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Multiple sclerosis (MS) is a chronic inflammatory and neurodegenerative disease in
which immune dysregulation plays a central role. As the life expectancy of people
with MS (pwMS) increases, understanding how aging affects their immune
system—collectively referred to as immunosenescence—has become crucial. In
this study, we characterized immunosenescence in pwMS by analyzing age-
related changes in the immune system. To fulfill this, blood samples were
collected from pwMS and healthy controls (HCs) of independent cohorts: i)
immune cell populations were assessed in PBMCs (n= 110), ii) thymic involution
and telomere attrition were measured in DNA samples (n=150), and iii)
inflammatory and neurodegeneration markers were evaluated in plasma
(n=146).0ur results revealed distinct age-associated alterations in immune cell
subsets between pwMS and HCs, including B and NK cells. Notably, pwMS showed
an age-related increase in CD28-CD57+ and CD28+CD57+ cells in CD4+ and
CD8+ T cells. Thymic involution was reported with age in both groups and,
importantly, we found a more pronounced thymic involution in younger pwMS.
A positive correlation was found between age and the levels of IL-6, TNF-o, and
CRP in pwMS, results consistent with the inflammaging phenomenon. Similarly,
NFL levels were elevated in pwMS and correlated positively with age in both
groups., Remarkably, we found a positive correlation between NFL levels and IL-6,
and between NFL levels and TNF-o only in pwMS. Telomere shortening occurred
with age in both groups, without significant differences. Notably, our study
provides an integrative and multi-biomarker characterization of immune aging
process in pwMS, revealing new insights into this complex relationship. These
findings highlight specific age-related immune alterations in MS and underscore
the importance of incorporating age and immunosenescence monitoring into MS
clinical management and therapeutic strategies.
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1 Introduction

Multiple sclerosis (MS) is a chronic, inflammatory, and
neurodegenerative disease mediated by autoimmune reactions
that cause the destruction of myelin in the central nervous system
(CNS) (1). MS is characterized by immune dysregulation, which
leads to demyelination, axonal damage, and neurodegeneration,
resulting in neurological and physical disability (1, 2). MS is a
heterogeneous and multifactorial disease influenced by both genetic
and environmental factors (3, 4).

Although the exact etiology of the disease remains unclear, it is
known that it is based on a dysregulation of the immune system,
which involves both the innate and adaptive immune systems (5-8).
The most accepted hypothesis to explain the immunopathogenesis
of MS involves an initial activation of T cells reactive to myelin
antigens in peripheral lymph tissues. Activated autoreactive T cells
subsequently infiltrate the CNS, where they are reactivated by the
recognition of myelin by antigen presenting cells in the CNS,
initiating demyelination and tissue damage. These immune events
provoke the activation of astrocytes and microglia, oligodendrocyte
death and, potentially, axonal loss. In addition, the release of
proinflammatory mediators facilitates the permeabilization of the
blood-brain barrier (BBB), attracting monocytes and additional
lymphocytes to the CNS (8).

Regarding immune cell dysregulation, CD4+ cell differentiation
into proinflammatory Thl and Thl7 lymphocytes has been
described (1, 9, 10). Also contributing to the dysregulation of the
T-cell response, there is a decrease in the number and/or activity of
regulatory T cells (1, 11, 12). Similarly, NK cells are reduced in
people with MS (pwMS) and appear to play an immunoregulatory
role in the disease (13). Further contributions to CNS damage in MS
are associated with B cell activation, antigen presentation function
and antibody production (1, 7).

Unlike other neurodegenerative conditions, the global average
age of MS diagnosis is 32 years, which means that people live with
the disease for decades (14). Indeed, recent data indicate that almost
25% of pwMS worldwide are over 60 years (15). These data confirm
the aging of the MS population, probably due to the increasing
longevity of the general population and the availability of effective
disease-modifying treatments (16). Therefore, there is an overlap of
the typical processes and pathologies of aging with those of MS,
which brings the impact of aging on disease progression to
the forefront.

Aging markedly affects the immune system, as it is associated
with a continuous decline in immune integrity and efficiency,
termed immunosenescence (17, 18). Immunosenescence is
characterized by altered immune cell phenotype and response,
thymic involution, telomere attrition, oxidative stress, and a
chronic low-grade inflammation, among others, leading to a poor
immune response (19-22).

Considering the impact of age on MS disease and on the
immune system, it is crucial to understand how this biological
process influences the immune system of pwMS. Previous works
found aging-associated biomarkers during the course of MS,

suggesting ongoing immunosenescence in the disease, and even
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premature immunosenescence in the case of some biomarkers (8,
16, 18, 23, 24). These age-associated biomarkers include: thymic
involution, reduced CD4+/CD8+ ratio, increased memory T cells,
loss of CD28 antigen, expansion of age-associated B cells (with
proinflammatory characteristics), reduction of telomere length, and
increased oxidative stress (24-31). In addition, Dema et al. recently
publish a complete work about the role of immunosenescence in the
mouse model of MS.

However, a comprehensive understanding of the association
between immunosenescence and MS remains elusive in humans. To
address this, our study provides an exhaustive characterization of
immunosenescence in pwMS in a cohort with a wide age range. We
performed a detailed analysis encompassing immune cell
populations, thymic involution, inflammatory mediators,
neurodegeneration biomarkers, and telomere attrition. This in-
depth approach will helps to gain further insight into the
interplay between aging and MS pathophysiology.

2 Materials and methods
2.1 Participants

The study has been conducted at the Neuroimmunology group
of Biogipuzkoa Health Research Institute (Biogipuzkoa HRI) and
samples were collected in collaboration with the Neurology and
Immunology departments of the Donostia University Hospital
(HUD) and the Basque Biobank (www.biobancovasco.org). The
CEIm-E Ethics Committee approved the study (P12020075 and PI
+CES-BIOEF 2023-08) and all donors provided written informed
consent before blood sampling.

Three independent cohorts were analyzed: a peripheral blood
mononuclear cells (PBMCs) cohort (n=110), a DNA cohort
(n=150), and a plasma cohort (n=146). Each cohort included
healthy controls (HC) and pwMS. To obtain a whole picture, no
exclusion criteria was set based on EDSS score, MS subtype and
treatment. Information for each cohort is presented in Table 1. The
PBMCs, DNA and Plasma cohorts were selected to include samples
from a broad age range (individuals under 20, 20-29, 30-39, 40-49,
50-59, 60-69, 70-79, and over 80 years old). Detailed information
about the age ranges of each cohort is provided in Supplementary
Table S1.

2.2 Sample extraction

Whole blood samples from all individuals were obtained by
venipuncture in EDTA and sodium heparin tubes (Vacutainer, BD
Biosciences) and processed within 1 hour of sampling. PBMCs were
isolated by density gradient centrifugation with LymphoprepTM
(Stemcell), following manufacturer’s instructions. Cells were
frozen in RPMI 1640 Medium (Gibco, ThermoFisher) with
DMSO and stored in liquid nitrogen. EDTA tubes were
centrifuged at 1258g for 20 min to recover plasma. Plasma
samples were aliquoted and stored at — 80 °C. Then, DNA from
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TABLE 1 Cohorts included in the study.

10.3389/fimmu.2025.1663526

Age (years old)

Cohort

Mean age SD Min-Max

HC Female 80.9% 35.2 +13.0 22-60

PEMCs Cohort (n=42) Male 19.1% 36.0 +124 24-64

(n=110) pMS Female 76.4% 445 +107 18-82

(n=68) Male 23.6% 460 +24 30-69

He Female 52,6% 554 +245 13-100

DNA Cohort (n=75) Male 41.3% 497 +237 19-94

(n=150) oS Female 56.0% 50.3 £20.0 16-82

(n=75) Male 44.0% 45.1 +19.0 15-78

He Female 50.0% 526 +196 21-87

Plasma Cohort (n=66) Male 50.0% 522 +197 21-90

(n=142) pMS Female 52.6% 1492 +23.0 13-80

(n=76) Male 47.4% 45.0 +209 15-78

leukocytes was extracted with the FlexiGene DNA Kit (Qiagen),
aliquoted and stored at — 80 °C.

2.3 PBMC culture and flow cytometry

For the characterization of PBMCs three different multicolor
flow cytometry (FC) panels were designed and acquired in a SH800
Cell Sorter (Sony). Panel 1 was designed for the characterization of
the main immunological populations (T lymphocytes, B
lymphocytes, NK cells and monocytes), Panel 2 for T cell
subtypes as well as markers of aging, and Panel 3 for the
immunological response. All the cell populations and the markers
used to classify them are summarized in Table 2. To simplify the
presentation of our flow cytometry data, we have adapted the
nomenclature for T cell subpopulations based on CD28 and
CD57 expression as described by Pangrazzi et al. (32).

For the FC analysis, PBMC samples were thawed washed to
remove possible traces of DMSO and the number of cells was
counted. From each sample, we prepared 6 aliquots of 100,000 cells
in 100 pl. Four of these tubes were immediately processed for FC
(Panel 1 and Panel 2). The other 2 aliquots were cultured in 96-well
plates (100,000 cells in 100 pl of RPMI medium in each well) and
incubated for 24 hours with PHA (1 pg for 100 ul of medium) to
stimulate the immune response. Then, PBMCs were collected and
processed for FC (Panel 3).

Samples were washed and blocked with DPBS with BSA at 5%
(1.1 mL). Next, tubes were centrifuged for 5 minutes at 400 g and
1 mL of supernatant was removed. The remaining 200 ul were
resuspended and incubated with the antibodies shown in Table 2 for
20 minutes in the dark at room temperature. Subsequently, the
samples were washed with 1 mL of DPBS-BSA 5% and then
centrifuged for 5 minutes at 400 g. 1 mL of supernatant was
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removed and the remaining 200 pl were resuspended and taken
to the flow cytometer for analysis.

The software of the Sony SH800 Cell Sorter was used to
establish the gates and the compensation matrix. The obtained
percentage data were extracted from this software and analyzed as
described in the statistics section below.

2.4 Quantitative PCR

For the signal-joint T cell receptor (TCR) excision circles
(sjTREC) analysis, qPCR was performed using the CFX384
Touch' ™ Real-Time PCR Detection System and the data were
analyzed using CFX Maestro'  Software. The protocol was based
on the work of Ou, X. L. et al. (33) and several changes were made
during the set-up.

For the sjTREC reaction, the PCR mixture was: 5 pl of TagMan
Premix (TaqManTM Genotyping Master Mix, 4371355, Applied
BiosystemsTM), 250 nM of each set of primers, 250 nM of the
TagMan hydrolysis probe, 2 pl of DNA (100 ng/ul DNA) and H,0
up to 10 pl of final volume. The sequence of the primers and the
probe for sjTREC were: 5-CCATGCTGACACCTCTGGTT-3’
(Forward primer), 5-TCGTGAGAACGGTGAATGAAG-3’
(Reverse primer), and 5'-FAM-CACGGTGATGCATAG
GCACCTGC-TAMRA-3' (TagMan probe).

For the endogenous reaction, the TaqManTM Copy Number
Reference Assay, human, RNase P kit (4403326, Applied
BiosystemsTM) was used, which measures RPPHI. This gene
codes for the H1 component of the HI RNA P ribonuclease
(HIRNA) and is used as a standard reference assay for copy
number analysis. The RNAse P PCR mixture was: 5 ul of
TaqMan Premix (TaqManTM Genotyping Master Mix, 4371355,
Applied BiosystemsTM), 0.5 of the VIC™ dye-labeled TAMRA™
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probe, 2 ul of DNA (100 ng/ul DNA) and H20 up to 10 ul of
final volume.

Thermal cycling conditions were 95°C for 10 minutes, followed
by 50 cycles of 95°C for 15 seconds and 60°C (annealing
temperature for sjTREC) for 60 seconds. Then, a dissociation
curve was performed to ensure the presence of a single
PCR product.

2.5 Immunoassays for inflammatory and
neurodegenerative Markers

Different molecules were measured in plasma using the Ella™
(ProteinSimple, bio-techne) automated enzyme-linked
immunosorbent (ELISA) platform. The cytokines IL-10, IL-1j,
IL-6, IL-8 and TNF-o. were measured using a custom multi-
analyte cartridge designed for this assay (#SPCK-PANEL, bio-
techne). Following manufacturer’s instructions, plasma samples
were diluted 1:2 and loaded in the cartridge. C-Reactive Protein
(CRP) was analyzed in an individual cartridge (SPCKB-PS-000200,
bio-techne). For this cartridge, plasma samples were prepared at a
1:2,000 dilution.

As a neurodegeneration biomarker, neurofilament light (NFL)
was measured in plasma samples. For this analysis, Simple Plex
Human NF-L Cartridge (SPCKB-PS-002448, bio-techne) was used.
Plasma samples were prepared at a 1:2 dilution. The results
obtained were analyzed as described in the statistics section.

2.6 Determination of telomere length by
TRF analysis

Terminal Restriction Fragment (TRF) length analysis was
performed as previously described by Lu. et al. (34), with small
modifications. Briefly, genomic DNA was digested to completion
with 50U each of the restriction enzymes Hinfl and Rsal (New
England BioLabs) by incubation at 37°C overnight, followed by heat
denaturation at 80°C for 10 minutes. Digested DNA was separated
by pulsed-field gel electrophoresis using the CHEF-DR II system
(Bio-Rad), stained with ethidium bromide, and then imaged under
UV (UVP Gel Solo) to confirm DNA digestion.

Agarose gels were then vacuum-dried at 80°C for 45 minutes,
incubated in denaturation solution (0.5 N NaOH and 1.5 M NacCl)
for 1 h with gentle rocking, followed by incubation in neutralization
solution (0.7 M Tris-HCI, 1.5 M NaCl, pH 8) for 1 h with gentle
rocking. Gels were briefly washed in 2x SSC before hybridization
with -[*?P]-ATP-labeled (GGGTTA), in hybridization solution
(Merck) at 50°C with end over end rotation, overnight.

After hybridization, gels were washed, and exposed to a
Phosphor Imager screen (Cytiva) for 48 hours. Phosphor screens
were scanned using a Typhoon biomolecular imager (Cytiva) at
4000 intensity (AU). After imaging, telomere length was analyzed
using ImageQuant software to provide an estimation of the mean
telomere length of the sample.
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2.7 Statistics

IBM SPSS version 23 and R-Studio with R version 4.1.2 statistical
software were used for the statistical analyses. Shapiro-Wilk was
used as normality test. T-student and Mann-Whitney-Wilcoxon
tests were used for mean comparisons between groups for normally
and non-normally distributed variables correspondingly. Pearson
and Spearman correlation tests were conducted to assess the
correlations in normally and non-normally distributed variables
respectively. The results were plotted with GraphPad Prism version
8.0.1. For all the analyses significance was set at p-value<0.05 and
presented as *p<0.05; **p<0.01; **p<0.001; ****p<0.0001.

3 Results

3.1 Immunological changes between
people with MS and healthy controls

In the flow cytometry experiments of the PBMC cohort, 29
immune cell populations were analyzed - identified with the
markers presented in Table 2. Comparison of these 29 immune
populations was made between the two study groups, and 8
populations showed significant differences between pwMS and
HCs (Table 3).

Significant differences were observed in T helper lymphocytes,
which were significantly increased in pwMS (p=0.032). All the other
main immune cell populations (B cells, NK cells and monocytes)
did not show significant differences in pwMS.

The rest of the significant differences are in T cell
subpopulations identified based on CD28 and CD57 expression,
the markers used to study senescence. The subpopulations
expressing CD28 are found to be significantly increased in pwMS:
CD28+ T cells (p=0.046), CD28+ Tc cells (p=0.003), early activated
Tc cells (p=0.001) and activated Tc lymphocytes (p=0.043). In
contrast, populations that do not express CD28 antigen are
significantly decreased in the pwMS group; early senescent T cells
(p=0.007) and early senescent Th cells (p=0.038) (Table 3).

3.2 Age-related correlations of immune
cell populations differ between people with
MS and healthy controls

Age correlation analysis was performed for each of the groups.
Of the 29 cell populations analyzed, 12 presented a significant
correlation with age in at least one of the groups (Supplementary
Table S2). The main immune cell populations results showed that B
cell proportions increase and non-classical monocytes decrease with
age only in HCs. Moreover, NK lymphocytes increase with age in
pwMS (Supplementary Table S2 and Figure 1).

Regarding CD28 and CD57, their expression, increases in
cytotoxic T cells with age, but only in pwMS (p=0.009 and
p=0.013, respectively) (Supplementary Table S2 and Figures 2A, B).
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TABLE 2 List of immune cell populations analyzed by flow cytometry
and their corresponding markers.

Immune cell population subsets Markers

Panel 1
Alive cells 7AAD-
Lymphocytes
T lymphocytes CD3+
B lymphocytes CD19+
Natural Killer cells CD56+

Monocytes
Classical monocytes CD14++ CD16-

Intermediate monocytes CD14+ CDI16+

Non-classical monocytes CD14+ CD16++

Panel 2
Alive cells 7AAD-
T lymphocytes CD3+
T helper lymphocytes CD4+
T cytotoxic lymphocytes CD8+
Aging markers
Activation capacity CD28+
Senescence CD57+
Aging subsets
Early activated T lymphocytes CD28+CD57-
Activated T lymphocytes CD28+CD57+
Early senescent T lymphocytes CD28-CD57-
Senescent T lymphocytes CD28-CD57+
Panel 3
Alive cells 7AAD-
Lymphocytes
T helper lymphocytes CD4+
Active T helper lymphocytes CD69+
Th17 lymphocytes CD196+
T regulatory lymphocytes CD25+CD127-

Note that they have been classified by subfamilies and the general marker for the family (such
as the CD3+ for all the T lymphocytes) has been omitted for more clarity.

Notably, the classification of the different T-cell subpopulations
based on the expression of both CD28 and CD57 revealed different
correlations in the study groups (Supplementary Table S2). PwMS
presented an increase with age of activated cells (CD28+ CD57+) in
Th lymphocytes (p=0.022) (Figure 2C) and Tc lymphocytes
(p=0.001) (Figure 2F) subpopulations. The same pattern is
observed for senescent cells (CD28- CD57+) that increased with
age in pwMS both in Th lymphocytes (p=0.013) (Figure 2D) and Tc
lymphocytes (p=0.021) (Figure 2H). In addition, early senescent Tc
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lymphocytes (CD28- CD57-) significantly decrease (p=0.001) with
age in pwMS (Figure 2G).

No significant correlations were found for these subpopulations
in HCs (Supplementary Table S2). However, HCs present a decline
in early activated Tc lymphocytes (CD28+ CD57-) (p=0.002) with
age that is not observed in pwMS (Figure 2E). None of the variables
analyzed in the third FC panel, designed for the characterization of
the immune T cell response, showed significant correlations with
age (Supplementary Table S2).

3.3 Thymic involution is more pronounced
in younger people with MS

To gain insight into the age-related changes observed in the
immune system of pwMS, thymic involution was studied by
measuring sjTREC. These DNA molecules have been widely
described as biomarkers for age determination, due to their age-
related decline and their association with a reduction of naive T cells
in the elderly (35, 36).

First, sjTREC levels in both groups were compared to
understand the overall differences between HCs and pwMS. The
results showed that the relative amount of sjTREC did not differ
between pwMS and HCs (p=0.09) (Figure 3A). Next, sjTREC results
were compared with 50 years as a cutoff point. This has been
defined by our group and others as a critical age for the immune
system aging (37, 38). The results of this analysis showed that in
individuals under 50, pwMS have lower levels of sfyTREC than those
of HCs. In contrast, no differences were found in individuals over 50
years. In addition, as expected, both HCs and pwMS showed lower
sjTREC levels when the over 50 years subgroup was compared to
the respective under 50 years subgroup (Figure 3B). Lastly,
correlation analysis was performed between age and the relative
amount of sjTREC. The results showed a significant decrease in
SJTREC levels with age for HCs (r=-0.809, p<0.0001) and pwMS
(r=-0.690, p<0.0001) (Figure 3C).

3.4 Increased inflammatory markers in
people with MS with age

Another key feature of immunosenescence is inflammaging, the
chronic state of low-grade inflammation that is the result of an
unbalanced regulation of the immune system (21, 39, 40). Here we
measured characteristic markers — the proinflammatory molecules
IL-1B, IL-6, IL-8, TNF-a. and C-reactive protein (CRP) and the
anti-inflammatory IL-10 - to evaluate inflammaging in pwMS. Note
that IL-1 levels were consistently below the limit of detection of the
kit in the vast majority of the study samples and, therefore, results
were not included in the analysis.

People with MS showed significantly higher levels of IL-6
compared to HCs (p=0.021) (Figure 4A). When groups were
classified in people under/over 50 years, an increase in IL-6 with
age was found for both HCs and pwMS. Notably, a trend towards
increased IL-6 was observed in pwMS under 50 compared to their
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TABLE 3 Immune cell populations found to be different in people with MS and healthy controls.

Immune cell populations

CD28+ T lymphocytes

1.20 (+ 7.
CD3+ CD28+ 8120 (+ 7.56)

Activated T lymphocytes 540 ( 431)
CD3 + CD28+ CD57+
Early senescent T lymphocytes

19.89 (+ 7.53

CD3 + CD28- CD57- ( )

T helper lymphocytes

+

CD3+ CD4+ 7974 (+7.75)

Early senescent Th lymphocytes 14.46 (+ 6.61)

CD3+ CD4+ CD28- CD57-
CD28+ Tc lymphocytes
17.40 (+ 7.40

CD3+ CD8+ CD28+ ( )

Early activated Tc lymphocytes
491 (+2.32

CD3+ CD8+ CD28 + CD57- ( )
Activated Tc lymphocytes

.19 (£ 0.
CD3+ CD8+ CD28+CD57+ 019 (+ 022)

Mean percentage (SD) in HC

Mean percentage (SD) in pwMS p-value
83.15 (+ 8.93) 0.046
6.51 (+ 3.74) 0.036
16.33 (+ 6.06) 0.007
82.43 (+ 9.29) 0.032
11.75 (+ 6.45) 0.038
22.30 (+ 10.05) 0.003
7.43 (+ 4.79) 0.001
0.33 (+ 0.38) 0.043

Mean percentage and standard deviation results are shown for each of the populations and groups.

HC counterparts (p=0.06), and this difference reached statistical
significance in the over 50 group (p=0.037) (Figure 4B). In addition,
IL-6 levels showed a significant positive correlation with age in both
groups (Figure 4C) (r=0.357, p=0.002 for MS, r=0.294, p=0.019
for HC).

IL-8 results were analyzed following the same strategy. The
comparison of IL-8 levels between HCs and pwMS revealed no
significant differences between groups (Figure 4D). Similarly, no
significant differences were found when the under/over 50 years
groups were compared (Figure 4E), and no correlation was
observed between IL-8 levels and age in either group (Figure 4F).

People with MS exhibited elevated levels of IL-10 when
compared to HCs (p<0.001) (Figure 4G). Using a cutoff point of
50 years, no significant differences in IL-10 levels were observed
either within groups or between HCs and pwMS in individuals
under 50. However, pwMS over 50 years exhibited significantly
higher IL-10 levels (p=0.001) (Figure 4H). No significant
correlation was observed between IL-10 levels and age in either
the HC or MS groups (Figure 4I).

In the case of TNF-o, its levels were significantly higher in
pwMS than in HCs (p < 0.0001), as shown in Figure 4]. When
comparing the under/over 50 years groups, pwMS exhibited
significantly higher TNF-a. levels compared to HCs in both the
under 50 (p<0.001) and over 50 (p<0.0001) age groups (Figure 4K).
Regarding correlations, a positive correlation between age and
TNEF-a. levels was found for the MS group (r=0.255, p=0.032) but
no significant correlation was observed in HCs (Figure 4L).

Lastly, for CRP, while no significant differences were observed
in CRP levels between all pwMS and HCs (Figure 4M), when
classified as under/over 50 years, pwMS had higher CRP levels than
HCs in the over 50 years comparison. Surprisingly, for HCs, lower
CRP levels were reported in individuals over 50 years when
compared to the under 50 group (Figure 4N). A positive
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correlation was observed between CRP levels and age only in
pwMS (r=0.240, p=0.040) (Figure 40).

3.5 NFL is elevated even in younger people
with MS

To further investigate the intricate relationship between
inflammation, aging, and MS disease, we also analyzed NFL, a
well-established biomarker of neurodegeneration (41).

In our samples, pwMS exhibited significantly higher levels of
NFL when compared to HCs (p < 0.001) (Figure 5A). Remarkably,
pwMS exhibited significantly higher NFL levels compared to HCs in
both the under 50 (p<0.001) and over 50 (p=0.046) age groups.
Besides, both pwMS and HC groups presented significant
differences between the under and over 50 years subgroups
(Figure 5B). A positive correlation was observed between NFL
levels and age in both pwMS and HC groups (r=0.465, p<0.0001
for MS, r=0.729, p<0.0001 for HC) (Figure 5C).

3.6 NFL correlates with inflammatory
mediators only in people with MS

Since data about inflammatory markers and NFL levels were
obtained in the same donors (Plasma Cohort), correlations between
all the variables were evaluated. In the case of HCs (Figure 6A), IL-6
correlates positively with CRP (r=0.300, p=0.014), IL-10 (r=0.399,
p=0.001) and TNF-a (r=0.453, p<0.001). TNF-o also correlates
positively with IL-8 (r=0.287, p=0.019) and IL-10
(r=0.379, p=0.002).

The pattern of positive correlations observed in HCs was also
present in the MS group. Specifically, in pwMS, IL-6 showed
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positive correlations with CRP (r=0.361, p=0.001), IL-10 (r=0.394,
p<0.001), and TNF-o (r=0.504, p<0.0001). TNF-a correlated
positively with IL-8 (r=0.256, p=0.022) and IL-10 (r=0.376,
p=0.001). Additionally, in contrast to HCs, positive correlations
between NFL and IL-6 (r= 0.374, p=0.001), and NFL and TNF-o
(r=0.254, p=0.029) were found in pwMS.

3.7 Telomere attrition in multiple sclerosis
mirrors that of healthy controls

To further explore how aging affects the immune system of
pwMS, we investigated telomere attrition over time, a well-
established hallmark of aging (42, 43). TRF length analysis
showed no significant differences in mean telomere length
between HCs and pwMS (Figure 7B). Similarly, no differences
were found when comparing the under/over 50 years groups
(Figure 7C). A significant age-dependent decrease in telomere
length was observed in both HC (r =-0.511, p<0.0001) and MS
groups (r=-0.612, p<0.0001) (Figure 7D). These results confirmed
telomere attrition with age, and showed that progression is similar
in HCs and pwMS.

Taking advantage of the fact that sjTREC and telomere length
data were obtained in the same donors (DNA Cohort), correlations
between the variables were evaluated. A positive correlation was
observed between sjTREC levels and telomere length in both HC
(r= 0.565, p<0.001) and pwMS (r= 0.530, p<0.001).

4 Discussion

Multiple sclerosis is a chronic inflammatory and neurodegenerative
disease in which, the dysregulation of the immune system plays a
fundamental role (1). Given the increasing life expectancy of pwMS (15,
44), it is essential to understand how the aging of the immune system
affects the disease pathophysiology. Indeed, immunosenescence results
in alterations in immune cell populations, chronic inflammation, and
reduced regenerative capacity (18, 21), which could influence disease
progression and response to therapies in aged pwMS. Our study aimed
to characterize the immunosenescence process in pwMS, in a wide
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range of ages. Thus, we performed a comprehensive analysis and
examined differences in immune cell populations, thymic involution,
inflammatory mediators, neurodegeneration biomarkers, and
telomere attrition.

The flow cytometry analysis revealed that while the main
immune cell populations did not show significant differences
between pwMS and HCs, some subpopulations presented
variations. Notably, Th lymphocytes were significantly increased
in pwMS. More specifically, activated T subsets (CD28+CD57+)
were significantly increased in pwMS, while early senescent T
subsets (CD28-CD57-) were decreased, which could be reflecting
the heightened immune activation characteristic of the disease.

The correlation analysis of immune cell populations with age
revealed distinct age-related changes between HCs and pwMS. B
cell proportions increased with age in HC, whereas no correlation
was found in pwMS. Conversely, NK lymphocytes showed an age-
related increase only in pwMS. It has been extensively described in
the literature that memory B cells increase with age, which could
explain the total B cell increase with age in HC (16, 21). The fact
that this increase in B cells does not occur in pwMS could be due to
the role they play in the disease, which could result in an exhaustion
or dysfunction of B cells. Regarding NK cells, it has been described
that aging causes phenotypic and functional alterations in NK cells,
including a reduction in their cytotoxic activity and cytokine
production and response, although the total number of NK cells
is usually maintained or slightly increased (16, 23, 45, 46). In the
case of MS, the implications of NK subpopulations in the disease are
being investigated but, to our knowledge, previous studies did not
evaluate age-related changes in NK cells in pwMS (47, 48).

Our findings indicate that the expression of CD28 and CD57
antigens increase with age in cytotoxic T cells of pwMS. We
expected the increase of CD57 as it is a known senescence marker
and it is described that CD57+ cells increase with chronic immune
activation as well as during human aging (32, 49, 50). On the
contrary, the CD8+CD28+ age-related increase was not expected, as
it is widely reported that the expression of CD28, along with the
activation capacity of T cells, is lost progressively with age (32, 51-
54). Consequently, these results suggest that different
immunological mechanisms could be operating in MS. Our
results are in line with the research of Zuroff et al. that reported
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that pwMS exhibited abnormal age-associated increases of activated
(HLA-DR+CD38+) T cells (55). Conversely, some papers have
reported same blood levels of CD8+CD28+ Tc in pwMS and HCs
(56, 57). However, these works did not explore age-related
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correlations. We hypothesize that the observed increase in CD8
+CD28+ T cells with age in MS reflects an accumulation or
sustained activation of this cytotoxic subset, which contrasts with
the typical age-related decline seen in healthy individuals. This

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1663526
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Iribarren-Lopez et al.

10.3389/fimmu.2025.1663526

A B [+
kK k
ns 0.010 0.010
. 1 *% o 7 =
r=-0.809%%**
0.010 | — s
Fokokk r=-0.690%***
. — 0.008 °
~ . = ns e N
o 1
5 . 4 4, 0006 ©
S 0,005 : o M ‘ o
2 o & 0004
4 g [= ° e
= B - ®
= .
i = i . 0.002-
0.000] 3 0.000 =
T T T T T T 0.000
HC MS S S < < o
O & W @&
¥ ~ R ~
e HC * pwMS
FIGURE 3
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persistent activation may indicate heightened immune system
activity and inflammation, which are known contributors to
disease progression and poorer prognosis in older pwMS (47, 58).

As for the subpopulations characterized based on CD28 and
CD57 expression, we observed that pwMS present a positive
correlation in activated Th cells (CD4+CD28+CD57+) and
senescent Th cells (CD4+CD28-CD57+) with age. These results
partially support immunosenescence in MS, as the accumulation of
CD4+CD28- T cells is a main characteristic of aging (16).
Furthermore, our results are in line with previous articles that
described an increase in CD4+CD28- cells with age in MS that was
not observed in HCs up to 60 years old (24). Regarding cytotoxic
cells, our results showed a positive correlation of CD8+CD28
+CD57- cells with age only in HCs. Besides, CD8+CD28+CD57+
cells demonstrated a positive correlation with age in pwMS while
CD8+CD28-CD57- cells significantly decreased with age in pwMS
which, to our knowledge, had not been evaluated before. These
populations showed no correlations with age in HCs.

Finally, CD8+CD28-CD57+ cells showed a positive correlation
with age in pwMS. In HCs, the same trend did not reach statistical
significance, despite the increase of this subpopulation with age has
been described in many previous studies (59-61). We believe that
the unexpected results for HCs in this as well as in the other
subpopulations could be due to the limited number of samples of
HCs over 50 years of the PBMCs Cohort. Notably, a good sample
size was achieved in the MS group and, to the best of our knowledge,
there are no prior studies addressing these subpopulations and their
age-related correlations in pwMS, so our work represents a
significant contribution to the MS field.

Next, thymic involution was assessed through sjTREC
quantification, a recognized biomarker of thymic function. Both
pwMS and HCs showed the expected negative correlation of
sjTREC with age. When comparing between the two study
groups, no overall differences in sjTREC levels were observed
between pwMS and HCs but, importantly, age-specific analyses
revealed significant differences. In individuals under 50 years, a
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lower amount of sjTREC was observed in pwMS compared to HCs,
indicating greater thymic involution in this age group. In contrast,
in individuals over 50 years, a decline in the relative amount of
sjTREC occurred in both pwMS and controls, with both groups
reaching similar levels. This observation shows that while thymic
involution occurs in both groups, it affects earlier to pwMS. Our
results are in line with previous studies that describe early thymic
involution in MS, suggesting the potential involvement of the
thymus in CNS autoimmunity (24, 62-64).

With regard to the analysis of inflammatory mediators in
plasma, it revealed a consistent increase of IL-6, IL-10, and TNF-
o in pwMS compared to HCs. Besides, IL-6 levels correlated
positively with age in both groups, and the analysis between the
individuals under/over 50 years showed that older pwMS have
higher IL-6 than younger pwMS. These results aligns with the
concept of inflammaging and its characteristic senescence-
associated secretory phenotype (SASP). IL-6 is a key soluble
factor within the SASP, known to increase with age and to
contribute to the inflammaging phenotype (39, 65-67). In the
case of MS, the presence of IL-6 in acute and chronic active
lesions of pwMS has been demonstrated (68). In addition, pwMS
had higher levels of IL-6 in plasma and cerebrospinal fluid (CSF)
compared to people with other neurologic diseases (69-72). To the
best of our knowledge, this is the first time that the concentration of
IL-6 in plasma including pwMS of all ages was evaluated, and an
increase of IL-6 with age was found in pwMS.

In the case of TNF-q, it also had a positive correlation with age
in pwMS and higher concentrations in pwMS under and over 50
years when compared to the respective HCs. TNF-o is another
cytokine widely implicated in MS pathology and aging. Elevated
TNF-o levels have been detected in active CNS lesions, as well as in
the serum and CSF of pwMS (73, 74). As IL-6, TNF-a is one of the
key cytokines in SASP and its levels increase with age contributing
to inflammaging (67). It should be noted that, in our results, HCs
did not show this increase, while pwMS exhibited a significant age-
related increase in TNF-a levels. With these results, and
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considering that some previous works also found no differences in
TNF-o with healthy aging (75), we hypothesize that the implication
of TNF-a. could be even more relevant in MS disease.

For IL-10, elevated levels were found in pwMS, particularly in
individuals over 50 years. As IL-10 is an anti-inflammatory cytokine
that leads to decreased release of TNF, IL-1f3, IL-6 and IL-8 among

Frontiers in Immunology 10

other cytokines and it also has the capacity to act in a
neuroprotective manner, its increase may represent a
compensatory response to persistent immune activation (76, 77).
Moreover, some studies have reported an increase in IL-10 levels
with age, suggesting a compensatory mechanism to counteract the
rise in pro-inflammatory cytokines associated with
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Analysis of neurofilament light (NFL) as a biomarker of neurodegeneration. (A) Comparison between HCs and pwMS. (B) Analysis of NFL levels with
the 50 year cutoff. (C) Correlations of NFL with age. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

immunosenescence (39, 78, 79). However, the role of IL-10 in MS
remains controversial. Some studies showed that IL-10 levels vary
depending on the treatment received (80) and that there are
fluctuations in IL-10 levels depending on disease phase, with
decreases prior to a relapse and increases during remission (77).
Similarly, some research suggests a potential regulatory role for IL-
10 in MS (81-83), while others point towards a possible pro-
inflammatory function (84, 85).

CRP, a systemic inflammation marker, did not show significant
overall differences between pwMS and HCs. This finding aligns with
previous literature, which also reports no significant differences in
CRP levels between pwMS and HCs (86). However, pwMS over 50
years had higher CRP levels than respective HCs and a positive
correlation with age, indicating an age-dependent increase in
systemic inflammation in MS. Unexpectedly, older HCs showed
lower CRP levels compared to younger HCs. This is in sharp
contrast to most of the previous literature that reported higher

CRP levels in older individuals (75, 87). Some studies suggest that
older adults with a healthy lifestyle and training, have CRP levels
comparable to or even lower than less healthy younger individuals
(88-90), but these aspects are out of the scope of the present work.

NFL, a biomarker of neuronal damage, was elevated in pwMS
compared to HCs. In addition, NFL levels correlated positively with
age in both groups, reflecting the expected age-related
neurodegenerative processes. These results were anticipated, as
NEFL has already been recognized as a reliable biomarker for MS,
playing a crucial role in the preclinical phase, diagnosis, prognosis,
and monitoring of both the disease and its treatments (41, 91, 92).
Additionally, it has been well-documented that NFL levels increase
with age, which is consistent with our findings, reflecting the
neurodegenerative processes associated with aging (93). It is
noteworthy, that increased NFL was already found in pwMS
under 50 years, showing that neurodegeneration occurs earlier

and more aggressively in MS.
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When exploring the potential correlations between the
inflammatory and neurodegenerative markers, our results
revealed distinct correlation patterns in pwMS and HCs. In HCs,
IL-6, IL-10 and TNF-o. had positive correlations with each other,
and IL-6 with CRP, suggesting a general inflammatory response.
This pattern was also observed in the MS group. Furthermore, in
pwMS, we found positive correlations between NFL and IL-6, as
well as between NFL and TNF-o, which were not found in the HC
group. These results suggest that, in MS, the interplay between
inflammation and neurodegeneration may be more pronounced,
with neuronal damage showing a stronger relationship with key
inflammatory mediators like IL-6 and TNF-o. This highlights the
potential role of inflammation in driving neurodegenerative
processes in MS.

Finally, our study of telomere length revealed no significant
differences in mean telomere length between pwMS and HCs. Both
groups exhibited an expected age-associated decrease in telomere
length, with a stronger correlation in pwMS. In line with our results,
Hug et al. explored telomere length in T cells of MS and HCs by
TRF and observed a decline of telomere length with age in subjects
with MS as well as in HCs in both CD4+ and CD8 +. In addition,
they did not find any statistically significant difference in telomere
shortening between pwMS and HCs, mirroring our results (94).

Prior literature presented a discordant picture: some papers
describing an association between longer telomere length and a
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higher risk of MS susceptibility (95) while others reported shorter
leukocyte telomeres in pwMS (96). According to a systematic
review, pwMS generally have shorter telomeres in their blood
cells compared to healthy individuals, although a full consensus
has not yet been reached due to diverse results (97). It should also be
noted that telomere shortening is tissue-specific and that variations
in research methods can contribute to the heterogeneous findings
regarding telomere length in pwMS.

Our results reveal a positive correlation between sjTREC
levels and telomere length in both HCs and pwMS. This
correlation was biologically expected, as both biomarkers
decline with age and are affected by cell division. sjTRECs are
non-replicating DNA fragments that become diluted with each T-
cell division (33), while telomeres shorten with each cell cycle
(43). Further research is needed to determine whether these
processes are biologically linked or just influenced by
aging.Several limitations should be noted when interpreting the
findings of this study. First, as previously indicated, the small
sample size of HCs over 50 years of the PBMCs Cohort limit the
interpretation of the age-related changes of immune populations
in HCs. However, we consider that the results of pwMS, which are
the main focus of the work, are reliable. Second, it should be
mentioned that we designed the study with no exclusion criteria
based on EDSS score, MS subtype and treatment. This decision
increases the heterogeneity of the study group, but at the same
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type reinforces the relevance of the reported aging-associated
differences despite heterogeneity.

In conclusion, our study provides a multifaceted characterization
of immunosenescence in people with MS, including individuals
across a broad age range. By simultaneously assessing multiple
biomarkers—from immune cell subsets to inflammatory mediators
and thymic output—we addressed a significant gap in the literature.
Our key novel findings include distinct alterations in T cell
subpopulations, with increased activated T cells in pwMS,
potentially reflecting the immune activation of the disease. Age-
related changes in immune cell populations differed between pwMS
and HCs in key immune populations, like B and NK cells, and
distinct patterns of CD28 and CD57 expression on T cells. Our novel
findings also indicate earlier thymic involution in younger pwMS and
an age-related increase of inflammatory markers, particularly IL-6,
TNF-o. and CRP in pwMS. We also found elevated NFL levels in
pwMS, with a positive correlation with age observed in both groups.
Notably, a unique finding was that NFL correlated positively with IL-
6 and TNF-o only in pwMS. In addition, telomere attrition increased
with age in both pwMS and HCs.

These results underscore the complex interplay between aging
and immune dysregulation in MS and highlight the need for further
research to fully elucidate the mechanisms driving these age-related
immune changes and their impact on MS disease. Moreover, it
emphasizes the importance of taking age into account for the
prognosis and treatment of the disease.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by CEIm-Euskadi
(PI2020075 and PI+CES-BIOEF 2023-08). The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

Author contributions

AI-L: Data curation, Formal Analysis, Investigation,
Methodology, Visualization, Writing - original draft, Writing -
review & editing. LM-A: Methodology, Writing - review & editing.
JW: Methodology, Writing — review & editing. TC-T: Resources,
Writing - review & editing. AP: Supervision, Writing — review &
editing. HP: Supervision, Writing - review & editing. AA:
Conceptualization, Methodology, Project administration,
Supervision, Writing — original draft, Writing — review & editing.
DO: Conceptualization, Funding acquisition, Project administration,
Resources, Supervision, Writing — review & editing.

Frontiers in Immunology

13

10.3389/fimmu.2025.1663526

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This study has been
founded by the Health Department of Basque Country
(2022111029) and EITB Maratoia Grant (BIO23/EM/005). AIL is
funded by the P-FIS predoctoral grant (FI21/00054) and AA is
supported by a Sara Borrell contract (CD24/00005), both from
Instituto de Salud Carlos III (ISCII) and co-funded by the
European Union.

Acknowledgments

The authors thank all the donors who participated in the study. In
addition, thank you to all the workers from the Basque Biobank (BIOEF,
Donostia University Hospital) and the Neuroimmunology group.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The authors declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the
peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1663526/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1663526/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1663526/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1663526
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Iribarren-Lopez et al.

References

1. Rodriguez Murua S, Farez MF, Quintana FJ. The immune response in multiple
sclerosis. Annu Rev Pathol. (2022) 17:121-39. doi: 10.1146/annurev-pathol-052920-
040318

2. Compston A, Coles A. Multiple sclerosis. Lancet. (2008) 372:1502-17.
doi: 10.1016/S0140-6736(08)61620-7

3. Filippi M, Bar-Or A, Piehl F, Preziosa P, Solari A, Vukusic S, et al. Multiple
sclerosis. Nat Rev Dis Prim. (2018) 4:43. doi: 10.1038/s41572-018-0041-4

4. Koch MW, Metz LM, Agrawal SM, Yong VW. Environmental factors and their
regulation of immunity in multiple sclerosis. J Neurol Sci. (2013) 324:10-6.
doi: 10.1016/j.jns.2012.10.021

5. Hemmer B, Kerschensteiner M, Korn T. Role of the innate and adaptive immune
responses in the course of multiple sclerosis. Lancet Neurol. (2015) 14:406-19.
doi: 10.1016/S1474-4422(14)70305-9

6. Grigoriadis N, van Pesch V. A basic overview of multiple sclerosis
immunopathology. Eur J Neurol. (2015) 22:3-13. doi: 10.1111/ene.12798

7. Bar-Or A. Immunology of multiple sclerosis. Neurol Clin. (2005) 23:149-75.
doi: 10.1016/j.nc1.2004.11.001

8. Frischer JM, Bramow S, Dal-Bianco A, Lucchinetti CF, Rauschka H, Schmidbauer
M, et al. The relation between inflammation and neurodegeneration in multiple
sclerosis brains. Brain. (2009) 132:1175-89. doi: 10.1093/brain/awp070

9. Hu D, Notarbartolo S, Croonenborghs T, Patel B, Cialic R, Yang T-H, et al.
Transcriptional signature of human pro-inflammatory TH17 cells identifies reduced
IL10 gene expression in multiple sclerosis. Nat Commun. (2017) 8:1600. doi: 10.1038/
541467-017-01571-8

10. Durelli L, Conti L, Clerico M, Boselli D, Contessa G, Ripellino P, et al. T-helper
17 cells expand in multiple sclerosis and are inhibited by interferon-beta. Ann Neurol.
(2009) 65:499-509. doi: 10.1002/ana.21652

11. Venken K, Hellings N, Thewissen M, Somers V, Hensen K, Rummens J-L, et al.
Compromised CD4+ CD25high regulatory T-cell function in patients with relapsing-
remitting multiple sclerosis is correlated with a reduced frequency of FOXP3-positive
cells and reduced FOXP3 expression at the single-cell level. Immunology. (2008)
123:79-89. doi: 10.1111/j.1365-2567.2007.02690.x

12. Feger U, Luther C, Poeschel S, Melms A, Tolosa E, Wiendl H. Increased
frequency of CD4+ CD25+ regulatory T cells in the cerebrospinal fluid but not in
the blood of multiple sclerosis patients. Clin Exp Immunol. (2007) 147:412-8.
doi: 10.1111/j.1365-2249.2006.03271.x

13. Munschauer FE, Hartrich LA, Stewart CC, Jacobs L. Circulating natural killer
cells but not cytotoxic T lymphocytes are reduced in patients with active relapsing
multiple sclerosis and little clinical disability as compared to controls. ] Neuroimmunol.
(1995) 62:177-81. doi: 10.1016/0165-5728(95)00115-9

14. The Multiple Sclerosis International Federation. Atlas of MS, 3rd. (2020).
London: The Multiple Sclerosis International Federation (MSIF). pp. 1-37.

15. Butzkueven H, Chapman J, Cristiano E, Grand’Maison F, Hoffmann M,
Izquierdo G, et al. MSBase: an international, online registry and platform for
collaborative outcomes research in multiple sclerosis. Mult Scler. (2006) 12:769-74.
doi: 10.1177/1352458506070775

16. Dema M, Eixarch H, Villar LM, Montalban X, Espejo C. Immunosenescence in
multiple sclerosis: the identification of new therapeutic targets. Autoimmun Rev. (2021)
20:102893. doi: 10.1016/j.autrev.2021.102893

17. Walford RL. The immunologic theory of aging. Gerontologist. (1964) 4:195-7.
doi: 10.1093/geront/4.4.195

18. Bolton C, Smith PA. The influence and impact of ageing and immunosenescence
(ISC) on adaptive immunity during multiple sclerosis (MS) and the animal counterpart
experimental autoimmune encephalomyelitis (EAE). Ageing Res Rev. (2018) 41:64-81.
doi: 10.1016/j.arr.2017.10.005

19. Patrick MS, Cheng N-L, Kim J, An J, Dong F, Yang Q, et al. Human T cell
differentiation negatively regulates telomerase expression resulting in reduced
activation-induced proliferation and survival. Front Immunol. (2019) 10:1993.
doi: 10.3389/fimmu.2019.01993

20. Tedone E, Huang E, O’Hara R, Batten K, Ludlow AT, Lai T-P, et al. Telomere
length and telomerase activity in T cells are biomarkers of high-performing
centenarians. Aging Cell. (2019) 18:¢12859. doi: 10.1111/acel.12859

21. Aiello A, Farzaneh F, Candore G, Caruso C, Davinelli S, Gambino CM, et al.
Immunosenescence and its hallmarks: how to oppose aging strategically? A review of
potential options for therapeutic intervention. Front Immunol. (2019) 10:2247.
doi: 10.3389/fimmu.2019.02247

22. Rodrigues LP, Teixeira VR, Alencar-Silva T, Simonassi-Paiva B, Pereira RW,
Pogue R, et al. Hallmarks of aging and immunosenescence: Connecting the dots.
Cytokine Growth Factor Rev. (2021) 59:9-21. doi: 10.1016/j.cytogfr.2021.01.006

Frontiers in Immunology

14

10.3389/fimmu.2025.1663526

23. Ostolaza Ibafiez A, Corroza Lavifieta ], Ayuso Blanco T. Immunosenescence: the
role of age in multiple sclerosis. Neurologia. (2022) 38:284-90. doi: 10.1016/
j.nrleng.2020.05.023

24. Thewissen M, Linsen L, Somers V, Geusens P, Raus J, Stinissen P. Premature
immunosenescence in rheumatoid arthritis and multiple sclerosis patients. Ann New
York Acad Sci. (2005) 1051(1):255-62. doi: 10.1196/annals.1361.066. New York
Academy of Sciences.

25. Solti I, Kvell K, Talaber G, Veto S, Acs P, Gallyas F, et al. Thymic atrophy and
apoptosis of CD4+CD8+ Thymocytes in the cuprizone model of multiple sclerosis. PloS
One. (2015) 10:1-18. doi: 10.1371/journal.pone.0129217

26. Koudriavtseva T, Plantone D, Mandoj C, Giannarelli D, Latini A, Colafigli M,
et al. HIV and decreased risk of multiple sclerosis: role of low CD4+ lymphocyte count
and male prevalence. ] Neurovirol. (2017) 23:147-51. doi: 10.1007/s13365-016-0471-2

27. Ifergan I, Kebir H, Alvarez JI, Marceau G, Bernard M, Bourbonniére L, et al.
Central nervous system recruitment of effector memory CD8+ T lymphocytes during
neuroinflammation is dependent on 04 integrin. Brain. (2011) 134:3560-77.
doi: 10.1093/brain/awr268

28. Broux B, Markovic-Plese S, Stinissen P, Hellings N. Pathogenic features of CD4
+CD28- T cells in immune disorders. Trends Mol Med. (2012) 18:446-53. doi: 10.1016/
j.molmed.2012.06.003

29. Ma Y, Wang M, Chen X, Ruan W, Yao J, Lian X. Telomere length and multiple
sclerosis: a Mendelian randomization study. Int J Neurosci. (2022) 134(3):1-5.
doi: 10.1080/00207454.2022.2098737

30. Haegert DG, Hackenbroch JD, Duszczyszyn D, Fitz-Gerald L, Zastepa E, Mason
H, et al. Reduced thymic output and peripheral naive CD4 T-cell alterations in primary
progressive multiple sclerosis (PPMS). J Neuroimmunol. (2011) 233:233-9.
doi: 10.1016/j.jneuroim.2010.12.007

31. Claes N, Fraussen J, Vanheusden M, Hellings N, Stinissen P, Van Wijmeersch B,
et al. Age-associated B cells with proinflammatory characteristics are expanded in a
proportion of multiple sclerosis patients. ] Immunol. (2016) 197:4576-83. doi: 10.4049/
jimmunol.1502448

32. Pangrazzi L, Reidla ], Carmona Arana JA, Naismith E, Miggitsch C, Meryk A,
et al. CD28 and CD57 define four populations with distinct phenotypic properties
within human CDS8(+) T cells. Eur ] Immunol. (2020) 50:363-79. doi: 10.1002/
€ji.201948362

33. Ou X, Gao J, Wang H, Wang H, Lu H, Sun H. Predicting human age with
bloodstains by sjTREC quantification. PloS One. (2012) 7:1-8. doi: 10.1371/
journal.pone.0042412

34. Lu R, O’Rourke J], Sobinoftf AP, Allen JAM, Nelson CB, Tomlinson CG, et al.
The FANCM-BLM-TOP3A-RMI complex suppresses alternative lengthening of
telomeres (ALT). Nat Commun. (2019) 10:2252. doi: 10.1038/s41467-019-10180-6

35. Palmer D. The effect of age on thymic function. Front Immunol. (2013) 4:316.
doi: 10.3389/fimmu.2013.00316

36. OuX, Zhao H, Sun H, Yang Z, Xie B, Shi Y, et al. Detection and quantification of
the age-related sjyTREC decline in human peripheral blood. Int J Legal Med. (2011)
125:603-8. doi: 10.1007/s00414-010-0528-3

37. Muifioz-Culla M, Irizar H, Gorostidi A, Alberro A, Osorio-Querejeta I, Ruiz-
Martinez J, et al. Progressive changes in non-coding RNA profile in leucocytes with age.
Aging (Albany NY). (2017) 9:1202-18. doi: 10.18632/aging.101220

38. Irizar H, Goni J, Alzualde A, Castillo-Trivifio T, Olascoaga J, Lopez de Munain
A, et al. Age gene expression and coexpression progressive signatures in peripheral
blood leukocytes. Exp Gerontol. (2015) 72:50-6. doi: 10.1016/j.exger.2015.09.003

39. Franceschi C, Bonafé M, Valensin S, Olivieri F, De Luca M, Ottaviani E, et al.
Inflamm-aging. An evolutionary perspective on immunosenescence. Ann N Y Acad Sci.
(2000) 908:244-54. doi: 10.1111/j.1749-6632.2000.tb06651.x

40. Fulop T, Larbi A, Witkowski JM. Human inflammaging. Gerontology. (2019)
65:495-504. doi: 10.1159/000497375

41. Kuhle J, Kropshofer H, Haering DA, Kundu U, Meinert R, Barro C, et al. Blood
neurofilament light chain as a biomarker of MS disease activity and treatment response.
Neurology. (2019) 92:e1007-15. doi: 10.1212/WNL.0000000000007032

42. Harley CB, Futcher AB, Greider CW. Telomeres shorten during ageing of
human fibroblasts. Nature. (1990) 345:458-60. doi: 10.1038/345458a0

43. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks of
aging: An expanding universe. Cell. (2023) 186:243-78. doi: 10.1016/j.cell.2022.11.001

44. EMDATA. Datos oficiales de Esclerosis Miltiple en Espafia. Multiple Sclerosis
Spain (EME): Madrid (2021). Available online at: https://emdata.esclerosismultiple.
com/datos-oficiales-de-esclerosis-multiple-en-espana-2/ (Accessed July 2025).

45. Caligiuri MA. Human natural killer cells. Blood. (2008) 112:461-9. doi: 10.1182/
blood-2007-09-077438

frontiersin.org


https://doi.org/10.1146/annurev-pathol-052920-040318
https://doi.org/10.1146/annurev-pathol-052920-040318
https://doi.org/10.1016/S0140-6736(08)61620-7
https://doi.org/10.1038/s41572-018-0041-4
https://doi.org/10.1016/j.jns.2012.10.021
https://doi.org/10.1016/S1474-4422(14)70305-9
https://doi.org/10.1111/ene.12798
https://doi.org/10.1016/j.ncl.2004.11.001
https://doi.org/10.1093/brain/awp070
https://doi.org/10.1038/s41467-017-01571-8
https://doi.org/10.1038/s41467-017-01571-8
https://doi.org/10.1002/ana.21652
https://doi.org/10.1111/j.1365-2567.2007.02690.x
https://doi.org/10.1111/j.1365-2249.2006.03271.x
https://doi.org/10.1016/0165-5728(95)00115-9
https://doi.org/10.1177/1352458506070775
https://doi.org/10.1016/j.autrev.2021.102893
https://doi.org/10.1093/geront/4.4.195
https://doi.org/10.1016/j.arr.2017.10.005
https://doi.org/10.3389/fimmu.2019.01993
https://doi.org/10.1111/acel.12859
https://doi.org/10.3389/fimmu.2019.02247
https://doi.org/10.1016/j.cytogfr.2021.01.006
https://doi.org/10.1016/j.nrleng.2020.05.023
https://doi.org/10.1016/j.nrleng.2020.05.023
https://doi.org/10.1196/annals.1361.066
https://doi.org/10.1371/journal.pone.0129217
https://doi.org/10.1007/s13365-016-0471-2
https://doi.org/10.1093/brain/awr268
https://doi.org/10.1016/j.molmed.2012.06.003
https://doi.org/10.1016/j.molmed.2012.06.003
https://doi.org/10.1080/00207454.2022.2098737
https://doi.org/10.1016/j.jneuroim.2010.12.007
https://doi.org/10.4049/jimmunol.1502448
https://doi.org/10.4049/jimmunol.1502448
https://doi.org/10.1002/eji.201948362
https://doi.org/10.1002/eji.201948362
https://doi.org/10.1371/journal.pone.0042412
https://doi.org/10.1371/journal.pone.0042412
https://doi.org/10.1038/s41467-019-10180-6
https://doi.org/10.3389/fimmu.2013.00316
https://doi.org/10.1007/s00414-010-0528-3
https://doi.org/10.18632/aging.101220
https://doi.org/10.1016/j.exger.2015.09.003
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1159/000497375
https://doi.org/10.1212/WNL.0000000000007032
https://doi.org/10.1038/345458a0
https://doi.org/10.1016/j.cell.2022.11.001
https://emdata.esclerosismultiple.com/datos-oficiales-de-esclerosis-multiple-en-espana-2/
https://emdata.esclerosismultiple.com/datos-oficiales-de-esclerosis-multiple-en-espana-2/
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.3389/fimmu.2025.1663526
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Iribarren-Lopez et al.

46. Gayoso I, Sanchez-Correa B, Campos C, Alonso C, Pera A, Casado JG, et al.
Immunosenescence of human natural killer cells. J Innate Immun. (2011) 3:337-43.
doi: 10.1159/000328005

47. Thakolwiboon S, Mills EA, Yang J, Doty J, Belkin MI, Cho T, et al.
Immunosenescence and multiple sclerosis: inflammaging for prognosis and
therapeutic consideration. Front Aging. (2023) 4:1234572. doi: 10.3389/
fragi.2023.1234572

48. Attfield KE, Jensen LT, Kaufmann M, Friese MA, Fugger L. The immunology of
multiple sclerosis. Nat Rev Immunol. (2022) 22:734-50. doi: 10.1038/s41577-022-
00718-z

49. Kared H, Martelli S, Ng TP, Pender SLF, Larbi A. CD57 in human natural killer
cells and T-lymphocytes. Cancer Immunol Immunother. (2016) 65:441-52.
doi: 10.1007/s00262-016-1803-z

50. Brenchley JM, Karandikar NJ, Betts MR, Ambrozak DR, Hill BJ, Crotty LE, et al.
Expression of CD57 defines replicative senescence and antigen-induced apoptotic
death of CD8+ T cells. Blood. (2003) 101:2711-20. doi: 10.1182/blood-2002-07-2103

51. Pani A, Mandas A, Diaz G, Abete C, Cocco PL, Angius F, et al. Accumulation of
neutral lipids in peripheral blood mononuclear cells as a distinctive trait of Alzheimer
patients and asymptomatic subjects at risk of disease. BMC Med. (2009) 7:66.
doi: 10.1186/1741-7015-7-66

52. Silaidos CV, Reutzel M, Wachter L, Dieter F, Ludin N, Blum WF, et al. Age-
related changes in energy metabolism in peripheral mononuclear blood cells (PBMCs)
and the brains of cognitively healthy seniors. GeroScience. (2024) 46:981-98.
doi: 10.1007/s11357-023-00810-9

53. Arosa FA. CD8+CD28- T cells: certainties and uncertainties of a prevalent
human T-cell subset. Immunol Cell Biol. (2002) 80:1-13. doi: 10.1046/j.1440-
1711.2002.01057.x

54. Vallejo AN. CD28 extinction in human T cells: altered functions and the
program of T-cell senescence. Immunol Rev. (2005) 205:158-69. doi: 10.1111/j.0105-
2896.2005.00256.x

55. Zuroff L, Rezk A, Shinoda K, Espinoza DA, Elyahu Y, Zhang B, et al. Inmune
aging in multiple sclerosis is characterized by abnormal CD4 T cell activation and
increased frequencies of cytotoxic CD4 T cells with advancing age. EBioMedicine.
(2022) 82:104179. doi: 10.1016/j.ebiom.2022.104179

56. Crucian B, Dunne P, Friedman H, Ragsdale R, Pross S, Widen R. Alterations in
levels of CD28-/CD8+ suppressor cell precursor and CD45RO+/CD4+ memory T
lymphocytes in the peripheral blood of multiple sclerosis patients. Clin Diagn Lab
Immunol. (1995) 2:249-52. doi: 10.1128/cdli.2.2.249-252.1995

57. Houston TW, Howlett-Prieto Q, Regenauer C, Testai FD, Yao F, Feng X, et al.
Increased percentage of CD8+CD28- regulatory T cells with fingolimod therapy in
multiple sclerosis. Neurol Neuroimmunol Neuroinflamm. (2025) 10:e200075.
doi: 10.1212/NXI1.0000000000200075

58. von Wyl V, Décard BF, Benkert P, Lorscheider J, Hinni P, Lienert C, et al.
Influence of age at disease onset on future relapses and disability progression in patients
with multiple sclerosis on immunomodulatory treatment. Eur ] Neurol. (2020)
27:1066-75. doi: 10.1111/ene.14191

59. Onyema OO, Njemini R, Forti LN, Bautmans I, Aerts JL, De Waele M, et al.
Aging-associated subpopulations of human CD8+ T-lymphocytes identified by their
CD28 and CD57 phenotypes. Arch Gerontol Geriatr. (2015) 61:494-502. doi: 10.1016/
j.archger.2015.08.007

60. Merino ], Martinez-Gonzalez MA, Rubio M, Inogés S, Sanchez-Ibarrola A,
Subira ML. Progressive decrease of CD8high+ CD28+ CD57- cells with ageing. Clin
Exp Immunol. (1998) 112:48-51. doi: 10.1046/j.1365-2249.1998.00551.x

61. Alberro A, Osorio-Querejeta I, Sepulveda L, Fernandez-Eulate G, Mateo-Abad
M, Muiioz-Culla M, et al. T cells and immune functions of plasma extracellular vesicles
are differentially modulated from adults to centenarians. Aging (Albany NY). (2019)
11:10723-41. doi: 10.18632/aging.102517

62. Jiang Q, Ma X, Zhu G, Si W, He L, Yang G. Altered T cell development in an
animal model of multiple sclerosis. Exp Neurol. (2024) 371:114579. doi: 10.1016/
j-expneurol.2023.114579

63. Duszczyszyn DA, Williams JL, Mason H, Lapierre Y, Antel J, Haegert DG.
Thymic involution and proliferative T-cell responses in multiple sclerosis. J
Neuroimmunol. (2010) 221:73-80. doi: 10.1016/j.jneuroim.2010.02.005

64. Puissant-Lubrano B, Viala F, Winterton P, Abbal M, Clanet M, Blancher A.
Thymic output and peripheral T lymphocyte subsets in relapsing-remitting multiple
sclerosis patients treated or not by IFN-beta. J Neuroimmunol. (2008) 193:188-94.
doi: 10.1016/j.jneuroim.2007.10.027

65. Ershler WB, Keller ET. Age-associated increased interleukin-6 gene expression,
late-life diseases, and frailty. Annu Rev Med. (2000) 51:245-70. doi: 10.1146/
annurev.med.51.1.245

66. Puzianowska-Kuznicka M, Owczarz M, Wieczorowska-Tobis K, Nadrowski P,
Chudek J, Slusarczyk P, et al. Interleukin-6 and C-reactive protein, successful aging,
and mortality: the PolSenior study. Immun Ageing. (2016) 13:21. doi: 10.1186/s12979-
016-0076-x

Frontiers in Immunology

15

10.3389/fimmu.2025.1663526

67. Ferrucci L, Fabbri E. Inflammageing: chronic inflammation in ageing,
cardiovascular disease, and frailty. Nat Rev Cardiol. (2018) 15:505-22. doi: 10.1038/
541569-018-0064-2

68. Maimone D, Guazzi GC, Annunziata P. IL-6 detection in multiple sclerosis
brain. J Neurol Sci. (1997) 146:59-65. doi: 10.1016/s0022-510x(96)00283-3

69. Navikas V, Matusevicius D, Séderstréom M, Fredrikson S, Kivisikk P, Ljungdahl
A, et al. Increased interleukin-6 mRNA expression in blood and cerebrospinal fluid
mononuclear cells in multiple sclerosis. ] Neuroimmunol. (1996) 64:63-9. doi: 10.1016/
0165-5728(95)00155-7

70. Stampanoni Bassi M, Iezzi E, Drulovic J, Pekmezovic T, Gilio L, Furlan R, et al.
IL-6 in the cerebrospinal fluid signals disease activity in multiple sclerosis. Front Cell
Neurosci. (2020) 14:120. doi: 10.3389/fncel.2020.00120

71. Frei K, Fredrikson S, Fontana A, Link H. Interleukin-6 is elevated in plasma in
multiple sclerosis. ] Neuroimmunol. (1991) 31:147-53. doi: 10.1016/0165-5728(91)
90020-8

72. Serizawa K, Tomizawa-Shinohara H, Miyake S, Yogo K, Matsumoto Y.
Interleukin-6: evolving role in the management of neuropathic pain in
neuroimmunological disorders. Inflammation Regener. (2021) 41:34. doi: 10.1186/
541232-021-00184-5

73. Sharief MK, Hentges R. Association between tumor necrosis factor-alpha and
disease progression in patients with multiple sclerosis. N Engl ] Med. (1991) 325:467—
72. doi: 10.1056/NEJM199108153250704

74. Fresegna D, Bullitta S, Musella A, Rizzo FR, De Vito F, Guadalupi L, et al. Re-
examining the role of TNF in MS pathogenesis and therapy. Cells. (2020) 9:2290.
doi: 10.3390/cells9102290

75. Wyczalkowska-Tomasik A, Czarkowska-Paczek B, Zielenkiewicz M, Paczek L.
Inflammatory Markers Change with Age, but do not Fall Beyond Reported Normal
Ranges. Arch Immunol Ther Exp (Warsz). (2016) 64:249-54. doi: 10.1007/s00005-015-
0357-7

76. Kwilasz AJ, Grace PM, Serbedzija P, Maier SF, Watkins LR. The therapeutic
potential of interleukin-10 in neuroimmune diseases. Neuropharmacology. (2015)
96:55-69. doi: 10.1016/j.neuropharm.2014.10.020

77. Gobel K, Ruck T, Meuth Sven G. Cytokine signaling in multiple sclerosis: Lost in
translation. Mult Scler J. (2018) 24:432-9. doi: 10.1177/1352458518763094

78. Liu Z, Liang Q, Ren Y, Guo C, Ge X, Wang L, et al. Immunosenescence:
molecular mechanisms and diseases. Signal Transduct Target Ther. (2023) 8:200.
doi: 10.1038/s41392-023-01451-2

79. Fulop T, Witkowski JM, Olivieri F, Larbi A. The integration of inflammaging in
age-related diseases. Semin Immunol. (2018) 40:17-35. doi: 10.1016/
j.smim.2018.09.003

80. Ozenci, Kouwenhoven, Huang, Xiao, Kivisikk, Fredrikson, et al. Multiple
sclerosis: levels of interleukin-10-secreting blood mononuclear cells are low in
untreated patients but augmented during interferon-B-1b treatment. Scand |
Immunol. (1999) 49:554-61. doi: 10.1046/j.1365-3083.1999.00546.x

81. Nikolich—iugich J. The twilight of immunity: emerging concepts in aging of the
immune system. Nat Immunol. (2018) 19:10-9. doi: 10.1038/s41590-017-0006-x

82. Geladaris A, Hiusser-Kinzel S, Pretzsch R, Nissimov N, Lehmann-Horn K,
Hiausler D, et al. IL-10-providing B cells govern pro-inflammatory activity of

macrophages and microglia in CNS autoimmunity. Acta Neuropathol. (2023)
145:461-77. doi: 10.1007/s00401-023-02552-6

83. Porro C, Cianciulli A, Panaro MA. The regulatory role of IL-10 in
neurodegenerative diseases. Biomolecules. (2020) 10:1017. doi: 10.3390/biom10071017

84. Liu X, Alli R, Steeves M, Nguyen P, Vogel P, Geiger TL. The T cell response to
IL-10 alters cellular dynamics and paradoxically promotes central nervous system
autoimmunity. J Immunol. (2012) 189:669-78. doi: 10.4049/jimmunol.1200607

85. Yogev N, Bedke T, Kobayashi Y, Brockmann L, Lukas D, Regen T, et al. CD4(+)
T-cell-derived IL-10 promotes CNS inflammation in mice by sustaining effector T cell
survival. Cell Rep. (2022) 38:110565. doi: 10.1016/j.celrep.2022.110565

86. Grut V, Bistrom M, Salzer J, Stridh P, Lindam A, Alonso-Magdalena L, et al.
Systemic inflammation and risk of multiple sclerosis — A presymptomatic case-control
study. Mult Scler ] — Exp Transl Clin. (2022) 8:20552173221139770. doi: 10.1177/
20552173221139768

87. Hutchinson WL, Koenig W, Fréhlich M, Sund M, Lowe GD, Pepys MB.
Immunoradiometric assay of circulating C-reactive protein: age-related values in the
adult general population. Clin Chem. (2000) 46:934-8. doi: 10.1093/clinchem/46.7.934

88. Pérez-Castillo IM, Rueda R, Bouzamondo H, Aparicio-Pascual D, Valifio-
Marques A, Lopez-Chicharro J, et al. Does lifelong exercise counteract low-grade
inflammation associated with aging? A systematic review and meta-analysis. Sports
Med. (2025) 55:675-96. doi: 10.1007/s40279-024-02152-8

89. Zheng G, Qiu P, Xia R, Lin H, Ye B, Tao J, et al. Effect of aerobic exercise on
inflammatory markers in healthy middle-aged and older adults: A systematic review
and meta-analysis of randomized controlled trials. Front Aging Neurosci. (2019) 11:98.
doi: 10.3389/fnagi.2019.00098

frontiersin.org


https://doi.org/10.1159/000328005
https://doi.org/10.3389/fragi.2023.1234572
https://doi.org/10.3389/fragi.2023.1234572
https://doi.org/10.1038/s41577-022-00718-z
https://doi.org/10.1038/s41577-022-00718-z
https://doi.org/10.1007/s00262-016-1803-z
https://doi.org/10.1182/blood-2002-07-2103
https://doi.org/10.1186/1741-7015-7-66
https://doi.org/10.1007/s11357-023-00810-9
https://doi.org/10.1046/j.1440-1711.2002.01057.x
https://doi.org/10.1046/j.1440-1711.2002.01057.x
https://doi.org/10.1111/j.0105-2896.2005.00256.x
https://doi.org/10.1111/j.0105-2896.2005.00256.x
https://doi.org/10.1016/j.ebiom.2022.104179
https://doi.org/10.1128/cdli.2.2.249-252.1995
https://doi.org/10.1212/NXI.0000000000200075
https://doi.org/10.1111/ene.14191
https://doi.org/10.1016/j.archger.2015.08.007
https://doi.org/10.1016/j.archger.2015.08.007
https://doi.org/10.1046/j.1365-2249.1998.00551.x
https://doi.org/10.18632/aging.102517
https://doi.org/10.1016/j.expneurol.2023.114579
https://doi.org/10.1016/j.expneurol.2023.114579
https://doi.org/10.1016/j.jneuroim.2010.02.005
https://doi.org/10.1016/j.jneuroim.2007.10.027
https://doi.org/10.1146/annurev.med.51.1.245
https://doi.org/10.1146/annurev.med.51.1.245
https://doi.org/10.1186/s12979-016-0076-x
https://doi.org/10.1186/s12979-016-0076-x
https://doi.org/10.1038/s41569-018-0064-2
https://doi.org/10.1038/s41569-018-0064-2
https://doi.org/10.1016/s0022-510x(96)00283-3
https://doi.org/10.1016/0165-5728(95)00155-7
https://doi.org/10.1016/0165-5728(95)00155-7
https://doi.org/10.3389/fncel.2020.00120
https://doi.org/10.1016/0165-5728(91)90020-8
https://doi.org/10.1016/0165-5728(91)90020-8
https://doi.org/10.1186/s41232-021-00184-5
https://doi.org/10.1186/s41232-021-00184-5
https://doi.org/10.1056/NEJM199108153250704
https://doi.org/10.3390/cells9102290
https://doi.org/10.1007/s00005-015-0357-7
https://doi.org/10.1007/s00005-015-0357-7
https://doi.org/10.1016/j.neuropharm.2014.10.020
https://doi.org/10.1177/1352458518763094
https://doi.org/10.1038/s41392-023-01451-2
https://doi.org/10.1016/j.smim.2018.09.003
https://doi.org/10.1016/j.smim.2018.09.003
https://doi.org/10.1046/j.1365-3083.1999.00546.x
https://doi.org/10.1038/s41590-017-0006-x
https://doi.org/10.1007/s00401-023-02552-6
https://doi.org/10.3390/biom10071017
https://doi.org/10.4049/jimmunol.1200607
https://doi.org/10.1016/j.celrep.2022.110565
https://doi.org/10.1177/20552173221139768
https://doi.org/10.1177/20552173221139768
https://doi.org/10.1093/clinchem/46.7.934
https://doi.org/10.1007/s40279-024-02152-8
https://doi.org/10.3389/fnagi.2019.00098
https://doi.org/10.3389/fimmu.2025.1663526
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Iribarren-Lopez et al.

90. Sardeli AV, Tomeleri CM, Cyrino ES, Fernhall B, Cavaglieri CR, Chacon-
Mikahil MPT. Effect of resistance training on inflammatory markers of older adults:
A meta-analysis. Exp Gerontol. (2018) 111:188-96. doi: 10.1016/j.exger.2018.07.021

91. Bittner S, Oh J, Havrdova EK, Tintoré M, Zipp F. The potential of serum
neurofilament as biomarker for multiple sclerosis. Brain. (2021) 144:2954-63.
doi: 10.1093/brain/awab241

92. Kodosaki E, Watkins W], Loveless S, Kreft KL, Richards A, Anderson V, et al.
Combination protein biomarkers predict multiple sclerosis diagnosis and outcomes. |
Neuroinflamm. (2024) 21:52. doi: 10.1186/s12974-024-03036-4

93. Khalil M, Pirpamer L, Hofer E, Voortman MM, Barro C, Leppert D, et al. Serum
neurofilament light levels in normal aging and their association with morphologic brain
changes. Nat Commun. (2020) 11:812. doi: 10.1038/s41467-020-14612-6

Frontiers in Immunology

16

10.3389/fimmu.2025.1663526

94. Hug A, Korporal M, Schroder I, Haas J, Glatz K, Storch-Hagenlocher B,
et al. Thymic export function and T cell homeostasis in patients with relapsing
remitting multiple sclerosis. J Immunol. (2003) 171:432-7. doi: 10.4049/
jimmunol.171.1.432

95. Shu M-J, Li J, Zhu Y-C. Genetically predicted telomere length and multiple
sclerosis. Mult Scler Relat Disord. (2022) 60:103731. doi: 10.1016/j.msard.2022.103731

96. Habib R, Ocklenburg S, Hoffjan S, Haghikia A, Epplen JT, Arning L. Association
between shorter leukocyte telomeres and multiple sclerosis. /| Neuroimmunol. (2020)
341:577187. doi: 10.1016/j.jneuroim.2020.577187

97. Biihring J, Hecker M, Fitzner B, Zettl UK. Systematic review of studies on
telomere length in patients with multiple sclerosis. Aging Dis. (2021) 12:1272-86.
doi: 10.14336/AD.2021.0106

frontiersin.org


https://doi.org/10.1016/j.exger.2018.07.021
https://doi.org/10.1093/brain/awab241
https://doi.org/10.1186/s12974-024-03036-4
https://doi.org/10.1038/s41467-020-14612-6
https://doi.org/10.4049/jimmunol.171.1.432
https://doi.org/10.4049/jimmunol.171.1.432
https://doi.org/10.1016/j.msard.2022.103731
https://doi.org/10.1016/j.jneuroim.2020.577187
https://doi.org/10.14336/AD.2021.0106
https://doi.org/10.3389/fimmu.2025.1663526
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Aging-dependent immunological changes in multiple sclerosis
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Sample extraction
	2.3 PBMC culture and flow cytometry
	2.4 Quantitative PCR
	2.5 Immunoassays for inflammatory and neurodegenerative Markers
	2.6 Determination of telomere length by TRF analysis
	2.7 Statistics

	3 Results
	3.1 Immunological changes between people with MS and healthy controls
	3.2 Age-related correlations of immune cell populations differ between people with MS and healthy controls
	3.3 Thymic involution is more pronounced in younger people with MS
	3.4 Increased inflammatory markers in people with MS with age
	3.5 NFL is elevated even in younger people with MS
	3.6 NFL correlates with inflammatory mediators only in people with MS
	3.7 Telomere attrition in multiple sclerosis mirrors that of healthy controls

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


