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Abstract
The incidence of bacterial infections and sepsis, as well as the 
mortality risk from sepsis, is sex specific. These clinical find-
ings have been attributed to sex differences in immune re-
sponsiveness. The aim of the present study was to investi-
gate sex differences in monocyte-derived cytokine produc-
tion response upon stimulation with the gram-negative 
stimulus lipopolysaccharide (LPS) using cytokine data from 
15 study populations. Individual data on ex vivo cytokine 

production response upon stimulation with LPS in whole 
blood were available for 4,020 subjects originating from 
these 15 study populations, either from the general popula-
tion or from patient populations with specific diseases. Men 
had a stronger cytokine production response than women 
to LPS for tumour necrosis factor-α, interleukin (IL)-6, IL-12, 
IL-1β, IL-1RA, and IL-10, but not for interferon-γ. The granu-
locyte-macrophage colony-stimulating factor production 
response was lower in men than in women. These sex differ-
ences were independent of chronological age. As men had 
higher monocyte concentrations, we normalized the cyto-
kine production responses for monocyte concentration. Af-
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ter normalization, the sex differences in cytokine production 
response to LPS disappeared, except for IL-10, for which the 
production response was lower in men than in women. A 
sex-based approach to interpreting immune responsiveness 
is crucial. © 2019 The Author(s)

Published by S. Karger AG, Basel

Introduction

Although the incidence of bacterial infection [1] and 
sepsis [2] is higher among men than among women, men 
less often develop autoimmune diseases [3] and have a 
lower mortality risk from sepsis [4]. These clinical find-
ings have been attributed to sex differences in immune 
responsiveness [5], which is hypothesized to be the evo-
lutionary consequence of sex differences in reproductive 
strategies [6].

Immune responsiveness can be assessed by a whole 
blood stimulation assay, which measures the amount of 
cytokines produced by immune cells upon stimulation 
with the gram-negative stimulus lipopolysaccharide 
(LPS). This stimulation assay is well reproducible [7] and 
primarily assesses subjects’ cytokine production by 
monocytes [8], which is under tight genetic control [9].  
A higher proinflammatory cytokine and a lower anti-in-
flammatory production response upon stimulation with 
LPS have been associated with survival from meningo-
coccal infection [10], a lower incidence of systemic lupus 
erythematosus [11], and less severe progression of mul-
tiple sclerosis [12]. Several studies have reported a stron-
ger monocyte-derived cytokine production response 
upon stimulation with LPS in men than in women [13–
20], although others have found no sex differences [20–
22]. Furthermore, these sex differences were only found 
in relatively young and healthy subjects [13–17, 20, 23] 
and not in older subjects [14, 22]. Moreover, no sex dif-
ferences were found in patient populations with specific 
diseases, such as patients after elective coronary stent 
placement [24], after severe blunt trauma [25], or before 
and after abdominal surgery [26]. However, most of these 
studies were performed with a small number of subjects 
and investigated only a limited number of cytokines, 
which hampers a conclusive and comprehensive inter-
pretation of sex differences in cytokine production re-
sponse upon stimulation with LPS.

In the last 18 years, the assay for measuring the cyto-
kine production response upon stimulation with LPS has 
been performed in the same laboratory in a standardized 
manner using the same techniques for 15 study popula-

tions. This allowed us to perform a meta-analysis of sex 
differences in cytokine production response upon stimu-
lation with LPS in an unprecedentedly large number of 
subjects. The included subjects were young, middle-aged, 
or older adults from the general population or had spe-
cific diseases like osteoarthritis, rheumatoid arthritis, 
multiple sclerosis, systemic lupus erythematosus, or car-
diac diseases warranting cardiac surgery. We first inves-
tigated the cytokine production response for tumour ne-
crosis factor-α (TNF-α), interleukin (IL)-6, IL-12, IL-1β, 
IL-1RA, IL-10, interferon-γ (IFN-γ), and granulocyte-
macrophage colony-stimulating factor (GM-CSF) in men 
compared to women. Secondly, we investigated whether 
the sex differences in cytokine production response were 
different in various age groups. Thirdly, we explored 
whether the observed differences in cytokine production 
response between men and women were attributable to 
differences in monocyte concentrations.

Materials and Methods

Study Populations
We included 15 study populations for which data on the cyto-

kine production response upon stimulation with the gram-nega-
tive stimulus LPS had been generated at our laboratory over the 
last 18 years. The key references for the studies reporting on these 
populations are given in Table 1.

Cytokine Production Response
The cytokine production response was measured using whole 

blood samples upon stimulation with LPS, as described elsewhere 
[7]. In brief, venous blood samples were drawn and collected in 
heparinized tubes. The samples were then diluted with RPMI 1640 
and incubated after addition of E. coli-derived LPS at 37  ° C and 5% 
CO2 for 24 h. Table 2 shows the LPS concentration used and the 
period of incubation for each study population. After centrifuga-
tion, the supernatants were stored at –80  ° C until they were assayed 
for TNF-α, IL-6, IL-1β, IL-10, and IFN-γ using PeliKine Compact 
ELISA kits (Sanquin, Amsterdam, The Netherlands). IL-12, IL-
1RA, and GM-CSF were assayed using ELISA kits from R&D Sys-
tems (Minneapolis, MN, USA). Before 2010, for IL-12 and IL-1RA, 
ELISA kits from BioSource (Louvain, Belgium) had been used. Ta-
ble 2 shows the cytokines tested for each study population and the 
key references for additional available information on the studies’ 
materials and methods. Subjects with an unstimulated TNF-α con-
centration above 100 pg/mL were excluded from further analysis 
due to concerns over possible contamination or acute infection  
(n = 27).

Hematologic Measurements
Leukocyte, neutrophil, lymphocyte, monocyte, eosinophil, and 

basophil concentrations were measured in venous blood samples 
using a Sysmex XE-2100 Hematology Analyzer (Sysmex, Etten-
Leur, The Netherlands). Table 2 shows for which study popula-
tions these hematologic measurements were available.
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Statistical Analyses
Statistical analyses were performed using IBM SPSS Statistics 

version 20 and StataCorp Stata/SE version 12.0. For each subject, 
the cytokine production response values were natural log (ln) 

transformed due to skewness. For each study population, the dif-
ference in cytokine production response between men and women 
was calculated using linear regression analyses with ln-trans-
formed cytokine production response as the dependent variable 

Table 1. Characteristics of the included study populations

Study name Characteristics of the subjects Key Ref. 
for study 
design

Subjects, 
n

Family 
clusters, 
n

Mean age 
(SD) [min.–
max.], years

Men, 
%

General population
Myoage young Young subjects living independently, socially active, and free 

from disease that impairs mobility levels
[45] 35 n/a 21 (3)

[18–30]
42.9

YNTR Young (Y) twins from the Netherlands Twin Register (NTR) 
and their first-degree relatives

[46] 161 74 27 (4)
[15–39]

47.2

Meningitis 
relatives

First-degree relatives of patients admitted to Leiden 
University Medical Center because of meningococcal disease

[10] 180 60 31 (16)
[3–71)

48.3

MS-SLE 
relatives

First-degree relatives of patients with multiple sclerosis (MS) 
or systemic lupus erythematosus (SLE)

[12] 550 177 45 (17)
[3–88]

44.5

Ghana Subjects living in a remote, rural, and underdeveloped area 
in the Upper East Region of Ghana in West Africa

[47] 627 n/a 47 (21)
[6–95]

26.5

ANTR Middle-aged (A) twins from the Netherlands Twin Register 
(NTR) and first-degree relatives

[46] 140 64 50 (7)
[29–68]

45.0

LLS Subjects of the Leiden Longevity Study (LLS) including off-
spring of long-lived siblings and the spouses of the offspring

[33] 392 322 63 (7)
[42–81]

49.7

Myoage old Old subjects living independently, socially active, and free 
from disease that impairs mobility levels

[45] 74 n/a 74 (3)
[70–80]

51.4

PROSPER Participants of the Prospective Study of Pravastatin in the 
Elderly at Risk (PROSPER) including subjects with a history 
of, or risk factors for, vascular disease

[48] 403 n/a 75 (3)
[70–83]

53.6

Leiden 85-plus Inhabitants of Leiden, the Netherlands, aged 85 years at the 
start of the study

[49] 552 n/a 85 (–)
[85–85]

33.2

Specific diseases
MS-SLE Patients with multiple sclerosis (MS) or systemic lupus 

erythematosus (SLE)
[12] 152 n/a 46 (14)

[16–84]
28.3

BEST Patients with recent-onset rheumatoid arthritis Before Start 
(BEST) with disease-modifying antirheumatic drugs

[53] 73 n/a 55 (15)
[23–80]

32.9

Cardiac surgery Adult patients admitted to the Department of  
Cardiothoracic Surgery of the Leiden University Medical 
Center, included the day before surgery

[50] 199 n/a 64 (12)
[26–86]

72.4

GARP Patients with osteoarthritis and their relatives with joint 
complains which were included for a study on Genetics, 
Arthrosis and Progression (GARP)

[51] 370 188 71 (8)
[52–89]

18.6

PRALINE Patients after knee replacement surgery studied for the  
Prediction of Aseptic Implant Loosening due to Innate  
Immunity (PRALINE)

[52] 112 n/a 73 (10)
[43–90]

18.8

All studies were performed in the Netherlands, except for the Ghana Study, which was performed in Ghana. The number of family 
clusters refers to the number of independent observations corrected for family relationships between subjects. n/a, not available.
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and sex and age as independent variables. Some study populations 
included subjects from the same family (Table 1). The linear re-
gression analyses of the data from these study populations were 
adjusted for family relationships between subjects by use of a fam-
ily clustering factor as a sandwich estimator.

Random-effects meta-analyses were performed to estimate the 
overall ln-transformed difference in cytokine production response 
between men and women. The overall ratio of men over women in 
cytokine production response and its 95% confidence interval (CI) 
were calculated using an anti-log transformation of the overall ln-
transformed difference in cytokine production response between 
men and women and its 95% CI.

Random-effects metaregression analyses were performed to in-
vestigate the effect of chronological age on the ratio of men over 
women in cytokine production response. These analyses were per-
formed using study populations from the general population only, 
so that the possible sex-specific effects of specific diseases and their 
treatments on age-related changes in cytokine production re-
sponse could not affect our results. For these analyses, each study 
population was stratified by age decade. The mean ratio of men 
over women in cytokine production response of proinflammatory 
cytokines was obtained by averaging the ratio of men over women 
in cytokine production response for TNF-α, IL-6, IL-12, and IL-1β. 
The mean ratio of men over women in cytokine production re-
sponse of anti-inflammatory cytokines was obtained by averaging 
the ratio of men over women in cytokine production response of 
IL-1RA and IL-10. If data for a cytokine were missing, data on the 
available cytokines were used to calculate the mean ratio of men 
over women in cytokine production response.

To investigate the effect of normalization for monocyte con-
centration on sex differences in cytokine production response, we 
normalized the levels of produced cytokines for the monocyte con-
centration. Normalization was performed by dividing the cytokine 
level (in pg/L) by the monocyte concentration (in count ×109/L).

Results

Table 1 shows the characteristics of the included study 
populations. Ten study populations included subjects 
from the general population (n = 3,114) and 5 study pop-
ulations included subjects with specific diseases (n = 906). 
The mean age of the subjects of the various study popula-
tions ranged from 21 to 85 years. The age of the individ-
ual subjects ranged from 3 to 95 years. The mean percent-
age of men among the study populations ranged from 
18.6 to 74.2%. Online supplementary Tables 1A and 1B 
(see www.karger.com/doi/10.1159/000499840, for all on-
line suppl. material) show the crude cytokine production 
response values for the men and women in the included 
study populations.

Figure 1 shows forest plots of the ratios of men over 
women in cytokine production response for the proin-
flammatory cytokines TNF-α, IL-6, IL-12, and IL-1β. The 

Table 2. Method of whole blood stimulation and availability of cytokine production response per study population

Name of the study 
population

Key Ref. for 
methods

LPS 
concentration

Monocyte 
concentration 
available

Cytokine production response

TNF-α IL-6 IL-12 IL-1β IL-1RA IL-10 IFN-γ GM-CSF

General population
Myoage young n/a 10 µg/mL v v v v v v v v v
YNTR [9] 10 ng/mL v v v v v
Meningitis relatives [10] 1 µg/mL va v
MS-SLE relatives [12] 10 ng/mL v v v v v v
Ghana [47] 10 µg/mL v v v
ANTR [9] 10 ng/mL v v v v v
LLS [33] 10 ng/mL v v v vd v v v v vd

Myoage old n/a 10 µg/mL v v v v v v v v v
PROSPER [48] 10 ng/mL v v v v v v
Leiden 85-plus [49] 10 ng/mL vb v v v v v v

Specific diseases
MS-SLE [12] 10 ng/mL vb v vc v v v
BEST [53] 10 ng/mL v v v v
Cardiac surgery n/a 10 ng/mL v v v
GARP [35] 10 ng/mL vb v v v
PRALINE n/a 10 µg/mL v v v v v v v v

LPS concentration: whole blood samples were incubated with LPS for 24 h at 37° C. n/a, not available; LPS, lipopolysaccharide; TNF-α, 
tumour necrosis factor-α; IL, interleukin; IFN-γ, interferon-γ; GM-CSF, granulocyte-macrophage colony-stimulating factor. a LPS was 
incubated for 6 h. b LPS was incubated for 4 h. c 1 µg/mL LPS was used. d 50 µg/mL LPS was used.
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TNF-α

Ratio of men 
over women in 
cytokine production 
response (95% CI) IL-6

Ratio of men 
over women in 
cytokine production 
response (95% CI)

General population General population
Myoage young 1.25 (0.88–1.77) Myoage young 1.14 (0.94–1.39)
YNTR 1.12 (0.95–1.32) YNTR 1.12 (1.00–1.26)
Meningitis relatives 1.13 (1.01–1.26) MS-SLE relatives 1.38 (1.18–1.62)
MS-SLE relatives 1.26 (1.13–1.40) ANTR 1.14 (0.99–1.32)
Ghana 1.13 (1.01–1.26) LLS 1.16 (1.08–1.24)
ANTR 1.12 (0.93–1.35) Myoage old 1.08 (0.92–1.25)
LLS 1.18 (1.07–1.31) PROSPER 1.08 (0.99–1.18)
Myoage old 0.97 (0.76–1.24) Leiden 85-plus 1.20 (1.09–1.32)
PROSPER 1.25 (1.10–1.43) Subotal (I2 = 16.6%, p = 0.299) 1.15 (1.10–1.20)
Leiden 85-plus 1.19 (1.10–1.29)
Subotal (I2 = 0.0%, p = 0.675) 1.17 (1.13–1.22)

Specific diseases
MS-SLE 1.13 (0.73–1.72)

Specific diseases Cardiac surgery 1.23 (1.11–1.36)
MS-SLE 1.32 (1.01–1.72) PRALINE 1.04 (0.79–1.37)
BEST 1.54 (1.15–2.06) Subotal (I2 = 0.0%, p = 0.518) 1.20 (1.09–1.32)
Cardiac surgery 1.19 (0.96–1.48)
GARP 1.08 (0.95–1.22) Overall (I2 = 2.5%, p = 0.419) 1.16 (1.12–1.20)
PRALINE 0.87 (0.46–1.67)
Subotal (I2 = 40.0%, p = 0.155) 1.20 (1.04–1.38)

Overall (I2 = 0.0%, p = 0.499) 1.17 (1.13–1.21)

IL-1β

General population
Myoage young 1.14 (0.91–1.44)

IL-12 YNTR 1.22 (1.02–1.47)
MS-SLE relatives 1.55 (1.22–1.96)

General population ANTR 1.29 (1.08–1.55)
Myoage young 1.45 (1.03–2.05) LLS 1.22 (1.11–1.34)
MS-SLE relatives 1.20 (1.01–1.43) Myoage old 1.23 (1.03–1.48)
LLS 1.11 (1.03–1.21) PROSPER 1.25 (1.09–1.44)
Myoage old 1.13 (0.88–1.44) Leiden 85-plus 1.31 (1.13–1.53)
PROSPER 1.00 (0.86–1.15) Subotal (I2 = 0.0%, p = 0.715) 1.26 (1.19–1.32)
Leiden 85-plus 1.27 (1.12–1.43)
Subotal (I2 = 42.3%, p = 0.123) 1.15 (1.06–1.25)

Specific diseases
MS-SLE 0.88 (0.54–1.41)

Specific diseases BEST 1.31 (0.73–2.33)
MS-SLE 1.73 (1.27–2.37) GARP 1.35 (1.13–1.60)
PRALINE 1.12 (0.74–1.68) PRALINE 0.99 (0.58–1.70)
Subotal (I2 = 63.9%, p = 0.096) 1.42 (0.93–2.18) Subotal (I2 = 15.5%, p = 0.314) 1.22 (1.00–1.48)

Overall (I2 = 54.1%, p = 0.033) 1.19 (1.08–1.31) Overall (I2 = 0.0%, p = 0.705) 1.26 (1.19–1.32)

0.5 1.0 2.01.5

0.5 1.0 2.01.5
Lower in men Higher in men

0.5 1.0 2.01.5

0.5 1.0 2.01.5
Lower in men Higher in men

Fig. 1. Forest plots of the ratios of men over women in cytokine production response of proinflammatory cyto-
kines. For the populations listed, see Table 1.
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cytokine production response of all cytokines was higher 
in men than in women (all p < 0.001). Figure 2 shows the 
forest plots of the ratios of men over women in cytokine 
production response for the anti-inflammatory cytokines 
IL-1RA and IL-10, as well as for the cytokines that stimu-
late proinflammatory cytokine production, i.e., IFN-γ 
and GM-CSF. The cytokine production response of IL-

1RA and IL-10 was stronger in men than in women (p < 
0.001 and p < 0.05, respectively). No significant sex dif-
ferences in cytokine production response of IFN-γ were 
found (p = 0.23). The cytokine production response of 
GM-CSF was lower in men than in women (p < 0.001). 
The results for the study populations including subjects 
from the general population were not significantly differ-

Fig. 2. Forest plots of the ratios of men over women in cytokine production response of anti-inflammatory cyto-
kines and cytokines that stimulate proinflammatory cytokine production. For the populations listed, see Table 1.

IL-1RA

Ratio of men 
over women in 
cytokine production 
response (95% CI) IL-10

Ratio of men 
over women in 
cytokine production 
response (95% CI)

General population General population
Myoage young 1.29 (1.03–1.62) Myoage young 1.23 (0.94–1.60)
YNTR 1.06 (0.95–1.19) YNTR 0.93 (0.83–1.05)
MS-SLE relatives 1.15 (0.96–1.36) Meningitis relatives 1.09 (0.90–1.33)
ANTR 0.98 (0.90–1.08) MS-SLE relatives 1.06 (0.97–1.16)
LLS 1.13 (1.04–1.21) Ghana 1.29 (1.14–1.44)
Myoage old 1.34 (1.12–1.60) ANTR 1.00 (0.88–1.15)
PROSPER 1.18 (1.07–1.31) LLS 0.99 (0.91–1.08)
Leiden 85-plus 1.14 (1.05–1.24) Myoage old 1.05 (0.83–1.33)
Subotal (I2 = 55.4%, p = 0.028) 1.13 (1.06–1.20) PROSPER 1.06 (0.90–1.25)

Leiden 85-plus 1.15 (1.01–1.31)
Subotal (I2 = 57.7%, p = 0.011) 1.07 (1.00–1.14)

Specific diseases
MS-SLE 1.03 (0.74–1.43)
BEST 1.52 (1.25–1.85) Specific diseases
GARP 1.09 (1.00–1.19) MS-SLE 1.11 (0.88–1.42)
PRALINE 0.96 (0.73–1.25) BEST 1.38 (0.96–2.00)
Subotal (I2 = 73.4%, p = 0.010) 1.15 (0.94–1.39) Cardiac surgery 1.08 (0.95–1.23)

GARP 1.11 (1.00–1.23)
Overall (I2 = 59.3%, p = 0.005) 1.14 (1.07–1.21) PRALINE 0.98 (0.70–1.38)

Subotal (I2 = 0.0%, p = 0.737) 1.10 (1.03–1.19)

Overall (I2 = 42.2%, p = 0.043) 1.08 (1.03–1.13)

IFN-γ

General population GM-CSF
Myoage young 1.16 (0.71–1.91)
Ghana 1.03 (0.94–1.14) General population
LLS 1.06 (0.83–1.36) Myoage young 1.03 (0.63–1.68)
Myoage old 1.05 (0.69–1.59) LLS 0.80 (0.69–0.93)
Leiden 85-plus 1.17 (0.86–1.59) Myoage old 0.74 (0.55–1.00)
Subotal (I2 = 0.0%, p = 0.944) 1.05 (0.97–1.14) Subotal 0.80 (0.70–0.91)

(I2 = 0.0%, p = 0.531)

Specific diseases Specific diseases
PRALINE 1.37 (0.60–3.11) PRALINE 0.81 (0.56–1.18)
Subotal 1.37 (0.60–3.11) Subotal 0.81 (0.56–1.18)

Overall (I2 = 0.0%, p = 0.950) 1.05 (0.97–1.14) Overall 0.80 (0.71–0.91)
(I2 = 0.0%, p = 0.737)

0.5 1.0 2.01.5

0.5 1.0 4.02.0
Lower in men Higher in men 0.5 1.0 2.01.5

Lower in men Higher in men

0.5 1.0 2.01.5
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ent from those for the study populations including sub-
jects with specific diseases. It is noteworthy that an iden-
tical pattern was observed in a Ghanaian study including 
subjects of African descent living under adverse environ-
mental conditions in Ghana, as well as in studies includ-
ing subjects from Western populations.

Figure 3 shows the mean ratios of men over women in 
cytokine production response by chronological age for 
the study populations including subjects from the gen-
eral population. The mean ratios of men over women in 
cytokine production response for the proinflammatory 
(TNF-α, IL-6, IL-12, and IL-1β) and anti-inflammatory 
cytokines (IL-1RA and IL-10), as well as for IFN-γ, did 

not change by age (all p > 0.87). The mean ratio of men 
over women in cytokine production response for GM-
CSF was lower at higher ages, but not statistically signifi-
cantly so (p value for change by age = 0.078).

In 3 of the included study populations (Myoage young, 
Myoage old, and LLS), it was possible to explore whether 
the sex differences in cytokine production response were 
attributable to sex differences in monocyte concentra-
tions, due to the availability of data on leukocyte differ-
ential concentrations. Online supplementary Table 2 
shows the pooled leukocyte differential concentrations in 
men and women. The leukocyte concentrations did not 
differ between men and women. The neutrophil and 
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Fig. 3. Ratios of men over women in cytokine production response 
by chronological age. Scatter plots of the study populations from 
the general population stratified for age decade with meta-regres-
sion lines with 95% confidence intervals. A larger circle size indi-
cates a higher precision of the estimate (circle size = 1/SE2). An 
estimate represents the mean of the ratio of men over women in 

cytokine production response for proinflammatory cytokines (tu-
mour necrosis factor-α, interleukin [IL]-6, IL-12, and IL-1β) (n = 
40) (a), anti-inflammatory cytokines (IL-1RA and IL-10) (n = 40) 
(b), interferon-γ (n = 17) (c), and granulocyte-macrophage co
lony-stimulating factor (n = 7) (d).
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monocyte concentrations were higher in men than in 
women (p = 0.008 and p < 0.001, respectively), while the 
lymphocyte concentration was lower in men than in 
women (p < 0.001). Therefore, the cytokine production 
responses of the cytokines that are mainly produced by 
monocytes (TNF-α, IL-6, IL-12, IL-1β, IL-1RA, and IL-
10) were normalized for the monocyte concentration in 
each subject. Table 3 shows that the pooled ratios of men 
over women in cytokine production response normalized 
for monocyte concentration for TNF-α, IL-6, IL-12, IL-
1β, and IL-1RA were not significantly different from uni-
ty, indicating the absence of sex differences when taking 
monocyte concentrations into account. The pooled ratio 
of men over women in cytokine production response 
normalized for monocyte concentration for IL-10 was 
0.89 (95% CI 0.83–0.96).

Discussion

In the present study we showed that men compared to 
women had a higher monocyte-derived cytokine produc-
tion response upon stimulation with the gram-negative 
stimulus LPS for TNF-α, IL-6, IL-12, IL-1β, IL-1RA, and 
IL-10, but not for IFN-γ. The GM-CSF production re-
sponse was lower in men. These sex differences did not 
differ by age. As men had higher monocyte concentra-
tions, we normalized the cytokine production responses 
for monocyte concentration. No sex differences in cyto-
kine production response per monocyte were found, ex-
cept for IL-10, which was significantly lower in men.

Our findings are in agreement with other studies re-
porting a higher cytokine production response in men 
than in women after stimulation with gram-negative 

agents [13–20, 23]. However, these studies were either 
small or found differences only in relatively young and 
healthy subjects. Moreover, others did not find any sex 
differences [20–22]. We showed that sex differences in 
cytokine production response are present in healthy pop-
ulations of all ages and are independent of specific dis-
eases like osteoarthritis, rheumatoid arthritis, multiple 
sclerosis, systemic lupus erythematosus, or cardiac dis-
eases warranting cardiac surgery. This finding is in agree-
ment with a study including more than 500 relatively 
young healthy subjects [23]. Moreover, we found the 
same pattern of sex differences in Ghanaians of African 
descent living under adverse environmental conditions in 
Ghana. These findings confirm sex differences in cyto-
kine production response to be a true biological phenom-
enon.

The measurement of cytokine production response 
upon stimulation with LPS is a model primarily designed 
to investigate immune responsiveness in sepsis. In pa-
tients with multiple injuries, a higher TNF-α and IL-6 
production response on the first day of admission has 
been associated with a higher risk of developing severe 
sepsis [25]. We showed that the TNF-α and IL-6 produc-
tion responses are higher in men than in women, which 
could be one of the factors causing the higher incidence 
of sepsis among men [2], next to other factors like sex dif-
ferences in tissue-derived cytokine production and anti-
gen exposure [27]. In contrast, among sepsis patients the 
mortality risk has been shown to be lower in men than in 
women [4]. This could be explained by the observation 
that the majority of deaths from sepsis do not occur dur-
ing the initial hyperinflammatory phase, but during the 
later immunosuppressive phase characterized by a re-
duced proinflammatory cytokine production response 

Table 3. Pooled effect of monocyte concentration normalization on ratios of men over women in cytokine pro-
duction response in 3 independent study populations (Myoage young, Myoage old, and LLS)

Not normalized for monocyte concentration Normalized for monocyte concentration

ratio of men over women in cytokine 
production response (95% CI)

p value ratio of men over women in cytokine 
production response (95% CI)

p value

TNF-α 1.14 (1.02–1.28) 0.021 0.98 (0.86–1.13) 0.79
IL-6 1.15 (1.08–1.22) <0.001 0.98 (0.90–1.06) 0.61
IL-12 1.14 (1.04–1.24) 0.007 1.09 (1.00–1.20) 0.053
IL-1β 1.21 (1.12–1.31) <0.001 1.06 (0.98–1.14) 0.17
IL-1RA 1.22 (1.08–1.38) 0.002 1.05 (0.92–1.19 0.47
IL-10 1.03 (0.92–1.13) 0.59 0.89 (0.83–0.96) 0.001

Estimates were calculated using a meta-analysis model with random effects and corrected for age and family 
relationships between subjects. CI, confidence interval; TNF-α, tumour necrosis factor-α; IL, interleukin.
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[28]. The IL-1β production response during the late phase 
of sepsis has been shown to be higher among sepsis sur-
vivors than among non-survivors [29]. We found a high-
er IL-1β production response in men than in women. 
However, we did not investigate whether this sex differ-
ence was still present during the late immunosuppressive 
phase among sepsis patients. If this were the case, it could 
be one of the factors causing the lower sepsis mortality 
risk in men.

Measurement of the cytokine production response 
upon stimulation with LPS has also been used as a model 
of immune responsiveness to non-infectious diseases. A 
low cytokine production response has, on the one hand, 
been associated with consequences of the aging process, 
such as mortality [30], metabolic syndrome, type 2 diabe-
tes [31], lower serum triiodothyronine levels [32], and 
low muscle mass and strength [33]. On the other hand, a 
low cytokine production response has been associated 
with familial traits such as a negative family history of  
Alzheimer’s disease [34], a less severe progression of os-
teoarthritis within sibling pairs with osteoarthritis at mul-
tiple sites [35], and a negative family history of systemic 
lupus erythematosus [11]. It is tempting to speculate 
about the contribution of sex differences in immune re-
sponsiveness to the sex differences in the incidence and 
prognosis of these diseases. However, it still needs to be 
elucidated whether the cytokine production response 
plays a causal role in the development or progression of 
these diseases.

This study is the first to describe the relation between 
chronological age and sex differences in cytokine produc-
tion response. Sex differences are commonly attributed to 
the sex hormones and are expected to be reduced after 
menopause. However, we found that sex differences in 
cytokine production response are independent of chron-
ological age and remain after menopause. These results 
are in contrast with those of a relatively small study show-
ing that sex differences in TNF-α production response are 
present in young subjects but not in older adults [14]. 
Moreover, experimental studies on the effects of oestro-
gen, progesterone, and testosterone on cytokine produc-
tion response report conflicting results [36]. Likely, sex 
differences are not caused by the activational (reversible) 
effects of sex hormones on monocytes, but by the organi-
zational (permanent) effects of sex hormones on mono-
cyte concentrations in the blood [37]. Alternatively, sex 
differences could also be independent of sex hormones 
and be caused by the effect of a sex-biased expression of 
X and Y genes in bone marrow cells [37].

Significant effects of sex on immunophenotypes have 
been previously reported, showing larger numbers of ac-
tivated NK cells in men than in women and greater num-
bers of mucosal-associated invariant T (MAIT) cells in 
women than in men [38]. We found that the observed sex 
differences in cytokine production response are largely 
dependent on sex differences in monocyte concentration. 
In agreement with our findings, some authors have re-
ported higher monocyte concentrations in men than in 
women [39], although others did not find any sex differ-
ences [40]. As observed by Aulock et al. [39], normaliza-
tion of cytokine production responses for individual 
monocyte concentration largely cancelled sex differences 
for the majority of the cytokines in our study. It is cur-
rently unknown whether normalization of the cytokine 
production response for individual monocyte concentra-
tion increases the clinical relevance of the measurement. 
Whether cytokines are produced by a larger number of 
monocytes or whether there is an increased production 
of cytokines per monocyte should be the focus of further 
investigations [7]. This is especially relevant for studies 
investigating the effect of cytokine production response 
on other circulating immune cells such as lymphocytes, 
since produced cytokines influence these cells directly via 
their cytokine receptors. The same is true for the effect of 
cytokine production response on vascular endothelial 
cells, which are also known to have cytokine receptors 
that are able to induce vascular dysfunction [41]. How-
ever, the argument might be less relevant for studies in-
vestigating diseases such as cancer, where the monocytes 
infiltrate the tissue. In these cases, the cytokine produc-
tion response is dependent on the number of monocytes 
available for infiltration, and therefore normalizing the 
cytokine production response for the individual mono-
cyte concentration would be preferable.

Interestingly, we found that the IL-10 production re-
sponse per monocyte is stronger in women than in men. 
In women, reproductive success has been described to be 
dependent on a strong IL-10 production response at the 
fetal-maternal interface [42]. Monocytes infiltrate into 
the uterine tissues during early gestation and significant-
ly increase in number with the onset of labour [43]. How-
ever, it is not known whether reproductive success is as-
sociated with the number of infiltrating monocytes inde-
pendently of their IL-10 production response.

The present study has several strengths. First, data 
from each individual subject were available. Second, a 
large variety of cytokines were measured in a large variety 
of study populations, including subjects within a broad 
age range and with different health conditions. Third, all 
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cytokines were measured in our laboratory or in coop-
eration with our laboratory in a standardized manner. A 
limitation is that cytokine production response was mea-
sured using a specific ligand secreted by gram-positive 
bacteria. However, also other pathogens as well as trauma 
elicit the same inflammatory response, and TLR-4, the 
pathogen recognition receptor for LPS, is also known to 
recognize endogenous danger signals [44]. Furthermore, 
no other immune stimulation to other microbial ligands 
such as gram-positive bacteria, fungi, or viruses was used. 
Previous reports have shown that sex differences may 
vary depending on the stimulus [23]. It is also very unfor-
tunate that we were not able to adjust the relation between 
sex and cytokine production for monocyte concentration 
in all cohorts, or to analyse the impact of factors inhibit-
ing proinflammatory cytokines, due to unavailable data. 
Finally, in our analyses we only took age, sex, and disease 
state into account, but no other factors which might be 
different between sexes, such as BMI and lifestyle factors.

Conclusions

We showed that sex differences in immune respon-
siveness to the gram-positive stimulus LPS and differen-
tial leukocyte concentrations are profound and consis-
tent. This finding underscores the notion that the im-
mune systems of men and women are distinctly different 
and stresses the importance of taking sex into account 
when studying immune responsiveness. We postulate 
that a sex-based approach to intervention with the im-
mune system is crucial for immunomodulatory therapies.
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