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Abstract 
CD4 is the primary cellular receptor for human immunode- 

ficiency virus type 1 (HIV- 1), but is not sufficient for entry of 
HIV-1 into cells. After a decade-long search, the cellular 
coreceptors that HIV-1 requires in conjunction with CD4 have 
been identified as members of the chemokine receptor family 
of seven-transmembrane G-protein coupled receptors. The 
discovery of distinct chemokine receptors that support entry 
of T-cell tropic (CXCR-4) and macrophage tropic HIV-1 
strains (CCR-5) explains the differences in cell tropism 
between viral strains, the inability of HIV-1 to infect most 
nonprimate cells, and the resistance of a small percentage of 
the population to HIV-1 infection. Further understanding of 
the role of chemokine receptors in viral entry may also help 
explain the evolution of more pathogenic forms of the virus, 
viral transmission, and HIV-induced pathogenesis. These 
recent discoveries will aid the development of strategies for 
combating HIV-1 transmission and spread, the understanding 
of HIV- 1 fusion mechanisms, and the possible development of 
small animal models for HIV-1 drug and vaccine testing. 
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Introduction 
The primary receptor for human immuno- 

deficiency virus type 1 (HIV-1) is CD4 . 
Although the gpl20 subunit of the HIV-1 
envelope protein (env) binds with high affin- 

ity to human CD4, binding of CD4 is not suf- 
ficient to elicit the conformational changes in 
env that are required for membrane fusion and 
virus entry (1,2). Rather, a fusion coreceptor 
is required in conjunction with CD4 for fusion 
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to occur. The coreceptor requirement is most 
clearly demonstrated by studies showing that 
expression of CD4 in most nonhuman cells 
fails to make them permissive for virus infec- 
tion or env-mediated syncytia formation (3- 
5). However, nonhuman cells expressing CD4 
support HIV- 1 fusion following the introduc- 
tion of human cell membranes (6) or the for- 
mation of transient heterokaryons between 
human and nonhuman cells (7,8). These stud- 
ies suggest that one or more components 
("accessory molecules," "cofactors," or "core- 
ceptors") in human cells can render nonhu- 
man cells susceptible to HIV-1 infection. 

Coreceptors have also been thought to be 
responsible for variations in cellular tropism 
between strains of HIV-1. Macrophage-tropic 
(M-tropic) strains of HIV-1 infect macro- 
phages and peripheral blood lymphocytes 
(PBLs), are typically nonsyncytia-inducing 
(NSI), are less pathogenic, and appear to be 
the type of HIV-1 that is preferentially trans- 
mitted from one infected individual to another 
via sexual contact, vertical transmission, and 
direct blood transmission (9-12). T-tropic 
strains of HIV-1 can infect both transformed 
T-cell lines and PBLs, are typically syncytia- 
inducing (S[), and are associated with more 
aggressive forms of the virus (10,13). Viral 
tropism has been mapped to the env protein, 
but must involve factors other than CD4, since 
all known HIV-l env proteins bind CD4. 

A number of molecules have been proposed 
to serve as coreceptors for HIV-1, including a 
leukocyte adhesion receptor (LFA) (14), a 
monocytic serine protease (15), CD26 (16), 
CD7 (17), and CD44 (18). Although some of 
these molecules may enhance syncytia forma- 
tion under certain circumstances, none has 
proven to be necessary or sufficient for viral 
entry and cell-to-cell fusion mediated by the 
HIV-1 env glycoprotein. Other molecules, such 
as galactosyl-ceramide, appear to be viable 
alternate receptors for HIV- 1 entry, but medi- 

ate an inefficient, CD4-independent entry path- 
way (19). Within the past year, the true core- 
ceptors for HIV-1 entry and fusion have been 
identified as members of the chemokine recep- 
tor family of seven-transmembrane G-protein 
coupled receptors (GPCRs). 

Although the marriage of the chemokine 
receptor field to the HIV field is still young, it 
has been remarkably productive and insight- 
ful. Recent findings can now explain the spe- 
cies restriction of HIV-1 entry, the cellular 
tropism of HIV- l strains, the molecular basis 
of the CD8 + cell-inhibitory factors, and the 
genetic basis for HIV-1 resistance. In addi- 
tion, the molecular basis for the evolution of 
pathogenic forms of HIV-1 may soon be 
answered, and the understanding of the 
mechanism by which env-mediated fusion 
occurs has taken a remarkable leap forward. 

Chemokine Inhibition of HIV 
The chemokines are chemoattractant cyto- 

kines involved in the chemotactic immune 
response of phagocytic cells, such as macro- 
phages, neutrophils, basophits, eosinophils, 
and lymphocytes, to areas of inflammation 
(for reviews, see Horuk [20] and Schall and 
Bacon [21]). The chemokines are generally 
divided into two groups, the CXC (R) and the 
CC (13) chemokines, based on the spacing of 
the first two cysteine residues of the chemo- 
kine molecule. The CXC chemokines prima- 
rily attract neutrophils, and members of this 
family include interleukin-8 (IL-8) and stro- 
real cell-derived factor-1 (SDF-1). The CC 
chemokines attract macrophages, T-cells, 
eosinophils, and basophils, and members of 
this family include regulated on activation, 
normal  T-cel l  expressed  and secre ted  
(RANTES), macrophage inflammatory pro- 
tein- 1 ot (MIP- 1 ~), M/P- l ~3, eotaxin, monocyte 
chemoattractant protein- i (MCP- 1), MCP-2, 
and MCP-3. The chemokines have been shown 
to bind to G-protein-coupled seven-transmem- 
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brane domain receptors on the surface of tar- 
get cells and to induce a Ca 2+ flux that ulti- 
mately leads to cell chemotaxis (20-22). 

The HIV field was introduced to chemo- 
kines in December 1995 when RANTES, 
MIP-I(z, and MIP-II3 were identified as the 
major HIV-suppressive factors produced by 
CD8 + T-cells (23). Antiviral activity was found 
in several human T-cell leukemia virus 
(HTLV-1)-immortalized CD8 + T-cell lines 
when the cells were stimulated with IL-2. Bio- 
chemical purification of media from these 
cells identified peaks of inhibitory activity, 
and sequencing of purified peptides from these 
peaks identified the antiviral agents as the 
chemokines RANTES, MIP- 1 o~, and MIP- 1 ~. 
These chemokines, but most notably RANTES 
and MIP- 1 [3, were found to inhibit replication 
of M-tropic strains of HIV- 1, such as Ba-L and 
MN, as well as some simian immunodefi- 
ciency virus (SIV) and HIV type 2 (HIV-2) 
viruses, but did not inhibit the HIV- 1 T-tropic 
strain IIIB. Elimination of all three chemokines 
simultaneously was required to restore HIV- 1 
replication, indicating that all three of the che- 
mokines possess antiviral activity. Although 
the antiviral activity was not traced to an inhi- 
bition of viral entry, this discovery was seen as 
an important first step toward developing 
alternative strategies for helping the natural 
immune system combat HIV-1 infection. 

The CXCR-4 Coreceptor 
The identification of CXCR-4 (also known 

as LESTR/fusin) as a T-tropic coreceptor was 
reported from the laboratory of Dr. Edward 
Berger (NIH) in May 1996 (24). Using a vac- 
cinia virus-based reporter gene assay to screen 
for fusion events, CXCR-4 was recovered 
from a HeLa cDNA library as a molecule that, 
in conjunction with CD4, was sufficient to 
allow fusion and viral entry of the T-tropic 
HIV-1 strain IIIB into otherwise nonpermis- 
sive murine 3T3 cells. The nature of the fusion 

event mediated by CXCR-4 is consistent with 
its identity as an HIV-1 coreceptor. CXCR-4 
does not permit fusion in the absence of CD4, but 
is required in conjunction with CD4 for fusion 
and viral entry. Nonfunctional forms of env do 
not support fusion with CXCR-4, and the fusion 
mediated by CXCR-4 is cell-type-independent. 
CXCR-4 is expressed in cell lines and cell types 
consistent with the tropism of T-tropic strains 
of HIV-1, including a number of B-, T-, and 
monocyte-derived cell lines as well as primary 
T-cells. CXCR-4 permits fusion with envelopes 
from the T-cell tropic HIV-1 strains IIIB, 
LAV, and RF, but not from the M-tropic HIV- 1 
strains Ba-L, SF-! 62, or JR-FL (24,25). Rab- 
bit sera directed against the N-terminus of 
CXCR-4 inhibits fusion mediated by the 
T-tropic HIV- 1 LAV, but not by the M-tropic 
HIV- I Ba-L (24). All of this evidence indicates 
that CXCR-4 is the T-tropic env coreceptor and 
does not simply mediate a general fusion event 
unrelated to HIV-1 env-mediated fusion. 

Prior to its discovery as an HIV-1 corecep- 
tor, CXCR-4 was cloned (and named) by six 
independent laboratories from human cDNA 
libraries derived from lung ("L5") (26), fetal 
brain ("hFB22") (27), fetal spleen ("pBE 1.3") 
(28), an HL60 cell line ("HUMSTSR") (29), 
and monocytes ("HM89," "LESTR") (30,31). 
Because of the molecule's ability to support 
HIV-1 fusion, it was also named "fusin" (24). 
The recent discovery of its ligand, the CXC 
chemokine SDF-1, now permits its renaming 
as CXCR-4, in keeping with the standards of 
nomenclature agreed on by the chemokine 
receptor scientific community (32,33). SDF- 1 
inhibits fusion and entry of T-tropic strains 
that use CXCR-4 as a coreceptor, but does not 
inhibit fusion and entry of M-tropic strains 
(32,33). Thus far, CXCR-4 is the only known 
receptor for SDF-1, and SDF-1 is the only 
known ligand for CXCR-4. Transgenic mice 
that lack functional SDF- 1 die perinatally with 
severely reduced numbers of B-cell progeni- 
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tots and myeloid progenitors, suggesting the 
importance of this chemokine in B-cell lym- 
phopoiesis and bone-marrow myelopoiesis 
(34). Although SDF-I itself appears to be 
absolutely required for normal development, 
it will be important to determine whether 
CXCR-4 is also essential. 

CXCR-4 is a 352 amino acid protein that is 
a member of the GPCR class of seven-trans- 
membrane receptors. The receptor shares 
approximately 30% homology with the che- 
mokine receptor family of GPCRs and was 
considered an orphan receptor at the time of its 
discovery as an HIV-1 coreceptor. Based on 
its homology with better characterized recep- 
tors and its utilization of N-linked glycosyla- 
tion sites (see below), CXCR-4 likely exhibits 
the topology depicted in Fig. 1A. Like other 
GPCRs, CXCR-4 contains conserved proline 
residues in its transmembrane domains, con- 
served motifs in its intracellular loops that are 
predicted to bind G-proteins, and serine/threo- 
nine residues in its C-terminus that may play 
an important role in the phosphorylation and 
downregulation of the receptor (for review of 
conserved structural motifs in GPCRs see 
Probst el al. [35]). The four cysteine residues 
in the ectodomain of CXCR-4 are highly con- 
served, and are predicted to form disulfide 
bonds between the first and second extracel- 
luIar loops and between the N-terminus and 
third extracellular loop. Western blot of 
CXCR-4 protein separated in SDS-PAGE/ 
urea gels reveals a protein of mol wt 50 kDa 
(24,25). The protein is N-glycosylated and 
runs at its predicted mol wt of 40 kDa when 
treated with endoglycosidase F to remove all 
N-linked carbohydrates (25). A higher-mol- 
wt band, consistent with a dimer form of 
CXCR-4, is consistently seen in such gels and 
shifts to its predicted mol wt when treated with 
endoglycosidase F, but the relevance of this 
dimer to the functional structure of CXCR-4 
is not clear. 

The CCR-5 Coreceptor 

Although the identification of CXCR-4 as a 
T-tropic HIV-1 coreceptor marked a major 
advance in HIV research, the coreceptor for 
M-tropic strains of HIV-1 was still unknown. 
However, the ability of chemokines to block 
infection by M-tropic strains of HIV-I, and 
the homology of CXCR-4 to the chemokine 
receptor family did not go unnoticed. Initial 
screens of known chemokine receptors in early 
1996, including CC chemokine receptors 1-4, 
did not demonstrate any that supported fusion 
by M-tropic strains of HIV-l. The publication 
in March 1996 of CCR-5 (also referred to as 
CKR-5) as a novel chemokine receptor capable 
of binding RANTES, MIP- 1 c~, and MIP- I [3 
provided the missing link needed for the dis- 
covery of the primary M-tropic coreceptor (36). 

CCR-5 was cloned from human genomic 
DNA and was characterized as a novel chemo- 
kine receptor strongly activated by MIP-1 c~, 
weakly activated by MIP-I ~ and RANTES, 
and not activated by MCP-1, MCP-2, MCP-3, 
or IL-8 (36). CCR-5 is a 352 amino acid pro- 
tein with a predicted tool wt of 40.6 kDa. Like 
other chemokine receptors, including CXCR-4, 
CCR-5 contains conserved G-protein cou- 
pling sequences in its intracellular loops, con- 
served proline residues in its transmembrane 
domains, and conserved cysteine residues in 
its extracellular loops. CCR-5 has one poten- 
tial N-linked carbohydrate site in its third 
extracellular domain which is not utilized in 
the cell types examined (37) (see Fig. 1B). 

Less than 2 mo after the identification of 
CXCR-4 as the T-tropic fusion accessory fac- 
tor, five independent groups simultaneously 
reported that CCR-5 was a coreceptor for 
M-tropic strains of HIV-1 (38-42). CCR-5 
supports fusion and entry of M-tropic strains 
of HIV- 1, including B a-L, SF- 162, JR-FL, and 
ADA, but does not support  infect ion by 
T-tropic strains of HIV-1, such as LAV and 
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Fig. 1. (A) The predicted membrane topology of CXCR-4 (Lestr]fusin) with homology to CCR-5. CXCR- 
4 is known to be N-glycosylated (25), but it is not known if both potential N-glycosylation sites are utilized. 
Shaded items indicate identical residues between CXCR-4 and CCR-5 (30% identity). (B) The predicted 
membrane topology of CCR-5 (CKR-5) with homology to CCR-3, CCR-2b, and CXCR-4. The potential 
N-linked glycosylation site in the third extracellular loop of CCR-5 is not utilized in the cells examined (37). 
Shaded items indicate identical residues between CCR-5, CCR-3, CCR-2b, and CXCR-4 (20% identity), all 
of the fusion coreceptors identified to date, 
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HxB2. Diverse HIV- 1 isolates from clades A, 
B, C, and E also utilize CCR-5 (42), although 
a rigorous characterization of the coreceptor 
usage patterns of a diverse array of HIV-1 
viruses must still be performed. The corecep- 
tor usage patterns of HIV-2 and SIV viruses 
have yet to be fully characterized, but initial 
analysis indicated that these viruses can also 
use CXCR-4 and CCR-5 for fusion (our 
unpubl ished data). Primate homologs of 
CCR-5 appeared to function for HIV-1 entry, 
but rodent homologs of the chemokine recep- 
tors varied in their ability to support HIV-1 
entry (our unpublished data). The pattern of 
CCR-5 expression has not yet been well char- 
acterized, but CCR-5 is clearly present in 
many cell types that are known to be suscep- 
tible to M-tropic strains of HIV-1, including 
macrophages, peripheral blood mononuclear 
cells (PBMCs), and the CD4 + T-cell line PM 1 
(38,39). 

As predicted, the chemokines RANTES, 
MIP- 1 ~, and MIP- 1 [3 prevent entry of M-tropic 
strains of HIV- 1 by inhibiting their utilization 
of CCR-5 (38-40). Other chemokines, such as 
MCP-1 and MCP-3, which are not natural 
ligands for CCR-5, have little or no effect on 
utilization of CCR-5 (38). The relevance of 
chemokine blocking in vivo is still uncertain, 
since the concentration of chemokine that is 
required for inhibition in vitro appears to 
vary widely depending on cell type, mode of 
expression (e.g., transfection, stable expres- 
sion, native expression), timing of blocking, 
and mode of fusion/infection. The nature of 
this inhibition (e.g., direct blocking or down- 
regulation) is still being characterized. 

The chemokine receptor family now con- 
sists of five CC chemokine receptors, four 
CXC chemokine receptors, the promiscuous 
Duffy receptor, several viral homologs of the 
chemokine receptors, and several new orphan 
receptors. Although many of these have 
already been tested for coreceptor function, 

the significance of many functional corecep- 
tors remains to be determined. At least three 
primary isolates, 89.6, YU2, and ADA, have 
been reported to utilize CCR-3 in addition to 
CCR-5 (41,42). The Duffy antigen receptor 
was a likely candidate for coreceptor function 
given previous results demonstrating that red 
blood cell ghosts, a primary source of Duffy, 
could, when fused to murine cells, render those 
cells susceptible to HIV-1 infection (6). The 
Duffy antigen binds RANTES, IL-8, and 
MCP-1 (43,44) and, in a strange twist of evo- 
lution, also acts as a receptor for the malarial 
parasite Plasmodium vivax (43). Nevertheless, 
the Duffy antigen does not function as a fusion 
coreceptor for any virus tested, including 89.6, 
Ba-L, ADA, JR-FL, YU2, and IIIB (39,41,42). 

The dual-tropic primary HIV-1 isolate 89.6 
uses an impressive array of chemokine recep- 
tor cofactors, including CCR-2b, CCR-3, 
CCR-5, and CXCR-4 (41,42). The ability of 
89.6 to utilize multiple coreceptors suggests 
an evolutionary mechanism by which a virus 
of a defined tropism can switch coreceptor 
usage. The tropism of HIV- 1 env proteins can 
be altered by relatively subtle differences in 
sequence (45), and the nature of these differ- 
ences implicates regions ofenv that may inter- 
act with the chemokine receptors and control 
coreceptor specificity. Initial analysis of 
coreceptor usage by chimeric envelope pro- 
teins indicates that the V3 loop is involved in 
coreceptor utilization (42). Although the V3 
loop of gpl20 has clearly been implicated in 
cellular tropism (45), it may not be the sole 
determinant of tropism (46). With the isola- 
tion of CCR-5 and CXCR-4, the regions of 
env that define tropism can now be mapped in 
greater detail. 

The ability of an env protein to utilize a 
variety of coreceptors may have a profound 
impact on the pathogenesis of HIV-induced 
diseases. One model for the emergence of 
increasingly pathogenic strains of HIV- 1 over 
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the course of infection is that the virus trans- 
mitted to an individual uses CCR-5, but 
evolves its coreceptor usage to CXCR-4, per- 
haps due to selective pressures against env 
epitopes required for CCR-5 recognition. The 
89.6 HIV-1 isolate may represent such a tran- 
sitional isolate and, in the process of evolving, 
previously uninfected targets may become 
susceptible to these transitional strains. Eosi- 
nophils, which express CCR-3 and are known 
to be infectable by HIV- 1 (47,48), may be such 
a population of newly susceptible cells. The 
ability of CCR-3 to support fusion by three 
different primary HIV- 1 isolates suggests that 
utilization of fusion coreceptors other than 
CCR-5 and CXCR-4 may have in vivo rel- 
evance for HIV-1 transmission, spread, and 
pathogenesis. Further examination of the 
expression patterns of the known HIV-1 core- 
ceptors, CCR-2b, CCR-3, CCR-5, and CXCR- 
4, will be required to ascertain the true relevance 
of these receptors for HIV- 1 pathogenesis. 

It is important to note, however, that the 
expression pattern of the chemokine recep- 
tors can change with cell stimulation. For 
example, IL-2 can upregulate chemokine 
receptors CCR-1 and CCR-2 in some cells 
(49), and such events may significantly influ- 
ence the susceptibility of cell populations to 
HIV-1 infection. Thus, the natural chemo- 
kine receptor expression pattern of unstim- 
ulated cells may not reflect the true available 
targets of HIV-1 in vivo where populations 
of cells may have altered susceptibili ty 
depending on their state of activation. 

CCR-5 Polymorphisms 
The ability of individuals to resist HIV-1 

infection and transmission has been suspected 
for several years, but has previously lacked a 
sufficient explanation (50-52). The identi- 
fication of chemokine receptors as HIV-1 
coreceptors prompted the examination of the 
chemokine receptors and chemokine levels 

from such populations. CD4 + T-cell clones 
from exposed-uninfected (EU) individuals 
appear to produce higher amounts (-10-fold) 
of the chemokines RANTES, MIP-lcz, and 
MIP- 1 [~ than do clones from normal individu- 
als (40), and an in trans protective effect from 
these cells correlates loosely with chemokine 
inhibition (50). However, the mechanism by 
which these cells resist HIV- 1 infection is not 
due merely to increased chemokine produc- 
tion levels. HIV-l-resistant cells from EU 
patients do not render normal cocultured cells 
completely resistant to infection, and are not 
themselves rendered susceptible to infection 
by the addition of antichemokine antibodies (40). 

Screening of the coreceptors from these EU 
individuals revealed two identical copies of a 
defective CCR-5 gene (53). Relatively normal 
amounts of CCR-5, CCR-1, and CXCR-4 
mRNA were present in cells from EU indi- 
viduals, but the CCR-5 gene contained a 32- 
bp deletion that caused a frameshift and 
introduced a premature stop codon in the sec- 
ond extracellular loop of CCR-5, a recombi- 
nation event probably mediated by a 10 bp 
repeat on either side of the deletion (53,54). 
The mutant form of CCR-5, ACCR-5, is 
produced by the cell, but does not reach the 
cell surface. As such, M-tropic viruses that 
require CCR-5 for entry, including JR-FL, 
ADA, SF-162, and Ba-L, cannot infect 
ACCR-5 homozygous T-cell clones, butT-tropic 
and dual-tropic strains of HIV-1 can infect 
the cells, presumably by using functional 
CXCR-4 (53,54). 

Cells heterozygous for the mutation are 
susceptible to infection by M-tropic and dual- 
tropic strains, but appear to have a small level 
of protection compared to cells with two cop- 
ies of functional CCR-5. This protection is 
reflected in a lower level of replication in het- 
erozygous cells (53), a consistently reduced 
level of fusion mediated by cells expressing 
both the ACCR-5 mutation and the wild type 
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CCR-5, and by a decreased frequency of 
ACCR-5 heterozygotes in an HIV-seroposi- 
tive population (54). Disease progression in 
infected ACCR-5 heterozygotes also appears 
to occur more slowly than in infected indi- 
viduals with normal CCR-5 alleles (55). The 
CCR-5 mutation is genetically inherited and is 
surprisingly prevalent (allele frequency of 
about 0.10) in Caucasian populations of Euro- 
pean descent (54,55). No individuals who are 
homozygous for the mutation and who are 
seropositive for HIV-1 have yet been identi- 
fied (53-55). 

The discovery of the ACCR-5 polymorphism 
identifies CCR-5 as the primary M-tropic 
coreceptor involved in HIV-1 transmission. 
The apparent resistance of ACCR-5 homozy- 
gotes to HIV- 1 transmission implies that CCR-5 
is absolutely required for HIV-I transmis- 
s i o n - n o  other chemokine receptor or corecep- 
tor can compensate for the role of CCR-5 early 
in HIV-1 entry. Preliminary examination of 
other critical populations of high-risk indi- 
viduals, such as intravenous drug users and 
hemophiliacs, suggests that ACCR-5 homozy- 
gous individuals in these populations may 
also be protected from HIV-1 transmission 
(55). Thus, CCR-5 appears to be required for 
all routes of HIV- 1 transmission. Further stud- 
ies will be important for understanding what 
tissues HIV- 1 infects early after transmission, 
what target cells are critical for maintaining 
viral reservoirs, and what target cells are 
responsible for the pathogenesis of H1V- 1. 

The facts that individuals who lack func- 
tional CCR-5 genes appear to be completely 
normal and that the allelic distribution of the 
ACCR-5 polymorphism obeys Hardy-Wein- 
berg equilibrium suggest that CCR-5 plays a 
redundant role in normal chemokine-mediated 
signal transmission. Other receptors can also 
bind RANTES and MIP- 1 c~ (CCR- 1, CCR-4), 
but their cellular distribution and functional 
overlap with CCR-5 are currently unknown. 

The apparent redundancy of the chemokine 
receptors, however, offers an optimistic out- 
look for the development of drugs that may 
target and inactivate CCR-5 without causing 
major side effects in these patients. On the 
other hand, the lethal effects of SDF- 1 knock- 
out mice (34) suggests that the chemokines 
themselves may be critical for normal develop- 
ment. Knockout mice for the CC-chemokines 
or for the fusion-active chemokine receptors 
remain to be characterized. Understanding 
these issues will be particularly important 
before drug strategies can be attempted, since 
alteration of viral tropism has the potential 
either to slow or to hasten the evolution of the 
virus to a potentially more aggressive form 
that could utilize other coreceptors. 

The rapid identification of the ACCR-5 
polymorphism was aided by its high preva- 
lence in a single population. The same poly- 
morphism was not present in other populations 
examined, including a Venezualian cohort 
(53), a Japanese cohort, and a West- and Cen- 
tral-African cohort (54). It is likely, however, 
that other polymorphisms in CCR-5, in 
CXCR-4, and in the transcription elements of 
these receptors remain to be identified. The 
natural variation in another chemokine recep- 
tor, the Duffy antigen, has previously been 
examined, and polymorphisms include an 
apparently normal open reading frame that is 
not expressed, as well as a rare deletion-frame- 
shift allele, both of which are predicted to 
protect individuals from the spread of malaria 
(56,57). 

Several populations of individuals exist 
who may carry similar polymorphisms in 
HIV-1 coreceptors. The exposed-uninfected 
group initially examined by the laboratory 
of Richard Koup (Aaron Diamond AIDS 
Research Center) consisted of 25 individuals, 
only 3 of whom encoded the ACCR-5 poly- 
morphism; only wild-type CCR-5 was detected 
in the remaining individuals (50,53). T-cell 
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clones from the zXCCR-5 homozygous indi- 
viduals varied in their production of chemo- 
kines and in their response to infection by both 
M-tropic and T-tropic strains of HIV-1 (40). 
Although such differences may be explained 
by alternative receptors, heterologous desen- 
sitization, or a lack of negative feedback for 
chemokine production, these individuals will 
certainly receive more attention for the iden- 
tification of other protective factors. 

Other populations that have previously 
been studied and may harbor coreceptor poly- 
morphisms include uninfected prostitutes, 
uninfected spouses of infected individuals, 
exposed-uninfected hemophiliacs, and infected 
patients with nonprogressive disease (long- 
term nonprogressors). Although the causes of 
apparent HIV- 1 resistance may include defec- 
tive viruses (58,59), a heightened immune 
response (60,61), and delayed, but normal dis- 
ease progression, at least some of the individu- 
als in these populations may harbor coreceptor 
polymorphisms. Moreover, any potymor- 
phisms present in these populations may offer 
unique insights into the pathogenesis of HIV. 
For example, a polymorphism in a population 
of long-term nonprogressors would not pre- 
vent the individual from becoming infected, 
but might slow or prevent disease progression, 
an exciting insight into understanding the 
causes of HIV- 1 pathogenesis. 

Mechanisms of Coreceptor Function 
The mechanism by which HIV-1 utilizes 

the chemokine receptors as fusion accessory 
factors is currently unknown, but understand- 
ing this relationship will be a major goal in 
the near future. One obvious mechanism by 
which HIV-1 may use the chemokine recep- 
tors for fusion is by structural homology of 
env to the chemokine ligands. Although HIV-1 
envelope proteins do not share any obvious 
sequence homology to the ligands of CCR-5, 
the h igh- reso lu t ion  s t ructures  of  both 

RANTES (62) and MIP-I~ (63) may offer 
some valuable clues. In addition, the solution 
structure of an IL-8 chemokine dimer bound 
to an N-terminal fragment of IL-8R-A has 
been solved (64), suggesting the possibility 
that structural regions involved in fusion may 
eventually be visualized. 

The ligand binding sites for GPCRs have 
been predicted using receptor chimeras, site- 
directed mutants, antibody and peptide inhibi- 
tion, crosslinking studies, photoaffininty 
labeling, fluorescence emission spectra, and 
computer modeling. The ligand binding sites 
for GPCRs can include the N-terminus, the 
extracellular loops, and the hydrophobic resi- 
dues of the transmembrane-spanning domains, 
largely depending on the size of the ligand 
(35). The N-terminal domain of chemokine 
receptors has proven to determine ligand 
specificity for Duffy (44), IL-8R-B (65-67), 
CCR-2 (68), and the related C5a GPCR 
(69,70). However, other regions of the recep- 
tors also appear to be important, and a second, 
independent contact site has been hypoth- 
esized for CCR- 1, CCR-2, IL-SR, and C5a-R 
(65,67-70). These independent contact sites 
have been modeled in a two-step mechanism 
of binding and activation of the receptor in 
which the N-terminus mediates initial binding 
of the ligand, while the loops or transmem- 
brane domains mediate a subsequent binding 
event that leads to receptor activation. 

Since the dual-tropic primary isolate 89.6 
can use both CCR-5 and CCR-2b, but M-tropic 
viruses can use only CCR-5, chimeras of 
CCR-5 and CCR-2b (76% homology) were 
constructed to map the determinants of core- 
ceptor function. Preliminary mapping studies 
were consistent with a model in which HIV- 1 
env interacts with CCR-5 at two independent 
locations, one of which was the N-terminus 
(3 7). M-tropic strains of HIV- 1 required either 
the N-terminus or the first extracellular 
domain of CCR-5, but both sites were not 
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required simultaneously, and the importance of 
other domains could not be excluded. The pri- 
mary isolate 89.6 required different residues 
on the N-terminus than did JR-FL, and 89.6 
was not capable of using an N-terminal trun- 
cated version of CCR-5 that JR-FL was capa- 
ble of using. These results suggest that the use 
of CCR-5 by HIV- 1 env may parallel, although 
probably not imitate, the use of CCR-5 by its 
ligands, and that different envelopes can utilize 
different regions of the same coreceptor (37). 

The mechanism by which the chemokine 
receptors, in conj unction with CD4, trigger the 
fusion conformation of HIV-1 envelope is 
completely unknown. The most obvious pos- 
sibility is that, like other viral coreceptors, 
interaction with a chemokine receptor leads to 
conformational changes in the env protein that 
induce exposure of the env fusion peptide and 
subsequent membrane fusion. Evidence gath- 
ered before the identification of the fusion 
coreceptors suggested that CD4 triggers a con- 
formational change in env that then mediates 
the formation of a trimeric complex between 
CD4, env, and the coreceptor. The phorbol 
ester myristate acetate (PMA) can downregu- 
late CD4, but not a truncated version of CD4 
that lacks its cytoplasmic domain (71,72). 
However, PMA-induced downregulation of 
the tailless CD4 did occur when cells were 
incubated with soluble gp 120 prior to addition 
of PMA. Importantly, this did not occur when 
tailless CD4 was expressed in nonhuman cell 
lines, indicating that the molecule mediating 
the downregulation of the tailless CD4 and 
gp 120 might be the putative coreceptor. These 
findings suggest that gpl20 binding to CD4 
induces conformational changes in either 
gpl20 or CD4 that lead to complex formation 
with the coreceptor, which itself is downregu- 
lated by PMA (71,72). In support of this 
model, another study found that the HIV- 1 env 
protein is sufficient to downregulate chemo- 
tactic GPCRs and to inhibit the chemotactic 

response of cells (73). Although a direct inter- 
action between the chemokine receptors and 
the HIV-1 env protein has been difficult to 
demonstrate, such an interaction is predicted 
and will prove invaluable for understanding 
the function of the chemokine receptors as 
fusion coreceptors. 

As an alternative mechanism of coreceptor 
function, the G-protein signaling capabilities 
of the chemokine receptors may be involved 
in mediating viral entry. GPCR signals can 
involve ion fluxes within the cell, but GPCRs 
are also known to be capable of internalization 
into endocytic vesicles. Either activity has the 
potential to impact the location and cellular 
environment in which viral fusion occurs. 
However, preliminary evidence indicates that 
the chemokine receptors need not signal for 
fusion to occur. Mutants of CCR-5 that lack 
signaling capabilities were capable of support- 
ing cell-to-cell fusion and viral entry (our 
unpublished data). 

The role of the chemokine receptors and 
the chemokines in HIV- 1 infection may extend 
beyond their ability to support HIV-1 entry. 
The ability of the HIV-1 env protein to alter 
chemokine and cytokine levels has been 
implicated in a number of pathogenic events, 
including neurotoxicity. HIV- 1 infection can 
alter the expression of chemokines (74,75), 
and HIV-1 env protein can downregulate 
chemotactic GPCRs and reduce cell chemot- 
axis (73). Stimulation of cells with env can 
alter the production of several cytokines, 
including IL-10, which can regulate chemo- 
kine production and inhibit HIV-l replica- 
tion (76-78). Despite their inhibitory activity 
in entry events, the chemokines may actually 
enhance HIV-1 infection and/or replication 
in some cell types (79). Although some of 
these effects may be due to CD4-mediated 
signaling events or unrelated stimulatory 
events, the role of the chemokine receptors 
will have to be re-examined. 
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Perspectives 
The identification of CXCR-4 and CCR-5 

as the major coreceptors used by T- and M- 
tropic strains of HIV-1 represents a remark- 
able leap forward in the understanding of 
HIV-1 entry, tropism, pathogenesis, and epi- 
demiology. Understanding the role of the 
chemokine receptors in entry has obvious 
implications for understanding the mechanism 
by which HIV-1 env mediates the mixing of 
two lipid bilayers, and may help identify 
conformational epitopes that must be con- 
served for fusion to occur and that may be 
exploited for vaccine development. The abil- 
ity of chemokines to selectively block M- and 
T-tropic strains of HIV-1 offers an immediate 
first approximation for the development of 
drugs to inhibit the entry of HIV-1 into new 
cells, and possibly to inhibit the spread and 
evolution of HIV- 1 in previously infected indi- 
viduals. The selective pressures involved in 
inhibiting one strain of HIV- 1 versus another, 
as may occur in the natural evolution of HIV- 1 
during disease progression, must be under- 

stood before such a strategy can be employed. 
The location, function, and redundancy of the 
chemokine receptors and chemokines will 
need to be described to predict viral targets 
and to devise strategies to inhibit entry of 
HIV-1 at this stage. Finally, the discovery of 
the components required for HIV- 1 entry into 
nonprimate cells may allow the development 
of small animal models of HIV-1 infection, 
possibly one of the largest hurdles in HIV-1 
research, but with a potentially enormous 
impact on the development of drugs and vac- 
cines against HIV- 1. 
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