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Aim: Inflammation represents a potential pathway through which socioeconomic position (SEP) is biolog-
ically embedded. Materials & methods: We analyzed inflammatory biomarkers in response to life course
SEP by integrating multi-omics DNA-methylation, gene expression and protein level in 178 European
Prospective Investigation into Cancer and Nutrition-Italy participants. Results & conclusion: We identi-
fied 61 potential cis acting CpG loci whose methylation levels were associated with gene expression at
a Bonferroni correction. We examined the relationships between life course SEP and these 61 cis-acting
regulatory methylation sites individually and jointly using several scores. Less-advantaged SEP participants
exhibit, later in life, a lower inflammatory methylome score, suggesting an overall increased expression
of the corresponding inflammatory genes or proteins, supporting the hypothesis that SEP impacts adult
physiology through inflammation.

First draft submitted: 9 September 2019; Accepted for publication: 29 June 2020; Published online:
2 September 2020
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Socioeconomic position (SEP) is one of the most consistent determinants of health [1]. Epidemiological studies
worldwide have demonstrated strong, graded and persistent associations between indicators of SEP across the
life course and a large range of health outcomes including cardiovascular and respiratory diseases, hypertension,
diabetes and cancer [2]. Although it is now established that disadvantaged SEP is associated with poorer health [3],
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https://orcid.org/0000-0003-0067-6775
https://orcid.org/0000-0001-5749-4791
https://orcid.org/0000-0003-0122-8624
https://orcid.org/0000-0002-5558-2437
https://orcid.org/0000-0002-8008-5096
https://orcid.org/0000-0003-2666-414X
https://orcid.org/0000-0001-5816-679X
https://orcid.org/0000-0003-2102-3626
https://orcid.org/0000-0003-4889-1095
https://orcid.org/0000-0002-6821-6532
https://orcid.org/0000-0003-4082-8163
https://orcid.org/0000-0002-4387-8943
https://orcid.org/0000-0001-8935-4566
https://orcid.org/0000-0001-8341-5436
https://orcid.org/0000-0002-0831-080X


Research Article Castagné, Kelly-Irving, et al.

the relationship between SEP and health is not fully explained by established behavioral and lifestyle risk factors
for chronic diseases [4,5]. Persistent socioeconomic disadvantage and psychosocial adversities experienced over the
life course can induce a chronic overactivation and/or dysregulation of the physiological stress response [6]. The
latter has been shown to alter many biological mechanisms, in particular inflammatory and immune responses [7].
In addition, there is increasing evidence that the inflammatory response is socially patterned, through a wide
range of possible mediators at different molecular levels. A better understanding of the pathways and mechanisms
through which social disadvantage affects health is key to reduce the harmful effect of SEP and ultimately address
socioeconomic inequalities in health.

The association between disadvantaged life course SEP and elevated inflammatory proteins in adulthood – mainly
including CRP and IL-6 – is supported by several recent meta-analyses [8–10]. Some studies indicate that different
types of adverse social conditions such as low SEP [11–14], social isolation [15,16] and early-life social deprivation [17]

are related to the upregulation of the expression of several genes involved in the inflammatory pathways [18],
namely the conserved response to adversity [19]. Epigenetics, as a potential regulator of gene expression without
altering the genome, has been postulated to link adverse social exposures to health through the development of a
proinflammatory state [20]. Previous studies have demonstrated a link between global DNA methylation [21–23], at
individual genome-wide CpG site [24–27] or at site-specific DNA methylation patterns related to inflammation [28–

30] and socially patterned stressors including disadvantaged childhood SEP [24,25,28–31], adulthood SEP [28,29],
perceived stress [25] and neighborhood crime [32]. These studies support the hypothesis that disadvantaged SEP
may influence biological functioning, in particular the inflammation response, at different omics levels. However,
studies considering the different omics levels in an integrative analysis are still sparse.

In previous studies in 268 participants from the Italian component of the European Prospective Investigation
into Cancer and Nutrition (EPIC-Italy), we examined how SEP over the life course is likely to be embedded through
the inflammatory system using: circulating levels of 28 inflammation-related proteins [33] and 845 inflammatory
genes [34] considered separately, or combined into an transcriptome inflammatory score. Our results suggest that
early-life SEP is associated with elevated levels of both inflammatory-related proteins and transcripts in adulthood. In
the present study, we adopted a hypothesis-driven investigation focusing on inflammation measured at three different
omic levels: proteins, transcripts and DNA methylation. We hypothesized that participants with a disadvantaged
SEP will have lower inflammatory DNA methylation level compared with their advantaged counterparts that in
turn will upregulate expression and traduction of these genes. Our approach first relied on identifying CpG sites
associated with inflammatory-related transcripts and proteins, and subsequently investigate their relationships with
three SEP indicators at different life stages. We examined these associations for each CpG site separately and
through a composite inflammatory methylome score. Finally, we investigated life course effects of early-life SEP
experiences by sequentially controlling for time-ordered SEP. We further explored the relationship between each
molecular stratum at the score level by life course SEP assuming that a low inflammatory methylome score will
result in a higher level of inflammatory genes and proteins.

Materials & methods
Study population
The EnviroGenoMarkers (EGM) project was initially designed as two nested case–control studies with the objective
to identify novel biomarkers of non-Hodgkin’s lymphoma and breast cancer risk from multiple ‘-omics’ profiles [35].
EGM includes participants from the Italian component of the EPIC-Italy [36] and the Northern Sweden Health
and Disease Study [37]. In this study, 268 EGM participants from EPIC-Italy healthy at enrollment were included.
For these participants, anthropometric, lifestyle, dietary and socioeconomic factors as well as blood samples were
collected at recruitment. All participants provided informed consent, and the EPIC study protocol was approved
by the review board of the International Agency for Research on Cancer and by all local institutes recruiting
participants. The study was conducted in accordance with the approved ethical guidelines. Biosamples underwent
genome wide expression and methylation as well as targeted proteomic inflammatory profiling in two distinct
batches.

Life course SEP
As previously described, we used dichotomized indicators of each life course SEP factors from the EPIC questionnaire
to preserve both power and interpretability [33,34].
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Briefly ’childhood SEP’ was approached by father’s occupation and recorded in the two following categories:
‘Manual’ grouping unskilled workers, skilled workers and farmers; and ‘Non-manual’ grouping retailers, employ-
ees and self-employed. Young ‘adulthood SEP’ was measured through participant’s own education, which was
dichotomized as ‘High’ (above the minimum legal education level, 15 years of age) and ‘Low’ (below the minimum
legal education level). For ‘Adulthood SEP’, we used the highest occupational position in the household defined by
either the participant’s own occupation or his/her partner’s and classified as ‘Manual’ and ‘Non-manual,’ using the
same categorization described above for father’s occupation.

Laboratory analyses
Genome-wide methylation profiling experiments were conducted as previously described [38], using the Illumina
Infinium HumanMethylation450 platform according to manufacturers′ protocols. Briefly, the QIAsymphony DNA
Midi Kit (Qiagen, Crawley, UK) was used to extract DNA samples from buffy coats. The DNA (500 ng) of each
sample was bisulfite-converted using the EZ-96 DNA Methylation-Gold™ Kit (Zymo Research, CA, USA) and
hybridized on the Infinium HumanMethylation 450 BeadChip. The beadchips were then scanned using the
Illumina HiScan SQ scanner and intensities of the images were extracted using the GenomeStudio (v.2011.1)
Methylation module (1.9.0) software. Data preprocessing was carried out using in-house software written for the
R statistical computing environment resulting in a subset of 485,512 probes targeting autosomal CpG loci. Probes
with SNPs in their sequence and/or detected in less than 10% of the samples were subsequently excluded from the
analyses, leaving us with 367,648 probes in 188 samples. For each CpG, the methylation level at each locus was
expressed as a β-value according to the fluorescent intensity ratio representing any value between 0 (unmethylated)
and 1 (completely methylated).

Genome-wide expression profiling experiments were carried out using a previously published protocol [35]. Briefly,
the Agilent 4 × 44 K human whole genome microarray platform was used to obtain gene expression profiles. After
assessing both technical performance and quality of the microarrays according to a protocol described [35,39], a total
of 29,662 transcripts were successfully analyzed in 246 samples.

Proteomic assay

We used the MILLIPLEX HCYTOMAG-60K and HSCYTMAG-60SK kits (Millipore, MA, USA) following the
manufacturers′ protocols to measure a panel of inflammatory-related proteins (N = 32) including 10 chemokines,
12 cytokines and 6 growth factors. Due to a high rate of nondetects (>75%), we excluded four analytes (IL-12,
IL1-RA, sIL2-RA and Flt3ligand) from further statistical analyses leaving 28 proteins in 268 samples.

Inflammatory methylome definition
Transcriptomic-based definition of the inflammatory methylome
The 1027 inflammation-related genes list assembled by Loza et al. was used to define our inflammatory transcriptome
and of these, 845 genes were assayed in our population [34]. Using the manufacturer supplied annotation data,
we looked up for the 845 inflammatory genes and mapped 11,502 CpG sites corresponding to 824 genes. The
methylation-expression analyses were conducted in the subset of 173 participants with both DNA methylation
and gene. Out of the 11,502 selected CpG sites, 4389 had on average seven missing values and were consequently
imputed by the mean. We then ‘de-noised’ DNA methylation data, by subtracting potential technical confounding
effects from the methylation levels. As previously described [39], we ran a linear mixed model (including chip ID
and position on the chip – as random intercepts) and subtracting the random effect estimates from the observed
methylation levels. Expression levels of each of the 824 inflammatory genes were then regressed against methylation
levels in the subset of CpG sites present in the given gene. In these analyses, linear mixed models were used
between mRNA expression (dependent variable) and DNA methylation (independent variable) controlling for
age, sex and phase (fixed effect) and technical covariates for transcriptomic profiling (i.e., isolation, hybridization
and labeling dates) [39]. We declared CpG–transcript pairs as significant based on Bonferroni 5% significance level
(per-test significance level α’ = 0.05/[11,502 tests]), and the unique list of CpG sites involved in these associations
defines the cis-acting CpG site. We identified 61 cis-acting regulatory CpG sites constitutive of the inflammatory
methylome detailed in Supplementary Table 1.

future science group www.futuremedicine.com 1289



Research Article Castagné, Kelly-Irving, et al.

Inflammatory methylome score

The inflammatory methylome score is defined as the average methylation level from the ‘de-noised’ DNA methy-
lation data, across all the 61 cis-acting CpG sites (cis-methylation sites associated with gene expression). The higher
the methylome score, the higher the level of methylation.

Alternative inflammatory methylome scores

In order to make the DNA methylation level distribution comparable between samples for each CpG sites,
normalized z-scores were computed for each of the 61 cis-acting CpG sites. The z-scores from all CpG sites were
subsequently summed up to create a combined inflammatory methylome z-score. As a hypothesis-free alternative,
we used the first principal component (PC) from a principal component analyses (PCA) based on denoised DNA
methylation data of all the cis-acting CpG sites. Each alternative of the inflammatory methylome score was defined
from the from the ‘de-noised’ DNA methylation.

Proteins-based definition of the inflammatory methylome
Using the same approach, we sought for CpG sites whose methylation levels were linked the circulating levels
of any of the 28 assayed inflammatory proteins. Using the manufacturer supplied annotation data, we looked
up for the 28 proteins, and mapped 205 CpG sites corresponding to 27 proteins (seven CpG sites per protein
on average). The methylation-protein analyses were conducted in the subset of 173 participants with both DNA
methylation and protein concentration available from the same blood samples. Protein expression of each of the 27
inflammatory proteins were then regressed against methylation levels in the subset of the corresponding 205 CpG
sites. In these analyses, linear mixed models were used between protein concentration (dependent variable) and
DNA methylation (independent variable) controlling for age, sex and phase (fixed effect) and technical covariates
for proteomic profiling including the identifier of the plate (random effect). As an exploratory approach among
the 205 CpG–protein pairs tested, we declared a CpG–protein pair as significant based on 5% significance level.
The five potential CpG sites associated with protein concentration are described in Supplementary Table 2. The
‘de-noised’ DNA methylation data for these five CpGs sites were used to derive the same three scores detailed above
(mean derived score, z-score and principal components 1).

Statistical analyses
Single CpG site analyses

We modeled the relationship between each cis-acting CpG sites (dependent variable) and the binary SEP indicator
(the independent variable of interest) using linear mixed models. We included chip ID and position on the chip
as random effects to account for technical confounding. Age, gender, center (recorded in three categories: North,
Central and South Italy), phase (corresponding to the two experimental batches) were included as fixed effects. We
also included two binary variables indicating whether a participant is a prospective breast cancer or lymphoma case
to account for the case–control design of EGM (Model 1). The 61 cis-acting CpG sites exhibit a strong pairwise
correlation (Supplementary Figure 1). Results from a PCA of these 61 inflammatory markers revealed that 33 PCs
explained more than 95% of the total variation seen in the dataset (Supplementary Figure 2). To account for the
correlation in the data, the multiple testing corrected significance level was defined as p = 0.05/33 (p = 0.0015).

Inflammatory methylome score analyses

Because the inflammatory methylome scores were based on the ‘de-noised’ DNA methylation data, these were
analyzed using linear models. Starting from the fixed effects included in Model 1 and detailed above, we considered
smoking status (categorical: current, former, never); alcohol consumption (continuous, g/day); physical activity
(categorical: inactive, moderately inactive, moderately active, active) and BMI (continuous variable, kg/m2) as
potential mediators. Based on Model 1, we controlled for each behavioral factor and BMI separately. Model 2
included the behavioral factors listed above and BMI.

Life course analyses of the inflammatory methylome scores
We developed four time-sequenced linear models adjusted for the chronologically ordered of life course SEP
resulting in:

Model A: Age, gender, case–control status, phase, center and father’s occupation;

1290 Epigenomics (2020) 12(15) future science group
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Model B-1: Model A + education;
Model B-2: Model A + highest household occupational position;
Model C: Model B-1 + highest household occupational position;
Model D was subsequently built upon Model C to control for potential mediators including the three behavioral

factors described above and BMI.

Sensitivity analyses
Model 1, 2 and life course models were also run for each alternative definition of the score (z-score and PC1) and
the two definitions of the inflammatory methylome (transcriptomic or proteomic based).

Cell type estimation
For each type of analyse, we further adjusted the regression models for blood cell composition, estimated according
to the methods proposed by Houseman using the R package EpiDISH. In brief, the EpiDISH package uses
blood cell-specific DNA methylation reference profiles of known cell-type-specific DNAse hypersensitive sites to
provide cell-count estimates by robust partial correlations. We obtained relative proportions of B-cells, TCD4+

cells, TCD8+ cells, natural killer (NK) cells, monocytes, neutrophils and eosinophils subsequently combined to
derive the proportion of lymphocytes, granulocytes and monocytes. We found that the EPIC samples included in
this study (N = 173) contained an average of 29.7% lymphocytes, 62.2% granulocytes and 8.1% of monocytes.

Targeted integration of corresponding gene expression & protein levels data
For both transcriptomic- and proteins-based definition of the inflammatory methylome, we defined the correspond-
ing score at the transcriptomic and proteomic level. Briefly, for each of the 61 genes, we defined a dichotomized
indicator: ‘high gene expression level’ = 1, and ‘low gene expression level’ = 0 based on the highest quartile of the
gene expression level, and summed these across the 61 genes. For each of the five proteins, the score was calculated
following the same procedure based on the highest quartile of the log-transformed concentrations. Spearman cor-
relation was then used to assess the relationship between the inflammatory methylome and transcriptome scores
and the inflammatory methylome and proteome scores.

Statistical analyses were performed using R v3.5.0.

Results
Study population
Characteristics of the 173 participants with both gene expression and DNA methylation are summarized in Table 1.
For each SEP indicator, participants in the disadvantaged group tend to be older, to have a higher BMI and to be
nonsmokers compared with their advantaged counterparts.

Description of the inflammatory methylome
We identified 61 out of 11,502 potential cis-acting regulatory methylation sites (expression Methylation Site, eMS)
as CpG sites for which methylation was associated with expression of the CpG site’s closest gene at a Bonferroni
threshold (p < 4.3 × 10-6; Supplementary Table 1). Most of CpG sites were from the leukocyte (23%) and cytokine
(14.8%) signaling subpathways (Figure 1A). The vast majority (78.7%) of the CpG sites were inversely associated
with transcripts levels in cis (Figure 1B). Overall, the majority of probes (>50%) were situated in gene bodies,
followed by approximately 15% of probes situated within 1500 bp upstream of TSS (Figure 1C). We identified
the majority of cis-eMS (62.3%) were in open sea, followed by shelves (16.4%), shores (14.8%) and islands (6.6%)
(Figure 1D). A similar pattern was observed between CpG sites whose methylation was negatively associated with
expression (Supplementary Figure 3), while CpG sites whose methylation was positively associated with expression
were mostly located in gene body (Supplementary Figure 4). Few CpG sites were no longer associated with gene
expression after controlling for cell type composition (N = 9; p ≥ 0.05; Supplementary Table 1).

Transcriptomic-based definition of the inflammatory methylome profiles at a single-base resolution
We first examined associations between the 61 CpG sites individually and each SEP along the life course sep-
arately using as reference the most advantaged socioeconomic group. Therefore, a negative association indicates
a hypomethylation in less advantaged socioeconomic groups. Although no association remains significant after
correction for multiple testing with our three SEP indicators, DNA methylation level exhibited general negative
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Figure 1. Description of the inflammatory methylome. Frequency of the 61 cis-eMS defining the inflammatory methylome by (A)
inflammatory subpathway; (B) correlation between DNA methylation and gene expression; (C) physical distribution and (D) CpG island
and neighborhood context.
eMS: Expression methylation site.

associations with father’s occupational position, educational level and the highest household occupational position,
respectively, 57, 82 and 80% of the regression coefficient were negative (Supplementary Table 3 & Figures 5–7).

Transcriptomic-based definition of the inflammatory methylome at a score resolution
As detailed in the methods section, DNA methylation score was calculated for the inflammatory methylome
by taking the arithmetic mean of the methylation levels from the 61 cis-eMS. Both educational level and the
highest household occupational position were found significantly associated with the inflammatory methylome
score: participants from disadvantaged socioeconomic groups had a lower inflammatory methylome score (β = -
0.0075; p = 0.0067; β = -0.0076; p = 0.0073 for educational level and the highest household occupational position,
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Table 2. Linear regression results for the inflammatory methylome and each of the three life course socioeconomic
position factors in the European Prospective Investigation into Cancer and Nutrition-Italy participants from
EnviroGenoMarkers (N = 155).
Inflammatory methylome scores Father’s occupational position Participant’s education Highest household occupational

position

� (SE) p-value � (SE) p-value � (SE) p-value

Inflammatory methylome score -0.0023 (0.0028) 4.18 × 10-1 -0.0075 (0.0028) 6.72 × 10-3 -0.0076 (0.0028) 7.37 × 10-3

Inflammatory methylome z-score -2.325 (4.0788) 5.70 × 10-1 -9.7219 (3.9778) 1.57 × 10-2 -11.4191 (4.0258) 5.20 × 10-3

Principal component 1 -0.713 (0.9193) 4.39 × 10-1 -1.6264 (0.9055) 7.45 × 10-2 -2.0508 (0.9172) 2.69 × 10-2

Results are given for Model 1 controlling for age, gender, lymphoma and breast cancer case–control status, phase and center.
SE: Standard error.

respectively). The inflammatory methylome score was lower in participants whose father had a low occupational
position but the association was not significant (Table 2). Adjusting for either behavioral factors, BMI or all covariates
together only marginally affected our results: effect size estimates showed consistent signs, and associations remained
statistically significant for both participant’s education and the highest household occupational position (p < 0.05
across all models investigated, Supplementary Table 4).

The association between education level and lower inflammatory methylome score was not affected by adjusting
for father’s occupational position (Table 3A, Model B-1, β = -0.008; p = 0.008), and weakened while controlling
for the highest household occupational position (Table 3A, Model C, β = -0.006; p = 0.08). Adjustments for
potential (behavioral) mediators further weakened this association, which lost statistical significance (Table 3A,
Model D, β = -0.005; p = 0.139). Further adjustment for the estimated cell type proportions slightly strengthened
the association with participant’s education (Table 3A, fully adjusted model, β = -0.006; p = 0.030). The association
between the inflammatory methylome score and the highest household occupational position was weakened by
adjusting for father’s occupational position (Table 3A, Model B-1, β = -0.008; p = 0.009), and no longer significant
when controlling participant’s education (Table 3A, Model B-2, β = -0.008; p = 0.011 and Model C, β = -0.005; p
= 0.103) and for potential (behavioral) mediators (Table 3A, Model D, β = -0.005; p = 0.106) as well as in the fully
adjusted model (β = -0.003; p = 0.175).

As a sensitivity analyses, the inflammatory methylome score was also investigated by considering two alternative
definitions: we calculated a z-score and ran a principal component analyses on the 61 cis-eMS (PC1, explaining
44.2% of the variance). Our results were slightly weakened but remained consistent; significant associations
between educational level and highest household occupational position and the inflammatory methylome scores
were observed (Table 2). We identified consistent associations for both alternative scores (z-score and PC1) after
adjusting for either behavioral factors, BMI or all covariates together (Supplementary Table 4). Our results and
conclusions from the sequentially adjusted model for early-life, young adulthood and adulthood SEP indicators
remained markedly stable albeit weakened irrespective of the score considered: the z-score (Table 3B) and the first
principal component from the 61 DNA methylation level (Table 3C).

Testing the functional relevance of the inflammatory methylome at the protein level
To evaluate whether DNA methylation levels affect inflammatory protein concentrations, we looked for CpG sites
associated with 27 inflammatory proteins in a subset of 173 EPIC-Italy participants (see Methods section). We
identified five potential regulatory methylation sites (pMS) as CpG sites whose methylation was associated with
protein level of the CpG site’s closest gene (p < 0.05, Supplementary Table 2). Adjustment for the estimated cell type
proportions (see Methods section, lymphocytes and monocytes) slightly weakened the association between DNA
methylation level and protein concentrations for two CpG sites. As above, the DNA methylation score was calculated
for the inflammatory methylome by taking the arithmetic mean of the methylation levels from the five pMS. We
observed a significant association between participant’s education and the highest household occupational position
and the inflammatory methylome score where disadvantaged participants had a lower inflammatory methylome
score compared with their advantaged counterparts (Supplementary Table 5, Model 1, β = -0.0044; p = 0.025; β = -
0.0056; p = 0.005 for educational level and the highest household occupational position, respectively). Effect size
estimates showed consistent signs, and associations reached statistical significance for both participant’s education
and the highest household occupational position after controlling for either behavioral factors and BMI, or all of
them together (Supplementary Table 5, Model 2, β = -0.0043; p = 0.033; β = -0.0051; p = 0.0115 for educational
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level and the highest household occupational position, respectively). By sequentially controlling for time-ordered
SEP, we observed that the association between educational attainment and inflammatory methylome score was
slightly weakened by adjusting for father’s occupational position, and no longer significant when controlling for
the highest household occupational position (Supplementary Table 6A, Model B-1 and C, respectively, β = -0.005;
p = 0.032; β = -0.003; p = 0.24). The association between the highest household occupational position and
the inflammatory methylome was not affected upon adjustment for early-life SEP (Model B-2, β = -0.006; p
= 0.0072) and weakened when controlling for young adulthood SEP (Model C, β = -0.005; p = 0.047) and upon
adjustment for potential mediators (Model D, β = -0.004; p = 0.0821; Supplementary Table 6A). Associations were
consistent using either alternative scores (z-score and the principal component 1 explaining 35.6% of the variance,
Supplementary Table 6B & C, respectively) and controlling for cell composition marginally affected the results
(Supplementary Table 6, fully adjusted model).

Integration of the inflammatory methylome with the inflammatory transcriptome & proteome
To investigate the potential increased inflammatory responses to a lower inflammatory methylome score at the
gene expression level and proteins concentration, we further explored the relationship between the inflammatory
methylome and the corresponding transcriptome by life course SEP. Briefly, the 61 genes measured in the same 155
samples with detailed information on SEP and behavioral factors and BMI were combined into a score by taking
the mean. We first observed a negative correlation between the inflammatory methylome and transcriptome scores
(Spearman correlation = -0.35). Results by life course SEP are given Figure 2, a modest increase of the corresponding
inflammatory transcriptome was observed only in adulthood (Figure 2C), while no differences were observed for
early-life and young adulthood SEP (Figure 2A & B). Additional analyses using the proteins-based definition
revealed a modest increase of the corresponding inflammatory proteome only in participant’s whose father had
a manual occupation (Supplementary Figure 8A) and no differences were observed later in life (Supplementary
Figure 8B & C).

Discussion
In the present study, we employed a gene candidate approach to specifically look for inflammatory related CpG
sites associated with their closest gene at two molecular levels (gene expression and proteins) in order to define a
functionally relevant inflammatory methylome. We further investigated the association between SEP at different
time points in life and the inflammatory methylome as defined by the methylation levels at the 61 cis-acting CpG
sites. While we did not identify any significant association after correction for multiple testing when examining
each of the 61 CpGs associated with gene expression in relation to the three SEP indicators separately (which
could be due to the limited statistical power our population size yields), the use of an inflammatory methylome
score combining methylation levels across all 61 cis-acting CpG sites revealed significant associations with SEP. In
particular, we found that while no difference was observed between participants reporting a father with a ‘manual’
occupation compared with those whose father had a ‘non-manual’ occupation, participants with a less advantaged
SEP in young adulthood or in adulthood, later in life, had a lower inflammatory methylome score compared with
participants with a more advantaged SEP. These associations, independent of major lifestyle-related risk factors,
were robust to the definition of the inflammatory methylome score. Analysis using a life course approach indicated
a stronger effect of young adulthood SEP on the inflammatory methylome albeit weakened when controlling for
SEP in adulthood. This is suggestive of a shared pathway between SEP at each life stage as well as an indirect
pathway between educational attainment and the inflammatory methylome. The exploratory analyses testing
the functional relevance of CpGs associated with protein concentration showed consistent, though statistically
weakened, associations between life course SEP and the protein-based inflammatory methylome.

Some limitations of this study should be considered. We used data from a cancer case–control study nested
within the EPIC-Italy cohort meaning that half of the participants developed either a non-Hodgkin’s lymphoma or
a breast cancer during the follow-up affecting both representativeness and generalizability of our results. However,
blood samples were collected at enrollment when the participants were healthy. We further selected participants
with complete information on life course SEP, behavioral variables, BMI and measure of inflammation at multiple
molecular levels that are subjected to measurement errors and leading to a small-sample size limiting the statistical
power and restricting our methodological choices. All three life course SEP were recorded into binary indicators
leading to some degree of misclassification. Associations between SEP and the inflammatory methylome score were
independent of major behaviors and lifestyle-related risk factors. We did not investigated the mediating roles of
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Figure 2. Boxplot summarizing the distribution of the inflammatory methylome (on the left) and corresponding inflammatory
transcriptome (on the right) score by life course socioeconomic position. (A) Father’s occupational position; (B) participant’s education
and (C) the highest household occupational position from 155 EPIC-Italy participants. t-test mean comparison p-values are reported for
each score by SEP.
EPIC-Italy: European Prospective Investigation into Cancer and Nutrition-Italy; SEP: Socioeconomic position.

those risk factors within a life course approach using mediation-based methods. Additionally, we cannot rule out:
the possibility that other factors may be potentially involved in social differences in DNA methylation including
infection, environmental or psychosocial exposures, but these exposures were not available in the study; the presence
of time-varying confounding. Conventional statistical methods in the presence of time-varying confounding can
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result to an overadjustment bias by removing part of the effect of the past exposure and/or collider stratification
bias.

We considered only the CpG sites in cis, although some informative sites may also act in trans. As a sensitivity
analyses we ran all analyses restricting our definition of the inflammatory methylome on the 48 CpGs sites inversely
associated with transcripts levels and results were mostly unchanged (Supplementary Tables 7 & 8). Another
limitation is in scores measurement because there is no standard measure for building scores, however, we proposed
several scores to approach the inflammatory methylome and our results were consistent. Finally, DNA methylation
was assessed from whole blood and could be confounded by cellular heterogeneity [40], however, our results were
only marginally affected after correction for cell composition.

Strengths of our study include the use of widely used measures of life course SEP as well as measurement of
inflammation at multiple molecular scales (methylation level, gene expression and protein concentration) together
with a wide range of information about lifestyle factors that allows us to control for important potential mediators.
Moreover, to our knowledge, no other studies have examined associations of life course SEP with inflammation
using an integrated approach of multiple omics levels.

Several recent studies have supported the possibility of differential DNA methylation profiles in peripheral blood
cells associated with individuals social factors [41] and other risk factors [42]. In a previous study using participants
from EPIC-Italy, we reported that indicators of life course SEP were associated with DNA methylation levels in genes
(N = 17 genes, corresponding to 403 CpG sites) involved in inflammation [29]. Numerous studies have investigated
associations between childhood disadvantage and DNA methylation pattern later in life [22,24,25,28,43]. A genome
wide methylation scan was performed in 40 adult men from the 1958 British Birth Cohort and identified differential
methylation of 1252 gene promoters [24] Another study showed association of childhood SEP with methylation
of SAT2 repetitive elements in more than 80 participants from the New York site of the Collaborative Perinatal
Project [22]. A gene candidate approach was performed in more than 1000 participants from the Multi-Ethnic
Study of Atherosclerosis focusing on 18 candidate genes related to stress reactivity and inflammation demonstrating
that disadvantaged childhood SEP was associated with adulthood DNA methylation in three stress-related genes
and two inflammation-related genes [28]. Evidence is accumulating suggesting an association between childhood
socioeconomic disadvantage and methylation patterns.

Our study did not find support for the hypothesis that disadvantaged SEP in early life was associated with the
inflammatory methylome independent of later in life SEP, which might be partly due to our limited sample size
and the selection of the study population. However, differences in our conclusions may also reflect contextual and
methodological aspect including the definition of SEP and/or the methods used to analyze DNA methylation
level. Nevertheless, our study underlines the influence of education on inflammatory methylome in accordance
to another study showing a consistent association between educational attainment and inflammation later in life
measured using the CRP [44].

Conclusion
Our study suggests that low SEP, particularly education, is associated with a global hypomethylation of the
inflammatory methylome in peripheral blood cells, which potentially increased expression of the corresponding
inflammatory genes, and may potentially contribute in the long term to the onset and progression of inflammatory-
related disorders like cardiovascular diseases, diabetes and cancers.

More work is needed to examine the functional consequences of the observed inflammatory load. A deeper
understanding of the mechanisms by which social environment influences inflammation could have profound
implications in treatment and more specifically in prevention, by potentially identifying modifiable environmental
factors that affect physiological health.

Future perspective
In the upcoming years, researchers should strive to design longitudinal studies in which participants from disad-
vantaged populations from early life are included and well characterized along the life course in term of exposures
and blood collection to better understand the role of epigenetic variation in response to environmental and psy-
chosocial stressors on adverse health outcomes. Further functional studies will be particularly useful to investigate
the downstream consequences of epigenomic variations. Similar efforts should be undertaken to better characterize
the complex interplay between environmental stress, genotype and epigenetic to characterize to which extent this
complex interplay contribute to explain social inequalities in health.
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Summary points

• Chronic inflammation has emerged as a mechanism by which socioeconomic position (SEP) over the life course
confers a risk for many health outcomes.

• We adopted a gene–candidate approach to explore the inflammatory response to life course SEP.
• We defined a functionally relevant inflammatory methylome based on the identification of CpG sites associated

with inflammatory-related genes and proteins.
• When each CpG sites were examined individually, no significant associations with life course SEP were found.
• The use of an inflammatory methylome score revealed significant associations with SEP.
• Participants with a less-advantaged SEP in young adulthood and in adulthood had a lower inflammatory

methylome score compared with their advantaged counterparts.
• These associations were independent of the behavioral factors considered and BMI and robust to the score

definition.
• The protein-based definition of the inflammatory methylome showed weakened but consistent results.
• Integrative analyses suggest that the lower inflammatory methylome was correlated to a modest increase of the

corresponding inflammatory transcriptome or proteome.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at:

www.futuremedicine.com/doi/suppl/10.2217/epi-2019-0261

Acknowledgments

The authors thank all the centers that took part in the study and the additional members of the EnviroGenoMarkers Consortium.

For further information on the EnviroGenoMarkers Consortium, please visit http://www.envirogenomarkers.net/

Financial & competing interests disclosure

This work was supported by the Institut National du Cancer (SHSESP14–082 to R Castagné). This study was supported by the
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