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ABSTRACT Although infection by primary HIV type 1
(HIV-1) isolates normally requires the functional interaction
of the viral envelope protein with both CD4 and the CCR-5
coreceptor, a subset of such isolates also are able to use the
distinct CCR-3 receptor. By analyzing the ability of a series of
wild-type and chimeric HIV-1 envelope proteins to mediate
CCR-3-dependent infection, we have determined that CCR-3
tropism maps to the V1 and V2 variable region of envelope.
Although substitution of the V1/V2 region of a CCR-3 tropic
envelope into the context of a CCR-5 tropic envelope is both
necessary and sufficient to confer CCR-3 tropism, this same
substitution has no phenotypic effect when inserted into a
CXCR-4 tropic HIV-1 envelope context. However, this latter
chimera acquires both CCR-3 and CCR-5 tropism when a
CCR-5 tropic V3 loop sequence also is introduced. These data
demonstrate that the V1/2 region of envelope can, like the V3
loop region, encode a particular coreceptor requirement and
suggest that a functional envelope:CCR-3 interaction may
depend on the cooperative interaction of CCR-3 with both the
V1/V2 and the V3 region of envelope.

HIV type 1 (HIV-1) infection normally requires the functional
interaction of the viral envelope glycoprotein with at least two
cell surface molecules (reviewed in refs. 1-3). These are the
CD4 primary receptor and a coreceptor, belonging to the
chemokine receptor family of seven-membrane spanning re-
ceptors, that can vary depending on the identity of the
particular HIV-1 isolate under study. The majority of patient
HIV-1 isolates use CCR-5 as a coreceptor, and this CCR-5
tropism correlates with the ability of such isolates to infect
primary macrophages (M-tropism) (4-7). In contrast, so-
called “laboratory-adapted” isolates of HIV-1, as well as
patient isolates able to induce syncitium formation in culture,
generally use a distinct coreceptor molecule termed “CXCR-
4” either instead of, or in addition to, CCR-5 (8-11).

In addition to CCR-5 and CXCR-4, a number of other
chemokine receptors also have been reported to function as
coreceptors for a subset of HIV-1 isolates (7, 9, 12-14). Of
these, the most prevalent is probably CCR-3, a chemokine
receptor that is expressed in vivo on eosinophils and basophils
as well as on microglial cells and on a small percentage of
lymphocytes of the T helper 2-cell type (15, 16). Although
CCR-3 does not therefore contribute to HIV-1 infection of
macrophages or the large majority of CD4" lymphocytes, the
presence of CCR-3 on microglial cells could be important in
that these CD4" myeloid cells serve as the major target for
HIV-1 replication in the brain (17). Recently, direct evidence
demonstrating that CCR-3 can serve as a functional coreceptor
for microglial cell infection by HI'V-1 has been presented (15).
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Because brain microglial cell infection may contribute signif-
icantly to the development of dementia in AIDS patients (17),
the appearance of CCR-3 tropism could have a significant
impact on the pathogenic potential of HIV-1. Indeed, it has
been reported that the expansion of HIV-1 coreceptor usage
to include CCR-3 can be observed in a significant proportion
of patients displaying disease progression (12).

In this manuscript, we attempt to define which regions
within the HIV-1 envelope glycoprotein confer CCR-3 tro-
pism, and we report that CCR-3 tropism depends on specific
sequences located within the variable V1/V2 region of enve-
lope. Although CCR-3 tropism therefore is determined by a
different region of envelope than CXCR-4/CCR-5 tropism,
which largely maps to the V3 loop (7, 18-21), CCR-3 tropism
does require the presence of a CCR-5 tropic V3 loop sequence
in cis. These data, obtained by using several CCR-3 tropic and
nontropic HIV-1 isolates, therefore identify a specific region
of the HIV-1 envelope as the major determinant of CCR-3
tropism and hence support the hypothesis that CCR-3 tropism
is likely to be a selected viral phenotype. In addition, these data
demonstrate that two distinct regions of the HIV-1 envelope,
i.e., the V1/V2 region and the V3 loop, can cooperate in
mediating the interaction of envelope with a specific corecep-
tor molecule.

MATERIALS AND METHODS

Construction of Molecular Clones and Chimeras. Mamma-
lian expression plasmids encoding full length human CCRS
(pCMV5/CCR-5) and CXCR4 (pCMV5/CXCR-4) bearing
an amino-terminal influenza hemaglutinin (HA) epitope tag
have been described (21). A similar expression plasmid en-
coding human CCR-3 was generated by PCR amplification of
a full length CCR-3 cDNA clone by using DNA primers that
inserted a unique Ncol site coincident with the CCR-3 trans-
lation initiation codon (5'-CCATGG-3") and a unique Xhol
site immediately 3’ to the CCR-3 translation termination
codon. After cleavage with Ncol and Xhol, this fragment was
substituted into the pCMVS5/CCR-5 expression plasmid in
place of CCR-5. In this context, the CCR-3 ORF is expressed
under the control of the cytomegalovirus (CMV) immediate
early promoter and is linked to the 5’ leader of rat preproin-
sulin (22) and to sequences encoding an amino-terminal HA
epitope tag.

The wild-type HIV-1 ADA, BaL, JR-FL, YU-2, and IIIB
isolate env genes (18, 20, 23, 24) were expressed by using the
pCR3.1 plasmid (Invitrogen) as described (25), and unique
restriction sites were used to generate chimeras in this same
vector context (Fig. 1). To simplify nomenclature, the follow-
ing abbreviations are used for each of the cloned envs: ADA
(A), BaL (B), JR-FL (J), YU-2 (Y), and ITIIB (T). The chimeric

Abbreviations: HIV-1, HIV type 1; M-tropism, macrophage tropism;
CMYV, cytomegalovirus.
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FiG. 1. Structure of envelope chimeras. Wild-type and chimeric
envelope proteins were expressed either in the context of the pCR3.1
plasmid or in an HIV-1 proviral context. Chimeric env genes were
constructed by using the indicated restriction enzyme sites in the gp120
coding region. By using coordinates based on the 504 amino acid (aa)
ADA gp120 protein, we inserted the following ADA envelope se-
quences into the BaL envelope: Ai_s/B, aa 1-473; A3_s/B, aa 284-473;
As3/B, aa 284-359; A1_»/B, aa 42-284; A/B, aa 42-145; and A,/B, aa
145-284. All other chimeras substituted equivalent env sequences with
the exception of IIIB/V3-BaL, which has been described previously
(18). J, junction between gp120 and gp41.

IIIB/V3-BaL env gene has been described (18) and was derived
by the precise replacement of the V3 loop of IIIB with the V3
loop of BaL.. Each of the chimeric env genes was designed to
substitute one or more of the five hypervariable regions of the
gp120 component of the HIV-1 envelope, designated V1 to
V5. For example, the A;_,/B envelope chimera contains ADA
envelope sequences encoding hypervariable regions V1 and
V2 substituted into the BaLL envelope context. A total of 11
envelope chimeras was constructed (Fig. 1). For fusion assays,
each wild-type or chimeric envelope was substituted in place of
the env gene present in the previously described pIIIB proviral
expression plasmid (18, 21).

Virus Infection and Cell Fusion Assays for Coreceptor
Function. 293T and COS cells were maintained as described
(18, 21). Luciferase reporter viruses were prepared by lipo-
fectamine-mediated transfection of a 35-mm culture of 293T
cells by using 1 ug of the indicated env expression plasmid
together with 1 pg of a second plasmid encoding an HIV-1
provirus lacking a functional env gene and bearing the lucif-
erase indicator gene in place of the nef gene (pNL-Luc-E-R-)
(12, 26). Two days after transfection, the virus containing
supernatant media (3 ml total) was harvested and passed
through a 0.2-uM filter, and 1 ml was used to infect each
35-mm target cell culture. Normally, target cells for infection
were generated by the lipofectamine-mediated transfection of
293T cells (35-mm culture) with 50 ng of pCMV5/CD4, 50 ng
of a pCMV5-based coreceptor expression plasmid, and 900 ng
of the parental pCMVS5 plasmid. Alternatively, target COS
cells were transfected with 800 ng of pCMV5/CD4 and 800 ng
of a pCMVS5-based coreceptor expression plasmid. Infected
target cells were lysed 4 days postinfection and then assayed for
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luciferase activity by using commercially available reagents
(Promega).

For fusion assays, indicator cells were generated by cotrans-
fection of 293T cells (35-mm cultures) by using lipofectamine
with 400 ng of pCMV5/CD4, 400 ng of pC5/HIV/SEAP, and
50 ng of a pCMV5-based coreceptor expression plasmid (21).
Simultaneously, virus-producing cells were generated by trans-
fection of 293T cells with 2 pg of the indicated proviral
construct. At 48 h posttransfection, producer and indicator
cells were harvested by trypsinization and equal numbers (5 X
10%) were co-cultivated in 48-well plates. After 48 h, culture
supernatants were harvested and SEAP activity was deter-
mined as described (21).

RESULTS

Previously, there has been significant controversy as to which
HIV-1 isolates are able to use CCR-3 as a coreceptor with, for
example, the JR-FL HIV-1 isolate being described as both
unable (5, 6, 11) and able (12, 14, 15) to use CCR-3. It has been
suggested that these discrepancies are due to the difficulty of
expressing CCR-3 at significant levels in transfected or trans-
duced cells (13). We previously described (21) pCMV5-based
expression plasmids for human CCR-5 and CXCR-4 in which
these ORFs are expressed under the control of the CMV
immediate early promoter and linked, at the translation ini-
tiation codon, to the leader region of rat preproinsulin, which
can facilitate efficient translation (22), and to an HA epitope
tag. A similar pCMV5-based CCR-3 expression plasmid was
constructed, and the ability of CCR-3 to function as a core-
ceptor for HIV-1 infection was determined.

To measure coreceptor activity, we used the previously
described pNL-Luc-E-R- HIV-1 proviral expression plasmid
(13, 26). pNL-Luc-E-R- contains a full length NL4-3 HIV-1
provirus in which the env gene has been inactivated by a
frame-shift mutation and the luciferase indicator gene substi-
tuted in place of nef. Virions produced upon transfection of
pNL-Luc-E-R- into 293T cells are not infectious but can be
rescued by pseudotyping with an env gene expressed from a
cotransfected plasmid. Infection of cells with these virions
results in a single round of replication and produces readily
detectable luciferase activity.

To examine the ability of CCR-3 to function as a coreceptor
for HIV-1 infection, we transfected 293T cells with 50 ng of the
pCMVS5/CD4 expression plasmid and increasing levels of
either pCMV5/CCR-5 or pCMV5/CCR-3. Total levels of
transfected DNA were maintained at 1 pg/35-mm culture by
supplementation with the parental pCMVS5 vector, and the
level of coreceptor expression therefore is predicted to be
directly proportional to the level of the transfected coreceptor
expression plasmid. At 48 h after transfection, these target cells
were infected with a pNL-Luc-E-R- virus preparation
pseudotyped with the HIV-1 isolate ADA envelope protein,
which has been shown to use both CCR-5 and CCR-3 as a
coreceptor (7, 15). As can be seen in Fig. 2, CCR-3 proved only
marginally less effective than CCR-5 in mediating HI'V-1 strain
ADA envelope-dependent infection. Both coreceptors also
gave a very similar dose response, with both CCR-3 and CCR-5
showing maximal infection at between 100 and 200 ng of
transfected coreceptor expression plasmid. FACS analysis of
293T cells transfected with either pCMV5/CCR-5 or pCMV5/
CCR-3, using a mADb directed against the HA epitope tag
introduced at the amino terminus of both chemokine recep-
tors, demonstrated that CCR-5 was expressed at a 2- to 3-fold
higher level on the cell surface than was CCR-3 (data not
shown). Based on these data, all subsequent experiments were
performed by using 50 ng of coreceptor expression plasmid per
transfection, which gave substantial but not maximal HIV-1
infection efficiency (Fig. 2).
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FiG. 2. Effect of coreceptor expression levels on ADA infection
efficiency. Target 293T cells were transfected with 50 ng of pCMV5/
CD4 and increasing levels of either pCMV5/CCR-5 or pCMV5/
CCR-3. Total transfected DNA was maintained at 1 ug by addition of
the parental pCMVS5 expression plasmid. At 48 h after transfection,
target cells were infected with the pNL-Luc-E-R- HIV-1 indicator
virus pseudotyped with the HI'V-1 strain ADA envelope protein. The
level of luciferase activity resulting from productive pNL-Luc-E-R-
infection was determined 4 days later and is given as relative light units
measured by using a luminometer.

CCR-3 Coreceptor Tropism Maps to the V1/V2 Region of
Envelope. We next wished to identify an M-tropic HIV-1
isolate that uses CCR-5 effectively yet is unable to use CCR-3.
Asshown in Fig. 3, the ADA, YU-2, JR-FL, and BaL envelopes
all mediate efficient infection of cells bearing CCR-5 and CD4.
However, although the ADA, YU-2, and JR-FL envelope also
permit the efficient infection of CCR-3% target cells, BaL is
essentially inactive with CCR-3.

To identify the region of envelope involved in mediating
CCR-3 tropism, we next constructed a set of six chimeras
between ADA and BaL, in which different regions of the ADA
env gene and in particular different hypervariable regions,
were substituted into the BaL env context (Fig. 1). As shown
in Fig. 3, substitution of essentially the entire ADA gp120
coding region into BaL, in clone A;_s/B, conferred full CCR-3
tropism. In contrast, insertion of the ADA V3, V4, and V5
regions (As_s/B) or of the ADA V3 loop region only (Az/B)
failed to confer CCR-3 tropism on the BaL envelope, although
infection via CCR-5 remained efficient. However, substitution
of the combined V1/V2 region of ADA into BaL, in A;_/B,
did permit the efficient infection of CCR-3* cells. Both V1 and
V2 proved critical for this phenotype, in that Bal-based
chimeras containing only the V1 (A;/B) or the V2 (A/B)
region of the ADA envelope proved unable to infect CCR-37"
cells, although these chimeras again remained fully functional
on CCR-5" cells (Fig. 3). To determine whether the ability of
the V1/V2 region of env to confer CCR-3 tropism was unique
to ADA, we prepared a similar chimera in which the BaL
V1/V2 region was replaced by sequences derived from the
CCR-3 tropic YU-2 isolate (Fig. 1). As shown in Fig. 3, the
resultant Y;_,/B chimera, like the A; /B chimera, again
displayed a marked tropism for CCR-3* cells.

Functional Interaction of the HIV-1 Envelope with CCR-3
Requires a CCR-5 Tropic V3 Loop. As noted above, the
majority of primary HIV-1 isolates use CCR-5 as a coreceptor
whereas laboratory-adapted HI'V-1 isolates, as well as a subset
of primary isolates that induce efficient syncytium formation
in culture, generally use CXCR-4 (1-3). The tropism of HIV-1
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Fic. 3. CCR-3 tropism maps to the V1 and V2 hypervariable
regions of gp120. The pNL-Luc-E-R- HIV-1 indicator construct was
pseudotyped with the indicated wild-type and chimeric HIV-1 enve-
lope proteins and the resultant virions used to infect 293T cells
expressing CD4 alone or together with the CCR-5 or CCR-3 chemo-
kine receptor. The resultant luciferase activity is indicated in relative
light units.

isolates for CCR-5 vs. CXCR-4 largely is controlled by se-
quences located within the short V3 hypervariable loop (7,
18-20, 24). Thus, the precise substitution of the V3 loop of the
CCR-5 tropic BaL isolate into the context of the CXCR-4
tropic IIIB isolate envelope protein, to give the IIIB/V3-BaL
chimera, not only confers CCR-5 tropism on the IIIB envelope
but also entirely blocks CXCR-4 tropism (18, 21). This result
is confirmed in Fig. 4, which shows that the IIIB envelope
permits infection of CXCR-4" but not CCR-5* COS cells,
whereas the IIIB/V3-BaL env chimera facilitates infection of
CCR-5" but not of CXCR-4" cells. Of interest, neither the
IIIB envelope nor the IIIB/V3-Bal envelope was able to
mediate infection of cells expressing CCR-3.

To examine whether insertion of the V1/V2 region of either
ADA or YU-2 would confer CCR-3 tropism on either the I1IB
or the IIIB/V3-BaL envelope, we generated the appropriate
envelope chimeras (Fig. 1) and tested their ability to infect
COS cells expressing CCR-5, CCR-3, or CXCR-4. In the case
of IIIB/V3-Bal, insertion of either the ADA V1/V2 region,
in A;_,/IIIB/V3-BaL, or the YU-2 region, in Y;_,/IIIB/V3-
BaL, proved fully sufficient to confer CCR-3 tropism (Fig. 4).
In contrast, substitution of these same regions into the
CXCR-4 tropic IIIB envelope had no detectable phenotypic
effect. In particular, both the A; /T and the Y /T chimera
failed to display any ability to use CCR-3 yet fully retained
their ability to mediate infection of cells bearing CXCR-4 (Fig.
4).

CCR-3-Mediated Cell Fusion. The experiments presented
thus far have measured the ability of different chemokine
receptors to mediate HIV-1 infection. Alternately, it is also
possible to measure the ability of CD4 and chemokine recep-
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Fic. 4. Effect of V3 loop sequences on CCR-3 tropism. This
experiment was performed as in Fig. 3, except that COS cells, which
are CXCR-4-negative, were used as target cells for infection with the
pseudotyped pNL-Luc-E-R- virions in place of 293T cells, which
express CXCR-4.

tors to mediate fusion with cells expressing HIV-1 envelope
proteins, a process that is critical for syncytium formation in
infected cultures. We previously described a quantitative fu-
sion assay in which cells expressing the HIV-1 envelope and
Tat proteins are mixed with cells expressing CD4 and a
candidate coreceptor and containing an indicator construct
consisting of the HIV-1 long terminal repeat linked to the
SEAP indicator gene (21). Fusion between these cells results
in the Tat-mediated activation of the HIV-1 long terminal
repeat promoter and, hence, in enhanced SEAP expression.

In Fig. 5, we have used this assay to measure the ability of
wild-type and chimeric HIV-1 Env proteins to mediate fusion
with CCR-3-expressing cells. As may be seen, this assay
reproduces the observation that the ADA, but not the BaL,
Env protein can interact functionally with CCR-3. Similarly,
although both the A;_s/B and the A;_,/B chimeras displayed
CCR-3 tropism in this fusion assay, the Aj;_s/B and A;/B
chimeras again failed to use the CCR-3 molecule effectively.
As in the case of the earlier infection data (Fig. 2), the
individual substitution of either the V1 (A;/B) or the V2
(A2/B) loop of ADA into BaL again failed to confer the full
CCR-3 tropism noted upon insertion of both V1 and V2,
although there is the suggestion of a low degree of CCR-3
utilization with the A;/B chimera that was not observed in the
infection assay (Fig. 5). Overall, these data confirm the finding
that V1 and V2 together regulate CCR-3 tropism and dem-
onstrate that this tropism can be measured effectively by using
either infection or fusion assays for the HIV-1 envelope/co-
receptor interaction.

Proc. Natl. Acad. Sci. USA 95 (1998) 7685

L
VPP IIIP I OIS ISP IIIIITIIII|

hCCR5

VIS TLSSSSSSIISTSSTFY

LA

hCCR3 0 ADA

A A1-5/B
O A3.5/B
B AyB
B A1,/B
0 Ay/B
A,/B
H Bal

CD4

0 10 20 30 40 50 60 70 80 90
SEAP Activity (mOD/min)

Fic. 5. CCR-3-dependent fusion of HIV-1 envelope-expressing
cells. The ability of coreceptors, acting in concert with CD4, to mediate
fusion with cells expressing the indicated wild-type and mutant HIV-1
envelope proteins was determined as described in the text.

DISCUSSION

Although the importance of CCR-5 and CXCR-4 as corecep-
tors for HIV-1 is well established, it has remained unclear
whether other chemokine receptors also can serve as core-
ceptors for HIV-1 infection in vivo (1-3). The significance of
CCR-3 as a relevant coreceptor for HIV-1 has been particu-
larly controversial, in that some early reports failed to observe
HIV-1 envelope-mediated fusion or infection of cells trans-
fected with a CCR-3 expression plasmid (5, 6, 11). It is
important to note, however, that these early reports also failed
to see any activity with envelope proteins from HIV-1 isolates,
such as ADA and JR-FL, that have been shown subsequently
to display a clear tropism for CCR-3 (7, 12, 14-16), thus
leading to the suggestion that these earlier negative data may
largely have reflected poor levels of cell surface CCR-3
expression (13). A subsequent report documenting CCR-3-
dependent infection of primary microglial cells by several
HIV-1 isolates (15) suggests that CCR-3 tropism is a real
phenomenon and potentially of considerable significance in
the development of HIV-1 pathogenesis. It is also of interest
to note that human CCR-3 displays only ~50% total amino
acid sequence homology to human CCR-5, with a very low
~24% sequence identity in the four receptor extracellular
domains yet is effectively used by a number of HIV-1 isolates
(7,12, 14-16). In contrast, the murine CCR-5 receptor displays
~82% total sequence identity and ~79% identity over the four
extracellular domains yet is not used by any HIV-1 isolate
tested thus far (21, 27, 28). This discrepancy strongly suggests
that CCR-3 tropism is likely to be a selected, rather than a
fortuitous, viral phenotype.

By using both infection and fusion assays for coreceptor
function, we have attempted to identify which regions within
the HIV-1 envelope permit a functional interaction with
CCR-3. Our starting points for this work were three envelope
proteins, from the ADA, YU-2, and JR-FL isolates, that are
able to interact functionally with both CCR-5 and CCR-3; one
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envelope, derived from the IIIB laboratory isolate, able to
interact only with CXCR-4, and finally two envelopes, one
from the BaL isolate and the second a synthetic chimera
(IIIB/V3-BaL), containing the BaL V3 loop in an otherwise
IIIB context, that can use only CCR-5. By generating envelope
chimeras, we were able to demonstrate that insertion of either
the ADA or the YU-2 V1/V2 envelope region into either the
BaL or IIIB/V3-BaL envelope context was both necessary and
sufficient to confer full CCR-3 tropism (Figs. 3-5). The fact
that this same result was obtained with two distinct CCR-3
tropic “donor” env genes, i.e., ADA and YU-2, and with two
equally distinct “recipient” env genes, i.e., BaL and IIIB/V3-
BaL, suggests that the sequence of the V1/V2 domain of env
genes present in M-tropic HIV-1 isolates is likely to be the
major determinant of CCR-3 tropism. However, inspection of
this region in the five viruses tested here does not reveal an
obvious motif that correlates with CCR-3 tropism.

An interesting phenomenon, reported in Fig. 4, is that
insertion of the ADA or YU-2 V1/V2 region into the IIIB
envelope neither conferred CCR-3 tropism nor detectably
inhibited the functional interaction of the IIIB envelope with
CXCR-4. This finding suggests that the V1/V2 region of
envelope only can confer CCR-3 tropism when the V3 loop is
tropic for CCR-5, as is indeed seen in the otherwise identical
IIIB/V3-BaL chimera. Therefore, in this instance, CCR-3
tropism presumably reflects the cooperative interaction of the
V1/V2 domain and of the V3 loop with the CCR-3 coreceptor.
This finding further emphasizes the complexity of the envel-
ope:co-receptor interaction, which previously has been shown
to involve at least three of the four extracellular domains of the
coreceptor (21, 27-29).

Although we are unaware of any previous attempt to map
CCR-3 tropism in the HIV-1 envelope in detail, Choe et al. (7)
did examine the CCR-3 tropism of a small number of ADA/
IIIB or YU-2/IIIB chimeric envelope proteins. In agreement
with our observations (Fig. 4), they reported that substitution
of the V1/V2 domain of the CCR-3 tropic YU-2 envelope into
IIIB neither conferred CCR-3 tropism nor inhibited CXCR-4
tropism. However, Choe et al. (7) also reported that insertion
of the ADA V3 loop into IIIB conferred not only CCR-5 but
also CCR-3 tropism. In our hands, the ADA V3 loop, which
differs by only one amino acid from the BaL V3 loop, did not
confer any detectable CCR-3 tropism when substituted into
either the BaL envelope (Fig. 3) or the IIIB envelope (data not
shown), although it did confer CCR-5 tropism in the latter
case. The reason for this discrepancy is not known currently.

Although CCR-5 vs. CXCR-4 tropism is regulated largely by
the envelope V3 loop, there has been a number of reports
documenting the ability of the V1/V2 region to modulate HIV-1
cell tropism and replication potential (30-33), although others
have suggested only a minor role for the V1/V2 domain (34). Our
data documenting a major role for V1/V2 in regulating the
interaction with CCR-3 support these previous findings and
suggest that V1/V2 is indeed likely to play a significant role in
modulating the envelope:coreceptor interaction.
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