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Abstract

This study aims to characterise the B cell compartment in a cohort of Sicilian centenari-
ans by analysing absolute CD3~CD19" lymphocyte counts, in association with age, sex,
cytomegalovirus (CMV) serostatus, related to immune ageing, and interleukin (IL)-6 lev-
els, representative of inflamm-ageing. It also investigates age-related changes in the
CD4*/CD19" ratio as a marker of immune ageing, reflecting shifts in immune home-
ostasis. B cell counts were assessed by flow cytometry on 53 Sicilians aged 19-110 years:
20 Adults, 15 Older adults, 11 long-living individuals, and 7 oldest centenarians. A mul-
tiple negative binomial regression was applied to evaluate the effects of age, sex, CMV
serostatus, and I1-6 levels on values of B cells. The results showed a non-significant trend
toward age-related decline without sex-based differences. A significant reduction in B cell
count was observed in individuals with high anti_CMV titres, while IL-6 levels showed a
borderline inverse correlation. CD4*/CD19* ratio values showed an age-related increase.
Our findings suggest that the age-related decline in B cell numbers may be mostly related
to CMV infection and IL-6 values, without sex contribution. The age-related increase in the
CD4*/CD19" ratio, most pronounced in oldest centenarians, may represent a compensatory
adaptation promoting immune regulation and chronic inflammation control.

Keywords: age; B lymphocytes; CMV; IL-6; extreme longevity; sex

1. Introduction

The immune system of semi- and supercentenarians (hereafter referred to as the
oldest centenarians) appears to exhibit distinctive features that may contribute to their
ability to achieve extreme longevity in relatively good health [1-4]. Characterising

the immunophenotype of these individuals can thus offer valuable insights into how
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they adapt to age-related immune alterations, including the influence of persistent in-
fections such as cytomegalovirus (CMV), which is known to affect the distribution of
T lymphocyte subsets [4-8].

In a previous study [4], we analysed both the percentages and absolute counts of
various immune cell subsets, with particular attention to T3 cells and pro-inflammatory
markers, in a Sicilian cohort of 28 women and 26 men aged 19 to 110 years. This cohort
included 11 long-living individuals (LLIs; aged >90 and <105 years) and 8 oldest centenari-
ans (aged 105-110 years). Flow cytometric analyses revealed considerable interindividual
variability in immunosenescence markers, which appeared to be modulated by both age
and CMV serostatus. In a subsequent study, we focused on the two main subsets of Tyd
cells, Vo1 and V62, assessing their relative frequencies and functional subpopulations using
the TaB-associated markers CD27 and CD45RA. These analyses were conducted on the
same cohort and blood samples used in the T3 study, again employing flow cytometry [9].
In a third investigation, we reported a marked age-related increase in CD3~CD56*CD16*
natural killer (NK) cells, with the highest levels observed in the semi- and supercentenarian
groups, although with notable interindividual variation [10].

Taken together, our findings on Txf3, Ty, and NK cells support the view that immune
ageing should not be considered a uniform decline, but rather a process of differential
adaptation. As discussed across these three studies, the observed increases in CD8" TEMRA
cells (CD3*CD45RA*CCR77), V81 T cells, and CD3~CD16"CD56" NK cells may reflect
adaptive immune strategies that enable centenarians, particularly the oldest among them, to
cope with lifelong antigenic exposure while maintaining immune competence into extreme
old age [4,9,10].

B cells also play an important role in immune ageing [11-13], and the num-
ber of circulating B cells decreases with age, particularly in centenarians [1,14-16].
Hashimoto et al. [1], in particular, reported a marked decline in B-cell counts even among
the oldest centenarians. However, findings regarding the influence of sex on B-cell levels
remain inconsistent [17,18].

To further explore the immunophenotypic characteristics of lymphocytes in the oldest
centenarians, the present study analysed the absolute number of B lymphocytes in the
aforementioned Sicilian cohort [4], according to age and sex. Furthermore, given the known
effects of both CMV seropositivity [19] and interleukin (IL)-6 [20,21] on lymphoid subsets,
including B cells, these two variables were included as covariates in regression models.
Finally, we evaluated age-related changes in the CD4*/CD19* ratio as a potential marker
of immune ageing, reflecting shifts in immune homeostasis.

2. Materials and Methods
2.1. Participants

In the present study, we analysed data from 53 individuals of Sicilian origin, aged
19 to 110 years, enrolled between 2020 and 2022. Compared to the 54 subjects examined in
the first study [4], B-cell values for 1 female semi-supercentenarian were missing. Partic-
ipants had been selected based on the absence of significant health issues, including the
LLIs and the oldest centenarians, who were all in relatively good health. The study design
and recruitment procedures have been previously described [4]. For the validation of the
age of semi- and supercentenarians, see Accardi et al. [22]. The cohort contained 20 Adults
(10 males, 10 females; age range: 19.5-63.6 years), 15 Older adults (8 males, 7 females;
age range: 68.5-87.3 years), 11 LLIs (7 males, 4 females; age range: 93.3-104.7 years), and
7 Oldest centenarians (1 male, 6 females; age range: 105.7-110.3 years). All LLIs and the
oldest centenarians were CMV-seropositive, while CMV seropositivity was observed in
78% of older adults and 63% of younger adults [4].
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2.2. Blood Sampling and Sample Processing

The participants underwent venipuncture in the morning after a 12 h fasting period.
Blood samples from nonagenarians and centenarians were collected at their homes and
transported to the university hospital in certified, compliant containers, whereas samples
from the remaining participants were collected directly at the university hospital. Blood
was drawn into tubes containing ethylenediaminetetraacetic acid (EDTA) or into additive-
free tubes. Serum was obtained by centrifugation of dry tubes and stored at —80 °C until
use, whereas leukocyte counts and flow cytometry analyses were performed on fresh
whole-blood samples.

2.3. CMV Assay

Serum anti-CMYV IgG levels were measured by chemiluminescence immunoassay us-
ing the LIAISON® CMV IgG 1I kit (DiaSorin, Turin, Italy), according to the manufacturer’s
instructions. The cut-off for CMV seropositivity was 14 U/mL, while the validated upper
analytical limit was set at 180 U/mL. This threshold reflects technical validation, clinical
applicability, and international regulatory standards, ensuring reliability and compara-
bility of results. Accordingly, the values were divided into two groups: CMV > 180 and
CMV < 180. The latter group also included CMV-negative subjects.

2.4. Flow Cytometry Analysis

It was performed on fresh whole blood following red blood cell lysis. The antibodies
from BD Biosciences used are reported in Appendix A Table Al. Data were acquired using
a FACS Canto cytometer (BD Biosciences, Milan, Italy) at the Central Laboratory of Ad-
vanced Diagnostics and Biomedical Research, “P. Giaccone” University Hospital, Palermo.
Lymphocytes, monocytes, and granulocytes were initially identified based on forward
scatter (FSC) and side scatter (SSC) parameters, followed by further characterisation using
an SSC/CD45 dot plot. The gating strategy is illustrated in Appendix A Figure Al. Lym-
phocytes were gated as CD45" with low SSC-A, and B cells were subsequently identified as
CD3~CD19* within this population. Results were first calculated as a percentage of the
parent lymphocyte population and are expressed as absolute counts derived from total
lymphocyte numbers. Automated differential leukocyte counts, IL-6 values, and CD4*
values were those previously assessed and reported in Ligotti et al. [4].

2.5. Statistical Analysis

To investigate how the number of B cells varies with respect to other variables, specif-
ically age, sex, CMV serostatus, and IL-6 levels, we fitted a multiple negative binomial
regression model. This type of analysis extends the principles of simple regression by
allowing the simultaneous evaluation of the effects of multiple independent variables on a
count-based dependent variable. This approach enables the assessment of the individual
contribution of each factor while accounting for the influence of the others. In this context,
the regression coefficients represent the estimated change in the logarithm of the expected
B cell count associated with a one-unit increase in each independent numerical variable.
Statistical significance was set at a p-value < 0.05. Model fit was evaluated using the poisgof
function in R, which assesses goodness-of-fit for count data models. The CD4*/CD19* ratio
was studied using a generalised linear model with a Gamma distribution and a log-
link function to appropriately account for the positive, right-skewed nature of the data.
Non-parametric tests (i.e., bootstrap t-test and Spearman correlation) were applied to eval-
uate associations among explanatory variables. Graphical representations were generated
using the ggplot2 R package (version 9.3.1). All statistical analyses were performed using
R software (version 4.5.0).
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3. Results

We evaluated the relation between the absolute number of B cells, identified by flow
cytometry as CD3~CD19%, in the peripheral blood of all study participants, and age. Con-
sidering the results from the multivariable regression model (Table 1), although there was
a trend towards an age-related decline in B cell counts, it did not reach statistical signifi-
cance (Figure 1). Similarly, after adjustment for covariates in the same model, sex was not
associated with significant differences in absolute B cell numbers (Appendix A Figure A2).
The model revealed a robust and statistically significant effect of CMV serostatus since
individuals with a CMV antibody titre equal to or greater than 1:180 had significantly lower
B cell numbers compared to those who were either seronegative or had titres below this
threshold (p-value = 0.0063). The low anti-CMV group exhibited the highest B-cell values
(Figure 2). By contrast, we observed an inverse correlation between IL-6 levels and circu-
lating B cells in the multivariable analysis (Figure 3). While this association approached
significance, it remained at a borderline statistical threshold (p-value = 0.051). Finally,
Table 2 presents the median values of the CD4*/CD19* ratio across different age groups.
The data clearly show that the CD4*/CD19* ratio increases with age. To further examine
the relationship between the CD4* /CD19" ratio and age, we applied a multivariate regres-
sion model that included the other explanatory variables (Table 3). The results confirmed a
strong association between the CD4" /CD19" ratio and age, with higher ratios observed in
the oldest centenarians (Table 2). Once again, IL-6 approached significance, but remained
at a borderline statistical threshold (p-value = 0.053).

Relationship between B—cell count and age, p.val =0.24
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Figure 1. Age-related changes in B cell count (CD3~CD19%) values. Scatterplot representation
showing the relationship between B cells and age in all participants (n = 53). Each point represents
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data from an individual healthy donor. Red points indicate the oldest centenarian (105+ years)
values, black points indicate younger people. The solid blue line represents the fitted trend from a
negative binomial regression model, and the surrounding shaded band shows the model-based 95%
confidence interval for the fitted mean. The p-value from the multiple regression (p = 0.24) indicates a
non-significant association.

Table 1. Regression coefficients, standard errors, and significance levels from the negative binomial
model fitted with B cell count (CD3~CD19") as the dependent variable.

Coefficient Estimate Standard Error p-Value
(intercept) 5.55 0.23
Female sex 0.20 0.16 =0.2a
Age —0.0047 0.004 =0.24
Anti-CMV > 180 —0.57 0.21 =0.0063
IL-6 —0.03 0.016 =0.051

Note: CMV = cytomegalovirus; IL-6 = interleukin 6. p-value < 0.05 was considered significant. In bold type, data
statistically significant.

Relationship between B-cell count and CMV, p.val = 0.0063

400

cell count/ uL

200

>=180 <180
CMV

Figure 2. B cell counts (CD3~ CD19*) stratified by anti-CMV antibody titers. Violin plots show the
distribution of circulating B cell counts in participants with anti-CMYV titres > 180 and <180. Each
dot represents an individual healthy donor; red dots indicate the oldest centenarians (>105 years),
black points indicate younger people. The p-value derived from the multivariable regression analysis
(p = 0.0063) indicates significantly higher B cell counts in the low anti-CMV group. The low anti-CMV
group includes individuals with titres < 180, including CMV-seronegative subjects, whereas the high
anti-CMV group includes individuals with titers > 180.
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Relationship between B-cell count and IL-6, p.val = 0.051
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Figure 3. Association between IL-6 levels and circulating B-cell counts (CD3~CD19"). Scatterplot
showing the inverse relationship between circulating B cells and IL-6 levels in all participants (n = 53).
Each point represents an individual healthy donor; red points indicate the oldest centenarians
(>105 years), black points indicate younger people. The solid blue line represents the fitted trend
from a negative binomial regression model, and the surrounding shaded band shows the model-based
95% confidence interval for the fitted mean. The p-value from the multivariable regression analysis
(p = 0.051) approached statistical significance, suggesting a trend toward an association between
B-cell counts and interleukin-6 (IL-6) levels.

Table 2. Median values of the CD4*/CD19" ratio across different age classes.

Age Groups N. CD4*/CD19*
Adults 20 4.14
Older adults 15 5.49
LLIs 11 6.92
Oldest centenarians 7 8.17

Note: Adults (age range: 19.5-63.6); Older adults (age range: 68.5-87.3); LLIs (age range: 93.3-104.7), Oldest centenarians
(age range: 105.7-110.3).
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Table 3. Regression coefficients, standard errors, and significance levels from the gamma regression
model fitted with CD4*/CD19* ratio as the dependent variable.

Coefficient Estimate Standard Error p-Value
(intercept) 0.97 0.31
Female sex —0.02 0.20 =0.91
Age 0.01 0.005 =0.017
Anti-CMV > 180 —0.24 0.26 =0.36
IL-6 —0.04 0.02 =0.053

Note: CMV = cytomegalovirus; IL-6 = interleukin 6. p-value < 0.05 was considered significant. In bold type, data
statistically significant.

4. Discussion

A significant association between chronological age and peripheral B cell counts has
been documented in nearly all studies employing univariate analyses [1,15,17]. However,
in our multiple regression model that incorporates potential confounder variables (i.e., sex,
CMYV serostatus, and circulating IL-6 levels), the age effect is attenuated and no longer
statistically significant (Table 1). This attenuation is likely due to multicollinearity among
the predictors, which reflects the biological interconnectedness of ageing-related processes
rather than a purely statistical artifact. In our sample, chronological age is inherently corre-
lated with both CMV serostatus and systemic IL-6 elevation (Appendix A Figure A3a,b),
confirming their contributions to immune ageing [8,22,23]. The univariate relationship
between age and B cell count, which is generally observed, may reflect both direct and
indirect effects, with the latter mediated by age-associated immunological alterations such
as CMV infection and IL-6 blood levels. In the multivariable context, the model partitions
share variance among the covariates, allowing for the isolation of each variable’s unique
contribution to the outcome. As a result, the specific variance attributable to age alone
is diminished, rendering its effect size non-significant (Table 1) [24]. However, it is im-
portant to consider that including multiple covariates, especially in studies with limited
sample sizes, can lead to a reduction in statistical power due to the consumption of degrees
of freedom [25].

Regarding the CMV contribution to immune ageing, CMV is the most extensively
investigated virus in the context of ageing, as its lifelong persistence profoundly reshapes
immune function and is considered a major driver of immunosenescence [8]. Lifelong
CMV infection is the primary cause of peripheral expansion of T memory cells (the so-
called memory inflation), but not for the age-related loss of naive T cells, both considered
hallmarks of immunosenescence [8,26]. In older individuals, chronic CMV infection can
weaken vaccine responses, increase vulnerability to infections, and contribute to age-related
conditions like cardiovascular diseases [8]. Research into CMV-ageing interactions aims to
clarify the role of this infection in immune deterioration and its broader consequences for
health and longevity in later life. To date, no other virus has been shown to impose such
deep and multifaceted effects on the human immune system [5-8,26-28]. However, to the
best of our knowledge, the current study is the first to examine the effects of CMV on B-cell
levels in the oldest centenarians.

Concerning IL-6, it has long been recognised as a key cytokine in gerontology [29],
as its age-related increase contributes to chronic low-grade inflammation (“inflamm-
ageing”) and is associated with frailty, immune dysfunction, and age-related morbidity and
mortality [30-33]. Therefore, given their known effects on immune ageing, both CMV and
IL-6 were included as covariates in our analysis in order to obtain unbiased and properly
adjusted effect estimates.
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Regarding the mechanisms underlying the reduction in B cells in individuals with high
anti-CMV titres (Figure 2), one can speculate based on current knowledge of the impact
of CMV on the immune system in older adults. As noted above, chronic CMV infection
drives the expansion and long-term persistence of CMV-specific T cells, a phenomenon
termed memory inflation [4,8,9]. These enlarged T-cell populations can occupy substantial
immunological space, potentially outcompeting other immune cells, including B cells, for
niches and resources. This competition may compromise overall immune system balance
and contribute to age-related immune dysfunction. In parallel, chronic infection fuels
inflamm-ageing, which alters the bone marrow microenvironment through elevated pro-
inflammatory mediators and impaired support for immune cell development, including
that of B cells. Such age-related changes are associated with a decline in naive B-cell output
and an accumulation of terminally differentiated, functionally exhausted memory B cells,
ultimately affecting their survival and functional capacity [34]. This latter explanation may
also be consistent with the observed inverse association between IL-6 levels and circulating
B-cell numbers (Figure 3), which approached statistical significance. This borderline result
may reflect limited statistical power due to the small sample size, rather than the absence
of a biological relationship, given the well-established role of IL-6 in inflamm-ageing [35].

Several studies have reported higher mean B cell counts in adult women compared
to men [17,18], although this finding is not universally observed. Supporting this trend,
Roszczyk et al. [18] documented higher mean and median percentages of B cells in older
women than in men within their cohort, with B cells measured as a proportion of total
lymphocytes. However, in our study, we did not observe any significant differences in B cell
counts between males and females (Appendix A Figure A2). It is worth noting, however,
that as shown in both Figure 1 and Appendix A Figure A2, the oldest centenarians (red
dots) display the lowest levels of B lymphocytes, and 6 out of 7 of them are women,
which confirms the general ratio among women to men centenarians [22]. This imbalance
in sex distribution, particularly among oldest centenarians, reflecting a well-established
demographic reality [22], may account for the lack of statistically significant differences
observed between men and women.

The strong association between the CD4*/CD19" ratio and age, with higher ratios
observed in the oldest centenarians (Table 2), likely reflects the decline in B-cell numbers
together with the relative preservation of CD4* T cells, the so-called memory inflation. This
imbalance might indicate adaptive remodelling of the immune system in extreme ageing,
characterised by a shift toward a T cell-dominated profile. In the oldest centenarians,
this immune configuration might represent a successful compensatory adaptation that
favours immune regulation and control of chronic inflammation rather than maximal
immune activation, as also demonstrated in previous papers about the characterisation of
lymphocyte subpopulations in oldest centenarians [1,3,4,9,10,22].

Our study is not without limitations. First and foremost, the study follows a
cross-sectional design, which poses inherent constraints. While such studies are valu-
able for estimating prevalence and highlighting potential associations among variables,
they are inherently limited in establishing causal relationships or tracking longitudinal
changes over time. Another important limitation concerns the relatively small number
of the oldest participants enrolled, particularly centenarians and the oldest centenarians.
However, it should be emphasised that these oldest centenarians represent an extremely
rare segment of the population; the estimated ratio of supercentenarians to centenarians
is approximately 1 in 1000 [22]. Additionally, our sample exhibited a marked sex imbal-
ance, mirroring the known demographic distribution among Italian centenarians, where
women outnumber men by approximately 85% to 15% [36]. According to data from the
Supercentenarians of Italy website, as of October 2025, there were 23 living individuals aged
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over 110 years, only 1 of whom was male, and 171 semi-supercentenarians (aged over 107),
among whom only 16 were men, yielding a striking female-to-male ratio > 10:1 [37]. This
demographic reality necessitates caution when interpreting results from sex-stratified anal-
yses. A further limitation of our study is the lack of B-cell subset analysis. This choice was
intentional, as our primary goal was to provide an overall characterisation of total CD19*
B cells across an exceptionally broad age range. Future studies with larger cohorts and
more detailed immunophenotyping will be needed to clarify age-related changes within
specific B cell subpopulations (see below).

To address several of these limitations, future efforts should aim to include additional
national research centres interested in the biology of semi- and supercentenarians. Ex-
panding the recruitment base would increase the overall sample size, particularly for male
participants, and would also enable a more comprehensive evaluation of B-cell subtypes
implicated in immune ageing. Indeed, future studies with larger cohorts and longitudinal
designs, and, where feasible, with more sex-balanced samples, will be necessary to clarify
the strength, consistency, and potential biological relevance of this association.

5. Conclusions

Our findings indicate that the age-related decline in circulating B-cells is not primarily
driven by chronological age per se but is largely associated with CMV seropositivity and
systemic inflammation, as reflected by IL-6 levels. When these variables were included
as covariates in the multivariable model, age was no longer an independent predictor of
B cell counts, suggesting that previously reported age effects may largely reflect indirect,
age-associated processes.

In this context, neither sex-based differences in B cell counts nor a shift toward B
cell predominance were observed in the oldest centenarians. Together, these results high-
light the importance of considering chronic CMV infection and inflamm-ageing when
interpreting immune ageing trajectories, particularly in extremely long-lived individuals.
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Abbreviations
The following abbreviations are used in this manuscript:
CMV  Cytomegalovirus
FSC  forward scatter
IL-6 Interleukin-6
LLIs  long-living individuals
NK Natural Killer
SSC side scatter
Appendix A
Table A1l. List of antibodies used in the study.
Target Cells Antibodies
Leukocytes CD45 PerCP-Cy™S5.5, clone 2D1 (HLe-1)
T lymphocytes CD3 FITC, clone SK7
B Lymphocytes CD19 APC, clone SJ25C1
105 N Lym;;rso;ytes 105 q
E : — E B cells
' ] 343

CD45
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Figure A1l. Gating strategy for the identification of B lymphocytes (CD3~CD19"). For the explanation,

see the main text.

Relationship between B-cell count and sex, p.val = 0.2

400
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Figure A2. B cells (CD3~CD19%) values stratified by sex groups. Violin plots showing no differences
between the B cell count from female and male groups. Each point represents data from an individual
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healthy donor. Red points indicate the values of the oldest centenarians. p-value (from the multiple
regression) = 0.2. F = females; M = males.

Relationship between age and CVM, p.val < 2e-04 Relationship between age and IL-6, p-value = 5.2e-11

.
90

20

)
2 ]
60
10
30
0 L
>180 <180 30 60 90
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Figure A3. Association between explanatory variables. Both CVM (a) and IL-6 (b) values are
significantly associated with age (bootstrap t-test p-value < 0.05, Spearman correlation p-value < 0.05).
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