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ABSTRACT

The ‘Immunogenetics of Aging’ project is a component introduced in the 14th International HLA and
Immunogenetics Workshop (IHIW) and developed further within subsequent workshops. The aim was to de-
termine the relevance of immunogenetic markers, focusing on HLA, cytokine genes, and some innate immunity
genes, for successful aging and an increased capacity to reach the extreme limits of life-span. Within the 17th
IHIW we applied Next Generation Sequencing methods to refine further HLA associations at allele level in
longevity, and to extend our knowledge to additional loci such as HLA-DQA1, HLA-DPB1 and HLA-DPAI.
Analysis of relatively small number of healthy elderly and young controls from four populations showed that
some HLA class I and class II alleles were significantly positively associated with healthy aging. Additionally we
observed statistically significant differences in HLA allele distribution when the analysis was performed sepa-
rately in elderly females and males compared to sex-matched young controls. Haplotypes, probably associated
with better control of viral and malignant diseases were increased in the elderly sample. These preliminary NGS
data could confirm our hypotheses that survival and longevity might be associated with selection of HLA alleles
and haplotypes conferring disease resistance or susceptibility. Therefore HLA alleles and haplotypes could be
informative immunogenetic markers for successful ageing.

1. Introduction

disease and factors associated with ageing are required. Human long-
evity is at least partly heritable since it was shown that progeroid

Longevity in the sense of a possibility of being long-lived, is limited
by the ageing process. From a socioeconomic standpoint aging is be-
coming an important factor and it is expected that in the next 20 years
people over 65 years will represent 20% of the world population. The
increased frequency of chronic, age-related diseases leading to func-
tional dependence will be expected to confer a significant burden to the
public health care system. Therefore deeper knowledge on age-related

syndromes of accelerated aging certainly have a genetic basis [1,2]. The
genetic component of longevity is under an intensive investigation.
Different studies contribute to answering the question: “Does genetics
really play a role in longevity?” Twin and family studies showed that
between 15% and 30% of lifespan is controlled by our genes [3,4].
Gavrilova and Gavrilov [5] showed that millions of familial longevity
records are available but so far are underused for research by carrying
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Table 1

Hardy-Weinberg equilibrium p-values.
Population n A C B DRB1 DQA1 DQB1 DPA1l DPB1
Italian 292 0.8447 0.0985 0.8679 0.2448 - 0.1224 - 0.0025
Bulgarian 479 0.0002 0.0043 0.0005 0.0000 0.0528 0.0000 0.0000 0.0000
Bulgarian (Young) 367 0.0022 0.0198 0.0072 0.0000 0.0005 0.0000 0.0000 0.0000
Bulgarian (Young Female) 179 0.0403 0.3459 0.0880 0.0014 0.0012 0.0000 0.0114 0.0002
Bulgarian (Young Male) 190 0.0037 0.1096 0.1394 0.0444 0.2082 0.0000 0.0000 0.0000
Bulgarian (Old) 59 0.3920 0.3380 0.0409 0.0000 0.2175 0.0001 0.3714 0.0023
Bulgarian (Old Female) 26 0.2393 0.1878 0.4317 0.0210 0.3946 0.0538 0.6322 0.0855
Bulgarian (Old Male) 17 0.2963 0.9685 0.7109 0.0203 0.9911 0.2182 0.0583 0.2639
Romanian (Old) 29 0.7206 0.2178 0.0391 0.1156 0.2267 0.0072 0.8505 0.0073
Kuwait 35 0.0703 0.7535 0.5891 0.7206 0.9865 0.2985 0.2106 0.1165
Kuwait (Young) 21 0.0149 0.8127 0.6451 0.8934 0.9920 0.6001 0.1563 0.3397
Kuwait (Old) 14 0.4433 0.7276 1.0000 0.5910 1.0000 0.5811 0.5760 0.4025

Probability values for Guo and Thompson Hardy-Weinberg equilibrium (HWE) tests. HLA loci that deviated significantly (P < 0.05) from HWE are shown in

boldface type.

Table 2
Fnd values for HLA alleles. Slatkin’s implementation of Ewens —-Watterson test.
Group analyzed HLA-A HLA-C HLA-B HLA-DRB1 HLA-DQA1 HLA-DQB1 HLA-DPA1 HLA-DPB1
Italian 0.5874 —0.8762 —0.7186 —0.9512 - —1.0724 - 0.9161
Bulgarian 2.0940 —0.6524 0.7113 2.6544 —0.5590 1.5846 —0.5899 2.2960
Bulgarian (Young) 1.2878 —0.5372 0.3941 1.3034 —0.4844 2.0493 —0.5233 2.0257
Bulgarian (Young Female) 0.9115 —0.5436 0.1138 —0.0343 —0.4137 0.4142 —0.3315 2.0064
Bulgarian (Young Male) 1.5070 —0.4033 —0.1877 1.2614 —0.4702 2.5982 —0.6293 1.5517
Bulgarian (Old) 2.0747 —0.0331 0.4870 0.7218 —0.1492 1.1836 —-0.7169 1.0682
Bulgarian (Old Female) 0.2623 0.2907 0.4342 —0.2258 0.8191 0.7991 —0.7901 1.0527
Bulgarian (Old Male) 1.1210 —0.5162 —0.4632 —0.6150 0.1956 0.9624 —1.0790 —0.5424
Romanian (Old) 1.0249 —0.6989 0.5502 —0.3827 —0.6756 0.0092 —0.9923 —0.0805
Kuwait (Young) 0.8900 —1.2957 —0.6639 0.2248 —0.0500 —0.9693 —0.0869 1.7880
Kuwait (Old) 0.7249 —0.0658 —0.3537 —0.8843 0.1496 —0.764 —0.5212 0.1028
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Fig. 1. The most frequent HLA alleles in the three European populations: Bulgarians (elderly, young), Romanian elderly and Italians young controls.

out a pilot search of data resources related to familial longevity using
genealogical databases, published family history data, available scien-
tific data resources, data sets on long-lived people and centenarians.
McGue et al. studied 2872 pairs of Danish twins born between 1870 and

1900, and found that the hereditary component of the lifespan is
moderate [6-8]. How long we live is determined also by environmental
factors and epigenetic alterations during a lifetime. Studies on cen-
tenarians, on the other hand, suggest that they inherit a small number
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Fig. 2. HLA class I allele distribution in elderly and young controls from the Bulgarian population. Volcano plot represents odds ratios according to P values.
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Fig. 3. HLA class I allele distribution in female elderly and young controls from the Bulgarian population. Volcano plot represents odds ratios according to P values.

of powerfully acting longevity genes. Such genes might for example
allow centenarians to control better the inflammation that is associated
negatively with many of the diseases of old age. Furthermore the sib-
lings of centenarians have a significantly higher likelihood of reaching
old age, compared to the general population [9].

Many aspects of senescence in humans are characterized by increase
inflammatory status, leading to extended tissue damage. Chronic in-
flammation, characterized by high circulating levels of a number of
factors, including: C-reactive protein, tumor necrosis factor, and inter-
leukin-6, have been associated with several age-related diseases such as
atherosclerosis, obesity, type 2 diabetes and cancer [10-13] The
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inflammatory response may be a prime example of antagonistic pleio-
tropy, in which genes that are required to increase the inflammatory
response to infectious organisms in early life are also associated with
harmful effects, such as atherosclerosis in the post-reproductive period.
Family segregation analysis has shown that the glycoproteins CD4, CD8
and CD4/CD8 ratio are under genetic control [14,15]. Longitudinal
studies of the very elderly have documented an “immune risk profile”, a
cluster of immune parameters predicting 2-8 years mortality, and
characterized by inverted CD4:CD8 ratio [16]. All these data imply that
aging process may be associated with alterations in the immune system
and possibly with polymorphisms in the genes, regulating immune
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Fig. 4. HLA class I allele distribution in male elderly and young controls from the Bulgarian population. Volcano plot represents odds ratios according to P values.
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Fig. 5. HLA class II allele distribution in elderly and young controls from the Bulgarian population. Volcano plot represents odds ratios according to P values.

responses. Genes encoding molecules involved in the development of
protective immunity are highly polymorphic, and this polymorphism is
a result from an evolutionary adaptation of the organism driven by an
ever-evolving pathogen environment. Such genes include: human leu-
kocyte antigen (HLA) genes, those encoding “atypical” HLA-like mo-
lecules (CD1); killer cell immunoglobulin-like receptor genes (KIR);
leukocyte Fcy receptor genes; cytokine and cytokine receptor genes;
Toll-like receptor gene family; TNF-receptor associated factors, MBL2.

The ‘Immunogenetics of Aging’ project was introduced as a com-
ponent within the 14th International HLA and Immunogenetics
Workshop (IHW) and further developed within the 15th, 16th and 17th.
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The overall aim of this component is to determine immunogenetic
markers, such as HLA, cytokine genes, and some innate immunity
genes, that might be relevant for successful aging and longevity. The
following groups of samples were collected; families with long-lived
members (octogenarians and nonagenarians), unrelated elderly
(> 65 years old) individuals and ethnically matched young (< 35 years
old) controls. As part of 14th and 15th IHIW, the effect of classical HLA
class I and class II loci, analyzed by low-resolution methods, and cy-
tokine polymorphisms in regulatory and/or coding regions with a
possible impact on the level of gene expression of pro- and anti-in-
flammatory cytokines, was studied [17,18,29]. During the 16th IHIW
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Fig. 6. HLA class II allele distribution in female elderly and young controls from the Bulgarian population. Volcano plot represents odds ratios according to P values.
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Fig. 7. HLA class II allele distribution in male elderly and young controls from the Bulgarian population. Volcano plot represents odds ratios according to P values.

innate immunity genes KIR and MBL2 and their possible correlation
with CMV status were analyzed [19]. Our aim within the 17th IHIW
was to apply next generation sequencing (NGS) to further clarify HLA
associations at maximum allele resolution with longevity and to extend
our knowledge to additional loci such as HLA-DQA1 and HLA-DPBI1.

2. Material and methods

During the 17th IHIW additional samples were collected and one
new population sample from Kuwait was included in the analysis. Two
sample groups were analyzed: unrelated healthy elderly individuals
and young controls. Elderly individuals were characterized according
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to the SENIEUR protocol [20]. The unrelated young controls were
characterized according to the JUNIEUR protocol [20]. Written in-
formed consent was obtained from all individuals included in the
study. Data on four populations (Bulgarian, Romanian, Italian and
Kuwaiti) were analyzed with a total number of 155 elderly (age
65-95 years; males n = 51; females n = 104) and 682 young controls
(age 21-35 years; males n = 290; females n = 392). The number of
individuals from each population is as follows; Italians — 292 young
controls; Bulgarians — 367 young controls and 59 elderly individuals;
Romanians - 29 elderly individuals; Kuwaiti — 21 young controls and
14 elderly individuals.

The following loci: HLA-A, HLA-C, HLA-B, HLA-DRB1, HLA-DQAI,
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Fig. 8. HLA class I allele distribution in elderly and young Kuwaiti. Volcano plot represents odds ratios according to P values.
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Fig. 9. HLA class II allele distribution in elderly and young Kuwaiti. Volcano plot represents odds ratios according to P values.

HLA-DQB1, HLA-DPA1 and HLA-DPB1 were typed by various NGS
methods using commercially available kits: NGSgo and NGSengine
software (GenDx, Utrecht, Netherlands); TruSight HLA v2 and Assign
TruSight HLA software (Illumina, Inc., San Diego, CA); Holotype HLA
and HLA Twin software (Omixon, Budapest, Hungary).

3. Statistical analysis

Python for Population Genomics (PyPop) software v.0.7.0 [21] was
used to calculate allele frequencies, 2-locus haplotype frequencies,
standardized linkage disequilibrium measure D’, D’ chi-square, and the
Ewens-Watterson’s homozygosity test of neutrality was applied to each
locus in separate populations. Comparisons across groups were
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performed using the R software version 3.5.1 by y>square or Fisher
exact test when appropriate and OR was calculated. P-values lower than
0.05 were considered to indicate a statistically significant difference
between groups. Volcano plots were used for graphical data presenta-
tion (odds ratios according to P values). Statistical analyses were per-
formed separately in each population: Bulgarians, Romanians and Ita-
lians, and Kuwaiti.

4. Results

In the present study we applied NGS approach for high resolution
typing. Analysis of HLA allele and haplotype distribution in elderly and
young controls was performed separately for the 4 populations included
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HLA haplotypes. observed with statistically significant differences (P < 0.01) in elderly Bulgarians and young controls.

Haplotype Elderly (n = 59) Young controls (n = 367)

count HF D’ observed HF D’
HLA-A*01:01:01:03~HLA-B*52:01:01:02 1.000 0.009 1.000 1.000 0.001 0.253
HLA-A*01:01:01:01~HLA-B*35:02:01 5.000 0.042 0.634 2.973 0.004 0.118
HLA-A*01:01:01:01~HLA-B*13:02:01 3.000 0.025 0.274 0.000 0.000
HLA-A*01:01:01:01~HLA-B*15:17:01:01 3.000 0.025 0.682 0.000 0.000
HLA-A*68:01:01:02~HLA-C*04:01:01:01 0.000 0.000 1.000 0.001 0.448
HLA-A*26:01:01:01 ~HLA-DQA1*05:01:01:03 1.000 0.009 0.482 0.000 0.000
HLA-A*26:01:01:01 ~HLA-DQB1+%03:01:01:01 1.000 0.009 0.216 0.000 0.000
HLA-B*35:01:01:01~HLA-DQB1*03:01:01:03 2.000 0.018 0.367 1.378 0.002 0.9
HLA-B*40:01:02~HLA-C*12:03:01:01 1.000 0.008 1.000 0.000 0.000
HLA-B*35:02:01 ~HLA-C*04:01:01:06 5.000 0.042 0.696 13.000 0.018 0.924
HLA-C*03:03:01:01 ~HLA-DQA1*%01:02:02 0.000 0.000 2.587 0.003 0.103
HLA-C*07:01:01:01 ~HLA-DQA1*05:05:01:03 0.000 0.000 1.000 0.001 0.376
HLA-C*04:01:01:01 ~HLA-DQB1%03:01:02 1.000 0.009 0.000 0.000
HLA-C*04:01:01:01~HLA-DQB1*06:02:01 1.000 0.009 1.000 3.016 0.004
HLA-C*04:01:01:01~HLA-DRB1*07:01:01:01 1.000 0.009 0.262 3.016 0.004 0.126
HLA-C*16:02:01~HLA-DRB1*11:03:01 1.000 0.009 0.483 1.000 0.001 0.113
HLA-DPB1%04:01:01:01~HLA-DQB1+%05:01:01:01 1.000 0.009 1.000 1.781 0.003 —0.065

in the study: Bulgarians, Romanians, Italians and Kuwaiti.

Hardy-Weinberg equilibrium was tested in all populations and in all
age-groups (Table 1). Single locus devitations were observed for Italian
and Kuwait young samples. In Romanians and Bulgarians multiple loci
showed daviations from Hardy — Weinberg equilibrium (Table 1).

Ewens-Watterson test showed that with the exception of HLA-A
locus all other HLA loci exhibit significantly lower homozygosity than
expected under neutral evolution in different populations analyzed
(Table 2). Negative Fnd values suggesting balancing selection were
observed for HLA-C, -B, DRB1, -DQA1, -DQB1, -DPA1 and -DPB1 loci in
different age groups studied. The only exception was HLA-A locus for
which positive Fnd values were observed in all groups and subgroups.

The most frequent HLA alleles observed in the 3 European popu-
lations included in the analysis were similar (Fig. 1).

4.1. Allele level associations

Analysis of HLA allele distribution in the Bulgarian population
showed statistically significant increased frequencies in elderly (Fig. 2)
of the following HLA class I alleles: HLA-A*01:01:01:01 (AF elderly:
0.212; AF young: 0.108; P = 0.002); HLA-C*07:01:02 (AF elderly:
0.042; AF young: 0.008; P = 0.011); HLA-B*35:02:01 (AF elderly:
0.059; AF young: 0.019; P = 0.018), B*15:17:01:01 (AF elderly: 0.034;
AF young: 0.007; P = 0.025). HLA-A*01:01:01:01 was among the most
frequent HLA alleles in elderly Romanians (Fig. 1) and that was the only
HLA-A*01:01:01 4th-field variant identified in the population. Strati-
fication according to gender and age in the Bulgarians (Fig. 3) showed
that HLA-B*35:02:01 (AF elderly females: 0.058; AF young females:
0.011; P < 0.046) appeared as a specific marker for longevity in fe-
males since both alleles were increased only in elderly females com-
pared to female young controls. On the other hand, as shown in Fig. 4,
HLA-B*15:17:01:01 (AF elderly males: 0.088; AF young males: 0.005;
P = 0.005) and HLA-C*07:01:02 were associated with longevity in men
(AF elderly males: 0.088; AF young males: 0.008; P = 0.009). Ad-
ditionally in elderly females alleles HLA-A*30:01:01 (AF elderly fe-
males: 0.077; AF young females: 0.008; P = 0.006); HLA-B*13:02:01
(AF elderly females: 0.096; AF young females: 0.025; P = 0.022); HLA-
C*06:02:01:01 (AF elderly females: 0.173; AF young females: 0.073;
P = 0.029) were observed with statistically significant increased fre-
quencies (Fig. 3).

Comparison of HLA class II allele frequencies in elderly and young
controls from Bulgarian population (Fig. 5) showed that: HLA-
DRB1*07:01:01 (AF elderly: 0.110; AF young: 0.053; P = 0.023), HLA-
DQBI1*04:02:01 (AF elderly: 0.053; AF young: 0.018; P = 0.035), and
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HLA-DQB1*02:57 (AF elderly: 0.02; AF young: 0.004; P = 0.037) al-
leles were significantly increased in elderly. Alleles HLA-
DRB1*04:10:01 (AF elderly: 0.018; AF young: 0.000; P = 0.019), HLA-
DQBI1*05:01:04 (AF elderly: 0.018; AF young: 0.000; P = 0.019), and
HLA-DQA1%03:03:01:02 (AF elderly: 0.018; AF young: 0.000;
P = 0.018) were observed only in elderly individuals and the differ-
ences were statistically significant. HLA-DRB1*07:01:01:01 was among
the most frequent HLA alleles in elderly Romanians (Fig. 1)

Among these alleles, stratification according to gender (Figs. 6 and 7)
revealed that HLA-DQB1*02:57 (AF elderly females: 0.040; AF young
females: 0.003; P = 0.044) and HLA-DQB1*05:01:04 (AF elderly: 0.040;
AF young: 0.000; P = 0.016) were more frequent in the female elderly
group. Additionally, alleles HLA-DRB1*01:01:01 (AF elderly females:
0.135; AF young females: 0.051; P = 0.029); HLA-DQA1%*01:01:01:02
(AF elderly females: 0.140; AF young females: 0.037; P = 0.006) were
also increased in elderly females. No statistically significant differences
in HLA class II allele frequencies were observed in males.

Analysis in a small cohort of elderly individuals compared to young
controls from the Kuwaiti population showed statistically significant
decreased frequency of HLA-A*02:01:01:01 (AF elderly: 0.035; AF
young: 0.262; P = 0.035) and DQA1%*05:01:01:03 (AF elderly: 0.036;
AF young: 0.214; P = 0.042) in elderly (Figs. 8 and 9).

In the present study no significant associations between HLA-DPB1
alleles and longevity were observed.

4.2. Two-loci haplotype associations

Two-loci haplotypes that are observed with statistically significant
frequencies in Bulgarian elderly and young controls are presented in
Table 3. Four HLA-A*01:01:01 haplotypes were observed in significantly
increased frequencies in elderly compared to the controls, from these
HLA-A*01:01:01:03~HLA B*52:01:01:02; HLA-A*01:01:01:03~HLA
B*35:02:01; HLA-A*01:01:01:03~HLA B*15:17:01:01 had significant
high D’ raging from 0,634 to 1.000 and P < 0,01. Haplotypes HLA-
A*26:01:01:01~HLA-DQA1*05:01:01:03; HLA-A*26:01:01:01~HLA-
DQB1%*03:01:01:01; HLA-B*35:01:01:01~HLA-DQB1%*03:01:01:03; HLA-
B*40:01:02~HLA-C*12:03:01:01; HLA-C*04:01:01:01~HLA-DQB1*06:
02:01; HLA-C*04:01:01:01~HLA-DRB1*07:01:01:01; HLA-C*16:02:01~
HLA-DRB1*11:03:01; HLA-DPB1%*04:01:01:01~HLA-DQB1%*05:01:01:01
were also significantly more frequent in elderly Bulgarians.

The most frequent HLA two-loci haplotypes in elderly Romanians
and young Italians are presented in Tables 4 and 5. These haplotypes
are characteristic for South European Populations and of all these fre-
quent haplotypes have positive D’ values.
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Table 4

The most Frequent HLA haplotypes in elderly Romanians (n = 29).
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Haplotype Count Haplotype Frequency D’ D’ Chi-square
HLA-A*02:01:01:01~HLA-B*51:01:01:01 5.000 0.086 0.356 5.288
HLA-A*24:02:01:01~HLA-B*35:03:01 3.000 0.034 0.453 9.338
HLA-A*01:01:01:01~HLA-B*18:01:01:02 2.000 0.034 0.420 4.737
HLA-A*24:02:01:01~HLA-B*08:01:01:01 2.000 0.034 0.453 9.338
HLA-A*11:01:01:01~HLA-B*35:01:01:01 2.000 0.034 1.000 12.946
HLA-A*11:01:01:01~HLA-C*15:02:01:01 3.000 0.052 0.337 5.655
HLA-A*01:01:01:01~HLA-C*07:01:01:01 3.000 0.052 0.275 4.386
HLA-A*11:01:01:01~HLA-C*04:01:01:01 3.000 0.052 0.275 4.386
HLA-A*02:01:01:01~HLA-C*01:02:01 3.000 0.052 0.678 6.832
HLA-A*01:01:01:01~HLA-DPA1*01:03:01:05 4.000 0.069 0.383 5.816
HLA-A*11:01:01:01~HLA-DPB1*04:01:01:01 5.000 0.086 0.470 4.934
HLA-A*01:01:01:01~HLA-DPB1*02:01:02 4.000 0.069 0.370 4.859
HLA-A*02:01:01:01~HLA-DQA1%*01:02:02 6.000 0.107 0.408 7.539
HLA-A*11:01:01:01~HLA-DQA1*01:01:01:02 3.000 0.054 0.708 12.968
HLA-A*02:01:01:01~HLA-DQA1*03:01:01 3.000 0.054 0.479 4.168
HLA-A*11:01:01:01~HLA-DQB1*05:03:01:01 3.000 0.056 0.707 12.399
HLA-A*02:01:01:01~HLA-DRB1*16:01:01 4.000 0.069 0.448 5.521
HLA-A*01:01:01:01~HLA-DRB1*11:04:01 3.000 0.052 0.337. 5.655
HLA-A*24:02:01:01~HLA-DRB1*03:01:01:01 3.000 0.052 0.545 11.845
HLA-A*11:01:01:01~HLA-DRB1*01:01:01 4.000 0.052 0.710 13.536
HLA-B*35:03:01~HLA-C*04:01:01:01 4.000 0.069 1.000 26.852
HLA-B*51:01:01:01 ~HLA-C*15:02:01:01 4.000 0.069 0.482 8.883
HLA-B*08:01:01:01~HLA-C*07:01:01:01 4.000 0.069 1.000 26.852
HLA-B*51:01:01:01~HLA-C*01:02:01 4.000 0.069 1.000 20.622
HLA-B*38:01:01 ~HLA-C*12:03:01:01 3.000 0.052 1.000 23.049
HLA-B*27:05:02~HLA-C*02:02:02:01 3.000 0.052 1.000 42.709
HLA-B*40:06:01:02~HLA-C*15:02:01:01 3.000 0.052 1.000 23.049
HLA-B*18:01:01:02~HLA-DPA1*%01:03:01:05 4.000 0.069 1.000 18.357
HLA-B*40:06:01:02~HLA-DPA1%01:03:01:01 3.000 0.052 1.000 7.630
HLA-B*08:01:01:01 ~HLA-DPA1*01:03:01:01 3.000 0.052 0.646 4.329
HLA-B*38:01:01 ~HLA-DPB1*04:01:01:01 3.000 0.052 1.000 7.630
HLA-B*18:01:01:02~HLA-DPB1*04:02:01:01 3.000 0.052 0.726 24.031
HLA-B*51:01:01:01 ~HLA-DQA1*01:02:02 5.000 0.089 0.378 7.108
HLA-B*08:01:01:01~HLA-DQA1%05:01:01:02 4.000 0.071 1.000 43.938
HLA-B*40:06:01:02~HLA-DQA1*01:04:02 3.000 0.054 1.000 56.000
HLA-B*18:01:01:02~HLA-DQA1*05:05:01:01 3.000 0.054 0.696 9.589
HLA-B*51:01:01:01~HLA-DQB1*05:02:01 4.000 0.074 0.318 4.811
HLA-B*18:01:01:02~HLA-DQB1*03:01:01:03 3.000 0.056 0.700 10.584
HLA-B*51:01:01:01~HLA-DRB1*16:01:01 4.000 0.069 0.482 8.883
HLA-B*08:01:01:01~HLA-DRB1*03:01:01:01 4.000 0.069 1.000 31.302
HLA-B*40:06:01:02~HLA-DRB1*14:04:01 3.000 0.052 1.000 58.000
HLA-B*18:01:01:02~HLA-DRB1%11:04:01 3.000 0.052 0.716 16.033
HLA-C*15:02:01:01~HLA-DPA1%01:03:01:01 5.000 0.086 0.596 6.816
HLA-C*07:01:01:01~HLA-DPA1%01:03:01:05 5.000 0.086 0.537 11.444
HLA-C*06:02:01:01 ~HLA-DPA1*01:03:01:05 3.000 0.052 0.691 8.777
HLA-C*07:01:01:01~HLA-DPB1*105:01 3.000 0.052 0.710 13.536
HLA-C*02:02:02:01 ~HLA-DPB1*04:01:01:01 3.000 0.052 0.646 4.329
HLA-C*07:01:01:01~HLA-DQA1*05:01:01:02 5.000 0.089 1.000 32.941
HLA-C*12:03:01:01~HLA-DQA1*03:01:01 3.000 0.054 0.552 13.941
HLA-C*15:02:01:01~HLA-DQA1*01:04:02 3.000 0.054 1.000 22.189
HLA-C*01:02:01~HLA-DQA1*01:02:02 3.000 0.054 0.689 8.363
HLA-C*01:02:01~HLA-DQB1*05:02:01 3.000 0.056 0.700 10.584
HLA-C*07:01:01:01~HLA-DRB1%03:01:01:01 4.000 0.069 0.503 12.581
HLA-C*15:02:01:01 ~HLA-DRB1%14:04:01 3.000 0.052 1.000 23.049
HLA-C*01:02:01~HLA-DRB1*16:01:01 3.000 0.052 0.716 16.033
HLA-DPA1%01:03:01:01 ~HLA-DPB1*02:01:02 12.000 0.207 1.000 36.491
HLA-DPA1%01:03:01:02~HLA-DPB1*04:01:01:01 10.000 0.172 1.000 29.142
HLA-DPA1*01:03:01:04~HLA-DPB1*04:01:01:01 6.000 0.103 0.293 3.126
HLA-DPA1*01:03:01:05~HLA-DPB1*04:02:01:01 5.000 0.086 1.000 23.379
HLA-DPA1%01:03:01:04~HLA-DQA1*01:02:02 5.917 0.106 0.412 8.514
HLA-DPA1*01:03:01:05~HLA-DQA1*05:05:01:01 4.196 0.075 0.278 3.842
HLA-DPA1*01:03:01:05~HLA-DQA1*05:01:01:02 3.720 0.066 0.682 10.433
HLA-DPA1%01:03:01:02~HLA-DQA1%*01:01:01:02 3.000 0.054 0.702 11.090
HLA-DPA1%*01:03:01:04~HLA-DQA1*02:01:01:01 3.000 0.054 0.682 7.343
HLA-DPA1*01:03:01:05~HLA-DQB1+%03:01:01:03 4.775 0.088 0.410 7.111
HLA-DPB1+%04:01:01:01~HLA-DQA1*03:01:01 4.000 0.071 0.720 7.115
HLA-DPB1+*04:01:01:01 ~HLA-DQA1*01:01:01:02 4.000 0.071 1.000 10.769
HLA-DPB1*%04:02:01:01 ~HLA-DQA1*05:05:01:01 3.000 0.054 0.513 6.647
HLA-DPB1+%04:01:01:01~HLA-DQA1%*02:01:01:01 3.000 0.054 0.650 4.550
HLA-DPB1*04:01:01:01~HLA-DQB1*03:02:01 3.000 0.056 0.654 4.802
HLA-DPB1+*04:02:01:01~HLA-DQB1*03:01:01:03 3.000 0.056 0.520 7.450
HLA-DPB1*04:01:01:01~HLA-DQB1*02:02:01:01 3.000 0.056 1.000 8.259
HLA-DPB1*04:01:01:01~HLA-DRB1*01:01:01 4.000 0.069 1.000 10.362
HLA-DPB1*04:02:01:01~HLA-DRB1%*11:04:01 3.000 0.052 0.545 11.845
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Table 4 (continued)
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Haplotype Count Haplotype Frequency D’ D’ Chi-square
HLA-DQA1%01:02:02~HLA-DQB1*05:02:01 9.000 0.173 1.000 45.712
HLA-DQA1*05:05:01:01~HLA-DQB1*03:01:01:03 8.000 0.154 0.862 34.000
HLA-DQA1*05:05:01:01 ~HLA-DRB1*11:04:01 7.000 0.125 1.000 36.800
HLA-DQA1%01:02:02~HLA-DRB1*16:01:01 7.000 0.125 1.000 32.727
HLA-DQA1*01:01:01:02~HLA-DRB1*01:01:01 4.000 0.071 1.000 56.000
HLA-DQA1*05:01:01:02~HLA-DRB1*03:01:01:01 4.000 0.071 0.771 22.871
HLA-DQA1%02:01:01:01~HLA-DRB1*07:01:01:01 4.000 0.071 1.000 43.938
HLA-DQB1*%03:01:01:03~HLA-DRB1*11:04:01 7.000 0.130 1.000 40.213
HLA-DQB1*%05:02:01 ~HLA-DRB1*16:01:01 6.000 0.111 1.000 33.750
HLA-DQB1*02:01:01~HLA-DRB1*03:01:01:01 5.000 0.093 0.795 18.793

Table 5

The most frequent haplotypes in young Italians (n = 292).
Haplotype Count Haplotype Frequency D’ D’ Chi-square
A*02:01:01:01~B*51:01:01:01 28.883 0.049 0.267 18.599
A*01:01:01:01~B*08:01:01:01 22.118 0.038 0.670 98.410
A*03:01:01:01~B*07:02:01 15.725 0.027 0.314 38.752
A*01:01:01:01~C*07:01:01:01 29.085 0.050 0.282 42.492
A*01:01:01:01~C*06:02:01:01 25.316 0.043 0.444 70.589
A*02:01:01:01~C*04:01:01:06 18.643 0.032 0.233 9.399
A*02:01:01:01~DPB1*04:01:01:01 49.989 0.096 0.134 5.951
A*24:02:01:01~DPB1*04:01:01:01 24.304 0.047 0.188 4.498
A*02:01:01:01~DQB1*03:01:01:03 40.776 0.070 0.098 5.259
A*01:01:01:01~DQB1*02:01:01 22.989 0.039 0.291 37.816
A*02:01:01:01~DRB1*11:01:01:01 22.106 0.038 0.143 5.233
A*01:01:01:01~DRB1*03:01:01:01 21.649 0.037 0.265 31.434
B*07:02:01~C*07:02:01:03 38.000 0.065 1.000 538.294
B*08:01:01:01~C*07:01:01:01 30.000 0.051 0.962 185.659
B*51:01:01:01~C*15:02:01:01 29.000 0.050 0.927 217.140
B*18:01:01:02~C*07:01:01:01 26.96 0.046 0.518 82.171
B*35:01:01:02~C*04:01:01:01 25.000 0.043 0.452 116.836
B*18:01:01:02~DPB1*04:01:01:01 20.296 0.039 0.237 5.413
B*51:01:01:01~DPB1*02:01:02 18.687 0.036 0.162 8.7949
B*07:02:01~DPB1*04:01:01:01 17.998 0.035 0.242 4.908
B*51:01:01:01~DQB1*03:01:01:03 26.126 0.045 0.201 9.900
B*08:01:01:01~DQB1*02:01:01 23.635 0.041 0.735 154.548
B*18:01:01:02~DQB1*03:01:01:03 23.531 0.040 0.360 20.962
B*44:03:01:01~DRB1*07:01:01:01 23.971 0.041 0.832 122.961
B*08:01:01:01~DRB1*03:01:01:01 23.95 0.041 0.747 159.349
B*07:02:01~DRB1*15:01:01:01 23.649 0.040 0.544 168.409
C*07:01:01:01~DQB1*02:01:01 28.753 0.049 0.394 63.595
C*07:01:01:01~DQB1*03:01:01:03 27.547 0.047 0.130 5.248
C*04:01:01:06~DQB1*03:01:01:03 21.148 0.036 0.293 13.815
C*07:01:01:01~DRB1*03:01:01:01 28.645 0.049 0.392 62.923
C*06:02:01:01~DRB1*07:01:01:01 24.795 0.042 0.424 58.091
C*07:02:01:03~DRB1*15:01:01:01 21.529 0.037 0.533 148.9949
DPB1+%04:01:01:01~DQB1*03:01:01:03 50.218 0.097 0.122 5.091
DPB1*%04:01:01:01~DQB1*06:02:01 16.013 0.031 0.219 3.677
DQB1*03:01:01:03~DRB1*11:01:01:01 64.000 0.110 0.960 221.776
DQB1*02:01:01~DRB1*03:01:01:01 60.000 0.103 1.000 584.000
DQB1*02:02:01:01~DRB1*07:01:01:01 56.000 0.096 0.922 343.342
DQB1*03:01:01:03~DRB1*11:04:01 52.000 0.089 1.000 184.485

5. Discussion

Several studies during the last decades focused on the impact of HLA
polymorphism in human longevity [22-27]. However data generated in
different populations and ethnic groups are contradicting due to the
major methodological problems such as limited sample size, typing
approach and focusing on single loci different inclusion criteria and age
limits, and neglecting of possible sex-related effects. Despite these
limitations, HLA remains as one of the major genetics regions asso-
ciated with human longevity as shown by GWAS [28], due to its central
role in the development of adaptive immune response and modulation
of individual’s response to life threatening diseases.

Here we present the data report from the collaborative study in-
cluding four laboratories within the 17th IHIW component
“Immunogenetics of Ageing” on unrelated elderly individuals and
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young controls. Some of the investigators involved in this study pre-
viously participated in this workshop component. Within the 17th IHIW
data from additional populations were collected and the study was
further extended including allele-level typing and examination of ad-
ditional loci. However considering the relatively small number of el-
derly individuals, selected according to the SENIEUR protocol [20] and
included in the analysis, the data presented here should be considered
as preliminary and it is expected more individuals to be analyzed in the
course of study within 18th IHIW. The SENIEUR protocol applied in the
present study establishes a strict admission criteria based on clinical
and laboratory data and restricts pharmacological interference. There-
fore the protocol excludes elderly people with underlying disease and
could be helpful to limit alterations caused by disease interference.
Analysis of data in four populations showed that some HLA class I
and class II alleles had positive statistically significant association with
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healthy aging. Our previous studies within IHIW components
“Immunogenetics of Ageing” showed similar HLA allele and haplotype
distributions in the Bulgarians, Romanians and Italians [17]. Since the
number of individuals from the Kuwaiti populations was very small
only HLA allele distribution was analyzed. Our data showing decreased
frequencies of 2 alleles in this population have to be confirmed in a
larger data set.

Our results on increased frequency of HLA-DRBI1*07:01:01:01,
confirmed and extended some of the previous reports showing positive
association of HLA-DRB1+*07 with longevity in the Greek and French
populations [25]. Most of the studies on HLA association in ageing were
focused on HLA class II region. However in our project we identified
positive association of longevity with HLA-A*01:01:01:01, HLA-
C*07:01:02, HLA-B*35:02:01, and HLA-B*15:17:01:01. HLA-A*01 and
C*07 alleles as a part of the ancestral haplotype HLA-A1-C7-B8-DR3
[34] was shown to be associated with a shift for Th1l to Th2 immune
response characteristic for ageing. Despite the role of HLA-B35 in HIV
progression, HLA-B*35 has been confirmed as a protective allele for
CML [30,31]. HLA-A*01:01 was described as a protective allele for CLL
[32,33]. Stratification according to gender showed that some of the
alleles appeared to be beneficial as longevity factors in males or females
only, such as HLA-B*35:02:01 that was increased in elderly females as
well as HLA-C*07:01:02 and HLA-B*15:17:01:01 increased only in the
elderly male group. Also, we observed additional allelic associations
such as increased frequency of HLA-A*30:01:01, HLA-B*13:02:01, HLA-
C*06:02:01, HLA-DRB1*01:01:01, DQA1*01:01:01:02 in females. Al-
leles HLA-DQA1*01:01 and HLA-DRB1*01:01 were also increased in
Japanese centenarians [26], although no sex-specific association was
reported. The possible mechanisms responsible for the different HLA
associations in elderly of both sexes are not clarified yet although it is
likely to be related to the influence of on the immune reactivity [34].

Similarly to our previous study, haplotype analysis showed that haplo-
types bearing HLA-DRB1*11 are prevalent among the elderly population
[17]. Specifically, a statistically significant difference was observed for the
HLA-C*16:02:01~HLA-DRB1*11:03:01 haplotype. HLA-DRB1*11 alleles
and haplotypes were shown to be associated with protection to autoimmune
diseases in Southern European populations and protection to HCV and HBV
[35]. In the present study, we observed positive associations of longevity
with haplotypes bearing HLA-C*04:01:01, HLA-DQB1*03:01 and HLA-
DRB1%*07:01:01 alleles, which are known to be associated with better con-
trol of hepatitis B and hepatitis C infection [35]. Additionally 4 haplotypes
for the HLA-01:01:01 allele, described as a protective for hematological
malignancies were statistically significantly increased in elderly form the
Bulgarian population. Considering the number of subjects these results must
be confirmed in a larger cohort of elderly individuals.

The present study to the best of our knowledge is one of the few
using Next Generation Sequencing methods to clarify HLA associations
at allele level in longevity. The major limitation of our study is a re-
latively small number of elderly subjects and deviations from Hardy
Weinberg equilibrium. Therefore one of the tasks within the next IHIW
is to collect additional samples of different age groups and different
populations and to analyze HLA polymorphism at maximum resolution
level. Studies of families with longevity members could be a useful tool
in addition to cross sectional studies to characterize better accumula-
tion of specific HLA alleles and haplotypes that are beneficial for
reaching extreme limits of life span.

In conclusion, HLA allele level data generated under the 17th IHW
component “Immunogenetics of Ageing” allowed further elucidation of
HLA associations with longevity and suggested that survival and long-
evity might be related to natural selection of HLA alleles and haplotypes
conferring disease resistance or susceptibility. Therefore, HLA alleles
and haplotypes could be informative immunogenetic marker for suc-
cessful ageing. Discovery of potential new markers that influence the
longevity and susceptibility to age related diseases will contribute for
development of strategies for rejuvenating the immune system and
preventing replicative senescence.
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