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Abstract
Expanded populations of CD8+ T lymphocytes lacking CD28 expression are associated with a
variety of deleterious clinical outcomes, including early mortality in the elderly, more rapid
progression to AIDS, cardiovascular disease, and enhanced tumor cell growth. In cell culture,
irreversible loss of CD28 expression correlates with increased production of TNF-α as CD8+ T
cells are driven to the nonproliferative end stage of replicative senescence by multiple rounds of
Ag-driven cell division. Interestingly, in patients with rheumatoid arthritis, inhibition or
neutralization of TNF-α reduces the proportion of T cells lacking CD28 in the disease joints,
consistent with studies showing a direct involvement of this cytokine in CD28 gene transcription.
Here, we show that modulation of TNF-α levels in long-term cultures of human CD8+ T
lymphocytes, by chronic exposure either to a neutralizing Ab or to an inhibitor of the TNF-α
receptor-1, increases proliferative potential, delays loss of CD28 expression, retards cytokine
profile changes, and enhances telomerase activity. We also show that constitutive caspase-3, one
of the downstream effectors of TNF-αR1 binding, increases in parallel with the loss of CD28 in
long-term cultures, but this effect is blunted in the presence of the TNF-α inhibitors. Consistent
with the in vitro culture data, CD8+CD28− T lymphocytes tested immediately ex vivo also show
significantly higher levels of caspase-3 compared with their CD28+ counterparts. These findings
help elucidate the complex nature of CD28 gene regulation, and may ultimately lead to novel
therapeutic approaches for diseases associated with increased proportions of CD28− T
lymphocytes.

The CD28 costimulatory receptor, a membrane glycoprotein, is required for optimal
activation of T lymphocytes during an immune response (1). Interaction with the CD80
ligand on APCs transduces downstream survival and proliferation signals, including
induction of IL-2 and its receptor, telomerase activation, and stabilization of several
cytokine mRNAs (2– 4). At birth, nearly 100% of human T lymphocytes express CD28, but
there are multiple clinical situations in which there are increased numbers of T cells lacking
CD28 expression. The proportion of CD28+ cells within the CD8 T cell subset decreases
with age, and is associated with the in vivo accumulation of CD28− cells in both the CD8+

and CD4+ subsets (5, 6). Furthermore, the accumulation of CD8+CD28− T cells correlates
with decreased responses to vaccines in the elderly, reduction in the overall TCR repertoire,
and diminished control over infections (7–9). Even in younger persons, similar
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accumulations of CD28− T cells have been documented in the context of persistent
infections, such as HIV/AIDS (10 –13), and autoimmune/inflammatory syndromes, such as
rheumatoid arthritis (RA3; Ref. 14) and anklylosing spondylitis (15). Interestingly, a similar
permanent, irreversible loss of CD28 expression due to chronic immune activation of human
T lymphocytes in long term culture is one of the signature changes of replicative senescence
(16).

Several lines of evidence have suggested a link between loss of CD28 expression and the
proinflammatory cytokine TNF-α. Clinical observations of patients with RA indicate that
the higher levels of circulating TNF-α may contribute to the down-regulation of CD28
expression, because anti-TNF-α therapy is associated with the restoration of the CD28+ T
cell populations within the diseased joints (17, 18). Longitudinal analysis of CD8+ T cells
that reach replicative senescence in response to multiple rounds of Ag-driven proliferation in
cell culture shows that the loss of CD28 expression parallels the progressive increase in
TNF-α secretion (19). Interestingly, in transformed human CD4+ T cell lines, CD28 gene
silencing was linked to TNF-α-mediated inhibition of the αβ-transcription initiator via
disruption of α/β-complex formation (20, 21). CD28 transcription regulation is also
associated with the caspase pathway, which is downstream of the TNF-α receptor-1 (22–
24). Studies on the Jurkat CD4+ T cell tumor line (23, 25) showed that elevated caspase-3,
but not to the threshold level required for apoptosis, resulted in down-regulation of the
CD28 promoter, and ultimately the loss of CD28 cell surface expression. However, the
possible underlying mechanisms responsible for the down-regulation of CD28 in
untransformed, normal CD8+ T lymphocytes are not well understood.

The goal of the current study, therefore, was to analyze the mechanisms responsible for
regulating CD28 expression in primary human CD8+ T lymphocytes subjected to chronic
activation. We show that inhibition of TNF-α (either with neutralizing Ab, or a receptor
inhibitor) delays both the loss of CD28 expression, as well as multiple functional changes
associated with human CD8+ T cell replicative senescence. Moreover, we observed that
caspase-3 is a likely pathway through which TNF-α mediates the CD28 down-regulation.
These findings may lead to novel therapeutic approaches aimed at preserving CD28
expression in clinical situations associated with chronic immune activation.

Materials and Methods
Cell cultures

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, 50 IU/ml penicillin/streptomycin) The
PBMC were then used to initiate long-term T cell cultures, as described previously (26).
Briefly, PBMC were combined (1:1) with irradiated (8000 Rads) allogeneic EBV-
transformed B lymphoblastoid cells, which serve as APCs in complete RPMI 1640
supplemented with rIL-2 (20 U/ml). Cultures were restimulated with the APCs every 21–28
days. Before the second stimulation, CD8+ T cells were isolated by CD3 negative selection
using the PanT cell isolation kit (Mitenyi Biotec), followed by removal of the CD4+ T cells
using CD4 Microbeads (Miltenyi Biotec). Purity of the CD8+ T cells was verified by flow
cytometry. Every 3– 4 days, viable cell concentration was determined by trypan blue
exclusion, and when the concentration reached ≥8 × 105/ml, cells were subcultivated to a

3Abbreviations used in this paper: RA, rheumatoid arthritis; PD, population doubling; R1 inhibitor, an inhibitor of the TNF-α
receptor-1; TRAP, telomeric repeat amplification protocol.
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density of 5 × 105 cells/ml. Population doublings (PDs) were determined according to the
formula PDs = log2 (final cell concentration/initial cell concentration).

TNF-α inhibition
Cultures, established as described above, were exposed to a neutralizing Ab for TNF-α
(R&D Systems), or an inhibitor of the TNF-α receptor-1 (R1 inhibitor, Peg sTNF-R1,
Amgen) every 3– 4 days. Control cultures were not exposed to either agent. Based on initial
titration experiments (data not shown), a concentration of 40 ng/ml Ab and 10 μg/ml of the
R1 inhibitor was found to be optimal in terms of cell viability and maximum CD28
expression.

Flow cytometry
Surface expression of CD4, CD28, CD8, and CD3 was examined by immunostaining and
flow cytometry. Cells were isolated once the cultures reached quiescence (21–30 days after
previous stimulation) and were immediately stained and analyzed on the same day. Cells
were incubated with FITC-conjugated anti-CD4, PE-conjugated anti-CD28, PerCp-
conjugated anti-CD8, and APC-conjugated anti-CD3 (BD Biosciences) mAbs at 4°C for 20
min, washed, and fixed in PBS containing 1% paraformaldehyde. Parallel samples were
incubated with Ig isotype controls (BD Biosciences). All samples were analyzed on a flow
cytometer (BD Biosciences). Fluorescence data from at least 25,000 cells were collected.
Analysis of data was performed using Cell Quest Pro (BD Biosciences).

Telomerase activity measurements
Telomerase activity 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), as in our previous studies (4, 27). The amplified TRAP reaction products
were separated on an 8% polyacrylamide gel, and the resulting bands were probed and
analyzed using Packard InstantImager software (Packard Instrument). Telomerase activity
for all samples was calculated for 10,000 cell-equivalents, according to the TRAPeze kit
formula for “Total Product Generated.”

IL-6 production
Culture supernatants were harvested 96 h poststimulation and analyzed for IL-6 in an ELISA
Ready-Set-Go (eBioscience). All measurements were performed in triplicate wells and in
accordance to manufacturer’s recommendation.

Real-time quantitative PCR
RNA was isolated using the Qiagen RNAeasy kit (Qiagen), and quantified using the
QuantiT Ribogreen RNA Assay Kit (Molecular Probes). cDNAs were synthesized with the
iScript cDNA sythesis kit (Bio-Rad) using 500 ng RNA. Quantitative real-time PCR assays
were performed using the iQ SYBER Green SuperMix and IQCycler (Bio-Rad). GAPDH
was used as an internal control. The sequences were designed with the aid of Beacon
Designer software and synthesized at Integrated DNA Technologies. CD28, 5′-
TCCTTACCTAGACAATGAGAAGAGCAATC, 3′-CCACCAACC ACCACCAGCAC;
IL-2, 5′-TCACCAGGATGCTCACATTTAAGTTT TAC, 3′-
TTCCTCCAGAGGTTTGAGTTCTTCTTC; GAPDH, 5′-GGT
CATGAGTCCTTCCACGATACCA, 3′-CCTCAAGATCATCAGCAAT GCCTCCT.
Samples were run in triplicate in a 96-well plate at the following settings: 95°C for 15 s,
61°C for 30 s, and 72°C for 30 s using single fluorescence measurement.
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Separation of cell subpopulations
Purified CD3+ T cells were obtained by negative selection using the PanT cell isolation kit
(Mitenyi Biotec) followed by a CD8+ T cell negative selection (using CD4 Microbeads,
Miltenyi Biotec). For some experiments, CD8+ T cells were further divided into either
CD28− or CD28− subsets, using the CD28 Microbead Kit (Miltenyi Biotec). Purity of the
various cell populations was verified by flow cytometry.

Caspase-3 assay
The Apo-Alert assay kit (Calbiochem) was used to detect caspase-3 activity. Briefly, 2 × 106

cells were removed immediately before each restimulation, centrifuged, and the pellet was
lysed using the lysis buffer provided in the kit. Each lysate was incubated with 2× reaction
buffer containing 10 mM DTT and incubated for 1 h at 37°C. Caspase-3 protease activity
was detected by spectrophotometry (405 nm).

Statistical analysis
Mean values and SD were calculated for each time point. Significance was established by
using a two-tail Student’s t test, and a p value < 0.05 is considered significant.

Results
Inhibition of TNF-α increases the proliferative potential of CD8+ T lymphocytes

Human CD8+ T lymphocytes that are subjected to repeated rounds of Ag-driven
proliferation in cell culture reach the end stage of replicative senescence, which is associated
with irreversible cell cycle arrest and increased production of TNF-α (28). Moreover, the
proportion of CD28+ cells correlates with the remaining proliferative potential of the culture
(29), consistent with proliferative differences between CD28+ and CD28− T cells tested
immediately ex vivo (30). Based on studies showing that TNF-α inhibits the activity of the
CD28 minimal promoter in CD4+ T lymphocytes (6), we hypothesized that inhibition of
TNF-α might modulate the process of CD8+ T cell replicative senescence. In preliminary
experiments (data not shown) we observed that the increase of CD28 expression occurred in
a dose-dependant manner in cultures exposed to varying concentrations of both Ab (5 ng/ml
– 100 ng/ml) and the R1 inhibitor (0.1 μg/ml – 20 μg/ml) as compared with control
(untreated) cultures. We selected the 40 ng/ml and 10 μg/ml concentrations of Ab and R1
inhibitor, respectively, for further analysis, based on the maximal effects on CD28 cell
surface expression and cell viability. We compared the long-term proliferative dynamics of
CD8+ T lymphocyte cultures established from five individual healthy donors in the presence
or absence of Ab or the R1 Inhibitor. For all donors tested, inhibition of TNF-α signaling
resulted in a significant increase in the total number of PDs the CD8+ T cells achieved
before reaching replicative senescence (Fig. 1A). Overall, the effect of the R1 inhibitor on
the proliferative potential was slightly more dramatic than that of the neutralizing Ab.
Whereas the control (untreated) cultures underwent a mean total PDs of 19.6, the R1
inhibitor- and Ab-treated cultures reached 24.2 (p < 0.001), and 22.2 (p < 0.05), respectively
(Fig. 1B).

Loss of CD28 expression is delayed by inhibition of TNF-α
Treatment of RA patients with medications that inhibit TNF-α is associated with a reduction
in the proportion of CD4+ T cells lacking CD28 expression in the affected joints (17). Based
on these in vivo observations, we sought to investigate the dynamics of inhibiting TNF-α on
the CD28 expression in the CD8+ T cell subset in long-term cultures that are subjected to
repeated rounds of antigenic stimulation. Flow cytometry results for a representative culture
(Fig. 2A) illustrate that chronic exposure to either the Ab or to the receptor inhibitor resulted
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in increased proportions of cells expressing CD28 at both early (6 PDs) and late (18 PDs)
time points in the long-term culture. Indeed, at every time point tested, inhibition of TNF-α
was associated with an increased proportion of CD28+ T cells (data not shown). Analysis of
CD28 expression in cultures from five individual donors show a highly significant effect (p
< 0.01) for the receptor inhibitor at both early and late culture time-points, and a significant
effect of the Ab (p < 0.05) at the late time-point (Fig. 2B). No additive effect on CD28
expression was observed in cultures that were treated with the combination of Ab and
receptor inhibitor (data not shown). Because TNF-α has been shown to function as a growth
factor (31), it was important to confirm that the increased proportion of CD28+ cells in
cultures that lacked TNF-α, due to presence of the Ab or the receptor inhibitor (Fig. 2), was
not due to possible differential growth effects of TNF-α on CD28+ and CD28− T cells. To
formally exclude this possibility, we analyzed the proliferative activity of purified
populations of CD8+CD28−, CD8+CD28+, and total CD8+ T cells over a 14 day culture
period (Fig. 2C). Our results show that exposure to TNF-α did not result in increased
proliferation of CD28− T cells. In fact, the CD8+CD28− subset underwent fewer PDs than
the CD28+ subset, irrespective of whether or not TNF-α was present in the culture. Because
TNF-α has been shown to down-regulate both CD28 protein and mRNA levels (18, 32), we
compared CD28 mRNA by quantitative real-time PCR in the various cultures. We found
that the increased surface expression of CD28 was associated with increased levels of CD28
mRNA at both 6 and 18 PD (Fig. 2D).

TNF-α inhibition delays the onset of the senescent phenotype
CD8+ T lymphocyte replicative senescence is associated with a variety of functional
characteristics in addition to the proliferative arrest. These include altered cytokine secretion
patterns (33–35), and inability to up-regulate telomerase activity (4). ELISA evaluation of
the culture supernatants showed that the IL-6 production increased with progressive PDs in
the control cultures, confirming previous studies (36), but this effect was blunted in cultures
in which TNF-α activity/binding was inhibited (Fig. 3A). The effects of TNF-α inhibition
on IL-2 production were determined by analyzing mRNA rather than protein in the
supernatants, because the culture medium already contained high levels of exogenous IL-2.
A mild increase in IL-2 mRNA was already evident in the early culture period, but at 18
PDs, the effect was more dramatic (Fig. 3B). There was a significant increase in IL-2
mRNA in the cultures that were treated with anti-TNF-α Ab (p < 0.01) or the TNF-α R1
inhibitor (p < 0.0001). This increased message is consistent with the significantly greater
proportion of CD28+ T cells in the culture (Fig. 2C), because IL-2 production is one of the
downstream effects of CD28 signal transduction (37, 38). Finally, telomerase activity was
evaluated, because CD28 signaling is required for optimal telomerase up-regulation and loss
of telomerase activity with chronic stimulation parallels the loss of CD28 expression (4).
Moreover, the significance of enhanced telomerase activity is underscored by the
observation that maintenance of high telomerase activity is associated with increased anti-
viral function in CD8+ T cells (27, 39). We had previously shown that at various stages of
the long-term culture, if we purified the CD28+ T cells from the mixture of CD28+ and
CD28− T cells within the culture, the CD28+ T cells had significantly greater telomerase
activity than the mixed population of cells. In addition, when the CD28 ligand on APCs was
blocked, using Abs to B7.1 and B7.2, telomerase activity was significantly reduced (4). To
further investigate the relationship between CD28 and telomerase activity, we analyzed
control and treated cultures on day 4 following the second stimulation, using the TRAP
assay. Preliminary titration of the cell lysates was performed (Fig. 4A), and using this
information, the effect of the TNF-α modulation was determined on 5000 cell-equivalents
from cultures established for all five donors. As shown in a representative TRAP gel image
(Fig. 4B), inhibition of TNF-α was associated with increased telomerase activity. A

Parish et al. Page 5

J Immunol. Author manuscript; available in PMC 2013 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



summary of the telomerase activity changes seen in cultures where TNF-α was inhibited is
shown in Table I.

Reduced caspase-3 levels in senescent cultures and in ex vivo CD28- T lymphocytes
Recent studies have shown that caspase-3, at levels well below those required to induce
apoptosis, down-regulates CD28 expression in the Jurkat CD4+ T cell tumor line. The effect
is mediated via interaction with the gene promoter, and the addition of caspase-3 inhibitors
was shown to restore CD28 promoter activity (23). Because the caspase cascade is one of
the downstream effects of TNF-α receptor 1-mediated signaling (22, 24), we hypothesized
that the CD28 expression changes induced by modulation of TNF-α in long-term cultures of
CD8+ T lymphocytes (Fig. 2) might be associated with altered caspase levels. We first
evaluated the untreated cultures, where we observed a significant increase in caspase-3 in
the late vs early passage cells (Fig. 5A). This increase was significantly diminished in the
treated cultures, even as early as six PDs. (Fig. 5B). The effect was even more dramatic in
the late passage cultures (Fig. 5B). Interestingly, no changes in caspase-8 levels at different
culture time points were observed (data not shown). Based on the inverse correlation
between the proportion of CD28+ T cells in the culture and caspase-3 levels (data not
shown), we evaluated whether CD8+ T cells present in vivo would also show an association
between caspase-3 and CD28 expression. CD8+ T lymphocytes were isolated from PBMC
and the cells were further separated into CD8+CD28+ and CD8+CD28− subsets, each of
which was evaluated for caspase-3. Consistent with our results from long-term in vitro
cultures, CD8+CD28− T cells tested immediately ex vivo showed significantly greater
caspase-3 activity than CD8+ CD28+ T cells from the same donor (Fig. 6). This difference
was observed in experiments on cells from all 10 individuals tested, independent of whether
they were healthy (n = 5) or HIV+ (n = 5).

Discussion
The present study shows that inhibition of TNF-α alters the dynamics of replicative
senescence in human CD8+ T lymphocytes, and in particular, the loss of CD28 expression.
Our data also suggest that the CD28 regulatory pathway mediated by TNF-α may involve
caspase-3. The expression of CD28, a key costimulatory molecule required for proper
cellular immune responses, is irreversibly down-regulated in CD8+ T lymphocytes in a wide
variety of clinical situations. Increased proportions of clonally expanded populations of
CD8+CD28− cells are a consistent biological feature of human aging, and are predictors of
reduced immune function in the elderly (20). Similar accumulations are seen in chronic
HIV-1 infection, with CD28− T lymphocytes occupying more than 50% of the peripheral
blood CD8+ T cell pool (5, 6, 13, 16). Cells with this phenotype are also associated with
various forms of cancer, and their abundance varies according to the degree of chronic
immune activation (7, 9, 40 – 44). Therefore, understanding the dynamics of CD28
regulation and the possible cause of its permanent, irreversibly suppressed expression is
critical to translational studies on a variety of diseases.

We observed that chronic exposure, over a period of several months, to either a neutralizing
Ab or an R1 inhibitor resulted in a significant delay in the loss of CD28 surface expression,
extending the studies showing similar results during short-term (~3 wk) experiments (18).
Our data show that the effect was dose-dependent, and it involved increased levels of TNF-α
mRNA. Inhibition of TNF-α also had an effect on the proliferative potential of CD8+ T
cells. Although all the cultures eventually did reach the end stage of replicative senescence
(26, 45), inhibition of TNF-α was associated with a significantly greater number of PDs
before senescence. The nearly 5-fold increase in PDs achieved in culture in the presence of
the receptor inhibitor (Fig. 1B) would translate into an ~30-fold expansion of CD8+ T cells,
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which, assuming all the cells were functional, could have a significant impact on the control
of infection or cancer in vivo.

We also investigated the effect of TNF-α inhibition on telomerase activity, because CD8+ T
cells lose the ability to up-regulate telomerase activity with chronic activation (4, 46).
Moreover, optimal telomerase up-regulation is dependent on CD28 signaling, as shown by
the significant reduction in T cell telomerase activity in the presence of Abs to the B7
ligands on APC (4). The present study extended those results by showing that the delayed
loss of CD28 induced by inhibition of TNF-α coincided with the increased telomerase
activity. The increased telomerase activity may explain the greater number of PDs in the
treated cultures, because maintenance of telomerase activity in virus-specific CD8+ T cells,
either via gene transduction or by small molecule telomerase activators, also results in
increased proliferative potential (27).

In addition to its involvement in telomerase up-regulation, CD28 signal transduction is also
essential for the production of cytokines and stabilization of several cytokine mRNAs (1, 3).
T cells that reach senescence in long-term culture show significant reduction in the
production of IL-2, but our data show that this decrease is abrogated in cultures in which the
loss of CD28 expression is delayed. The cultures in which TNF-α was inhibited showed
both increased levels of CD28+ T cells, as well as increased levels of IL-2 transcript.
Conversely, the production of IL-6, a proinflammatory cytokine, which, like TNF-α,
increases in cultures that reach replicative senescence (19), as well as during aging in vivo
(34), was reduced in cultures treated with the Ab or receptor inhibitor. Whether this reduced
level of IL-6 secretion was the direct outcome of higher CD28 expression, which is known
to stabilize several cytokine mRNAs (2), or through inhibition of TNF-α, has yet to be
determined. Nonetheless, our data show that delaying the loss of CD28 expression in CD8+

T lymphocytes via manipulation of TNF-α signaling retards a variety of changes associated
with replicative senescence.

Our study also identified a possible mechanism by which TNF-α inhibits CD28 expression.
Previous research has shown that in the Jurkat CD4+ T cell tumor line, constitutive
caspase-3 at a level well below the threshold required for the programmed cell death cascade
can down-regulate CD28 gene expression via interaction with its promoter (23, 32).
Interestingly, CD28+ and CD28− T cells show differences in caspase-3 activity during
apoptosis (47). Consistent with these reports linking caspase-3 based and CD28 expression,
we observed that the treated cultures, which showed increased CD28 expression, also had
lower levels of constitutive caspase-3 compared with the control cultures. The physiological
relevance of this observation was underscored by our analysis of T lymphocytes tested
immediately ex vivo, where the same inverse relationship between CD28 expression and
caspase-3 was observed. Specifically, for all 10 donors tested, CD8+CD28− T cells had
significantly higher levels of caspase-3 compared with CD8+CD28+ T cells from the same
individual. This observation is consistent with the fact that the TNF-α receptor-1 is an
upstream signal for the caspase cascade. Interestingly, we found no difference in the level of
caspase-8, which precedes caspase-3 in the apoptosis-induced caspase cascade, suggesting
that the apoptosis and CD28 pathways involving caspase-3 may be divergent.

In summary, our results further elucidate the dynamics of CD28 modulation and other
changes associated with chronic immune activation. Our data show that inhibition of TNF-α
in long-term human CD8+ T cell cultures, either via neutralization of the protein or by
inhibiting binding to its receptor, delays the loss of CD28 cell surface expression, and also
retards the process of replicative senescence. These effects are associated with coordinate
regulation of constitutive caspase-3 and CD28 expression. Our findings may help expedite
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the development of novel therapeutic approaches to prevent the generation of senescent CD8
T cells in vivo in such clinical situations as aging, cancer, and HIV/AIDS.
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FIGURE 1.
Inhibition of TNF-α increases the proliferative potential of CD8 T lymphocytes. Long-term
CD8+ T lymphocyte cultures from PBMC of healthy donors (n = 5) were established. At
each subcultivation, Ab to TNF-α (40 ng/ml), TNF-α R1-inhibitor (10 μg/ml), or medium
was added, and PD followed until replicative senescence was reached. A, Comparison of
total PD in treated and untreated cultures for each donor. B, Mean number of total PD for
untreated and treated cultures. DN, Donor.
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FIGURE 2.
Loss of CD28 expression is delayed by inhibition of TNF-α. Cultures were established as in
Fig. 1, and CD28 expression determined by flow cytometry once the cultures had reached
quiescence following each stimulation (~21–30 days poststimulation). A, Flow histogram
plot for a representative donor, showing CD28 expression at 6 and 18 PD. B, Mean (±SD)
percentage of the CD8+ T cells that expressed CD28 at early (6 PD) and late (18 PD) time
points. C, Comparison of CD8+CD28+, CD8−CD28−, and total CD8+ T cells stimulated with
PHA (6 μg/ml) of a representative donor in the absence or presence of TNF-α (5 ng/ml and
10 ng/ml). PDs were calculated as described in the Materials and Methods section. D, CD28
transcriptional expression (n = 5) normalized against GAPDH. *, p < 0.05; **, p < 0.01.
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FIGURE 3.
Effect of TNF-α inhibition alters senescence-associated cytokine patterns. Cytokine profiles
were evaluated at 6 and 18 PD in the treated and untreated cultures. A, Concentration of
IL-6 (pg/ml) in culture supernatants for untreated and treated cultures from each blood donor
(n =5) was evaluated by ELISA. B, IL-2 mRNA was analyzed by real time quantitative
PCR, and results expressed relative to GAPDH. *, p < 0.05; **, p < 0.01.
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FIGURE 4.
TNF-α inhibition is associated with increased telomerase activity. On day 4 after the second
stimulation, telomerase activity present in lysates from 10,000 cells was analyzed using the
TRAP assay, as described in Materials and Methods. A, Representative gel showing that
three dilutions (10,000; 5,000; and 2,500 cell equivalents) all fall in the linear range of
telomerase activity. B, TRAP assay gel from a representative culture, using 5000 cell-
equivalents per lane. HI, Heat inactivated; IC, internal control.
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FIGURE 5.
Reduced accumulation of caspase-3 in CD8+ T cell cultures subjected to TNF-α inhibition.
Constitutive caspase-3 activity was measured using the Apo-Alert colorimetric assay kit
(Chemicon International) in CD8+ T cells during quiescence. A, Early (6 PD) vs late (18
PD) time points in untreated cultures. B, At the late (18 PD) time point, the concentration of
caspase-3 is shown for all condition in all donors (n = 5). *, p < 0.05; **, p < 0.01.
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FIGURE 6.
Higher levels of caspase-3 in CD8+CD28− vs CD8+CD28− T cells tested immediately ex
vivo. CD8+ T cells were separated into CD28+ or CD28− subpopulations by magnetic bead
selection, and purity of each subpopulation was confirmed by flow cytometry. Caspase-3
activity was measured as in Fig. 5, using the Apo-Alert colorimetric assay (n = 10). Results
for the CD28+ and CD28− subpopulations from each donor are connected by a line. The
difference in caspase-3 activity was highly significant (p < 0.001).
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Table I

Telomerase activity is increased in cultures treated with Ab to TNF-α or R1 inhibitor

Donor

Fold Increasea

Ab R1 Inhibitor

1 1.48 1.62

2 1.47 1.78

3 N/A 1.42

4 1.25 1.20

5 1.46 1.41

Mean ± SD 1.41 ± 0.113 1.49 ± 0.221

p value 0.00033 0.0022

a
Telomerase activity for each donor was determined as the fold increase over their respective control (untreated) at 5000 cell-equivalents. The

mean fold increase is given and p value determined compared to control.
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