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Introduction

Microbial infections of the upper female genital

tract are common following coitus or parturition in

women. The consequences of microbial infections

in the endometrium include pelvic inflammatory

disease (PID), preterm labor, and puerperal fever.1–7

The defense of the endometrium against microbial

infection appears to rely heavily on innate immu-

nity, which when activated leads to an acute

inflammatory response.8,9 This inflammatory response

includes the secretion of cytokines and chemokines,

and the recruitment of neutrophils and macro-

phages to phagocytose the microbes and damaged

cells. Awareness of innate immunity has been

heightened by the discovery, first in Drosophila and

then in mammals, of pattern recognition receptors

that bind pathogen-associated molecular patterns

(PAMPs) to initiate an inflammatory response

(reviewed in references10–12). While much of the

work on pattern recognition receptors has focused

on ‘professional’ cells of the innate immune system

such as neutrophils and macrophages, other host

cells play roles in immunity, including the endo-

crine cells of the endometrium.8 While interactions

between host and pathogen are self-evident for

the endometrium, it appears that pattern recogni-

tion receptors also impact ovarian physiology

and pathology.13 The aim of the present paper is

to give a perspective on innate immunity in

the non-pregnant upper female genital tract of

women.
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Problem

Microbial infections of the upper female genital tract perturb the func-

tion of the endometrium and ovary. Defense of these tissues is predomi-

nantly dependent on innate immunity. This review gives a perspective

on innate immunity in the non-pregnant upper female genital tract of

women.

Method of study

Literature review of innate immunity in the human endometrium and

ovary.

Results

The endometrium is defended against microbes by physical barriers,

antimicrobial peptides, complement, Toll-like receptors (TLRs), and

other pattern recognition receptors. Endometrial epithelial and stromal

cells express TLRs, which sense pathogen-associated molecular patterns

(PAMPs), leading to an inflammatory response with the influx of neu-

trophils and macrophages. Innate immunity in the endometrium is reg-

ulated by steroids, eicosanoids, and cytokines. Granulosa cells also

express TLRs and respond to PAMPs.

Conclusion

Pattern recognition receptors have roles in endometrial and ovarian

inflammation, and innate immunity is central to the defense of the

endometrium against pathogens.
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Mucosal Immunity

Infection, immunity, and host–pathogen interactions

at mucosal surfaces are principally studied in the ali-

mentary and respiratory tracts. This bias reflects the

frequency and severity of diseases associated with

defects in alimentary or respiratory mucosal immu-

nity. In addition, these mucosa and their commensal

microbiota are inextricably linked.14 Indeed, many

emerging paradigms about host–pathogen interac-

tions reflect how microbes shape the organization

and function of specialized immune cells in the

mucosa. Immune cells in the respiratory and alimen-

tary tracts are often organized into aggregates such

as mucosa-associated lymphoid tissue (MALT),

including Peyer’s patches.15 The vagina may warrant

comparison with the alimentary and respiratory

mucosa because of the role of the vaginal microbi-

ota, which is dominated by bacteria that produce

lactic acid.14,16,17 However, the endometrium of nor-

mal women appears to differ from most other

mucosa because a microbiota is rarely reported and

bacterial infection of the endometrium is detrimental

to fertility.18–20 In addition, there is little evidence of

an organized MALT in the endometrium, perhaps,

because the occurrence and size of MALT depend on

the exposure to external stimuli such as the presence

of microbes.15 However, temporary aggregates of

immune cells have been noted in the endometrium,

associated with the presence of infection or during

particular stages in the menstrual cycle.8 The endo-

metrium also differs from other mucosa in that

immunity as well as many other physiological func-

tions are closely regulated by ovarian steroids.8

Finally, immunity in the endometrium is modulated

to support implantation of the semi-allogeneic

embryo.21 This latter process has been the focus of

much research but the mechanisms remain elusive,

and the explanations of how adaptive immunity is

managed during pregnancy often appear rather com-

plex.9,21 The fetal–maternal interface is not a simple

case of acceptance or rejection as with artificial

transplantation of tissue; instead, this fetal–maternal

relationship has clearly evolved robust regulatory

mechanisms over the 380 million years since the

establishment of viviparity.21 Putting the matter of

pregnancy to one side, an effective immune defense

remains important for the endometrium because

microbial contamination or infection with patho-

genic organisms is common, especially following coi-

tus or parturition.

Bacterial Infections of the Female Genital Tract

Bacterial infections of the female genital tract that

are frequently considered in clinical practice include

bacterial vaginosis, sexually transmitted infections,

PID, preterm labor, and puerperal fever.1–7 The prev-

alence of bacterial vaginosis among reproductive age

women in the USA is about 29%.3 Bacterial vagino-

sis is often associated with a change in the vaginal

microbiota with fewer of the predominant Lactobacilli

species, and the emergence of a range of pathogenic

organisms such as Gardnerella vaginalis.17,22 Sexually

transmitted infections, particularly Chlamydia tracho-

matis, Neisseria gonorrhoeae, and Trichomonas vaginalis,

are widespread across the world with an estimated

340 million new infections each year.2 As well as

causing infertility, sexually transmitted infections

can lead to PID, which affects about 1% of women

each year in developed countries.1 The symptoms of

PID range from mild to severe, and complications

include endometritis, chronic pain, tubal damage,

infertility, and ectopic pregnancy.7 Preterm labor

accounts for approximately 10% of births in the

Western world and 70% of infant mortality, and

microbial infections of the female genital tract are

associated with 25–40% of these cases.4 Finally,

infections of the uterus post partum leading to puer-

peral fever were a common cause of maternal mor-

tality for women in the developed world until the

dawn of the twentieth century, and even today,

puerperal fever causes 75,000 maternal deaths every

year across the world, mostly in developing coun-

tries.5,6 However, immune mechanisms in the

female genital tract mean that microbial infections

do not proceed unopposed.

Innate Immunity in the Female Genital Tract

Innate immunity and reproduction are highly con-

served, ancient, and key drivers during evolution

from flies and worms to humans. Thus, we expect

innate immunity and reproduction are highly inte-

grated and likely share common pathways. Our cen-

tral paradigm is that innate rather than acquired

immunity is the primary defense mechanism against

microbes in the endometrium. The term ‘innate

immunity’ encompasses many non-specific mecha-

nisms by which organisms defend themselves against

microbes. At the simplest level, the anatomical barri-

ers formed by the vulva, vagina, and cervix present

considerable hurdles for ascending microbes. Of
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course, sexually transmitted infections circumvent

much of the barrier by transmission during coitus.

Further barriers to ascending infections include the

low vaginal pH, the resident vaginal microbiota, and

the presence of mucus.16,17 In addition, the stratified

pseudosquamous epithelium lining the vagina likely

provides a greater barrier to microbial invasion than

the single columnar epithelium of the endometrium.

However, there are a variety of more active defense

mechanisms in the endometrium, including antimi-

crobial peptides, complement, and pattern recognition

receptors.

Antimicrobial Peptides

Antimicrobial peptides are an ancient component of

the immune system expressed mainly by epithelial

cells and leukocytes. Defensins are a family of partic-

ular importance for mucosal immunity because they

non-specifically kill bacteria.23 Transcription of anti-

microbial peptides is increased when pattern recog-

nition receptors are activated and in response to

cytokines. As well as killing microbes, antimicrobial

peptides also help to protect epithelia against micro-

bial proteases and aid in the resolution of inflamma-

tion.23,24 The human endometrial epithelium

expresses b-defensins 1–4, a-defensin (human defen-

sin 5), elafin, and secretory leukocyte protease

inhibitor.24,25 Although the expression of antimicro-

bial peptides in the female genital tract varies with

the specific location and stage of the menstrual

cycle, they likely play an important role in limiting

the ascension of pathogens.16,24,25 Mucin-1 (MUC1)

is another endometrial epithelial cell protein that

may have a role in microbial defense of the endome-

trium, as well as having a more established role in

implantation.26 Finally, acute phase proteins such as

C-reactive protein and haptoglobin (normally pro-

duced in the liver in response to cytokines such as

IL-6) may help to protect the endometrium against

microbes;27 there is even evidence of localized tran-

scription of haptoglobin in the endometrium.28

Complement System

The complement system represents a complex path-

way of more than 30 proteins and receptors that are

activated by recognizing ‘non-self’ molecules.29,30

The key step is activation of the central C3 compo-

nent by the classical pathway (antibody mediated),

the lectin pathway, or the alternative pathway in

which C3 promiscuously binds to a wide range of

receptor sites on ‘foreign’ cells, including bacteria.

The uterus and oviduct epithelia have abundant C3

because there is local biosynthesis.31,32 Activation of

C3 on cell surfaces stimulates neutrophil recruitment

and formation of the membrane attack complex on

target cells leading to lysis. To avoid self-destruction,

the host cells are protected by several membrane-

bound regulatory molecules such as CD46, CD55,

and CD59.30,33 The complement regulatory proteins

are important because differences in the expression

of these molecules are associated with bacterial

infection and cervical cancer.30,33 However, as well

as regulating complement, CD46 is also involved in

sperm–egg binding.34

Pattern Recognition Receptors

The initial defense of the endometrium against

microbes is now thought to be highly dependent on

pattern recognition receptors.8,9 Immune cells pos-

sess pattern recognition receptors such as the ten

Toll-like receptors (TLRs) and several nucleotide-

binding domain (NOD)-like receptors (NLRs), which

bind molecules specific to microbial organisms–often

called PAMPs or microbial-associated molecular pat-

terns.11,12 Briefly, TLR1, TLR2, and TLR6 recognize

bacterial lipids such as lipoteichoic acid from Gram-

positive bacteria, and TLR5 binds flagellin. Nucleic

acids, often from viruses, are recognized by TLR3,

TLR7, TLR8, and TLR9, although TLR9 also recog-

nizes bacterial DNA. The NLRs are also intracytoplas-

mic receptors that recognize bacterial peptidoglycans

and components of viruses. Finally, TLR4, in com-

plex with CD14 and MD-2, binds lipopolysaccharide

(LPS, endotoxin), the cell wall component of Gram-

negative bacteria.12 Activation of pattern recognition

receptors initiates the production of pro-inflamma-

tory cytokines, chemokines, and prostaglandins,

often via mitogen-activated protein kinase (MAPK)

and nuclear factor kappa B (NFjB) pathways, lead-

ing to the recruitment of neutrophils and monocytes

to the site of infection.11,12

Most of the TLRs and NLRs have been detected in

primary epithelial and stromal cells isolated from the

human endometrium (Table I). Furthermore, several

of these epithelial and stromal cell pattern recogni-

tion receptors can detect PAMPs, which lead to

inflammatory responses akin to those of professional

immune cells such as macrophages.8 In particular,

the endometrial cells appear to secrete cytokines and
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chemokines when they are cultured with ligands

that bind TLR4,35,36 TLR3,37 or NODs.38 The impor-

tance of TLR4 in the endometrium has been con-

firmed in vivo using TLR4 null mice, which are

protected against LPS-induced PID.39 As well as

PAMPs, endogenous danger-associated molecular

patterns (DAMPs) released by necrotic or damaged

cells induce a mild inflammatory response, possibly

by binding to pattern recognition receptors.40 Com-

mon DAMPs include HMGB1 (high-mobility group

protein B1), heat shock proteins, hyaluronan, and

nucleotides such as ATP.40 Another nucleotide

released by necrotic cells is UDP-glucose, which is

detected by a purinergic membrane receptor

(P2RY14) on human endometrial epithelial but not

stromal cells, and expression of this receptor was

increased during PID.41 While there appears to be a

role for epithelial and stromal cells in innate immu-

nity, the relative contribution of these cells and pro-

fessional immune cells in vivo to endometrial

pathology is not yet clear.

Regulation of Innate Immunity in the Endometrium

Excessive tissue inflammation is detrimental and so

innate immunity must be carefully regulated.11,12

The obvious candidates for the regulation of immu-

nity in the endometrium are the ovarian steroids.

Estradiol and progesterone secreted by the ovary

during the menstrual cycle act on endometrial cells

and immune cells in the reproductive tract to modu-

late immunity and the inflammatory response to

microbes.42 The steroids act by binding their respec-

tive nuclear receptors, estrogen receptors, and pro-

gesterone receptors, which bind DNA at response

elements or modify the function of transcription fac-

tors such as NFjB.43,44 Indeed, there is cross-talk

between NFjB pathways and steroid receptors in

endometrial cells.45 Furthermore, there is regulation

of TLR expression in endometrial samples collected

at different stages of the menstrual cycle.46

Immuno-regulatory cytokines such as IL-4, IL-10,

IL-13 and transforming growth factor beta (TGFb)

are also active in the endometrium. For example, IL-

4 and IL-10 inhibit TNFa-induced chemokine pro-

duction by stromal cells47 and IL-10 suppresses

TNFa-induced IL-6 production by stromal cells.48

The regulatory cytokines are also subject to endo-

crine influences; for example, estradiol can stimulate

the secretion of IL-13 by human endometrial epithe-

lial and stromal cells.49 Macrophages, stromal cells,

and glandular cells in the endometrium express

TGFb, which has important roles in modulating

immunity in the endometrium at the time of insemi-

nation and implantation, as well as being associated

with diseases such as endometriosis.50,51 Endogenous

TGFb also alters the cytokine responses of uterine

natural killer cells in response to TLR agonists.52

Although not the focus of the present review, it is

important to recognize that immunity in the endo-

metrium may also be regulated by uterine natural

killer cells, regulatory T cells, and macrophages,

although much of the work has focused on the role

of these cells during pregnancy.52–54 Of particular

importance is the two-way interaction between

immune cells and endometrial cells. Mediators from

uterine macrophages modulate endometrial epithe-

lial cell function55 and paracrine mediators from

uterine natural killer cells modulate stromal cell

function, particularly the accumulation of chemo-

kines such as IL-8.56 Conversely, endometrial epi-

thelial cell secretions regulate dendritic cell

differentiation and responses to TLR ligands.57

Table I Primary Human Endometrial Epithelial Cell and Stromal

Cell Expression of mRNA, Protein and Functional Responses for

the Toll-Like Receptor (TLR) and Nucleotide-Binding Domain

(NOD)-Like Receptors (NLR) Pattern Recognition Receptors, with

Exemplar References (ND, Not Detected)

Pattern

recognition

receptor mRNA Protein Function

TLR1 Epithelial88 Epithelial89

TLR2 Epithelial88,90 Epithelial36,89,90

Stromal35,90 Stromal90

TLR3 Epithelial37,88,90 Epithelial89,91 Epithelial37

TLR4 Epithelial35,88 Epithelial35,36,89,91 Epithelial35

Stromal35,90 Stromal35,90 Stromal35

TLR5 Epithelial88 Epithelial89

TLR6 Epithelial37,88 Epithelial89

TLR7 Epithelial37 Epithelial92

Stromal92

TLR8 Epithelial37 Epithelial92

Stromal92

TLR9 Epithelial88 Epithelial92

Stromal92 Stromal92

TLR10 ND – Epithelial37,88 Epithelial92

Stromal92

NOD1 Epithelial38 Epithelial38 Epithelial38

Stromal38 Stromal38 Stromal38

NOD2 Epithelial38 Epithelial38 Epithelial38

Stromal38 Stromal38 Stromal38
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Prostaglandin E2 is synthesized in the endome-

trium and has roles in implantation and menstrua-

tion.58,59 However, at least in murine immune cells,

prostaglandin E2 limits the inflammatory responses

to LPS.60 In addition, prostaglandin E2 was induced

by LPS in endometrial epithelial or stromal cells in

wild-type but not TLR4-null mice.39 There is a wide

range of other lipid regulators of immunity such as

lipoxins and resolvins.61 Lipoxins are produced by

lipoxygenase-mediated metabolism of arachidonic

acid, and resolvins are synthesized from the essential

omega-3 fatty acids eicosapentaenoic acid and doco-

sahexaenoic acid. There is evidence that fatty acids

play roles in modulating inflammatory pathways in

the endometrium62 but their role during infection of

the endometrium is not clear.

MicroRNAs (miRNAs) are emerging as important

regulators of innate immunity.63 The 70- to 90-bp

RNA precursors are generated and processed in the

nucleus before being transported to the cytoplasm

where they are cleaved by Dicer to mature 17- to

23-bp miRNAs. Mature miRNAs interfere with target

mRNA translation to regulate the expression of pro-

teins, including pattern recognition receptors and

many of their effector pathways, to fine tune innate

immune responses.63 Several miRNAs that target

cytokine and chemokine mRNAs are found in the

endometrium and are differentially regulated by

endometrial disease or cancer.64,65 Furthermore,

these miRNAs also target estradiol and progesterone

receptors and appear to be regulated by the endo-

crine environment.65

Innate Immunity In The Ovary

The mammalian ovary contains a finite number of

oocytes required for the development of the next

generation. The process required for the release of a

healthy oocyte from the Graafian follicle (ovulation)

is considered a controlled inflammatory response.66

The ovary contains small, but important populations

of macrophages required for tissue homeostasis and

normal ovarian function. The number of macrophag-

es changes with the stage of ovarian cycle but most

are associated with the corpus luteum and with at-

retic but not health follicles.67–70 Macrophages resi-

dent around the vascular bed of the Graafian follicle

are of particular importance in ovulation and in the

formation and function of the corpus luteum.71

However, the intra-follicular environment that

encompasses the oocyte is devoid of professional

immune cells.72,73 This leads to the question of

whether innate immunity has a role within the

ovarian follicle.

Few studies have investigated the presence or role

of TLRs within the ovary, and current data are sum-

marized in Table II. In women, TLRs 1–9 are

expressed by granulosa cells and the ovarian surface

epithelium;74 granulosa cells from in vitro fertilisation

(IVF) patients express TLR4.75 Changes in TLR gene

expression have also been identified in ovarian can-

cer cells, with increased expression of TLRs 2–5.74 In

mice, Tlr2 and Tlr4 gene expression and function

have been demonstrated in cumulus cells.76,77 Also

in the mouse, cumulus cell Tlr4 gene expression was

positively regulated by follicle stimulating hormone

(FSH) and the epidermal growth factor receptor

ligand amphiregulin. Both FSH and amphiregulin

are essential for normal ovarian follicle function and

oocyte development, which suggests an intrinsic role

for TLR4 within the ovary in mice.76 In addition,

TLR4 was proposed to play a role in oocyte ovula-

tion and fertilization in the mouse owing to its asso-

ciation with endogenous ligands such as the DAMP

hyaluronan, which is found in abundance surround-

ing the ovulated cumulus–oocyte complex (COC).77

However, when housed in a clean environment, the

Tlr4 mutant or Tlr4-null mice breed successfully.78,79

The TLRs could have an alternative role for the

detection of PAMPs within the ovarian follicle.

Among the PAMPs, LPS and viral nucleic acids have

been isolated from the follicular fluid of infected cat-

tle and humans, respectively;80,81 Furthermore, the

Table II Expression of Toll-Like Receptors (TLRs) in the Ovary

of Mammals

Species

Detected

TLRs Tissue Cancer

Human 1–9 Ovarian epithelium

and granulosa74

2, 3, 4, 5 increased74

2, 4 Cumulus77

9 Resident dendritic cells

are TLR9 non-responsive

in ovarian cancer93

Cattle 4 Granulosa80

Mouse 4 Granulosa76

6 Ovary94

2, 4, 8, 9 COC76,77

Buffalo 2–10 Ovary95

Pig 4 Ovary96
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presence of LPS in IVF culture media dramatically

reduces conception rates in women.82,83 For exam-

ple, the incidence of pregnancy was 8% when LPS

was >1 ng ⁄ mL in the IVF culture medium, compared

with 32% if no LPS was detected.82 In addition, LPS

stimulated an increase in TNFa expression when

human granulosa cells were treated with endo-

toxin.84 In cattle, uterine bacterial infection perturbs

ovarian follicle function, and TLR4 was expressed

and functional in granulosa cells.80,85 In rats, LPS

increases follicle atresia and granulosa cell apopto-

sis86 and in vitro LPS suppresses steroid secretion

from granulosa cells.87 Whether PAMPs or DAMPs

have a role in human ovarian pathology or physiol-

ogy remains to be determined.

Conclusions

The endometrium is unusual among the mucosa

because a commensal microbiota is not evident,

there is no well-organized MALT, and the endome-

trium supports implantation of a semi-allogeneic

embryo. However, the endometrium often has to

combat infections with pathogenic organisms. The

defense of the human endometrium appears to rely

heavily on innate immunity, which non-specifically

senses microbial infection by binding PAMPs. The

innate immune response appears to be carried out

by the epithelial and stromal cells of the endome-

trium, which then recruit more professional

immune cells to the site of infection. However, there

is close integration between endometrial endocrine

and immune function, particularly by the ovarian

steroids. The ovarian follicles may also be exposed to

PAMPs but healthy growing ovarian follicles are

devoid of immune cells, which to leads to the ques-

tion of what protects the oocyte? As for the endo-

metrium, the answer may be innate immunity.

Future work will likely focus on the interactions

between the innate and adaptive immune system in

the female genital tract and the regulation of immu-

nity to develop improved therapeutics for uterine

disease.

Acknowledgments

Work in the Centre for Reproductive Immunobiolo-

gy is funded at least in part by the Biotechnology

and Biological Sciences Research Council (Grant

Numbers: BB ⁄ F005121 ⁄ 1 and BB ⁄ I017240 ⁄ 1).

References

1 French CE, Hughes G, Nicholson A, Yung M, Ross JD, Williams T,

Soldan K: Estimation of the rate of inflammatory disease diagnoses:

trends in England, 2000–2008. Sex Transm Dis 2011; 38:158–162.

2 WHO: Global Prevalence and Incidence of Selected Curable

Sexually Transmitted Infections: Overview and Estimates. Geneva,

World Health Organisation, 2001, pp 1–52.

3 Allsworth JE, Peipert JF: Prevalence of bacterial vaginosis: 2001–

2004 National Health and Nutrition Examination Survey data.

Obstet Gynecol 2007; 109:114–120.

4 Goldenberg RL, Hauth JC, Andrews WW: Intrauterine infection

and preterm delivery. N Engl J Med 2000; 342:1500–1507.

5 Maharaj D: Puerperal pyrexia: a review. Part I. Obstet Gynecol Surv

2007; 62:393–399.

6 van Dillen J, Zwart J, Schutte J, van Roosmalen J: Maternal sepsis:

epidemiology, etiology and outcome. Curr Opin Infect Dis 2010;

23:249–254.

7 Dayan L: Pelvic inflammatory disease. Aust Fam Physician 2006;

35:858–862.

8 Wira CR, Fahey JV, Sentman CL, Pioli PA, Shen L: Innate and

adaptive immunity in female genital tract: cellular responses and

interactions. Immunol Rev 2005; 206:306–335.

9 Mor G, Cardenas I: The immune system in pregnancy: a unique

complexity. Am J Reprod Immunol 2010; 63:425–433.

10 Ferrandon D, Imler JL, Hetru C, Hoffmann JA: The Drosophila

systemic immune response: sensing and signalling during bacterial

and fungal infections. Nat Rev Immunol 2007; 7:862–874.

11 Beutler BA: TLRs and innate immunity. Blood 2009; 113:1399–

1407.

12 Takeuchi O, Akira S: Pattern recognition receptors and

inflammation. Cell 2010; 140:805–820.

13 Richards JS, Liu Z, Shimada M: Immune-like mechanisms in

ovulation. Trends Endocrinol Metab 2008; 19:191–196.

14 Lee YK, Mazmanian SK: Has the microbiota played a critical role in

the evolution of the adaptive immune system? Science 2010;

330:1768–1773.

15 Brandtzaeg P, Kiyono H, Pabst R, Russell MW: Terminology:

nomenclature of mucosa-associated lymphoid tissue. Mucosal

Immunol 2008; 1:31–37.

16 Thurman AR, Doncel GF: Innate immunity and inflammatory

response to Trichomonas vaginalis and bacterial vaginosis: relationship

to HIV acquisition. Am J Reprod Immunol 2011; 65:89–98.

17 Ravel J, Gajer P, Abdo Z, Schneider GM, Koenig SSK, McCulle SL,

Karlebach S, Gorle R, Russell J, Tacket CO, Brotman RM, Davis

CC, Ault K, Peralta L, Forney LJ: Vaginal microbiome of

reproductive-age women. Proc Natl Acad Sci USA 2011; 108(Suppl

1):4680–4687.

18 Viniker DA: Hypothesis on the role of sub-clinical bacteria of the

endometrium (bacteria endometrialis) in gynaecological and

obstetric enigmas. Hum Reprod Update 1999; 5:373–385.

19 Cicinelli E, De Ziegler D, Nicoletti R, Colafiglio G, Saliani N, Resta

L, Rizzi D, De Vito D: Chronic endometritis: correlation among

hysteroscopic, histologic, and bacteriologic findings in a prospective

trial with 2190 consecutive office hysteroscopies. Fertil Steril 2008;

89:677–684.

20 Salim R, Ben-Shlomo I, Colodner R, Keness Y, Shalev E: Bacterial

colonization of the uterine cervix and success rate in assisted

reproduction: results of a prospective survey. Hum Reprod 2002;

17:337–340.

SHELDON AND BROMFIELD

American Journal of Reproductive Immunology 66 (Suppl. 1) (2011) 63–71

68 ª 2011 John Wiley & Sons A/S



21 Chaouat G, Petitbarat M, Dubanchet S, Rahmati M, Ledee N:

Tolerance to the foetal allograft? Am J Reprod Immunol 2010;

63:624–636.

22 Mirmonsef P, Gilbert D, Zariffard MR, Hamaker BR, Kaur A,

Landay AL, Spear GT: The effects of commensal bacteria on innate

immune responses in the female genital tract. Am J Reprod Immunol

2011; 65:190–195.

23 Selsted ME, Ouellette AJ: Mammalian defensins in the

antimicrobial immune response. Nat Immunol 2005; 6:551–557.

24 Horne AW, Stock SJ, King AE: Innate immunity and

disorders of the female reproductive tract. Reproduction 2008;

135:739–749.

25 King AE, Critchley HO, Kelly RW: Innate immune defences in the

human endometrium. Reprod Biol Endocrinol 2003; 1:116.

26 Brayman M, Thathiah A, Carson DD: MUC1: a multifunctional cell

surface component of reproductive tissue epithelia. Reprod Biol

Endocrinol 2004; 2:4.

27 Baumann H, Gauldie J: The acute phase response. Immunol Today

1994; 15:74–80.

28 Sharpe-Timms KL, Ricke EA, Piva M, Horowitz GM: Differential

expression and localization of de-novo synthesized endometriotic

haptoglobin in endometrium and endometriotic lesions. Hum

Reprod 2000; 15:2180–2185.

29 Gasque P: Complement: a unique innate immune sensor for danger

signals. Mol Immunol 2004; 41:1089–1098.

30 Morgan BP: Physiology and pathophysiology of complement:

progress and trends. Crit Rev Clin Lab Sci 1995; 32:265–298.

31 Sayegh RA, Tao XJ, Awwad JT, Isaacson KB: Localization of the

expression of complement component 3 in the human

endometrium by in situ hybridization. J Clin Endocrinol Metab 1996;

81:1641–1649.

32 Lee YL, Lee KF, Xu JS, He QY, Chiu JF, Lee WM, Luk JM, Yeung

WS: The embryotrophic activity of oviductal cell-derived

complement C3b and iC3b, a novel function of

complement protein in reproduction. J Biol Chem 2004; 279:12763–

12768.

33 Simpson KL, Jones A, Norman S, Holmes CH: Expression of the

complement regulatory proteins decay accelerating factor (DAF,

CD55), membrane cofactor protein (MCP, CD46) and CD59 in the

normal human uterine cervix and in premalignant and malignant

cervical disease. Am J Pathol 1997; 151:1455–1467.

34 Riley-Vargas RC, Lanzendorf S, Atkinson JP: Targeted and restricted

complement activation on acrosome-reacted spermatozoa. J Clin

Invest 2005; 115:1241–1249.

35 Hirata T, Osuga Y, Hirota Y, Koga K, Yoshino O, Harada M,

Morimoto C, Yano T, Nishii O, Tsutsumi O, Taketani Y: Evidence

for the presence of toll-like receptor 4 system in the human

endometrium. J Clin Endocrinol Metab 2005; 90:548–556.

36 Pioli PA, Amiel E, Schaefer TM, Connolly JE, Wira CR, Guyre PM:

Differential expression of toll-like receptors 2 and 4 in tissues of

the human female reproductive tract. Infect Immun 2004; 72:5799–

5806.

37 Schaefer TM, Fahey JV, Wright JA, Wira CR: Innate immunity in

the human female reproductive tract: antiviral response of uterine

epithelial cells to the TLR3 agonist poly(I:C). J Immunol 2005;

174:992–1002.

38 King AE, Horne AW, Hombach-Klonisch S, Mason JI, Critchley

HO: Differential expression and regulation of nuclear

oligomerization domain proteins NOD1 and NOD2 in human

endometrium: a potential role in innate immune protection and

menstruation. Mol Hum Reprod 2009; 15:311–319.

39 Sheldon IM, Roberts MH: Toll-like receptor 4 mediates the response

of epithelial and stromal cells to lipopolysaccharide in the

endometrium. PLoS ONE 2010; 5:e12906.

40 Chen GY, Nunez G: Sterile inflammation: sensing and reacting to

damage. Nat Rev Immunol 2010; 10:826–837.

41 Arase T, Uchida H, Kajitani T, Ono M, Tamaki K, Oda H, Nishikawa

S, Kagami M, Nagashima T, Masuda H, Asada H, Yoshimura Y,

Maruyama T: The UDP-glucose receptor P2RY14 triggers innate

mucosal immunity in the female reproductive tract by inducing IL-

8. J Immunol 2009; 182:7074–7084.

42 Wira CR, Fahey JV, Ghosh M, Patel MV, Hickey DK, Ochiel DO:

Sex hormone regulation of innate immunity in the female

reproductive tract: the role of epithelial cells in balancing

reproductive potential with protection against sexually transmitted

pathogens. Am J Reprod Immunol 2010; 63:544–565.

43 McDonnell DP, Norris JD: Connections and regulation of the

human estrogen receptor. Science 2002; 296:1642–1644.

44 Conneely OM, Mulac-Jericevic B, De Mayo F, Lydon JP, O’Malley

BW: Reproductive functions of progesterone receptors. Recent Prog

Horm Res 2000; 57:339–355.

45 King AE, Collins F, Klonisch T, Sallenave JM, Critchley HO,

Saunders PT: An additive interaction between the NFkappaB and

estrogen receptor signalling pathways in human endometrial

epithelial cells. Hum Reprod 2010; 25:510–518.

46 Aflatoonian R, Fazeli A: Toll-like receptors in female reproductive

tract and their menstrual cycle dependent expression. J Reprod

Immunol 2008; 77:7–13.

47 Arima K, Nasu K, Narahara H, Fujisawa K, Matsui N, Miyakawa I:

Effects of lipopolysaccharide and cytokines on production of

RANTES by cultured human endometrial stromal cells. Mol Hum

Reprod 2000; 6:246–251.

48 Tagashira Y, Taniguchi F, Harada T, Ikeda A, Watanabe A,

Terakawa N: Interleukin-10 attenuates TNF-alpha-induced

interleukin-6 production in endometriotic stromal cells. Fertil Steril

2009; 91(Suppl 5):2185–2192.

49 Roberts M, Luo X, Chegini N: Differential regulation of interleukins

IL-13 and IL-15 by ovarian steroids, TNF-alpha and TGF-beta in

human endometrial epithelial and stromal cells. Mol Hum Reprod

2005; 11:751–760.

50 Omwandho CO, Konrad L, Halis G, Oehmke F, Tinneberg HR: Role

of TGF-betas in normal human endometrium and endometriosis.

Hum Reprod 2010; 25:101–109.

51 Jones RL, Stoikos C, Findlay JK, Salamonsen LA: TGF-beta

superfamily expression and actions in the endometrium and

placenta. Reproduction 2006; 132:217–232.

52 Sentman CL, Wira CR, Eriksson M: NK cell function in the human

female reproductive tract. Am J Reprod Immunol 2007; 57:108–115.

53 Mjosberg J, Berg G, Jenmalm MC, Ernerudh J: FOXP3+ regulatory

T cells and T helper 1, T helper 2, and T helper 17 cells in human

early pregnancy decidua. Biol Reprod 2010; 82:698–705.

54 Givan AL, White HD, Stern JE, Colby E, Gosselin EJ, Guyre PM,

Wira CR: Flow cytometric analysis of leukocytes in the human

female reproductive tract: comparison of fallopian tube, uterus,

cervix, and vagina. Am J Reprod Immunol 1997; 38:350–359.

55 Pioli PA, Weaver LK, Schaefer TM, Wright JA, Wira CR, Guyre PM:

Lipopolysaccharide-induced IL-1 beta production by human uterine

macrophages up-regulates uterine epithelial cell expression of

human beta-defensin 2. J Immunol 2006; 176:6647–6655.

56 Germeyer A, Sharkey AM, Prasadajudio M, Sherwin R, Moffett A,

Bieback K, Clausmeyer S, Masters L, Popovici RM, Hess AP,

Strowitzki T, von Wolff M: Paracrine effects of uterine leucocytes

INNATE IMMUNITY

American Journal of Reproductive Immunology 66 (Suppl. 1) (2011) 63–71

ª 2011 John Wiley & Sons A/S 69



on gene expression of human uterine stromal fibroblasts. Mol Hum

Reprod 2009; 15:39–48.

57 Ochiel DO, Ghosh M, Fahey JV, Guyre PM, Wira CR: Human

uterine epithelial cell secretions regulate dendritic cell

differentiation and responses to TLR ligands. J Leukoc Biol 2010;

88:435–444.

58 Milne SA, Perchick GB, Boddy SC, Jabbour HN: Expression,

localization, and signaling of PGE(2) and EP2 ⁄ EP4 receptors in

human nonpregnant endometrium across the menstrual cycle.

J Clin Endocrinol Metab 2001; 86:4453–4459.

59 Jabbour HN, Boddy SC: Prostaglandin E2 induces proliferation of

glandular epithelial cells of the human endometrium via

extracellular regulated kinase 1 ⁄ 2-mediated pathway. J Clin

Endocrinol Metab 2003; 88:4481–4487.

60 Uematsu S, Matsumoto M, Takeda K, Akira S: Lipopolysaccharide-

dependent prostaglandin E(2) production is regulated by the

glutathione-dependent prostaglandin E(2) synthase gene induced

by the Toll-like receptor 4 ⁄ MyD88 ⁄ NF-IL6 pathway. J Immunol

2002; 168:5811–5816.

61 Serhan CN, Chiang N, Van Dyke TE: Resolving inflammation: dual

anti-inflammatory and pro-resolution lipid mediators. Nat Rev

Immunol 2008; 8:349–361.

62 Roman AS, Schreher J, Mackenzie AP, Nathanielsz PW: Omega-3

fatty acids and decidual cell prostaglandin production in response

to the inflammatory cytokine IL-1beta. Am J Obstet Gynecol 2006;

195:1693–1699.

63 O’Neill LA, Sheedy FJ, McCoy CE: MicroRNAs: the fine-tuners

of toll-like receptor signalling. Nat Rev Immunol 2011; 11:163–

175.

64 Lam EW, Shah K, Brosens J: The role of microRNAs and FOXO

transcription factors in cycling endometrium and cancer.

J Endocrinol 2011; in press. doi: 10.1530/JOE-1510-0480.

65 Pan Q, Luo X, Toloubeydokhti T, Chegini N: The expression profile

of micro-RNA in endometrium and endometriosis and the

influence of ovarian steroids on their expression. Mol Hum Reprod

2007; 13:797–806.

66 Espey LL: Ovulation as an inflammatory reaction–a hypothesis. Biol

Reprod 1980; 22:73–106.

67 Suzuki T, Sasano H, Takaya R, Fukaya T, Yajima A, Date F, Nagura

H: Leukocytes in normal-cycling human ovaries:

immunohistochemical distribution and characterization. Hum

Reprod 1998; 13:2186–2191.

68 Takaya R, Fukaya T, Sasano H, Suzuki T, Tamura M, Yajima A:

Macrophages in normal cycling human ovaries;

immunohistochemical localization and characterization. Hum Reprod

1997; 12:1508–1512.

69 Brannstrom M, Mayrhofer G, Robertson SA: Localization of

leukocyte subsets in the rat ovary during the periovulatory period.

Biol Reprod 1993; 48:277–286.

70 Brannstrom M, Pascoe V, Norman RJ, McClure N: Localization of

leukocyte subsets in the follicle wall and in the corpus luteum

throughout the human menstrual cycle. Fertil Steril 1994; 61:488–

495.

71 Wu R, Van der Hoek KH, Ryan NK, Norman RJ, Robker RL:

Macrophage contributions to ovarian function. Hum Reprod Update

2004; 10:119–133.

72 Kirsch TM, Friedman AC, Vogel RL, Flickinger GL: Macrophages in

corpora lutea of mice: characterization and effects on steroid

secretion. Biol Reprod 1981; 25:629–638.

73 Bulmer D: The histochemistry of ovarian macrophages in the rat. J

Anat 1964; 98:313–319.

74 Zhou M, McFarland-Mancini MM, Funk HM, Husseinzadeh N,

Mounajjed T, Drew AF: Toll-like receptor expression in normal

ovary and ovarian tumors. Cancer Immunol Immunother 2009;

58:1375–1385.

75 Serke H, Vilser C, Nowicki M, Hmeidan FA, Blumenauer V,

Hummitzsch K, Losche A, Spanel-Borowski K: Granulosa cell

subtypes respond by autophagy or cell death to oxLDL-dependent

activation of the oxidized lipoprotein receptor 1 and toll-like 4

receptor. Autophagy 2009; 5:991–1003.

76 Shimada M, Hernandez-Gonzalez I, Gonzalez-Robanya I, Richards

JS: Induced expression of pattern recognition receptors in cumulus

oocyte complexes: novel evidence for innate immune-like functions

during ovulation. Mol Endocrinol 2006; 20:3228–3239.

77 Shimada M, Yanai Y, Okazaki T, Noma N, Kawashima I, Mori T,

Richards JS: Hyaluronan fragments generated by sperm-secreted

hyaluronidase stimulate cytokine ⁄ chemokine production via the

TLR2 and TLR4 pathway in cumulus cells of ovulated COCs, which

may enhance fertilization. Development 2008; 135:2001–2011.

78 Poltorak A, He X, Smirnova I, Liu MY, Huffel CV, Du X, Birdwell

D, Alejos E, Silva M, Galanos C, Freudenberg M, Ricciardi-

Castagnoli P, Layton B, Beutler B: Defective LPS signaling in

C3H ⁄ HeJ and C57BL ⁄ 10ScCr mice: mutations in Tlr4 gene. Science

1998; 282:2085–2088.

79 Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogawa T, Takeda Y,

Takeda K, Akira S: Cutting edge: toll-like receptor 4 (TLR4)-

deficient mice are hyporesponsive to lipopolysaccharide: evidence

for TLR4 as the Lps gene product. J Immunol 1999; 162:3749–3752.

80 Herath S, Williams EJ, Lilly ST, Gilbert RO, Dobson H, Bryant CE,

Sheldon IM: Ovarian follicular cells have innate immune

capabilities that modulate their endocrine function. Reproduction

2007; 134:683–693.

81 Devaux A, Soula V, Sifer C, Branger M, Naouri M, Porcher R,

Poncelet C, Neuraz A, Alvarez S, Benifla JL, Madelenat P, Brun-

Vezinet F, Feldmann G: Hepatitis C virus detection in follicular

fluid and culture media from HCV+ women, and viral risk during

IVF procedures. Hum Reprod 2003; 18:2342–2349.

82 Fishel S, Jackson P, Webster J, Faratian B: Endotoxins in culture

medium for human in vitro fertilization. Fertil Steril 1988; 49:108–

111.

83 Snyman E, Van der Merwe JV: Endotoxin-polluted medium in a

human in vitro fertilization program. Fertil Steril 1986; 46:273–276.

84 Sancho-Tello M, Chen TY, Clinton TK, Lyles R, Moreno RF, Tilzer

L, Imakawa K, Terranova PF: Evidence for lipopolysaccharide

binding in human granulosa-luteal cells. J Endocrinol 1992;

135:571–578.

85 Sheldon IM, Noakes DE, Rycroft AN, Pfeiffer DU, Dobson H:

Influence of uterine bacterial contamination after parturition on

ovarian dominant follicle selection and follicle growth and function

in cattle. Reproduction 2002; 123:837–845.

86 Besnard N, Horne EA, Whitehead SA: Prolactin and

lipopolysaccharide treatment increased apoptosis and atresia in rat

ovarian follicles. Acta Physiol Scand 2001; 172:17–25.

87 Taylor CC, Terranova PF: Lipopolysaccharide inhibits in vitro

luteinizing hormone-stimulated rat ovarian granulosa cell estradiol

but not progesterone secretion. Biol Reprod 1996; 54:1390–1396.

88 Young SL, Lyddon TD, Jorgenson RL, Misfeldt ML: Expression of

toll-like receptors in human endometrial epithelial cells and cell

lines. Am J Reprod Immunol 2004; 52:67–73.

89 Fazeli A, Bruce C, Anumba DO: Characterization of Toll-like

receptors in the female reproductive tract in humans. Hum Reprod

2005; 20:1372–1378.

SHELDON AND BROMFIELD

American Journal of Reproductive Immunology 66 (Suppl. 1) (2011) 63–71

70 ª 2011 John Wiley & Sons A/S



90 Hirata T, Osuga Y, Hamasaki K, Hirota Y, Nose E, Morimoto C,

Harada M, Takemura Y, Koga K, Yoshino O, Tajima T, Hasegawa A,

Yano T, Taketani Y: Expression of toll-like receptors 2, 3, 4, and 9

genes in the human endometrium during the menstrual cycle.

J Reprod Immunol 2007; 74:53–60.

91 Allhorn S, Boing C, Koch AA, Kimmig R, Gashaw I: TLR3 and

TLR4 expression in healthy and diseased human endometrium.

Reprod Biol Endocrinol 2008; 6:40.

92 Aflatoonian R, Tuckerman E, Elliott SL, Bruce C, Aflatoonian A, Li

TC, Fazeli A: Menstrual cycle-dependent changes of Toll-like

receptors in endometrium. Hum Reprod 2007; 22:586–593.

93 Hirsch I, Caux C, Hasan U, Bendriss-Vermare N, Olive D: Impaired

Toll-like receptor 7 and 9 signaling: from chronic viral infections to

cancer. Trends Immunol 2010; 31:391–397.

94 Takeuchi O, Kawai T, Sanjo H, Copeland NG, Gilbert DJ, Jenkins

NA, Takeda K, Akira S: TLR6: a novel member of an expanding

toll-like receptor family. Gene 1999; 231:59–65.

95 Vahanan BM, Raj GD, Pawar RM, Gopinath VP, Raja A,

Thangavelu A: Expression profile of toll like receptors in a range of

water buffalo tissues (Bubalus bubalis). Vet Immunol Immunopathol

2008; 126:149–155.

96 Alvarez B, Revilla C, Chamorro S, Lopez-Fraga M, Alonso F,

Dominguez J, Ezquerra A: Molecular cloning, characterization and

tissue expression of porcine Toll-like receptor 4. Dev Comp Immunol

2006; 30:345–355.

INNATE IMMUNITY

American Journal of Reproductive Immunology 66 (Suppl. 1) (2011) 63–71

ª 2011 John Wiley & Sons A/S 71


