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The Journal of Immunology

Early Induction of Polyfunctional Simian Immunodeficiency

Virus (SIV)-Specific T Lymphocytes and Rapid

Disappearance of SIV from Lymph Nodes of Sooty

Mangabeys during Primary Infection

Mareike Meythaler,* Zichun Wang,*,1 Amanda Martinot,† Sarah Pryputniewicz,*

Melissa Kasheta,* Harold M. McClure,‡,2 Shawn P. O’Neil,†,3 and Amitinder Kaur*

Although the cellular immune response is essential for controlling SIV replication in Asian macaques, its role in maintaining non-

pathogenic SIV infection in natural hosts such as sooty mangabeys (SM) remains to be defined. We have previously shown that

similar to rhesus macaques (RM), SM are able to mount a T lymphocyte response against SIV infection. To investigate early control

of SIV replication in natural hosts, we performed a detailed characterization of SIV-specific cellular immunity and viral control in

the first 6 mo following SIV infection in SM. Detection of the initial SIV-specific IFN-g ELISPOT response in SIVsmE041-infected

SM coincided temporally with a decline in peak plasma viremia and was similar in magnitude, specificity, and breadth to

SIVsmE041-infected and SIVmac239-infected RM. Despite these similarities, SM showed a greater reduction in postpeak plasma

viremia and a more rapid disappearance of productively SIV-infected cells from the lymph node compared with SIVmac239-

infected RM. The early Gag-specific CD8+ T lymphocyte response was significantly more polyfunctional in SM compared with

RM, and granzyme B-positive CD8+ T lymphocytes were present at significantly higher frequencies in SM even prior to SIV

infection. These findings suggest that the early SIV-specific T cell response may be an important determinant of lymphoid tissue

viral clearance and absence of lymph node immunopathology in natural hosts of SIV infection. The Journal of Immunology,

2011, 186: 5151–5161.

S
ooty mangabeys (SM; Cercocebus atys) are African Old

World primates that are natural hosts of SIV and rarely

progress to AIDS despite the presence of ongoing viral

replication (1–3). Characteristic differences from pathogenic SIV

infection include a lack of aberrant immune activation and pres-

ervation of normal lymph node (LN) architecture in chronic SIV

infection (1, 3). The mechanisms underlying the lack of immu-

nopathology in SM are not well understood. Studies of experi-

mental SIV infection in SM have shown that similar to pathogenic

SIV infection in rhesus macaques (RM), primary SIVsm isolates

replicate to peak plasma SIV RNA levels up to 107 copies/ml

followed by a rapid decline to set-point levels ranging between

104 and 106 SIV RNA copies/ml (4–7). Although it is widely

accepted that the cellular immune response contributes to the

containment of primary and chronic viremia in HIV-infected

humans and experimentally SIV-infected RM (8–11), its role in

natural hosts is less well defined. SIV-specific cellular immune

responses are readily detected in SIV-infected SM and African

green monkeys (AGM) during chronic SIV infection (12–15). In

the setting of primary SIV infection, we previously reported that

experimental infection with the macaque-passaged SIVmac239

virus induced a robust SIV-specific CTL response in SM (16, 17).

However, SIVmac239 infection was atypical of natural infection

because primary viremia was rapidly controlled to near undetect-

able levels (16). More recently, we showed that in the setting of ex-

perimental infection with the primary SIVsm isolate, SIVsmE041,

which reproduced the set-point viremia levels seen in natural SIV

infection, SM mounted an acute SIV-specific cellular immune re-

sponse that was comparable in magnitude to RM infected with

SIVmac239 or SIVsmE041 (4). In this study, we present a detailed

characterization of the primary SIV-specific cellular immune re-

sponse and its relation to control of viral replication in peripheral

blood and lymphoid tissue of experimentally SIV-infected SM

and RM.

Kinetic analysis of the cellular immune response in the first 6 mo

post-SIV infection showed comparable magnitude, breadth, and

specificity of the SIV-specific IFN-g ELISPOT response in both

species. However, SM showed a higher frequency of polyfunc-

tional Gag-specific CD8+ T lymphocytes in the first 10 wk
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following SIV infection, a greater reduction in peak plasma vi-

remia, and a more rapid disappearance of productively SIV-

infected cells from the LN compared with SIVmac239-infected

RM. These data suggest that qualitative differences in the early

SIV-specific cellular immune response might contribute to faster

viral load reduction and absence of chronic immunopathology in

lymphoid tissues of SIV-infected SM.

Materials and Methods
Animals and SIV infection

SM were housed at the Yerkes National Primate Research Center, Atlanta,
GA, whereas RMwere housed at the New England Primate Research Center
(NEPRC), Southborough, MA. Four SIV-negative SM and 10 SIV-negative
RM were enrolled in the current study. All animals were maintained in
accordancewith institutional and federal guidelines of animal care (18). The
primary SM isolate SIVsmE041 and the pathogenic molecular clone
SIVmac239 were used for the experimental SIV infection studies as pre-
viously described (4). RM were MHC genotyped for the Mamu-A*01,
Mamu-B*08, and Mamu-B*17 class I alleles using PCR amplification with
allele-specific primers (19).

Sample processing

Samples collected from SM were shipped overnight to NEPRC. Samples
collected from RM housed at NEPRC were subjected to a similar overnight
delay before processing. Blood collected in CPT vacutainer tubes (Becton
Dickinson Vacutainer Systems, Franklin Lakes, NJ) was subjected to cen-
trifugation at 2300 3 g for 30 min within 1 h of collection for isolation of
PBMC prior to shipment. LN lymphocytes were isolated by mechanical
dissection and homogenization of biopsy tissue followed by straining
through a 70-mm cell strainer (BD Biosciences, San Jose, CA) to remove
cell debris. Freshly isolated lymphocytes were used for ELISPOT and im-
munophenotyping. Viably cryopreserved PBMC were used for flow cyto-
metric evaluation of SIV-specific T lymphocyte responses.

SIV peptides

Fifteen amino acid peptides overlapping by 11 aa and spanning all nine SIV
proteins corresponding to the sequence of SIVmac239 were synthesized at
the peptide core facility of Massachusetts General Hospital, Charlestown,
MA, or were obtained from the AIDS Research and Reference Reagent
Program, Division of AIDS, National Institutes of Health (NIH). Individual
peptides suspended in 100% DMSO were pooled together for each SIV
protein. A total of 10 peptide pools representing Gag, Pol (two pools), Env,
Rev, Tat, Nef, Vpr, Vpx, and Vif were used to stimulate PBMC and measure
the total SIV-specific response. In some instances, the Vpr, Vpx, and Vif
peptides were pooled together. Peptides were used at a final concentration of
1 to 2 mg/ml, with the DMSO concentration being maintained at ,0.5% in
all functional assays.

Flow cytometry

Polychromatic flow cytometry was used for immunophenotyping and
measurement of polyfunctional CD8+ and CD4+ T lymphocytes. Fluoro-
chrome-conjugated mAb of anti-human specificity were obtained from BD
Biosciences unless stated otherwise. These included anti-CD3 (clone
SP34-2)-Pacific Blue, -PerCP, or -allophycocyanin–Cy7, anti-CD4 (clone
L200)-allophycocyanin, -FITC, -PerCP–Cy5.5, anti-CD8 (clone RPA-
T8)-Alexa 700, -PE, anti-CD28 (clone CD28.2)-PE, or PE-Texas Red
(Beckman Coulter, Fullerton, CA); anti-CD69 (clone FN50)-allophyco-
cyanin–Cy7 or (clone TP1.53.3)–PE-Texas Red (Beckman Coulter); anti-
CD95 (clone DX2)–PE-Cy5, -allophycocyanin, biotin, or -PE (Invitrogen,
Carlsbad, CA); anti-CCR7 (clone 150503; R&D Systems, Minneapolis,
MN)-biotin; anti–Ki-67 (clone B56)-FITC, anti-granzyme B clone GB12-
PE, or clone GB11–PE-Texas Red (Invitrogen); anti–IFN-g (clone 4S.B3)–
PE-Cy7, anti–IL-2 (clone MQ1-17H12)-PE or -allophycocyanin, anti–
TNF-a (clone MAb11)-allophycocyanin, or -Alexa 700, and anti–MIP-1b
(clone 24006)-FITC (R&D Systems). The anti-CD4 (clone L200)-
AmCyan or clone (T4/19Thy5D7)-Qdot605 and the anti-CD8 (clone T8/
7Pt-3F9)-Qdot 655 mAb were obtained from the NIH Nonhuman Primate
Reagent Resource.

The intracellular cytokine stimulation assay was performed as previously
described (13, 20). Briefly, 1 3 106 PBMC were incubated in the presence
of R-10 medium alone (unstimulated) or SIV Gag peptide pool in the
presence of cross-linked anti-CD28 and anti-CD49d costimulatory Abs.
Brefeldin A (GolgiPlug; BD Biosciences) was added after 2 h and con-
tinued for the remaining period of stimulation. After overnight stimulation,

cells were washed and stained for 30 min at 4˚C with fluorochrome-
conjugated mAbs specific for cell surface molecules. Surface-stained cells
were fixed and permeabilized by incubation with Fixation/Permeabiliza-
tion solution (BD Cytofix/Cytoperm; BD Biosciences) for 20 min at 4˚C
followed by an incubation with fluorochrome-conjugated anti-CD69 and
anti-cytokine mAbs for another 30 min at 4˚C. After a final wash, cells
were fixed in fresh 2% paraformaldehyde. Samples were run on an LSR II
(BD Biosciences) and analyzed by FlowJo software version 8.8.6 (Tree
Star, Ashland, OR). Boolean gate analysis was used for analysis of each of
15 possible response patterns based on all possible combinations of four
effector functions that were measured. Nonspecific background responses
detected in the medium-only control tubes were subtracted from responses
in stimulated samples for each of the 15 response patterns using the soft-
ware Pestle (version 1.6.2 obtained from Mario Roederer, Vaccine Re-
search Center, National Institutes of Allergy and Infectious Diseases
[NIAID], NIH). Negative values after background subtraction were set to
zero. The software SPICE (version 5.1, courtesy of Mario Roederer and
Joshua Nozzi, NIAID, NIH through http://exon.niaid.nih.gov/spice/) was
used to analyze polychromatic flow cytometry data and generate graphical
representations of T cell responses (21).

ELISPOT assay

IFN-g ELISPOT assays were performed as previously described (4, 13).
The capture- and biotinylated detector-matched mAb pair for IFN-g were
clones GZ-4 and 7-B6-1 (Mabtech, Nack Strand, Sweden), respectively.
Briefly, unfractionated PBMC were plated on anti–IFN-g–coated sterile
96-well polyvinylidene difluoride MultiScreen-IP plates (Millipore, Bed-
ford, MA) and stimulated overnight with SIV peptide pools. Spots were
developed by successive incubation with streptavidin-alkaline phosphatase
followed by the substrate NBT/5-bromo-4-chloro-3-indolylphosphate buffer
(Moss, Pasadena, MD). Spots were counted on a KS ELISPOTAutomated
Reader System (Carl Zeiss, Thornwood, NY) using KS ELISPOT 4.2
software (performed by ZellNet Consulting, Fort Lee, NJ). 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 .2-fold
above those of negative control wells, and .50 SFC/106 cells were con-
sidered positive.

Plasma SIV RNA

The concentration of SIV RNA in plasma was determined as previously
described (4, 13). Briefly, plasma was separated from blood collected in
tubes containing the anticoagulant EDTAwithin 3 h of collection. Aliquots
of twice-spun, cell-free plasma were stored at 280˚C. Plasma RNA was
extracted with the QIAamp Viral RNA kit (Qiagen, Valentia, CA), and SIV
RNA was measured by RT-PCR (7700 Sequence Detection System; PE
Applied Biosystems, Carlsbad, CA) using primers and probe targeting
a highly conserved region in the 59 untranslated region (SIVsmE041) or
SIV gag (SIVmac239). The detection limit of the assays was 160 copies/
ml for SIVsmE041 and 30 copies/ml for SIVmac239.

In situ hybridization analysis

Productively infected, SIV-positive cells were identified by in situ hy-
bridization (ISH) for SIV RNA in LN tissue as described previously (4, 22).
Digoxigenin-labeled antisense riboprobes (Lofstrand Labs, Gaithersburg,
MD) spanning the entire genomes of either SIVsmmFGb or SIVmac239
were used for detection of SIVsmE041- and SIVmac239-infected cells,
respectively. After hybridization, sections were washed extensively, and
bound probe was detected by immunohistochemistry using alkaline
phosphatase-conjugated sheep anti-digoxigenin Fab fragments (Roche,
Indianapolis, IN) and the chromogen NBT/5-bromo-4-chloro-3-indolyl-phos-
phate (Roche). Sections were counterstained with nuclear fast red (Vector
Laboratories, Burlingame, CA). The total number of infected cells in all
regions of the LN was counted manually and expressed as the number of
infected cells per millimeter squared LN area. LN area was quantified
using Leica QWin software (Leica Microsystems, Bannockburn, IL), as
described elsewhere (22), after image capture on an Optronics DEI-750
charge-coupled device camera (Meyer Instruments, Houston, TX) mounted
on an Olympus AH-2 microscope (Olympus America, Center Valley, PA).

Statistical analysis

The nonparametric Mann–Whitney U test was used for unpaired com-
parisons between groups, whereas the nonparametric Wilcoxon matched
pairs signed-rank test was used for paired comparisons. All statistical
analysis was performed with the GraphPad Prism software version 5.0a
(GraphPad Software, La Jolla, CA). The comparison of SIV-specific
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T lymphocyte polyfunctionality between groups was determined by the
permutation test (SPICE, version 5.1.). The p values ,0.05 were consid-
ered statistically significant.

Results
Kinetics of plasma viremia in relation to the SIV-specific

cellular immune response

Although SIV- and HIV-specific CD8+ T lymphocytes are essential

for controlling viral replication in pathogenic lentiviral infection

(8–11), their role in maintaining nonpathogenic infection in

natural hosts of SIV is uncertain. We recently reported that

SIVsmE041-infected SM mounted a SIV-specific cellular immune

response during acute infection that is of comparable magnitude to

SIVsmE041 and SIVmac239-infected RM (4). In this study, the

primary SIV-specific T lymphocyte response and its relation to

early control of SIV replication in peripheral blood and lymphoid

tissue of SM and RM were evaluated.

Using peptides based on the SIVmac239 sequence, SIV-specific

IFN-g ELISPOT responses toward the entire SIV proteome were

evaluated longitudinally in peripheral blood for 6 mo in four

SIVsmE041-infected SM (Fig. 1A), four SIVsmE041-infected RM

(Fig. 1B), and six SIVmac239-infected RM (Fig. 1C). IFN-g

ELISPOT responses were detected in all animals and temporally

coincided with a decline in peak plasma viremia (Fig. 1A–C).

Plasma viremia peaked at 2 to 3 wk and was significantly higher in

the SIVmac239-infected RM compared with the SIVsmE041-

infected RM and SM (Fig. 2A). From week 12 onwards, it was

maintained at mean levels of up to 3 3 106 SIV RNA copies/ml

in the SIVmac239-infected RM and 1.4 3 104 SIV RNA copies/

ml in the SIVsmE041-infected SM (Fig. 2A). In contrast,

SIVsmE041-infected RM showed a marked decline in plasma SIV

RNA levels to near undetectable levels (Figs. 1B, 2A). The role of

the MHC class I alleles Mamu-A*01, Mamu-B*17, and Mamu-

B*08 in control of viral replication was examined in the 10 SIV-

infected RM. The Mamu-A*01 allele was present in one

SIVsmE041-infected RM (111.91) and two SIVmac239-infected

RM (112.04 and 330.03, respectively), whereas the Mamu-B*17

and Mamu-B*08 alleles were detected in one RM each (361.95

and 368.05, respectively) in the SIVsmE041 infection group

(Fig. 1B, 1C). Even though three of the four SIVsmE041-infected

RM were positive for one of the protective MHC class I alleles,

the pattern of SIVsmE041 replication in RM 365.05, which lacked

any of these class I alleles, was no different from the other three ma-

caques in this group (Fig. 1B). Furthermore, the two SIVmac239-

infected Mamu-A*01-positive RM showed a different viral

replication pattern compared with the SIVsmE041-infected Mamu-

A*01-positive RM (Fig. 1B, 1C). Overall, these data indicate a

viral component to the observed difference in viremia control be-

tween the SIVmac239- and SIVsmE041-infected RM.

The kinetics and magnitude of the SIV-specific IFN-g ELISPOT

response in the three monkey groups did not significantly differ

from each other in the first 6 mo post-SIV infection (Fig. 2B).

FIGURE 1. Kinetics of the SIV-specific cellular immune response and plasma viremia during acute SIV infection in individual SM and RM. SIV-specific

IFN-g ELISPOT responses and the kinetics of viremia shown in four SIVsmE041-infected SM (A), four SIVsmE041-infected RM (B), and six SIVmac239-

infected RM (C). IFN-g ELISPOT responses expressed as SFC/million PBMC represent values after subtraction of background responses in medium alone

wells. Vpr, Vpx, and Vif peptides were pooled into a single well for measurement of IFN-g ELISPOT responses in SIVmac239-infected RM. Plasma SIV

RNA values at wk 20/24 are not available for RM 111.91 and 361.95. †Died of AIDS.

The Journal of Immunology 5153
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Despite similarities in the acute SIV-specific cellular immune re-

sponse, the postpeak reduction in plasma viremia in the SIVsmE041-

infected SM and SIVsmE041-infected RM was of greater mag-

nitude compared with the SIVmac239-infected RM (Fig. 2C).

The difference in magnitude of postpeak reduction between

SIVsmE041-infected SM and SIVmac239-infected RM suggests

that early control of replication of species-adapted SIV may be

better in SM as compared with RM.

Increased effector memory and granzyme B-positive CD8+

T lymphocytes in acute SIV infection

All animals showed an increase in activated Ki-67–positive CD8+

T lymphocytes during the first 4 wk following SIV infection, with

the greatest increase occurring in the SIVmac239-infected RM

(Fig. 3A). By week 24, the frequency of activated CD8+ T lym-

phocytes had returned to baseline levels in the SM, but persisted at

2–6-fold above baseline levels in the SIVsmE041-infected and

SIVmac239-infected RM (Fig. 3A). These observations are con-

cordant with published data showing rapid resolution of immune

activation in natural hosts following the acute phase of SIV in-

fection (4, 7, 23–25).

Concurrent with the increase in CD8+ T lymphocyte activation,

there was an increase in the frequency of circulating granzyme B-

positive CD8+ T lymphocytes in SM and RM (Fig. 3B). Inter-

estingly, baseline levels of granzyme B-positive CD8+ T lym-

phocytes in SIV-negative animals were significantly higher in SM

compared with RM, and this trend persisted following SIV in-

fection (Fig. 3C). This was associated with a significantly higher

frequency of effector memory CD8+ T lymphocytes in SM com-

pared with macaques (p = 0.008). The age range of SM (6–14 y)

and RM (5–19 y) were comparable and did not account for the

observed species-specific difference in the frequency of peripheral

blood effector memory and granzyme B-positive CD8+ T lym-

phocytes (data not shown). Following SIV infection, an acute

decline in naive (CD952CD28+) and a corresponding increase in

effector memory (CD95+CD282) CD8+ T lymphocytes were ob-

served in both SM and RM (Fig. 3D).

A 2–4-fold increase in Ki-67–positive CD32CD8+ NK cells

was observed in both groups of SIV-infected RM but was much

more modest in magnitude in the SIVsmE041-infected SM (Fig.

3E). In contrast, an increase in granzyme B-positive NK cells was

observed in both RM and SM (Fig. 3F).

Specificity and breadth of the cellular immune response during

acute SIV infection in RM and SM

The breadth and dominance of the Gag-specific immune response

have been associated with lower viral loads and preservation of

CD4+ T lymphocyte counts in HIV infection (26–30). We in-

vestigated whether differences in the specificity or breadth of the

primary cellular immune response might contribute to the differ-

ential course of SIV infection in SM and RM.

At its peak, IFN-g ELISPOT responses against the structural

proteins Gag, Pol, and Env were dominant in all three groups and

accounted for 56–82% of the total SIV-specific cellular immune

response (Fig. 4A, Table I). With the exception of Pol- and Tat-

specific ELISPOT responses, differences in SIV protein specificity

among the three groups were minor during acute SIV infection

and did not reach statistical significance (Fig. 4A). It is to be

noted that the use of SIVmac239-based peptides may have re-

sulted in an underestimation of the SIV-specific T lymphocyte re-

sponse in the SIVsmE041-infected monkeys. The number of SIV

protein pools recognized ranged between two and seven in res-

ponding monkeys and did not differ significantly among the three

groups of animals (Fig. 4B). The LN SIV-specific IFN-g ELISPOT

response in SM and RM also did not significantly differ in mag-

nitude, specificity, or breadth in the first 6 mo post-SIV infection

(data not shown).

Early induction of polyfunctional Gag-specific CD8
+

T lymphocytes in SM

The functionality of HIV-specific CD8+ T lymphocytes may be an

important factor in immune control of HIV infection (31). To

determine whether the primary SIV-specific cellular immune re-

sponse was qualitatively different in SM and RM, we examined its

polyfunctionality in acute SIV infection. Cryopreserved PBMC

that were available in the first 10 wk post-SIV infection were

stimulated with pooled SIV Gag peptides and evaluated for con-

current production of IFN-g, TNF-a, IL-2, and MIP-1b by poly-

chromatic flow cytometry (Fig. 5A).

The total cumulative frequency of Gag-specific memory CD8+

T lymphocytes with four, three, two, and single functionality

ranged between 0.13 and 0.21% in the SIVsmE041-infected SM,

between 0.17 and 0.41% in the SIVsmE041-infected RM, and

between 0.19 and 1.99% in the SIVmac239-infected RM (Table

II). Despite the relatively low frequencies, Gag-specific CD8+

T lymphocytes in SM were significantly more polyfunctional

compared with SIVmac239-infected RM (Fig. 5B). There were

no significant differences in functionality of Gag-specific CD4+ T

lymphocytes between SM and SIVmac239-infected RM (data not

shown). Interestingly, the frequency of SIV-specific CD8+ as

compared with CD4+ T lymphocytes was significantly higher in

SIVmac239-infected RM (p = 0.04) but not in SIVsmE041-

infected SM (Table II).

FIGURE 2. Differential reduction in peak plasma SIV viremia in RM and SM. Geometric mean of plasma SIV RNA in SIVsmE041-infected SM (SM

SIVsmE041), SIVsmE041-infected RM (RM SIVsmE041), and SIVmac239-infected RM (RM SIVmac239) (A). Asterisks (*p , 0.05, **p , 0.01, Mann–

Whitney U test) indicate a significant difference in peak viremia of SM SIVsmE041 (blue) or RM SIVsmE041 (red) compared with RM SIVmac239. B,

Geometric mean of total SIV-specific IFN-g ELISPOT response in the first 6 mo post-SIV infection. C, Comparison of reduction of plasma SIV RNA from

peak viremia to week 6–8 post-SIV infection in the three animal groups. Lines denote mean 6 SEM. *p , 0.05 by Mann–Whitney U test.
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Rapid disappearance of productively SIV-infected cells from

the LN of SM

Disruption of the LN architecture is a hallmark of chronic path-

ogenic HIV/SIV infection and central to AIDS pathogenesis (32,

33). In contrast, LN of chronically SIV-infected SM show normal

architecture and do not have evidence of virus trapping on fol-

licular dendritic cells (1, 3). In this study, we compared the

magnitude and clearance kinetics of SIV-infected cells from

peripheral LN of SM and RM in primary SIV infection. ISH for

SIV RNA revealed productively SIV-infected cells in LN of

SIVmac239-infected RM and SIVsmE041-infected SM, but not

SIVsmE041-infected RM (Fig. 6A and data not shown). Despite

the greater than one-log difference in peak plasma viremia levels

(Fig. 2A), both SIVmac239-infected RM and SIVsmE041-infected

SM showed similar numbers of productively SIV-infected cells

in the LN at 2 wk post-SIV infection (Fig. 6A–C). Two main

observations were made in terms of: 1) the localization of pro-

ductively SIV-infected cells; and 2) the kinetics of virus disap-

FIGURE 3. Kinetics of CD8+ T and NK

lymphocytes during acute SIV infection.

Geometric mean frequency of Ki-67–posi-

tive CD8+ T lymphocytes (A) and granzyme

B-positive CD8+ T lymphocytes (B) in the

first 6 mo post-SIV infection. Asterisks

(*p , 0.01) indicate significant increases at

peak compared with pre-SIV infection lev-

els by the Wilcoxon matched pairs signed-

rank test. C, Frequency of granzyme B-

positive CD8+ T lymphocytes prior to and

following SIV infection in each animal

group. Lines denote mean 6 SEM. Aster-

isks denote significant differences between

groups (*p , 0.05, **p , 0.01) by the

Mann–Whitney U test. D, Geometric mean

frequency of CD95+CD282 effector mem-

ory and naive CD952CD28+CD8+ T lym-

phocytes in the first 6 mo post-SIV in-

fection. Asterisks (*p , 0.05) indicate a

significant change at wk 2–4 from base-

line values using the Wilcoxon matched

pairs signed-rank test. Geometric mean

frequency of Ki-67–positive CD32CD8+

NK lymphocytes (E) and granzyme B-pos-

itive CD32CD8+ NK lymphocytes (F) in

the first 6 mo post-SIV infection. Asterisks

(*p , 0.01) indicate significant increases at

peak compared with pre-SIV infection lev-

els by the Wilcoxon matched pairs signed-

rank test.
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pearance in acute SIV infection. First, although infected cells were

present in the paracortex and the germinal centers of the LN in

RM, they were confined to the LN paracortex in SM (A.J. Mar-

tinot, M. Meythaler, L. Pozzi, K. Boisvert, H. Knight, D. Walsh, S.

Westmoreland, A. Kaur, and S.P. O’Neil, manuscript in prepara-

tion). Second, although productively SIV-infected cells were still

detectable in the LN of four of five SIVmac239-infected RM at 12

wk postinfection, a rapid decline in productively SIV-infected cells

was observed in the LN of SM by week 6 post-SIV infection (Fig.

6A–C). The difference in virus clearance did not appear to be

a result of higher plasma SIV RNA levels in SIVmac239-infected

RM because there was no correlation between the numbers of

productively SIV-infected cells in the LN and plasma SIV RNA at 2

or 12 wk post-SIV infection (data not shown).

To investigate whether the tissue-localized cellular immune

response accounted for the difference in disappearance kinetics

of productively SIV-infected cells, we compared the SIV-specific

IFN-g ELISPOT response and granzyme B content in LN of

SM and RM at 2, 6, 12, and 20/24 wk post-SIV infection (Fig. 7).

Similar to peripheral blood, IFN-g ELISPOT responses in the LN

were detected in all animals at week 2 post-SIV infection. At this

time point, the SIV-specific IFN-g ELISPOT response in the LN

of SM was of comparable magnitude to the peripheral blood im-

mune response (Fig. 7A and data not shown). In contrast, the

SIVmac239-infected RM showed significantly higher SIV-specific

IFN-g ELISPOT responses in the peripheral blood compared

with LN at week 2 post-SIV infection (Fig. 7A). Consistent with

induction of a SIV-specific cellular immune response, both

SIVsmE041-infected SM and SIVmac239-infected RM showed

a significant and comparable increase in granzyme B-positive

CD8+ T lymphocytes in the LN at 2 wk following SIV infection

(Fig. 7B).

The presence of productively infected cells in the LN germinal

center of RM but not SM was not due to differences in location or

number of LN CD8+ T lymphocytes in the two species. Immu-

nohistochemical analysis revealed that in both RM and SM, the

LN CD8+ T lymphocytes were mainly localized to the paracortical

region, with very few being present in the germinal center (data

not shown). These findings are consistent with published data on

lymphoid tissues in humans (34). We also did not observe any

quantifiable difference in the number of paracortical or germinal

center CD8+ T lymphocytes between RM and SM either prior to

or after SIV infection (data not shown).

Discussion
Early events hold the key to understanding the determinants of

pathogenic and nonpathogenic outcome following lentiviral in-

fection. Although the early cellular immune response is central

to effective viral control in pathogenic HIV and SIV infection,

there are limited data about its efficacy in natural hosts. To our

knowledge, we provide the first detailed analysis of the primary

cellular immune response against the complete SIV proteome in

a natural host of SIV infection and examine early viral control in

the peripheral blood and LN of SM and RM in acute SIV in-

fection. The magnitude and specificity of the primary SIV-specific

cellular immune response was comparable in SIVsmE041-infected

SM, SIVsmE041-infected RM, and SIVmac239-infected RM.

However, there were notable differences in the rapidity of early

viral control following SIV infection with virus isolates that were

either indigenous to their natural host or that had undergone serial

passage in their nonnatural host. Thus, SM infected with the pri-

mary SIVsm isolate SIVsmE041 showed a greater reduction in

peak plasma viremia and a rapid disappearance of productively

SIV-infected cells from peripheral lymphoid tissue compared with

RM infected with pathogenic SIVmac239. In contrast, RM in-

fected with the non–macaque-passaged SIVsmE041 virus showed

a rapid and marked reduction in peak plasma viremia to almost

undetectable levels. This virus suppressive effect was recently

shown to be due to the presence of an RM TRIM5a genotype that

restricts infection by primary SIVsm isolates (35). The kinetics of

viral load reduction observed in the blood and LN of SIVsmE041-

infected SM was consistent with that observed during primary

SIVagm infection of AGM (36).

FIGURE 4. Specificity and breadth of the SIV-specific cellular immune

response during acute SIV infection. A, Pie charts showing the proportion

of individual SIV proteins contributing to the total SIV-specific IFN-g

ELISPOT response in the peripheral blood of SIV-infected SM and RM.

Mean values for peak (wk 1–4; upper panels) and wk 24 (bottom panels)

shown. B, Numbers of recognized proteins at peak and week 24 or time of

death post-SIV infection. The regulatory proteins Vpx, Vpr, and Vif have

been combined as Vpx/Vpr/Vif for the analysis. Asterisks (*p , 0.05,

Mann–Whitney U test) denote significant differences for individual pro-

teins between groups.

Table I. Specificity of the SIV-specific IFN-g ELISPOT response in SM and RM

Wk Post-SIV

SM SIVsmE041 RM SIVsmE041 RM SIVmac239

Gag Pol Env Rev Tat Nef V* Gag Pol Env Rev Tat Nef V* Gag Pol Env Rev Tat Nef V*

Peak 44 22 16 6 1 9 2 16 24 16 7 16 2 17 28 8 28 1 9 14 13
Wk 12 29 41 0 10 2 16 2 35 36 6 3 3 4 13 32 35 14 1 7 3 8
Wk 24 41 41 2 2 3 3 8 28 31 7 4 3 7 21 48 15 11 1 2 5 18

Values are mean percentages of the total SIV-specific IFN-g ELISPOT response.
V*, Vpr/Vpx/Vif.
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In pathogenic HIV and SIV infection, both immune-mediated

viral control and target cell restriction have been implicated in

the reduction of peak viremia following acute infection. In one

study, mathematical modeling of plasma viremia during acute SIV

infection in RM showed that the decline in post peak viremia was

mainly due to the activity of SIV-specific CD8+ T lymphocytes

FIGURE 5. Functionality of Gag-specific CD8+ T lymphocytes in SM and RM during acute SIV infection. A, Representative dot plots showing gating

strategy for the identification of Gag-specific CD8+ T lymphocyte responses. CD4 and CD8 memory T lymphocytes were identified as CD95 positive cells

(upper panel). The bottom panel shows representative plots of cytokine-producing memory CD8+ T lymphocytes in response to Gag peptide stimulation for

one SIVsmE041-infected SM (left panel) and one SIVsmE041-infected RM (right panel) at wk 6 post-SIV infection. B, Four-effector function analysis of

the Gag-specific CD8+ T lymphocyte response during primary SIV infection in SM and RM using boolean gate analysis. Data at a single time-point in the

first 10 wk post-SIV infection shown. The proportion of the total memory CD8+ T lymphocyte response contributed by each cytokine combination for each

individual animal (represented by the dots) and the median (represented by the bars) are shown for RM SIVsmE041 (red), RM SIVmac239 (green), and SM

SIVsmE041 (blue). The different cytokine combinations are grouped and color-coded by the number of positive functions and summarized in pie charts in

which each pie slice represents the mean proportion of the Gag-specific CD8+ T lymphocyte response contributed by cytokine combinations that have all

four, three, two, or one of the measured functions. The p values were calculated using the permutation test (Spice version 5.1).

Table II. Frequency of Gag-specific memory CD4+ and CD8+ T lymphocytes during acute SIV infection in
SM and RM

Mean Percent (Range)

Gag-Specific Memory
CD8+ T Lymphocytes

Gag-Specific Memory
CD4+ T Lymphocytes

SM SIVsmE041 0.17 (0.13–0.21) 0.46 (0.18–1.04)
RM SIVsmE041 0.28 (0.17–0.41) 0.24 (0.1–0.31)
RM SIVmac239 0.97 (0.19–1.99) 0.33 (0.02–1.28)
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(37). Only limited data are available on the cellular immune re-

sponse during acute SIV infection in natural hosts. We previously

reported that SIVmac239 infection induces a robust SIV-specific

CTL response in SM coincident with viremia control of a ma-

caque-passaged SIV isolate (16). However, the low viral load

following SIVmac239 infection is not typical of the outcome seen

following natural SIV infection in SM. Cellular immune responses

against Gag and Env have been reported during acute SIVagm

infection in AGM but were not compared with macaque species

(38, 39). Detailed comparative analysis of the kinetics of primary

viremia and the primary cellular immune response in RM and SM

in the current study revealed several similarities in the acute SIV-

specific T lymphocyte response between a natural and nonnatural

host. The onset of the primary SIV-specific T cell response co-

incided temporally with a decline in peak plasma viremia in

SIVsmE041-infected SM and both SIVsmE041- and SIVmac239-

infected RM, suggesting that immune control was a causal factor

in the postacute reduction of plasma viremia in both species.

In vivo CD8 depletion studies during primary SIV infection in SM

(A. Kaur, Z. Wang, N. Kassis, R.M. Ribeiro, S. Pryputniewicz,

R.P. Johnson, J. Schmitz, K. Reimann, A.S. Perelson, and S.P.

O’Neil, unpublished observations) and AGM (39–41) showed

delayed reduction of primary SIV viremia in the absence of CD8+

lymphocytes, providing further evidence that SIV-specific CD8+

T lymphocytes are required for initial control of primary viremia

in natural hosts.

Concurrent with the rapid decline in plasma viremia, pro-

ductively infected cells were undetectable in the LN of

SIVsmE041-infected SM by 6 wk post-SIV infection. In contrast,

productively infected cells persisted in the LN of four of five

SIVmac239-infected macaques at 12 wk post-SIV infection. The

difference in clearance of productively infected cells from lym-

phoid tissue appears to be species-related and not just a manifes-

tation of higher set-point plasma viremia levels in the SIVmac239-

infected macaques. Thus, there was no correlation between plasma

SIV RNA levels and the number of SIV-infected cells in the LN. At

the 2-wk time point when the number of productively infected cells

in the LN were comparable in both species, the peak viremia levels

in the SIVsmE041-infected mangabeys were at least one-log lower

compared with the SIVmac239-infected macaques. In a study

comparing SIV-infected cells in the LN of SIVagm-infected AGM

and SIVmac251-infected Chinese RM, both species had compa-

rable levels of plasma viremia, and yet AGM showed a greater

decline in LN viral load post-SIV infection (42). The persistence of

productively infected cells in lymphoid tissue of hosts with

pathogenic lentiviral infection has been attributed to inadequate

immune clearance due to a variety of factors such as insufficient

number of effectors, spatial localization of effectors away from the

sites of viral replication, and early induction of immunosuppres-

sive regulatory T lymphocytes (43–45). This raises the intriguing

FIGURE 6. Kinetics of LN viral clearance in SM and RM. A, Representative SIV RNA ISH to detect productively infected cells (indicated by the arrows)

in the peripheral LN of one SIVsmE041-infected SM (left panels) and one SIVmac239-infected RM (right panels). Scale bars, 100 mm. B, Comparison of

kinetics of productively SIV-infected cells in the LN in SIVsmE041-infected SM and SIVmac239-infected RM. Mean 6 SEM values shown. C, LN SIV

loads in individual SIVsmE041-infected SM and SIVmac239-infected RM at wk 2 and wk 6/12 post-SIV infection infection. The p values calculated using

the Wilcoxon matched pairs signed-rank test.

FIGURE 7. LN SIV-specific cellular immune responses in acute SIV

infection. A, Comparison of SIV-specific immune responses in the pe-

ripheral blood versus the LN. Mean 6 SEM of the total IFN-g ELISPOT

response shown. Asterisk indicates significant difference (*p , 0.05,

Wilcoxon matched pairs signed-rank test) between PBMC and LN ELI-

SPOT responses. B, Increase in granzyme B-positive CD8+ T lymphocytes

in the LN following SIV infection in SIVsmE041-infected SM (left panel)

and SIVmac239-infected RM (right panel). Asterisks (*p , 0.05, **p ,

0.01, Mann–Whitney U test) indicate a significant increase above pre-SIV

infection levels.
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possibility that the rapid clearance of productively infected cells

from the LN of SM may reflect the ability of natural hosts to

mount a more effective tissue-localized immune response as op-

posed to nonnatural hosts (46, 47). In addition to more rapid SIV

clearance, SM also showed a striking lack of infected cells in the

germinal center of LN. The mechanisms underlying this phe-

nomenon remain unclear. Possibilities include immune-mediated

mechanisms, reduced target cell availability, altered SIV tropism,

and reduced infection of germinal center CD4+ T lymphocytes due

to the absence of trapped SIVon follicular dendritic cells in LN of

SM. In the absence of in situ tetramer staining, it is not possible to

determine whether, similar to HIV-infected humans (43), species-

specific differences in the spatial localization of SIV-specific

CD8+ T lymphocytes accounted for the presence or absence of

SIV-infected cells in the LN germinal centers.

To address whether host-specific differences in the SIV-specific

T lymphocyte response accounted for the greater reduction in

postpeak viremia and LN viral clearance in SIVsmE041-infected

SM as compared with SIVmac239-infected RM, we evaluated

the magnitude and breadth of the total SIV-specific T lymphocyte

response by IFN-g ELISPOT assays over a 6-mo period, and the

specificity and quality of the Gag-specific T lymphocyte response

at a single time point during acute infection by polychromatic flow

cytometry. Similar to chronic SIV infection (4, 13), the total

magnitude of the anti-SIV cellular immune response in primary

infection did not differ significantly between SIV-infected SM and

RM. We compared specificity of the SIV-specific response in the

two species because an early Gag-specific immune response was

shown to be predictive of a better disease outcome in HIV-infected

humans (28, 48). With the exception of Pol- and Tat-specific T cell

responses, we did not observe a difference in the specificity or

breadth of the SIV proteins targeted by the cellular immune re-

sponse in the two species. Simultaneous assessment of multiple

effector functions by flow cytometry has shown that the quality of

the T cell response is an important determinant of protection

against several viral infections (49). Virus-specific T lymphocytes

that produce more than one cytokine and maintain their pro-

liferative capacity have been implicated in better disease outcome

in HIV infection (31, 50–54). In this study, we extended our

analysis to evaluate the functionality of SIV-specific T cells in

acute infection by polychromatic flow cytometry. Analysis of

the Gag-specific response showed induction of both CD4+ and

CD8+ T lymphocyte responses in acute infection. However, the

Gag-specific response was skewed toward CD8+ T lymphocytes

in SIVmac239-infected RM but was more balanced in the

SIVsmE041-infected monkeys (Table II). Furthermore, the early

Gag-specific CD8+ T lymphocyte response was significantly

more polyfunctional in SIVsmE041-infected SM compared with

SIVmac239-infected RM (Fig. 5). In light of the lower viremia

levels in SIVsmE041-infected SM compared with SIVmac239-

infected RM, we cannot exclude the possibility that the in-

creased polyfunctionality in SM was due to a lower Ag load.

However, it is noteworthy that the SIVsmE041-infected RM also

had low viral loads and yet showed a trend for a less polyfunc-

tional early Gag-specific CD8+ T lymphocyte response compared

with the SIVsmE041-infected SM (Fig. 5). Interestingly, the HIV-

specific CD4+ and CD8+ T lymphocyte response in the less-

pathogenic HIV-2 infection is also characterized by high levels

of polyfunctional cells (55). It is tempting to speculate that early

induction of polyfunctional SIV-specific T lymphocytes is in part

responsible for the better control of postpeak viremia and early

clearance of LN viral load in SIV-infected SM. In addition to

immune control, other factors such as target cell availability could

also be contributing to low viral loads in the LN of SIV-infected

SM. The recent report of SM homozygous for defective CCR5

alleles has raised the possibility that altered coreceptor usage

could alter the in vivo tropism of SIVsm in SIV-infected SM (56).

In addition to the functional response to SIV peptides, we also

used granzyme B as a surrogate marker for CTL activity. We

observed that this cohort of SM had significantly higher baseline

levels of granzyme B and effector memory CD8+ T lymphocytes as

compared with RM. This difference was age-independent and

persisted even after SIV infection. A recent study also reported

higher granzyme B levels in CD8+ T lymphocytes in SIV-negative

AGM as compared with SIV-negative RM (15), suggesting that

this observation is not unique to SM and may be common to other

natural hosts of SIV infection. The significance of the high

granzyme B content of CD8+ T lymphocytes in SM and AGM

remains unclear. It is possible that the higher frequency of effector

memory granzyme B-positive CD8+ T lymphocytes in SM trans-

lates to more efficient killing of virus-infected cells, which in turn

could to lead to better control of viremia without inducing aber-

rant immune activation. This situation may be akin to the efficient

lytic granule loading capacity of HIV-specific CD8+ T lympho-

cytes in elite controllers (57, 58), albeit with partial viral control in

natural hosts.

In summary, the analysis of the primary SIV-specific cellular

immune response and viral kinetics in this study has highlighted

key similarities in the adaptive immune response mounted by

natural and nonnatural hosts of SIV infection and shown differences

in viral control, particularly at the level of lymphoid tissue. It is

possible that differences in the quality and location of the early

immune response in natural hosts might prevent LN damage and set

the stage for lack of disease progression during chronic infection.
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