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Sooty mangabeys (SMs) naturally infected with simian immunodeficiency virus (SIV) do not develop AIDS
despite high levels of virus replication. At present, the mechanisms underlying this disease resistance are
poorly understood. Here we tested the hypothesis that SIV-infected SMs avoid immunodeficiency as a result of
virus replication occurring in infected cells that live significantly longer than human immunodeficiency virus
(HIV)-infected human cells. To this end, we treated six SIV-infected SMs with potent antiretroviral therapy
(ART) and longitudinally measured the decline in plasma viremia. We applied the same mathematical models
used in HIV-infected individuals and observed that SMs naturally infected with SIV also present a two-phase
decay of viremia following ART, with the bulk (92 to 99%) of virus replication sustained by short-lived cells
(average life span, 1.06 days), and only 1 to 8% occurring in longer-lived cells. In addition, we observed that
ART had a limited impact on CD4™ T cells and the prevailing level of T-cell activation and proliferation in
SIV-infected SMs. Collectively, these results suggest that in SIV-infected SMs, similar to HIV type 1-infected
humans, short-lived activated CD4™" T cells, rather than macrophages, are the main source of virus production.
These findings indicate that a short in vivo life span of infected cells is a common feature of both pathogenic
and nonpathogenic primate lentivirus infections and support a model for AIDS pathogenesis whereby the

direct killing of infected cells by HIV is not the main determinant of disease progression.

Human immunodeficiency virus (HIV) arose in the human
population through multiple episodes of cross-species zoonotic
transmission of primate lentiviruses infecting African nonhu-
man primates and collectively defined simian immunodefi-
ciency viruses (SIVs) (14). Of these viruses, SIVcpz is the
source of the HIV type 1 (HIV-1) pandemic, while SIVsmm,
which naturally infects sooty mangabeys (SMs; Cercocebus
atys), is the source of the HIV-2 epidemic. Importantly,
SIVsmm is also the origin of SIVmac viruses, whose infection
of rhesus macaques (RMs; Maccaca mulata) is the best-studied
animal model for AIDS pathogenesis and vaccines (19).

SIVsmm infection of SMs is common in the wild and in
captivity and is typically nonpathogenic, with the majority of
animals maintaining healthy peripheral CD4" T-cell counts
despite chronic high levels of virus replication (8, 41, 47, 52).
The nonpathogenicity of SIV infection of SMs is confirmed by
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the fact that there has been only one report of classic AIDS in
a naturally infected animal (23). Importantly, the absence of
disease progression despite high levels of virus replication has
also been shown in other monkey species naturally infected
with SIV (5, 18, 36). These findings are in stark contrast to the
observation that, in HIV-infected individuals, high viral loads
predict faster disease progression (25, 26). Despite intense
studies by us and others (2, 3, 8, 10, 30, 35, 45, 47, 52, 53), it is
still unclear why SIV infection is nonpathogenic in SMs; how-
ever, it is increasingly recognized that a better understanding
of the mechanisms underlying this lack of disease will provide
important clues as to the pathogenesis of AIDS in HIV-in-
fected individuals (46, 50, 51).

A possible explanation for the preserved CD4" T-cell ho-
meostasis and absence of AIDS in SIV-infected SMs with high
viral loads is a reduced in vivo virus cytopathicity, which would
result in a significantly longer average life span of infected
cells. The in vivo life span of infected cells during chronic HIV
infection was first assessed in seminal studies in which HIV-
infected patients were treated with potent antiretroviral ther-
apy (ART) (17, 39, 55). In these as well as more recent studies
(24, 38), the analysis of viremia changes post-ART show a
rapid initial decline that is thought to reflect the loss of short-
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lived virus-producing cells (most likely activated CD4" T
cells), followed by a slower decline that is suggestive of the loss
of a population of longer-lived virus-producing cells (possibly
resting CD4 " T cells or macrophages). Based on these studies,
it was concluded that the bulk of HIV replication (92 to 99%)
occurs in recently infected cells that die soon after infection,
with an average life span on the order of 1 day after the start
of viral production, and only 1 to 8% of virus production is
derived from long-lived cells with an average life span on the
order of 1 to 4 weeks (38).

In the current study, we used a similar experimental strategy
to measure the in vivo life span of virus-infected cells in SMs.
We treated six animals with 9-R-(2-phosphonomethoxypro-
pyl)adenine (PMPA; tenofovir) and beta-2,3-dideoxy-3-thia-5-
fluorocytidine (FTC; emtricitabine) and analyzed the slope of
the decline in viremia after ART using the same mathematical
model previously applied to HIV infection (38). As antiretro-
viral therapy consisting of reverse transcriptase inhibitors such
as PMPA and FTC does not affect preformed virus or the
ability of previously infected cells to continue to produce new
virions, this experimental system allows a reliable quantitation
of the in vivo turnover of virions and infected cells, thus pro-
viding indirect information on what cell type(s) supports virus
replication in this nonpathogenic model of infection. Consis-
tent with a previous unpublished experiment conducted by
Grant, Staprans, and Feinberg using PMPA monotherapy, we
found that SMs naturally infected with SIV present the same
two-phase decay of viremia following ART observed in HIV-
infected individuals and SIV-infected RMs, with the bulk of
virus replication sustained by short-lived cells. These data sug-
gest that the absence of disease in SMs is unlikely to be related
to reduced intrinsic virus cytopathicity and suggest a key role
for species-specific host factors in determining the outcome of
a primate lentiviral infection.

MATERIALS AND METHODS

Animals. Six SMs naturally infected with SIV were treated with PMPA and
FTC for 42 days. Both drugs were given subcutaneously at a dose of 30 mg/kg of
body weight/day. PMPA and FTC were provided by Gilead Sciences. Animals
were maintained according to NIH guidelines. These studies were approved by
the Institutional Animal Care and Use Committees of Emory University and the
University of Pennsylvania.

Viral Load. Viral quantification was performed on plasma from peripheral
blood as previously described (45).

Lymph node biopsy. Lymph node biopsies were collected once at pretreatment
(baseline) and at days 2, 21, and 63 post-ART. Animals were anesthetized with
ketamine-Telazol, the skin over the axillary or inguinal lymph node was prepared
for surgery, a small incision was made, and blunt dissection was performed to
remove the node. Lymph nodes were homogenized and passed through a 70-pm
cell strainer to obtain lymphocytes or paraformaldehyde fixed for in situ hybrid-
ization to detect SIV RNA and immunohistochemical staining for CD3 and Ki67.

Flow cytometry. Immunophenotyping using multicolor flow cytometry was
performed on mononuclear cells isolated from peripheral blood (collected by
venipuncture) and lymph nodes. Quantitation of CD3" CD4" and CD3" CD8*
T cells was performed, and the percentage of individual T-cell subsets (naive,
effector, and memory) was determined by the expression of CD28 and CD95.
The activation and proliferation state of T cells was monitored by the expression
of HLADR, CD25, CD69, and Ki67. Antibodies used in this study were anti-
CD4-peridinin chlorophyll protein (PerCP) (clone L200), anti-CD8-Pacific Blue
(clone RPA-T8), anti-CD25-phycoerythrin-Cy7 (clone 2A3), Ki67-fluorescein
isothiocyanate (clone B56), anti-CD3-Alexa 700 (clone SP34-2), anti-CD69—
PerCP (clone L78), anti-CD95-allophycocyanin (clone DX2), and anti-HLA-
DR-PerCP (clone G46-6) (all from BD PharMingen, San Diego, CA) and
anti-CD28-phycoerythrin-Cy7 (clone 28.2) from eBioscience, San Diego, CA.
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Peripheral blood mononuclear cells (PBMC) were analyzed by seven-color flu-
orescent antibody staining to determine the percentage and absolute number of
specific cell subpopulations. Flow cytometric acquisition and analysis of samples
were performed on at least 10,000 acquired events, gated on lymphocytes, on an
LSRII flow cytometer driven by the FACSDiVa software. Data analysis was
performed using the FlowJo software (Treestar, Inc., Ashland, OR).

In situ hybridization and immunohistochemistry. In situ hybridization was
performed as previously described (11, 22). Immunohistochemical staining was
performed using the biotin-free Double Vision polymer detection system (Bio-
care Medical) according to the manufacturer’s instructions. In brief, tissue sec-
tions (5 wm) were mounted on glass slides, dewaxed, and rehydrated with dou-
ble-distilled water. Antigen retrieval was performed by heating sections in 1X
DIVA Decloacker reagent (Biocare Medical) in a 95°C water bath for 30 min
followed by cooling to room temperature. Tissues were blocked with blocking
reagent (Biocare Medical) for 1 h at room temperature. Endogenous peroxidase
was blocked with 3% (volvol) H,O, in phosphate-buffered saline (pH 7.4).
Primary antibodies were diluted in 10% blocking reagent in TNB (0.1 M Tris-
HCI pH 7.5, 0.15 M NaCl, and 0.5% blocking reagent [NEN]) and incubated
overnight at 4°C. Mouse anti-Ki67 was resolved with 3,3’-diaminobenzidine
(Vector Laboratories, Burlingame, CA) first, and rabbit monoclonal anti-CD3
was resolved second using Vulcan Fast Red (Biocare Medical). Sections were
dehydrated, mounted in Permount (Fisher Scientific), and examined by light
microscopy using an Olympus BX60 upright microscope with the following
objectives: 10X (0.3 numerical aperture) and 40X (0.75 numerical aperture).
Light micrographs were taken using a Spot color mosaic camera (model 11.2) using
Spot acquisition software version 4.5.9 (Diagnostic Instruments, Inc.). Primary an-
tibodies used for immunohistochemical experiments were mouse anti-human Ki67
(clone MIB-1; DakoCytomation) and rabbit monoclonal anti-human CD3 (clone
SP7; Neomarkers). Isotype-matched negative control antibodies were used in every
experiment and uniformly showed no staining (data not shown).

ELISPOT. Enzyme-linked immunospot (ELISPOT) assays were performed as
previously described (53). Gamma interferon (IFN-y) and interleukin-2 (IL-2)
ELISPOT Kkits for humans that are cross-reactive with monkeys were obtained
from Mabtech (Nacka, Sweden). ELISPOT assays were performed on unfrac-
tionated PBMC suspended in R-10 medium supplemented with 50 uM 2-beta-
mercaptoethanol. Sterile 96-well polyvinylidene difluoride ELITP10SSP plates
(Millipore, Bedford, MA) coated with anti-cytokine monoclonal antibody were
plated with cells at concentrations ranging between 300,000 and 500,000 cells/
well for SIV-specific stimulation. Positive controls included stimulation with
concanavalin A (5 pg/ml; Sigma, St. Louis, MO) or staphylococcal enterotoxins
A and B (100 ng/ml each; Sigma, St. Louis, MO). After overnight stimulation
with SIV peptide pools at 37°C in a 5% CO, incubator, cells were removed by
extensive washing and incubated for 2 h at room temperature with biotinylated
detector monoclonal antibody (Mabtech). Spots were developed by successive
incubation with streptavidin-alkaline phosphatase followed by the substrate ni-
troblue tetrazolium-5-bromo-4-chloro-3 indolyl phosphate buffer (Bio-Rad Lab-
oratories, Hercules, CA). Spots were counted on a KS ELISPOT automated
reader system (Carl Zeiss, Inc., Thornwood, NY) using KS ELISPOT 4.2 soft-
ware (performed by ZellNet Consulting, Inc., Fort Lee, NJ). Frequencies of
responding cells obtained after subtracting background spots in medium-con-
taining wells were expressed as spot-forming cells per million PBMC. ELISPOT
responses of >50 spot-forming cells per million PBMC were considered positive.

Statistical analysis. Friedman’s test was used to determine the significance of
the observed differences of specific immunological markers, with Dunn’s multi-
ple comparison posttest identifying statistically significant differences in the
mean percentage before, during, and after ART (a < 0.05). Correlations were
performed using either the Pearson correlation or the Spearman ranked corre-
lation, depending on normality with an « of 0.05. Graphical and statistical
analyses were performed using GraphPad Prism software version 4.0b.

Mathematical modeling. Mathematical analyses to evaluate the life span of
both short- and long-lived productively infected CD4™ T cells was performed by
fitting the viral load decays in each animal on ART to the two-phase decay model
as previously described (38). Briefly, the logarithm of the predicted viral load was
fit to the logarithm of the viral load data using nonlinear least squares regression
based on a Levenberg-Marquardt algorithm. For each animal, we estimated the
pharmacological delay, ¢, the lumped parameter NkT.d, and when a second
phase was present, . When a second phase was not present (monkeys FDv and
FUs), m was set to 0 and NkT|, was set equal to ¢, as this is a necessary condition
for the attainment of a viral set point in a one-phase decay model (39). As done
previously, we assumed that the viral load in each animal had attained its set
point before therapy was initiated. Further, we assumed that the efficacy of
therapy was 100%, and thus we only obtained minimal estimates of the true
infected cell life spans. The fraction of viral production from long-lived cells was
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FIG. 1. Antiretroviral therapy suppressed viral replication in SIV-
infected SMs. (A) Plasma viral load of six SMs chronically infected
with SIV, designated FAy, FCy, FDv, FEy, FUs, and FVs, before,
during (shaded), and after ART. SMs were treated with PMPA and
FTC for 42 days.

estimated by extrapolating the second-phase decay curve back to time zero and
calculating the fraction of baseline viral load that this represented.

RESULTS

Antiretroviral therapy suppresses viral replication in SMs
chronically infected with SIV. Six SMs naturally infected with
SIV with viral loads ranging between 1.69 X 10° and 1.33 X 10°
copies/ml of plasma were treated for 42 days with a potent
antiretroviral regimen that included two reverse transcriptase
inhibitors, i.e., PMPA and FTC, that were administered sub-
cutaneously at a dose of 30 mg/kg/day. Treatment was well
tolerated in all animals, with no discernible side effects. As
shown in Fig. 1, this antiretroviral regimen induced a rapid and
significant decline of the plasma viral load in all six SIV-
infected SMs, with four of six animals suppressing viral repli-
cation below the limit of detection (i.e., 160 copies/ml of
plasma) and the remaining two showing a >2-log decline in
viremia after 17 days of therapy. Viral replication was also
inhibited in lymph nodes (data not shown). Interestingly, in-
terruption of therapy caused a rapid rebound in SIV viral load,
the kinetics of which were remarkably similar to those ob-
served during acute SIV infection of SMs (13, 45).

In all, these data indicate that natural SIV infection of SMs
is similar to HIV infection of humans in that suppression of
virus replication by ART consisting of reverse transcriptase
inhibitors results in a rapid and profound decline of plasma
viremia, thus suggesting that the bulk of virus replication oc-
curs in short-lived infected cells. As shown below, mathemat-
ical modeling can be used to analyze the changes in viral load
induced by ART and to estimate the average in vivo turnover
of virus and infected cells, as well as the relative contribution
of short- versus long-lived infected cells.

Immunological changes induced by antiretroviral therapy in
SMs naturally infected with SIV. Pathogenic HIV infection of
humans and SIVmac infection of RMs are associated with
progressive depletion of CD4™ T cells and high levels of lym-
phocyte activation and proliferation (16, 21, 27, 28, 32, 34,
42-44). In these pathogenic infections, inhibition of viral rep-
lication by ART induces a series of profound immunological
changes in the infected hosts, consisting mainly of (i) increased
CD4" T-cell counts and (ii) a decreased fraction of activated
and/or proliferating T cells (7).
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In HIV-infected humans, the ART-induced increase of the
pool of circulating CD4" T cells shows a typically biphasic
trend. The initial increase involves mainly memory cells and is
the result of both the interruption of virus-induced killing and
the rapid redistribution of cells that were previously trapped in
lymphoid tissues (6). The second, slower phase of CD4 " T-cell
increase may last up to several years, involves both naive and
memory CD4" T cells, and is correlated with the presence of
lower levels of immune activation (9, 12, 15, 48). In our group
of SMs naturally infected with SIV and treated with ART, we
observed only minor fluctuations in the number of circulating
CD4™" T cells, with five out of six animals showing a modest
increase in CD4 T-cell counts during the first week of therapy
(Fig. 2A). Further fluctuations in the fraction of CD4" and
CD8™ T cells (measured as the percentage of the total CD3™
T-cell population) were observed in both the blood and lymph
nodes during the follow-up post-initiation of ART; however,
none of these changes was statistically significant (Fig. 2B and
C). Minor fluctuations were also observed in the percentages
of naive (CD28" CD95™), memory (CD28" CD95"), and ef-
fector (CD28~ CD95") CD4™" T cells (data not shown). The
lack of CD4" T-cell increase in ART-treated SMs naturally
infected with SIV was not entirely unexpected, given that these
animals had relatively high baseline levels of CD4™ T cells.
Interestingly, interruption of therapy was not associated with a
significant decrease in the percentage or number of CD4* T
cells (Fig. 2), confirming that the level of virus replication does
not appear to determine the size of the circulating CD4 ™" T-cell
pool during natural SIV infection of SMs (47, 52).

In HIV-infected individuals, suppression of virus replication
is associated with a rapid decrease in T-cell turnover and re-
duced expression of markers of T-cell activation (1, 15, 16, 28).
To first assess the ART-induced changes in the T-cell turnover,
we sequentially measured the expression of the proliferation
marker Ki67 on T cells of our group of SMs. As shown in Fig.
3A, ART induced relatively minor changes on the number of
proliferating CD4™ T cells. Interruption of therapy was asso-
ciated with an increase in the number and percentage of pro-
liferating CD4™ T cells that reached levels higher than those
observed prior to treatment in five of six animals (Fig. 3A and
B). Since this increase in CD4" Ki67" T cells is temporally
associated with the rebound of viremia, it is unclear if in-
creased SIV replication (i) induces proliferation of SIV-spe-
cific CD4" T cells or, alternatively, (ii) if the increased fre-
quency of activated CD4" T cells actually contributes to the
finding that, after interruption of ART, virus replication tran-
siently reaches levels even higher than the pretherapy set point
(Fig. 1). In all our animals, we observed that ART induced a
decline in the level of proliferating CD8™ T cells, which was
then followed by a significant increase of these cells after
termination of therapy (Fig. 3B). Importantly, the increase in
CD8™" T-cell proliferation at the time of treatment interrup-
tion was only transient and likely represented a self-limiting
response to the increased viral burden, as the return to the pre-
therapy set point viremia was associated with the decline of CD8*
T-cell proliferation to pretreatment levels. Immunohistochemical
analysis of Ki67" staining in lymph node tissue before, during,
and after therapy confirmed the changes in the level of prolifer-
ating T cells observed by flow cytometry (Fig. 3C).

To further characterize in our cohort of SIV-infected SMs
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FIG. 2. Modest increases in CD4" T cells in SMs treated with ART. (A) Plasma viral load is on the right y axis, and the CD4" T-cell count
is on the left y axis for each of the SMs before, during (shaded), and after ART. (B) Average fraction of CD3" CD4" T cells in peripheral blood
42 days before the initiation of ART, after 6 weeks of continuous ART, and 21 days after the termination of ART. Friedman’s test demonstrated
that the means were not significantly different. (C) Average fraction of CD3* CD4" (red) and CD3* CD8™" (blue) T cells in peripheral blood (left)
and lymph nodes (right) before, during (shaded), and after ART.

the impact of ART on the level of immune activation, we
longitudinally assessed the expression of the markers CD25,
CD69, and HLA-DR on T cells. As shown in Fig. 4A and B, we
observed that ART induced a modest decrease in the fraction
of CD4" CD25", CD8* CD25", and CD8"* CD69™" T cells in
blood. A similar nonsignificant trend toward a reduced expres-

sion of activation markers on T cells during therapy was also
observed in lymph nodes (Fig. 4C). Importantly, no correlation
was found, at any time point during the follow-up period,
between the ART-induced changes in CD4™" T-cell count and
the fraction of activated CD4" or CD8" T cells (data not
shown). Coincident with the increase of viral replication ob-

FIG. 3. Reduced T-cell proliferation during ART treatment in SMs. (A) Plasma viral load is on the right y axis, and the number of CD4* K167
T cells is on the left y axis for each of the SMs before, during (shaded), and after ART. (B) Percentage of CD4* KI67" (left) and CD8" KI67*
(right) T cells in the peripheral blood of each of the SIV-infected SMs before, during (shaded), and after ART. The average fractions of CD4™"
KI67" T cells (left) and CD8" KI167" T cells (right) in peripheral blood 42 days before the initiation of ART, after 6 weeks of continuous ART,
and 21 days after the termination of ART are shown. Friedman’s test was used to compare the differences in the means. Statistically significant
differences were observed in the percentage of CD8" KI67" T cells (« = 0.012); thus, Dunn’s comparison posttest was performed (depicted by
an asterisk). (C) Immunohistochemical analysis of Ki67 (brown) and CD3 (pink) staining in lymph node tissue before, during, and after therapy.
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FIG. 4. Minor reductions in levels of activated T cells in ART treated SIV-infected SMs. (A) Average fraction of CD4" T cells (left) expressing
CD25" (red) and CD69™" (blue), as well as the average fraction of CD8" T cells (right) expressing CD25" (red) and CD69™" (blue) in peripheral
blood before, during (shaded), and after ART. (B) Mean percentage of CD4" CD25", CD4" CD69* (left), and CD8" CD25", CD8" CD69*
(right) T cells in peripheral blood 42 days before the initiation of ART, after 6 weeks of continuous ART, and 21 days after the termination of
ART. Friedman’s test was used to compare the differences in the means. Statistically significant differences were observed in the percentage of
CD8" CD25" T cells (a = 0.0055); thus, Dunn’s comparison posttest was performed (depicted by an asterisk).

served upon the termination of ART, we observed a statisti-
cally significant increase (P < 0.001) in the fraction of activated
CD8" CD25" T cells (Fig. 4B).

To determine the effect of inhibiting virus replication on
the level of circulating SIV-specific T cells, IFN-y and IL-2
ELISPOT responses to pools of peptides representing the
entire SIVmac239 proteome were measured before, during,
and after ART as previously described (53). While IFN-y
ELISPOT responses were detected in all six SMs at baseline
(Fig. 5), suppression of virus replication was associated, in five
out of six animals, with a transient 2- to 13-fold decline in
IFN-y ELISPOT responses (Fig. 5). At day 84 and 150, i.e., 6
and 15 weeks after stopping ART, we observed an increase of
the SIV-specific T-cell response that returned to levels similar
to baseline. IL-2 ELISPOT responses to SIV peptides were
lower in magnitude compared to the IFN-y ELISPOT re-
sponses but showed a similar kinetic pattern during the course
of ART (data not shown). The trend for decline in ELISPOT
responses during suppression of viremia followed by a rebound

when virus replication resumed suggests that these changes in
SIV-specific T-cell responses were antigen driven. The tran-
sient increase in proliferating and activated CD8" T lympho-
cytes soon after stopping ART raises the possibility that an
increase in frequency of SIV-specific CD8" T lymphocytes coin-
cided with control of rebound viremia to pre-ART set point
levels. However, in the absence of ELISPOT data at more fre-
quent time points soon after stopping ART, it is not possible to
definitively ascertain the temporal relationship between viremia
control and the SIV-specific T-lymphocyte response.

Taken together, these data indicate that short-term suppres-
sion of viral replication induces only minor changes in the level
of CD4™" T cells, immune activation, and SIV-specific T-cell
responses in SMs naturally infected with SIV.

SIV infection of SMs is characterized by rapid virus turn-
over and a short in vivo life span of infected cells. In a series
of influential studies, the kinetic analysis of the ART-induced
decline of viremia has provided important insight into the
turnover of virions and infected cells during HIV infection (17,
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38, 39, 55). These early studies estimated the average life span
of free virions (<6 h) and productively infected cells (<1.6
days), as well as the fraction of virus replication occurring in
short-lived (90 to 99%) versus long-lived (1 to 10%) cells (38,
39), while more recent studies have suggested that free virions
are cleared with a half-life of <1 h and infected cells live ~1
day while producing virus (24, 40).

In SMs naturally infected with SIV, a more limited impact of
virus replication on the homeostasis of the CD4" T-cell pool
could theoretically be explained by either a longer life span of
short-lived productively infected cells (likely, activated CD4™
T cells) or an increased fraction of virus replication occurring
in long-lived cells (possibly macrophages). To this end, we
applied to the data generated from our group of ART-treated
SIV-infected SMs the “long-lived infected cell model” (38),
which accounts for the biphasic decay of plasma viremia and
allowed us to estimate both the life span of productively in-
fected cells and the fraction of virus produced by short- versus
long-lived cells. Under 100% effective therapy, plasma viral
load, V, is predicted to decay from its baseline value, V,,, ac-
cording to the formula shown below, where 8 is the decay rate
of short-lived productively infected CD4" T cells, w is the
decay rate of infected long-lived cells, N is the burst size, k is
the rate constant for infection of short-lived cells, 7|, is the
baseline CD4" T-cell count, ¢ is the clearance rate of free
virus, assumed to be equal to its previously estimated value of
23 days ', 7 is the pharmacological delay, and ¢ is the time on
therapy (38).

NKT,
+

e*B(f*‘r)

v -y 1 NkTg Cc — NkTﬂ =)
0 =Vs Tc-5 c-p )¢

Fitting viral load decay data to this formula allows one to
obtain minimal estimates of & and w and to calculate the

fraction of virus produced by short- and long-lived infected
cells (38). For animals FDv and FUs, there was only one phase
of viral decay that was evident before the viral load became
undetectable. For these monkeys, we set w at 0 and made
estimates using the one-phase viral decay model (39).

We determined that treatment with PMPA and FTC of
SIV-infected SMs resulted in a biphasic decline in viral load,
with the rapid phase of viremia decline lasting <7 days (Fig.
6A). This decline accounted for 92 to 99% of viral replication
in all animals. From the rate of decline we estimated that on
average the half-life of productively infected cells is at most
1.1 = 0.25 days (mean * standard error). The second phase of
decline lasted for 14 days (Fig. 6A) and is due to virus pro-
duction from longer-lived cells with a half-life of at most
15.2 = 15.7 days. Lastly, we estimated that for the four SMs in
which a two-phase decay was apparent, an average 3% of virus
production is from long-lived infected cells, with a range of 92
to 99% of replication occurring in short-lived cells. The rate of
viral decay and estimated half-life of infected cells in each
individual SM is shown in Fig. 6B. In all, this analysis shows
that natural SIV infection of SMs is similar to pathogenic HIV
and SIV infections of humans and macaques in that it is char-
acterized by rapid viral turnover and the vast majority of viral
replication is occurring in short-lived infected cells, with an
average in vivo life span strikingly close to that estimated in
pathogenic HIV and SIV infections (38). These findings clearly
indicate that the preserved homeostasis of CD4" T cells and
AIDS resistance of SMs naturally infected with SIV are un-
likely to be related to a longer life span of infected cells or an
increased fraction of virus coming from long-lived infected
cells.

DISCUSSION

One of the most intriguing observations in HIV/AIDS re-
search is that, in striking contrast to HIV-infected humans,
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logarithm of 2 (0.693).

natural hosts of SIV remain persistently asymptomatic and
usually maintain normal CD4" T-cell counts, despite chronic
high levels of virus replication and relatively low cellular im-
mune responses to SIV (5, 8, 10, 18, 36, 41, 47). The observa-
tion that nonpathogenic SIV infections of natural hosts are
associated with high viremia provides an obvious challenge to
the paradigm that the level of virus replication is the main (or
even the sole) determinant of progression to AIDS during
pathogenic HIV infection in humans and SIVmac infection in
Asian macaques (17, 26, 31, 49, 54, 55).

Our early studies of SMs naturally infected with SIV led us
to hypothesize that the absence of generalized immune activa-
tion is a mechanism that favors the preservation of CD4™"
T-cell homeostasis in these animals (47). Consistent with this
hypothesis are the results of studies in which SMs and RMs
were experimentally infected with uncloned SIVsmm, resulting
in high levels of virus replication in both species but with only
RMs developing chronic immune activation and progressing to
simian AIDS (13, 29, 30, 45). While these earlier studies, as
well as similar studies performed in mandrills and African
green monkeys (5, 20, 33, 36), clearly identified a consistent
association between nonpathogenicity and low levels of T-cell
activation and apoptosis, the contribution of these findings to
the absence of disease progression is still unclear.

To explain the lack of disease in natural hosts for SIV, and
particularly in SMs, it could be hypothesized that, in these
animals, the high level of virus replication is less damaging to
the CD4" T-cell pool because either (i) infected CD4™ T cells
survive the infection for a longer period of time, thus produc-
ing more virions on a per cell basis, or (ii) a higher fraction of
virus replication is supported by long-lived productively in-
fected cells, such as macrophages. In both scenarios, the infec-
tion will be associated at any given time with fewer CD4* T
cells being infected and killed by the virus, thus favoring the
overall maintenance of their homeostasis. To test this hypoth-
esis we have applied to SMs the same experimental approach
and mathematical modeling previously used to assess the turn-
over of virus and infected cells in HIV-infected humans and
SIV-infected RMs (38, 39). With this kinetic analysis of the
ART-induced decline of viremia, it is possible to assess the
fractions of short- and long-lived cells that are producing virus
and provide estimates of their life spans (37, 38). For example,
if we observed a biphasic viral load decline with a 1- to 2-log
first-phase decline but with a slope less steep than observed in
HIV-infected humans or SIV-infected RMs, this would suggest
that, while in SIV-infected SMs the bulk of viral replication
also takes place in short-lived cells (presumably, activated
CD4™" T cells), these cells tend to live longer in SMs than in
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HIV-infected humans and SIV-infected RMs. Alternatively,
the finding of a transition to the phase of slow decline occur-
ring sooner in SIV-infected SMs would suggest that, in these
animals, the longer-lived population of infected cells (likely
macrophages) is responsible for a significantly larger fraction
of the viral production than in HIV-infected humans and SIV-
infected RMs. However, neither of these two potential exper-
imental outcomes was observed in this study.

The current study indicates that all six ART-treated SMs
naturally infected with SIV experienced a rapid decline of
plasma viremia, with four of the six animals showing a decline
of plasma viral load below the limit of detection and the other
animals exhibiting a 2- to 3-log decrease. Our mathematical
modeling of these data suggested that, during natural SIV
infection of SMs, the average in vivo estimated half-life of
short-lived virus-producing cells is approximately 1.1 days, with
92 to 99% of virus replication occurring in these cells. Because
drug therapy is presumably not 100% effective, the true half-
life of infected cells is probably shorter than 1.1 days. Thus,
these data are very similar to the findings for HIV infection for
the productively infected CD4 " T-cell half-life of 0.7 days (24)
with 92 to 99% of virus production from these short-lived cells
(38). In these latter studies, the estimate of a 0.7-day half-life
was obtained under a very potent three-drug regimen, which
should be significantly closer to 100% effective than the two-
drug regimen used here. Similarly, estimates of the half-life of
productively infected cells in SIV infection of macaques using
one drug, PMPA, ranged between 0.7 and 1.4 days with an
average of about 1 day (31), while a more recent study using
quadruple ART found a mean half-life of 0.47 days (range,
0.37 to 0.50) (4). The interpretation of these data is that SMs
naturally infected with SIV are similar to HIV-infected hu-
mans and SIV-infected RMs in terms of the short in vivo life
span of the vast majority of productively infected cells, which in
turn suggests that SIVsmm is equally cytopathic in vivo for SM
infected cells as are HIV for human cells and SIVmac for
macaque cells. Collectively, these data are consistent with
those obtained in an unpublished study by Grant, Staprans,
and Feinberg in which SMs naturally infected with SIV were
treated with PMPA monotherapy. Interestingly, a short in vivo
life span of infected cells was also observed using the same
experimental system but in a different natural SIV host, Afri-
can green monkeys experimentally infected with SIVagm-sab
treated with PMPA and FTC (36a).

It should be noted that a short in vivo life span of produc-
tively infected cells does not necessarily imply intrinsically high
viral cytopathicity, as this finding could also be explained by the
fact that activated CD4™ T cells are highly susceptible to ac-
tivation-induced cell death (and thus are destined to die re-
gardless of their infection) or, alternatively, by the fact that
productively infected CD4™ T cells may be killed by SIV-
specific cytotoxic T lymphocytes (CTL). As such, our experi-
ments and mathematical modeling do not rule out the possi-
bility that the similarly short life span of infected cells observed
in pathogenic and nonpathogenic models of primate lentiviral
infection may reflect different mechanisms of death of the
infected cells. However, even if the exact mechanisms (i.e.,
virus direct cytopathicity versus activation-induced cell death
versus CTL-mediated lysis) determining the life span of in-
fected cells in SMs naturally infected with SIV remain unclear,
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our data clearly indicate that the preservation of CD4™ T-cell
homeostasis and AIDS resistance of SIV-infected SMs is un-
likely to be simply due to a longer life span of infected cells.

The current study also gave us the opportunity to study, in
SMs naturally infected with SIV, the kinetics of viral replica-
tion after cessation of antiretroviral therapy. We observed that
in all animals a rapid rebound of viremia followed the inter-
ruption of treatment, with kinetics characterized by a peak of
virus replication occurring at 1 to 2 weeks postinterruption and
a subsequent decline to a set point level that was strikingly
similar to that observed prior to therapy. It should be noted
that the kinetics of viral rebound and reestablishment of the
viral set point is remarkably similar to the kinetics of viral
replication observed during the first weeks of acute SIVsmm
infection (13), which may reflect target cell availability, an
influence of SIV-specific CTL, or a combination of the two.

In most HIV-infected individuals, the suppression of virus
replication by highly active ART results in an increase in CD4 ™"
T-cell counts as well as a significant decrease in the levels of
immune activation (7). In this cohort of SMs naturally SIV
infected, we observed only a modest, nonsignificant increase in
the number of circulating CD4™ T cells at the time of ART-
induced suppression of virus replication, with no detectable
decline of CD4™ T-cell counts at the time of therapy interrup-
tion. With respect to the level of immune activation, we ob-
served that ART induced a minor decrease in the levels of
T-cell proliferation (measured by Ki67 expression) and activa-
tion (measured by CD25, CD69, and HLA-DR expression) in
SIV-infected SMs. Interestingly, an increase in the number of
CD4™" Ki67" and CD8" Ki67" T cells was observed after
therapy interruption and coincident with the rebound of virus
replication. Taken together, these data indicate that, in SMs
naturally SIV infected, suppression of virus replication by ART
had a limited impact on both CD4™ T cells and the prevailing
level of T-cell activation and proliferation. This observation is
consistent with the observation that, in SMs naturally SIV
infected, chronic virus replication does not translate into pe-
ripheral CD4™" T-cell depletion and does not induce high levels
of immune activation. Indirectly, the presented data also sup-
port the hypothesis that, in HIV-infected patients, the ability of
ART to reduce the immune activation, rather than its suppres-
sion of viral replication, dictates the overall pace of CD4"
T-cell recovery (15).

In summary, the presented data indicate that natural SIV
infection of SMs is associated with the short in vivo life span of
productively infected cells and suggest that, in these animals,
the bulk of virus replication occurs in activated CD4™ T cells.
As such, these data rule out that a prolonged survival of in-
fected cells and/or a reduced intrinsic cytopathicity of SIVsmm
for SM cells is the key mechanism underlying the preservation
of CD4™" T cells and resistance to AIDS in these animals.
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