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Summary

The human life span could be influenced by the combined 
effect of environment, lifestyle, and genetic factors. Twin 
and family studies suggest that our genes control up to 25% 
of the lifespan. The aging immune system undergoes age-
associated changes at multiple levels, resulting in a gradual 
loss of its ability to protect the organism against infections, 
low vaccine responses, and an increased probability of 
developing autoimmune diseases and malignancies. The 
highly polymorphic HLA complex is one of the major gene 
candidates associated with aging due to its crucial role in 
developing adaptive immunity and protecting the organism. 
Most of the data available have so far demonstrated a positive 
association with healthy aging for HLA alleles/haplotypes as 
protective against malignancies, autoimmune diseases, and 
conferring better control and response to infections.
One of aging’s main manifestations is the chronic, low-grade 
inflammatory state observed in older people, caused by an 
imbalance between pro- and anti-inflammatory cytokines. In 
general, it is has been agreed that longevity is related to anti-
inflammatory genotype profiles. With advanced age, changes 
also occur in the B cell repertoire, which significantly affects 
the humoral immunity and leads to inadequate responses 
to infections and vaccines in the elderly. New genetic 
biomarkers associated with aging are being explored and 
discovered, contributing to a better understanding of the 
molecular processes underlying the immune dysfunction 
related to aging and developing strategies for rejuvenating 
the immune system based on immune-risk phenotypes.
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Introduction

The population worldwide is rapidly aging. A century 
ago, communicable diseases killed thousands of 
people, and often at very young ages. Today, many 
more people live longer due to the discovery and 
dissemination of today’s essential public health - hand 
washing, refrigeration, sterile working environment, 
etc. Simple things like clean water and sanitation 
helped humans dramatically change the conditions they 
live in, enabling people to experience a much longer 
life. Nowadays, living to the age of sixty is something 
that most of us could expect, and it is predicted that 
by 2050, the number of people aged 60 and above will 
be 2 billion in total (22% of the global population), 
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as compared to 900 million in 2017 (12.3%), 
which is almost double [1]. Living longer 
has both challenges and opportunities. From 
a public health perspective, older people are a 
critical risk factor for various age-associated 
diseases, including neurodegenerative diseases, 
malignancies, autoimmune and metabolic 
disorders. Studying the underlying cellular and 
molecular mechanisms that deteriorate with age 
and lead to increased fragility and morbidity in 
the elderly is critical for a better understanding 
of the healthy aging process.

Aging is a multifactorial process leading 
to the gradual deterioration of multiple organ 
systems. The aging immune system undergoes 
age-associated changes at multiple levels, 
resulting in a gradual loss of its ability to protect 
the organism against infections, inadequate 
vaccine responses, and an increased probability 
of autoimmune diseases and malignancies. All 
of these changes lead to higher morbidity and 
mortality rates in the elderly. The mechanisms 
underlying the age-related disorders are many 
and are not fully understood yet.

Many studies have investigated the role of the 
most polymorphic region known in the human 
genome – the HLA system (MHC), encoding 
molecules that play a major role in developing 
adaptive immunity. Most of the studies focus on 
classical HLA class I and class II genes, while the 
role of the so-called ‘non-classical’ HLA genes 
(MIC) is still unclear. HLA distribution has been 
analyzed in several populations worldwide, and 
the results are contradictory, suggesting that the 
HLA / life expectancy association is population-
specific. Some data indicate a possible 
association of HLA class II specificities with life 
expectancy, but clear evidence is still lacking [2]. 
Longevity is also associated with polymorphisms 
in cytokine genes that correlate with different 
cytokine expression levels and thus modulate the 
immune response. In particular, polymorphisms 
associated with increased anti-inflammatory 
cytokines are thought to be associated with 
successful aging. Conversely, a high incidence 
of proinflammatory polymorphisms/haplotypes 
increases the susceptibility to age-associated 
diseases.

Another aspect of the immune system needed 
for understanding the overall aging phenotype 
is the impact of age on the production and 

development of B cells, which play a central role in 
constructing and maintaining humoral immunity. 
The B-cell repertoire diversity is crucial to 
provide a sufficient number of antibodies needed 
for recognizing the broadest possible spectrum 
of exogenous antigens and because B cells are 
essential mediators of the immune response. 
Age-associated changes in the B-cell repertoire 
can generally be summarized in the following 
groups: clonal B-cell expression in the absence 
of exogenous antigen, resulting in disruption of 
B-cell diversity; reduced expression of genes 
critical for B cell production and differentiation; 
reduction in gene products vital for class 
switching and somatic hypermutation, affecting 
the efficacy of the humoral immune response; 
impaired mechanisms of positive and negative 
selection, resulting in the deterioration of the 
correct process of regulation and elimination of 
autoreactive and non-efficient antibodies.

Together with the microenvironmental 
and homeostatic changes that occur in aged 
individuals, all these changes cause the general 
aging profile. As a field of science, the aging of 
the immune system is attracting more and more 
interest in both the scientific and healthcare 
sectors. Although immunosenescence is a 
relatively young science, to date, much has been 
discovered and described. Moving from the 
study’s descriptive phase to finding causation 
links and applying them into therapies is crucial 
for avoiding diseases occurring with advancing 
age and maintaining optimal physiological and 
immunological functions for successful aging.

HLA polymorphism and association 
with aging
The major histocompatibility complex (MHC), 
located on the short arm of human chromosome 
six (6p21) [3], is composed of a large set of 
polymorphic genes whose products play a crucial 
role not only in tissue compatibility but also in 
the immune response, providing protection of 
the body against pathogens and tumorigenesis. 
The first MHC products were found on the 
surface of white blood cells (leukocytes), and 
therefore, human MHCs are called human 
leukocyte antigen (HLA). The MHC gene family 
is divided into three classes: MHC class I, MHC 
class II, and MHC class III. The MHC class I 
(HLA-A, -B, and -C) and class II (HLA-DR, 
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-DQ, and -DP) genes encode antigen-presenting 
molecules that bind short peptides and stimulate 
CD8 + and CD4 + T cells, respectively [4]. MHC 
class III encodes a diverse group of molecules 
that perform different immune functions in the 
body [4]. Antigen-presenting MHC molecules 
are known as classic MHC molecules.

In the last decades, several studies have 
examined the impact of HLA genes on life 
expectancy [5–16] due to the significant degree of 
polymorphism of these genes and their prominent 
role in modulating the immune response. Certain 
HLA specificities have a different distribution in 
elderly and young individuals. The data from 
different population studies on the association 
between longevity and HLA are generally 
difficult to interpret and are discordant due to the 
different genetic background of the populations 
inhabiting geographical areas with different 
environmental factors. On the other hand, major 
methodological problems like age, sample size 
limits, studding of particular HLA loci, different 
typing approaches, and/or different selection 
criteria further complicate the interpretation of 
the results. Aging is a multifactorial process, 
which could be influenced by genetics and 
environmental and lifestyle factors. For instance, 
Sardinian and Okinawa populations, well known 
for their longevity members and also referred 
to as ‘Blue Zones’ inhabitants, share a typical 
lifestyle and are isolated populations with 
specific gene pools. A study, investigating the 
HLA allele distribution among different regions 
in Italy found that Sardinians and the inhabitance 
of distant regions like northern and southern 
Italy carry out statistically different alleles and 
haplotypes [17].

One investigation on the association 
between HLA allele distribution and longevity 
in Sardinian centenarians has found that 
HLA-DRB1*15 alleles have non significantly 
increased frequency in centenarians ]16]. 
Interestingly, HLA-DRB1*15 is one of 
the major genetic factors associated with 
multiple sclerosis (MS), including one Italian 
multigenerational MS family study [18–21]. On 
the other hand, there are pieces of evidence for 
the protective effect and better response to HBV 
antigens in carriers of that allele [22–24]. In 
Okinawan centenarians,  increased frequencies 
of the following class II alleles were observed: 

DQB1*05:03, DQA1*01:01; *05, DRB1*01:01, 
*12:01 and *14:01 [8]. Furthermore, in 
another study, it was confirmed that siblings of 
Okinawan centenarians had an increased chance 
of reaching 90 years compared with the general 
population [25]. These data further emphasize the 
population specificity of HLA allele distribution 
and the significant familial component of human 
longevity. The contradictory data from the 
different MHC-longevity association studies 
might be due to the interaction of different 
factors like lifestyle, environmental factors, sex, 
genetic heterogeneity of the population, and 
different linkage in different cohorts.

HLA-haplotypes can explain some 
misinterpreted associations with specific HLA 
alleles due to linkage disequilibrium. For 
example, narcolepsy was firstly associated with 
HLA-DRB1*15, and later it was found that the 
actual culprit was the HLA-DQB1*06:02 allele 
in the haplotype [26]. Despite the significant 
importance of studying haplotype associations 
for more comprehensible results, relatively few 
studies have examined HLA haplotypes’ role 
on life expectancy [27–30]. The common for 
Caucasians haplotype 8.1 AH (A1-C7-B8-DR3) 
or parts of this haplotype are also associated 
with various autoimmune diseases in healthy 
subjects with immune system dysfunctions and 
T-cell mediated immunity in particular. Two 
studies on Irish and French populations found a 
significant increase of A1B8Cw7DR3 haplotype 
in nonagenarian men [27,31]. These findings 
suggest that there might be some gender-specific 
differences in lifespan that could be influenced 
by specific biological factors like X-linked genes 
and sex hormones, and/or different social and 
lifestyle factors. Therefore, the TI T2 shift in 
the immune response typical of the 8.1 AH seems 
beneficial to longevity in older men and might be 
considered a marker of successful aging.

On the other hand, this haplotype might 
be a risk factor for women, who are generally 
more susceptible to autoimmune diseases [32]. 
An HLA allele assumed to have a positive 
association with longevity in females is DR11, 
which is observed with higher allele frequency 
in older women in two Caucasian populations 
and Mexicans [5,6,9]. In one of these studies 
on the French population [9], another gender-
specific difference was observed for the DR7 
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HLA specificity Studied group
Age

Population Effect Signifi-
cance Ref

Old Control

DRB1*11 71 elders,
99 young

86.2
(mean)

35.2
(mean) Mexican Increase in 

old females S [5]

B40
964 elders,
2444 young

85 and 
over 20-35 Dutch 

Caucasoid

Decrease in 
old females; S

[6]
DRw11 
(DR5 split)

Increase in 
old females S

DR7

DR11

DR13

533 
centenarians,
229 
nonagenarian 
siblings,
2950 controls

101.2 
(mean)
94.7 
(mean)

20-60

French 

Increase in 
longevous 
men;

S

[9]
Higher in 
women from 
sibships;

S

Increased in 
centenarians S

DRB1*15
120 
centenarians,
86 controls

100 60 Sardinian Increased in 
centenarians NS [16]

DRB1*18 
77 
centenarians, 
299 controls 

100 - Sicilian
Increase 
in male 
centenarians

S [7]

B16
DR7

B15
DR4

171 elderly, 
405 controls 75-104 18-65 Greek

Increased in 
elderly;

Decrease in 
elderly

S

S

[11]

DRB1*01:01, *12:01, 
*14:01; 
DQB1*05:03; 
DQA1*01:01, *05

DRB1*04:03, *13:02

120 
centenarians, 
129 adults

102.3
(mean)

63.5
(mean)

Okinawan 
Japanese

Increased in 
centenarians

Decrease in 
centenarians 

S

S

[8]

A9 

A30; Cw3,w6,w7 

22 
centenarians, 
179 
nonagenarians
211  adults

93.0
(mean)

38
(mean)

Chinese

Increased in 
elderly

Decreased in 
elderly

S

S

[13]
B 
(21 
types

A*01:01:01; 
C*07:01:02; 
B*35:02:01,*15:17:01
DRB1*07:01:01D
QB1*04:02:0, *02:57

59 elderly, 367 
young 65-95 21-35 Bulgarian

Increased 
frequencies 
in elderly

S [15]

S significant, NS not significant

Table 1. Summary from different population studies on HLA and longevity
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allele, which is increased in longevous men. DR7 
was also observed with increased frequency in 
elderly Greeks [11]. Interestingly, although there 
is no evidence for DR7 –disease association 
for these Greeks, the antigen’s specificity is 
linked with susceptibility to viral infections 
[33–36] and autoimmune disease  [37–39] in 
several populations. On the other hand, the 
increased frequency of DR11 in elderly females 
corresponds to this allele’s protective effects in 
infectious diseases [36,40–42].

When summarizing data from different 
population studies, mainly HLA class II alleles 
occur at a higher frequency in elderly subjects. 
(Table 1)

That could be explained by HLA class II 
molecules’ role in antigen presentation and the 
induction of cytotoxic CD8+ T cell response. 
Besides, HLA-DR and – DQ are well-preserved 
and play a role in a variety of age-related 
diseases. In a recent study of long-lived Chinese 
individuals, four SNPs of the HLA-DQB1 locus 
were identified, associated with longevity and 
lipid homeostasis [43]. DRB1*18 alleles were 
found to be significantly more frequent in Sicilian 
centenarians [7]. The HLA allelic distribution 
was also analyzed in a collaborative study on four 
populations (Bulgarians, Romanians, Italians, 
and Kuwaiti). By applying NGS approaches, a 
statistically significant increase of several HLA 
class II alleles was detected in elderly Bulgarians: 
DRB1*07:01:01, *04:10:01; DQB1*04:02:01, 
*05:01:04, *02:57 and DQA1*03:03:01 [15].

Interestingly, in different populations, some 
of these alleles are described as predisposing 
for infection, autoimmune diseases, and allergy: 
DQB1*05:01 is associated with the active state 
of hepatitis B and autoimmune disease [44,45]. 
DQB1*04:02 in Japanese is associated with 
autoimmune polyendocrine syndrome type III 
[46], and DRB1*07:01 - with asparaginase 
hypersensitivity [47]. Another interesting 
observation in a very recent study in Japan [48] 
is that HLA-DRB1*04:10–HLA-DQB1*04:02 
haplotype is significantly increased in patients 
with Moyamoya disease and that patients caring 
DRB1*04:10 allele are more likely to develop 
autoimmune diseases. On the other hand, 
the increased frequency of HLA-DRB1*07 
in elderly Bulgarians corresponds with the 
previously reported positive association of these 

alleles with longevity in the Greek and French 
populations. All these data highlight the need 
to clarify the impact of the genetic background 
regarding HLA and life expectancy. Identifying 
population-specific alleles and haplotypes 
trough, which can identify individuals at high 
risk of developing age-associated diseases or 
disabilities, would lead to the development of 
strategies for rejuvenating the immune system 
based on immune-risk phenotypes.

However, despite the prevalence of HLA class 
II alleles, there are also several HLA class I alleles 
associated with longevity: in adult Italians (high 
frequency of A31, B7, and Cw7) [49], Greeks 
(increased frequency of B16 and reduced B15) 
[11], Chinese (high frequency of A9 and low of 
A30, Cw3, w6, w7) [13], elderly Dutch women 
(reduced B40 frequency) [6] and in elderly 
Bulgarians (increased frequency of A*01:01:01; 
C*07:01:02; B*35:02:01,*15:17:01).

Given the vital role of HLA in modulating the 
immune response, it is suggested that survival 
and longevity might be positively associated 
with selecting HLA alleles and haplotypes 
conferring disease resistance or susceptibility. 
Several studies from the last decades have 
investigated these possible associations, but a 
definite conclusion is still lacking. To further 
clarify the role of HLA in longevity, studies 
on larger sample groups with defined general 
selection criteria in different ethnic populations 
are of great importance. Therefore, HLA alleles/
haplotypes could be informative immunogenetic 
markers for developing strategies for maintaining 
optimal immunological functions in elderly 
individuals.

Polymorphisms in cytokine genes 
and their association with successful 
aging
Aging is characterized by an imbalance between 
pro-and anti-inflammatory cytokines, leading 
to chronic, low-grade inflammatory conditions 
in aged organisms, contributing to the onset of 
major age-related diseases such as cardiovascular 
diseases, neurodegeneration, osteoarthritis and 
osteoporosis, and diabetes. Human longevity 
correlates with optimal immunological 
functioning, and due to the essential role of 
cytokines in regulating the immune system, 
gene polymorphisms responsible for different 
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cytokine production patterns are also associated 
with longevity. Genotypes correlating with 
elevated levels of proinflammatory cytokines are 
generally negatively associated with longevity. 
Although some researchers have demonstrated 
an association between cytokine polymorphism 
with longevity [14,30,50–55], the data collected 
are very controversial, which warrants further 
research into this field. Several pro-and anti-
inflammatory cytokines have been investigated, 
but one of the main culprits associated with aging 
are IL-6, TNF-α, IFN-γ, IL-10, and TGF-β.

IL-6, also known as stem cell-stimulating 
factor, interferon β-2, or B cell differentiation 
factor, and “gerontologist’s cytokine,” is 
a multifunctional cytokine and significant 
factors involved in the acute phase response 
and inflammation [54,56,57]. In three Italian 
studies of the very old, increased level of IL-6 
production was associated with a greater risk 
of morbidity and mortality [58–60]. Three 
promoter polymorphisms, −174G>C, −572G>C, 
and − 597G>A, are associated with different 
plasma levels of IL-6 [61], of which the most 
commonly studied SNP is −174G>C. In several 
studies-  three of which performed on the Italian 
population and one in Brazilian, it has been 
found that the – 174 GG genotype, correlating 
with high-producing levels of IL-6, increases the 
risk of development of cardiovascular diseases 
and reduces the chance of reaching old age 
[62–65]. Contradictory to these data, in elderly 
females from Sweden, the GG genotype is 
associated with a higher life expectancy [66]. 
On the other hand, studies on populations such 
as Finnish [67], Bulgarian [14], and Sardinian 
[52] did not establish a significant association 
between IL-6 polymorphism and life expectancy. 
Furthermore, in a meta-analysis of eight 
case-control studies performed on European 
populations, no significant association between 
the IL-6 polymorphism and longevity was 
found, except for those in Italian centenarians 
for whom IL-6 -174GG genotype was negatively 
associated with longevity and reduced the chance 
of reaching old age for males with that genotype 
[68]. These conflicting data suggest that the 
effect of this polymorphism is population-
specific and dependent on the interaction of 
genetic background and environmental factors.

The interleukin-6 expression is strongly 

dependent on TNF-α. The TNF-α gene is part 
of the HLA class III region located between the 
HLA-B and HLA-DR loci [69]. Its gene product 
is involved in systemic inflammation and the 
acute phase reaction, playing a significant role 
in providing resistance to infections and cancer 
through inducing cell apoptosis and necrosis  
[61]. Similar to IL-6, TNF-α also shows age-
dependent changes in the levels of expression. 
A promoter polymorphism in the TNF-α gene at 
position 308 consisting of substitution of guanine 
with adenine results in strong activation of the 
transcription process and, therefore, in high 
expression levels of TNF-α [70]. In the study of 
Cederholm et al. (2007 in a Swedish population, 
similarly to the observation for IL-6, the high 
producing A allele of TNF-a -308 correlates 
with prolonged survival in women [66].

On the other hand, in Danish centenarians, 
the AA genotype correlated with higher 
mortality, and it was suggested that the GA 
genotype could be protective against age-
related neurodegenerative disorders [71]. In 
several studies in North American, Danish, 
and Dutch elderly, the increased serum level of 
the proinflammatory cytokine correlates with 
increased likelihood for respiratory and heart 
diseases and mortality [72–76]. In contrast to 
Giovannini et al. (2011) finding for IL-6 in Italian 
elderly subjects, no significant association was 
found between TNF-α levels and mortality [60]

IFNγ is a type II interferon, playing a 
critical role in modulating the immune system 
and mediating the antiviral and antibacterial 
immunity. Its pleiotropic immunological 
functions are characterized by its ability to 
orchestrate the immune system by upregulating 
the expression of MHC, thus enhancing the antigen 
presentation, keeping the Th1/Th2 balance, 
promoting the activation and differentiation of 
cells from the innate and adaptive immunity 
such as T cells, B cells, macrophages, NK 
cells, and other cell types [77]. In agreement 
with the inflamm-aging hypothesis, Zanni et 
al. (2003) found that in all CD8+ T cell subsets 
from elderly individuals, there was a significant 
increase of the intracellular levels of all the 
studied type 1 cytokine – IFNγ, IL-2, and TNF-α 
[78]. When investigating the effect of aging on 
the intracellular levels of type 1 and 2 cytokines 
in CD4+ T cell subsets, it was found that the 
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number of IFN-γ positive and TNF-α positive 
activated/memory CD4+ subset significantly 
decrease in elderly individuals [79]. This finding 
also supported the hypothesis for reduced type 
1 cytokine activity in old subjects. In Sicilian 
nonagenarians, no changes in IFNγ plasmatic 
levels were observed in elderly individuals [58]. 
In Irish elderly and Sardinian centenarians, 
no difference in IFN-γ allele polymorphism 
frequencies was found when compared to healthy 
young controls [52,53]. The gender-specific 
association was found in Italian centenarians; 
the +874T allele associated with high IFNγ 
production was detected with a decreased allele 
frequency in female centenarians compared to 
young women [80). This is interpreted in the 
context that reduced frequency of genotypes 
conferring decreased levels of proinflammatory 
cytokines is beneficial for successful aging.

The polymorphism in cytokine genes is a 
perfect example of the pleiotropic effects of some 
genes that are beneficial early in life, but their 
late-life effects are damaging for the organism. 
The proinflammatory immune response, which 
protects the individual from the harmful effect 
of pathogens and infections in early life, become 
detrimental in the post-reproductive period of life 
[54]. Chronic low-grade inflammation result of 
the constant antigenic presentation of persistent 
infection leads to severe tissue damages without 
any symptoms for years. Besides, individuals 
affected by age-associated diseases such as 
atherosclerosis, diabetes, obesity, sarcopenia, 
and Alzheimer’s disease share the common 
condition of chronic inflammation [81]. There 
is a hypothesis that long-lived people may deal 
with inflammation through a well-balanced, anti-
inflammatory response [4]. Given the critical role 
of IL-10 in limiting the inflammatory response 
[82], many studies have focused on examining 
its role in successful aging. IL-10 haplotypes 
-1082G, -819C, -592C associated with high 
cytokine expression levels have been found with 
statistically significant high incidence in healthy 
adult subjects in the Bulgarian population 
[83]. A high incidence of IL-10 - 1082G 
homozygous genotype has been observed in 
Italian centenarians [51] and long-lived men 
from the Jordanian population [55]. A study in 
the Italian population has established that high 
IL-10 levels are protective against myocardial 

infarction [84], thus supporting the possible role 
of IL-10 production in longevity. The frequency 
of high producer IL-10 polymorphism was not 
increased in elderly individuals from Irish, 
Finnish and Sardinian populations [53,85,86]. 
Therefore, the data collected from various 
studies on polymorphisms in cytokine genes 
support the hypothesis that longevity is most 
likely associated with anti-inflammatory status, 
and the cytokine/longevity associations have a 
population-specific distribution. The balance 
between proinflammatory and anti-inflammatory 
helps to avoid chronic diseases or delays onset 
and leads to longevity.

Transforming growth factor-beta (TGF-β) 
is a potent pleiotropic cytokine that plays an 
essential role in inflammation suppression and 
has been linked to tumor growth regulation 
[87,88]. Few studies have found an association 
between TGF-β and longevity. In Swedish 
and Italian long-lived individuals, a significant 
increase in the serum level of TGF-β was found, 
compared to healthy young [89,90]. In a study on 
Japanese elderly, a correlation between TGF-β1 
levels and gender, age, and lifestyle was found 
[91]. Interestingly, the authors observed that, 
with age, the serum levels of TGF-β1 decrease, 
which decrease corresponded to another study 
in the Japanese population, where TGF-β1 
levels were significantly increased in children’s 
sera, compared to adults [92]. Furthermore, 
the same study of Lin et al. (2009) found that 
males consuming tobacco and alcohol have an 
increased level of TGF-β1 in their sera, but for 
confirmation of those results longitudinal study 
should be performed.

Pro- and anti-inflammatory cytokines 
are involved in the intricately regulated 
inflammation process that could be influenced by 
gene polymorphisms, environment, and lifestyle 
factors. To determine the exact immunogenetic 
basis of long-life, additional analyses are 
necessary that should encompass extended 
haplotypes, including several polymorphisms in 
cytokine genes, as well as haplotypes consisting 
of SNPs in different cytokine genes. Epigenetic 
studies on cytokine and chemokine gene 
expression in adult individuals with different 
immunogenetic profiles will contribute to a 
better understanding of the aging process [2].
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Age-associated changes in B-cell 
repertoire and B-cell receptor (BCR)
With advancing age, several changes in the 
immune system occur. B cells play a central 
role in constructing and maintaining acquired 
immunity through the generation of antibodies, 
antigen presentation, and immune regulatory 
functions. “B cell repertoire” is a concept that 
can be considered at both cellular level, where 
there are different stages of B-cells development, 
and molecular level, where the immunoglobulin 
gene rearrangement determines the specificity 
of each B-cell [93]. Many mechanisms (random 
rearrangement of the variable immunoglobulin 
gene segments, non-template nucleotides 
addition, exonuclease activity; random 
combination of heavy and light chains; somatic 
hypermutation, and class switching) generate 
a wide variety of antigenic specificities in 
order to ensure that there is an antigen-binding 
site to fit any exogenous antigen. B cells are 
continuously generated in the bone marrow 
from hematopoietic stem cells (HSCs) in adults. 
The general phenotype of the aging B-cell 
populations results from the so-called “snowball” 
effect, in which abnormalities in critical early 
events in B-cell development lead to escalating 
consequences in cell differentiation [94]. Critical 
factors for understanding the age-associated 
changes in humoral immunity determine how 
the expression of essential gene products is 

regulated and how the deterioration of the bone 
marrow’s age-related microenvironments affects 
the selection processes and homeostasis of the 
pre-B cell populations. To date, there are many 
pieces of evidence for the significant changes in 
the functional and developmental features of B 
cell repertoire with age (Figure 1).

The aging immune system is associated with 
decreased B cell production [95], but the total 
count of peripheral B cells is relatively stable 
during life [96]. Aging leads to a gradual loss 
of early B-lineage precursors, which could be 
associated with epigenetic dysregulation in 
HSCs and reduced expression of the transcription 
factor E2A, which is essential at several stages 
B-lymphocyte differentiation, including the 
generation of pro-B cells [97]. The expressions of 
genes such as RAGs (recombination-activating 
genes) [98] and lambda-5 (λ-5), which are vital 
for passing through pro- and pre-B cell stages, 
are also diminished [99–101].

The B-cell repertoire diversity decreases with 
age [102], and this decrease leads to increased 
susceptibility of older people to infectious 
diseases, malignancies, and inadequate 
response to vaccinations. One way of evaluating 
the repertoire diversity of antibodies is by 
spectratyping analysis of the CDR3 regions, 
thus determining a large set of variable domains 
of the heavy chains of the immunoglobulins 
(IGHV). Such a study has shown a significant 

Figure 1. Age-related changes in B cell repertoire
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decrease in peripheral blood repertoire diversity 
in adult peripheral blood [102], correlating 
with poor health. The reduction in the number 
of potential antigenic specificities deteriorates 
the strength of the humoral response against 
pathogens. At the same time, increased levels 
of autoantibodies and cross-reactivity responses 
following antigen stimulation are observed in 
older adults [103]. Therefore, changes in the 
repertoire, along with other intracellular and 
microenvironment changes, are the basis for 
the developmental and functional disorders in 
B-cells. Although some features of the B cell 
repertoire do not change in adulthood, it is has 
been found that there is a tendency for accretion 
of highly mutated IgM and IgG genes and clonal 
expansion of B cell populations in older people 
[104]. Such tendencies are consistent with the 
suggestion of persistent antigen stimulation 
in elderly subjects. Chronic infections such as 
CMV and EBV can affect the presence of clonal 
expansions (EBV) or the levels of mutation of 
antibodies (CMV) [104]. There are indications 
that some age-related changes are class-specific 
[93]. In particular, while in normal conditions, 
IgM and IgG antibodies’ relative ratio changes 
upon challenging the immune system, which 
is not always observed in adults [105]. Other 
age-associated changes are impaired IgM 
and IgA response after immunization with 
pneumococcal vaccine and expansion of B cells 
with more extended CDR3 regions, suggesting 
a disadvantage of these features in initiating 
appropriate immune responses [106]. It is also 
hypothesized that there is a difference in the use 
of Ig genes during aging. Increased use of IgA2 
rather than IgA1 and of IgG2 over IgG1/IgG3 in 
CD27+ memory cells is observed in the elderly 
[107]. IgG2 B cell subclasses are involved in the 
responses to polysaccharides, suggesting that 
older people’s B-cell repertoire is selected in a 
T-independent way [93].

Alterations in the physiochemical 
characteristics of the CDRH3 region resulting 
from mutations in the immunoglobulin gene 
repertoire could affect BCR- binding ability and, 
therefore, the selection processes [108]. CDRH3 
has a crucial role in forming the B cell receptor’s 
antigen-binding site and is most likely to 
undergo a positive or negative selection. Naive 
B cells are found with shorter and therefore less 

hydrophobic CDRH3 region than immature B 
cells in bone marrow [109], suggesting that more 
extended CDRH3 regions are subjected to an 
adverse selection. The larger size of the CDRH3 
region in adults is an indication that negative 
selection processes are likely to be less effective 
with advancing age [104,107]. The long CDR3 
regions might result from the incorporation 
of long D genes or the use of several D gene 
segments, and/or of the addition of large non-
template (N) regions [110]. Interestingly, long Ig 
CDRH3s and positively charged amino acids are 
characteristic of autoreactive antibodies [109], 
consistent with the higher levels of autoreactive 
antibodies observed in older individuals. 
Understanding the underlying mechanisms of 
selection and how they affect the repertoire and 
performing comparative analyzes of repertoires 
between different age groups will help elucidate 
age-associated changes in B-cell function that 
contribute to immunological aging.

Conclusion and prospects

Life expectancy is a topic of interest to 
humanity for thousands of years, beginning 
with philosophers who speculated about the 
extent to which it is determined by fate [111]. 
To date, twin and family studies suggest that 
the heritability of human lifespan is up to 25% 
[2]. The rate of aging in distinct ethnic groups 
is not equal due to genetic heterogeneity and the 
impact of various environmental factors. The 
aging process is characterized by a progressive 
deterioration in the functions of different organs 
and organ systems in the human body. In the last 
decades, immunosenescence as a science field 
has been attracting more interest, not only in the 
scientific but also in the healthcare sectors. The 
aging immune system undergoes age-associated 
changes at multiple levels, resulting in a gradual 
loss of its ability to protect against infections, 
inadequate vaccine responses, and increased 
probability of the development of autoimmune 
diseases and malignancies. All of these changes 
are leading to higher rates of morbidity and 
mortality in the elderly. The mechanisms 
underlying the age-related disorders are many 
and are not fully understood yet. HLA is one 
of the major gene complexes associated with 
aging due to its central role in developing 
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adaptive immunity. Several population studies 
have investigated this possible association, but 
a definite conclusion is still lacking, mainly 
because of the contradictions between the data 
obtained. That could be attributed to several 
difficulties in conducting this type of study. 
Firstly, different methodological techniques 
are used for HLA typing, making it difficult 
to compare the data from different studies. 
Secondly, studies on larger samples and different 
ethnic groups are needed to clarify the impact of 
the genetic background regarding HLA and life 
expectancy.

Furthermore, investigating the role of extended 
HLA haplotypes on life expectancy rather than 
focusing on specific HLA loci and using general 
selection criteria for the subjects included in the 
study. Most of the data available so far have 
demonstrated a positive association with healthy 
aging of HLA alleles/haplotypes as protective 
against malignancies, autoimmune diseases, 
and conferring better control and response to 
infections. Due to cytokines’ significant role 
in modulating immune responses, it has been 
hypothesized that cytokine gene polymorphisms 
responsible for different cytokine production 
patterns could also be associated with longevity. 
In general, based on the collected data from 
different studies, it is agreed that longevity is 
related to anti-inflammatory genotype profiles. 
Although the aging process in its main part is 
under genetic control, there is an impact of 
diverse environmental factors such as infections. 
Another aspect of the immune system that is 
affected by advanced age is humoral immunity. 
Many age-associated changes in B cell repertoire 
have been reported in aged mice and humans, 
including oligoclonal expansion of B cells, 
T-independent Ig production, reduced BCR 
diversity, low-affinity, and low titer antibodies, 
generation of more auto-reactive antibodies, 
among others. Such defects significantly 
affect humoral immunity and lead to the main 
manifestations of aging – inadequate response to 
infections and vaccines.

New biomarkers are continually being 
explored for a better understanding of the 
processes underlying immune dysfunction and 
senescence. The candidate genes influencing 
longevity could be divided into the following 
categories: immune-related factors, stress 

elements, mediators of metabolism, genes 
involved in the DNA repair mechanisms, cellular 
proliferation, and mitochondrial haplogroups [2]. 
Through those biomarkers, individuals at high 
risk for developing age-related disorders could 
be identified, and strategies based on immune-
risk phenotypes can be applied to rejuvenate the 
immune system. Given the growing average age 
of the population, a transition from description 
to finding causative effects and applying them 
in therapies is crucial to maintain optimal 
physiological and immunological functions in 
the elderly and successful aging.
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