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Low Proportions of CD28~ CD8" T cells
Expressing CD57 Can Be Reversed by Early
ART Initiation and Predict Mortality in Treated
HIV Infection
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Background. Unlike cytomegalovirus (CMV) infection and aging, human immunodeficiency virus (HIV) de-
creases the proportion of CD287CD8" T cells expressing CD57. Whether this abnormality predicts mortality in
treated HIV infection and can be reversed by early antiretroviral therapy (ART) remains unknown.

Methods. We sampled recently HIV-infected individuals (<6 months) and HIV-uninfected controls and com-
pared longitudinal changes in the proportion of CD28 CD8" T cells expressing CD57 between those who initiated
ART early (<6 months) vs later (>2 years). We also assessed the relationship between this phenotype and mortality in
a nested case-control study of ART-suppressed chronically infected individuals.

Results. Compared to HIV-uninfected controls (n = 15), individuals who were recently infected with HIV had
lower proportions of CD28"CD8" T cells expressing CD57 (P <.001), and these proportions increased during ART.
The early ART group (n = 33) achieved normal levels, whereas the later ART group (n = 30) continued to have lower
levels than HIV-uninfected controls (P =.02). Among 141 ART-suppressed participants in the SOCA study, those in
the lowest quartile of CD287CD8" T cells expressing CD57 had 5-fold higher odds of mortality than those in the

highest quartile (95% CI, 1.6-15.9, P =.007).
Conclusions.

Abnormally low proportions of CD28 CD8" T cells expressing CD57 predict increased mortality

during treated HIV infection and may be reversed with early ART initiation.
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Despite effective antiretroviral therapy (ART), individ-
uals infected with human immunodeficiency virus
(HIV) remain at higher risk for mortality and morbid-
ities commonly associated with aging than the general
population [1]. Chronic immune activation is thought
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to mediate this increased risk [2]. Many have hypothe-
sized that the chronic inflammatory state of HIV infec-
tion may drive T-cell senescence, as seen with chronic
cytomegalovirus (CMV) infection and among elderly
HIV-uninfected individuals [3-5], potentially increas-
ing the risk of infections and malignancies, and further
fueling the persistent inflammatory state. T-cell senes-
cence is typically characterized by the accumulation of
terminally differentiated CD8" T cells with shortened
telomeres, loss of the costimulatory molecule CD28,
and increased expression of CD57, a marker of prolifer-
ative history and poor proliferative capacity [6]. Even
during suppressive ART, HIV-infected individuals
have increased frequencies of CD28 CD8" T cells [7,
8], but the impact of HIV on CD57 expression on
CD8" T-cell subsets—particularly the effector memory
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CD8" T-cell subsets that normally express CD57—is less well
documented. We recently demonstrated that although CMV
promotes terminal differentiation and the expression of CD57
on CD287CD8" T cells, consistent with the “immunosenescent”
phenotype of aging, HIV is associated with enrichment for less
well-differentiated transitional CD8" T cells and abnormally low
proportions of CD28CD8" T cells expressing CD57 [9, 10].

In the current study, we sought to determine whether abnor-
mally low proportions of CD28CD8" T cells expressing CD57
(ie, the %CD57" of CD287CD8" T cells) are evident during the
first few months of HIV infection, whether early ART initiation
(<6 months following estimated date of HIV infection) is capa-
ble of reversing this abnormality, and whether persistently low
proportions of CD287CD8" T cells expressing CD57 predict
mortality during treated HIV infection. Because several innate
immune activation pathways in HIV infection may contri-
bute to T-cell proliferative defects [11, 12], we also assessed
whether soluble markers of innate immune activation were as-
sociated with low proportions of CD28 CD8" T cells expressing
CD57.

MATERIALS AND METHODS

Participants

Recently HIV-infected participants (<6 months since estimated
date of infection) who subsequently initiated ART “early” (<6
months following infection) or “later” (>2 years following in-
fection) and who subsequently maintained >2 years of ART-
mediated viral suppression, and risk-matched HIV-uninfected
controls were sampled from the UCSF OPTIONS cohort as de-
scribed elsewhere [13]. HIV-infected participants were followed
for a median of 3 years during confirmed ART-mediated viral
suppression (<40 copies/mL). Because CMV is an important
determinant of CD57 expression [9] and because almost all
HIV-infected participants were CMV coinfected, we restricted
all analyses to HIV-infected and uninfected participants with
confirmed asymptomatic CMV infection.

To assess the impact of CD8" T-cell phenotypes on mortality,
we performed a nested case-control study of ART-suppressed
HIV-infected individuals in the Study of the Ocular Com-
plications of AIDS (SOCA), a multicenter cohort of >2200
HIV-infected participants who initiated ART with an AIDS
diagnosis. Cases were ART-suppressed participants with con-
firmed plasma HIV RNA levels <400 copies/mL who died of
nonaccidental death and had peripheral blood mononuclear
cells (PBMCs) and plasma samples available within 18 months
of death. Controls were matched to cases 2:1 by age, gender, du-
ration of viral suppression, history of CMV retinitis, and nadir
CD4" cell count. All OPTIONS and SOCA participants provid-
ed written informed consent, and this research was approved by
the institutional review board of the University of California,
San Francisco.

Laboratory Methods

Immunophenotyping was performed on cryopreserved PBMCs
as previously described [14]. Cells were thawed, washed, stained
with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitro-
gen) to exclude nonviable cells, and stained with fluorescently
conjugated monoclonal antibodies: CD3-Pacific Blue, CD31-
FITC, CCR7-PE-CY7, and CD28-PE-Cy5 (BD Pharmingen);
CD8-QDOT605 and CD4-PE-Texas Red (Invitrogen);
CD45RA-PE, (BD Bioscences); CD57-Alexa Fluor 647 (BioLe-
gend); and CD27-APCeFluor780 (eBiosciences). For the mor-
tality analysis in SOCA, CCR7-PE-CY7 was replaced with
CCR7-Alexa Fluor 700 (BD Pharmingen), which improved
CCR7 discrimination. Cells were then fixed in 0.5% formalde-
hyde, and data were acquired on a BD LSR II Flow cytometer
(BD Biosciences), with >250 000 lymphocytes collected. CPT
beads (BD bioscience) were used for instrument setup for
each run and Rainbow beads (Spherotec) standardized instru-
ment settings between runs. Control specimen aliquots were
thawed with every run and used to confirm run-to-run repro-
ducibility. Fluorescence Minus One (FMO) controls were also
prepared on controls for each run to check that gates were set
consistently between runs. Data were compensated and ana-
lyzed in FlowJo V9 (TreeStar). CD8" T cells were defined as
CD3"CD8" cells, after standard lymphocyte, singlet and dead
cell exclusion gates were applied. FMO controls were used to de-
fine positive gates for CCR7, CD27, CD28, and CD57 expres-
sion on CD8" T cells. CD45RA expression was defined on a
CD45 vs CD27 plot where the CD45RA gate was set high on
CD27" cells and according to the FMO on CD27~ cells. The
Boolean function in FlowJo was used to calculate the frequency
of each of the 32 possible combinations of these markers. These
Boolean populations were used to derive the primary popula-
tions analyzed in this study, including the %CD28~CD57"
CD8" T cells and the proportion of CD287CD8" T cells ex-
pressing CD57 (%CD57" of CD287CD8" T cells). Results from
Boolean combinations were confirmed by gating directly visu-
alized populations to validate the gating approach. Maturational
subsets of CD287CD8" T cells were also derived from Boolean
data and defined as transitional Tg (CD27"CCR7 CD45RA ™),
effector memory, Tgy (CD277CCR77CD45RA™), and termi-
nally differentiated effectors, Tgmra (CD27-CCR7-CD45RA™).
Programmed cell death-1 (PD-1) expression on CD8" T cells
was defined in a separate staining panel [15].

Cryopreserved plasma was assessed by immunoassay for in-
terleukin 6 (IL-6, R&D Systems), soluble CD14 (sCD14, R&D
Systems), Intestinal Fatty Acid Binding Protein (I-FABP, Cell
Sciences), and zonulin-1 (ALPCO) levels. Plasma tryptophan
and kynurenine levels were assessed by high performance liquid
chromatography-tandem mass spectrometry [16]. The extent of
indoleamine 2,3-dioxygenase-1 (IDO-1) activity was assessed as
the plasma kynurenine to tryptophan (K/T) ratio. Chronic
asymptomatic CMV infection was confirmed as a positive
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CMV immunoglobulin G (IgG) titer, or for 2 individuals with
previously available CMV-specific T-cell response data, >0.1%
pp65/1E-specific IFN-y" CD8" T-cell responses by cytokine
flow cytometry (10-fold increase over limit of detection) as
described elsewhere [17].

Statistical Methods

Cross-sectional pairwise comparisons between groups were per-
formed using Wilcoxon rank-sum tests, and adjusted compari-
sons were assessed with linear regression. For longitudinal
analyses among recently HIV-infected patients starting early
vs later ART, participants were evaluated at initial diagnosis,
pre-ART initiation (later ART only), at 1 year, and at their
last observed time on suppressive ART (median of 3 years,
Figure 1A) [13]. Longitudinal changes were assessed using

linear mixed models with random intercepts. Age and proximal
CD4" T-cell count were included in multivariate analyses as po-
tential confounders and adjusted models were restricted to men
to exclude potential confounding by gender.

Predictors of mortality were assessed using conditional logis-
tic regression among participants with available immunologic
marker data; 1:1 matching was allowed if only 1 control had
complete data. Potential confounding by proximal CD4"
T-cell count was evaluated in adjusted models.

Relationships between continuous variables were assessed
with Spearman rank order correlation coefficients. Variables
in logistic and/or linear regression models were transformed
as necessary to satisfy model assumptions. A 2-tailed P value
<.05 was considered significant for all analyses. Statistical anal-
yses were performed using STATA version 12 (StataCorp).
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Impact of early vs later initiation of ART on CD57 expression in recently HIV-infected individuals. Study design of acutely infected HIV-positive

individuals and HIV-uninfected controls (A). The proportion of CD28-CD8" T cells expressing CD57 was compared between HIV-uninfected individuals
(purple) and HIV-infected individuals initiating ART “early,” <6 months of infection (red), or “later,” >2 years after initial infection (blue), at acute HIV
diagnosis and after 1 year of ART (B). Changes in the proportion of CD28~CD8* T cells expressing CD57 among recently HIV-infected individuals initiating
ART early (C) and later (D) were also assessed over time. Individual participant trajectories shown with red lines. Linear mixed model estimated mean
changes shown in thick black lines. Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus.
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RESULTS

Abnormally Low Proportions of CD28~CD8* T cells Expressing
CD57 Are Evident During Acute/early HIV Infection

We first assessed whether abnormally low proportions of
CD287CD8" T cells expressing CD57 would be evident during
acute/early HIV infection in the OPTIONS cohort. Participants
diagnosed during acute/early infection—both those who would
subsequently start ART <6 months after infection (n=33) or
>2 years after infection (n =30)—were initially assessed at a
median of 2.4 months after the estimated date of infection (as
estimated by de-tuned enzyme-linked immunosorbent assay
[13]) and compared to 15 risk-matched HIV-uninfected partic-
ipants (Table 1). Most were men with a median age of 37-39
years. All participants were confirmed to be CMV-infected.
The early (<6 months) and later (>2 years) ART groups had
similar median CD4" T-cell counts upon diagnosis (533 and
567 cells/mm?, respectively), but the early ART group had a
higher median plasma HIV RNA level than the later ART
group (5.1 vs 4.1 log; copies/mL). Median proportions of
CD287CD8" T cells expressing CD57 were abnormally low at
the time of diagnosis in both the early (32%) and later (35%)
ART groups as compared to HIV-uninfected controls (61%,
P <.001 for both comparisons, Figure 1B).

Early but not Later ART Initiation Appears to Normalize the
Proportion of CD28~CD8* T cells Expressing CD57

Since recent reports suggest that immune activation markers
may be significantly improved in recently HIV-infected indi-
viduals who initiate ART within the first 6 months of infection
[13, 18], we hypothesized that early ART initiation might restore
higher proportions of CD28"CD8" T cells expressing CD57
than later ART initiation. In unadjusted linear mixed models,
both early and later ART groups experienced substantial

increases in the mean proportion of CD28"CD8" T cells ex-
pressing CD57 from the last pre-ART specimen to year 1 of
ART (early: 31% to 54%; later: 30% to 44%; P <.001 for
both), but there was no evidence for further increases after
the first year in either group (slopes not different from zero,
P=.65 and P =.19, respectively, Figures 1C and D). After 1
year of ART, the later ART group continued to have a lower me-
dian proportion of CD28 " CD8" T cells expressing CD57 than
HIV-uninfected controls (44% vs 61%, P =.02), whereas the
early ART group achieved similar levels as HIV-negative con-
trols (54% vs 61%, P = .65, Figure 1B). The early ART group
continued to have a mean 10% higher proportion of
CD287CD8" T cells expressing CD57 than the later ART
group, even after a median of 3 years of ART (P =.008). This
difference remained significant even after adjusting for age,
proximal CD4" T-cell count, and restricting the analysis to
men (P =.007).

A Low Proportion of CD28~CD8* T cells Expressing CD57
Predicts Increased Mortality During Suppressive ART

We next assessed the clinical implications of low proportions of
CD287CD8" T cells expressing CD57 in a nested case-control
study of 51 ART-suppressed SOCA participants who subse-
quently died and 90 controls matched for duration of viral sup-
pression, age, gender, history of CMV retinitis, and nadir CD4"
T-cell count (Table 2). The median time between the specimen
collection and the date of death was 5 months. Although there
was no evidence for an association between the %CD28~ CD8"
T cells and mortality, and only a marginal association between
the %CD28 CD57" CD8" T cells and mortality, a low propor-
tion of CD287CD8" T cells expressing CD57 was strongly asso-
ciated with an increased odds of mortality. For each quartile
decrease in the proportion of CD28"CD8" T cells expressing
CD57, there was a 1.77-fold increased odds of death (95%

Table 1. Characteristics of HIV-uninfected Controls and Recently HIV-infected Individuals Starting Their First ART Regimen Early

(<6 months) or Later (>2 years) After Infection in the OPTIONS Cohort

Median (IQR) Median (IQR) Median (IQR)
HIvV-2 HIV+ Early ART+2 HIV+ Later ART-2

Characteristic (n=15) (n=33) (n=230)
Age, years 39 (30-43) 38 (34-42) 37 (34-43)
Male gender, no., (%) 14 (93%) 32 (97%) 30 (100%)
Duration of HIV infection at diagnosis, months NA 2.4 (0.8-2.4) 2.4 (2.4-2.4)
CD4* count during acute/early HIV infection, cells/mm? NA 533 (434-742) 567 (602-704)
HIV RNA level during acute/early infection, log;ocopies/ mL NA 5.1 (4.5-5.7) 4.1 (3.4-4.7)
CD4* count pre-ART, cells/mm? NA 533 (434-742) 339 (248-437)
CD4* count after year 1 of ART, cells/mm?® NA 799 (614-946) 488 (408-600)
Duration of HIV infection at maximal follow-up, years NA 2.9 (1.9-4.6) 5.9 (4.7-7.3)
Duration of ART at maximal follow up, years NA 3.1 (1.9-4.5) 2.6 (2.0-3.9)

Abbreviations: ART, antiretroviral therapy; CMV, cytomegalovirus; HIV, human immunodeficiency virus; IQR, interquartile range; NA, not applicable.

@ All CMV+.
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Table 2. Characteristics of ART-suppressed Cases Who Died
and Matched Controls in the SOCA Cohort

Median (IQR)
HIV+ Non-
HIV+ Deaths?® Deaths®
Characteristic (n=51) (n=90)
Age, years 47 (41-55) 44 (39-50)
Male gender, no., (%) 42 (82%) 75 (83%)
Pre-ART nadir CD4+ count, 25 (9-97) 37 (10-74)
cells/mm?
Pre-ART HIV RNA level, 5.3 (4.9-5.7) 5.2 (4.5-5.7)
logo copies/mL
Proximal CD4+ count, 283 (169-490) 387 (245-582)
cells/mm?
Proximal HIV RNA level, <400 <400
copies/mL

Abbreviations: ART, antiretroviral therapy; CMV, cytomegalovirus; HIV, human
immunodeficiency virus; IQR, interquartile range; SOCA, Study of the Ocular
Complications of AIDS.

# All CMV+.

confidence interval [CI], 1.22-2.58, P = .003, Table 3), which re-
mained significant even after adjusting for proximal CD4" T cell
count (odds ratio [OR]: 1.83, 95% CI, 1.23-2.72, P=.003).
Compared to those in the highest quartile, those in the lowest
quartile also had an estimated 5-fold greater odds of death
(95% CI, 1.55-15.91, P=.007). To assess whether this effect
was likely to be mediated primarily by an expansion of
CD287CD57 CD8" T cells, we evaluated the prognostic signifi-
cance of absolute CD28~CD57~CD8" T-cell counts as well. The
absolute CD28~CD57~CD8" T-cell count failed to predict mor-
tality (OR per quartile decrease, 0.78, 95% CI, .57-1.07, P = .12),
suggesting that expansion of these cells per se is unlikely to me-
diate the observed association between the proportion of
CD287CD8" T cells expressing CD57 and mortality. The prog-
nostic significance of low CD57 was also greater on CD8" T cells
with greater degrees of terminal differentiation. For example,
compared to participants in the highest quartile, those in the
lowest quartile of %CD57" of CD8" Tgyra cells had a nearly
8-fold increased odds of death (95% CI, 2.2-27.8, P =.002).

Immunologic Correlates of Low %CD57* of CD28~CD8*

T Cells During ART

Because low proportions of CD287CD8" T cells expressing
CD57 might reflect a decreased proliferative history of these
cells, we hypothesized that other known determinants of
T-cell proliferative defects might be associated with this pheno-
type among ART-suppressed SOCA participants. Higher plas-
ma K/T ratio, a marker of IDO-1 induction, was weakly
associated with low proportions of CD28"CD8" T cells express-
ing CD57 (p = —0.16, P =.04, Supplementary Figure 1A). Low
proportions of CD287CD8" T cells expressing CD57 were

also modestly correlated with other markers of innate immune
activation including plasma sCD14 (p = —0.24, P =.002, Sup-
plementary Figure 1B) and IL-6 levels (p = —0.17, P = .03, Sup-
plementary Figure 1C). However, there was no evidence for a
relationship between the proportion of CD28°CD8" T cells
expressing CD57 and the %PD-1" CD8" T cells (p =—0.09,
P=.39), the %CD38"HLA™DR" CD8" T cells (p=0.02,
P = 82), or plasma markers of gut epithelial barrier integrity,
namely, zonulin-1 (p=0.03, P=.70) or I-FABP levels
(p=—0.07, P = .39).

DISCUSSION

Our group recently demonstrated that HIV infection—unlike
CMYV infection—results in abnormally low proportions of
CD287CD8" T cells expressing the proliferative history marker,
CD57 [9]. The prognostic significance of this phenotype and
the degree to which it is associated with later ART initiation
has remained unclear. In the current study, we demonstrated
that this CD8" T-cell abnormality is evident within the first
few months of HIV infection. Furthermore, we show that
early ART initiation (<6 months following HIV infection) is as-
sociated with reversal of this defect, whereas delayed ART ini-
tiation (>2 years following infection) may result in irreversibly
low proportions of CD28"CD8" T cells expressing CD57. We
also demonstrated that low proportions of CD28 CD8"
T cells expressing CD57 strongly predict increased mortality
among ART-suppressed HIV-infected participants with ad-
vanced disease. Low proportions of CD287CD8" T cells ex-
pressing CD57 were also modestly associated with several
innate immune activation markers, though interestingly not
with CD8" T-cell activation or PD-1 expression, suggesting a
potentially novel link between adaptive and innate immune de-
fects in HIV infection and possible targets for interventions.
Although we did not assess phenotypic characteristics of
HIV-specific CD8" T cells in our study, our finding of abnor-
mally low proportions of CD287CD8" T cells expressing CD57
during early HIV infection is consistent with earlier studies
demonstrating qualitative and functional defects in HIV-specific
CD8" T cells during acute HIV infection, which may be atten-
uated by early administration of ART [19,20]. Although there is
expansion of intermediately differentiated and Ki-67" effector
CD8" T cells during acute HIV infection, these cells do not nec-
essarily successfully complete multiple rounds of proliferation
and are typically not capable of maintaining control of viremia
[21, 22]. Consistent with this prior work, our study demon-
strates that abnormally low proportions of CD28 CD8"
T cells expressing CD57 are evident within the first few months
of HIV infection, long before the onset of advanced immuno-
deficiency and at a time when functional HIV-specific CD8"
T-cell defects first become apparent. Although we cannot ad-
dress whether this phenotypic defect directly contributes to
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Table 3. Relationship Between CD57 Expression on CD8* T-Cell Subsets and Mortality in ART-suppressed SOCA Participants
3rd Quartile 2nd Quartile 1st Quartile OR per Quartile Decrease
T-Cell Subset Analysis 4th Quartile OR (95% CI) P Value OR (95% ClI) P Value OR (95% Cl) P Value OR (95% CI) P Value
% CD28— No. of Cases/Controls 15/20 11/24 13/22 12/24
of CD8" T cells Primary® 1.0 0.62 (.23, 1.65) .34 0.80 (.30, 2.15) .66 0.64 (.24, 1.70) .37 0.90 (.66, 1.22) 49
Adjusted® 1.0 0.66 (.24, 1.83) 42 0.89 (.32, 2.44) .82 0.85 (.31, 2.38) .76 0.98 (.71, 1.36) .90
% CD28~CD57* No. of Cases/Controls 8/27 14/21 13/22 16/20
of CD8" T cells Primary® 1.0 2.57 (.88, 7.53) .09 2.33(.75,7.27) 14 3.31(1.05, 10.46) .04 1.38 (.98, 1.94) .07
Adjusted® 1.0 3.48(1.02, 11.88) .05 2.71(.81,9.11) 1 5.80 (1.53, 21.98) .01 1.56 (1.07, 2.29) .02
% CD57* No. of Cases/Controls 7/28 9/26 17/18 18/18
of CD28~CD8" T cells Primary® 1.0 1.14 (.35, 3.58) .82 4.41 (1.37,14.24) .01 4.97 (1.55, 15.91) .007 1.77 (1.22, 2.58) .003
Adjusted® 1.0 0.98 (.30, 3.21) .98 4.81 (1.36, 16.98) .02 5.48 (1.59, 18.89) .007 1.83(1.23, 2.72) .003
By T-Cell Differentiation Phenotype:
% CD57* No. of Cases/Controls 13/23 9/26 14/20 15/21
of CD28~CD27*CCR7~  Primary® 1.0 0.61 (.22, 1.66) 38 1.22 (.48, 3.08) .68 1.38 (.53, 3.60) 51 1.17 (.86, 1.58) .33
CD45RA™ CD8* T cells  Adjusted® 1.0 0.63 (.22, 1.78) .38 1.26 (.48, 3.36) 64 1.67 (.61, 4.55) .32 1.23 (.89, 1.69) 21
% CD57* No. of Cases/Controls 9/30 12/23 13/18 17/19
of CD287CD27-CCR7~  Primary® 1.0 1.49 (.50, 4.42) 47 2.18 (.79, 6.03) A4 2.89 (1.05, 7.98) .04 1.43(1.04, 1.97) .03
CD45RA™ CD8* T cells  Adjusted® 1.0 1.35 (.43, 4.29) 61 2.10 (.73, 6.08) A7 2.99 (1.05, 8.50) .04 1.45 (1.04, 2.02) .03
% CD57* No. of Cases/Controls 4/31 11/24 18/17 18/18
of CD287CD27-CCR7~  Primary® 1.0 2.94 (.87, 9.94) .08 7.85 (2.20, 27.97) .001 7.81(2.19, 27.77) .002 1.90 (1.31, 2.75) .001
CD45RA* CD8* T cells  Adjusted® 1.0 2.48 (.71, 8.66) .16 7.66 (2.04, 28.82) .003 7.85 (2.17, 28.40) .002 1.94 (1.31, 2.86) .001

Abbreviations: Cl, confidence interval; CMV, cytomegalovirus; OR, odds ratio; SOCA, Study of the Ocular Complications of AIDS.

@ Primary matched case-control analysis controlling for age, gender, duration of viral suppression, presence of CMV retinitis, and nadir CD4" cell count.

° Analyses also adjusted for proximal CD4* count.



the failure of HIV-specific T cells to control viremia, prior stud-
ies suggested that greater CD57"CD8" T cells are associated
with lower levels of viremia during early HIV infection [23].
The fact that this defect is largely reversible with early, but
not delayed, initiation of ART is also consistent with recent
data suggesting that monocyte and T-cell activation approach
normal levels when ART is initiated early in disease but not
when ART is delayed by more than a few years [13, 18]. Collec-
tively, these data add further support to current treatment
guidelines recommending the early initiation of ART during
the course of HIV infection [24].

Low proportions of CD287CD8" T cells expressing CD57
strongly predicted mortality in ART-suppressed participants
in our study. Those in the lowest quartile had a 5-fold higher
odds of death than those in the highest quartile, with even
stronger associations observed when evaluating the proportion
of CD8" Tgyra cells expressing CD57. A low proportion of
CD287CD8" T cells expressing CD57 was by far the strongest
T-cell phenotypic predictor of mortality in the SOCA cohort
tested to date and much stronger than any other cellular marker
assessed in other recently reported studies evaluating predic-
tors of clinical events in treated HIV infection [25, 26]. This
result is particularly intriguing because higher, not lower, fre-
quencies of CD287CD57" CD8" T cells predict mortality in
HIV-uninfected elderly populations [27]. These disparate re-
sults suggest that there may be fundamentally distinct immuno-
logic pathways mediating the functional T-cell defects that
persist during treated HIV infection and those that characterize
the aging process.

Although it remains unclear how low proportions of
CD287CD8" T cells expressing CD57 relate to CD8" T-cell
function in HIV infection, several lines of evidence suggest
that this phenotypic defect may reflect an impaired ability of ef-
fector CD8" T cells to terminally differentiate and successfully
complete multiple rounds of proliferation in vivo. CD8" T cells
at any given maturational stage that express CD57 have shorter
telomere length and decreased T-cell receptor excision circle
(TREC) content compared to those that lack CD57, suggesting
that CD57 is a marker of proliferative history [10]. Future func-
tional studies directly measuring T-cell proliferation (ie, by car-
boxyfluorescein succinimidyl ester, CFSE, or nonisotopic
labeling), proliferative history (ie, telomere length), and/or vac-
cine responsiveness are needed to formally test this hypothesis.
An inability of effector CD8" T cells to complete multiple
rounds of cell division and terminally differentiate may well
have functional consequences as terminally differentiated
CD8" T cells have superior antiviral activity against HIV-1 [28].

We also observed modest associations between low propor-
tions of CD287CD8" T cells expressing CD57 and markers of
innate immune activation that have previously been associated
with T-cell proliferative defects including plasma K/T ratio
(a marker of IDO-1 induction) and sCD14 (a marker of

monocyte activation). HIV induces IDO-1 in activated den-
dritic cells and monocytes, and the enzyme catabolizes trypto-
phan into kynurenine and other immunologically active
metabolites that suppress T-cell proliferation and alter T-cell
differentiation [11, 29]. Chronic HIV-associated microbial
translocation may also suppress T-cell proliferation via in-
creased monocyte PD-1 expression and IL-10 production
[12]. Interestingly, while soluble monocyte activation markers
(sCD14) were associated with lower proportions of CD28™
CDS8" T cells expressing CD57, specific markers of gut epithelial
barrier integrity were not, raising the possibility that drivers of
monocyte activation other than the translocation of bacterial
products may be contributing to this CD8" T-cell abnormality
in vivo. Targeted interventional studies may also be helpful in
evaluating whether these innate immune activation pathways
are causally associated with this phenotypic CD8" T-cell abnor-
mality. Finally, future studies evaluating the association between
HIV reservoirs in lymphoid tissues and this CD8" T-cell abnor-
mality may be important, as this defect could conceivably be a
cause or consequence of viral persistence during treated HIV
disease.

Our study has limitations that deserve mention. First, our
comparison of patients recently infected with HIV who initiated
ART early vs later was not a randomized comparison, and we
cannot exclude the possibility that individuals choosing to ini-
tiate ART earlier were healthier. However, the early ART group
had comparable CD4" T-cell counts and in fact higher baseline
plasma HIV RNA levels than the later ART group, suggesting
that healthier status at diagnosis is unlikely to explain the supe-
rior recovery of CD57 expression during ART in those starting
early. Second, the HIV-infected participants included in the
mortality analysis had very advanced AIDS prior to ART initi-
ation. Thus, it is unclear whether the observed mortality asso-
ciation will be generalizable to less advanced populations of
HIV-infected individuals, particularly because we demonstrated
a strong impact of earlier ART initiation on reversing this ab-
normality. However, few cohort studies of less advanced
ART-suppressed HIV-infected individuals that also stored via-
bly cryopreserved PBMCs have sufficient numbers of partici-
pant deaths to address these questions at the present time.
The relatively short period between biomarker measurement
and death in our study (a median of 5 months) may also raise
the possibility that low proportions of CD28"CD8" T cells ex-
pressing CD57 are simply a consequence of a soon-to-be-fatal
illness rather than a cause. This seems less likely, however, be-
cause the most common cause of death (among known causes)
in our sample was cardiovascular disease (Supplementary
Table 1). Finally, because this was an observational study, we
cannot establish that low proportions of CD28 CD8" T cells ex-
pressing CD57 are causally associated with mortality. It remains
possible that this phenotypic abnormality is simply a marker for
innate immune activation or some other immunologic process
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that is driving disease. Future pathway and/or mediation anal-
yses will be important to address this possibility.

In summary, we found that although HIV leads to an expan-
sion of CD28~ CD8" T cells, fewer of these cells express CD57.
This CD8" T-cell abnormality is evident within the first few
months of HIV infection and can be largely reversed by early
ART initiation, but not when ART is delayed by even a few
years. Furthermore, this CD8" T-cell defect is the strongest phe-
notypic T-cell predictor of mortality identified to date during
treated HIV infection, suggesting a potentially important path-
way to be studied and a possible target for novel interventions.
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