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ABSTRACT 
 
Understanding the composition of circulating immune cells with aging and the underlying biologic 
mechanisms driving aging may provide molecular targets to slow the aging process and reduce age-related 
disease. Utilizing cryopreserved cells from 996 Framingham Heart Study (FHS) Offspring Cohort participants 
aged 40 and older (mean 62 years, 48% female), we report on 116 immune cell phenotypes including 
monocytes, T-, B-, and NK cells and their subtypes, across age groups, sex, cytomegalovirus (CMV) exposure 
groups, smoking and other cardiovascular risk factors. The major cellular differences with CMV exposure 
were higher Granzyme B+ cells, effector cells, and effector-memory re-expressing CD45RA (TEMRA) cells for 
both CD4+ and CD8+. Older age was associated with lower CD3+ T cells, lower naïve cells and naïve/memory 
ratios for CD4+ and CD8+. We identified many immune cell differences by sex, with males showing lower 
naïve cells and higher effector and effector memory cells. Current smokers showed lower pro-inflammatory 
CD8 cells, higher CD8 regulatory type cells and altered B cell subsets. No significant associations were seen 
with BMI and other cardiovascular risk factors. Our cross-sectional observations of immune cell phenotypes 
provide a reference to further the understanding of the complexity of immune cells in blood, an easily 
accessible tissue. 
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INTRODUCTION 
 
Chronic low-grade inflammation during aging (i.e., 
inflammaging) and immunosenescence are biologic 
processes associated with vulnerability to age-related 
diseases including neurodegenerative disorders, cardio-
vascular disease, diabetes, and cancer [1]. Age-related 
changes in the immune system may also result in the 
increased susceptibility to infection with pathogens such 
as influenza, SARS-CoV-2, and bacterial pneumonia [2, 
3] and impaired vaccine response [4] observed in older 
adults. Chronic activation of innate immunity [5] and 
changes in the number and composition of circulating 
immune cells, including B cells, CD4+ and CD8+ T 
cells and their respective subsets, involved in antibody 
response and cell mediated immune response occur with 
age [6, 7]. A variety of factors influence the distribution 
of T cell subsets beyond age including genetics, sex [8], 
and infection with cytomegalovirus (CMV) [9], a 
herpesvirus that commonly infects older adults and 
remains latent or persistent for years [10]. CMV 
seropositivity associates with greater number of CD4 
and CD8 T effector cells [11] and expansion of memory 
T cells including CD4 effector memory and CD4 and 
CD8 effector memory T cells that re-express naive cell 
marker (TEMRA cells) [6, 12]. This clonal expansion of 
CMV-specific CD4 and CD8 effector memory cells 
greatly diminishes the T cell repertoire to other 
challenges. Circulating immune cell phenotypes have 
been associated with cardiovascular disease traits, 
including subclinical atherosclerosis [13] and diabetes 
[14]. A better understanding of the role of age, sex, and 
exposure to CMV infection on immune cell phenotypes 
may lead to a better understanding of the contribution of 
these cells to cardiovascular disease and other age-
related diseases. 
 
The Health and Retirement Study (HRS), a nationally 
representative sample of older adults from the United 
States, found that the numbers of naïve CD4+ and CD8+ 
T cells were strongly and inversely related to age in both 
CMV positive and CMV negative adults and were lower 
in men [11]. In contrast, age-related associations with 
CD4+ and CD8+ effector cell subsets were dependent 
upon CMV serostatus [11]. The CD4+/CD8+ ratio, a 
widely used measure of immunosenescence, was 
positively correlated to age in CMV seropositive 
individuals [11] and associated with mortality in older 
adults [9, 15, 16]. Recently, composite age-related 
immune phenotype (ARIP) measures based on age-
related changes of naïve, memory, and effector T cell 
subsets for CD4+ and CD8+ T cells have been proposed 
[17]. The CD4+ ARIP measure was found to have 
stronger associations with biological age, age-related 
morbidity, and mortality compared to other ARIP 
measures while the CD8+ ARIP measure was associated 

with specific health conditions [17]. Whether composite 
ARIP measures enhance the prediction of age-related 
disease risk beyond specific immune cell types requires 
further investigation. 
 
Understanding the differences in circulating immune 
cells with age and the underlying biologic mechanisms 
driving immune cell aging may provide molecular 
targets to slow the aging process [18] and in turn reduce 
age-related disease. However, those changes in the 
composition of circulating immune cells particularly at 
the level of cell subsets within T cells, B cells, and 
natural killer (NK) cells is not fully documented [7]. We 
performed immune-profiling of a broad panel of innate 
and adaptive immune cell phenotypes in cryopreserved 
cells from dementia-free Framingham Heart Study 
(FHS) Offspring Cohort participants aged 40 and older. 
We report on 116 circulating immune cell phenotypes 
including T cells, B cells, NK cells, and monocytes 
extending the breadth of immune cell profiling in prior 
reports. We hypothesize that we will identify immune 
cell phenotype and ARIP measure associations with 
CMV serostatus, age, and sex, as well as associations 
with cardiovascular risk factors. 
 
RESULTS 
 
Summary of immune cell phenotypes profiled 
 
Immune cell phenotypes profiled from peripheral blood 
mononuclear cells (PBMCs) samples are shown in 
Figure 1 and listed in Supplementary Table 1. We 
selected 24 immune cell phenotypes including the 
CD4+ and CD8+ naïve cells, effector cells, memory 
cells, senescent cells, and Granzyme B producing CD4 
and CD8 cells, B cells, NK cells, classical monocytes, 
and the 3 ARIP measures to illustrate our main findings, 
with complete results for all 116 immunophenotypes for 
all analyses found in the online supplement. Cellular 
markers used to identify the 24 circulating immune cell 
phenotypes of primary focus are listed in Table 1. The 
number of participants with data and summary statistics 
(mean, standard deviation, min, max, and coefficients  
of variation (CV)) for 116 immune cell phenotypes  
and 3 ARIP measures are presented in Supplementary 
Table 2. Pairwise correlation plots are presented in 
Supplementary Figure 1. We note that we use “CD4” to 
indicate CD4+, and “CD8” to indicate CD8+ 
throughout. 
 
Participant demographics 
 
Sample inclusion and exclusion criteria are shown in 
Figure 2. Participant characteristics are summarized in 
Table 2. Among the 996 participants included in the 
study, 48% were female. The average age of the 
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participants was 62 years with a range from 40 to 88 
years. CMV values were categorized into four groups 
by level of CMV IgG measured in U/ml. A total of 465 
participants (46.7%) were CMV seropositive, 101 of 
whom had values above the limit of detection (CMV > 
800 U/ml). More participants had CMV levels in the 
equivocal range (11< CMV ≤ 15 U/ml, n=399) than in 
the negative range (CM ≤ 11 U/ml, n=75). CMV 
positive (15 < CMV ≤ 800 U/ml) participants were 
older on average than participants who were CMV 
negative or equivocal (Table 3). 
 
Immune cell phenotypes across age groups by sex 
and CMV status 
 
Figure 3 (CD4), 4 (CD8) and 5 (ARIP) show the 
unadjusted percentages of immune cell types CD4 and 
CD8 and subtypes naïve (Tn), effector (Teff), effector 
memory (Tem) and central memory (Tcm) across age 
groups, stratified by sex and CMV status (as two 
categories by grouping the negative and equivocal, and 
the positive and above LOD). The percentage of CD4 T 
helper cells was higher in CMV negative and equivocal 
participants compared to CMV positive participants 
across all age groups and for both males and females 
(Figure 3), while the percentage of CD8 cytotoxic T 
cells in participants in the negative and equivocal CMV 
group was lower than in CMV positive group (Figure 4). 
Females had higher percentages of CD4 T helper cells 
and lower percentages of CD8 cytotoxic cells than males 
for most age and CMV serostatus groups. 

Figure 3 shows that CD4 Tn cell percentages were 
lower in older age groups compared to younger age 
groups, while CD4 Tcm percentages were higher in 
older age groups compared to younger age groups. Both 
age trends were similar for CMV positive and negative 
male and female subgroups. Female participants in the 
CMV positive groups tended to have higher CD4 Tn 
percentages than CMV positive male participants in all 
age groups. Percentages of CD4 Teff cells and CD4 
Tem cells were higher in CMV positive participants 
than negative/equivocal participants across all age 
groups, and males had higher proportions of these cells 
than females within CMV category for most age groups. 
 
CD8 Tn cell percentages were lower in older age groups 
compared to younger, while CD8 Teff and Tem cell 
percentages were higher in older age groups compared to 
younger, and CD8 Tcm cells did not show a consistent 
age trend within sex and CMV strata (Figure 4). 
Percentages of CD8 Teff were higher in CMV positive 
participants compared to CMV negative/equivocal and 
were higher in males than females within each CMV 
group across all but the oldest age group. CD8 Tcm 
percentages were lower in CMV positive compared to 
negative/equivocal; males in the CMV positive group 
had higher percentages than females in all age groups. 
 
On average, we observed a higher CD4/CD8 ratio and 
higher CD8 Tn/Tm ratio in the CMV negative/equivocal 
group compared to the CMV positive groups within  
each sex stratum, and higher levels in females compared 

 

 
 

Figure 1. Peripheral blood mononuclear cells (PBMCs) profiled in this study. (A) CD4/CD8 naïve/memory panel; (B) CD4/CD8 
regulatory panel; (C) T cell, B cell and NK cell panel; (D) CD4/CD8 stimulation panel; (E) monocyte subset panel. 
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Table 1. Characterization of primary immune cell phenotypes. 

Cell type Marker used % of 
T cells CD3+ Live Lymphocytes 
CD4 T helper cells CD4+ CD3 T cells 
CD4 T Naïve cells (Tn) CD4+CD45RO-CCR7+CD27+ CD4 T helper cells 
CD4 T effector cells (Teff) CD4+CD45RO-CCR7-CD27- CD4 T helper cells 
CD4 T effector-memory cells (Tem) CD4+CD45RO+CCR7-CD27- CD4 T helper cells 
CD4 T central memory cells (Tcm) CD4+CD45RO+CCR7+CD27+ CD4 T helper cells 
CD4 TEMRA cells CD4+CD45RA+CD28-CD57+ CD4 T helper cells 
CD4+CD25+ cells CD4+CD25+ CD4 T helper cells 
CD4 FoxP3 T reg cells CD4+CD25+FoxP3+ CD4 T helper cells 
CD4 Th 1 cells CD4+IFNg+ CD4 T helper cells 
Granzyme B producing CD4+ cells GRANZYME B + CD4+ CD4 T helper cells 
CD8 Cytotoxic T cells CD8+ CD3 T cells 
CD8 T Naïve cells (Tn) CD8+CD45RO-CCR7+CD27+ CD8 Cytotoxic T cells 
CD8 T effector cells (Teff) CD8+CD45RO-CCR7-CD27- CD8 Cytotoxic T cells 
CD8 T effector-memory cells (Tem) CD8+CD45RO+CCR7-CD27- CD8 Cytotoxic T cells 
CD8 T central memory cells (Tcm) CD8+CD45RO+CCR7+CD27+ CD8 Cytotoxic T cells 
CD8 TEMRA cells  CD8+CD45RA+CD28-CD57+ CD8 Cytotoxic T cells 
CD8+CD25+ cells CD8+CD25+ CD8 Cytotoxic T cells 
CD8 FoxP3 T reg cells CD8+CD25+FoxP3+ CD8 Cytotoxic T cells 
CD8 Tc 1 cells CD8+IFNg+ CD8 Cytotoxic T cells 
Granzyme B producing CD8+ cells Granzyme B+ CD8+ CD8 Cytotoxic T cells 
B cells CD19+ Live Lymphocytes 
NK cells CD3-CD56+CD16+ Live Lymphocytes 
Classical monocytes CD14+CD16- CD14 monocytes 
CD4/CD8 CD4 T helper cells / CD8 Cytotoxic T cells -- 
CD4 Tn/Tm CD4+ Tn / (CD4 Teff + CD4 Tem + CD4 Tcm) -- 
CD8 Tn/Tm CD8+ Tn / (CD8 Teff + CD8 Tem + CD8 Tcm) -- 

Note: TEMRA cells, CD45RA-re-expressing T effector memory cells; T regs cells, T regulatory cells; Th 1 cells, T helper type 1 
cells; Tc 1 cells, Cytotoxic T cells type 1; NK cells, Natural killer cells; Tn, naïve T cells; Tm, memory T cells; Teff, T effector cells; 
Tem, T effector-memory cells; Tcm, T central memory cells. 
 

to males within each CMV group. The CD4/CD8 ratio 
was higher in the older age groups for the CMV 
negative/equivocal participant group but was similar 
across age groups for the CMV positive groups (Figure 5). 
Both CD4 and CD8 Tn/Tm ratios were lower in older age 
groups compared to younger age groups regardless of sex 
or CMV serostatus, but the CD4 Tn/Tm ratio fluctuated 
more by age group than the CD8 Tn/Tm ratio. The 
unadjusted percentages of other immune cell types listed 
in Table 1 across age group, sex, and CMV exposure 
groups are illustrated in Supplementary Figure 2. 
 
Association of immune cell phenotypes with CMV 
serostatus groups adjusting for age and sex 
 
Table 4 shows that among the 27 immune cell 
phenotypes listed in Table 1, 20 had significantly 
different means across the four CMV serostatus groups 

after adjusting for age and sex at false discovery rate 
(FDR)<0.05. For most cell types, effects were not linear 
with increasing CMV value group, but the non-linear 
patterns were not the same for all cell types. For most of 
the significant cell types, the Equivocal CMV and 
Negative CMV group adjusted means were more like 
each other than the Above LOD group and the Positive 
CMV group adjusted means. We observed that CD3+ T 
cell levels (“T cells” in Table 4) were similar for CMV 
negative and equivocal participant groups but were 
higher in CMV positive and higher yet in the above 
LOD CMV positive participant groups. CD4 T helper 
cell levels were slightly higher for participants in the 
CMV equivocal group compared to those participants 
who were CMV negative, while the CMV positive and 
above LOD groups had substantially lower levels than 
the negative group. CD8 cytotoxic T cell levels were 
lower in CMV equivocal compared to CMV negative 
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groups, and higher in the CMV positive and LOD 
groups compared to the negative group. 
 
Among the CD4 cell subtypes, the CMV positive and 
above LOD groups had lower age and sex adjusted CD4 
Tn levels than the CMV negative or equivocal groups, 
while adjusted Teff, Tem, TEMRA, T helper type 1 (Th 
1) and Granzyme B producing cell subtype levels were 
higher in the CMV positive and above LOD groups than 
in the negative and equivocal groups. We observed 
similar patterns among the corresponding CD8 cell 
subtypes, the one exception being that CD8 Tcm cells 
also differed by CMV status. 
 
B cell levels were similar in negative and equivocal 
CMV groups, and lower in the CMV positive groups. 
Finally, all three ARIP measures tested were significantly 
different across the CMV groups, with slightly higher 
ratios in the CMV equivocal group compared to the 
negative group, and lower ratios in the CMV positive and 
above LOD participant groups compared to the negative 
group. 
 
The age and sex adjusted CMV associations for all 119 
immune cell phenotypes for individuals with CMV 
measurement are presented in Supplementary Table 4. 
Among the 119 total immune cell phenotypes and ARIP 
measures, 63 had significantly different levels across the 
four CMV serostatus groups (Supplementary Table 4); 
results were similar when including “Missing” as an 

additional CMV category (Supplementary Table 5). We 
tested for interactions between age and CMV, and 
between sex and CMV, but did not observe significant 
interactions (data not shown). 
 
Association of immune cell phenotypes with age 
group adjusting for multiple covariates 
 
As shown in Table 5, seven of the 27 primary immune 
cell phenotypes listed in Table 1 differ across the 5 age 
groups after adjusting for the “Model 2” covariates 
described in Methods at FDR<0.05. The age effect did 
not appear to be linear with the increasing age groups 
for most of the seven significant cell types. 
 
CD3+ T cell levels were lower for each increasing age 
group. CD4 Tn cell levels were the only CD4 cell 
subtype with significant differences by age: levels were 
lower in the older groups compared to the younger. The 
two youngest age groups differed by only 0.01 SD unit, 
and the two oldest age group means differed by only 
0.02 SD units. CD8 Tn, Teff, and Granyzme B 
producing CD8 cells all differed by age group at 
FDR<0.05. CD8 Tn cell levels were lower in each 
increasing age group, while the other two cell types had 
higher levels in older age groups. 
 
The adjusted mean CD4 Tn/Tm ratio was similar in the 
two younger age groups, and lower in the three  
older age groups. The CD8 Tn/Tm ratio had larger 

 

 
 

Figure 2. Study sample of the immune cell phenotypes in the FHS. 
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Table 2. Participant characteristics. 

Demographic All Male Female 
Sample size, n (%) 996 (100%) 516 (52%) 480 (48%) 
Age, mean (range) 62 (40, 88) 62 (41, 85) 62 (40, 88) 
CMV positive, n (%) 465 (46.7%) 250 (48%) 215 (45%) 
APOE-ϵ4 carriers, n (%) 222 (22.3%) 114 (22.1%) 108 (22.5%) 
APOE-ϵ2 carriers, n (%) 140 (14.1%) 62 (12.0%) 78 (16.3%) 
Attended college, n (%) 733 (73.6%) 363 (70.3%) 370 (77.1%) 
Current smoker, n (%) 139 (14%) 89 (17%) 50 (10%) 
BMI kg/m2, mean (sd) 28 (5) 28 (6) 28 (4) 
SBP mmHg, mean (sd) 127 (18) 126 (20) 128 (17) 
DBP mmHg, mean (sd 74 (10) 72 (10) 76 (10) 
Hypertension Rx, n (%) 343 (34.4%) 156 (30.2%) 187 (39.0%) 
Total cholesterol mg/dL, mean (sd) 199 (37) 206 (37) 192 (36) 
HDL mg/dL, mean (sd) 53 (17) 60 (16) 46 (13) 
Lipid Rx, n (%) 225 (22.6%) 96 (18.6%) 129 (26.9%) 
Fasting blood glucose mg/dL, mean 

 
105 (27) 101 (26) 108 (28) 

T2DM Rx, n (%) 61 (6.1%) 28 (5.4%) 33 (6.9%) 
Prevalent CVD, n (%) 142 (14.3%) 46 (8.9%) 96 (20.0%) 
Prevalent AF, n (%) 42 (4.2%) 16 (3.1%) 26 (5.4%) 
Blood cancer prevalent exam 7, n (%) 6 (1%) 5 (1%) 1 (0%) 

Notes: CMV, cytomegalovirus; APOE, apolipoprotein E; BMI, body mass index; sd, 
standard deviation; SBP, systolic blood pressure; DBP, diastolic blood pressure; Rx, 
medication treatment; HDL, High-density lipoprotein cholesterol; CVD, cardiovascular 
disease; AF, atrial fibrillation; T2DM, type II diabetes. 

 

differences across age groups than the CD4 Tn/Tm 
ratio, and the ratio was lower in each subsequent 
increasing age group. Together, these data are 
consistent with an age-related shift from naïve cells to a 
more senescent/exhausted phenotype, with the shift 
occurring in CD8 cells more evident than CD4 cells. 
 
The multivariable adjusted associations with age groups 
for all 119 immune cell phenotypes are presented in 
Supplementary Table 6. Significant associations were 
seen, particularly in the CD8 compartment that are 
consistent with immune exhaustion from repeated 
replication (ie loss of CD28, CD27 and increase in 
CD57 expression). 
 
Association of immune cell phenotypes with sex 
adjusting for multiple covariates 
 
Table 6 shows that 18 of the 27 primary cell types 
differed by sex at FDR<0.05, adjusting for Model 2 
covariates. Males had lower percentages of CD4 T 
helper cells and higher percentages of CD8 cytotoxic 
cells than females. Among the CD4 and CD8 subtypes, 
males had lower percentages than females of both CD4 
and CD8 Tn cells, as well as CD8 Tcm cells. Males had 
higher percentages than females of both CD4 and CD8 

Teff, Tem, TEMRA, and Granzyme B producing cells. 
Males also had a significantly higher percentage of NK 
cells and significantly lower percentages of B cells 
compared to females. The CD4/CD8 ratio and both the 
CD4 and CD8 Tn/Tm ratios were lower in males 
compared to females. 
 
Sex associations for all 119 total immune cell 
phenotypes and ARIP measures are presented in 
Supplementary Table 7. Significant associations were 
observed that are consistent with male participants 
having higher levels of immune activation/exhaustion 
than female participants. 
 
Association of immune cell phenotypes with smoking 
status adjusting for multiple covariates 
 
Table 7 shows that four of the 27 primary immune cell 
phenotypes and ARIP measures differed significantly 
(FDR<0.05) between current smokers and non- smokers 
(former or never smokers) after adjusting for Model 2 
covariates. The percentages of CD8 TEMRA, Tc1, and 
Granzyme B producing CD8 cells were significantly 
lower in smokers compared to non-smokers, while CD8 
FoxP3 T regulatory cell percentages were higher in 
smokers compared to non-smokers. It is worth noting 
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Table 3. Participants age and sex by CMV status. 

Note: CMV, cytomegalovirus; LOD, limit of detection; IQR, inter-quartile range. 
 

that, while the FoxP3 transcription factor in CD25+ 
cells is well-known to be a regulatory cell for CD4+ 
cells, less is known about the true function of 
CD25+FoxP3+ CD8 cells. Smoking status was not 
significantly associated with the three ARIP measures. 

Supplementary Table 8 summarizes the effect of 
smoking status for all 119 immune cell phenotypes; 
20 of the 119 phenotypes were significantly different 
(FDR<0.05). Notably, although smoking status was 
not significantly associated with B cell levels, 8 of 

 

 
 

Figure 3. Unadjusted mean percentages of five CD4+ T cell types by age, sex, and two-category CMV status. Note: Teff = T 
effector cells; Tem = T effector-memory cells; Tcm = T central memory cells. 

 Negative (0,11] Equivocal (11,15] Positive (15,800] Positive, above 
LOD (>800) Missing 

Sample size 75 399 364 101 57 
Female, n (%) 36 (48%) 194 (48%) 181 (49%) 69 (68%) 36 (63%) 
Age, mean (sd) 59 (9) 58 (7) 63 (9) 64 (8) 66 (9) 
CMV level, U/ml, median (IQR) 10.76 (0.26) 12.18 (1.59) 208.38 (310.06) -- -- 
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the B cell subtypes were significantly different in 
smokers compared to non-smokers. While the 
memory B cells were higher with smoker, the IgM+ 
and IgD+IgM+ memory cells were lower with 
smoking. (Supplementary Table 8). 
 
Associations of immune cell phenotypes with other 
variables 
 
Adjusting for Model 2 covariates, we did not observe 
significant associations of the 116 immune cell 
phenotypes and the 3 ARIP measures with education, 
APOE genotype, obesity status, type 2 diabetes, 
prevalent CVD or AF at exam 7, hypertension treatment, 

lipid treatment, SBP, TC, and HDL levels, or diagnosis 
of chronic blood cancer prior to exam 7 (all FDR>0.05). 
Estimated effect sizes for each group, p–values, and 
FDRs are reported in Supplementary Tables 9–18. 
 
DISCUSSION 
 
Among nearly 1000 Framingham Offspring cohort 
middle-aged and older adult men and women we 
characterized the circulating innate and adaptive 
immune system by profiling 116 immune cell 
phenotypes including subtypes of CD4 and CD8 T cells, 
B cells, NK cells, and monocytes, and calculated three 
ARIP measures based on T cell subtypes. We confirmed 

 

 
 

Figure 4. Unadjusted mean percentages of five CD8+ T cell types by age, sex and two-category CMV status. Note: Teff = T 
effector cells; Tem = T effector-memory cells; Tcm = T central memory cells. 
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and extended known associations with CMV, age, and 
sex in models adjusting for important covariates. 
Finally, we identified associations of specific immune 
cell phenotypes with smoking status but not with other 
cardiovascular disease risk factors and cardiovascular 
disease. Thus, these factors, including hypertension, 
cardiovascular disease, atrial fibrillation, and diabetes, 
as well as body mass index, lipid treatment, systolic 
blood pressure, total cholesterol, and high-density 
cholesterol levels, are unlikely to confound the 
associations between immune cell levels and age, sex, 
CMV status, and smoking status that we observed in 
this study, or associations with outcomes of interest that 
will be explored in future studies. Our cross-sectional 
observations of immune cell phenotypes in a large 
community sample provide a reference for the scientific 
community to further our understanding of the 
complexity of the immune cell subsets and diversity of 
the immune system in the blood, a tissue that is easily 
accessible in human population studies. 
 
As expected nearly half the participants in our study 
sample were CMV positive with women making up 
about two-thirds of the CMV positive group above 
LOD. Viral infection, particularly from CMV, is known 
to associate with alterations to the immune system [10, 
12, 19], making it critical to investigate the influence of 
CMV exposure on specific immune cell phenotypes 
when examining immune cells in population studies. 
Overall, we observed 63 immune cell phenotypes 
associated with CMV serostatus including differences in 
CD3+ T cells and T cell subsets, with similar findings 

in men and women and some findings independent of 
age-related differences. CD3+ T cell levels were higher 
in CMV positive groups compared to CMV 
negative/equivocal groups. CD4 and CD8 Tn cells were 
lower in the CMV positive group and had similar 
associations with age and sex but were lower in men. 
The CD4 and CD8 TEMRA and granzyme B producing 
cells were higher in the CMV positive group in both 
men and women, with higher levels in men. Only the 
CD8 granzyme B producing cells were age-related. 
CD4 Teff, CD4 Tem, and CD8 Teff were higher in 
CMV positive individuals while CD8 Tem, and CD8 
Tcm were lower. Consistent with a previous report [20], 
Th1 cells were higher with CMV positivity. 
Additionally, T-bet+ CD4+ cells, which regulate Th1 
differentiation, were also higher with CMV positivity. 
All ARIP measures were lower for the CMV positive 
groups compared to negative and equivocal groups 
consistent with known expansion of effector and 
memory T cell subsets in the presence of CMV. Future 
investigations of the association of ARIP indicators 
with age-related outcomes will require adjustment for 
CMV status, depending on outcome of interest. 
 
Our findings largely confirm other studies that identified 
increases in memory and TEMRA T cell subsets with 
CMV positive status [12, 21, 22]. However, we observed 
lower levels of several memory subsets (CD8 Tcm, and 
CD8 Tem) in CMV positive individuals in contrast to 
another study that observed higher levels of these T cell 
subsets in CMV positive individuals or no difference by 
CMV serostatus [11]. These differences are likely due to 

 

 
 

Figure 5. Unadjusted mean values of ARIP measures stratified by age, sex and two-category CMV status. Note: Tn = naïve T 
cells; Tm = memory T cells. 
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Table 4. Association of immune cell phenotypes with CMV status adjusting for age and sex.a 

 Negative 
(0,11] U/ml 

Equivocal 
(11,15] U/ml Positive (15,800] Above LOD 

(>800) FDR 

 n=75 n=399 n=364 n=101  
T cells ref -0.01 (0.12) 0.25 (0.12) 0.50 (0.15) 1.46e-05 
CD4 T helper cells ref 0.17 (0.12) -0.52 (0.12) -0.72 (0.14) 8.71e-26 
CD4 T Naïve cells (Tn) ref 0.19 (0.12) -0.18 (0.12) -0.22 (0.15) 2.20e-06 
CD4 T effector cells (Teff) ref 0.05 (0.11) 0.86 (0.11) 1.39 (0.13) 7.79e-52 
CD4 T effector-memory cells (Tem) ref -0.11 (0.12) 0.48 (0.12) 0.78 (0.14) 1.74e-21 
CD4 T central memory cells (Tcm) ref -0.21 (0.13) -0.22 (0.13) -0.45 (0.15) 5.53e-02 
CD4 TEMRA cells ref 0.07 (0.10) 0.94 (0.11) 1.42 (0.13) 2.59e-60 
CD4 +CD25+ cells ref -0.08 (0.13) -0.16 (0.13) -0.06 (0.16) 6.25e-01 
CD4 FoxP3 T reg cells ref 0.01 (0.12) 0.10 (0.12) 0.12 (0.15) 6.64e-01 
CD4 Th 1 cells ref -0.05 (0.12) 0.59 (0.12) 0.95 (0.14) 7.79e-27 
Granzyme B producing CD4+ cells ref -0.11 (0.10) 0.98 (0.10) 1.58 (0.12) 1.65e-93 
CD8 Cytotoxic T cells ref -0.21 (0.11) 0.60 (0.12) 0.79 (0.14) 1.77e-35 
CD8 T Naïve cells (Tn) ref 0.10 (0.10) -0.52 (0.10) -0.72 (0.12) 5.96e-29 
CD8 T effector cells (Teff) ref -0.02 (0.11) 0.81 (0.11) 1.14 (0.13) 1.21e-47 
CD8 T effector-memory cells (Tem) ref -0.30 (0.12) -0.11 (0.13) -0.31 (0.15) 2.34e-02 
CD8 T central memory cells (Tcm) ref 0.05 (0.12) -0.52 (0.12) -0.68 (0.15) 6.86e-17 
CD8 TEMRA cells  ref 0.04 (0.11) 0.86 (0.11) 1.06 (0.13) 4.57e-42 
CD8+CD25+ cells ref -0.08 (0.13) -0.10 (0.13) -0.00 (0.15) 8.31e-01 
CD8 FoxP3 T reg cells ref 0.09 (0.12) 0.08 (0.12) 0.08 (0.15) 9.37e-01 
CD8 Tc 1 cells ref -0.06 (0.12) 0.38 (0.12) 0.56 (0.15) 6.73e-11 
Granzyme B producing CD8+ cells ref -0.15 (0.10) 0.75 (0.10) 1.03 (0.13) 3.27e-53 
B cells ref 0.03 (0.13) -0.20 (0.13) -0.37 (0.15) 1.93e-03 
NK cells ref 0.09 (0.12) -0.08 (0.12) -0.10 (0.15) 1.79e-01 
Classical monocytes ref 0.04 (0.13) 0.07 (0.13) -0.15 (0.16) 4.35e-01 
CD4/CD8 ref 0.22 (0.11) -0.58 (0.12) -0.77 (0.14) 7.86e-34 
CD4 Tn/Tm ref 0.17 (0.12) -0.24 (0.12) -0.31 (0.15) 3.86e-08 
CD8 Tn/Tm ref 0.15 (0.10) -0.57 (0.10) -0.80 (0.12) 3.58e-38 

Note: TEMRA cells, CD45RA-re-expressing T effector memory cells; T regs cells, T regulatory cells; Th 1 cells, T helper type 1 
cells; Tc 1 cells, Cytotoxic T cells type 1; NK cells, Natural killer cells; Tn, naïve T cells; Tm, memory T cells. 
aComplete case data, immune cell phenotypes were inverse normal transformed.  Table values are difference in adjusted 
mean value (in standard deviation units) from the reference (CMV negative) group. The threshold for declaring significance 
was FDR < 0.05. 
 

different cell surface markers used to identify these 
subsets (most notably CD27 versus CD28) or the 
method of quantification (percentages vs cell counts). 
All ARIP measures were lower for CMV positive 
individuals compared to negative and equivocal groups. 
Our study also observed an association of CMV status 
with B cells. Reports in the literature have been 
inconsistent with one study identifying minimal affects 
[23] and another failing to observe an association of B 
cells with CMV [12]. Consistent with a prior report 
[24], classical monocytes did not differ by CMV group, 
nor did we observe associations with age group or sex. 
Differences in this case may also be due to markers 

used to identify subsets and quantification methods 
utilized. Our data are consistent with CMV positive 
individuals having a shift from an immunologically 
naïve phenotype towards an exhausted pro-
inflammatory phenotype, characterized by markers of 
replicative senescence (loss of CD27, CD23, higher 
CD57) and higher production of Granzyme B, perforin, 
and interferon gamma. 
 
We expand upon a recent report from the Health and 
Retirement Study of T cells, CD4 and CD8 cells and 
their naïve, effector, effector memory, and central 
memory subtypes [11] to include additional CD4 and 
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Table 5. Association of immune cell phenotypes with age adjusting for Model 2 covariates.a  

 ≤55 (n=286) 56-60 (n=208) 61-65 (n=166) 66-70 (n=140) ≥71 (n=196) FDR 
T cells ref -0.01 (0.09) -0.23 (0.10) -0.33 (0.11) -0.35 (0.10) 9.34e-03 
CD4 T helper cells ref 0.23 (0.08) 0.13 (0.09) 0.23 (0.10) 0.15 (0.10) 2.31e-01 
CD4 T Naïve cells (Tn) ref 0.01 (0.09) -0.21 (0.10) -0.41 (0.11) -0.33 (0.10) 2.01e-03 
CD4 T effector cells (Teff) ref -0.06 (0.08) 0.07 (0.08) -0.07 (0.09) -0.00 (0.09) 8.01e-01 
CD4 T effector-memory cells (Tem) ref -0.13 (0.08) 0.08 (0.09) 0.10 (0.10) 0.08 (0.10) 3.49e-01 
CD4 T central memory cells (Tcm) ref 0.03 (0.09) 0.11 (0.10) 0.30 (0.11) 0.22 (0.11) 2.37e-01 
CD4 TEMRA cells ref -0.06 (0.07) 0.00 (0.08) -0.03 (0.09) -0.04 (0.09) 9.50e-01 
CD4+CD25+ cells ref 0.07 (0.09) 0.00 (0.10) -0.07 (0.11) 0.04 (0.11) 8.92e-01 
CD4 FoxP3 T reg cells ref 0.00 (0.09) 0.06 (0.10) 0.03 (0.11) 0.02 (0.11) 9.79e-01 
CD4 Th 1 cells ref -0.00 (0.08) 0.06 (0.09) 0.08 (0.10) 0.00 (0.10) 9.50e-01 
Granzyme B producing CD4+ cells ref 0.00 (0.07) 0.08 (0.07) 0.07 (0.08) 0.08 (0.08) 8.49e-01 
CD8 Cytotoxic T cells ref -0.23 (0.08) -0.15 (0.09) -0.12 (0.10) -0.17 (0.09) 2.53e-01 
CD8 T Naïve cells (Tn) ref -0.17 (0.07) -0.45 (0.08) -0.63 (0.09) -0.84 (0.09) 1.89e-19 
CD8 T effector cells (Teff) ref 0.14 (0.07) 0.18 (0.08) 0.34 (0.09) 0.33 (0.09) 1.02e-02 
CD8 T effector-memory cells (Tem) ref 0.02 (0.09) 0.29 (0.10) 0.19 (0.11) 0.26 (0.11) 9.30e-02 
CD8 T central memory cells (Tcm) ref 0.10 (0.09) 0.15 (0.09) 0.09 (0.10) 0.07 (0.10) 8.04e-01 
CD8 TEMRA cells  ref 0.08 (0.08) 0.07 (0.08) 0.23 (0.09) 0.26 (0.09) 1.68e-01 
CD8+CD25+ cells ref -0.05 (0.09) -0.01 (0.10) -0.13 (0.11) 0.08 (0.11) 7.11e-01 
CD8 FoxP3 T reg cells ref -0.01 (0.09) -0.14 (0.10) -0.06 (0.10) -0.11 (0.10) 8.04e-01 
CD8 Tc 1 cells ref 0.13 (0.09) 0.21 (0.10) 0.26 (0.10) 0.24 (0.10) 2.64e-01 
Granzyme B producing CD8+ cells ref 0.12 (0.07) 0.22 (0.08) 0.26 (0.09) 0.34 (0.09) 1.35e-02 
B cells ref 0.02 (0.09) -0.10 (0.10) 0.15 (0.11) 0.12 (0.11) 5.33e-01 
NK cells ref -0.01 (0.09) 0.19 (0.10) 0.21 (0.11) 0.25 (0.11) 1.98e-01 
Classical monocytes ref -0.12 (0.09) 0.03 (0.10) -0.04 (0.11) -0.14 (0.11) 7.07e-01 
CD4/CD8 ref 0.25 (0.08) 0.16 (0.09) 0.17 (0.10) 0.17 (0.10) 1.86e-01 
CD4 Tn/Tm ref 0.03 (0.09) -0.18 (0.10) -0.36 (0.11) -0.29 (0.10) 9.34e-03 
CD8 Tn/Tm ref -0.14 (0.07) -0.43 (0.08) -0.58 (0.09) -0.75 (0.09) 1.78e-16 

Note: TEMRA cells, CD45RA-re-expressing T effector memory cells; T regs cells, T regulatory cells; Th 1 cells, T helper type 1 
cells; Tc 1 cells, Cytotoxic T cells type 1; NK cells, Natural killer cells; Tn, naïve T cells; Tm, memory T cells. 
aImmune cell phenotypes were inverse normal transformed.  Table values are difference in adjusted mean value (in standard 
deviation units) from the reference (age ≤ 55 group. Model 2 covariates include sex, logCMV, education level, APOE 
genotypes, BMI groups, and indicators of current smoking, presence of diabetes, prevalent CVD, prevalent AF, SBP, on 
hypertension treatment at exam 7, TC, HDL, on lipid treatment at exam 7, and cancer prior to exam 7. The threshold for 
declaring significance was FDR < 0.05. 
 

CD8 subtypes and other immune cell phenotypes (B 
cells, NK cells and monocytes). Our study identified 18 
immune cell phenotypes associated with age including 
in the naïve, effector, and memory subtypes with most 
results observed for CD8 T cell subtypes. Age-related 
associations were observed after adjustment for CMV 
status, sex, and other covariates. We did not observe an 
association between the CD4/CD8 ratio with age but did 
find a negative association between two ARIP 
phenotypes, CD4 Tn/Tm and CD8 Tn/Tm ratio with 
age. These ARIP phenotypes may prove important in 
establishing meaningful differences in chronological 
and biological age. Studies using absolute cell counts 

have demonstrated that CD4 Tn/Tm and CD4 Tn are 
strongly associated with clinically-defined biological 
age, while CD8 Tn/Tm and CD8 Tn are strongly 
correlated with chronological age [17]. Interestingly, it 
was the phenotypes that correlated with biological age, 
namely CD4 Tn/Tm and CD4 Tn, that were also 
associated with multimorbidity, cancer, diabetes and 
heart disease. This may be due to the method of 
assigning biological age that utilizes biomarkers of 
cardiovascular, metabolic, inflammation as well as 
liver, lung and kidney function. Our finding that men 
have lower CD4 and CD8 Tn and Tn/Tm than women 
may explain some of the differences observed in the 
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Table 6. Association of immune cell phenotypes with sex adjusting for Model 2 covariates.a  

 Female (n=516) Male (n=480) FDR 
T cells ref -0.16 (0.07) 6.89e-02 
CD4 T helper cells ref -0.40 (0.07) 5.55e-08 
CD4 T Naïve cells (Tn) ref -0.20 (0.07) 1.65e-02 
CD4 T effector cells (Teff) ref 0.24 (0.06) 6.58e-04 
CD4 T effector-memory cells (Tem) ref 0.24 (0.07) 2.02e-03 
CD4 T central memory cells (Tcm) ref 0.01 (0.07) 9.17e-01 
CD4 TEMRA cells ref 0.17 (0.06) 1.94e-02 
CD4+CD25+ cells ref -0.00 (0.07) 9.24e-01 
CD4 FoxP3 T reg cells ref -0.08 (0.07) 4.86e-01 
CD4 Th 1 cells ref -0.10 (0.07) 3.40e-01 
Granzyme B producing CD4+ cells ref 0.25 (0.05) 1.92e-05 
CD8 Cytotoxic T cells ref 0.39 (0.06) 2.41e-08 
CD8 T Naïve cells (Tn) ref -0.41 (0.06) 2.31e-10 
CD8 T effector cells (Teff) ref 0.27 (0.06) 5.48e-05 
CD8 T effector-memory cells (Tem) ref 0.25 (0.07) 3.44e-03 
CD8 T central memory cells (Tcm) ref -0.18 (0.07) 3.29e-02 
CD8 TEMRA cells  ref 0.36 (0.06) 7.76e-08 
CD8+CD25+ cells ref -0.06 (0.07) 5.87e-01 
CD8 FoxP3 T reg cells ref 0.08 (0.07) 4.36e-01 
CD8 Tc 1 cells ref 0.12 (0.07) 2.14e-01 
Granzyme B producing CD8+ cells ref 0.38 (0.06) 2.53e-09 
B cells ref -0.24 (0.07) 3.44e-03 
NK cells ref 0.25 (0.07) 2.06e-03 
Classical monocytes ref 0.02 (0.07) 8.67e-01 
CD4/CD8 ref -0.41 (0.06) 1.32e-08 
CD4 Tn/Tm ref -0.19 (0.07) 2.68e-02 
CD8 Tn/Tm ref -0.41 (0.06) 1.91e-10 

Note: TEMRA cells, CD45RA-re-expressing T effector memory cells; T regs cells, T regulatory cells; Th 1 
cells, T helper type 1 cells; Tc 1 cells, Cytotoxic T cells type 1; NK cells, Natural killer cells; Tn, naïve T 
cells; Tm, memory T cells. 
aImmune cell phenotypes were inverse normal transformed.  Table values are difference in adjusted 
mean value (in standard deviation units) for males compared to the reference (female) group. Model 
2 covariates include age, logCMV, education level, APOE genotypes, BMI groups, and indicators of 
current smoking, presence of diabetes, prevalent CVD, prevalent AF, SBP, on hypertension treatment 
at exam 7, TC, HDL, on lipid treatment at exam 7, and cancer prior to exam 7. The threshold for 
declaring significance was FDR < 0.05. 

 

healthspan and lifespan in men vs. women. We did not 
observe age associations for B cells, NK cells or 
classical monocytes in contrast to Milieu Interieur 
cohort [12] and a smaller study that noted age-related 
correlations in all of these immune cell phenotypes [25]. 
One potential reason for differences in associations 
may be due to the differences in age distribution of our 
study and the former study [25] that investigated 
young adults (ages 20-31 years) and older adults (ages 
60-96 years) with both young and older ages beyond 

the age ranges of our study sample. Additionally, the 
Milieu Interieur cohort utilized cell counts or mean 
fluorescent intensity to quantitate cells, while the 
smaller study used absolute cell counts, both in 
contrast to our study which used the percentages of 
major parent (i.e. CD4 for CD4 subsets). We chose 
percentages as a means to visualize the composition of 
the major phenotypes (i.e. CD4 or CD8 cells) without 
the influence of overall white cell counts which can 
vary greatly within the population. 
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Table 7. Association of immune cell phenotypes with smoking status adjusting for 
Model 2 covariates.a  

 Current non-
smoker (n=857) 

Current smoker 
(n=139) FDR 

T cells ref 0.10 (0.09) 5.34e-01 
CD4 T helper cells ref -0.04 (0.09) 8.24e-01 
CD4 T Naïve cells (Tn) ref -0.07 (0.09) 6.70e-01 
CD4 T effector cells (Teff) ref 0.02 (0.08) 8.66e-01 
CD4 T effector-memory cells (Tem) ref -0.10 (0.09) 5.00e-01 
CD4 T central memory cells (Tcm) ref 0.14 (0.09) 3.28e-01 
CD4 TEMRA cells ref 0.07 (0.07) 5.61e-01 
CD4+CD25+ cells ref -0.09 (0.09) 5.61e-01 
CD4 FoxP3 T reg cells ref 0.09 (0.09) 5.61e-01 
CD4 Th 1 cells ref -0.12 (0.09) 3.74e-01 
Granzyme B producing CD4+ cells ref -0.03 (0.07) 8.32e-01 
CD8 Cytotoxic T cells ref 0.12 (0.08) 3.38e-01 
CD8 T Naïve cells (Tn) ref -0.04 (0.08) 7.63e-01 
CD8 T effector cells (Teff) ref -0.18 (0.08) 8.20e-02 
CD8 T effector-memory cells (Tem) ref 0.05 (0.09) 7.77e-01 
CD8 T central memory cells (Tcm) ref 0.18 (0.09) 1.38e-01 
CD8 TEMRA cells  ref -0.24 (0.08) 2.33e-02 
CD8+CD25+ cells ref -0.09 (0.09) 5.76e-01 
CD8 FoxP3 T reg cells ref 0.28 (0.09) 1.65e-02 
CD8 Tc 1 cells ref -0.35 (0.09) 2.30e-03 
Granzyme B producing CD8+ cells ref -0.21 (0.07) 3.37e-02 
B cells ref 0.02 (0.09) 8.84e-01 
NK cells ref -0.24 (0.09) 5.05e-02 
Classical monocytes ref -0.14 (0.09) 3.38e-01 
CD4/CD8 ref -0.08 (0.08) 5.47e-01 
CD4 Tn/Tm ref -0.02 (0.09) 8.66e-01 
CD8 Tn/Tm ref 0.01 (0.07) 8.87e-01 

Note: TEMRA cells, CD45RA-re-expressing T effector memory cells; T regs cells, T 
regulatory cells; Th 1 cells, T helper type 1 cells; Tc 1 cells, Cytotoxic T cells type 1; NK 
cells, Natural killer cells; Tn, naïve T cells; Tm, memory T cells. 
aImmune cell phenotypes were inverse normal transformed. Table values are difference 
in adjusted mean value (in standard deviation units) from the reference (current non-
smoker) group. Model 2 covariates include age, sex, logCMV, education level, APOE 
genotypes, BMI groups, and indicators presence of diabetes, prevalent CVD, prevalent 
AF, SBP, on hypertension treatment at exam 7, TC, HDL, on lipid treatment at exam 7, 
and cancer prior to exam 7. 

 

Consistent with previous reports [11, 16, 19], in 
adjusted models we observed that CD3+ T cells and 
CD4 and CD8 Tn cells were lower in older age-groups. 
Tn cells provide defense against new antigens and 
infections such as SARS-CoV-2. Lower T cell subsets 
correlated with adverse COVID-19 outcomes and may 
in part explain the higher susceptibility to COVID-19 
with age [26–28]. CD8 effector subsets were higher 
with increasing age after adjusting for CMV serostatus. 
Effector cell subsets are known to provide protection 
against previously encountered infections and 
antigens. Our observations add to prior reports that 

have shown an increase in CD8 Teff cells with age 
[25] although results in the literature have been 
inconsistent with reports of associations with age only 
in CMV positive individuals [19] or lack of age 
associations [11]. In addition, we report associations 
between Granzyme B producing CD8 cells with 
increasing age. A small study (n=28) of healthy young 
(ages 25-29) and old (ages 62-70) non-obese men did 
not observe higher Granzyme B producing CD8 cells 
in older men but did show a trend toward higher levels 
of this cell population in the older participants [29]. 
Their data shows that the granzyme B is being 
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produced primarily by CD57+ cells, indicating 
replicative senescence [30]. Additionally, Granzyme B 
production in both CD4 and CD8 cells is increased 
with CMV seropositivity which increases with age 
[31]. While we adjusted for this in our models, the 
granzyme B producing CD8 cells were still associated 
with age. This data may indicate an important role for 
Granzyme B production in increasing the cytotoxicity 
of CD8+ cells with age, particularly in CMV positive 
individuals, where decreased immune-repertoire may 
be replaced by highly cytotoxic Granzyme B 
producing cells [32]. 
 
There are recognized differences in the immune system 
in men and women with women at greater risk for 
autoimmune disease. Differences increase at older ages 
(after age 65 years), with men observed to have higher 
levels of innate activity (inflammaging) and lower 
adaptive immunity compared to women [33], although 
both men and women were observed to have these 
immune system changes with age. We observed adverse 
levels throughout the T cell repertoire after adjusting for 
CMV, age and other covariates in men compared with 
women including lower Tn, higher Tem, higher 
TEMRA and higher granzyme B producing T cells in 
both CD4 and CD8 subsets. ARIPs including the 
CD4/CD8 ratio were also lower in men compared with 
women. A smaller study of healthy Japanese adults with 
more limited immune cell profiling also observed more 
favorable age-related changes in immune parameters in 
women compared men [8] as did the Milieu Interieur 
Cohort study [12]. The Health and Retirement Study 
reported sex differences, with men observed to have 
lower CD4 and CD8 Tn cells and higher percent of 
male participants with low CD4/CD8 ratio [11], similar 
to our findings. 
 
Finally, we also observed lower levels of B cells in men 
compared to women consistent with other reports [8, 
33] and higher levels of NK cells, as previously 
reported [34]. B cells produce antibodies in response to 
infection and vaccination and lower levels in older men 
may impair ability to respond to pathogens. These 
differences in immune function between men and 
women may begin to further our understanding of how 
the immune system contributes to sex differences in 
healthspan and lifespan [18]. 
 
Although B cells were not significantly different 
between current smokers and non-smokers, many of the 
B cell subsets were. Specifically, the memory B cells 
(CD19+CD27+CD43-) were higher in smokers, while 
the percent of the memory B cells (and B cells in 
general) that express IgD+ and/or IgM+ were lower in 
smokers. Previous studies have shown similar results 
with memory B cells for current smokers and 

demonstrated that former smokers had memory B cells 
similar to that of never smokers. They additionally saw 
a similar class-switch in the memory B cells in current 
smokers, measured by a loss of IgM [35]. The switch 
from IgM to IgG, IgA or IgE is thought to be due to 
mature memory B cells responding to repeated antigen 
recognition [36], potentially due to neoantigens formed 
from smoke particles. 
 
Equally important in this study is the lack of association 
of these immune cells with cardiovascular risk factors. 
While there were some weak associations with prevalent 
cardiovascular disease, diabetes, and hypertension, none 
remained significant using an FDR<0.05. These weak 
associations have been previously reported in studies 
with fewer immunophenotypes [13, 14, 20]. 
 
This study has several strengths. Properly stored PBMC 
samples for immune cell profiling came from 
participants in a richly characterized community-based 
cohort who were dementia-free. While fresh whole 
blood is the optimum media for immune cell profiling, 
data has shown that cryopreserved cells show excellent 
correlation to whole blood profiles [37]. Study 
participants have directly measured risk factors and 
APOE genotyping permitting association analyses that 
may provide a reference for future studies of immune 
cells and various clinical conditions. The participants in 
this study continue under surveillance for clinical 
outcomes and have up to 20 years of follow up data that 
can be used in future studies to examine the relationship 
between immune cell phenotypes and incident 
cardiovascular, cognitive, and other health outcomes. 
The study also has limitations. The FHS Offspring 
participants are predominantly white and European 
ancestry, and therefore do not reflect the diversity of the 
United States population. The immune cell profiling 
was conducted at one time point limiting our ability to 
examine longitudinal relations of changes in immune 
cell proportions with age. Circulating immune cells are 
not necessarily representative of tissue-resident T cells. 
Immune cell data was presented as a proportion rather 
than an absolute count, due to a lack of a complete 
blood cell count with differential, and this may explain 
differences in data compared with other reports. CMV 
was assayed at one point in time but was measured in 
mid to later adulthood when most exposures would have 
occurred [10]. Our study is cross-sectional and for some 
outcomes we may have limited power to detect modest 
associations with immune cells. 
 
CONCLUSIONS 
 
We profiled 116 immune cell phenotypes including 
subtypes of CD4 and CD8 T cells, B cells, NK cells, and 
monocytes in the community-based Framingham 
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Offspring cohort. Our observations confirm and extend 
known associations of immune cell subtypes with CMV 
and age that show a shift from a naïve phenotype towards 
an exhausted phenotype. We report sex differences, with 
males exhibiting a more exhausted, cytotoxic landscape 
than females. We identified associations between CD8 
exhausted cells and B cell subsets, but not overall B cells, 
with smoking status. Importantly, we did not identify 
significant immune cell associations with other risk 
factors, such as body mass index, prevalent cardiovascular 
disease, hypertension or diabetes. While further studies in 
larger, more diverse sample and more than one time point 
with immunophenotypic data are needed, this work will 
provide a valuable resource for future studies of the 
association of immune cell phenotypes and incident age-
related disease. 
 
MATERIALS AND METHODS 
 
Study sample 
 
The FHS is a community-based prospective cohort study. 
Starting in 1948, the FHS recruited 5209 participants 
residing in Framingham, Massachusetts who were 
primarily white American adults of European ancestry as 
the Original cohort [38], followed by the Offspring 
cohort (n=5129) which was recruited in 1971, consisting 
of the children of the Original cohort and spouses of the 
Offspring [39, 40]. The Offspring cohort participants 
have been examined every 4-8 years since enrollment. A 
total of 3539 Offspring participants attended the seventh 
examination from 1998 to 2001, which is the first 
examination with existing stored PBMCs. 
 
For the current study, we identified 1332 Offspring 
participants who attended exam 7 (1998 to 2001) and had 
2 or more vials of PBMCs stored (to ensure the resource 
was not exhausted) that can be used to profile immune 
cells. Among this group of Offspring participants, we 
identified a study sample of 1000 individuals aged 40 
years and older who were dementia-free at exam 7. 
Figure 2 is a flow chart showing participant inclusion and 
exclusion in the study. All participants provided written 
informed consent at each attended examination; FHS 
exams are reviewed and approved by the Institutional 
Review Board at Boston University Medical Center. 
 
Immunophenotyping methods 
 
Immune cell phenotyping protocols followed previously 
published protocols used in other large population 
studies [41, 42]. Briefly, PBMCs were cryopreserved at 
the Framingham Heart Study Offspring Cohort Exam 7. 
The PBMCs were thawed in a 37° C water bath for  
15 minutes. Cells were diluted to 10x initial volume  
by the slow addition of supplemented media with gentle 

mixing, pelleted, washed, and resuspended in phosphate-
buffered saline and filtered. The filtered cells were 
divided into 5 assay panels for immunophenotyping. 
Fluorescent antibodies utilized for this study, 
manufacturer, catalog numbers, and matching isotypes 
used in specific assay panels are indicated in 
Supplementary Table 3. 
 
For surface labeling panels (GDNK, MEMORY, 
MONOCYTES), samples are incubated with a fixable 
live/dead stain for 15 minutes. After centrifugation to 
remove the live/dead stain, cells were incubated with 
the indicated antibodies or appropriate isotype for 15 
minutes in the dark at concentrations recommended by 
manufacturers. Cells were pelleted, washed with media, 
resuspended in 1% paraformaldehyde, and stored in the 
dark at 4C until run on the flow cytometer. 
 
For intracellular staining, samples are stimulated with 
phorbal myristic acetate/Ionomycin in the presence of 
Brefeldin A for 3 hours at 37C as previously described 
[41, 42]. Cells are collected by centrifugation, washed, 
and incubated with CD3/CD4/CD8 antibodies for 15 
minutes in the dark. Cells were washed and fixed with 
paraformaldehyde for 10 minutes. Cells were collected 
by centrifugation and incubated for 15 minutes with 
appropriate antibodies or isotype controls in the 
presence of saponin (a pore forming reagent). Cells 
were washed and stored in 2% paraformaldehyde in the 
dark at 4C until run on the flow cytometer. 
 
Flow cytometry was performed on a MACSQuant 16. 
Single color compensation beads were used to set 
machine compensation. Isotype controls and FMO 
controls were used to aid in gate setting. FCS Express 
6.0 was used to analyze data. A Vericell PBMC control 
sample (Biolegend) was analyzed with each run to 
assess run variability, with coefficients of variation 
(CVs) ranging from 2.5% for CD3+, 12.3% for CD4+, 
17.5% for CD8+ and 7.8% for CD14+ monocytes. 
 
All data are presented as a percent of their main parent 
population as listed in Supplementary Table 1. Major 
cell types analyzed for this study are displayed in  
Figure 1A–1E. and gating strategies utilized are shown 
in Supplementary Figures 3–7. 
 
We excluded 13 immune cell phenotypes with very low 
variability (whose CV < 0.074 or IQR < 0.088, the 5% 
percentiles), leaving 116 cell phenotypes. The number 
of participants with data and summary statistics for each 
immune cell phenotype profiled are presented in 
Supplementary Table 2. 
 
We calculated three ARIP measures using immune cell 
phenotypes profiled in our study: the CD4/CD8 ratio, and 
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two measures of the ratio between naïve cells and 
memory and effector cells for both CD4 T cells and CD8 
T cells. For the ratio between naïve T cells and memory T 
cells, Tn/Tm, we used the formula Tn/Tm = Tn / (Teff + 
Tem + Tcm) separately for the CD4 and CD8 Tn cells, 
Teff cells, Tem cells, and Tcm cells [17]. The number of 
participants with data and summary statistics of the three 
ARIP measures is summarized in Supplementary Table 2. 
 
Cytomegalovirus 
 
CMV is a common pathogen that influences T cell 
subsets in individuals infected with CMV. Therefore, 
we assayed CMV IgG by ELISA using the Creative 
Diagnostics CMV IgG kit (Catalog # DEIA326R) using 
an existing plasma sample from Offspring exam 7 from 
943 of the participants with immune cell phenotyping. 
We obtained quantitative values in U/ml; the CV for the 
CMV assay was 5.9%. 
 
Statistical analysis 
 
Our analyses excluded 4 participants with missing data 
for most of the immune cell subtypes, resulting from 
failure of these samples for multiple assays. The 116 
immune cell phenotypes had sample sizes ranging from 
n=922 to 996. The number of participants with data and 
summary statistics for each immune cell phenotype 
profiled are presented in Supplementary Table 2. 
Missingness in cell phenotypes data was due to poor 
sample quality, technical assay errors, or not enough cells 
to assay a specific subset. Number of missingness for 
each type is listed in Supplementary Table 2. We 
stratified age into five groups: age ≤ 55, 55 < age ≤ 60, 
60 < age ≤ 65, 65 < age ≤ 70, and age > 70. We 
categorized CMV into 4 groups: negative (CM ≤ 11 
U/ml), equivocal (11< CMV ≤ 15 U/ml), positive, below 
the limit of detection (LOD) (15 < CMV ≤ 800 U/ml) and 
positive, above the LOD (CMV > 800 U/ml). CMV was 
unavailable for 57 participants due to lack of available 
plasma sample from exam 7. Participant characteristics of 
individuals missing CMV values did not differ 
substantively from participants with CMV measured. For 
complete case analyses, individuals missing CMV status 
were omitted. 
 
We computed unadjusted mean percentages of immune 
cell phenotypes for Table 1 immune cell types stratified 
by age, sex, and CMV group using complete-case data. 
 
For all association analyses, immune cell phenotypes 
were rank-based inverse normal transformed and treated 
as the outcome variable. To test for association between 
CMV status and immune cell phenotypes, we used 
individuals with CMV status available and adjusted for 
age and sex (Model 1) using a linear mixed effect model, 

accounting for correlations among related individuals 
using a random effect with the kinship matrix. 
 
To test for associations of immune cells with age, sex, 
smoking status as current smokers vs. non-smokers 
(never or former), and other covariates, we used a 
multivariable model (“Model 2”) that included CMV, 
age, sex, education level, APOE genotypes, and other 
CVD risk factors including BMI, smoking, presence of 
diabetes, prevalent CVD, prevalent AF, SBP, on 
hypertension treatment at exam 7, TC, HDL, on lipid 
treatment at exam 7, and prevalent cancer prior to exam 
7. All covariates except APOE ε4 carrier status and 
education level were directly measured at the FHS 
Offspring exam 7. Education level was ascertained at 
FHS Offspring exams 2 and 8, and during off-exam-
cycle neuropsychological testing. We used highest 
education level reported and categorized it into four 
levels: attended high school, high school graduate, 
attended college, and college graduate. APOE genotype 
groups were defined as ε3ε3, ε2 carriers, and ε4 carriers 
with the ε3ε3 group treated as the reference level. BMI 
was grouped into three levels: normal (BMI < 25), 
overweight (25 ≤ BMI < 30), and obese (BMI ≥ 30). 
The presence of diabetes was determined if any of the 
following were satisfied: fasting blood glucose level of 
126 mg/dL or higher, random blood glucose level of 
198 mg/dL or higher, or use of antidiabetic medications. 
Prevalent CVD was defined at exam 7 based on current 
or previous diagnosis of coronary heart disease 
(myocardial infarction, angina pectoris, coronary 
insufficiency), transient ischemic attack, intermittent 
claudication, and congestive heart failure determined by 
adjudication of a panel of senior investigators. 
 
We used multiple imputation by chained equations [43] 
to create 10 imputed data sets to impute missing CMV 
values, immune cell phenotypes, and other missing data 
among the 996 participants in variables obtained from the 
Offspring exam 7, including the covariate data for the 
multivariable adjusted models (Model 2 covariates). In 
the imputation models, log-CMV levels were treated as 
quantitative with values above LOD set to the LOD. Age, 
sex, education level, APOE genotypes, all immune cell 
phenotypes, and available exam 7 variables were used in 
the imputation. For each immune cell phenotype outcome 
and each imputed data set, we fit a linear mixed effect 
model adjusting for Model 2 covariates accounting for 
correlations among related individuals using a random 
effect with the kinship matrix. Effect estimates and 
likelihood ratio p-values were pooled across data sets. 
 
To account for multiple testing, false discovery rates 
[44] (FDRs) across the 116 immune cell phenotypes 
plus 3 ARIP measures were calculated separately for 
each predictor tested for association. 
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We used a threshold of FDR < 0.05 to declare 
significance. All analyses were conducted in R 
software version 4.0.2 [45]. The multiple imputations 
including pooling of the effect estimates and p–values 
from the fitted models were carried out using the  
mice package [43]. Linear mixed effect models  
were fitted using lmekin function from the coxme 
package [46]. 
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SUPPLEMENTARY MATERIALS 
 
Supplementary Figures 

 
 

 

 
 

Supplementary Figure 1. Correlation plots of the immune cell phenotypes profiled grouped in subsets. (A) Spearman 
correlations among CD4 T helper cell subtypes. (B) Spearman correlations among CD8 cytotoxic T cell subtypes. (C) Spearman correlations 
between T cells, B cells, NK cells, monocytes, and their main subtypes profiled. (D) Spearman correlations among B cell subtypes.  
(E) Spearman correlations among subtypes of the classical monocytes, intermediate monocytes, and the non-classical monocytes. 
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Supplementary Figure 2. Unadjusted mean percentages of CD3+ T cells, B cells, and NK cells of total live lymphocytes, 
unadjusted mean percentages of CD4 TEMRA cells, CD4 +CD25+cells, CD4 FoxP3 T reg cells, and Granzyme B producing CD4 
cells, and unadjusted mean percentages of CD8 TEMRA cells, CD8+CD25+ cells, CD8 FoxP3 T reg cells, and Granzyme B 
producing CD8 cells across age groups, stratified by sex and two-group CMV status. Note: NK cells = Natural killer cells; TEMRA 
cells = CD45RA- re-expressing T effector memory cells; T regs cells = T regulatory cells. 
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Supplementary Figure 3. Strategy for T cell stimulation gating. (A) gates out dead cells. (B) gates on only lymphocytes. (C) gates on 
CD3+ cells. (D) gates on CD4+ and CD8+ cells within the CD3+ cells. (E–K) are C3+CD4+ (or CD8+) with isotype controls used to set negative 
gates for IFNg, IL4, IL17, TNFa in the CD3+ gate, and Perforin/Granzyme B, IGNg/IL7, and TNFa/IFNg in the CD4+ (or CD8+) gate, respectively. 
(L–R) show full data.  Data for CD8+ cells was gated identically. 

 

 
 

Supplementary Figure 4. Strategy for T, B, NK cell gating. PBMCs are gated on live cells (A), followed by lymphocytes (B). (C–H) are 
isotype controls. (I) is gated on live lymphocytes for CD3+, CD19+ and CD3-CD19-. (J) is gated on live lymphocytes for CD3+gdTCR+. (K) is 
gated on CD3-CD19- for CD56+CD16+ (NK cells). (L) is gated on CD3+ for CD38+ and HLADR+. (M) is gate on CD19+ for CD43+ and CD27+.  (N) 
is gated on CD19+ for IgD and IgM. 
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Supplementary Figure 5. Regulatory T cell gating strategy. PBMCs are gated on live cells (A), then lymphocytes (B), then CD3+ cells 
(C) and then on either CD4+ or CD8+ cells (D). Gating on CD4+ cells, isotype controls were used to set negative gates for CD25 and FoxP3 
(E), tBET and RORgT (F), CD25 and CD127 (G), FoxP3 and tBET (H) and FoxP3 and RORgT (I). CD4+ cells were then analyzed for CD25 and 
FoxP3 (J), tBET and RORgT (K), CD25 and CD127 (L), FoxP3 and tBET (M) and FoxP3 and RORgT (N). Similar gating was used for CD8+ 
isotypes controls (O–S) and test samples (T–X). 
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Supplementary Figure 6. Strategy for memory subset gating. PBMCs are gated on live cells (A), lymphocytes (B), CD3+ (C), CD4+ and 
CD8+ (D). Gating on CD4+, isotype controls were used to set negative gates for CD45RA and CD45RO (E), for CD45RA+: CD192 and CD27 (F), 
for CD45RO+: CD192 and CD27 (G), CD28 and CD57 (H), CD95 and CD127 (I), CD137 and CD127 (J), and CD28 and CD27 (K). CD45RA+ cells 
(upper left quadrant) (L) were used to gate CD197 and CD27 (M), while CD45RO+ (lower right quadrant) (L) were used to gate CD197 and 
CD27 (N). Gating on CD4+ cells, were positive samples for CD28 and CD57 (O), CD95 and CD127 (P), CD137 and CD127 (Q), and CD28 and 
CD27 (R). A CD57 isotype control (S) and CD57+ samples gated on CD4+CD45RA+CD28+CD27+ (T) for naïve cells, CD4+CD45RO+CD28+CD27+ 
(U) for early differentiated cells (ED), CD4+CD45RO+CD28+CD27+ (V) for intermediate differentiated cells (ID), and CD4+CD45RA+CD28-CD27- 
(W) for late differentiated cells (LD). Using the CD4+, is an isotype control (X) and a CD279+ (PD1) sample (Y). CD8+ memory subsets were 
performed using the same gating strategy. 
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Supplementary Figure 7. Monocyte gating strategy. PBMCs are gated on live cells (A) followed by monocytes (B). (C) is a CD14+ sample 
used to set negative gates with isotypes. (D–G) are CD14+ cells with isotypes controls. (H) show gating for CD14+CD16- (Classical Monocytes), 
CD14+CD16+ (Intermediate Monocytes) and CD14dimCD16+ (non-Classical Monocytes). (I–L) are gated on Classical Monocytes for CD163 and 
HLADR (I), TREM2 and CD87 (J), CD192 and SLAN (K) and CD33 (L). (M–P) are the same as (I–L) except gated on intermediate monocytes.  
(Q–T) are the same as (I–L) except gated on the non-classical monocytes. 
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Supplementary Tables 
 
Please browse Full Text version to see the data of Supplementary Tables 1–18. 
 
Supplementary Table 1. Immune phenotype characterization. 

 
Supplementary Table 2. Number of participants with data and summary statistics for 116 immune cell phenotypes 
profiled in the study. 

 
Supplemental Table 3. Fluorescent antibody information. 

 
Supplementary Table 4. Immune cell phenotype distributions across CMV serostatus groups. 

 
Supplementary Table 5. Immune cell phenotype distributions across CMV serostatus groups including missing as a 
category. 

 
Supplementary Table 6. Immune cell phenotype distributions across age groups adjusted for all Model 2 covariates a 
using multiple imputations. 

 
Supplementary Table 7. Immune cell phenotype distributions between males and females adjusted for all Model 2 
covariates a using multiple imputations.  

 
Supplementary Table 8. Immune cell phenotype distributions between current non-smokers and smokers at exam 7 
adjusted for all Model 2 covariates a using multiple imputations.  

 
Supplementary Table 9. Immune cell phenotype distributions across education level groups adjusted for all Model 2 
covariates a using multiple imputations.  

 
Supplementary Table 10. Immune cell phenotype distributions across APOE genotype groups adjusted for all Model 
2 covariates a using multiple imputations.  

 
Supplementary Table 11. Immune cell phenotype distributions between presence of diabetes or not at exam 
7adjusted for all Model 2 covariates a using multiple imputations.  

 
Supplementary Table 12. Immune cell phenotype distributions across BMI groups adjusted for all Model 2 covariates 
a using multiple imputations.  

 
Supplementary Table 13. Immune cell phenotype distributions between prevalent CVD or not at exam 7 adjusted for 
all Model 2 covariates a using multiple imputations.  

 
Supplementary Table 14. Immune cell phenotype distributions between prevalent AF or not at exam 7 adjusted for 
all Model 2 covariates a using multiple imputations.  

 
Supplementary Table 15. Immune cell phenotype distributions between chronic blood cancer prior to exam 7 or not 
adjusted for all Model 2 covariates a using multiple imputations.  
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Supplementary Table 16. Immune cell phenotype distributions between participants on treatment of hypertension 
or not at exam 7 adjusted for all Model 2 covariates a using multiple imputations.  

 
Supplementary Table 17. Immune cell phenotype distributions between participants on lipid treatment or not at 
exam 7 adjusted for all Model 2 covariates a using multiple imputations.  

 
Supplementary Table 18. Immune cell phenotype distributions on SBP, TC, and HDL adjusted for all Model 2 
covariates a using multiple imputations.  


