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Increased lymphocyte turnover is a hallmark of pathogenic lentiviral infection. To investigate perturbations
in lymphocyte dynamics in natural hosts with nonpathogenic simian immunodeficiency virus (SIV) infection,
the nucleoside analog bromodeoxyuridine (BrdU) was administered to six naturally SIV-infected and five
SIV-negative sooty mangabeys. As a measure of lymphocyte turnover, we estimated the mean death rate by
fitting a mathematical model to the fraction of BrdU-labeled cells during a 2-week labeling and a median
10-week delabeling period. Despite significantly lower total T- and B-lymphocyte counts in SIV-infected sooty
mangabeys than in SIV-negative mangabeys, the turnover rate of B lymphocytes and CD4* and CD8" T
lymphocytes was not increased in the SIV-infected animals. A small, rapidly proliferating CD45RA* memory
subset and a large, slower-proliferating CD45RA ™ central memory subset of CD4™ T lymphocytes identified in
the peripheral blood of sooty mangabeys also did not show evidence of increased turnover in the context of SIV
infection. Independently of SIV infection, the turnover of CD4* T lymphocytes in sooty mangabeys was
significantly higher (P < 0.01) than that of CD8* T lymphocytes, a finding hitherto not reported in rhesus
macaques or humans. The absence of aberrant T-lymphocyte turnover along with an inherently high rate of
CD4* T-lymphocyte turnover may help to preserve the pool of central memory CD4* T lymphocytes in viremic

SIV-infected sooty mangabeys and protect against progression to AIDS.

Perturbations in lymphocyte dynamics manifesting as in-
creased lymphocyte turnover are a hallmark of chronic human
immunodeficiency virus (HIV) infection in humans and simian
immunodeficiency virus (SIV) infection in rhesus macaques
and believed to be central to the pathogenesis of CD4" T-
lymphocyte depletion in AIDS (6, 11, 12, 14, 19, 20, 27, 28).
Although the underlying mechanisms have been extensively
debated, there is widespread consensus that increased T-cell
activation is a critical factor driving the increased T-lympho-
cyte turnover in AIDS (10). A homeostatic response to CD4™
T-lymphocyte depletion is unlikely to be the sole or major
driving force since it does not account for the increased turn-
over of other lymphocyte subsets such as CD8" T lymphocytes,
B lymphocytes, and NK cells (6). Furthermore, normalization
of increased lymphocyte turnover in HIV-infected individuals
on antiretroviral treatment is associated with suppression of
viremia and immune activation and occurs prior to recovery
from CD4" T lymphocytopenia (10, 15, 20).

Sooty mangabeys are one of several nonhuman primate spe-
cies of African origin that are natural hosts of SIV. Despite the
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presence of persistent viremia ranging between 10° and 107
SIV  RNA copies/ml plasma, naturally SIV-infected sooty
mangabeys typically do not develop AIDS (25, 29). Over the
more than 20 years since SIV infection was first recognized in
captive sooty mangabeys, there has been only one reported
case of AIDS in this natural host (16). The mechanism of
nonpathogenicity in this species is a subject of intense research.
Unlike the case with pathogenic SIV infection, SIV-infected
sooty mangabeys show little evidence of increased immune
activation (29). Studies using the proliferation antigen marker
Ki-67 have shown no difference in the fraction of Ki-67-posi-
tive CD8" T lymphocytes (3, 29) between SIV-infected and
SIV-negative sooty mangabeys, raising the possibility that lym-
phocyte turnover is not increased in nonpathogenic SIV infec-
tion in its natural host. However, the data on CD4" T-lym-
phocyte proliferation in SIV-infected sooty mangabeys remain
controversial. One study reported an increase in the fraction of
Ki-67" CD4" T lymphocytes in the peripheral blood of SIV-
infected sooty mangabeys (29), while another study found no
difference in this fraction between SIV-negative and SIV-in-
fected sooty mangabeys (3).

In this study, we have investigated lymphocyte dynamics in
SIV-negative and SIV-infected sooty mangabeys by prolonged
in vivo administration of the DNA nucleoside analog bro-
modeoxyuridine (BrdU). In contrast to Ki-67 antigen, which
provides a snapshot view of cells proliferating at a given point
in time, BrdU administration has the advantage of enabling
dynamic follow-up of a population of dividing cells that incor-
porate BrdU during the labeling period. Additionally, Ki-67
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positivity need not always denote cycling cells. Ki-67" CD4" T
lymphocytes in HIV-infected individuals can show evidence of
cell cycle arrest in the G, phase (4). BrdU gets incorporated
into the DNA of dividing cells via the nucleoside salvage path-
way and can be detected by flow cytometry (27). Loss of BrdU
label in a phenotypically defined population can signify cell
death, decay of BrdU label due to repeated cell divisions, cell
differentiation, or exit of a labeled cell out of the peripheral
blood compartment being sampled. Modeling the rate of up-
take and decay of BrdU label provides useful quantitative
information on the dynamics of defined B- and T-lymphocyte
populations in sooty mangabeys. Our results conclusively dem-
onstrate an absence of increased turnover of multiple lympho-
cyte subsets including memory CD4™ T lymphocytes in viremic
SIV-infected sooty mangabeys. We also report a significantly
higher turnover rate of CD4™ T lymphocytes than of CD8" T
lymphocytes in sooty mangabeys, a finding hitherto not re-
ported in rhesus macaques or humans. The absence of aber-
rant T-lymphocyte turnover combined with an inherently high
turnover rate of CD4" T lymphocytes may be an important
factor protecting sooty mangabeys against STV-induced CD4*
T-lymphocyte depletion and AIDS.

MATERIALS AND METHODS

Animals. Sooty mangabeys were housed at the Yerkes National Primate Re-
search Center and maintained in accordance with federal and institutional guide-
lines for animal care. Five SIV-negative sooty mangabeys ranging in age between
3.9 and 11 years (median, 6.6 years), and six naturally SIV-infected sooty manga-
beys ranging in age between 7.3 and 14.1 years (median, 10.5 years) were
enrolled in the study.

BrdU administration. BrdU was administered daily for 14 days via the intra-
peritoneal route at a dose of 60 mg/kg of body weight/day. Blood was collected
twice a week during the 2-week labeling period and the first 2 weeks of the decay
phase. In all, BrdU was monitored for 4 to 13 weeks (median, 10 weeks) during
the decay phase. Peripheral blood counts were monitored for anemia, leucope-
nia, and thrombocytopenia during the period of BrdU administration.

Flow cytometric detection of BrdU-labeled lymphocytes. Lymphocytes isolated
from heparin blood shipped overnight to the New England Primate Research
Center were processed for detection of BrdU-labeled lymphocyte subsets by
five-color flow cytometry as previously described (27). At each time point, blood
from an SIV-negative sooty mangabey that did not receive BrdU was also
included in order to establish cutoff gates for a negative and positive BrdU signal.
Briefly, blood collected in tubes containing the anticoagulant heparin was sub-
jected to Ficoll-Hypaque density gradient centrifugation for isolation of periph-
eral blood mononuclear cells. After cells were washed with phosphate-buffered
saline (PBS) containing 2% heat-inactivated fetal calf serum (wash medium),
antibodies used for surface staining were added and the cells were incubated on
ice for 30 min in the dark. After washing, the surface-stained cells were sus-
pended in fresh 2% paraformaldehyde with 0.1% Tween 20 at 37°C for 30 min
and then at room temperature for another 30 to 60 min. Cells were then washed
and incubated for 30 min at 37°C with 50 Kunitz units of DNase I (Sigma-
Aldrich, St. Louis, MO) in 0.15 M NaCl and 4.2 mM MgClL, pH 5.0, to cleave
DNA strands at random. Following another wash, cells were suspended in 0.5%
Tween 20 in PBS along with anti-BrdU monoclonal antibody (clone B44) con-
jugated to fluorescein isothiocyanate (FITC) (BD Biosciences, San Jose, CA)
and incubated at room temperature for 30 to 45 min. Cells were then washed
twice with 0.1% Tween 20 in PBS and suspended in PBS with 2% paraformal-
dehyde until analysis. Samples were analyzed on a Becton Dickinson FACS
Vantage flow cytometer equipped with a Coherent Enterprise laser simulta-
neously emitting 360 nm and 488 nm and a Coherent helium-neon laser emitting
630 nm. Twenty thousand lymphocyte events were collected and analyzed using
Cellquest software (BD Biosciences) and Flow Jo software (Treestar Inc., San
Carlos, CA).

Antibodies. Monoclonal antibodies used included anti-BrdU monoclonal an-
tibody (clone B44) conjugated to FITC, anti-CD3 (clone 6G12; kindly provided
by J. Wong, Massachusetts General Hospital) conjugated to biotin or phyco-
erythrin (PE), anti-CD4 (clone SK3) conjugated to biotin or allophycocyanin
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(APC), anti-CDS8 (clone 51.1; American Type Culture Collection) custom con-
jugated to Cascade Blue (Chromaprobe, Mountain View, CA), anti-CD20 (clone
G44-26) conjugated to PE-Cy5, anti-CD45RA (clone L48) custom conjugated to
APC, anti-CD44 (clone G44-26) conjugated to PE, anti-CD28 (clone 28.2) con-
jugated to PE or FITC, and anti-CD95 (clone DX2) conjugated to APC. Strepta-
vidin Red613 (Gibco) was used as the secondary antibody. Antibodies were
obtained from BD Biosciences unless stated otherwise.

Mathematical modeling of lymphocyte turnover. The fraction of BrdU-labeled
cells over time was fitted to a previously used model of BrdU labeling, and
lymphocyte turnover was determined by estimating the mean death rate, d (per
day), of defined cell populations as previously reported (6, 26). Briefly, we have
a resting population that does not label, Ug, but a fraction of which can expand
into the dividing pool where labeling occurs at a rate a per cell. In addition to the
expansion of the resting population into the dividing activated pool, the labeled
fraction, L, is also affected by the rates of proliferation and death of this
population, p, and d,, respectively. During BrdU labeling, equations for the
unlabeled and labeled (U, and L4, respectively) cells in the activated popula-
tions can be written (equation 1), where proliferation of an unlabeled cell results
in two labeled daughter cells.

dUu,
a —(pa+d)U,

1
dL, (1)
ar aUg + (pa —d)La+ 2p4Uy

During the delabeling phase, activation from the resting pool results in unlabeled
activated cells, and the equations for the activated population are

dUu,
ar aUg + (pa—da)Uy

(2
dL,
ar = (pa—daL4

From equations 1 and 2 we can deduce the fraction of labeled cells over time,
before and after the labeling ends at time 5.

— p—(da+par
f_(l):{ fal—e )

f[_(tf.:)ei(d” —pa) (t — ()

fort =tz
fort > t; (©)

where f, represents the fraction of activated cells, assumed constant and given by
the quotient of activated cells over total cells.

Since the B-lymphocyte labeling profile showed an increase in the percentage
of BrdU™ cells well past the end of BrdU intake, the labeling times, ¢, in our fits
of the B-lymphocyte kinetics were allowed to be free as described previously (6).
The increase in BrdU™ B cells beyond the time of label administration was likely
due to recirculating B lymphocytes.

From the curve fits, the fraction of dividing cells (f,) and the proliferation (p )
and death (d ) rates were estimated. The mean death rate d (per day) is defined
as the weighted average of the death rates of the dividing and resting popula-
tions, i.e., d,f, + 0(1 — f,), because we assume that the resting population has
a negligible death rate, at least within the time scales of this experiment. This has
been shown to be a more robust parameter in this modeling approach and largely
independent of the choice of the mathematical model (5).

With one exception, we were able to fit the data well and obtain estimates of
the mean death rate of different lymphocyte subsets. The naive CD4™ T-cell
kinetics for one SIV-negative mangabey (mangabey FZN) did not give a reliable
fit due to lack of convergence of the Levenberg-Marquardt procedure used to fit
the data, and hence this animal was excluded from analysis of turnover of naive
CD4" T lymphocytes.

Statistical analysis. The nonparametric Mann-Whitney U test was used for
unpaired comparisons and the nonparametric Wilcoxon signed-rank test was
used for paired comparisons, while the Pearson test was used for correlation
analysis. Statistical analysis was performed with Statview (Abacus Concepts,
Berkeley, CA) and GraphPad Prism (GraphPad Software Inc., San Diego, CA).

RESULTS

Perturbations in peripheral T- and B-lymphocyte counts in
SIV-infected sooty mangabeys. Plasma SIV RNA levels ranged
between 8.3 X 10° and 2.0 X 10° copies/ml (median, 7.8 X 10*
copies/ml) in the six naturally SIV-infected sooty mangabeys.
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FIG. 1. Comparison of lymphocyte counts and BrdU label in SIV-negative and SIV-infected sooty mangabeys. (A and B) Peripheral T (CD3")-
and B (CD20™")-lymphocyte counts (A) and CD4* and CD8* T-lymphocyte counts (B) in five SIV-negative and six SIV-infected sooty mangabeys.

Lymphocyte counts prior to BrdU administration are shown. P values w

ere determined by the Mann-Whitney U test. (C) Relation between age

and lymphocyte counts in sooty mangabeys. Correlation coefficients (r) and P values were determined by the Pearson correlation test. (D to F)
Percent BrdU-positive cells for CD4" T lymphocytes (D), CD8" T lymphocytes (E), and CD20" B lymphocytes (F) during the label and decay

phases.

Based on the usual age of SIV seroconversion in captive sooty
mangabeys (8), the SIV-infected mangabeys in this study
would have been infected for at least 2 years (range, 2 to 9
years) at the time of BrdU administration. Peripheral T
(CD3%)- and B (CD20™")-lymphocyte counts were significantly
lower (P < 0.05) in the SIV-infected than in the SIV-negative
sooty mangabeys (Fig. 1A). A trend for lower CD4" T-lym-
phocyte counts in the SIV-infected mangabeys (median, 589/
wl; range, 33 to 1,856/pl) than in the SIV-negative mangabeys
(median, 1,233/pl; range, 892 to 1,684/ul) did not reach statis-
tical significance (Fig. 1B). Since an age-related decline in
CD4™" T-lymphocyte counts has been reported in sooty manga-
beys (2), we investigated whether the differences in lymphocyte
counts between SIV-negative and SIV-infected sooty manga-
beys could be attributed to age. An inverse correlation between
age and peripheral T- or B-cell counts was not observed (Fig.
1C). Thus, the B and T lymphopenia appears to be a direct
consequence of SIV infection. These data indicate that SIV
infection is not silent in its natural host.

Absence of increased T- and B-lymphocyte turnover in SIV-
infected sooty mangabeys. In order to investigate whether
chronic SIV viremia also leads to perturbations in lymphocyte
turnover in sooty mangabeys, the fraction of BrdU-labeled
cells in the peripheral blood of six naturally SIV-infected and
five SIV-negative sooty mangabeys given intraperitoneal BrdU
was measured over time by five-color flow cytometry. Blood
was sampled twice a week during the 2-week period of BrdU
administration (label phase) and once or twice a week there-
after, for a median of 10 weeks (decay phase). BrdU label in
the CD4" T lymphocytes of one SIV-infected sooty mangabey
with profound CD4* T lymphocytopenia (Fig. 1B) could not
be reliably assessed because of low cell numbers, and hence
this animal was excluded from analysis of CD4 " T-lymphocyte
turnover.

BrdU label accumulated and decayed exponentially in
CD4" and CD8" T lymphocytes and in B lymphocytes (Fig.
1D to F). Despite the differences in lymphocyte counts be-
tween SIV-infected and SIV-negative sooty mangabeys, there
was considerable overlap in the rate of uptake and decay of
BrdU label in T and B lymphocytes between the two animal

groups (Fig. 1D to F). At the end of the labeling period, B
lymphocytes contained the highest proportion of BrdU-labeled
cells (mean = standard deviation [SD], 19.7% = 5.9%), fol-
lowed by CD4" T lymphocytes (mean *= SD, 12.3% =* 5.5%)
and CD8" T lymphocytes (mean + SD, 9.7% = 3.5%).

The fraction of BrdU-labeled cells over time was fitted with
a mathematical model and used to estimate the mean death
rate d of different lymphocyte subsets as a measure of their
turnover (Fig. 2A). Consistent with the considerable overlap in
BrdU label uptake and decay between SIV-infected and SIV-
negative sooty mangabeys, there was no difference in the mean
death rates of CD4 " T lymphocytes, CD8" T lymphocytes, and
B lymphocytes between the two animal groups (Table 1), con-
firming the absence of increased lymphocyte turnover in sooty
mangabeys naturally infected with SIV. Despite the presence
of low CD4* T-lymphocyte and B-lymphocyte counts in SIV-
infected sooty mangabeys (Fig. 1A and B), there were no
statistically significant correlations between CD4" T or B lym-
phopenia and the mean death rate of the respective lympho-
cyte subsets (data not shown). The level of SIV viremia did not
correlate with the turnover rate of any lymphocyte subset, and
neither did it correlate with CD4" T lymphocytopenia (data
not shown).

There was a strong positive correlation between the turnover
rates of total CD4™" and CD8" T lymphocytes (Fig. 2B) and
CD45RA™ memory CD4* and CD8" T lymphocytes (r =
+0.80; P = 0.005; data not shown). Thus, similar to rhesus
macaques, the turnover of the two T-lymphocyte subsets is
closely linked and likely regulated by the same factor(s). In
contrast to that in rhesus macaques (6), B-lymphocyte turnover
in the sooty mangabeys was inversely correlated with CD4™
T-lymphocyte turnover (Fig. 2C) and did not correlate with
CD8" T-lymphocyte turnover (data not shown).

High turnover rate of CD4* T lymphocytes in sooty manga-
beys. In order to ascertain whether the dynamics of normal
lymphocyte turnover differed between sooty mangabeys and
rhesus macaques, we investigated the relative turnover rates of
different lymphocyte subsets in sooty mangabeys. Similar to
findings in rhesus macaques (6), the turnover rate of B lym-
phocytes in sooty mangabeys was significantly higher than that
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FIG. 2. Mean death rates of lymphocyte subsets in sooty mangabeys. (A) Representative curve-fit plots for CD4" T lymphocytes, CD8" T
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of CD4* and CD8" T lymphocytes (Fig. 3A). The estimated
mean half-life of total B lymphocytes was 41 days compared to
63 days for CD4" T lymphocytes and 93 days for CD8" T
lymphocytes (Table 2). Interestingly, CD4 ™" T lymphocytes had
a significantly higher mean death rate and shorter half-life than
did CD8" T lymphocytes (Fig. 3A and B; Table 3), an obser-
vation not previously reported in rhesus macaques or humans.
The difference in turnover rate did not appear to be due to
differences in the composition of memory cells within CD4*

and CD8" T lymphocytes. CD45RA™ memory cells were the
dominant population and present at comparable frequencies
within both CD4™" and CD8" T lymphocytes (data not shown).
Moreover, CD45RA™ memory CD4" T lymphocytes also had
a significantly higher mean death rate than did CD45RA™
memory CD8" T lymphocytes (Table 3). Finally, the difference
in turnover rate between CD4" and CD8" T lymphocytes was
apparent even when the SIV-negative and SIV-infected
mangabeys were analyzed separately (Fig. 3C), suggesting that

TABLE 1. Lymphocyte turnover rates in SIV-negative and SIV-infected sooty mangabeys

Mean death rate d (per day)*

Lymphocyte type P4
SIV- (n = 5 SIV* (1 = 6)°

Total CD4* T 0.012 (0.009-0.016) 0.011 (0.006-0.017) 1.00
Total CD8* T 0.008 (0.005-0.011) 0.009 (0.006-0.013) 0.33
Total CD20" B 0.016 (0.013-0.020) 0.020 (0.012-0.027) 0.43
Naive CD4" T¢ 0.010 (0.002-0.018) 0.006 (0.001-0.011) 0.11
CD45RA™ memory CD4" T 0.012 (0.009-0.015) 0.011 (0.006-0.016) 1.00
CD45RA™ memory CD4" T 0.018 (0.012-0.024) 0.023 (0.012-0.034) 0.42
CD45RA™ memory CD8" T 0.010 (0.006-0.015) 0.008 (0.004-0.012) 0.54

“ Numbers in parentheses are 95% confidence intervals of the means.
?n = 4 for naive CD4" T lymphocytes because of exclusion of one animal with poor data fitting to curve.

¢n =5 for CD4" T lymphocytes due to exclusion of one SIV-infected sooty mangabey with severe CD4™ T lymphopenia.
4 Determined by Mann-Whitney U test.

¢ CD45RA™ CD44''~.
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it was independent of SIV infection and an inherent feature of
lymphocyte turnover in sooty mangabeys.

Turnover of naive and memory CD4* T lymphocytes in
sooty mangabeys. The absence of increased turnover of total
CD4" and CD8™" T lymphocytes in SIV-infected sooty manga-
beys did not exclude the possibility of a subset of these cells,
whether naive or memory, being differentially affected by SIV
infection. Since the five-color flow cytometry panel used for
determining the fraction of BrdU-labeled cells included the
phenotypic markers CD45RA and CD44, we first validated
their use for defining naive and memory CD4" and CD8™
T-lymphocyte subpopulations in sooty mangabeys.

Dual staining with CD44 and CD45RA delineated three
distinct subpopulations of CD4" T lymphocytes; CD44'/~
CD45RA™ (designated as “naive), CD44" CD45RA'~ (des-
ignated as “CD45RA~ memory”), and CD44™ CD45RA™
(designated as “CD45RA™ memory”) (Fig. 4A). In separate
four-color flow cytometry experiments performed on periph-
eral blood and tissue lymphocytes derived from SIV-negative
sooty mangabeys, lymphocytes were stained for surface CD4,
CD44, and CD45RA concurrent with CD95, a marker used to
distinguish memory from naive cells (24). CD4* T lymphocytes
designated as CD45RA™ and CD45RA™ memory were larger
in size (higher forward scatter) and expressed more CD95 than
did cells designated as “naive” (Fig. 4A). Consistent with a
naive phenotype, CD44'~ CD45RA™ cells made up the ma-
jority of CD4" T lymphocytes in a newborn (10-day-old)

TABLE 2. Half-lives of lymphocyte subsets in sooty mangabeys

Mean half-life (days) + SD

Cell type
SIV™ SIV* All

CD4" T cells

Total 59 + 16 67 =23 63 = 19

Naive” 81 =35 138 = 51 112 = 51

CD45RA— memory” 58+9 70 = 27 64 + 20

CD45RA" memory* 41 = 14 34 +15 38+ 14
CD8" T cells

Total 100 = 35 86 = 35 93 + 34

CD45RA™ memory” 74 + 21 100 = 45 88 = 37
CD20™" B cells

Total 43 +9 39 +12 41 = 10

“ CD45SRA™ CD44'/".
» CD45RAM/~ CD44M.
© CD45RAM CD44",

mangabey and declined with increasing age (Fig. 4B). Addi-
tional validation of the naive and memory phenotypic desig-
nations was provided by their differential distribution at induc-
tive and effector tissue sites. Tissue lymphocytes derived at
necropsy from three SIV-negative sooty mangabeys that had
died of natural causes were analyzed (Fig. 4C). Naive CD4* T
lymphocytes were enriched at an inductive site represented by
the lymph node but accounted for <15% of CD4" T cells at
effector sites represented by the jejunal mucosa and lung tissue
(Fig. 4C). Conversely, CD45RA™~ memory cells accounted for
>70% of CD4™ T lymphocytes at these two effector sites but
were not the dominant population in the lymph nodes (Fig.
4C). Of note, the majority of CD45RA™ memory CD4* T
lymphocytes in the peripheral blood were CD28* (Fig. 4D),
suggesting that they were central memory cells (24). In all,
these data broadly support the naive and memory designation
of CD4" T lymphocytes based on coexpression patterns of
CD44 and CD45RA. Coexpression of CD44 and CD45RA on
CD8" T lymphocytes showed considerable variability in pat-
terns of expression that could not be sufficiently validated by
four-color flow cytometry (data not shown). Hence, turnover
of only the CD45RA™ memory subset of CD8" T lymphocytes
was analyzed.

Mathematical modeling showed a good fit of the BrdU label
data for the CD45RA™ memory CD4" and CD8" T lympho-
cytes (Fig. 5A). The fit quality was not as good for the naive
and CD45RA™ memory CD4" T lymphocytes, possibly due to
the smaller size of these pools leading to greater variation in
the data (Fig. 5A). Nevertheless, we found that the mean death
rate estimated for the whole CD4™ T-lymphocyte population
and the weighted mean death rate, considering the fractions
and death rates of each subpopulation, differed by an average
of only 6%.

SIV-infected sooty mangabeys had lower absolute numbers
of naive and memory CD4" T lymphocytes than did SIV-

TABLE 3. Comparison of CD4* and CD8" T-lymphocyte turnover
in sooty mangabeys

Mean d (per day) = SD for

Cell type T-lymphocyte type: pa
CD4* CD8"
Total 0.0119 = 0.0035 0.0084 = 0.0029 0.002
CD45RA™ memory 0.0116 = 0.0031 0.0091 = 0.0035 0.004

“ Determined by Wilcoxon signed-rank test.
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are shown. (E) Comparison of half-lives of naive and memory CD4" T lymphocytes. P values were determined by the Wilcoxon signed-rank test.
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FIG. 5. Turnover of naive and memory T lymphocyte subsets in sooty mangabeys. (A) Representative curve fits of BrdU-labeled naive and
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peripheral naive and memory CD4" and CD8" T-lymphocyte counts in SIV-infected and SIV-negative sooty mangabeys.

negative sooty mangabeys, although the differences did not
reach statistical significance (Fig. 5B). Similar to the total
CD4™ and CD8™" T-lymphocyte population, there was no dif-
ference in the mean death rate of the naive and memory CD4*
and memory CD8* T-lymphocyte subpopulations between
SIV-infected and SIV-negative sooty mangabeys (Table 1),
suggesting that the absence of increased turnover in viremic
SIV-infected sooty mangabeys applies to both naive and mem-
ory T-lymphocyte populations.

Consistent with their naive and memory designations, naive
CD4™" T lymphocytes had a longer half-life than did the two
memory CD4" T-lymphocyte populations (Fig. 4E; Table 2).
The CD45RA™ memory cells, which accounted for <10%
(range, 3.1 to 8.0%) of CD4" T lymphocytes, were composed
of rapidly proliferating cells with a significantly shorter half-life
(mean, 38 days) than that of the naive subset and the dominant
CD45RA™ memory subset of CD4" T lymphocytes (Fig. 4E;
Table 2). However, the difference in turnover rate of naive and
CD45RA™ memory CD4™ T lymphocytes failed to reach sta-
tistical significance (Fig. 4E). An overlap between the naive
and the rapidly proliferating CD45RA™ memory CD4* T lym-

phocytes (Fig. 4A) might have led to an overestimation of the
turnover rate of the naive CD4™ T lymphocytes.

The turnover of total CD4" T lymphocytes was strongly
correlated with the dominant CD45RA™ memory population
(r = +0.70, P = 0.02) and less so with the minor CD45RA™
memory population (r = +0.54, P = 0.10). There was no
correlation between the turnover of total and naive CD4* T
lymphocytes (r = +0.007, P = 0.98) or between CD45RA™
memory and naive CD4 " T lymphocytes (r = +0.06, P = 0.88),
suggesting that the homeostatic mechanisms for maintaining
naive and memory CD4" T lymphocytes in the peripheral
blood are independently regulated.

DISCUSSION

By modeling the rate of uptake and decay of BrdU label in
vivo in sooty mangabeys, this study provides the first dynamic
estimates of lymphocyte turnover in a natural host of SIV. Our
study confirms the absence of increased turnover of CD8" T
lymphocytes in viremic naturally SIV-infected sooty manga-
beys and, additionally, extends this observation to multiple
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other lymphocyte subsets, namely, total, naive, and memory
CD4™" T lymphocytes and total B lymphocytes. Other notable
findings include the identification of a rapidly proliferating
CD44" CD45RAM memory subset of CD4" T lymphocytes in
sooty mangabeys and demonstration of a faster turnover of
CD4™" T lymphocytes than of CD8" T lymphocytes in this
species.

Similar to pathogenic lentiviral infection, SI'V-infected sooty
mangabeys had significantly lower total T- and B-lymphocyte
counts and a trend toward lower numbers of naive and memory
CD4™ T lymphocytes compared to SIV-negative sooty manga-
beys. The lymphopenia was not related to aging and was likely
a direct result of SIV infection. Despite these perturbations,
lymphocyte turnover was not increased and there was no cor-
relation between lymphocyte turnover and viral load or the
extent of CD4" T lymphocytopenia in SIV-infected sooty
mangabeys. These findings contrast with the twofold-or-
greater increase in turnover of multiple lymphocyte subsets
(CD4" and CD8" T lymphocytes, B lymphocytes, and NK
cells) directly related to the level of viremia and extent of
CD4™" T lymphocytopenia observed in SI'V-infected rhesus ma-
caques (6, 19, 27). The presence of T and B lymphopenia but
not increased lymphocyte turnover in naturally SIV-infected
sooty mangabeys suggests that homeostatic mechanisms do not
contribute in any significant manner to the occurrence of ab-
errant lymphocyte turnover in AIDS. Instead, these data pro-
vide further support for chronic immune activation being the
principal driving force behind the increased lymphocyte turn-
over of pathogenic lentiviral infection. Why chronic viremia is
not associated with aberrant immune activation in natural
hosts of SIV is still not known. We have previously shown that
the magnitude and quality of the SIV-specific T-cell response
do not differ between naturally SIV-infected sooty mangabeys
and rhesus macaques with chronic pathogenic SIV infection
(31). Hence, it is unlikely that the aberrant immune activation
in AIDS reflects immunopathology due to an inappropriate or
excessive antiviral T-cell immune response. The presence of an
intact adaptive T-cell response to SIV in sooty mangabeys
suggests that proliferation of SIV-specific T lymphocytes has
little or no contribution to the increased T-cell turnover of
pathogenic chronic lentiviral infection.

This study has provided important insights into the biology
of normal lymphocyte turnover in sooty mangabeys and points
to the intriguing possibility of species-specific differences be-
tween hosts with pathogenic and nonpathogenic lentiviral in-
fection. With the exception of Ki-67 expression (3), there are
no comparative data on differences or similarities in the biol-
ogy of lymphocyte turnover between sooty mangabeys and
rhesus macaques. In published studies that have used in vivo
BrdU labeling to compute lymphocyte turnover in rhesus ma-
caques, BrdU was either administered orally for 3 weeks (6,
19) or administered for 2 weeks via the intraperitoneal and
oral routes (27). Since the measured death rate of lymphocytes
using in vivo DNA labeling techniques is subject to variation
with the length of the labeling period, dosage, and route of
administration and the mathematical model used for calcula-
tion of turnover rates (1, 5), comparison of actual turnover
rates between different studies is difficult. However, interspe-
cies comparisons based on relative turnover rates of different
lymphocyte subsets may still be meaningful. Thus, BrdU label-
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ing studies have highlighted certain similarities in lymphocyte
turnover between sooty mangabeys and rhesus macaques (6,
19, 27). In both species, B lymphocytes turn over at a signifi-
cantly higher rate than do T lymphocytes. Additionally, the
strong direct correlation between CD4" and CD8" T-lympho-
cyte turnover suggests that the turnover of the two major
T-lymphocyte subsets is closely linked and likely influenced by
similar factors in the two nonhuman primate species.

Two possible differences from rhesus macaques were ob-
served. The turnover rate of CD4™ T lymphocytes in sooty
mangabeys was significantly higher than that of CD8" T lym-
phocytes irrespective of the presence or absence of SIV infec-
tion. Such a difference has not to our knowledge been reported
for rhesus macaques. In one BrdU labeling study which used
the same mathematical model used in the current study, the
measured mean death rates of CD4™ and CD8* T lympho-
cytes in rhesus macaques did not appear to be different from
each other. In contrast, CD8" T-lymphocyte turnover in SIV-
negative rhesus macaques appeared to be equal to or higher
than CD4" T-lymphocyte turnover (6). The calculated mean
daily replacement rates for CD3" CD4" and CD3" CD4~ T
lymphocytes in SIV-negative rhesus macaques were 0.9% and
1.1%, respectively (6, 19). In our study, the corresponding
mean daily replacement rates in sooty mangabeys were 1.2%
for CD4" T lymphocytes and 0.8% for CD8" T lymphocytes.
It should be noted that because of different study designs,
including duration and route of BrdU administration, the in-
terstudy comparison does not allow us to ascertain whether the
turnover rate of CD4" T lymphocytes in sooty mangabeys is
significantly different from that in rhesus macaques. Although
our study revealed a roughly 30% higher turnover rate of
CD4" T lymphocytes than of CD8" T lymphocytes in sooty
mangabeys, studies based on Ki-67 expression have not re-
ported such a difference (3, 29). This discrepancy is likely
related to differences in the methodology of measuring lym-
phocyte turnover. While Ki-67 antigen provides a snapshot
view of proliferating cells, in vivo BrdU administration results
in cumulative information on labeled cycling cells which can be
followed over time. A time series analysis of labeling and
delabeling in lymphocytes provides a more powerful and sen-
sitive measure of T-lymphocyte turnover.

Another difference from rhesus macaques was the lack of
any correlation between B-lymphocyte and CD8" T-lympho-
cyte turnover and an inverse correlation between the turnover
of B lymphocytes and CD4" T lymphocytes in sooty manga-
beys. In rhesus macaques, B-lymphocyte turnover was shown
to be directly correlated with both CD4* and CD8" T-lym-
phocyte turnover (6). Since this analysis mainly included SIV-
infected macaques (6), it is possible that the direct correlation
between B-lymphocyte turnover and turnover of T-lymphocyte
subsets reflected increased turnover of all lymphocyte subsets
in SIV infection rather than a true difference in lymphocyte
turnover biology between rhesus macaques and sooty manga-
beys.

The finding of a higher turnover rate of CD4* T lympho-
cytes relative to CD8" T lymphocytes in sooty mangabeys was
unexpected. A higher turnover rate of CD4™ T lymphocytes is
contrary to what would be expected from the comparative
proliferative capacity of CD4" and CD8" T lymphocytes in
response to antigen exposure. CD4 " T lymphocytes proliferate



1092 KAUR ET AL.

less than CD8" T lymphocytes in response to in vitro antigenic
stimulation (7). Compared to CD8" T lymphocytes, CD4" T
lymphocytes undergo limited division and clonal expansion in
vivo in response to viral infections (13, 21). In human subjects
with bone marrow transplant or chemotherapy-induced myelo-
suppression, regeneration of CD8" T lymphocytes occurs sig-
nificantly faster than does CD4" T-lymphocyte regeneration
(18). However, factors responsible for antigen-driven prolifer-
ation may be quite different from those driving normal turn-
over of memory T lymphocytes. In the murine system, it has
been shown that normal turnover of memory CD8" T lympho-
cytes is T-cell receptor independent and mediated by interleu-
kin 15 (32). Interestingly, proliferation of different memory
subsets of CD4" T lymphocytes in mice can be as high as or
higher than that of CD8" T lymphocytes (30, 32). Recently, a
higher turnover of CD4™ T cells than of CD8* T cells has also
been observed in HIV-negative volunteers from ex vivo BrdU
labeling studies of peripheral blood mononuclear cells (Marta
Catalfamo, personal communication). Hence, the finding of
higher turnover rates of CD4" T lymphocytes may not be
unique to sooty mangabeys. It remains to be determined
whether sooty mangabeys have a greater homeostatic prolifer-
ative capacity of CD4" T lymphocytes than do rhesus ma-
caques. If true, it raises the intriguing possibility that an inher-
ently higher rate of CD4 " T-lymphocyte turnover helps protect
sooty mangabeys against developing irreversible CD4 " T-lym-
phocyte depletion.

This paper is also the first to report on the cycling properties
of naive and memory CD4" T-lymphocyte subsets in sooty
mangabeys. Based on coexpression of CD44 and CD45RA, a
long-lived CD45RA™ memory population and a short-lived
CD45RA™ memory population of peripheral blood CD4" T
lymphocytes were identified. The rapidly cycling CD45RA™
memory CD4" T lymphocytes constituted <10% of peripheral
CD4" T lymphocytes and are likely effector memory cells (12,
17). The slower-proliferating CD45RA™ memory subset,
which made up most of the memory CD4™ T lymphocytes,
largely consists of CD28* cells in the peripheral blood and thus
is likely to consist predominantly of central memory CD4" T
lymphocytes. There was no evidence of increased turnover of
either the short-lived effector or the long-lived central memory
CD4™" T lymphocytes in SIV-infected mangabeys, consistent
with immune activation being the principal driver of increased
proliferation in AIDS. This observation is particularly striking
in light of the recent observation that acute SIV infection
induces significant depletion of CD4™ T lymphocytes at effec-
tor sites even in its natural host (9, 23). Even though it is likely
that depletion of CD4™ T lymphocytes at effector sites contin-
ues into the chronic phase of SIV infection in sooty manga-
beys, the absence of increased turnover of memory CD4* T
lymphocytes suggests that its extent is limited in SIV-infected
sooty mangabeys. Thus, constraints on central memory CD4 ™"
T-lymphocyte homeostasis imposed by continuing loss of ef-
fector memory CD4™" T lymphocytes that are observed in SIV-
infected rhesus macaques progressing to AIDS (22) appear to
be restricted or absent in SIV-infected sooty mangabeys.

In summary, this study conclusively demonstrates the ab-
sence of increased turnover of multiple lymphocyte subsets
during the chronic phase of infection in a natural host of SIV.
Our data suggest that normal T-cell turnover, an intrinsically
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high rate of CD4™ T-lymphocyte turnover compared to CD8™
T-lymphocyte turnover, and an intact central memory CD4*
T-lymphocyte pool may all be contributing factors that help
maintain adequate CD4" T-cell homeostasis for a prolonged
duration in SIV-infected sooty mangabeys.
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