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Abstract

Objectives. Cytomegalovirus infection is thought to affect the
immune system and to impact general health during ageing.
Higher CMV-specific antibody levels in the elderly are generally
assumed to reflect experienced viral reactivation during life.
Furthermore, high levels of terminally differentiated and CMV-
specific T cells are hallmarks of CMV infection, which are thought
to expand over time, a process also referred to as memory
inflation. Methods. We studied CMV-specific antibody levels over
~ 27 years in 268 individuals (aged 60–89 years at study endpoint),
and to link duration of CMV infection to T-cell numbers, CMV-
specific T-cell functions, frailty and cardiovascular disease at study
endpoint. Results. In our study, 136/268 individuals were long-
term CMV seropositive and 19 seroconverted during follow-up
(seroconversion rate: 0.56%/year). CMV-specific antibody levels
increased slightly over time. However, we did not find an
association between duration of CMV infection and CMV-specific
antibody levels at study endpoint. No clear association between
duration of CMV infection and the size and function of the
memory T-cell pool was observed. Elevated CMV-specific antibody
levels were associated with the prevalence of cardiovascular
disease but not with frailty. Age at CMV seroconversion was
positively associated with CMV-specific antibody levels, memory
CD4+ T-cell numbers and frailty. Conclusion. Cytomegalovirus-
specific memory T cells develop shortly after CMV seroconversion
but do not seem to further increase over time. Age-related effects
other than duration of CMV infection seem to contribute to CMV-
induced changes in the immune system. Although CMV-specific
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immunity is not evidently linked to frailty, it tends to associate
with higher prevalence of cardiovascular disease.

Keywords: ageing, cardiovascular disease, CMV-specific antibodies,
cytomegalovirus infection, frailty, T-cell response

INTRODUCTION

Primary infection with CMV results in life-long
latency, but only leads to severe disease and viral
dissemination in severely immunocompromised
individuals. In immunocompetent individuals,
CMV infection usually remains asymptomatic due
to responses of the humoral and cellular immune
system.1-3 In immunocompetent individuals, the
virus is thought to reactivate and to boost the
immune system regularly1-3 which may explain the
changes in the T-cell compartment observed with
CMV infection.4

CMV-specific antibody levels have frequently
been positively associated with age.5-7 CMV latent
viral load, as measured in CMV-infected monocytes,7

blood/plasma8 and urine,2 has been related to
higher age and is associated with CMV-specific
antibody levels. These antibody levels are often
used as a measure for experienced CMV reactivation
and to identify CMV-seropositive elderly with poor
control of the virus, who are at increased risk of
adverse clinical outcomes.9-15 Since most studies rely
on cross-sectional data, the underlying factors
influencing CMV-specific antibody levels, and in
particular the role of duration of CMV infection, in
fact remain unknown.

Many parallels can be drawn between the well-
described changes in the T-cell pool caused by
CMV infection and those observed during
ageing.4,16 Effects of CMV on the T-cell
compartment17 are thought to be due to the
presence of large CMV-specific T-cell expansions,
which can mount up to 30% to 90%18,19 of the
circulating CD8+ T-cell pool in many elderly.20

CMV-specific CD8+ memory T-cell numbers are
assumed to increase over time, a process that is
often referred to as ‘memory inflation’. Memory
inflation is unique for CMV21,22 and is believed to
be most prominent for CD8+ T cells20,22,23 but is
also observed for CD4+ T cells.21 However, how
prolonged exposure to CMV enhances immune
reactivity is not well understood. Further insight
in CMV-induced memory inflation is valuable in
understanding the potential harmful effect of
CMV upon ageing.

The accumulating changes in the immune system
due to prolonged exposure to CMV infection may
eventually influence general health. CMV-infected
individuals have been reported to have a higher
prevalence of age-related conditions such as
rheumatoid arthritis24 and cardiovascular
diseases.14 Also, mortality rates are higher in CMV-
infected individuals25,26 and in individuals with
higher CMV-specific antibody levels.11,15,26 The
mechanisms underlying the relationships between
CMV infection and general health outcomes are
still unknown. Although several studies show a
relation between CMV infection or CMV-specific
antibody levels and frailty,11,27,28 others do not
support this.29,30 These conflicting results might be
explained by differences in duration of CMV
infection, which is generally unknown.

Here, we used a unique long-term longitudinal
study to investigate the effects of duration of
CMV infection on the immune system and general
health. We assessed how CMV-specific antibody
levels developed within a cohort of older
individuals (60–89 years at study endpoint) over a
follow-up time of 25–30 years. We relate duration
of CMV infection to CMV-specific antibody levels,
numbers of various T-cell subsets, function of
CMV-specific T cells, frailty and prevalence of
cardiovascular disease.

RESULTS

Characteristics of the study population

In total, 268 people who have been participating
since ~ 1987 in the ongoing Doetinchem Cohort
study (DCS, Doetinchem, The Netherlands31,32)
were included in this study (n = 135 men, n = 133
women), with an average age of 70.6 (60.3–88.6)
years at endpoint (Table 1). Follow-up time was
27.7 years on average (range 25–30 years). Study
design is summarised in Figure 1a. More details
about the study cohort can be found in the
methods section. All individuals were analysed for
the presence of CMV-specific antibodies. At study
endpoint, 58% of the participants (n = 155) were
CMV seropositive (CMV+) (Table 1 and
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Supplementary figure 1). No significant
differences in age, educational level and sex were
observed between CMV-seronegative (CMV�) and
CMV+ individuals (Table 1). Follow-up time was
similar for CMV� and CMV+ participants.

The majority of CMV+ individuals were
CMV+ during entire follow-up

The duration of CMV infection in the 155
individuals who were CMV+ at study endpoint was
determined by measuring CMV-specific antibody
levels in the preceding 25 years. The vast majority
(85.9%, n = 136) of these participants had been
CMV+ during the entire follow-up and are therefore
referred to as long-term CMV+ (LT CMV+). The other
CMV+ participants (n = 19; 14 women and 5 men)
seroconverted during follow-up and are referred to
as short-term CMV+ (ST CMV+) (Figure 1b,
Supplementary figure 2a). An overview of the CMV-
specific antibody levels over time of all CMV+

participants per 5-year age category, for men and
women separately, is shown in Figure 1b. CMV
seroconverters were seen in all age categories and
showed a sharp increase in antibody levels from
undetectable to positive (Figure 1b). The average
CMV-seroconversion rate was 0.56% per year in this
adult population and was higher for women than
for men (0.88% versus 0.27% per year, P = 0.03)
(Supplementary figure 2b). ST CMV+ individuals did
not differ from LT CMV+ individuals in terms of age
or educational level (Table 1).

CMV-specific antibody levels within CMV+

individuals increase over time

We investigated whether CMV-specific antibody
levels increased with age. To this end, we selected
samples of all CMV+ participants at all time points.
We confirmed data from previous cross-sectional
studies by showing a significant, positive
correlation between geomean CMV-specific
antibody levels and age (P < 0.0001, r = 0.15)
(Figure 2a, Supplementary figure 3a). We then
used a median-based linear model to estimate the
fold change in CMV-specific antibody levels over
time per individual using all available time points.
This showed a significant increase in antibody
levels within individuals over time. On average,
the increase was 1.42 (95% CI: 1.26–1.60) fold in
25 years (P < 0.001), although in some individuals
CMV-specific antibody levels decreased
(Figure 2b). Together, these data demonstrate an T
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(a)

(b)

Figure 1. Overview of the CMV antibody levels of all participants during time. (a) Study design. Participants (n = 135 men, n = 133 women)

donated blood 6 times in ~ 27 years. In 2016–2017, an extra sample was taken for extensive phenotyping of leucocyte subsets. (b) CMV

antibody levels were measured every 5 years and presented per age category at study endpoint separately for men and woman. Green lines

show the antibody trajectories of CMV- participants, purple lines those of LT CMV+ participants, and the bold blue lines those of the participants

that seroconverted during follow-up (ST CMV+ participants). Dotted horizontal line shows the cut-off value for seropositivity.
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increase in CMV-specific antibody levels within
CMV+ individuals over time.

Higher age at CMV seroconversion is
positively associated with CMV-specific
antibody levels shortly after seroconversion

We next studied to what extent duration of CMV
infection contributes to the correlation between
CMV-specific antibody titres and age, by comparing
these in recently infected ST CMV+ individuals
(< 5.5 years ago) with the trendline of LT CMV+

individuals (Figure 2c). Antibody levels shortly after
seroconversion (< 5.5 years) in ST CMV+ individuals
(n = 19) did not differ significantly from those of LT
CMV+ individuals (n = 136) (> 25 years CMV-
infected) (Figure 2d); these results were similar in
men and women (Supplementary figure 3b). This
suggests that CMV-specific antibody levels do not
directly reflect duration of CMV infection. Instead,
CMV-specific antibody levels were related to age,
irrespective of the duration of CMV infection.
Indeed, CMV-specific antibody levels of older
individuals (> 45 years, range 47–88 years) who
seroconverted recently (< 5.5 years ago, n = 18/19
ST CMV+ individuals) were significantly higher than
those of younger CMV+ people who seroconverted
≤ 38 years of age, n = 26/116 of LT CMV+

individuals) (P = 0.03, Figure 2e). Similar results
were found when age of first seropositive sample
was analysed as a continuous variable (correlation
P = 0.03, r = 0.33) (Figure 2f). It should be noted
that sex was not equally distributed between the
two groups (Table 1) and that when analysed per
sex, this association was only significant for men
(Supplementary figure 3c). Taken together, our
results suggest that the positive correlation
between age and CMV-specific antibody levels is
not mainly explained by CMV infection duration.
Instead, CMV seroconversion at an older age also
leads to higher CMV-specific antibody levels shortly
after seroconversion (Supplementary figure 3d)
and suggest that age-related effects other than
duration of CMV infection particularly contribute
to the observed increase of CMV-specific antibody
levels with age.

Variation in CMV-specific antibody levels at
study endpoint is largely explained by
baseline CMV-specific antibody levels

Antibody levels at study endpoint showed
considerable variation between individuals

(Figure 2g). We studied which factors explained
these differences using a random forest prediction
algorithm. Explained variance in the algorithm to
predict CMV-specific antibody levels at study
endpoint was 66%. The most important variable
to predict this turned out to be the ‘baseline’
CMV-specific antibody level, defined as the level
at the first CMV+ observation, which was on
average 27 years ago in LT CMV+ individuals
(Figure 2h). The increase in antibody levels over
time was second in ranking of variable
importance. Other factors such as age at study
endpoint, age at seroconversion, duration of CMV
infection, sex (Figure 2h) and educational level
(data not shown) were much less predictive of
CMV-specific antibody levels at study endpoint. In
conclusion, these data show that baseline CMV-
specific antibody levels 27 years ago are more
important than the changes in these levels over
the last 27 years to explain the majority of the
inter-individual variation in CMV-specific antibody
levels in the elderly.

Changes in the CD8+ T-cell pool are
established early after CMV infection

In addition to antibody levels, we investigated the
effect of CMV seropositivity and duration of CMV
infection on the CD8+ T-cell pool at study
endpoint. Both factors did not affect the total
number of naive (TN) or central memory (TCM)
CD8+ T cells (Figure 3a). As expected, numbers of
effector memory (TEM) and terminally
differentiated effector (TEMRA) CD8+ T cells were
significantly higher in CMV+ compared to CMV-

individuals (Figure 3a). This was mainly explained
by an increase in the number of late-stage
differentiated (CCR7-CD45RA+CD27-CD28-) CD8+ T
cells (data not shown) in CMV+ individuals. No
significant association was observed between
duration of CMV infection and numbers of TEMRA

cells, even within ST CMV+ individuals (Figure 3b).
Also, no significant difference was found in CD8+

TEMRA cell numbers at endpoint between
individuals who seroconverted at a young age
(≤ 38 years of age) and those who seroconverted
at an older age (≥ 45 years of age, range 47–
88 years) (Figure 3c).

Next, we investigated whether CMV-specific
CD8+ T-cell responses differed between ST CMV+

and LT CMV+ individuals (n = 27 in total, matched
for age and sex). Based on tetramer staining
(using HLA-class I pp65 NLV epitope) in all HLA-A2
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(a)

(c)

(e)

(g) (h)

(f)

(d)

(b)

Figure 2. CMV-specific antibody levels followed over time. (a) Antibody levels of all CMV+ individuals (n = 155). The trend line is based on local

polynomial regression through the data of long-term (LT) CMV+ participants (n = 136). (b) Fold increase in CMV-specific antibody levels over

25 years for each individual. Dashed line shows no increase or decrease. (c) Individual CMV-specific antibody levels during time of the CMV

seroconverters (n = 19) (blue lines) compared to the average trend line of the long-term CMV+ individuals. The first CMV+ time point of CMV

seroconverters after CMV seroconversion (<5.5 years after CMV conversion) is highlighted by a larger blue dot. (d) Duration of CMV infection: CMV-

specific antibody levels of recently seroconverted individuals (max < 5.5 years after CMV conversion, n = 19) compared with those of long-term

CMV+ individuals (> 25 years CMV+, n = 136). (e) Age at seroconversion: Antibody levels of individuals that seroconverted at younger age

(≤ 38 years of age, n = 26) or older age (≥ 45 years of age, n = 18, mean age 58.5 � 8.1, shortly after CMV seroconversion (max < 5.5 years)). (f)

Antibody levels associated with age at CMV seroconversion. For the selection of LT CMV+ individuals, CMV+ individuals of round 1 were included

that were ≤ 38 years of age and age of seroconversion was set at 38 years. (g) Antibody levels of all CMV+ individuals at endpoint. Interval

represents geometric mean level � geometric standard deviation. (h) Variable importance when predicting CMV antibody levels at study endpoint

with a random forest algorithm. % increase in MSE: proportion increase in mean squared error in the model when a single variable is randomly

shuffled. Slope of Ab level: log-linear variation in CMV-specific antibody levels after first CMV+ measurement, until time point 6. Boxplots show

median with interquartile range. * P < 0.05, **P < 0.01. The dotted line in a and c is the upper boundary of the cut-off for CMV seropositivity.
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positive individuals (n = 11), we found no
significant differences between ST CMV+ and LT
CMV+ individuals in CMV-specific CD8+ T-cell

numbers (Figure 3d), percentages of CMV-specific
CD8+ T cells in the total CD8+ T-cell pool
(Figure 3e), percentages of TEMRA cells in the

(a)

(d)

(h) (i)

(e) (f) (g)

(b) (c)

Figure 3. CMV-induced changes in the CD8+ T-cell pool are established early after CMV infection. (a) Absolute numbers of CD8+ T-cell subsets

compared between CMV- (n = 113), ST CMV+ (n = 19), and LT CMV+ individuals (n = 136). (b) Relationship of duration of CMV infection with

CD8+ TEMRA cells numbers. (c) CD8+ TEMRA cells numbers at study endpoint in individuals that seroconverted at younger age (≤ 38 years of age,

n = 26) compared to those who converted recently at an older age (≥ 45 years of age, n = 18, mean age 58.5 � 8.1). (d–g) Numbers and

percentages of CMV-specific CD8+ T cells (d, e), percentage of TEMRA cells of total CD8+ cells (f) and percentage of expression of KLRG-1 (G) in

HLA-A2 positive individuals for pp65-epitope NLVPMVATV compared between ST CMV+ (n = 8) and LT CMV+ (n = 4) individuals (g). (h, i)

Percentages of IFNc producing CD8+ T cells (h) and polyfunctional CD8+ T cells producing IFNc, TNFa, Mip, CD107 and/or IL2 (i) after CMV-

specific peptide stimulation in ST CMV+ and LT CMV+ individuals (n = 27). Boxplots show median with interquartile range. * P < 0.05, ****

P < 0.0001.
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CMV-specific T-cell pool (Figure 3f), and
expression of the senescence marker KLRG-1 of
the CMV-specific CD8+ T cells (Figure 3g). Also,
after CMV-specific stimulation using overlapping
CMV peptide pools, no significant differences
were observed in IFNc production between ST
CMV+ and LT CMV+ participants (Figure 3h). We
also studied the polyfunctionality of the CMV-
specific T-cell response and identified that CMV-
specific CD8+ T-cell responses were mainly
IFNc+TNFa+MIP-1b+CD107a+ but lacked IL-2
(Supplementary figure 4a,b), suggestive of an
end-stage highly functional T-cell phenotype. The
percentage of polyfunctional CMV-specific CD8+ T
cells seemed somewhat higher in LT CMV+

compared to ST CMV+ individuals (Figure 3i), but
this result was not statistically significant
(P = 0.63). This suggests that high CD8+ TEM and
TEMRA cell numbers are induced shortly after
primary CMV infection and that CMV-specific T-
cell numbers, phenotype and polyfunctionality are
not affected by long-term CMV infection.

Changes in the CD4+ T-cell pool are
established early after CMV infection and
are most pronounced in older CMV
seroconverters

We also studied the impact of duration of CMV
infection on the CD4+ T-cell pool by comparing
CD4+ T cells at endpoint between ST CMV+

individuals and LT CMV+ individuals. CMV
seropositivity was associated with higher numbers
of TEM and TEMRA CD4+ T cells (Figure 4a).This was
mainly due to the presence of relatively high
numbers of intermediate and late-stage
differentiated TEM and TEMRA cells. The higher CD4+

TEM and TEMRA numbers in ST CMV+ individuals
were not related to sex or age at endpoint (data
not shown). Within the group of ST CMV+

individuals, we found a positive correlation
between duration of CMV infection and CD4+ TEM
and TEMRA cell numbers at study endpoint
(Figure 4b). Similar results were observed for the
differentiation states of TEM and TEMRA cells (data
not shown). Since ST CMV+ individuals were
significantly older at CMV seroconversion than LT
CMV+ individuals (average of 57 years and a
maximum of 43 years, respectively, P < 0.0001), the
higher CD4+ TEM and TEMRA numbers in ST CMV+

individuals may be driven by differences in age at
seroconversion. Indeed, individuals who
seroconverted at an older age (≥ 45 years old,

n = 18/19) had significantly higher CD4+ TEM and
TEMRA cell numbers at endpoint than individuals
who seroconverted when they were younger than
38 years of age (n = 26/116 LT CMV+ individuals,
P = 0.018 and P = 0.006, respectively, Figure 4c).
However, within the group of ST CMV+ individuals,
age of seroconversion was not significantly related
to CD4+ TEM or TEMRA cell numbers (data not
shown), possibly due to the smaller age range.
Together, these results suggest that duration of
CMV infection has only a minor effect on CMV-
induced CD4+ TEM and TEMRA cell numbers and that
becoming CMV+ at an older age leads to higher
CD4+ TEM and TEMRA numbers at endpoint.

We further investigated the functionality of the
CMV-specific CD4+ T cells of ST CMV+ and LT
CMV+ individuals. CD4+ TEMRA cell numbers at
study endpoint correlated positively with the
percentage of granzyme B+ and perforin+ TEMRA T
cells (Figure 4d) and with the CMV-specific IFNc
response after stimulation with overlapping CMV
peptide pools (UL55, pp65 and IE-1) (Figure 4e),
suggesting that CD4+ TEMRA cells have cytotoxic
potential and are responding to CMV by cytokine
production. After stimulation of CD4+ T cells with
overlapping CMV peptide pools, ST CMV+

individuals showed higher IFNc-production than
LT CMV+ participants (Figure 4f). CD4+ CMV-
specific T-cell responses were often
polyfunctional, producing IFNc, TNFa, MIP-1b and
CD107 but not IL-2, suggestive of an end-stage
highly functional T-cell phenotype. A trend of
possible higher percentages of these cells was
found in ST CMV+ compared to LT CMV+

individuals (Figure 4g, Supplementary figure 4c).
This was mainly due to the fact that ST CMV+

individuals had significantly higher polyfunctional
responses to peptide pool UL55 than LT CMV+

individuals (data not shown). These results
suggest that many of the CD4+ TEM and TEMRA

cells in CMV-infected individuals are CMV-specific
T cells with a polyfunctional late-stage memory
phenotype and that these cells are induced early
after primary CMV infection. In addition, these
cells are induced in higher numbers in individuals
who became CMV infected at an older age.

CMV seroconversion at an older age, rather
than duration of CMV infection, is
associated with frailty

To elucidate potential health consequences of
CMV infection, we investigated whether CMV

2020 | Vol. 9 | e1193

Page 8

ª 2020 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

Limited effect of duration of CMV infection LD Samson et al.



infection and specifically duration of CMV
infection were related to a frailty index score. The
median frailty index score of all participants was
0.069 at round 5 (Inter Quartile Range (IQR)
0.027–0.167) and 0.081 (IQR 0.029–0.186) at round

6, indicating that on average frailty increased
with age (P < 0.001). Median increase in frailty
index was 0.013 (IQR �0.017–0.049) (P < 0.001)
(Supplementary figure 5). We found no significant
differences in frailty between CMV�, ST CMV+, or

(a)

(d)

(f) (g)

(e)

(b) (c)

Figure 4. CMV-induced changes in the CD4+ T-cell pool are established early after CMV infection and are most pronounced in older CMV

seroconverters. (a) Absolute numbers of CD4+ T-cell subsets compared between CMV- (n = 113), ST CMV+ (n = 19), and LT CMV+ (n = 136)

individuals. (b) Relationship of duration of CMV infection with CD4+ TEMRA cells numbers. Correlation in ST CMV+ individuals is indicated by q-

and P-values. (c) CD4+ TEMRA cells numbers at study endpoint between individuals that seroconverted at younger age (≤ 38 years, n = 26) or

older age (≥ 45 years, n = 18, mean age 58.5 � 8.1). (d, e) Correlation of CD4+ TEMRA cells numbers with their percentages producing

granzyme B and perforin (D) and IFNy (e) after CMV peptide stimulation (n = 27). (f, g) Percentages of CD4+ T cells producing IFNc (f) and being

polyfunctional producing IFNc, TNFa, Mip-1b, CD107 and/or IL2 (G) after CMV-specific peptide stimulation in CMV-, ST CMV+ and LT CMV+

individuals. Boxplots show median with interquartile range. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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LT CMV+ individuals (Figure 5a). We observed a
non-significant negative trend between frailty
and duration of CMV infection within ST CMV+

participants (n = 19) (P = 0.098, q = �0.27
Figure 5b). Interestingly, within the group of ST
CMV+ individuals, older age at CMV
seroconversion was associated with a higher
frailty index (P = 0.03, q = 0.48) (Figure 5c),
although the trend was not significant after
adjusting for age (P = 0.11, q = 0.39). We further
studied whether CMV-specific antibody levels at
study endpoint or the increase of CMV-specific
antibodies per year were associated with frailty.
None of these two indicators were significantly
associated with frailty (Figure 5d, e). The median
increase in frailty index tended to be higher in
recent CMV seroconverters (i.e. converted after
DCS round 5), although the effect was not
significant (P = 0.11, Figure 5f; n = 4 participants
who seroconverted recently). When restricting this
analysis to women aged 60–65 years, because 3
out of 4 were women in this age category, we
observed that women who seroconverted recently
had a higher increase in frailty index than their
CMV- peers (P = 0.006) (Figure 5g). Although the
sample size of ST CMV+ individuals was very small,
these unique human data suggest a relationship
between becoming infected with CMV at an older
age and frailty. Together, these results suggest
that, in older individuals, there is no significant
association between CMV seropositivity, duration
of CMV infection or CMV-specific antibody levels
and frailty, but age of seroconversion might be
associated with frailty, and recent CMV
seroconversion with an increase in frailty.

CMV-specific antibody levels are increased
in CMV+ individuals with cardiovascular
disease

We focused on the relation of CMV infection with
the prevalence of cardiovascular disease (CVD). Of
all participants, 20.9% (n = 56) had any form of
CVD (Table 2), and most of them were men
(n = 38, v2 = 8.9, P = 0.003). The percentage of
individuals with any form of CVD tended to be
higher in CMV+ than in CMV- individuals (23.6%
versus 14.3%, Table 2) (v2 = 5.3, P = 0.02, analysis
stratified by sex as confounder). Furthermore, the
occurrence of CVD was positively associated with
CMV-specific antibody levels at study endpoint
(P = 0.04 Figure 5h). Although in the group with
CVD the median increase in CMV-specific

antibodies seemed higher, no significant
difference was observed (P = 0.12 Figure 5i).
Within the ST CMV+ group, 3 out of 19 individuals
had any form of CVD, a number too low to
investigate a possible association between CVD
and duration of CMV infection. In conclusion,
CMV-specific antibody levels in CMV+ individuals
might be related to the occurrence of CVD.

DISCUSSION

We investigated how duration of CMV infection
was related to CMV-specific antibody levels, T-cell
numbers, CMV-specific T-cell responses, frailty and
cardiovascular disease prevalence. We
demonstrated that within individuals, CMV-
specific antibody levels increased over time, albeit
only slightly. Nevertheless, duration of CMV
infection was not the major determinant of CMV-
specific antibody levels at study endpoint, but the
baseline level of 27 years ago turned out to play
an important role and the level shortly after
seroconversion is influenced by age at
seroconversion. Duration of CMV infection was
not related to the size and function of the
memory CD8+ T-cell pool, suggesting that CD8+ T-
cell memory responses do not further inflate over
time. In contrast, CD4+ T-cell numbers, similar to
CMV-specific antibody levels, were higher in
individuals who seroconverted at an older age.
Furthermore, we did not find an association of
frailty with CMV serostatus or with duration of
CMV infection in elderly individuals, although
higher CMV-specific antibody levels were
associated with higher prevalence of
cardiovascular disease.

We are the first showing the CMV-
seroconversion rate in an observational
longitudinal cohort of healthy older adults. The
average seroconversion rate that we found
(0.56% per year) was similar to a previous
estimate based on a large cross-sectional study in
adults (0.55% per year).33 Thus, this provides a
valuable estimate, although it is lower than that
previously reported for individuals at high risk
due to frequent contact with children like
pregnant women, day-care providers and parents
with young children (2.3%, 8.5% and 2.1%,
respectively).34,35 Of note is that, although the
numbers are small, more women than men
seroconverted during follow-up, possibly due to a
higher exposure of women to CMV infection in
our cohort. This is in line with a previous study in
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(a)

(d)

(f) (g)

(h) (i)

(e)

(b) (c)

Figure 5. CMV infection is not associated with frailty, but is related to prevalence of cardiovascular disease. (a) Comparison of frailty index score

between CMV- (n = 110), short-term (ST) CMV+ (n = 18) and long-term (LT) CMV+ (n = 132) participants with available frailty index score data at

time point T6. (b, c) The relation of frailty with (b) the duration of CMV infection (n = 18) and (c) age of seroconversion in ST CMV+ individuals

(seroconverted before frailty index score assessment, n = 16). (d, e) Relationships are shown, respectively, between frailty and CMV-specific

antibody levels at study endpoint (d) and between frailty and fold change in CMV-specific antibody levels over 26 years (e). (f, g) Difference in

increase in frailty index between CMV- participants (n = 110) and those who seroconverted recently after measurement point T5 (n = 4) (f) and

between women aged 60–65 years that were CMV- (n = 11) or converted recently after T5 (n = 3) (g). Increase in frailty index: difference

between frailty index as measured between T5 and T6. (h, i) Comparison of cardiovascular disease (CVD) prevalence with CMV-specific antibody

levels (h) and fold change in 25 years (i) in these antibody levels in individuals that were CMV+ at study endpoint (n = 165) (Prevalence of CVD is

indicated in Table 2). Boxplots show median with interquartile range.
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the general Dutch population, which showed
higher seroprevalence of CMV infection in women
than in men,5 and with estimations by a
transmission model showing higher CMV
incidence in women.3 Also, sex-specific differences
in immune cell numbers and immune functioning
have been described previously, with CMV
infection possibly playing a role36 and women
generally showing a stronger immune
response.37,38 These sex differences are thought to
have a hormonal or genetic aetiology 39 and
should be investigated more extensively in future
studies.

Higher CMV-specific antibody levels in older
adults are generally thought to reflect multiple
experienced CMV reactivations during life.2,3,9,11,22

However, little is known about how CMV-specific
antibody levels are established and maintained
during a lifetime in healthy individuals. We
observed an increase in CMV-specific antibody
levels over a substantial period of time
(~27 years). One other study reported an increase
in CMV-specific antibody levels over time40 and
another did not,41 but these studies covered a
much shorter follow-up time (5 years and
13 years, respectively). The increase in CMV-
specific antibody levels we observed over time
suggests that CMV reactivation, and probably to a
lesser extent reinfection,3 indeed occurs in CMV-
infected individuals. Antibody levels can be stable
over prolonged periods of time as has been seen
for other viruses.42 The persistence of CMV
antigen could play a role in maintaining CMV-
specific antibody levels. CMV antigen may
contribute to activation of memory B cells and the
continuous replenishment of long-lived plasma
cells and antibody production.42-44 Importantly,
we show that CMV-specific antibody levels
between individuals (as reflected by the baseline

antibody levels) are more important than changes
in the antibody levels over the preceding years to
predict CMV-specific antibody levels at endpoint.
These results argue against the use of CMV-
specific antibody levels as a surrogate marker for
experienced CMV reactivation. Interestingly, while
CMV-specific antibody levels were positively
associated with age, they did not differ
significantly between ST and LT CMV+ individuals
at endpoint. Moreover, age, regardless of
duration of CMV infection, was associated with
increased CMV-specific antibody levels. Thus,
several age-related effects are related to CMV-
specific antibody levels later in life.

Memory inflation, characterised by an
expansion of the memory T-cell pool over time, is
a hallmark of CMV infection, especially shown in
CMV mouse models.23,45,46 Memory inflation of
CMV-specific T cells in humans was questioned
recently.47 Longitudinal studies in humans are
very limited, and some report evidence for
memory inflation,40,48 while others do not.49,50

Our study allowed us to investigate how duration
of CMV infection influences the T-cell memory
pool in humans. We show that polyfunctional
CMV-specific T-cell responses and numbers of
memory/effector CD4+ and CD8+ T cells are
already high shortly after CMV seroconversion.
Thus, both the humoral immune response and the
CD4+ and CD8+ T-cell pools do not require a long
duration of CMV infection to develop and
expand. We found weak evidence for memory
inflation in the CD4+ T-cell pool, as duration of
CMV infection correlated positively with CD4+ TEM
and TEMRA numbers in ST CMV+, but not in LT
CMV+ individuals. Although in mouse studies
memory inflation was shown to occur only for IE1
derived epitopes,22 in humans it was more clearly
observed for pp65 epitopes.40 Therefore, we used
multiple epitopes in our study. Both functional
analysis of CMV-specific T cells targeting IE1 and/
or pp65 epitopes as well as tetramer analysis of T
cells specific for the immunodominant pp65
epitope showed somewhat higher values in LT
CMV+ than in ST CMV+ individuals, but effect sizes
were small and variation too large for these
differences to be statistically significant
(Figure 3d-g, I, P > 0.2). For the tetramer analysis,
it should be noted that the sample size was small
(n = 11) since not every participant was of type
HLA-A2. Regardless of duration of CMV infection,
we found a positive correlation between CMV
seroconversion at an older age and CD4+ TEM and

Table 2. Cardiovascular disease prevalence

CMV� CMV+

Cardiovascular intervention 9.2% (n = 11) 12.7% (n = 21)

Myocardial infarction 3.4% (n = 4) 9.1% (n = 15)

Stroke 1.7% (n = 2) 1.8% (n = 3)

Total

Any cardiovascular disease 14.3% (n = 17) 23.6% (n = 39)

Note: Serostatus is serostatus at study endpoint. Cardiovascular

intervention: participant undergone either bypass surgery, cardiac

valve dilation surgery, cardiac catheterisation, pacemaker placement,

or peripheral vascular surgery.
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TEMRA cell numbers, similar to what we observed
for CMV-specific antibody levels. An explanation
could be that older individuals, compared to
younger ones, need more CD4+ memory T cells to
control the virus because their CD4+ memory T-cell
function is impaired, or because they have a
higher latent viral load due to delayed (primary)
control of the virus. Taken together, our data
contribute to the view that there is no evidence
for a time-dependent memory inflation during
CMV infection in humans. Further longitudinal
studies on T-cell responses also including
cytotoxicity and covering even longer periods of
time might strengthen our results.

We also assessed whether prolonged CMV
infection might impair clinically relevant health
outcomes. We did not find an association
between frailty and CMV seroprevalence, or
between frailty and duration of CMV infection,
with frailty expressed by a frailty index score.51

This is in line with some other papers,29 although
several studies showed a relation between CMV
infection or CMV-specific antibody levels and
frailty11,27,28 or even the opposite relationship
with a higher CMV seroprevalence in healthy
people.30 Not observing a relationship between
frailty and CMV seroprevalence or CMV-specific
antibody levels in our study could be due to the
heterogeneity between individuals with a high
frailty index score, since a frailty index based on
Rockwood criteria contains various conditions and
deficits (n = 36). Importantly, another study that
used a Rockwood-based frailty index also did not
observe an effect of CMV seropositivity on
frailty.29 Moreover, our study was performed in a
younger population (60–89 years old) than the
populations in the two other studies not showing
a relation between CMV and frailty (> 80 years
old), with the latter two studies possibly more
obscured by survival bias than ours. Also, the frail
population in our study was overrepresented due
to the stratified selection, which generally
increases the chance of finding an association
with frailty, emphasising the negative relation we
found. In sum, our study does not support the
hypothesis that CMV causes ‘accelerated ageing’
influencing general health. However, we found a
possible association between frailty and age at
first seropositive time point during follow-up
within ST CMV+ individuals. In addition, a small
sub-group of women who seroconverted recently
(after round 5, n = 3) had a steeper increase in
frailty index than those who did not seroconvert,

which might suggest that people who become
frail are more susceptible to CMV infection.

As the effects of CMV might be related to
specific chronic conditions and not to a general
health state such as frailty, we investigated the
association of CMV infection with cardiovascular
disease (CVD). Indeed, in line with previous
studies,52,53 the prevalence of CVD was
significantly higher in CMV+ individuals.
Furthermore, within CMV+ individuals, prevalence
of CVD was associated with higher CMV-specific
antibody levels at endpoint. One of the
mechanisms that could explain this association is
that the lytic viral CMV lifecycle in endothelial
cells induces vascular damage and therefore
contributes to CVD54,55 and in particular to
atherosclerosis.56 Alternatively, progressive
endothelial damage in individuals with CVD and a
pro-inflammatory environment could also initiate
inflammation leading to CMV reactivation.1

We show that age-related effects other than
duration of CMV infection seem to contribute to
the variation in CMV-specific immune responses at
study endpoint between individuals. We
hypothesise that this variation between
individuals is due to individual differences in the
balance between virus and host factors and that
these immune responses may in part be
determined by viral reactivation, but for the
larger part by the establishment of the latent
CMV reservoir after primary infection (Figure 6).
Due to immunosenescence at higher age, older
individuals may be less able to control primary
infection and viral spread. This may lead to a
larger viral reservoir in the elderly and
consequently to a larger immune response to
enable control of the virus in its latent phase,
regardless of duration of CMV infection. Other
factors that could influence this balance include
the route of viral transmission,57 the amount of
viral inoculum during primary infection,23 or the
state of the immune system at primary
infection.45,58 A comparable model was previously
proposed based on data from children, which
suggested that the relatively immature state of
the immune system in children leads to the
establishment of a larger viral reservoir,45,58 which
may subsequently increase the chance of viral
reactivation. The state of the immune system at
primary CMV infection might thus affect the levels
of life-long immunity to CMV (Figure 6). Whether
general health status, that is frailty, also enhances
the establishment of the latent CMV reservoir and
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subsequent viral reactivation remains to be
investigated.

In conclusion, our results indicate that age,
regardless of duration of CMV infection, has a
larger influence on the CMV-specific response than
previously anticipated. High CMV-specific antibody
levels should therefore not be interpreted as a
measure of experienced viral reactivation or
duration of CMV infection. In fact, elderly
individuals with high CMV-specific antibody levels
and high numbers of CMV-specific TEMRA cells
could also be the ones who were more recently
infected with CMV. While we confirmed that CMV
infection is related to cardiovascular disease, we
found limited evidence for a relationship with
general health, that is frailty. We therefore
propose an alternative hypothesis that high CMV-
specific immune responses in the elderly may not
be a cause of poor health outcomes, but may
instead be a sign of impaired health status.

METHODS

Study design

This study was performed with a selected group of
participants from the longitudinal Doetinchem Cohort
Study (DCS),31,32 which we refer to as the DCS subcohort

(n = 289). Individuals have been followed as part of the
DCS since 1987, with assessments every five years, resulting
in six measurement rounds (1987–1992, 1993–1997, 1998–
2002, 2003–2007, 2008–2012, and 2013–2017). Every round,
blood plasma samples were taken and stored. The selection
of the DCS subcohort has been described.51 Briefly, all
active DCS participants 60–89 years of age (n = 289) were
randomly stratified by sex, age and a frailty index score (see
below), leading to a selection of equal numbers of men
and women, distributed evenly over the included age range
and over three frailty groups (healthy, intermediate and
frail). The participants were invited for an additional blood
sample between October 2016 and March 2017, which was
not only used to retrieve plasma, but also to perform
immune cell phenotyping on fresh whole blood and to
store PBMCs. (Figure 1a). Furthermore, at rounds 5 and 6,
the participants’ frailty index was determined, as a measure
of general health. For most individuals, the additional
blood sample taken for the DCS subcohort was the
endpoint of study, and for some (n = 55), endpoint
sampling was some months later (round 6). The study was
approved by the Medical Ethics Committee of the University
Medical Center Utrecht. All participants gave written
informed consent for every blood sample separately.

Exclusion criteria

From the original 289 participants, individuals were
excluded from the longitudinal analyses if their follow-up
time was less than 25 years (n = 17) (Supplementary figure
1), or because of an inconclusive CMV serostatus (n = 4).
Thus, the results are based on 268 individuals with an

Figure 6. Model of establishment of the size of the immune response to control latent CMV infection. Both establishment of the viral latent

reservoir after primary infection (1) and the subsequent viral reactivation in time (2) will affect the CMV-specific immune response. Different

factors may influence both phases; those based on our data are presented in black rectangles. The figure was created with BioRender.com.
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average follow-up time of 27.7 years (25–30 years). For
analyses with cardiovascular disease prevalence, the
individuals with follow-up time < 25 years were included.

Frailty index

The frailty index used has been validated in the DCS51 and
was based on 36 ‘health deficits’. The concept of this index
was based on previous studies29,59-61 and was adapted for
and validated in the DCS. The index is a variable with
values between 0 and 1, 0 representing the ‘best’ and 1
representing the ‘worst’ health status. It has been
calculated for each individual based on the data collected
during the DCS measurements of round 5 and round 6
(missing n = 1 for round 5 and n = 8 for round 6). The
increase in frailty index was defined as the difference
between the frailty indices assessed in rounds 5 and 6.

Cytomegalovirus (CMV)-specific antibodies

CMV-specific IgG antibody levels were measured in plasma
by a multiplex immunoassay developed in-house.62 A cut-off
of 5 arbitrary units (AU) mL�1 was shown to discriminate best
between CMV- and CMV+ study groups.63 To decrease the
chance of false-positive results, antibody levels close to 5 AU
mL�1 (i.e. between 4 and 7.5) were considered inconclusive.
To reduce intra-assay variation, all samples from the same
individual were measured on the same plate.

Cell numbers by flow cytometry

Fresh whole blood samples collected in 2016–2017 were used
to quantify cell numbers of T-cell subsets by flow cytometry,
as previously described.63 Briefly, absolute cell numbers were
determined using TruCOUNT tubes (BD Biosciences, San Jose,
CA, USA), in which whole blood was stained with CD3
(UCHT1)-BV711 (BD Biosciences). Another tube was used with
the following antibodies: CD3(UCHT1)-BV711, CD8(SK1)-APC-
H7, CCR7(150503)-PECF594, CD27(M-T271)-BV421, CD28
(CD28.2)-PerCPCy5.5 (all BD Biosciences), CD4(RPA-T4)-BV510,
and CD45RA(HI100)-BV650 (all BioLegend, San Diego, CA,
USA). Samples were measured on a flow cytometer (Fortessa
X20, BD Biosciences). Absolute cell numbers were calculated
by using the bead count of the TruCOUNT tube and the CD3+
T-cell count of both tubes. T-cell subsets of naive (TN), central
memory (TCM), effector memory (TEM) and effector memory
re-expressing CD45RA (TEMRA) were defined based on the
expression of CD45RA and CCR7, after which TEM and TEMRA

cells were categorised as early, intermediate and late
differentiated based on the expression of CD27 and CD28.36,64

PBMC isolation

Peripheral blood mononuclear cells were obtained by
Lymphoprep (Progen, Wayne, PA, USA) density gradient
centrifugation from heparinised blood, according to the
manufacturer’s instructions. The cells were washed with PBS
medium containing 0.2% FCS (Sigma-Aldrich, St. Louis, MO,
USA), and frozen in a solution with 90% FCS and 10%
dimethyl sulfoxide at �135°C until further use.

CMV-specific functional T-cell analysis

CMV-specific T-cell responses were analysed in a
subpopulation (n = 30): 10 CMV+ individuals with the
shortest duration of CMV infection for whom PBMCs were
available, 10 CMV- individuals matched for age and sex
only, and 10 long-term CMV+ individuals based on matched
CMV-specific antibody levels. Cryopreserved PBMCs were
rapidly thawed at 37°C and washed in AIM-V (Gibco,
Thermo Fisher, Waltham, MA, USA) 2% human AB serum
medium (AIM-V 2% hAB). The cells were resuspended in
AIM-V 2% hAB and rested at 37°C at 5% CO2 for 30 min
before dispending in 106 PBMCs/150 µL per well in a 96-
well plate stimulated with anti-CD107a PerCP-Cy5.5,
Monensin (1:1500) (GolgiStop, BD Biosciences) and Brefeldin
A (1:1000) (GolgiPlug, BD Biosciences). Stimulation for CMV-
specific responses was done using one of the CMV
overlapping peptide pools (15-mers with 11 overlap) of
UL55 (1lg mL�1), IE-1 (1 lg mL�1) or pp65 (1 lg mL�1) (JPT
peptide, Berlin, Germany). Medium was used as negative
control. Following 6-hour incubation, cells were washed
and stained with the extracellular markers Fixable Viability
Staining-780 (Thermo Fisher), CD3(UCHT1)-FITC, CD8(RPA-
T8)-BV510, CD4(SK3)-BUV737, CD45RO(UCHL1)-BUV395, and
CD107a(H4A3)-PerCP-Cy5.5 (BD Biosciences), and CD27
(O323)-BV785 (BioLegend). Next, cells were washed in FACS
buffer and twice in perm/wash buffer (fix/perm kit BD,
diluted 10x in MilliQ H2O). Intracellular staining was
performed with IFNc(4S.B3)-PE-Cy7 (Thermo Fisher), TNFa
(MAb11)-BV711 (BioLegend), IL-2(MQ1-17H12)-BV650,
Perforin(B-D48)-BV421, MIP-1b(D21-1351)-AlexaFluor700,
and Granzyme B(GB11)-PE-CF594 (BD Biosciences). Cells
were subsequently washed three times and analysed by
flow cytometry (Fortessa X20, BD Biosciences). Results were
presented as the sum of the three CMV peptide pools
minus the negative control medium.

Quantification of CMV-specific T cells

CMV-specific T cells were stained using HLA-class A2
tetramers specific for the NLV epitope of the CMV protein
pp65 in the HLA-A2+ CMV+ individuals of the selected
subpopulation for CMV-specific functional T-cell analysis
(n = 30). First, HLA-A2 staining by HLA-A2(BB7.2)-V450 (BD
Biosciences) was performed on the PBMCs of CMV+

individuals (n = 20) to select all HLA-A2+ individuals. For the
HLA-A2+ individuals (12/20), tetramer staining was
performed for 15 min at room temperature with CMV-
(A*0201/NLVPMVATV)-APC (Immudex, Fairfax, VA, USA) after
which extracellular staining was performed for 20 min at 4°C
with Fixable Viability Staining-780 (APC-Cy7) (Thermo Fisher),
CD3 APC-R700(SK7)-AF700(BD) CCR7(150503)-BrilliantViolet
(BV)395 (BD Biosciences), CD8+(RPA-T8)-BV510,
CD45RO+(UCHL1)-BV711, CD27(O323)-BV786, PD-1
(EH12.2H7)-PerCP-Cy5.5 (BioLegend) and KLRG-1(13F12F2)-
PE-Cy7 (Thermo Fisher). Cells were measured by flow
cytometry (Fortessa X20, BD Biosciences).

Statistical analysis

Statistics on CMV-specific antibody levels were performed
by parametric testing on log-transformed data.
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Comparison within individuals between two time points
was done by paired testing and comparison among
different groups by non-paired testing (the paired t-test
and independent Student’s t-test or the Mann–Whitney U-
test for non-normally distributed data). Associations
between continuous variables were tested by Pearson’s or
Spearman’s correlation depending on the distribution of
the data. Seroconversion rate was calculated by dividing
the number of seroconversion cases by the sum of the
total time span until seroconversion or until end of
follow-up of all seronegative persons at baseline. Sex
differences in seroconversion rate were tested using a chi-
square test. To estimate the change in CMV-specific
antibody levels over a longer period of time within
individuals, we used a median-based linear model, the
Theil–Sen estimator,65-67 with the R package ‘mblm’.68 The
slopes of the log-transformed antibody levels with age
between all repeated measurements (at least 3 CMV+

time points) were calculated per individual, and the
median of the slopes was taken (representing the Theil–
Sen estimator). This model is less affected by outliers or
by skewed distributions than ordinary least-squares linear
regression. To estimate which variables are important
predictors for CMV-specific antibody levels at study
endpoint, we performed a random forest prediction
analysis with these levels at study endpoint as dependent
variable, using the randomForest R package.69 The
proportion of explained variance was calculated to
estimate the prediction accuracy. The importance of the
variables to predict CMV-specific antibody levels at study
endpoint was shown in a variable importance plot.
Differences in T-cell subsets between the groups (CMV–,
ST CMV+ and LT CMV+) were tested by one-way ANOVA,
and two groups’ comparisons were made using Tukey’s
multiple comparison test. Frailty index differences were
compared by non-parametric testing, the Spearman
correlation for comparing continuous variables, a Kruskal–
Wallis test for comparison between groups, and post hoc
analysis for comparison between multiple groups by the
Tukey correction. Data were analysed using SPSS statistics
22 for Windows (SPSS Inc., Chicago, IL, USA) and R
version 3.6.070 with several packages for analysis and
visualisation.71-73
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