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Abstract

Telomerase reverse transcribes telomere DNA onto the ends of linear chromosomes and retards
cellular aging. In contrast to most normal somatic cells, which show little or no telomerase activity,
immune cells up-regulate telomerase in concert with activation. Nevertheless, during aging and
chronic HIV-1 infection, there are high proportions of dysfunctional CD8* CTL with short telomeres,
suggesting that telomerase is limiting. The present study shows that exposure of CD8* T lymphocytes
from HIV-infected human donors to a small molecule telomerase activator (TAT2) modestly retards
telomere shortening, increases proliferative potential, and, importantly, enhances cytokine/
chemokine production and antiviral activity. The enhanced antiviral effects were abrogated in the
presence of a potent and specific telomerase inhibitor, suggesting that TAT2 acts primarily through
telomerase activation. Our study is the first to use a pharmacological telomerase-based approach to
enhance immune function, thus directly addressing the telomere loss immunopathologic facet of
chronic viral infection.

Telomeres, the TTAGGG tandem repeats at chromosome ends, become progressively shorter
in dividing somatic cells (1). Numerous studies have shown associations between leukocyte
telomere shortening and risk of disease, suggesting that these cells may serve as biomarkers
for the cumulative burden of inflammation, chronic immune activation, or oxidative stress.
Indeed, hypertension and increased insulin resistance are associated with shorter leukocyte
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telomere length in the participants of the Framingham heart study (2), and telomere shortening
in peripheral blood leukocytes chronicles ischemic heart disease risk in older people (3).
Leukocyte telomere length also correlates with bone mineral density, and shorter telomeres
are seen in women with osteoporosis (4). Finally, in both aging and chronic HIV-1 infection,
there are increased proportions of CD8" T lymphocytes with shortened telomeres, reduced
proliferative capacity and altered effector function (5). Thus, strategies to retard or prevent
telomere loss may lead to novel treatments for a variety of human pathologies.

T and B lymphocytes transiently up-regulate telomerase, the cellular reverse transcriptase that
adds telomeric DNA to the ends of chromosomes (6-8). Such telomerase activity is believed
to mitigate the losses of replicative capacity and function caused by chronic antigenic
stimulation, oxidative stress, and cellular aging (9,10). However, the ability of CD8* T
lymphocytes to up-regulate telomerase is lost after repeated encounters with Ag, and continued
chronic stimulation ultimately leads to critically short telomeres and other changes associated
with replicative senescence (10,11).

We hypothesized that sustained telomerase activity in chronically activated CD8* T
lymphocytes might prevent or delay immune dysfunction associated with aging and/or chronic
disease. In previous studies, we showed that gene transduction of CD8* T lymphocytes from
HIV-1-infected persons with the human telomerase catalytic component (nTERT)# (12) leads
to preservation of antiviral functions, telomere length stabilization, and augmented
proliferative potential (13). Whereas gene therapy has a number of drawbacks, such as inability
to control gene expression and the potential side-effects of gene transduction, these proof-of-
principle studies suggest that telomerase activation by nongenetic strategies may be an effective
approach for enhancing immune function in certain chronic diseases.

In an empirical screen of traditional Chinese medicine plant extracts and compounds with
reported properties of health maintenance and enhancement of immune function, we identified
TAT2 (cycloastragenol) based on its ability to up-regulate the low, basal level of telomerase
in neonatal human keratinocytes (unpublished data). We sought to determine whether TAT2
could increase telomerase activity in cells of the immune system, which exhibit high levels of
active telomerase after stimulation with mitogens, activatory Abs (10), or Ag (14). In this study,
we demonstrate that TAT2 can transiently activate telomerase, slow telomere loss, increase
replicative capacity, and, importantly, enhance immune function in CD8* T lymphocytes from
HIV-1-infected persons. These data suggest a possible novel immune-based strategy to
complement current treatments, which are primarily directed at the virus. The potential benefit
of telomerase enhancement is underscored by the recent clinical study showing that HIV-1-
infected persons who are able to control the infection for long periods of time (nonprogressors)
have significantly higher constitutive telomerase activity in HIV-1-specific CD8" T cells
compared with “fast progressors” (15).

4 Abbreviations used in this paper

hTERT

TI

TRAP

HBG

human telomerase catalytic component

telomerase inhibitor

telomeric repeat amplification protocol

human g globin
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Materials and Methods

Formulation

Telomerase i

of TAT2

TAT2 (cycloastragenol, CAS Registry no. 84605-18-5) was prepared by purification of acid
hydrolyzed Astragaloside IV (16) and is available from TA Therapeutics (email
charley@geron.com). TAT2 was dissolved in tissue culture grade DMSO (ATCC) at 10 mM
stock concentration. All titrations of TAT2 were prepared in DMSO at 1000 times final
concentration, such that the DMSO concentration in all tissue cultures experiments was
constant at 0.1%. Telomerase activation by TAT2 was observed in the 0.01-10 M range. In
some experiments, activity declined above 1 xM, so in most cases TAT2 was not used above
1 uM.

nhibitor (TI)

The TI used in our experiments is GRN163L, a synthetic lipid-conjugated, 13-mer
oligonucleotide N3’ P5'-thio-phosphoramidate that is complementary to the template region
of telomerase RNA (hTR) (17). GRN163L is a direct competitive enzyme inhibitor that binds
and blocks the active site of the enzyme (a “telomerase template antagonist”). The 1Cgq of
GRN163L for telomerase in human PBMCs is 1 M (data not shown).

Telomerase activity measurements

Telomerase activity for all experiments was determined by the telomeric repeat amplification
protocol (TRAP), using the reagents, protocol, and calculation details provided in the TRAPeze
kit (Millipore; Cat. no. S7710). The amplified TRAP reaction products were separated on an
8% polyacrylamide gel, and the resulting bands were probed and analyzed using Packard
Instantimager software. Telomerase activity for all samples was calculated for 10,000 cell-
equivalents, according to the TRAPeze kit formula for “Total Product Generated.”

Cell isolation and stimulation

Human peripheral blood samples were acquired after informed consent and in accordance with
the University of California-Los Angeles Institutional Review Board. After centrifugation, the
PBMC layer was carefully removed and washed twice in “complete RPMI 1640 [10% FBS,
10 mM HEPES, 2 mM glutamine, and 50 1U/ml penicillin/streptomycin]. Purified T cells were
obtained from PBMC using the Pan T isolation kit (Miltenyi Biotec), and, for some
experiments, CD8* T cells were further purified by negative selection using a CD4* T cell
isolation kit (Miltenyi Biotec). For isolation of CD28M9" and CD28!°W cells, the CD8* T cell
population was incubated for 10 min at 4°C with biotinylated anti-CD28 Ab (BD Pharmingen),
followed by 15 min incubation at 4°C with anti-biotin magnetic microbeads (Miltenyi Biotec),
and passaged through a MACS magnetic separation column (LS). T cells were stimulated with
CD3/CD28 or CD2/CD3/CD28 Ab-coated beads at a bead:cell ratio of 0.5:1, and PBMC were
stimulated with culture-tested PHA (5-12 ug/ml; Sigma-Aldrich Cat. no.L1668). For short-
term stimulation, in addition to PHA or Ab-coated beads, DMSO (0.1%) or TAT2 (1 nM to
10 uM) was added to wells. Every 48-72 h, half of the media in the wells was removed and
replaced with fresh media containing either DMSO or TAT2. Long-term T cell cultures were
established by stimulation of PBMC with CD2/CD3/CD28 Ab-coated beads (Miltenyi Biotec)
and IL-2 (50 U/ml). At the time of stimulation, TAT2 (1 xM) or DMSO (0.1%) was added to
cells. Fresh media was added to cells every 48-96 h along with TAT2 or DMSO. Every 13—
17 days, cells were re-stimulated with CD2/CD3/CD28 beads and IL-2. In some experiments,
CD4" and CD8* T cells were isolated from purified T cells by positive and negative selection,
respectively, and stimulated as described above.
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Telomere length real-time PCR

The general protocol for telomere length real-time PCR was followed as previously described
(18). CD8* T cells were isolated by negative selection and cultured in a 24-well plate (1 x
108/ml) with CD2/CD3/CD28 Ab-coated beads (Miltenyi Biotec), IL-2 (50 U/ml), and either
TAT2 (1 uM) or DMSO (0.1%). Fresh media was added every 48-96 h along with TAT2 or
DMSO. Every 13-17 days, cells were re-stimulated with CD2/CD3/CD28 beads and IL-2.
Immediately before each stimulation, 1 x 10° cells were removed and cryopreserved for
subsequent telomere length analysis, which was performed on all samples in parallel. DNA
was isolated from cells using DNeasy kit (Qiagen) and diluted to 50 ng/100 I in dilution buffer.
Each ml of buffer consists of: 40 ul of Escherichia coli DNA (100 ng/ul), 100 ul of 10x Taq
polymerase buffer, and 860 wl of H,0. DNA samples were boiled at 95°C for 30 min. Samples
were run in triplicate in a 96-well plate in the I-CycleriQ Multicolor Real-Time Detection
System (Bio-Rad). Separate plates were used for the telomere PCR and the control Human g
Globin (HBG) PCR. In the telomere PCR plate, each well contained 10 ul of DNA, 10 ul of
iQ SYBR Green Super Mix, 0.2 ul of Tel primer 1 (20 uM stock), and 0.8 ul of Tel primer 2
(20 uM stock), for a total of 21 ul. In the HBG PCR plate, each well contained 10 ul of DNA,
10 ul of iQ SYBR Green Super Mix, 0.3 ul of HBG primer 1 (20 uM stock), and 0.7 ul of HBG
primer 2 (20 uM stock), for a total of 21 ul. The sequences of the primers used were: Tel primer
1 (5 CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT 3'), Tel primer 2 (5’
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT 3'), HBG primer 1 (5’
GCTTCTGACACAACTGTGTTCACTAGC 3'), and HBG primer 2 (5’
CACCAACTTCATCCACGTTCACC 3'). The 1Qcycler program for the telomere PCR
consisted of initial denaturation at 94°C for 1 min, followed by 25 PCR cycles at 95°C for 15
s and 56°C for 1 min (single fluorescence measurement). The 1Qcycler program for the HBG
PCR consisted of initial denaturation at 94°C for 1 min, followed by 36 PCR cycles at 95°C
for 155, 58°C for 20 s, and 72°C for 20 s (single fluorescence measurement). Standard curves
were created for both telomere DNA and HBG DNA. Values were calculated as a ratio of
telomere DNA to HBG DNA for each sample, and data was expressed as % of cell line 1301
telomeric DNA. This acute lymphoblastic T cell line is routinely used in real-time PCR
telomere length studies (19,20). In a separate set of experiments (data not shown), we verified
that the relative telomere length measurements determined by real-time PCR correlated well
with absolute telomere length measurements using Southern blots of terminal restriction
fragments, as reported by others (21,22).

Pathway inhibitors

T cells (1 x 108/ml), isolated as described above, were cultured for 7 days with CD2/CD3/
CD28 Ab-coated beads (Miltenyi Biotec) and 20 U/ml of IL-2. Cells were then washed and
incubated for 2 h in complete RPMI 1640 containing one of the following inhibitors
(Calbiochem): AKT inhibitor 1 (phosphatidylinositol ether analog that potently blocks binding
of PIP3 to AKT, Cat. no. 124009), AKT inhibitor 2 (phosphatidylinositol analog that prevents
generation of PIP3 by PI3K, Cat. no. 124005), ERK1/2 inhibitor (13-amino acid peptide
corresponding to the N terminus of MEK1 (MAPKK), Cat. no. 328000), and MAPK inhibitor
PD98059 (blocks the activation of MEK, thus preventing its phosphorylation by cRaf or
MEKK, Cat. no. 513000). Cells were then washed twice with media and re-plated in 24-well
plates with complete RPMI 1640. TAT2 (1 uM) or DMSO (0.1%) was added to cells, which
were harvested 24 h later for the TRAP assay.

p-ERK1/2 activation ELISA

T cells were isolated as described and cultured in a T100 flask in complete RPMI 1640 at a
concentration of 1 x 108/ml. Cells were stimulated and grown with or without TAT2, as
described. The amount of p-ERK1/2 was determined at the indicated time points, using an
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ERK1/2 Phospho-Specific (Thrl85/Tyr187) Elisa kit (Calbiochem) per the manufacturer’s
instructions.

IFN-y ELISPOT

CD8™ T cells were isolated from PBMC derived from HIV+ donors using the RosetteSep
human CD8* T cell enrichment mixture (StemCell Technologies), and stimulated with Ab-
coated beads and IL-2, as described above. Every 48 —72 h, half the media was replaced with
fresh complete RPMI 1640 supplemented with either TAT2 (1 M) or DMSO (0.1%). After
14 days, cells were harvested and tested in an ELISPOT assay for IFN-y (23). HIV peptides
used (based on previous mapping studies for these donors) were Gag 5026, Vif 6036, Nef 5172,
Nef 5158, and Env 6398, all at 5 xg/ml.

Chemokine assays

For detection of chemokine secretion by TAT2-treated CD8* T cells, the following Quantikine
ELISA kits were used (R&D Systems), according to the manufacturer’s instructions; CCL3/
MIP1a kit (Cat no. DMAQO, CCL4/MIP1p kit (Cat. no. DMBO00) and CCL5/RANTES kit (Cat.
no. DRNOOB)) was used.

Viral inhibition assay

Coculture viral inhibition assays were conducted as previously described (24). In brief, PBMC
from HIV+ donors were isolated as described above. To expand separate populations of
CD8* and CD4* T cells, PBMC were plated in 24-well plates with 1 ug/ml of either CD3/CD4
or CD3/CD8 bi-specific Ab (a gift from Dr. Johnson T. Wong, Harvard Medical School,
Boston, MA). During the expansion period, cells were maintained in 50 units IL-2/mI; TAT2
(1 uM) or DMSO (0.1%) was added every 48-72 h to the CD8* cells. After infection of the
CD4" cells, cocultures with the autologous CD8* cells were established in round-bottom 96-
well plates and incubated for 10 days with IL-2 (20-50 U/ml) supplemented complete RPMI
1640 containing either TAT2 (1 xM) or DMSO (0.1%), (in some cases along with a T1). On
days 4, 7, and 10, half the media in each well was carefully removed for analysis and replaced
with fresh media. Viral production was measured using a commercial p24 ELISA kit
(PerkinElmer, Cat. No. NEK050). Since viral production varied dramatically between donors,
viral inhibition in the experimental cultures are reported as a percent of that seen in the DMSO
control cocultures for each donor: (1-(mean p24 levels for experimental wells)/(mean p24 for
control wells)) x 100.

Statistical analysis

Quantitative, matched pairs data were analyzed using a two-sided Student’s paired t test to
account for the correlation in the matched pairs. p values <0.05 were considered significant.
From the data seen in Fig. 5d, longitudinal measurements were assessed using a mixed effects
model to account for the correlation across time. Each subject’s intercept was allowed to deviate
randomly from the population mean. Results from the analysis were used to project time until
half and full log decrease in viral production.

Results

Telomerase activity in PBMC and T lymphocytes is increased by TAT2 treatment

We evaluated the effect of short-term exposure to TAT2 on PHA-activated PBMC from 21
individual adult donors, including healthy persons and HIV-infected individuals. In all cases,
short-term exposure to TAT2 resulted in enhancement of telomerase activity. A representative
TRAP gel for PBMC from an HIV-infected donor (Fig. 1a) illustrates the telomerase
enhancement effect of TAT2, and a dose-response experiment shows that this enhancement
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effect is seen over a wide range of TAT2 concentrations (Fig. 1b). The TAT2 telomerase
enhancement effect on PHA-activated PBMC from healthy adults was relatively modest,
ranging from 1.5- to 2.5-fold (Fig. 1c), possibly due to the fact that PBMC from younger,
healthy individuals already have high endogenous activation-induced telomerase levels. By
contrast, the increased telomerase activity induced by TAT2 in PBMC from persons who were
chronically infected with HIV-1 but asymptomatic, or from persons who had progressed to
AIDS, was more dramatic, ranging from 2.5- to 7-fold (Fig. 1c). This observation was
consistent with the previous demonstration of lower telomerase activity in PBMC from HIV-1-
infected donors compared with age-matched seronegative controls (25). Indeed, the most
dramatic telomerase enhancement by TAT2 was observed in the PBMC that had the lowest
levels of endogenous telomerase activity, i.e., from chronically HIV-1-infected and AIDS
donors. Similar telomerase enhancement was observed in purified T lymphocytes stimulated
with CD2/CD3/CD28-coated beads, where TAT2 treatment not only increased telomerase
activity, but prolonged the period poststimulation during which telomerase was active (Fig.
1d). We also observed that exposure to TAT2 enhanced telomerase activity in both the
CD28Nigh and CD28!°W subsets (Fig. 1e). Loss of CD28 expression is associated with chronic
antigenic stimulation, and cells that lack CD28 have shorter telomeres and reduced antiviral
activity compared with those that still express the CD28 molecule (13,26).

Prior studies on transduction of Ag-specific CD8" T lymphocytes with hTERT, the catalytic
component of human telomerase, suggested that the maintenance of telomerase activity is
significantly correlated with both increased proliferative potential and telomere length
stabilization (13). We therefore tested the effect of chronic exposure to TAT2 on the
proliferation and telomere length of T lymphocytes. Preliminary short-term experiments
showed that TAT2 treatment of Ab-stimulated purified CD4* and CD8* T lymphocytes from
HIV-1-infected individuals resulted in a modest, but statistically significant, increase in the
number of population doublings compared with control-treated cells even over a period of 7
days (data not shown). We therefore evaluated the effect of chronic TAT2 exposure in long-
term (~5 mo) cultures of CD8* T lymphocyte cultures from both uninfected (n = 3) and HIV-1-
infected (n = 2) individuals. We observed that repeated exposure to TAT2 resulted in apparent
retardation of telomere loss, especially during the first few weeks of culture, and an increased
proliferative capacity (Fig. 2). Both control and TAT2 cultures were dependent upon IL-2 and
stimulation for growth, with no evidence of immortalization. This is an important observation,
as cell immortalization, as seen in some cases of hnTERT transduction (27), could present a
transformation risk.

TAT2 treatment activates the MAPK/ERK pathway in CD8* T lymphocytes

To help elucidate the mechanism involved in the TAT2 effect, we focused on the MAPK/ERK
and AKT pathways, based on published studies on telomerase regulation (28,29) and our own
preliminary findings showing that exposure of human neonatal keratinocytes to 10 nM TAT2
for 16 h resulted in a 2.5-fold increase in RSK1, a downstream target of the MAPK pathway
(data not shown). Pathway inhibitor experiments on T lymphocytes suggest that activation of
telomerase by TAT2 may be mediated through the MAPK/ERK pathway and not the AKT
pathway. AKT inhibitors had little effect on the ability of TAT2 to increase telomerase activity,
whereas the MAPK and ERK inhibitors abolished the telomerase enhancement by TAT2 (Fig.
3a). These results were confirmed in an ELISA, where both forms of phosphorylated-ERK (p-
ERK1/2) were increased in the TAT2-treated cells within 30 to 60 min (Fig. 3b). Consistent
with findings in epidermal growth factor-treated fibroblasts, where ERK activation also results
inincreased hTERT transcription (30), our data suggest that TATZ2 increased hTERT transcript
levels in “resting” CD8" T lymphocytes after 12—24 h of treatment, as measured by quantitative
real-time PCR (Supplemental Fig. 1).5 We observed that the greatest TAT2-mediated
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enhancement of both telomerase activity and hTERT transcript occurs in cells that were no
longer rapidly proliferating in response to antigenic or receptor-mediated stimulation.

TAT2 increases the antiviral functions of CD8" T cells from HIV-1-infected donors

CD8* T lymphocytes play a crucial role in controlling HIV-1 infection, both during the acute
and chronic phases (31,32), by killing infected cells and secreting antiviral cytokines that can
suppress HIV-1 replication (33,34). Transduction of hTERT into HIV-1-specific CD8* T
lymphocytes from infected persons has been shown to enhance T cell antiviral effector
functions (13). To determine whether the telomerase enhancement effect of TAT2 on T cells
from HIV-infected persons was also associated with increased functional activities, we first
evaluated its effect on HIV-1-specific release of IFN-y. CD8* T lymphocytes from HIV-
infected persons who had been previously mapped for peptide reactivity were cultured with
TAT2, and IFN-y secretion in response to HIV-1 peptides was evaluated by ELISPOT assays.
For the two representative donors shown in Fig. 4a, TAT2-treatement caused a 1.5- to 17.5-
fold increase in the number of IFN-y-producing cells (Fig. 4b). Ag-specific release of the -
chemokines MIP-1a, MIP-18, and RANTES, which have been shown to exert anti-HIV-1
activity against some strains in vitro (35), was also evaluated. Exposure to TAT2 significantly
enhanced HIV-1-specific secretion of all three chemokines (Fig. 4c). Importantly, this increase
was telomerase-dependent; addition of a telomerase-specific inhibitor (GRN163L, see
Materials and Methods) at a concentration sufficient to inhibit over 90% of the telomerase
activity in PBMCs abrogated the effect of TAT2 (Fig. 4c). Finally, treatment of CD8* T
lymphocytes with TAT2 resulted in a significant increase in their ability to suppress HIV-1
replication in autologous CD4* T cells. Across multiple assays on cells from nine individual
HIV-1-infected donors, TAT2 significantly enhanced the CD8" T lymphocyte suppression of
HIV-1 replication (Fig. 5, a and b). Macaque CD8* T lymphocyte depletion studies
demonstrate that CTL are perhaps the major determinant of viremia setpoint (36). Thus, even
a50% increase in virus suppression by TAT2-treated CD8* T lymphocytes in a short-term 10-
day assay would suggest compounded longer term effects leading to about a half log reduction
in viral replication in 14.51 days, and a full log decrease in 29.23 days (See Statistical
Analysis). Significantly, the TAT2-mediated enhancement of antiviral activity was nearly
completely abrogated in the presence of the specific TI (Fig. 5¢). Importantly, exposure of
purified CD4* T cells isolated from HIV-1-infected persons to TAT2 did not cause a significant
change in the amount of HIV-1 produced by these cells (Supplemental Fig. 2).

Discussion

We have characterized the effects of a small molecule (TAT2), discovered in an empirical
screen for telomerase activators, on the function of CD8" T cells from HIV/AIDS donors. We
have shown that TATZ2 increases telomerase activity in PBMCs (and, specifically, T
lymphocytes) from both healthy and HIVV/AIDS donors (n = 21 total), with the relative increase
in telomerase activity most prominent in cells from HIV-1-infected individuals (especially
those with AIDS). Telomerase activation in CD8* T cells from HIV/AIDS donors is associated
with improvement in proliferative capacity and critical immune effector functions, including
Ag-specific increase in the production of cytokines and chemokines, and significant reduction
in viral replication in CD8/CD4 coculture experiments. Moreover, these antiviral activities of
TAT2-treated cells appear dependent upon telomerase activation, since the effects are
abrogated by cotreatment with a potent and specific TI.

Our initial investigations into the mechanism of action of TAT2 suggest that telomerase
activation, which typically peaks 24 — 48 h after TAT2 treatment, is preceded by early activation

S5The online version of this article contains supplemental material.
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of the MAPK/ERK pathway (within minutes of TAT2 exposure), followed by increased
production (or reduced turnover) of hTERT transcripts (peaking around 12 h). Interestingly,
the main nuclear effectors of the MAPK pathway include the ETS transcription factors (37),
which are known to play a major role in the transcriptional regulation of telomerase activity
(38). The MAPK pathway has also been implicated in posttranslational up-regulation of
telomerase activity through phosphorylation of hTERT (14), but the effects of TAT2 on this
pathway have not been investigated. Thus, although the direct binding partner of TAT2 is not
known, our data suggest that TAT2 up-regulates telomerase activity via activation of the
MAPK pathway and subsequentincrease in h TERT mRNA and/or active phosphorylated forms
of hTERT protein.

This investigation expands upon previous hTERT transfection experiments with CD8* T
lymphocytes. Maintenance of telomerase activity in these cells extended their proliferative life
span without any discernible alterations in growth characteristics or phenotype (39). Parallel
findings were also reported for pathogen-specific CD8* T lymphocytes (40). Specifically,
transfecting HIV-1-specific CD8* T lymphocytes with hTERT increased a number of antiviral
effects (13). Despite these in vitro observations, gene therapy may not be practical in
translational studies due to significant safety concerns and the inability to control the level and
extent of telomerase activation throughout the body. By contrast, pharmacologic telomerase
activators allow greater regulation of dosing and duration of effects. Moreover, in our ex vivo
studies, TAT2-treated CD8" T lymphocytes showed functional enhancement that was
comparable to that using hTERT gene transduction. Ongoing work is characterizing the safety
and pharmacological activities of TATZ2 in animal models.

The ability to enhance telomerase activity and antiviral functions of CD8* T lymphocytes
suggests that this strategy could be useful in treating HIV disease as well as immunodeficiency
and increased susceptibility to other viral infections associated with chronic diseases or aging
(41-43). Indeed, short telomeres in white blood cells from elderly persons is correlated with a
7- to 8-fold increased risk of subsequent death from infection (20). Moreover, in HIV-1-
infected individuals, shorter telomeres and reduced telomerase activity in virus-specific
CD8* T cells were features associated with more rapid disease progression (15). Arguably,
any telomerase activator, despite its beneficial immune effects, might pose a risk of increased
proliferation of tumor cells. However, in all ex vivo studies conducted to date, there was no
evidence that TAT2 promoted loss of growth control or transformation. For example, TAT2
did not lead to any significant increase in the constitutive telomerase activity in the Jurkat T
cell tumor line (Supplemental Fig. 3). Moreover, chronic exposure to TAT2 did not alter the
rate of EBV transformation of normal B lymphocytes in cell culture (Supplemental Fig. 4), nor
diditincrease HIV-1 production in isolated infected CD4* T lymphocytes from HIV-1-infected
donors (Supplemental Fig. 2). In primary T cell cultures, TAT2 enhanced proliferative potential
and retarded telomere loss, but the cells were nevertheless dependent on IL-2 and restimulation
for growth. Moreover, after ~30 population doublings, a sharp decline in growth rate in the
TAT2-treated cultures was noted, suggesting that the cells were approaching replicative
senescence. We speculate that TAT2 might moderately extend the lifespan of “presenescent
cells” with low telomerase activity through modest up-regulation of telomerase and extension
of the shortest telomeres in individual cells. Importantly, we have observed that the telomerase
up-regulation effects are short term and reversible; removal of TAT2 from cells returns
telomerase levels to baseline within a few days without any effects on cell viability
(Supplemental Fig. 5).

In sum, our studies indicate that telomerase activators, such as TAT2, may constitute a novel
class of therapeutic agents which improve immune function at a fundamental, cellular aging
level, thus complementing existing drugs for the treatment of HIVV/AIDS and a variety of age-
related diseases associated with immune deficiency. Indeed, the potential utility of TAT2 in
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treating HIV-1 infection is underscored by clinical studies documenting the association of high
constitutive telomerase activity and longer telomeres in HIV-specific CD8" T lymphocytes in
individuals with greater control over the infection and slower disease progression (15).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Telomerase activity in PBMC and T lymphocytes treated with TAT2. a, An 8% acrylamide
gel showing TRAP products from PHA (12 ug/ml)-stimulated PBMC of an HIV+ donor. Cells
were treated with TAT2 (1 M) or DMSO (0.1%) every 48 h for 12 days, at which point cells
were harvested for TRAP assay. Each lane shows and equivalent of 1 x 104 cells. HI, Heat
inactivation; IC, internal control. b, Dose-response curve of PHA-stimulated PBMC from HIV-
infected individuals (n = 6), showing mean (and SD) telomerase activity from cultures treated
with TAT2 vs DMSO every 48 h for 12 days. ¢, Fold-increase over DMSO control of telomerase
activity from PHA-stimulated PBMC treated with TAT2 (1 M) for 7-12 days. Error bars
indicate SD. d, Kinetics of telomerase activation of T lymphocytes stimulated with CD2/CD3/
CD28 Ab-coated beads. Cells were treated with TAT2 (1 M) or DMSO (0.1%) at multiple
time points after stimulation (days 1, 3, 7, 11, 15, and 19) and harvested for TRAP assay 24 h
after treatment. Each symbol represents a time point at which telomerase activity was evaluated
(n=3). e, Telomerase activity of separated CD28M9" and CD28!°W CD8* T cells after treatment
with TAT2 or DMSO (n = 6). CD8* T cells were isolated, stimulated with CD2/CD3/CD28
Ab-coated beads, and treated with TAT2 or DMSO every 48 h. After 12 days, CD28"9" and
CD28!oW cells were isolated from the treated CD8* population by incubation with anti-CD28-
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magnetic microbeads and passage through a magnetic separation column, then tested for
telomerase activity. Error bars indicate SD. * indicates p value <0.05.
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FIGURE 2.

Effects of TAT2 on proliferative capacity and telomere length in T cells. a, Population
doublings of CD8" T cells from a representative HIV+ donor treated with either TAT2 (1 uM)
or DMSO (0.1%) every 48-96 h. Symbols indicate stimulation of cells with CD2/3/28 Ab-
coated beads, done every 13-17 days. Immediately before addition of beads, cells were counted
and total population doublings were calculated. b, Relative telomere length of CD8* T cells
from HIV+ donor treated with TAT2 or DMSO. Symbols indicate time points at which cells
were harvested for telomere length assessment. Telomere length data are reported as %
telomere length of the acute lymphoblastic T cell line, 1301.
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FIGURE 3.

Mechanism of action of TAT2 in T cells. a, Effect of inhibiting cell signaling proteins AKT,
ERK1/2, and MEK on telomerase activity in cells treated with TAT2 or DMSO (n = 3). T cells
from HIV-infected individuals (n = 3) were stimulated with CD2/CD3/CD28 Ab-coated beads
for 7 days, followed by a 2-h exposure to one of the pathway inhibitors, then a 24-h treatment
with either TAT2 or DMSO, as described in detail in the Materials and Methods section.
Telomerase activity was then determined by TRAP. b, Amount of phospho-ERK (p-ERK) in
T cells treated with TAT2 or DMSO, as detected by ELISA. Twelve days after stimulation of
T cells from HIV-infected donors (n = 3) with CD3/CD28 Ab-coated beads, TAT2 (1 uM) or
DMSO (0.1%) was added and cells were harvested at various times after this treatment (15,
30, 60, and 120 min.); the amount of p-ERK1/2 was determined using the ERK1/2 Phospho-
Specific Elisa kit a-c, error bars indicate SD. * indicates p value <0.05.
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FIGURE 4.

Production of IFN-y and chemokines by TAT2-treated CD8" T cells from HIV-1-infected
donors. a, ELISpot plate showing IFN-y producing CD8* T cells from two representative HIV
+ donors. Purified CD8" T cells, stimulated with Ab coated beads and IL-2 and treated with
TAT2 or DMSO during a 14-day culture period, were added to ELISPOT plate that contained
an various HIV-derived peptides, based on previous mapping (- cont: irrelevant HIV peptide,
+ cont: CD2/CD28). b, Graphical representation of the average number of IFN-y-producing
cells/108 total CD8* T cells in each well of the ELISPOT for the two donors shown in a. Error
bars (SD) indicate variation in the triplicate wells in each plate. ¢, Amount of MIP1a,
MIP1B, and RANTES produced by stimulated CD8" T cells that were treated with TAT2 or
DMSO (n = 3). CD8* T cells were isolated and stimulated with CD2/CD3/CE28 Ab-coated
beads and treated with TAT2 (1 «M) or DMSO (0.1%). For each condition, one-half of the
cells were also treated with the Tl, GRN163L (3 zM). After 48 h, supernatants were collected
for ELISA. Error bars indicate SD. * indicates p value <0.05, ** indicates p value <0.01 for
the comparison of responses in TAT2 vs DMSO treated cells.
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FIGURE 5.

Inhibition of HIV viral production from infected CD4* T cells by TAT2-treated CD8* T cells
from HIV-1-infected donors. a, Relative inhibition of viral production from infected CD4* T
cells by TAT2-treated CD8* T cells from nine separate HIV+ donors after 10-day coculture.
Values are given as percent reduction in p24 levels in coculture assay with TAT2-treated
CD8™ T cells relative to DMSO-treated CD8* T cells. Mean and SD are given. b, Longitudinal
analysis of viral inhibition for the same nine donors as in a during coculture (gray lines show
individual donors, black line shown average for the nine donors). Values are given as log
reduction in p24 levels in coculture assay with TAT2-treated CD8" T cells relative to DMSO-
treated CD8™ T cells. ¢, Reduction in p24 values in coculture assay (n = 3) for TAT2-treated
CD8* T cells with and without T1, GRN163L (3 zM). All values given are relative to p24 levels
in DMSO-treated coculture. See Materials and Methods for formulas used for calculations.
Using a mixed effects analysis, the slope of the line from the estimated equation for the decrease
in viral production was significantly different from 0 (8 = -0.034, p < 0.0001). Error bars
indicate SD. * indicates p-value <0.05 for TAT2 vs DMSO treated cells. ** indicates p value
<0.05 for TAT2 vs TAT2 plus TI.
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