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Abstract
Background—Although increased apoptosis is a central feature of AIDS, little is known about
its kinetics or relationship to the early host response in acute HIV/SIV infection.

Methods—Ex vivo apoptosis in freshly isolated peripheral blood and lymph node lymphocytes
was monitored longitudinally in six SIVmac239-infected rhesus macaques by flow-cytometric
detection of active caspase-3, cleaved poly (ADP-ribose) polymerase, and fragmented DNA.

Results—Increased apoptosis of multiple lymphocyte subsets was observed in the first two
weeks following SIV infection. Apoptosis of CD4+ T lymphocytes was of low magnitude but
peaked earlier than other T lymphocyte subsets. A ten-to 36-fold increase in CD8+ T lymphocyte
apoptosis coincided temporally with onset of the SIV-specific cellular immune response and
enrichment of caspase-3-positive cells within recently proliferating, activated CD8+ T
lymphocytes.

Conclusions—The virus-specific T lymphocyte response to primary infection and generalized
non-specific immune activation contribute to the pathogenesis of apoptosis in acute SIV infection.
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Introduction
Several studies in HIV-infected humans and SIV-infected macaques with chronic infection
have reported an increased susceptibility of peripheral blood lymphocytes to undergo
apoptosis when cultured in medium or activated in vitro (7,17,18,20,22,24,27,28,33,40).
This phenomenon is restricted or absent in the setting of nonpathogenic HIV or SIV
infection (17,18,23,44). Increased apoptosis of both infected and uninfected CD4+ and
CD8+ T lymphocytes has been observed and implicated as a mechanism for loss of CD4+ T
lymphocytes, loss or dysfunction of HIV-specific CD8+ T lymphocytes, and disease
progression in AIDS (15,21,22,41,43,45,46).

Relatively little is known of apoptosis during acute pathogenic lentiviral infection. A few
published studies on apoptosis in acute HIV infection conducted around the time of
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seroconversion have shown a similar susceptibility to increased T lymphocyte apoptosis on
stimulation or culture (14,34,52). The SIV macaque model provides a useful animal model
to study early events from the time of acquisition of SIV infection. While increased
apoptosis in the peripheral blood and lymph node has been demonstrated in several studies
in experimentally SIV-infected non-human primates (16,19,36,44,46), data on the kinetics of
apoptosis and its relationship to the host immune response in primary SIV infection are
limited. In published studies, the kinetics of apoptosis in early SIV infection were only
examined after peripheral blood lymphocytes had been cultured in vitro for 24-72 hours
(19,25,44). Thus, these studies do not provide information on the in vivo frequency of
apoptotic lymphocytes at any given time-point post SIV infection.

In this study we investigated the early kinetics of apoptosis in ex vivo and cultured
lymphocytes in the peripheral blood and lymph node of SIVmac239-infected rhesus
macaques. Lymphocytes undergoing apoptosis were identified at the single-cell level by
flow-cytometric detection of intracellular active caspase-3, cleaved poly (ADP-ribose)
polymerase (PARP), and terminal deoxynucleotidyl transferase-mediated biotin-dUTP nick
end labeling (TUNEL). Additionally, the interferon-γ ELISPOT assay and Ki67 antigen
were used to examine the relationship of the SIV-specific cellular immune response and
immune activation to lymphocyte apoptosis.

We demonstrate a generalized increase in ex vivo apoptosis of multiple lymphocyte subsets
in the first four weeks after SIVmac239 infection. Contrary to published studies on
apoptosis in HIV and SIV infection, we show that increased apoptosis in acute SIV infection
was best detected ex vivo in freshly isolated lymphocytes instead of after overnight culture.
This allowed precise quantitation and relative comparison of the frequency of apoptotic cells
within phenotypically defined lymphocyte subsets. At its peak, CD4+ T lymphocyte
apoptosis was significantly lower in magnitude compared to apoptosis of CD8+ and other T
lymphocyte subsets. Increase in CD8+ T lymphocyte apoptosis coincided with onset of the
SIV-specific cellular immune response, an increase in proliferating, Ki67 antigen-positive
CD8+ T lymphocytes, and an enrichment of apoptotic CD8+ T lymphocytes within the
recently proliferating CD8+ T lymphocytes. These data indicate a direct contribution of
virus-specific T lymphocytes to increased CD8+ T lymphocyte apoptosis in primary SIV
infection, suggesting that both virus-specific and non-specific generalized immune
activation contribute to the pathogenesis of increased lymphocyte apoptosis in AIDS.

Materials and Methods
Animals and SIV infection

Rhesus macaques were housed at the New England Primate Research Center (NEPRC),
Southborough, Massachusetts. Six specific pathogen-free rhesus macaques that had
previously been vaccinated with a control replication defective HSV-1 d106 vector (48)
were inoculated intra-rectally with 3000 TCID50 of the pathogenic molecular clone
SIVmac239 (provided by Ron Desrosiers, New England Primate Research Center). All
animals were maintained in accordance with institutional and federal guidelines for animal
care (4).

Sample collection and processing
Blood was collected in heparin vacutainer tubes (Becton Dickinson Vacutainer systems,
Franklin Lakes, N.J.) and peripheral blood mononuclear cells (PBMC) isolated using density
gradient centrifugation (Lymphocyte Separation Medium; MP Biomedicals Inc., Solon,
OH). Lymph node biopsy tissue collected in R-10 medium, consisting of RPMI 1640
medium (Cellgro, Herndon, VA) supplemented with 10% FCS, 2 mM L-glutamine

Meythaler et al. Page 2

J Med Primatol. Author manuscript; available in PMC 2010 August 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Cellgro), 10 mM HEPES buffer (Cellgro), 50 I.U/ml penicillin (Cellgro) and 50 μg/ml
streptomycin (Cellgro), was subjected to mechanical dissection and homogenization using
sterile techniques. Lymphocytes released from the lymph node tissue were separated from
cell debris by straining through a 70 μm cell strainer (BD Biosciences, San Jose, CA) and
used for flow cytometry and ELISPOT assays.

Antibodies
Flourochrome conjugated antibodies of anti-human specificity were obtained from BD
Biosciences unless stated otherwise. Monoclonal antibodies used for surface staining
included anti-CD3 (clone SP34-2) allophycocyanin (APC) or APC-Cy7, anti-CD4 (clone
L200) APC, phycoerythrin (PE), or peridinin chlorophyll protein (PerCP), anti-CD8 (clone
SK1) PerCP, and anti-CD8 (clone RPA-T8) Alexa700. Monoclonal antibodies used for
intracellular staining included anti-Ki67 (clone B56) fluorescein isothiocyanate (FITC), anti-
active caspase-3 (Clone C92-605) FITC or PE, and anti-cleaved PARP (clone F21-852) PE.

Detection of apoptosis
Four-color and polychromatic flow cytometry was used for lymphocyte
immunophenotyping and detection of apoptosis at the single-cell level. Intracellular
expression of active caspase-3 was used for longitudinal analysis of lymphocyte apoptosis at
all time-points in all rhesus macaques. Additionally, intracellular expression of cleaved
PARP and the TUNEL assay were used in two rhesus macaques to confirm the presence of
apoptosis. Apoptosis was measured immediately following lymphocyte isolation (ex vivo
apoptosis), as well as after overnight incubation in R-10 medium in 48 well plates at 37°C in
a 5%CO2 incubator (overnight apoptosis).

Intracellular staining was performed using standard procedures. Briefly, 1×106 lymphocytes
were washed with phosphate-buffered saline supplemented with 2% fetal calf serum (wash
buffer), stained for 30 min at 4°C with fluorochrome-conjugated monoclonal antibodies
specific for cell surface molecules, washed, and fixed by incubation with FIX & PERM
Medium A (Caltag Labs, Burlingame, CA) for 15 min at room temperature followed by
permeabilization with FIX & PERM Medium B (Caltag Labs) along with intracellular
antibodies for active caspase-3, cleaved PARP, or Ki67 antigen for another 30 min at 4°C.
After a final wash, cells were fixed in fresh 2% paraformaldehyde.

TUNEL staining by flow cytometry was performed according to the manufacturer’s
recommendations (Roche, Mannheim, Germany). Briefly, 2 × 106 surface-stained
lymphocytes were fixed for 1 hour at RT in 2% paraformaldehyde, washed two times with
wash buffer and centrifuged at 300 g for 10 min. Cells were permeabilized by incubation
with 0.1% Triton X-100 in 0.1% sodium citrate on ice for 5 min. Cells were washed twice
with wash buffer and incubated at 37°C in a humidified atmosphere in the dark for 1 hour
along with 50 μl TUNEL reaction mix (enzyme solution and label solution 1:1). After a final
wash, cells were resuspended in wash buffer and run on a FACS Calibur. Cells incubated
with 50 μl of label solution served as a negative control.

Isotype and fluorescent minus one (FMO) controls were included to establish gates for
positive active caspase-3 or cleaved PARP signals. In all instances, cells induced to undergo
apoptosis in the presence of 5 μM Camptothecin or 10 μM Dexamethasone (Sigma-Aldrich,
Steinheim, Germany) for 18 hours were used as positive controls. Samples were run on a
FACS Calibur or LSR II (BD Biosciences) and at least 200,000 events were acquired. Data
was analyzed using FlowJo software 8.4.6 (Tree Star, Inc., San Carlos, Calif.).
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Measurement of plasma SIV RNA
Blood collected in tubes containing acid citrate dextrose was spun at 2000 rpm for 10 min
within one hour of collection and stored at −80° C for quantification of SIV RNA. SIV RNA
was quantified using a real time RT PCR assay, as previously described (13). As used in the
present study, the assay has a threshold sensitivity of 30 SIV RNA copies/ml of plasma.

Peptides
Fifteen-amino-acid (aa) peptides overlapping by 11 aa and spanning all nine SIV proteins
corresponding to the sequence of SIVmac239 were synthesized at the Massachusetts
General Hospital peptide core facility (Charlestown, Mass.) by 9-fluorenylmethoxy carbonyl
chemistry using an automated peptide synthesizer (MBS 396; Advanced Chemtech, Inc.,
Louisville, Ky.); they were also obtained from the AIDS Research and Reference Reagent
Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, NIH.
Individual peptides were suspended at 100 mg/ml in 100% dimethyl sulfoxide and
subsequently pooled together for each SIV protein. A total of 10 peptide pools representing
Gag, Pol (2 pools), Env, Rev, Tat, Nef, Vpr, Vpx, and Vif were used to stimulate PBMC and
measure the total SIV-specific IFN-γ ELISPOT response as previously described (47).
Peptides were used at a final concentration of 1 to 2 μg/ml, with the dimethyl sulfoxide
concentration being maintained at <0.5% in all functional assays.

ELISPOT assay
IFN-γ ELISPOT assays were performed as previously described (47). The capture- and
biotinylated-detector-matched MAb pair for IFN-γ 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 anti-cytokine 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 (SEB) (100 ng/
ml; Sigma, St. Louis, Mo.) were 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 monoclonal antibodies. Spots were developed by
successive incubation with streptavidin-alkaline phosphatase followed by the substrate
nitroblue tetrazolium/5-bromo-4-chloro-3-indolylphosphate buffer (Moss, Inc., Pasadena,
Maryland). Spots were counted on a KS ELISPOT Automated Reader System (Carl Zeiss,
Inc., Thornwood, N.Y.) using KS ELISPOT 4.2 software (performed by ZellNet Consulting,
Inc., Fort Lee, N.J.). Frequencies of responding cells obtained after subtracting background
spots in negative control wells were expressed as spot-forming cells (SFC) per million
PBMC. ELISPOT responses to individual SIV proteins that were more than two fold above
those of negative control wells and greater than two standard deviations (SD) above the
mean in SIV-seronegative rhesus macaques were considered positive.

Statistical analysis
The two-tailed paired t-test was used for comparison of changes pre-SIV infection to time-
points post SIV infection. Correlation analysis was performed by the Pearson test. The
Kruskal-Wallis analysis of variance and Dunn’s post test was used for comparison of more
than two unpaired groups. All statistical analysis was performed using the GraphPad Prism
software version 4.0c (GraphPad Software, Inc.).
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Results
Flow cytometric detection of lymphocyte apoptosis in acute SIV infection

Although several studies have demonstrated an increased susceptibility of lymphocytes to
undergo apoptosis in the chronic phase of pathogenic lentiviral infection (7,18,24,33,40),
relatively little data is available on apoptosis in the setting of acute infection. In this study
we used experimental SIV infection of rhesus macaques to study the kinetics of apoptosis
during acute pathogenic SIV infection in a host species that progresses to AIDS.

Six Indian rhesus macaques (112.04, 330.03, 363.05, 364.05, 83.05 and 85.05) were
inoculated intra-rectally with 3000 TCID50 of pathogenic SIVmac239 and followed
longitudinally from the time of inoculation until six months after SIV infection. SIVmac239
replicated to high levels in the rhesus macaques; peak plasma viremia ranged between 3.6 ×
106 and 6.7 × 107 SIV RNA copies/ml plasma (mean 2.2 × 107 copies/ml) while set-point
(week12) plasma SIV RNA levels ranged between 1.6 × 104 and 2.8 × 107 copies per ml/
plasma (mean 7.3 × 106 copies/ml; Figure 1).

Since published studies on lymphocyte apoptosis in HIV / SIV infection have observed
increased apoptosis only after a period of in vitro culture (7,14,24,34,40,52), we first
examined whether similar conditions for detecting apoptosis were required in the setting of
acute SIV infection. In this study flow-cytometric detection of CD3+ lymphocytes with
intracellular expression of active caspase-3 was used for identification of apoptotic T
lymphocytes. Caspase-3 is an effector caspase, that is synthesized as an inactive pro-enzyme
(32kDa) and activated by self-proteolysis or cleavage into a heterodimer of 17- and 12-kDa
subunits during the early stages of apoptosis (39). The cleavage of caspase-3 has been
shown to be a reliable marker for the presence of apoptotic cell death (1,8,42,50).

In four rhesus macaques, apoptosis measured in freshly isolated lymphocytes (fresh, ex vivo
apoptosis) was compared to apoptosis following overnight incubation of lymphocytes in
R-10 culture medium (overnight apoptosis) for the first eight weeks following SIV
inoculation (Figure 2). In contrast to chronic infection where increased lymphocyte
apoptosis is only revealed after a period of in vitro culture or stimulation, in acute SIV
infection increased lymphocyte apoptosis was readily detected in freshly isolated
lymphocytes and often masked after overnight culture (Figure 2 and data not shown). At two
weeks, coincident with the peak of plasma SIV viremia, the frequency of apoptotic
lymphocytes after overnight culture were significantly lower compared to freshly examined
lymphocytes (Figure 2). These differences were not apparent after six to eight weeks post
SIV infection (Figure 2). The discrepancy in apoptosis detected in fresh versus cultured
lymphocytes at the peak of viral replication raises the possibility of significant activation-
induced apoptosis during acute SIV infection. Thus, the presence of a large pool of
circulating activated T lymphocytes prone to undergo rapid apoptosis and death would
explain the underestimation of apoptosis after overnight culture. These findings point to the
necessity of measuring apoptosis directly ex vivo in freshly isolated lymphocytes for
evaluation during the acute phase of SIV infection.

In order to confirm the reliability of using intracellular active caspase-3 as a marker of
lymphocyte apoptosis in SIV-infected macaques, two additional markers of apoptosis were
investigated by flow cytometry. Intracellular staining for active caspase-3 was combined
with detection of cleaved PARP, as well as detection of DNA fragmentation by the TUNEL
assay. All three markers of apoptosis were investigated longitudinally for the first eight
weeks following SIVmac239 infection in two rhesus macaques, 83.05 and 85.05.
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Following SIV infection, TUNEL-positive T lymphocytes increased from baseline values of
0.2 and 0.4% pre-SIV infection to 7.41 and 3.96% at week two post SIV infection in
macaques 83.05 and 85.05 respectively (Figure 3A-B). Coincident with the increase in
TUNEL-positive T lymphocytes, a comparable increase in caspase-3-positive T
lymphocytes was observed (Figure 3A-B). The presence of apoptosis was further confirmed
by intracellular detection of cleaved PARP, a by-product of the proteolytic action of active
caspase-3 on its substrate PARP (Figure 3A). Cleaved PARP was detected in 4% (83.05)
and 2.91% (85.05) of all T lymphocytes at week two post SIV infection as compared to
0.46% (83.05) and 0.38% (85.05) pre-SIV infection (Figure 3B). As expected, cleaved
PARP co-localized with active caspase-3 (Figure 3A). While almost all cleaved PARP-
positive lymphocytes were positive for active caspase-3, a subset of lymphocytes expressing
active caspase-3 did not yet express cleaved PARP (Figure 3A-B). Similar findings were
detected in lymph node lymphocytes (data not shown). Finally, the frequency of active
caspase-3-positive T lymphocytes showed a strong positive correlation with both TUNEL-
positive and cleaved PARP-positive T lymphocytes indicating that it was a reliable marker
for detection of apoptosis (Figure 3C).

Global increase in lymphocyte apoptosis following SIVmac239 infection in rhesus
macaques

Having established optimal conditions for flow-cytometric detection of apoptosis in acute
SIV infection, we used intracellular active caspase-3 expression in freshly isolated
lymphocytes to examine the kinetics of apoptosis in multiple lymphocyte subsets in the
peripheral blood and lymph node of SIVmac239-infected rhesus macaques (Figure 4).

Coincident with the detection of plasma viremia, increased apoptosis of multiple
lymphocyte subsets was observed in the peripheral blood and lymph node of all six infected
rhesus macaques (Figure 4A-C). The overall frequency of apoptotic (active caspase-3-
positive) CD3+ T lymphocytes in the peripheral blood increased five-to 22-fold at two
weeks post SIV infection (data not shown). This increase involved all four T lymphocytes
subsets (Figure 4A-C). Additionally, a two- to nine-fold increase in apoptosis of non-T
(CD3−) lymphocytes was also observed in all macaques at one or two weeks following SIV
infection (Figure 4B), suggesting a common mechanism driving the global increase in
apoptosis in acute SIV infection.

The magnitude and kinetics of apoptosis of CD4+ T lymphocytes differed from that of other
T lymphocyte subsets in several respects (Figure 4B-D). A two-to six-fold increase in CD4+
T lymphocyte apoptosis was observed as early as one week after SIVmac239 infection in
four of six rhesus macaques. At its peak (one week post SIV infection in three macaques),
0.96 to 3.13% (mean 1.8%) of peripheral CD4+ T lymphocytes were undergoing apoptosis
(Figure 4B). Levels of CD4+ T lymphocyte apoptosis were slow to decline and at eight
weeks post SIV infection continued to be elevated in more than half of the SIV-infected
macaques (Figure 4B). In contrast to CD4+ T lymphocytes, the increase in CD8+,
CD4+CD8+ (DP) and CD4−CD8− (DN) T lymphocyte apoptosis peaked only two weeks or
later after SIV infection (Figure 4B) and was of significantly greater magnitude (Figure 4D).
While pre-SIV infection frequencies of active caspase-3-positive cells were similar for
CD4+ and CD8+ T lymphocytes (mean 0.48% and 0.62% respectively), 3.7 to 27.4% (mean
12.9%) of CD8+ T lymphocytes were undergoing apoptosis at two weeks post SIV infection
(Figure 4D). There was no correlation between the magnitude of CD4+ or CD8+ T
lymphocyte apoptosis and the level of peak SIV viremia (data not shown). A similar pattern
of increased lymphocyte apoptosis was observed in the peripheral lymph node of all animals
(Figure 4C). The frequency of apoptotic lymphocytes in the lymph node were lower
compared to peripheral blood, likely reflecting the lower frequency of memory T
lymphocytes in the lymph node.
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Relationship between caspase-3-positive CD8+ T lymphocytes and the SIV-specific
cellular immune response in acute SIV infection

The acute phase of HIV and SIV infection is characterized by an initial burst of viral
replication followed by partial control of viremia that is temporally associated with
increased lymphocyte proliferation and the onset of a virus-specific cellular immune
response (29,30,32).

To investigate the relationship between the SIV-specific cellular immune response and the
increase in CD8+ T lymphocyte apoptosis in acute SIV infection, the IFN-γ ELISPOT
response to the entire SIV proteome was measured using overlapping SIVmac239 sequence-
based peptides as previously described (47). Concordant with previous studies in SIV-
infected rhesus macaques, SIV-specific ELISPOT responses were detectable in the
peripheral blood and lymph node as early as two weeks following SIV infection (Figure 5A-
B; top panels). The total magnitude of the SIV-specific IFN-γ ELISPOT response at two
weeks post infection ranged between 877 to 8589 SFC/106 lymphocytes (mean 3702) in the
peripheral blood and between 203 to 1960 SFC/106 lymphocytes (mean 608) in the
peripheral lymph node (Figure 5A-B; top panels). At two weeks post infection, 53.0 to
95.8% (mean 68.8%) of the total anti-SIV IFN-γ ELISPOT response in the peripheral blood
was directed towards the SIV structural proteins Gag, Pol and Env.

The onset of the SIV-specific cellular immune response in both peripheral blood and lymph
node coincided temporally with the increase in frequency of active caspase-3-positive CD8+
T lymphocytes (Figure 5A-B; bottom panels), suggesting that the expanded pool of
apoptotic CD8+ T lymphocytes early in SIV infection likely contained SIV-specific CD8+ T
lymphocytes. Although a trend towards a positive correlation between the magnitude of
active caspase-3-positive CD8+ T lymphocytes and the SIV-specific IFN-γ ELISPOT
response at two weeks post SIV infection was observed, it did not reach statistical
significance (Figure 5C).

Relationship between CD8+ T lymphocyte apoptosis and immune activation
We next investigated the relationship between increased CD8+ T lymphocyte apoptosis and
immune activation in acute SIV infection. Immune activation has been implicated as a major
factor in the pathogenesis of apoptosis in pathogenic lentiviral infection (23,38). Coincident
with the onset of the SIV-specific cellular immune response and a ten- to 36-fold increase in
CD8+ T lymphocyte apoptosis, a three- to 23-fold increase in activated CD8+ T
lymphocytes expressing the proliferation marker Ki67 antigen was observed at two weeks
post SIV infection (Figure 6A).

In two SIVmac239-infected rhesus macaques, 83.05 and 85.05, the relationship between
CD8+ T lymphocyte apoptosis and activation was further investigated by double-staining
CD8+ T lymphocytes for intracellular Ki67 antigen and active caspase-3 in the first eight
weeks post SIV infection (Figure 6B-C). Prior to SIV infection, <7% of Ki67-positive CD8+
T lymphocytes showed evidence of apoptosis (Figure 6B-C). Two weeks post SIV infection,
at the time of peak increase in total Ki67-positive CD8+ T lymphocytes (Figure 6A), there
was a marked and preferential increase in the frequency of active caspase-3-positive cells
within the Ki67 antigen-positive CD8+ T lymphocyte population, and Ki67hi CD8+ T
lymphocytes expressing high levels of active caspase-3 were observed (Figure 6B). At this
time-point, 33 (85.05) to 51% (83.05) of Ki67-positive CD8+ T lymphocytes were
undergoing apoptosis (Figure 6C), while the corresponding frequency of apoptotic cells
within total CD8+ T lymphocytes in these macaques was 4.6 and 15.5% respectively (Figure
5A; bottom panel). These data suggest that the rapidly expanding pool of proliferating,
activated CD8+ T lymphocytes characteristic of acute pathogenic SIV infection in rhesus
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macaques, are enriched for cells undergoing activation-induced apoptosis. Thus, the increase
in CD8+ T lymphocyte apoptosis soon after SIV infection is in part related to the presence
of activated SIV-specific CD8+ T lymphocytes.

Discussion
By measuring apoptosis ex vivo at the single-cell level in lymphocytes of SIVmac239-
infected macaques for six months from the time of SIV inoculation, this study provides the
first longitudinal analysis of quantitative estimates of apoptosis in multiple T lymphocyte
subsets during primary pathogenic SIV infection. A generalized increase in apoptosis of T
and non-T lymphocytes was observed in the peripheral blood, and to a lesser extent in
peripheral lymph node lymphocytes during the first twelve weeks post SIV inoculation,
suggesting a common initiating mechanism, likely immune activation. These findings are
consistent with previous studies on lymphocyte apoptosis in primary HIV and SIV infection
(19,25,34). However, the results of this analysis have important differences from published
studies. To date, studies on apoptosis in peripheral blood lymphocytes in primary HIV or
SIV infection have been confined to examination of cultured lymphocytes
(14,19,25,34,44,52). Analysis of apoptosis after culture or stimulation is subject to in vitro
artefact and is unlikely to provide meaningful information on in vivo levels of apoptosis. In
this study we first compared measurement of apoptosis directly ex vivo in freshly isolated
uncultured lymphocytes with overnight culture and found that increased apoptosis was
detected in ex vivo lymphocytes during acute SIV infection and importantly, was a more
sensitive and reproducible measure of apoptosis compared to overnight cultured
lymphocytes. Thus, the kinetics of peripheral blood lymphocyte apoptosis reported in this
study are likely to be a more precise representation of the in vivo frequency of T lymphocyte
subsets undergoing apoptosis following SIV infection.

Despite the generalized increase in lymphocyte apoptosis soon after SIV inoculation,
important differences in apoptosis between T lymphocyte subsets were observed. Notably,
peripheral blood CD4+ T lymphocyte apoptosis peaked earlier and decayed at a slower rate
compared to CD8+ T lymphocyte apoptosis. Furthermore, the peak magnitude of CD4+ T
lymphocyte apoptosis was significantly lower compared to that of CD8+ and other (double-
positive and double-negative) T lymphocyte subsets. A two- to five-fold increase in CD4+ T
lymphocyte apoptosis contrasted with a ten- to 36-fold increase in CD8+ T lymphocyte
apoptosis. The magnitude of apoptosis in the lymph node lymphocytes at two weeks post
SIV infection also showed a similar trend. Such a difference in the early magnitude of
apoptosis between CD4+ and CD8+ T lymphocytes was reported in one cross-sectional
study on primary HIV infection (52), but has not previously been reported in primary SIV
infection. In two studies on primary SIVmac251 infection in Chinese rhesus macaques,
Annexing V labeling of freshly isolated lymph node lymphocytes (46), or of in vitro
cultured peripheral blood lymphocytes (19), did not show differences in apoptosis in the two
lymphocyte subsets early in infection. Peripheral blood lymphocytes showed increases in
apoptosis of CD4+ and CD8+ T lymphocytes as early as one week post SIV inoculation that
appeared to be of comparabe magnitude (19). In the lymph nodes, a significant increase in
CD4+ but not CD8+ T lymphocyte apoptosis was observed at two weeks post infection (46).

Differences between CD4+ and CD8+ T lymphocytes observed in our study suggest
additional, possibly differential mechanisms of apoptosis for the two T lymphocyte subsets.
It has been shown that CD4+ T lymphocytes in HIV-infected humans are particularly
susceptible to activation-induced apoptosis (24) and Fas-mediated apoptosis (27,28).
Different from CD8+ T lymphocytes, CD4+ T lymphocyte apoptosis can also be attributed
to direct virus infection. However, in contrast to primary SIVmac251 infection in Chinese
rhesus macaques (36), we did not observe a correlation between the magnitude of peak
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viremia and CD4+ T lymphocyte apoptosis in SIVmac239-infected Indian rhesus macaques.
Infected and uninfected CD4+ T lymphocytes are also more susceptible to apoptosis
mediated by cross-linking of gp120 with the CD4 molecule and co-receptors (3). In this
context, it would appear paradoxical that CD8+ T lymphocyte apoptosis exceeded CD4+ T
lymphocyte apoptosis during acute SIV infection. There may be several explanations for this
phenomenon. Double-positive and double-negative T lymphocytes showed a high frequency
of apoptotic cells early in SIV infection. It is conceivable that these respective subsets
included activated CD4+ T lymphocytes with up-regulation of the CD8αα chain, and
infected CD4+ T lymphocytes with down-regulation of surface CD4 molecules. Other
possibilities for differential CD4+ and CD8+ T lymphocyte apoptosis in acute SIV infection
include differences in the proportion of naïve and memory cells within each subset. A higher
frequency of naïve cells within CD4+ T lymphocytes may account for lower frequencies of
apoptotic cells. Finally, a quantitatively greater representation of CD8+ T lymphocytes in
the primary SIV-specific T lymphocyte response could account for a greater magnitude of
CD8+ T lymphocyte apoptosis at two weeks post SIV infection.

The kinetic studies on lymphocyte apoptosis and the SIV-specific cellular immune response
measured by the IFN-γ ELISPOT assay suggest a significant contribution of the SIV-
specific CD8+ T lymphocyte response to apoptosis in acute SIV infection. We observed that
increased CD8+ T lymphocyte apoptosis in the peripheral blood and lymph node coincided
temporally with detection of SIV-specific IFN-γ ELISPOT responses and an increase in
Ki67 antigen-positive CD8+ T lymphocytes. Furthermore, there was an enrichment of
apoptotic CD8+ T lymphocytes within recently activated, proliferating CD8+ T
lymphocytes as evidenced by co-localization of active caspase-3 and Ki67-positive CD8+ T
lymphocytes following SIVmac239 infection. This scenario is similar to acute viral
infections such as HIV and EBV which are characterized by an initial rapid, massive
expansion of activated CD8+ T lymphocytes followed by a contraction phase in which
activated cells are eliminated by apoptosis in order to maintain T cell homeostasis (5,10,52).
Although the precise contribution of antigen-specific cells to the pool of activated T cells
remains controversial, studies in the lymphocytic choriomeningitis virus mouse model, and
in infectious mononucleosis have shown that a substantial majority (>50%) of activated cells
can be antigen-specific (9,11,37). We observed a trend for a positive correlation between the
SIV-specific IFN-γ ELISPOT response and the peak of CD8+ T lymphocytes apoptosis,
suggesting that the increase in CD8+ T lymphocyte apoptosis in the acute phase is at least in
part due to an expansion of SIV-specific CD8+ T lymphocytes. Thus, the increase in CD8+
T lymphocyte apoptosis during the acute phase of SIV infection observed in our study could
be attributed to (i) a physiological process, in which activated SIV specific CD8+ T
lymphocytes are being cleared to maintain normal T lymphocyte homeostasis, (ii) abnormal
apoptosis of antigen-specific CD8+ T lymphocytes that prevents the virus from being
cleared, or (iii) apoptosis of activated bystander CD8+ T lymphocytes. In the absence of
studies on active caspase-3 expression on tetramer-positive CD8+ T lymphocytes we cannot
determine the precise contribution of activated non-virus-specific T lymphocytes to the
increased pool of apoptotic cells. Overall, our findings implicates the virus-specific host
immune response to SIV in the pathogenesis of increased CD8+ T lymphocyte apoptosis
during primary SIV infection.

In the present study flow-cytometric detection of active caspase-3 was used as the primary
marker for identifying lymphocyte apoptosis. Caspase-3 is an effector caspase, that is
activated by both the intrinsic and extrinsic apoptotic pathways. Activation of caspase-3
triggers cleavage of cellular substrates, which eventually leads to chromatin condensation,
DNA fragmentation, cell shrinkage and the formation of apoptotic bodies (39). Although
cleavage of caspase-3 constitutes a reliable marker for the presence of apoptotic cell death
(1,8,42), and has been used to investigate apoptosis in HIV infection (12,51,52), there are
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certain caveats related to its usage. Active caspase-3 can accumulate in cells during T
lymphocyte activation, proliferation and differentiation in the absence of apoptosis
(2,31,35,49) and thus could potentially overestimate apoptosis. Conversely, apoptosis could
be underestimated in the presence of caspase-independent apoptosis (6,26). In the present
study, these two scenarios are unlikely since apoptosis detection by the TUNEL assay and
detection of cleaved PARP, two reliable assays for detection of apoptosis, were highly
concordant with detection of active caspase-3 in T lymphocytes.

In conclusion, our study has comprehensively defined the kinetics of T lymphocyte
apoptosis in relation to the host immune response and immune activation in the setting of
pathogenic SIV infection. Comparison with nonpathogenic infection should provide a better
understanding of the role of apoptosis in AIDS pathogenesis.
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Figure 1. Kinetics of SIVmac239 viremia in six experimentally infected rhesus macaques
Plasma SIV RNA levels in six SIVmac239-infected rhesus macaques determined by real
time PCR are shown. Rhesus macaques 83.05 and 85.05 were only followed until eight
weeks post SIV infection. The grey line represents the geometric mean of the viral loads.
The limit of detection of the assay denoted by the dotted line was 30 SIV RNA copies/ml
plasma.
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Figure 2. Comparison of apoptosis in freshly isolated versus cultured lymphocytes in relation to
plasma viremia in acute SIV infection
Longitudinal analysis of the frequency of caspase-3-positive T lymphocytes detected in
freshly isolated lymphocytes (fresh, ex vivo) and following 18 hours in vitro culture without
any additional stimuli (overnight). Columns and error bars represent the mean and standard
error of mean (SEM) values obtained in four animals. Asterisk denotes significant
differences between the two methods of apoptosis detection calculated by the paired t-test.
The solid overlay line represents the geometric mean plasma SIV RNA viral load in the four
animals.
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Figure 3. Comparison of active caspase-3, cleaved PARP, and TUNEL for detection of T
lymphocyte apoptosis in SIV-infected rhesus macaques
(A) Representative flow plots of CD3+ T lymphocytes stained for TUNEL-positive cells (on
the left), active caspase-3-positive cells (in the middle) and cleaved PARP-positive cells,
including PARP and caspase-3 colocalization (on the right). Data are shown for pre-SIV and
two weeks post SIV infection time-points in one rhesus macaque. (B) Kinetics of active
caspase-3-, TUNEL- and cleaved PARP-positive T lymphocytes following SIVmac239
infection. Data on two rhesus macaques, 83.05 (on the left) and 85.05 (on the right) are
shown. (C) Correlation between active caspase-3-positive and TUNEL-positive T
lymphocytes (on the left) and between active caspase-3-positive and cleaved PARP-positive
T lymphocytes (on the right). Data on peripheral blood and lymph node of two SIVmac239-
infected rhesus macaques shown. Correlation analysis was performed with the Pearson test.
“p.i.” – post-infection
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Figure 4. Increase in apoptosis of T and non-T lymphocyte subsets following SIVmac239
infection
(A) Representative flow cytometric analysis of active caspase-3 in freshly isolated T
lymphocyte subsets at week two post SIV infection. Lymphocytes gated on CD3+ T
lymphocyte were analyzed for intracellular expression of active caspase-3 on CD4+, CD8+,
CD4+CD8+ (DP) and CD4−CD8− (DN) T lymphocytes. (B) Longitudinal analysis of
apoptosis in peripheral blood lymphocytes. Percentage caspase-3-positive cells prior to and
at different time-points following SIV infection are shown for T lymphocyte subsets and
CD3− non-T lymphocytes. (C) Longitudinal analysis of apoptosis of T lymphocyte subsets
and CD3− non-T lymphocytes in the peripheral lymph node. Time-points pre SIV, and at
weeks two, 12 and 24 post SIV infection are shown. Columns and error bars represent the
mean and SEM values of six (weeks 0 to12) or four (weeks 16 to 24) rhesus macaques.
Asterisks denote significant differences (P value <0.05) between pre-SIV and post-SIV
infection time-points determined by the two-tailed paired t-test. (D) Comparison of maximal
frequency of apoptotic cells in different T lymphocyte subsets in the first four weeks post
SIV infection. Asterisks denotes significant differences (P value <0.05) between T
lymphocytes subsets determined by the one way AVOVA Kruskal-Wallis and Dunn’s post
test.
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Figure 5. SIV-specific IFN-γ ELISPOT responses and CD8+ T lymphocyte apoptosis in
SIVmac239-infected rhesus macaques
(A) Kinetics of peripheral blood SIV-specific IFN-γ ELISPOT responses (top panel) and
CD8+ T lymphocyte apoptosis (bottom panel) for the first 24 weeks following SIV
infection. (B) Kinetics of peripheral lymph node SIV-specific IFN-γ ELISPOT responses
(top panel) and CD8+ T lymphocyte apoptosis (bottom panel) for the first 24 weeks
following SIV infection. Data on individual SIVmac239-infected rhesus macaques shown.
(C) Relationship between the magnitude of the SIV-specific IFN-γ ELISPOT response and
frequency of active caspase-3-positive CD8+ T lymphocytes at two weeks post SIV
infection in PBMC (left panel) and lymph node (right panel). Correlation analysis was
performed with the Pearson test. SFC: Spot forming cells
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Figure 6. Relationship between intracellular Ki67 antigen and active caspase-3 expression in
CD8+ T lymphocytes following SIVmac239 infection
(A) Kinetics of activated Ki67-positive CD8+ T lymphocytes in six SIVmac239-infected
rhesus macaques. (B) Representative flow analysis demonstrating co-localization of Ki67
antigen and active caspase-3 on CD8+ T lymphocytes prior to and two weeks post SIV
infection. (C) Frequency of active caspase-3-positive cells within Ki67-positive CD8+ T
lymphocytes in the first eight weeks following SIVmac239 infection. Data on rhesus
macaques 83.05 and 85.05 shown. “p.i.” – post-infection
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