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Background. Individuals infected with human immunodeficiency virus (HIV) have higher risk than HIV-
negative individuals for diseases associated with aging. T-cell senescence, characterized by expansion of cells
lacking the costimulatory molecule CD28, has been hypothesized to mediate these risks.

Methods. We measured the percentage of CD28−CD4+ and CD8+ T cells from HIV-infected treatment-naive
adults from 5 Adult Clinical Trials Group (ACTG) antiretroviral therapy (ART) studies and the ALLRT (ACTG
Longitudinal Linked Randomized Trials) cohort, and from 48 HIV-negative adults. Pretreatment and 96-week
posttreatment %CD28− cells were assessed using linear regression for associations with age, sex, race/ethnicity,
CD4 count, HIV RNA, ART regimen, and hepatitis C virus (HCV) infection.

Results. In total, 1291 chronically HIV-infected adults were studied. Pretreatment, lower CD4 count was
associated with higher %CD28−CD4+ and %CD28−CD8+ cells. For CD8+ cells, younger age and HCV infection
were associated with a lower %CD28−. ART reduced %CD28− levels at week 96 among virally suppressed individ-
uals. Older age was strongly predictive of higher %CD28−CD8+. Compared to HIV-uninfected individuals, HIV-
infected individuals maintained significantly higher %CD28−.

Conclusions. Effective ART reduced the proportion of CD28− T cells. However, levels remained abnormally
high and closer to levels in older HIV-uninfected individuals. This finding may inform future research of in-
creased rates of age-associated disease in HIV-infected adults.

Human immunodeficiency virus (HIV) infection and
aging are both implicated in the impairment of immu-
nity [1], with T cells the component of immunity
most affected. Chronic activation of T cells as a

consequence of infections, inflammatory diseases, or
increasing age may lead to a progressive loss of T-cell
function and proliferative capacity. This process, com-
monly referred to as T-cell replicative senescence, is
often characterized by loss of the costimulatory mol-
ecule CD28 on the surface of T cells, a molecule essen-
tial for effective T-cell activation and upregulation of
cytokine expression [2].

The link between CD28 expression, aging, and HIV
infection was first suggested more than a decade ago
[3]. Loss of CD28 expression on T cells of HIV-
infected individuals and changes in this expression
after antiretroviral treatment (ART) initiation have
not, however, been extensively studied. Previous
studies indicate that reduced expression of CD28 is
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associated with HIV progression in both untreated [4] and
treated [5, 6] adults. There is emerging evidence that treatment
decreases the frequency of CD28− T cells. For example, in a
cross-sectional study comparing 14 treated to 14 age- and
CD4 count–matched treatment-naive adults, the former had
higher levels of expression [7]. A longitudinal study of HIV-
infected individuals with pre- and 6-month posttreatment
samples found an increase in CD28 expression on CD8+

T cells after treatment [5]. Another study of 20 HIV-infected
individuals observed a progressive increase in CD28
expression for both CD4+ and CD8+ T cells through 3 years of
treatment [6]. These studies were small and hence not able to
fully assess the factors associated with changes in the fre-
quency of these cells.

Another important question is whether expression normalizes
during long-term effective ART. Valdez et al [6] observed a
trend toward higher CD4+ and CD8+ senescence for aviremic,
treated HIV-infected adults than for HIV-uninfected adults, and
Desai et al [8] found that effectively treated adults had signifi-
cantly higher CD8+ senescence than uninfected adults. A recent
study of women aged ≥40 years found that virally suppressed
HIV-infected women had higher CD8+ senescence than did
age- and race-matched uninfected controls [9].

Within several Adult Clinical Trials Group (ACTG) studies
and the ACTG Longitudinal Linked Randomized Trials
(ALLRT) cohort, advanced flow cytometry was performed in
almost 1300 individuals pre- or post-ART. With this large
sample size, we had the opportunity to expand our knowledge
of CD28 expression in HIV-infected adults. Our objectives in
this study were to (1) describe pre-ART expression among
treatment-naive HIV-infected individuals; (2) describe the
changes in CD28 expression after virally suppressive treatment;
and (3) compare posttreatment expression to that observed
among HIV-uninfected individuals. As a secondary objective
we also examined correlations between CD28 expression and
T-cell activation, and explored whether pre-ART expression
was associated with activation pre- and posttreatment.

METHODS

Study Population
This analysis incorporated information from adults enrolled in
ACTG treatment studies as well as the ALLRT cohort. ALLRT
is an observational study of HIV-infected individuals pre-
viously randomized to therapeutic interventions in approved
parent ACTG clinical trials who are followed for the purpose
of evaluating outcomes associated with long-term treatment
with potent antiretroviral drugs [10]. Individuals from 5 ran-
domized ART studies (384, 388 immunology substudy 737,
A5014, A5095, and A5142) [11–15] who were HIV-infected
and treatment naive at the time of study entry and who had
baseline or follow-up advanced flow data quantifying the

percentage of CD4+ and CD8+ T cells negative for CD28 were
included in these analyses. We also incorporated information
for 48 individuals from A5113 (the HIV-negative control
study for A5015) from 2 distinct age groups (18–30 and 45–
66 years) as a comparison group of uninfected adults [16] and
information from ACTG study 371 for comparison with
acutely/recently infected adults [17].

Flow Cytometry
All subjects had pre- or post-ART immunophenotyping data
quantifying %CD28−. The majority also had information on
CD8+ T-cell activation (%CD38+/HLA-DR+) and a smaller
proportion had information on CD4+ T-cell activation. All
flow cytometry was conducted using ACTG consensus
methods: 5 mL of fresh whole blood was stained and analyzed
on the day it was obtained or collected into potassium ethyle-
nediaminetetraacetic acid tubes and shipped at room tempera-
ture overnight to an ACTG-approved flow laboratory where it
was immediately stained and analyzed. Parent studies and
ALLRT used multiple laboratories for flow cytometry.

All subjects provided written informed consent, and each
study site received approval from its designated institutional
review board prior to protocol initiation.

Outcome Variables
Two outcomes were defined—the percentages of CD4+ and CD8+

T cells negative for CD28 (%CD28−CD4+, %CD28−CD8+). These
percentages were analyzed as continuous variables.

Covariates
We examined the association of %CD28− with demographic
variables (age, sex, race/ethnicity [black non-Hispanic, Hispa-
nic, white/other]), initial ART regimen (protease inhibitor
[PI]–based, no nonnucleoside reverse transcriptase inhibitor
[NNRTI]; NNRTI, no PI; PI + NNRTI; nucleoside reverse
transcriptase inhibitor only), disease severity (baseline CD4
count, log10 baseline HIV RNA), hepatitis C (HCV) status,
and HIV status.

Statistical Analysis
All post-ART analyses were restricted to virally suppressed
individuals at the time of CD28 measurement (HIV RNA
<1000 copies/mL at week 16; HIV RNA <50 copies/mL at
weeks 32–144).

Differences in CD28 expression by categorical variables
over time were first assessed graphically, plotting mean levels
of %CD28− by week, stratifying by age and then separately by
baseline CD4 count. Differences between groups were assessed
using t tests.

Associations between demographic and disease character-
istics with pre-ART %CD28− were first assessed in unadjusted
linear regression models, separately for CD4+ and CD8+

T cells to test the contribution of each covariate. All variables
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were then included together in a multivariable model to
determine their independent effect on the pretreatment
%CD28−. To examine the association of pre-ART factors with
week 96 post-ART %CD28−, the same model-building pro-
cedures were used, with the addition of initial ART regimen as
a covariate.

To examine CD28 expression by HIV status, 48 HIV-nega-
tive individuals from A5113, with flow cytometry data
measured at 1 time point, were used as a comparison group.
The %CD28−CD4+ and CD8+ T cells for HIV-negative indi-
viduals were compared to the 96-week post-ART %CD28− for
HIV-infected individuals in linear regression models adjusting
for sex, age, and race/ethnicity.

Supplementary data on T-cell expression from subjects
identified during acute or recent HIV infection were analyzed
to explore whether individuals identified and treated shortly
after infection have higher expression than those chronically
infected. We did not adjust for pretreatment CD4 count or
HIV RNA in this comparison because these parameters are
not in a steady state during primary HIV infection.

Correlations between CD28 expression and activation for
each cell subtype were assessed with the Pearson correlation
test. Associations between pre-ART %CD28− and (1) level of
activation at weeks 0 and 96 and (2) change in activation
between weeks 0 and 96 were assessed in linear regression

models that included age, sex, pre-ART CD4 count, and log10
pre-ART viral load.

All analyses were conducted using SAS for Unix (version
9.2); statistical significance was defined as P < .05.

RESULTS

A total of 1291 chronically infected individuals with virally
suppressive treatment had ≥1 measures of CD28 expression
on CD4+ and CD8+ T cells. Because of changes in protocol
evaluations over time, not all individuals had measurements at
each time point. For example, at week 0, 690 participants had
%CD28−CD4+ and 701 had %CD28−CD8+, whereas at week
96 numbers for both cell subtypes were 395. A comparison
group of 48 HIV-uninfected individuals had 1 measure of
CD28 expression for both T-cell subtypes. Supplementary
analyses included 119 individuals with primary HIV infection,
each with week 0 and week 48 measures.

Pretreatment CD28 Expression
Prior to ART initiation, the mean age of the study sample was
37 years, and the majority of subjects were male and white,
non-Hispanic. The mean CD4 count was 264 cells/μL (SD,
206). In Table 1 we summarize multivariable associations
between pre-ART factors and pre-ART %CD28−. Lower

Table 1. Factors Associated With Pre–Antiretroviral Therapy T-Cell CD28 Expression in Chronically HIV-Infected Adults

%CD28−CD4+ T Cells (n = 690) %CD28−CD8+ T Cells (n = 701)

No. Mean %CD28−
Multivariable

Estimate (95% CI) P Value No. Mean %CD28−
Multivariable

Estimate (95% CI) P Value

Age, years

≤30 153 22.2 0.8 (−4.2, 5.8) .76 156 63.3 −4.5 (−8.1, −0.9) .02
31–44 406 23.1 1.4 (−2.7, 5.6) .50 410 64.9 −3.1 (−6.0, −0.1) .05

≥45 131 22.3 Ref … 135 67.5 Ref …

Sex
Male 579 23.0 2.8 (−1.5, 7.2) .20 590 65.5 3.0 (−0.2, 6.1) .07

Female 111 21.2 Ref … 111 62.9 Ref …

Wk 0 CD4+ cells/μL
≤50 132 44.8 31 (25, 38) <.01 139 69.6 9.6 (5.1, 14) <.01

51–200 160 23.9 11 (5.1, 17) <.01 160 70.0 12 (7.4, 16) <.01

201–350 184 16.8 3.2 (−2.1, 8.5) .23 186 64.4 6.4 (2.5, 10) <.01
351–500 122 13.1 −0.5 (−6.2, 5.1) .86 123 60.1 2.6 (−1.5, 6.7) .21

>500 92 13.7 Ref … 93 57.8 Ref …

Wk 0 log10 copies/
mL HIV RNA

690 … −0.5 (−3.0, 2.0) .69 701 … 1.6 (−0.2, 3.4) .09

Hepatitis C statusa

Positive 63 18.0 −2.3 (−7.9, 3.3) .42 64 59.3 −6.2 (−10, −2.1) <.01
Negative 495 22.4 Ref 504 64.8 Ref

Multivariable models include covariates shown as well as race/ethnicity.

Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus.
a Models include indicator term for missing hepatitis C status (no. missing for CD4+: n = 132; CD8+: n = 133).
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pre-ART CD4 count was strongly associated with higher
%CD28−CD4+ and CD8+ T cells. Younger age was associated
with significantly lower %CD28− for CD8+, but not CD4+,
T cells. HCV-coinfected individuals had a lower pretreatment
%CD28−CD8s than those monoinfected. Race/ethnicity and
viral load were not associated with pre-ART expression.

Effect of Virally Suppressive Treatment on CD28 Expression
Figure 1 illustrates the change in %CD28−CD4+ and
CD28−CD8+ T cells after treatment initiation through week
144. For both cell subtypes, %CD28− decreased significantly
shortly after treatment initiation (t test P value for change
from week 0 to week 16 <.01, both cell subtypes). The mean
%CD28−CD4+ T cells were similarly high by age group prior
to treatment initiation (23%) but decreased rapidly during the
first 16 weeks, with a more gradual decrease thereafter
(Figure 1A). The frequency of CD28−CD4+ T cells remained
significantly higher than those for similarly aged HIV-negative
individuals at weeks 48, 96, and 144 (P < .01 for both ≤30 and
≥45 years at each time point). The mean %CD28−CD8+

T cells differed by age prior to treatment initiation and re-
mained higher with increasing age even after 144 weeks
(Figure 1B). The frequency of CD28−CD8+ T cells dropped
steadily after treatment, although, as with CD28−CD4+ T cells,
they remained significantly higher than for HIV-negative indi-
viduals (P < .01, both age groups) at weeks 48, 96, and 144.

The impact of pretherapy CD4+ T-cell counts is shown in
Figure 2. Individuals with pretreatment CD4 count ≤50 cells/
μL, and to a lesser extent those with CD4 count ≤200 cells/μL,

had a higher pretreatment %CD28−CD4+ T cells than those
with higher CD4; posttreatment levels decreased to a mean of
11% CD28− (SD, 10) with no remaining difference by pre-
treatment CD4 at week 144 (Figure 2A). Individuals with pre-
treatment CD4 count ≤200 cells/μL had higher pretreatment
%CD28−CD8+ T cells than those with higher CD4 counts; as
with CD4+ T cells, levels decreased after treatment with no
remaining difference by pretreatment CD4 count at week 144
(mean, 48% CD28−; SD, 15; Figure 2B).

In Table 2 we summarize multivariable associations
between pre-ART factors and week 96 post-ART %CD28−.
Younger individuals had significantly lower %CD28−CD8+

but not CD4+ T cells at week 96. Males had higher %CD28−

T cells than did females; this difference was statistically
significant for CD4+ T cells. HCV-coinfected individuals also
had lower %CD28−CD4+ T cells. There were no associations
with initial ART regimen or race/ethnicity for either cell
subtype.

For clinical utility, a pre-ART %CD28− was not included as
a predictor of week 96 levels in primary analyses. However, in
separate models, higher pre-ART levels of %CD28− were
associated with higher levels of week 96 %CD28−, adjusting
for the factors in Table 2 (per 10 percentage point increase
in pre-ART %CD28−: week 96 %CD28−CD4+ = 2.1, 95%
confidence interval [CI], 1.4–2.9; %CD28−CD8+ = 5.6, 95%
CI, 4.2–7.0). In similar, separate multivariable models, week
96 CD4 count was significantly correlated with week 96
%CD28−CD4+ T cells (CD4+: ≤200 vs >500 cells/μL = 4.4,
95% CI, 0.4–8.4) but not CD8+ T cells.

Figure 1. A, Percentages of CD4+ T cells negative for CD28 by age and HIV infection status. B, Percentages of CD8+ T cells negative for CD28 by
age and HIV infection status. Mean (95% CI) %CD28- are presented for HIV-infected adults through 144 weeks posttreatment; median (IQR) %CD28-
are presented for HIV-uninfected adults ≤30 years (n = 24) and ≥45 years (n = 24), who had flow cytometry data measured at one time point. Abbrevi-
ations: CI, confidence interval; IQR, interquartile range.
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Table 2. Factors Associated With Post–Antiretroviral Therapy T-Cell CD28 Expression in Virally Suppressed Chronically HIV-Infected
Adults

%CD28−CD4+ T Cells at Wk 96 (n = 395) %CD28−CD8+ T Cells at Wk 96 (n = 395)

Variable No.
Mean %
CD28−

Multivariable
Estimate (95% CI)

P
Value No.

Mean %
CD28−

Multivariable
Estimate (95% CI)

P
Value

Age, years

≤30 82 9.7 −2.1 (−5.2, 1.0) .18 81 44.3 −11 (−15, −6.5) <.01
31–44 228 11.7 −0.7 (−3.1, 1.8) .59 228 49.4 −5.3 (−8.9, −1.7) <.01

≥45 85 12.0 Ref … 86 54.5 Ref …

Sex
Male 330 12.0 4.5 (1.8, 7.1) <.01 331 50.2 3.7 (−0.3, 7.6) .07

Female 65 7.7 Ref 64 45.7 Ref …

Wk 0 CD4+ cells/μL
≤50 83 13.7 1.4 (−2.6, 5.4) .49 83 52.4 2.8 (−3.1, 8.7) .35

51–200 97 12.0 −0.1 (−3.7, 3.6) .98 97 49.3 0.01 (−5.3, 5.4) .99

201–350 100 10.2 −1.5 (−5.0, 2.0) .39 99 49.4 1.1 (−4.0, 6.2) .68
351–500 67 8.5 −3.4 (−7.0, 0.3) .07 68 47.1 −0.3 (−5.6, 5.0) .91

>500 48 12.3 Ref … 48 48.3 Ref …

Wk 0 log10 copies/mL HIV
RNA

395 … −0.5 (−2.0, 1.1) .56 395 … 1.4 (−0.9, 3.7) .23

Hepatitis C statusa

Positive 40 8.9 −3.4 (−6.7, −0.1) .05 41 46.0 −4.5 (−9.4, 0.3) .06
Negative 313 11.7 Ref 312 49.7 Ref

Multivariable models include covariates shown as well as race/ethnicity and initial antiretroviral therapy regimen.

Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus.
a Models include indicator term for missing hepatitis C status (n = 42).

Figure 2. A, Percentages of CD4+ T cells negative for CD28 by pre-ART CD4 count and HIV infection status. B, Percentages of CD8+ T cells negative
for CD28 by pre-ART CD4 count and HIV infection status. Mean (95% CI) %CD28- are presented for HIV-infected adults through 144 weeks posttreat-
ment; median (IQR) %CD28- are presented for HIV-uninfected adults ≤30 years (n = 24) and ≥45 years (n = 24), who had flow cytometry data measured
at one time point. Abbreviations: CI, confidence interval; IQR, interquartile range.
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Posttreatment CD28 Expression and Immunologic Response to
Therapy
We also compared week 96 %CD28− for individuals with
good CD4 responses posttreatment (≥100 cells/μL increase in
cell count) versus those with poor responses (<100 increase).
In analyses restricted to individuals with pretreatment CD4
count ≤300 cells/μL, poor responders (n = 26) had 7.4 percen-
tage points higher CD28−CD8+ T cells (95% CI, 1.7–13) than
responders (n = 24). Poor responders also had 3.7 percentage
points higher CD28−CD4+ T cells (95% CI, −0.6 to 7.9) than
did responders, although this difference was not statistically
significant.

Posttreatment CD28 Expression by HIV Status
Figures 1 and 2 also illustrate the persistent elevation of
CD28− T cells in HIV-infected individuals relative to unin-
fected individuals, even after 144 weeks of suppressive
therapy. At week 96, in models adjusting for age, sex, and
race/ethnicity, HIV-infected individuals had 5.4 percentage
points higher CD28−CD4+ T cells (95% CI, 2.2–8.5) and 7.7
percentage points higher CD28−CD8+ T cells (95% CI, 3.1–
12). The lower levels of expression in HIV-infected individuals
were also observed for the subgroup of responders described
above (≥100 cells/μL increase in CD4 count; data not shown),
in analyses restricted to those with week 96 CD4+ T-cell
counts >500 cells/μL, and in the subset of these subjects with
pre-ART CD4+ T-cell counts ≥350 cells/μL (Table 3).

Pretreatment CD28 Expression and Duration of Infection
CD28 expression data were available for 119 individuals who
started ART during primary HIV infection. The mean
pretreatment %CD28−CD4+ was 8.9 (SD, 8.5) and mean
%CD28−CD8+ was 54.6 (SD, 12.5), significantly lower
(P < .001) than pretreatment levels for chronically infected
individuals (see Figure 2). This difference was attenuated but
still significant when compared to chronically infected individ-
uals with pretreatment CD4+T-cell count >200. After 48
weeks of ART and HIV RNA <50 copies/mL, mean posttreat-
ment %CD28−CD4+ and %CD28−CD8+ were 10.9 and 55.7,
respectively, which did not significantly differ from week
48 levels for those starting ART during chronic infection
(P > .10).

Association Between CD28 Expression and T-Cell Activation
Week 0 %CD28− and activation (%CD38+/HLA-DR+) were
significantly correlated for the CD4+T-cell subset only (r =
0.54, P < .001; r = 0.46, P < .001 after adjusting for baseline
CD4 count). This association remained strong in a linear
regression model adjusting for age, sex, pre-ART CD4 count,
and pre-ART viral load (P < .001).

Pretreatment %CD28− was also associated with a greater de-
crease in activation to week 96, only for CD4+ T cells (mean
change from week 0 to week 96 activation per unit incre-
ase in week 0 %CD28− =−0.5 [95% CI, −0.6 to −0.3]). Pretreat-
ment %CD28−CD4+ was not associated with week 96 levels of
CD4 activation; however, for CD8 cells there was a significant
multivariable association (mean change in week 96 activation
per unit increase in week 0% CD28− = 0.2 [95% CI, 0.1–0.4]).

DISCUSSION

In the largest study to our knowledge to our knowledge of
CD28 expression on T cells of HIV-infected individuals, we
addressed questions related to changes in expression posttreat-
ment and also expanded upon findings of previous studies
while controlling for several potential confounders.

As previously observed in 2 small studies [5, 6], we found
that successful ART substantially increased levels of CD28
expression for both CD4+ and CD8+ T-cell subtypes. In con-
trast to previous work from a subset of this cohort on T-cell
activation [18], posttreatment levels of CD28− T cells were not
associated with pretreatment CD4 count or viral load.
Expression was also not associated with initial ART regimen.
A decrease in CD28− T cells was even observed in those with
early HIV disease (defined as having pretherapy CD4+ T-cell
count >500 cells/μL).

Despite improvement in CD28 expression with virally sup-
pressive ART, CD28 expression for both CD4+ and CD8+

T-cell subsets was abnormally low relative to those of HIV-
uninfected individuals after adjusting for age, sex, and race/

Table 3. Comparisons Between HIV-Uninfected and Virally
Suppressed HIV-Infected Adults 96 Weeks After Antiretroviral
Treatment

Unadjusted (95% CI) Multivariable (95% CI)
Parameter P Value P Value

Including all subjects (n = 443)
%CD28−CD4+ −7.1 (−10, −4.2) −5.4 (−8.5, −2.2)

<.01 <.01

%CD28−CD8+ −9.6 (−14, −5.2) −7.7 (−12, −3.1)
<.01 <.01

Restricted to those with posttreatment CD4+ >500 cells/μL (n = 234)

%CD28−CD4+ −5.0 (−7.6, −2.3) −3.9 (−7.0, −0.9)
<.01 .01

%CD28−CD8+ −8.8 (−13, −4.3) −7.0 (−12, −2.1)
<.01 .01

Restricted to those with posttreatment CD4+ >500 cells/μL and
pretreatment CD4+ ≥350 cells/μL (n = 146)

%CD28−CD4+ −5.6 (−8.6, −2.6) −5.1 (−8.6, −1.6)
<.01 .01

%CD28−CD8+ −9.1 (−14, −4.2) −7.5 (−13, −1.9)
<.01 .01

Models adjusted for age, race/ethnicity, and sex.

In all models reference group = chronically HIV infected.

Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus.
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ethnicity. These reduced levels were observed even among
individuals who achieved significant CD4 recovery and those
initiating treatment during primary infection. CD28 signaling
is essential for multiple T-cell functions including telomerase
activation. T-cell senescence likely requires recurrent acti-
vation and division until cells reach their Hayflick limit or run
out of telomerase. This is a natural consequence of increasing
age due to the number of divisions that T cells, in particular
CD8+ memory cells, undergo. It has also been shown that
CD28−CD8+ T cells have the shortest telomeres of any subset
within the peripheral blood mononuclear cell population [19].
In HIV this process is shortened, likely because of chronic
activation that drives the continued division occurring with
both CD4+ and CD8+ memory cells. Although therapy signifi-
cantly slows this process by removing the stimulus of very
high viral load, it does not completely stop the process
because chronic activation persists due to continued presence
of virus and microbial translocation. Therefore, the T-cell
environment never completely returns to normal. The func-
tional consequences of elevated senescence remain to be deter-
mined. A recent study of HIV-infected individuals found that
although T cells of untreated individuals were highly suscep-
tible to apoptosis and proliferated poorly, treated individuals
had strongly proliferative T cells with lower susceptibility to
apoptosis. The investigators concluded that while the pro-
portion of T cells that are CD28− are elevated during treated
infection, they may have preserved effector function [20]. Re-
gardless, our data suggest that even patients considered
immunological successes with ART may remain at risk for
diseases associated with the presence of senescent T cells, and
argue for the further development of immune-based thera-
peutics for this patient population.

Although CD8+ CD28 expression and activation were not
correlated prior to treatment, after 96 weeks of treatment and
viral suppression a positive association was observed even
after adjusting for other potential confounders including base-
line CD4 count. Ongoing antigenic stimulation could be the
joint underlying mechanism, and future research would
benefit from examining factors such as microbial translocation
and cytomegalovirus (CMV) coinfection, which were not
available for our analyses.

As observed previously, we found that older age was a strong
predictor of CD8+, but not CD4+, CD28 expression in both un-
treated and treated HIV disease. Kalayjian et al [16] identified
reduced CD28 expression on CD8+ T cells as a potential immune
correlate of the interaction between age and HIV disease pro-
gression because older age was found to be associated with lower
expression among both untreated infected and uninfected adults.
We expanded on these findings by showing that older age re-
mained significantly associated with higher levels of CD28−CD8+

T cells among treated, virally suppressed HIV-infected individuals
even after adjusting for multiple potential confounders.

We also identified a lower level of posttreatment expression
(particularly for the CD4+ T-cell subset) among men than
women, a finding to our knowledge not previously observed.
Multiple other immune differences have been seen between
HIV-uninfected women and men [21], and sex differences in
pretreatment CD8+ activation in HIV-infected individuals
have been shown as well [22].

Our counterintuitive finding that HCV coinfection was
associated with higher levels of expression, seen also by others
[23, 24], warrants further investigation, perhaps as part of
studies using the new, direct-acting HCV drugs. A limitation
of our analysis is that HCV antibodies were used to define
HCV status; HCV RNA was not uniformly available.
(However, analyses restricted to those with HCV RNA avail-
able [n = 112 at week 0; n = 73 at week 96], although not stat-
istically significant, yielded similar trends [data not shown].)

There are several limitations to our study. Flow cytometry
was conducted using different laboratories, so some assay
variability is likely. However, the effect of such variability is
minimized by the study’s large sample size. All patients did
not have advanced flow data at all time points; therefore, we
did not examine changes from baseline in our models but
present the results for week 96 posttreatment when modeling
the association between baseline factors and posttreatment
%CD28− and also when comparing posttreatment %CD28− to
that for HIV-uninfected individuals. Repeating these analyses
using week 144 posttreatment instead of week 96 yielded sub-
stantively similar results (with the exception that, when mod-
eling associations with posttreatment %CD28−, sex was no
longer associated with expression on CD4+ T cells [data not
shown]). Also, we focused on a homogeneous population of
virally suppressed individuals, which may limit the generaliz-
ability of our findings.

We did not have information on the proportion of T cells
that were CD57+ as well as CD28−. Because CD28−CD57+

cells are considered more definitive indicators of terminal se-
nescence, we include both intermediate and terminally differ-
entiated T cells in our analysis. We did not have information
on duration of HIV infection and therefore cannot rule out
the possibility that the observed association between older age
and %CD28−CD8+ T cells is due to some extent to longer
duration of disease among older infected individuals.
However, this association remained strong after adjusting for
pre-ART CD4 count and viral load.

This analysis focused on CD28 expression and changes in
expression after ART. We examined but found no association
between posttreatment expression and CD4 count. Few studies
have examined T-cell senescence and chronic disease out-
comes, although CD28− T cells have been associated with dia-
betes [25], coronary artery disease [26], and renal disease [27],
conditions prevalent in HIV-infected persons. A recent study
reported that CD8+, but not CD4+, T-cell senescence predicted
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subclinical carotid artery abnormalities in HIV-infected
women [9]. An ongoing case-control study nested in ALLRT is
examining the senescence markers CD28 and CD57 on CD4+

and CD8+ T cells for association with non-AIDS-defining
clinical endpoints among virally suppressed individuals.

Our comparison group of uninfected individuals differed
from our HIV-infected cohort in that the former had a higher
proportion of female participants (83% vs 47%) and white,
non-Hispanic participants (56% vs 17%); adjustment by these
factors did not change the associations observed. A previous
study found that seronegative homosexual men had more
immune activation and more CD28− cells in both the CD4+

and CD8+ compartments than did seronegative heterosexual
men [28]. This suggests that additional factors might explain
the lower expression we observed posttreatment in our in-
fected cohort. However, this elevation remained in analyses re-
stricted to women. In addition to sexual orientation, other
unmeasured confounding factors associated with lower CD28
expression may be preferentially enriched in our HIV-infected
participants including injection drug use, CMV, and other co-
infections. Because these factors were not comprehensively as-
sessed in both populations, we cannot exclude the possibility
that part of the expansion in CD28− T cells observed during
treated HIV infection may be mediated at least in part by
factors other than HIV infection.

Although virally suppressive ART improves CD28 expression
in both CD4+ and CD8+ T-cell subsets, expression remains ab-
normally low even after 3 years, with younger HIV-infected
individuals having an expression profile similar to that of older
uninfected adults. This finding emphasizes the importance of
further research on senescence in HIV-infected populations
who will be living to older ages through the use of effective anti-
retroviral therapies, and at risk for age-associated morbidities.
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