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Abstract
The anti-tuberculosis vaccine Bacillus Calmette-Guérin (BCG) is a well-known immune modula-

tor that induces nonspecific protective effects against heterologous infections through induction

of innate immune memory, also termed “trained immunity.” In randomized trials in low weight

newborns, BCG vaccination reduced neonatal mortality due to decreased incidence of sepsis and

respiratory infections. In many studies, sex-differential nonspecific effects of vaccines have been

observed, but the mechanisms behind these differential effects are unknown. We investigated

whether the important sex hormones estrogen and dihydrotestosterone (DHT) influence BCG-

induced trained immunity in human primary monocytes. Although addition of estradiol and DHT

to BCG inhibited the production of proinflammatory cytokines after direct stimulation of human

monocytes, they did not influence the induction of trained immunity by BCG. In addition, estra-

diol orDHTdid not induce training or tolerance inmonocytes themselves.We conclude that these

important sex hormones are unlikely to explain the sex-differential effects after BCG vaccination.

Future studies should focus on the investigation of alternative mechanisms as an explanation for

sex-differential nonspecific effects of BCG vaccination.
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1 INTRODUCTION

During the last half century, the immune system has been divided into

the innate and adaptive immune systems. In contrast to what was

thought to be a unique feature of the adaptive immune system, it has

recently been discovered the innate immune system is also capable of

building an immunologic memory by adapting to previous exposure to

vaccines, pathogens, ormicrobial components, a process that has been

termed “trained immunity.”1–4

Bacillus Calmette-Guérin (BCG), the live attenuated vaccine devel-

oped against tuberculosis, induces trained immunity. After BCG vac-

cination, monocytes respond with an increased cytokine production

upon ex vivo stimulation with unrelated pathogens and TLR agonists,

effects dependent on epigenetic and metabolic reprogramming of

innate immune cells.5,6 Several epidemiological studies and recent ran-

domized trials have shown that BCG vaccination results in a decreased

Abbreviations: BCG, bacillus Calmette-Guérin; DHT, dihydrotestosterone; E2, estradiol; ER,

estradiol receptor; LDH, lactate dehydrogenase

overall neonatal mortality due to a lower incidence of sepsis and respi-

ratory infections.7–11

Strikingly, observations indicate that these nonspecific effects after

BCG vaccination are sex specific. A recently published combined anal-

ysis of three randomized trials revealed a time dependency in the

sex-differential effects of BCG vaccination on neonatal mortality.12

Whereas beneficial effects in boyswere apparentwithin the first week

after vaccination and waned out quickly, the effect in girls started

later.12 During longer-term follow-up, the observed effect of BCG

vaccination on overall mortality and reduced incidence of respiratory

infections remainedmore pronounced in girls compared to boys.13,14

Other live attenuated vaccines, such as measles and smallpox vac-

cination, are likewise associated with a more pronounced benefi-

cial effect in girls compared to boys.15,16 In contrast, detrimental

effects after vaccinationwith non-live vaccines such as the diphtheria-

tetanus-pertussis and hepatitis B vaccines were more apparent in

girls.15,17,18 The mechanisms behind these observed sex-differential

effects have not been elucidated yet. Hypothetically, sex hormones
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could play a role in induction of nonspecific immunologic effects of

vaccines. The possible influence of sex hormones on BCG-induced

trained immunity has been unexplored thus far.

After birth, hormonal levels peak shortly due to the activation

of the hypothalamo-pituitary-gonadal axis, during the so-called “mini

puberty.” In this period, sex hormone levels are comparable to the

period of early-middle puberty.19 Estrogens are able to interact with

the immune systemby binding to estrogen receptors (ERs) on different

immune cells, including monocytes.20 Androgen receptors are present

in themonocytes-macrophage cell population aswell.21,22 Because the

BCG vaccine is usually administered shortly after birth, possible sex-

specific effects after BCG vaccination might be caused by an effect of

sex hormones on innate immune memory priming during this tempo-

rary peak in hormone levels.

In the present study, we investigated the effect of two of the most

important sex hormones during induction of in vitro trained immu-

nity in monocytes. We hypothesized that estrogen might augment

the effect of BCG, whereas dihydrotestosterone (DHT) could have an

inhibitory effect on BCG-induced trained immunity.

2 MATERIALS AND METHODS

2.1 Reagents

5𝛼-DHT dissolved in methanol (D-073 CERILLIANT), water soluble

estradiol (E4389) and Escherichia coli LPS (serotypeO55:B5) were pur-

chased from Sigma-Aldrich (St. Louis, MO, USA). BCG Bulgaria vac-

cine (InterVax, Toronto, Canada) was obtained via the Dutch National

Institute for PublicHealth andEnvironment. Humanpooled serumwas

used (containing 0.097 pmol/ml estradiol and 0.97 pmol/ml DHT).

2.2 Blood donors

Buffy coats from healthy adult donors were obtained after written

informed consent (Sanquin blood bank, Nijmegen, The Netherlands).

In addition, venipunctures of healthy adult volunteerswere performed

after written consent. Blood donationswere approved by the Arnhem-

NijmegenMedical Ethical Committee.

2.3 PBMC isolation andmonocyte enrichment

PBMCs were isolated by Ficoll-Paque (VWR, Tingalpa, Australia) den-

sity gradient isolation. PBMCs were resuspended in RPMI 1640+
(Dutch modified, ThermoFischer, Waltham, MA, USA) culture medium

supplementedwith 50mg/mLgentamicin, 2mMglutamax (ThermoFis-

cher), and 1 mM pyruvate (ThermoFischer). PBMC suspensions were

enriched for monocytes using hyper-osmotic Percoll (Sigma-Aldrich)

separation as described before.23 Cellswere resuspended in RPMI and

countedusingaSysmex (XN-450) analyzer. Themonocyteenrichedcell

suspension was further purified by adherence (100.000 cells/well) in

96-well polystyrene flat-bottom plates (Corning, New York, NY, USA)

for 1 h at 37 ◦C 5%CO2, after which nonadherent cells were removed

during washing with warm PBS.

2.4 In vitro training of humanmonocytes

Experiments were performed according to the previously described

in vitro trained immunity protocol.24 Monocytes were incubated with

5 mg/L (13,3 uM) phenol red containing RPMI culture medium only,

DHT (1, 10, or 100 pmol/mL), estradiol (0.1, 1, 10 pmol/mL), BCG

(5 𝜇g/mL), or BCG (5 𝜇g/mL) combined with either DHT (1, 10, or

100 pmol/mL), or estradiol (0.1, 1, 10 pmol/mL) at 37◦C 5% CO2.

After incubation for 24 h, supernatants were collected and stored at

−20◦C. Remaining stimuli were removed by washing with warm PBS

and fresh medium supplemented with 10% human pooled serum was

added. The cells were incubated for an additional 5 days and medium

was refreshed once. At day 6 cells were restimulatedwith either RPMI

or LPS (10 ng/mL). After 24 h incubation, supernatants were collected

and stored at−20◦ C for cytokine analysis.

2.5 Microscopy

Cell morphology was studied by conventional light microscopy at days

0, 1, 3, and 6.

2.6 Lactate dehydrogenase (LDH) assay

Cytotoxicity was detected by measurement of LDH concentrations in

fresh supernatants collected after 24 h stimulation, using the Cyto-

Tox96NonRadioactive cytotoxicity assay (Promega,WI, USA).

2.7 Cytokinemeasurements

Cytokine concentrations were determined in supernatants using com-

mercial ELISA kits for TNF-𝛼, IL-6 (R&D systems, Bio-Techne, Min-

neapolis, Minnesota, USA), IL-8 and IL-10 (Sanquin, Amsterdam, The

Netherlands), according to themanufacturer’s protocol.

2.8 BCA protein assay

BCA (bicinchoninic acid) protein assay (Thermo Fischer Scientific,

Waltham, MA, USA) was used to measure protein content in lysates of

6 days cultured macrophages. The assay was performed according to

themanufacturer’s protocol.

2.9 Statistics

Cytokine, LDH, and BCA protein data were analyzed using Wilcoxon

matched-pairs signed rank test. Absolute cytokine concentrations

determined in 24 h BCG stimulated conditions were compared with

BCGstimulated conditionswith additional hormones.As a read-out for

trained immunity responses, fold increases of cytokines of BCG (with

and without additional hormones) primed (at day 6 LPS restimulated)

conditions were calculated over RPMI primed (LPS restimulated) con-

ditions.Obtained fold increases ofBCGalonewere comparedwith fold

increases of BCG conditions with additional hormones. LDH and BCA

protein assay values of all conditions were compared to RPMI con-

trol condition. Cytokine data were analyzed separately by sex. All data

were analyzed using Graphpad 5.03 (La Jolla, San Diego, CA, USA). A

http://San Diego
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F IGURE 1 Addition of estradiol or DHT results in diminished cytokine responses after 24 h monocyte stimulation with BCG.Concentrations
of TNF-𝛼, IL-6, and IL-10 after 24 h stimulation with RPMI, or BCG alone, or combined with estradiol (0.1, 1, 10 pmol/mL) (A–F) or DHT (1, 10,
100 pmol/mL) (G–L) are depicted. Stimulation with estradiol or DHT alone did not result in detectable cytokine production (A–L). Compared to
stimulation with BCG alone, when added to BCG all concentrations of estradiol resulted in reduced TNF-𝛼 responses in females (A). In males, a
diminishing dose response on the level of TNF-𝛼, IL-6, and IL-10 was observed when estradiol was added to BCG in comparison with BCG stimula-
tion only (D–F). Addition of DHT to BCG resulted in both diminished TNF-𝛼 as well as IL-6 responses in male derived monocytes (J–K). (Wilcoxon
matched pairs signed rank test, females n= 7, males n= 7, *= P< 0.05)

two-sided P value below 0.05 was considered statistically significant.

Data are shown asmeans± SEM.

3 RESULTS AND DISCUSSION

In this study, we aimed to determine the direct effect of estradiol

and DHT on primary monocyte derived cytokine production, whether

thesehormonesare able to induce in vitro trained immunity, and to test

their possible influence on BCG-induced trained immunity.

3.1 Addition of estradiol or DHT inhibits the

cytokine production bymonocyte stimulated

with BCG

Freshly isolated human monocytes (females n = 7, males n = 7) were

stimulated for 24 h with estradiol (0.1, 1, 10 pmol/mL) or DHT (1,

10, 100 pmol/mL) alone or in presence of BCG. Stimulation with

additional estradiol or DHT did not result in detectable IL-6, TNF-𝛼,

or IL-10 production. However, both estradiol and DHT inhibited

direct cytokine responses induced by BCG (Fig. 1A–L). In females,

a significantly lower TNF-𝛼 response was detected when estradiol

was added to BCG, compared to BCG alone (Fig. 1A). In males, a

diminishing dose response on the production of TNF-𝛼, IL-6, and IL-10

was observed when estradiol was added to BCG in comparison with

BCG stimulation only (Fig. 1D–F). Addition of DHT to BCG resulted

in both diminished TNF-𝛼 as well as IL-6 responses in male-derived

monocytes (Fig. 1J–K). In conclusion, when BCG was supplemented

with estradiol, a decline in both male as well as female derived mono-

cytic cytokine production was observed, whereas addition of DHT

resulted in decreased production in males only. To exclude direct

cytotoxicity as a cause for the diminished cytokine responses when

estradiol and DHT were added to BCG, LDH concentrations were

measured in fresh supernatants collected after 24 h stimulation. LDH
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F IGURE 2 Effects of estradiol and DHT during in vitro monocyte training. Adherent monocytes were trained with RPMI, or BCG alone, or
combined with estrogen (0.1, 1, 10 pmol/mL) or DHT (1, 10, 100 pmol/mL). After one week, cells were LPS restimulated after which TNF-𝛼 and
IL-6 responses were determined. Fold increases over RPMI-LPS restimulated conditions are depicted (A–H). Neither estradiol nor DHT did induce
training independent of BCG. Addition of either estradiol of DHT did not influence BCG-induced trained immunity, except for high-doseDHT-BCG
training, in which a small decrease in training was seen at the level of TNF-𝛼 response in male derived monocytes compared to BCG training alone
(G). (Wilcoxonmatched pairs signed rank test, females n= 7, males n= 7, *= P< 0.05)

concentrations did not differ significantly between conditions (Supple-

mental Fig. 1). After 24 h stimulation, no microscopically observable

differences by means of cell morphology or density were apparent

between conditions.

3.2 Estradiol and dihydrotestosterone do not induce

training, nor influence BCG-induced trained immunity

Six days after initial training, macrophages were restimulated with

LPS. Previously it has been shown BCG-induced trained immunity

results in genome wide epigenetic reprogramming in vivo25 and up-

regulation of several cytokines. Pro-inflammatory TNF-𝛼 and IL-6 and

anti-inflammatory IL-10 were selected as example cytokines for our

primary outcomes based on previous studies.24 In addition, concen-

trations of chemokine IL-8 were measured. Priming with different

concentrations of estradiol or DHT did not induce training or toler-

ance in the absence of BCG (Fig. 2A–H). Trained immunity responses

on the level of TNF-𝛼 and IL-6 responses were observed in all BCG

conditions, and they were not influenced by adding various concen-

trations of estradiol of DHT. Only when BCG was combined with

the highest concentration of DHT, a small inhibitory effect on TNF-𝛼

production was observed in males (Fig. 2G). No other significant dif-

ferences were detected when BCG priming was compared to estra-

diol or DHT supplemented conditions. None of the conditions resulted

in an effect on IL-10 or IL-8 production after LPS restimulation (Sup-

plemental Figs. 2 and 3). Intracellular protein concentrations were

measured at day 6 (before LPS restimulation) in lysates of cultured

macrophages and compared between conditions. Protein concentra-

tions did not differ between conditions, indicating similar number of

cells between conditions (Supplemental Fig. 4). In an additional set

of experiments RPMI medium was replaced by phenol red-free RPMI

medium, in order to exclude an effect of pH indicator phenol red, which

possesses low affinity for the ER. BCG training on the level of TNF-𝛼

and IL-6 could be induced in the absence of phenol red, regardless of

additional estrogen (Fig. 3A–D).

Overall, these data show that although direct diminishing effects of

estradiol or DHT on BCG-induced cytokine response after 24 h stim-

ulation were detectable, induction of in vitro BCG training of mono-

cytes is not altered by addition of estradiol or DHT. As reviewed by

Bouman et al.,26 there is mounting evidence regarding sex and gender

differences in innate immune composition and function in vivo. Fluc-

tuations during the menstrual cycle, use of contraceptives, pregnancy,

and menopause hint toward a role for sex hormones in the mechanism

behind these differences. However, with inconclusive results from in

vitro studies focusing on effects of sex hormones on monocyte func-

tion, it remains a challenge to draw firm conclusions about the inter-

play between sexhormones andmonocyte function and the actual con-

tribution of these hormones to observed sex-differences in immune

responses in vivo.26

One obvious limitation of the current study is the use of an in vitro

model of trained immunity, which may not be a perfect mirror of the

induction of trained immunity in vivo. Estradiol and DHTmight as well

have different effects on neonatal cells compared to the adult cells

used in our model. Therefore, we cannot exclude a possible effect of

sex hormones on the cytokine production after BCG vaccination and

thereby on the induction of trained immunity in vivo.

Due to medium supplementation with 10% human pool serum in

ourmodel,mediumcontrol conditions contained1%estrogen and10%

DHT of the lowest concentration of added hormones to other con-

ditions. A significant effect of these low concentrations of hormones

in our medium control on training would be very unlikely. However,

controls containing low amounts of sex hormones may actually better

reflect physiologic conditionswith detectable estrogen andDHT levels

in both sexes.

At last, it is widely known medium pH indicator phenol red pos-

sesses very low ER affinity,27 but huge variation in sensitivity between
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F IGURE 3 Training in absence of medium pH indicator phenol red. Fold increases of TNF-𝛼 and IL-6 over RPMI-LPS restimulated adherent
monocyte conditions are depicted. Training was induced in phenol red free RPMI medium (A–B), and supplementation of estradiol did not have an
additional effect (D–C) (Wilcoxonmatched pairs signed rank test, n= 4)

cell types has been described.28 To our knowledge no studies have

been conducted to determine the effect of phenol red—ER binding and

cytokine production in primary human monocytes. In this study, we

have shown BCG training can be induced in the absence of phenol red,

regardless of estradiol supplementation.

Although our findings do not directly support that the epidemiolog-

ically observed sex-differential effects after BCG vaccination can be

explained by effects of estradiol or DHT on monocyte training capac-

ity, the influence of sex hormones on other immune cells in the con-

text of BCG-induced trained immunity cannot be excluded. It has been

shown BCG vaccination enhances NK cell, as well as heterologous Th1

and Th17 cytokine responses, after ex vivo restimulation with related

and unrelated pathogens,29,30 and these processes may be under con-

trol of sex hormones.

Alternatively, genetic or epigenetic differences couldbe responsible

for observed sex-differential effects. For example, several transcrip-

tional and translational factors are located on the X chromosome.31

Moreover, it has been shown that miRNAs play important roles in

regulating development and function of immune cells.32 Noncoding

miRNAs are able to control gene expression, and 10% of all miRNAs

in the genome are found within the X chromosome. In contrast, the

Y chromosome only contains 2 miRNA genes.32 The X-linked gene

composition together with the influence of sex hormones on gene

expression,31,33 might play important roles in inducing the more pro-

nounced beneficial long-term effects in girls compared to boys after

BCG vaccination.13,14

In conclusion, the sex hormones estradiol and DHT do not influ-

ence BCG-induced in vitro trained immunity of either male or female

derived adult monocytes. Future immunologic studies in large cohorts

of vaccinated individuals should assess which are the other poten-

tial mechanisms that may control the epidemiologically observed sex-

differential effects of BCG vaccination.

AUTHORSHIP

L.C.J.d.B. and M.G.N. conceived and designed the experiments.

L.C.J.d.B. and R.J. performed the experiments. C.L.C.J.d.B. and R.J. ana-

lyzed the results. C.L.C.J.d.B. and R.J. wrote the manuscript. L.A.B.J.,

P.A., R.v.C., and C.S.B. critically read themanuscript.

ACKNOWLEDGMENTS

M.G.N. was supported by an ERC Consolidation Grant (#310372)

and a Spinoza grant from The Netherlands Organization for Scientific

Research (NWO). C.S.B andP.Awere supportedby theDanishNational

Research Foundation (DNRF108).

DISCLOSURE

The authors declare no conflicts of interest.

REFERENCES

1. Netea MG, Quintin J, van der Meer JW. Trained immunity: a memory

for innate host defense. Cell Host Microbe. 2011;9:355–361.



578 DEBREE ET AL.

2. de Bree LCJ, Koeken V, van Joosten LAB, Aaby P, Benn CS,

van Crevel R, et al. Non-specific effects of vaccines: Current evi-

dence and potential implications. Semin Immunol. 2018. Epub ahead

of print.

3. Netea MG, Joosten LA, Latz E, et al. Trained immunity: A program

of innate immune memory in health and disease. Science. 2016;
352:aaf1098.

4. Quintin J, Saeed S, Martens JHA, et al. Candida albicans infection

affords protection against reinfection via functional reprogramming of

monocytes. Cell Host Microbe. 2012;12:223–232.

5. Kleinnijenhuis J, Quintin J, Preijers F, et al. Bacille Calmette-Guerin

induces NOD2-dependent nonspecific protection from reinfection via

epigenetic reprogramming of monocytes. Proc Natl Acad Sci U S A.
2012;109:17537–17542.

6. Arts RJW,CarvalhoA, LaRoccaC, et al. Immunometabolic pathways in

BCG-induced trained immunity. Cell Rep. 2016;17:2562–2571.

7. Aaby P, Roth A, RavnHenri, et al. Randomized trial of BCG vaccination

at birth to low-birth-weight children: Beneficial nonspecific effects in

the neonatal period. J Infect Dis. 2011;204:245–252.

8. Biering-Sørensen S, Aaby P, Napirna BM, et al. Small randomized

trial among low-birth-weight children receiving bacillus Calmette-

Guerin vaccination at first health center contact. Pediatr Infect Dis J.
2012;31:306–308.

9. Garly M-L, Martins CL, Balé C, et al. BCG scar and positive tuberculin

reaction associatedwith reduced childmortality inWestAfrica. A non-

specific beneficial effect of BCG?. Vaccine. 2003;21:2782–2790.

10. Roth A, Gustafson P, Nhaga A, et al. BCG vaccination scar associ-

ated with better childhood survival in Guinea-Bissau. Int J Epidemiol.
2005;34:540–547.

11. Biering-Sørensen S, Aaby P, Lund N, et al. Early BCG-Denmark and

neonatal mortality among infants weighing <2500 g: a randomized

controlled trial. Clin Infect Dis. 2017;65:1183–1190.

12. Biering-Sørensen S, Jensen KJ, Monterio I, et al. Rapid protective

effects of early BCG on neonatal mortality among low birth weight

boys: observations from randomized trials. J Infect Dis. 2018;217:
759–766.

13. Stensballe LG, Nante E, Jensen IP, et al. Acute lower respiratory tract

infections and respiratory syncytial virus in infants in Guinea-Bissau:

A beneficial effect of BCG vaccination for girls community based case-

control study. Vaccine. 2005;23:1251–1257.

14. Roth A, Sodemann M, Jensen H, et al. Tuberculin reaction, BCG scar,

and lower femalemortality. Epidemiology. 2006;17:562–568.

15. AabyP, JensenH,WalravenG.Age-specific changes in the female-male

mortality ratio related to the pattern of vaccinations: An observational

study from rural Gambia. Vaccine. 2006;24:4701–4708.

16. AabyP,GustafsonP,RothA, et al. Vaccinia scars associatedwithbetter

survival for adults. An observational study from Guinea-Bissau. Vac-
cine. 2006;24:5718–5725.

17. Aaby P, Benn C, Nielsen J, Lisse IM, Rodrigues A, Ravn H. Testing

the hypothesis that diphtheria-tetanus-pertussis vaccine has nega-

tive non-specific and sex-differential effects on child survival in high-

mortality countries. BMJOpen. 2012;2.

18. Garly ML, Jensen H, Martins CL, Balé C, Baldé MA, Lisse IM, et al.

Hepatitis B vaccination associated with higher female than male

mortality in Guinea-bissau: an observational study. Pediatr Infect Dis
J. 2004;23:1086–1092.

19. Kurtoglu S, Bastug O.Mini puberty and its interpretation. Turk Pediatri
Ars. 2014;49:186–191.

20. Harkonen PL, Vaananen HK. Monocyte-macrophage system as a tar-

get for estrogen and selective estrogen receptor modulators. Ann N Y
Acad Sci. 2006;1089:218–227.

21. Ashcroft GS, Mills SJ. Androgen receptor-mediated inhibition of cuta-

neous wound healing. J Clin Invest. 2002;110:615–624.

22. Lai J-J, Lai K-P, ZengW, Chuang K-H, Altuwaijri S, Chang C. Androgen

receptor influences on body defense system via modulation of innate

and adaptive immune systems: Lessons from conditional AR knockout

mice. Am J Pathol. 2012;181:1504–1512.

23. Repnik U, Knezevic M, Jeras M. Simple and cost-effective isolation of

monocytes from buffy coats. J Immunol Methods. 2003;278:283–292.

24. Bekkering S, Blok BA, Joosten LAB, Riksen NP, van Crevel R, Netea

MG. In vitro experimental model of trained innate immunity in human

primarymonocytes. Clin Vaccine Immunol. 2016;23:926–933.

25. Arts RJW, Moorlag SJCFM, Novakovic B, Li Y, Wang S-Y, Oosting M,

et al. BCG vaccination protects against experimental viral infection

in humans through the induction of cytokines associated with trained

immunity. Cell Host Microbe. 2018;23:89–100.e5.

26. Bouman A, Heineman MJ, Faas MM. Sex hormones and the immune

response in humans.HumReprod Update. 2005;11:411–423.

27. Berthois Y, Katzenellenbogen JA, Katzenellenbogen BS. Phenol red in

tissue culture media is a weak estrogen: Implications concerning the

study of estrogen-responsive cells in culture. Proc Natl Acad Sci U S A.
1986;83:2496–2500.

28. WelshonsWV,WolfMlF,MurphyCS, JordanVC. Estrogenic activity of

phenol red.Mol Cell Endocrinol. 1988;57:169–178.

29. Kleinnijenhuis J,Quintin J, Preijers F, Joosten LAB, JacobsC, XavierRJ,

et al. BCG-induced trained immunity in NK cells: Role for non-specific

protection to infection. Clin Immunol. 2014;155:213–219.

30. Kleinnijenhuis J, Quintin J, Preijers F, Benn CS, Joosten LAB, Jacobs

C, et al. Long-lasting effects of BCG vaccination on both heterolo-

gousTh1/Th17 responses and innate trained immunity. J Innate Immun.
2014;6:152–158.

31. Abramowitz LK, Olivier-Van Stichelen S, Hanover JA. Chromosome

imbalance as a driver of sex disparity in disease. J Genomics. 2014;
2:77–88.

32. Zhu S, PanW, Qian Y.MicroRNA in immunity and autoimmunity. J Mol
Med (Berl). 2013;91:1039–1050.

33. Klein SL, Marriott I, Fish EN. Sex-based differences in immune

function and responses to vaccination. Trans R Soc Trop Med Hyg.
2015;109:9–15.

SUPPORTING INFORMATION

Additional informationmay be found online in the Supporting Informa-

tion section at the end of the article.

How to cite this article: de Bree LCJ, Janssen R, Aaby P, et al.

The impact of sex hormones onBCG-induced trained immunity.

J Leukoc Biol. 2018;104:573–578. https://doi.org/10.1002/JLB.

5MA0118-027R

https://doi.org/10.1002/JLB.5MA0118-027R
https://doi.org/10.1002/JLB.5MA0118-027R

