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Abstract Human cytomegalovirus (hCMV) is a 
ubiquitous latent persistent herpesvirus infecting 
60–90% of the population worldwide. hCMV carriage 
in immunocompetent people is asymptomatic; thus, 
hCMV can be considered a component of normative 
aging. However, hCMV powerfully modulates many 
features of the immune, and likely other, systems and 
organs. Questions remain as to how hCMV carriage 
affects the human host. We used anti-CMV antibody 

titers as a stratifying criterion to examine the impact 
of “intensity” of hCMV infection as a potential bio-
marker of aging, inflammation, and immune homeo-
stasis in a cohort of 247 participants stratified into 
younger (21–40 years) and older (> 65 years of age) 
groups. We showed that anti-CMV antibody titers 
increased with age and directly correlated to increased 
levels of soluble tumor necrosis factor (sTNFR) I in 
younger but not older participants. CD8 + cell num-
bers were reduced in the older group due to the loss 
in CD8 + T naïve (Tn) cells. In CMV carriers and, 
in particular, in anti-CMV Ab-high participants, this 
loss was mitigated or reversed by an increase in the 
numbers of CD8 + T effector memory (Tem) and 
T effector memory reexpressing CD45RA (Temra) 
cells. Analysis of CD38, HLA-DR, and CD57 expres-
sion revealed subset (CD4 or CD8)-specific changes 
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that correlated with anti-CMV Ab levels. In addition, 
anti-CMV Ab levels predicted anti-CMV CD8 T cell 
responsiveness to different CMV open reading frames 
(ORFs) selectively in older participants, which cor-
related to the transcriptional order of expression of 
specific CMV ORFs. Implications of these results for 
the potential predictive value of anti-CMV Ab titers 
during aging are discussed.

Keywords CMV · Immune aging · Immune profiles

Introduction

Human cytomegalovirus (hCMV) is one of the most 
ubiquitous persistent and latent microbial pathogens 
in the human population [1]. hCMV infects 40–100%, 
of the human population, with the prevalence increas-
ing with age, worse socioeconomic status, and worse 
hygienic conditions. Even in the industrial countries, 
the older population, defined as those > 65  years of 
age, are > 70% infected with this virus [2]. The major 
characteristics of hCMV lifecycle are persistence with 
cycles of reactivation from latency over the course of 
a lifespan of its host. While hCMV has the poten-
tial to cause severe disease in immunocompromised 
hosts, including the developing fetus and those with 
innate or acquired immunodeficiencies [3–5], immu-
nocompetent hosts are known to live long lives with 
hCMV and no apparent virus-related pathology mak-
ing hCMV acquisition a part of the normative aging 
process in most humans [6]. hCMV is one of the mas-
ter evaders of the immune system [7], and is known 
to modulate many parameters of systemic immunity 
more than any other known microbial pathogen [8]. 
Whether lifelong carriage of hCMV is detrimental 
to the host or not is a matter of considerable debate. 
In some studies, hCMV was connected to manifesta-
tions ranging from overall reduction in longevity [9], 
to type 2 diabetes [10], cardiovascular disease (CVD) 

[11, 12], immune aging [13], and other deleterious 
effects. Other studies, however, failed to substantiate 
this relationship [14, 15], including the large longitu-
dinal studies that found little evidence for the asso-
ciation between hCMV and human chronic diseases 
typically associated with aging [2]. Moreover, stud-
ies in humans [16] and mice [17, 18] documented 
that CMV exhibits features of commensalism with 
its mammalian host to the effect of increasing host 
resistance to other infections via both innate [17] and 
adaptive [18] immune mechanisms.

Regardless of the net effect of hCMV on human 
health, there is no doubt that all CMVs, including 
hCMV, are powerful modulators of the immune sys-
tem. Early studies examining immunodominance 
and epitope-specific responses to hCMV [19, 20] 
documented an exceptional breadth and intensity of 
anti-CMV CD8 T cell responses to the point that in 
certain humans, CMV responses occupied 50% or 
more of the entire T cell memory compartment [20]. 
Subsequently, in a landmark study of human monozy-
gotic twins, Brodin and colleagues found that CMV 
singlehandedly modulated 58% out of > 130 cellular, 
signaling, and soluble parameters of immunity [8]. Of 
interest, there is considerable heterogeneity in human 
immune responses against hCMV, which raises the 
possibility that different individuals may be dealing 
with different loads of the virus at primary infec-
tion or with different frequencies of reactivations or 
reinfections, all of which could determine both their 
response to hCMV and the impact of hCMV on their 
health. If so, there may simply be different levels of 
“total lifetime hCMV load/exposure” in different 
individuals that individually, or with other stressors, 
may predispose a subset of people carrying hCMV to 
adverse outcomes. Questions remain on (i) whether 
and to what extent relations exist between “total 
hCMV load/exposure” and adverse outcomes; (ii) 
whether hCMV-mediated immune modulation cor-
relates with chronological aging; and, perhaps more 
of practical value, (iii) whether the immune response 
against hCMV could be used as a biomarker of gen-
eral, inflammatory, and/or immune aging.

With regard to the last question, levels of anti-
CMV antibodies may provide a simple and straight-
forward surrogate to potentially quantify and describe 
the host’s reactivity to CMV and perhaps a proxy bio-
marker for immune, inflammatory, or general aging. 
Different studies performed with anti-CMV antibody 
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titers so far have obtained different results in different 
populations of older adults. For example, Adriaensen 
et al. [21] found that low levels of anti-CMV antibod-
ies and of differentiated T cells in the very old have 
correlated to poor health. By contrast, Vescovini et al. 
[22] described a positive association between high 
levels of anti-CMV Ab and anti-CMV CD4 responses 
and impaired health and cognitive status. Li et  al. 
[23], in a small cohort of 15 females, found that nei-
ther Ab levels nor anti-CMV T cell levels changed 
over 12 years of follow-up and did not correlate with 
other immune or virological parameters. Lustig et al. 
[24] studied cytokines, telomere shortening, and 
anti-CMV antibodies and found no correlation with 
anti-CMV antibodies. Therefore, there are no defini-
tive, accepted findings on the predictive values and 
cosegregation of immune phenotypic traits with anti-
CMV Ab levels. Here, we sought to test in a larger 
study whether levels of antibodies can be used as a 
biomarker/proxy for overall immune profiles, hCMV 
immune, and overall inflammatory responses over the 
lifespan. We used quantitative measurements of total 
anti-CMV antibody (Ab) levels as a stratifying crite-
rion and asked whether stratification into anti-CMV 
Ab-negative, -low, or -high groups may be informa-
tive in predicting immune profiles, including levels 
of inflammation, and non-specific or hCMV-specific 
immunity in an age-sensitive manner. Our results 
demonstrate a nuanced but clearly stratified inflam-
matory and immune profiles in adults and, even more 
so, in older adults as a function of their anti-hCMV 
antibody status.

Materials and methods

Study subjects and blood samples

This study was approved by the Institutional Review 
Boards at the University of Arizona (Tucson, AZ; 
# 1,510,182,734) and the Oregon Health and Sci-
ence University (Portland, OR; # IRB00003007). 
Human samples were obtained from healthy donors, 
21–101  years of age, recruited at the OHSU or the 
University of Arizona. The younger group (also called 
younger adults or adults) was 21–40 years of age; the 
older group (older or older adults) was ≥ 65 years of 
age. Exclusion criteria included known immunosup-
pressive treatments, HIV infection, stroke, cancer, 

or use of steroids within the last 5 years. Blood was 
drawn into heparinized vacutainer tubes (BD Bio-
science, San Jose, CA, USA) and processed fresh to 
isolate peripheral blood mononuclear cells (PBMCs) 
and plasma. PBMCs were isolated using Ficoll-Paque 
(GE Healthcare, Chicago, IL, USA) density gradient 
media. PBMCs were viably cryopreserved using 90% 
fetal bovine serum (FBS)/10% DMSO. Some of the 
samples collected in Arizona were also processed and 
stored at the University of Arizona Health Sciences 
Biorepository. A parallel sample of whole blood was 
collected in K2-EDTA tubes to determine complete 
blood cell counts. The complete blood count (CBC) 
was determined by submitting samples to the Sonora 
Quest Laboratories (Phoenix, AZ).

Cytokine and chemokine measurements

Plasma cytokine and chemokine concentrations were 
measured as previously described [25] using cytokine 
bead array kits from Becton Dickinson. The sensi-
tivity for this assay is 10  pg/ml for most cytokines 
and chemokines measured. We measured IL-1, IL-6, 
IL-10, IL-17a, IFN-γ, TNF-α, soluble TNFR 1 and 2, 
RANTES, CXCL9 (MIG), CXCL10 (IP-10), MCP-1 
(CCL2), and IL-8.

Flow cytometry and T cell stimulation

Frozen PBMCs were thawed in RPMI medium sup-
plemented with 10% FBS, penicillin, and strep-
tomycin in the presence of DNase (Sigma, Saint 
Louis, MO), rested overnight in X-vivo medium 
(Lonza/Basel, Switzerland) supplemented with 5% 
human male AB serum. PBMCs were stained with 
anti-CD3-BV570, anti-CD4-BV750, anti-CD8b-
BV785, anti-CD28-PEDazzle594, anti-CD95-BV421, 
anti-CD57-APC, anti-CD38-PerCPCy5.5, anti-
HLA-DR-AF700, anti-CD56-BV650 (Biolegend), 
anti-CD45RA-APCE780 (eBioscience), anti-CCR7-
PECy7 (BD Bioscience), anti-CD16-FITC (Invitro-
gen), anti-NKG2C-PE (R&D systems), and Zombie 
aqua (Biolegend). FCM acquisition was performed 
on the BD Fortessa instrument, using DiVa acqui-
sition (BD Immunocytometry Systems, Mountain 
View, CA) and the FlowJo analysis software (Tree 
Star, Ashland, OR). Absolute CD4 and CD8 T cell 
numbers were calculated by multiplying the percent-
age by the total lymphocyte number determined from 
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the CBC described above. The subsets of T cells 
were defined as follows: naïve (Tn),  CD28intCD95lo; 
central memory (Tcm),  CD28hiCD95hi; total effec-
tor memory (Tem),  CD28lo or  CD28loCD95hi; Tem, 
 CD45RA− Tem; and Tem reexpressing CD45RA 
(Temra),  CD45RA+ Tem [26]. Gate for CD57 
expression was set by using a fluorescence minus 
one (FMO) control. NK cells were defined as 
 CD3−CD16+CD56+ and gate for NKG2C expression 
was set by using FMO control.

T cell stimulation was performed as previously 
described [27]. Briefly, PBMCs were stimulated with 
either PMA and ionomycin (cell stimulation cocktail, 
eBioscience), or with overlapping CMV IE1, or CMV 
pp65 peptide pools (15-mers overlapping by 9 amino 
acids, both from Miltenyi Biotec, San Diego, CA) 
for 3 h in the presence of Brefeldin A (eBioscience). 
Peptides were used according to the manufacturer’s 
instruction at approximately 1  µg/ml of each pep-
tide. After the simulations, the surface proteins were 
stained with anti-CD3-BV570, anti-CD4-BV650, and 
anti-CD8b-ECD. For intracellular staining, cells were 
fixed and permeabilized with BD Cytofix/Cytoperm 
solution kit (BD Bioscience) and incubated with anti-
IFN-γ-AF700 and anti-TNF-α-BV421 for 30  min at 
4  °C. FCM acquisition and analysis were performed 
as described as above.

Antibody titers against CMV

Ninety-six well microtiter plates, coated with inac-
tivated lysates of MRC-5 (diploid fibroblast) cells 
infected with CMV strain AD169, were obtained 
from EuroImmun (EI 2570–9601-G; Morris Plains, 
NJ). Serum samples with high immunofluorescence 
assay-scored antibody titers (i.e., 2560), obtained 
from prior studies, were used as the top standards for 
CMV as previously described [28]. Two-fold serial 
dilutions of the standards (2560, 1280, 640, 320, 
160, 80, 40, and 20) were made with PBS in separate 
tubes. One hundred microliters of positive and nega-
tive controls, standards, and diluted patient samples 
(all dilutions were at 1:101 with PBS) were pipetted 
in duplicate into individual microplate wells followed 
by a 30-min incubation (all steps were carried out at 
room temperature). The plates were then washed 3 
times with 350 µl wash buffer using an Embla micro-
plate washer (Molecular Devices, Menlo Park, CA). 
Next, 100 µl of enzyme conjugate (peroxidase-labeled 

anti-human IgG) was pipetted into the wells followed 
by another 30-min incubation period. The plates were 
then washed 3 times, and 100 µl of chromogen sub-
strate (TMB/H2O2) was pipetted into the wells. The 
plates were then covered to protect from direct light 
and incubated for 15 min. One hundred microliters of 
0.5 M sulfuric acid was added to each well to stop the 
reaction. Absorbance was then read at 450  nm (ref-
erence wavelength 620 nm) using a SpectraMax Plus 
384 (Molecular Devices). The values of the unknown 
samples were assigned in relation to the standard 
curve.

Neutralization antibody titer to CMV

Human foreskin fibroblast (HFF)-1 was purchased 
from ATCC (#SCRC-1041). HFF-1 cells were 
grown in complete DMEM (4.5  g glucose/L, 4  mM 
L-glutamine, 1  mM Sodium Pyruvate, 1X penicil-
lin/streptomycin, and 15% FBS). GFP-expressing 
hCMV virus (strain TB40E) was kindly provided by 
Dr. Felicia Goodrum (University of Arizona) [29]. 
Human plasma from each subject was diluted in com-
plete medium at 1:10, followed by two-fold dilutions 
5 times. The diluted plasma was then mixed with an 
equal volume of medium containing 800 infectious 
unit (IU) of virus and incubated for 2 h at room tem-
perature. HFF-1 monolayer in a 96-well plate was 
infected with half the amount of the plasma/virus 
mixture. No plasma control wells were infected with 
medium containing 400  IU of the virus. The plate 
was incubated in 37 °C  CO2 incubator for 48 h. The 
number of GFP-positive cells per field was counted 
by Cytation 5 (Biotek). The cut-off value was calcu-
lated as 20% of no plasma control, which represents 
80% reduction of the infection. The highest dilution 
rate, which exceeded 20% positive, was read as an 
80% neutralizing titer (NT80).

Statistics

The following statistical analyses were performed 
using R v4.2.1 and GraphPad Prism 8.0.2. Statisti-
cal significance was declared at the significance level 
of 5%. Descriptive statistics were calculated for the 
demographic characteristics by age groups in the 
full sample and the stimulation subset. Demograph-
ics were summarized using median and quartiles for 
continuous variables and frequency and percent for 
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categorical variables. Comparisons of anti-CMV 
antibody titers between age groups were assessed 
using two-sided Student’s t-tests. Based on anti-CMV 
antibody titers, each age group was divided into 3 
subgroups by CMV serostatus (negative; low, Ab 
titer ≤ 200; and high, Ab titer > 200). Trichotomiz-
ing Ab titers allows us to accommodate non-linear 
relationships between outcomes and Ab titers. The 
two-way analysis of variance (ANOVA) was con-
ducted to assess the interaction effects between age 
groups and CMV serostatus on each inflammatory 
and immune phenotype. For phenotypes that interac-
tion effects were found to be significant, correspond-
ing contrasts were tested for comparisons between 
age groups within each anti-CMV Ab group and 
comparisons between anti-CMV Ab groups within 
each age group. The main effects of age groups and 
anti-CMV Ab groups were reported for phenotypes 
without significant interaction effects. Holm’s method 
was used to adjust the p-values for comparing esti-
mated marginal means within each phenotype [30]. A 
value of p < 0.05 was deemed significant after Holm’s 
adjustment.

T cell stimulation analysis was done for a subset 
of 88 younger participants and 87 older participants 
due to the limit of sample availability. To obtain the 
subset for stimulation analysis, 28–31 subjects were 
randomly selected by age group in each CMV titer. 
To examine if demographic characteristics shifted 
after subsampling, we compared demographic vari-
ables between the selected subset and non-selected 
subset using Fisher’s exact test for categorical varia-
bles and Wilcoxon rank sum test for continuous varia-
bles. Nonnegligible differences in distributions of sex 
(p-value = 0.0014) and ethnicity (p-value = 0.0014) 
were detected in the older participants. Although dif-
ferences in age and race were statistically significant 
(p-values = 0.0452 and 0.0180), we found the size of 
the difference in age was negligible (median 72 vs 
73 in selected and non-selected respectively), and we 
believed the difference in race was caused by random 
varying in race categories that had very small counts. 
Therefore, we only adjusted for sex and ethnicity in 
subset analyses. The age group by CMV serosta-
tus interactions was evaluated by regression models 
adjusting for sex and ethnicity. Group comparisons 
were conducted following the previously described 
method. A p-value < 0.05 was deemed significant 
after Holm’s adjustment within each phenotype. The 

correlations between CMV Ab titer and percentages 
of cytokine-expressing cells were evaluated by Pear-
son correlation coefficients.

Results

Cohort description and stratification by anti-CMV 
antibody titers

To assess the interaction between CMV antibody titer 
and immune aging, we randomly selected commu-
nity-dwelling healthy study participants from Oregon 
and Arizona. Exclusion criteria comprised immuno-
suppressive conditions or therapy (including corti-
costeroid treatment within the last 5  years), stroke, 
cancer, or chemotherapy within the past 5 years. Age 
groups comprise 21–40  years (younger) and 65 and 
above (older participants). Based on anti-CMV anti-
body titers in plasma, each group was divided into 
3 subgroups by CMV serostatus. The first group 
consisted of CMV seronegative participants, with 
CMV antibodies (Ab) below the level of detection 
that made up 37.2% of younger participants and 
25.6% of older participants (Table  1; Fig.  1A, B). 
The other two groups were CMV Ab-low (detect-
able anti-CMV Ab titer ≤ 200) and CMV Ab-high 
(anti-CMV Ab titer > 200) (Fig.  1B). The thresh-
old of 200 was arbitrarily chosen between median 
titers of CMV + younger participants (titer, 170) and 
CMV + older participants (titer, 213). In the CMV 
seropositive populations, the mean anti-CMV Ab titer 
in older participants was significantly higher than in 
younger participants (p = 0.0133, Fig. 1B top panel). 
By contrast, neutralizing antibody levels against 
CMV in the same populations were not sensitive to 
age (p = 0.4025, Fig. 1B bottom panel).

To obtain better insight into the relationships 
between anti-CMV Ab titers and immunity or aging, 
we profiled numerous immune parameters with the 
three anti-CMV Ab-stratified categories of partici-
pants, further stratified by age.

Relation between anti-CMV antibody titers and 
inflammatory status across aging

Aging alone can be accompanied by a subclinical 
increase in pro-inflammatory mediators, including 
IL-6, CRP, and soluble TNF receptors, depending on 



4230 GeroScience (2024) 46:4225–4242

1 3
Vol:. (1234567890)

Table 1  Participants’ characteristics

* PMA stim and CMV stim experiment (Fig. 6) was performed on Stim Cohort only due to the limited sample availability

Overall Age 20–40 Age 65 + 

(n = 247) All (n = 122) Stim (n = 88)* All (n = 125) Stim (n = 87)*

Age, median (Q1, Q3) 65.0 (29.4, 72.2) 29.4 (25.0, 33.6) 29.0 (25.0, 33.0) 72.0 (69.0, 80.2) 71 (68.0, 76.0)
Sex, n (%)
  Female 139 (56.3%) 61 (50.0%) 41 (46.6%) 78 (62.4%) 46 (52.9%)
  Male 108 (43.7%) 61 (50.0%) 47 (53.4%) 47 (37.6%) 41 (47.1%)

Ethnicity, n (%)
  Hispanic or Latino 74 (30.1%) 46 (37.7%) 32 (36.4%) 28 (22.6%) 14 (16.1%)
  Not Hispanic or Latino 172 (69.9%) 76 (62.3%) 56 (63.6%) 96 (77.4%) 73 (83.9%)

Race, n (%)
  White 224 (91.1%) 106 (86.9%) 76 (86.4%) 118 (95.2%) 85 (97.7%)
  Black or African American 7 (2.8%) 5 (4.1%) 4 (4.5%) 2 (1.6%) 1 (1.1%)
  Asian 8 (3.3%) 7 (5.7%) 6 (6.8%) 1 (0.8%) 1 (1.1%)
  American Indian/Alaska Native 1 (0.4%) 1 (0.8%) 1 (1.1%) 0 (0%) 0 (0%)
  Pacific Islander 1 (0.4%) 1 (0.8%) 1 (1.1%) 0 (0%) 0 (0%)
  Other 5 (2.0%) 2 (1.6%) 0 (0%) 3 (2.4%) 0 (0%)

CMV antibody titer, n (%)
  Negative (< 20) 77 (31.3%) 45 (37.2%) 29 (33.0%) 32 (25.6%) 28 (32.2%)
  Low (20–199) 88 (35.8%) 45 (37.2%) 29 (33.0%) 43 (34.4%) 31 (35.6%)
  High (200–1865) 81 (32.9%) 31 (25.6%) 30 (34.1%) 50 (40.0%) 28(32.2%)

Fig. 1  Cohort stratification by age, CMV and EBV serostatus and anti-CMV antibody response magnitude in relation to expected 
relationship to CMV exposure and reactivation
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the cohort [31]. CMV reactivation is known to acti-
vate interferon responses that if intense enough, would 
further increase some pro-inflammatory mediators. 
To assess the relationships between aging and CMV 
seropositivity and Ab levels, we measured inflamma-
tory cytokines and chemokines in plasma and com-
pared the level of inflammatory markers between 
groups by CMV and age. Several cytokines were 
below detection levels (IL-2, IL-4, IL-10, IL-17A, 

IFN-γ, and TNF-α) in the majority of the samples 
and were not fitted for analysis (data not shown), 
Detectable inflammatory cytokines are shown in 
Fig.  2 CCL2 and TNF-α did not show any signifi-
cant differences between CMV serostatus groups 
regardless of age or between age groups in all CMV 
groups. CXCL9, CXCL10, IL-8, and sTNFRI levels 
in older participants were higher relative to younger 
counterparts (p-values: < 0.0001, 0.0008, 0.0002, 

Fig. 2  Effect of age and CMV serostatus on inflammatory 
markers in plasma. The interaction of age and CMV serosta-
tus for each inflammatory marker level in plasma is analyzed 
by ANOVA (inset table). Data are presented as mean ± SE. 
Black circle and line, age 21–40; red square and line, age 
65 + . Neg, anti-CMV antibody negative; low, anti-CMV anti-
body titer low; high, anti-CMV antibody titer high. Vertical 
double-head arrows (blue) represent the comparison between 

age groups regardless of CMV status and horizontal double-
head arrows (Green) represent the comparison between CMV 
groups regardless of age. p-values for group comparisons 
were adjusted by Holm’s method. Statistical significance 
between age groups is shown as #p < 0.05, ##p < 0.01, and 
###p < 0.001. Statistical significance between CMV groups is 
shown as *p < 0.05, **p < 0.01, and ***p < 0.001
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and < 0.0001, respectively) and were not affected by 
CMV status. RANTES was also higher in older par-
ticipants (p = 0.0201), but also showed a significant 
decline in the anti-CMV Ab-high titer group relative 
to the CMV-negative group (p = 0.0129). Conversely, 
IL-6 also exhibited differences by age, but these were 
pronounced in both younger and older participants 
with the increase in anti-CMV Ab titer. Finally, a sig-
nificant interaction between age and CMV serostatus 
was found only in sTNFRII (p = 0.043). The sTNFRII 
levels were increased with seropositivity in younger 
participants (p-value for negative vs low, 0.0094, and 
p-value for negative vs high, 0.012). In older partici-
pants, sTNFRII was already high in the anti-CMV 
Ab-negative group and did not further increase as a 
function of increasing anti-CMV titers.

Overall, this analysis showed that CMV seroposi-
tivity/titer did not correlate to inflammatory markers 
in older participants. There was an effect of CMV 
serostatus on RANTES (decline), IL-6, and sTNFRII 
(increase with increased titer), but overall, the effect 
of age in the inflammatory response was dominant 
over the effect of CMV serostatus and titers, particu-
larly on CXCL9 and 10.

T cell memory inflation correlates with CMV 
antibody regardless of age

We used multicolor flow cytometry to simultaneously 
follow 14 lineage, activation, and differentiation mark-
ers on T cell subsets (see gating schema, Suppl. Fig-
ure  1). It has been established in the murine MCMV 
model that T cell memory inflation, an absolute 
numerical increase over time in T memory cell popula-
tions specific for certain CMV antigens, occurs in the 
course of a CMV infection [32–34]. We confirmed that 
that is the case in our current cohort (Fig.  3). While 
the absolute number of CD4 T cells in blood did not 
show any significant numerical changes with aging, 
CMV serostatus, or anti-CMV Ab titer (Fig.  3A, left 
panel), the absolute number of CD8 T cells showed a 
significant interaction between age and CMV serosta-
tus (Fig. 3A, left panel and inset table). The number of 
CD8 T cells was reduced in CMV-negative older par-
ticipants compared to in CMV-negative younger par-
ticipants but increased with CMV-positivity and with 
increasing anti-CMV antibody titer. As a result, the 
absolute number of CD8 T cells in older participants 

with high CMV antibody titer was similar to those in 
younger counterparts.

Analysis of T cell subsets stratified by differen-
tiation status (Suppl. Figure  1) into T naïve (Tn, 
 CD28int/hiCD95loCD45RAhi), T central memory 
(Tcm,  CD28int/hiCD95hiCD45RAhi), T effector 
memory (Tem,  CD28loCD95intCD45RAlo), and T 
effector memory reexpressing CD45 RA (Temra, 
 CD28loCD95hiCD45RAhi) revealed further breakdown 
by CMV serostatus and antibody levels. Circulating 
CD4 Tn and Tcm cells showed no numerical changes 
with age or CMV seropositivity/Ab levels, whereas 
CD8 Tn cells showed an age-related absolute reduction 
irrespective of CMV serostatus/Ab levels (Fig.  3B), 
consistent with our prior work [35, 36]. CD8 Tcm cells 
and Tem cells accumulated in anti-CMV Ab-high par-
ticipants, suggesting effects of CMV exposure length, 
infection dose, reactivation and/or reinfection on mem-
ory inflation (Fig. 3B).

Tem and Temra CD4 and CD8 cell subset numbers 
were the most sensitive correlates of CMV serostatus 
and anti-CMV Ab titers, as one may expect from the 
subsets directly engaged in responding to the virus [19, 
37–43]. The numbers of all four subsets were the lowest 
in the CMV-negative group and progressively increased 
from anti-CMV Ab-low to anti-CMV Ab-high partici-
pants, demonstrating effector memory cell inflation in 
both age groups. Tem CD8 cell numbers were not age-
sensitive relative to anti-CMV Ab levels, as they exhib-
ited comparable inflation in both age groups, increasing 
comparably from anti-CMV Ab-negative to Ab-low to 
Ab-high (Fig. 3B, bottom third panel from left). There 
was a minor effect of age on Tem CD4 cell number that 
essentially followed the same, but less pronounced, 
inflation pattern observed in Tem CD8 cells (Fig. 3B, 
top third panels from left). By contrast, Temra cell 
numbers exhibited significantly larger accumulation 
selectively in older anti-CMV Ab-high participants, 
for both CD4 and CD8 populations (Fig. 3B, rightmost 
panels, top and bottom). This suggests progressive dif-
ferentiation of T cells into the Temra fate with aging 
and the higher anti-CMV Ab levels.

CMV serostatus correlates to expression of activation 
and differentiation markers on Tem cells in an 
age-dependent manner

To further elucidate the relationship between 
CMV serostatus/Ab levels and Tem and Temra cell 
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differentiation across ages, we examined markers 
associated with Tem function and/or stipulated to be 
involved in their senescence. CD38 and HLA-DR 
are considered markers associated with T cell activa-
tion [44–46]. No significant differences were found 
in the expression of CD38 in Tem CD4 or CD8 cells 
or in CD8 Temra cells (Fig. 4A; HLA-DR expression 
in CD8 Tem and Temra was significantly higher in 
CMV Ab-high compared to CMV Ab-low (Fig. 4B). 
Some statistically significant changes were found in 

the expression of HLA-DR in CD4 Tem and Temra 
cells (Fig.  4B) suggesting that HLA-DR may be a 
more sensitive marker than CD38 in examining long-
term activation in response to a persisting virus. 
Both CD38 and HLA-DR exhibited a clear pattern of 
reduced expression on CD4 Temra cells with CMV 
seropositivity and were significantly higher in the 
younger participants (Fig. 4A, B).

We further analyzed the frequency of CD57 
expression in Tem and Temra cell populations. CD57 

Fig. 3  Effect of age and CMV serostatus on numbers of T cell 
subsets in blood. The interaction of age and CMV serostatus 
for each T cell subset is analyzed by ANOVA (inset table). A 
Comparison of total CD4 and CD8 T cells between the age/
CMV groups. B Comparison of T cell subsets between the age/
CMV groups. Tn, naïve T cells; Tcm, central memory T cells; 
Tem, effector memory T cells; Temra, RA-positive effector 
memory T cells. Black circle and line, age 21–40; red square 
and line, age 65 + . Neg, anti-CMV antibody negative; low, 
anti-CMV antibody titer low; high, anti-CMV antibody titer 

high. Vertical double-head arrows (blue) represent the compar-
ison between age groups regardless of CMV status and hori-
zontal double-head arrows (Green) represent the comparison 
between CMV groups regardless of age. Data are presented as 
mean ± SE. p-values for group comparisons were adjusted by 
Holm’s method. Statistical significance between age groups 
is shown as #p < 0.05, ##p < 0.01, and ###p < 0.001. Statisti-
cal significance between CMV groups is shown as *p < 0.05, 
**p < 0.01, and ***p < 0.001
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is expressed on terminally differentiated cells and 
it has been considered by some authors as a senes-
cence marker [47, 48], although definitive biologi-
cal support for this classification is lacking. Perhaps 
surprisingly, we found no effect of age on the fre-
quency of CD57 + CD4 and CD8Tem or Temra cells 
(Fig. 4C). Instead, CMV seropositivity, but not anti-
CMV Ab levels, greatly contributed to the increase 
of CD57 + cell representation among both Tem and 
Temra CD4 T cells (Fig. 4C). The effect of CMV pos-
itivity on CD8 Tem and Temra was also observed in 
lesser degree.

We did not find any significant interaction of age 
and CMV serostatus for T cell functional markers, 
suggesting all changes were regulated by age or CMV 
status independently.

Increase of NK cells and NKG2C + NK cells in 
CMV + individual is both anti-CMV Ab titer and 
age-dependent

NK cells play a critical role in controlling acute and 
reactivating CMV infection and the homeostatic char-
acteristics of NK cells are known to change after the 
CMV infection. We determined NK cell numbers and 
frequencies of NKG2C + (a receptor for CMV UL40 
[49]) and CD57 + NK cells, both of which are known 
to expand with CMV infection [50]. NK numbers 
and frequency of CD57 + NK cells showed a sig-
nificant interaction between age and CMV serosta-
tus (Fig. 5). Specifically, the numbers of NK cells in 
blood were increased selectively in older participants 
with the anti-CMV Ab-high titers (Fig. 5, left panel). 

Fig. 4  Effect of age and CMV serostatus on expression of 
functional markers on effector memory T cells. The interaction 
of age and CMV serostatus for each expression level of CD38 
(A), HLA-DR (B), or CD57 (C) on effector memory CD4 and 
CD8 T cells is analyzed by ANOVA (inset table). Tem, effec-
tor memory T cells; Temra, RA-positive effector memory T 
cells. Black circle and line, age 21–40; red square and line, age 
65 + . Neg, anti-CMV antibody negative; low, anti-CMV anti-
body titer low; high, anti-CMV antibody titer high. Vertical 

double-head arrows (blue) represent the comparison between 
age groups regardless of CMV status and horizontal double-
head arrows (Green) represent the comparison between CMV 
groups regardless of age. Data are presented as mean ± SE. 
p-values for group comparisons were adjusted by Holm’s 
method. Statistical significance between age groups is shown 
as #p < 0.05, ##p < 0.01, and ###p < 0.001. Statistical signifi-
cance between CMV groups is shown as *p < 0.05, **p < 0.01, 
and ***p < 0.001
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Expression of NKG2C and of CD57 was increased 
with CMV-seropositivity, regardless of antibody titer, 
but was more graded and most pronounced in older 
participants that were anti-CMV Ab-high (Fig.  5, 
middle and right panels).

Prediction of T cell function by anti-CMV Ab titers

We next correlated CMV serostatus and antibody 
levels to polyclonal and antigen-specific responsive-
ness of CD4 and CD8 T cells. This experiment was 
done in a smaller cohort (Stim Cohort in Table  1) 
due to fewer samples available. In response to phor-
bol 12-myristate 13-acetate (PMA) and ionomycin, 
we found that both CD4 and CD8 T cells exhibited 
much more robust (~ 2–threefold, p < 0.001) cytokine 
response in CMV-seropositive participants as meas-
ured by intracellular production of IFNγ and TNFα 
(Fig.  6A). We found more cytokine expressing cells 
in CD8 T cells of older, compared to those of younger 
participants. Furthermore, this response correlated 
with anti-CMV Ab titers in CD8T cells of older, but 
not of younger participants (Fig. 6A, B), again point-
ing out to more extensive virus-related CD8 T cell 
activation with aging.

We further stimulated CD4 and CD8 T cells from 
our CMV-seropositive participants with overlapping 
peptides spanning two highly immunodominant open 
reading frames (ORF) of hCMV, pp65, and IE1. CD4 
T cell responses to the immediate early 1 ORF, IE1, 
were extremely low (0.02–0.05%) and did not differ 

with age or Ab titer levels (Fig.  S2). While CD8 T 
cell responses to IE1 were much larger, they did not 
differ by age or anti-CMV antibody titers (Fig. 6C). 
However, anti-pp65 CD4 and CD8 responses showed 
antibody-level dependency (higher responses in anti-
CMV Ab-hi groups, p = 0.0112 in CD4, p = 0.0048 in 
CD8), which was independent of age (Fig. 6C).

Discussion

In this study, we have demonstrated that anti-CMV 
antibody levels can serve as a proxy of immune pro-
files that characterize certain aspects of inflammatory 
and immune aging. Specifically, CD8 immunity and, 
in particular, Temra cell numbers and activation, as 
well as NK cell activation, segregated with high anti-
CMV antibody levels particularly in older partici-
pants (Table 2). This is consistent with the idea that 
CMV infection or reactivation causes the coordinate 
change in these parameters in blood. Whether and 
to what extent this may correlate to health outcomes 
will require further studies.

The association of CMV with several different 
health conditions has been studied extensively by 
many researchers. CMV seropositivity has been asso-
ciated with CVDs [11, 51, 52], rheumatoid arthritis 
[53], diabetes [10], systemic lupus erythematosus 
(SLE) [54], and/or all-cause mortalities [9, 11]. In 
addition to this, several reports showed correlation 
of high anti-CMV antibody titer with CVDs [55–59], 

Fig. 5  Effect of age and CMV serostatus on NK cells. The 
interaction of age and CMV serostatus for the number of NK 
cells, frequency of NKG2C + cells in total NK cells, and fre-
quency of CD57 + cells in total NK cells in blood is analyzed 
by ANOVA (inset table). Black circle and line, age 21–40; 
red square and line, age 65 + . Neg, anti-CMV antibody nega-
tive; low, anti-CMV antibody titer low; high, anti-CMV anti-
body titer high. Vertical double-head arrows (blue) represent 

the comparison between age groups regardless of CMV sta-
tus and horizontal double-head arrows (Green) represent the 
comparison between CMV groups regardless of age. Data 
are presented as mean ± SE. p-values for group comparisons 
were adjusted by Holm’s method. Statistical significance 
between age groups is shown as #p < 0.05, ##p < 0.01, and 
###p < 0.001. Statistical significance between CMV groups is 
shown as *p < 0.05, **p < 0.01, and ***p < 0.001
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atherosclerosis [60], SLE [61], and/or all-cause mor-
talities [9, 56]. This suggests that the CMV infection 
marked by high levels of anti-CMV antibodies can be 
a risk factor for those diseases and that anti-CMV Ab 
levels may be used to predict their outcomes. How-
ever, correlations were weak and the topic remains 
controversial [62]. More recently, a thorough and 
seminal study by Maier’s group [2] showed in large 
longitudinal cohorts that no associations held between 
CMV positivity and serostatus and any of the clinical 
outcomes including cardiovascular diseases and all-
time mortality.

In part, the above results may reflect the fact that 
we do not precisely know what the level of CMV-
specific IgG reflects. B cells are not considered a 
primary control mechanism of CMV infection; how-
ever, they are involved in a lifelong dance with the 
virus. Higher CMV-specific IgG likely represents 
the higher level of B cell exposure to CMV antigens 
[63], which could occur due to any combination of (i 
the higher initial exposure to the virus (viral dose at 
original infection; (ii more frequent re-exposures to 
the virus; (iii more frequent re-activation events and, 
perhaps linked to this, infection earlier in life; and (iv 
more robust virus replication in the event of infection, 
reinfection, and/or re-activation (which could include 
impaired/delayed viral clearance by other arms of 

antiviral immunity. It is further possible, if not likely, 
that certain major conditions and/or stressors (e.g., 
HIV infection, organ transplantation may jointly 
contribute to the adverse effects of hCMV in only a 
subset of hCMV-positive individuals. The task, then, 
is to attempt to stratify various human populations 
and try to unravel the associations between hCMV 
and health or disease. As we can rarely ascertain the 
time of human infection during the lifespan, and even 
less so the dose and other parameters of infection in 
humans, we rely on imperfect approximations in both 
cross-sectional and longitudinal studies, using anti-
CMV Ab titers.

Within these confines, we sought to evaluate 
whether and to what extent anti-CMV Ab titers can 
serve as a potential stratifying biomarker for immune 
profiling across aging, cross-correlating them to solu-
ble mediators, T and NK cellular phenotypes and T 
cell function in a cross-sectional cohort of 247 partic-
ipants. We used the CMV-negative group as controls 
ascertaining the effects of age alone, without CMV. 
While other persistent human pathogens can also be 
highly ubiquitous, none so far has been described to 
have an impact similar to CMV on the immune sys-
tem. For example, EBV is another ubiquitous herpes 
virus that persistently infects most of the population 
(> 95%). However, many studies have shown that 
EBV does not cause global changes in immune phe-
notypes in the same manner like CMV [16, 36, 38, 
64]. In that regard, our cohort was 97.4% EBV posi-
tive in total (95.8% in age 21–40, 99.1% in age 65 +), 
meaning that none of the observed differences can be 
explained by the presence or absence of EBV.

For cellular phenotypes, we have relied more 
dominantly on absolute cell numbers and less on 
fractional representation (percentages) to avoid 
artifacts secondary to changes in other populations 
examined. Aggregate results are shown in Table 2. 
Some parameters were age-sensitive regardless of 
CMV serostatus, like CD8Tn cell numbers, declin-
ing with age as described in previous publications 
[35, 36], and many of inflammatory marker levels in 
plasma increasing with age alone [31, 65] (Table 2, 
left column). Others were sensitive to CMV sero-
positivity alone, including those sensitive at all 
ages, that as expected involved increases in CD4 
Tem and Temra numbers, and increased cytokine 
production from T cells in response to PMA, as a 
consequence of larger numbers of Tem and Temra 

Fig. 6  Effect of age and CMV serostatus on non-specific and 
CMV-specific T cell response. PBMCs were stimulated by 
PMA/ionomycin or CMV peptides and IFN-γ and TNF-α posi-
tive cells were quantified by intracellular staining followed by 
flow cytometry. Cytokine + cells are defined by IFN-γ + and/
or TNF-α + cells. A Effect of age and CMV serostatus on non-
specific T cell response. B Correlation analysis between CMV 
antibody titer and frequency of cytokine + cells in CD4 or CD8 
of different age groups. Pearson’s R and correlation p-values 
are shown at the bottom right corner of each scatter plot. C 
Effect of age and CMV serostatus on CMV-specific T cell 
response. A and C Black circle and line, age 21–40; red square 
and line, age 65 + . Neg, anti-CMV antibody negative; low, 
anti-CMV antibody titer low; high, anti-CMV antibody titer 
high. Vertical double-head arrows (blue) represent the compar-
ison between age groups regardless of CMV status and hori-
zontal double-head arrows (Green) represent the comparison 
between CMV groups regardless of age. Data are presented as 
mean ± SE. The interaction of age and CMV serostatus for fre-
quency of cytokine + cells in CD4 or CD8 T cells is analyzed 
by ANOVA. p-values for group comparisons were adjusted by 
Holm’s method. Statistical significance between age groups 
is shown as #p < 0.05, ##p < 0.01, and ###p < 0.001. Statisti-
cal significance between CMV groups is shown as *p < 0.05, 
**p < 0.01, and ***p < 0.001

◂
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cells (Table  2, middle column). Elevated percent-
ages of CD57 + T cells and reduced percentages of 
CD4 Tem and Temra cells expressing HLA-DR and 
CD38 were in this same category, but selectively 
did not apply to CD8 counterparts. As HLA-DR and 
CD38 are related to relatively acute activation, one 
could speculate that their reduction in CD4 Temra 
could be caused by extensive differentiation in the 
presence of CMV. Why is this decline in CD38 and 
HLA-DR + not seen in CD8 Tem and Temra cells 
(Table 2, middle column) is unclear at the moment. 
One could speculate that virus-specific CD8 Tem 
and Temra cells with this “acutely activated” phe-
notype may represent descendants of recently acti-
vated CD8 cells as a consequence of reactivation, 
and that CD4 T cells, as a second line of defense, 
would not be activated unless the reactivation is 
massive and pronounced, which is less likely in 
healthy participants. Finally, a few traits were seg-
regated with CMV seropositivity in only younger 
participants (increased sTNFRII, CD57 + NK cells, 
and CD8 + Tcm cells). We explain these as reflect-
ing perhaps the relatively more recent infection of 
the participants that preferentially mobilized NK 
cells as an early defense mechanism and CD8 Tcm 
as a consequence of the relatively recent conversion 
of T effector cells into Tcm, which is then replaced 
by dominant inflation of memory CD8 T cells and 
differentiation into Tem/emra in older participants 

as a consequence of many decades of life with the 
virus.

The most informative set of data is summarized in 
Table 2, right column (red box), showing the potential 
power of Ab titer stratification. At older ages, anti-
CMV Ab titers positively correlated with numbers 
of total NK cells, total CD8 + T cells, CD8 + Tcm 
cells, and number of CD4/CD8 Temra (Table 2, right 
column). There was a loss of CD8 + Tn cells with 
increased anti-CMV Ab titers in younger participants 
that were not different with titers in older partici-
pants because levels of the CD8 Tn are already low. 
Regardless of age, the number of CD4/CD8 Tem, 
%HLA-DR in CD4/CD8 Tem, and responsiveness 
of T cells to both non-specific stimulation and CMV 
tegument protein (pp65) were elevated in the anti-
CMV Ab-hi groups.

The main limitations of this study include the 
cross-sectional design, with no knowledge of the time 
of infection, and no true study of time as a continu-
ous variable, as well as lower diversity of the older 
cohort, particularly with regard to Hispanic participa-
tion in the subset of participants where T cell stimula-
tion assays were done. Within these limitations, the 
above findings are consistent with time/age being an 
important factor in shaping the immune phenotypes 
in the presence of CMV, and therefore, levels of anti-
CMV Ab correlate well with the anti-CMV-specific 
and overall T cell effector and Temra accumulation. 

Table 2  Aggregate results
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Clearly, it would be very important to follow and 
validate the observed changes longitudinally over 
time and, even more so, to discern whether they cor-
relate with, or even possibly predict, health outcomes 
over time, particularly with age-related frailty [66] 
and chronic diseases. In that regard, a positive cor-
relation of anti-CMV Ab levels with IL-6, as well 
as with percentages and numbers of highly differ-
entiated T cells, recently implicated in driving age-
related disturbances outside of the immune system 
(Mogilenko et al., 2021, 2022) would be of potential 
clinical importance. Other topics of interest to expand 
upon would be to evaluate whether IgM antibodies, 
sometimes found with hCMV reactivation, and/or 
the affinity of either IgM or IgG antibodies, may fur-
ther improve predictive values of the above studies. 
These questions are topics of our major efforts, and 
at the present, we are in the process of following this 
cohort, as well as utilizing confirmatory, validation 
cohorts, to address them.
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