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258 ± 175  pg/mL; P = 0.048), despite elevations 
in pro-inflammatory markers. As such, the ratios 
of circulating IL-37 to pro-inflammatory markers 
were considerably lower in older adults (e.g., IL-37 
to C-reactive protein: young, 888 ± 918 vs. older, 
337 ± 293; P = 0.02), indicating impaired IL-37 
responsiveness to a pro-inflammatory state with aging 
and consistent with the notion of immunosenescence. 
These ratios were related to multiple indicators of 
healthspan, including positively to cardiorespiratory 
fitness (P < 0.01) and negatively to markers of adipos-
ity, blood pressure, and blood glucose (all P < 0.05). 
Lastly, we correlated single-nucleotide polymor-
phisms (SNPs) in the IL37 and ILR8 (the co-receptor 
for IL-37) genes and found that variants in IL37 SNPs 
tended to be associated with blood pressure and adi-
posity (P = 0.08–0.09) but did not explain inter-indi-
vidual variability in circulating IL-37 concentrations 

Abstract  Aging is characterized by declines in 
physiological function that increase risk of age-asso-
ciated diseases and limit healthspan, mediated in part 
by chronic low-grade inflammation. Interleukin (IL)-
37 suppresses inflammation in pathophysiological 
states but has not been studied in the context of aging 
in otherwise healthy humans. Thus, we investigated 
associations between IL-37 and markers of health-
span in 271 young (18–39 years; n = 41), middle-aged 
(40–64 years; n = 162), and older (65 + years; n = 68) 
adults free of overt clinical disease. After conducting 
a thorough validation of AdipoGen’s IL-37 ELISA, 
we found that plasma IL-37 is lower in older adults 
(young: 339 ± 240, middle-aged: 345 ± 234; older: 
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across age (P ≥ 0.23). Overall, our findings provide 
novel insights into a possible role of IL-37 in biologi-
cal aging in humans.

Keywords  IL37 · Single-nucleotide polymorphism · 
Anti-inflammatory · Cytokines · Immunosenescence

Introduction

Aging is characterized by declines in physiological 
function and increased risk of age-associated diseases 
[25, 34]. Collectively these changes limit human 
healthspan [26], defined as the period of life free of 
major impairments in function (disability, frailty), 
serious chronic diseases, and poor quality of life [56]. 
Markers of healthspan include cardiorespiratory fit-
ness (aerobic exercise capacity), lean body mass, 
markers of adiposity, blood pressure, vascular func-
tion, and clinical blood markers such as plasma lipids, 
fasting glucose and insulin, and measures of insulin 
resistance.

One of the most remarkable and clinically impor-
tant phenomena of physiological aging is the variabil-
ity in function, disease risk, and healthspan among 
individuals of similar age. These observations have 
resulted in a growing interest in “biological” com-
pared with “chronological” aging and the underly-
ing mechanisms influencing one’s biological age 
[11, 19, 55]. One mechanism believed to play a key 
role in influencing physiological aging and health-
span in humans is chronic low-grade inflammation 
or “inflammaging” [17, 51]. Inflammaging is char-
acterized by increases in pro-inflammatory signal-
ing and markers of systemic inflammation, including 
age-related increases in circulating concentrations 
of inflammatory cytokines [7]. However, our under-
standing of the signaling molecules and pathways 
linking inflammaging to physiological function and 
healthspan in humans is limited.

Interleukin (IL)-37 is an intriguing, but to date 
understudied, member of the IL-1 family origi-
nally characterized in 2010 [5, 39] that has been 
implicated in modulating inflammation in several 
pathophysiological states, including obesity, insulin 
resistance, and the metabolic syndrome, as well as 
in aging (e.g., [3, 4, 13]. Administration of recombi-
nant IL-37 suppresses inflammation across a variety 
of pro-inflammatory states and reduces morbidity [2, 

36, 39, 58]. However, genetic variants in IL37 that 
interfere with protein function can result in impaired 
anti-inflammatory responses [27, 60] and are linked 
to increased risk of severe pro-inflammatory diseases 
[27, 68]. In old mice, we recently demonstrated that 
10–14 days of administration of human recombinant 
IL-37 improved vascular function, whole-body glu-
cose metabolism, and exercise tolerance [4]. Pres-
ently there is no information on circulating concentra-
tions of IL-37, IL37 gene variants, nor the potential 
influence of IL-37 on physiological function or other 
markers of healthspan with aging in healthy humans.

Accordingly, the overarching goal of the present 
study was to gain insight into the association between 
plasma levels of IL-37, IL37 gene variants, and mark-
ers of healthspan with aging in adults free of overt 
clinical disorders and disabilities. First, because we 
have observed cross-reactivity of some first-genera-
tion IL-37 ELISAs with other IL-1 family members, 
we performed comprehensive experiments to validate 
the AdipoGen ELISA for measuring IL-37 concen-
trations in human plasma and serum; although this 
ELISA has been used in several prior studies, here 
we are the first to confirm its accuracy and specific-
ity in an independent setting (i.e., besides the manu-
facturer’s validation). Second, we studied a cohort of 
271 young, middle-aged, and older adults, and found 
that plasma concentrations of IL-37 are, on aver-
age, reduced in older adults without clinical disease 
and are related to multiple physiological and clinical 
markers of healthspan. We also identified common 
coding single-nucleotide polymorphisms (SNPs) in 
the IL37 and ILR8 genes, a cell membrane co-recep-
tor for IL-37 [40]. Although the 9 SNPs studied were 
not obviously associated with plasma concentrations 
of IL-37, certain common IL37 haplotypes did tend 
to predict healthspan markers. Overall, we provide 
initial evidence that IL-37 concentrations decline 
in older age and are related to selective markers of 
healthspan in healthy humans.

Methods

All procedures involving human subjects were 
approved by the Institutional Review Board at 
the University of Colorado Boulder (protocol #’s 
B5062, B5074, B5081, B5082, B5094, B5097, 
B5114, B6006, B6060, B6209, B6310, and 
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B6398), and were conducted in accordance with 
the Declaration of Helsinki. All subjects had par-
ticipated in previous clinical studies conducted in 
the Seals Laboratory [12, 21, 22, 24, 44, 45, 49, 
53, 61, 62] and had given informed consent for 
biological and genetic samples to be stored and 
used for future investigations. Biological samples 
and phenotypic data used for the present study 
were collected under baseline conditions for cross-
sectional and parallel-design studies (n = 200) 
or at the end of the placebo phase for crossover 
design studies (n = 47). There were no carry over 
effects reported for any intervention [21, 62]. 
All subjects were healthy (free of overt clinical 
disease) based on medical history and physical 

evaluation conducted by a physician. Subjects over 
60  years of age underwent incremental treadmill 
testing with ECG and blood pressure to ensure 
the absence of overt heart disease. Inclusion cri-
teria for the present study were as follows: (1) 
18 + years of age, (2) having stored useable plasma 
and DNA samples, and (3) having previously col-
lected deep physiological phenotyping measures. 
Previous clinical studies, however, had varying 
inclusion/exclusion criteria related to prescription 
medications, physical activity, baseline vascular 
function, and body mass index (BMI). Please see 
Supplemental Table S1 (medications) and Table 1 
(physiological phenotypes) for in-depth characteri-
zation of our subject cohort.

Table 1   Healthspan markers

Data are mean with 95% confidence interval
Abbreviations: LDL low-density lipoprotein; HDL high-density lipoprotein; HOMA-IR homeostatic model assessment for insulin 
resistance; WBC white blood cell count; IL-6 interleukin-6; TNF⍺ tumor necrosis factor-alpha
* P < 0.05 vs. young adults
† P < 0.05 vs. middle-aged adults

Overall cohort Young
(18–39 years)

Middle-aged
(40–64 years)

Older
(65 + years)

VO2max (mL/min/kg) 33 (32, 34) 43 (40, 47) 33 (32, 34)* 28 (26, 30)*†
Body composition
 Body mass index (kg/m2) 25 (25, 26) 24 (23, 25) 26 (25, 26)* 25 (24,26)
 Fat mass (kg) 23 (22, 25) 18 (14, 21) 24 (22, 26)* 25 (22, 28)*
 Fat mass (% total mass) 29 (28, 31) 23 (20, 27) 30 (28, 31)* 32 (29, 34)*
 Lean mass (kg) 50 (49,51) 54 (50, 57) 50 (48, 52) 47(45, 50)*
 Lean mass (% total mass) 67 (66, 69) 73 (70, 77) 67 (66, 69)* 65 (62, 67)*
Vascular function markers
 Systolic blood pressure (mmHg) 122 (120, 124) 112 (109, 116) 122 (120, 125)* 127 (124,131)*†
 Diastolic blood pressure (mmHg) 74 (73, 75) 66 (63, 69) 75 (74, 77)* 74 (72, 76)*
 Brachial artery flow-mediated dilation (%Δ) 5.4 (5.0, 5.8) 7.8 (6.5, 9.2) 5.4 (5.0, 5.8)* 4.2 (3.7, 4.8)*†
Clinical blood-based markers
 Total cholesterol (mg/dL) 195 (190,199) 161 (152,170) 203 (198, 208)* 194 (186, 202)*
 LDL cholesterol (mg/dL) 115 (112,119) 94 (87, 102) 122 (117, 127)* 112 (105, 119)*
 HDL cholesterol (mg/dL) 56 (54, 58) 48 (45, 51) 56 (54, 59)* 61 (56, 66)*
 Triglycerides (mg/dL) 108 (101, 115) 94 (79, 109) 115 (105, 124) 101 (90,111)
 Glucose (mg/dL) 88 (87, 89) 87 (84, 90) 87 (86, 89) 90 (88, 93)
 Insulin (mg/dL) 8 (7,8) 7 (6, 9) 8 (7,8) 8 (6, 9)
 HOMA-IR 1.6 (1.5,1.8) 1.6 (1.2, 2.0) 1.6 (1.5, 1.8) 1.7 (1.5, 2.0)
Circulating inflammatory cytokines
 WBC (/L) 5.2 (5.0,5.4) 5.6 (5.1, 6.1) 5.1 (4.9,5.3) 5.2 (4.9, 5.5)
 IL-6 (pg/mL) 1.2 (1.2, 1.3) 0.9 (0.8, 1.1) 1.2 (1.1, 1.4) 1.4 (1.2, 1.6)*
 C-reactive protein (mg/L) 0.9 (0.8, 1.0) 0.7 (0.5, 0.9) 0.8 (0.7, 0.9) 1.2 (1.0, 1.5)*†
 TNF⍺ (pg/mL) 1.3 (1.2, 1.4) 1.1 (0.9, 1.2) 1.4 (1.2, 1.5) 1.3 (1.1, 1.5)
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Deep physiological phenotyping of human subjects

Cardiorespiratory fitness (VO2max) was measured 
during incremental treadmill testing using open-
circuit spirometry, on a separate day from screening 
or vascular function assessments. Body mass index 
was calculated from body mass and height, which 
were determined using anthropometry. Body fat and 
lean mass were determined by dual-energy X-ray 
absorptiometry.

Blood pressure and vascular function were meas-
ured, and venous blood was collected, following an 
8–12-h overnight fast, > 20  h without alcohol, caf-
feine, or vigorous physical activity, and > 48 h with-
out dietary supplements or over-the-counter medi-
cations. Subjects refrained from taking prescription 
medications the morning of the study. Arterial blood 
pressure was measured in triplicate over the brachial 
artery (arm supported at heart level) following at least 
5 min of seated rest using a validated semi-automated 
device. Vascular endothelial function was assessed by 
brachial artery flow-mediated dilation (FMDBA), in 
accordance with established guidelines [9]. FMDBA is 
expressed as a percent change in diameter from base-
line. Venous blood was collected for the following: 
(1) analysis of lipid, lipoprotein, and blood glucose 
concentrations and complete blood count in a Clini-
cal Laboratory Improvement Amendments-certified 
laboratory (Boulder Community Hospital Clinical 
Laboratory, Boulder, CO); (2) analysis of inflamma-
tory markers IL-6, tumor necrosis factor (TNF)⍺, 
and C-reactive protein (CRP) by commercial ELISA 
by the University of Colorado Anschutz Medical 
Campus Clinical Translational Research Center Core 
Laboratory; (3) analysis of blood insulin by commer-
cial ELISA (Mercodia, Uppsala, Sweden); and (4) 
isolation of DNA (see below). Additional samples 
of EDTA plasma and serum were stored at − 80  °C 
for use in future investigations (see the “Circulating 
IL-37 concentrations” section below). In a subset of 
subjects, venous blood was also collected for isolation 
of peripheral blood mononuclear cells (PBMCs) by 
centrifugation with Histopaque-1077 (Sigma-Aldrich, 
Corp., St. Louis, MO).

Circulating IL‑37 concentrations

Concentrations of IL-37 in buffer, EDTA plasma, 
serum, and PBMC lysates were measured according 

to manufacturer’s instructions using a commercially 
available ELISA (AdipoGen, San Diego, CA).

AdipoGen ELISA validation  To assess accuracy 
and specificity, IL-37 concentrations were determined 
in the provided assay buffer, first, with a range of 
concentrations of human recombinant IL-37 protein 
added (0.0–1.8  ng/mL), second with human recom-
binant IL-1 receptor antagonist (IL-1ra) alone (100–
5000 pg/mL), and third with a range of human recom-
binant IL-37 protein (0.65–1.30  ng/mL) + either 
0, 700, or 1200  pg/mL of IL-1ra added. For these 
experiments, we used a recombinant human IL-37 
construct composed of amino acid residues 46–218 
that was expressed in E. coli and purified to homoge-
neity [29]. IL-1ra was selected to assess assay speci-
ficity, as this protein exhibits similar tertiary structure 
and chemical conservation at the purported receptor-
binding interface (reference structures PDBID 1LIT 
and 5HN1—all atom RMSD of 0.701 Å). To assess 
reproducibility, IL-37 concentrations were measured 
in plasma samples from 10 healthy subjects on two 
separate days. In these same 10 subjects, IL-37 con-
centrations were measured in PBMC lysates, lysed in 
RIPA buffer by sonication and diluted in the provided 
assay buffer to normalize for total protein content 
(measured by BCA assay), and in serum (to deter-
mine if IL-37 can be measured in plasma and serum 
interchangeably). Subjects used for these compari-
sons were selected as the most recently studied sub-
jects with useable stored aliquots of all three sample 
types.

Main cohort  Once validated, the AdipoGen IL-37 
ELISA was used to measure circulating IL-37 in 
EDTA plasma in our full cohort of 271 young, mid-
dle-aged, and older adults.

DNA isolation

Venous whole blood samples were stored at 4 °C for 
no more than 1  week after collection from human 
subjects prior to DNA isolation. High molecular 
weight DNA was purified from whole blood using a 
commercially available kit (Gentra Puregene Kit for 
whole blood; Qiagen, Hilden, Germany) according to 
manufacturer’s instructions. DNA samples were flash 
frozen and stored at − 80 °C until sequencing.
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SNP sequencing and genotyping

The coding exons of IL37 and ILR8 were sequenced 
using targeted molecular inversion probe (MIP) 
resequencing, as previously described [27, 60]. Raw 
sequencing data were produced by the Illumina Next-
Seq 500 system and aligned to the hg19 reference 
genome, after which variant genotypes were deter-
mined. Variants were observed in 15 SNPs. For each 
SNP, the minor allele was identified as that expressed 
in the lowest number of subjects in our cohort.

In total, 269 DNA samples were available for 
sequencing, with 248 samples passing quality control; 
9 samples were excluded as they did not have suffi-
cient DNA to process for MIPs, and 12 samples were 
excluded as X-chromosome coverage over autosomes 
did not match subject-reported sex (i.e., suspected 
sample swap). Based on the number of samples with 
sex mismatch, the error rate of our genotyping is esti-
mated to be 4.6%. Position-based coverage depth (i.e., 
DNA quality) was calculated for all samples. There 
were 6 individuals for IL37 and 66 individuals for 
ILR8 with position-based coverage depth < 100 × for 
at least one of the selected coding exon regions for 
these genes. However, we chose to still include these 
individuals in subsequent analyses, as there was high 
correlation between the number of minor alleles pos-
sessed across certain SNPs (see linkage disequilib-
rium analyses described below) and individuals with 
low position-based coverage matched the patterns 
observed in the overall group.

The frequencies of minor alleles for each SNP 
were compared to published frequencies in dbSNP 
for cohorts with similar ethnic backgrounds to our 
subjects, i.e., majority European descent. For all 
subsequent analyses, we focused on common coding 
variants (minor allele fraction > 1%). We identified 1 
rare coding variant in IL37 that was non-synonymous 
and a frameshift. We have reported genotypes for this 
SNP but, as it was only observed in 1 individual, we 
did not include it in any other analyses. Although 5 
rare coding variants were observed in ILR8, we have 
not reported these due to the lower position-based 
coverage of this gene.

Statistical analyses

The majority of statistical analyses were conducted in 
R (version 3.6.3; The R Foundation, Vienna, Austria). 

Some of the simpler analyses (t-tests, ANOVAs, sim-
ple linear regressions) were conducted in Prism (ver-
sion 9.2.0; GraphPad Software, LLC, La Jolla, CA). 
Unless noted otherwise, statistical significance was 
set to ⍺ = 0.05.

Validation of the AdipoGen IL‑37 ELISA  Rela-
tions between different methods of determining IL-37 
concentrations (e.g., actual vs. measured; Fig.  1, 
panels A-B, E) were determined using simple lin-
ear regression. Concentrations of IL-37 in matched 
human plasma vs. PBMC lysates were compared 
using Student’s paired t-test. The effect of adding IL-
1ra to varying concentrations of IL-37 was assessed 
using 2-way repeated measures ANOVA (IL-37 × IL-
1ra concentration).

Circulating IL‑37 and healthspan markers across 
age groups  Plasma concentrations of IL-37, IL-6, 
TNF⍺, and CRP were first assessed for outliers 
(ROUT; Q = 0.1–1.0% as specified in the “Results” 
section) and outliers were removed prior to all sub-
sequent analyses. Data were assessed for normality 
using the Shapiro–Wilk test. Clinical and physiologi-
cal healthspan markers, inflammatory markers, both 
non-normalized and log-transformed plasma concen-
trations of IL-37, and the ratios of IL-37 to both IL-6 
and CRP were compared across young (18–39 years), 
middle-aged (40–64  years), and older (65 + years) 
adults by one-way ANOVA, with Tukey’s post hoc 
test when significant main effects were observed. 
Relations between age and the ratios of IL-37 to both 
IL-6 and CRP were assessed using linear regres-
sion, both unadjusted and adjusted for sex and race/
ethnicity.

Circulating IL‑37 vs. healthspan markers  Rela-
tions between all healthspan markers and IL-37 or the 
ratios of IL-37 to IL-6 or CRP were assessed using 
linear regression, both unadjusted and adjusted for 
age, sex, and race/ethnicity. Pearson correlation coef-
ficients were estimated for all comparisons. Given 
the relatively low sample sizes once outliers were 
removed, alpha values were not corrected for multiple 
comparisons.

SNP analyses  Hardy Weinberg equilibriums were 
calculated for each SNP using the genetics package 
in R. Linkage disequilibrium (LD) between all SNPs 
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in each gene were also calculated using the genet-
ics package in R. As the minor alleles of rs3811046 
and rs3811047 were observed in near-perfect LD, 
while the minor alleles of rs2708943, rs2723183, 
rs2723187, rs2708947, and rs2723192 were observed 
in a separate nearly perfect LD block, we used 
rs3811046 to represent haplotype 1 (HAP1) in the 
IL37 gene and rs2723192 to represent HAP2 in the 
IL37 gene for all subsequent analyses. Rs7947 was 
used to represent the ILR8 gene HAP, because the 
minor alleles of the two ILR8 gene SNPs were also 
observed in nearly perfect LD. For all HAPs, data 
are presented as having 0, 1, or 2 copies of the minor 
allele.

Associations between IL37 and ILR8 gene HAPs 
(0, 1, or 2 copies of the minor alleles) and plasma 
IL-37 concentrations were determined using linear 
regression, with adjustment for age, sex, and race/
ethnicity.

Associations between IL37 and ILR8 gene HAPs 
(0, 1, or 2 copies of the minor alleles) and health-
span markers were determined as follows. Because 
there was a total of 20 phenotypic measures (i.e., 
healthspan markers) collected, many of which show 
some degree of correlation, we reduced complexity 
of the data and the need for multiple testing correc-
tion by using principal component analysis followed 
by an exploratory factor analysis to identify common 
underlying factors. First, missing values for all phe-
notypic measures were imputed using the multivari-
ate imputation by chained equations (MICE) package 
in R [59]. With the exception of inflammatory mark-
ers, Z-scores were then calculated for all phenotypic 
measures by standardizing values to a normal curve 
(mean = 0, standard deviation = 1) and inflammatory 
markers (plasma IL-6, CRP, TNF⍺, and IL-37) and 
were instead log-transformed to normalize for their 
skewed distribution. Factor loadings were applied 
to raw phenotypic scores to generate overall fac-
tor scores for each subject. The top 3 factors were 
selected for use in linear regression analysis based 
on principal component analysis, specifically by 
examining the scree plot, and confirmed by explora-
tory factor analysis. Then, multiple linear regression 
analysis was used to test for associations between the 
top 3 factor scores and the three genotypic HAPs, 
adjusted for age, sex, and race/ethnicity. To account 
for multiple testing, the significance level was set as 

P < 0.00555 (0.05/9, as 9 statistical tests were run 
across 3 phenotypic factors × 3 HAPs).

Results

Validation of AdipoGen ELISA for measuring IL‑37 
concentrations in serum and plasma

A major limitation of investigations of IL-37 to date 
has been the lack of a sufficiently specific assay for 
quantifying circulating concentrations of IL-37. 
In addition, there have been concerns that some 
assays may detect IL-37 consistently in serum but 
not in plasma. The AdipoGen ELISA has been most 
widely used to measure IL-37 concentrations [23, 
57, 69, 70], but to our knowledge, has not yet been 
thoroughly validated in an independent setting. As 
such, we conducted experiments to validate the accu-
racy and specificity of the AdipoGen IL-37 ELISA, 
as well as whether it can be used reliably in human 
plasma samples.

First, to confirm accuracy of this ELISA for 
detecting IL-37, we tested concentrations of human 
recombinant IL-37 protein ranging from 0.0 to 
1.8  ng/mL diluted in the provided assay buffer 
and observed a near-perfect correlation between 
the known and measured concentrations of IL-37 
(r2 = 0.97, P = 0.0004; Fig. 1A).

To confirm reproducibility, we measured IL-37 
in plasma samples (collected with EDTA) from 10 
healthy subjects (aged 19–71  years; mean ± SD: 
54 ± 18  years) on two separate days, with two 
separate kits (separated by months with sam-
ples returned to − 80  °C storage in between). We 
observed that measured IL-37 on each day was 
almost perfectly reproducible (r2 = 0.98, P < 0.0001; 
Fig.  1B). We additionally measured IL-37 con-
centrations in peripheral blood mononuclear cell 
(PBMC) lysates from these same 10 subjects, as 
both plasma and PBMCs have been commonly used 
to determine IL-37 levels [23, 57, 69, 70], but to our 
knowledge, IL-37 protein levels in these two tissues 
have never been directly compared. We found that 
IL-37 concentrations in our subjects were higher in 
plasma than in PBMC lysates (P = 0.005,Fig. 1C).

Next, we addressed the possibility of the ELISA 
detecting other interleukins or related proteins using 
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IL-1ra, which is among the more similar proteins to 
IL-37 in terms of structural and chemical homology 
[5] and is a protein we had observed cross-reaction 
to with earlier commercially available IL-37 ELI-
SAs. We tested binding specificity of the ELISA 
for detecting IL-37, first, by testing IL-1ra pro-
tein alone, in concentrations ranging from 100 to 
5000 pg/mL diluted in the provided assay buffer and 
did not observe any nonspecific signal above the 
background measurement of the assay buffer alone 
(data not shown). We next tested 700 and 1200 pg/
mL of IL-1ra (700 pg/mL of IL-1ra is representative 

of that typically measured in human plasma) [20] 
added to a range of IL-37 concentrations from 0.65 
to 1.30  ng/mL and observed no effect of IL-1ra at 
any concentration of IL-37 (IL-37 × IL-1ra interac-
tion: P = 0.40,Fig.  1D), confirming specificity to 
IL-37 of the AdipoGen ELISA.

Lastly, to determine if the AdipoGen ELISA can 
be used reliably in either serum or plasma, at least 
in healthy subjects, we compared IL-37 concentra-
tions in matched plasma and serum samples from 
17 healthy adult subjects (aged 21–68; mean ± SD: 
53 ± 13  years). IL-37 concentrations were nearly 
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Fig. 1   Validation of the AdipoGen interleukin (IL)-37 ELISA. 
A Measured vs. actual concentrations of human IL-37 recom-
binant protein were very similar. B IL-37 measured in human 
plasma is reproducible across days and assay kits (n = 8). C 
Concentrations of IL-37 were higher in plasma than in periph-
eral blood mononuclear cell (PBMC) lysates from the same 

subjects (n = 10; data are mean ± SD with individual data). D 
Adding IL-1 receptor antagonist (IL-1ra) to assay buffer across 
a range of IL-37 concentrations did not affect IL-37 measured 
by the ELISA, confirming specificity for IL-37 (n = 9/condi-
tion). E IL-37 concentrations were similar between plasma and 
serum from the same subjects (n = 17)
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identical between plasma and serum using this 
assay (R2 > 0.98, P < 0.0001; Fig. 1E).

Overall, our data indicate that the AdipoGen IL-37 
ELISA is accurate, reproducible, specific for IL-37, 
and can be used interchangeably with either plasma 
or serum from human subjects.

Characteristics and healthspan markers in main 
human cohort

Various clinical and physiological healthspan 
markers were measured in a cohort of 271 young 
(18–39  years; n = 41), middle-aged (40–64  years; 
n = 162), and older (65 + years; n = 68) healthy adults. 
Subject characteristics and prescription medications 
are provided in Supplemental Table  S1. Roughly 
equal numbers of male and female subjects were 
studied across all age groups. The types and number 
of subjects taking each type of prescription medica-
tion were typical for healthy young, middle-aged, and 
older adults (subjects abstained from all medications 
the morning of vascular testing and blood draws). 
Subjects of all racial and ethnic backgrounds were 
included, and the distribution of races/ethnicities was 
representative of the Boulder/Denver metropolitan 
area (Supplemental Table S1).

Clinical and physiological healthspan markers 
are provided in Table 1. As expected, we observed a 
stepwise reduction in cardiorespiratory fitness across 
young, middle-aged, and older adults. Both middle-
aged and older adults had higher fat mass, serum cho-
lesterol (total, LDL and HDL), and diastolic blood 
pressure than young adults (all P < 0.02 vs. young), 
but there were no significant differences in these 
markers between the two older groups (all P > 0.11). 
Consistent with previous studies from our labora-
tory [6, 15, 22], we observed a stepwise increase in 
systolic blood pressure and a stepwise reduction 
in brachial artery FMD, an established measure of 
endothelium-dependent dilation (vascular endothe-
lial function), across young, middle-aged, and older 
adults (main effect for both, P < 0.001). There were 
no significant differences in fasted serum triglyc-
erides, glucose, insulin, or the HOMA measure of 
insulin resistance (ANOVA main effect: all P > 0.05) 
across these 3 age groups of healthy adults.

Relative to young adults, two circulating markers 
of inflammation, IL-6 and C-reactive protein, were 
significantly higher in the older compared with the 

young adults (both P < 0.004). In middle-aged adults, 
IL-6 also tended to be higher than in young adults 
(P = 0.06), whereas CRP did not differ (P = 0.77). 
Circulating levels of TNFα also tended to increase 
with age (main effect: P = 0.13). There were no dif-
ferences in circulating white blood cell counts among 
age groups (main effect: P = 20).

Overall, in general, our cohort demonstrated the 
expected group differences in established markers of 
healthspan with aging.

Circulating concentrations of IL‑37 with aging

After validating the AdipoGen IL-37 ELISA, we 
measured plasma IL-37 concentrations in our cohort 
of young, middle-aged, and older adults (Fig.  2A). 
Using non-transformed data, IL-37 concentrations 
did not differ between young and middle-aged adults 
but were significantly lower in older adults (P = 0.048 
vs. MA). However, when plasma IL-37 concentra-
tions were log-transformed, this difference was no 
longer statistically significant at P < 0.05, although 
a distinct trend remained (MA vs. O: P = 0.10; Sha-
piro–Wilk test of non-transformed data: P < 0.001). 
Because IL-37 levels are reported to increase in 
response to pro-inflammatory signaling [13, 46, we 
also calculated ratios of plasma IL-37 to two key pro-
inflammatory markers, circulating C-reactive protein 
and IL-6. On average, the ratios of IL-37 to C-reac-
tive protein (Fig.  2B) and IL-6 (Fig.  2C) were only 
38% and 49%, respectively, of that in young adults 
(both P < 0.05), indicating that older adults, at least 
chronically, do not mount an appropriate plasma 
IL-37 response to combat age-related increases in cir-
culating pro-inflammatory markers. Importantly, the 
inverse relations between age and the ratios of IL-37 
to C-reactive protein (R =  − 0.18, P < 0.05) and IL-6 
(R =  − 0.20, P < 0.05) remained statistically signifi-
cant even when adjusted for sex and race/ethnicity.

Relations between circulating IL‑37 concentrations 
and healthspan markers

To investigate whether circulating IL-37 influences 
physiological function and healthspan, we calculated 
Pearson correlation coefficients between IL-37 and 
each of the markers in Table  2. Plasma IL-37 was 
not significantly correlated with any of these mark-
ers, neither when regressions were unadjusted nor 
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controlled for age, sex, and race/ethnicity (Supple-
mental Table S2).

As the ratio of anti-inflammatory to pro-inflamma-
tory signaling may have a greater influence on physi-
ology than one aspect of this signaling alone, we also 
calculated Pearson correlation coefficients between 
the ratios of IL-37 to C-reactive protein and IL-6 
and each of the healthspan markers. Higher ratios 
of IL-37 to pro-inflammatory markers were favora-
bly associated with several healthspan markers; sig-
nificant relations from unadjusted correlations are 
presented in Fig. 3. The ratio of IL-37 to C-reactive 

protein was positively correlated with cardiorespira-
tory fitness (VO2max) and % lean mass, and inversely 
correlated with body mass, multiple markers of 
adiposity (BMI, % fat mass), and white blood cell 
counts. Each of these markers was also significantly 
correlated with C-reactive protein alone.

The ratio of IL-37 to IL-6 was positively correlated 
with cardiorespiratory fitness and % lean mass, and 
inversely correlated with markers of greater adipos-
ity (body mass, BMI, % fat mass), systolic and mean 
arterial blood pressure, and fasting blood glucose. 
Diastolic blood pressure and blood glucose were not 
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Fig. 2   Circulating concentrations of interleukin (IL)-37 are 
reduced with aging and insufficient to balance age-related 
increases in pro-inflammatory markers. Plasma IL-37 (A) and 
the ratios of IL-37 to pro-inflammatory serum C-reactive pro-
tein (B) and IL-6 (C) in young (Y; 18–39  years; n = 34–38), 
middle-aged (MA; 40–64  years; n = 130–145), and older (O; 

65 + years; n = 51–61) adults. Outliers for each marker were 
removed using ROUT (Q = 0.1%); subjects included in ratios 
if data for both markers remained after outlier removal. Graphs 
are mean ± SD with individual data. *P < 0.05 vs. young 
adults. †P < 0.05 vs. middle-aged adults. bP < 0.10 vs. middle-
aged adults (one-way ANOVA with Tukey’s post hoc test)

Table 2   IL37 and ILR8 
genotype frequencies 
and Hardy Weinberg 
equilibrium (HWE) P 
values

Data for genotype 
frequency are genotype, 
N (%). Genotypes are 
presented in order of having 
0, 1, or 2 copies of the 
minor allele

Gene SNP ID Genotype frequency HWE P value

IL37 rs3811046 T/T: 124 (50%) T/G: 102 (41%) G/G: 21 (8%) 1
rs3811047 G/G: 124 (50%) G/A: 102 (41%) A/A: 21 (8%) 1
rs2708943 C/C: 201 (81%) C/G: 43 (17%) G/G: 3 (1%) 0.72
rs2723183 A/A: 201 (81%) A/G: 43 (17%) G/G: 3 (1%) 0.72
rs2723187 C/C: 204 (83%) C/T: 40 (16%) T/T: 3 (1%) 0.45
rs2708947 T/T: 199 (81%) T/C: 45 (18%) C/C: 3 (1%) 0.73
rs2723192 G/G: 200 (81%) G/A: 44 (18%) A/A: 3 (1%) 0.72
rs758200167 CC: 246 (> 99%) C*: 1 (0.4%) N/A

ILR8 rs7947 A/A: 139 (56%) A/G: 94 (38%) G/G: 14 (6%) 0.86
rs3210908 C/C: 137 (55%) C/T: 99 (40%) T/T: 11 (4%) 0.23
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significantly correlated with IL-6 alone (P = 0.06 and 
0.73, respectively), suggesting that the ratio of anti-
inflammatory to pro-inflammatory signaling specifi-
cally (vs. pro-inflammatory signaling alone) may be 
an important influencer of at least some aspects of 
changes in physiological function and healthspan 
status with advancing age. Correlations were also 
adjusted for age, sex, and race/ethnicity, with full 
results provided in Supplemental Table  S2. Ratios 
of IL-37 to TNF⍺ were not calculated due to miss-
ing data (insufficient number of subjects with both 
cytokines measured).

Genotypes of SNPs in IL37 and ILR8

Despite observing significant reductions in plasma 
IL-37 concentrations (both absolute and normalized 
to pro-inflammatory markers) and declines in select 
healthspan markers with aging, there was signifi-
cant variation in each of these outcomes within age 
groups, consistent with the notion of successful vs. 
non-successful aging [28]. We next sought to deter-
mine if SNP genotypes in IL37 and ILR8 (co-receptor 
for IL-37) may account for the following: (a) varia-
tion in plasma IL-37 concentrations,and (b) variation 

in healthspan markers, with aging. Genotypes of the 
following common coding SNPs were determined in 
DNA isolated from whole blood in 38 young, 153 
middle-aged, and 56 older adults (total n = 247): 
rs3811046, rs3811047, rs2708943, rs2723183, 
rs2723187, rs2708947, rs2723192, rs7947, and 
rs3210908. All common coding SNPs used were non-
synonymous, i.e., they alter the amino acid sequence 
of the protein. We additionally identified 1 rare cod-
ing IL37 variant that was non-synonymous and a 
frameshift (C deletion): rs758200167. However, this 
rare variant was only observed in 1 subject and there 
was nothing remarkable about this subject, i.e., all 
phenotypic data fell within normal ranges for their 
age.

The frequency of each IL37 and ILR8 genotype 
in our cohort of healthy adults and Hardy Wein-
berg equilibrium P values are provided in Table 2. 
For common SNPs, the frequency of subjects pos-
sessing the minor allele ranged from 16 to 41% for 
1 copy and from 1 to 8% for 2 copies, which was 
comparable to published frequencies on dbSNP for 
individuals of European descent (specifically, the 
1000 genomes project). The distribution of com-
mon IL37 and ILR8 genotypes were in accordance 
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Fig. 3   Significant correlations between healthspan markers 
and the ratios of plasma interleukin (IL)-37 and C-reactive 
protein (CRP) or IL-6 in young (18–39  years; n = 34–38), 
middle-aged (40–64 years; n = 130–145), and older (65 + years; 

n = 51–61) adults. Regression coefficients and P values shown 
are the results of unadjusted Pearson correlations. Only statisti-
cally significant correlations (P < 0.05) are shown
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with the Hardy Weinberg equilibrium, i.e., they 
were consistent with stable genotype frequencies 
across generations.

To identify non-random associations between 
SNPs, we calculated linkage disequilibrium (LD) 
between SNPs using the genetics package in R 
(Supplemental Figure S1). We found that the minor 
alleles of IL37 SNPs rs3811046 and rs3811047 
occurred in near-perfect LD (i.e., the same geno-
type at rs3811046 could nearly perfectly predict 
the genotype at rs3811047). The minor alleles of 
IL37 SNPs rs2723192, rs2708943, rs2723183, 
rs2723187, and rs2708947 also occurred in a sepa-
rate nearly perfect LD block. Therefore, in all fur-
ther analyses, we used the number of copies of the 
minor allele for rs3811046 to represent haplotype 
1 (HAP1) in IL37 and the number of copies of the 
minor allele for rs2723192 to represent haplotype 
2 (HAP2) in IL37. The minor alleles of ILR8 gene 
SNPs also occurred in near-perfect LD. For further 
analyses, the number of copies of the minor allele 
for rs7947 was used to represent the ILR8 HAP.

Relations between IL37 and ILR8 haplotypes and 
circulating IL‑37 concentrations

We next sought to determine if IL37 and/or ILR8 
haplotypes might account for differences in circulat-
ing IL-37 protein levels in healthy adults differing in 
age. Plasma IL-37 was log-transformed to account 
for skewness. First, we compared plasma IL-37 con-
centrations across the number of copies of the minor 
allele (0–2) in IL37 HAP1 and HAP2, and the ILR8 
HAP. There were no significant differences in plasma 
IL-37 concentrations across the number of cop-
ies in IL37 HAP1 (ANOVA main effect: p = 0.88; 
Fig. 4A). The average concentration of IL-37 protein 
was higher in individuals with 2 minor allele copies 
of IL37 HAP2; however, this did not reach statistical 
significance due to the low number of subjects with 
this genotype (only 3) (ANOVA main effect: p = 0.60; 
Fig. 4B). There was a trend toward individuals with 
1 minor allele copy of the ILR8 HAP having lower 
plasma IL-37 protein concentrations (0 vs. 1 copy: 
p = 0.13; Fig. 4C).
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Fig. 4   Genotypes for SNPs in IL37 and ILR8 do not predict 
plasma concentrations of IL-37 protein. Plasma IL-37 pro-
tein concentrations in individuals with 0, 1, or 2 copies of the 
minor allele in A HAP1 in the IL37 gene (rs3811046; minor 
allele: G); B HAP2 in the IL37 gene (rs2723192; minor allele: 
C); and C the ILR8 HAP (rs7947; minor allele: G). Plasma 
IL-37 protein concentrations are log-transformed to account 

for skewness (outliers excluded; ROUT: Q = 1%). Graphs are 
mean ± SD with individual data. The final numbers of subjects 
included in this analysis with 0, 1, and 2 copies, respectively, 
of each haplotype are as follows: n = 91, 81, and 15 for HAP1 
in the IL37 gene; n = 166, 26, and 3 for HAP2 in the IL37 
gene; and n = 116, 69, and 10 for the ILR8 HAP
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In addition, we performed multiple linear regres-
sion between IL37 or ILR8 HAPs and circulating 
IL-37 protein concentrations, adjusting for age, sex, 
and race/ethnicity. These analyses did not show any 
significant relations between plasma IL-37 levels 
and IL37 and ILR8 HAPs (P ≥ 0.23; Supplemental 
Table S3).

Overall, although it is possible that we would see 
differences in a larger cohort, our data indicate that 
variant genotypes in IL37 and ILR8 do not obviously 
explain the variability in circulating IL-37 protein 
concentrations observed.

Relation between genotypes for SNPs in IL37 and 
ILR8 and healthspan markers

To determine how IL37 and ILR8 haplotypes may 
be related to physiological function, we conducted a 
principal component analysis (PCA) followed by an 
exploratory factor analysis (EFA) in the cohort of 
healthy adults (n = 247). Any missing values for phe-
notypic measures were imputed using the multivari-
ate imputation by chained equations (MICE) pack-
age in R. The PCA analysis revealed support for the 
presence of three distinct factors. This was confirmed 
using an exploratory factor analysis, which yielded a 
three-factor structure. Supplemental Table  S4 shows 
the loadings of individual items onto each of the 
three factors. Fat mass (%), lean mass (%), BMI, and 
VO2max were the primary items that loaded on fac-
tor 1 (“adiposity and fitness”; a higher factor 1 score 
indicates greater adiposity and lower cardiorespira-
tory fitness). Systolic, diastolic, and mean arterial 
blood pressure strongly loaded on factor 2 (“blood 
pressure”; a higher factor 2 score indicates higher 
blood pressure). Diastolic blood pressure, lean mass 
(%), and fat mass (%) were the strongest items load-
ing on factor 3 (“blood pressure and adiposity”; a 
higher factor 3 score indicates higher blood pressure 
and greater adiposity).

Factor scores were then generated for each 
subject based on the item loadings and used in a 
standard linear regression analysis. Multiple lin-
ear regression models were used to determine the 
extent to which the three factors were related to 
the IL37 and ILR8 haplotypes (number of copies 
of the minor allele), with adjustment for age, sex, 
and race/ethnicity (see Supplemental Tables S5 and 

S6 for full results). Sex significantly influenced fac-
tor score 1 (positively, i.e., women on average had 
higher adiposity and lower VO2max) and factor 
score 2 (inversely, i.e., women on average had lower 
blood pressure) in regression models for both genes.

When controlling for multiple comparisons, 
there were no significant correlations between any 
of these factors and the IL37 and ILR8 HAPs. How-
ever, IL37 HAP1 showed a trend toward an inverse 
association with factor 3, “the blood pressure and 
adiposity” factor (P = 0.08; Fig.  5A), suggesting 
that individuals with 1 or 2 copies of this haplo-
type’s minor alleles may be better protected against 
increased diastolic blood pressure and/or adipos-
ity. IL37 HAP2 tended to be positively associated 
with factor 2, which strongly loaded systolic, dias-
tolic, and mean arterial blood pressures (P = 0.09; 
Fig.  5B), suggesting that individuals with 1 or 2 
copies of this minor haplotype may be predisposed 
to higher blood pressures. The ILR8 gene HAP was 
not associated with any of the healthspan factors 
(all P > 0.17). All non-trending relations are pre-
sented in Supplemental Figure S2.
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Fig. 5   Associations between factors for healthspan mark-
ers and haplotypes in IL37 and ILR8. A IL37 HAP1 tended to 
be inversely associated with factor 3, which loaded diastolic 
blood pressure, lean mass (%), and fat mass (%). B IL37 HAP2 
tended to be positively associated with factor 2, which strongly 
loaded systolic, diastolic, and mean arterial blood pressure. 
Graphs are mean ± SD with individual data points. The final 
numbers of subjects included in this analysis with 0, 1, and 2 
copies, respectively, of each haplotype are as follows: n = 124, 
102, and 21 for HAP1 in the IL37 gene; and n = 200, 44, and 3 
for HAP2 in the IL37 gene. See Table 2 for further details of 
SNPs and text in the “Statistical analyses” section for determi-
nation of haplotypes. Factor loading was determined by prin-
cipal component analysis; see Supplemental Table S4 for full 
details on factor loading
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Discussion

Here, we investigated for the first time the role of 
IL-37 in the context of human physiological aging. 
Our most important results include four novel find-
ings. We first established the accuracy, reproducibil-
ity, and specificity of the AdipoGen IL-37 ELISA, 
which had not previously been performed despite 
the use of this assay in earlier studies in the field. 
Second, we found that circulating concentrations of 
IL-37 are lower on average in older compared with 
younger adults, despite chronic low-grade elevations 
in pro-inflammatory cytokines. Third, IL-37 concen-
trations across age were associated with several key 
physiological and clinical markers of human health-
span, including those related to cardiorespiratory 
fitness, adiposity, blood pressure, and glucose toler-
ance. Finally, we also assessed the prevalence of vari-
ous common, coding SNP genotypes in the IL37 and 
ILR8 genes and found that the minor allele of certain 
IL37 gene SNPs tended to be associated with blood 
pressure and adiposity. Overall, we provide the first 
evidence for changes in circulating IL-37 with aging 
in adults free of major health disorders and possible 
links with indicators of human healthspan.

Validation of the IL‑37 AdipoGen ELISA

Although the AdipoGen ELISA has been widely used 
in human studies to assess circulating IL-37 concen-
trations in various disease states [16, 18, 52, 67, 69], 
there has been concern in the field regarding its valid-
ity and specificity [52]. Using multiple approaches, 
we systematically established, for the first time in an 
independent setting, that the assay is accurate, repro-
ducible, and specific to IL-37 (i.e., it did not detect 
IL-1ra, a cytokine with very similar structural and 
chemical homology). We further established that the 
AdipoGen ELISA provides similar values of circu-
lating IL-37 obtained from samples of human EDTA 
plasma and serum. Our results confirm not only the 
validity of this assay in the present study, but also its 
use in prior investigations.

Of note, the plasma IL-37 concentrations that we 
measured in our cohort of young, middle-aged, and 
older adults were on average higher and spanned a 
wider range (mean ± SD: 324 ± 225  pg/mL; range: 
22–1070 pg/mL) than previously reported concentra-
tions in healthy adults. For example, Santarelli et al. 

reported a reference range of 41.1–126.8  pg/mL in 
plasma, determined from a meta-analysis of 7 stud-
ies (n = 388) of which 4 out of 7 used the AdipoGen 
ELISA. However, the studies included in this meta-
analysis for plasma were all in primarily Han Chinese 
subjects who may have been more homogeneous than 
our cohort. Our subjects ranged widely in adiposity, 
blood pressure, age, and other phenotypic markers. 
As such, especially given our extensive validation, the 
“healthy” range of plasma IL-37 concentrations may 
be wider than previously thought and/or may differ 
across ethnicities.

Because PBMCs represent the most accessible cell 
type in studies of humans, particularly large cohort 
investigations, as part of validating the assay, we also 
compared IL-37 concentrations in plasma and PBMC 
lysates in matched samples obtained from young, 
middle-aged, and older subjects. We found that IL-37 
levels were much lower in PBMCs than plasma sam-
pled from the same subjects. To our knowledge, this 
is the first direct comparison of IL-37 protein levels 
in plasma compared with PBMCs in humans and 
these data suggest that the circulating IL-37 “signal” 
may be more accessible in plasma, at least in popu-
lations without overt disease. This finding has practi-
cal importance for large human trials because of the 
additional time and expense associated with isolation 
of PBMCs from blood samples.

Circulating IL‑37 declines with aging

In the present study, plasma concentrations of 
IL-37 were, on average, lower in healthy adults 
over 65 years of age compared with younger adults. 
Importantly, the lower levels of plasma IL-37, an anti-
inflammatory cytokine, in older adults were observed 
in the face of elevated plasma concentrations of the 
pro-inflammatory proteins IL-6, TNF⍺, and CRP, 
common markers of age-associated chronic low-grade 
inflammation (inflammaging) [17].

Most studies of IL-37 in humans have focused on 
its role in inflammatory disorders, each of which is 
characterized by excessive immune activation, e.g., 
rheumatoid arthritis, systemic lupus erythematosus, 
and atherosclerosis. In these states, circulating IL-37 
levels are elevated relative to healthy controls [16, 
32, 33, 35, 38, 46, 50, 54, 64, 66, 67, 69, 71], pre-
sumably as a compensatory physiological response 
to mitigate the impact of increases in circulating 
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pro-inflammatory cytokines [16, 66, 67]. Indeed, 
under such conditions, circulating IL-37 often corre-
lates with concentrations of IL-6, TNF⍺, CRP, and/
or other pro-inflammatory cytokines [16, 31, 32, 46, 
66, 69], as well as with markers of disease severity or 
progression [31, 38, 38, 67, 71].

Here we report for the first time the opposite direc-
tion of association between IL-37 and circulating 
pro-inflammatory cytokines in the context of healthy 
aging. The data suggest that not only did our healthy 
older subjects not demonstrate increases in IL-37 in 
response to chronically elevated levels of pro-inflam-
matory cytokines, but plasma concentrations of IL-37 
were lower than in young and middle-aged adults. 
This apparent lack of an appropriate IL-37 compen-
satory response to low-grade inflammation was most 
evident when assessing the ratios of plasma IL-37 to 
IL-6 and CRP, which were much lower in older adults 
compared to the other age groups. These results are 
consistent with the notion of systemic immunosenes-
cence with aging in the absence of chronic disease 
and disability [51]. Our findings suggest that circu-
lating IL-37 might be explored as a novel marker of 
immunosenescence in the setting of biological aging 
in humans, and that strategies to restore circulat-
ing IL-37 concentrations in older adults may reduce 
chronic low-grade inflammation and thereby extend 
healthspan. Importantly, this finding also indicates 
that older adults may be at greater risk of severe out-
comes with acute inflammatory insults or infections. 
For example, a lesser increase in circulating IL-37 
concentrations early in SARS-CoV-2 infection is 
associated with worse clinical prognosis in hospital-
ized patients [32]. These authors also observed that 
treating SARS-CoV-2-infected mice with recom-
binant IL-37 reduced pulmonary inflammation and 
pathology.

Circulating IL‑37 and healthspan markers

Although circulating IL-37 was lower in the older 
(aged 65 + years) group in our cohort compared with 
the two younger groups, we observed considerable 
inter-individual variability in absolute concentrations 
among our older subjects. Because substantial vari-
ability also has been reported in various physiologi-
cal and clinical measures of healthspan in older adults 
[28], we sought to determine if circulating IL-37 

concentrations might be related to these indicators of 
healthspan within our study sample.

We found that absolute concentrations of plasma 
IL-37 were not significantly related to any of the 
diverse set of healthspan measures assessed, possi-
bly due to the low sample size. However, the ratios of 
plasma IL-37 to both plasma IL-6 and CRP, i.e., our 
indirect markers of circulating IL-37 responsiveness 
to systemic pro-inflammatory signaling, were related 
to several indicators of healthspan, including positive 
associations with cardiorespiratory fitness and nega-
tive associations with markers of adiposity, blood 
pressure (IL-37:IL-6 only), fasting blood glucose 
(IL-37:IL-6 only), and white blood cell counts (IL-
37:CRP only). As an important biochemical role of 
IL-37 is to counter IL-6 pro-inflammatory signaling, 
the plasma IL-37:IL-6 ratio, in particular, may be of 
greater physiological relevance than IL-6 concentra-
tions alone. Consistent with this idea, diastolic blood 
pressure and fasting blood glucose were related to the 
ratio of IL-37 to IL-6, but not to IL-6 alone.

Collectively, these findings are in agreement with 
studies in mice showing that higher IL-37, achieved 
via treatment with human recombinant IL-37 or 
transgenic overexpression of the human IL37 gene, 
improves exercise endurance capacity [4, 8] and 
enhances glucose tolerance and insulin sensitiv-
ity with aging [4] and high-fat diet feeding [2]. In 
humans, adipose tissue IL-37 expression increased 
in morbidly obese adults after extreme weight loss 
and IL-37 was negatively correlated with BMI [37]. 
Moreover, among elderly patients with type-2 diabe-
tes, those with higher IL-37 had better insulin sensi-
tivity [30]. Thus, our results, combined with obser-
vations from previous studies in mice and humans, 
indicate that IL-37 may serve as a marker, if not a 
mediator, of physiological and health status, espe-
cially in relation to adiposity and metabolic function 
and the process of biological aging.

IL37 and ILR8 SNP genotypes

We measured the frequency of genotypes in 7 com-
mon, coding SNP alleles in the IL37 gene and 2 
common, coding SNP alleles in the ILR8 gene. In 
IL37, the minor alleles of 2 SNPs, rs3811046 and 
rs3811047, were observed in nearly perfect linkage 
disequilibrium with one another (i.e., individuals who 
had 1 or 2 copies of the minor allele for 1 SNP, also 
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had 1 or 2 copies for the other). As such, we grouped 
these into HAP1. The minor alleles of the remain-
ing 5 SNPs in IL37 were observed in nearly perfect 
linkage disequilibrium with one another and were 
grouped into HAP2. Similarly, the minor alleles of 
the two SNPs that we measured in the ILR8 gene also 
were observed in near-perfect linkage disequilibrium 
(ILR8 HAP).

Contrary to our initial hypothesis, we did not 
observe any significant relations between the stud-
ied haplotypes and circulating IL-37 concentrations. 
However, although our sample size of 247 is large 
for studies involving deep physiological phenotyping 
of healthy adult humans, it is quite small for genetic 
studies, which often include hundreds to thousands of 
subjects. As such, we cannot definitively rule out an 
effect of these SNP variants on IL-37 levels, nor did 
we study other common (e.g., non-coding/regulatory) 
or rare genetic variants. Despite the low sample size, 
we did observe trends toward associations with these 
haplotypes and healthspan markers, as discussed 
more below.

IL37 gene haplotype 1  HAP1 contained the 
rs3811046 and rs3811047 SNPs in the IL37 gene. 
These SNPs are the most commonly studied in the 
literature for the IL37 gene [1, 10, 14, 42, 43, 63, 
65, 68]. We observed that having more copies of the 
minor allele of HAP1 tended to be related to lower 
diastolic blood pressure and adiposity, indicating a 
protective effect of these SNPs. Of note, this allele 
(G in rs3811046) is the major allele in African and 
African American populations, but minor for all other 
ethnicities. Consistent with the notion of these alleles 
being protective, El-Sayed et  al. found that patients 
with rheumatoid arthritis possessing 1 or 2 copies 
of the minor allele of rs3811037 had lower disease 
severity than patients with 0 copies [14],however, 
the sample size in this study was low (n = 100). The 
minor allele of rs3811047 has also been associated 
with decreased risk of gastric cardiac adenocarci-
noma [63] and peptic ulcers [10]. However, contrary 
to our findings, the minor allele of rs3811047 has also 
been associated with lower PBMC mRNA expression 
of IL-37 and higher incidence of coronary artery dis-
ease [68].

IL37 gene haplotype 2  HAP2 contained the 
rs2708943, rs2723183, rs2723187, rs2708947, and 

rs2723192 SNPs in the IL37 gene. We observed that 
having more copies of the minor allele of HAP2 
tended to be related to higher blood pressure, indi-
cating a potentially detrimental effect of these SNPs. 
These SNPs were much less common than those con-
tained in HAP1. Only 18% of our cohort had 1 copy 
of the minor allele and only 1% had 2 copies. To our 
knowledge, only one other paper has reported on any 
of these SNPs [41]. They observed that the minor 
allele of rs2708943 was associated with lower IL-37 
mRNA expression, which is consistent with our find-
ings of this SNP possibly being detrimental for spe-
cific indicators of healthspan.

ILR8 gene haplotype  The ILR8 gene haplotype 
contained SNPs rs7947 and rs3210908. We found 
that having 1 copy of the minor allele was very com-
mon (38% of our cohort; however, we acknowledge 
that position-based coverage of ILR8 was low in 27% 
of subjects in our cohort). IL-R8 is a co-receptor nec-
essary for IL-37 to initiate cellular signaling. As such, 
we were not expecting ILR8 genotypes to affect circu-
lating IL-37 levels but rather hypothesized that these 
variants in these SNPs might be related to certain 
indicators of healthspan. Contrary to this hypothesis, 
we observed no trends between the ILR8 haplotype 
and healthspan markers. To our knowledge, this is 
the first time these SNPs in the ILR8 gene have been 
examined in relation to measures physiological func-
tion or healthspan.

Limitations and experimental considerations

As previously mentioned, a sample size of 247 sub-
jects is impressive for studies involving deep physi-
ological phenotyping but low for genotyping studies, 
which typically include thousands of individuals. 
Thus, larger cohorts will likely be required to more 
definitively associate IL37 and ILR8 SNPs with 
healthspan markers. Secondly, heterogeneity in fac-
tors besides differing rates of biological aging likely 
contributed to the observed variability and may have 
prevented us from observing stronger correlations. 
For example, the type and frequency of prescrip-
tion medications varied across age groups. Some of 
these medications are known to have anti-inflamma-
tory effects (e.g., aspirin and statins) and could have 
affected circulating IL-37 concentrations and/or 
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healthspan markers. Furthermore, incidence of other 
health conditions, such as elevated blood pressure, 
elevated cholesterol, and thyroid disorders, likely 
increased with aging. It is important to note that all 
of our subjects underwent rigorous health screening 
and those with established chronic disease or any 
underlying cardiovascular disease were excluded; 
however, subclinical changes in these processes were 
likely present in middle-aged and older adults. That 
said, these are all physiological changes that are part 
of the process of biological aging. Thus, we do feel 
that our cohort is representative in general of healthy 
aging. Lastly, distribution of race/ethnicity did dif-
fer, albeit not significantly, across age groups, which 
could have affected the incidence of SNPs and asso-
ciations between SNPs and healthspan markers. We 
were unfortunately underpowered to test effects of 
race/ethnicity of these variables.

Summary and conclusions

The findings of the present investigation establish the 
validity of the AdipoGen IL-37 ELISA for assessing 
circulating concentrations of IL-37 in either EDTA 
plasma or serum from healthy humans varying in age. 
Compared to PBMCs, we also observed higher levels 
of IL-37 in plasma (i.e., a more readily obtainable tis-
sue) in our population of relatively healthy adults. As 
such, this assay appears to have considerable utility 
for use in future studies of IL-37 and human aging. 

We also report for the first time that older adults free 
of any overt clinical disorders demonstrate lower 
circulating concentrations of IL-37 compared with 
younger healthy adults, despite being faced with sys-
temic low-grade inflammation (inflammaging). This 
novel observation suggests that, in contrast to prior 
reports of compensatory increases in IL-37 in set-
tings of pro-inflammatory clinical disorders, primary 
human aging appears to reduce the circulating anti-
inflammatory IL-37 response to a pro-inflammatory 
milieu, consistent with the concept of immunose-
nescence with primary aging in humans. Although 
absolute plasma concentrations of IL-37 were not 
related to diverse physiological and clinical indica-
tors of human healthspan, we found that the ratios 
of IL-37 to IL-6 and/or CRP correlated significantly 
with several such markers, including cardiorespira-
tory fitness, body fatness, blood pressure, and fast-
ing blood glucose. Nevertheless, we were unable to 
identify any obvious associations between the studied 
IL37 or ILR8 haplotypes and plasma concentrations 
of IL-37 in our overall cohort. However, we found 
that selective haplotypes tended to be associated with 
specific indicators of healthspan. Overall, our results 
shed new light on a possible role of IL-37 in biologi-
cal aging with primary (healthy) aging in humans 
(Fig. 6). Accordingly, our findings indicate that anti-
inflammatory processes (e.g., circulating IL-37 con-
centrations) should be incorporated in studies and 
integrated models of biological aging and healthspan, 
as they may play as large a role as pro-inflammatory 

Fig. 6   IL-37 in the context of biological aging. Chronic low-
grade inflammation and immunosenescence are two hallmark 
mechanisms of biological aging. In the present study, circulat-
ing concentrations of IL-37 were lower in healthy older adults, 
compared to young and middle-aged adults, which may both 
reflect immunosenescence (i.e., impaired ability to mount an 
anti-inflammatory response) and contribute to chronic low-

grade inflammation (i.e., reduced suppression of production 
of pro-inflammatory cytokines). Importantly, reduced ratios of 
IL-37 to key pro-inflammatory markers were associated with 
impairments in several markers of healthspan, suggesting that 
both pro-inflammatory and anti-inflammatory processes should 
be considered in future studies and models of biological aging 
and healthspan
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signaling. Furthermore, strategies to supplement and/
or restore IL-37 concentrations in older adults could 
slow the rate of biological aging, improve healthspan, 
and/or reduce risk of chronic age-related diseases, 
consistent with results of recent inflammation-sup-
pressing clinical trials [47, 48].
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