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Abstract

Despite extensive studies of the mucosal immune system in the female reproductive tract (FRT)

and its regulation by sex hormones, relatively little attention has been paid to the tissue

environment in the FRT that regulates immune cell function. Consisting of secretions from

epithelial cells, stromal fibroblasts and immune cells in tissues from the upper (Fallopian tubes,

uterus and endocervix) and lower (ectocervix and vagina) tracts, each tissue compartment is

unique and precisely regulates immune cells to optimize conditions for successful pregnancy and

protection against sexually transmitted diseases including HIV. Our goal in this Review is to focus

on the mucosal (tissue) environment in the upper and lower FRT. Specifically, this review will

identify the contributions of epithelial cells and fibroblasts to the tissue environment and examine

the impact of this environment on HIV-target cells. Much remains to be learned about the complex

interactions with the tissue environment at different sites in the FRT and the ways in which they

are regulated by sex hormones and chemical contraceptives. Awareness of the involvement of the

tissue environment in determining immune cell function and HIV acquisition is crucial for the

understanding the mechanisms that lead to HIV prevention, acquisition and the development of

new therapeutic modalities of immune protection.
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Introduction

Three decades after the discovery of Human Immunodeficiency Virus (HIV), with no

effective vaccine available and limited success with microbicides, the HIV pandemic

continues to spread with more than 30 million people living with HIV and almost 2.7

million new infections in 20101. Sexual contact remains the predominant mechanism of

transmission worldwide, with young women most vulnerable to HIV infection with rates 2-

fold higher than that in young men 2. There is increasing evidence that the first contact
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between HIV and immune cells in the female reproductive tract (FRT) is vital in

determining the outcome of HIV infection. However, despite our growing understanding of

the mucosal immune system in the FRT, much remains to be learned about the underlying

mechanisms that regulate immune cell susceptibility to infection at different sites in the

FRT.

The mucosal immune system in the FRT contains a spectrum of immune cells including NK

cells, neutrophils, macrophages and T cells that are different from their blood counterparts

al 3,4,52, 53. In addition to their unique phenotypic characteristics, these cells are functionally

unique and responsive to changes in hormone balance during the menstrual cycle 5. Recent

studies indicate that immune cells vary with the mucosal site analyzed. For example, when

macrophages isolated from the gastro-intestinal (GI) and compared to those from the vagina,

vaginal macrophages were more susceptible to HIV infection than those from the GI tract 6.

While much remains to be learned about the unique characteristics of FRT mucosal immune

cells, of equal importance is defining the role of the local tissue environment in regulating

immune cell phenotype and function.

Epithelial cells, fibroblasts and immune cells that reside in FRT tissues contribute to the

pool of cytokines, chemokines and growth factors present in the tissue environment. As seen

in Figure 1, HIV-target cells (CD4+T cells, macrophages and dendritic cells) in FRT tissues

are essential for reproductive success. Once immune cells or their precursors enter the FRT,

their phenotypes are determined by direct interactions with resident cells in the tissue and

the combined effect of their secretions. Additionally, the presence or absence of the sex

hormones estradiol (E2) and progesterone (P4) influence the makeup of the tissue

environment and both directly and indirectly modulate immune cell function 7,8. Adding to

the complexity of this system is that hormone responsiveness of different cell types varies

with anatomical location in the FRT.

Our goal in this Review is to examine our understanding of FRT immunobiology by

focusing on the mucosal (tissue) environment in the upper and lower FRT. Specifically, as

outlined in Figure 1, we will examine the contributions of epithelial cells and fibroblasts to

the tissue environment and examine the impact of this environment on HIV-target cells

(CD4+T cells, macrophages and dendritic cells) against HIV. Awareness of the role of the

tissue environment to immune cell function and HIV acquisition is crucial for understanding

the barriers that prevent HIV infection and the development of new modalities of immune

protection.

Changes in immune responses in the FRT during the menstrual cycle:

Window of Vulnerability

It is not widely appreciated that HIV has multiple portals of entry through both the lower

and upper FRT. Once deposited in the vagina, bacteria, HIV, sperm and radio-opaque dyes

move rapidly into the cervix, uterus, Fallopian tubes and ovaries 910 (Hope, T: Personal

Communication), potentially leading to viral exposure over a large and phenotypically

diverse mucosal surface. The immune system in the FRT is unique in that it is hormonally

controlled to support fertilization, and implantation 5, 11. We found that E2 and P4 act
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directly and indirectly through cytokines, chemokines and growth factors to enhance and

suppress essential components of the humoral, cell-mediated and innate immune systems in

the upper and lower FRT 12. For example, in the uterus during the proliferative phase,

lymphoid aggregates (LA) consist of discrete CD4+ or CD8+ T cell clusters (300 cells/LA).

During the secretory phase, LA increased to 3000–4000 cells/LA. Moreover, uterine CTL

activity, but not vaginal, is suppressed during the secretory phase, most likely to optimize

conditions for implantation 13. These findings led us to propose the hypothesis of a “window

of vulnerability” (starting at ovulation and lasting 7–10 days during the secretory phase of

the cycle) in which immune events to optimize fertilization and implantation place women at

greatest risk for infection by sexually transmitted infections (STI)/HIV 12.

Evidence in support of a “window” comes from two studies. Using repeated, low-dose

simian-human immunodeficiency virus (SHIVSF162P3) vaginal exposures during normal

menstrual cycles 14, 18 macaques (95%) first displayed viremia in the follicular phase,

compared with 1 macaque (5%) in the luteal phase. Taking into account a viral eclipse phase

of 7–14 days before viremia could be detected, Vishwanathan et al. estimated a “window” of

most frequent virus transmission between days 24 and 31 of the menstrual cycle (late

secretory phase). More recently, Saba et al used human cervical explants to demonstrate that

productive HIV-1 infection of human cervical tissue ex vivo is associated with the secretory

and not the proliferative phase of the menstrual cycle 15. Taken together, these findings

suggest that endocrine changes in part mediated through the tissue environment in parts of

the FRT modulate immune protection in a way that increases the likelihood of HIV

infection.

Contribution of epithelial cells to the FRT environment

Epithelial cells protect against infection by providing a physical barrier and secreting

chemokines, cytokines and antimicrobials that contribute to mucosal defense against

pathogens, including HIV 5, 7, 16–18. Layers of stratified squamous epithelial cells line the

vagina and ectocervix, while tight junctions between the columnar epithelial cells maintain

the integrity of the mucosal monolayer in the endocervix, endometrium, and Fallopian tubes

(see Figure 1). The transition between squamous and columnar epithelial cells occurs at the

cervical transformation zone – the junction of the ecto- and endocervix 5. The tight junction

barrier permits epithelial cells of the upper tract to functionally polarize in order to respond

to different stimuli from the apical (lumen) and basolateral (tissue) compartments, as well as

to release IgA from the tissues into the lumen via the polymeric immunoglobulin receptor

(pIgR) to prevent infection 17, 19. In a series of elegant studies, Nazli, Kaushic and

colleagues showed that when upper tract genital epithelial cells were exposed to HIV, the

mucosal barrier was compromised and correlated with secretion of pro-inflammatory

cytokines by the epithelial cells 20–22.

FRT epithelial cell secretions

Although the effects of FRT epithelial cell secretions, both constitutive and induced, are

well documented, less attention has been paid to discriminate between secretions that are

released basolaterally into the tissues compared to those that are secreted apically into the

lumen. Basolateral secretions have direct effects on the HIV target cells as well as on the
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underlying fibroblasts, and these in turn contribute to the FRT immune environment via

their own secretions. We have shown that significant quantities of IL-8, IL-6, G-CSF,

MCP-1, GM-CSF, TNFα, MIP-1β are constitutively secreted by purified uterine,

endocervical and Fallopian tube epithelial cells into the basolateral compartment in

culture 23. We have also shown that uterine epithelial cells preferentially release

transforming growth factor-beta (TGFβ) into the basolateral chamber (approximately 70% >

apical) and tumor necrosis factor-alpha (TNFα) into the apical compartment (approximately

30% > basolateral) 24. When epithelial cells on cell culture inserts were transferred to plates

containing stromal cells, co-culture for 24–48hr decreased TNFα release into both the apical

and basolateral chambers (approximately 30%-50%). Similar results were found when

conditioned stromal medium (CSM) was placed in the basolateral chamber. These studies

indicate that uterine stromal cells produce a soluble factor(s) that regulates the secretion of

TNFαby uterine epithelial cells.

The secretion profile of FRT epithelial cells is partially dependent on the anatomical site

within the FRT. For example, MIP3α (CCL20) has a potential secretion gradient among

epithelial cells of Fallopian tubes>uterus>endocervix>ectocervix/vagina 25 (Patel et al.

unpublished). Secretions by FRT epithelial cells have significant effects in determining

whether or not an HIV infection will occur. For example, many of these epithelial cell

factors, including IL-8, CCL20 and RANTES, are chemokines/cytokines that will attract/

activate immune cells to/at the site of HIV infection. The number of activated HIV target

cells (CD4+T cells, macrophages and dendritic cells) present at the point of HIV exposure

may increase chances for infection. Alternatively, some of the same factors have anti-HIV

activity and prevent HIV infection 7. This apparent paradox with relation to HIV infection is

dependent on many factors, including the quantity of the epithelial cell factors secreted, the

site within the FRT, the presence of co-infecting pathogens, the presence of proteolytic

enzymes, the sex hormone balance, the activation status of cells, the interaction with other

factors secreted by other cells as well as epithelial cells, and the types of immune cells

present.

Epithelial cell secretions are also important in modulating the phenotype of local immune

cells within the tissue. Studies from our laboratory addressed the influence of the FRT

mucosal environment on dendritic cells. Using conditioned media (CM) from uterine

epithelial cells to treat monocyte-derived DC, Ochiel et al 26 demonstrated that DC

phenotype and function changes in response to secreted soluble factors in CM. As seen in

Figure 2, uterine epithelial cell CM down-regulated DC-SIGN expression, but increased

surface expression of CXCR4 on iDC. TGFβ blockade abolished the effect of CM on DC-

SIGN but not CXCR4 suggesting that other molecules in CM are involved in regulating iDC

phenotype. CM also inhibited iDC cell-mediated Trans infection of HIV-1 to TZM-bl target

cells 27. This is the first evidence that EC basolaterally secreted TGFβ, a known estrogen-

mediated soluble factor 28, lowers HIV infection of a target cell. In other studies, Smith et al.

showed that TGFβ is partially responsible for the non-permissiveness of intestinal MØs to

HIV infection 29. After CM treatment, DC responded with a tolerogenic pattern to

stimulation with lipopolysaccharide (LPS) and poly (I:C), which included down-regulation

of co-stimulatory molecules, production of IL-10, increased IDO and reduced induction of
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allogeneic proliferation 26. In agreement with this tolerogeneic environment, a great

proportion of macrophages (CD68+) in the endometrium express CD163, a molecule that

identifies alternatively activated macrophages, rather than CD14 30.

Anti-HIV factors

HIV can cross the epithelial barrier and contact underlying target cells through several

mechanisms including: (i) gaps in the epithelial lining, (ii) transcytosis or (iii) paracellular

movement 31. Fortunately, FRT epithelial cells secrete a variety of anti-HIV molecules

including mucus, human beta defensins (HBD), MIP3α, MIP1β, secretory leukocyte

protease inhibitor (SLPI), lysozyme, tracheal anti-microbial peptide, trappin-2/elafin,

cathelicidin, lysozyme and many others. These factors can function as receptor/co-receptor

antagonists of HIV, directly inhibit the virus, prevent enhancement of HIV infection by

eliminating co-infections, reduce inflammation or by other means. Interestingly, whereas

secretions from uterine or Fallopian tube epithelial cells directly inhibit N. gonorrhoeae, C.

albicans, and HIV-1, they had no effect on the commensal Lactobacillus crispatus 7. This

suggests that the endogenous antimicrobials secreted by FRT epithelial cells will not reduce

the protective effect of commensals in preventing HIV infection.

Pro-inflammatory secretions

Epithelial cells can recognize foreign pathogens through the expression pattern recognition

receptors (PRR) that detect conserved moieties present in these pathogens such as nucleic

acids (dsRNA, ssRNA) or bacterial components (LPS, flagellin). Upon recognition,

epithelial cells upregulate their expression and secretion of pro-inflammatory

cytokines 5, 7, 32–35. These function as signals that lead to increased trafficking of immune

cells to the mucosal surface. Furthermore, an inflammatory environment within the FRT is

associated with increased susceptibility to HIV acquisition. Similarly, co-infections and

exposure of FRT epithelial cells to PRR and sexually transmitted pathogens stimulates

secretion of pro-inflammatory factors that can lead to an immune activation environment of

HIV infectivity 36–38. Additionally, semen, the vector by which pathogens are introduced

into the FRT induces pro-inflammatory cytokine secretion by FRT epithelial cells that

activates HIV-1 LTR in T cells 39, 40.

Role of Sex hormones

We have previously shown that E2 increases secretion of upper tract epithelial cell

endogenous antimicrobials such as HBD2 and SLPI with known anti-HIV activity and

inhibits the secretion of pro-inflammatory cytokines cytokines such as TNFα after viral or

bacterial stimulation 41. The latter effect may be due to the antimicrobials in that E2-induced

SLPI is known to inhibit NF-kB function and therefore production of pro-inflammatory

factors by epithelial cells. Since pro-inflammatory cytokines, perhaps secreted in response to

a bacterial or viral co-infection, are known to enhance HIV infectivity, E2 most likely has

multiple effects on epithelial cells from different sites in the FRT that influence HIV

acquisition. For example, in contrast to uterine epithelial cells in which E2 stimulates

secretion of HBD2 and other immune molecules, E2 decreases vaginal epithelial cell

secretion of innate immune proteins including HBD2 4243.
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FRT epithelial cells as targets in HIV infection

Recent results suggest that FRT epithelial cells may serve as a direct conduit of HIV to HIV-

target cells, making the epithelial cells themselves de facto HIV-target cells. Asin and

collaborators showed that primary uterine epithelial cells and fibroblasts treated with HIV

released viral particles that were able to infect CD4+T cells 44. Liu and coworkers

demonstrated that gastric epithelial cells act as a reservoir for HIV and also induce an

inflammatory state that contributes to infectivity 45. Whether FRT epithelial cells can

productively produce virus is controversial but a recent report showed that epithelial cells

are infected with HIV and the epithelial cells pass on de novo virus in a contact-dependent

mechanism to CD4+T cells 46. Recently, we found that uterine epithelial cells are

susceptible to HIV infection with mucosally transmitted molecular clones of HIV-1

(Ochsenbauer, unpublished observation). Overall, studies to date indicate that the

microenvironment of the female genital tract is complex and undergoes dynamic changes

due to hormones and other factors that could influence HIV infection. Epithelial cells are

critical contributors to the tissue environment and that contributions in the form of

cytokines, chemokines and growth factors are site specific and under hormonal control.

Contribution of stromal fibroblasts to the FRT environment

Fibroblasts are located beneath the epithelial layer and comprise the majority cell type in the

sub-epithelial tissues. Despite this, relatively little is known about their role in innate

immune protection. Previous studies have reported that secretions from a uterine stromal

fibroblast cell line influence the phenotype of monocytes and macrophages and vice

versa 47, 48. Fibroblasts from the uterus and Fallopian tubes express TLRs and upregulate the

secretion of proinflammatory cytokines in response to the bacterial TLR4 ligand, LPS 49. In

other studies, we have found that uterine, endocervical and ectocervical fibroblasts secrete

both Type I and Type III IFNs in response to poly (I:C), leading to the upregulation of

intracellular genes including MxA, OAS2 and APOBEC3G (Patel et al. unpublished

observations). Additionally, they also secrete IL-8, IL-6, and MCP-1 in response to poly

(I:C). To determine whether fibroblasts secrete antimicrobials, we analyzed conditioned

media (CM) following 48hr in culture and found that cells from the upper FRT (Cx, FT and

EM), but not the lower tract (ECx, VG), secrete CCL20/MIP3α and HBD2 (not shown),

both of which we have found to inhibit HIV infection 25, 27. In preliminary studies, we tested

diluted CM (1:4) from EM fibroblasts of 4 women for anti-HIV activity. As seen in Figure

3, fibroblast CM from 3/4 women had potent anti-HIV activity against an R5 (BaL)

reference virus.

Fibroblasts also have site-specific differences when treated with E2. When fibroblast

chemokines were measured in secretions, E2 stimulated SDF-1 production but had no effect

on either MCP-1 or IL-8 (Patel et al. unpublished observations). Intriguingly, the withdrawal

of sex hormones from uterine stromal fibroblasts treated with E2 and P4 for several days in

vitro, increases their secretion of proinflammatory cytokines including IL-6, CCL2, CXCL8

and IFNα amongst others 50. Because epithelial-stromal cell interactions are essential in

facilitating hormone-induced growth and development in the EM, we examined the effects

of E2 on hepatocyte growth factor (HGF) made by FRT fibroblasts and found that secretion
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is regulated by E2 in the EM, but not in Cx and Ecx 51, 52. Given that HGF regulates

epithelial cell (EC) tight junction barrier integrity, these findings indicate that sex hormones

mediate communication between fibroblasts and epithelial cells with potential consequences

for HIV acquisition. Overall, these data demonstrate that FRT fibroblasts are able to

communicate with other cells as well as recognize and respond to pathogens and may

represent an unappreciated player in innate immune protection within the FRT.

Effect of the tissue environment on immune cells

The role that the mucosal environment of the FRT plays in modifying immune cell

susceptibility to HIV infection remains largely unknown. Many studies have demonstrated

that the immune cell populations found in the FRT differ from cells found in peripheral

blood and from other mucosal surfaces. These differences are driven by the effect of sex

hormones acting directly on the immune cells and by the surrounding tissue environment,

which is also responsive to hormonal fluctuations. Differences include cell activation,

differentiation and HIV-coreceptor expression, which will greatly influence susceptibility to

HIV-infection.

Cell activation and differentiation

The immune cell populations found in the uterus are unique when compared to other

mucosal surfaces, most likely due to the need to tolerate foreign fetus antigens. Leukocytes

increase in numbers in the endometrium during the luteal phase of the menstrual cycle 53

and continue to increase if pregnancy occurs. Several studies have proven that the

composition and function of immune cells in the uterus is different than those found in blood

and other tissues. In the endometrium T cells represent the main lymphocyte population 54.

They display a memory phenotype with high expression of CD45RO 13. Additionally, there

is an inverse CD4/CD8 ratio 13, 55, 56. Using endometrial biopsies, Shanmugasundaram et

al 3 demonstrated that CD4+ and CD8+ T cells in the endometrium are mostly of the effector

memory phenotype (TEM) and express higher levels of CD38 and HLA-DR than cells in

peripheral blood, indicating a more activated state. NK cells are far more abundant in the

endometrium than in blood and are characterized by high expression of CD56 and lack of

CD16 57, 58, which represents an immunomodulatory subset of NK cells 59. A recent study

compared leuckocyte composition from menstrual blood and peripheral blood from the same

women and found fundamental differences between them 60, consistent with previous

studies using hysterectomies. The total percentage of lymphocytes was reduced compared to

PBMC, as described before 54. NK cells and T cells in menstrual blood had increased

expression of CD103, indicating that they were not of peripheral origin. Also they found that

T cells in menstrual blood were more recently activated, as shown by the increase in CD69

expression 60.

Optimization of the conditions for fertilization and pregnancy take place during the

“window of vulnerability” and is dependent on hormonally controlled secretion of

chemokines by epithelial cells that recruit and retain immune cells by enhancing or

suppressing their expression of chemokine receptors 61–63. Many of these same chemokine

receptors are also involved in HIV-infection and act by facilitating viral entry (CXCR4,

CCR5) and spread to lymph nodes (CCR7) 64. In recent studies comparing blood and tissue
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CD4+T cells by RT-PCR analysis, we found that CCR7 was significantly lower in CD4+T

cells from tissue relative to that seen with blood. In contrast, CCR6 expression was higher

on FRT CD4+T cells than in blood. Within the FRT, CCR6 expression was highest in the Cx

followed by ECx and EM. As seen in Figure 4, surface expression of CX3CR1 (Fractalkine

receptor), the ligand for CX3CL1 (also called neurotactin or Fractalkine), which attracts and

in the bound form retains T cells and monocytes, increased when blood CD4+T cells were

treated for 48hr with CM from EM and Cx, but not with CM from ECx epithelial cells.

Characterization of T cell populations in cervix also shows differences with peripheral blood

and other tissues 65, 66. Saba et al. 15 performed extensive characterization T cell phenotype

and activation in cervico-vaginal tissues (endocervix and ectocervix). T cells (CD3+)

represent the majority of lymphocytes (80%) but, unlike the endometrium, about 50% of

them are CD4+ and 50% CD8+ 15 (Rodriguez-Garcia unpublished). Of the CD4+T cells,

more than 90% were of the effector memory phenotype (TEM) while CD8+ T cells were

70% TEM. More than 90% of T cells expressed the activation markers CD69 and CD95,

while other activation markers such as CD57, CD38, HLA-DR or CD25 were expressed in

only 10% or less of the T cells15. A comparative analysis of gene expression and cell

phenotype between cervical immune cells and PBMC showed clear differences in cell

distribution and immune regulatory pathways between both populations 67. Three pathways

relevant for susceptibility to HIV-infection showed to be over-expressed in the cells from

the cervix compared to blood: toll-like receptor signaling pathway, complement and

coagulation cascades and cytokine-cytokine receptor interaction pathway. Some of the

cytokines that were over expressed in cervical cells include MIP-1α, MIP-1β and TNFα,

which play a role in immune cell activation and recruitment but also in HIV-coreceptor

blockade. TLR 1, 2, 4, 5, 6 and 8 and MyD88 were over-expressed in cervical cells while

TLR 7 was under-expressed. Additionally, genes responsible for pro-apoptotic end functions

were under expressed, suggesting an anti-apoptotic environment in the cervix 67.

Macrophages represent approximately 10% of the FRT leukocytes 54 and are more frequent

in endometrial stroma and myometrial connective tissue 68 than in the endo- or ectocervix.

The Influx of macrophages into the endometrium increases prior to menstruation under the

influence of E2 and P4 69. In contrast, sex hormones do not regulate vaginal macrophage

numbers, which remain constant throughout the menstrual cycle 68.

HIV-Coreceptor expression and HIV-infection

Different studies report increased expression of CCR5 in cells from the FRT 3, 15, 65, 66.

Additionally, CCR5 expression may be regulated by the menopausal status, since cells from

postmenopausal women expressed more CCR5 than premenopausal women 70 (Rodriguez-

Garcia et al, unpublished data). Saba et al. 15 found that about 50% of CD4+T cells

expressed HIV-coreceptor CCR5. Interestingly, ex-vivo HIV infection of these cervico-

vaginal tissues was only possible with R5 strains, but tissues were very resistant to infection

with X4 viruses, even though about 50% of cells also expressed the CXCR4 receptor,

suggesting that additional factors beyond HIV-coreceptor expression are involved in

susceptibility to HIV-acquisition. More recently (Figure 5), we found that basolateral CM

from purified polarized uterine epithelial cell and fibroblast CM down-regulates CCR5 but
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not CXCR4 mRNA expression in blood CD4+T cells. This observation provides direct

evidence that basolateral secretions from epithelial cells and fibroblasts alter susceptibility to

HIV infection.

Productive HIV-infection of cervico-vaginal tissue explants ex-vivo was recently

demonstrated to be associated with the stage of the menstrual cycle 15. Only tissues from

women in the secretory phase of the menstrual cycle, but not in proliferative or with atrophic

endometrium, were able to support productive viral replication. Analysis of the cells

supporting HIV-infection demonstrated that both CD4+T cells and macrophages were

involved. Tissues supporting productive HIV-replication contained higher percentages of

CD209+ (DC-SIGN) macrophages while higher production of CCL5 (RANTES) was found

in non-productive infection 15.

A study comparing susceptibility to HIV-infection between macrophages from the vagina

and intestinal macrophages showed that vaginal macrophages expressed higher levels of

CD14, CD4, CCR5 and CXCR4 and displayed greater susceptibility to HIV infection 71.

The reduced susceptibility of intestinal macrophages was due to TGFβ present in the

intestinal tissue environment 7, similar to that seen with uterine epithelial conditioned

media 27.

Nucleotidase Expression and microbicide availability in the tissue

environment of the FRT

Microbicides have demonstrated promise for the prevention of HIV infection. However,

recent clinical trials have shown that Preexposure Prophylaxis (PrEP) microbicides such as

Tenofovir have been less efficacious in women than in men, possibly due to drug adherence

as well as other factors. We discovered that E2 might influence the metabolism of Tenofovir

in the FRT by regulating nucleotidase enzymes in fibroblasts and epithelial cells from the

upper and lower FRT 72. Nucleotidases have phosphatase activity and are involved in the

catabolism of nucleotides through dephosphorylation of the nucleotide terminal phosphate

with a preference for nucleotide monophosphates 73 and have been implicated in TFV

metabolism. Epithelial cells and fibroblasts were isolated from FRT tissues (Fallopian tubes,

endometrium, endocervix and ectocervix) from hysterectomy patients, grown to confluence

and treated with E2 prior to RNA isolation. The expression of 6 of 7 nucleotidase (NT)

genes, as analyzed by RT-PCR, was measurable in both epithelial cells and fibroblasts from

FRT tissues. Of those genes analyzed, E2 increased Cytosolic 5′-nucleotidase IA (NT5C1A)

expression at 2 or 4h in endometrial epithelial cells. In parallel studies using a modified

Diazyme 5′-Nucleotidase Assay, E2 treatment of epithelial cells and fibroblasts (24 and 48h)

increased 5′-nucleotidase biological activity levels. The increase in nucleotidase expression

and biological activity induced by E2 suggests that, when E2 levels are elevated during the

menstrual cycle, FRT epithelial cells and fibroblasts may contribute to enhanced delivery of

Tenofovir to HIV-target cells (macrophages, CD4+T cells) in the FRT. Further studies are

needed to define the complex interactions of the endocrine system and its influence on

microbicide efficacy.
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Conclusions

In contrast to immune cells in peripheral blood, entry of immune cells and their precursors

into the FRT is characterized by changes in phenotype and immune function. In addition to

the influence of sex hormones, a growing body of evidence indicates that the tissue

environment in the FRT, which consists of contributions from epithelial cells, stromal

fibroblasts and immune cells, is responsible for immunological changes that are unique and

contribute to the prevention of HIV infection. Understanding the complexities of the tissue

environment and the mechanisms through which sex hormones selectively modulate

immune function in the upper and lower FRT are crucial to protection against HIV and other

microbial diseases as well as more fully understanding the events responsible for successful

fertilization pregnancy and parturition.
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Figure 1.
Representation of tissue environment immune protection against HIV in the female

reproductive tract. Sex hormones regulate cellular interaction and communication between

epithelial cells, fibroblasts and HIV-target cells to provide defense against HIV infection.
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Figure 2.
Basolateral conditioned media (CM) from primary polarized epithelial cells inhibit trans

infection by immature dendritic cells (iDC). The effect of primary uterine epithelial cell CM

on trans infection by DC of HIV-1 infectious molecular clones encoding envelope

ectodomains (env-IMC) of reference HIV-1 (BaL or YU-2) is shown. Media or CM from the

basolateral compartments of primary uterine epithelial cells grown in cell inserts were

incubated with immature DC differentiated from human monocyte derived-dendritic cells.

Immature DC were pulsed with HIV-1 derived from infectious mononuclear clones

expressing env genes for BaL or YU-2 in an isogenic reporter background. HIV-1 trans

infection assay was performed using TZM-bl reporter cells as targets. Virus-pulsed DC were

co-cultured with the TZM-bl reporter cell line and virus infection was assayed by measuring

β-galactosidase expression with a Luminometer. The data are presented as % transmission +/

− SEM (Calculated from 5 separate experiments) of HIV-1 by CM DC relative to Control

DC. * p<0.05, ** p<0.001. Similar results were obtained with 4 transmitted/founder HIV-1.

From 27.
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Figure 3.
Effect of 48hr fibroblast conditioned media (CM) derived from 4 patients on the infection of

HIV BaL. TZM-bl cells were incubated with media control, Bal, or Bal and CM from

quadruplicate fibroblast cultures of 4 patients. Relative Light Units (RLU) of β-galactosidase

expression were determined with a Luminometer. Conditioned Media from three out of four

fibroblast cell cultures significantly decreased infection. **, p<0.01, ***, p<0.001.
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Figure 4.
Basolateral conditioned media from uterine and endocervical EC up-regulates CX3CR1

expression in CD4+T cells. CD4+T cells were purified from peripheral blood, incubated with

basolateral EC conditioned media (CM) from the endometrium, endocervix and ectocervix

for 48hr and analyzed for CX3CR1 expression by flow cytometry. CM from endometrium

and endocervix, but not ectocervix up-regulated the expression of CX3CR1 compared to

control cells incubated with media alone.
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Figure 5.
Basolateral CM from purified polarized uterine epithelial cell and fibroblast CM down-

regulate CCR5 but not CXCR4 mRNA expression in CD4+T cells. Purified blood T cells

were incubated with CM from primary cultures of uterine epithelial cells and fibroblasts for

24hr. mRNA was isolated and expression of CCR5 and CXCR4 determined by RT-PCR.

These findings provide direct evidence that basolateral secretions from FRT epithelial cells

and fibroblasts alter susceptibility to HIV infection. **, Significantly p<0.01 lower than

control cells.
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