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Host cell range, or tropism, combined with coreceptor usage defines viral phenotypes as macrophage tropic
using CCR5 (M-R5), T-cell-line tropic using CXCR4 (T-X4), or dually lymphocyte and macrophage tropic
using CXCR4 alone or in combination with CCR5 (D-X4 or D-R5X4). Although envelope gp120 V3 is necessary
and sufficient for M-R5 and T-X4 phenotypes, the clarity of V3 as a dominant phenotypic determinant
diminishes in the case of dualtropic viruses. We evaluated D-X4 phenotype, pathogenesis, and emergence of
D-X4 viruses in vivo and mapped genetic determinants in gp120 that mediate use of CXCR4 on macrophages
ex vivo. Viral quasispecies with D-X4 phenotypes were associated significantly with advanced CD4�-T-cell
attrition and commingled with M-R5 or T-X4 viruses in postmortem thymic tissue and peripheral blood. A
D-X4 phenotype required complex discontinuous genetic determinants in gp120, including charged and un-
charged amino acids in V3, the V5 hypervariable domain, and novel V1/V2 regions distinct from prototypic
M-R5 or T-X4 viruses. The D-X4 phenotype was associated with efficient use of CXCR4 and CD4 for fusion and
entry but unrelated to levels of virion-associated gp120, indicating that gp120 conformation contributes to
cell-specific tropism. The D-X4 phenotype describes a complex and heterogeneous class of envelopes that
accumulate multiple amino acid changes along an evolutionary continuum. Unique gp120 determinants
required for the use of CXCR4 on macrophages, in contrast to cells of lymphocytic lineage, can provide targets
for development of novel strategies to block emergence of X4 quasispecies of human immunodeficiency virus
type 1.

Human immunodeficiency virus type 1 (HIV-1) is comprised
of closely related but not identical viruses, or quasispecies.
Changes in environmental pressures select viral variants that
evolve and fluctuate throughout the course of infection within
the host. Although a spectrum of postentry events can modu-
late virus replication, the primary determinants of host cell
range for HIV-1 map to the envelope glycoproteins, which
mediate entry through sequential, ordered interactions with
host cell receptor complexes that include CD4, the primary
receptor, and a coreceptor belonging to a family of seven-
transmembrane, G-protein-coupled CC or CXC chemokine

receptors (12, 15, 39). The major coreceptors used by primary
isolates of HIV-1 are CCR5 and/or CXCR4, which are differ-
entially expressed by a variety of CD4� cells of lymphocytic
and monocytic lineages (1, 2, 12, 35). All strains of HIV-1
display tropism for CD4� T lymphocytes, both in vivo and ex
vivo, but vary in their ability to infect and replicate in macro-
phages or T-cell lines in culture. Ex vivo tropism and corecep-
tor usage are characteristics that define virus phenotype (3).
Viruses that use CCR5 to infect lymphocytes and macrophages
display an M-R5 phenotype, while viruses that use CXCR4 to
infect primary lymphocytes and T-cell lines have a T-X4 phe-
notype. Many primary X4 viruses are actually dually tropic and
infect macrophages as well as T lymphocytic cells (1, 18, 54).
Dual tropic viruses can use CXCR4 alone or in combination
with CCR5 and are phenotypically either D-X4 or D-R5X4.
Current models propose that CXCR4 variants of HIV-1 evolve
in vivo from CCR5 viruses via intermediate phenotypes that
use both CCR5 and CXCR4 (26, 55, 56).

The use of coreceptors by viruses not only determines host
cell range but can also modulate the evolution of virus quasi-
species, influence the type of disease sequelae, contribute to
fitness, and provide a significant biomarker for HIV-1 patho-
genesis (38, 59). M-R5 viruses predominate during acute,
early, and asymptomatic infection, while CXCR4 strains are
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associated with severe immune deficiency and advanced dis-
ease in many individuals (52, 55, 63, 64). While emergence of
dualtropic viruses in vivo appears to be related to disease
progression in infected individuals (26), chimeric simian im-
munodeficiency viruses with envelopes from HIV-1DH12 or
HIV-189.6, prototypic D-R5X4 viruses, are highly pathogenic in
animals, indicating not only an association but a causal rela-
tionship between dually tropic viruses and advanced disease
(40, 63).

Determinants of virus phenotype map to HIV-1 Env gp120,
which is organized into five hypervariable domains, designated
V1 through V5, that are interspersed with conserved regions
(34, 47). In contrast to initial interactions between CD4 and
gp120, which require a region localized to a conserved Env
domain between V4 and V5 (31), a principal determinant of
subsequent gp120 interactions with CCR5 or CXCR4 corecep-
tors is the V3 hypervariable domain (14). Exchange between a
variety of T-X4 and M-R5 V3 domains in envelope constructs
provides clear functional evidence that V3 is necessary and
sufficient for M-R5 and T-X4 viral phenotypes (7, 53). The
amino acid composition of V3 domains provides a mechanism
to predict with reasonable accuracy the use of CCR5 or
CXCR4 coreceptors (5, 29, 49). In general, CCR5-interactive
V3 loops have net positive charges less than or equal to 4,
reflecting both acidic and basic amino acid residues, while
CXCR4-interactive V3 domains display net positive charges
equal to or greater than 5, reflecting replacement of multiple
acidic or uncharged amino acids by basic residues.

The role played by V3 as a major determinant of phenotype
is less clear in the case of dually tropic viruses (45). V3 domains
from dually tropic envelopes generally have high positive
charges (�5) and are both necessary and sufficient for chimeric
envelopes to use CXCR4 on CD4� T lymphocytes. Yet chi-
meric envelopes with high-positive-charge V3 domains derived
from D-X4 gp120 are unable to use CXCR4 on macrophages,
indicating that V3 amino acids other than charged residues, as
well as regions of gp120 in addition to V3, may contribute to
cell-type-specific coreceptor usage. For example, amino acid
residue 326 in V3 provides some predictive value to models
that distinguish between D-X4 and T-X4 phenotypes (5), but
whether or not the residue at 326 contributes to actual core-
ceptor usage is unclear. In general, optimal CXCR4-mediated
infection of macrophages appears to require entire gp120 do-
mains from the prototypic dualtropic viruses HIV-189.6 or
HIV-1DH12 (8, 58). Although studies implicate complex inter-
actions between V1, V2, and V3 hypervariable loops and ele-
ments of the CD4-binding site as cell-type-specific regulators
of viral entry (32), the precise domains of HIV-1 gp120 re-
quired to mediate CXCR4-dependent infection of macro-
phages remain to be defined.

We designed a study to evaluate the relationship between a
panel of primary viruses with D-X4 phenotypes and immune
suppression in a cohort of HIV-1-infected children and ado-
lescents, to assess emergence of D-X4 viruses over time in
peripheral blood and tissues from infected individuals, and to
identify the genetic determinants in gp120 that mediate
CXCR4-dependent entry into macrophages by a strategy that
systematically interchanged continuous or discontinuous hy-
pervariable domains between primary D-X4 and HIV-1LAI

T-X4 envelopes.

MATERIALS AND METHODS

Samples. Peripheral blood mononuclear cells (PBMC) were collected from a
cross-sectional group of 50 HIV-1-infected subjects who were enrolled prospec-
tively from the University of Florida Pediatric HIV Clinic from 1996 to 2001 or
the Yale-Newborn Hospital from 1993 to 1997, according to protocols approved
by the Institutional Review Boards of the University of Florida, Yale University
School of Medicine, and/or Yale-New Haven Hospital, and after informed con-
sent from the guardian and assent from children who were older than 7 years was
received. Blood collection has been described previously (19, 20, 57). Tissue
specimens were collected at autopsy 24 to 48 h after death, snap-frozen, and
stored at �80°C. Viruses designated D01, D02, M03, T04, D05, and D07 were
isolated from patients 01, 02, 03, 04, 05, and 07, who had advanced immune
suppression, with �15% CD4� T cells. All except subject 07 were not treated
with protease inhibitor.

Plasma viral RNA and cell-associated viral DNA. DNA was extracted from
multiple biopsies from each tissue using the DNeasy tissue extraction kit (QIA-
GEN, Valencia, CA). DNA from primary PBMC, cultured PBMC, and mono-
cyte-derived macrophages (MDM) was extracted as described previously (63,
65). A TaqMan real-time PCR assay was performed to quantify the number of
infected cells (viral DNA copy number) with HIV-1 gag as the analytical param-
eter and human apoB as a genomic template control, as previously described (9).

Plasma viral RNA was extracted with the QIAamp viral RNA kit (QIAGEN).
Reverse transcription was carried out using 1 �g total RNA mixed with 2 �g
random hexamer according to the manufacturer’s protocol (Gibco-BRL, Carls-
bad, CA). The 1.4-kb V1-V5 hypervariable region of envelope was amplified,
cloned into pGEM-T vector (Promega, Madison, WI), and sequenced as previ-
ously described (63). Nucleic acid sequences of HIV-1 Env obtained from V1-V2
and V3 regions were stored and edited using HIVbase (51). For each domain, an
amino acid alignment was obtained with the Clustal algorithm (61) and edited
manually using our motif-based alignment method (33), followed by adjustments
of nucleic acid alignments to parallel amino acid alignments.

Phylogenetic analysis and phenotype prediction. Phylogenetic analysis was
performed by using neighbor-joining and maximum parsimony in the PHYLIP
software package (17, 46). Bootstrap values were based on generation of 100
replicate trees. The integrity of genetic data was verified by using amino acid
alignments and construction of phylogenetic trees, which compared new se-
quences with all env sequences generated in our laboratory. Phenotype (core-
ceptor usage and cell tropism) was predicted using a formula we developed that
evaluates the number of basic or acidic amino acids, net charge, and the type of
residue (isoleucine or methionine) at position 326 in the V3 loop (residues 296
to 331 in HIV-1HXB2 genome) (5). Envelopes were classified into one of three
predicted phenotypes: M-R5, D-(R5)X4, or T-X4. M-R5 envelopes have V3
loops with a net positive charge of �4 (range, 2 to 4); D-(R5)X4 and T-X4
envelopes have a V3 net charge of �5 (range, 5 to 9) and an isoleucine or a
methionine/leucine residue at position 326, respectively.

Cells. All medium components for cell culture were obtained from Gibco BRL
Invitrogen (Carlsbad, CA) except where noted. Human embryonic kidney
(HEK) 293 cells (American Type Culture Collection, Manassas, VA) and MT-2
cells (AIDS Research and Reagent Program) were maintained according to
supplier recommendations. 3T3.T4 cells, a NIH 3T3 murine cell line stably
transduced with human CD4, selected for high CD4 expression, and subse-
quently transduced with either CCR3, CCR5, CXCR4, GPR15/BOB, or
STRL33/Bonzo chemokine receptors, were obtained from the AIDS Research
and Reagent Program (10, 13, 24) and maintained in complete Dulbecco’s
modified Eagle’s medium supplemented with 3 �g puromycin per ml (Sigma
Diagnostics, St. Louis, MO). PBMC and monocytes were obtained from HIV-1-,
cytomegalovirus-, and hepatitis B virus-negative commercial leukocyte prepara-
tions (Civitan Life South Blood Centers, Gainesville, FL) as previously described
(46). Highly enriched human monocytes were isolated directly by negative se-
lection using Rosette Sep human monocyte enrichment cocktail (Stem Cell
Technologies, Vancouver, British Columbia, Canada) according to the manufac-
turer’s instructions. Cultures of PBMC and monocytes were established as de-
scribed (64). MDM were more than 98% CD14� and less than 1% CD3� by flow
cytometry analysis (data not shown).

Construction of HIV-1 envelope chimeras. Expression plasmids containing
envelope sequences derived from HIV-1LAI or HIV-1JR-FL have been described
previously (63). Expression plasmids for envelopes contained gp120 sequences
obtained from patient PBMC or primary isolates in combination with gp41 from
the M-R5 virus HIV-1JR-FL. To construct chimeric envelopes, regions of the
D-X4 gp120 gene which included no coding sequences for accessory or regula-
tory genes or known regulatory elements were introduced into the gp120 gene of
HIV-1LAI by using the following unique restriction sites (numbers indicate co-
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ordinates in the HIV-1HXB2 genome with Gene bank accession number K03455):
KpnI, 6351; BstAPI, 6393; StuI, 6834; Bsu36I, 7316; BstAPI, 7527; MfeI, 7654
(63) (Fig. 1). A PstI site was introduced by site-directed mutagenesis of nucle-
otides 6696 and 6697, which preserved the amino acid sequence at the junction
of the V1 and V2 hypervariable regions.

Envelope-pseudotyped virus stocks. To generate single-cycle virus tagged with
luciferase (Luc), the murine heat stable antigen (HSA) CD24 gene from pNL4-
3.HSA.E�R� was replaced by the firefly luciferase (luc) gene from pNL4-
3.luc.E�R� (AIDS Research and Reference Reagent program, Division of
AIDS, NIAID, NIH) (10, 24) using NotI and XhoI restriction enzymes. To
generate single-cycle virus tagged with enhanced green fluorescence protein
(EGFP), the envelope gene from NLENG1-1RES (a gift from David Levy) (30)
was replaced by the envelope gene from pNL4-3.luc.E�R� using BamHI and
SalI restriction enzymes. Single-cycle Env-pseudotyped recombinant viruses
were produced as described previously (63). Virus stocks were quantified using
p24 antigen enzyme-linked immunosorbent assay (Coulter, Miami, FL) and
gp120 antigen enzyme-linked immunosorbent assay (Advanced Biotechnologies,
Inc., Columbia, MD). Standard virus inoculum contained 60 ng p24 antigen; the
amount of virion-associated gp120 per infection was calculated by multiplying
gp120 concentration (pg per �l) by the volume of virus inoculum that contained
60 ng p24.

To determine the relationship between virus inoculum and either Luc or
EGFP, PBMC were infected for 18 h by increasing concentrations of single-cycle
viruses that were tagged with either Luc or EGFP and pseudotyped with either
D-X4 or T-X4 envelopes. Cell cultures were assayed for infection by measuring
luciferase enzyme activity in cell lysates at 72 to 96 h postinfection, as previously
described (64). To determine the number of infected cells, PBMC were fixed 4
days postinfection and assayed for EGFP-expressing cells by fluorescence-acti-
vated cell sorting analysis (FACSCalibur; BD Biosciences, San Jose, CA).

Concentrations of Luc-tagged virus inoculum that ranged between 30 ng and
120 ng p24 produced 0.1 � 106 to 1 � 106 relative light units (RLU) of luciferase
enzyme activity per 150,000 PBMC (R � 0.99). The proportion of PBMC ex-
pressing EGFP following infection by 30 ng to 120 ng p24 of EGFP-tagged virus
ranged from 0.2% to 0.5% (R � 0.94 and 0.99 for D-X4 and T-X4 Env-
pseudotyped viruses, respectively). A standard virus inoculum of 60 ng p24
produced infection in approximately 0.3% to 0.4% of PBMC and 0.1% of MDM.

Viral phenotype. 3T3.T4 coreceptor indicator cells were seeded in 48-well
plates at 104 cells per well, PBMC and MT-2 cells were seeded in 96-well plates
at 105 cells per well, and MDM were seeded in 48-well plates at 106 cells per well.
Sixty nanograms of p24 equivalent of virus was added to each of three replicate
wells per experiment and incubated overnight. Entry was measured in the ab-
sence and presence of either AMD-3100 (a competitive antagonist of CXCR4)
(4, 11) or monoclonal antibodies (MAb) specific for CD4 (RPA-T4) (BD Pharm-
ingen, San Diego, CA), CCR5 (2D7), or CXCR4 (12G5) (AIDS Research and
Reference Reagent program, Division of AIDS, NIAID, NIH) (16, 68). Actual
phenotype was determined based on a combination of chemokine receptor use,
CXCR4 (X4) and CCR5 (R5), and tropism for PBMC, macrophages, and/or
T-cell lines and categorized as M-R5 (macrophage tropic) using CCR5, D-X4
(dually tropic) using only CXCR4, or T-X4 (T-cell-line tropic) using only
CXCR4. No envelopes with D-R5X4 phenotypes were identified. The mean 50%
inhibitory concentration (IC50) for AMD3100 or CD4 MAb was calculated for
each chimeric envelope-pseudotyped virus using GraphPad Prism version 4
(GraphPad Software, Inc.)

Fusion assays were performed as described by Hsu et al. (25) with modifica-
tions. Briefly, effector cells expressing gp120 were prepared by cotransfection of
MT-2 cells with envelope expression and psv2tat72 plasmids (AIDS Research
and Reference Reagent Program, Division of AIDS, NIAID, NIH) (60). Target
cells were prepared by transfection of MT-2 cells with pblue3/LTR-LUC (AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID, NIH)
(28). Effectors and target cells were cocultured at a ratio of 3:1 for 48 h before
cells were collected, lysed, and analyzed for luciferase enzyme activity. Back-
ground expression of luciferase enzyme from pblue3/LTR-LUC plasmid was
determined by coculture of target cells and effector cells that were transfected
with psv2tat72 plasmid alone. Optimal expression of luciferase enzyme from
pblue3/LTR-LUC plasmid was determined by target cells cultivated in the ab-
sence of effector cells but cotransfected with psv2tat72 plasmid. Fusion mediated
by binding of gp120 from different chimeric envelopes was expressed as a per-
centage of luciferase enzyme activity obtained from target cells cultured without
effector cells but cotransfected with psv2tat72 plasmid (100% activity).

Construction of site-directed Env-Luc recombinants. Site-directed mutagen-
esis to change methionine 326 in the HIV-1LAI and virus T04 V3 domain to
isoleucine or isoleucine 326 in the HIV-1JR-FL or virus T02 V3 envelope to
methionine was performed using the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA) according to the manufacturer’s instructions with the
following primers: for HIVJR-FL, N8745E04 (forward; 5�-CAGGAGAAATAA
TAGGAGATATGAGACAAGCACATTG-3�) and N8745E05 (reverse; 5�-GA
ATGTGCTTGTCTCATATCTCCTATTATTTCTCCTC-3�); for virus D02,
N8745E06 (forward; 5�-GCAACAAAAACAGGAGATATGAGACAAGCAT
ATTG-3�) and N8745E07 (reverse; 5�-CAATATGCTTGTCTCATATCTCCTG
TTTTTGTTGC-3�); for virus D04, N8745E08 (forward; 5�-GACAAGTGGAA
GGAGATATAAGACAAGCACATTGTTAAC-3�) and N8745E09 (reverse; 5�-
GTTACAATGTGCTTGTCTTATATCTCCTTCCACTTGTC-3�); and for
HIVLAI, N8745E10 (forward; 5�-CAATAGGAAAAATAGGAAATATAAGA
CAAGCACATTG-3�) and N8745E11 (reverse; 5�-CAATGTGCTTGTCTTAT
ATTTCCTATTTTTCCTATTG-3�).

Statistical analysis. Statistical analysis was performed using SigmaStat 3.0
software (Jandel Scientific Corporation, San Rafael, CA).

RESULTS

Dualtropic viruses and pathogenesis. To assess the relation-
ship between pathogenesis and HIV-1 phenotype, V3 envelope
sequences from peripheral blood cells, plasma, and culture
from a cross-sectional study of 50 HIV-infected infants, chil-
dren, and adolescents, including 39 subjects who were naı̈ve to
combination antiretroviral therapy (ART), were analyzed us-
ing a formula that we developed to predict phenotype (5).
Viruses predicted to use CCR5 and to have M-R5 phenotypes
represented the only identifiable quasispecies in 28 of 50
(56%) subjects, while viruses predicted to use CXCR4 and
have D-(R5)X4 phenotypes were identified in 22 of 50 (44%)
subjects. Viruses predicted to have T-X4 phenotypes were
found, but only in combination with viruses that had M-R5 or
D-(R5)X4 phenotype, in two individuals. Functional analysis
of multiple env quasispecies from each individual verified
M-R5 and T-X4 phenotypes and demonstrated that predicted
D-(R5)X4 phenotypes used CXCR4 exclusively (reference 63
and data not shown).

Virus phenotypes were related to immune suppression
among 39 ART-naı̈ve individuals. For example, among 22 sub-
jects with D-X4 viruses, 19 (86%) had �15% CD4 T cells,
while only 3 had �20% CD4 T cells at the time when dually
tropic viruses were identified (Table 1). In contrast, viruses
with M-R5 phenotype were found among 17 of 39 ART-naı̈ve
individuals. Fourteen of 17 (82%) had �20% CD4 T cells, and
only 3 of 17 had �15% CD4 T cells. The relationship between
advanced immune suppression (CD4 � 15%) and dually tropic
virus phenotype was significant (P � 0.001, chi-square test).

FIG. 1. Strategy to construct chimeric envelope gp120 regions. The
organization of gp120 with hypervariable domains V1, V2, V3, V4, and
V5 (white boxes) and conserved regions (black boxes) is shown with
the restriction endonuclease sites used for construction of chimeric
envelopes. Abbreviations: K, KpnI; B, BstAPI; S, StuI; Bu, Bsu36I; M,
MfeI; P*, PstI site introduced by mutagenesis without changing the
amino acid sequence. Bars below the gp120 diagram indicate the
actual regions evaluated in the chimeric constructs: V1 includes C1; V3
includes C2 and part of C3; V4 includes part of C3 and C4; V5 includes
part of C4.
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In vivo evolution of D-X4 viruses. To evaluate an evolution-
ary relationship in vivo among viruses with M-R5 and D-X4
phenotypes, env quasispecies were evaluated in a longitudinal
study of more than 100 V3 sequences in PBMC and postmor-
tem tissues (thymus, lymph node, lung, spleen, and brain) from
children 01 and 04, who were naı̈ve to ART (Fig. 2A and B).
Viruses in the earliest peripheral blood samples obtained from
subject 01 at 1 year of age were M-R5, while X4 variants
appeared 6 years later in peripheral blood and in some, but not
all, postmortem tissues (Fig. 2A). D-X4 variants represented
the predominant phenotype in peripheral blood at the time of
terminal illness but commingled in time and space with M-R5
viruses in thymus and lymphoid tissues. Mixtures of quasispe-
cies were found in subject 04 when D-X4 appeared in combi-
nation with M-R5 viruses in peripheral blood over the course
of 2 years or in combination with T-X4 viruses in thymus (Fig.
2B).

In a third individual, child 07, M-R5 viruses predominated in
peripheral blood during the first 3 to 4 years of infection, when
the proportion of CD4� cells was �15%, but were subse-
quently displaced by D-X4 quasispecies close to initiation of
ART when the proportion of CD4� T cells dropped below
10% (Fig. 2C). D-X4 viruses persisted as the predominant
phenotype in PBMC following 24 or 48 weeks of combination
therapy with protease inhibitor, even though the proportion of
CD4� T cells increased to 20% and plasma virus levels were
reduced.

In general, evolution of V3 sequences followed two major

lineages with M-R5 V3 sequences (net charge � 4) localized to
branches that were distinct from X4-using V3 domains (net
charge � 5) (Fig. 2D). Evolution of V3 net charge by X4-using
envelopes was unrelated to macrophage tropism. For example,
envelopes with D-X4 or T-X4 phenotypes from subject 04 had
V3 loops with a similar �6 net positive charge, while all V3
loops from subject 07 displayed similar D-X4 phenotypes even
though the net charge ranged from �6 to �8 (data not shown).
Characteristics of V3 amino acids, in addition to charged res-
idues, and gp120 hypervariable domains, in addition to V3,
could contribute to D-X4 phenotypes.

Amino acid residue 326 in V3 is a critical determinant of
dual or T tropism. The amino acid residue at position 326 in
V3 displays a relationship to viral phenotype (6). Virtually all
D-X4 viruses have an isoleucine at residue 326, while T-X4
viruses contain a methionine or leucine. To test the hypothesis
that residue 326 contributed to viral phenotype, M326 was
mutated to isoleucine (M326I) in V3 domains from HIV-1LAI

and a T-X4 primary isolate, T04, which had net charges of �8
or �5, respectively (Fig. 3A). Single-cycle luciferase-tagged
viruses, which were pseudotyped by M-R5 HIV-1JR-FL, T-X4
wild-type, or M326I mutant envelopes, were assayed for
CCR5- and/or CXCR4-dependent entry into PBMC and
MDM (Fig. 3B). As expected, HIV-1JR-FL Env-pseudotyped
viruses infected PBMC (lane 1) and macrophages (lane 2). The
CCR5 MAb 2D7 neutralized macrophage infection by more
than 99% (lane 3), while the CXCR4 MAb 12G5 failed to
diminish macrophage infection (lane 4). Viruses pseudotyped
by wild-type envelopes from T-X4 HIV-1LAI or T04 and from
D-X4 D02 infected PBMC with equal efficiency (1 � 104 to 2
� 104 RLU per 60 ng p24) (Fig. 3B, lanes 1), although only
viruses pseudotyped by wild-type D02 envelopes infected pri-
mary macrophages (Fig. 3B, lanes 2). Viruses with variant
HIV-1LAI or T04 envelopes with the M326I mutation main-
tained an ability to infect PBMC at levels that were indistin-
guishable from those of viruses with parental wild-type enve-
lopes (Fig. 3B) and dependent exclusively on CXCR4 (data not
shown). In addition, M326I variants of HIV-1LAI or T04 en-

FIG. 2. Evolution of virus phenotype in tissues and PBMC. (A and B) Neighbor-joining trees of representative V3 nucleotide sequences from
PBMC and tissues from subjects (A) 01 and (B) 04; (C) PBMC from subject 07 prior to and following ART; (D) model of evolution based on V3
net charge and viral phenotype (R5 and X4 and CCR5 and CXCR4, respectively; M, macrophage tropism; D, dual tropism; T, T-cell-line tropism).
Survival times for subjects 01 and 04 were 7 and 2 years, respectively. Symbols: open, V3 loop net charge � 4; closed, V3 net charge � 5; *, boot
strap � 90; #, boot strap � 75; PB 1, 2, or 3, PBMC at different time points; TH, thymus; SP, spleen; LN, lymph nodes; LU, lung; BR, brain; PTx1
or PTx2, PBMC at 24 weeks or 48 weeks after initiation of combination therapy with nelfinavir and reverse transcriptase inhibitors.

TABLE 1. D-X4 phenotype is related to immune suppression

% CD4� cells
No. of subjects

Total M-R5 D-X4

�20 17 14 3
�15 22 3 19

Total 39 17 22
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velopes mediated virus entry into macrophages (�103 RLU) to
levels that were about 10- to 20-fold greater than those of
M326 wild-type envelopes. Macrophage infection by the
M326I variants was resistant to neutralization by the CCR5
MAb but sensitive to treatment with the CXCR4 MAb, which
diminished infection by more than 90% (Fig. 3B). Results
demonstrated that a single change in a noncharged amino acid
residue in T-X4 envelopes was sufficient to expand tropism to
macrophages.

In a reciprocal experiment, isoleucine was replaced by me-
thionine (I326M) in a D-X4 envelope from subject 02. Viruses
pseudotyped by either parental or variant envelopes main-
tained tropism for both PBMC and macrophages (Fig. 3B,
virus D02, lanes 1 and 2). Infection by viruses containing the
I326M variant of the D-X4 envelope was mediated exclusively
by CXCR4, and not CCR5, similar to infection by viruses with
the parental D-X4 envelope with isoleucine at position 326
(Fig. 3B, virus D02, lanes 3 and 4). Although T-X4 envelopes
gained an ability to use CXCR4 coreceptors on macrophages
as a result of a single V3 amino acid alteration, a D-X4 enve-
lope maintained macrophage tropism independent of the
amino acid at position 326. Taken together, results indicate
that the D-X4 phenotype requires determinants not only in V3
but elsewhere in gp120 as well.

D-X4 phenotype maps to V1 to V5 of gp120. To map genetic
determinants in gp120 that contributed to the use of CXCR4
on macrophages, single-round viruses were pseudotyped by
chimeric envelopes constructed initially with regions V1 to V5
from HIV-1JR-FL (M-R5), HIV-1LAI (T-X4), or primary D-X4
viruses from three individuals, D01, D02, and D05 (Fig. 4).
Viruses pseudotyped by envelopes with D01, D02, or D03 V1
to V5 domains infected PBMC, macrophages, or MT-2 cells,
consistent with D-X4 phenotypes (Fig. 4, lanes 3 to 5). D-X4
envelopes exclusively used the CXCR4 coreceptor, with no
evidence for use of CCR5, on either PBMC or macrophages
(data not shown).

The phenotypes of the original virus isolates, whether M-R5,
D-X4, or T-X4, mapped to Env V1 to V5 (Table 2). To localize
domains required for envelope phenotype, V3 in HIV-1LAI

was replaced by V3 regions from HIV-1JR-FL or primary virus
M03, which conferred an M-R5 phenotype, while V3 regions
from HIV-1LAI or primary virus T04 were sufficient to convert
HIV-1JR-FL from an M-R5 to a T-X4 phenotype (Table 2). In

FIG. 3. Residue 326 in V3 contributes to T-X4 or D-X4 phenotype. (A) V3 amino acid sequences from HIV-1LAI, patient-derived T-X4 (04)
and D-X4 (02) envelopes, and envelopes in which residue 326 was changed by site-directed mutagenesis (indicated by asterisks) were aligned to
HIV-1JR-FL. Residue 326, indicated by the box, was mutated from methionine (M) to isoleucine (I) in T-X4 or from I to M in D-X4 envelopes.
Net� indicates V3 net charge; phenotype summarizes tropism and coreceptor usage. (B) Env pseudotype luciferase-tagged single-cycle viruses
used for infection of PBMC (lane 1), primary MDM (lane 2), MDM in the presence of CCR5 monoclonal antibody 2D7 (lane 3), and MDM in
the presence of CXCR4 monoclonal antibody 12G5 (lane 4). Viral entry was determined by measuring luciferase enzyme activity and expressed
as mean RLU, with error bars indicating standard errors of the means obtained for triplicate wells. Results are representative from experiments
using macrophages from three independent donors.

FIG. 4. Infection of lymphocytes and macrophages by viruses
pseudotyped with envelopes of different phenotypes. PBMC, macro-
phages, and MT-2 cells were infected by viruses pseudotyped with
envelopes containing V1 to V5 domains from HIV-1JR-FL (1), HIV-
1LAI (2), D01 (3), D02 (4), and D05 (5). Viral entry was determined by
measuring luciferase enzyme activity, expressed in RLU. Results are
representative from experiments using PBMC and macrophages from
three to five independent donors.
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contrast, chimeric HIV-1LAI envelopes with V3 domains from
D-X4 primary viruses failed to display a D-X4 phenotype and
were invariably T-X4. A reciprocal chimera, with the V3 region
from D-X4 envelope D02 in an M-R5 envelope from
HIV-1JR-FL, also displayed a T-X4 phenotype (data not
shown). Overall, the data support a requirement for domains
other than V3 in the D-X4 phenotype. V1 to V3 from D01
provided limited tropism for macrophages, although regions
V1 to V3 from D02 or D05 were insufficient to mediate any
detectable macrophage infection (Table 2). Although V3 do-
mains from D-X4 envelopes were sufficient to mediate
CXCR4-dependent infection of lymphocytes, extensive regions
of gp120 were required for use of CXCR4 on macrophages.

Differential sensitivity of D-X4 and T-X4 envelopes to entry
inhibition. To evaluate interactions between X4-using enve-
lopes and CXCR4 expressed on macrophages or T lymphocytic
cells, sensitivity to the CXCR4 small-molecule antagonist
AMD-3100 or CD4 neutralizing monoclonal antibody was
measured. Macrophage infection by D-X4 V1-to-V5 envelope
constructs D01 and D02 was inhibited by virtually identical
concentrations of AMD3100 (IC50, 1.5 and 1.3 ng per ml,
respectively) (Fig. 5A). Likewise, infection of T lymphocytic
MT-2 cells mediated by either D01 or D02 V1 to V5 envelopes
was inhibited by similar concentrations of AMD3100 (IC50, 27
or 23 ng per ml, respectively) (Fig. 5B). In contrast to enve-
lopes with D-X4 phenotypes, viruses pseudotyped with enve-
lopes by T-X4 phenotypes displayed increased sensitivity to
inhibition by AMD3100 (IC50 of 3, 8.5, or 9 ng per ml for D01
or D02 V1 to V3 chimeras or HIV-1LAI, respectively). Enve-
lopes with D-X4, rather than T-X4, phenotypes displayed more
efficient utilization of CXCR4 on MT-2 cells. When infection
of MT-2 cells through CD4 was evaluated, the T-X4 envelope
from HIV-1LAI was more sensitive to neutralization by a CD4
monoclonal antibody than either the wild-type D01 or D02
D-X4 envelopes or the T-X4 chimeric envelopes constructed
with D01 or D02 V1 to V3 domains. When results were eval-
uated together, efficient use of CXCR4 on MT-2 cells by D-X4
envelopes was related to an ability of D-X4 envelopes to use
CXCR4 on macrophages.

Genetic determinants of D-X4 phenotype. The restricted
ability of chimeric envelopes with D-X4 regions V1 to V3 to
mediate infection of macrophages, while retaining an ability to
use CXCR4 for lymphocyte infection, provided a rationale to
evaluate a systematic exchange of regions of gp120 between
D-X4 envelopes D01 or D02 and a prototype T-X4 envelope
from HIV-1LAI. In the first series of constructs, two or three
adjacent domains from D01 or D02 envelopes were introduced
into the HIV-1LAI V1 to V5 background (Fig. 6). Infection of
PBMC, MT-2 cells, or macrophages mediated by virions
pseudotyped with chimeric envelopes Env3 to Env8 was com-
pared to Env2, the T-X4 parental envelope, and Env1 D-X4
parental envelopes (Fig. 6). Some chimeric envelopes, for ex-
ample, Env6 or Env8, with D01 or D02 V1V2 or V4V5 do-
mains were unable to mediate infection of any cell type. In
contrast, chimeric constructs Env3, Env4, Env5, and Env7
maintained infectivity for lymphocytic cells but little, if any,
infectivity for macrophages.

To rule out donor variability as a factor in PBMC or mac-
rophage infection, the panel of pseudotyped viruses was eval-
uated in PBMC and macrophages from eight independent
donors and in triplicate experiments in MT-2 cells (Fig. 7).
Chimeric envelopes Env3, Env5, and Env7 with D01 or D02
V1 to V3, V3 to V5, or V2 and V3, respectively, displayed
T-X4 phenotypes. Even though D01 Env4 retained limited
tropism for macrophages, infection was always less than 20%
of levels mediated by parental D01 Env1.

To rule out the possibility that infectivity merely reflected
levels of virion-associated envelope glycoproteins, gp120 levels
in virus stocks were measured (Fig. 7). All pseudotyped viruses
contained gp120 at levels that ranged between 437 and almost
2,000 pg per 60 ng p24 antigen. Some inactive chimeric enve-
lopes (for example, Env6 or Env8) displayed the lowest levels
of virion-associated gp120, suggesting a requirement for a
threshold amount of gp120 for entry. To determine if Env6 or
Env8 gp120 might be sufficient to initiate interaction with CD4/
CXCR4, the fusion function of D02 Env6 and Env8 envelope
glycoproteins was measured relative to T-X4 Env2 and D-X5
D02 Env1 in a luciferase enzyme expression-based assay. Fu-

TABLE 2. D-X4 phenotype maps to V1 to V5

Characteristic

Result for chimeric gp120 with indicated hypervariable domain in regiona

V1 to V5 V3b V1 to V3c

JR-FL or
M03

LAI or
T04

D05, D01, or
D02

JR-FL or
M03

LAI or
T04

D05, D01, or
D02

JR-FL or
M03

LAI or
T04

D05, D01, or
D02

Phenotype M-R5 T-X4 D-X4 M-R5 T-X4 T-X4 M-R5 T-X4 D- or T-X4
Tropism

PBMC � � � � � � � � �
MT-2 � � � � � � � � �
MDM � � � � � � � � �/�d

Coreceptor
CCR5 � � � � � � � � �
CXCR4 � � � � � � � � �

a Chimeric envelopes were constructed in JR-FL gp160 by exchanging gp120 V1 to V5, V3, or V1 to V3.
b V3 in HIV-1LAI or HIV-1JR-FL gp120 was replaced by V3 regions from R5 (HIV-1JR-FL or primary virus M03), X4 (HIV-1LAI or primary virus T04), and D-X4

(D05, D01, or D02) viruses.
c V1 to V3 in HIV-1LAI or HIV-1JR-FL gp120 was replaced by V1-V3 regions from R5 (HIV-1JR-FL or primary virus M03), X4 (HIV-1LAI or primary virus T04), and

D-X4 (D05, D01, or D02) viruses.
d V1 to V3 from D01 provided limited tropism for macrophages, while V1 to V3 domains from D02 or D05 were unable to mediate infection of macrophages.
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sion mediated by D02 Env1 produced 12,000 RLU above back-
ground values of about 3,000 RLU, while T-X4 Env2 fusion
produced 3,000 RLU above background. In contrast, D02
Env6 or Env8 envelopes failed to mediate fusion. In general,
the levels of gp120 appeared unrelated to D-X4 virus tropism
for CXCR4-expressing cells, indicating that the use of CXCR4
on macrophages was dependent on factors in addition to the
quantity of virion-associated gp120.

Discontinuous determinants of CXCR4 usage on macro-
phages. To test if CXCR4-dependent entry into macrophages

involved discontinuous determinants in gp120, an extended
panel of constructs (Env9 to Env14) with two, three, or four
domains from D-X4 envelope D02 was developed (Fig. 8).
Env9 with D02 V1 and V3 domains maintained levels of entry
into PBMC and MT-2 T cells that were equivalent to levels of
entry by Env1 with D02 V1 to V5 but failed to mediate infec-
tion of macrophages (T-X4 phenotype). In contrast, chimeric
envelope constructs with either three or four D02 domains
displayed D-X4 phenotypes (Fig. 8).

Even though chimeric envelopes had D-X4 phenotypes, lev-
els of entry into various cell types differed from parental D02
Env1. For example, Env11 (V1/V3/V5) maintained high-level
entry into T-lymphocytic cells that was comparable to entry by
Env1, while Env13 (V1/V3/V4/V5) displayed Env1-level entry
into primary lymphocytes. Env14 with V1-V3/V5 was a unique
D-X4 chimera that mediated entry into all cell types at levels
equivalent to the parental Env1 envelope (Fig. 8).

Taken together, results indicated that V1 and V3 comprise a
core region of Env gp120, which mediates efficient use of
CXCR4 on CD4 T lymphocytes (Env9). Efficient entry into
macrophages required a D-X4 V1 and V3 core in combination
with V2 and V5 (Env14). An unexpected finding was that
individual hypervariable regions could suppress, as well as en-
hance, use of CXCR4 usage. For example, D02 V2 domain
displayed a dramatic positive effect for CXCR4 usage on pri-
mary cells of lymphocyte or macrophage lineages (Env11 ver-
sus Env14), while the D02 V5 domain (Env10) enhanced mac-
rophage infection by a chimeric envelope Env9 with a D-X4 V1
and V3 core. In contrast, a D02 V4 hypervariable domain in
chimera Env10 suppressed CXCR4-mediated entry into lym-
phocytes mediated by Env9, while high-level entry into lym-
phocytes and macrophages mediated by Env14 was diminished
by reciprocal exchange of V4 and V5 in chimera Env12.

Complex genotypes in D-X4 V1 to V5 domains. To identify
genetic characteristics of V1 to V5 domains that might distin-
guish D-X4 from T-X4 envelopes, amino acid sequences of
hypervariable domains from D-X4 D01 and D02 primary en-
velopes, as well as reference D-R5X4 envelope from HIV-189.6

or M-R5 envelope from HIV-1JR-FL, were aligned relative to
HIV-1HXB2 (Fig. 9). Primary determinants of CD4 binding
localized adjacent to the V4 hypervariable domain were highly
conserved among the X4-using envelopes. In addition,
N-linked glycosylation motifs were conserved in position and
number, with only rare differences among the envelopes. The
lengths of the hypervariable domains varied independently; for
example, the length of V2, V3, and V5 varied by only two or
three amino acids, while V1 and V4 varied by eight and six
amino acids, respectively. Although V3 loops among X4-using
envelopes displayed net positive charges that reflected an ex-
cess of basic amino acid residues, V1, V4, and V5 domains
tended to have an excess of acidic amino acids. Neither glyco-
sylation motif, length variation, nor charged residues in V1,
V4, or V5 provided biomarkers that distinguished envelope
phenotype.

The most distinctive features of primary D-X4 envelopes
were found in V2 and V1 domains. D-X4 V2 domains were
characterized by net positive charges that ranged from 2 to 4,
while V1 domains included unusual proline or cysteine resi-
dues localized in the region of length polymorphism (Fig. 9).
The features of V1 and V2 from D-X4 envelopes differed from

FIG. 5. AMD3100 and CD4 MAb inhibition of CXCR4- and CD4-
mediated entry into macrophages and T-lymphocytic cells. (A and B)
Relative sensitivity of luciferase tagged, single-cycle pseudotyped vi-
ruses to CXCR4-specific antagonist AMD3100 (0.1 to 1,000 ng per ml)
macrophages and MT-2 T cells. (C) Relative sensitivity of luciferase
tagged, single-cycle pseudotyped viruses to neutralization by CD4
MAb RPA-T4 (0.01 to 20 �g/ml) in MT-2 T cells. Symbols: open
squares, V1 to V5 HIV-1LAI; triangles and circles, V1 to V5 and V1 to
V3 from subject D02 (open symbols) or D01 (closed symbols). Results
are expressed as percent luciferase enzyme production relative to in-
fection with no inhibitors. Macrophage results are representative of
triplicate determinations from three or four independent donors. Re-
sults from MT-2 cells are representative of triplicate determinations
from three independent experiments.
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those of V1 and V2 in either M-R5 or T-X4 envelopes but
were shared with V1 and V2 domains in a prototype D-R5X4
envelope from HIV-189.6.

DISCUSSION

HIV-1 preference for CCR5 or CXCR4 coreceptors deter-
mines host cell range, modulates evolution of virus quasispe-
cies, influences disease sequelae, contributes to viral fitness,
and provides a significant biomarker for HIV-1 pathogenesis.
Dualtropic HIV-1 variants that use CXCR4 coreceptors to
infect cells of myeloid, as well as lymphoid, lineages were
associated significantly with severe immune suppression and
pathogenesis among children and adolescents in our cohort,

indicating that an ability to use CCR5 is a nonessential char-
acteristic of viral fitness, at least in late-stage disease. A small
number of individuals in our study had D-X4 viruses prior to
severe CD4 T-cell depletion, suggesting that early emergence
of D-X4 viruses in peripheral blood provides a prognostic
indicator of disease progression, a possibility we are investi-
gating in prospective studies.

Viral phenotype based on coreceptor use and cell tropism
describes a continuum of heterogeneous envelope character-
istics. For example, the prototypic dualtropic viruses HIV-
1DH12 and HIV-189.6 and some primary isolates can use CCR5,
in addition to CXCR4, to infect indicator cells or macro-
phages, but are restricted to the CXCR4 pathway for infection
of primary lymphocytes (70). In contrast, the primary parental

FIG. 6. Entry mediated by chimeric envelopes into PBMC, MT-2 cells, or macrophages. One, two, or three domains from D-X4 envelopes were
introduced into the T-X4 V1 to V5 background of HIV-1LAI using the strategy outlined in Fig. 1. Black boxes, D-X4 regions; white boxes, T-X4
regions. Entry into PBMC, MT-2 cells, or macrophages mediated by chimeric envelopes was compared to entry mediated by D-X4 V1 to V5
parental envelopes that produced levels of luciferase enzyme activity ranging from 0.3 � 105 to 5 � 105 RLU (100%). Luciferase enzyme levels
produced by mock-pseudotyped viruses were �2 � 102 RLU.

FIG. 7. Phenotype of chimeric envelopes with one, two, or three D-X4 hypervariable domains. Infection of PBMC or macrophages from eight
independent donors or MT-2 T lymphocytic cells mediated by virions pseudotyped with chimeric envelopes developed from subjects D01 and D02
was compared to D-X4 V1 to V5. Mean percent luciferase activity for each chimeric envelope relative to D-X4 parental envelope in each cell type
was calculated and classified as follows: no activity (NA), �10%; low (L), �10% to 30%; intermediate (I), �30% to 60%; or high (H), �60% to
100%. The amount of virus inoculum (�l) equivalent to 60 ng p24 antigen was multiplied by gp120 concentration (pg/�l) to calculate the amount
of virus-associated gp120 per infection. Phenotype is summarized for each chimeric construct based on the pattern of entry into three cell types.
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or chimeric X4 envelopes that we evaluated used the CXCR4
coreceptor exclusively and were unable to use the CCR5 path-
way to infect either primary lymphocytes or macrophages.
D-X4 viruses emerged over periods of years in our study and
predominated in lymphoid tissues including thymus, as well as
in peripheral blood, by the time of advanced disease or termi-
nal illness. The relationship between R5 and X4 viruses within

individuals in our cohort supports a model of X4 viruses evolv-
ing from R5 progenitor viruses (56). Although envelope vari-
ants that used both CCR5 and CXCR4 were not detected,
intermediates in the emergence of D-X4 viruses in vivo may be
transient, present at low levels in peripheral blood, or seques-
tered in tissues.

The principal determinant in gp120 that is both necessary
and sufficient to mediate CXCR4-dependent infection of T
lymphocytes is the V3 hypervariable domain. In contrast, the
use of CXCR4 to mediate infection of primary macrophages
requires V3, in combination with complex determinants in
gp120 (37, 58). While a dominant factor for the use of CXCR4
on macrophages is an excess of basic amino acid residues in the
V3 loop, leading to a high net positive charge, uncharged
amino acid residues in V3 also contribute to tropism without
changing coreceptor use. For example, differences among the
capacity of D-X4 envelopes to mediate CXCR4-dependent
infection of human thymus mapped to a single amino acid
substitution at residue 316 in V3 (41). In addition, our exper-
iments provide direct evidence that another amino acid, at
position 326 in V3, is a functional determinant of cell-type-
specific CXCR4 coreceptor use that is sufficient to convert a
T-X4 envelope to a D-X4 phenotype.

Envelope determinants other than V3 domains also contrib-
ute to the use of CXCR4 to mediate macrophage infection.
Chimeric envelopes that combined regions of HIV-1DH12 or
HIV-189.6 with envelopes from R5 HIV-1AD8 or T-X4 HIV-
1HXB2 implicated the V1/V2 hypervariable region either di-
rectly or indirectly as a contributor to infection of macrophages
by the CXCR4 pathway (32, 55, 58, 69). In our studies, chi-
meric envelopes constructed between primary D-X4 and pro-
totype T-X4 HIV-1LAI envelopes defined V1 to V3 plus V5 as

FIG. 8. Mapping determinants in V1 to V5 required for X4-medi-
ated infection of macrophages. Infection of PBMC or macrophages
from three independent donors and MT-2 cells mediated by six chi-
meric envelopes constructed with two, three, or four discontinuous
hypervariable domains from subject 02 was compared to infection
mediated by D-X4 V1 to V5 envelope from subject 02. Mean percent
luciferase activity for each chimeric envelope relative to D-X4 parental
envelope in each cell type was calculated and classified as in Fig. 7.

FIG. 9. Alignment of V1 to V5 amino acids from envelopes with D-X4 phenotypes. Amino acid sequences from V1V2 (amino acids 131 to 196
in HIV-1HXB2), V3 (274 to 347), V4 (385 to 418), or V5 (456 to 471) regions from primary D-X4 viruses from subjects 01 and 02 and reference
strains of HIV-1 [LAI, 89.6, and JR-FL) were aligned with that from HIV-1HXB2. N-linked-glycosylation motifs are indicated by boxes. Novel
cysteine and proline residues in V1 are highlighted. The net positive charge of each domain is indicated. CD4 binding site is highlighted in gray.
	3, 	20, and 	21 located in conserved sites are shown.
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the minimal functional unit of gp120 that mediated CXCR4-
dependent infection of macrophages at levels equivalent to
those seen with parental D-X4 envelopes. Several novel as-
pects of our study design, such as independent exchange of V1
and V2 or V4 and V5 hypervariable domains, as well as screen-
ing chimeric envelopes for the ability to infect both lympho-
cytes and macrophages, were essential for defining the regions
of gp120 required for interactions with CXCR4 on macro-
phages.

Viral entry into a cell involves CD4 and coreceptor engage-
ment, conformational changes in gp120, and gp41-mediated
membrane fusion. Although modulation of gp41 fusion func-
tion by different gp120 regions could be a potential variable in
assessment of phenotype, the gp41 region from HIVJR-FL in
our recombinant envelopes provided a constant genetic back-
ground that was permissive for infection mediated by either
CCR5 or CXCR4. The amount of chimeric gp120 incorporated
into virions might provide a quantitative explanation for dif-
ferences among viruses in CXCR4-dependent entry into lym-
phocytes or macrophages (41). In our studies, the ability of
chimeric envelopes to mediate CXCR4-dependent infection of
different cell types was unrelated to the amounts of virion-
associated gp120, at least above some threshold level, which
argues against quantity of gp120 as the sole modulator of
CXCR4 use on different cell types.

The overall amino acid composition of envelope glycopro-
teins determines conformation, which optimizes interactions
between gp120, CD4, and the CXCR4 coreceptor expressed on
different cell types. Our studies identified unique characteris-
tics of amino acid sequences in D-X4 envelopes that included
cysteine or proline in V1 and charged residues in V2, which
support a model of gp120 conformation as a factor in CXCR4-
mediated infection of macrophages. If gp120 conformation
determines cell-type-specific use of CXCR4, then CXCR4,
alone or in complex with CD4 or other molecules, could differ
quantitatively and/or qualitatively between macrophages and
lymphocytes (42, 50, 71). The neutralization effect of the
CXCR4-specific monoclonal antibody 12G5 is both cell type
and virus strain dependent, suggesting that CXCR4 is pro-
cessed or presented in a cell-type-specific way that would fa-
cilitate neutralization escape by some HIV-1 quasispecies (40).
Complexities of trimeric gp120/gp41 associations on virions
and absence of a crystal structure for complete gp120 presents
challenges for predicting precise structural requirements for
gp120 interactions with the CD4/CXCR4 receptor complex.
Alternative strategies to probe gp120 conformation by panels
of monoclonal antibodies that relate immunotypes of D-X4
envelopes to CXCR4-dependent macrophage tropism could
provide insights into characteristics of gp120 domains essential
for CXCR4-mediated infection of different cell types (21, 22,
44, 48).

Multiple genetic changes distinguish D-X4 viruses from X4
viruses that fail to infect macrophages and indicate that the
selective advantage of CXCR4 variants of HIV-1 during the
course of infection is multifactorial. Reduced numbers of CD4
CCR5 cells, down regulation of CD4 expression, or increased
CXCR4 expression could provide advantages for viruses that
use CD4 and/or CXCR4 with highest efficiency (6, 43, 62).
Certainly, an increased repertoire of CD4-expressing host cells
is available to viruses that can use CXCR4. For example, only

a minority of CD4 T lymphocytes expresses CCR5, while
CXCR4 is found on the majority of CD4 T cells in vivo (65).
CCR5 or CXCR4 subsets of macrophages might provide dif-
ferent evolutionary niches that could quantitatively or qualita-
tively alter production and subsequent transmission of viruses
to cells of lymphocytic lineages. Signal transduction effected by
viral interactions with CD4 and one chemokine receptor or the
other on different host cells could directly modulate the intra-
cellular milieu to diminish fitness of R5 viruses, favor replica-
tion by X4 viruses, and contribute to progressive and global
immune dysfunction (9, 23, 27, 36, 66, 67). Determining the
sequence of envelope changes that contribute to evolution of a
D-X4 phenotype in longitudinal studies is essential to identify
biomarkers for evolving D-X4 envelopes and to develop novel
strategies that can block the emergence of pathogenic quasi-
species of HIV-1.
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