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The aging of the human immunodeficiency virus type 1 (HIV-
1)–infected population obligates a focus on the interaction be-
tween aging, comorbid conditions, and HIV-1. We recruited a
cohort of HIV-1–infected men aged ≤35 years or ≥50 years
who were receiving fully suppressive antiretroviral therapy
(ART). We analyzed plasma markers of inflammation; T-cell
activation, exhaustion, proliferation; and innate cellular subsets
and functional capacity. Levels of lipopolysaccharide and the
plasma marker of chemokine (C-C motif ) ligand 2 were signifi-
cantly elevated in older HIV-infected men despite comparable
cellular phenotypes. Compared with similarly age-stratified un-
infected subjects, older HIV-1–infected adults were also more
frequently in the upper quartile of soluble CD14 expression.
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Human immunodeficiency virus type 1 (HIV-1) infection has
been associated with increased risk of cardiovascular disease,
non–AIDS-related cancers, frailty, osteoporosis, liver and kid-
ney disease, and neurologic dysfunction [1]. The similarity of
this clinical phenotype to that among older individuals without
HIV-1 infection raises questions about the epidemiologic and
biologic factors that contribute to earlier onset of these clinical
conditions in the HIV-infected population. Age-associated
noncommunicable comorbidities are more prevalent in the
HIV-1–infected population, compared with uninfected con-
trols. In persons with cardiovascular disease, HIV-1 infection
has been associated with an increase in surrogate markers of
disease and in clinical events across multiple cohorts [2]. Al-
though traditional cardiovascular risk factors such as smoking

are generally more prevalent in HIV-1–infected individuals,
these factors alone do not account for the excess risk of cardio-
vascular events [3]. A broad consensus supports the association
of immune activation with morbidity and mortality among peo-
ple with HIV-1 infection [4], as well as a critical interaction
between inflammation and traditional cardiac risk factors [5].
The parallels between phenotypes of cardiovascular and other
comorbid diseases during aging and associated phenotypes dur-
ing chronic HIV-1 infection suggest that inflammation and im-
mune dysfunction/senescence is a common pathway to these
outcomes.

To identify etiologic pathways and potential therapeutic tar-
gets responsible for excess morbidity and mortality in treated
HIV-1 infection, we evaluated early signs of immune senes-
cence and aging. We recruited a cohort of HIV-1–infected indi-
viduals in 2 age-stratified groups and performed detailed
phenotypic and functional analyses to identify signatures of ab-
errant immune activation, to suggest targets for therapeutic
intervention.

METHODS

Study Subjects
Male HIV-positive subjects with ≥1 year of combination anti-
retroviral therapy (ART)–associated viral suppression were en-
rolled prospectively in groups aged ≤35 years (n = 22) or ≥50
years (n = 23) from infectious diseases clinics at 3 Boston hos-
pitals. Demographically similar HIV-1–uninfected men in both
age groups (n = 45) were enrolled from a cohort of men at high
risk for HIV infection, as previously described (Supplementary
Methods). Study protocols were approved by the institutional
review boards at each hospital.

Plasma Inflammatory Profile
Plasma samples were analyzed for interferon α (IFN-α), IFN-γ–
induced protein 10, CCL2 (also known as monocyte chemotac-
tic protein 1), macrophage inflammatory protein 1β, tumor
necrosis factor α (TNF-α), IFN-γ, interleukin 1β (IL-1β), inter-
leukin 6, and interleukin 7 (Milliplex) on the Luminex 3D in-
strument (Bioplex 3D, BioRad). Lipopolysaccharide (LPS)
levels were measured with the LAL assay (Pierce), and soluble
CD163 (sCD163; Trillium Diagnostics), sCD14 (R&D), intesti-
nal fatty acid–binding protein (Hycult), and CCL2 (Millipore)
were measured by enzyme-linked immunosorbent assay
(ELISA).

CCL2 Genotype and Messenger RNA (mRNA) Expression
DNA was extracted from peripheral blood mononuclear cells
(PBMCs; AllPrep kit, Qiagen), and the CCL2 -2518A→G single-
nucleotide polymorphism was assigned on the basis of restriction
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digestion findings [6]. Total RNA was extracted (RNeasy Plus,
Qiagen), and quantitative real-time PCR (QuantiFast SYBR
Green real-time PCR kit), using previously validated primers for
CCL2 and Quantitect primers for β-actin, was performed with
amplified complementary DNA detection on the LightCycler
480 instrument (Roche; Supplementary Methods).

Proviral DNA and Cell-Associated RNA Levels
Total HIV-1 proviral DNA and cell-associated RNA (ca-RNA)
were quantified from isolated PBMCs by using quantitative
PCR and quantitative real-time PCR assays as previously de-
scribed on the Applied Biosystems 7300 real-time PCR system
(Life Technologies; Supplementary Methods).

Statistical Analysis
Flow cytometry data were analyzed using nonparametric
Mann–Whitney testing. For plasma levels of sCD14, sCD163,
and CCL2 in the full cohort of infected and uninfected individ-
uals, quartiles were determined, and odds ratios (ORs) for the
highest quartile were calculated using contingency tables and χ2

testing. Quantitative real-time PCR data for CCL2 were analyzed
as CCL2 expression relative to β-actin expression. A 2-log10 stat-
istical outlier was excluded from the final analysis, identified as an
outlier by ROUT with a Q value of 0.1% (Prism, GraphPad), and
comparison between groups was determined by Mann–Whitney
testing.

RESULTS

Clinical Characteristics of Subjects With HIV-1 Infection
HIV-1–infected men were recruited into one of 2 age groups,
≤35 years and ≥50 years (Supplementary Table 1), matched
by duration of ART (within 5 years) and clinical characteristics,
including CD4+ T-cell count at ART initiation, pretreatment log
viral load, and current smoking status. Both groups were pre-
dominantly cytomegalovirus (CMV) seropositive (≥90%). The
HIV-1–negative comparators were healthy male subjects with a
self-reported elevated risk for HIV-1 acquisition.

Plasma Profile of Inflammatory Cytokines
Multiplex analysis of plasma specimens for inflammatory cyto-
kines identified significant elevations in CCL2 levels (Figure 1A).
LPS levels were likewise elevated in the older age stratum (Fig-
ure 1B). Both of these measures also showed a correlation with
age as a continuous variable (Figure 1A and 1B). We further
verified the elevation in CCL2 plasma levels in the older
group by demonstrating elevated CCL2 mRNA expression in
PBMCs matched to the plasma specimens (Figure 1C). We as-
sessed for the -2518A→G polymorphism, which has been asso-
ciated with higher CCL2 expression and a higher risk for
inflammatory disease and atherosclerosis [6]. The G allele was
present in 16 of 22 older subjects and 12 of 21 younger subjects
and was not significantly associated with age (OR, 2.00; 95%
confidence interval [CI], .56–7.2; P = .28, by the χ2 test) or
with plasma CCL2 levels in the upper quartile (OR, 3.6; 95%

CI, .7–19.3; P = .12, by the χ2 test), suggesting that the differenc-
es observed in this study are not due to an imbalance in geno-
types between the groups. No other inflammatory marker
showed a significant association with age.

Associated HIV-1 Virological Factors and Cellular Immune Markers
We investigated the virologic status of the cohort, determining
levels of proviral DNA as a measure of reservoir size and levels
of ca-RNA as an indicator of residual virus production and
potential source of cellular stimulation. There were no signifi-
cant differences in the proviral DNA level. However, there
was a borderline increase in the ca-RNA level in the older stra-
tum (OR, 5.1; 95% CI, .94–28.2; P = .045, by the χ2 test). We
stratified by nadir CD4+ T-cell count of <350 cells/mm3 to as-
sess the impact of advanced disease to CCL2 levels; there was
still an increase in CCL2 protein and mRNA levels in older in-
dividuals within this subgroup (Supplementary Figure 1).

We sought to determine whether the differences in CCL2 lev-
els were driven by different levels of cellular immune activation.
There were no differences in CD4+ or CD8+ T-cell activation,
proliferation, or exhaustion or in dendritic cell (both myeloid
and plasmacytoid dendritic cells) or monocyte subset distribu-
tion (Supplementary Figure 2). Likewise, intracellular cytokine
staining for innate cellular responses to a panel of stimulants
did not identify any differences in functional capacity between
the 2 age groups (Supplementary Figure 3).

Comparison of Age-Associated Differences From HIV-Uninfected
Controls
To determine whether the increase in levels of CCL2 andmarkers
of microbial translocation is related to age alone or represents a
feature of aging that is enhanced by HIV-1 infection, we mea-
sured levels of sCD14, sCD163, and CCL2 (by ELISA) in a
group of demographically similar uninfected control men. All
values were used to determine median values and quartiles for
each analyte, and ORs for values in the upper quartile were cal-
culated. Taken together, older individuals had an elevated OR for
upper quartile values of CCL2 and sCD14 (Figure 2A). To assess
whether this association was driven primarily by age or HIV-1
infection, we then analyzed the data for age associations sepa-
rately for the infected and uninfected groups. Uninfected individ-
uals did not show a significant age association for any of the
analytes (Figure 2B), whereas older HIV-1–infected individuals
had an increased OR for sCD14 values in the upper quartile (Fig-
ure 2C). It is notable that the small sample size may have limited
detection of age-associated relationships in both the HIV-infected
and HIV-uninfected populations.

DISCUSSION

We recruited a cohort of 2 groups of individuals who had
suppressed HIV-1 levels and were separated by a minimum
of 15 years to identify markers of HIV-related premature/accel-
erated aging at a potentially reversible stage. Confounders were
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minimized by excluding patients with hepatitis, recent infec-
tion, frequent viral blips, autoimmune disease, or current
receipt of immunomodulatory therapy and by matching
on smoking status, ART duration, and CMV serostatus. With
this cohort, we uncovered an association between aging and in-
creased levels of CCL2 and microbial translocation markers de-
spite similar adaptive and innate immune cellular subsets and
functional competence.

Significantly, CCL2 levels were elevated in the older age group
despite comparable levels of traditional markers of immune sen-
escence associated with aging in the uninfected population, in-
cluding T-cell markers of differentiation and exhaustion and
innate immune functional capacity. This suggests that CCL2
may be a more sensitive or earlier indicator of immune dysfunc-
tion and is consistent with prior work linking increased CCL2

expression with subclinical atherosclerosis, particularly when el-
evated in younger patients [7]. We verified this elevated plasma
CCL2 level among older HIV-infected men with significantly
greater CCL2 mRNA expression in bulk PBMCs and did not
identify any association with the G polymorphism or smoking
status. Taken together, these observations suggest that HIV-1 in-
fection is driving increased expression of CCL2.

In our age-stratified cohort, we also observed increased levels
of markers of microbial translocation (LPS and sCD14) in the
older age stratum, suggesting that copathogen burden may be a
critical factor in driving the elevated levels of CCL2. Microbial
translocation is a driver of persistent inflammation in HIV in-
fection [8], and it is notable that increased microbial transloca-
tion has also been identified in animal models of aging [9].
These findings raise the possibility of synergism between

Figure 1. Analysis of plasma specimens to determine levels of inflammatory cytokines and markers of microbial translocation. Plasma samples from individuals aged ≤35
years or ≥50 years were analyzed for the expression of inflammatory cytokines, using the Luminex 3D instrument. Significant differences were identified for CCL2 (A), with
higher levels of CCL2 in older individuals detected by dichotomous comparison (*P = .007, by the Mann–Whitney test) and a correlation with age as a continuous variable
(Spearman r = 0.45; P = .007). Soluble CD163 (sCD163), sCD14, intestinal fatty acid–binding protein (FABP), and lipopolysaccharide (LPS) levels were also measured in plasma
specimens. LPS (B) showed a significant relationship to age, with a significant difference between groups (**P = .005, by the Mann–Whitney test) and a correlation with age as
a continuous variable (Spearman r = 0.53; P = .001). Bulk RNA from peripheral blood mononuclear cells (PBMCs; C) matched to the plasma samples was extracted, and the
number of CCL2 messenger RNA (mRNA) copies, relative to that for β-actin was assessed, demonstrating significantly higher expression in the group aged ≥50 year
(***P = .010, by the Mann–Whitney test).
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HIV-1–mediated gut injury and aging as a common inflamma-
tory pathway to increase exposure to microbial products and
stimulate CCL2 production, leading to morbidity.

The role of CCL2 in disease is complex: it is produced by a va-
riety of cell types, predominantly monocytes/macrophages; it is a
potent regulator of migration and local infiltration of monocytes,
memory T cells, and natural killer cells; and its activity is ba-
lanced by expression of decoy receptors at sites of inflammation.
Recruitment of inflammatory cells is critical to pathogen re-
sponses but can also be detrimental in the setting of pathologic
inflammation. CCL2 production can be stimulated by a variety of
signals, including cytokines (TNF-α and IL-1β), oxidative stress,
growth factors, and Toll-like receptor agonists. Elevated plasma
levels and genetic polymorphisms influencing expression have
been associated with several disease processes [10], including car-
diovascular disease, in which CCL2 recruits monocytes that be-
come lipid-laden foam cells at sites of atherosclerotic plaque [6].
CCL2 levels have also been associated with neuronal degenera-
tion, inflammatory bowel disease, asthma, and nephropathy [10].

In HIV-1 infection, the dual roles of CCL2 as both critical in
pathogen responses [11] and detrimental through promoting
inflammatory disease [12] are recapitulated. Genotypic variants
that increase expression of CCL2 are associated with resistance
to HIV-1 infection. However, once HIV-1 infection is estab-
lished, an elevated CCL2 level may contribute to inflammatory
sequelae and has been linked to elevated coronary artery

calcium scores [13]. The increased levels of CCL2 described
in this cohort suggest that elevated levels may be contributing
to morbidity and inflammatory pathology in aging patients.

The data from this cohort also suggest that the stimulus for
CCL2 production may be an ongoing inflammatory response to
microbial translocation. In contrast to previous studies with
healthy populations with a more divergent age range [14], the
innate functional capacity was comparable between our 2 age
strata. Thus, the difference in CCL2 level appears to be most
likely related to responses to an ongoing inflammatory stimulus,
rather than baseline cellular dysfunction. These inflammatory
stimuli may include residual HIV-1, coinfecting pathogens
(eg, CMV or herpes simplex virus), or products of microbial
translocation (eg, LPS), the latter of which shows significant dif-
ferences even with the relatively narrow age spread in this co-
hort and offers a potential intervention point [15]. The weak
association noted in this cohort between age and upper quartile
values of ca-RNA, despite the lack of association with proviral
DNA, raises the possibility that, in older individuals, there is less
efficient control of integrated HIV-1 DNA and will be explored
in future studies.

In summary, we identified higher plasma CCL2 levels in
HIV-1–infected individuals aged ≥50 years, compared with lev-
els in those ≤35 years of age. These increases were greater than
those expected due to aging alone and were accompanied by in-
creased levels of LPS and sCD14. This occurred despite similar

Figure 2. Relationship of age and human immunodeficiency virus type 1 (HIV-1) infection to plasma markers of inflammation and microbial translocation. Plasma samples
from the 2 groups of HIV-1–infected individuals (n = 44) and 2 groups of uninfected control subjects aged ≤35 years or ≥50 years (n = 45), were assessed for levels of CCL2,
soluble CD14 (sCD14), and sCD163 (all by enzyme-linked immunosorbent assay). Median values and quartiles were determined for each analyte across the entire cohort. Data
were analyzed to determine the odds ratio (OR) for values of each analyte in the upper quartile by contingency table for age. Overall, regardless of HIV status, individuals ≥50
years old had increased ORs for upper quartile values of CCL2 and sCD14 (OR for both analytes, 3.467; 95% confidence interval, 1.210–9.930; P = .0169, by the χ2 test; A).
Analysis of uninfected subjects separately demonstrated no significant association of age with upper quartile values of any of the 3 analyte (B). HIV-1–infected individuals ≥50
years old maintained a higher OR for upper quartile values of sCD14 (OR, 4.125; 95% CI, 1.061–16.04; P = .0350, by the χ2 test; C ).
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immune cellular phenotypes and function. Given the multiple
pathways leading to CCL2 production, further work is neces-
sary to dissect which stimuli are the primary mediators of in-
creased expression. The identification of early measurable
changes in plasma markers prior to detectable cellular signs
of functional impairment has important clinical implications.
Identifying individuals with this early signature could potential-
ly direct interventions aimed at disrupting the pathways leading
to non–AIDS-related morbidity.

Supplementary Data
Supplementary materials are available at http://jid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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