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Background.  Both aging and treated human immunodeficiency virus (HIV)-infected populations exhibit low-level chronic 
immune activation of unknown etiology, which correlates with morbidity and mortality. Cytomegalovirus (CMV) infection is com-
mon in both populations, but its relation to immune activation is unknown.

Methods.  T cells from men who have sex with men (22 virologically suppressed HIV+, 20 HIV−) were stimulated with peptides 
spanning 19 CMV open reading frames, and intracellular cytokine responses were assessed. Soluble and cellular inflammatory mark-
ers were assessed by multiplex electrochemiluminescence and flow cytometry, respectively. Frailty was assessed by the Fried criteria.

Results.  All men had responses to CMV. Proportions of CMV-responsive T cells correlated strongly (r ≥ 0.6 or ≤ −0.6; P < .05) 
with immunologic markers, depending on donor HIV and frailty status. Markers significantly correlated in some groups after adjust-
ment for multiple comparisons included interferon-γ, tumor necrosis factor-α, interleukin-6, and several chemokines in serum, and 
the proportion of activated T cells. The magnitude of the CD4 IL-2 response significantly predicted onset of frailty in HIV− nonfrail 
men, but not in HIV+ nonfrail men.

Conclusions.  T-cell responses to CMV may strongly influence chronic immune activation in HIV-uninfected and virologically 
suppressed HIV-infected men, and may predict frailty in HIV-uninfected men.
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Chronic inflammation and immune activation may play a sig-
nificant role in the pathogenesis of age-related morbidity in 
both human immunodeficiency virus (HIV)-infected (HIV+) 
and HIV-uninfected (HIV−) populations. Circulating con-
centrations of inflammatory mediators, such as interleukin 
6 (IL-6) and C-reactive protein (CRP), increase with age and 
independently predict the onset of important age-related con-
ditions such as cardiovascular disease, osteoporosis, and frailty 
[1]. People with treated, virologically suppressed HIV infection 
demonstrate higher levels of inflammation and immune acti-
vation [2, 3], and have earlier occurrence of frailty and other 
common age-related outcomes, than similar HIV-uninfected 

individuals. These differences may be partly due to a higher 
prevalence of comorbidities and harmful behaviors [4–6], but 
the actual mechanisms are poorly understood.

Chronic cytomegalovirus (CMV) infection has long been sus-
pected to contribute to age-related declines in immunity. CMV 
seroprevalence increases with age [7], and is accompanied by a 
skewing of the T-cell repertoire towards CMV antigens (often 
comprising 10% or more of the T-cell pool) [8–10]. This can result 
in a net shrinking of the T-cell pool and compromised immune 
function [11, 12]. CMV-seropositivity is also associated with a 
higher risk of age-related conditions such as frailty, and with mor-
tality [13–18]. Like the older general adult population, people with 
or at risk for HIV infection have an extremely high CMV sero-
prevalence and strong T-cell responses to CMV antigens [19]. In 
addition, we have shown that HIV+ men have a higher prevalence 
of frailty at earlier ages than similar HIV− men [4]. Despite these 
data, it remains unclear how, or if, chronic CMV infection affects 
the aging process in populations with or without HIV infection. 
In particular, although the cellular immune response to CMV 
is known to be unusually large and broad, the relation of this 
response to chronic immune activation has not been well studied.

We hypothesized that increased CMV-specific T-cell responses 
could contribute to chronic inflammation and immune activa-
tion, and thus to frailty, in both HIV− and virologically sup-
pressed HIV+ people. To explore this hypothesis, we studied the 
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relationships among T-cell cytokine responses to a large panel of 
CMV antigens, serologic and cellular markers of systemic inflam-
mation and immune activation, and frailty in HIV+ and HIV− 
men followed in the Multicenter AIDS Cohort Study (MACS).

METHODS

Study Population and Clinical Data

The MACS has followed HIV+ and HIV− men semiannually 
since 1984 [20, 21]. At each study visit, men fill out question-
naires covering medical history, undergo a brief physical exam-
ination, and provide whole blood for hematology and serology, 
and for storage of plasma, serum, and viable peripheral blood 
mononuclear cells (PBMCs). Plasma HIV RNA concentrations 
were measured by the Roche Taqman assay (sensitive to 20 
copies/mL), and CD4 and CD8 T-cell subsets by standardized 
flow cytometry [22, 23]. Since 2007, the Fried Frailty Phenotype 
(FFP) [24] has been assessed at each study visit [4]. Briefly, this 
phenotype is present when 3 or more of 5 criteria are expressed: 
slow walking speed, low grip strength, exhaustion, low physical 
activity, and weight loss [24].

The present study included 42 men (20 HIV−, 22 HIV+) at 
the Baltimore-Washington, DC MACS site who had: (1) known 
frailty status and (2) stored serum and viable PBMCs available 
for study. To minimize misclassification, frailty was defined as 
expression of the FFP at 2 consecutive study visits, and non-
frailty as its nonexpression at 2 consecutive visits. To eliminate 
the effect of HIV viremia, only HIV+ men with undetectable 
viremia receiving combination antiretroviral therapy (cART) 
were included. To avoid depletion of the specimen repository, 
men with the greatest numbers of stored vials of serum and 
PBMC were selected for study. Of 23 HIV− men who met the 
definition of frailty, 22 had adequate PBMC for study and 10 of 
these were selected for study. For HIV+ men, the corresponding 
figures were 26, 19, and 11. Chronic or acute medical conditions 
were assessed based on questionnaire and medical records.

Assessment of T-Cell Characteristics and Responses to CMV

As described [25], cryopreserved PBMCs were thawed, washed, 
cultured overnight, and stimulated for 6 hours with 1 of 26 pools 
of overlapping 15-mer peptides covering 19 CMV open read-
ing frames (ORFs): unique long (UL) 28, 32, 36, 48, 55, 82, 83, 
86, 94, 99, 103, 122, 123, 151, and 153; and unique short (US) 3, 
24, 29, and 32); all graciously provided by Dr. Louis Picker [8]. 
Cultures included costimulatory monoclonal anti-CD28 and 
anti-CD49d (BD Biosciences, San Jose, CA) and, for the final 5 
hours of incubation, brefeldin A (Sigma Aldrich, St. Louis, MO). 
Staphylococcal enterotoxin B and no antigen were used as pos-
itive and negative controls, respectively. Cells were stored over-
night at 4°C, washed with phosphate-buffered saline (PBS), and 
stained with LIVE/DEAD Fixable Aqua Dead Cell (Invitrogen, 
Eugene, OR), then fixed, permeabilized, and stained for 45 
minutes with premixed monoclonal antibodies (anti-human 

interferon γ [IFN-γ]–fluorescein isothiocyanate [FITC], CD69-
phycoerythrin [PE], CD8-peridinin chlorophyll-Cy5.5, and 
CD3-allophycocyanin), as well as antibodies to interleukin 2 
(IL-2)–PE-Cy7, tumor necrosis factor-α (TNF-α)–Alexa Fluor 
700, and CD4-V450 (all antibodies, including isotype controls, 
from BD Biosciences). Samples were analyzed on an LSRII flow 
cytometer (BD Biosciences), using FACSDiva software, V.  6.13 
(BD Biosciences). CD3+/CD4+ and CD3+/CD8+ cells express-
ing CD69 and IFN-γ, TNF-α, and/or IL-2 were quantified using 
FlowJo software (Tree-Star, Ashland, OR). A response of stimu-
lated cells that was ≥0.1% above staining with fluorescence-mi-
nus-one (FMO) controls was considered a positive response. 
Activated T cells were assessed by staining an aliquot of thawed 
PBMC with antibodies to CD38 and HLA-DR (BD Biosciences) 
and defined as cell expressing both markers.

Measurement of Serologic Inflammatory Markers

Serum levels of 15 inflammation-regulating cytokines and 
chemokines (IL-1β, IL-2, IL-6, IL-8, IL-10, IL-12p70, IFN-γ,  
TNF-α, GM-CSF, CCL2/MCP-1, CCL4/MIP-1β, CCL11/
eotaxin, CCL13/MCP-4, CCL17/TARC, CXCL8/IL-8, CDL22 
[MDC], CCL26 [eotaxin-3], CCL3 [MIP-1α], and CXCL10/
IP-10) were measured by multiplex electrochemiluminescence 
(MSD, Gaithersburg, MD) on stored serum as described [26]. 
CRP was measured using high-sensitivity nephelometry (Quest 
Laboratories, Chantilly, VA).

Statistical Analysis

Summary statistics were described for the study population as 
a whole and for subgroups defined by HIV status (+/−), frailty 
status (+/−), or both HIV and frailty status (−/−, +/−, −/+, and 
+/+). Significance of differences between groups was assessed 
by Wilcoxon Rank-sum test or Fisher’s exact test, as appro-
priate. Associations between the 9 T-cell responses and the 14 
inflammatory biomarkers detected in all donors were assessed 
by Spearman’s rank correlation coefficients for the 4 subgroups 
defined by HIV and frailty status. Correlations of 0.6 or greater 
in absolute magnitude were considered strong, and those with 
P  ≤  .05 were considered significant. When at least 1 of the 2 
frailty groups had a significant correlation, we applied Fisher’s 
z transformation to formally test whether correlations differed 
significantly by frailty status, after stratifying by HIV serostatus.

The Benjamini-Hochberg procedure [27] was used to account 
for multiple tests within each HIV/frailty stratum by controlling 
the false discovery rate. Because total T-cell responses are sums, 
and thus correlates, of CD4- and CD8-specific responses, the 3 
total T-cell responses were adjusted separately from the 6 CD4- 
and CD8-specific responses. For Spearman correlation coeffi-
cients, we controlled the false discovery rate at 20% due to the 
exploratory nature of this analysis and correlations among the 
variables. For Fisher’s z transformation, we chose a lower false 
discovery rate, 5%, because we targeted only significant correla-
tions, which reduced the total number of tests.
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To explore the relationship between CMV T-cell response and 
future development of the frailty phenotype, we categorized the 
CD4-specific IL-2 response into tertiles; we then compared the 
top tertile to the 2 lower tertiles for time to first occurrence of 
the frailty phenotype, by Kaplan-Meier estimators and the non-
parametric log-rank test, after stratifying by HIV serostatus. We 
also compared these 2 groups for the proportion of follow-up 
visits per individual that manifested the frailty phenotype, using 
the Wilcoxon rank-sum test.

RESULTS

Study Population

Demographic and clinical characteristics of the 42 men 
included in the study are summarized in Table 1. The median 
age of all study participants was 61  years; HIV− men were 
slightly older than the HIV+ men (P = .03) and had significantly 
higher CD4 and lower CD8 T-cell counts. By design, all HIV+ 
men had undetectable HIV viral loads. All men for whom sero-
logical data were available were CMV-seropositive. The HIV+ 
and HIV− men did not differ significantly in educational level, 
titer of anti-CMV IgG antibody, and prevalence of hepatitis C 
virus (HCV) infection, although the latter was more common 

in HIV+ men. Other clinical conditions, aside from history of 
AIDS, also did not differ by HIV status (data not shown).

Measures of Systemic Inflammation

Most cytokines and all chemokines tested were detectable in 
the serum of all subjects studied. The data are summarized in 
Table 2. For the cytokines (Table 2), TNF-α concentrations were 
significantly higher in HIV+ than HIV− men, and IL-6 levels 
were significantly higher in frail men than in nonfrail men, both 
overall and within HIV− and HIV+ men. Other cytokines did 
not differ significantly by any stratification by HIV or frailty 
status. For chemokines (Table 2), no significant differences were 
present. CRP levels (Table 2) were significantly higher in frail 
men than in nonfrail men, both overall and within each HIV 
serostatus group.

T-Cell Responses to CMV

All men exhibited positive CD4 and CD8 T-cell responses to 
the panel of CMV peptide pools. Consistent with our previous 
report on a subgroup of these subjects [25], percentages of T 
cells producing IFN-γ and TNF-α were generally similar and 
were greater than percentages producing IL-2, and CD8 T-cell 
responses were greater than those of CD4 T cells, except for 

Table 1.  Demographic Characteristics of the Men Studied (N = 42)

Variable

Total HIV Status

(N = 42) HIV+ (n = 22) HIV− (n = 20)

P*Median IQR Median IQR Median IQR

Age, y 61 9 58 10 63 7 .0310

Education, y 16 4 16 2 16 4 .5082

CD4 /μL 1038 551 715 612 1139 301 .0044

CD8 /μL 800 721 1167 648 604 217 .0002

HCV 7 6 1 .096

Ethnicity

  White 33 16 17 .46

  Black 9 6 3

Smoking

  Current 9 7 2 .25

  Former 18 8 10

  Never smoked 15 7 8

Depressive symptoms 14 7 7 1.0

Hypertension 28 13 15 .34

Diabetes 9 3 6 .44

Dyslipidemia 31 16 15 1.0

Kidney disease 3 3 .23

Liver disease 6 5 1 .18

Nadir CD4 /μL 288 157

CD4/CD8 ratio 0.82 0.47

Years of cART 17 5

Years untreated 12 7

HIV RNA (copies/mL) 40 n/a

History of AIDS 4 4

Abbreviations: cART, combination antiretroviral therapy; IQR, interquartile range; HIV+, human immunodeficiency virus infected; HIV−, HIV-uninfected; n/a, not applicable.
aP value comparing HIV+ and HIV− subjects.
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IL-2 responses (Supplementary Table 1); overall responses did 
not differ significantly by HIV status or frailty status (data not 
shown).

Correlations Between Systemic Inflammatory Markers and T-Cell 

Responses to CMV

Correlations between inflammatory markers and the sum of 
all T-cell responses to the 19 CMV ORF pools were analyzed 
either: (1) among the entire study population; or with the pop-
ulation stratified by (2) HIV status alone or frailty status alone 
or (3) both HIV status and frailty status. Age distributions were 
similar by HIV status within all groupings (data not shown). 
Analyses were performed for each cytokine response (IFN-γ, 
TNF-α, and IL-2) and for each T-cell subset (CD4 or CD8). 
Here, we present only correlations that were strong (r ≥ 0.6 or ≤ 
−0.6) and statistically significant (P < .05).

The overall study population exhibited no strong and sig-
nificant correlations. After stratification by HIV status or by 
frailty status, the CD8 IL-2 response was strongly correlated 
with serum IL-8 concentration among HIV− men (r  =  0.63, 
P = .0031), and the total IFN-γ response (CD4 + CD8) with the 
percentage of activated CD4 T cells among HIV+ men (r = 0.60, 
P =  .0043). Nonfrail men showed strong correlations between 
the CD8 IFN-γ response and serum IL-8 levels (r  =  0.64, 
P  =  .0017) and the CD8 TNF-α response and serum MIP-1β 
(r = 0.60, P = .0043). The last 3 of these correlations were signif-
icant after adjustment for multiple comparisons.

In contrast, after stratification by both HIV status and 
frailty status, 41 strong and significant correlations between 
CMV responses and measures of systemic inflammation were 
present, as shown in Table  3 (P values for correlations are in 
Supplementary Table 2). These differed for the different HIV-
frailty groups, as follows:

•	 HIV−/nonfrail (n = 10 men): Seven correlations were strong 
and significant. All were with CD8 T-cell responses, and all 
were negative correlations with chemokines. The strongest 
was between the CD8 IL-2 response and IL-8 (r = −0.75). None 
was significant after adjustment for multiple comparisons.

•	 HIV+/nonfrail (n = 11): Seventeen correlations were strong 
and significant; again 3 were between CD8 responses and 
chemokines and were negative. However, 7 were between 
both CD4 and CD8 T-cell responses and activated T cells 
(both CD4 and CD8) and were positive; of these, correlations 
between the total T-cell response (IFN-γ and TNF-α) and 
activated CD4 T cells remained significant after adjustment 
for multiple comparisons. Positive correlations were also 
present with TNF-α, IL-6, and IFN-γ cytokines associated 
with the presence or onset of frailty.

•	 HIV−/frail (n  =  10): Fifteen strong and significant correla-
tions were present. Again, most were negative correlations 
with serum chemokine levels, but positive correlations with 

serum IFN-γ were present and remained significant for the 
total IFN-γ and TNF-α responses, after adjustment for multi-
ple comparisons.

•	 HIV+/frail (n  =  11): this group had only 2 strong and sig-
nificant correlations: between the CD4 TNF-α response and 
activated CD4 T cells (r = 0.66), and between the CD8 TNF-α 
response and serum CRP (r = 0.62).

Differences in Correlations by Frailty Status

For T-cell responses that exhibited a strong correlation within 
an HIV-frailty category, we tested whether the correlations dif-
fered by frailty status. As shown in Table 3, of 20 such compar-
isons, 6 were statistically significant (P < .05), and 1 remained 
significant after adjustment for multiple comparisons (namely, 
the differences in correlation between the total [CD4+CD8] 
T-cell IFN-γ response and MDC concentration in HIV− frail 
men).

Exploratory Analysis of the Relationship Between T-Cell Responses to 

CMV and Development of Frailty

Given the strong correlation observed between the CD4 IL-2 re-
sponse and serum IL-6 in the HIV+/nonfrail subgroup, and the 
fact that IL-6 is a predictor of frailty [1], we asked whether the 
CD4 IL-2 response could predict the onset of frailty in nonfrail 
men. Table 4 shows the CD4 IL-2 responses and follow-up of 
the nonfrail men. The overall median follow-up was 12 study 
visits. As shown in Figure 1, the highest tertile of the CD4 IL2 
response had significantly faster onset of frailty than the lower 
2 tertiles for HIV− men, but not for HIV+ men. Proportions of 
follow-up visits exhibiting the frailty phenotype showed the 
same pattern: median 30% (top tertile) versus 0% (lower 2 ter-
tiles) for the HIV− men (P = .03 by Wilcoxon rank-sum test), 
and 0% versus 11%, respectively (P =  .16), for the HIV+ men. 
Interestingly, the HIV+ nonfrail men in the lowest tertile of the 
CD4 IL2 response exhibited the greatest development of frailty, 
but this was not statistically significant.

DISCUSSION

This study investigated the relationship between chronic 
immune activation and T-cell responses to CMV, using a panel 
of CMV antigens that captures most of the large and com-
plex T-cell response to CMV. We studied this broad panel for 
2 reasons. First, CMV-specific T-cell responses vary greatly 
depending on the antigens used in both healthy donors [8, 25] 
and HIV+ men [25]. Secondly, although many studies have 
measured responses to CMV pp65 and/or IE-1, most CMV-
responsive T cells recognize other CMV components [8, 25].

For the most part, strong correlations between CMV responses 
and systemic inflammatory markers were not present in groups 
stratified by HIV status alone or frailty status alone, but rather 
in groups stratified by both variables, especially in nonfrail men 

http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiy005/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiy005/-/DC1
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and HIV− frail men. Significant correlations were observed with 
both CD4 and CD8 T-cell responses. Correlations with inflam-
matory markers such as IFN-γ, IL-6, TARC, and activated T 
cells (both CD4 and CD8) were generally positive, while those 
with chemokines were generally negative. The correlations in the 
nonfrail men were not affected by HCV because only 1 nonfrail 
man in this study had HCV infection. It is possible that HCV 
affected immune activation in the HIV+ men in this study, but 
that hypothesis requires analysis of many more donors.

We found that nonfrail HIV− men in the highest tertile of 
CD4 IL-2 responses to CMV were significantly more likely to 
develop frailty during a median of 6  years of follow-up than 
similar men in the lower 2 tertiles. This finding is clearly pre-
liminary, being based on only 10 men, but it resembles the 
higher incidence of frailty in people in the highest quartile of 
serum IL-6 reported by Harris et al [1] and supports the testable 
hypothesis that high CMV-induced CD4 T-cell production of 
IL-2 predicts onset of frailty in HIV− nonfrail men. This study 

Table  4.  Development of Frailty in Human Immunodeficiency Virus HIV-Uninfected (HIV−) and HIV-Infected (HIV+) Nonfrail Men Followed After 
Measurement of Cytomegalovirus (CMV)-Induced IL-2-Producing CD4 T Cells

IDa HIV Status
Total CD4 IL-2 Response  

(% of CD4 T Cells) Number of Follow-up Visitsb

Follow-up Visits with Fried 
Frailty Phenotype

Number Percent

1 Negative 0.05 12 1 8.3%

2 0.20 12 1 8.3%

3 0.43 10 0 0%

4 0.96 9 0 0%

5 1.30 10 0 0%

6 2.27 14 4 28.6%

7 2.50 12 0 0%

8 3.62 13 4 30.8%

9 4.65 13 2 15.4%

10 5.15 12 4 33.3%

11 Positive 0.27 9 5 55.6%

12 0.56 13 0 0%

13 0.64 13 3 23.1%

14 0.90 12 2 16.7%

15 0.93 10 0 0%

16 1.23 9 1 11.1%

17 1.30 12 1 8.3%

18 2.72 14 1 7.1%

19 3.95 13 0 0%

20 4.23 3 0 0%

aIdentifiers (IDs) are ranked in ascending order of the percentage of CD4 T cells that produced IL-2 in response to stimulation with CMV antigens.
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Figure 1.  Unadjusted Kaplan-Meier survival curves showing the proportions remaining frailty-free among individuals with summed CD4 T-cell IL-2 response in the upper tertile 
(>2.5%, dashed lines) and in the bottom two tertiles (≤2.5%, solid lines). Data are presented separately for HIV-uninfected (HIV-) nonfrail men (left) and HIV-infected (HIV+) nonfrail 
men (right). The P-values obtained from log-rank tests are shown. Hash marks and the numbers above indicate censoring times and the numbers of individuals lost, respectively.
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did not support such a relationship in HIV+ men. In both HIV− 
and HIV+ men, serum CRP was much higher in frail than non-
frail men, and the same was true for IL-6, though to a lesser 
extent. These data are consistent with previous studies in the 
MACS [28, 29] and in the HIV− older adult population [30–33].

Relationships between CMV T-cell responses and chronic 
immune activation were scarcer in HIV+ frail men than in the 
other groups of men, with only 2 strong and significant cor-
relations, both involving the TNF-α response. This may reflect 
immunological dysfunction or dysregulation that has occurred 
with the onset of frailty in HIV+ men.

This study has several limitations. We did not test T-cell 
responses to all CMV ORFs, which number in the hundreds [34]. 
Although the panel used was the most extensive tested to date 
for correlation with chronic immune activation, and correlated 
highly (r > 0.9) with the total response to all known CMV anti-
gens in healthy donors aged 18–55 [8], such correlation could 
be different in older, HIV+, and/or frail donors. Similarly, we 
did not test all known markers of chronic immune activation. 
However, the markers studied include many of the most exten-
sively studied soluble inflammatory mediators, as well as cellular 
activation markers. The sample size was relatively small, due to 
the complexity and expense of the studies conducted, but even 
so strong correlations were present, and about one-third of these 
remained significant after adjustment for multiple comparisons. 
Clearly, studies with larger sample size and longer follow-up 
would be beneficial. The men studied were not formally con-
firmed as CMV-seropositive, but almost certainly were, because 
they all responded immunologically to CMV antigens. We did 
not assess CMV DNA in plasma, because this is rarely present 
in people who are not immunocompromised ([35], and unpub-
lished MACS data). Because no CMV-seronegative people were 
studied, the study sheds no light on development of frailty in such 
people.

Another possible limitation of the study is in the correction 
for multiple comparisons. Correcting for multiple comparisons 
may increase the likelihood of false-negative results [27], which 
would be undesirable given the high cost and labor-intensive-
ness of the tests we conducted. Our count of the number of 
independent tests was conservative, because many of the T-cell 
responses measured were strongly correlated with each other, 
as were the inflammatory markers. To take this into account, 
we allowed a somewhat liberal false discovery proportion of 
0.2 in adjusting for the number of comparisons among these 
variables. It is difficult to determine if we have balanced these 
conflicting tendencies accurately. However, it is likely that com-
parisons that were significant after the adjustments performed 
are biologically meaningful, at least as a basis for hypothesis 
generation. It should also be noted that many of the correla-
tions observed, in addition to being strong (≥0.6 in absolute 
magnitude), exhibited patterns of correlation that were con-
sistent across many inflammatory biomarkers, for example 

positive correlations with proinflammatory markers and acti-
vated T cells, and negative correlations with chemokines. This 
suggests that these correlations are not random false-positive 
findings. Nevertheless, the possibility of false-positive findings 
has not been excluded, and, again, the present findings require 
confirmation.

Because of its cross-sectional design, the present study can-
not address whether the correlations observed between CMV 
responses and immune activation reflect a causative role for 
CMV responses. An interpretation of these correlations, which 
has not been excluded, is that larger T-cell responses to CMV 
could be a result, rather than a cause, of immune activation. In 
this connection, there is evidence that inflammation can foster 
reactivation of latent CMV [36] and that CMV replicates better 
in activated than in resting myeloid cells [37, 38]. Longitudinal 
studies will be needed to address this question.

Given the many diseases that have been linked to chronic 
immune activation, including frailty and other manifesta-
tions of aging, understanding the etiology and mechanisms of 
age-related inflammation increases in importance as both the 
HIV− and HIV+ populations age and the prevalence of frailty 
increases in both populations. The results from this study sug-
gest that both CMV and frailty status should be taken into 
account in studies of age-related inflammation. One study of 
short-term suppression of CMV infection with valganciclovir in 
men with advanced HIV infection led to significant reductions 
in activated T cells [39]; however, this is not necessarily gen-
eralizable to the larger population of virologically suppressed 
HIV+ people treated at earlier stages of HIV infection, as is now 
common, or to the general population.

Much of what we know about chronic CMV infection and 
the immune response to it is very narrow in scope, with sparse 
data on responses to most CMV antigens and the in vivo distri-
bution and form of CMV infection in different organ or tissue 
compartments [40] and at different ages [41]. Studies that ad-
equately address the complexity of chronic CMV infection in 
both HIV− populations and populations of HIV+ people treated 
effectively at early stages of HIV infection are therefore needed 
to understand the role of chronic CMV infection in the inflam-
mation of aging and its health consequences.
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