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Simian immunodeficiency virus SIVMne, like human immunodeficiency virus, evolves from a macrophage-
tropic, non-syncytium-inducing virus at early times in infection to a T-cell-tropic, syncytium-inducing, cyto-
pathic virus population over the course of progression to AIDS. Because the viruses isolated late in SIVMne
infection of macaques include a complex mixture of variants, the viral determinants of such phenotypic
changes have not been defined. To identify genetic changes that are important to virus evolution in the host,
we constructed chimeric viruses by introducing variant envelope genes representative of proviruses throughout
the course of infection and disease into the SIVMne parental clone (SIVMneCL8) that infected the macaque.
The chimeric viruses expressed sequences encoding the surface unit of the envelope glycoprotein (Env-SU) of
variants cloned between 35 and 170 weeks postinfection. The chimera with Env-SU from 35 weeks postinfection
encoded only four changes in V1 compared to SIVMneCL8, whereas the chimeras encoding Env-SU from
variants isolated later in infection encoded progressively more mutations both in V1 and elsewhere. Like
SIVMneCL8, the chimeras were infectious for CEMx174 cells and macaque peripheral blood mononuclear
cells. However, in contrast to SIVMneCL8, the chimeric viruses did not infect macaque macrophages, although
each retained the ability to recognize the CCR-5 coreceptor. Thus, these data provide direct evidence that
changes which evolve in Env-SU during the course of SIVMne infection do not alter CCR-5 interactions.
Viruses encoding Env-SU from the latest times in infection (121 to 170 weeks postinfection), after disease was
apparent, were syncytium inducing. However, these viruses were not highly cytopathic, suggesting that addi-
tional viral determinants may be required for the rapidly replicating, cytopathic phenotype of the uncloned
mixed variant population. Changes in Env-SU did allow the virus to escape serum neutralizing antibodies that
recognized the SIVMneCL8 parent. Moreover, the chimera encoding the Env-SU of a virus from 35 weeks
postinfection, which differed from SIVMneCL8 only in V1, was not sensitive to neutralization by infected
macaque sera, suggesting that V1 may define a portion of the principal neutralizing determinant for SIVMne.
Together, these data suggest that SIV variants with changes in the Env-SU may be selected primarily by virtue
of their ability to escape neutralizing antibody recognition.

Rapid and continued viral diversity is typical of infections
with human and simian immunodeficiency viruses (HIV and
SIV). The ability of these lentiviruses to continually evolve in
the host may contribute to their ability to persist in an individ-
ual despite an active specific immune response against the
virus. Unfortunately, persistent lentivirus infections generally
lead, with time, to an unremitting disease. Therefore, to design
therapeutic approaches that can modulate the course of lenti-
virus diseases, it is essential not only to characterize the virus
variants that evolve during the course of infection but also to
understand the basis for their selection in the host.

SIV infection of macaques provides a model system with
which to study lentivirus variation as it relates to development

of fatal immunodeficiency disease. The value of this model for
studies of persistent infection and AIDS pathogenesis is due, in
part, to the fact that molecular clones of SIV that cause an
immunodeficiency disease very much like HIV-related disease
in humans have been identified (22). There are other impor-
tant parallels between HIV infection in humans and SIV in-
fection in macaques, among them that SIV, like HIV, evolves
from a macrophage-tropic (M-tropic) virus at early times in
infection to a T-cell-tropic (T-tropic), cytopathic virus mixture
over the course of progression to AIDS (36).

In studies of viral diversity in pig-tailed macaques (Macaca
nemestrina) that develop AIDS following infection with a clone
of the SIVMne isolate, we found that there was strong selec-
tion for viruses with particular amino acid changes in the en-
velope protein (33, 34). Viruses with changes in V1 of the
extracellular envelope protein (Env-SU) could be detected
prior to onset of disease, and such variants were present in
each of five macaques infected with a SIVMne clone (12, 33,
34). Changes in V4 were also occasionally observed, and these
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changes were found in viruses selected later in infection. A
similar pattern of variation is typical of SIVmac and SIVsm
infections (8, 23), suggesting that these envelope changes are
selected in the context of different infecting viral strains and in
different macaque host species.

In studies with a variety of HIV type 1 (HIV-1) variants, the
gene coding for the Env-SU was shown to encode the primary
viral determinant for tropism and the cytopathic properties of
the virus (reviewed in references 27 and 30). In most cases, the
determinants mapped to the V3 region of envelope, but in
some proviruses, other variable regions, such as V1 or V2,
determined the phenotypic properties of the variant (reviewed
in references 27 and 30). Interestingly, V3 encodes a principal
neutralizing determinant for cell culture-adapted HIV-1 (re-
viewed in reference 7), although the role of anti-V3 antibodies
in the neutralization of viruses within the host remains some-
what unclear. Thus, it is possible that variation in V3 reflects
immunological pressures applied against the virus by the host
and that V3 changes, although selected for different reasons, in
turn affect the cytopathic properties, replication, or tropism of
the virus. In SIV, the corresponding V3 region of envelope is
conserved (8, 23, 34). Based on the pattern of variation in
SIVMne infection, we have previously proposed that the V1
region of SIV envelope may be functionally equivalent to the
V3 of HIV-1, or there may be combinations of variable regions
in the envelope protein that act in concert to influence the
phenotype of either virus (36).

In an attempt to understand lentivirus persistence and its
role in pathogenesis, in this study we explored the basis for
selection of SIVMne variants with changes in V1 and V4 of the
envelope SU. Surprisingly, we found that the Env-SU does not
encode the primary determinant for the replication and cyto-
pathic properties of SIVMne, although V1 sequence changes
affect syncytium formation and encode a determinant of mac-
rophage tropism. Our studies show that the V1 region of en-
velope encodes sequences that comprise part of the principal
neutralizing determinant for SIVMne, suggesting that humoral
immune responses may drive selection for viruses with muta-
tions in V1.

MATERIALS AND METHODS

Construction of chimeric viruses. Variant envelope genes, which were cloned
into M13mp18 following PCR amplification (described in references 34 and 37),
were used to construct chimeric viruses with the SIVMneCL8 parent. The NsiI-
ClaI fragment of the envelope gene clones, which includes sequences encoding
V1 through V5 in the extracellular envelope glycoprotein (Env-SU), was cloned
back into SIVMneCL8 in a two-step cloning protocol. First, we generated a KpnI
subclone from SIVMneCL8 that spans positions 5239 to 8847 of the parental
viral genome, including all of the envelope gene as well as vif-vpx-vpr-tat-rev and
portions of nef. This vector was digested with ClaI and then partially digested
with NsiI, and a 5.2-kb fragment, which was predicted to have the NsiI cloning
site at position 6392 and the ClaI cloning site at position 7546, was gel purified
by standard methods. The M13mp18 clones with PCR-generated variant enve-
lope genes were also digested with NsiI and ClaI, and a 1.1-kb fragment encom-
passing most of the coding sequences for Env-SU, including V1 through V5, was
gel purified. This fragment was ligated into the 5.2-kb NsiI-ClaI-digested KpnI
subclone of SIVMneCL8. Correct clones were verified by restriction mapping
and nucleotide sequence analysis of the V1 sequences. The full-length viral
genome was reconstructed by using a unique BstI site 59 of the envelope coding
region (position 5343 in the full-length SIVMneCL8 provirus) and the ClaI site
at the end of SU (position 7546). The BstI-ClaI fragment (2.2 kb) was gel purified
from the chimeric KpnI subclone(s) and ligated to a similarly digested, gel-
isolated 14-kb fragment representing the plasmid encoding the SIVMneCL8
provirus minus its envelope gene. Again, the clones were verified by restriction
site analysis and nucleotide sequence analysis of the envelope gene regions
spanning V1 through V5.

Transfection of plasmid clones. Plasmid clones encoding SIVMne chimeras
were transfected into CEMx174 cells (a cell line derived from a fusion of a
human T-cell line [CEM] and a human B-cell line [721.174]) by using DEAE-
dextran. Cells were cultured in RPMI 1640 supplemented with 10% fetal bovine
serum, penicillin (100 U/ml), streptomycin (100 mg/ml), and 1 mM glutamine

(complete RPMI medium). At approximately 3-day intervals, the cells were
counted and diluted in fresh medium to a concentration of 5 3 105/ml. At each
of these times, culture supernatant was collected and production of SIV in the
supernatant was measured by using an assay specific for SIVp27gag antigen
(Immunotech, Westbrook, Maine) as described previously (36). At two time
points near the peak level of antigen production, virus supernatants were col-
lected and stored at 270°C. These viral supernatants from transfected CEMx174
cells were used for all subsequent infection studies involving the chimeras and
SIVMneCL8. The infectious titer of SIV in the culture supernatants was mea-
sured by the sMAGI assay, which previous studies have shown to be a highly
sensitive method for determining the tissue culture infectious dose of a variety of
SIV variants (10).

Infection of macaque PBMCs. Peripheral blood mononuclear cells (PBMCs)
were isolated from SIV- and simian type D retrovirus-negative M. nemestrina as
described previously (36). PBMCs were seeded into 24-well plates at a density of
8 3 105 in 1 ml of complete RPMI medium. Cultures were immediately infected
(in duplicate) with virus at a multiplicity of infection (MOI) of 0.01. At 24 h
postinfection, cells were washed twice in phosphate-buffered saline and resus-
pended in 2 ml of complete RPMI medium supplemented with 20 U of human
interleukin-2 (Boehringer Mannheim) per ml. At 3- to 4-day intervals, 1 ml of
medium was removed and tested for SIV p27gag, and complete RPMI medium
plus interleukin-2 was added to a final volume of 2 ml.

Isolation and infection of primary macrophages. Monocytes/macrophages
were isolated from the peripheral blood of a SIV- and simian type D retrovirus-
negative M. nemestrina and cultured as described previously (36). The cells were
demonstrated to be approximately 90 to 95% monocytes/macrophages by the
following criteria: (i) adherence to plastic, (ii) morphology, (iii) nonspecific
esterase assay (Sigma Chemical Co.), (iv) reactivity with an anti-human macro-
phage monoclonal antibody, EBM-11 (anti-CD68; Dako Corp.), and (v) phago-
cytosis of polystyrene latex beads (Sigma). The monocytes/macrophages (2.5 3
105) were seeded into wells of 48-well plates containing macrophage medium
(RPMI 1640 supplemented with 10% human AB serum and 5% fetal bovine
serum which were heat inactivated for 30 min, 10% GCT conditioned superna-
tant, penicillin [100 U/ml], streptomycin [100 mg/ml], and 1 mM glutamine).
After 5 days, cultures were infected at an MOI of 0.001 with the different clones
of SIV (in duplicate). Two days postinfection, the cells were washed twice with
serum-free RPMI 1640 medium and cultured in 1 ml of macrophage medium.
Every 3 to 4 days, 0.5 ml of medium was removed and replaced with 0.5 ml of
fresh macrophage medium.

Infection of CEMx174 cells. Infection studies with CEMx174 cells were similar
in design to those described previously (36). An equal infectious dose (8 3 103)
of each virus was used to infect 8 3 105 CEMx174 cells in a final volume of 1 ml
of complete RPMI medium; 1 day later, cells were washed twice in phosphate-
buffered saline and resuspended in 2 ml of complete RPMI medium. At 2- to
3-day intervals, cells were counted and diluted to a concentration of 5 3 105/ml
with medium and the SIVp27gag levels in the supernatants before dilution were
measured. Cell viability was determined by trypan blue exclusion. Syncytia that
were at least 5 normal cell diameters across were counted in each culture. Each
infection was carried out in duplicate, and infections with each virus were re-
peated on at least three occasions with similar results.

Infection of MAGI-CCR5 and sMAGI cells. To test coreceptor specificity in a
single-cycle assay that does not require virus spread, we used sMAGI and MAGI
cell derivatives (10, 11, 25). sMAGI cells are rhesus macaque CMMT cells that
express human CD4 and a HIV–long terminal repeat (LTR)–b-galactosidase
(b-gal) reporter gene cassette (10). MAGI cells are human HeLa cells similarly
engineered to express human CD4 and the HIV-LTR-b-gal cassette (25).
MAGI-CCR5 cells are MAGI cells engineered to express the human CCR-5
b-chemokine receptor (11). In the present study, sMAGI, MAGI, and MAGI-
CCR5 cells were cultured and infected as described previously (10, 25). Briefly,
4 3 104 (MAGI or MAGI-CCR5) or 8 3 104 (sMAGI) cells were plated in a
24-well plate a day before infection. Virus was added the next day in the presence
of DEAE-dextran at a final concentration 20 mg/ml (MAGI or MAGI-CCR5) or
15 mg/ml (sMAGI) in 150 ml of medium. After 2 (MAGI or MAGI-CCR5) or 3
(sMAGI) days, the cells were stained for b-gal expression as described previously
(10, 25).

Neutralization assays. Neutralization was measured by infecting sMAGI cells
with virus in the presence versus absence of serum as described previously (10).
Serum samples were obtained from four SIV-infected M. nemestrina macaques;
two (macaques 93100 and 92221) were infected with SIVMne, an uncloned
mixture from which SIVMneCL8 was derived, and the others (90027 and 92154)
were infected with SIVMne E11S, the biological single-cell clone from which the
SIVMneCL8 proviral clone was obtained (2, 3). Serum samples were obtained
both prior to infection (prebleed) and 5 to 6 months postinoculation. All serum
samples were heat inactivated for 30 min at 56°C. Sera was serially diluted
two-fold in complete Dulbecco modified Eagle medium (DMEM) (DMEM
supplemented with 10% fetal calf serum plus 100 U of penicillin, 100 mg of
streptomycin, and 300 mg of glutamine per ml) to a final volume of 25 ml and
added to an equal volume of a standard virus stock. For neutralization experi-
ments, 100 to 300 infectious virions harvested from CEMx174 cells transfected
with the viral chimeras or SIVMneCL8 were used. The mixture was incubated at
37°C in a 5% CO2 incubator for 45 min. The serum-virus mixture was added, in
the presence of 15 mg of DEAE-dextran per ml, to sMAGI cells that had been
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seeded in a 24-well plate at a density of 8 3 104 cells per well the previous day
(10). After 2 h of infection, another 1 ml of complete DMEM was added. The
cells were fixed and stained 3 days after infection as described previously (10).
The dilution of sera that resulted in 90% neutralization was extrapolated by
plotting the serum dilution against the number of infected (b-gal-positive, blue)
sMAGI cells in the presence of serum (Vn) over the number in the absence of
serum (Vo). At each dilution, duplicate infections were used to determine Vn and
Vo, and experiments were repeated on multiple occasions. As a negative control,
prebleed sera from each animal was tested against each virus. Although there
was some nonspecific activity in prebleed sera at higher dilutions (1:4 and 1:8),
it was never above the 90% criterion used to define neutralization titers in this
study (data not shown).

RESULTS

Sequences of the envelope gene of the chimeric viruses. Five
chimeric viruses with variant envelope gene sequences isolated
from macaque M87004 were constructed (Fig. 1). The partic-
ular envelope sequences represented in the chimeras were
obtained throughout the course of infection and disease, in-
cluding viruses present before overt disease, when changes in
V1 had just begun to accumulate, through variants present at
the terminal stages of disease, when there was more extensive
variation in other regions of envelope (33, 34). This macaque
developed AIDS at about 1 year postinfection (34). Three

clones, from 35, 81, and 121 weeks postinfection, were ob-
tained directly from macaque M87004 PBMCs (34). The two
clones from 170 weeks postinfection were isolated from cell
cultures expressing a cytopathic, syncytium-inducing virus pop-
ulation that were obtained by briefly coculturing macaque
M87004 PBMCs with macaque PBMCs (170wkPBSU virus) or
CEMx174 cells (170wkCESU virus) (36, 37). The sequences of
V1, V3, and V4 of the variant envelope genes were described
previously (34, 37). To identify other changes, the complete
sequence of each of the five variant envelope segments ex-
pressed in the chimeric genome was determined (Fig. 1B). As
reported previously, changes in V1 that encode predicted sites
for O-linked and N-linked glycosylation, which are the hall-
mark of SIVMne envelope variation (33, 34), were common to
all of the variants. The envelope gene encoded in the 35wkSU
chimera, which was isolated before the onset of AIDS in ma-
caque M87004, contained only four changes, two serines and
two threonines in V1. The envelope gene cloned soon after the
decline in CD41 T lymphocytes in macaque M87004 (81 weeks
postinfection) had more extensive mutations in V1. The vari-
ant from 121 weeks postinfection contained an insertion in V1
that is predicted to encode a nine-amino-acid stretch of serine

FIG. 1. Amino acid sequence of the extracellular envelope encoded by the chimeras. (A) The general structure of the chimeric proviruses is depicted schematically.
Open boxes denote regions derived from the SIVMneCL8 parent virus, and black boxes denote variants sequences engineered into the chimeras. (B) The predicted
amino acid sequence of variant Env-SU in comparison to SIVMneCL8. Only the portion of Env-SU encoded in the chimeras, which includes V1 to V5 as indicated
above the sequence, is shown. The number corresponding to the amino acid (a.a.) position in SIVMneCL8 envelope SU is indicated, and the SIVMneCL8 reference
sequence is shown in single-letter code. Dashes were introduced to show the position of an insertion in one of the variant envelope clones relative to SIVMneCL8. The
sequences of variant envelopes are shown below, and dots are used to indicate identity. The origin of each of the envelope gene subclones used to construct the chimeras
has been described previously: 35wkSU, 81wkSU, and 121wkSU represent 35wk:1-1, 81wk:2-3, and 121wk:2-2, respectively (34); 170wkPBSU and 170wkCESU
correspond to 170wk B-5 (PB-V1-15) and 170wk D (CE V1-35), respectively (37).
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and threonine residues. Envelope genes cloned from 81 weeks
and later times in infection also had acquired mutations en-
coding potential glycosylation changes in V4. In addition, there
were scattered single amino acid changes in the envelope of
the two variants from 170 weeks postinfection.

Transfection and expression of chimeric viruses. To deter-
mine if the chimeric viruses were replication competent, we
transfected the plasmid DNAs encoding the cloned provirus
into CEMx174 cells, which are highly permissive for SIVMne
infection (36, 37). Production of infectious virus was monitored
at 3- to 4-day intervals over the course of 4 weeks by testing for
SIVp27gag in the culture supernatant (Fig. 2).. SIVp27gag anti-
gen could be detected within 4 to 6 days after transfection in
each culture, although the amounts of SIVp27gag antigen in the
supernatants varied by several orders of magnitude among the
viruses tested. By 10 days posttransfection, the 35wkSU,
81wkSU, and 170wkCESU chimeras expressed levels of viral
antigen that were similar to that of the parental virus
SIVMneCL8. Virus replication was delayed in cells transfected
with the 121wkSU chimera, which had an insertion in V1, but
they reached the same peak levels as SIVMneCL8 and the
other chimeras by 4 weeks posttransfection. The 170wkPBSU
chimera expressed very low levels of virus throughout the 4-
week period and did not spread in culture. While the defect in
the replication of this chimera has not been examined in detail,
two charged amino acid residue changes in a highly conserved
region of Env-SU could account for this defect (amino acids
382 and 383 [Fig. 1]).

The differences in antigen levels were reflected in the
amounts of infectious virus that could be detected by sMAGI
assay. For example, there were only about 102 infectious par-
ticles per ml expressed from cells transfected with the
170wkPBSU chimera, whereas $104 to 105 infectious virions
were detected at the peak of antigen expression in cells trans-
fected with the other chimeras (Table 1 and data not shown).
The envelope protein was expressed and processed normally in
these chronically infected cells, except for cells transfected with
the 170wkPBSU chimera; in the latter case, the envelope pro-
tein could not be detected by immunoprecipitation of radiola-
beled cell extracts (data not shown).

Infection and replication in primary macaque lymphocyte
and macrophage cultures. To determine if the envelope of

viruses selected over the course of SIVMne infection altered
the replication properties of the virus, cultures from primary
macaque blood cells were infected with the chimeric viruses.
There were low to moderate levels of virus replication, as
judged by SIVp27gag expression, in macaque PBMCs infected
with the chimeric viruses (Fig. 3A). In general, the level of
replication of the chimeras in these cells was similar to that of
the parent virus, SIVMneCL8, although two- to threefold dif-

FIG. 2. Replication following transfection of SIVMne chimeras in CEMx174
cells. CEMx174 cells were transfected with each chimeric virus clone as well as
SIVMneCL8. At 3- to 4-day intervals for 4 weeks after transfection, virus repli-
cation and spread were monitored by assaying for SIVp27gag in the culture
supernatants. To determine the levels of SIVp27gag antigen, dilutions of super-
natant were tested in the linear range of the assay. SIVp27gag is plotted as a
function of days posttransfection.

TABLE 1. Infection of MAGI-CCR5 and sMAGI cells

Virus
Infectious virions/mla

sMAGI MAGI-CCR5 MAGI

MneCL8 1.2 3 104 1.6 3 104 0b

35wkSU 8.7 3 104 1.2 3 105 0c

81wkSU 2.2 3 104 3.3 3 104 0b

170wkCESU 3.9 3 104 3.8 3 104 0b

MixVar 9.1 3 105 7.6 3 105 0c

Mac1A11 1.0 3 104 1.0 3 104 NTd

Mac239 2.8 3 104 1.4 3 104 0b

HIV-1SF162 0 3.2 3 104 NT

a Average of infections performed in triplicate.
b Based on challenge experiments with 2 3 103 sMAGI-infectious virions.
c Based on challenge experiments with 2 3 104 sMAGI-infectious virions.
d NT, not tested.

FIG. 3. Infection of primary macaque cells. M. nemestrina blood-derived cells
were infected with virus expressed from CEMx174 cells transfected with the
plasmid viral clones. Infection and virus replication were monitored by an assay
for SIVp27gag. (A) PBMCs (8 3 105) were infected at an MOI of 0.01; (B)
macrophage cultures (2.5 3 105 cells) were infected at an MOI of 0.001. The data
represent an average of duplicate infection experiments. In panel B, 170 refers to
a full-length molecular clone, SIVMne170, described previously (24).
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ferences were observed in some infection experiments. For
example, in the experiment shown in Fig. 3A, the peak of
antigen production was threefold higher for the 35wkSU chi-
mera and threefold lower for the 81wkSU chimera compared
to SIVMneCL8, whereas the peak antigen levels were similar
for 170wkCESU and SIVMneCL8. These relatively small dif-
ferences between viruses were not consistently observed when
infections were performed in PBMCs from different macaque
donors (data not shown); this donor cell-dependent difference
in replication has also been observed with cloned SIVMne
proviral variants (24). In light of this finding and the modest
differences observed in replication between viruses in cultures
from single macaque donor, our studies suggest that there is no
consistent replication advantage to the viruses with variant
envelope sequences that evolve over time in the host. How-
ever, we cannot rule out that there may be animal-specific
advantages for replication of one virus over another. Unfortu-
nately, it was not possible to study replication of these viruses
in uninfected donor cells from the macaque in which they
evolved.

Our previous studies showed that the virus isolated from
macaques at later times in infection was poorly infectious for
macaque macrophages compared to the M-tropic parental vi-
rus, SIVMneCL8 (36). The tropism and replication of select
chimeras were examined in macaque macrophage cultures
(Fig. 3B); in these cells, little if any virus replication was de-
tected throughout 25 days in culture. In contrast, virus repli-
cation could readily be detected in macrophages infected with
SIVMneCL8, as shown previously (36). In addition, a full-
length molecular clone isolated from 170 weeks after infection
of macaque M87004 (Fig. 3B, 170) (24) replicated in macaque
macrophages. This difference between the chimeric viruses and
SIVMneCL8 and SIVMne170 was reproducible in macro-
phage cultures from two different macaques. Interestingly,
even the 35wkSU chimera, which encodes only V1 changes,
replicated with almost 100-fold-lower efficiency in macaque
macrophage cultures compared to the otherwise isogenic pa-
rental virus, SIVMneCL8. Because these studies rely on virus
spread, it is unclear whether the restriction to macrophage
replication is at entry or at later stages in replication. Previous
studies with SIVmac239, which encodes an Env-SU with V1
sequences that resemble the variants described here (33), sug-
gest that the restriction to macrophage infection by this virus is
at a postentry stage in replication (31).

Taken together, analyses of the replication of the chimeric
viruses in primary macaque blood cells suggest that the enve-
lope SU protein of variants that evolve during the course of
infection does not, by itself, confer an advantage for virus
replication. Moreover, in the context of the parental virus
genome, the variant envelope proteins may limit replication in
macrophages.

Infection of CEMx174 cells. Our previous studies showed
that the virus population in SIVMne-infected macaques with
AIDS was highly cytopathic and syncytium inducing in CD41

cell lines, particularly CEMx174 cells, while SIVMneCL8 was
not (36). To determine if the changes in envelope were deter-
minants for these cell culture virulence properties, we infected
CEMx174 cells with the chimeric viruses and assayed for cell
killing and syncytium formation. As a positive control, we used
the variant population from macaque M87004 PBMCs at 170
weeks postinfection. This mixed variant population (MixVar)
induced syncytia (Fig. 4A) and cytopathic effects (Fig. 4B) in
CEMx174 cells by 5 to 6 days postinfection; in contrast, SIVM-
neCL8 did not induce syncytia, as reported previously (36).
Syncytia were also observed in cells infected with chimeric
viruses (Fig. 4A). The 35wkSU and 81wkSU chimeras induced

a small number of syncytia (peaks of 62 and 44 per well,
respectively), whereas the chimeras with envelope SU from
proviruses at later stages of infection induced more syncytia
(peaks of 156 and 417 per well for 121wkSU and 170wkCESU,
respectively). Syncytium induction was delayed in cells infected
with the 121wkSU and 170wkCESU viral chimeras, which cor-
responded to a delay in peak antigen production in these cells
compared to cells infected with the variant mixture; in this
regard, the kinetics of replication of the chimeras were similar
to that of SIVMneCL8, with the exception of
SIVMne170wkPBSU, which did not replicate in CEMx174 cells
(data not shown).

Surprisingly, syncytium formation did not correspond with
extensive cytopathic effects in these cultures. In cells infected
with the variant mixture, there was a dramatic decrease in
viable cells starting at 5 to 6 days postinfection, corresponding
with the peak of syncytium formation in the cultures. The
decrease in the number of viable cells was modest in CEMx174
cells infected with the chimeras or SIVMneCL8 and was inde-
pendent of whether syncytia were detected in the culture. Sim-
ilar results have been observed in multiple experiments and in
cultures followed for up to 18 days postinfection (data not
shown). These data suggest that syncytium formation may not
account for the majority of cytopathic effects observed in
CEMx174 cells infected with SIVMne late variants. Moreover,
these data suggest that while the extracellular envelope glyco-

FIG. 4. Infections of CEMx174 cells with SIVMneCL8 and the chimeric
viruses. Virus harvested from CEMx174 cells transfected with the proviral clones
was used to infect 8 3 105 CEMx174 cells at an MOI of 0.01. Infections were
performed in duplicate for each virus. In panel A, syncytia are plotted as a
function of days postinfection; in panel B, the viable cell counts (log scale) are
shown during the 14 days after infection.
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protein may encode determinants for syncytium formation, it is
not a major determinant of cytopathic effects in these cells.

Recognition of the CCR-5 coreceptor. The CCR-5 chemo-
kine receptor protein functions as a coreceptor for M-tropic
strains of HIV-1 and for some isolates of SIV, including
SIVMne (1, 11, 13, 15, 17–19, 28, 38). Human and macaque
CCR-5 receptors function equally well for SIV infection (13).
To determine if the changes that evolve in the envelope gene
of viruses selected during the course of SIVMneCL8 infection
alter coreceptor recognition, we examined human CCR-5 co-
receptor specificity in a single-cycle assay that does not require
virus spread. For this purpose, we used MAGI and sMAGI cell
derivatives (10, 11, 25). sMAGI cells are susceptible to wide
variety of SIV variants, including both M-tropic and T-tropic
variants (10). Previous studies showed that the viral titers de-
fined by sMAGI cell infection are similar to the tissue culture
infectious dose determined by endpoint dilution in CEMx174
cells for both T-tropic and M-tropic SIV strains (10), and so
that these cells were used as a positive control. The MAGI cell
line is not susceptible to infection by SIVMneCL8, but MAGI
cells engineered to express human CCR-5 (MAGI-CCR5
cells) are highly susceptible to SIVMneCL8 infection (11).

Each SIV readily infected the sMAGI cells and MAGI-
CCR5 cells, but none of the variants could infect the parental
MAGI cells that lacked the exogenous CCR-5 coreceptor (Ta-
ble 1). This was true for chimeras encoding SU sequences
obtained from proviruses throughout the course of infection,
through 170 weeks. Similarly, the cytopathic, syncytium-induc-
ing mixed variant population of SIVMne isolated from ma-
caques with AIDS recognized the human CCR-5 coreceptor,
as did two clones of SIVmac. The infectivity of all SIV variants
in MAGI-CCR5 cells was similar to their infectivity in the
highly permissive sMAGI cell line, suggesting that each of the
variant envelopes efficiently recognize the CCR-5 chemokine
coreceptor. These data suggest that changes in the envelope
protein that are selected over time in the host do not alter
interactions with the CCR-5 chemokine coreceptor, although
experiments with the M. nemestrina receptor gene may be
required to more conclusively demonstrate this point.

Lack of recognition of variant envelope proteins by neutral-
izing antibodies. To examine whether the envelope changes
encoded by viruses that are selected in the host affect their
antibody recognition, neutralization of the chimeras and the
parental virus SIVMneCL8 was examined. For this purpose,
we analyzed the titer of neutralizing antibodies in sera from
SIVMne-infected macaques, using the sMAGI neutralization
assay (10). Neutralizing activity could not be detected in the
available serum samples from macaque M87004, and we have
found that not all SIVMne-infected macaques have detectable
neutralizing antibodies in their sera (data not shown). Sera
from two macaques (90027 and 92154) infected with the bio-
logical clone of SIVMne from which SIVMneCL8 was derived
had antibodies that could neutralize SIVMneCL8 but not the
chimeric viruses. For example, the 90% neutralizing titer
against SIVMneCL8 was 1:12 in macaques 90027 (Fig. 5A) and
92154 (Fig. 5B), but neither serum could neutralize the
35wkSU, 81wkSU, or 170wkCESU chimera. The mixture of late
variants isolated from macaque M87004 were also not effi-
ciently neutralized by these sera, although neutralization of
this mixed virus population was achieved with a 1:4 dilution of
sera from 92154 (Fig. 5B). Because the 35wkSU chimera dif-
fers from SIVMneCL8 at only four positions in V1 (Fig. 1),
these data show that mutations in V1 alter neutralizing anti-
body recognition of SIVMne.

These data suggest that animals that have been infected with
a SIVMneCL8-like virus may mount a neutralizing antibody

response against homologous envelope but not against the
heterologous envelope of viruses that evolve later in infection.
To determine if neutralizing antibodies that recognize variants
with the V1 changes could be detected in monkeys exposed to
a complex inoculum, we also examined sera from two ma-
caques (93100 and 92221) inoculated with an uncloned stock of
SIVMne. This uncloned SIVMne stock contains a mixture of
variants that include viruses with envelope sequences resem-
bling SIVMneCL8, as well as envelope sequences with the V1
serine and threonine changes characteristic of the variants that
evolve in SIVMneCL8-infected macaques (38a). The sera from
macaque 93100 efficiently neutralized SIVMneCL8 (1:64) but
did not neutralize the chimeric 35wkSU, 81wkSU, and
170wkCESU viruses or the variant mixture even at a dilution of
1:8 (Fig. 5C). Similar results were observed with a second
macaque (Fig. 5D); SIVMneCL8 was neutralized by macaque
92221 serum, but the chimeric viruses were not. These data
suggest that not only do the changes in the variant envelope
allow escape from neutralizing responses against the infecting
virus, SIVMneCL8, but they also do not appear to elicit a
strong humoral response compared to SIVMneCL8 when
present in the infecting virus.

DISCUSSION

The evolution and selection of SIV and HIV variants within
an infected individual may be influenced by a multitude of
interactions that occur between the virus and the host. Genetic
diversity is characteristic of HIV and SIV infection, and it
undoubtedly reflects a process of selection superimposed upon
a high rate of mutation and viral turnover. Variants that
emerge over the course of infection are frequently phenotyp-
ically and immunologically distinct from the viruses present at
earlier times in infection. To begin to understand the host
factors that drive evolution of new virus variants in the host, we
analyzed the biological properties of viruses encoding envelope
SU proteins representative of variants found throughout the
course of SIVMne infection and disease. These studies suggest
that Env-SU changes do not confer a replication advantage to
the selected viruses, but they do allow the virus to escape
neutralizing antibody recognition.

The uncloned virus population that emerges in macaques
infected with a M-tropic, non-syncytium-inducing clone of
SIVMne is T-tropic, cytopathic, syncytium inducing, and
poorly infectious for macaque macrophages (36). This pheno-
typic change in the virus occurs over the course of infection, as
AIDS develops, and it is similar to what has previously been
observed in HIV-1-infected individuals (36). The uncloned
virus mixture is not recognized by macaque sera that can neu-
tralize the SIVMneCL8 parent virus, suggesting that antigenic
changes occur in viruses selected during the course of infec-
tion. Because these viruses were a mixed population of variants
obtained by coculturing PBMCs from the infected animal (37),
it was not possible to determine from these experiments which
viral gene and/or variant was responsible for the phenotypic
and immunological changes observed in the viruses relative to
the SIVMneCL8 parental virus.

Our previous studies have shown that the variants that are
selected in SIVMne infection of macaques encode character-
istic changes in the V1 and V4 regions of envelope (33, 34). To
study the biological changes associated with these genetic al-
terations, a series of chimeric viruses encoding variant enve-
lope sequences in the context of the parental virus were ana-
lyzed. We chose variants from one macaque (M87004),
infected with SIVMneCL8, because (i) we have extensive data
on sequence variation of SIVMneCL8 in this animal over the
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course of infection and AIDS (33, 34), which allowed us to
chose prototype variants from different stages of infection, and
(ii) we have shown that the virus populations isolated from the
PBMCs of this animal when it had disease were rapidly repli-
cating, cytopathic, and syncytium inducing in T lymphocytes
compared to the parental M-tropic, noncytopathic, non-syncy-
tium-inducing SIVMneCL8 virus from which they evolved
(36).

The extracellular envelope glycoprotein of viruses that
evolve over time in SIVMne infection has acquired mutations
that confer the ability to induce syncytium formation. Syncytia
were observed in cells infected with viruses encoding envelope
proteins from variants present at the later stages of infection
and disease in the macaque. In the syncytium phenotype, the
chimeric viruses encoding envelope genes from late in infec-
tion resembled the uncloned virus isolates from the animal
when it had AIDS. However, in contrast to the uncloned iso-
lates, the syncytium-inducing chimeras were not highly cyto-
pathic. These data suggest that the extracellular envelope gly-
coprotein of SIVMne is not a primary determinant of
cytopathic effects. These data also suggest that syncytium for-
mation does not fully account for the cytopathic effects asso-
ciated with replication of the late variant mixture in CEMx174
cells.

The Env-SU of the late variants does not enhance the rep-

lication properties of SIVMne in macaque PBMC cultures. In
general, the chimeric viruses replicate with efficiency similar to
that of the parental SIVMneCL8 in primary lymphocyte cul-
tures. However, one caveat to the interpretation of these stud-
ies is that subtle replication differences cannot be identified in
our assays with primary macaque PBMC cultures because of
the variability in the relative rates of replication of individual
viruses in different macaque donor cells. Surprisingly, the
chimeric viruses replicate with lower efficiency than the
SIVMneCL8 parent in macaque macrophages. This was true of
all chimeras examined, including the 35wkSU chimera, which
differed from SIVMneCL8 by only four amino acids, all of
which were serines and threonines in V1. This finding may
indicate that sequences in V1 affect macrophage tropism of
SIVMne, although these experiments do not distinguish
whether the replication of these chimeras is restricted at entry
or a later stage in infection of macrophages. Interestingly,
changes in both a potential N-linked and a potential O-linked
glycosylation site in V1 of HIV-1 have also been associated
with a change in viral tropism (5, 9). Overall, our data suggest
that changes in Env-SU that evolve over the course of SIVM-
neCL8 infection do not provide a selective advantage for rep-
lication of the virus in two major targets cells of the host,
lymphocytes and macrophages.

In light of the changes in macrophage tropism of SIVMne

FIG. 5. Neutralizing antibodies titers against SIVMneCL8 and the chimeric viruses in sera from four SIVMne-infected macaques. The number of infectious particles
in the presence of sera (Vn) over the number in the absence of sera (Vo) is shown as a function of the serum dilution. The results are an average of duplicate infections
in sMAGI cells and are representative of at least two independent experiments. (A) Serum from M. nemestrina 90027, inoculated with SIVMneE11S clone, at 6 months
postinfection; (B) serum from M. nemestrina 92154, inoculated with SIVMneE11S, at 6 months postinfection; (C) serum from M. nemestrina M93100, inoculated with
uncloned SIVMne, at 5 months postinfection; (D) serum from M. nemestrina 92221, inoculated with uncloned SIVMne, at 5 months postinfection.
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variants, we examined the ability of these viruses to recognize
the CCR-5 chemokine coreceptor. CCR-5 functions as a core-
ceptor for infection by M-tropic HIV-1 isolates (1, 15, 17–19,
38), and both the human and macaque CCR-5 proteins can
efficiently and interchangeably function as coreceptors for di-
verse strains of SIV (13, 28). We have shown that human
CCR-5 can function as a coreceptor for M-tropic SIVMneCL8
(11). Here we show that human CCR-5 also functions as a
coreceptor for SIVMne chimeras that do not replicate in mac-
rophage cultures. While there is a strong correlation between
recognition of CCR-5 and macrophage tropism for HIV-1,
recognition of CCR-5 itself is not sufficient for macrophage
infection (14). Moreover, macrophage infection by dual-tropic
HIV-1 may also occur in the absence of functional CCR-5 (35).
Our data and the data of Chen et al. (13) suggest that for SIV
infection, recognition of CCR-5 by a particular virus variant is
also not strictly correlated with the ability of that virus to
replicate in primary macrophages. It is possible that these types
of studies, using transformed cell lines engineered to express
chemokine receptors, do not provide a true picture of the
complex interactions that occur between the virus and cellular
proteins involved in viral entry into primary cells. Alterna-
tively, the results may suggest that the restriction to replication
of the SIVMne chimeras in macrophages is at a postentry stage
in replication, as has been reported for SIVmac239 infection in
macrophages (31).

Isolates of HIV-1 obtained sequentially during the course of
human infections acquire the ability to recognize additional
coreceptors but tend to retain the ability to recognize CCR-5
(16, 38). Because the determinant for HIV-1 coreceptor rec-
ognition maps to Env-SU (1, 15–19, 39, 40), these data suggest
that changes which evolve in SU during the course of HIV-1
infection do not alter CCR-5 interactions. The studies pre-
sented here, which include analysis of chimeric viruses encod-
ing SU proteins from different stages of SIVMne infection,
directly demonstrate this to be true in the SIV-macaque sys-
tem. However, our data indirectly suggest that the SIV isolates
from late stages of infection do not acquire the ability to
recognize the CXCR-4 coreceptor that is recognized by late-
stage HIV-1 variants (4, 16, 20) because these SIV isolates do
not infect cells which express endogenous CXCR-4 (MAGI
cells). Consistent with this, SIVmac also does not use CXCR-4
or any of the other known HIV-1 coreceptors for entry (13).
There is strong circumstantial evidence for an additional SIV
coreceptor(s) other than CCR-5, at least one of which is ex-
pressed in CEMx174 cells (13). Because all of the viruses
examined here can replicate in CEMx174 cells, we hypothesize
that they would also recognize such a CEMx174 coreceptor.
However, in light of the strong parallels in the patterns of
phenotypic viral changes observed in HIV-1 infection in hu-
mans and SIVMne infection in macaques (36), we suggest that
the late SIVMne variants have expanded the repertoire of
coreceptors that they can utilize. As new coreceptors for SIV
are identified, the panel of viruses described here will provide
a powerful tool for defining changes in coreceptor specificity
that evolve over time in SIV-infected macaques.

The most striking differences between chimeric viruses en-
coding envelope variants from infected macaques compared to
the parental infecting virus was in the ability to be neutralized
by host antibodies. While SIVMneCL8 was neutralized by sera
from macaques infected with homologous virus, the chimeric
viruses were not. These data illustrate that envelope changes
allow the virus to escape humoral immune responses. These
studies are consistent with previous studies of SIVmac in-
fections, which showed that variants that emerge during SIV-
mac239 infection are resistant to neutralization by the host

sera (6, 26). Moreover, in macaques infected with uncloned
SIVMne, there was detectable neutralizing antibodies to
SIVMneCL8 but not to the chimeric viruses, suggesting that
envelope changes in viruses that evolve in the host may, in
general, make the virus less immunogenic. In support of this
hypothesis, a late variant clone isolated from SIVsm infection
was inefficiently recognized by a panel of broadly cross-reactive
SIV-infected macaque sera, and this virus did not elicit a
strong neutralizing antibody response when inoculated into a
new host (21).

The differences in neutralizing antibody recognition were
mapped to the V1 region; specifically, four predicted serine
and threonine changes found in an envelope sequence from 35
weeks postinfection were sufficient for the virus to evade an-
tibody neutralization. Previous studies of SIV have identified
several linear and discontinuous B-cell epitopes in SIV enve-
lope (reviewed in reference 7). However, because these studies
focused on monoclonal antibodies generated by immunization
of mice, it is unclear which of these epitopes may be most
immunogenic in macaques. In these analyses, V1 was not iden-
tified as an epitope for neutralizing antibody recognition in
SIV. The studies presented here suggest that V1 is a principal
neutralizing determinant of SIV, although it remains to be
seen if V1 defines a linear or discontinuous B-cell epitope or
whether changes in V1 are associated with conformational
changes that mask an epitope elsewhere. In any case, our data
suggest that viruses with changes in V1 may be selected be-
cause they can escape the host humoral immune response to
the infecting virus.

In the studies presented here, the phenotypic and immuno-
logic changes in viruses that evolve during the course of
SIVMne infection have been analyzed in direct comparison
with the parental, infecting viral clone. Changes in the V1
region of envelope that occur prior to the onset of AIDS are
associated with a restriction for replication of the virus in
macrophages and, at the same time, an escape of the virus
from neutralizing antibody recognition. Additional envelope
changes found in viruses at late-stage AIDS confer the ability
to induce syncytium formation, but syncytium induction is not
associated with cytopathic effects. The envelope changes in
viruses that are selected over time in SIV infection do not, in
general, alter the cytopathic properties of the virus, affect rep-
lication of the virus in lymphocyte cultures, or alter CCR-5
recognition. These studies may suggest that other viral genes
contribute to some of the changes in viral phenotype charac-
teristic of SIV infection in macaques and may explain previous
studies suggesting that the pathogenic determinants of SIV
infection are complex (29, 32). Together, these data suggest
that multiple domains in the SIV genome, which evolve in
response to different selective pressures in the host, contribute
to evolution of a virus population that is T-tropic, highly cyto-
pathic, and syncytium inducing and that is no longer recog-
nized by the host humoral immune response.
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