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Preface

Biological factors: drug transporter proteins, single nucleotide polymorphisms in drug transporter
genes, and genital inflammation have all been noted as key modulators of antiretrovirals used for
HIV treatment or prevention. The purpose of this study was to determine if there is an association
between these biological factors, circulating tenofovir and varied drug transporter mRNA levels in
the female genital tract and blood of South African women taking oral PrEP- Truvada®. This study
is essential especially in South Africa since Truvada® is the standard of care modality for HIV
prevention. Findings from this study could be used in PrEP dosage and customisation for South

African women, to ensure efficacy.
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about:blank

Abstract

Pre-exposure prophylaxis (PrEP) in the form of oral Truvada® remains the standard of care for
HIV prevention in South Africa. Despite the availability of PrEP, HIV infections continue in young
women significantly more than in men. Clinical trials testing antiretrovirals containing tenofovir as
topical or oral PrEP formulations in African women, produced inconsistent patterns of efficacies
against HIV. Effectiveness of oral and topical PrEP is dependent on adequate drug delivery and
availability to cells and tissues targeted by HIV. Our study, therefore, focused on how different
biological factors: drug transporter expression, single nucleotide polymorphisms (SNPs) in drug
transporter genes and genital inflammation modulate PrEP disposition in African women. We
characterized drug transporter mMRNA expression in two compartments, the female genital tract
(FGT) and blood, at baseline, 3 and 6 months in 45 women taking oral PrEP-Truvada®.
Additionally, the impact of SNPs in 393 women and genital inflammation in 45 women on
circulating tenofovir and drug transporter mRNA expression were determined. SNPs in drug
transporter genes: ABCB1 3435G>A; ABCC1 198217T>C; ABCC2 1249G>A; ABCC4 3463T>C,;
ABCC4 4131A>C and ABCC4 4976A>G were evaluated using real-time PCR. mRNA expression
of efflux P-gp, MRP-2, MRP-4, MATE-1 and influx OAT-1 and OAT-3 drug transporters was
evaluated using quantitative real-time PCR. Genital inflammation was measured in cervicovaginal
specimens using a 28-cytokine multiplexed platform. Results showed that ABCC4 4976A>G and
ABCC4 3463T>C SNPs alter circulating tenofovir differently. While the ABCC4 4976A>G SNP
significantly increased the mRNA expression of the ABCC4 gene (p=0.0132), there was inverse
association with circulating tenofovir (p=0.018). In contrast, although the ABCC4 3463T>C SNP
did not significantly impact mRNA expression of the ABCC4 gene, it was significantly and directly
associated with circulating tenofovir (p<0.05). Correlation analyses showed moderately significant
associations between the mRNA expression of the influx drug transporter OAT-1 in the FGT and
blood pre- and post- PrEP exposure (rs<1, p<0.05). In contrast efflux drug transporters P-gp,
MATE-1, MRP-2 and MRP-4 showed significance after PrEP initiation (3 and 6 months) (rs<1,
p<0.05). For pro-inflammatory cytokines, linear mixed models showed negatively correlated
trends between IL-18 and MCP-1 and influx drug transporter OAT-1 and OAT-3 (p<0.1), while IL-
1Ra and TNF-a showed these correlations with efflux drug transporters MRP-2 and MRP-4
(p<0.1). Collectively our results suggested that PrEP disposition can be modified through a
convergence of host genetics and different biological factors: drug transporter expression, SNPs
in drug transporter genes and inflammation. Findings from such studies may be used to better

understand PrEP pharmacokinetics and aid in the implementation of optimal PrEP dosages. This
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will ultimately inform on effective and safe PrEP for HIV prevention especially in vulnerable and

at-risk African women.
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1. CHAPTER ONE: LITERATURE REVIEW
1.1 Introduction

Acquired immunodeficiency syndrome (AIDS) was recognised as a new disease in 1981,
subsequently; in 1983 the retrovirus human immunodeficiency virus type 1 (HIV-1) was identified
as the causative agent of this disease (Barré-Sinoussi et al. 1983). By 2003, HIV had infected
over 60 million people globally (Sharp and Hahn 2011) and currently, over 38.4 million people are
reported to be living with HIV (UNAIDS 2022b). At the end of 2021, an estimated 1.5 million new
HIV global infections were reported, of which 51% occurred in sub-Saharan African (SSA)
countries (UNAIDS 2022b).

Among SSA countries, South Africa is the most severely affected by the HIV epidemic; with an ~
7.5 million people living with HIV (UNAIDS 2022a). In 2021, an estimated 210,000 new HIV
infections were reported in South Africa, of which ~130,000 were women aged 15 and above,
while only 70,000 were men aged 15 and above (UNAIDS 2022a). This data underscored the
disproportionate risk of women in acquiring HIV. Many of these infections were reported in the
KwaZulu-Natal province (KZN), which is one of the provinces with the highest HIV incidence and
prevalence rates (UNAIDS 2022a).These 2021 statistics are in line with previous studies
conducted in KZN which also showed high HIV prevalence in young women when compared to
their male counterparts. This study showed that HIV prevalence was highest in young women
aged 15 to 25 years, while for men, HIV prevalence was highest in men aged 25 to 40 years old
(Figure 1.1A) (Abdool Karim et al. 2009). An HIV transmission study was also conducted in KZN
to understand why adolescent girls and young women continue to be vulnerable to HIV infections
at a younger age. This study suggested that men (aged 25 to 40 years) are the primary source of
HIV acquisition for adolescent girls and young women (aged 15 to 25 years) Figure 1.1B (purple
arrows). Once these adolescent girls and young women are infected, when they grow older over
time, they infect men of a similar age. This typically causes HIV transmission for people above 25
years to be from women to men Figure 1.1B (orange arrows). The HIV transmission cycle is then
perpetuated when these now HIV infected older men infect the newer group of adolescent girls
and young women (Figure 1.1B) (de Oliveira et al. 2017). Collectively these studies provide
evidence as to why women are at a significantly higher risk of acquiring HIV at a much younger
age and are twice as likely to acquire HIV when compared to their male counterparts (Abdool
Karim et al. 2009, de Oliveira et al. 2017, Karim et al. 2022).
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Figure 1.1: HIV prevalence according to disparities in age and gender in KZN South
Africa.

A) Disparities in HIV infections are highest for women between the ages of 15 and 25 years while
for men it is between the ages of 25 to 40 years old; suggesting higher HIV infection rates among
young women which remains the current and dominant pattern. B) Heterosexual HIV transmission
cycle between older men aged 25 to 40 years and adolescent girls and young women aged 15 to
25 years indicating the intergenerational sexual partnering patterns that fuels the epidemic in a
continuous cycle. Images adapted from A) (Abdool Karim et al. 2009) and B) (de Oliveira et al.
2017).
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The use and coverage of ARVs has, however, had a positive impact in many SSA countries
including South Africa. However, despite the advent and use of ARVs, HIV’'s continuous and

ongoing spread in South Africa and Africa remains a major concern (UNAIDS 2022a).

The increasing challenge of providing ARVs to a rapidly growing HIV population prompts the need
for new interventions to decrease HIV incidence rates (Nicol et al. 2018). Previously tested HIV
prevention methods have included the use of ARVs as oral, topical gels or long-acting pre-
exposure prophylaxis (PrEP) formulations in uninfected individuals (Abdool Karim et al. 2010,
Janes et al. 2018, Nicol et al. 2018). Clinical trials using oral and topical PrEP regimens in high
risk heterosexual HIV-serodiscordant couples (Baeten et al. 2012, Thigpen et al. 2012) and men
who have sex with men (MSM) (Grant et al. 2010, Molina et al. 2015, McCormack et al. 2016)
reported high levels of protection against HIV acquisition ranging from 44% to 86% (Grant et al.
2010, Thigpen et al. 2012, McCormack and Dunn 2015, Molina et al. 2015). However, clinical
trials using the same PrEP regimens that focused primarily on at-risk African women, produced
inconsistent levels of protection against HIV, ranging from -49% to 39%, with a majority leading
to trial termination (Abdool Karim et al. 2010, Van Damme et al. 2012, Marrazzo et al. 2015,
Delany-Moretlwe et al. 2018).

The main contributory factor for these low efficacies was identified as low to no adherence to
PreP. However, underlying biological factors beyond adherence have been proposed to play an
integral role in low PrEP efficacies too (Hu et al. 2015, Nicol et al. 2018). These include drug
transporters, which are transmembrane proteins that are expressed in various cells and tissues
of the body. Various ARVs used as PrEP have been identified as substrates of different drug
transporters (Hu et al. 2015, Taneva et al. 2016, Reznicek et al. 2017). Therefore, drug transporter
expression levels and functionality are considered essential for optimal PrEP delivery and for
maintaining optimal drug concentrations in cells and tissues targeted by HIV (Hu et al. 2015, Nicol
et al. 2018). In addition, there are also host biological factors such as inflammation (Saib and
Delavenne 2021) and genetic polymorphisms (Shenfield 2004, Arruda et al. 2016) affecting drug
transporter disposition, which subsequently affects drug efficacy (Shenfield 2004, Arruda et al.
2016, Saib and Delavenne 2021). These findings underscore drug transporters as critical
determinants of drug pharmacokinetics. However, there is limited data on drug transporter
expression profiles and host factors affecting drug transporter expression and function in

anatomical compartments such as the female genital tract (FGT), the predominant site for HIV
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infection in women during heterosexual intercourse (Hu et al. 2015, Nicol et al. 2018). This
warrants the need for further studies that will evaluate biological factors affecting PrEP
pharmacokinetics [absorption, distribution, metabolism and excretion (ADME)] to better
understand inconsistencies in PrEP effectiveness observed in clinical trials with at-risk African

women.

1.2 Biological, behavioural, and socio-economic factors that increase women’s’
susceptibility to HIV

Despite noticeable reductions in HIV infections and increases in ARVs accessibility, there are
several biological, behavioural and social factors that contribute to higher HIV prevalence rates in
women (Ramjee and Daniels 2013, Abdool Karim et al. 2020). Socio-economic factors that drive
high HIV incidence rates in women include sexual abuse, lack of education, lack of food security
and the lack of proper social services such as education on HIV and insufficient provision of health
services; especially in highly affected regions (Abdool Karim et al. 2012, Ramjee and Daniels
2013, Nicol et al. 2018, Durevall et al. 2019).

Behavioural factors also play an integral role in high rates of HIV acquisition in young women.
These include early age of sexual debut (Mabaso et al. 2018), multiple concurrent sex partners,
intergenerational sexual partnering with older men and transactional sexual encounters
(Maartens et al. 2014, de Oliveira et al. 2017, Mabaso et al. 2018). Other factors include low
marriage rates (Alcaide et al. 2014), intravaginal practices, and low to no condom use due to the
inability to negotiate safe sexual practices with their male partners (Ramjee and Daniels 2013, de
Oliveira et al. 2017, Mabaso et al. 2018). Additionally, the use of injectable drugs and alcohol
have also been associated with increased HIV transmission through shared needles and high-
risk sexual behaviour, respectively (Maartens et al. 2014). Together, these factors suggest that
the economic and social disempowerment of young women especially in a developing country

such as South Africa contributes largely to high HIV prevalence rates within this population.

Apart from behavioural and socio-economic factors that fuel HIV infections, biological factors also
drive higher rates of HIV infections in women. The greater mucosal surface area of the FGT
makes this surface highly susceptible through increased opportunities for target CD4+ T cells to
become infected with HIV and other sexually transmitted infections (STIs) during sexual

intercourse (Ramjee and Daniels 2013). Other biological factors that increase women’s
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susceptibility to HIV include bacterial vaginosis (BV) (Heffron et al. 2017, Klatt et al. 2017), vaginal
micro-abrasions (Stanley 2009), cervical ectopy (Critchlow et al. 1995) and genital inflammation
(Masson et al. 2015, McKinnon et al. 2018). Additionally, the use of long-acting injectable
progestin hormonal contraceptives [(particularly depot-medroxyprogesterone acetate (DMPA)]
has also been associated with increased women'’s susceptibility to HIV, however, this remains a
topic of ongoing debate, with some studies showing an increased HIV risk (Heffron et al. 2012,
Hapgood 2020) while, others showed no differences (Myer et al. 2007, Shen et al. 2017).

1.3 PrEP in HIV prevention

Since the main route of HIV infection in women is through sexual intercourse, many prevention
strategies are aimed at protecting the FGT (Celum 2011, Nicol et al. 2018). As a result, many
different modalities have been tested, which include a vaginal ring containing dapivirine (Baeten
et al. 2016), various microbicide gel formulations such as Carraguard (Skoler-Karpoff et al. 2008)
and PRO2000 vaginal gels (McCormack et al. 2010) and spermicide gel formulations such as
nonoxynol-9 (N-9) (Wilkinson et al. 2002). Besides topical gels and rings, implants containing
tenofovir alafenamide (TAF) (Gunawardana et al. 2015) and long-acting injectable formulations
containing for example cabotegravir (CAB) (Landovitz et al. 2018) are currently being tested for
HIV prevention in PrEP clinical trials. Truvada® which is the co-formulated tenofovir disoproxil
fumarate (TDF)/TFV and emtricitabine (FTC) ) is a licensed oral PrEP drug that is also used for
HIV prevention (Alvarez et al. 2011).

The concept of using TFV as PrEP in preventing HIV infections was initially investigated in
macaques with simian immunodeficiency virus (SIV) (Person and Hick 2012). During the 1990s,
studies on TFV (a nucleotide reverse transcriptase inhibitor of HIV) previously known as (R)-9-(2-
phosphonylmethoxypropyl)adenine (PMPA) demonstrated evidence of complete protection
against SIV infections (Tsai et al. 1995, Person and Hick 2012). The success observed in animal
models was, however not fully translated in human HIV prevention clinical trials (Person and Hick
2012). One of the major factors that attributed to these inconsistencies was low to no adherence,
which limited PrEP exposure to tissues and cells targeted by HIV in areas such as the FGT
(Rohan and Sassi 2009, Hu et al. 2015).
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1.4 PrEP clinical trials: Efficacy in African women

Significant breakthroughs in using PrEP to prevent HIV infections have been observed in PrEP
trials focused-on high-risk HIV-serodiscordant heterosexual couples and MSM (Baeten et al.
2012, Thigpen et al. 2012) (Table 1.1). The Partners PrEP trial, performed in HIV-serodiscordant
heterosexual couples in Kenya and Uganda showed significant HIV reductions of 75% and 67%
respectively, with oral TDF-FTC and with TDF alone (Baeten et al. 2012). The TDF2 trial which
evaluated the effectiveness of TDF-FTC drugs in sexually active HIV negative heterosexual adults
from Botswana; showed that TDF-FTC prevented new HIV infections, by demonstrating a 62%
reduction in HIV incidence (Thigpen et al. 2012). In the Pre-exposure Prophylaxis Initiative trial
(iPrEX) in MSM from South America, the United States of America, South Africa and Thailand, a
daily single oral dose of Truvada® demonstrated a 44% reduction in HIV incidence (Grant et al.
2010). Similarly, in other MSM European studies testing Truvada® the Pragmatic open-label
randomised trial of pre-exposure prophylaxis (PROUD) (McCormack and Dunn 2015) and the
On-Demand Antiretroviral Pre-exposure Prophylaxis for HIV Infection (IPERGAY) in men who
have sex with men (MSM) (Molina et al. 2015), both showed an 86% reduction in HIV incidence
(McCormack and Dunn 2015, Molina et al. 2015). Results from these studies further supported
the effectiveness of PrEP among MSM who are at risk of acquiring HIV (McCormack and Dunn
2015, Molina et al. 2015). Currently, in African women, the CAPRISA 004 trial remains the only
trial that showed an overall 39% efficacy with a topical gel containing ARV (Table 1.1) (Abdool
Karim et al. 2010). Furthermore, when the data was stratified according to degree of adherence,
women with high adherence had a corresponding reduction in HIV incidence by 54%, while
women with low adherence had only a 28% reduction in HIV incidence (Abdool Karim et al. 2010).
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Table 1.1: PrEP clinical trials demonstrating various efficacies in high-risk populations
from different regions

Clinical Study Population PrEP Drugs Prep efficacy - References
Trials (regions) reduction in HIV
incidence %
CAPRISA African women (South 1% TFV gel 39% (Abdool Karim et al.
004 Africa) 2010)
Partners Heterosexual couples Oral TDF-FTC  75% (Baeten et al. 2012)
Prep (Kenya and Uganda) Oral TDF 67%
alone

TDF2 Heterosexual couples Oral TDF-FTC 62% (Thigpen et al.

(Botswana) 2012)
iPrex MSM (South America, the Oral TDF-FTC 44% (Grant et al. 2010)

United States of America,
South Africa, and Thailand)

PROUD MSM (England) Oral TDF-FTC 86% (McCormack and
Dunn 2015)
IPERGAY MSM (France and Canada) Oral TDF-FTC 86% (Molina et al. 2015)

Other PrEP clinical trial studies that focused primarily on at-risk African women demonstrated
inconsistent levels of protection, showing HIV incidence of -49% to 14.5% (Table 1.2). These
include the FEM-PrEP trial (Van Damme et al. 2012) which evaluated, daily Truvada® in women
from high-risk areas in South Africa, Kenya and Tanzania. This trial was, however, terminated
following low efficacy largely attributed to lack of adherence (Corneli et al. 2016) and low drug
concentrations in the FGT (Abdool Karim et al. 2011). The Vaginal and Oral Interventions to
Control the Epidemic (VOICE) Microbicide Trial Network (MTN 003) trial was also conducted in
women from high HIV prevalence areas in South Africa, Uganda and Zimbabwe (Marrazzo et al.
2015). Women were randomised to either oral TDF, oral TDF-FTC, TFV gel, or respective oral or
vaginal placebos. Similar to the FEM-PrEP study, results from this trial showed no efficacy
(Marrazzo et al. 2015). The moderate success of the topical CAPRISA 004 1% TFV gel trial led
to the Follow on African Consortium for Tenofovir Studies (FACTS-001) (Delany-Moretlwe et al.
2018). The study was conducted at nine community-based clinical trial sites where it assessed
the safety and efficacy of the precoitally applied 1% TFV gel in high-risk South African women.
Here too, the FACTS-001 trial showed no significant reduction in HIV incidence between the
active arm and the control (Delany-Moretlwe et al. 2018).
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Table 1.2: PrEP clinical trials demonstrating low PrEP efficacies in high-risk populations
from different regions

Clinical Trials Study Population (regions) PreP Drugs PrepP efficacy - References
reduction in HIV
incidence %

FEM-PreP African women (South Africa, Oral TDF-FTC 4.7% (Van
Kenya and Tanzania) Damme et
al. 2012)
VOICE African women (South Africa, Oral TDF-FTC -4.4% (Marrazzo
Uganda and Zimbabwe) et al. 2015)

Oral TDF alone -49%

1% TFV gel 14.5%
FACTS-001 African women (South Africa) 1% TFV gel 6.52% (Delany-
Moretlwe et
al. 2018)

A potential explanation for the disparities in efficacy observed in these PrEP clinical trials could
be due to differential drug penetration levels in the rectal compared to the vaginal mucosal tissues
(Patterson et al. 2011, Janes et al. 2018). Data from Cottrell et al. (2015), observed that similar
levels of adherence of two doses per week of Truvada® reduced HIV incidence by 90% in the
MSM population of the iPrEX study, whereas in heterosexual women populations of the FEM-
PreP and VOICE studies low to no protection was observed (Cottrell et al. 2015). Additionally,
the complex composition of the vagina’s microbiome and inflammation may affect PrEP
disposition in women (Patterson et al. 2011, Klatt et al. 2017, Janes et al. 2018, McKinnon et al.
2018). These findings urge the need to better understand the mechanisms of drug availability and
metabolism within the area of vulnerability, the FGT (Rohan and Sassi 2009, Hu et al. 2015).

1.5 Compartmental heterogeneity in PrEP drug disposition

The FGT is a highly active and diverse immune environment, with a wide range of heterogeneous
immune cells such as macrophages, dendritic cells, Langerhans cells, natural-killer cells, B and
T-cells, making it highly susceptible to HIV infections (Hu et al. 2015, Nicol et al. 2018). The
increased vulnerability of the FGT to HIV infections is also largely ascribed to the presence of a
single columnar epithelium cell layer in the endocervix as opposed to the multi-layered squamous
epithelium of the ectocervix (Nicol et al. 2018). These cell layers are vulnerable to micro-abrasions
caused by friction during heterosexual intercourse allowing for easy access of HIV (Nicol et al.
2018). A previous study by Shen et al. (2014) also observed that even with intact epithelium,

vaginal myeloid dendritic cells expressing HIV receptors can facilitate the capture and
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dissemination of HIV into the deeper mucosal tissue layers (Shen et al. 2014). The vulnerability
of the FGT prompts the need for HIV prevention interventions that provide sufficient protection
within all compartments exposed to the virus (Nicol et al. 2018).

Interventions such as PrEP should therefore provide optimal ARV drug concentrations that are
sufficient in preventing HIV viral entry, transcription, and replication in HIV targeted cells (Cottrell
et al. 2015). Drug exposure of PrEP in the FGT has previously shown variability in drug delivery
and availability (Cottrell et al. 2015). To understand this variability; a 14-day open-labelled study
by Patterson et al. (2011), demonstrated varying concentration levels of TFV, FTC and their
respective active metabolites TFV-DP and FTC triphosphate (FTC-TP) in rectal, vaginal and
cervical tissues, following a single dose of Truvada®. In rectal tissues, TFV and TFV-DP were
detected throughout the 14-day period and concentrations were 100-fold higher when compared
to cervical and vaginal tissues; while FTC concentrations were 10 to 15- fold higher in vaginal and
cervical tissue when compared to rectal tissue. The active metabolite FTC-TP was, however, only

detected for two days in all tissues (Patterson et al. 2011).

A prior study also compared ARVs drug exposure in cervicovaginal fluid and blood. In the FGT,
nucleoside reverse transcriptase inhibitor (NRTIs) lamivudine (3TC), zidovudine (ZDV), FTC and
TFV exhibited high drug concentrations relative to the blood. However, non-nucleoside reverse
transcriptase inhibitor (NNRTIs) efavirenz (EFV) and protease inhibitors (PIs) lopinavir (LPV) and
atazanavir (ATV) exhibited low concentrations in the FGT when compared to the blood (Dumond
et al. 2007). These results indicate the heterogeneity of drug disposition and their respective
metabolites within sub-compartments of the same anatomical surface or different compartments
(Patterson et al. 2011). These studies suggested that certain ARVs may or may not be good PrEP
candidates according to their ability to penetrate certain areas (Dumond et al. 2007). In addition,
these findings indicated that concentration thresholds for TFV that correlate with high levels of
protection against HIV differ significantly for men compared to women. This suggests that women
require consistent use of oral PrEP to confer similar protection (Patterson et al. 2011, Louissaint
et al. 2013, Cottrell et al. 2016, Sheth et al. 2016). This underscores the importance of
understanding factors affecting drug pharmacokinetics in tissues that are highly susceptible to

HIV infections.

These variations show differential drug penetration levels, giving an insight into the varying levels

of protection against HIV observed in some PrEP trials (Cottrell et al. 2015). These discrepancies
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may be due to the interplay between these PrEP drugs and various membrane-bound proteins
that mediate drug transport and availability (Cottrell et al. 2015). For example ARVs such as TFV,
FTC and ZDV have been previously shown to be substrates of drug transporters P-glycoprotein
(P-gp), multi-drug resistance protein-1 (MRP-1) and organic anion transporters-1 (OAT-1),
respectively (Kis et al. 2010, Hu et al. 2015). These data indicated that intracellular and
extracellular ARV drug levels can be predominantly regulated by certain drug transporters (Kis et
al. 2010, Hu et al. 2015). Therefore, understanding the distribution and biological characteristics

of drug transporters may help further define their roles in affecting PrEP efficacy.

1.6 Drug transporters involved in PrEP pharmacokinetics

Drug transporters are types of transmembrane proteins that are ubiquitously expressed in the
human body in areas such as the gastrointestinal tract, in epithelial cells in the FGT, blood (white
blood cells), lungs, blood-brain barrier, endothelial cells, and liver cells (Zhou et al. 2013, Arruda
et al. 2016). Drug transporters comprise of two superfamilies: the ATP-binding cassette (ABC)
and Solute Carrier (SLC) proteins (Hu et al. 2015). The ABC proteins are a large family of efflux
pumps that bind ATP and utilize its hydrolysis energy to transport molecules across and out of
the cell membrane. This family comprises seven subfamilies of which three are the most relevant
in the efflux of ARVs (Petzinger and Geyer 2006, Hu et al. 2015). These include (Figure 1.2):

i) the ABCB subfamily that comprises P-glycoprotein (P-gp),

i) the ABCC subfamily that comprises multidrug and toxin extrusion proteins (MATE) and
MRPs, and,

iii) the ABCG subfamily that comprises breast cancer resistance protein (BCRP) (Petzinger
and Geyer 2006, Hu et al. 2015, Nicol et al. 2018).

The SLC proteins influx or uptake molecules across and into the cell membrane via ATP energy
dependant carriers or through an electrochemical gradient (Lin et al. 2015). Subfamilies that are

the most relevant in the uptake or influx of ARVs include (Figure 1.2):
i) the SLC22 subfamily that comprises OAT and organic cation transporters (OCTSs),

ii) the SLC28 subfamily that comprises concentrative nucleoside transporters (CNTS),

iii) the SLC29 subfamily that comprises equillibrative transporters (ENTs) and
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V) the SLCO subfamily that comprises organic anion-transporting polypeptides (OATPSs)
(Petzinger and Geyer 2006, Hu et al. 2015, Nicol et al. 2018).

Figure 1.2: Drug transporters most relevant in the efflux and influx of ARVSs.

In the ABC (efflux) family there are three-drug transporter subfamilies along with their respective
proteins that are the most relevant in the efflux of ARVs drugs, while in the SLC (influx/uptake)
family, there are four drug transporter subfamilies along with their respective proteins that are the
most relevant in the uptake or influx of ARVs.

Most of these drug transporters are localised on polarized cells, and regulate substrate distribution
on the apical or basolateral surfaces of cells, contributing to the pharmacokinetics of several ARVs
(Sissung et al. 2012). In previous studies, TFV and FTC have been shown as substrates of these
ABC and SLC drug transporters (Hu et al. 2015, Nicol et al. 2018). This data indicated that the
delivery and absorption of these drugs in cells is facilitated by drug transporters, establishing their
emerging role as critical determinants in drug pharmacokinetics. This interaction has been noted
especially in HIV target cells such as the immune cells of the FGT that include macrophages,
vaginal epithelial cells, T cells, and dendritic cells expressing CD4 receptors (Hu et al. 2015,
Taneva et al. 2016), and also in peripheral blood mononuclear cells (PBMCs) (Turriziani et al.
2008) and epithelial cells of the intestinal and renal system (Cihlar et al. 2007, Reznicek et al.
2017)
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1.6.1 Role of drug transporters in the FGT:

The extracellular accumulation of TFV and FTC in cells overexpressing certain drug
transporters has been demonstrated in various studies focused on the FGT. Findings from
these studies suggested that the delivery of effective PrEP drug concentrations to cells and
tissues in the FGT is highly associated with the mRNA expression level and functionality of
drug transporters (Grammen et al. 2014, Nicol et al. 2014, Hijazi et al. 2015, Taneva et al.
2016). Zhou et al. (2013) showed varying drug transporter expression levels in the FGT
(vaginal and ectocervix tissues) and liver. mRNA expression was defined as <2%
(undetectable), 2-10% (low expression), 10-50% (moderate expression) and 50-100% (high
expression) (Zhou et al. 2013). In the FGT, high mRNA expression of drug transporters (MRP-
1, MRP-4, P-gp, BCRP, ENT-1 and OCT-2) was observed, while moderate to low mRNA
expression of MRP-2 and influx drug transporters OAT-1 and OAT-3 relative to the liver (Zhou
et al. 2013). Similarly, a study by Taneva et al. (2016) also showed significantly low expression
of uptake drug transporters OAT-1 and OAT-3 in vaginal epithelial cells and T-cells, which
accounted for the poor permeability of TFV across the cell membranes and into the cells.
Additionally, this study showed that the in-vitro transfection of T cells with the drug transporter
OAT-1 increased TFV uptake, resulting in high intracellular drug accumulation (Taneva et al.
2016). These studies indicated that there is variability in drug transporter expression levels
within different tissues. Therefore, analysing the expression levels of drug transporters in the
FGT could aid in better understanding their role in the pharmacokinetics of drugs (Zhou et al.
2013, Taneva et al. 2016).

Nicol et al. (2014) showed high mRNA expression levels of efflux drug transporters P-gp and
MRP-2 in vaginal tissues compared to colorectal tissue, while MRP-4 was only highly
expressed in colorectal tissues. In contrast, uptake drug transporters OAT-1, OAT-3 and
OATP-1B1 exhibited extremely low to no expression in colorectal and vaginal tissues,
respectively (Nicol et al. 2014). Additionally, immunohistochemistry that informed on the
localisation of these drug transporters revealed high protein expression of P-gp and MRP-2 in
vaginal epithelial cells compared to colorectal epithelial cells, while low to no protein expression
of OAT-1 was observed in colorectal epithelial and vaginal cells, respectively (Nicol et al. 2014).
Differences in protein localisation and expression suggested an increased expression of efflux
drug transporters in vaginal tissues compared to colorectal tissues (Nicol et al. 2014). These

data show that more drug is pumped out of cells in the vagina, while an increased expression

26



of uptake drug transporters in colorectal tissues promoted an uptake of drugs (Nicol et al.
2014). These findings highlighted that inter-tissue variability in drug transporter expression may
contribute to the greater intracellular accumulation of ARVs such as TFV and maraviroc in
colorectal tissues compared to vaginal tissues (Nicol et al. 2014). High expression levels of
efflux drug transporters P-gp, MRP-2 and BCRP in vaginal and endocervical tissues was also
reported by Grammen et al. (2014). The study further established in intestinal cell lines-Caco-
2 and vaginal epithelial cell lines-SiHa using specific drug transporter inhibitors, that ARV drugs
darunavir, maraviroc and saquinavir are substrates of efflux drug transporters P-gp and MRP-
2, which are likely to contribute to lower intracellular levels of these respective drugs (Grammen
et al. 2014).

To further understand the role of drug transporters in the mucosal compartment, the
relationship between the accumulation of topically applied PrEP drugs dapivirine, darunavir
and TFV, and the expression of drug transporters was characterised in cervicovaginal cell lines
(Hijazi et al. 2015). These included HeLa cell lines, VK2/E6E7, Ectl/E6E7 and End1/EGE7
derived from human cervical epithelial adenocarcinoma, primary vaginal, ectocervical and
endocervical epithelial cells, respectively (Hijazi et al. 2015). Tenofovir significantly
downregulated the mRNA expression of MPRS5 in VK2/EGE7, while dapivirine significantly
upregulated most MRP drug transporters in all cell lines. Darunavir stimulation also significantly
upregulated the uptake drug transporter CNT3 in all cells, while MRP-3 was only significantly
upregulated in VK2/E6E7 cell line (Hijazi et al. 2015). This characterisation by Hijazi et al.
(2015) provided insight not only on the type of drug transporters present in the FGT but also
how drug transporter disposition may be altered by the presence of certain drugs; which could
assist in the assessment of ARV pharmacokinetics in the FGT. Furthermore, these findings
could assist in the determination of suitable PrEP drug formulations that could provide sufficient

drug concentrations to susceptible tissues and cells of the FGT (Hijazi et al. 2015).

1.6.2 Role of drug transporters in peripheral blood mononuclear cells (PBMCs):

A study by Turriziani et al. (2008) determined the mRNA expression levels of drug transporters
in PBMCs (isolated from buffy coats) from HIV infected individuals failing ARV therapy and HIV
negative individuals. The mRNA expression levels of P-gp, MRP-1, MRP-4 and MRP-5 was
significantly higher in HIV infected individuals compared to HIV negative individuals (Turriziani

et al. 2008). A higher inter-individual mMRNA expression variability was also observed in HIV

27



infected individuals, indicating a correlation between the presence of ARVs and drug
transporter expression levels (Turriziani et al. 2008). Similarly, Bousquet et al. (2009)
investigated if the singular or combined (dual or triple) use of TFV, FTC and EFV on PBMCs
isolated from healthy donors disrupts mRNA drug transporter expression levels (Bousquet et
al. 2009). Following a 20-hour in-vitro incubation, a singular use of FTC induced MRP-5, while
TFV reduced MRP-1, MRP-5, MRP-6 and P-gp mRNA expression in PBMCs (Bousquet et al.
2009). FTC was also shown to exhibit an inhibitory effect on the mRNA expression of efflux
drug transporter MRP-1 in a dose-responsive manner. These findings suggest a correlation
between the presence of FTC with MRP-1 expression (Bousquet et al. 2008). The use of ZDV
was also previously shown to be associated with the upregulation of efflux drug transporters
MRP-1 and MRP-5 expressed on PBMCs (Jorajuria et al. 2004). Findings from these studies
showed that an interaction between ARVs and drug transporters may alter drug transporter
disposition by affecting mMRNA expression levels; subsequently affecting intracellular drug

accumulation (Jorajuria et al. 2004, Bousquet et al. 2009).

Contrary to these studies, Falasca et al. (2011) and Giraud et al. (2010) showed no correlations
between the mRNA expression levels of efflux drug transporters and the presence of ARVs
ritonavir (RTV), ATV, and LPV in PBMCs isolated from HIV infected patients (Giraud et al.
2010, Falasca et al. 2011). The study found no variation in the mRNA expression levels of P-
gp and MRP drug transporters before and after ARV intake (Falasca et al. 2011). However, in
a more recent study, a significant association was observed between ARVs and drug
transporters P-gp, BCRP, MRP-1, ENT-2 and OCT-1 expressed on monocytes and monocyte-
derived macrophages isolated from HIV negative individuals and HIV infected individuals
receiving ARV therapy containing either abacavir, ATV, EFV, rilpivirine, TFV, 3TC, FTC,
elvitegravir, dolutegravir, and cobicistat (Hoque et al. 2021). These findings showed that these
associations could lead to sub-optimal intracellular drug concentrations, subsequently allowing
HIV infections in HIV negative individuals or further HIV replication in HIV infected individuals
(Hoque et al. 2021).

1.6.3 Role of drug transporters in the renal system:

The entry of TFV into epithelial cells of the kidney tubule is mediated by the uptake drug
transporters OAT-1 and OAT-3 expressed on its basolateral membrane (Cihlar et al. 2007),

while the efflux of TFV into urine is mediated by efflux drug transporter MRP-4 expressed at

28



the apical side of renal proximal tubules (Ray et al. 2006). These data together provide
evidence that TFV is a substrate of OAT-1, OAT-3 and MRP-4 drug transporters expressed in
renal tubules (Ray et al. 2006, Cihlar et al. 2007). TFV is also a substrate of the efflux drug
transporter MRP-8 expressed in renal proximal tubules since higher cytotoxic concentrations
of the drug were observed in cells overexpressing MRP-8 (Tun-Yhong et al. 2017). The uptake
of ARVs cidofovir, adefovir and TFV was evaluated in human embryonic kidney (HEK293) cells
transfected with uptake drug transporters OCT-2, OAT-1 and OAT-3 (Uwai et al. 2007). Results
showed higher uptake of all ARVs through OAT-1 compared to OAT-3, while OCT-2 exhibited
no uptake, indicating that OAT-1 plays a significant role in renal transport of these ARVs (Uwai
et al. 2007). Similarly, renal secretion of FTC was mediated by MATE-1 which functionally acts
as an efflux drug transporter, expressed on the apical side of renal proximal tubules (Reznicek
et al. 2017).
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Varied expression of efflux and influx/uptake drug transporters may influence the TFV levels in
cells such as PBMCs, colorectal, vaginal and kidney epithelial cells. Tenofovir has been
previously shown to be a substrate of drug transporters such as MRP-4 and OAT-1 (Hu et al.
2015). Figure 1.3. is a hypothetical representation of how varying drug transporter expression
levels may affect intracellular and plasma TFV drug levels. Figure 1.3.A suggests that low
expression of MRP-4 may contribute to less effluxed TFV from cells, while high expression of
MRP-4 may contribute to more effluxed TFV from cells. Figure 1.3B suggest that a low
expression of OAT-1 may contribute to less influxed TFV into cells, while high expression of
OAT-1 may contribute to more influxed TFV into cells. These vary levels of expression suggest
that a homeostasis in the expression of ABC and SLC drug transporters is required to ensure

optimal intracellular drug levels.

Figure 1.3: Hypothetical representation of how the expression of ABC and SLC drug
transporters may influence TFV drug levels.

A) effects of low versus high expression of ABC drug transporter MRP-4 (blue- bars and arrows)
on tenofovir levels. B) effects of low versus high expression of SLC drug transporter OAT-1
(orange -bars and arrows) on tenofovir level. Black arrows and dots represent tenofovir movement
and accumulation, respectively.

These studies collectively provide insight that ARV drug levels are not only determined by drug
adherence but also by other factors such as the presence of specific drug transporters and their

expression levels. However, definitive conclusions on the full effects of drug transporters on ARV
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pharmacokinetics in at-risk groups such as young women especially in Africa have not been
drawn. The paucity of data on African women warrants the need for new studies to fully
understand:

i) the effect of ARVs on drug transporter expression and,

i) how varying drug transporter expression levels influence ARV penetration in

vulnerable areas such as the FGT,

In addition, other factors that can also affect the mRNA expression levels and function of efflux
and influx drug transporters include genetic polymorphisms, inflammation (the production of

cytokines). We discuss these factors in detail below.

1.7 Biological factors modulating drug transporter expression and function

1.7.1 Genetic polymorphisms:

Pharmacogenetic research has been used as a tool to determine individuals’ susceptibility to
certain diseases and for the customisation of drug therapies according to patient’s genetic
blueprint (Sissung et al. 2012, Castellanos-Rubio and Ghosh 2019). As such, sequencing and
genotyping technology have been widely used to identify and determine the effect of variants
such as genetic polymorphisms in various genes. There are four types of genetic
polymorphisms that have been shown to regulate genes (Ismail and Essawi 2012). These

include:

I.  small insertions and deletions (InDels) which is a deletion or insertion in the DNA
sequence (Boschiero et al. 2015),

II. interspaced or tandem repeat polymorphisms which are tandemly repeated nucleotides
of approximately =2 base pairs (bp) in DNA sequences (Ismail and Essawi 2012),

lll.  structure or copy-number variations (CNVs), polymorphisms which are various copies
of differently sized segments of nucleotides in DNA sequences (Stankiewicz and Lupski
2010) and

IV.  single nucleotide polymorphisms (SNPs), which are point mutations of nucleotide bases
within DNA sequences (Sissung et al. 2012, Yee et al. 2018).

Types of SNP variations include missense mutations or nonsynonymous substitutions which

is a single nucleotide change within a codon, subsequently resulting in the coding of a different
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amino acid (Hunt et al. 2009). The presence of such mutations on protein binding sites may
affect substrate binding, while those not found on protein binding sites may affect protein
expression levels. For example, the missense mutation rs2273697 located on the efflux drug
transporter gene ABCC2 encoding MRP-2 results in a change from valine to isoleucine, on
exon 417 (V4171), affecting its expression levels (Yee et al. 2018). Another type of SNP
mutation is a silent mutation or synonymous substitutions, which are single nucleotide point
mutations on a codon that do not result in an amino acid change (Hunt et al. 2009). However,
these may still affect RNA transcription and stability that may affect mMRNA expression levels
and protein binding (Yee et al. 2018). For example, the SNP rs1045642 located on the efflux
drug transporter ABCB1 gene (3435C/T lle1145lle) encoding P-gp is a type of silent mutation
that has been highly studied in drug pharmacokinetics (Sissung et al. 2012, Yee et al. 2018).
This SNP has been also previously associated with low P-gp expression levels in the
duodenum which correlated with an increase of digoxin plasma concentrations (Hoffmeyer et
al. 2000). The presence of certain genetic variations in drug transporter genes has sparked a
huge interest in further understanding their functional effect; especially since SNPs in certain
drug transporter genes have been shown to modulate their function by affecting protein folding,
expression levels, and their ability to bind substrates and regulate drug pharmacokinetics
(Sissung et al. 2012, Yee et al. 2018).

SNPs involved in the pharmacokinetics of ARVs have led to adverse effects and varied ARV
therapy outcomes amongst HIV infected patients (Shenfield 2004, Arruda et al. 2016). Arruda
et al. (2016) showed the association between SNPs in drug transporter genes and intolerance
to ARVs in a cohort of HIV infected Brazilian participants (Arruda et al. 2016). Results showed
an association between variations in ABCC2 genes (rs3740066 and rs4148396) encoding
MRP-2 and intolerance in patients taking regimens containing either LPV, RTV, indinavir or
ATV Pls; while variations in SLCO2B1 genes (rs2712816, rs12422149, rs1676885 and
rs949069) encoding OATP-2B1 caused intolerance in patients taking regimens containing
stavudine or ZDV NRTIs (Arruda et al. 2016). The presence of the C allele on the ABCC1 gene
198217C/T (rs212091) encoding MRP-1 and the TT genotype on the ABCB1 gene 3435C/T
(rs1045642) encoding P-gp; was also shown to be possibly associated with reduced gene
expression in HIV infected Brazilian participants receiving highly active antiretroviral therapy
(HAART) regimens; subsequently affecting the efflux of ARV regimens containing PIs, leading

to an increased risk of virological failure (Table 1.3) (Coelho et al. 2013).
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Fellay et al. (2002) showed that the TT genotype on the ABCB1 gene 3435C/T in an HIV
infected Caucasian population was associated with low P-gp expression in PBMCs, affecting
ARV concentrations (Fellay et al. 2002). However, a subsequent study showed that virological
failure was associated with the CC genotype of the ABCB1 gene 3435C/T instead of the TT
genotype in HIV infected patients from the province of British Columbia in Canada (Brumme et
al. 2003). To elucidate variations of the ABCB1 3435C/T SNP observed in these studies; prior
results by Ameyaw et al. (2001) that assessed the frequency of this SNP in ten ethnic groups
can be used (Ameyaw et al. 2001). Results showed noticeable differences in the SNP
frequencies between African, Asian and European populations. The C allele was highly present
in the African populations compared to Asian and European populations which exhibited high
frequencies for the CT and TT genotypes (Ameyaw et al. 2001). Schaeffeler et al. (2001) also
supported these findings by reporting a high frequency of the CC genotype in the ABCB1 gene
3435C/T of West African and African American populations compared to the T allele
(Schaeffeler et al. 2001). Genetic variations in the ABCC2 1249G>A and SLCO1B1 rs4149056
521G>C genes associated with altering plasma LPV concentrations in HIV infected Caucasian
and Asian populations; were found to have no significant effect in black HIV infected Malawian
and South African populations (Mpeta et al. 2016). These findings suggests that possible
variations in drug transporter genes lead to varied ARV therapy outcomes in the African versus
Caucasian and Asian populations (Ameyaw et al. 2001, Schaeffeler et al. 2001, Mpeta et al.
2016).

Pharmacogenetic studies conducted with African populations have also shown high genetic
diversity (inter-ethnic and intra-ethnic diversity), which subsequently leads to varied drug
transporter function and expression levels; impacting drug pharmacokinetics differently as
reviewed by Rajman et al. (2020). The presence of the SLCO1B1 SNP 463C/A rs11045819
encoding the OATP-1B1 protein was shown to impact rifampin pharmacokinetics differently in
African populations (Weiner et al. 2010, Dompreh et al. 2018). A study by Weiner et al. (2010)
showed that a high frequency of the CC genotype for the SLCO1B1 463C/A (rs11045819) gene
was associated with low rifampin concentrations in African individuals during multidrug
intensive therapy against TB (Weiner et al. 2010). However, in an African Ghanaian population
also exhibiting a high frequency CC genotype for the same gene taking standard first-line TB
therapy; no effect on rifampin was observed (Dompreh et al. 2018) Table 1.3. Similarly studies
by Chigutsa et al. (2011) and Gengiah et al. (2014) on the SLCO1B1 (rs4149032) SNP both

reported an association between high SNP frequency and low rifampin plasma concentrations
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in TB and HIV-TB co-infected South African individuals taking rifampin (Chigutsa et al. 2011,
Gengiah et al. 2014). This association was however, not observed in a TB infected Ghanaian
population taking standard first-line TB therapy containing rifampin which also exhibited a high
frequency for this SNP (Dompreh et al. 2018). The presence of the SLC22A6 SNP rs11568626
(728G>A) encoding the OAT-1 protein, which results in the amino acid change from arginine
to histidine was associated with decreased transport affinity of adefovir, cidofovir, and TFV
when compared to the wild type in HIV infected African individuals (Bleasby et al. 2005). This
variation was however, not observed in Asian and Caucasian individuals (Bleasby et al. 2005).
What these findings indicate is that certain SNPs may incur a functional deficit on drug
transporters and lower effective drug levels in African populations taking certain ARVs
(Bleasby et al. 2005).

The effect of the ABCB1 SNP 4036G/G (rs3842) encoding P-gp on efavirenz was evaluated in
different African populations. In an HIV infected South African population the AG and GG
genotypes were significantly associated with decreased efavirenz plasma concentrations
(Swart et al. 2012), however the GG genotypes in a healthy Ugandan population was
associated with higher efavirenz plasma concentrations (Mukonzo et al. 2009). Similarly in
Ethiopian and Tanzanian HIV infected populations the presence of the G allele was associated
with higher efavirenz plasma concentrations, with higher frequency of the G allele observed in
Tanzanians (Ngaimisi et al. 2013). These data indicated that the effects of SNPs may differ
among African populations; therefore, in order to make definitive conclusions that a SNP
affects the African population in a certain way, the functional or expressional effect of these
SNPs should be tested among a wide range of different African populations (Rajman et al.
2020). Despite the small sample size and sparsity of these data in various studies with African
populations as reviewed by Rajman et al. (2020) and Zondo et al. (2022); these data do add
to the understanding of how SNPs can impact drug pharmacokinetics in the African population.
Together these studies could be used to adjust the standard recommended dose of ARV and
TB drug for the African population that accounts for the presence of SNPs (Dandara et al.
2011, Rajman et al. 2020).

The effects of SNPs on drug transporter genes have also been associated with increased
plasma concentrations of TFV. Studies on an HIV-infected cohort in Thailand showed higher
TFV plasma concentrations in patients with the CC genotype on the ABCC2 224C/T gene
(rs717620) encoding MRP-2 compared to patients with the ABCC2 TT or CT genotypes (Table
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1.3) (Manosuthi et al. 2014). Similarly, another Thailand study by Rungtivasuwan et al., (2015)
reported higher TFV plasma concentrations in HIV infected patients with the ABCC4 4131
(rs3742106) TG or GG genotypes (encoding MRP-4) compared to patients with the ABCC4 TT
genotype (Table 1.3) (Rungtivasuwan et al. 2015). These studies proposed that
polymorphisms in these drug transporter genes may alter their gene expression or function in
renal tubules leading to more effluxed drug and reduced glomerular filtration which is involved
in TFV renal clearance; resulting in higher plasma concentrations (Manosuthi et al. 2014,
Rungtivasuwan et al. 2015). A more recent study also showed in an HIV infected Caucasian
population a significant association of the CC genotype in the ABCC2 224C/T gene with high
TFV plasma concentrations, resulting in an increased risk of TFV induced-kidney tubular
dysfunction (KTD) (Table 1.3) (Danjuma et al. 2018). Nishijima et al. (2012) previously
confirmed that the CC genotype in the ABCC2 224C/T gene leads to high TFV plasma
concentrations resulting in the induction of KTD or renal toxicity in Japanese patients (Nishijima
et al. 2012). While the presence of the TT genotype in the ABCC4 4131T/G gene was hot
associated with TFV induced-KTD, the study attributed these findings to inter-individual
variability in genetic backgrounds, which may cause patients to respond differently to the same
drug (Kerb 2006, Nishijima et al. 2012). Other SNPs on the ABCC4 gene that have been
associated with increased plasma TFV concentrations were evaluated in two studies; in an
infected population from Thailand with the C allele on the ABCC4 4976C/T gene (Likanonsakul
et al. 2016), and in a Caucasian population with GG genotype on the ABCC4 3436A/G gene
(Salvaggio et al. 2017).

In some studies, the effects of haplotypes in drug transporter genes have been evaluated.
Haplotypes are a group of SNPs that are near each other on the same chromosome (Liu et al.
2008). Haplotypes are inherited and may comprise of a large number of SNPs or only a select
few (Liu et al. 2008). Studying haplotypes in more detail allows for the identification of variants
in genes that could affect drug pharmacokinetics affecting disease treatment or prevention
(Brunner et al. 2005, Jacobs et al. 2014). The impact of haplotypes has been shown in different
studies to impact tenofovir (Izzedine et al. 2006, Nishijima et al. 2012). In HIV infected Thai
individuals the CA haplotypes (-24C and 1249A SNPs) of the ABCC2 gene was shown to be
associated with tenofovir induced KTD (Nishijima et al. 2012). Similarly, in HIV infected
Caucasian individuals, haplotypes in the ABCC2 gene were associated with tenofovir induced
renal proximal tubulopathy (rPT). The CATC (-24C, 1249A, 3563T, 3972C) haplotype was

observed at a higher frequency in individuals with tenofovir rPT, suggesting that it could
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predispose these individuals to this condition. In contrast, the CGAC haplotype (-24C, 1249G,
3563A, 3972C) for the ABCC2 gene was not observed in rPT individuals but was present in
the control group, suggesting that it could elicited a protective effect in these individuals
(Izzedine et al. 2006). This data showed that allele changes on two of the SNPs could
significantly alter the effect of the haplotype (Izzedine et al. 2006). The associations observed
in these studies, highlight the importance of understanding the impacts of haplotypes in drug
transporter genes. These types of studies could be further applied in studies evaluating the

impact of SNPs on mRNA expression and function.

Reports obtained from these studies highlight the importance of understanding how the
presence of SNPs or haplotypes may affect the efficacy of ARVs by affecting drug transporters'
expression and function. Furthermore, these findings could be used to identify populations who
are at a higher risk of developing adverse effects due to the presence of certain SNPs.
However, most of these studies on SNPs in drug transporter genes affecting ARVs have been
performed in non-African populations. Since SNP frequency differs significantly among
different ethnic populations, more comprehensive investigations of SNPs in drug transporter
genes are required, especially in the populations of African ethnicity. Data from populations of
African descent will help us better understand how genetic diversity within these populations
and SNPs influence drug transporter genes and subsequently lead to effective or ineffective
therapy.

Pharmacogenetic research on polymorphisms present in drug transporter and drug-
metabolizing genes is also vital in precision medicine, which enables the tailoring of effective
therapies based on patients’ genetic backgrounds (Hockings et al. 2020). The advantage of a
precision medicine approach is the ability to predict putative ineffective therapies and possibly
reduce adverse reactions (Hockings et al. 2020). Since there are reports of increased adverse
reactions in patients in populations of African ethnicity taking ARVSs, precision medicine is
highly important in HIV prevention and treatment (Hockings et al. 2020). Patients taking ARV
regimens containing EFV in SSA were predisposed to EFV-induced neuropsychiatric adverse
reactions, due to specific genetic variants that reduced the functionality of cytochrome P450
2B6 (CYP2B6) the enzyme involved in EFV metabolism (Masimirembwa et al. 2016). One of
the genetic variants of CYP2B6 516G>T (rs3745274) reported a frequency of 34% to 50% in
African populations compared to 15 and 20% in Caucasian populations (Masimirembwa et al.

2016). However, when the EFV dosages in ARV regimens were further titrated and reduced,

36



there was improved EFV metabolism leading to significantly reduced neuropsychiatric adverse
reactions (Gatanaga et al. 2007, Masimirembwa et al. 2016). These disparities in frequencies
between the populations could lead to varied enzyme metabolism when similar drugs are used
which may lead to ineffective drug metabolism and availability (Gatanaga et al. 2007,
Masimirembwa et al. 2016) . This data highlights the importance of using pharmacogenetic
research in guiding the development of precision medicine, especially in highly affected

populations ensuring effective drug dosing, delivery, and metabolism.

There are also different scientific groups involved in precision medicine, these groups aim to
identify chemical and biological targets to improve and/or accelerate the development of
different drugs (Yang et al. 2021). These include FRAME which is an efficient screening tool
and the Malaria Drug Accelerator (MalDA), which is a consortium of 15 leading academic and
industrial scientific laboratories (Yang et al. 2021). One of the objectives of this consortium is
to use different approaches such as reverse genetics to identify novel antimalarial therapies or
develop target-based drugs to counteract drug resistant malaria strains such as Plasmodium
falciparum (Yang et al. 2021). These systems could therefore be used to determine
identify/screen drug that could be tailored to work efficiently in certain populations. However,
the deficit is that these systems do not account for the presence of certain SNPs in drug
transporters genes. This further highlights the importance of studies that identify clinically
relevant SNPs and their functional effects on drug transporter genes and subsequently different
drugs within different populations
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Table 1.3: Effects of SNPs in drug transporter genes involved in the pharmacokinetics of ARVs in different ethnic groups.

SNPs Ethnic ARVs SNPs Effect Genotype Genotype frequency References
group causing effect Number of patients n (%)
ABCC2 224CIT Thailand TRV, Increased TFV CcC CC 67 (57); CT 45 (39); (Manosuthi et al. 2014)
(rs717620) Lamivudine plasma TT 5(4)
Efavirenz concentration n=117
Japanese TFV TFV induced-KTD CC CC 18(94.7); CT 1(5.3); (Nishijima et al. 2012)
Emtricitabine TT 0(0)
Darunavir n=19
Ritonavir
Caucasian TFV TFV induced-KTD CcC CC 9(60.0); TT 1 (6.7); (Danjuma et al. 2018)
CT 5(33.3)
n=15
ABCC4 4131T/G  Thailand TFV Increased TFV TG/IGG TT 34(22.7); TG 80 (53.3); GG 36 (Rungtivasuwan et al. 2015)
(rs3742106) plasma (24.0)
concentration n=150
ABCC1 Brazilian Zidovudine Increased risk of CcC CC 62 (84.9); TC 10 (13.7); CC 1 (Coelho et al. 2013)
198217C/T Lamivudine  virological failure (1.4)
(rs212091) Efavirenz/ n=73
Nevirapine;
ABCB1 3435C/T Ilici)tplnav_lr/ TT CC 37 (50.7); CT 25 (34.2); TT 11
onavir
(rs1045642) (15.1)
n=73
ABCC4 4976C/T  Thailand TFV TFV induced-KTD cC CC 20 (37.0); TT 9 (16.7); (Likanonsakul et al. 2016)
(rs1059751) CT 25 (46.3)
n=54
ABCC4 3436A/G Caucasian TFV TFV induced-KTD GG AA 27 (64.3.); AG 9 (21.4); GG (Salvaggio et al. 2017)
(rs1751034) 6(14.3)
n=42
SLCO1B1 African Rifampin Low plasma cC CC 30 (81); CA 7 (19) (Weiner et al. 2010)
463C/A concentrations n=37
(rs11045819) Ghanaian Rifampin High plasma CcC CC95(84.1); CA17 (15); AA1 (Dompreh et al. 2018)
concentrations (0.09)
n=113
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1.7.2 Systemic inflammation and genital inflammation:

Systemic inflammation is defined as increased levels of pro-inflammatory cytokines such as
IL-1B, IL-6, TNF-a and IFN-y. These cytokines are primarily expressed by activated immune
cells such as macrophages, dendritic cells, mast cells, T-cells and natural killer cells in
response to infections or injuries (Cressman et al. 2012, Saib and Delavenne 2021). These
inflammatory cytokines have the ability to directly modulate the expression of drug transporters.
This occurs through epigenetic modifications that regulate the expression and activity of genes
that control drug metabolizing enzymes and transporter (DMET) (Lauschke et al. 2019). An
additional consequence of this epigenetic effect includes the heterogeneity in responses to
drugs among individuals (lvanov et al. 2014). Inflammation in HIV infected individuals is a key
factor that influences inter-individual pharmacokinetics of ARVs which may manifest clinically
in terms of drug efficacy or toxicity. HIV infected individuals have a high inflammatory status.
ARV treatment does not attenuate inflammation despite HIV viral load suppression (Neuhaus
et al. 2010). Another layer of complexity when it comes to inflammation is that it is also affected
by the level of adherence to drugs. Here increased inflammation is associated with sub-optimal
ARV adherence. Whether systemic effects of inflammation induce a similar or different effect
to ARV drug pharmacokinetics, disposition in an inflammatory mucosal environment like the

genital tract remains largely unexplored.

Genital tract inflammation is defined as having an elevated profile of five of any of the nine pro-
inflammatory cytokines (MIP-1a, MIP-13, IP-10, IL-8, MCP-1, IL-1qa, IL-1B, IL-6, and TNF-a)
above the 75th percentile for each cytokine in the genital tract (Masson et al. 2015). The
presence of either systemic or genital inflammation creates an environment that favours HIV
infection and replication, thereby significantly increasing the risk of HIV acquisition in women
(Cressman et al. 2012, McKinnon et al. 2018). Masson et al. (2015) showed that women with
genital tract inflammation had more than a three-fold increased risk for HIV acquisition
compared to women without genital inflammation (Masson et al., 2015). The mechanism
underpinning the increased risk is due to these cytokines having both pro-inflammatory and
chemotactic properties. Both these properties attract HIV target T-cells, macrophages and
dendritic cells, stimulating immune cell activation and differentiation which upregulates the
expression of the CCR5 co-receptor which is necessary for HIV infection (Mueller and Strange
2004, Masson et al. 2015). MIP-1a and MIP-1B3 cytokines recruit HIV target cells through
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binding the CCR5 receptor subsequently increasing HIV risk (Mueller and Strange 2004). In
addition, McKinnon et al. (2018) showed, that the protective efficacy of the TFV gel was 57%
in women with no genital inflammation compared to 3% in women with high genital
inflammation (McKinnon et al. 2018). These findings indicated that women with no or low
genital inflammation may in some way account for the success of the CAPRISA 004 trial
(Abdool Karim et al. 2010, McKinnon et al. 2018). Although the mechanisms to explain why
some people have comparatively high levels of genital inflammation while others do not are
not fully understood, likely drivers of genital inflammation include bacterial vaginosis (BV), a
microbial dysbiosis common in reproductively active women (Klatt et al. 2017), the presence
of STI's (Kalichman et al. 2011, Passmore et al. 2016) and the use of hormonal contraceptives
(Myer et al. 2007, Morrison et al. 2012).

1.7.2.1 Factors influencing genital inflammation
I.  Bacterial vaginosis (BV): is largely associated with genital inflammation
(McKinnon et al. 2018). BV is characterised as an alteration in vaginal
microbiota diversity. The displacement of Lactobacilli by anaerobic bacteria
such as Gardnerella vaginalis, Atopobium vaginae, Mycoplasma hominis and
those in the species Peptostreptococcus, Prevotella, and Mobiluncus,
generally characterises the diagnosis of BV. In addition, it leads to genital
inflammation which increases the risk of acquiring STI's such as HIV (Reis
Machado et al. 2014, McKinnon et al. 2018). A study by Lennard et al. (2018)
showed that South African women with BV (classified as a decreased
Lactobacillus crispatus and Lactobacillus iners vaginal microbiome), had
higher genital pro-inflammatory cytokines and therefore an increased risk of
acquiring HIV (Lennard et al. 2018). Klatt et al. (2017) also showed that TFV
gel was able to reduce HIV incidence, by 61% in women with a Lactobacillus
dominant vaginal microbiome compared to an 18% reduction in women with a
non-Lactobacillus dominant vaginal microbiome (Klatt et al. 2017).
Furthermore, this in-vitro study suggested that G. vaginalis, P. bivia, P. amnii,
and M. mulieris, metabolised and degraded TFV, undermining its efficacy,
while no TFV metabolization was observed with Lactobacillus iners or
Lactobacillus crispatus (Klatt et al. 2017). Contrary to this study, others showed
that the efficacy of oral TFV/TDF-FTC PrEP drugs were not affected by vaginal

microbiota, since no significant difference was observed in women with
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predominantly Lactobacillus species compared to women with non-
Lactobacillus species (G. vaginalis or Bacteroides species) (Heffron et al.
2017, Velloza and Heffron 2017). Similarly, a study in young, black South
African women showed that shifts in the vaginal microbiota were not impacted
by oral PrEP (Mazibuko-Motau et al. 2022). These findings suggested that the
vaginal microbiota may be less likely to alter the efficacy of oral PrEP (Heffron
et al. 2017) or that oral PrEP is also less likely to have an effect on the vaginal
microbiome. However, the classes of drug administered or applied (oral versus
topical vaginal formulations) may dictate the metabolism and effectiveness of
drugs (Klatt et al. 2017). Together these studies affirm the need for further
investigation to better inform on the optimal mode of delivery of PrEP that may

confer the maximum benefit.

Sexually transmitted infections (STIs): are associated with increased
acquisition of HIV by increasing the permeability of mucosal barriers leading to
genital inflammation and the recruitment and activation of immune cells. These
immune cells in turn are highly susceptible to HIV infection and replication, in
the FGT (Kalichman et al. 2011, Passmore et al. 2016). HIV co-infection with
other STIs pathogens (namely Gonorrhoea, Chlamydia, Trichomoniasis and
Syphilis) also increases infectiousness and onward transmission thus making
treatment for HIV challenging (Kalichman et al. 2011). Masese et al. (2015)
showed that in high-risk Kenyan women, increased HIV acquisition was
significantly associated with the pre-existing STI herpes simplex virus type 2
(HSV-2) (Masese et al. 2015). Increased genital tract pro-inflammatory
cytokines IL-12, IL-10, TNF-a and IFN-y were also observed with Chlamydia,
Gonorrhoea and Trichomoniasis infections in women from India and South
Africa (Reddy et al. 2004, Masson et al. 2014). Similar findings were shown
when cervicovaginal epithelial cell lines from the ectocervix, vagina and
endocervix were infected with the STI Neisseria gonorrhoeae, resulting in the
stimulation of the genital tract pro-inflammatory cytokines IL-6 and IL-8
(Fichorova et al. 2001). Due to unprotected sexual activities, a high prevalence
of STIs was also reported in high-risk African women participating in the
Partners PrEP trial (Baeten et al. 2012) and in the previously terminated clinical
trials VOICE (Marrazzo et al. 2015) and FEM-PrEP trial (Van Damme et al.
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2012). This data emphasises consequences related to the presence of STls
which included the obstruction of HIV prevention interventions in the mucosal
barriers of the FGT in HIV uninfected individuals and the high prevalence of
STIs and HIV co-infection in HIV infected individuals.

Exogenous hormonal contraceptives (HCs): are the most commonly used
methods for family planning globally, since young women of reproductive age
are most prevalent to HIV infections and unintended pregnancies, the
concurrent use of ARVs with HCs has become increasingly common in many
SSA countries (Thurman et al. 2014, Scarsi et al. 2016). Studies examining the
association between HCs use and the increased risk of HIV acquisition have
varied (Myer et al. 2007, Morrison et al. 2012). Studies conducted on at-risk
South African women using oral norethindrone enanthate (NET-EN) or DMPA
showed no association with HIV acquisition (Myer et al. 2007, Morrison et al.
2012), while other studies demonstrated a higher two-fold increased risk of HIV
acquisition (Heffron et al. 2012, Hapgood 2020). High-risk women from Kenya
using DMPA were also shown to be at a significantly high risk of HIV acquisition
(Baeten et al. 2007). The Evidence for Contraceptive Options and HIV
Outcomes (ECHO) study also evaluated the risk of HIV infection and the use
of hormonal contraceptive [intramuscular depot medroxyprogesterone acetate
(DMPA-IM), copper intrauterine device (Cu-lUD) and levonorgestrel (LNG)
implant] in HIV negative women from high HIV incidence areas in eSwatini,
South Africa, Kenya and Zambia (Hofmeyr et al. 2017). However, results from
this study showed no evidence of increased risk for HIV acquisition with all
three methods (Hofmeyr et al. 2017). A sub-study of the ECHO further looked
at the association between these contraceptives and the induction of cervical
Th17-like cells, which are preferred targets for HIV due to their cell surface
makers (Bunjun et al. 2022). Findings from this study showed that after one-
month women assigned DMPA-IM had significantly higher Th17-like cells and
a higher population of Th-17 cells co-expressing CCR5, CD38+, a437 and
047 receptors/proteins, when compared to women assigned CU-IUD and
LNG. However, the accumulation of Th17-like cells in women assigned DMPA-
IM was also associated with promoting mucosal barrier function. These data

suggest that the accumulation of these Th17-like cells in the cervix did not
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show a detrimental association simply due to these cells playing a role in
maintaining mucosal barrier integrity. Furthermore there was no associations
found between vaginal microbial dysbiosis and Th17-like cells mucosal barrier
proteins (Bunjun et al. 2022). Deese et al. (2015) and Baeten et al. (2007) also
showed high levels of genital tract pro-inflammatory cytokines MIP-1a, MIP-13,
IP-10, IL-6, IL-8 in women from the FEM-PrEP trial assigned TDF-FTC using
long-acting injectable progestin-only DMPA, which could affect PrEP efficacy
(Baeten et al. 2007, Deese et al. 2015).

The binding and activation of nuclear (steroid) receptors by certain hormonal
contraceptives afford these receptors the potential to regulate drug transporter
gene expression, which could result in low drug efficacy (Schindler et al. 2008,
Hu et al. 2015). In mouse cervicovaginal tissues, Zhou et al. (2016)
demonstrated that exogenous hormones- DMPA increased the mRNA
expression levels of efflux drug transporters P-gp, BCRP and MRP-4. In the
same study, endogenous hormones in the pregnant mare’s serum
gonadotropin (PMSG) decreased mRNA expression levels of these drug
transporters (Zhou et al. 2016). The study attributed these findings to the
specific interaction between certain HCs and nuclear receptors. However,
these findings still need to be validated using appropriate experimental models
(Zhou et al. 2016). Thurman et al. (2014) also previously noted that since both
ARVs and HCs are transported to various compartments by similar or the same
drug transporters, the role of HCs on the expression of drug transporters may
lead to transporter-mediated drug-to-drug interactions, resulting in low drug
efficacy. However, the exact mechanisms of how HCs may modify drug levels

needs further elucidation (Thurman et al. 2014).

1.7.2.2 Role of inflammation-induced cytokines, in modulating drug transporter
expression and function

The impact of inflammation on drug transporter expression and function has been
examined in tissues of the intestines, kidneys, and blood-brain barrier (Petrovic et al.
2007, Saib and Delavenne 2021). Despite the lack of data regarding the direct

mechanisms involved; inflammation-mediated changes in drug transporter expression
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and function have been implicated in significantly impacting drug pharmacokinetics
(Petrovic et al. 2007, Cressman et al. 2012). In an in vitro study, human brain cell lines
(hCMEC/D3) treated with IL-6 and IL-1B, resulted in the downregulation of BCRP and
P-gp expression levels (Poller et al. 2010). Additionally, the induction of IL-6 and IFN-y
on primary human hepatocytes was also shown to downregulate the mRNA expression
levels of the efflux drug transporters BCRP, MRP-2, and MRP-3 and influx/uptake drug
transporters OATP-2B1, OATP-1B1, OATP-1B3 (Le Vee et al. 2009, Le Vee et al.
2011). Previous studies corroborated similar findings of inflammation IL-6 induced
downregulation of P-gp expression on rat hepatocytes and human hepatoma cell lines
(Sukhai et al. 2000). Similarly human cell line Caco-2 pre-treated with TNF-a
significantly decreased intestinal P-gp expression, while IFN-y had no effect (Belliard
et al. 2004). In rats with endotoxemia, high levels of IL-6 and IL-1p reduced the mRNA
expression levels of P-gp and MRP-2 in intestinal tissues (Arana et al. 2017). This
lipopolysaccharide-induced endotoxemia in rats model showed that there was IL-13
induced downregulation of MRP-2 in enterocytes (Arana et al. 2020). These various
cellular and small animal models demonstrate how infection and inflammation-induced
cytokines can modulate drug transporter disposition. The caveat to the methods used
in these models is that mMRNA expression levels may not directly reflect functional
proteins expressed. Future investigations are therefore required and should include
both mRNA expression to its corresponding protein. There are also other biological

factors related to inflammation that could also affect drug transporter disposition.

1.7.3 Role of Toll-like receptors (TLRs) and pH in modulating drug transporter
expression and function:

1.7.3.1 Toll-like receptors (TLRs)-induced inflammation

TLRs are pattern recognition receptors, these receptors recognise pathogen-associated
molecular patterns located on various microbes for example Pam3CSK-4 and
lipopolysaccharide (LPS) which are TLR-2 and TLR-4 agonists, respectively (Cario 2016,
Suzuki et al. 2017). TLRs are activated by the binding to their respective agonists. This
interaction causes the stimulation of appropriate signalling pathways in innate and
adaptive immune cells which then regulate drug transporter expression levels (Cario 2016,

Suzuki et al. 2017). There is limited data on how TLR mediated changes modify drug
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transporter expression and HIV risk. However, progression of atherosclerosis has been
evaluated in the context of TLR-mediated changes on drug transporter expression (Cario
2016, Suzuki et al. 2017). To determine which downstream transcriptional signalling
pathways were involved in this interaction; in-vitro testing using mouse macrophage cell
lines (Raw 264.7) stimulated with TLR-2 and TLR-4 agonists Pam3CSK-4 and Lipid-A,
respectively; were performed (Suzuki et al. 2017). Expression of myeloid differentiation
primary-response protein 88 (MyD88), Toll/interleukin-1-domain-containing adapter-
inducing interferon B (TRIF), liver X receptors (LXR), interferon regulatory factor 3 (IRF3),
and the phosphorylation of nuclear factor kappa B (NF-kB) were determined with TLR-2
and TLR-4 activation. These results showed a differential pattern of significantly increased
MyD88, LXR and NF-kB expression and low TRIF and IRF3 expression (Suzuki et al.
2017). This coincided with the significant upregulation of ABCA1 expression levels, while
ABCG1 expression levels were downregulated. TLR-2 stimulated cells pre-treated with
NF-kB and p38 inhibitors MG-132 and SB203580, respectively suppressed the expression
of ABCAL. These data provided evidence of the sensitivity of drug transporter expression
to signal transduction — the MyD88, LXR, NF-kB and p38 pathways. These data provide
support to the hypothesis that inflammation modulates the expression of drug transporters
which can then lead to disease pathogenesis (Suzuki et al. 2017). In addition, TLRs
recognise a diverse range of microbial products and are important in immune activation
and signalling pathways (Cho et al. 2009). The recruitment of the MYD88 protein during
the MYD88 dependant pathways has been shown to lead to the production of the pro-
inflammatory cytokine TNF-a, through the subsequent activation of TRAF6 and IL-1R-
associated kinase (IRAK1) molecules (Cho et al. 2009). The TIR-domain-containing
adapter-inducing interferon-g (TRIF) pathway also leads to the production of inflammatory
cytokines. This occurs through interacting with tumor necrosis factor receptor (TNFR)-
associated factor (TRAF)-3 and TRAF6, in which TRAF6 recruits the transforming growth
factor-B (TGF-B)-activated kinase 1 (TAK1l) complex and kinase and the receptor-
interacting serine/threonine-protein  kinase 1 subsequently inducing inflammatory
cytokines and activating the mitogen-activated protein kinase (MAPKS) and NF-kb
proteins (Kawasaki and Kawai 2014). Other pathways involved in TLR signalling such as
IRF1 and IRF5 have also been shown to induce pro-inflammatory cytokines such as IFN-

Y, through interacting with the MYD88 protein (Kawasaki and Kawai 2014).
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1.7.3.2 Sensitivity of drug transporter function to pH

The level of acidity or alkalinity (pH) in extracellular fluids is an additional factor that has
been shown to modulate drug transporter function (Breedveld et al. 2007). The function of
the efflux drug transporter BCRP was determined in Madin-Darby canine kidney (MDCK
II) cells grown in pH adjusted media and exposed to methotrexate (MTX). At acidic pH
levels, the efflux transporter BCRP pumped out MTX more efficiently when compared to
physiological and basic pH levels. This data highlighted the possible clinical implications
that the function of BCRP is pH-sensitive in the extracellular environment, thereby
affecting intracellular concentrations and the effectiveness of MTX (Breedveld et al. 2007).
These data suggest that pH is an additional factor that can also modulate drug transporter

function which can then affect the effectiveness of drugs (Breedveld et al. 2007).

Collectively these studies demonstrate how inflammation-induced cytokines and TLRs are
involved in regulating the expression of drug transporters in various tissues; subsequently
altering intracellular and plasma drug concentrations, thereby affecting drug
pharmacokinetics and efficacy. Inflammation mediated changes in drug transporter
expression are however mostly based on animal models and cell lines (Cressman et al.
2012, Saib and Delavenne 2021), thereby warranting the need for comparative in-vivo
human studies. Future studies should also elucidate how BV, HC and STls-induced genital
inflammation contribute to drug transporter expression and function, subsequently,
predisposing women to HIV infections, even during PrEP intake. Therefore, additional
studies are needed to understand the interplay between inflammation and drug transporter
expression, especially in sites highly susceptible to HIV such as the FGT and blood.
Findings from such studies would provide a better understanding of how the presence of
systemic and genital inflammation may alter drug transporters subsequently affecting ARV
pharmacokinetics. Further elucidation of these factors either individually or collectively will
aid in understanding disparities in PrEP efficacies observed in PrEP trials. This is
especially important in highly susceptible groups such as African women from HIV

endemic settings where PrEP is advocated as the standard of care for HIV prevention.

Together these studies show evidence that there may be an inextricable link between the
expression and function of drug transporters with genetic polymorphisms, TLRs, pH and

genital inflammation, which is further influenced by the presence of BV, STIs and HCs
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(Figure 1.4). Subsequently these factors may significantly affect drug concentrations and

potentially drug efficacies.

Figure 1.4: Proposed mechanism of effects on drug transporter expression and
function.

The schematic shows the intersection of different biological factors and SNPs in drug
transporter genes that affect drug transporter expression in the FGT, renal system and
blood, subsequently affecting PrEP efficacy. Genital inflammation and SNPs are known
to directly affect drug transporter expression and functionality, while the combined use of
HCs and ARVs also affects drug transporter expression and function. Additionally, the
presence of STls and BV are shown to contribute to genital inflammation which in turn
affects drug transporter expression and function. HC- Hormonal contraceptives, BV-
Bacterial vaginosis, STIs- Sexually transmitted infections.

These studies provide evidence that the FGT, renal system and blood are subject to a
variety of host biological factors that may undermine PrEP efficacy by affecting drug
transporter expression levels and function. These afore-mentioned studies show how drug
transporters are increasingly recognised as key determinants in drug pharmacokinetics
and response. However, their contributions to the inconsistent efficacies seen in PrEP
clinical studies in African women from regions with high HIV infection rates such as South
Africa, have not been elucidated. Characterising the expression level of drug transporters
in the blood and FGT from a vulnerable population will better define the biological factors
underlying compartment variation in drug exposure during oral PrEP in at-risk African
women. In turn, we may be able to better understand why African women remain
susceptible to HIV despite PrEP interventions. Additionally, findings from such studies will
shed an important light on how the genetics and the biology of the mucosal environment
may play a pivotal role in modifying drug transporter expression, subsequently modulating

HIV risk. Understanding these data may also aid in the development of more effective,
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safe and optimal delivery systems that facilitate consistent effective dosage and usage of

appropriate PrEP drugs.

In accordance with the University of KwaZulu-Natal guidelines for submitting a thesis via
publication part of this literature review was published in Frontiers in Genetics on the 29"
of September 2022 entitled: “Pharmacogenomics of drug transporters for
antiretroviral long-acting pre-exposure prophylaxis for HIV”. (2022). Zondo NM,
Sobia P, Sivro A, Ngcapu S, Ramsuran V, Archary D. Frontiers in Genetics. 13:940661.
https://doi: 10.3389/fgene.2022.940661. (See Appendix for full review paper- page 114).

1.8 Brief overview of study aim, design and methodologies

1.8.1 Hypothesis

We hypothesized that differential mMRNA expression levels of efflux and influx drug
transporter genes, SNPs in drug transporter genes and genital inflammation modify the
mucosal environment of the FGT and the peripheral blood in African women from South
Africa (KZN) taking oral PrEP (Truvada®) by directly or indirectly affecting drug delivery

and absorption, leading to ineffective PrEP.

1.8.2 Aim

The overall aim of the study was to determine if biological factors (drug transporters,
SNPs in drug transporter genes and genital inflammation) affect PrEP efficacy in
African women from South Africa (KZN) taking oral PrEP (Truvada®).
Objectives
I.  To determine if there is an association between the presence of SNPs in drug
transporter genes and circulating plasma TDF-DP drug levels in African
women taking PrEP.
Il.  To determine if there are differential drug transporter mRNA expression levels
between the FGT (cytobrush) and blood (buffy coats) compartments in African

women taking PrEP.
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lll.  To determine if there is an association between drug transporter mRNA
expression levels in the blood and circulating plasma TDF-DP drug levels in
African women taking PrEP.

IV.  To determine the association between:

a. the presence of SNPs in drug transporter genes and drug transporter
MRNA expression levels in the peripheral blood of African women
taking PrEP.

b. genital inflammation and drug transporter mMRNA expression levels in
the FGT of African women taking PrEP.

1.8.3 Methods and Materials

This retrospective study was granted ethics approval by the University of KwaZulu-
Natal Biomedical Research Ethics Committee (UKZN BREC: (BREC/0002195/2020).
The QuickExtract™ DNA Extraction Solution was used to extract genomic DNA and
RNA from cytobrush (FGT) and buffycoat (blood) samples. SNP genotyping (Chapter
2) was conducted on 393 cytobrush samples using the TagMan® SNP genotyping
assays and TagMan® genotyping master mix and run in the QuantStudio™ 5 Real-Time
PCR System. The following assays were used to determine SNPs in ABC drug
transporter genes: ABCC4 (MRP-4) rs1059751 (assay ID: C___ 7461507_30); ABCC4
(MRP-4) rs1751034 (assay ID: C__ 1901918 30); ABCC4 (MRP-4) rs3742106 (assay
ID: C__ 8059522 1 ); ABCB1 (P-gp) rs1045642 (assay ID: C__ 7586657_20);
ABCC1 (MRP1) rs212091 (assay ID: C__ 1003625 20) and ABCC2 (MRP-2)
rs2273697 (assay ID: C_ 22272980 20). To determine drug transporter mRNA
expression levels in the FGT and blood (Chapter 3) quantitative Real-Time PCR in the
QuantStudio™ 5 Real-Time PCR System was done on 134 matching FGT, and blood
samples collected at baseline, 3 months and 6 months. The SYBR™ Green PCR
Master Mix and gene specific primer pairs were used to determine the mRNA
expression levels of the following genes: MATE-1, MRP-2, MRP-4, OAT-1 OAT-3 and
P-gp. Expression values with only a Cr <35 were considered. Relative mRNA
expression levels were normalised using the endogenous reference gene Beta-Actin
and calculated using the comparative Cr (224*“) method. Cytokines concentrations
were measured in 134 Soft Cup FGT samples using the Bio-Plex Pro Human

Cytokine/Chemokine Magnetic Bead 27-Plex Panel. The Bio-Plex Manager software
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version 6 was used to collect data, and the sample concentrations were calculated from

standard curves by using a five- parameter (5PL) regression formula.

1.8.4 Statistical Analysis

Pearson’s Chi-squared and Fisher's exact tests in the R statistical software (R
Foundation for Statistical Computing, Vienna, Austria) were used to examine
differences in demographic characteristics between participants. Linear mixed models
were used to measure the associations between SNPs, drug transporter mRNA
expression and logged plasma TDF-DP drug levels. The same models were used to
determine the association between drug transporter mRNA expression and
inflammation in the FGT. These analyses were performed in SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA). Spearman’s rank correlation coefficient was used to
determine correlations between drug transporter mRNA expression levels in the FGT
and blood. GraphPad Prism version 9.3.1 software for windows (GraphPad Software,
La Jolla, CA, USA) was used for statistical analysis and graphical representation. For

all analyses p-value <0.05 was considered significant.
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2. CHAPTER TWO

2.1 Bridging Chapter

Besides PrEP drug adherence, single nucleotide polymorphisms (SNPs) also affect drug
transporter expression levels and function. Therefore, SNPs have been implicated as key
regulators of different antiretroviral drugs used as PrEP or treatment. Truvada® (a combination of
tenofovir and emtricitabine) is the standard of care for HIV prevention in South Africa. Data from
several studies underscore the importance of understanding how the presence of SNPs in drug
transporter genes affect mRNA expression levels and the efficacy of ARVs containing tenofovir.
In this study, we characterised SNPs in drug transporter genes in DNA samples from 393 black
South African women taking oral PrEP (Truvada®) and determined their effects on circulating
plasma tenofovir levels. In addition, the effect of these SNPs on mRNA expression levels was
assessed. This study is important since SNP frequency and effects on drugs disposition and
MRNA expression remain poorly characterised and understudied in African populations when
compared to European and Asian populations. This paper, entitled: “Single-nucleotide
polymorphisms in ABC drug transporters alter expression and circulating tenofovir in
healthy South African women exposed to pre-exposure prophylaxis. (2023). Zondo NM,
Sobia P, Sivro A, Ngcapu S, Mansoor LE, Mahomed S, Lewis L, Ramsuran V, Archary D.
Pharmacogenomics. Jul;24(11):599-613. doi: 10.2217/pgs-2023-0058. Epub 2023 Jul 28. PMID:

37503696” has been published in the Future Medicine- Pharmacogenomics Journal. We identified

SNPs that could potentially be the most clinically relevant in the pharmacokinetics of tenofovir in
African women taking PrEP. Findings from this study support the concept of tailoring PrEP dosage
to account for the presence of SNPs in drug transporter genes in order to increase PrEP

effectiveness in at-risk African populations.
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Clinical trials resting oral Truvada® {renofovir-disoproxil-fumarace [ TDF] fand emtricitabine [FTC]) orvopical (1%
renofovir [ TFV] gel) formulations as pre-exposure prophylaxis (PrEP) in African women have produced inconsistent
levels of protection against HIV, ranging from -49% o 14.5% and leading to many trial terminations 11-3. The
CAPRISA 004 1% renofovir gel was the first trial ro show 39% cfhcacy against HIV acquisition in African
women [4]. These inconsistencics in resules of PrEP clinical erials were primarily anribured o varying levels of
adherence 13,5, PeED effectiveness is also dependent on adequare drug absorprion and blood cellular delivery by
drug rransporter proteins in the female geniral rract (FGT) and the peripheral blood (4. Host biological factors
thar affect drug eransporter expression levels and function such as single-nucleonide polymorphisms (SNPs) have
been implicated as regularors of different ancireerovirals (ARVS) 17,60, This association could, therefore, be applicd
to PrEP o understand how SMPs in drug mransporter genes may coneribute o the varahility in PeEEP effectiveness
ohserved in previous clinical trals.

TDFE a nucleotide reverse-transcriptase inhibitor, is a prodrug of renofovir (900, HIV reverse transcriprase is
inhibired by che acrive analogue enofovir-diphosphate (TFV-DT), which is produced when intracellular phospho-
rylation of ahsorbed renofovir ocours (3. Tenofovir absorprion ino kidney rubolar cells and secretion to the rbuolar
lumen is facilitaced by ditferent influx solute carrier (SLC) and cffux ATP-binding casserre [ABC) drug transparter
proteins 9. MRP-2 and MRP-4 — cncoded by the ABCC? and ABCCH genes, respectively — are key in renofovic
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secretion across the luminal surface of renal proximal mbolar cells (1. Understanding facrors thar can affect drug
rransporrers may help o define the pharmacokinerics of ARV containing renatovir relative to circularing renofovis
concentradons [12].

Cenetic variarions such as SNPs are known modularors of ABC {cfflux) drug transporrer gene cxpression and
function [12]. SNDs have been previously shown to medulare drug rransparter funcrion by affecring protein folding,
RMA rranscription, mRENA expression levels and proeein funcrion, as well as their ability 1o bind substrates and
regulate drug pharmacokinetics (12,15, Together these factors converge, leading o varied drug levels and adverse
reactions in individuals raking the same drugs [7,14). Arruda e ad 7] showed a high intolerance 1o gither lopinavir-,
atazanavir-, risonavir- or indinavir-containing regimens in HIV-infecred Brazilian patients with variations in the
ABCC? gene (3740066 and rsd 148396), possibly leading o ineffective treatment aurcomes (7]

The effeces of SN in ABC drug cransporter genes expressed in kidney renal cubules and peripheral blood
mononuclear cells (PBMCs) relevant to tenofovir pharmacokinerics have heen evaluared in several studies a,15-17).
Cerrain 3MPs in ABC genes have been shown o increase plasma renofovir through altered drug transparter gene
expression or function in renal whuoles 9,16, These studies showed thar more drug was effluxed from cells and
there was reduced glomerular fliration critical for tenofovir renal dlearance, subsequently leading 1o higher plasma
tenofovir (9.16. In PBMCs, reduced P-gp cxpression was associated with the C allele on the ABCE] 3435C=T
sl 045642 SNP in HIV-infected Brazilian and White pupu|:uions 118). In Asian [16,19] and White 20 ]m]:lu]atinns,
the CC genotype for the ABCC2 (encoding MRIP-2) 2240 T 5717620 SNP was associated with higher renofovie
plasma levels when compared with other genorypes, increasing the risk of developing renofovir-induced kidney
rubular dysfunction (KTD] [16,19,20). Increased plasma renofovir drug levels were also associared with the presence of
other SMPs, such as the TG or GG genorypes for the ABCCY 4131T <G 53742106 SNT in a Thai population [);
the C allele for the ARCCS 4976T=C 51059751 SNP [21); and the GG genotype for the ABCCY 3436A=G
151751034 SNP in White populations [17]. These studies proposed thar cerrain polymarphisms in these drg
transporter genes may alter gene expression or funcrion, subsequently leading ro more effluxed drug. These SNI's
may result in higher plasma concentrations, roxicity, adverse side effects and reduced ARV cficacy, allowing the
identification of populations who are ar a higher risk of developing adverse effects owing to these SNTs. Imporanely,
African popularions with the highest burden of HIV remain poorly characterized with regard o the effects of SNTs
on ARVs compared with European and Asian popularions [2).

Previous studies have highlighted inter-ethnic variability in the ABCES 3435C=T SNP; these studies reported
a significantly higher frequency of the C allele or CC genotype in African populations 23,24, This conrrasted
with Asian and European populations, which exhibited high frequencies for the CT and TT genorypes for chis
ST j25,26). Among African popularions, the frequency and funcrional effects of the ABCET 40366 /G rs3842 SNP
has alsa shown varizhility [27-24). In HIV-infected Ugandan, Ethiopian and Tanzanian populations, high efavirenz
plasma concentrations were associated with the GG genotypes [27,28], while in an HIV-infected South African
population this genotype was associated with decreased efavirenz plasma concentradons [29]. Variability in SNP
frequencics, funcrional effects herween African and non-African popularions, and generic diversity among African
popularions warranes more comprehensive invesdgations. These may ald in understanding the role of SNPs an
drug pharmacokinctics in African populations [24).

Collecrively these dara underscore the imporance of understanding how the presence of SNPs may affecr drug
[FANSPOIET EXPIession and in mrn the cfﬁca.q.r of ARV: containing renofovir, csp:cLﬂ]}r in vulnerable African
populations. [n addition, noticeable inter-ethnic and inra-popularion generic diversity reflects variabiliny in ARV
therapy outcomes, which may inform PrEP efficacy. This smudy aimed to determine the frequency of SNIs in
ABRC drug transporter genes relevane in renofovir pharmacokinetics and investigaze their role in porentially altering
mRNA expression and plasma renofovir drug levels in healthy South African women taking oral Truvada as TrED

Materials & methods

Study population, design & procedures

This retrospective study used samples collecred from the CAPRISA 082 observational study (301, Briefly, the soudy
included healthy, sexually acrive black African women aged 18-30 years old from cThekwini {an urban arca) and
WVulindlela (a rural arca) in South Africa. Ar enrolment and at each follow-up visie rapid HIV tests were done and
women were offered oral PrEP Women who elected o ke PrEP were given Truvada, a combination of 300 mg
TDF and 200 mg FTC. Blood (bufty coars) and genital specimens from the FGT (cytobrushes) were collecred
and srored every 3 months for all women who were enrolled. Plasma TEV-DI drug levels (fmol/punch) were
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measured from dried blood spars in selecred parricipants who had received oral PrEP. To measure drug levels, a
modified liguid chromaregraphy randem mass spectromerry assay (Division of Clinical Pharmacology, University
of Cape Town, Cape Town, South Africa) was used 311 Adherence to oral PrEP was measured using pharmacy pill
count, as described in Mansoor et af 150, The sub-study was reviewed and approved by the Biomedical Research
Ethics Commirree (BREC) ar the University of KwaZulu-Naral (BREC /0002195 /2020).

Selection of single-nuclestide polymorphisms

Previous licerature 19,11,19,521 was wsed to selece SMPs in ABC drug transporer genes that are relevant in the
pharmacokinetics of tenofovir, Criteria for SNP sclection was based on genes char encoded proreins involved in
the pharmacokinetics (absorption, distribution, merabolism and excrerion [ADME]) of ARV thar could affecr
drug disposition, bicavailability and trearment response. Furthermaore, renofovir had 1o be substrates of these drug
rransporers with sclected SWPs. SNPs char previowsly showed the highest levels of significance in White and
Asian populations when asseciated with aleening drug transporter expression levels and funcrion were incdluded.
In addirion, SNPs that affecred drug rransparter mBNA expression levels, protein funcrion and plasma renofovir
drug levels 41, and led 1o drug toxicioy 321, renabovir-induced KT 11,335 and intolerance to therapy 7] in different
ethnicities were included. Inicially aver 20 SNDPs were sclecred; however, this number was narrowed down 1o six
ABC SNI's thar were the most significantly assaciated with affecting renofovir drug levels when wsed as rreacment
or for preventon [9,19,21,32,54]. These six SNPs in ABC drug rransporter genes included: ABCE! (encoding P-gp)
335G = A rs1045642 SN ABCCH (encoding MEP1) 198217 T=C rs212091 SNP; ABCC? (encoding MRI-2)
12490 = A rs22T73697 NP ABCC (encoding MEP-4) 3463T=C s1751034 3NP: ABRCCY (encoding MRP-4)
4131A>C rs3742106 SNP; and ABCCY (encoding MRP-4) 49764 G rs1059751 SNP

Genomic DNA & RNA extraction & cDMNA synthesis

Genomic DA was extracred from all cyrobrush samples and RMNA was exeracted from marching cyto-
brush and buffy coar samples using the QuickExrrac™ DMNA Exrraction Soludon {lysogenic buffer; Cliagen,
Wenlo, The Metherlands) accarding to the manufacturer’s instructions. Bricfly, either genomic DNA and RNA was
extracted from the resuspended pellet post centrifugarion wsing the QuickExctrace DA Exeraction Solurion and
incubared in the Applied Biosystems SimplidAmp Thermal Cyeler (Thermao Fisher Scienific, MA, USA). Genomic
DMNA and RNA concentrarions were determined using the Wanodrop system (Thermo Fisher Scienrific). DNA
weas treated with RNase, while RNA samples were rreared with DNase (Agilent Technologies, CA, USA). Genomic
DMNA was standardized o 20 ng in nuclease-free warer and stored ar -20° C uneil further use in ST genoryping,
while RINA was standardized to 50 ng in nuclease-free warer and cDMNA synthesized using the SuperScripc™ Vilo™
e A synthesis Kit (Thermo Fisher Scientific), according to the manufacrurer’s instructions. Briefly, standardized
RMNA was mixed with the Vilo reacrion mix and SuperScripe cnzyme mix, incubated. and the reaciion rerminated
accordingly. Resulting cDMNA was diluted 1 in 5 and used o determine drug transporter mRMA expression levels.

Single-nucleotide polymorphism genotyping

SNP genoryping was conducred using the Taqf\-{an:E SN genoryping assays { Thermo Fisher Scientfic), which were
run in the QuaneSudio™ 5 Real-Time PCR System (Thermo Fisher Scienrific). The following assays were used o
determine SNPsin ABC drug transporrer genes: ABCCS (MRP-4) rs1059751 (assay 1D: C__7461 507 _30); ABCCH
(MRP-4) rs1751034 (assay [Dx C__1901918.50); ABCCS (MRP-4) 3742106 (assay [Dn C__8059522_1_);
ABCE! (T-gp) rs1 045642 (assay ID: C__7580657 20); ABCCY (MBEP1) rs212091 (assay [D: C___100362520);
and ABCCZ (MRP-2) rs2273697 (assay [D: C_22272980.20). The final RT-PCR reaction velume for cach
reaction was 5.5 pl, consisting of: 20 ng of genomic DNA, TagMan Genoryping Master Mix (Thermo Fisher
Scientific) and a 200 drug-merabalizing genotype assay mix (this comprised a specific gene primer-probe; Therme
Fisher Scientific). The RT-PCR conditions were as follows: initial denaturation For 95°C for 10 min, followed by
40 cycles of denaturation ar 92°C for 15 s and annealing for 60°C for 1 min using the RT-PCR system.

Quantitative RT-PCR mRMA expression

To conducr guancitative KT-PCR, gene-specific primers pairs and the SYBR Green PCR Master Mix were used
(Thermo Fisher Scientific) according to the manufacrurers instrucrions. Briefly, synthesized cDNA (diluced 1
in 5) was mixed with gene-specific primer pairs and the SYBR green master mix. Selected gene-specific primers
(5'-3" direction) included: P-gp (forward COCATCAT TGCAATAGCAGG, reverse TGTTCAAACTTCTGCTC-
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CTGA) MRP-2 (forward TAATGGETCCTAGACAACGGG, reverse GGGCCTTCTGCTAGAATTT); MRP-4
(forward GGACAAAGACAACTGGTGTGCC, reverse AATGGTTAGCACGGTGCAGTGG); and the house-
keeping gene factin (forward TCCTTCCTCGGCATGGAGT, reverse AGCACTETCTTGGCGTACAG). Op-
rimal conditions: denaruration ar 95°C for 15 s, 40 cycles, annealing ar 60°C for 1 min and extension ar 72°C for
30 s were used. All reactons were conducted wsing the QuantSmdio 5 Real-Time PCR System (Thermo Fisher
Scientific). Only expression with Cr =35 values were considered in the expression dara. Relarive mRNA expression
levels of target genes were calculared using the com parative Cp (22205 method, expression was normalized using
the endogenous reference gene f-actin (35

Minar allele frequencies

Criteria for studies included in minor allele frequency (MAF) analysis included studies of SINTs thar have a
funcrional effect on the drug rransporter genes, which subsequenily led o certain consequences, as stared in the
‘Selection of SNPS section above. In addirion, these studies had ro be evaluated in different ethnicities and most
of these studics were evaluared in SNTs of drug transporter genes invelved in ARVs pharmacokinerics (ARVs used

for crearment or prevenrion, a few studies evaluared the impace of SMDs in other diseases such as cancer).

Statistical analyses

Pearson’s Chi-squared and Fisher's exacr reses using R staristical sofrware (R Foundation for Staristical Compuring,
Vienna, Austria) were used to examine differences in demographic characteristics berween participanes that initiated
and those that never initiated PrER Linear mixed models were used to measure the associations berween SNPs and
logged plasma renofovir drug levels using a subsample of women who had sufficient pills o cover them during visits
(i.e., medication possession ratio = 100%) and who had detectable drug levels. Pill coun adherence was not well
correlated with drug levels 130 and 5o could not be incorporated as a variable in regression analysis. We excluded
participants with undetecrable drug levels ro remove those with paor adherence from analysis. The analysis adjusted
for BMI and 1ime since study enrolment, and was performed in SAS version 9.4 (SAS Institure Inc, NC, USA).
For these analyses a pvalue <0.05 was considered significant. The Kruskal-Wallis tese with a Dunns muliple
comparison test was used to determine the associations berween SNI genotypes and mean mRNA expression levels
in cyrobrush and butty coats samples on GraphPad Prism version 9.3.1 software for Windows {GraphPad Sofoeare,
CA, USA). Median mRNA expression was calculared using measurements from baseline, and 3 and 6 months. A
rwa-tailed adjusted p-value <0105 was considered significant. For all graphical representation, the GraphPad Prism
was used.

Results

Sample description

Of the 429 women enrolled in the study, 413 had stored cyrobrush (FGT) samples ar bascline (Figure 1). A
further 23 parricipants’ cytobrush samples were excluded due to no informed storage and furire use consent from
participants (n = 7}, poor DNA quality (negative DNA concentrations; n = 4) and undetermined SNP genotypes
(n = 12). This provided a roral of 393 participanes with cyrobrush samples from which SNP genoryping dara
were obtained. These 393 cyrobrush samples were from 148 participants who did not inidate PrEP and 245
participants whao volunteered to take oral PrEP OF the 245 parricipants who initiated oral PrED 92 had plasma
drug levels measured during follow-up. A furcher 25 panicipanes were excluded from analysis because they had
underecrable drug levels or did not have sufficient oral PrEP ta last them berween visies (L.e., medication possession
ratio < 100%), leaving 67 participanes for analysis (this is the subser of participants with available drug levels ar
different rime poines). Of these 67 panicipants, 45 participants had matching cytobrush and buffyeoar samples ac
haseline (45 samples cach), 3 months (44 samples cach) and 6 months (45 samples each). This provided a rotal
of 134 cytobrush and buffy coar (bload) samples each from which mRMNA was extracred and included in mENA

expression experiments and analysis.

Demographics table

Table 1 describes the demographic and clinical dara of 148 (38%) participants who did not inidare FeEP and
245 (62%) participants who volunteered to rake PrER There were no significant differences berween those who
initiated PrEP and those who did not inidare PrEP for age, BMI and prevalence of Cllawyeia smachomatis and

Thichamonas vaginalic at enrolment. At enrolment, the prevalence of Nefweria gonorrfios was significancly higher in
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For NP genclyping n = 413 with cylobrich samgles

Excluded samples: did nol agree 1o storage of teir samples and lor thesr
samplas 1o be used lor future resegchn =7

DA extracted Irom n = 406 cytobrushes.
DHA concentrations determined using a nanodrog

4“' Excluded samples with negative DMA concenlralions n= 4

Included in genatyping assays n = 402

Excluded samples with no genotype data (rumber of undstemined
penotypes for ach gene using the Taghlan® SNP penatyping essays):
fi =8 fof ABCE? gene (encoding P-gp) SMP 34356 = A re1045842

i =10 foe ABCCT gene (enceding MARF1) SHP 196217T » C re212091
i = 0 lof ABCC2 gene (encoding MAPZ) SHP 12400 = A 2373697
=12 lor ABCCA gene (enceding MAPA) SHP 3463T = C 151751034
n =11 lor ABCCA gene (encoding MAPA) SNP 1514 > C rs3742106
n =12 lor ABCCA gene (encoding MAPA) SHP £976A > G 151058751
Therefore tatal number ol S&.I"I'ImE'S evalusted n = 333

For genolyping analysis: genolypes could not be detected for all genes
Tetal samples with genotype data n = 533

Thes includas / Irom 148 partics who did nol 1ake PrEF and 245
panicipanls who volunteered 1o Lake PrEP

| f = 62 nad measured drug levels 21 fellaw-up |

—-—| Excluged samgles with undelectable drug levels n = 25

| Tolal sampies used in SNP genatype and tenolovir drug bevel analysis n = 67 |

l

n = 45 particiganis wilh matching cylobrush and buflycoat samples included in mANA
analysis

Figure 1. Sample description diagram. Description of the number of included and excluded oytobrush samples in this
cohort study. The total number of oytobrush samples incleded in SWP genotyping {n = 393) and tenofovir drug
analyses [n = 67) is shown. The total number of participants (n - 45} with matching cytobrush and buffycoat samples
incleded in the mRNA expression experiments provided a total of 134 cytobrush and buffycoat samples eadh owver
several follow-up visits.

FrEF: Pre-exposure prophylaxis; SMP: Single-nucleotide polymorphism.

women who initiated PrEP {p = 0.016) compared with women who did nor. Significantly more panicipants who
initiated PrEP were from che Vulindlela siee than these ar the ¢Thekwini site (p = 0.001). Among women who
iniriated PrER 67 (17%) had detectable plasma renafovir levels. OF these 67 women, 45 (11.45%) were included
for the mBNA expression analyses as they had samples for both eyrobrushes and buffy coars ar baseline, 3- and
G-maonths follow-up.

Minar allele frequencies & genctypes among different ethnic groups

Table 2 shows comparisons of MAF and genotype frequencies of six SNPs previously shown to have a funcrional
effect on drug cransparter genes amaong Souch African, other African/Afro-descendene, European (Euro-descendant
and Asian populations. For the SNIs ARCE! 3435G=A (MAF-A allele), ABCCE 198217T>C (MAF-C allele)
and ABCCS 4976A=0G (MAF-G allele), variable differences in MAFs were ohserved when comparing the South
African population with other populations. Low allele frequencies of 8%, 119% and 18% were observed for the
ABCE! 3435G=A (MAF-A allele), ARCCI 198217T=C (MAF-C allele) and ABCCS 4976A> G (MAF-G allele)
SMPs, respecrively, in the South African population. For the ABCCY 198217 T=C (MAF-C allcle) similar MAFs
were ohserved berween the South African and African/ Afro-descendent population. The MAT for che A allele for
the ABCC2 1249G>A SNP was similar in African and European populations, while for the Asian population
a slighdy higher MAF of 28% was observed. For the ABCCY 3463T=C (MAF C allele) and 4131A>C (MAF
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Table 1. Demographic and clinical characteristics of study participants.

Characteristic Overall n = 353, n (%) Imitiated PreP (n = 2453, no (%) Never initiated PrEP (n = 148), n (%)  p-value’
Age category (years) R
=24 263 {674} 156 (544} 107 (F2%)

25-30 130 {33%) 3 (36%) EARFIL]

BMI categary 0,500
Underweight [3-10.5) 12 (2.1%) T{raw) [RER L]

Hormal weight (12.5-25} 140 {35%) B4 (25%) [ ELL]

Orweraeight (25-30) 105 {¥7u) BT (20%) 18 [2E%)

Obese (=30} 133 {34%) BS [35%) 48 (33%)

ST1 enrolment

Chiamydia trachamats TOE%) 48 [19. 74} 23 (15.5%) 0.302
Ficizzeria gonarrhaoca T (2.5%) 10 (4.1%} o (%) ooef
Trichamonas vaginalis 16 (4.1%) & {3.7%) FRT L] 0BT
Site ouoa
eThekwini 156 {40%) £F (23%) 98 (BF)

Vulindlela 237 {E0s) 188 (7%} ELTEEL]

Detectable drug levels

LHPF genctyning 67 (17} ET (100%} 0 (0%

mAMA expression 45 {11.45%) 45 (1004%) ]

mARA examssian i
HIV serocomeerted.
TPeamon’s Chi-squ

rcludes matching cytabrush (female genital tract) and buffy coat samples {blood). From the 67 particpants with dedectable drug levels, four pasticipants had

ared and Fisher’s mact tests.

Fpevalue <005 Eigrificant).

PrEP: Fre-mipoeumn

peophiylaae; SMP: Sngle-nuckeotide pofymaomhism; £T1: Sewwally ransmitted indection.

A allele) SNPs, a slighely higher MAF of 320 was observed in the Sauth African population compared 1o other

populations.

Associations between single-nucleotide polymorphisms in ABC drug transperter genes & plasma
tenofovir drug levels

Table 3 & Figure 2 illuserare mean plasma renofovic drug levels aver time by genotype and SN To determine
if there is an association berween SNDs and plasma renofovir levels, regression analyses were carried out within a
subset of participants with available drug levels ar different time poines. In the first analysis, the model was adjusted
for time in the study, BMI and each SNP separately, and for the second analysis, the model was adjusted for rime
in the study, BMI and all SNDs (Table 3). After adjusting additionally for all other polymorphisms, individuals
presenting with the CT (p = 0.002) and TT (p = 0.014) genarypes for the ABCCH 3463T>C SND had two- 1o
three-fold significandy higher plasma tenofovir drug levels when compared with individuals with the homozygous
CC reference genorype. For the ABCCY 4976A> G SNT, the analysis adjusting for all other SNPs and BMI and
time in study showed thar individuals exhibiting the AA genorype had a mean plasma renofovic drug level of 4696
less than those in the AG reference genotype (p = 0018). Figure 2 illustrares how the mean plasma renafovir drug
levels varied over rime, and we plorred these levels in relation to grouped genorype. No significant associations were
ohserved for ABCBI (P-gp) 3435G=A, ABCCI (MRP1) 198217T=C, ABCC? (MRP-2) 1249G>A and ABCCH
(MRP-4) 4131A=C rs3742106 SNDs.

Associations between single-nucleotide polymorphism genotypes & mean drug transporter mRNA
expression levels in the female genital tract & blood

To derermine if there was an association herween mRMA expression levels and SNP genotypes, a subser of
participants with marching FGT and blood samples ar baseline, 3 and 6 months were wsed (Figure 3). After
adjusting for multiple comparisons, differences in mREMA expression levels across SINP genotypes were derermined.
In the blood for the ABCCS 4976A =G SNE individuals presenting with the AA genooype had significancly
increased ABCCY mRNA expression levels when compared with individuals with the AG genorvpe (p = 0.0132).
However, in cytobrush samples no significant associations berween mRNA expression levels and genotypes for
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Table 2. Minor allele frequencies and genotypes of single-nuclectide polymorphisms in ABC drug transporter genes

among different ethnicities.

Genes Minor alleles and South African (%)  African/Afro- EuropeanEurce Asian (%) Ref.
gen N ! ; |
(5] %)
ABCET [ MaF A 3 Iz a7 4r
ghycoproteink
343G A Genctypes Al 1.53 151 21 Fi
[rs104%523) aG B4.73 34.2 27 i}
AG 1374 s6.7 52 51
Tatal samples m= 3583 n=T3 n= &3 n=117% [15,14,38]
ABCCT (MAP-1)  MAF [= 11 a8z 20 o]
1SEIIT=C
re212081) Genotypes [« .77 1.4 26 -1}
T TE.06 849 24 ]
[=) 2.7 137 S0 15
Tatal samples mo= 342 n=T3 n =183 no= 500 [15,37,38)]
ABCCE [MRP-2)  MAF A 13 1% 14 -}
124864
(re2273687) Genotypes Al 1.78 3 3 15.8
GG =32 k] a4 514
AG 2130 23 23 P ]
Tatal samples no= 3493 o= 204 nm 63 n=14 [19,38]
ABCCA (MAP-4) MaF a 55 B2 1 49
413a=t
=ATAII0E Genotypes Al 2845 kR 33 PN
cc 1730 13 20 P
AC §3.45 50 47 £33
Total samples no=391 =210 n= 2G5 n=150 [3.36]
ABCCA [MAP-4) MaF [ £ 22 25 193
3453T=C
1761024 Genotypes cc 1282 7 143 7
) 4521 B3 643 B4
cT ;a7 n 214 123
Tatal samples no= 309 nw=211 ne=d2 n= 150 [9,17,38]
ABCCA [MAP-4) MaF G it - 20 55
ASTEA =G
o 9781 Genotype Al BB92 L5 1z
ah im 4 42
AG EL R 12 5
Tatal samples o= 300 n= 185 n=14 [8.37]

MAF: birar allele frequency.

the ABCCH 4976A =G SNI were observed. In addition, no significant associations were observed for the ABCE!
(P-gp) 3435G=A, ABCC2 (MRP-2) 1249G = A, ARCCH (MRP-4) 3463T=C and ABCCY (MRP-4) 4151A=>C
SMNPs.

Discussion

Alarge number of ABC drug rransporrers are known to he polymaorphic, and these polymorphisms have been shown
to affece the pharmacakinerics of renofovir (200 In this study, we investigated the frequencies and associarions of
SMIs in ABC drug mansporter genes o understand cheir impact on plasma renofovir drug levels and mRNA
expression levels of drug rransporters in healthy South African women raking Truvada as oral PrER.

We observed marked variarions in MAFs and genotype frequencies in our South African population relarive
to other populations. These dara suggest that cerrain alleles for the ABCES 3435G=A (MAT-A allele), ARCCS
198217 T =C (MAF-C allele) and ABCCE 4976A>G (MAF-G allele) SNPs occurred ar lower frequencies in our
South African popularion when compared with other populations. This inferred thar few individuals presented
with these rare alleles. In additon, our Andings also suggest thar the GG /CC genotype for the ABCEI 3435G A
SMF accurred ar a higher frequency for cur population, while the AG genotype occurred ar higher frequencies for
European and Asian populations. Previous smudies have also shown noticeable differences in genorype frequencies
for the ABCEY! 3435C=T SNP in African, Asian and European populations [25,36,9). The T allele was found o be
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Table 3. Associations between single-nucleatide polymorphisms and logged plasma tenofovir drug levels using linear

els.

ALCE) {Pghcoprateink AR

3935G=A, 151045642 aG

GG
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Figure 2. Graphical representation of correlations between mean plasma tenofovir-diphosphate drug levels (fmol/ punch) over time,
grouped by genotype. Relationship between TFV-DP drug levels over time by genotype of (A} ABCET 3435G= A, (B) ABCCT 19B217T=C,
(C) ABCC2 1243G = A and (D) ABCCA 41314 C SNPs were not significant. While (E) ABCCd 3463T=-C (CT p = 0.002 and TT; p = 0.014) and (F)
ABCGH 49784A-G (AA p - 0.018) were significant over tima. Analysis includes findings after multivariant analysis (model 2). TFW-DF drug
levels were measured from 3 momths after PrEP initiation. Mon-significant data is represented by ns, while significant data is represented
by p-values. Mean standard error is represented by error bars.
PrEP: Pre-exposure prophylaxis; TRV-DP: Tenofovir-diphosphate.
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Figure 3. Associations between single-nuclectide polymorphism genotypes and median ABC drug transporter
mANA expression levels in the female genital tract and blood. The relaticnship between meadian mRMA exprassion
and 3MP genotypes were not significant for the (A) ABCE? (P-gp) 3435G A SNP in the FGT, (B) ABCBT (P-gp) 3435G-A
SKP in the blood; (C) ABCC2 (MRP-2) 1249G= A SMNP in the FGT; (D) ABCC2 (MRP-2) 1249G A SNP in the blood; (E)
ABCCA 3463T=C5NP in the FGT, (F) ABCCS 3463T=-C SNP in the blood; (G) ABCCY 4131A-C SHNP in the FGT and (H)
the ABCCH 4131A=CSNP in the bload. (1) The ABCCS 49764 -G SHP in the FGT was not significant, while in the blood
the [(J) ABCCY 497646 SNP showed significantly higher mRNA expression for the AA genotype (p = 0.0132) relative
to the AG genotype. Analyses were done using the Kruskal-\Wallis test and included FGT and blood samples collected
at baseline, 3 and 6 months from women who initiated PrER. Non-significant data are represented by ns, while
significant data is represented by p < 0.05. Mean standard error is represented by error bars.

FGT: Female genital tract; PrEP: Pre-exposure prophylaxis; SMP: Single-nucleotide polymorphism.

rare, while the C allele was found at higher frequencies in papularions of African/Afro-descendants compared o
European and Asian popularions 251, Hoffmeyer er al. previously posited that che high frequency of the C allele or
CC genorype for the ABCBY 3435C=T SNP in African popularions could exerr a funcrional effect on the ABCE!

gene, resulting in the overexpression of the P-gp procein leading o more drug efflux (341 Given the high frequency

of the GG/CC genorype for the ABCE! gene in our cohort, these resules further support the notion thar this SNP

could possibly alter renofovir pharmacokinetics.

@ future science graup

weavie futuremedicinecom aaz?

69



Research Article

Tonda, Sobia, Sivro et af.

Using MAF analyses, our findings alsa suggested thar the A allele in the ABCC? 124906 >A SN was rare
in African {Afro-descendants and Furopean populations compared with Asian populations, while for the ABCCY
MG6IT=C (MAT Callele) and 4131A-C (MAT A allele) SN, similar MAFs were found across the populations.
Conerary to these Andings, a study by da Rocha et 2l 136 reported char genotype frequencies and MAFs were only
significantly different in African and Furopean popularions for the ABCET 3435C=A SNP and not the ABCC2
1249G = A, ABCCH 4976A=G and ABCCY 4131A>C SNPs 36 Collecrively, these dara highlight char there is
variability in MAFs and genotype frequendies among populations, which may result in heterogeneous expression
levels, which in turn may affece the funcrion of drug transporrer genes and drug levels.

Muleivariable SMT analyses in our study suggested significant associations herween increased plasma renofovir
drug levels and individuals exhibiting the CC and TT genorypes for the ABCCY 3463 T C SNE Similarly, in an
Ttalian HIV-infected population, the GG genorype far the ABCCS 3436A - G SN was significantly associated with
an increased risk of tenofovir-induced KTD in a bivarate analysis 171, However, in a Thai HIV-infected population
no significant association berween the ABCCY 3436T > C SNT and plasma tenofovir drug levels was observed o).
Furthermore, Kiser e af. showed char for the ABCCS 3463T = C SN, HIV-infected White and African—American
individuals with the G allele had higher intracellular drug levels when compared with those with the A allele 4.

For the ABCCE 4976A=G SNI, mulrivariable analyses in owr study showed reduced plasma cenofovir in
individuals exhibiring the AA genotype compared ro those with the AG genorype. In addition, mRNA analyses for
the ABOCS 4976A =G SN showed significantly increased mRMNA expression of the ABCCY gene in individuals
with the AA genorype compared to individuals with the AG genatype. It follows thar for AA individuals more
ABCCH gene could be expressed, which may result in increased blood drug levels. However, our analyses for
this SNP showed thar individuals with the AA genorype presenred with significandy less plasma renofovic. This
finding is counterintuitive to our mRNA expression analyses and suggests thar other mechanisms or SWNDs yet
to be classified are ar play. Previous studies in HIV-infected Thai [21] and Japanese (14] populations showed that
the C allele for the ABCCY 4976A5 G SNP was associared with increased risk for renofovir-induced KT [19,21]
However, similar effects were not observed in our African population. Notably, che A and not the C allele was
more frequent in our population, indicaring the heterogencons impace of SWNPs on mRNA cxpression and drug
levels [19,21]. In addition, our srud}r wis duig.ntd o decermine SMP qu_u.cnr_ics and associations with plasma
tenofovir and mRNA expression, and did nor accounr for other biological facrors that could affect drug rransporter
expression. The presence of haplotypes and/for high expression of other influx drug transporters may account for
these contradicrory findings [41). We hypothesize thar the haplotypes within the ABCCY gene and high expression
of infux/uptake drug rransporters that are tenofovir specific may have counteracted the effects of the ABCCY
4976410 SNP on plasma tenofovir and ABCCY mBENA expression, leading ro reduced plasma renobavir [5,19,41-
43. In addition, we did nor observe any significant associations for the ather SNPs and mRNA expression levels.
Orher facrors besides SNPs could affect drug rransporter mRMNA expression in these two sires, such as cxposure 1o
cermain drug in the blood [44) and che presence ufg:ni[a] inflammartion in the FGT fas—ds).

Furthermare, these SNPs— ABCE] 3435G> A, ABCCT 198217 T > C, ABCC2 1249G > Aand ABCCH4131A=C
— showed no significant associations with increased ar reduced plasma tenofovir in our study. Similarly, in Thai (16
and Japanese 19 HIV-infected populations, no asseciations berween the ABCES 3435G > A and ABOC2 1249G A
SMPs and high plasma enofovic or renofovir-induced KTDY were shown 16,19, However, in an HIV-infected
Whitc population, the TT genorype in the ABCBY 3435G A SNP was associared with low mBINA transcriprion
and protein expression, leading to reduced circulating tenofovir 18], Another study showed significant associations
berween the TC and CC genorypes for the ABCC! 198217T=C SNP and the TT genorypes for the ABCES
3435G=A with virological failure due to suboprimal drug levels in HIV-infected Brazilian pardcipants [15).
However, the direct roles of the ABCCE 198217 T=C and ABCEI 3435G =A SNDs in virological failure have not
heen clearly defined [14,49. For che ABCCY 4131 T=G SNE Bungrivasuwan ef af showed char That HIV-infected
individuals exhibiting the TG or GG genotypes "had on average a 30% higher mean plasma renofovir’ compared
to individuals wich the TT genotype after multivariable adjustment 9. More recencly Cheli er af reaffirmed in an
HIV-infected European population che positive association of the G allele in the ABCCE 4131 T=6G SN with
increased plasma tenofovir [32]. These studies therefore suggesred that there could be poren r]a]]}r high ]:r]asma drug
levels in the presence of varanes (the G allele) within the ABCOCS gene, which may aleer their gene expression
or function [i2,50]. However, we did not observe this phenomenon for all four SNTs in our study. Discrepancies
in these studies highlighe the need to further understand the role of $NDs in drug pharmacokinerics. Such dara
may aid in idencifying populations who are at a high risk of developing adverse reactions and conditions such as
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tenofovir-induced KTD while taking ARVs as PrEP or rrearment. Our analysis indicates thar further srudies are
warrinted to determine the exact mechanisms of how these SNPs affect plasma renofovir drug levels, especially in
African women taking PrER Mare imporeantly, we need ta further discen how these SNFs affect drug levels in the
FGT.

Ohur study has several limications. First, only ABC drug transporters were evaluated in this study; this limited
our ability to compare the possible role of SMPs in SLC drug rransporter genes in aleering plasma tenofovir. This is
particularly important, since tenofovir has been identified as a substrare of SLC drug rransporters such as OAT-1
and OAT-3 [51]. Second, the analysis of the association berween polymorphisms in drug mransporters and plasma
tenofovir was based on limired data from 67 women. Some of these women had no plasma tenofovir detecrable ac
cerrain time poins for one or more SNPs. Thercfore, the owo SNPs, ABCCH 3463T>C and ABCCE 49760A=G,
thar we found significant may be tenuously associared with plasma tenofovir. Furthermore, the significant finding
of the TT genorype for the ABCCY 3463T> C SNP relarive 1o plasma renofovir ar 18 months may be amplified by
the lack of individuals with CT and CC genotypes. In our multivariable model, for the ABCCH 4976A=0 SNP the
heterozygous AG genorype was used as the reference genorype based an the frequency of this genorype in our study
cohorr. When we loak at the SINT dara relative to the plasma tenofovir, univariable vs multivariable analyses for
the ABCCH 49764 =G SNT yicld seemingly different resuls. Mulrivariable analyses would, however, be expected
to be different when compared to univariable analyses, since a confounder variable such as adherence rthat could
affect the variables being sudies was nor included. Last, sinee the analysis did nor adjust for adherence o oral PrER
which is known to be variable among women, to parrially address this we removed participants with undetectable
drug levels. We assumed thar these participants had poor adherence to oral PrEP ar these time points. In addicion,
although adherence is relared o drug level, there is lirde reason o believe thar adherence will be assaciared with
SMNE This bidirectional relarionship is required for adherence to be 2 confounder.

Adherence is significant since poor adherence in women pases a grearer risk for HIV acquisition than men who
have sex with men. These findings are supported by smudies showing thar following TDF administradion, TFV-DP
may reach concentrarions thac are 100-fald higher in recral rissues than in vaginal rissues 5254 Furthermaore,
women require six out of seven daoses of Truvada per week o be adequarely protected [54,5%). These findings
highlight thar women require consistent use of oral PrEP to confer similar protection [52-54). Collecrively, these
fAindings indicared that concentration thresholds for renofovie thar comelate with high levels of protection againse
HIV differ significantly for men compared to women.

Drespite these limirations, to our knowledge this is the first study to idencfy SNT frequencies and elucidare their
possible impact on both mRMNA expression and plasma renofovir in healthy South African women aking Truvada.
This study alse identified specific clinically relevane SNPs in renofovir dispesiction, which could be used 1o ailor
PrEP to limit high plasma renofovir drug levels and ensure effective FrER In addicion, the study cohore indluded anly
African women from the same country and region. This is especially imporeane, since previous studies reviewed by
Rajman et &/, and Zondo et af. highlighted thar there is high generic diversicy among African popularions regarding
the funcrional effeces of SMTs on various genes including drug [FANSPOITETs [214,57]. Furthermore, these SNPs were
evaluared in a high-risk homogenous population of women from an HIV hyperendemic region of South Africa,
making our findings highly relevant. We also showed dara for owo compartments, the blood and the geniral tract
across time. This may help us furcher define if other epigeneric factors such as inflammation in the local milieu
and drug levels can directly impact mRNA expression. Our significant findings could also be used o some extent
to explain why certain women seroconverted while taking PrEP in our scudy (39, underscoring the importance of
understanding how SN in drug cransporter genes impact PrEP efficacy.

Conclusion

In conclusion, our study provided two important findings. First, we identified two SNPs in the ABCCS gene
thar may affect circulating renofovic levels and one SNP thar could alrer mRNA gene expression in healthy
Souch African women taking oral PrEP These SWNIs may play an integral role in low PrEP efficacies within chis
population. Second, four SNDs were not significanty associared with mRNA expression levels and circulating
plasma renofovir in our population. These findings further highlight the need to identify and investigate the role of
other SNDs within the gene region of these drug transporters thar may predispose African populations to insufficient
drug levels. Understanding the role of SNIs in renofovir disposition is impaorrane, especially since Truvada is the
current standard of care for HIV prevention for at-risk African women. In addidon, the passibility of conducting
furcher research to investigare the role of other SNPs within the gene region of these drug transporters thar
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may predispose other populations to insufhcient drug levels should be explored. These pharmacogencric findings
may therefore contribute to the identfication of SNPs char are clinically relevant in tenofovir pharmacokinetics
and can be used when tiloring PrEP drug dosages for African women. This precision medicine approach could
potencially reduce the risk of HIV acquisition and improve health ourcomes.

Summary paints

= We investigated if single-nucleotide polymorphisms (SMPs) in ABC drug transporter genes alter their mENA gene
and circulating tencfovir in South African women taking the oral pre-exposure prophylaxis (PrEF) drug Truvada™.

» The association between six SNPs — ABCET (P-gp) (3435A/G); ABCCT (MRP-1) (198217C,T); ABCC2 (MRP-2)

(1249A/G); ABCC (MRP-4) (3463C,T); ABCCS (MRP-4) (4131A,/C) and ABCCH (MRP-4) 49764 /G) — previously

associated with tenofovir pharmacokinetics and HIW, mRMNA expression P-gp, MRP-2 and MRP-4 and circulating

tenofowir was determined using guantitative RT-PCR.

For the six ShPs evaluated, we observed some degree of minor allele frequency variation between SHNPs in our

South African population compared with other ethnicities {African- /Afro-descendants, European populations and

Asian populations).

s Amaong the six SNPs evaluated, both univariable and multivariable analyses showed that individuals with the CT

{p = 0.020) and TT (p = 0.024) genotypes {univariable analyses) and the CT {p - 0.002) and TT (p - 0.014) genotypes

{multivariable analyses) for the ABCCH{3463C,T) SMP had significantly higher plasma tenofovir (two- to threefold)

relative to individuals with the CC genotype.

In contrast, multivariable analyses for the ABCCH (4976 /G) SNP showed that individuals with the A& genotype

had significantly less plasma tenofovir (p = 0.018) compared with individuals with the AG genotype.

The ABCCH(49T76A,/G) SHP in the blood also showed significantly increased mRMA expression for individuals with

the AA genotype compared with those with the AG genotype (p - 0.0132).

Mo significant associations were abserved for ABCET (3435GA), ABCCT (198217T=C), ABCC2 1{249G=A) and the

ABCCY (4131A=C) SMPs with altering mRMNA gene expression and plasma tenofovir

Our results showed that SMPs in the ABCCS gene may differentially affect circulating tenofovir levels and mRNA

expression levels.

Their combined impact may inform on low PrEP efficacy observed in clinical trials with African women and which

drugs would be most effective in individuals presenting with certain genotypes with this gene.

This study suggests that tailoering PrEP drug dosage for African women based on their ABC drug transporter

polymarphisms could possibly improwve the effectiveness of PrEP.

-

-

-

-

-
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3. CHAPTER THREE
3.1 Bridging Chapter

Besides SNPs, varied drug transporter expression levels and the presence of pro-inflammatory
cytokines in different compartments have been shown to modulate drug disposition. Data from
several studies underscore the importance of understanding how certain ARVs can cause
variations in drug transporter mRNA expression in different compartments targeted by HIV, which
in turn affects ARV delivery and effectiveness. In addition, these studies highlighted
consequences on ARVs arising from the interaction between pro-inflammatory cytokines and drug
transporters. Cytokines have been shown to upregulate or downregulate drug transporter mRNA
expression levels affecting ARV disposition. In this study, we determined if there is an association
between drug transporter mMRNA expression levels in the FGT and blood pre- and post- PrEP
exposure in 45 black South African women taking oral PrEP (Truvada®) over time. In addition, we
determined the association between pro-inflammatory cytokines and drug transporter mRNA
expression levels. This study is relevant, since clinical trials testing PrEP in African women have
shown low to no efficacy. Therefore, understanding the interaction between ARVs, drug
transporter proteins and pro-inflammatory cytokines would provide a basis on how to improve
PreP efficacy for these women. We have earmarked to publish this manuscript entitled “Drug
transporter expression levels in healthy South African women exposed to pre-exposure
prophylaxis (PrEP)” in an international peer-reviewed journal - Antimicrobial Agents and
Chemotherapy. Findings from this study showed that there are significant associations between
drug transporter mMRNA expression in the FGT and blood, both pre- and post- PrEP exposure for
certain drug transporters. Furthermore, our findings suggested negatively trending associations
between pro-inflammatory cytokines and drug transporter mRNA expression. These data further
highlight the importance of studying drug transporters. Identifying those drug transporters in at-
risk African populations that could be clinically relevant in PrEP pharmacokinetics is equally

important to inform on drug effectiveness.
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3.2 Abstract

Pre-exposure prophylaxis (PrEP) formulations tested in African women, have produced varying
results in preventing HIV infections. Drug transporter protein expression and function are
proposed regulators of PrEP disposition. Additionally, ARV-specific drug transporters and
inflammation are known modulators of drug transporter expression and function, affecting drug
efficacy. We determined if there was concordance between drug transporter mMRNA expression
in the blood and female genital tract (FGT) of 45 women taking oral PrEP as Truvada® over 6
months. Additionally, we determined the associations between drug transporter mRNA
expression, inflammation, and plasma tenofovir. MRNA expression of six drug transporters P-gp,
MATE-1, MRP-2, MRP-4, OAT-1, and OAT-3 was conducted using gquantitative RT-PCR.
Cytokines were measured using multiplexed technology. Correlation analyses showed
moderately significant associations between OAT-1 mRNA expression in the blood and FGT at
baseline (rs<1, p=0.0004), 3 months (rs<1, p=0.0001) and 6 months (rs<1, p=0.048). This was also
observed for P-gp, MATE-1, MRP-2 and MRP-4 but only after PrEP initiation at 3 and 6 months
(rs<1, p<0.05). Linear mixed models showed trending associations between cytokines and drug
transporters: IL-1B8 and MCP-1 and OAT-1 and OAT-3 (p<0.1); IL.-1Ra and TNF-a and MRP-2
and MRP-4 (p<0.1); MIP-18 and MATE-1 (p<0.1). No significant associations were observed
between drug transporter mMRNA expression and plasma tenofovir at 3 or 6 months. Our results
suggest that drug transporters may be similarly expressed in the blood and FGT. Furthermore,
inflammation may alter drug transporter expression, which can modify PrEP disposition.
Collectively, our data may be used to better understand factors that affect PrEP efficacy in African

women.
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3.3 Introduction

Antiretrovirals (ARVs) as oral pre-exposure prophylaxis (PrEP) Truvada® [a combination of
tenofovir disoproxil fumarate (TDF)/tenofovir (TFV) and emtricitabine (FTC)] or topical tenofovir
gels are one of the most effective strategies used to prevent HIV infections (Cottrell et al. 2015,
Janes et al. 2018, Karim et al. 2022). Clinical trials testing these PrEP formulations in African
women have shown discrepant efficacies to HIV ranging from -49% to 14.5%; which were
attributed to varying levels of adherence and poor drug penetration at the sites of sexual
transmission (Van Damme et al. 2012, Marrazzo et al. 2015, Corneli et al. 2016, Delany-Moretlwe
et al. 2018). It is only the CAPRISA 004 1% tenofovir gel trial that conferred 39% protection
against HIV in African women (Abdool Karim et al. 2010). To ensure optimal levels and
penetration of PrEP drugs in HIV target cells across various compartments such as the female
genital tract (FGT) and peripheral blood, drug transporter proteins have emerged as essential to

drug disposition and pharmacokinetics (Cottrell et al. 2015).

Drug transporters are transmembrane proteins expressed in various cells of the body and
comprise of two superfamilies: the ATP-binding cassette (ABC) efflux proteins and Solute Carrier
(SLC) influx or uptake proteins (Hu et al. 2015, Zondo et al. 2022). PrEP candidates such as
tenofovir and emtricitabine are substrates of various efflux and influx drug transporters: multidrug
resistance-associated protein (MRP)-1, MRP-2 MRP-4, P-glycoprotein (P-gp), organic anion
transporters (OAT)-1, OAT-3 and multidrug and toxin extrusion proteins (MATE)-1, respectively
(Hu et al. 2015, Reznicek et al. 2017). This interaction between ARVs and drug transporters, has
underscored drug transporter expression and function as critical in ARV delivery and availably to
HIV vulnerable sites like the FGT and peripheral blood (Nicol et al. 2018).

The FGT offers a unigue anatomy and physiology where locally expressed drug transporters are
likely impacted by the milieu to support all necessary functions (Gunawardana et al. 2015). This
is important since the sufficient delivery and absorption of tenofovir and emtricitabine is dependent
on drug transporters. However, varying levels in the mRNA expression of drug transporters
relevant in tenofovir pharmacokinetics, have shown to impact drug efficacy (Grammen et al. 2014,
Nicol et al. 2014, Hijazi et al. 2015, Taneva et al. 2016). Studies comparing drug transporter
MRNA expression levels between the liver, colorectal tissues and FGT showed moderate to low
MRNA expression of influx drug transporter OAT-1 and OAT-3, and moderate to high expression
of efflux drug transporters P-gp, BCRP, MRP-4 and MRP-2 in the FGT (Zhou et al. 2013,
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Grammen et al. 2014, Nicol et al. 2014, Zhou et al. 2014, Taneva et al. 2016). In addition,
laboratory manipulation of vaginal epithelial cells through in-vitro transfection with influx drug
transporter OAT-1 increased intracellular drug accumulation through high tenofovir uptake
(Taneva et al. 2016). These studies suggested that low expression of influx drug transporters
could lead to insufficient drug uptake. In contrast, high expression of efflux drug transporters could
lead to inadequate retention of intracellular drugs, impacting drug efficacy in the FGT (Grammen
et al. 2014, Nicol et al. 2014, Hijazi et al. 2015, Taneva et al. 2016). The relationship between the
accumulation of topical tenofovir and reduced MRP-1, MRP-5 and MRP-7 mRNA expression
levels has also been shown in cervicovaginal cell lines derived from humans (Hijazi et al. 2015)

and non-human primates (Hijazi et al. 2020).

Peripheral blood mononuclear cells (PBMCs) from HIV infected individuals failing ARV therapy or
individuals taking tenofovir containing ARVs had significantly higher mRNA expression of efflux
drug transporters P-gp, MRP-1, MRP-4, MRP-5, BCRP and influx drug transporters ENT-2 and
OCT-1 (Turriziani et al. 2008, Hoque et al. 2021). These significant associations established that
the correlation between ARVs and drug transporter expression levels could undermine therapy
through sub-optimal intracellular drug concentrations. This would allow for further HIV replication
in HIV infected individuals (Turriziani et al. 2008). Similarly, the mRNA expression levels of BCRP
in CD8 T cells (Zhang et al. 2014a) and P-gp in PBMCs (Zhang et al. 2014b) were also
significantly increased in HIV infected individuals on ARVs compared to healthy controls (Zhang
et al. 2014a, Zhang et al. 2014b). In addition, previous in-vitro PBMC studies also showed that
following incubation with tenofovir, significant reductions in MRP-1, MRP-5, MRP-6 and P-gp
MRNA expression was found (Bousquet et al. 2009), while emtricitabine inhibited mRNA
expression of MRP-1 in a dose-responsive manner (Bousquet et al. 2008). Collectively these FGT
and PBMCs studies illustrated that an interaction between ARVs and drug transporters may alter
drug transporter disposition by inducing or inhibiting mRNA expression levels; subsequently
affecting intracellular drug accumulation. A large number of these studies have however,
evaluated the effects of ARVs used as treatment and not PrEP and have not included at risk
groups such as African women. In addition, the impact of other biological factors remains less
well defined -for example how the local milieu in drug transporter genes affect expression and

function of these proteins.

Besides ARVs, the effect of inflammatory cytokines on drug transporter expression levels and
function have been evaluated and implicated in significantly impacting drug pharmacokinetics

(Petrovic et al. 2007, Cressman et al. 2012). In studies associating cytokines with drug transporter
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expression conflicting results have been observed, this is most likely due to the use of differences
in cell types and experiment designs (Liptrott et al. 2009). In addition, cytokines affect cells and
tissues differently, hence the effect of systemic inflammation cannot be linked with genital
inflammation (Liptrott et al. 2009). Inflammation-derived cytokines can induce changes in gene
MRNA expression and lead to increased or decreased expression of drug transporter proteins,
such as P-gp, OAT-1 and a wide range of MRPs (Belliard et al. 2004, Le Vee et al. 2009, Poller
etal. 2010, Le Vee et al. 2011). Genital inflammation has been previously defined as the elevation
of any of these five of nine inflammatory cytokines and chemokines - MIP-1a, MIP-18, IP-10, IL-
8, MCP-1, IL-1q, IL-1B, IL-6, and TNF-a above the 75" percentile (Masson et al. 2015). Data from
the CAP004 1% tenofovir gel trial underscores the key role of genital inflammation as a significant
modifier for both HIV risk and for undermining PrEP efficacy (Klatt et al. 2017, McKinnon et al.
2018). The impact of local genital inflammation in the cervicovaginal compartment on drug
transporter expression however remains less well defined. Different in-vitro studies have shown
that the treatment of human cell lines derived from brain, colorectal adenocarcinoma and
hepatocytes cells with inflammatory cytokines IL-6, IL-1B, TNF-a, or IFN-y significantly
downregulated the mRNA expression levels of efflux drug transporters P-gp, BCRP, MRP-2,
MRP-3 and influx OATP-2B1, OATP-1B1, OATP-1B3 drug transporters (Belliard et al. 2004, Le
Vee et al. 2009, Poller et al. 2010, Le Vee et al. 2011). These data suggest that inflammation
affects the mRNA expression levels of various efflux and influx drug transporters in different
tissues. Therefore, there is a need to further elucidate if there are inflammation-mediated effects
on drug transporter expression levels and if they can have direct impact on circulating and local

drug levels, toxicity, and possibly PrEP efficacy.

There is a paucity of studies evaluating the drug transporters mRNA expression profiles, and how
these expression levels are impacted by inflammatory cytokines in African women taking PrEP.
More so, there is scant data on the mRNA expression for drug transporters in the genital tract,
the site for HIV sexual transmission relative to the blood especially given that PrEP is offered as
an oral formulation. Further assessment of these factors could assist in the determination of
suitable PrEP drug dosages and formulations that will provide sufficient drug concentrations to
cells targeted by HIV in the FGT and blood. This study aimed, to therefore determine the mRNA
expression profiles of efflux and influx drug transporter genes relevant in tenofovir
pharmacokinetics disposition in the FGT and blood. Additionally, we wanted to determine if there

are associations between these mRNA expression profiles, circulating tenofovir drug levels and
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inflammatory cytokines in the genital tracts of healthy South African women offered oral PrEP

Truvada®.

3.4 Methods

3.4.1 Study population, design, and procedures

This is a retrospective study. Previously collected blood and genital tract samples from the
CAPO082 observational study (Mansoor et al. 2022) were used. In the CAP082 observational
study 18-30-year-old women who were, healthy and sexually active were included. All the
women were black women from two high HIV incident sites- urban eThekwini and rural
Vulindlela in KwaZulu-Natal, South Africa. Rapid HIV and STI tests were done at enrolment
and at each follow-up visit, while STI tests were done only at enrolment. Women were
offered oral PrEP as Truvada®, [300 mg TFV/TDF and 200 mg FTC]. Blood (buffy coat) and
the female genital tract (cytobrushes) were collected and stored every three months for all
women who enrolled. Participants who used Truvada® for more than three months had
TFV-DP drug levels (fmol/punch) measured from dried blood spots using a Modified liquid
chromatography tandem mass spectrometry assay (Division of Clinical Pharmacology,
University of Cape Town, SA) (Mansoor et al. 2022). Adherence to oral PrEP was
determined with a formula which included pharmacy pill count and TFV-DP drug level data
as described in Mansoor et al. (2022). This sub-study was approved by the Biomedical
Research Ethics Committee (BREC) at the University of KwaZulu-Natal
(BREC/0002195/2020).

3.4.2 RNA extraction and cDNA synthesis

Previous literature was used to select ABC and SLC drug transporters relevant in the
pharmacokinetics of tenofovir and emtricitabine (Hu et al. 2015, Taneva et al. 2016, Reznicek
et al. 2017). These included efflux ABC drug transporters: P-gp, MRP-2, MRP-4 and MATE-
1 and influx SLC drug transporters OAT-1 and OAT-3. RNA was extracted from the FGT and
blood using the QuickExtract™ DNA Extraction Solution (lysogenic buffer) (Qiagen,
Netherlands) according to the manufacturer’s instructions. Briefly, after centrifugation at 4°C
for 1 min at 10,000 rpm the pellet was resuspended in lysogen buffer and incubated for 5 min
at 95°C and 4°C. RNA was then treated with DNase (Agilent Technologies, USA) for 10 min

at 37°C to remove DNA; RNA concentrations were determined using the Nanodrop system
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(Thermo Fisher Scientific, USA). RNA was standardised to 50 ng in nuclease-free water and
cDNA synthesised using the SuperScript™ Vilo™ cDNA synthesis Kit (Thermo Fisher
Scientific, USA), according to the manufacturer’s instructions. Briefly, standardized RNA was
mixed with the Vilo™ reaction mix and SuperScript™ Enzyme Mix, incubated at 25°C for 10
min, followed by 42°C for 60 min and the reaction terminated at 85°C for 5 min. Resulting

cDNA was diluted 1 in 5 and used to determine drug transporter mMRNA expression levels.

3.4.3 Quantitative Real-Time PCR (RT-PCR)

Quantitative PCR was performed to compare the mRNA expression levels of specific drug
transporter genes in FGT and blood. The QuantStudio™ 5 Real-Time PCR System (Thermo
Fisher Scientific, USA) was used to conduct quantitative PCR, it included the SYBR Green
PCR Master Mix (Thermo Fisher Scientific, USA), synthesised and diluted cDNA and gene
specific primers (5’-3’ direction): MATE-1 (forward ATGCTGTTTCCCACCTCTTTG; reverse
TCCAACCTTCTGATTTCCACTC); MRP-2 (forward TAATGGTCCTAGACAACGGG, reverse
GGGCCTTCTGCTAGAATTT); MRP-4 (forward GGACAAAGACAACTGGTGTGCC, reverse
AATGGTTAGCACGGTGCAGTGG); OAT-1 (forward GGGCACCTTGATTGGCTATGTC,
reverse GATGACAAGGAAGCCCACAAGC); OAT-3 (forward
ACTCGGGTACTGCTACACCT, reverse CAGGTCACTTGCGGTGTACT); P-gp (forward
CCCATCATTGCAATAGCAGG, reverse TGTTCAAACTTCTGCTCCTGA) and the
housekeeping gene Beta-actin (forward TCCTTCCTGGGCATGGAGT, reverse
AGCACTGTGTTGGCGTACAG). Optimal conditions included denaturation at 95°C for 15
sec, 40 cycles, annealing at 60°C for 1 min and extension at 72°C for 30 sec were used.
Negative controls using nuclease fee water instead of the template and a melting curve (at
95°C) was performed after each run, to determine non-specific PCR products. Only
expression with Cy<35 values were considered in the expression data. Relative mRNA
expression levels of target genes were calculated using the comparative Cr (244" method,
expression was normalised using the endogenous reference gene Beta-Actin as described

previously by (Brugé et al. 2011).

3.4.4 Cytokine measurements

Cytokine concentrations were determined using soft-cup specimens derived from the FGT as

previously described by (Archary et al. 2015) in 45 participants with matching samples at
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baseline, 3 and 6 months. Cytokine concentrations were measured using the Bio-Plex Pro
Human Cytokine/Chemokine Magnetic Bead 27-Plex Panel (California, USA). The Bio-Plex
Manager software version 6 was used to collect data, and the sample concentrations were

calculated from standard curves by using a five- parameter (5PL) regression formula.

3.4.5 Statistics analysis

To determine correlations between ABC and SLC drug transporter mRNA expression levels
in the FGT and blood, the Spearman’s rank correlation coefficient was performed using the
GraphPad Prism version 9.3.1 software for windows (GraphPad Software, La Jolla, CA,
USA). A two-tailed p-value of p<0.05 was considered significant. Linear mixed models were
used to test if there are linear associations between drug transporter mRNA expression and:
cytokines in the FGT and plasma tenofovir in the blood. These analyses include participants
with matching soft-cup specimens and participants with detectable drug levels at 3 and 6
months. These analyses were performed in SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA). For these analyses p-value <0.05 was considered significant. GraphPad Prism was
used for all graphical representation.

3.5 Results

3.5.1 Sample description

Of the 429 women enrolled in the study, 200 women had matching stored cytobrush (FGT)
and buffy coat (blood) samples at baseline, 3 and 6 months (Figure 3.1). Of these 200
participants 108 were excluded due to no measurable plasma tenofovir diphosphate (TFV-
DP) drug levels. The remaining 92 participants had - plasma drug levels measured during
follow-up, and available soft-cup, cytobrush and buffy coat samples at baseline, 3 and 6
months.

Of the 92 participants:

I. 45 participants had matching cytobrush and buffy coat samples at baseline (45
samples each), 3 months (44 samples each) and 6 months (45 samples each). This
provided a total of 134 cytobrush and buffy coat samples each and were included in
MRNA expression correlation analyses between the two compartments.

Il. 45 participants had matching cytobrush and soft-cup samples which were included in

MRNA expression relative to the presence of genital inflammation defined previously
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using the proinflammatory cytokine levels (Masson et al. 2015). This provided a total
of 134 soft-cup and cytobrush samples each.

lll. 29 participants had detectable drug levels at 3 months and 6 months and were
included in mRNA expression analyses relative to the plasma TFV-DP levels.

Figure 3.1: Description of the participant and sample allocation for three analysis plans

in the study.

Description of the number of buffy coat and cytobrush samples included and excluded in this
cohort study. A description of the analyses conducted, and the total number of samples included
in each of the three analyses is shown.
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3.5.2 Demographics table

Table 3.1 describes the demographic and clinical data of 45 participants who volunteered to take
PreP. For the following characteristics a large number of participants were aged <=24, had a
matric education, were from the Vulindlela rural site and had an obese BMI of >30. At enrolment,
prevalence of C. trachomatis was 20%, for N. gonorrhoea 7% and no participants presented with
T. vaginalis. All of the 45 participants were included in mMRNA expression and genital inflammation
analyses, while 36 were included in TFV-DP drug levels analyses.

Table 3.1: Demographic and clinical characteristics of study participants

Characteristic Number of participants n (%)
Age cat

<=24 31 (69)
25-30 14 (31)
Education

Matric 29 (64)
No Matric 10 (22)
Tertiary 6 (13)
Sites

eThekwini (urban area)) 19 (42)
Vulindlela (rural area) 26 (58)
BMI cat

Underweight (0 - 18.5) 3(7)
Normal weight (18.5 - 25) 15 (33)
Overweight (25 - 30) 8 (18)
Obese (>30) 19 (42)

STIs enrolment
Chlamydia trachomatis

Detected 9 (20)

Not Detected 36 (80)
Neisseria gonorrhoea

Detected 3(7)

Not Detected 42 (93)
Trichomonas vaginalis

Negative 45 (100)

Positive 0 (0)

Analyses

MRNA expression 45(100)

TFV-DP drug levels (detectable drug levels) 36 (80)

Genital inflammation 45 (100)

Abbreviations: Cat- category, BMI- Body Mass Index. mMRNA expression includes matching cytobrush (FGT) and buffy coat samples
(blood). TFV-DP drug levels analyses only included in buffy coat samples (blood). Genital inflammation analyses only included
cytobrush (FGT). 36 participants were included in TFV-DP drug levels analyses this included 4 participants had HIV seroconverted.
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3.5.3 mRNA expression levels of the OAT-1 drug transporter showed consistent
and significant correlations from baseline to 6 months between the FGT and
blood

Correlation analyses using the Spearman’s rank correlation coefficient were done to
determine if there are associations between drug transporter mRNA expression levels in
the FGT and blood. Table 3.2 shows moderate and significant correlations for the OAT-1
gene at baseline Spearman's rank correlation coefficient (rs) (rs 0.53, p= 0.0004), 3 (rs
0.54, p= 0.0001) and 6 (rs 0.33, p= 0.048) months. A graphical representation of the
correlations for OAT-1 mRNA expression between the FGT and blood are shown in
Figures 3.2A, 3.2B and 3.2C. mRNA expression for P-gp however was moderately
significant at 3 months only. Moderately significant correlations for mMRNA expression were
found between the FGT and blood for MATE-1, MRP-2 and MRP-4, post PrEP exposure
i.e., at 3 and 6 months. No correlations were shown for the OAT-3 gene. Graphical
representation for OAT-3, P-gp, MATE-1, MRP-2 and MRP-4 corelation analyses are
shown in the appendices supplementary Figure 1S (page 130).

Table 3.2: Compartment correlations for mRNA expression of drug transporters between
the FGT and blood

Timepoint Baseline 3 Months 6 Months

Drug

transporters  rs p 95%Cl rs p 95%ClI rs p 95%ClI
P-gp 0.33 ns 0.07 - 0.64 0.56 0.002 0.11-0.73 0.25 ns -0.17 - 0.56
MATE-1 0.22 ns -0.01 -0.50 0.46 0.002 0.18 - 0.66 0.42 0.004 0.13 - 0.64
MRP-2 0.19 ns -0.14 - 0.48 0.35 0.023 0.04 - 0.59 0.38 0.022 0.05-0.63
MRP-4 0.23 ns -0.08 - 0.50 0.37 0.016 0.06 - 0.61 0.38 0.015 0.07 - 0.62
OAT-1 0.53 0.0004 0.26 - 0.73 0.54 0.0001 0.25-0.74 0.33 0.048 -0.01 - 0.60
OAT-3 0.28 ns -0.04 - 0.54 0.11 ns -0.22 - 0.41 0.18 ns -0.15-0.48

r: Spearman’s rank correlation coefficient, p<0.05 significant correlations, these values are highlighted in bold, 95%CI- confidence
intervals (lower to upper limits)
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Figure 3.2: Graphical representation of correlations for OAT-1 mRNA expression between
the FGT and blood.

Moderate and significant correlations are shown at three timepoints A) baseline, B) 3 months and
C) 6 months for OAT-1 gene in cytobrushes (fold change FGT) and buffy coats (fold change
Blood). Analyses were done using the Spearman’s rank correlation coefficient rs and a two-tailed
p value of <0.05 was considered significant.

3.5.4 Association between pro-inflammatory cytokines and drug transporter mRNA
expression

Linear mixed models were used to determine if there are associations between drug
transporter mMRNA expression and inflammation measured by cytokines in the FGT, in a
subset of participants. Cytokines were grouped into quintiles according to concentrations,
quintiles included below 20%; between 20-40%, 40-60%, 60-80% and 80-100%. Table 3.3
shows that there were no significant associations between any of the inflammatory
cytokines and efflux drug transporters P-gp, MATE-1, MRP-2, MRP-4 and influx drug
transporters OAT-1 and OAT-3 mRNA expression. Although these data were not
significant, trends of negative associations were observed between IL-18 and influx drug
transporters OAT-1 (p=0.06) and OAT-3 (p=0.04). A similar trend was also observed
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between IL-1Ra and efflux drug transporters MRP-2 (p=0.05) and MRP-4 (p=0.03).
Similarly, MCP-1, and TNF-a showed trends of negative associations with OAT-3 (p=
0.06), and MRP-2 (p=0.07), respectively. MIP-13 was the only chemokine showing a
positive trend with efflux drug transporter, MATE-1 (p=0.07). For the other cytokines there
were no trends observed for IL -6, IL-8, IP-10, MIP-1a with all drug transporters.
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Table 3.3:Associations between drug transporter mRNA expression and cytokines (quintiles)

Log P-gp Log MATE-1 Log OAT-1 Log OAT-3 Log MRP-2 Log MRP-4

Cytokine Est 95% ClI p Est 95% ClI p Est 95% ClI p Est 95% ClI p Est 95% ClI p Est 95% Cl p
(quintile)

IL-1B -0.14 0.35-0.09 024 0.08 -002-018 0.13 -022 -045-0.01 0.06 -0.17 -0.34-0.01 0.04 -003 -013-0.06 048 -002 -016-0.12 0.79
IL-1Ra -0.20 -0.48-0.08 0.16 015 -0.08-037 020 -016 -051-020 0.38 004 -026-035 079 -020 -041-000 0.05 -015 -0.29-0.01 0.03
IL-6 013 -011-037 030 0.00 -0.13-0.13 095 003 -020-026 077 -0.04 -023-016 071 -005 -017-0.07 042 -002 -015-0.10 0.71
IL-8 012 -015-0.39 039 008 -006-022 025 -006 -029-017 058 -015 -0.32-0.03 010 -0.07 -017-0.03 018 004 -0.09-0.18 0.52
MCP-1 011 -014-0.35 038 009 -004-021 017 0.02 -023-027 089 015 -031-001 006 -005 -017-0.08 044 -001 -0.17-0.14 0.86
IP-10 013 -0.09-0.35 026 005 -0.07-017 043 -0.06 -029-0.16 058 -0.04 -020-011 060 -0.05 -0.17-0.08 047 009 -0.05-022 0.20
MIP-1a 015 -011-041 026 -002 -0.15-011 074 -013 -037-011 029 -005 -0.22-013 062 -008 -020-003 014 002 -012-016 0.76
MIP-18 009 -018-0.36 052 012 -001-025 0.07 -012 -047-022 048 -0.03 -020-015 075 -0.08 -022-007 031 008 -006-023 0.27
TNF-a 009 -0.34-0.15 046 000 -0.09-0.10 092 -020 -046-0.05 012 011 -027-004 015 -0.10 -0.20-0.01 0.07 0.03 -0.12-0.17 0.74

Est: estimated value, p <0.1 trending towards significance, these values are underlined and highlighted in bold, 95%CI: confidence intervals (lower to upper limits)

89



3.5.5 Associations between plasma tenofovir and drug transporter mRNA

expression

Linear mixed models were also used to determine if there are associations between drug

transporter mMRNA expression and plasma tenofovir. These analyses were conducted in a

sub-set of participants that had detectable drug levels at 3 and 6 months, after electing to

take PrEP. At 3 and 6 months no significant associations were found between all mMRNA

efflux and influx drug transporter expression and plasma tenofovir measured at 3 and 6

months (Table 3.4).

Table 3.4: Associations between drug transporter mRNA expression and plasma TFV-DP

at 3 and 6 months

Drug Estimate 95% ClI p value
transporter
Log P-gp 0.12 -0.19-0.42 0.31
Log MATE-1 -0.12 -0.63-0.39 0.51
Log OAT-1 -0.03 -0.28-0.21 0.71
Log OAT-3 -0.07 -0.30-0.17 0.43
Log MRP-2 0.01 -0.28 - 0.48 0.47
Log MRP-4 -0.15 -0.67 - 0.38 0.44

Est: estimate, p significance <0.05, 95%Cl: confidence intervals (lower to upper limits)
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3.6 Discussion

In our study, we showed consistent and significant correlations between mRNA expression of
ABC and SLC drug transporters in the FGT and blood. Additionally, we determined if there were
relationships between drug transporter mRNA expression levels, circulating tenofovir drug levels
and genital inflammation in healthy South African women offered oral PrEP (Truvada®).

The crosstalk or concordance between the influx and efflux drug transporters in the blood to that
in the genital tract remains relatively poorly characterised. In our study, we established that there
is some degree of positive associations for four efflux drug transporters namely P-gp, MATE-1,
MRP-2 an MRP-4 and one influx drug transporter OAT-1. What we show convincingly is that these
correlations between the blood and FGT are maintained moderately over time with exposure to
PrEP. This pattern of correlations between the two compartments after drug exposure may
suggest that the cells in the blood may in part traffic to the genital tract. Although cell line and in
vitro studies show high expression of P-gp, MRP-4 and OAT-1 drug transporters in human
cervicovaginal tissues relative to mice cervicovaginal tissues (Zhou et al. 2013), no direct
comparisons have been shown between the blood and the genital compartments in humans.
Furthermore, the study by Zhou et al. (2013) showed high baseline expression of these efflux

drug transporters P-gp and MRP-4 in human and mouse vaginal tissue models (Zhou et al. 2013).

Drug transporters have also shown heterogeneous expression profiles for vaginal tissues
compared to colorectal tissues (Nicol et al. 2014). Whereas high mRNA expression of P-gp and
MRP-2 was found in human vaginal compared to colorectal tissues, the opposite was found for
MRP-4. Taneva et al. 2016 also demonstrated low expression of OAT-1 and OAT-3 influx drug
transporters in human vaginal epithelial and T cells, which accounted for the poor permeability of
TFV across the cell membranes and into the cells (Taneva et al. 2016). These patterns of
expression may be indicative of why certain ARVs such as tenofovir are maintained at higher
intracellular levels in colorectal tissues compared to vaginal tissues (Nicol et al. 2014, Taneva et
al. 2016). In contrast, our findings differ by the high baseline OAT-1 expression (influx drug
transporter) before PrEP exposure in the FGT. These data indicated that more in-depth analyses
are still required to fully elucidate the correlations between drug transporters expressed in the

blood and FGT, if they differ significantly or affected by biological factors in the same manner.

In our study, we found associations that trended towards significance between drug transporter

MRNA expression and pro-inflammatory cytokines. These negative correlations were observed
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between: IL-1B and influx drug transporters OAT-1 and OAT-3, IL-1Ra and efflux drug
transporters MRP-2 and MRP-4, MCP-1 and OAT-3 and TNF-a and MRP-2. While no strong
associations were observed, we can make certain inferences from these findings. These trends
suggest that inflammatory cytokines in the FGT can shape drug transporter mRNA expression
patterns. In addition, our findings support our hypothesis that certain cytokines can affect the
MRNA expression of drug transporter families differently. This is corroborated by studies in animal
and human in vitro and in vivo models showing that efflux and influx drug transporters are affected
by pro-inflammatory cytokines, which in turn affect drug levels (Saib and Delavenne 2021). These
studies also showed that modulation of drug transporters by pro-inflammatory cytokines varies
according to tissue type (Saib and Delavenne 2021). Studies done on PBMCs stimulated with
various cytokines IL-2, IL-4, IL-6, IL-7, IL-10, IL-12, IL-13, IL-15, IFN-y, TGF-B and TNF-a showed
significantly upregulated expression of efflux drug transporters P-gp, MRP-1 and MRP-4 (Liptrott
et al. 2009). In contrast, in the liver (in vitro and in vivo hepatic animal and human models) showed
that pro-inflammatory cytokines IL-18, IL-6 and TNF-a, significantly upregulated the expression
of influx drug transporters OATP-B, OATP-C and OATP-8, while the mRNA expression of the
efflux drug transporter MRP-2 was significantly downregulated (Hinoshita et al. 2001, Le Vee et
al. 2009, Le Vee et al. 2011). These data highlight that further elucidation of pro-inflammatory
cytokines relative to drug transporter expression in different tissues is needed. This is especially
important since genital inflammation can directly impact drug transporter expression, thereby
affecting drug disposition (Carserides et al. 2022).

In addition to inflammation, we also evaluated the associations between drug transporter mRNA
expression and plasma tenofovir. We did not observe any significant associations. Most previous
studies evaluating such associations for ARVs used as treatment rather than for prevention. High
MRNA and protein expression of efflux drug transporters P-gp and MRP-4 were found in HIV
infected individuals taking therapy compared to healthy donors (Turriziani et al. 2008, Kis et al.
2010). These results suggest that taking ARVs as treatment can differentially impact mRNA
expression of various efflux drug transporters but particularly in the background of HIV infections.
HIV infected individuals, ARV experienced or naive have higher inflammatory status compared to
healthy individuals, which likely also impacts drug transporter expression (Turriziani et al. 2008,
Kis et al. 2010). ARVs have been directly implicated as inducers and/or inhibitors of drug
transporters affecting corresponding protein expression and function (Kis et al. 2010, Zhou et al.
2013). Furthermore, in vitro studies using cervicovaginal tissues from drug naive macaques

exposed to tenofovir and darunavir, showed significantly increased efflux drug transporter MRP-
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2 expression (Hijazi et al. 2020). However, human cervicovaginal cell lines VK2/E6GE7 stimulated
with tenofovir, showed significantly reduced MRP-5 and not MRP-2 mRNA expression (Hijazi et
al. 2015). Such discrepancies suggest that the relationship between drug transporter expression
and drugs is complex. Therefore, it remains imperative to identify the combinations and dosages
of candidate drugs for PrEP conferring good drug penetration in the FGT for preventing sexual

transmission of HIV.

Collectively, what these data suggest is that we need comprehensive and detailed understanding
of interactions between ARVs and various drug transporter genes in the blood and more
especially in the FGT, to exploit the limited drugs we have available to prevent HIV infections.
Understanding the impact that ARVs have on drug transporter mRNA expression levels is
particularly important in women. This is because tenofovir levels even at the same dosage were
significantly higher in colorectal compared to vaginal tissue, which directly impacted PrEP efficacy
(Cottrell et al. 2016). These data support why more research is needed in women to optimise
PreP and dosage to confer sufficient protection against HIV in the FGT (Patterson et al. 2011,
Louissaint et al. 2013, Cottrell et al. 2016, Sheth et al. 2016, Bailey et al. 2017).

The limitation of our study is that we did not determine drug transporter mRNA expression relative
to the expressed protein. This precludes the understanding of a direct relationship between
protein translation, expression, or function. However, mRNA expression analyses alone still
provide a basis for the selection of genes (Zhou et al. 2013, Hijazi et al. 2015, Seifert et al. 2016).
We included only participants with detectable drug levels which further impacted our modest
sample size. Despite the limited sample size, specimens were from two different compartments,
the genital tract and blood. Additionally, these samples were collected longitudinally and at the
same time points. Also, because we collected specimens pre- and post-PrEP exposure, we have
the advantage of comparing drug transporter mRNA expression accordingly. An added strength
is the matching soft-cup specimens that we used to measure genital inflammation and investigate
potential interactions on drug transporter mRNA expression. mMRNA expression, pro-inflammatory
cytokines and plasma tenofovir associations were done in a limited sample size making it
challenging draw definitive conclusions and using more stringent and robust analyses. Finally,
our study was conducted in high-risk young African women from a hyperendemic HIV region,
making it highly relevant to understanding how biology can potentially modify the efficacy of ARVs
as PreP.
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In conclusion, our study provided two important findings, firstly only the influx drug transporter
OAT-1 correlated significantly between the FGT and blood irrespective of PrEP exposure. In
contrast, efflux drug transporters P-gp, MATE-1, MRP-2 and MRP-4 only showed correlations
after PrEP exposure. Secondly a modest relationship was observed between the presence of
certain cytokines and drug transporter mRNA expression in the FGT. This may be a signal that
alterations in drug transporter mMRNA expression in the blood and FGT may be sensitive to PrEP
and specific cytokines, respectively. Our study provides a basis for understanding how and which
drug transporters are modulated in African women using PrEP and provides a pathway to

evaluating other drug candidates for PrEP.
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4. CHAPTER FOUR: FINAL SUMMARY

Our study explored the effects of three biological factors that may affect tenofovir disposition in
black South African women taking oral PrEP - Truvada®. These include SNPs in drug transporter

genes, drug transporter mRNA expression and genital inflammation.

In the first part of our study, we discuss the impact of SNPs in drug transporter genes on
circulating tenofovir and mRNA expression. SNPs are genetic mutations, leading to allelic
variations, resulting in altered mRNA transcription, protein translation, expression and function
which differ among populations (according to ethnicities) (Ismail and Essawi 2012, Yee et al.
2018). The presence of certain SNPs in drug transporter genes have been associated with
affecting drug transporter expression and function, which in turn affects ARV pharmacokinetics
and efficacy (Danjuma et al. 2018). In our study we hypothesized that SNPs in ABC drug
transporter genes affect drug transporter mRNA expression and circulating tenofovir in South
African women taking PrEP. Our findings suggested that SNPs in the ABCC4 gene affect drug
transporter expression and circulating tenofovir differently (chapter two). The CC genotype for the
ABCC4 3436T>C SNP was associated with increased plasma tenofovir, suggesting that it could
subsequently reduce intracellular tenofovir and potentially its efficacy. Previous studies have also
found an association between high plasma tenofovir and tenofovir-induced KTD, resulting in low
drug efficacy for this SNP (Kiser et al. 2008, Nishijima et al. 2012, Manosuthi et al. 2014,
Rungtivasuwan et al. 2015, Likanonsakul et al. 2016). The AA genotype for the ABCC4 4976A>G
SNP was associated with increased ABCC4 gene mRNA expression with an inverse correlation
to plasma tenofovir. We therefore hypothesized that the presence of either tenofovir-specific
influx/uptake drug transporter genes or haplotypes in the ABCC4 gene could counteract the effect
that this SNP has on drug levels by decreasing circulating drug levels. Additionally, many studies
have shown the effects of the CC/GG genotype for this SNP and its association with increased
plasma tenofovir (Nishijima et al. 2012, Likanonsakul et al. 2016). This data further supported our

findings that the C/G allele is associated with increased plasma tenofovir and not the A allele.

Other SNPs showed no associations with plasma tenofovir and drug transporter mRNA
expression. This data suggested that while these SNPs impact ARVs and drug transporter mRNA
expression in other ethnicities, this may not be the case for our population. Furthermore, this data
suggested that other yet to be discovered SNPs in our population may play an integral role in low

PrEP efficacy or may even exert a protective effect by increasing PrEP efficacy.
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A review by Bruckmueller and Cascorbi (2021), highlighted that two important factors must be
considered when evaluating the effects of SNPs on drug transporter mRNA expression: function
and drug levels. The drug being studied should be substrate/drug transporter specific to the
functionality related to the SNP (Bruckmueller and Cascorbi 2021). For our study, we included
efflux drug transporters P-gp, MRP1, MRP-2 and MRP-4 that were specific for tenofovir
metabolism (Hu et al. 2015, Zondo et al. 2022). For the second factor evaluating the effects of
SNPs on drug transporter mMRNA expression provided a basis that could be further explored in
functional and pharmacokinetics studies, while the direct functional effects of the SNPs were not

determined.

Data evaluating the impact of SNPs in African populations taking ARV as treatment or PrEP is
very limited, many studies have drawn major conclusions on SNPs based on European and Asian
populations. In addition, studies that have evaluated the impact of SNPs on ARV have shown that
among African populations there is high genetic diversity (Ikediobi et al. 2011, Rajman et al.
2020).This highlights that the data currently available does not provide sufficient evidence, on the
impact of SNPs in African women and how they can used as predictive biomarker for PrEP
bioavailability or response. We acknowledge our study limitations; we only studied SNPs in efflux
ABC drug transporter genes and did not include SNPs in SLC drug transporter genes. Our sample
size for plasma tenofovir and mRNA expression experiments were reduced due to the exclusion
of participants with undetectable drug levels over time. Despite these limitations our study was
still able to show a significant, direct association between ABCC4 SNPs and plasma tenofovir and
MRNA expression. Conversely, ABCB1, ABCC1, ABCC2 SNPs showed no such correlations.
The frequency of these SNPs in vulnerable populations should be considered when tailoring PrEP

dosages especially for African populations.

In the second part of our study, we evaluated drug transporter mMRNA expression levels in two
compartments, the FGT and blood. Furthermore, we determined if there are associations between
drug transporter mRNA expression levels with circulating tenofovir in the blood and genital

inflammation in the FGT.

Drug transporters are transmembrane proteins expressed in most cells and tissues targeted by
HIV. Most ARVs are substrates of these proteins and affect drug transporter expression and
function, subsequently impacting on ARV efficacy (Kis et al. 2010, Zhou et al. 2013). However,
there is a paucity of data regarding the effects and implications of ARVs on drug transporters

expressed in the FGT (Nicol et al. 2014). In our study we aimed to characterise the mRNA
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expression levels of efflux and influx drug transporters in the FGT and blood from African women
exposed to oral PrEP. We aimed to determine if similar mRNA expression levels are observed in
the FGT and blood pre- and post- PrEP exposure. We showed moderately significant associations
between the FGT and blood for the influx drug transporter OAT-1 at baseline (pre-PrEP) and at 3
and 6 months (post and during-PrEP). For efflux drug transporters MATE-1, MRP-2 and MRP-4
moderately significant associations between the FGT and blood were observed only post PrEP
exposure at 3 and 6 months, while for the P-gp this association was only observed at 3 months.
These data indicated that the presence of PrEP may modulate drug transporter mRNA
expression. Identifying drug transporter mRNA expression levels in the FGT and blood pre- and
post- PrEP exposure, will aid in the tailoring of PrEP to ensure maximum mucosal exposure and
efficacy. Additionally, findings from this study could be used to determine if PrEP modulates drug

transporter mMRNA expression similarly in the FGT and blood.

In studies of the cervicovaginal compartment, ARVs were shown to modulate drug transporter
MRNA expression. These findings suggest that efficient drug transfer across cervicovaginal
epithelial barrier may be highly dependent on drug transporter expression (Hijazi et al. 2015, Hijazi
et al. 2020). Findings from our study differed from previous studies that showed low expression
of influx drug transporters OAT-1, we showed high expression of OAT-1 in the FGT. We
corroborate our findings of high expression of efflux drug transporters MRP-4, MRP-2 and P-gp,
in vaginal tissues (Zhou et al. 2013, Nicol et al. 2014, Taneva et al. 2016). Collectively our data
suggest that convergence of low influx drug transporters and high efflux drug transporters in
vaginal tissues could limit both drug uptake or retention, resulting in increased plasma drug levels.
This leads to greater understanding of how variability in drug transporter expression can affect
drug disposition and efficacy (Zhou et al. 2013, Nicol et al. 2014, Taneva et al. 2016). The
involvement of drug transporter in drug pharmacokinetics indicates their ability to restrict drug
delivery and absorption in different sites targeted by HIV, thereby affecting drug efficacy. This
interaction can therefore be exploited to tailor ARVs dosage to ensure sufficient intracellular

retention (Carserides et al. 2022).

Besides ARVs impact on drug transporter expression, inflammatory cytokines can directly
modulate drug transporter expression. We support this hypothesis because we observed
negatively correlated trends between: IL-1 and OAT-1 and OAT-3, IL-1Ra and MRP-2 and MRP-
4; MCP-1 and OAT-3, TNF-a and MRP-2. However, between MIP-13 and MATE-1 a positive

trend was found. Findings from these data indicated that pro-inflammatory cytokines could have
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differential effects on efflux and influx drug transporters in the FGT. This has also been observed
in other studies, stimulation of human hepatocytes with pro-inflammatory cytokines IL-1B3, IL-6
and TNF-a significantly upregulated the expression of influx drug transporters OATP-8, OATP-B
and OATP-C. However, in PBMCs stimulated with pro-inflammatory cytokines:IL-2, IL-4, IL-6, IL-
7,1L-10, IL-12, IL-13, IL-15, IFN-y, TGF-B and TNF-q, efflux drug transporters P- gp, MRP-1 and
MRP-4 were significantly upregulated (Le Vee et al. 2009, Liptrott et al. 2009, Le Vee et al. 2011).
Modulation of drug transporters by cytokines has been shown in various cells, however this

interaction has not been demonstrated in cells of the FGT (Carserides et al. 2022).

Findings from the second part of our study highlight that drug transporter mRNA expression can
be affected by oral PrEP and by specific cytokines. Our mRNA expression analyses to plasma
tenofovir levels were not significantly associated, and this may be mainly attributed to our limited
sample size. However, the significant association of drug transporter mRNA expression in the
FGT relative to the blood provides an understanding that the expression between these
compartments are similar for influx drug transporter OAT-1 in a PrEP naive scenario. For the
efflux drug transporters P-gp, MATE-1, MRP-2 and MRP-4, these significant associations are
apparent after PrEP exposure. These data highlight the heterogenous effect that PrEP can have
on various drug transporters which may impact drug disposition. Cytokines also differentially
associate with influx and efflux drug transporters and our data reflects this. OAT-1 and OAT-3
showed inverse relationships to IL-18 and MCP-1, while MRP-2 and MRP-4 showed this pattern
with IL-1Ra and TNF-a. Our findings support our hypothesis that differential mMRNA expression
levels of efflux and influx drug transporter genes, SNPs in drug transporter genes and genital

inflammation modify the peripheral blood and the mucosal environment of the FGT.

Conclusions and recommendations

Our study comprised of three major findings. Firstly, there is a correlation between efflux and
influx drug transporter mRNA expression in the FGT and blood pre- and post- PrEP exposure.
Secondly, pro-inflammatory cytokines produced in the FGT could affect drug transporter mRNA
expression. Thirdly, SNPs in drug transporter genes affect plasma tenofovir and drug transporter
MRNA expression. Collectively these data suggest that the presence of PrEP, pro-inflammatory
cytokines and SNPs in African women could converge to modify drug transporter mRNA
expression, potentially limiting PrEP delivery and efficacy. These findings add to the limited data

among African populations on factors that affect PrEP efficacy. Limitations of our study included
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the small sample size, and further attrition due to exclusion of participants because of
undetectable drug levels and the lack of functional and mechanistic studies. Despite these
limitations our findings informed on the types of drug transporters, SNPs and pro-inflammatory
cytokines that can be further evaluated in African women. For the future, firstly we recommend
that SNPs in both ABC and SLC drug transporter genes be evaluated. Secondly, we recommend
that haplotypes within drug transporter genes be included in these studies to understand how
they may impact drug disposition. This would allow for dissection of each region of the gene
individually to discover more SNPs that may affect drug levels and possibly PrEP efficacy. To
discern in greater detail the relationships between pro-inflammatory cytokines and drug
transporter expression we recommend more stringent, principal component analyses to account
for the confounding of highly correlated cytokines. Ultimately the goal of these studies is to exploit

existing ARVs for PrEP to augment efficacy in these vulnerable and at-risk African women.

103



REFERENCES

Abdool Karim Q., Havlir D. and Phanuphak N. (2020). Putting women in the centre of the global HIV
response is key to achieving epidemic control! J Int AIDS Soc 23(3).

Abdool Karim Q., Karim S.S.A., Frohlich J.A., Grobler A.C., Baxter C., Mansoor L.E., Kharsany A.B.,
Sibeko S., Mlisana K.P. and Omar Z. (2010). Effectiveness and safety of tenofovir gel, an antiretroviral
microbicide, for the prevention of HIV infection in women. science 329(5996): 1168-1174.

Abdool Karim Q., Kharsany A.B., Frohlich J.A., Werner L., Mlotshwa M., Madlala B.T. and Karim
S.S.A. (2012). HIV incidence in young girls in KwaZulu-Natal, South Africa-public health imperative for their
inclusion in HIV biomedical intervention trials. AIDS and Behavior 16(7): 1870-1876.

Abdool Karim S.S., Churchyard G.J., Karim Q.A. and Lawn S.D. (2009). HIV infection and tuberculosis
in South Africa: an urgent need to escalate the public health response. Lancet 374(9693): 921-933.
Abdool Karim S.S., Kashuba A.D., Werner L. and Karim Q.A. (2011). Drug concentrations after topical
and oral antiretroviral pre-exposure prophylaxis: implications for HIV prevention in women. The Lancet
378(9787): 279-281.

Alcaide M.L., Chisembele M., Mumbi M., Malupande E. and Jones D. (2014). Examining targets for HIV
prevention: intravaginal practices in Urban Lusaka, Zambia. AIDS Patient Care and STDs 28(3): 121-127.
Alvarez E., Morello J., Soriano V., Labarga P. and Rodriguez-N6voa S. (2011). Critical appraisal and
update on tenofovir in management of human immunodeficiency virus infection. Virus Adaptation and
Treatment 3: 55.

Ameyaw M.M., Regateiro F., Li T., Liu X., Tarig M., Mobarek A., Thornton N., Folayan G.O., Githang'a
J., Indalo A., Ofori-Adjei D., Price-Evans D.A. and McLeod H.L. (2001). MDR1 pharmacogenetics:
frequency of the C3435T mutation in exon 26 is significantly influenced by ethnicity. Pharmacogenetics
11(3): 217-221.

Arana M.R., Dominguez C.J., Zecchinati F., Tocchetti G.N., Mottino A.D. and Villanueva S.S.M.
(2020). Role of interleukin 1 beta in the regulation of rat intestinal multidrug resistance-associated protein
2 under conditions of experimental endotoxemia. Toxicology 441: 152527.

Arana M.R., Tocchetti G.N., Zecchinati F., Londero A.S., Dominguez C., Perdomo V., Rigalli J.P.,
Villanueva S.S.M. and Mottino A.D. (2017). Glucagon-like peptide 2 prevents down-regulation of intestinal
multidrug resistance-associated protein 2 and P-glycoprotein in endotoxemic rats. Toxicology 390: 22-31.
Archary D., Liebenberg L.J., Werner L., Tulsi S., Majola N., Naicker N., Dlamini S., Hope T.J.,
Samsunder N., Abdool Karim S.S., Morris L., Passmore J.A. and Garrett N.J. (2015). Randomized
Cross-Sectional Study to Compare HIV-1 Specific Antibody and Cytokine Concentrations in Female Genital
Secretions Obtained by Menstrual Cup and Cervicovaginal Lavage. PLoS One 10(7): e0131906.

Arruda M.B., Campagnari F., de Almeida T.B., Couto-Fernandez J.C., Tanuri A. and Cardoso C.C.
(2016). Single nucleotide polymorphisms in cellular drug transporters are associated with intolerance to
antiretroviral therapy in Brazilian HIV-1 positive individuals. PLoS One 11(9): e0163170.

Baeten J.M., Benki S., Chohan V., Lavreys L., McClelland R.S., Mandaliya K., Ndinya-Achola J.O.,
Jaoko W. and Overbaugh J. (2007). Hormonal contraceptive use, herpes simplex virus infection, and risk
of HIV-1 acquisition among Kenyan women. Aids 21(13): 1771-1777.

Baeten J.M., Donnell D., Ndase P., Mugo N.R., Campbell J.D., Wangisi J., Tappero J.W., Bukusi E.A.,
Cohen C.R. and Katabira E. (2012). Antiretroviral prophylaxis for HIV prevention in heterosexual men and
women. New England Journal of Medicine 367(5): 399-410.

Baeten J.M., Palanee-Phillips T., Brown E.R., Schwartz K., Soto-Torres L.E., Govender V., Mgodi
N.M., Matovu Kiweewa F., Nair G. and Mhlanga F. (2016). Use of a vaginal ring containing dapivirine for
HIV-1 prevention in women. New England Journal of Medicine 375(22): 2121-2132.

Bailey J.L., Molino S.T., Vega A.D. and Badowski M. (2017). A Review of HIV Pre-Exposure Prophylaxis:
The Female Perspective. Infect Dis Ther 6(3): 363-382.

Barré-Sinoussi F., Chermann J.C., Rey F., Nugeyre M.T., Chamaret S., Gruest J., Dauguet C., Axler-
Blin C., Vézinet-Brun F., Rouzioux C., Rozenbaum W. and Montagnier L. (1983). Isolation of a T-
lymphotropic retrovirus from a patient at risk for acquired immune deficiency syndrome (AIDS). science
220(4599): 868-871.

Belliard A.M., Lacour B., Farinotti R. and Leroy C. (2004). Effect of tumor necrosis factor-a and
interferon-y on intestinal P-glycoprotein expression, activity, and localization in Caco-2 cells. Journal of
pharmaceutical sciences 93(6): 1524-1536.

104



Bleasby K., Hall L.A., Perry J.L., Mohrenweiser HW. and Pritchard J.B. (2005). Functional
consequences of single nucleotide polymorphisms in the human organic anion transporter hOAT1
(SLC22A6). J Pharmacol Exp Ther 314(2): 923-931.

Boschiero C., Gheyas A.A., Ralph H.K., Eory L., Paton B., Kuo R., Fulton J., Preisinger R., Kaiser P.
and Burt D.W. (2015). Detection and characterization of small insertion and deletion genetic variants in
modern layer chicken genomes. BMC Genomics 16: 562.

Bousquet L., Pruvost A., Didier N., Farinotti R. and Mabondzo A. (2008). Emtricitabine: inhibitor and
substrate of multidrug resistance associated protein. European journal of pharmaceutical sciences 35(4):
247-256.

Bousquet L., Pruvost A., Guyot A.-C., Farinotti R. and Mabondzo A. (2009). Combination of tenofovir
and emtricitabine plus efavirenz: in vitro modulation of ABC transporter and intracellular drug accumulation.
Antimicrobial agents and chemotherapy 53(3): 896-902.

Breedveld P., Pluim D., Cipriani G., Dahlhaus F., van Eijndhoven M.A., de Wolf C.J., Kuil A., Beijnen
J.H., Scheffer G.L., Jansen G., Borst P. and Schellens J.H. (2007). The effect of low pH on breast cancer
resistance protein (ABCG2)-mediated transport of methotrexate, 7-hydroxymethotrexate, methotrexate
diglutamate, folic acid, mitoxantrone, topotecan, and resveratrol in in vitro drug transport models. Mol
Pharmacol 71(1): 240-249.

Bruckmueller H. and Cascorbi I. (2021). ABCB1, ABCG2, ABCC1, ABCC2, and ABCC3 drug transporter
polymorphisms and their impact on drug bioavailability: what is our current understanding? Expert Opin
Drug Metab Toxicol 17(4): 369-396.

Brugé F., Venditti E., Tiano L., Littarru G.P. and Damiani E. (2011). Reference gene validation for g°PCR
on normoxia- and hypoxia-cultured human dermal fibroblasts exposed to UVA: is B-actin a reliable
normalizer for photoaging studies? J Biotechnol 156(3): 153-162.

Brumme Z.L., Dong W.W., Chan K.J., Hogg R.S., Montaner J.S., O'Shaughnessy M.V. and Harrigan
P.R. (2003). Influence of polymorphisms within the CX3CR1 and MDR-1 genes on initial antiretroviral
therapy response. Aids 17(2): 201-208.

Brunner M., Langer O., Sunder-Plassmann R., Dobrozemsky G., Miller U., Wadsak W., Krcal A.,
Karch R., Mannhalter C., Dudczak R., Kletter K., Steiner I., Baumgartner C. and Muller M. (2005).
Influence of functional haplotypes in the drug transporter gene ABCB1 on central nervous system drug
distribution in humans. Clin Pharmacol Ther 78(2): 182-190.

Bunjun R., Ramla T.F., Jaumdally S.Z., Noél-Romas L., Ayele H., Brown B.P., Gamieldien H.,
Harryparsad R., Dabee S., Nair G., Onono M., Palanee-Phillips T., Scoville C.W., Heller K.B., Baeten
J.M., Bosinger S.E., Burgener A., Passmore J.S., Jaspan H. and Heffron R. (2022). Initiating
Intramuscular Depot Medroxyprogesterone Acetate Increases Frequencies of Thl7-like Human
Immunodeficiency Virus Target Cells in the Genital Tract of Women in South Africa: A Randomized Trial.
Clin Infect Dis 75(11): 2000-2011.

Cario E. (2016). Toll-like receptors in the pathogenesis of chemotherapy-induced gastrointestinal toxicity.
Curr Opin Support Palliat Care 10(2): 157-164.

Carserides C., Smith K., Zinicola M., Kumar A., Swedrowska M., Scala C., Cameron G., Riches Z.,
lannelli F., Pozzi G., Hold G.L., Forbes B., Kelly C. and Hijazi K. (2022). Comprehensive Study of
Antiretroviral Drug Permeability at the Cervicovaginal Mucosa via an In Vitro Model. Pharmaceutics 14(9).
Castellanos-Rubio A. and Ghosh S. (2019). Disease-associated SNPs in inflammation-related IncRNAs.
Frontiers in immunology 10: 420.

Celum C.L. (2011). HIV preexposure prophylaxis: new data and potential use. Topics in antiviral medicine
19(5): 181.

Chigutsa E., Visser M.E., Swart E.C., Denti P., Pushpakom S., Egan D., Holford N.H., Smith P.J.,
Maartens G., Owen A. and Mcllleron H. (2011). The SLCO1B1 rs4149032 polymorphism is highly
prevalent in South Africans and is associated with reduced rifampin concentrations: dosing implications.
Antimicrob Agents Chemother 55(9): 4122-4127.

Cho J.S., Kim Y.C. and Morrison S.L. (2009). Inhibitors of MyD88-dependent proinflammatory cytokine
production identified utilizing a novel RNA interference screening approach. PLoS One 4(9): e7029.
Cihlar T., Ray A.S., Laflamme G., Vela J.E., Tong L., Fuller M.D., Roy A. and Rhodes G.R. (2007).
Short communication Molecular assessment of the potential for renal drug interactions between tenofovir
and HIV protease inhibitors. Antiviral therapy 12: 267-272.

Coelho A.V., Silva S.P., De Alencar L.C., Stocco G., Crovella S., Branddo L.A. and Guimardes R.L.
(2013). ABCB1 and ABCC1 variants associated with virological failure of first-line protease inhibitors

105



antiretroviral regimens in Northeast Brazil patients. The Journal of Clinical Pharmacology 53(12): 1286-
1293.

Corneli A., Perry B., McKenna K., Agot K., Ahmed K., Taylor J., Malamatsho F., Odhiambo J.,
Skhosana J. and Van Damme L. (2016). Participants' explanations for nonadherence in the FEM-PrEP
clinical trial. JAIDS Journal of Acquired Immune Deficiency Syndromes 71(4): 452-461.

Cottrell M.L., Srinivas N. and Kashuba A.D. (2015). Pharmacokinetics of antiretrovirals in mucosal tissue.
Expert Opin Drug Metab Toxicol 11(6): 893-905.

Cottrell M.L., Yang K.H., Prince H.M., Sykes C., White N., Malone S., Dellon E.S., Madanick R.D.,
Shaheen N.J., Hudgens M.G., Wulff J., Patterson K.B., Nelson J.A. and Kashuba A.D. (2016). A
Translational Pharmacology Approach to Predicting Outcomes of Preexposure Prophylaxis Against HIV in
Men and Women Using Tenofovir Disoproxil Fumarate With or Without Emtricitabine. J Infect Dis 214(1):
55-64.

Cressman A.M., Petrovic V. and Piquette-Miller M. (2012). Inflammation-mediated changes in drug
transporter expression/activity: implications for therapeutic drug response. Expert Rev Clin Pharmacol 5(1):
69-89.

Critchlow C.W., Wélner-Hanssen P., Eschenbach D.A., Kiviat N.B., Koutsky L.A., Stevens C.E. and
Holmes K.K. (1995). Determinants of cervical ectopia and of cervicitis: age, oral contraception, specific
cervical infection, smoking, and douching. Am J Obstet Gynecol 173(2): 534-543.

Dandara C., Lombard Z., Du Plooy I., McLellan T., Norris S.A. and Ramsay M. (2011). Genetic variants
in CYP (-1A2, -2C9, -2C19, -3A4 and -3A5), VKORC1 and ABCBL1 genes in a black South African
population: a window into diversity. Pharmacogenomics 12(12): 1663-1670.

Danjuma M.l., Egan D., Abubeker L.Y., Post F. and Khoo S. (2018). Polymorphisms of tenofovir disoproxil
fumarate transporters and risk of kidney tubular dysfunction in HIV-positive patients: genetics of tenofovir
transporters. International journal of STD & AIDS 29(14): 1384-1389.

de Oliveira T., Kharsany A.B., Graf T., Cawood C., Khanyile D., Grobler A., Puren A., Madurai S.,
Baxter C., Karim Q.A. and Karim S.S. (2017). Transmission networks and risk of HIV infection in KwaZulu-
Natal, South Africa: a community-wide phylogenetic study. Lancet HIV 4(1): e41-e50.

Deese J., Masson L., Miller W., Cohen M., Morrison C., Wang M., Ahmed K., Agot K., Crucitti T. and
Abdellati S. (2015). Injectable progestin-only contraception is associated with increased levels of pro-
inflammatory cytokines in the female genital tract. American journal of reproductive immunology 74(4): 357-
367.

Delany-Moretlwe S., Lombard C., Baron D., Bekker L.-G., Nkala B., Ahmed K., Sebe M., Brumskine
W., Nchabeleng M. and Palanee-Philips T. (2018). Tenofovir 1% vaginal gel for prevention of HIV-1
infection in women in South Africa (FACTS-001): a phase 3, randomised, double-blind, placebo-controlled
trial. The Lancet Infectious Diseases 18(11): 1241-1250.

Dompreh A., Tang X., Zhou J., Yang H., Topletz A., Adu Ahwireng E., Antwi S., Enimil A., Langaee
T., Peloquin C.A., Court M.H. and Kwara A. (2018). Effect of Genetic Variation of NAT2 on Isoniazid and
SLCO1B1 and CES2 on Rifampin Pharmacokinetics in Ghanaian Children with Tuberculosis. Antimicrob
Agents Chemother 62(3).

Dumond J.B., Yeh R.F., Patterson K.B., Corbett A.H., Jung B.H., Rezk N.L., Bridges A.S., Stewart
P.W., Cohen M.S. and Kashuba A.D. (2007). Antiretroviral drug exposure in the female genital tract:
implications for oral pre- and post-exposure prophylaxis. Aids 21(14): 1899-1907.

Durevall D., Lindskog A. and George G. (2019). Education and HIV incidence among young women in
KwaZulu-Natal: An association but no evidence of a causal protective effect. PLoS One 14(3).

Falasca F., Maida P., Montagna C., Antonelli L., d'Ettorre G., Monteleone K., Antonelli G. and
Turriziani O. (2011). Expression of the mRNA levels for MDR1, MRP1, MRP4, and MRP5 in HIV
antiretroviral naive patients: follow-up at 48 weeks after the beginning of therapy. J Acquir Immune Defic
Syndr 56(2): e54-56.

Fellay J., Marzolini C., Meaden E.R., Back D.J., Buclin T., Chave J.-P., Decosterd L.A., Furrer H.,
Opravil M. and Pantaleo G. (2002). Response to antiretroviral treatment in HIV-1-infected individuals with
allelic variants of the multidrug resistance transporter 1: a pharmacogenetics study. The Lancet 359(9300):
30-36.

Fichorova R.N., Desai P.J., Gibson F.C. and Genco C.A. (2001). Distinct proinflammatory host
responses to Neisseria gonorrhoeae infection in immortalized human cervical and vaginal epithelial cells.
Infection and immunity 69(9): 5840-5848.

106



Gatanaga H., Hayashida T., Tsuchiya K., Yoshino M., Kuwahara T., Tsukada H., Fujimoto K., Sato I.,
Ueda M., Horiba M., Hamaguchi M., Yamamoto M., Takata N., Kimura A., Koike T., Gejyo F.,
Matsushita S., Shirasaka T., Kimura S. and Oka S. (2007). Successful efavirenz dose reduction in HIV
type 1-infected individuals with cytochrome P450 2B6 *6 and *26. Clin Infect Dis 45(9): 1230-1237.
Gengiah T.N., Botha J.H., Soowamber D., Naidoo K. and Abdool Karim S.S. (2014). Low rifampicin
concentrations in tuberculosis patients with HIV infection. J Infect Dev Ctries 8(8): 987-993.

Giraud C., Manceau S., Decléeves X., Goffinet F., Morini J.P., Chappuy H., Batteux F., Chouzenoux
S., Yousif S., Scherrmann J.M., Blanche S. and Tréluyer J.M. (2010). Influence of development, HIV
infection, and antiretroviral therapies on the gene expression profiles of ABC transporters in human
lymphocytes. J Clin Pharmacol 50(2): 226-230.

Grammen C., Baes M., Haenen S., Verguts J., Augustyns K., Zydowsky T., La Colla P., Augustijns
P. and Brouwers J. (2014). Vaginal expression of efflux transporters and the potential impact on the
disposition of microbicides in vitro and in rabbits. Molecular pharmaceutics 11(12): 4405-4414.

Grant R.M., Lama J.R., Anderson P.L., McMahan V., Liu A.Y., Vargas L., Goicochea P., Casapia M.,
Guanira-Carranza J.V. and Ramirez-Cardich M.E. (2010). Preexposure chemoprophylaxis for HIV
prevention in men who have sex with men. New England Journal of Medicine 363(27): 2587-2599.
Gunawardana M., Remedios-Chan M., Miller C.S., Fanter R., Yang F., Marzinke M.A., Hendrix C.W.,
Beliveau M., Moss J.A. and Smith T.J. (2015). Pharmacokinetics of long-acting tenofovir alafenamide
(GS-7340) subdermal implant for HIV prophylaxis. Antimicrobial agents and chemotherapy 59(7): 3913-
3919.

Hapgood J.P. (2020). Is the Injectable Contraceptive Depo-Medroxyprogesterone Acetate (DMPA-IM)
Associated with an Increased Risk for HIV Acquisition? The Jury Is Still Out. AIDS Res Hum Retroviruses
36(5): 357-366.

Heffron R., Donnell D., Rees H., Celum C., Mugo N., Were E., de Bruyn G., Nakku-Joloba E., Ngure
K., Kiarie J., Coombs R.W. and Baeten J.M. (2012). Use of hormonal contraceptives and risk of HIV-1
transmission: a prospective cohort study. Lancet Infect Dis 12(1): 19-26.

Heffron R., McClelland R.S., Balkus J.E., Celum C., Cohen C.R., Mugo N., Bukusi E., Donnell D.,
Lingappa J. and Kiarie J. (2017). Efficacy of oral pre-exposure prophylaxis (PrEP) for HIV among women
with abnormal vaginal microbiota: a post-hoc analysis of the randomised, placebo-controlled Partners PrEP
Study. The Lancet HIV 4(10): e449-e456.

Hijazi K., Cuppone A.M., Smith K., Stincarelli M.A., Ekeruche-Makinde J., De Falco G., Hold G.L.,
Shattock R., Kelly C.G. and Pozzi G. (2015). Expression of genes for drug transporters in the human
female genital tract and modulatory effect of antiretroviral drugs. PLoS One 10(6).

Hijazi K., lannelli F., Cuppone A.M., Desjardins D., Caldwell A., Dereuddre-Bosquet N., Scala C.,
Smith K.A., Mukhopadyal., Frank B., Gwozdz G., Santoro F., Grand R.L., Pozzi G. and Kelly C. (2020).
In Vivo Modulation of Cervicovaginal Drug Transporters and Tissue Distribution by Film-Released Tenofovir
and Darunavir for Topical Prevention of HIV-1. Mol Pharm 17(3): 852-864.

Hinoshita E., Taguchi K., Inokuchi A., Uchiumi T., Kinukawa N., Shimada M., Tsuneyoshi M.,
Sugimachi K. and Kuwano M. (2001). Decreased expression of an ATP-binding cassette transporter,
MRP2, in human livers with hepatitis C virus infection. J Hepatol 35(6): 765-773.

Hockings J.K., Pasternak A.L., Erwin A.L., Mason N.T., Eng C. and Hicks J.K. (2020).
Pharmacogenomics: An evolving clinical tool for precision medicine. Cleve Clin J Med 87(2): 91-99.
Hoffmeyer S., Burk O., von Richter O., Arnold H.P., Brockméller J., Johne A., Cascorbi I., Gerloff T.,
Roots I., Eichelbaum M. and Brinkmann U. (2000). Functional polymorphisms of the human multidrug-
resistance gene: multiple sequence variations and correlation of one allele with P-glycoprotein expression
and activity in vivo. Proc Natl Acad Sci U S A 97(7): 3473-3478.

Hofmeyr G.J., Morrison C.S., Baeten J.M., Chipato T., Donnell D., Gichangi P., Mugo N., Nanda K.,
Rees H., Steyn P. and Taylor D. (2017). Rationale and design of a multi-center, open-label, randomised
clinical trial comparing HIV incidence and contraceptive benefits in women using three commonly-used
contraceptive methods (the ECHO study). Gates Open Res 1: 17.

Hoque T.M.D., Cattin A., Whyte-Allman S.K., Winchester L., Fletcher C.V., Routy J.P., Ancuta P. and
Bendayan R. (2021). Antiretroviral Drug Transporters and Metabolic Enzymes in Circulating Monocytes
and Monocyte-Derived Macrophages of ART-Treated People Living With HIV and HIV-Uninfected
Individuals. J Acquir Immune Defic Syndr 87(4): 1093-1101.

Hu M., Patel S.K., Zhou T. and Rohan L.C. (2015). Drug transporters in tissues and cells relevant to
sexual transmission of HIV: Implications for drug delivery. Journal of Controlled Release 219: 681-696.

107



Hunt R., Sauna Z.E., Ambudkar S.V., Gottesman M.M. and Kimchi-Sarfaty C. (2009). Silent
(synonymous) SNPs: should we care about them? Methods Mol Biol 578: 23-39.

Ikediobi O., Aouizerat B., Xiao Y., Gandhi M., Gebhardt S. and Warnich L. (2011). Analysis of
pharmacogenetic traits in two distinct South African populations. Hum Genomics 5(4): 265-282.

Ismail S. and Essawi M. (2012). Genetic polymorphism studies in humans. Middle East Journal of Medical
Genetics 1(2): 57-63.

Ivanov M., Barragan I. and Ingelman-Sundberg M. (2014). Epigenetic mechanisms of importance for
drug treatment. Trends Pharmacol Sci 35(8): 384-396.

Izzedine H., Hulot J.S., Villard E., Goyenvalle C., Dominguez S., Ghosn J., Valantin M.A., Lechat P.
and Deray A.G. (2006). Association between ABCC2 gene haplotypes and tenofovir-induced proximal
tubulopathy. J Infect Dis 194(11): 1481-1491.

Jacobs C., Pearce B., Du Plessis M., Hoosain N. and Benjeddou M. (2014). Genetic polymorphisms
and haplotypes of the organic cation transporter 1 gene (SLC22A1) in the Xhosa population of South Africa.
Genet Mol Biol 37(2): 350-359.

Janes H., Corey L., Ramjee G., Carpp L.N., Lombard C., Cohen M.S., Gilbert P.B. and Gray G.E.
(2018). Weighing the Evidence of Efficacy of Oral PrEP for HIV Prevention in Women in Southern Africa.
AIDS Res Hum Retroviruses 34(8): 645-656.

Jorajuria S., Dereuddre-Bosquet N., Becher F., Martin S., Porcheray F., Garrigues A., Mabondzo A.,
Benech H., Grassi J. and Orlowski S. (2004). ATP binding cassette multidrug transporters limit the anti-
HIV activity of zidovudine and indinavir in infected human macrophages. Antiviral therapy 9: 519-528.
Kalichman S.C., Pellowski J. and Turner C. (2011). Prevalence of sexually transmitted co-infections in
people living with HIV/AIDS: systematic review with implications for using HIV treatments for prevention.
Sexually transmitted infections 87(3): 183-190.

Karim Q.A., Archary D., Barré-Sinoussi F., Broliden K., Cabrera C., Chiodi F., Fidler S.J., Gengiah
T.N., Herrera C., Kharsany A.B.M., Liebenberg L.J.P., Mahomed S., Menu E., Moog C., Scarlatti G.,
Seddiki N., Sivro A. and Cavarelli M. (2022). Women for science and science for women: Gaps,
challenges and opportunities towards optimizing pre-exposure prophylaxis for HIV-1 prevention. Front
Immunol 13: 1055042.

Kawasaki T. and Kawai T. (2014). Toll-like receptor signaling pathways. Front Immunol 5: 461.

Kerb R. (2006). Implications of genetic polymorphisms in drug transporters for pharmacotherapy. Cancer
letters 234(1): 4-33.

Kis O., Robillard K., Chan G.N. and Bendayan R. (2010). The complexities of antiretroviral drug-drug
interactions: role of ABC and SLC transporters. Trends Pharmacol Sci 31(1): 22-35.

Kiser J.J., Aquilante C.L., Anderson P.L., King T.M., Carten M.L. and Fletcher C.V. (2008). Clinical and
genetic determinants of intracellular tenofovir diphosphate concentrations in HIV-infected patients. J Acquir
Immune Defic Syndr 47(3): 298-303.

Klatt N.R., Cheu R., Birse K., Zevin A.S., Perner M., Noél-Romas L., Grobler A., Westmacott G., Xie
I.Y. and Butler J. (2017). Vaginal bacteria modify HIV tenofovir microbicide efficacy in African women.
science 356(6341): 938-945.

Landovitz R.J., Li S., Grinsztejn B., Dawood H., Liu A.Y., Magnus M., Hosseinipour M.C., Panchia R.,
Cottle L. and Chau G. (2018). Safety, tolerability, and pharmacokinetics of long-acting injectable
cabotegravir in low-risk HIV-uninfected individuals: HPTN 077, a phase 2a randomized controlled trial.
PL0S medicine 15(11).

Lauschke V.M., Zhou Y. and Ingelman-Sundberg M. (2019). Novel genetic and epigenetic factors of
importance for inter-individual differences in drug disposition, response and toxicity. Pharmacol Ther 197:
122-152.

Le Vee M., Jouan E., Moreau A. and Fardel O. (2011). Regulation of drug transporter mMRNA expression
by interferon-y in primary human hepatocytes. Fundamental & clinical pharmacology 25(1): 99-103.

Le Vee M., Lecureur V., Stieger B. and Fardel O. (2009). Regulation of drug transporter expression in
human hepatocytes exposed to the proinflammatory cytokines tumor necrosis factor-a or interleukin-6. Drug
metabolism and disposition 37(3): 685-693.

Lennard K., Dabee S., Barnabas S.L., Havyarimana E., Blakney A., Jaumdally S.Z., Botha G., Mkhize
N.N., Bekker L.-G. and Lewis D.A. (2018). Microbial composition predicts genital tract inflammation and
persistent bacterial vaginosis in South African adolescent females. Infection and immunity 86(1): e00410-
00417.

108



Likanonsakul S., Suntisuklappon B., Nitiyanontakij R., Prasithsirikul W., Nakayama E.E., Shioda T.
and Sangsajja C. (2016). A single-nucleotide polymorphism in ABCC4 is associated with tenofovir-related
beta2-microglobulinuria in Thai patients with HIV-1 infection. PLoS One 11(1): e0147724.

LinL., Yee S\W.,Kim R.B. and Giacomini K.M. (2015). SLC transporters as therapeutic targets: emerging
opportunities. Nat Rev Drug Discov 14(8): 543-560.

Liptrott N.J., Penny M., Bray P.G., Sathish J., Khoo S.H., Back D.J. and Owen A. (2009). The impact
of cytokines on the expression of drug transporters, cytochrome P450 enzymes and chemokine receptors
in human PBMC. Br J Pharmacol 156(3): 497-508.

Liu N., Zhang K. and Zhao H. (2008). Haplotype-association analysis. Adv Genet 60: 335-405.
Louissaint N.A., Cao Y.J., Skipper P.L., Liberman R.G., Tannenbaum S.R., Nimmagadda S.,
Anderson J.R., Everts S., Bakshi R., Fuchs E.J. and Hendrix C.W. (2013). Single dose
pharmacokinetics of oral tenofovir in plasma, peripheral blood mononuclear cells, colonic tissue, and
vaginal tissue. AIDS Res Hum Retroviruses 29(11): 1443-1450.

Maartens G., Celum C. and Lewin S.R. (2014). HIV infection: epidemiology, pathogenesis, treatment, and
prevention. Lancet 384(9939): 258-271.

Mabaso M., Sokhela Z., Mohlabane N., Chibi B., Zuma K. and Simbayi L. (2018). Determinants of HIV
infection among adolescent girls and young women aged 15-24 years in South Africa: a 2012 population-
based national household survey. BMC Public Health 18(1): 183.

Manosuthi W., Sukasem C., Thongyen S., Nilkamhang S. and Sungkanuparph S. (2014). ABCC2* 1C
and plasma tenofovir concentration are correlated to decreased glomerular filtration rate in patients
receiving a tenofovir-containing antiretroviral regimen. Journal of Antimicrobial Chemotherapy 69(8): 2195-
2201.

Mansoor L.E., Lewis L., Naicker C.L., Harkoo I., Dawood H., Naidoo K., Gengiah T.N., Samsunder N.,
Beesham I., Abdool Karim S.S. and Abdool Karim Q. (2022). Prospective study of oral pre-exposure
prophylaxis initiation and adherence among young women in KwaZulu-Natal, South Africa. J Int AIDS Soc
25(7): e25957.

Marrazzo J.M., Ramjee G., Richardson B.A., Gomez K., Mgodi N., Nair G., Palanee T., Nakabiito C.,
Van Der Straten A. and Noguchi L. (2015). Tenofovir-based preexposure prophylaxis for HIV infection
among African women. New England Journal of Medicine 372(6): 509-518.

Masese L., Baeten J.M., Richardson B.A., Bukusi E., John-Stewart G., Graham S.M., Shafi J., Kiarie
J., Overbaugh J. and McClelland R.S. (2015). Changes in the contribution of genital tract infections to
HIV acquisition among Kenyan high-risk women from 1993 to 2012. AIDS (London, England) 29(9): 1077.
Masimirembwa C., Dandara C. and Leutscher P.D. (2016). Rolling out Efavirenz for HIV Precision
Medicine in Africa: Are We Ready for Pharmacovigilance and Tackling Neuropsychiatric Adverse Effects?
Omics 20(10): 575-580.

Masson L., Mlisana K., Little F., Werner L., Mkhize N.N., Ronacher K., Gamieldien H., Williamson C.,
Mckinnon L.R. and Walzl G. (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. Sexually
transmitted infections 90(8): 580-587.

Masson L., Passmore J.-A.S., Liebenberg L.J., Werner L., Baxter C., Arnold K.B., Williamson C.,
Little F., Mansoor L.E. and Naranbhai V. (2015). Genital inflammation and the risk of HIV acquisition in
women. Clinical Infectious Diseases 61(2): 260-269.

Mazibuko-Motau N., Sobia P., Xu J., Elsherbini J.A., San J.E., Lewis L., Mtshali A., Mzobe G., Ntuli
L., Abdool Karim S.S., Mansoor L.E., Abdool Karim Q., Kwon D.S., Archary D. and Ngcapu S. (2022).
Vaginal microbial shifts are unaffected by oral pre-exposure prophylaxis in South African women. Sci Rep
12(1): 16187.

McCormack S. and Dunn D. (2015). Pragmatic open-label randomised trial of preexposure prophylaxis:
the PROUD study. Conference on retroviruses and opportunistic infections (CROI): 23-26.

McCormack S., Dunn D.T., Desai M., Dolling D.I., Gafos M., Gilson R, Sullivan A.K., Clarke A., Reeves
I., Schembri G., Mackie N., Bowman C., Lacey C.J., Apea V., Brady M., Fox J., Taylor S., Antonucci
S., Khoo S.H., Rooney J., Nardone A., Fisher M., McOwan A., Phillips A.N., Johnson A.M., Gazzard
B. and Gill O.N. (2016). Pre-exposure prophylaxis to prevent the acquisition of HIV-1 infection (PROUD):
effectiveness results from the pilot phase of a pragmatic open-label randomised trial. Lancet 387(10013):
53-60.

McCormack S., Ramjee G., Kamali A., Rees H., Crook A.M., Gafos M., Jentsch U., Pool R,
Chisembele M. and Kapiga S. (2010). PRO2000 vaginal gel for prevention of HIV-1 infection (Microbicides

109



Development Programme 301): a phase 3, randomised, double-blind, parallel-group trial. The Lancet
376(9749): 1329-1337.

McKinnon L.R., Liebenberg L.J., Yende-Zuma N., Archary D., Ngcapu S., Sivro A., Nagelkerke N.,
Lerma J.G.G., Kashuba A.D. and Masson L. (2018). Genital inflammation undermines the effectiveness
of tenofovir gel in preventing HIV acquisition in women. Nature medicine 24(4): 491.

Molina J.-M., Capitant C., Spire B., Pialoux G., Chidiac C., Charreau I. and Delfraissy J. (2015). On
demand PrEP with oral TDF-FTC in MSM: results of the ANRS Ipergay trial. Conference on retroviruses
and opportunistic infections 2015.

Morrison C.S., Skoler-Karpoff S., Kwok C., Chen P.L., van de Wijgert J., Gehret-Plagianos M., Patel
S., Ahmed K., Ramjee G., Friedland B. and Lahteenmaki P. (2012). Hormonal contraception and the risk
of HIV acquisition among women in South Africa. Aids 26(4): 497-504.

Mpeta B., Kampira E., Castel S., Mpye K.L., Soko N.D., Wiesner L., Smith P., Skelton M., Lacerda M.
and Dandara C. (2016). Differences in genetic variants in lopinavir disposition among HIV-infected Bantu
Africans. Pharmacogenomics 17(7): 679-690.

Mueller A. and Strange P.G. (2004). The chemokine receptor, CCR5. Int J Biochem Cell Biol 36(1): 35-
38.

Mukonzo J.K., R6shammar D., Waako P., Andersson M., Fukasawa T., Milani L., Svensson J.O.,
Ogwal-Okeng J., Gustafsson L.L. and Aklillu E. (2009). A novel polymorphism in ABCB1 gene,
CYP2B6*6 and sex predict single-dose efavirenz population pharmacokinetics in Ugandans. Br J Clin
Pharmacol 68(5): 690-699.

Myer L., Denny L., Wright T.C. and Kuhn L. (2007). Prospective study of hormonal contraception and
women's risk of HIV infection in South Africa. Int J Epidemiol 36(1): 166-174.

Neuhaus J., Jacobs D.R., Jr., Baker J.V., Calmy A., Duprez D., La Rosa A., Kuller L.H., Pett S.L.,
Ristola M., Ross M.J., Shlipak M.G., Tracy R. and Neaton J.D. (2010). Markers of inflammation,
coagulation, and renal function are elevated in adults with HIV infection. J Infect Dis 201(12): 1788-1795.
Ngaimisi E., Habtewold A., Minzi O., Makonnen E., Mugusi S., Amogne W., Yimer G., Riedel K.D.,
Janabi M., Aderaye G., Mugusi F., Bertilsson L., Aklillu E. and Burhenne J. (2013). Importance of
ethnicity, CYP2B6 and ABCB1 genotype for efavirenz pharmacokinetics and treatment outcomes: a
parallel-group prospective cohort study in two sub-Saharan Africa populations. PloS one 8(7): e67946.
Nicol M.R., Corbino J.A. and Cottrell M.L. (2018). Pharmacology of Antiretrovirals in the Female Genital
Tract for HIV Prevention. The Journal of Clinical Pharmacology 58(11): 1381-1395.

Nicol M.R., Fedoriw Y., Mathews M., Prince H.M., Patterson K.B., Geller E., Mollan K., Mathews S.,
Kroetz D.L. and Kashuba A.D. (2014). Expression of six drug transporters in vaginal, cervical, and
colorectal tissues: Implications for drug disposition in HIV prevention. The Journal of Clinical Pharmacology
54(5): 574-583.

Nishijima T., Komatsu H., Higasa K., Takano M., Tsuchiya K., Hayashida T., Oka S. and Gatanaga H.
(2012). Single nucleotide polymorphisms in ABCC2 associate with tenofovir-induced kidney tubular
dysfunction in Japanese patients with HIV-1 infection: a pharmacogenetic study. Clinical infectious
diseases 55(11): 1558-1567.

Passmore J.-A.S., Jaspan H.B. and Masson L. (2016). Genital inflammation, immune activation and risk
of sexual HIV acquisition. Current opinion in HIV and AIDS 11(2): 156.

Patterson K.B., Prince H.A., Kraft E., Jenkins A.J., Shaheen N.J., Rooney J.F., Cohen M.S. and
Kashuba A.D. (2011). Penetration of tenofovir and emtricitabine in mucosal tissues: implications for
prevention of HIV-1 transmission. Sci Transl Med 3(112): 112rel14.

Person K., Anna and Hick B., Charles (2012). Pre-exposure prophylaxis-one more tool for HIV
prevention. Current HIV research 10(2): 117-122.

Petrovic V., Teng S. and Piquette-Miller M. (2007). Regulation of drug transporters during infection and
inflammation. Mol Interv 7(2): 99-111.

Petzinger E. and Geyer J. (2006). Drug transporters in pharmacokinetics. Naunyn Schmiedebergs Arch
Pharmacol 372(6): 465-475.

Poller B., Drewe J., Krahenbiihl S., Huwyler J. and Gutmann H. (2010). Regulation of BCRP (ABCG2)
and P-glycoprotein (ABCB1) by cytokines in a model of the human blood-brain barrier. Cellular and
molecular neurobiology 30(1): 63-70.

Rajman I., Knapp L. and Hanna I. (2020). Genetic Diversity in Drug Transporters: Impact in African
Populations. Clin Transl Sci 13(5): 848-860.

110



Ramjee G. and Daniels B. (2013). Women and HIV in sub-Saharan Africa. AIDS research and therapy
10(1): 30.

Ray A.S., Cihlar T., Robinson K.L., Tong L., Vela J.E., Fuller M.D., Wieman L.M., Eisenberg E.J. and
Rhodes G.R. (2006). Mechanism of active renal tubular efflux of tenofovir. Antimicrobial agents and
chemotherapy 50(10): 3297-3304.

Reddy B., Rastogi S., Das B., Salhan S., Verma S. and Mittal A. (2004). Cytokine expression pattern in
the genital tract of Chlamydia trachomatis positive infertile women—implication for T-cell responses. Clinical
& Experimental Immunology 137(3): 552-558.

Reis Machado J., da Silva M.V., Cavellani C.L., Antdnia dos Reis M., Monteiro M.L.G.d.R., Teixeira
V.d.P.A. and Rosa Miranda Corréa R. (2014). Mucosal immunity in the female genital tract, HIV/AIDS.
BioMed research international 2014.

Reznicek J., Ceckova M., Cerveny L., Muller F. and Staud F. (2017). Emtricitabine is a substrate of
MATEL but not of OCT1, OCT2, P-gp, BCRP or MRP2 transporters. Xenobiotica 47(1): 77-85.

Rohan L.C. and Sassi A.B. (2009). Vaginal drug delivery systems for HIV prevention. Aaps j 11(1): 78-87.
Rungtivasuwan K., Avihingsanon A., Thammajaruk N., Mitruk S., Burger D.M., Ruxrungtham K.,
Punyawudho B. and Pengsuparp T. (2015). Influence of ABCC2 and ABCC4 polymorphisms on tenofovir
plasma concentrations in Thai HIV-infected patients. Antimicrobial agents and chemotherapy 59(6): 3240-
3245.

Saib S. and Delavenne X. (2021). Inflammation Induces Changes in the Functional Expression of P-gp,
BCRP, and MRP2: An Overview of Different Models and Consequences for Drug Disposition.
Pharmaceutics 13(10).

Salvaggio S.E., Giacomelli A., Falvella F.S., Oreni M., Meraviglia P., Atzori C., Clementi E., Galli M.
and Rusconi S. (2017). Clinical and genetic factors associated with kidney tubular dysfunction in a real-
life single centre cohort of HIV-positive patients. BMC infectious diseases 17(1): 396.

Scarsi K.K., Darin K.M., Chappell C.A., Nitz S.M. and Lamorde M. (2016). Drug—drug interactions,
effectiveness, and safety of hormonal contraceptives in women living with HIV. Drug safety 39(11): 1053-
1072.

Schaeffeler E., Eichelbaum M., Brinkmann U., Penger A., Asante-Poku S., Zanger U.M. and Schwab
M. (2001). Frequency of C3435T polymorphism of MDR1 gene in African people. Lancet 358(9279): 383-
384.

Schindler A.E., Campagnoli C., Druckmann R., Huber J., Pasqualini J.R., Schweppe K.W. and
Thijssen J.H. (2008). Reprint of classification and pharmacology of progestins. Maturitas 61(1-2): 171-180.
Seifert S.M., Chen X., Meditz A.L., Castillo-Mancilla J.R., Gardner E.M., Predhomme J.A., Clayton C.,
Austin G., Palmer B.E., Zheng J.H., Klein B., Kerr B.J., Guida L.A., Rower C., Rower J.E., Kiser J.J.,
Bushman L.R., MaWhinney S. and Anderson P.L. (2016). Intracellular Tenofovir and Emtricitabine
Anabolites in Genital, Rectal, and Blood Compartments from First Dose to Steady State. AIDS Res Hum
Retroviruses 32(10-11): 981-991.

Sharp P.M. and Hahn B.H. (2011). Origins of HIV and the AIDS pandemic. Cold Spring Harbor
perspectives in medicine 1(1): a006841.

Shen R., Kappes J.C., Smythies L.E., Richter H.E., Novak L. and Smith P.D. (2014). Vaginal myeloid
dendritic cells transmit founder HIV-1. J Virol 88(13): 7683-7688.

Shen Z., Rodriguez-Garcia M., Patel M.V., Bodwell J., Kashuba A.D. and Wira C.R. (2017). Hormonal
contraceptives differentially suppress TFV and TAF inhibition of HIV infection and TFV-DP in blood and
genital tract CD4+ T cells. Scientific reports 7(1): 1-12.

Shenfield G.M. (2004). Genetic polymorphisms, drug metabolism and drug concentrations. The Clinical
Biochemist Reviews 25(4): 203.

Sheth A.N., Rolle C.P. and Gandhi M. (2016). HIV pre-exposure prophylaxis for women. Journal of virus
eradication 2(3): 149-155.

Sissung T.M., Troutman S.M., Campbell T.J., Pressler H.M., Sung H., Bates S.E. and Figg W.D. (2012).
Transporter pharmacogenetics: transporter polymorphisms affect normal physiology, diseases, and
pharmacotherapy. Discov Med 13(68): 19-34.

Skoler-Karpoff S., Ramjee G., Ahmed K., Altini L., Plagianos M.G., Friedland B., Govender S., De
Kock A., Cassim N. and Palanee T. (2008). Efficacy of Carraguard for prevention of HIV infection in
women in South Africa: a randomised, double-blind, placebo-controlled trial. The Lancet 372(9654): 1977-
1987.

111



Stankiewicz P. and Lupski J.R. (2010). Structural variation in the human genome and its role in disease.
Annu Rev Med 61: 437-455.

Stanley M. (2009). Early age of sexual debut: a risky experience. J Fam Plann Reprod Health Care 35(2):
118-120.

Sukhai M., Yong A., Kalitsky J. and Piquette-Miller M. (2000). Inflammation and interleukin-6 mediate
reductions in the hepatic expression and transcription of the mdrla and mdrlb Genes. Molecular Cell
Biology Research Communications 4(4): 248-256.

Suzuki K., Kawakami Y. and Yamauchi K. (2017). Impact of TLR 2, TLR 4-activation on the Expression
of ABCA1 and ABCGL1 in Raw Cells. Ann Clin Lab Sci 47(4): 436-446.

Swart M., Ren Y., Smith P. and Dandara C. (2012). ABCB1 4036A> G and 1236C> T polymorphisms
affect plasma efavirenz levels in South African HIV/AIDS patients. Front Genet 3: 236.

Taneva E., Crooker K., Park S.H., Su J.T., Ott A., Cheshenko N., Szleifer I., Kiser P.F., Frank B. and
Mesquita P.M. (2016). Differential mechanisms of tenofovir and tenofovir disoproxil fumarate cellular
transport and implications for topical preexposure prophylaxis. Antimicrobial agents and chemotherapy
60(3): 1667-1675.

Thigpen M.C., Kebaabetswe P.M., Paxton L.A., Smith D.K., Rose C.E., Segolodi T.M., Henderson F.L.,
Pathak S.R., Soud F.A. and Chillag K.L. (2012). Antiretroviral preexposure prophylaxis for heterosexual
HIV transmission in Botswana. New England Journal of Medicine 367(5): 423-434.

Thurman A.R., Anderson S. and Doncel G.F. (2014). Effects of hormonal contraception on antiretroviral
drug metabolism, pharmacokinetics and pharmacodynamics. American journal of reproductive immunology
71(6): 523-530.

Tsai C.C., Follis K.E., Sabo A., Beck T.W., Grant R.F., Bischofberger N., Benveniste R.E. and Black
R. (1995). Prevention of SIV infection in macaques by (R)-9-(2-phosphonylmethoxypropyl)adenine.
Science 270(5239): 1197-1199.

Tun-Yhong W., Chinpaisal C., Pamonsinlapatham P. and Kaewkitichai S. (2017). Tenofovir disoproxil
fumarate is a new substrate of ATP-binding cassette subfamily C member 11. Antimicrobial agents and
chemotherapy 61(4).

Turriziani O., Gianotti N., Falasca F., Boni A., Vestri A.R., Zoccoli A., Lazzarin A. and Antonelli G.
(2008). Expression levels of MDR1, MRP1, MRP4, and MRP5 in peripheral blood mononuclear cells from
HIV infected patients failing antiretroviral therapy. Journal of medical virology 80(5): 766-771.

UNAIDS (2022a). UNAIDS DATA 2022.
https://www.unaids.org/en/resources/documents/2023/2022 unaids _data (Accessed 20 January 2023).
UNAIDS  (2022b).  UNAIDS.FACTSHEET 2022  (2022). UNAIDS. Available  at:
https://www.unaids.org/en/resources/fact-sheet (Accessed August 30, 2022).

Uwai Y., Ida H., Tsuji Y., Katsura T. and Inui K.-i. (2007). Renal transport of adefovir, cidofovir, and
tenofovir by SLC22A family members (hOAT1, hOAT3, and hOCT2). Pharmaceutical research 24(4): 811-
815.

Van Damme L., Corneli A., Ahmed K., Agot K., Lombaard J., Kapiga S., Malahleha M., Owino F.,
Manongi R. and Onyango J. (2012). Preexposure prophylaxis for HIV infection among African women.
New England Journal of Medicine 367(5): 411-422.

Velloza J. and Heffron R. (2017). The vaginal microbiome and its potential to impact efficacy of HIV pre-
exposure prophylaxis for women. Current Hiv/aids Reports 14(5): 153-160.

Weiner M., Peloquin C., Burman W., Luo C.C., Engle M., Prihoda T.J., Mac Kenzie W.R., Bliven-
Sizemore E., Johnson J.L. and Vernon A. (2010). Effects of tuberculosis, race, and human gene
SLCO1B1 polymorphisms on rifampin concentrations. Antimicrob Agents Chemother 54(10): 4192-4200.
Wilkinson D., Tholandi M., Ramjee G. and Rutherford G.W. (2002). Nonoxynol-9 spermicide for
prevention of vaginally acquired HIV and other sexually transmitted infections: systematic review and meta-
analysis of randomised controlled trials including more than 5000 women. The Lancet infectious diseases
2(10): 613-617.

Yang T., Ottilie S., Istvan E.S., Godinez-Macias K.P., Lukens A.K., Baragafia B., Campo B., Walpole
C., Niles J.C., Chibale K., Dechering K.J., Llinds M., Lee M.C.S., Kato N., Wyllie S., McNamara C.W.,
Gamo F.J., Burrows J., Fidock D.A., Goldberg D.E., Gilbert I.H., Wirth D.F. and Winzeler E.A. (2021).
MalDA, Accelerating Malaria Drug Discovery. Trends Parasitol 37(6): 493-507.

Yee S.W., Brackman D.J., Ennis E.A., Sugiyama Y., Kamdem L.K., Blanchard R., Galetin A., Zhang
L. and Giacomini K.M. (2018). Influence of Transporter Polymorphisms on Drug Disposition and

112


https://www.unaids.org/en/resources/documents/2023/2022_unaids_data
https://www.unaids.org/en/resources/fact-sheet

Response: A Perspective From the International Transporter Consortium. Clin Pharmacol Ther 104(5): 803-
817.

Zhang J.C., Deng Z.Y., Wang Y., Xie F., Sun L. and Zhang F.X. (2014a). Expression of breast cancer
resistance protein in peripheral T cell subsets from HIV-1-infected patients with antiretroviral therapy. Mol
Med Rep 10(2): 939-946.

Zhang J.C., Xie F., Yu X.H., Deng Z.Y., Wang Y., Liang P., Sun L. and Zhang F.X. (2014b). Expression
levels of P-glycoprotein in peripheral blood CD8+ T lymphocytes from HIV-1-infected patients on
antiretroviral therapy. Int J Mol Med 33(2): 431-440.

Zhou T., Hu M., Cost M., Poloyac S. and Rohan L. (2013). Expression of transporters and metabolizing
enzymes in the female lower genital tract: implications for microbicide research. AIDS Res Hum
Retroviruses 29(11): 1496-1503.

Zhou T., Hu M., Pearlman A., Patton D. and Rohan L. (2014). Expression and localization of p-
glycoprotein, multidrug resistance protein 4, and breast cancer resistance protein in the female lower genital
tract of human and pigtailed macaque. AIDS Res Hum Retroviruses 30(11): 1106-1116.

Zhou T., Hu M., Peariman A. and Rohan L.C. (2016). Expression, regulation, and function of drug
transporters in cervicovaginal tissues of a mouse model used for microbicide testing. Biochemical
pharmacology 116: 162-175.

Zondo N.M., Sobia P., Sivro A., Ngcapu S., Ramsuran V. and Archary D. (2022). Pharmacogenomics
of drug transporters for antiretroviral long-acting pre-exposure prophylaxis for HIV. Front Genet 13: 940661.

113



APPENDICES

Figure 1S: Graphical representation of correlations between all ABC and SCL mRNA
expression between the FGT and Blood

Correlations between the FGT and blood at A) baseline (ns) B) 3 months (moderately significant)
and C) 6 months (ns) for P-gp. At D) baseline (ns) E) 3 months (moderately significant) and F) 6
(moderately significant) for MATE-1. At G) baseline (ns) H) 3 months (moderately significant) and
I) 6 (moderately significant) for MRP-2. At J) baseline (ns) K) 3 months (moderately significant)
and L) 6 (moderately significant) for MRP-4 and at M) baseline (ns) N) 3 months (ns) and O) 6
months (ns) for OAT-3. Analyses were done using the Spearman’s rank correlation coefficient rs,
ns represents not significant and a two-tailed p value of <0.05 was considered significant.
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The use of antiretrovirals (ARVs) as oral, topical, or long-acting pre-exposure
prophylaxis (PrEP) has emerged as a promising strategy for HIV prevention.
Clinical trials testing Truvada® [tenofovir disoproxil fumarate (TDF)/tenofovir
(TFV) and emtricitabine (FTC)] as oral or topical PrEP in African women showed
mixed results in preventing HIV infections. Since oral and topical PrEP
effectiveness is dependent on adequate drug delivery and availability to sites
of HIV infection such as the blood and female genital tract (FGT); host biological
factors such as drug transporters have been implicated as key regulators of
PrEP. Drug transporter expression levels and function have been identified as
critical determinants of PrEP efficacy by regulating PrEP pharmacokinetics
across various cells and tissues of the blood, renal tissues, FGT mucosal
tissues and other immune cells targeted by HIV. In addition, biological
factors such as genetic polymorphisms and genital inflammation also
influence drug transporter expression levels and functionality. In this review,
drug transporters and biological factors modulating drug transporter
disposition are used to explain discrepancies observed in PrEP clinical trials.
This review also provides insight at a pharmacological level of how these factors
further increase the susceptibility of the FGT to HIV infections, subsequently
contributing to ineffective PrEP interventions in African women.

KEYWORDS

African women, PrEP (pre-exposure prophylaxis), female genital tract (FGT), drug
transporters, single nucleotid polymorphism (SNP), inflammation

1 Introduction

HIV remains a formidable public health challenge, with currently over 37.7 million
people living with HIV globally (UNAIDS, 2021). At the end of 2020 globally, an
estimated 1.5 million new HIV infections were reported, of which 60% occurred in sub-
Saharan African (SSA) countries (UNAIDS, 2021). The use and coverage of
(antiretrovirals) ARVs has, however, had a positive impact in many SSA countries

01 frontiersin.org

115


https://www.frontiersin.org/articles/10.3389/fgene.2022.940661/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.940661/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.940661/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.940661/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2022.940661&domain=pdf&date_stamp=2022-09-29
mailto:Desh.Archary@caprisa.org
https://doi.org/10.3389/fgene.2022.940661
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2022.940661

Zondo et al.

including South Africa. Despite the advent and use of ARV, new
HIV infections (~4,000 daily) continue and remain a major
concern (UNAIDS, 2021).

The increasing challenge of providing ARVs to a rapidly
growing HIV population prompts the need for new interventions
to decrease HIV incidence rates (Nicol et al., 2018). Previously
tested HIV prevention methods have included the use of ARVs as
oral, topical gels or long-acting pre-exposure prophylaxis (PrEP)
formulations in uninfected individuals (Abdool Karim et al.,
20105 Janes et al., 2018; Nicol et al., 2018). Clinical trials using
oral and topical PrEP regimens in high risk heterosexual HIV-
serodiscordant couples (Baeten et al., 2012; Thigpen et al., 2012)
and men who have sex with men (MSM) (Grant et al., 2010;
Molina et al., 2015; Mccormack et al., 2016) reported high levels
of protection against HIV acquisition ranging from 44 to 86%
(Grant et al,, 2010; Thigpen et al., 2012; Mccormack and Dunn,
2015; Molina et al., 2015). However, clinical trials using the same
PrEP regimens that focused primarily on at-risk African women,
produced inconsistent levels of protection against HIV, ranging
from —49 to 39%, with a majority leading to trial termination
(Abdool Karim et al., 2010; Van Damme et al., 2012; Marrazzo
et al., 2015; Delany-Moretlwe et al., 2018).

The main contributory factor for these low efficacies was
identified as low to no adherence to PrEP. However, underlying
biological factors beyond adherence have been proposed to play an
integral role in low PrEP efficacies (Hu et al., 2015; Nicol et al.,
2018). These include drug transporters, which are transmembrane
proteins that are expressed ubiquitously in various cells and tissues
of the body. Various ARVs used as PrEP have been identified as
substrates of different drug transporters (Hu et al.,, 2015; Taneva
et al,, 2016; Reznicek et al., 2017). Therefore, drug transporter
expression levels and functionality are considered essential for
optimal PrEP delivery and for maintaining optimal drug
concentrations in cells and tissues targeted by HIV (Hu et al,
2015; Nicol et al., 2018). In addition, there are also host biological
factors such as inflammation (Saib and Delavenne, 2021) and
genetic polymorphisms (Shenfield, 2004; Arruda et al, 2016)
affecting drug transporter disposition, which subsequently
affects drug efficacy (Shenfield, 2004; Arruda et al,, 2016; Saib
2021).
transporters as critical determinants of drug pharmacokinetics.

and Delavenne, These findings underscore drug
However, there is limited data on drug transporter expression
profiles and host factors affecting drug transporter expression and
function in anatomical compartments such as the FGT, the
predominant site for HIV in women during
heterosexual intercourse (Hu et al., 2015; Nicol et al., 2018).

This warrants the need for further studies that will evaluate

infection

these factors, especially in high-risk groups such as African

women. The current review, therefore, evaluates various
biological factors affecting PrEP pharmacokinetics [absorption,
distribution, metabolism and excretion (ADME)] to better
understand inconsistencies in PrEP effectiveness observed in

clinical trials with at-risk African women.
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2 Biological, behavioural, and socio-
economic factors that increase
women'’s susceptibility to HIV

Despite noticeable reductions in HIV infections and
increases in ARVs accessibility, there are several biological,
behavioural and social factors that contribute to higher HIV
prevalence rates in women (Ramjee and Daniels, 2013; Abdool
Karim et al., 2020). Socio-economic factors that drive high HIV
incidence rates in women include sexual abuse, lack of education,
lack of food security and the lack of proper social services such as
education on HIV and insufficient provision of health services;
especially in highly affected regions (Abdool Karim et al., 2012;
Ramjee and Daniels, 2013; Nicol et al., 2018; Durevall et al.,
2019).

Behavioural factors also play an integral role in high rates
of HIV acquisition in young women. These include early age
of sexual debut (Mabaso et al., 2018), multiple concurrent sex
partners, intergenerational sexual partnering with older men
and transactional sexual encounters (Maartens et al., 2014; De
Oliveira et al., 2017; Mabaso et al., 2018). Other factors
(Alcaide et al, 2014),
intravaginal practices, and low to no condom use due to

include low marriage rates
the inability to negotiate safe sexual practices with their
male partners (Ramjee and Daniels, 2013; De Oliveira
et al., 2017; Mabaso et al.,, 2018). Additionally, the use of
injectable drugs and alcohol have also been associated with
increased HIV transmission through shared needles and high-
risk sexual behaviour, respectively (Maartens et al., 2014).
Together, these factors suggest that the economic and social
disempowerment of young women especially in a developing
country such as South Africa contributes largely to high HIV
prevalence rates within this population.

Apart from behavioural and socio-economic factors that
fuel HIV infections, biological factors also drive higher rates of
HIV infections in women. The greater mucosal surface area of
the female genital tract (FGT) makes this surface highly
susceptible through increased opportunities for target CD4"
T cells to become infected with HIV and other sexually
transmitted infections (STIs) during sexual intercourse
(Ramjee and Daniels, 2013). Other biological factors that
increase women’s susceptibility to HIV include bacterial
vaginosis (BV) (Heffron et al., 2017; Klatt et al., 2017),
vaginal micro-abrasions (Stanley, 2009), cervical ectopy
(Critchlow et al., 1995) and genital inflammation (Masson
et al., 2015; Mckinnon et al., 2018). Additionally, the use of
long-acting injectable progestin hormonal contraceptives
DMPA) has
increased women’s susceptibility to HIV, however, this

(particularly also been associated with
remains a topic of ongoing debate, with some studies
showing an increased HIV risk (Heffron et al, 2012;
Hapgood, 2020) while, others showed no differences (Myer

et al., 2007; Shen et al.,, 2017).
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TABLE 1 PrEP clinical trials demonstrating various efficacies in high-risk populations from different regions.

Clinical
trials

Study population (regions)

CAPRISA 004 African women (South Africa)

Partners PrEP Heterosexual couples (Kenya and Uganda)

TDF2 Heterosexual couples (Botswana)

iPrEx MSM (South America, the United States, South Africa, and
Thailand)

PROUD MSM (England)

IPERGAY MSM (France and Canada)

PrEP drugs PrEP efficacy References
-reduction

in HIV incidence

(%)

1% TFV gel 39 Abdool Karim et al. (2010)

Oral TDF-FTC 75

Oral TDF 67
alone

Oral TDF-FTC 62
Oral TDF-FTC 44

Baeten et al. (2012)

Thigpen et al. (2012)
Grant et al. (2010)

Oral TDE-FTC 86 McCormack and Dunn,

(2015)

Oral TDF-FTC 86 Molina et al. (2015)

3 PrEP in HIV prevention

Since the main route of HIV infection in women is
through sexual intercourse, many prevention strategies are
aimed at protecting the FGT (Celum, 2011; Nicol et al., 2018).
As a result, many different modalities have been tested, which
include a vaginal ring containing dapivirine (Baeten et al,,
2016), microbicide gel formulations such as
Carraguard  (Skoler-Karpoff et al,  2008) and
PRO2000 vaginal gels (McCormack et al., 2010) and
spermicide gel formulations such as nonoxynol-9 (N-9)

various

(Wilkinson et al., 2002). Besides topical gels and rings,
(TAF)
(Gunawardana et al, 2015) and long-acting injectable

implants  containing  tenofovir  alafenamide
formulations containing for example cabotegravir (CAB)
(Landovitz et al.,, 2018) are currently being tested for HIV
prevention in PrEP clinical trials. Truvada® which is the co-
formulated tenofovir disoproxil fumarate (TDF)/TFV and
emtricitabine (FTC)) is a licensed oral PrEP drug that is
also used for HIV prevention (Alvarez et al., 2011).

The concept of using TFV as PrEP in preventing HIV
infections was initially investigated in macaques with simian
immunodeficiency virus (SIV) (Person et al.,, 2012). During the
1990s, studies on TFV (a nucleotide reverse transcriptase
of HIV) (R)-9-(2-
phosphonylmethoxypropyl)adenine demonstrated

known as
(PMPA)
evidence of complete protection against SIV infections (Tsai
et al., 1995; Person et al., 2012). The success observed in
animal models was, however not fully translated in human

inhibitor previously

HIV prevention clinical trials (Person et al., 2012). One of the
major factors that attributed to these inconsistencies was low to
no adherence, which limited PrEP exposure to tissues and cells
targeted by HIV in areas such as FGT (Rohan and Sassi, 2009; Hu
et al., 2015).
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4 PrEP clinical trials: Efficacy in
African women

Significant breakthroughs in using PrEP to prevent HIV
infections have been observed in PrEP trials focused-on high-
risk HIV-serodiscordant heterosexual couples and MSM
(Baeten et al., 2012; Thigpen et al., 2012) (Table 1). The
PrEP
heterosexual

Partners trial, performed in HIV-serodiscordant

couples in Kenya and Uganda showed
significant HIV reductions of 75 and 67% respectively, with
oral TDF-FTC and with TDF alone (Baeten et al., 2012). The
TDF?2 trial which evaluated the effectiveness of TDF-FTC drugs
in sexually active HIV negative heterosexual adults from
Botswana; showed that TDF-FTC prevented new HIV
infections, by demonstrating a 62% reduction in HIV
incidence (Thigpen et al, 2012). In the Pre-exposure
Prophylaxis Initiative trial (iPrEX) in MSM from South
America, the United States, South Africa and Thailand, a
daily single oral dose of Truvada® demonstrated a 44%
reduction in HIV incidence (Grant et al.,, 2010). Similarly, in
other MSM European studies testing Truvada” the Pragmatic
open-label randomised trial of pre-exposure prophylaxis
(PROUD) (Mccormack and Dunn, 2015) and the On-
Demand Antiretroviral Pre-exposure Prophylaxis for HIV
Infection (IPERGAY) in men who have sex with men
(MSM) (Molina et al., 2015), both showed an 86% reduction
in HIV incidence (Mccormack and Dunn, 2015; Molina et al.,
2015). Results from these studies further supported the
effectiveness of PrEP among MSM who are at risk of
acquiring HIV (Mccormack and Dunn, 2015; Molina et al,
2015). Currently, in African women, the CAPRISA 004 trial
remains the only trial that showed an overall 39% efficacy with a
topical gel containing ARV (Table 1) (Abdool Karim et al.,

2010). Furthermore, when the data was stratified according to
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TABLE 2 PrEP clinical trials demonstrating low PrEP efficacies in high-risk populations from different regions.

Clinical trials ~ Study population (regions)

FEM-PrEP African women (South Africa, Kenya and Tanzania)
VOICE African women (South Africa, Uganda and Zimbabwe)
FACTS-001 African women (South Africa)

degree of adherence, women with high adherence had a
corresponding reduction in HIV incidence by 54%, while
women with low adherence had only a 28% reduction in
HIV incidence (Abdool Karim et al., 2010).

Other PrEP clinical trial studies that focused primarily on at-
inconsistent levels of
protection showing HIV incidence of -49% to 14.5%
(Table 2). These include the FEM-PrEP trial (Van Damme
et al, 2012) which evaluated, daily Truvada” in women from

risk African women demonstrated

high-risk areas in South Africa, Kenya and Tanzania. This trial
was, however, terminated following low efficacy largely
attributed to lack of adherence (Corneli et al., 2016) and low
drug concentrations in the FGT (Abdool Karim et al., 2011). The
Vaginal and Oral Interventions to Control the Epidemic
(VOICE) Microbicide Trial Network (MTN 003) trial was also
conducted in women from high HIV prevalence areas in South
Africa, Uganda and Zimbabwe (Marrazzo et al., 2015). Women
were randomised to either oral TDF, oral TDF-FTC, TFV gel, or
respective oral or vaginal placebos. Similar to the FEM-PrEP
study, results from this trial showed no efficacy (Marrazzo et al,
2015). The moderate success of the topical CAPRISA 004 1%
TFV gel trial led to the Follow on African Consortium for
(FACTS-001)
2018). The study was conducted at nine community-based

Tenofovir Studies (Delany-Moretlwe et al.,
clinical trial sites where it assessed the safety and efficacy of
the precoitally applied 1% TFV gel in high-risk South African
women. Here too, the FACTS-001 trial showed no significant
reduction in HIV incidence between the active arm and the
control (Delany-Moretlwe et al., 2018).

A potential explanation for the disparities in efficacy
observed in these PrEP clinical trials could be due to
differential drug penetration levels in the rectal compared to
the vaginal mucosal tissues (Patterson et al., 2011; Janes et al.,
2018). Data from Cottrell et al. (2015), observed that similar
levels of adherence of two doses per week of Truvada® reduced
HIV incidence by 90% in the MSM population of the iPrEX
study, whereas in heterosexual women populations of the FEM-
PrEP and VOICE studies low to no protection was observed
(Cottrell et al., 2015). Additionally, the complex composition of
the vagina’s microbiome and inflammation may affect PrEP
disposition in women (Patterson et al., 2011; Klatt et al., 2017;
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Oral TDF-FTC 4.7%
Oral TDF-FTC
Oral TDF alone
19% TFV gel
19% TFV gel

04

PrEP efficacy -reduction  References

in HIV incidence %

Van Damme et al. (2012)

—4.4% Marrazzo et al. (2015)

—49%

14.5%

6.52% Delany-Moretlwe et al. (2018)

Janes et al., 2018; Mckinnon et al., 2018). These findings urge the
need to better understand the mechanisms of drug availability
and metabolism within the area of vulnerability, the FGT (Rohan
and Sassi, 2009; Hu et al., 2015).

5 Compartmental heterogeneity in
PrEP drug disposition

The FGT is a highly active and diverse immune environment,
with a wide range of heterogeneous immune cells such as
macrophages, dendritic cells, Langerhans cells, natural-killer
cells, B and T-cells, making it highly susceptible to HIV
infections (Hu et al., 2015; Nicol et al., 2018). The increased
vulnerability of the FGT to HIV infections is also largely ascribed
to the presence of a single columnar epithelium cell layer in the
endocervix as opposed to the multi-layered squamous epithelium
of the ectocervix (Nicol et al., 2018). These cell layers are
vulnerable to micro-abrasions caused by friction during
heterosexual intercourse allowing for easy access of HIV
(Nicol et al., 2018). A previous study by Shen et al. (2014)
also observed that even with intact epithelium, vaginal
myeloid dendritic cells expressing HIV receptors can facilitate
the capture and dissemination of HIV into the deeper mucosal
tissue layers (Shen et al, 2014). The vulnerability of the FGT
prompts the need for HIV prevention interventions that provide
sufficient protection within all compartments exposed to the
virus (Nicol et al., 2018).

Interventions such as PrEP should therefore provide optimal
ARV drug concentrations that are sufficient in preventing HIV
viral entry, transcription, and replication in HIV targeted cells
(Cottrell et al., 2015). Drug exposure of PrEP in the FGT has
previously shown variability in drug delivery and availability
(Cottrell et al., 2015). To understand this variability; a 14-days
open-labelled study by Patterson et al. (2011), demonstrated
varying concentration levels of TFV, FTC and their respective
active metabolites TFV-DP and FTC triphosphate (FTC-TP) in
rectal, vaginal and cervical tissues, following a single dose of
Truvada®. In rectal tissues, TFV and TFV-DP were detected
throughout the 14-day period and concentrations were 100-fold
higher when compared to cervical and vaginal tissues; while FTC
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concentrations were 10 to 15- fold higher in vaginal and cervical
tissue when compared to rectal tissue. The active metabolite
FTC-TP was, however, only detected for 2 days in all tissues
(Patterson et al., 2011). A prior study also compared ARV drug
exposure in cervicovaginal fluid and blood. In the FGT, NRTIs
lamivudine (3TC), zidovudine (ZDV), FTC and TFV exhibited
high drug concentrations relative to the blood. However, non-
nucleoside reverse transcriptase inhibitor (NNRTI) efavirenz
(EFV) and protease inhibitors (PIs) lopinavir (LPV) and
atazanavir (ATV) exhibited low concentrations in the FGT
when compared to the blood (Dumond et al, 2007). These
results indicate the heterogeneity of drug disposition and their
respective metabolites within sub-compartments of the same
anatomical surface or different compartments (Patterson et al.,
2011). These studies suggested that certain ARVs may or may not
be good PrEP candidates according to their ability to penetrate
certain areas (Dumond et al, 2007). In addition, these data
further underscore the importance of understanding factors
affecting drug pharmacokinetics in tissues that are highly
susceptible to HIV infections.

These variations show differential drug penetration levels,
giving an insight into the varying levels of protection against HIV
observed in some PrEP trials (Cottrell et al, 2015). These
discrepancies may be due to the interplay between these PrEP
drugs and various membrane-bound proteins that mediate drug
transport and availability (Cottrell et al., 2015). For example
ARVs such as TFV, FTC and ZDV have been previously shown
to be substrates of drug transporters P-glycoprotein (P-pg),
multi-drug resistance protein-1 (MRP-1) and organic anion
transporters-1 (OAT-1), respectively (Kis et al, 2010; Hu
et al, 2015). These data indicated that intracellular and
extracellular ARV drug levels can be predominantly regulated
by certain drug transporters (Kis et al., 2010; Hu et al., 2015).
Therefore, understanding the distribution and biological
characteristics of drug transporters may help further define
their roles in affecting PrEP efficacy.

6 Drug transporters involved in PrEP
pharmacokinetics

Drug transporters are types of transmembrane proteins that
are ubiquitously expressed in the human body in areas such as
the gastrointestinal tract, in epithelial cells in the FGT, lungs,
blood-brain barrier, endothelial cells, and liver cells (Zhou et al.,
2013; Arruda et al,, 2016). Drug transporters comprise of two
superfamilies: the ATP-binding cassette (ABC) and Solute
Carrier (SLC) proteins (Hu et al, 2015). The ABC proteins
are a large family of efflux pumps that bind ATP and utilize
its hydrolysis energy to transport molecules across and out of the
cell membrane. This family comprises seven subfamilies of which
three are the most relevant in the efflux of PrEP drugs (Petzinger
and Geyer, 2006; Hu et al., 2015). These include (Figure 1):
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i) the ABCB subfamily that comprises P-glycoprotein (P-gp),

ii) the ABCC subfamily that comprises multidrug and toxin
extrusion proteins (MATE) and MRPs, and,

ili) the ABCG subfamily that comprises breast cancer resistance
protein (BCRP) (Petzinger and Geyer, 2006; Hu et al., 2015;
Nicol et al, 2018). The SLC proteins influx or uptake
molecules across and into the cell membrane via ATP
energy dependant carriers or through an electrochemical
gradient (Lin et al, 2015). Subfamilies that are the most
relevant in the uptake or influx of PrEP drugs include
(Figure 1):

i) the SLC22 subfamily that comprises OAT and organic cation
transporters (OCTs),

ii) the SLC28 subfamily that comprises concentrative nucleoside
transporters (CNTs),

iii) the SLC29
transporters (ENTs) and

subfamily that comprises equillibrative
iv) the SLCO subfamily that comprises organic anion-
transporting polypeptides (OATPs) (Petzinger and Geyer,

2006; Hu et al., 2015; Nicol et al., 2018).

Most of these drug transporters are localised on polarized
cells, and regulate substrate distribution on the apical or
basolateral
pharmacokinetics of several ARVs (Sissung et al., 2012). In

surfaces of cells, contributing to the
previous studies, TFV and FTC have been shown as substrates
of these ABC and SLC drug transporters (Hu et al., 2015; Nicol
et al., 2018). This data indicated that the delivery and absorption
of these drugs in cells is facilitated by drug transporters,
establishing their emerging role as critical determinants in
drug pharmacokinetics. This interaction has been noted
especially in HIV target cells such as the immune cells of the
FGT that include macrophages, vaginal epithelial cells, T cells,
and dendritic cells expressing CD4 receptors (Hu et al., 2015;
Taneva et al., 2016), and also in peripheral blood mononuclear
cells (PBMCs) and epithelial cells of the intestinal and renal
system (Kerb, 2006).

6.1 Role of drug transporters in the FGT

The extracellular accumulation of TFV and FTC in cells
overexpressing certain drug transporters has been demonstrated
in various studies focused on the FGT. Findings from these
studies suggested that the delivery of effective PrEP drug
concentrations to cells and tissues in the FGT is highly
associated with the mRNA expression level and functionality
of drug transporters (Grammen et al., 2014; Nicol et al.,, 2014;
Hijazi et al., 2015; Taneva et al., 2016). Zhou et al. (2013) showed
varying drug transporter expression levels in the FGT (vaginal
and ectocervix tissues) and liver. mRNA expression was defined
as <2% (undetectable), 2%-10% (low expression), 10%-50%

(moderate expression) and 50%-100% (high expression)
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FIGURE 1

10.3389/fgene.2022.940661

Drug transporters most relevant in the efflux and influx of PrEP drugs. In the ABC (efflux) family there are three-drug transporter subfamilies
along with their respective proteins that are the most relevant in the efflux of PrEP drugs, while in the SLC (influx/uptake) family, there are four drug
transporter subfamilies along with their respective proteins that are the most relevant in the uptake or influx of PrEP.

(Zhou et al., 2013). In the FGT, high mRNA expression of drug
transporters (MRP-1, MRP-4, P-gp, BCRP, ENT-1 and OCT-2)
was observed when compared to the liver, while MRP-2 and
influx drug transporters OAT-1 and OAT-3 showed moderate
and low mRNA expression as compared to the liver (Zhou et al.,
2013). Similarly, a study by Taneva et al. (2016) also showed
significantly low expression of uptake drug transporters OAT-1
and OAT-3 in vaginal epithelial cells and T-cells, which
accounted for the poor permeability of TFV across the cell
membranes and into the cells. Additionally, this study showed
that the in-vitro transfection of T cells with the drug transporter
OAT-1 increased TFV uptake, resulting in high intracellular drug
accumulation (Taneva et al., 2016). These studies indicated that
there is variability in drug transporter expression levels within
different tissues. Therefore, analysing the expression levels of
drug transporters in the FGT could aid in better understanding
their role in the pharmacokinetics of drugs (Zhou et al.,, 2013;
Taneva et al,, 2016).

Nicol et al. (2014) showed high mRNA expression levels of
efflux drug transporters P-gp and MRP-2 in vaginal tissues
compared to colorectal tissue, while MRP-4 was only highly
expressed in colorectal tissues. In contrast, uptake drug
OAT-1, OAT-3 and OATPIB1 exhibited
extremely low to no expression in colorectal and vaginal
(Nicol et al, 2014). Additionally,
immunohistochemistry that informed on the localisation of

transporters

tissues, respectively
these drug transporters revealed high protein expression of
P-gp and MRP-2 in vaginal epithelial cells compared to
colorectal epithelial cells, while low to no protein expression
of OAT-1 was observed in colorectal epithelial and vaginal cells,
respectively (Nicol et al, 2014). Differences in protein
localisation and expression suggested an increased expression
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of efflux drug transporters in vaginal tissues compared to
colorectal tissues (Nicol et al., 2014). These data show that
more drug is pumped out of cells in the vagina, while an
increased expression of uptake drug transporters in colorectal
tissues promoted an uptake of drugs (Nicol et al., 2014). These
findings highlighted that inter-tissue variability in drug
transporter expression may contribute to the greater
TFV and

maraviroc in colorectal tissues compared to vaginal tissues

intracellular accumulation of ARVs such as
(Nicol et al, 2014). High expression levels of efflux drug
P-gp, MRP-2 and BCRP
endocervical tissues was also reported by Grammen et al.
(2014). The study further established in intestinal cell lines-
Caco-2 and vaginal epithelial cell lines-SiHa using specific

transporters in vaginal and

drug transporter inhibitors, that ARV drugs darunavir,
maraviroc and saquinavir are substrates of efflux drug
transporters P-gp and MRP-2, which are likely to contribute
to lower intracellular levels of these respective drugs (Grammen
et al., 2014).

To further understand the role of drug transporters in the
mucosal compartment, the relationship between the
accumulation of topically applied PrEP drugs dapivirine,
darunavir and TFV, and the expression of drug transporters
was characterised in cervicovaginal cell lines (Hijazi et al., 2015).
These included HeLa cell lines, VK2/E6E7, Ect1/E6E7 and End1/
E6E7 derived from human cervical epithelial adenocarcinoma,
primary vaginal, ectocervical and endocervical epithelial cells,
respectively (Hijazi et al, 2015). Tenofovir significantly
downregulated the mRNA expression of MPR5 in VK2/E6E7,
while dapivirine significantly upregulated most MRP drug
Darunavir stimulation also

transporters in all cell lines.

significantly upregulated the uptake drug transporter CNT3 in
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all cells, while MRP3 was only significantly unregulated in VK2/
E6E7 cell line (Hijazi et al., 2015). This characterisation by Hijazi
et al. (2015) provided insight not only on the type of drug
transporters present in the FGT but also how drug transporter
disposition may be altered by the presence of certain drugs;
which could assist in the assessment of ARV pharmacokinetics in
the FGT. Furthermore, these findings could assist in the
determination of suitable PrEP drug formulations that could
provide sufficient drug concentrations to susceptible tissues and
cells of the FGT (Hijazi et al., 2015).

6.2 Role of drug transporters in peripheral
blood mononuclear cells

A study by Turriziani et al. (2008) determined the mRNA
expression levels of drug transporters in PBMCs (isolated from
buffy coats) from HIV infected individuals failing ARV therapy
and HIV negative individuals. The mRNA expression levels of
P-gp, MRP (-1,-4 and -5) was significantly higher in HIV infected
individuals compared to HIV negative individuals (Turriziani
et al, 2008). A higher inter-individual mRNA expression
variability was also observed in HIV infected individuals,
indicating a correlation between the presence of ARVs and
drug transporter expression levels (Turriziani et al, 2008).
Similarly, Bousquet et al. (2009) investigated if the singular or
combined (dual or triple) use of TFV, FTC and EFV on PBMCs
isolated from healthy donors disrupts mRNA drug transporter
expression levels (Bousquet et al., 2009). Following a 20-h in-
vitro incubation, a singular use of FTC induced MRP5, while
TFV reduced MRP (-1,-5,-6) and P-gp mRNA expression in
PBMCs (Bousquet et al., 2009). FTC was also shown to exhibit an
inhibitory effect on the mRNA expression of efflux drug
transporter MRP-1 in a dose-responsive manner. These
findings suggest a correlation between the presence of FTC
with MRP-1 expression (Bousquet et al., 2008). The use of
ZDV was also previously shown to be associated with the
upregulation of efflux drug transporters MRP-1 and
MRP5 expressed on PBMCs (Jorajuria et al., 2004). Findings
from these studies showed that an interaction between ARV's and
drug transporters may alter drug transporter disposition by
affecting  mRNA expression levels; subsequently affecting
intracellular drug accumulation (Jorajuria et al, 2004;
Bousquet et al., 2009).

Contrary to these studies, Falasca et al. (2011) and Giraud
et al. (2010) showed no correlations between the mRNA
expression levels of efflux drug transporters and the presence
of ARVs ritonavir (RTV), ATV, and LPV in PBMCs isolated
from HIV infected patients (Giraud et al., 2010; Falasca et al.,
2011). The study found no variation in the mRNA expression
levels of P-gp and MRP drug transporters before and after ARV
intake (Falasca et al., 2011). However, in a more recent study, a
significant association was observed between ARVs and drug
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transporters P-gp, BCRP, MRP-1, ENT-2 and OCT-1 expressed
on monocytes and monocyte-derived macrophages isolated from
HIV negative individuals and HIV infected individuals receiving
ARV therapy containing either abacavir, ATV, EFV, rilpivirine,
TFV, 3TC, FTC, elvitegravir, dolutegravir, and cobicistat (Hoque
etal, 2021). These findings showed that these associations could
lead to
subsequently allowing HIV infections in HIV negative

sub-optimal intracellular drug concentrations,
individuals or further HIV replication in HIV infected

individuals (Hoque et al., 2021).

6.3 Role of drug transporters in the renal
system

The entry of TFV into epithelial cells of the kidney tubule is
mediated by the uptake drug transporters OAT-1 and OAT-3
expressed on its basolateral membrane (Cihlar et al., 2007), while
the efflux of TFV into urine is mediated by efflux drug
transporter MRP-4 expressed at the apical side of renal
proximal tubules (Ray et al, 2006). These data together
provide evidence that TFV is a substrate of OAT-1, OAT-3
and MRP-4 drug transporters expressed in renal tubules (Ray
et al., 2006; Cihlar et al., 2007). TFV is also a substrate of the
efflux drug transporter MRP-8 expressed in renal proximal
tubules since higher cytotoxic concentrations of the drug were
observed in cells overexpressing MRP-8 (Tun-Yhong et al,
2017). The uptake of ARVs cidofovir, adefovir and TFV was
evaluated in human embryonic kidney (HEK293)
transfected with uptake drug transporters OCT-2, OAT-1 and
OAT-3 (Uwai et al.,, 2007). Results showed higher uptake of all
ARVs through OAT-1 compared to OAT-3, while OCT-2
exhibited no uptake, indicating that OAT-1 plays a significant
role in renal transport of these ARVs (Uwai et al., 2007).
Similarly, renal secretion of FTC was mediated by MATE-1

cells

which functionally acts as an efflux drug transporter,
expressed on the apical side of renal proximal tubules
(Reznicek et al., 2017).

These studies collectively provide insight that ARV drug
levels are not only determined by drug adherence but also by
other factors such as the presence of specific drug transporters
and their expression levels. However, definitive conclusions on
the full effects of drug transporters on ARV pharmacokinetics in
at-risk groups such as young women especially in Africa have not
been drawn. The paucity of data on African women warrants the
need for new studies to fully understand:

i) the effect of ARVs on drug transporters expression,
i) how varying drug transporter expression levels influence
ARV penetration in vulnerable areas such as the FGT, and
iii) how different biological factors such as inflammation and
polymorphisms may also affect drug transporter expression
and function.
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7 Biological factors modulating drug
transporter expression and function

7.1 Genetic polymorphisms

Pharmacogenetic research has been used as a tool to
determine individuals’ susceptibility to certain diseases and for
the customisation of drug therapies according to patient’s genetic
blueprint (Sissung et al., 2012; Castellanos-Rubio and Ghosh,
2019). As such, sequencing and genotyping technology have been
widely used to identify and determine the effect of variants such
as genetic polymorphisms in various genes. There are four types
of genetic polymorphisms that have been shown to regulate genes
(Ismail and Essawi, 2012). These include:

1. small insertions and deletions (InDels) which is a deletion or
insertion in the DNA sequence (Boschiero et al., 2015),

II. interspaced or tandem repeat polymorphisms which are
tandemly repeated nucleotides of approximately >2 base
pairs (bp) in DNA sequences (Ismail and Essawi, 2012),

III. structure  or  copy-number  variations (CNVs),
polymorphisms which are various copies of differently
sized segments of nucleotides in DNA sequences

(Stankiewicz and Lupski, 2010) and

IV. single nucleotide polymorphisms (SNPs), which are point
mutations of nucleotide bases within DNA sequences
(Sissung et al., 2012; Yee et al., 2018).

Types of SNP variations include missense mutations or
nonsynonymous substitutions which is a single nucleotide
change within a codon, subsequently resulting in the coding
of a different amino acid (Hunt et al., 2009). The presence of such
mutations on protein binding sites may affect substrate binding,
while those not found on protein binding sites may affect protein
expression levels. For example, the missense mutation
2273697 located on the efflux drug transporter gene ABCC2
encoding MRP-2 results in a change from valine to isoleucine, on
exon 417 (V4171), affecting its expression levels (Yee et al., 2018).
Another type of SNP mutation is a silent mutation or
synonymous substitutions, which are single nucleotide point
mutations on a codon that do not result in an amino acid
change (Hunt et al, 2009). However, these may still affect
RNA transcription and stability that may affect mRNA
expression levels and protein binding (Yee et al, 2018). For
example, the SNP rs1045642 located on the efflux drug
transporter ABCBI gene (3435C/T Ilel145Ile) encoding P-gp
is a type of silent mutation that has been highly studied in drug
pharmacokinetics (Sissung et al., 2012; Yee et al., 2018). This SNP
has been also previously associated with low P-gp expression
levels in the duodenum which correlated with an increase of
digoxin plasma concentrations (Hoffmeyer et al, 2000). The
presence of certain genetic variations in drug transporter genes
has sparked a huge interest in further understanding their
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functional effect; especially since SNPs in certain drug
transporter genes have been shown to modulate their function
by affecting protein folding, expression levels, and their ability to
bind substrates and regulate drug pharmacokinetics (Sissung
et al., 2012; Yee et al., 2018).

SNPs involved in the pharmacokinetics of ARVs have led to
adverse effects and varied ARV therapy outcomes amongst HIV
infected patients (Shenfield, 2004; Arruda et al., 2016). Arruda
et al. (2016) showed the association between SNPs in drug
transporter genes and intolerance to ARVs in a cohort of HIV
infected Brazilian participants (Arruda et al, 2016). Results
showed an association between variations in ABCC2 genes
(rs3740066 and rs4148396) encoding MRP-2 and intolerance
in patients taking regimens containing either LPV, RTV,
indinavir or ATV PIs; while variations in SLCO2BI genes
(rs2712816, rs12422149, rs1676885 and rs949069) encoding
OATP2B1 caused intolerance in patients taking regimens
containing stavudine or ZDV nucleotide reverse transcriptase
inhibitors (NRTIs) (Arruda et al., 2016). The presence of the C
allele on the ABCCI gene 198217C/T (rs212091) encoding MRP-
1 and the TT genotype on the ABCBI gene 3435C/T (rs1045642)
encoding P-gp; was also shown to be possibly associated with
reduced gene expression in an HIV infected Brazilian
participants receiving highly active antiretroviral therapy
(HAART) regimens; subsequently affecting the efflux of ARV
regimens containing Pls, leading to an increased risk of
virological failure (Table 3) (Coelho et al., 2013).

Fellay et al. (2002) showed that the TT genotype on the
ABCBI gene 3435C/T in an HIV infected Caucasian population
was associated with low P-gp expression in PBMCs, affecting
ARV concentrations (Fellay et al., 2002), However, a subsequent
study showed that virological failure was associated with the CC
genotype of the ABCBI gene 3435C/T instead of the TT genotype
in HIV infected patients from the province of British Columbia
in Canada (Brumme et al., 2003). To elucidate variations of the
ABCBI 3435C/T SNP observed in these studies; prior results by
Ameyaw et al. (2001) that assessed the frequency of this SNP in
ten ethnic groups can be used (Ameyaw et al, 2001). Results
showed noticeable differences in the SNP frequencies between
African, Asian and European populations. The C allele was
highly present in the African populations compared to Asian
and European populations which exhibited high frequencies for
the CT and TT genotypes (Ameyaw et al., 2001). Schaeffeler et al.
(2001) also supported these findings by reporting a high
frequency of the CC genotype in the ABCBI gene 3435C/T of
West African and African American populations compared to
the T allele (Schaeffeler et al., 2001). These findings could imply
possible variations in drug transporter genes which could lead to
varied ARV therapy outcomes in the African vs. Caucasian
populations (Ameyaw et al., 2001; Schaeffeler et al., 2001).

Pharmacogenetic ~ studies  conducted ~ with  African
populations have also shown high genetic diversity, which
subsequently leads to varied drug transporter function and
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TABLE 3 Effects of SNPs in drug transporter genes involved in the pharmacokinetics of ARVs in different ethnic groups.

SNPs Ethnic ARVs SNPs effect Genotype Genotype frequency  References
group causing Number of
effect patients n
(%)
ABCC2 224C/T Thailand TFV, Lamivudine, Efavirenz ~ Increased TFV plasma  CC CC67(57); CT45(39); TT5 Manosuthi et al.
(rs717620) concentration (4)n=117 (2014)
Japanese TFV, Emtricitabine, TFV induced-KTD CcC CC 18 (94.7); CT 1 (5.3); TT  Nishijima et al.
Darunavir, Ritonavir 0(0)n=19 (2012)
Caucasian TFV TFV induced-KTD CC CC9(60.0); TT1(6.7); CT5 Danjuma et al.
(333)n=15 (2018)
ABCC4 4131T/G Thailand TFV Increased TFV plasma  TG/GG TT 34 (22.7); TG 80 (53.3);  Rungtivasuwan et al.
(rs3742106) concentration GG 36 (24.0) n = 150 (2015)
ABCCI1 198217C/T Brazilian Zidovudine, Lamivudine, Increased risk of CC CC 62 (84.9); TC 10 (13.7);  Coelho et al. (2013)
(rs212091) Efavirenz/Nevirapine; virological failure CC1(14)n=73
ABCBI 3435C/T Lopinavir/Ritonavir TT CC 37 (50.7); CT 25 (34.2);
(rs1045642) TT 11 (15.1) n =73
ABCC4 4976C/T Thailand TFV TFV induced-KTD CC CC20(37.0); TT9(16.7); CT  Likanonsakul et al.
(rs1059751) 25 (46.3) n = 54 (2016)
ABCC4 3436A/G Caucasian TFV TFV induced-KTD GG AA 27 (64.3.); AG 9 (21.4);  Salvaggio et al.
(rs1751034) GG 6 (143) n =42 (2017)
SLCOI1BI1 463C/A African Rifampin Low plasma CC CC30(81); CA7(19)n=37 Weiner et al. (2010)
(rs11045819) concentrations
Ghanaian Rifampin High plasma CcC CC95(84.1); CA17 (15); AA Dompreh et al.

concentrations

1(0.09) n =113

(2018)

expression levels; impacting drug pharmacokinetics differently as
reviewed by Rajman et al. (2020). The presence of the SLCOIBI
SNP 463C/A 1511045819 encoding the OATP1BI1 protein was
shown to impact rifampin pharmacokinetics differently in
African populations (Weiner et al., 2010; Dompreh et al,
2018). A study by Weiner et al. (2010) showed that a high
frequency of the CC genotype for the SLCOIBI 463C/A
(rs11045819) gene was

in African

associated with low rifampin

concentrations individuals during multidrug
intensive therapy against TB (Weiner et al, 2010). However,
in an African Ghanaian population also exhibiting a high
frequency CC genotyping for the same gene taking standard
first-line TB therapy; no effect on rifampin was observed
(Dompreh et al,, 2018) Table 3. Similarly studies by Chigutsa
et al. (2011) and Gengiah et al. (2014) on the SLCOIBI
(rs4149032) SNP both reported an associated between high
SNP frequency and low rifampin plasma concentrations in TB
and HIV-TB co-infected South African individuals taking
rifampin (Chigutsa et al,, 2011; Gengiah et al, 2014). This
association was however, not observed in a TB infected
Ghanaian population taking standard first-line TB therapy
containing rifampin which also exhibited a high frequency for
this SNP (Dompreh et al., 2018). The effect of the ABCBI SNP
4036G/G (rs3842) encoding P-gp on efavirenz was evaluated in
different African populations. In an HIV infected South African
population the AG and GG genotypes were significantly
associated with decreased efavirenz plasma concentrations
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(Swart et al.,, 2012), however the GG genotypes in a healthy
Ugandan population was associated with higher efavirenz plasma
concentrations (Mukonzo et al., 2009). Similarly in Ethiopian
and Tanzanian HIV infected populations the presence of the G
allele was associated with higher efavirenz plasma
concentrations, with higher frequency of the G allele observed
in Tanzanians (Ngaimisi et al., 2013). These data indicated that
the effects of SNPs may differ among African populations;
therefore, in order to make definitive conclusions that a SNP
affects the African population in a certain way, the functional or
expressional effect SNPs should be tested among a wide range of
different African populations as reviewed by Rajman et al. (2020).
Despite the small sample size and sparsity of these data in various
studies with African populations as reviewed in Rajman et al.
(2020), these data do add to the understanding of how SNPs can
impact drug pharmacokinetics in the African population.
Together these studies could be used to adjust the standard
recommended dose of ARV and TB drug for the African
population that accounts for the presence of SNPs (Dandara
et al., 2011; Rajman et al.,, 2020).

The effects of SNPs on drug transporter genes have also been
associated with increased plasma concentrations of TFV. Studies
on an HIV-infected cohort in Thailand showed higher TFV
plasma concentrations in patients with the CC genotype on
the ABCC2 224C/T gene (rs717620) encoding MRP-2
compared to patients with the ABCC2 TT or CT genotypes

(Table 3) (Manosuthi et al., 2014). Similarly, another Thailand
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study by Rungtivasuwan et al. (2015) reported higher TFV
plasma concentrations in HIV infected patients with the
ABCC4 4131 (rs3742106) TG or GG genotypes (encoding
MRP-4) compared to patients with the ABCC4 TT genotype
(Table 3) (Rungtivasuwan et al., 2015). These studies proposed
that polymorphisms in these drug transporter genes may alter
their gene expression or function in renal tubules leading to more
effluxed drug and reduced glomerular filtration which is involved
in TFV renal clearance; resulting in higher plasma concentrations
(Manosuthi et al., 2014; Rungtivasuwan et al., 2015). A more
recent study also showed in an HIV infected Caucasian
population a significant association of the CC genotype in the
ABCC2 224C/T gene with high TFV plasma concentrations,
resulting in an increased risk of TFV induced-kidney tubular
dysfunction (KTD) (Table 3) (Danjuma et al.,, 2018). Nishijima
et al. (2012) previously confirmed that the CC genotype in the
ABCC2 224C/T gene leads to high TFV plasma concentrations
resulting in the induction of KTD or renal toxicity in Japanese
patients (Table 3) (Nishijima et al., 2012). While the presence of
the TT genotype in the ABCC4 4131T/G gene was not associated
with TFV induced-KTD, the study attributed these findings to
inter-individual variability in genetic backgrounds, which may
cause patients to respond differently to the same drug (Kerb,
2006; Nishijima et al., 2012). Other SNPs on the ABCC4 gene that
have been associated with increased plasma TFV concentrations
were evaluated in two studies; in an infected population from
Thailand with the C allele on the ABCC4 4976C/T gene
(Likanonsakul et al, 2016), and in a Caucasian population
with GG genotype on the ABCC4 3436A/G gene (Salvaggio
et al., 2017).

Reports obtained from these studies highlight the importance
of understanding how the presence of SNPs may affect the
efficacy of ARVs by affecting drug transporters’ expression
and function. Furthermore, these findings could be used to
identify populations who are at a higher risk of developing
adverse effects due to the presence of certain SNPs. However,
most of these studies on SNPs in drug transporter genes affecting
ARVs have been performed in non-African populations. Since
SNP frequency differs significantly among different ethnic
populations, more comprehensive investigations of SNPs in
drug transporter genes are required, especially in the
populations of African ethnicity. Data from populations of
African descent will help us better understand how genetic
diversity within these populations and SNPs influence drug
transporter genes and subsequently lead to effective or
ineffective therapy.

Pharmacogenetic research on polymorphisms present in
drug transporter and drug-metabolizing genes is also vital in
precision medicine, which enables the tailoring of effective
therapies based on patients’ genetic backgrounds (Hockings
et al,, 2020). The advantage of a precision medicine approach
is the ability to predict putative ineffective therapies and possibly
reduce adverse reactions (Hockings et al., 2020). Since there are
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reports of increased adverse reactions in patients in populations
of African ethnicity taking ARVs, precision medicine is highly
important in HIV prevention and treatment (Hockings et al.,
2020). Patients taking ARV regimens containing EFV in SSA
were predisposed to EFV-induced neuropsychiatric adverse
reactions, due to specific genetic variants that reduced the
functionality of cytochrome P450 2B6 (CYP2B6) the enzyme
involved in EFV metabolism (Masimirembwa et al., 2016). One
of the genetic variants of CYP2B6 516G>T (rs3745274) reported
a frequency of 34%-50% in African populations compared to
15 and 20% in white populations (Masimirembwa et al., 2016).
However, when the EFV dosages in ARV regimens were further
titrated and reduced, there was improved EFV metabolism
leading to significantly reduced neuropsychiatric adverse
reactions (Gatanaga et al., 2007; Masimirembwa et al., 2016).
These disparities in frequencies between the populations could
lead to varied enzyme metabolism when similar drugs are used
which may lead to ineffective drug metabolism and availability.
This data highlights the importance of using pharmacogenetic
research in guiding the development of precision medicine,
especially in highly affected populations ensuring effective
drug dosing, delivery, and metabolism.

7.2 Genital inflammation

Genital tract inflammation has been identified as an elevated
profile of five of any of the nine pro-inflammatory cytokines
(MIP-1a, MIP-1B, IP-10, IL-8, MCP-1, IL-1a, IL-1p, IL-6, and
TNF-a) above the 75th percentile for each cytokine in a previous
CAPRISA study (Abdool Karim et al., 2010; Masson et al., 2015)
Genital inflammation creates an environment conducive for HIV
infection and replication (McKinnon et al,, 2018) increasing the
risk for HIV by more than three-fold (Masson et al.,, 2015). The
role of genital inflammation in undermining PrEP efficacy was
demonstrated in a study by McKinnon et al. (2018). A 57%
protective efficacy was found in women with no genital
inflammation compared to 3% in women with genital
2018). Although the
mechanisms to explain why some people have comparatively

inflammation (McKinnon et al.,

high levels of genital inflammation while others do not are not
fully understood, a likely driver of genital inflammation is
bacterial vaginosis (BV), a microbial dysbiosis common in
reproductively active women (Klatt et al., 2017). BV also plays
a role in significantly modifying PrEP efficacy (Klatt et al., 2017).
Klatt et al. (2017) showed that TFV gel reduced HIV incidence by
61% in women with a Lactobacillus dominant vaginal
microbiome compared to only 18% in women with a non-
Lactobacillus dominant vaginal microbiome (Klatt et al,
2017). Furthermore, sexually transmitted infections (STIs)
(Masson et al.,, 2014) and exogenous hormonal contraceptives
(HCs) (Deese et al., 2015) are also significantly associated with
genital inflammation, through the secretion of pro-inflammatory
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cytokines (Masson et al, 2014; Deese et al, 2015). The
mechanisms by which all these factors individually or
collectively interplay with drug transporter disposition, drug
levels and in turn PrEP efficacy remains less well defined.

7.2.1 Role of inflammation-induced cytokines, in
modulating drug transporter expression and
function

The impact of inflammation on drug transporter expression
and function has been examined in tissues of the intestines,
kidneys, and blood-brain barrier (Petrovic et al., 2007; Saib and
Delavenne, 2021). Despite the lack of data regarding the direct
mechanisms involved; inflammation-mediated changes in drug
transporter expression and function have been implicated in
significantly impacting drug pharmacokinetics (Petrovic et al.,
2007; Cressman et al., 2012). In an in vitro study, human brain
cell lines (\CMEC/D3) treated with IL-6 and IL-1p, resulted in
the downregulation of BCRP and P-gp expression levels (Poller
et al., 2010). Additionally, the induction of IL-6 and IFN-y on
primary human hepatocytes was also shown to downregulate the
mRNA expression levels of the efflux drug transporters BCRP,
MRP-2, and MRP-3 and influx/uptake drug transporters OATP
(-2B1,-1B1,-1B3) (Le Vee et al, 2009; Le Vee et al, 2011).
Previous studies corroborated similar findings of inflammation
IL-6 induced downregulation of P-gp expression on rat
hepatocytes and human hepatoma cell lines (Sukhai et al.,
2000). Similarly human cell line Caco-2 pre-treated with TNF-
a significantly decreased intestinal P-gp expression, while IFN-y
had no effect (Belliard et al., 2004). In rats with endotoxemia,
high levels of IL-6 and IL-1p reduced the mRNA expression levels
of P-gp and MRP-2 in intestinal tissues (Arana et al., 2017). This
lipopolysaccharide-induced endotoxemia in rats model showed
that there was IL-1p induced downregulation of MRP-2 in
enterocytes (Arana et al, 2020). These various cellular and
small animal models demonstrate how infection and
inflammation-induced ~ cytokines can  modulate  drug
transporter disposition. The caveat to the methods used in
these models is that mRNA expression levels may not directly
reflect functional proteins expressed. Future investigations are
therefore required and should include both mRNA expression to
its corresponding protein. There are also other biological factors
related to inflammation that could also affect drug transporter
disposition.

7.3 Role of toll-like receptors and pH in
modulating drug transporter expression
and function

7.3.1 Toll-like receptors-induced inflammation
TLRs are pattern recognition receptors, these receptors

recognise pathogen-associated molecular patterns located on

microbes  for Pam3CSK-4  and

various example
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lipopolysaccharide (LPS) which are TLR-2 and TLR-4
agonists, respectively (Cario, 2016; Suzuki et al.,, 2017). TLRs
are activated by the binding to their respective agonists. This
interaction causes the stimulation of appropriate signalling
pathways in innate and adaptive immune cells which then
regulate drug transporter expression levels (Cario, 2016;
Suzuki et al, 2017). These TLR-mediated changes in drug
transporter expression have been evaluated in the progression
of atherosclerosis. To determine which downstream
transcriptional signalling pathways were involved in this
interaction; in-vitro testing using mouse macrophage cell lines
(Raw 264.7) stimulated with TLR-2 and TLR-4 agonists
Pam3CSK-4 and Lipid-A, respectively; were performed
(Suzuki et al, 2017). Expression of myeloid differentiation
primary-response protein 88 (MyD88), Toll/interleukin-1-
domain-containing adapter-inducing interferon p (TRIF), liver
X receptors (LXR), interferon regulatory factor 3 (IRF3), and the
phosphorylation of nuclear factor kappa B (NF-kb) were
determined with TLR-2 and TLR-4 activation. These results
showed a differential pattern of significantly increased
MyD88, LXR and NF-kb expression and low TRIF and
IRF3 expression (Suzuki et al., 2017). This coincided with the
significant upregulation of ABCAI expression levels, while
ABCG1 expression levels were downregulated. TLR-2
stimulated cells pre-treated with NF-kb and p38 inhibitors
MG-132 and SB203580, respectively suppressed the expression
of ABCAI. These data provided evidence of the sensitivity of drug
transporter expression to signal transduction-the MyD88, LXR,
NE-kb and p38 pathways. These data provide support to the
hypothesis that inflammation modulates the expression of drug
transporters which can then lead to disease pathogenesis (Suzuki
et al,, 2017).

7.3.2 Sensitivity of drug transporter function
to pH

The level of acidity or alkalinity (pH) in extracellular fluids is
an additional factor that has been shown to modulate drug
transporter function (Breedveld et al., 2007). The function of
the efflux drug transporter BCRP was determined in Madin-
Darby canine kidney (MDCK II) cells grown in pH adjusted
media and exposed to methotrexate (MTX). At acidic pH levels,
the efflux transporter BCRP pumped out MTX more efficiently
when compared to physiological and basic pH levels. This data
highlighted the possible clinical implications that the function of
BCRP is pH-sensitive in the extracellular environment, thereby
affecting intracellular concentrations and the effectiveness of
MTX (Breedveld et al., 2007). These data suggest that pH is
an additional factor that can also modulate drug transporter
function which can then affect the effectiveness of drugs
(Breedveld et al., 2007).

Collectively these studies demonstrate how inflammation-
induced cytokines and TLRs are involved in regulating the
expression of drug transporters in various tissues;
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Drug transporter expression & function

Genetic polymorphisms
(SNPs)

FIGURE 2

Genital inflammation

Proposed mechanism of effects on drug transporter expression and function. The schematic shows the intersection of different biological
factors and SNPs in drug transporter genes that affect drug transporter expression in the FGT, renal system and blood, subsequently affecting PrEP
efficacy. Genital inflammation and SNPs are known to directly affect drug transporter expression and functionality, while the combined use of HCs
and ARVs also affects drug transporter expression and function. Additionally, the presence of STIs and BV are shown to contribute to genital
inflammation which in turn affects drug transporter expression and function. HC, Hormonal contraceptives; BV, Bacterial vaginosis; STls, Sexually

transmitted infections.

subsequently intracellular drug

concentrations, thereby affecting drug pharmacokinetics

altering and plasma
and efficacy. Inflammation mediated changes in drug
transporter expression are however mostly based on animal
models and cell lines (Cressman et al., 2012; Saib and
2021),
comparative in-vivo human studies. Future studies should
also elucidate how BV, HC and STIs-induced genital
inflammation contribute to drug transporter expression and
subsequently, to HIV
infections, even during PrEP intake. Therefore, additional

Delavenne, thereby warranting the need for

function, predisposing women
studies are needed to understand the interplay between
inflammation and drug transporter expression, especially in
sites highly susceptible to HIV such as the FGT and blood.
Findings from such studies would provide a better
understanding of how the presence of systemic and genital
inflammation may alter drug transporters subsequently
affecting ARV pharmacokinetics. Further elucidation of
these factors either individually or collectively will aid in
understanding disparities in PrEP efficacies observed in
PrEP This is

susceptible groups such as African women from HIV

trials. especially important in highly
endemic settings where PrEP is advocated as the standard
of care for HIV prevention.

Together these studies show evidence that there may be an
inextricable link between the expression and function of drug
transporters with genetic polymorphisms, TLRs, pH and genital
inflammation, which is further influenced by the presence of BV,

STIs and HCs (Figure 2). Subsequently these factors may
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significantly affect drug concentrations and potentially drug
efficacies.

8 Conclusion

The current review provides evidence that the FGT, renal
system and blood are subject to a variety of host biological
factors that may undermine PrEP efficacy by affecting drug
transporter expression levels and function. These afore-
mentioned studies

show how drug transporters are

increasingly recognised as key determinants in drug
pharmacokinetics and response. However, their contributions
to the inconsistent efficacies seen in PrEP clinical studies in
African women from regions with high HIV infection rates such
as South Africa, have not been elucidated. Characterising the
expression level of drug transporters in the blood and FGT from
a vulnerable population will better define the biological factors
underlying compartment variation in drug exposure during oral
PrEP in at-risk African women. In turn, we may be able to better
understand why African women remain susceptible to HIV
despite PrEP interventions. Additionally, findings from such
studies will shed an important light on how the genetics and the
biology of the mucosal environment may play a pivotal role in
modifying drug transporter expression, subsequently
modulating HIV risk. Understanding these data may also aid
in the development of more effective, safe and optimal delivery
systems that facilitate consistent effective dosage and usage of

appropriate PrEP drugs.
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SNPs in drug transporter genes increase circulating plasma tenofovir drug
levels in healthy South African women exposed to PrEP
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Conclusion
High plasma tenolovir-Siphosphate drug levels in healthy South African women taking oral PrEP were significantly associated with three SNPs in the ABCCH4 gene
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Conclusio

Our findings suggested that ABCC4 SNPs affoct

drug fransporter mRNA expression and  dirculating

tenofovir differently in Afiican women on oral PrEP.

+The ABGCA 3463CT SNP was associeled with
higher  plasma  tenofovir,  suggesting  reduced
intracallular tencfovir, affacting PrEP efficacy.

+The ABCC4 4978A/G SNPs was associated with
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mMRNA expression was also observed, which would
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women towards implementing a presision medicine
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|__Results |

SNPs in the ABCC4 gene alter circulating tenofovir differently
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One ABCC4 SNP is associated with altering ABCC4 mRNA expression levels

Kruskal-Wallis tosts suggested:
“»In the female genital tract no significant associations betwaen all SNPs and drug transporter MRNA expression |evels were observed.
<*In the blond only the ABCC4 4976A>G SNP was significantly associated with increased drug transporter mRMNA expression. For this
SNP ABCC4 mRNA expression levels for individusls with the AA genotype were significantly hipher when compared to individuals with
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