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SUMMARY

Differences in susceptibility to immune-mediated
diseases are determined by variability in immune
responses. In three studies within the Human Func-
tional Genomics Project, we assessed the effect of
environmental and non-genetic host factors of the
genetic make-up of the host and of the intestinal
microbiome on the cytokine responses in humans.
We analyzed the association of these factors with
circulating mediators and with six cytokines after
stimulation with 19 bacterial, fungal, viral, and
non-microbial metabolic stimuli in 534 healthy sub-
jects. In this first study, we show a strong impact of
non-genetic host factors (e.g., age and gender) on
cytokine production and circulating mediators.
Additionally, annual seasonality is found to be
an important environmental factor influencing
cytokine production. Alpha-1-antitrypsin concen-
trations partially mediate the seasonality of cyto-
kine responses, whereas the effect of vitamin
D levels is limited. The complete dataset has
been made publicly available as a comprehensive
resource for future studies.
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INTRODUCTION

Host defense mechanisms mediated by the immune system pro-
tect the host from the invading pathogens that continuously
attempt to breach the mucosal and skin barriers. Individuals
with diminished immune responses from inborn or acquired
causes have an increased susceptibility to infections (Blot
et al., 2002; Clark and Hajjeh, 2002; Fishman, 2007; Fishman
and Rubin, 1998; McNeil et al., 2001). Conversely, individuals
with an overactive immune system are more susceptible to auto-
immune diseases such as rheumatoid arthritis, type 1 diabetes
and multiple sclerosis, and inflammatory diseases such as
gout, Crohn’s disease, and atherosclerosis (Gandhi et al,
2010; Martinon, 2010; Szablewski, 2014). Variability in the im-
mune responses also influences susceptibility to other important
pathologies such as malignant processes (de Visser et al., 2006)
and neurodegenerative diseases like Parkinson’s disease and
Alzheimer’s disease (Heneka et al., 2015; Mosley et al., 2012).
This variability in immune responses is likely affected by factors
already known to influence disease prevalence such as age,
gender, and seasonality. For instance, women are more likely
to suffer from autoimmune diseases, it gets more difficult to fight
off infections with age, and influenza infections peak in winter.
However, the differences in susceptibility to immune-mediated
diseases between individuals cannot be fully accounted for by
what is currently known, and a systems biology-based approach
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Figure 1. Schematic Overview of the Three Studies on the 500FG
Cohort

The cohort consists of 534 volunteers with varying characteristics. The current
manuscript is the first in a series of three studies presented in this issue of Cell,
that aim to provide a systematic assessment of the impact of various intrinsic
and environmental factors (this manuscript), the host genome (Li et al., 2016),
and the gut microbiome (Schirmer et al., 2016) on cytokine production and
baseline immune parameters in a systems biology-based approach.

See also Figure S1 and Tables S1 and S2.

to comprehensively assess the environmental and host-related
factors that influence immune responses is needed.

Production and release of proinflammatory cytokines is one of
the most important components of host defense mechanisms,
representing the communication network within the immune sys-
tem. So far, variation of cytokine production capacity in the gen-
eral population has been investigated only in small studies, and
this limitation resulted in conflicting conclusions (Aulock et al.,
2006; Bernstein and Murasko, 1998; Grandgirard et al., 2013;
Hwang et al., 2015; Nielsen et al., 2013; Scott et al., 2013). The
only large-scale studies of the immune system published to
date are genome-wide studies focused on the regulatory effect
of genetic variation on cytokine gene transcription levels (eQTLs)
rather than on protein expression levels (Berry et al., 2010; Fair-
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fax et al., 2014; Lee et al., 2014; Raj et al., 2014; Ye et al., 2014).
These studies were based on a limited number of stimulations or
used unstimulated cells. The few studies assessing variability of
cytokine production are all based on responses to standard im-
mune stimuli such as lipopolysaccharide (LPS) (Fairfax et al.,
2014; Lee et al., 2014). A comprehensive assessment of environ-
mental and host factors influencing cytokine responses to a wide
range of pathological and physiological stimuli is still lacking.

The Human Functional Genomics Project (HFGP; www.
humanfunctionalgenomics.org) aims to fill this gap. Within
HFGP, the first major study that intends to assess the variability
of human cytokine responses is the 500 Functional Genomics
(500FG) study, comprising of a group of ~500 healthy volunteers
of Western-European ancestry. The specific aim of the 500FG
cohort is to assess and integrate the various factors influencing
individual human cytokine responses. The 500FG study has two
important advantages compared to previous studies: first, it
comprises the largest cohort of healthy individuals studied to
date, and second, the cytokine production was assessed in
response to a large panel of microbial and metabolic stimuli
and in three different cellular systems. The current manuscript
is the first in a series of three studies presented in this issue of
Cell, that aim to provide a systematic assessment of the impact
of various intrinsic and environmental factors (this manuscript),
the host genome (Li et al., 2016), and the gut microbiome
(Schirmer et al., 2016), on baseline immune status and cytokine
production in a systems biology-based approach. A schematic
overview of these three studies on the 500FG cohort is presented
in Figure 1.

In this first study, we focus on environmental and non-genetic
host factors that have been described to influence the immune
response and/or disease prevalence (e.g., age, gender, BMI,
oral contraceptive usage, smoking, vitamin D, and seasonality),
but for which a comprehensive assessment of their effect on
cytokine responses is missing. We observe that several of the
studied factors directly influence immune parameters and host
defense and we describe a novel vitamin D-independent/
alpha-1-antitrypsin (AAT)-dependent effect of seasonality on
inflammation.

RESULTS

Measurement of Circulating Immune Parameters

To study variation in baseline immune status, we measured
circulating concentrations of some of the most important families
of parameters responsible for host defense in the circulation:
acute phase proteins (CRP and AAT), immunoglobulins (IgA,
IgM, IgG, and 4 IgG* sub-classes), adipokines (leptin, adiponec-
tin, and resistin), IL-6, IL-18, IL-18-binding protein (IL-18BP), IL-
1B, and interleukin-1 receptor antagonist (IL-1Ra). Measurement
of resting levels of low abundance cytokines such as IL-18, IL-6,
IL-18, and VEGF are below the lower limit of quantification by
standard ELISAs in a healthy cohort; therefore, the Ella microflui-
dic analyzer was used to assess cytokine concentrations in the
fg/mL to low pg/mL range. For instance, the mean level of IL-6
concentrations of the cohort was 1.25 + 0.06 pg/mL (range
0.15-8.1 pg/mL; see the STAR Methods for levels of all circu-
lating mediators). The assessment of these parameters provides
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Figure 2. Schematic Depiction of the Study Parameters

(A) Stimuli and measurements in this study.

(B) Pie charts showing some characteristics of our cohort; from left to right, the percentage of women using oral contraceptives, the percentage of men and
women, and the percentage of people that are active smokers.

(C) Histogram showing the age distribution in our cohort.

(D) Histogram showing the BMI distribution in our cohort.

(E) Scatterplot of the vitamin D levels for all individuals plotted against the date which they provided blood samples. The blue dots are the individual vitamin D
measurements and the red line is the LOESS fit through these points.

See also Figure S1 and Tables S1 and S2.

a comprehensive view of baseline immune characteristics, most Age and Gender Have a Significant Impact on Circulating
importantly of inflammatory status and humoral immunity. Mediators

The immune parameters were analyzed as a function of a set  The concentrations of IL-6 and IL-1Ra are increased in the cir-
of environmental and intrinsic non-genetic host factors (age, culation of older individuals (Figure 3C, with relevant examples
gender, BMI, oral contraceptive usage, smoking, vitamin D con-  in Figure 3D). An increased low-level inflammation during the

centrations, and seasonality) (Figure 2). aging process (inflammaging) has been proposed as a culprit

for metabolic syndrome and cardiovascular diseases (Kovacic
Correlations between Circulating Cytokine et al., 2011a, 2011b; Veronica and Esther, 2012), and in our
Concentrations Indicate Co-regulation study, the higher IL-6 and IL-1Ra concentrations with age

As displayed in Figures 3A, 3B, and S2A, some cytokine levels  gives weight to this hypothesis. The effect of age on IL-6 levels
show positive correlations with other cytokine levels. IL-18 con- is also supported by the validation of these findings in a sec-
centrations show a strong correlation with IL-6 (p < 0.0001), a ond independent cohort of 300 individuals from the HFGP
particularly relevant observation, because treatment of patients (p = 1.12e-03, Figure S2E). With regard to gender, we find
with IL-1B blocking therapies reveals a consistent fall in circu-  significantly higher circulating concentrations of IL-1Ra in
lating IL-6 levels (Dinarello et al., 2012). IL-1Ra and IL-6 concen-  women. This was previously observed in a cohort of type Il
trations also correlate significantly because these are both diabetes patients (Ybarra et al., 2008), which we now confirm
markers of inflammation (Figure 3B). IL-1B circulating concentra-  in healthy individuals.

tions also correlated with IL-1Ra (p < 0.05), and this is in agree- We also observe an increase in IL-18BP concentrations in
ment with in vitro and human trial data demonstrating that IL-1B  older individuals (Figure 3C), and IL-18BP levels were also signif-
induces its own receptor antagonist. In line with the well-known icantly higher in men than in women, while total IL-18 concentra-
anti-inflammatory effects of AAT (Bergin et al., 2012; Lewis, tions remained unaffected by both age and gender. However, in
2012), the only strong negative correlation was found between patients with cardiovascular disease, IL-18 levels are higher in
AAT and IL-1B concentrations (Figure 3B). men than in women (Opstad et al., 2011).
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Figure 3. Correlations of Circulating Mediators with Non-genetic Host Characteristics

(A) The p values (FDR corrected) of the correlations of mediators with each other. For color codes of the FDR, see legend.

(B) Scatterplots of highly significant correlations from (A). The thin blue lines are contour lines, indicating the density of the scatterplot.

(C) Significance (FDR corrected) of the relation between host characteristics/environmental factors (x axis) to circulating mediators and immunoglobulins (y axis).
(D) Scatterplots showing examples of the effect of age, gender, oral contraceptive and BMI. The lines indicate the local regression (LOESS) fit.

See also Figure S2 and Table S3.

IgA immunoglobulin concentrations also increase with age
(Figure 3C), as was previously detected in saliva (Gonzalez-Quin-
tela et al., 2008; Jafarzadeh et al., 2010). IgA has been implicated
with several age-related diseases such as macular degeneration
and diabetes, which makes IgA a potential therapeutic agent for
prophylaxis and/or treatment (Rodriguez-Segade et al., 1996; Yu
et al., 2016). Higher IgA was also detected in men compared to
women, as supported by earlier studies, while circulating con-
centrations of IgM were higher in women (Cassidy et al., 1974;
Obiandu et al., 2013; Weber-Mzell et al., 2004). In another study
from the HFGP (Aguirre-Gamboa et al., 2016), IgG2 and IgG4 are
shown to significantly interact with age and gender, respectively.
Due to the larger number of factors corrected for, and stronger
multiple testing correction applied in this manuscript, we
observe only a borderline significant effect. However, using
similar corrections we find false discovery rates (FDRs) of
4.06e-3 and 2.20e-3 for IgG2 and IgG4, respectively.

Concentrations of leptin and adiponectin are higher in women
than in men (Figure 3C). This is due to the higher percentage of
adipose tissue in females compared to males, as well as a higher
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secretion rate of leptin in females compared to males as previ-
ously shown by others (Bottner et al., 2004; Considine et al.,
1996; Hellstrom et al., 2000). Adiponectin levels were also raised
in older individuals. CRP levels show a positive association with
the use of oral contraceptives, as shown by several earlier
studies (Buchbinder et al., 2008; Cauci et al., 2008; van Rooijen
et al., 2006). In addition, plasma VEGF was higher in women us-
ing oral contraceptives (Charnock-Jones et al., 2000; Macpher-
son et al., 1999) (Figure 3C), whereas circulating IL-18BP were
lower. These findings provide clinical validation that biomarkers
such as circulating low abundance cytokines reflect fundamental
physiologic parameters in the absence of disease.

Stimulation of Proinflammatory Cytokines in Three

Ex Vivo Systems

To comprehensively capture cytokine responses of immune
cells, we measured the production of both monocyte-derived
(IL-1B, TNF-a, IL-6) and lymphocyte-derived cytokines (IFNy,
IL-17, IL-22) after stimulation in three ex vivo systems (whole
blood, peripheral blood mononuclear cells [PBMCs], and



monocyte-derived macrophages) with 1 of 19 stimuli (eight bac-
terial, four fungal, one virus, four purified microbial ligands, and
two metabolic stimuli). We used these complex cellular systems
with 24-hr (monocyte-derived cytokines) and 7-day (lympho-
cyte-derived cytokines) stimulation times in order to mimic
real-life situations, as opposed to artificial systems using purified
cell populations. This resulted in a total of 128 cytokine measure-
ments for each of the 534 individuals included in this study.
This is by far the largest set of stimuli-cytokine combinations
measured to date, with previous studies generally studying
one or two stimuli in one experimental setting. In addition, the
choice was made to focus on protein levels (that confer biolog-
ical activity) rather than gene expression (as in earlier eQTL
studies), because protein levels are a better representation of
an individual’s immune state. Gene expression and protein
expression levels of cytokines are not always correlated to one
another, because post-transcriptional processes play a
crucial role in determining the rate of cytokine synthesis and
release (Anderson, 2008). A complete list of measurements is
provided in Table S1, and example distributions are shown in
Figure S1. The data for each participant (including all measure-
ments of circulating immune parameters) can be found at
https://hfgp.bbmri.nl/ (database is described in detail in the
STAR Methods).

IFNy and IL-22 Responses Decrease with Age

Production of monocyte-derived cytokines (IL-1f, TNF-a, and
IL-6) after stimulation was similar across the ages of the volun-
teers, with the exception of Staphylococcus aureus-induced
IL-1B and Candida albicans hyphae-induced IL-6, that showed
a moderately higher production in the elderly. In contrast, there
was a consistent effect of age on lymphocyte function, with
the production of IFNy and IL-22 being significantly lower in
elderly individuals after stimulation with most pathogens, in line
with the concept of immune-senescence (Baylis et al., 2013).
Interestingly, no such impairment with age was observed for
the production of IL-17, an important product of Th17 cells.
The strongest decrease of cytokine production in the older par-
ticipants was observed after stimulation with Borrelia spp., as
detailed and analyzed in the HFGP manuscript by Oosting
et al. (2016). The impact of age on cytokine production capacity
induced by various microbial and metabolic stimuli is schemati-
cally depicted in Figure 4A, with relevant examples provided in
Figure 4C.

Monocyte-Derived Cytokine Responses Are Increased

in Men, whereas Women Have Increased Th17
Responses to Candida

The production of proinflammatory cytokines released from
monocytes was higher in men after stimulation with several stim-
uli. In the whole-blood system, these cytokines were increased in
men after LPS stimulation, while in PBMCs this effect was
apparent especially after stimulation of C. albicans conidia. Fig-
ure 4B presents an overview of the gender effects on cytokine
production, with examples shown in Figure 4E. Although the
use of oral contraceptives did not have strong effects on cyto-
kine production capacity in vitro, women using oral contracep-
tives did show an even further decreased IFNy and TNF-a

response after LPS stimulation (Figures 4D and 4E). Th17 re-
sponses were mostly similar between men and women, although
IL-17 and IL-22 production was higher in women after stimula-
tion with C. albicans hyphae (Figure 4B).

Hormonal Differences Do Not Explain Gender-Specific
Immune Differences

To investigate whether differences in circulating hormone
levels may have a role in the above-described gender effects,
we assessed the correlation of inflammatory markers with the
levels of progesterone and testosterone in men and women
separately. The majority of the cytokines and mediators iden-
tified to differ between men and women showed no correlation
with progesterone and testosterone concentrations, excluding
a potential role of hormones in explaining the gender differ-
ences. However, we identified several notable exceptions,
with the significant correlations displayed in Figure 4F (all cor-
relations in Figure S2C). One of the most important findings is
that leptin concentrations show a clear negative correlation
with testosterone levels within the male subgroup of the
500FG cohort (R = —0.36, FDR = 6.78e-06, see Figure 4G),
supported by previous reports (Behre et al., 1997). Surpris-
ingly, however, no such effect is observed in women. In fact,
if anything, there is a positive correlation between leptin levels
and testosterone (FDR = 0.07; Figure S2D), in line with a study
that observed a similar effect for non-obese women (Soder-
berg et al., 2001). Moreover, there was a significant positive
correlation and a significant negative correlation of testos-
terone and progesterone levels, respectively, with circulating
IL-18BP concentrations in men, which was partially able to
explain the gender difference.

Smoking and BMI Do Not Affect In Vitro Cytokine
Production, but BMI Influences Several Circulating
Mediators

We have analyzed two sets of parameters in relation with non-
genetic host factors: resting circulating concentrations of the
immune mediators and in-vitro cytokine production capacity af-
ter microbial stimulation. Surprisingly, with the exception of a
few spurious effects, BMI and smoking had no detectable effect
on in vitro cytokine production (Figures S3A and S3B), even
though they are thought to be important modulators of immune
responses (McCrea et al., 1994; Sopori, 2002). In contrast,
some of the circulating mediators measured were significantly
related to BMI (Figure 3C). As expected, leptin and CRP corre-
lated positively with BMI (Buchbinder et al., 2008; Cauci et al.,
2008; van Rooijen et al., 2006). BMI also showed a small but sig-
nificant association with circulating levels of both IL-6 and IL-
18, which is in accordance with the concept of an increased in-
flammatory status when BMI increases (Kantor et al., 2013;
Khaodhiar et al., 2004; Siervo et al., 2012). This finding was
confirmed in an independent cohort of volunteers (p = 4.3e-5,
Figure S2A). The same increased inflammation is likely the
cause of the increased IL-1Ra concentrations in individuals
with high BMI: the levels of the cytokine are probably reactively
upregulated. The only effect we observe for smoking is a re-
duction in IgG levels, which confirms the findings of a study
by Gonzalez-Quintela et al. (2008).
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Figure 4. Relation of Age, Gender, and Oral Contraceptive Usage to Cytokine Production
(A) Significance of age in relation to different cytokines (x axis) induced by different stimuli (y axis), all values have been FDR-corrected. The darker the color, the
greater the significance, where a decrease with age is blue and an increase is red (see figure legend).
(B) Similar plot to Figure 3A for gender. Red indicates a stronger response in men, whereas blue indicates a stronger response in women.
(C) Specific correlations of age to IFNy and IL-22 production with different stimuli (the lines indicate the LOESS fit).
(D) Similar to Figure 4A and 3B, for the effect of “oral contraceptive usage,” where red indicates an increase with usage of oral contraceptives and blue a decrease.
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Seasonality Has a Major Impact on Cytokine Responses
and Inflammation

It was recently suggested that gene expression in human immune
cells shows annual seasonality (De Jong et al., 2014; Dopico et al.,
2015). We therefore checked immune responses for the presence
of annual seasonal patterns using linear regression. This analysis
provided both the significance of the seasonality pattern and the
month at which the immune responses were at their highest (Table
S3). Results were confirmed using an independent nonlinear fitting
method (Table S4). The results show that the production of several
cytokines (TNF-a, IL-1, and |IL-6) shows a significant peak in sum-
mer (Figure 5A), while circulating AAT concentrations were highest
in the winter (Figure 5C). The clearest effects of seasonality are
apparent for monocyte-derived cytokines after stimulation with
influenza virus, Coxiella burnetti, or Cryptococcus neoformans
(Figure 5D). As influenza incidence displays a very clear seasonal-
ity pattern, with increased transmission in the winter months (Lip-
sitch and Viboud, 2009; Lofgren et al., 2007), it is tempting to spec-
ulate that the lower cytokine responses to influenza in the winter
months may represent an important pathophysiological factor in
this phenomenon.

The extent to which seasonal variation in baseline gene ex-
pression could contribute to seasonal variation in cytokine re-
sponses remains to be fully tested. To get an estimation of this
contribution, we performed RNA-sequencing in a subset of 88
volunteers and first analyzed the seasonality patterns of AAT
and the three cytokines showing seasonal responses (IL-1B,
TNF-a, IL-6; Figure 4B). Only TNF-oo mRNA showed a seasonal
pattern of expression, peaking in summer, which matches pro-
tein secretion (Table S5). Additionally, we checked the same
genes in a large pediatric cohort from Germany, which shares
a very similar climate with the Netherlands (Dopico et al.,
2015). PBMC expression of SERPINA1 (the gene encoding
AAT) was found to be seasonal in that cohort. It is important to
note that AAT seasonality is among the weaker seasonal genes
in the German cohort of Dopico et al., (2015) in which 5,136
genes were found to be seasonal (corresponding to ~1/4 of pro-
tein-coding genes in the human genome). Second, we assessed
seasonality of mMRNA expression of genes known to be involved
in regulating cytokine production: PRRs, signaling molecules,
and transcription factors (for details see the STAR Methods).
Expression analysis of these genes in our cohort showed no
individual seasonal patterns after multiple-testing correction
(Table S6). Interestingly, in the genes significant before correc-
tion, there was an enrichment of seasonal genes peaking in sum-
mer (19 out of 30 genes, chi-square p < 0.01), the same season at
which concentrations are highest for most seasonal cytokines.
Inspection of this same regulatory set of genes in the larger
German pediatric cohort revealed a larger set of seasonal genes
involved in the regulation of cytokine expression (Table S7).
Seasonality of these regulatory genes, combined with marginal
seasonal gene expression of AAT and one out of three seasonal

cytokines, does point toward some transcriptional regulation.
However, this also suggests that post-transcriptional processes,
rather than gene transcription, are influenced strongly by sea-
sonal variations. Additionally, the biological relevance of RNA
levels is less direct, and more difficult to interpret, than protein
expression levels. This strengthens our choice to investigate
cytokine expression as a more direct measure of immune
regulation.

Variations in Vitamin D Concentrations Have Limited
Effect on Cytokine Production Capacity

Vitamin D has been repeatedly reported to have important immu-
nomodulatory effects (Bikle, 2009; Correale et al., 2009), and
based on this, we expected to observe important effects on
cytokine production capacity. Surprisingly, vitamin D circulating
concentrations did not have a significant effect on any of the
cytokine production systems investigated here (Figure 5B). The
seasonality of vitamin D has been suggested to influence inflam-
matory markers (Prietl et al., 2013): however, when we separated
out the general periodicity over time and the residual variation of
vitamin D at each time point, it was only the periodicity that was
significantly correlated with cytokine outcomes and not the sea-
son-independent vitamin D variations (Figures S3C and S3D).
This is not due to a lack of residual variation around the periodic
signal, because the residuals have an amplitude similar to the
periodic signal (Figure 2E). With inter- and intra-assay coeffi-
cients of variation of <6%, the residuals can also not be ascribed
to measurement noise. There are a number of environmental fac-
tors that show seasonal variations, which explains why vitamin D
concentrations alone are not a strong predictor of cytokine re-
sponses. Examples of factors that peaked in summer include
temperature and atmospheric NH; and O, levels, whereas hu-
midity and SO,, NO, NO,, and CO concentrations peaked in
winter (Figure S4). Pollen, which is a known allergen, peaked in
concentration at different times during our study depending on
the species and could also have contributed to seasonal immune
responses (examples in Figure S4). It is thus likely that vitamin D
is only one of many other factors with a seasonal pattern that in-
fluence the immune response.

Alpha-1-Antitrypsin Is Partially Responsible for
Seasonality of Cytokine Responses: Impact on Gouty
Inflammation

In contrast to in vitro cytokine production, most circulating
markers were not influenced by the season, with the notable
exception of plasma alpha-1-antitrypsin (AAT) concentrations,
which were highest in February and lowest inthe summer months
(Figures 5C and 6A). Thus, the periodicity of AAT is opposite to the
periodicity of the cytokines that are highest in summer (displayed
in Figure 6B for IL-1 after stimulation with MSU + C16 and Fig-
ure S5 for others). AAT is a known anti-inflammatory mediator
(Bergin et al., 2012; Joosten et al., 2016), but to the best of

(E) Boxplot visualization of cytokine production with gender/oral contraceptive usage.

(F) Correlations between progesterone/testosterone levels and cytokine/IgA levels for men and women. Tests were performed for all immunological responses
showing a significant relation to gender. Only the resulting significant correlations are shown in this plot.

(G) Scatterplot of the relation between leptin and testosterone in men, where the lines indicate the LOESS fit.

See also Figures S2 and S3 and Tables S1 and S3.
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Figure 5. Seasonal Changes in Cytokine Levels
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(A) Heatmap showing the cytokines having seasonal responses. Three letter abbreviation indicate the month at which the production of the cytokine (x axis) is
highest. A few stimulus-cytokine combinations were excluded (see legend), because the time profile showed clear storage degradation effects which interfere

with the seasonality analysis.

(B) Effects of vitamin D levels shown in a heatmap similar to Figure 3A, red indicates a positive relation.
(C) Heatmap showing the significance of the seasonality of the circulating cytokines.
(D) Examples of some of the seasonal responses, where each blue dot is an individual measurement and the red line depicts the LOESS curve.

See also Figures S2, S3, S4, and S5 and Tables S3, S4, S5, S6, and S7.

our knowledge, nothing is known about its seasonal variation.
Because of the opposite seasonality of AAT with cytokine induc-
tion by uric acid crystals and fatty acids (C16) (Figure 6B), we
validated the impact of AAT on cytokine response in sterile
inflammation in an experimental model of gout, a condition
caused by the deposition of MSU crystals in the joints. When a
plasma-derived form of AAT (Prolastin C) was injected in mice
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challenged with uric acid crystals and fatty acids intra-articularly,
joint swelling was strongly reduced (Figure 6C), the synovial IL-1B
production was significantly inhibited (Figure 6D), and histology
showed lower cellular infiltration in the joint cavity after AAT treat-
ment (Figures 6F and 6G).

To demonstrate the clinical relevance of these findings,
we thereafter assessed whether the seasonal periodicity of
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Figure 6. AAT Effects on IL-1b Production and Gout Prevalence

(A) Scatterplot of the seasonal response of AAT showing a decrease in summer. The line indicates the LOESS fit.

(B) Combined plots of AAT and IL-1b after influenza stimulation showing their opposite seasonal periodicity. The lines depict LOESS curves through the
scatterplots.

(C) Bar plots showing decreased joint inflammation in mice injected with uric acid crystals after being injected AAT. Data are represented as mean + SEM.

(D) Bar plots showing decreased IL-1p production in mice injected with uric acid crystals after being injected AAT. Data are represented as mean + SEM.

(E) Number of patients presenting with gout at a primary physician in the Netherlands (n = ~800), with a clear increase in spring/summer.

(F and G) Histopathology of an inflamed knee joint of an vehicle (BSA, 100 ng/kg)-treated mouse, 4 hr after induction of gouty arthritis induced by intra-articular
injection of MSU/C16.0 (300 ng/200 mM). Note the severe infiltration of cells in the joint cavity (F). Human plasma-derived AAT (Prolastin C, 100 nug/kg)-treated
mouse, showing decreased inflammation (G). H&E staining, original magnification, 200 x.

See also Figure S5 and Tables S5, S6, and S7.
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MSU-induced cytokine responses may impact the clinical pic-
ture of gout. Indeed, retrospective assessment of the incidence
and prevalence of inflammatory exacerbations in a cohort of
more than 800 patients with gout identified a clear seasonality
profile, with the peak in spring/summer when the cytokine pro-
duction of IL-1B is highest and plasma AAT is the lowest level
(Figure 6E). It is also important to note the highly negative corre-
lation of plasma AAT with plasma IL-1f in the same plasma sam-
ple, which is consistent with AAT negatively regulating IL-18
production in vivo. All in all, this suggests that AAT is not only
anti-inflammatory, but that it specifically decreases IL-1f pro-
duction in a seasonal fashion and that this has a clear clinical
relevance to at least one very important autoinflammatory
disorder.

DISCUSSION

The HFGP aims to understand the individual sources of variability
in immune responses by studying human cytokine production
capacity in response to a comprehensive panel of microbial
and metabolic stimuli. We systematically investigated the factors
that influence the human cytokine responses in the 500 Func-
tional Genomics (500FG) cohort of healthy volunteers within the
HFGP, after stimulation of their leukocytes with bacterial, fungal,
viral, and non-microbial metabolic stimuli; while the present study
assessed the impact of environmental and non-genetic host
factors on cytokine responses, complementary studies investi-
gated the impact of the genetic (Li et al., 2016) and microbiome
(Schirmer et al., 2016) variability on cytokine production.

Animportant conclusion of the present study is that non-genetic
host factors such as age or gender have a clear effect on cytokine
responses, and most of these effects are cytokine- and/or stim-
ulus-dependent. For example, old age is associated with clear de-
fectsinthe production of the T-helper cytokine products IL-22 and
IFN+y, while the production of monocyte-derived cytokines and IL-
17 does not change with age. Changes inimmune responses due
to old age are well-documented, but have been performed in
smaller cohorts, resulting in conflicting data: while some have re-
ported defective TLR-induced cytokine responses in dendritic
cells of elderly individuals (Panda et al., 2010), others have not
identified such effects (Janssen et al., 2015). Lymphocyte defects
in the elderly have been previously described (Ferrando-Martinez
etal., 2011; Swain et al., 2005), and our data present an important
biological correlate to this defect. The defective adaptive lympho-
cyte responses may thus at least partly explain the poor response
to vaccination in the elderly (Weinberger et al., 2008). In contrast,
the intact innate immune responses (production of monocyte-
derived cytokines) can present an opportunity to initiate a new
strategy of vaccination in the elderly based on trained immunity
(innate immune memory) (van der Meer et al., 2015). Additionally,
the presence of higher concentrations of several circulating in-
flammatory mediators in the elderly (such as IL-6, IL-1Ra) may
be a mirror of the low-grade inflammatory condition described
as “inflammaging” (Baylis et al., 2013) and that has been hypoth-
esized to be responsible for some of the age-related chronic dis-
eases associated with inflammation.

Another important host factor that influences immune re-
sponses is gender (Oertelt-Prigione, 2012), resulting in a differ-
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ential susceptibility of men and women to infectious, auto-
immune, and inflammatory diseases (Libert et al., 2010).
Understanding the gender-related aspects of cytokine biology
was therefore an important aim of our study. We found that
monocyte-derived cytokine production was higher in men in
several stimulation assays, which may contribute to the
increased susceptibility of men to inflammatory diseases such
as insulin resistance or atherosclerosis (Geer and Shen, 2009;
Towfighi et al., 2009). In contrast, Th17 responses were higher
in women using Candida albicans hyphae as a model stimulation
system. High IL-17 production could be a driver for a higher inci-
dence of several autoimmune diseases such as multiple scle-
rosis or rheumatoid arthritis in women (Gaffen, 2004; Gold and
Lihder, 2008; Kotake et al., 1999; Lock et al., 2002), although
this remains to be demonstrated in future studies. On the other
hand, the higher Candida-induced IL-17 production in women
may just be a mirror of more prevalent Candida colonization,
e.g., at the level of vaginal mucosa. In contrast to age and
gender, other important host-related factors such as BMI or
smoking did not exert a sizeable effect on cytokine production
capacity.

In addition to host factors, the immune responses of an indi-
vidual are also likely to be affected by the environment, and
this study aimed to comprehensively assess the role of both
environmental and host factors in cytokine responses. One of
the most interesting observations is the role of seasonality as a
factor influencing cytokine production variability. This is biologi-
cally very relevant especially given the seasonality of many
infectious diseases (Bonsall et al., 2015). A separate HFGP
manuscript that assessed variation of cell counts in the 500FG
cohort supports the importance of seasonality on immune pa-
rameters (Aguirre-Gamboa et al., 2016). Importantly, while previ-
ous smaller studies suggested seasonal fluctuations of vitamin D
levels as the main explanation for seasonal effects (Khoo et al.,
2011a, 2011b, 2012), this hypothesis is not supported by our
study. The absence of direct effects on vitamin D concentrations
on human cytokine responses is a crucial finding that needs
further investigation: because vitamin D is seen as a possible
target for health policy intervention, its true impact on biological
processes in large cohorts of individuals needs to be thoroughly
assessed before such policies are implemented. In contrast, our
study unravels an unknown effect of seasonality on the circu-
lating concentration of AAT, one of the most important acute
phase proteins. AAT shows an inverse correlation with the pro-
duction of cytokines after several stimulations, among them
MSU, suggesting an anti-inflammatory effect of AAT. The biolog-
ical importance of our findings is validated in an experimental
model of gouty arthritis in mice (a disease caused by the forma-
tion of uric acid crystals). Even more significantly, the peak of uric
acid-induced IL-1p production in summer is also validated by an
increased incidence and prevalence of gout attacks during sum-
mer in a large cohort of patients. This demonstrates both the val-
idity of the hypotheses extracted from the HFGP database, as
well as the clinical impact of these processes.

All in all, the findings of this study define the main environ-
mental and non-genetic host factors that impact immune re-
sponses. In order to comprehensively investigate the factors
that influence cytokine production, complementary studies



presented in this issue of Cell investigate the impact of genetic
variation and of the gut microbial flora on the same responses.
The accompanying study by Li et al. demonstrates that genetic
variability of the host has a strong effect on cytokine responses,
again with the impact depending on the type of pathogen and
cytokine studied (Li et al., 2016). In addition, a role of non-genetic
factors for the modulation of cytokine responses is supported by
the identification of important microbiome components that
modulate cytokine responses, as described in the accompa-
nying manuscript by Schirmer et al. (2016). These effects are
likely mediated by microbial components or through diverse me-
tabolites released by microbiota-diet interaction. These three
complementary studies within HFGP that assess the host/envi-
ronmental, genetic, and microbiome factors influencing cyto-
kine responses provide a comprehensive picture of cytokine
response variability in humans, potentially opening up new ave-
nues for personalized medicine. Future studies and analyses of
the cohorts from the HFGP will focus on the assessment of the
effect of other factors (e.g., diet, metabolome), as well as on inte-
grating these different datasets to be even more accurate in pre-
dicting and understanding the immune response against various
pathogens.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

ProlastinC (AAT) Grifols N/A
BSA SIGMA A7030
Critical Commercial Assays

Human IL-1p ELISA Kit RD Systems DY201
Human IL-6 ELISA Kit PeliKine Compact M9316
Human TNF-a ELISA Kit RD Systems DY210
Human IL-22 ELISA Kit RD Systems DY782
Human IL-17 ELISA Kit RD Systems DY317
Human IFNy ELISA Kit PeliKine Compact M9333
Human AAT ELISA Kit RD Systems DY1268
Human Resistin ELISA Kit RD Systems DY1359
Human Leptin ELISA Kit RD Systems DY398
Human Adiponection ELISA Kit RD Systems DY1065
Human IL-1Ra ELISA Kit RD Systems DRAOOB
Human IL-18Bp ELISA Kit RD Systems DY119
IgM,lgG,IgA Beckman Coulter In house
IgG subclasses Binding Site BN Il Combi Kit
25-hydroxy vitamin D3 measurement LCMSMS In house
Testosterone measurement LCMSMS In house
Progesterone measurement LCMSMS In house

Plasma IL-1B

Plasma IL-6

Plasma IL-18

Plasma VEGF

Mouse IL-18

TruSeq RNA sample preparation kit v2

Protein Simple
Protein Simple
Protein Simple
Protein Simple
RD Systems

lllumina

Simple Plex cartridges
Simple Plex cartridges
Simple Plex cartridges
Simple Plex cartridges
DY401

RS-122-2001

Deposited Data

ELISA cytokine measurents and other
cohort data:

RNA sequencing of 88 individuals
Climatological data

Human genome for RNaseq mapping:
GRCh37.75

This paper/ BBMRI-NL data infrastructure

This paper/ BBMRI-NL data infrastructure

Koninklijk Nederlands Meteorologisch
Instituut

Ensembl

https://hfgp.bbmri.nl/; http://www.bbmri-
eric.eu/news-events/bbmri-eric-directory-
2-0/

https://hfgp.bbmri.nl/
http://projects.knmi.nl/klimatologie/
daggegevens/selectie.cgi

http://ftp.ensembl.org/pub/release-75/
fasta’lhomo_sapiens/dna/

Experimental Models: Organisms/Strains

Human PBMCs and Human Monocytes
Mouse: C57BL/6

Primary/Healthy volunteers
The Jackson Laboratory

N/A
Strain Code: 027

Sequence-Based Reagents

Life Technologies Globin Clear kit
Paired End cluster kit

HiSeq2500 SBS Sequencing reagents
Infinium CoreExome-24 v1.1 kit

lllumina
lllumina
lllumina

lllumina

www.illumina.com
www.illumina.com
www.illumina.com
www.illumina.com

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

R programming language R Development Core Team (2015) https://www.R-project.org/

Rfit: an R based function to perform rank Kloke and Mckean (2012) https://cran.r-project.org/web/packages/
based regression Rfit/index.html

Custom scripts in the r programming R Development Core Team (2015) https://www.R-project.org/

language based on function like: Im {stats},
cor {stats}, cor.test {stats}

RNA sequencing mapping: STAR Dobin et al. (2013) https://github.com/alexdobin/STAR
(version 2.3.0)

RNA read counting: HTSeq Anders et al. (2015) http://www-huber.embl.de/users/anders/
(version 0.5.4p3) HTSeg/doc/overview.html

Other

See Table S1 for stimuli that have been used N/A N/A

for in vitro stimulation experiments of
PBMCs, Macrophages and Whole blood.

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the Lead contact and corresponding author
Mihai G. Netea at the Radboud University Medical Center, Nijmegen, the Netherlands (mihai.netea@radboudumc.nl).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Main Cohort
The 500FG cohort consists of 534 healthy individuals of Caucasian origin and is part of the Human Functional Genomics Project
(HFGP). The inclusion of the volunteers took place between 8/2013 until 12/2014 in the Radboud University Medical Center, the
Netherlands. Baseline characteristics of the cohort are shown in Figure 2 and Table S1. Out of the 534 individuals, 45 were excluded
in the final analysis after examining the answers of their questionnaire and genetic results (Methods Details), leaving 489 individuals.
The study was approved by the Ethical Committee of Radboud University Medical Center Nijmegen (NL42561.091.12, 2012/550).
Inclusion of volunteers and experiments were conducted according to the principles expressed in the Declaration of Helsinki. All
volunteers gave written informed consent before any material was taken.

Validation Cohorts

Gout Patient Cohorts

Patients from 7 general practices (from 1971-2002), 3 practices from general health centers (1994-2002) as well as Dutch institute of
primary care (2001-2002) were included in this validation study. Information about gout attacks and morbidity was assessed using
available databases provided by these institutions. Prior to the statistical analysis we categorized the seasons into: 1/1-31/3 (winter);
1/4-30/6 (spring); 1/7-30/9; (summer); 1/10-31/12 (autumn).

300 Functional Genomics (300FG) Cohort

As a part of the HFGP a cohort of 300 individuals with a BMI higher than 27 was also recruited. Out of these 300 individuals, a sub-
cohort of individuals with no diagnosed health problem was selected (N~100). For these individuals circulating IL-6 levels were
measured, and these levels were used to validate the relation between age and BMI with IL-6. The study was approved by the Ethical
Committee of Radboud University Medical Center Nijmegen (N146846.091.13, 2013/505). Inclusion of volunteers and experiments
were conducted according to the principles expressed in the Declaration of Helsinki. All volunteers gave written informed consent
before any material was taken.

Animal Model of Gouty Arthritis

Joint inflammation was induced by intra-articular injection (i.a.) MSU crystals mixed with C16.0 into the right knee joint of
naive male C57BL/6 mice. The mice were between 20-25 g, housed in standard housing, 5 mice per cage. All procedures
performed were in accordance with the ethical standards of, and approved by, the Ethical review board of University of Colorado
Denver, USA.

e2 Cell 167, 1111-1124.e1-e7, November 3, 2016


mailto:mihai.netea@radboudumc.nl
https://www.R-project.org/
https://cran.r-project.org/web/packages/Rfit/index.html
https://cran.r-project.org/web/packages/Rfit/index.html
https://www.R-project.org/
https://github.com/alexdobin/STAR
http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html
http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html

METHODS DETAILS

Demographic Data Collection

After visiting the hospital to donate blood, the volunteers received an extensive online questionnaire about lifestyle, diet, and disease
history. Based on the results of this questionnaire we had to exclude 45 volunteers for various reasons, e.g., they were under medi-
cation, non-European ancestry, or had a chronic disease. By excluding these individuals from the analysis we minimized false pos-
itive effects on the cytokine production capacity in vitro and in vivo.

In Vitro Cytokine Stimulation Assays in the Three Systems
After obtaining informed consent, venous blood was drawn from a cubital vein of volunteers into sterile 10 mL EDTA tubes, 8 mL
serum tubes as well as 8ml heparine tubes (Monoject).

PBMC Stimulation Experiments

Isolation of PBMCs was performed as described in Oosting et al. (2015). Cells were washed twice in saline and suspended in medium
(RPMI 1640) supplemented with gentamicin 10 mg/mL, L-glutamine 10 mM and pyruvate 10 mM. PBMC stimulations were per-
formed with 5x10° cells/well in round-bottom 96-wells plates (Greiner) for either 24 hr or 7 days in the presence of 10% human
pool serum at 37°C and 5% CO,. Additional details are available in the STAR Methods. Supernatants were collected and stored
in —20°C until used for ELISA. The stimulations used for the 24 hr and 7 day experiments are shown in Table S1.

Macrophage Stimulation Experiments

In order to perform macrophage stimulation experiments we plated 5x10° cells in flat-bottom plates (Greiner) with 10% human serum
at 37°C and 5% CO, which was refreshed after 3 days. After another 3 days the medium was removed and cells adherent macro-
phages were stimulated for 24 hr. Supernatants were collected and stored in —20°C until used for ELISA. The stimulations used for
the 24 hr macrophage experiment are shown in Table S1.

Whole Blood Stimulation Experiments

100 pL of heparin blood was added to a 48 well plate and subsequently stimulated with 400ul stimulus (final volume 500ul) for 48 hr at
37°C and 5% CO.. Supernatants were collected and stored in —20°C until used for ELISA. The stimulations used for the 48 hr whole
blood experiment are shown in Table S1.

Influenza Culture en Inactivation

Influenza virus strain pH1N1 A/Netherlands/602/09 (kindly provided by Prof. Ron Fouchier, Erasmus MC) was grown in the allantoic
fluid of embryonated chicken eggs as described previously (Diavatopoulos et al., 2010). Viral titers were determined by three inde-
pendent plaque assays performed on Madin-Darby canine kidney (MDCK) cells (Hoffmann et al., 2001). To inactivate the pH1N1
strain, B -propiolactone (BPL) (Acros Organics, Morris Plans) in citrate buffer (125 mM sodium citrate, 150 mM sodium chloride
[pH 8.2]) was added to the pH1N1 virus to a final concentration of 0.1% and incubated for 24h at 4°C under continuous slow shaking.
Inactivated virus was subsequently snap-frozen and stored at —80°C. Virus inactivation was confirmed by three passages in MDCKs
where no virus could be detected by plaque assay following the third passage.

ELISA Analysis
Samples of all experiments were measured at once using the following ELISA kits:

In the 24 hr PBMC stimulation experiments we measured concentrations of human IL-1B, IL-6 as well as TNF-o (PeliKine Compact
or R&D Systems). Supernatants of the 7 days stimulation assays were used to measure IL-22, IL-17 or IFN-vy (PeliKine Compact or
R&D Systems). For the whole blood samples IL-6, TNF-a, IL-1f as well as IFN-vy levels were determined (PeliKine Compact or R&D
Systems). Supernatants from the macrophage stimulation experiment were used for IL-6 and TNF-a. measurements (PeliKine
Compact or R&D Systems).

Measurements of Circulating Mediators

The circulating mediators resistin, leptin, adiponectin, CRP and alpha-1 antitrypsin (AAT) were measured in EDTA plasma using the
R&D Systems DuoSet ELISA kits following the Manufacturer’s protocol. The plasma cytokines IL-1Ra and IL-18 binding protein (IL-
18BP) were measured using R&D Quantikine kits following the manufacturer’s standard protocol. Plasma IL-18, IL-6, IL-18 and VEGF
were measure in Simple Plex cartridges using the Ella apparatus (Protein Simple, San Jose). The IL-6 levels for the 300FG validation
cohort were measured similarly. The data generated using Simple Plex cartridges correlated with physiological, environmental, and
other circulating factors. Resting mean level of IL-1f in the cohort was 0.33 + 0.37 pg/mL (range 0.04-11 pg/mL), mean total IL-18
was 163 + 3.5 pg/mL (range 0.4-838), mean AAT levels were 1.54 + 1.16 mg/mL and in the peak season (Feb) levels were 2.93 +
1.81 mg/mL, mean VEGF was 35.91 + 1.04 (range 1.15-186) and mean IL-6, 1.25 + 0.06 pg/mL (range 0.15-8.1). These levels IL-6
levels correlated with age, BMI, CRP, IL-1B and IL-1Ra, total IL-18 and VEGF (see Figures 3A and 3C).
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Vitamin D Measurements

25-hydroxy vitamin D3 (250H-vitamin D3) was analyzed by LCMSMS after protein precipitation and solid-phase extraction. Inter-
nal standard [2H3] 250H-vitamin D3 (Bioconnect) was added to 100 uL serum. 50 uL NaOH (2M) was added to release protein-
bound 250H-vitamin D3 and subsequently 500 uL Acetonitrile/Methanol (9:1) was added for protein precipitation. 700 uL H20 was
added to 400 pL supernatant followed by solid phase extraction (Oasis HLB 1cc, Waters). Columns were conditioned with 1 mL
methanol/isopropanol (95:5) and subsequently washed with 1 mL H20. After application of the sample, columns were washed with
1 mL H20 and 1 mL methanol/H20 (60:40). The eluate (300 uL methanol/isopropanol 95:5) was diluted with H20 (3:1) and injected
(10 pL) into an Agilent Technologies 1290 Infinity VL UHPLC-system (Agilent Technologies, Santa Clara, CA), equipped with a BEH
C18 (1.7 um 2.1 x 50mm) analytical column (Waters) at 45°C. Mobile phase A (methanol:water 20:80 + 2 mM NH4CH3COO +
0.1% formic acid) and B (methanol:water 98:2 + 2 mM NH4CH3COO + 0.1% formic acid) were run in a gradient (0.4 mL/min).
The gradient program was as follows: Start gradient 30:70 A:B to 5:95 A:B in 3.5 min and return to 30:70 A:B in 0.5 min. Retention
time was 2.73 min, total run time was 4 min. An Agilent 6490 tandem mass spectrometer (Agilent Technologies) was operated in
the electrospray positive ion mode, with a capillary voltage 3.5 kV, fragmentor voltage 380 V, sheath gas temperature 350°C and
gas temperature 100°C with N, collision gas. Both 250H-vitamin D3 and 250H-vitamin D3 [-H20] (in-source fragmentation) were
used for quantification (results were averaged) with both two transitions (qualitative and quantitative) monitored. Transitions (Q1 >
Q3) were m/z 401.4 > 159.1 (27 KEV) and m/z 401.4 > 107.1 (27 kEV) for 250H-vitamin D3; m/z 404.4 > 109.1 (27 kEV) and m/z
404.4 > 162.1(30 kEV) for [H3] 250H-vitamin D3; m/z 383.4 > 107.1 (36 kEV) and m/z 383.4 > 257.2 (16 kEV) for 250H-vitamin D3
[-H20]; m/z 386.4 > 109.1 (27 kEV) and m/z 386.4 > 162.1 (27 kEV) for [?H3] 250H-vitamin D3 [-H20]. Dwell time 25 ms. An 8-point
calibration curve was used and absolute concentration of the calibrator (Sigma-Aldrich) was assessed by spectrophotometry
(264nm). The method was linear assessed by CLSI EP6 protocol. Recovery was within 90%— 109%. Within-run and between-
run CV is 6.4% and 6.1% at 23 nmol/L) and 5.1% and 5.5% at 81 nmol/L as assessed by adapted CLSI EP5 protocol. LOQ
was 7 nM (10% CV).

Immunoglobulin Measurements
Serum levels of IgG, IgM and IgA were determined by immunonephelometry using a Beckman Coulter Immage (Beckman Coulter,
Fullerton) and Beckman Coulter reagents. Measurements were standardized using certified european reference material 470 (ERM-
DA470). Reference values for serum Ig are: total IgG 7.0 —16 g/I, IgM 0.4-2.3g/l and IgA 0.7-4.0g/I.

1gG subclass measurements in serum were performed on a BN Il immunonephelometer (Siemens Healthcare, Erlangen, Germany)
using the Binding Site (Birmingham) Human IgG Subklass BN Il Combi Kit. Values were standardized using the N protein standard SL
(OQIM, Siemens Healthcare), which is based on the Sanquin (Amsterdam) nephelometric standard M1590. Reference values are:
IgG1 4.9 — 11.49/l, IgG2 1.5-6.4¢/l, IgG3 0.2-1.1g/l and 1gG4 0.08-1.4g/I.

Hormone Measurements

Testosterone and progesterone were analyzed by LCMSMS after protein precipitation and solid-phase extraction. Internal standard
['®C3]-testosterone (Isoscience, King of Prussia, PA) and [2H9]-progesterone (CDN isotopes) was added to 100 uL serum. Subse-
quently 300 pL Acetonitrile + 0.1% formic acid was added for protein precipitation. 300 uL H20 was added to 200 pL supernatant
followed by solid phase extraction (Oasis HLB 1cc, Waters). Columns were pre-equilibrated with 1 mL methanol/isopropanol (95:5)
and subsequently washed with 1 mL H20. After application of the sample, columns were washed with 1 mL H20 and 1 mL methanol/
H20 (30:70). The 300 uL eluate (methanol/isopropanol 95:5) was dried under a stream of N, gas, reconstituted in methanol: water
(30:70) and injected (10 pL) into an Agilent Technologies 1290 Infinity VL UHPLC-system (Agilent Technologies, Santa Clara, CA)
equipped with a BEH C18 (1.7 um 2.1 x 50mm) analytical column (Waters) at 60°C. Mobile phase A (methanol:water 20:80 +
2 mM NH4CH3COO + 0.1% formic acid) and B (methanol:water 98:2 + 2 mM NH4CH3COO + 0.1% formic acid) were run in a gradient
(0.4 mL/min). The gradient program was as follows: Start gradient 70:30 A:B for 2.5 min; then to 40:60 A:B in 3.5 min; followed by a
gradient in 0.5 min to 2:98 to remain such for 0.5 min and thereafter to 70:30 A:B in 0.5 min and remain such for 0.5 min. Retention time
was 4.37 min and 6.04 min for testosterone and progesterone respectively. Total run time was 8 min. An 9-point calibration curve was
used (testosterone (Steraloids); progesterone (Sigma)). An Agilent 6490 tandem mass spectrometer (Agilent Technologies) was oper-
ated in the electrospray positive ion mode, with a capillary voltage 3.5 kV, fragmentor voltage 380 V, sheath gas temperature 350°C
and gas temperature 150°C with N, collision gas. Two transitions (qualitative and quantitative) were monitored. Transitions (Q1 > Q3)
were m/z289.2 > 109.1 (30 KEV) and m/z 289.2 > 97.1 (30 kEV) for testosterone; m/z292.3 > 112.1 (30 KEV) and m/z 292.3 > 100.1(30
KEV) for ['®C3]-testosterone; m/z 315.3 > 109.1 (29 kEV) and m/z 315.3 > 97.1 (29 kEV) for progesterone; m/z 324.3 > 113.1 (29 kEV)
and m/z 324.3 > 100.1 (29 kEV) for [?H9]-progesterone. Dwell time was 50 ms and 100 ms for testosterone and progesterone respec-
tively. The method was linear assessed by CLSI EP6 protocol. Recovery was within 98.4%-103% (testosterone) and 99.8%-102%
(progesterone). For testosterone within-run and between-run CV is 4.1% and 6.0% at 0.9 nmol/L and 3.3% and 5.3 at 19 nmol/L as
assessed by adapted CLSI EP5 protocol. For progesterone within-run and between-run CV is 2.8% and 5.1% at 4.9 nmol/Land 3.4%
and 6.1 at 28 nmol/L as assessed by adapted CLSI EP5 protocol. LOQ was 0.05 nmol/L and 0.25 nmol/ L (15% CV) for testosterone
and progesterone respectively.
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Animal Model of Gouty Arthritis

Joint inflammation was induced by intra-articular injection (i.a.) of 300 ug highly pure MSU crystals mixed with 200 uM C16.0in 10 puL
of PBS into the right knee joint of naive C57BL/6 mice. Four hours after i.a. injection, joint swelling was determined, synovial tissue
was isolated and knee joints were removed for histology. The mice were pre-treated with plasma derived AAT (Prolastin C) in a dose
of 4 mg per mouse or BSA (vehicle) 2 hr before gouty arthritis was induced (n = 10 mice per group). Joint inflammation was measured
by macroscopic scoring (Joosten et al., 2010), 0 = no swelling, 1 = mild swelling, 2 = moderated and 3 = severe swelling. After the skin
was removed the joint swelling was scored, 0 = no swelling, 1 = mild swelling, 2 = moderated and 3 = severe swelling. All values
exceeding 0.25 were considered joint swelling. Joint swelling scoring was performed without knowledge of the experimental groups.
For total IL-1p levels, patellae with surrounding tissue were directly transferred to 200 pL 0.5% Triton X-100 in PBS. After repeated
freeze-thawing IL-1B was determined by ELISA (R&D systems).

RNA Sequencing

RNA was extracted from Paxgene tubes and RNA quantity and quality were checked on a Bioanalyzer. Total RNA from whole blood was
deprived of globin using Life Technologies Globin Clear kit. RNaseq libraries were prepared from 1 ng RNA of each cell population using
the TruSeq RNA sample preparation kit v2 (lllumina) according to the manufacturer’s instructions, and these libraries were subsequently
sequenced on a HiSeq 2500 sequencer (lllumina) using paired-end sequencing of 2 x 50 bp, upon pooling of 10 samples per lane.

Environmental Parameters
Pollen counts were performed at the Elkerliek Hospital, Helmond, the Netherlands. Pollen were collected using a Burkard pollen
sampler (http://www.burkardscientific.co.uk/) and were counted using a microscope as number of pollen from a certain species
per m3 of air. All counts were performed by a trained technician.

Daily levels of atmospheric NHz, O, SO,, NO, NO, and CO were obtained from the National Institute for Public Health and the
Environment (RIVM), Ministry of Health, Welfare and Sport (http://www.Iml.rivm.nl/gevalideerd/).

Climate data (temperature, humidity, sunshine duration) were obtained from The Royal Netherlands Meteorological Institute
(KNMI) (http://projects.knmi.nl/klimatologie/daggegevens/selectie.cgi).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data Pretreatment

All cytokine and circulating mediator data were log-transformed. In the cases where the response fell outside of the range of the

ELISA measurement, the threshold value of the ELISA plate was used as the measured value. The rank-based regression method

used for most analysis should not be affected by the non-normality of some of the data (and is unaffected by the log-transformation).
Measurements for which one of the detection limits contained > 50% of the measurements were filtered out of any further analysis.

Missing values were handled on a pairwise basis (for each comparison separately): given the limited number of missing values and

large number of people in our study, this was found preferable over imputing the data.

Circulating Cytokine Correlations
For the circulating cytokine correlations the linear Pearson correlation was used as implemented in the “stats” package of the pro-
gramming language “R.”

Statistical regression analysis

Rank based regression results (for all regression analysis except for the seasonality) were obtained using “Rfit” (Kloke and McKean,
2012). With this method, a regression value and standard error are calculated for each factor in the model, and these are used to
calculate a p value. The t-statistic is defined as the ratio of these two values and a p value for each vector is calculated based on
a t distribution with n-p-1 degrees of freedom where p is the number of regression parameters. The following regression formula
was used (including an offset term):

2 xpi DaysFi 201
concentration ~ age + gender + BMI + smoking + vitD + oralContraceptive + sin ( * pi+ numbaysfromJan20 3)

366

(2 * pi * numDaysFromJan2013
+Cos

366 ) +numDaysFromJan2013

where sin(2 * pi * numDaysFromJan2013 / 366) and cos(2 * pi * numDaysFromJan2013 / 366) are periodic signals together
capturing seasonality patterns with a periodicity of one year. The linear term numDaysFromJan2013, indicating after how
many days after Jan 1st 2013 the sample was collected, was added to partially correct for sample storage degradation. In
this analysis these terms are added as correction factors, calculation of the significance of the seasonality is described below.
The other factors were included as follows: age was added to the model as numerical (float) values, gender was added as a cat-
egorical value, with categories ‘male’ and ‘female’, BMI was added to the model as numerical (float) values, smoking was added
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as a binary value to indicate if somebody smokes (on a regular basis), vitD was added as a numerical (float) value, indicating
someone’s vitamin D levels and oralContraceptive was added as a binary factor, indicating oral contraceptive usage.

Seasonality Analysis
Seasonality analysis was performed using a linear regression analysis. A linear combination of a sine and cosine term with the same
frequency allows for the formation of a sine wave with any phase of that particular frequency.

This property can be mathematically described as:

A’ sin(wt) + A" cos(wt) = Asin(wt + ¢) @
where
A= /A/2 + A2 (3)
and
AI!
—tan~ (-
@=tan ( A’) “)

(for proof see: http://dspguru.com/sites/dspguru/files/Sum_of_Two_Sinusoids.pdf, http://math.stackexchange.com/questions/
535600/sum-of-sinusoids-with-same-frequency-sinusoid-proof).

We used a sine and cosine wave with a period of one year. By fitting a linear model to each cytokine/measurement using the “Im”
function part of the “stats” package in R, it is possible to estimate the amplitude and phase of a periodic signal present in the data. To
achieve this we use the same regression formula (1) as was used for the rank-based model. By comparing the regression analysis
with the cosine and sine term to an alternative regression model lacking these terms we obtained p values for the seasonality. The
comparison between the two models was performed using analysis of variance (“anova” function in R).

Seasonality Filtering
The seasonality analysis tends to pick up spurious effects caused by sample storage (samples stored in the freezer tend to degrade
over). To remove these false positives, the results were filtered on a stricter p value threshold than the other factors (p < 0.0001) and a
threshold was set on the (relative) amplitude of the seasonal term.

The amplitude of the seasonality term was calculated as defined in (3). To normalize this amplitude to the range of values for a
measurement, the 10th (perc10) and 90th (perc90) percentile for each measurement were calculated. The amplitude was subse-
quently normalized as:

A
Anom = ———
"M~ berc90 — perc10 ©®)

Athreshold for the seasonality was determined by visually inspecting the histogram of Anorm (Figure S2F). Most amplitudes fall within
a range of about 0 to 0.14. The cut-off threshold was placed at the first peak in the histogram after this range, at a value of 0.1601.

Non-linear Seasonality Analysis

To verify if the seasonality results were independent of the type of test used, a non-linear curve-fitting approach was also performed
using the ‘nls’ function from R package ‘stats’ with algorithm ‘port’. Briefly, a non-linear least-square regression model was fitted to
cytokine response and circulating mediator data as a function of time of sampling, according to the following formula:

y ~ Amplitude x cos(2 « 7 x (t — Phase)/366) + linearincrease x t + y, 6)

where

‘y’ was the measured intensity value

‘t’ was the number of days since 1% of January 2013

‘Phase’ was the day of the year at which the intensity peaked

‘linearincrease’ was the linear increase in intensity over time

and ‘yo’ was the intercept (estimated average intensity on 1 of January 2013)

Vitamin D Analysis

To check if vitamin D levels held any predictive power beyond their periodic signal, the levels were separated into a periodic signal
and residuals. The periodic signal with 7 degrees of freedom was fitted using the “smooth.spline” function part of the “stats” pack-
age in R. The residuals were calculated by substracting the periodic signal from the vitamin D levels.
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Next, a rank-based regression model was fitted using Rfit (similar to before):

concentration ~ age + gender + BMI + smoking + oralContraceptive + numDaysFromJan2013 + VitDperiogic + VitDresiduals
This provides p values for the significance of both the periodic and the residual signal.

RNA Expression Analysis

Sequencing reads were mapped to the human genome using STAR (version 2.3.0) (Dobin et al., 2013). The aligner was provided with
a file containing junctions from Ensembl GRCh37.75. Htseqg-count of the Python package HTSeq (version 0.5.4p3) was used (The
HTSeq package, http://www-huber.embl.de/users/anders/HTSeqg/doc/overview.html) to quantify the read counts per gene based
on annotation version GRCh37.75, using the default union-counting mode. Reads Per Kilobase of transcript per Million mapped
reads (RPKM) values were then calculated to quantify gene expression levels.

RNA Seasonality Analysis
Seasonality analysis on the mRNA data was applied to a select subset of genes of interest to retain as much statistical power as
possible. Two subsets were created: one first set of the four cytokines/molecules showing a clear pattern of seasonality at the protein
expression level: TNF-a, IL-1pB, IL-6 and AAT; second, a set of genes that encode for receptors of the microbial ligands and the
signaling molecules inducing cytokines, assembled based on expert knowledge integrated with information obtained from various
public resources, such as HGNC (http://www.genenames.org), KEGG Pathways and GO (PRRs, adaptor molecules, transcription
factors). These lists are provided in Table S5 and Table S6, respectively.

The RNA seasonality analysis was performed in a similar fashion to the linear seasonality analysis described previously. Formula (1)
was applied, except for the removal of the “vitD”-term, since our previous analysis showed that vitamin D had no residual influence
on seasonal cytokine responses and might interfere with the seasonal (sine and cosine) terms.

Combining the Rank Based Regression and Seasonality Analysis

The p values for all measured parameters for the factors “age,” “gender,” “BMI,” “smoking,” “vitD” and “oralContraceptive” ob-
tained using “Rfit” were merged with the p values for the “seasonality” term obtained with the ‘Im’ function. Multiple testing correc-
tion as described in the section “Multiple Testing Correction” was performed over all these p values simultaneously.

Hormone Correlation Analysis

For those cytokines found to be affected by gender, the influence of hormones on this effect was evaluated. The (rank-based)
Spearman correlation was calculated between hormone levels and cytokines, and all p values were corrected for multiple testing
(see section “Multiple testing correction).

Multiple-Testing Correction

Multiple-testing correction was applied using the Benjamini-Hochberg FDR correction (Benjamini and Hochberg, 1995) over the
three large-scale analyses separately: the correlation between circulating cytokines, the main regression analysis (factors with circu-
lating cytokines/circulating mediators and cytokines after stimulation) and the hormone correlation analysis.

IL-6 Validation Cohort Analysis
A similar model as used in our main cohort was applied to our validation cohort using Rfit. We assessed the influence of age and
gender on circulating IL-6 concentrations using the formula:

2 xpi DaysFi 1
concentration ~ age + gender + BMI + sin ( * pi x numbDaysFromdJan St)

366 ®

(2 * pi * numDaysFromJanist
+cos

366 ) +numDaysFromdJanist

DATA AND SOFTWARE AVAILABILITY

All data used in this project have been meticulously cataloged and archived at BBMRI-NL data infrastructure at https://hfgp.bbmri.nl/
aiming for maximum reuse following the FAIR principles, i.e., Findability, Accessibility, Interoperability, and Reusability (Wilkinson
et al., 2016). The central data stewardship and access has been implemented using MOLGENIS open source platform for scientific
data (Swertz et al., 2010) that enables flexible data upload, management and querying, including sufficiently rich metadata and
interfaces for machine processing and custom (R statistics) visualization for human processing (see http://molgenis.org). Also sum-
maries of the study have been submitted to BBMRI central catalogs https://catalogue.bbmri.nl (Netherlands) and http://www.
bbmri-eric.eu/news-events/bbmri-eric-directory-2-0/ (EU).
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Figure S1. Collection of Plots Showing Several Distributions of Cytokine Expression and Circulating Mediator Concentrations, Related to
Figures 1 and 2

All values were log10 transformed, as depicted on the x axis. If cytokine concentrations were measured after stimulation, the title indicates: which stimulation, in
what sample type and at what time point. Also, for these samples the detection limits of the ELISA are indicated with red vertical lines. Normality of the distribution
was tested using Anderson-Darling test for normality with a cut-off of p < 0.05. All concentrations were measured in pg/ml.
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Figure S2. Plots Showing the Effect of Different Parameters on Cytokine Production and Circulating Mediators, Related to Figures 3, 4, and 5
(A) Heatmap showing the Pearson correlations between circulating cytokines.
(B) Scatterplot validating the influence of age on IL-6 levels in a healthy subset of about 100 individuals in another cohort of the Human Functional Genomics
Project (HPGP). The line shows the LOESS fit to the data.
(C) Correlations between the hormones progesterone and testosterone and immunological parameters, performed separately for men and women. Tests were
performed for all immunological responses showing a significant relation to gender.
(D) Scatterplot showing the relation between testosterone in men and leptin concentrations. Line shows the LOESS fit to the data.
(E) Scatterplot validating the influence of BMI on IL-6 levels in the same cohort as in A. Line shows the LOESS fit to the data.

(F) Graph showing the distribution of normalized amplitudes of the seasonality signal for all cytokines. The arrow shows the cut-off value below which the
amplitude of seasonality was not considered significant.
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Figure S3. Heatmaps Showing the Relation between Several Factors and Cytokine Production, Related to Figures 4 and 5
(A-D) The factors are: (A) smoking, (B) BMI, (C) periodicity of vitamin D, and (D) non-periodic signal of vitamin D.
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Figure S4. Scatterplots Showing the Seasonality of Different Parameters with a Possible Influence on the Immune System, Related to
Figure 5
Red lines indicate the LOESS fit to the data. These data were collected in the time frame our study was conducted.
(A-C) Climatological parameters.
D-H) Examples of several pollen peaking at different times of year. Pollen were counted as number of pollen from a certain species per m3 of air.
I-N) Atmospheric concentrations of several compounds in the city where the study was performed.
O) Location of the measuring stations for the parameters displayed in (I)-(N).
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Figure S5. Scatterplots Showing Examples of the Opposed or Similar Seasonality of AAT with Several Cytokine Responses after Stimulation,
Related to Figure 6

The lines depict LOESS curves through the scatterplots. Cytokines and stimulations were selected if they showed significant seasonal patterns (see Figure 5) or if
they showed clear sample degradation. Examples of significant seasonality include IL-1p after stimulation with C. burnetii + serum and IL-6 after Influenza
stimulation. Examples of sample storage degradation include IL-1f and IL-6 after S. aureus stimulation. All concentrations are in pg/ml.
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