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Abstract

Cytomegalovirus (CMV) and psychological stress are implicated as drivers of immunological
aging. It is unknown, however, whether associations among CMV titers, stress, and immune aging
are more stable or dynamic over time. The present investigation tested the between-person (stable
differences) and within-person (dynamic fluctuations) associations of CMV titers and perceived
stress on late-differentiated T and natural Killer (NK) peripheral blood cells in a longitudinal study
of older adults aged 64-92 years (N=149). Participants reported stress levels and provided blood
biannually for 2.5 years (up to 5 waves per person) to assess CMV 1gG titers and composites of
late-differentiated CD8 T cells (CD28- and CD57+ subsets) and CD56%™ NK cells (CD57+,
NKG2C+, and FceRlvy- subsets). In multilevel models that controlled for demographic variables,
higher CMV titers were associated with higher proportions and counts of aged T and NK cells
between people and lower counts of aged T cells within people. Perceived stress was associated
with higher counts of aged T cells between people, but was not associated with aged NK cells. A
significant interaction between stress and CMV titers on T cells between people indicated that
older adults with lower stress levels and lower CMV titers had the lowest proportions of late-
differentiated T cells, whereas those with higher stress levels had high proportions, regardless of
CMV control. Our results provide evidence for longer-term, between-person associations among
CMV titers, stress, and immunological aging, rather than dynamic within-person associations. We
propose that targeting factors that promote low, stable perceived stress in older adults may retard T
cell differentiation and ultimately support healthy aging.
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Introduction

Innate and adaptive immunity decline with normal aging and these changes are associated
with increased morbidity and mortality in older adults (Franceschi et al., 2018; Pera et al.,
2015; Pawelec 2017). Markers associated with immune aging include the progressive
accumulation of late-differentiated CD8 T cells that lose co-stimulatory molecule CD28 and
acquire maturation marker CD57 (Appay et al., 2008; Effros et al., 2005; Vallejo, 2005).
Late-differentiated peripheral blood T cells are considered to be senescent or near senescent
cells that are functional and cytotoxic, but generally have reduced proliferative capacity
(except under certain stimulation conditions) (Griffin, Michel, Vallejo, 2018; Strioga,
Pasukoniene, & Characiejus, 2011). Additionally, the proportion of CD56%™ natural killer
(NK) cells increases with age (Lutz et al., 2011) and acquire CD57, marking reduced
proliferative capacity but high cytotoxicity, and a late stage of NK cell maturation
(Bjorkstrom et al., 2010; Lopez-Verges et al., 2010).

Cytomegalovirus (CMV) is associated with the accumulation of markers indicative of
immune aging, including late-differentiated T cells (CD8+CD28- and CD8+CD57+)
(Derhovanessian et al. 2011; Weritheimer et al., 2014) and “memory-like” NK cells that
express CD57, activating receptor NKG2C, or lack the adaptor protein FceRIy (Lee etal.,
2015; Muntasell et al., 2016; Solana et al., 2014; Zhang et al., 2013). Furthermore, CMV
may have divergent effects on the functionality of these late-differentiated T cells and NK
cells (e.g., Bigley et al., 2016). CMV is a highly prevalent betaherpes virus that infects 30—
90% of the population — an effect that increases linearly with age (Staras et al., 2006). Once
infected with CMV, a person is unable to eliminate the virus and establishes a life-long
latency. Therefore, in an older adult sample in which the majority are likely CMV-positive,
an important consideration is not only CMV serostatus but also viral control.

In immunocompetent individuals, persistent CMV infection typically remains subclinical
and well-controlled. However, psychological stress can reactivate latent herpes viruses,
resulting in higher virus-specific 1gG antibody titers (Glaser et al., 1991; Rector et al., 2014).
Therefore, stress may act synergistically with CMV titers to affect late-differentiated
immune cell populations. In addition, stress and related psychological factors may act
directly on number and or function of late-differentiated CD8+ T cells (CD57+ and CD28-)
and CD569M NK cells (CD57+) through various pathways including, for example,
neuroendocrine factors (Amati et al., 2010; Bauer et al., 2015; Bosch, Fischer, & Fischer,
2009; Duggal et al., 2014; Segerstrom, Al-Attar, & Lutz, 2012).

It is unknown how stable or dynamic associations are among CMV titers, psychological
stress, and late-differentiated immune cells. The aim of the current study was to examine the
main and interactive effects of between-person differences and within-person fluctuations in
CMV titers and perceived stress on late-differentiated T and NK cells in a community
sample of older adults, assessed biannually over 2.5 years (i.e., up to 5 time points, or waves,
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per person). Focusing on older adults is relevant because control of persistent pathogens like
CMV may weaken with age, resulting in reactivation and disease (Stowe et al., 2007;
Thomasini et al., 2017), and because stress in older adulthood may exacerbate an already
weakened immune system due to aging (Butcher & Lord, 2004; Graham, Christian, Kiecolt-
Glaser, 2006). We hypothesized that CMV titers and perceived stress would be directly
associated with higher levels of aged T and NK cells between and within people. We also
hypothesized an interactive effect such that CMV titers would be positively associated with
late-differentiated T and NK cells between and within people, and this effect would be
particularly pronounced for older adults with high levels of stress. Models were adjusted for
laboratory and demographic variables. In addition to concurrent models, we also explored
time-lagged analyses of significant within-person effects to examine whether CMV titers or
stress six months prior are associated with current levels of aged T and NK cells.

Materials and methods

2.1 Participants

Participants were 149 community-dwelling older adults. The sample was on average 77
years old at the first wave (range = 64-92 years). The majority of the sample was female
(58%), white (94%), and the remainder was African American (4%) and Asian American/
Pacific Islander (2%). The gender distribution of our sample is consistent with the older
adult population in the area (56.1% female aged 65 years and older), but our sample has a
slightly higher percentage of white and lower percentage of African American participants
than the area (87.3% white, 8% African American) (American Fact Finder, 2019). Median
household income was US$60,000 (range: $9,000 - $400,000) and median education was 16
years (range: 9-22).

2.2 Procedures

Participants were recruited from a volunteer subject pool maintained by the University of
Kentucky Sanders-Brown Center on Aging. All procedures were approved by the University
of Kentucky Institutional Review Board. Prospective participants were contacted and
screened by telephone. Those who were interested and eligible were enrolled. Exclusion
criteria included diseases or disorders affecting the immune system including autoimmune
diseases (e.g., Grave’s disease, rheumatoid arthritis, type | diabetes), cancers (e.g.,
melanoma, lymphoma, breast cancer), immunosuppressive disorders (e.g., HIV,
immunoglobulin deficiency), or chronic, severe infections (e.g., hepatitis); chemotherapy or
radiation treatment in the 5 years prior to enrollment; unwillingness to undergo
venipuncture; immunomodulatory medications including opioids and steroids; or more than
two of the following classes of medications: psychotropics, anti-hypertensives, hormone
replacement, or thyroid supplements. These criteria excluded major influences on immunity
and allowed reasonably healthy adults to participate in this study.

Participants were interviewed in their homes every 6 months for up to 2.5 years (up to 5
waves) between July 2011 and December 2016. Scales were verbally administered with the
assistance of response cards. After each interview, study nurses drew blood by venipuncture
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in the morning hours to control for potential circadian variation. Participants received US$50
for their participation at each wave.

2.3 Measures

2.3.1 Perceived psychological stress.—Participants completed the Perceived Stress
Scale (PSS; Cohen et al., 1983) to assess levels of psychological stress. This 10-item
measure is widely used for assessing global stress perceptions over the past month. An
example item includes: “In the past month, how often have you felt that you were unable to
control the important things in your life?”; participants rate items on a 0 (never) to 4 (very
often) Likert scale. Higher values indicate higher levels of perceived stress. PROC
VARCOMP in SAS was used to estimate the variances associated with items, waves, people,
and their interactions to calculate variance components to estimate reliability (equations #4
and #5 from Cranford et al., 2006). The measure was reliable both over people (a=.98) and
over time (i.e., within people, a=.75).

2.3.2 CMV IgG titers.—CMV antibody titers were determined by ELISA (DRG
International, Inc., Springfield, NJ) according to manufacturer specifications. The dynamic
range of the kit is 1.2-18 1U/mL; initial runs were diluted 40-fold. Samples that were above
18 IU/mL were further diluted (80- and 160-fold) and re-run (n=11 samples). Additionally,
n=161 person-wave CMV observations were extrapolated using a power curve; extrapolation
was accounted for in analyses involving CMV titers using a categorical variable (O=not
extrapolated, 1= extrapolated). The sensitivity, specificity, and accuracy of the test were
100%, 98%, and 99%, respectively. The intra-assay and inter-assay coefficients of variability
were 5.1% and 9.9%. CMV IgG Index values of 1.0 or greater were considered seropositive
(n = 106/149, 71% of the sample).

2.3.3 T and NK cell subsets.—Selected panels of immunological markers of late-
differentiated T and NK cells were evaluated by flow cytometry as previously described
(Reed et al., 2018). Briefly, peripheral blood mononuclear cells (PBMCs) were isolated and
cryopreserved. Thawed PBMCs were washed, counted, and treated with fixable viability
stain for 30 minutes at room temperature. Cells were then washed with PBS + 10% FBS and
incubated with human IgG for 15 min on ice to block surface Fc receptors. Next, samples
were stained on ice for 30 min with combinations of fluorescently labelled monoclonal
antibodies specific for surface proteins (see Supplemental Table 1 for clones and suppliers),
washed, and then fixed. For some samples, intracellular staining was performed by first
permeabilizing the cells with 1x permeabilization buffer (eBioscience, San Diego, CA) and
then staining with antibodies for 20 min at room temperature. Percentages of lymphocytes of
PBMCs were determined; T cells were defined as CD3+ cells and NK cells were defined as
CD3-CD56+CD16+ within the lymphocyte population. Surface proteins on T cells were
identified with CD8, CD28, and CD57. Surface and intracellular proteins on NK cells were
identified with CD57, NKG2C, and FceRly (intracellular). Other antibodies that are not the
focus of this investigation but were included in the T and NK cell staining tubes were CD4,
KIR, and CD14 (see Supplemental Table 1). Cells were analyzed on a LSR-11 flow
cytometer (BD, Franklin Lakes, NJ). Spectral overlap was electronically compensated for
using OneComp ebeads (eBioscience) stained with individual fluorochorme-conjugated
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antibodies. Data were analyzed using FlowJo v7.6 software. Illustrative plots of the analyzed
T and NK cell subsets are shown in Figures 1 and 2.

Composites of aged T and NK cells (expressed in both proportions and counts) were
identified by correlational analyses previously described (Reed et al., 2018). Immune cell
composites were used instead of individual subsets for several reasons: (1) the individual T
and NK cell subsets were significantly correlated within cell compartments (see below for
details) and so likely index similar effects; (2) composite variables can provide more robust
descriptive power than single variables alone (Song et al., 2013); and (3) using two reliable
composites (T and NK cell composites) instead of the five individual subsets decreases the
number of statistical tests run and the probability of committing Type | error (Song et al.,
2013). The T cell composite included the mean proportions or cell counts of
CD3+CD8+CD28- and CD3+CD8+CD57+ cells (individual subsets correlated r=.94 — .98,
p values < .0001 for proportion and counts; composite a = .96 for proportions, a = .98 for
counts, across all participants and observations). The T cell composite proportion is
expressed as a percentage of total CD8+ cells. The NK cell composite included the mean
proportions or cell counts of CD57+, NKG2C+, and FceRIy- markers on CD3-
CD16+CD56™M cells (individual subsets correlated /=.29- .58, pvalues < .0006 for
proportions, and r=.54- .72, pvalues < .0001 for counts; a= .67 for proportions, a = .69 for
counts, across all participants and observations). The NK cell composite proportion is
expressed as a percentage of total CD569M cells. Cell counts (per L) were obtained by
multiplying total leukocyte count via hemocytometer by the percentages of gated
lymphocytes. A natural log transformation was applied to the T cell counts composite and
the NK cell proportions and counts composites to improve normality (see Table 1 for
descriptive statistics). Two laboratory scientists completed the standardized staining and
flow cytometry protocol and a categorical variable was included in all models to control for
any inter-individual differences (1= scientist #1; 2 = scientist #2).

2.3.4 Covariates.—Three covariates (in addition to CMV extrapolation and laboratory
scientist) were selected that could account for extraneous variance in immunological aging
without overcontrolling or compromising degrees of freedom (Segerstrom, 2009): time
(entered as wave number, centered at the first wave), age at first wave (centered around the
grand mean, 77 years), and gender (reference is males). Age was calculated as the difference
in years between date of birth and the first interview date. Gender was self-reported at study
entry. Including time and age in the models adjusted for within-person changes over time
and between-person age differences in T and NK cell subsets (Apoil et al., 2017; Campos et
al., 2014; Wertheimer et al., 2014). Including gender in the models adjusted for differences
in immune subsets between males and females (Al-Attar et al., 2016; Wikby et al., 2008).
An additional set of models further adjusted for education and income due to known
relationships among socioeconomic status, CMV, and late-differentiated immune cells
(Aiello et al., 2016; Dowd & Aiello, 2009). Missing income data (n=17, 11%) were imputed
using multiple imputation and the expectation-maximization algorithm in R software using
the Amelia function.

Brain Behav Immun. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reed et al. Page 6

2.4 Data Analysis

Multilevel models with repeated immune assessments (Level 1) within person (Level 2)
were used to accommodate missing data and utilize all available data without the need for
either list-wise deletion or data imputation (Singer & Willett, 2003). Data were analyzed
using the Ime (linear mixed-effects) function from the nlme library (version 3.1.118) in R
(version 3.0.3). Models were estimated using maximum likelihood estimation and included a
random intercept to account for individual differences in proportions and counts of T and
NK cell composites.

To specify the stable and dynamic effects of CMV and perceived stress on immune
outcomes, CMV titers and stress were each partitioned into two orthogonal terms (Hoffman
& Stawaski, 2009): an average score per person across all waves (centered around the grand
mean), which captured between-person differences, and a deviation from each person’s
average score at each wave, which captured within-person variance. For example, the
between-person version of perceived stress was computed by averaging each person’s stress
levels across all of their waves and then subtracting the sample mean from each person’s
mean (i.e., Xj-i, where X is each person j's mean stress level across all of their waves, and X

is the sample mean stress level); the within-person version was computed by subtracting
each person’s average stress level (calculated across all of their waves) from their stress level
at each wave (i.e., X5~ X where xij is person f's stress level at time 7and X is person j%5

stress level across all of their waves). The same calculations were performed to create
between- and within-person versions of CMV titers.

Separate models tested main and interacting fixed effects of between- and within-person
CMV titers and perceived stress on the proportions and counts of T and NK cell composites.
The within-person versions of CMV and perceived stress were also tested as random effects
and included in the model when they significantly improved model fit by log likelihood
comparisons. All models controlled for lab scientist and CMV extrapolation, and further
adjusted models included time, age at first wave, gender, income, and education as fixed
effects. In adjusted models, a random effect of time was also tested and included when it
significantly improved model fit by log likelihood comparisons. Following methods outlined
by Aiken and West (1991), significant interactions were probed at low (-1 SD) and high (+1
SD) levels of CMV titers and perceived stress. Fixed effects are reported as unstandardized
v Weights, which can be interpreted in the same manner as unstandardized B coefficients in
regression. To provide a sense of relative magnitude of effects, we also report standardized
betas for the simple slopes involved in significant interactions. Although we focused on
immune composites, results from individual immune subsets may be of particular interest to
readers and are presented in Supplemental Table 10 and Supplemental Figure 1A-F.
Analyses were conducted in the entire sample (N=149) as well as in the subset of CMV-
positive adults (n=106) to enable a discussion regarding viral control. Additional post-hoc
analyses were conducted in the CMV-negative adults (n=43) to test the main effect of stress.

Last, the primary analyses tested concurrent associations among CMV, stress, and late-
differentiated immune cells. Additional exploratory analyses examined time-lagged effects
of significant within-person associations. These analyses addressed whether within-person
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deviations in CMV titers or stress from six months prior relate to current levels of T and NK
cell subsets, controlling for concurrent within-person deviations.

3. Results

Table 1 presents descriptive information for all study variables. Full multilevel model results
are presented in supplemental material.

3.1 Available Immune Data

Of the 149 participants, 139 had cryopreserved cells stored for one or more waves; 69
participants had valid data at wave 1, 66 at wave 2, 107 at wave 3, 117 at wave 4, and 109 at
wave 5. Of the possible 149 (people)*5 (waves) = 745 observations, missing data were
present because 36 people missed one or more blood draw appointments or had problems
with blood withdrawal (47 person-waves missing), 23 people dropped out (57 person-waves
missing), 3 people died (6 person-waves missing), and 3 people did not allow their blood to
be drawn (9 person-waves missing). Additionally, cells for flow cytometry analyses were
collected and cryopreserved beginning in November 2012; therefore 76 participants did not
have cells available from earlier waves for analysis (158 person-waves missing). The lower
number of observations at waves 1 and 2 are attributable to this mechanism; these missing
data are missing completely at random and thus do not bias the parameter estimates (Singer
& Willet, 2003). Overall, 468 person-waves were available for analysis. Of the 139
participants with cryopreserved cells, participants had on average 3.4 available immune data
points (SD = 1.26, median= 3, range= 1-5). The number of available immune data points did
not correlate with mean CMV titers (r=-.05, p=.51), mean levels of perceived stress (r=-.
10, p=.24), age at the first wave (r=.09, p=.26), income (r=-.10, p=.24), education (+=.00, p
=.97), nor did it differ across gender (t(143)=.36, p=.72).

3.2 Results in the entire sample

3.2.1 T cell composite.—There were main effects of CMV titers and perceived stresst
on the T cell composite, which is the mean expression of CD8+CD28- and CD8+CD57+
(calculated for both proportions and counts, as described in Materials and Methods).
Between people, higher CMV titers across all waves were associated with a higher
proportion (y=0.32, SE= 0.077, {136)= 4.13, p=.0001; see Supplemental Figure 2A) and
counts (y= 0.021, SE= 0.004, {136)= 4.96, p <.0001; see Supplemental Figure 2B) of the
late-differentiated T cell composite. Covariate adjustments did not alter these effects (p
values <.0001). Additionally, within people, at waves when a person had higher than average
CMV titers, he or she also had lower counts of the late-differentiated T cell composite (y=
-0.003, SE=0.001, {307)=-2.42, p=.016; with covariates p=.031; see Supplemental Figure
2C). An exploratory model examined the lagged effect of this within-person association,
which was not significant (y=.00001, SE=0.001, £226)=0.006, p=.99; with covariates p=.
56); thus, a person’s deviation in their CMV titers at a previous wave did not predict lower T
cell composite counts at the following wave. The within-person effect was only significant

correlations between CMV titers and perceived stress ranged from r=.10-.28, p=.25-.004 at measurement waves 1-5. On average,
across all waves, CMV titers and perceived stress correlated r=.16, p=.052.
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concurrently in time. Between people, higher perceived stress was associated with higher T
cell composite counts (y=0.037, SE= 0.017, {137)= 2.14, p=.034; with covariates p=.034;
see Supplemental Figure 2D) and was nearly statistically significant for the T cell composite
proportion (y=0.57, SE= 0.32, {137)= 1.82, p=.071; with covariates p=.051; see
Supplemental Figure 2E).

There was a significant, between-person interaction of CMV titers and stress on the T cell
composite proportion (y= —0.028, SE= 0.014, {134)= -2.03, p= .045; with covariates p= .
025). As shown in Figure 3, older adults with low stress and low CMV titers had the lowest
proportions of late-differentiated T cells (estimate: 44%), significantly lower than older
adults with low stress and high CMV titers (estimate: 68%, simple main effect: -y =0.54,
Beta =0.55, SE=.12, p<.0001) and older adults with high stress and low CMV titers
(estimate: 57%, y =1.18, SE=0.45, p=.010). Older adults with high stress and high CMV
titers had significantly higher proportions of late-differentiated T cells (estimate: 66%) than
older adults with high stress and low CMV titers (simple main effect: y =0.21, Beta =0.21,
SE=.095, p=.029).

3.2.2. NK cell composite.—The NK cell composite is the mean expression of CD57+,
NKG2C+, and FceRIy- markers on CD3-CD16+CD56%M cells (calculated for both
proportions and cell counts, as described in Materials and Methods). Between people, higher
CMV titers across all waves were associated with a higher proportion of late-differentiated
NK cells (y=0.003, SE= 0.001, #132)= 2.13, p=.035; with covariates p=.012; see
Supplemental Figure 2F). Perceived stress was not significantly associated with the NK cell
composite either within or between people. Additionally, there were no significant
interactions between CMV titers and perceived stress on the NK cell composite.

3.3 Results in the subset of CMV-positive older adults

3.3.1. T cell composite.—Between people, poorer CMV control (i.e., higher CMV
titers among CMV-positive older adults) across all waves was associated with higher counts
of the late-differentiated T cell composite (y=0.010, SE=0.005, #£93)=2.10, p=.038
including covariates; unadjusted model p=.055) (see Supplemental Figure 2G). In addition,
higher levels of perceived stress tended to be associated with higher counts of the late-
differentiated T cell composite between people (-y=0.027, SE=0.016, {97)=1.71, p=.090;
with covariates p=.063), but this effect was not significant. There was, however, a significant
between-person interaction of CMV titers and stress on the T cell composite proportion (y=
-0.032, SE= 0.014, £91)= -2.34, p=.022 including covariates; unadjusted model p=.071).
As shown in Figure 4, older adults with low stress and low CMV titers had the lowest
proportions of late-differentiated T cells (estimate: 55%), significantly lower than older
adults with low stress and high CMV titers (estimate: 70%, simple main effect: -y = 0.35,
Beta = 0.42, SE=.12, p=.005) and older adults with low CMV titers and high stress
(estimate: 68%, -y =1.18, SE=0.41, p=.005). Older adults with high stress had similarly high
proportions of aged T cells (67-68%) at both low and high CMV titers (simple main effect:
v =-0.015, Beta = —0.018, SE=.10, p=.88).
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3.3.2. NK cell composite.—Among CMV-positive older adults, there were no
significant main or interacting effects of CMV titers or perceived stress on NK cell
composite proportions or counts within or between people.

3.4 Results in the subset of CMV-negative older adults

Among the CMV-negative older adults, there were no significant main effects of perceived
stress on T or NK cell composite proportions or counts within or between people.

4. Discussion

The present study tested stable between-person differences and dynamic within-person
fluctuations in CMV titers and perceived stress on late-differentiated T and NK cell
composites in a longitudinal sample of older adults. Overall, stable between-person
differences but not dynamic within-person fluctuations tended to govern the associations
between CMV titers and perceived stress on makers indicative of immunological aging.

Between people, older adults with higher CMV titers across all waves had consistently
higher proportions and cell counts of the late-differentiated T and NK cell composites across
months to years. These findings align with previous cross-sectional reports of associations
between CMV seropositivity or titers and T and NK cells (Derhovanessian et al. 2011;
Muntasell et al., 2016; Solana et al., 2014). One important consideration regarding
terminology: although the NK cell subsets (CD57+, NKG2C+, and FceRly- on CD564Im
NK cells) that together form the NK cell composite are considered later differentiated cells
(Bjorkstrom et al., 2010; Luetke-Eversloh, Killig, & Romagnani, 2013; Muntasell et al.,
2016), CMV is a main driver of this differentiation and therefore they may also be
appropriately termed “CMV-exposed” NK cells. Impaired CMV control (i.e., higher titers in
CMV-positive older adults) was associated with higher counts of late-differentiated T cells
between people, suggesting there may be gradations in the accumulation of late-
differentiated T cells that could be missed if only CMV serostatus is assessed. Importantly,
although longitudinal, the reported associations are not experimental and reverse causality
remains a possibility. We expected that within-person increases in CMV titers would be
associated with increases in late-differentiated cells (e.g., as evidenced in transplant patients
when CMV reactivation induces transient quantitative and qualitative changes in the T cell
compartment; Cantisan et al. 2017). However, contrary to our hypothesis, at waves when a
person’s CMV titers increased, they had /ower proportions of late-differentiated T cells at
the same wave (but not the future wave). One possibility that would require further
investigation is that CMV reactivation may cause late-differentiated T cells to migrate out of
the blood and travel to tissues where CMV may be reactivating.

Older adults with higher levels of perceived stress across all waves had higher cell counts
and tended to have higher proportions of late-differentiated T cells. Our findings in healthy
older adults support previous evidence of links between more psychological distress
(including job stress) and higher counts and proportions of late-differentiated T cells in
young and middle-aged adults (Amati et al., 2010; Bosch, Fischer, & Fischer, 2009) and
older hip fracture patients (Duggal et al., 2014). Perceived stress has also been associated
with shorter telomeres from CD8+CD28- cells in younger adults (Murdock et al., 2018).
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The lack of significant within-person associations suggests that these markers indicative of
an aging immune system may be resilient to fluctuations in stress (at least in the present
measurement context of months to years), such that deviations in a person’s perceived stress
are not reliably associated with changes in late-differentiated T or NK cells. However, the
between-person associations suggest that those particularly at immunological risk are older
adults with consistently higher levels of perceived stress.

Older adults who reported lower stress and had lower CMV titers across all waves had the
lowest proportions of late-differentiated T cells. Additionally, among the CMV-positive
subset, older adults with low stress and good CMV control (i.e., low titers) also had the
lowest proportions of late-differentiated T cells. Previous reports of psychological stress and
aged T cells have not considered the effects of CMV (Amati et al. 2010; Bosch et al., 2009;
Duggal et al., 2014), despite the association between this latent virus and expansion of late-
differentiated immune cells. Interestingly, among the CMV-positive subset, older adults who
reported high stress across all waves displayed high proportions of late-differentiated T cells
regardless of their level of CMV control. In one recent study of young to middle-age
women, high-stress mothers of children with Autism Spectrum Disorder had higher
proportions of effector memory (CD45RA-CD62L-) T cells compared to low-stress mothers
of neurotypical children, independent of CMV serostatus (Prather et al., 2018). Our results
add to the growing literature in this area and suggest that stress continues to affect T cell
aging in older adulthood. Late-differentiated effector memory T cells may accumulate in
those older adults with either good or impaired CMV control who experience consistently
high levels of stress. Therefore, targeting CMV control may be necessary but not sufficient
to promote healthy immune aging; identifying ways to also reduce psychological stress may
yield the most robust health effects for older adults.

Potential health implications of the current observations are worth noting. Increases in late-
differentiated CD8+ T cells predict 4-year mortality (Wikby et al., 2005), frailty (Lu et al.,
2016), and impaired vaccination responses in older adults (Effros, 2007; Trzonkowski et al.,
2003). It has also been proposed that late-differentiated T cells exhibit a senescence-
associated secretory phenotype (SASP) (Callender et al., 2018) and may be a source of
chronic low-grade inflammation associated with the development of age-related morbidity
(Tchkonia et al., 2013). Therefore, consistently high stress levels and high CMV titers may
be detrimental to healthy aging insofar as they increase the accumulation of late-
differentiated cells and an immune risk phenotype that has clinical health implications.

Notably, the majority of results dealt with late-differentiated T cell subsets and not NK cells.
One possibility is that CMV-associated T cells are more stress-responsive than NK cells.
Evidence for this theory has been examined in the context of a physical stressor — exercise.
In both CMV-positive and CMV-negative adults, exercise induces similar increases in
catecholamines, which interact with beta-adrenergic receptors (B-AR) on lymphocytes.
However, CMV-positive adults show decreased B-AR expression and sensitivity on late-
differentiated NK cells (NKG2C+ / CD57+) but not on late-differentiated T cells (Bigley et
al., 2015; Simpson, et al., 2016; Spielmann et al., 2014). A similar mechanism of impaired
adrenergic sensitivity may explain why late-differentiated NK cells may be less responsive
to chronic stress than late-differentiated T cells. In the context of CMV infection, late-
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differentiated T cells may be especially adept at “hearing” stress hormones, whereas this
might not be the case for NK cells.

The results should be considered in the context that the immunological aging composites
had low levels of within-person variability over time. The intraclass correlation coefficients
for T and NK cell composites ranged from .72 to .95 in the entire sample (see Table 1),
suggesting that the majority of variability in these markers exists at the between-person level
(at least across months to years). The lack of within-person variability could be explained in
part by the temporal distance between measurement occasions (i.e., every 6 months as
opposed to, for example, every few years), or other individual factors (e.g., genetics) that
may more strongly influence the stability of late-differentiated immune cells beyond within-
person fluctuations in CMV and stress levels. Perhaps as a result of there being more
between-person than within-person variability, the results were dominated by between-
person effects. Future work that incorporates more dynamic measures of immunological
aging over time may find significant within-person associations. In general, however,
longitudinal studies that provide estimates of variability and stability in markers of
immunological aging are lacking, and future work in this area is warranted (Reed et al.,
2018).

Strengths of the present study include its longitudinal design and up to five repeated
measurements within person, which allowed us to evaluate between- versus within-person
effects. Additionally, as recommended, we present findings both in terms of immune cell
proportions and counts (Nikolich-Zugich & van Lier, 2017). Given the well-known
redistributive effects of the sympathetic nervous system on lymphocytes in peripheral blood
(e.g., Atanackovic et al. 2006), and the fact that proportions can be affected by changes in
either the numerator (e.g., CD8+CD28-) or the denominator (e.g., total CD8 T cells),
presenting immunological aging findings in terms of proportions only may provide a biased
view (particularly in the context of stress). Furthermore, much of the existing CMV and
immune aging literature is devoted to the T cell compartment, whereas the present study
investigated both late-differentiated T cell and NK cell composites.

The study was limited by a sample that included relatively healthy older adults, which may
result in a restriction of range in terms of late-differentiated immune cells, but also this
minimized the confounding role of concurrent health status. Future studies should include
diverse older adult samples, as well as additional conceptualizations and measures of stress
(Epel et al., 2018). It is unknown when CMV-positive older adults in the current sample
contracted CMV, and timing of the infection may be an important indicator of how well
CMV is controlled as well as downstream health effects (Aiello, Chiu, Frasca, 2017).
Nevertheless, CMV IgG titers provided an indication of latent viral activity, however, other
methods such as CMV DNA measures may be more sensitive (Leng et al., 2011). Although
other persistent sources of antigen (e.g., EBV, HSV) may have cumulative effects on
immunological aging, CMV likely exerts the most robust effect on markers of immune aging
and on health outcomes such as frailty (Béziat et al., 2013; Derhovanessian et al., 2011,
Thomasini et al., 2017). An additional consideration is that quantitative changes in T and
NK cell subsets are not directly related to functional changes, and so future studies should
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investigate both phenotypic markers and functional assays to better describe the role of
perceived stress and CMV control on immune function in aging.

In conclusion, these findings report novel insights into the longitudinal associations among
CMV titers, perceived stress, and aspects of immunological aging. There were stable
associations across all waves between CMV titers and aged T and NK cells and between
perceived stress and aged T cells. Older adults with low stress levels and low CMV titers
(i.e., better CMV control) displayed the lowest proportions of late-differentiated T cells.
Conversely, older adults with good CMV control but high levels of stress displayed similarly
high proportions of late-differentiated T cells as older adults with poor CMV control.
Therefore, targeting not only CMV control but also factors that promote low, stable stress in
older adults (e.g., via emotion regulation and self-regulation skills or health behaviors such
as physical activity, etc.) may further retard T cell differentiation and ultimately support
healthy aging.
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Highlights

. Higher CMV titers across waves associated with higher levels of aged T and
NK cells.

. Higher CMV titers within-person associated with lower levels of aged T cells.

. Higher perceived stress across waves associated with higher levels of aged T
cells.

. Stressed older adults had higher proportions of aged T cells regardless of
CMV control.
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Ilustrative plots of analyzed T cell populations. Lymphocytes were identified on the forward
scatter/side scatter plot and calculated as a percentage of live cells. Viable lymphocytes
(eBio viability stain) were identified. CD3+ cells were selected for and further identified as
CD8+ cells. Proportions of CD8+ T cells expressing CD57+ and CD28- were calculated.
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Ilustrative plots of analyzed NK cell populations. Lymphocytes were identified on the
forward scatter/side scatter plot and calculated as a percentage of live cells. Viable CD3-
cells were selected for and further identified as CD569™ NK cells (low to moderate CD56
expression and high CD16 expression). Percentages of CD56M cells expressing CD57+
were calculated. In addition, the CD564™ cells were divided into quadrants according to
their NKG2C and FceR1y expression (quadrants Q1-4). Cells (%) expressing NKG2C+
were calculated by summing quadrants Q1 (FceR1y— NKG2C+) and Q2 (FceR1y+
NKG2C+). Cells (%) expressing FceR1y— were calculated by summing quadrants Q1
(NKG2C+ FceR1y-) and Q4 (and NKG2C- FceR1y-). Expression of NKG2C and FceR1y
is displayed for a representative CMV seronegative donor and CMV seropositive donor.
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Figure 3.
Simple slopes depicting the between-person differences in cytomegalovirus (CMV) titers

and perceived stress on T cell composite (%) in the entire sample. Low CMV titers and low
stress are 1 standard deviation (SD) units below the grand means; high CMV titers and high
stress are 1 SD units above. Error bars represent standard errors of the estimates. The model
was adjusted for lab scientist, CMV extrapolation, time, age at first wave, gender, income,
and education.

Brain Behav Immun. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Reed et al.

T cell composite (%)
B (@] (6, ] (@] ()] ~ ~
(@)] o N o a o a

N
o

w
(&)

Page 21

-A-Low Stress (-1 SD) -@-High Stress (+1 SD)

Low CMV Titers (-1 SD) High CMV Titers (+1 SD)

Figure 4.
Simple slopes depicting the between-person differences in cytomegalovirus (CMV) titers

and perceived stress on T cell composite (%) in the subset of CMV-positive older adults.
Low CMYV titers and low stress are 1 standard deviation (SD) units below the grand means;
high CMV titers and high stress are 1 SD units above. Error bars represent standard errors of
the estimates. The model was adjusted for lab scientist, CMV extrapolation, time, age at first
wave, gender, income, and education.
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