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Elevated CD4 T-cell turnover may lead to the exhaustion of the immune system during human immunode-
ficiency virus type 1 (HIV-1) and simian immunodeficiency virus (SIV) infections. However, this hypothesis
remains controversial. Most studies of this subject have concerned the blood, and information about the lymph
nodes is rare and controversial. We used Ki67 expression to measure cycling T cells in the blood and lymph
nodes of uninfected macaques and of macaques infected with a pathogenic SIVmac251 strain or with a
nonpathogenic STVmac251Anef clone. During the asymptomatic phase of infection, the number of cycling
CD8™ T cells progressively increased (two- to eightfold) both in the blood and in the lymph nodes of macaques
infected with SIVmac251. This increase was correlated with viral replication and the progression to AIDS. In
contrast, no increases in the numbers of cycling CD4™ T cells were found in the blood or lymph nodes of
macaques infected with the pathogenic SIVmac251 strain in comparison with SIVmac251Anef-infected or
healthy macaques during this chronic phase. However, the lymph nodes of pre-AIDS stage SIVmac251-infected
macaques contained more cycling CD4™ T cells (low baseline CD4*-T-cell counts in the blood). Taken together,
these results show that the profiles of CD4*- and CD8"-T-cell dynamics are distinct both in the lymph nodes
and blood and suggest that higher CD4*-T-cell proliferation at the onset of AIDS may lead to the exhaustion

of the immune system.

Human immunodeficiency virus (HIV) and simian immuno-
deficiency virus (SIV) replicate continuously, with the rapid
turnover of virions and the productive infection of CD4™" lym-
phocytes (37, 45). As infection progresses, the CD4"-T-cell
count in the blood progressively declines, and in AIDS stage
patients, opportunistic infections supervene, eventually result-
ing in death (44). The rate of progression to AIDS and death
is correlated with the amount of viral RNA and the number of
circulating CD4™ T cells in the blood. Despite intensive inves-
tigations, the reason for the depletion of CD4™" T cells in the
peripheral blood is still not fully understood. T-cell depletion
may result from the increased destruction and/or reduced pro-
duction of cells. Several non-mutually exclusive hypotheses
have been advanced to account for the loss of CD4" T cells.
They include indirect or direct mechanisms of cell loss due to
(i) viral infection (60, 62), (ii) syncytium formation (36, 59, 69),
(iii) cellular and humoral virus-specific immune responses
(71), and (iv) inappropriate induction of T-cell death by apo-
ptosis (2). Reduced T-cell production may result from (i) in-
terference with the de novo production of T cells at the level of
T-cell progenitor function (thymic output) (11, 12), a hypoth-
esis that remains controversial (6, 23, 70); (ii) the redistribu-
tion of circulatory T cells into lymphoid organs, leading to the
loss of T cells from the blood (3, 42, 65); and (iii) exhaustion of
the immune system as a result of accelerated T-cell turnover
(27).

The last hypothesis has received considerable attention re-
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cently but remains controversial. Several studies have indicated
that the regeneration of peripheral T cells accelerates during
the chronic phase of HIV and SIV infection, as measured by
the rate at which the number of CD4™ T cells increases in the
peripheral blood after the interruption of drug therapy (31,
66), by Ki67 staining (6, 25, 41, 55), by in vitro and in vivo
bromodeoxyuridine labeling (33, 34, 38, 53), and following
deuterated glucose incorporation (39). Some studies have re-
ported similar dynamics of CD4*-T-cell (6.3-fold increase in
the mean proliferation rate) and CD8"-T-cell (7.7-fold rise in
the mean proliferation rate) cycling in the course of HIV and
SIV infections (38, 39). However, other reports using similar
methods (18, 26) or analyzing changes in telomere length (43,
68) have suggested that CD8"-T-cell proliferation increases
dramatically as the disease progresses whereas CD4"-T-cell
proliferation does not. Differences in the clinical stage studied
(defined by the baseline CD4*-T-cell count) may at least partly
explain the observed differences (18, 25, 26, 33, 39). However,
it is still not clear whether T-cell turnover is the consequence
of T-cell depletion (homeostatic phenomena) or merely a re-
flection of persistent immune activation (reviewed in reference
24).

Most previous studies of the effects of viruses on T cells have
been carried out on blood. It is generally assumed that changes
in circulating CD4" T cells are representative of changes in
T-cell turnover in the whole body and that the size of the T-cell
pool is maintained. However, blood lymphocytes represent
only 2% of the total lymphocyte pool (67), and HIV infection
might alter lymphocyte trafficking in tissues (3, 42, 65). More-
over, although lymphopenia is a hallmark of the progression to
AIDS, enlarged lymph nodes (LNs) and spleens are frequently
observed in asymptomatic HIV-1-infected individuals and in
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TABLE 1. Monkeys enrolled in different analyses

Monkeys subjected to analysis”

Infection
status® Transverse Longitudinal In situ
SIv™* n = 13 (no. 94422, 270, 264, 266, 94438, 262, 93714, 94748, 94780, n = 4 (no. 94422, 270, n = 6 (no. P4, 94422, 94748,
94754, 93736, 268, 94015) 266, 94438) 94780, 94754, 266)
SIVAnef  n = 10 (no. 52163, 52170, 52171, 52172, 52173, 52167, 52177, 51503, n =1 (no. 52177) n = 2 (no. 52167, 52176)
52175, 52176)
SIV™ n = 14 (no. 92404, 9112, 92432, 92762, 93750, 93100, 94746, 94852, n =1 (no. 94852) n = 4 (no. 93750, 94860,

94854, 94856, 528, 0300, 94860, 94870)

94870, 528)

“SIV™, SIV mac 251 infected; STVAnef, STIVmac251Anef infected; SIV~, healthy.

b Transverse, blood analysis; longitudinal, blood analysis; in situ, lymph node analysis.

SIVmac251-infected macaques. This suggests that the relative
number of mononuclear cells in the lymphoid organs increases.
Thus, although considerable effort has been made to under-
stand T-cell turnover in peripheral blood, less information is
available concerning lymphoid organs, and conflicting results
have been reported (18, 63).

The aims of our study were to compare T-cell proliferation
in the blood and in LNs and to determine whether the dynam-
ics of CD4*- and CD8*-T-cell cycling are similar during the
asymptomatic phase. We used cross-sectional and longitudinal
approaches involving the measurement of the expression of
Ki67, a nuclear antigen that is expressed at all phases of the cell
cycle except the G, phase. We found that the progression to
AIDS in SIVmac251-infected macaques is correlated with an
increase in the number of cycling CD8™ T cells both in the
blood and in the lymphoid organs compared to those in ma-
caques infected with the nonpathogenic SIVAnef clone and in
uninfected macaques. Conversely, no major increase in the
number of cycling CD4™ T cells was observed during the
asymptomatic phase. Nevertheless, the number of cycling
CD4™" T cells increased by more than fivefold in the LNs but
not in the blood of pre-AIDS stage monkeys, with low baseline
CD47"-T-cell counts in the blood. Therefore, these results show
that the profiles of CD4"- and CD8"-T-cell dynamics in the
LNs and blood are distinct.

MATERIALS AND METHODS

Animals, virus infection, and LN collection. Rhesus macaques (Macaca mu-
latta) that had been housed and cared for in accordance with EU guidelines were
inoculated intravenously with 10 50% animal-infectious doses of the pathogenic
SIVmac251 isolate or of the nonpathogenic STVmac251Anef clone (Table 1).
The axillary LNs were collected from each animal at the appropriate times after
infection. Half of the LNs were frozen in isopentane cooled in liquid nitrogen.
These LNs were cut into 4-pm-thick sections on a cryostat, and the sections were
stored at —80°C until they were used. The remainder were placed in RPMI 1640,
cut, and gently teased through a fine sterile mesh. The cells were counted under
a light microscope. The total number of lymphocytes per LN was determined as
a function of the initial weight. The numbers of CD4* and CD8* T cells in the
LNs were calculated by multiplying the percentage of CD4" and CD8™" T cells,
as assessed by flow cytometry, by the number of cells retrieved from one axillary
LN.

Quantitative analysis of productively infected cells and cycling cells in LNs. (i)
Productively infected cells and diffuse hybridization in GC. We quantified the
viral load in frozen LNs by use of a 3°S-labeled RNA probe derived from
pBluescript encoding the STVmac nef gene. Infected cells, detected as spots, were
counted in the paracortical zone on a minimum of three sections. The diffuse
hybridization signal detected in germinal centers (GC) was quantified by use of
a computerized image analysis system. Images were acquired through a three-
charge-coupled device video camera attached to a Nikon FXA microscope. The

digitized images were analyzed as previously described with Optilab-Pro software
version 2.5 (Graftek, Mirmande, France) (4).

(ii) Cycling cells. LN sections were immunostained using a monoclonal anti-
body directed against the Ki67 nuclear proliferation-associated antigen (MIB-1;
Immunotech, Inc.). Alkaline phosphatase was used as the chromogen, and the
slides were lightly counterstained with hematoxylin. These quantitative analyses
were performed on four different sections, in a blind fashion, by two investiga-
tors. The numbers of positive cells counted in the paracortical zone of the LNs
were then divided by the surface area of the entire LN section. The results are
expressed as the number of positive cells/2 mm?.

The development of GC was evaluated by morphometric analyses using the
same computer analysis system. To quantify the percentage of the LN surface
occupied by Ki67" cells in GC, tissue sections were viewed at a magnification of
x50. The surface of each GC that was Ki67" was measured, and the sum of all
Ki67* GC was divided by the surface area of the entire LN section.

Lymphocyte i phenotyping and flow cytometry. (i) Surface staining. T
cells were quantified by flow cytometry with the following fluorochrome-labeled
monoclonal antibodies: anti-thesus monkey CD3-fluorescein isothiocyanate
(FITC) (clone FN18; Biosource International), anti-human CD4-phycoerythrin
(PE) (clone M-T477; BD Biosciences), anti-human CD8-peridinin chlorophyll
protein (Percp) (clone Leu2a; BD Biosciences), anti-human CD45RA-FITC or
CD45RA-PE (clone 2H4; Coulter), and anti-CD27-PE (clone M-T271; BD Bio-
sciences). The antibodies were added to 100 wl of whole blood collected on
EDTA or to 2 X 10° LN cells and incubated for 15 min at room temperature.
Erythrocytes were lysed by the addition of 2 ml of diluted IOTest 3 lysing
solution (Beckman Coulter). The cells were washed once in PBA buffer (phos-
phate-buffered saline-1% bovine serum albumin-10 mM NaN;) and resus-
pended in PBA containing 1% paraformaldehyde. Anti-human-CD45RO anti-
bodies could not be used, as they cannot cross-react with monkey antigens.

(ii) Intracellular Ki67 staining. For intracellular staining, 100 nl of whole
blood or 2 X 10° LN cells were incubated with the antibodies directed against
surface antigens (CD45RA-PE [clone 2H4; Coulter], CD4-Percp [clone SK3; BD
Biosciences], and CD8-allophycocyanin [clone SK1; BD Biosciences]) for 15
min, lysed to eliminate erythrocytes, and washed with phosphate-buffered saline.
They were then fixed and permeabilized for 20 min at room temperature with 2
ml of the Permeafix reagent (Pharmingen-BD Biosciences). The samples were
washed two times in PBA containing 0.05% saponin. They were then incubated
for 45 min with the Ki67-FITC antibody (clone MIB-1; Coulter), washed twice in
PBA containing 0.05% saponin, and suspended in PBA containing 1% parafor-
maldehyde. For intracellular staining, an isotypic control incubated with a mouse
immunoglobulin G1-FITC antibody instead of Ki67-FITC was processed in par-
allel for each sample and was used to set the gate for Ki67™" cells. All analyses
were performed with a FACScalibur flow cytometer and Cellquest software (BD
Biosciences). The absolute numbers of cycling T cells were calculated by multi-
plying the proportion of CD4* and CD8™" T cells that were Ki67 " by the number
of CD4" or CD8" T lymphocytes per microliter of blood.

Statistical analyses. Data were compared using Student’s ¢ test. Differences
were considered to be significant if P was <0.05.

RESULTS

Cross-sectional analysis of cycling T cells in the peripheral
blood of SIV-infected macaques. Peripheral blood mononu-
clear cells were isolated from rhesus macaques infected with
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FIG. 1. Progressive CD4"-T-cell depletion is associated with lower numbers of cycling CD4"* T cells. (A to D) Proportions (A and B) and
numbers (C and D) of CD4" (A and C) and CD8" (B and D) T cells expressing Ki67 in uninfected (SIV-), SIVmac251Anef-infected (SIV A NEF),
and SIVmac251-infected (SIV+) macaques. SIV* animals were divided into groups according to the numbers of circulating CD4™" T cells (>1,000,
n = 15; 1,000 to 200, n = 12; <200, n = 10). The animals were tested one time per year postinfection. Ki67 antigen expression was assessed by
flow cytometry. The horizontal bars indicate mean values. (E and F) The numbers of cycling CD4* (E) and CD8" (F) T cells in STVmac251-
infected macaques were plotted against the number of circulating CD4™ T cells. Each symbol represents an individual result. Statistical significance
was assessed using Student’s ¢ test (ns, no statistically significant difference); r is indicated.

either the pathogenic SIVmac251 isolate or the nonpathogenic
SIVmac251Anef clone. For ethical reasons, no animals with
AIDS were included in our study. SIVmac251-infected ma-
caques were divided into three groups according to their base-
line CD4™"-T-cell counts (low, <200; moderate, 200 to 1,000;
and high, >1,000).

In uninfected animals, 4.98% = 1.53% of CD4" T cells and
5.23% = 2.08% of CD8" T cells were Ki67 positive (Fig. 1A
and B). These proportions were not significantly different from
those observed in macaques infected with SIVmac251Anef
(CD4™" T cells, 5.66% =+ 1.15%, and CD8" T cells, 6.31% =+
2.09%). The fractions of CD4* and CD8" T cells expressing
the Ki67 molecule were inversely related to CD4"-T-cell
counts (Fig. 1A and B). Thus, the proportion of cycling CD4™
T cells in macaques with >1,000 CD4" T cells was 6.49% =
1.77% compared to 20.25% = 7.15% in animals with <200
CD4™" T cells. Similarly, in these same groups, the fractions of

cycling CD8" T cells were 9.38% = 53% and 15.92% =
8.32%, respectively. The fraction of cycling CD4™" cells was
inversely correlated with the CD4"-T-cell counts (r = 0.565)
but was not correlated with CD8"-T-cell counts (data not
shown).

The percentage of cycling T cells may increase as a result of
either (i) the expansion of cycling T cells in the blood or (ii) a
higher rate of depletion of noncycling T cells. We therefore
determined the absolute numbers of cycling T cells. The frac-
tion of cycling CD4™" T cells was higher in STVmac251-infected
macaques than in uninfected animals; however, the number of
cycling CD4" T cells was not. STVmac251-infected macaques
that displayed >1,000 CD4 T cells/pl had 95.5 = 24.4 CD4™"
Ki67* T cells/mm® compared to 83.2 = 36.8 and 97.2 = 35.3
CD4* Ki67" T cells/mm? in healthy macaques and macaques
infected with SIVmac251Anef, respectively (Fig. 1C). In con-
trast, macaques displaying <200 CD4" T cells/ul had signifi-
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cantly (P = 0.001) fewer cycling CD4" T cells (38.1 * 16.4/
mm?). Thus, the percentage, but not the absolute number, of
cycling CD4™" cells increased in SIVmac251-infected ma-
caques.

In contrast, the number of cycling CD8™ T cells was two- to
sevenfold higher in SIVmac251-infected macaques with >200
CD4" T cells/pl (mean, 247.92 + 128.36) than in uninfected
animals and only two- to fourfold higher in animals with <200
CD4™" T cells (mean, 180.6 = 88.9). There was no significant
difference between the numbers of cycling CD8" T cells in
uninfected macaques (98.1 £ 53.72) and in SIVmac251Anef-
infected macaques (129.8 = 51.5) (Fig. 1D). Therefore, our
data suggest distinct cycling CD4"- and CD8"-T-cell profiles
in the blood of SIVmac251-infected macaques.

Finally, although the number of cycling CD4" T cells was
correlated with the baseline CD4"-T-cell counts (Fig. 1E), no
correlation was observed between the baseline CD4"-T-cell
counts and the number of cycling CD8" T cells (Fig. 1F). No
correlation was found between the number of cycling T cells
and the baseline CD8"-T-cell count (data not shown).

T-cell activation has been reported to lead to a switch from
a CD45RA-positive to a CD45RA-negative phenotype and to
alter naive and memory T-cell subsets in HIV-1-infected indi-
viduals (49, 50). As in humans, the numbers of both CD45RA™
and CD45RA™ CD4" T cells were drastically lower in the
blood of infected animals than in the blood of uninfected
animals. STVmac251-infected macaques with <200 CD4* T
cells/il had 80 + 52 CD4™ CD45RA™ cells/mm? and 133 + 42
CD4* CD45RA ™ cells/mm? compared to 223 = 171/mm? (P =
0.05) and 1,408 = 423/mm® (P = 0.0005), respectively, in
uninfected macaques. The numbers of CD45RA™ CD8* T
cells in the blood were lower in animals with <200 CD4" T
cells (712 = 332/mm?) than in uninfected animals (1,000 =
376/mm> P = not significant), as was the number of
CD45RA~ CD8™ T cells (SIV ™, 854 + 497/mm? versus SIV ™,
586 *= 321/mm?>; P = not significant). The lack of statistical
significance is due to individual overlaps.

Furthermore, as expected, in SIVmac251-infected ma-
caques, the fraction of Ki67" cells was higher within the
CD45RA ™ subsets of the CD4™ (Fig. 2C) and CD8™ (Fig. 2D)
T cells than within the CD45RA ™" -T-cell subsets (Fig. 2A and
B). However, the numbers of cycling CD45RA™ CD4™" (mean,
4 = 1) and CD45RA™ CD4" T cells (mean, 24 = 10.8) (Fig.
2E and G) were lower in SIVmac251-infected animals with
<200 CD4™" T cells/pul than in uninfected animals (9 = 6.2 and
87.2 + 40.3/mm°, respectively). In contrast to CD4* T cells,
the numbers of cycling CD45RA™ and CD45RA~ CD8" T
cells (Fig. 2F and H) were higher in STVmac251-infected ma-
caques than in uninfected or SIVmac251Anef-infected ma-
caques.

Collectively, these results provide strong evidence for dis-
tinct profiles of CD4"- and CD8*-T-cell proliferation.

Longitudinal analysis of cycling CD4™ T cells in the blood of
SIV-infected macaques. Longitudinal analysis of healthy and
SIVmac251-infected animals over a period of at least 500 days
demonstrated that the percentage of cycling CD4" T cells
drastically increased in SIVmac251-infected macaques as they
progressed to AIDS (severe progressors [no. 266 and 94438],
>20% at the time of death compared to <10% during the
asymptomatic phase) (Fig. 3A). In contrast, in slow progressors
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(no. 94422 and 270), the percentage of cycling CD4™ T cells
remained lower and quite similar to that observed in both
uninfected and SIVmac251Anef-infected animals (Fig. 3A).
The absolute number of cycling CD4" T cells was lower in
severe progressors than in the slow progressors and uninfected
animals. A comparison of cycling (Ki67") and noncycling
(Ki677) T cells in the blood indicated that whereas ~10 to 20
cycling CD4" T cells were lost every 100 days, >200 CD4™"
Ki67~ T cells were lost every 100 days from severe progressors
(no. 266 and 94438) (Fig. 3B). This decline was less in slow
progressors and SIVmac251Anef-infected and uninfected ani-
mals. Thus, the slope of CD4"-T-cell depletion was 10 times
steeper for noncycling CD4 " T cells than for cycling CD4" T
cells in severe progressors. Although a higher viral load was
observed in severe progressors than in slow progressors, no
individual relationship was observed between the magnitude of
the plasma viral load and the fraction and/or the number of
cycling CD4™ T cells (Fig. 3A). Taken together, our data
suggest that the increase in the fraction of cycling CD4™ T cells
is mainly related to the depletion of noncycling CD4 " T cells
in the blood and that cycling CD4" T cells do not undergo
expansion during SIV infection.

Cycling T cells in the LNs: relationship with viral replica-
tion and disease progression. Circulating lymphocytes are es-
timated to represent 2% of the total number of T lymphocytes,
and LNs represent the majority of the total lymphocyte pop-
ulation (50 to 60%) (67). We killed two SIVmac251Anef-in-
fected macaques and six SIVmac251-infected macaques (dis-
playing low, moderate, and high CD4"-T-cell counts) at
different times after infection and removed axillary LNs from
four uninfected rhesus macaques (Table 2). Hybridization ex-
periments on axillary LNs revealed two types of SIV RNA
patterns: diffuse labeling over the follicular dendritic cell
(FDC) network in the GC, corresponding to the virus trapped
at the FDC surface (silver grains), and strong localized labeling
of single cells in the T-cell area, corresponding to infected cells
(5, 63) (Fig. 4A). On average, there were more SIV" RNA
replicating cells in the T-cell area (4.84 = 2.3 versus 0.42 =
0.37/2 mm?) and more FDC-bound SIV RNA cells (612 = 467
versus 44.5 = 27.6/mm?) in SIVmac251-infected animals with
moderate and low CD4"-T-cell counts (no. 94748, 94780,
94754, and 266) (Fig. S5A) than in the two animals displaying
high CD4 " -T-cell counts (slow progressors; no. P4 and 94422).
The same overall trend was found within the inguinal LNs and
the spleens of SIVmac251-infected macaques compared with
healthy macaques (data not shown).

Histologic analysis of the axillary LNs revealed that animals
with moderate and low CD4"-T-cell counts contained more
GC (16.75 = 6.02) than did animals with high CD4"-T-cell
counts (1.5 = 0.7; P = 0.013) or uninfected animals (2 * 1.41;
P = 0.013) (data not shown). The mean number of CD8* T
cells in axillary LNs was higher in the six SIVmac251-infected
macaques (57.97 X 10° = 33.74 X 10°) (Fig. 5B) than in the
SIVmac251Anef-infected macaques (22.77 X 10° = 16.36 X
10°) or the uninfected animals (8.34 X 10° = 5.57 X 10% P =
0.014). A correlation was found between the number of CD8™
T cells in axillary LNs and the number of SIV* RNA cells (r =
0.71). However, the numbers of CD4" T cells were similar in
the SIVmac251-infected macaques (23.42 X 10° * 15.43 X
10°), the SIVmac251Anef-infected macaques (26.47 X 10° =
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FIG. 2. Proportions (A to D) and numbers (E to H) of CD4" and CD8" T cells expressing CD45RA and Ki67. Four-color flow cytometry was
performed on peripheral blood mononuclear cells from uninfected (SIV-), SIVmac251Anef-infected (SIV A NEF), and SIVmac251-infected
(SIV+) macaques. SIV* animals were divided into groups according to the numbers of circulating CD4™" T cells (>1,000, n = 7; 1,000 to 200, n
= 10; <200, n = 3). Each symbol represents an individual result. Significance was assessed using Student’s ¢ test (ns, no statistically significant

difference). The horizontal bars indicate mean values.

11.12 X 10°), and the uninfected macaques (13.13 X 10° = 0.3
X 10% P = 0.3). However, the CD4/CDS8 ratios were different
in the uninfected and SIV™" groups (1.49 + 0.6 versus 0.42 *
0.17, respectively; P = 0.033).

We found that the paracortical area (T-cell zone) and the
GC of SIVmac251-infected macaques contained more cycling
cells than those of uninfected and SIVAnef-infected macaques
(Fig. 4B and 5C). Ki67 staining occupied 12.61% * 8.97% of
the GC in animals with moderate and low CD4*-T-cell counts
(no. 94748, 94780, 94754, and 266) compared with 0.55% =
0.3% in those with high CD4*-T-cell counts (slow progressors;
no. P4 and 94422), 2.6% = 3.6% in SIVmac250Anef-infected
animals, and 0.155% = 0.25% in uninfected animals (P =
0.038) (Fig. 5C). The T-dependent zone contained 139.5 =+
30.4 cycling cells/2 mm? in SIVmac251-infected macaques with
high CD4"-T-cell counts, 623 *+ 434.1 cycling cells/2 mm? in
animals with moderate and low CD4*-T-cell counts, 103.6 =
67.3 cycling cells/2 mm? in uninfected macaques, and 278.5 +

218 cycling cells/2 mm? in STVmac251Anef-infected macaques
(Fig. 5C).

Three-color flow cytometric analysis of T-cell subpopula-
tions indicated that SIVmac251-infected macaques contained
significantly more cycling CD8" T cells (Ki67"; 9.04 X 10° +
6.71 X 10° cells) than uninfected macaques (Ki67"; 0.37 X 10°
+ 0.34 X 10° cells; P = 0.025) or SIVmac251Anef-infected
macaques (Ki67"; 0.92 X 10° = 0.65 X 10° cells; P = 0.03)
(Fig. 5D). The number of CD8" T cells expressing Ki67 was
correlated with both the number of SIV" RNA cells (r = 0.75)
and the number of silver grains in the GC (r = 0.85). Similar
findings were obtained for the inguinal LNs and spleens of
SIVmac251-infected animals compared to those of uninfected
macaques (data not shown). In contrast to CD8" T cells, the
number of cycling CD4™ T cells in STVmac251-infected ma-
caques with moderate and high CD4"-T-cell counts (1.28 X
10° = 1.05 X 10°) was not significantly different from that
found in uninfected macaques (0.41 X 10° = 0.56 X 10% P =
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FIG. 3. Longitudinal analysis of cycling CD4" T cells. (A) m, CD4" T cells per millimeter’; @, proportion of CD4" T cells expressing Ki67 in
the blood; [, plasma viral load. Uninfected macaques (SIV-), SIVmacAnef-infected macaques (SIVANEF), and SIVmac251-infected macaques
(slow progressors, no. 94422 and 270; severe progressors, no. 266 and 94438) were tested at different time points after infection. Ki67 antigen
expression was assessed by flow cytometry. (B) Numbers of CD4" Ki67* (@) and CD4" Ki67~ (®) cells per millimeter® at different time points
after infection. CD4™ Ki67~ cell loss every 100 days is shown in the upper left corner of each box.

0.19) or in SIVmac251Anef-infected macaques (0.78 X 10° =
0.27 X 10% P = 0.17) (Fig. 5D). We observed higher numbers
of cycling CD4™ T cells (10.68 X 10° = 5.91 X 105 P = 0.016)
only in the two severe progressors that had low CD4"-T-cell
counts (pre-AIDS) (no. 94754 and 266). In agreement with the
results of Ki67 staining, the numbers of CD4™ T cells express-
ing CD69, a marker of T-cell activation, were not significantly
different in SIVmac251-infected macaques with moderate and
high CD4*-T-cell counts (3.52 X 10° = 3.04 X 10°) and in

uninfected animals (5.51 X 10° = 5.53 X 10% P = 0.90) but
were higher in STVmac251-infected macaques with low CD4*-
T-cell counts (19.34 X 10° = 8.97 X 10% P = 0.02) (data not
shown). Similar to Ki67 staining in CD8™ T cells, STVmac251-
infected macaques displayed more CD8" CD69™" T cells (18.36
X 10° £ 14.71 X 10°) than did uninfected macaques (2.05 X
10° = 1.79 X 10% P = 0.041). This was correlated with viral
replication (data not shown).

Therefore, our data on LNs show that CD4*- and CD8"-

TABLE 2. Blood parameters of rhesus macaques at death

Infection Monkey

o Days p.i.? CD4¢ Viral load? CD4" Ki67+¢ CD8" Ki67+¢

status' no.

SIV* P4 2,100 709 1,000 91 157
94422 545 447 350,000 32 324
94748 424 241 600,000 13 110
94780 516 217 150,000 33 175
94754 495 172 1,000,000 37 106
266 524 74 800,000 27 165

Anef 52167 1,850 1,085 ND/ 69 68
52176 1,900 2,373 ND 161 190

SIV™ 93750 1,525 64 69
94860 1,391 117 33
94870 1,562 93 55
528 1,954 141 260

“SIV*, SIVmac251 infected; SIV ™, healthy; Anef, SIVmac 251Anef infected.

b p.i., postinfection.

€ CD4 T-cell counts per millimeter.

@ Plasma viral load (copies per milliliter).

¢ Numbers of cycling (Ki67") CD4 and CD8 T cells per millimeter>.
/ND, not detectable (<100 copies per milliliter).
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FIG. 4. Representative photomicrographs demonstrating in situ hybridization analysis of cells in which the virus is replicating (A) and
immunohistochemical staining of cells expressing the Ki67 antigen (red) (B) in an uninfected (SIV~; no. 528) macaque and slow-progressor (no.
94422) and severe-progressor (no. 266) SIV-infected macaques. The arrows indicate replicating infected cells. (Magnification, X100).

T-cell activation shows distinct profiles during the asymptom-
atic phases and do not support the hypothesis that lymphope-
nia is the cause of CD4"-T-cell proliferation in the axillary
lymphoid organs of severe progressors.

We then assessed changes in T-cell subsets in LNs by flow
cytometry. Most of the CD8* T cells in healthy macaques were
CD45RA™ (71.2% = 5.75%), and most of the CD4™" T cells
were CD45RA™ (85.9% = 3.48%) (Fig. 6). The proportion of
CD45RA™ CDS8™ cells was lower (42.1% = 12.9%; P = 0.002)
and the proportion of CD45RA~ CDS8™ cells was higher in
SIVmac251-infected macaques than in uninfected animals
(RAY/RA™ ratios, 0.803 = 0.407 versus 2.584 * 0.695; P =
0.003). However, the numbers of both CD45RA™ CD8* (22.2
X 10° = 9.7 X 10°) and CD45RA~ CD8* (37.2 X 10° = 25.2
X 10°%) T cells were considerably higher in SIVmac251-infected
macaques than in uninfected macaques (5.85 X 10° = 3.6 X
10° [P = 0.008] and 2.48 X 10° = 2.08 X 10° [P = 0.028],
respectively) (Fig. 6). This was correlated with an increase in
the total number of CD8" T cells. While most of the CD8"
CD45RA™ T cells were cycling (SIV™, 0.17 X 10° = 0.2 X 10°
versus SIV*, 5.77 X 10° = 4.07 X 105 P = 0.019) (Fig. 6C), we
also observed a higher number of cycling CD8" CD45RA™ T
cells in SIVmac251-infected animals than in uninfected ani-
mals (SIV™, 0.11 X 10° = 0.084 X 10° versus SIV*, 3.10 X 10°
+ 1.35 X 10% P = 0.031) (Fig. 6D). Several hypotheses have
been proposed to explain the presence of cycling CD45RA™ T
cells, for example, lymphopenia or environmental factors, such
as cytokines or T-cell activation driven by antigens (19). Here,

we found that the numbers of cycling CD45RA* and
CD45RA™ CD8™" T cells were correlated with the numbers of
SIV™ RNA cells (- = 0.51 and 0.88, respectively). Therefore,
the most likely explanation for the Ki67 seen in the CD45RA™
CD8"-T-cell population is that cells switch from a naive phe-
notype to the memory-effector phenotype during antigen-
driven bursts, involving the gradual loss of the CD45RA mol-
ecule and the acquisition of the CD45RO marker (48). Thus,
Ki67-naive cells may in fact be a transitional state between the
naive and memory states, which suggests that CD8™ T cells are
globally activated during SIV infection.

The proportion of CD45RA™* CD4" T cells in STVmac251-
infected macaques (28.76% = 14.6%), however, did not differ
significantly from that observed in uninfected animals (14.1%
+ 3.5%; P = 0.06). Furthermore, the CD45RA"/CD45RA™
cell ratio did not differ between uninfected and SIVmac251-
infected individuals (0.164 = 0.047 and 0.469 =+ 0.396, respec-
tively; P = 0.059). However, although the numbers of
CD45RA™ CD4" T cells in SIVmac251-infected macaques
displaying high and moderate blood CD4 *-T-cell counts and in
uninfected animals were not significantly different (SIV™, 1.80
X 10° = 1.9 X 10°% SIV*, 2.88 X 10° = 0.56 X 10°% P = 0,33)
(Fig. 6A and B), we found a higher number of CD45RA™
CD4" T cells in animals with low blood CD4*-T-cell counts
(18.72 X 10° = 11.1 X 105 P = 0,02). However, this was not
associated with higher numbers of CD45RA™ CD4" cells
(SIV™, 11.31 X 10° = 11.53 X 10% CD45RA™ SIV*, 15.24 X
10° + 7.37 X 10°). This suggests that CD45RA™ T cells are
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redistributed in the LNs of pre-AIDS monkeys, which are the of cycling CD45RA™ and CD45RA™ CD4* T cells in SIV-
main site of ongoing T-cell activation. However, this is a con- mac251-infected macaques with high and moderate CD4"-T-
sequence and not the cause of the progression to AIDS. More- cell counts compared with uninfected monkeys. The numbers
over, we found no significant difference between the numbers of cycling cells were higher only in SIVmac251-infected ani-
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mals (no. 94754 and 266) with low CD4"-T-cell counts in the
blood (Fig. 6C and D).

In humans and mice, naive peripheral T cells express CD27,
and the expression of this antigen is up-regulated upon T-cell
receptor stimulation (30). Truly naive T cells express both
CD45RA and CD27 antigens. Moreover, memory cells that
have reverted to a naive phenotype no longer express CD27,
and this irreversible event seems to represent terminal effector
T-cell differentiation (22). Flow cytometry (Fig. 7A) indicated
that in SIV-infected macaques (no. 94422, 266, and 94754),
most of the the CD8™" T cells (~80%) in the axillary LNs were
CD27* and included both CD45RA™"- and CD45RA ™ -T-cell
subsets whereas only 33% of CD8" T cells from uninfected
animals (no. 528) were CD27". Moreover, we found that the
number of CD27 molecules on the surfaces of CD8" T cells
(mean fluorescence intensity [Fig. 7B]) was higher in severe
progressors than in slow progressors and uninfected animals.
Thus, most of the CD45RA™ CD8™" T cells can be considered
to be naive cells. Finally, the proportion of CD4" T cells
expressing the CD27 antigen was also higher in rapid progres-
sors, but to a lesser extent than observed with the CD8* T
cells. Interestingly, whereas monkey no. 266 (a rapid progres-
sor) contained a very high number of CD45RA™* CD4" T cells
(Fig. 6B), this population did not express CD27. The
CD45RA™ CD27 subset represented 40.8% of cells in this
monkey, compared to 15% in the other macaques. According
to previous reports (22, 30), this may indicate the presence of
terminal differentiated CD4™" T cells and not the presence of
“true” naive cells in the LNs of this monkey.

Taken together, our data suggest that during the asymptom-

atic phase, as in the blood, the profiles and the dynamics of
CD4"- and CD8*-T-cell proliferation in the LNs are distinct.

DISCUSSION

Numerous groups have focused on the T-cell dynamics in
peripheral blood and extrapolated their conclusions to the
entire body. We used T-cell counts to compare T-cell dynamics
in the LNs and blood of SIVmac251-infected, STVmac251A
nef-infected, and healthy macaques. Our studies revealed that
during the asymptomatic phase, the size of the CD4"-T-cell
pool is maintained in the axillary LNs, whereas CD4 ™" T cells
are progressively depleted in the blood. We showed that this is
not associated with the expansion of cycling CD4" T cells,
except at the onset of AIDS within the LNs. However, the
highest level of CD8"-T-cell proliferation is correlated with
viral replication in both the axillary LNs and the blood.

Our data from blood are in agreement with those obtained
in another study that measured dividing cells by the use of
[*H]glucose (26) and found that HIV infection is associated
with a higher proportion, but not a higher absolute number, of
dividing CD4™" T cells. Interestingly, we found from studies by
Mohri et al. (38, 39) that HIV-1-SIV-infected individuals also
contained similar numbers of, or fewer, labeled CD4™ T cells
but more labeled CD8" T cells than uninfected individuals.
Chakrabarti et al. (6) showed that the blood of macaques
infected with pathogenic SIV strains contained numbers of
CD4™ Ki67" cells similar to those in mangabeys infected with
a nonpathogenic SIV strain and observed clear expansion of
dividing CD8* T cells in the former group. Finaly, Sopper et
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al. (61) also detected no expansion of dividing CD4 " T cells in
the blood of SIV-infected macaques compared with uninfected
macaques. The numbers of dividing CD4™" cells were lower in
AIDS stage animals. Therefore, all these studies confirm the
finding that despite being associated with a higher proportion
of cycling CD4™ T cells, HIV and SIV infections are not
associated with a higher number of cycling CD4* T cells in the
blood. During the asymptomatic phase, we observed no expan-
sion of cycling CD4* T cells in the axillary LNs, except in the
two rapidly progressing SIV-infected animals (no. 94754 and
266) that displayed low CD4™-T-cell counts in the blood (pre-
AIDS). Sopper et al. (61) found an elevated number of cycling
CD4™ T cells in the LNs of SIVmac239-infected cynomolgus
macaques. Our data on cycling CD8" T cells fit well with their
observations. However, discrepancies were observed with
CD4™" T cells, but these authors did not compare differences
according to disease evolution during the asymptomatic phase,
which may explain the observed differences in the numbers of
cycling CD4 ™ T cells and why we only found huge CD4*-T-cell
activation in the axillary LNs of pre-AIDS monkeys. Similarly,
as in the axillary LNs, we found the same profiles of CD4™-

and CD8"-T-cell dynamics in the inguinal LNs (data not
shown).

We also observed expanded CD4 T-cell counts in the axillary
LNs of the two rapid progressors. A loss of CD4" T cells in the
blood compartment similar to that in tissues has also been
reported by other groups during HIV or SIV infection (51, 52,
54,56). Sopper et al. (61) also found that the total CD4 *-T-cell
pool was expanded upon SIV infection. This suggests that the
proliferation rate is higher than the T-cell death rate in the
axillary LNs of severe progressors. Thus, the increase in cycling
CD4™" T cells was probably caused by immune activation rather
than being a T-cell homeostatic response to compensate for
T-cell depletion, as the axillary LNs were not lymphopenic (7,
20). We also detected higher numbers of CD45RA™ T cells
within the lymphoid organs of the two severe-progressor SIV-
infected monkeys despite the progressive depletion of this T-
cell subset in the blood. The number of naive CD4™" T cells in
the blood was ~65% lower in the severe progressors than in
the uninfected animals (CD45RA™ SIV~, 223 = 171 cells/mm?
versus severe progressor, 80 + 52 cells/mm?; P < 0.05). The
difference between CD4 T-cell counts in the blood and LNs
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may be explained by the sequestration of T cells from the blood
within the lymphoid organs (3, 56). Therefore, CD45RA™ T
cells could be redistributed in the LNs, which are the main site
of ongoing T-cell activation, which greatly increases in pre-
AIDS stage infected monkeys and induces a terminal differ-
entiation of the CD4 T cells (RA* CD277) (22, 30). Alto-
gether, these observations seem to support the hypothesis that
at the onset of AIDS, huge CD4 T-cell activation leads to the
exhaustion of the immune system and the rapid decline of the
total number of CD4 ™ T cells, as found by Sopper et al. (61) in
AIDS stage SIV-infected monkeys.

We found a correlation between the number of cycling
CD8™" T cells and the number of replicating cells (SIV™" cells/
mm?) within the lymphoid organs (» = 0.75; P = 0.02). Inter-
estingly, more CD8™" T cells were CD27" in SIV-infected ma-
caques than in uninfected animals. This may explain how SIV
infection could drive global lymphopenia at the onset of AIDS.
CD27 expression is up-regulated upon T-cell receptor stimu-
lation. The loss of CD27 expression is an irreversible event that
represents terminal effector T-cell differentiation (22, 30). Fur-
thermore, defects in CD27 expression impair the effective gen-
eration and long-term maintenance of antigen-specific CD8™ -
T-cell immunity (28). Our observation therefore fit well with a
model in which CD27 is crucial for driving CD8"-T-cell pro-
liferation and expansion during SIV infection. However,
chronic stimulation via CD27-CD70 interactions induces a
phenomenon that involves increased T-cell turnover, a de-
crease in the number of naive and memory cells, and the
progressive loss of the ability of T cells to respond to ex vivo
mitogenic stimuli (64), a situation that is considered to be a
hallmark of AIDS. Although CD27 is crucial for establishment
of cell-mediated immunity against SIV, the higher levels of
CD27 on the surfaces of T cells from severe progressors may
result in a higher level of signaling, ultimately leading to a
detrimental immune response.

Our observations, however, raise major questions about
CD4™"-T-cell proliferation and expansion. Why do CD4* T
cells in SIVmac251-infected macaques not proliferate and ex-
pand more during the asymptomatic phase? Why were fewer
cycling CD4™ T cells found in the blood whereas more were
observed in the axillary LNs of pre-AIDS monkeys? Several
mechanisms of peripheral CD4 *-T-cell control have been de-
scribed, including suppression and T-cell apoptosis.

The studies carried out over the last decade on rodents have
provided firm evidence for the existence of “professional” reg-
ulatory-suppressor T cells that actively prevent abnormal and
anarchic proliferation of T cells during severe autoimmune
disease. These cells are called CD4" CD25" T cells (10a, 32,
35). It is still not clear whether this T-cell subset is involved,
given the absence of potent expansion of dividing CD4* T cells
and the fact that higher levels of viral antigens are produced.
Moreover, it is not clear whether the loss of this professional
regulatory CD4 *-T-cell subset at the onset of AIDS is involved
in the increase of cycling CD4" T cells in the LNs. However,
our preliminary data for SIVmac251-infected macaques re-
vealed no major change in the proportion of this T-cell subset
during the course of SIV infection even at the onset of AIDS
(data not shown). This suggests that this specific T-cell subset
does not play a major role in the dysregulation of the immune
system, at least during SIV infection.
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The absence of expansion of dividing CD4™" T cells could be
related to the fact that cycling cells might be more susceptible
to SIV infection in the lymphoid organs, which in turn favors
viral replication-mediated T-cell death (46) and therefore im-
pairs their redistribution in the body. This hypothesis cannot
be ruled out. However, most dying cells are uninfected, sug-
gesting that the direct infection and killing of these cells can
only partly account for this (17). Moreover, abnormal apopto-
sis occurs both in vitro and in vivo in uninfected CD4" T cells
from HIV-1-positive subjects (2). Furthermore, studies of
pathogenic and nonpathogenic primate models of HIV or SIV
infection have identified a correlation between the induction of
enhanced in vitro CD4"-T-cell apoptosis and the in vivo
pathogenic nature of the retroviral infection (9, 10, 13, 21, 57)
despite intense and similar levels of viral replication in both
pathogenic and nonpathogenic SIV-infected monkeys (6, 58).
We recently showed that the propensity of both CD45RA™
and CD45RA~ CD4"-T-cell subsets from the blood to un-
dergo apoptosis is higher in SIVmac251-infected macaques
with low CD4"-T-cell counts in the blood than in those with
moderate or high CD4*-T-cell counts or in uninfected animals
(1a). The rates of CD4 "-T-cell apoptosis (SIV ™, 7.8% =+ 2.9%;
SIV* moderate, 18.7% = 3.5%; and SIV™" low, 31.8% = 13%)
were consistently higher than the fractions of cycling CD4" T
cells (SIV™, 4.98% = 1.53%; SIV*' moderate, 11.06% =+
6.19%; and SIV" low, 20.25% = 7.15%). Thus, both cycling
and noncycling cells may die, but the proportion of each in the
blood that undergoes apoptosis in vitro remains unknown. As
most of the SIV particles produced are noninfectious, the
simple fixation and/or penetration of viruses, without integra-
tion, may be sufficient to prime T cells for apoptosis. In this
context, it was recently shown that both naive and memory
primary CD4™" T cells from healthy donors were more prone to
undergo apoptosis following in vitro incubation with HIV-1 in
the absence of viral replication or any stimulus of T-cell acti-
vation (15, 47). Therefore, both cycling and noncycling cells
may be primed to die in vitro in response to HIV infection.
However, as we observed distinct CD4 T-cell dynamics in the
blood compared with LNs, the relative rates of T cells from
LNs and the blood undergoing apoptosis remain unknown.
Thus, we cannot exclude the possibility that when dividing T
cells leave the lymphoid organs (the site of ongoing antigen
stimulation and cytokine production) to recirculate in the
body, they enter an environment that is poor in growth factors
(a form of cell death called death by “neglect” [29]), which
shortens their life span in the blood compared with LNs.
Hellerstein et al. suggested that the life span of T cells of
HIV-infected individuals was short compared to that of T cells
in healthy donors (26). Like other laboratories (1, 8, 14, 16,
40), we showed that members of the interleukin-2 cytokine
family prevent the death of blood T cells of HIV-infected
individuals in vitro. Thus, the fact that cytokines, particularly
members of the interleukin-2 family, become limiting in the
blood during SIV infection may contribute to the decline in
CD4™" T cells.

Therefore, our results demonstrate that CD4"- and CD8-
T-cell cycling profiles are distinct both in the blood and in the
LNs depending on the stage of disease. Although excessive
CD4"-T-cell proliferation may exhaust the immune system at
the onset of AIDS, we cannot exclude the provocative possi-
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bility that therapeutic strategies designed to prevent prolifer-
ation may have beneficial effects on AIDS. Finally, strategies
aimed to reduce death and to prolong the life span of CD4* T
cells could have a major impact on the progression of the
disease to AIDS.
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