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Antigenic stimulation of T cells gives rise to short-lived effector cells and long-lived memory cells.
We used two stable isotope-labeling techniques to identify kinetically distinct subpopulations of T
cells and to determine the effect of advanced infection with HIV-1. Long-term deuterated water
(*H,0) incorporation into DNA demonstrated biphasic accrual of total and of memory/effector
(m/e)-phenotype but not naive-phenotype T cells, consistent with the presence of short-lived and
longer-lived subpopulations within the m/e-phenotype T cell pool. These results were mirrored by
biphasic die-away kinetics in m/e- but not naive-phenotype T cells after short-term 2H-glucose label-
ing. Persistent label retention was observed in a subset of m/e-phenotype T cells (presumably mem-
ory T cells), confirming the presence of T cells with very different life spans in humans. In advanced
HIV-1 infection, much higher proportions of T cells were short-lived, compared to healthy controls.
Effective long-term anti-retroviral therapy restored values to normal. These results provide the first
quantitative evidence that long-lived and quiescent T cells do indeed predominate in the T cell pool
in humans and determine T cell pool size, as in rodents. The greatest impact of advanced HIV-1 infec-
tion is to reduce the generation of long-lived, potential progenitor T cells.
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Introduction

The T cell pool, like that of epithelial, hematologic, and
other tissues, contains both long-lived cells and short-
lived cells. Maintenance of the T cell pool size is
believed to differ in a fundamental aspect from these
other cell types, however. For the latter tissues, short-
lived cells represent the great majority of the pool and
serve to maintain the steady-state pool size, whereas the
T cell pool size is believed to be regulated mainly at the
level of long-lived cells (1-7). T cell homeostasis has
been extensively studied in murine systems, but there
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have been few if any studies evaluating the range and
pattern of T cell life spans in humans. This issue is par-
ticularly important in context of the immunopatho-
genesis of HIV-1 infection, which is characterized by
depletion of the CD4" T cell pool.

The life span of T cells can be influenced by both
endogenous (physiologic) and exogenous (patholog-
ic) factors. During the course of an antigen-driven
proliferative response, some T cells differentiate into
effector-type cells, whereas others differentiate into
true memory cells. Effector T cells provide important
functions designed to clear inciting antigens but typ-
ically exhibit a short life span delimited by activation-
induced cell death (2-5, 8). Memory T cells, by con-
trast, are characterized by a long life span, the ability
to serve as persistent reservoirs for subsequent anti-
gen-induced activation into effector as well as mem-
ory T cells, and a high proliferative potential on sub-
sequent exposure to antigen (2-5, 8). Antigen-
independent, or “homeostatic,” proliferation (6, 7)
can also result in the production of long-lived mem-
ory T cells. Naive-phenotype T cells also exhibit a
long life span (2, 8-10). Antigen-driven T cell prolif-
eration has been proposed to account for a high pro-
portion of the activated or cycling cells in T cell pop-
ulations under normal conditions (6, 7). In patients
with HIV-1 infection, a shortened average life span of
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T cells has been documented (9, 11-16). Whether the
cause for this shortened average life span is direct cell
killing by HIV-1, indirect effects of activation, or
alterations in T cell development pathways, remains
controversial (6,7,11,12,17, 18).

A better understanding of T cell homeostasis in
humans might emerge if turnover rates and life spans
of memory-effector-phenotype (m/e-phenotype) T
cell populations could be characterized in detail.
There are no cell surface markers that unambiguous-
ly distinguish short-lived (effector) type from long-
lived (memory) type T cells within the m/e T cell
pool, however. An alternative approach would be to
use a kinetic (labeling) strategy for characterizing
variations in life span within this pool. Demonstra-
tion of discrete long-lived and short-lived subpopu-
lations among T cells sharing the m/e phenotype
would suggest an anatomic correlate and might pro-
vide insight into the pathogenesis of T cell depletion
induced by HIV-1 infection.

Until now kinetic methods for measuring the fate
and life span of cells in humans were not available.
Cell-cycle markers such as Ki67 do not provide infor-
mation concerning the fate of a cell, whereas labeling
with BrdU or *H-thymidine is not readily interpretable
with regard to cell survival (13) (see below), in addition
to having toxicities that have generally precluded use
in humans. We recently developed stable isotope-label-
ing methods for measuring the replication of DNA in
dividing cells (9, 10, 14, 19, 20), including a deuterat-
ed water-labeling (?H,O-labeling) technique that
allows very long-term studies of cell proliferation (10,
15, 20-23). Here, we describe for the first time the
kinetics of long-term label incorporation into T cell
DNA in humans. Combined with the pattern of long-
term label die-away in T cell DNA after pulse labeling
with 2H-glucose, we demonstrate that T cell pools in
humans, and the m/e-phenotype T cell pool in partic-
ular, contain cells with very different life spans. We
also characterize the effects of advanced HIV-1 infec-
tion and antiretroviral (ARV) therapy on T cell sub-
populations with differing life spans.

Methods

Labeling protocols. The in vivo studies followed two
labeling protocols: (a) Long-term *H,O administra-
tion. Subjects were admitted to the San Francisco Gen-
eral Hospital (SFGH) General Clinical Research Cen-
ter (GCRC) for 24 hours for the initial administration
of 2H,O (to ensure a slow rise in initial body water
enrichment and thereby avoid the possibility of
vestibular symptoms) (10). The 2H,O dosing regimen
achieves plateau body water enrichments of about
1.0% to 1.5% (10) (see text below). Subjects received 7
doses (70 ml each of 70% 2H,0) in the SFGH GCRC
over a period of 24 hours and then 70 ml daily at home
for 9 weeks. Timing of blood draws for T cell kinetic
measurements is described below. (b) [2H]glucose
incorporation/decay. Administration of [6, 6-2H,]glu-

cose (100-200 g) was by constant i.v. infusion for 48
hours in the SFGH GCRC (9, 14, 19). Blood draws (2
ml) were taken every 6 to 12 hours for plasma glucose
enrichment. Timing of blood draws for T cell kinetic
measurements is described below.

Measurement of T cell DNA labeling. The stable iso-
tope/FACS/mass spectrometric method for measuring
T cell proliferation has been described in detail previ-
ously (9, 10, 14). A brief description follows.

Flow cytometry. CD4* or CD8* T cells with the
CD45RA*CD62L* phenotype were retrieved as naive-
phenotype T cells on a dual laser (argon 310 nm, argon
488 nm) FACS Vantage (Becton Dickinson Immuno-
cytometry Systems, San Jose, California, USA); all other
subpopulations of T cells were collected together as
m/e-phenotype T cells (9).

Measurement of isotopic enrichment in T cell DNA.
Deoxyadenosine was prepared from T cell DNA by
enzymatic hydrolysis, followed by separation on an
LC18 SPE column (Supelco, Bellefonte, Pennsylvania,
USA) (20). Samples were reduced with NaBH, (Sigma-
Aldrich, St. Louis, Missouri, USA) in water (40
mg/ml), followed by acetylation of the deoxyribose
moiety with acetic anhydride using 1-methylimida-
zole as a catalyst (20).

Gas chromatography-mass spectrometry (GC/MS)
analysis using an HP model 5973 MS with a 6890 GC
and autosampler (Hewlett-Packard, Palo Alto, Cali-
fornia, USA) was by methane CI, with a 30-m DB-225
column under selected ion monitoring of m/z 245-
247. For 2H,0 labeling, the excess M.; (EM;) mass
isotopomer abundance was calculated (10); for
[6, 6-2H;]glucose labeling, the excess M., (EM;) mass
isotopomer abundance was calculated (9, 19). EM;
and EM; values represent isotope enrichment above
natural abundance, from 2H,O and [?H;]glucose,
respectively, and are analogous to specific activity val-
ues with radio isotopes (14, 24).

Measurement of body 2H,0 and blood glucose enrich-
ments. Body water enrichments were determined by a
GC/MS technique (10, 20). Blood glucose enrich-
ments were measured from samples drawn every 6 to
12 hours during the i.v. infusions of 2H-glucose by a
GC/MS technique (9, 14, 19).

Human subjects. Subjects were recruited by advertise-
ment. Written informed consent was obtained and
protocols were approved by the University of Califor-
nia at San Francisco and the University of California
at Berkeley Committees on Human Research. In HIV-1-
seronegative controls, CD4" T cell counts were 940 + 120
and CD8 counts were 660 + 80 cells/ul. In subjects
with untreated, advanced HIV-1 disease (the advanced
HIV-1/AIDS group), the CD4* T cell count was 275 + 110
cells/mm3, the CD8* T cell count was 1145 + 580
cells/mm?, and the log plasma HIV-1 RNA was 4.5 + 1.2
copies/ml (mean + SD for all parameters). Subjects
had stable CD4* T cell counts over the preceding 30
days and no active opportunistic infections during
the preceding 60 days. In subjects on effective long-
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term ARV (LT ARV) therapy (including at least one
protease inhibitor and two nucleoside reverse-tran-
scriptase inhibitors; the LT ARV therapy group), the
CD4* T cell counts were 427 + 96 cells/mm?3 and the
plasma HIV-1 RNA level was below detection limit
(<50 copies/ml) for at least 12 months.

Calculations of T cell kinetic parameters. *H,O kinetic cal-
culations were based on the precursor-product relation-
ship, according to the rise to plateau principle, and were
carried out as described in detail previously (9, 10, 14, 19).

The precursor pool enrichment was calculated in the
2H,0 cell proliferation studies from measurements of
a fully turned-over cell type (monocytes or granulocytes
in humans) (10). Blood monocyte and granulocyte
deoxyadenosine enrichments were measured at the
time of each T cell kinetic measurement. Monocytes
were isolated as CD14" expressing cells, using immuno-
magnetic beads (Miltenyi Inc., Auburn, California,
USA). Granulocytes were isolated by use of ficoll-
hypaque gradient (13). Incorporation and decay kinet-
ics of 2H-glucose in T cells were calculated as described
previously (9, 14, 19, 24).

Statistical analyses. Groups were compared by one-way
ANOVA with Dunn/Bonferoni follow-up at a proce-
durewise error rate of 5%.

Techniques for identifying T cell subpopulations with dif-
ferent life spans. The basic principle used here was to
document the presence of T cells with widely differ-
ent life spans on the basis of their labeling behavior
rather than on surface markers or other molecular
features. If discrete subpopulations of cells with dif-
ferent life spans (kinetically distinct subpopulations)
are present within a biologic pool of interest, label
incorporation and label decay will reveal biphasic (or
multiphasic) kinetics (23, 24). During continuous
label administration, a subpopulation that is turning
over (proliferating and dying) rapidly will dominate
the initial label incorporation phase but will quickly
reach an isotopic plateau wherein death of labeled,
short-lived cells balances out continued label incor-
poration into newly divided cells. If there is subse-
quent accrual of label in the mixed population, this
signifies proliferation of a second subpopulation that
is turning over more slowly. Thus, the rate of accrual
of labeled cells should be greater at early time points
than at later time points. Deconvolution of the early
and late label incorporation phases then allows esti-
mation of input from each of the kinetically distinct
subfractions (23, 24). For such an evaluation to pro-
ceed, however, an experimental technique must be
available that allows label administration for a period
that is much longer than the turnover time of the
short-lived pool (10, 13).

Similarly, after pulse labeling, the die-away curve of
a population with discrete short-lived and long-lived
components will not approach zero in a monoexpo-
nential fashion. The longer-lived subpopulation will
result in labeled cells that remain after the initial
rapid label die-away phase; the short-lived fraction of

cells will be discernable by the initial drop-off from
peak labeling. To use the postlabeling behavior of a
pool for identifying discrete short-lived and long-lived
subpopulations, however, an experimental technique
must be available that allows a true pulse-chase to be
performed — i.e., one wherein label washout from the
precursor pool is rapid and label die-away within the
product poolis interpretable in a simple manner (13,
24,25). Die-away curves after BrdU-labeling of DNA,
for example, do not reflect cell death in a predictable
manner (because of continued BrdU-positivity of
daughter cells for several generations of cell division,
followed by a threshold drop-off to BrdU-negativity;
see below). In contrast, die-away after endogenous
labeling of the deoxyribose moiety of purine deoxyri-
bonucleotides in DNA with [2H;]glucose does direct-
ly reflect cell death (13).

Accordingly, we used two complementary in vivo,
stable isotope-labeling techniques (Figure 1): long-
term H,O administration and 2H-glucose incorpora-
tion/die-away curves.

The long-term ?H,0 labeling technique has recently
been developed for measuring the proliferation of slow-
turnover cells (14, 21, 22). 2H,O enters into each of the
C-H bonds of deoxyribose in replicating DNA through
the de novo nucleotide synthesis pathway (19). In all
respects, other than the duration of label retention in
the body, 2H,O labeling is conceptually identical to
2H-glucose labeling of DNA (9, 19, 20). Because 2H,0
can be given orally and because it persists in equilibri-
um with the slowly turning over total body water
pool, labeling with 2H,0O has the substantial advan-
tage of allowing very long-term labeling protocols.

63

a Long-term 2H,0O administration
Dayotr 7 14 21 28 35 42 49 56
il | | | | | | | | |
2H,O M«——Daily *H,0 intake (50-70 ml)—————— >
Priming
2H,0 bolus
T cells 4 4 4
Mono/granulo 4 4 4 4 4
Urine/saliva 4 4 4 4+ 4 4 4+ 4 4+ &
b 2H,-glucose incorporation/die-away
Dayo247 14 21 28 35 42 49
(N | | | | | |
2H,-Glc i.v. infusion
(48h
T cells 44 4 4 4
Blood Glc  ##
Figure 1

In vivo stable isotope labeling protocols. (a) Long-term 2H,0
administration. 2H,O was given daily for 9 weeks after a priming reg-
imen. T cells and monocytes/granulocytes were sampled at times
shown. Urine and saliva were sampled as shown, to measure body
2H,0 enrichment. (b) 2H;-glucose incorporation/die-away curves.
2H;-glucose was given over 48 hours with follow-up blood draws for
T cells as shown. Blood glucose enrichments were measured during
the i.v. 2H,-glucose infusion. Mono/granulo, monocytes/granulo-

cytes; Glc, glucose. Arrows indicate times of stable isotope |
administration or sample collection.
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@ HIV-1-negative controls

Time course of long-term oral 2H,O label incorporation into CD4* and CD8* T cell DNA in different groups. (a) Time course of frac-
tional synthesis of T cell DNA in different clinical groups. f, fractional synthesis or percent newly divided cells present, as described in
Results. (b) 2H,O enrichment in body water. 2H,O was given as an initial loading dose on day 0 then given daily for 9 weeks by mouth.
Urine and saliva were collected weekly and 2H,0 enrichment was measured by GC/MS (10, 22). (¢) 2H-enrichment in blood mono-
cytes/granulocytes (average for group as a whole). (d) Summary of phase | and phase Il T cell proliferation during long-term 2H,0 incor-
poration in the three groups: healthy controls, untreated HIV-1/AIDS, and LT ARV therapy. *P < 0.05 vs. normal controls; **P < 0.05 vs.

HIV-1/AIDS. Number of subjects shown above bars. Data shown are mean + SD.

The 2H-glucose labeling and die-away techniques for T
cell kinetics have been described previously (9, 14, 15).

Results

Long-term 2H,0 administration. The incorporation
curves for sort-purified total and m/e-phenotype T
cells were measured in subjects given oral 2H,O to
maintain constant body 2H,O enrichments for 9
weeks. Two discrete phases were apparent in all groups
of subjects (Figure 2a): an initial period (phase I, up to
week 5) characterized by relatively rapid accrual of
newly divided cells, and a later period (phase II,
through the completion of label administration at

week 9) characterized by slower accrual of newly divid-
ed cells. Body 2H,O enrichments were stable after the
initial several days (Figure 2b) and therefore cannot
explain nonlinearity (two phases) of labeling in DNA.
Enrichment of DNA from monocytes and granulo-
cytes was similarly constant (Figure 2¢). The biphasic
kinetic pattern in T cells was most apparent in patients
with advanced HIV-1/AIDS (Figure 2a) (see below).
Comparison of average values in the clinical groups,
summarized for phase I and II proliferation, is shown
in Figure 2d. The phase I labeling in total CD4* and
CD8" T cells during long-term 2H,O incorporation
was considerably higher in untreated HIV-1/AIDS sub-
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Time course of label die-away after intravenous 2H-glucose incorporation into CD4* and CD8* T cell DNA in different groups. (a) Rep-
resentative 2H-glucose incorporation/decay curves in CD4* T cell DNA. A healthy HIV-1 seronegative control subject (top panels) and
an HIV-1/AIDS subject (bottom panels) are shown. Persistently labeled m/e-phenotype cells presumably represent true memory T cells;
cells that die-away in phase | presumably represent short-lived, effector-type T cells. (b) Mean values of fractional die-away of labeled
CD4* and CD8* T cells after pulse i.v. 2H-glucose administration in HIV-1-seronegative controls (n = 12), untreated HIV-1/AIDS (n = 13),
and long-term effective ARV therapy (LT ARV) (n = 10). The fractions of labeled cells remaining after phase | die-away (through week 3
after label administration) and phase Il die-away (through weeks 5-7), both compared with peak labeling, are shown. *P <0.05 vs. con-

trols. **P < 0.05 vs. phase | die-away (by paired t test).
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jects (25.4% and 29.5% new cells, for CD4* and CD8* T
cells, respectively) than in healthy seronegative con-
trols (6.8% and 5.3%, respectively) (Figure 2d, left
panel). The final phase I value attained was also high-
er in untreated HIV-1/AIDS patients (31.3% and 33.1%,
respectively) than in seronegative controls (9.8% and
10.2%, respectively). Similar findings with even greater
absolute differences were apparent for m/e-phenotype
T cells (Figure 2b, middle). In seronegative controls,
11.4% (phase I) and 17.2% (phase II) of m/e-phenotype
CD4* T cells were newly formed, compared with three-
to fourfold higher values (46.5% and 50.0%, respec-
tively) in HIV-1/AIDS patients. The values for m/e-
phenotype CD8* T cells were 9.8% and 16.6% (phases I
and II, respectively) in healthy controls and 33.8% and
42.8% in advanced HIV-1/AIDS. Thus, the vast major-
ity of CD4* and CD8" T cells, including those of m/e-
phenotype, do not divide in HIV-1-seronegative sub-
jects over the course of 9 weeks, whereas widespread
proliferation occurs within the m/e-phenotype T cell
pool in subjects with untreated HIV-1/AIDS. In
patients with effective LT ARV therapy, the final values
obtained after phase II were intermediate between the
other two groups (24.3% of total and 35.4% of m/e-
phenotype CD4* T cells; 14.7% of total and 17.6% of
m/e-phenotype CD8" T cells, Figure 2d). Effective LT
ARV therapy resulted in significantly lower values in

both phase I and phase II for CD4* and CD8" total and
m/e-phenotype T cells compared with the advanced
HIV-1/AIDS group, although not to normal values.

The replacement rates of naive-phenotype T cells
were lower than those observed for total or m/e-phe-
notype T cells (Figure 2a), consistent with previous
results with 2H-glucose labeling (9). Label incorpora-
tion curves for naive-phenotype T cells were much clos-
er to linear (Figure 2a) with the accrual of newly divid-
ed cells during phase I similar to the accrual rate during
phase II. The summarized kinetic data for naive-phe-
notype T cells (Figure 2d, right panel) also demon-
strated a trend toward higher replacement rates for
CD4* and CD8" cells in advanced HIV-1/AIDS patients
compared with controls (P < 0.05 for CD8" cells, HIV-1/
AIDS vs. HIV-1-negative controls, at weeks 5 and 9),
with near normalization in ARV-treated patients.

Proliferation rates of m/e-phenotype T cells were con-
sistently higher than for total T cells, as expected from
the absence of the slower turnover naive-phenotype
cells in the m/e-phenotype population (Figure 2a). This
difference between total and m/e-phenotype T cells was
less apparent, though still present, in the CD8"* cells,
perhaps reflecting somewhat higher proliferation of
naive-phenotype CD8" T cells (Figure 2a).

2H-glucose incorporation/die-away curves. Although
accrual of newly divided total and m/e-phenotype T
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cells was clearly nonlinear in the above-described
studies using long-term 2H,O administration in
advanced HIV-1/AIDS patients, these findings were
more subtle in healthy controls (Figure 2a). It is also
difficult to distinguish with certainty between slow
accrual and no accrual of newly divided T cells during
phaseIl (i.e., “pseudo-plateau” vs. plateau, Figure 2a),
because the second phase represented a relatively
small change on top of an already large number. Dis-
tinguishing between pseudo-plateau and true plateau
is, however, important in the context of T cell sub-
populations. The former interpretation is consistent
with kinetically distinct subpopulations (i.e., short-
lived and long-lived cells, as discussed previously),
whereas the latter result might suggest the presence
of only a short-lived, rapid turnover pool and a quies-

phenotype T cells typically paralleled those for total T
cells (Figure 3a). Percent survival of m/e-phenotype
CD4* T cells was 55% and 41% (after phases I and II,
respectively, n = 6) in HIV-1-seronegative controls, 40%
and 22% in HIV-1/AIDS patients (n = 5), and 73% and
49% in LT ARV therapy patients (n = 5). Similar trends,
though somewhat higher survival rates, were observed
for m/e-phenotype CD8* T cells (72% and 65%, phases
I and I, in HIV-1-seronegative controls [n = 5]; 60%
and 41% for HIV-1/AIDS [n = 6]; 80% and 55% for LT

Table 1

2H-glucose die-away results in individual subjects from different groups

Subject Phase | (% remaining)

Phase Il (% remaining)

cent, nonturning over pool (24, 25). The best way to CD4 CcD8 CD4 CD8
distinguish between these two models is to measure Group I: Healthy controls
directly the kinetic fate of recently divided T cells. 1 41 105 32 _

Accordingly, a 48-hour iv. infusion of 2H-glucose was 5 66 42 82 67
performed to directly measure the die-away curves of 3 73 101 _ _
labeled T cells. Peak label incorporation (observed in 4 34 85 - -
blood samples taken at days 3-5 and 6-8 after initia- 5 75 90 69 70
tion of i.v. label infusion) was compared with labeled 6 86 79 - 63
cells remaining after about 3 weeks (days 18-25) and 7 73 38 o4 27
after 5 to 7 weeks (days 35-49) (Figure 3a and Table 1). 8 103 102 67 7
Data from 12 uninfected and 13 HIV-1-infected sub- ?0 i‘:’ 86 :(2) 57
jects revealed that the fractional die-away (drop-off in " 104 43 91 76
fraction of labeled cells present) during the first 3, 57 -~ B _
weeks (phase I) was considerably greater than the sub- ;.1 + sp 70422  78+26 61+20 62417
sequent die-away from weeks 3 to 7 (phase II) for total () (12) (10) (8) 7)
aqd m/e T cells (F1gur<.3 3b). During weeks 3 to 7, a rel- Group II: HIV-1/AIDS
atively constant fraction of labeled T cells persisted | 32 31 65 67
(Figure 3a). This biphasic die-away was not observed 50 75 39 37
for naive-phenotype T cells (Figure 3a). 3 67 60 36 51

In HIV-1-seronegative controls, 70% of labeled total 4 21 33 15 27
CD4" T cells remained after the first-phase die-away 5 20 26 30 42
and 61% of initially labeled cells remained after the 6 - - 29 32
second phase (Figure 3b, Table 1). In contrast,amuch 7 24 38 10 43
lower fraction of labeled total CD4* T cells remained 8 22 29 14 20
after both die-away periods in untreated advanced o 59 S 33 41
HIV-1 infection (only 42% and 29% of initially labeled 10 19 33 19 12

. R 11 59 64 20 28

cells remained after the phase I and phase II periods, 12 31 38 31 3
respectively). Effective LT ARV therapy restored CD4*  ;, 49 91 35 49
T cell survival rates to normal (66% and 51% remain-  pjean + SD 42422 52422 29+14  35+16
ing, Figure 3b). Die-away fractions for CD8" T cells () (12) (11) (13) (13)
gave similar results (78% and 62% survival for HIV-1- Group Ill: LT ARV
seronegative controls after phases I and II, respective- 40 _ 35 53
ly; 52% and 35% for HIV-1/AIDS patients; and 84% 102 89 58 69
and 59% for LT ARV-treated patients). Results from 3 52 61 33 52
individual subjects in each group are shown in Table 1. 4 74 68 68 51
Considerable interindividual variability was present 5 74 69 73 69
within each clinical group. 6 50 100 - -

In a subset of subjects, m/e- and naive-phenotype T 7 81 103 - -
cell die-away curves were measured. Because 80% to 8 S7 105 - -
90% of total T cell proliferation generally occurs in the ?0 Z; 22 4 B
m/e-Phenotype prulation after pulse. 2H-glucqse Mean ¢ SD €6+21 84417 S1417 5949
labeling (9) and naive-phenotype T cells did not exhib- () (10) ) 6) (s)
it significant die-away, the die-away curves for m/e-
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Figure 4

Calculations regarding production rates and pool sizes of kinetical-
ly distinct subpopulations of CD4* T cells, with comparison between
healthy control subjects and advanced HIV-1/AIDS patients. Basis
of quantitative estimations is described in Results. An average CD4*
T cell count of 1000 cells/ul (healthy controls) and 300 cells/ul
(HIV-1/AIDS) was used in the calculations. (a) Daily production
rates of kinetically distinct subpopulations (cells/ul/day). (b) Pool
sizes of kinetically distinct subpopulations (cells/ul).
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ARV patients [n = 4]). Naive-phenotype T cells did not
exhibit a die-off during the 3 to 6 weeks after 2H-glu-
cose labeling, but instead exhibited an increase in the
labeled fraction of cells. Label from [6, 6 2H;] glucose
in DNA was barely detectable (<0.05%) at days 5 to 8
butincreased to 0.11% (week 3) and 0.32% (week 6) for
naive-phenotype CD4* cells and to 0.18% (week 3) and
0.22% (week 6) for naive-phenotype CD8* cells (n =3
healthy controls). We interpret this delayed increase in
naive-phenotype T cell labeling as representing the
time lag for maturation and/or release of newly divid-
ed naive-phenotype T cells into the circulation.

These results are similar to observations after antigen
stimulation of T cells in rodents (1, 2, 8), wherein an
initial period of expansion is followed first by a phase
in which many effector cells die and then by one
exhibiting long-term persistence of true memory cells.
By analogy with these studies (2-5, 8), the shorter-lived
cells observed here may represent effector-type T cell
subpopulations, whereas the longer-lived cells may
include subpopulations of true memory T cells. Given
the demonstration of these kinetically distinct popula-
tions, it may now be possible to determine which phe-
notypic markers are best used to distinguish these sub-
populations from one another.

Calculation of pool sizes and turnover rates of kinetically dis-
tinct subpopulations of T cells. By combining the above
labeled die-away and long-term incorporation results,
it is possible to calculate the pool sizes of kinetically
distinct subpopulations of T cells in these subjects.
Calculations were performed as follows. The fraction

of short-lived cells in the total CD4* T cell pool was cal-
culated from the proportion of labeled cells lost during
phase I die-away (Table 1, Figure 3). Absolute T cell pro-
duction rates were calculated from the fractional
replacement rate per day (based on 2H-glucose incor-
poration) multiplied times the CD4 count, as described
previously (9, 14). Average life span of short-lived cells
was estimated on the basis of die-away curves after
2H-glucose labeling (Figure 3a). Pool size was then cal-
culated from daily production rate (cells per day) mul-
tiplied times the average life span (days). Cells that are
not short-lived were taken to be long-lived. These cal-
culated values for short-lived cells were then compared
with measured newly divided total CD4" T cells during
phase I of 2H,O labeling (Figure 2d). By combining
these measurements, the following results were ob-
tained. Short-lived cells (likely, effector CD4* T cells)
represented about 30% of newly divided total CD4*
T cells in HIV-1-seronegative subjects (Figure 4a).
Because the total production rate of circulating CD4*
T cells was about 10 cells/ul/d, consistent with previ-
ous results (9, 14), roughly three CD4" short-lived T
cells are produced per microliter of blood per day (Fig-
ure 4a). These cells, as identified here, appear to live for
14 to 21 days (Figure 3a), so the pool size of such short-
lived CD4* T cells can be estimated to comprise rough-
ly 40 to 60 cells/ul, or 4% to 6% of the total CD4* T cell
pool of 1000 cells/ul (Figure 4b). This estimate is con-
sistent with the results from 2H,0O incorporation (6.8%
total CD4"* T cells labeled after phase I of 2H,0, Figure
2d). In subjects with advanced HIV-1/AIDS, a much
larger fraction (about 55%-60%) of newly divided cells
was short lived (Figure 4a). The total CD4* T cell pro-
duction rate in these subjects is also about 9 to 10
cells/ul/d (9, 14), yielding a production rate of about
5.5 short-lived CD4* T cells/ul/d (Figure 4a) and
(assuming a life span of 10-14 days, Figure 1) (15) a
total pool size of roughly 55 to 75 cells/ul, or 20% to
25% of the total CD4* pool of 300 cells/ul (Figure 4b).
Again, these calculations are consistent with the 2H,0-
labeling results (25.4% total CD4* T cells labeled after
phase I2H,0 labeling, Figure 2d). Thus, the kinetics of
short-lived cells dominates after the pulse labeling of
subjects with advanced HIV-1/AIDS (9, 14-16), but the
total pool size of this short-lived subpopulation is only
modestly changed (Figure 4b).

The production rates and pool sizes of long-lived
CD4" T cells are also of interest. This kinetically distinct
subpopulation includes cells that are either nondivid-
ing (over the course of 9 weeks) or only slowly dividing,
and comprises cells with an m/e or a naive phenotype.
In normal controls, about seven long-lived CD4* T cells
are produced per microliter per day (Figure 4a). The
pool size of such long-lived cells can be estimated to be
approximately 940 to 960 cells/ul, or about 95% of the
total CD4* T cell pool of 1000 cells/ul (Figure 4b). By
contrast, only 3.5 to 4.0 long-lived cells are produced per
microliter per day in subjects with HIV-1/AIDS (Figure
4a). This is associated with a pool size of 225 to 245
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cells/ul, or 75% to 80% of a total CD4" T cell pool of 300
cells/ul. Thus, although the total pool size of short-lived
cells is only modestly affected in later stages of HIV-1
disease, the capacity to produce long-lived (i.e., naive
and presumably true memory) CD4* T cells and to keep
such cells quiescent over time is deficient, with a reduc-
tion in the circulating long-lived pool size from 940 to
960 cells/ul to 225 to 245 cells/ul.

Discussion

The immune system may be divided into populations
of cells that are functionally and kinetically distinct:
long-lived progenitor cells with the capacity to pro-
duce many progeny and end-stage effector cells des-
tined to die quickly. As is the case in epithelial tissues
or the remainder of the hematopoietic system, pro-
genitor cells are necessary for the maintenance of tis-
sue mass in the face of continuous loss of differentiat-
ed progeny. T cell progenitors are found at varying
levels of the differentiation tree and include multilin-
eage hematopoietic stem cells in the bone marrow, T
lineage-restricted progenitors in the thymus, and naive
and “true memory” T cells in peripheral lymphoid
organs, such as spleen and lymph nodes. In vivo stud-
ies in rodents have documented the presence of kinet-
ically distinct subpopulations of T cells, including
long-lived populations of cells that retain tritiated
thymidine (26, 27), but analogous T cell subpopula-
tions had not previously been demonstrated in
humans. Because specific markers are not currently
available to identify different types of memory cells, we
instead used differences in dynamic behavior of cells
within the surface phenotype-defined m/e-T cell pop-
ulation to establish the existence and quantify the rel-
ative abundances of these postulated T cell subpopu-
lations. Although we could not physically isolate
effector- or memory-type T cells by this approach, our
results clearly demonstrate their presence, quantify
their relative contributions in healthy people and in
advanced HIV-1 infection, and provide a biomarker for
future efforts to identify biochemical correlates and
physically isolate these subpopulations.

The combined use of two novel, stable isotope-label-
ing techniques provided clear evidence for T cell sub-
populations with distinctly different life spans and for
differential effects of advanced HIV-1 infection on
these subpopulations. The two stable isotope-labeling
approaches provided complementary and internally
consistent results. The long-term 2H,O incorporation
curves demonstrated nonlinear or biphasic accrual of
total and m/e-phenotype but not naive-phenotype T
cells, consistent with the presence of short-lived and
longer-lived subpopulations within the m/e-phenotype
T cell pool. These results from 2H,O labeling also
excluded alternative explanations, such as a late-input
source (15), for biphasic die-away curves (see below).
The biphasic die-away kinetics of total and m/e-phe-
notype T cells complemented the long-term label incor-
poration data. The persistent label retention in a sub-

set of T cells after a prolonged die-away period (Figure
3) confirmed that short-lived and much longer-lived T
cells are present in humans. Long-term labeling also
allowed identification of quiescent (nondividing or
rarely dividing) T cells, functionally distinguished by
their failure to divide over 9 weeks of label administra-
tion (Figure 2d). Because these cells do not contribute
to either immune restoration or immune depletion, the
ability to account for their presence is important and is
not possible by use of brief labeling protocols. These
results provide the first quantitative evidence that long-
lived and quiescent T cells do indeed predominate in
the T cell pool in humans and determine T cell pool
size, as in rodents (1, 2, 8), unlike in other tissues in
which short-lived cells predominate and determine
pool size. Finally, both labeling approaches indicated
that the greatest impact of advanced HIV-1 infection is
to reduce the generation of long-lived, potential pro-
genitor T cells, whereas effective LT ARV therapy
restores the capacity to generate these cells.

The studies described here are methodologically
novel in two ways. Most importantly, these are the first
long-term labeling studies (i.e., more than a few days or
aweek of label administration) of T cells in humans. To
observe multiphasic kinetics and thereby tease out cells
with different turnover rates in any system by use of a
continuous labeling strategy, it is necessary to admin-
ister label for a considerably longer period than the
turnover time of the short-lived pool (i.e., 2-3 weeks for
T cells) (23, 24). This had not been possible before the
development of the 2H,O-labeling technique (10,
21-23). Second, these are the first studies of long-term
label retention in the m/e-surface phenotype compart-
ment of human T cells. Previous studies of T cell dela-
beling in humans (15, 16) had only analyzed total CD4*
or CD8* T cells. By combining the 2H,O technique (10)
with 2H-glucose incorporation/die-away measure-
ments and by using flow cytometry to isolate T cells of
defined surface phenotype (9, 14), the existence and
dynamics of cells with short life span and long life span
in the m/e-phenotype compartment of the human T
cell system could be characterized for the first time.

An important point to emphasize about the tech-
niques used here is that they reveal heterogeneity only
in cell death rates, not in proliferation rates. If prolifer-
ation rates varied but death rates were constant in T
cell subpopulations, the consequence at steady state
would be a difference in pool size but no differences in
either fractional replacement or die-away rates (13, 24,
28). Stated differently, the fraction of each subpopula-
tion replaced per day and their subsequent life span
would be the same for rapidly proliferating and slowly
proliferating subpopulations, and both label incorpo-
ration and decay curves would be monoexponential
(13, 24). Heterogeneity in T cell proliferation rates
would hardly be a novel finding (e.g., related to differ-
ences in antigenic stimulation). In contrast, the clear
finding of heterogeneity in the fate of T cells (their sur-
vival or death) within the phenotypically defined m/e
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T cell populations is novel in humans and has poten-
tial functional importance.

Using BrdU labeling and decay curves, Kovacs et al.
(16) also recently concluded that rapidly dividing and
slowly dividing subpopulations are present in the total
T cell pool in humans. Although this was a well-
designed study, interpretation of BrdU die-away curves
has long been recognized to be highly confounded
(reviewed in ref. 13). In particular, retention of BrdU
positivity of cells can persist during several generations
of cell division. BrdU-label retention cannot therefore
be taken to represent a long life span or absence of divi-
sion in a population of cells (13). Moreover, BrdU die-
away curves do not exhibit monoexponential decay
kinetics because persistent BrdU positivity is followed
by reduction below a threshold detection level. Bipha-
sic or multiphasic BrdU die-away curves therefore can-
not be interpreted in a simple manner (13, 25). These
problems do not apply to die-away after deuterium
labeling of DNA, which accurately quantifies dilution
by unlabeled DNA during semiconservative replication
(13) and which exhibits monoexponential die-away
curves in single pool systems (13, 15). Also, Kovacs et
al. (16) did not analyze m/e- and naive-phenotype T
cells separately, and our results demonstrate that kinet-
ically distinct subpopulations are apparent within the
m/e-phenotype population.

Mohri et al. (15) recently reported that the frac-
tional death rate was 3 tol0-fold greater than the
fractional proliferation rate of T cells in both HIV-1-
uninfected and -infected humans. When label in a
metabolic pool is lost at a higher fractional rate than
label is incorporated into the total pool, the tradi-
tional kinetic interpretation is that the labeled mol-
ecules or cells do not have an identical fate as the
total pool (24, 25, 28), i.e., that kinetically distinct
subpopulations are present. Mohri et al. (15) instead
proposed a model wherein a “source” contributes
cells that are initially unlabeled. Over longer-term
labeling, these “source” cells would, of course, have
to divide and would therefore slowly contribute
labeled cells to the peripheral pool in a manner that
should increase over time. The long-term 2H,0O-label-
ing results shown here (Figure 2) provide direct evi-
dence against the existence of this postulated
“source,” i.e., we did not observe accelerated late
incorporation of label, as would be predicted if there
were delayed input of labeled cells from a large tissue
source. Rather, we observed the opposite (reduced
late incorporation). More recently, the data of Mohri
et al. (15) have been reanalyzed by Ribeiro et al. (29)
using a revised model that includes populations of
activated (dividing and dying) and resting cells, in
place of a “source.” This revised model (29) is more
consistent with our analysis and results. Three weeks
after discontinuing H-glucose infusions, the fractions
of CD4* and CD8* T cells remaining were 57% + 16%
and 78% + 28%, respectively, in healthy controls com-
pared with 30% + 12% and 40% + 15% in untreated

HIV-1/AIDS patients; 5 to 7 weeks after discontinu-
ing 2H-glucose, the values for CD4* and CD8" T cells
were 46% + 6% and 56% + 21% in controls and 20% + 8%
and 28% + 15% in HIV-1/AIDS (15). Moreover, the
die-away curves generally reached a stable, non-zero
value (15). Comparison of proliferation with death
rate constants of Mohri et al. (15) suggests that 6% to
8% of the T cell pool is actively dividing in healthy
controls and 16% to 33% in untreated HIV-1/AIDS
patients. All of these values are similar to the results
reported here (compare with Figure 2d).

Recognizing the distinction between long-lived (pro-
ducing) cells and short-lived (presumably effector) cells
is essential for understanding CD4* T lymphopenia,
the defining feature of HIV-1/AIDS. Our results show
that the generation of short-lived subpopulations of
T cells was not impaired in advanced HIV-1/AIDS.
Indeed, the absolute rate of proliferation for short-lived
cells is somewhat elevated in advanced HIV-1/AIDS
compared with healthy controls (approximately 6 vs. 3
cells/ul of blood per day, Figure 4a). The presence of an
increased proportion or total number of cycling cells in
HIV-1 infection is not a new observation, having been
reported using indirect methods such as Ki67 (30) in
addition to labeling approaches (9, 14-16). Our quan-
titative results regarding production rates of long-lived
cells, however, are novel and of fundamental relevance
to HIV-1 immunopathogenesis. Advanced HIV-1 infec-
tion greatly reduced the percent and total number of
CD4* T cells that are long-lived (Figure 4). Because
these cells represent the regenerative source of newly
formed CD4* effector T cells, their loss may underlie
the immunodeficiency of HIV-1 disease. It should be
emphasized that the HIV-1/AIDS subjects studied here
had relatively advanced HIV-1 disease, with CD4* T cell
lymphopenia. These kinetic abnormalities may not be
present in early HIV-1 infection and may represent a
marker of disease stage or activity (ref. 31; M.K. Heller-
stein and J.M. McCune, unpublished observations).

Indeed, death of cells that might otherwise have been
long-lived is sufficient to account for CD4* T lym-
phopenia of HIV-1/AIDS. By reducing 2 cells/ul/d, the
production of long-lived m/e-phenotype cells that have
an average life span of 3 to 6 months would reduce the T
cell pool by 200 to 400 cells/ul. In contrast, the produc-
tion of short-lived m/e-phenotype T cells, by S cells/ul/d
(life span 2-3 weeks), can increase the T cell pool by only
70 to 100 cells/ul. Thus, not all forms of T cell turnover
are equal: some T cell proliferative pathways can effec-
tively contribute to immune repletion, whereas others
cannot (7,8, 17). Combadere et al. (30) recently reported
that more than 90% of Ki67-positive T cells in HIV-1-
infected patients represent cytokine-secreting effector-
like cells that are not progressing through the cell cycle,
butare arrested in G1-phase. Cells of this type could not
contribute to CD4* T cell repletion.

The kinetics of naive-phenotype T cells also deserves
comment. In contrast to m/e-phenotype T cells, naive-
phenotype T cells did not show obvious biphasic or
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nonlinear kinetics either during long-term label
incorporation or decay (Figures 2a and 3a). Signifi-
cantly higher replacement rates were observed for
naive T cells in untreated HIV-1 infection, compared
with healthy controls or LT ARV-treated patients (Fig-
ure 2d) and there was considerable interindividual
variability for naive T cell kinetics in the untreated
HIV-1-infected group (note SDs in Figure 2a), con-
sistent with our previous observations (9). The inter-
pretation of accelerated naive T cell turnover in
advanced HIV-1 infection is not certain, but is consis-
tent with a higher rate of recruitment of naive T cells
into the m/e population (18). In future studies, it will
be of interest to monitor the die-away curves of naive-
phenotype T cells that are labeled during long-term
2H,0 administration, to establish whether transi-
tional proliferation of naive-phenotype T cells en
route to the m/e-pool explains higher flow-through
rates in the naive T cell pool in HIV-1 infection.

The results described here are potentially relevant to
the pathogenic locus of action of HIV-1. Two key find-
ings argue against the simple model that the rapid
die-away of a subpopulation of CD4* T cells is
explained by direct HIV-1 killing of dividing m/e-phe-
notype T cells. First, CD8" and CD4" m/e-phenotype
T cells exhibited similar biphasic kinetics, with a
greater die-away fraction, and a reduced long-lived
fraction of new cells produced for both. It is unlikely
that HIV-1-induced cytopathicity could account for
premature CD8" T cell death of this magnitude
(32-35). Second, healthy HIV-1-seronegative control
subjects also exhibited biphasic kinetics and a subset
of short-lived cells in their m/e-phenotype T cell pool.
It is therefore possible to offer an alternative hypoth-
esis to direct HIV-1 cytopathicity; namely, that some
feature of HIV-1 infection alters T cell developmental
pathways, reducing the fraction of long-lived (pro-
genitor) cells relative to short-lived (presumably effec-
tor) cells generated. Whether the causal agent is HIV-1
itself or the effect is secondary to immune activation
(7,17, 18, 36) or other factors cannot be determined
from the current data. Experimental testing of these
questions is now possible, however, using the kinetic
techniques described here.

Alternate explanations of these results deserve con-
sideration. Grossman et al. (6, 17) have proposed that
whole-body T cell dynamics are characterized by
cumulative, unsynchronized local bursts of T cell divi-
sion and death. If this model is correct and the fate of
most amplificatory bursts is activation-induced cell
death, long-term labeling with 2H,O might resultin a
relatively small cumulative fraction of labeled cells
remaining in the T cell pool. Our observation that
more than 50% of m/e-phenotype T cells are labeled
after 9 weeks of 2H,0 administration and more than
40% are labeled after only 5 weeks (Figure 2d) in
advanced HIV-1 infection signifies that unsynchro-
nized bursts, if they occur, must directly involve a very
high fraction of the total m/e-phenotype T cell pool

in the body. These bursts must also result in substan-
tial replacement of the cells initially present by sur-
viving postburst progeny. Our results therefore
demonstrate that the subset of T cells that is highly
activated and rapidly proliferating in patients with
advanced HIV-1 infection cannot represent a minori-
ty of the total-body m/e-phenotype T cell pool,
whether the model is of asynchronous bursts or uni-
form and constant proliferation.

Finally, the techniques described here for identifying
T cell subpopulations with different life spans may
have applications for characterizing the normal anti-
gen-driven T cell proliferative response. Testing the
kinetic fate of cells carrying certain surface antigens
(e.g., CCR-7 or other markers) (4, 37) may help to deter-
mine whether these phenotypic markers represent true
memory versus effector lineages within dividing T cells.
Establishing the consequences of various pathologic or
therapeutic factors (e.g., cytokines, progenitor cell
availability, etc.) on each phase of the proliferative
responses of antigen-specific T cells is also of potential
interest for vaccine research (1-5).
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