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Innate and adaptive immune responses in male and female
reproductive tracts in homeostasis and following HIV
infection
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The male and female reproductive tracts are complex microenvironments that have diverse functional demands. The

immune system in the reproductive tract has the demanding task of providing a protective environment for a fetal allograft

while simultaneously conferring protection against potential pathogens. As such, it has evolved a unique set of

adaptations, primarily under the influence of sex hormones, which make it distinct from other mucosal sites. Here, we

discuss the various components of the immune system that are present in both the male and female reproductive tracts,

including innate soluble factors and cells and humoral and cell-mediated adaptive immunity under homeostatic

conditions. We review the evidence showing unique phenotypic and functional characteristics of immune cells and

responses in the male and female reproductive tracts that exhibit compartmentalization from systemic immunity and

discuss how these features are influenced by sex hormones. We also examine the interactions among the reproductive

tract, sex hormones and immune responses following HIV-1 infection. An improved understanding of the unique

characteristics of the male and female reproductive tracts will provide insights into improving clinical treatments of the

immunological causes of infertility and the design of prophylactic interventions for the prevention of sexually transmitted

infections.
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INTRODUCTION

The male and female reproductive tracts are integral to the inner

mucosal lining of the human body, and similar to the gastro-

intestinal and lung mucosa, they are capable of mounting a full

repertoire of immune responses. The immune system in the

reproductive tract of both men and women has evolved distinct

adaptations that meet the physiologically challenging demands of

both successful reproduction and the maintenance of full protec-

tion against microbial invasion. The compartmentalization of

systemic immunity and mucosal immune responses is a distinct

feature of the male and female genital tracts. The outcome of

immune responses in the reproductive tract is determined by

interactions between the cells and components that make up

the reproductive immune system and the local microenviron-

ment that is dominated by sex hormones and a unique micro-

biome.1,2 Here, we review aspects of the biology of the male and

female reproductive tract as it relates to the immunological

demands on these tissues and discuss the innate and adaptive

immune responses in homeostasis and following HIV infection

and the regulation of these processes by sex hormones. The influ-

ence of the microbiome on the reproductive tract is an exciting

emerging area that will significantly enhance our understanding

of immune responses in the male and female reproductive tracts

in the near future (recently reviewed by Brotman et al.).3

FEMALE REPRODUCTIVE TRACT

Structure and morphology

The female genital tract in humans is composed of the upper

reproductive tract, which includes the fallopian tubes, uterus

and endocervix, and the lower reproductive tract, which is

composed of the ectocervix and vaginal tract (Figure 1). The

upper reproductive tract is lined by a single layer of columnar

McMaster Immunology Research Centre (MIRC) and Michael G. DeGroote Institute of Infectious Diseas Research (IIDR), Department of Pathology and
Molecular Medicine, McMaster University, Hamilton, Ontario, Canada
Correspondence: Dr C Kaushic, McMaster Immunology Research Centre (MIRC), (IIDR), Department of Pathology and Molecular Medicine, McMaster
University, 1200 Main Street West, Hamilton, Ontario, Canada.
E-mail: kaushic@mcmaster.ca
Received: 8 May 2014; Accepted: 8 May 2014

Cellular & Molecular Immunology (2014) 11, 410–427
� 2014 CSI and USTC. All rights reserved 1672-7681/14 $32.00

www.nature.com/cmi

www.nature.com&sol;cmi


epithelial cells joined together by tight junctions, which form a

physical barrier that prevents the entry of microbes and other

antigens present in the lumen.4,5 The lower reproductive tract

lining is composed of stratified squamous epithelium that,

unlike the upper reproductive tract, relies primarily on the

presence of multiple layers to provide a protective barrier

against the entry of organisms.5 The superficial layers of the

lower reproductive tract are terminally differentiated and lack

most intracellular organelles including nuclei, while the basal

layers are metabolically active and undergo active prolifera-

tion.6 Consequently, the superficial layers of the lower genital

tract are quite ‘leaky’, allowing penetration by endogenous and

pathogenic microbes and other mediators. The lamina propria

beneath the epithelium in both the upper and lower reproduct-

ive tract is composed primarily of fibroblasts, scattered blood

vessels lined with endothelium and a variety of immune cells.

The proliferation and differentiation of reproductive tract tis-

sue, including the epithelium, is regulated by the reproductive

hormones estrogen and progesterone.7 Furthermore, these

hormones also have a significant role in regulating immune

cells and mediators throughout the reproductive tract.8,9

These features will be discussed in more detail below.

Immune components in the female reproductive tract (FRT)

The immune system in the FRT is part of the mucosal immune

system. As such, it has many characteristics that are defining
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Figure 1 Anatomical and immunological components of the female reproductive tract. The female reproductive tract consists of an upper (fallopian
tubes, uterus and endocervix) and a lower (extocervix and vagina) tract. The vaginal epithelium has many innate immune-mediated protection
mechanisms, such as tight junctions, AMPs and mucus, to neutralize, trap, and prevent the entry of potential pathogens. The vaginal lumen is
colonized by commensal bacteria, mainly Lactobacilli spp., which help maintain a low pH environment and produce reactive oxygen species.
Furthermore, innate immune cells, such as cd T cells, DCs, and macrophages, are present beneath and between vaginal epithelial cells layer to
survey the local environment for danger. The abrupt transition from keratinized squamous epithelial cells of the ectocervix to single columnar
epithelial cells of the endocervix represents the transformation zone; this site has an abundance of HIV target cells (DCs and CD41 T cells) and has
been proposed to be one of the major sites of infection. Although traditional mucosal lymphoid structures are not found in the female reproductive
tract, lymphoid aggregates in the endometrial tissue that are composed of B cells in the inner core and surrounded by CD81CD42 T cells and an
outer layer of macrophages have been described. Scattered CD561 NK cells and CD41 T cells can be found between lymphoid aggregates. The
immune cells and functions of the female reproductive tract are regulated by sex hormones that orchestrate cyclical changes with the menstrual
cycle. AMP, anti-microbial peptide; DC, dendritic cell; NK, natural killer.
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features unique to the mucosal immune system and distinct

from the systemic immunity, including mucosal homing

markers, secretory immunoglobulins (Igs) and tissue-resident

innate lymphocytes.10 In addition to the common features

shared with other mucosal surfaces, the reproductive tract

has unique adaptations in its immune system that have evolved

primarily to protect the semi-allograft fetus from immune

recognition and rejection. Unlike many other mammalian spe-

cies for which coitus and the consequent risk of exposure to

pathogens coincides with ovulation and female receptivity, the

human immune system is required to confer protection against

sexually transmitted pathogens throughout the entire men-

strual cycle. This requires special adaptations in the immune

system of the FRT, so that different components of the immune

response, such as humoral and cell-mediated immunity, are

differentially modulated to extend protection while facilitating

fertilization and fetus implantation, if necessary. Sex hormones

have been shown to be key regulators of immune cells and

responses in the FRT and play an important role in cyclical

changes in immunity.7,9 In addition to sex hormones, there is

increasing evidence that the presence of a microbiome domi-

nated by a specific bacterial species, such as Lactobacilli spp., is

critical for the development and shaping of the reproductive

tract innate and adaptive immune responses.3,11 In the follow-

ing sections, we review the cells and mediators that play a

dominant role in reproductive tract immunity.

Innate immunity

Anti-microbial peptides (AMPs). AMPs are small proteins or

peptides with anti-microbial properties that are secreted

mainly by neutrophils and epithelial cells in the FRT. AMPs

described in the FRT include defensins, secretory leukocyte

protease inhibitor (SLPI), lysozyme, lactoferrin, elafin and

cathelicidin. Both the columnar epithelium that lines the endo-

metrium and the cervicovaginal epithelium have been shown

to secrete a number of the AMPs, which are detectable in gen-

ital tract secretions and in epithelial cell cultures. Moreover, the

secretion of AMPs has been shown to be regulated by the men-

strual cycle. For a detailed review of AMP in the FRT, see a

recent review by Wira et al.12

Human alpha- and beta-defensins are among the most well

characterized and abundant AMPs present in the FRT.12 Of the

six a-defensins and six b-defensins, human b-defensin (HBD)-

1–4 and a-defensin 5 are expressed by endometrial epithelium,

while a-defensins human neutrophil a-defensin-1–3 and

HBD-2 are found in cervicovaginal secretions.1 Furthermore,

many of the defensins are differentially regulated in the upper

and lower reproductive tract during the menstrual cycle. Some

reach their peak concentration during the proliferative phase,

whereas others peak in the secretory phase. For example, HBD-

2 is the highest in the upper reproductive tract during men-

struation, but reaches its peak concentration in cervicovaginal

secretions during the proliferative phase.13,14 The mechanism

underlying this tissue-specific regulation has not been eluci-

dated, although AMP levels and biological activity can be

altered in response to changes in pH, semen and microbiota,

in addition to sex hormones. Human defensins have been

shown to have anti-bacterial properties against fungi, yeast,

bacteria (Gram-negative and Gram-positive) and anti-viral

activity, including activity against HIV-1.12

The second class of AMPs are the protease inhibitors, includ-

ing serine protease inhibitors (serpins), SLPI, cystatins and

elafins.15 In general, these protease inhibitors function as

anti-inflammatory factors by inhibiting the proteases secreted

by immune cells, such as neutrophils, which can trigger the

activation of the complement system and secretion of other

inflammatory mediators that can lead to tissue damage and

severe inflammation.16 Protease inhibitors are expressed

throughout the entire FRT, including in the vagina, cervix,

uterus and even the fetal membranes. Cervical and vaginal

epithelial cells have been shown to express most of these prote-

ase inhibitors. Other cells in the FRT, including granulocytes,

macrophages, monocytes and dendritic cells (DCs), also pro-

duce protease inhibitors. In addition to anti-inflammatory

properties, many protease inhibitors, such as SLPI and elafin,

have been shown to have direct anti-bacterial, anti-fungal and

anti-HIV properties.17 Others, including serpins and cystatins,

have been shown to exert anti-HIV effects indirectly by con-

trolling inflammation.16

Other secreted anti-microbial products in the FRT include

calthelicidin LL37, lactoferrin and lysozyme and are present

primarily in the lower genital tract.1,15 They are produced by

neutrophils and lower genital tract epithelium and can be

detected in vaginal and cervical secretions. Lactoferrin and

lysozyme have been shown to exert anti-bacterial and anti-viral

properties. Lactoferrin acts by sequestering iron required by

microbes in the acidic environment of the lower reproductive

tract, whereas lysozyme acts through the enzymatic digestion of

bacterial cells walls.

Interferons (IFNs). In addition to AMPs, cells of the FRT can

produce IFNs that have a wide variety of immunomodulatory

and antiviral effects. Type I IFNs (IFN-a, IFN-b) impede HIV

replication by several mechanisms, including inducing the

upregulation of restriction factors, such as apolipoprotein B

mRNA-editing enzyme-catalytic polypeptide-like 3G,18,19 tri-

partite motif 5a (TRIM5a),20 bone marrow stromal antigen 2

(also known as tetherin),21 SAM and human a-defensin (HD)

domain 122,23 and myxovirus resistance 2 (also known as

MxB).24 Interestingly, type I IFN has also been implicated as

a contributor to HIV pathogenesis,25 and elevated type I IFN is

a component of the signature associated with chronic immune

activation.26 The potential benefit or harm of IFN responses

most likely depends on the net outcome of a number of factors,

including the stage of infection. Evidence from our lab suggests

that in response to HIV-1 gp120, genital epithelial cells (GECs)

markedly upregulate IFN-b, and neutralization of IFN-b
resulted in enhanced induction of the HIV-long terminal

repeat promoter in transfected Jurkat T cells (Nazli, Ferreira

and Kaushic, unpublished results).

Two new mucosal IFN species have recently been described

to show anti-HIV activity. Unlike other type I IFNs, IFN-e is
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expressed constitutively in mucosal tissues, including the

reproductive tract.27 Moreover, seminal plasma (SP) was also

found to upregulate the expression of IFN-e in cervicovaginal

tissues,28 suggesting that IFN-e may play a protective role in

reproductive tissue. Interestingly, when IFN-e was used in an

intranasal/intramuscular heterologous HIV prime-boost

immunization, elevated HIV-specific CD81 T-cell responses

were observed in the spleen, genitorectal draining lymph nodes

and Peyer’s patches.29 Furthermore, the recently described

Type III IFN-l (IL-28/29), which has similar antiviral prop-

erties to Type I IFN, has been shown to block HIV-1 infection

in macrophages in vitro30,31 by inhibiting HIV-1 integration

and post-transcriptional events.32 Interestingly, IFN-l recep-

tors are largely restricted to cells of epithelial origin. Together,

these results suggest that IFN-e and IFN-l may play unique

roles in protecting the genital mucosa.

Genital epithelial cell innate responses. The genital epithelium

forms the primary barrier between the female reproductive

tract and the external environment.33 In this role, cells in this

tissue are the first responders to any incoming pathogens.

These cells are dynamically active and play an important role

in actively recognizing and tailoring a response to a wide variety

of antigenic stimuli in the lumen of the FRT, including semen,

sperm, semi-allogeneic fetus tissue, bacterial and viral patho-

gens. The presence of a wide repertoire of pattern recognition

receptors (PRRs) expressed by the GECs facilitates their ability

to recognize and differentially respond to various pathogens.

The PRRs expressed by GEC include Toll-like receptors (TLRs)

and NOD-like receptors, which allow the sensing of foreign

microbes in the environment and the rapid transmission of

messages to other innate and adaptive immune cells. Primary

endocervical GECs express TLRs 1–3 and 6.1 Additionally,

primary human uterine GECs express TLRs 1–9, indicating

the potential to respond to a wide range of pathogens. The

expression of NOD1 and NOD2 has also been detected in the

human endometrium.34 PRR recognition of pathogens typ-

ically initiates an intracellular signaling cascade that results in

the activation of transcription factors, such as NF-kB, and the

production of a variety of cytokines and chemokines.35 For

instance, the TLR-mediated activation of GECs can lead to

the production of IL-6, IL-8, TNF-a, stromal derived factor-1

and b-chemokines, including macrophage inflammatory pro-

tein 1-a (MIP-1a), MIP-1b and regulated on activation, nor-

mal, T-cell expressed and secreted.35 Many studies, including

ours, have reported that the GECs can respond to presence of

viruses, such as Herpes simplex virus, type 2 (HSV-2), and

bacteria, such as Neisseria gonorrhoea, by upregulating pro-

inflammatory cytokines and chemokines.36,37 Interestingly, a

number of TLR ligands (the TLR3 ligand Poly I : C, the TLR9

ligand CpG and the TLR5 ligand flagellin) can be used to

induce prophylactic anti-viral responses in the GECs.36 These

innate anti-viral immune responses were correlated with pro-

tection against CMV and HSV-2 challenge.36,38 The protection

was mediated primarily by the ability of TLR ligands to induce

IFN-b responses. IFN-b responses are well known to correlate

with anti-viral protection via the production of various IFN-

inducible genes and proteins, such as 29,59-OAS, PKR, iNOS

and MyxA, which either directly or indirectly inhibit viral rep-

lication, including HIV-1 replication.39

DCs and macrophages. Both DCs and macrophages are senti-

nels of the mucosal immune system that constantly survey and

process antigens from the external environment, which pro-

vides important information and signals to the host immune

system.40 DCs in particular serve the important function of

bridging the innate responses with the initiation of adaptive

immunity. Mucosal DCs are recognized for their unique ability

to recognize and respond to antigens by inducing host immune

responses that can range from tolerogenic to the induction of

antigen-specific adaptive immunity.41 Typically, tissue-res-

ident DCs, including those in the FRT, have an immature

phenotype. Upon inflammatory or pathogen stimulation, tis-

sue DCs can change their phenotype and function, becoming

mature DCs with increased MHC Class II and costimulatory

receptor expression and migrating into draining lymph nodes,

where they can prime antigen-specific T-cell responses.42,43

A number of studies have examined the human FRT for the

presence of antigen presenting cells, including myeloid DCs and

macrophages.44 Because both DCs and macrophages originate

from a common myeloid precursor, subsets of both cells share a

number of surface markers, including CD14, CD11c, CD11b

and MHC Class II. Furthermore, myeloid cells, including mono-

cytes, can differentiate into macrophages or DCs depending on

antigen stimulation and the cytokine microenvironment.45

Macrophages and DCs have been identified throughout the

FRT, especially in the ecto- and endocervix.1,46,47 Macrophages

are present in small numbers in the endometrium and are dis-

tributed throughout the uterine tissue. Furthermore, the macro-

phage population in the endometrium is likely regulated by sex

hormones, as indicated by changes in immune cell populations

that are correlated with menstrual cycle. Endometrial macro-

phages are most abundant in the mid-secretory phase of the

cycle as part of the uterine lymphoid aggregates.48 DCs are pre-

sent in smaller numbers and are typically localized to the sub-

epithelial stroma of the endometrium.46 Compared with the

endometrial APC populations, many more studies have exa-

mined these populations in the cervix and vagina, primarily to

understand the role that these cells may play in immune res-

ponses to sexually transmitted pathogens, particularly HIV-1.

Unlike the endometrium, CD1a1 Langerhans cells and other

DC subsets are localized within the squamous epithelial layers

and at the stromal/epithelial interface, both in the vagina and

ectocervix.46 Other studies have examined the proportion of

APCs in the FRT by flow cytometry and found that CD141 cells,

typically macrophages, are relatively abundant in the cervix.47

Most DC populations in the cervix were negative for CD103, a

homing marker that is commonly expressed by other mucosal

leukocytes, indicating a distinct profile of homing marker

expression in the reproductive tract. Many DCs in the cervix

were found to express DC—specific intercellular adhesion mole-

cule-3-grabbing non-integrin, which is significant because of the
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possible role played by this molecule in the trans-infection of

HIV in T cells by DCs.49,50

Neutrophils. Neutrophils are found throughout the FRT,

although they are most abundant in the Fallopian tubes and

are present in lower numbers in the upper and lower repro-

ductive tracts.51 The GECs of both the upper and lower FRT

produce abundant amounts of IL-8, which is a leukocyte che-

moattractant factor. Under the influence of the IL-8 gradient,

neutrophils cross the epithelium into the lumen to phagocytose

sperm, microorganisms and any other cellular debris. Indeed,

studies have shown that following coitus, there is a significant

infiltration of neutrophils into the endometrium, which is part

of a normal inflammatory response.52 Furthermore, the pro-

portion of neutrophils also increases significantly in the endo-

metrium prior to menses, again likely as part of the natural

tissue breakdown and rebuilding process that is part of the

normal menstrual cycle.1 Unlike the endometrium, the num-

bers of neutrophils in the lower genital tract remain stable

throughout the cycle.

Natural killer (NK) cells. NK cells are an integral part of the

innate immune system and play a key role in anti-viral and

anti-tumor responses. When activated, NK cells function

mainly by either killing virus-infected or tumor cells or pro-

ducing large amounts of cytokines, particularly IFN-c, to acti-

vate macrophages to kill intracellular bacteria.1 NK cells also

mediate antibody-dependent cellular cytotoxicity as a con-

sequence of expression of FcR by most NK cell subsets. NK cells

are present throughout the reproductive tract in significant

numbers, and previous studies have identified them as uterine

large granular lymphocytes in the endometrium.53 They can

make up anywhere from 10%–30% of leukocytes in the FRT of

non-pregnant women.51 In the uterus, NK cell populations

increase from the proliferative to the secretory stage.54 In the

later stages of the secretory phase, NK cells can make up as

much as 70% of the leukocytes in the endometrium.

Although it is unclear whether this increase in numbers is a

consequence of either local proliferation or recruitment from

peripheral blood, the significant accumulation of NK cells late

in the menstrual cycle is likely associated with preparation for

the extensive uterine remodeling that occurs at implantation

and during the first trimester of pregnancy. NK cells in the uterus

(uNK) have a distinct phenotype compared with those found in

the blood.55,56 The uNK cells express CD56 and very little CD16,

in contrast to blood NK cells. They also express CD9 and CD69,

and microarray studies have indicated that they have a distinct

gene profile that is very different from blood NK cells.57

Nevertheless, similar to blood NK cells, uNK cells in the endo-

metrium of non-pregnant women have been shown to have

cytolytic function in vitro and to produce significant amounts

of IFN-c, GM-CSF, IL-10, transforming growth factor-b2

(TGF-b) and IL-8.1 The uNK cells require IL-15 to be produced

constitutively by endometrial stromal cells to survive and proli-

ferate. Both CD561CD162 and CD562CD161 NK cells have

been reported in the ectocervix and endocervix, with no signifi-

cant differences in their proportions correlated with menstrual

cycle.47

Adaptive immunity

T-cell immunity. CD41 and CD81 T cells are found through-

out the FRT. In the upper reproductive tract, CD81 T cells are

more frequent than are CD41 T cells. Yeaman et al.48 showed

that the uterine endometrium contains organized lymphoid

aggregates (LAs) that are located in the stratum basalis layer

(Figure 1). These structures have a B-cell core that is sur-

rounded by CD81 T cells, with an outer halo of macrophages.

Although the LA can be found throughout the menstrual cycle,

they number the fewest (approximately 300 cells) during the

proliferative stage and the most (2000–3000 cells) during the

secretory phase of the menstrual cycle. Other studies from

the same group demonstrated that CD31 T cells from the

FRT have cytolytic functions.58 High levels of cytolytic acti-

vities were observed in CD31 T cells isolated from the cervix

and vagina, independent of the stage of the menstrual cycle.

However, in the uterus, the greatest cytolytic potential of CD31

T cells was observed during the proliferative phase, while little

or no cytolytic activity was observed during the secretory stage.

Because the decrease in cytolytic activity of T cells correlated

with an increased number of LA T cells, it is unclear whether the

LA CD81 T cells have any cytolytic functions.

Interestingly, CD31 T cells from the uterus of post-meno-

pausal women show consistently high cytolytic activity.58 A

more recent study further characterized the phenotype and

functionality of T cells from the endometrium and endocervix

of normal cycling women during the secretory phase and found

that, compared with T cells from blood, endometrial and endo-

cervical CD41 T cells had increased CCR5 expression and were

enriched for an activated, effector memory phenotype, suggest-

ing that they could be more susceptible to HIV-1 infection.59

Other studies have also examined the proportions and local-

ization of T-cell populations in the cervix and vagina of non-

pregnant women. Pudney et al.46 performed an extensive

immunohistological characterization to show that the T cells

were the most prevalent in the cervical transformation zone

and surrounding tissue, whereas the vaginal tissue contained

few T cells. Most T cells in the lower genital tract were localized

at the stroma/epithelial interface. However, significant num-

bers of CD81 T cells were interspersed in the vaginal and ecto-

cervical squamous epithelium (intra-epithelial lymphocytes).

Interestingly, the ectocervix contained significantly higher

numbers of CD41 intra-epithelial lymphocytes cells and

inflamed vaginal and cervical samples contained higher

concentrations of intra-epithelial lymphocyte populations

compared with non-inflamed tissue. No changes in T-cell

populations were found to correlate with the menstrual cycle.

The presence of the highest number of T cells in the trans-

formation zone is significant because of the finding that this

area can be particularly susceptible to HIV infection. A more

recent study examined T-cell populations in the endo- and

ectocervix by flow cytometry and found that the ectoervix of
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premenopausal women contained significantly more CD41 T

cells, CD81 T cells and B cells than did the endocervix.47

Recent studies have shown that regulatory T (Treg) cells and

T-helper 17 (Th17) cells can be present in the FRT. Typically,

the presence of these cells has been noted following exposure to

inflammatory or immunoregulatory conditions.60,61 For

example, Treg cells were found to be induced in both experi-

mental mouse models and humans following exposure to se-

minal plasma, a rich source of TGF-b.61 Similarly, a number of

studies have described an increase in the numbers and distri-

bution of Th17 cells following genital tract infection, including

N. gonorrhoea, Chlamydia and HIV-1 infections.60

Humoral immunity. The female reproductive tract adaptive

immune system displays unique characteristics that are distinct

from other mucosal surfaces.62,63 For example, it lacks perman-

ent and organized lymphoid structures that are capable of

inducing immune responses. The LA found in uterine endo-

metrium do not have the same composition as those found in

other organized lymphoid follicles, such as intestinal Peyer’s

patches, because the T cells found in LAs are primarily CD81 T

cells that express activation and memory markers, and the

associated B cells primarily express CD5, a marker that is typ-

ically associated with B-1 cells.64 Nevertheless, resident IgA

plasma cells have been identified in the FRT, especially in the

cervix.63 Therefore, while a number of studies have shown that

the FRT is an effector site, the ability of the FRT to induce local

immune responses remains unclear. Studies have examined the

antibody responses to infections in the genital tract and have

provided evidence for the presence of consistent but weak IgG

and IgA responses that have been predominantly detected in

cervical secretions against Neisseria gonorrhoea, Chlamydia,

HSV-2 and HIV-1.62 Experimental evidence from mouse mod-

els has shown that intravaginal and intranasal immunization,

especially with live organisms, can induce robust IgG and IgA

antibody responses.9,65 Furthermore, immune responses can

be induced in splenectomized LT-a knockout mice, which lack

any secondary lymphoid organs, following genital immuniza-

tion that resulted in protective anti-viral immunity.66 However,

further investigations are needed to prove the inductive ca-

pability of FRT.

Immunohistochemical studies that have examined the FRT

for the presence of antibody-secreting cells found that the

endocervix contains the most IgG and IgA antibody-producing

and antibody-containing cells compared with the ectocervix,

vagina and fallopian tubes.62 Unlike the intestinal tract, the

FRT is unique in that the dominant antibody response in gen-

ital secretions is IgG instead of IgA, although IgA is present.

Both IgA1 and IgA2 are found in cervical secretions; interest-

ingly, while cervical mucus contains approximately 70% of IgA

in its polymeric form, the vaginal secretions have approxi-

mately equal proportion of pIgA and mIgA.63 The transport

of IgA and IgG into the lumen of the FRT is dependent on the

expression of their respective transporter proteins, pIgR (poly-

meric immunoglobulin receptor) and FcRn (neonatal Fc recep-

tor) on the genital epithelium. The pIgR has been studied in

detail for its ability to transport IgA, and its expression on

epithelial cells is regulated by sex hormones, such that estradiol

increases expression on uterine epithelium, whereas progester-

one reverses this effect.67 The source of IgG in the genital tract is

likely to be from both IgG in circulation and local production,

as secreted by plasma cells that reside in the FRT. Recent studies

have identified FcRn expressed on GECs as the primary recep-

tor that transports IgG across the epithelium into the lumen.68

Regulation of innate and adaptive immune responses by

female sex hormones

It has been well documented that both tissue and immune cells

in the female genital tract are regulated by the sex hormones,

estradiol and progesterone. Menstrual cycle-mediated changes

in innate and adaptive immunity in the reproductive tract have

been demonstrated by many studies and have been reviewed in

detail elsewhere.7,9 In previous sections of this article, we briefly

reviewed the changes in cells and immune responses associated

with the menstrual cycle. In this section, we discuss some of the

experimental evidence demonstrating the regulation of

immune responses by female sex hormones. We also examine

clinical data that show changes in the immune system with

hormonal contraceptives. This is clinically important because

of its relevance to immune protection against sexually trans-

mitted pathogens.

The treatment of animals and humans with progesterone-

based contraceptives can have significant effects on the

immune response to sexually transmitted infections (STIs).

We have previously reported that mice treated with Depo-

Provera have decreased levels of HSV-2-specific mucosal

immune responses after intravaginal immunization with the

attenuated strain of HSV-2 (TK-HSV-2).69,70 Consequently,

these mice fail to develop protective immune responses against

subsequent WT HSV-2 challenge. DMPA, a progesterone-

based hormonal contraceptive used worldwide, also exerts

many effects on T cell-mediated immunity, including the

inhibition of cytotoxic T lymphocyte activity and blocking

perforin expression in T cells.9,71

Progesterone also influences cytokine production, generally

favoring Th2-type immune responses.72 A more recent study

reported that progesterone treatment, at concentrations

achieved during hormonal therapy, decreases the proliferation

and Th1-type cytokine production of varicella-zoster virus-

specific CD81 and CD41 T cells, and this effect was exacer-

bated in cells obtained from HIV-infected individuals.73

Progesterone can also significantly affect the infiltration of

lymphocytes, NK cells, and macrophages into the female gen-

ital tract.74,75 Additionally, progesterone can also impair NK

cell function and FcR expression on monocytes, thereby redu-

cing the two arms of antibody-dependent cell cytotoxicity.76,77

A recent study indicated that medroxyprogesterone, the active

compound of DMPA, could inhibit TLR9-induced IFN-b pro-

duction by human and mouse plasmacytoid DCs.78 Because

plasmacytoid DCs have been shown to play an important

role in detecting the pathogen-associated molecular patterns

expressed by sexually transmitted viruses, such as HSV-2,

Immunity in the reproductive tract

PV Nguyen et al

415

Cellular & Molecular Immunology



through TLR9 expression on their surface and the production

of IFN-b in response,79 it is possible that this inhibition of IFN-

b production by progesterone may impair an important aspect

of the innate antiviral immune response. Taken together, the

reductions in antibody production, cytotoxic T lymphocyte

activity, IFN-b production and antibody-dependent cell cyto-

toxicity activity observed in women using progesterone-based

contraceptives may contribute to the increased susceptibility

and shedding of HIV-1 observed in women using these hor-

monal therapies.80,81

The effects of estrogen on the immune system of women are

also well documented. Depending on the concentration, estro-

gen can evoke either pro- or anti-inflammatory effects.82 At

low concentrations, estrogen induces TNF-a, IL-6 and IL-1a
expression, inhibits Th2-type cytokines and increases the

migration of leukocytes to sites of inflammation.82 Other stu-

dies have shown that estrogen can also inhibit the production

of TNF-a, IL-1a and IL-6 by T cells, macrophages and DCs and

induce the Th2-type cytokines IL-4, IL-10 and TGF-b, resulting

in anti-inflammatory effects.83 At higher concentrations, estro-

gen inhibits cell-mediated immunity and decreases the expres-

sion of numerous activation markers.73 Estradiol also has

varying effects in the genital tract. In the uterus of ovariecto-

mized rats, estradiol increases the levels of IgG, IgA and the

pIgR. However, the levels of these antibodies are reduced in

cervicovaginal secretions in response to estradiol treatment.9

Estradiol treatment also influences the activity of many types of

immune cells. For instance, the treatment of rats with estradiol

was correlated with reduced antigen presentation in the vagina,

likely as a consequence of increased local production of TGF-b
in response to estradiol treatment.84 Estradiol also downregu-

lated cytotoxic T lymphocyte activity.58,83 Additionally, high

levels of estrogen may result in the decreased migration of

inflammatory T cells and macrophages into the genital tract

because of the downregulation of ICAM-1, E-selectins and

VCAM-1,82 which could contribute to the decreased risk of

HIV acquisition in response to estrogen treatment.

HIV infection in the FRT

According to a WHO report in 2012, the total number of new

cases of the four most common treatable STIs in adults in 2008

was estimated to be 498.9 million. These infections included

Chlamydia trachomatis, Neisseria gonorrhea, Trichomonas vagi-

nalis and syphilis. Of these, the first three are more prevalent in

women, whereas syphilis is more common in men. Among

chronic viral infections, human papilloma virus, HSV-2 and

HIV-1 are the most common infections that affect women in

disproportionately high numbers.85 Among the 40 million HIV-

1-infected individuals, women now constitute .50% of the

population worldwide. Although vaginal transmission is esti-

mated to have a lower risk per exposure event, recent estimates

show that 40% of HIV infections are initiated in the FRT.86

Recent observations from studies conducted using in vitro

cell cultures, ex vivo cervicovaginal tissues and non-human

primates have provided some insights into the acute transmis-

sion events in the female genital tract.3,4 These studies indicate

that HIV-1 transmission can occur in both the upper and lower

female genital tract. A number of different mechanisms have

been proposed regarding the mechanism by which HIV can

cross the FRT mucosal barrier, including microtears in the

squamous epithelium and direct infection, transcytosis and

sequestration of the virus in the columnar epithelium that lines

the upper tract. Some of the clearest evidence comes from

studies examining acute simian immunodeficiency virus

(SIV) infection in non-human primates.4,5 These studies

clearly indicate that when inoculated intravaginally at high

doses, SIV preferentially crossed the epithelial barrier in the

endocervix, within hours and established small foci of infection

within 48–72 h. These observations are consistent with studies

that demonstrated that HIV infection in infected hosts can be

traced back to small (between 1 and 5) founder virus popula-

tions. In the macaque SIV infection study, the small foci under-

went local amplification in the genital mucosa in the first few

days prior to systemic dissemination.4,5 Based on the elegant

studies by Hladik et al.86 that have been confirmed by others,

there is a general consensus that HIV-1 replication in the FRT

occurs primarily in the target T cells. While some subsets of

DCs can be both productively infected by HIV-1 and play a role

in trans-infection of T cells, their contribution to the local

amplification of HIV-1 in the genital tract is likely limited.3,4

The subset of T cells that are most susceptible to HIV-1 and the

role played by various subsets of DCs in trans-infection versus

viral replication are still being investigated, and the progress

made in these areas has been previously reviewed.7,8

Before HIV-1 can establish a productive infection in the

FRT, it must overcome a number of mechanical, chemical

and biological barriers. The mucus, AMP and Type 1 IFNs

secreted by the epithelial and innate immune cells significantly

impede the ability of HIV to establish infection in the FRT.

Many of the cytokines and chemokines found in the FRT have

the ability to directly interfere with viral infections, including

HIV. The chemokine stromal derived factor-1 (or CXCL12),

which is found within the subepithelial layer of the cervix, is

able to competitively inhibit X4 strains of HIV.87 Similarly, the

b-chemokines, MIP-1a, MIP-1b and the regulated on activa-

tion, normal, T-cell expressed and secreted are all secreted by

cells of the upper and lower genital tracts constitutively and

under infectious conditions88–90 and, as natural ligands for the

CCR5 receptor, may also play a role in preventing R5-tropic

viruses from establishing an infection. In our recent studies, we

have shown that primary human GECs directly interact with

HIV-1 surface glycoprotein gp120, leading to the production of

an array of pro-inflammatory cytokines.91 Among these cyto-

kines, TNF-a production induced a rapid decrease in trans-

epithelial resistance, a measure of epithelial barrier integrity.

Disruption of the barrier was accompanied by increased muco-

sal permeability and consequent bacterial and viral translocation

across the epithelium. Thus, increased mucosal permeability and

microbial translocation can result directly from early interac-

tions between HIV-1 and the genital epithelium, leading to

the initiation of microbial translocation and immune activation.
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Further studies have since revealed that the gp120-mediated

activation of pro-inflammatory cytokine pathways in GECs uti-

lizes TLR2 and TLR4 in addition to cell surface heparin sulfate

moieties.92 Furthermore, the presence of seminal plasma and

viral and bacterial co-infections was associated with increased

innate inflammation and increased HIV-1 replication.

The adaptive immune responses in the FRT to HIV infection

are not completely understood because of the limited availabi-

lity of mucosal tissues for analysis. Recent studies have iden-

tified a subset of activated T helper cells in the cervix that

express a4b7, CCR5, IL-17A and IFN-c and are highly suscept-

ible to HIV-1 infection. These cells were completely depleted in

HIV-1-infected women, indicating that this subset of CD41 T

cells may play a key role in susceptibility to HIV-1 infection in

the FRT. Other studies have shown that HIV-1 infection leads

to the induction of CD81 T-cell responses in the cervical

mucosa. Interestingly, studies have also indicated that there

was no correlation between blood and cervical T cell responses.

However, cervical T-cell responses correlate positively with

significantly higher levels of pro-inflammatory cytokines in

cervical secretions, especially in women who have cervical viral

shedding.

MALE REPRODUCTIVE TRACT

Structure and morphology of the human male reproductive

tract (MRT)

Urethral tract. Compared with the FRT, much less informa-

tion is available regarding the immune response in the MRT in

the homeostatic state or following pathogen infection. This is

partly a consequence of limitations in sampling techniques and

the availability of samples.93,94 Urethral secretion sampling by

swabs or lavages can be painful, and the surgical collection of

MRT tissues is not performed routinely, compared with that

in the FRT (e.g., hysterectomies or tubal ligations). However,

more recent techniques for sampling urethral secretions,

including the collection of pre-ejaculatory fluid, expressed pro-

state secretions, and first-catch urine, and the availability of

male genital epithelial cell (EC) lines have had a positive impact

on the field.94–97

The penile urethra is the main site of many STIs in men.93,95

Analogous to the upper and lower FRT, different regions of the

urethral mucosa consist of different microenvironments that

are composed of various EC types. The urethral opening is

similar in morphology to the transformation zone in the

FRT, where the keratinized stratified squamous epithelium

abruptly transitions into non-keratinized stratified squamous

epithelium in the fossa navicularis33 (Figure 2). Subsequently,

as the non-keratinized stratified squamous epithelium enters

the shaft of the penis, it transitions into pseudostratified

glandular columnar epithelium, which lines the length of the

penile urethra.93 Within the epithelium of the penile urethra,

deep invaginations, known as Littre glands, are responsible for

the secretion of viscous fluid, such as the pre-ejaculate, which

serves as lubrication during sexual intercourse and assists in

neutralizing any residual urine in the urethra.93

Testes. The testes, an immune privileged site, represents a

unique immunological environment; this was validated experi-

mentally when allografts were able to survive indefinitely when

placed in the interstitial space of rat testes.98 The testes exhibit

both aspects of immune privilege in mammals: it induces

immune tolerance when transplanted into an allogeneic reci-

pient, and it readily accepts a transplant without inducing

immune responses that cause rejection.99 Previously, it has

been hypothesized that immune privilege in testes was prima-

rily a consequence of the sequestration of antigens from sys-

temic immune system, which is mediated by the blood–testis

barrier in the seminiferous epithelium.100 However, recent

evidence has shown that the combination of the unique phys-

ical structure of the testes, the properties of local cells, and

paracrine and autocrine cytokines all contribute to the immune

privilege of the testes.101,102

The human testes are structured into two discrete regions:

the interstitial spaces between the tubules and the seminiferous

tubules100 (Figure 2). The testis is responsible for the genera-

tion of sperm (spermatogenesis), and the production of

sex steroid hormones, primarily testosterone (steroidogen-

esis).100,103 Spermatogenesis occurs in the coiled seminiferous

tubules, which begin and end at the rete testis.99,104,105 The sem-

iniferous tubules are made up of columnar Sertoli cells (SCs) that

surround spermatogenic cells and stem cells.100,106,107 In addition

to providing essential nutrients and growth factors, SCs play an

important role in the morphological changes for sperm because

it undergoes spermatogenesis, as demonstrated in Nectin-2

knockout mice.108 Previous experiments involving allograft and

xenograft cotransplantation have shown SCs to have inherent

immunosuppressive capabilities.109–112

Peritubular myoid cells (PMCs) surround the seminiferous

tubules, providing support for the integrity of the tubules.104

PMCs assist in the contractile motion needed to facilitate

movement and maturation of spermatozoa within the semini-

ferous tubules and into the epididymis.113 PMCs can indirectly

regulate spermatogenesis and testis development via secreted

factors such as TGF-b2, monocyte chemoattractant protein-1

and leukemia inhibitory factor.114 Human myeloid peritubular

cells express tumor-necrosis factor-alpha (TNF-a) receptor 1

and 2, which mediate the expression of other inflammatory

molecules, such as interleukin 6 (IL-6) and cyclooxygenase 2

(COX-2).115

The majority of the cell populations within the interstitial

compartment of the testes are Leydig cells, which are respon-

sible for the synthesis of testosterone and small amounts of

estradiol under the stimulus of luteinizing hormone secreted

by the pituitary gland.104 Leydig cells have been shown to regu-

late the expansion of testicular macrophages and lymphocytes

in the testes of rats; however, these cells have been shown to

exert weak antiviral responses in humans.116–118

Innate immunity

PRRs. Similar to the FRT (discussed above) and all other

mucosal tissues of the body, PRRs, similar to TLRs, bind to

pathogen-associated molecular patterns and activate initial
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response genes associated with innate immunity. Recent stu-

dies have suggested that TLRs not only are involved in disease

and inflammation but also play an important role in the basic

pathology and physiology of reproduction.100,103,119,120 To

date, 10 functional TLRs (TLRs 1–10) have been identified in

humans, and 13 TLRs have been identified mice.121 A previous

study by Nishimura and Naito122 reported the expression of

mRNA transcripts for TLRs 1–10 and their respective adaptor

proteins in the human prostate and testes. Additionally,

Pudney and Anderson123 reported a detailed histological sur-

vey of TLR expression in the MRT, showing no TLR expression

on the epithelium or in immune cells of the rete testis, vas

deferens, or foreskin tissue, including macrophages inside the

efferent ducts and epididymis.93,123,124 Only TLR-1, which

recognizes bacterial lipoproteins, is present in immune cells

in the testis, efferent ducts, epididymis and seminal vesicles.

Epithelial cells in the prostate and penile urethra also express

TLR-3 and TLR-8 or TLR-9, respectively.100,123,125

Penile Urethra
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Littre glands
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Glans penis
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Figure 2 Anatomical and immunological components of the male reproductive tract. The MRT is composed of two main parts—the penile urethra
and the testes. The opening of the penile urethra transitions from keratinized stratified squamous epithelium to non-keratinized stratified squamous
epithelium in the fossa navicularis. As the non-keratinized stratified squamous epithelium enters the shaft of the penis, it transitions into the
pseudostratified glandular columnar epithelium, which lines the length of the penile urethra. Within the epithelium of the penile urethra are deep
invaginations, known as Littre glands, which provide lubricating pre-ejaculate for sexual intercourse and contribute to innate immunity by
producing AMPs. Urethral pseudostratified columnar epithelium is an active immune microenvironment that contains CD81 and CD41 T cells,
NK cells, dendritic cells and resident macrophages, which have been found to be key targets for HIV infection in the penile urethra. IgG, IgA and IgM
immunoglobulins are also secreted from the urethra epithelium, along with Type 1 IFN, mucins and AMPs. The testes are the main site of
spermatogenesis, which begins in the rete testes and seminiferous tubules; mature spermatozoa enter the epidiymis. Seminiferous tubules,
located within the lobules of the testes, are made up of Sertoli cells that are surrounded by a basement membrane. Sertoli cells aid in spermato-
genesis but also express TLRs. Within the interstitial space of the seminiferous tubules are Leydig cells, which produce testosterone and estradiol,
and PMCs, which regulate testes development and spermatogenesis by secreting TGF-b2, MCP-1 and LIF. Resident ED21 macrophages, which
have an attenuated inflammatory function, are found within the interstitial spaces of the MRT along with regulatory T cells—both cell types
contribute to the immunoregulatory microenvironment of the testes. AMP, anti-microbial peptide; IFN, interferon; Ig, immunoglobulin; LIF,
leukemia inhibitory factor; MCP, monocyte chemoattractant protein; MRT, male reproductive tract; NK, natural killer; PMC, peritubular myoid
cell; TGF, transforming growth factor; TLR, Toll-like receptor.
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Different TLRs are able to recognize highly conserved

bacterial, fungal, or viral components (e.g., peptidoglycan,

lipopolysaccharide, dsRNA, ssRNA, Poly I : C or flagellin).

After binding their respective ligands, the common trans-

duction pathway involving cytoplasmic TLR/IL-1 (TIR) is

activated.121 TIR domains interact with intracellular factors,

such as myeloid differentiation primary activation protein

88, TIRAP/Mal, TIR domain-containing adaptor inducing

IFN-b and TIR domain-containing adaptor inducing IFN-

b-related adaptor molecule.120,121 These interactions lead to

the activation of NF-kB, which can translocate to the nuc-

leus and stimulate the transcription of different cytokines

and chemokines in response to infections and spermatogen-

esis under normal conditions.120,126–128

Mucus. As part of the biological barrier, mucus serves as one of

the first lines of immune defense against pathogens by trapping

and eliminating them before they can reach the epithelial sur-

face. Previous studies have shown that membrane-associated

mucins (i.e., MUC1, MUC3, MUC4, MUC13, MUC15,

MUC17 and MUC20) are expressed on the apical surface of

epithelial cells throughout the MRT.129 Functional studies of

the cervicovaginal mucus showed MUC4 and MUC5b expres-

sion, which impedes pathogen penetration through their sur-

face charge and associated antibodies (e.g., IgM and IgA).130

Thus, one could reasonably conclude that similar functions are

present in the MRT. Membrane-associated mucins not only

provide a physical barrier and lubrication, but they also serve

as signal transducers through their juxtamembrane regions.131

AMPs. AMPs are constitutively expressed by cells in the mucosal

epithelia, including DCs, macrophages, neutrophils, NK cells and

ECs.132 Many of these immune-related secretions have been

shown to play an important role in inhibiting infection by bac-

teria, fungi and viruses in both the FRT and MRT.132,133

Defensins, a family of small cationic proteins, are often divided

into categories based on the cell type that produces them. HBD-1,

-2 and -3, and HD-5 and -6 are primarily expressed by epithelial

cells, whereas human neutrophil a-defensins 1–4 are predomi-

nantly expressed by granulocytes.93,134 Porter et al.132 showed that

the secretion and upregulation of HD-5 in the urethral secretions

occurs as a propeptide in Chlamydia trachomatis and Neisseria

gonorrhoea infections. Furthermore, the expression of HBD-1 was

detected by reverse transcription polymerase chain reaction in

RNA isolates from the testes and prostate, whereas HBD-4 was

abundantly found in the testis.135,136 HBDs have been shown to

neutralize a broad range of pathogens in vivo, such as multidrug-

resistant Enterococcus faecium, Escherichia coli, Candida species

and Pseudomonas aeruginosa.137–139

Several other classical AMPs have also been documented,

such as lysozyme expression in the glands of Littre, intraepithe-

lial cells, epididymis, prostate, testis and seminal fluid.140 SLPI,

a highly cationic single-chain protein, is expressed abundantly

in seminal plasma, ECs and lamina propria of the prostate,

seminal vesicles, epididymis, as well as the columnar epithelium

of the urethral mucosa.120,141 Similarly, columnar epithelial

cells of the urethra consistently express lactoferrin, a protein

that is commonly found in semen, tears, and breast milk.

Lactoferrin is a significant epididymal secretory protein that

binds sperm and restricts the availability of iron, copper, zinc,

manganese, and other metal ions.120,142 Das et al.143 have pre-

viously described the influence of estrogen in lactoferrin in the

uterus; however, steroid hormone regulation in the MRT has

not been investigated, and the roles of lactoferrin in the epi-

didymis and on the surface of spermatozoa remain to be elu-

cidated. A variety of combinatorial AMPs could be expressed on

the mucosal surface. Singh et al.144 demonstrated that the triple

combination of lactoferrin, lysozyme and SLPI showed greater

synergistic killing of E. coli compared with any single- or dou-

ble-combination of AMPs.

In addition to AMPs, cells within the MRT are capable of

producing Type 1 interferons (IFN-a and -b), which have

immunomodulatory and anti-viral effects.145,146 Type 1 inter-

feron-producing cells were commonly observed in the lamina

propria and are occasionally observed in the epithelial layer of

the urethral tract.93 Moreover, the basal layer of epithelial cells

in the fossa navicularis was consistently positive for IFN-b.93

Adaptive immunity

Cellular immunity. There are many types of immune cells in

the urethra and testes of the MRT, with a predominance of

macrophages that are commonly found in the interstitial

spaces.100,147 Previous studies have identified at least two sub-

sets of macrophages in the testes. Testicular macrophages dis-

play a reduced capacity for both producing inflammatory

factors and possessing immunosuppressive properties

compared with macrophages in other tissues.148,149 Resident

macrophages, representing approximately 80% of testicular

macrophages, are classified by the surface expression of

ED2.100,150 Conversely, ED1-positive macrophages are

recruited to the testes from the circulation as monocytes.100

ED11 and ED21 macrophages have inherent differences in

their ability to initiate inflammatory responses. A previous

study by Gerdprasert et al.151 showed that ED21 macrophages

lack the ability to induce inflammatory cytokines in response to

lipopolysaccharide challenge in rats. Previous studies have

demonstrated that the balance between these two types of

macrophage can be disrupted in cases of infection (e.g., orchi-

tis).150,152 ED11 macrophages are recruited to the testes during

acute and chronic inflammation; however, the influx of these

macrophages only lasts a couple of days in acute cases.153

DCs represent a small cell population within the testes and

comprise approximately 10% of the size of the macrophage

population.102 Because of the small population size, a limited

number of studies have examined the role of DCs within the

MRT. However, in the experimental model of autoimmune

orchitis, the number of DCs increased significantly, suggesting

that DCs may play a role in immune regulation of the testes.154

Mast cells have been shown to regulate steroidogenesis by

Leydig cells.155 An increase in the number of mast cells has been

associated with infertility in men. In addition to releasing ser-

ine protease tryptase to promote proliferation of fibroblasts
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and collagen, mast cells upregulate monocyte chemoattractant

protein-1 and thereby recruit macrophages into the testes.156

The presence of NK cells in the mucosa of the urethra has been

reported.124 However, further studies into their functions in

immune responses in the MRT need to be carried out because

their role in the MRT remains unclear.

T lymphocytes are abundant in all areas of the urethra and

account for approximately 15% of testicular immune cells in

adult rats.118,124 Both CD81 and CD41 T cells are present in the

epithelium and lamina propria of the urethra; however, similar

to the testes, CD81 T cells are more abundant.93,118,124

Moreover, Treg cells are found within the testicular intersti-

tium under physiological conditions, which may be responsible

for the immunosuppressive characteristics of the testes.157 A

small population of naı̈ve T lymphocytes expressing CD45RA

was also found in the urethra, primarily in the lamina pro-

pria.93,103,118 The majority of T cells are CD45RO (memory T

cells) in both the epithelium and lamina propria, and they

express a4b7 integrin (a mucosal homing receptor).93,124

Based on recent studies, it is clear that the lower MRT is an

immunologically competent site that is capable of generating

both cellular and humoral immunological responses.

Humoral immunity. The penile urethra contains numerous

IgA and J chain-positive plasma cells, particularly in the lamina

propria.93,158 There are fewer IgA1 plasma cells in the urethra

than there are IgG1 plasma cells. IgM-positive plasma cells

were also present, and their expression was correlated with that

of IgA-positive cells. Most of the IgG1 population appeared to

be derived from the serum, whereas the IgA1 population

appeared to be produced locally.

Composition of semen

Semen contains many diverse bioactive factors that contribute

to its function as a support medium for spermatozoa and as a

primer of the FRT for the initiation of conception. When

deposited into the FRT, high concentrations of certain immu-

noregulatory factors in semen, primarily prostaglandin E

(PGE) and TGF-b, modulate immunity in the FRT micro-

environment.159 Seminal prostaglandins, in the form of 16-

hydroxy PGE, exert their immunoregulatory role in the FRT

by inhibiting the function and clonal expansion of NK and T

cells and can polarize CD41 T cells towards a Th-2 pheno-

type.160 Additionally, PGE induces tolerance by promoting a

switch from IL-12 to IL-10 cytokine production in DCs.160–162

While this immunosuppressive property of PGE, in tandem

with IL-10, is important for the survival of spermatozoa, it

could be detrimental in the context of sexually transmitted

infections, such as HIV, HSV and human papilloma virus,

because it would divert cell-mediated immune responses.

TGF-b is a potent immunoregulatory cytokine that has a key

function in mediating tolerance to male antigens in the FRT. Its

concentration in semen is one of the highest measured in bio-

logical fluids, occurring at up to five times the amount present

in serum and at levels comparable to the colostrum.104,163,164

The prostate has been identified as the major source of TGF-b

in men, whereas the seminal vesicle is the primary source of

TGF-b in mice.163 When deposited and activated in the FRT,

TGF-b that is present in semen elicits a transient pro-inflam-

matory response that leads to the activation and recruitment of

neutrophils, macrophages and DCs into the FRT, culminating

in the induction of a tolerogenic phenotype in these cells.163,164

Seminal TGF-b also increases the expression of pregnancy-sup-

porting cytokine production from FRT epithelial cells.164–167

Our lab previously showed that TGF-b1 levels in human SP

differed significantly depending on the presence and stage of

HIV infection, which also leads to differential cytokine res-

ponses in FRT epithelial cells.168 Acute HIV infection leads to

a moderate increase in TGF-b levels, whereas chronic infection

significantly increased TGF-b in our therapy-naive cohort.

Furthermore, TGF-b expression in HIV-uninfected and HIV-

infected men is compartmentalized between the blood and SP

(Kafka et al., unpublished data), and sCD14, an immune

activation marker, was negatively correlated with active TGF-

b1 expression in seminal plasma of chronic therapy-naive men.

These findings suggested that activated TGF-beta could play a

role in regulating chronic immune activation (Kafka et al.,

unpublished data).

In addition to a diverse array of cytokines, growth factors

and leukocytes, several Ig isotypes have also been detected in

semen. The presence of IgG, IgA and IgM has been documen-

ted; however, their respective levels and molecular properties

vary across studies, possibly because of different collection pro-

tocols and standards used in detection assays. Studies have

shown that IgG, rather than IgA, is the most abundant

immunoglobulin present in the semen of healthy men.94,169

Furthermore, the distribution of IgA subclasses indicated the

presence of secretory IgA, polymeric IgA and monomeric

IgA.94

Effects of hormones on testicular immune responses

Androgens, namely testosterone, have immunosuppressive

functions and have been shown to reduce TLR-4 expression

in testicular macrophages.170,171 High local testosterone con-

centrations are likely to be involved in the maintenance of

testicular immune privilege. Testosterone plays an immuno-

modulatory role by regulating the balance between pro- and

anti-inflammatory cytokine expression in SCs, Leydig cells and

MPCs, but it likely does not directly affect testicular leukocytes

because androgen receptor expression levels have not been

found in testicular immune cells. In a study by Meng et al.,172

androgens were shown to regulate the permeability of the

blood–testes barrier by regulating the expression of Claudin

3, a tight junction protein found in SC.

Luteinizing hormone may control the proliferation of sper-

matozoa in the testis during puberty and the maintenance of

macrophages in the adult testis by acting on Leydig cells.117

Follicle-stimulating hormone regulates the maturation of tes-

ticular macrophages via SCs.173 Moreover, gonadotropin-

releasing hormone antagonists have been shown to reduce

the percentage of Treg cells and increase the number of NK

cells in healthy men.174

Immunity in the reproductive tract

PV Nguyen et al

420

Cellular & Molecular Immunology



STIs in the MRT

Bacterial and viral infection of the MRT has been associated

with infertility. Chlamydia trachomatis and Neisseria gonor-

rhoea are the most prevalent STIs among sexually active men

under the age of 35. Moreover, among the chronic viral sperm

infections, HIV), hepatitis B virus and hepatitis C virus are the

most detrimental.175 Inflammation of the testis from acute

epididymitis caused by ascending infection can persist even

after treatment. As a result, the chronic inflammation, even

post-treatment, could affect the functions and structural inte-

grity of the seminiferous tubules and cause infertility.103,104,116

UNAIDS has estimated that there are more than 35 million

people living with HIV worldwide in 2012, 43%–48% of whom

are men.176 Among the 2.3 million new infections each year,

approximately 60%–90% result from sexual contact, with

semen being the main vector involved in HIV transmis-

sion.89,177 Previous studies have shown that HIV causes chron-

ically low genitourinary tract inflammation and impairs the

motility, morphology and function of sperm cells, thereby

reducing fertility in males.178

It was previously thought that the only source of HIV in

semen was from the lymphocytes and macrophages that arrived

in the tissue from blood, but this is not the case. HIV in semen

has been shown to evolve separately from viruses in the blood

and other tissues.179–182 The blood–testis barrier makes it likely

that the testis serves as a virus reservoir, which may be pro-

tected against anti-viral treatments.107,116 Infected leukocytes

have been detected in MRT tissues of HIV-infected men and

can migrate into semen, where they can be key contributors to

HIV transmission.158,183 Preliminary studies in vivo suggest

that semen enhancer of viral infection can facilitate the trans-

mission of low doses of SIV.184

Poor correlations between blood and seminal viral load,

phenotype and genotype in the literature suggest a viral com-

partmentalization phenomenon in HIV infected men. Viral

RNA levels in the seminal plasma have been shown to be more

variable than those found in blood plasma (BP).185 There are

considerable discrepancies in the relative concentrations of

HIV in the SP and BP, both between and within studies. In

most studies, men with undetectable viral loads in the SP also

had undetectable viral loads in the BP.185–188 However, some

studies have shown that SP has an equal or greater viral load

than BP, even in patients who had undetectable blood plasma

viral loads. As an example, in a small prospective study by Sheth

et al.,188 the authors reported substantial inter-individual het-

erogeneity in the SP viral load (as high as 5000 copies/ml),

despite an undetectable BP viral load. This observation is inde-

pendent of anti-retroviral activity or regiment. Thus, other

contributing factors, such as co-infections (e.g., HSV-2 or

human papilloma virus), and the stage of HIV infection should

be closely examined in the future.187

Several endocrine and testicular dysfunctions have been

reported in HIV-infected men at various stages of infection.189

Men during early stages of HIV infection have high levels of

testosterone; however, men with AIDS were shown to exhibit

lower levels of testosterone. It has been hypothesized that the

testosteronemia results both from lymphocyte infiltration and

fibrosis of the interstitial tissue and a reduction in the number

of Leydig cells.189–192

In an effort to curb the transmission of HIV globally, many

epidemiological studies, systemic reviews and a meta-analysis

have been conducted to assess the benefits of circumcision for

HIV prevention.193 Most of the evidence indicates a protective

effect of male circumcision on heterosexual HIV acquisi-

tion.194,195 This positive correlation could be explained by

the fact that the outer surface of the penile shaft and the fore-

skin are covered by a keratinized stratified squamous epithe-

lium.196,197 This provides a protective barrier against HIV

infection. However, the inner surface of the foreskin is not

keratinized and is abundant in Langerhans cells with HIV

receptors that are likely to be the primary point of viral entry

into the penis of an uncircumcised individual.196,198 The fore-

skin is pulled back down the shaft of the penis, exposing the

mucosa of the inner foreskin (the site of many antigen present-

ing cells) to vaginal secretions during heterosexual intercourse,

thereby providing a large area where HIV transmission could

occur.198

HIV infection in the MRT has a profound effect on semen

composition, leading to altered cytokine profiles that can

modulate HIV replication, promote viral shedding and cause

local target cell activation.168,199 We previously showed that

primary FRT epithelial cells exposed to SP from acutely

infected men produced increased levels of pro-inflammatory

cytokines, which lead to increased HIV-long terminal repeat

activation in an infected T cell line.80 Several studies have

shown that semen can also facilitate or inhibit HIV infection.

Factors in semen, such as clusterin and mucin-6, can compete

with HIV as a DC-specific intercellular adhesion molecule-3-

grabbing non-integrin ligand.167,200–202 Cationic peptides, such

as semenogelin and prostatic acid phosphatase, can also con-

tribute to anti-HIV activity.203 In vitro studies have reported

the presence of amyloid fibrils, formed by amyloidogenic frag-

ments of prostatic acid phosphatase and semenogelins, which

might increase the infectivity of HIV by several orders of mag-

nitude by facilitating virion attachment to cells.204–208

The main HIV receptor, CD4, is absent in spermatozoa;

however, several other alternative receptors for HIV have been

described, including GalAAG, a glycolipid related to galacto-

sylceramide that binds to gp120, the HIV coreceptor CCR5,

and the mannose receptor.209,210 Pudney and Anderson158

previously reported the expression of the CD4 receptor on

lymphocytes and macrophages infiltrating the testis, which

represents a potential target for HIV infection. Similar to other

mucosal sites, the MRT is populated by mucosal memory T

cells,124,211 which are depleted during acute infection in

humans and macaques.212,213 Semen contains CD41 T cells

and macrophages, both of which are target cells for HIV infec-

tion.211,214,215 Interestingly, seminal mucosal CD41 T cells

were restored following the initiation of anti-retroviral the-

rapy.213 A recent study showed that primary SIV infection
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induced a strong inflammatory response, which was associated

with increased numbers of leukocytes in primate semen.214

Lymphocytes in the semen showed a mucosal phenotype and

were productively infected both in vitro and at all stages of SIV

infection in vivo.214

SUMMARY AND CONCLUSION

The male and female genital tracts are highly complex mucosal

sites where structural tissue cells, immune cells and resident

microbial flora interact in a microenvironment regulated by

male or female sex hormones, respectively. Because of the

diverse physiological demands on these mucosal sites, the

immune system in either reproductive site is highly compart-

mentalized and has developed unique adaptations. In the FRT,

innate immune cells, soluble factors, and adaptive immune

cells undergo cyclical changes with the menstrual cycle, which

are orchestrated by the female sex hormones, estradiol and

progesterone. The male reproductive tract is characterized by

the unique blood–testes barrier that provides an immune-pri-

vileged site for spermatogenesis. Studies have shown that most

innate immune cells, including DCs and NK cells in the FRT

and macrophages in the MRT, have distinct phenotypic and

functional adaptations that are specific to the reproductive

tract environment. Similarly, there is a distinct compartmen-

talization of adaptive immune cells, such that CD81 T cells are

the main T-cell population in the FRT and IgG is the dominant

immunoglobulin in both the male and female genital tracts.

Innate factors in the reproductive tract provide the first line

of protection against sexually transmitted pathogens. These

include the physical barrier conferred by the epithelial lining

and the mucus and anti-microbial factors that are present in

the lumen of the reproductive tract. Furthermore, the epithelial

and innate immune cells induce inflammatory cytokines, che-

mokines and Type I IFN upon recognition of microbial patho-

gen-associated molecular patterns that initiate innate and

antigen-specific adaptive immune responses.

Among sexually transmitted infections, HIV-1 has unique

adaptations that exploit the host immune responses to estab-

lish successful infection. The inflammatory anti-viral innate

immune responses in the reproductive tract facilitate HIV-1

infection and replication. The adaptive immune responses to

HIV in the reproductive tract are handicapped by the preferen-

tial infection of activated CD41 T cells. CD81 T-cell responses

and antibody responses are induced, but correlations with

protective immunity have not been established to date. An

improved understanding of the unique characteristics and

functions of the immune system in the male and female repro-

ductive tracts will help improve clinical interventions for the

treatment of infertility and the design of better prophylactic

measures to prevent sexually transmitted infections.
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