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Cytomegalovirus and Epstein—-Barr
virus co-infected young

and middle-aged adults can have
an aging-related T-cell phenotype

Marloes I. Hofstee!™, Alper Cevirgel*2, Mary-Léne de Zeeuw-Brouwer?, Lia de Rond?,
Fiona van der Klis* & Anne-Marie Buisman®

Cytomegalovirus (CMV) is known to alter circulating effector memory or re-expressing CD45RA*
(TemRA) T-cell numbers, but whether Epstein—-Barr virus (EBV) does the same or this is amplified
during a CMV and EBV co-infection is unclear. Immune cell numbers in blood of children and young,
middle-aged, and senior adults (n=336) were determined with flow cytometry, and additional
multivariate linear regression, intra-group correlation, and cluster analyses were performed.
Compared to non-infected controls, CMV-seropositive individuals from all age groups had more
immune cell variance, and CMV* EBV~ senior adults had more late-differentiated CD4* and CD8*
TemRA and CD4* effector memory T-cells. EBV-seropositive children and young adults had a more
equal immune cell composition than non-infected controls, and CMV- EBV* senior adults had more
intermediate/late-differentiated CD4* TemRA and effector memory T-cells than non-infected controls.
CMV and EBV co-infected young and middle-aged adults with an elevated BMI and anti-CMV antibody
levels had a similarimmune cell composition as senior adults, and CMV* EBV* middle-aged adults

had more late-differentiated CD8* TemRA, effector memory, and HLA-DR* CD38" T-cells than CMV*
EBV- controls. This study identified changes in T-cell numbers in CMV- or EBV-seropositive individuals
and that some CMV and EBV co-infected young and middle-aged adults had an aging-related T-cell
phenotype.

Cytomegalovirus (CMV) is a -herpesvirus that persists lifelong in humans by residing within bone marrow
resident CD34" myeloid progenitor cells, peripheral blood CD14* monocytes derived from these cells"? and
endothelial cells’. Although for most individuals a persistent CMV infection does not result in any clinical symp-
toms, the immune cell composition in blood of these individuals has been altered dramatically, which can have
implications on de novo T-cell responses*. For example, blood samples of CMV-seropositive individuals contain
more CD4* and CD8" effector memory T-cells and effector memory T-cells that re-express CD45RA (TemRA ).
These effector memory and TemRA T-cells found in higher quantities in blood of CMV-seropositive people lack
expression of CD27 and CD28 and, thus, have a terminally/late-differentiated phenotype, and can express the
senescence markers CD57 and KLRG-1°. There are also some reports describing that CMV seropositivity affect
numbers of B-cells®, NKT cells'*!!, and NK CD56%™ cells in blood'?. However, it should be kept in mind that
aging has an impact on immune cell composition as well. This is generally referred to as immunosenescence and
has been linked to NK cells becoming more cytolytic (CD56%™) than cytotoxic (CD56"#")!13, and also has been
associated to decreases in the number of DC cells'4, B-cells®!®, and naive T-cells in blood, while the number of
central memory T-cells increase!®!”.

Epstein-Barr virus (EBV) is another herpesvirus that can persist in humans for a life time. This y-herpes
virus infects primarily B-cells, but also epithelial cells's, Potentially, EBV alters T-cell numbers in blood in a
similar fashion as CMV, but to date only a few reports have sought to clarify this'®-?2. Studying EBV-related
effects on immune cell numbers can be challenging given that the prevalence of the virus in adults is high and for
some study cohorts is even above 90%>’. One study reported that EBV-seropositive individuals have especially
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early-differentiated CD45RA "~ EBV-specific CD8* T-cells'® and another study showed that intermediate-differ-
entiated CD45RA "'~ EBV-specific CD8" T-cells expand in EBV-seropositive individuals, but in a lower magnitude
when the individuals were also CMV-seropositive?. In children, a recent study described that an EBV latent
infection led to especially more late-differentiated CD8* effector memory T-cells compared to non-infected chil-
dren and this increase was even more pronounced in children havinga CMV and EBV co-infection?'. Potentially,
a CMYV and EBV co-infection might result in a more altered immune cell composition in blood than a CMV- or
EBV-mono-infection. Although, to the best of our knowledge, this has not been studied in great detail yet.

In this study, we explored the impact of having a CMV mono-infection, EBV mono-infection, and a co-
infection with CMV and EBV on the immune cell composition in blood of individuals from different age groups,
with a specific focus on cells of the T-cell compartment. The study population consisted of children, young
adults, middle-aged adults, and senior adults, respectively 4-8 year, 18-25 year, 39-45 year, and 64-70 year of
age. CMV- and EBV-seropositive individuals were identified by measuring antibody levels in plasma or serum
against these viruses, as these antibodies remain present throughout the latent infection. With extensive flow
cytometric analysis, which included innate and adaptive immune cell markers, the immune cell composition
in blood was mapped for the study participants, whom were grouped based on age, CMV seropositivity, and/or
EBYV seropositivity. Additionally, a multivariate correlation was performed to assess whether age, CMV-, EBV-
antibody levels, or sex could be correlated with these immune cell quantities. Since multifactorial aspects have
influenced the immune subset variance between individuals during life, we investigated the study participants
based on their immune profiles alone by utilizing a clustering approach, a method which has been described
recently?. Previously, this clustering analysis identified immune subset that are influenced by age and/or CMV
seropositivity?. In this study, the cluster analysis will be performed to investigate whether a CMV and EBV
co-infection causes an individual to have a more altered immune cell composition than a person with a CMV
mono-infection. Overall, the results of this study will give more insight into alterations in immune cell composi-
tion in blood of CMV-seropositive and/or EBV-seropositive individuals.

Results
Demographics of the study population. The demographics of the study population are enlisted in
Table 1 and consisted of 336 individuals. These individuals were subdivided into four different age groups; 4-8
year old children (n=62), 18-25 year old young adults (n=89), 39-45 year old middle-aged adults (n=93), and
64-70 year senior adults (n=92). The percentage of individuals with an unhealthy BMI and diseases that have
been hypothesized to potentially be CMV-related increased with age and was for senior adults 71.1% (compared
to children and young adults: p <0.001 and compared to middle-aged adults: p=0.002) and 10.9% (compared
younger age groups: p <0.001), respectively. Eighteen percent of young adults smoked. Children had the high-
est score for acute clinical symptoms (43%) and senior adults had the lowest (22.1%), but these results were not
significantly different.

The percentage of CMV-seropositive children was 25.8%, and 24.7% of the young adults was CMV-seropos-
itive. CMV seropositivity increased significantly with age and was 45.2% for the middle-aged adults (compared

Children
4-8 years

Young adults
18-25 years

Middle-aged adults
39-45 years

Senior adults
64-70 years

Characteristics

Number (%)

62 (18.5%)

89 (26.5%)

93 (27.7%)

92 (27.4%)

Age (mean +SD) 6.1£1.3 21.6+2.2 42+1.7 67+1.7

Sex (% women) 28 (45%) 61 (69%)** 59 (63%) 52 (57%)

BMI (mean +SD) 149+1.6 23+39 25.4+48 263+7.3
Unhealthy BMI (%) 11 (21.6%) 20 (24.4%) 34 (43.6%) 64 (71.1%)**abxe
Smoking (% yes) 0 (0%) 16 (18%) 7 (7.5%) 12 (13%)

Score risk diseases (%)t 1(0.4%) 4(1.1%) 6 (1.6%) 40 (10.9%)***ab<
Score acute clinical symptoms (%)t 71 (43%) 74 (33.3%) 76 (33.8%) 45 (22.1%)

Seroprevalence (number (%))

CMV* 16 (25.8%)**4 22 (24.7%)*xxd 42 (45.2%)*® 52 (56.5%)**a**b
EBV* 25 (40.3%)***bed 66 (74.2%)*** 76 (81.7%)*** 70 (76.1%)***2
CMV-EBV- 26 (41.9%)**brxxed 17 (19.1%)*¢ 10 (10.8%) 5 (5.4%)

CMV- EBV* 18 (29%) 49 (55.1%)** 40 (43%) 34 (37%)

CMV* EBV- 8 (12.9%) 5 (5.6%) 6 (6.5%) 15 (16.3%)

CMV* EBV* 7 (11.3%) 17 (19.1%) 36 (38.7%)***> 36(39.1%)**>*b
No measurement or inconclusive EBV serostatus 3 (4.8%) 1(1.1%) 1(1.1%) 2(2.2%)

Table 1. Demographics and CMV- and EBV-seroprevalence of the study population. Data in bold was
significantly higher and data in bold and underlined was significantly lower. In superscript it is indicated
whether the value was significantly different from the 4-8 years (a), 18-25 years (b), 39-45 years (c), or
64-70 years (d) age group. * p<0.05, ** p<0.01, and *** p<0.001. tReported numbers are the sum of the
weighted scores and the percentages are the percentage from the highest possible score.
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to young adults: p=0.027) and 56.5% for the senior adults (compared to children and young adults: p=0.001 and
p<0.001, respectively). EBV seropositivity or CMV and EBV seropositivity, respectively, was for the children
40.3% (significantly lower than the older age groups: p<0.001) and 11.3%, for the young adults 74.2% and 19.1%,
for the middle-aged adults 81.7% and 38.7% (significantly higher than children and young adults: p=0.002 and
p=0.025, respectively), and for the senior adults 76.1% and 39.1% (significantly higher than children and young
adults: p=0.001 and p=0.018, respectively).

With flow cytometric analysis, the absolute cell numbers in blood of different T-cell subsets, B-cells, NK-cells,
NKT cells, granulocytes, and monocytes for these study participants were determined (Supplementary Table S1).
From this initial analysis without taking into account CMV or EBV seropositivity, it appeared that some immune
cell numbers declined with age e.g., CD4* and CD8* naive T-cells, B-cells, and CD5651ght NK -cells, while others
such as CD4" central memory T-cells, late-differentiated CD4* and CD8* TemRA and effector memory T-cells,
and CD56P™ NK-cells increased.

The changes related to CMV and/or EBV seropositivity on CD4* T-cell in blood.  First, we focused
on differences in CD4" T-cell numbers in CMV and/or EBV seropositive individuals. The reported T-cell and
immune cell numbers below were all quantified from blood samples. When only considering CMV serostatus,
it appeared that CMV* individuals of all ages had more late-differentiated CD4* TemRA and effector memory
cells than non-infected controls. Additionally, CMV* middle-aged adults had more HLA-DR* CD38~ CD4*
T-cells and CMV* senior adults had increased numbers of HLA-DR* CD38*~ CD4* T-cells both compared to
non-infected individuals (Supplementary Fig. S1).

Next, we separated the study participants based on both CMV and EBV seropositivity (Fig. 1). Firstly,
CMV~ EBV" senior adults had higher quantities of CD4" effector memory T-cells compared to non-infected
senior adults (p=0.048; Fig. 1a). These individuals also had elevated numbers of intermediate- and late-differ-
entiated CD4" TemRA T-cells (p=0.024 and p =0.047, respectively; Fig. 1b) and intermediate-differentiated
CD4* effector memory T-cells (and p =0.049; Fig. 1c) in comparison to non-infected individuals. CMV~ EBV*
children, on the other hand, had elevated numbers of HLA-DR*'~ CD38* CD4* T-cells compared to non-infected
children (p=0.023 and p =0.028, respectively; Fig. 1d). However, numbers of these cell types were also higher in
children seropositive for CMV or both CMV and EBV; although this was not significant due to small group sizes.

CMV* EBV~ senior adults had significantly more CD4* TemRA and effector memory cells than non-infected
controls (p=0.016 and p=0.025, respectively; Fig. 1a). These differences were the result of CMV* EBV~ senior
adults having more intermediate-differentiated CD4* TemRA T-cells (p =0.035; Fig. 1b) and more early-, interme-
diate-, and late-differentiated CD4" effector memory T-cells (all p <0.05; Fig. 1c) than non-infected senior adults.

For young and middle-aged adults, only CMV* EBV* individuals had significant changes in CD4* T-cell
numbers. CMV* EBV" young and middle-aged adults had more late-differentiated CD4* TemRA (p=0.027
and p=0.031, respectively; Fig. 1b) and late-differentiated CD4" effector memory cell numbers (p=0.009 and
p=0.008, respectively; Fig. 1c) than non-infected controls. Furthermore, compared to non-infected controls,
CMV* EBV* middle-aged adults had increased numbers of intermediate-differentiated CD4* TemRA T-cells
(p=0.009; Fig. 1b) and of HLA-DR* CD38~ CD4* T-cells (p =0.036; Fig. 1d). These individuals also had more
HLA-DR™ CD38* CD4 T-cells than middle-aged adults only seropositive for CMV (p=0.004), but not compared
to non-infected controls.

CMV™* EBV* senior adults trended to have more CD4* TemRA T-cells (p=0.063; Fig. 1a) and had significantly
more intermediate-differentiated CD4* TemRA T-cells (p =0.020; Fig. 1b) and late-differentiated CD4* effector
memory T-cells (p =0.033; Fig. 1c) than non-infected controls. Moreover, compared to CMV~ EBV~ individuals,
increases in HLA-DR* CD38~ CD4" T-cell numbers were also observed for CMV* EBV* senior adults (p =0.042;
Fig. 1d).

Overall, mostly CMV* EBV* young and middle-aged adults had different quantities of CD4* T-cells compared
to non-infected controls, whereas for senior adults differences in numbers of at least one of the analyzed CD4*
T-cell types were observed for all infected individuals. As children have more lymphocytes than the older age
groups, also CD4* T-cell percentages were analyzed, but this did not reveal any differences between non-infected
children and CMV and/or EBV infected children (Supplementary Fig. S2).

The changes related to CMV and/or EBV seropositivity on CD8* T-cells in blood. When assess-
ing CD8" T-cell subsets, CMV" individuals had higher quantities of CD8" effector memory T-cells and late-
differentiated CD8" effector memory and TemRA T-cells than CMV persons (Supplementary Fig. S3). CMV*
middle-aged and senior adults also had more CD8" TemRA T-cells and HLA-DR* CD38*~ CD8* T-cells than
non-infected controls (Supplementary Fig. S3).

Then, the study participants were grouped based on both CMV and EBV serostatus (Fig. 2). CMV~ EBV*
children had significantly higher numbers of early-differentiated CD8" effector memory T-cells (p =0.034; Fig. 2c)
and HLA-DR* CD38"~ CD8* T-cells (p=0.021 and p =0.020, respectively; Fig. 2d) than non-infected children.
The increase, although not significant, of the latter cell types was also observed for CMV and/or EBV infected
children (Fig. 2d). Additionally, compared to CMV~ EBV~ young adults, CMV~ EBV* young adults had signifi-
cantly higher numbers of HLA-DR* CD38* CD8* T-cells (p =0.031; Fig. 2d).

CMV* EBV~ children and young adults had a significant higher percentage of late-differentiated CD8*
TemRA T-cells (p <0.0001 and p=0.003, respectively) and late-differentiated CD8* effector memory T-cells
(p<0.0001 and p=0.004, respectively) than non-infected age-matched controls (Supplementary Fig. S4b,c).
CMV* EBV™ middle-aged adults had significantly lower numbers of CD8* effector memory T-cells compared
to non-infected controls (p =0.030; Fig. 2a), which was due to a decrease in early- and intermediate-differenti-
ated CD8" effector memory T-cell numbers (p=0.049 and p=0.004, respectively; Fig. 2¢). In contrast, CMV*
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Figure 1. CD4" T-cell numbers in blood of CMV~ EBV-, CMV~ EBV*, CMV* EBV~, or CMV™* EBV* children
and young, middle-aged, and senior adults. For these four CMV and EBV seropositivity depending groups, (a)
numbers of CD4* naive (CCR7* CD45RA"), central memory (CCR7* CD45RA"), effector memory (CCR7~
CD45RA"), or TemRA (CCR7- CD45RA*) T-cells are shown, together with numbers of early- (CD45RA*
CD28" CD27"), intermediate- (CD45RA* CD28* CD27°), or late-differentiated (CD45RA* CD28~ CD27")

(b) CD4* TemRA T-cells or (c) CD4* effector memory T-cells. (d) Differences in numbers of HLA-DR*'~ and
CD38"~ CD4* T-cell numbers between CMV~ EBV-, CMV~ EBV*, CMV* EBV-, or CMV* EBV" individuals.
Cell numbers are per ul blood and data are geomeans with 95% confidence intervals. A two-way ANOVA with a
Dunnett’s multiple comparison test was used as statistical test. *p <0.05 and ** ®%%p <0.01. An asterisk was used
to indicate significant differences compared to the CMV~ EBV~, non-infected group and a dollar sign indicates
a comparison with the CMV™* EBV~ group. n =59 for children, n =288 for young adults, n =92 for middle-aged
adults, and n =90 for senior adults. Number of CMV~EBV~-, CMV~ EBV*, CMV* EBV-, or CMV* EBV*
individuals per age group are indicated within the figure.

EBV-~ senior adults had increased numbers of CD8* TemRA T-cells (p =0.019; Fig. 2a), with more intermediate-
and late-differentiated CD8" TemRA T-cells (p=0.024 and p=0.049, respectively; Fig. 2b) compared to non-
infected senior adults. CMV* EBV~ senior adults also had higher quantities of HLA-DR* CD38~ CD8" T-cells
than non-infected controls (p=0.022; Fig. 2d).

Most differences were observed for the co-infected individuals. Compared to CMV~ EBV™ individuals, CMV*
EBV* young adults had significantly higher numbers of CD8* effector memory T-cells, whereas CMV* EBV*
middle-aged and senior adults had significantly more CD8* TemRA T-cells (p=0.032, p=0.036, and p=0.032,
respectively; Fig. 2a). CMV* EBV™ young adults also had a higher percentage of late-differentiated CD8" TemRA
T-cells (p=0.003; Supplementary Fig. S4b) and more late-differentiated CD8* effector memory T-cells (p =0.037;
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Figure 2. CD8" T-cell numbers in blood of CMV~ EBV-, CMV~ EBV*, CMV* EBV~, or CMV™* EBV* children
and young, middle-aged, and senior adults. (a) Numbers of CD8* naive (CCR7* CD45RA"), central memory
(CCR7* CD45RA"), effector memory (CCR7~ CD45RA"), or TemRA (CCR7~ CD45RA") T-cells in CMV~
EBV-, CMV~EBV*, CMV* EBV", or CMV* EBV* individuals. For these four CMV and EBV seropositivity

depending groups, numbers of early- (CD45RA* CD28* CD27*), intermediate- (CD45RA* CD28~ CD27*), or
late-differentiated (CD45RA* CD28~ CD27") (b) CD8* TemRA T-cells or (c) CD8" effector memory T-cells and
(d) HLA-DR*'~ and CD38*~ CD8* T-cell numbers were determined. Cell numbers are per ul blood and data
are geomeans with 95% confidence intervals. * °*p <0.05, ** %5 <0.01 and ""p < 0.001. A two-way ANOVA
with a Dunnett’s multiple comparison test was used as statistical test. An asterisk was used to indicate significant
differences compared to the CMV~ EBV-, non-infected group and a dollar sign indicates a comparison with the
CMV* EBV~ group. n=>59 for children, n=88 for young adults, n=92 for middle-aged adults, and n =90 for
senior adults. Number of CMV~ EBV-, CMV~ EBV', CMV* EBV~, or CMV" EBV* individuals per age group
are indicated within the figure.

Fig. 2¢) than non-infected controls. Interestingly, CMV* EBV* middle-aged adults had higher numbers of late-
differentiated CD8* TemRA T-cells compared to both non-infected and CMV mono-infected controls (p =0.028
and p =0.025, respectively; Fig. 2b). This was also observed for late-differentiated CD8* effector memory T-cell
numbers; CMV* EBV* middle-aged adults had significantly more late-differentiated CD8* effector memory
T-cells compared to non-infected and CMV* EBV~ middle-aged adults (p=0.001 and p =0.012, respectively;
Fig. 2¢). More HLA-DR* CD38~ CD8" T-cells were detected for CMV* EBV* middle-aged compared to non-
infected controls and CMV* EBV™~ middle-aged adults as well (p=0.001 and p=0.009, respectively; Fig. 2d).
Lastly, higher numbers of late-differentiated CD8* TemRA T-cells and HLA-DR* CD38~ CD8" T-cells were
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observed for CMV* EBV* senior adults compared to non-infected controls (p=0.047 and p=0.049, respectively;
Fig. 2d).

To summarize, differences in CD8" T-cells were detected for CMV* EBV~ and CMV~ EBV™ children and
young adults, CMV* EBV* young adults, and for CMV* EBV~/* middle-aged and senior adults. Again, mostly
CMV™ EBVY, and not CMV* EBV-, young and middle-aged adults had different CD8" T-cell quantities than
non-infected individuals, and for CMV* EBV* middle-aged adults this even significantly differed from CMV*
EBV™ middle-aged adults.

The changes related to CMV and/or EBV seropositivity on other immune cells in blood. Fur-
thermore, we also assessed CD4/CDS8 ratios, granulocyte, NKT, monocyte, Tth cell, NK-cell, and B-cell num-
bers for non-infected, CMV-seropositive, and/or EBV-seropositive individuals (Supplementary Figs. S5 and S6).
CMV-seropositive senior adults had a lower CD4/CD8 ratio and CMV™* middle-aged and senior adults higher
NKT cell numbers than CMV™ individuals (p<0.0001, p=0.022, and p<0.0001, respectively; Supplementary
Fig. S5a). However, when taking into account both CMV and EBV seropositivity, only CMV* EBV* senior
adults had significantly more NKT cells compared to non-infected controls (p=0.016; Supplementary Fig. S5b).
Moreover, CMV* EBV" children had higher quantities of naive and CD384m B_cells than non-infected children
(p=0.017 and p=0.016, respectively; Supplementary Fig. S6¢).

Comparability ofimmune cell composition of CMV and/or EBV seropositive individuals. Intra-
group correlations were performed to assess whether non-infected individuals compared to CMV or EBV mono-
infected individuals or the CMV* EBV~ group compared to the CMV* EBV* group differed in their immune
cell composition. CMV* EBV~ individuals of all four age groups had more variance in immune cell composi-
tion than CMV~ EBV" individuals, resulting in a lower intra-group correlation coefficient (p <0.0001, p=0.038,
p=0.007, and p=0.010; Fig. 3a). Interestingly, CMV~ EBV* children and young adults had a more equal immune
cell composition than non-infected age-matched controls (p=0.0001 and p<0.0001; Fig. 3b). Potentially, this
might be due to the expansion of similar cell types because of the EBV infection. A similar result was observed
for CMV and EBV co-infected children; these children also had a more equal immune cell composition than
CMV* EBV~ children (p=0.028; Fig. 3c). In contrast, CMV* EBV* middle-aged adults differed even more in
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Figure 3. The immune variance between study subjects of the same age category was assessed with an intra-
group Spearman correlation analysis. The intra-group correlation coefficients of (a) CMV~ EBV~and CMV*
EBV-, (b) CMV~ EBV~and CMV~ EBV*, or (c) CMV* EBV~ and CMV* EBV* individuals are plotted. *p <0.05,
**p<0.01, **p<0.001, and ****p <0.0001. The number of study participants per group are mentioned within
the graph.
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immune cell composition than individuals only seropositive for CMV and had a significantly lower correlation
coefficient than CMV* EBV~ controls (p=0.048; Fig. 3¢).

Immune cell numbers vs. age, sex, CMV-, or EBV-antibody levels. To determine whether CMV-
and/or EBV-antibody levels correlated with T-cell, B-cell, NK-cell, and NKT cell numbers regardless of the
factors age and sex, a multivariate regression analysis with the predictors age, sex, CMV-, and EBV-antibody
levels was performed. Results of this analysis are summarized in a heatmap depicting correlation coefficients per
factor or combined correlation coefficients from multiple factors (Fig. 4a) and are enlisted in a table (Fig. 4b).
The included immune cell numbers mostly correlated with age or anti-CMV antibody levels, or a combination
of these two factors. As main predictor but in combination with other factors, CMV-antibody levels positively
correlated with numbers of intermediate-differentiated CD4" TemRA T-cells, CD8" effector memory T-cells,
HLA-DR* CD38*~ CD8* T-cells, and NKT cells. Furthermore, anti-CMV antibody levels in combination with
age showed a strong and positive correlation with late-differentiated CD4* TemRA and effector memory T-cell
numbers (R=0.637 and R=0.656, respectively; Fig. 4c) and late-differentiated CD8" TemRA and effector mem-
ory T-cell numbers (R=0.658 and R=0.654, respectively; Fig. 4d).

EBV-antibody levels as an added factor strengthened the positive correlations of CD8" effector memory
T-cell, HLA-DR* CD38"~ CD8" T-cell, and NKT cell numbers with CMV-antibody levels. Some immune cells
correlated solely with the factors CMV- or EBV- antibody levels. These were CD4" central memory T-cells and
Tth cells, which had a positive, weak correlation with EBV-antibody levels (R=0.171 and R=0.163, respectively).
CD4* and CD8" TemRA T-cell numbers had a positive correlation with CMV-antibody levels (R=0.292 and
R=0.508, respectively).

Age- and CMV-associated immune phenotypes. Lastly, the study participants were grouped based on
their immune cell composition in blood (percentages of 44 immune cell subsets) by performing a gap statistics
analysis to test whether the individuals may group differently than grouping based on their chronological age.
This analysis showed that the study participants can be subdivided in five clusters (Fig. 5a) and that the cluster-
ing of donors mostly depended on age and CMV seropositivity, with some minor differences in sex and EBV
seropositivity between the clusters (Fig. 5b & Supplementary Fig. S7a & Table 2). More specifically, children were
grouped in cluster-1 regardless of their CMV-serostatus and this cluster had the least EBV-seropositive individu-
als (compared to cluster-2, -4, and -5; p=0.002, p=0.001, and p<0.001, respectively). Young and middle-aged
adults that were CMV-seronegative were present in cluster-2 and cluster-3 contained for the most part young
and middle-aged adults that were CMV-seropositive. Cluster-4 consisted mainly of middle-aged and senior
adults that were CMV-seronegative. In contrast, cluster-5 had the highest percentage of CMV- and EBV-sero-
positive individuals (compared to cluster-1, -2, and -4; all p <0.001) and the lowest percentage of female donors
(compared to cluster-2 and -4; p=0.024 and p=0.035, respectively), whom were mostly senior adults, but some
of them were young and middle-aged adults.

Based on the immune cell percentages, individuals in cluster-5 had the most differential immunotype com-
pared to individuals from the other clusters (Supplementary Fig. S7b), with the largest differences being within
T-cell subset percentages (Fig. 5¢,d). The donors from cluster-5 had a significantly lower percentage of CD8* naive
T-cells (compared to clusters-1, -2, and -4), CD4" naive T-cells (compared to cluster-1 and -3), and CD8* central
memory T-cells (compared to cluster-4). In contrast, individuals from cluster-5 had a significantly higher percent-
age of late-differentiated CD4* and CD8* TemRA and effector memory T-cells (compared to clusters-1, -2, and
-4), and HLA-DR* CD38~ CD4" and CD8* T-cells (compared to cluster-1, -2, and -3; Supplementary Fig. S7c).

Between the different clusters, there were also some differences in the number of participants with an
unhealthy BMI and the score of risk diseases that includes having diabetes, rheumatoid arthritis, vascular dis-
eases, or cancer and which are potentially associated with CMV seropositivity (Table 2). Cluster-1 had the least
individuals with an unhealthy BMI (compared to cluster-4 and -5; p=0.005 and p < 0.001, respectively) and the
lowest score risk diseases compared to the other clusters. Cluster-5 on the other hand contained significantly
more individuals with an unhealthy BMI (compared to cluster-1, -2, and -3; p<0.001, p <0.001, and p=0.003,
respectively) and a high score risk diseases (compared to cluster-2 and -3; p <0.001 and p = 0.038, respectively).

Comparison between CMV* EBV* young and middle-aged adults of the five different clus-
ters. Importantly, cluster-5, which was the most differential immunotype, was not only formed by senior
adults, but also by some of the young and middle-aged adults. These individuals were mainly seropositive for
both CMV and EBV. CMV- and EBV-seropositive young and middle-aged adults were also present in cluster-2,
-3, and -4 (Table 2). However, these CMV* EBV* individuals of cluster-2 and cluster-4 had significantly lower
CMV-antibody levels than CMV* EBV"* young and middle-aged adults in cluster-5 (p<0.0001 and p=0.042,
respectively). The CMV* EBV* young and middle-aged adults from cluster-3 had not only a slightly lower anti-
CMYV antibody levels (p =0.142) but also tended to have a healthier BMI (p =0.092) than age-matched individu-
als from cluster-5. Also, cluster-3 had significantly more female CMV* EBV* young and middle-aged adults
than cluster-5 (p =0.010), although this should be interpreted with caution given that the number of 18-25 y and
39-45y old participant per cluster was not equal. So, it appeared that for some CMV and EBV co-infected young
and middle-aged adults had a T-cell composition that resembles that of senior adults.

Discussion

In this paper, we investigated the changes in quantities of T-cells and other immune cells in blood of CMV or
EBV mono-infected or CMV and EBV co-infected children, young adults, middle-aged adults, and senior adults.
We found that CMV* EBV- individuals of all age groups had more variance in their immune cell composition
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Figure 4. Multivariate regression analysis with absolute immune cell numbers using age, sex, CMV- and EBV-
antibody levels as potential predicting factors. (a) A heatmap depicting correlation coefficients from the multivariate
regression analysis for T-cells, NK-cells, and B-cells per independent predictor being age, sex, CMV- and EBV-
antibody levels, or a combination of these factors. Stripes are used to indicate which factor correlated the strongest
with quantities of an immune cell and correlation coefficients ranged from 1 to — 1. (b) A table summarizing the
factor(s) that significantly correlated with the analyzed immune cells. #=336. Correlation coefficients and combined
correlation coeflicients are given in parentheses. Scatter plots with log transformed anti-CMV antibody levels (RU/ml)
and (c) late-differentiated CD4* TemRA T-cells or CD4* effector memory T-cells (CCR7- CD45RA*~ CD28~ CD27-,
respectively) or (d) late-differentiated CD8* TemRA T-cells or CD8" effector memory T-cells (CCR7~ CD45RA*~
CD28™ CD27-, respectively). n =335, but only data for CMV-seropositive individuals is plotted. Correlation coeflicients
and linear regression lines with only CMV-antibody levels as predicting factor are shown in black and those with
CMV-antibody levels and age as predicting factors are shown in red.
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Figure 5. Cluster analysis with percentages of 44 immune cell subpopulations quantified from blood samples
of all study participants. (a) A principal component analysis plot showing the five clusters the study participants
were grouped in. (b) Information on age, CMV- and EBV-antibody levels per cluster. Percentages of (c) CD4" or
(d) CD8" naive (CCR7+* CD45RA"), central memory (CCR7* CD45RA"), late-differentiated TemRA (CD45RA*
CD28~ CD27"), late-differentiated effector memory (CD45RA~ CD28~ CD27-), HLA-DR* and CD38*, and
HLA-DR* and CD38" T-cells per cluster. n=68 for cluster-1, n=80 for cluster-2, n=40 for cluster-3, n=65 for
cluster-4, and n =82 for cluster-5.

in blood than non-infected individuals, and late-differentiated CD4* and CD8" effector memory and TemRA
T-cell numbers correlated strongly with anti-CMV antibody levels in combination with age. We also showed
that CMV~ EBV* children, young adults, and senior adults had differences in T-cells quantities compared to
non-infected age-matched controls, and that CMV and EBV co-infected middle-aged adults had more late-
differentiated CD8" effector memory and TemRA T-cells and HLA-DR* CD38~ CD8* T-cells in comparison to
a CMV mono-infected middle-aged adults. Furthermore, we could cluster the study participants based on their
immune cell composition in blood by utilizing a cluster analysis. This clustering of the study participants mostly
depended on the factors age and CMV seropositivity, and it allowed us to study immune variance of our study
population even in more depth. Also, from this analysis, it became apparent that some CMV and EBV co-infected
young and middle-aged adults whom tended to have an unhealthier BMI and higher anti-CMV antibody levels
had an immune cell composition similar to senior adults (Fig. 6).

One study previously reported that a CMV and EBV co-infection in 6-year old children can have additive
effects on effector memory T-cell expansion compared to a latent CMV infection®'. There were no differences in
T-cell numbers between CMV* EBV* children and CMV mono-infected children in this study, which might be
due to having a smaller sample size, but we did observe that CMV* EBV* children had lower intra-group immune
variation than CMV* EBV~ children. Additionally, this current study did show that CMV* EBV* middle-aged
adults had a larger expansion of late-differentiated CD8* effector memory and TemRA T-cells and HLA-DR*
CD38~ CD8" T-cells than CMYV single infected middle-aged adults. Recent reports observed HLA-DR expressing
CD8" T-cells, which also expressed the exhaustion markers PD-1 and TIGIT, to have a regulatory phenotype,
while these cells also secreted IFN-y and TNF-a?*%. It would be interesting to investigate this in future together
with whether T-cells of CMV* EBV*, CMV* EBV~, or CMV~ EBV* individuals differ in function, as these above-
mentioned differences were not maintained for CMV* EBV* senior adults.

Besides CMV-seropositive people having more late-differentiated CD4* and CD8* effector memory and
TemRA T-cell and NKT cell numbers, which are in line with previous reports®”!®!!, we observed that EBV
mono-infected senior adults had higher numbers of intermediate- and late-differentiated TemRA CD4" T-cells
and intermediate-differentiated effector memory CD4* T-cells compared to non-infected senior adults. Previous
reports also showed that an EBV infection leads to the expansion of more early- and intermediate-differentiated
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‘ Cluster-1

Cluster-2

Cluster-3

Cluster-4

Cluster-5

Characteristics all participants

Number (%)

68 (20.3%)

80 (23.9%)

40 (11.9%)

65 (19.4%)

82 (24.5%)

Age (mean +SD) 8+5.8 29.8+11.9 38.9+18.5 50.6+15 56.4+15.4

Sex (% women) 34 (50%) 55 (68.8%) 28 (70%) 45 (69.2%) 37 (45.1%)*%4
Log,, CMV—RU/ml (mean + SD) 0.41+0.64 0.17+0.41 1.34 1 0.98** 100024 0.29+0.59 2.01+1,02%++1:2:4
BMI (mean + SD) 16+ 3.80002345 234+4.1 22.8+5.2 26.9+5.5%+143 25.9+6.80%2*3
Unhealthy BMI (%) 4 (5.9%)* 445 19 (24.6%)* 4045 10 (28.6%)*** 34 (57.6%)**1? 51 (66.2%)***1:2%x3
Smoking (% yes) 1(1.5%) 9 (11.3%) 5(12.5%) 11 (16.9%) 9 (11%)

Score risk diseases (%) 0 (0%)% 1 (0.3%)***4:5 4(2.5%)* 15 (5.8%)***2 27 (8.2%)*2*3
Score acute clinical symptoms (%)t 0 (0%) 72 (34.8%) 14 (16.7%) 49 (30.2%) 52 (29.4%)
Seroprevalence all participants (number (%))

CMV*

15 (22.1%)***35

8 (10%)**35

28 (70%)****1,2,4

11 (16.9%)**32

70 (85.4%)***124

EBV* 31 (45.6%)**2:45 61 (76.3%)**! 26 (65%) 52 (80%)**L 66 (80.5%)**L
CMV~ EBV~ 27 (39.7%)**3Axx5 17 (21.3%)**° 4 (10%) 8(12.3%) 2 (2.4%)

CMV* EBV* 7 (10.3%) 7 (8.8%) 19 (47.5%) 124 7 (10.8%) 56 (68.3%)*** 124
vzZv* 58 (85.3%) 79 (98.8%) 40 (100%) 65 (100%) 82 (100%)
Characteristics CMV* EBV* young and middle-aged adults

Number (%) 0 (0%) 7 (13.2%) 16 (30.2%) 5(9.4%) 25 (47.2%)

Age (mean SD) —-t+- 25.9+9.5 33.4+10.2 434+1.4 36+9.2

Sex (% women) 0 (0%) 4(57.1%) 14 (87.5%)*° 3 (60%) 12 (48%)

Log,, CMV—RU/ml (mean +SD) -+ 1.29+0.31 1.99+0.41 1.67+0.46 2.33+0.64*24
BMI (mean + SD) -*- 23.9+29 23.3+3.1 244+28 25.4+4.7
Unhealthy BMI (%) 0 (0%) 2 (33.3%) 3 (21.4%) 2 (40%) 10 (50%)
Smoking (% yes) 0 (0%) 1(14.3%) 2 (12.5%) 2 (40%) 3 (12%)

Score risk diseases (%)t 0(0%) 0 (0%) 1(2.1%) 0 (0%) 0 (0%)

Score acute clinical symptoms (%)t 0(0%) 7 (46.7%) 9 (27.3%) 6 (40%) 24 (44.4%)

Table 2. Demographics of all study participants within the five clusters identified with gap statistics based
on the immune cell percentages. Additionally, characteristics of CMV* EBV* young and middle-aged adults
present within the five clusters are enlisted. Data in bold was significantly higher and data in bold and
underlined was significantly lower. In superscript it is indicated whether the value was significantly different
from cluster-1, cluster-2, cluster-3, cluster-4, or cluster-5. *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001.
#Not used within the Chi-square analysis. tReported numbers are the sum of the weighted scores and the
percentages are the percentage from the highest possible score.

T-cells rather than late-differentiated T-cells'*?*%¢. Although these reports did focus on CD8* T-cells and showed
that these EBV-specific T-cells mostly expressed CD45RO"**%, Interestingly, re-expression of CD45RA was
observed during lytic responses; intermediate-differentiated CD8" TemRA cells expanded after exposure to lytic
EBV peptides ex vivo®.

This current paper showed that CMV~ EBV* children and young adults had a more homogeneous immune
cell composition than EBV-seronegative children and young adults. Also, compared to non-infected children, the
EBV-seropositive children had more HLA-DR* CD387/* CD4* T-cells, HLA-DR* CD38~ CD8" T-cells, and early-
differentiated CD8* effector memory T-cells, and both CMV~ EBV* children and young adults more HLA-DR*
CD38* CD8* T-cells. The elevated prevalence of these cells might explain the decrease in variation among these
children’s and young adult’s immune cell composition. As mentioned above, HLA-DR* CD8* T-cells might have
regulatory functions and express exhaustion markers. A recent study in mice showed that CD38* CD8" T-cells
present during an acute or chronic infections can also expressed the exhaustion marker PD-1 and that CD38
expression, especially during a chronic CMV infection, lowered Granzyme B production and proliferation of the
T-cells while supporting survival of these cells®. Potentially, the role of these HLA-DR* and/or CD38" T-cells is
to suppress immune responses during chronic infection. Additionally, a large cohort study did find that blood
samples of EBV-seropositive children had more CD8* effector memory and TemRA T-cells than non-infected
children?!, but we did not observe this potentially since we have a smaller sample size.

Furthermore, when clustering individuals based on their immune cell composition in blood, it was also
revealed that some CMV* EBV* young and middle-aged adults had a more altered immune phenotype, simi-
lar to CMV™* EBV~/* senior adults, with high numbers of CD4* and CD8" effector memory T-cells and T-cells
expressing HLA-DR, but low numbers of CD4" and CD8* naive T-cells than age-matched individuals in other
clusters. Recently, there is more and more research performed to find biomarkers to estimate which individuals
differ regarding their immune variance compared to individuals of the same age. Some recent publications refer
to this as the biological age of a person**?. For example, the inflammatory aging clock (iAGE) based on soluble
immune biomarkers such as cytokine levels and immune cell quantities and clinical questionnaires® or the
aging-related immune phenotype (ARIP) which specifically looked at CD4* and CD8* T-cell subset quantities.
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Figure 6. Schematic study design with an overview of the performed analyses and the main findings of this
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Interestingly, the latter study found that CD4" naive T-cells numbers or the ratio between CD4* naive and central
memory T-cells correlated the strongest with the biological age of the study participants®. Also the individuals
from cluster-5, being the CMV* EBV* young and middle-aged adults clustering together with the senior adults,
had significantly lower CD4* naive T-cells than cluster-3, which mostly contained CMV* EBV~'* young and
middle-aged adults. Whether having an immune cell composition that is similar to senior adults as a young
and middle-aged adult is also associated with being less immunocompetent needs to be further investigated.
These CMV* EBV* young and middle-aged adults that clustered with senior adults tended to have a more
unhealthy BMI A direct link between being overweight or obese and T-cell differentiation has been suggested
before®. More specifically, excess body mass correlated positively with proportions of late-differentiated and
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CD57 expressing CD4* and CD8* T-cells and negatively with proportions of naive T-cells, regardless of the age,
CMV- or EBV-serostatus™. Furthermore, an unhealthy BMI and more adipose tissue has previously been associ-
ated with a systemic “low-grade” inflammation given that adipocytes and innate immune cells secrete more IL-6,
TNF-q, and IL-1p**2 Potentially, these higher levels of IL-6 might enable reactivation of CMV as shown to occur
in vitro*, which then indirectly promotes the expansion of more late-differentiated effector memory T-cells.

Since CMV-specific antibody levels might be indicative for more reactivation of the virus***, it is interesting
that we observed slightly higher anti-CMV antibody for CMV* and EBV* young and middle-aged adults that
clustered with CMV™* and EBV~* senior adults than CMV* EBV* age-matched individuals from other clusters.
Additionally, others have proposed that duringa CMV and EBV co-infection, EBV has the possibility the reac-
tivate easier®® as there is a decrease in EBV-specific CD8" T-cell numbers® with a less diverse TCR receptor?’.
Potentially during a CMV and EBV co-infection there is reactivation of one or both of the herpesviruses, which
increases their viral load in the host. Consequently, this may trigger the expansion of even more effector memory
T-cells in an attempt to control the viral reactivation, resulting in differences in T-cell numbers between individu-
als with a CMV and EBV co-infection or a mono-infection with just CMV.

Whether the reported differences in T-cell quantities between CMV and EBV co-infected or CMV mono-
infected young and middle-aged adults has any physiological implications remains a question. A recent pub-
lication did shown CMV™ individuals to have reduced antigen-specific responsiveness (less IFN-y secreting
CD4* T-cells and less neutralizing antibodies) to de novo immunization with a tick-borne encephalitis vaccine
compared to CMV~ individuals*. Further, the number of influenza-specific CD8* T-cells have been reported
to decline with age for CMV* individuals, but not for CMV~ individuals®. Nevertheless, humoral responses
to immunization with an influenza vaccine did not differ between CMV seropositive or negative persons, and
CMV* individuals appeared to even be more protected after this vaccine than CMV-seronegative adults®. Also
in children a CMYV infection did not cause lower antibody responses after measles vaccination while an EBV
infection did, and children with a CMV and EBV co-infection did have good antibody responses®. Similarly, a
co-infection with both CMV and EBV also rescued the negative effect of EBV on vaccine-specific IgG titer decay
rates*!. Future research is needed to clarify the implications or benefits of having these herpesvirus infections.

Also the timing and the duration of the primary CMV infection have been previously correlated to the degree
of expansion of effector memory and TemRA T-cells*2. Older adults with a short-term CMV infection had more
CD4* effector memory and TemRA T-cells than individuals that had a long-term CMV infection*?. This may
explain why more of the differences in T-cell numbers were observed in the older age groups as children and
young adults are more likely to have a short-term CMYV infection. Furthermore, CMV seroconversion at an
older age (=45 years of age) also resulted in higher CD4" effector memory and TemRA T-cell quantities than
CMV seroconversion at a younger age (<38 years of age)*?. Potentially, younger individuals need less effector
memory and TemRA T-cells to control the virus or may be even better equipped to control viral loads. From
studies in mice it is known that the size of the primary viral dose does determine the magnitude of T-cells to
expand and their differentiation level***. In this current study we do not have information on the viral inoculum
of the initial infection or on when the primary infections occurred. For the latter, a longitudinal study could
potentially give more insight into what causes some CMV and EBV co-infected individuals to have a more alter
T-cell composition than others.

Similar to an earlier report®, when clustering the study participants based on their immune cell composition
in blood, age and CMV seropositivity are important factors of how the clusters are formed. Although CMV-
seropositive children had more immune variance than CMV~ children, children were not separated into two
different clusters with CMV-seropositive children and CMV-seronegative children. An explanation for this
might be that the immune cell composition of children is vastly different from the adults that subtle nuances in
immune cell numbers for children were not strong enough to form distinct clusters.

To conclude, this study identified differences in quantities of intermediate- or late-differentiated CD4* and
CD8* effector memory and TemRA T-cells and T-cells that expressed HLA-DR and/or CD38 in blood samples of
CMV- and/or EBV-seropositive individuals. Moreover, we showed that CMV and EBV co-infected middle-aged
adults and to some extent in young adults can have a more altered T-cell composition that CMV mono-infected
young and middle-aged adults, which appeared to be influenced by the height of the anti-CMV antibody levels
and excessive body weight. These results provide more insight into immune cell compositions of persons sero-
positive for CMV, EBV, or both and help us better understand which individuals and under which circumstances
are more at risk of being negatively impacted by a latent infection with these herpesviruses.

Methods

Study population and blood collection. This study was part of a large Dutch cross-sectional population
study over all ages (Pienter3 study) and for which forty municipalities were sampled within five regions propor-
tional to size*. This study was conducted in accordance with the Declaration of Helsinki and was approved by
the ‘The Medical Ethics Committee Noord-Holland’ in the Netherlands (METC Number: ISRCTN 20164309
and M015-022). After written informed consent was obtained, two peripheral blood samples were collected
into heparin containing VACUETTE?® tubes (Greiner Bio-one B.V., Alphen a/d Rijn, the Netherlands) from 338
participants, being 4-8 year, 18-25 year, 39-45 year, or 64-70 year of age, in the period between September 2016
and October 2017. For children, the age range 4-8 year was chosen to not have interference with the National
Immunization Program. For the young adults, middle-aged adults, and senior adults, small age ranges were
chosen to limit variation within the groups since heterogeneity in both immune responsiveness and numbers of
different immune cells increases with age. Two participants were excluded given that the age criteria mentioned
above was not met (total #n=336). The whole blood samples were pooled; one part was used for subsequent anti-
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body stainings and flow cytometric analysis and the second part was centrifuged at 800 x g for 10 min at room
temperature (RT), plasma was recovered, and the plasma was stored at —20 °C until further use.

The study participants filled in questionnaires to obtain information about their height, weight and whether
they smoked, had any diseases, or any acute symptoms (fever, cough, or nasal congestion) at the moment of sam-
ple collection. BMI was calculated with height and weight information and it was evaluated whether a person had
an unhealthy BMI yes or no (higher than 24.9 for all study participants or lower than 18.5 for adults or lower than
13.6 for children). A cumulative risk disease score, also referred to as “Score Risk Diseases”, was calculated for
the diseases that may be influenced by CMV seropositivity, which included diabetes*>*’, rheumatoid arthritis*,
vascular diseases*>*, or cancer®. This risk disease score ranged from 0 (no diseases) to 4 (all four risk diseases).
Also, a cumulative combined acute symptom score (also referred to as “Score Acute Clinical Symptoms”) was
also calculated and ranged from 0 (no acute symptoms) to 3 (all acute symptoms). Both the Score Risk Diseases
and Score Acute Clinical Symptoms were weighted scores (i.e., a score of 1 x 1, a score of 2x 2, a score of 3 x 3,
and, if applicable, a score of 4x4). A sum of the weighted scores was calculated per age group or cluster and
divided by the number of people within the group multiplied by the highest possible score (4 for the Score Risk
Disease and 3 for the Score Acute Clinical Symptoms) to generate a percentage from the highest possible score.
Both the sum of the weighted scores and the percentage from the highest possible score have been reported.

Immunophenotyping. Antibody mixes for two different flow cytometry panels were prepared in FACS
buffer consisting of PBS (without Ca/Mg; Gibco as part of Thermo Fisher Scientific, Bleiswijk, NL) with 0.5%
bovine serum albumin (BSA; Sigma-Aldrich, Zwijndrecht, NL) and 2 mM ethylenediaminetetraacetic acid
(EDTA; Thermo Fisher Scientific) in 1)BD Trucount tubes (BD Biosciences) or 2) 5 ml polystyrene Falcon tubes
(Thermo Fisher Scientific) with 10 yl Brilliant stain buffer (BD Biosciences, Franklin Lakes, NJ, USA) per anti-
body mix (Supplementary Table S2). Heparin blood (100 pl) was added per antibody mix, samples were incu-
bated for 30 min at RT in the dark, and afterwards, red blood cells were lysed with a 10 x diluted BD FACS lysis
buffer (BD Biosciences) for 15 min at RT in the dark. Lastly, samples that received antibody mixes of flow panel
2 were centrifuged at 300 x g for 8 min at RT, 600 pl supernatant was removed, the cell pellet was resuspended
in the remaining 200 pl, and the cells from both panels were acquired with a LSRII Fortessa X20 flow cytometer
(BD Biosciences). Absolute cell numbers for the samples in the non-Trucount tubes were calculated based on the
percentage of CD3* cells in both tubes and the absolute number of CD3* cells in the Trucount tube.

A previously published gating strategy was used®’; T-cells subsets were gated based on CCR7 and CD45RA
expression®? and gating of early-, intermediate-, and late-differentiated effector memory and TemRA T-cell was
done with the markers CD28 and CD27%. See Supplementary Fig. S8a and b (panel 1 and panel 2, respectively)
for the full gating strategy used for this study. In short, within the CD3* population, the distinguishment between
naive (CCR7* CD45RA"), central memory (CCR7" CD45RA"), TemRA (CCR7~ CD45RA"), and effector memory
(CCR7- CD45RA") T-cells that were CD4 or CD8 positive was made. Furthermore, the differentiation status,
being either early (CD28* CD27"), intermediate (CD28* CD27~ for CD4" and CD28~ CD27* for CD8"), or late
(CD28 CD27"), were determined for TemRA and effector memory T-cells and the expression of the activation
markers HLA-DR and CD38 by T-cells was measured. Within the CD19* cell population, the B-cell subsets
being naive (CD27-), memory (CD27*), transitional (CD38%¢" CD27-), CD38"™, and plasmablasts (CD385e
CD27") were gated. NKT cells were CD3" and CD56", whereas T follicular helper cells (Tth cells) were CD4*
CD45RA™ and CXCR5*. From the CD3CD19" cell potion, NK-cells were gated and were either CD16°™~ and
CD565i8h or CD16548h and CD56P'™, Supplementary Table S3 summarizes all immune cells with their corre-
sponding surface markers quantified with flow cytometry.

Serology. Anti-CMV and anti-EBV antibody levels were measured in plasma samples of the study partici-
pants with an in-house developed multiplex immuno-assay (MIA)>*. A serum sample (collected for the complete
Pienter3 study) was used instead for eight subjects. Individuals were CMV-seropositive with a level of more than
5 relative units (RU)/ml*, whereas the threshold for EBV seropositivity was 22 RU/ml and individuals were
considered EBV-seronegative with a level <16 RU/ml. Subjects (n=3) with anti-EBV-antibody levels between
16 - 22 RU/ml were excluded from further analysis for which EBV-serostatus was of importance. For three indi-
viduals, no anti-EBV antibody levels were available and, thus, were excluded from analysis where EBV-serostatus
was of importance. For one participant, there was no plasma or serum to conduct the MIA with and this partici-
pant was not included in analyses for which a CMV- or EBV-serostatus was required.

Intra-group Spearman correlations and cluster analysis. Intra-group Spearman correlations and
a cluster analysis was performed as recently described®. In short, a Spearman correlation matrix was gener-
ated to correlate the donors based on percentages of 44 immune cell subsets (data were scaled). The Spearman
correlation coefficients per individuals were used to assess immune variance between the following groups: (1)
CMV~EBV~ versus CMV* EBV-, (2) CMV~ EBV~ versus CMV~ EBV*, or (3) CMV* EBV~ versus CMV* EBV*.
Additionally, with the correlation matrix, gap statistics was performed to determine the optimal number of clus-
ters needed to group the donors®® and, afterwards, the data was clustered with k-means clustering®.

Data analysis. Data from flow cytometric analysis were evaluated with FlowJo 10.8.0 (FlowJo company,
Ashland, OR, USA). Data visualization and statistical tests were done in GraphPad Prism version 9.3.1 (Graph-
Pad Software Inc, San Diego, CA, USA), unless stated otherwise. Normality of the data was checked with a
Shapiro-Wilk test. Differences in immune cell quantities between the four age groups were analyzed with a non-
parametric Kruskall-Wallis test combined with a Dunn’s multiple comparison test corrected for multiple com-
parisons. When CMV or EBV seropositivity was taken into account, a two-way ANOVA with a Dunnett’s mul-
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tiple comparison test that was corrected for multiple comparisons was used. Statistics with T-cell percentages
was performed with a two-way ANOVA and Holm-Bonferroni post-hoc test in R 4.2.0 and R studio 2022.02.2.

A multivariate linear regression was performed to determine whether the factors age, sex, log transformed
anti-CMV or anti-EBV antibody levels potentially correlate with flow cytometric data, being absolute cell num-
bers of different immune cells, by adding these factors in a stepwise manner to the regression equation. The
software IBM SPSS Statistics 28 (IBM, Armonk, NY, USA) was used for this.

The clustering analyses of donors based on immune cell percentages and visualization of this data was done
in R 4.2.0 and R studio 2022.02.2. Different R packages were used for this; stats (v4.2.0) to generate a correla-
tion matrix (method = Spearman), scales (v1.2.1) for scaling the correlation data, cluster (v2.1.4) for gap sta-
tistics (k.max =10, nboot =500, nstart=25), factoextra (v1.0.7) for visualization of initial gap statistics results
(method = Tibs2001SEmax), stats for k-means clustering (nstart= 100, algorithm = Hartigan-Wong), ggplot2
(v3.3.6) for generating the graphs containing information on the clusters. A non-parametric Kruskall-Wallis
test with a Dunn’s multiple comparison test (all participants) or a parametric one-way ANOVA with a SidaK’s
multiple comparison (CMV* EBV* 18-25 year and 39-45 year old individuals) test, both corrected for multiple
comparisons, was used to assess differences in BMI and log transformed anti-CMV antibody level data between
clusters. Differences in categorical data between clusters were evaluated with a Pearson chi-square test combined
with a post-hoc test and Bonferroni correction with IBM SPSS Statistics software. Volcano plots were generated
in R studio with the ggplot2 package and contained information on p values from a one-way ANOVA with a
TukeyHSD post-hoc test compared to cluster 4 and immune cell percentage fold changes also compared to cluster
4. Statistical analyses were performed with the R packages stats or Rstatix (v 0.7.0) and the R package ggpubr (v
0.4.0) was used to visualize p values for the intra-group correlation plots. Analysis with p values of <0.05 were
considered statistically significant.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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