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Summary

The endocrine and the immune systems interact by sharing receptors for

hormones and cytokines, cross-control and feedback mechanisms. To

date, no comprehensive study has assessed the impact of thyroid hor-

mones on immune homeostasis. By studying immune phenotype (cell

populations, antibody concentrations, circulating cytokines, adipokines

and acute-phase proteins, monocyte–platelet interactions and cytokine

production capacity) in two large independent cohorts of healthy volun-

teers of Western European descent from the Human Functional Genomics

Project (500FG and 300BCG cohorts), we identified a crucial role of the

thyroid hormone thyroxin (T4) and thyroid-stimulating hormone (TSH)

on the homeostasis of lymphocyte populations. TSH concentrations were

strongly associated with multiple populations of both effector and regula-

tory T cells, whereas B-cell populations were significantly associated with

free T4 (fT4). In contrast, fT4 and TSH had little impact on myeloid cell

populations and cytokine production capacity. Mendelian randomization

further supported the role of fT4 for lymphocyte homeostasis. Subse-

quently, using a genomics approach, we identified genetic variants that

influence both fT4 and TSH concentrations and immune responses, and

gene set enrichment pathway analysis showed enrichment of fT4-affected

gene expression in B-cell function pathways, including the CD40 pathway,

further supporting the importance of fT4 in the regulation of B-cell func-

tion. In conclusion, we show that thyroid function controls the homeosta-

sis of the lymphoid cell compartment. These findings improve our

understanding of the immune responses and open the door for exploring

and understanding the role of thyroid hormones in the lymphocyte func-

tion during disease.

Keywords: immune response; thyroid hormones; thyroid-stimulating hor-

mone (TSH); adaptive immunity; innate immunity.
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Introduction

Homeostasis is defined as a dynamic state of equilibrium

maintained by all living beings, which is necessary for the

optimal function of the organism. The control of home-

ostasis of complex animals such as humans is maintained

by a number of systems that collect, process and share

the information needed for the normal functioning of the

body: the nervous system, the endocrine system and the

immune system.1 Among them, the immune system pro-

vides the host defence responses that are crucial for

defending the host against invading pathogens: innate

immune cells such as monocytes, neutrophils and natural

killer (NK) cells make up the first line of this response,

while the adaptive immune responses are more specific

and are executed by T cells and B cells. Dysregulation (ei-

ther defects or hyperactivation) of different immune cell

subsets or immune cell functions can result in increased

susceptibility to infections, autoimmune or inflammatory

diseases, and even cancer.2-5

The immune system, however, does not operate iso-

lated in the body, and important modulatory signals from

the nervous and endocrine systems regulate the immune

responses. There is long-standing evidence that the endo-

crine and the immune system interact with each other by

sharing receptors for hormones and immune mediators

(e.g. cytokines), cross-control and several feedback mech-

anisms.6-8 Despite this knowledge, the research on the

impact of the thyroid endocrine axis on the immune sys-

tem was mostly done in relatively small studies assessing

specific aspects of these interactions, while a comprehen-

sive overview is missing so far. The Human Functional

Genomics Project (HFGP) aims to describe the host

genetic, non-genetic and environmental factors that influ-

ence immune responses at a broad level: immune cell

populations, cytokine responses from myeloid and lym-

phoid cells upon multiple stimuli, and humoral immune

responses.9 We have previously described the influence of

genetic,10 non-genetic11 and microbiome12 factors that

influence immune responses. However, the impact of

endocrine factors in regulating the immune responses in

this broad sense has not been studied so far. Further-

more, understanding the physiology of these relationships

is paramount for identifying the mechanisms shaping sus-

ceptibility for immune-mediated diseases, such as infec-

tions, autoimmune diseases and cancer, among healthy

individuals.

Within the endocrine system, thyroid hormones regu-

late numerous biological processes, including organ

development and metabolism. Circulating levels of thy-

roid hormones are regulated by the hypothalamus–pitu-
itary–thyroid (HPT) axis. Within this axis, thyrotrophin-

releasing hormone (TRH) is secreted by the hypothala-

mus and stimulates the secretion of thyroid-stimulating

hormone (also known as thyrotrophin) (TSH) by the

pituitary. In turn, TSH stimulates synthesis of thyroid

hormones, thyroxin (T4) and 3�5.320-triiodo-L-thyronine
(T3) by the thyroid gland.13 The thyroid gland mainly

produces T4, which is converted by deiodinases to the

bioactive form T3 at the tissue level.13,14 Increasing evi-

dence suggests that thyroid hormones also influence

specific components of the immune responses.15-17 In

this respect, hyperthyroidism is associated with altered

antibody production,18 increased lymphocyte prolifera-

tion and reduced production of pro-inflammatory

cytokines such as MIP-1a and IL-1b,17,19 while hypothy-

roidism is associated with immune defects and increased

susceptibility to infection due to impaired cellular func-

tion.17,19-21 However, the effect of thyroid hormones on

immune cell populations and immune cell functions

under normal physiological conditions has only scarcely

been investigated.

In the present study, we provide a comprehensive

assessment of the role of the thyroid function on immune

system homeostasis. By assessing the broad immune func-

tion (cell populations, antibody concentrations, circulat-

ing cytokines, adipokines and acute-phase proteins,

monocyte–platelet interactions and cytokine production

capacity) in 800 healthy volunteers of Western European

descent from two independent HFGP cohorts (the 500

Functional Genomics (500FG) and 300BCG cohorts), and

using a multifactorial approach, we describe the impact
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of TSH and free T4 (fT4) concentrations on the immune

system under physiological conditions (Figure 1A).

Results

Demographic characteristics of the 500FG and
300BCG cohorts: TSH and fT4 concentrations

After quality checks considering genetic background and

medication usage, immunological data of a total of 489

healthy participants from the 500FG cohort were analysed

in this study. In the 300BCG cohort that served as valida-

tion cohort, a total of 321 individuals of Western Euro-

pean descent, consisting of 139 males and 182 females

with age ranging between 18 and 71 years, were included

between April 2017 and June 2018.22 Table 1 summarizes

the baseline characteristics of both cohorts, and a more

detailed description of both cohorts can be found in Ref.

[11,23].

As age, gender and BMI are known to affect circulating

levels of TSH and fT4,24 we first assessed whether TSH and

fT4 levels were associated with any of the demographic char-

acteristics in our 500FG cohort (Figure 1B). As expected,

fT4 levels were significantly higher in males than in females

(false discovery rate (FDR) = 3.2e�4; mean

men = 16�62 � 2�11, mean women = 16�11 � 1�91),
increased age was associated with reduced levels of fT4

(FDR = 0�011). No significant associations between TSH

and age or sex were found, although the relative low number

of elderly individuals in our cohorts may have prevented us

to identify small differences.

Oral contraceptive usage in woman correlated with

higher TSH (FDR = 0�037) and higher fT4

(FDR = 0�030) concentrations in the 500FG cohort, and

with higher TSH concentrations in the 300BCG validation

cohort. No consistent associations of circulating concen-

trations of TSH and fT4 with BMI were found in the ini-

tial cohort, while a positive association of TSH with BMI

was found in the 300BCG cohort (P-value = 9.7 9 10�3)

(Figure 1B). Age, gender, oral contraceptive usage, and

BMI were all included as correction factors in the subse-

quent statistical analysis.

Genomics

Demographics

(A)

(B)

Thyroid Cytokines

Immuno-phenotypes

Study Cohort

500FG 489

300BCG

demographics

gender
age

BMI

TSH
fT

4
TSH

fT
4

oralContraceptive

Gender
p-values

not signif
<·005 (neg)
<·05 (pos)
<·01 (pos)
<·0001 (pos)

p-values
not signif
<·005 (neg)
<·05 (pos)
<·0001 (pos)

Age

BMI
OralContraceptives

demographics validation

321

Number of
Individuals

Figure 1. (A) Schematic overview of the different data sets investigated in the study. The influence of TSH and fT4 levels on immune traits, including

circulating immune mediators, cytokine production and immune cell populations, was assessed in 485 individuals from the 500FG cohort and was vali-

dated in 326 individuals from the independent 300BCG cohort. Genetic analysis was performed to unravel underlying mechanisms and further

strengthen observations. (B) Association between fT4 and TSH with demographic parameters. Heatmap of the Spearman correlation coefficients

between TSH or fT4 and demographic characteristics for the initial cohort (500FG). Heatmap of the Spearman correlation coefficients between TSH or

fT4 and demographic characteristics in the validation cohort (300BCG). Positive or negative association is depicted in brackets.

Table 1. Baseline characteristics of both cohorts analysed in this

study.

500FG 300BCG

Gender Male, 211 (43.1%);

female, 278 (56.8%)

Male, 139 (43.3%);

female, 182 (56.6%)

Age (years) 27�47 (+/�12�20) 25�94 (+/�10�74)
BMI 22�67 (+/�2�75) 22�48 (+/�2�53)
Oral contraceptive

(female)

Yes, 150 (53.9%); No,

128 (46.0%)

Yes, 89 (48.9%); No,

93 (51.0%)

T4 (pmol/L) Mean, 16�33
(+/�2�07)

Mean, 16�88
(+/�2�19)

TSH (mE/L) Mean, 2�57 (+/�1�33) Mean, 2�37 (+/�1�27)
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TSH, fT4 and circulating immune markers

To study the relationship between TSH and fT4 on baseline

immune parameters, circulating concentrations of different

immune mediators were measured: acute-phase proteins

(C-reactive protein (CRP) and alpha-1-antitrypsin),

adipokines (leptin, adiponectin and resistin), cytokines (IL-

6, IL-1b, IL-1 receptor antagonist (IL-1Ra), IL-18, IL-18

binding protein (IL-18BP) and VEGF) and immunoglobu-

lin levels (IgA, IgM, IgG and four IgG + subclasses) (Fig-

ure 2A). A correlation between TSH concentrations and

leptin was observed (FDR = 0�033), but no other effects of

TSH and FT4 on this large array of humoral immune media-

tors were detected. This association was independent of

BMI, since we corrected for BMI in our analysis.

TSH, fT4 and platelet function and platelet–monocyte
interaction

Platelets are currently being recognized as important play-

ers in inflammation, especially through their ability to

quickly release granules containing inflammatory media-

tors and growth factors.25,26 Additionally, platelets are

able to interact with immune cells, including lymphocytes

and monocytes.27 In the present study, neither TSH nor

fT4 influenced platelet–monocyte interaction (Figure 2A).

TSH, fT4 and in vitro cytokine production capacity

Cytokine production is an important parameter of

immune cell function. In the 500FG cohort, ex vivo cyto-

kine production of both monocyte-derived (IL-1b, TNF-a
and IL-6) and lymphocyte-derived (IFN-c, IL-17 and IL-

22) cytokines was measured in three different cellular sys-

tems and after different time points (Figure 2B). No sig-

nificant associations were found between either TSH or

fT4 and cytokine production in response to the different

stimuli in any of the cellular systems.

TSH, fT4 and immune cell populations

No significant associations between TSH and fT4 concen-

trations and absolute cell counts for three subsets of

monocytes, the classical (CD14+ CD16�), intermediate

(CD14+ CD16+) and non-classical monocytes

(CD14+ CD16+), were found (Figure 3A–C). Likewise, we
did not find a significant correlation between TSH or fT4

levels and neutrophil (CD45+ SSC, FSC) counts and NK-

cell counts (CD56+ CD16+, CD3�CD56+, CD56+ CD16�

and NK bright CD56++ CD16�). Within the innate

immune cell compartment, only the NK-T-cell counts

(CD3+ CD56+) were positively associated with TSH levels

(FDR = 0�035). However, high concentrations of TSH

and fT4 were significantly associated with CD14+ mono-

cyte cell counts (Figure 3D) in the 300BCG cohort.

In contrast to the limited effects of TSH and fT4 on

the myeloid cell population, a significant positive correla-

tion was found between TSH concentrations and T-cell

counts (FDR = 3.2 9 10�3) (Figure 3A–C). T-cell counts,
specifically CD45RO� CD45RA+ terminally differentiated

effector T cells, CD45RO+ CD45RA� memory T cells,

CD4+ CD8� T cells, including CD4+ CD45RA+ CD27+

and CD4+ CD45RO� CD27+ effector T cells and

CD4+ CD45RO+ CD27+ and CD4+ CD45RA� CD27+

central memory T cells, as well as regulatory T cells (Treg

CD25+ CD127low and CD4+ CD25high), showed highly

significant positive correlations with TSH concentrations

(individual P-values are shown in Table S1). CD4� CD8+

T-cell counts showed a mild positive correlation with

TSH levels (FDR = 0�022). FOXP3+Helios+ and CD45RA+

Treg counts were also higher in individuals with high

TSH concentrations. Assessment of subset frequencies

within the different T-cell compartments showed no sig-

nificant associations. The obtained results from the

500FG cohort were independently confirmed in the

300BCG cohort (Figure 3D). This may indicate that TSH

maintains the cell numbers in the T-cell compartments,

24 hour stimulation –
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24 hour stimulation –
anti-inflammatory cytokines

7 day stimulation
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Figure 2. Effect of TSH and fT4 on: (A) circulating mediators measured in plasma and different platelet parameters. (B) Ex vivo cytokine pro-

duction after stimulation with different pathogens for either 24 h or 7 days.
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but probably does not influence further differentiation of

different T-cell subtypes.

Circulating concentrations of fT4 were positively corre-

lated with total B-cell counts (FDR = 3.5 9 10�3). In par-

ticular, cell counts from naive B cells (IgD+ IgM+ CD27�),
memory B cells (IgD+ IgM+ CD27+), IgD+ CD5+ B cells,

CD27� IgM+ B cells, CD19+ CD20+ B cells, and natural

effector B cells (CD24+ CD38+ IgD+ IgM+) were signifi-

cantly associated with fT4 levels (individual P-values are

shown in Table S1). In contrast, IgG-IgM-negative B cells,

including plasmablasts and IgM-only B cells, were not

affected by fT4 concentrations. Further analysis showed that

fT4 concentrations did not influence subset frequencies of

the different B-cell types. These results may indicate that fT4

mainly influences proliferation of different subsets of B cells,

without affecting further differentiation into subtypes.

Causal inference from hormone to cell counts:
Mendelian randomization

To test whether the circulating concentrations of TSH

and fT4 have a causal effect on the changes of cell counts

within the peripheral blood, Mendelian randomization

(MR)28 was applied to the latest GWAS summary statis-

tics of both hormone levels (TSH and fT4)29 and immune

cell counts for a total of 74 different immune cell sub-

types.30

Two MR approaches, that is inverse-variance weighted

(IVW)31 and weighted median32 methods, were used, and

a p-value of 0�05 was used as a suggestive significant

threshold. Both methods identified that the increase in

TSH level was a suggestive causal factor for the cell count

increase in CD8+ EM CD45RA� CD27� T cells and CD8+

EM CD45RO+ CD27� T cells within the peripheral blood

(Table 2).

In addition, both IVW and weighted median methods

have found that the decrease in CD4+ CD8+ T-cell counts

and CD8+ CD4� T cells (summary statistics from Ref.

[29]) was suggestively caused by an increase in fT4 levels

(P-values < 0�05) (Table 2).

Genetic variants associated with TSH and fT4 levels
and their influence on immune function

The individual genetic background shapes the capacity to

respond to different pathogens, and numerous genetic

alterations have been identified to increase disease suscep-

tibility. We assessed the genetic variants that influence

circulating fT4 and TSH concentrations, and whether they

in turn impact cell population numbers in our cohort.

Figure 3. Effects of TSH and fT4 on cell populations in the blood of the 500FG individuals. (A) Heatmap of the Spearman correlation coeffi-

cients between TSH or fT4 and different immune cell (sub)populations. (B) Associations between cell-subtype count data and TSH, visualized in

a cell-type network using Escher71; dark red indicates a more positive and significant association. Light blue indicates a negative significant associ-

ation. (C) Associations between cell-subtype count data and fT4, visualized in a cell-type network using Escher.71 (D) Heatmaps of the Spearman

correlation coefficients between TSH or fT4 and different immune cell (sub)populations in the 300BCG validation cohort.
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For this, we performed a Genome-wide association study

(GWAS) approach in the 500FG cohort on a SNP array

covering around 8�8 million SNPs. Although, likely due

to the relatively small sample size, we were not able to

detect in our cohort SNPs associated with TSH or fT4

levels at a P < 1e�8, four suggestive SNPs were identified

(P < 1e�6), of which two were associated with TSH levels,

and two were associated with fT4 levels (Figure 4A and

B). To explore the biological role of these genetic loci, we

mapped expression QTLs (eQTLs) and found that two of

these SNPs have strong eQTLs influencing the expression

of important genes. SNP rs6694001 is associated with

TSH levels and is a (intronic) genetic variant within the

PTGER3 gene, which harbours an eQTL for the PTGER3

gene. The PTGER3 gene encodes the prostaglandin E

receptor 3, a cell membrane-associated G protein-coupled

receptor and one of the four main prostaglandin recep-

tors. PTGER3 is associated with analgesic and thermoreg-

ulatory responses during infection,33 but recent studies

have also shown its role in immune tolerance processes

by induction of anti-inflammatory cytokines, such as IL-

10.34 Another strong association was found between fT4

and a (intergenic) variant between ZC3H7A and

TXNDC11. Available data suggest that this variant is an

eQTL for both genes. In particular, TXNDC11 is of inter-

est, as it is involved in the folding of DUOX proteins that

participate in the H2O2 generating system within the thy-

roid (Table 3).

To further explore the biological effects of genetic alter-

ations associated with TSH and fT4, we performed a

pathway analysis. The top 10 enriched pathways associ-

ated with TSH levels mainly encompass pathways impor-

tant in intracellular signalling and cellular homeostasis

(Table S2). With respect to the genetic loci affecting fT4

concentration, two of the 10 top enriched pathways rep-

resent immune-related pathways (Table 4). The CD40

pathway plays an important role in several B-cell func-

tions,35 further strengthening the association we observed

between fT4 levels and B-cell counts in our cohort. More-

over, one of the genes that showed significance in both

immune-related pathways is TNF receptor-associated fac-

tor 6 (TRAF6) (P = 0�0005) (Figure 5), which is an adap-

tor protein critical for development, homeostasis and

activation of immune cells.36 This further supports the

notion that the genetics that influence fT4 level can also

influence immune-related pathways.

Discussion

The influence of the endocrine system on the immune

responses has received relatively little attention in com-

parison with the impact of genetics or the microbiome.

In the present study, we aimed to partly fill this knowl-

edge gap by investigating the effects of fT4 and TSH on

immune traits in a large cohort of healthy volunteers. We

used a comprehensive assessment of the human immune

response, including the assessment of circulating immune

mediators, cytokine production, immunophenotypes of

immune cell populations and humoral factors. Here, we

show that fT4 and TSH have a minimal impact on innate

immune responses in healthy volunteers. In contrast,

TSH and fT4 strongly influence the numbers of lympho-

cytes, with TSH mainly influencing the T-cell counts and

fT4 the B-cell counts. Our results further suggest that the

increase in TSH levels is a suggestive causal factor for the

cell count increase. In addition, the impact of thyroid

function on lymphoid cell homeostasis was strenghtened

by identification of genetic variants that on the one hand

influence TSH and/or fT4 concentrations, while subse-

quently impacting expression of important immune-re-

lated genes. Lastly, pathway analysis showed enrichment

of fT4-affected gene expression in B-cell function path-

ways, further supporting the importance of fT4 in the

regulation of B-cell function.

Circulating concentrations of TSH and fT4 were not

associated with cell counts of innate immune cell subsets

such as monocytes or neutrophils in the 500FG cohort,

although a small effect was identified in the 300BCG

cohort. Previous literature suggests that T4 could affect

monocyte cell function, specifically phagocytosis,16,37-39

without affecting monocyte cell counts. Furthermore,

there is only one report by Hodkinson et al., showing

that neutrophil counts were significantly associated with

fT4 levels in elderly,16 whereas our results show that fT4

is not associated with neutrophil counts in healthy young

individuals. In addition to the lack of influence of fT4

and TSH on innate immune cell populations, no associa-

tions were found between TSH or fT4 and cytokine

responses, platelet function or levels of circulating inflam-

matory mediators, and acute-phase proteins. However, a

mild effect on leptin concentrations was found. In line

with this, previous studies performed in obese individuals

have shown that leptin partly regulates the HPT axis.40,41

Table 2. Causal inference results between cell counts and TSH and

fT4 levels

Weighted

median

effect size

(b)

Weighted

median

(P-value)

IVW

effect

size (b)

IVW

(P-

value)

CD8+ EM

CD45RA-

CD27- data

TSH29 0�63 0�017 0�49 0�007

CD4+ CD8+

data

FT429 -0�79 0�036 -0�60 0�024

CD8+ CD4�

data

FT429 -0�89 0�024 -0�64 0�033
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This, however, is the first large study in healthy euthy-

roid, non-obese individuals to confirm these results. The

lack of association between thyroid hormones and ex vivo

cytokine production by immune cells is in accordance

with a previous study that showed that genetic variation

explained most of the variation in stimulated cytokine

production, whereas the endocrine system in general and

secreted hormones in particular had only a negligible

effect.42

Furthermore, although clinical evidence shows that

hyperthyroidism is associated with enhanced coagulation

and increased risk of thrombosis43 and that physiological

concentrations of fT4 have been shown to activate plate-

lets ex vivo,43–45 no significant association between TSH

or fT4 and platelet or coagulation parameters was found

in this cohort, indicating that both TSH and fT4 do not

influence platelet function and platelet–monocyte interac-

tions in euthyroid, healthy volunteers.

Regarding the effect of TSH and fT4 on acute-phase

proteins, the report from Hodkinson et al. showed that

hs-CRP levels are associated with fT4 levels in the elderly;

however, there is no further evidence that TSH or fTH is

associated with levels of inflammatory markers in younger

healthy individuals. Altogether, these data argue that thy-

roid function has a limited impact on innate immune

responses and the mediators of inflammation.

In contrast, the main impact of TSH and fT4 on the

immune system was at the level of the adaptive lymphoid

cell populations. Our results show that TSH and fT4

levels are strongly associated with cell counts within the

lymphocyte compartment: while TSH influences T-cell

numbers and cell populations, fT4 strongly influences the

B-cell compartment. While our data reflect the physiolog-

ical situation in humans, they are supported by previous

studies in animal models and in vitro studies. In 1992,

Provinciali et al. already showed that TSH significantly

increased the mitogen-induced proliferative response of

mouse lymphocytes,46 providing a first notion of the role

of TSH in T-lymphocyte homeostasis. Another study

investigated the expression and distribution of the TSH

receptor in murine immune cells47: up to 10–20% of

CD4+ 8� and CD4� 8+ lymph node T cells expressed the

TSH receptor, which were exclusively associated with

CD45RBhigh cells, indicating that these cells are most sus-

ceptible to the effects of TSH.47 In addition, in the hyt/

hyt mouse model, a model for congenital hypothyroidism

with high levels of TSH and reduced levels of T4,48 thy-

mus size was reduced and the percentage of CD8+ thymo-

cytes was significantly lower, whereas the percentage of

CD4+ splenocytes was significantly higher compared with

euthyroid mice.49 Furthermore, in in vitro experiments

using human cells, T cells cultured with T4 underwent

enhanced apoptosis, whereas this effect was not observed

when TSH was added to T-cell cultures.50 In a more

recent study using human thymocytes, addition of TSH

enhanced T-cell development,51 suggesting that TSH and

T4 play in important role in T-cell homeostasis.

A different role seems to be played by T4 in lympho-

cyte homeostasis, with a strong impact on B-cell num-

bers. In support of these data, the group of Montecino-

Rodriguez investigated the role of T4 in bone marrow B-

cell development in Snell dwarf (dw/dw) mice, which are

deficient in pituitary hormones.52 These mice had

impaired B-cell development, while treatment with T4

completely restored this defect.52 Furthermore, in other

strains of mice with defects in the HPT axis, production

of pre-B cells was reduced as well, whereas myelopoiesis

and thymopoiesis were normal, indicating that the B cells

Table 3. Top SNPs for both TSH and fT4 and their eQTL effects of surrounding genes.

RS-number Association Gene Function eQTL

rs6694001

(intronic)

TSH PTGER3 Prostaglandin E Receptor 3 PTGER3; RP3-333A15�2; ZRANB2-AS2

rs7111528

(within

gene)

TSH OTOG OTOGELIN

(specific to acellular membranes of the inner ear)

TRAF5; RP11-358H18�3

rs925798

(intergenic)

T4 LD with :

rs144409013

rs144333826

rs10165644

rs77365095

rs4664029

rs13398362

N/A None of the LD variants show eQTLs

rs4780401

(intergenic)

T4 N/A Between ZC3H7A and TXNDC11.TXNDC11 is

responsible for DUOX proteins folding within the

thyroid H2O2-generating system

SNN; TXNDC11; RP11-490O6�2;
ZC3H7A;

ENSG00000153066.7_11785146_11785938
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specifically depended on T4 as lymphopoietic factor.53

Further studies showed that the frequency of pro-B-cells

in the S-G2/M phase of the cell cycle was significantly

reduced in hypothyroid mice, thus resulting in a prolifer-

ation defect; treatment with T4 resulted in an increase in

cycling pro-B cells.54 In addition, mice deficient for thy-

roid hormone receptor T3R alpha 1 and T3R alpha 2 dis-

played a strong reduction in B lymphocytes in the spleen,

and reduced pro/pre-B-cell numbers in the bone marrow,

indicating that thyroid hormones play an important role

in maintaining the B-cell pool.55 Interestingly, in humans

with autoimmune Graves’ disease, thymic hypertrophy

has been demonstrated,56-58 further supporting the notion

that thyroid hormones play an important role in immune

development. These effects on the thymus are reversible

after treatment of Graves’ disease.57,59

The observations regarding the specific role of thyroid

function on lymphoid cell numbers were further validated

by integrating genomic data in the analysis. Compared

with previous GWASs on thyroid function that cover

more than a hundred times more subjects, this study

analysed a relatively small number of subjects to draw

concrete conclusions regarding fT4 and TSH levels. How-

ever, by combining genetic data with immunological

parameters we pinpointed several genetic variants that,

while influencing TSH and fT4 concentrations, subse-

quently also impact immune function. One such variant

is SNP rs6694001, which was associated with TSH levels,

and is an eQTL for the PTGER3 gene that encodes the

prostaglandin E receptor 3, one of the four main prosta-

glandin receptors. PTGER3 is associated with analgesic

and thermoregulatory responses during infection,33 but

recent studies also shown its role in immune tolerance

processes by induction of anti-inflammatory cytokines

such as IL-10.34 Infection of PTGER3-deficient mice with

respiratory pathogen S. pneumoniae resulted in enhanced

survival and enhanced bacterial clearance, with lower

levels of circulation leucocytes and improved phagocytic

and bactericidal capacity.60 Furthermore, 2 of the top 10

enriched pathways associated with fT4 levels represent

pathways important for immune function, with TRAF6

expression being affected in both pathways. However, fur-

ther research is necessary to validate these findings and

further investigate the underlying processes. The concept

that thyroid hormones impact immune function was fur-

ther strengthened by MR analysis indicating that TSH

and fT4 are causing the effects on lymphocyte numbers.

In conclusion, the present study presents solid argu-

ments from two independent cohorts and genomic data

integration to argue that TSH and T4 are important regu-

lators of the lymphoid cell compartment in immune

homeostasis. These data are relevant on several levels.

Firstly, they fill an important gap in the knowledge

regarding the influence of the endocrine system on

immune system physiology. Secondly, they open a door

for exploring and understanding the role of thyroid hor-

mones in the lymphocyte function during disease.

Thirdly, this has the potential of identifying novel ave-

nues for diagnostic and therapies. One may even envisage

the possibility to improve the efficacy of immunotherapy

and/or vaccination by co-opting endocrine cues in these

procedures. An experimental study suggested the possibil-

ity to recover age-dependent deterioration of immune

function by levothyroxine treatment,37 and our data may

provide the intriguing possibility that this approach could

improve the known lymphocyte defects in elderly humans

as well. Future studies are warranted to explore these

exciting new avenues.

Materials and methods

Discovery cohort

534 healthy individuals with Western European descent

from Nijmegen, the Netherlands (500FG cohort; see

www.humanfunctionalgenomics.org), were recruited

between August 2013 and December 2014 at the Radboud

University Medical Center, the Netherlands. The HFGP

Table 4. Top 10 enriched pathways associated with fT4 levels.

GO-term Χ2 P-value P-value

1 REACTOME_NOTCH1_INTRACELLULAR_DOMAIN_REGULATES_TRANSCRIPTION 0�000399349467 0�000398
2 REACTOME_CTNNB1_PHOSPHORYLATION_CASCADE 0�000556181347 0�000443
3 BIOCARTA_CD40_PATHWAY 0�00137641097 0�00096
4 REACTOME_TRAF6_MEDIATED_IRF7_ACTIVATION_IN_TLR7_

8_OR_9_SIGNALING

0�0016045688 0�0012

5 REACTOME_SIGNALING_BY_NOTCH1 0�00181636805 0�00161
6 KEGG_PATHWAYS_IN_CANCER 0�00193520053 0�00178
7 REACTOME_SIGNALING_BY_NOTCH 0�00188967961 0�0019
8 BIOCARTA_TFF_PATHWAY 0�00235013524 0�00258
9 REACTOME_P75NTR_SIGNALS_VIA_NFKB 0�00288783543 0�00284
10 REACTOME_P75_NTR_RECEPTOR_MEDIATED_SIGNALLING 0�00351062283 0�00311
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was approved by the ethical committee of Radboud

University Nijmegen (no. 42561.091.12). Experiments

were conducted according to the principles expressed in

the Declaration of Helsinki. All volunteers gave written

informed consent before any material was taken. All par-

ticipants were asked for their medical history regarding

thyroid diseases and their thyroid-interfering medication,

and those known with thyroid pathology or were using

medication interfering with the thyroid function were

excluded. For the final analysis, 489 volunteers were used

(211 males and 278 females, age ranging from 18 to

75 years, mean BMI was 22�67 � 2�75, 13�2% were cur-

rent smokers, and of the women, 53�9% used oral contra-

ceptives).

Validation cohort

Results were validated in a cohort of 321 (139 males and

182 females, agerange 18–71 years) individuals of Western

European descent (300BCG cohort, included between

April 2017 and June 2018 at the Radboud University

Medical Center, the Netherlands). The 300BCG study was

approved by the Ethical Committee of Radboud Univer-

sity Medical Center (no. NL58553.091.16). Experiments

were conducted according to the principles expressed in

the Declaration of Helsinki, and all individuals provided

written informed consent. All volunteers were asked for

their medical history regarding thyroid diseases and their

thyroid interfering medication, and those known with

thyroid pathology or were using medication interfering

with the thyroid function were excluded.

Determination of fT4 and TSH serum levels

Serum fT4 and TSH in both cohorts were measured using

an Electrochemiluminescence immunoassay on a ran-

dom-access analyser (Modular E170 and Cobas E801 for

FG500 and 300BCG respectively, Roche Diagnos-

tics, Rotkreuz, Switzerland).

Analysis of immune cell composition

Cells were processed immediately after blood sampling

and analysed within 2–3 h, to minimize biological vari-

ability. Myeloid and lymphoid immune cell levels were

measured by 10-colour flow cytometry on a Navios

flow cytometer (Beckman Coulter, Indianapolis, USA)

with three solid state lasers (488, 638 and 405 nm).

Calibration of the machine was performed once a week,

and little adjustment had to be made during the inclu-

sion period of the study. Data were analysed using the

Kaluza software version 1.3 (Beckman Coulter). Cell

populations were gated manually using a hierarchical

gating strategy. See Supplemental Experimental

Procedures for details on cell processing, reagents, gat-

ing and analysis.

Measurements of circulating immune mediators and
immunoglobulins

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 cytoki-

nes IL-1Ra and IL-18 binding protein (IL-18BP) were

measured using R&D Quantikine kits following the man-

ufacturer’s standard protocol. Plasma IL-1b, IL-6, IL-18
and VEGF were measured in Simple Plex cartridges using

the Ella apparatus (Protein Simple, San Jose, CA).

Serum immunoglobulin (sIg) concentrations were mea-

sured by fluorescence enzyme immunoassays (Immuno-

CAP).

Assessment of platelet function

Measurements of platelet function and coagulation

included platelet count, P-selectin expression (marker for

platelet degranulation) and platelet–fibrinogen binding

(marker for platelet aggregation), platelet–monocyte com-

plex formation and plasma concentrations of b-throm-

boglobulin and thrombin–antithrombin complexes and

are described in detail previously.61,62 Venous blood was

collected in citrated Vacutainer tubes (3�2% sodium

citrate; Becton Dickinson, USA).

PBMC stimulation experiments

Isolation of PBMCs was performed as described by Oost-

ing et al.63 After isolation by differential centrifugation in

Ficoll, cells were washed twice in saline and suspended in

resuspended in RPMI-1640 culture medium supple-

mented with 50 µg/mL gentamicin, 2 mM glutaMAX,

and 1 mM pyruvate and counted. PBMC stimulations

were performed with 5 9 105 cells/well in round-bottom

96-well plates (Greiner) for either 24 h or 7 days in the

presence of 10% human pool serum at 37° and 5% CO2.

Supernatants were collected and stored at �20° until used
for ELISA. The stimulations used for the 24-h and 7-day

experiments are shown in Table S3.

ELISA measurements of cytokine concentrations

In the supernatants of the 24-h PBMC stimulation experi-

ments, concentrations of IL-1b, IL-6 and TNF-a were

measured following the manufacturer’s protocols (Peli-

Kine Compact or R&D Systems). Supernatants of the 7-

day stimulation assays were used to measure IL-22, IL-17

or IFN-c (PeliKine Compact or R&D Systems).
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Genotyping, quality control and imputation

Isolated DNA samples were genotyped as described

before.10 Briefly, DNA samples were genotyped with

default settings using the Illumina HumanOmniExpres-

sExome-8 v1.0 SNP chip. After quality control checks and

filtering (samples with a call rate % 0�99, variants with a

Hardy–Weinberg equilibrium (HWE) % 0�0001, call rate
% 0�99 and minor allele frequency (MAF) % 0�001 were

excluded), 17 outliers had to be excluded. In total, 441

samples with genotype information of 518 900 variants

were used for further imputation.10 Data were imputed

with Impute 2 using the reference Genome of the Nether-

lands (GoNL, Genome of the Netherlands Consortium,

2014) data set GoNL reference panel and genome build

b37. Only SNP with MAF > 0�1 HWE < 5e-7 and r2(im-

putation quality) > 0�3 was retained.

Data preprocessing

TSH and fT4 levels were transformed using a rank-based

inverse normal transformation (IRT).64 The same method

was applied to scale the cell count data, cytokine produc-

tion capacity data, platelet data and immunoglobulin

data. The following R code was used:

transformed = rank(original).

transformed = qnorm(transformed/(length(trans-

formed)+0�5)),

where ’transformed’ is the transformed data and ’original’

the original data.

Associations

Associations between TSH/T4 levels and other measure-

ments were evaluated using linear regression models.

Analyses were performed using the R programming lan-

guage (R Core Team (2017). R: A language and environ-

ment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. URL https://www.R-project.

org/.). The ’rfit’ function and ’lm’ function from the stats

package were used to create regression models. Age, gen-

der, oral contraceptive usage, BMI, smoking (binary, yes/

no) and seasonal variation were included as correction

factors. In cases where a subgroup was chosen based on

gender or oral contraceptive usage, that factor was

removed from the list of correction factors. Analyses on

the discovery cohort (500FG) were corrected for multiple

testing using the Benjamini–Hochberg false discovery rate

procedure.65 Corrections were performed for each set of

comparisons separately. Validations in the validation

cohort (300BCG) were not corrected for multiple testing.

Genetics

Quantitative trait loci (QTLs) were calculated using the

MatrixEQTL package.66 SNP allele dosages were used in a
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Figure 5. Gene set enrichment pathway analysis revealing significantly affected gene expression by fT4 in two different pathways. (A) The main
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linear model correcting for age, gender, BMI and oral

contraceptive usage. Briefly, dosages are a linear transfor-

mation of the posterior genotype probabilities, if A is the

reference and B the effect allele:

dosage = A/A * 0 + A/B * 1 + B/B * 2,

where A/A, A/B and B/B are the posterior probabilities.

Pathway enrichment analyses were performed using the

Pascal tool in ’sum’ mode.67 The gene region was defined

50 kilobases up- and downstream of the gene. Other set-

tings were left to default, as defined in Pascal (version

current as of February 2019).

Cell Count QTL Mapping

We calculated parental and grandparental percentages

form the measured cell counts as described in Ref.

[30]. Absolute cell counts and percentages were trans-

formed by IRT.64 We then corrected the IRT cell

counts using a linear model correcting for age, gender,

and month of sample collection. In the following, QTL

mapping was performed using a linear model as imple-

mented in the MatrixEQTL R package,66 where we

associated immune traits with genotype information. A

p-value lower than 1e-6 was considered to be suggestive

genome-wide.

Mendelian randomization

To test whether there is causal relationship between mea-

sured hormone concentrations and cell counts, Mendelian

randomization (MR) was performed. Summary statistics

of TSH and fT4 QTLs were obtained from literature,29

and cell count QTLs were obtained from 500FG cohort.30

46 and 23 independent variants achieving genome-wide

significance in GWAS of TSH level and FT4 level (thresh-

old p = 5 9 10�8) were used as instrument variables,

respectively.

Two analytical methods including inverse-variance

weighted (IVW)31 and weighted median regression32

methods were applied to infer causal relationship in MR

analysis (R package TwoSampleMR).68

Acknowledgements

The authors thank all volunteers from the 500FG and

300BCG cohorts of the Human Functional Genomics

Study for participation in the study. The HFGP is sup-

ported by an ERC Consolidator Grant (310372), and a

Spinoza grant and IN-CONTROL CVON grant to MGN,

a VENI grant (863.13.011 to YL). The creation and host-

ing of the online database has been supported by

BBMRI-NL, a research infrastructure financed by the

Netherlands Organization for Scientific Research (NWO),

grant number 184.021.007.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

M.J., Y.J.E.S., R.t.H., L.A.B.J., J.W.A.S., M.G.N. and

R.T.N.M. conceptualized the idea. L.A.B.J., M.G.N., Y.L,

H.K and X.C. were responsible for methodology. R.t.H.

performed formal analysis. M.J., Y.J.E.S., R.T.N.M., X.C.,

S.J.C.F.M.M., V.A.C.M.K., L.C.J.d.B., V.P.M., H.L. and

H.D. underwent investigation. Y.J.E.S., M.J., R.t.H,

M.G.N. and R.T.N.M. wrote the original draft. Y.J.E.S.,

M.J., R.t.H., X.C., H.J.P.M.K, S.J.C.F.M.M., V.A.C.M.K.,

L.C.J.B.d.B., V.P.M., H.L., H.D., M.M., A.E.v.H., I.J.,

L.A.B.J., Y.L., J.W.A.S., M.G.N. and R.T.N.M. wrote,

reviewed and edited the manuscript. R.t.H. performed

visualization. R.T.N.M, M.G.N. and L.A.B.J. underwent

supervision. M.G.N. was responsible for project adminis-

tration. M.G.N. and L.A.B.J. were responsible for funding

acquisition.

Data Availability Statement

All data used in this project have been meticulously cata-

logued and archived in the BBMRI-NL data infrastructure

(https://hfgp.bbmri.nl/) using the MOLGENIS open

source platform for scientific data.69 This allows flexible

data querying and download, including sufficiently rich

metadata and interfaces for machine processing (R statis-

tics, REST API) and using the FAIR principles to opti-

mize Findability, Accessibility, Interoperability and

Reusability.70

References

1 Sterling P, Allostasis EJ. Allostasis: A new paradigm to explain arousal pathology.

Handbook of life stress, cognition and health. New York John Wiley & Sons, 1988.

2 Cho JH, Feldman M. Heterogeneity of autoimmune diseases: pathophysiologic insights

from genetics and implications for new therapies. Nat Med 2015;21(7):730–8.

3 Fishman JA. Infection in solid-organ transplant recipients. N Engl J Med 2007;357

(25):2601–14.

4 Hotchkiss RS, Monneret G, Payen D. Sepsis-induced immunosuppression: from cellular

dysfunctions to immunotherapy. Nat Rev Immunol 2013;13(12):862–74.

5 de Visser KE, Eichten A, Coussens LM. Paradoxical roles of the immune system during

cancer development. Nat Rev Cancer 2006;6:24.

6 Besedovsky HO, del Rey A. Immune-neuro-endocrine interactions: facts and hypothe-

ses. Endocr Rev 1996;17(1):64–102.

7 Kamath J, Yarbrough GG, Prange AJ Jr, Winokur A. The thyrotropin-releasing hor-

mone (TRH)-immune system homeostatic hypothesis. Pharmacol Ther 2009;121(1):20–

8.

8 Klein JR. The immune system as a regulator of thyroid hormone activity. Exp Biol Med

(Maywood) 2006;231(3):229–36.

9 Netea MG, Joosten LA, Li Y, Kumar V, Oosting M, Smeekens S, et al. Understanding

human immune function using the resources from the Human Functional Genomics

Project. Nat Med 2016;22(8):831–3.

10 Li Y, Oosting M, Smeekens SP, Jaeger M, Aguirre-Gamboa R, Le KTT, et al. A Func-

tional Genomics Approach to Understand Variation in Cytokine Production in

Humans. Cell 2016;167(4):1099–110 e14.

ª 2021 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology12

https://hfgp.bbmri.nl/


11 Ter Horst R, Jaeger M, Smeekens SP, Oosting M, Swertz MA, Li Y, et al. Host and

environmental factors influencing individual human cytokine responses. Cell 2016;167

(4):1111–24.e13.

12 Schirmer M, Smeekens SP, Vlamakis H, Jaeger M, Oosting M, Franzosa EA, et al. Link-

ing the human gut microbiome to inflammatory cytokine production capacity. Cell

2016;167(4):1125–36.e8.

13 Zoeller RT, Tan SW, Tyl RW. General background on the hypothalamic-pituitary-thy-

roid (HPT) axis. Crit Rev Toxicol 2007;37(1–2):11–53.

14 Little AG. A review of the peripheral levels of regulation by thyroid hormone. J Comp

Physiol B 2016;186(6):677–88.

15 De Vito P, Balducci V, Leone S, Percario Z, Mangino G, Davis PJ, et al. Nongenomic

effects of thyroid hormones on the immune system cells: New targets, old players. Ster-

oids 2012;77(10):988–95.

16 Hodkinson CF, Simpson EE, Beattie JH, O’Connor JM, Campbell DJ, Strain JJ, et al.

Preliminary evidence of immune function modulation by thyroid hormones in healthy

men and women aged 55–70 years. J Endocrinol 2009;202(1):55–63.

17 Jara EL, Munoz-Durango N, Llanos C, Fardella C, Gonzalez PA, Bueno SM, et al.

Modulating the function of the immune system by thyroid hormones and thyrotropin.

Immunol Lett 2017;184:76–83.

18 Bittencourt CS, Azzolini AE, Ferreira DA, Assis-Pandochi AI. Antibody responses in

hyperthyroid rats. Int Immunopharmacol 2007;7(7):989–93.

19 De Vito P, Incerpi S, Pedersen JZ, Luly P, Davis FB, Davis PJ. Thyroid hormones as

modulators of immune activities at the cellular level. Thyroid 2011;21(8):879–90.

20 Schoenfeld PS, Myers JW, Myers L, LaRocque JC. Suppression of cell-mediated immu-

nity in hypothyroidism. South Med J 1995;88(3):347–9.

21 Tan TL, Rajeswaran H, Haddad S, Shahi A, Parvizi J. Increased risk of periprosthetic

joint infections in patients with hypothyroidism undergoing total joint arthroplasty. J

Arthroplasty 2016;31(4):868–71.

22 Mourits VP, Koeken V, de Bree LCJ, Moorlag S, Chu WC, Xu X, et al. BCG-induced

trained immunity in healthy individuals: the effect of plasma muramyl dipeptide con-

centrations. J Immunol Res 2020;2020:5812743.

23 Koeken VA, de Bree LCJ, Mourits VP, Moorlag SJ, Walk J, Cirovic B, et al. BCG vacci-

nation in humans inhibits systemic inflammation in a sex-dependent manner. J Clin

Invest 2020;130(10):5591–602.

24 Roelfsema F, Veldhuis JD. Thyrotropin secretion patterns in health and disease. Endocr

Rev 2013;34(5):619–57.

25 Morrell CN, Aggrey AA, Chapman LM, Modjeski KL. Emerging roles for platelets as

immune and inflammatory cells. Blood 2014;123(18):2759–67.

26 Semple JW, Italiano JE Jr, Freedman J. Platelets and the immune continuum. Nat Rev

Immunol 2011;11(4):264–74.

27 Totani L, Evangelista V. Platelet-leukocyte interactions in cardiovascular disease and

beyond. Arterioscler Thromb Vasc Biol 2010;30(12):2357–61.

28 Smith GD, Ebrahim S. ’Mendelian randomization’: can genetic epidemiology contribute to

understanding environmental determinants of disease? Int J Epidemiol 2003;32(1):1–22.

29 Teumer A, Chaker L, Groeneweg S, Li Y, Di Munno C, Barbieri C, et al. Genome-wide

analyses identify a role for SLC17A4 and AADAT in thyroid hormone regulation. Nat

Commun 2018;9(1):4455.

30 Aguirre-Gamboa R, Joosten I, Urbano PCM, van der Molen RG, van Rijssen E, van

Cranenbroek B, et al. Differential effects of environmental and genetic factors on T and

B cell immune traits. Cell Rep 2016;17(9):2474–87.

31 Burgess S, Scott RA, Timpson NJ, Davey Smith G, Thompson SG. Using published data

in Mendelian randomization: a blueprint for efficient identification of causal risk fac-

tors. Eur J Epidemiol 2015;30(7):543–52.

32 Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in mendelian

randomization with some invalid instruments using a weighted median Estimator.

Genet Epidemiol 2016;40(4):304–14.

33 Hata AN, Breyer RM. Pharmacology and signaling of prostaglandin receptors: multiple

roles in inflammation and immune modulation. Pharmacol Ther 2004;103(2):147–66.

34 Florez-Grau G, Cabezon R, Borgman KJE, Espana C, Lozano JJ, Garcia-Parajo MF,

et al. Up-regulation of EP2 and EP3 receptors in human tolerogenic dendritic cells

boosts the immunosuppressive activity of PGE2. J Leukoc Biol 2017;102(3):881–95.

35 Elgueta R, Benson MJ, de Vries VC, Wasiuk A, Guo Y, Noelle RJ. Molecular mecha-

nism and function of CD40/CD40L engagement in the immune system. Immunol Rev

2009;229(1):152–72.

36 Walsh MC, Lee J, Choi Y. Tumor necrosis factor receptor- associated factor 6 (TRAF6)

regulation of development, function, and homeostasis of the immune system. Immunol

Rev 2015;266(1):72–92.

37 El-Shaikh KA, Gabry MS, Othman GA. Recovery of age-dependent immunological

deterioration in old mice by thyroxine treatment. J Anim Physiol Anim Nutr 2006;90(5–

6):244–54.

38 Forner MA, Barriga C, Ortega E. Exercise-induced stimulation of murine macrophage

phagocytosis may be mediated by thyroxine. J Appl Physiol (Bethesda, Md: 1985).

1996;80(3):899–903.

39 van der Spek AH, Fliers E, Boelen A. Thyroid hormone metabolism in innate immune

cells. J Endocrinol 2017;232(2):R67–r81.

40 Betry C, Challan-Belval MA, Bernard A, Charrie A, Drai J, Laville M, et al. Increased

TSH in obesity: Evidence for a BMI-independent association with leptin. Diabetes

Metab 2015;41(3):248–51.

41 Iacobellis G, Ribaudo MC, Zappaterreno A, Iannucci CV, Leonetti F. Relationship of

thyroid function with body mass index, leptin, insulin sensitivity and adiponectin in

euthyroid obese women. Clin Endocrinol 2005;62(4):487–91.

42 Bakker OB, Aguirre-Gamboa R, Sanna S, Oosting M, Smeekens SP, Jaeger M, et al.

Integration of multi-omics data and deep phenotyping enables prediction of

cytokine responses. Nat Immunol 2018;19:776–786. https://doi.org/10.1038/s41590-

018-0121-3

43 Davis PJ, Mousa SA, Schechter GP. New interfaces of thyroid hormone actions with

blood coagulation and thrombosis. Clin Appl Thromb Hemost. 2018;24(7):1014–1019.

44 Desideri G, Bocale R, D’Amore A, Necozione S, Boscherini M, Carnassale G, et al.

Replacement therapy with levothyroxine modulates platelet activation in recent-onset

post-thyroidectomy subclinical hypothyroidism. Nutr Metabo Cardiovasc Dis 2017;27

(10):896–901.

45 Mousa SS, Davis FB, Davis PJ, Mousa SA. Human platelet aggregation and

degranulation is induced in vitro by L-thyroxine, but not by 3,5,3’-triiodo-L-thy-

ronine or diiodothyropropionic acid (DITPA). Clin Appl Thromb Hemost. 2010;16

(3):288–93.

46 Provinciali M, Di Stefano G, Fabris N. Improvement in the proliferative capacity and

natural killer cell activity of murine spleen lymphocytes by thyrotropin. Int J

Immunopharmacol 1992;14(5):865–70.

47 Ba�griac�ik E€U, Klein JR. The thyrotropin (thyroid-stimulating hormone) receptor is

expressed on murine dendritic cells and on a subset of CD45RB<sup>high</sup>

lymph node T cells: functional role for thyroid-stimulating hormone during immune

activation. J Immunol 2000;164(12):6158–65.

48 Biesiada E, Adams PM, Shanklin DR, Bloom GS, Stein SA. Biology of the congenitally

hypothyroid hyt/ hyt mouse. Adv Neuroimmunol 1996;6(4):309–46.

49 Erf GF. Immune development in young-adult C.RF-hyt mice is affected by congenital

and maternal hypothyroidism. Proc Soc Exp Biol Med 1993;204(1):40–8.

50 Mihara S, Suzuki N, Wakisaka S, Suzuki S, Sekita N, Yamamoto S, et al. Effects of thy-

roid hormones on apoptotic cell death of human lymphocytes1. J Clin Endocrinol

Metab 1999;84(4):1378–85.

51 van der Weerd K, van Hagen PM, Schrijver B, Heuvelmans SJ, Hofland LJ, Swagemak-

ers SM, et al. Thyrotropin acts as a T-cell developmental factor in mice and humans.

Thyroid 2014;24(6):1051–61.

52 Montecino-Rodriguez E, Clark R, Johnson A, Collins L, Dorshkind K. Defective B cell

development in Snell dwarf (dw/dw) mice can be corrected by thyroxine treatment. J

Immunol 1996;157(8):3334–40.

53 Montecino-Rodriguez E, Clark RG, Powell-Braxton L, Dorshkind K. Primary B cell

development is impaired in mice with defects of the pituitary/thyroid axis. J Immunol

1997;159(6):2712–9.

54 Foster MP, Montecino-Rodriguez E, Dorshkind K. Proliferation of bone marrow pro-B

cells is dependent on stimulation by the pituitary/thyroid axis. J Immunol 1999;163

(11):5883–90.

55 Arpin C, Pihlgren M, Fraichard A, Aubert D, Samarut J, Chassande O, et al. Effects of

T3R alpha 1 and T3R alpha 2 gene deletion on T and B lymphocyte development. J

Immunol 2000;164(1):152–60.

56 Dalla Costa M, Mangano FA, Betterle C. Thymic hyperplasia in patients with Graves’

disease. J Endocrinol Invest 2014;37(12):1175–9.

57 Haider U, Richards P, Gianoukakis AG. Thymic hyperplasia associated with graves’ dis-

ease: pathophysiology and proposed management algorithm. Thyroid 2017;27(8):994–

1000.

58 Popoveniuc G, Sharma M, Devdhar M, Wexler JA, Carroll NM, Wartofsky L, et al.

Graves’ disease and thymic hyperplasia: the relationship of thymic volume to thyroid

function. Thyroid 2010;20(9):1015–8.

59 Jinguji M, Nakajo M, Nakajo M, Koriyama C, Yoshiura T. Thymic involution after

radioiodine therapy for graves disease: relationships with serum thyroid hormones and

TRAb. J Endocr Soc 2017;1(7):852–60.

60 Aronoff DM, Canetti C, Peters-Golden M. Prostaglandin E2 inhibits alveolar macro-

phage phagocytosis through an E-prostanoid 2 receptor-mediated increase in intracellu-

lar cyclic AMP. J Immunol 2004;173(1):559–65.

61 Tunjungputri RN, Van Der Ven AJ, Schonsberg A, Mathan TS, Koopmans P, Roest M,

et al. Reduced platelet hyperreactivity and platelet-monocyte aggregation in HIV-in-

fected individuals receiving a raltegravir-based regimen. AIDS (London, England)

2014;28(14):2091–6.

62 van Bladel ER, Laarhoven AG, van der Heijden LB, Heitink-Polle KM, Porcelijn L, van

der Schoot CE, et al. Functional platelet defects in children with severe chronic ITP as

tested with 2 novel assays applicable for low platelet counts. Blood 2014;123(10):

1556–63.

ª 2021 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology 13

https://doi.org/10.1038/s41590-018-0121-3
https://doi.org/10.1038/s41590-018-0121-3


63 Oosting M, Buffen K, Cheng SC, Verschueren IC, Koentgen F, van de Veerdonk FL,

et al. Borrelia-induced cytokine production is mediated by spleen tyrosine kinase (Syk)

but is Dectin-1 and Dectin-2 independent. Cytokine 2015;76(2):465–72.

64 Orru V, Steri M, Sole G, Sidore C, Virdis F, Dei M, et al. Genetic variants regulating

immune cell levels in health and disease. Cell 2013;155(1):242–56.

65 Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful

approach to multiple testing. J Roy Stat Soc Ser B (Methodol) 1995;57(1):289–300.

66 Shabalin AA. Matrix eQTL: ultra fast eQTL analysis via large matrix operations. Bioin-

formatics 2012;28(10):1353–8.

67 Lamparter D, Marbach D, Rueedi R, Kutalik Z, Bergmann S. Fast and rigorous compu-

tation of gene and pathway scores from SNP-based summary statistics. PLoS Comput

Biol. 2016;12(1):e1004714.

68 Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al. The MR-Base

platform supports systematic causal inference across the human phenome. eLife

2018;7:1014–1019.

69 Swertz MA, Dijkstra M, Adamusiak T, van der Velde JK, Kanterakis A, Roos ET, et al.

The MOLGENIS toolkit: rapid prototyping of biosoftware at the push of a button.

BMC Bioinform 2010;11(Suppl 12):S12.

70 Wilkinson MD, Dumontier M, Aalbersberg IJ, Appleton G, Axton M, Baak A, et al.

The FAIR Guiding Principles for scientific data management and stewardship. Sci Data

2016;3:160018.

71 King ZA, Drager A, Ebrahim A, Sonnenschein N, Lewis NE, Palsson BO. Escher: a web

application for building, sharing, and embedding data-rich visualizations of biological

pathways. PLoS Comput Biol 2015;11(8):e1004321.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1. FDR corrected p values of the correlation

between lymphocyte subsets and circulating levels of TSH

or fT4.

Table S2. Top 10 enriched pathways associated with

TSH levels.

Table S3. Stimulations used for the in vitro experi-

ments in PBMCs and Macrophages.

ª 2021 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology14


