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1. ABSTRACT

Primate lentiviruses infect target cells by interacting
with the cell surface protein, CD4 and additional molecules,
termed coreceptors. Recently, HIV-1 coreceptors have been
identified as seven transmembrane spanning, G-protein coupled
receptors of the chemokine receptor family. Thus, expression of
CD4 and an appropriate coreceptor is both necessary and
sufficient to render target cell permissive for fusion with virions
or infected cells. The spectrum of tissue tropisms exhibited by
primate lentiviruses can be largely explained by differentia
utilization and distribution of coreceptors. This article reviews
what is currently known about the selective utilization of
particular coreceptors by primate lentiviruses and the nature of
the envel ope/coreceptor interaction, with particular referenceto
two important HIV-1 coreceptors, CCR-5 and CXCR-4. It has
become clear that these interactions are somewhat 'plagtic’:
Variahility isevident, both in the selection of coreceptor and the
way in which different vira strains interact with their cognate
coreceptors. Theimplications of these findings both for attempts
to block HIV infection with coreceptor targeted agents and for
understanding HIV replication in vivo is discussed.

2. INTRODUCTION

In common with all other retroviruses, the initial
event in the life cycle of primate lentivirusesis association with
specific cell surface receptors that mediate virus entry. Since the
identification of CD4 as an essentid component of
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the receptor for HIV and SIV more than a decade ago (1), it has
been widely appreciated that additional cellular molecules are
required for the entry of HIV/SIV into target cells (2-4; figure
1). It was shown at an early stage that the expression of CD4 on
the surface of human cells could render them susceptible to
infection by HIV-1 virions or HIV-1 enveloped pseudotypes,
and aso permitted envelope induced cell fusion (1). Conversdly,
expression of human CD4 on the surface of murine cellsdid not
confer susceptibility to infection, athough CD4-positive murine
cellsare fully competent for binding the vira envelope protein
gp120. Later, it became clear that this observation also held true
for HIV-2 and SV and was not specific to murine cells (2-4).
In fact, amost al non-human cells remain refractory to HIV-1
infection even when engineered to express human CD4,
(although HIV-2 and SIV are somewhat |ess species restricted).
In addition, it was shown that the resistance of CD4-positive
murine fibroblasts to HIV-1 could be reversed by fusion with
CD4-negative human cdlls, indicating that there is no dominant
block to virus entry (5). Taken together, these observations
strongly implied the existence of additional human cell specific
cell surface molecules that participate in virus entry. Until
recently, the identity of these “coreceptors had remained
elusive. However the identification of severa chemokine
receptors as molecules that, in conjunction with CD4, can
mediate the entry of HIV and/or SIV into target cells hasled to
an explosonininterest in thisfield, and avery rapid advance in
our understanding of how primate lentiviruses infect target cells.
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Table 1. Coreceptor utilization by primate lentiviruses

VIRUS STRAIN

CORECEPTORS UTILIZED?

CCR-2b CCR-3
HIV-1  Primary non Sl or M-Tropic 1/18 6°/22
Primary SI 1/10 2/10
T-cell line adapted 0/2 0/2
HIV-2 0/4 5/10
Slv 0/4 0/4
Notes

CCR-5 CXCR-4 GPR-15 STRL-33 GPR-1
(BOB) (Bonzo)

46/46 1/46 4/13 4914 0/3

13/25 2424 13 13 01

2/4 4/4 01 191

10/13 6/17 5/6 4/6

9/9 0/9 3/3 3/3 2/2

& Number which utilize the coreceptor / number tested, (data from references 11, 12, 20, 24-37, 49, 56, 62, 66, 79, 91).
® includes 1 strain, JRFL for which contradictory data have been reported

€includes 3 strains for which contradictory data are reported
4111B strain, contradictory data reported.

3. HIV AND SIV TROPISM

Additional evidence for the existence of primate
lentivirus coreceptors derived from the observation that
HIV/SIVs have a range of overlapping but readily
digtinguishable tropisms. For example, while many
immortalized human T-cell lines can be infected by laboratory
adapted HIV-1, HIV-2 and SIV strains, other CD4 positive cell
lines are sometimes sdlectively permissive only for specific virus
types (4). Heterogeneity in tropism is also evident within agiven
virus type. In the case of HIV-1, virtually all strains replicate
efficiently in CD4+ peripheral blood lymphocytes (PBL).
However many freshly isolated or primary strains are also able
to propagate efficiently in primary macrophages but not in
immortalized T-cell lines and are thus termed M-tropic.
Conversely, other strains, particularly those which have been
adapted to growth in immortalized T-cell lines (T-tropic)
generaly do not efficiently infect primary macrophages (6-9).
A proportion of isolates (termed dual-tropic) are able to replicate
well in both T-cell lines and primary macrophagesin addition to
PBL (10-12). Dual-tropic and T-tropic strainsinduce cell fusion
in primary and immortalized T-cells and are also referred to as
syncytium inducing (Sl).

In dmost al cases, the determinants of HIV/SIV
tropism can be mapped to the viral envelope gene (13-19), thus
indicating that tropism is restricted at the level of virus entry. A
significant finding was that a major determinant of HIV-1 T-
verses M-tropism is the third hypervariable (V3) region of the
surface glycoprotein, gp120 (13-15). While other regions of the
vira envelope (notably V1) have also been also shown in to
influence HIV-1 tropism (17-19) it remains true that the tropism
of aparticular strain is very often determined by the V3 region
of the vira envelope.

An important prediction arising from these data was
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that T-tropic and M-tropic HIV-1 strains, aswell asHIV-2
and SIV, would make use of distinct coreceptors for virus
entry. As we will discuss, this prediction proved at least
partially accurate, and it appears that the role of the
envelope in determining viral tropism is manifested at the
level of coreceptor selection. In addition, there is variation
in the 'promiscuity’ of viral envelopes in that some are
restricted to the use of a single coreceptor, whereas others
are able to interact with several. It is becoming clear that
(with afew exceptions) the spectrum of tropisms associated
with primate lentiviruses can be largely explained by
coreceptor utilization and distribution

4. CHEMOKINE RECEPTORS: ENTRY COFACTORS
FOR HIV AND SIV

A large body of recent work has established that
severa chemokine receptors are capable of mediating cdll fusion
and infection by HIV and SIV gtrains. The crucial advance was
made by Feng et al. (20) who identified Lestr/fusin, amember
of the 7 transmembrane (7TM) spanning, G-protein coupled
receptor family, as afusion cofactor for T-tropic HIV-1 strains.
Thus, expression of CD4 and fusin on the surface of murine
cells was sufficient to render them susceptible infection by T-
tropic HIV-1 strains. Fusin is expressed on a wide range of
human cell lines, those which do not express fusin are not
infected by T- tropic HIV-1. Importantly, cells expressing both
CD4 and fusin remained refractory to M-tropic HIV envelope
mediated fusion, consistent with the earlier prediction that
fusion cofactors for T- and M-tropic HIV-1 strains would be
distinct moieties. Furthermore, a CXC chemokine (SDF-1), has
subsequently been identified as aligand which both binds fusin
and specificaly blocks infection by T-tropic but not M-tropic
HIV-1 srains (21,22). Based on the identification of its
chemokine ligand, fusin was renamed CXCR-4, the term used
for the remainder of this article.
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Figure 1. HIV envelope induced membrane fusion requires both CD4 a coreceptor. Expression of CD4 on the surface of atarget cell is
fully sufficient to permit envelope binding, but additiona cell surface molecules are required for completion of the fusion reaction.
Evidence suggests that the initial interaction of the viral envelope gp120 protein with CD4 triggers a conformationa change enabling
further gp120 interactions with the coreceptor. The identity of particular virus coreceptors and sequences which participate in the envelope
interaction is isolate dependent. Following coreceptor binding, addtional conformational changes are thought to occur, resulting in the
fusion of virus and target cell membranes.

4.1 Additional Coreceptors for HIV-1, HIV-2 and SIV are capable of using a number of of the same coreceptors as
strains HIV-1 including CCR5, CCR-3 and CXCR-4 as well as
The discovery that CXCR-4, whose closest known other recently identified coreceptors (33, 37, table 2). A
homolog is the IL-8 receptor (CXCR-2), constitutes a number of SIV strains are capable of utilising CCR-5, but
functional coreceptor for T-tropic HIV-1 strains gave added usually not CXCR-4, as a coreceptor (30-35). However,
significance to the earlier finding that the C-C chemokines since the same SIV strains are fully capable of replication in
MIP-1-alpha, MIP-1-beta and RANTES are able to block a number of human T-cell lines which do not express
infection of CD4+ human T-cells by M-tropic but not T- significant levels of CCR-5, it was immediately apparent
tropic HIV-1 (23). Thus, since certain chemokines are that additional SIV specific coreceptors should exist
known to bind several 7TM receptors it became likely that (32). The recent identification of three additional
discovery of a chemokine receptor that is recognised by all coreceptors, Bonzo/STRL33, BOB/GPR15 and GPR1
three of these chemokines would also result in the which support infection by SIV strains was thus
identification of an M-tropic HIV-1 specific coreceptor. predictable (32-35). The susceptibility of CCR-5
negative cell linesto SIV infection can, in at least some
Thus, very soon after the identification of CCR-5 instances, be explained by the presence of
as areceptor for MIP-1-alpha, MIP-1-beta and RANTES a Bonzo/STRL33, BOB/GPR15 and/or GPR1.
number of groups independently showed that CCR-5 served Interestingly, Bonzo/STRL 33 and BOB/GPR15 are also
as a coreceptor for awide range of M-tropic strains (24-28). functional for some HIV-1 and HIV-2 isolates (33, 35,
In fact, to date all M-tropic HIV-1 strains (which includes 36). While both are expressed on primary T-cells, and
isolates of very diverse genotypes (12, 24, 29)) that have Bonzo/STRL33 is expressed on monocytes, what
been analysed for coreceptor usage have been shown to be contribution these coreceptors make to the establishment
capable of utilising CCR-5 (table 1 and refs therein). and maintenance of HIV-1, HIV-2 or SIV infection in
Expression of this coreceptor islargely confined to primary vivo is not yet known. The resistance of CCR-5 negative
T-cells and macrophages, consistent with its role as a primary T-cells and macrophages cells to M-tropic HIV-
coreceptor for M-tropic HIV-1 strains. Nevertheless, it soon 1 infection (see below) suggests that these receptors
became clear that a more restricted subset of M-tropic HIV- play arelatively minor, if any rolein HIV-1 infection in
1 strains could also recognise arelated chemokine receptor, vivo (38, 39). However the ability of some dual-tropic
CCR-3 (25), and one particularly promiscuous strain (89.6) HIV-1 strains to infect macrophages when they are
could make use of no less than 4 distinct coreceptors; CCR- apparantly incapable of infecting transfected cells where
5, CXCR-4, CCR-3 and CCR-2b (27). In addition, other CCR-5 is the only expressed coreceptor (11), potentially
primate lentiviruses can exploit these and other cell surface indicates a role for Bonzo/STRL33, or another as yet
molecules during virus entry (30-37, table 1). HIV-2 strains unidentified coreceptor.
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4.2 CCR-5 is the major coreceptor utilized by HIV-1 in
vivo

A long observed, but poorly understood
phenomenon associated with the HIV-1 epidemic is the
existence of individuals who have been repeatedly exposed
to virus but remain uninfected. In some of these cases, a
substantial in vitro infection resistance (specifically to CCR-5
utilizing, M-tropic strains) of PBL and macrophagesis evident
(38, 39). In addition, it iswell known that thereislarge variation
in the rate at which disease progresses in individuals who do
become infected. Analysis of CCR-5 genes has reveded the
existence of a defective CCR-5 allele which may contribute to
each of these observations (40-42). Specifically, approximately
10% of the CCR-5 dlelesin Caucasian populations contain a 32
base pair deletion which resultsin aframe shift and premature
truncation of the receptor. These truncated receptors are not
expressed on the cell surface and therefore do not function as
HIV coreceptors. About 20% and 1% of Caucasians are
heterozygous and homozygous, respectively, for the CCR-5
delta32 allele and, importantly, homozygousity for the CCR-5
delta32 dleleis associated with asignificant degree of infection
resistance (41, 42). In fact only four individuals (out of several
thousand examined) have been shown to be both HIV infected
and homozygous for CCR-5 delta32 (43-46), whereas the
expected frequency of homozygotes would be approximately 10
per 1000 HIV-1 infected individuds, given the frequency of this
genotype in the genera population. Individuas who are
heterozygous for the two major CCR-5 aleles do not manifest
a high degree of infection resistance (41, 42). However, once
infected, the progression of disease in heterozygotes appears to
be somewhat retarded. This phenotype is associated with a
measurably reduced virus load post seroconversion, and a
decrease in frequency of symptomatic primary infection (47).
Taken together, these observations strongly imply that the major
route of HIV transmission both between individuals and
between cells within an individual (at least during the early
stages of infection) is mediated by the CCR-5 coreceptor.

CCR-3 is only expressed in a restricted sub-
population of T-cells (48) and is, therefore, unlikely to play
amajor role in HIV infection of these cells. However, it is
relatively abundant on microglial cells, the major targets of
HIV-1in the brain (49). Eotaxin, the physiological ligand
for CCR-3, and a CCR-3 reactive monoclonal antibody
have both been reported to posses infection inhibiting
properties in primary brain cultures. M-tropic strains that
are unable to use CCR-3 can also infect brain cultures,
suggesting that both CCR-3 and CCR-5 play a role in
infection of these cells.

An interesting, but as yet unexplained, observation
is association of a CCR-2b polymorphism with retarded
disease progression (50). Thisis unexpected given that the
great majority of HIV-1 strains are not able to use CCR2b
as a coreceptor. The mutant CCR-2b allele, which encodes
a receptor with a single valine to isoleucine change, is
invariably associated with an intact CCR-5 allele. Since the
two genes are very closely linked, it is quite likely that the
mutant CCR-2b gene is associated with some, as yet
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unidentified, defect in CCR-5 expression, although this has
not yet been thoroughly investigated. Wide variation of
CCR-5 expression levels among individuals homozygous
for intact reading frames has been documented, as has a
measurably lower expression level in CCR-5 delta32
heterozygotes (51). It might well be that coreceptor
expression levels contribute to the very large variation in
rates of disease progression, particularly since the amount
of CCR-5 expressed on PBL from different donors
correlates with their ability to support the replication of M-
tropic strains in vitro (51).

5. MECHANISM OF ACTION OF CORECEPTORS

Accumulating evidence indicates that the SU
envelope glycoproteins of primate lentiviruses directly
interact with their cognate coreceptors (52-56). Soluble
gp120 from T-tropic HIV-1 has been reported to form a
precipitable complex with CXCR-4 (52) and specifically
bind to cells expressing CXCR-4 with an affinity in the
nanomolar range (53). In addition, a few groups have
demonstrated that HIV-1 and SIV envelope glycoproteins
are able to compete with beta chemokines for CCR-5
binding (54-56). Significantly, this competition is much
more efficient in the presence of CD4, either coexpressed
with CCR-5 on the cell surface, or in soluble form as a pre-
formed complex with gp120. The inference from these data
is that the interaction of HIV or SIV with a target cell is
initially with CD4, thereby inducing a conformational
change in gp120 which facilitates subsequent binding of
envelope to the coreceptor. This scenario is supported by
the previous observation that a number of HIV-2 strains can
be induced to infect CD4 negative cells by pre-treatment
with sCD4 (57). In this case a virion/sCD4 interaction
presumably induces a stable envel ope conformation that enables
interaction with a coreceptor in the absence of cell surface CDA4.
Why this phenomenon should be restricted to HIV-2 remains
obscure, but perhaps sCD4 complexes with the gp120 of other
primate lentiviruses adopt a coreceptor-binding conformation
that is less stable than that obtained with HIV-2. The ability of
HIV-2 to be adapted to efficiently infect CD4 negative cells,
using either CXCR-4, CCR-3 or the orphan receptor V28 (57-
59), probably represents an extension of this phenomenon. In
this case, the viral envelope presumably adopts a stable CXCR-
4 binding conformation in which the coreceptor binding siteis
revealed without the need for prior "activation' by CDA4.

5.1 Envelope binding sites on virus coreceptors

All of the identified HIV/SIV coreceptors are
members of the seven transmembrane spanning G-protein
coupled receptor family. As such, they contain an N-terminal
extracellular domain and three extracellular loops (ECL-1-3). A
number of studies have attempted to determine which of these
extracellular domains are determinants of coreceptor
function, and by implication, what are the amino acid
residues that interact with the virus envelope (60-67). In
most cases, the functional coreceptor phenotype cannot be
mapped to asingle linear sequence. It is therefore likely that
the virus binding site or sites on the coreceptor involve
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Figure 2. Examples of differential utilisation of human/murine
CCR-5 chimeras by M-tropic and dud-tropic HIV-1 strains. The
relative ability of human/murine CCR-5 chimeras to support
fusion induced by the envel opes of two M-tropic (ADA and Ba-
L) and one dual-tropic (89.6) HIV-1 gtrain is indicated. While
ADA is efficiently able to utilize chimeras containing a single
human extracellular domain, Bal requires the presence of two,
and 89.6 requires an intact human CCR-5 molecule.

multiple extracdlular domains, and that within each of these
domains multi ple amino acids contribute to coreceptor function.
While this complexity has largely frustrated attempts to define
precise virus binding sites, studies of chimeric and mutant
coreceptors have, to some extent, illuminated our understanding
of how HIV/SIV interact with coreceptors and suggested that
severa, functionaly redundant, interactions between coreceptor
and virus envelope are likely to occur. Aswe will discuss, this
has implications both for the feasibility of using coreceptor
targeted inhibitors of virus entry as therapies and for
understanding the evolution of coreceptor usage in vivo.

5.2 Determinants of CCR-5 coreceptor function

Higoricdly, the generation of chimeric molecules
conggting of afunctiond retrovirusreceptor and aclosdy related, but
non-functiona homol ogue has proven to be a successful srategy for
rapidly mapping the determinants of virus receptor function. Severd
studies have attempted to map the extracdlular determinants of
CCR-5 coreceptor function using such an approach (60-66).
Fortuitoudy, a murine homologue of CCR-5 had been previoudy
identified that is 82% identica to the human receptor but non-
functiond asacoreceptor for adl HIV-1 srainstesed sofar. At leest
four groups have used human/murine CCR-5 chimeras to map
functiond domains (60-63). Thereisbroad agreement inthe generd
conclusons among these three studies, some discrepancies are
probably the result of methodologicd difference, details in the
derivation of the chimeric coreceptors and polymorphismsin murine
CCR-5dldes. Of thefour extracdlular CCR-5 domains, human and
murine proteins differ in sequence in three. Remarkably, each of
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these extracellular human CCR-5 domains is independently
capable of conferring some degree of coreceptor function on an
otherwise inactive murine receptor (60-62). Conversely thereis
no single extracellular domain of human CCR-5 that cannot be
functionally substituted by its murine counterpart. (at least in the
case of most murine CCR-5 dleles) Importantly, these chimeric
coreceptors are often functional for a significantly more
restricted range of HIV-1 strains; the differential abilities of
virus strains to utilize various chimeric receptors strongly
implies that different virus strains interact with CCR-5 in
different ways (61, 62). Examples of the strain dependent
differences in the ability of HIV-1 isolates to utilize
human/mouse chimeric CCR-5 receptors are presented in figure
2.

Some dgtrains, in particular those which are dual-
tropic (i.e. are aso capable of using CXCR-4 as a coreceptor)
appear to be particularly sensitive to perturbationsin the human
CCR-5 extracdllular domains. In fact, none of the three human
CCR-5 extracellular domains that differ in sequence to the
murine homologue can be replaced by murine sequences
without (at least partially) compromising dual-tropic
coreceptor function (61, 62). This is a suprising
observation, since human and mouse CCR-5 receptors are
much more similar in sequence than are CCR-5 and CXCR-
4, a fully functional coreceptor for dual tropic HIV-1
strains. In contrast the M-tropic strains ADA and SF162 and
are able to quite efficiently utilize chimeric coreceptors
where any one of the 3 divergent extracellular domainsiis of
human origin (61, 62, figure 2). Other M-tropic strains such
asBa-L, M23 and E80 have intermediate properties, in that
a larger number of chimeras are functional than for dua-
tropic strains, but some chimeras which are functional ADA
or SF162 coreceptors do not support fusion mediated by
these additional envelopes. For example, while no single
human extracellular domain is sufficient to confer high level
Ba-L coreceptor function on murine CCR-5, (figure 2)
inter-domain synergy can be observed; chimeras containing
two extracellular domains of human CCR-5 origin exhibit
near wild type Ba-L coreceptor function, while each
individually has little or no activity in the context of an
otherwise murine receptor.

Interestingly the results obtained using a CCR-5
allele from an NIH Swiss mouse for chimera construction
differ significantly from those obtained using other murine
CCR-5 alleles (63). It is apparent that murine CCR-5
polymorphisms are largely responsible for this discrepancy,
and implicate specific amino acids in the envelope/ CCR-5
interaction (see below). It is noteworthy, therefore that
given the complexity of envelope coreceptor interactions, in
particular the participation of multiple coreceptor domains,
non-functional CCR-5 homologues are unlikely to provide
a neutral background for analysis using chimeras or site
directed mutant receptors. Thus, which extracellular
domains in CCR-5 that are 'flagged' as being important for
coreceptor function is dependent not only on the virus
strain, but also on the non-functional partner selected for
the generation of chimeras.
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Figure 3. Summary of mutational analyses of CCR-5. Amino
acid residues that differ between human and murine (BALB/c)
CCR-5 areindicated by shading. Arrows indicate ammino acids
that when mutated either individualy or in combination
compromise coreceptor function for M-tropic (M) or dua-tropic
(D) HIV dtrains. Note that some mutations are performed in the
context of human/mouse CCR-5 chimeras, where coreceptor
activity is dependent on the presence of a single human
extraced lular domain. (data from refs 63, 66, 67)).

Thispremiseislargdy born out when the above studies
areviewed in conjunction with otherswhich have employed CCR-
5/CCR-1, CCR-5/CCR-2b, CCR-5/CXCR-2 and CCR-5/CXCR-4
chimerasto map determinants of coreceptor function for both HIV-1
and SIV drains (64-67). However, it is clear that the N-termind
extracdlular domain of CCR-5 is capable of conferring coreceptor
function for some HIV-1 M-tropic and dua-tropic srains on
multiple, otherwiseinactive, 7TM receptors (65). Loss of function
as areault of partia truncations in the CCR-5 N-terminus, in the
context of a CCR-5/CCR-2b chimera, support the role of this
domain in coreceptor function, although the particular amino
acids involved are clearly strain dependent (64). As with
human/murine CCR-5 chimeras however, the N-terminus is
dispensable in an otherwise intact human CCR-5 molecule,
since it can be truncated or replaced with those of CCR-2b,
CCR-1, CXCR-2 and CXCR-4 without drastically
compromising M-tropic coreceptor function (64, 65). Dual-
tropic strains are again more fastidious than M-tropic
strains in their ability to interact with N-terminally
substituted CCR-5 chimeras; of the aforementioned
7TM receptors, only the CCR-1 N-terminus can
functionally replace that of CCR-5, and then only for
one of the two dua-tropic strains analysed (65). These
data have been interpreted as suggesting that dual
tropism evolves from M-tropic viruses that retain the
ability to interact specifically with the N-terminus of
CCR-5 while acquiring the ability to interact with the
ECLs of CXCR-4 at the expense of interaction with
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CCR-5 ECLs. We would argue that the interaction of
dua-tropic envelopes with CCR-5 also remains criticaly
dependent on CCR-5 ECLSs, since replacement of these with
corresponding murine CCR-5 sequences results in a dramatic
loss of coreceptor function (61, 62, figure 2).

Mutational analyses of CCR-5 extracellular
domains in the context of an otherwise intact molecule has
not proven to be particularly informative for M-tropic HIV-
1, since many point mutants retain substantial coreceptor
function (66). Nevertheless, partial or total loss of dua-
tropic coreceptor function (dependent on the particular
strain) as a result of an aspartate to alanine mutation at
position 11 in the N-terminus has been documented (66).
The partial effect of this mutation for the 89.6 strain is
markedly enhanced when combined with alanine
substitution of lysine 197 (ECL2) and/or aspartate 276
(ECL-3). Again this, indicates that the CCR-5 N-terminus
is a critical, but not the sole, determinant of dua-tropic
coreceptor function.

In the case of M-tropic HIV-1 strains, studies
in our laboratory have exploited human/murine CCR-5
chimeric coreceptors whose activity is dependent on the
presence of a single human CCR-5 extracellular domain
(68). Residues of human origin were substituted, either
individually or in combination, with corresponding
murine sequences. These experiments indicate an
important role for residues serine 7, asparagine 13, and
tyrosine 15 in the N-terminus and serine 180 in ECL-2.
In addition, individual amino acids were identified (for
example tyrosine 184 and serine 185) that had little or
no effect on coreceptor function when mutated
individually, but dramatic losses in coreceptor result
when both are substituted. Thus, it is evident that not
only do multiple CCR-5 domains contribute to
coreceptor function, but within these domains multiple
amino acids play an important role.

In addition, the identification of non functional
CCR-5 alleles from African green monkey and NIH
Swiss mouse has indicated an especially critical role for
tyrosine 14 in the N-terminus, glutamine 93 in ECL-1
and proline 183 in ECL-2 (63). Indeed, mutation of
tyrosine 14 or proline 183 in an otherwise intact CCR-5
molecule renders it non-functional as a coreceptor for
several M-tropic HIV strains.

A summary of the mutational analyses
performed to date is depicted in figure 3. Although
residues which are important for function are somewhat
scattered throughout the extracellular domains, several
important residues are closely clustered within the N-
terminus and in ECL-2. As yet, we cannot determine
whether these sequence motifs constitute spacially
distinct envelope recognition domains, or form an single
envelope binding site in the context of a folded protein.
Alternatively some of these amino acids could be
responsible for influlencing the overall structure of the
CCR-5 extracellular domains and modul ate coreceptor
function without directly contacting the viral envelope.
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Figure 4. The role of the V3 loop in determining coreceptor
selection and in modulating envelope CCR-5 interactions. The
ahility of the T-tropic strain 111B to use CXCR-4 but not CCR-5
isreversed by the substitution of V3 sequences with those of M-
tropic strains ADA or BaL. I11B strains containing V3 loops of
ether BalL or ADA ae differentidly able to utilise
humarn/murine CCR-5 chimeras. A single amino acid changein
the V3 loop influences the viruses ability to use a chimera
containing a human N-terminal domain, but has little effect on
utilization of a chimera containing human ECL-2 in an
otherwise murine CCR-5 context.

The CCR-5 sequences involved in recognition by
other primate lentiviruses are less well characterized.
However, in the context of CCR-5/CCR-2b chimeras, ECL -
2 is required for recognition by several SIV strains (67).
Like HIV-1 strains, different SIV strains use CCR-5 in
different ways: For other S|V strains, ECL-2 is dispensable
provided that an intact CCR-5 N-terminus is present.

5.3 Determinants of CXCR-4 coreceptor function
With the aim of adopting similar approaches to
analyse structure function relationships in CXCR-4, we and
others have cloned the murine homolog of this receptor (69-
71). Unfortunately, murine CXCR-4 was found to
constitute a functional coreceptor for at least some T-tropic
and dua-tropic HIV-1 strains (71,72), precluding the
construction of informative chimeras. In addition, both rat
and feline CXCR-4 receptors were also found to support
infection by at least some T- tropic HIV-1 strains (73, 74).
These observations were suprising given the large body of
literature indicating that almost all non-human cells remain
refractory to HIV-1 infection when engineered to express
human CD4, whereas most human cell lines are highly
susceptible to T-tropic HIV-1 infection when CD4 is
expressed (1-4). This apparent anomaly can only partially be
explained by species specific differences in expression
patterns. While we obtained no evidence for differential
expression of CXCR-4 mRNA in vivo (in mouse versus
human tissues) it does appear that CXCR-4 expression is
somewhat more restricted in immortalized murine cell lines
as compared to human counterparts (71). However, there
are examples of both murine and feline cells that contain
abundant CXCR-4 mRNA but after CD4 expression,
remain resistant to T-tropic HIV-1(74, 75). Species specific
post-translational processes are also unable to account for
this anomaly, since transfection of CXCR-4 negative
fibroblasts with CD4 plus either human or murine CXCR-4
renders them permissive for HIV-1 fusion or infection (71,
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72). It remains unclear why some cells remain resistant to
infection when they apparently express a full complement
of receptors that are capable of supporting fusion/infection
in the context of a different cell line of the same species.
Indeed, human macrophages express CXCR-4 but are not
susceptible to T-tropic HIV-1 infection. It may be that the
apparent need for relatively high levels of CD4 expression
by CXCR-4 utilizing HIV-1 strains is a limiting factor for
infection in some cases (76). Alternatively, it is possible that
there are cell type specific, post-fusion blocks to virus
infection (77, 78).

Although arat CXCR-4 homolog was found to be
a functional coreceptor for the T-tropic isolate LA, it is
non-permissive for the T-tropic HIV-1 isolate NDK and the
HIV-2 isolate ROD. Thus, human/rat CXCR-4 chimeras
have been used to map functional determinants for these
strains (79). Suprisingly, the sequence requirements for
ROD and NDK are similar, in that both require the presence
of ahuman CXCR-4 derived ECL-2, These two strains and
LAI appear rather insensitive to deletions in the N-terminus,
almost total removal of this region is required before
complete loss of function is observed, although partial
effects on NDK and ROD are evident with smaller
deletions. A variant of ROD (ROD/B) which is capable of
infecting cells expressing CXCR-4 in a CD4 independent
manner shows a similar partial dependence on an intact N-
terminal CXCR-4 domain (80).

CXCR-4 chimeras with more distantly related
7TM receptors such as CXCR-2 and CCR-5 indicate an
absolute requirement for ECL-2 in this context (65).
However, chimeras that, in addition, contain the CXCR-4
N-terminus and/or ECL-1 are more active, and are
recognised by awider range of strains. Thus, it appears that
envelope-CXCR-4 interactions are as complex and strain
dependent as is the case with CCR-5.

5.4 Viral determinants of coreceptor recognition

In many cases, transplantation of the V3 loop of
HIV-1 can, in a absolute manner, change the tropism of a
T-tropic to that of an M-tropic virus and vice versa (13-16).
In fact, this phenotypic switch can be accomplished by
minor changes in the V3 sequence, and correlates closely
with a switch between CXCR-4 and CCR-5 coreceptor
utilization (25, 61, 81). Furthermore, dua-tropic viruses that
use both CXCR-4 and CCR-5 can be derived simply by
manipulation of V3 loop sequences (81). Thus, the V3 loop
is an excellent candidate for being a component of a
coreceptor binding site. The additional observation that
minor changesin V3 loop sequences influence the ability of
envelopes to interact with chimeric coreceptors supports
this hypothesis (61). For instance, the V3 loop sequences of
ADA and Ba-L differ by asingle amino acid, and while both
are able to confer CCR-5 utilization on the T-tropic I1I1B
envelope, only the ADA V3 loop permits utililisation of an
human/murine CCR-5 chimera containing the human CCR-
5 N-terminus in an otherwise murine background. Similarly,
two amino acid changes in the V3 loop of SIV mac236,
influence the ability of this strain to recognise a panel of
CCR5/CCR-2b chimeras. An example of the role of V3
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sequences in determining coreceptor selection and
influencing specificity for chimeric coreceptorsis givenin
figure 4.

Nevertheless, the V3 loop is not the sole determinant
of coreceptor recognition. In some cases, alternative tropisms
can be mapped to non-V 3 sequences (17-19), and while the V3
loop sequences of ADA and JRFL areidentical, only the former
envelope protein is capable of efficiently utilising BOB/GPR15
(33). In addition, the M-tropic BaL envelope does not
efficiently utilise a human/murine CCR-5 chimerawhere only
ECL-2 is of human origin. However, a chimeric virus
containing a Ba-L V3 sequence in the context of the T-tropic
111B envelopeis able to use this chimeramore efficiently (figure
4). This suggests, somewhat paradoxically, that the T-tropic 111B
envelope contains non-V 3 sequences that facilitate interaction
with the CCR-5 ECL-2.

While these observations provide genetic evidence
for the interaction of multiple envelope domains with
multiple coreceptor domains, it remains true that binding
sites on coreceptors and envelopes cannot yet be
unambiguously identified. In the context of proteins that are
capable of induced conformational change and for which
little or no structural information is available, the effect of
introducing sequence changes on the conformation of distal
regions of envelope and coreceptor is not easily predicted.
It is also important to recognize that there is considerable
scope for the introduction of laboratory artifacts in such
experiments: The very act of culturing virus in the
laboratory imposes different selective pressures on viral
populations that are likely to impact on the nature of their
interaction with receptors. In addition there are examples of
very minor envelope sequence changes drastically
influencing coreceptor recognition (60, 67, 81), thus
different results are likely to be obtained with cloned versus
uncloned forms of the same virus isolate. Furthermore, the
relative expression levels of coreceptors on transfected cells,
as compared to the natural targets of virus infection, remain
largely unexplored and clearly affect the efficiency of
infection. Indeed, over-expression of some chemokine
receptors render cells permissive for viral envelope induced
cell fusion, while cells expressing lower levels of the same
coreceptor remain resistant to infection by cell-free virus
(82). Therefore, a degree of caution is warranted in
interpreting the results of the aforementioned studies.
Despite these caveats, it is abundantly clear that there is
considerable plasticity in coreceptor usage, both in terms of
the viruses ability to use one or more of a number of
‘optional’ coreceptors and the ability of strainsto use a given
coreceptor in different ways.

6. PLASTICITY OF HIV CORECEPTOR USAGE -
IMPLICATIONS FOR PATHOGENESIS AND
TREATMENT

6.1 Coreceptor targeted inhibitors of HIV entry

The identification of coreceptors that mediate
primate lentivirus entry might well have major significance
for attempts to treat HIV infection. The chemokines
themselves are inhibitors of HIV entry (21-23), and
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modified forms of RANTES, which bind CCR-5 yet fail to
induce signal transduction, have similar properties (83, 84).
Recently, beta chemokine homologues encoded by Kaposi's
sarcoma associated herpesvirus have also been shown to
block HIV-1 infection (85, 86). The lack of an overt
phenotype associated with CCR-5 delta32, even among
homozygotes (40, 42), suggests that antagonists targeted
specifically to this coreceptor should be relatively free of
undesirable side effects. However, this is less likely to be
the case for CXCR-4 targeted antagonists; mice in which
the SDF-1 has been ablated have a lethal defect in B cell
lymphopoesis (87). Nevertheless, it might be possible to
develop small molecule inhibitors that block viral
interactions with CXCR-4 without compromising SDF-1
signal transduction, Peptide and bicyclam compounds
targeted to CXCR-4 that prevent T-tropic HIV infection
have been described (88-90). However, al of these
compounds also block signalling through CXCR-4. A
potentially even more serious obstacle in the development
of coreceptor targeted threrapeutics is the plasticity of
envelope coreceptor interactions. It is quite conceivable that
coreceptor targeted compounds would simply select for
strains that use an alternative coreceptor, or different
regions of the same coreceptor. Furthermore, since AIDS
has been documented in CCR-5 delta32 homozygotes, it is
unlikely that even total ablation of the CCR-5 entry
pathway will achieve much more than retardation of disease
progression, once infection has been established. It is even
possible that CCR-5 targeted therapy might accelerate the
course of disease by selection of viral strains that use
alternative coreceptors (most notably CXCR-4, but also
including CCR-2b and CCR-3) whose occurrence is
associated with disease progression (91). It remains
possible, however, that combinations of agents that ablate
the coreceptor function of both CCR-5 and CXCR-4 would
have a significant impact on the ability of HIV to propagate
invivo.

6.2 Changing patterns of coreceptor usage during HIV-
1 disease progression - cause or consequence of immune
suppression?

It is interesting to speculate as to why primate
lentiviruses have evolved plasticity in their interactions with
coreceptors. The ability to use utilize multiple functionally
redundant contacts with coreceptors could conceivable
facilitate immunological escape. Thus, in the face of a
neutralizing antibody response (which, in significant part,
is directed against V3 sequences (92), a major modulator of
coreceptor interaction), the selection of variants with altered
envelope sequences would be permitted without
compromising the ability of the virus to use a given
coreceptor. Furthermore, changes in envelope sequence that
enable the virus to use additional coreceptors, while
retaining the ability to interact with CCR-5, could be
tolerated. It appears that dua-tropic strains that use both
CCR-5 and CXCR-4 are less tolerant of perturbations in
CCR-5 sequence than are M-tropic strains (71, 72),
suggesting that acquisition of the ability to utilize CXCR-4
might involve the sacrifice of a degree of functional
redundancy and/or affinity in the envelope/CCR-5
interaction.
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During the early, asymptomatic phase of HIV-1
infection M-tropic strains predominate. It is quite possible
that this is the simply consequence of a 'founder effect": It
islikely that the major route of transmission of HIV-1isvia
infection using CCR-5 as a coreceptor, given the
observation that CCR5 delta32 homozygous individuals are
much less likely to be HIV infected than other genotypes.
However, why do strains that also use CXCR-4 tend to arise
only late in the course of infection, when in many cases
they retain the ability to use CCR-5? While it has often been
noted that S| viruses are associated with poor prognosisit is
important to emphasise that the occurrence of Sl viruses
that can use CXCR-4 (and usually CCR-5) is only a
correlate of disease progression (91, 93). We can as yet,
draw no conclusions about causality. Although it is possible
that a presumptive expansion in tropism might accelerate
the course of HIV-1 disease, particularly since CXCR-4 is
expressed on the naive T-cells subset from which CCR-5is
largely absent (94), it is equally possible that CXCR-4
utilizing viruses arise as a consequence of, rather than being
the cause of immunosuppression. It appears that in addition
to the selective transmission of M-tropic viruses, that there
may, in fact, be an advantage to the virus in using CCR-5,
at least early in infection. Indeed, viruses isolated from a
laboratory worker who was accidentally infected with the
exclusively T-tropic, I11B strain became M-tropic with time
(95). Although the coreceptor utilization profile of these
strains have not yet been documented, a selective advantage
for CCR-5 utilizing viruses early in infection is suggested.
In addition, a chimeric virus (containing HIV-1 derived
envelope sequences in an otherwise SIV genome) replicates
to higher titers in macaques if the envelope is derived from
the dua-tropic 89.6 strain than does a chimera containing
the envelope of the T-tropic strain I1IB (96). Since
precisely the opposite observation was made upon
cultivation of these viruses in cultured macaque PBL, it is
clear that the selective pressures on coreceptor utilization
are different in vivo as opposed to in vitro. At least two
scenarios could be envisaged that provide CCR-5 utilizing
virues with a selective advantage: Firstly, it is conceivable
that a major selective influences are the result of envelope
directed neutralizing immune responses, which could
impose a restriction on the nature of coreceptor utilization.
Indeed, neutralization phenotype and viral tropism (and
therefore, presumably, coreceptor selection) are not
independent properties of the viral envelope (97). A. genera
observation is that primary HIV-1 isolates (which tend to
use CCR-5 but not CXCR-4) are somewhat more resistant
to neutralization by naturally occurring HIV-1 antibodies
than are laboratory adapted strains (98). Thus, it is possible
that immunological constraints are placed on envelope
seguence and conformation that could negatively influence
the ability of the virus to use CXCR-4 as a coreceptor.
Therefore, the occurrence of CXCR-4 utilising variants late
in the course of disease might be a reflection of the infected
individuals compromised ability to mount immune
responses to new variants that are capable of utilising
CXCR-4 that would have been readily neutralized earlier
during the infection.

Conversely, a selective advantage for viruses
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which use CCR-5 may be immune response-independent.
An equally plausible hypothesis is that CXCR-4 utilizing
strains only become prevalent late in disease as a result of
the selective depletion of CD4+ memory T-cells (the subset
that preferentially expresses CCR-5). These are replaced at
a high rate by naive counterparts which, (at least in
uninfected individuals) express higher levels of CXCR-4
than of CCR-5 (94), thus providing T- or dual-tropic strains
with a selective advantage.

Regardless of the selective pressures on
coreceptor usage, the occurrence of Sl virusesin only about
50% of patients with advanced disease indicates that the
ability of the virusto use CXCR-4 is by no means necessary
for the onset of immune suppression. Conversely, the fact
that infected CCR-5 delta32 homozygotes also have
progressive disease (43-46) indicates that disease causation
cannot be universally ascribed to viruses that use this
coreceptor either.

7. CORECEPTOR - GP120 INTERACTIONS: WHAT
HAPPENS NEXT?

It is known that gp120 CD4 interaction induces
conformational changes in envelope that expose previously
conceal ed epitopes (99). These changes are not sufficient to
induce membrane fusion, rather they are likely to facilitate
coreceptor binding, Presumably coreceptor binding results
in additional conformational modification, ultimately
resulting in exposure of the gp41 N-terminal fusion peptide,
although this remains to be proven. Are these events
accompanied by conformational changes in the coreceptor,
(potentially resulting in signal transduction) or does the
coreceptor simply serve as a relatively rigid binding site
with the bulk of the conformational change occurring on the
viral side of the membrane fusion reaction?

The physiological function of 7TM receptorsisto
transduce signals via coupling to G-proteins. In several
cases where post signalling events have been studied (using
predominantly the beta 2 adrenergic receptor as a prototype)
signalling is rapidly followed by receptor phosphorylation
(mediated by specific G-protein coupled receptor kinases).
Phosphorylation results in desensitization of the receptor
and recognition by arrestins which are necessary for the
subsequent internalisation and recycling of the
phosphorylated receptor (100). We and others have
investigated whether any of these processes are coupled to
the function of CCR-5 as an HIV-1 coreceptor (101-103).
Studies using mutant receptors which fail to couple to G-
proteins and transduce chemokine signals revea that
signalling is fully dissociable from the role of CCR-5 as a
coreceptor. Similar findings have been reported for CXCR-
4 (65). In addition, over-expression of arrestin (which
enhances chemokine induced internalization) or dominant
negative arrestin mutants (which block chemokine induced
internalization) had no effect on the ability of CCR-5 to
function as an HIV coreceptor (103). Nevertheless, it
remains possible that gp120 CCR5 interaction might result
in signalling, even though thisis not a necessary event for
HIV-1 entry to occur.
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Clearly much remains to be learned about the
nature of viral envelope-coreceptor interactions. The
functional sequences of the first wave of coreceptors are
only partially characterized and no data have yet been
published relating to those of the newly identified
coreceptors. On the other side of the equation the identity
of, and to what extent, non-V3 sequences influence
recognition of the expanding array of coreceptorsis yet to
be determined. It is also unclear to what extent coreceptors
other that CCR-5 and CXCR-4 aretruly utilized in vivo, For
example do viruses present in CCR-5 delta32 homozygotes
utilize exclusively CXCR-4, or other coreceptors such as
BOB/GPR15 and Bonzo/STRL33? Is the frequency of
viruses using alternative receptors more frequent in
individuals who express low levels of CCR-5? Virtually
nothing is known about how the expression of coreceptor
genes is regulated, and whether or not this might be a
potential target for therapeutic intervention. Given the many
unanswered questions, there can be no doubt the already
substantial number of publications on the subject of primate
lentivirus coreceptors will continue to grow for the
forseable future.

8. REFERENCES

1. Maddon, P.J., Dalgleish, A.G., McDougal, J.S., Clapham,
P.R., Weiss, R.A. and Axel, R. The T4 gene encodes the
AIDS virus receptor and is expressed in the immune system
and the brain. Cell 47, 333-348 (1986).

2. Planelles, V., Li, Q.-X. and Chen, |.S.Y. The biological
and molecular basis for cell tropism in HIV. In Cullen,
B.R. (ed.), Human Retroviruses, Oxford University Press,
Oxford, UK, 17-48 (1993).

3. James, W., Weiss, R.A. and Simon, J.H. The receptor for
HIV: Dissection of CD4 and studies on putative accessory
factors. Curr. Top. Microbiol. Immunol 205, 137-158
(1996).

4. Clapham, P. R., Blanc, D. and Weiss, R. A. Specific cell
surface requirements for the infection of CD4-positive cells
by human immunodeficiency virus types 1 and 2 and by
simian immunodeficiency virus. Virology 181, 703-715
(1991).

5. Dragic, T., Charneau, P., Clavel, F. and Alizon, M.
Complementation of murine cells for human
immunodeficiency virus envelope/CD4-mediated fusion in
human/murine heterokaryons. J Virol. 66, 4794-4802
(1992).

6. Gartner, S., Markovits, P., Markovitz, D., Kaplan, M.,
Gallo, R. and Popovic, M. The role of mononuclear
phagocytes in HTLV-11I/LAV infection. Science 233, 215-
219 (1986).

7. Cheng-Mayer,C., Seto, D., Tateno, M. and Levy, JA.
Biological features of HIV that correlate with virulence in
the host. Science 240, 80-82 (1988).

53

8. Fenyo, E., Morfeldt-Mason,L., Chiodi, F., Lind, B.,
VonGegerfelt, A., Albert, J. and Ao, B. Distinctive
replicative and cytopathic characteristics of human
immunodeficiency virus isolates. J.Virol. 62, 4414-4419
(1988).

9. Schuitemaker, H., Kootstra, N., de Goede, R., de Wolf,
F., Miedema, F. and Tersmette, M. Monocytotropic human
immunodeficiency virus type 1 (HIV-1) variants detectable
at all stages of HIV-1 infection lack T-cell line tropism and
syncytium-inducing ability in primary T-cell culture. J.
Virol. 65, 356-363 (1991).

10. Collman, R., Baliet JW., Gregory, SA., Friedman, H.,
Kolson, D.L., Nathanson, N. and Srinivasan, A. An infectious
molecular clone of an unusua macrophage-tropic and highly
cytopathic strain of human immunodeficiency virus type 1. J.
Virol. 66, 7517-7521 (1992).

11. Smmons, G., Wilkinson, D., Reeves, J. D., Dittmar, M. T.,
Beddows, S., Weber, J., Carnegie, G., Dessdlberger, U., Gray,
P. W., Weiss, R. A. and Clapham, P. R. Primary, syncytium-
inducing human immunodeficiency virus type 1 isolates are
dual-tropic and most can use either Lestr or CCR5 as
coreceptors for virus entry. J. Virol. 70, 8355-8360 (1996).

12. Zhang, L., Y. Huang, T. He, Y. Cao, Y. and Ho, D.D. HIV-
1 subtype and second-receptor use. Nature 383, 768 (1996).

13. Hwang, S. S, Boyle, T. J, Lyerly, H. K. and Cullen, B. R.
Identification of the envelope V3 loop as the primary
determinant of cell tropism in HIV-1. Science 253, 71-74
(1991).

14. Shioda, T., Levy, JA. and Cheng-Mayer, C. Macrophage
and T cell-line tropisms of HIV-1 are determined by specific
regions of the envelope gp120 gene. Nature 349, 167-169
(1991).

15. O'Brien, W.A., Koyanagi, Y., Namazie, A., Zhao, J-Q.,
Diagne, A., Idler, K., Zack, JA. and Chen, |.SY. HIV-1
tropism for mononuclear phagocytes can be determined by
regions of gp120 outside the CD4-binding domain. Nature 348,
69-73 (1990) .

16. Westervdt, P., Gendedman, H.E. and Ratner, L.
Identification of a determinant within the human
immunodeficiency virus 1 surface envelope glycoprotein critica
for productive infection of primary monocytes. Proc. Natl.
Acad. Sci. USA 88, 3097-3101 (1991).

17. Boyd, M.T., Smpson, G.R., Cann, A.J., Johnson, M.A. and
Weiss, R.A. A single amino acid substitution in the V1 loop of
human immunodeficiency virus type 1 gp120 alters cellular
tropism. J. Viral. 67, 3649-3652 (1993).

18. Kim, F. M., Kolson, D.L., Balliet, J. W., Srinivasan, A. and
Collman, R. G. V3 independent determinants of macrophage
tropism in a primary human immunodeficiency virus type 1
isolate. J. Virol. 69, 1755-1761 (1995).



Chemokine receptors and HIV

19. Koaito, A., Harrowe, E., Levy, J. A. and Cheng-mayer, C.
Functional role of the V1LV2 region of human
immunodeficiency virus type 1 envelope glycoprotein gpl120 in
infection of primary macrophages and soluble CD4
neutralization. J.Virol. 68, 2253-2259 (1994).

20. Feng, Y ., Broder, C. C., Kennedy, P. E. and Berger, E. A.
HIV-1 entry cofactor: Functionad cDNA cloning of a seven-
transmembrane, G protein-coupled receptor. Science 272, 872-
877 (1996)

21. Oberlin, E., Amara, A., Bachderie, F., Bessia, C., Virdizier,
Arenzana-Seisdedos, F., Schwartz, O., Heard, J.-M., Clark-
Lewis, I, Legler, D. F., Loetscher, M., Baggiolini, M. and
Moser, B. The CXC chemokine SDF-1 is the ligand for
LESTR/fusin and prevents infection by T-cell-line-adapted
HIV-1. Nature 382, 833-835 (1996).

22. Bleul, C. C., Farzan, M., Choe, H., Parolin, C., Clark-Lewis,
l., Sodroski, J. and Springer, T. A. The lymphocyte
chemoattractant SDF-1 isaligand for LESTR/fusin and blocks
HIV-1 entry. Nature 382, 829-833 (1996).

23. Cocchi, F., DeVico, A. L., Garzino-Demo, A., Arya, S. K.,
Gallo, R. C. and Lusso, P. Identification of RANTES, MIP-1
alpha, and MIP-1 beta as the major HIV-suppressive factors
produced by CD8" T Cells. Science 270, 1811-1815 (1995).

24. Alkhatib, G., Combadiere, C., Broder, C. C., Feng, Y.,
Kennedy, P. E., Murphy, P. M. and Berger, E. A. CC CKR5: A
RANTES, MIP-1 dpa, MIP-1 betareceptor as afusion cofactor
for macrophage-tropic HIV-1. Science 272, 1955-1958 (1996).

25. Choe, H., Farzan, M., Sun, Y., Sullivan, N., Rallins, B.,
Ponath, P. D., Wu, L., Mackay, C. R,, LaRosa, G., Newman,
W., Gerard, N., Gerard, C. and Sodroski, J. The beta-chemokine
receptors CCR3 and CCRS5 facilitate infection by primary HIV-
lisolates. Cell 85, 1135-1148 (1996).

26. Deng, H., Liu, R., Ellmeier, W., Choe, S., Unutmaz, D.,
Burkhart, M., Di Marzio, P., Marmon, S., Sutton, R. E., Hill, C.
M., Davis, C. B., Peiper, S. C., Schall, T. J, Littman, D. R. and
Landau, N. R. Identification of amajor co-receptor for primary
isolates of HIV-1. Nature 381, 661-666 (1996).

27. Doranz, B. J, Rucker, J,, Yi, Y., Smyth, R. J,, Samson, M.,
Peiper, S. C., Parmentier, M., Collman, R. G. and Doms, R. W.
A dual-tropic primary HIV-1 isolate that uses fusin and the beta-
chemokine receptors CKR-5, CKR-3, and CKR-2b as fusion
cofactors. Cell 85, 1149-1158 (1996).

28. Dragic, T., Litwin, V., Allaway, G. P., Martin, S. R., Huang,
Y., Nagashima, K. A., Cayanan, C., Maddon, P. J., Koup, R.
A., Moore, J. P. and Paxton, W. A. HIV-1 entry into CD4+ cdlls
ismediated by the chemokine receptor CC-CKR-5. Nature 381,
667-673 (1996).

29. Bjérnda, A., Deng, H., Jansson, M., Fiore, J. R., Colognes,
C., Karlsson, A., Albert, J., Scarlatti, G., Littman, D. R. and
Fenyd, E. M. Coreceptor usage of primary human
immunodeficiency virus type 1 isolates varies according to

54

biological phenotype. J. Virol. 71, 7478-7487 (1997).

30. Marcon, L., Choe, H., Martin, K. A., Farzan, M., Ponath, P.
D., Wu, L., Newman, W., Gerard, N., Gerard, C. and Sodroski,
J. Utilization of C-C chemokine receptor 5 by the envelope
glycoproteins of a pathogenic simian immunodeficiency virus,
SIVmac239. J. Virol. 71, 2522-2527 (1997).

31. Chen, Z., Zhou, P., Ho, D. D., Landau, N. R. and Marx, P.
A. Genetically divergent strains of simian immunodeficiency
virus use CCRS5 as a coreceptor for entry. J. Virol. 71, 2705-
2714 (1997).

32. Kirchhoff, F., P6himann, S., Hamacher, M., Means, R. E.,
Kraus, T. Uberla K. and Di Marzio, P. Simian
immunodeficiency virus variants with differential T-cell and
macrophage tropism use CCR5 and an unidentified cofactor
expressed in CEMx174 cells for efficient entry. J. Virol. 71,
6509-6516 (1997).

33. Deng, H., Unutmaz, D., KewalRamani, V. N. and Littman,
D. R. Expression cloning of new receptors used by simian and
human immunodeficiency viruses. Nature 388, 296-300
(1997).

34. Alkhatib, G., Liao, F., Berger, E. A., Farber, J. M. and
Peden, K. C. W. A new SIV coreceptor, STRL33. Nature 388,
238 (1997)

35. Farzan, M., Choe, H., Martin, K., Marcon, L., Hofman, W.,
Karlsson, G., Sun, Y., Barret, P., Marchand, N., Sullivan, N.,
Gerard, N., Gerard, G., and Sodroski, J. Two orphan seven-
transmembrane segment receptors which are expressed in CD4-
positive cells support simian immunodeficiency virusinfection.
J. Exp. Med. 186, 405-411 (1997).

36. Liao, F., Alkhatib, G., Peden, K. W. C., Sharma, G., Berger,
E. A. and Farber, J. M. STRL33, anovel chemokine receptor-
like protein, functions as afusion cofactor for both macrophage-
tropic and T cell line-tropic HIV-1. J. Exp. Med. 185, 2015-
2023 (1997).

37. Sal, N., Ferchal, F., Braun, J., Pleskoff, O., Treboute, C.,
Ansart, 1. and Alizon, M. Usage of the coreceptors CCR-5
CCR-3 and CXCR-4 by primary and cell-line adapted human
immunodeficiency virustype 2. J. Virol. 71, 8237-8244 (1997).

38. Paxton, W. A., Martin, S. R,, Tse, D., OBrien, T. R,
Skurnick, J., Vandevanter, N. L., Padian, N., Braun, J. F,,
Kotler, D. P, Wolinsky, S. M. and Koup, RA. réeative
resistance to HIV infection of CD4 lymphocytes from persons
who remain uninfected despite multiple high risk sexual
exposures. Nature Med. 2, 412-417 (1996).

39. Connor, R. 1., Paxton, W. A., Sheridan, K. E. and Koup, R.
A. Macrophages and CD4+ T lymphocytes from two multiply
exposed uninfected individuals resist infection with primary
non-syncytium inducing isolates of human immunodeficiency
virustype 1. J. Virol. 70, 8757-8764 (1996).

40. Liu, R., Paxton, W. A., Choe, S., Ceradini, D., Martin, S.



Chemokine receptors and HIV

R., Horuk, R., MacDondd, M. M., Stuhimann, H., Koup, R. A.
and Landau, N. R. Homozygous defect in HIV-1 coreceptor
accounts for resistance of some multiply-exposed individuasto
HIV-1 infection. Cell 86, 367-377 (1996).

41. Dean, M., Carrington, M. Winkler, C., Huttley, G. A,
Smith, M. W., Allikmets, R., Goedert, J. J., buchbinder, S. P.,
Vittinghoff, E., Gomperts, E., Donfidd, S., Vlahov, D., Kadow,
R., Saah, A., Rinaldo, C., Detels, R. and O'Brien, S.J. Genetic
Restriction of HIV-1 infection and progression to AIDS by a
deletion alde of the CKR5 structural gene. Science 273, 1856-
1862 (1996).

42. Samson, M., Libert, F., Doranz, B. J., Rucker, J., Liesnard,
C., Farber, C-M., Saragodti, S., Lapouméroulie, C., Cognaux, J.,
Forceille, C., Muyldermans, G., Verhofstede, C., Burtonboy, G.,
Georges, M., Imai, T., Rana, S,, Yi, Y., Smyth, R. J,, Collman,
R. G, Doms, R. W., Vassart, G. and Parmentier, M. Resistance
to HIV-1 infection in caucasian individuals bearing mutant
alleles of the CCR-5 chemokine receptor gene. Nature 382,
722-725 (1996).

43. Biti, R., French, R, Young, J.,, Bennetts, B. and Stewart, G.
HIV-1 infection in an individual homozygous for the CCR-5
deletion mutant. Nature Med. 3, 252-253 (1997)

44. O'Brien, T. R., Winkler, C., Dean, M., Nelson, J. A. E.
Carrington, M., Michael, N., L., and White G. C. HIV-1
infection in a man homozygous for CCR-5 delta32. Lancet
349, 1219 (1997).

45. Theodorou, |., Meyer, |., magierowska, M., Katlana, C.,
and Rouzioux, C. HIV infection in an individual
homozygous for CCR-5 delta32. Lancet 349, 1219-1220
(1997).

46. Balotta, C., Bagnarelli, P, Violin, M., Ridolfo, A. L.,
Zho, D., Berlusconi, A., Corvasce, S., Corbellino, M.,
Clementi, M., Clerici, M., Moroni, M. and Galli, M.
Homozygous delta32 deletion of the CCR-5 chemokine
receptor genein an HIV-1-infected patient. AIDS 11, 67-71
(1997).

47. Meyer, L., Magierowska, M., Hubert, J.-B., Rouzioux,
C., Deveau, C., Sanson, F., Debre, P., Delfraissy, J.-F.,
Theodorou, |I. and the SEROCO Study Group. Early
protective effect of CCR-5 delta32 heterozygosity on HIV-1
disease progression: Relationship with viral load. AIDS 11,
73-78 (1997).

48. Sdlusto, F., Mackay, C. R. and Lanzavecchia, A.
Selective expression of of the Eotaxin receptor CCR-3 by
human T helper 2 cells. Science 277, 2005-2007 (1997).

49. He, J, Chen, Y., Farzan, M., Choe, H., Ohagen, A.,
Gartner, S., Busciglio, J., Yang, X., Hofmann, W., Newman,
W., Mackay, C. R., Sodroski, J. and Gabuzda, D. CCR3 and
CCRS5 are co-receptors for HIV-1 infection of microglia. Nature
385, 645-649 (1997).

50. Smith, M. W., Dean, M., Carrington, M., Winkler, C.,

55

Huttley, G. A., Lomb, D. A., Goedert, J. J., O'Brien, T. R,
Jacobson, L. P., Kasow, R., Buchbinder, S., Vittinghoff, E.,
Vlahov, D., Hoots, K. and Hilgartner, M. W. Contrasting
genetic influence of CCR2 and CCRS5 variants on HIV-1
infection and disease progression. Science 277, 959-965
(2997).

51. Wu, B. L., Paxton, W. A., Kassam, N., Ruffing, N.,
Rottman, J. B., Sullivan, N., Choe, H., Sodroski, J., Newman,
W., Koup, R. A. and Mackay, C. R. CCR5 levels and
expression pattern correlate with infectability by macrophage-
tropic HIV-1in vitro. J. Exp. Med. 185, 1681-1691 (1997).

52. Lapham, C.K., Ouyang, J., Chandrasekhar, B., Nguyen,
N.Y., Dimitrov, D.S. and Golding, H. Evidence for cell-surface
association between fusin and the CD4-gp120 complex in
human cell lines. Science 274, 602-605 (1996).

53. Hesselgesser, J., Halks-Miller, M., DelVecchio, V., Peiper,
S. C., Hoxie, J., Kolson, D. L., Taub, D. and Horuk, R. CD4
independent interaction between HIV-1 gp120 and CXCR-4:
Functional chemokine receptors are expressed in human
neurons. Curr. Biol. 7, 112-121 (1997).

54. Trkola, A., Dragic, T., Arthos, J., Binley, J. M., Olson, W.
C., Allaway, G. P., Cheng-Mayer, C., Robinson, J., Maddon, P.
J and Moore, J. P. CD4-dependent, antibody-sensitive
interactions between HIV-1 and its co-receptor CCR-5. Nature
384, 184-187 (1996).

55. Wu, L., Gerard, N. P., Wyatt, R., Choe, H., Paralin, C,,
Ruffing, N., Borsetti, A., Cardoso, A. A., Degardin, E.,
Newman, W., Gerard, C. and Sodroski, J. CD4-induced
interaction of primary HIV-1 gp120 glycoproteins with the
chemokine receptor CCR-5. Nature 384, 179-183 (1996).

56. Hill, C. M., Deng, H., Unutmaz, D., Kewaramani, V.N.,
Badtiani, L., Gorny, M. K., Zolla-Pazner, S. and Littman, D. R.
Envelope glycoproteins from human immunodeficiency virus
types 1 and 2 and simian immunodeficiency virus can use
human CCR5 as a coreceptor for viral entry and make direct
CD4-dependent interactions with this chemokine receptor. J.
Virol. 71, 6296-6304 (1997).

57. Clapham, P. R., McKnight, A. and Weiss, R. A. Human
immunodeficiency virus type 2 infection and fusion of CD4-
negative human cell lines: Induction and enhancement by
soluble CD4. J. Virol. 66, 3531-3537 (1992).

58. Endres, M. J.,, Clapham, P. R., Marsh, M., Ahuja, M.,
Turner, J. D., McKnight, A., Thomas, J. F., Stoebenau-
Haggarty, B., Choe, S., Vance, P. J, Wells, T. N. C., Power, C.
A., Sutterwala, S. S., Doms, R. W., Landau, N. R. and Hoxie,
J. A. CD4-independent infection by HIV-2 is mediated by
fusin/fCXCR4. Cell 87, 745-756 (1996).

59. Reeves, J. D., McKnight, A., Potempa., S. Simmons, G.,
Gray, P. W., Power, C. A., Wells, T., Weiss, R. A. and Talbat,
S. J. CD4 independent infection by HIV-2 (ROD/B): use of the
7-transmembrane receptors CXCR-4, CCR-3 and V28 for
entry. Virology 231, 130-134 (1997).



Chemokine receptors and HIV

60. Atchison, R.E., Godling, J., Monteclaro, F.S., Franci, C,,
Digilio, L., Charo, I.F. and Goldsmith, M.A. Multiple
extracellular elements of CCR5 and HIV-1 entry: Dissociation
from response to chemokines. Science 274, 1924-1926 (1996).

61. Bieniasz, P. D., Fridell, R. A., Aramori, |., Ferguson, S. S.
G., Caron, M. G. and Cullen, B. R. HIV-1-induced cell fusion
is mediated by multiple regions within both the viral envelope
and the CCR-5 co-receptor. EMBO J. 16, 2599-2609 (1997).

62. Picard, L., Smmons, G., Power, C. A, Meyer, A., Weiss, R.
A. and Clgpham, P. R. Multiple extracellular domains of CCR-5
contribute to human immunodeficiency virus type 1 entry and
fusion. J. Virol. 71, 5003-5011 (1997).

63. Kuhmann, S. E., Platt, E. J., Kozak, S. L. and Kabat, D.
Polymorphisms in the CCR5 genes of african green monkeys
and mice implicate specific amino acids in infections by simian
and human immunodeficiency viruses. J. Virol. 71, 8642-8656
(2997).

64. Rucker, J., Samson, M., Doranz, B. J., Libert, F., Berson, J.
F. Yi, Y., Smyth, R. J, Collman, R. G., Broder, C. C., Vassart,
G., Doms, R. W. and Parmentier, M. Regions in beta-
chemokine receptors CCR5 and CCR2b that determine HIV-1
cofactor specificity. Cell 87, 437-446 (1996).

65. Lu, Z.-H., Berson, J. F., Chen, Y .-H., Turner, J. D., Zhang,
T.-Y., Sharron, M., Jenks, M. H., Wang, Z.-X., Kim, J,
Rucker, J., Hoxie, J. A., Peiper, S. C. and Doms, R. W.
Evolution of HIV-1 coreceptor usage through interactions with
distinct CCR5 and CXCR4 domains. Proc. Natl. Acad. Sci.
USA 94, 6426-6431 (1997).

66. Doranz, B. J,, Lu, Z.-H., Rucker, J., Zhang, T.-Y ., Sharron,
M., Cen, Y .-H., Wang, Z.-X., Guo, H.-H., Du, J.-G., Accavitti,
M. A., Doms, R. W. and Peiper, S. C. Two distinct CCR5
domains can mediate coreceptor usage by human
immunodeficiency virustype 1. J. Virol. 71, 6305-6314 (1997).

67. Edinger, A. L., Amedee, A, Miller, K., Doranz, B. J,
Endres, M., Sharron, M., Samson, M., Lu, Z.-H., Clements, J.
E., Murphey-Corb, M., Peiper, S. C., Parmentier, M., Broder,
C. C. and Doms, R. W. Differential utilization of CCR5 by
macrophage and T cell tropic Simian immunodeficiency virus
strains. Proc. Natl. Acad. Sci. USA 94, 4005-4010 (1997).

68. Ross, T., Bieniasz, P. D. and Cullen, B. R. Multiple residues
contribute to the inability of murine CCR-5 to function as a
coreceptor for macrophage tropic HIV-1. JVirol In Press.

69. Heesen, M., Berman, M. A., Benson, J. D., Gerard, C. and
Dorf, M. E. Cloning of the mouse fusin gene, homologue to a
human HIV-1 co-factor. J. Immunol. 157, 5455-5460 (1996).

70. Nagasawa, T., Nakgima, T., Tachibana, K., lizasa, H.,
Bleul, C. C., Yoshie, O., Matsushima, K., Yoshida, N.,
Springer, T. A. and Kishimoto, T. Molecular cloning and
characterization of a murine pre-B-cell growth-stimulating
factor/stromal cell-derived factor 1 receptor, amurine homolog
of the human immunodeficiency virus 1 entry coreceptor fusin.

56

Proc. Natl. Acad. Sci. USA 93, 14726-14729 (1996).

71. Bieniasz, P. D., Fridell, R. A., Anthony, K. and Cullen, B.
R. Murine CXCR-4 isafunctional coreceptor for T-cell-tropic
and dual-tropic strains of human immunodeficiency virus type
1.J. Virol. 71, 7097-7100 (1997).

72. Tachibana, K., Nakajima, T., Sato, A., Igarashi, K., Shida,
H., lizasa, H., Yoshida, N., Yoshie, O., Kishimoto, T. and
Nagasawa, T. CXCR4/fusin is not a species-specific barrier in
murine cells for HIV-1 entry. J. Exp. Med. 185, 1865-1870
(2997).

73. Pleskoff, O., N. Sol, B. Labrosse, and M. Alizon. Human
immunodeficiency virus strains differ in their ability to infect
CD4+ cells expressing the rat homolog of CXCR-4 (Fusin). J.
Virol. 71 3259-3262 (1997).

74. Willett, B. J.,, Picard, L., Hosie, M. J,, Turner, J. D., Adema,
K. and Clapham, P. R. Shared usage of the chemokine receptor
CXCRA4 by the feline and human immunodeficiency viruses. J.
Virol. 71, 6407-6415 (1997).

75. Ashorn, P. A, Berger, E A., and Moss, B. Human
immunodeficiency virus envel ope glycoprotein/CD4-mediated
fusion of nonprimate cellswith human cells. J. Viral. 64, 2149-
2156 (1990).

76. Kozak, S. L., Platt, E. J., Madani, N., Ferro, F. E., J.,
Peden, K. and Kabat, D. CD4, CXCR-4, and CCR-5
dependencies for infections by primary patient and laboratory-
adapted isolates of human immunodeficiency virus type 1. J.
Virol. 71, 873-882 (1997).

77. Smmons, G., McKnight, A., Takeuchi, Y., Hoshino, H. and
Clapham, P. R. Cdl-to-cell fusion, but not virus entry in
macrophages by T-cell line tropic HIV-1 strains: A V3 loop-
determined restriction. Virology 209, 696-700 (1995).

78. Cheng-Mayer, C., Liu, R., Landau, N. R. and Stamatatos,
L. Macrophage tropism of human immunodeficiency virustype
1 and utilization of the CC-CKR5 coreceptor. J. Virol. 71,
1657-1661 (1997).

79. Brelot, A., Heveker, N., Pleskoff, O., Sol, N. and Alizon, M.
Role of the first and third extracellular domains of CXCR-4 in
human immunodeficiency virus coreceptor activity. J. Virol. 71,
4744-4751 (1997).

80. Potempa, S., Ficard, L., Reeves, J. D., Wilkinson, D., Weiss,
R. A. and Talbot, S. J. CD4-independent infectin by human
immunodeficiency virus type 2 strain ROD/B: Therole of the
N-termina domain of CXCR-4 in fusion and entry. J. Virol. 71,
4419-4424 (1997).

81. Speck, R. F., Wehrly, K., Patt, E. J, Atchison, R. E,,
Charo, |. F., Kabat, D., Chesebro, B. and Goldsmith, M. A.
Selective employment of chemokine receptors as human
immunodeficiency virus type 1 coreceptors determined by
individual amino acids within the envelope V3 loop. J. Virol.
71, 7136-7139 (1997).



Chemokine receptors and HIV

82. Promiscuous use of CC and CXC chemokine receptors
in cell-to-cell fusion mediated by a human
immunodeficiency virus type 2 envelope protein. Bron, R.,
Klasse, P. J., Wilkinson, D., Clapham, P. R., Pelchen-
Matthews, A., Power, C., Wells, T. N. C., Kim, J., Peiper,
S. C., Hoxie, J. A. and Marsh, M. J. Virol. 71, 8405-8415
(1997).

83. Arenzanaseisdos, F., Virelizier, J. L., Rousset, D.,
Clark-Lewis, |., Loetscher, P., Moser, B. and Baggiolini, M.
HIV blocked by a chemokine antagonist. Nature 383, 400
(1996).

84. Simmons, G., Clapham, P.R., Picard, L., Offord, R.E.,
Rosenkilde, M. M., Schwartz, T.W., Buser, R., Wells, T. N.
C. and Proudfoot, W. E. |. Potent inhibition of HIV
infectivity in macrophages and lymphocytes by a novel
CCR-5 antagonist. Science 276, 276-279 (1997).

85. Kledal, T. N., Rosenkilde, M. M., Coulin, f., Simmons,
G., Johnsen, A. H., Alouani, S., Power, C. A., Lutichau, H.
R., Gerstoft, J., Clapham, P. R., Clark-lewis, I., Wells, T. N.
C. and Schwartz, T. W. A broad spectrum chemokine
antagonist encoded by Kaposi's sarcoma-associated
hepesvirus. Science 277, 1656-1659 (1997).

86. Boschoff, C., Endo, Y., Collins, P. D., Takeuchi, Y.,
Reeves, J. D., Schweickart, V. L., Siani, M. A., Sasaki, T.,
Williams, T. J., Gray, P. W., Moore, P. S., Chang, Y. And
Weiss, R. A. Angiogenic and HIV-inhibitory functions of
KSHYV encoded chemokines. Science 278, 290-294 (1997).

87. Nagasawa, T., Hirota, S., Tachibana, K., Takakura, N.,
Nishikawa, S., Kitamura, Y., Yoshida, N., Kikutani, H. and
Kishimoto, T. Defects of B-cell lymphopoiesis and bone-
marrow myelopoiesis in mice lacking the CXC chemokine
PBSF/SDF-1. Nature 382, 635-638 (1996).

88. Schols, D., Struyf, S., Van Damme, J. Esté, JA.,
Henson, G. and De Clercg. E. Inhibition of T-tropic HIV
strains by selective antagonization of the chemokine
receptor CXCR4. J. Exp. Med. 186, 1383-1388 (1997).

89. Murakami, T., Nakajima, T., Koyanagi, Y.,
Tachibana, K., Fujii, N., Tamamura, H., Yoshida, N.,
Waki, M., Matsumoto, A., Yoshie, O., Kishimoto, T.,
Yamamoto, N. and Nagasawa,. T. A small molecule
CXCR4 inhibitor that blocks T cell- line tropic HIV-1
infection. J. Exp. Med. 186, 1389-1393 (1997).

90. Doranz, B.J., Grovit-Ferbasi, K., Sharron, M.P.,
Mao, S.H., Goetz, M.B., Daar, E.S., Doms, R.W., and
O'Brien, W. A. A small-molecule inhibitor directed
against the chemokine receptor CXCR4 prevents its use
as an HIV-1 coreceptor. J. Exp. Med. 186, 1395-1400
(1997).

91. Connor, R. |., Sheridan, K. E., Ceradini, D., Choe,
S. and Landau, N. R. Change in coreceptor use
correlates with disease progression in HIV-1-infected
individuals. J. Exp. Med. 185, 621-628 (1997).

57

92. Moore, J. P. and Nara, P. L. Therole of the V3 loop of
gp120in HIV infection. AIDS 5 Suppl 2, S21-S33 (1991).

93. Connor, R.l.,, Mohri, H., Cao, Y. and Ho, D.D.
Increased viral burden and cytopathicity correlate
temporally with CD4+ T-lymphocyte decline and clinical
progression in human immunodeficiency virus type 1-
infected individuals. J Virol, 67, 1772-1777 (1993)

94. Bleul, C. C., Wu, L., Hoxie, J. A., Springer, T. A. and
Mackay, C. R. The HIV coreceptors CXCR4 and CCR5 are
differentially expressed and regulated on human T
lymphocytes. Proc. Natl. Acad. Sci. USA 94, 1925-1930
(1997).

95. Malykh, A., Reitz, M. S, Louie, A., Hall, L. and Lori,
F., Multiple determiants for growth of human
immunodeficiency virus in monocyte-macrophages.
Virology 206, 646-650 (1994).

96. Reimann, K. A., Li, J. T., Voss, G., Lekutis, C., Tenner-
Racz, K., Racz, P., Lin, W., Montefiori, D. C., Lee-Parritz,
D.E., Lu, Y., Collman, R. G., Sodroski, J. and Letvin, N.
L. An env gene derived from a primary human
immunodeficiency virus type 1 isolate confers high in vivo
replicative capacity to a chimeric simian/human
immunodeficiency virus in rhesus monkeys. J. Virol. 70,
3198-3206 (1996).

97. McKnight, A., Weiss, R.A., Chotton, C., Takeuchi, Y.,
Hoshino, H. and Clapham, P.R. Change in tropism upon
immune escape by human immunodeficiency virus. J. Virol.
69, 3167-3170 (1995).

98. Moore, J. P, Cao, Y., Qing, L., Sattentau, Q. J., Pyati,
J., Koduri, R., Robinson, J., Barbas, C. F., Burton, D. R.
and Ho, D. D. Primary isolates of human immunodeficiency
virus type 1 are relatively resistant to neutralization by
monoclonal antibodies to gp120, and their neutralization is
not predicted by studies with monomeric gp120. J Virol.
69, 101-109 (1995).

99. Moore, J., Jameson, B., Weiss, R. and Sattentau, Q. In
Viral fusion mechanisms. Ed: J. Bentz Ed. CRC Press,
Boca Raton, FL 233-289 (1993).

100. Ferguson, S. S. G., Zhang, J., Barak, L. S. and Caron,
M. G. G-protein-coupled receptor kinases and arrestins:
regulators of G-protein-coupled receptor sequestration.
Biochem Soc. Trans. 24, 953-959 (1996).

101. Gosling, J., Monteclaro, F. S., Atchison, R. E., Arai,
H., Tsou, C.-L., Goldsmith, M. A. and Charo, I. F.
Molecular uncoupling of C-C chemokine receptor 5-
induced chemotaxis and signal transduction from HIV-1
coreceptor activity. Proc. Natl. Acad. Sci. USA 94, 5061-
5066 (1997).

102. Farzan, M., Choe, H., Martin, K. A., Sun, Y., Sidelko,
M., Mackay, C. R., Gerard, N. P., Sodroski, J. and Gerard,
C. HIV-1 entry and macrophage inflammatory protein-1



Chemokine receptors and HIV

beta-mediated signaling are independent functions of the
chemokine receptor CCR5. J. Biol. Chem. 272, 6854-6857
(1997).

103. Aramori, |, Zhang, J., Ferguson, S. S. G., Bieniasz, P.
D., Cullen, B. R. and Caron, M. G. Molecular mechanism
of desensitization of the chemokine receptor CCR-5:
Receptor signalling and internalization are dissociable from
its role as an HIV-1 coreceptor. EMBO J. 16, 4606-4616
(2997).

Key words: HIV, SIV, Chemokines, Receptors, Vird infection,
AIDS, Immunodeficiency

Send correspondence to: Bryan Cullen, Department of Genetics
and Howard Hughes Medical Ingtitute, Duke University
Medical Center, Durham, NC 27710, Tel: (919)-684-3369,
Fax: (919)-681-8979, E-mail: cullen002@ wmc.duke.edu

58



