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AIMS

A physiologically-based pharmacokinetic (PBPK) model of the vaginal space was developed with the aim of predicting concen-
trations in the vaginal and cervical space. These predictions can be used to optimize the probability of success of vaginally ad-
ministered dapivirine (DPV) for HIV prevention. We focus on vaginal delivery using either a ring or film.

METHODS

A PBPK model describing the physiological structure of the vaginal tissue and fluid was defined mathematically and implemented
in MATLAB. Literature reviews provided estimates for relevant physiological and physiochemical parameters. Drug
concentration—time profiles were simulated in luminal fluids, vaginal tissue and plasma after administration of ring or film. Patient
data were extracted from published clinical trials and used to test model predictions.

RESULTS

The DPV ring simulations tested the two dosing regimens and predicted PK profiles and area under the curve of luminal fluids
(29079 and 33067 mg h I”" in groups A and B, respectively) and plasma (0.177 and 0.211 mg h I"") closely matched those
reported (within one standard deviation). While the DPV film study reported drug concentration at only one time point per
patient, our simulated profiles pass through reported concentration range.

CONCLUSIONS

HIV is a major public health issue and vaginal microbicides have the potential to provide a crucial, female-controlled option for
protection. The PBPK model successfully simulated realistic representations of drug PK. It provides a reliable, inexpensive and
accessible platform where potential effectiveness of new compounds and the robustness of treatment modalities for pre-exposure
prophylaxis can be evaluated.
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT

PBPK model of vaginally administered dapiviri
model of vaginally administered dapivirine BICP

e HIV prevalence is concentrated in sub-Saharan Africa where it disproportionately impacts young African women and

adolescent girls.

e Safe and effective vaginal microbicides have the potential to offer female-controlled HIV protection.
e Validated physiologically-based pharmacokinetic models can address questions regarding the optimal dosing regimen,
the optimal formulation and the effect of patient adherence on product effectiveness.

WHAT THIS STUDY ADDS

¢ A robust physiological and systems modelling framework focusing specifically on vaginally administered dapivirine in

different formulations.

e Accurate in silico prediction of dapivirine drug concentrations using a physiologically-based pharmacokinetic model can
potentially reduce both the risk and enormous costs associated with bringing new drug compounds and/or formulations

to market.

Introduction

HIV continues to be a major global public health concern af-
fecting approximately 36.7 (34.0-39.8) million people world-
wide at the end of 2015 [1]. Prevalence is clearly concentrated
in Sub-Saharan Africa where it still affects approximately 25.6
(23.1-28.5) million people [1]. Infection disproportionately
impacts young African women and adolescent girls [2] as they
make up a significant vulnerable population who account for
>50% of cases in Africa and are most at risk of acquiring new
infections [2]. While the chance of male to female sexual
transmission of HIV is relatively low (0.30% in low income
countries [3]), almost all methods of HIV protection currently
available are dependent on male cooperation (e.g. condoms
or voluntary male circumcision). The development of
female-controlled, pre-exposure prophylaxis (PrEP) has the
potential to provide vulnerable women with protection from
sexually transmitted HIV infection.

The World Health Organization (WHO) guidelines for
PrEP currently recommend the use of daily oral PrEP [4].
The effectiveness of daily oral dosing with Truvada
(emtricitabine and tenofovir disoproxil fumarate) for PrEP
has been studied extensively [5-11]. However, many of these
studies suffered from some degree of poor patient adherence
(reviewed in [11]) and the reported reduction in HIV infection
rates varied between 44% [S] and 86% [6, 7]. Given that the
risk of HIV infection is disproportionately high in young Afri-
can women and adolescent girls, additional options for PrEP
are greatly needed.

The development of safe and effective vaginal
microbicides for topical PrEP offers women safe, effective al-
ternatives to oral dosing and according to the WHO such
products have “great potential to reduce the number of peo-
ple newly infected if scaled up strategically among popula-
tions at high risk of infection” [2] (see [12-135] for reviews of
vaginal microbicides development). The women at risk are a
diverse group including both married and unmarried women.
Itis therefore logical to assume that they will have a variety of
differing personal preferences, particularly with regards to
their preferred formulation, the product acceptability, and
their general interest or concerns (see for example [16]). The
need to study and develop topical PrEP dosage form options
for women is therefore crucial.

This manuscript focuses on the topical antiretroviral
(ARV) drug, dapivirine (DPV). DPV is a non-nucleoside

reverse transcriptase inhibitor that blocks HIV’s ability to rep-
licate in healthy cells by irreversibly binding and inhibiting
HIV reverse transcriptase and thus preventing conversion of
viral RNA to previral DNA [17]. The metabolism of orally ad-
ministered DPV appears to be primarily by cytochrome
P450 (CYP) isozymes in the liver [18] and while oral absorp-
tion is poor, it has been shown to be a promising drug candi-
date for topical PrEP formulations. DPV has been studied in
the clinic in three vaginally applied dosage forms, an
intravaginal ring, film and gel.

The DPV ring incorporates drug into a flexible silicone
matrix polymer capable of sustaining long-term ARV release
locally [19, 20]. Women are able to insert the ring themselves
vaginally, where it slowly delivers DPV directly to the site of
potential infection until it is removed 1 month later. Early
clinical trials showed the ring’s long-term safety and efficacy
[21, 20, 22-25], while later trials found the ring moderately
reduced HIV incidence by 27-31%, compared to the placebo,
with efficacy improving with increased patient adherence
[26, 27]. Two open-label extension studies are currently gath-
ering real world data on the DPV ring including extended
safety data, how, when and why women use the ring, the level
of patient adherence and the associated ring efficacy [28, 29].

In comparison to the ring, quick dissolving DPV films are
a much newer microbicide dosage form which to date have
been evaluated in the clinic for coitally dependent protection
from HIV infection. It is hoped that films may provide a more
acceptable method of vaginal drug delivery than previously
seen with gels, given that films can be discreetly used without
the leakage issues associated with gel products. The FAME-02
first-in-human study compared the safety, pharmacokinetics
(PK) and pharmacodynamics (PD) of gel and film formula-
tions of DPV [30]. They concluded that DPV films could effec-
tively deliver ARVs to genital tissue at concentrations
sufficient to prevent HIV infection and similar to those seen
in sustained delivery systems [30]. The FAME-02B study in-
vestigated the multicompartment PK (blood, cervical tissue
and cervicovaginal fluid) and ex vivo PD (HIV tissue explant
challenge) over one week in women using a single vaginal
DPV film or gel product [31]. They found both the film and
gel were well tolerated and concluded that the PK findings
of FAME-02B were consistent with those measured after
seven daily doses (FAME-02) [31].

Physiologically-based (PB) PK modelling and simulations
can be used to predict the PK profile of a drug in specific
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tissues and organs by combining physiology, population and
drug characteristics. They are particularly useful during the
early stages of drug discovery where information on the com-
pound is limited since these models can be informed by
in vitro and preclinical data. A validated PBPK model has the
potential to aid in the development of vaginally administered
drugs, particularly in terms of suggesting the recommended
dosing regimen for first-in-human studies and further evalu-
ating and optimizing clinical trial design. Moreover, PBPK
modelling has become increasingly accepted by regulatory
agencies as a means of informing clinical studies a priori,
and as such it has become a useful tool in drug development
[32, 33]. To date, multiple software packages have been
developed to allow users to run PBPK simulations [34-38].
However, these models have primarily focused on drugs ad-
ministered via more traditional routes (i.e. oral, intramuscu-
lar, intravenous administration) with the most advanced
model methodologies relating to describing oral gut metabo-
lism and transporters. To our knowledge, there are currently
no PBPK models that allow the user to administer drugs
vaginally.

Vaginal dosing presents a unique set of challenges for
PBPK model development. In this case, vaginal administra-
tion aims to achieve high concentrations in the local vaginal
tissue (to prevent new infections by HIV) and low systemic
concentrations (to reduce the chance of adverse events). This
requires a detailed, well-defined description of drug release
from different formulations into the vaginal luminal fluids
and movement into and through local tissues. Work dedi-
cated to describing the physiology and blood flow rates of
vaginal tissue, especially in nonpregnant women, is limited.
Similarly, work to investigate potential changes in the vaginal
ecology and physiology associated with different drugs and
diseases states is particularly under-investigated. This is per-
haps not surprising when one considers the difficulty in
obtaining consent to do trials in this area of the body and
the highly inaccessible nature of the tissues. Further con-
founding the model development process is characterization
of drug absorption, distribution and elimination. For exam-
ple, while the absorption profile of a drug administered orally
may be well characterized, changing the route of administra-
tion can lead to drastically different absorption profiles.
There may be flip-flop kinetics to consider along with
increased/decreased exposure in local tissues. Similarly, drug
clearance may be well-known following oral dosing but vagi-
nally dosing aims to dramatically reduce the concentration of
drug in the systemic circulation and so it is more important to
determine whether the drug can be metabolized and/or elim-
inated before reaching the systemic circulation (see discus-
sion for an example in DPV).

This paper describes the development of a PBPK model
of the vaginal space and specifically focuses on simulating
DPV delivered vaginally by either a ring [21] or film [30].
Our aim was to provide a robust modelling framework that
can be applied to vaginally administered antiretroviral drugs
to quantitatively predict local tissue concentrations in the
cervicovaginal tract, plasma concentrations and their poten-
tial future effectiveness. While we recognize the importance
of clinical trials, particularly during drug/formulation devel-
opment, they require a huge investment of both time and
money. We hope that the addition of this validated PBPK
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model can provide answers to questions regarding the opti-
mal dosing regimen for drugs, the optimal formulation for
the drugs, and the effect of patient adherence on product
effectiveness.

Methods

A PBPK model characterizing the physiological structure of
the vaginal tissue and luminal fluid in humans was developed
using a series of ordinary differential equations and imple-
mented in the MATLAB software (version R2017a;
Mathworks, Natick, MA, USA).

Structural model

The structural compartments of the PBPK model are shown in
Figure 1. Briefly, the model includes five tissue/organ com-
partments representing the vaginal epithelium, vaginal
stroma, lungs, liver and the rest of body. All model compart-
ments were assumed to be homogeneous and well mixed.
In this model, drug enters the system via the dosage form
(i.e. ring or film), directly into the vaginal luminal fluid com-
partment. Drug was assumed to leave the system via the liver
only. Movement of drug through vaginal tissue was assumed
to happen both passively and actively while movement
through the systemic circulation was mediated by blood flow
rates and partition coefficients. Mass balance equations were
written for each compartment; hence, the model is described
by a series of differential equations.

Model equations
A detailed description of all model equations can be found in
the supplementary material.
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Figure 1

The structural compartments of the physiologically-based pharma-
cokinetic model. The compartments represent the ring or film, the
vaginal fluid, tissues and organs; connecting arrows represent blood
supplies (solid black), elimination of drug (dotted black), passive
movement of un-ionized drug (blue) and active movement of ion-
ized drug (green)



Formulation independent equations. Briefly, drug released
from a dosage form (i.e. ring or film) was present in the
luminal fluids, epithelium and stroma tissue in both its un-
ionized and ionized form. The change in un-ionized and
ionized drug in the luminal fluid over time was described as:

dDy, 1
e T [DRFormulation - ((kL.E'DLumen) “Viumen
dt Viumen

- ( kE‘L 'DVE) . VVE) - ((ILumen 'DLumen)' VLumen
*( UI‘DlonLumen)' VLumen)} (1)

dDIonLumen _ 1
dt VLumen

- ( UI'DlonLumcn) : VLumen ) (2)

N ( (ILumen ’DLumen ) . VLumen

where Dy ymen and Dioprumen Te€present the amount (mg) of un-
ionized and ionized drug respectively, Vi e is the volume of
the luminal fluid (L), the k parameters are model rate
constants (described in Table 2), DRrormuiation Tepresents the
equation describing drug release from the dosage form
(ring/film) into the luminal fluids (described in
Equations (6) and (7) respectively), I men is the ionization
rate in the lumen and UI is the un-ionization rate.

Similar equations describing drug movement through the
epithelial and stromal tissue in the stromal blood are given in
the supplementary material (Equations S3 to S6).

The drug in the systemic circulation was described as:

dDy 1

D D
vy {(st'Dvsﬁb) —(QcoDv) + (QB'F;) + (QHPT}:)}

3)

% = VLA {(QC()?—’]:) _ (QVS'DA) — (QB'DA) _ QH'DA} 4)

where the subscripts V A, VS, CO, B, H and L represent model
compartments for the veins, arteries, vaginal stroma, cardiac
output, rest of body, liver and lungs, respectively. Q is the
blood flow rate (1h™"), D is the amount of drug (mg) and P is
the partition coefficient of a given compartment.

The drug concentration in a typical tissue was described as:

d;zi :%'((Qi'Di) - (Qi.%i)> (5)

where the i subscript refers to the individual tissue being
considered, V; is the total volume of the tissue (1), Q; is
the tissue blood flow rate or the total cardiac output in
lung tissue (1 h™Y), D; is the amount of drug in tissue (mg)
and P; is the partition coefficient. The liver has an addi-

tional clearance term for Equation (5): —CL~<1[,)—:>.

Ring formulation. Drug released from the vaginal ring was
described as:

dDthmg _ ( (ka'e(ka_exp.(mm))) .Dng) (6)

where Dgi,e is the amount of drug in the ring (mg), k
parameters are model rate constants (described in Table 2),
and ¢ is the model time. The positive form of this equation
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describes the drug release, DRrormutation, from the ring
formulation to the luminal fluids in Equation (1). The ring
simulations (described in section 2.4.1) included use of
multiple rings and so the Ring subscript indicates ring
specific parameters. The model time was adjusted for rings
inserted later in the simulation (i.e. after Day 0) using the
model time t minus the time the current ring was inserted
tring. Further details on how these parameters were derived
is included in the section on ring-dependent parameters
below.

Film formulation. Drugrelease from the film was described as:

dDgim 1
dt VF ilm

- — ((kr.LDritm ) - Viitm) (7)

where the Film subscript refers to the specific film parameters
and V is the volume of the film. The positive form of this
equation describes the drug release, DRrommuiation, from the
film formulation to the luminal fluids in Equation (1).
Further description of these parameters is given in below in
the section film-dependent parameters.

Model parameterization

Formulation independent parameters. Extensive literature
reviews were performed to determine the PBPK parameters
required by the model. The PB parameters included the
relative volumes of the model compartments, their
associated pH and blood flow rates. The PK parameters
included rate constants describing drug movement, the
drug’s pKa to determine ionization rates, the drug clearance
rate and partition coefficients. The final anatomic,
physiological and PK parameters and their associated
interpatient variability are given in Table 1 and Table 2
respectively.

The parameters describing the vaginal physiology were
largely inferred indirectly from other data. For example, the
volume of the vaginal epithelium (Vyj) was determined from
the size of a typical vaginal cell [39], the vaginal surface area
[40], the thickness of a single cell layer [41] and the typical
number of cell layers [42]. Variability in the epithelium vol-
ume was incorporated by varying these intermediary parame-
ters according to the coefficient of variation (CV) percentage
reported in the literature (Table 1). Gao and Katz [43] mea-
sured the thickness of the vaginal epithelium and stroma at
200 pm and 2800 pm respectively. Given their observation
that the stroma is approximately 14 times thicker than the
epithelium, it was assumed the volume of the stromal tissue
(Vys,) was also 14 times greater, i.e. (0.077 1 x 14) = 1.078 1.
There are currently no estimates of the volume of blood in
the stromal tissue (Vg ;) and so we used estimates of the der-
mal blood volume measured by Yudovsky and Pilon [44] as a
proxy. They developed a method to inversely measure the
blood volume percentage in the inner/outer forearm and
forehead of patients; measurements varied from 0.78 to
2.06% blood volume. The stromal tissue was expected to have
a rich blood supply and so a value of 2% total blood volume
was used i.e. total blood volume (5.4 1) x 0.02=0.108 1. A sen-
sitivity analysis was performed and the volume had only lim-
ited impact on the simulation results. Estimates of the
volume for all other physiological compartments were taken
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Table 1

Physiological parameters

Description Abbreviation Value CV% Reference/assumptions

Weight (kg)

pH Luminal fluid - 4.4 1.8 [60, 61]
Rest of body - 7.0 1.8¢ [62]

2The mean epithelium volume was calculated from the mean cell diameter (63.95 pm), the mean vagina surface area (87.46 cm®), the mean number
of cell layers (27) and the mean thickness of a single cell layer (250 um)
PVariability was incorporated into the intermediary parameters assuming 18%, 8.9%, 2.3% and 10% coefficient of variation (CV) for cell diameter,

vagina surface area, number of cell layers and thickness of a single cell layer, respectively.

“Assumed to be normally distributed

9dvariability (CV = 30%) was added to the beats per minute and stroke volume for each patient. This was used to update the Qco. The ratio of blood
flow rates between Qco and Qys, Qy and Qg of a typical patient was maintained.

€Equivalent to luminal fluid estimate

directly from the literature (see Table 1). Variability was incor-
porated into these tissue volumes using the specific patients
weight to maintain the ratio of tissue volumes between
patients.

The total cardiac output was found by multiplying the
heart rate by the stroke volume. For the average patient at rest,
the heart rate and stroke volume were determined to be 70
beats min~' and 70 ml min™", respectively, which gives a rest-
ing heart rate of 4900 ml min~' or 294 1 h™! (Table 1). The
blood flow rates of the lungs and liver were taken from [41].
The only available data on blood flow rates in the vaginal
stroma came from nine volunteers with normal pregnancies
[45]. Issa et al. [45] reported the mean blood flow rate in the
uterine vein and artery as 274 ml min~' and 203 ml min ™" re-
spectively. The median value of 238.5 ml min~' (or 14.31h7};
Table 1) was used in our simulations. This is likely to be an
overestimate as vaginal blood flow increases during preg-
nancy but the paper does not report what stage of pregnancy
women are in or how much they expect blood flow rates to
have increased from the baseline (i.e. nonpregnant flow
rates). Variability was incorporated in to the blood flow rates
by varying the heart rate and stroke volume (assuming 30%
CV and log-normal distribution) and recalculating the total
cardiac output. The ratio of blood flow rates was then main-
tained by multiplying the mean flow rate percentage by the
new total cardiac output.

1954 Br | Clin Pharmacol (2018) 84 1950-1969

The ionization rate of drugs in the luminal fluid, epithe-
lium and stroma was derived using the Henderson-
Hasselbach equation:

base
pH = pKa + log <E) (8)
where the pKa is the acid dissociation constant and DPV has a
pKaof 5. 8 [46]. Human tissue, in this case vaginal epithelium
and stroma, was assumed to have a pH of 7 (Table 1) which
gives a ratio of base: acid of 15.85: 1. Vaginal luminal fluid
was assumed to have a pH of 4.4 (Table 1) and an ionization
ratio base: acid of 0.04: 1.

The apparent tissue permeability of DPV was determined
from a Franz cell model using excised human cervical tissue
after first removing excess stroma tissue to isolate the
epithelium layer. We used the permeability of epithelium
tissue (mean 1.66 x 107° cm s [46]) multiplied by the
vaginal surface area (estimated mean of 87.46 cm? [40])
to estimate a clearance rate of DPV from the epithelium
(i.e. 1.66 x 10°° x 87.46 = 1.45 x 10 * em® 57" or 5.23 x
10 *1h™) and divided this by the volume of the epithelium
to find the rate of DPV movement from the epithelium to
the stroma (kg s). Due to a lack of data describing the passive
and active rate of drug movement, we tested different rate
constants (see below for specific details) until the



Table 2

Pharmacokinetic parameters

PBPK model of vaginally administered dapivirine .

Description Abbreviation Value

pKa

Clearance (I h")

lonisation Rate Lumen ILumen
Epithelium
Stroma

2Coefficient of variation (CV) assumed to be 30% due to lack of data;
PVaried according to patient bioavailability;

“Random number from a uniform distribution between 25 and 35%;
9See main text for further details

simulations were able to replicate the clinical trial results
from three different dosing regimens with two different
formulations.

The bioavailability of vaginally administered formula-
tions was systematically reduced until the simulated concen-
trations in the luminal fluid and tissues matched those
measured in clinical trials; a value of 30% was chosen. Vari-
ability was incorporated by choosing a random number from
a uniform distribution between 25-35%. Orally administered
DPV appears to be primarily cleared by CYP isozymes in the
liver [18] and so we assumed that vaginally administered
DPV was also eliminated from the liver only (Figure 1). The
rate of metabolic clearance was determined by performing a
parameter scan in simbiology, this allows the user to deter-
mine the effect of varying the value of a parameter on the

CV%  Reference/Assumptions

[46]

Value identified to replicate trial results

Henderson-Hasselbach equation®
Henderson-Hasselbach equation®
Henderson-Hasselbach equation®

species of interest. The final value ensured simulations were
able to replicate field data (Table 2).

Partition coefficients for DPV were estimated from data in
Neves et al. [47] who administered 25 ul of fluorescent DPV-
loaded nanoparticles intravaginally to 8-12-week-old mice.
The mice were sacrificed at predetermined time points to de-
termine drug concentration and PK parameters. Figure 4b of
[47] shows the DPV levels in different tissues, organs and
blood plasma following daily vaginal administration of
DPV-loaded nanoparticles. We digitized these data to deter-
mine the mean DPV concentration on days 1 and 14 in each
tissue/organ/plasma and used the plasma: tissue ratio to in-
form the partition coefficients (Table 2). The day 1 and day
14 DPV concentrations were found to be 0.005 ug mI™' and
0.006 pg ml™ respectively in plasma, 0.02 pg g and
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0.025 ug g' in the liver, and 0.028 pg g ' and 0.17 pg g' in
the vaginal tissue (Figure 4b of [47]). However, the authors
were unable to detect DPV in the lungs at either time point
and so for the purpose of calculating a partition coefficient
we assumed the concentration was below the limit of detec-
tion (0.001 pg g™'; reported in the supplementary informa-
tion of [47]). Given that the tissues measured here related to
the reproductive system and three of the four organs had un-
detectable DPV concentrations on either day 1 or 14, the par-
tition coefficient of our rest of body compartment (Pg) was
assigned by testing different values until simulations were
able to replicate observed data.

Ring dependent parameters. The DPV ring simulated here is
an active vaginal ring (Ring-004) containing a loading dose
of 25 mg of DPV dispersed in a platinum-catalysed silicone
elastomer [21]. Nel ef al. [24] recently performed a safety,
acceptability and adherence study of the DPV ring (Ring-
004) in multiple sub-Saharan African countries and found
that only approximately 4 mg of the 25 mg loaded DPV was
released over 28 days. We therefore determined the
maximum rate of drug release from the ring to luminal
fluids (k,) was -In (21/25) / 28 / 24 = 2.59 x 10~ * h™! when
assuming 100% bioavailability. To account for the reduced
bioavailability, we assume that only 30% (1.2 mg) is released
from the ring during the simulation and reduce the drug
release rate (k,) accordingly [—In (23.8/25) / 28 / 24 =7.32 x
107° h™'; Table 2]. Drug was assumed to be released from
the surface of the ring first, the rate of release was expected
to reduce over time as an area of drug depletion is created at
the surface of the ring structure. Subsequent drug must then
diffuse through the ring structure before being released and
the larger this drug-depletion zone, the slower the drug is
released [19]. To mimic this in silico, we allow the initial rate
of drug release (k,) to decay exponentially over time
according to the rate constant, k, .,. The value of k, at time
t, is therefore:

kq(t) = kg, exp Ka-&xP 9)

The value of k, .., used here was determined by testing
multiple values to find which provided the best fit to data
(Table 2).

The rate of drug movement from the vaginal fluids to tis-
sue was based on the assumption that all drug released from
the ring moves into the tissue. Nel et al. [23] measured the
level of DPV in vaginal fluids after ring removal in eight
healthy women and determined a mean value of 12-14 h.
We used a terminal elimination half-life of 12 h to describe
drug movement from luminal fluids to tissue.

Film-dependent parameters. Each DPV film had a target
loading dose of 1.25 mg and was designed to dissolve
rapidly in the vaginal luminal fluids [46]. Full details on the
development and characterization of the film can be found
in AKkil et al. [46]; a standard class IV United States
Pharmacopeia method with a 1% Cremophor aqueous
solution was used to test DPV film dissolution. They found
DPV was rapidly released from the film, with 50% of the
DPV released in <10 min (Figure 5 of [46]). We therefore
assumed each film had a half-life of 10 min, which is
equivalent to a drug release rate constant (kg;) of 4.16 h™".

1956 Br | Clin Pharmacol (2018) 84 1950-1969

With the obvious exception of PK parameters that de-
scribe the release of drug from the different formulations,
the only other parameter that differs between ring and film
formulations is the rate of drug movement from the luminal
fluids to the epithelium (k; ;). When simulating the ring for-
mulation, the k; y was informed by the terminal elimination
half-life of DPV in the vaginal fluids (described above). How-
ever, using this k; ¢ rate in the film simulations results in very
high, sustained concentrations of DPV in the vaginal fluids
and very low tissue/plasma concentrations that were not in
line with what was measured during clinical trials. This prob-
ably occurs because the film releases the drug very quickly in a
short space of time while the ring releases the drug much
more slowly over a much longer period. For example, given
our assumption of 30% bioavailability (see above), the ring
releases 1.2 mg of DPV over 28 days and the film releases
0.375 mg of DPV in approximately 1 h. For simplicity, if we
were also to assume a constant release rate of DPV from the
ring, we would conclude the ring releases approximately 1.2
(mg) /28 (days) / 24 (h) = 0.0018 mg of DPV h™' compared
to the film’s release rate of 0.375 mg h™'. This is equivalent
to a 200-fold increase in the concentration gradient between
the luminal fluids to the epithelium following film adminis-
tration compared to ring administration. As a result, the rate
of drug movement from dosage form to lumen in the film
simulations was increased to approximately 50-fold greater
than that used in ring simulations to produce simulated drug
concentration profiles matched those seen in clinical trials
(note, values of approximately 100-, 150- and 200-fold
greater were also tested).

Simulations

The PBPK model was used to simulate DPV concentration—
time profiles in the vaginal luminal fluids, tissues and blood
plasma following administration of two different DPV formu-
lations. Simulations were implemented in the Simbiology
package of Matlab (version R2017a; Mathworks, Natick, MA,
USA) for either 100 days (ring simulations) with time steps
of 1 h or 100 h (film simulations) with time steps of 0.1 h.
The Matlab results were plotted using R (version 3.3.3 [48]).

Ring simulations. The simulated dosing regimens for the
ring study were taken from Nel et al. [21] who followed
women using the DPV ring (Ring-004). The study was a
double-blind randomized, placebo-controlled trial in which
48 women were assigned to one of two treatment groups.
The women in ring group A used two rings over a 56-day
period. The first ring was inserted for 28 consecutive days,
upon removal, there was a 3-day period without a ring and
then the second ring was inserted for 28 days. The women
in group B used three rings over 57 days. The first ring was
inserted for 35 consecutive days, followed by a 3-day period
without a ring, the second ring was inserted for 21 days and
on removal of the second ring, a third ring was inserted
immediately for 24 h. Each DPV ring contained a loading
dose of 25 mg of DPV and was assumed to release
approximately 4 mg of drug over 28 days [24]. We simulated
the results of each regimen in a single patient for 100 days
using the mean values of the PBPK parameters described in
Table 1 and Table 2. Although patients only had rings



inserted for up to 57 days, simulations were run for 100 days
to ensure the drug elimination profile in the vaginal fluid, all
tissues and plasma was captured. The results were exported to
R and the simulated luminal fluid and plasma concentration—
time profiles were plotted with the mean patient data
(extracted from Figure 2A and 2B of [21] respectively) to
visually determine whether simulations were able to capture
the mean patient profile. Note that in Nel et al. [21], the
original PK profiles plotted in Figure 2A and 2B of [21]
include large error bars around each mean value. As the
error bars in these plot overlaps substantially, it was
unfortunately not possibly to extract and exact estimate of
the associated error for each point. Additionally, the luminal
concentrations were measured in three locations: the
surface of the cervix, introitus and near the site of ring
placement. The introitus measurements are sufficiently far
away from the luminal fluid and vaginal tissues being
simulated here that this study only aims to predict the
concentration in the luminal fluids measured in the cervix
and near the site of ring placement. We include data
measured from luminal fluids on the surface of the introitus
only because it was measured in the study and provides an
estimate for the amount of drug moving away from the
vaginal tissue. Although the DPV tissue concentrations were
not reported in patients, the simulated tissue
concentrations were plotted for completeness.

Film simulations. The dosing regimen for the DPV film was
taken from the phase I, FAME 02 study; a single-site,
double-blind, randomised placebo-controlled trial that
compared the safety, PK and PD for DPV dosage forms, a
film and gel, with placebo formulations [30]. The DPV film

PBPK model of vaginally administered dapiviri
model of vaginally administered dapivirine BICP

had a loading dose of 1.25 mg and with a half-life of
disintegration assumed to be 10 min [46]. The study
randomized 15 women to the DPV film and each were
given seven daily doses of DPV film with doses 1 and 7
administered at the study site and doses 2-6 administered
at home [30]. Raw data collected directly in the FAME 02
study include single-time point measurements of the drug
concentration in the cervicovaginal lavage, vaginal tissue,
cervical tissue and plasma for each patient in the hours
following administration of dose 7. The results of a single
film application were simulated in a single patient for up to
100 h using the mean PBPK parameters described in Table 1
and Table 2. The simulated results were outputted to R and
the cervicovaginal lavage, tissue and plasma concentration—
time profiles were plotted with the individual patient data
from the FAME 02 study for visual confirmation that the
mean parameters were able to capture the general patient
profile.

Visual predictive check simulations. After running the
individual simulations described above, we ran visual
predictive check (VPC) simulations for all ring and film
scenarios. All VPC simulations were run 1000 times for 30
patients with variability incorporated using the parameters
associated CV values (Table 1 and Table 2) and, assuming a
log-normal distribution (unless otherwise stated), the
sampling.

Distribution around the 5, 50" and 95" percentiles was
subsequently plotted. Running a single simulation contain-
ing 30000 patients would allow us to determine only one
value for the 5™, 50™ and 95™ percentiles of the population.
This would give an overly optimistic impression of
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Figure 2

Dapivirine concentration-time profiles following administration of two vaginal rings (Group A dosing regimen in [21]) measured in the (A) vaginal
fluid, (B) plasma, (C) epithelium tissue and (D) stromal tissue. The first ring was inserted for 28 consecutive days and, upon removal, followed by a
3-day period without a ring. The second ring was inserted for 28 days before removal. The black line represents the DPV concentration of a single
patient simulated using the physiologically-based pharmacokinetic parameters from Tables 1 and 2. The coloured lines represent the arithmetic
mean DPV concentration collected from the vaginal fluid near the site of the ring (blue), from the vaginal fluid on the surface of the cervix (red),
the vaginal fluid on the surface of the introitus (purple) and the plasma (orange); patient data represents the mean values extracted was from

Figure 2 of [21].
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uncertainty — one estimate per percentile — not the uncer-
tainty associated with them. Repeatedly simulating popula-
tions of 30 patients provides insight into the simulation
predictions at each of the percentiles and whether there was
a departure in those percentiles from the observed data. The
first VPC simulations were performed to determine whether
the model remained predictive when variability was incor-
porated into parameters that were estimated with some un-
certainty and all parameters arbitrarily assigned. This
included the volume of the vaginal stroma tissue (Vys,)
and blood (Vs ), DPV bioavailability (F), which impacts es-
timates of kg, and k, in the film and ring study respec-
tively), DPV (CL), the rest of body partition coefficient (Pg)
and the following rate constants: k, .y, (ring study only);
kL,E?ﬁIm (film study only); Kgs_activei Kszs8; Kszsp_activ, and
ksp st (see Tables 1 and 2 for explanation of abbreviations).
Sensitivity analyses indicated the concentration in each
compartment was sensitive only to parameters defining
the rate of drug movement into a compartment, i.e. Kz g_fim,
KE,s active and Ksysp acrive for the lumen, epithelium and
stroma compartments, respectively (data not shown). The
second set of VPC simulations included interpatient vari-
ability in all parameters to reflect the true population vari-
ability and aimed to show that the model could again
capture the patient data from clinical trials.

External model validation. The dosing regimen of a second
ring study [23] was used to determine whether the model
was capable of predicting the results of a study not included

in the original model building process. The chosen study
was a double-blind, randomized, placebo-controlled trial in
which 16 healthy women were randomized 1:1 to use either
the active or matching placebo ring for 28 consecutive days
[23]. The study’s active ring was the same as that used in the
model building: Ring-004 containing 25 mg of DPV [21].
The ring formulation methods described above and the
mean PBPK parameters described in Table 1 and Table 2
were used to simulate the concentration-time profiles of
DPV in women for 35 days after the ring was inserted. The
resulting profiles were plotted against the average patient
profile (extracted from Figure 1 of [23]) to visually assess
simulation predictions and compared with the select PK
parameters given in Table 2 of [23] to allow a quantitative
comparison of the model predictions and patient population.

Results

Ring simulation results

A single patient, described using the mean PBPK parameters
given in Table 1 and Table 2, was simulated for each of the
three dosing regimens and DPV concentrations were esti-
mated in the vaginal fluid, tissue and plasma concentrations
over 100 days.

The simulated concentration-time profiles of DPV in the
vaginal fluid, plasma, epithelial tissue and stroma tissue, for
a single patient, using two or three consecutive DPV rings
(regimen A or B) are given in Figures 2 and 3, respectively.
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Figure 3

Dapivirine concentration-time profiles following administration of three vaginal rings (Group B dosing regimen in [21]) measured in the vaginal
fluid, plasma, epithelium tissue and stroma tissue. The first ring was inserted for 35 consecutive days and, upon removal, followed by a 3-day pe-
riod without a ring. The second ring was inserted for 21 days and on removal, a third ring was inserted immediately for 24 h. The black line rep-
resents the DPV concentration of a single patient simulated using the physiologically-based pharmacokinetic parameters from Tables 1 and 2. The
coloured lines represent the arithmetic mean DPV concentration collected from the vaginal fluid near the site of the ring (blue), from the vaginal
fluid on the surface of the cervix (red), the vaginal fluid on the surface of the introitus (purple) and the plasma (orange); patient data represents the
mean values extracted was from Figure 2 of [21]. The individual panels show the DPV concentration in: (A) vaginal luminal fluid; (B) plasma; (C)

vaginal epithelial tissue; and (D) vaginal stromal tissue

1958 Br | Clin Pharmacol (2018) 84 1950-1969



Nel et al. [21] determined the DPV concentration in patients’
plasma and vaginal fluid; the vaginal fluid was sampled from
the surface of the cervix, the introitus and near the site of ring
placement (i.e. vagina). Table 3 shows the results of simulated
vaginal fluid and plasma with the reported mean [standard
deviation (CV%)] values of: (i) maximum DPV concentration
(Cmax); (ii) time to Cpax (Thax); (iii) DPV concentration prior
to ring removal (for all rings); and (iv) DPV concentration im-
mediately following insertion of ring 2. Table 4 shows the
area under the concentration-time curve (AUC; mg h I re-
ported in vaginal luminal fluids and plasma after women re-
moved ring one; AUCO-28 for group A and AUCO0-35 for
group B (reported in Table 2 of [21]). This was compared to
the corresponding AUC of the extracted (patient data from
Figure 2 of [21]; see methods) and simulated concentration—
time profiles shown in Figure 2 and Figure 3. The simulated
AUC of the vaginal fluid was within 1% (group A) and 3-5%
(group B) of both the extracted and reported mean AUC
(Table 4). Simulations were also able to predict DPV concen-
trations measured on the surface of the cervix; simulated
AUC was approximately 1.1-fold and 1.3-fold larger than
the extracted and mean reported AUC in groups A and B re-
spectively (Table 4). Notably, DPV concentrations in the lu-
minal fluids sampled from patient’s the introitus were
approximately 3.5-fold smaller than measured in the pa-
tient’s vagina or cervix. The simulated DPV plasma
concentration-time profiles are shown on panel B of
Figure 2 and Figure 3. While rings one and two were inserted,
Table 3 reports concentrations for the simulated profiles and
those measured in patients. The simulated AUC differed from
the reported and extracted plasma AUCs by 1.01-1.27 fold
and 1.16-1.21 fold for groups A and B respectively (Table 4).
The simulated plasma concentration following insertion of
ring 3, in group B, slightly underestimated the level of DPV
accumulation during the 24 h of use (panel B, Figure 3). The
DPV concentration in vaginal tissue was simulated and plot-
ted (panels C and D of Figure 2 and Figure 3) but not mea-
sured by Nel et al. [21]. While the tissue concentration-time
profiles follow a similar shape to those measured in the fluids
and plasma, the DPV concentration was significantly lower in
the stroma tissue compared to the epithelium.

Film simulation results

The concentration-time profiles following use of the DPV
film was simulated in the vaginal fluid, plasma, epithelium
tissue and stroma tissue of a single patient and are shown in
Figure 4. The C,,x in the luminal fluid is reached very quickly
(approximately 30 min) after film insertion, the concentra-
tion then falls to pass through the patient data points mea-
sured 2-4 h after film insertion and then below the HIV
in vitro IC99 (measure in cervical tissue, 3.3 ng ml™ [21])
within 10 h (panel A of Figure 4). The simulated plasma con-
centration gradually increases to a Cpmay of 0.0012 mg I™!
approximately 10 h after film insertion before steadily
declining. The plasma concentration remains below the
HIV EC99 and above the HIV IC50 (mean IC50 range of
0.09-0.14 ng ml™! [49]) for approximately 200 h (panel B of
Figure 4). The simulated epithelium and stroma tissue con-
centrations accumulate very quickly, reaching C,.x approxi-
mately 1-3 h after film insertion respectively (panels C and

PBPK model of vaginally administered dapiviri
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D of Figure 4). DPV concentrations measured in the epithe-
lium pass through the range of values measured in patient
vaginal and cervical tissue samples while stroma concentra-
tions are just below. As with the ring simulations, the larger
stroma volume means stromal concentrations are approxi-
mately 14 times smaller than the those measured in the
epithelium.

VPC results

The VPC simulations for the three regimens (Figures 5-7 and
Figure S1 to Figure S3) included 1000 simulations of 30 pa-
tients. For each fluid or tissue in a single simulation (i.e. of
30 patients), the Sth, 50th and 95th DPV concentration
centile values were determined. The median (50th centile)
and range (5th to 95th centile) of these centiles was found
across all 1000 simulations and is indicated by the black line
and grey bands respectively. So, for example, the top black
line and its associated grey band on each plot represent the
median and range of the 95th centile DPV concentration.

Ring VPC. The first set of VPC simulations (Figure S1 to
Figure S2) included variability in the PBPK parameters that
were either estimated with some uncertainty or with
uncertainty arbitrarily assigned (see methods). The median
50" centile prediction of DPV concentration in the vaginal
fluid almost exactly follows the patient measurements of
DPV measured near the ring and cervix (panel A of Figure S1
and Figure S2). As with the single patient simulations,
concentrations measured on the surface of the introitus
remained below the predicted range. The simulated plasma
concentrations were also able to predict patient data when
the ring is inserted. However, there are some slight
deviations approximately 21 days (~ 500 h) after ring
insertion; the fall in the simulated plasma concentrations is
slightly quicker than we would expect from the patient
measurements. This was particularly evident for the
simulations of the group B dosing regimen (Figure S2) where
patients wore the first ring for longer (35 days in group B
compared to 28 days in group A).

The second set of VPC simulations included variability in
all parameters; the results are shown in Figures 5 and 6. Again,
the simulated concentration ranges in the vaginal fluids and
plasma show close agreement with the patient data, despite
the increased level of variability in the patient population.
For example, the median 50" centile prediction of DPV con-
centration in the vaginal fluid almost exactly follows the pa-
tient measurements of DPV measured near the ring and
cervix. The lower range of the 5™ centile values simulated
in the vaginal fluids is very close to that measured on the sur-
face of the patients introitus and all other patient data from
the ring study are within the simulated range of DPV
concentrations.

Film VPC. The VPCs of the DPV film (Figures 7 and S3),
show the simulated range of DPV in the vaginal fluid and
plasma were able to capture the majority of the
concentration data points measured in patients. Both sets of
VPCs show only a few patient data points (fewer than five)
falling below the simulated 5™ centile range. The simulated
range of epithelium concentrations passes through the
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Table 4

PBPK model of vaginally administered dapiviri
model of vaginally administered dapivirine BICP

Simulated and reported DPV area under the concentration-time curve (AUC) in the luminal fluid and plasma after ring administration for dosing

regimens A and B

Group A AUC,_z5 (mg h ™) Group B AUCo 35 (mghI™")

Reported® Extracted® Simulated® Reported® Extracted® Simulated®
Plasma 0.191 + 0.038 (20.20) 0.244 0.177 0.245+0.0332 (13.52) 0.256 0.211
Vaginal fluid (cervix) 26070+ 12850 (49.31) 26221 29079 25440+ 11750 (46.18) 25291 33067
Vaginal fluid (introitus) 7676 + 3636 (47.37) 8138 21420+ 40180 (187.6) 9952
Vaginal fluid (near ring) 28770+ 14310 (49.72) 29 258 31550+ 12660 (40.12) 32208

“Reported AUC show the mean + standard deviation (coefficient of variation %) reported in Table 2 of [21]; the median or geometric means and
standard deviation of the logs were not available in the original publications.

PExtracted values were determined from the patient data extracted from Figure 2 of [21].

“Simulated results come from the single patient simulations using the physiologically-based pharmacokinetic parameters from Table 1 and Table 2.

AUC = area under the concentration-time curve
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Figure 4

Dapivirine (DPV) concentration-time profiles following administration of a single vaginal film measured in the vaginal fluid, plasma, epithelium
tissue and stroma tissue. The black line represents the DPV concentration of a single patient simulated using the physiologically-based pharma-
cokinetic parameters from Tables 1 and 2. The coloured dots represent single time point measurements in patients participating in the FAME
02 study; DPV concentration was determined in the vaginal fluid (blue), plasma (orange), cervical tissue (red) and vaginal tissue (purple) for each
patient in the hours following administration of dose 7. As the study did not provide information on the proportion of epithelium or stroma tissue
present in their tissue samples, we include both vaginal and cervical tissue measurements on the plot. The individual panels show the DPV con-
centration in: (A) vaginal luminal fluid; (B) plasma; (C) vaginal epithelial tissue; and (D) vaginal stromal tissue

middle of the single-time point patient measurements
(panels C and D of Figures 7 and S3) but the range
observed in patients vaginal and cervical tissue was much
larger (0.3-20.6 mg 1! and 0.3-8.7 mg 1"! respectively) than
simulated range (approximately 1.12-4.75 mg 1™). As with
the single patient simulations, the range of stroma
concentrations underestimated the DPV concentration
measured in patients.

External model validation

The simulated concentration-time profiles of DPV in the vag-
inal fluid and plasma, epithelial, for a single patient, after
using a single DPV ring are given in Figure 8. Nel et al. [24]

determined the DPV concentration in patients’ plasma and
vaginal fluid; the vaginal fluid was sampled from the surface
of the cervix, the introitus and near the site of ring placement
(i.e. vagina). These simulations aimed to predict vaginal fluid
samples taken from the cervix and near the site of ring place-
ment. Table 5 shows the results of simulated vaginal fluid and
plasma with the reported mean [standard deviation (CV%)]
or median (range) values of: (i) DPV concentration 1.5 h after
ring insertion (Cy sp); (i) DPV Chax; (iii) Tmax; (iv) DPV con-
centration prior to ring removal and; (v) AUC (mg h .
The simulated concentration-time profiles of DPV in the
vaginal fluid closely matched that measured in patients
(Figure 8A and Table 5). The simulated AUC of the vaginal
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Figure 5

Dapivirine concentration-time profiles as for Figure 2 but including variability to allow for visual predictive check of simulated profiles. The visual
predictive check simulations were run 1000 times for 30 patients with variability incorporated in to all model parameters using the values and as-
sociated coefficients of variation given in Tables 1 and 2. In each panel, the grey bands represent the variability in the 5™, 50" and 95" centiles
while the black line shows the 50" centile value for each distribution
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Figure 6
Dapivirine concentration—time profiles as for Figure 3 but including variability to allow for visual predictive check of simulated profiles. The visual
predictive check simulations were run 1000 times for 30 patients with variability incorporated in to all model parameters using the values and as-

sociated coefficients of variation given in Tables 1 and 2. In each panel, the grey bands represent the variability in the 5™, 50" and 95" centiles
while the black line shows the 50" centile value for each distribution

fluid was within the reported range of AUC measured on the Discussion

surface of the cervix and near the ring (Table 5). The simu-

lated DPV plasma concentration-time profiles are shown on It is clear that achieving safe, effective and affordable
panel B of Figure 8 and the Table 5 shows the DPV concentra- female-driven protection is crucial to reducing HIV infec-
tions and AUC for the simulated profiles and those measured tion among women. Accurate models that are able to quan-
in patients. As with the previous simulations of plasma con- tify the effectiveness of vaginal microbicides for PrEP have
centrations, the model predicted a slower rise in plasma levels the potential to aid drug development. This paper details
than that seen in patients (see T, and C; sn, Table 5) but the development, calibration and validation of a PBPK
the model was able to almost exactly predict the plasma model describing the physiological structure of the vaginal
Cmax [reported Cpax = 3.5 x 107° mg ™! vs. simulated Cypax space and the absorption/distribution of vaginally adminis-
3.3 x 10 ° (mg1™); Table 5]. tered drugs using a system of differential equations. The
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Figure 7

Dapivirine concentration-time profiles as for Figure 4 but including variability to allow for visual predictive check of simulated profiles. The visual
predictive check simulations were run 1000 times for 30 patients with variability incorporated in to all model parameters using the values and as-
sociated coefficients of variation given in Table 1 and Table 2. In each panel, the grey bands represent the variability in the 5™, 50" and 95"
centiles while the black line shows the 50" centile value for each distribution
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Figure 8

The dapivirine (DPV) concentration-time profiles following insertion of a single vaginal ring for 28 consecutive days measured in the (A) vaginal
fluid and (B) plasma. The black line represents the DPV concentration of a single patient simulated using the physiologically-based pharmacoki-
netic parameters from Table 1 and Table 2. The coloured lines represent the average DPV concentration collected from patients the vaginal fluid
near the site of the ring (blue), from the vaginal fluid on the surface of the cervix (red), the vaginal fluid on the surface of the introitus (purple) and
the plasma (orange). The grey and orange bands (panels A and B, respectively) show the range of the patient data error bars extracted from Fig-
ure 1 of [23]. Note that the original publication [23] does not report whether the data plotted represent the population mean and standard de-
viation or median and range

model predictions were tested by simulating the drug The results show the final PBPK model, with reduced bio-
concentration-time profiles in the luminal fluids, vaginal availability and parameterized using the values in Table 1
tissue and plasma after use of either the DPV ring or film. and Table 2, was able to reasonably reproduce clinical trial
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“Reported values show the mean (+ standard deviation; coefficient of variation %) extracted from Table 2 of [21]; the median or geometric means and standard deviation of the logs were not

available in the original publications.

PSimulated results come from the single patient simulations using the physiologically-based pharmacokinetic parameters from Tables 1 and 2.

“Reported values show the median (range) extracted from Table 2 of [21].

data when simulating DPV delivery via a vaginal ring or film
and both qualitatively and quantitatively replicate the re-
sults of an independent ring study.

The choice of model PBPK parameters was, where possi-
ble, based on the estimates (and their associated variability)
reported in the literature. However, data characterizing the
vaginal tissue volumes, vaginal blood flow rates and drug
movement through the cervicovaginal tract of humans are
limited and required some assumptions. For example, the
volume of the vaginal epithelium tissue was inferred based
on the size of a typical vaginal cell [39], the vaginal surface
area [40], the thickness of a single cell layer [41] and the typ-
ical number of cell layers [42]. The thickness (and hence vol-
ume) of the epithelial tissue would also differ throughout a
women'’s menstrual cycle. While this added layer of complex-
ity was not incorporated into this current model, the explicit
inclusion of the epithelium tissue allows users to easily incor-
porate this if they choose to (e.g. through a time-varying esti-
mate the number of cell layers in the epithelium). This
appears to be a reliable approximation for the epithelium
but unfortunately, similar details describing the vaginal
stroma were much more limited. The volume of the vaginal
stroma was therefore based on the observation of Gao and
Katz [43] that the stroma is approximately 14 times thicker
than the epithelium. The accuracy of this estimate was diffi-
cult to test with the data available to us; the ring study did
not provide DPV tissue concentrations and the film study
provided single time-point measurements of vaginal and cer-
vical DPV without reference to the proportion of epithelium
or stroma tissue present. The results of the film simulations
(Figure 7 and Figure S3) suggest that the stromal drug concen-
tration is underestimated by the simulation.

This is likely to be a direct result of the difference in tissue
volumes; the stroma tissue was assumed to be 14 times larger
than the epithelium and the simulated stroma concentra-
tions are approximately 14 times smaller those simulated in
the epithelium (e.g. 0.05 mg 17'/14 = 0.0035 mg 1""). One ob-
vious way to overcome this would be to reduce the volume of
the stroma and hence increase the simulated concentrations.
However, there are currently no data available to suggest
whether this is would be a biologically accurate strategy and
we were reluctant to speculate given the equally limited data
available describing DPV movement through the stroma. It is
also likely that there will be a concentration gradient
throughout both vaginal tissues that is not accounted for by
the model (which currently assumes compartments are dis-
tinct and well mixed); however, the inaccessibility of these
tissues would make this difficult to quantify in vivo.

The VPC simulations provided insight into the simula-
tion predictions at each of the percentiles and show there
was no great departure in those percentiles from the observed
data. To ensure the simulated populations predictions are
specific to the population of interest, users can easily incorpo-
rate between-subject differences in drug disposition due to
demographic and clinical differences by changing the mean
parameter values or variability estimates given in Table 1 and
Table 2. For example, the estimate of vaginal surface area used
here reflects the mean surface area determined from 62 vinyl
polysiloxane casts of the vagina by Pendergrass et al. [40]. The
original study by Pendergrass et al. [50] obtained the
vaginal casts and aimed to compare the vaginal shapes in



Afro-American (n = 23), Caucasian (n = 39) and Hispanic
(n = 15) women. They found statistically significant varia-
tions in the vaginal shapes and dimensions between the three
groups [50]. Alongside the mean population estimates of vag-
inal surface area, the later study [40] also provides data de-
scribing the surface area according to the subject’s race,
parity and vaginal shape. This information can be incorpo-
rated into the population simulations through changes in
the parameter values to reflect the specific demography of
the study population. The only limitation to making the sim-
ulations more study-specific, is the availability of data de-
scribing the vaginal space in the target population.

The DPV partition coefficient parameters were estimated
from mouse data describing DPV levels in different tissues, or-
gans and blood plasma [47]. This relied on two key assump-
tions: (i) that tissue/organ to plasma ratio is equivalent to
the tissue/organ to blood ratio; and (ii) that data generated
in a mouse model were representative human partition coef-
ficients. These assumptions were arguably unlikely but with-
out an alternative data source, and with model predictions
that were able to replicate field data, they were the best op-
tion available. Future applications of this model to other drug
compounds would obviously require researchers obtain drug-
specific estimates of these partition coefficient parameters.

Another important assumption made here, was that drug
bioavailability was just 30%. This was done to reduce the sim-
ulated drug concentrations to within the reported patient
range. Without this assumption, the model was able to repli-
cate the shape of the DPV concentration—time profiles in each
tissue/fluid but it consistently over-estimated the amount of
drug present. There are a number of possible reasons to ex-
plain why the remaining 70% of the drug is unavailable. For
example, drug elimination of orally administered DPV occurs
primarily in the liver. However, when administered topically,
it is possible mucosal tissue or the bacteria present in the lu-
minal fluid may play an important role for local drug metab-
olism. Zanger et al. [51] determined a small subset of CYP
isozymes regulate 70-80% of metabolism for all clinically
used drugs, including antiretrovirals. Recently, To et al. [18]
demonstrated that CYP enzymes are expressed and active in
both vaginal and colorectal tissue. Using tissue biopsies from
healthy volunteers, they show both tissues were able to me-
tabolize DPV, producing metabolites that were determined
to be CYP-mediated using human liver microsomes [18].
The model currently assumes that any metabolism of DPV oc-
curring in luminal fluid and vaginal tissue is accounted for by
reducing the bioavailability parameter. This seems a logical
first step as the rate/amount of tissue metabolism is not re-
ported. However, further work to characterize a biotransfor-
mation rate of DPV in biologically relevant tissue/fluid
would allow for more explicit inclusion of the process in the
model.

The reduced bioavailability in this model can also be ex-
plained by the movement of DPV into other tissues or fluid
leakage. For example, information describing the volume
and movement of ambient vaginal fluid is limited, in part,
due to the difficultly involved in sampling it. The specific vol-
ume of vaginal fluid used here, was based on two studies that
determined the median ambient fluid volume was 0.51 ml
[52], and reported that patients’ volume ranged from either
0.33-0.69 ml [52] or 0.5-0.75 g (assuming the vaginal fluid
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density of 1 gcm™; [53]). Masters and Johnson suggested that
the presence of vaginal fluid varies along the length of the
vaginal canal [54] and, while likely, there is no specific infor-
mation describing this difference and so this model assumed
it was evenly distributed. Owen and Katz [55] previously sug-
gested a maximum fluid volume of approximately 0.75 ml
but they reference prior studies suggesting the daily produc-
tion of vaginal fluid is around 6 g day™*, with approximately
0.5-0.75 g present in the vagina at any one time (see Table 1
of [55]). This implies a relatively high rate of fluid turn over
and hence a potential for drug loss. The convective effects
(or turnover rate) of vaginal fluid also appears to cause rapid
distribution of drug across the vaginal surfaces [56] and it
seems likely that this carries a significant portion of the drug
up into the cervix. Nel et al. [21] show fluid samples taken
from the surface of the cervix contained approximately the
same concentration of drug as that measured near the ring
in the vagina. We chose not to explicitly model the cervical
tissue at this time to limit the number of parameters arbi-
trarily defined. To date, the PB data characterizing cervical tis-
sue volumes, blood flow rates and rates of drug movement
(through cervical tissue) is scarce and their inclusion would
further increase model uncertainty. It is also possible that
DPV moves into colon tissue or the lymphatic system. A pre-
clinical study by Murphy et al. [49], inserted a single 25 mg
DPV vaginal ring into four adult female cynomolgus ma-
caques (Macaca fascicularis) for 28 days. After 28 days, animals
were necropsied and the DPV concentration characterized in
three samples of various tissues (vagina, cervix, uterus, rec-
tum, female genital tract draining lymph nodes and distal
lymph nodes). They found DPV was present in the vaginal
tissue (1800 ng g'), the cervix (94 ng g') and the rectum
(40 ng g™") but noted no detectable DPV in the uterus, ax-
illary lymph nodes or iliac lymph nodes [49]. A study by
Nuttall et al. [57], determined drug concentration in the
draining lymph nodes of rhesus macaques following once
daily administration of [14C]DPV gel for 7 days. They
found low levels of DPV and radioactivity were present in
the iliac and inguinal lymph nodes at 1 and 24 h after dos-
ing (mean DPV values varied, 3-15 ng g'l, Table 2 of [57]).
While low, these concentrations are approximately 100-fold
greater than those reported and simulated in the plasma of
humans and thus may account for a proportion of unavail-
able drug.

One current limitation of the model is that the process of
in vitro drug release is not differentiated from the formulation
and chemical dissolution properties of the formulation
in vivo. The current estimate of DPV release rate for the film
in vivo was informed by an in vitro DPV film dissolution test
which showed 50% of the DPV was released in <10 min [46].

The in vitro experiment was conducted using Cremophor,
anonbiologically relevant media, which is required in the ex-
perimental set up to maintain sink conditions due to the hy-
drophobicity of DPV. The solubility of DPV in this medium is
much greater than that anticipated in biological fluids and
observations from clinical trials suggest drug release levels,
as well as film disintegration rate, are greatly overestimated
in experiments with the Cremophor-containing medium. It
was assumed that any effect of the formulation and drug dis-
solution characteristics were accounted for in the reduced
bioavailability.
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This paper set out to describe a PBPK model of vaginally
administered drugs with specific application to DPV, deliv-
ered via a vaginal ring or film. We employed a top-down ap-
proach to model development in which we allowed our
understanding of a woman’s physiology to dictate the
models compartmental structure. However, the limited avail-
ability of data describing drug properties lead to difficulties
describing drug absorption and movement through vaginal
tissues, and thus the model relies on the assumptions
outlined above. Describing drug movement using rate con-
stants is not necessarily typical of PBPK models, but in this
case, they were often based on some underlying physiological
or chemical properties. For example, the rate of drug move-
ment from the luminal fluids to epithelial tissue is based on
both vaginal surface area and tissue permeability. The rate
constants used herein where chosen to reduce the number
of model parameters; however, the user could, of cours,e de-
fine these intermediate values and have the model determine
a rate of movement if they prefer. This choice has arguably
made the resulting model structure more similar to that of a
semi-physiological model rather than a strictly PBPK model.
To a certain extent, this limits the degree of generalizability
of this model to other drug compounds. However, by
highlighting the limitations of the current model structure
and describing the types of data required to develop this into
a more mechanistic PBPK model, we provide a reliable foun-
dation for future researchers to build on.

Despite these assumptions, the PBPK model described
here was able to reproduce patient data and the population
variability accurately. Simulations of a single patient using ei-
ther the ring or film, show DPV concentration-time profiles
that closely match the mean profiles extracted from the liter-
ature. Following ring insertion, both simulated and patient
profiles show DPV concentrations immediately increase rap-
idly, decrease gradually while the ring is inserted and then fall
off rapidly when the ring is removed. The shape of the simu-
lated plasma profiles was similar to that seen in the luminal
fluids (i.e. a quick increase following ring insertion, a steady
decline over time and then fairly rapid decline after ring
removal) but, as seen in patients, systemic concentrations
were approximately 4-fold lower. Following film insertion,
DPV was rapidly released into the vaginal fluid and quickly
moved into the tissue. Due to the highly hydrophobic
nature of DPV [58], movement into the systemic circulation
is slow and, as with the ring simulations, the
simulated/reported DPV plasma concentration remains
much lower than tissue concentrations. The simulated
plasma concentration never reached the HIV EC99 remained
below the HIV IC50 for approximately 200 h (panel B of
Figure 4). The VPC simulations show that, despite the rela-
tively large interpatient variability included in parameters
that were either estimated with some degree of uncertainty
or arbitrarily assigned, the model was still able to adequately
predict the patient concentration-time profiles. The ring
VPCs of the epithelium and stroma tissue (panels C and D of
Figure S1 and Figure S2), show a relatively large, and some-
times overlapping, range of simulated DPV concentrations.
Peak concentrations in simulated stromal tissue varied by as
much as 7-fold compared to approximately 3-fold variability
in the simulated DPV in the vaginal fluid. This is probably
due to the higher number of parameters that were estimated
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with some uncertainty or arbitrarily assigned when determin-
ing stromal tissue concentrations. For example, we do not
have data directly measuring the volume of stroma or esti-
mating the rate drug moves into and out of the stromal tissue
and so it makes sense that when allowing an arbitrary 30%
variability in all these parameters it would give the widest
range of estimates.

This work provides the first physiological and systems
framework that focuses specifically on characterizing the
cervicovaginal tract to evaluate vaginally administered DPV
in different formulations. Applying this model to other vagi-
nally administered compounds would require users to recali-
brate the model in terms of the drug specific parameters.
However, the in silico predictions of drug concentration in
the vaginal luminal fluid, tissue and plasma of humans pre-
sented herein, have the potential to reduce both the risk
and enormous costs associated with bringing new drug com-
pounds and/or formulations to market. For example, it allows
comparatively quick evaluation of different formulations and
dosing regimens, which would lead to more quantitatively
informed decisions regarding clinical trial design. This in
turn should reduce the risk associated with clinical trials
and potentially reduce the number of trials or patients typi-
cally required. The model can also be used to evaluate the po-
tential effectiveness of drugs by combining it with PD models
of drug effect. Specifically, we have introduced a robust quan-
titative method that can be used to estimate the efficacy of
vaginal PrEP interventions for HIV.
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Figure S1 Visual predictive check profiles as for Figure 5 but
includes variability in only the parameters that were esti-
mated with some uncertainty and all parameters arbitrarily
assigned. The visual predictive check simulations were run
1000 times for 30 patients with variability incorporated in
to the estimated model parameters using the values and asso-
ciated coefficient of variation given in Table 1 and Table 2

Figure S2 Visual predictive check profiles as for Figure 6 but
includes variability in only the parameters that were esti-
mated with some uncertainty and all parameters arbitrarily
assigned. The visual predictive check simulations were run
1000 times for 30 patients with variability incorporated in
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to the estimated model parameters using the values and asso-
ciated coefficient of variation given in Table 1 and Table 2

Figure S$3 Visual predictive check profiles as for Figure 7 but
includes variability in only the parameters that were esti-
mated with some uncertainty and all parameters arbitrarily

PBPK model of vaginally administered dapiviri
model of vaginally administered dapivirine BICP

assigned. The visual predictive check simulations were run
1000 times for 30 patients with variability incorporated in
to the estimated model parameters using the values and asso-
ciated coefficient of variation given in Table 1 and Table 2
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