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End-stage simian immunodeficiency virus (SIV) isolates are suggested to be the most fit of the evolved
virulent variants that precipitate the progression to AIDS. To determine if there were common characteristics
of end-stage variants which emerge from accelerated cases of AIDS, a molecular clone was derived directly from
serum following in vivo selection of a highly virulent SIV isolate obtained by serial end-stage passage in rhesus
monkeys (Macaca mulatta). This dominant variant caused a marked cytopathic effect and replicated to very
high levels in activated but not resting peripheral blood lymphocytes. Furthermore, although this clone infected
but did not replicate to detectable levels in rhesus monocyte-derived macrophages, these cells were able to
transmit infection to autologous T cells upon contact. Interestingly, although at low doses this end-stage vari-
ant did not use any of the known coreceptors except CCR5, it was able to infect and replicate in human pe-
ripheral blood mononuclear cells homozygous for the �32 deletion of CCR5, suggesting the use of a novel
coreceptor. It represents the first pathogenic molecular clone of SIV derived from viral RNA in serum and
provides evidence that not only the genetic but also the biological characteristics acquired by highly fit late-
stage disease variants may be distinct in different hosts.

Simian immunodeficiency virus (SIV) of sooty mangabeys
causes AIDS in macaques, providing an important animal mod-
el for human immunodeficiency virus (HIV)-induced AIDS in
humans (13, 19, 21, 31, 41). Molecular clones of HIV and SIV
have been valuable for addressing specific questions in AIDS
pathogenesis (29, 45, 53), vaccine development (6, 9, 10, 13, 30,
56, 60), and the evaluation of antiviral drugs (2, 63). To date,
molecular clones of SIV have been derived from proviral DNA
rather than viral RNA, and most proviral clones have been
obtained from cultured cells and frequently from infected hu-
man cell lines (14, 23, 31, 36, 45, 50, 52). It has been demon-
strated that by in vitro propagation certain viral variants are
selected (20, 65). In particular, growth of virus in human cell
lines results in major changes in the SIV genome, such as
deletions leading to truncation of the transmembrane envelope
protein (7, 24, 34, 35). This has resulted in important biological
differences between the derived clones and the original patho-
genic virus population in the host. In addition, proviral DNA
frequently contains a high proportion of defective proviruses
(37, 42, 43, 47, 66).

Recently it has been demonstrated that late-stage SIVmne

variants in pigtail macaques are highly fit, having acquired
multiple mutations encoded at several genetic loci that facili-
tate immune escape and increase replication and cytopathic

properties (32). These observations have recently been sup-
ported by another line of evidence. A series of in vivo passage
studies were performed in which blood samples taken at the
time of AIDS development were subsequently used to infect
naive rhesus macaques. End-stage blood samples were taken
from the most rapidly progressing animal and passaged again
in vivo. This in vivo passage of end-stage variants resulted in a
progressively accelerated disease course with each successive
passage until the fourth passage, by which time AIDS had
developed in as little time as 2 weeks (28). Taken together, the
results of these two independent lines of investigation sug-
gested that the passage of primate lentiviruses late in disease
could result in the transmission of highly virulent variants ca-
pable of causing rapid progression to AIDS. The data sug-
gested that highly fit end-stage or late-stage fitness variants had
common biological properties (32).

The provirus population in mononuclear cells in vivo is gen-
erally considered to be a sanctuary of biological variants which
have accumulated in such intracellular reservoirs as a conse-
quence of previous host immune pressures and/or defective
viral replication (66). Alternatively, we reasoned that extracel-
lular virions represented the most actively replicating, domi-
nant virus population, having become the most predominant in
the host at a particular stage in disease development. SIV and
HIV clones that are derived directly from extracellular virus
populations in biological fluids such as serum have not been
characterized or evaluated for virulence in vivo. A key feature
of lentivirus pathogenesis is a persistent high-level cell-free
viremia. Since the predominance of certain extracellular lenti-
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viruses after seroconversion is most likely the result of escape
from immune surveillance or escape from drug therapy during
treatment, such viral variants are of particular biological inter-
est. Recently we developed a strategy to generate pathogenic
clones directly from extracellular virions present in the circu-
lation, in serum or plasma (25, 26). Using this strategy, we
derived a full-length infectious molecular clone of SIV8980, an
end-stage isolate from a macaque which had progressed rap-
idly to AIDS following serial end-stage passage of SIVB670 in
vivo (27). Sequence analysis revealed a unique relationship,
placing this virus between the two groups of SIVsm and SIVmac

primate lentiviruses. During in vivo passage the variability of
the V1 envelope region decreased as virulence increased. The
SIVF359 molecular clone represented the most dominant vari-
ant that had emerged during end-stage passage. This variant
was highly cytopathic and replicated to high titers in vivo. It
was predominantly T-cell tropic, infecting macrophages but
not productively replicating in macrophages at detectable lev-
els. Interestingly, if autologous lymphocytes were placed in
direct contact with macrophages exposed to this clone, a very
high level of viral production was found in the culture super-
natants. Of all the known coreceptors, SIVF359 was highly
selective for CCR5. However, it could replicate in human pe-
ripheral blood mononuclear cells (PBMC) homozygous for the
�32 deletion, suggesting the possible use of a novel coreceptor.

MATERIALS AND METHODS

Molecular clone derived from serum. SIV8980 was derived from SIVB670 by
four in vivo passages in Indian rhesus macaques. Monkey 8980 rapidly pro-
gressed to AIDS following the fourth in vivo passage (27). Serum from this
animal was, without culture, directly used to derive the F359 molecular clone of
SIV (25). Since the synthesis of full-length (10-kb) SIV cDNA molecules from
small amounts of RNA templates proved to be very difficult, a modified reverse
transcription-PCR technique was developed to separately generate 5� and 3�
halves of the SIV genome (26). By ligating these two 5-kb fragments, we were
able to reconstitute the SIVF359 infectious molecular clone directly from serum
as we have previously described (25).

Infectivity in vitro. Primary rhesus PBMC cultures were maintained with
medium changes every 2 days and were observed regularly for cytopathic effect
(CPE). Infection was confirmed by immunocytochemistry for the expression of
SIV Gag antigen. Single-cell preparations for immunocytochemistry were pre-
pared on acetone-cleaned glass slides which had been air dried for 30 min. Cells
were fixed in acetone-methanol (1:1) and in ethanol (70%) for 15 and 30 min,
respectively. Slides were washed in 0.05 M Tris-HCl (pH 7.6)–0.1 M NaCl for
5 min and incubated with 20 �l (1:25 dilution) of anti-Gag monoclonal antibody
(51). Cells were washed for 5 min and incubated with goat anti-mouse immu-
noglobulin G (IgG) antibody for 30 min at room temperature. To amplify the
signal, the cells were then washed and incubated with mouse anti-alkaline phos-
phatase (APAAP complex; Boehringer). Cells were washed for 5 min and were
incubated with 20 �l of substrate solution (0.1 M Tris-HCl [pH 9.5], nitroblue
tetrazolium–5-bromo-4-chloro-3-indolylphosphate, 5 mM levamisole [10:1:1])
for 30 min at room temperature. Cells were washed for 5 min in tap water, 1 drop
of 50% glycerol–phosphate-buffered saline (PBS) was added per slide, and the
cells was covered with a coverslip. The preparations were examined at a magni-
fication of �40,and CPE was quantified. In cell culture supernatants virus was
quantified by measuring p27 concentrations (SIV p27 antigen capture enzyme-
linked immunosorbent assay; Coulter Corp., Hialeah, Fla.).

Pathogenicity. Adult rhesus macaques (Macaca mulatta) used in this study
were housed at the animal facility of the Biomedical Primate Research Centre,
Rijswijk, The Netherlands. Animals were negative for SIV, simian T-cell leuke-
mia virus, and simian D type retroviruses. Two outbred Indian rhesus maca-
ques were inoculated intravenously with 50 50% tissue culture infective doses
(TCID50) of the SIVF359 stock grown on rhesus PBMC. EDTA-treated blood
samples were collected every 2 weeks postinfection for quantitative virus isola-
tions (QVI) from PBMC and for determination of SIV p27 antigen in plasma.
Rhesus monkeys that developed clinical evidence of AIDS were euthanized, and
full pathological analysis was performed to confirm the diagnosis. For histolog-

ical examination, tissues were formalin fixed and paraplast embedded. Four-
micrometer-thick sections were stained with hematoxylin and eosin. For the
detection of microsporidia, Gram staining was applied on gall bladder sections.

For QVI, PBMC were prepared from EDTA-treated blood by lymphocyte
separation medium density gradient centrifugation. Cells at the interface were
collected and washed twice with RPMI. Twofold dilutions of PBMC (starting
with 106 cells) were cocultured with 2.5 � 105 cells of the human T-cell line C8166
in a 24-well plate (Greiner Labortechnik, Alphen a/d Rijn, The Netherlands) in
duplicate. Cell culture medium (RPMI with 10% fetal calf serum [FCS]) was
partly changed twice a week. The cell cultures were screened regularly for the
presence of CPE.

The phenotype of rhesus PBMC was assessed by two-color fluorescence-acti-
vated cell sorter (FACS) analysis. Briefly, heparinized blood (100 �l) was incu-
bated with 10 �l of monoclonal antibody mix at room temperature. After incuba-
tion, 2.5 ml of lysing solution (Becton Dickinson, Etten-Leur, The Netherlands)
was added, followed by an incubation at room temperature for 10 min and then
centrifugation for 10 min at 200 � g. Four milliliters of PBS with 2% formalde-
hyde was added, and the tubes were centrifuged for 10 min at 200 � g. The
supernatant was aspirated, and the cells were resuspended in 5 ml of PBS with
2% formaldehyde and stored overnight at 4°C. Flow cytometry was performed on
a FACScan using the CellQuest software (Becton Dickinson), with 5,000 events
analyzed. To assess CD4 T-cell levels in peripheral blood, the following mono-
clonal antibodies were used: an anti-CD3 monoclonal antibody (FN18; Biomed-
ical Primate Research Centre) covalently coupled to fluorescent isothiocyanate-
phycoerythrin and an anti-CD4 monoclonal antibody (SK3; Becton Dickinson)
covalently linked to phycoerythrin conjugate. Once it was determined that this mo-
lecular clone was pathogenic and caused AIDS in two animals, an additional eight
rhesus monkeys were infected and monitored for the time to development of AIDS.

Cell tropism. To assess susceptibility to infection of resting and activated
lymphocytes, blood was taken from healthy rhesus monkeys which were negative
for SIV, simian T-cell leukemia virus, and type D retroviruses. PBMC were
isolated by lymphocyte separation medium density gradient centrifugation and
were washed twice with RPMI. Activated lymphocytes were prepared by con-
canavalin A mitogen stimulation (5 �g/ml; 48 h) and interleukin-2 (IL-2) treat-
ment (50 U/ml, starting after virus adsorption and continuing throughout the
experiment). Resting lymphocytes were cultured in RPMI (plus 10% FCS) with-
out phytohemagglutinin and IL-2. Resting and stimulated lymphocytes were
distinguished by double labeling with anti-CD3 antibody specific for T cells and
anti-MIB-1 antibody specific for the cellular proliferation marker Ki-67 (3, 15,
40). Resting and stimulated cell cultures (5 � 106 cells) were simultaneously
infected with 100 TCID50 of SIVmac239/YEnef (a molecular clone capable of pro-
liferating in resting cells) (15) or of the SIVF359 clone at 37°C for 18 h. Unbound
virus particles were removed by washing the cell pellets five times with 5 ml of
RPMI (plus 10% FCS), and the cells were cultured for 12 days in RPMI (plus
10% FCS) either with or without IL-2 for stimulated or resting PBMC, respec-
tively. Supernatants were monitored for the production of virus p27 by antigen
capture enzyme-linked immunosorbent assay. The absence of Ki-67 staining was
used to confirm that resting lymphocyte cultures remained in a quiescent state.

SIV p27 gag expression in monocyte-derived macrophage (MDM) and PBMC
cultures was studied by double-staining immunocytochemistry. Briefly, cells were
incubated with a mixture of the mouse anti-Gag monoclonal antibody 2E4
(IgG2a; kindly provided by M. Niedrig [51]) and mouse anti-CD68 monoclonal
antibody KP1 (IgG1; DAKO, Glostrup, Denmark), which was used to costain
macrophages. Subsequently, slides were incubated with alkaline phosphatase-
conjugated goat anti-mouse IgG2a subclass-specific antibody (Southern Biotech-
nology Inc., Birmingham, Ala.) and horseradish peroxidase-conjugated goat anti-
mouse IgG1 subclass-specific antibody (Southern Biotechnology). All incubation
steps were performed at 20°C for 30 min. Endogenous peroxidases were blocked
with 0.1% NaN3 plus 0.3% H2O2 in PBS after the incubation with the first
antibody. Alkaline phosphatase activity was detected with naphthol-AS-MX
phosphate (Sigma Chemical Co., St. Louis, Mo.) and Fast Blue BB (Sigma) in 0.1
M Tris-HCl (pH 8.5) (20 min in the dark), yielding a blue color. Horseradish
peroxidase activity was detected using H2O2 (0.03%) and 3-amino-9-ethylcarba-
zole (Sigma), yielding a red color.

To determine if SIVF359 was able to infect rhesus MDM cultures, lymphocyte
separation medium-isolated PBMC were seeded at a concentration of 5 � 106

cells per ml in 24-well plates in RPMI with 10% FCS. Adherence was allowed to
continue for 5 days. Prior to infection, nonadherent cells were separated from
adherent cells by rigorous washing with culture medium. Adherent cells were
checked for purity (�98%) and for being macrophages by demonstrating the
presence of the cell surface marker CD68 and by microscopic examination of
their characteristic morphology. After infection with SIVmac316 (a macrophage-
tropic molecular clone of SIV used as a positive control) (48), SIV8980 (the
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parental strain of SIVF359), or SIVF359, unbound virus was removed by washing
the cells twice. MDM cultures were maintained for 12 days in RPMI 1640
medium supplemented with 20% FCS, penicillin, and streptomycin with medium
changes once per week. At day 12 samples were analyzed for intracellular gag
expression and the presence of SIV p27 Gag antigen in supernatants.

Studies were subsequently undertaken to determine if cell-cell contact be-
tween MDM previously exposed to virus could result in productive infection of
autologous lymphocytes. MDM cultures (prepared as described above) were
exposed to either the parental SIV 8980 or the molecular clone variant SIV F359

(both at 3,000 TCID50). On the following day residual virus was removed from
cultures by vigorous washing at least three times. Specific infection was deter-
mined by double staining of MDM for the specific marker CD68 as well as viral
p27. Virus replication in these cultures was determined by the amount of p27
present in the culture supernatants at days 0, 6, and 12 postinfection. On day 12
macrophage cultures were extensively washed, and autologous concanavalin A-
stimulated rhesus lymphocytes (2 � 10 6) were added to the SIV 8980- and SIV
F359-exposed MDM cultures. Virus replication and production in autologous
lymphocytes after cocultivation with MDM cell interaction was measured by the
amount of p27 which accumulated in the culture supernatants at days 0, 2, 6, 12,
and 14 following cocultivation of the two different cell populations.

Coreceptor studies. The coreceptor usage of the molecularly cloned virus was
determined by three different assays. The first assay involved the use of HOS-
CD4� cell lines expressing either the macaque or the human CCR5 and was
based on immunostaining of SIV-infected cells. The HOS-CD4� cell lines were
infected with SIVF359 by adding 104 TCID50 of virus per ml to the adherent cells
in 3 ml of medium. After 72 h, cells were analyzed for syncytium formation,
washed once in serum-free medium, fixed in methanol-acetone (50:50) for 2 min
at �20°C, and washed twice in PBS supplemented with 1% FCS. Anti-Gag
mouse monoclonal antibody (0.6 ml/well) was added, and the cells were incu-
bated for 1 h at room temperature and washed three times in PBS supplemented
with 1% FCS. Goat anti-mouse �-galactosidase-conjugated polyclonal antibodies
(0.6 ml/well) were added, and the cells were incubated for 1 h at room temper-
ature and washed three times in serum-free PBS. X-Gal (5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside) substrate (0.6 ml/well) was added, and the prep-
aration was incubated in a sealed box for 30 min at 37°C. For quantification the
stained cells were washed three times in PBS.

The second assay used the astroglia cell line U87 stably expressing human CD4
and one of the chemokine receptors CCR2b, CCR3, CCR5, or CXCR4. These
cells were seeded in 24-well plates at 2 � 104 cells per well in 1 ml of medium.
Infection was performed overnight at 37°C with 10-fold serial dilutions of virus
(1-ml final volume) beginning with a 1:8 dilution of the SIVF359 stock. After
infection, the cultures were washed three times with Dulbecco’s modified Eagle
medium (DMEM) (Gibco) and cultured for 13 days. Medium was changed twice
a week. Cultures were examined microscopically for CPE, and supernatants,
collected at several time points after infection, were tested for p27 concentration.

In the third assay several CD4-transformed human osteosarcoma HOS cell
lines were used, expressing the chemokine receptors CCR1, CCR2b, CCR3,
CCR4, CCR5, CXCR4, BOB/GPR15, Bonzo/STRL33, CXCR1 (V28), CCR8,
APJ, GPR1, and US28 (the reagents were obtained through the AIDS Research
and Reference Reagent Program, Division of AIDS, National Institute of Al-
lergy and Infectious Diseases, National Institutes of Health, from V. N. Kewal-
Ramáni and D. R. Littman). The CD4-transformed (under neomycin selection)
HOS parental cells containing the HIV type 2 (HIV-2) long terminal repeat driv-
ing green fluorescent protein introduced via cotransfection with the cytomega-
lovirus promoter driving a hygromycin-resistant construct were maintained in
DMEM supplemented with 10% FCS under selection with neomycin (G418 [0.5
mg/ml]; Gibco) and hygromycin (100 �g/ml). Coreceptor genes were introduced
via retroviral infection with the pBABE-puro vector (11, 39) under selection with
puromycin (1 �g/ml; Calbiochem, La Jolla, Calif.). For cell-free infection exper-
iments, HOS-CD4 cells expressing the different coreceptors were seeded at 2 �
104 cells per well (2 ml) in 12-well plates and cultured in DMEM with 10% FCS.
The next day, infection with the virus stocks (500 �l/well) was performed in the
presence of Polybrene (20 �g/ml) overnight at 37°C. After infection, the cultures
were washed and cultured for another day. Forty-eight hours after infection, cells
were analyzed for green fluorescent protein fluorescence by FACS.

DNA sequencing and phylogenetic analyses. Double-stranded plasmid DNA
containing the 10-kb SIVF359 insert was used as a template for sequencing.
DNA-sequencing reactions were carried out using dye-primer chemistry and
were executed on a LiCor automated DNA sequencer. The entire insert was
sequenced from both directions. Nucleotide sequences were aligned using Clust-
alW version 1.7 (61). Alignments were examined and adjusted as necessary using
the Genetic Data Environment program (59). Regions of sequences that could
not be unambiguously aligned were removed from subsequent analyses. Neigh-

bor-joining phylogenetic analyses were conducted using the DNADIST and
NEIGHBOR programs from version 3.5c of the PHYLIP package (17). Maxi-
mum-likelihood analyses of env sequences from selected SIVs were performed
using the PAUP* program (version 4.0.0d60; D. Swofford) as follows. Initial
maximum-likelihood estimates for the env tree were produced using a two-
substitution-type model (HKY model) without rate variation among sites. The
topology of this tree was used as a starting topology for subsequent analyses. The
shape parameter (alpha) for the gamma distribution describing rate variation
among sites was estimated using the maximum-likelihood method to be 0.22966.
This value was used for the estimation of the parameters for the six-substitution-
type model (general time reversible model). The values estimated (a 	 2.499,
b 	 10.46, c 	 1.278, d 	 1.746, e 	 9.962, and f 	 1) were then in turn used to
refine estimates. Final estimates for the parameters were as follows: a 	 2.499,
b 	 10.44, c 	 1.278, d 	 1.745, e 	 9.95, f 	 1, and alpha 	 0.23156.

RESULTS

Cell tropism in vitro. To determine the replicative proper-
ties and cell tropism of SIVF359, a series of in vitro assays were
performed to compare the properties of this molecular clone
with the well-established characteristics of two other well-de-
fined SIVmac molecular clones. Mitogen-stimulated PBMC
cultures were used to assess virus replication in rhesus lym-
phocytes. All viruses tested (SIVF359, SIVmac239/YEnef, and
SIVmac239) grew well in stimulated rhesus lymphocyte cultures
as measured by p27 concentrations in the supernatants (Fig.
1A). These data indicate that all viruses, including SIVF359,
were able to infect and replicate in stimulated rhesus lympho-
cytes. Subsequently we determined the ability of SIVF359 to
replicate in resting rhesus lymphocytes, a capability that has
been reported for SIVsmmPBj (18) and SIVmac239/YEnef (15).
Virus production was observed only in resting cell cultures
infected with SIVmac239/YEnef at day 6 postinfection, producing
1.6 ng of p27 per ml in the supernatant, which increased to 12
ng of p27/ml by day 12 postinfection (Fig. 1B).

Infection of MDM cultures with the parental SIV 8980, the
serum RNA-derived clone SIV F359, or the macrophage-tropic
molecular clone SIVmac316 yielded detectable virus production
only upon infection with SIVmac316, with p27 concentrations in
cell supernatants increasing from 0.8 to 7.8 ng of p27/ml from
day 6 to day 12, respectively. During the entire experimental
period virus production in supernatants could not be detected
in cultures infected with either the parental SIV 8980 or the
serum RNA-derived clone SIVF359 (Fig. 1C). The absence of
SIVF359 in the supernatants of MDM cultures was concluded
to be due to the inability to either infect or replicate efficiently
in this cell type. MDM cultures were double stained immuno-
cytochemically for the presence of both the macrophage
marker CD68 and the viral antigen p27. Analysis of stained
cells indicated that SIV 8980 as well as SIVF359, although not
able to produce detectable amounts of p27 in the supernatant,
did infect macrophages and resulted in the expression of Gag
protein (Fig. 2A). In contrast, SIVmac316 not only infected
MDM (Fig. 2B) but also replicated well, producing substantial
p27 concentrations in macrophage cultures (Fig. 1C).

Infection of MDM cultures from different animals revealed
the expression of p27 in macrophages but undetectable pro-
duction of p27 in supernatants with either the parental SIV 8980

isolate or the SIV F359 variant. To determine if these antigen-
positive nonproductively infected MDM were capable of trans-
mitting the infection to other cell types, we cocultured autol-
ogous lymphocytes with these MDM cultures weeks after their
exposure to virus. Importantly, the results revealed transfer to
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and productive infection of lymphocytes by the SIV F359 vari-
ant but not the parental SIV 8980 (Fig. 1D). Transmission to
and infection by lymphocytes in this fashion by this late-stage
variant resulted in production of virus at magnitudes greater
than detected in the three previous assays (Fig. 1A, B, and
C). In summary, these results add further insight to previous
studies of late-stage variants in humans and macaques (32),
indicating that the molecular clone SIVF359 was similar to cy-
topathic (syncytium-inducing), rapidly replicating, and pre-
dominantly T-cell-tropic variants but retained the ability to
infect monocytes/macrophages, which upon contact with naive
autologous T cells resulted in productive infection.

Infectious and pathogenic properties of SIVF359. To inves-
tigate if the molecular clone SIVF359 was infectious and patho-
genic in vivo, two rhesus macaques (L52 and WT) were intra-
venously infected with 100 TCID50 of SIVF359 propagated in
rhesus PBMC. CD4� T lymphocytes were monitored by FACS
analysis, and fluctuations in virus loads were measured by QVI
(Fig. 3). For animal L52, these parameters were determined at
2-week intervals. The same measurements were performed for
WT at weekly intervals during the first month and subsequently
at 2-week and monthly intervals. Animal L52 developed a virus
load of 1,024 virus-producing cells/106 PBMC at 2 weeks after

infection. Decreased values (524 virus-producing cells/106

PBMC) were detected at 4 and 6 weeks after infection, and the
load dropped further to 128 virus-producing cells/106 PBMC at
weeks 8, 10, and 14 postinfection A second peak of viremia,
which reached 514 virus-producing cells/106 PBMC, was ob-
served 15 and 17 weeks after infection. At weeks 19 and 21
virus loads decreased again to 256 and 48 infected cells per 106

PBMC, respectively. A third peak, which was higher than the
previous ones, was observed at the end of the experimental
period, from week 23 until week 37; virus loads of as high as
2,024 infected cells per 106 PBMC at week 32 were detected
(Fig. 3A). The presence of this peak coincided with the devel-
opment of severe anemia, diarrhea, and the start of extensive
weight loss. L52 was euthanized after 37 weeks of infection.

The first positive virus isolation from monkey WT was ob-
served already at 1 week postinfection; 512 virus-producing
cells per 106 PBMC were measured. This value increased to
1,024 virus-producing cells/106 PBMC at weeks 2 and 3 postin-
fection but dropped over time to 64 virus-producing cells/106

PBMC at week 8 after infection. Relatively low virus loads,
fluctuating between 256, 64, 128, and 16 virus-producing cells/
106 PBMC, were found at 10, 12, 14, 16, and 19 weeks postin-
fection. An increase in virus loads from 700 to 4,048 virus-

FIG. 1. (A to C) Production of SIV p27 antigen in stimulated (A) and resting (nonstimulated) (B) rhesus lymphocyte cultures and in MDM
cultures (C). Cultures were infected with equivalent amounts of either SIVF359 (�), SIVmac239/YEnef (F), SIVmac239 (‚), or SIVmac316 (Œ). (D)
Production of p27 in culture supernatants of lymphocytes following cocultivation with MDM. Virus production by the parental SIV8980 (}) was
compared to that by the end-stage variant SIVF359 (�).
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producing cells/106 PBMC was then detected from week 23 to
week 41, respectively. During the last 22 weeks (until week 68),
virus loads stayed at a constant level of 1,012 virus-producing
cells/106 PBMC (Fig. 3B). WT was euthanized after 68 weeks.

Histopathology revealed moderate catharrhalic enteritis and
severe lymphoid hyperplasia in the spleen and lymph nodes,
with moderate atrophy of splenic follicles. CD4 cell numbers in
inoculated animals were compared to those in two uninfected
rhesus monkeys of the same sex, age, and body weight. The two
infected animals showed a decrease in CD4�-T-cell lympho-
cytes during the course of the experiment (25% for L52 [Fig.
3C] and 21% for WT [Fig. 3D]). CD4� T lymphocytes cultured
from these animals were positive by immunocytochemical
staining for p27 antigen expression (data not shown). The
uninfected animals had stable CD4 cell counts, as expected.

In both animals histopathological findings were consistent
with the diagnosis of AIDS. Cryptosporidial enteritis without
remission as seen in WT is observed in advanced immunode-
ficiency (46) and is one of the criteria for the diagnosis of AIDS
in humans. In L52, a cholecystitis due to a microsporidial in-

fection was identified. The etiologic organism has only recently
been detected in SIV-infected rhesus monkeys and was classi-
fied as an Enterocytozoon bieneusi-like microsporidial proto-
zoan. E. bieneusi is a common opportunistic pathogen of AIDS
patients, causing significant morbidity.

Coreceptor usage. To further correlate the observations of
cell tropism, the coreceptor use of SIVF359 was characterized.
Infection experiments with SIVF359 virus were performed on
HOS-CD4� cell lines expressing either the macaque or human
CCR5 coreceptor. Both cell lines were highly susceptible to
infection with SIVF359, and almost 90% of the cells formed
syncytia, which stained positive for SIV p27 antigen. To inves-
tigate the ability of SIVF359 to use additional coreceptors, the
extent of its replication in GHOST cells and U87MG-CD4 cells
expressing CCR1, CCR2b, CCR3, CCR4, CCR5, CXCR4, BOB/
GPR15, Bonzo/STRL33, CX3Cr1 (V28), CCR8, APJ, GPR1,
and US28 coreceptors (12, 22) was assayed in parallel with that
of the well-characterized SIVmac239 and SIVmac316 molecular
clones. All three viruses were found to use CCR5 for infection
(Table 1) as determined by FACS analysis, while SIVF359

proved to be unable to use any coreceptor other than CCR5 at
standard doses. Particular effort was made to determine if
CXCR4 was used by this apparent T-cell-tropic variant; how-
ever, all assays were negative, corroborating several other re-
ports that this group of viruses do not use this coreceptor (8,
16, 33). The observation that only CCR5 appeared to be uti-
lized taken together with the ability of SIV F359 to infect T cells
and macrophages was in agreement with previous reports that
the CCR5 receptor is commonly used by both macrophage-
tropic and T-cell-tropic primate lentiviruses (8, 16). Interest-
ingly, both SIVmac239 and SIVmac316 used multiple coreceptors,
including BOB/GPR15 and Bonzo/STPR, in contrast to the end-
stage variant SIVF359. Furthermore, the macrophage-tropic mo-
lecular clone SIVmac316 used as a fourth coreceptor CCR3 (Table
1). Finally, to determine if the SIV F359 clone was truly restricted
to only CCR5 coreceptor use, we compared the ability of the
CCR5-dependent HIV-1Ba-L strain to productively infect human
PBMC homozygous for the 32-bp deletion of CCR5 receptor
gene, affecting CCR5 receptor expression (44), to those of the
parental SIV8980 and variant SIVF359. These �32 cells are re-
sistant to infection with viruses such as HIV-1Ba-L, which ex-
clusively use the CCR5 coreceptor. As shown in Fig. 4, al-
though the HIV-1Ba-L strain is completely blocked by the �32
CCR5 deletion, SIV8980 and SIVF359 grow to a slightly reduced
but significant extent on the CCR5-defective cells. These data
suggested that the SIVF359 clone may additionally utilize a
novel, previously undescribed coreceptor for entry.

Is SIVF359 representative of the predominant variant follow-
ing in vivo passage? The first hypervariable region (V1) rep-
resents the most variable region of the SIV genome, and there-
fore it provides a sensitive indicator of the genotypic variation
present within a quasispecies of an infected animal. Trichel et
al. identified 12 different genotypes in the SIVB670 inoculum
based on sequence analyses of the V1 region (62). The V1
regions derived from the viral variants emerging during in vivo
passage (27) were determined (64) and compared with the V1
sequences of the viral variants that were present in the original
SIVB670 inoculum (62). Homologies were quantified by using
software that calculated the actual alignment fit as the fraction
of the optimal fit. SIVB670-CL12 emerged as the predominant

FIG. 2. Photomicrographs of MDM cultures infected with
SIVmac316 (A) and SIVF359 (B); infection is demonstrated by CD68�-
p27� double staining. Magnification, �660.
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variant from the original SIVB670 infection and represented the
highest genome stability during the passage experiment (Fig.
5). Clones obtained during subsequent passages represented
viral variants that were more closely related to SIVB670-CL12
than to any other B670 clone (Fig. 5). This indicated that
SIVB670-CL12 possessed the optimal fitness for replication in
both B670 and the animals to which it was transmitted. Indeed,
based on our observations of high persistent virus loads in the
most rapidly progressing animals (27), certain variants may
have acquired mutations making them relatively resistant to
neutralization (32). V1 sequences derived from passage sam-
ples were compared to SIVB670-CL12, which had shown the
highest homology with evolving variants during the passage
study. Specifically, during the subsequent passages the number
of different V1 clones decreased from four (out of four) to two
(out of four) (Fig. 5). These findings demonstrated that during
in vivo passage there was a selection for the most fit variants
(32). The molecular clone SIVF359 represented the dominant
variant and had retained the identical V1 sequences observed
in P4.1, P4.2, and P4.3 envelope clones (Fig. 6).

Phylogenetic analysis of SIVF359. Phylogenetic analysis of
env sequences using the neighbor-joining and general time
reversible (GTR) maximum-likelihood method (17) confirmed
that SIVF359 clustered together with SIVsm clones such as
SIVsm9 and SIVsmmPBj4.41 and was not closely related to

SIVmac clones such as SIVmac251, SIVmac239, and SIVmac1A11.
As could be expected from the origin of SIVF359, this clone was
most closely related to but distinct from SIVB670 (only the
envelope sequence is available) (Fig. 7A). SIVB670 had been
isolated from a rhesus macaque infected with material contain-
ing SIV from a sooty mangabey housed at the Tulane Primate
Center (49). These two viruses branch separately from other
characterized SIVsm viruses, which had also been derived from
sooty mangabeys but originated from the Yerkes primate col-
ony (18). Interestingly, these viruses formed a unique cluster of
strains which branched separately from those macaque-
adapted isolates derived from the New England (mac251 and
mac239) and California (mac1A11) Regional Primate Centers
(38). Neighbor-joining phylogenetic analysis performed on the
entire sequence showed similar relationships within the SIV
cluster (Fig. 7B). The predicted amino acid sequences of
SIVF359 proteins were more similar to those of SIVsmH4

(87%) and SIVsmmPBj4.41 (88%) than to those of the SIVmac

cluster (83%) (Table 2). The greatest similarity with other
SIVs was present in the gag (average, 92%), pol (average,
93%), and vpx (average, 92%) genes, whereas the greatest
divergence was seen in the nef (average similarity, 75%) and tat
(average similarity, 72%) genes (Table 2).

Virulence of the SIVF359 molecular clone. To determine if
the SIVF359 molecular clone had retained the same pathogenic

FIG. 3. Virus load (A and B) and changes in CD4� lymphocyte populations (C and D) of rhesus monkeys WT (A and C) and L52 (B and D)
after infection with molecularly cloned SIVF359. A progressive decline of CD4� T lymphocytes in infected rhesus monkeys (WT and L52) (f)
compared to control monkeys 8637 (�) and 8711 (‚) is seen.
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potential as the parental SIV8980 isolate, eight additional ani-
mals were infected with the same dose of the SIVF359 virus
stock. As illustrated in Fig. 8, animals infected with the SIVF359

stock had survival curves very similar to those of animals in-
fected with the SIV8980 stock from which it was derived, and
SIVF359 was much more pathogenic than the original prepas-
sage SIVB670 isolate. The molecular clone was slightly less
pathogenic, as could be seen by the slight shift of the survival
curve to the right. This, however, could be a consequence of
the genetically homogeneous nature of the SIVF359 inoculum
compared to the more heterogeneous SIV8980 inoculum, which
represented a highly virulent quasispecies. Indeed, a heteroge-
neous quasispecies is more likely to escape from the immune
responses of an outbred host.

DISCUSSION

We have utilized a novel cloning strategy to derive an infec-
tious pathogenic molecular clone of a primate lentivirus with-
out cell culture passage directly from serum. This molecular
clone from serum (SIVF359) has unique properties. It is highly
cytopathic in vitro and causes marked syncytia in lymphoid
tissues in vivo. It readily infects activated but not resting rhesus
lymphocytes. Infection of MDM cultures was demonstrated;
however, in contrast to the case for SIVmac316, no virus pro-
duction in the supernatant was detectable. Coreceptor use of
this clone was restricted to CCR5 only, in contrast to that of
other well-characterized molecular clones (SIVmac239 [T-cell
tropic] and SIVmac316 [macrophage tropic]) studied for com-
parison. Surprisingly, although this virus did not use any of the
13 known primate lentivirus coreceptors, it could replicate on
human cells defective for CCR5.

The use of molecular clones derived from extracellular viri-
ons may provide additional insight into the evolution of the
lentiviral pathogen. For instance, this cloning strategy may aid
the analysis of the specific biological properties of viral variants
in plasma or serum which have escaped host immune re-
sponses at a specific point in time. Similarly, the study of virus
populations which arise and become predominant in various
extracellular compartments is feasible using this methodology.
Studying the evolution of viruses using this strategy has a

FIG. 4. Abilities of HIV-1Ba-L, SIVF359, and SIV8980 to grow on
normal human PBMC (wt HuPBMC) versus PBMC homozygous for
the �32 deletion in the CCR5 receptor gene (�32 HuPBMC). The
CCR5-restricted HIVBa-L isolate could replicate only in wild-type hu-
man PBMC, while SIVF359 and SIV8980 were found to replicate in both
�32 PBMC and normal human PBMC.

FIG. 5. Comparison of V1 sequences of envelope clones that
emerged during the in vivo passages (P1 to P4) to obtain SIV8980, from
which the molecular clone SIVF359 was derived, and V1 sequences of
the viral variants (CL1 to CL12) which were present in the original
SIVB670 inoculum (62, 64).

TABLE 1. Comparison of coreceptor use and cell tropism of
the well-defined T-cell-tropic and macrophage-tropic

SIVmac strains compared to SIVF359
a

Property
Molecular clone Parental strain

SIV8980SIVmac239 SIVmac316 SIVF359

Macrophage tropism
Infection � � � �
Productive replication � � � �

Coreceptor use
CCR1 � � � �
CCR2B � � � �
CCR3 � � � �
CCR4 � � � �
CXCR4 � � � �
CCR5 � � � �
BOB/GPR15 � � � �
Bonzo/STPR � � � �

a Infection by SIVmac239, SIVmac316, and SIVF359 was in HOS-CD4�, GHOST,
and U87 cell lines stably expressing the human coreceptors listed (partial list).
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number of important advantages over conventional techniques
that involve cloning proviruses from infected lymphocytes.

The SIVF359 molecular clone was derived from a rhesus
macaque which had developed AIDS following the fourth in
vivo passage of virus derived from SIVB670. The virus isolate
SIVB670 originated from one of the first reports of simian

AIDS in macaques and since has been used in a wide variety of
studies (1, 4, 49). Phylogenetic analyses using available env
genes or entire SIV genomes revealed that SIVB670 and
SIVF359 branch off between two separate clusters of SIVsm

clones, represented by SIVsmm9 and SIVsmmPBj4.41, derived
from the Yerkes Primate Colony, and SIVmac clones, such as
SIVmac251 and SIVmac239, derived from the New England Pri-
mate Colony (Fig. 7). As could be expected from the origin of
SIVF359, this clone was related to but distinct from SIVB670.
Originally SIVB670 had been isolated from a rhesus macaque
(B670) infected with material containing SIV originally de-
rived from a sooty mangabey from the Tulane Primate Center
(49). Using the entire sequence for phylogenetic analysis,
SIVF359 was found to branch separately between other char-
acterized SIV isolates derived from sooty mangabeys or ma-
caques (Fig. 7). The characteristics of the envelope evolution
of SIVB670 during serial passage to animal 8980, from which
SIVF359 was derived, have recently been described (64).

Comparison of the biological characteristics of the clone
with those of the original SIV8980 isolate should demonstrate
that we cloned the dominant virulent variant. For instance,
coreceptor usage (55, 57) and the ability to replicate in resting
versus activated CD4� T cells (15) and macrophages (58, 67)
are characteristics considered to influence pathogenicity. In
this regard, no differences were observed between the cloned
virus and the virus isolate in that both recognized only the
CCR5 coreceptor and neither replicated in resting PBMC or
macrophages. The subsequent in vivo passages of SIVB670

resulting in SIV8980 were carefully monitored. The original
SIVB670 inoculum was also used in studies performed by
Trichel et al. (62) and Amedee et al. (1). They had determined
the number of different genotypes in the SIVB670 inoculum
based on sequence divergence in the first hypervariable region
(V1) (5, 54). Twelve different genotypes could be recognized in

FIG. 6. Amino acid sequence alignments of the V1 envelope region
of the predominate clone 12 (CL12) in the prepassage SIVB670 inoc-
ulum. This sequence persisted through the passage as the diversity of
the inoculum declined (Fig. 4). The CL12 V1 sequences are compared
with the sequences of clones derived from the four different passages
(P1 to P4). Clone P4.3 represents the same V1 sequence found in the
molecular clone, SIVF359, and which was originally found in CL12
within the quasispecies found in the prepassage SIVB670 inoculum.

FIG. 7. (A) Phylogenetic tree based on the SIVF359 sequence compared with envelope sequences from the parental SIVB670 and compared to
less related SIVmac251, SIVsm, and SIVstm sequences. The tree was constructed using a GTR maximum-likelihood analysis. (B) Phylogenetic analysis
based on full-length sequences, comparing the SIVF359 molecular clone to other SIV, HIV-1, and HIV-2 clones. Phylogenetic trees were
constructed by the neighbor-joining method using the PHYLIP program (version 3.5c).
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this isolate (SIVB670-CL1 to -CL12). The envelope sequence of
SIVB670-CL12 was one of the sequence variants present in the
original SIVB670 stock. During our passage experiment, the
sequence variant SIVB670-CL12 had acquired an optimal fit-
ness, represented by its prevalence in the early SIVB670 iso-
late and in its maintenance during the passages. Indeed, the
SIVF359 molecular clone had the highest homology (96%) with
SIVB670-CL12 and therefore is representative of the dominant
virus variant of SIVB670.

The in vivo experiments in rhesus macaques demonstrated
similar clinical and pathological characteristics of SIVF359 and
SIV8980. Several SIVsm/mac clones have been reported to cause
different patterns of disease, including attenuated virulence,
compared to the virus isolates from which they were derived.
With specific regard to the first SIV molecular clones which
were derived, viral adaptation and attenuation often occurred
as a result of in vitro propagation. This attenuation phenom-
enon may also be due to a failure to clone the dominant virus
variant, possibly as a consequence of using proviral DNA as
biological template or due to the use of biological material that

contained a composition of early (macrophage-tropic, slow-
replicating, non-syncytium-inducing) and late (T-cell-tropic,
fast-replicating, syncytium-inducing) variants. It may also re-
flect a certain synergistic effect of a quasispecies that does not
exist in the case of a single molecularly cloned virus. A study
demonstrating a regulatory effect on HIV replication mediated
by defective proviruses has provided evidence in that direction.
Convincing data have started to accumulate which explain the
progression to AIDS in terms of the biological properties of
virus variants which emerge during the course of infection.
However, results from other studies suggest a more complex
cascade of events in which variants in combination with host-
specific factors are involved in AIDS pathogenesis.

In summary, we have utilized a new cloning strategy to
generate infectious molecular clones of lentiviruses from ex-
tracellular viral RNA in body fluids. This has facilitated the
isolation of a unique pathogenic molecular clone designated
SIVF359. Characterization of SIVF359 in vivo and in vitro re-
vealed that it was highly pathogenic, causing marked syncytial
giant cell formation in situ in lymph nodes and CPE in rhesus
CD4� T cells in vitro. It was found to have limited and novel
coreceptor usage (CCR5 and a yet-undefined coreceptor) and
could infect but did not result in detectable virus production in
rhesus MDM. Upon the addition of autologous lymphocytes to
these MDM, infection was transmitted and resulted in high
concentrations of virus production. This SIVF359 molecular
clone proved to be able to cause a rigorous infection and AIDS
in rhesus macaques. It was genetically distinct from other mo-
lecular clones, mapping between two clusters of previously
characterized groups of SIV clones (the SIVsm and SIVmac

molecular clones, respectively). The SIVF359 molecular clone
provides further insight into the nature of end-stage variants
and the characteristics associated with accelerated disease pro-
gression.
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