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The simian immunodeficiency virus (SIV) Mne envelope undergoes genetic changes that alter tropism,
syncytium-inducing capacity, and antigenic properties of the emerging variant virus population during the course
of an infection. Here we investigated whether the mutations in envelope of SIVMne also influence coreceptor
usage. The data demonstrate that the infecting macrophage-tropic SIVMne clone as well as the envelope vari-
ants that are selected during the course of disease progression all recognize both CCR5 and Bob (GPR15) but
not Bonzo (STRL33), CXCR4, or CCR3. Although it remains to be determined if there are other coreceptors
specific for dualtropic or T-cell-tropic variants of SIVMne that emerge during late stages of infection, these
data suggest that such SIV variants that evolve in pathogenic infections do not lose the ability to recognize

CCRS or Bob/GPR15.

Primary isolates of human immunodeficiency virus type 1
(HIV-1) obtained from peripheral blood at different stages of
infection often display distinct in vitro biological characteris-
tics. Viruses commonly found early in infection are typically
slowly replicating, macrophage-tropic (M-tropic), and non-syn-
cytium inducing (NSI), while variant viruses that emerge late in
association with CD4™" T cell decline and progression to AIDS
may be rapidly replicating and syncytium inducing (SI) and
may have the ability to infect certain T-cell lines (10, 15, 16, 23,
29-31, 51, 62, 67, 68). Regulation of HIV-1 tropism and rep-
lication potential has primarily been ascribed to mutations that
lead to changes in variable regions V1 through V4 of the
envelope extracellular protein (Env SU) (3-5, 11, 20, 33, 42,
44). Indeed, the discovery that several members of the chemo-
kine and orphan receptor family, in conjunction with CD4,
directly interact with the Env SU protein of HIV-1 to mediate
entry into target cells provided an explanation for the differ-
ences in tropism between M-tropic NSI variants and T-cell
line-adapted SI variants. The M-tropic NSI viruses principally
use CCRS for infection, whereas the T-cell line-adapted SI
viruses use CXCR4 (1, 13, 22-24, 28). Primary HIV-1 SI vari-
ants that emerge late during progressive infections typically
have the capacity to use a greater number of coreceptors than
the NSI viruses from which they evolved, presumably allowing
them to escape the inhibitory effects of C-C chemokines and
infect new target cells (18, 35, 61). Also, despite having an
expanded coreceptor repertoire, many primary HIV-1 SI vari-
ants have been shown to maintain the ability to infect macro-
phages (15, 18, 64, 70). However, the ability of primary SI
viruses to infect macrophages is controversial, and other re-
ports find a lack of M-tropism for the majority of primary SI
strains (17, 36, 62, 63). Since the identification of CCRS and
CXCR4 as HIV-1 coreceptors, the number of coreceptors for
HIV-1, as well as HIV-2, has increased and now includes Apj,
CCR2b, CCR3, CCRS, CCRY, Bonzo (STRL33), and Bob
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(GPR15) (2, 1214, 21, 23, 26, 27, 45, 50). Together, these data
suggest that the selection of viruses with specific Env SU mu-
tations in HIV-1 in vivo may, in part, result from adaptation to
additional coreceptors or new target cell populations or from
selective pressure of chemokines that block entry.

The simian immunodeficiency viruses (SIVs), as a group,
have been shown to utilize a set of coreceptors that overlaps
those used by HIV-1. To date, coreceptors for SIV infection
include Apj, CCRS, CCRS, Bonzo, Bob, and GPR1 but not
CCR2b, CCR3, or CXCR4 (2, 7,9, 12, 14, 21, 27, 48, 57, 59).
Envelope proteins from related clones or distinct strains of
SIV may differ in the ability to utilize specific coreceptors, such
as Apj or CCRS, for fusion and entry (12, 57). However, wheth-
er a switch or expansion of coreceptor usage by primary SIV
variants occurs during infections in a manner analogous to the
changes reported for HIV-1 variants is unknown. In previous
studies, we generated a panel of chimeric and full-length pro-
viral clones encoding envelope gene sequences representative
of viruses at various stages of infection and disease in ma-
caques inoculated with an M-tropic NSI SIVMne clone (39, 40,
54,55, 58-60). These sequential variants differ in their tropism,
antigenic properties, and SI capacities compared to the infect-
ing virus. Here, we investigated whether the SIVMne envelope
variants from various stages of infection show differences in
their recognition of previously identified SIV coreceptors.

To determine whether or not SIV evolves to utilize an ex-
panded repertoire of coreceptors during the course of a patho-
genic infection, we examined the ability of several previous-
ly characterized temporal variants to infect a panel of CD4"
indicator cell lines that express different known HIV and SIV
coreceptors. The viruses we studied included (i) chimeric pro-
viruses generated by the amplification and cloning of variant
envelope sequences, present in peripheral blood mononuclear
cells at different stages of infection, into the parental virus
SIVMneCL8 (59); (ii) uncloned isolates from symptomatic
infection (58); and (iii) two full-length molecular clones from
late-stage disease, one from blood (SIVMne170) and one from
lymph node tissue (SIVMne027) (39, 40). Each of these viruses
displayed distinct genetic and phenotypic properties compared
to the parent M-tropic NSI virus, SIVMneCLS8, from which
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TABLE 1. Summary of viral phenotypes”

Virus Tropism” Cytopathic effect® SI capacity”
SIVMneCL8 M, P, T Minimal -
35wkSU T, P Minimal -
81wkSU T, P Minimal +/—
121wkSU ND¢ Minimal +/—
170wkPBSU ND Minimal ND
170wkCESU T, P Minimal +
170wkJKSU M, P, T Minimal +
MixVar83 M P, T Moderate ND
MixVar170 P, T High +
SIVMnel170 M, P, T High +
SIVMne027 M, P, T High -

“ Tropism, cytopathicity, and SI capacity of each virus were previously de-
scribed (39, 40, 58-60).

> M, macaque monocyte-derived macrophages; P, macaque peripheral blood
mononuclear cells; T, human cell lines such as the T-cell lines MT4, C8166, and
Molt4 clone 8 and the T-B hybrid cell line CEMx174.

¢ Cytopathic effects were determined with macaque peripheral blood mono-
nuclear cells or CEMx174 cells.

I capacities were determined with CEMx174 cells. —, NSI; +/—, minimally
SI; +, highly SI.

¢ ND, not determined.

they evolved in vivo (summarized in Table 1 and Fig. 1). The
Env SU sequences of the chimeras are representative of the
virus population found at sequential stages of infection of
pig-tailed macaques inoculated with SIVMneCLS8 (54, 55, 58,
60), and each of the chimeric viruses is capable of using CCRS
for entry into CD4™ cells (59). Coreceptors that support in-
fection by the cytopathic molecular clones SIVMnel70 and
SIVMne027 are unknown. Infectious virus stocks of each clone
were produced by previously described methods (39, 40, 59).
The titers of the virus stocks were determined by using the
SMAGI assay developed by Chackerian et al.; they generally
reflect titers obtained by limiting dilution analysis (e.g., 50%
tissue culture infectious doses [TCIDs,]) with CEMx174 or
macaque peripheral blood mononuclear cells used as target
cells for infection (6).

The indicator cells (GHOST4 coreceptor HIV indicator
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cells) used as targets to analyze coreceptor usage were derived
from HOS cells, a CD4 ™ cell line that is not susceptible to SIV
or HIV infection (37, 47, 69). The modified HOS cells were
stably cotransfected with a vector expressing the human CD4
gene and a reporter plasmid for HIV or SIV infection, which
contains the humanized green fluorescent protein gene
(hGFP) (19) under the control of the HIV-2 long terminal
repeat (LTR). Introduction of each coreceptor was achieved
by retroviral transduction with the pBabe-puro vector contain-
ing one of a set of human chemokine or orphan receptor genes,
including CCR3, CCRS, CXCR4, Bob, and Bonzo. The indi-
cator cells were maintained in Dulbecco modified Eagle me-
dium (DMEM) containing 10% fetal bovine serum, glutamine,
penicillin, streptomycin, 500 ng of G418 per ml, 100 pg of
hygromycin per ml, and 1 pg of puromycin per ml. For infec-
tions, approximately 1 X 10* infectious virions, as determined
by the SMAGI assay (6), were applied to 5 X 10* cells of each
GHOST4 coreceptor cell line in the presence of 10 pg of
polybrene per ml. Two days postinfection, the cells were re-
moved from the plates by using 1 mM EDTA in phosphate-
buffered saline (PBS) and fixed with 2% paraformaldehyde in
PBS solution. Following 1 h of fixation, the cells were recov-
ered by centrifugation, rinsed free of paraformaldehyde with
PBS, and resuspended in PBS containing 2% fetal bovine se-
rum. Approximately 10,000 cells were analyzed for GFP ex-
pression with a FACScalibur analyzer (Becton Dickinson). In-
fected GHOST4 indicator cells were identified by a 20-fold
shift in mean GFP fluorescence relative to the uninfected cell
population. The indicator cells were scored positive for infec-
tion if greater than 1% of the cells demonstrated a 20-fold
increase in mean GFP fluorescence.

The parental virus, SIVMneCLS, and each chimeric virus,
viral isolate, and molecular variant were capable of infecting
the GHOST4 indicator cell lines that expressed either Bob or
CCRS but not the parental GHOST4 cell line or GHOST4
cells expressing either Bonzo or CXCR4 (Table 2). GHOST4
cells expressing CCR3 also did not support infection by any
of the viruses in this panel (data not shown). Importantly,
there was no difference in coreceptor usage between clones
and isolates capable of infecting macrophages (SIVMneCLS,
170wkJKSU, SIVMnel70, SIVMne027, and MixVar83) and

Env SU
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FIG. 1. Predicted amino acid (a.a.) sequences of Env SU variable regions V1 and V4 from early and late molecular variants of SIVMne. Each of the variant Env
SU sequences is shown with respect to the sequence of SIVMneCLS, the parent virus. Amino acids are shown in single-letter code. Amino acids found in the variant
sequences that are identical to the reference sequence are represented by dots, specific differences are shown, and a dash indicates the absence of an amino acid. The
envelope genes for 35wkWU, 81wkSU, 121wkSU, 170wkPBSU, and 170wkCESU were previously inserted into the background of the parent proviral clone,
SIVMneCLS, to construct replication-competent chimeric viruses (59). The Env SU sequences for SIVMne170 and SIVMne027 are derived from infectious full-length

variant molecular clones (39, 40).



VoL. 73, 1999

TABLE 2. Infection of GHOST4 indicator cells with
variants of SIVMne”

Coreceptor expressed

Virus Parent
Bob Bonzo CCRS CXCR4

Mock - - - - -
SIVMneCL8 - + - + —
35wkSU - + — + —
81wkSU - + — + -
121wkSU — + — + —
170wkSU - + — + -
MixVar§83 - + - + —
MixVar170 - + - + -
SIVMnel70 - + - + —
SIVMne027 - + - + —
HIV-2xop - + + + +
HIV-1,rp - - — + —
SIVnaciati - + - + -

agmTYO - + + + -
HIV/A-MLV + + + + +

“ GHOST4 coreceptor cells expressing the indicated receptor were scored
positive (+) if greater than 1% of the cells expressed GFP at a high level relative
to the uninfected cells. A negative sign (—) indicates that there was no induction
of GFP expression.

the T-cell-tropic viruses (35wkSU, 81wkSU, 170wkCESU, and
MixVar170) or between viruses with an NSI or SI phenotype.
To demonstrate functional coreceptor expression on each of
the GHOST4 indicator cell lines, we also infected the panel of
reporter cells with clones of HIV-1, HIV-2, and SIVmac. As
previously described (21), HIV-2p,, was able to use Bob,
Bonzo, CCRS, and CXCR4 for entry; HIV-1, g, infected only
cells expressing CCRS; SIV,,.c141: infected Bob- and CCRS-
expressing cells; and SIV,,.,.1vo infected Bob-, Bonzo-, and
CCRS-expressing cells. None of these viruses infected the pa-
rental cell line, demonstrating that the expression of an appro-
priate coreceptor was essential for entry. Furthermore, HIV-1
particles pseudotyped with the amphotropic murine leukemia
envelope protein were able to induce GFP expression from
each GHOST4 coreceptor cell line, including the parental
GHOST4 cells, demonstrating that each cell line retained the
HIV-2 LTR-hGFP indicator construct. CD4 expression on
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each of the cell lines was verified by FACS analysis (data not
shown). Together these data demonstrate that coreceptor rec-
ognition by SIVMne variants may be limited to Bob and CCRS5
and that mutations in envelope that alter macrophage tropism,
SI capacity, and antigenicity do not affect the range of core-
ceptors utilized, at least among those examined.

To verify that the SIVMne variant viruses could use either
CCRS5 or Bob as a coreceptor for entry into CD4™ cells, we
determined whether MAGI indicator cells could be infected if
they expressed either human CCRS or Bob. Previous studies
demonstrated that MAGI indicator cells, which express endog-
enous CXCR4, were able to support SIV or M-tropic HIV-1
infection if a CCRS expression vector was introduced into the
cells (7, 71). To produce a MAGI indicator cell line that ex-
pressed Bob, we transduced the MAGI cell line with a pBabe-
puro-Bob expression vector. Twenty-four hours postinfection,
cells carrying the pBabe-puro-Bob vector were selected in
DMEM supplemented with 10% calf serum, glutamine, peni-
cillin/streptomycin, 200 g of G418 per ml, and 50 U of hy-
gromycin per ml (MAGI medium) plus 1 pg of puromycin per
ml. The parental MAGI (41), MAGI-CCRS (7), or MAGI-Bob
cell lines were infected with each SIV variant and monitored
for infection, as described by Kimpton and Emerman (41).
Titers of each stock were compared with those determined
by the SsMAGTI assay (Table 3). Because each virus stock con-
tained different amounts of infectious virus when titered with
the SMAGI assay (TCIDgy4;), We determined the total amount
of virions in each stock by measuring viral RNA (VRNA) with
an established quantitative competitive reverse transcription
(RT)-PCR technique (72). The VRNA/TCIDy; 5 ratios were
similar for each virus stock, suggesting that the differences in
titers generally corresponded to the total amount of virions but
not to large differences in infectivity for the sMAGI cells.
Exceptions were the 121wkSU virus, which appeared to be less
infectious and has been shown to replicate poorly (59), and
variant SIVMne170, which may be slightly more infectious and
which has been shown to replicate efficiently (40).

As we found with the GHOST4-CCRS and GHOST4-Bob
cell lines, each of the SIVMne molecular variants and the late
variant isolate (MixVar170) infected MAGI-CCRS and MAGI-
Bob cells but not the parental MAGI cell line, which expresses
endogenous CXCR4 (Table 3). Furthermore, the titers of each
virus stock with the MAGI-CCRS cells were similar to those
determined with the SMAGI indicator cells, suggesting that
they were able to infect indicator cells expressing CCRS as

TABLE 3. Titers of virus stocks on different indicator cell lines

Infectious virions/ml?

VRNA and infectivity”

Virus
SMAGI MAGI MAGI-CCRS MAGI-Bob RNA/ml RNA/TCIDgyiaG1
SIVMneCLS8 2.0 X 10° 0 2.9 % 10° 3.3 x 10* 3.8 x 10° 1.9 X 10*
35wkSU 2.1 % 10° 0 4.9 x 10* 2.3 x 10* 1.0 x 10'° 4.9 x 10*
82wkSU 2.0 X 10° 0 2.0 X 10° 7.3 x 10* 3.4 x 10° 1.7 X 10*
121wkSU 6.4 x 10* 0 3.7 X 10* 2.1 x 10* 1.0 x 10'° 1.6 X 10°
170wkPBSU 1.4 x 10° 0 1.7 X 10° 1.3 x 10° 1.0 X 107 7.1 X 10°
170wkCESU 2.5 % 10° 0 2.4 % 10° 1.1 X 10° 2.6 X 10° 1.0 x 10*
170wkJKSU 2.2 X 10° 0 2.3 X 10° 1.6 X 10° 1.0 x 10%° 4.5 % 10*
MixVar170 3.2 % 10° 0 5.0 X 10° 1.4 % 10° 5.7 X 10° 1.8 X 104
SIVMne170 1.3 x 10° 0 33 % 10° 1.9 x 10* 6.4 x 108 5.0 X 10°?
SIVMne027 32 % 10° 0 1.1 X 10° 4.6 X 10° 5.3 X 10° 1.7 X 10*

“ Data are averages of infections performed in duplicate. MAGI cells were infected with 10% to 10* infectious virions, as determined by SMAGI assay. A value of 0
indicates that no cells were infected when cultured with a minimum of 10* infectious virions.
® RNA, virions associated with VRNA; TCIDg g, titers of virus stocks with sSMAGI indicator cells (infectious virions/ml).
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TABLE 4. Infection of MAGI cells expressing ptCCRS

Infectious virions/ml

Virus
MAGI-CCR5 MAGI-ptCCRS
SIVMneCLS8 3.8 x 10* 5.1 % 10*
35wkSU 6.8 X 10* 1.2 X 10°
81wkSU ND* 3.4 x10°
121wkSU 6.8 X 10° 8.1x10°
170wkCESU ND 1.3 x 10°
MixVar170 3.0 X 10° 54 % 10°
SIVMne170 ND 2.8 X 10*
SIVMne027 33 % 10° 43 x 10°

“ Not determined.

efficiently as they infected SsMAGI cells. These data with the
chimeric viruses and MAGI-CCRS cells are consistent with our
previous observations (7, 59). Additionally, the results extend
to the late variant full-length proviral clones, which are both
dualtropic and cytopathic variants of SIVMne. Interestingly,
with different passages of the MAGI-CCRS cell line, the titer
of certain chimeric virus stocks was variably decreased by as
much as 10- to 20-fold (data not shown). By contrast, both late
variants SIVMne170 and SIVMne027 remained highly infec-
tious for all cell passages. One explanation for these prelimi-
nary findings is that the later viruses are better adapted to use
of low levels of coreceptor than the earlier variants, but this
model will require more extensive analysis. All of the viruses
infected MAGI-Bob cells. However, some of the viruses tend-
ed to be less infectious for the MAGI-Bob cell line than for
the sSMAGI cells. For example, the titers of the parent virus
SIVMneCLS, early variant 35wkSU chimera, and late variant
clone SIVMnel70 were 6- to 10-fold lower on MAGI-Bob
cells than on sSMAGI cells. In contrast, the late variant vi-
ruses 170wkPBSU, 170wkCESU, 170wkJKSU, MixVar170,
and SIVMne027 had similar titers (within twofold) with both
MAGI-Bob and sSMAGI cells. Thus, while there may be subtle
differences in the ability of the viruses to infect MAGI cells
expressing CCRS5 or Bob, these data confirm that CCRS and
Bob, but not CXCR4, are coreceptors for entry by SIVMne.

Because CCRS5 is believed to be a major coreceptor for SIV
and because all of the SIVMne variants were cloned or isolated
from pig-tailed macaques (M. nemestrina), we further exam-
ined the ability of SIVMne variants to utilize pig-tailed ma-
caque CCRS5 (ptCCRS) for entry into MAGI cells. The gene
for ptCCRS was cloned by PCR with primers that amplified the
coding region in the second exon. ptCCRS is 97.4% identical to
human CCRS and 99.7% identical to the rhesus CCRS protein
(32). To express ptCCRS5 in MAGI cells, the gene was inserted
into the pBabe-puro vector and introduced into MAGI cells by
retroviral transduction. As before, cells containing pBabe-
puro-ptCCRS5 were selected in MAGI medium plus 1 pg of
puromycin per ml. All SIVMne variants examined were infec-
tious for MAGI cells expressing ptCCRS at a level similar to
that found with MAGTI cells expressing human CCRS, demon-
strating that ptCCRS5 functions as a coreceptor for SIVMne
variant viruses (Table 4).

Although several studies have identified SIV coreceptors,
none have addressed the coreceptor specificity of SIV variants
that evolve over the course of disease progression. We have
examined for the first time the ability of temporal variants of
SIV that predominate during different stages of infection to
utilize different coreceptors for entry into CD4" cells. The
data demonstrate that at least two coreceptors, CCRS and
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Bob, can be used for entry by all variants of SIVMne. Further-
more, at least one additional coreceptor appears to be recog-
nized by both early- and late-stage SIVMne variants because
sMAGTI cells, which are highly susceptible to infection by all of
the SIVMne variants examined, do not express either Bob or
CCRS, at least at levels detectable by Northern blot analysis
(32). Importantly, our data suggest that a shift in the repertoire
of coreceptors recognized by variants of SIVMne may not
occur with progression to simian AIDS and that there is a
strongselective pressure for recognizing CCRS5 and Bob. Wheth-
er this repertoire of coreceptors is maintained because each
receptor is essential for SIV replication in vivo or because of
functional constraints in the envelope protein structure is un-
known but will be important to determine.

The Env SU chimeric and full-length variants of SIVMne
were genetically and phenotypically distinguishable from the
parent virus, SIVMneCLS, from which they evolved. The mu-
tations in V1 of the chimeric viruses have previously been
shown to be sufficient for reducing replication in macaque
monocyte-derived macrophages and for altering antigenicity,
while mutations located in V3 and V4 likely contribute to the
SI phenotype (8, 59). Interestingly, none of these mutations
appears to alter utilization of CCRS or Bob for entry into
CD4™" cells. Both CCR5 and Bob are expressed in monocytes/
macrophages, and CCRS5 has been directly shown to be impor-
tant for monocyte/macrophage infection by HIV-1 (14, 21, 27,
56). Thus, the inability of some variants of SIVMne to replicate
in macaque monocyte-derived macrophages may be deter-
mined by postentry blocks in reverse transcription or poor viral
protein processing similar to that reported for STVmac239 (52,
66), suggesting the possibility that coreceptor recognition may
not be the sole determinant of macrophage tropism. Alterna-
tively, another coreceptor may be functionally important for
productive infection of monocytes/macrophages by M-tropic
SIV variants. Of note, Edinger et al. demonstrated that an
M-tropic SIVmac Env SU protein interacts with different do-
mains of CCR5 than does the T-tropic SIVmac239 Env SU
(25). How differences in envelope-CCRS interaction may in-
fluence postentry events or viral protein processing in macro-
phages is unclear, and the specific domains within Env SU that
are involved in these events remain to be defined.

The significance of the expansion in HIV-1 coreceptor usage
during infections is unclear but may serve as a mechanism for
broadening the target cell population during persistent infec-
tions. Because the emergence of HIV-1 variants with increased
in vitro virulence are associated with a change in coreceptor
usage, resistance to inhibition by C-C chemokines, and disease
progression, it has been hypothesized that changes in corecep-
tor usage may influence pathogenicity (18, 35, 44, 61). How-
ever, even though there is an expansion of the coreceptor
repertoire, to date only CCRS has been shown to be consis-
tently used by most primary HIV-1 isolates from early and late
stages of infection regardless of their NSI or SI phenotype (18,
61, 64). Furthermore, epidemiological data provide strong ev-
idence for the importance of CCRS, and perhaps CCR2, in
disease progression (34, 43, 46, 49, 53, 65). Thus, it may be that
few of the identified coreceptors for HIV-1 infection are sig-
nificant for viral replication and disease progression. SIV
infection of macaques provides a relevant model system to
investigate the influence of coreceptor usage on viral pathoge-
nicity. Our preliminary data suggests that changes in corecep-
tor specificity may not be important for differences in patho-
genicity of variant SIVs. Two of the late variant molecular
clones of SIVMne tested here, SIVMne170 and SIVMne027,
replicate more efficiently in vivo and appear to be more patho-
genic than the early parent virus, SIVMneCLS, despite the
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conservation of their coreceptor specificities (38). One model
that could account for the differences is that envelope variants
that evolve over time may have a higher affinity for specific
coreceptors. This hypothesis would allow for a mechanism of
expanding the target cell population and increasing the effi-
ciency of viral replication while maintaining a constant reper-
toire of coreceptors that the early and late viruses can recog-
nize.
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