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A B S T R A C T

Telomeres are essential for chromosomal integrity. Telomere shortening during cell division restricts cellular proliferative capacity and leads to cellular senescence
when critically shortened telomere lengths are reached. Similar to hematopoietic stem cells, T cells can upregulate telomerase activity to compensate for telomere
loss incurred during proliferation in response to engagement of the T cell antigen receptor (TCR) or exposure to homeostatic cytokines. However, this compensation
for telomere loss by telomerase in T cells is imperfect or limited, as shortening of T cell telomeres is observed in human aging and during in vitro longterm culture. In
this review, we summarize the current state of knowledge regarding the expression and regulation of telomerase in human T cells and changes of telomerase
expression during development, activation, differentiation, aging and disease conditions. In conclusion, we discuss how controlled enhancement of telomerase
activity could be a potential strategy to improve T cell function in the elderly and in immunotherapy.

1. Introduction

Telomerase is a ribonucleoprotein enzyme that synthesizes the 3′
ends of telomeres, which in turn compensates for telomere loss during
cell division [1]. Human telomerase is composed of a catalytic subunit
encoded by telomerase reverse transcriptase (hTERT) and an RNA
component (hTERC) that serves as a template for the synthesis of
telomeric DNA. While hTERC is present in all cells and tissues [2],
hTERT is expressed during fetal tissue development and in germline
cells but not in most somatic cells [3]. Regulation of hTERT expression
is complex involving multiple levels such as epigenetic, transcriptional,
alternative splicing, and post-translational mechanisms [4–6]. This
complex regulation ensures a tightly controlled telomerase activity at
the right time, under the right conditions, and in a specific cell type.

T cells are key players of the adaptive immune response against
both exogenous pathogens including bacteria, viruses, fungi, and
parasites and internal insults such as cancer cells. During an immune
response, extensive cell divisions are essential to generate large num-
bers of effector cells for containing and eliminating the infected or
cancerous cells. This extensive cell division occurs not only during the
primary (naïve cells) immune response but also during subsequent
(memory cells) immune responses throughout the lifespan of the host.
Although it is currently unknown the precise number of cell divisions
that an individual T cell undergoes in a lifetime, the estimated average
number of T cell divisions during one immune response in mouse is 6–7
divisions [7]. How T cells handle telomere loss with this magnitude of
cell division is a topic of intense interest. It has long been known that

human T and B cells are capable of expressing telomerase in a regulated
manner during development and activation, and also that telomere
attrition is observed with aging [8–10]. Although the precise dynamic
relationship between telomerase expression and telomere attrition in
human T cells in vivo is not fully understood, the impact of T cell dif-
ferentiation and aging on telomerase expression and activity was re-
cently examined. In this review, we will summarize what is known
about the regulation of telomerase activity in T cells over the trajectory
of their maturation from thymus to periphery and take into account the
roles of differentiation, activation, aging, and disease.

2. Telomerase activity and hTERT mRNA expression during T cell
development

2.1. Regulation of telomerase activity in T cell development

In the thymus, T cell precursors undergo stepwise development
before emigration to the blood as naïve T cells. Defined by cell surface
expression of CD4 and CD8 coreceptor molecules, the least mature
CD4−CD8− double negative (DN) thymocytes progress to CD4+CD8+

double positive (DP) cells that undergo selection on thymic epithelial
cells presenting self-peptides via MHCII or MHCI to become
CD4+CD8− or CD4−CD8+ single positive (SP) thymocytes (Fig. 1). In
unseparated primary human thymocytes, telomerase activity is de-
tected at high levels comparable to tumor cells. Analysis of sorted
thymocyte subsets showed that expression was similar in the DN, DP,
and CD4SP populations and lower in CD8SP [8,11,12]. The telomerase
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activity levels in thymocytes are nearly 30 times greater than those in
resting peripheral blood T cells suggesting that maturation of T lineage
cells is associated with decreased telomerase activity, similar to other
somatic cells.

2.2. Regulation of hTERT expression in T cell development

Telomerase activity is partially regulated by its two core compo-
nents: telomerase RNA template (hTERC) and telomerase reverse
transcriptase (hTERT) [11,12]. hTERC is present in all subsets of thy-
mocytes examined and fluctuates similarly to telomerase activity
during T cell maturation. Furthermore, hTERT mRNA is also present in
these thymocyte subsets and the levels of hTERT mRNA are correlated
with levels of telomerase activity [12]. Although post-transcriptional
and post-translational modification of hTERT have been reported, no
data are available for human thymocytes.

3. Regulation of hTERT/telomerase expression during T cell
activation and differentiation

3.1. Multi-level regulation of hTERT/telomerase expression during T cell
activation

In the blood, resting T cells have detectable levels of hTERT mRNA
but do not have detectable telomerase activity [12–14]. Following an-
tigenic engagement of TCR and co-stimulatory receptors [8,12] or ex-
posure to homeostatic cytokines such as IL-7 and IL-15 [15–17] (Fig. 2),
T cells divide and are capable of upregulating hTERT mRNA expression
and telomerase activity. When T cells are stimulated by anti-CD3 and
anti-CD28 antibody in vitro, hTERT is upregulated within 24 h, along
with detectable telomerase activity, and the peak level of hTERT mRNA
and telomerase activity arrive around 3 days post stimulation, after
which both gradually decline [12,13]. In contrast, exposure to IL-7 or
IL-15 leads to a slow upregulation of telomerase activity in T cells with
long-lasting low level upregulation of both telomerase and hTERT
mRNA [15–17]. Such differences in the degree of upregulation of
hTERT mRNA and telomerase activity may reflect the different

proportions of active cycling T cells in the cell population or the dif-
ferent signal strengths of these two different pathways. Telomerase
expression during T cell activation in vivo has been examined. CD4+

and CD8+ T cells isolated from tonsils of patients with chronic infec-
tions show an elevated level of telomerase activity which is higher than
resting T cells of peripheral blood but lower than that of thymocytes
[12,18].

Regulation of telomerase activity presents an example of a complex
control mechanism as it is regulated at multiple levels from transcrip-
tion to RNA splicing to posttranslational modification and translocation
from cytosol to nucleus. Epigenetic and transcription factor regulation
of hTERT expression in human cells has been reviewed extensively
[4,19,20]. Although most of the studies are conducted in non-lymphoid
cell lines, several transcription factors known to regulate hTERT ex-
pression have also been reported to bind to the promoter of hTERT and
regulate its transcription in human T cells and T cell lines.

Myc binds to the hTERT promoter in proliferating cells when telo-
merase is active but is replaced by Mad1/Max in differentiated cells
that have lost hTERT expression. Myc is known to recruit histone
acetyltransferases as the transcriptional activation of hTERT by Myc is
inhibited by the HDAC inhibitor trichostatin A [21]. In line with these
findings, HDAC inhibitor treatment of normal resting human T cells,
which have very low levels of hTERT expression, led to increased
hTERT expression levels comparable to anti-CD3/CD28 stimulated cells
[21].

Nuclear factor of activated T cells (NFAT) has been implicated in the
regulation of hTERT expression, as treatment with the calcineurin in-
hibitor FK506 inhibits hTERT upregulation in activated peripheral
blood lymphocytes [22]. Among five identified NFAT binding sites, a
region −40 bp from the transcriptional start site is shown to be the
most critical for hTERT transactivation by NFAT and acts in synergy
with SP1. In the Jurkat T cell line, hTERT expression is also responsive
to NFAT levels and correlated with NFAT levels in either NFAT knocked
down or overexpressed conditions [22].

Kruppel-like factor 2 (KLF2) regulates T cell quiescence and traf-
ficking to lymphoid organs [23], and is also responsible for the active
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Fig. 1. hTERT mRNA/Telomerase expression during T cell development T cell
precursors develop in the thymus through a stepwise process. CD4−CD8−

double negative (DN) thymocytes become CD4+CD8+ double positive (DP)
cells that are selected on thymic epithelial cells to generate lineage-committed
CD4+ or CD8+ (SP) T cells. These cells exit the thymus and enter the peripheral
blood as TN cells. There is a high level of hTERT mRNA (depicted in black) and
telomerase activity (depicted in red) in unsorted thymocytes. Resting peripheral
CD4+ and CD8+ T cells lack telomerase activity but express hTERT mRNA. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 2. hTERT/Telomerase expression during T cell activation T cell activation
through the engagement of T cell receptor and co-stimulatory receptor or ex-
posure to homeostatic cytokines (IL-7 or IL-15) or other mitogens induces up-
regulation of hTERT mRNA and telomerase activity. hTERT mRNA, both full-
length (FL) and alternatively spliced products (ASPs), are more abundant in
resting CD4+ compared to resting CD8+ T cells. In the resting state, T cells have
detectable hTERT mRNA and protein (in the cytosol) without detectable telo-
merase activity. After activation, T cells increase expression of hTERT mRNA
and protein which is translocated into nucleus and have detectable telomerase
activity.
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repression of hTERT expression in resting human T cells. KLF2 is shown
to bind to a region just downstream of the hTERT transcriptional start
site and repress its expression whereas this binding is lost after T cell
activation [24]. In addition, the expression of KLF2 itself is shown to be
inversely correlated with hTERT expression as ectopic expression of
KLF2 in activated T cells reduced hTERT expression and knockdown of
KLF2 in resting cells increased hTERT mRNA [24].

Post-transcriptional regulation by alternative splicing produces
several forms of hTERT alternatively spliced products (ASPs) during
development [25] and activation [14]. Among them, α-, β-, and α+β-
deletion have been observed in human T cells [14,22,26–30]. Briefly, α-
deletion loses 36 bp within exon 6 resulting in deletion of part of the
hTERT reverse transcriptase domain; β-deletion loses 182 bp resulting
in a frame shift mutation; and the α+β-deletion loses 218 bp resulting
in a frame shift mutation. Only the full-length mRNA can encode an
hTERT subunit with telomerase activity [31,32]. Although the precise
functions of these three hTERT ASPs in T cells have not been de-
termined, the α-deletion of hTERT functions as a dominant negative
regulator that results in shortened lifespan of telomerase positive tumor
cells [32] and overexpression of the β-deletion confers resistance to
cisplatin-induced apoptosis in breast cancer cells [33]. Despite the
presence of a premature termination codon in the β-deletion containing
ASPs, they have been shown to be associated with polyribosomes
[33,34] indicating their potential for translation to proteins. Jalink
et al., reported that the β-deletion ASP, but not the full-length, is pre-
sent in resting T cells from analysis of a limited number of human
subjects and concluded that hTERT ASPs regulate telomerase activity in
resting T cells [26]. However, a recent study of 98 human subjects
showed that both full-length hTERT and the β-deletion are present in
resting CD4+ and CD8+ T cells [14]. This suggests that the lack of
telomerase activity in resting T cells is not due to alternative splicing of
hTERT mRNA, but rather other mechanisms.

Posttranslational phosphorylation of hTERT protein is detected in
both resting and activated T cells by western blot and the amount of
hTERT protein does not correlate well with telomerase activity in these
cells, particularly because resting cells lack telomerase activity [35].
Early studies in cancer cell lines showed phosphorylation of hTERT
protein [36,37] via protein kinase C and Akt, respectively, is required
for telomerase activity. In human T cells, phosphorylation of hTERT
occurs after activation, i.e., there is no detectable phosphorylation of
hTERT in resting cells but phosphorylation is detected in activated T
cells [35], and correlates with telomerase activity. The importance of
phosphorylation of hTERT by the kinase Akt is further demonstrated by
the observation that terminally differentiated (CD27−CD28−) CD8+ T
cells lose the ability to upregulate telomerase activity as a result of
defective Akt phosphorylation [38]. Thus, post-translational phos-
phorylation of hTERT protein is another key regulatory step that con-
trols telomerase activity in resting and activated T cells. Lastly, the
phosphorylation of hTERT in T cells is associated with the translocation
of cytoplasmic hTERT protein into the nucleus [35]. Non-phosphory-
lated hTERT protein locates to the cytosol in resting T cells, but, fol-
lowing activation, phosphorylated hTERT protein is located inside the
nucleus.

3.2. Regulation of hTERT/telomerase expression during T cell
differentiation

Although it has been known for decades that telomerase expression
is tightly regulated in T cell development and activation, its role in T
cell differentiation has been confirmed recently [14]. We observe a
gradual reduction of hTERT mRNA levels in freshly isolated naïve (TN),
central (TCM) and effector memory (TEM) CD4+ and CD8+ T cells
(Fig. 3). The analysis of six T cell subsets from 98 human subjects
showed that TN cells express the highest levels of hTERT mRNA, fol-
lowed by TCM and TEM cells, and CD4+ T cell subsets express higher
hTERT mRNA than their corresponding CD8+ T cell subsets. CD8+ TEM

cells express the lowest levels of hTERT mRNA, and CD8+ TEM cells
from more than 75% of healthy donors do not have detectable hTERT
mRNA by a sensitive real time quantitative RT-PCR assay. Collectively,
these findings demonstrate that hTERT mRNA levels decline with ad-
vancing T cell differentiation from naïve to memory T cells and that
hTERT is expressed higher in CD4+ than in CD8+ T cells.

Further analysis of hTERT ASPs shows that both FL hTERT and ASPs
are present in T cell subsets that express hTERT [14]. The β-deletion is
the most frequently detected ASP in T cells. Interestingly, the amounts
of ASPs correlate with the total amount of hTERT mRNA. This suggests
that the alternative splicing machinery processes a fixed portion of the
hTERT mRNA throughout T cell differentiation. In vitro activation of T
cell subsets increases the amount of hTERT mRNA [14], but the ratio of
FL and ASPs remain roughly the same as prior to stimulation in naïve
and memory T cell subsets. Furthermore, the levels of telomerase ac-
tivity in these T cell subsets after in vitro stimulation is closely corre-
lated with their hTERT mRNA levels, i.e., CD4+ TN cells express the
highest levels of telomerase activity followed by TCM and TEM cells.
These findings indicate T cell differentiation results in reduced hTERT/
telomerase expression in these T cells regardless of the cell cycle status.
It is currently unknown how differentiation precisely controls hTERT
expression.

The functional significance of this regulated hTERT/telomerase
expression during T cell differentiation has been further assessed. CD4+

and CD8+ TN, TCM, and TEM cells are cultured in vitro following acti-
vation by anti-CD3 and anti-CD28 antibodies. Activation-induced levels
of both hTERT mRNA and telomerase activity were positively corre-
lated with the degree of cell expansion, e.g., CD4+ TN cells have the
highest expansion while CD8+ TEM have the lowest expansion. In both
CD4+ and CD8+ subsets, telomerase activity and expansion are posi-
tively correlated over the course of the 15-day culture. Furthermore,
the highest levels of hTERT mRNA in CD4+ TN cells are correlated with
the highest percentage of viable cells. Although it has been reported
that ectopic expression of hTERT in T cells increases telomerase activity
and prolongs cell proliferation in vitro [39–42], the impact of reduced
telomerase expression on primary T cells has only recently been ex-
amined. In two reports, knockdown of hTERT mRNA by siRNA or an-
tisense oligonucleotide in CD4+ or CD4+ TN cells demonstrates that
reduced telomerase activity results in reduced cell expansion and in-
creased apoptosis [14,43]. Surprisingly, Gazzaniga et al., found that
shRNA-mediated knockdown of hTERT in primary human CD4+ T cells
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Fig. 3. hTERT/Telomerase expression during T cell differentiation T cell dif-
ferentiation from TN to TCM and TEM cells results in loss of telomere length,
reduced expression of hTERT mRNA and telomerase but gain of effector func-
tions. TN cells have longer telomeres than TCM and TEM cells due to fewer past
cell divisions. Correspondingly, there is a progressive decrease in hTERT mRNA
and telomerase activity with differentiation that correlates with decreased
proliferative capacity, and increased propensity for apoptosis.
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enhanced T cell resistance to dexamethasone-induced apoptosis [44].
Yet, the increased propensity for T cell apoptosis related to hTERT in-
sufficiency is corroborated by observations in T cells from patients with
rheumatoid arthritis [43], myelodysplastic syndrome [45], and short
telomere syndromes [46]. These findings establish a causal and quan-
tifiable relationship between hTERT/telomerase expression and T cell
activation-induced proliferation and survival.

4. Reduction of hTERT/telomerase expression in T cells with
aging

Decline of immune function with age is well documented [47].
Thymic involution contributes to diminished naïve T cell generation,
while lifelong exposure to external and internal insults, in particular
with chronic viral infections (e.g., CMV), lead to the accumulation of
virus-specific (e.g., CMV) memory T cells and terminally differentiated
CD8+CD28− T cells [48,49]. An early study on the effects of aging on
activation-induced telomerase activity in isolated T cells (CD4+ and
CD8+, n=90) [10] shows highly variable levels of induced telomerase
activity (by anti-CD3 and anti-CD28 antibodies and PHA) among the
study subjects and no statistically significant age-associated reduction
of induced telomerase activity. In a subsequent study of a larger cohort,
it was shown that telomerase activity declines with age in resting T cells
(age range 20 s–90 s, n= 366, p < 0.0001) as well as in activated T
cells (stimulation by anti-CD3 and anti-CD28 antibodies) (n=195,
p < 0.01) [50]. A more recent report supports that activation-induced
telomerase activity in T cells is significantly decreased with aging from
early 20 s to early 80 s (n=114) [51]. Interestingly, however, the in-
duced telomerase activity in centenarians appears similar to younger
individuals (under 66 years of age) [51]. Collectively, these findings
suggest that induced telomerase activity in T cells decreases with age in
a general population. However, those exceptionally healthy old in-
dividuals may have a superior maintenance of telomerase expression
and T cell function. Further studies of these centenarians may reveal
new insights into telomerase regulation in healthy aging.

Because the proportions of TN cells decrease and TCM/TEM cells in-
crease within total T cells with age [52] and induced telomerase ac-
tivity decreases with T cell differentiation, these studies did not reveal
whether the reduction of induced telomerase activity with age occurs in
TN cells or TCM/TEM cells or both cells. Our recent study addresses this
issue by comparison of induced hTERT expression and telomerase ac-
tivity in isolated T cell subsets between young (under 40 years old) and
old (over 68 years old) [14]. We observe that the level of hTERT mRNA
is significantly decreased in aged CD4+ TN cells (Fig. 4). In parallel,
induced telomerase activity correlated with hTERT mRNA expression
and also significantly decreased in CD4+ TN cells of the old age group.
Intriguingly, although the reduction of hTERT mRNA does not reach
statistical significance in CD4+ TCM cells, the induced telomerase ac-
tivity is significantly reduced in the old age group compared to the
young group. Thus, an age-associated decrease in induced telomerase
activity in T cells is influenced by both fewer numbers of TN cells and
qualitative changes that lessen induced telomerase expression in CD4+

TN and TCM cells. It is also worth noting that the age-associated re-
duction of induced telomerase activity occurs more profoundly in CD4+

TN and TCM cells than in their CD8+ T cell counterparts. Considering
the role of CD4+ T cells, the impact of such changes may have broad
consequences in adaptive immunity affecting the functions of both B
cells and CD8+ T cells in the elderly.

5. Altered hTERT/telomerase expression in T cells in disease

5.1. hTERT mutations affect T cell function

Disorders of telomere maintenance often manifest pathology in the
immune system via bone marrow failure. In patients with dyskeratosis
congenita, mutations in hTERT affecting the reverse transcriptase

domain result in telomerase haploinsufficiency and significant attrition
of T cell telomeres [53]. Patients who are heterozygous for mutations in
hTERT or hTERC have defective telomere maintenance resulting in very
short telomeres in leukocytes and TN cells are the most severely affected
[54]. These studies indicate the importance of telomerase dose in tel-
omere maintenance and T cell functions. Even in patients without bone
marrow failure, mutations in hTERT, hTERC, or DKC1 can lead to ab-
normally short telomeres and eventually to T cell immunodeficiency. It
is worth noting that the immune systems of these patients have some
shared characteristics of older individuals such as reductions in CD4+

and CD8+ TN cells and an accumulation of terminally differentiated
CD8+ TEM cells [46].

5.2. T cell diseases with dysfunctional telomerase regulation

Myelodysplastic syndromes (MDS) are a group of age-related bone
marrow disorders with the potential for progression to acute myeloid
leukemia (AML) [45]. In MDS, T cell telomeres are shorter than healthy
controls, and there is a loss of TN cells and a reduced diversity of the T
cell repertoire. Although T cells from MDS patients have shorter telo-
mere lengths, they surprisingly have higher basal levels of hTERT
mRNA and telomerase activity compared to healthy controls [27]. But
this is not true in TN cells from MDS patients which have lower hTERT
mRNA and telomerase activity [45]. These findings suggest there is
activation of telomerase in non-TN T cells in MDS patients. Intriguingly,
despite an elevated telomerase activity, T cells of MDS patients exhibit
abnormally rapid telomere shortening, reduced proliferative capacity,
and increased cell death.

A range of other diseases without detected mutations in hTERT or
hTERC [55,56] also display altered telomerase expression or shortened
telomeres in T cells. Lucas et al., report that a PI3K activating mutation
leads to senescent CD8+ T cells with short telomeres [57]. Aubert et al.,
find that patients with cartilage-hair hypoplasia (CHH) have shorter
than normal telomeres in peripheral blood lymphocytes as T cells and
NK cells are the most affected [58]. These patients have a homozygous
point mutation in the lncRNA component of the RMRP gene that does
not affect hTERT mRNA levels, but activation-induced telomerase ac-
tivity is reduced resulting in delayed or failed proliferation. Zhang
et al., find reduced hTERT mRNA expression in peripheral blood CD4+
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Fig. 4. hTERT/Telomerase expression during T cell aging With advance of age,
there is a decrease in the number of circulating TN cells and increase in memory
T cells (TCM and TEM) cells. In parallel, T cells have progressive telomere
shortening and reduced induction of telomerase activity. Within T cell subsets,
telomerase activity is significantly reduced in CD4+ TN and TCM cells from old
individuals (70–90 years old) compared to young (20–40 years old). However,
it has been shown that healthily aged centenarians have telomerase activity
levels similar to much younger individuals.
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T cells in patients with oral lichen planus, a T cell mediated in-
flammatory disease [59]. Collectively, these findings show that altera-
tion of telomerase expression in T cells, via either mutation of genes
encoding telomerase components or indirectly by affecting pathways
leading to telomerase activation, have profound effects on the function
of T cells and contribute to the severity of disease.

6. Conclusions and future directions

We have discussed the current understanding and recent progress of
telomerase expression and regulation during human T cell develop-
ment, activation, differentiation, aging and diseases. It is evident that
telomerase is critically important in T cell division and functions as
shown by the impact of reduced telomerase expression in T cell dif-
ferentiation, aging, and diseases. Furthermore, identification of age-
related reductions in induced telomerase expression in CD4+ TN and
TCM cells offers hope to improve the age-related decline of T cell
function by elevating telomerase expression in these T cells.
Improvement of telomerase expression in T cells can also improve T
cell-based immunotherapy in old patients. The less differentiated T cells
(e.g., TN) exhibit superior performance against tumors [60,61] and
have relatively longer telomere lengths [62] and higher induced telo-
merase activity [14] to support greater T cell expansion. In conclusion,
regulation of hTERT and telomerase expression in human T cells occurs
at multiple levels and many of the mechanistic details remain to be
elucidated. The numerous transcription factor binding sites within the
hTERT promoter imply that hTERT is linked to an array of cellular
pathways. Manipulating these pathways, through small molecules or
genetic methods, to achieve a controlled augmentation of telomerase
activity could be an avenue to improve T cell function. During pro-
duction of autologous T cells for immunotherapy, inclusion of exo-
genous hTERT/telomerase enhancers may be a simple test of telo-
merase’s beneficial effects that could be realized in the near future.
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