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Summary

To study telomere length dynamics in hematopoietic cells with age, we analyzed the average
length of telomere repeat sequences in diverse populations of nucleated blood cells. More than
500 individuals ranging in age from 0 to 90 yr, including 36 pairs of monozygous and dizygotic
twins, were analyzed using quantitative fluorescence in situ hybridization and flow cytometry.
Granulocytes and naive T cells showed a parallel biphasic decline in telomere length with age
that most likely reflected accumulated cell divisions in the common precursors of both cell
types: hematopoietic stem cells. Telomere loss was very rapid in the first year, and continued
for more than eight decades at a 30-fold lower rate. Memory T cells also showed an initial
rapid decline in telomere length with age. However, in contrast to naive T cells, this decline
continued for several years, and in older individuals lymphocytes typically had shorter telo-
meres than did granulocytes. Our findings point to a dramatic decline in stem cell turnover in
early childhood and support the notion that cell divisions in hematopoietic stem cells and T

cells result in loss of telomeric DNA.
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M ost mature blood cells have a limited life span. The
maintenance of adequate numbers of such cells re-
quires their continuous production, which in adults may ex-
ceed 10%2 cells per day. This impressive production of cells
(~4.10% cells over a lifetime) is achieved by the prolifera-
tion and differentiation of committed progenitor cells
which themselves are derived from a population of pluri-
potent stem cells. It is generally believed that hematopoietic
stem cells have “self-renewal” properties to sustain life-long
hematopoiesis. However, many questions about the actual
number, phenotype, turnover, and regenerative potential of
hematopoietic stem cells remain unanswered. One possibil-
ity is that stem cells have a limited replicative potential like
most other somatic cells. This hypothesis is supported by the
consideration that, in theory, only 52 divisions are enough
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to yield 4.10%5 cells and observations in three areas (1). First,
it was shown that “candidate” stem cells purified from fetal,
neonatal, and adult tissue display dramatic differences in
their ability to produce CD34" progenitor cells (2). Second,
these differences in “expansion potential” were found to
correlate with a measurable loss of telomere repeats at the
ends of chromosomes (3). Third, it was found that telo-
meres in blood cells of bone marrow transplant recipients are
shorter than those in cells from the marrow donor (4-6),
suggesting that the additional cell divisions in the stem cell
compartment (required for marrow regeneration) result in
a measurable decline in telomere length.

Questions about the number of times cells can and do
divide are also pertinent in studies of the immune system.
Effective immune responses may require repeated expan-
sion of a limited number of antigen-specific T lympho-
cytes, and limitations in the replicative potential of such
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cells could eventually compromise immune function. All T
cells are derived from hematopoietic stem cells via selection
and expansion in the thymus (7). Upon antigen encounter,
naive CD4* and CD8" T cells are activated to proliferate
and generate effector as well as memory T cells that can be
distinguished from naive T cells by their membrane marker
phenotype and other functional characteristics (8, 9). Al-
though it is well accepted that memory or primed T cells
arise from naive or unprimed precursor cells, the interrela-
tionship and relative life span of these types of T lympho-
cytes is controversial. The life span of naive T cells seems to
exceed that of memory T cells (10, 11), raising questions
about how immunological memory is maintained. Recently,
it was found that although thymic function decreases with
age, substantial output is maintained into late adulthood (12).

Several previous studies have shown that the length of
telomeres in blood cells decreases with age (13-19). In nor-
mal diploid fibroblasts (13, 20), T lymphocytes (16), and
hematopoietic cells (3), the average telomere length de-
creases with each cell division in vitro. These observations
suggest that telomere length could possibly be used as an
indicator of cell divisions in vivo. However, most of these
studies have been focused on the decline that begins in
early adult life and progresses gradually with advancing age,
and very little information is available on telomere length
dynamics in early childhood. Furthermore, none of these
previous studies have adequately addressed questions about
the length of telomeres in subpopulations of leukocytes
from individual donors, (e.g., granulocytes and T lympho-
cyte subpopulations). Different individuals of a given age
may show marked genetic variation in telomere length (21).
Questions about the dynamics of telomere length in relation
to age should therefore ideally be addressed in longitudinal
studies of the same individuals. Time constraints limit this
approach. Alternatively, to compensate for the variation at
any given age, the telomere length dynamics in cells could
be studied in a large number of individuals. This approach
has been hampered by the laborious nature of conventional
telomere length analysis by Southern blot analysis. We re-
cently described the development of fluorescence in situ hy-
bridization (FISH)! techniques to measure the average telo-
mere length in cells by flow cytometry (22). Through this
approach, a large number of samples can be processed in a
single day with the additional advantage that different sub-
populations of blood cells can be analyzed separately.

Here we report results of flow FISH measurements in
granulocytes and lymphocytes as well as T lymphocyte sub-
sets from peripheral blood samples of >500 individuals
ranging in age from 0 to 90 yr. Both granulocytes and total
lymphocytes, as well as subpopulations of CD4* and CD8*
T cells, showed a biphasic decline in telomere length that
was rapid during early childhood and more gradual, although
still highly significant, thereafter. These results point to an
unexpected, age-related physiological change in the turn-

1Abbreviations used in this paper: DZ, dizygotic; FISH, fluorescence in situ
hybridization; MESF units, molecules of equivalent soluble fluorochrome
units; MZ, monozygous.

over of hematopoietic stem cells soon after birth. The data
are compatible with a finite replicative life span of stem
cells and rapid expansion of the number of stem cells early
in life followed by a marked decrease in the rate of stem
cell divisions in the years that follow.

Materials and Methods

Human Subjects.  For this study, leftover EDTA blood samples
(0.5-5 ml) after coagulation tests and heparinized blood samples
from 436 individuals (0-90 yr of age) were obtained. Patients with
known malignant, immunological, and infectious diseases were ex-
cluded and all patient information except sex and date of birth
were removed from the samples before shipment to the Terry Fox
Laboratory. In addition, heparinized blood samples from 17 pairs of
monozygous (MZ) and 19 pairs of dizygotic (DZ) elderly (mean
age of 74 yr) twins from the Longitudinal Study of Aging Danish
Twins (LSADT) were also included. The blood samples were
given a numerical code and sent by overnight courier from Den-
mark to Vancouver. The code was broken after results of flow
FISH analysis were sent back to Denmark.

Isolation of Leukocytes and T Lymphocyte Subpopulations.  Periph-
eral blood leukocytes were obtained after osmotic lysis of red cells
using ammonium chloride. Cells were washed with PBS contain-
ing 0.1% BSA (Calbiochem Corp.). After hybridization, two pop-
ulations were observed by light scatter. Cells with high light scatter
signals were mainly granulocytes but also included monocytes. No
attempt was made to distinguish between the two cell types, which
are referred to in the text as granulocytes. For the preparation of
lymphocyte subpopulations, PBMCs were obtained after density
centrifugation using Ficoll-Hypaque (Ficoll-Hypaque; Amersham
Pharmacia Biotech). Typically, 2 X 108 PBMCs were stained with
the following antibodies: allophycocyanin-labeled antibodies to
CD4 (CD4-allophycocyanin; Becton Dickinson), CD45RO-FITC
(PharMingen), and CD45RA-PE (3), or CD8-APC (PharMingen),
CD27-FITC (PharMingen), and CD45RA-PE. CD4+*CD45RA™"
CD45RO~, CD4*CD45RA-CD45RO*, CD8'CD45RA™
CD27*, CD8*CD45RA*CD27-, and CD8*CD45RA-CD27*
were then sorted by a FACS® (FACStarPlUs™: Becton Dickin-
son) and stimulated in RPMI 1640 medium (GIBCO BRL) con-
taining 10% (vol/vol) human serum supplemented with 1.0 wg/ml
of phytohemagglutinin PHA (Murex Diagnostics), 100 U/ml of
riL-2 (Roche), and 10%/ml irradiated allogeneic mononuclear
cells. Typically, 1-5 X 10° cells were sorted. The sorted cells
were cultured for 10-15 d as described above in order to obtain
sufficient numbers of cells (~108 cells) for the analysis of telomere
fluorescence. The telomere fluorescence in T cells derived from
cultures initiated with 2,000, 5,000, 10,000, 20,000, or 50,000
sorted CD4+*CD45RA™ or CD4T*CD45RO™ T cells was very sim-
ilar and directly comparable to freshly isolated CD4+*CD45RA™ or
CD4"CD45RO™ T lymphocytes (data not shown).

Telomere Fluorescence In Situ Hybridization and Flow Cytometry
(Flow FISH). The average length of telomere repeats at chro-
mosome ends in individual cells was measured by flow FISH (22)
using the following minor modifications. To correct for daily
shifts in the linearity of the flow cytometer, fluctuations in the la-
ser intensity, and alignment, and to allow expression of results in
standard fluorescence units, FITC-labeled fluorescent calibration
beads (Quantum™-24 Premixed; Flow Cytometry Standards Corp.)
were used. At the beginning and the end of each experiment, the
fluorescence signals from calibration beads suspended in PBS/0.1%
BSA were acquired. The bead solution contains four populations
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ranging from 3,000 to 50,000 MESF (molecules of equivalent
soluble fluorochrome) units (23) as well as nonfluorescent beads.
Voltage and amplification of the FL1 parameter were set in such a
way that blank, 5,579, 15,842 and 36,990 MESF units of micro-
beads gave 25, 162, 456, and 942 FL1 channels on a linear scale,
respectively. The resulting calibration curve (y = 0.02604x) was
then used to convert telomere fluorescence data to MESF units
(x1079), allowing comparison of results among experiments. To
estimate the telomere length (in bp) from telomere fluorescence
in MESF units, the slope of the calibration curve previously de-
scribed for lymphocyte subset (22) (y = 0.019x) was used in the
following equation (bp = MESF units X 0.02604 X 0.019 X
103). To verify whether the same slope could be used for the
analysis of the telomere fluorescence values obtained in the gran-
ulocyte subset, 15 granulocyte and lymphocyte subpopulations
were further isolated and characterized separately by flow FISH
and Southern blot (13). The telomere fluorescence of granulo-
cyte and lymphocyte subsets was proportional to the mean size of
terminal restriction fragments of DNA from the same cells. Fur-
thermore, the slopes of the calibration curve obtained with puri-
fied granulocytes and lymphocytes were very similar to each
other as well as to the previously described calibration curve (22).
To analyze the day to day variation in flow FISH results, aliquots
of the same frozen lymphoma cells (22) were analyzed in each
experiment over the 6-mo period of the studies described in this
paper. In 38 experiments, the mean (= SD) fluorescent value was
12,150 = 1,840 MESF units with a variation coefficient (CV) of
15%. The method-related variation in the telomere fluorescence
that was measured in blood cells may exceed the variation in
these control cells. Apart from variations in the time between
sample collection and analysis (which may have affected the via-
bility and fluorescence of granulocytes), it is possible (but un-
likely) that in some of the samples abnormal cells were included
in the analysis. In view of the large number of samples analyzed
in our study, individual aberrant data points are not expected to
impact significantly on results or conclusions.

Statistical Analysis. Linear and nonlinear least squares regres-
sion techniques were applied to analyze the relationship between
telomere fluorescence and age for the different cell groups. Good-
ness-of-fit tests were carried out to compare various models using
the extra sum of squares principle (24). Analysis of covariance

methods were used to study the effect of gender on the regres-
sions on age. When pairs of dependent data sets were compared
in terms of their relationship to age, bivariate regression tech-
niques were applied as well as corresponding regressions on age
of the pairwise differences in telomere fluorescence. Bisegmental
linear fits to the data were calculated by placing a fine grid over
the fluorescence-by-age data plane, and by computation of an
optimal point and an optimal pair of lines passing through that
point so as to minimize the total residual sums of squares.

Results

Telomere Fluorescence Analysis of Leukocyte Subpopulations.
Peripheral blood leukocytes were analyzed using flow cy-
tometry after fluorescence in situ hybridization with labeled
telomere probes as previously described (22). Selected win-
dows were used to allow analysis of granulocytes and lym-
phocytes as single cells from the same blood sample (Fig. 1,
A and B). For each cell subpopulation, the specific telo-
mere fluorescence was calculated by subtracting the mean
fluorescence of the background control (no probe) from
the mean fluorescence obtained from cells hybridized with
the telomere probe (Fig. 1, C, D, G, and H, horizontal
bars). The separation between lymphoid cells and granulo-
cytes/monocytes on the basis of scatter properties was vali-
dated in experiments with purified cell suspensions (Fig. 1,
E, F, G, and H). The telomere fluorescence in both puri-
fied cell fractions was proportional to the mean size of ter-
minal restriction fragments measured by Southern blot
analysis (slopes and correlation coefficients similar to those
previously reported in reference 22; results not shown).

Rate of Telomere Sequence Loss in Human Leukocyte Subpop-
ulations Varies with Age. The rate of telomere shortening
in granulocytes and lymphocytes from 301 individuals rang-
ing in age from 0 to 90 yr was analyzed by linear regression.
As shown in Fig. 2, the mean telomere fluorescence de-
clined in both granulocytes and total lymphocytes with age.
The loss in telomere fluorescence in granulocytes corre-

Figure 1. Flow FISH analysis of normal

3 o3 Rtonly _ RiandR2 B1 and e human peripheral blood cells. Nucleated
& 11l417.2 3.1 cells after lysis of red blood cells from a

3 E s N 2 : healthy 32-yr-old donor were analyzed af-
a ; Ve e g ter hybridization with or without FITC-
8] @3 @ labeled (C;TA,); peptide nucleic acid (shaded

E b B 3 C D and open histograms, respectively, in C, D,
T G, and H). The cells were gated on region 1

A T Rionly 4 R and 2 Riand R3 (R1) on the basis of propidium iodide (PI)
g1 . ;‘;’- E fluorescence and forward light scatter (FSC)
< . T g 15.6 g 2. as is shown in A. Regions 2 and 3 (R2 and
N ._.‘ R3 »n g 2! R3) were selected within R1 from forward
ﬁ E BN 31 o CE versus side scatter (SCC) dot plot histograms
= @ R E ZE G H as is shown in B, E, and F. Results with pu-
Y rrrrrereerererreree imm rified lymphocytes (E and G) and granulo-
cytes (F and H) confirmed the validity of se-

Forward Scatter Fluorescence Intensity FL1 lected light scatter gates R2 and R3 for

analysis of unseparated blood cells (B). All

parameters were collected on a linear scale. Green fluorescence is expressed in MESF units using calibration beads analyzed at identical instrument settings
at the beginning and end of each experiment (data not shown). Note that (i) the fluorescence of gated and purified cells is similar, (ii) granulocytes have a
higher autofluorescence than lymphocytes, and (iii) the telomere fluorescence of lymphocytes (C and G) is more heterogeneous than that of granulocytes
(D and H), reflecting a more diverse replicative history (22). The telomere fluorescence of cells was calculated by subtracting the mean background fluo-
rescence from the mean fluorescence obtained with the telomere probe as is shown in C, D, G, and H.
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Figure 2. Loss of telomere fluorescence in lymphocytes and granulo-
cytes from peripheral blood measured by flow FISH. The specific telo-
mere fluorescence of lymphocytes and granulocytes was analyzed after
gating on these cells as is shown in Fig. 1. Note the heterogeneity in
telomere fluorescence values, the overall decline in telomere fluorescence
in both cell types and the higher rate of telomere decline in lymphocytes.
Insets show the results of bisegmented fit analysis for cells in the lympho-
cyte (top) and granulocyte (bottom) gate. Arrows indicate the optimal in-
tersection of calculated regression lines (see also text and Table ).

sponded to 39 bp per year (R = —0.52, P < 0.0001), and
in lymphocytes to 59 bp per year (R = —0.74, P < 0.0001;
Table I, top). The average telomere fluorescence values in
both cell populations were slightly higher in female than in
male donors; however, this difference did not reach statisti-
cal significance (results not shown).

A more detailed analysis of the data shown in Fig. 2 re-
vealed that both granulocytes and lymphocytes showed a
rapid and significant decline in telomere length during the
first years of life (Table I, top). This observation suggested
that a linear distribution of telomere fluorescence values
over the whole age range did not adequately describe the
telomere length dynamics in either population of cells. Al-
though various models such as polynomial and logarithmic
curve fitting were tested, only bisegmented line analysis in-
creased the statistical significance over linear regression
analysis (Table I, bottom, and Fig. 2 insets). The optimal

cut-off point for granulocytes was at 0.5 yr and for lym-
phocytes at 1.5 yr. In these time intervals both granulocytes
and lymphocytes showed a remarkably rapid decline in telo-
mere length, corresponding to 3,052 and 1,088 bp/yr, re-
spectively, with a more gradual but still significant telomere
loss thereafter (Table I, bottom). Of note, the shape of
individual telomere fluorescence histograms also showed
age- and cell type—specific patterns (results not shown). In
early childhood the CV in granulocytes and lymphocytes
was ~18%, whereas at >60 yr, lymphocytes showed a
markedly higher CV (~25%), which was not observed in
granulocytes.

Analysis of Telomere Length in MZ and DZ Twins. Con-
siderable variation in telomere fluorescence between indi-
viduals, especially for granulocytes, was observed, with
some young children having apparently fewer telomere re-
peats per cell than individuals over the age of 50 (Fig. 2).
To further investigate the nature of this variation, we ana-
lyzed the correlation between telomere fluorescence values
in granulocytes and lymphocytes in 36 pairs of MZ (17)
and DZ (19) twins (mean age of 74 yr) as well as 17 pairs of
unrelated individuals within the same age range. As shown
in Table I, the MZ correlations were very high and statis-
tically significant for both granulocytes and lymphocytes
and so was the DZ correlation for granulocytes. Only a mod-
erate (and statistically insignificant) correlation was found
for DZ lymphocyte telomere fluorescence. No significant
correlations were found in such comparisons between the
cells from unrelated individuals.

Because age effects can bias analyses of twin resemblance,
telomere fluorescence values were adjusted for the effects
of age by subtracting the age-specific telomere fluorescence
value obtained from the regression analyses (Table 1) from
the actual fluorescence values found. However, such age
adjustment did not change the results substantially (results
not shown). Most likely the number of observations in our
study was insufficient to establish a significant correlation
between telomere fluorescence and age in individuals >70
yr of age (see Fig. 2). This consideration may also explain
why no correlation was found in the age-matched unre-
lated pairs in this age group (Table I1).

Age-related Changes in T Lymphocyte Subsets.  One of the
most striking findings was that peripheral blood lympho-
cytes showed a more pronounced rate of telomere loss than
did granulocytes (Fig. 2). Moreover, as shown in Fig. 1, C
and D, lymphocytes exhibited more heterogeneous telo-
mere fluorescence signals than did granulocytes. A possible
explanation for these observations is a progressive shift from
naive to memory T cells with aging, together with the pre-
viously described difference in telomere length between
these two subsets (22, 25). To test this hypothesis, we sorted
CD45RA* naive and CD45RO* memory CD4* T lym-
phocytes as well as CD45RA*CD27* naive, CD45RA*
CD27- effector, and CD45RA-CD27" memory CD8" T
cells (9) from 135 individuals in the 0-90 yr age range (Fig. 3,
with boxed areas corresponding to sort windows). The rel-
ative distribution of naive and memory CD4+ and CD8*
T cell subsets over three age cohorts (0-4, 4-35, and 35-90
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Table 1. Loss of Telomere Fluorescence with Age in Blood Cells

y intercept Slope Slope*
Subset* Age range n (MESF X 1073) (MESF X 10~3/yr) (bp/yr) R value
Linear regression analysis
yr
TL 0-90 284 18.48 -0.119 —598 -0.74
G 292 15.96 —0.079 —308 —0.52
TL 0-4 67 20.34 —0.923 —4578 -0.34
G 69 17.43 —0.977 —4838 -0.34
TL 4-90 217 17.73 —0.105 —528 —0.69
G 223 15.73 —0.072 —36% —0.48
Bisegmented line analysis
TL! 0-15 38 20.96 -2.2 —1,088
=15 246 17.82 —0.106 -52
Gl 0-0.5 23 18.59 —6.168 —3,052
=05 269 15.54 —0.068 —34

*TL, total lymphocytes; G, granulocytes/monocytes as defined and separated by forward scatter/side scatter parameters.
*Calculation from MESF to bp = MESF X 0.02604 X 0.019 X 103 (see Materials and Methods).

§p < 0.005.
ISignificant improvement over single-line linear regression analysis.

yr) is shown in Table IIl. In young children, >70% of
CD4* and CD8" T lymphocytes had a naive phenotype. A
continuous decline with age in the proportion of naive
CD4* and CD8* lymphocytes was observed, which paral-
leled an increase in the proportion of memory CD4* and
effector CD8* cells, and to a lesser extent memory CD8*
cells. As a result, naive CD4* and CD8* T lymphocytes
represented a minority after the age of 50 yr. This was par-
ticularly true for the CD8* naive T lymphocytes.

Loss of Telomere Fluorescence in T Lymphocyte Subsets.
The telomere fluorescence in naive and memory CD4*
and CD8* T lymphocytes over the entire age range was
analyzed using linear regression (Fig. 4). The mean telo-

Table Il. Correlation of Telomere Fluorescence Values in
Granulocytes and Lymphocytes of Elderly MZ and DZ Twins and
Paired Unrelated Individuals

mere fluorescence gradually declined with age in all four T
lymphocyte subsets. A more pronounced decline in telo-
mere fluorescence was found for memory CD4+ and CD8™
T cells when compared with naive CD4* and CD8* T
lymphocytes (Table 1V, top). Interestingly, naive CD4*
and CD8* T lymphocytes as well as granulocytes showed
identical rates in telomere loss over the entire age range
(Tables I and IV, tops). Taken together, the overall decline

35-90 years
. CD4pos

0-4 years
CD4 pos

4-35 years

CD4 pos

TL G
Mz 0.71* 0.64*
Dz 0.18 0.59*
UR —0.22 —0.34

The telomere fluorescence in peripheral blood granulocytes (G) and
total lymphocytes (TL) from 17 pairs of MZ twins, 19 pairs of DZ
twins (mean age of 74 yr), and 17 pairs of unrelated (UR) age-matched
control individuals was analyzed as described (Fig. 1). The intrapair re-
semblances for MZ and DZ twin pairs as well as age-matched pairs of
unrelated individuals were estimated by intraclass correlation coefficients
[r = 2cov/(varl + var2)].

*Statistically significant (P < 0.05).
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Figure 3. Examples of the changes in cell surface phenotype of CD4*

(top) and CD8™ (bottom) T lymphocytes that occur with age. Note that
in early childhood the majority of CD4* T cells have a CD4*
CD45RA+*CD45RO~ naive phenotype, whereas in older adults most
CD4* T cells have a CD45RA-CD45RO* memory phenotype. Similar
changes occur in CD8" T cells. Boxed areas indicate windows that were
used to sort cells with the indicated phenotype as well as the gates that
were used to calculate the percentage of cells with a given phenotype
shown in Table I1I.



Table I11.

The Proportion of Naive and Memory Cells within Subpopulations of CD4* and CD8* T Cells Varies with Age

Age

0-4 yr 4-35yr 35-90 yr
Subsets (n = 45) (n = 45) (n = 39)
CD4*RATRO~ naive 74 = 11 (46-92) 47 *+ 18 (7-78) 31 * 13 (5-53)
CD4*RA"RO* memory 6 = 5 (0-23) 24 = 12 (8-57) 35 = 13 (16-70)
CD8*RAT27* naive 72 = 16 (18-94) 60 = 15 (25-88) 25 *= 13 (2-51)
CD8TRAT27~ effector 9 = 10 (0-54) 12 + 9 (2-42) 28 = 15 (5-60)
CD8*RA27+ memory 2 = 3(0-8) 5+ 4 (1-18) 7 +=5(1-21)

Data is shown as percentage *= SD. The range is shown in parentheses.
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Figure 4. Linear regression analysis of telomere fluorescence and age in
subpopulations of peripheral blood T lymphocytes. Subsets of CD4* and
CD8* T lymphocytes were purified from donors of the indicated age us-
ing the sort windows described in Fig. 3. Note the relatively constant dif-
ference in telomere fluorescence between naive and memory CD4+ T
lymphocytes after the first few years and the increasing difference in telo-
mere fluorescence between CD8* naive and memory T lymphocytes.
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in telomere length in lymphocytes with age appears to re-
flect telomere shortening in naive and memory T cells as
well as a gradual shift from a naive to a memory phenotype.

In most cases, application of a bisegmented fit analysis on
the data resulted in a statistically significant improvement
over single-line linear regression analysis (Table 1V, bot-
tom). All T cell subsets showed a rapid decline in telomere
length during the first years of life. This was particularly
true for CD4* memory T lymphocytes. The rapid loss of
telomere fluorescence in the memory CD4* T subset
lasted for 3.5 yr, whereas bisegmented line analysis revealed
a cut-off at earlier time-points for naive CD4* and CD8* as
well as memory CD8* T cells (Table 1V, bottom, and Fig. 5).
Because no significant differences in telomere length were
found between naive and memory T cell subsets from
newborns (results not shown), the shift from naive to
memory T cells appears to coincide with a rapid and in-
creasing difference in telomere fluorescence, especially in
the CD4 compartment. After this initial rapid decline, a
more gradual decline in telomere fluorescence in all T cell
subsets was observed with a similar rate in naive CD4* and
CD8" T lymphocytes (30 and 27 bp/yr, respectively). Sur-
prisingly, memory CD8* T cells showed a higher decline
than did memory CD4* T lymphocytes, with a calculated
telomere rate loss of 44 bp/yr versus 25 bp/yr (Table 1V,
bottom). As a result, memory CD8* T lymphocytes showed
a progressive and steadily increasing difference in telomere
fluorescence between naive and memory subsets with age
(Fig. 4 and Table IV, bottom). In contrast, the difference in
telomere fluorescence between naive and memory CD4*
T cells remained relatively constant with age, as has been
described previously (22, 25).

Discussion

Does the Telomere Length in Blood Cells Reflect Their Repli-
cative History? A major unresolved issue in mammalian telo-
mere biology is whether the loss of telomere repeats in
somatic cells occurs at a constant rate with each cell divi-
sion or whether it is variable and dependent on the cellular
levels of positive and negative regulatory factors. Based on

Age-related Telomere Length Dynamics in Hematopoietic Cells



Table IV.

Loss of Telomere Fluorescence in T Lymphocytes Varies with Age

y intercept Slope Slope*
Subset* Age range n (MESF X 1073) (MESF X 10~3/yr) (bp/yr) R value
Linear regression analysis
yr
CD4 + N 0-90 127 19.56 —-0.079 —398 —0.53
CD4 +M 0-90 109 15.07 —0.103 —518 —0.63
CD8 + N 0-90 126 18.1 —0.069 —348 —0.49
CD8 + M 0-90 77 15.76 -0.11 —548 —0.69
Bisegmented line analysis
CD4 + NI 0-1 38 20.97 —2.34 —1,158
=1 89 18.7 —0.06 -30
CD4 + Ml 0-3.5 32 18.81 —1.93 —955
=35 77 12.22 —0.05 -25
CD8 + N 0-1.5 43 18.98 -1.11 —549
=15 83 17.38 —0.055 =27
CD8 + Ml 0-1.5 17 19.64 —3.46 -1,712
=15 60 14.59 —0.088 —44

*CD4 + N, CD4 naive; CD4 + M, CD4 memory; CD8 + N, CD8 naive; CD8 + M, CD8 memory.
*Calculation from MESF to bp = MESF X 0.02604 X 0.019 X 108 (see Materials and Methods).

§p < 0.0001.
ISignificant improvement over single-line linear regression fit.

the observation that telomeric sequences are not lost at a
constant rate throughout life in normal human leukocytes,
Frenck et al. concluded that developmental stage-depen-
dent changes in the rate of telomere loss must occur and
that telomere length cannot be a direct reflection of cellular
turnover (19). Our more extensive data set on the rate of
telomere shortening in granulocytes and (sub)populations
of T cells do not contradict the results of this previous
study. However, in contrast to Frenck et al., we believe
that known ontogeny-related functional differences in
primitive hematopoietic cells (2) and a relatively simple
model of telomere erosion in stem cells most easily explain
the data. According to this model, each postnatal division
in stem cells results in more or less constant losses of telo-
mere repeats. Consequently, heritable differences in telomere
length and the number of cell divisions will determine the
telomere length in stem cells and their progeny. The model
implies that the telomerase activity present in purified
“candidate” stem cells (26, 27) and T cells (28-30) is not
capable of elongating or maintaining? the length of telo-
meres in these cells under normal physiological conditions in
vivo. This simple telomere loss model may not be valid for
all somatic cells in humans. For example, primary human B
cells appear to be capable of extending their telomeres in
the germinal center of lymph nodes (30, 31).

2The maintenance of short telomeres in a serially passaged memory T cell
clone (22) is not an exception. Recently we found a clonal chromosomal
abnormality in these cells (t(1,19), that was already present before cloning
(results not shown).
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Variation in Telomere Length. Previous studies using
Southern blot analysis have documented considerable vari-
ation in the average length of telomeric DNA at any given
age (14, 16, 17). In studies of MZ and DZ twins, this vari-
ation was found to be to a large extent genetically deter-
mined (21). The results reported here confirm and extend
these previous studies. A large variation in the telomere flu-
orescence of granulocytes as well as lymphocytes was ob-
served (Fig. 2). We assume that method as well as cell sam-
ple-related variables will have contributed to the observed
variation (see Materials and Methods). However, analysis of
blood samples from MZ and DZ twins as well as pairs of
unrelated individuals (Table 11) suggests that genetic differ-
ences are the major contributors to the observed variation
in telomere fluorescence values. Despite the relatively small
number and the relative old age of the twins studied (all be-
tween 73 and 88 yr old), the MZ correlation for telomere
fluorescence in lymphocytes was significantly higher than
the DZ correlation (P < 0.05), confirming the influence of
genetic factors on the variation in telomere fluorescence. In
granulocytes, both the MZ and DZ correlations were very
high and statistically significant, but there was only a mar-
ginal and statistically insignificant difference between the
two. This result does not exclude a major influence of ge-
netic factors on the telomere length in granulocytes and
their precursors. Previous studies in the mouse have shown
that telomere length adjustments do occur in somatic cells
under the control of a gene that was mapped to a distal re-
gion of chromosome 2q (32). Most likely the primary de-
terminants of telomere length in humans are heritable
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Figure 5. Rapid loss of telomere fluorescence in T cell subsets in early
childhood. The data over the whole age range shown in Fig. 4 were sub-
jected to bisegmented fit analysis. Arrows indicate the age that resulted in
a significantly better fit for most cell types than was obtained by linear re-
gression. Note the similar telomere fluorescence in naive and memory
CD4* and CD8* T lymphocytes at birth and the relative rapid loss of telo-
mere fluorescence particularly in CD4* memory T lymphocytes.

chromosome-specific factors (33) as well as (genetic) factors
that adjust the length of telomeres in diploid cells of the de-
veloping embryo (32). Interestingly, similarities in telomere
length were maintained throughout life in both MZ and
DZ twins. This observation suggests that the total number
of cell divisions (and the amount of telomeric DNA lost
per cell division) in granulocytes and lymphocytes from re-
lated individuals is remarkably similar.

Implications of Variations in Telomere Length. The nature
of the heritable variation in telomere length and its conse-
quences are intriguing. At first glance, the variation in telo-
mere fluorescence values in childhood appears to be larger
than in adults (Fig. 2). In a previous study, we observed
that telomere fluorescence values within normal adult bone
marrow metaphases are not normally distributed (34), sug-
gesting that a minimum number of repeats is maintained at
each telomere. Recently, telomere length measurements by

Southern blot analysis as well as FISH were found to best
fit a lognormal distribution and it was suggested that this
may relate to the breaking and recombination of telomeres
in normal somatic cells (35). Given the overall decline in
telomere length with age, it is tempting to speculate that, at
any given age, cells from individuals with long telomeres
may have a larger replicative potential than cells from indi-
viduals with short telomeres. However, it should be kept in
mind that the actual mechanism by which telomere short-
ening triggers cell senescence in human cells is currently
not known (for review see references 36 and 37). One pos-
sibility is that the telomere length on individual chromo-
somes (33) is a better predictor of replicative senescence
than is the average telomere length measured here. In view
of the significant decline in telomere length with age, a re-
lationship between this parameter and life span in general
also seems possible. ldeally, longitudinal studies should be
performed to address this issue, as the telomere length ki-
netics in individuals may be different from the population
kinetics described here. For example, the turnover rate of
stem cells may vary between individuals, complicating the
relationship between age and telomere length. Interest-
ingly, in mice the genetically controlled fraction of actively
cycling hematopoietic progenitor cells correlates signifi-
cantly with the life span of the animal (38), whereas the
overall telomere length clearly does not (32). Further stud-
ies in all these areas are needed to fully understand the
value and potential of telomere length measurements in
studies of aging and the (patho)physiology of stem cells and
their myeloid and lymphoid progeny.

Turnover of Blood Cells Estimated from Telomere Fluorescence
Data. The results of this study have far-reaching implica-
tions for models of the cellular turnover in stem cells and T
cells. Both granulocytes and naive T lymphocytes showed a
dramatic and parallel decline in telomere fluorescence in
the first 2 yr after birth, followed by a 30-fold lower rate in
telomere shortening after 4 yr of age (Tables I and IV).
These telomere length kinetics most likely reflect the turn-
over of the hematopoietic stem cells, the progenitors of
both cell types. Other explanations such as a similar turn-
over in lineage-restricted precursors or a physiological change
in telomere length unrelated to cell division affecting mul-
tiple lineages in a similar manner cannot be excluded at this
point but seem less likely. Assuming a loss of between 50
and 100 bp per cell division (39, 40), our observations are
compatible with 15-30 stem cell divisions in the first half
year followed by less than one stem cell division per year in
the following years.

In previous studies we showed that hematopoietic pro-
genitor cells, including purified “candidate” stem cells, lose
telomeric DNA with proliferation in vitro and in vivo (3),
and we suggested that telomere shortening in stem cells
could explain the telomere shortening in leukocytes that
has been observed by others (14-19, 21). In separate studies
we showed that the proliferative potential of purified “can-
didate” stem cells in humans and mice is subject to pro-
nounced ontogeny-related changes (2, 41). On the basis of
these findings, we proposed the intrinsic timetable (IT)
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model of stem cell biology, which incorporates both on-
togeny-related functional changes and the loss of telomere
repeats (1). Similar to the clonal succession (42) and gener-
ational age (43, 44) models, the intrinsic timetable model
assumes that stem cells have a restricted capacity for prolif-
eration in vivo and that life-long production of blood cells
is derived from a population of stem cells with limited rep-
licative potential. Limitations in the number of times that
stem cells can divide may require special control mecha-
nisms to avoid replicative exhaustion. We recently reported
that purified “candidate” stem cells from human fetal liver
maintain long-term in vitro hematopoiesis through asym-
metric cell divisions (45). In these studies we observed that
daughter cells resulting from the cell division of purified
single precursors do not enter mitosis simultaneously. Strik-
ingly, slowly dividing daughter cells were endowed with the
largest numerical expansion potential. Asymmetric divisions
at the level of stem cells are expected to result in a hierarchy
within the stem cell compartment in which cells differ in
replicative history and associated self-renewal properties.
Such a hierarchy could explain the large “self-renewal” po-
tential of hematopoietic tissues that is apparent from marrow
regeneration after stem cell transplantation or marrow injury.
The principle of an extensive replicative hierarchy may also
be applicable to stem cells from other tissues with continued
cell turnover. Comparisons between the telomere fluores-
cence in the progeny of single purified stem cells and their
functional properties can be used to test this hypothesis.
Telomere Length Dynamics in Lymphocyte Subpopulations.
Relative to naive T cells and granulocytes, memory T lym-
phocytes showed an even higher loss of telomere fluores-
cence in the first 4 yr. Most likely the rapid and sustained
loss of telomere repeats in memory CD4* T cells in early
childhood reflects repeated antigenic challenges to the infant
immune system in the form of infections and vaccination.
Together with previously observed differences in the telo-
mere length between naive and memory T cells (22, 25),
these observations support the notion that each cell division
in T cells results in the loss of telomere repeats. In view of
these observations, the readily detectable presence of te-
lomerase in T cells (for review see references 46 and 47) is
puzzling. One possibility is that telomeres in T cells are rel-
atively inaccessible to the enzyme or that levels of telo-
merase are insufficient to increase telomere length. Inter-
estingly, the loss of telomere fluorescence in CD8 cells was
less pronounced than that in CD4 cells in early childhood
(Fig. 5 and Table IV). However, after the age of four, the
fluorescence of CD8* memory T cells gradually declined
more than in CD4* memory T cells (Fig. 4 and Table V).
As a result, relatively short telomeres were observed in both

cell types in subjects >60 yr old. At this time most circulat-
ing T cells are of the “memaory” type (Table 111) and CD8"
T cells are increasingly oligoclonal (48, 49). The relation-
ship among T cell clonality, telomere length, and immune
senescence deserves further study.

A major finding in this study was that the loss of telo-
mere fluorescence in granulocytes was parallel to that of
naive T cells over the whole age range. Again assuming a
simple relation between telomere length and replicative
history, this observation suggests that the number of cell di-
visions between granulocytes, naive T cells, and their com-
mon precursors (stem cells) is relatively constant through-
out life. According to this model, the telomere loss rates in
granulocytes and naive T cells are expected to be equal,
even if these cells and their immediate precursors are divid-
ing at different rates. Recent data indicating that although
thymic function declines with age, substantial output of na-
ive T cells is maintained into late adulthood (12) support
this model. Because telomere fluorescence values in naive
T cells were always higher than those in granulocytes, the
data further suggest that the number of cell divisions be-
tween granulocytes and stem cells is higher than that be-
tween naive T cells and stem cells. The differences in te-
lomere length between granulocytes and lymphocyte
subpopulations reported here are large relative to the re-
ported differences in telomere length between the donors
and recipients of allogeneic bone marrow transplants (4, 5).
In these previous studies, the telomere length was mea-
sured using DNA extracted from unfractionated circulat-
ing leukocytes. Our data suggest that similar studies using
subpopulations of cells are needed to address questions
about stem cell turnover and immune reconstitution in
transplant recipients. Such studies are currently in progress.

Although lymphocytes showed higher telomere fluores-
cence values than did granulocytes at birth, the opposite
was true after the age of 60 in the majority of individuals
(Fig. 2 and Table I). This observation is most likely ex-
plained by the age-related increase in the percentage of
memory T cells, which have shorter telomeres than naive
T cells (Table Il and Fig. 4). In general, our data support
the notion that telomere-related restrictions in replicative
potential are more likely to occur in (memory) T cells than
in other cells of the hematopoietic system, such as the pre-
cursors of granulocytes.

We conclude that studies of telomere length in different
cell types by flow cytometry provide important insights
into the organization and turnover of hematopoietic cells
including T cells. Adaptation of telomere FISH to tissue
sections may provide similar information about the less
readily accessible cells in solid organs.
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