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Rapid Turnover of T Lymphocytes in
SIV-Infected Rhesus Macaques

Hiroshi Mohri, Sebastian Bonhoeffer, Simon Monard,
Alan S. Perelson, David D. Ho*

Studies of lymphocyte turnover in animal models have implications for understanding the
mechanism of cell killing and the extent of lymphocyte regeneration in human immu-
nodeficiency virus infection. Quantitative analyses of the sequential changes in bro-
modeoxyuridine labeling of CD4 and CD8 T lymphocytes not only revealed the normal
proliferation and death rates of these cell populations in uninfected macaques, but also
showed a substantial increase in these rates associated with simian immunodeficiency
virus (SIV) infection. Faster labeling and delabeling in memory and naive T lymphocyte
subpopulations as well as in NK (natural killer) and B cells were also observed in infected
macaques, suggesting a state of generalized activation induced by SIV.

Human immunodeficiency virus—1 (HIV-
1) replication in infected persons is contin-
uous, with a rapid turnover of virions and
productively infected CD4 lymphocytes
(I). A recent study has shown similar viral
kinetics in rhesus macaques infected by SIV
(2). To maintain a dynamic equilibrium,
the loss of infected cells must be continu-
ously replaced by de novo infection of sus-
ceptible CD4 lymphocytes (1, 3). By quan-
tifying the rebound in CD4 T cell counts
during potent antiretroviral therapy in pa-
tients, a turnover rate of 1 X 10% to 2 X 10°
cells/day was determined (1), although a
normal rate was not available for compari-
son. However, this estimate of lymphocyte
turnover would be too high if the CD4 cell
rebound was largely due to lymphocyte re-
distribution rather than production (4). But
recent studies have found CD4 lymphocyte
expansion in both blood and lymphoid tis-
sues in patients started on effective antiret-
roviral therapy (5), suggesting that cellular
redistribution is only part of the explana-
tion for the lymphocyte rise during treat-
ment. Nevertheless, some have argued
strongly against a rapid turnover of CD4
lymphocytes during HIV-1 infection, based
on the stability of telomere length in CD4
T cells of infected persons (6). To better
quantify lymphocyte dynamics in vivo, we
conducted a study in normal and SIV-in-
fected rhesus macaques, using the incorpo-
ration of the nucleoside analog bromode-
oxyuridine (BrdU) to mark proliferating
lymphocytes as well as to track their subse-
quent fate.

Sixteen adult rhesus macaques (age
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range of 8.0 to 18.5 years, mean of 14.0
years; weight range of 5.6 to 10.4 kg, mean
of 7.7 kg), including four uninfected and 12
infected with SIVmac251, were used for
this study (Table 1). Five infected monkeys
had relatively low plasma viral load
(=20,000 RNA copies per milliliter),
whereas seven had high levels (=140,000
RNA copies per milliliter). For the first 3
weeks of the experiment, BrdU (Sigma) was
placed in the drinking water (0.5 mg/ml),
and its intake was carefully recorded for
each animal. During this labeling phase,
BrdU was incorporated into the DNA of
proliferating cells. No toxicity was observed
clinically or by routine laboratory testing.
Blood samples were taken at weeks 0, 1, 2,
and 3; lymph node biopsies and bone mar-
row aspirations were also performed on each
macaque at week 3. Thereafter, all monkeys
were placed back on normal drinking water,
and during this delabeling phase of the
experiment, blood samples were collected at
weeks 4, 5, 6, 7, and 10.

Mononuclear cells from blood were iso-
lated by Ficoll-Hypaque centrifugation for
analysis. Cell-surface staining was first per-
formed with monoclonal antibodies specific
for CD3, CD4, CD45RA, CD20, and CD16
(7), followed by staining with a monoclonal
antibody to BrdU conjugated to fluorescein
isothiocyanate (FITC; Becton Dickinson)
(8) before flow cytometric analysis.

That the rapidly growing myeloid cells
from the bone marrow were on average 87%
BrdU-positive (BrdU+) suggests adequate
signal uptake into proliferating cells in each
macaque. BrdU incorporation was also ob-
served in T lymphocytes in blood and lymph
node, albeit at a lower percentage. Labeled
cells were readily quantified into blood
CD3"CD4" and CD3*CD4~ lymphocytes,
with either the “naive” (CD45RA™) or
“memory” (CD45RA~) phenotype. At the
end of the labeling period, the fraction of

blood CD3*CD4" and CD3*CD4~ lym-
phocytes that were BrdU+ was quite similar
to that found in the corresponding cell pop-
ulations in the lymph node (9), suggesting
that the kinetics of cell labeling in blood is
similar to that in lymphoid tissues. Thus, all
sequential studies were performed only on
blood samples.

In each macaque, the percentage of
BrdU+ cells among CD3"CD4* and
CD3"CD4~ lymphocytes increased during
the labeling period and declined thereafter.
The rise and fall of BrdU positivity in both
cell populations were most dramatic for the
infected monkeys with high viral load, in-
termediate for the infected monkeys with
low viral load, and lowest for the normal
monkeys (Fig. 1A). In general, this pattern
was representative of results obtained from
the three different groups of experimental
animals. Qualitatively, it is intuitive that a
high labeling rate followed by rapid decay
rate suggests faster turnover of the cell pop-
ulation. For the past two decades, results of
BrdU labeling and decay experiments have
been analyzed by comparing the slope of the
rise in labeled cells as well as the slope of
the loss of such cells (10). However, the
values of these slopes do not directly reflect
a particular biologic property of the cell
population under study; instead, they repre-
sent a composite property of the popula-
tion’s proliferation rate and death rate. To
obtain more explicit information, we devel-
oped a mathematical model that could yield
estimates of proliferation and death rates.

The number of cells in the CD4* and
CD4~ T cell subpopulations can change by
cell proliferation, cell death, and input of
cells from a source (Fig. 2). The source
represents replenishment of T cells by the
thymus, extrathymic sites, or a subpopula-
tion of peripheral T cells that can be re-
cruited into active division (11). We as-
sume that each cell population is at steady
state before BrdU labeling and that labeling
is not toxic. We further assume that once
BrdU is introduced, the progenies of all
dividing cells are labeled (12). After BrdU
is introduced, we propose that the number
of unlabeled cells, U, and labeled cells, L,

changes as follows

dU/dt = sy - pU —dU
dL/dt = s, + 2pU + pL-dL

(la)
(1b)

where p and d are the proliferation and
death rates per cell, respectively, s, and s
are the rates of entry of unlabeled and la-
beled cells into the subpopulation from the
source, and the factor of 2 in Eq. 1b reflects
the assumption that, on division, an unla-
beled cell gives rise to two labeled proge-
nies. After time T, the end of BrdU admin-

istration at week 3, we assume the progenies
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Table 1. Baseline characteristics of uninfected and SIV-infected rhesus ma-
caques, and a summary of the proliferation and death rates of their T lympho-
cytes. Proliferation and death rates were estimated using nonlinear least-
sqguares regression. The subroutine DNLS1 from the Common Los Alamos
Software Library, which is based on the Levenberg-Marquardt algorithm, was
used to minimize the sum of the squared differences between the theoretical
and measured values for each data point. Lower and upper 68% confidence

bounds were calculated by a bootstrap method (29) and are shown in paren-
theses. Some estimates of p are listed as zero. This only implies that the
rounded estimate is <0.001. Because we only labeled with BrdU for 3 weeks,
our method cannot detect cells that divide very infrequently. Furthermore, the
theoretical model as described by Eq. 3 is based on the assumption that
labeling of dividing cells is 100% effective. If this is not the case, then the
estimate of p will underestimate the true proliferation rate. ND, not done.

Baseline values Proliferation rate, p (day~")

BrdU intake
Macaques Plasma Virions* CD4 cells (mg/kg/day) CD3+CD4+ CD3+CD4-
(10% per mi) (per wl)

Uninfected

Rh 1372 ND 1662 41 0.003 (0.002-0.003) 0.001 (0.000-0.002)

Rh 1426 ND 1801 43 0.000 (0.000-0.014) 0.000 (0.000-0.012)

Rh 1466 ND 1017 60 0.000 (0.000-0.013) 0.000 (0.000-0.009)

Rh 1458 ND 848 63 0.001 (0.000-0.011) 0.003 (0.002-0.003)
Mean + SE 1307 52 0.001 = 0.0006 0.001 = 0.0006
Weighted meant + SE 0.008 * 0.0005 0.002 = 0.0090
Infected (low)

Rh 1394 <10 1180 39 0.022 (0.006-0.038) 0.004 (0.000-0.020)

Rh 1294 <10 906 37 0.001 (0.000-0.023) 0.000 (0.000-0.017)

Rh 1380 <10 900 33 0.009 (0.000-0.021) 0.000 (0.000-0.013)

Rh 1436 <10 404 60 0.000 (0.000-0.020) 0.000 (0.000-0.011)

Rh 1324 20 953 40 0.013 (0.007-0.019) 0.017 (0.004-0.026)
Mean = SE 869 42 0.009 = 0.0042 0.004 = 0.0032
Weighted mean = SE 0.011 = 0.0057 0.003 * 0.0051
Infected (high)

Rh 1314 140 295 31 0.000 (0.000-0.053) 0.001 (0.000-0.042)

Rh 1316 450 568 58 0.025 (0.015-0.038) 0.015 (0.007-0.025)

Rh 1292 530 690 35 0.038 (0.031-0.061) 0.068 (0.047-0.098)

Rh 1442 1200 668 54 0.000 (0.000-0.021) 0.000 (0.000-0.017)

Rh 1284 1500 366 59 0.000 (0.000-0.018) 0.000 (0.000-0.019)

Rh 1296 1900 296 42 0.107 (0.064-0.728) 0.040 (0.023-0.063)

Rh 1348 2200 391 65 0.050 (0.020-0.089) 0.038 (0.023-0.051)
Mean + SE 1131 468 49 0.031 + 0.0147+ 0.023 + 0.0099+

Weighted mean + SE

0.010 £ 0.0104 0.015 + 0.0090

of labeled cells remain labeled because
BrdU+ chromosomes segregate indepen-
dently into daughter cells (13). Thus, after
BrdU administration is stopped

dUJde = s’y + pU—-dU  (2a)
dLjdt = s, + pL—dL (2b)

where s'(; and s'; are the rates of entry of
unlabeled and labeled cells into the sub-
population from the source during the dela-
beling phase. Solving Egs. 1 and 2, we find
that the fraction of labeled cells, f;, is to a
good approximation given by

fllt) =C (1 —e®* Y if ¢ <T
fL(t) =C (1 = @ +dT)e-d-p)e=D) gy =T
(3)

where C is a constant (14).

By least-squares regression, the nonlin-
ear Eq. 3 fitted the data for CD3*CD4™"
and CD3*CD4~ lymphocytes, thereby
yielding estimates of p and d for each cell
population (Fig. 1A). Results for each ma-
caque were analyzed in this fashion, and
parameter estimates were obtained (Table

1). For the normal monkeys, the mean val-
ues of p (day™!) were 0.001 + 0.0006 and
0.001 = 0.0006 for CD3*CD4* and
CD3*CD4~  populations,  respectively;
mean values of d (day™!) were higher,
0.010 = 0.0023 and 0.011 * 0.0013, re-
spectively. Compared to these values, esti-
mates of p and d were several-fold higher for
SIV-infected monkeys with low viral load;
estimates were even higher for infected
monkeys with high viral load. The esti-
mates of p had broad 68% confidence in-
tervals (see Table 1 legend), thus statisti-
cally significant differences were achieved
only by comparing normal macaques with
those with high viral load. By contrast,
values of d had smaller 68% confidence
intervals, and statistical significance was
obtained when comparing normal animals
to any infected group. Taken together, the
results indicate that the turnover of
CD3*"CD4* and CD3*CD4~ lymphocyte
populations is substantially higher in SIV-
infected macaques compared with normal
animals.

Rates of BrdU labeling and delabeling

were also determined in additional cell pop-

ulations, including CD3*CD4" and
CD3"CD4~ T lymphocytes that were either
CD45RA™ (naive) or CD45RA~ (memo-
ry). CD3-CD8*CD16* (NK) and CD3-
CD20" (B lymphocytes) cells were exam-
ined as well. Results from three examples
are shown in Fig. 1B. Findings in
CD3*CD4* and CD3*CD4~ populations
were quite similar, and CD45R A~ subpopu-
lations were turning over faster than
CD45RA™ subpopulations. For each cell
type shown in Fig. 1B, the labeling and
delabeling rates were highest for infected
macaques with high viral load and lowest
for normal macaques. The mathematical
model described above may not be appro-
priate to describe these populations, partly
because of the interconversion of cells be-
tween CD45RA™* and CD45RA™ T lym-
phocytes (15) and the different population
dynamics of B and NK cells. Therefore,
only qualitative analyses were performed.
The mean values of the downslopes of the
regression lines during the delabeling phase
(16) were determined for each group of
experimental animals (Table 2). These
numbers demonstrate that CD45RA~ sub-
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Table 1. (continued)

Death rate, d (day™

Y

Percent replacement (day ")

Macaques
CD3*CDh4+ CD3*CD4~ CD3+CD4+ CcD3+CDh4~

Uninfected

Rh 1372 0.005 (0.004-0.005) 0.007 (0.006-0.008) 0.2 0.6

Rh 1426 0.009 (0.009-0.021) 0.011 (0.010-0.023) 0.9 1.4

Rh 1466 0.016 (0.014-0.028) 0.012 (0.012-0.020) 1.6 1.2

Rh 1458 0.009 (0.008-0.018) 0.013 (0.012-0.014) 0.8 1.0
Mean = SE 0.010 = 0.0023 0.011 = 0.0013 09+03 1.0 £ 0.1
Weighted meani} + SE 0.005 = 0.0110 0.010 = 0.0021
Infected (low)

Rh 1394 0.042 (0.028-0.059) 0.017 (0.012-0.083) 2.0 1.3

Rh 1294 0.011 (0.011-0.083) 0.012 (0.012-0.027) 1.0 1.2

Rh 1380 0.030 (0.024-0.042) 0.016 (0.015-0.029) 2.1 1.6

Rh 1436 0.044 (0.042-0.064) 0.026 (0.025-0.036) 4.4 2.6

Rh 1324 0.031 (0.026-0.037) 0.045 (0.036-0.055) 1.8 2.8
Mean + SE 0.032 + 0.0059+ 0.023 = 0.0058t 2.3 = 0.6t 1.9 £ 0.37
Weighted mean = SE 0.032 = 0.0062 0.024 = 0.0066
Infected (high)

Rh 1314 0.015 (0.013-0.069) 0.014 (0.013-0.056) 1.5 1.3

Rh 1316 0.044 (0.035-0.056) 0.044 (0.037-0.053) 1.9 2.9

Rh 1292 0.058 (0.050-0.081) 0.098 (0.070-0.124) 2.0 2.5

Rh 1442 0.029 (0.026-0.050) 0.034 (0.031-0.050) 2.9 3.4

Rh 1284 0.022 (0.020-0.039) 0.026 (0.023-0.043) 2.2 2.6

Rh 1296 0.146 (0.109-0.758) 0.068 (0.047-0.085) 3.9 2.3

Rh 1348 0.093 (0.067-0.133) 0.063 (0.049-0.076) 4.3 2.5
Mean + SE 0.058 = 0.0177t 0.048 = 0.0102% 2.7 = 0.4t 2.5 0.2t

Weighted mean = SE

0.0383 = 0.0092

0.043 = 0.0083

*Measured by the SIV bDNA assay (P. Dailey, Chiron) and expressed as RNA copies per volume.

+Significantly different from the uninfected group (P < 0.05) by the

t-test. tCalculated by weighting each value by the factor o; = (1/02)/(Z; 1/5.2), where o is the bootstrap estimate of the SE (29). To calculate the SE of the weighted mean, we
used a random-effects model to account for both the variability of the least-squares estimate measured by bootstrap and the random variability among animals.

populations  turned over faster than
CD45RA™* subpopulations, consistent with
conclusions drawn previously from results
generated in mice (17) and humans (I8,
19) by diverse experimental approaches. In
addition, for each cell population studied,
the mean values also showed that cell turn-
over was substantially higher in SIV-infect-
ed macaques than in normal macaques.
This conclusion is again consistent with the
“generalized activation” state that has been
previously described, largely on the basis of
surface-phenotype studies, for HIV-1 and
SIV infection (20).

For CD3* CD4" T cells in normal mon-
keys, p = 0.001 day! is equivalent to a
doubling time of ~700 days, whereas d =
0.010 day™! is equivalent to a half life of
~70 days [see (21) for comparison with
previous estimates for humans]; for infected
monkeys with high viral load, p = 0.031
day! is equivalent to a doubling time of 22
days, whereas d = 0.058 day™! is equivalent
to a half-life of 12 days (22). When these
values of p and d as well as the baseline CD4
lymphocyte counts were used to calculate
the average daily turnover rates for the
CD3*CD4* population per macaque (23),
a proliferation rate of 3.6 X 107 cells/day
and a death rate of 3.6 X 108 cells/day was

obtained for normal animals; corresponding
proliferation and death rates in infected
macaques with high viral load were 4.0 X
108 cells/day and 7.5 X 10% cells/day, re-
spectively. If extrapolation of these results
to humans is appropriate, each of these rates
would be multiplied by approximately 10 to
account for the size difference. The differ-
ence between the death rate and the pro-
liferation rate equals the input of cells from
the source (11), also known as the replace-
ment rate. The mean daily replacement
rates for CD37CD4 " and CD3*CD4" lym-

phocytes in uninfected macaques were 0.9%

and 1.0%, respectively (Table 1), which are
compatible with the reported T cell re-
placement rate in normal mice of about 1%
per day (17). The replacement rates were
approximately two- to threefold higher in
SIV-infected macaques.

Thus, SIV infection was assoaated with
a heightened lymphocyte turnover. Prolif-
eration rates in CD4* and CD8" T lym-
phocytes were markedly elevated in infect-
ed macaques, although these estimates have
large coefficients of variation; correspond-
ing death rates, which have considerably
smaller coefficients of variation, show in-

Table 2. Mean downslope = SE of the exponential decay of BrdU-labeled cells (day~") in various

lymphocyte subpopulations.

Macaques
Labeled cells

Uninfected Infected (low) Infected (high)

CD3+*CDh4+
CD45RA™ 0.013 = 0.004 0.030 = 0.005* 0.040 + 0.004*
CD45RA* <0.001 * 0.005 0.011 = 0.004* 0.014 + 0.003*

CD3*CD4~
CD45RA~ 0.020 + 0.003 0.036 + 0.005* 0.039 + 0.004*
CD45RA* 0.005 + 0.002 0.013 + 0.003* 0.020 + 0.002*
CD3-CcDh8*CDh16™ 0.012 £ 0.002 0.016 + 0.003* 0.027 + 0.005*
CD3~-CD20* 0.032 + 0.005 0.037 = 0.004 0.056 + 0.005*

*Significantly different from the uninfected group (P < 0.05).
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creases of 2.3- to 5.8-fold (Table 1). Fur-
thermore, a lower baseline CD4 T cell
count was correlated with a faster death rate
in T lymphocytes (Fig. 1C).

That the lymphocyte turnover is in-
creased by SIV infection is consistent with
numerous observations reported in HIV-1
infection, including higher lymphocyte ex-
pression of activation markers (20), cell-
cycling antigens (24), and markers of apo-
ptosis (25). However, our results here di-
rectly contradict the conclusion drawn by
Wolthers et al. (6). Given the definitive
demonstration of a higher lymphocyte turn-
over by our study, the lack of telomere
shortening in CD4 T cells found in some
studies (6, 26) could be reinterpreted to
suggest a selective elimination of rapidly
proliferating cells by HIV-1.

These results raise a number of ques-
tions. Is the generalized activation of T and
B lymphocytes and NK cells driven by an-
tigens produced by the persistently active
infection, or, as has been described for other
viral infections (27), is it mediated by cy-
tokines induced by the replicating virus?
Our findings here demonstrate that CD4
and CD8 lymphocytes are turning over in
parallel, with similar rates. Why then is
CD4 T cell depletion observed and not
CD8 T cell depletion, at least not until the
preterminal stage of HIV-1 infection? Is the
reserve for CD8 lymphocytes actually larg-
er! Moreover, what mechanism of cell kill-
ing could be envisioned to account for the
comparable death rates of CD4 and CD8
lymphocytes in an infection caused by a
virus that is only infectious and cytopathic

Fig. 2. Schematic representa- Before BrdU ~ During BrdU  After BrdU
tion of the mathematical model. dmini m .. . .. .
All terms are defined in the text. administration  administration  administration
except for T, the total cell popu- p P
lation, which is at all times equal
toU + L. The source represents proliferation m m
input of cells from a number of P S '
possibilities (77). m Lol L _d> SA. L _d>
S d
“» T | p p
source death m
Sy d sy d
— U = — U >
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for CD4* cells? Could the apoptosis that
follows generalized activation be the prin-
cipal contributor to cell killing? Finally,
what makes up for the large difference be-
tween death and proliferation rates for each
of the lymphocyte populations in our ma-
caques (Table 1)? How likely is it that the
thymus serves as this large source given that
adult thymic capacity is generally quite low
(28)? Could there be an extrathymic source
elsewhere which could continuously supply
new cells to maintain the dynamic equilib-
rium (11)? Answers to these questions
could shed light not only on the pathogen-
esis of immunodeficiency viruses but also on
normal T cell homeostasis.
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