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Changes in mean telomeric terminal restriction
ragment (TRF) length were examined as a marker for
ellular replicative history in HIV-1-infected individ-
als after institution of anti-retroviral therapy (ART).
ncreases in mean T cell TRF lengths were observed in
ost patients following therapy; however, the contri-

ution of individual T cell subsets was complex. An
longation of CD81 T cell TRF was nearly uniformly
bserved while changes in mean TRF length in CD41 T
ells were heterogeneous as, despite potent suppres-
ion of viral replication, CD4 cell telomeres recovered
n some patients, yet continued to decline in others.
ncreases in CD8 cell TRF correlated with decreased
emory cells, suggesting a negative selection in the

eriphery for CD8 cells with extensive replicative his-
ory. In contrast, increases in CD41 T cell TRF length
orrelated with increases in naive cell subsets, sug-
esting that the CD41 T cell TRF increase may reflect
thymic contribution in some patients. These are the
rst increases in somatic cell telomere length in a
opulation of cells observed in vivo, and the findings
re compatible with therapy-induced reconstitution
f the lymphoid compartment with cells having a more
xtensive replicative potential. These findings further
istinguish lymphocytes from other somatic cell pop-
lations where only decreases in TRF over time have
een noted. Thus, institution of ART in persons with
oderately advanced HIV-1 disease reveals distinct

opulation dynamics of CD4 and CD8 T cell subsets
nd also shows that the lymphocyte replicative history
s dynamic. © 1999 Academic Press

Key Words: HIV-1; telomere; telomerase; antiretrovi-
al therapy; immunodeficiency.
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14
INTRODUCTION

Telomeres are specific structures found at the ends of
ukaryotic chromosomes. In somatic cells, telomere
ength is shortened with each cell division due to the
nability of DNA polymerase to replicate the extreme 59
nd of the lagging strand of DNA (1). Substantial evi-
ence supports the hypothesis that telomeres function
n part as a mitotic clock for the cell. In vivo, lympho-
ytes have age-related reduction in telomere length (2),
osing an average of 31 base pairs/year. In vitro, the
ate of telomere loss from lymphocytes from normal
ndividuals is approximately 50 to 120 bp/cell doubling,
omparable to that seen in other somatic cells (2, 3).
hus, measurement of the telomeric terminal restric-
ion fragment (TRF) length by Southern blot analysis
s thought to serve as an index of replicative history in
ivo and in vitro.
It has been suggested that replicative senescence (4)
ight contribute to the immunodeficiency of HIV in-

ection (5). A related hypothesis is that increased clonal
xpansion and potential clonal exhaustion of T cells
ccur in response to HIV infection (6–8). Consistent
ith these models of immunosenescence, the mean
RF length was shown to decrease in CD81 T cells in
ost adult patients with HIV infection (9–11). How-

ver, telomere measurements of CD4 cells from HIV-
nfected individuals do not shorten excessively, sug-
esting that proliferative exhaustion is not a major
omponent of CD4 cell decline in patients with HIV
nfection (9, 11–13). Recent measurements of T cell
urnover during SIV infection in macaques using Brdu
abeling document moderately elevated turnover of
oth CD4 and CD8 lymphocyte subsets (14, 15).
Treatment of HIV-1-infected individuals with potent

ntiretroviral drug combinations results in a dramatic
ecline in viral load and a partial restoration of the

irculating T cell compartment. Soon after initiation of
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15T CELL TELOMERE LENGTH IN HIV INFECTION
ombination anti-retroviral therapy an initial rapid
ncrease in CD41 and CD81 T cell counts in the blood
ccurs, and this is followed by a more gradual increase
n CD41 cells and a decline to below baseline in CD81

cell counts (16–18). Further evidence for partial T
ell reconstitution in patients treated with potent ART
egimens includes the functional recovery of some CD4

cell proliferative responses (17) accompanied by a
ate increase in proliferating CD41 T cells (19, 20). It is
ontroversial as to whether the diversity of the T cell
eceptor repertoire recovers, and it is likely that this is
delayed and incomplete process (20, 21).
The mechanisms leading to incomplete T cell regen-

ration are still a matter of debate (22). It is likely that
mpaired thymic function contributes to the failure to
ompletely restore T cells (23). In an effort to assess
ossible mechanisms for T cell reconstitution after pro-
ound inhibition of virus replication, we examined the
hanges in TRF as an indicator of T cell replicative
istory and correlated these to longitudinal changes in

ymphocyte subpopulations following institution of po-
ent ART.

METHODS

Human subjects. Two cohorts of patients were
tudied. Cryopreserved blood samples from patients
ith 350–500 CD4 cells were obtained from the Na-

ional Naval Medical Center. The second set of samples
as obtained from cryopreserved blood samples from
atients participating in AIDS Clinical Trials Group
rotocol (ACTG) 315. Protocol eligibility requirements

ncluded a history of prior zidovudine therapy, 100 to
00 CD4 cells, and no prior lamivudine or protease
nhibitor therapy. Before initiating the ART protocol,
atients discontinued all antiretroviral treatment for 5
eeks, then on day 0 ritonovir was started and in-

reased as tolerated to 600 mg twice daily. On day 10,
50 mg of lamivudine twice daily and 300 mg of zidovu-
ine twice daily were started. All patients provided
ritten informed consent.

T cell isolation. PBMC were isolated from whole
lood by density sedimentation, and CD31, CD41, or
D81 T cells were purified from PBMC using magnetic
eads (Dynal). Briefly, to isolate T cells, PBMC were
ncubated with anti-CD3-specific beads for an hour at
°C after first blocking nonspecific binding with human
gG. CD31 T cells were then obtained using positive
election with a magnetic gradient. For isolation of T
ell subsets, PBMC were first incubated with anti-
D8-specific beads, and CD81 cells were obtained by
ushing the retained cells using a magnetic bead sep-
rator. After washing thrice in cold PBS the CD8-
epleted fraction was subjected to CD4 isolation using
nti-CD4-specific magnetic beads. Fractions obtained

sing this method yielded a purity of .98% for posi- T
ively selected cells.

Analysis of terminal telomeric restriction fragment
ength. DNA was isolated from purified T cells, CD41,
nd CD81 T cells according to a protocol recommended
y the manufacturer (Puregene). Genomic DNA (2 mg)
as digested with Hinf1 and Rsa1 (10 U each) over-
ight at 37°C. Digested DNA was then electrophoresed
n a 0.6% agarose (Gibco BRL) gel at 4°C (30 V, 24 h),
ransblotted on a nylon membrane (Oncor) overnight,
nd UV-crosslinked (Stratagene). Hybridization was
erformed at 42°C with 32P-labeled (TTAGGG)3 probe
n Hybrisol-1 (Oncor). Blots were washed twice in 33
SC, 0.5% SDS, and finally in 13 SCC for 15 min each
t 42°C, and hybridized blots were exposed to Phos-
horImager screens (Kodak) for 4 h or overnight. Telo-
ere lengths were analyzed by IPLab Gel software

Signal Analytics). The point of highest intensity was
onsidered the peak TRF length and the mean TRF
as calculated by obtaining the Gaussian distribution
bove the background from 50 segments drawn across
he length of the band according to methods described
lsewhere (24). See Oexle for a discussion of the theo-
etic aspects of telomere length measurement by
outhern blot analysis (25). Mean TRF values were
alculated as S(ODi)/S(ODi/Li), where ODi is the phos-
hoimager output (arbitrary units) and Li is the mo-
ecular weight of segment at position (i) relative to
NA standards. Sums were calculated over the range
f 3–17 kb to obtain the mean TRF length. To minimize
nterassay variability, equal amounts of DNA were
sed and samples from the same patient were run on
he same gel.

Assaying 5 independent samples assessed reproduc-
bility of TRF measurement. The standard deviation of
he intraassay variation was 60.09 kb, and the coeffi-
ient of variation was 1.3%. Interassay variation was
ssessed by analysis of 14 samples. Samples were pro-
essed once, and the DNA was subjected to Southern
lot analysis twice over a 3-month period of time. The
nterassay standard deviation was 60.333 kb, and the
oefficient of variation was 4.9%.

Telomerase assay. The telomeric repeat amplifica-
ion protocol (TRAP) used is the modified version of the
riginal method described by Kim et al. (26). Briefly,
3 106 cells were lysed in 200 ml of Chaps lysis buffer

nd cell extract representing 2 3 104 cells was used in
two-step, single-tube protocol (Oncor). In the first

tep, telomerase from the cell extract generated telo-
eric repeats by incubating at 30°C for 30 min, and the

xtended products were then amplified by PCR reac-
ion at 94°C/30 s and 60°C/30 s for 28 cycles using

32P-labeled TS primer. Generated PCR products were
hen analyzed on 12% PAGE followed by quantitative
nalysis on a PhosphorImager (Molecular Dynamics).

he signal from each TRAP product ladder was calcu-
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16 KAUSHAL ET AL.
ated above the background of the corresponding heat-
nactivated lane. To estimate the activity of telomer-
se, an internal 36-bp standard was included to permit
uantification of PCR by competition, the signal from
he 36-bp internal control was used to normalize inter-
ssay variation, and telomerase activity was calculated
s the percentage of TRAP product generated by a
SR8 control template. To normalize interassay vari-
tion, telomerase activity was expressed as a percent-
ge value of extracts from 1 3 104 telomerase-positive
93 cells. Specificity of telomerase activity was demon-
trated by heat inactivation of samples at 85°C for 10
in prior to TRAP assay. Additional controls included
se of water as a template for PCR. The presence of
elomerase inhibitors in the samples was also excluded
y mixing telomerase-positive control extract from 293
ells with study samples.

FACS analysis. Two- and three-color flow cytom-
try was used to evaluate the frequency of CD41 and
D81 peripheral blood T cells expressing HLA-DR,
D38, CD45RA, CD45RO, CD25, CD95, and CD28.
he whole blood lysis technique was used utilizing
ppropriately labeled murine monoclonal antibodies
Pharmingen).

Statistical analysis. The two-tailed Student t test
r the Wilcoxon signed rank test was used to interpret
he significance of differences in the number of lym-
hocyte subsets or TRF lengths between patients be-
ore and after treatment. The global test of correlations
djusting for repeated measures on the same subject
as done to assess changes in telomere length and CD4
nd CD8 T cell subpopulations. For the global P value
esting zero versus a positive or negative correlation
etween telomere length and cell type percentage, the
nterpretation of a small P value is that it indicates
hat when a subject’s cell type percentage is greater
han the mean of all people at that time point (i.e.,
eek 0 or week 12, 24, or 48), then that person’s telo-
ere length tends to be higher (lower in the case of a
egative correlation) than the mean of all people at
hat same time point. P values were adjusted for re-
eated measures on the same subject.

RESULTS

ncrease in Mean TRF Length in Lymphocytes
Following Initiation of a Potent Anti-Retroviral
Therapy (ART) Regimen

A previous study has shown an accelerated rate of
elomere shortening in the leukocytes of patients dur-
ng the natural progression of HIV infection, with a

ean loss of 114 base pairs/year in PBMC in asymp-
omatic patients and 175 bp/year in progressors (9). To

ssess the effect of potent anti-retroviral therapy on p
elomeres, TRF length was analyzed longitudinally in
he T cells of seven men who had not had previous
herapy with protease inhibitors. Four of these men
ad moderately advanced HIV infection (CD4 count
00–300), and three were asymptomatic individuals
ith baseline CD4 counts of 350 to 500 cells per cubic
illimeter of blood. Five of the seven patients had

ncreased T cell mean TRF after 6 to 12 months of
otent anti-retroviral therapy (Fig. 1). The expected
ide individual variations in baseline mean telomere

ength were noted. Thus, while the previously docu-
ented rate of telomere loss is 100 to 175 bp/year (9),
e observed an average gain of 350 base pair T cells

rom patients treated for 6 to 12 months with protease
nhibitor therapy.

istinct Changes in CD4 and CD8 Telomeres after
Institution of ART

Although the number of patients tested was small,
he above results suggest that inhibition of viral repli-
ation might slow the accelerated rate of loss of telo-
ere length and may actually result in restoration of T

ell telomere length in most HIV-infected individuals.
o more formally test this possibility and to assess the
hanges in TRF length in T cell subpopulations, we
erformed a longitudinal study of 11 individuals en-
olled in AIDS Clinical Trials Group Protocol 315. Pa-
ient recruitment for ACTG 315 and the study design
as previously described (27). Briefly, all patients had
ocumented HIV-1 infection and CD4 T lymphocyte
ounts of 100–300 cells/ml and all had received pre-
reatment with AZT; none had received 3TC or a pro-
ease inhibitor. Eleven patients receiving triple combi-
ation drug therapy with lamivudine, zidovudine, and
itonavir were selected based on sample availability for
urther analysis. The baseline immunologic and viro-
ogic indices of these patients are shown in Table 1 and
re representative of the entire ACTG 315 cohort (27).
Nearly all patients had an increase in CD81 T cell
ean TRF after institution of combination ART (Fig.

b). The median TRF length of CD81 T cells increased
30 bp over the 48-week study period, and this increase
as significant compared to baseline (P 5 0.02 by
ilcoxon signed rank test; P 5 0.007 by Student’s t

est. The univariate 95% confidence interval on the
ean change in CD8 telomere length from baseline to
eek 48 of the study was 132 to 619 bp). The increase

n CD81 T cell TRF was evident within 12 weeks after
nitiation of therapy and then stabilized after 24 to 48
eeks of therapy. In contrast, the mean TRF length in
D41 T cells did not increase (Fig. 2a). Confirming
revious reports (9–11), we found that the baseline
ean CD81 T cell TRF length was 714 bp shorter than

he mean CD41 T cell TRF length in this cohort of

atients (Fig. 3 and data not shown).
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17T CELL TELOMERE LENGTH IN HIV INFECTION
FIG. 1. Effect of combination ART therapy on T cell mean telomere terminal restriction fragment length (TRF) in seven HIV-infected
atients. T cells were isolated from seven protease naive patients using positive selection with anti-CD3 and magnetic immunobeads (Dynal)
n PBMC cryopreserved at baseline and after 6 to 12 months of potent anti-retroviral therapy (ART). (Left) Representative Southern blot
rom patients 5, 6, and 7 showing 0.34- to 0.47-kb increases in T cell mean TRF after ART therapy. Lanes 1, 3, and 5, baseline, and lanes
, 4, and 6, after ART. (Right) T cell mean telomere length in the seven patients. Mean TRF of purified T cells was determined by Southern
lot analysis and plotted as a bar graph.
FIG. 2. Distinct changes in mean TRF length in CD4 and CD8 T cells in HIV-infected patients after therapy with combination ART. The
ean TRF was determined in CD4 and CD8 cryopreserved T cells from 11 patients in ACTG protocol 315. Samples were analyzed at baseline

nd longitudinally to 48 weeks. Telomere length at day 5 0 was considered baseline and changes in telomere length were plotted. (a, b) Mean
hanges in 11 patients of the CD4 and CD8 mean TRF (21 SD). For CD8 cells, Student’s t test was used to assess for significance of changes
ersus baseline: *P 5 0.01, n 5 10; **P 5 0.007, n 5 9, normality $0.2. In addition, a global one-sided test of no change versus an increase
n telomere length over time at 12, 24, and 48 weeks yields P 5 0.002, indicating that CD8 TRF length increased with time after ART. A
tatistically significant increase in CD8 TRF at 24 (P 5 0.03) and 48 (P 5 0.02) weeks was also indicated by the Wilcoxon signed rank test.

or CD4 cells, the TRF changes were not significant, as analysis by t test (P 5 NS) and by global analysis of the CD4 mean TRF changes
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18 KAUSHAL ET AL.
Significant interpatient and intrapatient heteroge-
eity was observed in the longitudinal analysis of the
atterns of changes in telomere length in the T cell
ubsets from the 11 patients. Analysis of the mean TRF
ength changes in these treated patients revealed two
rimary patterns of CD41 T cell recovery. Mean TRF
ength in CD41 T cells modestly increased in 5 individ-
als, but remained unchanged or were slowly lost in
he 6 other patients (Fig. 2c). The pattern was complex,
s 2 of the patients had transient increases in CD41 T
ell telomere length that were not sustained and were
ollowed by subsequent decreases in length. In con-
rast, the pattern was more uniform in the CD81 T cell
ompartment, with 8 of 10 patients having increases in
ean telomere length after 24 to 48 weeks of therapy

Fig. 2d). (One patient had no samples available after
eek 12). Two examples of intrapatient heterogeneity
f the changes in telomere length are shown in Fig. 3.
n patient No. 8, there were increases in both the CD4
nd the CD8 T cell mean TRF after institution of ART,
hile in patient No. 9 a “split response” was noted,
ith a decrease in the CD4 telomere length observed
hile the CD8 telomere length was increasing. Of the
0 patients assayed longitudinally for 24 weeks or
ore of therapy, 5 patients had increases in both CD41

P 5 0.31) indicated that the mean TRF did not change with time af

†

he CD4 and CD8 subsets in the 11 patients. The mean of these data
, ƒ—— 2, u—— 3, e—— 4, ‚—— 5, —— 6, J—— 7, —— 8, j—— 9, e——
FIG. 3. Temporal patterns and heterogeneity of changes in CD4

y Southern blot of CD4 and CD8 T cell TRF at baseline and after 4
and 9 of the changes in the mean TRF of the CD4 (F) and CD8 (�)

split” response, with stable CD4 TRF and an increase in CD8 mean
ubsets. Inspection of the data in the Fig. 2 indicates that five patient
ad a split response with decreased mean TRF in CD4 cells and incre

TAB
Virologic and Immunologic Parameters for the

Patient
Age

(years)

Plasma viral loa

Baseline

1 41 3.61 3 103

2 35 7.26 3 103

3 47 2.84 3 105

4 64 1.49 3 105

5 37 2.82 3 104

6 36 6.27 3 104

7 45 6.54 3 104

8 36 1.05 3 105

9 33 2.65 3 105

10 55 2.14 3 104

11 39 9.23 3 104

ean 6 SD 42 6 10 5.17 3 104a

a Geometric mean.
n both subsets.
nd CD81 T cell telomere length while 3 of the patients
ad decreases in CD4 and increases in CD8 TRF and 2
atients had TRF decreases in both T cell subsets.
The above results establish that the institution of
RT is associated with changes in telomere length, and

hese changes differ strikingly from the expected
onotonic decline observed in the PBMC from normal

dults of about 30 to 50 base pairs per year (2), or from
he accelerated decline of 100 to 300 base pairs per
ear in the CD8 subset that is reported in HIV-infected
ndividuals (9). Perhaps most notable from these re-
ults is that some patients continue to have a decline in
D4 T cell TRF length while others have increases in
D4 cell TRF length after starting ART. This does not
ppear to be correlated with failure of control of HIV-1
eplication as only two patients had detectable plasma
IV-1 after 48 weeks of therapy. Moreover, both of

hese patients had increased CD8 cell TRF while one
ad increased CD4 cell telomere length and the other
ecreased CD4 cell telomere length.
We have considered a number of other potential ex-

lanations for the changes in telomere length observed
fter ART. The initial response to potent ART is an
ncrease in CD4 and CD8 cells that may be due pri-

arily to the release of cells trapped in lymph nodes.

ART. (c, d) Heterogeneity of changes in individual m TRF length in
depicted in (a) and (b) above. Patients as numbered in Table 1: V——
, ‚—— 11.

CD8 T cell mean TRF. (Top) Longitudinal analysis of two patients
eeks of ART. (Bottom) Plots of the Southern blot data for patients

bsets; these patients are also shown in Fig. 2. Patient 9 (left) had a
F while patient 8 (right) had increases in mean TRF in both T cell

ad increases in mean TRF in both CD4 and CD8 cells, three patients
d mean TRF in CD8 cells, and two patients had decreased mean TRF

1
HIV-Infected Subjects in ACTG Protocol 315

opies/ml) CD41 T cells
(ml)

Baseline

CD81 T cells
(ml)

BaselineWeek 48

,102 242 615
,102 155 1240
,102 182 604
,102 257 1465
,102 181 1406

1.40 3 103 167 1032
,102 282 1290
,102 132 1782
,102 81 282
,102 205 876

2.0 3 104 156 405
186 6 58 1000 6 482
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19T CELL TELOMERE LENGTH IN HIV INFECTION
referential mobilization of cells with longer telomeres
uch as naive T cells could contribute to the changes
hat we have observed. The major contributions to the
ncrease in CD4 and CD8 cells from rebound occurs
arly, in the first several weeks of therapy (6, 7), and
e did not observe the major increase in CD8 TRF
ntil 24 weeks or more of therapy.
Activated T cells express telomerase (28), and hence

t is possible that induction of telomerase activity could
ontribute to the increased telomere length during the
cell repopulation that follows institution of ART. To

nvestigate this possibility we measured telomerase
ctivity in the T cells from 11 patients in AIDS Clinical
rials Group protocol 315. Low levels of telomerase
ctivity were detectable in the lymphocytes from pa-
ients before therapy, confirming previous studies (9).
n 10 of the patients there was no change in the telo-
erase activity in relation to commencement of com-

ination ART, while in 1 patient there was a tempo-
ally related increase in activity (Fig. 4). In this indi-
idual (patient 10), during the first 2 weeks after
tarting ART there was a substantial increase in the
elomerase activity from 2% to more than 50% of the
ctivity detected in the telomerase-positive tumor con-
rol cell line. This appears to be an uncommon occur-
ence, as we have since assayed multiple other samples
rom a total of 22 individuals and have not observed a
imilar temporal induction of telomerase activity (data
ot shown). Together, these results suggest that it is
nlikely that increased telomerase activity could ac-
ount for the nearly uniform increase in mean telomere
RF length in the CD8 compartment that we have
oted. However, our results do not exclude the possi-
ility that induction of telomerase activity limited to a
ompartment such as lymph nodes could contribute to
he increased telomere lengths observed during cellu-
ar restoration following ART.

Striking changes in the numbers and immunopheno-
ypes of the circulating lymphocytes occurred in the 11
atients after starting ART (Table 2). There was a
ignificant increase in CD41 T cells at all time points.
n contrast, while CD81 T cells increased early after
tarting therapy confirming previous reports (16), after
6 to 48 weeks of therapy the total CD81 T cell number
as not different from the baseline number. There
ere, however, marked changes in the composition of

he CD81 T cell subset, with a significant decrease in
ctivated cells bearing the CD95 antigen. In contrast,
aive CD4 and CD8 cells increased with therapy. Sim-

larly, there was an increase in T cells that express
D28, and this was significant for CD41281 (P 5 0.002,
ilcoxon signed rank test) cells. There was, however, a

ignificant decrease in the number of memory CD81RO1

ells. Recent studies have documented shorter telo-
eres in CD282 T cells compared to their CD281 coun-
erparts (10, 29). Similarly, since memory CD45RO1 T r
ells have shorter telomeres than CD45RA1 naive T
ells, it is likely that the increase in TRF length in the
D8 cells of patients after starting potent ART is due

o a selective persistence and/or renewal of cells with
onger telomeres, such as naive and/or CD281 T cells.
urthermore, the selective depletion of activated
D81RO1282 T cells with short telomeres following
AART is also likely to contribute to these findings.
hus, our results are most consistent with a mecha-
ism for recovery of the CD81 T cell compartment that

nvolves the replacement of CD81 T cell cells with high
eplicative history and shorter TRF length with cells
aving higher replicative potentials and longer TRF

engths.
In contrast to the marked decrease in CD8 cells that

xpressed the CD45RO or CD95 antigens, there was an
ncrease in the absolute number of CD4 cells express-
ng CD45RO (P 5 0.004) or CD95 (P 5 0.006) (Table 2).
he increase of CD4 cells with a memory phenotype

ikely contributes to the decline in CD4 cell telomere
engths noted in some patients.

To further clarify the distinct changes in telomeres
nduced by ART, the CD4 and CD8 T cell telomere
engths were correlated with the number and fre-
uency of T cell subsets after 12 to 48 weeks of therapy
Table 3). It would be expected that changes in mean
RF length, an assay done on bulk populations of CD4
nd CD8 cells, would correlate best with changes in the
requency of cell subsets rather than the absolute num-
ers of cell subsets. Changes in the mean TRF length
n the CD41 T cell compartment correlated with
hanges in the frequency of CD45RA162L1 naive cells
P 5 0.003) and CD281 cells (P , 0.001), suggesting
hat the mean TRF length observed in the CD4 com-
artment may relate to new production of CD4 T cells
ollowing combination ART (Table 3). Telomere lengths
f CD4 cells also correlated with the absolute number
f naive cells (P 5 0.01) but not with the absolute
umber of CD281 cells (P 5 0.14). Furthermore, elon-
ation of CD4 T cell TRF also correlated with the
requency of CD251CD41 T cells (P 5 0.003). It is
nown that naive cells have long telomeres, and it is
ikely that recent thymic emigrants have long telo-

eres (30). In contrast, while the increase in TRF
engths of CD81 T cells did not correlate with changes
n naive cells, there was an inverse correlation of CD8

emory cells with telomere length that did not quite
each statistical significance (P 5 0.06).
Previous studies have shown that HIV infection in-

uces increased proliferation of CD41 T cells (31), and
ecent studies have shown that there is a further in-
rease in CD41 T cell proliferation induced by potent
RT (19). We found that for both CD4 and CD8 T cells,

he percentage and frequency of CD251 T cells corre-
ated with increased telomere length. Together these

esults are consistent with the notion that the increase
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n the telomere length in the CD81 T cell compartment
as related to the selective persistence/survival of
D81 T cells that have longer telomeres, as well as the
enewal/replacement with naive cells that have longer
elomeres. Finally, the a positive correlation of CD25
xpression with longer telomeres in both CD4 and CD8
cells is consistent with these cells being a marker for

ecently produced cells that are derived from cells with
more extensive replicative capacity.

DISCUSSION

In this report we have extended our previous studies
egarding telomere lengths in HIV-1 infection. Potent
RT results in T cells with longer average terminal

elomeric restriction fragment lengths. Longitudinal

FIG. 4. Longitudinal analysis of telomerase activity in PBMC fr
atients from ACTG protocol 315 were assayed for telomerase a
nti-retroviral therapy. Three of the patients in this cohort were al
mplification protocol (TRAP) assay was used to assess telomerase ac
er lane were assayed. The longitudinal results from the 11 patien
ositive cell extracts from 1 3 104 293 cells. The results from patients
ssayed while heat-inactivated extracts (1) were used as negative co
ontrol; (iii) TSR8 template control.
nalysis of the replicative history of T cell subsets h
hows that ART therapy has marked effects on the
omposition of the CD4 and CD8 T cell compartments
hich results in distinct changes in telomere length in
D4 and CD8 T cells. We found that the effect of ART

n patients with moderately advanced HIV infection
as to increase the median CD81 TRF by about 430
ase pairs while there was no change in the CD41 cell
RF after 48 weeks of therapy. Thus, these are the first
esults to demonstrate the reconstitution of T cell com-
artment with T cells having a more extensive repli-
ative capacity, as previous studies have only demon-
trated age-related declines in lymphocyte telomere
engths during steady state hematopoiesis.

There are several limitations to the use of telomere
ength as a marker of T cell turnover and thymic re-
ewal in HIV infection. First, McCune and Hellerstein

patients after initiation of combination ART. Lymphocytes from 11
ity before and at the indicated intervals following initiation of

included in the data shown in Figs. 2 and 3. The telomeric repeat
ty in the extracts from PBMC. Extracts from 2 3 104 cell equivalents
are depicted graphically as a percentage of activity of telomerase-
and 11 are shown on the right. Non-heat-exposed extracts (2) were
ols. (i) 293 cell extracts (1 3 104); (ii) water PCR template negative
om
ctiv
so
tivi
ts
10

ntr
ave pointed out that since HIV-1 preferentially in-
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ects dividing CD41 T cells that are about to shorten
heir telomeres, the T cells surviving HIV infection
hould have longer telomeres (22). However, this is
nlikely to be a significant limitation in the present
tudy due to the effective interruption of viral replica-
ion consequent to potent anti-retroviral therapy. Sec-
nd, telomerase is a ribonucleoprotein complex that
an add hexameric repeats to telomeres. Previous stud-
es have shown that telomerase activity is strongly
pregulated after T cell activation (28, 32–34). Fur-
hermore, HIV-1-infected individuals have normal telo-
erase activity in peripheral blood T cells (9, 11). We

ound that most patients do not have detectable in-
reases in telomerase activity during the first month of
AART, and thus it is unlikely that telomerase activ-

ty accounts for the increase in telomere lengths that
e have observed. However, we did find that telomere

engths were correlated with CD25 expression, and
his would be consistent with telomerase-mediated
engthening of telomeres.

TAB
Correlations of CD4 and CD8 Cell

CD4 T cells

CD62L1

RA1 CD281

CD45
RO1RA2

ercent 0.003 ,0.001 20.037
bsolute number 0.01 0.14 20.16

a P value for global one-sided test of zero versus a positive or nega
D4 or CD8 T cell subset for all weeks. Correlations are shown

mmunophenotype. Correlations were tested at baseline and at we

TABLE 2
Alterations in T Lymphocyte Subsets after Combination

Anti-retroviral Therapy

Subset

Baseline Weeks 36–48

P valueacells/ml (mean 6 SD)

D4 185 6 58 389 6 96 0.002
D8 1000 6 482 1126 6 464 0.28
D41281 129 6 31 320 6 97 0.002
D4145RA162L1 49 6 22 145 6 50 ,0.001
D41RO1 155 6 65 269 6 98 0.004
D41951 121 6 41 213 6 85 0.006
D81281 230 6 98 312 6 140 0.10
D8145RA162L1 120 6 105 224 6 112 0.002
D81RO1 847 6 446 528 6 211 0.01
D81951 785 6 399 208 6 248 0.002

Note. Lymphocyte subpopulations were enumerated by two- and
hree-color flow cytometry for the 11 patients shown in Table 1 and
igs. 2 and 3.

a P value, Wilcoxon signed rank test.
oint, then that subject’s telomere length tends to be longer than the m
The central issue raised by our study concerns the
ature of the differences between CD41 and CD81 T
ell reconstitution. BrdU labeling studies in normal
nd SIV-infected macaques have shown similar CD41

nd CD81 T cell turnover rates, and have also shown
hat infection with SIV induced comparable increases
n the turnover rates of CD41 and CD81 T cells (14, 15).
n studies quantifying expression of the nuclear Ki-67
ntigen as a surrogate marker for cell division, CD41 T
ell proliferation was found to be increased two- to
hreefold in HIV-infected individuals with moderately
dvanced HIV infection (35, 36) but not in patients
ith early stage HIV infection (19). In contrast, the

raction of proliferating CD81 T cells in HIV infection
n both early and later stage HIV infection was ele-
ated approximately sixfold compared to control do-
ors (19, 35, 36). Together, these studies are compati-
le with the previous studies showing that HIV
nfection was associated with decreased telomere
ength in CD81 T cells but not in CD41 T cells (9–11).
hus, on the one hand, patients begin ART with more
xtensive depletion of telomeres in the CD8 compart-
ent, and simply the ART-mediated relief of the ho-
eostatic stress would be predicted to lead to a more

apid normalization of the CD81 T cell telomere com-
artment. In addition, the rise in mean TRF length in
he CD81 T cell compartment correlated inversely with
he number of circulating CD8 memory cells, consis-
ent with a negative selection in the periphery for
D81 T cells with a less extensive replicative history.
In contrast to the relative homogeneity of the re-

ponse in the CD8 compartment, the telomere response
f the CD4 compartment was characterized by wide
ndividual heterogeneity as was shown in Fig. 2. Other
tudies have also noted high interindividual variability
n CD4 cell growth and turnover rates compared to a
niformly high CD8 turnover rate in HIV-infected in-
ividuals as assessed by Ki-67 antigen expression (19,
5). There are other indications that the population
ynamics of the CD4 and CD8 compartments differ.

3
lomere Length and T Cell Subsets

CD8 T cells

CD251

CD62L1

RA1 CD281

CD45
RO1RA2 CD251

P valuea

0.003 0.41 20.39 20.20 0.01
0.07 0.14 20.29 20.06 0.05

correlation of CD4 or CD8 T cell telomere length and the indicated
both absolute number and for percentage of cells with a given

s 12, 24, and 48 after starting combination therapy. For positive
LE
Te

tive
for
ek

orrelations a small P value indicates that when a person’s T cell phenotype percentage is greater than the mean of all subjects at that time

ean of all patients at that same time point.
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or example, the regenerative capacity of the adult
D41 T cell repertoire is limited (37, 38). Furthermore,

ollowing chemotherapy or marrow transplantation,
D81 T cell regeneration occurs much earlier than
D4 recovery (39). Mackall and co-workers have sum-
arized evidence that the regeneration of CD41 and
D81 T cell compartments is distinct (40). Most nota-
le is the observation that CD4 cell recovery is associ-
ted with thymic enlargement while CD8 T cell recov-
ry is not (41). McCune and co-workers found that the
umber of circulating naive CD41 T cells correlates
ith patients who have more abundant thymic mass

42). Thus, it is possible that the large individual vari-
tions in CD4 T cell telomere length changes might be
elevant to individual differences in disease progres-
ion and the response to ART.
Reverse transcriptase inhibitors have been shown to

ave effects on telomeres and telomerase. For example,
idovudine has been shown to incorporate into telo-
eric DNA and to cause telomere shortening in HeLa

ells at high concentrations (43). In human leukemic
ell lines, zidovudine caused progressive telomere
hortening in some cultures and inhibited telomerase
ctivity (44). In cultures of primary human T cells, we
ave been unable to detect inhibition of telomerase
ctivity or induction of telomere shortening by zidovu-
ine (SK, unpublished). Thus, reverse transcriptase
nhibitors are unlikely to have caused the increase in
elomere length that we observed following the start of
otent ART and it remains unclear if they might con-
ribute to the telomere shortening observed in HIV-
nfected patients.

Uncovering of the mechanism underlying the wide
isparity in CD4 cell telomere length changes following
otent ART will require further study. Given that we
ound that increases in TRF length correlated with
ncreases in naive (CD4145RA162L1) cells, a marker of
hymic-derived T cells in CD4 cells but not CD8 T cells,
t is possible that thymic regenerative capacity will
orrelate with recovery of naive CD4 T cells having a
ore extensive replicative capacity. Recent studies of T

ells containing excisional DNA products of TCR-gene
earrangement provide a measurement of thymic out-
ut, and these studies suggest substantial heterogene-
ty of thymic function in patients with HIV infection
45). Autopsy studies also indicate substantial thymic
athology in patients with HIV-1 infection (46). In
ddition we found that CD4 telomere lengths corre-
ated inversely with CD4 memory cells, similar to CD8
ells. Together, our data are in broad agreement with
he Red Queen Model recently put forward by Haase
nd co-workers (36), which states that T cells, and
articularly CD4 T cell replacement mechanisms, nor-
ally operate in adults at close to maximum capacity

ust to maintain steady state. Our results add to this

odel by suggesting that CD8 T cells are able to more
apidly catch up after perturbation of the steady state
y HIV and that a thymic component to CD4 cell re-
ewal is more active in some individuals than in oth-
rs. In summary, the present results show that potent
RT therapy has marked effects on composition of the
cell compartment. However, the differential recovery

ates of T cell compartments suggest that CD4 and
D8 T cell reconstitution are regulated by distinct
echanisms.
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