
Univ
ers

ity
 of

 C
ap

e T
ow

n

 
 

 

 

Cross talk between the glucocorticoid receptor and the 

progesterone receptor in modulation of progestin 

responses and HIV-1 infection 

 

 

 

Alexis J. Bick 

 

 

Thesis presented for the degree of 

DOCTOR OF PHILOSOPHY 

Department of Molecular and Cell Biology 

Faculty of Science 

UNIVERSITY OF CAPE TOWN 

 

 

 

 

 

 

 

 

 

February 2018 



Univ
ers

ity
 of

 C
ap

e T
ow

n

 

 

 

 

 

 

 

 

 

The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 
 



ii 
 

 

Abstract 

 

Current epidemiological data showing that the use of the injectable contraceptive progestin Depot-

medroxyprogesterone acetate (DMPA) is associated with increased HIV-1 acquisition is controversial. 

However, animal and ex vivo data reveal plausible biological mechanisms whereby MPA may 

increase HIV-1 acquisition. Relatively high levels of endogenous progesterone (P4) found in the luteal 

phase of the menstrual cycle have also been linked to increased HIV-1 acquisition in animal, clinical 

and ex vivo models. One of the central hypotheses of the present study was that the mechanism of 

MPA-induced increase in HIV-1 infection occurs via a different mechanism to that of the luteal phase. 

Furthermore, MPA has been shown to activate both the glucocorticoid receptor (GR) and its target, 

the progesterone receptor (PR) isoform B (PR-B), which are both transcription factors and regulate 

genes involved in immune function. Both the GR and PR are expressed in the cervix, the primary site 

of heterosexual HIV-1 infection. PR is regulated by endogenous estrogen (E2), of which the 

concentrations fluctuate throughout the menstrual cycle, and GR expression also varies in response to 

stress hormones, leading to conditions of varied relative levels of GR/PR. The immune-related 

consequences of changing the relative levels of GR and PR-B are not well understood. Therefore 

another hypothesis of this study was that changing the relative levels of GR/PR-B modulates HIV-1 

infection and immunomodulatory gene expression in response to the GR/PR agonist, MPA. Since GR 

and PR-B recognize similar DNA target sequences and may regulate the same genes at the same time, 

the final hypothesis of the present study was that GR and PR-B reciprocally modulate each other’s 

activity, through possible association. 

 

To investigate the effects of exogenous hormones on HIV-1 infection and mechanisms thereof, 

peripheral blood mononuclear cells (PBMCs) and TZM-bl cervical cells were used as model systems 

for HIV-1 infection. These cells were stimulated with P4 and E2 at concentrations mimicking the 

menstrual cycle phases or with levels of MPA at the upper range of peak serum levels detected in 

DMPA users. Cells were infected with the R-tropic HIV-1 infectious molecular clone, HIV-1Bal_Renilla 

and luciferase assays were used to measure HIV-1 infection. Levels of HIV-1 CD4 receptor and 

CCR5 co-receptor protein or mRNA were measured by flow cytometry or qPCR, respectively, while 

activation of CD4+ T cells using the activation marker CD69 was measured by flow cytometry in 

PBMCs. To investigate the effects of changing GR/PR-B levels on HIV-1 infection and immune gene 

regulation, GR/PR levels were altered in End1/E6E7 immortalized endocervical and HeLa/TZM-bl 

cervical carcinoma cells by GR siRNA knockdown with or without the simultaneous over-expression 

of PR-B, and cells were stimulated with MPA or the GR agonist Dexamethasone. mRNA expression 
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of key immunomodulatory genes in End1/E6E7 and HeLa cells was measured by qPCR. The 

modulation of GR activity by PR-B was assessed by promoter-reporter assay in COS1 and U2OS cells 

over-expressing GR and PR and stimulated with GR- and/or PR-specific ligands. Association of GR 

and PR-B was measured by co-immunoprecipitation in COS1 and MCF-7 cells, while co-localization 

of GR and PR-B was measured by confocal microscopy and super-resolution structured illumination 

microscopy in COS1 cells. 

 

MPA significantly increased HIV-1 infection in both PBMCs and TZM-bl cells, while luteal phase 

hormones did so to a lesser extent. However, MPA but not luteal phase hormones increased the ratio 

of CD4+/CD8+ T cells in PBMCs. MPA but not luteal phase hormones also increased CCR5 protein 

expression on CD4+ T cells in PBMCs and total CCR5 mRNA expression in TZM-bl cells. In 

addition, MPA but not luteal phase hormones increased activation of CD4+ T cells in PBMCs. Using 

a GR antagonist or GR siRNA, it was shown that the GR but not PR-B is required for MPA-, but not 

luteal phase hormone-induced increased HIV-1 infection in PBMCs and TZM-bls. The presence of 

PR-B altered the anti-inflammatory, GR-mediated regulation of some key immunomodulatory genes, 

including GILZ and IL-6, in End1/E6E7 and HeLa cells in response to MPA. In general, basal 

(unliganded) expression of immunomodulatory genes exhibited a pro-inflammatory profile in the 

presence of PR-B. Co-immunoprecipitation assays showed that GR and PR-B appeared to associate. 

Confocal microscopy suggested GR and PR co-localized in the nucleus in response to GR- and/or PR-

specific ligands, while super-resolution microscopy showed that co-localization occurred in select 

regions within the nucleus.  

 

Taken together, MPA increases HIV-1 infection in a manner different from that of luteal phase 

hormones, most likely involving increased CD4+ T cell frequency (CD4+/CD8+ ratio), activation and 

increased expression of CCR5 on CD4+ T cells, and requiring the GR. Furthermore, PR-B modulates 

GR-mediated immune function gene regulation, via potential association and region-specific nuclear 

co-localization. This suggests that the relative levels of GR/PR may play an important role in 

determining the inflammatory and immune responses and HIV-1 infection in HIV-1 target cells, both 

in DMPA users and women not using hormonal contraception.  
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Thesis Outline 

 

This thesis comprises of six chapters and five appendices. There are three results chapters and 

supplementary results are included in the appendix. 

Chapter 1: Literature Review. This chapter outlines the current literature on mechanisms of GR- and 

PR-mediated gene regulation, the immune responses of the FRT mucosae, and HIV-1 infection in 

response to endogenous sex hormones and hormonal contraception with the injectable MPA. The 

rationale behind the research conducted is also discussed and the main hypotheses are stated. 

Chapter 2: Materials and Methods. This chapter describes in detail the methods used to obtain the 

results in the subsequent chapters. 

Chapter 3: Results: Both MPA used in injectable contraception and exogenous hormones mimicking 

the luteal phase of the menstrual cycle increase HIV-1 infection, but via potentially different 

mechanisms. This chapter investigates HIV-1 infection in peripheral blood and an infectable cervical 

cell line model in response to MPA or hormones representing the luteal and follicular phases of the 

menstrual cycle, and analyzes potential biological mechanisms of infection through regulation of key 

markers relevant to HIV-1 infection. 

Chapter 4: Results: MPA-induced and basal HIV-1 infection and immunomodulatory gene expression 

change when the relative levels of GR and PR are altered. This chapter explores the effects of 

molecular manipulation of relative GR/PR levels in cervical cell lines on HIV-1 infection, expression 

of markers relevant to HIV-1 infection and immunomodulatory gene expression.  

Chapter 5: Results: Modulation of GR activity by PR potentially occurs via GR-PR association and 

co-localization. This chapter investigates potential interactions and cellular co-localization of the GR 

and PR in the absence and presence of hormone ligands. 

 

Chapter 6: Discussion. This chapter critically discusses the results obtained in the previous three 

chapters and contextualizes the findings from this thesis within the fields of biological mechanisms of 

HIV-1 infection and cross-talk between the GR and PR.  

 

Chapter 7: Conclusions and Future Perspectives. This chapter draws concluding remarks from the 

observations presented in this thesis and proposes new avenues of research arising from this work. 

 

Appendix A: Supporting data from other researchers in the Hapgood laboratory. This appendix 

consists of supporting data carried out by other researchers in the present author’s laboratory, and 
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shows the endogenous steroid receptor levels of the various model systems (End1/E6E7, HeLa, 

TZMBL, PBMCs, cervical explants) used in this study. 

Appendix B: Supporting data from the present author. This appendix includes supplementary data 

carried out by the present author and consists of pilot experiments, important controls and the 

investigation of possible model cell line strategies in which relative GR/PR levels could be altered. 

Appendix C: Gating strategy used for flow cytometry analysis. This appendix consists of flow 

diagrams indicating how samples from a representative PBMC donor were gated for marker-negative 

cell populations and analysed for flow cytometry. 

Appendix D:  Cervical explant donor information. This appendix lists the endogenous hormone levels, 

STI status and menstrual cycle phase of the donors whose cervical explant tissue was used for 

quantification of endogenous GR/PR protein levels. 

Appendix E: Approval letters from the Human Research Ethics Committee. This appendix contains 

scanned copies of the approval letters received from the University of Cape Town’s Human Research 

Ethics Committee for the doctoral research as a sub-study of an existing study. 
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Chapter 1 

Literature Review 
 

 

 

 

1.1 HIV-1 prevalence in South Africa 

 

With 38.8 million people worldwide living with HIV/AIDS in 2015, HIV-1 infection, incidence and 

prevalence remain a global health concern (Collaborators et al. 2016). From about 1.8 million new 

infections recorded globally in 2015, approximately 75% of these occurred in Sub-Saharan Africa 

(Collaborators et al. 2016), thereby burdening this region with the highest incidence of HIV-1 and 

AIDS (Fig. 1.1.). South Africa in particular has the highest HIV-1 prevalence, with about 7 million 

infected people in 2015 (UNAIDS South Africa , Avert 2016). HIV-1 incidence in South Africa is in 

the 98-99
th
 percentile, in the range of 707-1043 per 100 000 people (Fig. 1.1.).  

 

 

 

Figure 1.1. Global incidence of HIV-1 per 100 000 people by country in 2015. Incidence was 

calculated as cumulative new HIV infections during the year divided by the total mid-year population. Colour 

blocks indicate the 0–50
th

, 50–70
th

, 70–80
th

, 80–90
th

, 90th–92
nd

, 92nd–94
th

, 96–98
th

, 98–99
th

, and 99–100
th
 

percentiles. Several islands, all in blue colours, have been excluded from the map, including Singapore, Fiji, 

Malta and the Caribbean. Taken from (Collaborators et al. 2016). 

 



2 
 

 

Globally more than half of new infections occur in women (Joint United Nationals Programme on 

HIV/AIDS (UNAIDS) 2016). This trend is also observed in South Africa, where the prevalence of 

HIV-1 is higher in women than men (Shisana et al. 2014). This difference is highest for women of 

reproductive age, between ages 20-34 (Shisana et al. 2014) (Fig. 1.2). 

 

 

 
Figure 1.2. HIV-1 prevalence in South African men and women in 2012. HIV-1 prevalence is 

indicated as percentage. Prevalence is higher in females than males for all age groups except 50-54 and over 60 

years. The highest prevalence occurs in females aged 30-34 years. Taken from (Shisana et al. 2014). 

 

 

 
Men and women differ considerably in their immune responses and susceptibility to infectious 

diseases (Klein and Flanagan 2016, Roved et al. 2017). This phenomenon is largely a consequence of 

different endogenous sex steroid hormones, estrogen (E2) and progesterone (P4) in women and 

testosterone in men. In addition to regulating reproduction, female sex hormones regulate immune 

function in the female reproductive tract. 
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1.2 The female reproductive tract (FRT) 

 

The FRT consists of several organs co-ordinating in function to regulate reproductive processes 

including egg maturation and release, implantation of fertilized eggs, foetal development and 

maintenance of pregnancy, parturition and in the absence of pregnancy, menstruation. These 

processes are intricately regulated by the endogenous sex steroid hormones, E2 and P4. The FRT also 

functions to protect against bacterial, viral and yeast pathogens (Wira et al. 2005b). During 

heterosexual intercourse, the FRT is the first line of defence against sexually transmitted infections, 

including HIV-1, by providing both a physical barrier and a protective immune microenvironment 

(Wira et al. 2005b, Wira et al. 2005c, Hickey et al. 2011).  

 

 

1.2.1 Structure 

 

The organs of the FRT are classified as upper FRT (ovaries, fallopian tubes, uterus) or lower FRT 

(vagina, cervix, Fig. 1.2.1) (Miller and Shattock 2003, Lee et al. 2015, Wira et al. 2015). The cervix is 

further divided into the endocervix (uterine side) and ectocervix (vaginal side, Fig. 1.2.1) and is 

believed to be the primary site of HIV-1 infection (Pudney et al. 2005). 

 

The mucosal surfaces lining the FRT are comprised of stratified squamous epithelium in the vagina 

and ectocervix, and columnar epithelium in the endometrium and endocervix (Fig. 1.2.1) (Hladik and 

Hope 2009, Nguyen et al. 2014, Wira et al. 2014a). The mucosal epithelium is structurally supported 

by the underlying lamina propria and stromal connective tissue. Epithelial barrier integrity is 

promoted by tight junctions between cells (Kaushic 2009, Kaushic 2011). An additional physical 

barrier is the secretion of thick mucus by the cervix (Fig. 1.2.1) (Hickey et al. 2011, Wira et al. 2015).  

 

The cervical transformation zone, also known as the squamo-columnar junction, is the area in which 

the cells change from multi-layer squamous cells to monolayer columnar cells (Fig. 1.2.1). This thin 

layer of columnar epithelium and the large number of CD4+ T cells populating the transformation 

zone make the cervix an important site for initial HIV-1 infection (Pudney et al. 2005, Haynes and 

Shattock 2008, Wira et al. 2010, Lee et al. 2015). 

 

 

  



4 
 

Figure 1.2.1. Anatomical structure, epithelium and immune cells of the FRT. Ovaries are shown in 

yellow, with connective tissue in light pink and the FRT lumen in dark pink. Compartments of the lower FRT 

(vagina and ectocervix) are lined with squamous epithelium, while the upper FRT (endocervix and uterine 

endometrium) is lined with columnar epithelium. The transformation zone occurs where epithelial cells change 

from squamous to columnar. Immune cells shown include HIV-1 target CD4+ T cells. Innate immunity in the 

vagina is represented by antimicrobial peptides, Lactobacilli and mucus. Taken from (Nguyen et al. 2014). 

 

 

 

1.2.2 HIV-1 infection in the FRT 

 

Infection with the retrovirus HIV-1 in the FRT occurs through sexual transmission. Despite low 

transmission rates (1:200-1:2000), more new cases arise through vaginal intercourse than other types 

of transmission (Hladik and McElrath 2008, Hladik and Hope 2009). HIV-1 crosses through genital 

epithelial cells at regions of compromised barrier integrity via shearing, microabrasions, impaired 

tight junction function, ulcerations and/or other sexually transmitted infections (Hladik and Hope 

2009, Kaushic 2009, Nazli et al. 2010, Kaushic 2011, Rodriguez-Garcia et al. 2013b). HIV-1 uptake 

via transcytosis in genital epithelial cells has been demonstrated (Ferreira et al. 2015), however HIV-1 

does not actively replicate in epithelial cells (Dezzutti et al. 2001, Dezzutti and Hladik 2013, Ferreira 

et al. 2015). 
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Infection occurs through viral envelope proteins binding to host CD4 receptors (Sattentau et al. 1986) 

on the surface of target cells, which are typically CD4+ T cells, macrophages or dendritic cells (DCs) 

(Givan et al. 1997, Howell et al. 1997, Hladik and Hope 2009, Nguyen et al. 2014, Wira et al. 2015). 

Importantly, women have greater frequencies of systemic CD4+ cells than men (Maini et al. 1996). 

Upon CD4 receptor binding, viral envelope proteins undergo a conformational change to permit 

binding to one of two host co-receptors: either C-C chemokine receptor type 5 (CCR5) or C-X-C 

chemokine receptor type 4 (CXCR4) (Cullen 2001). The preference of the transmitting virus to utilize 

either CCR5 or CXCR4 classifies the virus as R5-tropic or X4-tropic, respectively, or even dual-

tropic (Berger et al. 1998). Usually a single virus variant is transmitted to the new host, and the 

transmitting virus is predominantly R5-tropic, although a small percentage of infections occur through 

X4-tropic viruses (Carrington et al. 1999, Keele et al. 2008, Salazar-Gonzalez et al. 2009, Grivel et al. 

2011). R5-virus transmission is likely to be augmented by the high frequency of CCR5-expressing 

immune cells in the FRT (Patterson et al. 1998, Shacklett and Greenblatt 2011).  

 

Following co-receptor binding, a second conformational change facilitates viral fusion to the host 

membrane, after which the virion is shed and viral RNA undergoes reverse transcription, integration 

into the host genome and transcription of viral genes (Haseltine and Wong-Staal 1988, Briggs and 

Krausslich 2011). Infected cells then carry the virus to other local T lymphocytes or migrate to nearby 

lymph nodes and the circulatory vascular system (Hladik and Hope 2009). 

 

 

1.2.3 Immune function of mucosal surfaces 

 

In order to perform the dual functions of promoting reproductive processes and protecting against 

pathogens, the FRT has evolved multiple innate and adaptive immune responses, in addition to the 

protective barrier function of mucosal epithelium (Wira et al. 2005b, Wira et al. 2010, Wira et al. 

2011). 

 

The innate immune response of the FRT provides the initial rapid defence against pathogens and 

consists of several non-specific mechanisms. These include the production of the bactericidal enzyme 

lysozyme, mucus and antimicrobial peptides (Fig. 1.2.1) such as secretory leukocyte protease 

inhibitor (SLPI) and human beta-defensin 2 (HBD2) through toll-like receptor (TLR)-mediated 

signalling in epithelial cells (Wira et al. 2005b). SLP1 and HBD2 exhibit potent anti-HIV activity 

(Hocini et al. 2000, Quinones-Mateu et al. 2003, Weinberg et al. 2006). In addition local flora such as 

Lactobacillus species producing lactic acid and H2O2 maintain a low pH in the vagina that is hostile to 

invading pathogens (Fig. 1.2.1) (Reis Machado et al. 2014, Vitali et al. 2017). The innate immune 

response is also regulated by the actions of specific immune cells, specifically plasmacytoid dendritic 
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cells (pDCs), neutrophils, macrophages and natural killer (NK) cells, which function in a general 

manner to destroy invading pathogens (Wira et al. 2005b). 

 

Cells involved in adaptive immunity include T cells and antibody-producing B cells. The adaptive 

immune response occurs through several co-ordinated processes, starting with pathogen antigen 

recognition by antigen-presenting cells (APCs) which present to T cells thereby inducing their 

activation and subsequent cytokine and antibody production (Wira et al. 2005b). Immune protection is 

mediated by humoral (antibody production by B cells) and/or cell-mediated (pathogen destruction by 

T cells) functions (Wira et al. 2005b). In this way, the adaptive immune system generates an 

immunological memory to pathogenic antigens that will promote a rapid response upon subsequent 

challenges (Hapgood et al. 2018). APCs such as DCs link the adaptive and innate responses. 

 

T cells are arguably the adaptive immune cells most relevant to HIV-1 infection and are the major 

component (30-60%) of immune cells expressed in all FRT tissues (Givan et al. 1997). T cells are 

broadly categorized as CD8+ cytotoxic T cells, which kill infected cells, and CD4+ helper T cells, 

which support the function of other immune cells and are primary targets for HIV-1 infection 

(Hapgood et al. 2018). CD4+ and CD8+ T cells are found in the lamina propria and squamous 

epithelium of the vagina, ectocervix and endocervix (Miller and Shattock 2003, Pudney et al. 2005, 

Hladik and Hope 2009, Hafner et al. 2013, Reis Machado et al. 2014), with many of these cells also 

expressing the CCR5 co-receptor (Patterson et al. 1998, Shacklett and Greenblatt 2011). 

 

Cytokines and chemotactic cytokines (chemokines) are soluble signalling molecules that are secreted 

by many cell types from both the innate and adaptive immune systems, including FRT epithelial cells, 

natural killer (NK) cells and T cells (Fahey et al. 2005, Wira et al. 2005b, Wira et al. 2005c). 

Cytokines are involved in a number of cellular functions including recruiting circulating immune cells 

to migrate to the FRT and inducing their maturation and differentiation (Wira et al. 2005b, Wira et al. 

2005c). Common cytokines and chemokines expressed in FRT immunity include interleukins (ILs) 

1β, 6, 8, tumour necrosis factor α (TNFα), regulated upon activation, normal T cell expressed and 

secreted (RANTES), macrophage inflammatory protein (MIP) 1β, MIP 3α, monocyte chemotactic 

protein (MCP) 1, granulocyte-macrophage colony-stimulating factor (GM-CSF), and migration 

inhibitory factor (MIF). Cytokines and chemokines are generally classified as pro-inflammatory 

molecules that promote inflammatory functions, or anti-inflammatory cytokines which serve to reduce 

inflammation. 

 

Importantly, the innate and adaptive immune responses in the upper and lower FRT are regulated by 

the female sex hormones, E2 and P4, and therefore the factors and cells involved in these immune 

responses are intricately varied during the menstrual cycle (see section 1.3.2) (Kutteh et al. 1998, 
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Beagley and Gockel 2003, Wira et al. 2005a, Wira et al. 2005b, Ochiel et al. 2008, Wira et al. 2010, 

Weinberg et al. 2011, Wira et al. 2011, Dunbar et al. 2012, Oertelt-Prigione 2012, Hafner et al. 2013, 

Rodriguez-Garcia et al. 2013a, Rodriguez-Garcia et al. 2013b, Goode et al. 2014, Nguyen et al. 2014, 

Wira et al. 2014a, Wira et al. 2014b, Tan et al. 2015, Wira et al. 2015). 

 

 

1.3 The menstrual cycle 

 

The female menstrual cycle is a series of hormonally controlled events that regulate the reproductive 

system in premenopausal women, and is typically 28 days long. The menstrual cycle is classically 

charted from the first day of menstruation and is divided into two ovarian phases: follicular and luteal, 

which are separated by ovulation (Fig. 1.3). The corresponding uterine phases are the proliferative and 

secretory phases (Fig. 1.3). 

 

 

1.3.1 Hormonal regulation and biological events of the menstrual cycle 

 

The menstrual cycle is regulated by endogenous sex steroid hormones: the gonadotropic hormones, 

gonadotropin-releasing hormone (GnRH), luteinizing hormone (LH) and follicle-stimulating hormone 

(FSH), prostaglandins and the ovarian hormones, E2 and P4. These hormones form part of the 

hypothalamic-pituitary-gonadal (HPG) axis. The fluctuations in sex hormones during the menstrual 

cycle cause a series of biological events in the ovaries and uterus (Fig. 1.3).  

 

GnRH secreted in a pulsatile manner from the hypothalamus stimulates pulsatile secretion of LH and 

FSH from the pituitary gland (Owen 1975, Chabbert Buffet et al. 1998, Mihm et al. 2011). During the 

follicular phase, FSH promotes E2 secretion from the developing dominant follicle in ovarian 

granulosa cells, and E2 levels peak during the mid-cycle (Moghissi et al. 1972, Owen 1975, Wira et al. 

2015). At the same time the endometrial tissue proliferates in response to increasing E2 levels (Owen 

1975, Chabbert Buffet et al. 1998, Mihm et al. 2011). The steep rise in LH levels, or LH surge, is 

required for ovulation to occur, whereby an ovum is released from the mature Graafian follicle 

(Speroff and Vande Wiele 1971, Wira et al. 2015) (Fig. 1.3). LH and FSH levels are regulated by both 

positive and negative feedback in response to estrogens and P4 (Speroff and Vande Wiele 1971, 

Chabbert Buffet et al. 1998, Mihm et al. 2011).  
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Figure 1.3. Biological events, phases and hormone levels of the female menstrual cycle. The cycle 

begins at menses/menstruation where the uterine lining is shed and corresponding hormone levels are low. 

During the follicular/proliferative phase, ovarian follicles develop as FSH and E2 levels increase, culminating in 

the LH surge that precedes ovulation. The uterine lining proliferates in anticipation of embryo implantation. In 

the absence of fertilization, P4 levels rise during the luteal/secretory phase and the ovum degenerates. LH: 

luteinizing hormone; FSH: follicle stimulating hormone. Taken from http://science.taskermilward.org.uk/ 

mod1/KS4Biology/B1/Topic%201%20lessons/B1_14.htm 

 

 

 

During the luteal phase, endometrial blood vessels proliferate and coil, and endometrial stromal cells 

differentiate (known as decidualization), in anticipation of implantation of a fertilized embryo 

(Chabbert Buffet et al. 1998, Mihm et al. 2011, Hapgood et al. 2018). During this period from about 

Day 20-24, known as the implantation window, the uterus is receptive toward implantation (Chabbert 

Buffet et al. 1998).  

 

 

http://science.taskermilward.org.uk/%20mod1/KS4Biology/B1/Topic%201%20lessons/B1_14.htm
http://science.taskermilward.org.uk/%20mod1/KS4Biology/B1/Topic%201%20lessons/B1_14.htm
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Following ovulation, the corpus luteum (empty follicle and some surrounding cells) secretes P4, which 

increases in concentration until P4 levels peak at the mid-luteal phase (Moghissi et al. 1972, Chabbert 

Buffet et al. 1998, Farage et al. 2009, Wira et al. 2015). If fertilization has occurred, the corpus luteum 

continues to secrete P4 under control of LH which is induced by human chorionic gonadotropin (hCG) 

produced by the developing trophoblast, thereby maintaining pregnancy (Kumar and Magon 2012). In 

the absence of fertilization, however, the corpus luteum degrades (called luteolysis) and stops 

secreting P4 (Mihm et al. 2011, Wira et al. 2015). Thereafter E2 and P4 levels decline from the mid-

luteal phase, culminating in the degradation and shedding of the uterine lining during menstruation, 

and thereafter the cycle repeats (Chabbert Buffet et al. 1998, Mihm et al. 2011, Wira et al. 2015). 

 

In addition to LH, FSH, E2 and P4 and prostaglandins, the functions of additional hormonal regulators 

such as inhibins and activins provide further complexity to the hormonal regulation of the menstrual 

cycle (Chabbert Buffet et al. 1998, Farage et al. 2009, Mihm et al. 2011, Messinis et al. 2014). 

 

E2 and P4 are master regulators of female reproduction and the menstrual cycle, with P4 regulating 

mammary gland development, and the establishment and maintenance of pregnancy, while E2 controls 

ovulation, gonadotropic hormone release and other metabolic, neurological and cardiovascular 

functions (Hapgood et al. 2018). The biological effects of E2 and P4 are mediated by binding and 

activating their respective steroid receptors (SRs), the estrogen receptor (ER) and progesterone 

receptor (PR) (Chabbert Buffet et al. 1998, Stanczyk et al. 2013, Wira et al. 2015). 

 

The serum levels of E2 peak during the follicular phase, while P4 levels peak during the luteal phase 

(Speroff and Vande Wiele 1971, Thorneycroft et al. 1971, Moghissi et al. 1972, Owen 1975, Altemus 

et al. 1997, Chabbert Buffet et al. 1998, Sturgeon et al. 2004, Farage et al. 2009, Kuhl 2011, Weinberg 

et al. 2011, Hafner et al. 2013, Thurman et al. 2016). Thus the follicular phase is regarded as E2-

dominant, while the luteal phase is classified as the P4-dominant phase (Speroff and Vande Wiele 

1971, Thurman et al. 2016). The serum concentration of endogenous E2 ranges from 50-1500 pM 

during the follicular phase and 50-1100 pM across the luteal phase of the menstrual cycle (Stricker et 

al. 2006) (Fig. 1.3). Endogenous P4 concentrations range from 0.4-1.6 nM during the follicular phase 

to a wide range of 1-72 nM during the luteal phase (Altemus et al. 1997, Stricker et al. 2006, Hafner 

et al. 2013, Thurman et al. 2016).  

 

During pregnancy, serum P4 levels are even higher and range from 400-600 nM (Kuhl 1990, Sheffield 

et al. 2009, Africander et al. 2011b) but can reach as high as 1 μM (Goebelsmann 1986) to 4-10 μM at 

the umbilical cord (Dawood and Helmkamp 1977, Goebelsmann 1986). Serum E2 levels during 

pregnancy range from 22-110 pM (Lindberg et al. 1974). In postmenopausal women, serum E2 and P4 

levels remain quite low, with E2 levels at about 15 pM (Edlefsen et al. 2010, Hafner et al. 2013) and 
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P4 levels at about 230 pM (Edlefsen et al. 2010). The wide ranges in reported concentrations are likely 

to reflect the large inter-individual biological variation between women and studies. Nevertheless, 

serum E2 and P4 levels fluctuate in a specific pattern during the menstrual cycle, and therefore will 

regulate different biological responses at different stages of the cycle. 

 

 

1.3.2 Immune function and susceptibility to infection across the menstrual cycle 

 

The FRT is uniquely equipped to respond to sexually transmitted pathogens, foreign sperm and a 

foetus that is immunologically dissimilar (Wira et al. 2005b). It is hypothesized that the period 7-10 

days following ovulation (i.e. during the luteal phase) provides a “window of vulnerability” for 

infection, in which sex hormones suppress immunity in order to support fertilization and implantation 

(Wira and Fahey 2008, Wira et al. 2010, Rodriguez-Garcia et al. 2013b, Wira et al. 2014b). 

 

In support of this hypothesis are multiple studies, indicated below, showing that immune cell 

frequency and function, innate immunity factors, co-receptor expression, cytokine production, gene 

expression and HIV-1 infectivity vary with fluctuating sex hormone levels across the menstrual cycle. 

The frequency of immune cells differs between peripheral blood and FRT tissues, and also between 

the upper and lower FRT (Givan et al. 1997, Wira and Fahey 2008, Hafner et al. 2013, Nguyen et al. 

2014, Wira et al. 2015). Regardless of their localization, their proportions and/or functions have been 

shown to be sensitive to changes in female sex hormone levels in several reports.  

 

In peripheral blood samples from naturally cycling women, the proportion of CD4+ T cells was 

higher during the luteal phase in some reports (Faas et al. 2000, Weinberg et al. 2011) but higher 

during the follicular phase in another report (Lee et al. 2010). Some studies showed that CD8+ T cell 

numbers were higher during the luteal phase (Faas et al. 2000, Weinberg et al. 2011), but another 

study showed no change in the proportion of CD8+ T cells or B cells (Lee et al. 2010). The proportion 

and activity of NK cells in peripheral blood was increased during the luteal phase in some studies 

(Faas et al. 2000, Lee et al. 2010, Lee et al. 2015) but during the follicular phase in other studies 

(Souza et al. 2001, Yovel et al. 2001). Some reports have shown no change in total numbers of 

peripheral leukocytes (Tikare et al. 2008) or lymphocytes (Mathur et al. 1979, Lopez-Karpovitchs et 

al. 1993, Bouman et al. 2001, Rajnee et al. 2010) across the menstrual cycle, while others found 

increased total leukocytes (Bouman et al. 2001, Begum and Ashwini 2012, Nowak et al. 2016) or 

lymphocytes (Rosemary et al. 2014) during the luteal phase. In contrast, another report showed higher 

leukocyte numbers during the follicular phase (Rajnee et al. 2010). Numbers of monocytes were 

reported to be higher during the luteal phase (Mathur et al. 1979, Northern et al. 1994). In addition, in 

ovariectomized rhesus macaques treated with E2 or P4 pellets, where P4 serum levels reached mid-
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luteal concentrations, decreased frequencies of CD4+ and CD8+ T cells and those expressing the 

activation markers CD69 or CD25 were observed in PBMCs after P4 treatment (Attanasio et al. 2002).  

Collectively some of these studies suggest that the menstrual cycle may have effects in immune cells 

from PBMCs, while some do not.  

 

Immune cells from different FRT compartments in naturally cycling women are also sensitive to 

endogenous hormone levels across the menstrual cycle. The presence of higher numbers of important 

immune cells, such as CD4+ T cells and cells expressing the CCR5 co-receptor, at the time of HIV-1 

exposure might increase the chance of infection (Wira et al. 2014b). In the endometrium, for example, 

there have been reports that the number of CD68+ macrophages (Bonatz et al. 1992) and the size of 

lymphoid aggregates (consisting of B cells and CD8+ T cells) in endometrial sections (Yeaman et al. 

1997) were increased during the luteal phase. However, cytotoxic T cell function was lower in 

hysterectomy samples from the luteal phase (White et al. 1997). Other research using hysterectomy 

samples observed lower expression of CD4 and CCR5 in uterine epithelial cells from the luteal phase 

(Yeaman et al. 2003) and higher CD4 expression during the follicular phase but no change in CCR5 

expression in ectocervical epithelial cells (Yeaman et al. 2004). Other reports have shown that the 

luteal phase exhibits higher frequency of endocervical CCR5+ CD4+ T cells from cytobrush samples 

(Byrne et al. 2016), frequency of CD4+CCR7
hi
 memory T cells in cervico-vaginal lavage (CVL) 

samples (Swaims-Kohlmeier et al. 2016), frequency of CCR5+CD3+ cells, CCR5+CD14+ cells and 

CCR5 mRNA in PBMCs and vaginal biopsies (Sheffield et al. 2009), frequency of regulatory T cells 

in PBMCs (Weinberg et al. 2011), and levels of CCR5 mRNA from endometrial biopsies (Dominguez 

et al. 2003) compared to the follicular phase. However, some studies have shown no differences in 

immune cell frequencies in vaginal and/or cervical explants in humans (Givan et al. 1997, Poppe et al. 

1998, Patton et al. 2000, Pudney et al. 2005, Thurman et al. 2016) or from tissue sections in rhesus 

macaques (Ma et al. 2001). Studies using exogenous P4 stimulation have also yielded differing results. 

In one study, ~100 nM P4 increased CCR5 mRNA levels in CD14+ monocytes from PBMCs 

(Patterson et al. 1998), while in another study, 10-100 nM P4 reduced CCR5 protein in PBMCs from 

both HIV-1 positive and negative women (Cabrera-Munoz et al. 2012). High P4 levels (100 nM-10 

μM) inhibited IL-2-induced CCR5 protein expression in activated T cells (Vassiliadou et al. 1999), 

while a combination of menstrual cycle hormones (2 nM E2, 200 pM P4, 4 nM testosterone) did not 

change CD4, CCR5 or CXCR4 levels in the Jurkat T cell line (Ragupathy et al. 2013). However the 

latter study used a concentration of E2 higher than the physiological range. Taken together, some 

studies show different effects on immune cell frequency or CCR5 levels with different menstrual 

cycle phases, in different FRT compartments, while some do not. It is therefore difficult to say 

conclusively whether or not menstrual cycle status has an effect, and it might be that there is no 

significant effect on immune function. The different findings between studies for both PBMCs and 
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FRT compartments may reflect differences in endogenous E2/P4 concentrations, tissue composition, 

immune activation status, sampling time, sample group and/or other variables. 

 

The menstrual cycle is also thought to influence the expression of innate immune factors (Hafner et al. 

2013). For example, cervical mucus is thickest and most viscous during the luteal phase (Wira et al. 

2015). Furthermore in cervico-vaginal samples, levels of the antibodies immunoglobulin (Ig) A and 

IgG, IL-6, IL-8, SLP1, HBD2 and lactoferrin are lowest at the mid-cycle around ovulation and highest 

during the follicular phase (Angstwurm et al. 1997, Ahmed et al. 2001, Keller et al. 2007, Hel et al. 

2010, Wira et al. 2010, Hafner et al. 2013, Wira et al. 2015), although other studies indicated higher 

peripheral blood IL-6 levels during the luteal phase (Konecna et al. 2000, Sikora et al. 2015). Another 

report showed no change in IL-6 levels but increased IL-1α, IL-1β and TNFα after ovulation (i.e. 

luteal phase) in purified monocytes (Willis et al. 2003). There is also evidence that APC function is 

modulated by sex hormones during menstrual cycle phases (Wira and Rossoll 1995, Beagley and 

Gockel 2003, Ochiel et al. 2008, Hel et al. 2010, Hafner et al. 2013). Furthermore, epithelial thickness 

in the vagina is greater when E2 levels are high during the follicular phase and ovulation (Hel et al. 

2010, Rodriguez-Garcia et al. 2013b). These data are consistent with recent transcriptomics and/or 

proteomics studies in human cervical tissue (Yildiz-Arslan et al. 2016) or pigtail macaque vaginal 

tissue (Vishwanathan et al. 2015) showing that the luteal phase was associated with higher expression 

of genes, proteins and/or pathways involved in inflammation and immune cell regulation. 

 

Differential susceptibility to HIV-1 infection during the menstrual cycle is a major concern for 

women’s health. Studies in non-human primate models have indicated that rhesus (Sodora et al. 1998) 

and pigtail (Vishwanathan et al. 2011) macaques are more susceptible to SIV infection in the luteal 

than the follicular phase. Similarly, SHIV infection in pigtail macaques occurred more frequently in 

the premenstrual phase (Kersh et al. 2014). In an ex vivo cervical tissue explant model, productive 

HIV-1 infection was associated with the luteal phase (Saba et al. 2013). One report showed increased 

X4- but not R5-tropic HIV-1 replication in activated PBMCs stimulated with high levels of P4 (1 μM) 

ex vivo (Huijbregts et al. 2013). Other studies using exogenous hormone stimulation have shown that 

a combination of menstrual cycle hormones (2 nM E2, 200 pM P4, 4 nM testosterone) increased HIV-

1 replication in the Jurkat T cell line (Ragupathy et al. 2013), but luteal phase hormones (100 nM P4 

plus 1 nM E2) or high P4 levels (100 nM-10 μM) decreased HIV-1 replication in PBMCs (Asin et al. 

2008) or activated T cells (Vassiliadou et al. 1999), respectively. The differences between studies 

using endogenous versus exogenous hormones may critically depend on species, concentrations of 

hormones, composition of mixed cell populations, sampling time, duration of exogenous hormone 

stimulation and/or other experimental differences. Nevertheless it appears that S/HIV infection is 

higher during the P4-high luteal phase. 
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There is also evidence that menstrual cycle phase can influence HIV-1 shedding, where free virus is 

deposited into cervico-vaginal fluid. Several studies analyzing HIV-1 RNA cervico-vaginal lavages 

(CVLs) in normally cycling HIV-1 positive women suggest that HIV-1 shedding is increased during 

the luteal compared to the follicular phase (Reichelderfer et al. 2000, Benki et al. 2004, Curlin et al. 

2013) or periovulatory phase (Money et al. 2003), although other reports suggest no effect (Mostad et 

al. 1998, Villanueva et al. 2002, Sheth et al. 2014). Thus the risk of female-to-male transmission may 

be higher for HIV-1 positive women in the luteal phase. 

 

During pregnancy, P4 levels are 10-40 times higher than in the luteal phase (see section 1.3.1). High 

P4 levels play an important role in maternal immunosuppression in order to tolerate foetal growth 

(Szekeres-Bartho et al. 1983, Hel et al. 2010, Weinberg et al. 2011, Oertelt-Prigione 2012). This 

occurs through an immune shift from a Th1 response (cytotoxic CD8+ T cell functions) to a Th2 

response (B cell-mediated antibody production) (Jones et al. 2008, Hapgood et al. 2018). Pregnant 

women have an increased susceptibility to HIV-1 infection (Gray et al. 2005, Mugo et al. 2011). 

Taken together, there is a growing body of evidence to suggest a link between high P4 levels, either 

during the luteal phase or during pregnancy, and suppressed immune function as well as increased 

susceptibility to infection.  

 

Consistent with this, there is evidence that suggests E2 is protective against HIV-1 infection via 

multiple potential mechanisms involving immune function (Wira et al. 2014a). For example, 

exogenous E2 (10-50 nM) is protective against HIV-1 infection in purified CD4+ T cells and 

macrophages (Rodriguez-Garcia et al. 2013a, Tasker et al. 2014) and against SIV in macaques (Smith 

et al. 2000b, Smith et al. 2004). Additionally, exogenous E2 thickens the vaginal epithelium in 

macaque models, while P4 is associated with epithelial thinning (Smith et al. 2000b, Smith et al. 2004, 

McNicholl et al. 2014, Radzio et al. 2014)). Furthermore HIV-1 uptake was lower in human genital 

epithelial cells when stimulated with 1 nM E2 compared to 100 nM P4 (Ferreira et al. 2015). In 

another study, E2-stimulated macaques (0.02 mg/kg) exhibited lower expression of the immune 

markers CCR5 and integrin α4β7 on CD4+ T cells than DMPA-treated macaques (Goode et al. 2014). 

Cell line studies showed that exogenous E2 repressed cytokine production induced by TLR3 in 

endometrial epithelial cells at 10 nM (Lesmeister et al. 2005), and in uterine epithelial cells, 50 nM E2 

reduced transepithelial resistance (TER), increased SLP1, decreased HBD2 (Wira et al. 2010, Patel et 

al. 2013, Wira et al. 2014a) and repressed IL-1β-mediated inflammatory responses (Schaefer et al. 

2005). E2 is also protective against Herpes simplex virus (HSV)-2 infection in mice models and 

immortalized vaginal Vk2/E6E7 cells (Gillgrass et al. 2005, Gillgrass et al. 2010, Kaushic et al. 2011, 

Anipindi et al. 2016, Lee et al. 2016). However since many of these studies used a supraphysiological 

concentration of 50 nM E2, these effects may not necessarily be physiologically relevant in vivo, 

where E2 concentrations range from 50 pM- 1.5 nM (see section 1.3.1). 
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Taken together the clinical and in vitro data suggest that the cycling female sex hormones may play a 

role in the regulation of local and systemic immune responses, and therefore susceptibility to 

infections, with P4 generally suppressing immunity and increasing susceptibility and E2 generally 

protecting against infection.  

 

 

1.4 Hormonal contraception 

 

Women of reproductive age can protect themselves against unintended pregnancies by the use of 

contraception. Further benefits of contraception include reduced maternal and infant mortality and 

morbidity and a decreased need for unsafe abortions (World Health Organization 2017). Non-

hormonal methods of contraception include condoms, copper T intrauterine devices (Cu-IUDs), 

withdrawal and male sterilization through vasectomy. Hormonal contraceptives control the levels of 

the sex steroid hormones, E2 and/or P4, in women. P4 levels are maintained at low or undetectable 

concentrations (<636 pM) (Kirton and Cornette 1974, Fotherby et al. 1984, Jain et al. 2004). 

Typically hormonal contraceptives are administered as synthetic progestin-only or a combination of 

estrogen (usually estradiol) plus progestin. There are various doses and methods of administration of 

hormonal contraceptives, including as combined oral contraceptives (COCs), intramuscular or 

subcutaneous injections, intrauterine devices (IUDs), intra-vaginal rings (IVRs), subdermal implants 

and patches (Sitruk-Ware 2007). 

 

Injectable contraceptives are the most commonly used method of hormonal contraception in Sub-

Saharan Africa (Fig. 1.4.1) (United Nations Department of Economic and Social Affairs Population 

Division 2015), with about 38% of contraceptive users (an estimated 16.5 million women between the 

ages of 15-49) using injectable contraceptives in 2014 (United Nations 2015).  
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Figure 1.4.1. Top methods of hormonal and non-hormonal contraception used per country. Non-

hormonal (male condom, IUD, male sterilization or vasectomy, female sterilization or fallopian tube ligation, 

rhythm, withdrawal) and hormonal (the pill, injectable) methods of contraception are indicated by different 

colours. Injectable contraceptives (purple) are the most commonly used in Sub-Saharan Africa, including South 

Africa, and other regions such as Peru, Bolivia (South America), Indonesia, Burma (South-East Asia) and 

Afghanistan (Middle East). No information is available for Greenland and some other countries (grey). Data is 

from http://www.un.org/en/ development/desa/population/publications/dataset/contraception/wcu2015.shtml 

and image is adapted from https://onlinedoctor.superdrug.com/birth-control-around-the-world/. 

 

 

There are two main intramuscular injectable progestin-only contraceptives: 150 mg 

medroxyprogesterone acetate (MPA) administered at three monthly intervals as Depo-Provera or 

Depot-MPA (DMPA or DMPA-IM) and 200 mg norethisterone enanthate (NET-EN), administered at 

two-month intervals as Nur-Isterate (Affandi 2002, Hapgood et al. 2018). NET is only used in some 

countries, like South Africa (Smit et al. 2001, Morrison et al. 2012, Hapgood et al. 2018). A new 

lower-dose subcutaneous formulation of 104 mg MPA (DMPA-SC), marketed as Sayana Press, is also 

a three-monthly injectable contraceptive that is currently being introduced in several developing 

African and non-African countries (Spieler 2014, Hapgood et al. 2018). The long intervals between 

injections and relatively easy concealment make injectable contraceptives a popular choice in rural 

http://www.un.org/en/%20development/desa/population/publications/dataset/contraception/wcu2015.shtml


16 
 

areas where access to healthcare frequently requires travelling long distances, and where 

contraceptive use may be culturally opposed. 

 

The main biological mechanisms of action behind progestin contraceptives are thickening cervical 

mucus, thereby hindering sperm mobility; inhibiting ovulation by inhibiting the mid-cycle LH surge; 

and inducing secretory changes in E2-primed endometrium (Kuhl 1990, Bassol et al. 1995, Petta et al. 

1998, Rivera et al. 1999, Kuhl 2005, Sitruk-Ware 2006, Sitruk-Ware and Nath 2010, Kuhl 2011, 

Mueck and Sitruk-Ware 2011). Interestingly, while multiple genes are regulated by progestins, the 

exact target genes that account for progestogenic effects are unknown (Hapgood et al. 2018). 

However, the anti-estrogenic effects of progestins are mediated by the PR and its effect on both E2 

and the ER. Progestin-bound PRs suppress ER gene expression and increase E2 metabolism by up-

regulating 17β-hydroxysteroid dehydrogenase (HSD) expression (Kuhl 2005, Africander et al. 2011b, 

Kuhl 2011). The ER also plays a role in the response to progestins, given that E2-activated ER 

regulates PR gene expression (Kuhl 2005, Africander et al. 2011b, Kuhl 2011). Thus progestins 

inhibit pregnancy through multiple genotropic and biological mechanisms. 

 

 

1.4.1 MPA and other progestins 

 

The therapeutic use of the endogenous hormone P4 is limited owing to its short biological half-life as 

a result of its rapid metabolism (Kuhl 2005, Kuhl 2011, Stanczyk et al. 2013). Consequently, 

synthetic progestins with improved bioavailability were developed to mimic the functions of 

endogenous P4. Progestogens (that is, endogenous progesterone and synthetic progestins) are defined 

as pro-gestational hormones that maintain pregnancy (Sitruk-Ware 1986). The first progestin, 

ethisterone, was synthesized in 1938, and MPA later in 1957 (Kuhl 2011).  

 

Progestins are generally classified by generations according to when they were synthesized: thus 

MPA and NET are regarded as first-generation progestins, while levonorgestrel (LNG), etonogestrel 

(ETG) and nestorone (NES) are second, third and fourth generation progestins, respectively (Sitruk-

Ware 2004, Sitruk-Ware 2006, Sitruk-Ware and Nath 2010, Africander et al. 2011b, Stanczyk et al. 

2013). Newer generations of progestins are typically used in newer administration technologies, for 

example, IUDs (LNG), implants (ETG, LNG) and IVRs (NES) (Sitruk-Ware 2007). 

 

Progestins are also used in hormone replacement therapy (HRT) in postmenopausal women, but are 

frequently combined with estrogens (Africander et al. 2011b, Stanczyk et al. 2013). The progestin 

protects against unwanted endometrial proliferation, while the estrogen protects against 
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cardiovascular diseases and risk of breast cancer (Rossouw et al. 2002, Beral and Million Women 

Study 2003, Sitruk-Ware 2004, Africander et al. 2011b, Stanczyk and Bhavnani 2014). 

 

MPA, currently used in both contraceptives and HRT, has been in use for more than 30 years 

(Stanczyk and Bhavnani 2014). As a contraceptive, MPA is most commonly administered as a three-

monthly 150 mg intramuscular injection, although other doses and routes of administration have been 

used, for example high oral doses of 100-1000 mg in breast cancer patients (Bick et al.) 

(unpublished). Analysis of published peak serum MPA concentrations following intramuscular 

administration shows that there is wide inter-individual and inter-study variation in MPA serum levels 

(Fig. 1.4.1.1) (Bick et al.) (unpublished). Within the first four weeks post-administration, most studies 

report serum MPA levels of 10-40 nM, however some studies show MPA serum levels as high as 100 

nM (Fig. 1.4.1.1) (Bick et al.) (unpublished). MPA serum levels plateau after one month at 

concentrations of about 2.6 nM (Mishell 1996). The minimum threshold concentration needed for 

contraceptive efficacy of most progestins is poorly defined (Cherala et al. 2016), but concentrations of 

MPA maintained above 0.5 nM (0.2 ng/ml) for three months is considered highly effective (Polis et 

al. 2017). No information is available on MPA concentrations in target FRT tissues. However, it could 

be that MPA accumulates in target tissues in vivo and therefore local concentrations could be higher 

than in peripheral blood. 

 

Peak MPA serum levels are difficult to compare between studies due to differences in study design, 

such as method of quantification, time of sampling post-injection, and number of injections, or 

differences in the population of women assessed, such as ethnicity, body weight and lactation status 

(Hapgood et al. 2018). Considering method of quantification, most recent studies (20 years or less) 

tend to use liquid chromatography/tandem mass spectrometry-based methods while older studies (20-

40 years old) typically use radioimmunoassay methods with or without prior organic solvent 

extraction. However, there does not appear to be a pattern suggesting that MPA concentrations are 

higher or over-estimated in older than younger studies (Fig. 1.4.1.1). This suggests that the large 

range in published serum concentrations is likely due to biological variation between women and 

between studies. 
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Figure 1.4.1.1. MPA serum concentrations in the first 30 days following 150 mg intramuscular 

injection of DMPA. MPA serum concentrations, shown as both ng/ml (left axis) and nM (right axis), were 

compiled from 17 published studies, each represented by a different colour, indicated in the legend table below.  

Symbol Reference Symbol Reference Symbol Reference 

 

 

(Jeppsson et al. 1982)  (Bonny et al. 2014)  (Koetsawang 1977) 

 (Ortiz et al. 1977)  (Shrimanker et al. 

1978) 

 (Fang et al. 2004) 

 

     (Virutamasen et al. 1996)  (Fotherby et al. 

1980b) 

    (U.S. Food and Drug 

Administration 2003) 

 (Fotherby et al. 1980a)  (Bassol et al. 1984) 

 

 (Fotherby and 

Koetsawang 1982) 

 (Kirton and Cornette 1974)  (Nanda et al. 2016)  (Nanda et al. 2008) 

 (Jeppsson and Johansson 

1976) 
 (Mauck et al. 1999)   
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progesterone

MPA R5020
NET

testosterone

ETG

LNG

NES

Progestins are synthesized either as derivatives of progesterone (such as MPA) or testosterone (such 

as NET) and are therefore slightly different in structure (Schindler et al. 2003, Africander et al. 2011b, 

Kuhl 2011, Stanczyk et al. 2013, Hapgood et al. 2014a) (Fig. 1.4.1.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4.1.2. Chemical structures of progestins derived from progesterone or testosterone. 

MPA: medroxyprogesterone acetate, R5020: promegestone, NET: norethisterone, LNG: levonorgestrel, ETG: 

etonogestrel, NES: nestorone. Arrows indicate synthetic derivatives of the parent compound. Images are from 

(Schindler et al. 2003) and (Kuhl 2011). 

 

 

Progestins were designed to act like P4 and therefore act as agonist ligands for the PR (Hapgood et al. 

2014a). However due to variations in their structure (Fig. 1.4.1.2), different progestins have been 

shown to exhibit varying degrees of off-target glucocorticoid, androgenic and mineralocorticoid 

activities (Schindler et al. 2003, Stanczyk 2003, Africander et al. 2011b, Kuhl 2011, Africander et al. 

2013, Stanczyk et al. 2013, Africander et al. 2014, Hapgood et al. 2014a, Louw-du Toit et al. 2017, 

Hapgood et al. 2018). These effects are due to differential relative binding affinities (RBAs) to other 

SRs, the glucocorticoid receptor (GR), androgen receptor (AR) and mineralocorticoid receptor (MR), 

respectively. These SRs are ligand-activated transcription factors that regulate expression of target 

genes. However the binding affinity does not necessarily correlate with biological effects (Africander 

et al. 2011b, Hapgood et al. 2014a, Hapgood et al. 2018), for example, the antagonist RU486 binds 

both GR and PR with high affinity but does not elicit a biological response. Therefore the biological 

response to a given progestin will depend on a number of variables: the concentration of available 
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receptors, the concentration of the progestin and other competing hormone ligands, the extent of 

progestin binding to serum proteins, the concentration of other signalling factors and the cell type 

(Africander et al. 2011b, Stanczyk et al. 2013, Hapgood et al. 2014a, Hapgood et al. 2018).  

 

The biocharacter of a ligand is determined from two pharmacological properties, potency and 

efficacy, using dose response analysis (Fig. 1.4.1.3). Efficacy is defined as the maximal effect or 

response generated by a ligand for its receptor (Africander et al. 2011b, Hapgood et al. 2014a, 

Hapgood et al. 2018) (Fig. 1.4.1.3). Thus efficacy is used to classify a ligand as a full agonist, which 

can elicit a maximal response, or a partial agonist, which elicits a less than maximal response 

(Africander et al. 2011b, Hapgood et al. 2014a, Hapgood et al. 2018) (Fig. 1.4.1.3). Potency, or EC50, 

is defined as the concentration of the ligand required to generate 50% of the maximal response 

(Africander et al. 2011b, Hapgood et al. 2014a, Hapgood et al. 2018) (Fig. 1.4.1.3). The potency 

depends on the cell type, gene promoter and receptor concentration and is variable between 

experiments (Africander et al. 2011b, Hapgood et al. 2014a). Therefore the potency of different 

progestins is compared relative to a reference ligand, which is usually set to 100% (Hapgood et al. 

2018). The RBAs and biological activities via different SRs of P4, MPA and NET are indicated in 

Table 1.4.1  

 

 

 

 

 

 

 

 

 

 

Figure 1.4.1.3. Schematic sigmoidal dose response curve indicating the efficacy (maximal 

response) and potency (EC50) of a full and partial agonist via a given receptor. A full agonist (solid 

black curve) elicits a maximal response (efficacy) which is usually set to 100% (solid black line), while a partial 

agonist (dotted blue curve) generates a less than maximal response. The effect can be, for example, mRNA 

levels or reporter gene activity. An antagonist (solid red curve) binds to the receptor and inhibits effects induced 

by agonists. The potency (EC50) is the ligand concentration on the x-axis which corresponds to 50% of the 

maximal response on the y-axis. Taken from (Africander et al. 2011b).  

 

 

All progestins were designed to be full agonists for the PR, and exhibit greater potency than P4 for the 

PR (Africander et al. 2011b, Kuhl 2011, Hapgood et al. 2014a). However, MPA binds to the 

glucocorticoid receptor (GR) with higher affinity than the endogenous glucocorticoid cortisol 
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(Kontula et al. 1983, Fuhrmann et al. 1995), unlike NET which has almost no GR binding and no GR 

activity (Koubovec et al. 2005, Ronacher et al. 2009). MPA can act as a potent partial to full agonist 

for the GR, depending on the cellular context, while P4 is a partial agonist with low potency 

(Bamberger et al. 1999, Koubovec et al. 2005, Ronacher et al. 2009). 

 

The differences in structure, SR affinity and consequently the off-target effects via activation of SRs 

other than the PR imply that progestins cannot be grouped together as a single class, with MPA as a 

notable outlier (Stanczyk 2003, Hapgood et al. 2004, Stanczyk et al. 2013). 

 

 

Table 1.4.1. Biological activities of some progestogens and their RBAs for different SRs 

RBAs are indicated relative to the reference ligand set to 100% (PR: P4, AR: dihydrotestosterone, GR: 

dexamethasone, MR: aldosterone). Data from cell lines, pre-clinical studies and animal models are from 

(Stanczyk 2003, Koubovec et al. 2004, Koubovec et al. 2005, Ronacher et al. 2009, Africander et al. 2011b, 

Kuhl 2011, Africander et al. 2013, Stanczyk et al. 2013, Africander et al. 2014, Hapgood et al. 2014a). -, not 

effective; (+), weakly effective; +, effective; ++, strongly effective; ±, literature inconsistent. Data for ER not 

shown. Table is modified from (Hapgood et al. 2018). 

 

 

Given that the GR mediates the expression of important immune function and inflammatory genes 

(Zhou and Cidlowski 2005, Baschant and Tuckermann 2010, Chinenov et al. 2013) (see sections 

1.5.2-1.5.3), the off-target activation of the GR by MPA is likely to have alarming effects on immune 

function in DMPA users. 

 

 

1.4.2 Association between DMPA use and HIV-1 acquisition 

 

The topics of DMPA use, increased HIV-1 acquisition risk and likely biological mechanisms of 

increased infection (see section 1.4.3) have been extensively and exhaustively evaluated in a recent 

review (Hapgood et al. 2018). The parts of that review most relevant to the present study are 

summarized here.  
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Globally, regions with the highest injectable contraceptive use overlap geographically with the areas 

of highest HIV-1 prevalence (Butler et al 2013). A multitude of observational and epidemiological 

studies has recently emerged to assess the potential association between MPA use and HIV-1 

acquisition, with conflicting results. Some studies showed no effect (Kleinschmidt et al. 2007, 

Morrison et al. 2007, Myer et al. 2007, Reid et al. 2010, Morrison et al. 2012, Lutalo et al. 2013, Wall 

et al. 2015), while others showed increased HIV-1 acquisition risk for DMPA users (Leclerc et al. 

2008, Morrison et al. 2010, Heffron et al. 2012, Wand and Ramjee 2012, McCoy et al. 2013, Crook et 

al. 2014, Noguchi et al. 2015, Byrne et al. 2016). Several reasons have been put forward to explain the 

different findings between studies, including confounding variables such as reporting of condom 

usage (Myer et al. 2007, Ralph et al. 2015), sexually transmitted infection (STI) status (HSV-2, 

bacterial vaginosis, Neisseria gonorrhoea, Chlamydia trachomatis, Trichomonas vaginalis and 

syphilis), age, socio-demographic variables, and limitations of study design and analysis (Polis et al. 

2013b, Noguchi et al. 2015, Polis et al. 2016). Some studies combine injectable contraceptives 

together and do not distinguish between DMPA and NET-EN (Reid et al. 2010, Heffron et al. 2012, 

Balkus et al. 2016, Polis et al. 2016).  

 

Importantly, the most recent meta-analyses of higher quality observational studies have indicated that 

DMPA use is associated with a significant increased risk of HIV-1 acquisition (Heffron et al. 2012, 

Polis and Curtis 2013, Polis et al. 2013a, Polis et al. 2014, Morrison et al. 2015, Ralph et al. 2015, 

Polis et al. 2016). The latest meta-analysis shows a significant 40% increased risk, with a 95% 

confidence interval ranging from 23-59% (Polis et al. 2016).  

 

Studies assessing the risk of other hormonal contraceptives have shown no association between HIV-1 

acquisition risk and the injectable, NET-EN although studies are limited (Polis et al. 2014, Morrison 

et al. 2015, Ralph et al. 2015, Polis et al. 2016) and there is no or insufficient data on the risk for the 

lower dose DMPA-SC (Polis et al. 2017, Hapgood et al. 2018). Despite this, in 2017 the World Health 

Organization (WHO) changed the medical eligibility criteria of all progestin-only injectable 

contraceptives (including DMPA-IM, DMPA-SC and NET-EN) from Category 1 (injectable 

contraceptive use has no restriction) to Category 2 (where the benefits of using this method “generally 

outweigh the theoretical or proven risks”) (World Health Organization 2017). In their guidance 

statement, the WHO recommends that women considering injectable contraceptive methods should be 

counselled about the concerns over increased HIV-1 acquisition and how to minimise their risk of 

exposure (World Health Organization 2017). 

 

A recently initiated clinical trial, Evidence for Contraceptive Options and HIV Outcomes (ECHO), 

may provide more information on the relative HIV-1 incidence and contraceptive efficiency for 
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DMPA-IM compared to the LNG implant (Jadelle) and the Cu-IUD, although this study has no 

control group of women not using contraception (ECHO 2016).   

 

The current meta-analyses have also indicated that there is no association between HIV-1 acquisition 

and use of combined oral contraceptives (COCs) (Polis and Curtis 2013, Polis et al. 2013a, Polis et al. 

2014, Morrison et al. 2015, Ralph et al. 2015, Polis et al. 2016). Accordingly, the medical eligibility 

criteria of COCs remain at Category 1 (World Health Organization 2017). The evidence supporting a 

policy change from MPA use to other progestins such as NET or LNG is a subject of ongoing 

research (Hapgood et al. 2004, Hapgood 2013, Noguchi et al. 2015, Hapgood et al. 2018). It is 

recognized that cessation of contraceptive use would increase rates of mother and child mortality and 

morbidity (Jain 2012), thus there is an urgent need to promote informed contraceptive choices in areas 

where HIV-1 risk is high (Hapgood 2013). 

 

In support of the clinical observational data are in vitro, ex vivo and non-human primate studies 

suggesting MPA increases HIV-1/SIV replication. For example, primate studies frequently use pre-

treatment with DMPA to enhance SIV infection (Abel et al. 2004, Trunova et al. 2006, Genesca et al. 

2007). Furthermore MPA has been shown to increase HIV-1 infectious molecular clone replication in 

activated human PBMCs (Huijbregts et al. 2013) and single-cycle HIV-1 pseudovirus replication in 

non-activated PBMCs (Sampah et al. 2015), and increase HIV-1 transcytosis in primary genital 

epithelial cells in vitro (Ferreira et al. 2015). 

 

Taken together, the association between DMPA use and HIV-1 acquisition risk in clinical 

observational studies raises concerns about a potential causal relationship and provides impetus to 

investigate the possible mechanisms by which MPA could increase HIV-1 susceptibility. 

 

 

1.4.3 Mechanisms of increased HIV-1 infection by MPA 

 

Several plausible biological mechanisms have been proposed to explain how MPA could enhance 

HIV-1 acquisition, with increasing lines of evidence to support each mechanism (Blish and Baeten 

2011, Murphy et al. 2014, Irvin and Herold 2015, Hapgood et al. 2018). These include: 

 

1. Changing the FRT defensive barrier, structural integrity and permeability 

2. Changing levels of soluble defence molecules secreted in the FRT, such as mucus, 

antimicrobials, antibodies, cytokines and chemokines 

3. Changing the frequency/expression of the HIV-1 co-receptor CCR5 on key immune cells 
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4. Changing the frequency/activation of adaptive immune cells that reside in or migrate to the 

FRT, or circulating in the peripheral blood, such as T cells and monocytes 

5. Changing the function of innate immune cells, such as NK cells, pDCs, macrophages 

6. Changing viral replication in target cells 

7. Changing the functions of the vaginal microbiome and enhanced risk of STIs 

8. Changing uptake of the virus across the epithelial barrier 

 

Some of these biological mechanisms are represented in Fig. 1.4.3 (Hapgood et al. 2018) and may 

contribute to a compromised local immune system that facilitates the transmission of HIV-1 in the 

FRT. 

 

 
 
 

Figure 1.4.3. Proposed mechanisms by which MPA can increase HIV-1 acquisition in the 

FRT. Increased HIV-1 infection in the FRT of DMPA users can occur through multiple mechanisms, including 

(1) MPA reducing epithelial barrier integrity, via decreasing expression of proteins relevant to barrier function, 

(2) MPA decreasing levels of innate immune factors such as antimicrobials, and changing levels of secreted 

inflammatory mediators, (3) MPA increasing the frequency of HIV-1 target cells such as CCR5-expressing T 

cells, (4) MPA decreasing the function of adaptive immune cells, such as APCs and B cells, (5) MPA changing 

the frequency and/or function of innate immune cells, such as macrophages, (6) Increased replication in infected 

target cells, such as CD4+ T cells, (7) MPA changing the vaginal microbiome such as Lactobacillus species, and 

increasing HSV-2 infection, and (8) MPA increasing transcytosis across single-layer epithelium. Figure adapted 

from (Hapgood et al. 2018). 
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Importantly, several studies have investigated the dose-dependent effects of MPA using PBMCs and 

cell lines in vitro. The potency of MPA has been reported as 0.5-100 nM for modulating immune 

function gene expression in cell lines (Hapgood et al. 2014b, Louw-du Toit et al. 2014, Irvin and 

Herold 2015) and PBMCs (Kleynhans et al. 2011, Huijbregts et al. 2013, Hapgood et al. 2014b, 

Huijbregts et al. 2014), inhibiting some immune cell functions in PBMCs (Huijbregts et al. 2014, 

Quispe Calla et al. 2015), and inducing apoptosis in CD4+ T cells (Tomasicchio et al. 2013). Together 

these data suggest that the in vitro effects of MPA are relevant to physiological doses of MPA in the 

serum of DMPA users. 

 

Limited studies using other progestins such as LNG and NET showed no effects on T cell function 

and/or immune function gene expression (Huijbregts et al. 2013, Tomasicchio et al. 2013, Hapgood et 

al. 2014b, Huijbregts et al. 2014). 

 

One of the proposed mechanisms by which MPA can increase susceptibility to HIV-1 infection is 

through thinning of vaginal epithelium, which would place the virus in closer physical proximity to 

underlying target cells. DMPA use in non-human primate and rodent models has been shown to 

decrease the thickness of vaginal epithelium in several studies (Parr et al. 1994, Hild-Petito et al. 

1998, Mauck et al. 1999, Kaushic et al. 2003, Kaushic 2011, Butler et al. 2015, Dietz Ostergaard et al. 

2015, Butler et al. 2016, Hapgood et al. 2018). However, this effect is modest or undetectable in 

humans (Mauck et al. 1999, Miller et al. 2000, Chandra et al. 2013, Bahamondes and Bahamondes 

2014, Bahamondes et al. 2014, Mitchell et al. 2014, Irvin and Herold 2015, Hapgood et al. 2018). 

There is however some evidence that MPA modulates the vaginal microbiome functions (Kaushic 

2011, Achilles and Hillier 2013, Brooks et al. 2016, Roxby et al. 2016), for example the study 

showing that DMPA users had decreased H2O2-producing Lactobacilli (Mitchell et al. 2014). 

 

Another proposed mechanism for enhanced HIV-1 acquisition by MPA is increased STI risk. Some 

reports suggest DMPA use is associated with increased risk of HSV-2 (Baeten et al. 2001, Gillgrass et 

al. 2003, Grabowski et al. 2015, Borgdorff et al. 2016), Chlamydia (Morrison et al. 2004) and 

bacterial vaginosis (Cherpes et al. 2008b, Achilles and Hillier 2013), although the available meta-

analyses suggest no conclusive association (Mohllajee et al. 2006, Morrison et al. 2009). 

 

Another mechanism by which MPA can increase HIV-1 susceptibility is through changes in the local 

FRT or systemic immunity, which would affect the function of the FRT to protect against infections. 

This is significant since higher proportions of susceptible CD4+ and CCR5+ target cells in the FRT at 

the time of HIV-1 exposure could facilitate infection (Wira et al. 2014b). However, the available 

clinical, animal and ex vivo studies appear to be inconsistent, with some studies but not others 

showing an effect for MPA on CCR5 expression and/or target cell frequency. For example, a study 
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showed that PBMCs from DMPA users have increased CCR5 expression in CD4+ and CD8+ T cells, 

despite no increase in the frequency of CD4/8+CCR5+ cells, compared to women using no hormonal 

contraception (Sciaranghella et al. 2015). In FRT samples, injectable contraceptive (predominantly 

DMPA) users express increased CCR5+CD4+ T cells in the cervix (Byrne et al. 2016) and increased 

CCR5-expressing leukocytes in the vagina (Chandra et al. 2013) than normally cycling women. In a 

rhesus macaque model, DMPA-treated animals exhibited a higher frequency of CCR5+CD4+ cells in 

vaginal tissue than E2-treated macaques (Goode et al. 2014). However, other studies did not observe 

increased CCR5+ CD4+ T cells in the endocervix or endometrium (Smith-McCune et al. 2017) or 

increased vaginal CD3+, HLA-DR+ or CCR5+ cells (Mitchell et al 2014). A study using PBMCs 

stimulated ex vivo with exogenous MPA also did not observe an effect on CCR5/CXCR4 in CD4+ T 

cells (Sampah et al. 2015).  

 

Similarly, effects of MPA on innate immune factors such as antimicrobials (HBD2, SLP1) and 

antibodies (IgG, IgA) have been shown in some studies but not others. For example, in CVL samples 

from DMPA users, HBD2 levels were decreased in some studies (Morrison et al. 2014, Fichorova et 

al. 2015), but appeared to increase in another study (Francis et al. 2016). Decreased FRT SLP1 levels 

were observed in some (Li et al. 2008) but not other (Morrison et al. 2014, Deese et al. 2015, 

Fichorova et al. 2015, Francis et al. 2016, Roxby et al. 2016) studies. MPA use decreases production 

and transepithelial transport of IgG and IgA (Hel et al. 2010, Hapgood et al. 2018), although increased 

levels were observed in CVL samples from DMPA users in a recent study (Francis et al. 2016). Taken 

together, there appears to be large variability between studies, with some studies showing effects for 

MPA while others do not. This could suggest that overall there may be no effect, and that differences 

between studies are due to differences in MPA serum concentrations, time of sampling, duration on 

MPA, immune cell activation and other factors between individuals. 

 

Whether MPA elicits a pro-inflammatory or immunosuppressive (anti-inflammatory) effect in the 

FRT of DMPA users is controversial. Some studies have reported increased expression of pro-

inflammatory cytokines and chemokines such as IL-6 and IL-8 in DMPA users (Morrison et al. 2014, 

Deese et al. 2015, Francis et al. 2016), while others showed suppressed expression of pro-

inflammatory mediators in DMPA users or other models (Trunova et al. 2006, Hughes et al. 2008, 

Kleynhans et al. 2011, Hapgood 2013, Huijbregts et al. 2013, Kleynhans et al. 2013, Huijbregts et al. 

2014, Walong et al. 2016), or no effect in DMPA users (Arnold et al. 2016, Weinberg et al. 2016). 

Decreased levels of pro-inflammatory mediators in DMPA users could suppress host immunity to 

HIV-1 infection (Hapgood 2013), whereas increased levels of pro-inflammatory mediators in DMPA 

users could result in increased recruitment of HIV-1 target cells (Morrison et al. 2014). 
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However, in multiple ex vivo studies, MPA suppresses T cell and pDC function in humans and 

macaques (Trunova et al. 2006, Cherpes et al. 2008a, Hughes et al. 2008, Kleynhans et al. 2011, 

Vicetti Miguel et al. 2012, Kleynhans et al. 2013, Huijbregts et al. 2014, Weinberg et al. 2016). 

Furthermore, in cell line models and PBMCs, exogenous stimulation with MPA, unlike NET or P4, 

decreased expression of pro-inflammatory genes (such as IL-6, IL-8, RANTES, IL-12) and increases 

expression of anti-inflammatory genes (such as GILZ, IL-10) (Kleynhans et al. 2011, Huijbregts et al. 

2013, Govender 2014, Govender et al. 2014, Hapgood et al. 2014b, Louw-du Toit et al. 2014, Ray 

2015, Grandi et al. 2016). 

 

These data imply that MPA is immunosuppressive in multiple systems (Hapgood et al. 2018). Of 

particular interest to this study is the observation that the immunosuppressive effects of MPA occur 

via the GR in some cell line studies. GR activation will influence the regulation of multiple genes in 

many physiological systems and could promote activation of multiple signalling pathways via cross-

talk with other members of the SR family.  

 

 

1.5 Steroid hormone receptors (SRs) 

 

The family of SRs belongs to the nuclear receptor superfamily and consists of the glucocorticoid 

receptor (GR), progesterone receptor (PR), androgen receptor (AR), estrogen receptor (ER) and 

mineralocorticoid receptor (MR) (Evans 1988, Lu et al. 2006, Huang et al. 2010). These receptors 

function as ligand-activated transcription factors (TFs) and share similar structures (Fig. 1.5) 

(Griekspoor et al. 2007, Africander et al. 2011b). All SRs consist of a moderately conserved ligand-

binding domain (LBD) at the carboxy-terminal domain (CTD), a highly conserved DNA-binding 

domain (DBD), hinge region and variable amino terminal domain (NTD) (Fig. 1.5) (Africander et al. 

2011b, Stanczyk et al. 2013). Both the LBD and NTD contain activator function (AF) domains, which 

play a role in transcriptional activity of the SR (Lavery and McEwan 2005). The sequence homology 

of the LBD between SRs means that promiscuous ligand binding can occur and as such, hormone 

ligands can elicit off-target effects by binding to other SRs. This effect is particularly pronounced for 

the GR and PR, since they share 55% LBD amino acid sequence homology and 90% DBD homology 

(Evans 1988, Stanczyk et al. 2013) and both recognize the same DNA sequences (Strahle et al. 1987, 

Beato et al. 1989). 
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Figure 1.5. The structures of nuclear steroid receptors. SRs contain several functional domains, 

including NTD (A/B), DBD (C), hinge region (D) and LBD (E) at the CTD. ERα also has an additional CTD 

domain (F). Numbers indicate the protein length in amino acids. Adapted from (Griekspoor et al. 2007). 

 

 

1.5.1 Function, regulation and expression of the GR and PR 

 

The GR is a key regulator of the immune system by mediating anti-inflammatory responses to 

glucocorticoids (GCs) such as endogenous cortisol or the synthetic GC, Dex. GCs are important for 

metabolic, bone, renal, central nervous system, reproductive and immune function, with 

predominantly immunosuppressive effects (Baschant and Tuckermann 2010, Cruz-Topete and 

Cidlowski 2015). 

 

The PR plays an important role in regulation of the female reproductive system, including mammary 

gland development, and mediates responses to progestogens. GCs acting via the GR, and 

progestogens acting via the PR, carry out their effects through mediating gene expression in target 

tissues. The PR is only expressed in some tissues, including the female reproductive tract, brain, 

mammary gland and pituitary gland (Lu et al. 2006). Conversely, GR is ubiquitously expressed (Lu et 

al. 2006) and is essential for life as GR knockout mice are not viable (Cole et al. 1995).  

 

There is a single gene for GR, but multiple isoforms exist as a result of alternative splicing (Pujols et 

al. 2002, Lu and Cidlowski 2005, Zhou and Cidlowski 2005, Duma et al. 2006, Cao et al. 2013, 

Kadmiel and Cidlowski 2013, Cruz-Topete and Cidlowski 2015, Hapgood et al. 2016, 

Scheschowitsch et al. 2017). The 95 kDa GR isoform, GRα, is the most predominantly expressed. The 

GR is regulated both post-transcriptionally (Turner et al. 2010, Turner et al. 2014) and undergoes 
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post-translational modifications (PTMs), such as phosphorylation (Faus and Haendler 2006, Chen et 

al. 2008, Beck et al. 2009, Anbalagan et al. 2012). GR activity is regulated by phosphorylation at key 

residues (Avenant et al. 2010a, Avenant et al. 2010b). 

 

The gene for PR is regulated by E2 and ERα (Aronica and Katzenellenbogen 1991, Schultz et al. 

2003) and contains two distinct E2-regulated promoters, resulting in the transcription of two isoforms 

of PR, A and B (Kastner et al. 1990). These translate into two proteins, PR-A (94 kDa) and PR-B (114 

kDa) which are identical except for the additional 164 amino acids on the N-terminus of PR-B (Fig. 

1.5) (Kastner et al. 1990, Giangrande et al. 1997). This extra region harbours a third AF domain, 

rendering PR-B more transcriptionally active than PR-A (Sartorius et al. 1994). Like the GR, PR also 

undergoes PTMs (Bagchi et al. 1992, Lange et al. 2000, Faus and Haendler 2006, Anbalagan et al. 

2012, Abdel-Hafiz and Horwitz 2014). PR-A and PR-B can form homo- and heterodimers with each 

other, as well as mixed ligand heterodimers (Sartorius et al. 1994, Leonhardt et al. 1998, Scarpin et al. 

2009, Jacobsen and Horwitz 2012). The PR isoforms have also been shown to have differential cell- 

and promoter-specific effects on transcription (Wen et al. 1994, Giangrande and McDonnell 1999, 

Lim et al. 1999, Graham and Clarke 2002, Tung et al. 2006, Jacobsen and Horwitz 2012). 

Interestingly, PR-A represses the activity of PR-B (Tung et al. 1993) as well as other SRs including 

the GR (Vegeto et al. 1993) and MR (McDonnell et al. 1994). Consequently, the ratio of PR-A:PR-B 

can also influence the response to progestins on PR target genes, as demonstrated in breast cancer and 

myometrial cells (Graham et al. 2005, Jacobsen et al. 2005, Khan et al. 2012, Tan et al. 2012). 

 

 

1.5.2 Classic mechanisms of action of SRs 

 

Traditionally, SRs including the GR and PR regulate transcription through classical mechanisms of 

transactivation (up-regulation) and transrepression (down-regulation). A schematic model 

representing transactivation and transrepression is shown in Figure 1.5.2 (Nixon et al. 2012). In the 

absence of ligand, GR is mostly cytoplasmic, while PR is located in the nucleus (Renoir et al. 1990, 

Griekspoor et al. 2007), although there is evidence that some of the unliganded GR resides in the 

nucleus (Pekki et al. 1992), and this effect may depend on GR levels (Hapgood et al. 2016). The GR 

is retained in the cytoplasm in a chaperone complex which includes heat shock protein (HSP) 90 

(Oakley and Cidlowski 1993, Griekspoor et al. 2007, Kadmiel and Cidlowski 2013). A small 

proportion of HSP90-bound PR is located in the cytoplasm (Passinen et al. 1999).  

 

Upon ligand binding to the LBD, the GR undergoes a conformational change, dissociates from the 

chaperone complex and translocates to the nucleus (Zhou and Cidlowski 2005, Griekspoor et al. 

2007). Here, classical transactivation is achieved by the ligand-bound SR DBD binding directly to its 
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hormone response elements (HREs) in target genes, that is, glucocorticoid response elements (GREs) 

for GR or progesterone response elements (PREs) for PR. GR typically binds to GREs as a dimer, 

(Zhou and Cidlowski 2005), and recruits co-activators and chromatin remodelling factors to activate 

transcription (Kadmiel and Cidlowski 2013, Cruz-Topete and Cidlowski 2015). In addition to the 

above mechanism, PR can bind to PREs or PRE ½ sites as a monomer (Jacobsen and Horwitz 2012). 

 

The most well-established mechanism of transrepression is tethering, whereby the SR binds to another 

transcription factor via protein-protein interactions and inhibits its activity. This has been 

demonstrated for activator protein 1 (AP1) and nuclear factor kappa B (NFκB). Since NFκB is a key 

mediator of inflammatory gene expression, both GR and PR can modulate inflammatory responses by 

repressing NFκB-driven gene regulation through direct binding to NFκB subunits (Kalkhoven et al. 

1996, De Bosscher et al. 2000, Nissen and Yamamoto 2000). The SR recruits co-repressors and 

chromatin remodelling factors to condense chromatin and inhibit transcription (Chinenov et al. 2013). 

Transrepression can also occur through direct GR binding to negative GREs (nGREs) (Surjit et al. 

2011). 

 

However, recent studies show that the mechanisms behind GR-mediated gene regulation are much 

more complex (Schoneveld et al. 2004, Newton et al. 2010, Nixon et al. 2013, Cruz-Topete and 

Cidlowski 2015, Newton et al. 2017, Scheschowitsch et al. 2017, Weikum et al. 2017a, Weikum et al. 

2017b). For example, the GR can mediate transactivation through direct binding to a simple GRE, a 

composite GRE or a GRE ½ site as well as through tethering and co-factor-assisted tethering 

(Scheschowitsch et al. 2017). Furthermore transrepression can occur through multiple mechanisms 

including direct binding to a composite GRE, or nGRE, competition with other factors, sequestering 

TFs, tethering and co-factor-assisted tethering (Scheschowitsch et al. 2017). The GR can also repress 

gene expression through transactivation mechanisms (King et al. 2012, Vandevyver et al. 2013, Nacht 

et al. 2017, Weikum et al. 2017a). Furthermore, GR-mediated gene regulation is modulated by the 

adjacent sequences and chromatin landscape (Meijsing et al. 2009, Burd and Archer 2013, Sacta et al. 

2016, Telorac et al. 2016, Love et al. 2017), the GR dimerization interface (Watson et al. 2013), and 

ability to form homo- or heterodimers (Nixon et al. 2013, Robertson et al. 2013a, Schiller et al. 2014, 

Lim et al. 2015) or even tetramers (Presman et al. 2016). Recently the term GR binding site (GBS) 

has been introduced, to refer to a short DNA sequence that binds GR with high affinity in vitro, while 

GRE refers to a longer DNA sequence that generates a GR response in vivo (Weikum et al. 2017b). 
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Figure 1.5.2. Classical model of transactivation and transrepression mechanisms mediated by 

the ligand-activated GR. The lipophilic steroid diffuses across the cell membrane into the cytoplasm, where 

it binds to the SR (in this case, the GR). The GR can activate cellular responses via non-genomic mechanisms, 

such as suppression of JNK (1). The ligand-activated GR also translocates into the nucleus, where it binds 

directly the GREs in target transactivation genes thereby activating their transcription (2), or as a monomer 

tethered to pro-inflammatory transcription factors NFKB/AP-1 to repress target transrepression genes (3). MKP-

1: mitogen activated protein kinase phosphatase 1; IκBα: inhibitor of NFκB; IL10: interleukin 10; TNFα: 

tumour necrosis factor α; iNOS: inducible nitric oxide synthase. Taken from (Nixon et al. 2012). 

 

 

 

Consistent with its role in mediating anti-inflammatory responses to GCs, the GR has been established 

to transactivate anti-inflammatory genes and repress pro-inflammatory genes, notably cytokines and 

chemokines (Chinenov et al. 2013). For example, GR mediates the up-regulation of the anti-

inflammatory genes interleukin (IL)-10 (Visser et al. 1998), glucocorticoid-induced leucine zipper 

(GILZ) (Wang et al. 2004), mitogen activated protein kinase phosphatase 1 (MKP1) (Kassel et al. 

2001) and inhibitor of NFκB (IκBα) (Heck et al. 1997). GR has also been shown to mediate the 

repression of the pro-inflammatory genes IL-6 (De Bosscher et al. 2003) and IL-8 (Mukaida et al. 

1994). 
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Owing to the role of the PR in mediating the reproductive functions and mammary gland 

development, many identified PR-regulated target genes are involved in these processes, such as 

prolactin receptor (PRLR) and β-casein, although PR also regulates the expression of genes involved 

in cell growth and proliferation, such as epidermal growth factor (EGF), transforming growth factor β 

(TGFβ), insulin-like growth factor binding protein 1 (IGFBP1), cyclin-dependent kinase inhibitor 1A 

(p21), receptor activator of NFκB ligand (RANKL) and v-myc myelocytomatosis viral oncogene 

homolog (avian) (MYC) (Moore et al. 1997, Jacobsen and Horwitz 2012, Moore et al. 2012, Obr and 

Edwards 2012, Wetendorf and DeMayo 2012, Yin et al. 2012, Lain et al. 2013). Some PR-regulated 

genes are regulated by both PR isoforms, like p21, while others are preferentially regulated by PR-B, 

such as FK506 binding protein 5 (FKBP5), or by PR-A such as IGFBP1 (Jacobsen and Horwitz 

2012). 

 

Thus the mechanism of gene regulation by the GR and PR is a complex process with multiple players, 

including transcriptional machinery, chromatin remodelers, co-activators and co-repressors, with 

capacity for regulation at each step. 

 

 

1.5.3 Cross-talk between SRs 

 

The biological responses mediated by SRs can also involve non-genomic, transcription-independent 

and/or ligand-independent mechanisms of action (Leonhardt et al. 2003, Nilsen and Brinton 2003, 

Stellato 2004, Boonyaratanakornkit and Edwards 2007, Boonyaratanakornkit et al. 2008, Gellersen et 

al. 2009, Africander et al. 2011b, Hapgood et al. 2016, Hapgood et al. 2018). These effects generally 

involve the modulation of signalling cascades through the phosphorylation/de-phosphorylation action 

of kinases and phosphatases. Non-genomic SR activities allow for rapid responses without changing 

SR levels and promote the integration of multiple physiological functions (Hapgood et al. 2016).  

 

This capacity for SRs to modulate the activity of other transcription factors gives rise to cross-talk 

(McKay and Cidlowski 1998, Lange 2004, De Bosscher et al. 2006, Kassel and Herrlich 2007, Beck 

et al. 2009, Bagamasbad and Denver 2011, Ratman et al. 2013, Hapgood et al. 2016). Cross-talk can 

refer to a positive or negative, direct or indirect modulation of the activity of other TFs (Kassel and 

Herrlich 2007). Indirect modulation can occur through activation of signalling pathways converging 

on SR target genes, while direct modulation can occur through direct interactions between SRs 

thereby modulating their activity. This cross-talk therefore contributes to the complexity of biological 

responses to multiple hormones in vivo. 
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Multiple studies show mechanisms of direct cross-talk between the GR and ER. For example, in 

MCF-7 breast cancer cells, Dex modulates ER transcriptional activity (Karmakar et al. 2013) and 

similarly E2 inhibits GR mRNA and protein expression (Krishnan et al. 2001) while ER mediates 

proteasomal degradation of GR (Kinyamu and Archer 2003). Some studies have also shown that 

ER/E2 can modulate GR/GC-mediated responses on inflammatory genes (Feldman et al. 2007, Cvoro 

et al. 2011, Eritja et al. 2012, Whirledge and Cidlowski 2013). Furthermore GR has been shown to 

interact with ERα (Karmakar et al. 2013). In addition, the GR has been shown to form a heterodimer 

with the MR (Liu et al. 1995, Trapp and Holsboer 1996, Ou et al. 2001, Savory et al. 2001) and the 

AR (Chen et al. 1997). 

 

There is also substantial evidence of cross-talk between the PR and ER. Early studies showed that 

stimulation with E2 increased PR protein expression in human breast cancer (MCF-7) and rat uterine 

cells (Horwitz and McGuire 1978, Aronica and Katzenellenbogen 1991). Subsequently it has been 

demonstrated at the genomic level that ER is recruited to EREs within the PR promoter sequence, 

thereby inducing its transcription (Petz et al. 2002, Schultz et al. 2003, Flötotto et al. 2004, Petz et al. 

2004). In a mechanism of reciprocal regulation, PR regulates (frequently represses) ER-mediated 

transcriptional activity via association between ER and PR and/or regulation of signalling pathways 

and/or recruitment of repressors (Kraus et al. 1995, Lee and Gorski 1996, Ballare et al. 2003, Vallejo 

et al. 2005, De Amicis et al. 2009, Mohammed et al. 2015, Diep et al. 2016). One study also showed 

that progestin metabolites modulate ER protein levels in MCF-7 cells (Pawlak and Wiebe 2007). 

 

Of importance to this study is the extent of cross-talk between the GR and the PR, owing to their 

mutual activation by the progestin MPA. Several genes have been shown to be ligand-dependently 

regulated by both GR and PR, including the mouse mammary tumour virus (MMTV), tyrosine 

aminotransferase (TAT), chicken lysozyme, rabbit uteroglobin and human metallothionein (MetIIA) 

genes (von der Ahe et al. 1985, Strahle et al. 1987, Jacobsen and Horwitz 2012). Microarray studies 

using Dex, R5020 or P4 stimulation showed that these hormones regulate the expression of both 

overlapping and unique gene sets, in endometrial cancer Ishikawa H cells and T47D breast cancer 

cells (Wan and Nordeen 2002, Davies et al. 2006). In these studies it is presumed that R5020-induced 

gene regulation is via the PR, however the genes regulated in response to P4 could be via the GR 

and/or PR. 

 

The GR- and PR-mediated regulation of the MMTV promoter, which contains 4 GRE/PREs, has been 

well characterized. Despite both binding to the MMTV promoter, the GR and PR still exhibit selective 

gene regulation in different contexts (Cato et al. 1986, Cato et al. 1988, Nordeen et al. 1989, Archer et 

al. 1994a, Archer et al. 1994b, Archer et al. 1995, Mymryk et al. 1995, Le Ricousse et al. 1996, 

Lambert and Nordeen 1998, Nelson et al. 1999). Reasons for this selectivity include differential 
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interaction with co-factors (Szapary et al. 2008) including preferential use for different steroid 

receptor coactivator (SRC) coactivators (SRC2 for GR and SRC1 for PR), (Li et al. 2003), chromatin 

structure (Archer et al. 1994b, Archer et al. 1995, Mymryk et al. 1995, Smith et al. 1997), surrounding 

sequences (Cato et al. 1988, Chalepakis et al. 1988), and the low amino-terminal end homology  

(Song et al. 2001). Crucial to this study, different levels of receptors within a given cell would also 

contribute to different GR/PR-mediated responses on the same gene (Strahle et al. 1989). 

 

 

1.5.4 Variations in SR levels in the FRT 

 

Cross talk between the GR and PR is likely to be highly important in the FRT, if both of these 

receptors are expressed, because these receptors could simultaneously mediate the regulation of 

immune function and/or reproductive genes.  

 

Previous research has indicated that PR protein is differentially expressed in FRT tissues throughout 

the menstrual cycle. However these studies generally used immunohistochemistry techniques that 

may be prone to antibody cross-reactivity. In general, higher PR protein levels were observed during 

the follicular phase compared to the luteal phase in multiple FRT tissues, including the fallopian tube 

and myometrium (Pino et al. 1984, Englund et al. 1998, Tone et al. 2011), vagina (Konishi et al. 

1991) and endocervical columnar cells (Sanborn et al. 1976). In the endometrium, higher PR mRNA 

or protein levels were observed during the follicular phase in some (Lessey et al. 1988, Ingamells et 

al. 1996, Mylonas et al. 2007) but not all (Snijders et al. 1992, Marshburn et al. 2005) studies. In the 

ectocervix, higher PR levels were detected in ectocervical epithelium during the luteal phase 

compared to the follicular phase (Konishi et al. 1991). The PR isoforms are generally expressed at 

similar levels in reproductive tissues (Scarpin et al. 2009) but there is evidence that PR-A levels are 

preferentially decreased in the endometrium during the luteal phase (Mangal et al. 1997, Mote et al. 

1999). GR protein has been detected in VEN-100 primary endocervical cells (Govender 2014) and 

ectocervical explants (Ray 2015) by other researchers in the present author’s laboratory, consistent 

with the notion that GR is reportedly ubiquitously expressed in all tissues (Lu et al. 2006). 

 

Collectively these studies show a trend that PR levels are lower during the luteal phase compared to 

the follicular phase in some FRT tissues. Interestingly, different PR levels are observed in the 

ectocervix compared to the endocervix during the luteal phase. This implies that throughout the 

menstrual cycle there will be conditions where the relative levels of GR/PR are higher or lower. 

Changes in the relative levels of GR/PR in the cervix, the primary site for HIV-1 infection, may 

therefore influence immunomodulatory gene expression and potentially also susceptibility to 

infection. 
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1.6 Thesis rationale and hypotheses 

 

The current epidemiological research showing that use of DMPA is associated with increased HIV-1 

acquisition is still controversial, despite the most recent meta-analyses showing increased risk 

(Morrison et al. 2015, Ralph et al. 2015, Polis et al. 2016). However, biochemical and other basic 

research show that MPA increases HIV-1 infection ex vivo (Huijbregts et al. 2013, Sampah et al. 

2015) and SIV/SHIV infection in non-human primate models (Trunova et al. 2006, Smith et al. 2015, 

Butler et al. 2016). Several studies have also linked the luteal phase of the menstrual cycle – 

characterized by relatively high levels of endogenous P4 in the luteal phase compared to the follicular 

phase – with increased HIV-1 or SHIV acquisition in various models (Marx et al. 1996, Vishwanathan 

et al. 2011, Saba et al. 2013, Kersh et al. 2014, McNicholl et al. 2014, Radzio et al. 2014). Since MPA 

is a derivative of P4 and was designed to imitate the physiological properties of P4, MPA may prevent 

pregnancy in a manner similar to the high-P4 state of the luteal phase. However, very limited research 

is available comparing contraception with MPA and menstrual cycle phases, or P4 alone, within the 

same study (Huijbregts et al. 2013, Byrne et al. 2016, Francis et al. 2016). This leads to the interesting 

question whether the increase in HIV-1 acquisition is comparable between DMPA and the luteal 

phase and whether infection occurs via similar or different molecular mechanisms, possibly based on 

the differential GR activity of P4 and MPA. Therefore, the first central hypothesis of the current 

study is that both MPA and luteal phase hormones increase HIV-1 infection, but through 

potentially different mechanisms. 

 

In order to address this hypothesis, human PBMCs from female donors were used as a model for 

systemic HIV-1 infection. PBMCs are a useful model since they contain a multitude of immune cells 

relevant to HIV-1 infection (Kleiveland 2015). These include CD4+ T cells, CD8+ T cells and CD14+ 

monocytes and cells expressing the CCR5 co-receptor. CD4+ T cells are the predominant target cells 

for HIV-1 infection, since the CD4 receptor is used by the virus for initial entry (Sattentau et al. 

1986). However, HIV-1 infection has also been demonstrated in other cells such as macrophages 

(Givan et al. 1997, Howell et al. 1997, Hladik and Hope 2009, Nguyen et al. 2014, Wira et al. 2015). 

Since CD8+ T cells are cytotoxic towards HIV-1, the CD4/CD8 ratio is an important parameter to 

consider the balance between frequency of infectable cells (CD4+) and cells combating infection 

(CD8+). Monocytes are important to study since they play a role in the establishment of infection and 

disease progression and secrete cytokines that modulate T cell function (Campbell et al. 2014). Levels 

of the co-receptor CCR5 are crucial determinants of efficient viral entry (Sciaranghella et al. 2015). 

Therefore CCR5 expression and the frequency of CCR5-expressing cells were also investigated. In 

addition the activation status of target immune cells was investigated as a possible mechanism by 

which MPA could affect HIV-1 infectivity. Activated target cells are more susceptible to HIV-1 

infection, because they are primed to recruit infectable target cells (McKinnon and Kaul 2012). 
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Therefore a marker for activation, CD69, was measured in PBMCs. CD69 is an early activation 

marker that is expressed within 4 hours and for up to 14 days thereafter (Ziegler et al. 1994, Caruso et 

al. 1997, Nielsen et al. 1998, Clausen et al. 2003). 

 

TZM-bl human cervical epithelial cells were used as a model of infectable cells in which to study 

possible biological mechanisms of infection. These cells have been engineered to stably express CD4, 

CCR5 and CXCR4, and a luciferase gene linked to the HIV-1 LTR promoter (Platt et al. 1998) and 

are therefore readily infectable. Furthermore as a single cell type, TZM-bl cells do not undergo 

activation like T cells, allowing additional insight into CCR5 regulation independent of T cell-specific 

signalling. HIV-1 infection was assessed using the laboratory-adapted R-tropic HIV-1 infectious 

molecular clone, HIV-1BaL_Renilla using luciferase assays as a proxy for HIV-1 replication. This clone 

was used in order to represent the transmitting founder virus, which is predominantly R5-tropic and 

therefore utilizes the CCR5 co-receptor for initial infection (Carrington et al. 1999, Keele et al. 2008, 

Salazar-Gonzalez et al. 2009, Grivel et al. 2011). Combinations of E2/P4 were used to mimic the luteal 

phase (10 nM P4/400 pM E2) or the follicular phase (1 nM P4/400 pM E2) of the menstrual cycle, 

which are within the range of reported serum E2/P4 levels (Stricker et al. 2006). The concentrations of 

MPA used (100 nM) represents the upper levels detected in the serum of DMPA users (Hapgood et al. 

2018). 

 

While MPA and P4 act via the PR, MPA also binds to the GR with high affinity (Africander et al. 

2011b) and thus can control the expression of GR-regulated genes. Since the GR is a key mediator of 

the immune system and inflammatory responses, MPA-induced changes in GR-regulated gene 

expression could have important consequences for immune function and therefore susceptibility to 

infection in the FRT. The present author’s laboratory has shown that MPA, like the GC Dex but 

unlike NET or P4, at physiologically relevant concentrations (excluding during pregnancy), changes 

the expression of key immunomodulatory genes in a GR-dependent manner, in both cell lines and 

primary cells (Koubovec et al. 2004, Verhoog 2010, Africander et al. 2011a, Verhoog et al. 2011, 

Govender 2014, Govender et al. 2014, Hapgood et al. 2014b, Louw-du Toit et al. 2014, Ray 2015). 

These important GR-regulated immunomodulatory genes include the transactivation gene, GILZ, and 

the transrepression gene, IL-6. GILZ is an anti-inflammatory protein that plays an important role in 

mediating the effects of GCs (Ronchetti et al. 2015). GILZ expression is induced by GCs and its GR-

mediated regulation occurs through by direct GR binding to multiple GREs in its promoter (Wang et 

al. 2004, Ayroldi and Riccardi 2009). IL-6 is one of the pro-inflammatory cytokines that drive 

inflammatory responses (Feghali and Wright 1997, Ershler and Keller 2000). IL-6 expression is 

activated by the transcription factors NFκB and AP-1 and therefore GR-mediated repression of IL-6 is 

believed to occur via GR tethering to subunits of NFκB and inhibiting its activity (Heck et al. 1997, 

De Bosscher et al. 2000, Nissen and Yamamoto 2000, Tao et al. 2001, De Bosscher et al. 2003). 
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However both PR and GR recognize similar DNA target sequences (such as GRE/PREs) and both 

inhibit the activity of NFκB (Kalkhoven et al. 1996, Davies et al. 2004, Hardy et al. 2006). Following 

this, it is possible that PR could regulate GR-mediated gene expression in some contexts, depending 

on relative receptor levels. GR is ubiquitously expressed whereas PR is expressed in some tissues, 

including reproductive tissues, and is dependent on regulation by E2, which fluctuates with the 

menstrual cycle. Therefore in the FRT there are likely to be states in which the relative levels of GR 

and PR change in response to endogenous and exogenous sex hormones. The consequences of 

changing GR/PR levels on immune function and HIV-1 susceptibility have not been studied. The 

second central hypothesis of this study is therefore that changing the relative levels of GR/PR 

can influence HIV-1 infection and the regulation of immunomodulatory genes.  

 

In order to investigate this hypothesis, human cervical cell line models were used to represent the FRT 

and conditions of changing GR/PR levels. These cell lines, which express high levels of endogenous 

GR, were the End1/E6E7 immortalized endocervical epithelial cells, HeLa cervical carcinoma cells 

and TZM-bl cervical carcinoma cells, which are modified HeLa cells. In these cells, the relative levels 

of GR/PR were changed by using siRNA to knock down the endogenous GR, with or without the 

simultaneous over-expression of PR-B, the more transcriptionally active PR isoform. While other cell 

line strategies of GR/PR over-expression and endogenous expression were also investigated, 

End1/E6E7, HeLa and TZM-bl cells were chosen for this study as models for investigating the effects 

of changing GR/PR levels in cervical cells. HeLa and End1/E6E7 cells have been shown by the 

present author’s laboratory to have robust GR-mediated regulation of GILZ and IL-6 (Verhoog 2010, 

Govender 2014). While cell line studies have limitations, molecular techniques such as transfection 

used to change GR/PR levels were already established in the present author’s laboratory and are 

generally more robust and reproducible than in primary cells. HIV-1 infection was assessed in TZM-

bl cells using the R5-tropic IMC HIV-1BaL_Renilla and luciferase reporter assays. Secretion of IL-6 was 

investigated as a possible soluble mediator that enhances infection. Previous in vitro work has 

demonstrated that exogenous IL-6 stimulation induces HIV-1 reverse transcriptase or LTR activity in 

monocyte-derived macrophages (MDMs) and promonocyte U1 cells (Poli et al. 1990, Kinter et al. 

2001) and enhances infection of MDMs (Zaitseva et al. 2000). Some clinical studies have shown 

correlations between increased IL-6 levels and higher HIV-1 RNA levels or viral load (Spear et al. 

2008, Roberts et al. 2012, Masson et al. 2014). Therefore the effect of changing relative GR/PR levels 

on IL-6 expression and the effect of IL-6 and/or other soluble mediators on HIV-1 infection was also 

investigated. 

 

Transcriptional activity can be modulated by cross talk between steroid receptors (Bagamasbad and 

Denver 2011). There are multiple lines of evidence of cross talk between the GR-ER and the PR-ER, 

including direct interactions between the proteins. Therefore it is likely that mechanisms of cross-talk 
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exist between GR and PR. While both GR and PR can regulate the same promoters, such as MMTV, 

whether GR and PR associate together is not established. The final hypothesis of the current study 

is that GR and PR reciprocally modulate each other’s activity through a possible interaction. 

 

In order to investigate this hypothesis, cells expressing very low levels of endogenous GR and no PR 

(COS1 monkey fibroblast and U2OS human osteosarcoma cells) were used in assays where GR/PR 

were transiently over-expressed. Alternatively cells expressing high endogenous levels of both GR 

and PR (MCF-7 human breast cancer cells) were used. Co-immunoprecipitation assays in COS1 and 

MCF-7 cells were used to indicate a potential association between GR and PR in response to the 

GR/PR agonist MPA. In addition, the nucleocytoplasmic distribution of the GR and PR in COS1 cells 

over-expressing GR and PR was measured using immunofluorescence with confocal microscopy. 

Quantitative co-localization analysis was used to suggest close physical proximity of the GR and PR, 

using both confocal microscopy and structured illumination super-resolution microscopy. The ligand-

dependency of this potential association was investigated by comparing equimolar concentrations 

(100 nM) of the GR-specific agonist Dex, the PR-specific agonist R5020 and MPA. Specific research 

questions are outlined in more detail at the start of each results chapter. 
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Chapter 2 

Materials and Methods 

 

All work in this thesis was carried out by the present author, with technical assistance for the 

following: fixed cells prepared by the candidate were analyzed for flow cytometry by Dr Michele 

Tomasicchio at the Lung Infection and Immunity Unit (University of Cape Town), and 

immunofluorescence slides prepared by the candidate were analyzed together with Mrs Susan Cooper 

at the Confocal and Light Microscope Unit (University of Cape Town) and Dr John Woodland at the 

Central Analytical Facility Fluorescence Microscopy Unit (Stellenbosch University). 

 

 

2.1 Ethics and biosafety 

 

This research formed part of a sub-study of HREC 210/2011, which was approved by the Human 

Research Ethics Committee at the University of Cape Town for use of human peripheral blood 

mononuclear cells from the Western Province Blood Transfusion Services and cervical explant tissue 

from Groote Schuur and Tygerberg Hospitals. Donors provided written informed consent. 

 

This study, for a doctoral degree, was approved by the Human Research Ethics Committee at the 

University of Cape Town with reference number 076/2017. 

 

All work was carried out according to the biosafety procedures established by the Health and Safety 

Committee of the Department of Molecular and Cell Biology at the University of Cape Town. 

 

 

2.2 Compounds and antibodies 

 

The following compounds were purchased from Sigma Aldrich, South Africa: (11b,16a)-9-fluoro-

11,17,21- trihydroxy-16-methylpregna-1,4-diene-3,20-dione (dexamethasone, Dex); 6α-methyl-17α-

hydroxy-progesterone acetate (medroxyprogesterone acetate; MPA); 4-pregnene-3,20-dione 

(progesterone; P4); 17α-ethynyl-19-nortestosterone (norethisterone; NET); 17β-estradiol (E2); 13β-

ethyl-17α-ethynyl-17β-hydroxygon-4-en-3-one (levonorgestrel; LNG); 11β-(4-

dimethylamino)phenyl-17β-hydroxy-17-(1-propynyl)estra-4,9-dien-3-one (Mifepristone; RU486); and 

17,21-dimethyl-19-norpregna-4,9-dien-3,20-dione (Promegestone, R5020). All hormones were 
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prepared in absolute ethanol (EtOH), and added to cells such that final [EtOH] was 0.1% (v/v). 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was also obtained from Sigma 

Aldrich, South Africa. IL-2 was obtained from the AIDS Research and Reference Reagent Program, 

Division of AIDS, NIAID, NIH. 

 

For western blotting, antibodies against human GAPDH (0411; sc-47724) and GR (H-300; sc-8992) 

were obtained from Santa Cruz Biotechnology, USA, while anti-HA (12CA5) was from Roche 

Applied Science, South Africa, and anti-PR (NCL-LPGR-312) was obtained from Leica Biosystems 

(Novacastra, UK). Horseradish peroxidise-conjugated secondary antibodies, anti-mouse (sc-2005) and 

anti-rabbit (sc-2313), were purchased from Santa Cruz Biotechnology, USA. 

 

For flow cytometry, antibodies against human CD4 phycoerythrin (PE)-Dazzle 594 (357412), anti-

CD8 PE/Cy5 (300910), anti-CD69 PE/Cy7 (310912), anti-CCR5 PE (359106), anti-CD14 APC 

(325608), anti-CD3 fluorescein isothiocyanate (FITC) (300306) and the ZOMBIE Violet Fixable 

Viability Kit (423113) were purchased from Biolegend, USA. The isotype controls, anti-mouse IgG 

(APC, 555751) and anti-rat IgG (PE, 12-4321) were purchased from Becton Dickinson (BD) 

Sciences, USA. The anti-rabbit AlexaFluor488 (#A21206) antibody was purchased from Invitrogen, 

USA, while the donkey anti-mouse Cy3 (#715-166-150) and the donkey anti-rabbit Cy5 (#711-175-

152) antibodies were obtained from Jackson ImmunoResearch, USA. 

 

 

2.3 Plasmids 

 

The luciferase reporter gene plasmid, pTAT-GRE-E1b-LUC (TAT-GRE-LUC), containing two 

glucocorticoid response elements (GREs) from the rat tyrosine amino transferase (TAT) gene under 

the control of the E1b promoter was a gift from G. Jenster (Erasmus University of Rotterdam, 

Rotterdam, Netherlands) (Sui et al. 1999). The empty vector, pcDNA3.1, containing a CMV promoter 

and no downstream DNA sequence, was obtained from Invitrogen, UK. The steroid receptor plasmid 

for the GR, pcDNA3-hGR, containing full-length untagged human GRα cloned into the pcDNA3 

vector, was a gift from D. W. Ray (University of Manchester, UK) (Ray et al. 1999). The steroid 

receptor plasmid for the PR isoform PR-B, pMT-hPRB, containing full length untagged human PR-B 

cloned into the pMT vector, was a gift from S. Okret (Karolinska Institute, Sweden) (Cairns et al. 

1993).The steroid receptor plasmid for PR-A, pSG5-hPRA, was a gift from F. Claessens (University 

of Leuven, Leuven, Belgium) (Kastner et al. 1990). The plasmid for HA-tagged GR-Interacting 

Protein 1 (GRIP-1), pHA-GRIP1 was a gift from M. R. Stallcup (University of Southern California, 

Los Angeles, CA). 
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2.3.1 Plasmid transformation and purification 

 

Plasmids were transformed into Escherichia coli DH5α cells using heat shock as previously described 

(Sambrook and Russell 2006). Competent DH5α cells (100 μL) were incubated with 10 ng plasmid 

DNA on ice for 30 min, then at 42°C for 2 min and on ice for 2 min. Cells were subsequently mixed 

into 900 μL Luria broth (LB, 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) and 

incubated at 37°C for 1 h with shaking. Transformed cells were then plated onto LB-agar plates (1% 

(w/v) tryptone, 0.5% yeast extract, 1% NaCl, 1.5% agar) containing 100 μg/mL final concentration of 

the antibiotic ampicillin (Sigma Aldrich, South Africa) and incubated overnight at 37°C. Day cultures 

of 5 mL LB containing 100 μg/mL ampicillin were inoculated with single colonies and incubated at 

37°C for 8 h with shaking. Plasmid glycerol stocks were prepared by mixing 500 μL 70% (v/v) 

glycerol with 500 μL transformed cell suspension and storage at -80°C. Overnight cultures of 200 mL 

LB containing 100 μg/mL ampicillin were inoculated with 200 μL day culture cell suspension and 

incubated at 37°C for 16 h with shaking. Plasmid DNA was subsequently purified using the PureYield 

plasmid maxi-prep kit (Promega, Madison, WI, USA), according to the manufacturer’s instructions. 

The purity and yield of the plasmid preparation were assessed using a Nanodrop ND-1000 

spectrophotometer (NanoDrop Technologies). 

 

 

2.3.2 Restriction enzyme digestion 

 

The supercoiled conformation of plasmid DNA was assessed by agarose gel electrophoresis by 

comparison with the linearized plasmid after restriction enzyme digestion. Reactions of 300 ng DNA, 

1 unit (U)/μL restriction enzyme (or equivalent volume of water for the undigested control) and 1 X 

FastDigest universal buffer containing sample application dye (Fermentas, Thermo Scientific, USA) 

were incubated for 10 min at 37°C. Digested and undigested samples were separated by 

electrophoresis on a 0.8% (w/v) 1 X Tris-Acetate-EDTA (TAE) agarose gel containing 10 μg/mL 

ethidium bromide (Sigma Aldrich, South Africa). Samples were subsequently visualized under 

ultraviolet light on a Syngene, G:Box (Vacutec, England) and images acquired using GeneSnap 

version 7.08 (SynGene, England). The identity of the plasmids was assessed by restriction enzyme 

digestion pattern. 

 

 

2.4 Mammalian cell culture 

 

Immortalized or cancerous human and simian cell lines, and human PBMCs and cervical tissue were 

used as model systems in this study. 
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2.4.1 Cell lines 

 

The African green monkey kidney fibroblast (COS1), human osteosarcoma (U2OS) and human 

embryonic kidney (HEK293T) cell lines were purchased from the America Type Culture Collection 

(ATCC, USA). The human endocervical epithelial cell line immortalized with HPV-16 E6E7 

(End1/E6E7) was received from Dr R Fichorova (Brigham & Women’s Hospital, Boston, USA) 

(Fichorova et al. 1997). The breast carcinoma cell line, MCF-7 (Soule et al. 1973), was a gift from Dr 

S Prince (Human Biology, University of Cape Town), and the T47D breast carcinoma cell line 

(Keydar et al. 1979) was from Prof M I Parker (ICGEB, University of Cape Town). The human 

cervical carcinoma cell lines, HeLa and TZM-bl, were obtained from the NIH AIDS Reagent 

Program, Division of AIDS, NIAID, NIH from Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme 

Inc. (ARP, NIH, USA). TZM-bl cells are modified HeLa cells stably expressing CD4, CXCR4 and 

CCR5 (Platt et al. 1998) and the luciferase and β-galactosidase reporter genes controlled by the HIV-1 

LTR promoter (Wei et al. 2002). 

 

Cells were cultured in humidified 37°C incubators containing 5% CO2 in the P2 Mammalian Tissue 

Culture Facility in the Department of Molecular & Cell Biology at the University of Cape Town. All 

cell lines were maintained in 75 cm
2
 flasks (Greiner Bio-one International, Austria) in Dulbecco’s 

modified Eagle’s medium (DMEM, Sigma Aldrich, South Africa) supplemented with 1 mM sodium 

pyruvate (Sigma Aldrich, South Africa), 44 mM sodium bicarbonate (Sigma Aldrich, South Africa), 

10% (v/v) foetal calf serum (FCS, Thermo Scientific, South Africa) and 100 IU/mL penicillin and 100 

mg/mL streptomycin (Gibco, Invitrogen, UK), except for End1/E6E7 cells which were maintained in 

Keratinocyte Serum-free media (Gibco, Invitrogen, UK) supplemented with bovine pituitary extract 

(BPE) and 100 IU/mL penicillin and 100 mg/mL streptomycin (Gibco, Invitrogen, UK).  

 

Transfections and stimulations were carried out in serum-free (SF) media and HIV-1 infection assays 

in TZM-bl cells were carried out in phenol red-free DMEM (Sigma Aldrich, South Africa) 

supplemented with 10% (v/v) charcoal-stripped FCS (cs-FCS, Thermo Scientific, South Africa) and 

100 IU/mL penicillin and 100 mg/mL streptomycin (Gibco, Invitrogen, UK). For sub-culturing, cells 

were washed with warm 1 X phosphate-buffered saline (PBS, Sigma Aldrich, South Africa) and 

incubated at 37°C with 2 mL 0.25% trypsin/0.1% EDTA in PBS (Highveld Biological, South Africa) 

for 5 min. Trypsin was neutralized by the addition of full DMEM containing 10% FCS. 

 

Cells were routinely checked for mycoplasma contamination by Hoescht staining (Freshney 1987) 

and fluorescence microscopy (Department of Molecular and Cell Biology, University of Cape Town), 

and only mycoplasma-negative cells were used for experiments. 
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2.4.2 PBMCs 

 

All PBMCs were from female donors only and were isolated from whole blood as previously 

described (Tomasicchio et al. 2013). Buffy packs from healthy female HIV-negative donors, of 

unknown menstrual cycle phase, were obtained from the Western Province Blood Transfusion 

Services (Pinelands, South Africa). PBMCs were isolated by Histopaque (H1077 Hybri-Max, Sigma-

Aldrich) density centrifugation using Leucosep tubes (Greiner Bio-One International, Austria). 

Briefly, 15 mL Histopaque was centrifuged in Leucosep tubes at 2500 rpm for 1 min at room 

temperature using the Heraeus Megafuge 40 centrifuge (Thermo Scientific, South Africa), while 

whole blood was diluted in unsupplemented Roswell Park Memorial Institute (RPMI) 1640 (Lonza, 

Switzerland) and PBS at a ratio of 2:1:1. The diluted blood (40 mL) was loaded onto the Leucosep 

tube and centrifuged for 15 min at 2500 rpm with lowest deceleration. PBMCs that had separated 

from red blood cells and serum into a white buffy coat were collected with a 1 mL pipette and washed 

twice with 1 X PBS containing 1% (v/v) cs-FCS by centrifugation at 1200 rpm for 5 min. Cell number 

and viability was determined by diluting the PBS-suspended PBMCs 1:10 with trypan blue (Lonza, 

Switzerland) and counting on a haemocytometer. 

 

PBMCs were maintained in high-glucose (4.5 g/mL) RPMI medium (Lonza, Switzerland) containing 

10% (v/v) cs-FCS (Thermo Scientific, South Africa), 2 mM L-glutamine (Sigma Aldrich, South 

Africa), 0.1 mg/mL sodium pyruvate (Sigma Aldrich, South Africa), 100 IU/mL penicillin and 100 

mg/mL streptomycin (Sigma-Aldrich, South Africa) and 30 U/mL final concentration IL-2 at 37°C in 

a humidified incubator containing 5% CO2 at the P2+ Mammalian Tissue Culture Facility in the 

Department of Molecular & Cell Biology at the University of Cape Town.  

 

 

2.4.3 Cervical explants 

 

Cervical epithelial explant tissue was obtained after informed consent from HIV-negative, normal Pap 

smear, pre- and postmenopausal women undergoing hysterectomies for benign reasons, at either 

Groote Schuur or Tygerberg hospitals. After pathologist inspection to exclude abnormal or cancerous 

tissue, the sample was transported to the P2 Mammalian Tissue Culture Facility at the Department of 

Molecular and Cell Biology, where the explant was washed in warm 1 X PBS and processed by 

removal of stroma and fatty connective tissue and separation of endo- and ectocervix if necessary and 

if available. Cervical explants were then cut into small pieces and transferred into round-bottom 96-

well plates (Greiner Bio-One International, Austria) containing full RPMI supplemented with 10% 

(v/v) charcoal-stripped foetal calf serum (c-s FCS) (Thermo Scientific, USA), 2 mM L-glutamine 

(Sigma Aldrich, South Africa), 10 μg/mL Fungizone (Sigma Aldrich, South Africa), 100 IU/mL 
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penicillin and 100 mg/mL streptomycin (Sigma Aldrich, South Africa). Thereafter, cervical explants 

were stimulated and cultured in the P2+ facility, in a 37°C humidified incubator containing 5% CO2. 

Blood samples collected from hysterectomy donors were tested for HSV-1 and HSV-2 status and for 

the endogenous levels of LH, FSH, E2 and P4 at the National Health Laboratory Services (NHLS, 

Groote Schuur Hospital, South Africa). Menstrual cycle phase was determined from these four 

hormones, based on the NHLS guideline hormone ranges (Appendix D, Table D2).  

 

 

2.5 Transfections 

 

Transient transfection of steroid receptor expression constructs and luciferase reporter vectors was 

carried out using XtremeGENE-9 transfection reagent (Roche Applied Science, South Africa), 

according to the manufacturer’s protocol at a ratio of 2:1 (XtremeGENE-9: DNA). Transfection mixes 

containing DNA and XtremeGENE-9 were incubated in SF-KSF (End1/E6E7 cells) or SF-DMEM 

(all other cells) at room temperature for 30 min before dropwise addition to the cells. For over-

expression of PR-B, HeLa/TZM-bl (1 X 10
5
 cells/well) and End1/E6E7 (1.5 X 10

5
 cells/well) cells 

were seeded in 12-well plates (Greiner Bio-One International, Austria) for 24 h, and transfected with 

250 ng (End1/E6E7) or 500 ng (HeLa/TZM-bl) pMT-hPRB or equivalent pcDNA3 for 24 h before 

stimulation with the indicated ligands for a further 24 h prior to harvesting for RNA, protein or 

supernatant media. Positive controls for western blots were prepared by transfecting 1 X 10
5
 cells/well 

COS1 cells with 1 μg pcDNA3-hGR, pMT-hPRB or pSG5-PRA for 24 h prior to harvesting.  

 

 

2.5.1 Promoter-reporter assays 

 

Promoter-reporter assays using the luciferase reporter gene were carried out as described previously 

(Africander et al. 2011a) with a few modifications. Cells were seeded as indicated in the figure 

legends and allowed to adhere overnight in 24-well plates. Transfection mixtures containing 47 ng 

pTAT-GRE-LUC and either 125 ng or 250 ng steroid receptor expression vector (GR or PR-A or PR-

B) or empty vector (pcDNA3.1) were prepared using XtremeGENE-9 transfection reagent (Roche 

Applied Science, South Africa) and added dropwise onto cells. After 24 h, cells were stimulated in 

SF-media with the indicated ligands for a further 24 h, after which cells were washed in cold 1 X PBS 

and harvested by shaking in 50 μL 1 X reporter lysis buffer (Promega, Madison, WI, USA) with a 

freeze-thaw step. Luciferase activity was assessed using the Luciferase Assay System (Promega, 

Madison, WI, USA) by measuring relative light units (RLU) in 10 μL cell lysate after addition of 50 

μL luciferin substrate in a Modulus microplate luminometer (Turner Biosystems, Sunnyvale, CA, 
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USA). Luciferase activity was calculated as RLU relative to total protein content per well as measured 

spectrophotometrically using the Bradford assay (Bradford 1976). 

 

 

2.5.2 Small interfering RNA (siRNA) transfections 

 

Transfection with siRNA was carried out as previously described (Govender et al. 2014, Louw-du 

Toit et al. 2014) with a few modifications. Cells were seeded as indicated in the figure legends and 

allowed to adhere overnight in 12 well plates. Cells were transfected with 10 nM final concentration 

either validated GR HS_NR3C1_5 (GR5, referred to in this study as siGR) (catalogue no. 

SI02654757, Qiagen, South Africa) siRNA targeting the human GR or validated non-silencing control 

(NSC) scrambled sequence siRNA (catalogue no. 1027310, Qiagen, South Africa) using 3.5 μL 

HiPerfect transfection reagent (Qiagen, South Africa) in 46 μL OptiMEM medium with GlutaMAX
TM

 

(Gibco-BRL Life Technologies) in a dropwise manner after incubation at room temperature for 15 

min. Cells were incubated with the siRNA transfection mixtures for 48 h before stimulation with the 

indicated ligands for a further 24 h prior to harvesting for RNA, protein or supernatant media. GR 

protein knock down was confirmed by western blotting. 

 

 

2.6 Protein assays 

 

2.6.1 Protein isolation 

 

2.6.1.1 Cell lines 

 

At the end of the experiment (transfection, knockdown, stimulation, etc.), cells seeded in 12 well 

plates were washed in ice cold 1 X PBS. Total protein was then harvested by scraping in 50 μL 2 X 

SDS sample buffer (5 X SDS sample buffer: 100 mM TRIS-HCl pH 6.8, 5% (w/v) SDS, 20% (v/v) 

glycerol, 2% β-mercaptoethanol, 0.1% (w/v) bromophenol blue). After transfer to microfuge tubes, 

samples were boiled for 10 min at 100°C then stored at -20°C. Secreted protein was harvested by 

collecting growth media supernatants from adhered End1/E6E7 or HeLa cells in cryovials, which 

were stored at -80°C. 
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2.6.1.2 PBMCs 

 

At the end of the experiment, PBMCs were pelleted by centrifugation at 1200 rpm for 5 min using the 

Heraeus Megafuge 40 centrifuge (Thermo Scientific, South Africa), transferred to microfuge tubes 

and washed in ice cold 1 X PBS. Dry pellets were stored at -80°C until protein was harvested using 

N-[Tris(hydroxymethyl)-methyl]-3-aminopropanesulfonic acid (TAPS) buffer [0.1 M TAPS, pH 9.5, 

supplemented with 1 mM final concentration phenylmethylsulfonyl fluoride (PMSF), 2 μg/mL 

Aprotinin (Roche Applied Science, South Africa), 5 μg/mL Leupeptin (Roche Applied Science, South 

Africa) and 1 X Complete Mini protease inhibitor tablet (1 tablet/ 10 mL buffer; Roche Applied 

Science, South Africa)]. Samples were incubated on ice and vortexed every 10 min for 1 h prior to 

centrifugation at 12000 x g at 4°C for 15 min. Supernatants were transferred to new microfuge tubes 

in which 5 X SDS sample buffer was added to a final volume of 1 X (v/v). Samples were then boiled 

for 7 min at 100°C and stored at -20°C. 

 

 

2.6.1.3 Cervical explants 

 

On the day of surgery, individual pieces of cervical explant tissue (approximately 3mm
3
) were placed 

in cryovials containing about 200 μL All-Protect® (Qiagen, Netherlands) and were stored at -80°C 

until use. Explants were thawed at room temperature and excess All-Protect® was removed by wiping 

on tissue paper using sterile forceps. Explants were then transferred to 2 mL microfuge tubes 

containing two 7 mm stainless steel beads (Qiagen, Netherlands) and 100 μL radio-

immunoprecipitation (RIPA) buffer (50 mM TRIS-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% 

sodium deoxycholate and 0.1% SDS) containing 1 mM final concentration PMSF and 1 X Complete 

Mini protease inhibitor tablet (1 tablet/ 10 mL buffer; Roche Applied Science, South Africa). Total 

protein was harvested mechanically using the TissueLyser LT (Qiagen, Netherlands) at 50 Hz in 4 x 1 

min steps, cooling on ice in between steps. Samples were centrifuged for 20 min at 12000 x g at 4°C, 

then transferred to new microfuge tubes. Total protein was quantified using the BCA protein assay kit 

according to the manufacturer’s instructions (Pierce, Rockford, IL, USA) and 5 X SDS sample buffer 

was added to a final volume of 1 X (v/v) to the remaining sample. Samples were boiled at 100°C for 7 

min and stored at -20°C. 
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2.6.2 Western blotting 

 

Western blotting was carried out as previously described (Avenant et al. 2010a). Equal amounts of 

cell lysate (a minimum of 40 μg protein for explant samples) were loaded onto 8% SDS-

polyacrylamide gels and separated by electrophoresis at 75 V for 20 min then 120 V for 1 h in 1 X 

running buffer (25 mM TRIS-HCl, 250 mM glycine and 0.1% (v/v) SDS pH 8.4) using a Bio-Rad 

Mini Protean II electrophoresis system (Bio-Rad, South Africa). Proteins were then blotted onto 

Hybond-ECL nitrocellulose membrane (AEC-Amersham, South Africa) for 1 h at 180 mA in cold 1 X 

transfer buffer (25 mM TRIS, 200 mM glycine, 20% (v/v) methanol). Membranes were subsequently 

blocked for 1 h at room temperature by shaking in 4% (w/v) ECL advance blocking powder (AEC-

Amersham, South Africa) in 1 X TRIS-buffered saline (50 mM TRIS, 150 mM NaCl; TBS) 

containing 0.1% (v/v) Tween (TBS-Tween; TBST). Primary antibodies were diluted in 4% ECL-

TBST (Table 2.1) and incubated on membranes overnight with shaking at 4°C. Membranes were then 

washed three times in 1 X TBST for 5 min and incubated with secondary antibodies diluted in 5% 

(w/v) skim milk powder in 1 X TBST (Table 2.1) for 1 h at room temperature with shaking. After 

three 5 min washes in 1 X TBST, membranes were placed in 1 X TBS prior to 1 min incubation with 

Pierce ECL-chemiluminescent western blotting substrate (Thermo Scientific, USA). Proteins were 

visualized by autoradiography using Amersham Hyperfilm™ MP high performance autoradiography 

film (AEC-Amersham, South Africa). Densitometric quantification of film was carried out using 

AlphaEaseFC™ Software, version 3.1.2 (Alpha Innotech, USA). 

 

 

Table 2.6.2 Antibodies used in Western blotting procedure 

 

Primary 

Antibody 

Size 

(kDa) 

 

Dilution Secondary Antibody 

 

GR⍺ 95 1: 4000 (cell lines) 

1: 2000 (primary cells) 

Rabbit (1: 10 000) 

PR-B/PR-A 114/94 1: 1000 (cell lines) 

1: 500 (primary cells) 

Mouse (1: 4000) (cell lines) 

(1:2000) (primary cells) 

GAPDH 37 1:15 000 Mouse (1: 4000) 
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2.6.3 Co-immunoprecipitation (Co-IP) assay 

 

The Co-IP assay was carried out as previously described (Avenant et al. 2010a) with a few 

modifications. COS1 cells were seeded at a density of 1.5 X 10
6
 in 10 cm dishes for 24 h and were 

subsequently transfected with 3 μg of pMT-hPR-B and 3 μg of either pcDNA3.1 or pcDNA3-hGR 

using XtremeGene-9 transfection reagent (Roche Applied Science, South Africa) for a further 24 h. 

MCF-7 cells were seeded as for COS1 cells and were incubated for 48 h without transfection. Cells 

were then stimulated with 1 μM MPA or vehicle in SF-DMEM for 1 h, washed once with cold 1 X 

PBS and lysed by scraping in 500 μL CytoBuster
TM

 protein extraction reagent (Novagen®) containing 

protease inhibitors (1 X Complete Mini protease inhibitor tablet [Roche, South Africa] per 10 mL). 

Cellular debris was pelleted by centrifugation at 16000 x g for 5 min at 4°C and 9 μL of supernatant 

were collected for inputs. From the supernatants of MPA-treated and vehicle control samples, equal 

volumes (200 μL each) were combined and incubated with 1.6 μg of donkey anti-rabbit IgG antibody 

(sc-2313, Santa Cruz Biotechnology) at 4°C overnight with rotation. The remaining supernatants were 

incubated with 1.6 μg anti-GR (H300, Santa Cruz Biotechnology) at 4°C overnight with rotation. 

Antibody-bound protein complexes were precipitated the following day by the addition of 20 μL pre-

blocked PureProteome
TM

 Protein A/G magnetic beads (LSKMAGG02, Millipore, Merck, South 

Africa) for 2 h with rotation at 4°C. The complexes were washed twice with 1 X PBS by 

centrifugation at 2000 x g for 1 min at 4°C. GR-bound proteins were then released from the beads by 

boiling in 25 μL 2 X SDS sample buffer for 5 min, then were separated using 6% SDS-PAGE and 

western blotting as described in 2.6.2. Samples were run on duplicate blots which were probed with 

anti-GR (H300, Santa Cruz Biotechnology) or anti-PR (NCL-LPGR-312, Leica Biosystems) 

antibodies. 

 

 

2.6.4 IL-6 ELISA 

 

The human IL-6 high sensitivity ELISA kit was purchased from eBioscience and followed according 

to the manufacturer’s instructions (BMS213HS, San Diego, USA), except that supernatants from 

End1/E6E7 and HeLa experiments were diluted 1:40 in the sample diluent prior to the assay.  

 

 

2.6.5 Flow cytometry 

 

Fluorescence-activated cell sorting (FACS) was carried out as previously described (Tomasicchio et 

al. 2013) with a few modifications. PBMCs seeded at 4 X 10
6
 in 5 mL Falcon tubes (Becton Dickson 

Scientific, South Africa) were stimulated with the indicated ligands for 7 days in full RPMI in an 
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incubator at 37℃. Cells were subsequently stained with anti-CD3 FITC, anti-CD4 PE-DAZZLE 594, 

anti-CD8 PE/Cy5, anti-CD14 APC, anti-CCR5 PE, anti-CD69 PE/Cy7 and the viability dye, 

ZOMBIE NIR (Biolegend, USA), for 15 min in the dark at room temperature. Fluorescence minus 

one (MFO) controls for CD14, CD69 and CCR5 were also prepared, including all the antibodies 

except CD14, CD69 and CCR5, respectively. Cells were washed with 1 X PBS then resuspended in 1 

X Cell Fix solution (Becton-Dickinson, USA) and taken for analysis at the Lung Infection and 

Immunity Unit, Department of Medicine, University of Cape Town, using a BLSRII Becton-

Dickinson flow cytometer (Becton-Dickinson, USA). Samples were analyzed from 50 000 cells using 

FlowJo software version 10.1 (Treestar Inc., Ashland, Ore). Lymphocytes were chosen from forward 

and side scatter plots and single cells were selected (Appendix C). Dead cells were excluded by 

selecting for ZOMBIE-negative cells (Appendix C). Negative gates were set using first the CD14 

MFO control, then CCR5 and CD69 (Appendix C). Results were plotted as frequency, that is, a 

percentage of total, or expression, as median fluorescence intensity (MFI) per number of double-

positive cells. Fold change was calculated relative to the vehicle control (EtOH) set to 1.  

 

 

2.7 Gene expression assays 

 

2.7.1 RNA isolation 

 

RNA was isolated from both cell lines and PBMCs using Tri-Reagent® (T9429, Sigma-Aldrich, 

South Africa). PBMCs that were pelleted by centrifugation or adherent cells seeded in 12-well plates 

were incubated with 400 μL Tri-Reagent® for 5 min at room temperature. Lysed cells were 

transferred from the 12 well plates into microfuge tubes. After the addition of 80 μL chloroform, tubes 

were vortexed vigorously for 15 s then centrifuged at 20 000 x g at 4°C for 15 min. The aqueous 

phase was removed carefully by pipetting and transferred into a new microfuge tube, into which 200 

μL isopropanol (Merck, South Africa) was then added. Samples were mixed by gentle inversion and 

incubated for 10 min at room temperature. RNA was pelleted by centrifugation at 4°C for 10 min at 

20 000 x g. The supernatants were discarded and the RNA pellet was washed twice in 75 % (v/v) 

EtOH in diethyl pyrocarbonate (DEPC)-treated water (1:1000). Samples were air dried and RNA 

pellets were resuspended in 12 μL DEPC-treated water. RNA was precipitated by the addition of 24 

μL 100% (v/v) EtOH and 1.2 μL 3M sodium acetate pH 5.5 followed by storage at -80°C for 30 min. 

RNA was then pelleted by centrifugation at 20 000 x g for 15 min at 4°C, washed in 75 % (v/v) EtOH 

in DEPC-treated water, air dried and resuspended in 12 μL DEPC-treated water. Following the clean-

up procedure, RNA was quantified by spectrophotometry (NanoDrop Technologies) and integrity was 

measured by denaturing formaldehyde agarose gel electrophoresis (Sambrook and Russell 2006). 

Briefly, 500 ng RNA was mixed with sample loading buffer [12% (v/v) DEPC-treated water, 5% (v/v) 
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bromophenol blue, 7% (v/v) glycerol, 10% (v/v) 10X MOPS buffer (0.2 M MOPS in DEPC-treated 

water, 0.05 M sodium acetate, 0.01 M EDTA), 17% (v/v) 12.3 M formaldehyde and 49% (v/v) 

formamide] and 20 μg/mL EtBr. Samples were then electrophoresed on a 1% formaldehyde agarose 

gel [70% (v/v) DEPC-treated water, 10% (v/v) 10 x MOPS buffer, 20% (v/v) formaldehyde] in 1 X 

MOPS buffer (40 mM MOPS; 10 mM sodium acetate; 1 mM EDTA, pH 8.00) at 65V for 40 min. 

Samples were visualized under ultraviolet light on a Syngene, G:Box (Vacutec, England) and images 

acquired using GeneSnap version 7.08 (SynGene, England). RNA was stored at -80°C. 

 

 

2.7.2 cDNA synthesis 

 

cDNA was synthesized from 250 ng RNA using the Transciptor First Strand Synthesis cDNA kit 

(Roche Applied Science, South Africa) according to the manufacturer’s instructions. This reverse 

transcription method is based on anchored oligo d(T) priming. Samples were stored at -20°C. 

 

 

2.7.3 Quantitative real-time RT-PCR (qRT-PCR or qPCR) 

 

Relative gene expression was determined by qPCR using 1 X SensiMix
TM

 SYBR® no ROX master 

mix (QT650-05, Bioline, USA), forward and reverse primers (sequences and concentrations used are 

shown in Table 2.7.3) and 1 μL cDNA template in a 20 μL reaction. Samples were analysed on a 

RotorGene 3000 qPCR machine (Qiagen, Netherlands). Cycling conditions included an initial 

denaturation step at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 8 s, annealing 

(primer-specific annealing temperatures are indicated in Table 2.7.3) for 10 s and elongation for 8 sec 

at 72°C. Melting curve analysis and Ct determination were carried out by the RotorGene software 

(version 1.7). qPCR product samples were analysed by 2% agarose gel electrophoresis in 1 X TAE at 

70 V for 1 h. The primer efficiency was determined by standard curves. mRNA transcript levels 

normalized to the housekeeping gene GAPDH were calculated using the Pfaffl method (Pfaffl 2001). 

Fold change was calculated relative to the vehicle control (EtOH) set to 1. 
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Table 2.7.3 Primers used for qPCR reactions, primer sequences, concentrations, annealing 

temperatures and product sizes  

 

Primer Sequence Final 

conc. 

Ta 

(°C) 

Product 

size (bp) 

Reference 

GAPDH F: 5’- TGAACGGGAAGCTCACTGG-3’ 

R: 5’-TGTCAGTTGATAAAACCGCTGCC-3’ 

 

200 nM 60 307 (Ishibashi et 

al. 2003) 

GILZ Quantitect Primer QT00091035 

 

1 X 60 69 Qiagen, 

Netherlands 

IL-6 F: 5’ - TCTCCACAAGCGCCTTCG - 3’ 

R: 5’ - CTCAGGGCTGAGATGCCG - 3’ 

250 nM 60 193 (Wolf et al. 

2002) 

 

IL-8 F: 5’ - TGCCAAGGAGTGCTAAAG - 3’ 

R: 5’ - CTCCACAACCCTCTGCAC - 3’ 

 

250 nM 60 197 (Wolf et al. 

2002) 

RANTES F: 5’ - TACCATGAAGGTCTCCGC - 3’ 

R: 5’ - GACAAAGACGACTGCTGG - 3’ 

 

250 nM 60 199 (Wolf et al. 

2002) 

IL-10 F: 5’-AAAGGCATCTACAAAGCCA-3’ 

R: 5’-TTGTCATGTAGGCTTCTATGTAGT-

3’ 

 

500 nM 55 67 (Louw-du 

Toit et al. 

2014) 

IL-12p35 F: 5’-TGATGAGCTGATGCAGGC-3’ 

R: 5’-ATCCGGTTCTTCAAGGGAG-3’ 

 

500 nM 56 73 (Louw-du 

Toit et al. 

2014) 

IL-12p40 F: 5’-CCACATTCCTACTTCTCCC-3’ 

R: 5’-CTTGTCCGTGAAGACTCTAT-3’ 

 

500 nM 51 87 (Louw-du 

Toit et al. 

2014) 

MKP1 F: 5’-AGTACCCCACTCTACGATCAGG-3’ 

R: 5’-TGATGGAGTCTATGAAGTCAATGG-

3’ 

 

250 nM 55 250 (Rauhala et 

al. 2005) 

CCR5 F: 5’ TGGACCAAGCTATGCAGGTG 3' 

R: 5' CGTGTCACAAGCCCACAGAT 3' 

 

500 nM 55 240 M. Maritz, 

unpublished 

CD4 F: 5'-GGGGATACAGTGGAACTGACC-3' 

R: 5'-TCCCAAAGGCTTCTTCTTGAG-3' 

 

500 nM 55 164 (Eszterhas et 

al. 2011) 

CXCR4 F: 5'GAAATGGGCTCAGGGGACTAT 3'  

R: 5' TTCAGCCAACAGCTTCCTTGG 3 

 

500 nM 60 417 M. Maritz, 

unpublished 
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2.8 HIV-1 infection assays 

 

The R5 infectious molecular clone used in this study, HIV-1BaL_Renilla, was a gift from Dr Christina 

Ochsenbauer (Edmonds et al. 2010). This virus was created by insertion of a luciferase gene next to 

env in the HIV-1 NL4-3 backbone, NL-LucR.T2A-BaL.ecto (Edmonds et al. 2010). 

 

 

2.8.1 Preparation of virus and determination of viral titres 

 

Viral stocks were prepared by transfection in HEK293T cells as previously described (Pear et al. 

1993), with a few modifications. HEK293T cells were seeded at 4 X 10
6
 cells per 10 cm dish in full 

DMEM supplemented with 25 mM HEPES buffer (Lonza, Germany) for 24 h. Cells were then 

transfected with 12 μg HIV-1BaL-Renilla or DMEM as a negative no-virus control, for 48h, using 

XtremeGENE-9 transfection reagent (Roche Applied Science, South Africa). The media was collected 

and passed through a 0.22 μM filter, after which cs-FCS (Thermo Scientific, USA) was added to a 

final concentration of 12.5%. Aliquots of the viral stock and no-virus control were stored at -80°C.  

 

The viral titres were determined in TZM-bl cells as previously described (Edmonds et al. 2010). 

Briefly, TZM-bl cells were seeded at 2.5 X 10
4
 cells/well in a 96-well plate in full DMEM for 24 h. 

The virus was serially diluted 1:5 in full phenol red-free DMEM (Sigma Aldrich, South Africa) for 8 

dilutions in a separate 96-well plate. The media was removed from the TZM-bl cells and the diluted 

virus, or the no-virus control, was then added in quadruplicate wells. After 72 h the cells were 

harvested in 70 μL/well Bright-Glo luciferase lysis buffer (Promega, USA) in the dark for 5 min. 

Samples were transferred into a white 96-well plate (Greiner, Germany) and fluorescence in RLU was 

measured on a luminometer (Modulus microplate, Promega, USA). The viral titre was calculated as 

log infectious units (IU)/mL using the Reed and Muench method (Reed and Muench 1938). The 

typical viral titre ranged from 1 X 10
4
-4 X 10

5
 IU/mL.  

 

 

2.8.2 PBMC infection assay 

 

Owing to the wide inter-individual variability in HIV-1 infection observed in PBMC donors, PBMCs 

were pre-screened for infectability prior to hormone plus infection assays. PBMCs were seeded 

immediately after isolation (as described in 2.4.2) at 2 X 10
5
 cells/well in U-bottom 96-well plates. 

Aliquots of PBMCs were frozen at -80°C in full RPMI containing 5% cs-FCS until infectability was 

determined using the Reed and Muench method (Reed and Muench 1938).  
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The following day, the virus was serially diluted as for the TZM-bl assay described above. The media 

was removed from pelleted PBMCs and the diluted virus was then added in quadruplicate wells. 

Control cells (no-virus control) underwent mock infection by incubation with diluted media collected 

from mock-transfected HEK293T cells. After infection for 2 h at 37°C, the cells were washed three 

times in 1 X PBS containing 1% cs-FCS, resuspended in full RPMI containing IL-2 and incubated for 

a further 5 days. PBMCs were pelleted by centrifugation at 1200 rpm for 5 min then harvested for 

Renilla luciferase expression (infection) using Renilla luciferin according to the manufacturer’s 

specifications (Promega, USA) with a few modifications. Briefly, PBMCs were resuspended in 70 

μL/well 1 X reporter lysis buffer with Renilla luciferin after incubation for 10 min in the dark at room 

temperature. Lysed cells were transferred into a white 96-well plate (Greiner, Germany) and 

fluorescence in RLU was measured on a luminometer (Modulus microplate, Promega, USA). 

Infection was determined using the Reed and Muench method (Reed and Muench 1938). 

 

For experiments, infectable PBMCs were thawed from frozen stock, seeded at 4 X 10
6
 in 5 mL FACS 

tubes and stimulated with the indicated ligands for 2 or 7 days. PBMCs were infected with 10 IU/mL 

HIV-1BaL-Renilla or the equivalent volume of no-virus control for 2 h at 37°C, followed by three washes 

in 1 X PBS containing 1% cs-FCS. Cells were then resuspended in full RPMI containing IL-2. Five 

days post-infection, cells were seeded into two U-bottom 96-well plates in quadruplicate wells. Cells 

on the first plate were pelleted by centrifugation at 1200 rpm for 5 min then harvested for Renilla 

luciferase expression as described above. Cells on the second plate were analysed for cell viability 

using the MTT assay. Briefly, cells were incubated with MTT solution (5 mg/mL MTT in PBS, filter 

sterilized) to a final concentration of 0.5 mg/mL for 2 h in an incubator at 37°C. Cells were pelleted 

by centrifugation at 1200 rpm for 5 min then resuspended in 70 μL/well Solubilisation solution (0.1 N 

HCl in isopropanol) and transferred into a new 96-well plate. Absorbance was measured at 595 nm on 

a spectrophotometer (Thermo Scientific, USA). Infection was calculated as RLU of each 

quadruplicate divided by the average absorbance at 595 nm of the four quadruplicate wells 

(RLU/MTT). Relative infection was determined by setting the vehicle control (EtOH) in the presence 

of virus to 100% or as indicated in the figure legend. 

 

 

2.8.3 TZM-bl infection assay  

 

TZM-bl cells were seeded in quadruplicate wells at 2.5 X 10
4
 cells/well in two 96-well plates and 

allowed to adhere overnight. Cells were then stimulated with the indicated ligands in phenol red-free 

SF-DMEM for 48 h at 37°C in an incubator. The media was removed and cells were incubated with 

10 IU/mL HIV-1BaL-Renilla or the equivalent volume of no-virus control (prepared as in 2.8.1) in phenol 

red-free RPMI. After 72 h the cells on one plate were harvested in Bright-Glo luciferase lysis buffer 
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as described in 2.8.1 and cells on the other plate were harvested for cell viability using the MTT assay 

as described in 2.8.2. Infection as RLU/MTT was calculated as for PBMCs (2.8.2). Relative infection 

was determined by setting the vehicle control (EtOH) in the presence of virus to 100% or as indicated 

in the figure legend. 

 

 

2.8.4 Media add-back onto TZM-bl cells infection assay 

 

The effect of soluble factors secreted into growth media from cervical cell lines on HIV-1 infectivity 

in indicator TZM-bl cells was measured in a media add-back assay based on a previous protocol 

(Patel et al. 2014). TZM-bl cells were seeded at 2.5 X 10
4
 cells/well in two 96-well plates for 24 h. 

Supernatants from knockdown and over-expression experiments in End1/E6E7 and HeLa cells were 

collected at the time of harvest and stored at -80°C. These supernatants were diluted 1:20 in phenol-

free DMEM prior to use. Half of the diluted supernatants (100 μL) was incubated on the TZM-bl cells 

for 1 h at 37°C, while the other half of diluted supernatants was incubated with 10 IU/mL HIV-1BaL-

Renilla or the equivalent volume of no-virus control in phenol red-free DMEM for 1 h at 37°C. After 

this incubation, the control/virus-supernatant mixture was added to TZM-bl cells in the corresponding 

wells. After 72 h the cells on one plate were harvested in Bright-Glo luciferase lysis buffer as 

described in 2.8.1 and cells on the other plate were harvested for cell viability using the MTT assay as 

described in 2.8.2. Infection as RLU/MTT was calculated as for PBMCs (2.8.2). Relative infection 

was determined by setting the vehicle control (EtOH) in the presence of virus to 100% or as indicated 

in the figure legend. 

 

 

2.9 Immunofluorescence 

 

2.9.1 Slide preparation 

 

COS1 cells were seeded onto sterilized, acid-washed coverslips at 1.4 X 10
5
 cells/well in 6-well plates 

and allowed to adhere for 24 h. Cells were then transfected with 125 ng each pcDNA3.1-hGR, pSG5-

hPR-A and pMT-hPR-B using XtremeGENE-9 transfection reagent for 24 h, then stimulated with the 

indicated ligands for a further 24 h in SF-DMEM. Cells were then washed with ice cold 1 X PBS and 

fixed with ice cold methanol at -20°C for 10 min. After fixing, cells were washed again three times 

with cold 1 X PBS for 5 min, then blocked with 5% (w/v) BSA in PBS for 1 h at room temperature. 

Cells were then incubated with 1:250 anti-GR (H300, Santa Cruz Biotechnology), and 1:1000 anti-PR 

(NCL-LPGR-312, Leica Biosystems) antibodies diluted in 5% (w/v) BSA-PBS in a humidified 

chamber for 1 h at room temperature, followed by three washes in 1 X PBS for 5 min each. The 
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highest dilutions of antibodies that generated suitable fluorescent signals were established during pilot 

experiments. Cells were then incubated with 1:500 Alexa488-labelled anti-rabbit (to detect GR) and 

1:1000 Cy 3-labelled anti-mouse (to detect PR) antibodies in 5% (w/v) BSA-PBS in a humidified 

chamber in the dark for 1h at room temperature. Cells were washed three times in 1% (w/v) BSA-PBS 

for 5 min each, followed by staining with Hoechst in PBS (100 μg/mL) for 5 min. Coverslips were 

subsequently mounted onto glass slides with 45 μL mowiol (Calbiochem, Merck, South Africa) and 

dried overnight in the dark at room temperature. Slides were stored in the dark at 4°C prior to 

fluorescence visualization. 

 

 

2.9.2 Confocal microscopy 

 

Slides of COS1 cells from 3 independent experiments prepared in 2.9.1 were imaged at the Confocal 

and Light Microscope Unit, Department of Human Biology, University of Cape Town, using a Zeiss 

Axiovert 200M LSM 510 Meta NLO Confocal Microscope. Six to eight representative fields of view 

per condition (Vehicle, Dex, R5020, MPA) were captured, with approximately 1-30 cells per field of 

view. These images were analyzed for co-localization using Carl Zeiss ZEN software (Version 2009), 

and Manders correlation and overlap coefficients were recorded (Manders et al. 1993). The data 

represent the mean and SEM of all the transfected cells from all fields of view from the 3 independent 

experiments. 

 

 

2.9.3 Super-resolution structured illumination microscopy (SR-SIM) 

 

Slides of COS1 cells from 3 independent experiments prepared in 2.9.1 were re-imaged at the Central 

Analytical Facility Fluorescence Microscopy Unit at the University of Stellenbosch using a Zeiss 

LSM 780 ELYRA S1 microscope. Two to four representative high-resolution fields of view per 

condition (Vehicle, Dex, R5020, MPA) and 8-20 z-stacks (0.1 μm) per field of view were captured. 

Channel alignment was carried out using fluorescent beads #1783-455 (Tool for Calibration Multip 

Spek, Carl Zeiss Microscopy Gmbh) in order to ensure accurate analysis of co-localization. Images 

were recreated using a structured-illumination algorithm in ZEN 2011 (Carl Zeiss Microscopy 

Gmbh). Single channel images captured using ZEN 2011 were converted to .tiff files for a 

representative z-stack per image and these files were then processed into 8-bit format using ImageJ. 

Co-localization analysis was carried out using the Just Another Co-localization Plug-in (JACoP) tool 

in ImageJ (Bolte and Cordelieres 2006). The data represent the mean and SEM of all the fields of 

view per condition, per independent experiment. 
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2.10 Statistical analysis 

 

All statistical tests were performed using GraphPad Prism software (version 7) and are indicated, as 

well as n values indicating number of independent experiments, in the figure legends,. All data were 

first analysed for normal distribution using a D’Agostino and Pearson normality test for experiments 

with n values of 8 or more, or a Shapiro Wilk normality test for experiments with n values less than 8. 

Normally distributed data were analyzed using either one-way ANOVA with either Dunnett’s 

(compared to control sample) or Tukey’s (compared to every other sample) post tests for multiple 

comparisons or unpaired t tests for comparisons between two samples. Non-normally distributed data 

was analysed using a non-parametric Kruskal-Wallis test (non-parametric one-way ANOVA) with 

Dunn’s post-test (compared to control sample) for multiple comparisons or a Wilcoxon signed-rank 

test for comparisons between two samples. For some molecular data such as western blot 

densitometry and pilot experiments (Appendix B), less stringent tests (unpaired t tests or Wilcoxon 

signed-rank tests) were used. All grouped data sets, that is where each condition was in triplicate or 

quadruplicate, were analyzed using two-way ANOVA with either Dunnett’s or Tukey’s post tests for 

multiple comparisons, since this version of GraphPad Prism does not offer a non-parametric two-way 

ANOVA. Graphs are plotted as mean ± SEM and the variation between independent experiments is 

represented by the spread of the black dots, indicating individual experiments. 
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Chapter 3 

Both MPA used in injectable contraception and exogenous hormones 

mimicking different phases of the menstrual cycle increase HIV-1 infection, 

but via potentially different mechanisms 

 

 

3.1 Background and aims 

 

Since MPA is derived from P4 and was designed to imitate the biological actions of P4, MPA prevents 

pregnancy by mimicking the high-P4 state of the luteal phase of the menstrual cycle. Both MPA and 

the luteal phase have been linked to increased susceptibility to HIV-1 infection. However, there is 

limited research directly comparing the effects of both menstrual cycle hormones and MPA on HIV-1 

infection. 

 

Therefore, the aims of this section were to answer the following research questions: 

(i) Do exogenous hormones mimicking the menstrual cycle phases or contraception with MPA 

increase HIV-1 infection? 

(ii) Do hormones mimicking the menstrual cycle phases or contraception with MPA affect 

regulation of biomarkers likely relevant to HIV-1 infection and immune function? 

 Do menstrual cycle hormones and MPA differentially regulate  

o immune cell populations and their activation? 

o  co-receptor expression? 

o immunomodulatory gene expression? 

(iii) Are the effects on HIV-1 infection between menstrual cycle hormones and MPA mediated by 

the GR? 

 Do hormones mimicking the menstrual cycle phases or contraception with MPA 

change GR levels, thereby increasing HIV-1 infection? 

To answer these questions, human PBMCs were used as a model for the circulatory system and TZM-

bl human as a model of infectable cervical cells. These cells were stimulated with exogenous hormone 

combinations of E2 and P4 to mimic the phases of the menstrual cycle – referred to hereafter as “luteal 

phase E2/P4” (10 nM P4 + 400 pM E2), or “follicular phase E2/P4” (1 nM P4 + 400 pM E2), – or with 100 

nM MPA to represent near-peak serum levels of contraception with the injectable DMPA. Cells were 

infected with the R-tropic HIV-1 infectious molecular clone, HIV-1BaL_Renilla using luciferase assays as 

a proxy for HIV-1 infection. 
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3.2 Luteal phase E2/P4 and MPA increase HIV-1 infection in PBMCs 

 

In order to assess the effect of menstrual cycle hormones or MPA on systemic HIV-1 infectivity, 

PBMCs from female donors stimulated with exogenous E2/P4 mimicking the luteal phase or follicular 

phase or with exogenous MPA for 2 or 7 days were infected with HIV-1BaL_Renilla. A significant 3-fold 

increase in HIV-1 infection was observed comparing the absence (no-virus control) to the presence of 

virus (HIV-1BaL_Renilla) (Appendix B, Fig. B1.1). Since there were no differences in relative luciferase 

activity between the no-virus control for each stimulation condition at either day (Appendix B, Fig. 

B1.1), only the vehicle control from Day 2 is shown as a representative in Fig. 3.2.1.  

 

Stimulation with luteal phase E2/P4 significantly increased HIV-1 infection at 7 days (5.3-fold, Fig 

3.2.1). Stimulation with MPA significantly increased HIV-1 infection at both 2 (12.3-fold) and 7 days 

(7.4-fold), with a greater fold increase than for the menstrual cycle phases (at 2 days: 5.4-fold greater 

than luteal phase, 5-fold greater than follicular phase; at 7 days: 1.4-fold greater than luteal phase, 12-

fold greater than follicular phase; Fig. 3.2.1). HIV-1 infection for the vehicle control at 7 days was 

significantly greater than the vehicle control at 2 days, thereby indicating productive infection was 

achieved (Appendix B, Fig. B1.2). 

 

The large variability in relative infection in PBMCs was not due to changes in cell viability but 

appears to reflect inherent biological variation in infection between experiments (Appendix B, Table 

B1). 
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Figure 3.2.1. HIV-1 infection in PBMCs increases in response to luteal phase E2/P4 and MPA. 

PBMCs were seeded at 4 X 10
6
 in FACS tubes and stimulated for 2 or 7 days with hormones representing the 

luteal phase (10 nM P4 + 400 pM E2), follicular phase (1 nM P4 + 400 pM E2) or peak levels of the injectable 

contraceptive MPA (100 nM). PBMCs were subsequently infected with 10 IU/mL HIV-1BaL_Renilla (HIV-BaL) or 

equivalent volume of no-virus control (labelled as Virus control) for 2 h, washed and re-suspended in ligand-

free full RPMI for 5 days. Cells were re-seeded in round-bottom 96 well plates in quadruplicate wells per 

condition at 2 X 10
5
 cells/well and harvested for Renilla luciferase (infection) and for cell viability (MTT). The 

results show pooled data from at least 3 independent experiments, with 2-3 PBMC donors each, for a total of 7 

independent donors. Relative infection was calculated as Renilla luciferase (RLU) divided by average 

absorbance at 595nm (MTT) for the quadruplicate wells. Infection was plotted relative to each day’s vehicle 

control in the presence of virus set to 100%. Statistical comparisons were carried out using a two-way ANOVA 

with Dunnett’s multiple comparisons post test. Stars above bars indicate significance compared to own vehicle 

control in the presence of virus, with **** indicating p<0.0001. 
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3.3 Menstrual cycle phase hormones and MPA differentially regulate markers likely 

relevant to HIV-1 infection and immune function 

 

Since both luteal phase E2/P4 and MPA significantly increased HIV-1 infection in PBMCs, with MPA 

increasing HIV-1 infection to a greater extent, the potential mechanisms of infection were further 

investigated in PBMCs and TZM-bl cells. Owing to their established or suggested roles in HIV-1 

infection, the variables investigated were (i) the frequency of HIV-1 target immune cell populations in 

PBMCs, (ii) the expression of the CD4 receptor and co-receptors CCR5 and CXCR4, (iii) a marker 

for early immune activation, CD69, and (iv) the expression of the pro-inflammatory cytokine IL-6. 

 

 

3.3.1 Menstrual cycle phase hormones and MPA differentially regulate the frequency of 

immune cell populations and their activation in PBMCs 

 

The frequency of CD3+, CD4+ and CD8+ T-lymphocytes and CD14+ monocytes and the density i.e.  

expression of these receptors was assessed by flow cytometry in PBMCs stimulated for 7 days with 

MPA or luteal/follicular phase E2/P4. Additionally the frequency and expression of the activation 

marker CD69 was investigated within these immune cell populations. The ratio of CD4+ to CD8+ cell 

frequency was calculated for total cells, CD69+ and CCR5+ cells. The combined raw data (mean, 

SEM) for the frequency of cells expressing CD3, CD4, CD8, CD14, CD69, CCR5 and CD4/CD8 

ratio, and expression of CD3/4/8/14, CD69 and CCR5 on T cells and monocytes are shown in Table 

3.3.1.1 and 3.3.1.2, respectively. 

 

Stimulation with MPA, unlike luteal or follicular phase E2/P4, significantly increased the frequency of 

CD4+ T-lymphocytes 1.1-fold and decreased the frequency of CD8+ T-lymphocytes 1.35-fold (Fig. 

3.3.1.1a). However none of the hormone combinations changed the frequency of CD3+ or CD14+ 

cells (Fig. 3.3.1.1a, Table 3.3.1.1) nor the frequency of CD69-expressing T-cells, but MPA 

significantly decreased the frequency of activated CD69+CD14+ monocytes (Fig. 3.3.1.1b, Table 

3.3.1.1). MPA, but not luteal/follicular phase E2/P4, significantly increased the CD4/CD8 ratio 1.5-

fold in CD3+ cells (Fig. 3.3.1.1c) and CD69+CD3+ cells (Fig. 3.3.1.1d). 
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Figure 3.3.1.1. MPA, unlike luteal or follicular phase E2/P4, increases the frequency of CD4+ T 

cells, decreases the frequency of total  CD8+ T cells and activated CD14+CD69+ monocytes in 

PBMCs, and increases the CD4/CD8 ratio in total and CD69+ cells, while follicular phase E2/P4 

decreases the frequency of activated CD8+CD69+ T cells. PBMCs were seeded at 4 X 10
6
 in FACS 

tubes and stimulated for 7 days with hormones representing the luteal phase (10 nM P4 + 400 pM E2), follicular 

phase (1 nM P4 + 400 pM E2) or peak levels of the injectable contraceptive MPA (100 nM). PBMCs were 
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subsequently stained with conjugated antibodies specific for the relevant markers, fixed and then sorted by flow 

cytometry. Samples were gated as shown in Appendix C to exclude dead cells and separating cell populations 

using Fluorescence Minus One (MFO) controls for CD14, CCR5 and CD69. The results are pooled from 2 

independent experiments, with 4 donors each, for a total of 8 independent donors. Data are plotted as frequency 

of cell populations (a), frequency of CD69+ cell populations (b), or relative ratio of CD4+ to CD8+ cell 

frequency for total (c) or CD69+ (d) cells, and are plotted relative to the vehicle control set to 1. Statistical 

comparisons were carried out using a parametric one-way ANOVA with Dunnett’s multiple comparisons post 

test (a: CD3, CD8, CD14; b: CD3, CD14; c; d) or a non-parametric Kruskal-Wallis test with Dunn’s multiple 

comparisons post test (a: CD4; b: CD4, CD8). Stars above bars indicate significance compared to own vehicle 

control, with ****, ***, ** and * indicating p<0.0001, p<0.001, p<0.01 and p<0.05 respectively. 

 

 

Whereas the frequency looks at the percentage of cells expressing at least one of the above markers, 

expression levels account for the number (or density) of markers expressed between the immune cell 

populations. The expression of these same markers was calculated from the median fluorescent 

intensity score per number of cells expressing the relevant markers, generated by FlowJo software. 

 

MPA, unlike the menstrual cycle hormones, significantly decreased the expression of CD3, CD4 and 

CD8, while no change was observed for CD14 (Fig. 3.3.1.2a). For the activation marker CD69, no 

differences were observed with luteal or follicular phase E2/P4, but stimulation with MPA 

significantly increased the expression of CD69 in CD4+ T-lymphocytes 1.14 fold (Fig. 3.3.1.2b). 

 

Together these results suggest that increased HIV-1 infection with MPA could be due to increased 

frequency of CD3+CD4+ T-cells and decreased frequency of CD3+CD8+ T-cells (that is, increased 

CD4/CD8 ratio) and increased activation of CD4+ T cells through CD69 expression, thereby 

enhancing their potential for infection.  

 

 

 

 

 

 

 

 

 



63 
 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.1.2. MPA, unlike luteal or follicular phase E2/P4, decreases CD3, CD4 and CD8 

expression, but increases the expression of CD69 in activated CD4+CD69+ T-lymphocytes in 

PBMCs. PBMCs were seeded at 4 X 10
6
 in FACS tubes and stimulated for 7 days with hormones representing 

the luteal phase (10 nM P4 + 400 pM E2), follicular phase (1 nM P4 + 400 pM E2) or peak levels of the injectable 

contraceptive MPA (100 nM). PBMCs were subsequently stained, fixed and then sorted by flow cytometry. 

Samples were gated and analyzed as per Appendix C. The results are pooled from 2 independent experiments, 

with 4 donors each, for a total of 8 independent donors. CD3, 4, 8 or 14 (a) or CD69 (b) expression (MFI) was 

plotted relative to the vehicle control set to 1. Statistical comparisons were carried out using a parametric one-

way ANOVA with Dunnett’s multiple comparisons post test (a: CD4, CD8; b: CD3, CD4, CD14) or a non-

parametric Kruskal-Wallis test with Dunn’s multiple comparisons post test (a: CD3, CD14; b: CD8). Stars 

above bars indicate significance compared to own vehicle control, with ***, ** and * indicating p<0.001, 

p<0.01 and p<0.05 respectively. 

V
e
h

ic
le

L
u

te
a
l

F
o

ll
ic

u
la

r

M
P

A

V
e
h

ic
le

L
u

te
a
l

F
o

ll
ic

u
la

r

M
P

A

V
e
h

ic
le

L
u

te
a
l

F
o

ll
ic

u
la

r

M
P

A

V
e
h

ic
le

L
u

te
a
l

F
o

ll
ic

u
la

r

M
P

A

0 .0 0

0 .2 5

0 .5 0

0 .7 5

1 .0 0

1 .2 5

1 .5 0

P B M C s

E x p re s s io n  o f  C D  m a rk e r s

C
D

3
/4

/8
/1

4
 M

e
d

ia
n

 F
lu

o
r
e

s
c

e
n

t 
In

te
n

s
it

y

(F
o

ld
 r

e
la

ti
v

e
 t

o
 V

e
h

ic
le

)

C D 3 + C D 3 + C D 4 + C D 3 + C D 8 + C D 1 4 +

T -ly m p h o c y te s M o n o c y te s

* *

*

* * *

a) 

b) 

Veh
ic

le

Lute
al

Folli
cu

la
r

M
P
A

Veh
ic

le

Lute
al

Folli
cu

la
r

M
P
A

Veh
ic

le

Lute
al

Folli
cu

la
r

M
P
A

Veh
ic

le

Lute
al

Folli
cu

la
r

M
P
A

0.0

0.5

1.0

1.5

2.0

2.5

PBMCs
Expression of CD69

C
D

6
9
 M

e
d

ia
n

 F
lu

o
re

s
c
e
n

t 
In

te
n

s
it

y

(F
o

ld
 r

e
la

ti
v
e
 t

o
 V

e
h

ic
le

)

CD3+ CD3+CD4+ CD3+CD8+ CD14+

T-lymphocytes Monocytes

* p=0.28



64 
 

3.3.2  Menstrual cycle phase hormones and MPA differentially regulate CCR5 co-receptor 

expression in PBMCs and TZM-bl cells 

 

The frequency of CD3+, CD4+ and CD8+ T-lymphocytes and CD14+ monocytes expressing the 

HIV-1 co-receptor CCR5, and expression levels of CCR5 on these cells were also assessed by flow 

cytometry in PBMCs stimulated for 7 days with luteal or follicular phase E2/P4 or MPA. 

 

Stimulation with MPA, unlike luteal or follicular phase E2/P4, showed a 2-fold numerical increase in 

the frequency of CCR5-expressing CD3+ and CD4+ cells that did not reach statistical significance 

(Fig. 3.3.2.1a). The CD4/CD8 frequency ratio in CCR5+ cells was not significantly different between 

the hormone stimulations and the vehicle control (Fig. 3.3.2.1b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.2.1. MPA, unlike luteal or follicular phase E2/P4, appears to increase the frequency of 

CCR5+ cells in PBMCs. PBMCs were seeded at 4 X 10
6
 in FACS tubes and stimulated for 7 days with 

hormones representing the luteal phase (10 nM P4 + 400 pM E2), follicular phase (1 nM P4 + 400 pM E2) or 

peak levels of the injectable contraceptive MPA (100 nM). PBMCs were subsequently stained, fixed and then 

sorted by flow cytometry. Samples were gated and analyzed as per Appendix C. The results are pooled from 2 

independent experiments, with 4 donors each, for a total of 8 independent donors. Frequency of CCR5+ cell 

populations (a) and relative ratio of CD4+ to CD8+ cell frequency for CCR5+ cells (b) was plotted relative to 

the vehicle control set to 1. Statistical comparisons were carried out using a non-parametric Kruskal-Wallis test 

with Dunn’s multiple comparisons post test. No significant differences were observed, but p values above bars 

indicate a comparison to each vehicle control.  
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Stimulation with MPA, unlike luteal or follicular phase E2/P4, significantly increased the expression 

of the HIV-1 co-receptor CCR5 in CD4+ (1.32-fold) and CD3+ T-lymphocytes (1.44-fold, Fig. 

3.3.2.2). Although not significant, there appeared to be a trend for increased CCR5 expression in 

CD8+ T-lymphocytes (2 donors reaching 2-fold) (Fig. 3.3.2.2). CCR5 expression was not altered in 

CD14+ monocytes (Fig. 3.3.2.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.2.2. MPA, unlike luteal or follicular phase E2/P4, increases the expression of CCR5 in 

CD3+, CD4+ and CD8+ T-lymphocytes in PBMCs. PBMCs were seeded at 4 X 10
6
 in FACS tubes and 

stimulated for 7 days with hormones representing the luteal phase (10 nM P4 + 400 pM E2), follicular phase (1 

nM P4 + 400 pM E2) or peak levels of the injectable contraceptive MPA (100 nM). PBMCs were subsequently 

stained, fixed and then sorted by flow cytometry. Samples were gated and analyzed as per Appendix C. The 

results are pooled from 2 independent experiments, with 4 donors each, for a total of 8 independent donors. 

CCR5 expression (MFI) was plotted relative to the vehicle control set to 1. Statistical comparisons were carried 

out using a parametric one-way ANOVA with Dunnett’s multiple comparisons post test (CD3, CD4, CD14) or 

non-parametric Kruskal-Wallis test with Dunn’s multiple comparisons post test (CD8). Stars above bars indicate 

significance compared to own vehicle control, with **** and *** indicating p<0.0001 and p<0.001, 

respectively.  
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Table 3.3.1.1. Frequencies of total, CD69+ and CCR5+ cells expressing the markers CD3, CD4, 

CD8 (T-lymphocytes) or CD14 (monocytes).  

 

Immune cell phenotype: 

Frequency 
Vehicle Luteal Follicular MPA 

Mean SEM Mean SEM Mean SEM Mean SEM 

CD3+ (% total) 79.70 3.57 79.98 3.10 76.71 3.75 73.13 3.90 

CD3+CD69+ 5.63 0.96 5.73 1.07 5.05 0.88 6.16 0.53 

CD3+CCR5+ 23.44 5.23 24.66 5.61 23.36 4.81 32.24 4.06 

CD4+ (% total) 63.43 4.63 63.84 4.75 62.06 4.57 67.43 4.13 

CD4+CD69+ 6.84 0.92 6.98 0.92 6.16 0.52 9.44 1.32 

CD4+CCR5+ 21.03 4.47 22.68 5.27 21.71 4.32 28.98 3.55 

CD8+ (% total) 27.35 4.03 27.13 4.29 26.83 4.38 21.37 4.37 

CD8+CD69+ 6.38 0.97 5.98 1.03 5.31 0.78 6.33 0.82 

CD8+CCR5+ 47.55 8.44 48.91 8.64 47.24 8.12 53.15 6.57 

CD14+ (% total) 36.81 13.52 34.14 12.43 35.38 12.98 35.05 13.19 

CD14+CD69+ 29.98 1.73 33.11 1.32 31.71 2.79 19.19** 1.81 

CD14+CCR5+ 72.06 8.93 72.91 7.75 75.05 7.4 79.60 5.14 

CD4/CD8 ratio (total) 3.16 0.94 3.23 0.93 3.18 0.90 4.84 1.28 

CD4/CD8 ratio: CD69+ 1.33 0.35 1.41 0.33 1.41 0.30 1.65 0.24 

CD4/CD8 ratio: CCR5+ 0.43 0.05 0.44 0.07 0.47 0.08 0.58 0.11 
 

 

Mean and SEM are shown as percentages, not normalized to fold change, and were calculated from 8 

independent donors. CD69+ and CCR5+ cells are frequencies of the cells expressing CD3, CD4, CD8 or CD14. 

Statistical comparisons were carried out using either a parametric one-way ANOVA with Dunnett’s post test 

(CD3+CD69+, CD3+CCR5+, CD4+, CD8+, CD8+CD69+, CD8+CCR5+, CD14+CD69+) or a non-parametric 

Kruskal-Wallis test with Dunn’s post test (CD3+, CD4+CD69+, CD4+CCR5+, CD14+, CD14+CCR5+, 

CD4/CD8-total, CD4/CD8-CD69, CD4/CD8-CCR5). Stars next to values indicate significance compared to 

own vehicle control, with ** indicating p<0.01. Where the fold changes (relative to vehicle) were significantly 

different, as shown in Fig. 3.3.1.1 and 3.3.2.1, the values in the table are in bold. ** p<0.01. 
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Table 3.3.1.2. Expression of CD69 and CCR5 in cells expressing the markers CD3, CD4, CD8 

(T-lymphocytes) or CD14 (monocytes).  

 

Immune cell 

phenotype:  

Expression 

Vehicle Luteal Follicular MPA 

Mean SEM Mean SEM Mean SEM Mean SEM 

CD3 9039.00 476.50 8915.00 461.30 8535.00 602.20 6946.00* 422.90 

CD3+CD69+ 4178.00 431.60 4056.88 451.60 4028.75 444.60 4023.50 340.00 

CD3+CCR5+ 2609.25 142.70 2579.63 128.50 2621.75 140.40 3551.38** 245.00 

CD4 8333.00 596.90 8241.00 659.40 8098.00 690.00 6659.00 358.90 

CD4+CD69+ 2170.75 234.00 2206.63 219.00 2196.00 242.00 2328.38 240.20 

CD4+CCR5+ 2496.38 104.00 2516.50 149.60 2539.25 140.30 3533.63** 278.50 

CD8 44095.00 8157.00 43658.00 8328.00 42219.00 8429.00 32038.00 5220.00 

CD8+CD69+ 4972.75 550.60 4770.13 524.00 5032.38 590.60 4499.50 318.60 

CD8+CCR5+ 1193.38 146.90 1197.50 141.60 1170.75 116.80 1650.50 263.50 

CD14 2354.00 274.60 2432.00 339.90 2336.00 287.40 2221.00 309.20 

CD14+CD69+ 4202.75 122.00 4163.75 217.70 4069.50 302.20 3725.00 403.20 

CD14+CCR5+ 5203.88 1223.00 5345.88 1333.00 4970.75 1107.00 4803.25 1012.00 
 

 

Mean and SEM represent the median fluorescent intensities, not normalized to fold change, of either CD69 or 

CCR5 expressed on double-positive cells and were calculated from 8 independent donors. Statistical 

comparisons were carried out using either a parametric one-way ANOVA with Dunnett’s post test (CD3, 

CD3+CCR5+, CD4, CD4+CD69+, CD4+CCR5+, CD8, CD14+CD69+) or a non-parametric Kruskal-Wallis test 

with Dunn’s post test (CD3+CD69+, CD8+CD69+, CD8+CCR5+, CD14, CD14+CCR5+). Stars next to values 

indicate significance compared to own vehicle control, with ** and * indicating p<0.01 and p<0.05 respectively. 

Where the fold changes (relative to vehicle) were significantly different, as shown in Fig. 3.3.1.2 and 3.3.2.2, 

the values in the table are in bold. ** p<0.01, * p<0.05. 
 

 

 

Using the modified cervical carcinoma cell line, TZM-bl, as a model in which to study the biological 

mechanisms of infection, gene expression of the host receptor/co-receptors involved in HIV-1 

infection, CD4, CXCR4 and CCR5 was assessed. This was carried out using real-time qPCR in 

response to hormones mimicking the luteal or follicular phases of the menstrual cycle or 

contraception with the injectable MPA for 2 days. 

 

TZM-bl cells stimulated with MPA but not luteal or follicular phase E2/P4 significantly up-regulated 

CCR5 mRNA levels 1.5-fold (Fig. 3.3.2.3a) and significantly increased CD4 mRNA levels 1.6-fold 

(Fig. 3.3.2.3b). Interestingly, MPA but not luteal or follicular phase E2/P4 appeared to down-regulate 

expression of CXCR4 (Fig. 3.3.2.3c), the co-receptor utilized during infection with X-tropic viruses, 

although this was not significant. 
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Figure 3.3.2.3. MPA, unlike luteal or follicular phase E2/P4, up-regulates the total mRNA 

expression of CCR5 and CD4 but down-regulates the expression of CXCR4 in TZM-bl cells. 

TZM-bl cells were seeded at 1 X 10
5
 cells/well in 12 well plates and allowed to adhere overnight. Cells were 

then stimulated with hormones representing the luteal phase (10 nM P4 + 400 pM E2), follicular phase (1 nM P4 

+ 400 pM E2) or peak levels of the injectable contraceptive MPA (100 nM) in SF-DMEM for 48 h. Cells were 

washed and RNA was extracted. cDNA was synthesized from 500 ng RNA then used in quantitative RT real-

time qPCR. Relative mRNA levels of CCR5 (a), CD4 (b) and CXCR4 (c) were normalized to GAPDH mRNA 

levels. Relative expression was determined by normalizing to the vehicle control set to 1. The results are pooled 

from 3 independent experiments. Statistical comparisons were carried out using a parametric one-way ANOVA 

with Dunnett’s multiple comparisons post test. Stars above bars indicate significance compared to own vehicle 

control, with *** and ** indicating p<0.001 and p<0.01 respectively. 

 

 

Together, these results suggest that contraception with MPA, unlike the P4-dominant luteal phase of 

the menstrual cycle, may increase HIV-1 infection through up-regulating the frequency of HIV-1 

target CD4+ T cells, and down-regulating the frequency of cytotoxic CD8+ T cells. The consequent 

increase in the CD4/CD8 ratio implies that enhanced infection can occur through increased 

proportions of cells being infected with HIV-1 relative to cells that can fight HIV-1 infection. 

Furthermore, MPA, unlike menstrual cycle hormones, may increase HIV-1 infection by increasing 

expression of CD69 on activated CD4+ T-lymphocytes in PBMCs, and increasing expression of the 

HIV-1 co-receptor CCR5 in both PBMCs and TZM-bl cells. 
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3.3.3 Menstrual cycle phase hormones and MPA differentially regulate pro-inflammatory IL-

6 gene expression in PBMCs and TZM-bl cells 

 

Although it is not established whether DMPA use is associated with increased or decreased levels of 

inflammatory markers, most studies in cell lines suggest that MPA is immunosuppressive (see section 

1.4.3). In order to explore this further using the pro-inflammatory cytokine IL-6 as a marker for 

inflammation, IL-6 mRNA levels in response to MPA and menstrual cycle phase hormones were 

investigated in PBMCs and TZM-b cells. 

 

In PBMCs, stimulation with MPA but not luteal or follicular phase E2/P4 for 2 days significantly 

decreased IL-6 mRNA levels 2.6-fold (Fig. 3.3.3.1a). A similar decrease of 1.8-fold was observed at 7 

days, although this was not significant (Fig. 3.3.3.1a). Like PBMCs, TZM-bl cells stimulated with 

MPA but not luteal or follicular phase E2/P4 for 2 days also significantly decreased IL-6 mRNA levels 

3.5-fold (Fig. 3.3.3.1b). In both PBMCs and TZM-bl cells, the repression of IL-6 by MPA was also 

significantly different to luteal phase E2/P4 (Fig. 3.3.3.1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.3.1. MPA, unlike luteal or follicular phase E2/P4, represses the expression of IL-6 in 

PBMCs and TZM-bl cells. PBMCs (a) were seeded at 4 X 10
6
 in FACS tubes and stimulated for 2 or 7 days 

in full RPMI, while TZM-bl cells (b) were seeded at 1 X 10
5
 cells/well in 12 well plates and stimulated for 2 

days in SF-DMEM. Hormones represent the luteal phase (10 nM P4 + 400 pM E2), follicular phase (1 nM P4 + 

400 pM E2) or peak levels of the injectable contraceptive MPA (100 nM). Upon harvesting, PBMCs (a) were 

pelleted by centrifugation. PBMCs and TZM-bl cells were washed, RNA was extracted and cDNA was 

synthesized from 500 ng RNA then used in quantitative RT real-time qPCR. Relative mRNA levels of IL-6 

were normalized to GAPDH mRNA levels. Relative expression was determined by normalizing to the vehicle 

control set to 1. The results are pooled from 3 (TZM-bl and PBMCs Day 7) or 4 (PBMCs Day 0-2) independent 

experiments. Statistical comparisons were carried out using a parametric one-way ANOVA with Tukey’s 

multiple comparisons post test. Stars above bars indicate significance compared to each vehicle control unless 

otherwise indicated by lines, with *** and ** indicating p<0.001 and p<0.01 respectively.  

 

V
e
h

ic
le

 

L
u

te
a
l

F
o

ll
ic

u
la

r

M
P

A

V
e
h

ic
le

 

L
u

te
a
l

F
o

ll
ic

u
la

r

M
P

A

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

P B M C s

IL -6  m R N A

R
e

la
ti

v
e

 e
x

p
r
e

s
s

io
n

(I
L

-6
 m

R
N

A
/G

A
P

D
H

 m
R

N
A

)

(E
a

c
h

 D
a

y
 V

e
h

ic
le

 s
e

t 
to

 1
)

D a y  0 D a y  2 D a y  7

* *

p = 0 .6 4

* *

a) 

V
e
h

ic
le

 

L
u

te
a
l

F
o

ll
ic

u
la

r

M
P

A

0 .0

0 .5

1 .0

1 .5

2 .0

T Z M -b l

IL -6  m R N A

n = 3

R
e

la
ti

v
e

 e
x

p
re

s
s

io
n

(I
L

-6
 m

R
N

A
/G

A
P

D
H

 m
R

N
A

)

(V
e

h
ic

le
 s

e
t 

to
 1

)

* *

* * *

b) 



70 
 

Together these results suggest that contraception with MPA, unlike the P4-dominant luteal phase of 

the menstrual cycle, may promote an anti-inflammatory response in both PBMCs and TZM-bl cells. 

 

 

3.4 The GR is required for the increased HIV-1 infection in response to MPA, but not 

menstrual cycle phase hormones  

 

The GR is a major regulator of the immune system and inflammatory processes. It has been 

established that both MPA and P4 bind to the GR, with MPA having a much higher relative binding 

affinity than P4 (see section 1.4.1). In order to investigate whether GR is required for enhanced HIV-1 

infection observed for both luteal phase E2/P4 and MPA, GR protein levels and the effects of GR 

antagonism on HIV-1 infection in PBMCs were assessed.  

 

 

3.4.1 Increased HIV-1 infection in response to stimulation with MPA but not luteal or 

follicular phase E2/P4 is mediated via the GR 

 

The role of the active GR in changing HIV-1 infection in response to luteal or follicular phase E2/P4 or 

MPA was assessed by co-stimulating PBMCs with the GR/PR antagonist, RU486. Since PBMCs only 

express the GR but not the PR [Appendix A, Fig. A1.1, and (Tomasicchio et al. 2013)], the effects of 

RU486 in these experiments are likely to represent the antagonism of GR only. 

 

Similar to earlier data (Fig. 3.2.1), stimulation with luteal phase E2/P4 (1.5-fold) and MPA (2.7-fold) 

for 7 days significantly increased HIV-1 infection in PBMCs, while the apparent increase (1.4-fold) 

observed with follicular phase E2/P4 was not significant (Fig. 3.4.1.1).  

 

In the absence of exogenous hormones, co-stimulation with RU486 significantly increased HIV-1 

infection 5.6-fold (Fig. 3.4.1.1a), suggesting that RU486 is a partial agonist for infection.  

Furthermore, the increased HIV-1 infection observed with MPA, but not luteal phase E2/P4, was 

significantly repressed 2-fold when co-stimulated with RU486 (Fig. 3.4.1.1b). This effect was also 

observed when HIV-1 infection was plotted from only the PBMC donors showing increased infection 

with MPA (“MPA responders”, Appendix B, Fig. B1.3). Together, these data suggest that MPA-

induced HIV-1 infection requires the active GR, but that unliganded GR protects against infection in 

the absence of exogenous hormones. 
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Figure 3.4.1.1. The GR antagonist RU486 represses the MPA- but not luteal phase E2/P4-

induced increase in HIV-1 infection in PBMCs. PBMCs were seeded at 4 X 10
6
 in FACS tubes and 

stimulated for 7 days with hormones representing the luteal phase (10 nM P4 + 400 pM E2), follicular phase (1 

nM P4 + 400 pM E2) or peak levels of the injectable contraceptive MPA (100 nM). PBMCs were subsequently 

infected with 10 IU/ml HIV-1BaL_Renilla (HIV-BaL) or equivalent volume of no-virus control (labelled as Virus 

control) for 2 h, washed and re-suspended in ligand-free full RPMI for 5 days. Cells were re-seeded in round-

bottom 96 well plates in quadruplicate wells per condition at 2 X 10
5
 cells/well and harvested for Renilla 

luciferase (infection) and for cell viability. The results show pooled data from at least 4 independent 

experiments, with 2-3 PBMC donors each, for a total of 11 independent donors for both – and + RU486. 

Additionally, the HIV-1 infection data for 7 days’ stimulation from Fig. 3.2.1 was included in the –RU486 data 

set in (a) (n=18). Relative infection was calculated as Renilla luciferase (RLU) divided by average absorbance at 

595nm (MTT) for the quadruplicate wells. Infection was plotted relative to the vehicle control in the presence of 

virus but the absence of RU486 (-RU486) set to 100% in (a) and both vehicle controls (±RU486) in the presence 

of virus set to 100% in (b). Statistical comparisons were carried out using a two-way ANOVA with Dunnett’s 

(a) or Tukey’s (b) multiple comparisons post test, indicated by stars (*), or a Wilcoxon test, indicated by letters 

(a-d). Stars above bars indicate significance compared to the vehicle control in the presence of virus but absence 

of RU486, unless otherwise indicated by lines. Letters above bars indicate significance for the comparison 

indicated by lines, with ****/a, ***/b, **/c and */d indicating p<0.0001, p<0.001, p<0.01 and p<0.05 

respectively. 
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3.4.2 GR protein levels are decreased in response to MPA but not menstrual cycle phase 

hormones in PBMCs 

 

It has previously been demonstrated that the agonist ligand-activated GR undergoes ligand-dependent 

turnover (Hoeck et al. 1989, Bellingham et al. 1992, Oakley and Cidlowski 1993). Since previous 

research from the present author’s laboratory has shown that MPA acts like a glucocorticoid 

(Koubovec et al. 2004, Avenant et al. 2010b, Tomasicchio et al. 2013, Govender et al. 2014, Hapgood 

et al. 2014b), it would be expected that, as a proof of GR involvement, MPA would promote a 

decrease in GR protein levels. Therefore the levels of GR protein in PBMCs were assessed in 

response to stimulation with luteal or follicular phase E2/P4 or MPA. 

 

Total protein was harvested from matched samples during PBMC infection assays (Fig. 3.2.1) and 

was probed for GR protein levels by western blotting (Fig. 3.4.2.1a, b). The representative western 

blot indicates that GR protein levels were lower when stimulated with MPA but not luteal or follicular 

phase E2/P4. However when the western blots from all donors were pooled together and analyzed by 

densitometry, the large variability between experiments suggests the differences in GR protein levels 

are not significant (Fig. 3.4.2.1b).  

 

In order to confirm that the effects with MPA were via the GR only, it was assessed whether PR 

protein was possibly up-regulated in PBMCs. Following reports that PR protein has been detected in 

PBMCs (Asin et al. 2008, Cabrera-Munoz et al. 2012) and the knowledge that PR expression is 

regulated by E2 (Kastner et al. 1990), it was attempted to promote PR protein expression in PBMCs 

by stimulation with the exogenous luteal phase E2/P4 for 7 days. However, as shown by the 

representative western blot, this combination of E2 and P4 did not up-regulate the endogenous PR 

(Fig. 3.4.2.1c).  

 

The above results suggest that in response to MPA, HIV-1 infection increases in PBMCs, in a manner 

involving the active GR, since GR protein levels appeared to be decreased with MPA stimulation. In 

contrast, luteal phase E2/P4 increases HIV-1 infection in PBMCs, but this appears to not be mediated 

by the GR, and GR protein levels were unaffected. The results further imply that MPA, but not 

menstrual cycle hormones, promotes an anti-inflammatory response by repressing expression of IL-6. 

In combination with the other data showing that MPA increases the CD4/CD8 ratio in total and 

CD69+ cells, CCR5 expression and the frequency of activated CD4+CD69+ T cells, the results from 

this chapter imply that MPA and the luteal phase increase HIV-1 infection via different mechanisms. 
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Figure 3.4.2.1. GR protein levels appear to decrease in PBMCs stimulated with MPA but not 

luteal or follicular phase E2/P4. (a, b) PBMCs were seeded at 4 X 10
6
 in FACS tubes and stimulated with 

hormone combinations representing the luteal phase (10 nM P4 + 400 pM E2), follicular phase (1 nM P4 + 400 

pM E2) or peak levels of the injectable contraceptive MPA (100 nM). From matched samples at Day 0, 2, 7 and 

12, 8 million PBMCs were pelleted and harvested for total protein using TAPS buffer. Total protein lysates were 

analyzed for GR protein levels by western blotting using GAPDH as a loading control. Blots were scanned and 

quantified for relative GR levels by calculating integrated density values. (a) Representative western blot from 

donor #9937. Apparent very differences in GR band sizes may be due to pH effects of the TAPS buffer from 

protein isolation or limited differential proteolysis. If this effect is due to different degrees of GR protein 

degradation, use of proteasomal inhibitors such as MG-132 may reverse the effect in future work.  (b) 

Densitometry indicating GR protein relative to GAPDH protein, pooled from 7 independent donors. GR levels 

are plotted relative to the vehicle control at Day 2 set to 100 %. (c) PBMCs (8 million) from 3 independent 

donors (#5209, #6591, #7186) were stimulated with hormone combinations representing the luteal phase (10 nM 

P4 + 400 pM E2) for 0, 2 or 7 days then pelleted and harvested for total protein using TAPS buffer. Lysates were 

analyzed for PR protein levels by western blotting using GAPDH as a loading control. (b) Statistical 

comparisons were carried out using a non-parametric Kruskal-Wallis test with Dunn’s multiple comparisons 

post test. No significant differences were observed, but p values above bars indicate a comparison to each day’s 

vehicle control. 
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Chapter 4 

MPA-induced and basal HIV-1 infection and immunomodulatory gene 

expression change when the relative levels of GR and PR are altered 

 

 

4.1 Background and aims 

 

It has previously been shown that of the steroid receptors, only GR is detectable in PBMCs (Appendix 

A, Fig. A1.1) while GR and AR are detectable in TZM-bl cells (Appendix A, Fig. A2.1). However, 

tissues at the site of infection in the FRT express other steroid receptors; importantly the PR. 

Expression of PR is under the control of the fluctuating levels of E2 during the menstrual cycle. Since 

both GR and PR are activated by MPA, this raises the question whether these receptors can be 

activated at the same time in the FRT of DMPA users, and whether HIV-1 infection in the FRT is 

modulated by the levels of these receptors.  

 

Expression of both GR and PR protein in ectocervical explant tissue from premenopausal women in 

the luteal and follicular phase was confirmed by western blotting (Appendix B, Fig. B2.1, Appendix 

D, Table D1). In the samples with high detectable levels of total protein, as shown by GAPDH levels, 

there appeared to be some differences in GR/PR levels between the luteal and follicular phases 

(Appendix B, Fig. B2.1, Appendix D, Table D1). However, a pattern was difficult to deduce. This 

variation in protein levels could reflect biological inter-individual differences in protein levels, 

differences in relative composition of cell types, different durations of sample storage (Appendix D, 

Table D1) and/or differences in protein degradation during sample processing. Nevertheless, other 

research from the present author’s laboratory (Ray 2015) observed higher levels of PR in ectocervical 

explants from the follicular phase compared to the luteal phase (Appendix A, Fig. A3.1), suggesting 

that the relative levels of GR/PR change during the menstrual cycle.  

 

Furthermore, in cervical explants from postmenopausal women, in which endogenous E2/P4 levels are 

both much lower than in premenopausal women (Appendix D, Table D1), both GR and PR protein 

were detectable by western blotting in both endo- and ectocervix (Appendix B, Fig. B2.2), Despite 

high inter-individual variation in protein expression, greater PR levels were detectable in the 

endocervix than ectocervix samples (Appendix B, Fig. B2.2), suggesting that the relative GR/PR 

levels change depending on the cervical compartment, at least in postmenopausal samples.  

 

Together these results imply that the relative GR/PR levels in cervical tissue ex vivo vary depending 

on the menstrual cycle and menopausal status. However the consequences of changing GR/PR levels 
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on immune function and HIV-1 susceptibility have not been studied. Therefore a molecular 

manipulation of GR/PR levels by siRNA knockdown and over-expression strategies was established 

in human cell lines in order to investigate the consequences of changing relative GR/PR levels on 

MPA-induced immunomodulatory gene expression and HIV-1 infection. 

 

The aims of this section were therefore to answer the following research questions: 

(i) Does changing the relative levels of GR and PR modify MPA-induced HIV-1 infection? 

 Does the increase in HIV-1 infection with luteal phase E2/P4 and MPA change with 

relative GR/PR levels? 

 Does HIV-1 infection in the absence of MPA and luteal phase E2/P4 change with relative 

GR/PR levels?  

(ii) Does changing the relative levels of GR and PR modify MPA-induced and/or basal 

expression of genes relevant to HIV-1 infection and immune function, specifically the 

following? 

 HIV-1 receptor and co-receptor expression 

 Immunomodulatory gene expression 

(iii) Is a difference in HIV-1 infection between relative levels of GR and PR due to a possible 

change in expression of soluble mediators? 

 

In order to answer these questions, several cervical cell lines were used to model cells in the female 

reproductive tract, the site of heterosexual HIV-1 infection. These included End1/E6E7 immortalized 

endocervical epithelial cells; HeLa cervical carcinoma cells and TZM-bl cells, which are modified 

HeLa cells that are infectable with HIV-1. While TZM-bl cells endogenously express GR and AR 

(Appendix A, Fig. A2.1) and End1/E6E7 cells express GR, AR and ERα (Appendix A, Fig. A2.2), 

HeLa cells only express GR (Appendix A, Fig. A2.1). The expression of GR in these three cell lines 

renders them suitable for studying GR-mediated HIV-1 infection and immunomodulatory gene 

expression. The relative levels of GR/PR were changed by using siRNA to decrease expression of the 

endogenous GR (siGR), as compared to non-silencing control (NSC) siRNA, with or without the 

simultaneous over-expression of PR-B. This leads to four conditions: NSC-PR-B, siGR-PR-B, 

NSC+PR-B and siGR+PR-B, also referred to throughout this chapter as “high GR/no PR”, “low 

GR/no PR”, “high GR/high PR” and “low GR/high PR”, respectively. Pilot experiments to confirm 

decreased GR expression, PR-B over-expression and GR- or PR-mediated gene expression were 

performed in these cell lines (Appendix B, Fig. B3.1, 3.2, 4.1, 4.2, 4.3).  

 

Over-expression of GR/PR in U2OS cells, which express very low levels of endogenous GR, was 

further explored as a strategy in which to study the effects of changing the relative levels of GR/PR on 
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endogenous immunomodulatory gene expression. However, despite predictable Dex-induced, GR-

mediated responses on the transactivation gene GILZ, robust and reproducible repression of IL-6 by 

Dex was not observed (not shown, reported in Appendix B5). Furthermore the breast cancer cell lines, 

MCF-7 and T47D, in which GR and PR are endogenously expressed (Appendix B, Fig. B6.1), were 

investigated in parallel for their suitability to study changing GR/PR. However, despite functional 

GR/PR activity on the TAT-GRE-LUC reporter gene in MCF-7 cells (Appendix B, Fig. B6.2a, b), 

reproducible GR-mediated transcriptional responses on endogenous genes were not observed 

(Appendix B, Fig. B6.3a, b). GR-mediated responses in T47D cells were not achieved on the TAT-

GRE-LUC reporter gene (Appendix B, Fig. B6.2d) nor endogenous genes (Appendix B, Fig. B6.3c, d) 

and attempts to over-express GR in T47D cells were unsuccessful (Appendix B, Fig. B6.4). In 

contrast, End1/E6E7 and HeLa cells have been shown to exhibit transactivation and transrepression of 

endogenous genes such as GILZ and IL-6, mediated by the endogenous GR [(Govender 2014) and 

Appendix B, Fig. B3.1-2]. In addition, PR-B could be successfully over-expressed in these cells, 

making End1/E6E7 and HeLa cells suitable model cell lines in which to investigate GR/PR-mediated 

gene expression (reported in Chapter 4), while U2OS/COS1 and MCF-7 cells were used in assays 

other than gene expression studies (Chapter 5). 

 

 

4.2 MPA-induced HIV-1 infection changes when the relative levels of GR/PR are altered in 

TZM-bl cells 

 

Since increased HIV-1 infection with luteal phase E2/P4 and MPA was shown in PBMCs, HIV-1 

infection was assessed in response to luteal phase E2/P4 and MPA in TZM-bl cells in which the 

relative levels of GR/PR were changed by siRNA and over-expression strategies. 

 

 

4.2.1 The increase in HIV-1 infection with MPA, but not luteal phase E2/P4, depends on GR 

but not PR-B levels 

 

Stimulation with MPA significantly increased HIV-1 infection 1.5-fold in TZM-bl cells (Fig. 

4.2.1.1a). While HIV-1 infection appeared to increase 1.3-fold in response to luteal phase E2/P4, this 

was not significant (Fig. 4.2.1.1a). The large variability in relative infection in TZM-bl cells was not 

due to changes in cell viability but appears to reflect inherent biological variation in infection between 

experiments (Appendix B, Table B1). 

 

The increase in HIV-1 infection with MPA (NSC) was lost when GR expression was decreased using 

siRNA targeting the GR (siGR) (Fig. 4.2.1.1a). This effect occurred both in the presence and absence 
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of over-expressed PR-B. Although high GR/high PR (NSC+PR-B) appeared to further increase MPA-

induced HIV-1 infection (1.7-fold) compared to high GR/no PR (NSC-PR-B),  this effect was not 

significant (p=0.4456). Decreased GR levels by about 40% (Fig. 4.2.1.1c) and PR-B over-expression 

by 1.5-2-fold (Fig. 4.2.1.1d) were confirmed by western blotting on parallel samples (Fig. 4.2.1.1b). 

Taken together, these results show that MPA increases HIV-1 infection in a GR-mediated, PR-B-

independent manner.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1.1. MPA-induced HIV-1 infection is mediated by the GR in TZM-bl cells. TZM-bl 

cells were seeded at 1 X 10
5
 cells/well in 12 well plates and left to adhere overnight. Cells were subsequently 

transfected with 10 nM non-silencing control (NSC) or siRNA targeting the human GR (siGR) for 24 h, then 

transiently transfected with 500 ng/well empty vector pcDNA3 or pMT-hPR-B for 24 h. (a) Cells were re-

seeded at 2.5 X 10
4
 cells/well into 96-well plates in quadruplicate wells for another 24 h, followed by 

stimulation for 24 h with hormone combinations representing the luteal phase (10 nM P4 + 400 pM E2) or peak 

levels of the injectable contraceptive MPA (100 nM). Media was removed and replaced with phenol red-free 

DMEM containing 10 IU/mL HIV-1BaL_Renilla (HIV-BaL) or equivalent volume of no-virus control (labelled as 

Virus control). Cells were harvested 72 h later for luciferase (infection) and for cell viability. The results are 

pooled from 3 independent experiments where each point was in quadruplicate. Relative infection was 

calculated as luciferase (RLU) divided by average absorbance at 595nm (MTT) for the quadruplicate wells. 
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Infection was plotted relative to the vehicle control for NSC-PR-B in the presence of virus set to 100%. (b) Cells 

seeded and transfected in parallel were harvested in SDS sample buffer and lysates were analyzed for GR and 

PR-B levels by western blotting using GAPDH as a loading control. A representative blot is shown. Blots were 

probed first for GR then stripped and re-probed for PR-B. (c, d) Western blots were scanned and quantified for 

relative GR (c) or PR-B (d) levels by calculating integrated density values. Data are pooled from 3 independent 

experiments. GR levels are plotted relative to the untransfected control set to 100% (c), while PR-B levels are 

plotted relative to the untransfected control set to 1 (d). Statistical comparisons were carried out using a two-

way ANOVA with Tukey’s (a) or Dunnett’s (c, d) multiple comparisons post test. Stars above bars indicate 

significance compared to each vehicle in the presence of virus (a) or to the untransfected control (c, d), unless 

otherwise indicated by lines, with *** and ** indicating p<0.001 and p<0.01 respectively. 

 

 

4.2.2 HIV-1 infection in the absence of exogenous hormones changes when the relative levels 

of GR/PR are altered 

Since antagonism of the GR in the absence of exogenous hormones increased HIV-1 infection in 

PBMCs (Fig. 3.4.1.1), it was hypothesized that decreasing GR levels using siRNA in TZM-bl cells 

would also increase HIV-1 infection. Therefore the effect of directly changing the relative GR/PR 

levels on HIV-1 infection in the absence of exogenous MPA or luteal phase E2/P4 in TZM-bl cells was 

assessed. 

 

HIV-1 infection was significantly higher when GR levels were decreased (siGR) compared to basal 

GR levels (NSC), both in the presence (3.1-fold, siGR+PR-B) and absence (2.9-fold, siGR-PR-B) of 

PR-B (Fig. 4.2.2.1a). With high GR/high PR (NSC+PR-B), HIV-1 infection was significantly 

increased 1.7-fold, compared to high GR/low PR (Fig. 4.2.2.1a). However the highest HIV-1 infection 

was observed for low GR/high PR (3.1-fold, siGR+PR-B, Fig. 4.2.2.1a), although this was not an 

additive effect. This same pattern was observed in the previous figure (Fig. 4.2.1.1) when vehicle 

controls were plotted relative to NSC-PR-B (not shown). 

 

Decreased GR levels by about 50% (Fig. 4.2.2.1c) and PR-B over-expression by about 10-20-fold 

(Fig. 4.2.2.1d) were confirmed by western blotting on parallel samples (Fig. 4.2.2.1b). The low 

GR/high PR combination appeared to express lower PR-B protein levels on the western blot than the 

high GR/high PR combination, despite equal amounts of PR-B expression vector transfected (Fig. 

4.2.2.1b). However, when pooled samples were analyzed densitometrically, this difference was not 

significant (Fig. 4.2.2.1d). Nevertheless, this suggests that the siRNA targeting the GR may also 

silence the expression of PR-B or another factor required for PR-B expression. 
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Figure 4.2.2.1 Basal HIV-1 infection in the absence of exogenous hormones in TZM-bl cells 

increases with low GR/high PR. TZM-bl cells were seeded at 1 X 10
5
 cells/well in 12 well plates and left to 

adhere overnight. Cells were subsequently transfected with 10 nM NSC or siGR for 24 h, then transiently 

transfected with 500 ng/well empty vector pcDNA3 or pMT-hPR-B for 24 h. (a) Cells were re-seeded at 2.5 X 

10
4
 cells/well into 96-well plates in quadruplicate wells for another 24 h, then infected with 10 IU/mL HIV-

1BaL_Renilla (HIV-BaL) or equivalent volume of no-virus control (labelled as Virus control) by addition to the 

wells. Cells were harvested 72 h later for luciferase (infection) and for cell viability. The results are pooled from 

5 independent experiments where each point was in quadruplicate. Relative infection was calculated as 

luciferase (RLU) divided by average absorbance at 595nm (MTT) for the quadruplicate wells. Infection was 

plotted relative to NSC-PR-B in the presence of virus set to 100%. (b) Cells seeded and transfected in parallel 

were harvested in SDS sample buffer and lysates were analyzed for GR and PR-B levels by western blotting 

using GAPDH as a loading control. (c, d). A representative blot is shown. Western blots were scanned and 

quantified for relative GR (c) or PR-B (d) levels by calculating integrated density values. Data are pooled from 5 

independent experiments.GR levels are plotted relative to the untransfected control set to 100% (c), while PR-B 

levels are plotted relative to the untransfected control set to 1 (d). Statistical comparisons were carried out using 

a two-way ANOVA with Tukey’s (a) or Dunnett’s (c, d) multiple comparisons post test. Stars above bars 

indicate significance compared to NSC-PR-B in the presence of virus (a) or to the untransfected control (c, d), 

unless otherwise indicated by lines, with ****, ***, ** and * indicating p<0.0001, p<0.001, p<0.01 and p<0.05 

respectively. 
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Together these results suggest that in the absence of MPA, unliganded basal levels of GR seem to 

protect against HIV-1 infection, while PR seems to increase HIV-1 infection; and in the presence of 

MPA, the MPA-induced HIV-1 infection is mediated by the GR only, while PR has no significant 

effect. 

 

 

4.3 Altering the relative levels of GR/PR modifies the MPA-induced expression of genes 

relevant to HIV-1 infection and immune function in TZM-bl cells 

 

The previous section showed that HIV-1 infection in TZM-bl cells increased in the presence of MPA, 

in a manner dependent on GR levels, and furthermore that HIV-1 infection in the absence of 

exogenous hormones increased with low GR/no PR, high GR/high PR and low GR/high PR compared 

to high GR/no PR. In order to investigate possible mechanisms of infection, the effect of changing 

relative GR/PR levels on expression of genes relevant to HIV-1 infection and immune function was 

assessed.   

 

 

4.3.1 Basal HIV-1 CD4 receptor, but not CCR5 or CXCR4 co-receptor, expression changes 

when GR/PR levels are altered in TZM-bl cells in the absence of exogenous hormones 

 

TZM-bl cells stably express high levels of the CD4 receptor and the HIV-1 co-receptors CXCR4 and 

CCR5 (Platt et al. 1998). The previous chapter showed that MPA increased the expression of CCR5 in 

CD3+ and CD3+CD4+ T-cells in PBMCs (Fig. 3.3.2.2) and increased CCR5 mRNA levels in TZM-bl 

cells (Fig. 3.3.2.3a). Furthermore, CCR5 is the co-receptor used by the R5-tropic infectious molecular 

clone used in our experiments, HIV-1 BaL_Renilla. 

 

Interestingly, CCR5 mRNA levels were not modified by altering the relative levels of GR/PR in 

TZM-bl cells, in the absence of exogenous hormones (Fig. 4.3.1.1a). In contrast, CD4 mRNA levels 

were significantly increased 1.35-fold with low GR/no PR (siGR-PR-B), but unaffected by PR-B 

over-expression (Fig. 4.3.1.1b). CXCR4 mRNA levels were not significantly changed compared to 

high GR/no PR (Fig. 4.3.1.1c). Decreased GR levels by about 40% (Fig. 4.2.1.1c) and PR-B over-

expression by 1.5-2-fold (Fig. 4.2.1.1d) were confirmed by western blotting on parallel samples (Fig. 

4.2.1.1b). 
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Figure 4.3.1.1. Basal CD4 but not CCR5 or CXCR4 expression is increased with low GR/no PR. 

TZM-bl cells were seeded at 1 X 10
5
 cells/well in 12 well plates and left to adhere overnight. Cells were 

subsequently transfected with 10 nM NSC or siGR for 24 h, then transiently transfected with 500 ng/well empty 

vector pcDNA3 or pMT-hPR-B for 24 h. Media was changed to SF-DMEM for a further 24 h, then cells were 

washed. RNA was extracted and cDNA was synthesized from 500 ng RNA then used in quantitative RT real-

time qPCR. Relative mRNA levels of CCR5 (a), CD4 (b) and CXCR4 (c) were normalized to GAPDH mRNA 

levels. Relative expression was determined by normalizing to NSC-PR-B set to 1. Decreased GR expression and 

PR-B over-expression were confirmed by western blotting in parallel samples (Fig. 4.2.1.1b-d). The results are 

pooled from 3 independent experiments. Statistical comparisons were carried out using a two-way ANOVA 

with Dunnett’s multiple comparisons post test. Stars above bars indicate significance compared to NSC-PR-B, 

with. ** indicating p<0.01. 

 

 

These results suggest that changing GR levels does not influence basal CCR5 or CXCR4 mRNA 

levels in TZM-bl cells, but there is an increase in the basal levels of the CD4 receptor when GR 

expression is decreased. Furthermore these results show that over-expression of PR-B did not change 

expression of CCR5, CD4 or CXCR4. 

 

 

4.3.2 MPA-induced immunomodulatory gene expression changes when GR/PR levels are 

altered in End1/E6E7 and HeLa cells 

 

Given the knowledge that GR regulates immunomodulatory genes and that MPA activates both the 

GR and the PR, the effect of altering the relative GR/PR levels on immunomodulatory gene 

expression in response to GR- (Dex), PR- (R5020) or GR/PR-specific (MPA) ligands was next 

investigated. This was carried out using the more physiologically relevant endocervical epithelial cell 

line, End1/E6E7, and the cervical carcinoma cell line, HeLa, both expressing endogenous GR and in 

which PR-B protein could be over-expressed (Appendix B, Fig. 3.1c, 3.2c, 4.1b, 4.2b). In order to 

interpret these results, the data were plotted relative to each vehicle control, where comparisons 
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between vehicle and ligands within the same transfection condition and between ligands from 

different transfection conditions (NSC vs siGR) were made. 

 

In End1/E6E7 cells, the model transactivation gene, GILZ (Fig. 4.3.2.1a), was significantly induced 

4-fold by Dex in a typical GR-mediated response (NSC) that was reduced to 2-fold when GR 

expression was decreased (siGR), in both the absence and presence of PR-B, although this reduction 

was not significant (Fig. 4.3.2.1a). MPA also appeared to increase the transactivation of GILZ, but to 

a lower extent than Dex, and this also appeared to occur in a GR-dependent manner (Fig. 4.3.2.1a). 

The numerical fold reduction for MPA between NSC (high GR) and siGR (low GR) conditions 

appeared to be greater in the presence (0.5-fold) than the absence (0.3-fold) of PR-B (Fig. 4.3.2.1a). 

MPA-induced GILZ up-regulation appeared to increase with high GR/high PR (1.9-fold) compared to 

high GR/no PR (1.5-fold), although this was not significant (Fig. 4.3.2.1a). These results suggest that 

the presence of PR-B may alter the GR-mediated regulation of GILZ in response to MPA but not Dex, 

although not conclusively. 

 

With high GR/no PR, the model transrepression gene, IL-6 (Fig. 4.3.2.1b), was significantly repressed 

by Dex (4.9-fold), in a GR-dependent manner, since decreasing GR expression lifted this repression 

(low GR/no PR, Fig. 4.3.2.1b). Dex appeared to repress IL-6 with high GR/high PR (2.8-fold), 

suggesting that Dex repression may be PR-B-independent (Fig. 4.3.2.1b). In the absence of PR-B, 

MPA appeared to repress IL-6 in a GR-dependent manner (Fig. 4.3.2.1b). In the presence of PR-B, 

however, MPA no longer repressed IL-6 either with high GR/high PR (NSC+PR-B) or low GR/high 

PR (siGR+PR-B, Fig. 4.3.2.1b). This suggests that the presence of PR-B changes MPA-induced IL-6 

expression to no longer be anti-inflammatory, unlike the result for Dex.  

 

In response to R5020, both GILZ and IL-6 mRNA fluctuated around basal levels (Fig. 4.3.2.1a, b), 

suggesting that no PR-specific response was observed on these genes. 

 

Decreased GR levels by about 50% (Fig. 4.3.2.1d) and PR-B over-expression by about 2-fold (Fig. 

4.3.2.1e) were confirmed by western blotting on parallel samples (Fig. 4.3.2.1c). Similar to TZM-bl 

cells, PR-B protein levels were lower in the presence of siGR than NSC siRNA oligonucleotides, 

although this difference was not statistically significant (Fig. 4.3.2.1e). 
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Figure 4.3.2.1. The presence of PR-B alters the GR-mediated transcriptional responses to MPA 

on GILZ and IL-6 in End1/E6E7 cells. Continued on next page. 
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Figure 4.3.2.1. The presence of PR-B alters the GR-mediated transcriptional responses to MPA 

on GILZ and IL-6 in End1/E6E7 cells. Cells were seeded at 1.5 X 10
5
 cells/well in 12 well plates and 

allowed to adhere overnight. Cells were subsequently transfected with 10 nM NSC or siGR for 24 h, then 

transiently transfected with 250 ng/well empty vector pcDNA3 or pMT-hPR-B for 24 h. Cells were stimulated 

with 100 nM final concentration of the indicated ligands in SF-KSFM for a further 24 h, then cells were washed. 

RNA was extracted and cDNA was synthesized from 500 ng RNA then used in quantitative RT real-time qPCR. 

Relative mRNA levels of GILZ (a) and IL-6 (b) were normalized to GAPDH mRNA levels. Relative expression 

was determined either by normalizing to each vehicle control set to 1. The results are pooled from 6 independent 

experiments. (c) Cells seeded and transfected in parallel were harvested in SDS sample buffer and lysates were 

analyzed for GR and PR-B levels by western blotting using GAPDH as a loading control. A representative blot 

is shown. Blots were probed first for GR then stripped and re-probed for PR-B. Western blots were scanned and 

quantified for relative GR (d) or PR-B (e) levels by calculating integrated density values. Data are pooled from 4 

(PR-B) or 6 (GR) independent experiments, since PR-B protein was not detectable in every experiment. GR 

levels are plotted relative to the untransfected control set to 100% (d), while PR-B levels are plotted relative to 

the untransfected control set to 1 (e). Statistical comparisons were carried out using a two-way ANOVA with 

Tukey’s (a, b) or Dunnett’s (d, e) post test. Stars above bars indicate significance compared to each vehicle 

control (a, b) or to the untransfected control (d, e), unless otherwise indicated by lines, with ***, ** and * 

indicating p<0.001, p<0.01 and p<0.05 respectively.  

 

 

 

 

 

The same experiment was carried out in HeLa cells, in which greater amounts of PR-B expression 

vector DNA could be transfected for PR-B over-expression without noticeable effects on cell 

proliferation and/or viability, unlike End1/E6E7 cells (Appendix B4).  
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Similar to End1/E6E7 cells, GILZ mRNA was significantly induced 6.7-fold by Dex in the presence 

of endogenous GR (NSC) and this was reduced to 2.9-fold when GR expression was decreased 

(siGR), both in the absence (significantly) and presence (near-significantly) of PR-B (Fig. 4.3.2.2a). 

Similarly, MPA also induced GILZ expression, to a lesser extent than Dex, and this induction was 

greater with high GR/high PR (4.2-fold, NSC+PR-B, significant) than high GR/no PR (2.5-fold, NSC-

PR-B, not significant, Fig. 4.3.2.2a). The numerical fold reduction for MPA between NSC (high GR) 

and siGR (low GR) conditions was greater in the presence (2.3-fold) than the absence (0.5-fold) of 

PR-B, although these changes did not reach statistical significance (Fig. 4.3.2.2a). Similar to 

End1/E6E7 cells, these results in HeLa cells suggest that Dex regulation of GILZ is PR-B-

independent, but PR-B alters the response to MPA. 

 

Also similar to results for End1/E6E7 cells with high GR/no PR, in HeLa cells IL-6 mRNA was 

significantly repressed by Dex (2.8-fold), in a GR-dependent manner, since this repression was lifted 

back to basal levels when GR expression was decreased (low GR/no PR, Fig. 4.3.2.2b). In the 

presence of PR-B, Dex near-significantly repressed IL-6 (2.3-fold), in a GR-dependent manner (Fig. 

4.3.2.2b). MPA appeared to repress IL-6 with high GR/no PR and high GR/high PR (Fig 4.3.2.2b). 

However, while this apparent repression was lifted to basal levels with low GR/no PR, MPA 

continued to repress IL-6 by 1.5-fold with low GR/high PR (siGR+PR-B), although not significantly 

(Fig. 4.3.2.2b). This suggests that the presence of PR-B promotes MPA repression of IL-6 

independent of GR levels in HeLa cells, unlike in End1/E6E7 cells. 

 

Decreased GR levels by about 25% (Fig. 4.3.2.2d) and PR-B over-expression by about 7-fold (Fig. 

4.3.2.2e) were confirmed by western blotting on parallel samples (Fig. 4.3.2.2c). Similar to results for 

End1/E6E7 and TZM-bl cells, in HeLa cells PR-B protein levels were lower in the presence of siGR 

than NSC siRNA oligonucleotides, although this was not statistically significant (Fig. 4.3.2.2c). 

 

Two additional interesting observations were made when the mRNA levels were plotted relative to 

the NSC-PR-B vehicle control (Appendix B4). Firstly, in End1/E6E7 cells with high GR/high PR, the 

Dex-induced increase of GILZ was not as high as expected, or as high as observed with high GR/no 

PR, although this effect was not significantly different (Appendix B, Fig. B4.4a). A similar trend was 

observed for the transactivation gene MKP1 in these cells (not shown). This dampening of the GR-

mediated Dex response on GILZ was not observed for MPA in End1/E6E7 cells (Appendix B, Fig. 

B4.4a), nor for Dex or MPA in HeLa cells (Appendix B, Fig. B4.5a), suggesting that the presence of 

PR-B can change GR-mediated transcriptional regulation in a ligand- and cell-specific manner. 
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Figure 4.3.2.2. The presence of PR-B alters the GR-mediated transcriptional responses to MPA 

on GILZ and IL-6 in HeLa cells. Continued on next page. 
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Figure 4.3.2.2. The presence of PR-B alters the GR-mediated transcriptional responses to MPA 

on GILZ and IL-6 in HeLa cells. Cells were seeded at 1 X 10
5
 cells/well in 12 well plates and allowed to 

adhere overnight. Cells were subsequently transfected with 10 nM NSC or siGR for 24 h, then transiently 

transfected with 500 ng/well empty vector pcDNA3 or pMT-hPR-B for 24 h. Cells were stimulated with 100 

nM final concentration of the indicated ligands in SF-DMEM for a further 24 h, then cells were washed. RNA 

was extracted and cDNA was synthesized from 500 ng RNA then used in real-time qPCR. Relative mRNA 

levels of GILZ (a) and IL-6 (b) were normalized to GAPDH mRNA levels. Relative expression was determined 

by normalizing to each vehicle control set to 1 (a, b). The results are pooled from 3 independent experiments. 

(c) Cells seeded and transfected in parallel were harvested in SDS sample buffer and lysates were analyzed for 

GR and PR-B levels by western blotting using GAPDH as a loading control. A representative blot is shown. 

Blots were probed first for GR then stripped and re-probed for PR-B. Western blots were scanned and quantified 

for relative GR (d) or PR-B (e) levels by calculating integrated density values.GR levels are plotted relative to 

the untransfected control set to 100% (d), while PR-B levels are plotted relative to the untransfected control set 

to 1 (e). Statistical comparisons were carried out using a two-way ANOVA with Tukey’s (a, b) or Dunnett’s (d, 

e) multiple comparisons post test. Stars above bars indicate significance compared to each vehicle control (a, b) 

or to the untransfected control (d, e), unless otherwise indicated by lines, with ****, ***, ** and * indicating 

p<0.0001, p<0.001, p<0.01 and p<0.05 respectively. 

 

 

Secondly, in End1/E6E7 cells in the presence of over-expressed PR-B (high GR/high PR), the basal 

levels of GILZ decreased (Appendix B, Fig. B4.4a) while IL-6 increased (Appendix B, Fig. B4.4b) 

compared to high GR/no PR. Increased basal IL-6 mRNA levels were observed with decreased GR 

protein levels (Appendix B, Fig. B4.4b), which has been observed previously in these cells (Verhoog 

et al. 2011). Furthermore with low GR/high PR, basal IL-6 mRNA levels were further increased, 

although not significantly (Appendix B, Fig. B4.4b). In HeLa cells, basal IL-6 levels significantly 

increased about 4-fold with high GR/high PR and low GR/high PR compared to high GR/no PR 

(Appendix B, Fig. B4.5b). Together these results indicate that the relative GR/PR levels can also 

regulate immune function gene expression in a ligand-independent manner. 
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Following the above results indicating that responses to MPA appear to change when the relative 

levels of GR/PR were altered, the effect of only MPA, without the GR/PR-specific ligands, on 

immunomodulatory gene regulation was investigated. The same RNA samples were re-analyzed 

together with additional independent experiments for MPA-induced GILZ and IL-6 gene expression 

in End1/E6E7 (2, to make n=8) and HeLa (1, to make n=4) cells (Fig 4.3.2.3). GR and PR-B protein 

levels were confirmed previously (Fig. 4.3.2.1c, Fig. 4.3.2.2c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.2.3. MPA-induced, GR-mediated regulation IL-6 in End1/E6E7 and HeLa cells 

changes in the presence of PR-B. Cells were seeded at 1.5 X 10
5
 cells/well (End1/E6E7, a, b) or 1 X 10

5
 

cells/well (HeLa, c, d) in 12 well plates and allowed to adhere overnight. Cells were subsequently transfected 

with 10 nM NSC or siGR for 24 h, then transiently transfected with 250 ng/well (End1/E6E7, a, b) or 500 

ng/well (HeLa, c, d) empty vector pcDNA3 or pMT-hPR-B for 24 h. Cells were stimulated with 100 nM final 

concentration of the indicated ligands in SF-KSFM (End1/E6E7, a, b) or SF-DMEM (HeLa, c, d) for a further 
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24 h, then cells were washed. RNA was extracted and cDNA was synthesized from 500 ng RNA then used in 

quantitative RT real-time qPCR. Relative mRNA levels of GILZ (a, c) and IL-6 (b, d) were normalized to 

GAPDH mRNA levels. Relative expression was determined either by normalizing to NSC-PR-B set to 1. The 

results are pooled from 8 (End1/E6E7, a, b) or 4 (HeLa, c, d) independent experiments. Statistical comparisons 

were carried out using a two-way ANOVA with Tukey’s multiple comparisons post test. Stars above bars 

indicate significance compared to each vehicle control unless otherwise indicated by lines, with ** and * 

indicating p<0.001 and p<0.05 respectively. Decreased GR expression and PR-B over-expression were 

confirmed previously by western blotting in parallel samples (Fig. 4.3.2.1c-e; Fig. 4.3.2.2c-e). 

 

 

Two main comparisons were made upon interpretation of these results: GR-mediated responses 

(comparing NSC vs siGR) and the effect of PR-B over-expression on GR-mediated responses (-PR-B 

vs +PR-B). 

 

Analysis of GR-mediated responses showed that MPA induction of GILZ in End1/E6E7 cells required 

the GR, independent of PR-B levels (Fig. 4.3.2.3a). MPA induction of GILZ in HeLa cells did not 

change when GR levels were decreased (Fig. 4.3.2.3c). In the absence of PR-B, repression of IL-6 in 

End1/E6E7 (Fig. 4.3.2.3b) and HeLa (Fig. 4.3.2.3d) cells showed a trend of a GR-mediated response.  

 

Analysis of the presence of PR-B on GR-mediated responses showed that repression of IL-6 by MPA 

(high GR/high PR) was not elevated when GR levels were decreased (low GR/high PR, siGR+PR-B) 

in either End1/E6E7 (Fig. 4.3.2.3b) or HeLa (Fig. 4.3.2.3d) cells. This may suggest that PR-B blocks 

GR-mediated repression of IL-6 in response to MPA. Interestingly, in HeLa cells, a GR-mediated 

effect on GILZ was only observed in the presence of PR-B, although not significant (Fig. 4.3.2.3c). 

 

When comparing high GR/no PR (NSC-PR-B) to high GR/high PR (NSC+PR-B), or comparing low 

GR/no PR (siGR-PR-B) to low GR/high PR (siGR+PR-B), there were no significant differences in 

GILZ expression in End1/E6E7 cells (Fig. 4.3.2.3a). Similarly, the presence of PR-B had no 

significant effects on IL-6 expression in End1/E6E7 cells (Fig. 4.3.2.3b) or GILZ in HeLa cells (Fig. 

4.3.2.3c). However, IL-6 expression significantly increased in the presence of PR-B in HeLa cells, 

both when comparing high GR/high PR to high GR/no PR, and comparing low GR/high PR to low 

GR/no PR (Fig. 4.3.2.3d). 

 

Taken together, these results suggest that the effects of changing GR/PR on MPA-induced responses 

are gene- and cell type-specific. Furthermore this implies that the balance of pro-inflammatory versus 

anti-inflammatory responses to MPA depend on the relative levels of GR/PR. These findings are 

summarized in Table 6.3 in the Discussion. 

 

 



90 
 

4.3.3 Basal immunomodulatory gene expression changes when GR/PR levels are altered in 

End1/E6E7 and HeLa cells 

In the absence of exogenous ligands, basal changes in immunomodulatory gene expression were also 

observed when the relative levels of GR/PR were altered (Fig. 4.3.2.3, Appendix B, Fig. B4.4 and 

B4.5). In order to further characterize basal changes in gene expression, the same RNA samples were 

re-analyzed for GILZ and IL-6 mRNA levels in End1/E6E7 and HeLa cells, and for a selection of 

additional immunomodulatory genes in HeLa cells. GR and PR-B protein levels were confirmed 

previously (Fig. 4.3.2.1c, Fig. 4.3.2.2c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.3.1. The basal expression of IL-6 in End1/E6E7 and HeLa cells, and GILZ in 

End1/E6E7 cells, changes when the relative levels of GR/PR are altered. Cells were seeded at 1.5 X 

10
5
 cells/well (End1/E6E7, a, b) or 1 X 10

5
 cells/well (HeLa, c, d) in 12 well plates and allowed to adhere 

overnight. Cells were subsequently transfected with 10 nM NSC or siGR for 24 h, then transiently transfected 
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with 250 ng/well (End1/E6E7, a, b) or 500 ng/well (HeLa, c, d) empty vector pcDNA3 or pMT-hPR-B for 24 h. 

Cells were stimulated with 100 nM final concentration of the indicated ligands in SF-KSFM (End1/E6E7, a, b) 

or SF-DMEM (HeLa, c, d) for a further 24 h, then cells were washed. RNA was extracted and cDNA was 

synthesized from 500 ng RNA then used in quantitative RT real-time qPCR. Relative mRNA levels of GILZ (a, 

c) and IL-6 (b, d) were normalized to GAPDH mRNA levels. Relative expression was determined either by 

normalizing to NSC-PR-B set to 1. The results are pooled from 8 (End1/E6E7, a, b) or 4 (HeLa, c, d) 

independent experiments. Statistical comparisons were carried out using a two-way ANOVA with Dunnett’s 

multiple comparisons post test. Stars above bars indicate significance compared to NSC-PR-B, with ***, ** and 

* indicating p<0.001, p<0.01 and p<0.05 respectively. Decreased GR expression and PR-B over-expression 

were confirmed previously by western blotting in parallel samples (Fig. 4.3.2.1c-e; Fig. 4.3.2.2c-e). 
 

 

In End1/E6E7 cells, basal GILZ mRNA levels were significantly reduced with high GR/high PR (1.8-

fold) and with low GR/high PR (1.9-fold), compared to high GR/no PR (Fig. 4.3.3.1a). Basal IL-6 

mRNA levels significantly increased with low GR/high PR (3.6-fold, Fig. 4.3.3.1b). 

 

In HeLa cells, contrary to End1/E6E7 cells, basal GILZ mRNA levels appeared to increase 1.4-fold 

with low GR/high PR compared to high GR/no PR (Fig. 4.3.3.1c). Basal IL-6 mRNA levels, however, 

were significantly increased with high GR/high PR (4-fold) and, like for End1/E6E7 cells, with low 

GR/high PR (5-fold, Fig. 4.3.3.1d). Taken together, these results suggest that the basal expression of 

GILZ and IL-6 are regulated in a PR-B-dependent, GR-dependent manner in End1/E6E7 cells and in 

a PR-B-dependent, GR-independent manner in HeLa cells.  

 

To further assess gene-specific effects, additional immunomodulatory genes, including the pro-

inflammatory chemokines RANTES and IL-8, the anti-inflammatory cytokine IL-10 and the pro-

inflammatory cytokine IL-12, were assessed by qPCR for changing expression in response to altered 

GR/PR levels in HeLa cells. 

 

RANTES mRNA levels were near-significantly increased 12-fold with low GR/high PR compared to 

high GR/no PR (Fig. 4.3.3.2a). No statistically significant changes were observed for IL-8 (Fig 

4.3.3.2b), IL-12p35 (Fig. 4.3.3.2c), IL-10 (Fig. 4.3.3.2d) or IL-12p40 (Fig. 4.3.3.2e) mRNA levels. 
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Figure 4.3.3.2. The basal expression of some but not other immunomodulatory genes appears to 

change when the relative levels of GR/PR are altered in HeLa cells. Cells were seeded at 1 X 10
5
 

cells/well in 12 well plates and allowed to adhere overnight. Cells were subsequently transfected with 10 nM 

NSC or siGR for 24 h, then transiently transfected with 500 ng/well empty vector pcDNA3 or pMT-hPR-B for 

24 h. Cells were incubated in SF-DMEM for a further 24 h, then washed. RNA was extracted and cDNA was 

synthesized from 500 ng RNA then used in quantitative RT real-time qPCR. Relative mRNA levels of RANTES 

(a), IL-8 (b), IL-12p35 (c), IL-10 (d) and IL-12p40 (e) were normalized to GAPDH mRNA levels. Relative 

expression was determined either by normalizing to NSC-PR-B set to 1 (b, d, f). The results are pooled from 4 

independent experiments. Statistical comparisons were carried out using a two-way ANOVA with Dunnett’s 

multiple comparisons post test. No significant differences were observed, but p values above bars indicate a 

comparison to NSC-PR-B. Decreased GR expression and PR-B over-expression were confirmed previously by 

western blotting in parallel samples (Fig. 4.3.2.2c-e). 
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These results suggest that the effects of changing the relative levels of GR/PR are different for 

different genes. Changing GR/PR in HeLa cells to low GR/high PR could increase expression of the 

immunomodulatory genes RANTES and possibly IL-8, in the absence of exogenous ligands, similar 

to IL-6 expression in both End1/E6E7 and HeLa cells. This increase in pro-inflammatory gene 

expression could subsequently alter the inflammatory response depending on the relative levels of GR 

and PR, in the FRT of women using either no hormonal contraceptives or with very low levels of 

MPA. These findings are summarized in Table 6.4 in the Discussion. 

 

 

 

4.4 Differences in HIV-1 infection with changing GR/PR levels is mediated by soluble 

factors, but likely not IL-6 

Previous results in this chapter showed that in the absence of exogenous ligands, changing the relative 

levels of GR/PR, particularly with low GR/high PR, resulted in a change in basal mRNA expression 

of some key cytokines and chemokines (Fig. 4.3.3.1, Fig. 4.3.3.2). Secreted soluble cytokines and/or 

chemokines are likely to play a role in modulating HIV-1 susceptibility in the FRT. In order to assess 

the effect of these soluble mediators on HIV-1 infection, growth media (supernatants) containing 

secreted modulators were collected from End1/E6E7 and HeLa cells in which GR/PR levels had been 

altered. Decreased GR expression and PR-B protein over-expression in End1/E6E7 (Fig. 4.3.2.1c-e) 

and HeLa (Fig. 4.3.2.2c-e) cells was confirmed by western blotting in previous samples. These 

supernatants were subsequently cultured together with HIV-1BaL_Renilla (HIV-BaL) onto TZM-bl cells 

in a conditioned media add-back assay.   

 

HIV-1 infection was significantly increased in TZM-bl cells cultured with End1/E6E7 supernatants in 

which the GR expression was decreased, both in the absence (1.7-fold, siGR-PR-B) and presence 

(1.5-fold, siGR+PR-B) of PR-B (Fig. 4.4.1a). In TZM-bl cells cultured with HeLa supernatants, 

however, HIV-1 infection only appeared to increase after exposure to supernatants from low GR/high 

PR (siGR+PR-B) HeLa cells (1.9-fold, Fig. 4.4.1b). 

 

These results suggest that decreasing GR expression in End1/E6E7 cells, with or without the 

simultaneous over-expression of PR-B, causes, either directly or indirectly, changes the secretion of 

soluble mediators into the surrounding growth media that increase HIV-1 infection in TZM-bl cells. 

In HeLa cells, however, only low GR/high PR influences the secretion of soluble mediators that 

increase HIV-1 infection in TZM-bl cells, suggesting that in this system susceptibility to HIV-1 only 

increases with low GR/high PR. This would suggest a role for the GR in protecting against HIV-1 

infection and for PR-B to increase susceptibility to HIV-1. 
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Figure 4.4.1. Low GR/high PR in the absence of exogenous hormones causes changes in soluble 

mediators from End1/E6E7 and HeLa cells that increase HIV-1 infection when cultured with 

TZM-bl cells. Growth media supernatants from End1/E6E7 (a) and HeLa (b) cells in which the relative levels 

of GR/PR were directly changed by decreased GR expression and PR-B over-expression were collected during 

previous experiments and stored at -80°C (Fig. 4.3.2.1, 4.3.2.2). TZM-bl cells were seeded in quadruplicate 

wells at 2.5 X 10
4
 cells/well in 96-well plates and left to adhere overnight. Supernatants were thawed, diluted 

1:20 with phenol red-free DMEM and half was incubated with 10 IU/mL HIV-1BaL_Renilla (HIV-BaL) or 

equivalent volume of no-virus control (labelled as Virus control) for 1 h at 37°C, while the other half was added 

to the TZM-bl cells for 1 h at 37°C. The supernatant-virus/control mix was subsequently added onto the TZM-bl 

cells which were incubated for 72 h after which cells were harvested for luciferase (infection) and for cell 

viability (MTT). The results are pooled from 7 (End1/E6E7) or 5 (HeLa) independent experiments. Relative 

infection was calculated as luciferase (RLU) divided by average absorbance at 595nm (MTT) for the 

quadruplicate wells. Infection was plotted relative to NSC-PR-B in the presence of virus set to 100%. Statistical 

comparisons were carried out using a two-way ANOVA with Tukey’s multiple comparisons post test (a) or an 

unpaired t test (b). Stars above bars indicate significance compared to NSC-PR-B in the presence of virus unless 

otherwise indicated by lines, with ****, ***, ** and * indicating p<0.0001, p<0.001, p<0.01 and p<0.05 

respectively. 
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A possible candidate secreted factor that may play a role in HIV-1 infection following add-back onto 

TZM-bl cells is the cytokine IL-6, although it is not established that the change in IL6 levels affects 

HIV-1 infection. Basal IL-6 mRNA levels were shown to be up-regulated with low GR/high PR in 

End1/E6E7 and HeLa cells (Fig. 4.3.3.1b, d). Following this observation, IL-6 protein levels were 

determined by ELISA in the growth media collected from these cells. 

 

IL-6 protein levels ranged from 100-400 pg/mL and were significantly increased 3.4-fold in 

supernatants collected from HeLa cells in which low GR/high PR were expressed, relative to high 

GR/no PR (NSC-PR-B, Fig. 4.4.2a). This mirrors the pattern observed for IL-6 mRNA in HeLa cells 

(Fig. 4.3.3.1d). In End1/E6E7 cells, however, IL-6 protein levels were 10 pg/mL or lower and 

appeared to be decreased with low GR/no PR and low GR/high PR (Fig. 4.4.2b). This could be 

because less IL-6 protein is expressed in End1/E6E7 than HeLa cells. Alternatively, there could be 

sample degradation in End1/E6E7 supernatants due to storage in SF-KSFM, which may be less 

cryoprotective than SF-DMEM in which HeLa supernatants were stored. However, this was not 

directly tested. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.2. Secreted IL-6 protein increases when GR is knocked down and PR-B is over-

expressed in HeLa but not End1/E6E7 cells. Growth media supernatants from End1/E6E7 (a) and HeLa 

(b) cells in which the relative levels of GR/PR were directly changed by decreased GR expression and PR-B 

over-expression were collected during previous experiments and stored at -80°C (Fig. 4.3.2.1, 4.5). Supernatants 

were diluted 1:20 and analysed for absolute IL-6 protein expression using the Human IL-6 High Sensitivity 

ELISA. Statistical comparisons were carried out using a two-way ANOVA with Dunnett’s multiple 

comparisons post test. Stars above bars indicate significance compared to NSC-PR-B, with * indicating p<0.05. 
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Low GR/high PR was previously shown to up-regulate IL-6 mRNA (Fig. 4.3.3.1d) and IL-6 protein 

(Fig. 4.4.2a) in HeLa cells and cause changes in soluble factors from both End1/E6E7 and HeLa cells 

that increased HIV-1 infection in TZM-bl cells (Fig. 4.4.1a, b). These observations led to the 

consideration that IL-6 may be the soluble factor that increases HIV-1 infection. In order to test this 

hypothesis, TZM-bl cells were stimulated with increasing doses of exogenous recombinant IL-6 

protein at the same time as infection with HIV-1BaL_Renilla (HIV-BaL) using the same protocol as for 

the supernatant add-back assays. Since IL-6 concentrations in HeLa cells ranged from 100-400 

pg/mL, TZM-bl cells were incubated with increasing doses of exogenous IL-6 ranging from 0-200 

pg/mL. As shown in Figure 4.4.3, however, increasing doses of exogenous IL-6 used in the same 

manner as the supernatants did not increase HIV-1 infection in TZM-bl cells. This would suggest that 

IL-6 alone, within these concentrations, does not increase HIV-1 infection in this mode system. Thus 

it is likely that it is a combination of secreted factors, perhaps including RANTES and/or IL-8 (Fig. 

4.3.3.2) that increase HIV-1 infection in TZM-bl cells exposed to End1/E6E7 or HeLa supernatants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.3. Exogenous IL-6 does not dose-dependently increase HIV-1 infection in TZM-bl 

cells. TZM-bl cells were seeded in quadruplicate wells at 2.5 X 10
4
 cells/well in 96-well plates and left to 

adhere overnight. Recombinant IL-6 was diluted to the indicated concentration in phenol red-free DMEM and 

half was incubated with 10 IU/mL HIV-1BaL_Renilla (HIV-BaL) or equivalent volume of no-virus control for 1 h at 

37°C, while the other half was added to the TZM-bl cells for 1 h at 37°C. The IL-6-virus/control mix was 

subsequently added onto the TZM-bl cells which were incubated for 72 h after which cells were harvested for 

luciferase (infection) and for cell viability (MTT). The results are pooled from 4 independent experiments where 

each point was in quadruplicate. Relative infection was calculated as luciferase (RLU) divided by average 

absorbance at 595nm (MTT) for the quadruplicate wells. Infection was plotted relative to 0 pg/mL IL-6 in the 

presence of virus set to 100%. Statistical comparisons were carried out using a two-way ANOVA with Tukey’s 

multiple comparisons post-test. Stars above bars indicate significance comparing each concentration to its own 

control in the absence of virus, with **** indicating p<0.0001. 
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Taken together, the results from this chapter show that MPA-induced HIV infection requires the GR 

in TZM-bl cells, and the unliganded GR plays an important role in protecting against HIV-1 infection 

in TZM-bl cells. In general, the presence of PR-B appears to increase susceptibility to HIV-1 infection 

in TZM-bl cells and alters the GR-regulated MPA-induced and ligand-independent expression of 

some key immunomodulatory genes such as IL-6, in End1/E6E7 and/or HeLa cells. Secreted soluble 

mediators change in response to changing relative GR/PR levels in End1/E6E7 and TZM-bl cells. A 

combination of these soluble mediators, but likely not IL-6 alone, appear to mediate increased HIV-1 

infection in TZM-bl cells.  
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Chapter 5 

Modulation of GR activity by PR potentially occurs via GR-PR association 

and co-localization 
 

 

5.1 Background and aims 

 

The previous research chapter established that the relative levels of GR/PR influence HIV-1 infection 

and expression of genes relevant to immune function in the absence of exogenous ligand, with PR 

generally increasing infection and GR generally protecting against infection. In addition, some 

experiments revealed that the presence of PR-B may decrease the transcriptional activity of the 

liganded GR. For example, the presence of PR-B inhibited the GR-mediated immunosuppressive 

effect of MPA on IL-6 in both End1/E6E7 (Fig. 4.3.2.1b) and HeLa cells (Fig. 4.3.2.2b). Furthermore 

there are hints that GR may modulate PR activity. For example, in the presence of PR-B, basal IL-6 

mRNA in HeLa cells increased when GR levels were decreased (Fig. 4.3.2.3d, Fig. 4.3.3.1d) which 

might suggests that PR regulation of IL-6 might only occur with low GR. 

 

In light of this apparent co-regulation of HIV-1 infection and immunomodulatory gene expression by 

GR and PR-B, the question arose as to whether GR and PR regulate the same gene/s at the same time 

and whether the GR and PR reciprocally modulate each other’s activity. Within the scope of this 

study, the effect of PR-B on GR activity and the crude physical proximity of GR and PR were chosen 

as a starting point from which to investigate these broader issues. In addition it was investigated 

whether the presence of the less transcriptionally active PR isoform, PR-A, influenced the effects of 

PR-B on GR-mediated reporter gene regulation. 

 

The aims of this section were therefore to answer the following specific research questions: 

a) Does the PR-A/B inhibit the GR’s activity? 

b) Do GR and PR-B associate together? 

c) Are transiently expressed GR and PR-B co-expressed within the same cells? 

d) Do GR and P-BR co-localize in response to different ligands? 

 

In order to answer these questions, over-expressed (in COS1 or U2OS cells) or endogenously 

expressed (in MCF-7 cells) GR and/or PR were assessed for ligand-dependent regulation of the 

GR/PR-responsive TAT-GRE-LUC reporter gene, ligand-dependent co-immunoprecipitation of GR 

and PR, and ligand-dependent cellular co-localization of the GR and PR by confocal and super-

resolution microscopy. Dex and R5020 were used as GR- and PR-specific ligands, respectively, while 

MPA was used as a GR/PR agonist. 
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5.2 PR-A and PR-B individually repress GR-mediated activity on the TAT-GRE-LUC 

reporter gene in COS1 and U2OS cells over-expressing GR and/or PR 

 

PR-A has been shown to act as a transdominant repressor of transcriptional activity of PR-B in CV-1 

monkey kidney fibroblasts (Vegeto et al. 1993). This was confirmed in U2OS cells over-expressing 

PR-A and/or PR-B (Appendix B Fig. B5). Furthermore PR-A was demonstrated to inhibit the 

transcriptional activity of the GR in vitro (Vegeto et al. 1993). Interestingly some results from this 

study – such as PR-B altering GR-mediated anti-inflammatory regulation of IL-6 (Fig. 4.3.2.1b, Fig. 

4.3.2.2b) - point towards PR-B as a potential inhibitor of GR activity. 

 

In order to further test the effect of PR-B on GR-mediated activity, monkey fibroblast COS1 cells 

over-expressing GR and PR-A and/or PR-B were assessed for their ligand-dependent activation of the 

TAT-GRE-LUC reporter gene. 

 

In the absence of over-expressed GR, the TAT-GRE-LUC reporter gene was significantly induced 

3.7-fold by Dex, most likely mediated by the low levels of endogenous GR in COS1 cells (Fig. 

5.2.1a). In the presence of over-expressed GR this Dex induction increased considerably to a 

significant 171-fold (Fig. 5.2.1a). In the presence of PR-A or PR-B alone, this Dex-induced reporter 

gene activity was significantly reduced to 117-fold or 94-fold, respectively, but when both PR-A and 

PR-B were over-expressed together, the repression of the Dex-induced response was lifted back to 

193-fold induction (Fig. 5.2.1a). 

 

For simplification, only the Dex-induced statistical differences are shown in Figure 5.2.1a, but other 

significant differences were also observed with R5020 and MPA. MPA significantly induced the 

TAT-GRE-LUC reporter gene in the presence of GR alone (48-fold), GR with PR-B (110-fold) and 

GR with both PR-A and PR-B (83-fold), but not GR with PR-A (21.5-fold, p=0.589, Fig. 5.2.1a). 

Similarly, R5020 significantly induced TAT-GRE-LUC in the presence of GR with PR-B (210-fold) 

and GR with both PR-A and PR-B (67-fold, Fig. 5.2.1a). As expected, the R5020-induced response 

was significantly greater in the presence of PR-B (210-fold) than PR-A (6.2-fold, Fig. 5.2.1a), since 

PR-B is more transcriptionally active than PR-A. Furthermore, consistent with the repressive function 

of PR-A on PR-B, R5020-induced activation of TAT-GRE-LUC was significantly lower when both 

PR-A and PR-B were present (67-fold) compared to PR-B only (210-fold, Fig. 5.2.1a).  Over-

expression of GR and PR was confirmed by western blotting (Fig. 5.2.1b) and densitometric analysis 

(Fig. 5.2.1c-e). 
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Figure 5.2.1. PR-A and PR-B individually, but not together, repress Dex-induced activation of 

the TAT-GRE-LUC reporter gene by GR in COS1 cells. (a) Cells were seeded at 7 X 10
4
/well in 24-

well plates and allowed to adhere overnight. Cells were subsequently transfected with 125 ng pcDNA3-hGR 

and/or pSG5-hPR-A and/or pMT-hPR-B and/or pcDNA3.1 and 47 ng pTAT-GRE-E1b-LUC for 24 h. Cells 

were stimulated in triplicate wells with 100 nM final concentration of the indicated ligands in SF-DMEM for 24 

h, then washed and harvested in Reporter Lysis Buffer. Luciferase activity and total protein were measured. 

Luciferase activity was normalized to average protein concentration in mg/mL. Fold change was determined 

relative to each vehicle control set to 1. Data are pooled from 4 independent experiments where each point was 

in triplicate. (b) The remaining cell lysates were harvested in SDS sample buffer and analyzed for GR and PR-

A/B levels by western blotting using GAPDH as a loading control. Blots were probed first for PR then stripped 

and re-probed for GR. A representative western blot is shown (b). Western blots were scanned and quantified 

for relative GR (c), PR-A (d) or PR-B (e) levels by calculating integrated density values. Protein levels are 

plotted relative to the pcDNA3 empty vector control set to 1. Statistical comparisons were carried out using a 

two-way ANOVA with Tukey’s multiple comparisons post test (a) or a non-parametric Mann-Whitney t-test (c, 

-GR vs +GR) or a parametric unpaired t-test (c- e). Stars above bars indicate significant differences compared to 
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each vehicle control (a) or empty vector (-GR/PR-A/PR-B) control (c-e) unless otherwise indicated by lines, 

where ****, *** and * indicate p<0.0001, p<0.001 and p<0.05 respectively. 

 

In order to test whether these observations were reproducible in a different cell line, human U2OS 

cells over-expressing GR and PR-A and/or PR-B were assessed for their ligand-dependent activation 

of the TAT-GRE-LUC reporter gene using the same protocol as for COS1 cells. 

 

In U2OS cells, the TAT-GRE-LUC reporter gene was not induced by Dex in the absence of over-

expressed GR and PR (Fig. 5.2.2a). However, in the presence of over-expressed GR, Dex 

significantly increased reporter gene expression by 117-fold (Fig. 5.2.2a). Similar to COS1 cells, in 

the presence of PR-A or PR-B alone, Dex-induced reporter gene activity was significantly reduced to 

91-fold or 58-fold, respectively, but when both PR-A and PR-B were over-expressed together, the 

repression of the Dex-induced response was lifted back to 119-fold induction (Fig. 5.2.2a). This 

observation in both COS1 and U2OS cells is consistent with the apparent dampening of endogenous 

GR-mediated transcriptional regulation by Dex of endogenous GILZ in the presence of over-

expressed PR-B in End1/E6E7 cells (Appendix B, Fig. B4.4a). 

 

As for COS1 cells, only the Dex-induced statistical differences are shown in Figure 5.2.2a for U2OS 

cells, but R5020- and MPA-induced significant differences were also observed. The TAT-GRE-LUC 

reporter gene was significantly induced by MPA with GR alone (47-fold), GR with PR-B (75-fold) 

and GR with both PR-A and PR-B (28-fold), but not GR with PR-A (8-fold, p=0.6577, Fig. 5.2.2a). 

TAT-GRE-LUC was also significantly induced by R5020 in the presence of GR with PR-B (158-fold) 

and GR with both PR-A and PR-B (49-fold).  

 

In addition, as for COS1 cells, the R5020-induced response was significantly greater in the presence 

of PR-B (158-fold) than PR-A (5.8-fold, Fig. 5.2.2a) for U2OS cells, although the difference was 

greater for COS1 cells. Also like COS1 cells, R5020-induced activation of TAT-GRE-LUC was 

significantly lower when both PR-A and PR-B were present (49-fold) compared to PR-B only (158-

fold, Fig. 5.2.2a).  Over-expression of GR and PR was confirmed by western blotting (Fig. 5.2.2b) 

and densitometric analysis (Fig. 5.2.2c-e). The differences in absolute fold changes between COS1 

and U2OS cells may be attributed to different levels of endogenous GR (Appendix B, Fig. B6.1), 

different transfection efficiencies and/or other biological differences arising between cell lines from 

different species. Taken together, these data suggest that PR-B inhibits the GR-mediated activity on a 

reporter gene in both cell lines. 
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Figure 5.2.2. PR-A and PR-B individually, but not together, repress Dex-mediated activation of 

the TAT-GRE-LUC reporter gene by GR in U2OS cells. (a) Cells were seeded at 7 X 10
4
/well in 24-

well plates and allowed to adhere overnight. Cells were subsequently transfected, stimulated and harvested as 

described for COS1 cells (Fig. 5.2.1).  Luciferase activity was normalized to average protein concentration in 

mg/mL. Fold change was determined relative to each vehicle control set to 1. Data are pooled from 3 

independent experiments where each point was in triplicate. (b) The remaining cell lysates were harvested in 

SDS sample buffer and analyzed for GR and PR-A/B levels by western blotting using GAPDH as a loading 

control. Blots were probed first for PR then stripped and re-probed for GR. A representative western blot is 

shown (b). Western blots were scanned and quantified for relative GR (c), PR-A (d) or PR-B (e) levels by 

calculating integrated density values. Protein levels are plotted relative to the pcDNA3 empty vector control set 

to 1. Statistical comparisons were carried out using a two-way ANOVA with Tukey’s multiple comparisons post 
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test (a) or a parametric unpaired t-test (c-e). Stars above bars indicate significant differences compared to each 

vehicle control (a) or empty vector (-GR/PR-A/PR-B) control (c-e) unless otherwise indicated by lines, where 

**** and * indicate p<0.0001 and p<0.05 respectively. 

 

 

5.3 GR and PR associate in the same protein complex 

 

In order to test the hypothesis that the presence of PR modulates the activity of GR by the receptors 

associating with each other, the ability of GR and PR to co-immunoprecipitate was investigated in 

COS1 cells over-expressing GR and PR-B. These cells were chosen as they express very low levels of 

endogenous GR and are readily transfected in order to over-express GR and PR. 

 

PR-B was co-immunoprecipitated with anti-GR antibody, both in the absence and presence of MPA, 

although there was greater co-immunoprecipitation with MPA in the indicated western blot (Fig. 

5.3.1a) and in total for three out of five experiments (Fig. 5.3.1b). When experiments were pooled 

together (n=5) however, the 2.4-fold greater PR-B co-immunoprecipitation in response to MPA 

compared to the vehicle control was not statistically significant (Fig. 5.3.1b). Therefore it cannot be 

concluded that PR-B co-immunoprecipitation with GR is a ligand-dependent interaction. In all 

experiments, PR protein was not detected in the input samples (Fig. 5.3.1a, b), which may be due to 

low levels of PR below the limit of detection by western blot. As expected, GR was 

immunoprecipitated with anti-GR antibody in the presence compared to the absence of over-

expressed GR (Fig. 5.3.1a, c). A faint GR band is visible in the control lane (-GR), which most likely 

indicates the low levels of endogenous GR in COS1 cells (Fig. 5.3.1a). GR protein was only detected 

in the input samples in which GR was over-expressed (Fig. 5.3.1a, c). 
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Figure 5.3.1. PR-B is co-immunoprecipitated with anti-GR antibody in COS1 cells over-

expressing GR and PR. COS-1 cells were seeded at 1.5 X 10
6
/dish in 10 cm dishes and allowed to adhere 

overnight. Cells were then transiently transfected with 3 μg pMT-hPR-B and 3 μg pcDNA3.1 or pcDNA3-hGR 

for 24 h and stimulated with 1 μM MPA, using EtOH as the vehicle control, for 1 h. Cells were lysed and an 

aliquot was analysed by western blotting for input levels of GR and PR-B. The remaining cell lysate was 

immunoprecipitated with anti-GR antibody and magnetic protein A/G beads. Co-immunoprecipitated proteins 

were analysed by western blotting on separate blots for GR and PR-B to ensure no cross-reaction between anti-

GR or –PR antibodies. A western blot showing the biggest differences is shown (a). GR (95 kDa) and PR-B 

(114 kDa) were identified by size relative to the protein molecular weight marker. Western blots were scanned 

and quantified for relative PR-B (b) and GR (c) levels by calculating integrated density values. Protein levels are 

plotted relative to the vehicle control for both IP and input. The data are pooled from 5 independent 

experiments. Statistical comparisons were carried out using parametric unpaired t-tests (b, c) or a non-

parametric Wilcoxon t-test (c, input Vehicle vs MPA). Stars above bars indicate significant differences 

compared to each vehicle control (b, c) unless otherwise indicated by lines, where ** and * indicate p<0.01 and 

p<0.05 respectively. 

 

 

In order to eliminate any confounding factors introduced by transient transfection, the potential 

association of GR and PR was also investigated by co-IP in MCF-7 cells. These cells were chosen as 

they express detectable levels of both endogenous GR and PR. 

 

In MCF-7 cells, PR was co-immunoprecipitated with anti-GR antibody, both in the absence and 

presence of MPA (Fig. 5.3.2a, b). No significant difference between the vehicle control and MPA 

stimulation was observed, suggesting that the GR-PR association does not depend on MPA (Fig. 

5.3.2b). As expected, GR was immunoprecipitated independent of stimulation with ligand (Fig. 

5.3.2a, c). The lack of signal in the IgG control lane (sample incubated with anti-rabbit secondary 
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antibody) confirmed that PR and GR pull-down were specific (Fig. 5.3.2b, c). Equal GR and PR 

levels in the input samples were also observed (Fig. 5.4b, c), although PR-A protein levels appeared 

to be greater than PR-B (Fig. 5.3.2a). While both PR-A and PR-B were distinguishable in the input 

lanes, due to over-exposure of the western blot, the isoform that predominantly co-

immunoprecipitates with GR cannot be conclusively identified (Fig. 5.3.2a), but is labelled as PR-B 

for densitometric analysis (Fig. 5.3.2b).  

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 5.3.2. PR is co-immunoprecipitated with anti-GR antibody in both the absence and 

presence of MPA in MCF-7 cells endogenously expressing both GR and PR. MCF-7 cells were 

seeded at 1.5 X 10
6
/dish in 10 cm dishes and allowed to adhere for 48 h. Cells were then stimulated with 1 μM 

MPA, using EtOH as the vehicle control, for 1 h. Cells were lysed and an aliquot was analysed by western 

blotting for input levels of GR and PR. The remaining cell lysate was immunoprecipitated with anti-GR 

antibody (Vehicle, MPA) and magnetic protein A/G beads. As a control, a mixture of equal volumes of Vehicle 

and MPA-stimulated cell lysates was incubated with anti-rabbit secondary antibody (IgG). Co-

immunoprecipitated proteins were analysed by western blotting on separate blots for GR and PR-B to ensure no 

cross-reaction between anti-GR or –PR antibodies. A western blot showing the biggest differences is shown (a). 

GR (95 kDa), PR-A (95 kDa) and PR-B (114 kDa) were identified by size relative to the protein molecular 

weight marker. Western blots were scanned and quantified for relative PR-B (b) and GR (c) levels by 

calculating integrated density values. Protein levels are plotted relative to the vehicle control for both IP and 

input. The data are pooled from 3 independent experiments. Statistical comparisons were carried out using 

parametric unpaired t tests. Stars above bars indicate significant differences compared to each vehicle control (b, 

c) unless otherwise indicated by lines, where *** and * indicate p<0.001 and p<0.05 respectively. 
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In order to determine whether GR could also co-immunoprecipitate with PR, the reciprocal pull-down 

assay was carried out in MCF-7 cells. While PR was immunoprecipitated with anti-PR antibody, and 

GR protein was detectable in the input samples, there was insufficient GR protein co-

immunoprecipitated with anti-PR for detection by western blotting (data not shown). This avenue 

warrants further investigation, since GR-PR association should be confirmed by a reciprocal co-IP 

assay. Nevertheless, taken together, these results suggest that GR and PR associate, within the same 

protein complex in a ligand-independent manner, both in COS1 cells over-expressing GR/PR and in 

MCF-7 cells expressing endogenous GR/PR. 

 

 

5.4 GR and PR are co-expressed within the same cells 

 

Crucial to the interpretation of reporter gene results in COS1 cells over-expressing GR and PR is the 

confirmation that GR and PR are co-expressed within the same cells. This would ensure the overall 

result is not a reflection of populations of cells expressing only GR or only PR. In order to test that 

GR and PR are expressed together in the same cells, COS1 cells were transfected and stimulated with 

Dex, R5020 or MPA using the same protocol used in the reporter assay (Fig. 5.2.1) and analyzed 

visually for transfected cells by immunofluorescence using confocal microscopy. 

 

Overall only 17% of cells were successfully transfected. However, of those cells that were transfected, 

80% expressed both GR and PR together (Fig. 5.4a). A small percentage of cells expressed only PR 

(12%) or only GR (8%, Fig. 5.4a). When further divided according to ligand stimulation or vehicle 

control, 70-90% of transfected cells expressed both GR and PR together (Fig. 5.4.1b). 
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Figure 5.4. GR and PR are co-expressed within the same cells, in COS1 cells over-expressing 

GR and PR. COS1 cells were seeded at 1 X 10
5
 cells/well in 6 well plates containing sterilized coverslips and 

allowed to adhere overnight. Cells were transiently transfected with 125 ng each pcDNA3-hGR, pMT-hPR-B 

and pSG5-hPR-A for 24 h, then stimulated with 100 nM final concentration of Dex, R5020 or MPA in SF-

DMEM for 24 h, with 0.1% (v/v) EtOH as the vehicle control. Coverslips were washed, stained with anti-GR 

and anti-PR primary antibodies, fluorophore-conjugated secondary antibodies and Hoechst for nuclear staining. 

Coverslips were then mounted onto glass slides prior to immunofluorescence visualization using a confocal 

microscope. Images captured were counted manually for the number of transfected cells expressing GR and/or 

PR. The data shown are pooled from 3 independent experiments, containing 4-7 fields of view captured per slide 

and 1-30 cells per field of view. (a) percentages of combined transfected cells expressing GR only, PR only or 

both GR and PR. (b) percentages of transfected cells classified by ligand expressing GR only, PR only or both 

GR and PR. The total number of transfected cells analysed is indicated by the n value under each ligand. 

 

 

These results confirm that GR and PR are co-expressed within the same cells, in COS1 cells 

transiently transfected with GR and PR and stimulated with GR- and/or PR-specific ligands.  
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5.5 PR is mostly nuclear while GR is located in both the cytoplasm and nucleus 

 

The cellular distribution (i.e. nuclear or cytoplasmic localization) of GR and PR in response to Dex, 

R5020 or MPA in the COS1 cells over-expressing both GR and PR was also assessed by 

immunofluorescence. The localization was determined by visual examination of the fluorescent 

images and estimated to be nuclear when the fluorescent signal of the PR (red) or GR (green) channel 

overlapped with the blue signal of the nuclear stain (Hoechst, Fig. 5.6.1). 

 

While PR is expected to be localized in the nucleus in the absence and presence of PR ligands, GR is 

expected to translocate from the cytoplasm into the nucleus upon activation by GR ligands. Consistent 

with this, PR was entirely nuclear in response to R5020 and MPA (Fig. 5.5a). For Dex and the vehicle 

control, about 25% of cells showed PR localization in both the cytoplasm and nucleus, with PR being 

entirely nuclear in the remaining cells (Fig. 5.5a). No PR was localized to the cytoplasm only in any 

of the conditions (Fig. 5.5a). 

 

In the absence of ligands, GR was localized to the cytoplasm only in 35% of cells and to both the 

cytoplasm and nucleus in 62% of cells (Fig. 5.5b), suggesting that not all GR resides in the cytoplasm 

in the absence of ligands. Upon stimulation with any of the ligands, no GR was localized to the 

cytoplasm only (Fig. 5.5b). With Dex stimulation, GR was localized to the nucleus only in 28% of 

cells, and localized to the cytoplasm and nucleus in the remaining 72% of cells (Fig. 5.5b). In 

response to MPA, GR was entirely nuclear in 78% of cells, and localized to both the cytoplasm and 

nucleus in 28% of cells (Fig. 5.5b). Surprisingly, GR was entirely nuclear in 74% of cells stimulated 

with R5020, and both cytoplasmic and nuclear in the remaining 22% of cells (Fig. 5.5b). This 

suggests that GR can translocate into the nucleus in response to R5020, supposedly a PR-specific 

ligand (Fig. 5.5b).  

 

Taken together, these results show that the PR is mostly localized to the nucleus ligand-

independently, while the GR is both cytoplasmic and nuclear in the absence of ligands but is mostly 

nuclear in response to GR- and PR-specific ligands. This suggests that in COS1 cells expressing both 

GR and PR, there is overlapping GR/PR localization in the nucleus in both the presence and absence 

of ligands. 
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Figure 5.5. Increased nuclear versus cytoplasmic localization of GR and PR is observed in 

response to R5020 and MPA compared to the vehicle control in COS1 cells over-expressing both 

GR and PR. COS1 cells were prepared on glass slides as for Fig. 5.4 and visualized using a confocal 

microscope. Images captured were counted manually for the number of cells containing GR and PR localized to 

the nucleus and/or cytoplasm. Images shown are representative of 3 independent experiments, containing 4-7 

fields of view captured per slide and 1-30 cells per field of view.  Data shown are percentage of PR (a) or GR 

(b) expressed in the cytoplasm only, nucleus only or both cytoplasm and nucleus. The total number of 

transfected cells analysed is indicated by the n value under each ligand in Fig. 5.4b. 

 

 

 

5.6 GR and PR co-localize in the nucleus in response to GR- and/or PR-specific ligands 

 

Following the observation that GR and PR are expressed within the same COS1 cells and they both 

localize to the nucleus in the absence and presence of ligands, nuclear co-localization of GR and PR 

was quantified by immunofluorescence in the absence and presence of ligands. Whether or not GR 

and PR co-localize was determined here by whether signals within one fluorescent channel co-localize 

with signals in the other fluorescent channel. The extent of co-localization was quantified using a 

variety of parameters: the Manders co-localization coefficients, M1 and M2, which represent the 

proportion of GR signals overlapping with PR signals (M1) and the proportion of PR signals 

overlapping with GR signals (M2); and the Manders-derived overlap coefficient (O) which represents 

the degree of overlap between the two channels (Manders et al. 1993, Bolte and Cordelieres 2006). 

With M1/M2, co-localization is inferred with values between 0.5 and 1, for both channels; whereas no 
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co-localization is indicated when values are between 0 and 0.5. For the overlap coefficient O, co-

localization is inferred by values between 0.6 and 1, and no co-localization indicated by values 

between 0 to 0.6 (Bolte and Cordelieres 2006). However, it should be noted that co-localization, as 

determined by this method, can only be used to suggest close spatial co-occurrence or a possible GR-

PR association, given that co-localization cannot prove that the two receptors inhabit the same space, 

due to resolution limitations. 

 

The white regions of the representative merged overlay images (Fig. 5.6.1) suggest that the detectable 

signals for GR and PR overlap in the nucleus in response to the ligands Dex, R5020 and MPA, but not 

the vehicle control, where GR was mostly cytoplasmic and PR was mostly found in the nucleus. 

Quantification of co-localization for all pooled experiments confirmed that GR and PR do not appear 

to co-localize in the absence of ligands (Table 5.6.1).  

 

In the presence of the GR-specific agonist Dex, 83% of GR significantly co-localized with PR (M1) 

and 76% of PR significantly co-localized with GR (M2, Table 5.6.1), suggesting GR and PR co-

localize in response to Dex. In the presence of the PR-specific agonist R5020, 84% of GR 

significantly co-localized with PR (M1) but only 61% of PR co-localized with GR (not significant, 

M2, Table 5.6.1). For the GR/PR agonist MPA, 74% of GR near-significantly co-localized with PR 

(M1) and 77% of PR significantly co-localized with GR (M2, Table 5.6.1), suggesting that GR and 

PR co-localize in response to MPA, similar to R5020. Consistent with the above M1/M2 values, the 

overlap coefficients (O) indicate significant GR/PR nuclear co-localization occurs in response to Dex, 

R5020 and MPA (Table 5.6.1). 

 

 

Table 5.6.1. Quantification of co-localization of GR and PR in COS1 cells in response to Dex, 

R5020 and MPA using confocal microscopy.  

 

 GR co-localized with 

PR (M1) 

PR co-localized 

with GR (M2) 

Overlap (O) 

 

 

n Mean SEM Mean SEM Mean SEM 

Vehicle 22 0.483 0.074 0.39 0.078 0.666 0.044 

Dex 46 0.83
*
 0.041 0.76

**
 0.05 0.866

****
 0.023 

R5020 
29 

0.84
***

 0.061 0.61 0.072 0.821
***

 0.017 

MPA 
31 

0.741
p=0.0561

 0.063 0.765
***

 0.062 0.857
****

 0.016 

Data are shown for 3 independent experiments. Number of GR/PR-expressing cells evaluated is indicated by n 

value for each condition. Statistical comparisons were carried out comparing ligands to the vehicle control using 

a non-parametric Kruskal-Wallis ANOVA with Dunn’s post-test (M1, M2) or a parametric one-way ANOVA 

with Dunnett’s post-test (O). Stars next to the mean values indicate significance compared to the vehicle control, 

with ****, ***, ** and * indicating p<0.0001, p<0.001, p<0.01 and p<0.05 respectively. 
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Figure 5.6.1. GR and PR co-localize in the nucleus in response to Dex, R5020 and MPA in COS1 

cells over-expressing both GR and PR. COS1 cells were prepared on glass slides as for Fig. 5.4 and 

visualized using a confocal microscope. Images shown are representative of 3 independent experiments, 

containing 4-7 fields of view captured per slide and 1-30 cells per field of view. The green channel indicates 

detection of GR, the red channel indicates detection of PR and the blue channel indicates the nuclei by Hoechst 

staining. The merge panel indicates overlay of the red, green and blue channels. Quantification of co-

localization was carried out on the merged images using ZEN software, generating the co-localization panel. 

Yellow regions in the merge panel and white regions in the co-localization panel indicate overlap of the red and 

green channels. The control panel represents the secondary antibody-only control slide. Co-localization was 

quantified using Manders coefficients (Table 5.6.1). M: Manders co-localization coefficient; indicates the mean 

coefficient across the double positive transfected cells showing the degree of red (PR) in the green (GR) channel 

and the degree of green (GR) in the red (PR) channel. O: Overlap coefficient; indicates the mean overlap 

coefficient across the double positive transfected cells showing the degree of overlap of the two channels. The 

scale bar (red) indicates 20 μm. 

 

 

Vehicle

GR PR MergeHoechst

Dex

R5020

MPA

Co-localization

M=0.5 M=0.093

M=0.71

M=0.98

M=0.68 M=1

M=0.996

M=1

O=0.52

O=0.96

O=0.94

O=0.88

Control



112 
 

-G
R

+G
R

GR

GAPDH

COS1

 

The observation that GR translocated into the nucleus in response to R5020, led to the concern that 

R5020 was perhaps activating the GR. In order to test this idea, the activation of over-expressed GR 

on the reporter gene TAT-GRE-LUC in response to increasing doses (1 pM-1 μM final concentration) 

of Dex, MPA, P4 and R5020 was assessed (Fig. 5.6.2). GR over-expression was confirmed by western 

blotting (Fig. 5.6.2b).  

 

 

 

 

 

 

 

 

 

 Dex MPA P4 R5020 

Efficacy (% ± SEM) 97.15 ± 3.863 95.22 ± 4.278 28.42 ± 4.026 4.141 ± 6.06 

Potency/ EC50 (M) 3.937 e-009 1.170 e-008 3.189 e-006 N/A 

 

 

Figure 5.6.2. The PR agonist R5020, like P4, does not transactivate the TAT-GRE-LUC reporter 

gene in COS1 cells over-expressing GR. COS1 cells were seeded in 10 cm dishes at 1 X 10
6
/dish and 

allowed to adhere overnight. Cells were subsequently transfected with 10 μg pcDNA3-hGR and 3 μg pTAT-

GRE-E1b-LUC for 24 h. Cells were re-seeded at 2.5 X 10
4
 cells/well in 96-well plates and allowed to adhere for 

24 h. Ligands were prepared by serial dilutions in 100% ethanol from a 10 mM ligand stock. Cells were 

stimulated in triplicate wells with ligands at the indicated final concentrations (10 pM - 10 μM) in SF-DMEM 

for 24 h, then washed and harvested in Reporter Lysis Buffer. (a) Luciferase activity and total protein were 

measured, with luciferase activity normalized to average protein concentration in mg/mL. For the dose response 

curve, data were analysed with the maximal response (10 μM Dex) set to 100%. A non-linear regression model 

was carried out by plotting log agonist versus response with the Hill slope set to 1. (b) Cells seeded and 

transfected in parallel were harvested in SDS sample buffer and lysates were analyzed for GR levels by western 

blotting using GAPDH as a loading control. A representative western blot is shown. (c) Efficacy and potency for 

each ligand were calculated using GraphPad Prism 5. The results are pooled from 3 (R5020) or 4 (Dex, MPA, 

P4) independent experiments where each point was in triplicate.  
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With Dex as the reference full GR agonist, dose response curves were plotted in order to determine 

the relative efficacy (maximal response) and potency (effective concentration required for 50% of 

maximal response) of each ligand (Fig. 5.6.2c). MPA reached a similar maximal response to Dex, 

however the efficacies for the highest concentration (10 μM) of P4 and R5020 were only 28% and 4%, 

respectively, relative to Dex (Fig. 5.6.2a, c). The order of ligands in terms of potency was Dex > MPA 

> P4 (Fig. 5.6.2c). These results suggest that the concentration of R5020 used in the gene expression 

studies (100 nM) is unlikely to activate the GR (Fig. 4.3.2.1-4.3.2.2). However the nuclear 

translocation of GR in response to R5020 warrants further investigation. 

 

In order to obtain greater confidence in the co-localization results obtained with confocal microscopy, 

and to further indicate the close physical proximity of the GR and PR, nuclear co-localization was 

further investigated using super-resolution structured illumination microscopy (SR-SIM). This 

technique improves resolution by about 2-fold. Slides of COS1 cells used for the confocal microscopy 

were re-analyzed using SR-SIM (Fig. 5.6.3) and nuclear co-localization of GR and PR was quantified 

(Table 5.6.2). Channel alignment with commercial fluorescent beads was set up prior to imaging to 

calibrate the microscope.  

 

In addition to the Manders co-localization coefficients, M1 and M2, and the Manders derivative 

overlap coefficient, O, the Pearson’s correlation coefficient (P) was calculated using SR-SIM. P 

represents the correlation between the channels’ distributions of intensity and is considered the 

simplest co-localization coefficient. Co-localization is indicated by a P value of 0.5 to 1, with no co-

localization indicated by a value of -1 to 0.5. 

 

Consistent with the confocal microscopy data, representative SR-SIM images indicate that GR and PR 

co-localized in the nucleus in response to Dex, R5020 and MPA, while GR was mostly cytoplasmic 

and PR appeared to be entirely nuclear for the vehicle control (Fig. 5.6.3). 
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Figure 5.6.3. GR and PR co-localize in the nucleus in response to Dex, R5020 and MPA, unlike 

the vehicle control, in COS1 cells over-expressing both GR and PR. COS1 cells were prepared on 

glass slides as for Fig. 5.4 and visualized using super-resolution SIM. Images were captured and pre-processed 

and co-localization was quantified on two z-stacks per image (Table 5.6.2). Images shown are representative of 

3 independent experiments, with 3-4 fields of view captured per slide and 1-3 cells per field of view. The scale 

bar (red) indicates 10 μm. 

 

Co-localization was implied when both Manders coefficients (M1 and M2) were between 0.5 and 1. 

Based on this criteria, no co-localization between GR (M1: 0.437) and PR (M2: 0.792) was indicated 

in the absence of ligands (Table 5.6.2). Following ligand stimulation, however, the Manders 

coefficients indicated GR-PR co-localization in response to Dex (M1: 0.708, M2: 0.831), R5020 (M1: 

0.629, M2; 0.836) and MPA (M1: 0.696, M2: 0.831, Table 5.6.2). However only M1 coefficients for 

Dex and MPA were statistically significant (Table 5.6.2). Interestingly, the Manders co-localization 

coefficients obtained here (M1, M2 and O) were lower than those determined by confocal microscopy 

(Table 5.6.1), suggesting that the extent to which GR and PR co-localize may be over-estimated by 

confocal microscopy. 
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The finding that both the Manders overlap coefficient (O) and the Pearson’s correlation coefficient (P) 

were less than 0.5 indicated that no co-localization between GR and PR was observed in the absence 

of ligands (Table 5.6.2). In contrast, in the presence of ligands, O and P indicated significant GR-PR 

nuclear co-localization occurs in response to Dex, R5020 and MPA (Table 5.6.2). 

 

Taken together, these co-localization parameters are consistent with a ligand-dependent nuclear co-

localization between GR and PR, which suggests that GR and PR are likely to be within close 

physical proximity of each other in the nucleus of COS1 cells stimulated with Dex, R5020 or MPA. 

 

 

Table 5.6.2. Quantification of co-localization of GR and PR in COS1 cells in response to Dex, 

R5020 and MPA using super-resolution microscopy. 

 

  

GR co-localized with 

PR (M1) 

 

PR co-localized with 

GR (M2) 

 

Overlap coefficient 

(O) 

 

Pearson's coefficient 

(P) 

 

  Mean SEM Mean SEM Mean SEM Mean SEM 

Vehicle 

(n=8) 0.437 0.087 0.792 0.0297 0.375 0.049 0.322 0.050 

Dex  

(n=8) 0.708
*
 0.069 0.831 0.049 0.748

***
 0.072 0.734

****
 0.077 

R5020 

(n=8) 0.629 0.049 0.836 0.049 0.619
*
 0.054 0.604

**
 0.057 

MPA 

(n=7) 0.696
*
 0.077 0.831 0.047 0.681

**
 0.041 0.667

**
 0.043 

 

Co-localization coefficients were calculated using JACoP in ImageJ. The data are from 3 independent 

experiments, where 2-4 images were captured for each condition and a single z-stack was quantified per image. 

The n value indicates the number of GR/PR-expressing cells evaluated. Statistical comparisons were carried out 

using a parametric one-way ANOVA with Dunnett’s post-test. Stars next to the mean value indicate significance 

compared to the vehicle control, with ****, ***, ** and * indicating p<0.0001, p<0.001, p<0.01 and p<0.05 

respectively. 

 

 

Upon closer examination of the enlarged images, there appeared to be regions within the nucleus that 

expressed only GR (green), only PR (red) or both together (yellow), and that these regions were 

expressed adjacent to each other throughout the nucleus (Fig. 5.6.4). The yellow regions were more 

evident with the ligand stimulations compared to the vehicle control (Fig. 5.6.4) but varied in 

frequency depending on the position of the z-stack (not shown). Furthermore there were pockets of 

the nucleus where only blue stain was observed, which most likely indicates regions of DNA 

inaccessible to transcription factors (Fig. 5.6.4).  
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These results suggest that although there are regions in the nucleus that contain only the GR or only 

the PR, there are indeed areas throughout the nucleus where GR and PR do co-localize in the presence 

of ligands. Taken together, the results in this chapter support the previous findings that PR-B 

modulates the activity of the GR, and that this potentially occurs through GR-PR association and co-

localization in some regions of the nucleus, in a ligand-dependent manner. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6.4. Super-resolution microscopy indicates GR- and PR-specific regions, as well as co-

localized regions, within the nucleus of COS1 cells over-expressing GR and PR. COS1 cells were 

prepared on glass slides as for Fig. 5.4.1 and visualized using SR-SIM. Representative image of a COS1 cell 

(left) with enhanced zoom (right). Arrows indicate a representative GR-specific region (green), PR-specific 

region (red), co-localized region (yellow) and condensed DNA (white). The scale bar (red) indicates 10 μm. 

a) 
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Chapter 6 

Discussion 
 

 

 

Many women of reproductive age in Sub-Saharan Africa who are at the highest risk for HIV-1 

acquisition also use the progestin-only injectable contraceptive DMPA (Butler et al. 2013). It is 

therefore crucial to understand whether, and how, MPA increases HIV-1 infection in HIV-1 target 

cells, in order to enable women at high HIV-1 risk to make informed contraceptive choices. 

 

The lower FRT is the primary site for heterosexual HIV-1 transmission and provides a protective 

physical and immunological barrier to infection. The FRT has its own immune system compared to 

the circulatory blood system (Givan et al. 1997, Haynes and Shattock 2008, Wira and Fahey 2008, 

Jespers et al. 2010, Hafner et al. 2013, Nguyen et al. 2014, Wira et al. 2015). The immune cells 

predominantly targeted for HIV-1 infection are CD4+ T cells (Pope and Haase 2003), which represent 

a portion of the immune cells within both the circulating peripheral blood and the cervix (Prakash et 

al. 2001, Nguyen et al. 2014, Trifonova et al. 2014, Lee et al. 2015).  

 

The present study used both primary cells and a cell line (PBMCs and TZM-bls) as models to 

investigate HIV-1 infection and mechanisms thereof between the P4-high luteal phase of the menstrual 

cycle, the P4-low follicular phase and contraception with the injectable MPA. Since MPA has been 

shown to activate the GR and the PR, the present study also expanded on the role of the GR and 

changing GR/PR levels on HIV-1 infection and regulation of genes relevant to HIV-1 infection. To 

this end, this study used HeLa and End1/E6E7 cells to investigate the effects of changing GR/PR 

levels on immunomodulatory gene expression, and COS1, U2OS and MCF-7 cells to explore the 

possible modulation of GR activity by the PR through protein association and nuclear co-localization.  

 

 

6.1 MPA and luteal phase hormones both increase HIV-1 infection, but via potentially 

different mechanisms 

 

Data from the present study show that while both MPA and luteal phase E2/P4 increase HIV-1 

infection in PBMCs, MPA but not luteal phase E2/P4 changes the frequency of immune cell 

populations and expression of other markers relevant to HIV-1 infection. This suggests that MPA-

induced HIV-1 infection may occur through different mechanisms to luteal phase E2/P4, unlike 

follicular phase E2/P4 which does not significantly alter HIV-1 infection in these models. 
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6.1.1 MPA and luteal phase E2/P4 increase HIV-1 infection 

 

The present study showed that stimulation with near-peak concentrations of the contraceptive 

progestin MPA (100 nM) increased HIV-1 infection in both PBMCs and TZM-bl cervical cells. 

Specifically, MPA significantly increased HIV-1 infection in PBMCs after both 2 and 7 days’ 

stimulation (Fig. 3.2.1, Fig 3.4.1.1a) and in TZM-bls after 2 days’ stimulation (Fig. 4.2.1.1a). 

 

The observation that MPA enhanced HIV-1 infection is consistent with other in vitro studies. For 

example, exogenous stimulation with MPA increased HIV-1 infection in activated PBMCs at 1 μM 

(Huijbregts et al. 2013) or 100 nM (Ray 2015), and non-activated PBMCs and ectocervical explants at 

10 nM (Ray et al. 2017). Another study showed that 1-12.5 nM MPA increased single-cycle 

replication of HIV-1 pseudovirus (Sampah et al. 2015). One study showed that exogenous MPA did 

not increase productive HIV-1 replication, but did increase the uptake of HIV-1 in primary genital 

epithelial cells (GECs) (Ferreira et al. 2015). The same study showed that growth media supernatants 

from MPA-treated GECs increased HIV-1 replication in indicator TZM-bl cells (Ferreira et al. 2015). 

Similarly, supernatants from MPA-treated Vk2/E6E7 vaginal cells increased HIV-1 replication in 

indicator U1 cells (Irvin and Herold 2015).  

 

Furthermore, this study is in line with non-human primate models showing that MPA increases 

SIV/SHIV in rhesus and pigtail macaques (Trunova et al. 2006, Smith et al. 2015, Butler et al. 2016). 

These molecular data are also in agreement with the latest clinical studies showing increased HIV-1 

acquisition in predominantly DMPA users (Byrne et al. 2016, Tasker et al. 2017) as well as the most 

recent epidemiological observational meta-analyses showing a 40% increased HIV-1 acquisition risk 

in DMPA users compared to women using no hormone (Morrison et al. 2015, Ralph et al. 2015, Polis 

et al. 2016).  

 

The observation that MPA increases infection in animal, clinical and both local (FRT) and systemic 

(PBMCs) models in vitro/ex vivo strongly implies that MPA can increase susceptibility to infection in 

multiple settings, independent of differences in species, cell populations, immune activation status, 

hormonal microenvironment and donor. This research is thus highly relevant to women in high-risk 

areas such as Kwa-Zulu Natal in South Africa, where DMPA is the most commonly used 

contraceptive.  

 

A major concern with cell culture studies is whether the concentrations of MPA used truly represents 

physiological doses in DMPA users in vivo. Comparing the published serum MPA levels after the first 

1-3 weeks post-administration showed there is a wide inter-individual and inter-study range of MPA 

serum levels (Fig. 1.4.1.1). The average detected peak MPA serum levels are about 5-40 nM and the 
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maximum levels reported reach up to 65-100 nM (Kirton and Cornette 1974, Koetsawang 1977, 

Hapgood et al. 2018). After about 1 month, MPA serum levels plateau at around 2.6 nM for 3 months 

(Mishell 1996). Therefore the MPA concentration used in the present study (100 nM) is still within 

the physiological range and represents the upper range of peak serum DMPA-IM levels detected 

shortly after injection. It should also be noted that MPA concentrations in different tissues are 

unknown and may be different to serum levels. 

 

Additional evidence in support of MPA increasing HIV-1 infection at physiologically relevant doses 

comes from in vitro dose response experiments from the present author’s laboratory. In these studies, 

MPA as low as 50 nM in PBMCs and 10 nM in ecto- and endocervical explants still significantly 

increases HIV-1 replication [(Ray et al. 2017) and unpublished]. These findings are consistent with a 

report showing that low concentrations of MPA (1-12.5 nM) increased HIV-1 pseudovirus infection 

in non-activated PBMCs (Sampah et al. 2015). Another study indicated that MPA increased HIV-1 

replication in activated PBMCs at higher (1 μM) but not lower (10 nM) concentrations (Huijbregts et 

al. 2013). The discrepancy between the latter studies is likely to be influenced by the activation status 

of the PBMCs. Activated cells are already primed to produce T cell responses and are more 

susceptible to infection. The study by Sampah et al (2015) found that prior activation of PBMCs 

minimized the effect of MPA on HIV-1 infection. Additional differences between these studies, such 

as time of MPA incubation (18 versus 24 h), donor-specific effects, and relative immune cell 

populations between donors may explain the differences in HIV-1 replication. 

 

While no studies have yet investigated HIV-1 acquisition risk in DMPA-SC users (Polis et al. 2017, 

Hapgood et al. 2018), the peak serum concentrations are in the range of 1.6-4.4 nM (Jain et al. 2004, 

Toh et al. 2004). This appears to be lower than peak DMPA-IM levels, but to date no studies have 

directly compared maximal peak levels for DMPA-IM and DMPA-SC in the same study. Thus it is 

difficult to predict whether or not DMPA-SC use would change biological responses relevant to HIV-

1 susceptibility (Polis et al. 2017). 

 

Collectively, the evidence from this study and others showing that MPA increases HIV-1 infection in 

PBMCs at both the middle and upper ranges of physiological MPA serum levels suggests that DMPA 

users are at risk of increased HIV-1 acquisition shortly after DMPA administration.  

 

The present study also showed that hormones mimicking the luteal phase of the menstrual cycle, 

unlike the follicular phase hormones, enhanced HIV-1 infection in both PBMCs and TZM-bl cervical 

cells. Specifically, luteal phase E2/P4 significantly increased HIV-1 infection in PBMCs after 7 days’ 

stimulation (Fig. 3.2.1, Fig. 3.4.1.1), while a non-significant increase was shown in TZM-bls after 2 
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days’ stimulation (Fig. 4.2.1.1a). In PBMCs, the extent of HIV-1 infection with luteal phase E2/P4 was 

1.4-5.4-fold lower than that with MPA (Fig. 3.2.1, Fig. 3.4.1.1).  

 

Higher HIV-1 infection with luteal phase hormones in PBMCs in this study is in agreement with non-

human primate models showing increased SIV/SHIV infection during the luteal phase in naturally 

cycling macaques (Sodora et al. 1998, Vishwanathan et al. 2011, Kersh et al. 2014, McNicholl et al. 

2014, Radzio et al. 2014) or macaques treated with P4 that reached serum levels similar to the luteal 

phase (Marx et al. 1996). This finding is also consistent with a report using cervical explants ex vivo 

from naturally cycling women in the luteal phase (Saba et al. 2013). There are not many studies using 

exogenous combinations of E2/P4 to assess HIV-1 infection in vitro. One study in activated PBMCs 

showed that exogenous stimulation with follicular phase hormones (100 pM E2/1 nM P4) increased 

HIV-1 infection in PBMCs, while luteal phase hormones (1 nM E2/100 nM P4) decreased infection 

(Asin et al. 2008). However their result could reflect donor-specific differences since only one donor 

was used, as well as differences in incubation period (4 days prior to infection), concentrations of 

E2/P4 used and activation state (Asin et al. 2008). Another study indicated that a combination of 20 

nM E2/500 pM P4 had no effect on HIV-1 p24 or RNA levels in a T cell line, CEMss (Ragupathy et 

al. 2016). However, since different experimental protocols were used for these studies, the effect of 

exogenous E2/P4 on HIV-1 infection may critically depend on the donor/s used, frequency of immune 

cell types, differential activation states, order of hormone and virus incubation, type of virus used 

(IMC or pseudovirus, R5- or X4-tropic), duration of hormone stimulation and infection, and 

concentrations of E2/P4 used. 

 

Follicular phase E2/P4 (400 pM E2/1 nM P4) did not significantly increase HIV-1 infection in PBMCs 

(Fig. 3.2.1, Fig. 3.4.1.1), in contrast to luteal phase E2/P4. This is in agreement with non-human 

primate studies showing that SIV/SHIV infection was higher during the luteal phase than the 

follicular phase (Marx et al. 1996, Sodora et al. 1998, Vishwanathan et al. 2011, Kersh et al. 2014). 

Limited information is available on exogenous follicular phase hormones and HIV-1 infection in 

vitro. One study showed follicular phase hormones (100 pM E2/1 nM P4) increased HIV-1 replication 

in activated PBMCs (Asin et al. 2008). However several experimental differences exist between their 

study and the present one, including but not limited to, different E2 concentrations used, different 

hormone and virus incubation times and prior activation of the PBMCs in their study.  

 

The concentrations of E2/P4 used in the present study to represent menstrual cycle phases are 

comparable to physiological E2/P4 levels in naturally cycling women. This study used 400 pM E2 plus 

10 nM P4 to mimic the luteal phase of the menstrual cycle, but other studies have used different 

concentrations of E2/P4 to represent the luteal phase in vitro in other model systems. For example, 1 

nM E2/100 nM P4 in PBMCs (Asin et al. 2008), 10 nM E2/1 μM P4 in primary endometrial stromal 
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cells (Ancelin et al. 2002), 1 nM E2/100 nM P4 in activated PBMCs (Huijbregts et al. 2013), 10 nM 

E2/100 nM P4 in immortalized endometrial stromal cells (Schutte and Taylor 2012), and 10 nM E2/100 

nM ORG2058, as a more stable progestogen than P4, in primary endometrial stromal cells 

(Salamonsen et al. 1997). While the concentrations of luteal phase E2/P4 used in this study are lower 

than those used in the above studies, especially that of P4, the concentrations nevertheless still fall 

within the physiological range of reference values in another report (Stricker et al. 2006), where P4 

levels range between 0.95-71.87 nM and the range for E2 is 51.75-1163.02 pM across the luteal phase 

of the menstrual cycle (see section 1.3.1). Nevertheless it is possible that higher P4 concentrations 

such as 100 nM may have shown more pronounced or different effects. 

 

The effects of P4 alone (that is, without E2) on HIV-1 infection have been reported in some studies. 

For example, 500 pM P4 increased HIV-1 infection as measured by p24 levels in both a T cell line and 

PBMCs, and reduced antiviral efficacy in the T cell line (Ragupathy et al. 2016). In another study, 10 

nM P4 did not increase X4 or R5-tropic HIV-1 replication in activated PBMCs, whereas 1 μM P4 

increased replication of an X4- but not R5-tropic virus (Huijbregts et al. 2013). Previous work in the 

present author’s laboratory using available T cell lines, including Jurkat cells, showed that these cell 

lines appeared to be non-physiological due to the absence of active GR (data not shown). 

 

While high P4 has been linked to increased HIV-1 susceptibility, there is also some evidence to 

suggest exogenous E2 is protective against HIV-1 infection. For example, 10 nM E2 significantly 

decreased HIV-1 p24 levels in CD4+ T cells and macrophages (Rodriguez-Garcia et al. 2013a), while 

in other studies, topical E2 protected against SIV in animal models (Smith et al. 2000b, Smith et al. 

2004). In the present study, the combined stimulation of E2 and P4 makes it impossible to distinguish 

potential protective effects conferred by E2. The concentration of E2 used (400 pM) may also be too 

low to counteract the effects of P4, but was used in order to more accurately represent the two main 

menstrual cycle phases. However, since the E2 concentration is the same for both luteal and follicular 

phase in this study, the effects observed on HIV-1 infection and expression of immune markers are 

likely due to P4.  

 

In the present study, TZM-bl cells were used as a model of infectable cervical cells, since they express 

high levels of CD4 and CCR5 (Platt et al. 1998). Infection in TZM-bl cells measures the steps up to 

transcription of the LTR, including fusion, entry, reverse transcription, nuclear translocation and LTR 

transcription. Therefore any changes in HIV-1 infection in response to MPA in these cells suggest that 

the mechanism is not via downstream events in the HIV life cycle. TZM-bl cells thus provide a useful 

opportunity to gain insight into biological mechanisms of infection involving any of the 

abovementioned steps. Importantly, TZM-bl cells do not undergo activation like T cells and therefore 

lack the receptors and T cell-specific signalling pathways that occur in PBMCs. Therefore this model 
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provides additional insight into biological mechanisms that are independent of activation and T cell 

specific functions. However, the evidence from this study showing similar effects (that is, increased 

CCR5 levels) for both PBMCs and TZM-bl cells gives additional insight into biological mechanisms 

that are likely applicable to target cells expressing CD4 and CCR5. These target cells include many 

cell types in the FRT such as CD4+ T cells, macrophages and DCs. 

   

Large variability in HIV-1 infection was observed between biological repeat experiments in both 

PBMCs and TZM-bls, although the inter-donor variability was greater for PBMCs. This variability in 

PBMC infection was typically observed in all PBMC assays in the present author’s laboratory and is 

consistent with the literature (Sampah et al. 2015). Therefore PBMCs from each donor were pre-

screened for infectability prior to infection assays (see section 2.8.2). However the large variability 

observed in TZM-bl cells was somewhat surprising, as a cell line is expected to be relatively 

homogeneous. The source of variation between experiments was not from the virus used, since these 

assays used aliquots from the same virus stock, nor was it from changes in cell viability in the 

presence of virus, since MTT assay results showed no major changes (Appendix B. Table B1.1). 

Therefore the cause for the differences in infection is most likely the biological variation in viral 

infection between independent biological assays for TZM-bls as well as PBMCs, in which inter-donor 

variability between responses is an additional source of variability.  

 

Collectively the results from this study show, despite large variations in HIV-1 infection between 

PBMC donors, that exogenous stimulation with luteal phase hormones and MPA, but not follicular 

phase hormones, at levels within the physiological range, increases HIV-1 infection in PBMCs and/or 

TZM-bl cells. These findings may have major significance for susceptibility to HIV-1 infection in 

both naturally cycling women during the luteal phase and DMPA users during the first few weeks 

shortly after injection. These findings also suggest that the effects observed in clinical studies are 

likely due to direct effects on HIV-1 target cells expressing CD4 and co-receptors and offer 

opportunities to further investigate the mechanisms behind infection. 

 

 

6.1.2 MPA- induced HIV-1 infection most likely occurs through increased frequency of CD4+ 

T cells, increased CD4/CD8 ratios and increased CCR5 and CD69 on CD4+ T cells, 

while luteal phase E2/P4 increases HIV-1 infection via a different, unidentified 

mechanism 

 

Multiple plausible biological mechanisms have been suggested to explain how the injectable 

contraceptive MPA can increase HIV-1 infection in the FRT and in peripheral blood (see section 

1.4.3). Important mechanisms most likely relevant to the present study are changes in adaptive 
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immunity (frequency of key immune cell types and their activation status) and increased levels of the 

CCR5 co-receptor, which would facilitate R5-tropic viral entry. 

 

The present study showed that in PBMCs, MPA but not luteal phase E2/P4 significantly increased the 

frequency of CD4+ T cells (Fig. 3.3.1.1a), the primary target cells for HIV-1 infection, and 

furthermore increased the density of the activation marker CD69 on CD4+ T cells (Fig. 3.3.1.2b). 

Increased T cell activation correlates with increased T cell infection reported in some studies 

(Stevenson et al. 1990, Haase 2005, Meditz et al. 2011). The activation status of immune cells has 

been shown to render them more susceptible to HIV-1 infection (Greenhead et al. 2000, McKinnon et 

al. 2011, McKinnon and Kaul 2012). Together with higher levels of the CD4 receptor on the surface 

of host target cells, increased levels of the co-receptor CCR5 could facilitate HIV-1 entry into target 

cells. The present study showed that MPA but not luteal phase hormones increased the density of 

CCR5 on target CD4+ and CD3+ T cells (Fig. 3.3.2.2), without changing the frequency of CCR5-

expressing cells (Fig. 3.3.2.1a). These results agree with some studies in PBMCs from DMPA users. 

A recent report showed a trend for increased activation and CCR5 density in CD4+ T cells from 

women at 1 or 3 months after DMPA injection, compared to before injection (Tasker et al. 2017). In 

the same study, PBMC infection increased from month 1 to month 3 in DMPA users (Tasker et al. 

2017). Another study observed increased CCR5 expression in CD4+ and CD8+ T cells, without a 

concomitant increase in frequency in CCR5-expressing CD4+ or CD8+ T cells in DMPA users 

compared to women not using hormonal contraception (Sciaranghella et al. 2015). A third study 

showed higher CCR5 expression and frequency of CCR5-expressing T cells in the cervix but not 

matched PBMCs of injectable contraceptive (predominantly DMPA) users compared to women not 

using long-term contraceptives (Byrne et al. 2016). In this study, injectable contraceptive users were 

at a higher risk of HIV-1 acquisition compared to naturally cycling women (Byrne et al. 2016). In 

contrast, another study did not observe a difference in cervical CD4+CCR5+ T cell proportion in 

DMPA users compared to women not using hormonal contraception (Smith-McCune et al. 2017). In 

an ex vivo study, 1 μM but not 100 nM MPA prevented CXCR4 and CCR5 down-regulation in T cells 

from activated PBMCs (Huijbregts et al. 2013), which is not inconsistent with MPA increasing CCR5 

density in T cells from the present study. 

 

The finding that MPA but not luteal phase E2/P4 significantly increased CD4 and CCR5 mRNA levels 

in cervical TZM-bl cells (Fig. 3.3.2.3) further supports the PBMC results. Multiple studies with MPA 

in different FRT compartments are broadly consistent with the increased activation of CD4+ T cells in 

PBMCs and higher CCR5 levels in PBMCs and TZM-bls from this study. For example, a recent 

report in injectable contraceptive (predominantly DMPA) users showed higher frequency of activated 

cervical CD4+CCR5+ T cells compared to women not using a long-term contraceptive (Byrne et al. 

2016), while another report in DMPA users showed higher frequency of activated endometrial T cells, 
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without an increase in CCR5 density on CD4+ T cells (Smith-McCune et al. 2017). The latter study 

also showed increased expression of the activation marker HLA-DR in endometrial CD4+ and CD8+ 

T cells (Smith-McCune et al. 2017). Higher numbers of cells expressing CD3, CD8, CCR5 and the 

activation marker HLA-DR were observed in vaginal biopsies from DMPA users compared to women 

in the follicular phase (Chandra et al. 2013). In line with these studies, a recent study has shown that 

HIV-1 preferentially targets cervical CD4+ T cells that also express increased CCR5, CD69 and 

mucosal integrins (Joag et al. 2016). In addition, DMPA-treated rhesus macaques exhibited a higher 

frequency of CCR5+CD4+ cells in vaginal tissue than E2-treated macaques, although this effect was 

not statistically significant (Goode et al. 2014). In contrast to the above reports, one study showed 

decreased frequency of vaginal CD3+ and CCR5+CD3+ T cells in DMPA users (Mitchell et al. 

2014), while another reported no change in vaginal CD4+ or CD8+ T cells in DMPA users (Michel et 

al. 2015). A report in primary DCs ex vivo showed that MPA at different doses did not change 

expression of the activation marker HLA-DR (Quispe Calla et al. 2015). Furthermore, a study using 

non-activated PBMCs stimulated ex vivo with exogenous MPA (1-12.5 nM) did not observe an effect 

on the frequency of CD4+ T cells expressing CCR5, CXCR4 or the activation markers CD25, CD69, 

HLA-DR and CD38 (Sampah et al. 2015). 

 

Collectively these results suggest that increased CD4+ T cell activation and CCR5 levels are 

sometimes but not always detectable in peripheral blood and the FRT. The detectable effects of MPA 

may therefore depend on multiple variables, including but not limited to time of sampling post-

injection, populations of other immune cells and their activation status, levels of other endogenous 

hormones in vivo, concentration of MPA used and duration of stimulation in vitro. This may in part 

translate to variable responses in vivo due to inter-individual differences, for example in immune 

activation status and serum levels, which is a possible reason for varying results over 40 years in HIV-

1 acquisition studies. 

 

Importantly, the present study showed that MPA but not luteal phase hormones simultaneously 

decreased the frequency of CD8+ T cells while increasing the frequency of CD4+ T cells (Fig. 

3.3.1.1). Therefore the ratio of CD4/CD8 was significantly increased by 1.5-fold in both MPA-treated 

total CD3+ lymphocytes (Fig. 3.3.1.1c) and in cells expressing the activation marker CD69 (Fig. 

3.3.1.1d). A higher CD4/CD8 ratio is consistent with other studies in PBMCs where CD4 cells 

outnumber CD8 cells (Byrne et al. 2016, Iyer et al. 2017). In addition, higher CD4/CD8 ratios have 

been observed in PBMCs of DMPA users (Sridama et al. 1992) and postmenopausal women using 

NET for HRT (Dogan et al. 2005) but not women using COCs (Prakash et al. 2002). Taken together 

with the increase in CD69 density on activated CD4+ T cells, these results suggest that MPA 

enhances HIV-1 infection in target cells by increasing the frequency of infectable cells (CD4+), while 

concomitantly decreasing the frequency of cytotoxic cells capable of combating infection (CD8+). 
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Decreased frequency of CD8+ T cells in response to MPA is consistent with a study showing 

decreased CD8+ T cell effector function (production of IFNγ and TNF) in murine trigeminal ganglia 

stimulated with 100 pM MPA ex vivo or from mice treated with MPA-containing pellets (Cherpes et 

al. 2008a).  

 

The present study showed that MPA but not menstrual cycle hormones significantly decreased the 

frequency of activated CD69+CD14+ monocytes (Fig. 3.3.1.1b), although CD69 density (Fig. 

3.3.1.2b), CCR5 density (Fig. 3.3.2.2) and frequency of CCR5-expressing cells (Fig. 3.3.2.1a) were 

not changed. Monocytes play an important role in activating CD4+ T cells by producing soluble 

mediators. In line with this, a study in non-activated PBMCs showed that HIV-1 replication in CD3+ 

cells and whole PBMCs was lower when CD14+ monocytes were depleted (Sampah et al. 2015). The 

results from this study could therefore suggest decreased monocyte function in response to MPA, but 

further investigation is needed. 

 

Furthermore MPA has been shown to repress mRNA expression of the ligand for CCR5, RANTES, in 

PBMCs, Ect1/E6E7 and End1/E6E7 cells (Africander et al. 2011a, Govender et al. 2014, Hapgood et 

al. 2014b), which is in agreement with the literature that RANTES decreases HIV-1 infection through 

competition for CCR5 (Cocchi et al. 1995, Alfano and Poli 2005).  

 

Several clinical, ex vivo and animal studies suggest that high P4 levels, like those observed during the 

luteal phase, are associated with increased susceptibility to infection and/or increased CCR5 levels in 

the FRT (see section 1.3.2). This would suggest that there are common overlapping potential 

mechanisms for enhanced HIV-1 infection between DMPA usage and the luteal phase. However, the 

results from this study in PBMCs indicate that luteal phase hormones, unlike MPA, do not increase 

the frequency of CD3+, CD4+, CD8+ T cells or CD14+ monocytes (Fig. 3.3.1.1a), or frequency of 

activated CD69-expressing cells (Fig. 3.3.1.1b), or expression of CD69 (Fig. 3.3.1.2b), or frequency 

of CCR5-expressing cells (Fig. 3.3.2.1), or expression of CCR5 (Fig. 3.3.2.2, Fig. 3.3.2.3a). Limited 

studies are available comparing menstrual cycle phases to the injectable contraceptive MPA in the 

same study. One of these is a recent study in a cohort of South African women showing that the 

frequency of cervical CCR5+CD4+ T cells was about 4 times higher in injectable contraceptive 

(predominantly DMPA) users than naturally cycling women in the luteal phase (Byrne et al. 2016). 

Another study showed that IgG and IgA levels in CVL samples were increased in DMPA users but 

decreased in naturally cycling women post-ovulation (luteal phase) (Francis et al. 2016). However it 

is difficult to compare across in vitro and clinical studies due to methodological and biological 

differences. These results are likely to be influenced by time of sampling, immune cell frequencies, 

concentrations of endogenous hormones and/or MPA, how the menstrual cycle phases were classified, 

duration of contraceptive use and/or other variables. Taken together, the results from this study and 
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limited clinical studies support the conclusion that MPA and luteal phase E2/P4 increase HIV-1 

infection via potentially different mechanisms.  

 

The pro-inflammatory cytokine IL-6 was used in this study as a marker for inflammation. While a link 

for inflammation and enhanced HIV-1 susceptibility has been established, whether DMPA use is 

associated with increased or decreased inflammation has yielded conflicting results. Some clinical 

studies have reported an increase (Deese et al. 2015, Francis et al. 2016), decrease (Walong et al. 

2016) or no change (Morrison et al. 2014, Ngcapu et al. 2015) in IL-6 protein levels from CVLs in 

DMPA users. In the present study, MPA but not luteal phase E2/P4 repressed IL-6 mRNA expression 

in both PBMCs and TZM-bl cells (Fig. 3.3.3.1). This finding is consistent with the 

immunosuppressive function of MPA on IL-6 mRNA or protein shown in PBMCs (Huijbregts et al. 

2013, Hapgood et al. 2014b, Huijbregts et al. 2014, Michel et al. 2015), CD14+ monocytes (Hapgood 

et al. 2014b), primary endocervical fluid (Smith-McCune et al. 2017), primary ectocervical explants 

(Ray 2015), immortalized endocervical cells (Govender et al. 2014), and mouse fibroblast cells 

(Koubovec et al. 2004). Furthermore, previous research from the present author’s laboratory has 

shown that 100 nM MPA gives different effects on select genes involved in immune function 

compared to 100 nM or 1 μM P4 (Koubovec et al. 2004, Govender et al. 2014, Hapgood et al. 2014b). 

In addition, some of this work also shows that the repression of IL-6 and other pro-inflammatory 

genes by MPA requires the GR in immortalized endocervical cells and PBMCs (Govender et al. 2014, 

Hapgood et al. 2014b). In general, P4 inhibits inflammatory responses and promotes an anti-

inflammatory state in vitro (Hall and Klein 2017). Limited research on exogenous P4 include one 

study showing that 10 nM or 1 μM P4 did not change IL-6 protein levels in activated PBMCs 

(Huijbregts et al. 2013), in agreement with the present study. Other studies have shown that 1 μM P4 

represses LPS-induced IL-6 expression in primary uterine fibroblasts (Fukuyama et al. 2012, Kim et 

al. 2012), but increases TNFα-induced IL-6 mRNA expression in Vk1/E6E7 and Ect1/E6E7 cells in 

vitro (Africander et al. 2011a). The differences between studies are likely to reflect multiple 

differences in experimental design, such as cell type, activating compound and concentration of 

hormone used.  

 

The present study showing enhanced HIV-1 infection in PBMCs in response to MPA may have 

significance for disease progression to AIDS in DMPA users. However, the available albeit 

limited studies from large populations suggest MPA and other hormonal contraceptives have no 

effects on disease progression (Heffron et al. 2013, Phillips et al. 2013, Phillips et al. 2016). This 

conclusion does not exclude the possibility that the effects of MPA may be relevant for some 

individual women and may depend on time post-injection, number of years using MPA and/or 

individual MPA pharmacokinetics. 
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Taken together, the present data suggests that MPA but not luteal phase E2/P4 increase HIV-1 

infection in target cells through different potential mechanisms, with MPA increasing activated CD4+ 

T cells and CCR5 expression, while luteal phase hormones increase HIV-1 infection via an 

unidentified mechanism. This study appears to be the first to directly compare a combination of E2/P4 

representing menstrual cycle phase hormones and MPA in terms of HIV-1 infection in PBMCs and 

TZM-bls and molecular mechanisms of infection. Collectively the results from PBMCs and TZM-bl 

cells provide insight into biological mechanisms by which MPA can increase HIV-1 infection in any 

target cells which express CD4 and the CCR5 co-receptor. The increase in CCR5 levels in both of 

these cell models suggests that there is a common mechanism that is likely to be clinically relevant to 

CCR5-expressing cells in both the peripheral blood and the FRT. 

 

 

6.1.3 MPA- but not luteal phase E2/P4-induced HIV-1 infection is mediated by the GR 

 

The present study showed that HIV-1 infection induced by MPA, but not luteal phase E2/P4, is 

mediated by the GR in PBMCs (Fig. 3.4.1.1b) and TZM-bl cells (Fig. 4.2.1.1a), using the GR/PR 

antagonist, RU486 and GR siRNA, respectively.  

 

The levels of endogenous steroid hormone receptors were measured in representative female PBMC 

donors in this study. Since GR but not PR was detected (Fig. 3.4.2.1, Appendix A, Fig. A1.1), the 

effect of MPA on HIV-1 infection is most likely via the endogenous GR. The lack of detectable PR in 

PBMC samples is consistent with some (Neifeld et al. 1977, Kontula et al. 1983, Tabibzadeh and 

Satyaswaroop 1989, Mansour et al. 1994, Schust et al. 1996, D'Amore et al. 2013) but not other 

(Szekeres-Bartho et al. 1989, Asin et al. 2008, Cabrera-Munoz et al. 2012, Tan et al. 2015) reports. 

These differences could be due to multiple factors, such as donor gender, methods of detection, choice 

of antibody, menstrual cycle status (if female donors) and/or other variables. Although studies in 

MCF-7 breast cancer cells showed that stimulation with 1 nM E2 up-regulated PR mRNA levels (Cho 

et al. 1994), attempts by the present author to up-regulate expression of the endogenous PR by 

prolonged incubation with low levels of E2 (400 pM for up to 14 days) were not successful (data not 

shown). The presence of over-expressed PR-B in TZM-bl cells did not have a significant effect on 

MPA-induced HIV-1 infection (Fig. 4.2.1.1a). This supports the idea that MPA-induced HIV-1 

infection in TZM-bl cells, like in PBMCs, is mediated by the GR. While no significant increase in 

HIV-1 infection was observed with luteal phase E2/P4 in TZM-bl cells, this was also not altered upon 

PR-B over-expression (Fig. 4.2.1.1a), further suggesting that PR-B is not involved in luteal phase 

hormone-associated HIV-1 infection.   
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Possible roles of SRs other than GR and PR in MPA-induced effects were considered. The 

representative female PBMC donors expressed ERα mRNA but not protein (Appendix A, Fig. A1.1). 

Other studies have shown ERα mRNA or protein expression in PBMCs (Cohen et al. 1983, Phiel et al. 

2005, Asin et al. 2008, Pierdominici et al. 2010, D'Amore et al. 2013). Thus the effects of exogenous 

E2 upon stimulation with luteal or follicular phase hormones are likely to be mediated by endogenous 

ER in PBMCs. However, MPA does not bind to the ER (Africander et al. 2011b, Stanczyk et al. 

2013), and therefore the actions of MPA are most likely to not be mediated by the ER in PBMCs. 

While MR mRNA was detected in both PBMCs (Appendix A, Fig. A1.1) and TZM-bl cells 

(Appendix A, Fig. A2.1), MR protein levels were not detectable due to the non-specific nature of the 

available anti-MR antibody. The equilibrium dissociation constant (Ki, an indication of the ligand 

concentration at which 50% of receptors are occupied) for P4 binding to the MR is 1.7 nM and P4 has 

potent anti-mineralocorticoid activity (Wambach and Higgins 1978, Fagart et al. 1998, Africander et 

al. 2011b, Africander et al. 2013, Stanczyk et al. 2013). MPA binds MR with lower affinity than P4 

and a Ki of 197 nM (Africander et al. 2013). It is therefore possible that if MR protein was expressed, 

P4 but not MPA would be expected to antagonize the MR at the concentrations used in this study. 

While neither AR mRNA nor protein was detected in representative PBMCs (Appendix A, Fig. A1.1), 

TZM-bl cells express both GR and AR protein (Appendix A, Fig. A2.1). Given that the Ki values for 

P4 and MPA binding to the AR are 36.6 nM and 19.4 nM, respectively (Africander et al. 2014), some 

binding to the AR would be expected to occur using the concentrations of P4 and MPA in TZM-bl 

cells in this study. However, since no AR was detected in PBMCs, the effects of MPA on HIV-1 

infection observed in PBMCs are likely to be mediated by the GR only. 

 

In the present study, co-stimulation with the GR/PR antagonist RU486 in PBMCs did not change 

luteal phase E2/P4-induced HIV-1 infection in PBMCs (Fig. 3.4.1.1b), and decreasing GR levels using 

siRNA did not change luteal phase E2/P4-induced HIV-1 infection in TZM-bl cells (Fig. 4.2.1.1). This 

suggests that the increase in HIV-1 infection in PBMCs with luteal phase hormones is not mediated 

by the GR. In line with this observation is binding affinity research showing that the Ki for P4 binding 

to the GR (215 nM) is much higher than the Ki for MPA (10. 8 nM) (Koubovec et al. 2005), 

suggesting that the concentrations of P4 used in the present study to mimic the luteal phase (10 nM) or 

the follicular phase (1 nM) are most likely too low to activate a significant percentage of the GR, 

unlike MPA. Further supporting this conclusion is the dose response assay from the present study, 

where P4 activated GR-mediated reporter gene activity in COS1 cells over-expressing GR only at 1-

10 μM (Fig. 5.6.2a). P4 binding to the GR may therefore only be relevant at higher P4 concentrations 

(Jones et al. 2008, Guo et al. 2012, Lei et al. 2012, Engler et al. 2017), such as pregnancy where P4 

serum levels reach 400-636 nM (Kuhl 1990, Sheffield et al. 2009) and P4 is immunosuppressive in 

order to promote foetal tolerance (Piccinni et al. 1995, Chien et al. 2009, Tan et al. 2015). 
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Following the results showing that MPA-induced HIV-1 infection in PBMCs is mediated by the GR, 

it was of interest to measure GR protein levels in these cells. The present study showed that GR 

protein levels, in matched samples from the HIV-1 infection assay, appeared to be lower in MPA- but 

not luteal phase E2/P4-stimulated PBMCs compared to the vehicle control (Fig. 3.4.2.1a). While GR 

protein levels appeared to be decreased after 2, 7 and 12 days’ exposure to MPA, the levels were only 

significantly lower after 7 days (Fig. 3.4.2.1b). This observation suggests that MPA requires the active 

GR for increased HIV-1 infection, but may also increase ligand-dependent GR turnover. This agrees 

with other work from the present author’s laboratory showing MPA decreased GR protein levels in a 

time-dependent manner in PBMCs (Ray 2015), End1/E6E7 cells (Govender et al. 2014) and COS1 

cells (Avenant et al. 2010b). Decreased GR protein is consistent with the glucocorticoid-like 

properties of MPA and the established observation that glucocorticoids like Dex induce GR turnover 

(Dong et al. 1988, Hoeck et al. 1989, Webster et al. 1997, Wallace and Cidlowski 2001, Deroo et al. 

2002, Avenant et al. 2010a, Avenant et al. 2010b).  

 

Taken together, these data support a role for GR, but not other steroid receptors, in mediating HIV-1 

infection in response to MPA but not luteal phase E2/P4 at the concentrations used in this study. 

 

 

6.2 HIV-1 infection in the absence of exogenous MPA or E2/P4 increases with low GR/high 

PR and may involve the regulation of soluble factors  

 

The present study showed that in the absence of exogenous MPA or E2/P4, HIV-1 infection 

significantly increased when GR levels were decreased by siRNA in TZM-bl cells (Fig. 4.2.2.1a). 

Consistent with this, HIV-1 infection in PBMCs significantly increased upon stimulation with the 

GR/PR antagonist RU486 in the vehicle control condition (Fig. 3.4.1.1a). GR protein levels were not 

changed by PR-B over-expression (Fig. 4.2.2.1b, c). These results suggest that HIV-1 infection in the 

absence of exogenous MPA or E2/P4 is sensitive to changes in GR levels, with unliganded GR 

protecting against infection. However, due to the fluctuating levels of multiple endogenous hormones, 

there is unlikely to be a state of no hormones in vivo, at least for E2/P4. This suggests that GR and PR 

are unlikely to be truly unliganded. Nevertheless these data provide some insight into molecular 

mechanisms of cross talk between the GR and PR.  

 

A potential mechanism for increased HIV-1 infection when GR levels were decreased in the absence 

of exogenous MPA or E2/P4 could be via a preferential increase in CD4 expression, since CD4 mRNA 

levels were significantly increased when GR levels were decreased, unlike CCR5 or CXCR4 (Fig. 

4.3.1.1) mRNA levels which were unchanged. However the direct effects of GR on CD4 levels 

remain to be determined.  
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This potential mechanism of higher CD4 levels could also be applicable in the presence of MPA in 

TZM-bl cells, since CD4 mRNA levels were increased (Fig. 3.3.2.3b). In PBMCs, however, while 

MPA increased the frequency of CD4+ T cells (Fig. 3.3.1.1a), the densities of CD3, CD4 and CD8 on 

the surface of lymphocytes were significantly decreased (Fig. 3.3.1.2a). Usually the CD4 receptor is 

down-regulated during HIV-1 infection and cell differentiation (Paillard et al. 1990, Butera et al. 

1991, Pimentel-Muinos et al. 1992, Geleziunas et al. 1994, Levesque et al. 2004). The results from the 

present study could indicate that despite the decrease in CD4 density, the increase in the number of 

CD4+ T cells in combination with the simultaneous increase in CCR5 levels on CD4+ T cells (Fig. 

3.3.2.2), is sufficient to promote infection in the presence of MPA. Again, however, a direct effect for 

MPA on CD4 was not established in this study. 

 

Together these data suggest that there may be different effects on HIV-1 infection and expression of 

markers relevant to infection depending on different levels of GR, and whether the GR is unliganded 

or bound to MPA. There is evidence from the literature to suggest a role for the GR and GR levels in 

HIV-1 pathogenesis, although this research has mostly focussed on the liganded GR, usually bound to 

Dex. Clinically, AIDS patients have been shown to develop GC hypersensitivity and reduced 

immunity, possibly through GC-induced repression of cytokines (Mirani et al. 2002, Kino et al. 2003, 

Hapgood and Tomasicchio 2010). In addition, skin samples from AIDS-associated Kaposi’s sarcoma 

(AIDS-KS) patients have higher GR protein levels than healthy control donors (Guo et al. 1996). 

Using shRNA targeting the GR in the THP1 monocyte cell line, it was shown that ligand-activated 

GR was required for proviral integration (Wiegers et al. 2008). Thus changes in GR levels are likely 

to have physiological implications in HIV-infected individuals, as well as people exposed to high 

amounts of the endogenous GC cortisol during periods of chronic stress. 

 

In addition, the present study suggests that HIV-1 infection in the absence of exogenous MPA or 

E2/P4 is sensitive to changes in PR levels. In TZM-bl cells, HIV-1 infection was significantly 

increased with both high GR/high PR and low GR/high PR (Fig. 4.2.2.1a). This increase in HIV-1 

infection with high levels of unliganded PR-B occurs through an unknown mechanism, since there 

was no change in CD4, CCR5 or CXCR4 mRNA levels with over-expressed PR-B in TZM-bl cells 

(Fig. 4.3.1.1). There appears to be no evidence in the literature directly implicating a role for 

unliganded PR-B in HIV-1 infection. The effect of unliganded PR may be relevant to HIV-1 infection 

in the FRT, where PR protein is expressed in cervical stromal fibroblast cells and sometimes in the 

epithelium (Ayehunie et al. 2015). The PR detected in pre- and postmenopausal ecto- and 

endocervical explants in this study could therefore represent PR expression in stromal but not 

epithelial cells (Appendix B, Fig. B2.1, B2.2). Interestingly, a recent study showed that co-culture of 

endometrial stromal fibroblasts with PBMCs enhanced HIV-1 infection of CD4+ T cells, in the 
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absence of exogenous E2/P4 mimicking the luteal phase (Neidleman et al. 2017). This suggests that 

adjacent cells expressing PR can mediate HIV-1 infection of other cells. 

 

An interesting observation from the present study was that, in the absence of exogenous MPA or 

E2/P4, HIV-1 infection in TZM-bl cells could be changed when co-cultured with supernatants from 

End1/E6E7 or HeLa cells in which GR/PR levels were altered from high GR/no PR to low GR/high 

PR (Fig. 4.4.1). This indirect effect is consistent with the result in TZM-bl cells in which GR/PR 

levels were directly changed (Fig. 4.2.2.1a). Supernatants from End1/E6E7 cells with low GR/no PR 

also increased HIV-1 infection in TZM-bl cells (Fig. 4.4.1a). These results suggest a role for secreted 

soluble mediators in HIV-1 infection in the absence of exogenous MPA or E2/P4 in TZM-bl cells. 

These soluble mediators could be the result of paracrine signalling from adjacent cells or autocrine 

signalling from the TZM-bl cells themselves. Whether or not the soluble factors are regulated directly 

or indirectly by changing GR/PR remains unanswered.   

 

The present study aimed to investigate the role of the pro-inflammatory cytokine IL-6 as a soluble 

factor that could be mediating increased HIV-1 infection in the absence of exogenous MPA or E2/P4 

in TZM-bl cells. IL-6 was an attractive candidate for two reasons. Firstly, some studies have shown a 

potential association between increased IL-6 levels and HIV-1 infection (see section 1.6). Secondly, 

IL-6 expression is regulated by the transcription factor NFκB, whose subunits have been shown to 

bind to and are inhibited by both GR and PR (see section 1.6). This puts forward IL-6 as a potential 

link between the secretion of soluble mediators, HIV-1 infection and changing GR/PR levels 

 

The present study showed that basal IL-6 mRNA levels were significantly increased with low 

GR/high PR in both End1/E6E7 cells and HeLa cells (Fig. 4.3.3.1). IL-6 protein levels in HeLa cells 

followed the same pattern; with higher IL-6 protein levels of about 400 pg/ml with low GR/high PR 

compared to about 100 pg/ml with high GR/no PR (Fig. 4.4.2a). These levels are much lower than the 

20 ng/ml IL-6 secreted from endocervical cells in one study (Fahey et al. 2005). Together these results 

suggest that IL-6 mRNA and/or protein levels are sensitive to changes in GR/PR levels, where GR 

favours an anti-inflammatory response and PR-B promotes a pro-inflammatory response.  

 

The attempt to link GR/PR levels, increased IL-6 levels and HIV-1 infection in TZM-bl cells 

disappointingly did not show increased HIV-1 infection with increasing concentrations (0-200 pg/ml) 

of exogenous recombinant IL-6 (Fig. 4.4.3). This experiment did not have a positive control, which 

would in retrospect have been useful for the interpretation of the result. However, obtaining a positive 

control for the efficacy of recombinant IL-6 is not straight-forward and would have required finding a 

cell line system responsive to IL-6, that expresses an IL-6 receptor and generates a quantifiable IL-6 

response. Such a system was not available at the time but might be worth considering in future work. 
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Nevertheless, there are some in vitro studies suggesting that exogenous IL-6 increases HIV-1 

infection in different models. For example, stimulation with exogenous IL-6 (20 ng/ml) together with 

IFNγ increased susceptibility of MDMs to X4-tropic infection (Zaitseva et al. 2000). Another report 

showed that IL-6 (100 units/ml) increased HIV-1 replication in MDMs (Poli et al. 1990). However 

another study observed that recombinant IL-6 (40-1000 pg/ml) dose-dependently decreased HIV-BaL 

reverse transcriptase activity in macrophages (Rogez-Kreuz et al. 2005). Together these studies imply 

that the mechanism for IL-6 increasing HIV-1 infection is not clear. The differences between these 

studies and the present study could be attributed to multiple variables, including but not limited to 

different cell type, different concentrations of exogenous IL-6, duration of incubation, degradation of 

IL-6, and order of stimulation and infection. There appears to be no evidence in the literature on 

exogenous IL-6 and increased infection in T cells. However, the results from the present study do not 

exclude the possibility that, in line with the studies above, the increase in IL-6 mRNA/protein could 

be a potential mechanism for the observed increase in HIV-1 infection in TZM-bl cells, with low 

GR/high PR. 

Taken together, the results from this study in the absence of exogenous MPA or E2/P4 support a role 

for changes in relative GR/PR levels, from high GR/no PR to low GR and/or high PR-B levels, in 

increasing HIV-1 infection in TZM-bl cells, and that this occurs through mediating changes in 

unidentified secreted factors. 

 

 

6.3 GR-mediated gene regulation in response to MPA is altered in the presence of PR-B  

 

GILZ and IL-6 were used in this study as model genes for GR-mediated transactivation and 

transrepression, respectively (see section 1.6). Consistent with results from the present study 

(summarized in Table 6.3), robust GR-mediated transcriptional responses to GILZ and IL-6 in 

response to Dex and/or MPA have previously been reported in other cell types (Ronacher et al. 2009, 

Verhoog 2010, Africander et al. 2011a, Verhoog et al. 2011, Govender 2014, Govender et al. 2014, 

Hapgood et al. 2014b, Ray 2015).  

 

The cell type- and gene-specific differences between End1/E6E7 and HeLa cells may be due to 

variations in GR knockdown efficiency, with End1/E6E7 cells showing a 50% decreased in GR levels 

(Fig. 4.3.2.1c, d) and HeLa cells only having 25% decrease in GR levels (Fig. 4.3.2.2c, d). The GR 

levels in HeLa cells after GR knockdown may therefore still be sufficient to induce GILZ mRNA in 

response to MPA, while IL-6 repression still occurs in a GR-dependent manner possibly because IL-6 

transrepression is more sensitive to GR levels.  
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The data from the present study suggest that the presence of PR-B changes the GR-mediated 

responses to MPA. This effect was observed for the endogenous gene IL-6 in both End1/E6E7 and 

HeLa cells, whereas no effect was observed for GILZ or in response to Dex (Fig. 4.3.2.1-3, Table 

6.3). Thus the effect of PR-B on GR-mediated transcriptional responses appears to be gene- and 

ligand-specific. 

 

It could be hypothesized that with high GR/high PR, MPA molecules are divided between GR and 

PR-B such that the GR is not sufficiently activated and does not repress IL-6 expression. Then, with 

low GR/high PR in End1/E6E7 cells, MPA binds to the more available PR-B and the lower numbers 

of GR-MPA cannot repress IL-6. In contrast in HeLa cells which have a slightly higher GR:PR ratio 

even in the low GR/high PR condition, the levels of GR are sufficiently high enough to be activated 

by MPA to repress IL-6. Together this suggests that MPA regulation of IL-6 is anti-inflammatory via 

the GR and either anti-inflammatory or not changed (i.e. no longer anti-inflammatory) via the PR, 

depending on the cell type and relative GR levels. These findings could have important implications 

for the inflammatory environment in the FRT of DMPA users, where the relative levels of GR/PR 

change in response to the menstrual cycle and in different FRT compartments (see section 1.5.4). 

 

 

Table 6.3. Summary of Dex- and MPA-induced effects on GILZ and IL-6 transcriptional 

responses in End1/E6E7 and HeLa cells when the relative levels of GR/PR are altered. 

 

  

High GR 

No PR 

 

 

Low GR 

No PR 

 

 

High GR 

High PR 

 

 

Low GR 

High PR 

 

    

Ligand Gene Cell line NSC siGR NSC siGR 

-PR-B +PR-B 

Dex GILZ End1/E6E7 ++++ ++ ++++ ++ 

HeLa ++++ ++ ++++ ++ 

IL-6 End1/E6E7 ++++ + ++++ ++ 

HeLa ++++ + ++++ + 

MPA GILZ End1/E6E7 ++ - ++ - 

HeLa ++ ++ +++ ++ 

IL-6 End1/E6E7 ++ - - - 

HeLa + - - + 

Number of + signs indicates the degree of induction for GILZ and repression for IL-6, - indicates no change 

relative to the vehicle control. Results are summarized from Figures 4.3.2.1, 4.3.2.2 and 4.3.2.3.  

 

GR

GR

GR

GR

GR GR GR

GR

GR

GR

PRPR GR GR PR PR
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GR/PR protein levels relative to GAPDH were determined by western blotting in End1/E6E7, HeLa 

and TZM-bl cells. In all three cell lines, PR-B over-expression in the low GR condition was slightly 

but not significantly lower than in the non-silencing control (Fig. 4.2.1.1b, d, Fig. 4.2.2.1b, d, Fig. 

4.3.2.1c, e, Fig. 4.3.2.2c, e). This might suggest that the siRNA oligonucleotides targeting the GR can 

also target the PR for knockdown. Therefore the results with PR-B over-expression should be 

interpreted with caution. Additionally, both GR and PR undergo ligand-dependent turnover (Dong et 

al. 1988, Hoeck et al. 1989, Webster et al. 1997, Lange et al. 2000) and therefore the relative levels of 

GR and PR would also be expected to be lower in response to their ligands, adding further complexity 

to the interpretation of these results. Furthermore, differences in PR-B over-expression between the 

cell lines are likely due to variations in transfection efficiency. This was also observed between 

experiments in the same cell line (Fig. 4.2.1.1b, d, Fig. 4.2.2.1b, d). However, transfection efficiency 

using a β-galactosidase expression vector was not used since previous work suggests its expression is 

regulated by steroid hormones in the cell line models used in the present author’s laboratory.  

 

This study also suggests that liganded PR-B can decrease liganded GR transcriptional activity on a 

reporter gene (Fig. 5.2.1a, Fig. 5.2.2a). In addition, unliganded PR-A repressed GR-mediated activity 

in response to Dex as well as PR-B-mediated activity in response to R5020 (Fig. 5.2.1a, Fig. 5.2.2a, 

Appendix B, Fig. B5), which is in line with previous studies (Vegeto et al. 1993, Pieber et al. 2001, 

Maruo et al. 2010). However, when both PR-A and PR-B were over-expressed, Dex induction of 

TAT-GRE-LUC was similar to that in the absence of either PR isoform (Fig. 5.2.1a, Fig. 5.2.2a). This 

could mean that when PR-A and PR-B are co-expressed in the presence of GR, PR-A preferentially 

represses PR-B-mediated activity such that neither PR-A nor PR-B can inhibit GR-mediated activity 

and therefore a higher Dex induction is observed. These results therefore suggest that the relative ratio 

of PR-A/PR-B could influence GR-mediated gene regulation, which may change the pro- or anti-

inflammatory response. In line with this, a study showed that liganded PR-A increases pro-

inflammatory responses while PR-B promotes anti-inflammatory responses on some 

cytokine/chemokine genes (IL-1β, IL-8) in immortalized myometrial cells expressing inducible PR 

isoforms (Tan et al. 2012).  

 

Interestingly, while MPA induced TAT-GRE-LUC 48-fold in the presence of GR, this induction was 

further increased to 110-fold in the presence of GR and PR-B (Fig. 5.2.1a, Fig. 5.2.2a). This suggests 

that both GR and PR-B mediate up-regulation of TAT-GRE-LUC at the same time in response to 

MPA. Following the hypothesis from the earlier data on endogenous IL-6 that PR-B modulates GR-

mediated activity in response to MPA, it is possible that MPA-bound PR-B inhibits the activity of 

MPA-bound GR. However this effect cannot be distinguished since MPA-bound PR-B also mediates 
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induction of TAT-GRE-LUC. Alternatively, perhaps only the unliganded PR is able to modulate GR 

activity, in the presence of Dex which does not bind PR. 

 

PR-specific gene regulation was not fully explored in this study, for a number of reasons. Firstly, the 

study aimed to investigate expression of endogenous genes, which are likely to be more 

physiologically relevant than promoters such as MMTV which contain 4 GRE/PREs. Another 

criterion for candidate genes in this study was their relevance to immune function. It was therefore 

challenging to find a PR-regulated immune function gene that is not already regulated by the GR. It is 

likely that other transactivation and/or transrepression immune function genes are regulated by the PR 

only; however a thorough search for such genes was not conducted. For the purposes of this study it 

was decided that robust GR-mediated responses on GILZ and IL-6 would be sufficient for the current 

investigation into immune function in the FRT. 

 

Secondly, results from this study suggest that over-expressed PR-B was not functional on endogenous 

genes, based on the observation that over-expressed PR-B regulated progestin induction of the 

reporter gene TAT-GRE-LUC but not the GR/PR-regulated endogenous gene MKP1 in both 

End1/E6E7 and HeLa cells (Appendix B, Fig. B4.3). This observation is consistent with a previous 

report that newly synthesized PR, unlike constitutively expressed PR, cannot activate the MMTV 

promoter in NIH 3T3-derived cells (Smith et al. 1993, Smith et al. 2000a). The same authors showed 

that deficient PR activity on an endogenous MMTV promoter was due to the inability of the PR to 

initiate the chromatin remodelling required for gene activation (Smith et al. 1997). In retrospect, a 

more suitable cell line model would have been the derivative HeLa cells stably over-expressing each 

of the PR isoforms (Richer et al. 1998). There are additional reasons why PR-B would be functional 

on a reporter gene but not an endogenous gene. For example, the high copy number of over-expressed 

promoter-reporter expression vectors, and the absence of adjacent condensed regions of chromatin 

could enable greater access for PR-B to the DNA and therefore could explain high PR-B activity on 

the TAT-GRE-LUC reporter gene but not the endogenous gene. 

 

Thirdly, while characterizing the function of endogenous GR and PR in MCF-7 and T47D cell lines, it 

was found that PR was functional on the TAT-GRE-LUC reporter gene (Appendix B, Fig. B6.2a, c), 

but GR was only weakly functional on endogenous transactivation models (Appendix B, Fig. B6.2b, 

d, Fig. B6.3a, c) and not functional on endogenous transrepression models (Appendix B, Fig. B6.3b, 

d). It is tempting to speculate that the high levels of PR in T47D cells could be inhibiting endogenous 

GR activity. One study found that the absolute levels of GR protein were about 60-fold lower than PR 

in T47D cells (Horwitz et al. 1978), which could suggest preferential use of the more-available PR 

than GR, at least for ligands that can bind both receptors. Consistent with the present study, other 

studies have also reported a non-functional GR in T47D cells (Cato et al. 1986, Cato et al. 1988, 
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Chalepakis et al. 1988, Wu and Pfahl 1988, Nordeen et al. 1989). A T47D derivative cell line stably 

expressing comparable amounts of GR to those of PR, T47D-A(1-2), has been described (Nordeen et 

al. 1989). This cell line would also perhaps have been a better choice for investigating GR/PR 

reciprocal modulation on endogenous genes. However, attempts to transiently over-express increasing 

amounts of GR expression vector in T47D cells in this study were unsuccessful (Appendix B, Fig. 

B6.4). Interestingly, in T47D-A(1-2) cells the stably integrated MMTV promoter was found to be 

more inducible by GC than progestin (Archer et al. 1994a, Archer et al. 1994b), suggesting that when 

GR/PR levels are equivalent, a GR-mediated response is favoured. In line with this, a recent study in 

T47D-A(1-2) cells showed that GR knockdown restored PR-mediated gene regulation in response to 

R5020, suggesting that GR can modulate PR activity in this model (Ogara et al. 2015). It is tempting 

to speculate that stably expressed GR inhibits PR activity in these cells. 

 

While the results of the present study suggest that PR-B can modulate the activity of liganded GR on 

some genes in some cells, other studies suggest that the presence of GR can inhibit PR activity. 

Collectively these observations suggest that GR and PR can reciprocally modulate each other’s 

activity. These findings suggest that the relative levels of GR/PR may play an important role in 

determining the inflammatory and immune responses in the FRT of DMPA users. 

 

 

6.4 Unliganded GR-mediated gene regulation is altered in the presence of unliganded PR-B 

 

This study also provides some evidence that changing the relative levels of GR/PR alters the basal 

transcription of some but not other immunomodulatory genes in the absence of MPA (Fig. 4.3.3.1-2). 

These findings are summarized in Table 6.4. These results suggest that in the absence of MPA, 

changing GR/PR levels from high GR/no PR to low GR/high PR modulates the basal expression of 

some immunomodulatory genes, in a gene- and cell-specific manner. 

 

While the genes investigated in this study (Table 6.4) are known to be regulated by the GR, their 

regulation by the PR is not well established. The exception is IL-8, for which ligand-mediated 

repression via both GR and PR has been demonstrated. IL-8 repression by GR and PR occurs through 

different mechanisms, where PR inhibits the recruitment of Pol II to the transcription initiation site 

and GR bound to SRC-2 inhibits the transcription elongation factor b complex (Rogatsky et al. 2002, 

Kobayashi et al. 2010). Interestingly, one study in immortalized myometrial cells with inducible PR 

isoforms showed that in the absence of ligands, PR-B-dominant cells expressed higher levels of IL-1β 

and IL-8 than the PR-A-dominant cells (Tan et al. 2012). Together the data on IL-6, IL-8, RANTES 

and GILZ in the present study could suggest that the unliganded GR generally favours an anti-
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inflammatory state while the unliganded PR-B generally favours a pro-inflammatory state in cervical 

cells.   

 

It is difficult to say whether or not unliganded GR modulates the activity of unliganded PR-B based 

on the results from this study. In HeLa cells over-expressing PR-B, basal IL-6 mRNA levels increased 

when GR levels were decreased (Fig. 4.3.3.1d, Table 6.3). In addition, in End1/E6E7 cells over-

expressing PR-B, basal GILZ mRNA levels increased when GR levels were decreased (Fig. 4.3.3.1a, 

Table 6.3). It could be that PR-mediated regulation of these genes can only occur with low GR levels, 

but the effects appear to be gene- and cell type-specific. Further investigation is therefore needed, 

using genes shown to be directly regulated by the PR. 

 

Table 6.4. Summary of basal transcriptional responses in End1/E6E7 and HeLa cells when the 

relative levels of GR/PR are altered 

 

  

High GR 

No PR 
 

 

Low GR 

No PR 

 

High GR 

High PR 

 

Low GR 

High PR 

    

Ligand Gene Cell line NSC siGR NSC siGR 

-PR-B +PR-B 

None 

(basal) 

GILZ End1/E6E7 +++ ++ + + 

HeLa - - - + 

IL-6 End1/E6E7 - + - + 

HeLa - + +++ ++++ 

IL-8 HeLa - - - + 

RANTES HeLa - - - + 

IL-10 HeLa - + (?) + (?) - 

IL12-p35 HeLa - - - - 

IL12-p40 HeLa - + (?) - + (?) 
Number of + signs indicates degree of induction for GILZ and IL-10, and repression for IL-6, IL-8, IL-12 and 

RANTES. - indicates no change relative to NSC-PR-B. (?) indicates a non-statistically significant effect. Results 

are summarized from Figures 4.3.3.1 and 4.3.3.2. 

 

It is possible that the effects on immunomodulatory gene expression in this study from high GR/no 

PR to low GR/high PR are solely due to changes in GR levels (Gougat et al. 2002). Higher levels of 

unliganded GR can dimerize and regulate expression of GILZ in COS1 cells over-expressing GR 

(Robertson et al. 2013b). In addition, a portion of unliganded GR is localized to the nucleus and can 

activate transcription in the absence of hormone ligands, and in the presence of other signalling 

factors such as TNFα (Hapgood et al. 2016).  

 

GR

GR

GR

GR

GR GR GR

GR

GR

GR

PRPR GR GR PR PR
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Alternatively, it could be that unliganded GR and unliganded PR-B modulate each other’s activity 

through various mechanisms including changing chromatin remodelling in key regulatory regions. 

There are many studies using liganded receptors that support this hypothesis. For example, progestin-

bound PR can activate transiently expressed but not stably integrated MMTV that has acquired an 

ordered chromatin formation, unlike glucocorticoid-bound GR (Archer et al. 1994a, Archer et al. 

1994b, Smith et al. 1997). Another study showed that RU486-bound PR inhibited GR activation of 

the MMTV promoter by preventing GR’s ability to promote assembly of a transcription initiation 

complex (Fryer et al. 1998). In line with this, the unliganded PR in breast cancer cells was shown to 

silence basal expression of target genes by recruiting a multi-protein repressor complex that was 

displaced upon hormone binding (Vicent et al. 2013). Additionally, R5020-activated PR has been 

shown to inhibit glucocorticoid-induced activation of β-casein by physically binding to the promoter 

and blocking GR binding (Buser et al. 2011). However, the chromatin remodelling capabilities, 

interacting partners and context-dependence of GR and PR are more complex than indicated here and 

have been reviewed by others (Kagoshima et al. 2001, Trotter and Archer 2007, Grontved and Hager 

2012, King et al. 2012, Burd and Archer 2013, Ceballos-Chavez et al. 2015). Taken together, PR-B 

could repress GR activity by modifying the chromatin architecture and/or physically preventing GR 

binding to promoters. 

 

The differential effects observed with changing GR/PR levels could also be a result of competition for 

available co-factors (co-activators, co-repressors and co-modulators). Hundred of co-regulators 

interact with the GR (Weikum et al. 2017b). Levels of exogenously expressed co-repressors NCoR 

and SMRT differentially affected the potency of agonists bound to GR versus PR (Song et al. 2001). 

Furthermore, PR and GR both interact with steroid receptor coactivator (SRC)-1 and SRC-2, but have 

different preferences, that is, PR preferentially recruits SRC-1, while GR prefers SRC-2 (Li et al. 

2003). Co-activator expression and function also vary in a cell- and tissue-specific manner (Molenda 

et al. 2003, Lonard et al. 2007, York and O'Malley 2010, Stashi et al. 2014) and could therefore 

influence the ligand-independent transcriptional responses to changing GR/PR. 

 

Taken together, over-expressed PR-B appears to modulate the GR-mediated regulation of some key 

immunomodulatory genes, but not others, in the absence of MPA, which may involve a number of 

mechanisms not further explored in this thesis. This provides useful insight into reciprocal modulation 

of GR- and PR-mediated transcriptional activity. These results could have implications for the 

baseline inflammatory and immune responses in naturally cycling women not using contraceptives, 

where relative levels of GR/PR change in the FRT across the menstrual cycle.  
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6.5 GR and PR may associate within the same protein complexes within the nucleus 

 

Following the data above suggesting that GR and PR may reciprocally modulate each other’s activity 

in regulation of some immunomodulatory genes, it was hypothesized that the mechanism of reciprocal 

modulation could be through physical association of the receptors. Using co-IP to infer an interaction 

(which could be either direct or indirect), PR appeared to be pulled down with anti-GR antibody, in 

both COS1 cells over-expressing GR/PR-B and MCF-7 cells expressing endogenous GR/PR (Fig. 

5.3.1-2). There appeared to be greater PR pulled down in the presence of MPA in COS1 cells in some 

but not all experimental repeats (Fig. 5.3.1), suggesting that the GR-PR interaction may be ligand-

dependent. However this was not clear in MCF-7 cells. Further investigation is therefore required to 

determine the ligand-dependency of this association. 

 

Consistent with this, another study using reciprocal co-IP assays showed that PR-A interacts with GR 

in mouse lung cells, although they did not investigate whether GR interacts with PR-B (Shao et al. 

2006). Furthermore a recent study in T47D cells showed that fluorescent tagged mCherryGR and 

eGFP-PR formed a complex in the presence of R5020 or Dex but not in the absence of ligand (Ogara 

et al. 2015). The same study showed using ChIP-seq in T47D-A(1-2) cells that 74% of Dex-bound 

GR mapped to the same binding regions as R5020-bound PR, and conversely that 48% of PR-bound 

regions were also bound by GR (Ogara et al. 2015). This supports the hypothesis that GR and PR can 

bind to the same target regulatory DNA regions as a possible heterodimer.  

 

Following the indication of a potential association, the cellular localization of over-expressed GR and 

PR in COS1 cells was investigated using immunofluorescence with confocal microscopy (Fig. 5.5). 

GR and PR were shown to be mostly co-expressed within the same cells (Fig. 5.4). In addition, 

quantification of nuclear co-localization showed that GR and PR co-localized (that is, spatially co-

occurred) in the nucleus in response to the ligands Dex, R5020 and MPA but not the vehicle control 

(Fig 5.6.1, Table 5.6.1). This finding was further supported using SR-SIM, which has about a 2-fold 

higher resolution than confocal microscopy (Fig. 5.6.3, Table 5.6.2). Further inspection of SR-SIM 

images indicated that ligand-dependent GR-PR co-localization occurred within some regions of the 

nucleus, but that there were regions expressing GR-only or PR-only (Fig. 5.6.4). 

 

These results are consistent with other work showing that PR is mostly localized to the nucleus 

(Perrot-Applanat et al. 1985, Renoir et al. 1990, Guiochon-Mantel et al. 1991) and that GR 

translocates to the nucleus in a ligand-dependent manner (Picard and Yamamoto 1987, Vicent et al. 

2002). It has also been shown that GR nuclear translocation can be increased by increasing GR levels 

(Robertson et al. 2013a). A previous report using immunohistochemistry showed that PR-A and GR 
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co-localize in the nucleus in mouse lung alveolar but not bronchial epithelium, although this is likely 

influenced by the low levels of endogenous corticosterone (Shao et al. 2006).  

 

The nuclear translocation of GR in response to R5020 has to the present author’s knowledge not been 

previously shown. R5020 is generally used in relative binding affinity studies as the reference ligand 

with 100% binding to the PR. There are limited reports suggesting that R5020 can bind to the GR 

with low affinity (Nordeen et al. 1981, Stromstedt et al. 1990), so this finding is perhaps unsurprising. 

The dose response assay in this study indicated that R5020 at 100 nM did not activate GR-mediated 

TAT-GRE-LUC reporter gene activity (Fig. 5.6.2). This suggests that while R5020 could induce GR 

nuclear translocation, R5020-bound GR may not be transcriptionally active. These results support the 

idea that R5020 is a poor PR-specific agonist, and future studies should perhaps focus on a PR agonist 

with no GR cross-reactivity, such as NET (Ronacher et al. 2009). 

 

In light of the work showing that PR can physically block GR binding to a target promoter (Buser et 

al. 2011), there is likely a dynamic and temporal interplay where the GR and PR move on and off the 

same target promoters. This leads to interesting unanswered questions such as whether GR and PR 

bind to the same sites like promoters and/or regulatory regions of immunomodulatory genes, in a 

ligand-dependent or –independent manner. However, as mentioned above, this may depend on 

chromatin context, co-factor expression, promoter-specific effects and/or other factors. 

 

Together the results from the co-IP assays suggest that GR and PR associate in a ligand-independent 

manner, while the immunofluorescence results suggest that GR and PR co-localize in a ligand-

dependent manner. It is possible that a GR-PR association in the same complex in the nucleus 

modulates the ligand-dependent effects of different GR/PR ligands, while other non-genomic 

mechanisms may operate for ligand-independent effects. These non-genomic mechanisms could 

include modulation of chromatin remodelling and activation of signalling cascades. Non-genomic 

signalling pathways have been described for both the GR and PR (Ehring et al. 1998, Edwards et al. 

2002, Leonhardt et al. 2003, Stellato 2004, Vallejo et al. 2005, Chien et al. 2006, Lowenberg et al. 

2008, Gellersen et al. 2009, Ordonez-Moran and Munoz 2009). It is also possible that the GR-PR 

association in the absence of MPA observed by co-IP occurs with a very small percentage of GR/PR 

such that these effects are not observed with immunofluorescence. This effect would especially not be 

observed if this association occurs in the cytoplasm, since SR molecules are more spread out than in 

the nucleus. Taken together, the results from this study support the hypothesis that GR and PR 

associate with each other. This closer physical proximity may be a mechanism by which GR and PR 

reciprocally modulate each other’s activities. This may be relevant in the FRT where GR/PR ligands 

induce the nuclear co-localization and association of GR and PR, in addition to possible non-genomic 
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effects in the cytoplasm, which may have important consequences on GR- and PR-mediated 

immunomodulatory gene regulation and/or HIV-1 infection. 
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Chapter 7 

Conclusions and Future Perspectives 
 

 

 

7.1 Conclusions 

 

The results in PBMCs and TZM-bl cells support the first central hypothesis in this study, which was 

that MPA, at a concentration representing the upper range of serum levels in DMPA users, and E2/P4, 

mimicking the luteal phase of the menstrual cycle, increase HIV-1 infection, and that this may occur 

through potentially different biological mechanisms. These mechanisms of enhanced infection in 

PBMCs with MPA, unlike luteal phase E2/P4, are most likely through an increased CD4/CD8 ratio, 

increased expression of CCR5 co-receptor on the surface of CD4+ T cells, and increased expression 

of the activation marker CD69 on CD4+ T cells. The results in cervical TZM-bl cells showing that 

MPA increases HIV-1 infection and mRNA levels of both the CD4 receptor and the CCR5 co-

receptor strongly support the PBMC results. The results in both PBMCs and TZM-bl cells also 

provide evidence of a role for the GR and GR levels in modulating HIV-1 infection in the presence of 

MPA. The results also support other studies suggesting that DMPA users and women in the luteal 

phase of the menstrual cycle are at higher risk of HIV-1 acquisition than women in the follicular 

phase.  

 

While the TZM-bl cervical cell model does not fully represent the FRT, it provides a useful 

opportunity to study HIV-1 infection, particularly viral entry, and provides insight into biological 

mechanisms relevant to HIV-1 target cells. While there are known differences in immune cells (such 

as frequency of T cells) in the FRT compared to PBMCs, the results from the two models used in this 

study combined (PBMCs and TZM-bls) suggest that these mechanisms are likely relevant to any 

HIV-1 target cells in the body. These HIV-1 target cells include many cell types in the FRT that 

express CD4 and the CCR5 co-receptor, such as CD4+ T cells and macrophages. This thesis therefore 

provides important evidence for the proof of concept for biological mechanisms of infection. 

Currently the biomarkers for infectability have not been defined (Hapgood et al. 2018). However the 

results from this study suggest that CCR5 levels may be a useful biomarker. Furthermore the finding 

that luteal phase hormones increase HIV-1 infection via a different mechanism to MPA suggests that 

the effects are not due to P4 but rather to activation of the GR by MPA. 

 

The present author is aware that there are limitations translating ex vivo research to in vivo effects. 

However this study aimed to find evidence of biological mechanisms for MPA and HIV-1 infection, 
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which cannot be done in vivo. Another limitation of the current study is that the cell models used were 

non-FRT target cells, so the immune system of the FRT was not fully represented. Furthermore the 

concentrations of exogenous hormones used ex vivo in this study were possibly too high for MPA and 

too low for P4 representing the luteal phase. Nevertheless the molecular mechanisms and insights 

provided by these data are consistent with many clinical observations, and provide strong support for 

a role of increased CCR5 levels as a key biological mechanism by which MPA can increase HIV-1 

infection in any HIV-1 target cells that express CD4 and CCR5, in both peripheral blood and the local 

FRT. 

 

In line with the growing body of epidemiological and molecular evidence that MPA increases 

susceptibility to HIV-1 infection, the WHO has recently changed the medical eligibility criteria for 

MPA and other injectables from Category 1 (no restriction) to Category 2 (where the benefits of using 

this method “generally outweigh the theoretical or proven risks”) (World Health Organization 2017). 

Identifying progestin contraceptives with no effects on HIV-1 infection, such as NET-EN or LNG, 

that may be more suitable alternatives to DMPA in high HIV-1 risk areas, is a subject of ongoing 

research (Hapgood 2013). 

 

The results of this thesis also provide proof of concept in support of the second central hypothesis of 

this study, which was that changing the relative levels of GR/PR can influence HIV-1 infection and 

the regulation of immunomodulatory genes in the FRT. This is relevant to DMPA users in vivo since 

MPA activates both the GR and the PR. Together the results in cervical cell lines suggest that MPA 

acting via the GR increases HIV-1 infection and promotes immunosuppressive regulation of key GR-

mediated immunomodulatory genes. Furthermore the presence of PR-B increases HIV-1 infection in 

the absence of MPA and modulates GR-mediated immunomodulatory gene regulation in both the 

absence and presence of MPA. However the effect of PR-B on immunomodulatory gene expression 

appeared to be gene-, ligand- and cell type-specific, which suggests that in these models the main 

contribution to increased HIV-1 infection is not via different expression of immunomodulatory genes. 

This appears to be consistent with the current clinical studies suggesting that overall MPA may have 

no effect on immunomodulatory gene expression. Nevertheless the in vitro evidence of 

immunosuppressive effects of MPA via the GR suggest that other progestin-based contraceptives that 

do not act via the GR, such as NET (Ronacher et al. 2009), administered as the injectable Nur-isterate, 

may be more suitable contraceptives to use in high HIV-1 risk areas (Hapgood 2013). The use of NET 

instead of MPA may thus be less likely to enhance sexual HIV-1 transmission in these high-risk areas. 

 

The third central hypothesis of the current study, stating that GR and PR reciprocally modulate each 

other’s activity through a possible interaction, was supported by the results suggesting that PR-B may 

modulate the activity of GR in some contexts and that there is a ligand-dependent association between 
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GR and PR in the nucleus. Although cell lines and not primary FRT cells were used, the results 

supporting the second and third hypotheses are likely to have important physiological relevance to 

changing relative GR/PR levels in FRT tissues in vivo. This may be particularly relevant for immune 

function and susceptibility to HIV-1 acquisition in the ectocervix, where both GR and PR are 

expressed. PR expression in the ectocervix has been shown to be higher during the luteal phase, which 

would result in conditions of either high GR/high PR or low GR/high PR in vivo. This would depend 

on GR levels which also fluctuate in response to circadian and chronic stress-induced variations in 

endogenous GCs like cortisol (Cohen et al. 2012, Patterson et al. 2013, Contoreggi 2015, Cain and 

Cidlowski 2017). However, the high inter-donor variability in GR and PR protein expression in 

cervical samples ex vivo suggests that the effects of changing relative GR/PR levels on HIV-1 

infection and immunomodulatory gene regulation may be more pronounced in some women than 

others.  

 

Based on the results from this study, it could be hypothesized that HIV-1 infection increases in the 

presence of MPA as a result of two concurrent biological mechanisms, which are represented 

schematically in Figure 7.1. The main mechanism is that MPA increases CCR5 levels on the surface 

of target cells and increases activation of CD4+ T cells while simultaneously increasing the ratio of 

CD4/CD8 T cell frequency (Fig. 7.1: 1). This effect is likely to be relevant to all HIV-1 target cells in 

the body, including the FRT. The second mechanism is that MPA activates the GR which regulates 

GR-dependent transactivation of GILZ and transrepression of IL-6 (Fig. 7.1: 2, 3). GR-mediated 

regulation of immunomodulatory genes creates a more anti-inflammatory, immunosuppressive state 

which could promote HIV-1 infection by suppressing the adaptive immune responses in the local FRT 

(Fig. 7.1: 2). The presence of PR-B, however, does not affect HIV-1 infection but modulates GR-

mediated regulation of key immunomodulatory genes, such as increasing expression of IL-6, via a 

GR-PR association (Fig. 7.1: 4, 5). Therefore the presence of PR-B promotes a more pro-

inflammatory state. However the balance of pro- or anti-inflammatory effects depends on the relative 

levels of GR/PR, which are likely to vary in the FRT from different women in vivo.  

 

In conclusion, the results from this thesis provide insight into likely biological mechanisms for MPA-

induced HIV-1 infection in target cells expressing CD4 and CCR5. In addition, the results from this 

study suggest that HIV-1 infection critically depends on GR but not PR-B levels, while regulation of 

immunomodulatory genes depends on changing GR/PR levels. Taken together, it is likely that DMPA 

use may increase HIV-1 infection in some but not other individuals, depending on multiple factors 

such as CCR5 levels on target cells, CD4+ T cell frequency, varying GR/PR levels, metabolism, 

serum concentrations, immune activation status and endogenous hormone levels. The complexity of 

these factors may be a molecular explanation for why so much variability has been observed in 

clinical studies of MPA and HIV-1 acquisition. 
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Figure 7.1. Model representing possible biological mechanisms by which MPA increases HIV-1 

infection in target cells and the effects of changing GR/PR levels on HIV-1 infection and 

immunomodulatory gene regulation in the presence of MPA. MPA is lipophilic and diffuses 

across the cell membrane. (1) MPA increases CCR5 levels on the surface of target cells, increases 

activation of CD4+ T cells and increases the frequency of CD4+ T cells while simultaneously 

decreasing the frequency of CD8+ T cells. These biological mechanisms combined result in increased 

HIV-1 infection in target cells. (2) With high GR/no PR, MPA induces GR-mediated transactivation 

of GILZ and transrepression of IL-6. In addition, MPA increases HIV-1 infection, most likely via the 

biological mechanisms indicated in (1). (3) With low GR/no PR, the GR-mediated regulation of GILZ 

and IL-6 is lost. Furthermore HIV-1 infection with low GR/no PR is abolished compared to high 

GR/no PR, suggesting that high GR levels are required for MPA-induced HIV-1 infection. (4) With 

high GR/high PR and (5) low GR/high PR, MPA induces IL-6 mRNA expression, suggesting that PR 

modulates GR-mediated activity. This occurs via a ligand-dependent GR-PR association, indicated by 

the line joining GR and PR. The presence of PR-B does not change MPA-induced HIV-1 infection, 

suggesting that infection depends on GR but not PR levels. For simplification, GR and PR are 

represented as monomers that directly bind to target gene DNA and regulate transactivation of GILZ 

or transrepression of IL-6, IL-8 and RANTES. Figure layout adapted from (Hapgood et al. 2016). 
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7.2 Future perspectives 

 

The results from this thesis led to several interesting unanswered questions that could be explored 

further. A few of these are discussed below. 

 

Importantly, this study provides in vitro proof of concept of relevant biological mechanisms by which 

MPA can increase HIV-1 infection. Whether these biological mechanisms are clinically relevant in 

vivo remains to be determined. Therefore important future work could test whether some or more of 

these mechanisms are also observed using PBMC and FRT samples from women on MPA compared 

to women using no hormonal contraceptives and either in the luteal or the follicular phase of the 

menstrual cycle.  

 

The PBMCs used in the present study were from female donors at unknown phases of the menstrual 

cycle. It remains unanswered whether or not the endogenous E2/P4 levels in the serum of these 

women, who may already be in either the luteal or follicular phase, could be masking the effects of 

exogenous E2/P4 in this study. Future work could therefore include quantifying endogenous E2/P4 

serum levels, thereby categorizing the PBMC donors as in the luteal or follicular phase, prior to HIV-

1 infection assays. This study also did not investigate whether more pronounced or different effects on 

HIV-1 infection and regulation of markers relevant to infection would be observed using exogenous 

P4 at higher concentrations. Peak levels of P4 in the luteal phase as high as 71-200 nM have been 

reported (Goebelsmann 1986, Vassiliadou et al. 1999, Stricker et al. 2006). Therefore another 

approach for in vitro PBMC experiments would be to use different combinations of E2/P4 with higher 

P4 concentrations, in order to better mimic the early, mid- and late luteal and follicular phases. Co-

stimulation with exogenous LH and FSH could also be used to mimic the natural cycle more closely. 

 

It could be that different responses might be observed if E2 was co-stimulated with MPA. Therefore, 

in order to more closely mimic the hormonal environment in the serum of DMPA users, future PBMC 

experiments could use exogenous stimulation of MPA together with E2/P4 at concentrations observed 

in DMPA users. Whether the effects on HIV-1 infection with MPA are also observed at lower 

physiological doses of exogenous MPA is a subject of ongoing study in the present author’s 

laboratory. These experiments also use ex vivo cervical explant models to gain insight into 

mechanisms of HIV-1 infection in the FRT. Infection assays from the current study used an R5-tropic 

IMC where infection was indicated by LTR-driven expression of Renilla luciferase. However, since 

the findings from this study are in the context of the laboratory-adapted strain HIV-1BaL_Renilla, and 

since different strains of HIV-1 behave differently, some of this data may change if other strains were 

to be tested. Whether this infection model is physiologically relevant could be tested using clinical 

isolates of R5- and X4-tropic viruses. It remains unanswered whether the GR plays a direct role in the 
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regulation of CCR5 expression. This is also a subject of ongoing research in the present author’s 

laboratory. 

 

The question also remains whether GR/PR levels change in tissues from the FRT in vivo. Future work 

could therefore investigate GR/PR levels in FRT samples from women using MPA and women during 

different stages of the menstrual cycle. An approach for measuring relative GR/PR levels in primary 

FRT cells could be immunohistochemistry analysis of archived sections taken from these women. 

 

Another unanswered question is whether endogenous or stably expressed PR could have different 

effects on immunomodulatory gene expression in vitro compared to transiently over-expressed PR, as 

used in this study. Further research could employ the use of other cell line models expressing both GR 

and PR, for example, the HeLa derivative stably expressing PR-B (Richer et al 1998, Mori et al 2009), 

the MDA-MB-231 breast cancer cell lines stably expressing each of the PR isoforms and the 

T47D(A1-2) breast cancer cell line which expresses high levels of endogenous PR and equivalent 

levels of stably expressed GR (Nordeen et al. 1989).  In these cell line models, the relative levels of 

GR/PR could be altered using siRNA knockdown only, thereby eliminating the confounding effects of 

variable PR over-expression. In addition to these cell lines, another approach to investigate changing 

GR/PR levels in a primary cell model could be to use nucleofection to over-express PR in PBMCs. 

 

It is unclear whether the GR and PR may be in close enough physical proximity to interact and form a 

heterodimer. The work of this study showing ligand-dependent GR/PR nuclear co-localization and 

protein association, and of Ogara et al (2015), enticingly suggest that GR and PR may interact in a 

ligand-dependent manner to form a heterodimer. This would be interesting to follow up using Forster 

Resonance Energy Transfer (FRET) in MPA-treated cells, in order to suggest close physical 

proximity. FRET and GR/PR co-localization in response to MPA could also be investigated in other 

cell line models expressing both GR and PR, such as the cell lines stably expressing PR derived from 

HeLa and MDA-MB-231 cells and the T47D(A1-2) breast cancer cell line.  

 

One of the unanswered questions from the present study is whether there is a causative link between 

one or more of the immunomodulatory genes regulated by GR/PR and increased HIV-1 infection. It is 

tempting to speculate that IL-6, showing higher mRNA and/or protein levels with low GR/high PR, 

could increase HIV-1 infection in TZM-bl cells. However, this link was not established in this study. 

Future work could therefore investigate different combinations of soluble factors, such as IL-6 and 

other cytokines, on mediating HIV-1 infection indirectly in TZM-bl cells. However there are likely to 

be complex combinations of soluble factors involved, making it difficult to identify in vitro. Therefore 

another experiment for future consideration is the high-throughput screening for genes relevant to 

immune function that are differentially expressed with changing GR/PR levels, for example using 
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RNA-Seq. If a candidate(s) is identified and exogenous stimulation of its product can enhance HIV-1 

infection in vitro, the causal link can be demonstrated if co-incubation with an antibody specific to 

this factor abolishes HIV-1 infection. A candidate gene for further investigation could be the 

chemokine IL-8. Previous work has shown that repression of NFκB-driven IL-8 expression is 

regulated by both GR and PR (Kunsch and Rosen 1993, Mukaida et al. 1994, Nissen and Yamamoto 

2000, Horie et al. 2005, Tsaprouni et al. 2007). There is also some conflicting evidence linking IL-8 

and HIV-1 infection (Denis and Ghadirian 1994, Meddows-Taylor et al. 1998, Tiemessen et al. 2000, 

Lane et al. 2001, Promadej-Lanier et al. 2010, Mamik and Ghorpade 2014), further suggesting that 

IL-8 could be a promising GR/PR-regulated gene involved in HIV-1 infection. Whether GR and PR 

occupy the same promoter(s), such as IL-8, at the same time, in a ligand-dependent manner, could be 

tested in vitro using chromatin immunoprecipitation assays. Regarding the choice of receptor-specific 

agonists, there are some hints from this thesis suggesting that R5020 may be a poor PR-specific 

agonist. Therefore future assays could instead use NET or other progestins which do not bind to the 

GR. 

 

The mechanism by which unliganded PR-B increased HIV-1 infection in TZM-bl cells was not 

identified in this study. Interestingly, there is evidence that the HIV-1 long terminal repeat (LTR) 

promoter contains binding sites for the GR (Mitra et al. 1995, Hapgood and Tomasicchio 2010). 

Owing to their ability to recognise and bind to similar DNA target sequences, the PR may also bind to 

these sites in the LTR promoter. It would therefore be interesting to determine whether PR-B could 

also modulate HIV-1 infection via regulating LTR promoter activity. However there are conflicting 

reports in the literature (Hapgood and Tomasicchio 2010) showing that liganded GR can mediate 

either increased (Furth et al. 1990, Wiegers et al. 2008) or decreased (Laurence et al. 1989, Mitra et 

al. 1995, Kino et al. 2000, Hanley and Viglianti 2011) HIV-1 LTR transcription. Thus investigating a 

role for GR/PR and changing relative GR/PR levels on LTR-mediated transcription could be an 

avenue for further research. 
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Appendix A 

Supporting data from other researchers in the Hapgood laboratory 

 

 

Previous research from former PhD students in the Hapgood laboratory has established the basal 

steroid receptor mRNA and/or protein levels in the model cell systems used within this study.  

 

A1. PBMCs: 

PBMCs from two representative female donors express only detectable GR protein (Fig. A1.1b), but 

also express ERα, GR and MR mRNA (Fig. A1.1a). In this experiment, the same anti-PR antibody 

was used as for the present study, while MR was excluded due to the non-specific property of the 

available anti-MR antibody. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.1. Basal steroid receptor mRNA (a) and protein (b) levels in two representative 

female PBMC donors (R. Ray, PhD thesis 2015, pg 74). (a) Steroid receptor mRNA levels were 

determined using conventional PCR with cDNA from two PBMC donors (#1 and #2) and receptor-specific 

primers (Tomasicchio et al. 2013), using GAPDH as a control for mRNA levels. Positive controls (+ctrl) for the 

steroid receptors were created by PCR amplification of the relevant plasmid DNA. PR (PRAB) has two positive 

controls, with PR-B loaded first, then PR-A. NTC denotes the no template control (negative control). PCR 

products were analyzed by gel electrophoresis. (b) Total protein isolated from two PBMC donors using TAPS 

b) a) 
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buffer was electrophoresed on an 8% SDS-PAGE gel followed by western blotting using antibodies specific to 

each steroid receptor. Positive controls (+) were created using COS1 cells, and were visualized using shorter 

exposure times on the same blots (Ray 2015). This figure also appears in (Tomasicchio et al. 2013). 

 

 

A2. Cell Lines 

 

HeLa cervical carcinoma cells express only detectable GR protein (Fig. A2.1b), but also express GR, 

AR and MR mRNA (Fig. A2.1a). The modified HeLa cell line, TZMBL, expresses GR and AR 

protein (Fig. A2.1b), and GR, AR and MR mRNA (Fig. A2.1a). The antibody against MR used here 

appears to be non-specific, but since MR mRNA is expressed, it may be possible that MR protein is 

expressed in HeLa and TZMBL cells at levels below the western blot detection limit.  

 

 

 

 

Figure A2.1. Basal steroid receptor mRNA (a) and protein (b) levels in HeLa and TZMBL cells 

(Y. Govender, PhD thesis 2014, pg 73). HeLa (1.5 X 10
5
) and TZMBL (1 X 10

5
) cells were seeded in 12 

well plates and incubated overnight. Cells were washed with cold 1 x PBS and harvested with TRI Reagent for 

total RNA (a) or with SDS sample buffer for total protein (b). Steroid receptor gene expression (a) was 

measured using real-time qPCR with receptor-specific primers (Tomasicchio et al. 2013) and primers for the 

housekeeping gene GAPDH as a loading control. PCR products were confirmed by gel electrophoresis. Controls 

were created by PCR amplification of the relevant steroid receptor expression vector (pcDNA3-hGR, pMT-PR-

B, pSV-hAR, pRS-hMR and pSG5-hER) plasmid DNA (+CTRL) or empty vector pcDNA3 plasmid DNA (-

CTRL). Steroid receptor protein levels (b) were confirmed by SDS-PAGE with equal volumes of cell lysate and 

western blotting using specific antibodies, including anti-MR (H-300, sc-11412), anti-AR (441, sc-7305), anti-

PR (C-20, sc-539) anti-ERα (MC-20, sc-542, all from Santa Cruz Biotechnology) and GAPDH as the loading 

control. Controls were created in COS1 cells by transient transfection for 24 h with empty vector pcDNA3 (-

CTRL) or with steroid receptor expression vectors (+CTRL), followed by harvesting in SDS sample buffer 

(Govender 2014). This figure also appears in (Govender et al. 2014). 
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End1/E6E7 immortalized endocervical epithelial cells express GR, ERα and low levels of AR but not 

MR or PR-B protein (Fig. A2.2). The same non-specific antibody against MR was also used here. 

Both Fig. A2.1 and A2.2 used different anti-PR antibodies to what was used in the present study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.2. Basal steroid receptor protein levels in End1/E6E7 cells (N. Verhoog, PhD thesis 

2010, pg 62). Equal volumes of whole cell lysates from End1/E6E7 cells, untransfected COS1 cells (-ve 

control) or COS1 cells transiently transfected with steroid receptor expression vectors (pSG5hPR-B, pCMV-

HA-hGR, pSVhARo, and pRShMR) (+ve control) were analyzed by western blotting using antibodies against 

(a) ERα, (b) GR, (c) PR (B-30, sc-811, Santa Cruz Biotechnology), (d) MR and (e) AR, using β-actin (#4967, 

Cell Signaling, South Africa) as the loading control. Other antibodies used were the same as for Fig. A1b. For 

ERα (a), the positive control was an ER-expressing HeLa cell lysate (Verhoog 2010). 

 

 

A3. Cervical explants 

 

Ectocervical explants from normally cycling premenopausal women express detectable protein levels 

of GR, PR-A, PR-B, ERα and AR, in both the luteal (n=6) and follicular (n=6) phases of the 

menstrual cycle, with high inter-individual variability in protein levels (Fig. A3.1). In this experiment, 

the same anti-PR antibody was used as for the present study, while MR was excluded due to the non-

specific property of the available anti-MR antibody. A slightly different method of protein isolation 

from cervical explant tissue (TissueRuptor probe homogenizer) was used compared to the present 

study (TissueLyser). 

 

d) 

e) 

a) b) 

c) 
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Figure A3.1. Basal steroid receptor protein levels in ectocervical explants from premenopausal 

women in the luteal or follicular phase of the menstrual cycle (R. Ray, PhD thesis 2015, pg 114). 

Cervical explants were homogenized in 800 μl Buffer RLT (Qiagen) with a probe homogenizer (TissueRuptor, 

Qiagen) and total protein was quantified using the Bradford assay. Western blots were carried out using 20 μg 

total protein loaded onto 8% SDS-PAGE gels and western blotting using antibodies specific to each steroid 

receptor. Positive controls (+) were created using COS1 cells, and were visualized using shorter exposure times 

on the same blots (Ray 2015).  
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Appendix B 

Supporting data from the present author 

 
 

Pilot assays for HIV-1 infection and the establishment of model cell line systems in which to study 

changing GR/PR, carried out by the present author, are presented as supplementary data in this 

appendix.  

 

B1.  Confirmation of HIV-1 infection in PBMCs 

 

The ability of exogenous MPA or hormones mimicking the menstrual cycle phases to activate the 

HIV-1 LTR in the absence of HIV-1BaL_Renilla (that is, the no-virus control) was measured in PBMCs. 

No significant differences were observed for any of the stimulation conditions (Fig. B1.1), suggesting 

that the exogenous hormones do not regulate the HIV-1 LTR. The presence of HIV-1BaL_Renilla 

significantly increased the relative HIV-1 infection of the vehicle control, after both 2 and 7 days’ 

stimulation with ligands (Fig. B1.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B1.1 Stimulation with MPA or hormones mimicking the menstrual cycle phases does not 

change basal HIV-1 LTR activity. PBMCs were stimulated and infected as described in Fig. 3.2.1. The 

results show pooled data from at least 3 independent experiments, with 2-3 PBMC donors each, for a total of 7 

independent donors. Relative infection was calculated as Renilla luciferase (RLU) divided by average 

absorbance at 595nm (MTT) for the quadruplicate wells. Infection was plotted relative to each day’s vehicle 

control plus virus set to 100%. Statistical comparisons were carried out using a two-way ANOVA with Tukey’s 

multiple comparisons post test. Significance is indicated by lines between samples with **** indicating 

p<0.0001.  
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For the same experiment, absolute HIV-1 infection was significantly higher in the vehicle control 

after 7 days, compared to the vehicle control plus virus after 2 days (Fig. B1.2), implying that the 

PBMCs were productively infected. These results are supplementary figures from the experiment 

reported in Fig. 3.2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B1.2. HIV-1 infection increases between 2 and 7 days of stimulation with exogenous 

hormones mimicking the menstrual cycle phases or contraception with MPA. PBMCs were 

stimulated and infected as described in Fig. 3.2.1. The results show pooled data from at least 3 independent 

experiments, with 2-3 PBMC donors each, for a total of 7 independent donors. Relative infection was calculated 

as Renilla luciferase (RLU) divided by average absorbance at 595nm (MTT) for the quadruplicate wells. 

Infection was plotted relative to each day’s vehicle control plus virus set to 100%. Statistical comparisons were 

carried out using a two-way ANOVA with Dunnett’s multiple comparisons post test. Stars above bars indicate 

significant differences compared to the Day 2 Vehicle control plus HIV-BaL, where **** indicates p<0.0001. 

 

 

 

The effect of the GR antagonist RU486 on MPA-induced HIV-1 infection was measured in PBMCs 

(Fig. 3.4.1.1b). When the PBMC donors in which MPA increased HIV-1 infection relative to the 

vehicle control (that is, the MPA-responders) were plotted separately, the same decrease in MPA-

induced HIV-1 infection in the presence of RU486 observed for all donors pooled together (Fig. 

3.4.1.1b) was also shown. These results imply that the MPA-induced increase in HIV-1 infection is 

mediated by the GR. 
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In order to depict the biological variation in HIV-1 infection but not cell viability in response to HIV-

1 infection, raw luciferase and MTT values are shown for two representative experiments for both 

PBMCs and TZM-bls (Table B1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B1.3. MPA-induced HIV-1 infection is mediated by the GR in MPA-responder PBMC 

donors. PBMCs were stimulated and infected as described in Fig. 3.4.1.1. The results show pooled data from 4 

PBMC donors. Relative infection was calculated as Renilla luciferase (RLU) divided by average absorbance at 

595nm (MTT) for the quadruplicate wells. Infection was plotted relative to both vehicle controls plus virus set 

to 100%. Statistical comparisons were carried out using a two-way ANOVA with Tukey’s multiple comparisons 

post test. Significance is indicated by lines between samples with **** indicating p<0.0001.  
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Table B1. Variation in HIV-1 infection in PBMCs and TZM-bls arises from biological 

variability in luciferase and not cell viability between replicate wells.  

   
PBMCs 

Experiment Infection Stimulation Raw LUC (RLU) Raw MTT (A595) 

#2058  

(Day 7) 

No-virus 

control 

Vehicle 60.0002 56.0002 76.0003 62.0002 0.098 0.106 0.099 0.101 

Luteal 60.0002 62.0002 64.0002 76.0003 0.073 0.1 0.078 0.088 

Follicular 74.0003 44.0001 58.0002 62.0002 0.084 0.09 0.077 0.093 

MPA 62.0002 66.0002 48.0001 70.0002 0.082 0.096 0.083 0.093 

HIV-BaL 

Vehicle 282.004 208.002 366.007 136.001 0.073 0.068 0.074 0.088 

Luteal 238.003 1290.08 182.002 102.001 0.078 0.069 0.076 0.081 

Follicular 148.001 182.002 106.001 198.002 0.075 0.077 0.073 0.092 

MPA 968.046 984.048 1416.1 898.04 0.066 0.062 0.066 0.068 

#9922  

(Day 7) 

No-virus 

control 

Vehicle 90.0004 62.0002 66.0002 82.0003 0.071 0.09 0.074 0.086 

Luteal 66.0002 76.0003 54.0001 64.0002 0.056 0.07 0.062 0.077 

Follicular 70.0002 70.0002 80.0003 86.0004 0.055 0.067 0.065 0.07 

MPA 94.0004 90.0004 70.0002 68.0002 0.055 0.067 0.066 0.077 

HIV-BaL 

Vehicle 82.0003 56.0002 66.0002 64.0002 0.054 0.07 0.061 0.075 

Luteal 2214.24 500.012 2532.31 1628.13 0.055 0.066 0.061 0.073 

Follicular 160.001 86.0004 172.001 132.001 0.054 0.063 0.06 0.059 

MPA 2232.24 2234.24 1600.13 1890.18 0.059 0.062 0.053 0.07 

   
TZM-bls 

Experiment Infection Transfection Raw LUC (RLU) Raw MTT (A595) 

#2 

No-virus 

control 

NSC-PR-B 28854.7 30140.4 31326 29787.4 0.532 0.558 0.694 0.694 

NSC+PR-B 29235.8 33011.3 32957.1 29693.1 0.459 0.469 0.531 0.595 

siGR-PR-B 20965.5 25756.5 24260.8 21238.1 0.226 0.239 0.308 0.283 

siGR+PR-B 23150.2 25622.1 20801.2 22107.9 0.365 0.271 0.336 0.293 

HIV-BaL 

NSC-PR-B 586966 205754 329188 380737 0.493 0.669 0.602 0.43 

NSC+PR-B 733567 512358 515511 723883 0.531 0.466 0.587 0.542 

siGR-PR-B 354830 719678 483164 671821 0.324 0.322 0.327 0.351 

siGR+PR-B 498183 643268 568996 621761 0.354 0.194 0.3 0.226 

#3 

No-virus 

control 

NSC-PR-B 42713.2 54350.4 52681.6 51455.4 0.29 0.396 0.372 0.235 

NSC+PR-B 33517 48806.4 55134.6 51294.6 0.308 0.328 0.264 0.367 

siGR-PR-B 22126 36854.4 41237.2 38821.7 0.372 0.248 0.316 0.353 

siGR+PR-B 18717.2 32925 33878.1 33930.3 0.218 0.309 0.372 0.344 

HIV-BaL 

NSC-PR-B 711256 905192 933196 816823 0.319 0.49 0.42 0.479 

NSC+PR-B 761815 1085240 887348 664797 0.274 0.322 0.407 0.401 

siGR-PR-B 436981 535677 554797 623917 0.333 0.33 0.33 0.284 

siGR+PR-B 437437 554517 480423 747691 0.294 0.199 0.176 0.16 

 

Raw values for Renilla luciferase (HIV-1 infection/LTR activation) and cell viability (MTT assay) are shown 

for two representative experiments each for PBMCs and TZM-bls. Each condition was measured in 

quadruplicate wells. 

 



157 
 

Luteal Follicular

GR

PR-B

GAPDH

P
R

O
G

2
7

P
R

O
G

3
9

P
R

O
G

5
1

P
R

O
G

8
3

P
R

O
T1

P
R

O
T1

1

P
R

O
T5

8

P
R

O
G

2
8

P
R

O
G

4
0

P
R

O
G

4
0

P
R

O
G

4
2

P
R

O
G

4
4

P
R

O
G

4
9

P
R

O
G

5
0

P
R

O
T3

P
R

O
T7

PR-A

Pre-menopausal ectocervix

B2. GR and PR are expressed in pre- and post-menopausal cervical explant tissue 

 

In order to replicate the pattern of PR-A, PR-B and GR protein expression between the luteal and 

follicular phase of the menstrual cycle shown previously (Appendix A, Fig. A3.1), total protein was 

extracted from additional ectocervical explants from normally cycling premenopausal donors and was 

probed for GR and PR protein levels by western blotting (Fig. B2.1). Donor information such as age 

and levels of endogenous reproductive hormones are shown in Appendix D. While no clear pattern 

between the luteal and follicular phase was observed for these samples due to the high variability in 

protein detection, both GR and PR were detectable in both phases of the menstrual cycle (Fig. B2.1). 

 

 

 

 

 

 

 

 

 

 

 

Figure B2.1. Both GR and PR are detectable in ectocervical explants from women in the luteal 

and follicular phase of the menstrual cycle. Cervical explants of about 3 x 3 mm were thawed from 

samples archived on the day of surgery. Explants were homogenized in RIPA Buffer using the TissueLyser. 

Total protein was quantified using the BCA assay. Western blots were carried out using antibodies specific to 

GR, PR or the loading control GAPDH. Luteal phase donors n=7; Follicular phase donors n=9. 

 

 

In addition to premenopausal cervical explants, samples from postmenopausal donors were screened 

for endogenous GR/PR protein expression by western blotting in matched endocervical and 

ectocervical lysates from the same donors. Both GR and PR were detectable in cervical explants from 

postmenopausal donors, with GR levels appearing to be greater in the ectocervix while PR levels were 

greater in the endocervix (Fig. B2.2). 
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Figure B2.2. Both GR and PR are detectable in endo- and ectocervical explants from 

postmenopausal women (n=4). Cervical explants of about 3 x 3 mm were thawed from samples archived on 

the day of surgery. Explants were homogenized in RIPA Buffer using the TissueLyser. Total protein was 

quantified using the BCA assay. Western blots were carried out using antibodies specific to GR, PR or the 

loading control GAPDH. Positive controls were created using COS1 cells transiently transfected with 1 μg GR/1 

X 10
5
 cells and T47D breast cancer cells expressing endogenous PR-A and PR-B.  

 

B3. Establishing GR knockdown and immune function gene regulation by the GR in 

End1/E6E7 and HeLa cells 

 

An important aspect of investigating the effects of changing the relative ratios of GR/PR on 

transcriptional responses in cervical cells was to establish independent GR- and PR-mediated gene 

regulation. Known for their robust responses to GCs, the anti-inflammatory mediator GILZ and the 

pro-inflammatory cytokine IL-6 were chosen as a model gene for GR-mediated transactivation and 

transrepression, respectively.  

 

In pilot experiments in End1/E6E7 cells, GILZ mRNA was induced 7.4-fold by Dex but not MPA, 

and this up-regulation was reduced to 2.7-fold when GR levels were decreased by siRNA targeting 

the human GR (Fig. B3.1a). IL-6 mRNA was repressed by Dex 5.3-fold and MPA 2.4-fold, and when 

GR levels were decreased, this repression was lifted back to basal levels (Fig. B3.1b). However these 

differences were not significant as only two independent repeats were analyzed. Decreased GR 

protein levels after 72 h post-transfection with siRNA were confirmed by western blotting (Fig. 

B3.1c). 
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Figure B3.1. The effects of Dex and/or MPA on GILZ and IL-6 gene expression is mediated by 

the GR in End1/E6E7 cells. Cells were seeded at 1.5 X 10
5
 cells/well in 12 well plates and allowed to 

adhere overnight. Cells were subsequently transfected with 10 nM NSC or siGR for 48 h. Cells were stimulated 

with 100 nM final concentration of the indicated ligands in SF-KSFM for a further 24 h, then cells were washed 

and RNA was extracted. cDNA was synthesized from 500 ng RNA then used in quantitative RT real-time 

qPCR. Relative mRNA levels of GILZ (a) and IL-6 (b) were normalized to GAPDH mRNA levels. Relative 

expression was determined by normalizing to the vehicle control set to 1. The results are pooled from 2 

independent experiments. (c) Cells seeded and transfected in parallel were harvested in SDS sample buffer and 

lysates were analyzed for GR levels by western blotting using GAPDH as a loading control. Lysates from COS1 

cells over-expressing 1 μg pcDNA3-hGR were used as a positive control.  A representative blot is shown. 

 

 

In pilot experiments in HeLa cells, GILZ mRNA was induced by both Dex (4.6-fold) and MPA (3.9-

fold); however when GR levels were decreased, GILZ was only reduced by 1.5/1.3-fold (Dex/MPA) 

(Fig. B3.2a), which was much less than the 2.8-fold difference observed in End1/E6E7 cells (Fig. 

B3a). IL-6 mRNA was repressed only by Dex (2.7-fold) but not MPA; this repression was lifted when 

GR levels were decreased (Fig. B3.2b). Decreased GR protein levels after 72 h post-transfection with 

siRNA were confirmed by western blotting (Fig. B3.2c).  
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Figure B3.2. The effects of Dex and/or MPA on GILZ and IL-6 gene expression is mediated by 

the GR in HeLa cells. Cells were seeded at 1 X 10
5
 cells/well in 12 well plates and allowed to adhere 

overnight. Cells were subsequently transfected with 10 nM NSC or siGR for 48 h. Cells were stimulated with 

100 nM final concentration of the indicated ligands in SF-DMEM for a further 24 h, then cells were washed and 

RNA was extracted. cDNA was synthesized from 500 ng RNA then used in quantitative RT real-time qPCR. 

Relative mRNA levels of GILZ (a) and IL-6 (b) were normalized to GAPDH mRNA levels. Relative expression 

was determined by normalizing to the vehicle control set to 1. The results are pooled from 2 independent 

experiments. (c) Cells seeded and transfected in parallel were harvested in SDS sample buffer and lysates were 

analyzed for GR levels by western blotting using GAPDH as a loading control. Lysates from COS1 cells over-

expressing 1 μg pcDNA3-hGR were used as a positive control. A representative blot is shown. 

 

 

These results suggest that Dex-induced GILZ and IL-6 responses are regulated via the GR in both 

End1/E6E7 and HeLa cells, and that MPA-induced GILZ expression in HeLa cells and IL-6 

expression in End1/E6E7 cells are regulated via the GR. The discrepancy between End1/E6E7 and 

HeLa cells may in part be due to different endogenous GR levels (Fig. B6.1) or other cell- and/or 

promoter-specific differences. 
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B4. Establishing PR-B over-expression and TAT-GRE-LUC reporter gene regulation by the 

PR-B in End1/E6E7 and HeLa cells 

 

Over-expression of PR-B was achieved in End1/E6E7 and HeLa cells by transient transfection of 

different amounts of the pMT-hPR-B expression vector. 

 

End1/E6E7 cells appeared to be sensitive to transfection with PR-B, as observed by less cell growth 

or perhaps cell death seen under the microscope when amounts greater than 250 ng/1.5 X 10
5
 cells 

were transfected (not shown). In a pilot assay, transfection of 250 ng PR-B/1.5 X 10
5
 cells showed a 

460-fold PR-B response on TAT-GRE-LUC (not shown). By looking at the total protein levels, an 

indication of cell number, only a small, acceptable reduction in cell number was observed (not 

shown). Therefore 250 ng PR-B was used in all subsequent experiments in End1/E6E7 cells. 

 

PR-B was successfully over-expressed without changing endogenous GR levels in both End1/E6E7 

(Fig. B4.1b) and HeLa (Fig. B4.2b) cells. A greater amount of pMT-hPR-B expression vector could 

be transfected into HeLa cells (500 ng/ 1 X 10
5
 cells, Fig. B4.3b). In western blots, relative PR-B 

signal strength from over-expressed samples was not greater than those from samples expressing 

endogenous PR (data not shown), suggesting that over-expressed PR levels were within the 

physiological range. In End1/E6E7 cells, transactivation of the PR-responsive TAT-GRE-LUC 

reporter gene by the progestins R5020 (75-fold), LNG (149-fold) and MPA (61-fold) was observed 

only in the presence of over-expressed PR-B (Fig. B4.1a). While the fold increase only tended 

towards statistical significance for R5020, LNG- and MPA-induced fold increase was significant (Fig. 

B4.1a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B4.1. Over-expressed PR-B mediates progestin responses on the TAT-GRE-LUC 

reporter gene in End1/E6E7 cells. (a) End1/E6E7 cells were seeded at 8 X 10
4
/well in 24-well plates and 
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allowed to adhere overnight. Cells were subsequently transfected with 125 ng pcDNA3 or pMT-hPR-B and 47 

ng pTAT-GRE-E1b-LUC for 24 h. Cells were stimulated in triplicate wells with 100 nM final concentration of 

the indicated ligands in SF-KSFM for 24 h, then washed and harvested in Reporter Lysis Buffer. Lysates were 

analyzed for luciferase activity and total protein. Luciferase activity was normalized to average protein 

concentration in mg/mL. Fold change was determined relative to the –PR-B vehicle control. The results are 

pooled from 3 independent experiments where each point was in triplicate. Statistical comparisons were carried 

out using a two-way ANOVA with Tukey’s multiple comparisons post-test (+PR-B Vehicle vs LNG), or an 

unpaired t-test (+PR-B Vehicle vs R5020/MPA). Stars above bars indicate significant differences compared to 

the +PR-B vehicle control, where * indicates p<0.05. (b) Cells seeded in 12-well plates and transfected in 

parallel were harvested in SDS sample buffer and lysates were analyzed for GR and PR-B levels by western 

blotting using GAPDH as a loading control. Blots were probed first for PR-B then stripped and re-probed for 

GR. Lysates from T47D cells expressing endogenous PR-A/PR-B or COS1 cells over-expressing 1 μg pcDNA3-

hGR were used as positive controls. A representative blot is shown. 

 

In HeLa cells, the GR/PR-agonist MPA activated TAT-GRE-LUC only 2.5-fold in the absence of PR-

B, presumably via the endogenous GR, but a massive and significant 492-fold response was observed 

in the presence of PR-B (Fig. B4.2a). The progestin R5020 only significantly activated TAT-GRE-

LUC in the presence of PR-B (553-fold, Fig. B4.2a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B4.2. Over-expressed PR-B mediates progestin responses on the TAT-GRE-LUC 

reporter gene in HeLa cells. (a) HeLa cells were seeded at 5 X 10
4
/well in 24-well plates and allowed to 

adhere overnight. Cells were subsequently transfected with 250 ng pcDNA3 or pMT-hPR-B and 47 ng pTAT-

GRE-E1b-LUC for 24 h. Cells were stimulated in triplicate wells with 100 nM final concentration of the 

indicated ligands in SF-DMEM for 24 h, then washed and harvested in Reporter Lysis Buffer. Lysates were 

analyzed for luciferase activity and total protein. Luciferase activity was normalized to average protein 

concentration in mg/mL. Fold change was determined relative to the –PR-B vehicle control. The results are 

pooled from 2 independent experiments where each point was in triplicate. Statistical comparisons were carried 
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out using a two-way ANOVA with Tukey’s multiple comparisons post-test. Stars above bars indicate significant 

differences compared to the +PR-B vehicle control, where **** indicates p<0.0001. (b) Cells seeded in 12-well 

plates and transfected with 250 or 500 ng pMT-hPR-B in parallel were harvested in SDS sample buffer and 

lysates were analyzed for GR and PR-B levels by western blotting using GAPDH as a loading control. Blots 

were probed first for PR-B then stripped and re-probed for GR. Lysates from T47D cells expressing endogenous 

PR-A/PR-B or COS1 cells over-expressing 1 μg pcDNA3-hGR or pMT-hPR-B were used as positive controls. 

A representative blot is shown. 

 

Over-expressed PR-B was assessed for transcriptional activity on the endogenous transactivation 

gene, MKP1, reported to be regulated by the PR (Gizard et al. 2005, Chen et al. 2011). R5020 and/or 

LNG were used as PR-specific agonists in order to determine PR-specific effects, since the PR agonist 

MPA is also an agonist for the GR.  

 

In End1/E6E7 cells, Dex up-regulated MKP1 5-fold, presumably via the endogenous GR (Fig. B4.3a), 

which is consistent with previous reports that glucocorticoids increase MKP1 expression (Kassel et al. 

2001, Chen et al. 2002, Lasa et al. 2002, Clark 2003). This shows that endogenous GR is still active in 

the presence of over-expressed PR-B, which is also consistent with PR-B over-expression not 

changing GR protein levels (Fig. B4.1b). MKP1 expression did not increase in response to the 

progestins R5020 or LNG in the presence of over-expressed PR-B but increased 2-fold in response to 

MPA (Fig. 4.3a). The absence of progestin-induced up-regulation suggests that MPA-induced MKP1 

up-regulation was most likely via the endogenous GR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B4.3. PR-B-mediated responses were not observed on endogenous MKP1 in End1/E6E7 

and HeLa cells. Cells were seeded at 1.5 X 10
5
 cells/well (a, End1/E6E7) or 1 X 10

5
 cells/well (b, HeLa) in 

12 well plates and allowed to adhere overnight. Cells were subsequently transfected with 250 ng  (End1/E6E7) 
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or 500 ng (HeLa) pMT-hPR-B or equivalent pcDNA3.1 for 24 h. Cells were stimulated with 100 nM final 

concentration of the indicated ligands in SF-KSFM (End1/E6E7) or SF-DMEM (HeLa) for a further 24 h, then 

cells were washed and RNA was extracted. cDNA was synthesized from 500 ng RNA then used in quantitative 

RT real-time qPCR. Relative mRNA levels of MKP1 were normalized to GAPDH mRNA levels. Relative 

expression was determined by normalizing to the vehicle control set to 1. The results are pooled from 2 

(End1/E6E7) or 1-3 (HeLa) independent experiments.  

 

 

In HeLa cells, both Dex and MPA up-regulated MKP1 (Fig. B4.3b) in both the presence and absence 

of PR-B, with Dex-induced up-regulation greater than for MPA and the up-regulation appearing to be 

greater in the presence of PR-B. R5020 had no effect on MKP1 gene expression in either the absence 

or presence of PR-B. These results suggest that PR-mediated regulation of endogenous MKP1 does 

not occur via over-expressed PR-B in End1/E6E7 or HeLa cells. Since GR-mediated transcriptional 

responses on immunomodulatory genes were a primary focus of this project, further investigations 

into endogenous PR-mediated gene regulation were not continued. Subsequently, the effects of 

detectable levels of over-expressed PR-B protein on GR-mediated gene regulation were investigated. 

 

Since the relative GR/PR levels change in vivo within different compartments of the FRT and in 

response to fluctuating menstrual cycle hormones, the molecular strategies of decreased GR levels 

and PR-B over-expression were combined in End1/E6E7, HeLa and TZM-bl cells order to represent 

changing GR/PR levels in an in vitro model of the FRT. Decreased GR protein levels using siRNA 

and transient transfection of PR-B resulted in four combinations: high GR/no PR, low GR/no PR, high 

GR/high PR and low GR/high PR. The consequences of changing relative GR/PR levels on HIV-1 

infection (Fig. 4.2.1.1-4.2.2.1), HIV-1 CD4 receptor and CCR5/CXCR4 co-receptor expression (Fig. 

4.3.1.1) and immunomodulatory gene regulation (Fig 4.3.2.1-4.3.3.2) were investigated in Chapter 4. 

 

The gene expression results in Fig. 4.3.2.1 (End1/E6E7 cells) and Fig. 4.3.2.2 (HeLa cells) suggest 

that the presence of PR-B alters the GR-mediated transcriptional responses to MPA on GILZ and IL-

6, when analysing the fold change relative to the vehicle control. Supplementary to these figures, 

these data were plotted relative to the NSC-PR-B (high GR/no PR) vehicle control in order to assess 

the effect of PR-B over-expression on GILZ and IL-6 gene regulation (Fig. B4.4-B4.5).  
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Figure B4.4. The presence of PR-B alters basal GILZ and IL-6 expression, and potentially 

dampens the GR-mediated transcriptional response to Dex on GILZ in End1/E6E7 cells. Cells 

were seeded at 1 X 10
5
 cells/well in 12 well plates and allowed to adhere overnight. Cells were subsequently 

transfected with 10 nM NSC or siGR for 24 h, then transiently transfected with 250 ng/well empty vector 

pcDNA3 or pMT-hPR-B for 24 h. Cells were stimulated with 100 nM final concentration of the indicated 

ligands in SF-KSFM for a further 24 h, then cells were washed. RNA was extracted and cDNA was synthesized 

from 500 ng RNA then used in real-time qPCR. Relative mRNA levels of GILZ (a) and IL-6 (b) were 

normalized to GAPDH mRNA levels. Relative expression was determined by normalizing to the NSC-PR-B 

vehicle control set to 1. The results are pooled from 6 independent experiments.  Statistical comparisons were 
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carried out using a two-way ANOVA (a, b) with Tukey’s multiple comparisons post test (a) or unpaired t tests 

(b). Stars above bars indicate significant differences compared to the NSC-PR-B vehicle control unless 

otherwise indicated by lines, where *** indicates p<0.001. Decreased GR expression and PR-B over-expression 

were confirmed previously by western blotting in parallel samples (Fig. 4.3.2.1c-e). 

 

 

The results in End1/E6E7 cells show that Dex-induced up-regulation of GILZ mRNA was mediated 

by the GR, since the induction was lost with low GR/no PR (significantly) and low GR/high PR (near-

significantly, Fig. B4.5a). Despite this, GILZ induction by Dex was not as elevated with high GR/high 

PR (2.6-fold) compared to high GR/no PR (4.1-fold, Fig. B4.4a). Although this was not significant, 

this may suggest a possible dampening of the Dex-induced, GR-mediated response by the presence of 

PR-B. However, this effect was not observed in HeLa cells (Fig. B4.5a), suggesting that the effect is 

cell type-specific. Furthermore no such observation was made for MPA on GILZ in either End1/E6E7 

(Fig. B4.4a) or HeLa (Fig. B4.5a) cells, suggesting that the dampening effect is also ligand-specific. 

 

These results also revealed that the basal levels (in the absence of ligands) of GILZ and/or IL-6 

mRNA changed when the relative levels of GR/PR were altered. Although not significant, basal GILZ 

levels in End1/E6E7 cells decreased with high GR/high PR and low GR/high PR compared to high 

GR/no PR (Fig. B4.4a). Conversely, basal IL-6 levels appeared to increase with low GR/no PR and 

low GR/high PR compared to high GR/no PR in End1/E6E7 cells (Fig. B4.4b). No change was 

observed for basal GILZ levels in HeLa cells (Fig. B4.5a), but basal IL-6 levels significantly 

increased with high GR/high PR and low GR/high PR, compared to high GR/no PR (Fig. B4.5b). 

These initial experiments led to the further investigation of MPA-induced and basal responses to 

changing relative GR/PR levels in End1/E6E7 and HeLa cells. 
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Figure B4.5. The presence of PR-B alters basal IL-6 but not GILZ expression in HeLa cells. 

Cells were seeded at 1 X 10
5
 cells/well in 12 well plates and allowed to adhere overnight. Cells were 

subsequently transfected with 10 nM NSC or siGR for 24 h, then transiently transfected with 500 ng/well empty 

vector pcDNA3 or pMT-hPR-B for 24 h. Cells were stimulated with 100 nM final concentration of the indicated 

ligands in SF-DMEM for a further 24 h, then cells were washed. RNA was extracted and cDNA was 

synthesized from 500 ng RNA then used in real-time qPCR. Relative mRNA levels of GILZ (a) and IL-6 (b) 
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were normalized to GAPDH mRNA levels. Relative expression was determined by normalizing to the NSC-PR-

B vehicle control set to 1. The results are pooled from 6 independent experiments.  Statistical comparisons were 

carried out using a two-way ANOVA with Tukey’s multiple comparisons post test. Stars above bars indicate 

significant differences compared to the NSC-PR-B vehicle control unless otherwise indicated by lines, where 

*** and ** indicate p<0.001 and p<0.01 respectively. Decreased GR expression and PR-B over-expression were 

confirmed previously by western blotting in parallel samples (Fig. 4.3.2.2c-e). 

 

 

B5.  Over-expression strategies in U2OS cells do not generate good GR-mediated responses 

 

In parallel to using cells expressing endogenous GR in which PR-B can be over-expressed 

(End1/E6E7, HeLa) as physiologically relevant models of the FRT, another strategy to investigate the 

transcriptional effects of changing the relative levels of GR/PR was the use of receptor-negative cell 

lines in which both GR and PR could be over-expressed. U2OS human osteosarcoma cells were 

chosen due to their low endogenous expression of GR. The initial approach was to investigate the 

effects of over-expressed GR- and PR-regulated immunomodulatory gene expression individually, 

then to combine over-expressed GR and PR-B in different ratios (GR>PR, GR=PR, GR<PR) in order 

to assess whether there was a preference for GR- or PR-mediated transcriptional responses when 

stimulated with the GR/PR ligand, MPA. However, this strategy did not reach that far.  

 

U2OS cells could successfully over-express PR-A and PR-B (Fig. B5b). Using the PR agonist R5020 

to activate PR-mediated regulation of the TAT-GRE-LUC reporter gene, it was confirmed in U2OS 

cells that PR-B is more transcriptionally active than PR-A since the response to R5020 was greater for 

cells over-expressing PR-B (79-fold) than PR-A (5.6-fold, Fig. B5a). Furthermore, it was established 

that R5020-induced activation of the TAT-GRE-LUC reporter gene by PR-B could be reduced by 1.5-

fold (from 79-fold to 53-fold), although not significantly, by co-expression of PR-A (Fig. B5a). This 

observation is consistent with previous reports that PR-A acts as a transdominant repressor of PR-B 

(Vegeto et al. 1993). 

 

U2OS cells could also successfully over-express GR (Fig. 5.2.2). However, while a GR-mediated 

response to Dex was observed for the transactivation model gene GILZ, from 1.5-fold in the absence 

to 4.8-fold in the presence of GR, the GR did not significantly repress the model transrepression gene 

IL-6 (only 1.4-fold) and did not significantly repress TNFα-regulated induction of IL-6 (not shown). 

Since the classical regulation of IL-6 by the GR was not shown in U2OS cells, it was decided that 

U2OS cells were not a suitable model for GR-mediated gene regulation. 
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Figure B5. PR-A represses the R5020-induced activity of PR-B on the TAT-GRE-LUC reporter 

gene in U2OS cells. (a) U2OS cells were seeded at 7 X 10
4
/well in 24-well plates and allowed to adhere 

overnight. Cells were subsequently transfected with 125 ng pcDNA3, pSG5-hPR-A and/or pMT-hPR-B and 47 

ng pTAT-GRE-E1b-LUC for 24 h. Cells were stimulated in triplicate wells with 100 nM final concentration 

R5020 in SF-DMEM for 24 h, then washed and harvested in Reporter Lysis Buffer. Lysates were analyzed for 

luciferase activity and total protein. Luciferase activity was normalized to average protein concentration in 

mg/mL. Fold change was determined relative to each vehicle control. The results are pooled from 4 independent 

experiments where each point was in triplicate. Statistical comparisons were carried out using unpaired t-

tests.Stars above bars indicate significant differences compared to each vehicle control unless otherwise 

indicated by lines, where *** and * indicate p<0.001 and p<0.05 respectively. (b) Cells seeded in 12-well plates 

and transfected in parallel with 125 ng pSG5-hPR-A or pMT-hPR-B for 48 h were harvested in SDS sample 

buffer and lysates were analyzed for PR levels by western blotting using GAPDH as a loading control. Lysates 

from COS1 cells over-expressing 1 μg pSG5-hPR-A or pMT-hPR-B were used as positive controls. A 

representative blot is shown. 

 

 
 

B6. Endogenously GR- and PR-expressing cell lines, MCF-7 and T47D, do not generate 

good GR responses 

 

In parallel to receptor-negative cell lines in which GR and PR could be over-expressed, a third 

strategy in which to study GR/PR levels was to investigate GR- and PR-mediated responses in 

endogenous GR- and PR-positive cell lines. Although not directly relevant to the site of HIV-1 

transmission in the FRT, the breast cancer cell lines MCF-7 and T47D were promising candidates 

since both GR and PR were detectable by western blot (Fig. B6.1). This would eliminate any 

confounding effects arising from transient transfections of GR/PR expression vectors or siRNA. GR 

protein levels were highest in End1/E6E7 and HeLa cells, but were greater in MCF-7 and T47D cells 
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than in the “receptor-negative” COS1 and U2OS cells (Fig. B6.1a). While MCF-7 and T47D cells 

were the only cell lines to express endogenous PR (Fig. B6.1b), T47D cells expressed more 

endogenous PR than MCF-7 cells (Fig. B6.1b). 

 

 

 

 

 

 

 

 

 

 

 

Figure B6.1. End1/E6E7, HeLa, MCF-7, T47D, COS1 and U2OS cells express detectable GR 

protein but only MCF-7 and T47D express endogenous PR. Cells from the indicated cell lines were 

seeded at varied densities in 12 well plates and allowed to grow until ~80% confluent. Cells were washed and 

total protein was harvested in SDS sample buffer and analyzed for GR and PR levels by western blotting using 

GAPDH as a loading control. Lysates from COS1 cells over-expressing 1 μg pcDNA3-hGR, pSG5-hPR-A or 

pMT-hPR-B were used as positive controls.   

 

Functional activity of the endogenous GR and PR was assessed in MCF-7 and T47D cells by their 

ability to activate the TAT-GRE-LUC reporter gene, which is recognized and activated by both GR 

and PR.  

 

Over-expression of PR-B activated the TAT-GRE-LUC reporter gene in response to the PR-specific 

agonist R5020 in both MCF-7 (significantly, 169-fold, Fig. B6.2a) and T47D (40-fold, Fig. B6.2c) 

cells, although in the absence of PR-B there was still an increase in R5020-induced TAT-GRE-LUC 

reporter gene activation in both MCF-7 (significantly, 20-fold, Fig. B6.2a) and T47D (64-fold, Fig. 

B6.2c) cells.  

 

Over-expression of GR activated the TAT-GRE-LUC reporter gene in response to the GR-specific 

agonist Dex in both MCF-7 (significantly, 4989-fold, Fig. B6.2b) and T47D (575-fold, Fig. B6.2d) 

cells. In the absence of over-expressed GR there was a significant increase in Dex-induced TAT-

a) 

b) 
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GRE-LUC reporter gene activation in only MCF-7 (3.2-fold, Fig. B6.2b) but not T47D (1.12-fold, 

Fig. B6.2d) cells. These results suggest that both endogenous GR and PR are functional on the TAT-

GRE-LUC reporter gene in MCF-7 cells, but only endogenous PR is functional on the TAT-GRE-

LUC reporter gene in T47D cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B6.2. Endogenous GR and PR are functional on the TAT-GRE-LUC reporter gene in 

MCF-7 cells, while only endogenous PR is functional on the TAT-GRE-LUC reporter gene in 

T47D cells. MCF-7 (a, b) or T47D (c, d) cells were seeded at 7 X 10
4
/well in 24-well plates and allowed to 

adhere overnight. Cells were subsequently transfected with 125 ng pcDNA3, pMT-hPR-B or pcDNA3-hGR and 

47 ng pTAT-GRE-E1b-LUC for 24 h. Cells were stimulated in triplicate wells with 100 nM final concentration 

Dex or R5020 in SF-DMEM for 24 h, then washed and harvested in Reporter Lysis Buffer. Lysates were 

analyzed for luciferase activity and total protein. Luciferase activity was normalized to average protein 

concentration in mg/mL. Fold change was determined relative to each vehicle control in the absence of GR/PR-

B. The results are pooled from 3 (MCF-7) or 1 (T47D) independent experiments where each point was in 

triplicate. Statistical comparisons were carried out using a one-way ANOVA with Tukey’s multiple 

comparisons post test (a, b). Stars above bars indicate significant differences compared to the –PR-B vehicle 

control unless otherwise indicated by lines, where *** indicates p<0.001. 
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Further investigation into endogenous GR/PR activity was carried out by assessment of endogenous 

gene expression. The up-regulation of the model transactivation genes GILZ, MKP1, TAT and IκB 

was measured in response to Dex in MCF-7 cells. Surprisingly, only GILZ was up-regulated 1.5-fold 

in response to Dex, while MKP1 expression did not change (Fig. B6.3a). Selected model 

transrepression genes were assessed for their ability to be repressed by Dex in both the absence and 

presence of TNFα. However, Dex did not significantly repress IL-6, IL-8 or RANTES via the 

endogenous GR in MCF-7 cells, in either the absence or presence of TNFα (Fig. B6.3b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B6.3. Endogenous GR does not regulate Dex-induced transrepression genes in MCF-7 or 

T47D cells. MCF-7 (a, b) or T47D (c, d) cells were seeded at 1 X 10
5
 cells/well in 12 well plates and 

allowed to adhere overnight. Cells were stimulated with 100 nM final concentration of the indicated ligands 

and/or 20 ng/mL TNFα (b) in SF-DMEM for a further 24 h, then cells were washed and RNA was extracted. 

cDNA was synthesized from 500 ng RNA then used in quantitative RT real-time qPCR. Relative mRNA levels 
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of GILZ (a, c), IL-6 (b, d), MKP1 (a), IL-8 (b) and RANTES (b) were normalized to GAPDH mRNA levels. 

Relative expression was determined by normalizing to the vehicle control set to 1. The results are pooled from 2 

(a, c, d) or 3 (b) independent experiments. Statistical comparisons were carried out using an unpaired t-test (b). 

Stars above bars indicate significant differences compared to each gene’s vehicle control (b) unless otherwise 

indicated by lines, where * indicates p<0.05. 

 

In T47D cells, the expression of only one transactivation (GILZ) and transrepression (IL-6) gene was 

investigated. The endogenous GR appeared to up-regulate GILZ in response to Dex 7.6-fold, and 

surprisingly GILZ was up-regulated in response to the progestins R5020 (12.6-fold), LNG (4.7-fold) 

and MPA (16.7-fold, Fig. B6.3c). IL-6 mRNA was marginally repressed 1.15-fold in response to Dex, 

via the endogenous GR, and presumably via the endogenous PR, R5020 but not LNG or MPA up-

regulated IL-6 by 3.8-fold (Fig. B6.3d). 

 

These results suggest that both MCF-7 and T47D cells, although expressing detectable GR protein, do 

not exhibit robust GR-mediated responses that would be required to establish GR/PR-mediated effects 

on immunomodulatory genes. 

 

This observation of a non-functional GR in T47D cells is consistent with other reports (Cato et al. 

1986, Cato et al. 1988, Chalepakis et al. 1988, Wu and Pfahl 1988, Nordeen et al. 1989). Therefore 

attempts were made to over-express GR in T47D cells by transient transfection: this would be an 

attractive model in which to study GR/PR levels, given that T47D cells already express large amounts 

of endogenous PR which could be knocked down using siRNA (not shown). However, transient 

transfection of increasing amounts of GR expression vector did not translate into greater levels of GR 

protein (Fig. B6.4). 
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Figure B6.4. GR protein cannot be over-expressed in T47D cells. Cells were seeded at 1 X 10
5
 

cells/well in 12 well plates and allowed to adhere overnight. Cells were subsequently transfected with increasing 

amounts of pcDNA3-hGR for 48 h. Cells were washed and total protein was harvested in SDS sample buffer 

and analyzed for GR and PR levels by western blotting using GAPDH as a loading control. Western blots were 

scanned and quantified for relative GR (b) or PR-A/B (d) levels by calculating integrated density values. 

 

 

Since the hypotheses of this study required robust GR-mediated responses, especially via 

transrepression mechanisms on immune function genes, for the same reasons as U2OS cells, the 

endogenous GR/PR-expressing model cell strategy was left in favour of the GR-positive cervical 

End1/E6E7 and HeLa cell lines in which the relative levels of GR/PR could be altered by knockdown 

and over-expression approaches.  
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Appendix C 

Gating strategy used for flow cytometry 

 

The selection of live, single cell populations and gating strategy using MFO controls for CD14, CCR5 

and CD69 are indicated in the figures below. A representative PBMC donor (#2864) is shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

CD14 CD3 

CD4 

Single cell populations were identified from the lymphocyte population, from which live (ZOMBIE-) 

cells were selected. 

CD14+ monocytes were identified from the live single cells using the CD14 MFO control. CD3+ 

lymphocytes were selected from the CD14- cells. 

 

CD4+ and CD8+ lymphocytes were identified from 

the CD3+ lymphocyte population. 
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The CD14 MFO gating was applied to all samples. Next, the CCR5 MFO control was used to identify 

CCR5+ populations (CD14+CCR5+, CD3+CCR5+, CD4+CCR5+, CD8+CCR5+) and this gate was 

applied to all samples.  

 

 

Finally, the CD69 MFO control was used to identify CD69 populations (CD14+CD69+, 

CD3+CD69+, CD4+CD69+, CD8+CD69+) and this gate was applied to all samples. 

 

The gates for frequencies of double-positive cell populations (CD3/4/8/14+ with CD69+/CCR5+) for 

each stimulation (Vehicle, Luteal, Follicular, MPA) are shown for a representative PBMC donor 

(#2684) below. 
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Appendix D 

Cervical explant donor information 

 

Table D1: Endogenous reproductive hormone levels, age and HSV status of the pre- and 

postmenopausal donors of cervical explant tissue 

 

Patient no. Date of 

collection 

 

LH 

(IU/L) 

FSH 

(IU/L) 

E2 

(pM) 

P4 

(nM) 

Age Menstrual 

cycle phase 

HSV-

1 

HSV-

2 

LUTEAL PHASE 

 
PROG0027 10-Feb-14 2.4 2.8 341.7 7.3 36 Luteal + - 

PROG0039 9-Jun-14 3.8 2.8 408.6 12 49 Luteal + - 

PROG0051 15-Dec-14 0.6 3.3 212.4 0.5 41 Late luteal + + 

PROG0083 6-Jan-16 5.1 2.8 390 7.2 45 Luteal * * 

PROT001 30-Jul-13 0.6 1.9 370.5 32.1 43 Luteal – day 30 + + 

PROT0011 26-Jun-15 6.9 14.7 395.2 16.5 41 Early luteal  + 

PROT0058 12-Jul-16 3.4 2.9 260 16 40 Luteal + + 

FOLLICULAR PHASE 

 
PROG0028 10-Feb-14 5.3 4 1186 0.2 45 Follicular + - 

PROG0040 10-Jul-14 3.1 7.2 125.9 0.3 43 Follicular + - 

PROG0042 18-Sept-14 10.4 6.1 230.4 1.6 44 Follicular + + 

PROG0044 9-Oct-14 9 6 2629 0.9 48 Follicular + - 

PROG0049 5-Nov-14 3 5.9 84.2 0.5 44 Follicular + - 

PROG0050 2-Dec-14 5.6 6.3 476.3 0.9 38 Follicular - - 

PROT003 3-Dec-13 5.5 8.7 83.7 9.1 51 Follicular – day 7 + + 

PROT007 17-Apr-15 9.3 17.5 99.9 <0.7 46 Follicular – day 5 * + 

POSTMENOPAUSAL 

 

PROG0082 6-Jan-16 35.2 92.9 <19 1.4 69 Postmenopausal + - 

PROG0085 14-Jan-16 37.2 77.5 43 0.6 51 Postmenopausal + + 

PROT0015 25-Jan-16 * * * * 58 Postmenopausal * + 

PROT0017 28-Jan-16 * * * * 72 Postmenopausal + + 

PROG: Groote Schuur Hospital; PROT: Tygerberg Hospital. *: information unavailable. All 

laboratory tests were carried out at the NHLS. Menstrual cycle status was classified according to the 

NHLS guidelines (Table D2), by considering the levels of all hormones (LH, FSH, E2, P4). 
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Table D2: NHLS guideline reference ranges of endogenous sex hormone levels by menstrual 

cycle phase 

 

 

 

  

 Reference ranges 

 LH (IU/l) FSH (IU/l) E2 (pM) P4 (nM) 

Follicular phase 2.4-12.6 3.5-12.5 46-608 0.6-4.7 

Ovulatory phase 14.0-95.6 4.7-21.5 315-1828 2.4-9.4 

Luteal phase 1.0-11.4 1.7-7.7 161-775 5.3-86.0 

Postmenopausal 7.7-58.5 25.8-134.8 <18-201 0.3-2.5 
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Appendix E 

Approval letters from the Human Research Ethics Committee 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



182 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



183 
 

 

 

 



184 
 

 

References 

 

 

Abdel-Hafiz, H. A. and K. B. Horwitz (2014). "Post-translational modifications of the progesterone receptors." J 

Steroid Biochem Mol Biol 140: 80-89. 

Abel, K., T. Rourke, D. Lu, K. Bost, M. B. McChesney and C. J. Miller (2004). "Abrogation of attenuated 

lentivirus-induced protection in rhesus macaques by administration of depo-provera before intravaginal 

challenge with simian immunodeficiency virus mac239." J Infect Dis 190(9): 1697-1705. 

Achilles, S. L. and S. L. Hillier (2013). "The complexity of contraceptives: understanding their impact on 

genital immune cells and vaginal microbiota." AIDS 27 Suppl 1: S5-15. 

Affandi, B. (2002). "Injectable contraceptives: a worldwide perspective." J Fam Plann Reprod Health Care 

28(1): 3-4. 

Africander, D., R. Louw and J. P. Hapgood (2013). "Investigating the anti-mineralocorticoid properties of 

synthetic progestins used in hormone therapy." Biochem Biophys Res Commun 433(3): 305-310. 

Africander, D., R. Louw, N. Verhoog, D. Noeth and J. P. Hapgood (2011a). "Differential regulation of 

endogenous pro-inflammatory cytokine genes by medroxyprogesterone acetate and norethisterone acetate in 

cell lines of the female genital tract." Contraception 84(4): 423-435. 

Africander, D., N. Verhoog and J. P. Hapgood (2011b). "Molecular mechanisms of steroid receptor-mediated 

actions by synthetic progestins used in HRT and contraception." Steroids 76(7): 636-652. 

Africander, D. J., K. H. Storbeck and J. P. Hapgood (2014). "A comparative study of the androgenic properties 

of progesterone and the progestins, medroxyprogesterone acetate (MPA) and norethisterone acetate (NET-

A)." J Steroid Biochem Mol Biol 143: 404-415. 

Ahmed, S. M., H. Al-Doujaily, M. A. Johnson, V. Kitchen, W. M. Reid and L. W. Poulter (2001). "Immunity in 

the female lower genital tract and the impact of HIV infection." Scand J Immunol 54(1-2): 225-238. 

Alfano, M. and G. Poli (2005). "Role of cytokines and chemokines in the regulation of innate immunity and 

HIV infection." Mol Immunol 42(2): 161-182. 

Altemus, M., L. Redwine, Y. M. Leong, T. Yoshikawa, R. Yehuda, S. Detera-Wadleigh and D. L. Murphy 

(1997). "Reduced sensitivity to glucocorticoid feedback and reduced glucocorticoid receptor mRNA 

expression in the luteal phase of the menstrual cycle." Neuropsychopharmacology 17(2): 100-109. 

Anbalagan, M., B. Huderson, L. Murphy and B. G. Rowan (2012). "Post-translational modifications of nuclear 

receptors and human disease." Nucl Recept Signal 10: e001. 

Ancelin, M., H. Buteau-Lozano, G. Meduri, M. Osborne-Pellegrin, S. Sordello, J. Plouet and M. Perrot-

Applanat (2002). "A dynamic shift of VEGF isoforms with a transient and selective progesterone-induced 

expression of VEGF189 regulates angiogenesis and vascular permeability in human uterus." Proc Natl Acad 

Sci U S A 99(9): 6023-6028. 

Angstwurm, M. W., R. Gartner and H. W. Ziegler-Heitbrock (1997). "Cyclic plasma IL-6 levels during normal 

menstrual cycle." Cytokine 9(5): 370-374. 

Anipindi, V. C., P. Bagri, K. Roth, S. E. Dizzell, P. V. Nguyen, C. R. Shaler, D. K. Chu, R. Jimenez-Saiz, H. 

Liang, et al. (2016). "Estradiol Enhances CD4+ T-Cell Anti-Viral Immunity by Priming Vaginal DCs to 

Induce Th17 Responses via an IL-1-Dependent Pathway." PLoS Pathog 12(5): e1005589. 

Archer, T. K., C. J. Fryer, H. L. Lee, E. Zaniewski, T. Liang and J. S. Mymryk (1995). "Steroid hormone 

receptor status defines the MMTV promoter chromatin structure in vivo." J Steroid Biochem Mol Biol 53(1-

6): 421-429. 



185 
 

Archer, T. K., H. L. Lee, M. G. Cordingley, J. S. Mymryk, G. Fragoso, D. S. Berard and G. L. Hager (1994a). 

"Differential steroid hormone induction of transcription from the mouse mammary tumor virus promoter." 

Mol Endocrinol 8(5): 568-576. 

Archer, T. K., E. Zaniewski, M. L. Moyer and S. K. Nordeen (1994b). "The differential capacity of 

glucocorticoids and progestins to alter chromatin structure and induce gene expression in human breast 

cancer cells." Mol Endocrinol 8(9): 1154-1162. 

Arnold, K. B., A. Burgener, K. Birse, L. Romas, L. J. Dunphy, K. Shahabi, M. Abou, G. R. Westmacott, S. 

McCorrister, et al. (2016). "Increased levels of inflammatory cytokines in the female reproductive tract are 

associated with altered expression of proteases, mucosal barrier proteins, and an influx of HIV-susceptible 

target cells." Mucosal Immunol 9(1): 194-205. 

Aronica, S. M. and B. S. Katzenellenbogen (1991). "Progesterone receptor regulation in uterine cells: 

stimulation by estrogen, cyclic adenosine 3',5'-monophosphate, and insulin-like growth factor I and 

suppression by antiestrogens and protein kinase inhibitors." Endocrinology 128(4): 2045-2052. 

Asin, S. N., A. M. Heimberg, S. K. Eszterhas, C. Rollenhagen and A. L. Howell (2008). "Estradiol and 

progesterone regulate HIV type 1 replication in peripheral blood cells." AIDS Res Hum Retroviruses 24(5): 

701-716. 

Attanasio, R., D. A. Gust, M. E. Wilson, T. Meeker and T. P. Gordon (2002). "Immunomodulatory effects of 

estrogen and progesterone replacement in a nonhuman primate model." J Clin Immunol 22(5): 263-269. 

Avenant, C., A. Kotitschke and J. P. Hapgood (2010a). "Glucocorticoid receptor phosphorylation modulates 

transcription efficacy through GRIP-1 recruitment." Biochemistry 49(5): 972-985. 

Avenant, C., K. Ronacher, E. Stubsrud, A. Louw and J. P. Hapgood (2010b). "Role of ligand-dependent GR 

phosphorylation and half-life in determination of ligand-specific transcriptional activity." Mol Cell 

Endocrinol 327(1-2): 72-88. 

Avert. (2016, 10 August 2016). "HIV around the world." from http://www.avert.org/professionals/hiv-around-

world. 

Ayehunie, S., A. Islam, C. Cannon, T. Landry, J. Pudney, M. Klausner and D. J. Anderson (2015). 

"Characterization of a Hormone-Responsive Organotypic Human Vaginal Tissue Model: Morphologic and 

Immunologic Effects." Reprod Sci 22(8): 980-990. 

Ayroldi, E. and C. Riccardi (2009). "Glucocorticoid-induced leucine zipper (GILZ): a new important mediator 

of glucocorticoid action." FASEB J 23: 3649-3658. 

Baeten, J. M., P. M. Nyange, B. A. Richardson, L. Lavreys, B. Chohan, H. L. Martin, Jr., K. Mandaliya, J. O. 

Ndinya-Achola, J. J. Bwayo, et al. (2001). "Hormonal contraception and risk of sexually transmitted disease 

acquisition: results from a prospective study." Am J Obstet Gynecol 185(2): 380-385. 

Bagamasbad, P. and R. J. Denver (2011). "Mechanisms and significance of nuclear receptor auto- and cross-

regulation." Gen Comp Endocrinol 170(1): 3-17. 

Bagchi, M. K., S. Y. Tsai, M. J. Tsai and B. W. O'Malley (1992). "Ligand and DNA-dependent phosphorylation 

of human progesterone receptor in vitro." Proc Natl Acad Sci U S A 89(7): 2664-2668. 

Bahamondes, L. and M. V. Bahamondes (2014). "New and emerging contraceptives: a state-of-the-art review." 

Int J Womens Health 6: 221-234. 

Bahamondes, M. V., S. Castro, N. M. Marchi, M. Marcovici, L. A. Andrade, A. Fernandes and L. Bahamondes 

(2014). "Human vaginal histology in long-term users of the injectable contraceptive depot-

medroxyprogesterone acetate." Contraception 90(2): 117-122. 

Balkus, J. E., E. R. Brown, S. L. Hillier, A. Coletti, G. Ramjee, N. Mgodi, B. Makanani, C. Reid, F. Martinson, 

et al. (2016). "Oral and injectable contraceptive use and HIV acquisition risk among women in four African 

countries: a secondary analysis of data from a microbicide trial." Contraception 93(1): 25-31. 

http://www.avert.org/professionals/hiv-around-world
http://www.avert.org/professionals/hiv-around-world


186 
 

Ballare, C., M. Uhrig, T. Bechtold, E. Sancho, M. Di Domenico, A. Migliaccio, F. Auricchio and M. Beato 

(2003). "Two domains of the progesterone receptor interact with the estrogen receptor and are required for 

progesterone activation of the c-Src/Erk pathway in mammalian cells." Mol Cell Biol 23(6): 1994-2008. 

Bamberger, C. M., T. Else, A. M. Bamberger, F. U. Beil and H. M. Schulte (1999). "Dissociative glucocorticoid 

activity of medroxyprogesterone acetate in normal human lymphocytes." J Clin Endocrinol Metab 84(11): 

4055-4061. 

Baschant, U. and J. Tuckermann (2010). "The role of the glucocorticoid receptor in inflammation and 

immunity." J Steroid Biochem Mol Biol 120(2-3): 69-75. 

Bassol, S., J. Garza-Flores, M. C. Cravioto, V. Diaz-Sanchez, K. Fotherby, R. Lichtenberg and G. Perez-

Palacios (1984). "Ovarian function following a single administration of depo-medroxyprogesterone acetate 

(DMPA) at different doses." Fertil Steril 42(2): 216-222. 

Bassol, S., C. Hernandez, M. P. Nava, A. M. Trujillo and D. Luz de la Cruz (1995). "A comparative study on 

the return to ovulation following chronic use of once-a-month injectable contraceptives." Contraception 

51(5): 307-311. 

Beagley, K. W. and C. M. Gockel (2003). "Regulation of innate and adaptive immunity by the female sex 

hormones oestradiol and progesterone." FEMS Immunol Med Microbiol 38(1): 13-22. 

Beato, M., G. Chalepakis, M. Schauer and E. P. Slater (1989). "DNA regulatory elements for steroid hormones." 

J Steroid Biochem 32(5): 737-747. 

Beck, I. M., W. Vanden Berghe, L. Vermeulen, K. R. Yamamoto, G. Haegeman and K. De Bosscher (2009). 

"Crosstalk in inflammation: the interplay of glucocorticoid receptor-based mechanisms and kinases and 

phosphatases." Endocr Rev 30(7): 830-882. 

Begum, S. and S. Ashwini (2012). "Study of immune profile during different phases of menstrual cycle." Int J 

Biol Med Res 3: 1407-1409. 

Bellingham, D. L., M. Sar and J. A. Cidlowski (1992). "Ligand-dependent down-regulation of stably transfected 

human glucocorticoid receptors is associated with the loss of functional glucocorticoid responsiveness." Mol 

Endocrinol 6(12): 2090-2102. 

Benki, S., S. B. Mostad, B. A. Richardson, K. Mandaliya, J. K. Kreiss and J. Overbaugh (2004). "Cyclic 

shedding of HIV-1 RNA in cervical secretions during the menstrual cycle." J Infect Dis 189(12): 2192-2201. 

Beral, V. and C. Million Women Study (2003). "Breast cancer and hormone-replacement therapy in the Million 

Women Study." Lancet 362(9382): 419-427. 

Berger, E. A., R. W. Doms, E. M. Fenyo, B. T. Korber, D. R. Littman, J. P. Moore, Q. J. Sattentau, H. 

Schuitemaker, J. Sodroski, et al. (1998). "A new classification for HIV-1." Nature 391(6664): 240. 

Bick, A. J., R. Louw-du Toit, D. Africander, S. B. Skosana and J. P. Hapgood Pharmacokinetics, metabolism 

and serum concentrations of progestins used in contraception, University of Cape Town, South Africa. 

Blish, C. A. and J. M. Baeten (2011). "Hormonal contraception and HIV-1 transmission." Am J Reprod 

Immunol 65(3): 302-307. 

Bolte, S. and F. P. Cordelieres (2006). "A guided tour into subcellular colocalization analysis in light 

microscopy." J Microsc 224(Pt 3): 213-232. 

Bonatz, G., M. L. Hansmann, F. Buchholz, L. Mettler, H. J. Radzun and K. Semm (1992). "Macrophage- and 

lymphocyte-subtypes in the endometrium during different phases of the ovarian cycle." Int J Gynaecol 

Obstet 37(1): 29-36. 

Bonny, A. E., H. L. Lange, L. K. Rogers, D. M. Gothard and M. D. Reed (2014). "A pilot study of depot 

medroxyprogesterone acetate pharmacokinetics and weight gain in adolescent females." Contraception 

89(5): 357-360. 



187 
 

Boonyaratanakornkit, V., Y. Bi, M. Rudd and D. P. Edwards (2008). "The role and mechanism of progesterone 

receptor activation of extra-nuclear signaling pathways in regulating gene transcription and cell cycle 

progression." Steroids 73(9-10): 922-928. 

Boonyaratanakornkit, V. and D. P. Edwards (2007). "Receptor mechanisms mediating nongenomic actions of 

sex steroids." Semin Reprod Med 25(3): 139-153. 

Borgdorff, H., R. Gautam, S. D. Armstrong, D. Xia, G. F. Ndayisaba, N. H. van Teijlingen, T. B. Geijtenbeek, J. 

M. Wastling and J. H. van de Wijgert (2016). "Cervicovaginal microbiome dysbiosis is associated with 

proteome changes related to alterations of the cervicovaginal mucosal barrier." Mucosal Immunol 9(3): 621-

633. 

Bouman, A., H. Moes, M. J. Heineman, L. F. de Leij and M. M. Faas (2001). "The immune response during the 

luteal phase of the ovarian cycle: increasing sensitivity of human monocytes to endotoxin." Fertil Steril 

76(3): 555-559. 

Bradford, M. M. (1976). "A rapid and sensitive method for the quantitation of microgram quantities of protein 

utilizing the principle of protein-dye binding." Anal Biochem 72: 248-254. 

Briggs, J. A. and H. G. Krausslich (2011). "The molecular architecture of HIV." J Mol Biol 410(4): 491-500. 

Brooks, J. P., D. J. Edwards, D. L. Blithe, J. M. Fettweis, M. G. Serrano, N. U. Sheth, J. F. Strauss, G. A. Buck 

and K. K. Jefferson (2016). "Effects of combined oral contraceptives, depot medroxyprogesterone acetate 

and the levonorgestrel releasing intrauterine system on the vaginal microbiome." Contraception 95(4): 405-

413. 

Burd, C. J. and T. K. Archer (2013). "Chromatin architecture defines the glucocorticoid response." Mol Cell 

Endocrinol 380(1-2): 25-31. 

Buser, A. C., A. E. Obr, E. B. Kabotyanski, S. L. Grimm, J. M. Rosen and D. P. Edwards (2011). "Progesterone 

receptor directly inhibits beta-casein gene transcription in mammary epithelial cells through promoting 

promoter and enhancer repressive chromatin modifications." Mol Endocrinol 25(6): 955-968. 

Butera, S. T., V. L. Perez, B. Y. Wu, G. J. Nabel and T. M. Folks (1991). "Oscillation of the human 

immunodeficiency virus surface receptor is regulated by the state of viral activation in a CD4+ cell model of 

chronic infection." J Virol 65(9): 4645-4653. 

Butler, A. R., J. A. Smith, C. B. Polis, S. Gregson, D. Stanton and T. B. Hallett (2013). "Modelling the global 

competing risks of a potential interaction between injectable hormonal contraception and HIV risk." AIDS 

27(1): 105-113. 

Butler, K., J. Ritter, S. Ellis, T. R. Henning, J. Montague, S. Zaki, D. Garber, J. M. McNicholl and E. N. Kersh 

(2015). "Analysis of putative mucosal SHIV susceptibility factors during repeated DMPA treatments in 

pigtail macaques." J Med Primatol 44(5): 286-295. 

Butler, K., J. M. Ritter, S. Ellis, M. R. Morris, D. L. Hanson, J. M. McNicholl and E. N. Kersh (2016). "A Depot 

Medroxyprogesterone Acetate Dose That Models Human Use and Its Effect on Vaginal SHIV Acquisition 

Risk." J Acquir Immune Defic Syndr 72(4): 363-371. 

Byrne, E. H., M. N. Anahtar, K. E. Cohen, A. Moodley, N. Padavattan, N. Ismail, B. A. Bowman, G. S. Olson, 

A. Mabhula, et al. (2016). "Association between injectable progestin-only contraceptives and HIV 

acquisition and HIV target cell frequency in the female genital tract in South African women: a prospective 

cohort study." Lancet Infect Dis 16(4): 441-448. 

Cabrera-Munoz, E., L. L. Fuentes-Romero, J. Zamora-Chavez, I. Camacho-Arroyo and L. E. Soto-Ramirez 

(2012). "Effects of progesterone on the content of CCR5 and CXCR4 coreceptors in PBMCs of seropositive 

and exposed but uninfected Mexican women to HIV-1." J Steroid Biochem Mol Biol 132(1-2): 66-72. 

Cain, D. W. and J. A. Cidlowski (2017). "Immune regulation by glucocorticoids." Nat Rev Immunol 17(4): 233-

247. 



188 
 

Cairns, C., W. Cairns and S. Okret (1993). "Inhibition of gene expression by steroid hormone receptors via a 

negative glucocorticoid response element: evidence for the involvement of DNA-binding and agonistic 

effects of the antiglucocorticoid/antiprogestin RU486." DNA Cell Biol 12(8): 695-702. 

Campbell, J. H., A. C. Hearps, G. E. Martin, K. C. Williams and S. M. Crowe (2014). "The importance of 

monocytes and macrophages in HIV pathogenesis, treatment, and cure." AIDS 28: 2175-2187. 

Cao, Y., I. K. Bender, A. K. Konstantinidis, S. C. Shin, C. M. Jewell, J. A. Cidlowski, R. P. Schleimer and N. Z. 

Lu (2013). "Glucocorticoid receptor translational isoforms underlie maturational stage-specific 

glucocorticoid sensitivities of dendritic cells in mice and humans." Blood 121(9): 1553-1562. 

Carrington, M., M. Dean, M. P. Martin and S. J. O'Brien (1999). "Genetics of HIV-1 infection: chemokine 

receptor CCR5 polymorphism and its consequences." Hum Mol Genet 8(10): 1939-1945. 

Caruso, A., S. Licenziati, M. Corulli, A. D. Canaris, M. A. De Francesco, S. Fiorentini, L. Peroni, F. Fallacara, 

F. Dima, et al. (1997). "Flow cytometric analysis of activation markers on stimulated T cells and their 

correlation with cell proliferation." Cytometry 27: 71-76. 

Cato, A. C., R. Miksicek, G. Schutz, J. Arnemann and M. Beato (1986). "The hormone regulatory element of 

mouse mammary tumour virus mediates progesterone induction." EMBO J 5(9): 2237-2240. 

Cato, A. C., P. Skroch, J. Weinmann, P. Butkeraitis and H. Ponta (1988). "DNA sequences outside the receptor-

binding sites differently modulate the responsiveness of the mouse mammary tumour virus promoter to 

various steroid hormones." EMBO J 7(5): 1403-1410. 

Ceballos-Chavez, M., A. Subtil-Rodriguez, E. G. Giannopoulou, D. Soronellas, E. Vazquez-Chavez, G. P. 

Vicent, O. Elemento, M. Beato and J. C. Reyes (2015). "The chromatin Remodeler CHD8 is required for 

activation of progesterone receptor-dependent enhancers." PLoS Genet 11(4): e1005174. 

Chabbert Buffet, N., C. Djakoure, S. C. Maitre and P. Bouchard (1998). "Regulation of the human menstrual 

cycle." Front Neuroendocrinol 19(3): 151-186. 

Chalepakis, G., J. Arnemann, E. Slater, H. J. Bruller, B. Gross and M. Beato (1988). "Differential gene 

activation by glucocorticoids and progestins through the hormone regulatory element of mouse mammary 

tumor virus." Cell 53(3): 371-382. 

Chandra, N., A. R. Thurman, S. Anderson, T. D. Cunningham, N. Yousefieh, C. Mauck and G. F. Doncel 

(2013). "Depot medroxyprogesterone acetate increases immune cell numbers and activation markers in 

human vaginal mucosal tissues." AIDS Res Hum Retroviruses 29(3): 592-601. 

Chen, C. C., D. B. Hardy and C. R. Mendelson (2011). "Progesterone receptor inhibits proliferation of human 

breast cancer cells via induction of MAPK phosphatase 1 (MKP-1/DUSP1)." J Biol Chem 286(50): 43091-

43102. 

Chen, P., J. Li, J. Barnes, G. C. Kokkonen, J. C. Lee and Y. Liu (2002). "Restraint of proinflammatory cytokine 

biosynthesis by mitogen-activated protein kinase phosphatase-1 in lipopolysaccharide-stimulated 

macrophages." J Immunol 169(11): 6408-6416. 

Chen, S., J. Wang, G. Yu, W. Liu and D. Pearce (1997). "Androgen and glucocorticoid receptor heterodimer 

formation. A possible mechanism for mutual inhibition of transcriptional activity." J Biol Chem 272(22): 

14087-14092. 

Chen, W., T. Dang, R. D. Blind, Z. Wang, C. N. Cavasotto, A. B. Hittelman, I. Rogatsky, S. K. Logan and M. J. 

Garabedian (2008). "Glucocorticoid receptor phosphorylation differentially affects target gene expression." 

Mol Endocrinol 22(8): 1754-1766. 

Cherala, G., A. Edelman, L. Dorflinger and F. Z. Stanczyk (2016). "The elusive minimum threshold 

concentration of levonorgestrel for contraceptive efficacy." Contraception 94(2): 104-108. 

Cherpes, T. L., J. L. Busch, B. S. Sheridan, S. A. Harvey and R. L. Hendricks (2008a). "Medroxyprogesterone 

acetate inhibits CD8+ T cell viral-specific effector function and induces herpes simplex virus type 1 

reactivation." J Immunol 181(2): 969-975. 



189 
 

Cherpes, T. L., J. M. Marrazzo, L. A. Cosentino, L. A. Meyn, P. J. Murray and S. L. Hillier (2008b). "Hormonal 

contraceptive use modulates the local inflammatory response to bacterial vaginosis." Sex Transm Infect 

84(1): 57-61. 

Chien, C. H., J. N. Lai, C. F. Liao, O. Y. Wang, L. M. Lu, M. I. Huang, W. F. Lee, M. C. Shie and E. J. Chien 

(2009). "Mifepristone acts as progesterone antagonist of non-genomic responses but inhibits 

phytohemagglutinin-induced proliferation in human T cells." Hum Reprod 24(8): 1968-1975. 

Chien, E. J., C. P. Chang, W. F. Lee, T. H. Su and C. H. Wu (2006). "Non-genomic immunosuppressive actions 

of progesterone inhibits PHA-induced alkalinization and activation in T cells." J Cell Biochem 99(1): 292-

304. 

Chinenov, Y., R. Gupte and I. Rogatsky (2013). "Nuclear receptors in inflammation control: repression by GR 

and beyond." Mol Cell Endocrinol 380(1-2): 55-64. 

Cho, H., S. M. Aronica and B. S. Katzenellenbogen (1994). "Regulation of progesterone receptor gene 

expression in MCF-7 breast cancer cells: A comparison of the effects of cyclic adenosine 3’,5’-

monophosphate, estradiol, insulin-like growth factor-I, and serum factors." Endocrinology 134(2): 658-664. 

Clark, A. R. (2003). "MAP kinase phosphatase 1: a novel mediator of biological effects of glucocorticoids?" J 

Endocrinol 178(1): 5-12. 

Clausen, J., B. Vergeiner, M. Enk, A. L. Petzer, G. Gastl and E. Gunsilius (2003). "Functional significance of 

the activation-associated receptors CD25 and CD69 on human NK-cells and NK-like T-cells." 

Immunobiology 207: 85-93. 

Cocchi, F., A. L. DeVico, A. Garzino-Demo, S. K. Arya, R. C. Gallo and P. Lusso (1995). "Identification of 

RANTES, MIP-1 alpha, and MIP-1 beta as the major HIV-suppressive factors produced by CD8+ T cells." 

Science 270(5243): 1811-1815. 

Cohen, J. H., L. Danel, G. Cordier, S. Saez and J. P. Revillard (1983). "Sex steroid receptors in peripheral T 

cells: absence of androgen receptors and restriction of estrogen receptors to OKT8-positive cells." J 

Immunol 131(6): 2767-2771. 

Cohen, S., D. Janicki-Deverts, W. J. Doyle, G. E. Miller, E. Frank, B. S. Rabin and R. B. Turner (2012). 

"Chronic stress, glucocorticoid receptor resistance, inflammation, and disease risk." Proc Natl Acad Sci U S 

A 109(16): 5995-5999. 

Cole, T. J., J. A. Blendy, A. P. Monaghan, K. Krieglstein, W. Schmid, A. Aguzzi, G. Fantuzzi, E. Hummler, K. 

Unsicker, et al. (1995). "Targeted disruption of the glucocorticoid receptor gene blocks adrenergic 

chromaffin cell development and severely retards lung maturation." Genes Dev 9(13): 1608-1621. 

Collaborators, G. H., H. Wang, T. M. Wolock, A. Carter, G. Nguyen, H. H. Kyu, E. Gakidou, S. I. Hay, E. J. 

Mills, et al. (2016). "Estimates of global, regional, and national incidence, prevalence, and mortality of HIV, 

1980-2015: the Global Burden of Disease Study 2015." Lancet HIV 3(8): e361-387. 

Contoreggi, C. (2015). "Corticotropin releasing hormone and imaging, rethinking the stress axis." Nucl Med 

Biol 42(4): 323-339. 

Crook, A. M., D. Ford, M. Gafos, R. Hayes, A. Kamali, S. Kapiga, A. Nunn, M. Chisembele, G. Ramjee, et al. 

(2014). "Injectable and oral contraceptives and risk of HIV acquisition in women: an analysis of data from 

the MDP301 trial." Hum Reprod 29(8): 1810-1817. 

Cruz-Topete, D. and J. A. Cidlowski (2015). "One hormone, two actions: anti- and pro-inflammatory effects of 

glucocorticoids." Neuroimmunomodulation 22(1-2): 20-32. 

Cullen, B. R. (2001). "A new entry route for HIV." Nat Med 7(1): 20-21. 

Curlin, M. E., W. Leelawiwat, E. F. Dunne, W. Chonwattana, P. A. Mock, F. Mueanpai, S. Thep-Amnuay, S. J. 

Whitehead and J. M. McNicholl (2013). "Cyclic changes in HIV shedding from the female genital tract 

during the menstrual cycle." J Infect Dis 207(10): 1616-1620. 



190 
 

Cvoro, A., C. Yuan, S. Paruthiyil, O. H. Miller, K. R. Yamamoto and D. C. Leitman (2011). "Cross talk 

between glucocorticoid and estrogen receptors occurs at a subset of proinflammatory genes." J Immunol 

186(7): 4354-4360. 

D'Amore, S., M. Vacca, G. Graziano, A. D'Orazio, M. Cariello, N. Martelli, G. Di Tullio, R. Salvia, G. 

Grandaliano, et al. (2013). "Nuclear receptors expression chart in peripheral blood mononuclear cells 

identifies patients with Metabolic Syndrome." Biochim Biophys Acta 1832(12): 2289-2301. 

Davies, S., D. Dai, I. Feldman, G. Pickett and K. K. Leslie (2004). "Identification of a novel mechanism of NF-

kappaB inactivation by progesterone through progesterone receptors in Hec50co poorly differentiated 

endometrial cancer cells: induction of A20 and ABIN-2." Gynecol Oncol 94(2): 463-470. 

Davies, S., D. Dai, G. Pickett and K. K. Leslie (2006). "Gene regulation profiles by progesterone and 

dexamethasone in human endometrial cancer Ishikawa H cells." Gynecol Oncol 101(1): 62-70. 

Dawood, M. Y. and F. Helmkamp (1977). "Human umbilical arterial and venous progesterone concentrations: 

effect of fetal sex, weight, and mode of delivery." Obstet Gynecol 50(4): 450-453. 

De Amicis, F., S. Zupo, M. L. Panno, R. Malivindi, F. Giordano, I. Barone, L. Mauro, S. A. W. Fuqua and S. 

Ando (2009). "Progesterone receptor B recruits a repressor complex to a half-PRE site of the estrogen 

receptor a gene promoter." Mol Endocrinol 23: 454-465. 

De Bosscher, K., W. Vanden Berghe and G. Haegeman (2003). "The interplay between the glucocorticoid 

receptor and nuclear factor-kappaB or activator protein-1: molecular mechanisms for gene repression." 

Endocr Rev 24(4): 488-522. 

De Bosscher, K., W. Vanden Berghe and G. Haegeman (2006). "Cross-talk between nuclear receptors and 

nuclear factor kappaB." Oncogene 25(51): 6868-6886. 

De Bosscher, K., W. Vanden Berghe, L. Vermeulen, S. Plaisance, E. Boone and G. Haegeman (2000). 

"Glucocorticoids repress NF-kappaB-driven genes by disturbing the interaction of p65 with the basal 

transcription machinery, irrespective of coactivator levels in the cell." Proc Natl Acad Sci U S A 97(8): 

3919-3924. 

Deese, J., L. Masson, W. Miller, M. Cohen, C. Morrison, M. Wang, K. Ahmed, K. Agot, T. Crucitti, et al. 

(2015). "Injectable Progestin-Only Contraception is Associated With Increased Levels of Pro-Inflammatory 

Cytokines in the Female Genital Tract." Am J Reprod Immunol 74(4): 357-367. 

Denis, M. and E. Ghadirian (1994). "Dysregulation of interleukin 8, interleukin 10, and interleukin 12 release by 

alveolar macrophages from HIV type 1-infected subjects." AIDS Res Hum Retroviruses 10(12): 1619-1627. 

Deroo, B. J., C. Rentsch, S. Sampath, J. Young, D. B. DeFranco and T. K. Archer (2002). "Proteasomal 

inhibition enhances glucocorticoid receptor transactivation and alters its subnuclear trafficking." Mol Cell 

Biol 22(12): 4113-4123. 

Dezzutti, C. S., P. C. Guenthner, J. E. Cummins, Jr., T. Cabrera, J. H. Marshall, A. Dillberger and R. B. Lal 

(2001). "Cervical and prostate primary epithelial cells are not productively infected but sequester human 

immunodeficiency virus type 1." J Infect Dis 183(8): 1204-1213. 

Dezzutti, C. S. and F. Hladik (2013). "Use of human mucosal tissue to study HIV-1 pathogenesis and evaluate 

HIV-1 prevention modalities." Curr HIV/AIDS Rep 10(1): 12-20. 

Diep, H. A., H. Ahrendt and C. A. Lange (2016). "Progesterone induces progesterone receptor gene (PGR) 

expression via rapid activation of protein kinase pathways required for cooperative estrogen receptor alpha 

(ER) and progesterone receptor (PR) genomic action at ER/PR target genes." Steroids 114: 48-58. 

Dietz Ostergaard, S., K. Butler, J. M. Ritter, R. Johnson, J. Sanders, N. Powell, G. Lathrop, S. R. Zaki, J. M. 

McNicholl, et al. (2015). "A combined oral contraceptive affects mucosal SHIV susceptibility factors in a 

pigtail macaque (Macaca nemestrina) model." J Med Primatol 44(2): 97-107. 



191 
 

Dogan, E., R. Erkoc, C. Demir, H. Sayarlioglu, I. Dilek and M. Sayarlioglu (2005). "Effect of hormone 

replacement therapy on CD4+ and CD8+ numbers, CD4+/CD8+ ratio, and immunoglobulin levels in 

hemodialysis patients." Ren Fail 27(4): 421-424. 

Dominguez, F., A. Galan, J. J. Martin, J. Remohi, A. Pellicer and C. Simon (2003). "Hormonal and embryonic 

regulation of chemokine receptors CXCR1, CXCR4, CCR5 and CCR2B in the human endometrium and the 

human blastocyst." Mol Hum Reprod 9(4): 189-198. 

Dong, Y., L. Poellinger, J. A. Gustafsson and S. Okret (1988). "Regulation of glucocorticoid receptor 

expression: evidence for transcriptional and posttranslational mechanisms." Mol Endocrinol 2(12): 1256-

1264. 

Duma, D., C. M. Jewell and J. A. Cidlowski (2006). "Multiple glucocorticoid receptor isoforms and 

mechanisms of post-translational modification." J Steroid Biochem Mol Biol 102(1-5): 11-21. 

Dunbar, B., M. Patel, J. Fahey and C. Wira (2012). "Endocrine control of mucosal immunity in the female 

reproductive tract: impact of environmental disruptors." Mol Cell Endocrinol 354(1-2): 85-93. 

ECHO. (2016). "The Evidence for Contraceptive Options and HIV Outcomes (ECHO) Study."   Retrieved 1 

December 2017, from http://echo-consortium.com/. 

Edlefsen, K. L., R. D. Jackson, R. L. Prentice, I. Janssen, A. Rajkovic, M. J. O'Sullivan and G. Anderson 

(2010). "The effects of postmenopausal hormone therapy on serum estrogen, progesterone, and sex 

hormone-binding globulin levels in healthy postmenopausal women." Menopause 17(3): 622-629. 

Edmonds, T. G., H. Ding, X. Yuan, Q. Wei, K. S. Smith, J. A. Conway, L. Wieczorek, B. Brown, V. Polonis, et 

al. (2010). "Replication competent molecular clones of HIV-1 expressing Renilla luciferase facilitate the 

analysis of antibody inhibition in PBMC." Virology 408(1): 1-13. 

Edwards, D. P., S. E. Wardell and V. Boonyaratanakornkit (2002). "Progesterone receptor interacting 

coregulatory proteins and cross talk with cell signaling pathways." J Steroid Biochem Mol Biol 83(1-5): 

173-186. 

Ehring, G. R., H. H. Kerschbaum, C. Eder, A. L. Neben, C. M. Fanger, R. M. Khoury, P. A. Negulescu and M. 

D. Cahalan (1998). "A nongenomic mechanism for progesterone-mediated immunosuppression: inhibition of 

K+ channels, Ca2+ signaling, and gene expression in T lymphocytes." J Exp Med 188(9): 1593-1602. 

Engler, J. B., N. Kursawe, M. E. Solano, K. Patas, S. Wehrmann, N. Heckmann, F. Luhder, H. M. Reichardt, P. 

C. Arck, et al. (2017). "Glucocorticoid receptor in T cells mediates protection from autoimmunity in 

pregnancy." Proc Natl Acad Sci U S A 114(2): E181-E190. 

Englund, K., A. Blanck, I. Gustavsson, U. Lundkvist, P. Sjoblom, A. Norgren and B. Lindblom (1998). "Sex 

steroid receptors in human myometrium and fibroids: changes during the menstrual cycle and gonadotropin-

releasing hormone treatment." J Clin Endocrinol Metab 83(11): 4092-4096. 

Eritja, N., C. Mirantes, D. Llobet, G. Masip, X. Matias-Guiu and X. Dolcet (2012). "ERalpha-mediated 

repression of pro-inflammatory cytokine expression by glucocorticoids reveals a crucial role for TNFalpha 

and IL1alpha in lumen formation and maintenance." J Cell Sci 125(Pt 8): 1929-1944. 

Ershler, W. B. and E. T. Keller (2000). "Age-associated increased interleukin-6 gene expression, late-life 

diseases, and frailty." Annu Rev Med 51: 245-270. 

Eszterhas, S. K., N. O. Ilonzo, J. E. Crozier, S. Celaj and A. L. Howell (2011). "Nanoparticles containing siRNA 

to silence CD4 and CCR5 reduce expression of these receptors and inhibit HIV-1 infection in human female 

reproductive tract tissue explants." Infect Dis Rep 3(2): e11. 

Evans, R. M. (1988). "The steroid and thyroid hormone receptor superfamily." Science 240(4854): 889-895. 

Faas, M., A. Bouman, H. Moesa, M. J. Heineman, L. de Leij and G. Schuiling (2000). "The immune response 

during the luteal phase of the ovarian cycle: a Th2-type response?" Fertil Steril 74(5): 1008-1013. 

http://echo-consortium.com/


192 
 

Fagart, J., J. M. Wurtz, A. Souque, C. Hellal-Levy, D. Moras and M. E. Rafestin-Oblin (1998). "Antagonism in 

the human mineralocorticoid receptor." EMBO J 17(12): 3317-3325. 

Fahey, J. V., T. M. Schaefer, J. Y. Channon and C. R. Wira (2005). "Secretion of cytokines and chemokines by 

polarized human epithelial cells from the female reproductive tract." Hum Reprod 20(6): 1439-1446. 

Fang, S., D. Sun, H. Jiang and H. Luo (2004). "Concentration changes of medroxyprogesterone acetate in serum 

and milk in lactating women who used depo geston." J. Reprod. Contraception 15: 157-162. 

Farage, M. A., S. Neill and A. B. MacLean (2009). "Physiological changes associated with the menstrual cycle: 

a review." Obstet Gynecol Surv 64(1): 58-72. 

Faus, H. and B. Haendler (2006). "Post-translational modifications of steroid receptors." Biomed Pharmacother 

60(9): 520-528. 

Feghali, C. A. and T. M. Wright (1997). "Cytokines in acute and chronic inflammation." Front Biosci 2: d12-26. 

Feldman, I., G. M. Feldman, C. Mobarak, J. C. Dunkelberg and K. K. Leslie (2007). "Identification of proteins 

within the nuclear factor-kappa B transcriptional complex including estrogen receptor-alpha." Am J Obstet 

Gynecol 196(4): 394 e391-311; discussion 394 e311-393. 

Ferreira, V. H., S. Dizzell, A. Nazli, J. K. Kafka, K. Mueller, P. V. Nguyen, M. J. Tremblay, A. Cochrane and 

C. Kaushic (2015). "Medroxyprogesterone Acetate Regulates HIV-1 Uptake and Transcytosis but Not 

Replication in Primary Genital Epithelial Cells, Resulting in Enhanced T-Cell Infection." J Infect Dis 

211(11): 1745-1756. 

Fichorova, R. N., P. L. Chen, C. S. Morrison, G. F. Doncel, K. Mendonca, C. Kwok, T. Chipato, R. Salata and 

C. Mauck (2015). "The contribution of cervicovaginal infections to the immunomodulatory effects of 

hormonal contraception." MBio 6(5): e00221-00215. 

Fichorova, R. N., J. G. Rheinwald and D. J. Anderson (1997). "Generation of papillomavirus-immortalized cell 

lines from normal human ectocervical, endocervical, and vaginal epithelium that maintain expression of 

tissue-specific differentiation proteins." Biol Reprod 57(4): 847-855. 

Flötotto, T., D. Niederacher, D. Hohmann, T. Heimerzheim, P. Dall, S. Djahansouzi, H. G. Bender and B. 

Hanstein (2004). "Molecular mechanism of estrogen receptor (ER)a-specific, estradiol-dependent expression 

of the progesterone receptor (PR) B-isoform." J Steroid Biochem Mol Biol 88: 131-142. 

Fotherby, K., A. Hamawi, G. Howard, P. G. Bye and M. Elder (1984). "Pharmacokinetics of different doses of 

norethisterone oenanthate." Contraception 29(4): 325-333. 

Fotherby, K. and S. Koetsawang (1982). "Metabolism of injectable formulations of contraceptive steroids in 

obese and thin women." Contraception 26(1): 51-58. 

Fotherby, K., S. Koetsawang and M. Mathrubutham (1980a). "Pharmacokinetic study of different doses of Depo 

Provera." Contraception 22(5): 527-536. 

Fotherby, K., B. N. Saxena, K. Shrimanker, V. Hingorani, D. Takker, E. Diczfalusy and B. M. Landgren 

(1980b). "A preliminary pharmacokinetic and pharmacodynamic evaluation of depot-medroxyprogesterone 

acetate and norethisterone oenanthate." Fertil Steril 34(2): 131-139. 

Francis, S. C., Y. Hou, K. Baisley, J. van de Wijgert, D. Watson-Jones, T. T. Ao, C. Herrera, K. Maganja, A. 

Andreasen, et al. (2016). "Immune Activation in the Female Genital Tract: Expression Profiles of Soluble 

Proteins in Women at High Risk for HIV Infection." PLoS One 11(1): e0143109. 

Freshney, R. I. (1987). Culture of animal cells: a manual of basic technique. New York, Wiley-Liss. 

Fryer, C. J., S. K. Nordeen and T. K. Archer (1998). "Antiprogestins mediate differential effects on 

glucocorticoid receptor remodeling of chromatin structure." J Biol Chem 273(2): 1175-1183. 

Fuhrmann, U., E. P. Slater and K. H. Fritzemeier (1995). "Characterization of the novel progestin gestodene by 

receptor binding studies and transactivation assays." Contraception 51(1): 45-52. 



193 
 

Fukuyama, A., K. Tanaka, I. Kakizaki, K. Kasai, M. Chiba, T. Nakamura and H. Mizunuma (2012). "Anti-

inflammatory effect of proteoglycan and progesterone on human uterine cervical fibroblasts." Life Sci 

90(13-14): 484-488. 

Furth, P. A., H. Westphal and L. Hennighausen (1990). "Expression from the HIV-LTR is stimulated by 

glucocorticoids and pregnancy." AIDS Res Hum Retroviruses 6(4): 553-560. 

Geleziunas, R., S. Bour and M. A. Wainberg (1994). "Cell surface down-modulation of CD4 after infection by 

HIV-1." FASEB J 8(9): 593-600. 

Gellersen, B., M. S. Fernandes and J. J. Brosens (2009). "Non-genomic progesterone actions in female 

reproduction." Hum Reprod Update 15(1): 119-138. 

Genesca, M., J. Li, L. Fritts, P. Chohan, K. Bost, T. Rourke, S. A. Blozis, M. B. McChesney and C. J. Miller 

(2007). "Depo-Provera abrogates attenuated lentivirus-induced protection in male rhesus macaques 

challenged intravenously with pathogenic SIVmac239." J Med Primatol 36(4-5): 266-275. 

Giangrande, P. H. and D. P. McDonnell (1999). "The A and B isoforms of the human progesterone receptor: 

two functionally different transcription factors encoded by a single gene." Recent Prog Horm Res 54: 291-

313; discussion 313-294. 

Giangrande, P. H., G. Pollio and D. P. McDonnell (1997). "Mapping and characterization of the functional 

domains responsible for the differential activity of the A and B isoforms of the human progesterone 

receptor." J Biol Chem 272(52): 32889-32900. 

Gillgrass, A., D. Chege, S. Bhavanam and C. Kaushic (2010). "Estradiol limits viral replication following 

intravaginal immunization leading to diminished mucosal IgG response and non-sterile protection against 

genital herpes challenge." Am J Reprod Immunol 63(4): 299-309. 

Gillgrass, A. E., A. A. Ashkar, K. L. Rosenthal and C. Kaushic (2003). "Prolonged exposure to progesterone 

prevents induction of protective mucosal responses following intravaginal immunization with attenuated 

Herpes Simplex Virus Type 2." Journal of Virology 77(18): 9845-9851. 

Gillgrass, A. E., S. A. Fernandez, K. L. Rosenthal and C. Kaushic (2005). "Estradiol regulates susceptibility 

following primary exposure to genital herpes simplex virus type 2, while progesterone induces 

inflammation." J Virol 79(5): 3107-3116. 

Givan, A. L., H. D. White, J. E. Stern, E. Colby, E. J. Gosselin, P. M. Guyre and C. R. Wira (1997). "Flow 

cytometric analysis of leukocytes in the human female reproductive tract: comparison of fallopian tube, 

uterus, cervix, and vagina." Am J Reprod Immunol 38(5): 350-359. 

Gizard, F., R. Robillard, P. Gervois, A. Faucompre, F. Revillion, J. P. Peyrat, W. D. Hum and B. Staels (2005). 

"Progesterone inhibits human breast cancer cell growth through transcriptional upregulation of the cyclin-

dependent kinase inhibitor p27Kip1 gene." FEBS Lett 579(25): 5535-5541. 

Goebelsmann, U. (1986). Steroid hormones. Infertility, Contraception and Reproductive Endocrinology. D. R. J. 

Mishell and V. Danajan. Oradell, NJ, Medical Economics Books: 45-113. 

Goode, D., M. Aravantinou, S. Jarl, R. Truong, N. Derby, N. Guerra-Perez, J. Kenney, J. Blanchard, A. Gettie, 

et al. (2014). "Sex hormones selectively impact the endocervical mucosal microenvironment: implications 

for HIV transmission." PLoS One 9(5): e97767. 

Gougat, C., D. Jaffuel, R. Gagliardo, C. Henriquet, J. Bousquet, P. Demoly and M. Mathieu (2002). 

"Overexpression of the human glucocorticoid receptor alpha and beta isoforms inhibits AP-1 and NF-

kappaB activities hormone independently." J Mol Med (Berl) 80(5): 309-318. 

Govender, Y. (2014). Role of the glucocorticoid receptor and HIV-1 Vpr in inflammatory gene expression and 

HIV-1 LTR transcription in response to dexamethasone and progestogens. Doctor of Philosophy, University 

of Cape Town. 

Govender, Y., C. Avenant, N. J. Verhoog, R. M. Ray, N. J. Grantham, D. Africander and J. P. Hapgood (2014). 

"The injectable-only contraceptive medroxyprogesterone acetate, unlike norethisterone acetate and 



194 
 

progesterone, regulates inflammatory genes in endocervical cells via the glucocorticoid receptor." PLoS One 

9(5): e96497. 

Grabowski, M. K., R. H. Gray, F. Makumbi, J. Kagaayi, A. D. Redd, G. Kigozi, S. J. Reynolds, F. Nalugoda, T. 

Lutalo, et al. (2015). "Use of injectable hormonal contraception and women's risk of herpes simplex virus 

type 2 acquisition: a prospective study of couples in Rakai, Uganda." Lancet Glob Health 3(8): e478-e486. 

Graham, J. D. and C. L. Clarke (2002). "Expression and transcriptional activity of progesterone receptor A and 

progesterone receptor B in mammalian cells." Breast Cancer Res 4(5): 187-190. 

Graham, J. D., M. L. Yager, H. D. Hill, K. Byth, G. M. O'Neill and C. L. Clarke (2005). "Altered progesterone 

receptor isoform expression remodels progestin responsiveness of breast cancer cells." Mol Endocrinol 

19(11): 2713-2735. 

Grandi, G., M. Mueller, N. Bersinger, A. Papadia, K. Nirgianakis, A. Cagnacci and B. McKinnon (2016). 

"Progestin suppressed inflammation and cell viability of tumor necrosis factor-alpha-stimulated 

endometriotic stromal cells." Am J Reprod Immunol 76(4): 292-298. 

Gray, R. H., X. Li, G. Kigozi, D. Serwadda, H. Brahmbhatt, F. Wabwire-Mangen, F. Nalugoda, M. Kiddugavu, 

N. Sewankambo, et al. (2005). "Increased risk of incident HIV during pregnancy in Rakai, Uganda: a 

prospective study." Lancet 366(9492): 1182-1188. 

Greenhead, P., P. Hayes, P. S. Watts, K. G. Laing, G. E. Griffin and R. J. Shattock (2000). "Parameters of 

Human Immunodeficiency Virus infection of human cervical tissue and inhibition by vaginal virucides." 

Journal of Virology 74(12): 5577-5586. 

Griekspoor, A., W. Zwart, J. Neefjes and R. Michalides (2007). "Visualizing the action of steroid hormone 

receptors in living cells." Nucl Recept Signal 5: e003. 

Grivel, J. C., R. J. Shattock and L. B. Margolis (2011). "Selective transmission of R5 HIV-1 variants: where is 

the gatekeeper?" J Transl Med 9 Suppl 1: S6. 

Grontved, L. and G. L. Hager (2012). "Impact of chromatin structure on PR signaling: transition from local to 

global analysis." Mol Cell Endocrinol 357(1-2): 30-36. 

Guiochon-Mantel, A., P. Lescop, S. Christin-Maitre, H. Loosfelt, M. Perrot-Applanat and E. Milgrom (1991). 

"Nucleocytoplasmic shuttling of the progesterone receptor." EMBO J 10(12): 3851-3859. 

Guo, W., P. Li, G. Zhao, H. Fan, Y. Hu and Y. Hou (2012). "Glucocorticoid receptor mediates the effect of 

progesterone on uterine natural killer cells." Am J Reprod Immunol 67(6): 463-473. 

Guo, W. X., T. Antakly, M. Cadotte, Z. Kachra, L. Kunkel, R. Masood and P. Gill (1996). "Expression and 

cytokine regulation of glucocorticoid receptors in Kaposi's sarcoma." Am J Pathol 148(6): 1999-2008. 

Haase, A. T. (2005). "Perils at mucosal front lines for HIV and SIV and their hosts." Nat Rev Immunol 5(10): 

783-792. 

Hafner, L. M., K. Cunningham and K. W. Beagley (2013). "Ovarian steroid hormones: effects on immune 

responses and Chlamydia trachomatis infections of the female genital tract." Mucosal Immunol 6(5): 859-

875. 

Hall, O. J. and S. L. Klein (2017). "Progesterone-based compounds affect immune responses and susceptibility 

to infections at diverse mucosal sites." Mucosal Immunol 10(5): 1097-1107. 

Hanley, T. M. and G. A. Viglianti (2011). "Nuclear receptor signaling inhibits HIV-1 replication in 

macrophages through multiple trans-repression mechanisms." J Virol 85(20): 10834-10850. 

Hapgood, J. P. (2013). "Immunosuppressive biological mechanisms support reassessment of use of the 

injectable contraceptive medroxyprogesterone acetate." Endocrinology 154(3): 985-988. 

Hapgood, J. P., D. Africander, R. Louw, R. M. Ray and J. M. Rohwer (2014a). "Potency of progestogens used 

in hormonal therapy: toward understanding differential actions." J Steroid Biochem Mol Biol 142: 39-47. 



195 
 

Hapgood, J. P., C. Avenant and J. M. Moliki (2016). "Glucocorticoid-independent modulation of GR activity: 

Implications for immunotherapy." Pharmacol Ther 165: 93-113. 

Hapgood, J. P., C. Kaushic and Z. Hel (2018). "Hormonal Contraception and HIV-1 Acquisition: Biological 

Mechanisms." Endocr Rev. 

Hapgood, J. P., D. Koubovec, A. Louw and D. Africander (2004). "Not all progestins are the same: implications 

for usage." Trends Pharmacol Sci 25(11): 554-557. 

Hapgood, J. P., R. M. Ray, Y. Govender, C. Avenant and M. Tomasicchio (2014b). "Differential glucocorticoid 

receptor-mediated effects on immunomodulatory gene expression by progestin contraceptives: implications 

for HIV-1 pathogenesis." Am J Reprod Immunol 71(6): 505-512. 

Hapgood, J. P. and M. Tomasicchio (2010). "Modulation of HIV-1 virulence via the host glucocorticoid 

receptor: towards further understanding the molecular mechanisms of HIV-1 pathogenesis." Arch Virol 

155(7): 1009-1019. 

Hardy, D. B., B. A. Janowski, D. R. Corey and C. R. Mendelson (2006). "Progesterone receptor plays a major 

antiinflammatory role in human myometrial cells by antagonism of nuclear factor-kappaB activation of 

cyclooxygenase 2 expression." Mol Endocrinol 20(11): 2724-2733. 

Haseltine, W. A. and F. Wong-Staal (1988). "The molecular biology of the AIDS virus." Sci Am 259(4): 52-62. 

Haynes, B. F. and R. J. Shattock (2008). "Critical issues in mucosal immunity for HIV-1 vaccine development." 

J Allergy Clin Immunol 122(1): 3-9; quiz 10-11. 

Heck, S., K. Bender, M. Kullmann, M. Gottlicher, P. Herrlich and A. C. Cato (1997). "I kappaB alpha-

independent downregulation of NF-kappaB activity by glucocorticoid receptor." EMBO J 16(15): 4698-

4707. 

Heffron, R., D. Donnell, H. Rees, C. Celum, N. Mugo, E. Were, G. de Bruyn, E. Nakku-Joloba, K. Ngure, et al. 

(2012). "Use of hormonal contraceptives and risk of HIV-1 transmission: a prospective cohort study." Lancet 

Infect Dis 12(1): 19-26. 

Heffron, R., N. Mugo, K. Ngure, C. Celum, D. Donnell, E. Were, H. Rees, J. Kiarie, J. M. Baeten, et al. (2013). 

"Hormonal contraceptive use and risk of HIV-1 disease progression." AIDS 27(2): 261-267. 

Hel, Z., E. Stringer and J. Mestecky (2010). "Sex steroid hormones, hormonal contraception, and the 

immunobiology of human immunodeficiency virus-1 infection." Endocr Rev 31(1): 79-97. 

Hickey, D. K., M. V. Patel, J. V. Fahey and C. R. Wira (2011). "Innate and adaptive immunity at mucosal 

surfaces of the female reproductive tract: stratification and integration of immune protection against the 

transmission of sexually transmitted infections." J Reprod Immunol 88(2): 185-194. 

Hild-Petito, S., R. S. Veazey, J. M. Larner, J. R. Reel and R. P. Blye (1998). "Effects of two progestin-only 

contraceptives, Depo-Provera and Norplant-II, on the vaginal epithelium of rhesus monkeys." AIDS Res 

Hum Retroviruses 14 Suppl 1: S125-130. 

Hladik, F. and T. J. Hope (2009). "HIV infection of the genital mucosa in women." Curr HIV/AIDS Rep 6(1): 

20-28. 

Hladik, F. and M. J. McElrath (2008). "Setting the stage: host invasion by HIV." Nat Rev Immunol 8(6): 447-

457. 

Hocini, H., P. Becquart, H. Bouhlal, H. Adle-Biassette, M. D. Kazatchkine and L. Belec (2000). "Secretory 

leukocyte protease inhibitor inhibits infection of monocytes and lymphocytes with human immunodeficiency 

virus type 1 but does not interfere with transcytosis of cell-associated virus across tight epithelial barriers." 

Clin Diagn Lab Immunol 7(3): 515-518. 

Hoeck, W., S. Rusconi and B. Groner (1989). "Down-regulation and phosphorylation of glucocorticoid 

receptors in cultured cells. Investigations with a monospecific antiserum against a bacterially expressed 

receptor fragment." J Biol Chem 264(24): 14396-14402. 



196 
 

Horie, S., T. Harada, M. Mitsunari, F. Taniguchi, T. Iwabe and N. Terakawa (2005). "Progesterone and 

progestational compounds attenuate tumor necrosis factor alpha-induced interleukin-8 production via nuclear 

factor kappa B inactivation in endometriotic stromal cells." Fertil Steril 83(5): 1530-1535. 

Horwitz, K. B. and W. L. McGuire (1978). "Estrogen control of progesterone receptor in human breast cancer: 

Correlation with nuclear processing of estrogen receptor." J Biol Chem 253(7): 2223-2228. 

Horwitz, K. B., D. T. Zava, A. K. Thilagar, E. M. Jensen and W. L. McGuire (1978). "Steroid receptor analyses 

of nine human breast cancer cell lines." Cancer Res 38(8): 2434-2437. 

Howell, A. L., R. D. Edkins, S. E. Rier, G. R. Yeaman, J. E. Stern, M. W. Fanger and C. R. Wira (1997). 

"Human immunodeficiency virus type 1 infection of cells and tissues from the upper and lower human 

female reproductive tract." J Virol 71(5): 3498-3506. 

Huang, P., V. Chandra and F. Rastinejad (2010). "Structural overview of the nuclear receptor superfamily: 

insights into physiology and therapeutics." Annu Rev Physiol 72: 247-272. 

Hughes, G. C., S. Thomas, C. Li, M. K. Kaja and E. A. Clark (2008). "Cutting edge: progesterone regulates 

IFN-alpha production by plasmacytoid dendritic cells." J Immunol 180(4): 2029-2033. 

Huijbregts, R. P., E. S. Helton, K. G. Michel, S. Sabbaj, H. E. Richter, P. A. Goepfert and Z. Hel (2013). 

"Hormonal contraception and HIV-1 infection: medroxyprogesterone acetate suppresses innate and adaptive 

immune mechanisms." Endocrinology 154(3): 1282-1295. 

Huijbregts, R. P., K. G. Michel and Z. Hel (2014). "Effect of progestins on immunity: medroxyprogesterone but 

not norethisterone or levonorgestrel suppresses the function of T cells and pDCs." Contraception 90(2): 123-

129. 

Ingamells, S., I. G. Campbell, F. W. Anthony and E. J. Thomas (1996). "Endometrial progesterone receptor 

expression during the human menstrual cycle." J Reprod Fertil 106(1): 33-38. 

Irvin, S. C. and B. C. Herold (2015). "Molecular mechanisms linking high dose medroxyprogesterone with 

HIV-1 risk." PLoS One 10(3): e0121135. 

Ishibashi, H., T. Suzuki, S. Suzuki, T. Moriya, C. Kaneko, T. Takizawa, M. Sunamori, M. Handa, T. Kondo, et 

al. (2003). "Sex steroid hormone receptors in human thymoma." J Clin Endocrinol Metab 88(5): 2309-2317. 

Iyer, S. S., M. J. Sabula, C. C. Mehta, L. B. Haddad, N. L. Brown, R. R. Amara, I. Ofotokun and A. N. Sheth 

(2017). "Characteristics of HIV target CD4 T cells collected using different sampling methods from the 

genital tract of HIV seronegative women." PLoS One 12(6): e0178193. 

Jacobsen, B. M. and K. B. Horwitz (2012). "Progesterone receptors, their isoforms and progesterone regulated 

transcription." Mol Cell Endocrinol 357(1-2): 18-29. 

Jacobsen, B. M., S. A. Schittone, J. K. Richer and K. B. Horwitz (2005). "Progesterone-independent effects of 

human progesterone receptors (PRs) in estrogen receptor-positive breast cancer: PR isoform-specific gene 

regulation and tumor biology." Mol Endocrinol 19(3): 574-587. 

Jain, A. K. (2012). "Hormonal contraception and HIV acquisition risk: implications for individual users and 

public policies." Contraception 86(6): 645-652. 

Jain, J., C. Dutton, A. Nicosia, C. Wajszczuk, F. R. Bode and D. R. Mishell, Jr. (2004). "Pharmacokinetics, 

ovulation suppression and return to ovulation following a lower dose subcutaneous formulation of Depo-

Provera." Contraception 70(1): 11-18. 

Jeppsson, S., S. Gershagen, E. D. Johansson and G. Rannevik (1982). "Plasma levels of medroxyprogesterone 

acetate (MPA), sex-hormone binding globulin, gonadal steroids, gonadotrophins and prolactin in women 

during long-term use of depo-MPA (Depo-Provera) as a contraceptive agent." Acta Endocrinol (Copenh) 

99(3): 339-343. 

Jeppsson, S. and Johansson (1976). "Medroxyprogesterone acetate, estradiol, FSH and LH in peripheral blood 

after intramuscular administration of Depo-ProveraR to women." Contraception 14(4): 461-469. 



197 
 

Jespers, V., A. M. Harandi, J. Hinkula, D. Medaglini, R. Le Grand, C. Stahl-Hennig, W. Bogers, R. El Habib, F. 

Wegmann, et al. (2010). "Assessment of mucosal immunity to HIV-1." Expert Rev Vaccines 9(4): 381-394. 

Joag, V. R., L. R. McKinnon, J. Liu, S. T. Kidane, M. H. Yudin, B. Nyanga, S. Kimwaki, K. E. Besel, J. O. 

Obila, et al. (2016). "Identification of preferential CD4+ T-cell targets for HIV infection in the cervix." 

Mucosal Immunol 9(1): 1-12. 

Joint United Nationals Programme on HIV/AIDS (UNAIDS) (2016). Fact sheet 2016. Geneva, Switzerland. 

Jones, L. A., J. P. Anthony, F. L. Henriquez, R. E. Lyons, M. B. Nickdel, K. C. Carter, J. Alexander and C. W. 

Roberts (2008). "Toll-like receptor-4-mediated macrophage activation is differentially regulated by 

progesterone via the glucocorticoid and progesterone receptors." Immunology 125(1): 59-69. 

Kadmiel, M. and J. A. Cidlowski (2013). "Glucocorticoid receptor signaling in health and disease." Trends 

Pharmacol Sci 34(9): 518-530. 

Kagoshima, M., T. Wilcke, K. Ito, L. Tsaprouni, P. J. Barnes, N. Punchard and I. M. Adcock (2001). 

"Glucocorticoid-mediated transrepression is regulated by histone acetylation and DNA methylation." Eur J 

Pharmacol 429(1-3): 327-334. 

Kalkhoven, E., S. Wissink, P. T. van der Saag and B. van der Burg (1996). "Negative interaction between the 

RelA(p65) subunit of NF-kappaB and the progesterone receptor." J Biol Chem 271(11): 6217-6224. 

Karmakar, S., Y. Jin and A. K. Nagaich (2013). "Interaction of glucocorticoid receptor (GR) with estrogen 

receptor (ER) alpha and activator protein 1 (AP1) in dexamethasone-mediated interference of ERalpha 

activity." J Biol Chem 288(33): 24020-24034. 

Kassel, O. and P. Herrlich (2007). "Crosstalk between the glucocorticoid receptor and other transcription 

factors: Molecular aspects." Mol Cell Endocrinol 275: 13-29. 

Kassel, O., A. Sancono, J. Kratzschmar, B. Kreft, M. Stassen and A. C. Cato (2001). "Glucocorticoids inhibit 

MAP kinase via increased expression and decreased degradation of MKP-1." EMBO J 20(24): 7108-7116. 

Kastner, P., M. T. Bocquel, B. Turcotte, J. M. Garnier, K. B. Horwitz, P. Chambon and H. Gronemeyer (1990). 

"Transient expression of human and chicken progesterone receptors does not support alternative translational 

initiation from a single mRNA as the mechanism generating two receptor isoforms." J Biol Chem 265(21): 

12163-12167. 

Kaushic, C. (2009). "The role of the local microenvironment in regulating susceptibility and immune responses 

to sexually transmitted viruses in the female genital tract." J Reprod Immunol 83(1-2): 168-172. 

Kaushic, C. (2011). "HIV-1 infection in the female reproductive tract: role of interactions between HIV-1 and 

genital epithelial cells." Am J Reprod Immunol 65(3): 253-260. 

Kaushic, C., A. A. Ashkar, L. A. Reid and K. L. Rosenthal (2003). "Progesterone increases susceptibility and 

decreases immune responses to genital herpes infection." J Virol 77(8): 4558-4565. 

Kaushic, C., K. L. Roth, V. Anipindi and F. Xiu (2011). "Increased prevalence of sexually transmitted viral 

infections in women: the role of female sex hormones in regulating susceptibility and immune responses." J 

Reprod Immunol 88(2): 204-209. 

Keele, B. F., E. E. Giorgi, J. F. Salazar-Gonzalez, J. M. Decker, K. T. Pham, M. G. Salazar, C. Sun, T. Grayson, 

S. Wang, et al. (2008). "Identification and characterization of transmitted and early founder virus envelopes 

in primary HIV-1 infection." Proc Natl Acad Sci U S A 105(21): 7552-7557. 

Keller, M., E. Guzman, E. Hazrati, A. Kasowitz, N. Cheshenko, S. Wallenstein, A. Cole, A. Cole, A. Profy, et 

al. (2007). "PRO 2000 elicits a decline in genital tract immune mediators without compromising intrinsic 

antimicrobial activity." AIDS 21: 467-476. 

Kersh, E. N., T. Henning, S. A. Vishwanathan, M. Morris, K. Butler, D. R. Adams, P. Guenthner, P. Srinivasan, 

J. Smith, et al. (2014). "SHIV susceptibility changes during the menstrual cycle of pigtail macaques." J Med 

Primatol 43(5): 310-316. 



198 
 

Keydar, I., L. Chen, S. Karby, F. R. Weiss, J. Delarea, M. Radu, S. Chaitcik and H. J. Brenner (1979). 

"Establishment and characterization of a cell line of human breast carcinoma origin." Eur J Cancer 15(5): 

659-670. 

Khan, J. A., C. Bellance, A. Guiochon-Mantel, M. Lombes and H. Loosfelt (2012). "Differential regulation of 

breast cancer-associated genes by progesterone receptor isoforms PRA and PRB in a new bi-inducible breast 

cancer cell line." PLoS One 7(9): e45993. 

Kim, M. G., J. Y. Shim, J. H. Pak, B. K. Jung, H. S. Won, P. R. Lee and A. Kim (2012). "Progesterone 

modulates the expression of interleukin-6 in cultured term human uterine cervical fibroblasts." Am J Reprod 

Immunol 67(5): 369-375. 

King, H. A., K. W. Trotter and T. K. Archer (2012). "Chromatin remodeling during glucocorticoid receptor 

regulated transactivation." Biochim Biophys Acta 1819(7): 716-726. 

Kino, T., J. B. Kopp and G. P. Chrousos (2000). "Glucocorticoids suppress human immunodeficiency virus 

type-1 long terminal repeat activity in a cell type-specific, glucocorticoid receptor-mediated fashion: direct 

protective effects at variance with clinical phenomenology." J Steroid Biochem Mol Biol 75(4-5): 283-290. 

Kino, T., M. Mirani, S. Alesci and G. P. Chrousos (2003). "AIDS-related lipodystrophy/insulin resistance 

syndrome." Horm Metab Res 35(3): 129-136. 

Kinter, A. L., P. Biswas, M. Alfano, J. S. Justement, B. Mantelli, C. Rizzi, A. R. Gatti, E. Vicenzi, P. Bressler, 

et al. (2001). "Interleukin-6 and glucocorticoids synergistically induce Human Immunodeficiency Virus 

Type-1 expression in chronically infected U1 cells by a Long Terminal Repeat independent post-

transcriptional mechanism." Molecular Medicine 7(10): 668-678. 

Kinyamu, H. K. and T. K. Archer (2003). "Estrogen receptor-dependent proteasomal degradation of the 

glucocorticoid receptor is coupled to an increase in mdm2 protein expression." Mol Cell Biol 23(16): 5867-

5881. 

Kirton, K. T. and J. C. Cornette (1974). "Return of ovulatory cyclicity following an intramuscular injection of 

medroxyprogesterone acetate (Provera)." Contraception 10(1): 39-45. 

Klein, S. L. and K. L. Flanagan (2016). "Sex differences in immune responses." Nat Rev Immunol 16(10): 626-

638. 

Kleinschmidt, I., H. Rees, S. Delany, D. Smith, N. Dinat, B. Nkala and J. A. McIntyre (2007). "Injectable 

progestin contraceptive use and risk of HIV infection in a South African family planning cohort." 

Contraception 75(6): 461-467. 

Kleiveland, C. R. (2015). Peripheral blood mononuclear cells. The Impact of Food Bioactives on Health. K. 

Verhoeckx, P. Cotter, I. López-Expósito et al., Springer, Cham: 161-167. 

Kleynhans, L., N. Du Plessis, N. Allie, M. Jacobs, M. Kidd, P. D. van Helden, G. Walzl and K. Ronacher 

(2013). "The contraceptive depot medroxyprogesterone acetate impairs mycobacterial control and inhibits 

cytokine secretion in mice infected with Mycobacterium tuberculosis." Infect Immun 81(4): 1234-1244. 

Kleynhans, L., N. Du Plessis, G. F. Black, A. G. Loxton, M. Kidd, P. D. van Helden, G. Walzl and K. Ronacher 

(2011). "Medroxyprogesterone acetate alters Mycobacterium bovis BCG-induced cytokine production in 

peripheral blood mononuclear cells of contraceptive users." PLoS One 6(9): e24639. 

Kobayashi, S., J. P. Stice, D. Kazmin, B. M. Wittmann, E. A. Kimbrel, D. P. Edwards, C. Y. Chang and D. P. 

McDonnell (2010). "Mechanisms of progesterone receptor inhibition of inflammatory responses in cellular 

models of breast cancer." Mol Endocrinol 24(12): 2292-2302. 

Koetsawang, S. (1977). "Injected long--acting medroxyprogesterone acetate. Effect on human lactation and 

concentrations in milk." J Med Assoc Thai 60(2): 57-60. 

Konecna, L., M. S. Yan, L. E. Miller, J. Scholmerich, W. Falk and R. H. Straub (2000). "Modulation of IL-6 

production during the menstrual cycle in vivo and in vitro." Brain Behav Immun 14(1): 49-61. 



199 
 

Konishi, I., S. Fujii, H. Nonogaki, Y. Nanbu, T. Iwai and T. Mori (1991). "Immunohistochemical analysis of 

estrogen receptors, progesterone receptors, Ki-67 antigen, and human papillomavirus DNA in normal and 

neoplastic epithelium of the uterine cervix." Cancer 68(6): 1340-1350. 

Kontula, K., T. Paavonen, T. Luukkainen and L. C. Andersson (1983). "Binding of progestins to the 

glucocorticoid receptor. Correlation to their glucocorticoid-like effects on in vitro functions of human 

mononuclear leukocytes." Biochem Pharmacol 32(9): 1511-1518. 

Koubovec, D., K. Ronacher, E. Stubsrud, A. Louw and J. P. Hapgood (2005). "Synthetic progestins used in 

HRT have different glucocorticoid agonist properties." Mol Cell Endocrinol 242(1-2): 23-32. 

Koubovec, D., W. Vanden Berghe, L. Vermeulen, G. Haegeman and J. P. Hapgood (2004). 

"Medroxyprogesterone acetate downregulates cytokine gene expression in mouse fibroblast cells." Mol Cell 

Endocrinol 221(1-2): 75-85. 

Kraus, W. L., K. B. Weis and B. S. Katzenellenbogen (1995). "Inhibitory cross-talk between steroid hormone 

receptors: Differential targeting of estrogen receptor in the repression of its transcriptional activity by 

agonist- and antagonist-occupied progestin receptors." Mol Cell Biol 15(4): 1847-1857. 

Krishnan, A. V., S. Swami and D. Feldman (2001). "Estradiol inhibits glucocorticoid receptor expression and 

induces glucocorticoid resistance in MCF-7 human breast cancer cells." J Steroid Biochem Mol Biol 77(1): 

29-37. 

Kuhl, H. (1990). "Pharmacokinetics of oestrogens and progestogens." Maturitas 12(3): 171-197. 

Kuhl, H. (2005). "Pharmacology of estrogens and progestogens: influence of different routes of administration." 

Climacteric 8 Suppl 1: 3-63. 

Kuhl, H. (2011). "Pharmacology of progestogens." J Reproduktionsmed Endokrinol 8(Special issue 1): 157-176. 

Kumar, P. and N. Magon (2012). "Hormones in pregnancy." Niger Med J 53(4): 179-183. 

Kunsch, C. and C. A. Rosen (1993). "NF-kappa B subunit-specific regulation of the interleukin-8 promoter." 

Mol Cell Biol 13(10): 6137-6146. 

Kutteh, W. H., Z. Moldoveanu and J. Mestecky (1998). "Mucosal immunity in the female reproductive tract: 

correlation of immunoglobulins, cytokines, and reproductive hormones in human cervical mucus around the 

time of ovulation." AIDS Res Hum Retroviruses 14 Suppl 1: S51-55. 

Lain, A. R., C. J. Creighton and O. M. Conneely (2013). "Research resource: progesterone receptor targetome 

underlying mammary gland branching morphogenesis." Mol Endocrinol 27(10): 1743-1761. 

Lambert, J. R. and S. K. Nordeen (1998). "Steroid-selective initiation of chromatin remodeling and 

transcriptional activation of the mouse mammary tumor virus promoter is controlled by the site of promoter 

integration." J Biol Chem 273(49): 32708-32714. 

Lane, B. R., K. Lore, P. J. Bock, J. Andersson, M. J. Coffey, R. M. Strieter and D. M. Markovitz (2001). 

"Interleukin-8 stimulates human immunodeficiency virus type 1 replication and is a potential new target for 

antiretroviral therapy." J Virol 75(17): 8195-8202. 

Lange, C. A. (2004). "Making sense of cross-talk between steroid hormone receptors and intracellular signaling 

pathways: who will have the last word?" Mol Endocrinol 18(2): 269-278. 

Lange, C. A., T. Shen and K. B. Horwitz (2000). "Phosphorylation of human progesterone receptors at serine-

294 by mitogen-activated protein kinase signals their degradation by the 26S proteasome." Proc Natl Acad 

Sci U S A 97(3): 1032-1037. 

Lasa, M., S. M. Abraham, C. Boucheron, J. Saklatvala and A. R. Clark (2002). "Dexamethasone causes 

sustained expression of mitogen-activated protein kinase (MAPK) phosphatase 1 and phosphatase-mediated 

inhibition of MAPK p38." Mol Cell Biol 22(22): 7802-7811. 

Laurence, J., M. B. Sellers and S. K. Sikder (1989). "Effect of glucocorticoids on chronic human 

immunodeficiency virus (HIV) infection and HIV promoter-mediated transcription." Blood 74(1): 291-297. 



200 
 

Lavery, D. N. and I. J. McEwan (2005). "Structure and function of steroid receptor AF1 transactivation 

domains: induction of active conformations." Biochem J 391(Pt 3): 449-464. 

Le Ricousse, S., F. Gouilleux, D. Fortin, V. Joulin and H. Richard-Foy (1996). "Glucocorticoid and progestin 

receptors are differently involved in the cooperation with a structural element of the mouse mammary tumor 

virus promoter." Proc Natl Acad Sci U S A 93(10): 5072-5077. 

Leclerc, P. M., N. Dubois-Colas and M. Garenne (2008). "Hormonal contraception and HIV prevalence in four 

African countries." Contraception 77(5): 371-376. 

Lee, S., J. Kim, B. Jang, S. Hur, U. Jung, K. Kil, B. Na, M. Lee, Y. Choi, et al. (2010). "Fluctuation of 

peripheral blood T, B, and NK cells during a menstrual cycle of normal healthy women." J Immunol 185(1): 

756-762. 

Lee, S. K., C. J. Kim, D. J. Kim and J. H. Kang (2015). "Immune cells in the female reproductive tract." 

Immune Netw 15(1): 16-26. 

Lee, Y., S. E. Dizzell, V. Leung, A. Nazli, M. A. Zahoor, R. N. Fichorova and C. Kaushic (2016). "Effects of 

Female Sex Hormones on Susceptibility to HSV-2 in Vaginal Cells Grown in Air-Liquid Interface." Viruses 

8(9). 

Lee, Y. J. and J. Gorski (1996). "Estrogen-induced transcription of the progesterone receptor gene does not 

parallel estrogen receptor occupancy." Proc Natl Acad Sci U S A 93: 15180–15184. 

Lei, K., L. Chen, E. X. Georgiou, S. R. Sooranna, S. Khanjani, J. J. Brosens, P. R. Bennett and M. R. Johnson 

(2012). "Progesterone acts via the nuclear glucocorticoid receptor to suppress IL-1beta-induced COX-2 

expression in human term myometrial cells." PLoS One 7(11): e50167. 

Leonhardt, S. A., M. Altmann and D. P. Edwards (1998). "Agonist and antagonists induce homodimerization 

and mixed ligand heterodimerization of human progesterone receptors in vivo by a mammalian two-hybrid 

assay." Mol Endocrinol 12(12): 1914-1930. 

Leonhardt, S. A., V. Boonyaratanakornkit and D. P. Edwards (2003). "Progesterone receptor transcription and 

non-transcription signaling mechanisms." Steroids 68(10-13): 761-770. 

Lesmeister, M. J., R. L. Jorgenson, S. L. Young and M. L. Misfeldt (2005). "17Beta-estradiol suppresses TLR3-

induced cytokine and chemokine production in endometrial epithelial cells." Reprod Biol Endocrinol 3: 74. 

Lessey, B. A., A. P. Killam, D. A. Metzger, A. F. Haney, G. L. Greene and K. S. McCarty, Jr. (1988). 

"Immunohistochemical analysis of human uterine estrogen and progesterone receptors throughout the 

menstrual cycle." J Clin Endocrinol Metab 67(2): 334-340. 

Levesque, K., A. Finzi, J. Binette and E. A. Cohen (2004). "Role of CD4 receptor down-regulation during HIV-

1 infection." Curr HIV Res 2(1): 51-59. 

Li, A., J. C. Felix, W. Yang and J. K. Jain (2008). "Effect of mifepristone on the expression of endometrial 

secretory leukocyte protease inhibitor in new medroxyprogesterone acetate users." Fertil Steril 90(3): 872-

875. 

Li, X., J. Wong, S. Y. Tsai, M. J. Tsai and B. W. O'Malley (2003). "Progesterone and glucocorticoid receptors 

recruit distinct coactivator complexes and promote distinct patterns of local chromatin modification." Mol 

Cell Biol 23(11): 3763-3773. 

Lim, C. S., C. T. Baumann, H. Htun, W. Xian, M. Irie, C. L. Smith and G. L. Hager (1999). "Differential 

localization and activity of the A- and B-forms of the human progesterone receptor using green fluorescent 

protein chimeras." Mol Endocrinol 13(3): 366-375. 

Lim, H. W., N. H. Uhlenhaut, A. Rauch, J. Weiner, S. Hubner, N. Hubner, K. J. Won, M. A. Lazar, J. 

Tuckermann, et al. (2015). "Genomic redistribution of GR monomers and dimers mediates transcriptional 

response to exogenous glucocorticoid in vivo." Genome Res 25(6): 836-844. 



201 
 

Lindberg, B. S., E. D. Johansson and B. A. Nilsson (1974). "Plasma levels of nonconjugated oestrone, 

oestradiol-17beta and oestriol during uncomplicated pregnancy." Acta Obstet Gynecol Scand Suppl 32(0): 

21-36. 

Liu, W., J. Wang, N. K. Sauter and D. Pearce (1995). "Steroid receptor heterodimerization demonstrated in vitro 

and in vivo." Proc Natl Acad Sci U S A 92(26): 12480-12484. 

Lonard, D. M., R. B. Lanz and B. W. O'Malley (2007). "Nuclear receptor coregulators and human disease." 

Endocr Rev 28(5): 575-587. 

Lopez-Karpovitchs, X., F. Larrea, R. Cardenas, X. Valencia, J. Piedras, V. Diaz-Sanchez and D. Alarcon-

Segovia (1993). "Peripheral blood lymphocyte subsets and serum immunoglobulins in Sheehan's syndrome 

and in normal women during the menstrual cycle." Rev Invest Clin 45(3): 247-253. 

Louw-du Toit, R., J. P. Hapgood and D. Africander (2014). "Medroxyprogesterone acetate differentially 

regulates interleukin (IL)-12 and IL-10 in a human ectocervical epithelial cell line in a glucocorticoid 

receptor (GR)-dependent manner." J Biol Chem 289(45): 31136-31149. 

Louw-du Toit, R., M. S. Perkins, J. P. Hapgood and D. Africander (2017). "Comparing the androgenic and 

estrogenic properties of progestins used in contraception and hormone therapy." Biochem Biophys Res 

Commun 481: 140-146. 

Love, M. I., M. R. Huska, M. Jurk, R. Schopflin, S. R. Starick, K. Schwahn, S. B. Cooper, K. R. Yamamoto, M. 

Thomas-Chollier, et al. (2017). "Role of the chromatin landscape and sequence in determining cell type-

specific genomic glucocorticoid receptor binding and gene regulation." Nucleic Acids Res 45(4): 1805-1819. 

Lowenberg, M., C. Stahn, D. W. Hommes and F. Buttgereit (2008). "Novel insights into mechanisms of 

glucocorticoid action and the development of new glucocorticoid receptor ligands." Steroids 73(9-10): 1025-

1029. 

Lu, N. Z. and J. A. Cidlowski (2005). "Translational regulatory mechanisms generate N-terminal glucocorticoid 

receptor isoforms with unique transcriptional target genes." Mol Cell 18(3): 331-342. 

Lu, N. Z., S. E. Wardell, K. L. Burnstein, D. Defranco, P. J. Fuller, V. Giguere, R. B. Hochberg, L. McKay, J. 

M. Renoir, et al. (2006). "International Union of Pharmacology. LXV. The pharmacology and classification 

of the nuclear receptor superfamily: glucocorticoid, mineralocorticoid, progesterone, and androgen 

receptors." Pharmacol Rev 58(4): 782-797. 

Lutalo, T., R. Musoke, X. Kong, F. Makumbi, D. Serwadda, F. Nalugoda, G. Kigozi, N. Sewankambo, J. 

Sekasanvu, et al. (2013). "Effects of hormonal contraceptive use on HIV acquisition and transmission among 

HIV-discordant couples." AIDS 27 Suppl 1: S27-34. 

Ma, Z., F. X. Lu, M. Torten and C. J. Miller (2001). "The number and distribution of immune cells in the 

cervicovaginal mucosa remain constant throughout the menstrual cycle of rhesus macaques." Clin Immunol 

100(2): 240-249. 

Maini, M. K., R. J. Gilson, N. Chavda, S. Gill, A. Fakoya, E. J. Ross, A. N. Phillips and I. V. Weller (1996). 

"Reference ranges and sources of variability of CD4 counts in HIV-seronegative women and men." 

Genitourin Med 72(1): 27-31. 

Mamik, M. K. and A. Ghorpade (2014). "Chemokine CXCL8 promotes HIV-1 replication in human monocyte-

derived macrophages and primary microglia via nuclear factor-kappaB pathway." PLoS One 9(3): e92145. 

Manders, E. M. M., F. J. Verbeek and J. A. Aten (1993). "Measurement of co-localization of objects in dual-

colour confocal images." Journal of Microscopy 169(8). 

Mangal, R. K., R. D. Wiehle, A. N. I. Poindexter and N. L. Weigel (1997). "Differential expression of uterine 

progesterone receptor forms A and B during the menstrual cycle." J Steroid Biochem Mol Biol 63: 195-202. 

Mansour, I., M. F. Reznikoff-Etievant and A. Netter (1994). "No evidence for the expression of the 

progesterone receptor on peripheral blood lymphocytes during pregnancy." Hum Reprod 9(8): 1546-1549. 



202 
 

Marshburn, P. B., J. Zhang, Z. Bahrani-Mostafavi, M. L. Matthews, J. White and B. S. Hurst (2005). "Variant 

progesterone receptor mRNAs are co-expressed with the wild-type progesterone receptor mRNA in human 

endometrium during all phases of the menstrual cycle." Mol Hum Reprod 11(11): 809-815. 

Maruo, T., N. Ohara, S. Yoshida, K. Nakabayashi, H. Sasaki, Q. Xu, W. Chen and H. Yamada (2010). 

"Translational research with progesterone receptor modulator motivated by the use of levonorgestrel-

releasing intrauterine system." Contraception 82(5): 435-441. 

Marx, P. A., A. I. Spira, A. Gettie, P. J. Dailey, R. S. Veazey, A. A. Lackner, C. J. Mahoney, C. J. Miller, L. E. 

Claypool, et al. (1996). "Progesterone implants enhance SIV vaginal transmission and early virus load." Nat 

Med 2(10): 1084-1089. 

Masson, L., K. Mlisana, F. Little, L. Werner, N. N. Mkhize, K. Ronacher, H. Gamieldien, C. Williamson, L. R. 

McKinnon, et al. (2014). "Defining genital tract cytokine signatures of sexually transmitted infections and 

bacterial vaginosis in women at high risk of HIV infection: a cross-sectional study." Sex Transm Infect 

90(8): 580-587. 

Mathur, S., R. S. Mathur, J. M. Goust, H. O. Williamson and H. H. Fudenberg (1979). "Cyclic variations in 

white cell subpopulations in the human menstrual cycle: correlations with progesterone and estradiol." Clin 

Immunol Immunopathol 13(3): 246-253. 

Mauck, C. K., M. M. Callahan, J. Baker, K. Arbogast, R. Veazey, R. Stock, Z. Pan, C. S. Morrison, M. Chen-

Mok, et al. (1999). "The effect of one injection of Depo-Provera on the human vaginal epithelium and 

cervical ectopy." Contraception 60(1): 15-24. 

McCoy, S. I., W. Zheng, E. T. Montgomery, K. Blanchard, A. van der Straten, G. de Bruyn and N. S. Padian 

(2013). "Oral and injectable contraception use and risk of HIV acquisition among women in sub-Saharan 

Africa." AIDS 27(6): 1001-1009. 

McDonnell, D. P., M. M. Shahbaz, E. Vegeto and M. E. Goldman (1994). "The human progesterone receptor A-

form functions as a transcriptional modulator of mineralocorticoid receptor transcriptional activity." J 

Steroid Biochem Mol Biol 48(5-6): 425-432. 

McKay, L. I. and J. A. Cidlowski (1998). "Cross-talk between nuclear factor-kappa B and the steroid hormone 

receptors: mechanisms of mutual antagonism." Mol Endocrinol 12(1): 45-56. 

McKinnon, L. R. and R. Kaul (2012). "Quality and quantity: mucosal CD4+ T cells and HIV susceptibility." 

Curr Opin HIV AIDS 7(2): 195-202. 

McKinnon, L. R., B. Nyanga, D. Chege, P. Izulla, M. Kimani, S. Huibner, L. Gelmon, K. E. Block, C. Cicala, et 

al. (2011). "Characterization of a human cervical CD4+ T cell subset coexpressing multiple markers of HIV 

susceptibility." J Immunol 187(11): 6032-6042. 

McNicholl, J. M., T. C. Henning, S. A. Vishwanathan and E. N. Kersh (2014). "Non-human primate models of 

hormonal contraception and HIV." Am J Reprod Immunol 71(6): 513-522. 

Meddows-Taylor, S., D. J. Martin and C. T. Tiemessen (1998). "Reduced expression of interleukin-8 receptors 

A and B on polymorphonuclear neutrophils from persons with human immunodeficiency virus type 1 

disease and pulmonary tuberculosis." J Infect Dis 177(4): 921-930. 

Meditz, A. L., M. K. Haas, J. M. Folkvord, K. Melander, R. Young, M. McCarter, S. Mawhinney, T. B. 

Campbell, Y. Lie, et al. (2011). "HLA-DR+ CD38+ CD4+ T lymphocytes have elevated CCR5 expression 

and produce the majority of R5-tropic HIV-1 RNA in vivo." J Virol 85(19): 10189-10200. 

Meijsing, S. H., M. A. Pufall, A. Y. So, D. L. Bates, L. Chen and K. R. Yamamoto (2009). "DNA binding site 

sequence directs glucocorticoid receptor structure and activity." Science 324(5925): 407-410. 

Messinis, I. E., C. I. Messini and K. Dafopoulos (2014). "Novel aspects of the endocrinology of the menstrual 

cycle." Reprod Biomed Online 28(6): 714-722. 



203 
 

Michel, K. G., R. P. Huijbregts, J. L. Gleason, H. E. Richter and Z. Hel (2015). "Effect of hormonal 

contraception on the function of plasmacytoid dendritic cells and distribution of immune cell populations in 

the female reproductive tract." J Acquir Immune Defic Syndr 68(5): 511-518. 

Mihm, M., S. Gangooly and S. Muttukrishna (2011). "The normal menstrual cycle in women." Anim Reprod Sci 

124(3-4): 229-236. 

Miller, C. J. and R. J. Shattock (2003). "Target cells in vaginal HIV transmission." Microbes Infect 5(1): 59-67. 

Miller, L., D. L. Patton, A. Meier, S. S. Thwin, T. M. Hooton and D. A. Eschenbach (2000). 

"Depomedroxyprogesterone-induced hypoestrogenism and changes in vaginal flora and epithelium." Obstet 

Gynecol 96(3): 431-439. 

Mirani, M., I. Elenkov, S. Volpi, N. Hiroi, G. P. Chrousos and T. Kino (2002). "HIV-1 protein Vpr suppresses 

IL-12 production from human monocytes by enhancing glucocorticoid action: potential implications of Vpr 

coactivator activity for the innate and cellular immunity deficits observed in HIV-1 infection." J Immunol 

169(11): 6361-6368. 

Mishell, D. R., Jr. (1996). "Pharmacokinetics of depot medroxyprogesterone acetate contraception." J Reprod 

Med 41(5 Suppl): 381-390. 

Mitchell, C. M., L. McLemore, K. Westerberg, R. Astronomo, K. Smythe, C. Gardella, M. Mack, A. Magaret, 

D. Patton, et al. (2014). "Long-term effect of depot medroxyprogesterone acetate on vaginal microbiota, 

epithelial thickness and HIV target cells." J Infect Dis 210(4): 651-655. 

Mitra, D., S. K. Sikder and J. Laurence (1995). "Role of glucocorticoid receptor binding sites in the human 

immunodeficiency virus type 1 long terminal repeat in steroid-mediated suppression of HIV gene 

expression." Virology 214(2): 512-521. 

Moghissi, K. S., F. N. Syner and T. N. Evans (1972). "A composite picture of the menstrual cycle." Am J Obstet 

Gynecol 114(3): 405-418. 

Mohammed, H., A. Russell, R. Stark, O. M. Rueda, T. E. Hickey, G. A. Tarulli, A. A. Serandour, S. N. Birrell, 

A. Bruna, et al. (2015). "Progesterone receptor modulates ERa action in breast cancer." Nature 523: 313-

317. 

Mohllajee, A. P., K. M. Curtis, S. L. Martins and H. B. Peterson (2006). "Hormonal contraceptive use and risk 

of sexually transmitted infections: a systematic review." Contraception 73(2): 154-165. 

Molenda, H. A., C. P. Kilts, R. L. Allen and M. J. Tetel (2003). "Nuclear receptor coactivator function in 

reproductive physiology and behavior." Biol Reprod 69(5): 1449-1457. 

Money, D. M., Y. Y. Arikan, V. Remple, C. Sherlock, K. Craib, P. Birch and D. R. Burdge (2003). "Genital 

tract and plasma human immunodeficiency virus viral load throughout the menstrual cycle in women who 

are infected with ovulatory human immunodeficiency virus." Am J Obstet Gynecol 188(1): 122-128. 

Moore, M. R., J. L. Zhou, K. A. Blankenship, J. S. Strobl, D. P. Edwards and R. N. Gentry (1997). "A sequence 

in the 5' flanking region confers progestin responsiveness on the human c-myc gene." J Steroid Biochem 

Mol Biol 62(4): 243-252. 

Moore, N. L., T. E. Hickey, L. M. Butler and W. D. Tilley (2012). "Multiple nuclear receptor signaling 

pathways mediate the actions of synthetic progestins in target cells." Mol Cell Endocrinol 357(1-2): 60-70. 

Morrison, C., R. N. Fichorova, C. Mauck, P. L. Chen, C. Kwok, T. Chipato, R. Salata and G. F. Doncel (2014). 

"Cervical inflammation and immunity associated with hormonal contraception, pregnancy, and HIV-1 

seroconversion." J Acquir Immune Defic Syndr 66(2): 109-117. 

Morrison, C. S., P. Bright, E. L. Wong, C. Kwok, I. Yacobson, C. A. Gaydos, H. T. Tucker and P. D. 

Blumenthal (2004). "Hormonal contraceptive use, cervical ectopy, and the acquisition of cervical 

infections." Sex Transm Dis 31(9): 561-567. 



204 
 

Morrison, C. S., P. L. Chen, C. Kwok, J. M. Baeten, J. Brown, A. M. Crook, L. Van Damme, S. Delany-

Moretlwe, S. C. Francis, et al. (2015). "Hormonal contraception and the risk of HIV acquisition: an 

individual participant data meta-analysis." PLoS Med 12(1): e1001778. 

Morrison, C. S., P. L. Chen, C. Kwok, B. A. Richardson, T. Chipato, R. Mugerwa, J. Byamugisha, N. Padian, D. 

D. Celentano, et al. (2010). "Hormonal contraception and HIV acquisition: reanalysis using marginal 

structural modeling." AIDS 24(11): 1778-1781. 

Morrison, C. S., B. A. Richardson, F. Mmiro, T. Chipato, D. D. Celentano, J. Luoto, R. Mugerwa, N. Padian, S. 

Rugpao, et al. (2007). "Hormonal contraception and the risk of HIV acquisition." AIDS 21(1): 85-95. 

Morrison, C. S., S. Skoler-Karpoff, C. Kwok, P. L. Chen, J. van de Wijgert, M. Gehret-Plagianos, S. Patel, K. 

Ahmed, G. Ramjee, et al. (2012). "Hormonal contraception and the risk of HIV acquisition among women in 

South Africa." AIDS 26(4): 497-504. 

Morrison, C. S., A. N. Turner and L. B. Jones (2009). "Highly effective contraception and acquisition of HIV 

and other sexually transmitted infections." Best Pract Res Clin Obstet Gynaecol 23(2): 263-284. 

Mostad, S. B., S. Jackson, J. Overbaugh, M. Reilly, B. Chohan, K. Mandaliya, P. Nyange, J. Ndinya-Achola, J. 

J. Bwayo, et al. (1998). "Cervical and vaginal shedding of human immunodeficiency virus type 1-infected 

cells throughout the menstrual cycle." J Infect Dis 178(4): 983-991. 

Mote, P. A., R. L. Balleine, E. M. McGowan and C. L. Clarke (1999). "Colocalization of progesterone receptors 

A and B by dual immunofluorescent histochemistry in human endometrium during the menstrual cycle." J 

Clin Endocrinol Metab 84: 2963-2971. 

Mueck, A. O. and R. Sitruk-Ware (2011). "Nomegestrol acetate, a novel progestogen for oral contraception." 

Steroids 76(6): 531-539. 

Mugo, N. R., R. Heffron, D. Donnell, A. Wald, E. O. Were, H. Rees, C. Celum, J. N. Kiarie, C. R. Cohen, et al. 

(2011). "Increased risk of HIV-1 transmission in pregnancy: a prospective study among African HIV-1-

serodiscordant couples." AIDS 25(15): 1887-1895. 

Mukaida, N., M. Morita, Y. Ishikawa, N. Rice, S. Okamoto, T. Kasahara and K. Matsushima (1994). "Novel 

mechanism of glucocorticoid-mediated gene repression. Nuclear factor-kappa B is target for glucocorticoid-

mediated interleukin 8 gene repression." J Biol Chem 269(18): 13289-13295. 

Murphy, K., S. C. Irvin and B. C. Herold (2014). "Research gaps in defining the biological link between HIV 

risk and hormonal contraception." Am J Reprod Immunol 72(2): 228-235. 

Myer, L., L. Denny, T. C. Wright and L. Kuhn (2007). "Prospective study of hormonal contraception and 

women's risk of HIV infection in South Africa." Int J Epidemiol 36(1): 166-174. 

Mylonas, I., U. Jeschke, N. Shabani, C. Kuhn, S. Kunze, D. Dian, C. Friedl, M. S. Kupka and K. Friese (2007). 

"Steroid receptors ERalpha, ERbeta, PR-A and PR-B are differentially expressed in normal and atrophic 

human endometrium." Histol Histopathol 22(2): 169-176. 

Mymryk, J. S., D. Berard, G. L. Hager and T. K. Archer (1995). "Mouse mammary tumor virus chromatin in 

human breast cancer cells is constitutively hypersensitive and exhibits steroid hormone-independent loading 

of transcription factors in vivo." Mol Cell Biol 15(1): 26-34. 

Nacht, A. S., M. Beato and G. P. Vicent (2017). "Steroid hormone receptors silence genes by a chromatin-

targeted mechanism similar to those used for gene activation." Transcription 8(1): 15-20. 

Nanda, K., E. Amaral, M. Hays, M. A. Viscola, N. Mehta and L. Bahamondes (2008). "Pharmacokinetic 

interactions between depot medroxyprogesterone acetate and combination antiretroviral therapy." Fertil 

Steril 90(4): 965-971. 

Nanda, K., R. Callahan, D. Taylor, M. Wang, K. Agot, D. Jenkins, L. Van Damme, L. Dorflinger and F. E.-P. S. 

Group (2016). "Medroxyprogesterone acetate levels among Kenyan women using depot 

medroxyprogesterone acetate in the FEM-PrEP trial." Contraception 94(1): 40-47. 



205 
 

Nazli, A., O. Chan, W. N. Dobson-Belaire, M. Ouellet, M. J. Tremblay, S. D. Gray-Owen, A. L. Arsenault and 

C. Kaushic (2010). "Exposure to HIV-1 directly impairs mucosal epithelial barrier integrity allowing 

microbial translocation." PLoS Pathog 6(4): e1000852. 

Neidleman, J. A., J. C. Chen, N. Kohgadai, J. A. Muller, A. Laustsen, K. Thavachelvam, K. S. Jang, C. M. 

Sturzel, J. J. Jones, et al. (2017). "Mucosal stromal fibroblasts markedly enhance HIV infection of CD4+ T 

cells." PLoS Pathog 13(2): e1006163. 

Neifeld, J. P., M. E. Lippman and D. C. Tormey (1977). "Steroid hormone receptors in normal human 

lymphocytes. Induction of glucocorticoid receptor activity by phytohemagglutinin stimulation." J Biol Chem 

252(9): 2972-2977. 

Nelson, C. C., S. C. Hendy, R. J. Shukin, H. Cheng, N. Bruchovsky, B. F. Koop and P. S. Rennie (1999). 

"Determinants of DNA sequence specificity of the androgen, progesterone, and glucocorticoid receptors: 

Evidence for differential steroid receptor response elements." Mol Endocrinol 13: 2090-2107. 

Newton, R., R. Leigh and M. A. Giembycz (2010). "Pharmacological strategies for improving the efficacy and 

therapeutic ratio of glucocorticoids in inflammatory lung diseases." Pharmacol Ther 125(2): 286-327. 

Newton, R., S. Shah, M. O. Altonsy and A. N. Gerber (2017). "Glucocorticoid and cytokine crosstalk: 

Feedback, feedforward, and co-regulatory interactions determine repression or resistance." J Biol Chem 

292(17): 7163-7172. 

Ngcapu, S., L. Masson, S. Sibeko, L. Werner, L. R. McKinnon, K. Mlisana, M. Shey, N. Samsunder, S. A. 

Karim, et al. (2015). "Lower concentrations of chemotactic cytokines and soluble innate factors in the lower 

female genital tract associated with the use of injectable hormonal contraceptive." J Reprod Immunol 110: 

14-21. 

Nguyen, P. V., J. K. Kafka, V. H. Ferreira, K. Roth and C. Kaushic (2014). "Innate and adaptive immune 

responses in male and female reproductive tracts in homeostasis and following HIV infection." Cell Mol 

Immunol 11(5): 410-427. 

Nielsen, S. D., P. Afzelius, A. K. Ersboll, J. O. Nielsen and J. E. Hansen (1998). "Expression of the activation 

antigen CD69 predicts functionality of in vitro expanded peripheral blood mononuclear cells (PBMC) from 

healthy donors and HIV-infected patients." Clin Exp Immunol 114(1): 66-72. 

Nilsen, J. and R. D. Brinton (2003). "Divergent impact of progesterone and medroxyprogesterone acetate 

(Provera) on nuclear mitogen-activated protein kinase signaling." Proc Natl Acad Sci U S A 100: 10506-

10511. 

Nissen, R. M. and K. R. Yamamoto (2000). "The glucocorticoid receptor inhibits NFkappaB by interfering with 

serine-2 phosphorylation of the RNA polymerase II carboxy-terminal domain." Genes Dev 14(18): 2314-

2329. 

Nixon, M., R. Andrew and K. E. Chapman (2013). "It takes two to tango: dimerisation of glucocorticoid 

receptor and its anti-inflammatory functions." Steroids 78(1): 59-68. 

Nixon, M., R. Upreti and R. Andrew (2012). "5alpha-Reduced glucocorticoids: a story of natural selection." J 

Endocrinol 212(2): 111-127. 

Noguchi, L. M., B. A. Richardson, J. M. Baeten, S. L. Hillier, J. E. Balkus, Z. M. Chirenje, K. Bunge, G. 

Ramjee, G. Nair, et al. (2015). "Risk of HIV-1 acquisition among women who use diff erent types of 

injectable progestin contraception in South Africa: a prospective cohort study." Lancet HIV 2(7): e279-287. 

Nordeen, S. K., B. Kuhnel, J. Lawler-Heavner, D. A. Barber and D. P. Edwards (1989). "A quantitative 

comparison of dual control of a hormone response element by progestins and glucocorticoids in the same 

cell line." Mol Endocrinol 3(8): 1270-1278. 

Nordeen, S. K., N. C. Lan, M. O. Showers and J. D. Baxter (1981). "Photoaffinity labeling of glucocorticoid 

receptors." J Biol Chem 256(20): 10503-10508. 



206 
 

Northern, A. L., S. M. Rutter and C. M. Peterson (1994). "Cyclic changes in the concentrations of peripheral 

blood immune cells during the normal menstrual cycle." Proc Soc Exp Biol Med 207(1): 81-88. 

Nowak, J., B. Borkowska and B. Pawlowski (2016). "Leukocyte changes across menstruation, ovulation, and 

mid-luteal phase and association with sex hormone variation." Am J Hum Biol 28(5): 721-728. 

Oakley, R. H. and J. A. Cidlowski (1993). "Homologous down regulation of the glucocorticoid receptor: the 

molecular machinery." Crit Rev Eukaryot Gene Expr 3(2): 63-88. 

Obr, A. E. and D. P. Edwards (2012). "The biology of progesterone receptor in the normal mammary gland and 

in breast cancer." Mol Cell Endocrinol 357(1-2): 4-17. 

Ochiel, D. O., J. V. Fahey, M. Ghosh, S. N. Haddad and C. R. Wira (2008). "Innate Immunity in the Female 

Reproductive Tract: Role of Sex Hormones in Regulating Uterine Epithelial Cell Protection Against 

Pathogens." Curr Womens Health Rev 4(2): 102-117. 

Oertelt-Prigione, S. (2012). "Immunology and the menstrual cycle." Autoimmun Rev 11(6-7): A486-492. 

Ogara, M. F., S. Rodriguez-Segul, M. Marini, D. Soronellas, A. S. Nacht, M. D. Stortz, V. Levi, G. P. Vicent 

and A. Pecci (2015). Functional crosstalk between progesterone and glucocorticoid receptors in breast 

cancer cells. EMBO. 

Ordonez-Moran, P. and A. Munoz (2009). "Nuclear receptors: genomic and non-genomic effects converge." 

Cell Cycle 8(11): 1675-1680. 

Ortiz, A., M. Hirol, F. Z. Stanczyk, U. Goebelsmann and D. R. Mishell (1977). "Serum medroxyprogesterone 

acetate (MPA) concentrations and ovarian function following intramuscular injection of depo-MPA." J Clin 

Endocrinol Metab 44(1): 32-38. 

Ou, X. M., J. M. Storring, N. Kushwaha and P. R. Albert (2001). "Heterodimerization of mineralocorticoid and 

glucocorticoid receptors at a novel negative response element of the 5-HT1A receptor gene." J Biol Chem 

276(17): 14299-14307. 

Owen, J. A., Jr. (1975). "Physiology of the menstrual cycle." Am J Clin Nutr 28(4): 333-338. 

Paillard, F., G. Sterkers and C. Vaquero (1990). "Transcriptional and post-transcriptional regulation of TcR, 

CD4 and CD8 gene expression during activation of normal human T lymphocytes." EMBO J 9(6): 1867-

1872. 

Parr, M. B., L. Kepple, M. R. McDermott, M. D. Drew, J. J. Bozzola and E. L. Parr (1994). "A mouse model for 

studies of mucosal immunity to vaginal infection by herpes simplex virus type 2." Lab Invest 70(3): 369-

380. 

Passinen, S., M. Haverinen, A. Pekki, J. Rauta, J. Paranko, H. Syvala, P. Tuohimaa and T. Ylikomi (1999). 

"Only a small portion of the cytoplasmic progesterone receptor is associated with Hsp90 in vivo." J Cell 

Biochem 74(3): 458-467. 

Patel, M. V., J. V. Fahey, R. M. Rossoll and C. R. Wira (2013). "Innate immunity in the vagina (Part I): 

Estradiol inhibits HBD2 and elafin secretion by human vaginal epithelial cells." Am J Reprod Immunol 69: 

463-474. 

Patel, M. V., M. Ghosh, J. V. Fahey, C. Ochsenbauer, R. M. Rossoll and C. R. Wira (2014). "Innate immunity in 

the vagina (Part II): Anti-HIV activity and antiviral content of human vaginal secretions." Am J Reprod 

Immunol 72(1): 22-33. 

Patterson, B. K., A. Landay, J. Andersson, C. Brown, H. Behbahani, D. Jiyamapa, Z. Burki, D. Stanislawski, M. 

A. Czerniewski, et al. (1998). "Repertoire of chemokine receptor expression in the female genital tract: 

implications for human immunodeficiency virus transmission." Am J Pathol 153(2): 481-490. 

Patterson, S., P. Moran, E. Epel, E. Sinclair, M. E. Kemeny, S. G. Deeks, P. Bacchetti, M. Acree, L. Epling, et 

al. (2013). "Cortisol patterns are associated with T cell activation in HIV." PLoS One 8(7): e63429. 



207 
 

Patton, D. L., S. S. Thwin, A. Meier, T. M. Hooton, A. E. Stapleton and D. A. Eschenbach (2000). "Epithelial 

cell layer thickness and immune cell populations in the normal human vagina at different stages of the 

menstrual cycle." Am J Obstet Gynecol 183(4): 967-973. 

Pawlak, K. J. and J. P. Wiebe (2007). "Regulation of estrogen receptor (ER) levels in MCF-7 cells by 

progesterone metabolites." J Steroid Biochem Mol Biol 107: 172-179. 

Pear, W. S., G. P. Nolan, M. L. Scott and D. Baltimore (1993). "Production of high-titer helper-free retroviruses 

by transient transfection." Proc Natl Acad Sci U S A 90(18): 8392-8396. 

Pekki, A., J. Koistinaho, T. Ylikomi, P. Vilja, H. Westphal and P. Touhimaa (1992). "Subcellular location of 

unoccupied and occupied glucocorticoid receptor by a new immunohistochemical technique." J Steroid 

Biochem Mol Biol 41(3-8): 753-756. 

Perrot-Applanat, M., F. Logeat, M. T. Groyer-Picard and E. Milgrom (1985). "Immunocytochemical study of 

mammalian progesterone receptor using monoclonal antibodies." Endocrinology 116(4): 1473-1484. 

Petta, C. A., A. Faundes, T. R. Dunson, M. Ramos, M. DeLucio, D. Faundes and L. Bahamondes (1998). 

"Timing of onset of contraceptive effectiveness in Depo-Provera users: Part I. Changes in cervical mucus." 

Fertil Steril 69(2): 252-257. 

Petz, L. N., Y. S. Ziegler, M. A. Loven and A. M. Nardulli (2002). "Estrogen receptor alpha and activating 

protein-1 mediate estrogen responsiveness of the progesterone receptor gene in MCF-7 breast cancer cells." 

Endocrinology 143: 4583-4591. 

Petz, L. N., Y. S. Ziegler, J. R. Schultz, H. Kim, J. K. Kemper and A. M. Nardulli (2004). "Differential 

regulation of the human progesterone receptor gene through an estrogen response element half site and Sp1 

sites." J Steroid Biochem Mol Biol 88: 113-122. 

Pfaffl, M. W. (2001). "A new mathematical model for relative quantification in real-time RT-PCR." Nucleic 

Acids Res 29(9): e45. 

Phiel, K. L., R. A. Henderson, S. J. Adelman and M. M. Elloso (2005). "Differential estrogen receptor gene 

expression in human peripheral blood mononuclear cell populations." Immunol Lett 97(1): 107-113. 

Phillips, S. J., K. M. Curtis and C. B. Polis (2013). "Effect of hormonal contraceptive methods on HIV disease 

progression: a systematic review." AIDS 27(5): 787-794. 

Phillips, S. J., C. B. Polis and K. M. Curtis (2016). "The safety of hormonal contraceptives for women living 

with HIV and their sexual partners." Contraception 93(1): 11-16. 

Picard, D. and K. R. Yamamoto (1987). "Two signals mediate hormone-dependent nuclear localization of the 

glucocorticoid receptor." EMBO J 6(11): 3333-3340. 

Piccinni, M. P., M. G. Giudizi, R. Biagiotti, L. Beloni, L. Giannarini, S. Sampognaro, P. Parronchi, R. Manetti, 

F. Annunziato, et al. (1995). "Progesterone favors the development of human T helper cells producing Th2-

type cytokines and promotes both IL-4 production and membrane CD30 expression in established Th1 cell 

clones." J Immunol 155(1): 128-133. 

Pieber, D., V. C. Allport and P. R. Bennett (2001). "Progesterone receptor isoform A inhibits isoform B-

mediated transactivation in human amnion." Eur J Pharmacol 427(1): 7-11. 

Pierdominici, M., A. Maselli, T. Colasanti, A. M. Giammarioli, F. Delunardo, D. Vacirca, M. Sanchez, A. 

Giovannetti, W. Malorni, et al. (2010). "Estrogen receptor profiles in human peripheral blood lymphocytes." 

Immunol Lett 132(1-2): 79-85. 

Pimentel-Muinos, F. X., J. A. Lopez-Guerrero, M. Fresno and M. A. Alonso (1992). "CD4 gene transcription is 

transiently repressed during differentiation of myeloid cells to macrophage-like cells." Eur J Biochem 

207(1): 321-325. 

Pino, A. M., L. Devoto, M. Davila and E. Soto (1984). "Changes during the menstrual cycle in cytosolic and 

nuclear concentrations of progestagen receptor in the human Fallopian tube." J Reprod Fertil 70(2): 481-485. 



208 
 

Platt, E. J., K. Wehrly, S. E. Kuhmann, B. Chesebro and D. Kabat (1998). "Effects of CCR5 and CD4 cell 

surface concentrations on infections by macrophagetropic isolates of human immunodeficiency virus type 

1." J Virol 72(4): 2855-2864. 

Poli, G., P. Bressler, A. Kinter, E. Duh, W. C. Timmer, A. Rabson, J. S. Justement, S. Stanley and A. S. Fauci 

(1990). "Interleukin 6 induces human immunodeficiency virus expression in infected monocytic cells alone 

and in synergy with tumor necrosis factor alpha by transcriptional and post-transcriptional mechanisms." J 

Exp Med 172(1): 151-158. 

Polis, C. B., S. L. Achilles, Z. Hel and J. P. Hapgood (2017). "Is a lower-dose, subcutaneous contraceptive 

injectable containing depot medroxyprogesterone acetate likely to impact women's risk of HIV?" 

Contraception. 

Polis, C. B. and K. M. Curtis (2013). "Use of hormonal contraceptives and HIV acquisition in women: a 

systematic review of the epidemiological evidence." Lancet Infect Dis 13(9): 797-808. 

Polis, C. B., K. M. Curtis, P. C. Hannaford, S. J. Phillips, T. Chipato, J. N. Kiarie, D. J. Westreich and P. S. 

Steyn (2016). "An updated systematic review of epidemiological evidence on hormonal contraceptive 

methods and HIV acquisition in women." AIDS 30(17): 2665-2683. 

Polis, C. B., S. J. Phillips and K. M. Curtis (2013a). "Hormonal contraceptive use and female-to-male HIV 

transmission: a systematic review of the epidemiologic evidence." AIDS 27(4): 493-505. 

Polis, C. B., S. J. Phillips, K. M. Curtis, D. J. Westreich, P. S. Steyn, E. Raymond, P. Hannaford and A. N. 

Turner (2014). "Hormonal contraceptive methods and risk of HIV acquisition in women: a systematic review 

of epidemiological evidence." Contraception 90(4): 360-390. 

Polis, C. B., D. Westreich, J. E. Balkus, R. Heffron and H. C. H. I. V. O. A. M. Participants of the (2013b). 

"Assessing the effect of hormonal contraception on HIV acquisition in observational data: challenges and 

recommended analytic approaches." AIDS 27 Suppl 1: S35-43. 

Pope, M. and A. T. Haase (2003). "Transmission, acute HIV-1 infection and the quest for strategies to prevent 

infection." Nat Med 9(7): 847-852. 

Poppe, W. A., M. Drijkoningen, P. S. Ide, J. M. Lauweryns and F. A. Van Assche (1998). "Lymphocytes and 

dendritic cells in the normal uterine cervix. An immunohistochemical study." Eur J Obstet Gynecol Reprod 

Biol 81(2): 277-282. 

Prakash, M., M. S. Kapembwa, F. Gotch and S. Patterson (2001). "Higher levels of activation markers and 

chemokine receptors on T lymphocytes in the cervix than peripheral blood of normal healthy women." J 

Reprod Immunol 52(1-2): 101-111. 

Prakash, M., M. S. Kapembwa, F. Gotch and S. Patterson (2002). "Oral contraceptive use induces upregulation 

of the CCR5 chemokine receptor on CD4(+) T cells in the cervical epithelium of healthy women." J 

Reprod.Immunol 54(1-2): 117-131. 

Presman, D. M., S. Ganguly, R. L. Schiltz, T. A. Johnson, T. S. Karpova and G. L. Hager (2016). "DNA binding 

triggers tetramerization of the glucocorticoid receptor in live cells." Proc Natl Acad Sci U S A 113(29): 

8236-8241. 

Promadej-Lanier, N., D. L. Hanson, P. Srinivasan, W. Luo, D. R. Adams, P. C. Guenthner, S. Butera, R. A. 

Otten and E. N. Kersh (2010). "Resistance to Simian HIV infection is associated with high plasma 

interleukin-8, RANTES and Eotaxin in a macaque model of repeated virus challenges." J Acquir Immune 

Defic Syndr 53(5): 574-581. 

Pudney, J., A. J. Quayle and D. J. Anderson (2005). "Immunological microenvironments in the human vagina 

and cervix: mediators of cellular immunity are concentrated in the cervical transformation zone." Biol 

Reprod 73(6): 1253-1263. 

Pujols, L., J. Mullol, J. Roca-Ferrer, A. Torrego, A. Xaubet, J. A. Cidlowski and C. Picado (2002). "Expression 

of glucocorticoid receptor alpha- and beta-isoforms in human cells and tissues." Am J Physiol Cell Physiol 

283(4): C1324-1331. 



209 
 

Quinones-Mateu, M. E., M. M. Lederman, Z. Feng, B. Chakraborty, J. Weber, H. R. Rangel, M. L. Marotta, M. 

Mirza, B. Jiang, et al. (2003). "Human epithelial beta-defensins 2 and 3 inhibit HIV-1 replication." AIDS 

17(16): F39-48. 

Quispe Calla, N. E., M. G. Ghonime, T. L. Cherpes and R. D. Vicetti Miguel (2015). "Medroxyprogesterone 

acetate impairs human dendritic cell activation and function." Hum Reprod 30(5): 1169-1177. 

Radzio, J., K. Hanley, J. Mitchell, S. Ellis, F. Deyounks, L. T. Jenkins, D. Hanson, W. Heneine and J. G. 

Garcia-Lerma (2014). "Physiologic doses of depot-medroxyprogesterone acetate do not increase acute 

plasma simian HIV viremia or mucosal virus shedding in pigtail macaques." AIDS 28(10): 1431-1439. 

Ragupathy, V., K. Devadas, S. Tang, O. Wood, S. Lee, A. Dastyer, X. Wang, A. Dayton and I. Hewlett (2013). 

"Effect of sex steroid hormones on replication and transmission of major HIV subtypes." J Steroid Biochem 

Mol Biol 138: 63-71. 

Ragupathy, V., W. Xue, J. Tan, K. Devadas, Y. Gao and I. Hewlett (2016). "Progesterone augments cell 

susceptibility to HIV-1 and HIV-1/HSV-2 co-infections." J Mol Endocrinol 57(3): 185-199. 

Rajnee, V. K., R. Choudhary, B. K. Binawara and S. Choudhary (2010). "Haematological and 

electrocardiographic variations during menstrual cycle." Pak J Physiol 6: 18-21. 

Ralph, L. J., S. I. McCoy, K. Shiu and N. S. Padian (2015). "Hormonal contraceptive use and women's risk of 

HIV acquisition: a meta-analysis of observational studies." Lancet Infect Dis 15(2): 181-189. 

Ratman, D., W. Vanden Berghe, L. Dejager, C. Libert, J. Tavernier, I. M. Beck and K. De Bosscher (2013). 

"How glucocorticoid receptors modulate the activity of other transcription factors: a scope beyond 

tethering." Mol Cell Endocrinol 380(1-2): 41-54. 

Rauhala, H. E., K. P. Porkka, T. T. Tolonen, P. M. Martikainen, T. L. Tammela and T. Visakorpi (2005). "Dual-

specificity phosphatase 1 and serum/glucocorticoid-regulated kinase are downregulated in prostate cancer." 

Int J Cancer 117(5): 738-745. 

Ray, D. W., C. S. Suen, A. Brass, J. Soden and A. White (1999). "Structure/function of the human 

glucocorticoid receptor: tyrosine 735 is important for transactivation." Mol Endocrinol 13(11): 1855-1863. 

Ray, R. M. (2015). Differential effects of progestogens on HIV-1 replication and host gene expression in 

primary PBMCs and cervical tissue explants. Doctor of Philosophy, University of Cape Town. 

Ray, R. M., M. F. Maritz, C. Avenant and J. P. Hapgood (2017). Medroxyprogesterone acetate, unlike 

norethisterone, increases R5 HIV-1 replication in ecto- and endocervical explant tissue and PBMCs, at 

physiologically relevant concentrations, by a glucocorticoid receptor-dependent mechanism. 9th IAS 

Conference on HIV Science, Paris, France. 

Reed, L. J. and H. Muench (1938). "A simple method of estimating fifty percent endpoints." American Journal 

of Hygiene 27: 493-497. 

Reichelderfer, P. S., R. W. Coombs, D. J. Wright, J. Cohn, D. N. Burns, S. Cu-Uvin, P. A. Baron, M. H. 

Coheng, A. L. Landay, et al. (2000). "Effect of menstrual cycle on HIV-1 levels in the peripheral blood and 

genital tract. WHS 001 Study Team." AIDS 14(14): 2101-2107. 

Reid, S. E., J. Y. Dai, J. Wang, B. N. Sichalwe, G. Akpomiemie, F. M. Cowan, S. Delany-Moretlwe, J. M. 

Baeten, J. P. Hughes, et al. (2010). "Pregnancy, contraceptive use, and HIV acquisition in HPTN 039: 

relevance for HIV prevention trials among African women." J Acquir Immune Defic Syndr 53(5): 606-613. 

Reis Machado, J., M. V. da Silva, C. L. Cavellani, M. A. dos Reis, M. L. Monteiro, P. Teixeira Vde and R. R. 

Miranda Correa (2014). "Mucosal immunity in the female genital tract, HIV/AIDS." Biomed Res Int 2014: 

350195. 

Renoir, J. M., C. Radanyi, I. Jung-Testas, L. E. Faber and E. E. Baulieu (1990). "The nonactivated progesterone 

receptor is a nuclear heterooligomer." J Biol Chem 265(24): 14402-14406. 



210 
 

Richer, J. K., C. A. Lange, N. G. Manning, G. Owen, R. Powell and K. B. Horwitz (1998). "Convergence of 

progesterone with growth factor and cytokine signaling in breast cancer. Progesterone receptors regulate 

signal transducers and activators of transcription expression and activity." J Biol Chem 273(47): 31317-

31326. 

Rivera, R., I. Yacobson and D. Grimes (1999). "The mechanism of action of hormonal contraceptives and 

intrauterine contraceptive devices." Am J Obstet Gynecol 181(5 Pt 1): 1263-1269. 

Roberts, L., J. A. Passmore, K. Mlisana, C. Williamson, F. Little, L. M. Bebell, G. Walzl, M. R. Abrahams, Z. 

Woodman, et al. (2012). "Genital tract inflammation during early HIV-1 infection predicts higher plasma 

viral load set point in women." J Infect Dis 205(2): 194-203. 

Robertson, S., J. P. Hapgood and A. Louw (2013a). "Glucocorticoid receptor concentration and the ability to 

dimerize influence nuclear translocation and distribution." Steroids 78(2): 182-194. 

Robertson, S., J. M. Rohwer, J. P. Hapgood and A. Louw (2013b). "Impact of glucocorticoid receptor density on 

ligand-independent dimerization, cooperative ligand-binding and basal priming of transactivation: a cell 

culture model." PLoS One 8(5): e64831. 

Rodriguez-Garcia, M., N. Biswas, M. V. Patel, F. D. Barr, S. G. Crist, C. Ochsenbauer, J. V. Fahey and C. R. 

Wira (2013a). "Estradiol reduces susceptibility of CD4+ T cells and macrophages to HIV-infection." PLoS 

One 8(4): e62069. 

Rodriguez-Garcia, M., M. V. Patel and C. R. Wira (2013b). "Innate and adaptive anti-HIV immune responses in 

the female reproductive tract." Journal of Reproductive Immunology 97: 74-84. 

Rogatsky, I., H. F. Luecke, D. C. Leitman and K. R. Yamamoto (2002). "Alternate surfaces of transcriptional 

coregulator GRIP1 function in different glucocorticoid receptor activation and repression contexts." Proc 

Natl Acad Sci U S A 99(26): 16701-16706. 

Rogez-Kreuz, C., B. Maneglier, M. Martin, N. Dereuddre-Bosquet, J. Martal, D. Dormont and P. Clayette 

(2005). "Involvement of IL-6 in the anti-human immunodeficiency virus activity of IFN-tau in human 

macrophages." Int Immunol 17(8): 1047-1057. 

Ronacher, K., K. Hadley, C. Avenant, E. Stubsrud, S. S. Simons, Jr., A. Louw and J. P. Hapgood (2009). 

"Ligand-selective transactivation and transrepression via the glucocorticoid receptor: role of cofactor 

interaction." Mol Cell Endocrinol 299(2): 219-231. 

Ronchetti, S., G. Migliorati and C. Riccardi (2015). "GILZ as a mediator of the anti-inflammatory effects of 

glucocorticoids." Front Endocrinol 6: 170. 

Rosemary, S., M. A. Devi and I. Soniya (2014). "Menstrual cycle and its relation with leukocyte count." J 

Dental Med Sci 13: 65-67. 

Rossouw, J. E., G. L. Anderson, R. L. Prentice, A. Z. LaCroix, C. Kooperberg, M. L. Stefanick, R. D. Jackson, 

S. A. Beresford, B. V. Howard, et al. (2002). "Risks and benefits of estrogen plus progestin in healthy 

postmenopausal women: principal results From the Women's Health Initiative randomized controlled trial." 

JAMA 288(3): 321-333. 

Roved, J., H. Westerdahl and D. Hasselquist (2017). "Sex differences in immune responses: Hormonal effects, 

antagonistic selection, and evolutionary consequences." Horm Behav 88: 95-105. 

Roxby, A. C., D. N. Fredricks, K. Odem-Davis, K. Asbjornsdottir, L. Masese, T. L. Fiedler, S. De Rosa, W. 

Jaoko, J. N. Kiarie, et al. (2016). "Changes in vaginal microbiota and immune mediators in HIV-1-

seronegative Kenyan women initiating Depot medroxyprogesterone acetate." J Acquir Immune Defic Syndr 

71(4): 359-366. 

Saba, E., M. Origoni, G. Taccagni, D. Ferrari, C. Doglioni, A. Nava, A. Lisco, J. C. Grivel, L. Margolis, et al. 

(2013). "Productive HIV-1 infection of human cervical tissue ex vivo is associated with the secretory phase 

of the menstrual cycle." Mucosal Immunol 6(6): 1081-1090. 



211 
 

Sacta, M. A., Y. Chinenov and I. Rogatsky (2016). "Glucocorticoid Signaling: An Update from a Genomic 

Perspective." Annu Rev Physiol 78: 155-180. 

Salamonsen, L. A., A. R. Butt, F. R. Hammond, S. Garcia and J. Zhang (1997). "Production of endometrial 

matrix metalloproteinases, but not their tissue inhibitors, is modulated by progesterone withdrawal in an in 

vitro model for menstruation." J Clin Endocrinol Metab 82(5): 1409-1415. 

Salazar-Gonzalez, J. F., M. G. Salazar, B. F. Keele, G. H. Learn, E. E. Giorgi, H. Li, J. M. Decker, S. Wang, J. 

Baalwa, et al. (2009). "Genetic identity, biological phenotype, and evolutionary pathways of 

transmitted/founder viruses in acute and early HIV-1 infection." J Exp Med 206(6): 1273-1289. 

Sambrook, J. and D. W. Russell (2006). The condensed protocols from molecular cloning: a laboratory manual. 

New York, NY, Cold Spring Harbor Laboratory Press. 

Sampah, M. E., G. M. Laird, J. N. Blankson, R. F. Siliciano and J. S. Coleman (2015). "Medroxyprogesterone 

acetate increases HIV-1 infection of unstimulated peripheral blood mononuclear cells in vitro." AIDS 

29(10): 1137-1146. 

Sanborn, B. M., B. Held and H. S. Kuo (1976). "Hormonal action in human cervix II: Specific progestogen 

binding proteins in human cervix." Journal of Steroid Biochemistry 7(9): 665-672. 

Sartorius, C. A., S. D. Groshong, L. A. Miller, R. L. Powell, L. Tung, G. S. Takimoto and K. B. Horwitz (1994). 

"New T47D breast cancer cell lines for the independent study of progesterone B- and A-receptors: only 

antiprogestin-occupied B-receptors are switched to transcriptional agonists by cAMP." Cancer Res 54(14): 

3868-3877. 

Sattentau, Q. J., A. G. Dalgleish, R. A. Weiss and P. C. L. Beverley (1986). "Epitopes of the CD4 antigen and 

HIV infection." Science 234(4780): 1120-1123. 

Savory, J. G., G. G. Prefontaine, C. Lamprecht, M. Liao, R. F. Walther, Y. A. Lefebvre and R. J. Hache (2001). 

"Glucocorticoid receptor homodimers and glucocorticoid-mineralocorticoid receptor heterodimers form in 

the cytoplasm through alternative dimerization interfaces." Mol Cell Biol 21(3): 781-793. 

Scarpin, K. M., J. D. Graham, P. A. Mote and C. L. Clarke (2009). "Progesterone action in human tissues: 

regulation by progesterone receptor (PR) isoform expression, nuclear positioning and coregulator 

expression." Nucl Recept Signal 7: e009. 

Schaefer, T. M., J. A. Wright, P. A. Pioli and C. R. Wira (2005). "IL-1beta-mediated proinflammatory responses 

are inhibited by estradiol via down-regulation of IL-1 receptor type I in uterine epithelial cells." J Immunol 

175(10): 6509-6516. 

Scheschowitsch, K., J. A. Leite and J. Assreuy (2017). "New Insights in Glucocorticoid Receptor Signaling-

More Than Just a Ligand-Binding Receptor." Front Endocrinol (Lausanne) 8: 16. 

Schiller, B. J., R. Chodankar, L. C. Watson, M. R. Stallcup and K. R. Yamamoto (2014). "Glucocorticoid 

receptor binds half sites as a monomer and regulates specific target genes." Genome Biol 15(7): 418. 

Schindler, A. E., C. Campagnoli, R. Druckmann, J. Huber, J. R. Pasqualini, K. W. Schweppe and J. H. Thijssen 

(2003). "Classification and pharmacology of progestins." Maturitas 46 Suppl 1: S7-S16. 

Schoneveld, O. J., I. C. Gaemers and W. H. Lamers (2004). "Mechanisms of glucocorticoid signalling." 

Biochim Biophys Acta 1680(2): 114-128. 

Schultz, J. R., L. N. Petz and A. M. Nardulli (2003). "Estrogen receptor alpha and Sp1 regulate progesterone 

receptor gene expression." Mol Cell Endocrinol 201(1-2): 165-175. 

Schust, D. J., D. J. Anderson and J. A. Hill (1996). "Progesterone-induced immunosuppression is not mediated 

through the progesterone receptor." Hum Reprod 11(5): 980-985. 

Schutte, S. C. and R. N. Taylor (2012). "A tissue-engineered human endometrial stroma that responds to cues 

for secretory differentiation, decidualization, and menstruation." Fertil Steril 97(4): 997-1003. 



212 
 

Sciaranghella, G., C. Wang, H. Hu, K. Anastos, Z. Merhi, M. Nowicki, F. Z. Stanczyk, R. M. Greenblatt, M. 

Cohen, et al. (2015). "CCR5 Expression Levels in HIV-Uninfected Women Receiving Hormonal 

Contraception." J Infect Dis 212(9): 1397-1401. 

Shacklett, B. L. and R. M. Greenblatt (2011). "Immune responses to HIV in the female reproductive tract, 

immunologic parallels with the gastrointestinal tract, and research implications." Am J Reprod Immunol 

65(3): 230-241. 

Shao, R., E. Egecioglu, B. Weijdegard, K. Ljungstrom, C. Ling, J. Fernandez-Rodriguez and H. Billig (2006). 

"Developmental and hormonal regulation of progesterone receptor A-form expression in female mouse lung 

in vivo: interaction with glucocorticoid receptors." J Endocrinol 190(3): 857-870. 

Sheffield, J. S., G. D. Wendel, Jr., D. D. McIntire and M. V. Norgard (2009). "The effect of progesterone levels 

and pregnancy on HIV-1 coreceptor expression." Reprod Sci 16(1): 20-31. 

Sheth, A. N., T. Evans-Strickfaden, R. Haaland, A. Martin, C. Gatcliffe, A. Adesoye, M. W. Omondi, L. D. 

Lupo, D. Danavall, et al. (2014). "HIV-1 genital shedding is suppressed in the setting of high genital 

antiretroviral drug concentrations throughout the menstrual cycle." J Infect Dis 210(5): 736-744. 

Shisana, O., T. Rehle, L. C. Simbayi, K. Zuma, S. Jooste, N. Zungu, D. Labadarios and D. Onoya (2014). South 

African National HIV Prevalence, Incidence and Behaviour Survey, 2012. Cape Town, HSRC Press. 

Shrimanker, K., B. N. Saxena and K. Fotherby (1978). "A radioimmunoassay for serum medroxyprogesterone 

acetate." J Steroid Biochem 9(4): 359-363. 

Sikora, J., A. Mielczarek-Palacz, Z. Kondera-Anasz and J. Strzelczyk (2015). "Peripheral blood 

proinflammatory response in women during menstrual cycle and endometriosis." Cytokine 76: 117-122. 

Sitruk-Ware, R. (1986). "Progestogens have been defined as hormones whose function is to ensure the 

maintenance of pregnancy." Maturitas 8(2): 91-92. 

Sitruk-Ware, R. (2004). "Pharmacological profile of progestins." Maturitas 47(4): 277-283. 

Sitruk-Ware, R. (2006). "New progestagens for contraceptive use." Hum Reprod Update 12(2): 169-178. 

Sitruk-Ware, R. (2007). "Routes of delivery for progesterone and progestins." Maturitas 57(1): 77-80. 

Sitruk-Ware, R. and A. Nath (2010). "The use of newer progestins for contraception." Contraception 82(5): 410-

417. 

Smit, J., A. Gray, L. McFadyen and K. Zuma (2001). "Counting the costs: comparing depot 

medroxyprogesterone acetate and norethisterone oenanthate utilisation patterns in South Africa." BMC 

Health Serv Res 1: 4. 

Smith-McCune, K. K., J. F. Hilton, U. Shanmugasundaram, J. W. Critchfield, R. M. Greenblatt, D. Seidman, S. 

Averbach, L. C. Giudice and B. L. Shacklett (2017). "Effects of depot-medroxyprogesterone acetate on the 

immune microenvironment of the human cervix and endometrium: implications for HIV susceptibility." 

Mucosal Immunol. 

Smith, C. L., T. K. Archer, G. Hamlin-Green and G. L. Hager (1993). "Newly expressed progesterone receptor 

cannot activate stable, replicated mouse mammary tumor virus templates but acquires transactivation 

potential upon continuous expression." Proc Natl Acad Sci U S A 90(23): 11202-11206. 

Smith, C. L., H. Htun, R. G. Wolford and G. L. Hager (1997). "Differential activity of progesterone and 

glucocorticoid receptors on mouse mammary tumor virus templates differing in chromatin structure." J Biol 

Chem 272(22): 14227-14235. 

Smith, C. L., R. G. Wolford, T. B. O'Neill and G. L. Hager (2000a). "Characterization of transiently and 

constitutively expressed progesterone receptors: evidence for two functional states." Mol Endocrinol 14(7): 

956-971. 



213 
 

Smith, J. M., P. Srinivasan, R. S. Teller, Y. Lo, C. T. Dinh, P. F. Kiser and B. C. Herold (2015). "Tenofovir 

disoproxil fumarate intravaginal ring protects high-dose depot medroxyprogesterone acetate-treated 

macaques from multiple SHIV exposures." J Acquir Immune Defic Syndr 68(1): 1-5. 

Smith, S. M., G. B. Baskin and P. A. Marx (2000b). "Estrogen protects against vaginal transmission of simian 

immunodeficiency virus." J Infect Dis 182(3): 708-715. 

Smith, S. M., M. Mefford, D. Sodora, Z. Klase, M. Singh, N. Alexander, D. Hess and P. A. Marx (2004). 

"Topical estrogen protects against SIV vaginal transmission without evidence of systemic effect." AIDS 

18(12): 1637-1643. 

Snijders, M. P., A. F. de Goeij, M. J. Debets-Te Baerts, M. J. Rousch, J. Koudstaal and F. T. Bosman (1992). 

"Immunocytochemical analysis of oestrogen receptors and progesterone receptors in the human uterus 

throughout the menstrual cycle and after the menopause." J Reprod Fertil 94(2): 363-371. 

Sodora, D. L., A. Gettie, C. J. Miller and P. A. Marx (1998). "Vaginal transmission of SIV: assessing infectivity 

and hormonal influences in macaques inoculated with cell-free and cell-associated viral stocks." AIDS Res 

Hum Retroviruses 14 Suppl 1: S119-123. 

Song, L. N., B. Huse, S. Rusconi and S. S. Simons, Jr. (2001). "Transactivation specificity of glucocorticoid 

versus progesterone receptors. Role of functionally different interactions of transcription factors with amino- 

and carboxyl-terminal receptor domains." J Biol Chem 276(27): 24806-24816. 

Soule, H. D., J. Vazguez, A. Long, S. Albert and M. Brennan (1973). "A human cell line from a pleural effusion 

derived from a breast carcinoma." J Natl Cancer Inst 51(5): 1409-1416. 

Souza, S. S., F. A. Castro, H. C. Mendonca, P. V. Palma, F. R. Morais, R. A. Ferriani and J. C. Voltarelli 

(2001). "Influence of menstrual cycle on NK activity." J Reprod Immunol 50(2): 151-159. 

Spear, G. T., M. R. Zariffard, H. Y. Chen, J. J. Anzinger, K. Anastos, J. Rusine, J. Gatabazi, A. L. French, M. 

Cohen, et al. (2008). "Positive association between HIV RNA and IL-6 in the genital tract of Rwandan 

women." AIDS Res Hum Retroviruses 24(7): 973-976. 

Speroff, L. and R. L. Vande Wiele (1971). "Regulation of the human menstrual cycle." Am J Obstet Gynecol 

109(2): 234-247. 

Spieler, J. (2014). "Sayana(R) Press: can it be a "game changer" for reducing unmet need for family planning?" 

Contraception 89(5): 335-338. 

Sridama, V., S. Limpongsanurak, S. Sritippayawan and S. Youngprapakorn (1992). "Decreased suppressor T-

lymphocytes in women who received progestogen injections." J Med Assoc Thai 75(8): 479-482. 

Stanczyk, F. (2003). "All progestins are not created equal." Steroids 68(10-13): 879-890. 

Stanczyk, F. Z. and B. R. Bhavnani (2014). "Use of medroxyprogesterone acetate for hormone therapy in 

postmenopausal women: is it safe?" J Steroid Biochem Mol Biol 142: 30-38. 

Stanczyk, F. Z., J. P. Hapgood, S. Winer and D. R. Mishell, Jr. (2013). "Progestogens used in postmenopausal 

hormone therapy: differences in their pharmacological properties, intracellular actions, and clinical effects." 

Endocr Rev 34(2): 171-208. 

Stashi, E., B. York and B. W. O'Malley (2014). "Steroid receptor coactivators: servants and masters for control 

of systems metabolism." Trends Endocrinol Metab 25(7): 337-347. 

Stellato, C. (2004). "Post-transcriptional and nongenomic effects of glucocorticoids." Proc Am Thorac Soc 1(3): 

255-263. 

Stevenson, M., T. L. Stanwick, M. P. Dempsey and C. A. Lamonica (1990). "HIV-1 replication is controlled at 

the level of T cell activation and proviral integration." EMBO J 9(5): 1551-1560. 

Strahle, U., M. Boshart, G. Klock, F. Stewart and G. Schutz (1989). "Glucocorticoid- and progesterone-specific 

effects are determined by differential expression of the respective hormone receptors." Nature 339(6226): 

629-632. 



214 
 

Strahle, U., G. Klock and G. Schutz (1987). "A DNA sequence of 15 base pairs is sufficient to mediate both 

glucocorticoid and progesterone induction of gene expression." Proc Natl Acad Sci U S A 84(22): 7871-

7875. 

Stricker, R., R. Eberhart, M. C. Chevailler, F. A. Quinn, P. Bischof and R. Stricker (2006). "Establishment of 

detailed reference values for luteinizing hormone, follicle stimulating hormone, estradiol, and progesterone 

during different phases of the menstrual cycle on the Abbott ARCHITECT analyzer." Clin Chem Lab Med 

44(7): 883-887. 

Stromstedt, P. E., A. Berkenstam, H. Jornvall, J. A. Gustafsson and J. Carlstedt-Duke (1990). "Radiosequence 

analysis of the human progestin receptor charged with [3H]promegestone. A comparison with the 

glucocorticoid receptor." J Biol Chem 265(22): 12973-12977. 

Sturgeon, S. R., N. Potischman, K. E. Malone, J. F. Dorgan, J. Daling, C. Schairer and L. A. Brinton (2004). 

"Serum levels of sex hormones and breast cancer risk in premenopausal women: a case-control study 

(USA)." Cancer Causes Control 15(1): 45-53. 

Surjit, M., K. P. Ganti, A. Mukherji, T. Ye, G. Hua, D. Metzger, M. Li and P. Chambon (2011). "Widespread 

negative response elements mediate direct repression by agonist-liganded glucocorticoid receptor." Cell 

145(2): 224-241. 

Swaims-Kohlmeier, A., R. E. Haaland, L. B. Haddad, A. N. Sheth, T. Evans-Strickfaden, L. D. Lupo, S. Cordes, 

A. J. Aguirre, K. A. Lupoli, et al. (2016). "Progesterone Levels Associate with a Novel Population of 

CCR5+CD38+ CD4 T Cells Resident in the Genital Mucosa with Lymphoid Trafficking Potential." J 

Immunol 197(1): 368-376. 

Szapary, D., L. Song, Y. He and S. S. Simons, Jr. (2008). "Differential modulation of glucocorticoid and 

progesterone receptor transactivation." Mol Cell Endocrinol 283(1-2): 114-126. 

Szekeres-Bartho, J., V. Csernus, J. Hadnagy and A. S. Pacsa (1983). "Immunosuppressive effect of serum 

progesterone during pregnancy depends on the progesterone binding capacity of the lymphocytes." J Reprod 

Immunol 5(2): 81-88. 

Szekeres-Bartho, J., M. F. Reznikoff-Etievant, P. Varga, M. F. Pichon, Z. Varga and G. Chaouat (1989). 

"Lymphocytic progesterone receptors in normal and pathological human pregnancy." J Reprod Immunol 

16(3): 239-247. 

Tabibzadeh, S. S. and P. G. Satyaswaroop (1989). "Sex steroid receptors in lymphoid cells of human 

endometrium." Am J Clin Pathol 91(6): 656-663. 

Tan, H., L. Yi, N. S. Rote, W. W. Hurd and S. Mesiano (2012). "Progesterone receptor-A and -B have opposite 

effects on proinflammatory gene expression in human myometrial cells: implications for progesterone 

actions in human pregnancy and parturition." J Clin Endocrinol Metab 97(5): E719-730. 

Tan, I. J., E. Peeva and G. Zandman-Goddard (2015). "Hormonal modulation of the immune system - A 

spotlight on the role of progestogens." Autoimmun Rev 14(6): 536-542. 

Tao, Y., C. Williams-Skipp and R. I. Scheinman (2001). "Mapping of glucocorticoid receptor DNA binding 

domain surfaces contributing to transrepression of NF-kappa B and induction of apoptosis." J Biol Chem 

276(4): 2329-2332. 

Tasker, C., A. Davidow, N. E. Roche and T. L. Chang (2017). "Depot medroxyprogesterone acetate 

administration alters immune markers for HIV preference and increases susceptibility of peripheral CD4(+) 

T cells to HIV infection." Immunohorizons 1(9): 223-235. 

Tasker, C., J. Ding, M. Schmolke, A. Rivera-Medina, A. Garcia-Sastre and T. L. Chang (2014). "17beta-

estradiol protects primary macrophages against HIV infection through induction of interferon-alpha." Viral 

Immunol 27(4): 140-150. 

Telorac, J., S. V. Prykhozhij, S. Schone, D. Meierhofer, S. Sauer, M. Thomas-Chollier and S. H. Meijsing 

(2016). "Identification and characterization of DNA sequences that prevent glucocorticoid receptor binding 

to nearby response elements." Nucleic Acids Res 44(13): 6142-6156. 



215 
 

Thorneycroft, I. H., D. R. Mishell, Jr., S. C. Stone, K. M. Kharma and R. M. Nakamura (1971). "The relation of 

serum 17-hydroxyprogesterone and estradiol-17-beta levels during the human menstrual cycle." Am J Obstet 

Gynecol 111(7): 947-951. 

Thurman, A. R., N. Chandra, N. Yousefieh, I. Zalenskaya, T. Kimble, S. Asin, C. Rollenhagen, S. M. Anderson, 

B. Herold, et al. (2016). "Comparison of Follicular and Luteal Phase Mucosal Markers of HIV Susceptibility 

in Healthy Women." AIDS Res Hum Retroviruses 32(6): 547-560. 

Tiemessen, C. T., B. Kilroe and D. J. Martin (2000). "Interleukin-8 fails to induce human immunodeficiency 

virus-1 expression in chronically infected promonocytic U1 cells but differentially modulates induction by 

proinflammatory cytokines." Immunology 101(1): 140-146. 

Tikare, S. N., K. K. Das and S. A. Dhundasi (2008). "Blood leukocyte profile in different phases of menstrual 

cycle." Indian J Physiol Pharmacol 52(2): 201-204. 

Toh, Y. C., J. Jain, M. H. Rahnny, F. R. Bode and D. Ross (2004). "Suppression of ovulation by a new 

subcutaneous depot medroxyprogesterone acetate (104 mg/0.65 mL) contraceptive formulation in Asian 

women." Clin Ther 26(11): 1845-1854. 

Tomasicchio, M., C. Avenant, A. Du Toit, R. M. Ray and J. P. Hapgood (2013). "The progestin-only 

contraceptive medroxyprogesterone acetate, but not norethisterone acetate, enhances HIV-1 Vpr-mediated 

apoptosis in human CD4+ T cells through the glucocorticoid receptor." PLoS One 8(5): e62895. 

Tone, A. A., C. Virtanen, P. A. Shaw and T. J. Brown (2011). "Decreased progesterone receptor isoform 

expression in luteal phase fallopian tube epithelium and high-grade serous carcinoma." Endocr Relat Cancer 

18(2): 221-234. 

Trapp, T. and F. Holsboer (1996). "Heterodimerization between mineralocorticoid and glucocorticoid receptors 

increases the functional diversity of corticosteroid action." Trends Pharmacol Sci 17(4): 145-149. 

Trifonova, R. T., J. Lieberman and D. van Baarle (2014). "Distribution of immune cells in the human cervix and 

implications for HIV transmission." Am J Reprod Immunol 71(3): 252-264. 

Trotter, K. W. and T. K. Archer (2007). "Nuclear receptors and chromatin remodeling machinery." Mol Cell 

Endocrinol 265-266: 162-167. 

Trunova, N., L. Tsai, S. Tung, E. Schneider, J. Harouse, A. Gettie, V. Simon, J. Blanchard and C. Cheng-Mayer 

(2006). "Progestin-based contraceptive suppresses cellular immune responses in SHIV-infected rhesus 

macaques." Virology 352(1): 169-177. 

Tsaprouni, L. G., K. Ito, I. M. Adcock and N. Punchard (2007). "Suppression of lipopolysaccharide- and tumour 

necrosis factor-alpha-induced interleukin (IL)-8 expression by glucocorticoids involves changes in IL-8 

promoter acetylation." Clin Exp Immunol 150(1): 151-157. 

Tung, L., H. Abdel-Hafiz, T. Shen, D. M. Harvell, L. K. Nitao, J. K. Richer, C. A. Sartorius, G. S. Takimoto and 

K. B. Horwitz (2006). "Progesterone receptors (PR)-B and -A regulate transcription by different 

mechanisms: AF-3 exerts regulatory control over coactivator binding to PR-B." Mol Endocrinol 20(11): 

2656-2670. 

Tung, L., M. K. Mohamed, J. P. Hoeffler, G. S. Takimoto and K. B. Horwitz (1993). "Antagonist-occupied 

human progesterone B-receptors activate transcription without binding to progesterone response elements 

and are dominantly inhibited by A-receptors." Mol Endocrinol 7(10): 1256-1265. 

Turner, J. D., S. R. Alt, L. Cao, S. Vernocchi, S. Trifonova, N. Battello and C. P. Muller (2010). 

"Transcriptional control of the glucocorticoid receptor: CpG islands, epigenetics and more." Biochem 

Pharmacol 80(12): 1860-1868. 

Turner, J. D., S. Vernocchi, S. Schmitz and C. P. Muller (2014). "Role of the 5'-untranslated regions in post-

transcriptional regulation of the human glucocorticoid receptor." Biochim Biophys Acta 1839(11): 1051-

1061. 



216 
 

U.S. Food and Drug Administration (2003). Depo-SubQ Provera 104 (Medroxyprogesterone Acetate) Injectable 

Suspension New Drug Application No.: 021583. . C. f. D. E. a. R. C. P. a. B. Review. 

UNAIDS South Africa. "HIV and AIDS estimates (2015)." from 

http://www.unaids.org/en/regionscountries/countries/southafrica. 

United Nations Department of Economic and Social Affairs Population Division (2015). Trends in 

Contraceptive Use Worldwide 2015 (ST/ESA/SER.A/349). 

United Nations, D. o. E. a. S. A., Population Division, (2015). Trends in Contraceptive Use Worldwide 2015 

(ST/ESA/SER.A/349). 

Vallejo, G., C. Ballare, J. L. Baranao, M. Beato and P. Saragueta (2005). "Progestin activation of nongenomic 

pathways via cross talk of progesterone receptor with estrogen receptor beta induces proliferation of 

endometrial stromal cells." Mol Endocrinol 19(12): 3023-3037. 

Vandevyver, S., L. Dejager, J. Tuckermann and C. Libert (2013). "New insights into the anti-inflammatory 

mechanisms of glucocorticoids: an emerging role for glucocorticoid-receptor-mediated transactivation." 

Endocrinology 154(3): 993-1007. 

Vassiliadou, N., L. Tucker and D. J. Anderson (1999). "Progesterone-induced inhibition of chemokine receptor 

expression on peripheral blood mononuclear cells correlates with reduced HIV-1 infectability in vitro." J 

Immunol 162(12): 7510-7518. 

Vegeto, E., M. M. Shahbaz, D. X. Wen, M. E. Goldman, B. W. O'Malley and D. P. McDonnell (1993). "Human 

progesterone receptor A form is a cell- and promoter-specific repressor of human progesterone receptor B 

function." Mol Endocrinol 7(10): 1244-1255. 

Verhoog, N. J., A. Du Toit, C. Avenant and J. P. Hapgood (2011). "Glucocorticoid-independent repression of 

tumor necrosis factor (TNF) alpha-stimulated interleukin (IL)-6 expression by the glucocorticoid receptor: a 

potential mechanism for protection against an excessive inflammatory response." J Biol Chem 286(22): 

19297-19310. 

Verhoog, N. J. D. (2010). Investigation of differential TNFα−induced interleukin-6 gene regulation by synthetic 

progestins medroxyprogesterone acetate (MPA) and norethindrone acetate (NET-A) in human endocervical 

epithelial cells and the role of the unliganded glucocorticoid receptor. Doctor of Philosophy, University of 

Cape Town. 

Vicent, G. P., A. S. Nacht, R. Zaurin, J. Font-Mateu, D. Soronellas, F. Le Dily, D. Reyes and M. Beato (2013). 

"Unliganded progesterone receptor-mediated targeting of an RNA-containing repressive complex silences a 

subset of hormone-inducible genes." Genes Dev 27(10): 1179-1197. 

Vicent, G. P., A. Pecci, A. Ghini, G. Piwien-Pilipuk and M. D. Galigniana (2002). "Differences in nuclear 

retention characteristics of agonist-activated glucocorticoid receptor may determine specific responses." Exp 

Cell Res 276(2): 142-154. 

Vicetti Miguel, R. D., R. L. Hendricks, A. J. Aguirre, M. A. Melan, S. A. Harvey, T. Terry-Allison, A. J. St 

Leger, A. W. Thomson and T. L. Cherpes (2012). "Dendritic cell activation and memory cell development 

are impaired among mice administered medroxyprogesterone acetate prior to mucosal herpes simplex virus 

type 1 infection." J Immunol 189(7): 3449-3461. 

Villanueva, J. M., T. V. Ellerbrock, J. L. Lennox, T. J. Bush, T. C. Wright, M. Pratt-Palmore, T. Evans-

Strickfaden, L. J. Conley, C. Schnell, et al. (2002). "The menstrual cycle does not affect human 

immunodeficiency virus type 1 levels in vaginal secretions." J Infect Dis 185(2): 170-177. 

Virutamasen, P., S. Leepipatpaiboon, R. Kriengsinyot, P. Vichaidith, P. N. Muia, C. B. Sekadde-Kigondu, J. K. 

Mati, M. G. Forest, L. D. Dikkeschei, et al. (1996). "Pharmacodynamic effects of depot-

medroxyprogesterone acetate (DMPA) administered to lactating women on their male infants." 

Contraception 54(3): 153-157. 

Vishwanathan, S. A., A. Burgener, S. E. Bosinger, G. K. Tharp, P. C. Guenthner, N. B. Patel, K. Birse, D. L. 

Hanson, G. R. Westmacott, et al. (2015). "Cataloguing of Potential HIV Susceptibility Factors during the 

http://www.unaids.org/en/regionscountries/countries/southafrica


217 
 

Menstrual Cycle of Pig-Tailed Macaques by Using a Systems Biology Approach." J Virol 89(18): 9167-

9177. 

Vishwanathan, S. A., P. C. Guenthner, C. Y. Lin, C. Dobard, S. Sharma, D. R. Adams, R. A. Otten, W. Heneine, 

R. M. Hendry, et al. (2011). "High susceptibility to repeated, low-dose, vaginal SHIV exposure late in the 

luteal phase of the menstrual cycle of pigtail macaques." J Acquir Immune Defic Syndr 57(4): 261-264. 

Visser, J., A. van Boxel-Dezaire, D. Methorst, T. Brunt, E. R. de Kloet and L. Nagelkerken (1998). "Differential 

regulation of interleukin-10 (IL-10) and IL-12 by glucocorticoids in vitro." Blood 91(11): 4255-4264. 

Vitali, D., J. M. Wessels and C. Kaushic (2017). "Role of sex hormones and the vaginal microbiome in 

susceptibility and mucosal immunity to HIV-1 in the female genital tract." AIDS Res Ther 14(1): 39. 

von der Ahe, D., S. Janich, C. Scheidereit, R. Renkawitz, G. Schutz and M. Beato (1985). "Glucocorticoid and 

progesterone receptors bind to the same sites in two hormonally regulated promoters." Nature 313(6004): 

706-709. 

Wall, K. M., W. Kilembe, B. Vwalika, N. Htee Khu, I. Brill, E. Chomba, B. A. Johnson, L. Haddad, A. 

Tichacek, et al. (2015). "Hormonal contraception does not increase women's HIV acquisition risk in 

Zambian discordant couples, 1994-2012." Contraception 91(6): 480-487. 

Wallace, A. D. and J. A. Cidlowski (2001). "Proteasome-mediated glucocorticoid receptor degradation restricts 

transcriptional signaling by glucocorticoids." J Biol Chem 276(46): 42714-42721. 

Walong, E., C. Gontier, W. Jaoko and E. Bukusi (2016). "Association between use of the progestin Depot 

Medroxyprogesterone Acetate and Cervicovaginal Lavage Proinflammatory Cytokines among HIV-1 and 

HSV-2 co-infected African women: a case control study." bioRxiv: 045344. 

Wambach, G. and J. R. Higgins (1978). "Antimineralocorticoid action of progesterone in the rat: correlation of 

the effect on electrolyte excretion and interaction with renal mineralocorticoid receptors." Endocrinology 

102(6): 1686-1693. 

Wan, Y. and S. K. Nordeen (2002). "Overlapping but distinct gene regulation profiles by glucocorticoids and 

progestins in human breast cancer cells." Mol Endocrinol 16(6): 1204-1214. 

Wand, H. and G. Ramjee (2012). "The effects of injectable hormonal contraceptives on HIV seroconversion and 

on sexually transmitted infections." AIDS 26(3): 375-380. 

Wang, J. C., M. K. Derynck, D. F. Nonaka, D. B. Khodabakhsh, C. Haqq and K. R. Yamamoto (2004). 

"Chromatin immunoprecipitation (ChIP) scanning identifies primary glucocorticoid receptor target genes." 

Proc Natl Acad Sci U S A 101(44): 15603-15608. 

Watson, L. C., K. M. Kuchenbecker, B. J. Schiller, J. D. Gross, M. A. Pufall and K. R. Yamamoto (2013). "The 

glucocorticoid receptor dimer interface allosterically transmits sequence-specific DNA signals." Nat Struct 

Mol Biol 20(7): 876-883. 

Webster, J. C., C. M. Jewell, J. E. Bodwell, A. Munck, M. Sar and J. A. Cidlowski (1997). "Mouse 

glucocorticoid receptor phosphorylation status influences multiple functions of the receptor protein." J Biol 

Chem 272(14): 9287-9293. 

Wei, X., J. M. Decker, H. Liu, Z. Zhang, R. B. Arani, J. M. Kilby, M. S. Saag, X. Wu, G. M. Shaw, et al. 

(2002). "Emergence of resistant human immunodeficiency virus type 1 in patients receiving fusion inhibitor 

(T-20) monotherapy." Antimicrob Agents Chemother 46(6): 1896-1905. 

Weikum, E. R., I. M. S. de Vera, J. C. Nwachukwu, W. H. Hudson, K. W. Nettles, D. J. Kojetin and E. A. 

Ortlund (2017a). "Tethering not required: the glucocorticoid receptor binds directly to activator protein-1 

recognition motifs to repress inflammatory genes." Nucleic Acids Res. 

Weikum, E. R., M. T. Knuesel, E. A. Ortlund and K. R. Yamamoto (2017b). "Glucocorticoid receptor control of 

transcription: precision and plasticity via allostery." Nat Rev Mol Cell Biol 18(3): 159-174. 



218 
 

Weinberg, A., L. Enomoto, R. Marcus and J. Canniff (2011). "Effect of menstrual cycle variation in female sex 

hormones on cellular immunity and regulation." J Reprod Immunol 89(1): 70-77. 

Weinberg, A., J. G. Park, R. Bosch, A. Cho, E. Livingston, F. Aweeka, Y. Cramer, D. H. Watts, A. E. Luque, et 

al. (2016). "Effect of Depot Medoxyprogesterone Acetate on Immune Functions and Inflammatory Markers 

of HIV-Infected Women." J Acquir Immune Defic Syndr 71(2): 137-145. 

Weinberg, A., M. E. Quinones-Mateu and M. M. Lederman (2006). "Role of human beta-defensins in HIV 

infection." Adv Dent Res 19(1): 42-48. 

Wen, D. X., Y. F. Xu, D. E. Mais, M. E. Goldman and D. P. McDonnell (1994). "The A and B isoforms of the 

human progesterone receptor operate through distinct signaling pathways within target cells." Mol Cell Biol 

14(12): 8356-8364. 

Wetendorf, M. and F. J. DeMayo (2012). "The progesterone receptor regulates implantation, decidualization, 

and glandular development via a complex paracrine signaling network." Mol Cell Endocrinol 357(1-2): 108-

118. 

Whirledge, S. and J. A. Cidlowski (2013). "Estradiol antagonism of glucocorticoid-induced GILZ expression in 

human uterine epithelial cells and murine uterus." Endocrinology 154(1): 499-510. 

White, H. D., K. M. Crassi, A. L. Givan, J. E. Stern, J. L. Gonzalez, V. A. Memoli, W. R. Green and C. R. Wira 

(1997). "CD3+ CD8+ CTL activity within the human female reproductive tract: influence of stage of the 

menstrual cycle and menopause." J Immunol 158(6): 3017-3027. 

Wiegers, K., D. Schwarck, R. Reimer and W. Bohn (2008). "Activation of the glucocorticoid receptor releases 

unstimulated PBMCs from an early block in HIV-1 replication." Virology 375(1): 73-84. 

Willis, C., J. M. Morris, V. Danis and E. D. M. Gallery (2003). "Cytokine production by peripheral blood 

monocytes during the normal human ovulatory menstrual cycle." Human Reproduction 18(6): 1173-1178. 

Wira, C., J. Fahey, P. Wallace and G. Yeaman (2005a). "Effect of the menstrual cycle on immunological 

parameters in the human female reproductive tract." J Acquir Immune Defic Syndr 38 Suppl 1: S34-36. 

Wira, C. R. and J. V. Fahey (2008). "A new strategy to understand how HIV infects women: identification of a 

window of vulnerability during the menstrual cycle." AIDS 22(15): 1909-1917. 

Wira, C. R., J. V. Fahey, M. Ghosh, M. V. Patel, D. K. Hickey and D. O. Ochiel (2010). "Sex hormone 

regulation of innate immunity in the female reproductive tract: the role of epithelial cells in balancing 

reproductive potential with protection against sexually transmitted pathogens." Am J Reprod Immunol 63(6): 

544-565. 

Wira, C. R., J. V. Fahey, M. Rodriguez-Garcia, Z. Shen and M. V. Patel (2014a). "Regulation of mucosal 

immunity in the female reproductive tract: the role of sex hormones in immune protection against sexually 

transmitted pathogens." Am J Reprod Immunol 72(2): 236-258. 

Wira, C. R., J. V. Fahey, C. L. Sentman, P. A. Pioli and L. Shen (2005b). "Innate and adaptive immunity in 

female genital tract: cellular responses and interactions." Immunol Rev 206: 306-335. 

Wira, C. R., K. S. Grant-Tschudy and M. A. Crane-Godreau (2005c). "Epithelial cells in the female 

reproductive tract: a central role as sentinels of immune protection." Am J Reprod Immunol 53(2): 65-76. 

Wira, C. R., M. V. Patel, M. Ghosh, L. Mukura and J. V. Fahey (2011). "Innate immunity in the human female 

reproductive tract: endocrine regulation of endogenous antimicrobial protection against HIV and other 

sexually transmitted infections." Am J Reprod Immunol 65(3): 196-211. 

Wira, C. R., M. Rodriguez-Garcia and M. V. Patel (2015). "The role of sex hormones in immune protection of 

the female reproductive tract." Nat Rev Immunol 15(4): 217-230. 

Wira, C. R., M. Rodriguez-Garcia, Z. Shen, M. Patel and J. V. Fahey (2014b). "The role of sex hormones and 

the tissue environment in immune protection against HIV in the female reproductive tract." Am J Reprod 

Immunol 72(2): 171-181. 



219 
 

Wira, C. R. and R. M. Rossoll (1995). "Antigen-presenting cells in the female reproductive tract: influence of 

sex hormones on antigen presentation in the vagina." Immunology 84: 505-508. 

Wolf, K., C. Schulz, G. A. Riegger and M. Pfeifer (2002). "Tumour necrosis factor-alpha induced CD70 and 

interleukin-7R mRNA expression in BEAS-2B cells." Eur Respir J 20(2): 369-375. 

World Health Organization. (2017). "Hormonal contraceptive eligibility for women at high risk of HIV: 

Guidance statement."   Retrieved 1 December 2017, from 

http://www.who.int/reproductivehealth/publications/family_planning/HC-and-HIV-2017/en/. 

Wu, K. C. and M. Pfahl (1988). "Variable responsiveness of hormone-inducible hybrid genes in different cell 

lines." Mol Endocrinol 2(12): 1294-1301. 

Yeaman, G. R., S. Asin, S. Weldon, D. J. Demian, J. E. Collins, J. L. Gonzalez, C. R. Wira, M. W. Fanger and 

A. L. Howell (2004). "Chemokine receptor expression in the human ectocervix: implications for infection by 

the human immunodeficiency virus-type I." Immunology 113(4): 524-533. 

Yeaman, G. R., P. M. Guyre, M. W. Fanger, J. E. Collins, H. D. White, W. Rathbun, K. A. Orndorff, J. 

Gonzalez, J. E. Stern, et al. (1997). "Unique CD8+ T cell-rich lymphoid aggregates in human uterine 

endometrium." J Leukoc Biol 61(4): 427-435. 

Yeaman, G. R., A. L. Howell, S. Weldon, D. J. Demian, J. E. Collins, D. M. O'Connell, S. N. Asin, C. R. Wira 

and M. W. Fanger (2003). "Human immunodeficiency virus receptor and coreceptor expression on human 

uterine epithelial cells: regulation of expression during the menstrual cycle and implications for human 

immunodeficiency virus infection." Immunology 109(1): 137-146. 

Yildiz-Arslan, S., J. S. Coon, T. J. Hope and J. J. Kim (2016). "Transcriptional Profiling of Human Endocervical 

Tissues Reveals Distinct Gene Expression in the Follicular and Luteal Phases of the Menstrual Cycle." Biol 

Reprod 94(6): 138. 

Yin, P., D. Roqueiro, L. Huang, J. K. Owen, A. Xie, A. Navarro, D. Monsivais, J. S. t. Coon, J. J. Kim, et al. 

(2012). "Genome-wide progesterone receptor binding: cell type-specific and shared mechanisms in T47D 

breast cancer cells and primary leiomyoma cells." PLoS One 7(1): e29021. 

York, B. and B. W. O'Malley (2010). "Steroid receptor coactivator (SRC) family: masters of systems biology." J 

Biol Chem 285(50): 38743-38750. 

Yovel, G., K. Shakhar and S. Ben-Eliyahu (2001). "The effects of sex, menstrual cycle, and oral contraceptives 

on the number and activity of natural killer cells." Gynecol Oncol 81(2): 254-262. 

Zaitseva, M., S. Lee, C. Lapham, R. Taffs, L. King, T. Romantseva, J. Manischewitz and H. Golding (2000). 

"Interferon gamma and interleukin 6 modulate the susceptibility of macrophages to human 

immunodeficiency virus type 1 infection." Blood 96(9): 3109-3117. 

Zhou, J. and J. A. Cidlowski (2005). "The human glucocorticoid receptor: one gene, multiple proteins and 

diverse responses." Steroids 70(5-7): 407-417. 

Ziegler, S. F., F. Ramsdell and M. R. Alderson (1994). "The activation antigen CD69." Stem Cells 12(5): 456-

465. 

 

http://www.who.int/reproductivehealth/publications/family_planning/HC-and-HIV-2017/en/



