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Abstract
Accelerated telomere shortening in lymphocytes has been associated with a variety of human
pathologies, including HIV disease, Down syndrome, and cardiovascular disease. Recent findings
indicate that reduced telomere length is also associated with chronic psychological stress and mood
disorders. Telomerase, which prevents telomere shortening, can be upregulated in T lymphocytes in
concert with activation, thereby retarding telomere shortening. Here, we demonstrate that exposure
of human T lymphocytes to cortisol is associated with a significant reduction in telomerase activity
both during primary stimulation of resting cells and secondary stimulation of previously activated
cells. The effect is observed in both CD4 and CD8 T lymphocytes, and is associated with reduced
transcription of hTERT, the telomerase catalytic component. These findings provide a potential
mechanism for stress-associated telomere length attrition, and suggest that strategies to enhance T
lymphocyte telomerase activity may provide beneficial effects on immune function in situations of
chronic emotional stress.
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Introduction
Telomerase is a cellular ribonucleoprotein enzyme that is intimately involved in proliferation
and senescence of human cells. The reverse transcriptase activity of telomerase functions to
stabilize telomere length by adding hexomeric repeats to telomeric ends of linear
chromosomes, thereby counteracting the end replication problem. Most normal somatic cells
lack telomerase activity and lose approximately 50-100 base pairs (bp) of telomere sequence
per cell division (Harley, Futcher, & Greider, 1990). However, human T lymphocytes are able
to upregulate telomerase in concert with activation (Weng et al., 1997), thereby retarding
telomere loss. Telomere length maintenance in antigen-specific human T lymphocytes has been
demonstrated both in vivo and in vitro during periods of high telomerase activity (Valenzuela
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& Effros, 2002; Akbar & Vukmanovic-Stejic, 2007). Nonetheless, chronic and prolonged
activation results in the loss of telomerase activity and telomere loss, ultimately leading to
replicative senescence in human memory T lymphocytes (Akbar et al., 2007; Effros, et al.,
2005).

Accelerated telomere shortening in peripheral blood lymphocytes has been documented in a
variety of diseases, including Down syndrome, rheumatoid arthritis, and cardiovascular disease
(Effros et al., 2005). Moreover, specific lymphocyte subpopulations have also been shown to
undergo accelerated telomere shortening in Alzheimer's disease and chronic HIV-1 infection
(Effros et al., 2005). Recently, reduced telomerase activity and telomere shortening in
peripheral blood leukocytes were reported in mothers undergoing chronic emotional stress
(Epel et al., 2004), and in caregivers of patients with Alzheimer's disease (Damjanovic et al.,
2007). Mood disorders, which show abnormalities in stress-related biological systems, are also
correlated with accelerated telomere shortening (Simon et al., 2006). Based on the well-
characterized links between emotional stress and elevated cortisol levels (Yang & Glaser,
2000), we sought to determine whether cortisol might affect telomerase activity in immune
cells. Our results demonstrate that activation of T lymphocytes in conjunction with exposure
to hydrocortisone (at concentrations comparable to plasma cortisol levels that can be reached
in vivo during stress) causes a significant reduction in telomerase activity. The effect is seen
in both the CD4 and CD8 T lymphocyte subsets, and is associated with reduced levels of the
transcript for hTERT, the telomerase catalytic component.

Methods
Blood samples

This study was approved by the UCLA Institutional Review Board. Blood donors (male and
female, age 25-55, all in good health by self-report) were recruited according to UCLA Human
Subjects guidelines and provided informed consent.

Cell cultures
Peripheral blood mononuclear cells (PBMC) were plated in AIM V serum-free medium
(Gibco) and stimulated with phytohemagglutinin (PHA, 10ug/ml) in the presence of DMSO
(diluent) or cortisol (hydrocortisone, Sigma). Cultures were incubated for 3 -4 days, at which
time the concentration of viable blast-like cells was determined by microscopic evaluation
(often validated by a second person), including trypan blue exclusion. In some experiments,
immediately prior to lysing cells for the telomerase activity assay, T cells subsets were isolated,
using magnetic beads (Milteny). For long-term cultures, cells were plated in RPMI/10% FCS
and stimulated with anti-CD2/CD3/CD28 coated beads. Hydrocortisone or DMSO was added
on day 0, or at the time of secondary stimulation.

Telomeric repeat amplification protocol (TRAP) assay
Cellular telomerase activity was measured, using the TRAPeze kit (Chemicon), as previously
described (Valenzuela et al., 2002). Each cell lysate tested in the assay contained the equivalent
of 10,000 blast cells, and each sample was run at least twice in the TRAP assay. Results of the
TRAP assay are expressed as “Total Product Generated”, TPG, which reflects the telomerase
activity in the sample, and is calculated according to a computer program which integrates
signal intensity over the telomere length distribution on the gel as a function of molecular
weight.
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Quantitative real-time reverse transcription polymerase chain reaction (Q-RT-PCR)
RNA was extracted using RNeasy Mini Kit (Qiagen). RNA concentrations were determined
using the Quant-iT Ribogreen RNA Assay Kit (Molecular Probes). 2ug of RNA were converted
to cDNA with the iScript cDNA synthesis kit (BioRad). Q-RT-PCR was performed by using
the iQ SYBR Green SuperMix and IQCycler (Bio-Rad). As an internal control, Q-RT-PCR
for housekeeping gene GAPDH was performed. The sequences of the primers for amplification
were GAPDH-F-429 (5′-CCT CAA GAT CAT CAG CAA TGC CTC CT-3′) and GAPDH-
R-528 (5′-GGT CAT GAG TCC TTC CAC GAT ACC AA -3′). For the hTERT gene
expression measurement, we used primers hTERT-F-1627 (5′-AAG TTC CTG CAC TGG
CTG ATG AGT -3′), and hTERT-R-1758 (5′-GCT TTG CAA CTT GCT CCA GAC ACT
-3′). Samples were run in triplicate in a 96-well plate in the I-CycleriQ Multicolor Real-Time
Detection System (BioRad). Each well contained 10ul of cDNA (1:10 dilution of cDNA
reaction), 12.5ul of iQ SYBR Green Super Mix, .75 ul of each primer (from 10 uM stock), and
1ul of H20, for a total of 25 ul. The IQcycler program consisted of initial denaturation at 95°
C for 3 minutes, followed by 40 PCR cycles at 95°C for 15 seconds, 61°C for 30 seconds, and
72° for 30 seconds (single fluorescence measurement). Standard curves were created for both
GAPDH and hTERT. The relative GAPDH and hTERT copy numbers and were calculated
according to the standard curve method.

Statistical Analysis
TRAP assays for each sample were repeated at least twice. The TPG values in the presence of
cortisol or DMSO (diluent control) were compared, and data are presented as the mean +/- SD
of either the TPG value or the comparison between cortisol and control TPG (Relative
Telomerase Activity). In comparing the degree of inhibition associated with cortisone
exposure, significance was calculated using the Student t test, and p values < 0.05, are
considered significant.

Results
Reduced telomerase activity in T cells exposed to hydrocortisone

In cultures established from 8 different donors, addition of hydrocortisone on day 0 was
associated with a significant reduction (p=0.002) in the number of blast-like cells by day 3,
with no evidence of cell death (data not shown). Despite diminished cell numbers in the
cortisone-treated cultures, it was possible that those cells that did become activated would still
show normal telomerase activity. Therefore, we compared equal numbers of blast-like cells
from cortisol-treated and control cultures in a series of telomerase activity experiments. Figure
1 (top) shows a representative TRAP gel, illustrating the high telomerase activity in 10,000
cells from the control (DMSO diluent) culture, and the reduced telomerase activity in the same
number of blast cells from the hydrocortisone-treated culture. To illustrate that telomerase
activity is also subject to hormonal enhancement effects, the experiment also included cells
that were exposed to estrogen rather than hydrocortisone, confirming our previous study, in
which we showed a dose-dependent telomerase enhancement effect of estrogen (Effros et al.,
2005). Figure 1 (bottom), shows representative results of 5 hydrocortisone titration experiments
on PHA-activated PBMC, illustrating that the Total Product Generated (TPG), a measure of
telomerase activity, is inhibited in a dose-dependent manner. Importantly, hydrocortisone in
the physiological ranges of cortisol [i.e., 0.1 uM, (Gayrard, Alvinerie, & Toutain, 1996)] had
no effect on the telomerase activity. By contrast, higher concentrations of hydrocortisone,
comparable to those that might be reached in vivo during stress, reduced telomerase activity
by as much as 50%.
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Hydrocortisone inhibits telomerase activity in both CD4 and CD8 T lymphocytes
Figure 2 summarizes results of 8 PBMC cultures, expressed as the relative telomerase activity
for each hydrocortisone-treated culture compared to its control culture, which is arbitrarily set
at 1.0. Since CD4 and CD8 T lymphocytes show divergent patterns in both telomerase
activation in vitro and telomere shortening in vivo (Valenzuela et al., 2002;Akbar et al.,
2007), we sought to determine whether subset differences also exist with respect to
hydrocortisone effects on telomerase activity. Equal numbers of CD4 and CD8 blast cells,
isolated by magnetic bead separation from 3 of the PBMC cultures immediately before the
TRAP assay, were evaluated for telomerase activity. The data in Figure 2 indicate that the
reduction in telomerase activity seen in activated PBMC exposed to hydrocortisone reflects
the hydrocortisone effects on both CD4 and CD8 T cell subsets. Interestingly, for CD8 T cells,
higher hydrocortisone concentrations exerted stronger telomerase inhibition, whereas the CD4
subset shows an opposite pattern, an observation that may relate to differences in the density
and/or signaling of hormone receptors or the previously documented differences in telomerase
regulation between the subsets (Effros et al., 2005).

Hydrocortisone inhibits telomerase during both primary and secondary stimulation
Repeated stimulation of T cells in culture leads to progressive reduction in telomerase activity
(Valenzuela & Effros, 2002). To determine if hydrocortisone would cause a further reduction
in telomerase activity in cells that had been previously activated, PBMC were stimulated with
anti-CD2/3/28-coated beads, and when the proliferative burst had subsided, identical cell
numbers were restimulated with anti-CD2/3/28-coated beads. The data in Figure 3 show that
exposure to hydrocortisone in concert with either primary or secondary TCR-mediated
stimulation results in a significant reduction in telomerase activity (p< 0.05).

Telomerase inhibition by hydrocortisone is associated with reduced hTERT message
Telomerase activity is undetectable, or extremely low, in resting human T cells (Epel et al.,
2004), although, hTERT, the catalytic component of the enzyme, is expressed (Liu et al.,
2001; Plunkett et al., 2001). The induction of telomerase activity during T cell activation is
associated with a significant increase in hTERT protein expression (Buchkovich & Greider,
1996). Figure 4 shows that exposure to hydrocortisone in concert with activation leads to a
significant reduction in hTERT message. Although our data do not distinguish between reduced
hTERT transcription versus message stability, our observation provides a possible mechanism
for the observed reduced telomerase activity in the hydrocortisone-treated cells.

Discussion
The major finding of this study is that exposure to a major stress hormone is associated with
the down-regulation of telomerase activity in activated human T lymphocytes. Importantly,
the effect of hydrocortisone was observed not only during primary stimulation but also during
subsequent stimulation of previously activated T cells. If cortisol exposure in vivo exerts the
same effect as we observed in vitro, our data provide a potential mechanism for the reported
association between psychological stress and shortened telomeres (Epel et al., 2004; Epel et
al., 2006; Damjanovic et al., 2007). Glucocorticoids (GC) have been documented to attenuate
T cell receptor signaling and to suppress cellular immunity (Van Laethem et al., 2001). The
present study extends this work by demonstrating an important downstream outcome of one
of the major GC hormones is the blunting of telomerase activity in human T lymphocytes.
Although our study did not examine the long-term outcome of reduced telomerase, we have
shown the converse, namely that enhanced telomerase activity retards telomere loss and
extends proliferative potential of virus-specific T cells (Dagarag et al., 2004).
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Telomere length in T lymphocytes reflects both cell division and telomerase activity. During
primary and secondary stimulation of CD8 T lymphocytes, telomerase activity is high, resulting
in telomere length stabilization even during extensive cell division. This phenomenon has been
demonstrated both in vivo and in vitro. During acute mononucleosis, Epstein-Barr Virus (EBV)
virus-specific CD8 T cells have high telomerase activity, and show telomere length
maintenance. However, after one year, the virus-specific CD8 T cells have undetectable
telomerase and shorter telomeres (Akbar et al., 2007). Similarly, CD8 T cells show high
telomerase activity in concert with primary antigenic stimulation in cell culture, but by the
third and all subsequent antigenic stimulations, telomerase activity is undetectable, and
telomeres have shortened (Effros et al., 2005). Interesting, the in vitro studies on CD4 T cells
from the same donor indicate that the pattern of telomerase regulation during the same antigenic
stimulation differs from that of the CD8 T cells. The present study suggests that the two subsets
may also differ in their responses to different doses of hydrocortisone.

Reduced telomerase activity, be it from repeated antigenic stimulation (Valenzuela & Effros,
2002) or as a down-stream effect of exposure to cortisol, could possibly be contributing to the
generation of CD8 T cells with features of replicative senescence. Such cells, which increase
during normal aging, are associated with a variety of deleterious effects, including early
mortality in the very old (Pawelec et al., 2004) and reduced responses to vaccines (Goronzy et
al., 2001). In persons chronically infected with HIV, more rapid progression to clinically-
defined AIDS correlates with the abundance of senescent CD8 T cells (Cao et al., 2007).

In the elderly, the clonally expanded CD8 T cells with features of replicative senescence have
been proposed to reflect the ongoing work required to maintain control over persistent viruses,
such as cytomegalovirus ( CMV) and EBV (Pawelec et al., 2004). Although none of the studies
on latent infections in the elderly have addressed the potential role of stress, several reports on
younger persons have, in fact, shown an association between reduced control over latent viruses
and concomitant increases in stress and/or elevated levels of serum cortisol. For example, in
astronauts, reactivation of latent cytomegalovirus (CMV) and Epstein-Barr virus (EBV) are
correlated with increased stress hormone levels associated with space flight (Stowe et al.,
2001; Mehta et al., 2000). Stress is associated with re-emergence of varicella zoster (shingles)
and herpes labialis (Haynes & Swain, 2006). Finally, in HIV disease, progression to AIDS,
which is associated with increased proportions of CD8 T cells with features of replicative
senescence ( Cao et al., 2007) is associated with elevated serum cortisol (Leserman et al.,
2002).

Telomerase activity in immune cells is subject to modulation by a variety of hormones and
cytokines. Both estradiol and TNF-alpha function to enhance telomerase activity in normal
human T lymphocytes (Effros et al., 2005), whereas Interferon alpha and Transforming growth
factor-beta have opposite effects. These findings, as well as reports showing the role of the
autonomic nervous system and hypothalamic-pituitary-adrenal axis hormones in the
reactivation of latent infections (Cacioppo et al., 2002), underscore the intricate balance of
physiological systems involved in host-pathogen interactions.

In sum, our results may help elucidate the complex interactions between the endocrine, nervous
and immune systems, which can affect both mental and physical health. The link between
mental stress and shortened telomeres has recently been documented in studies on mothers of
chronically ill children (Epel et al., 2004) and in caregivers of patients with Alzheimer's disease
(Damjanovic et al., 2007). Earlier experiments in humans involving both vaccinations (Kiecolt-
Glaser et al., 1996) and responses to infections have shown that immunity is blunted during
periods of psychological stress (Yang et al., 2000). Our study provides a possible mechanism
for these effects, and also suggests that therapeutic strategies that enhance telomerase activity
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in virus-specific CD8 T lymphocytes may augment immunity in situations of chronic emotional
stress.
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Figure 1. Telomerase activity is inhibited by cortisol
Top, Representative TRAP gel image for control (Con), cortisol (hydrocortisone, Hyd 30uM),
Estrogen (E2) and loading buffer ( LB); bottom, PBMC were stimulated with 10ug/mL PHA
in the presence of increasing concentrations of hydrocortisone. TRAP assay (day 3) was
performed on 10,000 blast cells, with results presented as TPG (Total Product Generated), a
measure of telomerase activity.
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Figure 2. Cortisol inhibits telomerase activity in both T cell subsets
Cells were stimulated with PHA together with DMSO (diluent) or hydrocortisone Immediately
prior to cell preparation for the TRAP assay, T cells or subsets thereof were isolated (Milteny
magnetic beads). Results are expressed as relative telomerase activity for 10,000 blast cells
from each cell population as compared to its corresponding DMSO control, which is arbitrarily
set at 1.0. For PBMC (n=8), and for the CD8 & CD4 (n=3).
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Figure 3. Inhibition of both primary and secondary stimulation-induced telomerase activity by
cortisol
PBMC (n=3) were stimulated with anti-CD2/CD3/CD28 coated beads (Miltenyi Biotech).
Hydrocortisone (open bars) or DMSO (solid bars) was added on day 0 or at the time of
secondary stimulation. (* p<0.05).
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Figure 4. Hydrocortisone treatment decreases hTERT message in PBMC
Q-RT-PCR was performed as described in Materials and Methods. Normalized hTERT
message was calculated by dividing the hTERT value by the GAPDH value for each sample.
Results are represented as the relative amount of normalized hTERT message in
hydrocortisone-treated cells versus that in DMSO- treated cells ( the value of which value is
arbitrarily set at 1.0). For the 15uM treatment, n=6; for the 0.5uM and 30uM treatment, n=2.
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