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A B S T R A C T   

The incidence of multiple sclerosis (MS) and susceptibility of animals to experimental autoimmune encephalo-
myelitis (EAE), the most commonly used experimental model of MS, decrease with aging. Generally, autoim-
mune diseases develop as the ultimate outcome of an imbalance between damaging immune responses against 
self and regulatory immune responses (keeping the former under control). Thus, in this review the age-related 
changes possibly underlying this balance were discussed. Specifically, considering the central role of T cells in 
MS/EAE, the impact of aging on overall functional capacity (reflecting both overall count and individual 
functional cell properties) of self-reactive conventional T cells (Tcons) and FoxP3+ regulatory T cells (Tregs), as 
the most potent immunoregulatory/suppressive cells, was analyzed, as well. The analysis encompasses three 
distinct compartments: thymus (the primary lymphoid organ responsible for the elimination of self-reactive T 
cells – negative selection and the generation of Tregs, compensating for imperfections of the negative selection), 
peripheral blood/lymphoid tissues (“afferent” compartment), and brain/spinal cord tissues (“target” compart-
ment). Given that the incidence of MS and susceptibility of animals to EAE are greater in women/females than in 
age-matched men/males, sex as independent variable was also considered. In conclusion, with aging, sex-specific 
alterations in the balance of self-reactive Tcons/Tregs are likely to occur not only in the thymus/”afferent” 
compartment, but also in the “target” compartment, reflecting multifaceted changes in both T-cell types. Their in 
depth understanding is important not only for envisaging effects of aging, but also for designing interventions to 
slow-down aging without any adverse effect on incidence of autoimmune diseases.   

1. Introduction 

The central nervous system (CNS) autoimmune diseases are divided 
into CNS-specific inflammatory disorders and systemic inflammatory 
disorders with CNS manifestations due to a direct reaction against CNS 
parenchyma or CNS blood vessel wall [1]. This review focuses multiple 
sclerosis (MS), which globally affects approx. 2.3 million people [2], and 
experimental autoimmune encephalomyelitis (EAE), the most 
frequently used animal model to study the immunopathogenesis of MS 
and the therapeutic efficacy of novel agents in this disease [3–5]. In the 
great majority of cases, the onset of MS occurs between the age of 20–40, 
extremely rare before the age of 10 and after the age of 60 [6–8]. The 
latter could reflect individual differences in aging pace and possibly the 

underlying mechanisms [9–12]. Consistently, strain-specific differences 
in age-related immune changes and susceptibility to EAE have been 
found in experimental animals [13–15]. It is noteworthy that, differently 
from the incidence, the prevalence of MS increases with aging owing to 
the increased longevity of general population and the availability of 
effective disease-modifying therapies [16,17]. However, it should be 
pointed out that, contrary to what can be found in many papers, the 
age-related decrease in incidence is described with almost all autoim-
mune diseases [16,17]. This phenomenon most likely appears due to a 
lack of clear delineation of the cumulated prevalence of any (or all) 
autoimmune disease(s) in the elderly (above 65 years of age) and the 
number of actual new cases (incidence) in each age group [16,17]. The 
exceptions from the “rule” are giant cell arteritis and primary biliary 
cirrhosis with age-specific incidence peaks in the elderly, and 
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inflammatory bowel disease, which has two peaks of onset, the first one 
in young subjects and the other one in those older than 60 years [16]. In 
other words, a higher proportion of elderly people suffering from 
manifest autoimmune diseases could be due to the nature of these dis-
orders, as they are generally chronic, incurable, and non-lethal, but not 
to an age-related rise in their incidence [17]. These data seem to be 
important as one in four Europeans and one in six people in the world is 
expected to be aged 65 years or older by 2030, the ratio expected to be 
even less favorable in developing countries, such as Serbia [www.un.org 
〉 sections 〉 issues-depth 〉 ageing]. Additionally, epidemiology of MS 
seems to be important when distant outcomes of senolytic interventions, 
viz. interventions aimed to slow down aging process, are considered. 
Specifically, considering the complex nature of aging, one should be 
aware that interventions in one aspect of aging could have unwanted 
effects on the others. 

Women are approx. 2.5-fold more likely than men to develop MS, a 
phenomenon shared with many other autoimmune diseases [18]. 
Similarly, young adult female rats and mice exhibit greater suscepti-
bility to EAE upon immunization with myelin proteins in complete 
Freund’s adjuvant [19–21]. On the other hand, how sex influences onset 
of autoimmune diseases, particularly MS, in the elderly has not been 
well studied. We have shown that old female Dark Agouti (DA) rats 
exhibit greater susceptibility to EAE following immunization with spinal 
cord homogenate in complete Freund’s adjuvant when compared with 
age-matched males [22]. This suggests that sex should be considered as a 
significant biological variable in estimating adverse effects of senolytic 
interventions on development of autoimmune diseases. The immuno-
pathogenesis of MS and EAE encompasses activation of self-reactive T 
cells (that escaped negative selection in thymus) in the peripheral 
lymphoid organs, their migration in the CNS tissue, where (upon reac-
tivation) together with activated blood-born innate immunity cells and 
microglia they cause the tissue damage and inflammation [1,3,23–25]. 
In this review, we attempted to display and synthesize findings from our 
and other studies on age-related sex-specific changes in thymus and 
peripheral lymphoid tissue (“afferent” compartment), and cere-
bral/spinal cord tissue (“target” compartment) T-cell compartments of 
possible relevance for MS/EAE development. 

2. Influence of aging on thymopoiesis 

2.1. Thymic involution 

In both humans [16], and experimental animals [26], the age-related 
decrease in liability to autoimmune diseases has been associated with 
the changes in adaptive immunity described under umbrella term 
immunosenescence. In most vertebrates, this phenomenon is linked with 
progressive thymic atrophy, viz. thymic involution [27,28]. This process 
is characterized by accumulation of connective tissue subcapsulary, 
perivasculary and in interlobular septa, and loss of thymic epithelial 
cells (TECs) because of epithelial-mesenchymal transition, which is 
followed by pre-adipocyte differentiation [29,30] (Fig. 1). Although it is 
not clear what initiates these changes, it is shown that in both the elderly 
and old experimental animals they lead to the decline in thymic output 
of naïve T cells culminating in disrupted T-cell homeostasis in the pe-
riphery [27,28] (Fig. 1). Considering the focus of this review, it should 
be pointed out that aging does not affect thymopoiesis only quantita-
tively, but also qualitatively by affecting (i) thymic negative selection, 
and thereby the output of self-reactive T cells [1,31] and (ii) the gen-
eration of regulatory forkhead box P3 (FoxP3)+ T cells (Tregs) required 
to suppress self-reactive T-cells in the periphery [32–34] (Fig. 1). 

The onset of thymic involution and its kinetics are shown to be 
species-specific [35,36]. Namely, differently from experimental animals 
in whom thymic involution starts peripubertally, in humans it begins as 
early as one year after birth [36,37], with a progressive decrease in the 
thymic output of naïve T cells after the young adult stage [38,39]. 
Consequently, above the age of 85 the thymus contributes < 1% of total 
T-cell generation, so these subjects rely on peripheral cell proliferation 
to repopulate T-cell compartment [40]. In experimental animals, genetic 
factors are also shown to play a significant role in determining the initial 
thymic size and the rate of its involution [41–45]. This has been asso-
ciated with strain specificities in development of immune-mediated 
diseases in old age [41,44]. However, environmental factors, such as 
malnutrition, stress and exposure to endocrine disruptors in the critical 
early postnatal life may also influence the initial thymic size and pace of 
its involution [46–48]. Consistently, we showed that circulating levels of 
sex steroids in the critical early postnatal developmental “window” in-
fluence the kinetics of rat thymic involution, and contribute to sexual 
dimorphism in thymic size and function in old age [49–52]. Besides, we 
found that gonadectomy during peripubertal development leads to the 
reprogramming of kinetics of thymic involution [52–55]. Although the 
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underlying molecular mechanisms have not yet been fully elucidated, an 
accumulating body of evidence suggests that these long-lasting effects of 
gonadal steroids on the size of rat thymus and thymopoiesis could be 
partly ascribed to their effects on reprogramming of thymic “(nor) 
adrenergic” regulatory cell networks [49–52,56–58]. 

Male sex has been associated with a faster thymic involution and a 
more prominent accumulation of adipose tissue in thymi [41,59–62] 
(Fig. 1). Our recent study in DA rats revealed that this could be linked 
with the greater age-related increase in thymic expression of peroxisome 
proliferator-activated receptor (PPAR)γ [59], which is suggested to be 
the master factor driving age-related thymic epithelial to adipose 
transdifferentiation [63]. Additionally, in old rats, the thymic expres-
sion of signal transducer and activator of transcription (STAT) 3, which 

regulates adipocyte differentiation by controlling the expression of 
PPARγ and possibly adipocyte-differentiation-related genes [64–66], 
was greater in male rats than in female ones [59]. 

To add to complexity of thymic involution are data indicating that, in 
both humans and experimental animals, development of chronic in-
flammatory autoimmune diseases, including MS/EAE, leads to thymic 
atrophy [45,67–71]. Our research in DA rats immunized for EAE [45] 
linked this phenomenon to the disease-induced rise in the circulating 
levels of interleukin (IL)− 6 and tumor necrosis factor (TNF)-α, the cy-
tokines causally linked with thymic atrophy [72–74]. Differently from 
some previous speculations [70], this research suggested that thymic 
involution associated with chronic inflammation does not lead per se to 
overt autoimmune disease, but perpetuates the autoimmune diseases 

Fig. 1. Schematic representation of influence of aging and sex on laboratory animals thymic involution and central tolerance. (A) Schematic representation of key 
age-related sex-specific thymic changes mirrored in epithelial-mesenchymal transition (characterized by the loss of epithelial cells followed by increased accumu-
lation of fibrous and adipose tissue reflecting increase in the thymic expression of PPARγ and IL-6) followed by decrease in thymocyte yield. (B) Schematic rep-
resentation of loss of the efficacy of (left) the negative selection and (right) the generation of CD4+FoxP3+ regulatory T cells (Tregs), including putative underlying 
mechanisms (the contraction of mTEC and probably mDC subcompartments, decline in the expression of MHC II and Aire and possibly other transcription factors 
regulating expression of TRAs in TECs, and intrinsic changes in thymocytes, including those in the expression of Thy-1 and Nur77, the regulators of the selection 
thresholds, and Treg re-entrance from the periphery), and sex differences in the efficacy of the negative selection and the Treg generation in old animals. 
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leading to their exacerbation. 
Considering the main focus of the review, in the next subsections the 

putative influence of aging and sex on thymic negative selection and 
Treg generation is addressed. 

2.2. Influence of aging on negative selection 

Given that the activation of self-specific pathogenic T cells is essen-
tial in the initiation and maintenance of autoimmune diseases [24,25], it 
is clear that a diverse self-peptide responsive naïve T-cell repertoire is 
necessary for their development [24,25]. Although self-peptide 
responsive CD8+ T cells are important for development of MS [75] 
and contribute to development of EAE at least in some models [13,76, 
77], self-peptide responsive CD4+ T cells are central to the development 
of MS and EAE [24,25,78]. To corroborate their importance, in pe-
ripheral blood from MS patients were found clonally expanded CNS 
antigen-reactive T cells exhibiting augmented proliferation and release 
of proinflammatory cytokines - interferon (IFN)-γ, IL-17 and 
granulocyte-macrophage colony-stimulating factor (GM-CSF) in 
response to CNS antigens relative to those from healthy controls [79]. 
Consistently, T cells from MS patients have more shared clonal T-cell 
receptor (TCR) β chain sequences between CNS, cerebrospinal fluid and 
peripheral T-cell pools than those from healthy controls [80]. Addi-
tionally, longitudinal TCR sequencing has shown that clonally expanded 
T cells could be detected in cerebrospinal fluid and blood samples of a 
single patient with MS over an 18-year course [81]. This strongly sug-
gests that a thymic escape of CNS-reactive T cells followed by their 
homeostatic proliferation contributes to the maintenance of peripheral 
encephalitogenic T-cell pool [81]. CNS antigen-specific T cells are also 
circulating in mice [82]. The presence of clonally expanded self-reactive 
T cells in the periphery is related to defects in thymic negative selection 
[1]. An “immaculate” negative selection would require the expression of 
all relevant self-antigens in the thymus in sufficient quantity at the time 
of TCR selection [83]. To corroborate the contribution of an imperfect 
thymic negative selection to the presence of CNS antigen-specific T cells 
in the periphery are data indicating that: i) thymic cells involved in 
negative selection express CNS-specific antigens at various amounts 
[84–89] and ii) the proportion and functional avidity (a biological 
measure that describes how well a T cell responds in vitro to a given 
concentration of a ligand) of CNS antigen-specific T cells vary depending 
on the extent of thymic expression of CNS-specific antigens [90]. The 
process of thymic negative selection provides removal (clonal deletion) 
of CD4+CD8- and CD4-CD8+ single positive thymocytes expressing a 
TCR with high affinity for self-peptides presented by major histocom-
patibility complex (MHC) molecules on medullary TECs (mTECs) and 
medullary dendritic cells (mDCs) [91]. To avoid autoimmunity, it is 
critical that mTECs express a great many tissue-restricted antigens 
(TRAs), i.e. to have promiscuous gene expression [92,93]. Their 
expression in the mTECs is controlled by transcriptional regulators, such 
as autoimmune regulator (Aire) [94,95] (Fig. 1). Of note, research in a 
mouse model indicated that Aire-dependent expression of tissue-specific 
genes is most likely unique to each individual mouse, and possibly 
linked with individual variations in susceptibility to autoimmune dis-
eases [96]. Certain TRAs are transferred from mTECs to mDCs, so they 
also contribute to elimination of T cells recognizing self-peptide-MHC 
complexes [96] (Fig. 1). Androgens enforce thymic negative selection 
by upregulating Aire expression in mTECs [97]. On the contrary, es-
trogens moderate thymic negative selection by decreasing Aire expres-
sion [98]. In conjunction, the previous findings indicate sex bias in 
negative selection. In favor of this notion is higher thymic output 
(number of signal-joint T-cell receptor excision circles/T cell) in women 
than men [99]. Thus, it may be assumed that consistent with greater 
incidence of T-cell mediated autoimmune diseases, including MS, in 
women compared with men, and susceptibility to their development in 
female experimental animals compared with their male counterparts [7, 
18,19,100], thymic negative selection is more efficient in male than 

female sex. Additionally, our research showed that the putative sex bias 
in thymic negative selection could reflect not only direct but also indi-
rect effects of sex steroids through modulation of thymic and thymocyte 
noradrenaline levels [58]. Namely, noradrenaline, which exhibits 
higher levels in thymocytes and thymus from adult male rats, has been 
shown to decrease thymocyte surface expression of Thy-1 (CD90), a 
negative regulator of TCR-mediated signaling and the negative selection 
threshold [101], through β-adrenoceptor-mediated posttranscriptional 
destabilization of Thy-1 mRNA [102–104]. Consistently, changes in 
Thy-1 expression in male rats [105] may be inversely related to alter-
ations in thymic noradrenaline levels [106]. Thus, taking together all 
aforementioned facts, it may be speculated that sex steroids acting not 
only directly on thymic stromal cells involved in negative selection, but 
also indirectly by modulating β-adrenoceptor-mediated noradrenaline 
action on thymocytes, may modulate the efficacy of negative selection, 
and possibly contribute to sexual diergism in this process throughout the 
lifespan. 

Given that a certain degree of thymic output is maintained relatively 
long after beginning of thymic involution [40,59,105], the question of 
significance of age-related changes in thymic negative selection for 
susceptibility to autoimmune disease arises. To the best of our knowl-
edge, there are no dedicated studies on the contribution of thymic 
negative selection to either the emergence or continuance of autoim-
mune CNS inflammation. By using a forkhead box protein N1 (FOXN1), 
the transcriptional factor which is necessary and seemingly sufficient to 
induce differentiation of functional TECs [107], conditional knockout 
(FoxN1-cKO) mouse model to induce accelerated thymic involution 
while maintaining a young periphery, Coder et al., [108] showed that 
thymic involution is characterized by the loss of mTECs and decreased 
expression of Aire accompanied by augmented egress of self-reactive 
T-cell clones from thymus (Fig. 1). It is noteworthy that congenital 
AIRE loss-of-function mutations lead to severe dysimmune manifesta-
tions, viz. autoimmune polyendocrine syndrome type 1, but rarely to 
those affecting CNS [109,110]. Consequently, it has been assumed that 
AIRE does not drive expression of CNS-specific antigens [1]. Also of note 
is that with the aging thymic expression of FOXN1 and the size of mTEC 
compartment decrease in humans [111] and wild-type mice [112], 
respectively. Not less important, MHC II expression on mTEC decreases 
with aging [112] (Fig. 1). To understand the putative functional impli-
cations of this finding several facts should be taken in conjunction. 
Firstly, thymocytes with high TCR affinity for self-peptides presented by 
MHC have to receive strong signaling to be eliminated by mechanisms of 
negative selection [31]. Secondly, the signaling strength is not based 
solely on TCR affinity but also on the quantity of interactions between 
self-peptide/MHC complexes and the TCR [113]. Accordingly, if TCR 
affinity and number of self-reactive thymocytes are stable, the TCR 
signaling strength depends on the effective self-peptide/MHC II 
expression. Thus, with aging an impaired negative selection may be 
expected due to down regulation of MHC II expression on mTECs [31]. 
Additionally, we found that with aging, differently from female rats 
(exhibiting slower rate of thymic involution than males), in male rats 
Thy-1 expression on thymocytes undergoing selection processes de-
creases, so in old male rats they exhibit a significantly lower surface 
density than those from age-matched female rats [59,105] (Fig. 1). To 
additionally corroborate sex bias in negative selection in old rats is also 
greater expression of Nur77, an orphan steroid receptor playing 
non-redundant role in setting the signaling threshold for thymocyte 
negative selection [114,115], in males compared with age-matched fe-
males [59] (Fig. 1). Thus, sex-specific age-related changes in suscepti-
bility to EAE, and possibly MS, could not be associated with so far 
described changes in thymic negative selection. However, it should be 
pointed out that bone marrow-derived cells rather than TECs are 
involved in negative selection of T cells specific for CNS antigen 
involved in the induction of EAE [116]. Thus, to fully estimate signifi-
cance of putative changes in thymic selection for age-related alterations 
in susceptibility to EAE, further research on age-related changes in 
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functional properties and overall functional capacity of bone 
marrow-derived cells, particularly mDCs is necessary. 

2.3. Aging influences the generation of Tregs in thymus 

Thymus is responsible for the establishment of T-cell immune 
tolerance, not only through thymocyte negative selection, but also 
through generation of FoxP3+ Tregs [117]. In both human and rodent 
thymus, apart from CD4+FoxP3+ Tregs, CD8+FoxP3+ Tregs are 
generated [118–120]. Tregs generated in thymus are termed 
thymus-derived Tregs (tTregs) or natural Tregs (nTregs). It is currently 
accepted that 80–95% of Tregs in the periphery are directly generated in 
the thymus [121]. The imbalance in the ratio of self-reactive conven-
tional T cells (Tcons) to Tregs is linked with the ineffective control of 
self-reactive cells, and it is suggested to be the fundamental mechanism 
underlying development of autoimmune diseases [122]. Thus, dimin-
ished CD4+FoxP3+ tTreg suppressive capacity is proposed to have a 
significant role in development of MS [122–125]. Consistently, targeted 
deletion of CD4+FoxP3+ Tregs causes spontaneous EAE in mice, 
whereas augmentation of their function can prevent the development or 
alleviate EAE [123]. On the other hand, although CD8+FoxP3+ Tregs 
are suggested to play a role in fine-tuning of severity and evolution of MS 
and EAE [126], their regulatory/suppressor capacity is lower than that 
of CD4+FoxP3+ Tregs [127]. Notably, much of what is now known 
about generation of CD8+FoxP3+ tTregs has been learned from studies 
investigating CD4+Foxp3+ tTregs, with limited information available 
on CD8+FoxP3+ tTregs. 

It is widely accepted that the processes of both negative selection of 
self-reactive T cells and positive selection of Tregs utilize the same set of 
self-peptide/MHC complexes on mTECs and mDCs, so fates of self- 
reactive CD4+ thymocyte clones depend on TCR signaling strength 
[128,129]. Specifically, the strong signaling induces apoptosis of highly 
self-reactive thymocytes (negative selection), while the intermediately 
high signaling leads to Treg generation [130]. The weak signaling re-
sults in the survival of thymocytes that differentiate into Tcons [130]. 
Notably, clones reactive with TRAs are the main sources of Treg gen-
eration [131]. The prevailing paradigm of thymic Treg development 
involves a two-step process [132,133]. The first step is driven by strong 
TCR stimulation leading to the upregulation of α subunit (CD25) of IL-2 
receptor, and thereby the generation of CD25+FoxP3- Treg progenitors. 
The second step involves cytokine-dependent conversion of Treg pro-
genitors into mature Tregs via upregulation of gene encoding the 
expression of FoxP3, a master regulator of Treg development and 
function [132–134]. CD25+FoxP3+ T cells emigrate from the thymus to 
mediate tolerance [132,133]. More recent studies have implicated ex-
istence of an alternative CD25-FoxP3lo Treg progenitor [135]. Their 
differentiation is suggested to result in development of a subset capable 
of reacting with both self-antigens and nonself-antigens [136]. It has 
been suggested that the genetic variability that affects the relative bal-
ance of these two developmental pathways may alter the Treg reper-
toire, and consequently susceptibility to distinct autoimmune diseases 
[137]. In this context, it is important to point out that Tregs derived from 
CD25+FoxP3+ precursors, but not those derived from CD25-FoxP3lo 

precursors are suggested to be involved in EAE prevention [137]. The 
influence of sex on thymic generation of Tregs has not been a matter of 
extensive research. Considering that the gene encoding FoxP3 is X 
chromosome-linked [138], a sex bias in thymic Treg generation may be 
expected. In favor of this notion are data that estrogens at physiological 
levels may upregulate FoxP3 expression [139]. Additionally, female sex 
steroids in thymocytes and non-thymic cells upregulate the expression of 
the key cytokines driving development of FoxP3+ Tregs, viz. IL-2 and 
IL-15, respectively [140,141]. However, testosterone is also shown to 
influence the expression of FOXP3 gene [142,143]. We have recently in 
DA rats detected the higher frequency of CD25+FoxP3+ cells among 
CD4+CD8- single positive thymocytes from female young adult rats 
compared with age- and strain-matched males [120]. However, the total 

thymocyte yield and consequently the absolute CD4+CD8- single posi-
tive thymocyte number were greater in young male DA rats [59]. On the 
other hand, we failed to find any significant sex difference in the fre-
quency of CD25+FoxP3+ cells among CD4-CD8+ single positive thy-
mocytes in young adult DA rats [120]. Given that the absolute number of 
CD4-CD8+ single positive thymocytes was greater in males, a more 
efficient generation of CD8+CD25+FoxP3+ cells in male DA rats 
compared with their female counterparts may be assumed. 

Data on influence of aging on the thymic capacity to generate Tregs 
are rather limited and inconsistent. Findings obtained by utilizing both 
postnatal TEC-defective (resulting from FoxN1 conditional knockout) 
and naturally aged mouse models indicated that impaired thymic 
negative selection may be compensated for by relative enhancement of 
Treg generation to maintain central T-cell tolerance [144]. Additional 
weight to this notion give findings indicating (i) an increased ratio of 
percentage of Tregs to percentage of Tcons and (ii) unreduced absolute 
Treg numbers despite a dramatically decreased in the total thymocyte 
yield [144,145]. This could be ascribed to thymic atrophy-induced 
decrease in the strength of TCR-mediated signaling due to changes in 
the expression of Thy-1 and Nur77, thymocyte intrinsic factors modu-
lating the strength of TCR-mediated signaling [59,103], and alterations 
in the medullary compartment, including its overall size and the surface 
density of self-reactive peptide/MHC complexes on mTECs [107,111] 
(Fig. 1). Conversely, it has been reported that the efficiency of Treg 
development in mouse and human thymus declines with aging [146]. 
This decline is associated with a substantial rise in the frequency of 
recirculating Tregs (expressing an effector/memory phenotype) [147] 
(Fig. 1). Specifically, it has been suggested that activated Tregs coming 
back to the thymus from secondary lymphoid organs and peripheral 
tissues inhibit the differentiation of new Tregs, probably by competing 
for the IL-2 required for their development [147–149]. Consistently, our 
recent findings showed the age-related decline in the frequency of 
CD25+FoxP3+ cells among CD4+CD8- single positive thymocytes in 
rats of both sexes [53,120] (Fig. 1). Additionally, we found that 
gonadectomy-induced thymic rejuvenation is associated with a sub-
stantial rise in the frequency of CD25+FoxP3+ cells among CD4+CD8- 
single positive thymocytes in rats [150,151]. On the other hand, we 
have recently revealed that the frequency of CD25+FoxP3+ cells among 
CD8+CD4- single positive thymocytes increases with aging in male and 
female rats, so it is comparable between old female and male rats [53, 
120]. This is highly suggestive that development of 
CD4+CD25+FoxP3+ Tregs and CD8+CD25+FoxP3+ Tregs is regulated 
by different mechanisms. The previous finding may also be important in 
the light of data indicating that FoxP3+ Tregs might play not only their 
classical role in regulating effector cells, but also in regulating other 
regulatory populations to limit immunopathology [149]. It should be 
also pointed out that the majority of Tregs emigrating from the aged 
thymus are likely to be AIRE-independent, as AIRE gene expression 
decreases with age [108,152]. This seems to be particularly relevant for 
MS/EAE pathogenesis in advanced age as AIRE does not drive expres-
sion of CNS-specific antigens [1]. 

Generally, data on influence of sex on age-related changes in Treg 
generation are extremely limited. We found that in rats sex bias in the 
frequency of CD25+FoxP3+ cells among CD4+CD8- single positive 
thymocytes disappears with aging, so in old rats their frequency is 
comparable between females and males [120]. This could be linked with 
sex-specific alterations in thymocyte expression of Thy-1 and Nur77 
(factors regulating the strength of TCR-dependent signaling) [59,101, 
114,115], and alterations in the expression of IL-6, the cytokine 
increasing Treg generation in thymic tissue [153]. 

In conclusion, at present, it is not possible to relate age- and sex- 
specific differences in the overall thymic Treg generation with sex- 
based specificities in the incidence and susceptibility to MS and EAE, 
respectively. To elucidate their significance, further analysis of influence 
of age and sex on the CNS tissue antigen-specific Tregs and their balance 
with the self-reactive effector T cells (Teffs) is necessary. This seems 
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particularly justifiable in light of data indicating that protein processing 
and presentation by mTECs differ between mice of different ages, 
thereby generating a distinct TCR repertoire of Tregs in an age- 
dependent manner [154]. 

3. Influence of aging on peripheral “afferent” T-cell 
compartment 

3.1. Influence of aging on Tregs 

Although research on influence of aging on thymic generation of 
CD4+FoxP3+ Tregs does not support enhanced thymic output [145], 
these cells are shown to accumulate in peripheral blood and lymphoid 
tissues of humans and mice [146,155–160] leading to increase in the 
Treg/Teff cell ratio in advanced age [161] (Fig. 2). We have recently 
shown the accrual of both CD4+CD25+FoxP3+ and 
CD8+CD25+FoxP3+ Tregs in old DA rat lymphoid tissue, as well [120, 
162]. An increase in the number of Tregs in the elderly may cause 
excessive suppression of immune responses [160]. To reconcile the 
discrepancy between changes in thymic Treg generation with aging and 
the size of Treg pool in advanced age, enhanced conversion of Tcons into 
Tregs in the periphery by antigenic and transforming growth factor 
(TGF)-β stimulation has been supposed [146,160,163]. However, 
several pieces of data argue against enhanced conversion of Tcons into 
Tregs termed peripheral Tregs (pTregs) or “induced” Tregs (iTregs) 
[146,149] (Fig. 2). Alternatively, it has been proposed that the accrual 
of Tregs is ascribed to either augmented proliferation or survival of 
tTregs [164,165]. However, diminished proliferation of Tregs from aged 
mice compared with those cells from their young counterparts speaks 
against the first possibility [163,164]. On the other hand, in vitro and in 
vivo Tregs from old experimental animals survive longer than those cells 
from young ones [164–166] (Fig. 2). This has been associated with a 
progressive decrease in their expression of the key proapoptotic mole-
cule Bim [164,166] (Fig. 2). In proinflammatory microenvironment, as 
it is expected to be in old individuals due to the phenomenon of 
“inflammaging” [167], comparatively quiescent Tregs in the lymphoid 
tissues (termed central Tregs), relatively rapidly proliferate and acquire 
an effector phenotype [167,168] (Fig. 2). It has been suggested that this 
age-related increase in the size of effector Treg subset acts as a coun-
terbalance to augmented production of inflammatory IL-6 [165]. In 
contrast to central Tregs, effector Treg survival does not depend on 
signals delivered by IL-2, whose serum levels decline with age [165], but 
rather on DCs and costimulatory molecule ICOS [169]. To support this 
notion, the proportion of CD25- Tregs increases with aging [165]. 
Consistently, it has been suggested that, differently from Tregs in young 
mice, Tregs in old mice are less reliant on IL-2, and may rely more on 
other cytokines [165]. Specifically, their survival is more dependent on 
IL-6 and IL-15 [165,166,170] (Fig. 2). It remains to be determined 
whether decreased IL-2 levels also affect thymic generation of Tregs, 
favoring the emergence of IL-6/IL-15-dependent tTregs with aging. Of 
note, we found the rise in both the cytokines with rat thymic atrophy 
[59]. It is noteworthy that IL-6 also positively regulates the 
CD8+Foxp3+ Treg development playing a role in their accrual with 
aging [171]. 

The increased numbers of Tregs with aging imply that they have a 
role in age-driven immune suppression in mice and humans [160]. 
However, to fully appreciate influence of aging on their suppressive 
capacity [172], putative age-related changes in their functionality 
should also be considered. Although there are data indicating that Treg 
functional capacity remains stable or decreases with aging [173–175], 
emerging findings suggest increase in their function at both the popu-
lation and individual cell level in humans and mice [160,176]. This may 
be related to findings indicating that Tregs from old mice produce more 
IL-10 and induce a greater down-regulation of costimulatory molecules 
on DCs than those from young adult mice [176] (Fig. 2). Our recent 
study showed the same phenomenon in female DA rats [177]. 

Notably, age-related increase in functional capacity of CD4+FoxP3+
Tregs in rat secondary lymphoid organs could be partly related to the 
decrease in their noradrenaline levels [178] (Fig. 2). Namely, our recent 
study showed that pharmacological blockade of α1-adrenoceptors 
upregulates FoxP3 expression in rat lymph node T cells [179]. There are 
also findings indicating that noradrenaline reduces the frequency of 
FoxP3+ T cells and FoxP3 mRNA expression through β2-adreno-
ceptor-mediated mechanisms in mouse lymph nodes, in a concentration 
and time-dependent manner [180]. This further corroborates notion 
that not only Treg intrinsic changes, but also those in their microenvi-
ronment may contribute to age-related reshaping of their functional 
capacity (Fig. 2). To fully appreciate significance of age-related 
remodeling of peripheral Treg subset for age-related changes in sus-
ceptibility to development of MS/EAE, it should be added that their 
accumulation in the periphery (outside the blood-brain barrier) results 
in a blockade of other immune cell trafficking and, particularly impor-
tant, crossing the blood-brain barrier [181,182]. In keeping with these 
findings our study showed that age-related increase in the frequency of 
CD4+FoxP3+ cells in spleen could be linked with the decrease in DA rat 
susceptibility to EAE due to diminished emigration and consequently 
increased accumulation of activated CNS protein-specific CD4+ Tcons in 
this organ [162]. 

To illuminate mechanisms standing behind sex-related age-depen-
dent differences in susceptibility to development of MS/EAE, are data 
indicating that with aging the number of CD4+ Tregs increases to the 
greater extent in blood and/or lymph nodes from men and male mice 
contributing to sex bias in the elderly and old mice, respectively 
[183–187]. Additionally, we have recently shown the greater rise in the 
frequency of CD4+FoxP3+ and CD8+FoxP3+ Tregs in lymph nodes 
from old male DA rats compared with age-matched female rats, so in old 
animals their frequency was higher in lymph nodes from males [120] 
(Fig. 2). This could be associated with the greater expression of IL-15 in 
lymph nodes from old male rats [120]. Additionally, this could be 
ascribed to age-related decrease in circulating levels of estrogens as they 
are shown to promote CD4+FoxP3+ cell expansion after activation 
[188–191]. Our findings indicate that not only changes in estrogen 
circulating levels, but also those in progesterone levels in the 
post-reproductive life span may contribute to a more prominent accu-
mulation of Tregs in blood and lymphoid tissues from males compared 
with females [192]. Furthermore, it has been suggested that with aging 
CD4+CD25+ Treg functional capacity increases more prominently in 
men and male mice than in women and female mice, respectively 
[185–187] (Fig. 2). Using in vitro proliferation suppression assay we 
showed a greater suppressive potency of CD4+FoxP3+ Tregs from aged 
male rats compared with their female counterparts [22]. Given that 
FoxP3 expression determines functional capacity of Tregs [193], this 
sexual diergism may be partly ascribed to the fact that, despite evidence 
that FOXP3 is encoded on the X-chromosome [138], its expression is 
severalfold greater in males than in females [191]. The greater func-
tionality of CD4+FoxP3+ T cells in old males compared with 
age-matched female rats could be linked with age-related changes in 
circulating levels of gonadal steroids, as both estrogens and androgen 
are shown to influence FoxP3 expression [138,139]. Notably, the 
greater IL-15 expression in lymphoid tissues from males [120] could 
contribute to this bias [194]. A putative contributing factor could also be 
a more pro-atherogenic metabolome in males compared with females, as 
it influences Tregs to display a more suppressive phenotype [195]. A 
lower suppressive capacity of CD4+FoxP3+ Tregs in old females 
compared with age-matched males could reflect estrogens-dependent 
age-related decrease in their expression of programmed cell death pro-
tein 1 (PD-1), an immune-checkpoint receptor that negatively regulates 
immune response [196]. 

Finally, considering data indicating that antigen-specific suppression 
by Tregs might be necessary to efficiently control development of 
autoimmune diseases, including MS/EAE [197–199], to complete the 
picture of influence of age and sex on susceptibility to these diseases, 
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Fig. 2. Schematic representation of influence of aging and sex on number and/or subset composition, and functional properties of CD4+ T conventional cell (Tcon) 
and CD4+ regulatory T cell (Treg) pools in secondary lymphoid organs of laboratory animals. (A) Schematic representation of (i) age-related changes in the 
functional properties of naïve and memory CD4+ conventional T cells (Tcons), mirrored in impaired (re)activation reflecting impaired formation of “immune 
synapses” and TCR- and CD28-mediated signaling, proliferation (partly due to reduced IL-2 production), increased sensitivity to proapoptotic stimuli and favored the 
differentiation of Th9 cells, and (ii) sex differences in their properties in old laboratory animals. (B) Schematic representation of (i) age-related changes in the 
number, composition (effector/central cell ratio), and suppressive capacity of thymic CD4+ regulatory T cells (tTregs) and underlying mechanisms (alterations in the 
expression of a proapoptotic protein Bim, FoxP3, a master regulator of Treg function, and in regulatory action of cytokines and noradrenaline, factors affecting 
effector/central Treg cell ratio and/or FoxP3 expression) and (ii) sex difference in these parameters in old laboratory animals. 
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data on impact of sex and aging on Treg repertoire are required. How-
ever, at present, such data are lacking, so further research to clarify this 
issue is necessary. 

3.2. Influence of aging on Tcons 

Thymic involution is associated with a substantial decline in gener-
ation of not only CD4+FoxP3+ tTregs, but also CD4+ Tcons, including 
self-reactive cells, without a proportional reduction in naïve T-cell pool 
in the periphery [200]. This has been ascribed to a compensatory in-
crease in naïve CD4+ T-cell turnover, and their prolonged lifespan [201, 
202]. Another effect of age-related decline in the thymic output of naïve 
T cells is oligoclonal expansion of the memory T cells leading to the 
accumulation of highly differentiated memory cells, which often show 
dysregulated properties [200,201]. This leads to the shift in naïve to 
memory cell phenotype towards the latter [202,203]. Age-related 
changes in CD4+ T-cell compartment also encompass the decrease in 
diversity of TCR repertoire [204]. The TCR repertoire breadth in 
70–85-year-olds is only 10–25% of that in 20–35-year-olds [205]. 
However, there is no data on the effects of aging on self-reactive TCR 
repertoire. Notably, on average, 1.7-fold lower frequency of self-specific 
cells was found among T cells in adult men as compared with women 
[206]. This could be related to lower susceptibility of men to autoim-
mune diseases across distinct age groups. In keeping with this hypoth-
esis, we found a less pronounced increase in the number of activated 
CD4+ T cells post immunization for EAE in draining lymph nodes of 
both young and aged male rats compared with their age-matched female 
counterparts [22]. Additionally, prolonged post-thymic survival of naïve 
CD4+ T cells in the periphery in aging leads to accumulation of intrinsic 
defects, which reduce their ability to respond to antigenic stimulus with 
aging [200,207,208] (Fig. 2). The defects were identified in the earliest 
stages of activation induced by peptide/MHC complexes on antigen 
presenting cells (APCs) [200,206,208]. Aging leads to (i) a diminution of 
~2-fold in the proportion of CD4+ T-cell/APC conjugates forming the 
supramolecular activation clusters or “immune synapses”, and (ii) al-
terations in their composition and function [200,206,208], thereby 
providing a clue to account for decreased CD4+ T-lymphocyte response 
with aging [209–211] (Fig. 2). Complementary, the recruitment of 
crucial signaling molecules downstream of TCR, e.g., Lck and LAT in 
their phosphorylated forms is also impaired in CD4+ T cells adversely 
influencing the strength of Signal 1 generated by TCR [211,212] (Fig. 2). 
The strength of signal conveyed through CD28 molecule, Signal 2 
required for T-cell activation [211], is also impaired in these cells [213]. 
Consistently, given that the combination of Signal 1 and Signal 2 results 
in cytokine production (the third signal), notable secretion of IL-2 trig-
gering T-cell clonal expansion [214,215] also decreases with aging 
[213] (Fig. 2). Additionally, impaired response of naïve CD4+ T cells 
from aged mice could also be ascribed to a combination of changes in the 
secondary lymphoid organ environment that impair naïve T-cell entry 
and access to key survival factors due to age-related shift in the 
expression of homing chemokines and structural deterioration of the 
stromal network in T-cell zones [216]. Our findings indicate that 
decrease in the expression of homing chemokines with aging could at 
least partly reflect decrease in noradrenaline level in secondary 
lymphoid organs [178,217]. Additionally, our research in DA rat EAE 
model showed that this phenomenon could also negatively affect 
migration of APCs carrying (self)antigens from the site of immunization 
to draining lymph nodes and their positioning within them and conse-
quently impaired CD4+ T-cell activation and proliferation [217]. These 
effects of noradrenaline were particularly prominent in male rats [217]. 

Furthermore, naïve CD4+ T cells from old mice were found to be 
compromised in their ability to meet metabolic demands after activation 
as indicated by either lower lactate production or poor autophagy 
response when compared with young mice [218]. Moreover, there are 
data indicating that the frequency of cells undergoing apoptotic death 
among naïve CD4+ T cells from aged mice after activation with anti-CD3 

and anti-CD28 antibodies was higher when compared with those cells 
from young mice [218]. (Fig. 2). Consistently, we have recently found 
the greater frequency of apoptotic cells among naïve CD4+ T cells from 
lymph nodes of old DA rats compared with sex-matched young rats 
[120]. This age-related increase was more prominent in male rats [120] 
(Fig. 2). In the same vein results from functional gene annotation 
analysis showed that naïve T cells exhibit unique transcriptomic alter-
ations; specifically, genes upregulated with aging in naïve T cells are 
enriched for apoptotic signaling function [219]. Furthermore, differ-
ently from young adults, in whom naïve CD4+ T cells have enormous 
plasticity to differentiate into different lineages, CD4+ T cells from old 
individuals exhibit a partial loss of this unbiased multipotency [220, 
221]. It has been recently shown that naïve CD4+ T cells from the 
elderly develop a propensity to differentiate into T helper (Th)9 cells 
[222] (Fig. 2). This could be important in the context of data indicating 
that EAE symptoms are exacerbated in mice with genetic deletion of IL-9 
receptor (IL9Rα− /− mice) due to an alteration of Treg/Th17 balance 
[223]. This could be linked with reports indicating an immunoregula-
tory role of IL-9 by favoring suppressive activity of FoxP3+ Tregs 
[224–227]. Consistently, we found age-related decline in the frequency 
of Th17 cells secreting GM-CSF, the key cytokine in pathogenesis of EAE 
not only in mice [228,229], but also in rats [14,230], in draining lymph 
nodes from old rats [13]. Importantly, the more profound defects in 
CD4+ T-cell function are observed when aged naïve CD4+ T cells that 
transition to memory cells re-encounter antigen [231,232]. The memory 
cells generated from aged naïve CD4+ T cells also expand little after 
restimulation and secrete a restricted pattern of cytokines [233] (Fig. 2). 
Consistently, our research in DA rat EAE model showed impaired ability 
of naïve CD4+ T cells from old rats to upregulate CD134, an activation 
marker, not only upon stimulation in vitro, but also after restimulation in 
vivo [234]. This was linked with weaker autoimmune damage in spinal 
cord after immunization for EAE. In mouse models, in vitro studies 
showed that memory cells from aged animals secrete little IL-2, very low 
amounts of IL-4, IL-5, IL-13, but normal or higher levels of IFN-γ, TNF-α 
and IL-10 [233]. Of note, it is suggested that it is not just how long a cell 
has been in the periphery, but rather the age of the cell at initial priming 
that determines the quality of the resulting memory cells [233]. 
Consistently, it has been hypothesized that with aging naïve T cells 
develop intrinsic defects that impact selective aspects of their initial 
response and cause the memory cells to respond poorly [233]. 

Another characteristic of T-cell compartment in aging is the accu-
mulation of CD28- cells (synonymous for “CD28null”) [235,236]. In 
humans at birth virtually all T cells express CD28 [235,236]. However, 
by the age of 80 and above about 10–15% of CD4+ and 50–60% of 
CD8+ T cells lack CD28 expression [235,236]. The increase of circu-
lating CD4+CD28- T cells with aging is observed in humans and rats, but 
not in mice [120,236]. We have recently shown that their frequency is 
higher among CD4+ T cells from lymph nodes of old male rats when 
compared with age-matched female ones [120]. 

T cells that lose expression of CD28 display several striking features, 
including reduced TCR diversity [237] and defects in antigen-induced 
proliferation [237], large cytoplasmic store of granzymes and perforin 
characteristic of CD8+ T cells and natural killer (NK) cells [237,238], 
and the expression of NK cell markers, e.g. NKG2D [239]. These “extra” 
receptors (NK cell markers) lower their threshold for the activation by 
specific and non-specific stimuli [240]. Additionally, CD4+CD28- T cells 
have a memory effector phenotype, and hence do not require a 
co-stimulatory input to be re-activated [238]. Furthermore, CD4+CD28- 
T cells display increased levels of adhesion markers, so they may be 
expected to have access to diverse tissues, including the CNS [241,242]. 
More important, considering their ability to secrete, in addition to 
cytolytic mediators, large amounts of pro-inflammatory cytokines, such 
as IFN-γ and TNF-α, they can contribute to host tissue damage [243]. 

The loss of CD28 expression in T cells with aging has been attributed 
to the repeated antigenic stimulation and divisions, the phenomenon 
that is also observed in vitro [244–246]. Notably, repeated T-cell division 
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leads to telomere shortening down to a critical length below which cells 
are pushed into “replicative senescence” and ultimately apoptosis, so 
CD4+CD28- T cells are often classified as senescent cells [247]. How-
ever, the loss of CD28 could also be ascribed, apart from repeated TCR 
activation, to enhanced action of proinflammatory cytokines (TNF-α and 
IL-6) [248]. Accordingly, CD4+CD28- T cells are shown to accumulate 
with development of chronic inflammatory autoimmune diseases, 
including MS and EAE [45,241,242,249,250]. Our data showed that 
CD4+CD28- T cell accumulation in EAE rats could also be ascribed to 
thymic atrophy evoked by the increased blood levels of the proin-
flammatory cytokines [45]. The increase in CD4+CD28- cell frequency 
in peripheral blood is shown to correlate with the severity of EAE and 
MS [45,251], thereby suggesting their role in perpetuation of the dis-
ease. They have also been suggested to contribute to the development of 
MS and some other autoimmune diseases [70,247,252–254]. However, 
the putative role of CD4+CD28- cells in initiation of autoimmune dis-
eases is still a matter of discussion. Data from mouse models of rheu-
matoid arthritis showed that CD28- T cells react not only to self-antigens 
known to trigger the disease, but also to more ubiquitous self-antigens 
contributing to the breach of tolerance and promotion of more-severe 
and systemic disease [244,255,256]. 

In conclusion, the survey of relevant literature suggests that age- 
related defects in CD4+ T cells contribute not only to increase in the 
incidence and severity of infectious diseases and impaired responsive-
ness to vaccines, but also to lower incidence of autoimmune diseases, 
including MS and EAE [257]. Furthermore, although CD4+CD28- T 
cells, which accumulate with aging, may be expected to be easily acti-
vated in a microenvironment created by “inflammageing”, it seems that 
they may have rather contributing than initiating role in immunopa-
thogenesis of autoimmune diseases. 

4. Influence of aging on mechanisms controlling the 
development of autoimmune diseases in the CNS 

For a long time the mechanisms of central and peripheral tolerance 
were thought to be the only regulatory mechanisms known in autoim-
munity. However, an accumulating body of evidence indicates that the 
target tissue itself may have the capacity to control progression of 
autoimmunity to overt autoimmune disease, and thereby its own des-
tiny. This has resulted to the concept suggesting de-centralization and 
broader understanding of immune tolerance, from central, to peripheral, 
to local regulation by the target tissue [258]. It seems to be particularly 
justifiable to analyze target tissue modulatory capacity in the context of 
pathogenesis of autoimmune diseases that undergo cycles of remission, 
such as MS [259]. Namely, if one accepts aforementioned concept, it 
seems plausible that the disease progression could be regulated even 
when tissue damage and inflammation are present [258]. Thus, in this 
section is discussed putative influence of aging on the potential of the 
CNS cells to control susceptibility to autoimmune pathology. 

Although the CNS target cells express chemokines, pro-inflammatory 
cytokines and positive and negative costimulatory molecules that may 
influence T-cell recruitment, survival and cytotoxicity within the target 
tissue, several lines of evidence suggest that T cells can enter the brain 
and not cause pathology [260]. The data indicating that these cells 
exhibit phenotypic and functional properties of Tregs can reconcile this 
apparent discrepancy [261–263]. Tregs, which are present in 
non-lymphoid tissues in the absence of overt disease have been termed 
tissue-resident or tissue Tregs [264]. Generally, research on tissue Tregs 
is still in explorative phase and their role becomes a research hot spot. 
Specifically, in the CNS, CD4+CD25+FoxP3+ Tregs are shown to be 
involved not only in immunoregulation and resolution of inflammation 
[265], but also in promotion of oligodendrocyte differentiation and 
remyelination through the secretory protein cellular communication 
network factor (CCN) 3, thereby contributing not only to the tissue 
homeostasis, but also to tissue regeneration and remodeling [261,262]. 
To add an extra weight to the latter, they are shown to exhibit 

therapeutic potency in EAE [261]. In the same vein are our data showing 
that strain differences in clinical course of EAE in old rats correlate with 
the frequency of Tregs in spinal cords [13,230]. Moreover, they pointed 
out to importance of Treg subset composition, viz. 
CD4+FoxP3+/CD8+FoxP3+ T-cell ratio for the efficacy of autoimmune 
inflammation control [13,230]. Thus, in spinal cord of old Albino Ox-
ford rats developing disease of prolonged duration upon immunization 
for EAE CD4+FoxP3+/CD8+FoxP3+ Treg ratio was shifted towards 
CD8+FoxP3+ cells with lower suppressive capacity [13,127] when 
compared with age-matched DA rats exhibiting acute disease [13]. To 
possibly relativize the significance of aforementioned data is the fact 
that we determined the frequency of all, but not only CNS tissue Tregs. 
Without any intention to minimize the previous relativization, it is 
noteworthy that substantial CD4+FoxpP3+ T-cell population (CNS 
Tregs) was identified in the normal rat cerebrum, constituting more than 
15% of the brain CD4+ T cells [263]. 

Generally, tissue Tregs exhibit a limited TCR repertoire that probably 
recognizes the self-antigens characteristic of the tissues, and phenotype 
quite different from Tregs in lymphoid tissue [266]. Similar to other 
tissue Tregs, brain Tregs originate from Helios+KLRG1+ tTregs, possess 
a unique TCR repertoire and express high levels of inhibitory molecules, 
such as cytotoxic T-lymphocyte-associated protein 4 (CTLA4), PD-1 and 
amphiregulin (Areg) [267,268]. As a matter of fact, they are shown to 
express many Treg signature genes at higher levels than Tregs in the 
periphery [263]. Additionally, as other tissue Tregs, CNS Tregs require 
for the proliferation TCR signaling, IL-2 and IL-33 [262,268]. Differ-
ently, specifically for the CNS, they also require the neurotransmitter 
serotonin for the proliferation [269]. Consistently, brain Tregs express 
serotonin receptor 7 (Htr7), which raises intracellular levels of cyclic 
adenosine monophosphate (cAMP) [270], to promote their proliferation 
and potentiate functions [271] (Fig. 3). The molecular mechanisms 
whereby Tregs acquire brain-specific characteristics, including seroto-
nin receptor expression, have not been elucidated, yet. It also remains 
undetermined whether these Tregs are locally instructed within the 
brain to adopt tissue-specific properties or whether specific subsets of 
Tregs are selectively recruited to the brain [272,273]. 

Tregs play a role in immune homeostasis and prevent immunopa-
thology in the brain and spinal cord through interaction with not only 
infiltrating immune cells, but also the resident cells [274]. Consistent 
with their activated/memory phenotype they are shown to robustly 
suppress activation of microglia and astrocytes, the cells suggested to 
function as APCs [275,276], and their production of proinflammatory 
cytokines such as IL-6 and TNF-α, and thereby to inhibit neuro-
inflammation and to promote neural cell recovery [263,272,277] 
(Fig. 3). These effects of brain Tregs are mediated through 
Areg-dependent mechanisms [272,277] (Fig. 3). On the other hand, 
brain astrocytes were shown to sustain FoxP3 expression in Tregs 
through IL-2/STAT5 signaling, so contributing to the maintenance of 
Treg identity in the CNS [262] (Fig. 3). The brain Tregs are also able to 
induce apoptosis of activated microglia [278,279] (Fig. 3). In addition to 
their role in maintaining the CNS homeostasis by inhibiting the neuro-
inflammation, Tregs are suggested to be directly involved in the prolif-
eration of neural stem cells through Areg-mediated signaling, and 
thereby in the promotion of neuroregeneration [280] (Fig. 3). In keeping 
with aforementioned findings, it has been speculated that CNS Tregs 
could react with and fight against some stress-or-injury-induced neu-
roinflammatory responses, such as in ischemic stroke and Alzheimer’s 
disease [263]. However, considering the focus of this review it is more 
important that they most probably play a critical role in suppressing the 
autoimmune response against the brain tissue [263]. Their role seems to 
be particularly important if one considers the age-related accumulation 
of CD28- Tcons, which are shown to have activated/memory phenotype 
and do not require Signal 2 to be activated [263]. To additionally 
strengthen their importance in old individuals are data on age-related 
reshaping of brain cytokine network towards a more inflammatory 
phenotype [281]. Namely, with aging most likely some, but not all 
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mouse microglial cells build up lipid droplets becoming so called 
lipid-droplet-accumulating-microglia and take on a more “primed” or 
proinflammatory phenotype simultaneously losing neuroprotective 
properties [282,283] (Fig. 3). Notably, age-related “priming” of micro-
glia was shown to be brain region- and sex-specific [22,284–287]. In the 
rat it is shown to be strain-specific, as well [13]. Moreover, as some other 
research groups [288], we found that changes in microglial proin-
flammatory profile could be linked with the decline in CX3CR1 
expression [13] (Fig. 3). It is important as premorbid level of CX3CR1 
expression could influence microglial response to subsequent inflam-
matory stimuli and severity of inflammatory diseases [289,290]. Our 
finding in rat EAE models corroborates this notion [13]. 

To the best of our knowledge there are no dedicated studies on in-
fluence of age on CNS Treg number and function. However, there is a 
study indicating that FoxP3 expression in the rat brain increases with 
aging in a brain region-specific, but sex-independent manner [291] 
(Fig. 3). Although Treg regulation seems to be tissue-specific, it should 
be mentioned that their frequency is shown to rise in visceral adipose 
tissue with aging [292]. 

Considering role of serotonin for the regulation of Treg number and 
function [270,271] at least in very old animals their accumulation and 
increased functionality could be expected (Fig. 3). Namely, in the rat, 
regional brain serotonin levels which do not change from 2 to 30 months 
of age are increased at 36 months [293]. To an increase in Treg 

Fig. 3. Schematic representation of influence of aging on central nervous system (CNS) tissue immunoregulatory network: cell number and functional properties of 
CNS tissue CD4+ regulatory T cells (Tregs) and their interactions with other immune and/or non-immune cells. Schematic representation of putative age-related 
changes in the frequency of CNS CD4+ Tregs and some underlying mechanisms (increased serotonin concentration and decreased noradrenaline concentration), 
and possibly their functional capacity (reflecting alterations in the expression of FoxP3, a master regulator of Treg function) and their interactions with conventional 
CD4+ T cells (Tcons), including self-reactive ones, microglia, astrocytes and neurons. Please note that there is no data on influence of sex on age-related CNS 
immunoregulatory network. 
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functional capacity with aging could also contribute the age-related 
decrease in noradrenaline levels [178,179,293] (Fig. 3). Indeed, we 
have shown that β-adrenoceptor blockade reduces the incidence and 
severity of EAE [294–296]. 

Finally, it should be pointed out that self-reactive T cells under 
certain circumstances (e.g. spinal cord/central nervous tissue injury) 
could be beneficial to nervous tissue functional integrity by limiting 
spread of damage and promoting recovery, the phenomenon termed 
“protective autoimmunity” [297,298]. Thus, Treg accumulation with 
aging could be double-edged sword contributing to alterations in neu-
rohomeostasis in aged animals by preventing autoimmune damage, but 
possibly promoting neurodegenerative changes. Furthermore, it seems 
plausible that not only T cells influence the CNS homeostasis, but also, 
vice versa, that changes in the nervous tissue influence immune ho-
meostasis in the brain. Of note, data on the influence of sex on the CNS 
Treg number and function are also extremely limited. There are only 
data indicating that Treg tissue localization is sex-specific and 
estrogen-dependent [299]. 

In conclusion, although it is clear that CNS Tregs form an important 
security chain aimed to prevent development of overt CNS autoimmu-
nity and neuroinflammation, their contribution to sex-based age-related 
changes in susceptibility to autoimmune pathology in humans and 
experimental animals are still underinvestigated. This seems to be 
particularly important considering age-related changes in microglia. 
However, it should also be pointed that, at least in EAE models, some 
Treg-independent mechanisms, such as those NK cell-mediated, may 
curb autoimmune response [177,300]. This implies that it is difficult to 
suggest significance of age- and sex-dependent changes in any type of 
cells for development of CNS autoimmune pathology without consid-
ering influence of these variables on other cellular components of brain 
and spinal cord “landscape”. 

5. Conclusion 

In the conclusion, at the present it seems likely that aging has adverse 
effects on both arms of central tolerance (viz. on negative selection and 
Treg generation) and that kinetics of their development is sex-specific, 
but it is still unclear to what extent it specifically affects negative se-
lection of CNS tissue-specific Tcons, and whether its putative adverse 
influence on negative selection is balanced by generation of Tregs of 
appropriate specificity. However, it seems obvious that Treg compart-
ment in peripheral lymphoid tissue/blood expands with aging and that 
this effect is sex-specific, whereas further research on influence of age 
and sex on protective mechanisms in brain/spinal cord compartment is 
necessary to complete the picture of their influence on security chains 
limiting initiation and/or progression of self-tissue immune damage. 
Additionally, it may be speculated that T-cell response not only against 
foreign antigens, but also against self-antigens becomes less effective 
with aging, and that this effect of aging is also sex specific; more 
prominent in men and male animals. Furthermore, it should be pointed 
out that at least some of effects of aging (e.g., those on efficacy of thymic 
negative selection) seem to be genetically determined, so some degree of 
individual variation in susceptibility to MS/EAE in advanced age may be 
expected. Further research on mechanisms standing behind these vari-
ations is necessary to provide not only better insight into the effects of 
aging on immune system, but also to fully understand pathogenesis of 
autoimmune diseases, including MS/EAE. 
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β-adrenoceptor contributes to sexual dimorphism in primary CD4+ T-cell 
response in DA rat EAE model? Cell. Immunol. 336 (2019) 48–57, https://doi. 
org/10.1016/j.cellimm.2018.12.009. 
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