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CD4�CD25�Foxp3� regulatory T cells
(Treg) play an important role in the con-
trol of chronic graft-versus-host disease
(cGVHD). In this study, we examined telo-
mere length and telomerase activity of
Treg and conventional CD4� T cells (Tcon)
in 61 patients who survived more than
2 years after allogeneic hematopoietic
stem cell transplantation. Cell prolifera-
tion and expression of Bcl-2 were also
measured in each subset. Treg telomere
length was shorter and Treg telomerase

activity was increased compared with
Tcon (P < .0001). After transplantation,
Treg were also more highly proliferative
than Tcon (P < .0001). Treg number, te-
lomerase activity, and expression of
Bcl-2 were each inversely associated
with severity of cGVHD. These data indi-
cate that activation of telomerase is not
sufficient to prevent telomere shorten-
ing in highly proliferative Treg. How-
ever, telomerase activation is associ-
ated with increased Bcl-2 expression

and higher Treg numbers in patients
with no or mild cGVHD. In contrast,
patients with moderate or severe cGVHD
have fewer Treg with lower levels of
telomerase activity and Bcl-2 expres-
sion. These results suggest that failure
to activate Treg telomerase may restrict
proliferative capacity and increase apo-
ptotic susceptibility, resulting in the loss
of peripheral tolerance and the develop-
ment of cGVHD. (Blood. 2011;118(18):
5021-5030)

Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) is an
effective and potentially curative treatment modality for patients
with various hematologic malignancies and nonmalignant diseases.
With advances in supportive care, infection prophylaxis, and
development of less toxic conditioning regimens, overall outcomes
have improved significantly in the past 2 decades.1 Nevertheless,
chronic graft-versus-host disease (cGVHD) continues to be one of
the major complications of allogeneic HSCT, occurring in 40% to
70% of patients.2,3 cGVHD thus causes significant mortality and
morbidity that impairs the quality of life in long-term survivors.

Regulatory T cells (Treg) expressing CD4, CD25, and Foxp3
play an important role in the maintenance of self tolerance and
immune homeostasis in healthy persons.4 CD4 Treg abnormalities
are known to contribute to the development of autoimmune
disorders, allergy, cancer, and aplastic anemia.5-8 Treg develop in
the thymus, and studies in model systems have demonstrated that
poor reconstitution of Treg after allogeneic HSCT results in an
increased incidence of GVHD.9-11 In humans, we and others
previously reported that patients with cGVHD have reduced
frequency of circulating Treg compared with patients without
active cGVHD and healthy persons.12,13 We also demonstrated that
abnormalities of Treg reconstitution and homeostasis in the first
year after transplantation contribute to the subsequent development
of cGVHD. During this period of immune reconstitution, Treg
undergo high levels of proliferation, but expansion of the Treg
population in vivo is limited by increased susceptibility to apopto-
sis.14 The inability to maintain peripheral expansion of Treg is
associated with a high incidence of severe cGVHD, but the cellular

mechanisms that promote susceptibility to apoptosis in proliferat-
ing Treg have not been identified.

Telomeres, located at the ends of all chromosomes, are complex
structures consisting of tandem hexanucleotide repeats of the DNA
sequence TTAGGG and associated proteins, termed the shelterin
complex. Telomere DNA gradually shortens with each cell division
as a result of failure to completely replicate the 3� end of
chromosomes by DNA polymerase.15,16 With critical telomere
shortening, cells become senescent or undergo apoptosis. Short
telomeres also cause genomic instability, which can lead to
end-to-end chromosome fusions, translocations, and malignant
transformation.17-19 In actively dividing cells, telomere length is
maintained by telomerase, a ribonucleoprotein complex enzyme
that adds telomere DNA to the end of chromosomes.20 The
telomerase complex consists of telomerase reverse transcriptase, its
integral RNA template, the protein dyskerin, and other associated
proteins that stabilize the complex.21 Telomerase is active in
germline cells, stem cells, and somatic cells with high replicative
demands, such as hematopoietic cells and lymphocytes.22,23 Previ-
ous studies have reported shortening of telomere length in periph-
eral blood mononuclear cells, including T lymphocytes in patients
after allogeneic HSCT. Telomere shortening in this setting has been
attributed to excessive replication cycles of donor-derived hemato-
poietic stem cells, suggesting that endogenous telomerase activity
in hematopoietic stem cells is not sufficient to prevent proliferation-
associated loss of telomere DNA.24-26

Previous studies of CD4 Treg in healthy persons have demon-
strated that these cells are highly proliferative in vivo and have
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increased telomerase activity. Nevertheless, proliferating CD4 Treg
have relatively short telomeres and also exhibit increased suscepti-
bility to apoptosis.27 Patients with cancer often have increased
numbers of circulating Treg. In this setting, proliferating Treg have
shortened telomeres despite the presence of increased levels of
telomerase.28 To examine the potential role of telomerase induction
in the maintenance of CD4 Treg after allogeneic HSCT, we
examined telomere length and telomerase activity in purified T-cell
subsets from 61 patients � 2 years after transplantation. Patient
Treg were highly proliferative, and relative telomere length was
significantly shorter in Treg from transplantation patients compared
with healthy subjects. Importantly telomerase activity in Treg was
inversely associated with severity of cGVHD and Treg number.
Telomerase activation in Treg is also associated with increased
expression of the antiapoptotic protein Bcl-2. Thus, in patients with
no or mild cGVHD, activation of telomerase in Treg was associated
with increased expression of Bcl-2, higher numbers of Treg, and
establishment of peripheral tolerance. In contrast, failure of telom-
erase activation in Treg in patients with severe cGVHD appears to
increase apoptotic susceptibility of these cells, resulting in fewer
Treg and the loss of peripheral tolerance.

Methods

Patients and samples

All patients included in this cross-sectional study were enrolled in clinical
protocols approved by the Institutional Review Board of the Dana-Farber/
Harvard Cancer Center. Written informed consent was obtained from each
patient before sample collection in accordance with the Declaration of
Helsinki. Blood samples were obtained from 61 patients who underwent
allogeneic HSCT at the Dana-Farber Cancer Institute and Brigham and
Women’s Hospital (Boston, MA) and survived without relapse for � 2 years
after HSCT. The diagnosis of cGVHD was based on characteristic manifesta-
tions and pathologic findings. The severity of cGVHD was classified at the
time of sampling according to the National Institute of Health Consensus
recommendations.29 In patients receiving immunosuppressive therapy, drug
doses were not stopped or modified in the 3-month period before samples
were obtained for this study. For comparison, samples from 19 healthy
subjects who are age matched to the patient’s donor age at the time of
analysis were also examined.

PBMCs were isolated from blood samples by density gradient centrifu-
gation (Ficoll-Paque; GE Healthcare) and cryopreserved in aliquots until
needed for cell sorting, flow cytometric analysis, and functional assays.

Cell sorting

Frozen PBMCs were thawed, washed 2 times with PBS, and incubated with
the following 3 antibodies for 20 minutes at room temperature: anti-CD4
Pacific blue (clone RPA-T4; BD Biosciences), anti-CD25 PE-Cy7 (clone
M-A251; BD Biosciences), and anti-CD127 PE (clone HIL-7R-M21; BD
Bioscience). After incubation, cells were washed and isolated by cell
sorting using BD FACSAria II Cell Sorter (BD Biosciences) into 2 different
CD4� T-cell subsets defined by antigen expression patterns as follows:
CD4� conventional T cells (Tcon) as CD4� CD25neg-lowCD127med-hi, Treg
as CD4�CD25med-hiCD127low, respectively. Sorted cell populations were
confirmed to be � 95% pure.

Treg suppression assay

A total of 20 000 purified Tcon were cocultured with the same number of
autologous Treg in DMEM supplemented with 10% FCS, 2mM L-glutamine,
100 U/mL penicillin, and 100 �g/mL streptomycin. For polyclonal stimula-
tion, anti-CD3 (clone OKT-3; eBioscience) was immobilized on round-
bottom 96-well plates at 1 �g/mL in the presence of 105 irradiated

allogeneic PBMCs as antigen-presenting cells. Cultures of Tcon alone with
and without immobilized anti-CD3 and PBMCs were used as controls for
the following assays. After 5 days, 3H-thymidine (PerkinElmer Life and
Analytical Sciences) was added at 1 �Ci/well and cultured for an additional
20 hours. Incorporation of radioactivity was calculated in triplicate using a
liquid scintillation counter. To examine specific suppression of Tcon
proliferation, purified Tcon were labeled with 5�M CFSE (Invitrogen) for
10 minutes at 37°C. A total of 20 000 CFSE-labeled Tcon were cocultured
with an equal number of unlabeled autologous Treg as described earlier in
this paragraph. After 5 days, cells were harvested and stained with anti-CD4
Pacific blue, anti-CD25 PE-Cy7, and anti-CD127 APC eFluor780 (clone
eBioRDR5; eBioscience). CFSE dilution of Tcon was analyzed on a BD
FACS Canto II (BD Biosciences) using FACSDiva (BD Biosciences) and
FlowJo 7.6.1 software (TreeStar).

DNA extraction

Genomic DNAof sorted Tcon and Treg was extracted using QIAGEN FlexiGene
DNA Kit (QIAGEN) according to the manufacturer’s protocol. After extraction,
the Quant-iT dsDNA HS assay kit and Qubit fluorometer (Invitrogen) were used
to quantify genomic DNA. Genomic DNA was stored in TE buffer (10mM
Tris-HCl, 0.1mM EDTA, pH 7.5) at 4°C at a concentration of � 20 ng/�L. DNA
stocks were diluted into pure water before starting real-time PCR runs described
in “Measurement of telomere length.”

Measurement of telomere length

Relative average telomere length was examined by the real-time PCR-
based telomere assay described previously.30 Briefly, 15 �L master mix
containing either the telomere or �-globin PCR reaction mixture was mixed
into 15 �L of each experimental DNA sample, containing the same amount
of genomic DNA diluted in pure water. The telomere reaction mixture
consisted of 1� QIAGEN Quantitect Sybr GreenPCR Master Mix, 2.5mM
of DTT (USB Corporation), 100nM of Tel-1b primer (CGGTTT-
GTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT), and 900nM of
Tel-2b primer (GGCTTGCCTTACCCTTACCCTTACCCTTACCCTAC-
CCT). Telomere PCR was performed at 95°C for 5 minutes, followed by
amplification rounds consisting 40 cycles at 95°C for 15 seconds and 54°C
for 1 minute with signal acquisition. The �-globin reaction mixture
consisted of 1� QIAGEN Quantitect SYBR GreenPCR Master Mix,
300nM of hbg1 primer (GCTTCTGACACAACTGTGTTCACTAGC), and
700nM of hbg2 primer (CACCAACTTCATCCACGTTCACC). The
�-globin PCR was performed at 95°C for 5 minutes, followed by
amplification rounds consisting 40 cycles at 95°C for 15 seconds, 58°C for
20 seconds, and 72°C for 28 seconds with signal acquisition. The telomere
repeat copy number to single gene copy number (T/S) ratio was determined
using an Applied Biosystems 7300 thermocycler in a 96-well format. All
samples for both the telomere and single-copy gene �-globin reactions were
done in triplicate. In addition to the samples, each 96-well plate contained a
6-point standard curve from 1 to 100 ng using genomic DNA derived from
Jurkat cells. The T/S ratio for a DNA sample is T, the number of nanograms
of the standard Jurkat cells DNA that matches the sample for copy number
of the telomere template, divided by S, the number of nanograms of the
standard DNA that matches the sample for copy number of the �-globin.
Three T/S results were obtained for each sample, and the final reported
result for a sample in a given run is the average of the 3 T/S values. Average
T/S is expected to be proportional to the average telomere length per cell.

Measurement of telomerase activity

Telomerase activity was examined using the Telo TAGGG Telomerase PCR
ELISA PLUS kit (Roche Diagnostics) according to the manufacturer’s
instructions. Sorted Tcon and Treg were lysed using lysis buffer at a
concentration of 500 cells per microliter. After incubation for 30 minutes on
ice, cell lysates were centrifuged and 3 �L of cell extract (corresponding to
1.5 � 103 cell equivalents) was used for each telomeric repeat PCR
amplification reaction. The PCR amplification product was then denatured
and hybridized to digoxigenin-labeled detection probes. The resulting
products were immobilized via the biotin label to streptavidin-coated
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Table 1. Patient characteristics

No cGVHD (n � 13) Mild cGVHD (n � 20) Moderate cGVHD (n � 16) Severe cGVHD (n � 12) P

Age, y NS

Median 55 62 55 61

Range 36-71 32-73 26-72 38-71

Sex NS

Male 9 (69) 13 (65) 9 (57) 6 (50)

Female 4 (31) 7 (35) 7 (43) 6 (50)

Diseases NS

AML 4 (31) 9 (45) 5 (32) 4 (34)

ALL 1 (7) 2 (10) 2 (12) 0 (8)

CML 1 (7) 1 (5) 1 (6) 1 (8)

CLL 4 (31) 2 (10) 1 (6) 3 (25)

NHL 3 (24) 4 (20) 6 (38) 0 (0)

MDS 0 (0) 1 (5) 1 (6) 3 (25)

MF 0 (0) 1 (5) 0 (0) 0 (0)

AA 0 (0) 0 (0) 0 (0) 1 (8)

Conditioning regimen NS

Myeloablative 2 (15) 5 (25) 6 (37) 3 (25)

Nonmyeloablative 11 (85) 15 (75) 10 (63) 9 (75)

Donor source NS

MRD 4 (31) 7 (35) 7 (43) 3 (25)

MUD 9 (69) 13 (65) 9 (57) 9 (75)

Stem cell source NS

BMT 1 (7) 2 (10) 1 (6) 0 (0)

PBSCT 12 (93) 18 (90) 15 (94) 12 (100)

Donor age at sampling, y NS

Median 42 43 39 40

Range 24-57 26-67 23-60 23-57

Sex matching (recipient/donor) NS

Male/male 6 (47) 9 (45) 5 (31) 3 (25)

Male/female 3 (23) 4 (20) 4 (25) 3 (25)

Female/male 2 (15) 4 (20) 5 (31) 3 (25)

Female/female 2 (15) 3 (15) 2 (13) 3 (25)

Medication

Predonisone 1 (8) 13 (65) 11 (69) 11 (92) NS

Tacrolimus 2 (16) 5 (25) 4 (25) 7 (59) NS

Sirolimus 1 (8) 4 (20) 2 (13) 7 (59) .02

MMF 0 (0) 1 (5) 4 (25) 4 (33) NS

ECP 0 (0) 3 (15) 1 (7) 3 (25) NS

Acute GVHD prophylaxis

Tacrolimus/sirolimus 3 (24) 6 (30) 4 (25) 3 (25)

Tacrolimus/MTX 1 (8) 5 (25) 5 (31) 1 (8)

Tacrolimus/sirolimus/MTX (62) 9 (45) 6 (38) 6 (50)

Others 1 (8) 0 (0) 1 (6) 2 (17)

Acute GVHD grade 2-4 NS

No 7 (54) 16 (80) 9 (56) 7 (58)

Yes 6 (46) 4 (20) 7 (44) 5 (42)

cGVHD target organ

Skin 0 (0) 15 (75) 10 (63) 10 (84) NS

Mouth 0 (0) 5 (25) 9 (57) 6 (50) NS

Eye 0 (0) 3 (15) 6 (37) 9 (75) .003

Liver 0 (0) 0 (0) 4 (25) 3 (25) .054

Lung 0 (0) 0 (0) 2 (13) 2 (17) NS

Muscle 0 (0) 4 (20) 3 (19) 5 (42) NS

Joint and fascia 0 (0) 1 (5) 0 (0) 2 (17) NS

Median time after transplantation, days

Median 1249 1503 1207 1208 NS

Range 856-2711 757-2739 754-2768 772-3492

All P values indicate comparisons among 4 cGVHD groups, except for medication and cGVHD target organ, among mild, moderate, and severe cGVHD groups. Values in
parentheses are percentages.

NS indicates not significant; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; CML, chronic myeloid leukemia; CLL, chronic lymphocytic leukemia; NHL,
non-Hodgkin lymphoma; MDS, myelodysplastic syndrome; MF, myclofibrosis; AA, aplastic anemia; MRD, matched related donor; MUD, matched unrelated donor; BMT, bone
marrow transplantation; PBSCT, peripheral blood stem cell transplantation; MMF, mycophenolate mofetil; ECP, extracorporeal photopheresis; and MTX, methotrexate.
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96-well microplate. Immobilized amplicons were then detected with an
antibody against digoxigenin that is conjugated to HRP and the sensitive
peroxidase substrate, 3,3�,5,5�-tetramethylbenzidine. After incubation for
20 minutes at room temperature, stop reagent was added and sample values
were measured as absorbance at 450 nm read against the blank value
(reference wavelength 690 nm). All samples were tested in duplicate, and
the result for a sample is the average of the sample values. PCR products
from 15 samples were also analyzed for telomerase activity by a Southern
hybridization technique previously reported.31 In brief, 20 �L of PCR
products was mixed with 5 �L of 5� sample buffer (Invitrogen) dye and
resolved on PAGE using 10% Novex TBE Gels (Invitrogen), and trans-
ferred to nylon membranes. After incubating the membrane with a
streptavidin alkaline phosphatase conjugate (Roche Diagnostics), chemilu-
minescence techniques were used to visualize the blotted products.

Flow cytometric analysis of Ki-67, Bcl-2, and Foxp3

To detect intracellular Ki-67, Bcl-2, and Foxp3, PBMCs were first
incubated with anti-CD4 Pacific blue, anti-CD25 PE-Cy7, and anti-CD127
APC eFluor780. For Ki-67 and Bcl-2 staining, cells were then washed twice
in PBS and suspended in 100 �L of Fixation/Permeabilization solution (BD
Biosciences) and incubated for 20 minutes at 4°C. After fixation, cells were
washed and incubated with anti-Ki-67 PE (clone B56; BD Biosciences), or
anti-Bcl-2 PE (clone Bcl-2/100; BD Biosciences) or isotype-matched
IgG-PE (clone MOPC-21; BD Biosciences) for 30 minutes at 4°C. For
Foxp3 staining, surface-stained PBMCs were suspended in fixation and
permeabilization buffer (eBioscience) and then incubated with anti-Foxp3
APC (clone PCH101; eBioscience) or isotype-matched IgG-APC (eBiosci-
ence) for 30 minutes at 4°C. After incubation and washing, stained cells
were analyzed on the FACSCanto II using FlowJo 7.6.1 software. Cell
debris and doublets were excluded on the basis of side versus forward
scatter. Ki-67 positivity and Foxp3 expression were determined for each
Tcon and Treg subset. Relative Bcl-2 expression in each Tcon and Treg
was calculated by dividing the median fluorescence intensity (MFI) for
Bcl-2–PE by the median value of MFI for the isotype matched IgG.

Statistical methods

Descriptive statistics were used for patient and transplant-related character-
istics. Fisher exact test or a �2 test was used for group comparisons for
categorical variables. The Wilcoxon-rank-sum test or the Kruskal-Wallis
test was performed for 2 or more group comparisons for continuous
variables. The Wilcoxon signed-rank test was used for difference of paired
samples for continuous variables. Spearman rank test was used for
correlation analysis, and super-smoother, a smoothing technique, in
R (Version 2.10.1) was used to describe the correlation between telomerase
activity and Treg and Tcon cell number. Stratified Wilcoxon rank-sum test
was used to assess the influence of immunosuppressive agents on telomer-
ase activity. Multivariable Cox regression analysis was performed to
investigate the effect of telomere length and telomerase activity on cGVHD
after adjusting for patients and transplant characteristics, such as age,
patient sex, disease, conditioning regimen, donor age at sampling, stem cell
source, immunosuppressive agent, grade 2 to 4 acute GVHD, and donor
source. All tests were 2-sided at the significance level of .05, and multiple
comparisons were not adjusted.

Results

Patients

Clinical characteristics of the 61 patients included in this study are
summarized in Table 1. At the time of sample analysis, 13 patients
had no cGVHD, 20 had mild cGVHD, 16 had moderate cGVHD,
and 12 had severe cGVHD. Eight patients with no cGVHD had a
previous history of cGVHD that had resolved. Patient samples
were obtained at a median of 43 months after HSCT, and 43 of
61 patients (70%) were receiving immunosuppressive agents at the
time of sample collection. Thirty-six of 61 patients (59%) were
receiving steroids. The median patient age was 58 years (range,
26-73 years), and the median donor age at the time of sampling was
41 years (range, 23-67 years). Thirty-seven patients were male, and
14 of them received stem cells from female donors. Fifty-seven
patients received filgrastim-mobilized peripheral blood stem cell
grafts and 4 received bone marrow stem cells. Blood samples were
also obtained from 19 adult healthy subjects (median, 43 years;
range, 24-61 years).

Number of CD4 Tcon and CD4 Treg in patient samples

The total numbers of CD4 T cells, Tcon, and Treg in peripheral
blood were enumerated by flow cytometry in each patient sample
and compared with healthy subjects (Table 2). The number of
CD4� T cells, Tcon, and Treg in patients after allogeneic HSCT
was decreased compared with healthy subjects (P 	 .0002,
P 	 .0003, and P � .0001, respectively), and these numbers were
inversely associated with severity of cGVHD (P 	 .0042,
P 	 .0043, and P 	 .0023, respectively). However, the ratio of
Treg to Tcon in patients was not significantly different from healthy
subjects and between each cGVHD group.

Treg phenotype and immune regulatory function after
allogeneic HSCT

To further characterize the phenotype and suppressive function of
CD4 Treg and Tcon in patient samples, CD4�CD25med-hiCD127low

and CD4�CD25lowCD127hi populations were purified by cell
sorting using gates shown in Figure 1A. As shown in a representa-
tive example (Figure 1B), intracellular Foxp3 expression was
examined in each population by flow cytometry and was found to
be expressed at high levels only in the CD4�CD25med-hiCD127low

Treg subset. In vitro suppression assays were also performed with
purified Tcon and Treg using both 3H-thymidine incorporation and
CFSE dye dilution as measures of T-cell proliferation. In both
assays, Tcon proliferation was inhibited by coculturing with
autologous Treg (Figure 1C-D), indicating that purified

Table 2. Median number of CD4� T cell, Tcon, and Treg in peripheral blood

n CD4� T cell P Tcon P Treg P Treg/Tcon ratio P

Healthy subjects 19 833 .0002* 780 .0003* 39 .0001* 0.04 NS*

Patients 61 504 .0042† 469 .0043† 19 .0023† 0.04 NS†

No cGVHD 13 583 — 566 — 28 — 0.05 —

Mild cGVHD 20 548 — 522 — 20 — 0.03 —

Moderate cGVHD 16 386 — 381 — 17 — 0.04 —

Severe cGVHD 12 285 — 261 — 9 — 0.04 —

NS indicates not significant; and —, not applicable.
*P values indicate comparison for healthy subjects versus all patients.
†P values indicate comparison among cGVHD groups.
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CD4�CD25med-hiCD127low Treg maintain expected levels of suppres-
sive function.

Short telomere length of Treg in patients after HSCT

Relative telomere length was measured by real-time PCR in Treg
and Tcon subsets purified by cell sorting. As shown in Figure 2A,

telomere length of Treg was significantly shorter compared with
Tcon in both healthy subjects and patients after HSCT (0.26 
 0.08
vs 0.32 
 0.06, P � .0001; and 0.11 
 0.07 vs 0.24 
 0.09,
P � .0001, respectively). Moreover, telomere length in both Tcon
and Treg subsets in patients after HSCT was shorter compared with
healthy subjects (P 	 .001 and P � .0001, respectively; Figure
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category. (B) Telomere length of Tcon in healthy subjects and patient subsets based on severity of cGVHD. P values indicate comparisons among patient subsets. (C) Telomere
length of Treg in healthy subjects and patient subsets based on severity of cGVHD. P values indicate comparisons among patient subsets. N.S. indicates not significant.
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2A), suggesting that both Tcon and Treg subsets have undergone
extensive cell division after HSCT. However, within both Tcon and
Treg subsets, there was no correlation between telomere length and
severity of cGVHD (Figure 2B-C).

Treg telomerase activity is inversely correlated with severity of
cGVHD

Telomerase activity was examined by PCR-ELISA and Southern
blotting. Telomerase activity of Treg in patients after HSCT was
increased compared with Tcon (9.66 
 11.75 vs 18.96 
 23.09,
P � .0001; Figure 3A), although there was no significant difference in
telomerase activity between Tcon and Treg in healthy subjects
(18.73 
 11.13 vs 15.58 
 18.62, P 	 .68; Figure 3A). Telomerase
activity of Tcon in patients after HSCT was decreased compared with
healthy subjects (P 	 .02), but decreased telomerase activity in Tcon
was not correlated with severity of cGVHD (Figure 3B). In contrast,
telomerase activity of Treg in patients with no or mild cGVHD was
higher compared with healthy subjects (no cGVHD, P 	 .014; mild
cGVHD, P 	 .0056, respectively). Moreover, telomerase activity of
Treg in patients with moderate cGVHD was slightly lower compared
with healthy subjects (P 	 .066), and telomerase activity of Treg in
patients with severe cGVHD was significantly lower compared with
healthy subjects (P 	 .0008). As a result, telomerase activity in patient
Treg was significantly associated with severity of cGVHD (P � .0001;
Figure 3C). To confirm the results of telomerase activity measured by
PCR-ELISA, telomerase activity in some Treg PCR samples was also
examined by Southern blotting (Figure 3D). We next examined the
correlation between telomerase activity and the absolute number of

Tcon and Treg in each patient sample.As shown in Figure 3E, there was
no correlation between Tcon telomerase activity and Tcon cell number
(r 	 �0.24, P 	 .07), but telomerase activity in patient Treg was
associated with Treg cell number (r 	 0.45, P 	 .0003; Figure 3F).

Increased Treg proliferation in patients with cGVHD

To define the relationship between telomerase activation and cell
proliferation, we examined the expression of Ki-67 within Tcon
and Treg subsets in patients and healthy subjects (Figure 4). Cell
proliferation, measured by Ki-67 expression, was significantly
increased in both Tcon and Treg subsets in patients with cGVHD
compared with healthy subjects (Tcon, 0.6% 
 0.4% vs 0.2 
 0.1%,
P � .0001; Treg, 5.2% 
 1.4% vs 2.9% 
 0.9%, P � .0001, respec-
tively; Figure 4A). In addition, Ki-67 expression was higher in Treg
compared with Tcon in both healthy subjects and patients (P 	 .0002
and P � .0001, respectively; Figure 4A). These results indicate that
Treg undergo higher levels of proliferation than Tcon and this
difference is amplified after HSCT. However, Ki-67 expression in
Tcon and Treg subsets was not associated with severity of cGVHD
(Figure 4B-C) and also not associated with the level of telomerase
activation in either subset (Tcon, r 	 0.05, P 	 .69; Treg, r 	 0.12,
P 	 .37, respectively; Figure 4D-E).

Bcl-2 expression of Treg in patients with cGVHD

Although the induction of telomerase activity in both Tcon and Treg
after transplantation does not prevent overall telomere shortening in
these cells, there may be other mechanisms whereby induction of
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telomerase may enhance cell survival. To assess the potential effect of
telomerase activity on susceptibility to apoptosis, intracellular expres-
sion of Bcl-2 was determined by flow cytometry in Treg and Tcon. Bcl-2
expression in Treg was lower compared with Tcon in patients after
HSCT and healthy subjects (patients Treg vs Tcon, 33.7 
 10.9 vs

39.4 
 11.6: P � .0001; healthy subjects Treg vs Tcon, 32.5 
 4.3 vs
36.53 
 4.1: P 	 .008, respectively; Figure 5A). Moreover, expression
of Bcl-2 in Tcon was similar in all patient groups (Figure 5B). In
contrast, Bcl-2 expression in Treg from patients with no or mild cGVHD
was higher compared with healthy subjects (no cGVHD, P 	 .02; and
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mild cGVHD, P 	 .006, respectively), and Bcl-2 expression in Treg
from patients with severe cGVHD was lower compared with healthy
subjects (P 	 .0026). As shown in Figure 5C, Bcl-2 expression in
patient Treg was inversely associated with severity of cGVHD
(P � .0001). With this finding, we also examined the correlation
between telomerase activity and Bcl-2 expression. Bcl-2 expression in
Tcon was not associated with telomerase activity (r 	 0.08, P 	 .56;
Figure 5D). In contrast, there was a strong positive correlation between
telomerase activity and Bcl-2 expression in Treg (r 	 0.72, P � .0001;
Figure 5E). Thus, in patients with no or mild cGVHD, Treg express both
higher levels of Bcl-2 and telomerase activity. Both of these factors
together probably contribute to increased resistance to apoptosis result-
ing in increased cell number.

Discussion

Successful allogeneic HSCT is characterized by the full reconstitu-
tion of normal donor lymphopoiesis as well as hematopoiesis and
the establishment of immune tolerance to recipient tissues. CD4�

regulatory T cells play an important role in the establishment and
maintenance of peripheral tolerance, and previous studies in
murine models and patients with GVHD have reported that
inadequate reconstitution of these cells is associated with the
development of acute GVHD and cGVHD.9,12,32 To define the
mechanisms responsible for inadequate reconstitution of Treg in
some persons, previous studies in our laboratory examined several
factors that contribute to Treg homeostasis in the first year after
HSCT.14 These studies demonstrated that thymic generation of
naive Treg was markedly impaired during this period, and reconsti-
tution of Treg was primarily dependent on high levels of prolifera-
tion and expansion of Treg with a “memory” phenotype in vivo.
However, highly proliferative Treg were also more susceptible to
apoptosis. After transplantation, Treg appeared to mediate normal
suppressive functions, but in some patients, increased homeostatic
proliferation of Treg was not sufficient to overcome shortened
survival and adequate numbers of circulating Treg could not be
maintained. These patients did not appear to be able to establish
tolerance to recipient tissues and were at high risk for developing
severe cGVHD.12-14

To determine whether inadequate activation of telomerase could
contribute to the shortened survival of highly proliferative Treg, we
examined telomere length and telomerase activity in a cross-
sectional cohort of 61 patients who had survived without relapse
for at least 2 years after allogeneic HSCT. Telomere length and
telomerase activity were measured independently in purified CD4
Treg and CD4 Tcon. For comparison, similar studies were carried
out in 19 age-matched healthy subjects. These studies demon-
strated that telomere length in both Tcon and Treg was shorter in
patients after HSCT compared with healthy subjects. This observa-
tion is consistent with previous studies that found relatively short
telomeres in all donor-derived hematopoietic cells after transplanta-
tion, reflecting the marked expansion of hematopoietic stem cells
required for reconstitution of donor hematopoiesis in these pa-
tients.24-26 We also found that telomere length of Treg was shorter
compared with Tcon in both healthy subjects and patients after
HSCT. This finding suggests that Treg normally undergo more
cell divisions than Tcon as these cells differentiate from T-cell
precursors and expand in response to homeostatic signals. This
difference is amplified after stem cell transplantation and is
consistent with our previous finding that Treg reconstitution is
highly dependent on peripheral expansion. Although both Tcon

and Treg have shorter telomeres after HSCT compared with
healthy subjects, telomere length in these T-cell subsets was not
correlated with severity of cGVHD.

Telomerase is normally induced in highly proliferative cells,
including activated T cells, to protect these cells from telomere
shortening and premature senescence.22,23,33 Early after HSCT, both
Tcon and Treg undergo intense homeostatic proliferation to recon-
stitute normal numbers of CD4 T cells. Our analysis of patients
after HSCT focused on persons with active cGVHD and was
carried out with samples obtained � 3.5 years after transplantation.
Results at this relatively late time after HSCT indicate that the
previous level of telomerase activation was not sufficient to prevent
overall telomere shortening in both Treg and Tcon. Moreover, at
this time, telomerase activity in Tcon was significantly less in
patients than in healthy subjects (Figure 3A), even though the level
of proliferation remained significantly higher (Figure 4A). Telom-
erase activity was significantly higher in patient Treg compared
with patient Tcon. However, Treg telomerase activity varied widely
in patient samples. When examined in relationship to clinical
status, telomerase activity was increased in Treg in patients with no
or mild cGVHD and decreased in Treg in patients with moderate
and severe cGVHD compared with healthy subjects. There were
more patients with severe cGVHD who received sirolimus (Table
1), but there was no association between the use of sirolimus and
telomerase activity of Tcon (P 	 .71) or Treg (P 	 .22), suggesting
that telomerase activity was not affected by sirolimus. Although
telomere length in Treg was similar in all patient subsets, Treg in all
patients have very short telomeres compared with healthy subjects,
and the observation that patients with moderate and severe cGVHD
have very low telomerase activity suggests that this subset may be
highly susceptible to premature senescence and shortened survival.
In contrast, relatively high levels of Treg telomerase in patients
with no or mild cGVHD suggests that these cells are less
susceptible to premature senescence and may help explain the
ability of these patients to maintain significantly higher numbers of
Treg in vivo despite high rates of proliferation (Figure 4) in all
patient subsets.

Although the primary effect of telomerase activity is to maintain
telomere length in dividing cells, there have been several reports
linking activation of telomerase to other pathways that function
coordinately to enhance cell survival.34 For example, previous
studies have reported that inhibition of telomerase activity for short
periods was associated with increased vulnerability to apoptosis
without concomitant telomere shortening; and conversely, cells
with increased telomerase activity exhibit reduced sensitivity to
drug-induced apoptosis.35-37 Studies have also reported that ectopic
expression of human telomerase reverse transcriptase in T cells was
associated with increased expression of Bcl-2, an antiapoptotic
protein.38 To examine whether telomerase activity of Tcon and Treg
after HSCT was associated with Bcl-2 expression, we measured
expression of this intracellular protein by flow cytometry in all
patient samples. Bcl-2 expression was greater in Tcon than in Treg,
but overall levels of expression were similar in patients with
cGVHD and healthy subjects (Figure 5). Bcl-2 expression in Tcon
was similar in all patient groups, but Bcl-2 expression in Treg was
significantly higher in patients with no or mild cGVHD and lower
in patients with moderate and severe cGVHD. When both Bcl-2
expression and telomerase activity were examined, there was a
highly significant positive correlation in Treg but not in Tcon.
Although the mechanisms responsible for this close association are
not known, both of these pathways appear to function in a
coordinated way to enhance Treg survival in some patients and
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increase susceptibility to apoptosis in other patients. These func-
tional effects are closely associated with the severity of cGVHD,
providing further evidence that activation of the telomerase path-
way in Treg contributes to the maintenance of peripheral tolerance
and control of alloreactive cells after HSCT.

Both Treg and Tcon undergo homeostatic proliferation and
expansion after HSCT, and our studies demonstrate that prolifera-
tive activity of Tcon remains significantly elevated in patients
� 3.5 years after HSCT compared with healthy subjects. However,
the magnitude of this difference is relatively small and the
proliferative activity of Tcon is much less than Treg, even in
patients with moderate or severe cGVHD. Consistent with this
small increase in Tcon proliferation in patients with cGVHD, there
was no evidence of telomerase activation, and levels of Tcon
telomerase activity were actually lower than in healthy subjects. In
contrast to Treg that remain highly proliferative for prolonged
periods after transplantation, telomerase does not appear to play an
important role in modulating Tcon survival and preventing prema-
ture senescence, even in patients with active cGVHD.

In conclusion, telomerase appears to play an important role in
promoting survival and preventing premature senescence of Treg
after allogeneic HSCT. In part, telomerase function is critical in
these cells because maintenance of the Treg population is largely
dependent on extensive proliferation and continuous expansion of
mature Treg that is maintained for prolonged periods. Thus,
patients in whom telomerase activity in Treg is maintained at high
levels appear to be able to maintain higher numbers of circulating
Treg. This probably contributes to suppression of cGVHD and
maintenance of peripheral tolerance. In contrast, patients in whom
telomerase activity in Treg is very low do not appear to be able to
maintain adequate numbers of Treg and are not able to prevent the
development of severe cGVHD after HSCT. Interestingly, telomer-
ase activation appears to promote resistance to apoptosis through
mechanisms that are associated with increased expression of Bcl-2
as well as through direct prevention of telomere shortening. The
mechanisms responsible for differential regulation of telomerase
activity of Treg and Tcon after HSCT remain to be established.
These mechanisms may also include other antiapoptotic proteins,
such as Bcl-XL or Mcl-1, as well as various cytokines associated
with T-cell homeostasis. Telomerase is a holoenzyme protein
regulated by several transcriptional and post-translational mecha-
nisms. Transcription factors, such as myc, Sp-1, NF-
B protein,
and nuclear factor of activated T cells, can bind to the promoter site

of human telomerase reverse transcriptase DNA and enhance gene
transcription.39-41 Protein phosphorylation and chaperone proteins
are also essential for maintenance of telomerase structure and
function.42,43 When the complicated regulation of Treg telomerase
activity is elucidated and the molecules that selectively enhance
telomerase activity of Treg can be defined, it may become possible
to modulate this process in vivo. This may result in the ability to
selectively promote the survival and expansion of Treg and the
development of new methods to maintain immune tolerance. Our
studies suggest that modulation of telomerase may provide an
entirely new approach for prevention and treatment of cGVHD
after allogeneic HSCT.
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