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Cross-sectional studies have shown that the capacity of CD8* cells from human immunodeficiency virus
(HIV)-infected patients and simian immunodeficiency virus (SIV) SIVmac-infected macaques to suppress the
replication of human and simian immunodeficiency viruses in vitro depends on the clinical stage of disease, but
little is known about changes in this antiviral activity over time in individual HIV-infected patients or
SIV-infected macaques. We assessed changes in the soluble factor-mediated noncytolytic antiviral activity of
CDS8™ cells over time in eight cynomolgus macaques infected with SIVmac251 to determine the pathophysio-
logical role of this activity. CD8* cell-associated antiviral activity increased rapidly in the first week after viral
inoculation and remained detectable during the early phase of infection. The net increase in antiviral activity
of CD8* cells was correlated with plasma viral load throughout the 15 months of follow-up. CD8* cells
gradually lost their antiviral activity over time and acquired virus replication-enhancing capacity. Levels of
antiviral activity correlated with CD4™ T-cell counts after viral set point. Concentrations of 3-chemokines and
interleukin-16 in CD8* cell supernatants were not correlated with this antiviral activity, and «-defensins were
not detected. The soluble factor-mediated antiviral activity of CD8* cells was neither cytolytic nor restricted
to major histocompatibility complex. This longitudinal study strongly suggests that the increase in noncytolytic
antiviral activity from baseline and the maintenance of this increase over time in cynomolgus macaques depend

on both viral replication and CD4™ T cells.

CD8" T lymphocytes are thought to play a major role in
controlling human and simian immunodeficiency virus replica-
tion (5, 24, 28, 58) through direct lysis of human immunode-
ficiency virus (HIV)/simian immunodeficiency virus (SIV) an-
tigen-expressing target cells in a major histocompatibilty
complex (MHC) class 1-restricted manner, and, through non-
cytotolytic antiviral response (35, 44, 68; reviewed in reference
24), mainly due to an as-yet-undetermined cell antiviral factor
(CAF) (9, 14, 37, 41, 67).

Despite the many efforts made over the last 18 years to
identify CAF, this molecule remains elusive. It does not seem
to correspond to known cytokines, including alpha interferons
(a-IFN), IFN-B, and IFN-y, tumor necrosis factor alpha, and
interleukin-1 (IL-1) to IL-13, IL-15, IL-16, and IL-18 (42),
although some of the noncytolytic antiviral activity of CD8* T
cells can be attributed to B-chemokines such as MIP-1a, MIP-
1B, and RANTES, which inhibit HIV entry by binding to one
of its coreceptors, CCRS, but do not inhibit the replication of
CXCR4 using viruses (2, 14, 34, 63). CAF is not restricted by
MHC class I molecules and inhibits virus production at the
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transcriptional level (13, 16, 37, 40), in various types of cell (2,
59). Similar noncytotoxic CD8" cell antiviral responses have
also been reported in nonhuman primate models (7, 8, 11, 12,
20, 29, 39, 51, 69).

Several observations suggest that noncytolytic antiviral re-
sponse may play a role in controlling infection and/or prevent
the development of AIDS. This antiviral activity was detected
during primary infection coinciding with or preceding the de-
crease in plasma viral load (PVL) in both HIV type 1 (HIV-
1)-infected patients and SIVmac-infected rhesus macaques
(44, 69), was correlated with circulating CD4" T-cell counts
during the asymptomatic stages of chronic HIV infection (10,
43, 56), but was low in patients with AIDS (43). The decrease
in noncytolytic antiviral activity with progression has been con-
firmed by a longitudinal study (31); however, that study in-
cluded only five patients followed from asymptomatic phase to
AIDS and did not take into account the role of soluble factors.

Noncytolytic antiviral activity is also associated with the ab-
sence of progression to AIDS in both HIV-1-infected patients
(long-term nonprogressors [LTNP]) (4) and nonhuman pri-
mate models (12, 20, 51), further suggesting that it may favor
the persistence of clinical good health. However, most of the
evidence supporting this hypothesis comes from cross-sectional
studies, which may not be entirely appropriate for analysis of
the relationship between this activity and other progression
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markers, and the mechanisms by which soluble factor-medi-
ated noncytolytic antiviral activity is downregulated during
symptomatic stages remain unknown.

Nonhuman primates infected with SIV are the most relevant
models of HIV infection and AIDS (19, 33, 52, 60) and are
particularly suitable for studies concerning the leveling off of
the immune response in the early phase of infection. Cyno-
molgus macaque and Chinese rhesus macaque SIV infection
models provide the closest match to human HIV-1 infection
and progression profiles (38, 53, 62), particularly with regard to
the recently reported diversity of virus load set points in un-
treated HIV-1-infected patients (26, 27, 45, 54, 57).

We carried out a longitudinal study of the soluble factor-
mediated antiviral activity of CD8" cells in cynomolgus ma-
caques, from primary infection with SIVmac to the develop-
ment of immunodeficiency, to elucidate the mechanisms
underlying the triggering of this antiviral activity and its main-
tenance or loss over time.

MATERIALS AND METHODS

Animals. Eighteen adult cynomolgus macaques (Macaca fascicularis) imported
from Mauritius were included in the present study. They tested negative for SIV,
herpesvirus B, filovirus, STLV-1, SRV-1, SRV-2, measles, hepatitis B-HbsAg,
and hepatitis B-HbcAb before inclusion in the study. Animals were housed in
single cages within level 3 biosafety facilities and were handled in accordance
with EC guidelines for experiments using nonhuman primates (Journal Officiel
des Communautés Européennes, 1.358, December 18, 1986). Macaques were
anesthetized with 10 to 20 mg of ketamine (Imalgéne; Rhone-Mérieux, Lyon,
France)/kg before each blood sample was taken.

Virus inoculation. Macaques were inoculated via the saphenous vein, with 50
AIDs; (50% animal infectious dose) of pathogenic STVmac251 (kindly provided
by A. M. Aubertin, Université Louis Pasteur, Strasbourg, France) in 1 ml of
phosphate-buffered saline (PBS). The virus stock used was a cell-free superna-
tant of rhesus macaque peripheral blood mononuclear cells (PBMC) infected in
vitro with a culture supernatant obtained by the coculture of rhesus PBMC and
a spleen homogenate from a rhesus macaque infected with SIVmac251 (provided
by R. C. Desrosiers, New England Regional Primate Center, Southborough,
MA). The stock was titrated after intravenous, intrarectal, and intravaginal
inoculation (33, 50).

Determination of T-lymphocyte subsets. The percentages of CD4*- and CD8"
T-lymphocytes were determined by flow cytometry using direct immunofluores-
cence labeling. We incubated 3 X 10° PBMC for 30 min at 4°C with fluoro-
chrome-labeled anti-rhesus CD3 monoclonal antibody (MADb; clone FN18; Bio-
source International, California) and anti-human CD8 MAb (DK25; Dako,
Glostrup, Denmark) or anti-human CD4 MAb (MT310; Dako, Glostrup, Den-
mark). Isotype-matched fluorescein isothiocyanate- and phycoerythrin-conju-
gated immunoglobulins (Immunotech, Marseilles, France) were used as controls.
Stained cells were washed twice in PBS and fixed (Cell-fix; BD Biosciences, San
Diego, CA). The data were acquired with a Facscan cytometer. We analyzed at
least 5,000 events in the lymphocyte gate, defined by forward and side scatter
plots, using CellQuest software (BD Biosciences, San Diego, CA).

PVL. PVLs were measured as previously described (66). Blood samples were
collected into EDTA; plasma was separated from blood cells by centrifugation
and stored at —80°C before testing. A quantitative nucleic acid probe-linked
enzyme-linked immunosorbent assay (ELISA) was used to determine viral loads
in plasma as previously described (6, 66). Standards of 0.1 X 107 to 2 X 107 RNA
copies/ml diluted in plasma from noninfected macaques, negative controls, and
200-pl plasma samples were treated with a commercial high-purity viral RNA
extraction kit (Roche Diagnostics, Mannheim, Germany). We then used 10 pl of
the extracted viral RNA for DIG-labeling reverse transcription-PCR in a final
volume of 50 wl containing 10 mM Tris-HCI (pH 8.3); 1.5 mM MgCl,; 50 mM
KCl; 0.25 mM concentrations of dATP, dCTP, and dGTP; 0.24 mM dTTP; 10
M digoxigenin-11-dUTP (PCR DIG Labeling Mix; Roche Diagnostics, Mann-
heim, Germany); 10 pmol of each primer specific for the SIV gag gene (primers
GAG98 5'--ATGTAGTATGGGCAAACGAAT--3" and GAG356 5'--GTGCT
GTTGGTCTACTTGTTTTTG--3"); 20 U of recombinant RNase inhibitor
(RNAsin; Promega, Madison, WI), 12.5 U of Moloney murine leukemia virus
reverse transcriptase (Perkin-Elmer, Wellesley, MA); and 1.25 U of Tag poly-
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merase (Roche Diagnostics). The volume was adjusted to 50 wl per reaction with
water. The tubes were subjected to reverse transcription for 25 min at 42°C,
followed by denaturation for 5 min at 94°C, and 35 PCR cycles consisting of
denaturation (35 s at 94°C), annealing (45 s at 60°C), and extension (1 min at
72°C). The tubes were heated for an additional 5 min at 60°C and 5 min at 72°C
at the end of the PCR. We then used 10 pl of the amplification products for
ELISA-DIG detection (Roche Diagnostics), using a probe specific for the gag
gene (GAG12S, 5'--GATTTGGATTAGCAGAAAGCCTGTTGGAGAACAA
AGAAGGATGTCAA--3") according to the manufacturer’s instructions. This
made it possible to quantify samples by colorimetry (405 nm, Dynex MRX II;
Dynex, Issy les Moulineaux, France), with a detection limit of 25 SIV RNA
copies per ml. This method has been used routinely in previous work (6, 48).

Enrichment and activation of CD8™ cells. Blood samples were diluted 1:2 in
PBS, and PBMC were isolated by centrifugation on a Ficoll cushion (MSL;
Eurobio, Courtaboeuf, France). CD8" T cells were positively selected on im-
munomagnetic beads coated with anti-CD8 antibodies (Miltenyi, Bergisch Glad-
bach, Germany). The purity of positively selected CD8™ cells was consistently
>95%, as determined by flow cytometry. CD8™ cells were suspended at a density
of 3 X 10° cellsyml in RPMI 1640 medium supplemented with 10% heat-de-
complemented fetal calf serum (FCS), and 20 U of recombinant human IL-2
(Roche Diagnostics)/ml. They were then stimulated by incubation for 3 days with
5 pg of concanavalin A (Boehringer Mannheim, Mannheim, Germany)/ml at
37°C. The culture supernatant was discarded, cells were washed, resuspended in
fresh medium at a density of 3 X 10° cells/ml, and incubated for a further 3 days.
Day 6 supernatants were collected, frozen and stored until testing for the sup-
pression of viral replication.

Suppression of SIV replication by CD8™ cell culture supernatants. We as-
sessed the antiviral activity of CD8™ cell culture supernatants by measuring the
inhibition of SIVmac251 replication in primary CD4* T cells. This culture
system was more suitable for the large-scale screening of series of supernatants
than macaque CD4™ cells, which can only be obtained in limited quantities as the
volume of blood samples that can be taken from cynomolgus macaques is limited.
SIVmac251 replicated more consistently and reproducibly in human cells than in
macaque cells in preliminary experiments.

Peripheral blood lymphocytes from normal human donors were stimulated by
incubation for 2 days with phytohemagglutinin P (1:2,000 dilution; Difco) in IL-2
(20 U/ml)-supplemented RPMI medium. The peripheral blood lymphocytes
were then washed and cultured for 24 h in RPMI medium supplemented with
10% FCS, antibiotics, glutamine, and IL-2 (20 U/ml). We then enriched the cell
suspension in activated CD4™ T cells, using immunomagnetic beads coated with
anti-CD4 antibodies (Miltenyi). The resulting cell preparations contained more
than 95% CD4" T cells, as shown by flow cytometry, and were used as target
cells.

A stock of STVmac251 produced in CEMX174 cells was titrated on activated
human CD4" T cells. We mixed 10° activated human CD4 " T cells with STVmac
(100 TCIDs,) and cultured them in RPMI 1640 medium supplemented with
rhulL-2 (20 U/ml) in triplicate wells (10° cells per well), alone (positive control
for virus replication), or in the presence of a 1:5 dilution of the CD8" cell
supernatant to be tested (day 6 of CD8" cell cultures), in 96-well flat-bottom
plates, with a final volume of 200 pl per well. Positive controls for the inhibition
of SIV replication were included by adding 10 mM zidovudine to triplicate wells
in each assay. Twice weekly, we collected 100 pl of supernatant, which was then
frozen and stored. The collected supernatant was replaced with 100 pl of fresh
medium supplemented with a 1:5 dilution of the same CD8™ cell culture super-
natant. Virus production was followed by measuring reverse transcriptase (RT)
activity in supernatant fluids with a commercial immunoassay as previously
described (17) (Retrosys; Innovagen, Lund, Sweden). The percentage suppres-
sion was calculated as follows by using RT concentrations of supernatants col-
lected 6 days after SIV infection: suppression = {1 — [(mean RT concentration
in triplicate wells supplemented with a 1:5 dilution of CD8" cell supernatant)/
(mean RT concentration in triplicate wells cultivated without CDS8 cell superna-
tant)]} X 100.

This assay may be influenced by the presence of multiple components in the
supernatants, since enhancement and inhibition of virus production can both be
detected.

CD4* T-cell viability assay. Cell preparations enriched in activated CD4* T
cells were cultured for 3 days in 96-well plates (10° cells per well). The cells were
cultured in RPMI medium supplemented with 10% FCS, antibiotics, 200 mM
L-glutamine, and 20 U of recombinant human IL-2/ml in the presence of a 1:5
dilution of CD8" cell supernatants or without such supernatants as a control.

After 3 days in culture, the cells were washed in PBS and viability tested as
reported previously (46). We added 200 wl of 0.005% (wt/vol) neutral red dye in
culture medium to each well and incubated the cells at 37°C, in an atmosphere
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containing 5% CO,, for 1 h. We then washed the cells and added 200 pl of 1%
acetic acid—50% aqueous ethanol. Five minutes later, we determined the optical
density at 540 nm by using an automatic microplate reader (Microplate Auto-
reader EL311; Bio-Tek Instruments, Inc., Winooski, VT). Wells containing
CD4™" T cells incubated with CD8™ cell supernatant were compared to control
wells containing CD4" T cells incubated in the absence of CD8" cell superna-
tant.

Chemokine ELISA. Concentrations of RANTES, MIP-1a, and MIP-18 were
determined in CD8" cell culture supernatants (day 6) by means of an in-house
ELISA. Microtiter plates (Immunoplate, Maxisorp; Nunc, Roskilde, Denmark)
were coated with 100 pl/well of a 4-pg/ml solution of monoclonal antibody to
human RANTES, MIP-1a, or MIP-1B (R&D Systems, Abingdon, United King-
dom) in PBS. Plates were incubated overnight at room temperature and then
washed with 0.1% Tween 20 in PBS. We added 300 pl of blocking buffer (1%
bovine serum albumin in PBS) to each well, and the plates were incubated for 1 h
at room temperature. The plates were washed, and we then added the human
recombinant proteins used as standards (R&D Systems), and the samples, in
duplicate (100 pl/well). The plates were then incubated for 2 h at room temper-
ature. They were washed, and 100 pl of biotinylated anti-human RANTES,
MIP-1a, or MIP-1B detection antibody (5 to 20 pg/ml; R&D Systems) was
added. Plates were incubated for 2 h at room temperature and washed three
times with 300 pl of 0.1% Tween 20 in PBS, and 100 pl of streptavidin-horse-
radish peroxidase (Zymed, San Francisco, CA)/well was added. The plates were
incubated for 20 min at room temperature and then washed with PBS-Tween.
We added tetramethylbenzidine substrate (ICN, Aurora, OH) and incubated the
plates for 20 min at room temperature in the dark. The reaction was stopped by
adding 50 pl of 2 M H,SO, per well. The optical density of each sample and
standard was determined by using a microtiter plate reader set at 450 nm.

Defensin ELISA. Concentrations of a-defensins were determined in CD8* cell
supernatants by means of an ELISA kit specific for human neutrophil protein1-3
(HyCult Biotechnology, Norwood, MA). Cross-reactivity with macaque de-
fensins was confirmed, using supernatants from human and simian polymorpho-
nuclear cells as positive controls in preliminary experiments (data not shown).

IL-16 ELISA. Concentrations of IL-16 were determined in CD8" cell super-
natants by means of an ELISA kit developed for human interleukin-16, but
cross-reacting with macaque IL-16 (Biosource International, California).

Statistical analysis. Statistical analysis was carried out by using the nonpara-
metric Wilcoxon rank sum test and analysis of variance (ANOVA). Differences
between the three groups were analyzed by means of the Kruskal-Wallis test.
Correlations between two sets of data were evaluated by means of the Spear-
man’s rank correlation test, using Statview Software (SAS Institute, Inc., Cary,
NC). A P value of <0.05 was taken to indicate statistical significance.

RESULTS

Antiviral activities in SIVmac251-infected cynomolgus ma-
caques. Soluble-factor-mediated antiviral activity of CD8"
cells isolated from 18 macaques recently infected with a patho-
genic SIVmac251 biological isolate (second month after infec-
tion) was compared to that of CD8" cells isolated from the
same macaques before infection. Supernatants of CD8" cells
cultured after SIV infection inhibited more strongly SIV rep-
lication than supernatants of CD8* cells isolated before infec-
tion (Fig. 1; Wilcoxon rank sum test, P = 0.0002). Most of the
supernatants from uninfected animals displayed only weak in-
hibition (<50%), whereas most of the CD8" cells isolated
after infection inhibited viral replication more strongly (=50%
suppression). The cutoff point calculated by using the Student
t test for a risk a = 0.025 based on the percentage inhibition
displayed by noninfected macaques was 55%), close to the 50%
cutoff generally used in studies of this type (40). Some super-
natants of CD8" cells collected before infection even in-
creased virus production.

This assay can therefore be used to assess noncytolytic an-
tiviral activity during SIV infection but may be influenced by
the presence of multiple components in the supernatants, since
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FIG. 1. Suppression of SIVmac replication by supernatant fluids of
CD8" lymphocytes isolated from 18 macaques before infection and 2
months after infection with SIVmac251. The data are represented as a
box plot in which the top and bottom of the boxes correspond to the
75th and 25th percentiles, respectively; the horizontal line within the
box is the median of the population, and the upper and lower error
bars are the 90th and 10th percentiles, respectively; individual values
outside the 90th and 10th percentiles are individually plotted as circles.
Negative values indicate enhanced viral replication. All CD8" cell
supernatants were tested at a dilution of 1:5 in a CD4" T-cell acute
infection assay. The inhibition of viral replication obtained with the
supernatants of CD8" cells isolated after infection is compared to that
obtained with the supernatants of CD8™ cells isolated before infection,
using the Wilcoxon rank test.

both suppression and enhancement of virus production was
detected.

CD8™" cell-secreted soluble factor-mediated inhibition of vi-
rus replication is noncytolytic and is not MHC restricted. We
then tried to elucidate the mechanisms underlying the ob-
served antiviral response. The inhibition, by CD8™ cell super-
natants, of SIV production in vitro was dose dependent, as
shown in Fig. 2A. The 50% inhibitory concentration was
reached at a dilution of almost 1:10.

We also investigated the effect of a series of inhibitory su-
pernatants on the viability of CD4" T cells. No significant
difference in neutral red staining was observed between cells
cultured with supernatants displaying various degrees of inhi-
bition of HIV replication (Fig. 2B), confirming that antiviral
activity was not dependent on changes in target cell viability.

Trypan blue dye exclusion assay confirmed that CD4* T-cell
growth was not significantly affected by inhibitory supernatants
(data not shown) and that no major cytolytic effect occurred.

Thus, the antiviral activity of CD8" cells measured in the
present study is mediated by soluble factors via noncytotoxic
mechanisms and, since the target cells used to support virus
replication are xenogeneic human CD4 ™" T cells, this inhibition
was clearly not MHC restricted.

Antiviral activity is not related to [-chemokines, «-de-
fensins, or IL-16. MIP-1a was undetectable in most superna-
tants, but low concentrations (<904 pg/ml) were detected in
some (data not shown). Concentrations of RANTES and
MIP-1B were higher in some CD8™ cell supernatants, but the
concentration of MIP-1f was not correlated to the inhibition
of viral replication in vitro (Fig. 2C). RANTES concentration
was negatively correlated with levels of antiviral activity (Fig.
2D). These B-chemokines were therefore not involved in the
observed inhibition of viral replication.
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FIG. 2. Characterization of soluble factor-mediated CD8" lymphocyte antiviral activity. (A) Dose dependence of the suppression of SIVmac
replication in vitro. Titrations of three supernatant fluids giving more than 80% suppression when tested at a dilution of 1:5 are shown. (B) Impact
of CD8" cell supernatants on the viability of activated CD4™ T cells, as measured by neutral red staining. Staining was performed after 3 days in
culture, on 100,000 activated CD4™ T cells in the presence of a 1:5 dilution of CD8" cell supernatant fluid. Mean absorbance values at 540 nm
are shown for the neutral red staining of cultures incubated in the presence of a 1:5 dilution of supernatants displaying various degrees of inhibition
and were collected from 7 to 35 days after infection. As a control, 50,000, 100,000, 200,000, or 300,000 cells were cultured without CD8™ cell
supernatants. (C) Spearman’s rank correlation analysis of the possible relationship between CDS8 antiviral activity and MIP-1B concentration.
(D) Spearman’s rank correlation analysis of the possible relationship between CDS8 antiviral activity and RANTES concentration. (E) The
inhibition of HIV-1Lai and SIVmac251replication is compared for 5 CD8" supernatants, with percent inhibition given for tests at a dilution of 1:5
against SIVmac251. HIV-1Lai replication was resistant to MIP-1a, MIP-B, or RANTES alone or in association.

The inhibition of HIV-1 Lai and SIVmac251 replication was
compared for supernatants available in sufficiently large quan-
tities. Replication was inhibited to a similar extent for HIV-1
Lai and SIVmac (Fig. 2E), confirming that CD8 " -cell-associ-
ated antiviral activity is not mediated by B-chemokines, since
the HIV-1 Lai virus stock used was resistant to inhibition by
recombinant RANTES, MIP-1-«, and MIP-1-8, alone and in
association (data not shown).

We also tried to detect a-defensins in 24 supernatants dis-
playing strong inhibition in vitro (suppression >50%). We
detected no a-defensins (sensitivity of the assay 50 pg/ml) in
any of the CD8" cell supernatant fluids tested (data not

shown), suggesting that these antiviral factors (70) are not
involved in the observed inhibition of viral replication.

IL-16 concentrations were also measured in 26 supernatants
displaying <50% inhibition and in 17 supernatants displaying
>50% inhibition. Concentrations of IL-16 were low (43 = 81
pg/ml, from undetectable to 300 pg/ml), not correlated with
antiviral activity, and far below the concentrations previously
reported to inhibit HIV replication in vitro (41).

Longitudinal follow-up of CD4™ cell counts and PVLs. Eight
cynomolgus macaques were exposed to 50 AIDs, of SIV-
mac251 produced in macaques after intravenous inoculation
and were monitored for 15 months. As expected in this model
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FIG. 3. Changes in CD4" T-cell counts (A, B, and C) and PVLs (D, E, and F) with time after infection. Animals are displayed according to
their progression profiles: rapid decrease in CD4" T-cell counts (group 1, A and D), maintenance of normal or subnormal CD4" T-cell counts
(group 3, C and F), and intermediate profiles (group 2, B and E). {, Death of the animal.

(6), various progression profiles were observed when we mon-
itored CD4™" T-cell counts and PVL over time (Fig. 3). The
eight macaques were assigned to three groups according to
progression profile.

Macaques D011 and K641 (group 1) progressed rapidly,
showing a marked, rapid decrease in CD4" T-cell counts
within the first month of infection, with no return to baseline
(Fig. 3A), and little or no control of PVL (Fig. 3D). Macaque
K641 died on day 348. Macaques D004, G172, and J391 (group
2) showed a slower decline in CD4 " T-cell counts (Fig. 3B), as
confirmed by ANOVA on data collected within the first 6
months (P = 0.02). These macaques showed partial control of
PVL (Fig. 3E), which fell to undetectable levels in one case
(G172). Macaque G172 died on day 335 of infection; this
animal had low CD4 " T-cell counts despite the lack of detect-
able virus in the plasma (discordant animal). In contrast, ma-
caques F795, F935, and J387 (group 3) showed little or no
decrease in CD4" T-cell counts (Fig. 3C). PVL control was
significantly better in group 3 than in group 1 (ANOVA, P =

0.0002) or group 2 (ANOVA, P = 0.02), with the virus becom-
ing undetectable over time (Fig. 3F).

CD4" T-cell counts were inversely correlated with PVL
(Spearman’s rank correlation test, P = 0.0337) after viral set
point if the discordant animal G172 was excluded, and cellular
viral loads in PBMC were correlated with PVL (Spearman’s
correlation test, P < 0.0001) (data not shown).

Longitudinal follow-up of soluble factor-mediated CD8"
cell antiviral activity. The soluble-factor-mediated antiviral ac-
tivity was monitored over time in these macaques, starting
before infection and continuing until 15 months after exposure
to SIV. CD8" cells at baseline showed little or no antiviral
activity in vitro (suppression of <50%), a finding consistent
with observations for uninfected rhesus macaques in a similar
assay (1), and a larger cohort of cynomolgus macaques (Fig. 1).
Remarkably, the supernatants of CD8" cells from three ani-
mals (D004, J391, and K641) reproducibly increased virus pro-
duction at baseline.

Changes in CD8™ cell antiviral activity were then monitored



VoL. 80, 2006 CD8* CELL ANTIVIRAL ACTIVITY DURING SIV INFECTION 241
A Group 1
P D011 —= K641 -=-
_ (%t ++- + ¥+ - - - -] [253%- +--- - + nd - - ]
= 400 + inhibition > 50%
EE 100
& 8 300 - inhibition < 50%
P 0 A
i A
EE 200 T
..;g 100
c® 100
og P
55
£%9 T L T — T T
£z 0 1 2'3 6 9 1215 0 1 2'3 86 91215
B Group 2
P D004 — J391 - G172 =
_ [43%nd #--- - + - + = -] [-294%- -- -+ - + - - - nd [43%+ H+++ + + + + - |
- |
%3 100 100
(4]
B - g
E : ; ; N
EE v 200 1 \’_‘\
=
.ag 100 -100. s
55 100 ]
=E -200 -200 4
£'B
£9 T ™ Fr—r—r—r —TTT T —r—r—T—T
=2 0 1 2'3 6 91215 0 1 2'3 6 91215 0 1 2’3 6 91215
C Group 3
P F795 -e- F935 -¢- J387 A
B%- F+ -- - + - - - - [25%+ +-+- + + - + - -] [28%- +-+- + + - - = -1
EE‘ nd =
-§§ 100 100 100
Eﬁ; 0 ﬁ./\ Al e 2 0 ./—/\ . 04~
o8  -100 . -100 -100
oc <
58
=E i - o ]
5o 200 200
£ - ———— T r — T
£z 0 1 2'"3 6 91215 0 1 2'3 6 91215 0 1 2'3 6 91215

Months after SIVmac251 inoculation (50AID50)

FIG. 4. Changes in soluble factor-mediated CD8™ cell-derived antiviral activity with time after infection. The ability of CD8" supernatants at
a 1:5 dilution to inhibit STVmac replication in CD4™" T cells was tested. Differences in the level of inhibition from baseline (net difference from
baseline) were calculated by subtracting the percent suppression measured at baseline from the percent suppression measured at each time point
and are shown separately for each macaque of group 1 (A), group 2 (B), and group 3 (C). At the top of each graph, at each time point, a “+”
is marked if viral replication was inhibited by =50% and a “—” indicates the percent suppression was <50%. 7, Death of the animal.

after exposure to SIVmac251, and the results were analyzed in
two different ways. We first plotted percentage inhibition over
time (calculated as described in Materials and Methods). Since
both stimulatory and inhibitory activities were observed before
infection, and this feature was reproducible, we hypothesized
that increases in the secretion of soluble antiviral factors after
infection may compensate for preexisting stimulatory capaci-
ties. We therefore also expressed changes in antiviral activity
by calculating the net deviation of antiviral activity from base-
line values, as previously described (1), to reflect changes in

this balance after infection and to take preinfection data for
each animal into account more accurately. Statistical analysis
was performed for each data set separately.

Although the percent inhibition at baseline differed consid-
erably between monkeys, the antiviral activity of CD8" cells
increased within a week of exposure to the virus in all seven
macaques tested (Fig. 4) (Wilcoxon rank test, P < 0.001).
Macaques displaying enhancement of virus production before
infection showed much weaker enhancement, or even inhibi-
tion, after infection. By 2 weeks after exposure, the antiviral
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FIG. 5. Spearman’s rank correlation analysis of the relationship
between the soluble factor-mediated antiviral activity of CD8" cells
and PVL. (A) Spearman’s rank correlation analysis of the relationship
between daily variation of PVL and daily variation of antiviral activity
during primary infection (day 0 to day 69). (B) Spearman’s rank cor-
relation analysis of the relationship between the net difference from
baseline of the soluble factor-mediated antiviral activity of CD8* cells
during infection and PVL (day 7 to day 441). The P and r values are
given in the top left corner of each graph.

activity of CD8" cells exceeded 50% inhibition of replication
in seven of the eight animals (mean 58% = 32%, Fig. 4).

Correlation of CAF with biological markers of progression.
During the first month of infection, the daily rate of increase in
the antiviral capacity of CD8" cells was correlated with the
daily rate of increase in PVL (Spearman’s rank correlation
test, P = 0.0255) (Fig. 5A).

The percent inhibition of viral replication by CD8" cell
supernatants was not correlated with PVL, but the net increase
in antiviral activity from baseline was (Fig. 5B) (Spearman’s
rank correlation test, P = 0.0018).

Indeed, the level of inhibition of viral replication achieved
with the supernatants of CD8" cells isolated after viral set
point was positively correlated with peripheral blood CD4™
T-cell count (Fig. 6) (Spearman’s rank correlation test, P =
0.0311).

After the early phase of infection, the antiviral activity of
CD8™" cell supernatants was lost over time in all macaques
(Fig. 4), with most supernatants from CD8™ cells isolated late
in the follow-up period (days 327 and 441) eventually increas-
ing virus production. This also applied to K641 and J391, which
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FIG. 6. Spearman’s rank correlation analysis of the relationship
between the soluble factor-mediated antiviral activity of CD8" cells
(inhibition of SIVmac replication provided by a 1:5 dilution of CD8"
cell supernatants) and peripheral blood CD4" T-cell counts after viral
set point. The P and r values are given in the top left corner of each
graph.

had lower enhancing capacities than at baseline, accounting for
the maintenance of a positive net difference in inhibition from
baseline.

We therefore concluded that increases in the potential of
CD8™ cells to secrete antiviral factor(s) are driven in vivo by
levels of virus production but that the maintenance of this
reservoir depends on both the persistence of viral load and
CD4" T-cell count. This may account for the decrease in
antiviral activity with disease progression in the macaques of
groups 1 and 2, and the decrease in antiviral activity after the
decrease in viral load to undetectable levels in the macaques of
group 3.

Although G172 might appear to contradict this hypothesis
because of a sustained antiviral activity despite of low viral load
and rapid CD4™" decline (Fig. 3), this macaque displayed the
highest percentage suppression at baseline (43% inhibition),
which suggests a natural tendency to develop antiviral activity
independently of its infection status and CD4" T cells. This
may have allowed him to maintain further antiviral activity
above 50% suppression (Fig. 4B).

Correlation of CAF with CD8* proliferative response. The
antiviral activity of CD8" cells (percentage inhibition of rep-
lication) was correlated with CD8™ cell growth in response to
concanavalin A in vitro (data not shown; Spearman’s rank
correlation test, P = 0.001), whereas the net increase in anti-
viral activity was not. This may indicate that cell growth is
required for the optimal secretion of suppressive factors or
that the concentration of these factors increases because faster
growth results in the production of larger numbers of secreting
CD8™" cells at the end of a 3-day culture period. However,
CD8" cell growth was not correlated with CD4* T-cell counts,
which suggests that the ability of CD8" cells to grow in culture
did not change significantly with progression, at least during
the 15-month period of follow-up.

DISCUSSION

The longitudinal follow-up of eight cynomolgus macaques
over a period of 15 months after SIVmac251 infection indi-
cated that antiviral activity of CD8" cells increases within 2
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weeks of exposure, as has been described during HIV-1 pri-
mary infection in humans (44), and SIV primary infection in
Indian rhesus macaques (69). Noncytolytic antiviral activity is
then sustained during primary infection and gradually lost over
time. CD8™ cells even went on to enhance viral replication at
later time points. The observed antiviral activity was not cyto-
lytic, not MHC restricted, soluble factor mediated, and not
linked to B-chemokines (RANTES, MIP-1a, and MIP-1B),
IL-16, or a-defensins. This antiviral activity therefore resem-
bles that of human CAF (21, 63).

The daily rate of increase in CD8*-cell-associated antiviral
activity was positively correlated with the daily rate of increase
in PVL during the first 2 months of infection, and the net
increase in antiviral activity was correlated with PVL through-
out the 15 months of observation. Conversely, the net increase
of antiviral activity from baseline was not correlated with blood
CD4™ T-cell counts, although the level of antiviral activity was.

Although the rapid increase in antiviral activity after SIV-
mac infection is consistent with a role in viral inhibition in vivo,
no inverse relationship was found between CD8" antiviral
activity and PVL, in contrast to what was observed in three
HIV-1 patients during primary infection (44). Differences be-
tween our results and those of Mackewitz et al. may be due to
differences between assays or differences in the nature of an-
tiviral activity during HIV and SIV infections or may reflect
limitations of the analysis due to small sample size.

Nevertheless, our results suggest that CAF activity may not
play a major role in the control of virus load and in ultimate
clinical outcome, although this activity may synergize with
other antiviral responses showing a trend toward inverse cor-
relation with viral load in this species (53).

In the present study, CD8" cells isolated 12 to 15 months
after infection had no significant antiviral activity, regardless of
the level of natural control of viral load. This is consistent with
the findings of Landay et al. (31) that the decrease in noncy-
tolytic antiviral activity is associated with a major decrease in
blood CD4" T-cell count and with other cross-sectional stud-
ies, suggesting that CD8" -cell-associated noncytolytic antiviral
activity is associated with better clinical status (10, 23, 43). In
our study, although the antiviral activity of CD8™ cells isolated
after viral set point was correlated with CD4™ T-cell counts, a
decrease in antiviral activity over time was also observed in
macaques that did not show progression to low CD4™ T-cell
counts and controlled their PVLs efficiently. Consistent with
this observation, a strong noncytolytic antiviral activity is gen-
erally associated with high CD4* T-cell counts in HIV-positive
asymptomatic individuals, except in some patients with excep-
tionally high CD4™" cell counts and undetectable viral loads,
who have a poor antiviral response (10). Furthermore, al-
though strong CD8™" cell-associated noncytolytic antiviral ac-
tivity are generally detected in HIV-1-infected LTNP (43, 56),
some HIV-1-infected LTNP with low viral loads and stable
CD4" T-cell counts also have weak CD8" cell-mediated im-
mune activity (18, 22). We therefore suggest that the increase
in noncytolytic antiviral activity depends on viral load and that
both preserved CD4" T-cell counts and a viral load exceeding
a certain threshold are required to sustain antiviral activity
over time.

In our study, the secretion of antiviral factor(s) by CD8"
cells correlated with CD8™ cell growth in vitro but CD8™ cell
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growth was not correlated with CD4™" T-cell counts, and no
difference in CD8™ cell growth was observed between groups.
This suggests that the ability of CD8™ cells to grow in culture
did not change significantly with progression, at least during
the 15 months of follow-up. However, we cannot exclude the
possibility that the proliferative capacity of CD8" cells is as-
sociated with CD4™" T-cell proliferation, which was not evalu-
ated in the present study. The potential relevance of CD4™"
cells may therefore reflect the importance of IL-2 in maintain-
ing the pool of CD8™ cells responsible for antiviral activity, as
previously suggested (3, 30). The accumulation of unrespon-
sive T cells known to occur in the blood of SIV-infected ma-
caques (47, 61) may also have contributed to the observed
decrease in CAF over time.

Low CDS8™ cell antiviral activity has occasionally been re-
ported in uninfected individuals (25, 36, 55), such as the unin-
fected macaques in the present study, and CAF activity has
also been detected in the supernatants of a CTL line specific
for Epstein-Barr virus (32). This suggests that the effector
phase of HIV replication control by CAF in vitro does not
depend on the recognition of HIV-specific determinants. Nev-
ertheless, the increase in the potential of CD8™ cells to secrete
antiviral factors in SIV-infected macaques may involve anti-
gen-specific mechanisms. Although the soluble antiviral re-
sponse observed in the present study was noncytolytic and not
MHC restricted, antiviral factors may be secreted by SIV-
specific CD8" T cells, the populations of which are known to
expand in vitro after mitogen stimulation and culture with
recombinant IL-2 (49, 64, 65). Alternatively, the pool of CD8™
cells able to secrete soluble antiviral factors may be activated
and/or expanded through non-antigen-specific mechanisms
closely related to infection (e.g., inflammation, bystander im-
mune activation), which should be further explored.

Some CD8™ cell supernatants from uninfected or infected
macaques increased SIV replication in vitro, as was previously
reported for HIV-2-infected baboons and HIV-1-infected pa-
tients in studies using coculture to assess antiviral activity (8).
This activity seems to have a poor prognostic value, since all of
the macaques displayed CD8" cell-mediated replication-en-
hancing capacities 1 year after infection and since slow pro-
gressors in group 3 did not present such activity before infec-
tion. Although the pathogenic implications of this activity
remain unclear, the prevention of this adverse immune re-
sponse may prolong the asymptomatic course of infection, as
suggested by Blackbourn et al. (8).

Although the mechanism by which CD8" cells increase
HIV-1 replication in CD4 " T cells is unknown, a recent report
suggested that contact-dependent inhibition may conceal the
enhancement of viral replication at the level of transcription in
macrophages (15). This may explain why enhancement of viral
replication by CD8" cells was rarely reported (8), since most
studies have assessed antiviral activity in coculture assays.

In conclusion, the present study provides evidence for a
rapid increase in soluble factor-mediated CD8™ cell antiviral
activity in cynomolgus macaques after SIV infection. This se-
cretion then gradually declines over time and correlated with
CD4™ cell counts, suggesting that the triggering of noncytolytic
antiviral activity is dependent on viral load and that preserved
CD4" T-cell counts and a viral load exceeding a certain thresh-
old are both required to sustain it over time. Although the role
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of this antiviral activity in controlling virus replication in vivo
remains uncertain, these findings suggest that therapeutic vac-
cination in combination with highly active antiretroviral ther-
apy might help to increase soluble factor-mediated antiviral
immunity in HIV-infected individuals once viral load has been
reduced to undetectable levels.
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