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Abstract

Introduction—Chronically elevated circulating inflammatory markers are common in older 

persons but mechanisms are unclear. Many blood transcripts (>800 genes) are associated with 

interleukin-6 protein levels (IL6) independent of age. We aimed to identify gene transcripts 

statistically mediating, as drivers or responders, the increasing levels of IL6 protein in blood at 

older ages.

Methods—Blood derived in-vivo RNA from the Framingham Heart Study (FHS, n=2422, ages 

40–92 yrs) and InCHIANTI study (n=694, ages 30–104 yrs), with Affymetrix and Illumina 

expression arrays respectively (>17,000 genes tested), were tested for statistical mediation of the 

age-IL6 association using resampling techniques, adjusted for confounders and multiple testing.

Results—In FHS, IL6 expression was not associated with IL6 protein levels in blood. 102 genes 

(0.6% of 17,324 expressed) statistically mediated the age-IL6 association of which 25 replicated in 

InCHIANTI (including 5 of the 10 largest effect genes). The largest effect gene (SLC4A10, coding 

for NCBE, a sodium bicarbonate transporter) mediated 19% (adjusted CI 8.9 to 34.1%) and 

replicated by PCR in InCHIANTI (n=194, 35.6% mediated, p=0.01). Other replicated mediators 

included PRF1 (perforin, a cytolytic protein in cytotoxic T lymphocytes and NK cells) and IL1B 

(Interleukin 1 beta): few other cytokines were significant mediators.

Conclusions—This transcriptome-wide study on human blood identified a small distinct set of 

genes that statistically mediate the age-IL6 association. Findings are robust across two cohorts and 

different expression technologies. Raised IL6 levels may not derive from circulating white cells in 

age related inflammation.
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1. Introduction

Chronically elevated levels of pro-inflammatory biomarkers are a core feature of aging, and 

a risk factor for many diseases and adverse phenotypes that are frequent in older persons (De 

Martinis and others 2006). Increased levels of pro-inflammatory markers in blood and other 

tissues with aging are paralleled by a progressive decline in overall immune responsiveness 

(Franceschi and Campisi 2014).

Elevated Interleukin-6 (IL6) and C-reactive protein (CRP) have emerged as robust age-

related risk factors for multiple adverse outcomes including several diseases, disability, 

cognitive impairment and death (Singh and Newman 2011). IL6 is a pleiotropic cytokine 

produced by several cell types, including immune cells, hepatocytes, vascular endothelial 

cells, adipocytes and skeletal muscle (Singh and Newman 2011). IL6 levels are often 

undetectable in young individuals but increase with advancing age, even in the absence of 

detectable causes, including cardiovascular risk factors and disease (Ferrucci and others 

2005). High levels of IL6 predict all major age-associated diseases, physical and cognitive 

disability and mortality (Economos and others 2013; Ferrucci and others 1999; Heikkila and 
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others 2008; Ridker and others 2000). The mechanisms that cause and sustain high levels of 

inflammatory markers in aging are largely unknown.

The overproduction of pro-inflammatory markers may occur in many sites beyond 

circulating leukocytes; candidates include tissue resident macrophages, adipocytes, 

endothelial cells, cells within atherosclerotic plaques and muscle cells (Howcroft and others 

2013). The accumulation of cells expressing a senescence-associated secretory phenotype 

(Campisi 2013; Young and Narita 2009) in different tissues, possibly induced by age-related 

NF-kB dysregulation (Bektas and others 2013), may also be a possible cause. Data collected 

in animal models have provided inconsistent results and there is a scarcity of data in 

humans.

In a recent study, the authors determined the whole blood gene expression transcripts 

associated with IL6 levels in 2 human populations, independent of age (Lin and others 

2014). That analysis identified 4139 genes that were significantly associated with 

interleukin-6 levels (FDR<0.05), independent of age, sex and blood cell components, of 

which 807 genes replicated in the smaller InCHIANTI cohort. Many of the top genes 

generally associated with blood IL6 protein levels (independent of age) are in inflammation-

related pathways or erythrocyte function, including the JAK/Stat signalling pathway and 

interleukin-10 signalling pathway.

In the study presented here, we aimed to identify the gene transcripts in whole blood that 

might be specific to the chronic inflammation of aging. In particular, we hypothesized that 

genes with expression profiles that statistically mediate “age-related inflammation” – that 

account for a proportion of the statistical association between age and IL6, a proxy for age-

related inflammation - may reflect the most relevant molecular pathways in aging and may 

help to identify the specific cell subtypes most closely involved. We therefore estimated the 

degree to which each whole blood gene transcript statistically explained the age-IL6 

association, using mediation models in 2 independent community-based cohorts in a 

discovery (Framingham Heart Study, FHS) and replication (InCHIANTI) analysis. The 

cohorts utilize two different microarray platforms, allowing replication of findings robust to 

cohort and microarray differences.

2. Methods

Our study was performed in two independent and well-characterized human cohorts. The 

discovery cohort was the Framingham Heart Study (FHS) Offspring cohort, USA (Kannel 

and others 1979), with replication of the significant mediators in the InCHIANTI 

(Invecchiare in Chianti, aging in the Chianti area) study, a community-based cohort study of 

aging in Florence, Italy (Ferrucci and others 2000).

FHS participants targeted in this analysis were from the Offspring Cohort enrolled in 1971 

as the offspring (and offspring spouses) of the Original FHS cohort. Offspring participants 

who attended examination 8 (2005–2008) and had blood-derived RNA prepared were 

included in this analysis (n=2,422, see Table 1 for further cohort details). This study was 

approved by the Institutional Review Boards at Boston University Medical Center, and all 

participants gave written informed consent (Feinleib and others 1975).

Pilling et al. Page 3

Exp Gerontol. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



InCHIANTI participants were originally enrolled in 1998–2000, and were interviewed and 

examined every 3 years. Ethical approval was granted by the Instituto Nazionale Riposo e 

Cura Anziani Institutional Review Board in Italy. Participants gave informed consent to 

participate. RNA was available at wave 4 (year 9) of the study, with IL6 also measured at 

year 9. All the data required for the full analyses were available for 694 individuals (see 

Table 1 for further cohort details).

2.1 RNA collection and extraction

FHS—The methods for gene expression profiling were previously published (Joehanes and 

others 2013). Briefly, peripheral blood samples were extracted using the PAXgene Blood 

mRNA kit (PreAnalytiX, Hombrechtikon, Switzerland), and amplified by the WT-Ovation 

Pico RNA Amplification System (NuGEN, San Carlos, CA), according to manufacturer’s 

instructions. cDNA was then hybridized to the Human Exon 1.0 ST Array (Affymetrix, Inc., 

Santa Clara, CA) for quantification. The raw data were quantile-normalized and natural-log 

transformed, followed by summarization using Robust Multi-array Average (Irizarry and 

others 2003). The gene annotations were obtained from Affymetrix NetAffx Analysis Center 

(version 31). We excluded transcript clusters that were not mapped to RefSeq transcripts, 

resulting in 17,873 distinct transcripts (17,324 unique gene identifiers) for downstream 

analysis.

InCHIANTI—Peripheral blood samples were also extracted using the PAXgene Blood 

mRNA kit according to the manufacturer’s instructions (Debey-Pascher and others 2009), 

which preserves transcript expression levels as at the time of blood sampling. Samples were 

collected in 2008/9 (wave 4) from 733 participants. Whole genome expression profiling of 

the samples was conducted using the Illumina Human HT-12 microarray (Illumina, San 

Diego, USA) as previously described (Zeller and others 2010). Data processing was done 

using the Illumina and BeadStudio software (Illumina, San Diego, USA) as previously 

described (Zeller and others 2010). All microarray experiments and analyses complied with 

MIAME guidelines (Brazma and others 2001). Participants were excluded if mean signal 

intensities across all probes with p≤0.01 were >3 standard deviations from the cohort mean; 

probes with <5% of participants giving intensities with p≤0.01 different from background 

also were excluded, 3 further exclusions were made due to missing leukocyte data. More 

detailed methods have been previously published (Harries and others 2011). Data from 695 

individuals and 16,571 (11,393 unique gene identifiers) probes passed our quality control 

process and went forward into our analyses. The expression data were first normalized using 

natural log transformation and standardized using z-scores.

2.2 Serum Protein Measures

FHS—The interleukin-6 concentration was assayed by the quantitative enzyme-linked 

immunosorbent assay according to the manufacturers’ protocols (R&D Systems, 

Minneapolis, MN, USA). The minimum detectable concentration was 0.039 pg/ml. Ten 

percent of measures were run in duplicate. Standard quality control was performed, and the 

mean intra-assay coefficient of variation was 4% and the inter-assay coefficient of variation 

was 3.7% (Fontes and others 2013) (http://www.framinghamheartstudy.org/researchers/
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description-data/vascular-manuals/offspring_exam8_omni1_exam3_marker_manual.pdf). 

No participants included in the analysis were below the minimum detectable concentration.

InCHIANTI—Serum IL6 was quantified using a quantitative sandwich enzyme-linked assay 

(BioSource Cytoscreen UltraSensitive kits, BioSource International Inc., Camarillo, CA, 

USA). The lowest detectable concentration was 0.10 pg/ml and the interassay coefficient of 

variation (CV) was 7%. No participants included in the analysis were below the minimum 

detectable concentration.

2.3 Blood Cell Count Measurement

FHS—For the Framingham Heart Study (FHS) Generation 2 (Offspring) participants 

included in this study, blood cell fractions (CBC) are predicted using a partial least square 

regression (PLS) as follows. Of 3,155 participants in FHS Generation 3 cohort (not included 

in this study), 2,280 who attended the second examination cycle were measured using a 

Coulter HmX hematology autoanalyzer and the standard protocol (Beckman Coulter Inc, 

Brea, CA, USA). Of these 2,280, two thirds were randomly chosen as a training set and the 

rest as the testing set. The PLS model was built on the training set only using PLS method 

with 10-fold cross validation. The resulting model is tested on the testing set and gave the 

following testing-set prediction accuracy R2: 0.41, 0.61, 0.83, 0.83, 0.81, 0.87, 0.34, and 

0.25 for red blood cell count, white blood cell count, percent neutrophil, percent 

lymphocyte, percent monocyte, percent eosinophil, percent basophil, and platelet count, 

respectively. The resulting model was used to predict the CBC in all remaining participants 

with no CBC measure, including the Generation 2 participants included in this study. We 

performed a test to compare results with measured and predicted CBCs on the 2,280 

participants with both and found no significant difference.

InCHIANTI—Assessments of the number of red blood cells, white blood cells, platelets, the 

hemoglobin concentration were performed through an automated system at the Laboratory 

of Clinical Chemistry and Microbiological Assays, SS. Annunziata Hospital, Azienda 

Sanitaria 10, Florence, Italy, using a Coulter LH 750 Hematology Autoanalyzer (Beckman 

Coulter Inc, Brea, CA, USA).

2.4 Statistical analyses

In all models using IL6 as the outcome we used natural log of the serum levels to reduce the 

skewness inherent to the measure.

Mediation analysis—Using the R statistical software application (v2.14.1) (R-

Development-Core-Team 2011) and package ‘mediation’ (Imai and others 2010) (v4.2) we 

individually assessed each transcript’s mediation effect in a model using logged interleukin 

6 serum levels as the dependent measure (or ‘treatment’ as it is referred to in the package), 

and age as the ‘exposure’. In each model (1 per gene) the mediating variable was the 

expression level of that particular gene. The common approach to testing the effect of a 

potential mediator is to adjust for the proposed mediator in a linear/logistic model, and 

determine by how much the effect size is changed. Whilst this tells the analyst whether an 

association is affected by a mediator, it does not provide an estimate of statistical 
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significance or confidence intervals for the mediation effect; hence we are using the package 

‘mediation’ as this re-samples the data to determine confidence intervals for the mediation 

estimate.

Using parametric linear regression models throughout, we modeled the mediating effects for 

each transcript on the association between IL6 and age. Each model was adjusted for the 

following independent variables; sex, technical covariates (including microarray batches and 

study site – these are specific to each cohort) and, leukocyte sub-type proportions. The cell 

type proportions included lymphocytes, monocytes, eosinophils and basophils, but 

neutrophil percentage was not included (as it was closely negatively associated with 

lymphocyte proportion), to avoid these measures totaling 100% and leaving no degrees of 

freedom in the model. To avoid issues of co-linearity with age in the regression models 

additional co-factors were investigated as sensitivity analyses only (see section 2.8), rather 

than in the discovery phase analysis. The package uses quasi-Bayesian resampling 

simulations to estimate the uncertainty of the effects derived from our parametric models. 

After exploration of the package it was decided that 10,000 simulations per model was 

sufficient to give relatively stable estimates whilst keeping computation time realistic.

Although the package provides a p-value estimate, this was not of high enough resolution to 

control for multiple testing and was susceptible to sample distribution biases (following 

correspondence with package authors – who agreed with the following solution). We have 

therefore used adjusted confidence-intervals (CIs) to reflect the number of tests performed, 

akin to the Bonferroni adjustment (Bonferroni 1936). In FHS the number of array probes 

(and thus models) available was 17,873, so the CI were set to 99.99972% (1-(0.05/17873)). 

Significant mediators are those with CIs that do not cross the null (0) value. When we refer 

to “genome-wide significant mediators”, or “significant mediators in FHS”, these were 

determined by this CI-adjusted (Bonferroni) method.

2.5 Concordance with InCHIANTI

Genes that mediate a proportion (≥5%) of the association between age and IL6 after 

adjustment for multiple-testing in FHS were then assessed in the InCHIANTI study. Each 

test was conducted as described in the previous section for the FHS, except 95% confidence 

intervals that did not cross the null (0) were considered significant replication (rather than 

the multiple-testing adjusted confidence intervals applied to the discovery analysis in the 

FHS cohort). We are therefore using a discovery/replication procedure, where any findings 

significant in the discovery analysis after adjustment for multiple testing are considered 

independent tests for replication, and thus we accepted p<0.05 (i.e. 95% confidence 

intervals) as significant.

2.6 InCHIANTI: PCR analysis of gene expression

A number of genes including IL6 and SLC4A10 did not have gene expression information 

available in the InCHIANTI microarray data. We selected 2 random subsamples of 200 

InCHIANTI participants for additional analysis and validation using polymerase-chain-

reaction (PCR) techniques. Subsets of the participants were chosen because these are 

historic samples and the RNA is a finite resource.
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Firstly, PCR 383-well plates were used to assess the expression levels of SLC4A10, DAAM2 

and FLT3; total RNA (45–85 ng) was reverse transcribed in 13-μL reactions using the 

Superscript III VILO kit (Invitrogen, Paisley, UK), according to the manufacturer’s 

instructions. Expression levels for each target transcript were then measured in triplicate 5ul 

reactions using 384-well plates on the ABI Prism 7900HT platform (Life Technologies, 

Foster City, CA, USA), using commercially available assays (DAAM2 assay Id 

Hs00322497_m1, FLT3 assay Id Hs00174690_m1, SLC4A10 assay Id Hs00222849_m1). 

Gene expression levels were calculated relative to the mean crossing point of the 

endogenous control genes IDH3B, GUSB and 18s, and normalized to the median DAAM2, 

FLT3 or SLC4A10 expression level across the sample.

Secondly, TaqMan Low Density Arrays were used to measure IL6 and CDKN2A expression 

data. Total RNA (30–170 ng) was reverse transcribed in 20-μL reactions using the 

Superscript III VILO kit (Invitrogen, Paisley, UK), according to the manufacturer’s 

instructions. Expression levels for each target transcript were then measured using the 

TaqMan Low Density Array approach on the ABI Prism 7900HT platform (Life 

Technologies, Foster City, CA, USA), using commercially available assays (IL6 assay Id 

Hs00985639_m1, CDKN2A assay Id Hs00923894_m1). Gene expression levels were 

calculated relative to the mean crossing point of the endogenous control genes GUSB and 

18s, and normalized to the median IL6 or CDKN2A expression level across the 200 samples.

2.7 Mediation Analysis in InCHIANTI PCR Subset

To assess the statistical significance of the genes unavailable in the InCHIANTI microarray 

data but were selected for PCR analysis, we used the Sobel test, as it provides higher power 

in small samples sizes when compared to bootstrapping methods (Fritz and Mackinnon 

2007).

Cluster analysis of significant mediators: principal components analysis (R package: 

psych) was performed to determine the correlation structure of the significant mediators in 

FHS. Default options were used (including “Varimax” rotation). The number of components 

to extract was determined by Scree analysis.

Pathways analysis of significant mediators—DAVID functional annotation tools 

(Huang da and others 2009) were used to test for enrichment of pathways or processes in the 

significant mediators identified by FHS.

2.8 Sensitivity Analyses

We ran the analysis using a binary phenotype of IL6 using an empirically determined 

clinically relevant cut-point (>3.5pg/mL) (Cesari and others 2004). To assess the effect of 

adjusting for whole white blood cell (WBC) count (number of cells in sample) in addition to 

the proportions of major white cell subtypes, we ran the analysis with and without WBC 

count.

We also investigated the effect of additional adjustments for potential confounding factors in 

the InCHIANTI cohort for the subset of replicated genes. The adjustments iteratively 

investigated were; waist circumference (continuous: cm), self-reported anti-inflammatory 
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medication (binary: yes/no. Includes: “Cytokines and immunomodulators”, 

“Immunosuppressive agents”, “NSAID, FANS”, “Coxibs”), self-reported physical activity 

in the last year (categorical: “hardly any”, “mostly sitting/some walking”, “light exercise 2–

4 hrs/week”, “moderate 1–2 hrs or light >4 hrs/wk”, “>3 hrs moderate exercise per week”), 

smoking status (binary: “ever smoked” vs. “never smoked”), and type-2 diabetes (binary: 

Fasting blood glucose>140 or glycosuria).

3. Results

3.1 Characteristics of the samples

The cohorts differ in size and age-distributions, but are otherwise broadly similar (Table 1). 

Overall, 2422 participants from FHS (age-range: 40–92 years) were eligible for the 

discovery analysis. 694 participants (age-range: 30–104 years) from the InCHIANTI study 

had complete data for the replication analysis.

3.2 Serum IL6 protein levels associated with age but not with leukocyte IL6 transcript 
abundance

Interleukin-6 serum (protein) levels (IL6) were strongly positively associated with 

advancing age both in FHS (N=2422; unadjusted: beta=0.031, p=1×10−44) and InCHIANTI 

(N=694; unadjusted: beta=0.038, p=1 ×10−61, adjusted: beta=0.036, p= 1.1 ×10−36) (Figure 

1 A and B). Expression of IL6 transcripts (from circulating blood leukocytes, see methods) 

was not associated with age in FHS and mildly negatively associated with age in 

InCHIANTI (Figure 1C and D) (FHS: n=2422, coefficient=0.013, p=0.12; InCHIANTI: 

n=186, coefficient=−4.7, p= 5.6 ×10−4). Surprisingly, IL6 transcript levels were not 

significantly correlated with IL6 protein levels in serum in either study (FHS: 

coefficient=0.0064, p= 0.26; InCHIANTI: coefficient=0.021, p=0.76).

3.3 Immune cell sub-type associations

In InCHIANTI, directly measured lymphocyte, neutrophil, monocyte and eosinophil 

percentages were each associated with higher mean age (Beta= −0.1, 0.09, 0.02, 0.02; P= 

9×10−9, 1×10−4, 2×10−4, 3×10−3, respectively); lymphocyte, neutrophil and basophil 

percentages were associated with serum IL6 adjusting for age (Beta= −2.9, 2.8, −0.03; P= 

4×10−14, 5×10−12, 1×10−3, respectively); lymphocyte and neutrophil percentages mediated 

the association between age and IL6 (proportion of effect mediated= 0.09, 0.06 

respectively); the ratio between lymphocyte and neutrophil percentages also significantly 

mediated the age~IL6 association (proportion of effect mediated= 0.06).

3.4 A small set of transcripts partially mediate the serum IL6 – age association

Transcripts for 17,324 unique genes could be tested in FHS, of which 4693 (27.1%) were 

associated with age (FDR<0.05) and 4140 (23.9%) were associated with IL6 (Lin and others 

2014). However, expression of only 102 (0.6% of the 17,324) genes significantly mediated a 

proportion of the association between age and IL6 (after adjustment for confounders – see 

methods - and multiple testing using 99.99972% confidence intervals, and after excluding 3 

invalidly annotated transcripts, Supplementary Table 1). Twenty-nine genes mediated ≥5% 
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of the association, with SLC4A10 (solute carrier family 4, sodium bicarbonate transporter) 

mediating 19% of the association (CI 8.9 to 34.1%) in FHS (Table 2).

The InCHIANTI Illumina array provided data on n=11,393 genes, substantially fewer than 

the 17,324 measured in FHS. Data on 9,971 unique genes were available in both cohorts 

with an additional 7,345 measured in FHS only and 1,422 in InCHIANTI only. Of the 102 

genes partial mediators of the age-IL6 association identified in FHS, 88 were available 

(Supplementary Table 1) in InCHIANTI and 22 of them significantly mediated the 

association of age with IL6 after adjustment for confounders (with 3 additionally validated 

by PCR, see below). Five of the ten most strongly significant mediators were replicated in 

InCHIANTI. Of the 29 genes mediating ≥5% in FHS (Table 2), 22 were also in the 

InCHIANTI microarray data. Significant associations in the same direction were found for 

IL1b, VCAN, PRF1 and LTB. No genes mediating ≥5% had significant associations in both 

cohorts but different directions of effect. Four of those mediating <5% were significant and 

with opposite directions of effect (Supplementary Table 1).

Three genes (SLC4A10, FLT3, DAAM2) with larger mediating effects (>7%) in the FHS 

analysis did not pass the background inclusion criteria in InCHIANTI microarray data. 

These were selected for confirmation by PCR in a random subset of the InCHIANTI sample. 

In 194 samples (after exclusions/data cleaning) there was statistically significant partial 

mediation of the association between age and IL6 for all 3 genes (SLC4A10 % 

mediated=35.6%, p=0.01; DAAM2 %=−7.92%, p=0.0001; FLT3 %=−1.03%, p=0.0002), 

although this small sample size of the replication makes comparisons of effect sizes 

difficult.

As noted previously, both positive and negative mediators were identified. Figure 2 shows 

boxplots of expression (in FHS) for 4 genes that have been stratified by age (young 

≤65years, old >75) and IL6 expression (tertiles); IL1B (negative mediator), SLC4A10 

(positive mediator), FLT3 (negative) and ZEB2 (positive). The plot illustrates that different 

mediators were positively or negatively associated with age and/or IL6. Figure 2 plots also 

show that SLC4A10 expression reduces with increasing IL6 concentration, and also has 

markedly lower expression in the older group in general.

3.5 Consistent negative findings

Overall, very few interleukins or cytokines emerged as significant mediators (Figure 3) with 

all mediation effect sizes for these genes in FHS being <5%, with the sole exception of 

IL1B. Similarly there were few larger effect CD marker mediators (Cluster of 

Differentiation, used to identify and characterize leukocyte subtypes) other than notable 

exceptions with updated gene symbols, such as KLRB1 (CD161).

CDKN2A (p16INK4a) expression is increased in-vivo with circulating lymphocyte cell 

senescence (Liu and others 2011). In InCHIANTI, CDKN2A array expression was not above 

background, so TaqMan Low Density Array real-time PCR measured expression in a 

subsample. Expression of CDKN2A was not a significant mediator of the IL6-age 

association in either cohort.
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3.6 Clustering and gene ontology enrichment of mediators

To determine which genes “cluster” together (have similar expression profiles) we used 

principal components analysis. Eighteen clusters were identified by the Scree analysis of the 

102 significant mediators in FHS (Supplementary Figure 1). Of particular note, SLC4A10, 

the largest single mediator in FHS, only clusters strongly with KLRB1 (highlighted in yellow 

- also called CD161, which inhibits natural killer cell (NK) toxicity and is also expressed in 

some T cells). IL1B and ADM were also closely related.

Gene ontology enrichment analyses of the 102 FHS expression probes were explored in the 

DAVID bioinformatics tool. Only 1 KEGG pathway was significant in the functional 

annotation analysis; the NOD-like receptor signaling pathway (p=4.9 × 10−5, Benjamin-

Hochberg multiple testing adjusted p=3.2 × 10−3). In an analysis restricted to the 7 

replicated genes only, no output was returned by DAVID.

3.7 Sensitivity Analyses

To test the consistency of the results of the associations of age and genes with linear IL6 

concentrations, we also performed an analysis using a binary IL6 trait as the outcome. The 

correlation between the proportions mediated by the genes was highly consistent, the R2 = 

0.81 (Supplementary Figure 2).

Adjusting for WBC count slightly altered the ordering (by proportion mediated) in the list of 

significant mediators in FHS, however the final list of genes mediating >5% found to 

replicate in InCHIANTI did not change from the original list of 7.

Additional adjustment for potential confounding factors in the analyses of the 7 replicated 

genes in InCHIANTI found that all genes were still statistically significant mediators 

(p<0.05), with the exception of SLC4A10 which was no longer significant after adjustment 

for waist or physical activity (p=0.06 and p=0.08 respectively), although this may be due to 

statistical power in the small sample size (n=196). As expected, the exact effect estimates 

(the proportion of the IL6-age association mediated) varied between the models depending 

on the specific factor included (Supplementary Table 2).

4. Discussion

Our study presents the first larger-scale transcriptome-wide analysis of age-related 

inflammation in human blood. Very strong associations were present in both study cohorts 

between age and serum interleukin-6 (IL6) protein concentrations (Lin and others 2014). 

Examining statistical mediators of the age-IL6 association, we identified and independently 

replicated 7 partial mediators with effect sizes ≥5%, including one larger effect transcript, 

namely SLC4A10. Our results include known immune markers and several novel genes not 

previously linked to aging. These results are very different from the many associations with 

general IL6 levels independent of age (807 replicated genes) (Lin and others 2014) and 

represent a mediator signature specific to age-related inflammation.

Increased Interleukin 1 beta protein concentrations (IL1B), a cytokine involved in initiation 

of most inflammatory responses and a product of inflammasome activation, is a core feature 
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of the pro-inflammatory state of aging (Didier and others 2012). IL1B expression emerged 

as the only replicated cytokine mediator in our analyses. The negative mediation value 

reflects IL1B expression increasing with IL6, but decreasing with age (as shown in Figure 

2). Perforin (PRF1) is one of the main proteins of cytolytic granules and is a key effector 

molecule for T-cell and natural killer-cell-mediated cytolysis. Perforin expression per cell 

falls with advanced age (Rukavina and others 1998). A high proportion of CD8+ T cells 

express Granzyme B but not PRF1 in response to an influenza challenge, and the absence of 

PRF1 results in Granzyme B degradation of the extracellular matrix and inflammation 

(McElhaney and others 2012). Alterations to T-cell populations (and other immune cell 

types) with aging leads to reduced antibody response and increased incidence of infectious 

disease, contributing to age-related inflammation (Del Giudice and others 2014). Our 

finding of IL1B and perforin amongst the replicated mediators shows that our study was able 

to identify primary mechanisms involved in age-related chronic inflammation.

Our largest effect mediator SLC4A10 (19.1% in FHS, 35.6% in InCHIANTI) codes for 

NCBE (also called NBCn2) and is a sodium bicarbonate transporter, part of a gene family 

involved in intracellular acid-base homeostasis. SLC4A10 expression is highest in the brain, 

and SLC4A10 has been linked to autism, epilepsy and mental retardation (Parker and Boron 

2013). There are little published data on SLC4A10 in the immune system, but the BioGPS 

database (Wu and others 2009) shows similar levels of expression in all studied leukocyte 

cell sub-types in humans, suggesting that SLC4A10 mechanisms may be widespread. 

Inflammation is associated with a local drop in pH resulting from infiltration of 

inflammatory cells, and extracellular acidosis in inflammation may be a ‘danger signal’ 

activating immune responses (Rajamaki and others 2013). Farwell and Taylor (Farwell and 

Taylor 2010) showed that a higher anion gap and lower bicarbonate level were associated 

with a higher leukocyte count and higher C-reactive protein level, in the NHANES study 

(Farwell and Taylor 2010). Clearly, much more work is needed to clarify the mechanisms of 

involvement of SLC4A10 in age-related inflammation.

FTL3 (also called CD135) emerged as the second largest effect gene in FHS (replicated in 

InCHIANTI), and plays a key role in lymphocyte (B and T cell) development but not for the 

development of other blood cells. The third larger effect gene, ZEB2, is mainly expressed in 

monocytes and is involved in epithelial-mesenchymal transition (ETM), which is 

characterized by the downregulation of cellular adhesion complexes and is a key step in 

cancer development (Gheldof and others 2012). The ZEB2 mediation effect was not 

significant in the InCHIANTI array data, but further work using gold standard lab methods 

is needed to be sure that the InCHIANTI estimate is not a ‘false negative’ due to differences 

in array technology or sample size.

An important finding of our study is that although we confirmed a strong positive 

relationship between serum IL6 levels and age, we found strikingly few interleukins, 

cytokines (including mRNA for IL6) or interferon gene transcripts mediating the age-IL6 

association in the studied blood white cells (Figure 3), with the exception of IL1B, based on 

an analysis checking synonyms for these genes. These findings suggest that the primary 

origin of age-related inflammation, in particular the age-related increase in circulating IL6 

protein, may not be circulating immune cells. However that we see a few specific gene 

Pilling et al. Page 11

Exp Gerontol. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression mediators of age-related inflammation in whole blood suggests that the immune 

system responds to the age-associated increase in circulating IL6 in a specific way, distinct 

from the 807 genes seen in the analysis independent of age.

4.1 Limitations and Future Work

Although moderate (50%) replication of the most significant mediators was observed, there 

were many small effect genes that were not significant in the InCHIANTI cohort. Our study 

includes two separate expression arrays (plus three PCR validations), with the arrays having 

different gene coverage and sensitivities, imposing some limitations. However the alternate 

technologies do provide evidence for the robustness of our positive findings across our two 

study cohorts. The Affymetrix Human Exon 1.0 ST array (used by FHS) uses 25-mer 

probes, typically grouped in sets of four per exon, to estimate exon-specific levels of 

expression, while the (InCHIANTI) Illumina Human HT12v3 array uses 50-mer probes 

biased towards the 3′ end of mRNA transcripts to estimate whole-gene levels of expression 

(Ramasamy and others 2013). The latter array appears less sensitive in our blood derived 

RNA samples as far fewer gene expression measures passed quality control in InCHIANTI 

than FHS, and thus some of the genes that appeared not to replicate may be found in future 

studies. The analysis is cross-sectional, so more work will be needed to establish the 

direction of causation. The study subjects were of European origin, so further work will be 

needed to establish whether the results are applicable to other ethnic groups. The RNA 

samples were from whole blood containing a mixture of white cells with results reflecting 

overall expression patterns. Our results should be seen as starting points for establishing 

underlying mechanisms, including changes in cell subtype proportions not already adjusted 

for in our analyses.

Future work should include studies to establish the cellular subtype origins of the novel 

mediators reported, and their mechanistic roles. This should account for associations with 

age-related diseases; a recent study found that white-blood cell counts, but not IL6, is 

associated with cardiovascular diseases in >70 year-olds (Compté and others 2014). 

Analyses of gene expression changes with inflammation of aging in key subgroups may be 

helpful, especially identifying gender specific expression. As longitudinal follow-up 

becomes available, dynamic changes in expression and the predictive value of expression 

changes for age related health outcomes can be examined. Follow-up analyses, including 

analysis of C-reactive protein, are being initiated with collaborating cohorts.

4.2 Conclusions

To conclude, we have performed the first larger-scale transcriptome-wide analysis of age-

related inflammation in two human population cohorts. A small set of genes appear to have 

partially mediated the age-IL6 association, several of which have not previously been linked 

to the pro-inflammatory state of aging. We have identified a novel larger effect partial 

mediator (SLC4A10, coding for NCBE), thought to be involved in pH homeostasis. The 

results are very different from the widespread associations with general IL6 levels 

independent of age, suggesting that age-related chronic inflammation has a discrete gene 

expression mediator signature. We did not find increased expression of IL6 with age in our 

blood derived data, suggesting that the raised IL6 protein concentrations in blood may be 
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predominantly generated from other body compartments. Further work is needed to 

distinguish mediators of age-related inflammation from the much larger numbers of age 

correlated expression changes in blood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• First study of gene expression specific to age related inflammation in human 

blood

• 25 genes replicated across two cohorts (n=3116)

• 7 replicated genes mediated >5% of the age-IL6 association

• IL1B, PRF1 and LTB are known immune markers now identified as age-IL6 

mediators

• SLC4A10 is largest (novel) mediator, may regulate pH homeostasis in white 

cells
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Figure 1. The associations between interleukin-6 and age
A) IL6 protein serum levels and age in 694 InCHIANTI samples. B) IL6 protein serum 

levels and age in 2422 FHS samples. C) IL6 gene expression and age in leukocytes in 186 

InCHIANTI samples. D) IL6 gene expression and age in leukocytes in 2422 FHS samples.
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Figure 2. The relationships between expression of four genes, IL6 protein, and age
Boxplots of gene expression in the FHS cohort stratified by tertile of IL6 serum protein 

concentrations, split by age group; white boxes are individuals ≤65 years (mean age= 59.0 

+/− 4.7 years), grey boxes are individuals >75 (mean age= 79.9 +/− 3.2 years).
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Figure 3. Comparing the mediation effects of genes between FHS and InCHIANTI
Scatter plots of the proportion of the age/serum-IL6 association mediated by each gene 

expression transcript in FHS and InCHIANTI for (A) all genes, (B) cytokines, interleukin-

related and CD (cluster of differentiation) molecules.
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Table 1

Summary statistics of the Framingham and InCHIANTI cohort characteristics

Framingham Heart Study Offspring

Gender N %

 Males 1,093 45.1

 Females 1,329 54.9

Age

 30–49 50 2.1

 50–69 1508 62.3

 70–89 859 35.5

 90–104 5 0.2

 Mean (SD) 2422 66.4 (9.0)

Tobacco Exposure

 None 775 32

 Former Smoker 1444 59.6

 Current Smoker 203 8.38

N Mean (SD)

BMI (kg/m2) 2422 28.5 (5.4)

Interleukin 6 (pg/mL) 2422 2.7 (3.0)

Leukocyte Composition

 Neutrophils 2422 59.8 (7.9)

 Lymphocytes 2422 27.0 (7.5)

 Monocytes 2422 9.2 (1.9)

 Eosinophils 2422 3.3 (1.6)

 Basophils 2422 0.8 (0.2)

InCHIANTI

Gender N %

 Males 313 45.1

 Females 381 54.9

Age

 30–49 88 12.7

 50–69 100 14.4

 70–89 477 68.7

 90–104 29 4.2

 Mean (SD) 694 72.2 (15.3)

Tobacco Exposure

 None 380 54.8

 Former Smoker 240 34.6

 Current Smoker 74 10.7

N Mean (SD)

BMI (kg/m2) 694 27.1 (4.3)

Interleukin 6 (pg/mL) 694 3.8 (2.9)
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InCHIANTI

Gender N %

Leukocyte Composition

 Neutrophils 694 57.5 (9.1)

 Lymphocytes 694 30.8 (8.7)

 Monocytes 694 8.0 (2.1)

 Eosinophils 694 3.2 (2.1)

 Basophils 694 0.6 (0.2)
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