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Sooty mangabeys naturally infected with simian immunodeficiency virus (SIV) do not develop immunode-
ficiency despite the presence of viral loads of 105 to 107 RNA copies/ml. To investigate the basis of apathogenic
SIV infection in sooty mangabeys, three sooty mangabeys and three rhesus macaques were inoculated intrave-
nously with SIVmac239 and evaluated longitudinally for 1 year. SIVmac239 infection of sooty mangabeys re-
sulted in 2- to 4-log-lower viral loads than in macaques and did not reproduce the high viral loads observed
in natural SIVsmm infection. During acute SIV infection, polyclonal cytotoxic T-lymphocyte (CTL) activity co-
incident with decline in peak plasma viremia was observed in both macaques and mangabeys; 8 to 20 weeks
later, CTL activity declined in the macaques but was sustained and broadly directed in the mangabeys. Neu-
tralizing antibodies to SIVmac239 were detected in the macaques but not the mangabeys. Differences in ex-
pression of CD38 on CD81 T lymphocytes or in the percentage of naive phenotype T cells expressing CD45RA
and CD62L-selection did not correlate with development of AIDS in rhesus macaques. In macaques, the pro-
portion of CD41 T lymphocytes expressing CD25 declined during SIV infection, while in mangabeys, CD25-
expressing CD41 T lymphocytes increased. Longitudinal evaluation of cytokine secretion by flow cytometric
analysis of unstimulated lymphocytes revealed elevation of interleukin-2 and gamma interferon in a macaque
and only interleukin-10 in a concurrently infected mangabey during acute SIV infection. Differences in host
responses following experimental SIVmac239 infection may be associated with the divergent outcome in sooty
mangabeys and rhesus macaques.

Lentivirus infection in nonhuman primate species does not
always lead to AIDS. Animals that are natural hosts for lenti-
viruses generally remain asymptomatic, while the virus isolate
from such hosts, when transferred to susceptible species results
in AIDS (12). One such example is that of sooty mangabeys
(Cercocebus torquatus atys), an Old World primate species that
naturally harbors simian immunodeficiency virus (SIV) with-
out developing AIDS (9). SIV isolates from asymptomatic
sooty mangabeys induce AIDS when experimentally inocu-
lated into rhesus (Macaca mulatta) and pig-tailed (M. nemes-
trina) macaques (16, 38). Evidence suggests that simian AIDS
in captive rhesus macaques occurred as a result of cross-species
infection from SIV-infected sooty mangabeys (35, 44) and that
human immunodeficiency virus type 2 (HIV-2) entered the
human population via zoonotic transmission from sooty man-
gabeys (8).

The basis of apathogenic SIV infection in sooty mangabeys
is not known. We and others have found that plasma viral
RNA levels in naturally infected sooty mangabeys approximate
those detected in SIV-infected macaques with end-stage AIDS
and range between 105 and 107 RNA copies/ml (17a, 54). In

vitro, CD41 T lymphocytes and macrophages of sooty manga-
beys support SIV replication to the same or greater extent than
cells from rhesus macaques (69). Other instances of lentivirus
infection not leading to AIDS are generally associated with low
viral loads. In asymptomatic HIV-infected chimpanzees, ,5 in-
fectious cells per million circulating peripheral blood mononu-
clear cells (PBMC) are detected and plasma viral RNA ranges
from ,104 to 20 3 104 copies/ml (21). Similarly, in HIV-in-
fected long-term nonprogressors, viral loads are also low,
plasma HIV RNA generally being ,104 copies/ml (6, 55).

Analysis of the host immune system may also yield clues to
the basis of apathogenic lentivirus infection. Studies in asymp-
tomatic HIV-infected chimpanzees have documented the pres-
ence of neutralizing antibodies, CD81 T-cell-mediated sup-
pression of HIV replication, preserved CD41 T-lymphocyte
function, and an absence of increased apoptosis or immune
activation in circulating PBMC (7, 13, 22, 47). In HIV-infected
long-term nonprogressors, protection from disease is similarly
associated with low viral loads and strong humoral and/or
cellular virus-specific immune responses (4a, 6, 20, 30, 46, 55,
59). In naturally SIV-infected sooty mangabeys, on the other
hand, recent studies have disclosed the surprising finding of the
occurrence of an asymptomatic state associated with persis-
tent, high-level viremia and relatively weak CTL activity (17a).

A comparative study of host responses to SIV infection in
primate species with pathogenic or apathogenic outcomes may
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shed light on host determinants associated with lentivirus-in-
duced immunodeficiency. Several studies have reported phe-
notypic and functional differences in PBMC of rhesus ma-
caques and sooty mangabeys. Cytokine secretion profiles of
cloned T-cell lines from normal and SIV-infected animals show
a predominantly Th1-type secretion pattern in rhesus maca-
ques and a Th2 pattern in sooty mangabeys (3). Natural killer
cells in normal sooty mangabeys have significantly greater cy-
tolytic activity and their phenotype is CD81 and CD162, while
in rhesus macaques the phenotype is CD161 CD82 or CD161

CD8lo (1, 49). Published data on SIV-specific immunity in
sooty mangabeys are sparse and largely confined to humoral
and CD41 T-cell responses. SIV-specific antibodies that cross-
react with other SIV isolates have been identified by Western
blotting, though neutralizing antibodies are weak or undetect-
able (14, 15). Proliferative responses have been detected with
a cellular Western blot assay or when autologous macrophages
pulsed with UV-irradiated inactivated SIV were used as anti-
gen-presenting cells (2, 50). CD81 T cells from naturally in-
fected sooty mangabeys secrete a soluble factor that can inhibit
in vitro SIV replication of exogenously infected PBMC (31,
51).

There are no published studies on SIV-specific cytotoxic
T-lymphocyte (CTL) activity in SIV-infected sooty mangabeys.
We have recently shown that in naturally infected sooty man-
gabeys, SIV-specific CTL activity, while not detectable in fresh
PBMC, is detected to variable degrees after in vitro antigen-
specific stimulation (17a). These observations suggest absent
or low levels of in vivo-activated CTL, with preservation of an
expandable pool of memory CTL. The association of high-level
viremia with absent or ineffective activated CTL in the periph-
ery could indicate an underlying anergic state with its advent
early in the course of SIV infection.

In order to study early immune events following SIV infec-
tion and to concurrently compare cellular and humoral im-
mune responses in apathogenic and pathogenic lentivirus in-
fection, we instituted a prospective longitudinal study of SIV
infection in rhesus macaques and sooty mangabeys. Three
uninfected adult sooty mangabeys and three uninfected age-
matched rhesus macaques were infected, one pair at a time,
with SIVmac239, a pathogenic molecular clone of SIV. SIV-
specific CTL activity, plasma neutralizing antibody titers, plas-
ma viral load, and T-cell phenotype were determined sequen-
tially for 1 year or until death in all animals. In addition, in one
pair of infected animals, ex vivo intracellular cytokine produc-
tion in PBMC following SIV infection was measured by flow
cytometry. SIVmac239 infection of sooty mangabeys resulted
in an asymptomatic chronic infection with viral loads approx-
imately 2 to 4 logs lower than in naturally infected sooty man-
gabeys or SIVmac239-infected macaques. Striking differences
were noted between SIV-infected sooty mangabeys and rhesus
macaques with respect to outcome, viral load, strength and
breadth of CTL activity, maintenance of T-cell homeostasis,
and cytokine secretion, observations that may have a bearing
on host determinants of resistance to pathogenic SIV infection.

MATERIALS AND METHODS

Animals. Sooty mangabeys and rhesus macaques used in the study were
housed at the Yerkes Regional Primate Research Center and maintained in
accordance with the federal guidelines (44a). Sooty mangabeys reared separate
from other SIV-infected animals have remained SIV seronegative. Prior to
enrollment, the absence of SIV infection was confirmed by negative SIV PCR of
plasma and negative HIV-2 serology over a period of at least 1 year. Three
uninfected sooty mangabeys and three age-matched rhesus macaques (age range
6 to 10 years) were infected intravenously with 17.3 ng of p27 SIVmac239 (kindly
provided by Ronald Desrosiers, New England Regional Primate Research Cen-
ter [NERPRC]). The animals were infected, one pair at a time, at intervals of 4

to 8 months, each pair consisting of one sooty mangabey and an age-matched
rhesus macaque.

Blood was collected at weekly intervals for the first month, bimonthly during
the second month of infection, and thereafter at monthly intervals for 1 year or
until the animal died.

Generation of B-LCL. Transformed B-lymphoblastoid cell lines (B-LCL), for
use as major histocompatibility complex (MHC)-matched stimulator and target
cells in CTL assays, were established for each animal. B cells were transformed
by incubating PBMC at 37°C in a 5% CO2 incubator with herpesvirus papio
derived from the supernatant of S594 cells (provided by Norman Letvin, Beth
Israel Hospital, Boston, Mass.). B-LCL were propagated in RPMI 1640 medium
(Gibco) supplemented with 20% fetal bovine serum (Sigma Chemical Co., St.
Louis, Mo.), 10 mM HEPES (Gibco), 2 mM L-glutamine (Gibco), 50 IU of
penicillin (Gibco) per ml, and 50 mg of streptomycin (Gibco) per ml.

Stimulation of effector cells for CTL assays. Blood for CTL assays was col-
lected in cell preparation tubes (Vacutainer CPT; Becton Dickinson Vacutainer
Systems, Franklin Lakes, N.J.), which contain sodium heparin, sodium diatrizo-
ate, and a polyester gel plug. The tubes were spun at 1,500 3 g for 20 min within
3 h of blood collection and shipped overnight at room temperature to NERPRC.
This allowed immediate isolation of PBMC from whole blood by density gradient
centrifugation. A polyester gel plug separates the PBMC from erythrocytes and
granulocytes during transportation. PBMC shipped overnight were suspended at
2 3 106 cells/ml in RPMI 1640 medium supplemented with 10% fetal bovine
serum, 10 mM HEPES, 2 mM L-glutamine, 50 IU of penicillin per ml, and 50 mg
of streptomycin per ml (R-10 medium). In the initial part of the study, heparin-
ized blood was shipped overnight and PBMC were then separated by gradient
centrifugation over sodium diatrizoate (Ficoll 1077; Sigma). Blood samples for
CTL assays after 18 weeks of SIV infection for the first pair of infected animals
(FYg and RFi-1) and for all data points for the second (FLg and RLk-1) and
third (FWl and RGa-3) pairs of infected animals were transported in CPT tubes.

For antigen-specific stimulation, autologous B-LCL were infected at a multi-
plicity of infection of 5 PFU/cell with recombinant vaccinia viruses vAbT388-6-1,
expressing the Gag and Pol proteins of SIVmac251 and Env protein of
SIVmac239, and with vAbT306-6-1, expressing the Nef protein of SIVmac239
(provided by D. Panicali, Therion Biologics, Cambridge, Mass.). After overnight
incubation, infected B-LCL were inactivated with long-wave UV irradiation
(Fisher model UV; 350- to 400-nm wavelength) in the presence of psoralen (10
mg/ml; HRI Associates). Cells were UV irradiated at a distance of 3.5 cm from
the light source, washed three times, and then used as stimulators. PBMC were
cultured with stimulator cells at a responder-to-stimulator ratio of 10:1 in R-10
medium and incubated at 37°C in a 5% CO2 incubator. Cells were fed with R-10
medium twice a week, and recombinant human interleukin-2 (IL-2 [kindly do-
nated by M. Gately, Hoffman-LaRoche]; 10 IU per ml) was added after 4 to 5
days. CTL assays were performed 10 to 14 days after stimulation.

Chromium release assay. Target cells consisted of autologous or allogeneic
B-LCL infected with individual recombinant vaccinia viruses expressing SIV
proteins. Recombinant vaccinia viruses used to infect target cells included the
control vaccinia virus NYCBH, vAbT252 (encoding the SIVmac251 p55 Gag and
Protease proteins; Therion), vAbT258 (encoding the SIVmac251 Pol proteins
reverse transcriptase, endonuclease, and protease; Therion), rVV-239 (encoding
the SIVmac239 Env protein, provided by M. Mulligan) (56), and vAbT306
(encoding the SIVmac239 Nef protein; Therion). Target cells were infected
overnight at a multiplicity of infection of 5 to 10 PFU/cell and then labeled with
50 mCi of 51C (DuPont NEN, Wilmington, Del.) per 106 cells. Target cells (104

cells/well) were dispensed in duplicate for each effector/target ratio into 96-well
U-bottom plates (Costar). Chromium release was assayed after 5 h of incubation
at 37°C in a 5% CO2 incubator. Plates were spun at 1,000 rpm for 10 min at 4°C,
after which 30 ml of supernatant was harvested from each well onto wells of a
LumaPlate-96 (Packard) and allowed to dry overnight. Emitted radioactivity was
measured in a 1450 MicroBeta Plus liquid scintillation counter (Wallac, Turku,
Finland). Spontaneous release was measured from wells containing only target
cells and medium. Maximum release was measured from wells containing target
cells and 0.1% Triton X-100 (Sigma). Percent specific cytotoxicity was calculated
as {(test release 2 spontaneous release)/(maximum release 2 spontaneous re-
lease)} 3 100. Spontaneous release of target cells was ,25% in all assays.

CD81 and CD41 lymphocyte separation. CD81 T lymphocytes were isolated
from stimulated PBMC by depletion of CD41 T lymphocytes, using magnetic
beads (CD4 Dynabeads; Dynal, Oslo, Norway) at a bead/cell ratio of 20:1 for 60
min at 4°C. The supernatant enriched for CD81 T lymphocytes was collected
with a magnetic separation device (Dynal). CD41 T lymphocytes attached to the
magnetic beads were released from the beads by incubation with a commercial
polyclonal antibody against papain-digested Fab fragments of mouse immuno-
globulin (DETACHaBEADS; Dynal) with continuous shaking at 37°C for 1 h.
Detached CD41 T lymphocytes were separated from the beads over a magnetic
separation device (Dynal) and were .98% pure as assessed by flow cytometry.
Similarly, negatively selected CD81 T-lymphocyte populations contained ,7%
CD41 T lymphocytes. Fractionated T lymphocytes were suspended in R-10
medium and used the same day in CTL assays.

Whole-virus ELISA. Antibodies to lysed whole-virus antigen were measured
by enzyme-linked immunosorbent assay (ELISA), using published methodology
(67). Briefly, 96-well flat-bottom plates were coated for 2 h at 37°C with deter-
gent-disrupted pelleted SIVmac239 diluted in a carbonate buffer and washed
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three times with phosphate-buffered saline containing 1% Tween 20. The plates
were successively incubated after washes with a 1:20 dilution of serum at 37°C for
2 h, alkaline phosphatase-conjugated goat anti-human immunoglobulin G (IgG)
at 37°C for 1 h, and finally the color substrate p-nitrophenyl phosphate (67). The
color reaction was stopped after 30 min at room temperature by adding 3 N
NaOH, and absorbance was analyzed at 405 nm on a Perkin-Elmer plate reader.

Neutralization assay. Plasma stored at 280°C was thawed, heat inactivated at
56°C for 30 min, and used in neutralization assays. Neutralizing antibodies to
SIVmac239 were measured with a sensitive assay system recently described by
Means et al. (39). CEMx174 cells harboring a secreted alkaline phosphatase
(SEAP) reporter gene under the control of a portion of the SIVmac239 long
terminal repeat (pLNSIV-SEAP) were used to detect the degree of neutraliza-
tion. Neutralization assays were set up in 96-well plates as described previously
(39). Briefly, twofold dilutions of test serum were incubated in duplicate with 1
ng of p27 of primary SIVmac239 stock in a final volume of 100 ml for 1 h at room
temperature with occasional mixing. At the end of incubation, 15,000 cells har-
boring pLNSIV-SEAP were added in a volume of 100 ml to each well, plates were
incubated at 37°C in a CO2 incubator, and SEAP activity was checked after 52 to
72 h by using a chemiluminescence assay (39). Endogenous phosphatase activity
as measured in control wells containing only the parental cell line without the
SEAP construct was subtracted from each test value. Percent neutralization was
calculated by dividing the counts per second of each test well by the average
maximum SEAP value obtained from wells containing mock-neutralized virus.
Positive control serum (pooled from five SIVmac239-infected macaques infected
.20 weeks) and negative control serum (pooled from five SIV-naive rhesus
macaques) were run concurrently with the test samples.

Determination of plasma viral RNA. Blood plasma RNA concentration was
determined with a SIV quantitative competitive reverse transcription-PCR assay
based on a previously described method (62). Plasma was separated from acid
citrate dextran-anticoagulated whole blood by centrifugation at 1,000 3 g for 15
min and stored at 270°C within 3 h of phlebotomy. First-time-thawed plasma
was centrifuged at 39,500 3 g for 1 h to concentrate SIV virions, and RNA was
extracted with TRIZOL reagent (Gibco/BRL, Grand Island, N.Y.). Competitor
RNA was derived from in vitro transcription of SIVmac239 gag segments con-
taining a 40-bp insertion to allow competitor-derived amplicons to be distin-
guished during polyacrylamide gel electrophoresis. The concentration of com-
petitor RNA was determined after column purification by spectrophotometric
absorbance after gel analysis confirmed RNA length integrity. Reverse transcrip-
tion and PCR were performed as previously described (62) except that the PCR
primers were 59-AGA AAG CCT GTT GGA IAA CAA AGA AGG-39 and
59-CTC AGT ITG TTT CAC TTT CTC TTC TGC GTG-39. The RNA copy
number was calculated from the competitor-template equivalence point by cubic
regression. Assay results based on these conditions correlated highly with SIV
bDNA analysis (Chiron, Emeryville, Calif.) of SIVmac239-infected specimens as
well as by limit of dilution PCR analysis of both SIVmac239- and SIVsmm-
infected specimens (data not shown). The assay has a lower limit of quantitation
of 103 copies per ml of plasma. The coefficient of variation of the assay was ,5%
in duplicate analysis of 17 specimens with 104 to 108 SIV RNA copies/ml. Plasma
specimens from each pair of animals were analyzed in parallel.

Immunophenotyping. Two-, three-, and four-color flow cytometry was used for
sequential determination of the number and phenotype of T-lymphocyte subsets
during the course of SIV infection. The fluorescent conjugates used were fluo-
rescein isothiocyanate (FITC), phycoerythrin (PE), and peridinin chlorophyl
protein (PerCP) on a FACScan (Becton Dickinson Immunocytometry Systems
[BDIS], San Jose, Calif.) and FITC, PE, PerCP or Red613, and allophycocyanin
(APC) on a FACSVantage (BDIS).

The percentage of CD41 and CD81 subsets of T lymphocytes in the periph-
eral blood was determined longitudinally, by three-color flow cytometry, in all six
animals during SIV infection. Immunophenotyping was performed from the day
of SIV infection, at weekly intervals for the first month and thereafter, bimonthly
or monthly for 1 year or until death, in four animals (pairs FLg plus RLk-1 and
FWl plus RGa-3). In two animals (FYg and RFi-1, the first pair to be infected),
three-color immunophenotyping was initiated only 13 weeks after SIV infection.
The distribution of naive and memory CD41 and CD81 T lymphocytes, as well
as the percentage of activated CD38-expressing CD81 T lymphocytes in the
peripheral blood, was determined longitudinally in the first two pairs of animals
(FYg plus RFi-1 and FLg plus Rlk-1), using multiparametric four-color flow
cytometry. The surface expression of the T-cell activation markers CD25, CD69,
and HLA DR was also assessed sequentially on CD41 and CD81 peripheral T
lymphocytes, using two-color flow cytometry, in all six animals for 1 year after
SIV infection.

The antibody and fluorochrome combinations were as follows: (i) anti-rhesus
CD3 monoclonal antibody (MAb) conjugated to PE together with anti-human
CD4 and anti-human CD8 MAbs (CD4-FITC and CD8-PerCP); (ii) CD38-
FITC, CD8-PerCP, and CD3-biotin strepavidin APC; (iii) CD45RA-FITC and
CD62L-selectin (CD62L)-PE in combination with CD3-biotin strepavidin APC
and CD8-PerCP or CD3-biotin strepavidin Red613 (Gibco) and CD4-APC (cus-
tom conjugated); (iv) CD4- or CD8-PE and CD25-FITC; (v) CD4- or CD8-PE
and CD69-FITC; and (vi) CD4- or CD8-PE and HLA DR-FITC. Unless other-
wise specified, antibodies were obtained from BDIS. All antibodies except anti-
CD3 were MAbs of anti-human specificity that cross-react with rhesus antigens

of the same specificity. Rhesus anti-CD3 (6G12) was kindly provided by Johnson
Wong, Massachusetts General Hospital (27).

Surface staining of PBMC was carried out by standard procedures. Briefly,
0.5 3 106 to 1 3 106 PBMC were washed with phosphate-buffered saline con-
taining 2% fetal calf serum and incubated with the conjugated antibodies for 30
min at 4°C. Stained cells were fixed in 2% paraformaldehyde and analyzed on a
BDIS FACScan (two and three color) or FACSVantage (three or four color),
depending on the conjugate combination used.

Statistical analysis. Longitudinal changes in T-lymphocyte subsets during SIV
infection and the slope of rise and fall of primary SIV viremia were analyzed by
regression analysis. Regression coefficients and plots were generated by using
statistical software (StatView; Abacus Concepts, Inc., Berkeley, Calif.). Simple
regression analysis was used to determine the association between changes in T
lymphocytes and progressing SIV infection. Absolute numbers or proportions of
CD41 and CD81 T lymphocytes expressing specific cell surface markers were
grouped by animal species, designated as dependent variables, and plotted
against the independent variable of time after SIV infection.

A two-tailed, two-sample unequal-variance Student t test was used to calculate
the P value for differences in mean plasma viremia between the sooty mangabeys
and rhesus macaques at each measured time point.

Intracellular cytokine staining of PBMC. Intracellular cytokine secretion in
PBMC was assessed by multiparametric flow cytometric analysis using published
methodology (52, 60). MAbs to human cytokines were used to detect cytokine
secretion within PBMC of rhesus macaques and sooty mangabeys. In preliminary
experiments, using PBMC from normal animals stimulated in vitro with mito-
gens, we showed that anti-human cytokine MAbs to IL-2 (clone MQ1-17H12),
IL-4 (clone 8D4-8), human and viral IL-10 (clone JES3-9D7), gamma interferon
(IFN-g; clone 4S.B3), and tumor necrosis factor alpha (clone MAb 11) were
cross-reactive with rhesus macaques and sooty mangabeys (63a). All anti-human
cytokine MAbs were conjugated to PE and obtained from Pharmingen (San
Diego, Calif.). Appropriate isotype antibodies (PE-conjugated mouse IgG1, rat
IgG1, and rat IgG2a) were routinely used as negative controls.

PBMC were isolated from heparinized blood by density gradient centrifuga-
tion, suspended at 106 cells per ml in R-10 medium, and incubated with monen-
sin (10 mM) for 4 h at 37°C. Monensin is an ionophore which disrupts intracel-
lular Na1 and H1 gradients and leads to inhibition of Golgi transport (41). This
results in intracellular accumulation of secreted proteins including cytokines and
an amplified staining signal. Additionally, as a positive control, at each time
point, an aliquot of PBMC was stimulated with phorbol 12-myristate 13-acetate
(PMA; 10 ng/ml; Sigma) and the hemicalcium salt of calcium ionophore A23187
(250 ng/ml; Sigma) for 4 h. Cells were first surface stained with anti-CD4 (FITC)
and anti-CD8 (PerCP) and then fixed with paraformaldehyde. Fixed cells were
permeabilized with saponin and stained intracellularly with anti-human cytokine
or isotype-matched antibodies conjugated to PE.

Since anti-human cytokine antibodies were being used to detect cytokines of
two nonhuman primate species, the staining specificity was confirmed by block-
ing experiments. Incubation of cells with a molar excess of unconjugated anti-IL-
2 or anti-IFN-g MAb for 30 min prior to staining abolished a positive signal (data
not shown).

RESULTS

Longitudinal analysis of SIV-specific CTL activity and viral
load in SIVmac239-infected sooty mangabeys and rhesus ma-
caques. To investigate the relationship between CTL activity,
viral load, and disease in SIV infection, nonhuman primate
species with pathogenic or apathogenic outcomes of SIV in-
fection were studied concurrently. Three SIV naive sooty man-
gabeys and three naive rhesus macaques were infected with a
pathogenic strain of SIV and followed up longitudinally for 1
year or until death.

Initial CTL studies in our first pair of infected animals re-
vealed absent or weak SIV-specific CTL activity (#10% spe-
cific lysis) in the rhesus macaque RFi-1 (Fig. 1), a surprising
finding in light of previous reports of the frequent occurrence
of SIV-specific CTL during primary SIV infection (53, 68).
However, the low level of SIV-specific CTL activity in the first
12 weeks of infection in this macaque is likely to have been due
to technical reasons. During this period, heparinized blood was
being transported to NERPRC, and PBMC were separated
from whole blood 24 to 36 h after blood collection. To inves-
tigate the cause for low-level CTL activity in this macaque, we
evaluated the effect of delayed isolation of PBMC from whole
blood on CTL activity. Testing of an SIVDnef-infected rhesus
macaque with strong SIV-specific CTL activity ($25% specific
lysis at an effector/target ratio of ,20:1), we found that isola-
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tion of PBMC after overnight storage of whole blood at room
temperature reproducibly resulted in a two- to threefold loss of
CTL activity. This loss of CTL activity did not occur when
PBMC were separated prior to overnight storage (data not
shown). Thus, all subsequent studies (all data points for the
second and third pairs of infected animals and after 16 weeks
of SIV infection for FYg and RFi-1, the first pair of infected
animals) were performed with PBMC separated prior to over-
night blood transport. Increased CTL activity was detected in
RFi-1 after a change to CPT tubes at 16 weeks.

Following in vitro antigen-specific stimulation of PBMC,
vigorous SIV-specific CTL activity was detected 7 to 21 days
after SIV infection in both sooty mangabeys and rhesus ma-
caques. CTL activity peaked at 21 to 28 days and was preceded
by a sharp decline in peak plasma viral RNA levels (Fig. 1). It
is noteworthy that vigorous SIV-specific CTL activity was de-
tected in the sooty mangabey FYg (concurrently infected with
RFi-1) despite delayed separation of PBMC, which may reflect

more vigorous CTL activity in the mangabey than in the ma-
caque RFi-1.

During the first 6 weeks of SIV infection, there were signif-
icant differences in viral kinetics between the rhesus macaques
and sooty mangabeys (Fig. 1 and 2). Peak plasma viremia in
the rhesus macaques occurred 7 days earlier and was 1 to 2 logs
higher than in the sooty mangabeys (Fig. 2). Mean plasma
viremia at all measured time points was significantly lower in
the mangabeys (P 5 0.0005 at days 5 and 9 and ,0.05 after day
14). After the emergence of CTL activity, a greater degree of
viral suppression was observed in sooty mangabeys. The slope
of the decay in plasma viremia was significantly greater in the
mangabeys, (20.213 6 0.029 log10 RNA copies/day [mean 6
standard deviation {SD}]) than in the macaques (20.093 6
0.031 log10 RNA copies/day; P 5 0.014) and resulted in a
higher set point of plasma viremia in the macaques (Fig. 2 and
3). By 38 to 42 weeks, plasma SIV RNA had become undetec-
table in two of three sooty mangabeys (lower limit of detection

FIG. 1. SIV-specific CTL activity and plasma SIV RNA during acute SIVmac239 infection in three sooty mangabeys (FYg, FLg, and FWl) and three rhesus
macaques (RFi-1, RLk-1, and RGa-3). Adjacent pairs were infected concurrently.
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of the assay, 1,000 RNA copies/ml), while the concurrently
infected rhesus macaques had 3- to 4-log-higher levels of SIV
RNA (Fig. 3).

SIV-specific CTL activity declined in all six animals at 6 to 8
weeks following SIV infection and reemerged at 12 to 16 weeks
(Fig. 3). The late CTL responses were qualitatively and quan-
titatively different in the sooty mangabeys and rhesus ma-
caques. Vigorous CTL activity (.20% specific lysis) was sus-
tained throughout the follow-up period in the sooty mangabeys
and was polyclonal (Fig. 3). The SIV-specific CTL response in
individual sooty mangabeys had a broad specificity that encom-
passed SIV structural and regulatory proteins. Even though
the specificity varied with time and between animals, strong
CTL activity directed toward two or more SIV proteins was
sustained at all time points (Fig. 3). In contrast, in the rhesus
macaques, SIV-specific CTL activity after 20 weeks of SIV
infection either was absent or, when present, had a narrow
specificity, being directed toward a single SIV protein (Env or
Nef) (Fig. 3).

At 11 to 13 months after SIV infection, three of three ma-
caques had been euthanized after onset of simian AIDS while
all three sooty mangabeys were alive and healthy. Thus, exper-
imental SIVmac239 infection in sooty mangabeys resulted in
low viral loads and persistent strong CTL activity, while in
rhesus macaques, it resulted in high viral loads and less sus-
tained CTL activity.

SIV-specific CTL activity in sooty mangabeys is MHC re-
stricted and mediated by CD81 T lymphocytes. The CTL re-
sponse in SIV-infected rhesus macaques is MHC restricted and
mediated by CD81 T lymphocytes (40). To determine the phe-
notype of SIV-specific CTL in sooty mangabeys, PBMC follow-

ing antigen-specific stimulation were fractionated into CD41

and CD81 T-lymphocyte fractions by using anti-CD4-coated
magnetic beads. Specific lysis comparable to or greater than
that for bulk CTL was detected with the CD81 but not the
CD41 T-lymphocyte fraction (data not shown). The CTL lysis
was MHC restricted, since bulk CTL and the CD81 T-lympho-
cyte fraction lysed autologous but not allogeneic target cells
infected with recombinant vaccinia virus expressing SIV pro-
teins (data not shown). No SIV-specific CTL was detectable in
PBMC from SIV-seronegative mangabeys (data not shown).

Longitudinal analysis of neutralizing antibodies to SIVmac239
in SIV-infected sooty mangabeys and rhesus macaques. To
assess the temporal relationship of humoral immunity and viral
replication in SIV-infected sooty mangabeys and rhesus maca-
ques, neutralizing antibodies to the homologous virus SIVmac239
were examined in sequential plasma samples from each ani-
mal. A recently described sensitive assay which uses CEMx174
cell lines expressing SEAP under the control of a portion of the
SIV long terminal repeat was used for detection of neutralizing
antibodies to a primary stock of SIVmac239 (39). With this
assay, neutralizing antibodies to SIV are detected in most
SIVmac239-infected rhesus macaques after 20 weeks of SIV
infection (references 39 and 39a).

Neutralizing antibodies to SIVmac239 were not detected in
the sera of any of the three SIVmac239-infected sooty manga-
beys up to 1 year after SIV infection (Fig. 4 and Table 1). In
contrast, two of three macaques showed rising neutralizing
antibody titers starting at 20 weeks after SIV infection (Fig.
4b). In one macaque, the 50% neutralization titers at 46 weeks
of SIV infection were comparable to that of positive control
pooled sera from SIV-infected rhesus macaques (Table 1).
Neutralization titers were appreciably lower in the other two
macaques (Table 1 and Fig. 4b).

SIV-specific virus binding antibodies were also measured by
ELISA. Anti-SIV antibodies first became detectable by 1 to 3
weeks in the rhesus macaques and by 3 to 8 weeks in the sooty
mangabeys (data not shown). The antibodies persisted at mod-
erate to high levels and were detectable at equal levels in the
sooty mangabeys and rhesus macaques after 12 weeks of in-
fection (data not shown). In the sooty mangabeys, high levels
of anti-SIV antibodies were detected at time points (38 to 42
weeks of SIV infection) when neutralizing antibodies were not
detected.

T-lymphocyte homeostasis in SIV-infected sooty mangabeys
and rhesus macaques. Progressive CD41 T lymphocytopenia
is a hallmark of HIV/SIV-induced immunodeficiency. Declin-
ing total T-lymphocyte counts due to a failure of T-lymphocyte
homeostasis have also been shown to precede the onset of
AIDS in humans (36). Using three-color flow cytometry, we
longitudinally determined the percentages of total, CD41, and
CD81 T lymphocytes in sooty mangabeys and rhesus maca-
ques. The inclusion of the rhesus-specific CD3 MAb allowed us
to rigorously define CD41 and CD81 T lymphocytes as cells
coexpressing CD3 and CD4 or CD3 and CD8, respectively. It
also enabled us to follow peripheral T-lymphocyte homeostasis
in infected animals by measuring total T lymphocytes (i.e.,
CD31 T lymphocytes) and to evaluate other unusual T-lym-
phocyte populations in the peripheral blood, i.e., cells that do
not express either CD4 or CD8 (double negative) or that
express both markers (double positive).

In all SIV-infected macaques, the percentage of CD41 T
lymphocytes in the peripheral blood progressively declined to
#20% (Fig. 5). In contrast, the percent of circulating CD41 T
lymphocytes remained fairly stable throughout SIV infection in
the sooty mangabeys. In one sooty mangabey (FLg), CD41 T
lymphocytes declined sharply at 2 weeks but subsequently sta-

FIG. 2. Dynamics of primary SIV viremia in the first 100 days following
SIVmac239 infection in three rhesus macaques and three sooty mangabeys.
Plasma SIV viremia was quantitated by competitive RNA PCR at 2, 5, 7, 9, 12,
14, 16, 19, 21, 28, 63, and 98 days following SIV infection. Each data point with
error bars represents the mean and standard error of the mean viral load. The
differences in level of viremia between the rhesus macaques and sooty manga-
beys at each measured time point were statistically significant (P value by Stu-
dent’s t test 5 0.0005 at days 5 and 9 and ,0.05 after day 14). The slope of rise
and decay in plasma viremia was calculated from data points in the linear
portions of the curve (days 2 to 7 and 16 to 21 in the macaques; days 7 to 12 and
19 to 28 in the rhesus macaques). The slope of rise was 0.636 6 0.015 log10 RNA
copies/day (mean 6 SD) in the macaques and 0.449 6 0.075 log10 RNA copies/
day in the mangabeys (P value by Student’s t test 5 0.066). The slope of decay
was 20.093 6 0.031 log10 RNA copies/day (mean 6 SD) in the macaques and
20.213 6 0.029 log10 RNA copies/day in the mangabeys (P value by Student’s t
test 5 0.014).
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FIG. 3. SIV-specific CTL activity and plasma SIV RNA during acute and chronic SIVmac239 infection in three sooty mangabeys (FYg, FLg, and FWl) and three
rhesus macaques (RFi-1, RLk-1, and RGa-3). Arrows denote the time at which an animal died. SIV-specific CTL activity to Gag, Pol, Env, and Nef is shown as columns. The
absence of a column(s) at a particular time point denotes that CTL activity was not tested at that time point. Undetectable CTL activity is depicted by 0.5% specific lysis. Viral
loads below the threshold of detection (1,000 RNA copies/ml) are plotted as 1,000 copies/ml.
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bilized at .75% of the pre-SIV infection value (Fig. 5). Using
simple regression analysis and regression plots, a significant
inverse relationship between CD41 T lymphocyte counts and
duration of SIV infection was detected in the rhesus macaques
(R 5 0.756, P 5 ,0.0001) but not in the sooty mangabeys (R 5
0.191, P 5 0.0959). Changes in peripheral CD81 T-lymphocyte
counts during SIV infection were not significant (rhesus ma-
caque, R 5 0.187, P 5 0.1132; sooty mangabey, R 5 0.197, P 5
0.0856). The ratio of CD41 to CD81 T lymphocytes in the
peripheral blood declined significantly in the macaques (R 5
0.52, P 5 ,0.0001) but was unaltered in the mangabeys (R 5
0.045, P 5 0.6969).

T-cell homeostasis, as measured by the percentage of CD31

lymphocytes (total T lymphocytes) in peripheral blood, was
maintained in three of three mangabeys and in only one of
three macaques (Fig. 5). In the early phase of SIV infection,
despite CD41 T lymphocytopenia, the total T-lymphocyte pool
was maintained by reciprocal increases in the other T-lympho-
cyte subsets, chiefly CD31 CD81 lymphocytes (Fig. 5). In two
of three macaques that progressed to AIDS, a progressive
decline in total peripheral T lymphocytes was observed 4 to 6
weeks following SIV infection and was associated with CD41

and CD81 T lymphocytopenia (Fig. 5).
Interestingly, in the SIV-infected sooty mangabeys, 15 to

20% of the circulating CD31 T lymphocytes did not express
CD4 or CD8 on their surface. This cell population was also
seen in the peripheral blood of uninfected sooty mangabeys
(data not shown) and did not quantitatively change during SIV
infection. We explored the possibility that the CD31 CD42

CD82 lymphocytes were the equivalent of murine double-
negative T lymphocytes that express the NK1.1 antigen (10,
64). By flow cytometry and reverse transcription-PCR, these
cells did not have a restricted T-cell receptor Va repertoire,
nor did they predominantly express Va24 (data not shown).
We also did not find evidence for the characteristic cytokine
secretion profile of NK1.1 cells, i.e., high levels of IL-4 and
IFN-g with little or no secretion of IL-2, in this cell population
(data not shown). Such double-negative T lymphocytes were
rarely seen in normal macaques. In SIV-infected macaques,
transient increases in circulating CD31 CD42 CD82 T lym-
phocytes were seen at time points when the percentages of
both CD41 and CD81 T lymphocytes had declined.

Flow cytometric determination of the activation status of
circulating T lymphocytes in SIV-infected sooty mangabeys
and rhesus macaques. There is evidence that in HIV-infected

humans, chronic immune activation of CD81 T lymphocytes,
particularly as reflected by increased numbers or surface ex-
pression of CD38, is a strong predictor of progression to AIDS
(33, 34). We investigated the status of circulating activated
CD81 T lymphocytes during SIV infection in rhesus macaques
and sooty mangabeys. PBMC were surface stained with a con-
jugated anti-human CD38 MAb along with anti-CD3 and anti-
CD8 MAbs. In SIV-infected rhesus macaques, greater than
80% of the peripheral CD31 CD81 T lymphocytes expressed
CD38, while less than 50% of such cells were present in the
sooty mangabeys (Fig. 6). However, surprisingly, similar per-
centages of CD381-expressing CD81 T lymphocytes were also
seen in normal macaques and sooty mangabeys, and there was
no change in the number or fluorescence intensity of CD38
during SIV infection.

We also longitudinally examined the expression of the lym-
phocyte activation markers CD25, HLA DR, and CD69 on
CD41 and CD81 T lymphocytes by using two-color flow cy-

FIG. 4. Neutralizing antibodies to SIVmac239 in SIV-infected sooty mangabeys and rhesus macaques. (a) Representative assay in one sooty mangabey and one
rhesus macaque. (b) Percent inhibition of 1:20 dilution sera in three sooty mangabeys and three rhesus macaques during SIV infection.

TABLE 1. Neutralization titers to SIVmac239 in sera of
SIVmac239-infected sooty mangabeys and rhesus macaques

Animal
Neutralization titera

50% inhibition 20% inhibition

Sooty mangabeys
FYg ,1:15 ,1:15
FLg ,1:15 ,1:15
FWl ,1:15 ,1:15

Rhesus macaques
RFi-1 1:30 1:180
RLk-1 ,1:15 1:15
RGa3 ,1:15 1:100

Control macaque serab

Pooled positive serum 1:30 1:160
Pooled negative serum ,1:15 ,1:15

a Titers shown, determined by a SEAP assay as described in Materials and
Methods, are the maximum reached for individual animals at any time point after
SIV infection. In individual animals, sera from at least 10 time points, ranging
from 0 to 52 weeks after SIV infection, were titered against SIVmac239. Maxi-
mum neutralization titers were observed only after 24 weeks of SIV infection.

b Pooled positive serum was obtained from five SIVmac239-infected rhesus
macaques infected for at least 20 weeks. Pooled negative serum was from five
SIV-naive rhesus macaques.
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tometry. Simple regression analysis was used to generate re-
gression plots to determine the association between SIV infec-
tion and the proportion of circulating activated T lymphocytes
in sooty mangabeys and rhesus macaques (Fig. 7). The pro-
portion of circulating CD81 T lymphocytes expressing either
CD25, CD69, or HLA DR did not change significantly during
SIV infection (Fig. 7). In macaques, a decline in CD25-express-
ing CD41 T lymphocytes was observed, while in the mangabeys
there was a significant increase in CD25-expressing CD41 T lym-
phocytes (Fig. 7). A transient increase in the proportion of CD41

and CD81 T lymphocytes expressing CD69 or CD25 was ob-
served 7 days after SIV infection in the macaques (Fig. 7).

Longitudinal analysis of distribution of naive and memory
T-lymphocyte subsets in sooty mangabeys and rhesus maca-
ques during the course of SIV infection. Studies of HIV-infect-
ed humans have demonstrated that T lymphocytes of the naive
phenotype (defined as coexpressing CD45RA and CD62L)
decrease during disease progression (57). Naive CD81 T lym-
phocytes declined in adult HIV-infected individuals progress-
ing to AIDS but were preserved in nonprogressors (57). To
determine whether pathogenic SIV infection in rhesus maca-
ques could be similarly distinguished from apathogenic SIV
infection in sooty mangabeys, we investigated the proportions
of naive and memory CD81 and CD41 T lymphocytes in
peripheral blood longitudinally in two sooty mangabeys and
two rhesus macaques during SIV infection.

Using multiparametric flow cytometry, the percentages of
naive and memory phenotype CD41 and CD81 T lymphocytes
were determined sequentially from the onset of SIV infection

in one pair of infected animals (FLg and RLk-1) and from 12
weeks onward in another pair (FYg and RFi-1). In this longi-
tudinal analysis of a limited number of animals, we did not
observe an association between disease progression and de-
creased naive T lymphocytes in the peripheral blood (Fig. 8).
At 34 weeks of infection, the percentages of circulating naive
CD41 (19 and 21%) and CD81 (21 and 38%) T lymphocytes
in the two SIV-infected sooty mangabeys were lower than the
mean normal values obtained from six uninfected sooty man-
gabeys (CD4, 74% 6 3.9% [mean 6 SD]; CD8, 54% 6 10.6%
[Fig. 8]), while in the two SIV-infected rhesus macaques, the
percentages of circulating naive CD41 T lymphocytes (47 and
32%) were comparable to, and the percentages of circulating
naive CD81 T lymphocytes (37 and 16%) were lower than, the
mean normal values obtained from six uninfected macaques
(CD4, 30% 6 11%; CD8, 54% 6 10.6% [Fig. 8]).

Striking differences in the memory phenotype of CD41 and
CD81 T lymphocytes were observed between SIV-infected
sooty mangabeys and rhesus macaques (Fig. 8). In both ma-
caques studied, CD45RA2 memory T lymphocytes (partic-
ularly CD62L1) were virtually absent during SIV infection,
resulting in .90% of the memory pool of T lymphocytes
being comprised of CD45RA1 CD62L2 cells (Fig. 8). In con-
trast, CD45RA2 T lymphocytes, especially of the phenotype
CD45RA2 CD62L2, were preserved in both SIV-infected
sooty mangabeys and made up .50% of the memory pool of
CD41 T lymphocytes.

Differential patterns of cytokine secretion in sooty manga-
beys and rhesus macaques following acute infection with

FIG. 5. T-cell homeostasis during acute and chronic SIVmac239 infection in sooty mangabeys and rhesus macaques. The percentage of circulating T-lymphocyte
subsets was determined longitudinally during SIV infection in all six animals by three-color flow cytometry. In the pair of animals FYg and RFi-1, immunophenotyping
was performed only after 13 weeks of SIV infection.
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SIVmac239. To investigate the possibility that differences in
cytokine secretion correlate with differences in SIV-associated
pathogenicity, constitutive cytokine secretion in ex vivo PBMC
was examined longitudinally in one sooty mangabey and one
rhesus macaque (FWl and RGa-3, the third pair of infected
animals) from the onset of SIV infection. Cytokine secretion
was assessed at the single-cell level by flow cytometric mea-
surement of intracellular cytokines stained with directly con-
jugated anticytokine antibodies by using published methodol-
ogy (52, 60). We used PBMC incubated with monensin alone
(in the absence of mitogenic or CD3 stimulation) to analyze ex
vivo cytokine secretion in unstimulated PBMC following acute
SIV infection. One week after SIV infection, unstimulated
PBMC from the rhesus macaque showed a 10-fold increase in
the percentages of IL-2- and IL-10-secreting cells and a 35-fold
increase in the number of IFN-g secreting cells (Fig. 9). In
contrast, only increased IL-10 production (eightfold increase
in number and threefold increase in mean fluorescence inten-
sity) was evident in the sooty mangabey (Fig. 9). Increased IL-
2 and/or IFN-g secretion persisted in the rhesus macaque even
after the onset of CD41 T lymphocytopenia and was evident
until 21 weeks (Fig. 9). At 21 weeks, there was a concomitant
increase in IL-4 which persisted until death of the animal (data
not shown). The late increase in IL-4 was not accompanied by

increases in IL-2 and IFN-g and may denote a Th2 shift. In the
sooty mangabey, 2- to 60-fold increases in IL-4 were observed
after 6 weeks of infection and were not associated with in-
creases in IL-2 or IFN-g (Fig. 9 and data not shown). This
pattern of absent or Th2 type of cytokine secretion pattern in
the sooty mangabey was sustained till 40 weeks of SIV infec-
tion (Fig. 9).

The use of CD4 and CD8 surface staining concomitant with
intracellular cytokine staining allowed us to delineate the T
lymphocytes responsible for cytokine secretion. In the rhesus
macaque, increased secretion of IL-2 and IFN-g was contrib-
uted largely by CD81 and CD41 CD81 T lymphocytes (data
not shown). Even though cytokine secretion was also detected
in CD41 T lymphocytes, the mean fluorescence intensity was
5- to 10-fold higher in CD81 and CD41 CD81 T lymphocytes
than in CD41 T lymphocytes (data not shown).

The differences in cytokine secretion between the rhesus
macaque and the sooty mangabey were observed only with
fresh PBMC that had not been stimulated in vitro and hence
are likely to reflect the actual in vivo effect of SIV infection in
the two species. In vitro stimulation of PBMC with PMA and
calcium ionophore prior to cytokine staining resulted in a 20-
to 100-fold enhancement of cytokine staining signal. However,
the differential pattern of cytokine secretion evident with un-

FIG. 6. Surface expression of CD38 on CD31 CD81 T lymphocytes in peripheral blood during SIV infection in two sooty mangabeys (FLg and FYg) and two rhesus
macaques (RLk-1 and RFi-1). PBMC were immunophenotyped with CD38, CD3, and CD8 and analyzed by three-color flow cytometry. (a) Analysis of CD38 on gated
CD31 CD81 T lymphocytes. (b) Longitudinal evaluation of the proportion of CD38-expressing CD31 CD81 T lymphocytes. Data points from day 0 to week 34 are
available for FLg and RLk-1 and from week 30 to week 50 for FYg and RFi-1. The last data point reflects the time of death of RLk-1 and RFi-1. The mean normal
values were obtained from immunophenotyping uninfected sooty mangabeys (n 5 7) and uninfected rhesus macaques (n 5 7).
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stimulated PBMC was no longer apparent (data not shown). In
vitro stimulation also resulted in decreased cytokine secretion
in already activated PBMC. Thus, at day 82, unstimulated
rhesus PBMC showed marked increases in intracellular IL-2
(Fig. 9) which was absent after stimulation with PMA and
calcium ionophore (data not shown). This may have been due
to apoptosis following stimulation of already activated cells.

DISCUSSION

In this prospective study, we examined host immune events
during early and late SIV infection in two nonhuman primate
species with divergent outcomes of SIV infection. Pathogenic
SIV infection in rhesus macaques was associated with high SIV
viral loads, limited SIV-specific CTL activity, low-level neutral-
izing antibodies, progressive CD41 T lymphocytopenia, loss of
T-lymphocyte homeostasis, and increased constitutive produc-
tion of IL-2 and IFN-g. In contrast, SIVmac239 infection in
sooty mangabeys did not result in disease and was associated
with low SIV viral loads, sustained and broadly directed SIV-
specific CTL activity, undetectable neutralizing antibodies,
maintenance of T-lymphocyte homeostasis and CD41 T-lym-
phocyte counts, and increased production of IL-10.

The features of SIVmac239 infection in sooty mangabeys
were in striking contrast to natural SIVsmm infection in sooty
mangabeys, where absence of disease is associated with persis-

tent high viremia (17a, 54). We have previously investigated
SIV-specific CTL responses in such naturally infected sooty
mangabeys. In a cross-sectional analysis, 12 naturally infected
sooty mangabeys housed at the Yerkes Regional Primate Re-
search Center had high SIV viral loads and undetectable cir-
culating activated SIV-specific CTL activity (17a). SIV-specific
memory CTL were detected consistently in only 7 of 12 man-
gabeys and when detected, the bulk CTL response was gener-
ally weaker (#20% specific lysis) than in SIVmac239-infected
mangabeys. No correlation between viral load and the strength
or presence of in vitro CTL activity was observed. Since early
viral and host immune events can predict subsequent disease
progression in HIV and SIV infection (32, 45), we undertook
a prospective comparison of SIV infection in sooty mangabeys
and rhesus macaques. We chose SIVmac239 for experimental
SIV infection, as it is a pathogenic molecular clone of SIV in
rhesus macaques, and its use enabled us to control for virus
heterogeneity as a confounding factor determining the out-
come of infection. Further, it enhanced our capacity to detect
CTL responses due to the availability of vaccinia virus recom-
binants expressing SIV proteins of the homologous virus.

The contrasting features of SIVmac239 and natural SIVsmm
infection in sooty mangabeys prevents any conclusions regard-
ing early immune events following natural SIV infection in
sooty mangabeys. However, it does allow us to draw two inter-
esting conclusions. First, since vigorous and broad CTL re-

FIG. 7. Longitudinal analysis of association between SIV infection and peripheral T lymphocytes expressing CD25, HLA DR, or CD69 in SIV infection. Regression
plots were generated by simple regression analysis using time after SIV infection as the independent variable and the mean and 95% confidence intervals of the
proportion of CD41 or CD81 T lymphocytes expressing the activation marker as the dependent variable. The data were generated from three sooty mangabeys and
three rhesus macaques.
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sponses were present in SIVmac239-infected mangabeys, lim-
ited CTL responses in naturally SIV infected sooty mangabeys
are unlikely to be due to a genetically determined inability to
respond to SIV antigens. Second, in spite of differences in vi-
ral load and CTL activity between SIVmac239 and natural
SIVsmm infection in sooty mangabeys, the outcome was the
same: SIV infection did not lead to AIDS, nor did it perturb
T-lymphocyte homeostasis. These observations may be consis-
tent with the hypothesis of immunopathology in HIV infection
proposed by Zinkernagel and Hengartner (70). Thus, the ab-
sence of disease in the setting of a high virus load and weak
immune response may reflect protection from immunopathol-
ogy, while the absence of disease in the setting of a low viral
load and strong host immune response could indicate adequate
control of viral replication.

The reason for low viral loads in SIVmac239-infected sooty
mangabeys are likely to be multifactorial. One possibility is
that SIVmac239, a virus derived from a molecular clone that
was selected because of its ability to cause disease in rhesus
macaques (28), replicates poorly in sooty mangabeys. Although
SIVmac239 was derived from a virus that originally had its
origin in sooty mangabeys (35), it is likely to reflect the process
of adaptation to replication in rhesus macaques. In addition,
most molecular clones of SIV are relatively impaired in their
ability to replicate in nonhuman primates and are nonpatho-
genic (11, 23, 24, 26, 29, 37). Evidence in support of this
hypothesis is the delayed onset and low level of primary vire-
mia in all three sooty mangabeys, which was evident as early as
2 to 5 days after SIV infection. It is unlikely that virus-specific
immune responses could have controlled viral replication at
such early time points. Subsequently, the temporal association
between the onset of CTL activity and fall in peak plasma
viremia in macaques and mangabeys, and the presence of a
sustained, broadly directed CTL response in association with a
greater slope of decay and low-level steady state viremia in
mangabeys, suggests that CTL activity contributed to suppres-
sion of viral replication. It is conceivable that suboptimal viral

replication facilitated the development of enhanced immune
responses in sooty mangabeys, resulting in an inverse associa-
tion between CTL activity and SIV viral load. Neutralizing
antibodies were detected in macaques but not mangabeys and
hence are unlikely to have played a role in controlling viral rep-
lication.

The presence of a Th1-to-Th2 switch in HIV infection and
its role in the development of AIDS remains controversial
(42). We used flow cytometry to investigate species-specific
differences in patterns of cytokine secretion by longitudinally
evaluating intracellular cytokines ex vivo in PBMC at the sin-
gle-cell level. Direct examination of PBMC without subjecting
them to in vitro stimulation allowed a more representative
evaluation of the in vivo effect of SIV infection on cytokine
secretion. Further, the use of flow cytometry enabled us to de-
termine the phenotype of cytokine-secreting cells. At day 7
after SIV infection, in the one rhesus macaque studied, there
was a 35-fold increase in IFN-g secreting cells in the peripheral
blood. The source of the increased IFN-g was chiefly CD81

and to a lesser extent CD81 CD41 T lymphocytes. At this time
point, 14% of the circulating CD81 T lymphocytes were se-
creting IFN-g. Based on the recent observations of Butz and
Bevan (5) and Murali-Krishna et al. (43), who documented
that 50 to 70% of the expanded pool of CD81 T lymphocytes
during acute lymphocytic choriomeningitis virus infection are
virus specific, these cells may represent SIV-specific activated
CD81 T lymphocytes. Surprisingly, an expansion of IFN-g-
secreting CD81 T lymphocytes was not observed in the con-
currently infected sooty mangabey, despite the presence of a
strong SIV-specific CTL response in this animal. Instead, there
was a moderate increase in IL-10-secreting cells, the chief
source of which were CD42 CD82 cells. It is possible that we
missed the time point for detecting expansion of IFN-g-secret-
ing CD81 T lymphocytes in the sooty mangabey, since SIV-
specific CTL activity was detected later than in the rhesus
macaque. However, up to 12 weeks of infection, the pattern of
cytokine secretion in the rhesus macaque was a predominantly

FIG. 8. Longitudinal analysis of naive and memory phenotype of CD41 and CD81 T lymphocytes in two rhesus macaques and two sooty mangabeys during SIV
infection. PBMC were immunophenotyped and analyzed on a FACSVantage (BDIS), using four-color flow cytometry. The animal pairs FLg plus RLk-1 and FYg plus
RFi-1 were infected concurrently. Data points from day 0 to week 34 are available for FLg plus RLk-1 and from week 10 to week 50 for FYg plus RFi-1. The last data
point reflects the time of death of RLk-1 and RFi-1. The mean normal values were obtained from immunophenotyping uninfected sooty mangabeys (n 5 7) and
uninfected rhesus macaques (n 5 7).

VOL. 72, 1998 HOST RESPONSE TO SIV INFECTION IN SOOTY MANGABEYS 9607



FIG. 9. Longitudinal comparison of intracellular cytokine secretion in PBMC during SIV infection in one sooty mangabey (FWl) and a concurrently infected rhesus
macaque (RGa-3). Contour plots showing intracellular IL-2, IL-4, IL-10, and IFN-g in unstimulated PBMC at days 0, 7, 82, and 148 following SIV infection. The numbers
in the right upper quadrant of each plot are the values for the percentage/geometric mean channel fluorescence of cytokine-positive cells in the lymphocyte gate.
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Th1 pattern, while in the sooty mangabey, modest increases of
IL-4 and/or IL-10 were observed. An increase in IL-4 was
observed after 20 weeks in the macaque. Our observations
indicate that at least in the sooty mangabeys, the presence of
IL-10 but not IFN-g or IL-2 secretion during acute infection
can be associated with lack of disease and strong SIV-specific
CTL responses. Our results are in contrast to published data
on cytokine production in SIV infection in cynomolgus maca-
ques (4). Unstimulated PBMC from cynomolgus macaques
infected with an attenuated SIV (pC8 clone of SIVmac32H),
but not those infected with pathogenic SIVmac251, showed
increased levels of IL-2, IL-4, and IFN-g mRNA during acute
SIV infection (4). The reason for the contrasting pattern ob-
served in the SIVmac239-infected macaque in our study is
unclear, though it may be related to differences in virus strain,
host species, or the techniques used to assess cytokine produc-
tion. It is also important that our preliminary observations be
confirmed in a larger number of animals. Increased IFN-g
production has been found in chimpanzees infected with
pathogenic HIV strains and in HIV-infected humans. In two
HIV-infected chimpanzees that developed CD41 T lymphocy-
topenia, transient increases in IFN-g mRNA were observed in
unstimulated PBMC at the time of increased HIV viremia
(65). Constitutively increased IFN-g mRNA has also been
observed in PBMC and lymph nodes of HIV-infected humans
throughout the course of infection (19). In a study of cytokine
expression in primary HIV infection, two patterns of IFN-g
secretion were observed (18). In one, the level of IFN-g ex-
pression was low throughout primary infection. In the other,
there was a peak in IFN-g expression in CD81 T cells which
coincided with oligoclonal expansions of certain Vb subsets of
CD81 T cells (18).

In HIV-infected humans, a decline in naive CD81 T lym-
phocytes (57) and an increase in surface expression of CD38
on CD81 T lymphocytes (33) are features of progressive in-
fection. In our study, such an association was not observed
during longitudinal evaluation of SIV infection in two sooty
mangabeys and two rhesus macaques. Even though numbers of
CD38-expressing CD81 T lymphocytes were greater in SIV-
infected rhesus macaques than in sooty mangabeys, this differ-
ence was also present in uninfected macaques and mangabeys.
The significance of the high proportion of peripheral blood
CD81 T lymphocytes expressing CD38 in uninfected macaques
is not known. Our finding that a high percentage of CD81 T
lymphocytes in rhesus macaques expressed CD38 independent
of SIV infection is consistent with previous published data
(17). The reason for these immune markers not serving as
surrogates of disease progression in SIV infection may be two-
fold. One possibility is that the phenotypic classification of
activation or naive and memory cell markers based on human
data is not functionally applicable in sooty mangabeys or rhe-
sus macaques; another possibility is that it reflects a species-
specific or virus-specific difference in host response.

Certain phenotypic differences were observed between sooty
mangabeys and rhesus macaques with increasing duration of
SIV infection. In rhesus macaques, the proportion of CD41 T
lymphocytes expressing CD25 declined during SIV infection,
and the decline was independent of CD41 T lymphocytopenia.
The decrease in activated CD41 T lymphocytes in SIV-infect-
ed macaques may reflect selective loss of activated CD41 T
lymphocytes to productive SIV infection. Alternatively, similar
to findings for HIV infection, it could reflect a functional impair-
ment in the ability of infected CD41 T lymphocytes to up-
regulate CD25 or CD69 (25, 48). A significant increase in
CD25-expressing CD41 T lymphocytes was observed in sooty
mangabeys during SIV infection. The cause of this increase is

unclear. A similar observation was reported for gut-associated
lymphoid tissue of SIV-infected macaques (63). Intestinal CD41

T lymphocytes expressing CD25 declined in SIVmac239-in-
fected but increased in SIVmac239Dnef-infected rhesus ma-
caques (63). It is possible that this signifies the presence of
lymphocyte activation without lytic infection in attenuated SIV
infection.

A selective loss of memory CD41 T lymphocytes with a
CD45RA1 phenotype was seen in the macaques but not the
mangabeys. There is evidence that HIV and SIV preferentially
replicate in memory CD41 T lymphocytes (58, 61, 66). The
selective decrease in the CD45RA2 memory subset of CD41 T
lymphocytes in SIV-infected rhesus macaques may reflect the
susceptibility of different memory populations of CD41 T lym-
phocytes to SIV infection or differences in expression of mem-
ory markers associated with disease progression.

In conclusion, SIVmac239 infection in sooty mangabeys and
rhesus macaques resulted in divergent outcomes and was asso-
ciated with several differences in host response to SIV infection.
Strong CTL responses and control of viral replication were
associated with an absence of disease in SIVmac239-infected
sooty mangabeys, though different mechanisms may be oper-
ative in maintaining an asymptomatic state in naturally infect-
ed mangabeys with high viral loads. Differences in T-cell phe-
notype and cytokine secretion were observed in macaques and
mangabeys, but their role in conferring resistance or suscepti-
bility to AIDS following SIV infection is not clear. Future
studies in this animal model may shed light on host determi-
nants of apathogenic lentivirus infection.
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