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Accelerated telomere shortening in hematological lineages is limited to the first
year following stem cell transplantation
Nathalie Rufer, Tim H. Brümmendorf, Bernard Chapuis, Claudine Helg, Peter M. Lansdorp, and Eddy Roosnek

Using quantitative fluorescence in situ
hybridization and flow cytometry, the telo-
mere length of telomere repeat sequences
after stem cell transplantation (SCT) were
measured. The study included the telo-
meres of peripheral blood monocytes that
should reflect the length of telomeres in
stem cells and the telomeres of T lympho-
cytes that could shorten as a result of

peripheral expansion. The loss of telo-
meres in monocytes and in memory T
cells, although accelerated initially, be-
came comparable to the loss of telomeres
in healthy controls from the second year
after transplantation. In addition, the telo-
mere length in the naive T cells that were
produced by the thymus was comparable
to the telomere length in the naive T cells

of the donor. Compared to the total length
of telomeres available, the loss of telo-
mere repeats in leukocytes after SCT re-
sembles the accelerated shortening seen
in early childhood and remains, therefore,
relatively insignificant. (Blood. 2001;97:
575-577)
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Introduction

Telomeres are specialized structures at the end of eukaryotic chromo-
somes that, in vertebrates, consist of hundreds to thousands of tandem
repeats of the sequence TTAGGG.1 Because telomere length decreases
with the number of cell divisions in vitro and with aging in vivo,2 it
reflects the mitotic history of the cells. Furthermore, short telomeres
might limit the cells’ remaining replicative capacity.3 This may be of
special significance after stem cell transplantation (SCT) because the
telomere length of leukocytes in the patient may be up to 2000 base pair
(bp) shorter than in the donor.4-9

Because the telomerase activity in stem cells does not prevent
telomere shortening,10 the shorter telomeres may be the consequence of
the expansion of the transplanted stem cells needed to repopulate the
host. In addition, the telomere loss previously observed in peripheral
blood mononuclear cells4,6,9 might be explained by the extensive
proliferation of the T lymphocytes cotransfused with the marrow. In this
report we show that both phenomena contribute significantly to the
accelerated telomere shortening after SCT and that after an initial period
of approximately one year, the rate of telomere shortening in patients
becomes comparable to that in their donors.

Study design

The average length of telomere repeats in individual cells was measured
by flow fluorescence in situ hybridization (FISH), as previously
described,11 and expressed as molecules of equivalent soluble fluoro-
chrome (MESF) units12 after calibration with fluorescein isothiocyanate
(FITC)–labeled fluorescent calibration beads (Quantum-24 Premixed;
Flow Cytometry Standards Corporation, San Juan, Puerto Rico).

Interexperimental variation was monitored by analyzing aliquots of a
batch of frozen cells13 and did not exceed 15%. Fluorescence-activated
cell sorter (FACS) analysis of telomere length in monocytes and
lymphocytes was performed with gates on single diploid cells with the
characteristic light scatter properties.13 To analyze naive T cells and
cells with a memory phenotype, 2-53 104 cells were fractionated into
CD41CD45RA1CD45RO2 and CD41CD45RA2CD45RO1 by FACS anal-
ysis (FACStar Plus; Becton Dickinson, Basel, Switzerland) after staining
with anti–CD4-APC (allophycocyanin) (Leu4; Becton Dickinson), CD45RO-
FITC (Becton Dickinson), and CD45RA-PE (phycoerythrin).

To obtain sufficient numbers of cells (106) for the analysis of
telomere fluorescence, the cells were cultured for 10-15 days in Roswell
Park Memorial Institute (RPMI 1640) medium (Life Technologies,
Basel, Switzerland) containing 10% (vol/vol) human serum supple-
mented with 1mg/mL phytohemagglutinin (Murex Biotech, Dartford,
England), 100 U/mL recombinant interleukin–2 (rIL-2) (Roche, Nutley,
NJ), and 106/mL irradiated allogeneic cells. This approach for telomere
length analysis was validated by experiments showing no significant
difference between telomere fluorescence in freshly isolated T lympho-
cytes and their 10- to 15-day-old blasts.

Results and discussion

We studied the telomere-length dynamics in peripheral blood
mononuclear subpopulations in 4 patients (ages, 23-25 years) who
received transplantations for acute myeloid or lymphoblastic
leukemia (AML or ALL, respectively) during first remission. We
selected the patients who received a T-cell–depleted14 bone marrow
from a human leukocyte antigen (HLA)–identical sibling after a
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standard conditioning (120 mg/kg cyclophospamide and 12 Gy
total body irradiation). The patients selected had received only a
mild immune suppression regimen (1-2 months of cyclosporin A
with a trough at 200 ng/mL [approximately 3mg/kg]), were free of
major complications (acute or chronic graft-versus-host disease or
relapse), and did not have a significant hematological chimerism
(# 10%).

Figure 1 shows the telomere loss in monocytes and lympho-
cytes in the patients as well as in their donors. Already starting from
the second year after transplantation, the telomeres in the patients
shortened at a rate comparable to that of their donor, which was
similar to the gradual loss found in healthy controls (varying
between 27-59 bp/y from one report to another).4-6,13,15Therefore, it
is likely that the high rate of telomere loss during the first year is
entirely responsible for the difference of 1-2 kb that was apparent
through the entire transplantation period. It should be noted that
although the initial accelerated telomere loss in monocytes may
look quite similar to the loss in lymphocytes, it is unlikely that the
mechanism of loss is the same for both cells. Whereas the telomere
loss in monocytes is probably owed directly to the loss of telomeres
in stem cells, the accelerated loss in lymphocytes may be caused
primarily by the numerous divisions that mature T cells undergo
when they repopulate the T-cell compartment.16,17It is evident that
during this phase, the effect of telomere shortening in stem cells
contributes little, while in these patients the thymus does not
produce T cells before the sixth month following transplantation.18

Figure 2 shows that the telomere loss induced by this initial

peripheral expansion of memory T cells could be as high as several
kb/y (patient C, 3.4 kb/y; patient D, 2.1 kb/y).

With the emergence (6-12 months after transplantation) of
CD41CD45RA1RO2 naive T cells with significantly longer telo-
meres, the interpretation of the changes in telomere length in the
memory pool became more complex. During some periods the
average telomere length even increased; this was probably due to
the recruitment of naive cells into the memory pool. Regarding the
telomere length in the naive cells, several other points are
noteworthy. First, telomere shortening was not different from that
of naive cells in their donors or in the much larger control group.13

Second, the telomeres of the naive cells were longer than in the
monocytes in the same patient. This was in concordance with our
previous finding that telomeres in naive T cells are significantly
longer than in granulocytes and that this difference remains
constant over an age range of 0-90 years.13 Then we reasoned that
the number of cell divisions between granulocytes and stem cells
must be higher than the number between naive T cells and stem
cells. Alternatively, one could argue that during the maturation of T
cells in the thymus, telomeres are elongated by the telomerase that
is expressed in thymocytes.19

A completely different hypothesis would be that after SCT, the
genuine pluripotent stem cell divides only at a low rate without a
significant telomere shortening. In the mean time, the recipient is
repopulated by more mature hematopoietic precursors that produce
predominantly myeloid cells and erythrocytes. This would fit into
the finding that during the first 6 months after SCT, only very few B
and T cells are produced. Then, lymphocyte production manifests
only when the number of stem cells is adequate, but most of the
myeloid cells might still be produced by the precursors having
repopulated the recipient during the first months. Although this is
pure speculation, our data comprise some indications that this
might be true. First, in patients C and D, the average length of
telomeres in monocytes increased slightly after the first year

Figure 1. Accelerated telomere loss after SCT is limited in time. Analysis of
telomere fluorescence of monocytes (shaded circles) and lymphocytes (black
squares) isolated from blood samples from patients A-D at different time points after
transplantation. Telomere loss (bp/y) was calculated by linear regression analysis
(solid line) of the data after the first year following SCT only. Telomere fluorescence of
monocytes (open circles) and lymphocytes (open squares) of the respective donors
is shown both at the time of transplantation and at the time indicated (dotted line).

Figure 2. Telomere fluorescence in CD4 1 naive T cells and memory T cells from
patients A-D. CD41 naive T cells are indicated by shaded circles, and memory T cells
are indicated by solid squares. Telomere loss (bp/y) was calculated by linear
regression analysis only for the naive cells of the patient. Telomere fluorescence of
naive (open circles) and memory (open squares) cells from their respective donors is
shown at the time of transplantation and at the time indicated (dotted line).
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following transplantation (Figure 1), which could be the result of a
greater contribution by stem cells, in which telomere shortening
was much less significant. Moreover, in all patients, the telomeres
in naive T cells were not shorter than those in their donors, which is
not easy to explain if the telomeres of the stem cells from which
they were derived did have shorter telomeres than those in
the donor.

In conclusion, we have shown that the accelerated telomere loss
in leukocytes observed after SCT is limited in time. Because
telomere shortening proceeds thereafter at a normal rate, the
transplantation-induced loss of telomeres represents only 20% of

the “telomere reserve” of the stem cell compartment and should
therefore have little consequence for the function of the different
hematological lineages.

Acknowledgments

We thank Solange Vischer for excellent technical assistance and
Giovanna Cameron, Rick Zapfer, Gayle Thornbury, and Domin-
ique Wohlwend for help with cell sorting.

References

1. Moyzis RK, Buckingham JM, Cram LS, et al. A
highly conserved repetitive DNA sequence,
(TTAGGG)n, present at the telomeres of human
chromosomes. Proc Natl Acad Sci U S A.1988;
85:6622-6626.

2. Harley CB, Futcher AB, Greider CW. Telomeres
shorten during ageing of human fibroblasts. Na-
ture.1990;345:458-460.

3. Allsopp RC, Harley CB. Evidence for a critical
telomere length in senescent human fibroblasts.
Exp Cell Res.1995;219:130-136.

4. Akiyama M, Hoshi Y, Sakurai S, et al. Changes of
telomere length in children after hematopoietic
stem cell transplantation. Bone Marrow Trans-
plant. 1998;21:167-171.

5. Wynn RF, Cross MA, Hatton C, et al. Accelerated
telomere shortening in young recipients of alloge-
neic bone-marrow transplants. Lancet. 1998;351:
178-181.

6. Lee J, Kook H, Chung I, et al. Telomere length
changes in patients undergoing hematopoietic
stem cell transplantation. Bone Marrow Trans-
plant.1999;24:411-415.

7. Wynn R, Thornley I, Freedman M, Saunders EF.
Telomere shortening in leucocyte subsets of long-
term survivors of allogeneic bone marrow trans-
plantation. Br J Haematol. 1999;105:997-1001.

8. Notaro R, Cimmino A, Tabarini D, Rotoli B, Luz-
zatto L. In vivo telomere dynamics of human he-
matopoietic stem cells. Proc Natl Acad Sci U S A.
1997;94:13782-13785.

9. Akiyama M, Asai O, Kuraishi Y, et al. Shortening
of telomeres in recipients of both autologous and
allogeneic hematopoietic stem cell transplanta-
tion. Bone Marrow Transplant. 2000;25:441-447.

10. Vaziri H, Dragowska W, Allsopp RC, et al. Evi-
dence for a mitotic clock in human hematopoietic
stem cells: loss of telomeric DNA with age. Proc
Natl Acad Sci U S A. 1994;91:9857-9860.

11. Rufer N, Dragowska W, Thornbury G, Roosnek E,
Lansdorp PM. Telomere length dynamics in hu-
man lymphocyte subpopulations measured by
flow cytometry. Nat Biotechnol. 1998;16:743-747.

12. Henderson LO, Marti GE, Gaigalas A, Hannon
WH, Vogt RF Jr. Terminology and nomenclature
for standardization in quantitative fluorescence
cytometry. Cytometry. 1998;33:97-105.

13. Rufer N, Brummendorf TH, Kolvraa S, et al. Telo-
mere fluorescence measurements in granulo-
cytes and T lymphocyte subsets point to a high
turnover of hematopoietic stem cells and memory
T cells in early childhood. J Exp Med. 1999;190:
157-167.

14. Hale G, Zhang MJ, Bunjes D, et al. Improving the

outcome of bone marrow transplantation by using
CD52 monoclonal antibodies to prevent graft-
versus-host disease and graft rejection. Blood.
1998;92:4581-4590.

15. Slagboom PE, Droog S, Boomsma DI. Genetic
determination of telomere size in humans: a twin
study of three age groups [see comments]. Am J
Hum Genet. 1994;55:876-882.

16. Rocha B, Dautigny N, Pereira P. Peripheral T
lymphocytes: expansion potential and homeo-
static regulation of pool sizes and CD4/CD8
ratios in vivo. Eur J Immunol. 1989;19:905-
911.

17. Roux E, Dumont-Girard F, Starobinski M, et al.
Recovery of immune reactivity after T cell de-
pleted bone marrow transplantation depends on
thymic activity. Blood. 2000;96:2299-2303.

18. Dumont-Girard F, Roux E, Van Lier RA, et al. Re-
constitution of the T cell compartment after bone
marrow transplantation: restoration of the reper-
toire by thymic emigrants. Blood. 1998;92:4464-
4471.

19. Weng NP, Levine BL, June CH, Hodes RJ. Regu-
lated expression of Telomerase activity in human
T lymphocyte development and activation. J Exp
Med.1996;183:2471-2479.

TELOMERE SHORTENING AFTER SCT 577BLOOD, 15 JANUARY 2001 z VOLUME 97, NUMBER 2

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/97/2/575/1590937/575.pdf by guest on 19 M

ay 2023


