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Abstract

Preexposure prophylaxis (PrEP) is a powerful tool that, as part of a comprehensive prevention package, has potential to significantly impact the HIV
epidemic. PrEP effectiveness is believed to be dependent on the exposure and efficacy of antiretrovirals at the site of HIV transmission. Clinical trial
results as well as modeling and simulation indicate the threshold of adherence required for PrEP efficacy of emtricitabine/tenofovir disoproxil fumarate
may differ between sites of HIV transmission with less forgiveness for missed doses in women exposed through genital tissue compared to people
exposed through colorectal tissue. This suggests a role for local and host factors to influence mucosal pharmacology. Here we review the mucosal
pharmacology of antiretrovirals in the female genital tract and explore potential determinants of PrEP efficacy. Host factors such as inflammation,
coinfections, hormonal status, and the vaginal microbiome will be explored as well as the role of drug-metabolizing enzymes and transporters in
regulating local drug exposure. The use of preclinical and early clinical models to predict clinical effectiveness is also discussed.
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Of the approximately 2 million new global HIV infec-
tions each year, nearly half are in women.1 Exposure
by heterosexual vaginal intercourse remains the most
significant risk factor for women. The female genital
tract, therefore, is of pertinent interest both for studying
HIV transmission events and for targeting prevention
interventions.

Drug exposure, and therefore efficacy, can be af-
fected by the complex mucosal environment of the
female genital tract (Figure 1). Extrapolating dose-
exposure-response relationships derived from systemic
(ie, blood) drug exposure may not be appropriate due
to differences in the expression and activity of drug-
metabolizing enzymes and transporters. Furthermore,
the female genital tract is subject to both immunologic
and hormonal modulation that may further complicate
interactions between drug and virus in this compart-
ment. In this article we describe what is known about
the pharmacology of antiretrovirals in the female gen-
ital tract and highlight areas that require investigation.
This review is done in the context of antiretrovirals for
preexposure prophylaxis (PrEP) for women, although
some of the principles may apply for other therapeutic
areas where local drug efficacy in the female genital
tract is critical for therapeutic success.

Heterosexual Transmission and Anatomy
of the female genital tract
The female genital tract is a system with 4 primary
functions: (1) transport of gamete and embryo to the

uterus, (2) outflow of uterine shedding and vaginal
secretions, (3) birth canal, and (4) protection against
microbial infections. Given these primary functions,
the distinct sections of the female genital tract work
in coordination under both hormonal and immune
regulation. All regions are composed of a wall of
smooth muscle, an inner mucosal lining, and an outer
layer of loose supporting tissue. The “upper” genital
tract, consisting of the fallopian tubes, uterus, and
endocervix, the outer layer, is composed of single-
layered columnar epithelium, whereas the “lower” gen-
ital tract, consisting of the ectocervix and the vagina,
is covered with a single layer of stratified, squamous
epithelium. Throughout life, morphologic changes oc-
cur in response to reproductive hormones (discussed
in Venkatesh et al3). In particular, cervical ectopy, or
extension of the columnar epithelium of the endo-
cervix into the ectocervix, is more common in adoles-
cents during puberty due to increased estradiol and in
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Figure 1. Potential modifiers of antiretroviral efficacy in the female
genital tract. Drug efficacy in the female genital tract is likely depen-
dent on the concentration-response relationship within the mucosal
tissue. Depending on the route of drug delivery, concentrations of
antiretrovirals in the female genital tract are highly variable and may
be influenced directly or indirectly by hormone and/or inflammation
status. In addition, the concentration of HIV target cells can affect
risk of HIV acquisition; this may affect the potency of antiretrovirals
to prevent HIV infection. HIV target cell expression can also be
affected by hormonal and inflammatory regulation. The net effect of
these complex and intertwined interactions is difficult to predict. HRT,
hormone replacement therapy.

pregnancy due to hyperplasia induced by reproductive
hormones.

The availability of HIV target cells throughout the
female genital tract has been extensively described.4

Studies of simian immunodeficiency virus transmission
in macaques have suggested that the first cells infected
in mucosal transmission are resting CD4+ T cells.2

Although CD3+ T cells are expressed throughout the
female genital tract, in contrast to peripheral blood,
CD8+ outnumber CD4+,5 perhaps explaining the
relatively low efficiency of vaginal HIV acquisition
compared to parenteral or colorectal exposures.6 Like
morphology, cell populations, whether due to hor-
monal, immunological, or normal aging processes, are
also dynamic. This is discussed in greater detail below.

This diverse and dynamic environment influences the
susceptibility to HIV infection and may influence how
PrEP is targeted to women. To establish infection, the
HIV virion must first cross the mucosal barrier. The
endocervix and the cervical transformation zone have
been primary foci because of the less robust barrier
function of the columnar epithelium of the upper
female genital tract. In addition, the large surface area
of the uterine endometrium and the presence of HIV
target cells do not preclude this compartment from
being at risk, as indicated in a macaque study that
found ovarian and endometrial infected cells following
vaginal simian immunodeficiency virus challenge.7 In
contrast, the vulnerability of the lower genital tract
tissues such as ectocervix and vagina has been largely
ascribed to breaches in the epithelium from trauma
or ulcerative infections. Shen et al have observed that,

even with intact epithelium, dendritic cells, in their role
as an antigen-presenting cell, may play a role in the
trafficking of virus across the membrane, suggesting
another means by which the lower female genital tract
may be susceptible to HIV infection.8 One human
study that used simulated vaginal intercourse showed
that distribution of cell-free and cell-associated HIV
surrogates was limited to the vaginal lumen with none
detected in the uterus.9

Therefore, given that vulnerabilities toHIV infection
exist throughout the entire female genital tract, as
described in Figure 2, prevention interventions should
provide adequate coverage for all compartments along
the female genital tract. Drug exposure in the female
genital tract has been extensively discussed previously.10

Overall, drug exposure in the female genital tract is
highly variable, even between drugs with similar struc-
tures and physiochemical properties such as lipophilic-
ity and protein binding, making exposure difficult to
predict.11 Differences in drug exposure between differ-
ent compartments of the female genital tract, however,
have not been well explored. The majority of studies
have focused on drug disposition in the lower female
genital tract due to accessibility of sampling. In 1 small
study, Rahagandale et al looked at drug concentrations
of tenofovir and emtricitabine in endometrial biop-
sies collected from endometrial pipelle in HIV-positive
women; they found concentrations comparable to or
slightly higher than concentrations reported for lower
female genital tissues.12 These limited data provide
some confidence that, for at least these compounds, if
sufficient exposures are achieved in the lower female
genital tract, the upper female genital tract should
be similarly covered.13 Within each tissue compart-
ment, differences between cell types may also play a
role. Although highly variable, some reports suggest
that tenofovir diphosphate (TFVdp) kinetics differs
across cell types within cervical tissue. Louissaint et al
estimated median (interquartile range) TFVdp half-
lives of 34 (21, 40), 82 (43, 89), and 60 (52, 72)
when measured by cervical tissue homogenate, total
disaggregated cells from a cervical biopsy, and isolated
cervical CD4 cells, respectively.14 More research in this
area is needed but is limited by the small number
of cells in a typical biopsy and assay limitations for
quantification. Concentrations in vaginal CD4+ cells
correlated well with vaginal tissue homogenate (r =
0.74, P < .01), suggesting that homogenates may be
appropriate surrogates for exposures in target cells.14

Role of Drug-Metabolizing Enzymes and
Transporters in Female Genital Tract
The role of antiretroviral drugs (ARVs) as preexposure
prophylaxis is complicated by the interplay that a
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Figure 2. Vulnerabilities to HIV along the female genital tract.The upper female genital tract—fallopian tubes, uterus, and endocervix—are comprised
of a single layer of columnar epithelium. HIV target cells are present throughout these tissues, and, following sexual intercourse, semen can be
transported to the uterus and the oocytes. Coupled with the large surface, these factors indicate that HIV prevention efforts should consider the
upper female genital tract as a site vulnerable to HIV infection. Less is known about the pharmacologic factors related to the upper female genital
tract such as drug exposure, transporter expression, and local mechanisms of metabolism. The lower female genital tract—ectocervix and vagina—is
comprised of multiple layers of squamous epithelium.Differences in pharmacologic factors between the cervix and lower female genital tract have not
been well defined, so these are displayed together. Epithelial breaches from trauma, particularly during sexual intercourse, are not uncommon.Cervical
ectopy, common in pregnant women or women on hormonal contraception, may increase HIV risk because it increases surface area of endocervical
columnar epithelium.HIV target cells are present throughout the lower female genital tract.As the site for many sexually transmitted infections (STIs),
tissues are susceptible to inflammatory conditions, which may alter HIV risk and expression of target cells. Changes in microflora in the vaginal tract
can affect HIV susceptibility as well as interactions with local drug concentrations. High expression of efflux transporters in vaginal epithelium may
also contribute to low drug exposure in vaginal tissue. In addition, high concentrations of endogenous nucleotides in cervical and vaginal tissue have
been documented and may necessitate higher exposures to nucleotide-based PrEP interventions.

variety of drug-metabolizing enzymes and transporters
play. Several ARVs currently used in practice are sub-
strates for these transporters and enzymes, making
them an interest of current research.15,16 Included in
this group are cytochrome P450 enzymes, ATP-binding
cassette efflux transporters and solute carrier (SLC)
uptake transporters to name a few. The expression of
several of these drug-metabolizing enzymes and trans-
porter classes has been identified in the female genital
tract17–19 and therefore their activity may influence
achieving proper drug accumulation required for PrEP.

The ATP-binding cassette superfamily includes
P-glycoprotein (P-gp), breast cancer resistant protein
(BCRP), and multidrug resistance-associated proteins
(MRPs).15,16,20,21 Several efflux transporters, including
P-gp, MRP4, and BCRP, are expressed at the pro-
tein level in the female genital tract and therefore
may have an effect on drug distribution in this tissue
compartment.17,19 For example, tenofovir, 1 of the
agents in the currently approved PrEP product, is a
substrate for MRP4.22 The presence of high MRP4 in
vaginal epithelium compared to colorectal epithelium
at both genetic and protein level17 may account for
the increased accumulation of tenofovir in the col-
orectal compared to cervicovaginal mucosa.13 This is
consistent with functional studies performed in amouse
model that found that MRP4 inhibitors significantly
affected the disposition of tenofovir gel in genital

tissues.23 Similarly, the presence of P-gp in vaginal
mucosa may indicate difficulty in reaching appropriate
drug concentration within the female genital tract, as
several ARVs being considered for PrEP, includingmar-
aviroc, darunavir, raltegravir, and cabotegravir, have
been identified substrates of P-gp.15,24 With the excep-
tion of cabotegravir, these drugs appear to penetrate
well to the female genital tract, although exposures
are consistently lower than in colorectal tissue,25,26

consistent with higher P-gp expression observed in
vaginal tissue over colorectal tissue at mRNA level.17

In addition to P-gp, cabotegravir has also been iden-
tified as a BCRP substrate; however, due to its high
membrane permeability, the effect of transporters on
cabotegravir transport may be clinically insignificant.24

Because target concentrations required for protection
in the female genital tract have not been defined for
the majority of these drugs, more research is needed
to determine whether modulation of drug transporters
could influence local tissue concentrations to a degree
that plays a significant role in drug efficacy.

Within the solute carrier superfamily, of most inter-
est to HIV therapy are the organic anion-transporting
polypeptides (OATPs), organic anion/cation trans-
porters, and the equilibrative/concentrative nucleoside
transporters (ENTs, CNTs). The role of OATP trans-
porters on ARV disposition has been mainly studied in
other organs15; to date no OATPs have been found to
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be expressed in the female genital tract.17,27 Tenofovir
can be transported by OAT transporters.28 Both Nicol
et al and Zhou et al found only low or moderate
levels of mRNA for OAT transporters in human ecto-
cervix and vagina relative to human liver.17,18 Through
additional immunohistochemical staining, Nicol et al
further found no protein expression of OAT1 in human
vagina or ectocervix, suggesting that this transporter
is unlikely to have a significant role in drug distribu-
tion in the female genital tract.17 Nucleoside reverse
transcriptase inhibitors are readily transported by the
CNT and ENT subfamily due to the transporters’
affinity for nucleoside analogues. These transporters
are ubiquitously expressed throughout the body,29 in-
cluding in the female genital tract, although only the
mRNA level has been assessed in this compartment.18

Therefore, CNTs and ENTs may have the potential to
influence local ARV distribution; however, their role in
this compartment has never been directly studied, and
further proteomic and functional data are needed.

The cytochrome P450 (CYP) superfamily of en-
zymes has long been known to account for the phase
1 metabolism of many clinically used drugs, including
ARVs. CYP enzymes are highly expressed in the tissues
of the liver and account for much of the metabolism
of xenobiotic compounds in the body. It is currently
unknown whether topically applied vaginal microbi-
cides, such as ones used in PrEP, are metabolized
locally in mucosal tissues. Research performed by To
et al identified higher protein expression in vaginal
tissues of CYP2B6, -2C19, and -3A4 in the female
genital tract compared to colorectal tissues.30 They
also measured, ex vivo, the metabolism of maravi-
roc and dapivirine in vaginal and colorectal explants.
Lower levels of monooxygenated metabolites of mar-
aviroc were found in vaginal compared to colorectal
tissues, whereas higher concentrations were found for
dapivirine, suggesting differential metabolism pathways
between tissue compartments. This is consistent with
in vivo findings. Following oral administration of mar-
aviroc, Dumond et al reported steady-state area under
the concentration-time curve (AUC) in vaginal tissue
is 1.9-fold higher than blood plasma AUC.31 This is
in contrast to Brown et al, who reported colorectal
tissue exposures 27-fold higher than those in blood
plasma.32 In contrast to To et al, Zhou et al, using
reverse transcriptase polymerase chain reaction in hu-
man ectocervix, did not detect many major isoenzymes
involved in phase 1 metabolism of xenobiotic com-
pounds, notably CYP3A4.18 In particular, Zhou et al
did not look for expression of these enzymes in vaginal
tissue (only cervix), which may in part explain the
discrepant findings with To et al.

Phosphorylating enzymes and nucleotidases may
also be important in the success of nucleotide/

side-based PrEP. The only currently approved PrEP
therapy is a combination of 2 nucleotide/side ana-
logues, tenofovir and emtricitabine. Both of these com-
pounds must undergo multiple phosphorylation steps
by intracellular kinases to become pharmacologically
active. Although current research on the activation of
TFV in the female genital tract is lacking, a study
carried out by Lade et al suggested several kinases,
notably adenylate kinase 2, pyruvate kinase muscle, and
pyruvate kinase liver/red blood cell,were responsible
for the transformation of TFV to the active metabo-
lite of TFVdp in peripheral blood mononuclear cells
(PBMCs) and female genital tract biopsies, differing
from the kinase activity observed in the colorectal
tissues which relied on adenylate kinase 2 and creatinine
kinase muscle.33 Genetic diversity in these enzymes, as
well as those responsible for FTC activation, may also
impact local drug disposition, but due to low levels
of polymorphisms in these specific kinases, the overall
impact at the population level may be low.34 Further
research must be conducted to gain a clearer picture of
these mechanisms and their connection to the success
of PrEP therapy.

Endogenous concentrations of molecules dATP and
dCTP may be another factor influencing nucleotide/
side-based PrEP in the female genital tract. The phos-
phorylated metabolites of nucletotide/side analogues
actively compete against these endogenous nucleotides
to be incorporated into theHIVDNAbyHIV-1 reverse
transcriptase, an event that blocks further replication.35

A study by Cottrell et al identified that the amount of
endogenous nucleotides was 7-11 times higher in the
female genital tract compared to colorectal tissues.36

These higher concentrations may indicate a need for
higher exposures of nucleotide/side PrEP agents to out-
compete the endogenous substrates for incorporation
into the proviral DNA strand. Use of the molar ratio
between nucleotide metabolites and endogenous sub-
strates inmodeling studies suggests alignmentwith real-
world observations of tenofovir disoproxil fumarate/
emtricitabine (TDF/FTC) PrEP efficacy (see Popula-
tion Pharmacokinetic/Pharmacodynamic Modeling).

Role of Inflammation and Coinfections in
Regulating Drug Efficacy in the Female
Genital Tract
Inflammation in female genital tissues is not uncom-
mon, especially in the setting of sexually transmitted
infections (STIs).37 Unprotected sexual intercourse is a
risk factor for acquisition of both HIV and other STIs.
This is demonstrated by the high prevalence of STIs in
the at-risk female participants of the PrEP studies.38–40

Much research has looked into the role that inflam-
mation plays in susceptibility to HIV infection.41,42
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The presence of inflammation may facilitate HIV
transmission by recruitment or increased expression
of HIV target cells, CD4+ CCR5+ T cells.43 It is
not known, however, whether increased susceptibility
translates to changes in drug potency. McKinnon et al
examined cytokine profiles from cervicovaginal fluid
from 774 women in the CAPRISA 004 study and
found that inwomenwith genital inflammation (defined
as elevated concentrations of �3 proinflammatory
cytokines), tenofovir gel resulted in 3% (95%CI –104
to –54%) protection against HIV infection compared
to 57% (95%CI 7% to 80%) in women with no genital
inflammation.44 Importantly, this lack of tenofovir
gel efficacy was observed even among women consid-
ered highly adherent to therapy where protection was
–10% (95%CI –184% to 57%). The mechanism of this
undermining of PrEP efficacy is not fully known, and it
is not clear whether a similar effect would be expected
from oral or systemically delivered tenofovir or from
the vaginal ring dapivirine. Higher rates of genital
inflammation in young (<25 years old) women42 may
have contributed to the age-dependent effect observed
in the vaginal ring trials, although adherencewas clearly
a large driver of this discrepancy.45,46

The potency of antiretrovirals relative to the ex-
pression of HIV target cells is likely dependent on the
mechanism of action for each respective drug class.
For competitive inhibitors such as the direct CCR5
antagonist maraviroc, an increase in CCR5 expres-
sion could conceivably require more drug coverage to
occupy receptors.47 The competing endogenous nu-
cleotides are thought to be more expressed in “acti-
vated” cells, and therefore, it is conceivable that in states
of inflammation, where immune cells become activated
and are more numerous, more drug would be required
to outcompete the endogenous nucleotides. For other
antiretrovirals that target the virus directly (integrase
inhibitors, protease inhibitors, nonnucleotide reverse
transcriptase inhibitors), the number of cell targets
may be less predictive. Inflammation may, however,
facilitate viral replication (and therefore number of
viral particles), as increasedHIV shedding in the genital
tract has been correlated to increased inflammation in
the presence of coinfections.48

Systemic inflammation can alter drug metabolism
by regulating the expression and activity of drug-
metabolizing enzymes and transporters, leading to
altered pharmacokinetics.49,50 The majority of data
available are derived from in vitro or animal studies
with limited data from human tissues. Generally, proin-
flammatory cytokines seem to have a repressive effect
on drug transporter expression and function, although
there are some exceptions. For example, a decrease
in P-gp expression has been observed in inflamed
intestinal epithelium.51 This may explain why patients

with inflammatory bowel disease have a nearly 5-fold
increase in plasma exposure to the P-gp substrates
propranolol and oxeprenol.52 In some cases the net
effect of inflammation on drug disposition is less clear.
For example, interleukin-6 leads to a reduction in
expression, whereas TNF-α, although also a proinflam-
matory cytokine, leads to an expression induction. The
knowledge of how most “inflammatory” disease states
affect expression of drug transporters is largely limited
to preclinical rodent models, which due to differences in
gene homology make translation to humans difficult,
or in vitro cell lines. Examples of how “local” inflam-
mation may affect local expression of transporters in
humans include changes in hepatic expression of trans-
porters in hepatitis C virus, changes in expression of
renal expression in glomerular nephritis, and changes at
the blood-brain barrier in neuroinflammation.53 None
of these is directly comparable to the setting of coinfec-
tions within the same tissue (mucosal epithelium) such
as occurs in STIs, and directed studies are needed to
fully understand the effect of STIs on local transporter
expression and function within the female genital tract
and to establish clinical relevance.

Although participants in PrEP studies have dis-
played a high prevalence of STIs at enrollment, per
protocol these STIs were soon treated and likely
resolved.54 Post hoc analyses of these studies did not
identify any significant differences in PrEP efficacy
between users with and without STI coinfection.38-40,54

Although no prospective clinical trials can directly
address the influence of ongoing STI on PrEP effi-
cacy, investigations in macaque models have shown in
vivo proof of concept that STIs may decrease PrEP
efficacy through pharmacologic mechanisms. Centers
for Disease Control and Prevention investigators found
that daily oral TDF + FTC protected 67% (4 of 6) of
macaques inoculated with chlamydia and trichomoni-
asis from HIV infection compared to 100% (6 of 6) of
macaques with no genital coinfections,55,56 suggesting
a modest decrease in PrEP efficacy in the presence of
these STIs. Endogenous nucleotides dATP and dCTP
measured in vaginal tissue homogenates were about 0.5
log higher in monkeys following STI infection com-
pared to measurements obtained before STI infection.
Interestingly, STIs appeared to significantly decrease
emtricitabine triphosphate (FTCtp) concentrations but
not TFVdp concentrations. Taken together, these data
are consistent with the concept that higher endogenous
nucleotides, coupledwith lower intracellular drug expo-
sure, may contribute to decreased efficacy of nucleotide
analogues in the setting of active coinfections.

A similar study was performed in macaques to
assess the effect of these STIs on the efficacy of TFV
gel.57 In contrast to the oral TDF regimen, 1% teno-
fovir gel, when applied 30 minutes before infectious
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simian/human immunodeficiency virus (SHIV) expo-
sure, protected all 6 monkeys from 16 weekly SHIV
inoculations. When the gel was applied 3 days before
inoculation—a regimen that was previously shown to
provide 74% efficacy in macaques58—this protection
fell to 60% (P= .07) in the presence of STI coinfection,
suggesting little to no impact of these STIs on the
efficacy of topically delivered TFV. TFVdp measured
in vaginal homogenates 2 hours postdose was 11-fold
higher in STI-infected animals, although the difference
was not statistically significant in this small sample size
(n = 4/group); this trend was consistent even up to
3 days after a single dose of 1% TFV gel. These findings
are in contrast to the findings with oral TDF/FTC and
suggest that STI modulation on TFVdp and FTCtp
may differ based on route of administration.

Role of the Vaginal Microbiome in
Regulating Drug Efficacy in the Female
Genital Tract
The microflora of a healthy female genital tract is
colonized predominantly by Lactobacillus. Bacterial
vaginosis (BV), defined as an overgrowth of atypical
bacteria relative toLactobacillus, is 1 of the most preva-
lent disorders related to a microbial imbalance in the
female genital tract. BV, although often asymptomatic,
can lead to increased risk of HIV acquisition through
increased inflammation and target cell recruitment as
well as direct compromise of the vaginal epithelium and
reduced barrier function.59 The indication that BV, or
altered microbial communities, could also undermine
PrEP efficacy was first described in a retrospective
analysis of the CAPRISA 004 study, which reported
a 3-fold higher efficacy of tenofovir gel in women who
were Lactobacillus dominant compared to women with
high amounts of Gardnerella vaginalis.60 To further in-
vestigate the mechanism for this, the group performed a
series of experiments that showed Gardenerella in vitro
cleaves tenofovir to adenine, its inactive metabolite. It
cannot be ruled out that that altered drug exposure is
achieved via an indirect mechanism, as dysbiosis can
also be associatedwith elevated inflammation and lower
pH. These findings were confirmed by retrospective
data from FAME04, a phase 1 study to assess the safety
of 1% tenofovir gel and 10 mg and 40 mg tenofovir
film.61 In this study day-1 and day-7 doses were di-
rectly observed, providing some objective control for
adherence. Higher concentrations of G vaginalis were
associated with lower tenofovir concentrations in both
cervicovaginal fluid and plasma in addition to lower
TFVdp concentrations in cervical tissue. Other markers
of BV including Nugent score and Atropium vaginae
were also associated with lower tenofovir and TFVdp
concentrations. In contrast, neither genital nor plasma

concentrations of dapivirine following film or gel use
in FAME04 were affected by microbial populations or
Nugent score.62

Although these data suggest that vaginal mi-
crobiome can modulate efficacy of locally applied
tenofovir, the effect of the microbiome following
oral/systemic dosing is less clear. A post hoc analysis of
the Partners PrEP study concluded that, even among
women with Lactobacillus-nondominant flora, soral
TDF + FTC still provided significant protection with
a 68% reduction in HIV infections among women with
detectable G vaginalis or Bacteriodes.63 However, the
rate of infections in the Lactobacillus-nondominant
group was nearly double that of the Lactobacillus-
dominant group. The findings from the Partners PrEP
study lend confidence that women with Lactobacillus-
nondominant vaginal flora still receive benefit from
TDF + FTC, but whether they are at greater risk
from drug failure with imperfect adherence requires
further study. Another study examined the effect of
the microbiome to modulate antiretroviral exposure in
female genital tract by quantifying drug from cervi-
covaginal lavages of HIV-positive women who were
virally suppressed without clinical symptoms of BV or
other STIs.64 This study reported that exposures were
significantly reduced by 3- to 5-fold (TFV), 1- to 2-fold
(FTC), or 2-fold (atazanavir) in “low and high diver-
sity” compared to “intermediate diversity.” The reason
for this bimodal effect and its clinical implications are
unclear, but further study of the interactions between
host flora and drug efficacy is warranted.

Role of Sex Hormones in Regulating
Drug Efficacy in the Female Genital Tract
The female genital tract is subject to a variety of
anatomical changes and hormonal fluctuations from
birth to menopause, and the implications of these
changes on HIV infectability and prevention research
have been discussed in detail elsewhere.3 Herein the
focus is to discuss available data on the pharmacologic
effects of the dynamic hormone profile of the female
reproductive cycle across a woman’s lifespan as well as
those effects of exogenously administered female sex
hormones.

Female Reproductive Cycle
Wira et al first described a window of vulnerability,
postulating that the delicate balance between immune
protection and reproductive capability would result in a
hormone-mediated period of reduced immune function
and heightened HIV infectability within the normal
female reproductive cycle.65 In this context, under-
standing the potential modulatory effects of hormones
on PrEP efficacy is of utmost importance in ensuring



Nicol et al 7

maximal protection, especially during this window of
vulnerability.

It has been well established that estradiol and pro-
gesterone heavily regulate immune function within the
female genital tract.66,67 In addition, these hormones
have been shown to mediate enzymes and transporters,
which could lead to altered pharmacology during times
of high or low hormone exposure. For instance, in cell
culture, treatment with estradiol and (to a lesser extent)
progesterone increased the expression and function of
the efflux transporter P-gp.68 Wira et al also demon-
strated that ex vivo treatment with estradiol increases
biological activity of 5′-nucleotidases (5′NT; a class of
enzymes involved in maintaining nucleotide balance)
in fibroblasts and epithelial cells isolated from female
reproductive tissue but were unable to detect any enzy-
matic activity in peripheral blood lymphocytes.69 These
enzymes dephosphorylate adenosine monophosphate
to adenosine (a precursor molecule in the dATP salvage
pathway) and may also dephosphorylate tenofovir.70

Therefore, this increased activity could reduce the con-
centrations of the phosphorylated drug moiety (and ul-
timately TFVdp) while they increase concentrations of
its competitive substrate (dATP). Alternatively, in vitro
treatment with estradiol has been shown to increase
activity of creatinine kinases in human bone cells,71

which could theoretically increase phosphorylation of
tenofovir into its active form.72 In cell culture exper-
iments, TFVdp formation was reduced by estradiol
treatment only when coadministered with progesterone
within CD4+ cells isolated from the female genital
tract but not from the blood.73 These data suggest that
tissue-specific hormonal modulation of these active
metabolites is possible and may provide a pharmaco-
logic explanation of the wide degree of between-tissue
variability observed in TFVdp/FTCtp concentrations.
Importantly, all of these in vitro experiments used estra-
diol doses ranging from 2730 to 13 600 pg/mL. Because
these concentrations are 6–30 times higher than typical
peak serum estradiol concentrations (400 pg/mL),74

these findings may be limited to the particular experi-
mental system, and careful in vivo study of estradiol’s
effect on TFVdp and dATP is needed.

Investigators have aimed to understand whether
hormonal fluctuation across the normal female
reproductive cycle impacts local female genital tract
pharmacokinetics in vivo. One small study exploring
these effects on raltegravir concentrations in cervical
tissue biopsies collected from 9 healthy volunteers
taking 400 mg twice daily demonstrated no association
between trough concentration and menstrual cycle
phase (proliferative/late follicular vs luteal) but did ob-
serve higher between-subject variability among samples
collected during the proliferative phase.75 Although
not statistically significant, 1 clinical study exploring

menstrual cycle effect on atazanavir/ritonavir + TDF/
FTC pharmacokinetics/pharmacodynamics (PK/PD)
reported that 59% of cervicovaginal lavage samples
collected during the follicular phase had detectable
HIV RNA and DNA compared to 41% of those
collected during the luteal phase despite consistent
antiretroviral concentrations in the cervicovaginal fluid
across the menstrual cycle.76 Importantly, both of these
studies only measured the parent drug concentrations
of TDF + FTC and not the active metabolites
(TFVdp + FTCtp). Previous reports have shown that
cervicovaginal fluid TFV and FTC concentrations are
poorly predictive of TFVdp and FTCtp concentrations
in female genital tract tissues (r2 = 0.20–0.23).77 Thus,
a characterization of active metabolites concentrations
in these tissues across the menstrual cycle is needed
to understand whether PrEP pharmacokinetics are
modulated by natural hormonal fluctuations across the
menstrual cycle.

Menopause
Menopause is characterized by estradiol and proges-
terone levels that are lower than those of prepubescent
girls. The role of menopause status on TDF + FTC
pharmacology is not well understood and has been pri-
marily studied in the context of small observational co-
hort studies. Patterson et al reported 2- to 6-fold higher
TFV plasma exposure in the blood and cervicovaginal
fluid of post- versus premenopausal women at steady
state. However, their small cohort of HIV-infected
women (n = 12) was primarily black (83%), and the im-
pact of potential covariates such as creatinine clearance
and age were not reported.78 Subsequently, a larger,
primarily white (n = 22, 84%) cohort of HIV-infected
women demonstrated no difference in TFV plasma
trough concentrations in post-versus premenopausal
women (mean [SD] = 119 [64] vs 121 [98] ng/mL,
respectively).79 Usingmultiple regression analysis, these
investigators found serum creatinine clearance (r= 0.4,
P = .04) and body weight (r = –0.43, P = .21) but not
menopause (r = –0.049, P = .85) were independently
associated with TFV plasma trough concentrations.
These between-study discrepancies could arise from
differences in racial representation of the study co-
horts. Estradiol concentrations across the menstrual
cycle are higher in black than in white premenopausal
women.80 Thus, changes in estradiol exposure during
the menopausal transition may be more pronounced
among black women. Shen et al demonstrated that
estradiol acts as a signal for epithelial cells from the
female genital tract but not CD4 cells to increase
phosphorylation of TFV to its active form TFVdp.73

Therefore, in response to high estradiol concentrations
among premenopausal women, these cells may act as
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a TFV sink—an effect that may be more pronounced
between pre- and postmenopausal black women.

Nicol et al sought to understand the role of
menopause status in activation of TFVdp and FTCtp
and found 9-fold lower concentrations of TFVdp in
ectocervical tissue biopsies treated ex vivo with teno-
fovir (P = .007). A significant relationship between
age and TFVdp phosphorylation was also noted across
the cohort but not within pre- and postmenopausal
groups.81 The authors did not separate HIV target cells
for drug measurement, so it is not known whether the
overall lower TFVdp concentrations were due to fewer
epithelial cells (which may phosphorylate TFV more
efficiently)73 per milligram total tissue from epithelial
thinning of postmenopausal tissues.

Exogenous Hormone Administration
Exogenous derivatives of estrogen and progesterone are
frequently used to suppress ovulation for contraceptive
purposes in premenopausal women, to treat symptoms
such as hot flashes during the menopause transition,
or to achieve feminization in transgender women. Of
these exogenous hormone therapies, systemic pharma-
cokinetic interactions between hormonal contraception
and antiretrovirals have been best studied and discussed
in detail elsewhere.82,83 Our article focuses on hormonal
contraceptive’s effect on PrEP pharmacology within
the female genital tract. Clinical and animal data
suggest that hormonal contraception in the form of
depot medroxyprogesterone acetate, which suppresses
estradiol, does not render PrEP ineffective. A secondary
analysis of data from the Partners PrEP randomized
controlled trial of TDF + FTC for PrEP demon-
strated 65% versus 76% PrEP efficacy among women
who used depot medroxyprogesterone acetate versus
no hormonal contraception.84 Furthermore, 100% of
rhesus macaques treated with depot medroxyproges-
terone acetate to mimic hormonal contraception and
TDF+FTCPrEP remained uninfected after 20 vaginal
challenges with SHIV.85 However, in vitro analysis
of CD4 cells isolated from the female genital tract
and treated with depot medroxyprogesterone acetate,
levonorgestrel, or norethisterone revealed reduced for-
mation of TFVdp and its anti-HIV activity in the
depot medroxyprogesterone acetate treatment group
following TFV treatment, but not for a similar prodrug,
tenofovir alafenamide.86 One exploratory analysis of
data from the MTN001 trial (a 7-site, open-label,
3-period crossover PK study of oral and topical dosing)
found that using any type of hormonal contraceptives
(administered as oral or injectable) was associated with
a 27% to 73% decrease in TFVdp concentrations in
PBMCs from HIV-uninfected women.87 However, the
post hoc nature of this analysis precluded control-
ling for potential confounders such as geographical

differences in hormonal contraceptive prescribing pat-
terns and adherence rates among the 4 US and 3
African sites. It remains to be determined whether these
pharmacokinetic differences might mean that women
on hormonal contraception have less forgiveness for
missed PrEP doses.

Serum concentrations of estradiol in postmenop-
ausal women using estrogen/progesterone hormone
replacement therapy match those of premenopausal
women during the proliferative (ie, late follicular)
phase and are 15- to19-fold higher than those of
postmenopausal women not on hormone replacement
therapy.88 Yet, the effects of exogenously administered
hormone replacement therapy have not been studied in
HIV-infected women taking TDF- + FTC-based an-
tiretroviral therapy or uninfected women taking PrEP.

Despite a disproportionate HIV prevalence among
transgender women (up to 50% among black transgen-
der women),89 PrEP clinical trials and demonstration
projects to date have excluded or failed to achieve a
meaningful representation of transgender women in
study populations.90 Estradiol concentrations are even
higher (1.3- to 2-fold) in transgender women being
treated with hormone therapy for feminization (median
[interquartile range] = 258 [812] pg/mL) compared to
premenopausal women during the proliferative phase
(15–350 pg/mL).91 In the open-label extension of
the iPrEx trial (a randomized clinical trial exploring
PrEP efficacy among men who have sex with men
and transgender women), these women were found to
have lower concentrations of TFVdp in dried blood
spots with an adjusted odds ratio of 0.72 (95%CI =
0.55–0.94) compared to the reference population.92

However, it could not be determined whether this find-
ing was secondary to lower adherence or pharmacoki-
netic differences among the population. Whether these
potential differences are more pronounced in mucosal
tissues associated with HIV transmission (potentially
including the vaginal vault constructed during vagino-
plasty) remains to be determined. Multiple clinical
trials (NCT#02983110, 03060785, and 03270969) are
currently enrolling participants to assess whether a
pharmacologic interaction exists in transgender women
on hormone therapy for feminization.

Models to Predict Efficacy in the Female
Genital Tract
Preclinical: Humanized Mice and Macaques

Macaque Models. The attributes and limitations of
nonhuman primate and humanized mouse animal
models used to explore PrEP PK/PD relationships
have been discussed in detail elsewhere.93,94 This article
focuses on describing the resulting PrEP PK/PD data
rather than details of the animal models.
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Proof of concept for HIV chemoprophylaxis was
first established in animal models in the late 1990s when
a study observed 100% protection among macaques
given 20 mg/kg subcutaneous tenofovir within 24 hours
of a single intravenous challenge of simian immun-
odeficiency virus and continued daily for 28 days
afterward.95 Subsequently, the importance of both
initiation and duration was established in this same
model, showing that tenofovir’s protective effects could
be reduced by >50% by initiating the drug >24 hours
postchallenge or reducing its duration to 10 days.96

Importantly, these initial studies utilized an unlabeled
dosing formulation and failed to characterize PK,mak-
ing it difficult to assess the clinical relevance of the
resulting data. PK in the blood following oral TDF
+ FTC dosing has since been fully characterized in
macaques, and doses of 22 and 20 mg/kg, respectively,
have been shown to result in parent (TFV/FTC) plasma
andmetabolite (TFVdp/FTCtp) PBMC concentrations
consistent with those observed in humans given treat-
ment doses.97 The local female genital tract PK has
also been characterized in macaques for these human
equivalent doses, which achieve TFVdp and FTCtp
concentrations ranging from 4–5 and 145–179 fmol/mg
of vaginal tissue, respectively, at 24 hours following
a single dose. This concentration range is within the
realm of clinical observations in women 24 hours after
taking a single 300/200-mg TDF/FTC dose, which were
3.5 and 234 fmol/mg of vaginal tissue for TFVdp and
FTCtp, respectively.36

Subsequently, event-driven administration with
these human equivalent TDF+ FTC doses (given up
to 72 hours before and 2 hours after challenge) was
found to protect up to 100% of macaques given up to
18 once-weekly vaginal SHIV challenges.56 Using this
same dosing model, investigators also established that
high levels of protection were sustained when challenge
was with an FTC-resistant (SHIV162M184V) but
not a TDF-resistant (SHIV162K65R) virus, resulting
in 0% and 66% of macaques becoming infected,
respectively.98,99 Although these latter studies explored
a rectal challenge, they do provide encouraging
preclinical data that TDF + FTC efficacy may be
retained in the female genital tract in the event of an
FTC-resistant transmitted founder virus.

The long-acting injectable, cabotegravir, has been
studied for PrEP in a pigtailed macaque model where
animals were given 3 50 mg/kg once-monthly injections
starting 1 week before biweekly low-titer SHIV162P in-
travaginal challenges.100 Although plasma cabotegravir
concentrations remained �1.5 log10 above the protein-
adjusted IC90 (166 ng/mL) for the duration of the
12-week challenge, cervical and vaginal tissue concen-
trations fell below that target between 21 and 28 days
postinjection. Despite this seeming lapse of protective

exposure, 100% of the animals remained uninfected
over the course of the 12-week challenge. Alterna-
tively, only 75% of Indian rhesus macaques remained
uninfected across a total of 3 high-titer intravaginal
challenges when dosedwith 50mg/kgmonthly injection
1 week before the first and second challenges.101 In
this study, although plasma concentrations remained
�1log10 above the IC90, cervical concentrations fell
below within 2 weeks after the initial injection and
within 1 week after the second injection. Investigators
postulated that the lower-than-expected concentrations
may have resulted from a drug interaction between
Depo-Provera (depot medroxyprogesterone acetate, re-
quired for the vaginal SHIV challenge model) and
cabotegravir, but whether the lower efficacy was due
to reduced cabotegravir exposure in the female genital
tract or the use of a high-titer viral challenge is uncer-
tain.

Humanized Mouse Models. More recently, humanized
mouse models have also been developed for PrEP.
Although these models are advantageous for exploring
transmitted founder viruses, the low blood volume of
these small mammals makes it challenging to inten-
sively characterize PK. Daily intraperitoneal dosing
of TDF/FTC 5.2/3.5 mg starting 48 hours before a
single intravaginal challenge with HIV-1JRcsf resulted
in 100% protection among bone marrow–liver-thymus
(BLT) humanized mice.102 However, pharmacokinetic
characterization of this dosing strategy was not per-
formed, making it difficult to assess the clinical appli-
cability of the efficacy data. In a Rag-hu humanized
mouse model, allometric scaling of the entry inhibitor,
maraviroc, and the integrase strand transfer inhibitor,
raltegravir, was used to predict a human equivalent
dose of 62 and 164 mg/kg, respectively (allometric
scaling factor = 12.3). Daily oral gavage using these
human equivalent doses starting 4 days prior to a single
intravaginal challenge with HIV-1BAL resulted in 100%
protection.103 Subsequent PK evaluation confirmed
that this human equivalent dose of maraviroc achieved
vaginal tissue exposure (as measured by AUC) that was
within 1.5-fold of clinical observations.104 However,
vaginal concentrations of raltegravir in Rag-hu mice
dosed with 164 mg/kg were �1 log10 higher than
median concentrations reported in HIV-uninfected
women dosed to steady state with raltegravir 400 mg
twice daily.75,104 Thus, it is possible that this Rag-hu
mouse model may be an overestimation of raltegravir
efficacy. Finally, a novel long-acting formulation of
the integrase inhibitor RTG has also been tested for
PrEP in BLT humanized, where a single subcutaneous
dose resulted in 100% protection from 2 high-dose
HIV vaginal challenges 1 week and 4 weeks after drug
administration.105
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Explant Studies and Dose Challenge
Human tissue explants have long been used to study
HIV infection and transmission. In contrast to other ex
vivo or in vitro approaches, the explant model allows
the tissue to remain intact, providing the opportunity
to study the influence of tissue architecture and cellular
composition on HIV infection events. The first uses
of the mucosal tissue explant model were to study
HIV transmission, but more recently the explant model
has been used in the development of PrEP candidates.
Colorectal and cervical/vaginal explants have both been
studied, but for the purpose of this discussion we focus
on cervicovaginal.

In preclinical development the explant model has
been used to verify activity against PrEP candidates in
mucosal tissues. Here, explant tissues are exposed to
drugs of interest ex vivo before being exposed to viral
inoculum. Because this approach typically uses surgical
discard or cadaver tissue rather than biopsies, the
amount of tissue is typically not a limiting factor, which
allows the examination of several doses from the same
donor, lending itself to the possibility for dose-response
curves and establishment of IC50s. The explant model
has shown several PrEP candidates have preventive
capacity in female genital tract including tenofovir,
dapivirine, rilpivirine, and maraviroc as protective in
blocking HIV infection in female genital tract.106–112

Because the incidence of HIV, even in high-risk
populations, would require a large sample size to statis-
tically establish a dose-response relationship, the use of
an ex vivo efficacy surrogate in early drug development
is appealing. The dose-challenge model, an adaption
of the explant model, has been employed as a means
to provide a surrogate for efficacy in early-phase trials.
In these studies cervicovaginal biopsies are obtained
from HIV-negative volunteers postdose, and predose
cervicovaginal biopsies can be used as donor-matched
controls. These biopsies are then exposed to HIV ex
vivo to determine protection against HIV. This ex vivo
surrogate end point allows some estimate of efficacy in
early-phase clinical trials.

The ability of the explant model to define target
concentrations has never been robustly confirmed, and
many have questioned whether a scaling factor is
needed.106 Many of the explant models evaluating nu-
cleoside reverse transcriptase inhibitors did not quan-
tify intracellular metabolites, making comparisons to
clinical observations difficult because of the difference
in phosphorylation efficiency in vitro compared to in
vivo. However, models that directly measure concen-
trations of the active metabolite show promise. Nicol
et al predicted a TFVdp EC50 in vaginal tissue of
716 fmol/mg.106 This was similar to predicted efficacy
from a polarized ectocervical model, which found
complete inhibition in tissues with TFVdp ranging

from �300–2400 fmol/mg (although these explants
were also dosed with UC781).107 Because steady-state
concentrations of TFVdp in genital cells from cervical
brush following oral dosing are equivalent to �555
fmol/mg (111 fmol/106 cells),113 this would suggest
partial efficacy from oral tenofovir, consistent with 71%
efficacy seen with TDF in women in Partners PrEP
(Table 1).38 Similarly, pharmacokinetic analysis from
CAPRISA samples found cervicovaginal fluid concen-
trations of 1000 ng/mL (equivalent to 500 fmol/mg)
were associated with 76% protection against HIV.114

Although a variety of other antiretrovirals have been
tested in the explant system, the only other compound
with clinical outcomes data is dapivirine, a nonnucleo-
side reverse transcriptase inhibitor that was formulated
into a vaginal ring and reduced infections by 29% to
37% in phase 3 trials (Table 1). Initial cervical explant
models predicted dapivirine was 100% protective at 0.1
μmol/L.109 Dose challenge studies performed in phase 2
studies of dapivirine/maraviroc rings estimated a DPV
EC50 of 0.3 μmol/L.115 Vaginal tissue concentrations
after 28 days of ring use were �1.5 μmol/L, sug-
gesting that the models slightly overpredicted clinical
effectiveness.116 This may, in part, have been due to
imperfect adherence in these trials.45,46 These data give
some confidence to the utility of explant models to
identify target concentrations, but whether this will be
applicable to all antiretroviral classes is not clear.

Population Pharmacokinetic/Pharmacodynamic Modeling
A recent investigation of PrEP pharmacodynamics in
TZMbl cells as well as CD4 cells isolated from the
blood quantified the exposure-response relationship for
preventing HIV-1JRcsf infection using exposure vari-
ables of active metabolite (TFVdp and FTCtp) con-
centrations or the ratio of active metabolites to their
competing endogenous nucleotides (TFVdp:dATP and
FTCtp:dCTP).36 Interestingly, this study found the
difference in calculated EC90 between the cellular mod-
els was reduced by 70% when the active metabolite
exposure variable was normalized for endogenous nu-
cleotide concentration. An interaction surface termwas
also in this study to quantify contribution of TDF +
FTC combination therapy in the predicted exposure re-
sponse. These EC90 efficacy targets and interaction term
were then linked to a population PK model simulating
these ratios in mucosal tissues of women given dosing
scenarios of once-weekly to daily dosing. In the female
genital tract 7 daily doses were required for 100% of
the simulated population to achieve this efficacy target,
and efficacy declined to �80% when the simulated
population was�50% adherent. Alternatively, only 2–3
doses per week were required for 100% of the simulated
population to achieve target exposure in the lower
gastrointestinal tract.
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Table 1. Clinical Studies Evaluating Antiretroviral Efficacy for Prevention in the Female Genital Tract

Intervention

Estimated Tissue
Exposure if Perfect

Adherencea Clinical Study

Estimated Adherence
(% Plasma or Swabs)

With Drug
Detected)b

Observed
Efficacy HR
(95%CI)

TFV 1% gel precoitally n/a CAPRISA 004118 n/a 0.61 (0.4-0.94)
FACTS001120 n/a 1.0 (0.7-1.4)

TFV 1% gel daily 1.8 μmol/L TFVdp119 VOICE40 (49%) 0.85 (0.61-1.21)
Oral TDF 300 mg daily 0.56 μmol/L TFVdp113 Partners PrEP38 80% 0.29 (0.13-0.63)c

VOICE40 30% 1.49 (0.97-2.29)
Oral TDF/FTC 300/200 mg daily 0.56 μmol/L TFVdp113

35 μmol/L FTCtp113
Partners PrEP38 79% 0.34 (0.16-0.72)c

FemPREP39 35% 0.94 (0.59-1.52)
VOICE40 29% 1.04 (0.73-1.49)
TDF2121 79% 0.51 (0.19-1.22)c

DPV ring 25 mg monthly 1.52 μmol/L DPV116 ASPIRE45 82% 0.73 (0.54-0.99)
RING46 84% 0.69 (0.49-0.99)

Oral MVC 300 mg daily 1.65 μmol/L MVC31 HPTN 069122 0% incidenced

Oral MVC/TDF 300/300 mg daily 1.65 μmol/L MVC31

0.56 μmol/L TFVdp113
HPTN 069122 0% incidenced

Oral MVC/FTC 300/200 mg daily 1.65 μmol/L MVC31

35 μmol/L FTCtp113
HPTN 069122 0% incidenced

Cabotegravir long-active injectable
600 mg IM q4 weeks × 2, then
q8 weeks

0.45-6 μmol/L CABe,26 HPTN 084 Phase III study launched Fall of
2017 with plans to enroll

3200 women

CAB,cabotegravir;DPV,dapivirine; FTC,emtricitabine;HR,hazard ratio; IM, intramuscular;MVC,maraviroc; n/a, not applicable for studies with on-demand dosing;
TDF, tenofovir disoproxil fumarate; TFV, tenofovir; TFVdp, tenofovir diphosphate.
aAll values converted to μmol/L for comparison; assumed volume of 106 mononuclear cells = 0.2 μL,123 and the density of tissue is 1 g/mL.
bFemPrEP cutoff of TFV 10 ng/mL; Partners PrEP, VOICE, and TDF2 cutoff of TFV 0.3 ng/mL; ASPIRE and RING study cutoff 95 pg/mL DPV.
cSubgroup analysis in women only.
dPhase 2 data not powered for efficacy (no incidence in 188 women enrolled in study).
eExtrapolated from 400-mg IM dose assuming dose proportionality.

The Partners PrEP randomized controlled trial
demonstrated 66% efficacy of TDF + FTC among
heterosexual women in stable serodiscordant relation-
ships.38 Using plasma drug concentrations from
women enrolled in this trial, Donnel et al demonstrated
92% protection among women taking 7 doses per
week (confirmatory of these population PK/PD
model predictions); but uniformly high adherence
rates constrained their ability to make predictions for
less consistent dosing.117 Conversely, futility due to
uniformly low adherence rates among women enrolled
in the FEM-PrEP and VOICE trials39,40 also precluded
identifying protection in the female genital tract with
less than perfect adherence. Given the challenges of the
available clinical data, modeling exercises such as those
described above represent an opportunity to predict
effectiveness for “real world” drug-taking behavior and
design user-specific adherence messaging. Additionally,
these models can be used in advance of clinical trials
to distinguish and prioritize investigational agents with
more forgiveness for missed doses.

Paramount to employing this approach is selecting
the right PD target. The lack of PD surrogates (eg,
viral load, cholesterol, blood pressure) for PrEP makes
identification of clinical PD targets difficult and
necessitates relying on models. Garnering scientific

consensus of the most translatable model (eg, animals,
explants, isolated cells) for this derivation represents a
major opportunity for the field. Additionally, although
vulnerabilities to HIV infection exist throughout the
entire female genital tract, the exact anatomical level
of PrEP action (ie, squamous epithelium, regional
lymph nodes) is still uncertain. Partial efficacy of TFV
gel,118 which achieves TFVdp concentrations in vaginal
tissue biopsies that are 130-fold higher compared to
oral dosing,119 suggests that superficial coverage of the
epidermis alone is inadequate. Thus, PK/PD models
incorporating information about compartmental PK
may not generalize across dosing modalities.

Conclusion
More prevention options are needed to curb the HIV
epidemic in women. Table 1 summarizes the clinical
trials that have been performed in women that provided
an efficacy end point. Many novel and innovative
approaches in the pipeline for PrEP have been designed
to overcome the limitations of adherence requirements
for oral daily PrEP. However, lessons learned from
the work discussed above highlight the importance of
pharmacology as a critical consideration in the success
of any PrEP product. The complex environment of the
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female genital tract can be vulnerable to changes in hor-
mones, inflammation, and microbiome; development
of future PrEP interventions will need to ensure efficacy
against a spectrum of potential conditions. Models in
preclinical or early clinical development may have util-
ity in assessing these conditions. Animal models have
been improved since early models by targeting dosing
strategies intended to mimic expected human exposure
but are not yet able to fully replicate compartmental
PK in part because of between-species differences in
pharmacologic effectors. Thus, these models are most
useful for establishing proof of concept of efficacy
rather than predicting effectiveness on a population
level. Explant models using human tissues may be
more useful in identifying specific target concentrations
when concentrations of active drug measured in tissue
are available. Further investigation of potential PrEP
effectors such as hormones, coinfections, and microbial
communities is needed; and these studies should be
thoughtfully designed to mimic clinical conditions and
provide maximally informative data regarding clinical
significance for current and future PrEP interventions.
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