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In contrast to pathogenic lentiviral infections, chronic simian immunodeficiency virus (SIV) infection in its
natural host is characterized by a lack of increased immune activation and apoptosis. To determine whether
these differences are species specific and predicted by the early host response to SIV in primary infection, we
longitudinally examined T-lymphocyte apoptosis, immune activation, and the SIV-specific cellular immune
response in experimentally infected rhesus macaques (RM) and sooty mangabeys (SM) with controlled or
uncontrolled SIV infection. SIVsmE041, a primary SIVsm isolate, reproduced set-point viremia levels of
natural SIV infection in SM but was controlled in RM, while SIVmac239 replicated to high levels in RM.
Following SIV infection, increased CD8� T-lymphocyte apoptosis, temporally coinciding with onset of SIV-
specific cellular immunity, and elevated plasma Th1 cytokine and gamma interferon-induced chemokine levels
were common to both SM and RM. Different from SM, SIV-infected RM showed a significantly higher
frequency of peripheral blood activated CD8� T lymphocytes despite comparable magnitude of the SIV-specific
gamma interferon enzyme-linked immunospot response. Furthermore, an increase in CD4� and CD4�CD8�

T-lymphocyte apoptosis and plasma tumor necrosis factor-related apoptosis-inducing ligand were observed
only in RM and occurred in both controlled SIVsmE041 and uncontrolled SIVmac239 infection. These data
suggest that the “excess” activated T lymphocytes in RM soon after SIV infection are predominantly of
non-virus-specific bystander origin. Thus, species-specific differences in the early innate immune response
appear to be an important factor contributing to differential immune activation in natural and nonnatural
hosts of SIV infection.

Sooty mangabeys (Cercocebus atys) (SM) are African Old
World primates that are natural hosts of the simian immuno-
deficiency virus (SIV) and rarely progress to AIDS (21, 30).
Even though SIV infection of SM shares important similarities
with pathogenic lentiviral infection, including the presence of
persistent moderate to high-level SIV viremia, there is a strik-
ing absence of increased lymphocyte turnover, increased im-
mune activation, and increased apoptosis during the chronic
phase of SIV infection (2, 17, 30, 31). The mechanisms under-
lying this difference remain unclear.

Induction of apoptosis in early SIV infection has been shown
to be a predictor of later disease progression in SIV-infected
rhesus macaques (RM) (24, 32). Only a limited number of
studies have compared apoptosis in natural and nonnatural
hosts during the acute phase of SIV infection. In studies with
African green monkeys (AGM), lymph node (LN) apoptosis in
the first 8 weeks after SIV infection was reported to be of
limited magnitude compared to that in RM (5). Whether these
differences are related to the innate or virus-specific host

response is not known. In this study, we examined the ki-
netics of T-lymphocyte apoptosis and its relationship to viral
load, immune activation, and the SIV-specific cellular
immune response in experimentally SIV-infected SM and
RM in the setting of uncontrolled and controlled infection.
SIVsmE041 infection reproduced the set-point viremia levels
of natural infection in SM but was controlled in RM, while
SIVmac239 infection resulted in high-level viremia in RM. Our
data show that an acute increase in apoptosis and activation of
CD8� T lymphocytes temporally coinciding with the onset of a
cellular immune response to SIV were common features of
SIV infection in all three experimental settings. However, an
acute increase in peripheral blood CD4� T-lymphocyte
apoptosis and activation, along with increased plasma tumor ne-
crosis factor-related apoptosis-inducing ligand (TRAIL) levels,
was observed only in RM and occurred in both controlled and
uncontrolled SIV infection. Differences in the magnitude of
T-lymphocyte activation but not the anti-SIV gamma inter-
feron (IFN-�)-secreting T-lymphocyte response in RM and
SM indicate the possibility of a larger pool of bystander acti-
vated T lymphocytes expanding during acute SIV infection in
RM. These data suggest that species-specific differences in the
innate host response contribute to the divergent outcome of
SIV infection in RM and SM.
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MATERIALS AND METHODS

Animals. SM were housed at the Yerkes National Primate Research Center,
Atlanta, GA, while RM were housed at the New England Primate Research
Center (NEPRC), Southborough, MA. Four SIV-negative SM and 10 SIV-
negative RM were enrolled in the present study. All animals were maintained in
accordance with institutional and federal guidelines for animal care (26).

SIV infection. The primary isolate SIVsmE041, derived from a naturally SIV-
infected SM that developed AIDS (21), and the pathogenic molecular clone
SIVmac239 (provided by Ron Desrosiers, NEPRC) were used for SIV infection
studies. Experimental SIVsmE041 infection was performed by intravenous inoc-
ulation of 1 ml plasma (n � 2 SM) or 25 ng p27 equivalent of SIVsmE041 virus
stock grown on peripheral blood mononuclear cells (PBMC) of SIV-negative SM
(n � 2 SM and 4 RM). The pathogenic molecular clone SIVmac239 (3,000 50%
tissue culture infective doses [TCID50]) was used to infect six SIV-negative RM
via the intrarectal route.

Sample collection and processing. Blood from SM was collected in heparin
Vacutainer tubes and heparin CPT Vacutainer tubes (Becton Dickinson Vacu-
tainer Systems, Franklin Lakes, NJ), shipped on ice, and processed the next day
at NEPRC. Blood collected from RM housed at NEPRC was subjected to a
similar overnight delay before processing. Lymphocytes isolated by density gra-
dient centrifugation (Lymphocyte Separation Medium; MP Biomedicals Inc.,
Solon, OH) from heparin blood were used for apoptosis studies and phenotyp-
ing. Enzyme-linked immunospot (ELISPOT) assays were performed on PBMC
isolated from heparin CPT tubes that had been centrifuged at 950 � g for 30 min
within 1 hour of blood collection.

LN biopsy tissue collected in RPMI 1640 medium (Cellgro, Herndon, VA)
supplemented with 10% fetal calf serum (Sigma-Aldrich, St. Louis, MO), 2 mM
L-glutamine (Cellgro), 50 IU/ml penicillin (Cellgro), 50 �g/ml streptomycin
(Cellgro), and 10 mM HEPES buffer (Cellgro) (R-10 medium) was mechanically
dissected and homogenized using sterile techniques. Lymphocytes were sepa-
rated from cell debris by straining through a 70-�m cell strainer (BD Biosciences,
San Jose, CA) and used for flow cytometry or ELISPOT assays. Plasma was
collected from blood in heparin Vacutainer tubes by centrifugation for 10 min at
950 � g the day after collection and was used for enzyme-linked immunosorbent
assay (ELISA) and cytometric bead array.

Antibodies and immunophenotyping. Fluorochrome-conjugated antibodies of
anti-human specificity were obtained from BD Biosciences Pharmingen (San
Jose, CA) unless stated otherwise. These included anti-CD3 (clone SP34-2)–
allophycocyanin (APC) or –APC-Cy7; anti-CD4 (clone L200)–APC, –phyco-
erythrin (PE), –peridinin chlorophyll protein (PerCP), or –peridinin chlorophyll
protein cychrome 5.5; anti-CD8 (clone SK1)–PerCP; anti-CD8 (clone RPA-T8)–
Alexa700; anti-active caspase-3 (clone C92-605)–fluorescein isothiocyanate
(FITC) or –PE; and anti-Ki67 (clone B56)–FITC. Streptavidin-APC and Q-
dot655 (Invitrogen) were used as secondary reagents to detect biotinylated pri-
mary antibodies. For compensation settings anti-mouse immunoglobulin (Ig),
�/Negative Control Compensation Particles (BD Biosciences) were used. Four-
color and polychromatic flow cytometry was used for immunophenotyping. Sam-
ples were run on a FACSCalibur or LSR II (BD Biosciences), and at least
200,000 events were acquired. Data were analyzed using FlowJo software 8.7.3.
(Tree Star, Inc., San Carlos, CA).

Detection of apoptosis. The anti-active caspase-3 monoclonal antibody (MAb)
was used for flow cytometric detection of apoptosis in isolated lymphocytes that
were fixed and permeabilized using commercial fixation and permeabilization
reagents (Caltag Laboratories, Burlingame, CA) as previously described (33).
Apoptosis was measured ex vivo in freshly isolated peripheral blood and LN
lymphocytes that were not subjected to prior stimulation or culture in medium.
Isotype and fluorescent minus one controls were included as negative controls to
validate the caspase-3 staining. In all instances, cells induced to undergo apop-
tosis by 5 �M camptothecin or 10 �M dexamethasone (Sigma-Aldrich) for 18 h
were used as postive controls. T-lymphocyte apoptosis was also measured in fixed
LN tissue sections by active caspase-3 immunohistochemistry (IHC) as described
previously (28). Briefly, IHC for cleaved caspase-3 and CD20 were performed
sequentially on the same sections of formalin-fixed, paraffin-embedded LN. Tis-
sue sections were deparaffinized in xylene and rehydrated through graded eth-
anol solutions to distilled water. Endogenous peroxidase activity was blocked by
incubation in 3% H2O2, and antigen retrieval was accomplished by microwaving
sections for 20 min in citrate buffer (Dako Corp., Carpinteria, CA). Tissue
sections were treated for nonspecific protein binding (Protein Block; Dako) and
then sequentially incubated for 30 min at room temperature with polyclonal
rabbit anti-human cleaved caspase-3 (Cell Signaling Technology, Inc., Boston,
MA) followed by biotinylated goat anti-rabbit IgG. Antigen-antibody complexes
were localized by application of streptavidin-peroxidase conjugate (Dako) fol-

lowed by development in the chromogenic substrate 3,3�-diaminobenzidine
(Dako). To detect CD20 expression, endogenous alkaline phosphatase activity
was blocked in 5 mM levamisole before tissue sections were incubated overnight
at 4°C with mouse anti-human CD20 (clone L26; Dako). The next day, tissues
were incubated with biotinylated horse anti-mouse IgG, followed sequentially by
alkaline phosphatase-conjugated streptavidin and the alkaline phosphatase sub-
strate Vector Blue (Vector Labs, Burlingame, CA).

The extent of programmed cell death in paracortical T lymphocytes was
estimated by counting the number of caspase-3� CD20� cells within CD20-
negative paracortical regions and dividing by the total area of the LN section,
expressed as cells/mm2. LN images were captured using an Optronics DEI-750
charge-coupled device camera (Meyer Instruments, Inc., Houston, TX) mounted
on an Olympus AH-2 microscope (Olympus America, Inc., Center Valley, PA),
and computer image quantification of LN area (in mm2) was accomplished using
Leica QWin software (Leica Microsystems, Inc., Bannockburn, IL), as described
elsewhere (28).

Plasma SIV RNA. The concentrations of SIVsmE041 and SIVmac239 RNA in
plasma were determined as previously described (3, 33). Briefly, blood was
collected in tubes containing the anticoagulant EDTA and centrifuged at 1,200 �
g for 10 min within 3 h of collection. Removed plasma was centrifuged again at
1,200 � g for 10 min, and aliquots of cell-free plasma were stored at �80°C.
Plasma RNA was extracted with the QIAamp viral RNA kit (Qiagen), and SIV
RNA was measured by real-time reverse transcriptase PCR (7700 Sequence
Detection System; PE Applied Biosystems). Random hexamers were used to
prime reverse transcription. Primers and probe targeting a highly conserved
region in the 5� untranslated region (SIVsmE041) or SIV gag (SIVmac239) were
used, and the SIV RNA copy number was determined by interpolation onto a
standard curve of viral RNA standards.

ELISPOT assay. IFN-� ELISPOT assays were performed against peptide
pools spanning the SIV proteome as previously described (33). Overlapping
peptides were based on the sequence of SIVmac239 and consisted of 15-amino-
acid-long peptides overlapped by 11 amino acids. Ten SIV peptide pools, each
representing one SIV protein (exception two pools for Pol), were used for
stimulation and measurement of the total SIV-specific response. Peptides were
used at a final concentration of 1 to 2 �g/ml, with the dimethyl sulfoxide con-
centration being maintained at 	0.5% in all functional assays. The capture- and
biotinylated-detector-matched MAb pair for IFN-� were clones GZ-4 and
7-B6-1 (Mabtech, Nack Strand, Sweden), respectively. Briefly, sterile 96-well
polyvinylidene difluoride MultiScreen-IP plates (Millipore, Bedford, Mass.)
coated with anticytokine MAb were plated with unfractionated PBMC at 200,000
to 300,000 cells/well for SIV-specific stimulation. Stimulation of 100,000 cells
with staphylococcal enterotoxin B (100 ng/ml; Sigma-Aldrich) was used as a
positive control, while stimulation with medium alone was used as a negative
control. After overnight stimulation at 37°C in a 5% CO2 incubator, cells were
removed by extensive washing and incubated for 2 h at room temperature with
biotinylated detector MAb. Spots were developed by successive incubation with
streptavidin-alkaline phosphatase followed by the substrate nitroblue tetrazoli-
um/5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP) buffer (Moss, Inc., Pasa-
dena, MD). Spots were counted on a KS ELISPOT automated reader system
(Carl Zeiss, Inc., Thornwood, NY) using KS ELISPOT 4.2 software (performed
by ZellNet Consulting, Inc., Fort Lee, NJ). Frequencies of responding cells
obtained after subtracting background spots in negative control wells were ex-
pressed as spot-forming cells (SFC) per million PBMC. ELISPOT responses to
individual SIV proteins that were more than twofold above those of negative
control wells and greater than two standard deviations above the mean in SIV-
seronegative monkeys were considered positive.

ELISA. IFN-
 and soluble TRAIL levels were measured in plasma using the
commercial available IFN-
 (PBL Biomedical Laboratories, Piscataway, NJ) and
TRAIL (Biosource, Carlsbad, CA) ELISA kits. Typically, samples were run in
duplicates in at least two independent experiments.

Cytometric bead array. Plasma cytokine and chemokine levels were measured
by the cytometric bead array as per the manufacturer’s protocol using the Th1/
Th2 nonhuman primate kit and chemokine kit (BD Biosciences). Briefly, 50 �l
of the mixed capture beads, 50 �l of the standards or test samples, and 50 �l of
the PE detection reagent were added to the assay tubes and incubated for 3
hours at room temperature in the dark. Thereafter, assay tubes were washed with
1 ml wash buffer, fixed with 2% paraformaldehyde for 30 min at room temper-
ature, and resuspended in 100 to 200 �l wash buffer. Samples were run on a
FACSCalibur, which was set up using the cytometer setup beads as described in
the manual. Typically, samples were run in duplicates in at least two independent
experiments.

ISH analysis. Productively infected SIV-positive cells were identified by in situ
hybridization (ISH) for SIV RNA in LN tissue as described previously (27, 28),
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using digoxigenin-labeled antisense riboprobes (Lofstrand Labs, Gaithersburg,
MD) spanning the entire genomes of either the SIVsmmPGm5.3 molecular
clone of SIVsmFGb for SIVsmmE041-infected SM and RM or SIVmac239 for
SIVmac239-infected RM. After hybridization, sections were washed extensively
and bound probe was detected by IHC, using alkaline phosphatase-conjugated
sheep antidigoxigenin F(ab) fragments (Roche) and the chromogen NBT/BCIP
(Roche). Sections were counterstained with nuclear fast red (Vector Labs, Bur-
lingame, CA).

Statistical analysis. Comparisons between groups or between time points were
performed with the two-tailed unpaired and paired t tests, respectively. Corre-
lation analysis was performed with the Pearson test. All statistical analysis was
performed using the GraphPad Prism software version 4.0c (GraphPad Software,
Inc., La Jolla, CA).

RESULTS

Differential replication of SIVsmE041 in RM and SM. In
this study we used the primary SIVsm isolate SIVsmE041 (21)
for experimental infection to compare differences in immune
events and apoptosis during acute SIV infection in SM and
RM. Previously we had shown that experimental SIVmac239
infection of SM was not representative of natural SIV infec-
tion, since it did not lead to sustained viremia in chronic in-
fection (18). Since SIVsmE041 had not been passaged in RM,
we reasoned that it was more likely to reproduce the viral
replication patterns of natural SIV infection in SM.

Initially, two SIV-negative SM (FOM and FPR) were inoc-
ulated intravenously with plasma from the naturally SIV-
infected SM E041 (Fig. 1A). Subsequently, virus stock of
SIVsmE041 grown on PBMC of SIV-negative SM was ob-
tained and used to inoculate two SIV-negative SM (FIy and
FJy) and four RM (111.91, 361.95, 365.05, and 368.05) via the
intravenous route (Fig. 1A and B). Additionally, six RM inoc-
ulated intrarectally with 3,000 TCID50 of pathogenic SIV
mac239 were also investigated (Fig. 1C).

SIVsmE041 infection of four SM resulted in arithmetic
mean peak and set-point plasma SIV RNA levels of 1.8 � 106

and 1.6 � 104 copies/ml, respectively (Fig. 1A). The set-point
viremia levels established in the SIVsmE041-infected SM were
in the range observed in naturally SIV-infected SM (30, 31). In
four RM infected with SIVsmE041, peak viremia levels
(arithemetic mean, 7.7 � 105 copies/ml plasma SIV RNA)
were comparable to those in SM, but plasma viremia was
undetectable or 	500 plasma SIV RNA copies/ml at the set
point (Fig. 1B). Unlike SIVsmE041, the pathogenic molecular
clone SIVmac239 replicated to high levels in six RM, with
arithmetic mean peak and set-point viremia levels of 2.2 � 107

and 7.3 � 106 plasma SIV RNA copies/ml, respectively (Fig.
1C). The different viral replication patterns of SIVsmE041 and
SIVmac239 infection in RM allowed comparison of early
events during controlled or uncontrolled SIV infection in a
pathogenic host as opposed to uncontrolled SIV infection in a
natural host.

All three experimental groups showed a transient decline in
peripheral blood total CD4� T-lymphocyte counts and a vari-
able degree of CD8� T lymphocytosis in the first 8 weeks after
SIV infection (Fig. 1D). The frequency of peripheral blood
CD4� T lymphocytes recovered to near-baseline levels in the
SIVsmE041-infected SM and RM but showed a persistent de-
cline to roughly 60% of baseline levels in the SIVmac239-
infected RM (Fig. 1D). Consistent with our previous findings,
the baseline frequency of CD4�CD8� double-negative T lym-
phocytes was significantly higher in SM than in RM (A. Kaur,
unpublished data) and did not change after SIV infection (Fig.
1D). The majority of double-negative T lymphocytes in SM
express the 
� T-cell receptor, and their function is being
investigated (A. Kaur, unpublished data).

Differential ex vivo apoptosis of peripheral blood T-lympho-
cyte subsets during acute SIV infection in SM and RM. In
chronic pathogenic human immunodeficiency virus (HIV) or
SIV infection, increased lymphocyte apoptosis is evident only
after in vitro culture in medium or after mitogen or T-cell
receptor stimulation (7, 13, 23). In the few published compar-
ative studies of apoptosis in natural and nonnatural hosts dur-
ing acute SIV infection, apoptosis was examined in tissue sec-
tions by IHC or in lymphocytes by flow cytometry (5, 8, 29). In
this study we investigated lymphocyte apoptosis ex vivo in
freshly isolated peripheral blood and LN lymphocytes not sub-
jected to prior culture or stimulation, using flow cytometric
detection of intracellular active caspase-3 (Fig. 2A). Intracel-
lular accumulation of active caspase-3 was validated as a
marker of T-lymphocyte apoptosis by concurrent flow cytomet-
ric detection of cleaved poly(ADP-ribose) polymerase
(PARP), an end product of the proteolytic action of active
caspase-3 on its substrate PARP, as well as by terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling (TUNEL). In two SIVmac239-infected macaques,
cleaved PARP colocalized with active caspase-3, and the fre-
quency of active caspase-3-positive T lymphocytes showed a
strong positive correlation with TUNEL-positive T lympho-
cytes (data not shown).

Flow cytometric detection of ex vivo apoptosis in freshly
isolated peripheral blood lymphocytes could be performed in
two of the four SIVsmE041-infected SM and in all the SIV-
infected RM (Fig. 2). A five- to sixfold increase in CD8�

T-lymphocyte apoptosis, but a minimal to no increase in
apoptosis of CD4� and double-negative (CD4�CD8�) T lym-

FIG. 1. Kinetics of plasma SIV viremia and peripheral T-lympho-
cyte counts in experimentally infected SM and RM. (A to C) Plasma
SIV RNA in four SIVsmE041-infected SM (A), four SIVsmE041-
infected RM (B), and six SIVmac239-infected RM (C). SIVsmE041
was inoculated intravenously as 25 ng p27 equivalent of virus stock
(FIy, FJy, and all four RM) or 1 ml plasma from SM E041 (FOM and
FPR). SIVmac239 (3,000 TCID50) was inoculated intrarectally. The
geometric mean of plasma SIV RNA for each group is represented by
the solid black line. The detection limit (160 copies/ml for SIVsmE041
and 30 copies/ml for SIVmac239) is denoted by the dotted line.
(D) Changes in frequency of T-lymphocyte subsets during acute SIV
infection. Means and standard errors of the means for SIVsmE041-
infected SM (left panel), SIVsmE041-infected RM (middle panel), and
SIVmac239-infected RM (right panel) are shown.
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phocytes, was observed in the two SIVsmE041-infected SM in
the first 2 weeks following SIV infection (Fig. 2B). In contrast,
a significant 2- to 36-fold increase in CD4�, CD4�CD8�, and
CD8� T-lymphocyte apoptosis was seen during this period in
both SIVsmE041- and SIVmac239-infected RM and persisted
above pre-SIV infection levels (Fig. 2B). The 3- to 13-fold

increase in CD8� T-lymphocyte apoptosis in SIVsmE041-
infected RM at 2 weeks after SIV infection was comparable in
magnitude to that in the SIVsmE041-infected SM (Fig. 2B) but
was of lower magnitude than that in SIVmac239-infected RM
(P � 0.055; unpaired t test), suggesting that CD8� T-lympho-
cyte apoptosis was related to the extent of viral replication.

FIG. 2. Differential ex vivo T-lymphocyte apoptosis in peripheral blood in SM and RM following SIV infection. (A) Representative flow data
of active caspase-3 staining of CD4� (top), CD4�CD8� (middle), and CD8� (bottom) T lymphocytes before and after SIVsmE041 infection for
one SM and one RM (B) Kinetics of active caspase-3 expression in peripheral CD4� (top), CD4�CD8� (middle), and CD8� (bottom) T
lymphocytes in two SIVsmE041-infected SM, four SIVsmE041-infected RM, and six SIVmac239-infected RM in the first 8 weeks after SIV
infection. Data on individual animals in each group are shown. Asterisks denote P values of 	0.05 for comparison between week 0 and week 2
time points determined by the two-tailed paired t test. p.i., postinfection.
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Apart from the transient decline in CD4� T lymphocytes,
detection of increased T-lymphocyte apoptosis was not tempo-
rally associated with detectable changes in the peripheral
counts of T-lymphocyte subsets (Fig. 1D).

In contrast to CD8� T-lymphocyte apoptosis, the striking
difference in CD4� and CD4�CD8� T-lymphocyte apoptosis
between SM and RM appeared to be species specific and
independent of the extent of viral replication. SIVsmE041 rep-
licated to comparable levels in SM and RM yet induced CD4�

and CD4�CD8� T-lymphocyte apoptosis only in RM. Con-
versely, despite a difference of more than 1 log in levels of peak
viremia in SIVmac239- and SIVsmE041-infected RM, there
was no significant difference in the magnitude of CD4� and
CD4�CD8� T-lymphocyte apoptosis between the two groups
(Fig. 2B and data not shown).

Increased LN T-lymphocyte apoptosis is a feature of acute
SIV infection in both SM and RM. In a recent study, serial
IHC analysis of peripheral LN revealed increased apoptosis in
RM but not AGM in acute SIV infection (5). In the current
study, we investigated apoptosis of peripheral LN T lympho-
cytes by both flow-cytometric (Fig. 3A) and IHC (Fig. 3B and
C) analyses of active caspase-3. As for peripheral blood, the
frequency of ex vivo CD4� and CD8� T-lymphocyte apoptosis
in freshly isolated LN lymphocytes could be examined in two of
the four SIVsmE041-infected SM and in all the SIV-infected
RM (Fig. 3A), while semiquantitative analysis of T-lymphocyte
apoptosis in LN sections by IHC could be performed on all the
SM and RM (Fig. 3B and C).

Similar to the case for peripheral blood, an increase in
CD8� T-lymphocyte apoptosis was observed in both species
(Fig. 3A). At 2 weeks after SIV infection, CD8� T-lymphocyte
apoptosis in the SIVmac239-infected RM was of significantly
greater magnitude than that of the SIVsmE041-infected RM
(Fig. 3A). Different from the case for peripheral blood, a small
increase in LN CD4� T-lymphocyte apoptosis (	1% apoptotic

CD4� T lymphocytes) was observed in both SM and RM (Fig.
3A). Since the LN is an early site of SIV replication, the small
increase in CD4� T-lymphocyte apoptosis in the LN but not
peripheral blood of SIV-infected SM may reflect the presence
of higher numbers of productively SIV-infected CD4� T lym-
phocytes in close proximity to uninfected CD4� T lymphocytes
in the LN. It is likely that the difference in CD4� T-lymphocyte
apoptosis between RM and SM is primarily due to lower or
absent apoptosis of uninfected CD4� T lymphocytes in SM
rather than due to differences in apoptosis of productively
infected CD4� T lymphocytes. If so, it is perhaps not surprising
that a high concentration of productively infected CD4� T
lymphocytes at the peak of viral replication in the LN would
manifest as increased CD4� T-lymphocyte apoptosis in the
LNs of both species. The magnitude of acute CD4� T-lympho-
cyte apoptosis appeared to be similar in SM and RM, but by
week 23, CD4� T-lymphocyte apoptosis had returned to base-
line levels in the SM but not in the RM (Fig. 3A).

Semiquantitative analysis of apoptotic T lymphocytes in the
LN paracortex by active caspase-3 IHC showed a significant
and comparable increase in apoptosis in the T-cell zones of
SIVsmE041-infected SM and SIVmac239-infected RM at 2
weeks after SIV infection (Fig. 3B and C). The frequency of
productively SIV-infected cells in the LN paracortex at this
time point was similar in SM and RM and did not correlate
with the frequency of active caspase-3-positive cells in the
paracortex (Fig. 4A and B). We also did not observe a corre-
lation between plasma viremia and peripheral blood CD4�

and CD8� T-lymphocyte apoptosis in acute SIV infection (Fig.
4C and D).

Relationship between CD8� T-lymphocyte apoptosis, CD8�

T-lymphocyte activation, and the SIV-specific cellular immune
response in acute SIV infection. Since primary viral infections
are characterized by a rapid expansion of activated virus-spe-
cific CD8� T lymphocytes that later undergo apoptosis (25),

FIG. 3. T-lymphocyte apoptosis in peripheral LNs of SM and RM during acute SIV infection. (A) Percentage of active caspase-3-positive CD4�

and CD8� T lymphocytes in LNs determined by flow cytometry. Means and standard errors of the means for SIVsmE041-infected SM (n � 2),
SIVsmE041-infected RM (n � 4), and SIVmac239-infected RM (n � 6) shown. Asterisks denote P values of 	0.01 as determined by the two-tailed
unpaired t test. (B) Representative active caspase-3 IHC on LNs of one SIVsmE041-infected SM and one SIVmac239-infected RM before and
2 weeks after SIV infection. Caspase-3-positive cells (brown 3,3�-diaminobenzidine chromogen, indicated by the arrows) in the entire paracortical
zone of the LN were counted and numbers were normalized relative to the entire LN section in mm2. Plasma SIV RNA values are shown in
parentheses. All sections are at a magnification of �200 with hematoxylin counterstaining. (C) Absolute numbers of active caspase-3-positive T
lymphocytes in LNs before and after SIV infection. Asterisks denotes P values of 	0.05 as determined by the two-tailed paired t test.
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we investigated the relationship between CD8� T-lymphocyte
apoptosis, CD8� T-lymphocyte activation, and the SIV-spe-
cific cellular immune response.

A significant increase in the frequency of peripheral blood
Ki67-positive CD8� T lymphocytes was observed in both SM
and RM between 2 and 4 weeks following SIV infection (P 	
0.05; paired t test). However, the frequency of Ki67-positive
CD8� T lymphocytes at peak and week 12 after SIV infection
were significantly higher in RM than in SM (Fig. 5A). In
contrast to CD8� T-lymphocyte activation, a significant in-
crease in the frequency of circulating Ki67-positive CD4� T
lymphocytes was only observed in the SIVsmE041- and
SIVmac239-infected RM (P 	 0.05; paired t test) in the first 4
weeks following SIV infection (Fig. 5B). At its peak, the fre-
quency of Ki67-positive CD4� T lymphocytes in the SIV-
infected RM was significantly higher than that the SIV-infected
SM (Fig. 5B). Surprisingly, the frequency of Ki67-positive
CD4� T lymphocytes in SIVmac239-infected RM was signifi-
cantly lower than that in the SIVsmE041-infected SM early in
SIV infection (Fig. 5B). The reason for this difference is not
clear, although it may be related to a greater loss of activated
CD4� T lymphocytes in SIVmac239-infected RM (Fig. 1D).

In both species, a significant direct correlation between the
frequency of circulating Ki67-positive and active caspase-3-posi-
tive CD8� T lymphocytes was observed (Fig. 5C), suggesting the
presence of activation-induced apoptosis following SIV infection.
Consistent with the differential activation of peripheral blood
CD4� and CD8� T lymphocytes in SM but not RM, a significant
positive correlation between the frequency of Ki67-positive
CD4� and CD8� T lymphocytes during acute SIV infection was
observed in the two groups of RM but not in the SM (Fig. 5D). A
significant direct correlation between Ki67-positive CD4� T lym-
phocytes and apoptotic CD4� T lymphocytes was observed in the
two groups of SIV-infected RM but not in the SIV-infected SM
(Fig. 5E).

To investigate the relationship between activation-induced

apoptosis and SIV-specific cellular immunity in primary infection,
IFN-� ELISPOT responses toward the entire SIVmac239 pro-
teome were monitored longitudinally (Fig. 6A). In both species,
SIV-specific IFN-� ELISPOT responses were detected 1 to 3
weeks after SIV infection and coincided temporally with the in-
crease in frequency of Ki67-positive and active caspase-3-positive
CD8� T lymphocytes (Fig. 6A). At 2 weeks after SIV infection,
the total peripheral blood SIV-specific IFN-� ELISPOT response
ranged between 155 and 5,550 SFC/106 PBMC (mean, 2,373) in
four SIVsmE041-infected RM, between 877 and 8,589 SFC/106

PBMC (mean, 3,702) in six SIVmac239-infected RM, and be-
tween 300 and 2,790 SFC/106 PBMC (mean, 1,077) in four
SIVsmE041-infected SM (Fig. 6B). Since the peptides used for
testing were based on the sequence of SIVmac239, it is possible
that the measured SIV-specific ELISPOT responses, particularly
against SIV Env and the accessory proteins, were underestimated
in the SIVsmE041-infected SM and RM compared to the
SIVmac239-infected RM. Even so, the magnitude of the
measured total SIV-specific IFN-� ELISPOT response in
SIVsmE041-infected SM at 2 weeks after SIV infection did not
differ significantly from that in either group of SIV-infected
RM (Fig. 6B). At later time points in the peripheral blood,
and at all time points in the LNs, there was no difference in
the magnitude of the ELISPOT response between RM and
SM (Fig. 6B and C). The comparable magnitude of SIV-
specific cellular immune responses in SM and RM during
acute SIV infection was similar to our previous findings for
chronic SIV infection (33).

These data suggest that the higher frequency of activated
CD8� T lymphocytes during acute SIV infection in RM is
unlikely to be due to a stronger virus-specific T-lymphocyte
response mounted by SIV-infected RM. Instead, the “excess”
Ki67� CD8� T lymphocytes in RM early in SIV infection likely
reflect higher numbers of non-SIV-specific “bystander” acti-
vated T cells in RM than in SM. Although the numbers are
small, it is noteworthy that a trend for a positive correlation

FIG. 4. Relationship between SIV load and T-lymphocyte apoptosis. (A) Representative SIV RNA ISH to detect productively infected cells
(dark blue NBT/BCIP chromogen, as indicated by the arrows) in peripheral LNs. Week two data are shown for one SIVsmE041-infected SM (left)
and one SIVmac239-infected RM (right). Magnification, �200; nuclear fast red counterstain. (B) Relationship between number of SIV RNA-
positive cells determined by ISH and number of active caspase-3-positive cells in the paracortical zone of the LN at 2 weeks postinfection. (C and
D) Relationship between peak plasma SIV viremia and frequency of apoptotic CD4� (C) and apoptotic CD8� (D) T lymphocytes. Correlations
were determined by the Pearson correlation test.
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between the frequency of Ki67-positive CD8� T lymphocytes
and the magnitude of the SIV-specific IFN-� ELISPOT re-
sponse at 2 weeks after SIV infection was observed in the SM
(r � 0.94; P � 0.05) but not in the RM (r � 0.06; P � 0.86).

Elevated plasma TRAIL in RM but not SM during acute
SIV infection. Recent publications have implicated TRAIL in
the pathogenesis of CD4� T-lymphocyte apoptosis in patho-
genic SIV and HIV infection (14, 16, 19). To investigate the
basis for differential CD4� T-lymphocyte apoptosis in SM and
RM during acute SIV infection, we longitudinally monitored
plasma levels of TRAIL and IFN-
, along with proinflamma-
tory cytokines and chemokines.

Baseline levels of plasma TRAIL prior to SIV infection
showed considerable variation between animals, ranging
between 17.6 and 35.2 pg/ml in SM and between 0 and
59.8 pg/ml in RM (Fig. 7A). Following SIV infection, a
significant increase in plasma TRAIL was observed in
the SIVsmE041- and SIVmac239-infected RM but not in the
SIVsmE041-infected SM (Fig. 7A). Irrespective of the
pre-SIV infection levels, the magnitudes of increase in
plasma TRAIL were comparable in the SIVsmE041- and
SIVmac239-infected macaques. However, the kinetics of the
increase was different in the two groups of SIV-infected
RM. The maximal increase in plasma TRAIL was observed

FIG. 5. Relationship between apoptosis and proliferation of peripheral CD8� and CD4� T lymphocytes in acute SIV infection. (A and B) Serial
comparison of the frequency of Ki67-positive CD8� (A) and Ki67-positive CD4� (B) T lymphocytes in SIVsmE041-infected SM (closed circles),
SIVsmE041-infected RM (open circles), and SIVmac239-infected RM (closed squares) prior to and following SIV infection. “Peak” refers to the
time point (weeks 1 to 4) in individual animals when the maximal increase in Ki67� T lymphocytes was observed. Asterisks denote P values of
	0.05 (*) and 	0.01 (**) for difference between two groups using the two-tailed unpaired t test. (C) Correlation between Ki67-positive CD8� T
lymphocytes and active caspase-3-positive CD8� T lymphocytes in the first 12 weeks following SIV infection in SIVsmE041-infected SM (n � 2;
left), SIVsmE041-infected RM (n � 4; middle), and SIVmac239-infected RM (n � 6; right). (D) Correlation between Ki67� CD8� T lymphocytes
and Ki67� CD4� T lymphocytes in the first 12 weeks following SIV infection in SIVsmE041-infected SM (n � 4; left), SIVsmE041-infected RM
(n � 4; middle), and SIVmac239-infected RM (n � 6; right). (E) Correlation between Ki67-positive CD4� T lymphocytes and active caspase-3-
positive CD4� T lymphocytes in the first 12 weeks following SIV infection in SIVsmE041-infected SM (n � 2; left), SIVsmE041-infected RM (n �
4; middle), and SIVmac239-infected RM (n � 6; right). Correlation coefficients (r) were determined by the Pearson correlation test.

578 MEYTHALER ET AL. J. VIROL.



as early as 1 week after SIV infection in five of six
SIVmac239-infected RM, while it occurred at 2 to 4 weeks after
SIV infection in the SIVsmE041-infected RM (Fig. 7A).

With the exception of three SIVmac239-infected RM, the
increase in plasma TRAIL was not accompanied by an increase
in plasma IFN-
 levels that was detectable by ELISA (Fig. 7B),
raising the possibility that IFN-
 is not the only inducer of
TRAIL in SIV-infected macaques. Although peak plasma lev-
els of TRAIL and IFN-
 showed a significant positive corre-
lation in RM, it was largely due to detectable IFN-
 levels in
3 of the 10 SIV-infected RM (Fig. 7C). A correlation between
TRAIL and plasma viremia was not detected (data not shown).
However, RM with peak plasma SIV RNA levels of �106.5

copies/ml had higher levels of plasma TRAIL and IFN-
 than
RM with lower peak viremia levels (Fig. 7D and E). Interest-
ingly, plasma TRAIL levels in the first 12 weeks after SIV
infection were directly correlated to the frequency of apoptotic
CD4� but not CD8� T lymphocytes (Fig. 7F), suggesting that
TRAIL-mediated apoptosis was one of the mechanisms con-
tributing to the differential CD4� T-lymphocyte apoptosis in
nonnatural and natural hosts of SIV infection.

Levels of plasma interleukin-2 (IL-2), IL-6, IFN-�, MIG
(CXCL9), monocyte chemoattractant protein 1 (MCP-1)
(CCL2), and IP-10 (CXCL10) increased in the majority of
animals in the first 2 weeks after SIV infection, while an in-

crease in IL-8 and RANTES was observed only in the SIV-
infected RM (Fig. 8). Changes in plasma cytokine and chemo-
kine levels tended to be modest or absent in SIVsmE041-
infected RM compared to SIVmac239-infected RM (Fig. 8),
likely reflecting the lower viral loads in this group. With the
exception of RANTES, the plasma levels of Th1 and proin-
flammatory cytokines and chemokines at 1 and 2 weeks after
SIV infection did not differ in magnitude between SIVmac239-
infected RM and SIVsmE041-infected SM (Table 1 and data
not shown). Overall, the similarities in the acute proinflam-
matory cytokine and chemokine response to SIV in the two
species suggest common pathways of activation of the innate
immune system that are not involved in the pathogenesis of
divergent T-lymphocyte activation during acute SIV infec-
tion.

DISCUSSION

In this study, the kinetic analysis of ex vivo T-lymphocyte
apoptosis in relation to generalized immune activation and the
virus-specific cellular immune response has provided novel
insight into differences and similarities in the early host re-
sponse to SIV infection in a natural host and a nonnatural host.
Both SM and RM responded to SIV infection with the appear-
ance of a virus-specific cellular immune response that coin-
cided temporally with an acute increase in the frequency of
circulating and LN CD8� T lymphocytes undergoing apoptosis
and expressing the proliferation antigen Ki67, suggesting that
initiation of the adaptive immune response was intact and
comparable in both species. The quality of the early host re-
sponse also appeared to be similar as evidenced by a compa-
rable increase in plasma levels of Th1 cytokines and interferon-
inducible chemokines in both species. Three striking features
distinguished the early host response to SIV infection in RM
and SM. (i) An increase in apoptosis of peripheral blood CD4�

and double-negative T lymphocytes was observed only in the
RM. (ii) A significant increase in plasma TRAIL was seen in
the SIV-infected RM but not in the SIV-infected SM and was
positively correlated with CD4� T-lymphocyte apoptosis. (iii)
The circulating pool of proliferating, activated CD4� and
CD8� T lymphocytes during the acute phase of SIV infection
was significantly higher in RM than in SM despite comparable
SIV-specific cellular immune responses. These differences
were independent of the infecting SIV strain, peak viral rep-
lication, or extent of control of viremia and thus appeared to be
species specific.

Comparative studies of apoptosis in natural and nonnatural
hosts during acute SIV infection are limited and have been
largely confined to IHC analysis of peripheral LNs (5, 8). A
prospective study with SIV-infected AGM and RM did not
detect increased T-lymphocyte apoptosis during acute infec-
tion in AGM (5). However, this study and another (8) observed
an acute increase and a relatively rapid resolution of T-lym-
phocyte apoptosis in the LNs of SM during acute SIV infec-
tion, suggesting that the host response to SIV may differ with
the natural host species. The current study is novel in several
respects. In addition to LN IHC, the measurement of apopto-
sis in freshly isolated lymphocytes by flow cytometry allowed
quantitative assessment of the ex vivo frequency of apoptotic
cells in phenotypically defined T-lymphocyte subsets and re-

FIG. 6. Comparison of SIV-specific cellular immune responses in the
acute phase of SIV infection in SM and RM. (A) Kinetics of peripheral
blood SIV-specific IFN-� ELISPOT responses in relation to the fre-
quency of active caspase-3-positive (blue line) and Ki67-positive (red line)
CD8� T lymphocytes for one SIVsmE041-infected SM (left) and one
SIVmac239-infected RM (right). (B and C) Comparison of peripheral
blood (B) and LN (C) SIV-specific IFN-� ELISPOT responses in
SIVsmE041-infected SM (closed circles), SIVsmE041-infected RM (open
circles), and SIVmac239-infected RM (closed squares). The sum of the
IFN-� ELISPOT responses to all nine SIV proteins is shown.
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vealed a hitherto-unreported early species-specific divergence
in CD4� and double-negative, but not CD8�, T-lymphocyte
apoptosis in the peripheral blood of SM and RM following SIV
infection. Increased activation and apoptosis of CD4� and

double-negative T lymphocytes distinguished SIV-infected
RM from SIV-infected SM as early as 1 week after SIV infec-
tion and was observed in the settings of both controlled and
uncontrolled SIV infection in RM. These differences were

FIG. 7. Changes in plasma TRAIL and IFN-
 levels during acute SIV infection. (A and B) Kinetic measurement of plasma TRAIL (A) and
IFN-
 (B) in four SIVsmE041-infected SM (left), four SIVsmE041-infected RM (middle), and six SIVmac239-infected RM (right) before and after
SIV infection. Means of replicates from one representative experiment are shown. The limits of detection of ELISA (TRAIL, 20 pg/ml; IFN-
,
12.5 pg/ml) are indicated by the dotted lines. Asterisks denote P values of 	0.05 (*) and 	0.01 (**) as determined by the two-tailed paired t test.
(C) Correlation of peak TRAIL and IFN-
 levels. (D and E) Plasma levels of TRAIL (D) and IFN-
 (E) in RM for animals with peak plasma
SIV RNA levels lower or higher than 106.5 copies/ml. The asterisk denotes a P value of 	0.05 by the two-tailed unpaired t test. (F) Relationship
between plasma TRAIL and frequencies of apoptotic CD4� T lymphocytes (left panel) and apoptotic CD8� T lymphocytes (right panel) in the
first 12 weeks after SIV infection. Correlation coefficients (r) were determined by the Pearson correlation test.

FIG. 8. Kinetics of plasma cytokines and chemokines after SIV infection in SM and RM. Means and standard errors of the means of data for
four SIVsmE041-infected SM, four SIVsmE041-infected RM, and six SIVmac239-infected RM are shown. Measurements were made using the
cytometric bead array system.
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observed in the peripheral blood but not the LNs during acute
SIV infection.

The relative absence of CD4� T-lymphocyte activation and
apoptosis in SM during acute SIV infection could be due to the
presence of fewer productively infected CD4� T lymphocytes,
resulting in less direct cell death, or it could be due to limited
activation of uninfected, bystander T lymphocytes, resulting in
less indirect cell death. There are currently no data on the
number of SIV-infected CD4� T lymphocytes during acute
SIV infection in natural hosts. In RM, 30 to 60% of memory
CD4� T lymphocytes are infected in the first 2 weeks after SIV
infection and implicated in the loss of CD4� T lymphocytes in
acute SIV infection (22). Natural hosts also develop profound
depletion of gut CD4� T lymphocytes during acute SIV infec-
tion (12, 29). If this loss is also primarily due to direct cell
death, it would suggest that natural and nonnatural hosts may
not differ substantially with regard to the number of produc-
tively infected CD4� T lymphocytes in acute SIV infection. In
this study, we did not find evidence to support a link between
ex vivo CD4� T-lymphocyte apoptosis and the number of pro-
ductively infected CD4� T lymphocytes. Thus, plasma SIV
RNA at the height of viral replication did not correlate with
CD4� T-lymphocyte apoptosis. SIVsmE041-infected SM had
peak viremia levels similar to or higher than those in
SIVsmE041-infected RM but did not show increased CD4�

T-lymphocyte apoptosis, whereas SIVsmE041- and SIVmac239-
infected RM had a 1-log-unit or greater difference in levels
of peak viremia but a similar magnitude of CD4� T-lym-
phocyte apoptosis. Since the plasma viral load in acute SIV
infection in RM directly correlates with the number of SIV-
infected CD4� T lymphocytes in the peripheral blood (22),
these data suggest that differences in apoptosis of CD4� T
lymphocytes between SM and RM are unlikely to be due to
differences in the magnitude of direct cell death. Instead,
species-specific differences in susceptibility to SIV-related
mechanisms of indirect cell death may be instrumental in
the differential T-lymphocyte apoptosis of RM and SM
CD4� T lymphocytes in acute SIV infection. One possibility
is that RM CD4� T lymphocytes are more susceptible to
apoptosis triggered by virion gp120-mediated upregulation
of Fas-Fas ligand (20). Alternately, other mechanisms, such
as susceptibility to TRAIL-mediated apoptosis as suggested
by this study, likely contribute to apoptosis of uninfected
CD4� T lymphocytes in SIV-infected RM. The finding of an
early increase in CD4� T-lymphocyte apoptosis primarily
restricted to activated, uninfected bystander T lymphocytes
is consistent with other studies of acute SIV infection (9,
20). The nature of the double-negative T lymphocytes un-

dergoing apoptosis is not clear. In vitro SIV-infected ma-
caque CD4� T lymphocytes show marked downmodulation
of surface CD4 expression (M. Meythaler and A. Kaur,
unpublished data). Thus, in addition to nonspecific activa-
tion, some of the apoptotic double-negative T lymphocytes
may represent SIV-infected CD4� T lymphocytes with low
to absent surface CD4 expression.

Increased T-lymphocyte activation was observed in the acute
phase of SIV infection in SIVsmE041-infected SM but ap-
peared to be restricted primarily to virus-specific CD8� T
lymphocytes that emerged in response to SIV infection. A
rapid expansion and contraction phase of SIV-specific CD8� T
lymphocytes was observed in both SM and RM as manifested
by detection of the SIV-specific cellular immune response in
conjunction with a rapid increase in CD8� T-lymphocyte pro-
liferation and apoptosis. Interestingly, the magnitude of the
SIV-specific IFN-� ELISPOT response did not differ in the
two species, a finding consistent with our previous observation
in chronic SIV infection (33). However, the increase in Ki67-
positive CD8� T lymphocytes in the first 6 weeks was signifi-
cantly higher in the SIV-infected RM than in the SIV-infected
SM. These findings raise the possibility that RM may be re-
sponding to SIV infection with expansion and activation of
virus-specific and non-virus-specific bystander T lymphocytes,
whereas SM respond primarily with activation of virus-specific
T lymphocytes. Since quantitative estimates of SIV-specific T
lymphocytes in the current study were based on enumeration
of IFN-�-secreting cells, we cannot exclude the possibility that
the majority of “excess” Ki67-positive CD8� T lymphocytes in
SIV-infected RM are virus-specific cells displaying other effec-
tor functions. Our previous data showing qualitative similari-
ties in the SIV-specific cellular immune responses mounted by
SM and RM make this less likely (33). By successfully manag-
ing to focus the acute response toward SIV-specific immunity,
natural hosts could avoid initiation of chronic aberrant im-
mune activation. If so, the limited activation of uninfected and
non-virus-specific T lymphocytes in SM from the onset of SIV
infection is likely to be due to species-specific differences in the
innate immune response to SIV in SM and RM.

What differences in the early innate immune response might
result in differential immune activation in the two species? The
increase in proinflammatory cytokines and chemokines indi-
cated similarities in the early innate response to SIV in both
species. The increase in plasma TRAIL in SIV-infected RM
but not SIV-infected SM suggested that the type I interferon
responses to SIV infection, particularly that of IFN-
, were
different in the two species. IFN-
 is a crucial component of
the innate immune response that is produced chiefly by plas-

TABLE 1. Plasma cytokine and chemokine levels at week 2 after SIV infection

Animal species
(virus) n

Mean pg/ml 
 SEM

IL-2 IL-6 IFN-� RANTES MIG MCP-1 IP-10 IL-8

SM (SIVsmE041) 4 15.2 
 0.9 1.9 
 0.7 3.5 
 0.79 6,100 
 1469 11 
 3.5 411.6 
 102 62.3 
 25.3 802 
 94.7
RM (SIVmac239) 6 14.4 
 5.4 5.7 
 3.4 2.5 
 1.2 17,763 
 2999 15.2 
 5.6 327 
 38 31.6 
 12.9 1,241 
 229

P valuea 0.9 0.41 0.58 0.01 0.59 0.39 0.26 0.17

a Determined by the two-tailed unpaired t test. Detection limits of the cytometric bead array were as follows: IL-2, 0.6 pg/ml; IL-6, 0.1 pg/ml; IFN-�, 3.3 pg/ml; IL-8,
0.2 pg/ml; RANTES, 1.0 pg/ml; MIG, 2.5 pg/ml; MCP-1, 2.7 pg/ml; IP-10, 2.8 pg/ml.
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macytoid dendritic cells (pDCs) and serves as an important
link between innate and adaptive immunity against viral infec-
tions (4). In vitro studies have shown that HIV activates pDCs
to increase IFN-
 production, which in turn upregulates the
expression of TRAIL in monocytes and the expression of death
receptors DR-5 on CD4� T lymphocytes (1, 14, 15). This
mechanism is thought to be responsible for the increased sus-
ceptibility to CD4� T-lymphocyte apoptosis in progressor
HIV-infected humans and for resistance against CD4� T-lym-
phocyte apoptosis in nonprogressors and natural hosts (16, 19).
An IFN-
-independent, Tat-dependent increase in TRAIL has
also been described (19, 34). The present study is the first to
longitudinally measure plasma levels of TRAIL in a nonnatu-
ral host and a natural host from the onset of SIV infection. Our
finding of increased plasma TRAIL and increased CD4� T-
lymphocyte apoptosis, along with their direct association in
SIV-infected RM but not SIV-infected SM, is consistent with
TRAIL-mediated apoptosis of predominantly uninfected, by-
stander CD4� T lymphocytes being a mechanism of CD4�

T-cell death in pathogenic infection (34). Of interest, an early
increase in plasma soluble TRAIL levels occurring around the
viral ramp-up phase was recently reported as a feature of acute
HIV type 1 infection (10). We were not able to establish a
definite link between increased TRAIL and increased IFN-

production in SIV-infected RM. Even though there was a
positive correlation between the two parameters, increased
TRAIL was observed in all SIV-infected RM, but an increase
in plasma IFN-
 was detected in only a subset of SIVmac239-
infected macaques with high levels of peak viremia. Whether
this reflects poor sensitivity of the IFN-
 ELISA, missing the
time point of peak IFN-
 increase, or IFN-
-independent in-
creased TRAIL production remains to be determined. From
the current study, we cannot ascertain whether the lack of
increased TRAIL production and CD4� T-lymphocyte apop-
tosis in SIV-infected SM was due to impaired IFN-
 produc-
tion by SM pDCs. A recent report of increased plasma IFN-

in AGM after SIV inoculation suggests that pDCs of natural
hosts are not defective for IFN-
 production (6).

Whether the acute increase in plasma TRAIL and apoptosis
of CD4� and double-negative T lymphocytes are predictive of
disease outcome in SIV-infected RM remains to be deter-
mined. It should be noted that even though SIVsmE041 infec-
tion was controlled in RM, the ultimate outcome is unlikely
to be nonpathogenic. The initial control of viremia in
SIVsmE041-infected RM is consistent with the slow disease
progression and viremia levels seen after infection of RM with
nonadapted primary SIVsm isolates (11). However, such RM
invariably progress to AIDS, although over a longer duration
(C. Apetrei, personal communication), and thus it is unlikely
that SIVsmE041 infection is nonpathogenic in RM. Studies
with live attenuated strains of SIV, or following acute viral
infections other than SIV, will shed better light on the rela-
tionship between early TRAIL induction and development of
AIDS in SIV-infected RM.

In summary, an early proinflammatory cytokine and chemo-
kine response accompanied by onset of virus-specific cellular
immunity suggests common pathways in the innate and adap-
tive immune responses to SIV in RM and SM. Differences in
CD4� T-lymphocyte apoptosis and TRAIL induction indicate
as-yet-unknown differences in the innate immune response

that lead to a more controlled virus-focused response in SM
but to a more diffuse response attended by collateral damage
in RM. The points of similarity and divergence in the early host
response to SIV in SM and RM revealed in this study have
implications for understanding the basis for nonpathogenic
infection in natural hosts.
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