amino acid sequences of the peptides within each of the seven
peptide clusters revealed that each mathematically defined
cluster bore a unique signature sequence (Fig. 5). Thus, the
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FIG. 5. Sequences at 18 positions in V3 of 50 peptides classified into mathematically defined clusters. The first letter of each peptide name designates the clade of
the virus from which that peptide was derived. The symbol 7 near the second isoleucine (I) in the sequence of B-BRU (cluster 7) shows the position of a QR insert.

Open and shaded boxes are defined in the text.

method of multivariate analysis of the immunochemical reac-
tivities of the peptides with the MAbs was validated by iden-
tifying unique patterns within the primary structures of the
peptides in each cluster.

Various mathematical methods have been used previously to
identify relatedness among diverse molecules and organisms.

Such analyses have been used to identify major histocompati-
bility complex class II antigens (5), dopamine, norepinephrine,
and serotonin receptors in the brain (31), distinct categories of
rhinoviruses (2), and serotypes of polio (10a). Several forms of
mathematical cluster analysis have also been used to analyze
data for HIV in attempts to identify HIV immunotypes (4, 29,
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FIG. 6. Star plots of the median LSRs of members of each peptide cluster with each of the 21 MAbs tested. Each of the seven peptide clusters (clusters 1 through
7) is shown individually. The length of each spoke represents the median reactivity of all of the peptides in that cluster with the designated MADb. The cluster to which
each MADb belongs is denoted by color: yellow for MADb cluster I, red for cluster II, green for cluster III, pink for cluster IV, and blue for cluster V.

44); these studies are revealing because viral antigens were
analyzed with polyclonal serum antibodies from subjects in-
fected with one of several HIV clades. However, none of these
studies used the combination of MADs, viral antigens from
multiple clades, and multivariate statistical methods that was
used here.

The definition and description of HIV immunotypes have
been slow to develop. Data showing that human monoclonal
and polyclonal antibodies display broad cross-clade immuno-
chemical reactivity with viral peptides and proteins provided
evidence that immunotypes might exist (3, 8, 34, 36). Similar
conclusions emerged from the description of functionally ac-
tive antibodies that display cross-clade neutralization of pri-
mary isolates (29, 36, 44, 45, 53), and data presented by Mas-
cola et al. suggest that clade E viruses constitute an
immunologically distinct group within group M (33). Gener-
ally, the patterns of cross-clade reactivity were scrutinized to
determine if sera from patients infected with a virus from one
clade preferentially reacted with peptides, proteins, or virions
from a virus from that same clade. The consensus derived from
these studies, as well as the study described above, is clear: in
general, patterns of immunologic reactivity do not correspond
to genotypic classifications. More complex analyses of the data
matrices were performed in only three of these previously

published studies and on the data presented above. In analyses
performed by Kostrikis et al., immunotypes were not delin-
eated from studies of primary isolate neutralization with poly-
clonal sera; this was either because of the type of mathematical
analysis performed or because of the noniterative nature of
their data (29). However, Nyambi et al. (44), using primary
isolates and HIV-positive sera, identified eight “neutralization
clusters.” Plantier et al. identified five to nine serologic groups
based on data from ELISAs performed with human HIV-
positive sera and V3 peptides (47), while the study presented
above, unique in its use of MAbs to identify immunotypes,
defined approximately seven immunotypes. Thus, in three of
four studies, immunologically defined groups have been iden-
tified. The fact that fewer than 10 such groups were found in
each of these studies suggests that the number of existing
immunotypes may be rather small.

The need to identify HIV immunotypes is predicated on the
fact that vaccines against immunologically diverse organisms
are composed of components which are representative of the
various serotypes that make up a particular family of organ-
isms. Vaccines for polio, influenza, and Streptococcus pneu-
moniae serve as examples of this precept. HIV is also an im-
munologically diverse group of organisms, and it is therefore
unlikely that any single form of virus or product from any
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single form of HIV will induce immunity to all forms of HIV.
As with the vaccines against other immunologically diverse
organisms, such as those mentioned above, a polyvalent HIV
vaccine will undoubtedly be required. It is not known, however,
how many or which HIVs would be best to incorporate into a
vaccine, even one intended for use in only a limited geographic
area. Moreover, it may not be necessary to incorporate repre-
sentatives of all HIV immunotypes into a vaccine, even one
designed for global use, if other precedents apply (such as the
S. pneumoniae vaccine, in which not all serotypes of the organ-
ism are used).

Polyvalent HIV vaccines are now being designed. Such vac-
cines could be constructed by incorporating viruses from dif-
ferent HIV genotypes. Indeed, initial tests of this approach are
being conducted with a candidate vaccine incorporating gp120
molecules from clade B and E viruses (1). It appears that the
viruses upon which this bivalent vaccine is based might repre-
sent two different immunotypes (33). Generally, however, HIV
genotypes do not correspond to HIV immunotypes, and there-
fore the choice of vaccine components based solely on genet-
ically defined clades may be inappropriate.

Choosing representatives of the various immunotypes to in-
corporate into a polyvalent vaccine is, as noted above, an
approach which has proven useful for prevention of other
diseases. However, the seven immunotypes found in this study
may eventually differ both in number and in nature from clus-
ters defined immunochemically with sera or with additional
MAbs derived from subjects infected with other clades. Simi-
larly, the number and nature of clusters may eventually differ if
other envelope epitopes are examined immunochemically, if
analyses are performed with gp120 molecules or intact virions,
or if results based on antibody function, such as neutralization,
are used for analysis in place of immunochemical reactivity.
Indeed, it is probable that epitopes other than V3, and func-
tional assays, rather than immunochemical assays, will provide
better targets and tools for the definition of relevant immuno-
types. The work described above establishes methods for iden-
tifying these potentially more-relevant immunotypes and dem-
onstrates that immunotypes can be defined even for highly
variable regions of the HIV envelope. Indeed, in ongoing work
in our laboratory, several additional epitopes and antibody-
mediated functions are being investigated to define immuno-
types (see reference 43) and comparisons between the immu-
notypes identified by these different techniques will be
performed to determine which are most relevant to protective
immune responses. These ongoing studies, utilizing the ana-
lytic techniques described above, should identify relevant HIV
immunotypes. In the meantime, since these and other studies
(12, 16, 17, 36, 44, 53) have established the ability of the human
immune system to produce extensive cross-clade immunity,
there is every reason to believe that an appropriately con-
structed and delivered polyvalent HIV vaccine will induce a
broad protective response. To construct such a vaccine, it is
critical to understand, as completely as possible, the antigenic
structure of HIV, to establish and identify immunologic clas-
sification for HIV, and to choose rationally among the HIV
immunotypes the minimum number and types of viruses that
will induce the broadest protective responses.
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