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Abstract

Though T-cell immunosenescence is a major risk factor for age-related diseases, susceptibility to infections, and responses to vaccines, differences
in T-cell subset counts and representation by age and sex have not been determined for a large sample representative of the national population
of the United States. We evaluated the counts of T-cell subsets including total, CD4+, and CD8+ T cells and their naive (Tn), effector memory
(Tem), and effector subsets, in the context of age, sex, and exposure to cytomegalovirus (CMV) infection among 8 848 Health and Retirement
Study participants, a nationally representative study of adults older than 55 years. Total T cells (CD3+) and CD4+ cells declined markedly with
age; CD8+ T cells declined somewhat less. While CD4+ T cell declines with age occurred for both CMV-seropositive and CMV-seronegative
groups, total T cells and CD8+ cells were both substantially higher among the CMV-seropositive group. Numbers of Tn CD4+ and CD8+ cells
were strongly and inversely related to age, were better conserved among women, and were independent of CMV seropositivity. By contrast,
accumulation of the CD8+ and CD4+ Tem and effector subsets was CMV-associated. This is the first study to provide counts of T-cell subsets
by age and sex in a national sample of US adults older than the age of 55 years. Understanding T-cell changes with age and sex is an important
first step in determining strategies to reduce its impact on age-related diseases and susceptibility to infection.
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An accurate understanding of age-related differences in T-cell United States, particularly not with regard to sex (4-11). Both age

subsets and how that relates to the loss of immune function with
advancing age is of great interest in assessing population responses
to new viruses and vaccine effectiveness. Age-related reduction in
T-cell function that results in a poorer response to newly encoun-
tered antigens and vaccines is characterized by a decrease in naive
T (Tn) cells and an increase in the numbers of highly differentiated
T-effector memory cells (Tem) and effector subsets (1-3). Though
several smaller studies, using heterogeneous methods to define T-cell
subsets, have established population-specific reference ranges for
T-cell subsets, previous studies have not evaluated counts of T-cell
subsets in a large representative population of older adults in the
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and cytomegalovirus (CMV) infection (12,13) play an important
role in determining the distribution of T-cell subsets. Because CMV
seropositivity increases with age, the small sample sizes in previous
studies have made it difficult to separate the independent effects of
CMYV infection and aging on T-cell subsets. Understanding the in-
dependent effects of age, sex, and CMV seropositivity on the dis-
tribution of immune cells in a population-representative sample of
individuals older than 55 years in the United States is an essential
first step toward developing interventions to modulate age-related
immunosenescence and to reduce morbidity and mortality in the rap-
idly increasing older population. Hence, we measured age-sensitive
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T-cell subsets that included the Tn cells, responsible for defense
against new infections that have not been encountered before (eg,
severe acute respiratory syndrome, West Nile virus disease, and cor-
onavirus disease 2019) and Tem/effector subsets of CD4+ and CD8+
T cells, responsible for immediate defense against previously encoun-
tered infections.

While some previous studies have reported sex differences in
T-cell subsets with women having higher numbers of CD4+ cells,
these studies are confounded by a lack of measurement of CMV
infection. Thus, characterizing differences in T-cell subsets by sex
after fully accounting for age and CMV serostatus may point out
why men appear less resistant to some infections, have reduced vac-
cine effectiveness, and suffer worse outcomes when infected (14).
We performed detailed immunophenotyping on T lymphocytes and
determined exposure to CMV infection in more than 8 800 indi-
viduals from the nationally representative Health and Retirement

Study (HRS).

Method

The HRS is a nationally representative, prospective study that
started in 1992 and currently includes more than 23 000 surviving
community-dwelling adults residing in the contiguous United States
with oversampling of African Americans and Hispanics. A new co-
hort of households is added to the sample every 6 years to adjust
for aging of the cohort. Both members in coupled houscholds are
enrolled as respondents and interviews are conducted with sam-
pled respondents every 2 years, including those who have entered
nursing homes. Interviews are conducted by telephone and in-person
in both English and Spanish. Additional detail about the HRS is
available elsewhere (15-17). We utilized data from the 2016 HRS
survey that included venous blood collected from 9 934 participants
in 7 227 households during 2016-2017. All panel respondents who
completed an HRS interview during the 2016 wave were asked to
consent to a venous blood draw except for proxy respondents and
nursing home residents. The request was made by their HRS inter-
viewer at the end of the interview in either telephone or in-person
modes. Blood was collected in the participants’ homes. At-home
blood collections were managed by Hooper Holmes Health &
Wellness. A vast majority of the blood samples were collected from
HRS participants within 4 weeks of interview completion. Overall,
65% of eligible participants provided a blood sample. These data
when weighted provide estimates for a nationally representative
sample of Americans older than 55 years. Blood collected in cell
preparation tubes (CPTs) was shipped at room temperature to the
Advanced Research and Diagnostics Laboratory at the University

Table 1. Immunophenotypic Characterization of T-Cell Subsets

of Minnesota, and samples were processed within 48 hours of col-
lection. The samples were shipped in shipping containers that were
lined with Styrofoam and had foam holders for the CPT. These con-
tainers also had 2-3 gel packs kept at room temperature on the out-
side of the Styrofoam layer (but within the cardboard container) to
minimize temperature fluctuations during shipping. The CPT were
centrifuged to obtain peripheral blood mononuclear cells (PBMCs),
and the PBMCs were cryopreserved using previously published
protocols and stored in liquid nitrogen freezers until further use.
The immune cell subsets were identified using minor modifications
to the standardized protocol published by the Human Immunology
Project (18). Per these guidelines, large batch analysis of frozen and
thawed PBMC was found to be superior in reproducibility, while
reducing small-batch variability associated with fresh sample ana-
lysis (18). One vial of cryopreserved mononuclear cells containing
~4 million cells was thawed and cells were incubated at 37°C in
Roswell Park Memorial Institute media for 1 hour. The cells were
centrifuged at 1 200 rpm for 10 minutes at room temperature. The
cells were resuspended in 1x phosphate buffered saline and stained
as outlined previously (19). The cells were kept on ice until analysis.
All flow cytometry measurements were performed on an LSRII flow
cytometer or a Fortessa X20 instrument (BD Biosciences, San Diego,
CA). The validity of the T-cell distributions obtained from cryopre-
served PBMCs using the procedures used in HRS has been demon-
strated previously (19). In addition, control samples from healthy
volunteers collected and cryopreserved at the start of the study were
analyzed at least twice/week using the study protocol to monitor
laboratory shifts and drifts in the immunophenotyping assessments.

Immunophenotyping of T cells included counts of total T cells,
and CD4+ T cells, CD8+ T cells, and their Tn, central memory T
cells (Tem), and Tem/effector subsets all of which have been asso-
ciated with age and CMV seropositivity. The T-cell subsets were
measured using previously published protocols (19,20), and the
immunophenotyping data were analyzed using OpenCyto and
FlowAnnotator (21). Table 1 presents the phenotypic definitions of
examined T-cell subsets. Differential white blood cell count from an
EDTA blood tube was collected at the same time as the CPT but
shipped at 4°C and was measured using a Sysmex XE-2100 instru-
ment (Sysmex America, Inc., Lincolnshire, IL). The absolute counts
of T-cell subsets per milliliter of peripheral blood were calculated
by multiplying the lymphocyte count (obtained from a differential
white blood cell count) by the percentage of different T-cell subsets.
We used immunophenotyping data on 8 467 respondents though
the rare subsets have smaller sample sizes due to missing data. CMV
seroprevalence was measured using IgG antibodies to CMV in serum
using the Roche e411 immunoassay analyzer (Roche Diagnostics

Cell Type Markers Used in Hybrid Approach
T cells CD3+ CD19-
CD8+ T cells CD3+ CD19- CD8+ CD4-

CD8+ T cells: Effector

CD8+ T cells: Effector memory (Tem)
CD8+ T cells: Central memory (Tcm)
CD8+ T cells: Naive (Tn)

CD4+ T cells

CD4+ T cells: Effector

CD4+ T cells: Effector memory (Tem)
CD4+ T cells: Central memory (Tcm)
CD4+ T cells: Naive (Tn)

CD3+ CD19- CD8+ CD4- CD45RA+ CCR7- CD28-
CD3+ CD19- CD8+ CD4- CD45RA- CCR7- CD28-
CD3+ CD19- CD8+ CD4- CD45RA- CCR7+ CD28+
CD3+ CD19- CD8+ CD4- CD45RA+ CCR7+ CD28+
CD3+ CD19- CD8-

CD3+ CD19- CD8- CD4+ CD45RA+ CCR7- CD28-
CD3+ CD19- CD8- CD4+ CD45RA- CCR7- CD28-
CD3+ CD19- CD8- CD4+ CD45RA- CCR7+ CD28+
CD3+ CD19- CD8+ CD4- CD45RA+ CCR7+ CD28+
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Corporation, Indianapolis, IN). The interassay coefficient of vari-
ation was 3.4% at a mean concentration of 1.2 COI (cutoff interval)
and 2.9% at a mean concentration of 141.4 COL Results were re-
ported as nonreactive (<1.0 COI) or reactive (21.0 COI).

Race was a 4-category variable (Whites, Blacks, Hispanics, and
Others) based on the reported race and hispanicity variables in the
2016 survey. All participants who reported Hispanic ethnicity were
classified as Hispanics. Participants who reported “non-Hispanic”
ethnicity were classified as Whites, Blacks, or Others based on their
response to the question on race. Body mass index (BMI) was cal-
culated from the interviewer measured height and weight using the
equation weight (pounds)/(height x height [inches]) x 703. Education
status was a categorical variable based on the number of school
years reported in the 2016 survey (“<12 grade,” “high school and
some college,” and “college graduate and postcollege”), and employ-
ment status was a categorical variable reported as “working now,”
“disabled,” “retired,” and “homemaker” in the 2016 survey.

Statistical Analysis

We presented weighted sample means of absolute counts of T-cell
subsets across 4 age categories (56—65, 66-75, 76-85, and 86+ years)
for the total population and men and women separately. We used bi-
nomial proportions to estimate the proportion of CMV seroprevalence
and %CD4/CD8 ratio (<1) across various age and sex groups. We have
presented weighted sample means of absolute counts to evaluate the
distribution of T-cell subsets across the different age and sex groups
after stratifying by CMV serostatus. We used survey regression models
to evaluate the difference of mean absolute T-cell subsets counts across
various age and sex groups after accounting for participant sample
weights to reflect study design and strata/cluster to account for sam-
pling error. We used NPAR1WAY to test for p for trend in sex and
CMV serostatus categories to estimate the significance of changes in
T-cell subsets across different age categories. All statistical analyses
were performed using SAS v9.4 (SAS Institute, Cary, NC).

Results

The prevalence of CMV seropositivity increased with age from 57%
for ages 56-65 to 82% for those 86 years and older (Supplementary
Table 1). CMV seropositivity was higher among women when com-
pared with men (68% vs 57%; p < .0001; Supplementary Table 2).
The CD4+ T cells were 16% higher among women when compared
with men (p < .0001) irrespective of CMV status (Figure 1A and
Supplementary Table 2) while CD8+ cells were higher among CMV-
seropositive individuals than seronegative individuals, and men had a
greater number of CD8+ T cells than women among CM V-seropositive
individuals but not among seronegative individuals (Figure 2A and
Supplementary Table 2). We found that the total T cells (CD3+) and
CD4+ T cells were markedly lower with age; by 25% for total T
cells (1.48 x 107 cells/mL to 1.11 x 10” cells/mL) and by 32% for
CD4+ T cells (1.03 x 10° cells/mL to 0.70 x 10? cells/mL; Figure 1A
and Supplementary Table 1) independent of CMV serostatus or sex.
Similarly, CD8+ T cells were also lower by 9% with age independent
of CMV serostatus or sex (Figure 2A and Supplementary Table 1).
Both the Tem (CD45RA- CCR7- CD28-) and effector (CD45RA+
CCR7- CD28-) subsets of CD8+ and CD4+ T cells were higher
among CMV-seropositive individuals when compared with CMV-
seronegative individuals (Figures 1B and C and 2B and C). Among the
CMV-seropositive individuals, the Tem and effector subsets of CD8+ T
cells were 71% and 14% higher among those aged 86 and older than
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Figure 1. Distribution of absolute counts (mean [+SEM]) of CD4+ T cells
and subsets by age in sex and CMV serostatus categories in Health and
Retirement Study 2016 survey participants: (A) Total CD4+ cells, (B) CD4+
T cells: Effector, (C) CD4+ T cells: Effector memory (Tem), (D) CD4+ T cells:
Central memory (Tcm), and (E) CD4+T cells: Naive (Tn). *p < .001 for CD4+
T-cell subsets change across age groups based on NPARTWAY test for p for
trend.

those aged 56—63; this was not true for CMV-seronegative individuals
(Supplementary Table 1, Figure 2B and C). The Tem subset of CD4+ T
cells was also 100% higher across age groups in CMV-seropositive in-
dividuals while the effector subset of CD4+ T cells was lower by 26 %
across age groups in CMV-seropositive individuals (Figure 1B and
C and Supplementary Table 1). The Tn subsets (CD45RA+ CCR7+
CD28+) of CD4+ and CD8+ T cells were higher among women when
compared with men irrespective of CMV serostatus (Figures 1D and
2D and Supplementary Table 2) though the absolute difference be-
tween sexes was more pronounced for the Tn subset of CD4+ T cells.
Overall, the Tn subset of CD8+ T cells was 67% lower with age and
the Tn subset of CD4+ T cells was 37% lower with age (Figures 1D
and 2D and Supplementary Table 1) and was similar across both sexes
and CMV serostatus indicating the strong effect of age in determining
these Tn cell subsets and the minimal effect of CMV infection and
sex on these age differences. The Tecm (CD45RA- CCR7+ CD28+)
of CD4+ T cells was higher among women when compared with men
(Figure 1E and Supplementary Table 2) while the Tcm subset of CD8+
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T cells was higher among men (Figure 2E and Supplementary Table
2). The Tcm subset of CD8+ T cells was also higher among CMV-
seropositive individuals when compared with CMV-seronegative in-
dividuals (0.030 vs 0.024; p < .0001). The Tcm subset of CD4+ and
CD8+ T cells decreased with age in both sexes and independent of
CMV serostatus (Figures 1E and 2E).

CD4+/CD8+ ratio <1 has been proposed, and often used, as a
measure of immunosenescence. The percent of individuals with the
CD4+/CD8+ ratio <1 was almost sevenfold higher from 4.15% to
12.68% for people aged between 56 and 65 years to those older
than 85 (Supplementary Figure 1 and Supplementary Table 1). When
stratified for CMV infection, this measure was higher with age
only among individuals positive for CMV from 6.04% to 15.16%
(Supplementary Figure 1 and Supplementary Table 1). These results
strongly suggest that the CD4+/CD8+ ratio <1 is not an age-sensitive
measure in the absence of CMV infection. Men had a significantly
higher percentage of individuals with CD4+/CD8+ ratio <1 when
compared with women in both CMV-seropositive and CMV-
seronegative categories (Supplementary Table 2).
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Figure 2. Distribution of absolute counts (mean [+SEM]) of CD8+ T cells
and subsets by age in sex and CMV serostatus categories in Health and
Retirement Study 2016 survey participants. (A) Total CD8+ cells, (B) CD8+
T cells: Effector, (C) CD8+ T cells: Effector memory (Tem), (D) CD8+ T cells:
Central memory (Tcm), and (E) CD8+T cells: Naive (Tn). *p < .001 for CD8+
T-cell subsets change across age groups based on NPARTWAY test for p for
trend.

Discussion

Our results analyze, for the first time, the distributions of multiple
T-cell subsets in the peripheral blood of a large nationally repre-
sentative sample of older adults in the United States. The large
sample size of this study allows evaluation of the independent ef-
fects of age and CMV infection on T-cell distribution. We find that
immunosenescence, defined as a decrease in the Tn subset of CD4+
and CD8+ cells, increases markedly with age (22,23). Furthermore,
we definitively demonstrate that the inverted CD4+/CD8+ ratio <1
is seen only in CMV-seropositive individuals and is not dependent
on age in CMV-seronegative individuals and that men have a higher
percentage with an inverted CD4+/CD8+ ratio <1 when compared
with women irrespective of CMV serostatus.

The Tn subset of CD4+ and CD8+ cells rigorously defined in this
study as (CD45RA+ CCCR7+ CD28+) is generated by the thymus
early in life, but the loss of thymic mass and function before or by the
time of puberty reduces Tn cell production. Such cells are maintained
by secondary lymphoid organs for decades, but that process also fal-
ters with aging, reducing the number of Tn cells and rendering older
adults more susceptible to new infections. We confirm the results of
previous studies (12,13) and show a strong effect of age on the loss
of Tn subsets that is independent of CMV serostatus. This study did
not show a substantial difference in CD8+ Tn cells among CMV-
seropositive and CMV-seronegative individuals. However, consistent
with a previous study (12), CD4+ Tn cells were substantially higher
among CMV-seronegative individuals independent of the effect of
sex or age. Importantly, while the decrease in Tn cells is similar in
both sexes, women exhibited higher Tn cell numbers across all age
groups. It will be of importance to test to what extent this trait cor-
relates with, or perhaps causally drives, improved responses in older
females to vaccination and new infections.

Though previous reports (24-27) showed that the CD8+ effector
cells (CD45RA+ CCR7- CD28-) and Tem cells (CD45RA- CCR7-
CD28-) increase with age, these associations did not evaluate the
independent effect of age after adjustment for CMV serostatus due
to limited sample sizes. These cells provide immediate protection
against infections that have been encountered in the past. However,
it has been hypothesized that accumulation of CD8+ effector cells,
particularly those specific for persistent infections, may be detri-
mental to the aging host as these cells exhibit several signs of sen-
escence such as a low proliferative response to mitogens but remain
remarkably resistant to apoptosis, express higher levels of granzyme
B and perforin, and exhibit elevated baseline activation and possibly
of interferon-y, commonly seen elevated in sera of older individ-
uals (28-31). Our analysis confirmed the results of a meta-analysis
that showed that the CD8+ effector T cells are strongly influenced
by CMV seropositivity but not age-dependent (13). We also con-
firmed the results of several (24,26,27), but not all (13,32,33), pre-
vious studies that have shown an increase in Tem CD8+ cells with
age. Consistent with previous studies (27,34), we also showed that
CD4+ Tem cells and CD4+ effector cells are significantly higher in
CMV-seropositive individuals. We showed, for the first time, that
higher CD4+ Tem subsets were not observed in older age groups
among the CMV-seronegative individuals among whom we found
no substantial differences. This study is also the first to demonstrate
that the central memory subsets of CD4+ and CD8+ T cells were
lower at older ages irrespective of sex and CMV serostatus. We
also showed that the central memory subsets of CD4+ T cells were
higher among women when compared with men, while the central
memory subsets of CD8+ T cells were higher among men irrespective
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of CMV serostatus. Consistent with previous studies (24,25,34,35),
the central memory subset of CD4+ T cells did not differ by CMV
serostatus. Our study did not confirm a previous finding that the
central memory subset of CD8+ T cells was higher among CMV-
seronegative older individuals (26). Our study confirmed the results
of a previous study that showed the central memory CD8+ T-cell
subset was higher among CMV-seropositive individuals (35). In con-
trast to previous studies, our study shows a significant decrease in
CD4+ Tcm and, to a lesser extent, in CD8+ Tcm cells, with age.
These findings are in contrast to earlier studies that showed an in-
crease in Tcm-cell populations with age (36,37) though one study
showed a decrease in CD4+ and CD8+ Tcm-cell counts in parti-
cipants >75 years (37). The restricted age range in this study (56+
years) when compared with previous studies that had participant
ages that range from 5 to 96 years may account for the observed
differences between studies.

Though women exhibited higher CMV seropositivity at all age
groups when compared with men, they also had higher numbers of
CD4+ cells, higher naive CD4+ cells, and a higher CD4+/CD8+ ratio.
These results were consistent with results from several previous
studies (23,38-40). Studies of androgen-deficient men and women
after surgical menopause suggest that the observed sex differences
in CD4+ and CD8+ appear to be driven, at least partly, by sex hor-
mones (41-45). Previous studies on sex differences in effector T cells
have not accounted for the effect of CMV infection and hence have
shown discrepant results on the numbers of effector cells in men and
women (46,47). Though a previous study that accounted for age,
sex, and CMYV infection did not show any statistically significant sex
differences in Tn and effector cell subsets, the results were similar to
this study in that the Tn subsets were higher and the effector subsets
were lower among women (48).

Our study further highlights the important contribution of CMV
seropositivity, in determining the CD4/CDS8 ratio and points to the
critical importance of measuring CMV serostatus while interpreting
the T-cell distributions. Indeed, evaluation of CD4+/CD8+ ratio <1
was only informative in CMV-seropositive individuals, where it in-
creased with aging, and more so in males. Previous studies that evalu-
ated CMV seropositivity using several structural proteins (49,50)
showed that the CD4+/CD8+ ratio had sex-specific associations with
mortality where women with the inverted CD4+/CD8+ ratio had
the lowest overall mortality, and there was no association between
the CD4+/CD8+ ratio and mortality among men (50). However, the
sex-specific association with mortality was no longer statistically sig-
nificant after adjustment for CMV seropositivity (50). We conclude
that this ratio is not an age-sensitive trait, at least among CMV-
seronegative individuals. It remains to be determined to what extent
the additional accumulation of CD8+ effector and inversion of the
CD4+/CD8+ ratio may contribute to age-related immune deficiency
in CMV-seropositive males in a sex-specific manner.

The major strengths of this study are the large population-
representative sample using standardized immunophenotyping
methods. The large sample size of this study, with more than
8 000 individuals, provides a population-representative snapshot of
T-cell counts among older adults in the United States for the first
time. Limitations of the study include the current availability of
data on T-cell subsets for only one time point that does not allow
us to evaluate longitudinal changes in the T-cell subsets with age
among individuals and the lack of functional information on the
T-cell subsets. In addition, this study does not evaluate the clinical
significance of the observed age and sex differences in T-cell subset
distribution. However, the large sample size in this study provides

reference values for T-cell subsets that may be useful for future
studies that evaluate alterations in T-cell subsets in various clinical
conditions. We acknowledge that there is heterogeneity in accepted
definitions of various T-cell subsets. We have followed recommenda-
tions from the Human Immunology Project (18) in the selection of
markers and definition of various T-cell subsets. However, certain
subsets such as the effector cells have utilized CD28 in the definition
of this cell type, while the canonical CD4+ effector population is
defined without inclusion of the CD28 marker (51,52). This differ-
ence in the definition of the CD4+ effector population may lead to
underestimation of this cell subset, especially in CMV-negative indi-
viduals. The observed differences in T-cell subsets according to CMV
status are not adjusted for other variables that are correlated with
CMYV status such as smoking and socioeconomic status. Additional
adjustment for race, educational attainment, smoking, and BMI did
not substantially change the observed association with age, sex, and
CMV status (Supplementary Tables 3a and 3b). Of note, the CD4+
effector cell subset was no longer associated with age after adjust-
ment for additional covariates, and the CD4+ Tcm subset was no
longer associated with CMV serostatus after additional adjustment.
However, these changes do not substantially affect the overall find-
ings as the CD4+ effector cell subset was determined predominantly
by CMV serostatus (not age) and the CD4+ Tcm population was
determined predominantly by age (not CMV serostatus).

In summary, we provide the distribution of various T-cell
subsets in a representative sample of older US adults and demon-
strate the relative effect of age, sex, and CMV infection on T-cell
distribution. The higher numbers of effector cells, lower num-
bers of Tn cells, and lower CD4+/CD8+ ratio in CMV-positive
men and lower numbers of naive T cells in men with aging may
be relevant to understanding the reduced vaccine effectiveness
in men when compared with women (39,53). Thus, differences
in T-cell subset distribution may be useful biomarkers of T-cell
immunosenescence. If the T-cell subset distributions are proven to
have a mechanistically relevant, understanding, the underlying de-
terminants of T-cell subset distribution can help reduce the impact
of T-cell immunosenescence on age-related diseases and improve
vaccine effectiveness.
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Supplementary data are available at The Journals of Gerontology,
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