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Importance: Aging is accompanied by immune dysregulation, which has been implicated in Alzheimer’s disease 

(AD) pathogenesis. Individuals who are genetically predisposed to elevated levels of proinflammatory mediators 

might be at increased risk for AD. 

Objective: To investigate whether genetic propensity for higher circulating levels of interleukin 6 (IL-6) is asso- 

ciated with AD risk. 

Design: We analyzed data from the Hellenic Longitudinal Investigation of Aging and Diet (HELIAD). Mean follow- 

up was 2.9 (SD, 0.8) years. Baseline assessment was from 11/2009 to 11/2016, and cognitive follow-up from 

01/2013 to 07/2019. Associations of interest were also examined in the UK Biobank (UKB) for replication pur- 

poses (mean follow-up was 12.9 (SD, 2.4) years; baseline assessment was from 12/2006 to 10/2010). 

Setting: Population-based study. 

Participants: The HELIAD sample included 622 participants ≥ 65 years of age without baseline dementia or amnes- 

tic mild cognitive impairment (aMCI-the prodromal stage of AD). The UKB sample included 142,637 participants 

≥ 60 years of age without prevalent dementia. 

Exposures: Genetic predisposition to elevated circulating levels of IL-6 was estimated using a polygenic risk score 

(PRS), calculated based on the summary statistics of a current GWAS meta-analysis. 
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. Introduction 

Aging is accompanied by physiological changes in the immune sys-

em, collectively known as immunosenescence [ 1 ]. One of the hallmarks

f immunosenescence is the institution of a chronic low-grade systemic

nflammatory state, characterized by elevated circulating levels of pro-

nflammatory mediators, including interleukin (IL)− 1, IL-6, and tumor

ecrosis factor (TNF), a process often referred to as inflammaging [ 2 ].

nflammaging has been linked to an increased risk for many chronic dis-

ases, including cardiovascular disease, cancer, and, from a brain stand-

oint, cognitive decline and dementia [ 2–4 ]. 

Genetic predisposition to overactive immune responses might, at

east partially, explain why in some older individuals inflammaging re-

ains a subclinical aging-associated phenotype, while in others it might

ontribute to the development of neurodegenerative conditions, such

s Alzheimer’s disease (AD) [ 4 ]. This hypothesis is supported by prior

ndings relating certain genetic polymorphisms in genes encoding pro-

nflammatory cytokines, such as IL-1 and IL-6, with the risk for AD

 5–8 ]. IL-6 appears to be involved in AD pathophysiology, potentially

ntersecting inflammatory and neurodegenerative pathways. Increased

L-6 mRNA expression has been found in brain areas where amyloid de-

osition and astroglia activation are prominent in individuals with AD

 9 , 10 ], and increased IL-6 levels in the brain have been implicated in

arly stages of plaque formation [ 11 ]. 

Nevertheless, the study of individual genetic variants provides lim-

ted information in the setting of polygenic traits, such as those related to

mmune system functions and inflammation [ 12 ], as effect sizes for the

ajority of individual variants are typically negligible, and the fraction

f true causal variants among them is small [ 13 ]. Methods aggregating

he effects of single variants across the entire genome might more accu-

ately capture the heritability of complex traits. Among them, polygenic

isk scores (PRSs) have emerged as particularly useful tools, due to their

bility to predict disease status in a variety of research settings [ 14 ]. To

ur knowledge, studies leveraging these tools to comprehensively assess

n individual’s genetic propensity to inflammation and identify poten-

ial associations with the risk for AD are lacking. 

In the present work, using the summary statistics of a genome-wide

eta-analysis [ 15 ], we calculated a PRS to estimate genetic predispo-

ition to increased circulating levels of IL-6, and studied its associa-

ion with incident AD or its prodromal stage, amnestic mild cognitive

mpairment (aMCI) [ 16 ], in two independent prospective cohorts of

ommunity-dwelling individuals without dementia. 

. Methods 

.1. Participants 

The Hellenic Longitudinal Investigation of Aging and Diet (HELIAD)

s an ongoing population-based study of individuals ≥ 65 years of age,

ecruited from the general population of two Greek districts through ran-

om sampling [ 17–19 ]. Baseline demographic, cognitive, and genotypic

ata were collected from 11/2009 to 11/2016. Cognitive follow-up data
2

 and MCI diagnoses were based on standard clinical criteria [HELIAD], or hos-

ta [UKB]. Associations with AD or aMCI incidence [HELIAD] and AD incidence

egression models. 

as 73.4 (SD, 5.0) years; 363 (58%) women. An increase in IL-6 PRS by 1

as associated with up to a 43% increase in the risk for incident AD/aMCI

3 [95%CI, 1.14 – 1.80]). In UKBB, mean age was 64.2 (SD, 2.8) years; 73,707

 in IL-6 PRS was associated with up to an 8% increase in the risk for incident

 1.08 [95%CI, 1.04 – 1.12]). 

tic predisposition to higher circulating levels of IL-6 was associated with an

g the role of IL-6-related pathways in AD pathogenesis, and suggesting that

mmatory states might trigger or accelerate AD-related neuropathology. 

ere collected from 01/2013 to 07/2019. The present prospective anal-

sis included 622 participants based on the following inclusion criteria:

i) no baseline dementia or aMCI, (ii) available cognitive follow-up, (iii)

vailable demographic and genotypic data ( Fig. 1 ). 

.2. Diagnostic criteria 

Diagnoses were reached through diagnostic consensus meetings of

ll the main investigators, both neurologists and neuropsychologists,

s previously described [ 20 , 21 ]. Dementia was diagnosed based on the

SM-IV-TR criteria [ 22 ], and the designation of probable or possible AD

as made according to the National Institute of Neurological and Com-

unicative Disorders and Stroke/Alzheimer Disease and Related Disor-

ers Association (NINCDS/ADRDA) criteria [ 23 ]. The diagnosis of MCI

as based on the Petersen criteria [ 24 ]; MCI was subclassified as amnes-

ic, in cases of isolated memory impairment or multi-domain cognitive

mpairment involving memory, and as non-amnestic, in cases of isolated

r combined impairment of other cognitive domains (i.e., language, at-

ention, executive function, visuo-perceptual) with memory sparing. 

.3. Genotyping, imputation, and PRS calculation 

The methodology of genome-wide genotyping, quality control, and

mputation has been described elsewhere [ 20 , 25 ], and is also included

n the Supplement (eMethods 1). Genetic predisposition to elevated cir-

ulating levels of IL-6 was modeled through a PRS, calculated using the

ummary statistics from a recent genome-wide meta-analysis [ 15 ], in-

luding a total of 21,758 individuals from 13 cohorts of European an-

estry. 

First, imputed dosages for a total of 5,611,082 single nucleotide

olymorphisms (SNPs) with minor allele frequency (MAF) > 0.05, call

ate > 95%, and imputation quality score > 0.4 were converted to best-

uess genotypes (with probability > 0.8). Then, the PRSice software

http://prsice.info/) was used for PRS calculation by applying the

lumping and thresholding (C + T) method [ 26 , 27 ]. A risk score was cal-

ulated for each SNP by multiplying the risk allele number (i.e., 0, 1, 2)

ith the corresponding effect size (i.e., beta coefficient) reported in the

WAS summary data. A set of PRSs were then computed for each par-

icipant by summing the individual SNP-risk scores for SNPs achieving

enome-wide significance at 10 a priori-defined GWAS p-value thresh-

lds (i.e., 5 × 10− 8 , 0.0001, 0.001, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5).

he number of SNPs included in PRS calculation at each GWAS sig-

ificance threshold is reported in eTable 1. Higher PRS scores reflect

reater genetic predisposition for elevated plasma levels of IL-6. To en-

ure that only independent markers were included, SNP clumping based

n linkage disequilibrium (LD) was performed, using the default PRSice

ettings for clumping (rc 
2 of 0.1 and wc of 250 kb). SNPs located within

he APOE region, defined as 1 Mb up and down-stream of the APOE gene

chromosome 19: 44.4–46.5 Mb), were excluded from PRS calculation,

nd the APOE genotype (coded as presence or absence of 𝜀 4 allele) was

ncluded as predictor in the analyses, as previously proposed [ 28 ]. 
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Fig. 1. Flowchart of study sample. 
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.4. Vascular burden score calculation 

To assess the vascular burden of study participants, we computed a

ascular burden score (VBS), as previously described [ 29–31 ]. VBS for

ach participant was the sum of the following cardiovascular risk fac-

ors and diseases: (i) hypertension (according to past history, medical

ecords, or antihypertensive medication use), (ii) diabetes mellitus (ac-

ording to past history, medical records, or glucose-lowering medication

se), (iii) hyperlipidemia (according to past history, medical records, or

ipid-lowering medication use), (iv) heart disease (according to past his-

ory of ischemic heart disease, myocardial infarction, coronary angio-

lasty, coronary artery bypass surgery, congestive heart failure, atrial

brillation or other arrhythmias, or pacemaker implantation), and (v)

erebrovascular disease (according to past history, or prior symptoms

uggestive of stroke or transient ischemic attack). Each score compo-

ent was assigned a score of 1; the VBS score ranged from 0 to 5. 

.5. Statistical analysis 

Normality of data was graphically explored using Q-Q plots and

ernel density plots. Participant characteristics were compared using

NOVA and Kruskal-Wallis tests for normally and non-normally dis-

ributed continuous variables, respectively, and Pearson’s chi-square for

ategorical variables. Variables expressing PRS scores were converted to

-scores before entered in survival analysis models. 

.5.1. Primary analyses 

Associations of IL-6 PRS with the composite outcome of incident AD

r aMCI were explored using Cox proportional hazards models. Time-

o-event was time from baseline evaluation to visit of AD or aMCI diag-

osis; participants who did not develop AD or aMCI were right-censored

t the time of their last evaluation. The calculated PRS scores at differ-

nt GWAS significance thresholds were the main predictors. Two sets of
3

odels were constructed for each threshold: (i) Model 1 was adjusted

or baseline age, sex, study center, years of education, APOE genotype,

resence of non-amnestic MCI, and the first two principal components

or population structure (to control for potential cryptic relatedness and

nexpected genotyping batch errors); (ii) Model 2 was further adjusted

or VBS. The proportional hazards assumption was tested using Schoen-

eld residuals [ 32 ]; for variables violating the proportional hazards as-

umption we included time-varying coefficients by specifying interac-

ion terms with an identity function for analysis time [ 33 ]. For illus-

ration purposes, we also categorized participants into low ( > 1 SD be-

ow the mean), intermediate (within 1 SD of the mean), and high ( > 1

D above the mean) IL-6 PRS groups, and generated adjusted survival

urves for each group (eMethods 3). 

.5.2. Replication 

To examine the replicability and external validity of primary analy-

is findings, we studied the associations of IL-6 PRS with AD incidence

n the UK Biobank (UKB), a large prospective population-based cohort

f participants aged 40–69 years, recruited between 2006 and 2010 in

he UK [ 34 ]. The replication sample consisted of 142,637 unrelated par-

icipants ≥ 60 years of age without prevalent dementia. Participants at-

ended the baseline evaluation between 12/2006 and 10/2010. Demen-

ia cases were identified using hospital inpatient admission records and

eath registry data, available from the Hospital Episode Statistics for

ngland, the Scottish Morbidity Record for Scotland, and the Patient

pisode Database for Wales. Further details are included in the Sup-

lement (eMethods 2). Analyses were similarly structured to those de-

cribed in Section 2.5.1 . Specifically, Cox models adjusted for baseline

ge, sex, education, APOE genotype, and the first two principal compo-

ents for population structure were computed (Model 1). The outcome

as restricted to incident AD since information on MCI subclassification

as not available. In sensitivity analyses, we computed models further

djusted for Townsend deprivation index to account for material depri-
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Table 1 

HELIAD participant baseline characteristics by AD or amnestic MCI incidence. 

Total 

(622) 

No AD or amnestic MCI 

at follow-up 

(549) 

AD or amnestic MCI 

at follow-up 

(73) P value 

Age, years, mean (SD) 73.4 (5.0) 73.2 (4.9) 75.1 (5.4) 0.002 a 

Sex, n (%) 

Women 

Men 

363 (58) 

259 (42) 

323 (59) 

226 (41) 

40 (55) 

33 (45) 

0.51 

Study center, n (%) 

Larissa 

Marousi 

556 (89) 

66 (11) 

492 (90) 

57 (10) 

64 (88) 

9 (12) 

0.61 

Education, years, median (IQR) 6 (5, 11) 6 (6, 11) 6 (3, 7) < 0.001 a 

Vascular burden score, median 

(IQR) 

2 (1, 2) 2 (1, 2) 2 (1, 2) 0.90 

APOE 𝜀 4 allele carrier, n (%) 

No 

Yes 

524 (84) 

98 (16) 

463 (84) 

86 (16) 

61 (84) 

12 (16) 

0.86 

Non-amnestic MCI, n (%) 

No 

Yes 

593 (95) 

29 (5) 

528 (96) 

21 (4) 

65 (89) 

8 (11) 

0.007 a 

PRS for IL-6, mean (SD) 

GWAS threshold 5 × 10− 8 

GWAS threshold 0.0001 

GWAS threshold 0.001 

GWAS threshold 0.01 

GWAS threshold 0.05 

GWAS threshold 0.1 

GWAS threshold 0.2 

GWAS threshold 0.3 

GWAS threshold 0.4 

GWAS threshold 0.5 

− 437.91 (204.13) 

− 1.47 (20.08) 

9.74 (6.52) 

− 3.25 (2.00) 

0.33 (0.91) 

− 0.62 (0.65) 

0.55 (0.47) 

− 0.09 (0.38) 

0.10 (0.34) 

0.09 (0.31) 

− 441.02 (204.03) 

− 1.85 (20.20) 

9.75 (6.52) 

− 3.31 (1.99) 

0.30 (0.92) 

− 0.65 (0.65) 

0.54 (0.47) 

− 0.10 (0.38) 

0.09 (0.34) 

0.08 (0.31) 

− 414.53 (204.77) 

1.40 (19.07) 

9.65 (6.54) 

− 2.74 (2.04) 

0.56 (0.84) 

− 0.45 (0.63) 

0.67 (0.46) 

0.01 (0.37) 

0.19 (0.34) 

0.16 (0.30) 

0.30 

0.19 

0.91 

0.02 a 

0.02 a 

0.02 a 

0.02 a 

0.02 a 

0.02 a 

0.03 a 

Abbreviations: HELIAD, Hellenic Longitudinal Investigation of Aging and Diet; AD, Alzheimer’s disease; MCI, mild cognitive impairment; SD, standard deviation; 

IQR, interquartile range; PRS, polygenic risk score; IL-6, interleukin 6; GWAS, genome-wide association study. 
a Significant at p ≤ .05. 
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ation (Model 2). Further, we conducted competing-risk analysis with

eath as a competing event using the Fine-Gray subdistribution hazard

odel [ 35 ]. 

The false discovery rate (FDR) was controlled at < 5% using the

enjamini-Hochberg procedure [ 36 ], to account for testing of multi-

le GWAS significance thresholds. All analyses were performed using R,

ersion 4.2.3 (R Foundation for Statistical Computing, 2023). A 2-sided

-value of < 0.05 was considered statistically significant. 

. Results 

.1. Participant characteristics in HELIAD 

Missing data analyses are reported in the Supplement (eResults 1,

Table 2, eTable 3). Out of 622 participants included in the analysis,

3 developed AD or aMCI over a mean follow-up of 2.9 (SD, 0.8) years.

ean age was 73.4 (SD, 5.0) years, and 363 (58%) participants were

omen ( Table 1 ). Participants who developed AD or aMCI were older,

ess educated, had a higher prevalence of non-amnestic MCI at baseline,

nd had higher IL-6 PRS scores at 7 out of 10 GWAS significance thresh-

lds, compared to those who remained AD/aMCI-free. There were no

ifferences in sex, study center, VBS, or APOE 𝜀 4 carrier status between

articipants with and those without incident AD or aMCI. 

.2. Associations with AD or aMCI incidence in HELIAD 

Cox regression models revealed associations of IL-6 PRS with AD or

MCI incidence at 8 out of 10 GWAS significance thresholds in the HE-

IAD sample ( Table 2 , Model 1). An increase in IL-6 PRS by 1 standard

eviation unit (SDU) was associated with an increase in the risk for AD

r aMCI ranging from 30% to 43%. For example, at a GWAS significance

hreshold of 0.01, an increase in IL-6 PRS by 1 SDU was associated with

 43% (95% confidence interval [CI], 14% to 80%) increase in the risk

or incident AD or aMCI ( Table 2 , Model 1). These associations remained
4

ignificant after FDR control. After further adjustment for VBS, the re-

ults remained largely unchanged ( Table 2 , Model 2). Adjusted survival

urves for different (i.e., low, intermediate, and high) IL-6 PRS groups

ased on a GWAS significance threshold of 0.01 are presented in Fig. 2 .

.3. Associations with AD or aMCI incidence in UKB 

In the UKB sample, a total of 2,737 incident AD cases were identified

ver a mean follow-up of 12.9 (SD, 2.4) years. Mean age was 64.2 (SD,

.8) years, and 52% of participants were women (eTable 4). Participants

ho developed AD were older, less educated, were more likely to be

POE 𝜀 4 allele carriers, and had higher IL-6 PRS scores at 7 out of 10

WAS significance thresholds, compared to those who remained AD-

ree. There were no significant differences in sex between participants

ho developed incident AD and those who did not. 

Cox regression models revealed associations of IL-6 PRS with AD

ncidence at 6 out of 10 GWAS significance thresholds after FDR control

 Table 3 , Model 1). A 1 SDU increase in IL-6 PRS was associated with

n increase in the risk for AD ranging from 6% to 8%. For example, at

 GWAS significance threshold of 0.2, an increase in IL-6 PRS by 1 SDU

as associated with an 8% (95% CI, 4% to 12%) increase in the risk

or incident AD. In sensitivity analyses (i.e., models further adjusted

or material deprivation and competing-risk analysis with death as a

ompeting event), the results remained virtually unchanged ( Table 3 ,

odel 2; eTable 5). 

. Discussion 

In this study, genetic predisposition to higher circulating levels of

L-6 was associated with an increased risk for AD or aMCI in a sam-

le of community-dwelling older adults. These findings were replicated

n more than 142,600 individuals from an independent population-

ased cohort, enhancing their generalizability and external validity. The

resent results further support the role of inflammatory pathways in AD
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Table 2 

Associations between PRS for IL-6 and AD or amnestic MCI incidence in the HELIAD cohort. 

Model 1 a Model 2 b 

PRS for IL-6 At risk, n HR (95% CI) 

Raw 

p value 

Adjusted p 

value At risk, n HR (95% CI) 

Raw 

p value 

Adjusted p 

value 

Genome-wide 

significance 

threshold 

5 × 10− 8 622 1.30 (1.03 - 

1.66) 

0.03 0.04 c 615 1.31 (1.03 - 

1.68) 

0.03 0.04 c 

0.0001 1.24 (0.98 - 

1.56) 

0.07 0.08 1.25 (0.99 - 

1.59) 

0.07 0.07 

0.001 1.11 (0.88 - 

1.41) 

0.38 0.38 1.11 (0.88 - 

1.42) 

0.38 0.38 

0.01 1.43 (1.14 - 

1.80) 

0.002 0.01 c 1.43 (1.13 - 

1.81) 

0.003 0.02 c 

0.05 Events, n 1.43 (1.13 - 

1.82) 

0.003 0.01 c Events, n 1.42 (1.11 - 

1.80) 

0.005 0.02 c 

0.1 1.35 (1.07 - 

1.70) 

0.01 0.02 c 1.33 (1.05 - 

1.68) 

0.02 0.03 c 

0.2 73 1.34 (1.06 - 

1.70) 

0.01 0.02 c 70 1.33 (1.04 - 

1.69) 

0.02 0.03 c 

0.3 1.43 (1.12 - 

1.82) 

0.004 0.01 c 1.41 (1.10 - 

1.81) 

0.008 0.03 c 

0.4 1.37 (1.08 - 

1.75) 

0.009 0.02 c 1.34 (1.05 - 

1.72) 

0.02 0.03 c 

0.5 1.36 (1.07 - 

1.72) 

0.01 0.02 c 1.33 (1.04 - 

1.71) 

0.02 0.03 c 

Results from Cox proportional hazards models with AD or amnestic MCI incidence as the outcome, and IL-6 PRS as the main predictor. 
a Model 1 was adjusted for baseline age, sex, study center, years of education, APOE 𝜀 4 carrier status, presence of non-amnestic MCI, and the first two principal 

components for population structure. 
b Model 2 was further adjusted for vascular burden score. 
c Significant after false-discovery rate control at < 5% using the Benjamini-Hochberg procedure.Abbreviations: HELIAD, Hellenic Longitudinal Investigation of 

Aging and Diet; PRS, polygenic risk score; IL-6, interleukin 6; AD, Alzheimer’s disease; MCI, mild cognitive impairment; HR, hazard ratio; CI, confidence interval. 

Fig. 2. Expected survival curves calculated 

separately for participants in different (low, 

intermediate, and high) IL-6 PRS categories, 

based on adjusted (for age, sex, study cen- 

ter, years of education, APOE 𝜀 4 carrier status, 

presence of non-amnestic MCI, and the first two 

principal components for population structure) 

Cox models. Abbreviations: AD, Alzheimer’s 

disease; aMCI, amnestic mild cognitive impair- 

ment; IL-6, interleukin 6; PRS, polygenic risk 

score; SD, standard deviation. 
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athogenesis and suggest that genetic susceptibility to proinflammatory

tates might trigger or accelerate AD-related neuropathology. 

.1. Associations with AD or aMCI incidence 

A case-control study including 332 individuals with probable AD and

93 controls from Italy, investigated two different polymorphic regions

f the IL-6 gene [ 7 ]. The − 174 C allele in the promoter region of the
5

L-6 gene was overrepresented in AD participants compared to controls,

nd was associated with an increased risk for the disease. Moreover, the

 174 CC genotype was associated with a higher risk for AD in women.

dditionally, the D allele of a variable number of tandem repeat (VNTR)

as in strong LD with the − 174 C allele. The VNTR DD genotype was

ore frequent in AD participants compared to controls, and was also

ssociated with an increased risk for the disease. On the other hand,

he frequency of the VNTR C allele was decreased in participants with
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Table 3 

Associations between PRS for IL-6 and AD incidence in the UK Biobank. 

Model 1 a Model 2 b 

PRS for IL-6 At risk, n HR (95% CI) 

Raw 

p value 

Adjusted p 

value At risk, n HR (95% CI) 

Raw 

p value 

Adjusted p 

value 

Genome-wide 

significance 

threshold 

5 × 10− 8 142,637 0.99 (0.96 - 

1.03) 

0.678 0.753 142,521 0.99 (0.96 - 

1.03) 

0.649 0.722 

0.0001 0.99 (0.95 - 

1.03) 

0.626 0.753 0.99 (0.95 - 

1.03) 

0.608 0.722 

0.001 1.00 (0.97 - 

1.04) 

0.899 0.899 1.00 (0.97 - 

1.04) 

0.9 0.9 

0.01 1.04 (1.00 - 

1.08) 

0.038 0.055 1.04 (1.00 - 

1.08) 

0.042 0.06 

0.05 Events, n 1.06 (1.02 - 

1.10) 

0.002 0.003 c Events, n 1.06 (1.02 - 

1.10) 

0.002 0.004 c 

0.1 1.06 (1.02 - 

1.10) 

0.001 0.003 c 1.06 (1.02 - 

1.10) 

0.001 0.004 c 

0.2 2,737 1.08 (1.04 - 

1.12) 

< 0.001 0.001 c 2,736 1.08 (1.04 - 

1.12) 

< 0.001 0.001 c 

0.3 1.07 (1.03 - 

1.11) 

< 0.001 0.002 c 1.07 (1.03 - 

1.11) 

< 0.001 0.002 c 

0.4 1.06 (1.02 - 

1.10) 

0.001 0.003 c 1.06 (1.02 - 

1.10) 

0.001 0.004 c 

0.5 1.06 (1.02 - 

1.10) 

0.002 0.003 c 1.06 (1.02 - 

1.10) 

0.002 0.004 c 

Results from Cox proportional hazards models with AD incidence as the outcome, and IL-6 PRS as the main predictor. 
a Model 1 was adjusted for baseline age, sex, education, APOE 𝜀 4 carrier status, and the first two principal components for population structure. 
b Model 2 was further adjusted for Townsend deprivation index. 
c Significant after false-discovery rate control at < 5% using the Benjamini-Hochberg procedure.Abbreviations: PRS, polygenic risk score; IL-6, interleukin 6; AD, 

Alzheimer’s disease; HR, hazard ratio; CI, confidence interval. 
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D, and was associated with a decreased risk for the disease. Impor-

antly, both the − 174 CC and VNTR DD genotypes were associated with

ncreased IL-6 levels in the blood and brain of individuals with AD. 

In two case-control studies conducted in Chinese populations, one

ncluding 318 individuals with AD and 324 controls [ 37 ], and the other

41 individuals with AD and 421 controls [ 38 ], the − 572 G allele as

ell as the − 572 GG genotype in the promoter region of the IL-6 gene

ere associated with a decreased risk for AD; in the second study this as-

ociation was only present in APOE 𝜀 4 allele carriers [ 38 ]. A later study

ncluding 266 individuals with AD and 444 controls from Taiwan, repli-

ated these findings but also identified an association of another SNP

ocated in the intron region of IL-6 gene with AD risk [ 5 ]; the authors

ostulated that due to its intronic location, this SNP may affect disease

isk through alternative splicing. 

The abovementioned findings suggest a link between IL-6 genetic

olymorphisms and AD risk, which might, in part, be mediated by ele-

ated levels of circulating IL-6. Nonetheless, findings pertaining to in-

ividual variants are subject to limitations, as they usually capture, at

est, only a small proportion of the genetic variation associated with

omplex traits [ 39 ], and the proportion of true causal variants among

hem is typically rather small [ 13 ]. 

Instead of focusing on single variant effects, a PRS aggregates the

ffects of independent risk variants across the entire genome to compre-

ensively assess the heritability of complex traits. Previous studies have

hown that PRSs achieve substantially greater predictive power than a

mall number of SNPs [ 13 ], and they can accurately predict disease sta-

us in a variety of research settings [ 14 ]. Herein, we leveraged a PRS

pproach to estimate genetic susceptibility to elevated circulating lev-

ls of IL-6, and identify associations with the risk for developing AD, or

ts prodromal form, aMCI [ 16 ]. 

Interestingly, effect sizes for the associations between IL-6 PRS and

D incidence differed between the two cohorts, with relatively larger es-

imates observed in the HELIAD cohort (a 1 SDU increase in IL-6 PRS was

ssociated with a 30–43% increase in the risk for AD or aMCI), compared

o the UKB (a 1 SDU increase in IL-6 PRS was associated with a 6–8%

ncrease in the risk for AD). These differences could be related to a po-

entially higher accuracy of the diagnostic algorithm used in the HELIAD
 m  

6

ohort, relying on expert consensus diagnoses based on standard clini-

al criteria, compared to the hospital record/death registry-derived di-

gnoses used in the UKB [ 40 ]. The comprehensive diagnostic algorithm

f the HELIAD cohort also allowed us to identify and include incident

MCI cases as events of interest, perhaps increasing outcome sensitivity,

hereas such information was not available in the UKB sample. Finally,

ifferences in the two study populations - such as the younger baseline

ge of UKB participants (mean age: 64.2 years) compared to HELIAD

articipants (mean age: 73.4 years) - and the overall better health and

ocioeconomic status of UKB participants relative to the general popu-

ation [ 41 ], might have also contributed to the variation in results. 

.2. The role of vascular burden 

Considering prior evidence pointing towards an association of cir-

ulating IL-6 levels with cerebrovascular events and vascular cognitive

mpairment [ 42 , 43 ], as well as towards additive or synergistic effects of

ascular pathology on AD-related cognitive decline [ 44 ], we hypothe-

ized that potential relationships of genetic predisposition for high cir-

ulating levels of IL-6 with AD pathology might be confounded, or me-

iated, by vascular pathways. After taking into account the vascular dis-

ase burden in our analysis, the results remained virtually unchanged,

uggesting that IL-6 PRS was related to AD/aMCI incidence independent

f vascular pathology. 

.3. Biological plausibility/putative molecular pathways 

As part of the aging process, the immune system undergoes a pro-

ess of senescence, characterized by physiological alterations that lead

o the development of certain aging-associated phenotypes, such as de-

reased immune efficacy and inadequate responses against novel anti-

ens and vaccines [ 1 ]. Additionally, the immune system begins to ad-

ersely affect human health, possibly contributing to the development

nd clinical course of age-related conditions, such as cardiovascular,

etabolic, and neurodegenerative diseases [ 45 ]. A hallmark feature of

mmunosenescence is the increase in cellular production of proinflam-

atory cytokines, such as IL-1 𝛽, IL-6, and TNF, leading to the institution
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f a chronic low-grade systemic inflammatory state (inflammaging) [ 3 ].

hese inflammatory mediators might access the brain, and contribute to

educed brain-derived neurotrophic factor levels, glutamatergic activa-

ion (excitotoxicity), oxidative stress, and induction of apoptosis [ 46 ]. 

Despite this general biological framework, the clinical picture of in-

ammaging can vary widely, ranging from a subclinical aging-related

henotype, to an important contributor to cardiovascular diseases and

ementia [ 2 , 4 ]. Genetic variability might constitute one of the key fac-

ors responsible for this phenotypic heterogeneity, as individuals geneti-

ally predisposed to proinflammatory states and overactive immune re-

ponses might be inherently more prone to the detrimental effects of

nflammaging [ 2 ]. Among associations between genetic variants and

evels of proinflammatory mediators in the blood that might be particu-

arly relevant with respect to AD, are those related to the IL-6 gene. Prior

ndings have implicated IL-6 in mainstream AD-related neurodegenera-

ive pathways such as amyloid deposition and plaque formation [ 9–11 ],

au hyperphosphorylation [ 47 ], and synaptic damage [ 48 ] (eFigure 1).

n addition, higher circulating levels of IL-6 have been associated with

RI markers of global brain and hippocampal atrophy [ 49 ], suggest-

ng a link between blood IL-6 levels and AD-like brain atrophy patterns

 50 ]. 

The present findings further support the involvement of IL-6-related

athways in AD pathogenesis, by suggesting that genetic predisposition

o high circulating levels of IL-6 might trigger or potentiate AD-related

europathological processes, perhaps through amplifying aging-related

roinflammatory states and worsening the underlying immune dysreg-

lation. 

.4. Limitations 

First, circulating IL-6 levels were not available. However, the out-of-

ample performance of IL-6 PRS has been previously assessed in the Eu-

opean Malmö Diet and Cancer study [ 15 ]. Second, we had to consider

ll predefined genome-wide significance thresholds in our analysis and

pply corrections for multiple testing, with potential decreases in power,

hich could have been avoided if IL-6 levels were available to identify

he PRS threshold explaining the maximum amount of trait variance

n each cohort. Third, a limitation of current PRS methods is that they

ely on individuals’ genetic ancestry being similar to the GWAS study

rom which reference effect sizes for PRS calculation are obtained [ 14 ].

his might hamper the assessment of the replicability and generalizabil-

ty of the present findings to populations and ethnic groups in which

uch large-scale GWAS studies are not available. Fourth, biomarkers of

myloid- 𝛽 and tau pathology were not available to confirm the presence

f core AD neuropathology in participants who developed AD or aMCI

ver the study follow-up. 

.5. Conclusion 

In summary, genetic predisposition to higher circulating levels of IL-

, assessed by leveraging GWAS results and aggregating common vari-

nt effects across the entire genome through a PRS approach, was pos-

tively associated with AD incidence in two independent population-

ased cohorts. Along with supporting the role of IL-6-related pathways

n AD pathogenesis, these findings also highlight the importance of anti-

nflammatory lifestyle, or other, interventions, to counterbalance the

ognitive risk conferred by aging-associated proinflammatory pheno-

ypes, especially in genetically predisposed individuals. Further studies

o evaluate these findings in more ethnically and racially diverse popu-

ations are necessary. 
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