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Abstract

The impact of intrinsic aging upon human peripheral blood T-cell subsets remains incompletely
quantified and understood. This impact must be distinguished from the influence of latent
persistent microorganisms, particularly cytomegalovirus (CMV), which has been associated with
age-related changes in the T cell pool. In a cross-sectional cohort of 152 CMV-negative
individuals, aged 21-101 years, we found that aging correlated strictly to an absolute loss of naive
CD8, but not CD4, T cells, but, contrary to many reports, did not lead to an increase in memory T
cell numbers. The loss of naive CD8 T cells was not altered by CMV in 239 subjects (range 21-96
years) but the decline in CD4+ naive cells showed significance in CMV+ individuals. These
individuals also exhibited an absolute increase in the effector/effector memory CD4+ and CD8+
cells with age. That increase was seen mainly, if not exclusively, in older subjects with elevated
anti-CMV Ab titers, suggesting that efficacy of viral control over time may determine the
magnitude of CMV impact upon T cell memory, and perhaps upon immune defense. These
findings provide important new insights into the age-related changes in the peripheral blood pool
of older adults, demonstrating that aging and CMV exert both distinct and joint influence upon
blood T cell homeostasis in humans.
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Introduction

Advanced age is associated with increased risk of sickness and death from infection.
Infections by microorganisms that were not previously encountered or infections by
previously encountered organisms which have the capacity for antigenic variation (e.g.
influenza virus), cause disproportionate morbidity and mortality in older adults(, 2).
Moreover, those over 65 exhibit diminished response to vaccination(3) and are up to 1,000
fold more likely to die from vaccine-preventable infection than children(4). The key
underlying cause for this increase in susceptibility to infections is believed to be the age-
related decline of immune function — immune senescence.

Utilizing a short lived laboratory species (mus musculus), we and others have shown that
factors such as thymic involution, decreased production of naive T cells, reduction in T-cell
responsiveness, decline in TCR repertoire diversity, and dysregulation of the memory cell
pool responding to persistent latent infections — “memory inflation” - all contribute to
immunosenesce [rev. in(5-7) and references therein). Moreover, the loss of naive T cells,
accumulation of effector memory cells and TCR repertoire constriction were shown to
predict poor vaccine responses in aged non-human primates (8). Yet, factors leading to each
of these disturbances and their relative contributions to immune senescence remain
incompletely understood.

Human CMV is a persistent herpes virus present in 60-90% of the adult population, and is
normally asymptomatic in immunocompetent hosts (rev. in(9, 10)). Several studies have
demonstrated that persistent infection with CMV is associated with changes in subset
distribution, phenotype and, potentially, on the function of T cells in aging individuals(10,
11). While numerous hypotheses and studies were conducted to delineate the influence of
CMV upon T cell homeostasis and function with aging (rev. in (6, 10, 11), and references
therein), the relationship between this virus and human physiological aging remains
incompletely understood, particularly as related to the absolute cellular changes induced by
the virus and by age itself.

In this study, we sought to specifically delineate the effect of aging from that of CMV
infection upon relative and absolute changes in blood T cell subsets using a cohort of 391
adults aged 21-101 years, separated into two subgroups based upon serological
cytomegalovirus (CMV) status. Our results highlight distinct and separate, but also
interacting, roles of aging and of CMV in modulating the circulating blood T cell subsets,
and provide the framework for evaluation of both the impact of aging and CMV upon
susceptibility to infection and for designing potential predictive biomarkers and
immunomodulatory interventions to measure and increase vaccine response efficacy in older
adults.

MATERIALS and METHODS

Human Subjects, Cell Preparation and CMV Elisa

This study was approved by the Institutional Review Boards at the University of Arizona
and the Oregon Health & Science University. The cohort included of 391 healthy
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community-dwelling individuals, 21-101 years of age, 152 CMV- (84 females, 68 males)
and 239 CMV+ (157 females and 82 males), recruited in Oregon, Arizona and Texas. Table
1 illustrates our cohort details, presenting exact numbers by age bin, entire age range, age
mean, age median, gender and CMV status, all stratified by geographic region where
subjects were drawn. The cohort included 6 individuals from Texas (samples shipped in
heparin overnight and then processed in Oregon). The remainder of the samples were
closely split between Oregon (194) and Arizona (191), and were both processed fresh at the
respective sites and also cryopreserved for future analysis. Confirmatory analysis of a
smaller cohort using frozen samples (supplementary data) was conducted in Arizona. All
individuals were recruited over the period of 6 years. Cell processing, CMV ELISA and
FCM phenotyping were performed by two technicians, in a highly standardized and
reproducible manner with regard to cell viability, standard curve ELISA generation and
FCM standards. Exclusion criteria included known immunosuppressive pathology, stroke,
cancer or use of steroids within the last 5yr.

Blood was drawn into heparinized Vacutainer-CPT tubes (BD, Sunnyvale, CA, Cat 362753)
and processed per manufacturers recommendations to isolate peripheral blood mononuclear
cells (PBMC) and plasma; Li-EDTA tubes were used to determine complete blood counts.
Some PBMC were utilized immediately for FCM; the rest were viably cryopreserved and
stored for further analysis. The presence of antibodies against CMV was determined by
ELISA, as previously described(12). CMV titer was determined utilizing a standard curve
from a confirmed clinical positive control as the reference with a negative control cut-off of
1:30. Additionally a clinically verified negative CMV control was run with every plate. All
sub-cohorts were tested with the identical assay titration (including the identical positive and
negative reference controls and a small group of 80 samples (40 CMV+ and 40 CMV~-)
were independently verified by a national reference laboratory (ARUP Laboratories, Utah).

Flow cytometry (FCM)

Freshly isolated PBMC (1-5x106) were stained with T-cell markers (in various
combinations): aCD3 APC-Cy7 (BD 557832), aCD4 PerCP-Cy5.5 (eBioscience), aCD8p-
ECD (Beckman Coulter 6607123), aCD95-APC (Invitrogen MHCD9050), aCD28-Biotin
(eBioscience 13-0289), and SA-Q-dot 525 (Invitrogen Q10141MP). Additional surface
markers (CD14-PE-Cy7, CD11a-FITC, CD62L-PE, CD16-Pacific Blue) were included in
this panel in order to evaluate these and other cell types (NK, Monocyte/Mf, etc.).
Unfortunately, the consistency of CD62L staining proved to be insufficiently robust to use it
in cohort analysis.

Cryopreserved PBMC (1x108/sample) were stained with aCD4-A700 (eBioscience
56-0048-82), aCD8B-ECD, aCD95-APC and aCD28-PerCP-Cy5.5, in select experiments
CD3-A700, CD4-APCe780, CD45RA — A450, CCR7- PE, CD95-PECy7 from eBioscience,
BD and BioLegend as well as the LIVE/DEAD® Fixable Dead Cell Stain — YFR dye
(L-34959, Invitrogen) were also used. FCM analysis was performed with the 4-laser BD
LSR 1l or BD Fortessa (exclusively used for analysis of cryopreserved specimens, which
were all processed and analyzed in Arizona regardless of the site of their recruitment)
instruments, using DiVa acquisition (BDIS, Mountain View, CA) and the FlowJo analysis
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software (TreeStar, Inc., Ashland, OR). All data were collected using either the same or
similar 4-laser configuration, as follows 405; 488, 532 (LSR Il in both OR and AZ) or 561
(Fortessa, AZ); and 640 nm from the same manufacturers, set to optimized standard voltages
and calibrated using Rainbow beads (BD Biosciences) on a daily basis to achieve
consistency.Maximal tolerated daily variation was <3% between the coefficients of variation
measured by day-to-day rainbow bead controls.

Absolute CD4 and CD8 T cell numbers were calculated by multiplying % by the total
lymphocyte number determined from the whole blood counts using the Coulter Counter
(Beckman-Coulter, Hialeah, FL). Subset definitions and gating strategies are outlined in the
text and/or the figure legends. The numbers of a defined subset (definitions specified in the
text; e.g. naive (N): CD28INCDY5!°; central memory, or CM:CD28NCD95M; and effector/
effector memory, or EM:CD28!° o' ~CD95M) for CD4 and CD8 were obtained by
multiplying the numbers of CD4 or CD8 by the of the respective memory subsets.

Statistical Analysis

The absolute number (Count) and proportions of CD4 and CD8 T cells (and their respective
subsets) were modeled as a function of age and CMV status using a multiple regression
model. Interaction between age and CMV status was also added as a covariate to test the
statistical hypothesis that the slope of regression line for CMV- and CMV+ cohorts are the
same. Detailed description of the multiple regression model, more precisely a multiple
regression with indicator variable (13), is given by

Count=00+p1Age+0521,,,+0B3Age x I, +e

where Count is the measured response variable; S, is a regression coefficient associated
with intercept; B1, Bo, B3 are regression coefficients associated with independent variables of
Age, CMV status, and interaction between age and CMV status, respectively; and e is the
model error. The model error was added because the statistical/mathematical model does not
fully represent the actual relationship between the dependent variable (T cell subset count)
and the independent variables (age, CMV status). The model error (€) is defined by the
deviations of each actual observation from a model regression line, it is assumed to be a
random variable normally distributed (Gaussian distribution) with mean 0 and constant
variance o2. The Icpy is an indicator variable, and assignment of this indicator variable was
‘0’ to CMV- subject and ‘1’ to CMV+ subject. As a result, for the CMV -,

Count=[0y+ 01 Age+e

And for the CMV+,

Count=(Bo+B2)+(B1+0F3)Age+e
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This indicator variable provides a merit of statistical hypothesis testing on not only the
difference in intercept or starting subset counts (statistical hypothesis of 8>=0) between
CMV- and CMV+ but also the difference in slope or rate of change (statistical hypothesis of
B3=0) between CMV- and CMV+. Prior to applying regression models, normality
assumption was evaluated using Shapiro-Wilk test, and logarithmic transformation was
applied if normality assumption was not held. To evaluate variation of CMV- and CMV+
cohort by age group, we categorized age into three age groups (age < 40, 50 < age < 65, and
age = 65) and then performed pairwise Levene’s tests for the equal variance followed by
Bonferoni correction for the multiple comparisons. Two-way Analysis of Variance
(ANOVA) followed by pair-wise comparisons was used to compare the T-cell counts
between age groups and CMV titer. There are three categories of CMV titer (CMV-, CMV
low, CMV high) and these were determined by the median CMV titer value 349, a titer
above which was assigned CMV high, and below which was assigned CMV low where as a
titer value of 0 was assighed CMV(-). Prior to applying two-way ANOVA, normality and
equal variance assumptions were evaluated using Shapiro-Wilk test and Levene’s test,
respectively. Due to the unequal variance, CD8 counts were logarithmically transformed
with the base 10 (log1g). Bonferroni multiple comparisons correction was used to control
overall levels of type | error. Correlation and Bland Altman plot was used to evaluate
agreement and disagreement with any systematic bias between CD95loCD28hi and
CCR7+CD45RA+ measurement. A simulation study was performed to understand cohort
size effect/small sample behavior. In that simulation, we randomly select subsample size of
80 and 120 from whole cohort (n = 391), repeated regression analysis to see if the subset
analysis results same conclusion. We repeated the simulation100 times, and reported false
positive rate and false negative rate as measures of sensitivity for cohort size effect (Table
2). Statistical significance was determined at the significance level of 0.05. These analyses
were conducted using the Statistical Analysis System (SAS) version 9.3 software (SAS
Institute Inc., Cary, NC, USA).

Question and study cohort

It has been long noted that the representation of circulating T cell populations changes with
aging [e.g.(14-17), rev. in(18)]. However, such changes: (i) were rarely, if ever,
corroborated in large and diverse human populations around the world; (ii) were commonly
described only in relative (percentages), rather than absolute (cell number) terms. Therefore,
it remains unclear whether the changes in a given T cell subset were directly caused by
numerical increases or decreases in that particular T cell subset, or indirectly, so that lower
representation of a given subset (e.g. the naive cells) could have been due not to an absolute
loss of that subset, but to an absolute increase in another cell subset (e.g. one of the memory
cell subsets). Most importantly, (iii) the potentially confounding impact of CMV was not
properly accounted for, and the impact of this virus relative to the impact of aging itself
remains unclear. Indeed, only three studies so far evaluated changes in cell numbers with
aging and CMV infection (19-21), using different markers to define cell subsets, and
reaching somewhat disparate conclusions. To conclusively assess the above issues, we
recruited a large healthy community-dwelling cohort of CMV- (152 individuals, age range
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21-101) subjects from three very different regions of North America (the US states of
Arizona, Oregon and Texas) and compared them in a cross-sectional manner to 239 CMV+
subjects in the same age and geographical range group.

Changes in proportional representation and absolute numbers of CD8 and CD4 T subsets
with aging in CMV- subjects

We first analyzed relative representation of different T cell populations, using CD28 and
CD95 as the main discrimination markers. We elected these markers due to stable and
unwavering expression of CD95 on memory cells, and the informative delineation between
effector and central memory cells based on CD28 downregulation (22, 23). We had other
markers present in the panel, to evaluate additional cell subsets; of T cell markers, we also
initially employed CD45RA and CD11a, the addition of which to the CD28 and CD95
demarcation did not show improved resolution over the use of CD28 and CD95 alone. We
therefore focused the initial analysis on these two markers. Consistent with several other
reports (14, 18, 24) and references therein) confirmed that in the absence of CMV infection,
the percentages of total CD8 and CD8 naive (defined as CD28I"95!0) cells significantly
decline with age, with a concomitant significant increase in the percentage of both EM
(CD28!°wg5hi) and CM(CD28M95M) CD8 subsets (Figure 1 A-D - red closed circles). By
contrast, representation of total CD4 cells increased significantly (p < 0.0001). Within the
CD4 pool, naive and EM CD4 T cells did not exhibit statistically significant age-related
changes (p-values =0.1196 and 0.5864, respectively, supplementary Table ST1); CM CD4
cells exhibited a mild relative increase with aging (p-value = 0.0315, Fig. 1, A-D - green
open circles). Analysis of frozen and thawed samples from the same subjects (Supplemental
Fig. 1) corroborated these conclusions, establishing that the thawing process did not
significantly affect representation of different T cell subsets.

More insightful results were obtained when we examined the absolute numbers of cell
subsets (Fig. 2). Overall numbers of CD4 T cells remained broadly variable but did not show
consistent trends depending on age. Numbers of total CD8 T cells, by contrast, declined with
age at a rate of nearly 1.7% CDB8 cells/ul/year (Fig. 2A). This was almost entirely due to an
absolute loss of naive CD8 T cells, which in the CMV- cohort correlated directly to the age
of the subject, falling from an estimated average of 200 (199.8) cells/ul at 21 y to an average
of 24 (24.3) cells/ul at 80 y of age (Fig. 2B). Importantly, the increase in representation of
CD8 EM and CM in CMV- subjects (see Fig. 1D) with age was only relative, representing a
combination of absolute loss of the naive CD8 T cells, and the relatively constant or only
minimally declining numbers of CD8 CM and EM cells with aging (mean levels <100
cells/ul for CM and EM cells showed little change across ages, Fig 2. C and D,

respectively).

The absolute numbers of the CD4 CM and CD4 EM (Fig 2. C, D) cells also did not show
changes in individuals of different age, and as expected, numbers of CD4 EM cells remained
particularly low in these CMV (=) subjects. However, unlike with the naive CD8 T cells, the
absolute numbers of the CD4 naive T cells also did not show alterations in individuals of
different ages (Fig. 2B), and high levels of naive CD4 T cells were maintained in the old, as
well as in the adult, subjects. Again, these results obtained on fresh PBMC were closely
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mirrored by data from cryopreserved PBMC samples (Fig. S1). All regression calculations
and extended data are provided in supplemental table (Table ST1).

Age-related T cell pool changes and CMV infection

We next analyzed 239 CMV+ subjects and found similar patterns of cellular representation
across ages, with declining percentages of naive and increased percentages of memory cell
subsets (not shown). Importantly, CMV+ individuals showed an absolute increase in the EM
CDA4+ and CD8+ cells, with an estimated average of 67 (67.2) EM CD8+ cells/ul of blood at
21y, and 110 (109.65) EM CD8+ cells/ul at 80 y in CMV+ subjects, compared to 38 (38.3)
EM CD8+ cells/ul at 21 and 24 (24.15) EM CD8+ cells/ul at 80y for CMV~- subjects.
Although we clearly do not know the time of infection in our subjects, the differences
between CD8+ EM cells in CMV+ and CMV- subjects (67 vs 38 cells/ul) were evident
already at 21 y of age, suggesting that CMV causes inflation of the EM compartment
promptly post infection even in young subjects, consistent with the published literature (20,
25-27). The EM CD4+ T cells were almost twice as numerous in 80y old in the presence of
CMV compared to 21y old (15 cells/ul at 21 and 28 cells/ul at 80y, Fig. 3D), consistent with
previous observations by Chidrawar et al. (20).

CMV infection did not alter the rate of naive CD8+ T cell loss seen with aging alone. CMV
+ subjects had an estimated average of 238 (238.1) naive CD8+ cells/pl of blood at 21 and
21 (21.1) naive CD8+ cells/ul at 80y (Fig. 3B). This was not significantly different from the
CMV~- group (200 naive CD8+ cells/pl of blood at 21y, and 24 naive CD8+ cells/ul at 80y,
Fig. 2), and the slopes between the two regression lines were not significantly different
(p=0.14). The same results held with frozen PBMC (Fig. S1).

Other herpesviruses and homeostatic T cell changes with aging

It could be argued that CMV is not unique in its ability to drive the above changes in the T
cell pool and that other herpesviruses, or for that matter other persistent infections, could
lead to similar changes. We examined the potential impact of two other herpesviruses upon
our conclusions, Herpes Simplex type 1 (HSV-1) and the Epstein-Barr Virus (EBV). In our
cohort, we could see no effect of HSV upon naive, CM or EM subset abundance (Fig. S2),
even though CMV+ subjects had a much greater (3.4-fold) probability of being HSV+. We
could not formally evaluate the impact of EBV, because 93.5% of our cohort was EBV+ and
we therefore had no cohort power to address this question. However, we can conclude that it
was unlikely that EBV played any role in the results obtained, because EBV+, CMV—-
subjects exhibited much lower EM numbers with aging (and no accumulation of this subset)
compared to EBV+ CMV+ subjects. Therefore, we conclude that the other two
herpesviruses surveyed do not impact the EM pool abundance to the same level (if at all) as
CMV.

CD4:CD8 ratio, aging and CMV infection

The CD4:CD8 ratio was proposed to be one of the components of the Immune Risk Profile
(IRP) in the original studies by Wikby, Pawelec and colleagues (20, 25) and the inversion of
that ratio correlated with an increased risk of mortality in older adults exhibiting the
inversion. Our studies were not longitudinal, and did not follow individual mortality.
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However, on a cohort level, we found this ratio to be affected by age, although in an
unexpected manner (Fig. S3). Namely, in CMV (=) individuals, the CD4:CD8 ratios did not
decrease with age. This is in contrast to reports which show an age-associated decline in the
CD4:CD8 ratio (26) but is consistent with other studies finding no such changes with aging
(27-29). In fact, we saw an increase in the CD4:CD8 ratio with age, driven primarily by the
loss of (naive) CD8 T cells. Examination of the CMV (+) subjects also revealed no
significant decrease in the CD4:CD8 ratios with age (Fig. S3A), although it appeared that
more individuals over the age of 65 exhibited lower CD4:8 ratios. Analysis of frozen/thawed
PBMC confirmed the above findings (Fig. S3B). We are currently in the process of
longitudinally following these individuals.

Analysis of naive CD4 T cell numbers suggested that CMV infection may precipitate a mild
loss of these cells with aging (p=0.028); moreover, absolute numbers of CD4 T cells
appeared to be lower in CMV-infected individuals compared to CMV-negative subjects at
all ages (even in young individuals), but the results did not reach statistical significance due
to enormous variability. The issue of relationship between naive CD4 T cells and CMV will
require further study in longitudinal cohorts.

T cell subset definition, cohort size, CMV and aging

The above results posed a question as to why other authors (19-21) may have not observed
some of the results described above, most notably the loss of naive T cells irrespective of
CMV and the increase in EM but not CM cell pool which grew more pronounced with age.
Some of the reasons were rather obvious, e.g. Looney et al. have used a single marker,
CD28, which was the key obstacle in properly delineating CM and N cells from one another
(19). Therefore, in searching for possible underlying causes for discrepant conclusions, we
considered both the cohort size effects and the differences in the phenotypic definition of T
cell subsets.

Given that our cohort was 3-10x larger than those used in prior reports, we next explored
the effect of cohort size. We first compared how the cohort size impacts on the conclusions
that naive CD8+ T cells decline with aging independently of CMV (one of the points of
difference between our conclusions and those of other three studies). We reduced the cohort
size to test how this may affect the conclusions and evaluated the correlation between naive
T cell numbers and age. Fig. 4A shows that in the entire cohort (391 subjects) naive T cells
decline with age regardless of CMV status (no difference between the slopes in CMV- and
CMV+ subjects). However, when we randomly selected 40 + 40 subjects (not weighting for
variability, but approximating the cohort size used in past reports and spanning the entire
age spectrum (20, 21), statistical analysis suggested that CMV increased the naive CD8 T
cell loss (Fig. 4B); that effect was lost when we increased cohort size in a weighted fashion
to account for the increased variability of the naive T cell pools we observed in younger
subjects [increasing the number of adults and CMV+ subjects to bring the sample size to
120, with N=73 CMV+ and 47 CMV-] (Fig. 4C). We next conducted a simulation study to
understand cohort size effect/small sample behavior in a more systematic manner. We
randomly select subsample size of 80 individuals (40 CMV+ and 40 CMV+) from the whole
cohort (n = 391), and repeated regression analysis to see if the subset analysis can reproduce
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the result from the whole cohort analysis. We repeated this 100 times (Table 2). As stated
above, using the whole cohort (n=391), we observed no significant difference in slope
between CMV+ and CMV~- individuals (see Figs 2B and 3B and the text above), and have
concluded that CMV does not palpably impact the numerical loss of naive CD8 T cells,
which occurs as a consequence of aging. With 100 randomly selected subset of 80
individuals each, 13 out of 100 subsample sets resulted in a statistically significant
difference in CD8 N cell regression slopes between CMV+ and CMV- groups. Therefore,
the false positive rate was 13% with the subsample size of 80 (Table 2, top). However, the
false positive rate decreased to 6% when we increased the subsample size to 120 (using
weighed addition of CMV- and CMV+ individuals to match the group variability). Results
were even more striking when evaluating the CD8 EM counts (Table 2, bottom). Analysis of
the entire cohort of 152 CMV- and 239 CMV+ individuals showed statistically different
regression slopes (Figs. 2D and 3D) between the CMV- and CMV+ groups, confirming
inflation of the EM compartment in the presence of CMV. However, 74 out of 100
subsample sets of 80 individuals showed no such statistical significance, presenting a false
negative rate of a whopping 74% (equivalent to a mere 26% power to detect differences with
this cohort size). This false negative rate was reduced to a lower, but still utterly
unacceptably high false negative rate (52%) when another 40 subjects were added. This
powerfully illustrates the dangers of undersampling, and leads us to conclude that the most
likely explanation for the disparate conclusions in the literature lies in undersampling/
underpowering of the cohorts in question by other studies.

To insure that our conclusions were not biased by inappropriately chosen differentiation
markers, we reanalyzed our data using other recommended markers (rev. in (28, 29). Figs. 5
& 6 shows superimposed analysis of naive T cell subsets in CMV- subjects defined by
CD28iM95!0 (phenotype definition 1) or CCR7M CD45RAN (phenotype definition 2)
phenotypes for different subsets of subjects chosen from our cohort using a weighed
method. Figure 5 provides gating strategies and superimposition of one N, CM, EM
definition (Fig. 5A, primary definition CD28/95; Fig. 5B, primary definition CD45RA/
CCRY7) onto the other for both CD4 and CD8 T cells in a representative subject. Figure 6
then analyzed to what extent these definitions correspond to one another in a larger cohort of
subjects for both CD4 and CD8 cells, by comparing concordance between N (Fig. 6A, C)
and EM (Fig. 6 B, D) numbers. This was done separately for naive T cells defined by our
original (CD281M95!°) N definition (A and B for CD4 and CD8 T cells respectively) and
another accepted phenotypical definition of N cells (CCR7NCD45RAN) cells; and also for
EM cells defined by our original (CD28!°95M) EM definition (C and D for CD4 and CD8 T
cells respectively) and another accepted phenotypical definition of EM cells [conventional
(CCR7-CD45RAI°) + CD45RA-reexpressing (TEMRA) CCR7-CD45RAN. In each case,
we saw an outstanding correlation between them for both CD4 and CD8 T cells (Fig. 6A—
D).

To ensure that these results were further robustly validated, we have assessed whether the
two phenotypic definitions similarly quantified N and EM cell abundance in each subject,
using the Bland-Altman comparison of methods(30). The Bland-Altman analysis compares
the agreement between two different assays or approaches, essentially testing whether the
two different assays or methods are comparable across different magnitudes of data. This
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analysis (not shown) demonstrated that for CD8N cells, the two phenotypes were within +
2SD of being superimposable. Concordance was high for other subsets as well, although for
CDA4N and CD4EM cells there was a tendency of phenotype 1 to score fewer cells than
phenotype 2. FCM overlays (Fig. 5) demonstrated that this overestimation occurs because
both EM and TEMRA subsets as defined by CD45RA and CCR7 (CCR7- fraction) contain
subsets (5-25%) of CD28M95Ni cells that probably belong to memory populations that are
more differentiated than conventional CM cells and likely represent transitional cells
between CM and EM (4). Importantly, however, none of these relationships changed at
either high or low abundance of either N or EM cells. Overall, this further suggested that the
two phenotypic definitions were concordant over a large span of parametric values.

Finally, we have also used CD57 (22, 31) as an additional marker of highly differentiated
EM cells, finding a very strong (p< 0.0001) significance that the CD57+ (gated via CD8 or
CD4 and also CD45RA+or-, CD95MNCD28!°W population) EM cells only exist in the CMV+
CD4 and CD8 memory compartment but not in the CMV- CD4 and CD8 memory
compartment (Fig. 6E, F). For example, mean + SEM of CMV+ CD4+CD57+: EM cells
was 21.44 + 3.684 (N=69; Fig. 6F) as opposed to 0.5282 + 0.1446 (N=45; Fig. 6E) in CMV
- subjects.

Therefore, regardless of the precise marker sets used for definition of naive or EM cells,
aging and CMV resulted in specific, largely non-overlapping patterns of T cell pool changes,
the former leading to loss of naive cells and the latter to accumulation of EM cells.

Interaction of aging and CMV - a link to anti-CMV Ab titers

Bulk analysis of the data shown in Figures 1-3 did not reveal a clear interaction between
CMV infection and aging with regard to T cell subset homeostasis. Activation status of
CMV-specific T cells suggests that hCMV undergoes reactivation throughout the lifespan.
However, subtle in vivo reactivation of CMV in humans has been exceptionally difficult to
detect by virological methods in the absence of manifest immune suppression or additional
comorbidity (32). Anti-CMV Ab titers have been used to describe the activity of the host
immune system against h\CMV(32), with high titers of anti-CMV Ab being taken as a
correlate of the propensity of CMV to frequently reactivate and the inability of the immune
system (perhaps CD8 T cells) to control such reactivation (32, 33). We sought to test
whether Ab levels correlated with the age and abundance of T cell subsets in our subject
cohort. To preserve statistical power, we divided all subjects into the upper and lower titer
half, with the median titer being 349 (limit of detection=10; maximal titer 1731). We
compared the absolute counts of T cell subsets in CMV~- subjects belonging to the three age
groups (21-40; 50-64; 65 and older) to the age-matched subjects with high (>349 titer) and
low(<349) Ab titers for. We found (Fig. 7A) that CD8 EM T cell counts in younger adult
group remained relatively flat regardless of the CMV titer. By contrast, in the two older
groups, CD8 EM T cell counts were significantly higher in CMVAb+ individuals (Fig. 7, B,
C). While there was a trend of higher inflation of EM CD8 T cells in the>65 group
compared to those between 50-64 yr of age, that trend was not statistically significant.
When analyzed across age groups, CD8 N T cell numbers were not influenced by anti-CMV
Ab titers; they declined with age with the same slope for all three groups (Fig. 7D). By
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contrast, in the CMV AbMi individuals, the older groups exhibited more pronounced
accumulation of CD8 EM cells compared to younger cohorts (Fig 7E). Overall, CD8 EM
cells were the only CD8 subset that showed interaction between CMV and aging (Fig 7E).
The analysis of CD4 subsets did not show significant changes with anti-CMV Ab titer (not
shown).

Corroboration of the above data was obtained when we analyzed variation in cell numbers
by the state of infection and age. Variability of naive T cell number tended to decreased with
aging. Naive T cell numbers appear to be more variable in younger subjects group compared
to middle age and elderly group (Levene’s test p-values were 0.0112 and <0.0001 for
comparisons between young adult and 50-64 y old, and young adult and 65 and older,
respectively, Fig. 8). Furthermore there was significant difference in variability between 50—
64 and >65y groups (p-value = 0.0017), with those over 65 showing the least variability.
The variability pattern of N cells did not significantly differ between the CMV- and CMV+
cohorts (Fig. 8A, D, G Levene’s test p-value = 0.0677; reduction of variability between age
groups also shown in Fig. 9A), consistent with our conclusion that CMV does not massively
influence the numbers of naive T cells. EM cell variability in younger subjects was also not
sensitive to CMV status (Levene’s test p-value = 0.3529), despite the fact that even the
younger adult CMV+ cohort exhibited significant increase in the absolute EM count
(Bonferroni adjusted p-value = 0.0138). By contrast, focused analysis of CDS8EM count
variability in older age groups revealed striking differences between CMV- and CMV+
individuals with age. This was a consequence of several trends. First, while the variability
was similar in younger and middle-aged individuals regardless of CMV infection
(p=02199), the older CMV- subjects showed reduced EM cell variability; by contrast, the
older CMV+ subjects exhibited remarkably higher variability compared to CMV- subjects
(Levene’s test p-value = 0.0317 and 0.0049, for 50-64 and >65y age groups, respectively
Fig. 8B, E, H).. Finally, the older groups exhibited more pronounced increase in absolute
CDB8EM count (Bonferroni adjusted p-value = 0.0001 for both the 50-64 and 65+ age
groups). For comparison, the CMV+ younger adult group (<40) displayed 1.9 times higher
CD8EM count than that of comparable CMV- group; whereas the CMV+ cohort in the old
group (65+) displayed 3.9 times higher CD8EM count than that of CMV~ cohort in the
older group, and that difference was statistically significant (p-value = 0.0168). Therefore,
CMV was associated with marked individual variations which was more pronounced
specifically in older adults (Fig. 8E, H), and that is also illustrated in Figure 9B as a
comparison between the three age groups. By contrast, age distribution variability was
uniform between CMV+ and CMV~- cohorts within each age group (Fig 8C, F, I),
demonstrating that within-cohort age variability cannot explain the observed results.

DISCUSSION

In this study, we have investigated the role of aging in the absence or presence of CMV
infection in modulating the balance of CD8 and CD4 T cell subsets in peripheral blood.
While it has been known that aging is accompanied by changes in T cell subset balance,
only a handful of studies have evaluated the impact of aging upon the absolute humbers of T
lymphocyte subsets while controlling for the role of CMV (19-21, 34)
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The study by Looney, Abraham and colleagues (19) examined old (>60y; mean age 72 for
CMV-and 76 for CMV+) and young (<60; mean age 34.5 for CMV+ and 39.7 for CMV-)
US subjects. Despite several shortcomings (treating age as a binary category - old or young;
using 3-color FCM, with no precise distinction between naive and CM subsets; assuming
that all CD3 cells are either CD8 or CD4; using small numbers of CMV- subjects —22 old
and 26 young, per above age groupings), this seminal study established the emergence of a
CD28-CD8+ (and CD28-CD4+) cell phenotype as a strong correlate of CMV infection
which was independent of aging, suggesting that memory inflation (35, 36) occurs in
humans. Chidrawar et al.(20) analyzed T cell subsets from 122 healthy UK donors, aged 20—
40 (8 CMV+; 18 CMV~-) 40-60 (12 CMV+; 10 CMV~-) and >60y (47 CMV+; 29 CMV~-;
oldest subjects >80y old) by 3-color FCM. These authors concluded that CMV led to an
increase in CD8 memory pool, due to an increase in resting memory (CM) cells, a
conclusion based on an incomplete and potentially misleading identification of CD45RA+
cells as CM. This study suggested that memory inflation occurs in both the CD8 and CD4
cells in the presence of CMV. The authors concluded that CMV reduces naive CD8 T cells
over and above the effects of aging, adding “40 years of age” to the effects seen in CMV-
donors, but that conclusion was based upon relative, and not absolute, representation of
naive cells in 28 younger and 29 older CMV- subjects. As our studies show, limited cohort
size is highly conducive to these types of errors (Fig. 4C). Litjens et al.(21) evaluated
circulating T cell subsets in a Dutch cohort of young (20-40 y; 15 CMV- and 17 CMV+)
and elderly (>60 y; 21 CMV- and 23 CMV+) subjects using 6-color FCM, with an
appropriate discrimination of cell subsets but with limited power. They found no significant
decline in total CD8 or CD4 pools, regardless of CMV infection; the increase in CD8
memory subsets with CMV was observed but was not significant except for the CD8 CM
cells and total memory cells (EM + CM + EMRA); and a decline in naive CD4 and CD8
cells was found significant in CD8 cells regardless of CMV and was significant for CD4
cells only in the presence of CMV. Finally, the Wikby et al. study (34) was focused upon a
small cohort of nonagenerians. Neither of the above studies (19-21, 34) was powered to
dissect, and three of them (19, 20, 34) did not explicitly delineate, the effects of aging in the
absence of CMV infection, which was the primary goal of our work.

Our study used a large sample size of 152 CMV- subjects aged 21-101. We found that
aging in the absence of the CMV infection led to both relative, and more importantly,
absolute reduction in naive CD8 cells, but, contrary to the prevailing views, did not lead to
accumulation of CM or EM CD8 T cells, whose numbers remained stable or declined slowly
(but not significantly within our statistical analysis) with aging. Therefore, physiological
immune aging is accompanied by declining naive and stable memory CD8 T cell pools. CD4
cells exhibited no significant relative or absolute changes in the naive, CM or EM cell pools.
Reasons for this difference remain unclear, although, CD8 T cells are known to undergo
higher homeostatic turnover in non-human primates and humans compared to CD4 T cells
(37, 38), and, when confronted with the same stimulus, proliferate faster and longer (rev. in
(39). It is possible that such differences may lead to higher rates of apoptosis and/or
conversion into true or virtual memory cells(40, 41), leading to depletion of the truly naive
cell pool. We also note that the loss of naive CD8 T cells was not linear with age, an issue
that will require additional investigation.
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In CMV+ subjects, the loss of naive CD8 cells was not exacerbated compared to CMV-
subjects, suggesting that this virus does not grossly affect the abundance of circulating naive
CD8 T cells. We observed an absolute increase in EM (but not CM) pool in CMV+ subjects.
Therefore, the main effect of CMV is to expand and increase the absolute size of the EM
compartment, an effect that became more pronounced with aging, likely due to the massive
EM response to periodically produced viral antigens. CD4 naive cells were somewhat
reduced, while the CD4 CM T cell subsets did not show numerical changes in the presence
of CMV. However, the minor CD4 EM subset doubled in the presence of CMV infection.

We did not observe reduction or inversion of CD4:CD8 ratios in either CMV- or CMV+
subjects on a group level, and in fact we found that such ratios increase in CMV- subjects.
This, however, does not address the value of the CD4:8 ratio as a biomarker of immune
vitality or mortality risk(42).

The above results can be integrated into a comprehensive picture of age- and frequent
persistent pathogen-mediated changes in the circulating T cell pool. Attrition of circulating
naive CD8 T cells was the most profound age-related change, with a tenfold reduction
between 21 and 80 years of age. Yet, CMV infection does not further increase the loss of
naive CD8 cells. Similar conclusions were reached by the study of Vescovini et al. (in press)
in a different cohort of CMV+ subjects, where the magnitude of the anti-CMV response
correlated to the size of the EM pool, but not to age or to the loss of naive cells. Correlation
between CMV infection and impaired immune responsiveness has been reported in humans
(43), but the ethical limits preclude direct investigation of the impact of these factors upon
human immune defense. Mouse experiments with controlled CMV lifelong infection and
direct testing of antimicrobial resistance recently (44-46) provided results are fully
consistent with the conclusions of our study and with VVescovini et al. (submitted) - namely
that aging leads to decline in naive CD8 cells and reduced TCR diversity, whereas CMV
does not impact naive cells but induces memory inflation of EM cells independent of, but
eventually synergistic with, aging. We found a sizable humber of aged CMV+ donors who
did not experience memory inflation. This finding suggests that CMV is necessary but not
sufficient for memory inflation even after age 65. Experiments are in progress to address
what other factors may be involved in precipitating memory inflation in the old age.

While we did not observe the same extent of profound numerical changes in the CD4 T cell
pool with aging as found in CD8+ T cells, the relatively preserved pool shouldn’t be equated
with intact CD4 function. Indeed, previously described functional defects in CD4 cells (47)
likely impair immunity in their own right.

Limitations of our study include: (i) cross-sectional design, which lacks a longitudinal
component; and (ii) implied assumption that time and course of CMV pathogen exposure
were equal among subjects. Studies in progress now include longitudinal titers and
assessments of CMV viral DNA in plasma, PBMC and urine. Overall, our findings, those by
Vescovini et al. (in press), and the past literature (48-51) dictate that we move towards
testing of predictive value of biomarkers defined in these studies. Specifically, vaccine
responses should be studied prospectively with regards to the numbers, diversity and
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functional reactivity of different T cell subsets, with the goal to stratify human populations
to improve vaccine efficacy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Age-related proportional alterations in CD8 but not CD4 T cell subsets in CMV-

subjects

Fresh PBMC were phenotyped by multi-color FCM (see methods). Events (= 3x10°) were
gated on lymphocytes using forward and side scatter. T cells were defined as CD3+ CD4+
or CD3+CD8B+ and within each, N, CM and EM T cells were defined as CD28!"g5low,
CD28Mig5N and CD28!°W95Ni respectively. Data shows changes in relative representation of
total (A), naive (B), CM (C) and EM (D) CD8 (gray closed circles) and CD4 (black open
circles) cells with aging. Data originate from n = 152 individuals, ranging in age from 21—
101. Each dot represents an individual. The lines drawn in the figure and p values are based
upon the regression parameters as detailed in the methods and illustrated within

supplemental Table, part B (See Table ST1).
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Figure 2. Absolute numbers of CD8 T cells and CD8 naive cells decline with age in CMV-
subjects

Absolute cell numbers for each subset were obtained from fresh whole blood counts and
from FCM analysis of fresh PBMC, as detailed in Methods. Subject cohort, staining, gating,
phenotypic definition and statistical treatment were as in Fig. 1. Absolute numbers of total
(A), naive (B), CM (C) and EM(D) CD8 (gray closed circles) and CD4 (black open circles)
cells are plotted against age. The lines drawn in the figure and p values are based upon the
regression parameters as detailed in the methods and illustrated within supplemental Table,
part A (ST1).
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Figure 3. Inflation of Effector Memory CD8 and CD4 cells in CMV+ subjects with age
Methodology, analysis and panels are identical to Figure 2, except that n = 239 individuals

ranging in age from 21— 96, and seropositive for CMV were analyzed. The lines drawn in
the figure and p values are based upon the regression parameters as detailed in the methods
and illustrated within supplemental Table (ST1).
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Figure 4. Cohort size considerations
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PBMC from the entire cohort (n=391) (239 CMV+, grey closed squares; 152 CMV-, black
open squares, A.) or its subsets of 80 (40 CMV+ and 40 CMV~- donors, B) or 120 (80 +
another 40 weighed; total 73 CMV+ and 47 CMV-, C) individuals were analyzed for the
possible impact of CMV upon the decline of naive T cells plotted against age. Note the
changes in significance (p value by regression analysis) as a consequence of cohort size.
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Figure 5. Multi-color FCM gating strategy (A, B)

Representative flow cytometric analysis of one donor demonstrating gating to identify T cell
subset populations (naive (N), central memory (CM), and effector memory(EM)) and their
respective overlaps between phenotypic gating strategy (CD28/CD95 vs. CD45ra/CCRY7).
Color coding as follows: green = naive cells, orange = central memory cells, blue (dark and
It. blue) = effector memory and terminal effector memory respectively.
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Figure 6. Impact of phenotyping marker selection
Multiple surface marker definitions confirm fluctuations of N and EM T cells with age and

CMV, respectively. Frozen PBMC from a weighted subset of our cohort, consisting of a
total of 116 individuals, comprised of CMV- (n=45) and CMV+(n=71) donors were thawed,
rested overnight and phenotyped by multi-color FCM as in methods.> 3 x 10° events were
analyzed, gated via the lymphocyte forward/size scatter gate, then on live cells, then with the
main T cell subsets defined as CD3+CD4+ or CD3+CD8p+ and the naive cells defined as
CD28ing5l0 or CD45RANCCR7M. Correlation between absolute numbers for Naive, left
panels A (CD4), C (CD8) and Effector Memory (right panel B (CD4), D(CD8) cells defined
as CD281M95!W (phenotype 1, closed circles) and CD45RA+CCR7+ (phenotype 2, open
circles) for the naive and CD28M95Ni (phenotype 1, closed circles) and CD45RA+ or -
CCR7- (phenotype 2, open circles) for the effector memory is shown. p values of R2 from
regression concordance are all highly significant. E, F = Corroboration of EM changes using
CD57. The same cohort was analyzed by gating on CD3+CD4+ (open circles) or
CD3+CD8+ (gray closed circles) cells to enumerate CD95+, CD45RA+or- CD28- CD57+
EM cell. The analysis shows that this cell type accumulates solely in the presence of CMV
infection (F) but not its absence (E).
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Figure 7. CD8 EM expansion is dependent upon CMV Titer and Age
Results shown in Figs. 2 & 3 were plotted against anti-CMV Ab titers by separating the

cohort (n=391) into upper and lower anti-CMV Ab titer half (lower<349>upper); multiple
regression model with age and CMV status as covariates was used to calculate significance.
CD8 EM numbers are shown for anti-CMV titer hi, lo and CMV(-): A, for individuals 40y
and younger; B, individuals 50-64yrs of age; and C, for individuals 65yrs of age and older.
D. Slope of absolute naive CD8 cells count over age groups. E. Slope of absolute EM T cell
inflation over age groups. Data from CMV-, CMVAb!® and CMVAbN subjects are shown
in solid line/squares, dashed line/triangels and dotted line/circles, respectively. Significance
** p=0.01 to p=0.001, ***p>0.001 was determined by two-way ANOVA followed by
Bonferroni correction for multiple comparisons. NS= not significant.
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Figure 8. Variance in Absolute Count is Significantly Increased in the Inflated Effector Memory

Pool of CMV/(+) Donors

Absolute T cell inflation within age bins from CMV- (open squares) and CMV+ (closed
squares) subjects. Plots show the standard deviation of absolute naive (A, D, G) and EM (B,
E, H) T cell counts. Overall N=391; CMV(+) = 239. CMV(-) =152, and as noted within
axis of each panel. Panels C, F, and I illustrate that the CMV- and CMV+ cohorts are age
matched within each age bin. Significance as noted within the panels.
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Figure 9. Variance in Absolute Count of Naive Pool Declines with Advancing Age Independent
of CMV Status; Variance Increases Significantly in aged CMV+ donor subset

Plots show the standard deviation of absolute naive (A) and EM (B) T cell counts. N=391;
CMV(+) = 239. CMV(-) =152. Absolute T cell inflation over age from CMV- (dark line,
open squares) and CMV+ (gray line, closed squares) subjects.

J Immunol. Author manuscript; available in PMC 2015 March 01.



Page 27

Wertheimer et al.

14 L 8 14 T 1S€ qTe 9L HoyoD [eloL
9 9 0 sexal
4 14 S T 8 TLT 121 9 euozuyY
14 € € € € 08T 281 43 uoBa1o
UBILIBWY BAITeN 18U10 80y 8uUQ ueyl 310N uelsy URJLIBWY UBILIJY uolseaned J1uedsiH uoN oluedsiH uoned0 alydesbos
a0ey Adruya
61T €€ 98 SPT €9 6 T €11 69 S uoyog [eyoL
T 0 T € T 4 4 0 0 0 Sexal
19 1T 0S LL [44 S5 8 6€ ST 144 BuozUY
15 9T se 59 0¢ e 14 L 144 3 uoBaio
(uyresoL | (U)-AWND | (U)+AWD | (u)resoL | (U)-AWD | (U) +AND (u)resor | (u)-AND | (U) +AWD | uonedoT aydesbos
siA+59 sIAy9-05 SIR6Y-TY sIAop>
¢St 89 ¥8 6€¢ 28 19T 0ST e 09 9§ TOT-T¢C T6€ Hoyo eyoL
4 T T 14 Z 4 € € 19 0T 89 T.-Gv 9 sexsl
PAsi 8¢ 6¢ eT 14 98 9L STt 09 91 1S £€6-1¢ T6T BuozuY
€6 6€ S T0T € 69 TL €T €9 [44 €9 T0T-T¢C 6T uoBaio
(u) rexoL (u) sajeiN (u) sajewsq (u) fexoL (u) safeN (u) sajewsq (u) saeN [eroL (u) sajewad [e1o (saA) aby uelpa|N (s1h) @ls aby (s4A) aby abeaany (s4A) ueds aby (u) syoalgns jo s8quinN uoeso] dydesfiosn
(W) -AWD (W) +AIND

salydesbowaq 10YyoD

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Immunol. Author manuscript; available in PMC 2015 March 01.




Page 28

Wertheimer et al.

NIH-PA Author Manuscript

(s108[gns Jo Jaquinp) azis ajdwes

%3S %vL (san1reBaN ase496) —~AIND 'SA +AIND :AIOWBIA 10198)43 8AD
%9 %ET (saA11S0d 8s[ed %) —AIND "SA + AIND :9AIBN 8AD
0ZT=N 08=N

¢ ?olgel

NIH-PA Author Manuscript

;U0 SN1e1S AIND 40 10edw|

NIH-PA Author Manuscript

J Immunol. Author manuscript; available in PMC 2015 March 01.



