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T Cell Telomere Length in HIV-1 Infection: No
Evidence for Increased CD4+ T Cell Turnover

Katja C. Wolthers, G. Bea A. Wisman, Sigrid A. Otto,
Ana-Maria de Roda Husman, Niels Schaft, Frank de Wolf,
Jaap Goudsmit, Roel A. Coutinho, Ate G. J. van der Zee,

Linde Meyaard, Frank Miedema*

Progression to acquired immunodeficiency syndrome (AIDS) has been related to ex-
haustion of the regenerative capacity of the immune system resulting from high T cell
turnover. Analysis of telomeric terminal restriction fragment (TRF) length, a marker for
cellular replicative history, showed that CD8+ T cell TRF length decreased but CD4+ T
cell TRF length was stable during the course of human immunodeficiency virus type-1
(HIV-1) infection, which was not explained by differential telomerase activity. This ob-
servation provides evidence that turnover in the course of HIV-1 infection can be in-
creased considerably in CD8+ T cells, but not in CD4+ T cells. These results are
compatible with CD4+ T cell decline in HIV-1 infection caused by interference with cell
renewal.

In the course of HIV-1 infection, CD4+ T
cells are progressively lost, CD8+ T cell num-
bers gradually increase, and immune function
is progressively disturbed (1). Chronic im-
mune activation is reflected by an activated
phenotype of CD8+ T cells in blood and
lymph nodes (2), high concentrations of cir-
culating HIV-specific cytotoxic T lympho-
cyte (CTL) effectors that are highly activat-
ed (3), and activation-induced programmed
cell death that affects both CD8+ and CD4+
T cells (4). CD4+ T cell numbers decline at
an accelerated rate about 1.5 to 2 years be-

fore the onset of AIDS (5). It has been
proposed that HIV-induced rapid CD4+ T
cell turnover eventually leads to exhaustion
of the regenerative capacity of the immune
system (6, 7).

To study T cell turnover, we analyzed
telomeric TRF length. Telomeres are the
extreme ends of chromosomes that consist
of TTAGGG repeats, 10 kb long in hu-
mans (8). After each round of cell division
telomeric sequence is lost (9-12) because of
the inability of DNA polymerases to fLlly
replicate the 5' end of the chromosotne

(13). Cross-sectional studies have revealed
a loss of 30 to 50 base pairs (bp) per year for
human leucocytes in vivo (9, 10, 14), and
telomere length has been used as a marker
for replicative history and the proliferative
potential of cells (9-11, 15, 16). To over-
come the considerable variation in lympho-
cyte telomere length between donors of the
same age (17), we analyzed TRF length on
sequential peripheral blood mononuclear
cell (PBMC) samples. For these analyses,
the subtelomeric probe pTH2M (18) was
chosen because it does not result in dispro-
portionally high signals for longer telomeric
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repeats. Hybridization with the pTH2A or
(TTAGGG)4 probe gave similar results
within one individual.

Over 5 to 9 years, the change in TRF
length ranged from -0.6 kb to +0.5 kb in
seven HIV-seronegative men (Fig. IA),
which indicates a maximum range of nor-
mal change in TRF length from -100 to
+100 bp/year (mean ± SD 4.7 ± 71 bp/
year) (19). TRF length was analyzed longi-
tudinally in PBMC samples from eight age-
matched asymptomatic HIV-infected ho-
mosexual men with CD4+ T cell counts
>300 cells per cubic millimeter of blood,
and six age-matched HIV-infected homo-
sexual men who progressed to AIDS within
5 years after seroconversion. In five asymp-
tomatic HIV-infected individuals and two
progressors, loss of TRF length in PBMCs
was in the normal range (<100 bp/year).
Accelerated loss of TRF length in PBMCs
was found in three asymptomatics (200 to
264 bp/year) and four progressors (114 to
309 bp/year, Table 1 and Fig. 1). For the
individuals with HIV infection, the mean
loss of TRF length was significantly in-
creased compared with the change in TRF
length in healthy donors, with a mean ±
SD loss of TRF length of 114 ± 100 bp/year
in the group of eight asymptomatics and
175 ± 105 bp/year in the group of six
progressors compared with 4.7 + 71 bp/year
in healthy controls (P = 0.04 and P =

0.008 respectively, Mann-Whitney U test).
TRF length in PBMCs is a composite of

TRF length in different leucocyte popula-

tions. To compare TRF length between
CD4+ and CD8+ T cells, we performed a
cross-sectional study. In nine healthy con-
trols, no significant difference was found in
TRF length between CD4+ and CD8+ T
cells [mean ± SD of 9.8 ± 1.3 kb and 9.9 ±
1.9 kb, respectively (Fig. 2)]. However, in
significantly more persons in the group of
asymptomatic HIV-infected men, TRF
length in CD8+ T cells was shorter than in
CD4+ T cells (Fig. 2) (P = 0.03, Wilcoxon
matched-pairs signed-ranks test; mean ±
SD CD4+ TRF length was 10 ± 1.4 kb
compared with a mean CD8+ TRF length
of 8.8 + 1.3 kb).

Furthermore, longitudinal analysis of T
cells from 11 of the 14 HIV-infected indi-
viduals included in Fig. 1 showed acceler-
ated loss of TRF length almost exclusively
in CD8+ T cells, whereas the TRF length of

CD4+ T cells did not decline (Fig. 3). The
mean loss of TRF length in CD8+ T cells
was 211 ± 187 bp/year compared with only
28 ± 114 bp/year in CD4+ T cells in the
group of HIV-infected persons. Within in-
dividuals the loss of CD8+ T cell TRF
length was significantly increased compared
with loss in CD4+ T cell TRF length (P =
0.007, Wilcoxon matched-pairs signed-
ranks test). TRF length loss in CD4+ T
cells from one HIV-infected person
was >100 bp/year. Results from the analysis
on sequential samples from two asymptom-
atic HIV-infected men (ACH-1024 and
ACH-232) and two progressors (ACH-
1094 and ACH-54) are shown in detail in
Fig. 3C. Thus, accelerated loss of PBMC
TRF length in HIV infection could be ac-
counted for by accelerated loss of CD8+ T
cell TRF length.

Fig. 2. Comparative analysis of CD4+ and CD8+ TRF length. 14 HIV- HIV+
Purified CD4+ and CD8+ T cells were obtained from nine healthy p 0
controls (HIV-) and nine asymptomatic HIV-infected individuals NS-,P= .03,
(HIV+) by magnetic separation over columns (MiniMACS, Milte- ' 12
nyi Biotec, Sunnyvale, California). PBMCs were incubated for 15
min with magnetic microbeads conjugated with monoclonal an- c'.
tibody to CD8 and passed over a MiniMacs separation column. )
CD8+ T cells were obtained by flushing out the retained cells. U

The depleted fraction then was used to obtain CD4+ T cells by 8
labeling the cells with microbeads conjugated with monoclonal
antibody to CD4 and repeating the protocol. With this technique, 6 CD4 CD8 CD4 CD8
the purity of CD4+ T cells was on average 80% with 10% con-
tamination of CD8+ T cells, and 90% purity of CD8+ T cells with less than 1% CD4+ T cells. TRF length
was analyzed as described in Fig. 1. Statistical analysis was performed with the Wilcoxon matched-pairs
signed-ranks test, and P < 0.05 was considered significant. NS, not significant. The horizontal bars
indicate means.
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Fig. 1. Longitudinal analysis of TRF length in PBMCs. (A) Two or three sequentially frozen blood samples were taken from four
healthy noninfected blood bank donors and three HIV-negative homosexual cohort participants as controls (HIV-) and 14 4.3 kb

HIV-infected homosexual men (HIV+) (eight remained asymptomatic and six progressed to AIDS during follow-up). PBMCs
were analyzed for TRF length. The first sample was considered the baseline TRF length (defined as 0), and sequential samples
were defined as the change from baseline in kilobases. For HIV-infected individuals, follow-up is expressed in years relative
to seroconversion. (B) A representative TRF blot analyzed by Phosphor-Imager (Fuji) of telomeric DNA from two sequential
samples taken over 4.5 to 5 years from two HIV-infected individuals. Decrease in mean TRF length is indicated at the bottom. *
Molecular sizes are indicated in the left column. TRF length was analyzed by Southern (DNA) blot technique. Bgl lI-digested 1.2kb 0.3 kb
total genomic DNA (8 pLg) obtained from PBMCs was electrophoresed on 0.6% agarose gels (30 mA for 48 hours), blotted to Genescreen Plus (DuPont),
cross-linked (Stratalinker), and hybridized to a radiolabeled subtelomeric probe pTH2A (18). Hybridization was at 650C in 0.5 M Na2HPO4, 7% SDS (pH 7.2).
Blots were washed with 3x standard saline citrate (SSC), 0.5% SDS gradually decreasing to 0.1 x SSC, 0.5% SDS (15 min at 650C). Blots were exposed to
Phosphor-Imager screens (Fuji) for 4 hours or overnight, and analyzed by Phosphor-Imager software (TINA, from Raytest, Straubenhardt, Germany). The
point of highest resolution was taken as the peak TRF length, and the mean TRF length was calculated by marking the area above the background. Usually
a gaussian distribution was obtained, and the mean position was very close to the peak value. If an initial peak was followed by a broad shoulder, mean TRF
length was compared.
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The loss ofTRF length in the total group

of HIV-infected individuals could not be
related to progression to AIDS or disease
progression markers, including CD4+ and
CD8+ T cell counts, HIV-1 phenotype (SI-
NSI), viral RNA load, T cell reactivity
(20), or to zidovudine (ZDV) therapy (Ta-
ble 1 and Fig. 3C).

Stable TRF length is found in germline
cells and immortal cells that express telo-
merase, a ribonucleoprotein DNA polymer-
ase that carries its own RNA template and
adds telomeric repeats to chromosomal ends
to maintain telomeric length (21-24). It
has been shown that telomerase activity is
detectable at low levels in haematopoietic
cells, decreases with age, and is inducible in
PBMCs after in vitro stimulation (25-27).
We tested whether stable TRF length of
PBMCs and lymphocytes in HIV-1 infec-
tion correlated with increased telomerase
activity. To detect telomerase activity in
PBMCs and CD4+ and CD8+ T cells from
seronegative controls and HIV-infected in-
dividuals of the same age, we used extracts
equivalent to >1500 cells per assay. Telo-
merase activity could be detected in as little
as 13 cell-equivalents per assay of a lung
carcinoma cell line (GLC-4) (Fig. 4). Telo-
merase activity in PBMCs from patients
ACH-293 and ACH-1 120 was only detect-
able in 150,000 cell-equivalents per assay,
comparable with telomerase activity in
PBMCs from a healthy control. Telomerase
activity in PBMCs from patient ACH-169
was still detected in the equivalent of
15,000 cells, a level 10 times that in cells
from the control (Fig. 4A). Thus, levels of
telomerase activity were low compared with
the reference GLC-4 cell line and did not
differ in PBMCs with stable TRF length
(ACH-293) compared with PBMCs with
decreasing TRF length (ACH-1 120). In ad-
dition, stable TRF length in CD4+ T cells
from HIV-infected men could not be ex-
plained by elevated telomerase activity. Re-
sults from one patient, representative for
seven patients, are shown in Fig. 4B. Telo-
merase activity in CD4+ T cells was not
increased compared with telomerase activ-
ity in CD8+ T cells, or with telomerase
activity in CD4+ T cells from a healthy
control. These results were confirmed by
nonradioisotopic TRAP assay (28) where
an internal amplification standard (ITAS)
was included, showing that inhibition of
Taq polymerase was not observed in sam-
ples of 15,000 cell-equivalents or less (29).
This indicates that low telomerase activity
measured by the TRAP assay in CD4+ T
cells from HIV-infected persons is not the
result of Taq inhibitors in the samples.

Our analyses, in which TRF length is
used as a measure of the replicative history
of T cells, are consistent with chronic im-

mune activation in HIV-1 infection. TRF
length was shorter in the CD8+ T cells
compared with CD4+ T cells of HIV-infect-
ed persons. Moreover, in a proportion of the
persons that we studied longitudinally, a
decrease of TRF length in the CD8+ T cell
population was seen over the course of
HIV-1 infection. In agreement with this,
Effros and co-workers have observed sub-

stantial decreased TRF length in the ex-
panded population of activated effector
CD8+CD28- T cells, with a less pro-
nounced TRF length decrease in the nonac-
tivated CD8+CD28+ T cells (30). Increased
turnover of CD8+ T cells is not only due to
HIV-1 specific cells, but may be caused by
extensive bystander responses. Vigorous an-
tiviral responses can induce a several thou-
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Fig. 3. Longitudinal analysis of TRF length in CD4+ and CD8+ T cells. (A) Two or three sequentially
frozen blood samples were taken from a healthy noninfected blood bank donor and two HIV-negative
homosexual cohort participants as controls (HIV-), and from 11 of the 14 HIV-infected individuals
(HIV+) included in Fig. 1. CD4+ and CD8+ T cells were analyzed for TRF length as described in Figs. 1
and 2. Corresponding symbols for HIV-infected individuals depicted in Figs. 1 and 3 were used. (B) A
representative Southern blot hybridized to the (TTAGGG)4 probe. CD4+ and CD8+ T cell telomeric DNA
from two sequential samples taken over 4 years from one HIV-infected individual progressing to AIDS.
The last sample was taken right before the onset of AIDS with CD4+ T cell counts of 150 per cubic
millimeter of blood. (C) Longitudinal analysis of four HIV-infected individuals. CD4+ (O) and CD8+ (C]) T
cell counts, viral RNA load in plasma (A) as determined by Q-NASBA (Organon), T cell reactivity to
monoclonal antibody to CD3 (V), and change in TRF length in PBMCs (+) and CD4+ (-), and CD8+ (O)
T cells are shown. TRF length was expressed relative to TRF length in samples taken at early time points,
which may however differ in analyses for the different cell subsets. In the top row, the asterisk indicates
ZDV therapy; the inverted V, an SI variant; and A, AIDS diagnosis.
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sand-fold expansion of virus-specific CD8+
T cells, and overall CD8+ T cell numbers
may increase severalfold through nonspecif-
ic stimulation by cytokines (31, 32). The
extent of this CD8+ T cell response may
vary between individuals and may be related
to variable immune activation by HIV-1
and host genetics, regulating the magnitude
of CD8+ T cell activation.

Our data show that the CD4+ T cell
TRF lengths are stable. How can that be

A
GLC-4 HIV- ACH-169 ACH-293 ACH-11'

0 5 10 0 3 0 3

interpreted in the light of the now available
information on CD4+ T cell TRF length
dynamics and the current ideas of high
CD4+ T cell turnover in HIV infection? In
normal individuals, it is well established
that T cells lose TRF length with age, de-
spite some expression of telomerase during
activation and division (33). Weng et al.
(34) showed that with age, both naive and
memory CD4+ T cells lose TRF length at
the same rate. This finding shows that for

B
GLC-4 ACH-1 171 HIV-

20 CD4 CD8 CD4 CD8
+ D x m m m
c h

d e f d e f d e f d e f

Fig. 4. Longitudinal analysis of telomerase activity in HIV-infected individuals. (A) Telomerase activity
was measured according to the telomeric repeat amplification protocol (TRAP) assay (24) in extracts
corresponding to 15 x 104 (lanes d), 15 x 103 (lanes e), and 15 x 1 02 (lanes f) PBMCs from one healthy
control and three HIV-infected individuals at 0 years (sample early in follow-up), followed by sampling 5
and 10 years, or 3 years later, as indicated below the patient number. (B) Telomerase activity in extracts
corresponding to 15 x 104 (lanes d), 15 x 103 (lanes e), and 15 x 102 (lanes f) CD4 or CD8+ T cells
from one HIV-infected individual and one healthy control. In (A) and (B) extracts equivalent to 130 (lanes
a), 13 (lanes b), and 1.3 (lanes c) cells from the telomerase-positive immortalized lung carcinoma cell line
GLC-4 was used as a positive control, and telomerase activity in blood cells was compared to this.
Ribonuclease-treated extracts (130 GLC-4 cell-equivalents), lysis buffer, and PCR mix were used as
negative controls. Ribonuclease treatment of PBMCs or lymphocyte extracts resulted in abolishment of
telomerase activity as shown for GLC-4, but not of the internal amplification standard (ITAS) as we used
in the nonradioisotopic TRAP assay (29). Cells for telomerase activity were processed as described
before (24, 25).

the maintenance of these compartments by
homeostasis, cell division in the naive T
cells or their precursors is required. This in
turn suggests that, in a normal individual
upon antigenic encounter, naive cells are
recruited to differentiate, and this is com-
pensated for by proximal cell division either
of the naive cells, if the T cells are consid-
ered to be self-sufficient as has been sug-
gested (35), or of a precursor feeding prog-
eny into the naive pool (34, 36).

Daily rapid turnover of large numbers of
HIV-infected CD4+ T cells would have a
substantial effect and would cause a major
flux of naive and memory CD4+ T cells.
According to the data reported by Weng et
al., this distal consumption will be compen-
sated for proximally and would thus result
in accelerated TRF length loss in the over-
all CD4+ T cell population. In HIV-1 in-
fection, the half-life of productively infect-
ed cells that are mainly dividing memory
cells (37) has now been estimated to be on
the order of 1.6 days (38). If this loss of
memory cells that have relatively short TRF
length would be an order of magnitude
greater than in healthy controls, which may
be compensated for by expansion or influx
of naive cells with relatively longer TRF
length, this would initially result in a stable
or even slightly increased TRF length of the
remaining peripheral T cells. Because pro-
genitor cells also lose TRF length with age
(11), with time the bulk of the T cells
however would eventually show significant
shortening. Our results show that TRF
length of CD4+ T cells in HIV-1 infection
is stable, and that this is not because of
increased telomerase activity. Although telo-
merase-independent mechanisms for telo-
mere maintenance cannot be formally ex-
cluded, in primary human cells telomerase

Table 1. Patient clinical and laboratory characteristics. Seroconversion date is counts of the last sample analysis are shown. CD4 T cell decline and TRF
known in all patients. Follow-up is the time from the first to last sample of length loss are the mean declines per year during follow-up. Viral load is shown
PBMC TRF length analysis, relative (rel.) to seroconversion (SC). CD4 T cell as logarithm of the mean viral load of three timepoints during follow-up.

Follow-up diagnosis CD4 CD4 decline Viral load ZDV SI-NSIt
Patient (years rel. (years (per (per mm3 Tb/Flos (copies of (years pheno-

to SC) afterSC) mm3) per year) bp/year RNA/ml) after SC) type

ACH-90 1.7-10.6 - 750 8 0 3.0 No NSI
ACH-1160* -1.0- 6.9 - 580 38 64 3.0 No NSI
ACH-658 0.1 - 8.2 - 840 45 37 4.0 No NSI
ACH-272* -3.3 - 5.3 - 440 45 82 3.6 No NSI
ACH-1024* 0.0- 6.5 - 420 51 264 3.7 No NSI
ACH-1171 0.2-5.2 - 600 62 200 3.0 No NSI
ACH-169 0.8-9.3 - 530 91 43 4.9 No NSI
ACH-232 0.1- 8.9 - 300 69 225 5.2 1 NSI
ACH-293 0.7- 6.0 4.0 10 38 50 5.4 3 SI
ACH-412 0.5- 4.8 4.7 500 58 309 6.0 No NSI
ACH-54 0.3- 4.3 4.0 10 128 89 5.1 2 SI
ACH-1094* -4.0- 3.0 3.3 70 183 214 5.4 2 SI
ACH-1120 0.1- 5.3 4.7 30 279 114 5.7 1 SI
ACH-39* -0.7- 2.6 3.0 260 436 273 5.5 No SI
*TRF length analysis before and after seroconversion. 't-SI, syncytium-inducing variant; NSI, nonsyncytium-inducing variant.
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activity most likely is the dominant mech-
anism (39). The telomere hypothesis on
replication and aging holds up for CD8+ T
cells as we and Effros et al. (30) have shown.
In addition, CD4+ T cell clones obtained
from an HIV-infected individual exhibit
progressive TRF length loss of 26 to 75 bp
per population doubling after culturing in
vitro [mean ± SD of 43 ± 16 bp per mean
population doubling (MPD), n = 8 clones],
which is in the same range as TRF length
loss of CD4+ T cell clones (n = 8) obtained
from this individual before seroconversion
(26 to 89 bp/MPD, mean ± SD of 50 ± 20
bp/MPD, P = 0.44, Mann-Whitney U test).
Altogether, these results indicate that it is
unlikely that in HIV infection high T cell
turnover does exist but is not reflected by
loss of TRF length. Thus, our data do not
support the idea of high rates of production
and destruction of CD4+ T cells as depicted
in the "sink model" as proposed by Ho et al.
(7). The supposedly short half-life of HIV-
infected cells (38), and their presumed high
level of turnover, does not seem to have an
effect on turnover of the total CD4+ T cell
population. In conclusion, our data indicate
that the bulk of the CD4+ T cells in HIV-
infected men is turning over at the same
rate as in healthy persons.
Why then is the CD4+ T cell count

gradually declining? We suggest that
HIV-1 infection is slowing down the flow
of the tap, that is, the generation of new
cells from an as yet undefined precursor
source that could be in the naive compart-
ment as well. It would mean that even if
distal cell death occurs at the same rate in
HIV-1 infection, without an adequate
proximal influx of CD4+ T cells, the
CD4+ T cell count will decline. This
could be brought about in two ways: (i) by
interference with the generation of CD4+
T cells in indirect ways through infection
of stromal cells or microenvironmental
damage or both; or (ii) by infection of
dividing CD4+ T cell precursors, which
would thus abort the influx of new cells.
However, there is as yet little evidence
that directly supports these ideas. The sta-
ble CD4+ T cell TRF length demonstrates
that the increased turnover of CD8+ T
cells seen in a large fraction of the patients
is supported by peripheral expansion and
is not dependent on replenishment from a
CD4+CD8+ precursor source.

The steep rise in CD4+ T cell counts
after treatment with potent inhibitors of
HIV-1 replication has been interpreted to
reflect pretreatment steady-state dynamics
of CD4+ T cell turnover, implying that in
HIV-infected persons -2 X 109 CD4+ T

cells are destroyed and replenished per day
(6, 7). Our findings do not support the
pretreatment steady-state interpretation.
The initial increase in CD4+ T cell counts
after antiviral treatment may not be due to
repopulation by newly generated cells but
may be a redistribution of activated memory
CD4+ T cells, in agreement with kinetics of
CD4+ T cell repopulation after chemother-
apy, which takes at least a year (40-42).

Our results are compatible with CD4+ T
cell depletion caused by interference with
renewal. In this view, the major damage
that the virus does to the immune system is
not distal but proximal in the CD4+ T cell
life cycle and may not necessarily involve
high rates of destruction. If this is the case,
current ideas about repopulation and im-
mune reconstitution after therapy need to
be re-evaluated.
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