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Introduction does not play a significant role in virus evolution and that
viruses, especially retroviruses, could rapidly evolve to
Viruses have evolved to recognize a variety of cell sur-accommodate new receptors [102]. The evolution pro-
face molecules and use them for delivering their ge-cess of some viruses, e.g., human immunodeficiency vi-
nomes into cells. We will use the term virus receptorsruses (HIV), could involve the use of coreceptor mol-
for those surface molecules in spite of the fact that theyecules for gaining entry into the cell. Coreceptors should
did not originally develop to serve as receptors for vi- be distinguished from entry cofactors that may act at the
ruses, and in most cases do not transmit any signal to th@te stages of the entry process. We will further use the
interior of the cells after binding to the virus but virus term coreceptor molecules for those virus entry cofactors
components (for an overview of concepts and histay that cooperate with the primary receptor at the very ini-
[33]). It appears that virtually any molecule that is ex- tial stages of the entry process by forming complexes
posed at the cell surface could serve as a virus receptovith the VAP. The use of coreceptors may help in in-
members of the immunoglobulin supergene family, inte-creasing the rate of transition to new receptors or/and
grins, signaling receptors, sialic acids, heparan sulfatéaise the efficiency of primary receptors in those host cells
and other moleculesée[53, 106] for a list of identified  that are important for gaining advantages in replication.
animal virus receptors). The diversity of virus receptors It appears that in the evolution of HIV, the presently
is striking [106]; retroviruses, in particular, use quite designated “coreceptors” may have initially served as
diverse receptors possibly reflecting their ability for receptors and the use of the “primary” receptor CD4 is
rapid genetic change [101]. Also there is no obviousa more recent adaptation, as was originally suggested by
relation between virus family and the receptor structureR. Weiss (reviewed in [33]). This possibility is sup-
and function. Members of the same family can use dif-ported by observations that one of the major human im-
ferent receptors, and different viruses can use the sam@unodeficiency virus type 1 (HIV-1) coreceptors,
receptor. CXCR4, can mediate infection of CD4-negative cells, as
The lack of any obvious correlation between thewas originally observed by Clapham and colleagues [26]
viral attachment protein (VAP) and virus receptors sug-by strains of human immunodeficiency virus type 2
gests that the overall structure of any particular receptofHIV-2) [44]. Isolates of simian immunodeficiency vi-
rus (SIV) can also infect CD4-negative cells by using the
other major HIV-1 coreceptor, CCR5, as a receptor mol-
—_— ecule [43, 64, 65] further indicating possible evolution
Correspondence taD.S. Dimitrov pathways of coreceptor-receptor usa§ed alsd-ig. 5
_ ~ showing direct CD4-CCRS5 interaction). However, be-
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The views expressed in the manuscript are solely those of the authorg(:"pend(_:‘nt on CD4, and in most cas:es Coy!d use either
and they do not represent official views or opinions of the DepartmentCXCR4 or CCRS or other molecules in addition to CD4
of Defense or The Uniformed Services University of the Health Sci- 10 gain entry into cells, CD4 remains designated as the
ences. primary receptor for HIV.
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This article overviews the identification and charac- cofactors/coreceptors required to overcome these ob-
terization of the HIV coreceptors, what is their role in stacles to HIV-1 Env-mediated fusion and virus infection
tropism and disease, and how the new knowledge couldvere in fact proteins, membranes of a superfamily of G
be used for prevention and treatment of diseaseg[8,  protein coupled seven transmembrane domain receptors
16, 32, 33, 35, 37, 69, 71] for background information (reviewed in [17, 33]).
and review of results obtained by the end of 1997). We  Soon after the discovery that four chemokine recep-
discuss in more detail the coreceptor interactions withtors can serve as HIV-1 coreceptors [2, 24, 29, 39, 40,
the HIV-1 envelope glycoprotein (Env) and CD4 leading 50], five new human molecules have been identified as
to HIV-1 entry into cells and analyze data obtained byentry cofactors — GPR1, GPR15, STRL33, V28 and
May 1998. CCRS, as well as one herpes virus chemokine receptor
homologue, US28. Two human orphan seven-
transmembrane domain receptors, GPR1 and GPR15
which are expressed in human alveolar macrophages,
o o were shown to serve also as coreceptors for SIV isolates
The principle cell types targeted by HIVib vivoare 147 48] The more efficient of these, GPR15, is also

helper kT Iynlwlphocyte_s ahnd cells of the mohnocyter;expressed in human CD4+ T lymphocytes and activated
macrophage lineage via the CD4 receptor pathway, thg,eg g macaque peripheral blood mononuclear cells. Pre:

primary high affinity receptor for HIVEL Whi_le the sumably, the simian homologues of these molecules
presence of the CD4 molecule is clearly a major factor

defining the tropism of HIV-1 for these target cells, it would also be active in supporting SIV envelope-

had long been recognized that human CD4 alone was ng ediated membrane fusion although this has yet to be

sufficient to confer a virus-susceptible phenotype to most amined. The evidence suggesting that there were one

; or more as yet unknown coreceptors, in addition to
nonhuman cell lines (and some human cell types) (reCCR5 that mediate SIV infection was the observation
viewed in [33]). This suggested that an accessory facfhat ef,ficient SIV replication occurs in the human lym-
tor(s) present in most human cells was needed for fusion P y

a notion that was supported by earlier observations tha?ho'dblce” line CEh?)ézlgé,SwthAdoe(sj SOt express de-
the block to HIV-mediated membrane fusion in nonhu- €¢table amounts o m and does not support

man cells expressing human CD4 could be elevated b plication O]; CCR5—dgpenden:‘ I\_/I—tr?rpic HIV-1 strains
forming stable or transient hybrids with human cells. 22]. Several groups directed their efforts towards iden-

In addition to this species restriction of HIV-1 En- tfYing the unknown coreceptors for SIV. D. Littman
velope glycoprotein (Env)-mediated fusion and infec- and his colleagues _[30] isolated and cloned two human
tion, individual HIV-1 strains exhibit distinct tropisms CDPNAS each encoding an orphan seven transmembrane
for different types of CD4-expressing human cells. Mac-domain protein of the G-protein coupled receptor super-
rophage (M)-tropic isolates infect primary macrophages@mily, related to the chemokine receptors, which were
and lymphocytes but not CD4-positive transformed Ce||deS|gnated BOB and Bonzo. With the_ldentlflcanon of
|ines and are typ|ca“y not Syncytia_inducing (NS') in the flrst HIV-1 Coreceptor fOI’ EnV'med|ated membrane
infected lymphoid targets, while T-cell line (T)-tropic fusion, CXCR4 (then called fusin), these two orphan
isolates infect lymphocytes and CD4-positive trans-receptors represent the only additional immunodeficien-
formed cells but not macrophages, and are often syncycy virus coreceptors that were functionally identified and
tia-inducing (SI). Isolates obtained from individuals im- cloned on the basis of their ability to confer a virus Env
mediately after infection are nearly always M-tropic/ glycoprotein fusion permissive phenotype to an other-
NSI, indicating an important role for these isolates in thewise nonpermissive cell. Several research groups set ou
transmission of HIV-1 infection. In fact, most isolates to examine previously cloned members of the seven-
observed during the asymptomatic phase of infection aréransmembrane domain G protein coupled receptor su-
usually of the M-tropic/NSI type. In contrast, T-tropic/ perfamily employing a variety of virus-cell infection and
Sl isolates often emerge later and have been linked to eell-cell fusion assay systems. GPR15 was in fact the
more rapid progression of HIV-1 disease and acceleratedame molecule as BOB, and STRL33 — the same as
immune destruction. The principle determinants of tar-Bonzo. STRL33 is a novel human seven-transmembrane
get cell tropism are located in the envelope gene (redomain orphan receptor that is expressed in activated
viewed in [70]), and tropism appears linked to inherentperipheral blood lymphocytes (PBLs) and T cell lines.
differences in membrane fusion selectivity of the Envlt functions as an entry cofactor for Envs from M-tropic,
[15]. This led to the speculation that, like the speciesT-tropic, and dual tropic strains of HIV-1 and SIV [3,
restriction in Env-mediated fusion, HIV-1 target cell tro- 61]. The orphan receptor, V28, was also shown to func-
pism might reflect dependence of a particular isolate ortion as HIV coreceptor [86].
fusion cofactors that are differentially expressed in spe-  Very recently several other chemokine and orphan
cific cell types. It was later discovered that the principal receptors were found to function as HIV coreceptors.

The Discovery of the HIV-1 Coreceptors
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The CC chemokine receptor CCR8 is an HIV-1 corecep-  The chemokine receptors form a distinct family
tor [88]. It appears that CCR1 and CCR4 can be used bwithin the seven-transmembrane domain superfamily
some HIV-2 isolates [66]. Two other chemokine recep-[75]. They interact with their ligands in a complex mul-
tors, CX3CR1 and CCR9, as well as one orphan receptotistep process. The N-terminus and the three extracellu-
APJ, were also very recently implicated in functioning aslar loops appear to act in concert to bind the chemokine.
HIV coreceptors geein [6]). Finally, with the finding  However, recently it has been convincingly demon-
that the human cytomegalovirus (CMV) encoded chemostrated that binding of the CC chemokines RANTES,
kine receptor homologue, US28, can also serve as afIP-1« and MIP-13 to CCRS5 is critically determined by
entry coreceptor for HIV [81], the number of coreceptorsa single domain — the second extracellular loop [109].
used by HIV and SIV is now 15 (CCR5, CXCR4, CCR3, The intracellular domain of the receptor is comprised of
CCR2b, STRL33, GPR1, GPR15, V28, CCR8, CCR9 three loops and the C-terminus, which are involved in the
CCR1, CCR4, CX3CR1, APJ and US28). This numberiransduction of the chemokine-mediated signal. The

does not include nonhuman analogues and is likely tGnost critical domains for their function are the first N-
grow. _ _ _ terminal 1020 and the last C-terminal 10-15 amino acid
_ The complex picture is further complicated by the resiques. The first event in the signal transduction is the
existence of alternative primary receptors for HIV entry. induction of G protein activation, in which an exchange
The most noted of these is galactosyl ceramide (Gal-Cer)..;rs in the G protein subunit from a “GDP bound”
[52] which can mediate HIV-1 infection, albeit at low y, 5 «GTP pound state” which results in the dissociation

efficiency (reviewed in [33]). Gal-Cer is a monohexo- q¢yhe o subunit from thegy subunits. The G protein

side glycolipid inserted in the cellular plasma MeM- s, punit then activates phospholipases which in turn in-

branes by two aliphatic chains of their ceramide MO juce the production of second messengers that mobilize

ﬁ;f;' eltv:r?igaalnrzt?undeeg?L?tcstizséethrgsr:]d;rﬁ:?a:z?;fg(i:s thintracellular calcium and activation of protein kinase C
9 P ?reviewed in [82]). Itis the promiscuity and redundancy

apparent binding site of gp120 and antl-Gal-Cer antibod .\ receptor-ligand interactions (about 50 chemokines

HIV receptors [52] based on inhibition of HIV infections %r 14 receptors) along with the cell type-specific expres-

by anti-Gal-Cer antibodies and binding of recombinants'on.Of the G proteins thgt add to th? staggering com-
gp120 to them [52] as well as the association of greateplemy of the system. This cc_>mpIeX|ty, howevgr, ap-
infectivity with higher expression of those molecules pears to be an absolute requirement for effective host
[46]. However, it appears that Gal-Cer does not serve agefense agglnst pathogens.

a coreceptor for HIV because anti-Gal-Cer antibodies did 1€ major HIV-1 coreceptors, CCRS and CXCR4,
not block HIV-1 infection of CD4 expressing cells [94]. &'€ 352 amino acid residues in length and possess &
More recently, new evidence is indicating the inter- Nighly acidic N-termini (Fig. 1). CXCR4 contains two

esting possibility that some HIV-1 entry cofactors may Potential N-linked glycosylation sites (one in the N-
not be proteins at all but glycolipids [83]. A neutral gly- {€rminus and one in t_he second extracellular loop), while
colipid, possibly with 3 sugar groups in the polar headCCR5 ha}s only one in the third gxtrgcellular loop. The
group can serve as an alternative and/or additional coC-termini of both molecules are rich in conserved serine
factor in CD4-dependent HIV-1 fusion. This adds a newand threonine residues and represent potential phosphor

dimension to the ability of HIV-1 to use a variety of Ylation sites by the family of G-protein-coupled receptor
molecules as coreceptors. kinases following ligand binding. The highly conserved

cysteine residues that are believed to form disulfide
Biological Function and Structure of the bonds between the first and second extracellular loops,
HIV-Coreceptors and the N-terminus and third extracellular loop, respec-

tively, may confer on them a unique barrel shape by
The major HIV coreceptors, CCR5 and CXCR4, as wellbringing the extracellular domains into closer proximity.
as CCR3, CCR2b, CCR1, CCR4, CX3CR1, CCR9, and The 3-dimensional (3D) structure of the HIV-1 co-
CCRS8 are chemokine receptors. STRL33, GPR1receptors is presently unknown. A theoretical 3D model
GRP15, and V28 are orphan receptors but most likely aref the HIV-1 coreceptors CXCR4 and CCR5 was devel-
also chemokine receptors based on similarities in theioped by S. Durell gersonal communicatiorbased on
primary sequences. The CMV encoded US28 is partiallythe physically determined structure of both bacteriorho-
homologous to the chemokine receptor CCR1 and posdopsin and rhodopsin, as well as analysis of the amino
sesses multiple chemokine ligand binding ability [55] butacid sequences of related G-protein coupled receptors
is of unknown biological function. The major biological (Fig. 2). The barrel shape and close positioning of the
function of the chemokines and their receptors is to reguextracellular loops can be noted in the side views of the
late trafficking of immune system cells throughout the molecules. The model highlighted differences in the
body (reviewed in [75, 82]). electrostatic potentials of the extracellular portions of the
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Fig. 1. Primary sequences and predicted membrane topology of the HIV-1 coreceptors GRLCRAd CCR5(B). Courtesy of R. Doms.

molecules, which may be important for virus tropism. overall charge of the HIV-1 Env V3 loop, which is an
The darker shading of the CXCR4 surface (top view)important determinant of the virus tropism, is positive,
indicates a more negative charge at the extracellular suwith the T-tropic Env V3 loop regions being more posi-
face. In contrast CCR5 is less negatively charged. Theively charged than the respective M-tropic sequences.
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Fig. 2. Theoretical molecular models of the
HIV-1 coreceptors CXCR4 and CCR®A) Side
views. (B) Top views. The dark and lighter
tl.".d}ITIT contour meshes indicate electrostatic potential
values of =5.0 and 5.0 kT/e, respectively.
Courtesy of Stewart R. Durell.

Obviously this suggests a simple explanation for themediated fusion have not been fully elucidated, but are
preferential interaction of T-tropic Envs with CXCRA4. likely to be triggered in part by specific conformational
However, as discussed in the next section, the Env-CD4ehanges induced by receptor and perhaps corecepto
coreceptor interactions are complex and other factordinding. Both Env and CD4 undergo conformational
could significantly contribute to the free energy of the changes after binding, as evidenced by increased expo-
ligand-receptor interactions. sure of antibody epitopes on gp120, gp41 and CD4 or the
acquisition of novel combinatorial epitopes, enhanced
sensitivity of gp120 to proteolytic cleavage, gp120 dis-
How do Coreceptors Help in Mediating HIV Entry?  sociation from gp41, and biochemical and immunologi-
cal alterations in CD4 structure. These structural
The high-affinity interaction between gp120 and CD4 ischanges presumably lead to the exposure of the hydro-
critical for the process that ultimately results in merging phobic amino-terminal (fusion) peptide of gp41 and, ul-
of the virion and target cell membranes, thus permittingtimately, membrane fusion (reviewed in [13, 33]).
virus entry. Postbinding molecular events in Env- A simple model for the involvement of the corecep-
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(Fig. 3) [31]. We also proposed that the evolving HIV
picked up as a second receptor a molecule that was al-
ready associated with the other receptor molecule and
therefore the coreceptor may associate or be at close
proximity to the CD4 molecule (Fig. 3). The recent so-
lution of the crystal structure of the entire extracellular
e portion of CD4 [107] has provided new opportunities to

’ ﬁﬁ#’ study the high affinity virus-receptor interactions in

- ﬁﬁﬂ“ﬁ‘l L greater detail. The oligomeric HIV Env could cross-link

28 "Eg:‘;ﬁy*‘-" - the dimeric CD4 potentially leading to formation of large
TE#% " Cell membrane multimeric complexes (Fig. 4). Since CD4 binding in-
duces conformational alterations in the oligomeric Env
structure, perhaps the coreceptors induce additional
changes that ultimately trigger fusion. Alternatively, itis
Coreceptor possible that the coreceptors interact relatively weakly
with CD4 and that the interaction is increased upon bind-

Fig. 3. A sketch of possible interactions between the CD4—gp12O—gp41ing to gp120 Ieading to conformational changes required
complex and HIV-1 coreceptors (CXCR4, CCR5 or else) resulting in]c r fusion F'inall these coreceptor mechanisms might
fusion. An attempt was made to represent the size and shape of theo : Y p 9

participating molecules in proportion to their real size and known 3D pe indireCt and involve G protein Signa”n_g and the ac-
structure and surface topology. Although the structure of the HIV-1tivation of downstream pathways, but studies to date sug-

coreceptors is most likely circulasgeFig. 2, where a 3D model is  gest that the ligand-responsive cell signaling activity of

shown), here it is represented as a linear array of transmembrane dgCR5 is not required for HIV-1 entry cofactor function
mains for the purpose of illustration. The interactions involve oligo- [5 63]

meric surface associated complexes of gpl120-gp4l with CD4 mol- . s
ecules and coreceptors (Fig. 4). While only one subunit of this oligo- In SUp_pOft of the hypoth¢3|s that t_he initial step of
meric complex is shown here, three fusion peptides are depicted on thEllV entry involves the formation of a trimolecular com-

right side of the picture, two of them belonging to other subunits of theplex we demonstrated that the gp120 of the HIV-1 Env,
oligomer or other structural units of the fusion complex. CD4 and the HIV-1 coreceptor CXCR4 can be coimmu-
noprecipitated [59]. By using a displacement assay it
was also shown that in presence of CD4, gp120 shares
tors in the viral Env-mediated membrane fusion is that?inding sites with chemokines on the other major HIV-1
they interact directly with the conformationally altered coreceptor, CCRS [98, 108]. It was also observed that
Env following its binding to the CD4 molecule. An in- CD4 colocalizes with CXCR4 in the presence of gp120
dication for such a mechanism is that separate moleculd?y Using confocal laser scanning microscopy [100]. Al-
mediate entry of T-tropiws. M-tropic isolates and that though the results of these studies demonstrated the ex

the viral determinants for this selective tropism are lo-istence of a complex between gp120, CD4 and corecep-
cated in the Env, with the V3 loop playing a central tor molecules, it was unclear whether CD4 interacts di-
(although not exclusive) role (reviewed in [33]). The rectly with the coreceptors, and whether such interaction
chemokine receptors may interact with regions of Envis important for the formation of the trimolecular com-
distinct from those involved in CD4 binding, perhaps plex and the mechanism of virus entry.
with the V3 (and/or V2 and V1) loops or related epitopes ~ Several observations hinted that the CD4-coreceptor
[23, 98]. Even before the identification of the HIV co- interactions could play a role in the formation of the
receptors we demonstrated that mAbs against the V&imolecular complex. By using an immunoprecipitation
loop inhibit co-downmodulation of CD4 and fusion co- assay and confocal microscopy we and others found that
factors (later shown to be CXCR4) [51]. Another indi- in some cell lines CD4 could associate, although weakly,
cation for a direct interaction between gp120 and corwith CXCR4 even in the absence of gp120 [59, 100].
eceptors is the finding that HIV-1 gp120 can bind It was also noted that a soluble form of CD4, containing
CXCR4 even in the absence of CD4 although about 10-ts first and second domain, can displace the chemokine
100-fold weaker than in the presence of CD4 [7, 54]. MIP-1«, indicating possible interactions between CD4
We have been hypothesizing that the very first stepand CCR5 even in the absence of gp120 [108]. How-
of HIV entry involves the formation of a trimolecular ever, the soluble form of the entire extracellular portion
complex between gp120, CD4 and coreceptor moleculesf CD4 was much less efficient in displacing Mlk8-1
[31, 51] (Fig. 3). We speculated that the coreceptor hasaising questions whether the native membrane-
at least two binding sites for the CD4-gp120 complex —associated CD4 is able to associate with CCR5 [108].
one of them related to the N-terminus and the other oné&kecently, we demonstrated that membrane-associatec
to the extracellular loops, particularly the second loopCD4 strongly interacts with CCR5 even in the absence of
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CELL

Fig. 4. A sketch of possible interactions of the oligomeric HIV-1 Env with dimeric membrane-associated CD4 and coreceptors. The oligome
(possibly trimeric) Env could “cross-link” the dimeric CD4 forming large membrane-associated complexes which may be important for tl
subsequent stages of entry.

gp120, and that this interaction may play a critical role in 3T3CD<+ cells expeessing
the entry process (X. Xiao, L. Wu, Y. Feng, S. Ugolini,
D.J. Chabot, Z. Shen, C.C. Broder, Q.J. Sattentau an
D.S. Dimitrov, submitted (Fig. 5). Interestingly,
CXCRA4 interaction with CD4 in the same cell lines
(NIH3T3CD4+) was much weaker than that of CCR5, CD4 -~ S e D e
but the CXCR4-CD4 coimmunoprecipitation increases
dramatically by gpl120 from several different T-tropic
HIV-1 strains including 11IB, MN and RF (X. Xiao, Y.
Feng and D.S. Dimitrovunpublished observatiohs
(Fig. 5). zpl20 S A
Although the affinities of membrane-associated co- Strans MW RF
receptor-CD4 interactions are presently unknown, an ingig. 5. interaction of CD4 with CCR5 and CXCR4 demonstrated by
teresting concept is the possibility that competition fortheir coimmunoprecipitation. CCR5 interacts much strongly with CD4
use of CD4 leads to changes in tropism. Our preliminaryin the absence of gp120. Addition of gp120, (I1IB, MN or RF) to cells
experiments have indicated that primary macrophages jBxpressing QXCR4 and CD4 leads to efficient coimmunoprecipitation
which CXCR4 is overexpressed will allow entry of T- ©f CXCR4 with CD4.
tropic viruses. One possible interpretation of these re-
sults is that at low CD4 concentration CCR5 out com-
petes CXCR4 for CD4 [17] (Q. Sattentquersonal com- each are increased when the other component is preser
municatior). However, recent preliminary results does in a limiting amount [80].
not seem to support the hypothesis that CXCR4 and The delineation of the critical regions involved in
CCRS5 share the same binding site on CD4 (X. Xiao andhe interactions within the HIV-1 Env-CD4-coreceptor
D.S. Dimitrov, unpublished datp Even if this is the complex are presently under intensive investigation. Sev-
case it may be that at high CD4 or CXCR4 concentra-eral studies used chimeras between CCR5 and either hu
tions, CXCR4 could associate with CD4 allowing entry man CCR2b or murine CCR5 (which do not function as
of T-tropic viruses. One might hypothesize that virusvirus coreceptors) to study HIV-1 entry [5, 10, 48, 89].
entry efficiency may depend on the surface concentratiohe exchange of different portions between CCR3 and
of preformed complexes between CD4 and coreceptor€CCR1 was also used to characterize domains responsible
By increasing the surface concentration of either receptofor the CCR3 coreceptor activity [1]. The results indi-
or coreceptor molecules one can increase the concentraate that all or most of the extracellular regions of CCR5
tion of the receptor-coreceptor complexes leading tcand CCRS3 are involved in the entry process. However,
more efficient entry until a saturation level is reached.because of the similarity in the backbone structure of
This hypothesis seems to be supported by recent obsethese molecules one might caution that various external
vations that the concentrations of CD4 and CCR5 re-domains are likely to interact closely, and CCR2b or
quired for efficient infections by macrophage tropic murine CCR5 may not be neutral. By using a large num-
HIV-1 are interdependent and that the requirements fober of mutants, chimeras and homologues of CCR5, it

CHXCR4 CHCR4 CECE4 CXCR4 OCRS
mAbs st
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has been convincingly demonstrated that the CCR5 Nioops (D.J. Chabot and C.C. Broden preparatior).
terminus plays a critical role for entry of M-tropic HIV-1 Our observations with CXCR4 correlate well with the
and SIV [37, 41, 42, 49, 84]. The N-terminus of CCR5 relationship of the charge potential of extracellular do-
is also critical for the interaction with the gp120-CD4 mains and the Env V3 loop discussed earlier. Two ad-
complex [41, 49]. The correlation between the inability ditional studies independently highlighted the impor-
of gp120 to bind N-terminus CCR5 mutants and the im-tance of additional extracellular domains of CXCR4, pri-
pairments of virus entry into cells expressing these mumarily the second extracellular loop, in coreceptor
tants suggests that the formation of gp120-CD4-CCR&Sctivity [14, 63]. However, the N-terminus appeared dis-
complex is critical for virus entry but does not discrimi- pensable for at least one HIV-1 isolate (LAI) [14]. These
nate between inhibition of gp120-CCR5 or CD4-CCR5studies also showed no apparent dependency on CXCR/
interactions. Interestingly, a change in asparagine 13 o$ignaling for membrane fusion and virus entry, nor for
CCRS5 allowed the SI¥,.2309P120 to bind CCR5 in a any requirement of the potential glycosylation sites of
CD4-independent way [65]. This observation stronglythe molecule. Taken together, the second extracellular
suggests that the N-terminus interacts directly with theloop, also the largest loop, may play a central role in
gp120 although the presence of CD4 could affect thatefining the complex structure of CXCR4 and the other
interaction. chemokine receptors. In support of this notion we have
A second functional region which is important for identified a homologous critical region in the second
entry includes the extracellular loops [5, 10, 63, 89].loop of both CXCR4 and CCR5. On the one hand a
The second extracellular loop appears to be the criticatharge elimination of the aspartic acid at position 187 in
portion of the extracellular loops which is involved in the CXCR4 by an alanine substitution reveals a cryptic func-
HIV entry [10, 109], interaction with the gp120-CD4 tion which allows CCR5-dependent M-tropic HIV-1 iso-
complex [109] and chemokine binding [91]. A mAb to lates to utilize CXCR4 as a coreceptor. Conversely, the
the second extracellular loop, 2D7, was able to inhibitmutation of a pair of serine residues at the corresponding
binding of the JR-FL gp120-CD4 complex to CCR5, position in CCR5 dramatically inhibits this molecule’s
efficiently block the entry of M-tropic (ADA and JR-FL) ability to support M-tropic isolate fusion and virus in-
and dual-tropic (DH123) HIV-1 strains, and totally in- fection (D.J. Chabot and C.C. Brodén, preparatior).
hibit the binding of RANTES, MIP-& and MIP-18 to An important difference between SIV and HIV-1 is
CCR5 [109]. The same antibody inhibited the coimmu-that all SIV strains studied to date appear highly specific
noprecipitation of CD4 and CCR5 (X. Xiao, L. Wu, Y. for CCR5 regardless of their cellular tropism (T-tropic
Feng, S. Ugolini, D.J. Chabot, Z. Shen, C.C. Broder, Q.Jvs. M-tropic) or syncytium-inducing phenotype
Sattentau, D.S. Dimitrovsubmittedl, indicating that the [42]. This is consistent with earlier observations that the
second extracellular loop is involved in the interaction ofinability of SIVmac239 to replicate in primary macro-
CCR5 with CD4. Thus it remains to be elucidated phages was due not to a block at entry but at some
whether it also interacts with gp120 in the gp120-CD4downstream level, even though tropism was linked to
complex. One might speculate that the second extracedeterminants in Env (reviewed in [33]). The mecha-
lular loop is involved in multiple interactions with gp120 nisms that underlie Env-linked post-fusion determinants
and CD4 and this is how it plays a role in the mechanismare unclear. However, cell-cell fusion experiments using
of HIV entry. cells expressing a series of CCR5/CCR2b chimeras and
Comparatively much less work has been performedseveral T-tropic and M-tropic SIV Env proteins showed
on CXCR4 towards defining the molecule’s critical co- that the structural requirements for T-tropic and M-tropic
receptor elements. These studies were similar in desigBIV fusion differed [43]. In general, T-tropic SIV Envs
to those discussed above, and primarily employed the usequired the second extracellular loop of CCR5 for fu-
of small truncations in either the amino or carboxy ter-sion while the M-tropic SIV depended more on the
mini and genetic chimeras. The N-terminus was the firstamino-terminus. How this might result in differential
domain proposed to play an important role from studiesreplication capacity remains to be determined, although
that showed polyclonal antibody blocking of both virus (as with HIV-1) chemokine receptor signaling did not
entry and Env-mediated fusion reactions [50]. A secondappear to be required for either SIV env-mediated fusion
report demonstrated that the N-terminus was indeed critior infection [43]. Based on data demonstrating the CD4-
cal for some isolates yet not the sole element deemethdependent binding of SIV gp120 to CCR5 is critically
important, which was not surprising in light of the infor- dependent on the CCR5 N-terminus [65] one might
mation obtained from the CCR5 studies [79]. Through aspeculate that in the absence of CD4 the N-terminus
more detailed analysis, employing site-directed mutagenplays its role in the initial high affinity binding. The
esis, we have shown an importance of the negativelpinding to the N-terminus could induce conformational
charged glutamic acid residues in the N-terminus as welthanges in the gp120 molecule and is followed by bind-
as some additional charged residues in the extracelluldng to the second extracellular loop which may be re-
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quired for the subsequent conformational changes leadsnown for many years (reviewed in [33]). Another dem-
ing to the exposure of the fusion peptide. onstration of the CD4 ability to prime the virus for the
Chemokine receptors may be involved in entry bysubsequent stages of entry by inducing conformational
other lentiviruses as well. It has been shown that fusiorchanges was the demonstration that soluble CD4 (sCD4)
between cells infected with tissue culture-adapted felinecan promote cell fusion of CD4-negative cells (E.
immunodeficiency virus (FIV) and human target cells Berger,personal communicatign Although it has been
could be blocked by a monoclonal antibody against hushown in several previous studies that sCD4 can enhance
man CXCR4 [105]. Although different strains of FIV HIV-1 entry, this is the first demonstration of fusion
exhibit distinct tropisms, this raises the possibility thatinduction in CD4-negative cells. Interestingly, a mAb,
related chemokine receptors may also be involved ifcG10, which is strictly specific for the CD4-gp120 com-
entry of FIV in its natural target cells as well. Whether Plex, enhanced HIV-1 Env-mediated fusion and infec-
chemokine receptors are involved in entry of other len-tion, possibly due to an increased exposure of interme-
tiviruses remains to be determined. diate structures interacting with coreceptor molecules
Most of our knowledge on HIV-1 coreceptor inter- [60]. The identification of the HIV coreceptors raised
actions has been derived either by experiments with€ question of whether the fusion mechanism involves
soluble components of the entry machinery or measurelUrther conformational changes mediated by the corecep-

ments of end results of those interactions, such as fusioriOrs: BY using a novel method for detection of confor-
entry, or infection. By using a novel virion binding as- mational changes in the HIV Env based on the fluores-

say, Q. Sattentau and his colleaguperéonal commu- cent dye bis-ANS, which fluoresces after binding to hy-

nication) directly measured the interactions betweendrOphObIC regions, it was found that significant

membrane-associated HIV-1 Env, CD4 and coreceptorsconformational changes occur only in the presence of co-

They found that T-tropic strains may require both CDA4 receptor molecules [57]. Notably, the type of coreceptor
and CXCRA4 for efficient binding to cells was important for the interaction with either/or T-tropic

: . virus: expression of CXCR4 and CD4 at the cell surface
Plasma membranes contain thousands of proteins

many of them being potentially capable of interactingmduced conformational changes in T-tropic HIV Env

o while CCR5 and CD4 led to conformational changes in
with virus components and/or receptor molecules, eSpeM-tropic isolates

cially at elevated surface concentrations. The human With the recent achievements in elucidating the 3D
muIU%rug transpo.rter (rllf’—%lycopr?jteln)hls da Ia;gz.'ntggralstructure of possible fusion intermediates, the most strik-
membrane protein which exirudes hydrophobic rugqng finding is the similarity in the structures involved in

and peptides from the plasma membrane. Interestinglyy,a conformational changes induced by receptors and
it also interferes with HIV-1 infection at the level of coreceptors (HIV-1) [20, 103] and triggered by low pH
entry (M. Gottesman and C. Lepersonal communica-  (jnfluenza) [18, 19]. The conformational changes lead-
tion). A possible explanation for its inhibitory effect is ing to an increase in hydrophobicity, as detected by the
the interaction with hydrophobic portions of the HIV fiyorescent dye bis-ANS in the influenza HA after ex-
Env, particularly the fusion peptide. However, it was posyre to low pH, may also have some similarities with
found that another large integral membrane proteinhose induced in the HIV-1 Env by CD4 although the
(CFTR), which serves as an ionic channel, also affectkinetics are different [57]. While coiled coils are cer-
fusion. Therefore another possible inhibitory mecha-tainly important as fusion intermediates for several vi-
nism may involve interactions with receptor and co-ryses it appears that in some (or many ?) cases othel
receptor molecules [32]. Although the mechanisms ofstructures could play a role. It would be interesting to
the inhibitory effects of large integral membrane proteinsfind out whether coiled coils are also involved in the
are currently unknown, their very existence again understructure of the fusion intermediates for the TBE virus —
lines the complexity of HIV-1 entry through the plasma the structure of its major glycoprotein implies close
membrane. To add to this complexity recently, Moriuchi proximity to the target membrane [87] and no need for
and colleagues found that some U937 cell lines are retranslocation of the fusion peptide. In addition, no coiled
sistant to HIV-1 entry and that treatment with retinoic coils are predicted for some viruses, e.g., for the VSV G
acid that induces expression of CCR5 does not removerotein. How exactly coreceptor molecules are involved
the fusion barrier [72, 73]. Our preliminary results sug-in inducing these fusion intermediates remains to be de-
gest that the block in entry could be due to a highertermined.
molecular weight (about 70 kDa) protein, possibly modi-
fied CXCR4 which cannot function as a coreceptor (X. Role of Coreceptors in HIV Tropism
Xiao, F. Feng, H. Moriuchi, M. Moriuchi, C.C. Broder, anq pathogenesis
A. Fauci, D.S. Dimitrov,unpublished observatiohs

That the primary HIV receptor CD4 induces confor- The capacity of viruses to infect and productively mul-
mational changes in the Env-CD4 complex has beeriply in discrete tissues or populations of cells within
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these tissues is referred to as tropism [99]. The receptoralleles among Caucasian individuals in Europe and the
play major roles in determining virus tropism and, there-US contain a 32 bp deletion that results in premature
fore, the type of cells infected by the virus and progres-truncation of the protein [28, 62, 92]. When expressed,
sion to disease largely depends on them. Many of théhe mutant gene (termed CCR32) produces a protein
receptors for viruses, including retroviruses, appear tdhat is not transported to the cell surface and therefore
have a rather broad tissue distribution. Of the knowndoes not support HIV-1 entry [62, 85, 92]. Several large
retrovirus receptors, only the primary HIV receptor, population-based studies found no infected individuals
CD4, is a differentiation antigen, and therefore HIV in- who were homozygous for CCRB32, even though the
fection is more restricted [101]. With the identification homozygous genotype was seen in 1% of randomly se-
of the HIV-1 coreceptors, now HIV-1 is the only virus lected HIV-negative and up to 30% of highly exposed
where a molecular basis for the fine tuning of its tropismbut uninfected individuals [28, 56, 92]. In vitro, cells
to different subsets of CD4 expressing cells has beefrom CCR5:32 homozygotes are highly resistant to in-
determined (reviewed in [33]). fection by M-tropic HIV-1 isolates but permissive for
Pathogenesis is a process by which viruses injurél-tropic or dual-tropic strains [85, 92]. These findings
discrete populations of cells in different organs to pro-confirm the notion that CCR5-dependent M-tropic vari-
duce the signs and symptoms of disease in a particulaants are important in person-to-person transmission. In
host [99]. Production of a disease is a relatively rareaddition, protection was seen even in individuals at risk
outcome of viral infection possibly because it is disad-of blood-borne transmission [28], demonstrating that a
vantageous from an evolutionary point of view. Virus requirement for M-tropic variants and CCR5 interaction
receptors themselves may be involved in pathogenesis hig not limited to sexual transmission of HIV-1. Not sur-
at least two mechanisms: (i) cytopathic effects due dijprisingly, even though the absence of functional CCR5
rectly or indirectly to the interaction of the VAP with confers high-level resistance, protection is not complete
receptor molecules, e.g., formation of syncytia, and (ii)and rare HIV infection despite this genotype has been
interference with the normal function of the receptor be-reported [11] [76].
cause of the interaction with the VAP. HIV-1 isolates Up to 16% of individuals in some populations are
vary in phenotype, as defined by the cells in which theyheterozygous for CCRE32. One analysis found fewer
replicate in vitro. HIV-1 phenotypes also change in heterozygotes among infected than uninfected groups,
vivo, which has profound implications for viral transmis- suggesting partial protection [92]. In contrast, others
sion, pathogenesis, and disease progression. The$ave found no evidence for protection against infection,
changes are manifested in an isolate’s ability to interacbut rather that infected individuals who were heterozy-
with the coreceptor molecules, and is a further regulatorygous for CCRA32 had a slower progression of disease
mechanism on the types of cells which can be infected[56, 68]. Thus, polymorphism of the CCR5 allele may
Thus, HIV can serve as a paradigm to study the interrealso be an important host genetic determinant of disease
lations between virus entry, tropism and pathogenesisprogression. Aside from the CCRB2 condition, other
Efforts to define the structural elements of the coreceppolymorphisms of CCR5 exist but are far less common
tors that are responsible for their interactions with dif- [28], and their effects on HIV coreceptor function and
ferent HIV envelope glycoproteins have already beenconsequences for pathogenesis in vivo remain to be de-
extensive, as detailed above. All HIV-1 strains de-termined. These findings have also prompted a search
scribed to date, including primary isolates, can usefor polymorphisms in other chemokine receptor genes
CXCR4, CCR5, or both. In general, it would appear thatthat mediate HIV-1 disease progression. Most recently,
virus isolates may be better characterized by their usaga mutation (CCR2-64l) within the first transmembrane
of coreceptors rather than by their tropism. This is inregion of the CCR2 chemokine and HIV-1 receptor gene
line with an earlier (before identification of the HIV-1 was described that occurred at an allele frequency of 10
coreceptors) suggestion by D. Volsky and his colleagueso 15% among Caucasians and African Americans. Ge-
[25] for redefinition of the virus tropism. It appears that netic association analysis of large cohorts has revealed
the classification of HIV-1 as T-, M-, and dual-tropic that HIV-1-infected individuals carrying the CCR2-64l
may be replaced by a classification based on coreceptallele progressed to AIDS 2 to 4 years later than indi-
usage [9]. viduals homozygous for the common allele [96]. How-
Knowledge of the HIV-1 coreceptors has shed lightever, in view of the fact that only a single HIV-1 dual
on some long-standing observations of virus-host intertropic isolate has been identified that can utilize CCR2
actions. Some individuals remain uninfected despite re{CCR2b) as an entry coreceptor, the mechanism of the
peated exposure to HIV-1, and a mutation in the CCRSCCR2 polymorphism in disease progression is not clear
coreceptor gene that is common in some populations hg§7].
been identified as the cellular basis for resistance to  Alternative mechanisms of protection involving the
HIV-1 in some of them [62, 78]. Nearly 10% of CCR5 coreceptors and their ligands may also be at work. Lym-
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phocytes from some exposed-uninfected individuals seLangerhans cells (LC) expressed CCR5 but not CXCR4
crete greater amounts of the CCR5 ligands RANTESat the plasma membrane surface; however, LC containec
MIP-1a and MIP-1b compared with control subjects intracellular preformed CXCR4 that was transported to
[78], and it will be important to determine whether simi- the surface during the tissue culturing [111]. Macro-
lar mechanisms may be involved in the long-term non-phages (MF) expressed high levels of both coreceptors
progression seen in some HIV-infected individuals [58].but only CCR5 was functional in a fusion assay. These
Since T-tropic isolates often appear during disease prodata provide several possible explanations for the selec-
gression in association with CDZ -lymphocyte decline, tive transmission of M-tropic HIV isolates and for the

it is also possible that polymorphisms in the expressio,fesistance to infection conferred by the CCR5 deletion
or activity of CXCR4, or overexpression of its ligand mutant. Bleul et al. [12] found that CXCR4 is expressed
SDF-1 or related molecules, might also contribute to aPrédominantly on the naive, unactivated CD26(low)
favorable disease course in some patients. InterestinglfzD45RA+ CD45R0-T lymphocyte subset of peripheral
Volsky and his colleagues found recently that endog®l0od lymphocytes unlike CCRS which is expressed on
enous production off chemokines by CD4+, but not CD26(high) CD45RA(low) CD45R0+ T lymphocytes, a
CD8+ cells correlates with the clinical state of HIv-1- Subsetthought to represent previously activated/memory
infected individuals indicating that it may constitute one C€llS: CXCR4 expression was rapidly upregulated on pe-
mechanism of disease-free survival [90]. ripheral blood mononuclear cells during phytohemagglu-

Additional questions regarding the possible roles Ofti_nin stimulation anc_j interleukin_ 2 priming, and respon-
the chemokine coreceptors for HIV-1 pathogenesis hav&VeNess to SDF-1 increased simultaneously. CCR5 ex-
also been raised. Is there an involvement of an HIv-1Pression, however, showed only a gradual increase over

envelope-dependent chemokine receptor interaction il}Zt_days ?r]: Ctﬁ:ut‘ri with mre;le_ukm 2’.th'fle tT ceIITicu—
CD4+ cell depletion or other pathogenic manifestations? 210" With phytohemaggiutinin was inefiective. 1hese
Gp120 has been observed bound to cells in vivo [97]data suggest distinct functions for the two receptors and

) . their ligands in the migration of lymphocyte subsets
Perhaps shed gp120 can interact with receptors on Celﬁ%rougﬁ lymphoid and gnonlympho)i/d ESSUZS Further-
mediating inappropriate signaling via these molecules . . '
which lead to cell death. The chemokines and their re_more, the largely reciprocal expression of CXCR4 and

ceptors were originally described for their abilities to CCRS among peripheral blood T cells implies distinct

diate leukocvte miarati 4 bl itical role i susceptibility of T cell subsets to viral entry by T cell
mediale feukocyle migration and piay a critical rofe in line-tropic vs. macrophage-tropic strains during the
the host defense mechanism of inflammation. Interfer- ; :
X . . course of HIV infection.

ence or disruption of these pathways by HIV via its use

e i The discoveries of these human fusion coreceptors
of these receptors may also be a contributing factor in th?nay also allow for a reassessment of transgenic small

pathogenesis of the virus. Supporting these possibilitiegnima| models for HIV-1 infection. Co-expression of fu-
are recent observations by Fauci and his colleagues thafon coreceptors may overcome any species restriction to
recombinant envelope proteins from macrophage-tropig;r,s entry. The complex role of the HIV-1 coreceptors

HIV and SIV induce a signal through CCRS on CD4+ T iy tropism and pathogenesis continues to be under ex-
cells and that envelope-mediated signal transductioensive investigation.

through CCR5 induces chemotaxis of T cells [104]. This

chemotactic response may contribute to the pathogenesis

of HIV in vivo by chemo-attracting activated CD4+ cells Implications for Biomedical Research, Prevention

to sites of viral replication. HIV-mediated signaling and Treatment of Diseases

through CCR5 may also enhance viral replication in vivo

by increasing the activation state of target cells. Alter-Disruption of virus-receptor interactions is an effective

natively, envelope-mediated CCRS5 signal transductiormeans for inhibition of infection and is a part of the

may influence viral-associated cytopathicity or apopto-humoral defense against viruses aimed at virus neutral-

sis. ization [34]. In many cases antibodies are directed spe-
Gp120 was also shown to induce internalization ofcifically against epitopes in the VAPs which interact

the CXCR4 receptor using a functional CXCR4-GFP fu-with receptor molecules. HIV-1 entry inhibitors have

sion protein, suggesting additional possible mechanismbeen recently extensively reviewed in Chapter 10 of [33]

for chemotaxis inhibition. An interesting mechanism of and therefore only recent developments will be discussed

the switch from M-tropic to T-tropic HIV-1 isolates dur- here.

ing progression to AIDS is based on the observation that  The discovery of the HIV-1 coreceptors has stimu-

IL-4 downmodulates CCR5 and that IL-4 is increased inlated new efforts for identification of entry inhibitors

HIV-infected individuals (G. Pavlakigersonal commu- which prevent their interactions with the Env-CD4 com-

nication). plex. The identification of the fusion coreceptors pro-
It was also found that freshly isolated epidermal vided new targets for strategies to treat HIV-1 infection



86 D.S. Dimitrov et al.: HIV Coreceptors

by chemokines [27], such as an N-terminally truncatedcoreceptors is unclear. However, the important point is
form of RANTES that has anti-HIV activity in vitro [4]. that the HIV-1 is an example of a virus which can be
A derivative of RANTES that was created by chemical targeted to relatively specific subsets of cells expressing
modification of the amino terminus, aminooxypentanesimultaneously multiple receptor molecules. Therefore,
(AOP)-RANTES, did not induce chemotaxis and was aone can imagine that viral vectors could be designed
subnanomolar antagonist of CCR5 function in mono-which may target very specifically a small subset of cells
cytes [95]. It potently inhibited infection of diverse cell expressing several markers. Defective HIV-1 is an ob-
types (including macrophages and lymphocytes) by nonvious candidate [77]. The development of such a new
syncytium-inducing, M-tropic HIV-1 strains. Thus, ac- generation of viral vectors is obviously a problem whose
tivation of cells by chemokines is not a prerequisite forSolution requires further experimental and theoretical in-
the inhibition of viral uptake and replication. Chemo- vestigations. Only a good understanding of the interac-
kine receptor antagonists like AOP-RANTES that tions of the viral envelopes with their receptors and the
achieve full receptor occupancy at nanomolar concentraPfinciples of the design of the entry machinery can lead
tions are strong candidates for the therapy of HIv-1-t0 the possibility of engineering molecules with a prede-
infected individuals. Peptides from the N-terminus Oftermlned_speuflcny forV|r.us entr.ymto cells. The recent
CXCR4 can inhibit infection albeit at high concentra- €ngineering of a recombinant virus that expresses CD4
tions [50]. A previously described small (9 residues) de-and CXCR4 and specifically targets cells expressing fu-
rivatized peptide (ALX) inhibits HIV-1 infection and fu- Sgenic HIV-1 envelope glycoprotein (Env) [45, 93]
sion at relatively low concentrations by interfering with demonstrated the feasibility of suc_h poss_|b|I|ty. The dis-
the use of CXCR4 but not by its downmodulation [38]. covery of the HIV-1 coreceptors Is a milestone on the
Another small molecule, AMD3100, also inhibits HIV-1 long road to achieving this goal.

entry via CXCR4 [36]. The mechanism of action of

these inhibitors has not been elucidated in dgtail but itconclusions

appears that they bind to CXCR4. The binding could

induce conformational changes which interfere with theHIVS have evolved to use several molecules as primary

gp120-CD4 binding to CXCR4. Although these mol- receptors, the most important for pathogenesis being

epules do not inhibit entry mediated by CC,RS’ and theCD4, and several coreceptors, perhaps the most impor-
virus could evolve to use other coreceptors in their pres, .+ being CCR5. Interestingly, CCR5 and the other ma-
ence, the development of these inhibitors is an |mportathor coreceptor, CXCR4, can serve as a primary receptor
step as proof of the concept that coreceptors can be i some isolates of HIV-2 and SIV. Presently, 15 mol-
target of small molecule inhibitors of HIV-1 infection. o¢\les are known to serve as coreceptors for HIV and
In addition, at the late stages of the HIV-1 disease, whers|y more than half of them being chemokine receptors
CXCR4 usage may dominate in some patients, such inanq the other of unknown function. All of them contain
hibitors still could be useful in combination with other predicted seven transmembrane domains and probably
drugs. have similar design of the overall 3D structure. How

A recent report of blocking the surface expression ofexactly coreceptors help in mediating entry is presently
the HIV-1 coreceptor CXCR4 by transfecting lympho- unknown. The receptor-mediated entry of HIV into cells
cytes with an altered version of SDF-1 has opened inis a complex multifactorial process which is initiated by
triguing therapeutic strategies [21]. The same approach relatively slow but high-affinity binding of the oligo-
of phenotypically knocking out the CCR5 has also beenmeric virion gp120-gp41 complex to cell surface associ-
demonstrated in which a modified CC-chemokine (modi-ated CD4 and coreceptors, leading to conformational
fied RANTES and MIP-&) is targeted to the endoplas- changes in the multimeric association of virus and recep-
mic reticulum to block the surface expression of newlytor molecules. The conformational changes may involve
synthesized CCR5 [110]. These transduced lymphocytestructural rearrangements in the V3 loop and in the con-
expressing the modified chemokines (termed intrakinesjormationally related V1, V2 and C4 regions of gp120,
were found to be viable and resistant to M-tropic HIV-1 as well as in the CD4 molecule possibly resulting in
infection. Macrophages and lymphocytes from HIV- formation of coiled coils in gp41 which may help in the
positive patients could be genetically modified with the exposure of the gp41 fusion peptide. The hydrophobic
appropriate intrakine as a means of delaying disease prdusion peptide destabilizes the cell and viral membranes
gression. resulting in the physical intermixing of their lipid bilay-

A major impact of the discovery of the HIV-1 co- ers and formation of a fusion pore. The fusion pore ex-
receptors is the demonstration that the viral tropism camands allowing the transfer of the nucleocapsid into the
be tuned by using additional molecules as coreceptorsytoplasm. Whether the coreceptors are involved in the
Whether it was for the virus benefit to use coreceptordast stages of entry, including fusion pore expansion and
and change the tropism or the virus was forced to utilizevirus uncoating remains to be determined.
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The discovery of the major HIV-1 coreceptors sug-
gested a simple mechanism of virus tropism: T-tropic
viruses require CXCR4 and M-tropic viruses use CCR5.
This picture is complicated by the discovery of new co-
receptors some of which can be utilized by both types of
viruses. A better classification of HIV is currently sug-
gested to be based on the type of coreceptor they use.
The importance of coreceptors for pathogenesis was
highlighted by the discovery that the vast majority of
individuals containing a defective gene for CCR5 can not
be infected by HIV-1. It appears that in addition to
CCR5, CCR2b may also be involved in HIV-1 patho-
genesis but this question remains controversial. Cyto-
kines and chemokines can affect entry of HIV by altering

the level of expression or inhibiting the function of the 10

HIV coreceptors. HIV Env can also affect signal trans-
duction and state of activation of cells expressing che-
mokine receptors. 1
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ements of CCR5 and HIV-1 entry: dissociation from response to
chemokinesScience274:1924-1926

. Balter, M. 1998. AIDS researchers negotiate tricky slopes in sci-

ence.Science280:825-826

. Bandres, J.C., Wang, Q.F., O’Leary, J., Baleaux, F., Amara, A,

Hoxie, J.A., Zolla-Pazner, S., Gorny, M.K. 1998. Human immu-
nodeficiency virus (HIV) envelope binds to CXCR4 indepen-
dently of CD4, and binding can be enhanced by interaction with
soluble CD4 or by HIV envelope deglycosylatiod. Virol.
72:2500-2504

8. Berger, E.A. 1997. HIV entry and tropism: the chemokine recep-

tor connectionAIDS 11:S3-16

. Berger, E.A., Doms, R.W., Fenyo, E.M., Korber, B.T., Littman,

D.R., Moore, J.P., Sattentau, Q.J., Schuitemaker, H., Sodroski, J.,
Weiss, R.A. 1998. A new classification for HIV-INature
3912240

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

11. Biti, R., Ffrench, R., Young, J., Bennetts, B., Stewart, G., Liang,

While the number of molecules inhibiting HIV entry
is large and growing, there are only several examples

where the inhibition is very potent and highly specific. 12.

Soluble CD4 is such an example which, however, was
disappointing in clinical trials although recent improve-

ments still hold a promise. Peptide-based inhibitors and
small molecules have high potential, but have not been
developed to the same level of sophistication and effi-
cacy as, e.g., the protease inhibitors. HIV-1 coreceptor

molecules are currently under intensive investigation for 14-

design of potent inhibitors and possibly vaccines.
Knowledge of receptors and coreceptors, and their inter-
actions with virus envelope glycoproteins will certainly ¢
have implications also for the development of highly
specific drug and gene delivery systems.

Note Added in Proof

The recent elucidation of the crystal structure of a CD4- 17-

gpl120 complex Nature 1998.393648-659 offers new
possibilities for understanding the mechanisms of HIV
coreceptor interactionsS¢iencel998.280:1949-1953.

19.
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