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Editorial on the Research Topic

Pharmacokinetics and Pharmacodynamics of Pre-Exposure Prophylaxis Against HIV

BACKGROUND

In 2018 about 1.7 million individuals became infected with the human immunodeficiency virus
(HIV)1. While therapies are highly effective in suppressing virus replication and reducing
transmission, viral rebound generally occurs within weeks after treatment discontinuation (Chun
et al., 2015). The establishment of a latent virus reservoir early in infection poses challenges for
identifying effective HIV cure strategies. Vaccines have had limited success to date (Rerks-Ngarm
et al., 2009; Caskey et al., 2019) although some promising strategies are under evaluation. While a
major success in HIV research has been the development of highly effective antiretrovirals, a fruitful
idea is to re-purpose those drugs for HIV prevention. Substantial progress has been made
developing antiretroviral (ARV)-based strategies to prevent HIV transmission, including pre-
exposure prophylaxis (PrEP) (Grant et al., 2010). PrEP with oral FTC in combination with tenofovir
disoproxil fumarate (TDF) or tenofovir alafenamide (TAF) is an established prevention strategy to
protect certain populations at risk of HIV acquisition.

By inhibiting early virus replication, PrEP drugs increase the chance of virus elimination before a
new host is irreversibly infected. However, viral inhibition—and thus PrEP efficacy—largely
depends on the drugs’ concentration at the target site. While initial PrEP trials with once daily
oral FTC/TDF estimated a moderate efficacy based on an intent-to-treat analysis (see2 for an
overview), subsequent analyses indicated that if individuals adhere to the once-daily regimen,
protection levels of 80–99% may be reached (Grant et al., 2014). These analyses revealed a certain
level of pharmacologic forgiveness with variable adherence, which was evident in the IPERGAY trial
that showed high efficacy for evident-driven dosing (Antoni et al., 2020).

This Research Topic compiles articles addressing pharmacokinetic/pharmacodynamic (PK/PD)
aspects of PrEP. A particular focus is on PrEP adherence, on translational research to predict PrEP
efficacy, as well as innovative approaches to dispensing clinical trial PrEP drugs.
1UNAIDS: FACT SHEET - GLOBAL AIDS UPDATE 2019 (https://www.unaids.org/en/resources/fact-sheet).
2Global Advocacy for HIV prevention, https://www.avac.org/sites/default/files/u3/By_The_Numbers_PrEP.pdf.
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PREP ADHERENCE

Mallayasamy et al. analyzed data from 920 individuals to
identify demographic, as well as socio-behavioral factors
associated with PrEP adherence in sero-discordant couples in
East Africa. They found that older age, female gender, and
sexual activity were associated with increased adherence to
FTC/TDF, whereas having a partner on ART >6 months, being
in the study for >6 months, and problematic alcohol use were
associated with lower adherence. These data were gathered
objectively using electronic adherence monitoring systems,
which may not be available in other PrEP implementation
studies and broader roll-out. How can adherence be assessed
in real-world settings to interpret and analyze PrEP outcomes?
Blumenthal et al. investigated, in a group of HIV-uninfected
men who have sex with men (MSM) from the TAPIR
study, which self-reported adherence questions correlate with
objective measures of drug adherence, as measured by
tenofovir diphosphate (TFV-DP) concentrations in dried
blood spots (DBS). They found that answers to the question
“Thinking about the past 4 weeks, what percentage of the time
were you able to take all your PrEP medications” were most
strongly associated with objective adherence measurements in
this cohort. Pyra et al. analyzed whether TFV-DP levels in DBS,
which can be conveniently collected and stored, correlate well
with the history of drug intake measured by electronic
adherence systems. Lalley-Chareczko et al. analyzed whether
tenofovir (TFV) levels in urine after administration of TAF
may be a good indicator of recent drug adherence. TAF is a
tenofovir prodrug approved for PrEP in combination with FTC
for high-risk men and transgender women who have sex with
men. Lalley-Chareczko et al. found that urine levels of TFV
persist at detectable concentrations in participants taking TAF
for at least 7 days despite largely undetectable plasma TFV
concentrations, suggesting that urine may be a good marker for
recent drug adherence.
TRANSLATIONAL PREP RESEARCH

Quantifying PrEP efficacy from clinical data requires determining
the relative rate of seroconversion in the intervention vs. control
arm. A major statistical challenge arises from the fact that sexual
HIV transmission probabilities are extremely low (Royce et al.,
1997) and hence the number of seroconversions in a clinical trial,
which is used to calculate efficacy is prone to statistical errors
(Dunn and Glidden, 2016). Consequently, PrEP development
requires making use of the entire translational research toolbox.
Herrera discussed the toolbox of in vitro and ex vivomodels used
to screen PrEP compounds, characterize their pharmacology,
evaluate their safety, and determine target drug levels.
Additionally, computational modeling approaches offer flexible
and powerful tools to study drug behavior, integrate different
data sources, and predict clinical endpoints. Duwal et al. used an
integrated pharmacokinetic-viral dynamic computer model
Frontiers in Pharmacology | www.frontiersin.org 25
(Duwal et al., 2018). They first developed a pharmacokinetic
(PK) model for efavirenz based on in vitro and clinical data from
the ENCORE-1 study. Subsequently, they integrate this PK
model with a stochastic virus response model to predict the
prophylactic efficacy of efavirenz following different dosing
schemes. Based on these simulations, they propose that low-
dose efavirenz could have high clinical efficacy as PrEP.
Straubinger et al. give an overview of mathematical modeling
efforts. They summarize approaches for approved and currently
developed PrEP drugs from a PK/PD perspective, as well as
approaches that connect pharmacology and viral dynamics to
ultimately predict PrEP efficacy in relation to drug dosing and
provide a short outlook on epidemiological modeling of
PrEP efficacy.
TRIAL DESIGN

Lastly, Lal et al. studied in Australia, whether community based
pharmacies, which offer more convenience for study participants,
can undergo training and modifications to achieve good clinical
practice compliance to dispense clinical trial study drugs. Overall,
they recorded very few deviations from study protocols, indicating
that community-based pharmacies should be considered in HIV
prevention trials.
CONCLUSION

PrEP is a very active field of investigation at the intersection of
pharmacology, behavior, and public health. When taken as
prescribed, oral PrEP is highly effective although inadequate
adherence reduces efficacy and public health benefit. The current
issue provides a snapshot of current research activities with a
focus on PK/PD aspects. As the PrEP field continues to evolve,
interest is now shifting to long-acting drug formulations and
sustained drug delivery systems that can overcome some of the
adherence issues associated with daily PrEP.
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The Utility of Efavirenz-based
Prophylaxis Against HIV Infection. A
Systems Pharmacological Analysis

Sulav Duwal 1†, Daniel Seeler 1†, Laura Dickinson 2, Saye Khoo 2 and Max von Kleist 1*

1Department of Mathematics and Computer Science, Systems Pharmacology and Disease Control, Institute of

Bioinformatics, Freie Universität Berlin, Berlin, Germany, 2Department of Molecular and Clinical Pharmacology, University of

Liverpool, Liverpool, United Kingdom

Pre-exposure prophylaxis (PrEP) is considered one of the five “pillars” by UNAIDS

to reduce HIV transmission. Moreover, it is a tool for female self-protection against

HIV, making it highly relevant to sub-Saharan regions, where women have the highest

infection burden. To date, Truvada is the only medication for PrEP. However, the cost

of Truvada limits its uptake in resource-constrained countries. Similarly, several currently

investigated, patent-protected compounds may be unaffordable in these regions. We set

out to explore the potential of the patent-expired antiviral efavirenz (EFV) as a cost-efficient

PrEP alternative. A population pharmacokinetic model utilizing data from the ENCORE1

study was developed. The model was refined for metabolic autoinduction. We then

explored EFV cellular uptake mechanisms, finding that it is largely determined by plasma

protein binding. Next, we predicted the prophylactic efficacy of various EFV dosing

schemes after exposure to HIV using a stochastic simulation framework. We predicted

that plasma concentrations of 11, 36, 1287 and 1486ng/mL prevent 90% sexual

transmissions with wild type and Y181C, K103N and G190S mutants, respectively.

Trough concentrations achieved after 600 mg once daily dosing (median: 2017 ng/mL,

95% CI:445–9830) and after reduced dose (400 mg) efavirenz (median: 1349ng/mL,

95% CI: 297–6553) provided complete protection against wild-type virus and the Y181C

mutant, and median trough concentrations provided about 90% protection against the

K103N and G190S mutants. As reduced dose EFV has a lower toxicity profile, we

predicted the reduction in HIV infection when 400 mg EFV-PrEP was poorly adhered

to, when it was taken “on demand” and as post-exposure prophylaxis (PEP). Once daily

EFV-PrEP provided 99% protection against wild-type virus, if≥50% of doses were taken.

PrEP “on demand” provided complete protection against wild-type virus and prevented

≥81% infections in the mutants. PEP could prevent >98% infection with susceptible

virus when initiated within 24 h after virus exposure and continued for at least 9 days.

We predict that 400 mg oral EFV may provide superior protection against wild-type HIV.

However, further studies are warranted to evaluate EFV as a cost-efficient alternative

to Truvada. Predicted prophylactic concentrations may guide release kinetics of EFV

long-acting formulations for clinical trial design.

Keywords: PrEP, modeling, PK-PD, translation, repurposing, resource-constrained, cost-efficient, PEP
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1. INTRODUCTION

The ambitious goals formulated by UNAIDS are to end
AIDS by 2030 (UNAIDS, 2017). However, unlike many other
infections, no cure is available to clear HIV infection. Ending
AIDS therefore heavily relies on strategies to reduce the
number of new HIV infections from an estimated 2.1 million
in 2014 (UNAIDS, 2015) to 500,000 cases by 2020 and
to fewer than 200,000 by 2030 (UNAIDS, 2016). While a
vaccine would be the ideal tool for the purpose, intrinsic
difficulties have so far precluded the development of an
effective vaccine against HIV. Despite these setbacks, the
development of about 30 antiviral compounds to stop HIV
replication has been an overwhelming success (Gulick, 2018) in
HIV research.

In light of the current situation, recent years have seen an
increasing interest in utilizing antivirals not only for treatment,
but also to prevent HIV transmission. Two general strategies are
currently investigated for this purpose:

(i) Treatment-as-prevention (TasP) intends to put individuals
with an HIV diagnosis immediately on treatment, which
essentially makes them non-contagious (Cohen et al., 2011).
However, a major limitation of this approach is that HIV is
typically transmitted early after infection (Brenner et al., 2007;
Yousef et al., 2016), when the recently infected individual is
unaware of his/her HIV status and has consequently not initiated
TasP. Thus, maximizing the epidemiological impact of TasP also
requires to improve HIV diagnosis, which is a central component
of the 90-90-90 strategy (UNAIDS, 2017).

(ii) Pre-exposure prophylaxis (PrEP) acts on the viral
dynamics in the virologically challenged individual immediately
after virus exposure. Akin to a vaccination, PrEP increases
the probability that transmitted virus gets cleared, protecting
individuals from becoming irreversibly infected. However,
unlike vaccination, PrEP protection is a direct function of the
concentration of prophylactic drugs at the target site.

Once-daily oral PrEP with the drug combination Truvada
(tenofovir disoproxil fumarate-emtricitabine) has been approved
since 2012 in the US and since 2016 in the EU. Initial clinical
studies with Truvada demonstrated its utility as a PrEP agent
(Grant et al., 2010), while subsequent studies indicated that
the efficacy of Truvada-based PrEP was highly dependent on
the individual’s adherence to the once daily regimen. While
it is difficult to quantify PrEP adherence clinically (Haberer
et al., 2015), efficacy estimates in apparently highly adherent
individuals were 86–100% in the IPrEx OLE study, 58–96%
in the PROUD study and 96% in the Partners PrEP OLE
study (Grant et al., 2014; McCormack et al., 2016). The
VOICE and FEM-PrEP studies indicated that Truvada may
not prevent infection in poorly adherent individuals, i.e., if
30% of individuals had detectable drug in their blood plasma
(Van Damme et al., 2012; Marrazzo et al., 2015). Mathematical
modeling of Truvada-based PrEP (Duwal et al., 2016) established
the precise relationship between drug pharmacokinetics and
prophylactic efficacy confirming many clinical observations (i.e.,
quantifying the prophylactic efficacy to be ≈ 96% in fully
adherent individuals).

While adherence is a major current concern that motivates
the identification of novel long-acting drug candidates and
optimized deployment strategies (AVAC, 2019), a currently
neglected factor is the cost of PrEP, with the majority of
HIV infections occurring in resource-constrained countries
(UNAIDS, 2016). Keller and Smith (2011) noted that the price of
Truvada currently undermines the advancement of pre-exposure
prophylaxis, particular in resource-constrained settings. Yet
regrettably, current PrEP research focusses entirely on patent-
protected compounds (AVAC, 2019). This makes it unlikely that
a current, or next-generation PrEP regimen will become broadly
implemented in resource-constrained regions where they could
benefit most. Moreover, PrEP is the only strategy by which
women can protect themselves against HIV infection, making
PrEP highly relevant in regions like sub-Saharan Africa, where
young women are the most relevant target group to halt the
ongoing spread of HIV (Dellar et al., 2015; Maxmen, 2016),
accounting for≈ 7000 infections per week (Mathur et al., 2016).

A natural progression would therefore be whether currently
neglected, patent-expired compounds might make good
candidates for PrEP repurposing. Based on an initial
computational assessment of potential candidates (Duwal
et al., 2019), we focus herein on the patent-expired non-
nucleoside reverse transcriptase inhibitor (NNRTI) efavirenz
(EFV), which is successfully used in HIV treatment, particularly
in resource-constrained settings, where it costs as little as 0.1US$
per day. To this end, we assess efavirenz pharmacokinetics,
consider its mode of action and establish the relationship
between pharmacokinetics and prophylactic efficacy. Since
reduced-dose (400 mg) efavirenz has a considerably improved
safety profile, we assess the prophylactic efficacy of 400 mg
oral EFV when used in chronic PrEP, PrEP on demand and
post-exposure prophylaxis (PEP).

2. PATIENTS

Apreviously developed population pharmacokinetic (PK)model,
constructed using data collected as part of ENCORE 1 was
used. ENCORE 1 was a multi-center, double-blind, placebo-
controlled trial designed to compare standard dose efavirenz
(600 mg once daily) to a reduced dose (400 mg once daily) in
HIV-infected, treatment-naive adults. Patients recruited at sites
across Africa, Asian, South America, Europe and Oceania were
randomized (1:1) to receive efavirenz 600 or 400 mg once daily
in combination with tenofovir disoproxil fumarate/emtricitabine
(Truvada, 300/200 mg once daily) (ENCORE1 Study Group,
2014; ENCORE1 Study Group et al., 2015).

At weeks 4 and 12 of therapy, single random blood samples
were drawn between 8-16 hours post-dose, additionally intensive
sampling was undertaken in a subgroup of patients between
weeks 4 and 8 [pre-dose (0 h), 2, 4, 8, 12, 16 and 24 h post-
dose]. Plasma efavirenz was quantified using a validated HPLC-
MS/MS method (Amara et al., 2011). Overall, 606 patients
(n=131, 32% female) randomized to efavirenz 600 mg (n = 311)
and 400 mg once daily (n = 295) contributed 1491 samples
for model development [median (range) 2 (1–9) per patient].
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Median (range) age and weight were 35 years (18–69) and
65kg (39–148) and baseline viral load ranged between 162
and 10,000,000 copies/mL. The majority of patients were of
African and Asian ethnicity (37 and 33%, respectively) with the
remainder identifying as Hispanic (17%), Caucasian (13%) and
Aboriginal and Torres Strait Islander (0.2%).

3. METHODS

3.1. Efavirenz Pharmacokinetics
Efavirenz (EFV) is a non-nucleoside reverse transcriptase
inhibitor that is frequently used in first-line therapy in resource-
constrained regions in combination with emtricitabine (FTC)
and tenofovir disoproxil fumerate (TDF) for treatment of
HIV infection. EFV is a small (molecular mass: 315.6 g/mol)
lipophilic (LogP ≈ 4) compound that is highly bound to plasma
proteins (human serum albumin and α-1-acid glycoprotein).
The unbound fraction of the drug in human plasma (fu) is
< 1% (Almond et al., 2005; Fayet et al., 2008; Burhenne
et al., 2010; Avery et al., 2011, 2013a). Efavirenz is a known
inducer of various CYP-P450 enzymes (Fichtenbaum and
Gerber, 2002), including CYP2B6, which is the main enzyme
mediating its own metabolism (Ward et al., 2003; Ogburn et al.,
2010). Moreover, it is known that CYP-P450 polymorphisms,
in particular CYP2B6 can lead to large inter-individual
variations in EFV concentrations (Orrell et al., 2016). We
derived statistical models for the inter-individual variability
in plasma pharmacokinetic profiles, particularly taking CYP
P450 polymorphisms (CYP2B6 and CYP2A6) in a representative
population (ENCORE 1) into account. Furthermore, we modeled
metabolic autoinduction and established the relationship
between plasma- and target-site concentrations.

3.1.1. Pharmacokinetic Model Building
The population pharmacokinetic analysis of ENCORE 1 has
previously been reported (Dickinson et al., 2015, 2016). Briefly,
nonlinearmixed effects modeling using NONMEM (v. 7.2; ICON
Development Solutions, Ellicott City, MD, USA) was applied to
the efavirenz concentration-time data using FOCE-I. The impact
of the following covariates on efavirenz apparent oral clearance
(CL/Fbio) was investigated: age, weight, fat-free mass (FFM),
body mass index (BMI), sex, ethnicity and CYP P450 genotypes
CYP2B6 516G>T, CYP2B6 983T>C, CYP2B6 15582C>T,
CYP2A6*9B, CYP2A6*17, CYP3A4*22, NR1I3 540C>T and
NR1I3 1089T>C. Specifically, of the 606 patients with PK data,
95% had a blood sample for genotyping (n=574), although
amplification failed for a small number of individuals (CYP2B6
15582C>T andCYP3A4*22, n=1;CYP2A6*17, n=2;CYP2A6*9B,
n=4). To drive the PrEP simulations, the final model was used
to simulate PK parameters of 1000 virtual patients receiving
efavirenz using the same distribution of significant covariates
as the original dataset. PK parameters of all virtual patients are
summarized in Supplementary Table 1.

Efavirenz concentrations over time were best described by a
1 compartment model parameterized by apparent oral clearance
[population value of CL/Fbio; estimate (RSE%): 11.9L/h (2.4%)
for the reference (wild-type) CYP genotype for all four SNPs;

CYP2B6: 516G>T/983T>C/CYP2A6*9B/*17 of a 70kg weighing
individual], apparent volume of distribution [population mean
V/Fbio; 282 L (5.2%)] and absorption rate constant ka fixed to a
value of 0.6h−1 (Arab-Alameddine et al., 2009):

d

dt
Z1 = −ka · Z1 (1)

d

dt
Di,j =

ka · Z1

Vi/Fbio
−

CLi,j(t)/Fbio

Vi/Fbio
· Di,j (2)

whereby Z1 denotes the amount of drug in the dosing
compartment. The variable of interest is the concentration in the
blood plasma (central compartment), i.e., D. Dosing events were
modeled as impulse inputs, with

Z1,t = Z1,t + dosek, (3)

whenever the current simulation time t coincided with a
dosing event τk. In the equations above, CLi,j(t)/Fbio denotes
the bioavailability-adjusted, individual drug clearance at
occasion j and ka denotes the rate of drug uptake. The
term Vi/Fbio is the bioavailability-adjusted volume of
distribution of individual i. Interindividual and interoccasion
variability was supported on CL/Fbio [36.6% (10.8%) and 21.0
(27.7%), respectively] and residual error was defined by a
proportional model [20% (8.6%)]. CL/Fbio and V/Fbio were
allometrically scaled by weight (centered on 70 kg) and CYP2B6
516G>T/983T>C/CYP2A6*9B/*17 composite genotype
significantly reduced efavirenz CL/Fbio between 4.5-82% ,
depending on allele combinations, compared to the reference
genotype. Pharmacokinetic parameters for a 70 kg individual
with reference genotype are summarized in Table 1. Overall,
there were 16 genotype subgroups (Supplementary Table 2).
Grouping of patients as extensive, intermediate or slow
metabolisers (see below) as part of the modelling process (or
after the final model was obtained) did not impact individual
parameter estimates. The reduced genotype groups were
defined as follows: (i) extensive metabolisers, (ii) intermediate
metabolisers and (iii) slow metabolisers as detailed in
Dickinson et al. (2015).

For initial model building clearance was assumed to reflect
values after metabolic autoinduction since pharmacokinetic data
was collected at weeks 4 and 12 of therapy. In the following, we
consider the autoinduction explicitly, since it affects PrEP efficacy
shortly after its initiation (e.g., “PrEP on demand”).

3.1.2. Metabolic Autoinduction
In our work, we modeled metabolic autoinduction similarly to
the model proposed by Zhu et al. (2009). We defined the term α

as the ratio of the mean clearance on day 1 to the mean clearance
at steady state (after autoinduction). The clearance ratio α is

then computed as α =
Ei(CLi,t0 )

Ei(CLi,SS)
where the average clearance

on the first day Ei(CLi,t0 ) = 5.76L/h was taken from Zhu et al.
(2009) and the average clearance at steady state E(CLi,SS) =

9.86L/h was computed from the virtual patient population
(Supplementary Table 1), deriving α = 0.58. For each virtual
patient generated from the population pharmacokinetic model,
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TABLE 1 | Pharmacokinetic parameters.

Parameter Value Unit Parameter Value Unit

CLss/Fbio 11.9 L/h V/Fbio 282 L

α 0.58 – σ 0.20 –

CVIIV (CLss/Fbio) 36.6 % CVIOV (CLss/Fbio) 21.0 %

The table displays the pharmacokinetic parameter estimates for a 70 kg individual with reference genotype (reference: CYP2B6, pos. 516:GG, pos. 516:TT and for CYP2A *9B and

*17: CC/CC or CC/CT or CC/TT or CA/CC or CA/CT or AA/CC or AA/CT Dickinson et al., 2015). Inter-individual variability (IIV), as well as inter-occasional variability (IOV) was included

on drug clearance CL/Fbio. These parameters were log-normal distributed with coefficient of variation [%] CV = 100 ·
√

eσ2
− 1, where σ 2 is the variance of the associated normal

distribution. Weight was considered to affect CLss (i)/Fbio = CLss/Fbio · (weight(i)/70)0.75 and the volume of distribution V (i)/Fbio = V/Fbio · (weight(i)/70) through allometric scaling.

Residual variability was described by a proportional error model (σ = 0.2).

the individual clearance at steady state was available and the
clearance at day 1 was computed using CLi,t0 = α · CLi,SS. Zhu
et al. (2009) proposed a model for time-dependent autoinduction
that we used herein

CLi(t) = CLi,t0 +
(

CLi,SS − CLi,t0
)

·
t − t0

(t − t0)+ T50
(4)

where CLi(t) is the individual clearance rate at the time t and t0
is the time of the first EFV dose. CLi(0) and CLi,SS represent the
clearance rates at day 1 and at steady state. The term T50 = 245h
(Zhu et al., 2009) is the time where the clearance rate reaches half
of its steady-state value.

3.1.3. Target-site Concentrations
The general perception is that only the free/unbound intracellular
concentration at the site of action (intracellular space) is
available to exert an antiviral effect (Smith et al., 2010). For
highly lipophilic drugs like EFV, passive diffusion may be
the dominating transport mechanisms and therefore the
unbound/free drug concentrations are identical on both sides
of biomembranes, whereas the relation between the total
concentrations can be computed by considering unspecific
drug retention by e.g. binding to plasma proteins or lipids.
These assumptions are implemented in so called partition
coefficient models commonly used in physiologically based
pharmacokinetic modeling, see von Kleist and Huisinga (2007)
for an overview. To test whether EFV is dominantly transported
into cells by passive diffusion/equilibrating transport we
implemented partition coefficient models and compared the
predictions with intracellular concentration measurements in
Supplementary Text 1. We found overwhelming evidence for
passive diffusion/equilibrating transport as the dominating
mechanism of cellular drug uptake. Moreover, under
passive diffusion and unspecific drug retention, there is a
direct proportionality between plasma concentrations and
concentrations at the site of action. This proportionality implies
that we can model the effect of EFV based on plasma drug
concentrations (derivations in Supplementary Text 1).

3.2. Direct Effects
We modeled the direct effect of efavirenz using the sigmoidal
Emax-equation (Chou, 2006)

ηD(t) =
Dm
t

ICm
50 + Dm

t

, (5)

TABLE 2 | Pharmacodynamic parameters.

Strain IC50 (± sd) m (± sd) f

wild type 5.4 (± 0.9) 1.69 (±0.08) 1

Y181C 2.8 · IC50(wt) 0.9 ·m(wt) 0.78

K103N 89.1 · IC50(wt) 0.83 ·m(wt) 0.74

G190S 72.1 · IC50(wt) 0.6 ·m(wt) 0.24

The table displays the pharmacodynamic parameters for wild type (Shen et al., 2008)

and different viral mutants (Sampah et al., 2011). The hill coefficient m (unit less) was

assumed to be normal distributed and IC50 values (nmol/L) were assumed to be log-

normal distributed (Jilek et al., 2012). Parameters were corrected for protein binding as

outlined in Supplementary Text 1. Parameter f (unit less) denotes the fitness of the

respective strains. The respective parameter distributions for the mutants (IC50, m) were

computed by assuming an identical coefficient of variation as compared to the wild type.

where Dt is the plasma concentration of the drug at time t, which
is directly proportional to the target-site concentration (previous
section and Supplementary Text 1) and the term IC50 and m
denote the plasma concentration at which the targeted process
is inhibited by 50% and a hill coefficient (Shen et al., 2008),
respectively. Parameters are displayed in Table 2 for wild type,
K103N, Y181C and G190S mutants together with their standard
deviation. Note that the equation above couples the stochastic
viral dynamics (below) to the deterministic pharmacokinetics
(above). The hill coefficient m and 50% inhibitory concentration
IC50 have been measured ex vivo using single-round infection
assays in primary human peripheral blood mononuclear cells,
supplemented with 50% human serum for wild-type HIV and
various resistance mutations (K103N, Y181C and G190S) (Shen
et al., 2008; Sampah et al., 2011). Since the ex vivo assay was
performed with 50% human serum, the measured IC50 has
to be corrected for protein content, since the drugs’ potency
might otherwise be overestimated, particularly for highly protein
bound drugs like EFV. The IC50 correction is demonstrated in
Supplementary Text 1, together with a sensitivity analysis with
regard to uncertainties in measuring the unbound fraction of
EFV in human blood plasma.

3.3. Viral dynamics.
We adopted the viral dynamics model described in von Kleist
et al. (2010) and von Kleist et al. (2011). Long-lived and
latently infected cells are only implicitly considered (outlined
at the end of the section), motivated by the observation that
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transmitted viruses are not macrophage-tropic (Isaacman-Beck
et al., 2009; Ping et al., 2013) and in line with related modeling
approaches (Tan and Wu, 1998; Stafford et al., 2000; Perelson,
2002; Tuckwell et al., 2008; Conway et al., 2013). Although this
model is a simplified representation of the molecular events
happening during virus replication, it allows to accurately and
mechanistically describe the effect of all existing antiretroviral
drug classes on viral replication, as previously reported in (e.g.,
Duwal and von Kleist, 2016), and can be parameterized by in
vitro and clinical data, Table 3. The modeled viral replication
cycle consists of free infectious viruses V , uninfected T-cells
(Tu), early infected T-cells (T1) and productively infected T-cells
(T2). Early infected T-cells (T1) and productively infected
T-cells (T2) denote T-cells prior- and after proviral integration,
respectively, where the latter produces virus progeny. During
the onset of infection the number of viruses is relatively low
and the number of uninfected T-cells Tu is fairly unaffected by
viral dynamics (Perelson et al., 1993; Tan and Wu, 1998; Pearson
et al., 2011). We thus consider Tu = λT/δT to be constant
over the course of simulations. The stochastic dynamics of viral
replication after virus exposure are then defined by six reactions:

a1(Dt) =
(

CLV + CLT(Dt , mut) · Tu

)

· Vt (clearance of free virus; V → ∗) (6)

a2 =
(

δPIC + δT1
)

· T1,t (clearance of early infected cell; T1 → ∗) (7)

a3 = δT2 · T2,t (clearance of late infected cell; T2 → ∗) (8)

a4(Dt) = (1− ηD(t)) · β · f (mut) · Tu · Vt (infection of a susceptible cell; V → T1) (9)

a5 = k · T1,t (proviral integration; T1 → T2) (10)

a6 = NT · T2,t (production of virus; T2 → V+ T2), (11)

with CLT(Dt , mut) =

(

1
ρrev

− (1− ηD(t))
)

· β · f (mut) in

Equation (6), as outlined in von Kleist et al. (2010) where
ρrev = 0.5 denotes the probability to successfully complete
reverse transcription in the absence of inhibitors (Pierson et al.,
2002; Zhou et al., 2005) and f (mut) denotes the fitness of
the mutant. Free viruses can be cleared within T-cells during
unsuccessful infection with rate CLT by destruction of essential
viral components of the reverse transcription-, or pre-integration
complex (Pierson et al., 2002; Zhou et al., 2005) or it may
get cleared by the immune system with a rate constant CLV.
Further, the term β represents the lumped rate of infection of
T-cells, including the processes of virus attachment to the cell,
fusion and reverse transcription, leading to an early infected cell
T1, before proviral integration. The term k denotes the rate by
which early infected T1 cells are transformed into productively
infected T2 cells, involving proviral integration and cellular
reprogramming. The term NT denotes the rate of production

of infectious virus progeny by productively infected T2 cells.
The terms δT1 < δT2 denote the rates of clearance of T1 and
T2 cells, respectively, and δPIC denotes the rate of intracellular
destruction of the pre-integration complex. Parameters for the
viral model are summarized in Table 3. In this article, we
study distinct prophylactic schemes with the non-nucleoside
reverse transcriptase inhibitor efavirenz. Reverse transcriptase
inhibitors act intracellularly on reverse transcription. In our viral
dynamics model this translates into an increase of propensity
function a1 and a proportional decrease in propensity function
a4. Derivations and motivation of this mechanisms of action
from first principles are given in von Kleist et al. (2010)
(Supplementary Methods therein).

3.4. Virus Exposure
Initial viral exposure after sexual intercourse occurs at tissue
sites typically not receptive for establishing and shedding HIV
infection (e.g., mucosal tissues). Hence, the virus needs to pass
several physiological barriers to reach a replication enabling
(target-cell) environment where infection can be established
and from where it can shed systemically (Joseph et al., 2015).

To determine realistic inoculum sizes after sexual exposure
to HIV (initial states for hybrid stochastic simulations), we
previously developed a data-driven statistical model linking
plasma viremia in a transmitter (VL) to the initial viral
population Y0 in a replication-enabling environment (Duwal
et al., 2016) (Supplementary Note 4 therein for details) precisely
capturing average per contact transmission rates for various types
of exposure. In brief, we assume a binomial model

P(Y0 = V|VL = ν) =

(

[νm]
n

)

· rn · (1− r)[ν
m]−n (12)

where [·] is the nearest integer function, m = log10(2.45) is
given by Wilson et al. (2008) and the success probability r was
estimated in a previous work (Duwal et al., 2016) (Supplementary
Note 4 therein), e.g., rhomo = 3.71 · 10−3 for homosexual- and
rhetero = 3.63 · 10−4 for heterosexual exposure. The parameter

TABLE 3 | Parameters used for the viral dynamics model.

Parameter Value References Parameter Value References

λT 2·109 Wei et al., 1995 k 0.35 Zhou et al., 2005

δT, δT1 0.02 Sedaghat et al., 2009 β 8·10−12 Sedaghat et al., 2008

δT2 1 Markowitz et al., 2003 NT 670 Sedaghat et al., 2009; von Kleist et al., 2010

δPIC 0.35 Zhou et al., 2005; Koelsch et al., 2008 CLV 2.3 Tan and Wu, 1998; Tuckwell et al., 2008

Excerpt from von Kleist et al. (2010), except for CLV , which assumed that virus clearance is smaller in virus-naive individuals compared to infected individuals, in line with Frank et al.,

2011; Duwal et al., 2012. All parameters refer to the absence of drug treatment ∅. All parameters in units (1/day), except for λ (cells/day) and β (1/(day · virus)).
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VL denotes the viral load in a potential transmitter (assumed to
be log-normal distributed with µ = 4.51, σ = 0.98 (Duwal et al.,
2016)). In this model, the success probability r summarizes both
the extent of local exposure, as well as the probability of passing
all bottlenecking physiological barriers and reaching a replication
enabling target cell compartment. Herein, we used the “exposure
model” to compute drug efficacy estimates after sexual exposure
presented in Figures 3, 4.

3.5. Numerical Simulation
We use the exact numerical simulation scheme proposed
in Duwal et al. (2018). Briefly, the modeled system is split
into stochastic reactions describing viral dynamics and a
set of ordinary differential equations describing individual
EFV pharmacokinetics after drug administration, including
covariates (e.g., CYP2B6 polymorphisms), autoinduction and
the relationship between plasma- and target-site concentrations
outlined above. In our approach EFV pharmacokinetics
affect certain stochastic reaction propensities as outlined in
Equations (6), (9). This hybrid system is then simulated using
the numerically exact EXTRANDE algorithm (Voliotis et al.,
2016) and hybrid trajectories are classified as extinction events
when all viral compartments are cleared. On the other hand,
trajectories were considered infections if (i) either long-lived-
or latently infected cells emerged, or if (ii) the trajectories left
an extinction simplex (ǫ = 0.0001), meaning that it becomes
unlikely (probability≤ ǫ) that the virus will eventually be cleared
(details provided in Duwal et al., 2018).

3.6. Prophylactic Efficacy of a Drug
Regimen
Our goal is to estimate the prophylactic efficacy ϕ of a particular
medication regimen SD. The prophylactic efficacy denotes the
reduction in infection risk per contact, with ϕ =100% indicating
complete protection and ϕ =0% indicating no change in
infection risk.

ϕ(Y0, SD) = 1−
PI(Y0|SD)

PI(Y0|∅)
(prophylactic efficacy), (13)

where PI(Y0|SD) and PI(Y0|∅) denote the virus infection
probabilities for a particular prophylactic scheme SD and in
the absence of prophylactic drugs (∅), respectively, for initial
state Y0 = [V , T1, T2]

T (number of viral particles, early-
and late infected cells in a replication-enabling compartment).
The probabilities PI(Y0|SD) are approximated by the number
of simulations that were classified as infection events divided
by the total number of hybrid stochastic simulation runs for
each particular prophylaxis scheme SD during PrEP, PrEP “on
demand” and PEP simulations. PI(Y0|∅) can be computed using
the analytical formulas derived in Duwal et al. (2019).

Simulation of Pre- and Post-Exposure
Prophylaxis
Codes were written in MATLAB R2018b (MathWorks, Natick,
MA; v. 9.5, including the statistics toolbox). Individual
pharmacokinetic model parameters were drawn from the

distributions defined by the parameter estimates from the
final efavirenz population pharmacokinetic model (Table 2),
generating 1000 virtual patients (Supplementary Table 1). We
then simulated individual pharmacokinetic profiles for the
prophylactic schedule SD under consideration using ode113 in
MATLAB. To simulate different adherence levels, a sequence of
uniformly distributed random numbers with ri ∼ U(0, 1) was
drawn and the ith dose was missed if ri > adherence level.

The number of viruses to be inoculated was drawn from
the virus exposure model, where we first sampled the viral
load in a potential transmitter (log10 VL ∼ N (4.51, 0.98))
and then used the virus load in the transmitter to determine
the number of viruses V0 entering a replication-competent
compartment in the virus-exposed individual using Equation.
(12). Samples with V0 = 0 were rejected (they do not contribute
to the infection risk). For once-daily PrEP simulations with
different adherence levels, a time of virus exposure was randomly
drawn within a 3 month interval starting at day 31 after PrEP
initiation. The corresponding drug concentrations at this time
and the number of transmitted viruses reaching a target cell
compartment were used as the initial states for EXTRANDE
and simulated until stopping criteria were satisfied (either virus
clearance or infection). For “PrEP on demand” simulations, the
time of virus exposure was fixed as indicated in the corresponding
graphics. In the case of PEP, virus was inoculated as stated
above and the stochastic viral dynamics were simulated in the
absence of drugs until the time of PEP initiation (to determine the
initial condition of the system), and henceforth simulated until a
stopping criterium was reached.

In total, for each prophylactic scenario, 10000 simulations
were run and PI(Y0|SD) was computed as the fraction of
simulations that resulted in infection.

4. RESULTS

4.1. Pharmacokinetics
The standard EFV dose used in treatment is 600 mg once daily
taken orally. However, this dose is associated with neurotoxic
effects (Rakhmanina and van den Anker, 2010; Apostolova
et al., 2015), which could be prohibitive when using EFV
as prophylaxis. Notably, neurotoxicity is associated with
EFV plasma concentrations (and CYP2B6 polymorphism)
(Rakhmanina and van den Anker, 2010). Therefore, a
reduced, 400 mg dose has recently been explored, significantly
reducing the risk of neurotoxicity while maintaining sufficient
antiviral effects (ENCORE1 Study Group, 2014; ENCORE1
Study Group et al., 2015).

In Figures 1A,B we depict simulated pharmacokinetics of
once daily oral EFV with 400 and 600 mg. EFV was quickly
absorbed with a median tmax ≈ 5.90h (95% CI: 4.56–7.88) and
has a long median half life t1/2 ≈ 35.57h (CI: 14.28–125.26)
at day 1 and a median half life t1/2 ≈ 20.77h (CI: 8.34–73.15)
after metabolic autoinduction, in agreement with the literature
(Avery et al., 2011, 2013a; Dickinson et al., 2015). Due to its linear
pharmacokinetics, the dose reduction 600 → 400 mg resulted in
a concentration reduction of≈ 2/3 for the 400mg dosing regime.
In Figures 1C,D, we show the long-term pharmacokinetics after
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FIGURE 1 | Efavirenz Pharmacokinetics. Population plasma pharmacokinetics for the first four days after intake of (A) 400- and (B) 600-mg daily oral EFV. Long-term

pharmacokinetics of (C) 400- and (D) 600-mg daily oral EFV due to metabolic autoinduction. Light gray regions encompass 95% of individual PK predictions,

whereas dark gray areas encompass 50% of the predictions (quartiles). The thick red line marks the median pharmacokinetic profiles.

multiple dosing. Two things come to mind: (i) after an initial
plateau phase (4–5 doses), concentrations tend to decrease,
due to metabolic autoinduction, reaching median trough levels
of ≈ 1.35 and ≈ 2.02 mg/L (95% CI: 0.30–6.55 and 0.45–
9.83mg/L) in the 400- and 600mg dosing regime, respectively.
(ii) The variability in the predicted pharmacokinetic profiles
increases after multiple dosing with some individuals achieving
concentrations > 10 (mg/L) (light grey area indicating the 95%
range). This observation is attributable to genetic polymorphisms
affecting some individuals of our virtual patient cohort that
slowly metabolize EFV. Interestingly, there is clinical evidence
that some individuals, particularly slow metabolisers, achieve
concentrations > 10 (mg/L), and that the proportion of these
individuals is much higher for the 600 mg regimen (Dickinson
et al., 2015). In our simulations, 11.3% in the 600 mg group
eventually exceed concentration of 10 mg/L, whereas it is only
2.5% in the 400 mg group. If EFV toxicity is proportional
to exposure, as suggested by Rakhmanina and van den Anker
(2010), this may indicate that dose reduction could significantly
reduce the risk of adverse effects. But is it also protective
against infection?

4.2. Concentration-prophylaxis Profile
We used the analytical solutions presented in Duwal et al.
(2019) to compute concentration-prophylaxis profiles ϕ(Y0, SD)
assuming a single virus particle enters a replication-enabling
compartment (Y0 = [1, 0, 0]T), see Figure 2A. The reason is
that the virus exposure model (Methods section) predicts that

in most cases only a single virus enters a replication-competent
compartment after (homo-/hetero-)sexual exposure, if a virus
manages at all to pass the various bottlenecking physiological
barriers after sexual exposure. Besides the wild-type virus, we also
show the prophylaxis profile against transmitted drug resistance
with viruses carrying EFV resistance mutations G190S, K103N
and Y181C (Rhee et al., 2003). As a visual guide, the shaded areas
mark the 95% trough (pre-dose) concentration ranges achieved
at plateau and after metabolic autoinduction for once daily 400
mg efavirenz (computed using the POP-PK model).

Figure 2A suggests that once daily EFV (with 400 mg)
provides complete protection against HIV infection after
exposure to wild-type virus and resistant viruses carrying the
Y181C mutation. After exposure to the G190S and K103N
mutants, >>50% protection is provided by once daily 400
mg EFV and >>60% protection by the 600 mg regime. Since
selection of drug resistant variants is a major concern, we
evaluated the relative transmissibility of mutant viruses when
compared with wild-type virus as ϕwt − ϕmut in Figure 2B. The
figure can be interpreted as follows: At low concentrations there
is no reduction in infection if an individual was exposed to
wild-type and/or mutant virus. At an intermediate concentration
range (between 0.001 and 0.1 for Y181C and between 0.001
and 1 mg/L for K103N, G190S, respectively), infections with the
wild type would be prevented, while the prophylaxis cannot, or
only partially reduce the infection risk after exposure to mutant
virus. The maximum corresponds to the maximal difference
in risk reduction, meaning that resistant virus is more likely
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FIGURE 2 | (A) Prophylactic efficacy against different viral genotypes.

Predicted efficacy ranges are depicted as colored shaded areas, with

superimposed mean efficacy estimates as solid lines. Ninety-five percent

confidence intervals of steady-state EFV trough (pre-dose) concentrations

Ctrough,ss for 400 mg EFV after once daily dosing are depicted as light yellow

areas with the vertical black dashed line marking the median trough

concentration. (B) Relative transmissibility ϕwt − ϕmut of mutant viruses.

Colored areas depict the ranges of relative transmissibility and solid lines

indicate the mean relative transmissibility.Yellow shaded areas depict the 95%

CI of EFV trough (pre-dose) concentrations after 400 mg once daily at steady

state. Black dashed vertical lines indicate the corresponding median trough

concentrations. The prophylactic efficacy against a single virus was computed

using the analytical solutions provided in Duwal et al. (2018) (Equation 19–21

therein) for 1000 logarithmically spaced concentrations between 10−4 and 25

mg/L using 1000 sampled values for IC50 and m per viral genotype (Table 2).

For each viral genotype, IC50assay and m were sampled from a log-normal and

normal distribution respectively as stated in the caption of Table 2. IC50assay
were corrected for plasma binding using fu,plasma = 0.2% to obtain

IC50plasma
, as outlined in Supplementary Text 1. Changes in drug sensitivity

for the mutants considered the fold changes stated in Table 2. Fitness defects

of the mutants were considered using β(mut) = f (mut) · β(wt).

transmitted than the wild type. At very high EFV concentrations,
the infection risk with both wild type and mutant is reduced.
Importantly, when inspecting (population) median EFV trough
(pre-dose) concentrations after 400mg once daily dosing (dashed
vertical black line in Figure 2B) , we can see that the relative
transmissibility of the Y181C mutant is zero, while the relative
transmissibilities of the G190S and K103N mutants are less
than 20%. The analysis suggests that the typical concentration
ranges achieved after once daily EFV do not, or just slightly,
favor resistance transmission over wild type for the considered
single-substitution mutants. Note that these mutations decrease
EFV susceptibility by ≈ 90 fold, Table 2. However, clinically

derived isolates may contain multiple substitutions and confer
even higher levels of EFV resistance.

Since poor drug adherence may give rise to lower EFV
concentrations and since it is a major factor confounding the
clinical efficacy of Truvada (Haberer et al., 2015), we next set
out to test whether similar issues are to be expected for 400 mg
oral EFV for pre-exposure prophylaxis, or when EFV is used “on
demand” and post-exposure.

4.3. Once-daily PrEP With 400 mg EFV
The predicted prophylactic efficacy of once daily PrEP with
400 mg is shown in Figure 3A as a function of adherence
after exposure to either wild-type virus or after exposure to
drug resistant mutants. As can be seen, if at least 75% of
doses were taken, complete protection against the wild-type
virus and against the Y181C mutant was achieved. Notably,
for these viral genotypes protection was > 95% if 50% of
the pills were taken and ≈ 90% when ≈25% of the pills were
taken. In contrast, after exposure to resistant viruses carrying
the G190S or K103N mutation, protection was >82% when
at least 75% of the once daily 400 mg EFV pills were taken,
gradually dropping to ≈ 50% protection when every fourth pill
was taken.

We next wanted to assess how quickly the prophylactic
protection vanishes, when consecutive EFV doses were missed
(illustratively depicted in Supplementary Figure 1). In order to
do so, we simulated 400 mg EFV-based once daily PrEP with
100% adherence. Subsequently, we computed how long it will
take for the concentrations to drop below the respective 50%,
or 90% protective levels (EC50, EC90). We computed that a
median of 7 (CI: 2–32) consecutive doses need to be missed
in order to provide less than 50% protection against wild-
type virus. Correspondingly, 5 (CI: 1–26) consecutive doses
need to be missed to provide less than 90% protection against
wild-type virus.

4.4. “PrEP on Demand” With 400 mg EFV
Next, we evaluated whether 400 mg EFV “on demand” would
protect against HIV infection. We tested an “on demand” dosing
scheme similar to the one recently tested for Truvada-based PrEP
(Molina et al. , 2015): The first EFV dose was taken within a
time window of 1–23 h prior to virus exposure and followed
by two more doses, 24- and 48- hours after the initial dose.
Our predictions indicate that EFV-based “PrEP on demand”
provides complete protection against wild-type virus and against
the Y181C single mutant, when initiated 1–23 h prior to virus
exposure. Protection against the single mutants G190S and
K103N was still > 81% for 400 mg “PrEP on demand.” This
surprisingly superior prophylactic efficacy of EFV “on demand”
can be attributed to its rapid uptake and slow elimination.
Particularly the latter ensures that virus gets eliminated when
EFV is taken as “PrEP on demand.” The comparatively higher
efficacy of “PrEP on demand,” when compared to once daily
PrEP with low adherence can be explained as follows: In the
case of once-daily PrEP, several consecutive dose intakes may
be missed, which allows the EFV concentrations to fall below
their respective EC50, EC90. If virus exposure occurs during
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FIGURE 3 | Prophylactic efficacy of EFV against the wild-type and resistant virus using different prophylaxis schemes. (A) Predicted prophylactic efficacies for once

daily 400 mg oral EFV PrEP with different levels of adherence. For example in the 25% adherence scheme, each dosing event was randomly missed with 75%

chance. Colored dots mark the median predicted prophylactic efficacy and error bars mark the 95% confidence interval (computed using Greenwood’s formula),

considering variabilities in pharmacokinetic, as well as pharmacodynamic parameters. (B) Predicted prophylactic efficacy of 400 mg oral EFV during “PrEP on

demand” (3 doses) depending on the time of PrEP initiation with respect to viral encounter, respectively. (C) Predicted prophylactic efficacy of post-exposure

prophylaxis (9 doses) with 400 mg oral EFV as a function of the time of PEP initiation after viral challenge. Simulations were conducted using the hybrid EXTRANDE

method outlined in the Methods section. In total, 10,000 stochastic simulations were performed to estimate prophylactic efficacy for each condition (e.g., viral

challenge with K103N during chronic PrEP with 5% adherence is one condition).

FIGURE 4 | Prophylactic efficacy of PEP against wild type virus depending on both the time of PEP initiation and the number of subsequent 400 mg EFV doses taken.

Error bars denote the 95% confidence intervals, computed using Greenwood’s formula. Prophylactic efficacy was estimated for each condition based on 10,000

hybrid EXTRANDE simulations as outlined in the Methods section.

these time windows of low EFV concentrations, infection may
occur (illustrated in Supplementary Figure 1). In contrast, if
all “PrEP on demand” pills are taken, concentrations will be
above the EC90 at the time of exposure, and, due to the
long half life of EFV remain above this value, until the virus
is eliminated (which typically would happen ≤ 1 week post
exposure Konrad et al., 2017).

4.5. Post-Exposure Prophylaxis With 400
mg EFV
Motivated by the promising predictions regarding the use
of EFV in pre-exposure prophylaxis, we also wanted to
investigate whether EFV could prevent infection, if taken as post-
exposure prophylaxis (PEP). In Figure 4, we show the predicted

prophylactic efficacy of 400 mg oral EFV as a function of both the
delay in PEP initiation and the duration of PEP after challenge
with wild-type virus. In Figure 4 it becomes evident that it is
more critical to initiate PEP early after exposure, than to prolong
PEP duration. For example, when PEP is initiated as late as 72
h post virus exposure and the duration of PEP is three days (3
consecutive doses), the prophylactic efficacy was estimated to
be ≈20%. If the duration of PEP was increased to 9 days, the
prophylactic efficacy increases to only ≈40%. However, if PEP
was initiated shortly after virus exposure (e.g., within 2 h), the
prophylactic efficacy increases to 100%, even if the PEP duration
was only 3 days.

As a midpoint, taking the first PEP dose within 24 h post-
exposure resulted in prophylactic efficacies of > 88,> 94,>
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97 and > 98% against the wild type for 3, 5, 7, and 9 dose
intakes, respectively.

Next, we wanted to investigate in more detail the sensitivity
of PEP efficacy towards the timing of PEP initiation in the wild
type and drug resistant mutants. To simplify interpretation, we
assumed a PEP duration of 9 days (9 doses). Predictions are
shown in Figure 3C. PEP provided > 98% protection against the
wild type and the Y181C mutant when started within 12 h after
virus exposure. Protection against viruses containing the G190S
mutation was > 21% using the same parameters, and > 11%
for the K103N mutant. These simulations indicate that EFV may
potently protect against infection with wild type and the weakly
resistant Y181C virus, when initiated within 24 h post expose.
The prophylactic efficacy against transmitted, highly resistant
viruses carrying the G190S or K103N mutation is insufficient for
post-exposure prophylaxis.

5. DISCUSSION

Truvada-based PrEP is being implemented in a number of
countries (AVAC, 2019), however, there are twomajor limitations
to its optimal use: (i) its costs (Keller and Smith, 2011), and (ii) its
sensitivity to poor medication adherence (Haberer et al., 2015).

Current PrEP research focusses on overcoming adherence-
related concerns, either in terms of promoting drug adherence,
or through the development of novel long-acting drugs/drug
formulations for HIV prophylaxis, that only require monthly
drug administration (McGowan et al., 2016; Markowitz et al.,
2017; McMillan et al., 2017). However, little has been done
to investigate cost-efficient Truvada alternatives that may be
affordable in low- and middle-income countries hit hardest by
the epidemic.

A recent computational screen of the prophylactic potential of
treatment-approved compounds for PrEP repurposing suggested
that darunavir, efavirenz, nevirapine, etravirine and rilpivirine
may more potently prevent HIV infection than Truvada at
clinically relevant concentration ranges (Duwal et al., 2019). Of
these candidates we set out to investigate efavirenz in more
detail, since it is both inexpensive and readily available in most
resource-constrained settings.

However, 600 mg EFV has been associated with neurotoxicity
(Rakhmanina and van den Anker, 2010; Apostolova et al., 2015).
Decloedt and Maartens (2013) and Siccardi et al. (2012) have
previously suggested a connection between EFV metabolism
and toxicity, indicating that slow metabolisers, who have higher
plasma concentrations, also have a higher tendency to experience
adverse effects (associations have been made between the
major EFV metabolite and neurotoxicity). The direct association
between plasma concentrations and CNS side effects has also
been reported in Marzolini et al. (2001). Motivated by these
studies, we explicitly considered genetic polymorphisms affecting
EFV metabolism. Moreover, since EFV pharmacokinetics are
linear, dose reductions would naturally lead to decreased EFV
exposure (and consequently toxicity) as investigated in the
ENCORE 1 trial (ENCORE1 Study Group, 2014; ENCORE1
Study Group et al., 2015), which suggested non-inferiority of the

400 mg EFV regimen with regard to treatment. Motivated by
these results, we set out to investigate the prophylactic potential
of 400 mg EFV.

Our simulations strongly suggest that 400 mg efavirenz can
potently prevent infection with drug susceptible HIV, when used
as once daily PrEP, during “PrEP on demand” and even as PEP,
if initiated early enough after exposure (Figures 3, 4). Overall,
these simulations suggest that EFV provides a good efficacy
margin with respect to incomplete adherence and various event-
driven dosing scenarios. Notably, if the association between EFV
toxicity and metabolism is evident, it could also be envisioned
that individuals that experience adverse effects may even further
reduce EFV dosing. For example, using the POP-PK model,
we predicted that the number of patients experiencing plasma
concentrations of > 10 mg/L following a 200mg once daily
dosing regimen is only 0.1%.

However, our simulations also suggested that EFV-based post-
exposure prophylaxis (PEP) may insufficiently protect against
transmitted, highly resistant strains (K103N, G190S), as depicted
in Figure 3C. We should also note that circulating resistant
viruses may have multiple compensatory mutations that increase
fitness and resistance through epistatic effects (Rath et al., 2013).
Thus, their phenotypic attributes may deviate from laboratory
strains with single point mutations that were evaluated in the
present analysis and by Sampah et al. (2011). A recent study
(Zazzi et al., 2018) highlighted high levels of NNRTI resistance
particularly in South Africa, but it is unclear whether the analyzed
NNRTI resistance mutations also confer high level resistance
against EFV. Regarding high level resistance mutations, the
Stanford database currently reports a prevalence πuntreated <<

5% 1 in the untreated population in South Africa, mainly
conferred by K103N. The prevalence of resistance mutations in
treated individuals πtreated is much higher: K103N≈ 30%, Y181C
≈ 20% and G190A/S ≈ 15% 2, but comparable to Truvada
resistance mutations (M184V: 48–60%; K65R: 4–15%) in treated
individuals. Notably, the overall risk of exposure to resistant
strains would be much smaller than these numbers, as it is both
determined by prevalence, as well as the probability of resistance-
associated treatment failure in the donor at the moment of
virus transmission, e.g., mathematically Prob.{exposure to res.} =
Prob.{untreated.}·πuntreated + Prob.{treated.}· Prob.{failing due
to resistance} ·πtreated. The calculations state that resistance
exposure from treated individuals may only originate from those
treated individuals that fail on the treatment at the time of
exposure, due to resistance emergence (if they are successfully
treated at the time of exposure, they are non-contagious
Cohen et al., 2011).

Another important aspect that is quantified in
Supplementary Text 2 is resistance emergence in the
exposed individual prior to PEP initiation. As can be seen in
Supplementary Text 2, the probability of resistance emergence
increases with the delay between virus exposure and PEP
initiation. For example, we calculated that if PEP is initiated
3 days after exposure (72 h), the virus had either gone extinct

1https://hivdb.stanford.edu/page/surveillance-map/
2https://hivdb.stanford.edu/cgi-bin/MutPrevBySubtypeRx.cgi
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or developed resistance with 38% probability. This de novo
resistance may subsequently be selected by EFV, limiting future
treatment options. On the other hand, if PEP is initiated within
12 hours, the probability of resistance emergence in the exposed
individual prior to PEP is <0.01%. Thus, both in terms of
lack of efficacy (Figure 4), as well as in terms of resistance
(Supplementary Text 2), the window of opportunity with
regards to PEP is short. Based on our simulations, PEP should
be initiated as early as possible and is contraindicated if the
suspected virus exposure occurred more than 3 days ago. The
same considerations also apply for Truvada-based prophylaxis.

Our predictions regarding EFV prophylactic efficacy depend
on (i) parameters of EFV potency (IC50) and (ii) the
concentrations of EFV at the target site.

Regarding EFV potency, one limitation of our work is that
we used parameters determined ex vivo (Shen et al., 2008;
Sampah et al., 2011) using primary human peripheral blood
mononuclear cells (PBMCs). These cell mixtures are commonly
used as surrogate markers to determine drug efficacy, since they
contain a large proportion of CD4+ T-cells (the primary HIV
target cell type). Moreover, utilised parameters are generally in
agreement with published values from other sources (Smith et al.,
2001; Parkin et al., 2004; Avery et al., 2013b; Hu and Kuritzkes,
2014; Schauer et al., 2014) (after correction for protein binding;
Supplementary Text 1).

Regarding the relevant target-site concentrations of EFV,
there has been some debate since the total (protein bound and
unbound) EFV concentrations in tissues have been reported
to be highly heterogeneous (Thompson et al., 2015) and some
studies have suggested associations between drug heterogeneity
and incomplete HIV suppression (Fletcher et al., 2014), whereas
others report high concentrations in tissues related to HIV
exposure (Thompson et al., 2015). There are two main
mechanisms that could explain heterogeneous drug distribution,
which we discuss in detail:

a) Active transport (e.g. P-glycoprotein): In this case, the
expression of transporters in particular cell types may cause
concentration differences between distinct tissues. Notably,
active transport would cause a difference in the unbound
concentrations, which are available to exert an antiviral effect.
As a consequence of active efflux, lower amounts of EFV
may be available in some relevant target cells, giving rise to
pharmacological sanctuaries relevant to EFV prophylaxis. A
detailed analysis of EFV active transport (Burhenne et al.,
2010) however revealed that it does not affect EFV intracellular
concentrations. Moreover, EFV is a small (molecular mass: 315.6
g/mol) and highly lipophilic (LogP ≈ 4) compound that could
rapidly cross biomembranes by passive diffusion. Thus, even
if EFV was a substrate of cellular transporters, the dominating
(i.e. fastest) mechanism mediating cellular uptake and efflux
is probably passive diffusion. Furthermore, passive diffusion
does not imply that the total (protein bound and -unbound)
concentrations on either side of a biomembrane are equal, but
rather implies that the unbound concentrations are equal. I.e.
at each side of a biomembrane, EFV may be (un-)specifically
retained by binding to biomolecules (lipids, proteins, see von
Kleist and Huisinga, 2007 for an overview). However, since

only the unbound concentration is available for drug-target
interaction, EFV concentrations exerting antiviral effects would
be identical in different cell types under passive diffusion.

b) Protein binding: EFV is highly (> 99%) bound to plasma
proteins (Boffito et al., 2003), mainly albumin and α−1-acid
glycoprotein. Naturally, the concentrations of these proteins
are magnitudes lower in tissues, which affects the amount of
protein-bound EFV (and consequently the total concentrations).
Studies that measure unbound drug concentrations lend strong
support to this hypothesis. Avery et al. reported that the
unbound EFV concentrations in plasma and semen (Avery
et al., 2011) and in plasma and cerebrospinal fluid are
nearly identical (Avery et al., 2013a). Importantly, considering
albumin concentrations (calculations in Supplementary Text 1)
in proposed sanctuary sites, we can precisely recover differences
in total EFV concentrations reported, e.g., semen-to-plasma
ratio: 3.4–5 % (Reddy et al., 2002; Avery et al., 2011) and cervical
fluid-to-plasma ratio: 0.4% (Dumond et al., 2007). The fact that
unbound plasma-, cerebrospinal fluid- cervical fluid and semen
concentrations are nearly identical also suggests that EFV can
cross the blood-brain, blood-testis and blood-uterine barrier.

In summary, these combined observations strongly argue
that the distribution of EFV in tissues is governed by passive
diffusion and (un-)specific binding to plasma proteins. In terms
of PK-PDmodeling, this implies that the unbound concentration
in plasma are representative for the unbound concentration
within target cells (CD4+ immune cells/T-cells; derivations
in Supplementary Text 1). When unbound concentrations are
proportionally related to the total concentrations, it also implies
that EFV total plasma concentrations can be used as a marker
of drug efficacy (Marzolini et al., 2001). As a cautionary note
we want to add that there could still be additional unaccounted,
specific barriers lowering EFV unbound concentrations in
physiological sites relevant for establishing the initial infection
upon sexual exposure to HIV-1 (male genital compartment,
female genital compartment and rectum), which warrant further
verification. However, based on the discussions above, we would
strongly disagree with the statement by Dumond et al., that
“agents such as efavirenz that achieve total genital tract exposures
less than 10% of blood plasma are less attractive PrEP/PEP
candidates” (Dumond et al., 2007). This simplistic criterium
of selecting drug candidates ignores the drug’s individual
pharmacology, might only select drugs that are not extensively
protein bound, or select highly protein-bound candidates merely
as a function of genital albumin concentrations. Our simulations
are however in line with a later study from the same group
(Dumond et al., 2012), which find that the concentrations at
the site of virus exposure (in Dumond et al., 2012 the female
genital tract) are proportional to unbound plasma concentrations
during chronic dosing. However, it is unclear after how many
dosing events this equilibrium between plasma and target site
concentrations is achieved. While plasma concentrations rapidly
peak at a tmax of about 5.9 h, there could be a time-delay
in building up concentrations at the site of infection, which
could impair the efficacy of “PrEP on demand” and PEP
(compare Figures 3B,C), in the sense that it becomes more
important to initiate the respective protocols as early as possible.
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Notably, genital tract concentrations measured after the first
dose in Dumond et al. (2007) are in line with our predictions,
arguing for our modeling approach and for the presumed
fast kinetics of cellular uptake by passive diffusion (see also
Supplementary Text 1).

Another limitation of our study is that the parametrization of
the PK model is based on data from HIV-infected individuals,
while prophylaxis is intended for healthy individuals. In fact, it
is unclear whether there are significant differences with respect
to e.g., drug metabolism as a consequence of the infection
status. For example, measured EFV plasma concentrations
(400 mg once daily) in healthy individuals from Burhenne
et al. (2010) are similar to those predicted herein. However,
our model predicts large inter-individual variabilities due to
pharmacogenomics (CYP 450 C2B6 polymorphisms). This hints
toward the fact, that the pharmacokinetic differences between
healthy vs. infected individuals could be small in comparison
to the variability due to CYP polymorphisms. On the other
hand, a study in healthy Ugandan individuals reports EFV
concentrations (Mukonzo et al., 2009) that are considerably
larger than predicted by our model. At the moment it is
unclear whether differences are due to the infection status,
or contributed to differences in ethnicity, weight, or co-
medications: I.e. ethnicity (“black”) has been associated with
lower EFV clearance (Barrett et al., 2002). However, it is
unclear whether concentration differences are due to a higher
proportion of poor metabolisers in Ugandans, as suggested
by Mukonzo et al. (2009), or other factors. It is interesting
to note here that “gender” was a significant co-variate in the
Ugandan study whereas it was not associated with changes
in EFV PK in the ENCORE 1 study (Dickinson et al.,
2015). While the drug’s half life is similar for ENCORE 1
patients (35.57h; CI: 14.28–125.26) and healthy men in the
Ugandan study (Mukonzo et al., 2009) (37.3h in wild type
and 54.7h in slow metabolisers), the drug’s terminal half life
in females in the Ugandan study (Mukonzo et al., 2009) was
twice as large as that for men. For comparison, a meta-
analysis of 16 phase I studies reports a difference of only 10%
(Barrett et al., 2002), warranting further research to clarify
the mechanistic sources of the discrepancy between the results
from the phase I studies (Barrett et al., 2002), the Ugandan
study (Mukonzo et al., 2009) and the data from ENCORE 1
(Dickinson et al., 2015).

Regarding possible co-medications, it is worth mentioning
that efavirenz has a large drug interaction potential. For example,
it has been shown in Fan et al. (2009) that certain herbal
medicines might compete for CYP2B6 metabolisms raising
plasma levels, potentially up to toxic ranges. In any case, toxicity
in the context of EFV-PrEP remains to be elucidated clinically
and it remains to be elucidated if even further dose reductions
would be suitable for PrEP in particular populations. The present
work provides a good starting point to support these decisions,
e.g., based on the concentration-prophylaxis profiles presented
in Figure 2.

Moreover, EFV is an inducer of many CYP
enzymes (Fichtenbaum and Gerber, 2002), possibly

altering the pharmacology of co-medications. Thus,
co-medication with EFV-based PrEP might require
careful monitoring. The Liverpool drug-interaction
database provides an excellent overview over
known effects of EFV on various co-medications
(https://www.hiv-druginteractions.org/).

Overall, this mathematical modelling study argues for the
experimental investigation of EFV as a cost-efficient alternative
PrEP candidate based on its superior prophylactic efficacy and
forgiveness to incomplete adherence and event-driven usage.
However, further analysis emphasising on the safety of EFV in
the context of PrEP/PEP is warranted.
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Background: Controlled pharmacokinetic (PK) studies in United States populations
have defined categories of tenofovir-diphosphate (TFV-DP) in dried blood spots (DBS)
for various pre-exposure prophylaxis (PrEP) adherence targets. It is unknown how
these categories perform in other populations. Therefore, we evaluated the sensitivity
and specificity of these PK-derived categories compared to daily medication electronic
adherence monitoring (MEMS) data among East African men and women using
daily PrEP.

Methods: Participants were enrolled as members of HIV serodiscordant couples as
part of an open-label PrEP study in Kenya and Uganda. Blood samples were taken at
quarterly visits and stored as DBS, which were analyzed for TFV-DP concentrations.

Results: Among 150 samples from 103 participants, MEMs data indicated that
87 (58%) took ≥4 doses and 62 (41%) took ≥6 per week consistently over the
4 weeks prior to sample collection. Sensitivities of DBS TFV-DP levels were 62%
for the ≥4 doses/week category (≥700 fmol/punch TFV-DP) and 44% for the ≥6
doses/week category (≥1050 fmol/punch TFV-DP); specificities were 86 and 94%,
respectively. There were no statistically significant differences in these sensitivities and
specificities by gender.

Conclusion: In this sample of East African PrEP users, categories of TFV-DP
concentrations developed from directly observed PrEP use among United States
populations had high specificity but lower than expected sensitivity. Sensitivity was
lowest when MEMS data indicated high adherence (i.e., ≥6 doses/week). PrEP studies
and implementation programs should carefully consider the sensitivity and specificity of
the TFV-DP levels used for adherence feedback.
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INTRODUCTION

Clinical trials have shown that pre-exposure prophylaxis (PrEP)
is highly effective for preventing HIV (Grant et al., 2010; Baeten
et al., 2012; Thigpen et al., 2012). However, effectiveness depends
strongly on adherence (Abdool Karim, 2014). Clinical studies and
open-label implementation programs have used many methods
to assess PrEP adherence. As participants may misreport PrEP
use, biomarkers are of particular interest as an objective marker
of adherence. Some biomarkers, including concentrations of
tenofovir in plasma or emtricitabine-triphosphate in blood cells,
detect only recent use and are susceptible to white-coat effects,
when individuals take a dose before a visit to appear adherent.

In contrast, the active metabolite tenofovir-diphosphate (TFV-
DP) accumulates in blood cells in a dose-proportional manner
(Anderson et al., 2017) and is a marker of cumulative use
over the prior month. As a biomarker, TFV-DP is increasingly
being used to assess adherence in research and implementation
projects, with adherence counseling sometimes tailored based
on these values (Celum and Delaney-Moretlwe, 2015). Intensive,
controlled pharmacokinetic studies in United States populations
were conducted with directly observed treatment (DOT) to
estimate the expected levels of TFV-DP for specific adherence
targets (i.e., ≥2 or ≥4 doses/week) (Anderson et al., 2017); these
levels have been associated with HIV protection among men
who have sex with men in the iPrEx placebo-controlled trial
conducted in the United States, South America, Thailand and
South Africa (Grant et al., 2014; Liu et al., 2016). However, the
sensitivity and specificity of these levels have not specifically been
evaluated in African populations, where PrEP roll-out is actively
underway, although biological differences are possible (Anderson
et al., 2017). Therefore, our goal was to evaluate the sensitivity and
specificity of these categories in African men and women, using
electronic adherence monitoring data for comparison.

MATERIALS AND METHODS

Study Sample
These data come from the Partners Demonstration Project,
an open-label PrEP demonstration study among HIV
serodiscordant couples in East Africa, as previously described
(Baeten et al., 2016; Haberer et al., 2017). A total of 1,013
couples were enrolled in Kenya and Uganda. Participants were
given electronic monitoring devices (MEMS caps, WestRock,
Switzerland), which recorded daily bottle openings. MEMS data
were downloaded and other variables collected at quarterly
study visits, when PrEP (emtricitabine/tenofovir disoproxil
fumarate 200/300 mg, prescribed for daily use) was dispensed.
Participants received PrEP adherence counseling at study
visits, but neither MEMS data nor TFV-DP concentrations
were shared. Blood samples were prepared into dried blood
spots (DBS) at quarterly visits and stored at −20◦C. The
University of Washington Human Subjects Division as well
as ethics review committees at each site (either the National
HIV/AIDS Research Committee of the Uganda National
Council for Science and Technology or the Ethics Review

Committee of the Kenya Medical Research Institute approved
the protocol). All participants provided written informed
consent in their preferred language in accordance with the
Declaration of Helsinki.

To ensure variation in adherence patterns, we selected 120
random DBS, stratified by gender and evenly distributed with
0–2, 3–5, or 6–7 recorded openings by MEMS in the week
prior to collection. In addition, any samples from the same
participant at both the first and third month study visit were
included (n = 76 additional samples), to assess changes over
time. To optimize accuracy of MEMS data, we excluded any
DBS when the participant reported curiosity openings (opening
without removing pills, n = 8) or pocket dosing (removing
multiple pills, n = 17); we also limited the data to one bottle
opening per day. Finally, we excluded any visits during pregnancy
(n = 21) (Pyra et al., 2018). TFV-DP was analyzed from DBS by
liquid chromatography tandem mass spectrometry (LC-MS/MS)
at the University of Colorado (Castillo-Mancilla et al., 2014, 2016;
Zheng et al., 2016); values below the lower limit of quantitation of
31.25 fmol/punch were set to half the lower limit.

Statistical Analysis
We considered three adherence targets as recorded by MEMS
consistently for the 4 weeks prior to sample collection, and
corresponding TFV-DP categories based on previous DOT
analyses (Castillo-Mancilla et al., 2012; Anderson et al., 2017):
≥700 fmol/punch for ≥4 doses, ≥1050 fmol/punch for ≥6 doses,
and ≥1250 fmol/punch for 7 doses/week. The PK thresholds were
established at 25th percentiles from prior studies such that 75% of
adherent PrEP users were captured by the category.

We reported concentrations of TFV-DP among consistent
users by gender and duration of PrEP use (early use, defined
as the first month of PrEP, or later use). We tested gender,
duration of PrEP use, total doses over the prior month,
and study site in a generalized estimating equation model
predicting TFV-DP concentration. We reported sensitivity and
specificity, using MEMS data as the standard, with Wald 95%
confidence intervals. In a sensitivity analysis, we used average (vs.
consistent) doses. We also compared sensitivities and specificities
by gender, using an interaction term in generalized estimating
equations with a binomial distribution to account for repeated
observations. In sensitivity analyses, we excluded samples with
unquantifiable TFV-DP and repeated the analyses using doses
over only the prior week.

We also calculated positive and negative predictive values over
a range of adherence levels. These values indicate how likely an
individual’s test result correctly predicts adherence and depend
not only on sensitivity and specificity but also on the ratio of true
positives to false positives, i.e., the prevalence of being adherent.
Next, to assess the effect of misclassification, specifically over-
reporting, in the MEMS data, we used a multidimensional bias
analysis to test a hypothetical scenario where 98% of those truly
meeting the adherence targets were captured by MEMS and
between 10 and 30% of true low-adherers were misclassified by
MEMs as adherent (Lash et al., 2009). Analyses were conducted
in SAS 9.4, with bias and predictive value analyses in Excel.
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RESULTS

Participant Characteristics
Our analysis includes 150 DBS from 103 participants with 55
samples from 35 women and 95 samples from 68 men. The
median age of men was 32.9 years and women was 29.5 years
at baseline. Men recorded an average of 4.6 doses/week over the
prior 4 weeks and women recorded 4.1 doses/week on average
(Supplementary Table 1). Twenty-two samples were classified
as early PrEP use. Overall, 58% (87) of samples consistently
had ≥4 doses, 41% (62) had ≥6 doses, and 14% (21) had 7
doses/week for all of the prior 4 weeks as recorded by MEMS
(Supplementary Figure 1).

Observed Concentrations
The average concentration among samples with ≥4 doses/week
by MEMS was 925 fmol/punch [standard deviation (SD) 509]
(Table 1). For those with ≥6 doses/week, the average was
994 fmol/punch (SD 517) and for those with 7 doses/week, it was
928 fmol/punch (SD 390). After controlling for site, duration of
PrEP use, and total doses by MEMS, the concentration of TFV-
DP was 12% higher among women compared to men, which
was not statistically significant [adjusted risk difference (aRD)
80.8 fmol/punch (95% CI −78.7, 242.0)]. In the same model,
early use (first month of PrEP) was significantly associated with
20% lower concentrations, aRD −129.1 fmol/punch (95% CI
−227.8, −30.3).

Sensitivity and Specificity
The sensitivity of the ≥700 fmol/punch category was 62% for the
≥4 doses/week dosing and the specificity was 86% (Table 2). The
sensitivity of the ≥1050 fmol/punch category was lower, 44%,
and the specificity was higher, 93%, for ≥6 doses/week dosing.
The ≥1250 fmol/punch category had a sensitivity of 19% and a
specificity of 90% for the 7 doses/week dosing. There were no
statistical differences by gender, though we were unable to test
the difference for the ≥1250 category due to small sample size.
When excluding 18 samples with unquantifiable TFV-DP, results
were similar (Table 2). In addition, results based on doses over the
prior 1 week and on average doses were similar to those described
(Supplementary Table 2).

Using the observed sensitivity and specificity for the
≥700 fmol/punch and ≥1050 fmol/punch categories, we
calculated positive and negative predictive values over a range
of adherence levels to provide context for interpreting these
results. For instance, if more than half of PrEP users are truly
meeting the ≥4 doses/week target, there is a >80% probability
that a TFV-DP result >700 fmol/punch is identifying a true high-
adherent user; however, there is <70% probability that a result
<700 fmol/punch is correctly identifying a true low-adherent
user (Supplementary Figure 2).

Misclassification Bias Analysis
We recognized potential for misclassification of adherence from
MEMS data. Both over and under-reporting have been observed
with electronic monitoring, but over-reporting would explain

the low sensitivities we observed. In the bias analysis, we found
there would have to be >20% misclassification among true low-
adherers for sensitivities to reach the expected level of 75%
(Supplementary Table 3).

DISCUSSION

In this analysis, we assessed the sensitivity and specificity of
PK-derived categories from United States studies in TFV-DP
concentrations from PrEP-taking populations in Africa. We
found that these categories have high specificity but relatively
low sensitivities, compared to MEMS data. The sensitivity for
the ≥700 fmol/punch category for the ≥4 doses/week [62% (95%
CI 52%, 72%)] was closest to the expected 75%. The sensitivity
declined to 44% and 19% for ≥ 6 and 7 doses/week, indicating
unexpectedly low TFV-DP with high MEMS openings. However,
the high specificity for all the categories tested (generally ≥ 85%)
means that most low-adherent users would have TFV-DP
concentrations below the cut-offs.

In planning to use adherence monitoring, especially for
counseling, it is important to consider the relative value
of correctly identifying true high-adherent versus true low-
adherent users, as sensitivity and specificity are trade-offs. While
identifying low-adherent users (i.e., true negatives) may be
useful to improve adherence, misidentifying participants who
are achieving good adherence (i.e., false negatives) could have
undesirable consequences (Van der Straten et al., 2018) including
demotivation to take PrEP, although additional work is needed in
this area. Studies are needed about how best to frame adherence
counseling messages using biomarker feedback.

Our results are in line with the existing pharmacokinetic
literature. Previous work has found higher TFV-DP levels in
women compared to men with similar patterns of pill-taking
(Anderson et al., 2017); we found a similar trend by gender,
though it did not reach significance. In addition, TFV-DP is
not expected to reach steady state within the first month of
use (Anderson et al., 2017); in adjusted analyses, we found
significantly lower concentrations from early use compared to
later use samples.

The low sensitivities we observed were unexpected; several
explanations are possible. TFV-DP concentrations have
previously been reported to be approximately 14% lower
in African-American participants compared to Caucasians,
though this finding was not statistically significant in a small
study from the United States (Anderson et al., 2017). Potential
mechanisms for this difference are not known, but may include
differential expression or function of transporters or enzymes
that influence TFV and/or TFV-DP cellular pharmacology
[including esterases, P-glycoprotein (ABCB1), breast cancer
resistance protein (BCRP), adenylate kinase I, pyruvate kinase,
nucleoside diphosphate kinase, or factors influencing red blood
cell turnover] (Tong et al., 2007; Laizure et al., 2013; Lade et al.,
2015). It may be important to conduct additional controlled PK
studies in an African population.

However, over-reporting of adherence by MEMS would
also bias the results in the direction we observed. To
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TABLE 1 | TFV-DP concentrations and detection among consistent users, by gender and by use.

Consistent≥4 weekly doses Consistent≥6 weekly doses Consistent 7 weekly doses

Women
(n = 30)

Men
(n = 57)

Total
(n = 87)

Women
(n = 20)

Men
(n = 42)

Total
(n = 62)

Women
(n = 5)

Men
(n = 16)

Total
(n = 21)

Mean TFV-DP
fmol/punch (SD)

898(530) 939(502) 925(509) 931(507) 1024(525) 994(517) 759(233) 981(420) 928(390)

Unquantifiable TFV-DP,
% (n)

7%(2) 4%(2) 5%(4) 5%(1) 2.4%(1) 3%(2) 0%(0) 0%(0) 0%(0)

Early use
(n = 22)

Late use
(n = 65)

Total
(n = 87)

Early use
(n = 18)

Late use
(n = 44)

Total
(n = 62)

Early use
(n = 6)

Late use
(n = 15)

Total
(n = 21)

Mean TFV-DP
fmol/punch (SD)

942(460) 920(528) 925(509) 1011(447) 988(548) 994(517) 1097(537) 860(311) 928(390)

Unquantifiable TFV-DP,
% (n)

5%(1) 5%(3) 5%(4) 0%(0) 5%(2) 3%(2) 0%(0) 0%(0) 0%(0)

TABLE 2 | Sensitivity and specificity of TFV-DP categories by consistent doses over prior 4 weeks.

≥700 fmol/punch (≥4 doses per week) ≥1050 fmol/punch (≥6 doses per week) ≥1250 fmol/punch (7 doses per week)

Sensitivity
(95% CI)

Specificity
(95% CI)

Sensitivity
(95% CI)

Specificity
(95% CI)

Sensitivity
(95% CI)

Specificity
(95% CI)

All Samples 62% 86% 44% 93% 19% 90%

(52%, 72%) (77%, 94%) (31%, 56%) (88%, 98%) (2%, 36%) (85%, 95%)

Women 60% 92% 35% 94% 0% 90%

(42%, 78%) (81%, 100%) (14%, 56%) (87%, 100%) (na) (82%, 98%)

Men 63% 82% 48% 92% 25% 90%

(51%, 76%) (69%, 94%) (33%, 63%) (85%, 100%) (4%, 46%) (83%, 97%)

Early use 73% 83% 33% 94% 17% 89%

(54%, 91%) (62%, 100%) (12%, 55%) (82%, 100%) (0%, 46%) (78%, 100%)

Quantifiable
TFV-DP

65% 82% 45% 92% 19% 88%

(55%, 75%) (71%, 92%) (32%, 58%) (85%, 98%) (2%, 36%) (82%, 94%)

address this, we conducted a sensitivity bias analysis and
found that a large fraction (>20%) of true low-adherent
users would have to be misclassified in order to achieve
the expected 75% sensitivity. Finally, while sensitivity and
specificity are not dependent on prevalence, in this situation,
one group taking exactly 4 doses per week and another
group taking exactly 7 doses per week would both meet
the dichotomized ≥4 doses/week target – but likely have
different proportions ≥700 fmol/punch and thereby different
sensitivities. However, this would not explain the very low
sensitivity for the 7 doses/week target, where there should
be no variation.

The major limitation of this analysis, as already discussed, is
the use of MEMS data, which may be subject to misclassification.
However, MEMS has been shown to be valid of measure of
PrEP and ART use (for example, by AUC compared to other
biomarkers) and used as the standard in other studies comparing
adherence measures (Arnsten et al., 2001; Musinguzi et al., 2016;
Abaasa et al., 2017). Finally, we had small sample sizes for some
categories that limited analyses.

These results provide important information regarding the
sensitivity and specificity of TFV-DP categories in an African
population. In addition, even in United States populations,

the PK-derived cut-offs were designed to have only 75%
sensitivity, which should be taken into account for studies
assessing PrEP adherence. Determining categories of TFV-
DP as an objective measure of adherence is important for
clinical trials evaluating adherence and for counselors and
clinicians using drug levels to provide feedback to patients.
Indeed, patients have indicated that biomarker feedback is
acceptable and even desired (Koester et al., 2015; Van der
Straten et al., 2015). When providing biomarker feedback,
it is important to consider the desired sensitivity and
specificity in different populations, and to design adherence
messaging accordingly.
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Prevention strategies against sexual transmission of human immunodeficiency virus (HIV)

are essential to curb the rate of new infections. In the absence of a correlate of protection

against HIV infection, pre-clinical evaluation is fundamental to facilitate and accelerate

prioritization of prevention candidates and their formulations in a rapidly evolving

clinical landscape. Characterization of pharmacokinetic (PK) and pharmacodynamic (PD)

properties for candidate inhibitors is the main objective of pre-clinical evaluation. in vitro

and ex vivo systems for pharmacological assessment allow experimental flexibility and

adaptability at a relatively low cost without raising as significant ethical concerns as in vivo

models. Applications and limitations of pre-clinical PK/PD models and future alternatives

are reviewed in the context of HIV prevention.

Keywords: HIV, antiretrovirals, antibodies, pharmacokinetics and pharmacodynamics, pre-clinical models

INTRODUCTION

The majority of HIV transmissions currently occur via the genital and the colorectal tracts.
Following infection of the initial mucosal founder population (Li et al., 2009), viral amplification is
essential for irreversible acquisition of infection and takes place in the first few days (1–3 days) after
viral exposure, giving a very short window of opportunity to prevent establishment of infection.
In the absence of a vaccine and acknowledging that condoms, male circumcision and behavioral
interventions appear insufficient to control the epidemic, the development of mucosal prevention
strategies remains an important global public health priority. A prevention method should be
safe, acceptable, affordable, and capable of inhibiting viral transmission at the mucosal portals of
entry. Effectiveness and adherence of prevention candidates can only be evaluated in clinical trials
(Heise et al., 2011); however, phase III clinical trials are expensive, time consuming and require
a large number of participants to determine efficacy (Douville et al., 2006; Nuttall et al., 2007).
Furthermore, with the introduction of FDA-approved prevention interventions, such as Truvada
for oral pre-exposure prophylaxis (PrEP) [Centers for Disease Control and Prevention (CDC),
2012], incidence of infection within communities will decrease, closing the window to perform
placebo-controlled trials and causing the trials to become even larger to test later-generation
products. Hence, pre-clinical models are increasingly important tools to reduce the risk of late
stage failure in clinical trials.
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A single model capable of providing all the information
to prioritize the best-in-class candidate is not currently
available. Furthermore, the drug profile required to prevent
mucosal transmission has not been defined, nor has the best
pharmacologic measure of efficacy been defined for different
dosing routes of candidate inhibitor. Hence, the range of
in vivo, ex vivo, and in vitro assays is continuously being
expanded to assess parameters such as mechanism of action,
potency and selectivity, PK/PD, safety, immune response elicited,
stability, formulation, dosing and potential of acceptability,
which will facilitate scaling when defining dosing regimens
to be tested in humans. Dose-efficacy discrepancies between
animal studies and clinical trials have been described (Romano
et al., 2013) highlighting the gap in knowledge regarding the
concentration-effect relationship in different species andmucosal
compartments. This further emphasizes the need to develop
models that will allow PK/PD evaluation of candidate inhibitors
in the mucosal environment, recapitulate the factors potentially
affecting a direct correlation between PK and PD parameters and
facilitate appropriate comparisons between animal studies and
humans, increasing the predictive capacity of pre-clinical studies.

HIV-inhibitor candidates include antiretrovirals (ARVs) for
PrEP and post-exposure prophylaxis (PEP), broadly neutralizing
antibodies (bNAbs) delivered by passive immunization (Morris
and Mkhize, 2017) and enhancers of the innate mucosal barrier
functions (Herrera and Shattock, 2014; Lajoie et al., 2017).
The majority of ARVs currently considered for prophylaxis
are already used in highly active ARV treatment (HAART);
hence, a substantial amount of pharmacological data has
been accumulated for these compounds in biological fluids,
such as blood plasma and genital secretions (Cohen et al.,
2007; Dickinson et al., 2010). However, drug concentration
measurements in blood plasma are not representative of mucosal
concentrations (Lederman et al., 2004; Cohen et al., 2007;
Dumond et al., 2007, 2009; Brown et al., 2011; Trezza and
Kashuba, 2014) and mucosal tissues are histologically and
immunologically different from blood (Anton et al., 2000),
affecting the expected correlation between concentration and
efficacy at mucosal sites. In addition, drug accumulation is
specific to each mucosal compartment, with differences between
the intestinal and the female and male genital tracts (Cohen et al.,
2007; Patterson et al., 2011; Louissaint et al., 2013), partially due
to tissue-specific expression of drug transporters (Nicol et al.,
2014). This review will discuss in vitro and ex vivo PK and PD
models available and in development, their capacity to mimic
fundamental aspects of the mucosal environment, their value for
different candidates and dosing routes, their limitations and their
potential in predicting the outcome of clinical trials (Table 1).

PHARMACOLOGICAL PARAMETERS FOR
HIV PREVENTION STRATEGIES

PK describes the time course of drug concentration which is
affected by absorption, distribution, metabolism and elimination
and can be summarized as what the body does to the drug. PD
describes the resulting effect of a drug, its intensity, time course

and potential toxicity or responses to the drug, i.e., what the
drug does to the body. Pharmacological assays aim to define
PK and PD measures which include parameters such as Cmin
(minimum concentration achieved within a dosing interval);
Cmax (maximum concentration achieved within a dosing
interval); Ct (concentration at a certain time point post-dosing);
AUC (area under the curve for drug concentration during a
period of time); Tmax (time to achievemaximum concentration);
t1/2 (half-life; time required for concentration to decrease
50%); kel (elimination rate over time); MIC (minimal inhibitory
concentration); MEC (minimal effective concentration); T (time
the concentration remains over the MIC or MEC); IC50 (50%
inhibitory concentration); EC50 (50% effective concentration),
extent of viral replication at the last time point of the assay or
during a period of time (AUC of viral replication readout between
two time points); cytotoxicity and immunological toxicity. The
two main read-outs required to calculate these parameters
are drug concentration and level of infection after treatment
of the model with candidate inhibitors. Drug concentration
can be measured as cell-free drug (in culture supernatants, in
secretions or in plasma) or intracellularly (in cells or tissues)
and new analytical methods are constantly being developed
to measure the concentration of candidate inhibitors in these
different matrixes. Intracellular measurements are necessary for
inhibitors that require metabolization for activation such as some
reverse transcriptase inhibitors. Evaluation of viral replication is
specific for each pre-clinical model and can be done through
measurement of a reporter signal, of gag protein (p24 for HIV
and p27 for SIV) by ELISA, or of viral RNA/DNA by PCR or
qRT-PCR (Berry et al., 2011).

Assays that provide data to calculate PK/PD will be defined
by multiple factors including, among others, the candidate
inhibitor, the dosing route, the formulation and the anatomical
site of action. ARVs and modulators of mucosal immunity
can be formulated for oral or topical dosing, as injectables or
as implants; bNAbs can be delivered topically, intravenously
or intramuscularly for passive immunization. For mucosal
prevention, independently of the dosing route, concentrations
measured in the genital and colorectal tracts will need to be
sufficient to inhibit viral infection, and these concentrations will
be tissue-specific.

CELLULAR MODELS

Inhibitory potency of candidate HIV inhibitors is initially
screened in in vitro models such as cell lines susceptible to
HIV infection that allow calculation of PK parameters and
evaluation of cellular toxicity. Compounds or Abs are then tested
in ex vivo cellular models such as PBMCs, which in addition
to PK/PD parameters can provide toxicity and immunological
safety information.

Cell Lines
Multiple cell lines are routinely used to screen potential efficacy
of compounds and Abs including CD4+T cell lines and non-
lymphocytic cells that are transfected to express CD4 and CCR5
and/or CXCR4. Among the CD4− parental cell lines there are
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TABLE 1 | Applications of current in vitro and ex vivo models for development of HIV-prevention strategies.

Model Applications Stage in

development

pipeline

Advantages Disadvantages

Cell lines • PD (in vitro or in vivo

dosing)

• PK (drug cellular

transport)

• Safety (cellular toxicity)

Initial screening • Short experimental procedure (2–7 days)

• Sensitive assays

• Low cost

• Accessible to most laboratories

• Easy-to-use protocol

• High throughput

• Effect of biological fluids can be assessed

• Low physiological relevance

• Over-expression of CD4 and/or HIV co-

receptors

• Some cell lines are not budding competent

(inhibitors of viral maturation cannot be tested)

• Do not replicate donor-to-donor variation

• Cancerous origin

Primary cells • PD (ex vivo or in vivo

dosing)

• PK (drug cellular

transport)

• Safety (cellular toxicity,

cellular responses)

After initial screening in

cell lines

• Increased physiological relevance

• Express realistic levels of CD4 and HIV

co-receptors

• Secrete cytokines

• Accessible to most laboratories

• Mimic donor-to-donor variability

• Effect of biological fluids can be assessed

• Longer procedure (minimum 11 days)

• Low mucosal relevance

• Ethics approval required and, in some cases,

signed informed consent from donor

• Medium to high protocol complexity

• High cost in some cases

Cellular

co-cultures

• PD (ex vivo or in vivo

dosing)

• PK (drug cellular

transport)

• Safety (cellular toxicity,

cellular responses)

Following initial

screening in cell lines

and primary cells

• Mimic trans infection

• Effect of biological fluids can be assessed

• Longer procedure (minimum 11 days)

• Low throughput

• Ethics approval required

• Medium to high protocol complexity

Tissue

explants

• PD (ex vivo or in vivo

dosing)

• PK (drug cellular

transport)

• Safety (toxicity and

innate responses)

Before in vivo safety

and/or efficacy studies

• in vivo-like complexity and structure

• Mimic in vivo viral replication fitness

• Innate responses can be measured

• Migratory can be isolated in some models

• Mimic donor-to-donor variability

• Mucosal inflammation can be induced

• Good correlation with in vivo studies

• Effect of biological fluids can be assessed

• Versatile model

• Good data reproducibility through

protocol standardization

• Longer procedure (minimum 11 days)

• Progressive decay of structure with culture

• Ethics approval and signed informed consent

from donor required

• Fresh tissue preferable

• Cannot replace in vivo models yet

• Limited specimen size

• Low throughput

• Medium to high protocol complexity

human glioblastoma cells, U87MG, which stably express human
CD4 and CCR5 (U87 CD4+ CCR5+ cells) or CXCR4 (U87 CD4+

CXCR4+ cells) (Bjorndal et al., 1997); indicator cells derived from
human osteosarcoma cells, HOS, stably transfected with human
CD4, CCR5 and/or CXCR4 [GHOST (3) CCR5+, GHOST (3)
CXCR4+ and GHOST (3) CXCR4+ CCR5+ cells] and that
express green fluorescent protein (GFP) upon production of the
viral trans-activator of transcription (Tat) (Morner et al., 1999);
and human cervical epithelial carcinoma reporter cells, TZM-
bl, which are HeLa cells expressing CD4, CCR5, CXCR4 and
under control Tat, luciferase and β-galactosidase (Platt et al.,
1998, 2009; Derdeyn et al., 2000; Wei et al., 2002; Takeuchi
et al., 2008). This later cell line is susceptible to HIV-1, HIV-
2, simian immunodeficiency virus (SIV), and simian human
immunodeficiency virus (SHIV) and is nowadays one of the
main cell lines used to screen inhibitory activity of ARVs and
neutralization potency of Abs. TZM-bl cells are a single viral
cycle assay model that requires 2 days of culture before infectivity
is assessed by measurement of luciferase expression in cell
lysates as relative light units or by measurement of absorbance
with a β-galactosidase colorimetric assay. However, this cellular
model does not allow efficient viral budding (Carlson et al.,
2008) and therefore the activity of compounds that block viral

maturation such as protease inhibitors cannot be evaluated with
this assay (Stefanidou et al., 2012). Furthermore, TZM-bl cells
are HeLa cells that endogenously express CXCR4 but express
artificially high levels of CD4 and CCR5 (Polonis et al., 2008).
Another reporter HeLa cell line, Affinofile (Johnston et al., 2009),
resolves this issue by expressing variable levels of CD4 and CCR5
or CXCR4 based on the amount of selection antibiotic used
in culture.

Drug screening is often completed in this model with
evaluation of inhibitory potency in the presence of relevant
mucosal fluids. TZM-bl cells have been also used to evaluate
anti-viral activity in trials by incubating these cells with mucosal
secretions (Keller et al., 2011; Herold et al., 2016) obtained
from PrEP trial participants, or serum and plasma (Montefiori
et al., 2012) during vaccine trials. However, biological fluids can
decrease or enhance the level of infection measured in this model
(Ghosh et al., 2010b; Hughes et al., 2016) due to inhibitory,
toxic or enhancing factors in the fluid matrix such as innate
molecules, secreted metabolites or chemical compounds taken
by the donor. Therefore, dilution and/or filtration of the sample
is required to avoid cytotoxic effects and contamination of the
culture (Fletcher et al., 2009; Ghosh et al., 2010a; Harman et al.,
2012; Mukura et al., 2012; Romas et al., 2014; Jais et al., 2016).
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No effect has been observed on the susceptibility to infection
of TZM-bl cells by the presence of endotoxins in the biological
specimens nor with samples obtained at different stages of the
menstrual cycle or during pregnancy (Geonnotti et al., 2010; Patel
et al., 2014; Hughes et al., 2016); nevertheless, protocols have
been developed to avoid artifacts. The innate anti-HIV activity
of cationic factors present in cervical secretions can be prevented
by selective depletion of cations (Venkataraman et al., 2005).
When measuring Ab neutralization potency in serum or plasma,
the presence of other HIV-inhibitory factors can be determined
by pre-screening the activity of biological specimens in TZM-
bl cells against a chimeric HIV-1 virus containing the Env of
murine leukemia virus, which will not be recognized by anti-
HIV Abs (Sarzotti-Kelsoe et al., 2014a). TZM-bl cells have also
been further transfected to develop amodel for evaluation of HIV
innate responses (Trotard et al., 2016).

Numerous human CD4+T cell lines have been used to
determine inhibitory potency parameters. Among them, initial
models MT-2 (Harada et al., 1985; Haertle et al., 1988) and MT-
4 cells (Harada et al., 1985; Pauwels et al., 1987; Larder et al.,
1989) expressing HTLV-1 have been progressively replaced by
other T cell lines such as CEM-CCRF cells (Foley et al., 1965),
PM-1 cells (Lusso et al., 1995) and C8166 cells (Salahuddin et al.,
1983; Lee et al., 1984). CD4+CXCR4+ A3R5 cells have been
transfected with CCR5 as a sensitive T cell model for evaluation
of neutralization potency of Abs using luciferase reporter HIV-1
infectious molecular clones (Kim et al., 2003; Montefiori et al.,
2012; Sarzotti-Kelsoe et al., 2014b). Assays in CD4+T cells
require at least 7 days of culture, allowing multiple rounds of
viral replication, and infectivity is determined by measurement
of p24 antigen content in culture supernatants with enzyme-
linked immunosorbent assay (ELISA) or luciferase expression
when using reporter viral plasmids. CD4+T cell lines have also
been used to study the mechanism of drug cellular transport and
the implications of the PK profile of drug candidates for HIV
prevention (Taneva et al., 2015).

Safety of compounds is initially determined in cellular models
by assessing the level of potential cytotoxicity via measurement
of tetrazolium salt (MTT) cleavage into a blue-colored product
(formazan) in viable cells (Slater et al., 1963) or by similar assays
of cellular viability. Despite the lack of productive infection,
epithelial cell lines represent an important model to study
potential toxicity or disruption of epithelium integrity induced by
the drug (Dezzutti et al., 2004). To assess the impact of candidates
on epithelial permeability, epithelial cells can be cultured on the
apical chamber of trans-well systems to measure tight junctions.
Drug transporters on mucosal epithelium allow penetration of
ARVs in the epithelium to access the submucosal stroma where
the initial foci of infection is located (Hu et al., 2015). In colon
epithelium drug efflux is mainly mediated by P-glycoprotein
(Pgp), multi-drug resistance-associated protein (MRP) and
breast cancer resistance protein (BCRP) transporters; and drug
uptake is mediated by organic anion transporter OATP2B1 and
organic cation transporter OCT1 (Englund et al., 2006; Kis et al.,
2010; Drozdzik et al., 2014; Nicol et al., 2014;Mukhopadhya et al.,
2016a). In female genital tract expression of efflux [ATP-binding
cassette (ABC), BCRP, MRP, and P-gp] and influx [equilibrative

nucleoside transporter (ENT), soluble carrier (SLC) and OCT]
transporters has been described (Gunawardana et al., 2013; Zhou
et al., 2013, 2014; Grammen et al., 2014; Nicol et al., 2014;
Hijazi et al., 2015). Hence, this model is also relevant for PK
studies to determine the impact of drug transporters in epithelial
cells on drug or Ab concentrations when crossing the mucosal
epithelial barrier (Konig et al., 2010; Kis et al., 2013; Hoque
et al., 2015; Taneva et al., 2015; Swedrowska et al., 2017), to
evaluate the potential effect of candidate inhibitors on drug
transporters (Reznicek et al., 2017) and to study the safety and
efficacy of formulations designed to deliver compounds across
the epithelium to the HIV target cells (Kapitza et al., 2007; Zidan
et al., 2013). Harvested supernatants from trans-well systems
can be used to measure drug concentrations and for PD assays
with CD4+ cells. Microscopy has been considered to evaluate
absorption/excretion and intracellular distribution of formulated
drug candidates (Mandal et al., 2015; Costanzo et al., 2016;
Holmstock et al., 2018). Available epithelial cell lines include
urogenital epithelial cells [e.g., ME-180 (Sykes et al., 1970), HT-
3 (Fogh et al., 1977) and HEC-1-A (Kuramoto, 1972)] and
colorectal epithelial cell lines [such as Caco-2 (Fogh et al., 1977)
and SW837 (Leibovitz et al., 1976)].

The main drawback of cell lines is their homogeneity, which
fails to reproduce the cellular diversity of mucosal tissues and to
replicate donor-to-donor variability. Another limitation is that
the majority have cancerous cell origins and therefore, do not
recapitulate a healthy mucosal environment. However, models
such as the TZM-bl assay provide a sensitive and cost-effective
tool for quickly assessing activity of candidate inhibitors.

Primary Cells
Primary cells such as lectin-activated peripheral blood
mononuclear cells (PBMCs) as well as cells derived from PBMCs,
including monocyte-derived macrophages and immature
dendritic cells (iDCs), provide more physiologically relevant
cellular models for anti-viral activity measurements. These ex
vivo models involve longer experiments (7 to 14 days) allowing
multiple viral replication cycles and therefore, tend to be used
after initial assessment in immortalized cell lines. Inhibitory
activity, concentration and safety of drugs and Abs have been
measured in activated PBMCs following ex vivo dosing or in
cells obtained from animal studies (Garcia-Lerma et al., 2011;
Dobard et al., 2012; Massud et al., 2013; Anderson et al., 2014)
and trial participants.

PBMCs provide information about the systemic compartment
but are not fully representative of mononuclear cells found
in mucosal tissues. Indeed, differences in PK parameters such
as Cmax and half-life have been observed between PBMCs
and mucosal mononuclear cells isolated from digested mucosal
tissues obtained after in vivo dosing of NHPs (Garcia-Lerma et al.,
2011; Dobard et al., 2012; Massud et al., 2013) and humans (Yang
et al., 2014; McGowan et al., 2015). Differences in expression of
drug transporter have also been described between circulating
and mucosal CD4+T cells (Kis et al., 2010; Mukhopadhya
et al., 2016b). Another limitation is that PBMCs exhibit anti-
HIV-1 activity in the presence of bacterial lipopolysaccharide
(LPS), which will therefore, artefactually enhance the inhibitory
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activity of biological specimens if they contain endotoxins
(Geonnotti et al., 2010). However, activated PBMCs express more
physiologically relevant levels of CD4 and HIV-coreceptors than
transfected cell lines such as TZM-bl cells (Polonis et al., 2008),
and secrete cytokines upon infection as mucosal tissues. This
model is a more stringent tool for PD evaluation than cell lines
with values of anti-viral activity closer to those observed in
mucosal tissues than those obtained with in vitro cellular models.
Hence, PBMCs represent an additional filter in the pre-clinical
pipeline of modest cost and are accessible to most laboratories.

Primary epithelial cells can also be isolated (Greenhead et al.,
2000) and cultured in trans-well systems as described above for
epithelial cell lines, to assess safety, concentration and activity of
candidate inhibitor after ex vivo dosing (Shen et al., 2018, 2019)
and safety of excipients used for mucosal dosing (Hu et al., 2016).
These cells can be purchased or isolated from primary tissue
which involves access to surgical specimens. Furthermore, these
cells are difficult to culture and require very specific protocols.
These limitations make this model costly and not as accessible as
epithelial cell lines.

Cellular Co-cultures
Another important model is based on co-cultures of different
cell types. This model can be set up with cell lines and/or
primary cells directly in contact to replicate the interaction
between DCs and CD4+T cells during the viral amplification
of the “founder population” and subsequent viral dissemination
to draining lymph nodes. These co-cultures have been used to
measure drug and Ab activity against trans infection between
primary mature DCs (mDCs) and TZM-bl cells or autologous
CD4+ T cells (Sagar et al., 2012) and between primary iDCs and
PM-1 cells (Hu et al., 2004; Herrera et al., 2016).

Co-cultures of epithelial cells with target cells in a dual-
chamber model mimicking trans-epithelial migration of drugs,
Abs and virus have been successfully used to assess safety and
allow studies of HIV transmission and efficacy of candidate
inhibitors. Epithelial cell lines have been co-cultured with target
CD4+ cell lines such as TZM-bl cells (Pasetto et al., 2014); or with
primary PBMCs (Dezzutti et al., 2004; Guedon et al., 2015) or
DC (Van Herrewege et al., 2007). Shen et al. have recently shown
with co-cultures of primary epithelial cells and fibroblasts from
the female genital tract in trans-well systems that the epithelial
barrier can accumulate reverse transcriptase inhibitors, tenofovir
and tenofovir alafenamide (TAF), and release them to susceptible
CD4+ cells for several days after dosing (Shen et al., 2018).

TISSUE EXPLANTS

The next phase in PK/PD evaluation often utilizes tissue models
such as ex vivo culture of mucosal tissue explants (Grivel
and Margolis, 2009). Explants are obtained as biopsies or as
surgically resected tissue which upon arrival at the laboratory
are dissected to remove the muscularis and cut into small
pieces. Several models have been developed for penile (Fischetti
et al., 2009), cervical, vaginal and colorectal tissues including
polarized (Collins et al., 2000; Abner et al., 2005; Cummins et al.,
2007) and non-polarized systems (Greenhead et al., 2000; Hu

et al., 2004; Fletcher et al., 2006; Grivel et al., 2007). In non-
polarized models, explants are submerged for ex vivo dosing with
candidate inhibitor and then with virus for ex vivo challenge.
After incubation and depending on the type of tissue, explants
are transferred either to new plates in submerged conditions
for culture of cervicovaginal and penile tissue, or onto gelatin
sponge rafts presoaked in media to help maintain the structure of
colorectal explants by culturing them at the air-media interface.
Non-polarized culture reduces the protective function of the
epithelial barrier by exposing target cells on the edges of the
explant directly to the virus, and therefore allows PD evaluation
in what could be considered the “worst-case scenario,” however it
also represents the “best-case scenario” of drug or Ab availability
to prevent infection of the target cell.

In polarized models the tissue epithelium is oriented upwards
on the apical chamber of a trans-well system and the edges are
sealed using agarose, MatrigelTM or surgical glue. These models
have been prioritized for evaluation of formulated inhibitors to
evaluate the ability of the formulation to deliver drugs or Abs
to the target cells across the epithelial barrier and to assess the
safety profile of the formulation toward the epithelium. Polarized
systems require larger tissue explants for an increased surface
exposure to the candidate inhibitor, for a correct orientation of
the epithelium and to avoid incorrect sealing of the explant edges.

The different mucosal portals of HIV entry have histological
and immunological specificities such as epithelium type,
abundance of activated HIV-target cells, drug transporter profile,
Ab isotype expression, and pH, among others (Fischetti et al.,
2009; Hladik and Hope, 2009; Shacklett, 2009; Hijazi et al.,
2015; Taneva et al., 2015; Cheeseman et al., 2016; Mukhopadhya
et al., 2016a). The known lower level of viral replication in
the female genital tract compared to the colorectum in vivo is
replicated in the tissue explant model with lower read out values
of infection in cervicovaginal explants after challenge with a
normalized viral input titer (Lapenta et al., 1999; Anton et al.,
2000; Poles et al., 2001; Fox et al., 2016). Furthermore, this
model recapitulates (Saba et al., 2013) changes in susceptibility
to HIV infection in the female genital tract during the menstrual
cycle (Rodriguez-Garcia et al., 2013; Thurman et al., 2016; Boily-
Larouche et al., 2019) and menopause (Thurman et al., 2017).
Gender or location of tissue excision have not been reported to
affect the susceptibility to infection of colorectal explants nor the
activity of candidate inhibitors (Anton et al., 2011); nevertheless,
lower levels of infection are observed in small intestine explants
compared to large intestine tissue (Elliott et al., 2018). The
predominant transmission of R5-tropic isolates compared with
X4-viruses during sexual intercourse (Salazar-Gonzalez et al.,
2009; Grivel et al., 2011) is also replicated in the explant model
(Herrera et al., 2009). These traits will affect PK and PD profile of
candidate inhibitors and therefore are important for the design
and evaluation of prevention strategies and their formulation
(Trezza and Kashuba, 2014). In fact, tissue drug levels are
not only dosing route-dependent but will be distinct for each
tissue and distinct from the systemic compartment (Lederman
et al., 2004; Cohen et al., 2007; Trezza and Kashuba, 2014),
thus affecting the expected correlation between concentration
and efficacy at mucosal sites. This can be reflected with the
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explant model. Greater concentrations of rilpivirine, a reverse
transcriptase inhibitor, are required to inhibit infection in ecto-
cervical explants than in colorectal tissue (Dezzutti et al., 2016).
The activity of maraviroc, a CCR5-binding entry inhibitor, could
only be observed in pre-activated ecto-cervical tissue explants;
however, activation of colorectal explants was not necessary
although limited inhibition was measured in this tissue. These
results reflect the heterogeneity in CCR5 conformation and/or
expression in the different mucosal tissues, which cannot be
assessed in TZM-bl cells, a model expressing high levels of CCR5
(Fletcher et al., 2016; Herrera et al., 2016). Interestingly, the
limited activity ofmaraviroc observed in tissue explants predicted
the lack of efficacy of this drug in oral PrEP NHP studies (Massud
et al., 2013) and clinical trials (Fox et al., 2016; Gulick et al., 2017;
McGowan et al., 2019) despite accumulation of the drug in the
mucosal compartments.

Viability of explants has been questioned. However, despite
progressive decay in structure, CD4/CD8 cell ratios remain
constant and viral replication is sustained (Fletcher et al., 2006).
Tissue explants can be kept in culture for more than 3 weeks
although for PK/PD evaluation, cultures are kept for 15 days;
except for evaluation of protease inhibitors targeting late stages
of the viral replication cycle, when explants are cultured for 21
days. During this period, cultures are fed at different time points
by harvesting part of the supernatant and adding fresh media. To
mimic pulse exposure to drug or Ab, after incubation explants
are washed to remove unbound inhibitor and virus and cultured
in media without compound; however, to evaluate sustained
release systems such as vaginal rings, implants or injectables, after
initial incubation and washes, culture media is supplemented
with candidate inhibitor during the entire period of culture
(Harman et al., 2012; Stefanidou et al., 2012; Fletcher et al., 2016;
Zhang et al., 2017).

In cervical and penile tissue models, cells emigrating from the
tissue have been described and these can be cultured separately
from the explant and in the presence of CD4+T cells, such as PM-
1 cells, to assess anti-viral activity of a drug against dissemination
by migratory cells (Hu et al., 2004; Fischetti et al., 2009).

To further model the PK/PD profile of a candidate inhibitor
in a mucosal compartment and during intercourse, mucosal
secretions can be added to the tissue explants. Addition of
semen or seminal fluid does not affect the activity of reverse
transcriptase inhibitors (Neurath et al., 2006; Fletcher et al., 2009;
Dezzutti et al., 2012b). Female genital tract secretions can be
obtained as cervicovaginal lavages, which dilute the secretion,
or as undiluted fluid with Weck-cel spears, vaginal aspirators
or with Instead Cups; however, sparse volumes tend to be
obtained. In addition, immune factors in secretions will vary
during the menstrual cycle (Birse et al., 2015), other pathologies
will modulate the level of inflammation (Roberts et al., 2012;
Kaul et al., 2015; Introini et al., 2017a,b; McKinnon et al., 2018),
microbial content will not be homogenous among women (Pyles
et al., 2014; Klatt et al., 2017; Bayigga et al., 2018; Taneva et al.,
2018) and hormonal contraception might increase susceptibility
to HIV(Morrison et al., 2015) affecting the PK/PD profile. Hence,
modeling the viscosity, pH and osmolarity of the female genital
tract secretions, synthetic vaginal fluid (Owen and Katz, 1999)

and synthetic cervical fluid (Burruano et al., 2002) have been used
in tissue assays as pre-clinical alternatives (Fletcher et al., 2009).

Safety of candidate inhibitors and their formulations can
also be pre-clinically evaluated in tissue explants. Clinical trials
testing the first generation of topical inhibitors revealed the
importance ofmucosal safety following enhancement of infection
(Honey, 2007; Adams and Kashuba, 2012). Cytotoxicity can
be easily measured in tissue explants by the MTT viability
assay. Immunological safety biomarkers have been defined for
mucosal compartments (Fichorova et al., 2004; Fields et al.,
2014). The explant model allows evaluation of mucosal responses
to candidate inhibitor exposure by measurement of cytokine
modulation (Beer et al., 2006; Gali et al., 2010; Zhang et al.,
2017). Pre-clinical safety evaluation has allowed optimization of
formulations for different mucosal compartments requiring, for
example, modification of the osmolarity of a vaginal gel for rectal
application (Rohan et al., 2010; Dezzutti et al., 2012a), which was
then found to be safe during clinical trial testing (Anton et al.,
2012; McGowan et al., 2013).

Ex vivo modeling of the mucosal compartment provides
efficacy, concentration, and safety data. Additionally, tissue
explants recapitulate the viral replication fitness of wild type
and resistant isolates observed in vivo in patients (Abraha et al.,
2009; Herrera et al., 2009) strengthening the predictive potential
of this model in the context of increasingly prevalent ARV-
resistance (Pennings, 2013; Snedecor et al., 2014). It is estimated
that in high-income countries, 10–20% of new infections are
caused by ARV-resistant isolates harboring mutations that confer
resistance to at least one of the three main types of ARV drugs
(Salomon et al., 2000; Briones et al., 2001; Duwe et al., 2001;
UK Collaborative Group on Monitoring the Transmission of
HIV Drug Resistance, 2001; Little et al., 2002; Chaix et al., 2003;
Mendoza et al., 2003; Weinstock et al., 2004).

Studies in NHPs delivered proof of principle that efficacy
of topical dosing with tenofovir against rectal challenge could
be replicated by ex vivo challenge of tissue resections obtained
from NHPs topically dosed in vivo (Cranage et al., 2008). In
fact, this approach of ex vivo challenge of mucosal biopsies is
increasingly being used as an endpoint of ex vivo efficacy of PrEP
(Anton et al., 2012; Harman et al., 2012; Richardson-Harman
et al., 2012, 2014; McGowan et al., 2015, 2019; Fox et al., 2016)
and vaccine trials (Herrera et al., 2014). This model can be
used with cervicovaginal samples frozen at the trial sites and
thawed at a centralized facility for ex vivo challenge (Gupta et al.,
2006; Lackman-Smith et al., 2008); however, it requires the use
of fresh tissue when assessing efficacy in the colorectal tract
(McGowan et al., 2012).

Despite the variety of explant models, it has been shown that
consistent results of anti-viral efficacy can be obtained among
different laboratories through protocol standardization for a
same model (Richardson-Harman et al., 2009).

The tissue explant model will need to be further developed
to assess the PK/PD profiles of new inhibitors and their
formulations designed to provide long term efficacy. This will
require the model to be adapted physically with protocols that
will mimic, for example, mucosal efficacy of injectables; and
define new biomarkers of safety and activity. New models should
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also be able to evaluate broad spectrum anti-viral drugs and
compounds designed to maintain mucosal health.

FUTURE MODELS

The development of engineered human tissues as a model to
study physiological functions and pathologies could lead to new
systems for safety and PK evaluation of candidate HIV-inhibitors
and ideally for efficacy studies. Initial models mimicking the
intestinal epithelium were based on the culture of isolated
intestinal crypts with human adult stem cells (Sato et al., 2009)
embedded in a matrix of MatrigelTM or silk (Chen et al., 2017).
Cultures derived from the small intestine are referred to as
enteroids and those from colon are known as colonoids; they
mimic a three-dimensional functional epithelial barrier capable
of eliciting innate immune responses (Chen et al., 2017). Another
option is the use of human inducible pluripotent stem cells
which differentiate and form spheroid structures that are cultured
on a matrix and are known as organoids (Spence et al., 2011;
Miura and Suzuki, 2018). However, organoids have fetal and
immature phenotypes and therefore, a certain degree of maturity
can be obtained during culture as shown with liver organoids
(Takebe et al., 2013). To increase the physiological relevance of
these models, fluidic devices have been incorporated into models
known as “organ-on-a-chip” or “microphysiological systems.”
Human gut-on-a-chip systems were developed originally using
Caco-2 cells (Kim et al., 2012). This represents a structurally
oversimplified model lacking immune cells and not achieving
fully mature adult phenotypes. However, the field is constantly
evolving and new models combining organoid and organ-on-
a-chip technologies provide primary gut chips (Kasendra et al.,
2018). The limited structural resemblance of these devices
with in vivo tissue could be resolved using three-dimensional
bioprinting techniques (Mittal et al., 2018). Other drawbacks
are the microfluidic and chip costs, the complexity of the
microengineering and the cytotoxicity induced by defective flow
rates. The greater complexity of the female genital tract compared
to the gut cannot be modeled with a unique chip but rather by
including multiple organs-on-a-chip in one microphysiological
system (Loskill et al., 2015; Edington et al., 2018) that can be used
to study the biology and pathogenesis of the female genital tract
(Young et al., 2017).

These and future models will need to fully recapitulate
the cellular diversity of mucosal tissues, the immune
responsiveness and the donor-to-donor variation to
provide pre-clinical PK and PD information on candidate
HIV inhibitors.

CONCLUSIONS

Pre-clinical assays for HIV prevention remain critical to
understanding the relative potential of new compounds and
combinations and for selecting the best candidates, their
formulation and dosing regimen. Furthermore, in an era
where HIV cure research has been prioritized, pre-clinical
models developed for prevention might be applicable for the
evaluation of cure strategies. However, all pre-clinical assays
have their limitations and their value in predicting clinical
efficacy has yet to be established. Hence, the process of product
prioritization needs to be based on a range of criteria that
include: in vitro drug potency, animal efficacy data, stage of
product development, cost of goods, existing safety data, and
ability to measure PK/PD parameters in clinical trials. New
PK/PD parameters or correlations might need to be defined
to pre-clinically predict the outcome of clinical trials. This will
require further development of existing models, which have not
significantly changed in the last decade, and introduction of
new models in the pre-clinical toolbox. Ultimately, validation
of in vitro and ex vivo models will require in vivo studies
in humans.
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As pre-exposure prophylaxis (PrEP) effectiveness is strongly linked to adherence, we 
sought to determine if certain self-report measures could be used to inform objective PrEP 
adherence. We studied participants from the TAPIR study (a multicenter randomized study 
of daily text messages to support adherence to PrEP In At-Risk), a 48-week randomized 
controlled trial of HIV-uninfected men who have sex with men (MSM) randomized 
to receive text message to support adherence versus standard of care. Self-reported 
medication adherence was assessed using several validated measures modified for PrEP. 
Objective PrEP adherence was determined through dried blood spot (DBS) measurement 
of intracellular tenofovir diphosphate (TFV-DP) and emtricitabine triphosphate (FTC-TP). 
A summary of adherence was estimated using responses to the seven adherence items 
at weeks 12 and 48 using confirmatory factor analysis. Correlations between self-report 
questions and drug concentrations were estimated with Pearson’s correlations for 
continuous outcomes and point-biserial correlations for dichotomous outcomes. Receiver 
operating characteristic (ROC) analyses were conducted to assess the performance of 
self-report measures in predicting protective or perfect TFV-DP concentrations. Of the 
369 participants who completed week 12 or 48 visits, the mean age was 35 (standard 
deviation 9 years), with 79% White, 12% Black, and 29% Hispanic. Correlations between 
self-report measures of adherence (both individual items and the adherence factor) and 
quantifiable FTC-TP and continuous TFV-DP concentrations showed that all self-report 
measures were significantly associated with these objective measures. Compared to 
a summary measure of self-reported adherence, the 4-week percent taken question 
medication recall was the only self-report item similarly or more strongly associated with 
recent adherence and long-term protective and perfect adherence at weeks 12 and 48. 
ROC analysis also showed that 4-week percent taken question had a reasonable AUC 
(0.798 at week 12 and 0.758 at week 48) in predicting protective TFV-DP concentrations. All 
single-item self-report questions assessing PrEP adherence were significantly associated 
with biomarker quantification, with the 4-week percent taken question performing best. 
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Therefore, in the absence of drug concentration measurements, a 4-week self-report 
percent taken question may be a good single-item measure of PrEP adherence.

Keywords: adherence, men who have sex with men (MSM), self-report, pre-exposure (PrEP) prophylaxis, 
pharmacologic measures

BACKGROUND

Over the last several years, HIV prevention has increasingly 
included biomedical strategies using pre-exposure prophylaxis 
(PrEP). Once daily tenofovir disoproxil fumarate/emtricitabine 
(TDF/FTC) has been shown to greatly reduce the risk of HIV 
infection in populations at risk for HIV acquisition (Grant et al., 
2010; Baeten et al., 2012; Thigpen et al., 2012; Grant et al., 2014; 
Liu et al., 2016; McCormack et al., 2016). Sub-optimal adherence 
severely undercuts its effectiveness as an HIV prevention strategy. 
In men who have sex with men (MSM), four doses or more of 
PrEP per week has been shown to confer upwards of 99% risk 
reduction (Anderson et al., 2012; Desai et al., 2017). Taking less 
than four doses per week is considered inadequate to provide 
sufficient protection against HIV infection (Grant et al., 2014; Liu 
et al., 2016; Hojilla et al., 2018). As PrEP becomes increasingly 
available in clinical settings, one of the challenges for providers 
becomes how to accurately assess PrEP adherence outside of a 
research setting.

Presently, no single “gold standard” has been ubiquitously 
adopted to assess adherence. Research studies have employed 
biomarker quantification as an objective adherence measure. 
At present, these pharmacological assays are costly, require 
specialized laboratory equipment and personnel, and take time 
to yield results; however, there is research underway to develop 
point of care immunoassays in urine that could be used as 
clinical tools (Koenig et al., 2017; Gandhi et al., 2018). Until 
real-time drug concentration testing is available, biomarker 
quantification can be used to gauge the practicality and accuracy 
of alternative methods, including self-report measures. Several 
clinical trials have determined concentration thresholds for TFV, 
FTC, and their metabolites [tenofovir-diphosphate (TFV-DP) 
and emtricitabine-triphosphate (FTC-TP)] in various biologic 
mediums that correspond to recent and long-term PrEP dosing, 
respectively (Anderson et al., 2012; Baxi et al., 2015; Wahl et al., 
2017). Unfortunately, studies analyzing the concordance between 
biomarker concentrations and other adherence methodologies 
have returned with mixed results. Device-assisted medication 
event monitoring system (MEMS)-caps (Musinguzi et al., 2016) is 
moderately correlated with drug concentrations, but they present 
unique technological challenges and are costly. Pill counting 
and medication possession ratios (i.e., pharmacy refills) have 
weaker concordance to electronic monitoring, as they assume 
all unaccounted doses were ingested and can be manipulated by 
patients. (Haberer et al., 2015).

Self-report adherence measures generally have the lowest 
concordance with drug concentrations (Amico et al., 2014; Baxi 
et al., 2015; Musinguzi et al., 2016; van der Straten et al., 2016). 
Clinical trials have often adapted self-report adherence questions 
from antiretroviral therapy (ART) research for use in PrEP, but 

the lack of a standardized method results in large variability 
of collecting adherence outcomes (Musinguzi et al., 2016). 
Moreover, subjective adherence reporting is fundamentally 
flawed. In particular, overestimation of adherence either as 
a result of social desirability or recall bias is common across 
medical disciplines and has been observed in many PrEP efficacy 
trials and demonstration projects (Amico et al., 2014; Musinguzi 
et al., 2016; van der Straten et al., 2016; Baker et al., 2018). Despite 
these limitations, self-report is a non-invasive, ecologically valid, 
low-burden method that has already been implemented in 
clinical settings. Further investigation into developing, adapting, 
and refining accurate self-report PrEP adherence measures is 
warranted (Haberer, 2016).

In this current analysis, we analyze the concordance between 
several self-report adherence questions with two pharmacologic 
drug level measures used in a PrEP demonstration project of 
MSM to identify the most accurate PrEP-appropriate self-report 
adherence measures.

METHODS

Participants and Procedures
We employed a well-characterized high-risk cohort of MSM 
enrolled in the California Collaborative Treatment Group 
(CCTG) 595 TAPIR study (A Multicenter Randomized Study 
of Daily Text Messages to Support Adherence to PrEP In 
At-Risk for HIV Individuals; NCT01761643) (Moore et al., 
2017). Participants from four Southern California medical 
centers [University of California, San Diego (UCSD); University 
of Southern California; LA Biomed at Harbor-University of 
California Los Angeles; and Long Beach Department of Health 
and Human Services] were randomly assigned to a daily text-
messaging intervention (individualized Texting for Adherence 
Building—iTAB) versus standard of care to determine the 
efficacy of iTAB on PrEP adherence.

TAPIR participants were MSM, 18 years or older, and HIV-
negative as confirmed by an antigen/antibody (Ag/Ab) assay or 
Ab assay plus HIV nucleic acid test. Additional eligibility criteria 
included having persistent elevated risk of HIV acquisition 
through condomless anal intercourse with HIV-positive men 
and/or partners of unknown status or having a recent sexually 
transmitted infection (STI) diagnosis. Over a 48-week study 
period, all participants received once-daily PrEP with TDF/FTC, 
risk reduction and adherence counseling, safety monitoring, 
and HIV/STI testing every 3 months. Data were collected 
at baseline, weeks 4, 12, 24, 36, and 48 by both confidential 
in-person interviews and computer assisted self-interview 
(CASI) instruments, which included a survey with self-report 
adherence measures. All CASI questions were answered and 
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recorded by the participant. At weeks 12 and 48, biologic markers 
of adherence were measured, described in the next section. In the 
main study, iTAB participants were more likely to have tenofovir 
drug concentrations corresponding to near-perfect adherence 
(~7 doses per week). This analysis includes the 369 TAPIR 
participants with completed study visits at weeks 12 or 48 after 
initiating PrEP.

Measures
Pre-exposure prophylaxis as a biological marker of adherence 
was determined through dried blood spot (DBS) measurement 
of intracellular TFV-DP and FTC-TP (measuring predominately 
intra-erythrocytic concentrations). Both TFV-DP and FTC-TP 
were quantified at weeks 12 and 48 using a liquid chromatography–
tandem mass spectrometry (LC-MS/MS) assay previously 
validated (Castillo-Mancilla et al., 2013). Protective TFV-DP drug 
concentrations were defined as >700 fmol/punch (~4 doses per 
week) and perfect TFV-DP drug concentrations were defined as 
>1,250 fmol/punch (~7 doses per week). FTC-TP concentrations 
were considered consistent with dosing in the last 48 h if they had 
quantifiable values.

Self-reported medication adherence was measured at all 
study visits after baseline using seven CASI questions, some 
of which were taken from the ACTG Adherence Instrument 
(Chesney et al., 2000) and other commonly used adherence 
questions (Berg et al., 2012; Wilson et al., 2014), modified to 
assess PrEP (Table 1). Each question was examined individually. 
We used CASI self-reported adherence data from weeks 12 
and 48.

Statistical Analysis
A summary of adherence was additionally estimated using 
participant responses to the seven adherence items at weeks 
12 and 48 using confirmatory factor analysis (CFA). CFA is 
a structural equation modeling technique of examining the 
relationship between observed variables and their underlying 
latent constructs. Similar to other clustering methods, CFA 
summarizes data and estimates the amount of shared variance 
between a set of variables (Jackson et al., 2009). A one-factor 
model, accounting for the correlations among all seven PrEP 
questions and capturing a single latent construct of adherence to 
PrEP that could be considered a “purer” measure of adherence 
purged of measurement error, was estimated using robust 
maximum likelihood estimation (MLR) that is robust to non-
normally distributed data (Muthén and Muthén, 1998–2015). 
Several indices of model fit were used to evaluate the fit of the 
one-factor model to the data; in particular, the Comparative Fit 
Index (CFI), the Root Mean Square Error of Approximation 
(RMSEA), and the Standardized Root Mean Square Residual 
(SRMR) were examined and guidelines for model evaluation 
were used to judge fit (i.e., CFI > 0.90, RMSEA < 0.06, and SRMR 
< 0.08 are generally regarded as indicating good-fitting models) 
(Hu and Bentler, 1999).

Associations between individual self-report questions 
assessing adherence and objective measures of adherence 

(FTC-TP and TFV-DP) were assessed using correlation analyses. 
The adherence factor and objective adherence measures were 
also correlated to obtain a measure of association between 
a summary measure of self-reported adherence and DBS 
measurements. Correlations between continuous variables were 
estimated as Pearson’s correlations while correlations between 
continuous self-report adherence measures and dichotomous 
DBS measurements were estimated as point-biserial correlations 
using robust maximum likelihood estimation (MLR). To account 
for the non-independence of observations due to participants’ 
repeated assessment, standard errors were adjusted using a 
Huber–White sandwich estimator (Huber, 1967; Muthén and 
Muthén, 1998–2015).

To identify the self-report item best assessing PrEP adherence, 
the relative strength of associations between individual self-
report items and objective adherence were compared to the 
strength of association between the summary adherence factor 
and objective measures of adherence. To do so, correlation 
coefficients were first converted into z-scores using Fisher 
Z transformations and tests of the equality of correlation 

TABLE 1 | Self-reported adherence questions and responses.

Type Questions with Possible 
Responses (number)

4-week ability Thinking about the past 4 weeks, how 
would you rate your ability to take all 
of your PrEP medications? 
Very poor, Poor, Fair, Good, Very 
Good, Excellent (6)

4-week frequency Thinking about the past 4 weeks, how 
often did you take all of your PrEP 
medications? 
None, A Little, Sometimes, Most of 
the time, All of the time (5)

4-week percent taken Thinking about the past 4 weeks, 
what percent of the time were 
you able to take all your PrEP 
medications? 
0–100%

3-month recall When was the last time you were not 
able to take your PrEP medication? 
Never, >3 months ago, 1–3 months, 
2–4 weeks, 1–2 weeks, past week (6)

1-month good job In the last 30 days, how GOOD 
A JOB did you do at taking your 
PrEP medication in the way you are 
supposed to?
Very poor, Poor, Fair, Good, Very 
Good, Excellent (6)

1-month frequency In the last 30 days, how OFTEN did 
you take PrEP medication in the way 
you are supposed to? 
Never, Rarely, Sometimes, Usually, 
Most always, Always (6)

1-month difficulty In the last 30 days, how HARD 
was it for you to take your PrEP 
medication in the way you are 
supposed to? 
Never, Rarely, Sometimes, Usually, 
Most always, Always (6)
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coefficients (i.e., comparisons associations between individual 
self-report items and biologically-quantified adherence versus 
the association between the summary adherence factor and 
biologically-quantified adherence) were carried out using 
asymptotic z-tests (Steiger, 1980; Lee and Preacher, 2013). 
Corrections for multiple comparisons were made using the 
Benjamini–Hochberg procedure at a false discovery rate of 0.25 
(Benjamini and Hochberg, 1995).

Receiver operating characteristic (ROC) analyses were also 
conducted to assess the performance of these self-report measures 
in predicting protective or perfect TFV-DP concentrations 
(Fawcett, 2006). Area under the ROC curve (AUC) was calculated 
with a 95% confidence interval. An AUC of 0.5 indicates no 
discrimination and an AUC of 1.0 indicates a perfect diagnostic 
test. Therefore, consistent with current statistical consensus, an 
AUC of < 0.7 was considered poor, 0.7 to 0.8 adequate, and 0.8 
to 0.9 very good. Factor analyses and correlational associations 
were carried out in Mplus v7.4 while ROC analyses were carried 
out using Rv3.5.1 (Muthén and Muthén, 1998–2015).

RESULTS

Of the 369 participants contributing data to these analyses, 
the mean age was 35 with a standard deviation of 9 years. The 
majority of participants were white (79%), with 12% Black and 
29% Hispanic. More than half of the participants held a bachelor’s 
or advanced degree and nearly two-thirds had a monthly income 
of $2,000 or greater. Half were in the intervention arm of TAPIR 
(Table 2).

The fit of a one-factor CFA composed of all self-report adherence 
was adequate (CFI = .946, RMSEA = .078, and SRMR = .024), 
and all adherence items had large and significant factor loadings, 
suggesting good associations with the latent adherence construct 
(Table 3) (Hu and Bentler, 1999). Correlation analyses showed 
significant associations between all self-report adherence questions 
and pharmacologic measures. Specifically, individual self-report 
items and the adherence factor were correlated with quantifiable 
FTC-TP concentrations, continuous TFV-DP concentrations, 
and TFV-DP dichotomized at protective (>700 fmol/punch) 
and perfect (>1,250 fmol/punch) concentrations. Furthermore, 
the largest correlations were consistently between the various 
self-report measures and protective levels of TFV-DP (Table 4). 
We then compared 1) the associations between self-report items 
and biologically quantified adherence versus 2) the association 
between the summary adherence factor and biologically 
quantified adherence. Results of asymptotic z-tests suggested 
that 4-week percent taken was more significantly associated 
with recent adherence (quantifiable FTC) while 4-week ability, 
4-week frequency, 3-month recall, and 1-month difficulty 
were associated with recent adherence to the same degree as 
the summary measure. The remaining self-report items had 
significantly weaker correlations. In terms of longer-term 
adherence, 4-week percent taken was associated with protective 
TFV-DP concentrations (>700 fmol/punch) to the same degree 
as the summary measure; all other measures were significantly 
less correlated than the summary measure. With regards to 

perfect TFV-DP adherence (>1,250 fmol/punch), compared with 
the summary measure, 4-week percent taken, 4-week ability, 
4-week frequency, and 3-month recall had a similar correlations. 
The remaining measures were marginally or significantly 
less correlated with perfect TFV-DP concentrations than the 
summary measure (Supplementary Table 1). When comparing 
the adherence measures with continuous concentrations of 
TFV-DP, only 4-week percent taken and 3-month recall were 
similarly associated to TFV-DP concentrations as the summary 
adherence measure. Thus, compared with a summary measure 
of self-reported adherence, the 4-week percent taken medication 
recall was the only self-report item to consistently be similarly or 
more strongly associated with recent adherence and long-term 
protective and perfect PrEP adherence at weeks 12 and 48.

Finally, we evaluated the performance of the self-report 
questions in predicting protective or perfect TFV-DP 
concentrations using ROC analyses. AUC values were calculated 
at weeks 12 and 48. Similar to findings above, ROC analyses also 
showed that 4-week percent taken question had a fairly good AUC 
(0.798 at week 12 and 0.758 at week 48) in predicting protective 
TFV-DP concentrations. However, all self-reported measures 
were not particularly good for predicting perfect TFV-DP (AUC 
all below 0.7). Results from week 48 are displayed in Figure 1.

DISCUSSION

We found that all single-item self-report questions assessing 
PrEP adherence were significantly associated with biomarker 
quantification with the 4-week percent taken question performing 
best. In addition, the 4-week percent taken question had a reasonable 
AUC value in predicting protective TFV-DP concentrations at 
both weeks 12 and 48. Therefore, in the absence of drug level 
measurements, our findings suggest that a 4-week self-report 
percent taken question may be a good single-item measure of both 
recent and cumulative adherence.

Several recent studies have similarly examined different 
combinations of subjective and objective PrEP adherence 

TABLE 2 | Participant demographics and sample characteristics. 

Characteristic Descriptive statistic

Age, mean (SD) 35 (9)
Education, n (%)
 High school or Less 24 (7%)
 Some college 137 (37%)
 Bachelors 130 (35%)
 Some post-graduate 18 (5%)
 Advanced degree 60 (16%)
Race and ethnicity, n (%)
 White 292 (79%)
 Black 44 (12%)
 Hispanic 105 (289%)
Income, n (%)
 <$2,000 per month 76 (21%)
 ≥$2,000 per month 238 (65%)
Intervention arm, n (%) 182 (49%)
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measures and have found varying degrees of concordance among 
them. In the TDF2 clinical trial of men and women in Botswana, 
self-report adherence via an interview question assessing missed 
doses over the last 3 days was only modestly associated with 
quantifiable drug concentrations of tenofovir (TFV) and FTC 
quantified in plasma (Kebaabetswe et al., 2015). Similar results 
were observed in serodiscordant couples in East Africa where 
three types of self-reported adherence questions were not able 
to discriminate between steady-state daily dosing and less than 
steady-state daily dosing plasma TVF concentrations (Musinguzi 
et al., 2016). Within the preexposure prophylaxis initiative 
(iPrEx) trial, there were differences in consistency between 
self-report and PrEP drug detection by study site with good 
concordance in the US but large discrepancies in subjective and 
objective measures in non-US study sites. Self-reported recent 
PrEP dosing using neutral interviewing was a strong predictor 
of TFV quantitation in plasma in the iPrEX open-label extension 
(OLE) (Amico et al., 2016). Our study is an important addition 
to this literature because it 1) examines several self-report items 
assessing different aspects of adherence behavior and duration 
of recall, 2) employs unique statistical methods using latent 
constructs to develop a theoretical adherence measure without 
measurement errors, 3) evaluates recent and cumulative PrEP 
adherence using DBS quantification, and 4) includes continuous 
and dichotomous outcomes of objective adherence.

Because PrEP efficacy highly depends on medication 
adherence, it is frequently studied in HIV prevention research and 

evaluated in PrEP clinical care. Subjective adherence reporting 
is the most commonly used method to quantify adherence 
behavior in real time (Agot et al., 2015). As is true for self-report 
of medication adherence in general (Stirratt et al., 2015), there is 
no standard self-report adherence measure of PrEP used across 
research studies or clinical practice. A large number and wide 
variety of self-report adherence measures have already been 
adapted or developed to quantify PrEP adherence (Muchomba 
et al., 2012). As a result, it may be difficult to evaluate or compare 
PrEP adherence self-report in a systematic way due to lack 
of inconsistency in measures used. Across several large PrEP 
clinical trials, there was minimal overlap of self-report questions 
used to evaluate adherence (Amico et al., 2014; Agot et al., 2015; 
Kebaabetswe et al., 2015; Amico et al., 2016; Musinguzi et al., 
2016). Differences in how questions are framed, what period is 
used, and which response options are offered may affect how 
adherence is reported and thus measured. Having a least one self-
report measure of adherence that is widely utilized and perhaps 
recommended in guidelines or expert options could improve 
research findings and clinical outcomes through harmonization 
of subjective adherence assessment.

PrEP delivery in limited resource locations necessitates 
inexpensive and easy approaches to offer and monitor PrEP. As 
self-report may be the sole method to measure PrEP adherence, a 
question that is both sensitive and specific could offer an accurate 
appraisal of adherence and help direct resources to those needing 
additional adherence support in well-resourced but high-volume 
PrEP clinics. Using a single question that elicits a response best 
reflecting real adherence behavior is an efficient way to gauge 
adherence. In addition, one adherence question could be included 
in clinic intake forms that patients can answer more privately, 
potentially reducing social desirability bias (Bowling, 2005).

While our study had several strengths including a large 
sample size and assessments performed at multiple time points, 
there are some limitations. Since our study included only MSM 
in a resource-rich setting, our results may not be generalizable 
to other at-risk populations or those in resource-limited settings 
taking PrEP. Study timing may have significantly influenced 
our findings, as it was conducted soon after the FDA approval 

TABLE 3 | Factor indicators and loadings in a one-factor model of adherence.

Indicator Standardized loading Standard error

4-week ability 0.908*** 0.027     
4-week frequency 0.869***    0.027     
4-week percent taken 0.842***     0.021
3-month recall (reversed) 0.551*** 0.033    
1-month good job 0.910*** 0.022     
1-month frequency 0.893*** 0.027     
1-month difficulty 0.651*** 0.050     

TABLE 4 | Correlations between pharmacological and self-report adherence measures.

Adherence measures aFTC-TP bTFV-DP aTFV-DP ≥ 700 fm/p aTFV-DP ≥ 1250 fm/p

Summary self-report 
(adherence factor)

0.252*** 0.360*** 0.465*** 0.262***

4-week ability 0.239*** 0.317*** 0.424*** 0.237***
4-week frequency 0.215*** 0.309*** 0.384*** 0.234***
4-week percent taken 0.324*** 0.372*** 0.439*** 0.251***
3-month recall (reversed) 0.169** 0.283*** 0.296*** 0.239***
1-month good job 0.177** 0.305*** 0.338*** 0.235***
1-month frequency 0.187** 0.299*** 0.380*** 0.189***
1-month difficulty 0.173** 0.209*** 0.272*** 0.168***

**0.05>p>0.001; ***p<0.001; 
FTC-TP, emtricitabine triphosphate; TFV-DP, tenofovir diphosphate; fm/p, fmol/punch.
aCorrelations using dichotomous pharmacological measures of adherence are point-biserial correlations.
bCorrelations using continuous pharmacological measures of adherence are Pearson correlations.
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of PrEP. We had many early adopters who had high overall 
adherence based on DBS concentrations and were less likely to 
overestimate adherence. In addition, we only used single-item 
adherence questions to evaluate associations with PrEP drug 
concentrations. Some questions were designed to be asked as part 
of a group so alone they may have less intrinsic value. Finally, 
there are other commonly used self-report questions, which may 
be similarly or better correlated with biological measurements, 
not included in our study.

CONCLUSIONS

Self-report questions to measure PrEP adherence are commonly 
utilized in clinical research and may be the only method deployed 
to assess medication adherence. It is essential to better understand 
which subjective measures are most accurate and how they can 
effectively be integrated into PrEP research and clinical care. Our 
findings demonstrate that a 4-week percent taken question of 

medication recall may best reflect true recent and longer-term 
adherence behavior. In the future, we will explore combinations 
of different self-report adherence questions that may yield even 
stronger associations with PrEP drug concentrations.
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Purpose: Adherence is important for the effectiveness of human immunodeficiency 
virus (HIV) preexposure prophylaxis (PrEP). The objective of the current work is to assess 
the impact of multiple demographic and socio-behavioral factors on the adherence to 
tenofovir-based PrEP among HIV serodiscordant couples in East Africa using Markov 
mixed-effects modeling approach.

Methods: The Partners Demonstration Project was a prospective, open-label, 
implementation science-driven study of HIV PrEP among heterosexual HIV serodiscordant 
couples in Kenya and Uganda. The uninfected partner received oral PrEP according to 
the “bridge to antiretroviral therapy [ART]” strategy (i.e., until the infected partner had 
been on ART for ≥6 months). Adherence was monitored electronically; demographic 
and socio-behavioral data were collected during study visits. Analyzed data reflect 12 
months of follow-up per participant. A two-state, first-order, discrete time Markov model 
was developed with longitudinal adherence data characterized by “dose taking (1)” and 
“dose missing (0).” Covariate effects were linearly added in the logit domain of transition 
probability parameters (P01 and P10) in the model. The full covariate model was initially 
developed, followed by backward elimination process to reduce the model. All significant 
covariates reported by a prior primary statistical analysis of the same data were included 
in the full covariate model.

Results: The model included data from 920 participants, who were predominantly male 
(65%). Significant covariates associated with higher adherence were 25 years or older 
[odds ratio (OR) for P10, 0.61], female sex (OR for P10, 0.67), participant wanting the 
relationship with the partner to succeed (OR for P10, 0.79; OR for P01, 1.45), and sex 
with partner either with 100% or <100% condom use compared to those reported no 
sex (OR for P10, 0.84; OR for P01, 1.21). Significant covariates associated with lower 
adherence were partner on ART >6 months (OR for P01, 0.86; OR for P10, 1.34), subject 
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INTRODUCTION

The oral formulation of tenofovir disoproxil fumarate (TDF) in a 
fixed-dose combination with emtricitabine (FTC) was approved 
by the U.S. FDA in 2012 for preexposure prophylaxis (PrEP) to 
reduce the risk of sexually acquired HIV-1 infections. Adherence 
is highly correlated to the prophylactic efficacy in various clinical 
trials (Haberer, 2016). Adherence is defined as the extent to 
which a person’s behavior corresponds with medications, diet, 
and lifestyle as recommended by a health care provider (World 
Health Organization, 2003). Adherence involves three distinct 
components known as initiation, execution, and persistence of 
prescribed therapy (Blaschke et al., 2012; Vrijens and Urquhart, 
2014), and non-adherence can be seen in any one or all of these 
components (Vrijens et al., 2012). Non-adherence to medications 
is complex and may be influenced by various domains, including 
socio-economic, health system, disease condition, treatment, or 
patient-related factors. Understanding factors associated with 
these domains is the key to understanding adherence-related 
problems in a holistic manner and designing interventions to 
suitably address them (World Health Organization, 2003).

Monitoring adherence in clinical trials and routine patient 
care is a difficult task that requires resources and staffing. 
Direct and indirect monitoring methods have been employed 
to monitor adherence; each method has its own advantages and 
shortcomings (Farmer 1999; Lam and Fresco, 2015). Directly 
observed therapy (DOT), which verifies adherence, is the most 
reliable method and has been a mainstay in many tuberculosis 
treatment protocols, but is highly resource-intensive (Chaulk 
and Kazandjian, 1998). Self-report by patients and pharmacy 
refill are easy-to-implement indirect methods, but they tend 
to overestimate adherence (El Alili et al., 2016). Electronic 
monitoring methods, such as the Medication Event Monitoring 
System (MEMS®), involve containers that record each opening as 
a proxy for medication-taking behavior; this approach has been 
found to be more reliable than patient self-reports and has been 
used in numerous clinical trials (Van Onzenoort et  al., 2010; 
Riekert and Rand, 2002). Pharmacological measures of treatment 
adherence in PrEP are gaining prominence in clinical practice 
(Brooks and Anderson, 2018; Hendrix, 2018). TDF is a prodrug 
that rapidly hydrolyzed to tenofovir (TFV) in plasma and further 
phosphorylated to an active intracellular metabolite, TFV 
diphosphate (TFV-DP). Establishing adherence benchmarks of 
TFV and TFV-DP concentrations for HIV PrEP was recently 
conducted through a DOT study design (Hendrix et al., 2016). 

This approach has a limited view into past dosing information 
and does not provide high resolution of patterns of adherence. 
Importantly, electronic monitoring is the only method that 
provides day-to-day records of longitudinal data, thus providing 
an opportunity to understand the adherence patterns of the 
population in a detailed manner (Osterberg and Blaschke, 2005).

Adherence is commonly expressed as a summary measure, 
such as percentage adherence, which does not take into account 
variations in adherence patterns over time (Brown and Bussell, 
2011). Non-therapeutic time (NTT) is an alternative to summary 
measures of adherence and may be calculated using electronic 
adherence data; it is expressed as a sum of all non-therapeutic 
intervals during a course of therapy and reflects cumulative non-
adherence (Girard et al., 1998).

Electronic adherence monitoring provides longitudinal data 
on dose-taking behavior. Adherence can be described as sequence 
of two discrete states, such as “dose-taking” and “dose-missing.” 
Because prior states may influence future states, analytic methods 
should account for within subject correlation. In addition to the 
within subject correlation, there could be a dependence between 
the successive outcomes. If the future evolution of a system 
depends only on the current state, but not on the history, then 
the system can be considered to exhibit the Markov property 
(Stewart, 2009). It has been shown that ignoring Markovian 
tendencies in the data could lead to elevated type 1 error rates 
in covariate selection (Silber et al., 2009). Assessing transitions 
between or within the two states is the basis for a Markov modeling 
approach. Adherence can be quantified and modeled by deriving 
probability parameters for transition between the discrete states 
that explain an individual’s dose-taking pattern over a period. A 
Markov mixed-effects modeling approach has been implemented 
for analyzing adherence, describing drug holiday patterns, and 
identifying influential covariates of PrEP adherence from the 
MEMS-documented adherence data sets (Girard et al., 1998; 
Fellows et al., 2015; Madrasi et al., 2017). The Markov modeling 
approach has also been used to analyze data in diverse studies, 
such as those dealing with adverse effects of drugs, seizures counts, 
and patterns of sleep stages (Karlsson et al., 2000; Zingmark et al., 
2005; Ito et al., 2008; Henin et al., 2009; Bisaso et al., 2015).

Adherence is particularly important for the effectiveness 
of HIV PrEP (Haberer, 2016). With high adherence, TDF and 
emtricitabine (FTC) in combination have been successfully used 
as a PrEP regimen in high-risk groups. A number of demonstration 
projects are currently underway globally using this regimen 
(Global Advocacy for HIV prevention, 2017). Understanding the 

in the study for >6 months (OR for P01, 0.8; OR for P10, 1.25), and problematic alcohol 
use (OR for P01, 0.63; OR for P10, 1.16).

Conclusion: The developed Markov model provides a mechanistic understanding of 
relationship between demographic, socio-behavioral covariates, and PrEP adherence, by 
indicating the pattern of adherence influenced by each factor over time. Such data can be 
used for further intervention development to promote PrEP adherence.

Keywords: adherence, Markov model, HIV, preexposure prophylaxis, covariates
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covariates that influence adherence patterns is vital in designing 
appropriate patient counselling and interventions that will lead to 
better adherence. The Partners Demonstration Project involved 
delivery of TDF-FTC as PrEP to the HIV-uninfected members 
of heterosexual HIV serodiscordant couples in East Africa. PrEP 
adherence was measured electronically. The objective of this 
analysis was to assess the impact of demographic, social, and 
behavioral attributes on PrEP adherence using Markov mixed-
effects modeling approach.

METHODS

Study Participants and Enrollment
The Partners Demonstration Project was a prospective, open-
label, implementation science-driven study of HIV PrEP among 
heterosexual HIV serodiscordant couples in Kenya and Uganda. 
Ethical statements, subject enrollment, and follow-up details 
are described in the primary publication on this study (Baeten 
et al., 2016). Briefly, serodiscordant couples were enrolled into 
the study, and the HIV-uninfected partner of the couple was 
encouraged to take PrEP (combination of emtricitabine 200 mg/
TFV disoproxil fumarate 300 mg once daily) until the partner 
living with HIV had been on antiretroviral therapy (ART) for at 
least 6 months, when viral suppression was assumed (the “bridge” 
strategy), and if there were no concerns about ART adherence 
and/or the HIV status of additional partners. Medication was 
provided in a MEMS container (AARDEX Group, Switzerland). 
Study participants’ adherence records were downloaded from 
the containers during their follow-up study visits (1 month after 
enrollment, then quarterly for up to 2 years).

Demographic and socio-behavioral data were collected during 
study visits as well; details on the measures used are published in 
the primary analysis of these data (Haberer et al., 2017a).

Data Set Preparation
Electronic adherence data consisted of the dates and times of 
the medication container openings, which are considered as 
a surrogate for dose-taking events. Multiple openings in a day 
were considered as only one dose-taking event on that day. 
Since the active metabolite, TFV-DP, has a long half-life (48 to 
125 h) (Duwal et al., 2012; Louissaint et al., 2013), dose-time 
errors in a single day were not expected to significantly impact 
the therapeutic efficacy. Covariates based on the results of the 
primary analysis of this study were incorporated into the data set 
(Haberer et al., 2017a).

Analysis of Adherence Transition States
The transition between dose-missing and dose-taking events in 
each of the two subsequent, adjacent days was assessed for the 
adherence data. Four transitions are possible in the data: [01], 
[11], [10], and [00], as per the first-order Markov model. For 
generating this transition for the first day in an individual, the 
previous state was considered as 1, which signifies a “dose taken” 
state. The first dosing state was assumed to be 1 based on the high 
overall adherence; moreover, prior modeling showed limited 

impact of the initial state assumption on outcomes (Madrasi 
et al., 2017). Transitions [01] and [11] signify transition from 
a “dose-missing” state to a “dose-taken state” and staying in a 
“dose-taking” state, respectively. Transitions [10] and [00] signify 
transition from a “dose-taking” state to a “dose-missing” state 
and continuing in a “dose-missing” state, respectively. The total 
number of each of these four transitions was calculated for each 
covariate.

Model Development
Electronic adherence data available for the entire duration of 
observation (up to 24 months of follow-up) was used for base 
model selection. To match the primary statistical analysis 
(Haberer et al., 2017a), covariate analysis was conducted on the 
data until 12 months of follow-up. Adherence data were modeled 
using a logistic model, as well as a Markov model to identify the 
suitable approach (base model) to describe the data. The logistic 
model assumes adherence as series of coin flips and this model 
can be described as follows:

 
LOGIT =

−
= +Ln P

P
i1

1 1 1
Θ η  (1)

where Θ1 is the population parameter of probability in the logit 
domain and ηi is the between subject variability with a mean of 
zero and variance of ω2.

The probability (P1) of dose-taking was modeled in the logit 
domain and then transformed back to the probability space 
(between 0 and 1) as follows:
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e
1

1

1

1=
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Θ
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The probability of missing dose (P0) is defined as follows:

 P0 = 1– P1 (3)

The Markov model describes adherence as a series of 
transitions from the dose-taking state and dose-missing state 
defined by transition probabilities (Figure 1). The probabilities 
of transition between states were parameterized using logit 
functions. The model can be described as follows:

 
LOGIT1 =

−
=Ln P

P
i01

1 01 1
Θ +η   (4)

 
LOGIT2 10

1 10 2
=

−
=Ln P

P
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where Θ1 and Θ2 are the population parameters of the transition 
probability in the logit domain, and ηi is the between-subject 
variability with a mean of zero and variance of ω2.

The transition probabilities between the discrete states of dose 
taking (1) and dose missing (0) was modeled in the logit domain 
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and then transformed back to the probability space (between 0 
and 1) as follows:
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 P00 = 1– P01 (8)

 P11 = 1–P10 (9)

where P01, P10, P11, and P00 are transition probabilities between 
dose-taking and dose-missing states. When testing for covariate 
effects, covariates were linearly added in the logit domain of 
transition probability parameters.

Logistic and Markov models were developed without 
adding covariates into the model to compare between these 
two approaches. Based on the empirical Bayesian estimates of 
transition probabilities derived from these two approaches, 
adherence patterns were simulated using the ‘Markov chain’ 
package within the R software platform version 3.4.2 (R Core 
Team, 2017). The NTT was calculated from the simulated 
adherence patterns as an indicator of the cumulative index of 
non-adherence (Girard et al., 1998). Duration of action was 
assumed to be 24 h based on the nominal dosing frequency of 
daily dosing. The NTT of an individual was measured as the sum 
of all the days where dose was missed for two or more consecutive 
instances. Each individual transition matrix was used to simulate 
100 Markov chains to account for stochastic noise. The NTT 
calculation was repeated for all 100 Markov chains, and the 
mean for each participant was used for plotting. The correlation 
between the observed NTT and the mean NTT predicted from 
100 realizations of the Markov model was used as diagnostic plot 
for model development.

To evaluate the demographic and socio-behavioral data, a full 
covariate model approach was implemented (Gastonguay, 2011). 
First, all the covariates of interest were selected based on a prior 
statistical analysis from the Partners Demonstration Project 
using standard, multivariable generalized estimating equation 

modeling (Haberer et al., 2017a); all the significant covariates in 
that analysis were included in this analysis to form a full model. 
During subsequent steps, model reduction was carried out by 
dropping non-significant covariates from the model based on 
95% confidence intervals (calculated from the standard error of 
the parameter estimate for each covariate). Any covariate that 
included unity in its confidence interval of the odds ratio (OR) was 
dropped from the model. With rest of the covariates, the model run 
process was continued until none of the covariates dropped out of 
the model. Covariates that had <5% of transitions in any one of 
the four transitions ([01], [11], [10] and [00]) were also dropped 
from the model. Data formatting and plotting was carried out 
using the software package R version 3.4.2 (R Core Team, 2017). 
Modeling of the data was performed using NONMEM® (ICON, 
Ellicott City, Maryland, version 7.3) software package, with Intel/
GFortran compilers with Perl-speaks-NONMEM as the interface 
(Parke et al., 1999; Lindbom et al., 2004). The Laplacian method 
was used for parameter estimation.

Simulation of the Pharmacokinetic Profile
For visually illustrating the impact of covariate effects on PrEP 
adherence patterns and consequent pharmacokinetic (PK) 
profiles of TFV, a simulation exercise was performed. One typical 
subject was simulated for five of the significant covariates of the 
final model depending on the order of the size of their effect 
(higher ORs). The model estimated the typical probability values 
of each transition probability parameter (i.e., P01, P00, P10, and 
P11), which were used for simulating adherence patterns using 
the Markov chain package within R software (R Core Team, 2017). 
These adherence patterns were incorporated into a NONMEM 
data set to simulate a one-month dosing period. A population PK 
model of TFV reported by our group (Lu et al., 2017) in a subset 
of patients from this study was used to simulate the PK profiles. 
Comparative PK profiles for each of the significant covariates 
were plotted for each covariate.

RESULTS

Demographic Data and Adherence Profiles
A total of 985 participants were enrolled into the study. Data of 
subjects with missing visits and missing data due to a broken or 
lost device were dropped from analysis. Data for 920 participants 
were available for inclusion into the analysis. The majority 
were men (n = 601, 65%), and ≥25 years of age (n = 737, 80%). 

FIGURE 1 | Discrete states and transitions representing adherence behavior in a Markov model. P01 and P10 represent transition probabilities between two states 
of adherence viz. “dose taken” and “dose missed.” P11 and P00 represent the transition probabilities for continuing same states.
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Most  of  the  participants (n = 900, 98%) started PrEP upon 
enrollment, with the exception of 16 (1.5%) subjects who started 
1 month after enrollment and 4 (0.5%) who started more than 3 
months after enrollment. A demographic summary of subjects is 
provided in Table 1, and a summary of adherence data is provided 
in Supplementary Table 1. The time course of adherence patterns in 
a few representative subjects is shown in Supplementary Figure 1.

Analysis of Transitions
A total of 258,714 transitions between dose-missing (0) and 
dose-taking (1) states were observed in the data. The transition 
[11] was the most commonly observed transition, accounting for 
65% of the total transitions, whereas the transitions [01] and [10] 
were the least observed transitions, accounting for around 7.5%. 
Several covariates, i.e., concern for taking PrEP, continuing to be 
in a relationship with the study partner, and PrEP initiation time, 
had < 5% of the state transitions in some of their sub-categories. 
The summary of all four state transitions for all covariates is 
presented in Supplementary Table 2. A summary of transitions 
at an individual level are presented in Supplementary Table 3.

Model Development
The Markov model resulted in a ~50,000 point drop in the 
NONMEM objective function compared to the logistic model. 
The observed and the predicted numbers of transitions between 
dose-missing (0) and dose-taking (1) states are shown in 
Table 2. Individual probability parameters from the logistic and 
Markov models were used to generate the predicted NTT. The 
comparison between observed and predicted NTT between the 
logistic and Markov models is shown in Figure 2. This plot shows 
that the Markov model better predicts NTT than the logistic 
model. Thus, the Markov model was selected as the base model 
for further covariate analysis.

Seven significant covariates remained in the final model after 
the iterative model reduction process. The full list of covariates 
and results of iterative stages of model reduction steps are 
presented in Supplementary Table 4. The significant covariates 
were age, female sex, partner on ART for ≥6 months, desire for the 

TABLE 1 | Demographic characteristics of study participants.

S No Variables Number (%)

Total 920 (100)
1 Sex

 Male 601 (65)
 Female 319 (35)

2 Age
 Age >25 years 737 (80)
 Age <25 years 187 (20)

3 Age difference
 Male partner > 5 years older than female 409 (44)
 Male partner NOT > 5 years older than female 511 (56)

4 Sex risk
 No sex 40 (4)
 Sex with partner with 100% condom use 311 (34)
 Sex with partner less than 100% condom use 569 (62)

5 ART status
 Partner on ART for 6 months 481 (52)
 Partner on ART for less than 6 months 439 (48)

6 Concerns for taking PrEP
 No concerns 828 (90)
 Have concerns 92 (10)

7 Relationship Desire
 Wants relation to succeed 809 (88)
 Not concerned with relation 111 (12)

8 Pregnancy status and intentions
 Not pregnant and not trying 739 (80)
 Trying for pregnancy 63 (7)
 Pregnant 118 (13)

9 Follow-up status
 More than 6 months follow-up 523 (57)
 Less than 6 months follow-up 397 (43)

10 Relationship status
 Couple with study partner 914 (99)
 No longer couple 6 (1)

11 Alcohol problem
 Problem alcohol use 184 (20)
 No alcohol problem 736 (80)

12 PrEP initiation time
 PrEP started on enrollment 900 (98)
 PrEP started in 1 month 16 (1.5)
 PrEP started in 3+ months 4 (0.5)

All the demographic characteristics the data was captured at the base line. For 
time sensitive items like participant in the follow-up for 6 months, Partner in ART 
for 6 months, PrEP initiation time were captured at the end of follow-up period.

TABLE 2 | Comparison of the predictability of state transitions in the adherence data between the logistic and Markov models: Base model development.

State Transition Observed Simulation 1 Simulation 2 Simulation 3 Simulation 4 Simulation 5

Markov model predictions
[11] 201119 200090 199090 200327 200385 200241
[10] 24431 24652 24885 24725 24678 24515
[01] 23986 24392 24617 24459 24407 24237
[00] 62747 63149 63691 62772 62813 63290
Logistic model predictions
[11] 201119 183053 183100 183203 183705 183190
[10] 24431 42070 42115 42099 42006 42043
[01] 23986 41809 41833 41831 41725 41735
[00] 62747 45351 45235 45150 44847 45315

Predicted transitions (counts) from both Markov and Logistic models. Four transitions ([11], [10], [01], [00]) of the predicted adherence data were compared against transitions in 
the observed data. A total of five simulations were carried out for both models to show the stochastic noise. Transitions predicted by the Markov model were closer to the observed 
values than the logistic model in all instances.
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relationship to succeed, study follow-up for ≥6 months, problem 
alcoholic use, and sex risk with partner with respect to condom 
use. When looking at the mechanisms of impact on adherence, 
the covariates acted in two different ways. First, certain covariates 
positively impacted adherence, when the participant re-initiated 
medication (transition [01]). Second, certain covariates negatively 
influenced adherence, when participants discontinued taking 
medications (transition [10]). For example, female participants 
and 25 years or older had lower odds of discontinuation. Those 
whose partners were on ART therapy for ≥6 months were more 
likely to discontinue PrEP and less likely to re-initiate.

Participants who desired the relationship with their partners 
to succeed were more likely to re-initiate PrEP and less likely to 

discontinue. Those who were in the follow-up for 6 months were 
more likely to discontinue PrEP and less likely to re-initiate.

Participants, who had an alcohol use problem, were more 
likely to discontinue PrEP and less likely to re-initiate. Those who 
reported sex with their partner and 100% condom use had lower 
odds of discontinuation, whereas those who reported less than 
100% condom use had lower odds of discontinuation and higher 
odds of re-initiation of PrEP compared with those who reported 
no sex with their partners.

The impact of all significant covariates associated with the 
respective transition probability parameters is presented in 
Table 3. The mechanisms responsible for the impact of covariates 
on the adherence are presented in Table 4.

TABLE 3 | Final model with significant covariates and their impact on adherence.

S. No Covariates and impact on transitions OR 95% CI Interpretation

1. Age >25 years on P10 0.61 0.49–0.77 Reduced P10 leading to increased adherence
2. Female sex on P10 0.67 0.55–0.80 Reduced P10 leading to increased adherence
3. Partner on ART for 6 months on P01 0.86 0.84–0.88 Reduced P01 leading to reduced adherence
4. Partner on ART for 6 months on P10 1.34 1.30–1.38 Increased P10 leading to reduced adherence
5. Wants relationship to succeed on P01 1.45 1.35–1.56 Increased P01 leading to increased adherence
6. Wants relationship to succeed on P10 0.79 0.73–0.85 Reduced P10 leading to increased adherence
7. In follow-up for 6 months on P01 0.80 0.79–0.82 Reduces P01 leading to reduced adherence
8. In follow-up for 6 months on P10 1.25 1.22–1.28 Increased P10 leading to reduced adherence
9. Problem alcohol use on P01 0.63 0.59–0.66 Reduced P01 leading to reduced adherence
10. Problem alcohol use on P10 1.16 1.10–1.24 Increased P10 leading to reduced adherence
11. Group with 100% condom use vs no sex group on P10 0.84 0.81–0.87 Reduced P10 leading to increased adherence
12. Group with less than 100% condom use vs no sex group on P01 1.21 1.18–1.24 Increased P01 leading to increased adherence
13. Group with less than 100% condom use vs no sex group on P10 0.69 0.67–0.72 Reduced P10 leading to increased adherence

The 95% confidence intervals were calculated with NONMEM asymptotic standard errors on covariate parameters using the following formula: CI = eθ+1.96(SE). Any covariate, which 
contained ‘1’ in its confidence interval was considered as non-significant and dropped from the model.

FIGURE 2 | Observed vs predicted NTT for Markov model and logistic regression mode. Panel A shows the correlation between the observed and predicted NTT 
as per the Markov model. Panel B shows the correlation between the observed and predicted NTT as per the logistic regression model. NTT was calculated as the 
cumulative time (in days) that sequential doses were missed in a Markov chain. It was assumed that 24 h was the duration of action of each administered dose and 
two sequential missed doses were considered as one NTT. Cumulative sums were calculated for subsequent missing doses.
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Simulation of the PK profile
The comparative PK profiles from the simulation are presented 
in Figure 3. These profiles illustrate the potential impact of non-
persistence due to covariate effects on the average PK profile 
of TFV. For TFV, the estimated protective effect against HIV at 
plasma concentrations of >40/mL was 91% (Donnell et al., 2014). 
Non-persistence resulted in higher sequential drug omissions 
and caused the average PK concentrations to decrease below 
40 ng/mL in participants with no desire for the relationship 
to succeed, with problem alcohol use, younger than 25 years, 
participants that with partners on ART for more than 6 months 
and male participants.

DISCUSSION

Our analysis identified several participant characteristics that 
are associated with non-adherence to PrEP in a Markov mixed-
effects model framework. The covariate effects found to be 
significant are in general agreement with prior reports (Haberer 
et al 2013; Koenig et al., 2013; Amico and Stirratt, 2014; Corneli 
et al., 2014; Gengiah et al., 2014; Psaros et al., 2014; Kebaabetswe 
et al., 2015; Haberer et al., 2017a; Haberer et al., 2017b). The 
distinction of our approach was to utilize a parametric Markov 
model that provided insights into mechanisms of non-
adherence (correlation to either P01 or P10) and predictive 
capabilities of adherence patterns in addition to the inferential 
analysis compared to the primary statistical analysis (Haberer 
et al, 2017a). The dependence of future state on the current 
state (persistence, execution) in the electronic adherence 
measurements was evident by the better fit of the Markov model 
compared with the logistic model. A similar observation was 
made in previous reports on the analysis of electronic adherence 
data (Girard et al., 1998; Madrasi et al., 2017). Some of the 
issues associated with ignoring the Markov element in the data 
when present include increased type I error rates on covariate 

inclusion, overestimation of information content in the data, 
and unrealistic simluation of individual time course of the 
outcomes (Silber et al., 2009).

In the present analysis, the Markov model predicted that 
NTT values were closer to the observed NTT in the data set 
than those of the logistic model, indicating a better description 
of adherence pattern. The logistic model predicted a much 
higher number of transitions between dose missing (0) and dose 
taking (1) compared with the Markov model and thus provides 
less predictive capability of adherence patterns. These findings 
support the use of the Markov modeling approach to describe 
adherence data compared to logistic modeling approach.

Age, sex, marriage or relationship status with partner, risk 
perception, concerns about taking PrEP, problematic alcohol 
use, age difference between partners, and sex with the partner or 
abstinence have been found to be important factors that influence 
adherence behaviors in other PrEP studies (Haberer et al 2013; 
Koenig et al., 2013; Amico and Stirratt, 2014; Corneli et al., 2014; 
Gengiah et al., 2014; Psaros et al., 2014; Kebaabetswe et al., 2015; 
Haberer et al., 2017a; Haberer et al., 2017b). In the present study, 
we found that many of these reported factors influencing PrEP 
adherence of study participants as a validation to the Markov 
modeling approach. Moreover, the assessment of transition states 
in the Markov model allow important insights into the mechanism 
by which these factors influence PrEP adherence.

For instance, participants older than 25 years and/or female 
sex had lower odds of transitioning from the dose-taking state 
to the dose-missing state and thus had higher persistence. 
Younger age has been reported to negatively influence PrEP 
adherence in other studies (Amico and Stirratt, 2014; Haberer 
et al., 2017a; Madrasi et al., 2017). This finding might be related 
to the level of maturity associated with age. The role of sex has 
been qualitatively explored in serodiscordant couples in Kenya. 
Carroll et al explored the sex power dynamics within households, 
which influenced adherence behaviors. They noted that in many 
instances, women were expected to be responsible for daily 
health care management tasks for them and their spouses, even 
though decisions were taken by their husbands. It was also 
noted that many seronegative men, but not women, found PrEP 
burdensome (Carroll et al., 2016).

Study participants who desired their relationship to succeed 
with their partners had higher odds of transitioning from dose-
missing state to dose-taking state and lower odds of transitioning 
from dose-taking to dose-missing state compared with those 
without such desire. This covariate had the highest odds compared 
with other covariates in improving adherence. Married participants 
tend to have better PrEP adherence compared with those who were 
single (Amico and Stirratt, 2014; Corneli et al., 2014). The desire 
to continue a relationship with the partner could be a motivation 
for married subjects to continue PrEP. In the current study, 
couples had mutually disclosed their HIV serostatus; therefore, the 
uninfected partner had a more accurate perception of risk for HIV 
transmission, which may have resulted in better adherence.

Participants who were in the study for ≥ 6 months were more 
likely to transition from dose-taking state to dose-missing state 
and less likely to transition from dose-missing state to dose-
taking state compared to those who were in the study for <6 

TABLE 4 | Key mechanisms of covariates on PrEP adherence.

S.No. Covariate Impact on 
adherence

Key mechanism

1. Age > 25 years Increase Reduced discontinuation
2. Female sex Increase Reduced discontinuation
3. Partner is on ART for 6 

months
Reduce Increased discontinuation 

and reduced re-initiation
4. Wants relationship to 

succeed
Increase Increased re-initiation and 

reduced discontinuation
5. In the study for 6 months Reduce Increased discontinuation 

and reduced re-initiation
6. Problem alcohol use Reduce Increased discontinuation 

and reduced re-initiation
7. 100% condom use in sex 

with partner compared to 
no sex group

Increase Reduced discontinuation

8. <100% condom use 
in sex with partner 
compared to no sex 
group

Increase Increased re-initiation and 
reduced discontinuation 
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months. This finding may reflect fatigue with taking PrEP for 
a relatively long period. Additionally, longer time of follow-up 
could reflect the bridge strategy for PrEP in this study (i.e., 
PrEP should be taken until the partner living with HIV had 
taken ART for >6 months). Indeed, those whose partners were 
on ART rfor >6 months had a tendency to miss medication. 
Risk perception by uninfected partners could have changed if 
they perceived their partners as being less infectious after six 
months on ART (assuming they were not concerned about the 
partner’s ART adherence and/or presence of outside sexual 

partnerships). It should be kept in mind, however, that duration 
of follow-up and partner time on ART were not necessarily 
equivalent, as many partners did not start ART until well into 
follow-up; these variables were thus tested independently in 
our model.

In the current analysis, it was observed that participants with 
problematic alcohol use were more likely to miss doses and 
continue in the same dose-missing state. Heavy use of alcohol has 
been similarly associated with poor adherence to PrEP (Amico 
and Stirratt, 2014; Haberer et al., 2017a).

FIGURE 3 | Illustrative simulated pharmacokinetic profiles for the categories of significant covariates of the final Markov model. This panel of plots presents 
illustrative simulated pharmacokinetic profiles based on the categories of five significant covariates. The panels on the left side show the categories of covariates that 
increase adherence and the panels on the right side show the categories of the covariates that reduce adherence. In each panel, the line that intercepts at 40ng/mL 
is the threshold level of protection for TFV. The filled circles near the x-axis represent “doses taken” and unfilled circles indicate ‘doses missed’.
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Sex with the study partner or with others also influenced 
adherence to PrEP in this and other studies. Those who had sex 
with the study partner known to be living with HIV tended to 
have higher adherence compared to those who reported no sex 
with the study partner (Haberer et al., 2013; Kebaabetswe et al., 
2015; Haberer et al., 2017a). In the current analysis, we observed 
that the participants who had sex with the partner, either with 
or without condoms, had higher adherence than those who 
reported no sex. These groups also had higher odds for persisting 
on PrEP; this finding might have been due to the higher level of 
risk perception by the uninfected partners of the serodiscordant 
couples. Those who abstained from sex with the study partner had 
lower adherence to PrEP possibly because of lower risk, although 
risk from any potential outside partnerships was unknown.

The current report agrees with our prior report (Madrasi 
et al., 2017) on Markov modeling of MEMS based adherence data 
on the approach and covariate effects. There are two important 
differences between these two analyses. First, the input data in 
the current analysis is from the Partners Demonstration Project 
(Haberer et al., 2017a) and the prior analysis used input data 
from the Partners PrEP Ancillary Adherence Sub-study (Haberer 
et al., 2013). Both studies evaluated a different set of covariates 
with common variables being age, sex, and problematic alcohol 
use. Thus, a direct comparison of results is not possible on all 
covariate effects. Second, a full covariate modeling approach was 
used in the current analysis compared to step-wise approach in 
the previous report. Findings on the common covariates between 
studies agreed well. Madrasi et al found that female sex and 
older age had a positive impact on adherence, which is similar to 
the current report. In addition, the current analysis identified 
problematic alcohol use as a significant covariate negatively 
associated with adherence, whereas it was not significant in prior 
report. The primary statistical analysis of both studies using 
regression modeling found similar results. The lack of significance 
in the Partners PrEP sub-study may reflect the lower prevalence 
of problematic alcohol use (10.6% versus 20% in current study).

The simulated PK profiles illustrated the impact of covariates 
on PrEP adherence and the subsequent effect on TFV levels. 
We do not imply a causative link of TFV levels to prophylactic 
efficacy. Rather, intracellular TFV-DP and FTC-TP levels are 
responsible for viral suppression and efficacy. Our Markov model 
can be linked to mechanistic HIV viral dynamic models (Duwal 
et al, 2016) to understand the onset and offset of prophylactic 
efficacy. The covariates that had negative impact on adherence 
may result in a PK profile with substantial length of time below 
the threshold value for protection. This situation may reduce 
PrEP effectiveness and may leave the participant unprotected in 
case of viral exposure during this period.

When interventions are planned to enhance adherence to 
therapy, it is important to understand associated issues and 
mechanisms of non-adherence. The Markov modeling approach 
identified significant covariates that impact adherence, along 
with mechanisms by which they act on adherence. Adherence 
interventions can be tailored based on the type and number 
of risky covariates in a subject. Intervention designs should 
consider the mechanisms of non-adherence, whether the subject 
has problems in initiation or with persistence to therapy.

There are several limitations to this study. Electronic adherence 
records may not be able to differentiate true dosing events and false-
positive openings of MEMS containers, thus adding a certain level 
of uncertainty to the data. Unfortunately, the false-positive rate from 
the electronic adherence monitoring system cannot be known; 
however, it is generally low (Musinguzi et al., 2016). Additionally, 
some covariates used in the data reflect subjective information 
provided by participants, which cannot be verified independently. 
The results of the present study also have to be interpreted in the 
context of the socio-demographic and cultural background of the 
study participants. Finally, given the observational design of the 
study, there could be some unaccounted factors affecting adherence. 
Thus, the significant covariates identified in this analysis represent 
correlations rather than causality.

CONCLUSIONS

The Markov mixed-effects modeling approach was used to study 
the impact of various factors on adherence to PrEP medications in 
serodiscordant couples. Female sex, older than 25 years, desire for 
the relationship with the partner to succeed, and use of condoms 
during sex with the partner were positively associated with PrEP 
adherence. Problematic alcohol use negatively associated with PrEP 
adherence. Although participation in the study for 6 months and the 
partner having taken ART for 6 months or more were found to be 
negatively associated with PrEP adherence, this finding is consistent 
with the bridge strategy and indicates potential for adherence to the 
bridge strategy to work well with this population. The developed 
Markov model provides insight into the stages of PrEP adherence 
(i.e., initiation, execution, and/or persistence) and can be used to 
develop further interventions to promote PrEP adherence.
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Luxi Lal 1,2,3*, Kathleen Ryan 1,2, Iris Yi Liu 1, Brian Price 1, Timmy Lockwood 1, Ivette Aguirre 1, 
Peter Slobodian 4, Ada Lam 4, Manoj Vassan 5, Kie Lim 5, John Silverii 6, Joseph Tesoriero 7, 
Johnny Phu 8, Wan Lim 8, Bharathy Naidoo 9, Nick Russell 10, Matthew Rundle 11,  
Rowan Sewell 11, Craig Cooper 11, Alexander Hardman 12, Martin Quinn 12, Anne Mak 1†  
and Edwina J. Wright 1,2,3,13† on behalf of the PrePX Study Team ‡

1 Alfred Health, Melbourne, VIC, Australia, 2 Burnet Institute, HIV Elimination Program, Melbourne, VIC, Australia, 
3 Department of Infectious Diseases, Alfred Health, Monash University, Melbourne, VIC, Australia, 4 Clinical Trials Pharmacy, 
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Pharmacy, Fitzroy North, VIC, Australia, 7 HealthSmart Pharmacy Alfred, Melbourne, VIC, Australia, 8 Newton & Leung 
Pharmacy, Collingwood, VIC, Australia, 9 Bain & Co. Pharmacy, St Kilda, VIC, Australia, 10 Centre Pharmacy, Central Market 
Arcade, Adelaide, SA, Australia, 11 Epic Pharmacy New Town, Hobart, TAS, Australia, 12 Epic Pharmacy Kings Meadows, 
Launceston, TAS, Australia, 13 The Peter Doherty Institute of Infection and Immunity, University of Melbourne, Melbourne, 
VIC, Australia

Background: In Australia, clinical trial drugs are conventionally dispensed through 
clinical trial pharmacies only, while community pharmacies dispense drugs approved by 
Australia’s regulatory body. A large HIV pre-exposure prophylaxis study aimed to deliver 
clinical trial drug through community pharmacies to improve convenience and mimic real 
world prescribing. This paper describes the process of making community trials compliant 
with good clinical practice and reports outcomes of delivering clinical trial drug through 
community pharmacies.

Methods: Eight community and four clinical trial pharmacies across three Australian 
states were approached to participate. A good clinical practice checklist was generated 
and pharmacies underwent a number of changes to meet clinical trial pharmacy 
requirements prior to study opening. Changes were made to community pharmacies to 
make them compliant with good clinical trial practice including; staff training, structural 
changes, and implementing monitoring of study drug and prescribing practices. Study 
drug was ordered through standard clinical trial processes and dispensed from study 
pharmacies by accredited pharmacists. Throughout the trial, record logs for training, 
prescriber signature and delegation, temperature, participant, and drug accountability 
were maintained at each pharmacy. The study team monitored each log and delivered 
on-site training to correct protocol variations.

Results: Each pharmacy that was approached agreed to participate. All community 
pharmacies achieved good clinical practice compliance prior to dispensing study drug. 
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Over the course of the study, 20,152 dispensations of study drug occurred, 83% of 
these occurred at community pharmacies. Only 2.0% of dispensations had an error, and 
errors were predominantly minor. On five occasions a pharmacist who was not accredited 
dispensed study drug.

Conclusions: Community based pharmacies can undergo training and modifications 
to achieve good clinical practice compliance and dispense clinical trial study drug. 
Community based pharmacies recorded few variations from study protocol. Community 
based pharmacies offer a useful alternative to clinical trial pharmacies to increase 
convenience for study participants and expanded use of these pharmacies should be 
considered for large clinical trials, including HIV prevention trials.

Keywords: pre-exposure prophylaxis, pre-exposure prophylaxis expanded, pharmacy, clinical trials, human 
immunodeficiency virus prevention, prophylaxis

InTRODUCTIOn
Clinical trials are essential to the evaluation and approval of 
novel therapeutic agents, however a number of barriers limit 
clinical trial participation (Bower et al., 2014). Population groups 
including people who are culturally and linguistically diverse, 
people living in regional/remote areas, youth, and indigenous 
populations are underrepresented in clinical trials (Schmotzer, 
2012; Bower et al., 2014; Curran et al., 2015; Ernst and Young, 
2016). In Australia, many trials struggle to meet recruitment and 
retention targets (Ernst and Young, 2016).

In Australia, clinical trials are conventionally conducted through 
tertiary hospitals with study drug dispensed by the hospitals’ 
clinical trial pharmacies. Hospital-based clinical trial pharmacies 
dispense investigational drugs that have not been approved by 
the Therapeutic Goods Administration (TGA) and are required 
to adhere to state-based legislation and the relevant research 
governance framework (Australian Government Department of 
Health TGA, 2018). Clinical trial drugs are typically dispensed at no 
cost to the study participant. Conversely, community pharmacies 
(also known as retail pharmacies) are only permitted to dispense 
drugs that have been approved by the TGA, must adhere to federal 
legislation in relation to pharmacy dispensing, and individuals are 
required to pay for each drug dispensing event [for drugs listed on 
Australia’s Pharmaceutical Benefits Scheme (PBS) in 2018: $39.50 
Australian dollars (AUD) or AUD$6.40 for concession (Australian 
Government Department of Health, 2018)].

HIV pre-exposure prophylaxis (PrEP) is the use of 
co-formulated tenofovir and emtricitabine by HIV-negative people 
to prevent HIV acquisition (Grant et al., 2010). Randomized 
clinical trials and demonstration projects have demonstrated that 
PrEP is highly efficacious and effective at preventing the sexual and 
injection transmission of HIV when high medication adherence 
is achieved (Grant et al., 2010; Baeten et al., 2012; Thigpen et al., 
2012; Choopanya et al., 2013; Grant et al., 2014; Molina et al., 2015; 
McCormack et al., 2016). HIV PrEP was registered on Australia’s 
TGA in 2016 (Australian Government Department of Health 
TGA, and biologicals, 2016), however it was not listed on the PBS 
until April 2018 (Health AGD of. Pharmaceutical Benefits Scheme 

(PBS) | For PBS Prescribers [Internet], 2018). Prior to the PBS 
listing of PrEP, access to PrEP was primarily through participation 
in local clinical trials that aimed to demonstrate the clinical 
effectiveness (Lal et al., 2017; Rodriguez et al., 2018; Zablotska 
et al., 2018) and the population level prevention benefit of PrEP 
(AVAC, 2015; Grulich et al., 2018; Rodriguez et al., 2018; Ryan 
et al., 2018; Western Australia AIDS Council, 2018).

The pre-exposure prophylaxis expanded (PrEPX) study 
was a multi-site, one-armed, open-label, population-level 
PrEP intervention study undertaken in Australia. The primary 
objective of the PrEPX study was to measure the change in HIV 
incidence at a population-level (Ryan et al., 2018). The PrEPX 
study originated in Victoria providing 3,800 study places, and 
expanded to include South Australia (650 study places) and 
Tasmania (100 study places). PrEPX was designed to mimic 
the anticipated real world conditions of PrEP prescribing that 
would be in place if PrEP were to receive PBS approval. Real 
world conditions included: attending primary care and sexual 
health services for study visits, having study drug dispensed at 
community pharmacies which included paying conventional 
clinical service and PBS co-payments for drug dispensing.

The PrEPX study was the first clinical trial undertaken 
in Australia whose protocol design permitted community 
pharmacists to dispense clinical trial medications in accordance 
with International Conference on Harmonization-Good Clinical 
Practice (ICH-GCP) guidelines (ICH-GCP ICOHGCP, 1996; 
Abraham, 2009; Australian Government Department of Health 
TGA, 2018). A smaller Victorian PrEP demonstration study (Lal 
et al., 2017) and PrEP demonstration studies in other Australian 
jurisdictions did not utilize community pharmacies for prescribing, 
nor require PBS co-payments (Grulich et al., 2018; Rodriguez et 
al., 2018; Western Australia AIDS Council, 2018; Zablotska et 
al., 2018). In this paper we describe how clinical trial dispensing 
was implemented through community pharmacies across three 
Australia states, Victoria, South Australia, and Tasmania. We 
describe the consultation with community pharmacists, steps 
required to meet clinical trial pharmacy requirements, ongoing 
monitoring, and outcomes of utilizing community pharmacies to 
dispense clinical trial drug (See Figure 1).
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METHODs

study Overview
The PrEPX protocol has been described elsewhere (Ryan et al., 
2018). Here, we detail the implementation and outcomes of the 
study’s community pharmacy dispensing of study drug. The 
PrEPX study was a population level demonstration study aimed 
to recruit 2,600 individuals at risk of HIV, in order to show a 
decline in HIV incidence (Traeger et al., 2019).

The study design required participants to attend study clinics, 
including hospital, primary care, and/or sexual health services, 
for quarterly HIV and sexually transmitted infection testing 
and provision of a study drug prescriptions. Participants then 
attended participating study pharmacies to have study-specific 
prescriptions dispensed. Participants could attend any of the 
participating PrEPX pharmacies to have study drug dispensed. 
Community pharmacies participating in PrEPX underwent 
specific modifications and training to meet clinical trial pharmacy 
requirements to participate as a PrEPX clinical trial pharmacy.

The PrEPX pharmacy team included three key team 
members—lead pharmacist, pharmacy manager, and pharmacy 
monitor. The PrEPX lead pharmacist was registered with the 
Pharmacy Board of Australia, and appointed from the Alfred 
Clinical Trials Pharmacy. The PrEPX lead pharmacist held 
a bachelor’s degree in pharmacy with more than 30 years 
experience of working in clinical trials. The PrEPX pharmacy 
manager had completed a bachelor of pharmacy degree and the 
pharmacy monitor held a life sciences degree. Alfred Health 
Clinical Trials Pharmacy provided pharmacy oversight, in line 
with ICH-GCP guidelines and relevant federal and state-based 

legislation. Registered, board certified community pharmacy 
owner(s) were trained and delegated PrEPX dispensing duties as 
per the approved study protocol.

Funding for PrEPX was announced in January 2016. The 
PrEPX study opened for enrolment on 26 July 2016 in Victoria, 
and was funded to enroll 2,600 participants; subsequently, 
further funding permitted the study to enroll 3,800 participants 
however the study went on to enroll 4,275 participants in 
Victoria. The PrEPX study closed to enrolment in Victoria when 
PrEP was subsidized on the PBS on April 1st 2018 in Victoria. 
The study expanded to South Australia on 15 May 2017 where 
650 participants were enrolled and to Tasmania where 100 
participants were enrolled until the study closed to enrolment 
on 30 June 2018 in South Australia and Tasmania, in accordance 
with the approved protocol.

Pre-study set Up
A pharmacy compliance group was established at Alfred Health 
to oversee the pharmacy component of the PrEPX study. The 
PrEPX pharmacy team was responsible for engaging with, 
training, and supervising PrEPX dispensing over the course of 
the study, in all participating states.

The PrEPX pharmacy team, created a checklist for GCP 
compliance and regulatory dispensing requirements for a 
community pharmacy acting as a clinical trial pharmacy. Key 
features of a clinical trial pharmacy are 1) drug storage, 2) record 
keeping, 3) monitoring of stock, 4) destruction of drugs if permitted 
by the protocol, 5) assistance with adherence to study protocol, 6) 
counseling of participants and monitoring medication adherence, 
7) and provision of information to participants (Abraham, 2009; 
Australian Government Department of Health TGA, 2018).

Community pharmacies in close proximity to PrEPX study 
clinics were approached and invited to participate as a clinical 
trial pharmacy in the study. A brief survey was sent out to selected 
pharmacies to determine their current practices, and to identify 
gaps in clinical trial pharmacy requirements. The PrEPX pharmacy 
team worked with individual pharmacies to address each identified 
gap so that pharmacies could dispense clinical trial study drug, in 
accordance with ICH-GCP requirements (ICH-GCP ICOHGCP, 
1996; Abraham, 2009), as per Supplementary Figure 1.

Structural Factors Implemented
Ambient temperature conditions are not routinely monitored or 
recorded within community pharmacies in Australia. Pharmacies 
that did not have temperature monitoring were provided with 
a testo automated temperature monitoring system (Testo Pty 
Ltd., 2015) at no cost to the pharmacy. This device was selected 
as it had been used successfully within Alfred Health Hospital 
Pharmacies. An active Wi-Fi connection was required to activate 
individual temperature monitors at each pharmacy. Temperatures 
were continuously recorded during the study, sending automatic 
hourly notifications to the secure PrEPX Cloud account. The 
minimum and maximum temperatures (15°C, 30°C) were set 
on each device, in line with the study drug storage conditions 
recommend by the drug manufacturer (Mylan Health Pty Ltd., 
2014). In the event of temperatures exceeding the minimum and 

FIGURE 1 | Flow chart of the set up process for involvement of community 
pharmacies (SoP—Standard Operating Procedure; MoP—Manual of 
Operations).
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maximum, an alarm was automatically sent via text message to 
the PrEPX pharmacy manager and the site pharmacist. Hospital-
based clinical trial pharmacies are conventionally connected 
to back up generators, however back-up generators were not 
purchased for this study as it was determined that pharmacy 
ambient temperature could be corrected in a timely manner.

The PrEPX study supplied individual, lockable cabinets for 
study drug storage to participating community pharmacies as 
needed. The lockable cabinets were placed in the dispensary to 
comply with GCP requirements that study drug be stored in 
a restricted access area, under lock and key (Abraham, 2009; 
Australian Government Department of Health TGA, 2018).

Training
GCP training was provided to all study pharmacists who did 
not have current GCP certification (Whitehall Training, 2016). 
The TransCelerate online training course (Whitehall Training, 
2016) was used and all study pharmacists were required to 
achieve at least 85% correct responses and provide a certificate 
of competency to PrEPX pharmacy manager prior to dispensing 
PrEPX study medications. Pharmacists were reimbursed 
$350AUD and provided six (Australian Government Department 
of Health, 2018) Continuing Professional Development points 
for successfully completing the GCP course (Pharmacy Board of 
Australia, 2018). Pharmacists who successfully completed GCP 
training were required to attend a site initiation visit, at which 
the study protocol and implementation were described. Site 
pharmacists who were not GCP certified were not permitted 
to dispense PrEPX study drug, in accordance with Australian 
Clinical Trial Regulations (Australian Government Department 
of Health TGA, 2018).

Study Prescription
A PrEPX study prescription form was designed by The PrEPX 
pharmacy team. The prescription form collects all data required in 
a clinical trial prescription and is consistent with standard practice 
at the Australian Clinical Trial pharmacies. The prescription 
form was printed on bright yellow paper to distinguish it from 
regular PBS prescriptions (Health AGD of. Pharmaceutical 
Benefits Scheme (PBS) | For PBS Prescribers [Internet], 2018; 
Australian Government Department of Health, 2018). The PrEPX 
prescription form included participant name, date of birth, 
address, participant study number, study visit number or visit 
month, allergies, consent yes/no, Medicare number, concession 
number (if applicable), name of prescriber, prescribing date, 
treatment date, and signature of prescriber (Supplementary 
Figure 1). All PrEPX prescriptions were required to be filled out 
by hand, by the PrEPX prescriber, using only black ink.

study Protocol
Ordering Study Drug
The PrEPX study purchased generic co-formulated 
tenofovir disoproxil fumarate and emtricitabine from Mylan 
Pharmaceuticals. PrEPX study drug was delivered from Mylan 
to a centralized, TGA approved distribution and warehousing 
service for controlled substances, pharmaceutical packaging 

professionals (PPP), then onto pharmacies as required. PrEPX 
study drug was supplied to the study pharmacies at no cost to 
the pharmacy.

Site pharmacists emailed orders for PrEPX study drug to 
the pharmacy manager in batches of orders consisting of 300 
bottles, (3 month supply for 100 prescriptions). The pharmacy 
manager reviewed all PrEPX study drug orders and emailed 
approved orders to PPP. Orders were dispatched directly from 
PPP to participating pharmacies and upon receipt of the PrEPX 
pharmacy manager approval. Site pharmacists were required 
to complete a receipt form, confirming the number of bottles 
received, batch number, and expiration date. The pharmacy 
manager maintained a log of all orders to generate estimates of 
dispensing and stock.

Dispensing
PrEPX participants were prescribed 3 months (90 days) of study 
drug at each study visit. Pharmacists were permitted to charge 
participants the current PBS co-payment fee at each dispensing 
event (Australian Government Department of Health, 2018). 
Dispensing fees served as remuneration for the pharmacies’ work 
in dispensing the study drug, including the required clinical 
trial record keeping. Dispensing fees could be waived at the 
pharmacists’ discretion.

The baseline study prescriptions had to be dispensed and 
collected within 7 days of the treatment date written on the 
prescription. This design was requisite to prevent a participant 
from filling the prescription beyond 7 days after the treatment 
date in case they acquired HIV between the clinic visit and 
collecting their script; in which case they could have remained 
undiagnosed with HIV and commenced two-drug treatment for 
HIV, which is inadequate. For the same reason the participants’ 
follow-up prescriptions had to be dispensed and collected within 
21 days (conventional prescriptions in Australia are valid for 12 
months). In addition the limited time between prescribing and 
filling PrEPX prescriptions was designed to ensure participants 
had adequate supply of study drug for daily dosing, as per the 
approved study protocol. In the event of a participant attending 
a pharmacy outside of these date ranges, the site pharmacist was 
instructed to contact the PrEPX pharmacy manager to request 
permission to dispense on a case-by-case basis.

Monitoring During the study
Monitoring Prescribing
A check box was printed at the bottom of each PrEPX study 
prescription, to be completed by the dispensing pharmacist 
to ensure each step of the dispensing process was executed 
(Supplementary Figure 1). The check boxes were 1) dispensing 
record checked, 2) prescribers’ name and signature listed 
in delegation log, 3) dispensed medications checked by, 4) 
handed out by, 5) received by patient. The check boxes required 
initialing and dating by the authorized delegated pharmacist for 
compliance (Supplementary Figure 1).

The PrEPX pharmacy monitor reviewed PrEPX prescriptions 
on site at all participating PrEPX pharmacies. The pharmacy 
monitor completed prescription data entry and data maintenance 

Frontiers in Pharmacology | www.frontiersin.org November 2019 | Volume 10 | Article 126963

https://www.frontiersin.org/journals/pharmacology/
http://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


PrEPX PharmacyLal et al.

5

in accordance with the approved study protocol. Every dispensed 
PrEPX prescription was checked by either the pharmacy 
monitor, or pharmacy manager for completion and accuracy 
in accordance with the key performance indicator checklist. 
Refer to the sub-section pharmacy monitoring for full details 
(Supplementary  Figure 2). Any discrepancies were discussed 
with the pharmacist and rectified accordingly.

Record Logs
Record logs were provided to PrEPX study pharmacies to record 
practices in line with clinical trial pharmacy practice (Table 1). 
Each log was printed in color to improve ease of use. The PrEPX 
pharmacy manager was on call to answer issues related to 
dispensing and completion of record logs over the course of the 
study. The signed training, signature, and delegation logs were 
authorized by the principal investigator for GCP compliance.

PrEPX-pharmacy training logs, signature, and delegation logs 
were produced in line with the Australian clinical trial handbook 
(Australian Government Department of Health TGA, 2018). The 
training log included data of site initiation visit and was signed 
and dated by pharmacists who attended the initiation. The 
signature and delegation logs included the name and signature 
of each pharmacist at each pharmacy that was authorized to 
dispense PrEPX study drug. Copies of the training and delegation 
logs were stored electronically by the PrEPX pharmacy team, and 
in hard copy format at each PrEPX participating pharmacy, as 
per GCP requirements (Table 1).

The prescriber signature and delegation logs were completed 
by all PrEPX prescribers and authorized by the study’s principal 
investigator. Prescriber signature logs included names and 
signatures of approved prescribers and the duration for which they 
were permitted to prescribe study drug for the purpose of the trial. 
Prescriber signature logs ensured study prescriptions were written 
and signed only by authorized PrEPX prescribers. Prescriber 
logs were provided to all pharmacies in hard copy format and 
electronically, via email. Prescriber signature and delegation logs 
were updated and supplied to study pharmacies when new PrEPX 
prescribers joined the study (Supplementary Figure 3).

Template temperature logs were supplied to study pharmacies 
to manually record daily temperatures as a back-up, in the 
event of temperature monitoring failure with the testo system. 

Temperature logs included date of entry and both the minimum 
and maximum temperatures displayed within a 24-h period. 
There were no temperature monitoring failures at any of the 
PrEPX pharmacy sites over the course of the study. The PrEPX 
pharmacy team provided PrEPX pharmacies written advice 
on how to manage any potential temperature excursion. All 
temperature excursions were to be reported to the PrEPX 
pharmacy manager for investigation. All PrEPX stock that 
was subject to investigation due to a temperature excursion 
was required to be placed in quarantine and not dispensed to 
participants until disposition was determined by the PrEPX 
study management team.

Participant logs were completed by PrEPX pharmacists at a 
participant’s first prescription dispensation at that pharmacy. 
Participant logs included dispensing date, participant name, and 
date of birth (DOB) or medical record number (MRN), participant 
study number, and consent (Supplementary Figure 4).

Drug accountability logs were completed by PrEPX 
pharmacists at each drug dispensing event. The drug 
accountability log recorded receipt of study drug, dispensing 
details, study drug returns, and balance of study drug product 
(Supplementary Figure 5). Date, visit number or month of 
study visit, participant ID, quantity (bottles), and initials of an 
authorized GCP trained pharmacist, confirming dispensing 
details were required to be completed for every PrEPX 
prescription dispensed at each participating pharmacy. The 
number of bottles of study drug remaining was recorded in the 
balance column after the dispensing details. The returns column, 
recorded the date, quantity of bottles, or number of tablets 
returned, initials of study pharmacist.

Study Team Monitoring
Regular monitoring by the pharmacy monitor or pharmacy 
manager, using key performance indicators for procedural 
deviations, drug storage, temperature excursions, and drug 
accountability accuracy were conducted monthly for the first 6 
months of the study, then every 2–3 months thereafter. However, 
pharmacies that dispensed greater than 300 study prescriptions 
per month continued to be monitored monthly, or fortnightly 
for  those pharmacies dispensing more than 500 prescriptions 
per month.

TABlE 1 | Characteristics of pre-exposure prophylaxis expanded study pharmacies.

Total Community/retail pharmacy Hospital-based clinical trials 
pharmacy

Total number 12 8 4
number per state Victoria 8 5 3

South Australia 2 1 1
Tasmania 2 2 0

Open after 5 pm on weekdays Yes 8 8 0
No 4 0 4

Open on weekend Yes 8 8 0
No 4 0 4

Distance from closest PrEPX study clinic Meters (range) 0.05–2.0 kms 0.05–2.0 kms 0.05 km
number of PrEPX prescriptions filled N 20,152 16,724 3,428
number of study pharmacists onsite N (range) 2–6 2 3
Charged PrEPX participants PBs co-payment 12 8 4
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Pharmacy monitors undertook monitoring using a checklist, 
which was devised by the PrEPX pharmacy team. The monitoring 
checklist included indicators about a prescribing event: consent 
checked, study ID recorded, prescription signed by an authorized 
PrEPX prescriber, date study drug collected (for baseline 
prescriptions within 7 days, and for follow-up prescriptions 
within 21 days). The monitor also recorded completion of 
dispensing check boxes; all entries initialed and dated correctly 
in the drug accountability log, stock count balance, batch 
numbers, and page numbers filled out correctly on each page 
of the accountability logs, single line entries on each log, logs in 
date order, prescriptions filed in chronological order for review. 
Structural elements that were monitored were study drug stored 
in the designated, locked cabinet/drawer, and temperature 
records, which were checked for excursions using the PrEPX 
pharmacy monitoring checklist (Supplementary Figure 2).

Every dispensed PrEPX prescription was checked for 
completion and accuracy in line with clinical trial pharmacy 
requirements and the key performance indicator checklist 
(Supplementary Figure 2) Following study monitoring, the 
participating pharmacy was emailed items to action and/or issues 
to be resolved. A report from each monitoring visit was presented 
to the monitored pharmacy and the PrEPX pharmacy team.

Data Collection and Reporting
Data in this paper include description of participating 
pharmacies, outcomes of training, and structural 
improvements required to meet GCP guidelines. Dispensing 
log data (date range) reports the number of prescriptions 
dispensed by state and pharmacy type (community/hospital). 
Monitoring data from the drug accountability logs and 
participant logs (July 2016–June 2018) reported the number 
of errors that required follow-up and described the types of 
issued rectified.

Ethics
This project was approved by the Alfred Hospital Health Research 
Ethics Committee for the study to be conducted in Victoria and 
South Australia (AH/HREC16/100). Separate ethics approval 
was sought and granted from the University of Tasmania for 
the PrEPX study to be conducted in Tasmania (H0016607). The 
study was registered on the Australian and New Zealand Clinical 
Trials Registry (ACTRN12616001215415). All study participants 
provided signed consent at enrollment.

REsUlTs

Pre-study set Up
Outcome of Engagement With Community 
Pharmacies
All 12 pharmacies across the three states that were approached 
agreed to participate and to undertake training and structural 
changes to meet clinical trial pharmacy requirements. Study 
pharmacies across the three states comprised five community 
pharmacies and three hospital based clinical trials pharmacies in 
Victoria, one community pharmacy, and one hospital based clinical 
trials pharmacy in South Australia, and two community pharmacies 
in Tasmania. At baseline, all hospital based clinical trial pharmacies 
met GCP requirements. The mean distance from the community 
pharmacies to the closest PrEPX study clinic was 325 meters (range: 
50 m–2 km) (Table 2 and Supplementary Figures 6 and 7).

Structural Improvements
None of the eight community pharmacies had temperature 
monitors. Eight testo temperature monitors were installed in 
each pharmacy. During the course of the study, there were 26 
temperature alarms, most of which occurred during winter, 
over the weekend, or when pharmacies were closed. All 
temperature alarms were promptly rectified within 1 h. The 1-h 

TABlE 2 | Summary of pharmacy study logs used in the pre-exposure prophylaxis expanded study.

Prescriber training 
log

Pharmacy training 
log

Prescriber 
delegation log

Pharmacy delegation 
log

Drug accountability 
log

Participant log

Completed by Clinic staff and study 
physicians/prescribers

Pharmacists Study physicians/
prescribers

Pharmacists Pharmacists Pharmacists

Completed when Clinic site initiation Pharmacy site 
initiation

Clinic site initiation Pharmacy site initiation Every time drug is 
delivered and for each 

dispensing

The first time a 
participant attends 
PrEPX dispensing 

pharmacy
site name X X X X X X
Date X X X X X X
name X X X X X (Participant and 

pharmacist)
Title X X X X – –
signature of Prescriber(s) Pharmacist(s) Prescriber(s) Pharmacist(s) Dispensing pharmacist Dispensing pharmacist
study role X X X X – –
PI Authorization X – X X – –
Participant ID – – – – X X
Participant DOB/MRn – – – – – X
Consent checked – – – – – X
study visit no. – – – – X X
Drug quantity (bottle) – – – – X –
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time frame was insufficient for study drug to equilibrate to the 
alarmed temperature.

Two of the eight (17%) community pharmacies had lockable 
storage. Lockable storage was purchased for the remaining 
six community pharmacies and installed in the restricted 
access dispensing area, in accordance with GCP study drug 
storage procedures.

Training
None of the eight (0%) community pharmacies had pharmacists 
with current GCP licenses. All of the hospital based clinical trial 
pharmacists (100%) had current GCP licenses. As a result, 54 
GCP licenses were completed by community pharmacists across 
eight PrEPX study pharmacies.

Dispensing
A total of 60,456 bottles of co-formulated tenofovir disoproxil 
fumarate and emtricitabine, containing 30 tablets were purchased 
from Mylan over the course of the PrEPX study. In total, 20,152 
prescriptions were dispensed across the twelve PrEPX dispensing 
pharmacies during the study periods: (Victoria: 18,188; South 
Australia: 1576; Tasmania: 361). Of those, 16,724 prescriptions 
(83%) were dispensed by community pharmacies (Figure 2). The 
number of participants seen at each site is not known as participants 
were free to attend more than one study pharmacy for dispensation.

Monitoring Outcomes
Dispensing Errors Identified Through Monitoring
Monitoring visits revealed that the number of action items for 
follow-up at each participating community pharmacy were 
greater at the beginning of the study and declined during the first 
12 months but rebounded during the following 10 months. The 
number of action items in a 1-month period ranged from 0 (0%) to 
22 (2%), and the greatest number of action items was recorded in 
study month 18 (Figure 3). Action items during the study period 

included verification of a prescriber code or signature (n = 119) 
and participant details documented incorrectly, or missing from 
prescription e.g. DOB and verification of study participant details 
e.g. study number, confirmation of consent (n = 291). A total of 
410 dispensing errors [91.5% (n = 375) community; 8.5% (n = 35) 
hospital] were identified out of 20,152 (2.0%) of dispensed study 
prescriptions. Study logs were checked for accuracy and a stock 
balance check was performed at each monitoring visit. During the 
course of the study, there were 19 incorrect balance checks observed 
on the drug accountability logs, which were all attributable to 
recorded documentation errors. There were no errors noted with 
the participant logs, or any of the site signature or delegation logs. 
The number of errors increased when additional study places were 
released and when new study sites were established (Figure 3).

Over the study period the chief items that required follow-up 
were dispensing signature box not completed (n = 119), 
prescriptions dispensed outside of the 7/21 day window period 
(n = 345) and consent confirmation not documented on the 
prescription (n = 291). Most items that required follow-up 
occurred at the PrEPX community pharmacies and were able 
to be rectified in a timely manner (see Supplementary Figure 2 
detailed list of monitoring check items).

Dispensing Without Good Clinical Practice 
Certificate
There were five occasions in which locum or relief pharmacists working 
in community pharmacies dispensed study drug despite not having 
the GCP certification. The pharmacy manager provided additional 
training and discussed in detail any events arising from locum or 
relief pharmacists with the PrEPX authorized site pharmacist.

DIsCUssIOn
In this large clinical PrEP trial involving over 5,000 participants we 
showed that it is highly feasible to engage community pharmacies 
to dispense clinical trial study drug. In this study, over 80% of 
medications were dispensed by community pharmacies with a 
low dispensing error rate, which is in accordance with similar 
published studies (McCormack et al., 2016; AVAC, 2018; Grulich 
et al., 2018). These data suggest that community pharmacies can 
be utilized in large clinical trials.

Dispensing of trial medication by community pharmacies for 
PrEPX was integral to the success of the roll-out of the study whereupon 
community pharmacies dispensed over 80% of all prescriptions in 
the PrEPX study. The community pharmacies provided convenient 
access to participants, which may have improved timely collection 
of the study drug, augmented study retention (Testo Pty Ltd., 2015), 
and contributed to a smooth transition for clinicians, participants, 
and community pharmacies when PrEP was listed on the PBS in 
April 2018. Furthermore community pharmacy dispensing is likely 
to have contributed to the recruitment into the PrEPX study wherein 
1,000 participants were enrolled in 3 weeks and 2,000 participants 
were enrolled in 10 weeks (Ryan et al., 2017) which is the fastest 
recruitment known to have occurred into any PrEP trials to date. 
In an Australian modeling study, the rapid scale-up of PrEP use was 
shown to be necessary for PrEP to have a population level impact 

FIGURE 2 | Number of prescriptions dispensed in participating PrEPX 
Community and Hospital pharmacies.
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on reducing HIV transmission (Kirby Institute and the Centre 
for Social Research in Health, 2017). The United Nations General 
Assembly has endorsed a declaration to end AIDS by 2030 by scaling 
up HIV prevention, treatment, and care programs (WHO, 2016). 
Hence jurisdictions planning to meet this goal will need to offer 
rapid access to PrEP and if they do so in the setting of a clinical trial, 
this study’s findings, where over 20,000 dispensing events occurred 
with only 2.0% of errors suggests that they could plausibly adopt this 
model to dispense via community pharmacies.

Significant investment was needed to achieve successful 
implementation of clinical trial drug dispensing at community 
pharmacies for the PrEPX study. Study pharmacies required 
extensive pre-study phase engagement and ongoing monitoring 
and support throughout the study. We sought to offset the 
impost on community pharmacies for their participation in 
PrEPX by paying for pharmacists to undertake GCP training 
and accreditation, providing study drug at no cost and allowing 
retention of dispensing fees for study prescriptions.

The successful implementation of clinical trial drug dispensing 
through community pharmacies may signal the potential for further 
community pharmacy dispensing in future clinical drug trials. A 
recent review reported that only 20% of Australian Clinical Trials 
met their recruitment deadline, and only 50% of Australian clinical 
sites met their recruitment requirements (Ernst and Young, 2016). 
Hence all efforts to increase clinical trial participation should be 
made including enhancing access to clinical trial drug dispensing. 
This study demonstrates that community pharmacy dispensing 
is feasible and it should be further evaluated for its potential to 
enhance clinical trial recruitment and participant retention.

There are a number of limitations in this paper. We did not 
collect data from community pharmacists about their experiences 
with participating in the PrEPX study. However, all pharmacies that 
were approached agreed to participate, no pharmacies withdrew 

during the study and high accuracy in dispensing was observed 
across all sites suggesting participation was acceptable. Additionally, 
we have not reported on participants’ experiences using the study’s 
community pharmacies. Furthermore, the findings reported here 
are specific to the implementation of clinical trial dispensing in 
Australian community pharmacies and may not be transferrable to 
international settings with different regulatory and health systems. 
Finally this was not a randomized study and we did not have a second 
study arm where participants were randomized to only collect study 
drug from a hospital clinical trials pharmacy. Therefore we could not 
evaluate whether clinical trial enrolment and participant retention 
were different between community and hospital trial pharmacies.

Conclusions
Clinical trial drug dispensing of PrEP at community pharmacies 
for a large, rapidly enrolling population level study was highly 
feasible and practicable. These findings suggest that community 
pharmacies could be used in large future clinical trials including 
those delivering HIV prevention strategies.
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FIGURE 3 | Number of pharmacy errors across all PrPEX study pharmacies in relation to the number of prescriptions dispensed (26 July 2016–30 June 2018). 
Community 91.5% (n = 375); Hospital 8.5% (n = 35). *South Australian sites open **Tasmanian sites open.
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Pre-exposure prophylaxis (PrEP) has emerged as a promising strategy for preventing the
transmission of HIV. Although only one formulation is currently approved for PrEP,
research into both new compounds and new delivery systems for PrEP regimens offer
intriguing challenges from the perspective of pharmacokinetic and pharmacodynamic
modeling. This review aims to provide an overview the current modeling landscape for HIV
PrEP, focused on PK/PD and QSP models relating to antiretroviral agents. Both current
PrEP treatments and new compounds that show promise as PrEP agents are highlighted,
as well as models of uncommon administration routes, predictions based on models of
mechanism of action and viral dynamics, and issues related to adherence to therapy. The
spread of human immunodeficiency virus (HIV) remains one of the foremost global health
concerns. In the absence of a vaccine, other prophylactic strategies have been developed
to prevent HIV transmission. One approach, known as pre-exposure prophylaxis (PrEP),
allows HIV-negative individuals who are at high risk of exposure to the virus, be it through
an HIV-positive sexual partner or through the shared use of drug injection equipment, to
substantially reduce the risk of developing an HIV infection. PrEP is a relatively recent
approach to combating the HIV epidemic, with the only currently approved treatment
being Truvada, a daily oral antiretroviral (ARV) therapy initially indicated in the treatment of
active HIV-1 infections, but approved for HIV PrEP in 2012. Although PrEP therapy has
consistently demonstrated high efficacy in preventing HIV infection, this efficacy is
dependent on patient adherence to the prescribed treatment regimen. This can present
a significant problem in low- and middle-income countries, which may lack the
infrastructure to provide sufficient access to PrEP medication to maintain daily dosing
regimens. Furthermore, while the conventional approach has generally been to advocate
for continuous administration akin to regimens used for viral suppression in infected
patients, there has been some discussion of whether a better treatment paradigm might
be to push for PrEP therapy primarily during those known periods of heightened exposure
risk, while relying on post-exposure prophylaxis regimens to prevent infection after
unanticipated exposures during low-risk periods. These considerations have led to a
push for the development of long-duration and on-demand PrEP formulations, including
subdermal and subcutaneous implants, slow-release intramuscular depot injections,
vaginal and rectal antimicrobial gels, and intravaginal rings and dissolving films. PrEP
in.org January 2020 | Volume 10 | Article 1514170
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therapy is a quickly evolving field, with a variety of antiretroviral compounds and
formulations under investigation. This review aims to report on notable drugs and
formulations from a pharmacokinetic/pharmacodynamic (PK/PD) modeling perspective.
Given the nature of PrEP as a preventive therapy designed for long-term use, clinical trials
for PrEP therapies can last for months or even years, particularly in the case of long-
duration formulations. Furthermore, in contrast to antiretroviral trials in infected patients,
pharmacodynamic endpoints in PrEP therapies are difficult to quantify, as the primary
endpoint for efficacy is generally the rate of seroconversion. Computational modeling
approaches offer flexible and powerful tools to provide insight into drug behavior in clinical
settings, and can ultimately reduce the time, expense, and patient burden incurred in the
development of PrEP therapies.
Keywords: pharmacokinetics, pharmacodynamics, HIV, PrEP, Truvada, tenofovir, emtricitabine, maraviroc
CURRENT AND POTENTIAL PREP
THERAPIES

Tenofovir Disoproxil
Tenofovir (TFV) is a nucleotide reverse transcriptase inhibitor
(NRTI), a nucleoside phosphonate analogue of the endogenous
nucleoside monophosphate, or nucleotide, adenosine 5’-
monophosphate, and was one of the first compounds identified
as a potential candidate for HIV prophylaxis. A 1995 study
demonstrated that subcutaneous injections of TFV could protect
macaques from simian immunodeficiency virus (SIV). (Tsai
et al., 1995; Kearney et al., 2004) Tenofovir disoproxil fumarate
(TDF) is a prodrug of TFV and has been in use for HIV
treatment in the US since 2001. (Chapman et al., 2003) Studies
have demonstrated the efficacy of TDF with and without
emtricitabine (FTC) in preventing HIV infection in a variety of
populations, including men who have sex with men (MSM),
transgender women, heterosexual men and women, and people
who inject drugs. (Grant et al., 2010; Baeten et al., 2012; Thigpen
et al., 2012; Choopanya et al., 2013) Two major studies were
terminated due to a lack of efficacy, however in both studies
blood samples revealed that despite high self-reported adherence
rates among patients in the treatment arms, actual adherence
rates were low, with the fraction of patients with detectable
plasma levels of drug ranging from 23-40%. (Van Damme et al.,
2012; Marrazzo et al., 2015)

Preclinical testing revealed that TFV has low oral
bioavailability due primarily to the ionic charges on its
phosphonate group. (Cundy et al., 1998) The structure of TDF
masks these charges, improving intestinal absorption and
making an oral formulation feasible. (Shaw et al., 1997) After
absorption in the intestine, TDF is converted into TFV through
hydrolysis of its two ester groups. TFV is therefore the primary
circulating compound in TDF-based treatments. (Kearney
et al., 2004)

After uptake into cells, TFV undergoes sequential
phosphorylation by adenylate kinase and nucleoside
diphosphate kinase into its active form, tenofovir diphosphate
(TFV-DP). TFV-DP inhibits HIV-1 replication by competing
in.org 271
with endogenous deoxyadenosine 5’-triphosphate (dATP),
inhibiting HIV-1 activity and halting strand elongation when
incorporated into viral DNA.

Several pharmacokinetic models of TFV have been developed,
but relatively few have focused specifically on PrEP therapy.
Duwal et al. developed a pharmacokinetic model linking plasma
concentrations of orally-administered TDF to intracellular
concentrations of TFV-DP, which is used to drive a viral
dynamics model. (Duwal et al., 2012) This model allows for
the estimation of prophylactic efficacy while taking into account
variable dosing of TDF, a necessity given that variability in
adherence to the prescribed dosing regimen has been observed
as a determinant of the efficacy of PrEP therapy. A two-
compartment model was used to describe the PK of TFV, with
a first-order rate constant describing the absorption of TDF and
its conversion to TFV. A third compartment is used to depict the
intracellular concentration of TFV-DP, with a Vmax model
describing the saturable processes of cellular uptake of TFV
and its phosphorylation to TFV-DP. A diagram of the
compartmental model is included in Supplementary Figure 1.
The group chose to ignore inter-individual variability in the
plasma pharmacokinetics of TFV, as it is arguably negligible
relative to the degree of variability in the intracellular
pharmacokinetics of TFV-DP. The pharmacodynamic model
borrowed a hybrid stochastic-deterministic model of viral
dynamics described by von Kleist et al. (von Kleist et al., 2011)
Briefly, the model incorporated free infectious and non-
infectious virus, as well as uninfected, early infection, and late-
stage infection T-cells and macrophages. For each possible event
in the infection process, such as infection of a cell, integration of
the viral genome, or the production of new virus particles, the
rate constant is determined by both the quantity of the species
involved and a propensity function describing the likelihood of
the event occurring. If either the propensity function or the
quantity of any of the species involved in a given reaction are
below a pre-specified threshold, that reaction is modeled as a
stochastic process. Otherwise each reaction is treated as a
deterministic process. Simulations of HIV challenges suggested
that variability in adherence had little effect on the efficacy of
January 2020 | Volume 10 | Article 1514
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TDF PrEP therapy for adherence above 60%, but the effect
became significant when adherence dropped below 40%.
However, the size of the viral inoculum had a significant
impact on efficacy regardless of adherence rates. This leads von
Kleist et al. to suggest that TDF-based PrEP may be most
effective when used in the prevention of sexual transmission of
HIV, as this route generally involves smaller inoculum sizes than
transmission via shared needles or blood transfusions.

Prophylactic therapies against HIV require sufficient drug
concentrations at the site of exposure. As sexual contact is the
most common route of transmission, characterizing the
distribution of antiretrovirals in anogenital tissues is of
particular importance in the development of HIV PrEP
therapies. (Centers for Disease Control and Prevention, 2018)
Collins et al. recently published a population PK model relating
plasma and rectal tissue concentrations of TFV, demonstrating
that non-linear mixed-effects (NLME) modeling is a viable
approach for predicting TFV tissue exposures using a sparse
tissue and rich plasma sampling scheme. (Collins et al., 2017) A
diagram of the compartmental model used by Collins et al. can
be found in Supplementary Figure 2.

Various long-duration formulations of TFV are being
investigated for PrEP. Vaginal gel, ring, and film formulations
have been developed with the goal of providing women in high-
risk populations with multiple options for prophylaxis in an
effort to improve adherence. More recently, there have been
efforts to develop rectal topical TFV formulations, as receptive
anal intercourse is a common route of exposure to HIV.

Gao and Katz created a multicompartment physiological
model for the pharmacokinetics of TFV administered via a
vaginal gel. (Gao and Katz, 2013) The model allows for the
simulation of concentrations across the vaginal mucosa, with
dedicated compartments for the gel, vaginal epithelium, stroma,
and uptake into the blood and lymphatic systems. This model
offered insights into the spatial distribution of TFV throughout
the layers of the vaginal mucosa, which is important for assessing
whether prophylactic concentrations of TFV are being achieved
in the vaginal stroma. Additionally, it suggested that variations
over the course of a menstrual cycle, such as changes in the
thickness of the epithelium, could have a significant impact TFV
transport into the stroma.

More recently, Gao and Katz published a physiological model
for TFV administration via an enema delivery vehicle. (Gao and
Katz, 2017) Compared to the vaginal delivery model, the
geometry of the colorectal canal is fairly complex, with both
macroscopic folds and creases and microscopic, columnar, fluid-
filled crypts in the rectal wall. As a result, modeling rectal drug
delivery requires a more detailed mathematical description of the
movement of the delivery vehicle itself. Given the larger overall
surface area and thinner epithelium of the rectal mucosa, the
model predicts much more rapid delivery of TFV via rectal
administration than via vaginal.

An important aspect of PK/PD studies of topically-
administered microbicides is accurately and reliably
characterizing drug concentration profiles in tissues. This can
be difficult due to both inherent variabilities in drug
concentrations in mucosal tissues and luminal fluid, and
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limitations in the frequency with which tissue biopsies can be
performed. In contrast, acquiring pharmacokinetic data from
blood samples is relatively simple and can be carried out more
frequently to provide a richer depiction of the pharmacokinetic
profile than might be possible from fluid or tissue samples.
Recently, Govil and Katz published a proof of concept study of
a modelling approach utilizing feedforward neural networks to
link plasma pharmacokinetic models of TFV to vaginal tissue PK
and PD endpoints. (Govil and Katz, 2019)

Emtricitabine
Emtricitabine (FTC) is a nucleoside reverse transcriptase
inhibitor effective against HIV-1. In the context of PrEP, FTC
is administered as a combination oral therapy with the NRTI
tenofovir disoproxil fumarate. Like tenofovir, FTC undergoes
intracellular phosphorylation to its active form, emtricitabine 5’-
triphosphate (FTC-TP), an analogue of deoxycytidine 5’-
triphosphate (dCTP). Incorporation of FTC-TP into HIV-1
DNA during viral DNA replication terminates chain
elongation. (Modrzejewski and Herman, 2004)

A recent model published by Garrett et al. found that FTC
plasma concentrations were best described by a two-
compartment PK model with first-order absorption and
saturable metabolite formation, similar to the previously
described model for TDF. (Garrett et al., 2018) The metabolite
FTC-TP is described by a one-compartment model representing
concentration within peripheral blood monocytes (PBMCs), the
main site of action, with movement from the intracellular space
to plasma represented by a first-order process.

FTC has not been investigated as a monotherapy for HIV
PrEP. However, Valade et al. have published a population model
for FTC in HIV-1 infected patients with varying degrees of renal
impairment, as renal elimination appears to be a primary
determinant of FTC pharmacokinetics. (Valade et al., 2014)
This model was later expanded to include seminal plasma FTC
concentrations in MSM, as a measure of both viral suppression
and to characterize concentrations in male genital tissues.
(Valade et al., 2015) The parameter estimates from these
models are shown in Table 1. In addition, non-compartmental
PK parameters for FTC are included in Supplementary Table 1.
TABLE 1 | Model-Specific Values for Emtricitabinea.

Parameter Value in Male and Female Adult
Patients (%RSE)

Value in MSM
(%RSE)

CL/F (L/h) 15.1 (6) 14.8 (4)
Vc/F (L) 42.3 (12) 51.6 (11)
Q/F (L/h) 5.75 (38) 8.19 (26)
Vp/F (L) 55.4 (28) 106 (44)
ka (h

-1) 0.53 (Fixed) 0.53 (Fixed)
Effect of creatinine
clearance on CL/F

0.278 (23) 0.178 (35)

Inter-Individual Variability
of CL/F

0.174 (14) 0.255 (12)

Residual Variability
(Proportional Error)

0.422 (7) 0.339 (6)
January 2020 | Volume 1
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Although not necessarily directly applicable to PrEP therapies,
these models may provide initial values for future models of FTC.

Tenofovir Disoproxil and Emtricitabine
Originally approved in 2004 for the treatment of HIV infection, a
fixed-dose, oral, combination TDF-FTC therapy, Truvada
received approval in 2012 for use as a PrEP therapy in
individuals at high risk of contracting HIV and was the first
therapy approved for HIV PrEP. (U.S. Food and Drug
Administration, 2012) The use of a combination therapy
incorporating two different nucleotide analogues provides a
synergistic effect and reduces the impact of resistance to either
of the two drugs individually. Additionally, the incorporation of
nucleoside analogues during reverse transcription is a saturable
process. Each viral DNA sequence contains a finite number of
each nucleoside, so by targeting multiple nucleoside, the overall
probability of incorporating an inhibitory nucleoside analog
is increased.

Although the pharmacokinetics of the two drugs can be
modeled independently, a model published by Cottrell et al.
attempts to capture the distribution of both TDF and FTC in
vaginal, cervical, and rectal tissue in order to connect tissue
concentrations to protective effect against HIV infection.
(Cottrell et al., 2016) A diagram of the model can be found in
Supplementary Figure 3. Their study suggested that TFV has a
propensity to distribute to colorectal tissue while FTC is more
prone to accumulate in the female genital tract. Furthermore, by
including endogenous nucleotide concentrations, the ratios of
TFV-DP to dATP and FTC-TP to dCTP can be used as PD
endpoints. The distribution of endogenous nucleotides also shows
tissue specificity, with significantly higher nucleotide
concentrations in female genital tract tissues. Based on these
tissue distribution characteristics, it was predicted that adherence
to 2 of 7 weekly doses of oral TDF with or without FTC was
sufficient to provide protection in colorectal tissue, while
adherence to a minimum of 6 out of 7 weekly doses was
necessary to protect the female genital tract from HIV infection.
Frontiers in Pharmacology | www.frontiersin.org 473
These predictions are consistent with the results of the iPrEX trial,
in which two doses of TDF-FTC per week were sufficient to
significantly decrease the risk of rectal HIV acquisition in MSM,
as well as the FEM-PrEP and VOICE studies, which found that
similarly low levels of adherence did not confer any reduction in
the rate of vaginal HIV acquisition. (Van Damme et al., 2012;
Grant et al., 2014; Marrazzo et al., 2015)

Tenofovir Alafenamide
Tenofovir alafenamide fumarate (TAF) is a novel prodrug of
tenofovir, and shows potential as areplacement for TDF in PrEP
therapy. (De Clercq, 2016) In October 2019, a combination
therapy of TAF and FTC became the second approved PrEP
medication in the US, though it was only approved for use in
men and transgender women. While TDF is an ester prodrug
that undergoes rapid metabolism in plasma to TFV, TAF is
primarily metabolized intracellularly by the enzyme cathepsin A.
(Birkus et al., 2007) In clinical studies TAF been shown
dramatically increase TFV-DP exposure in PBMCs, with a 8
mg of TAF being approximately equivalent to a 300 mg dose of
TDF. (Ruane et al., 2013) An overview of the parameters of TAF
and TDF is presented in Table 2. The fact that TAF is
metabolized intracellularly reduces systemic concentrations of
TFV. Unlike TFV, TAF is not a substrate for the renal organic
anion transporters OAT1 and OAT3 which both reduces its rate
of renal elimination and the risk of nephrotoxicity associated
with TFV. (De Clercq, 2018) However, a recent meta-analysis of
clinical trials comparing the efficacy and safety of TAF and TDF
monotherapies with and without the pharmacokinetic enhancers
ritonavir (RTV) and cobicistat (COBI) found that TAF reduced
the incidence of bone mineral density depletion and had slightly
better viral suppression than TDF, but only when administered
with RTV and COBI. (Hill et al., 2018).

In addition to TDF and FTC, Garrett et al. included a model
of TAF in their 2018 publication. (Garrett et al., 2018) Unlike
TDF and FTC, they depict TAF using a single plasma
compartment, likely owing to the fact that the TAF prodrug is
TABLE 2 | Comparison of TAF and TDF Pharmacokineticsa.

Parameter TAF TDF

8 mg 25 mg 40 mg 300 mg

TAF Multiple Dose PK, Day 10

AUClast (h ng/mL), mean (CV%) 54.7 (92.6) 115.2 (33.4) 308.9 (33.6)
Cmax (ng/mL), mean (CV%) 85.8 (116.3) 223.6 (58.8) 629.5 (57.0)
Tmax (h), median (Q1, Q3) 0.50 (0.50, 0.50) 0.50 (0.50, 0.75) 0.50 (0.38, 0.50)
t1/2 (h), median (Q1, Q3) 0.38 (0.26, 0.50) 0.39 (0.34, 0.54) 0.42 (0.32, 0.49)

TFV Multiple Dose PK, Day 10
AUCtau (h ng/mL), mean (CV%) 65.5 (23.5) 267.7 (26.7) 405.8 (12.7) 1918.0 (39.4)
Cmax (ng/mL), mean (CV%) 4.2 (24.7) 15.7 (22.1) 28.3 (8.7) 252.1 (36.6)
Ctau (ng/mL), mean (CV%) 2.1 (33.8) 9.2 (26.1) 13.3 (16.0) 38.7 (44.7)
Tmax (h), median (Q1, Q3) 1.50 (1.00, 1.98) 1.50 (1.25, 1.75) 1.29 (1.04, 1.50) 1.25 (0.58, 2.00)
t1/2 (h), median (Q1, Q3) 30.77 (26.90, 55.61) 40.19 (28.98, 44.84) 35.95 (26.38, 42.90) 14.86 (12.18, 16.81)

TFV-DP in PBMC, Multiple Dose PK, Day 10
AUCtau (µM h), mean (CV%) 3.5 (77.1) 21.4 (76.9) 74.5 (92.7) 3.0 (119.6)
January 2020 | Volu
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metabolized to TFV intracellularly, drastically reducing the
circulating concentrations of TFV, which is usually modeled
with two-compartment disposition. A transit compartment and
first order input are used to model the uptake into PBMCs,
conversion into TFV, and subsequent phosphorylation into
TFV-DP. Elimination from PBMCs is described as a first-
order process.

Maraviroc
Maraviroc (MVC) is a small-molecule antagonist of the
chemokine co-receptor CCR5. (Dorr et al., 2005) HIV-1
infection begins with a gp120 glycoprotein trimer on the
virion binding to three CD4 proteins on the target cell. This
causes a conformational change in gp120 that exposes additional
binding sites that must interact with a co-receptor on the cell
surface, with CXCR4 and CCR5 being the two primary co-
receptors used by HIV-1. Interaction with the correct co-
receptor allows a second protein, gp41, to undergo a
conformational change and penetrate the cell membrane of the
target cell, which in turn allows membrane fusion between the
HIV-1 virion and target cell, followed by the release of HIV-1
RNA into the cytoplasm of the host cell. (Panos and Watson,
2015) HIV-1 strains can display an affinity, or tropism, toward
utilizing either CXCR4 or CCR5, in which case they are referred
Frontiers in Pharmacology | www.frontiersin.org 574
to as the X4 or R5 variants, respectively. Interestingly, the
relative prevalence of these variants shifts over the course of
the disease, with the R5 variant being far more prevalent during
the initial infection, with the X4 variant gradually increasing as
the disease progresses toward AIDS. (Berger et al., 1999) The
reason for this shift in tropism has not been definitively
established, but what is clear is that the R5 variant plays a key
role in HIV-1 transmission, so much so that two individuals with
homozygous mutations in the CCR5 gene proved extremely
resistant to HIV-1 infection, despite repeated exposures. (Liu
et al., 1996) This makes CCR5 an attractive target for PrEP
therapy, as it appears to be integral to the establishment of the
initial HIV infection.

Dose escalation studies of MVC in healthy volunteers found it
was well absorbed after oral absorption, reaching Tmax within 30
min to 4 h post dose. (Abel et al., 2008b) MVC exhibits non-dose
proportional pharmacokinetics, with higher dose levels leading
to proportionally smaller increases in AUC and Cmax. The
absolute oral bioavailability of MVC was estimated at 23% for
an oral dose of 100 mg, increasing to 33% for a dose of 300 mg.
(Abel et al., 2008a) Mass-balance analysis suggested 60% of orally
administered MVC is lost to first pass metabolism. (Abel et al.,
2009) MVC is a substrate for both the metabolizing enzyme
cytochrome P450 (CYP) 3A4 and the efflux transporter
TABLE 3 | Model-Specific PK Parameters for Maraviroca.

Parameter Description Final Model Estimate (%SE) 1000 Bootstrap Run Statistics Mean ( ± SD) CV%

Sturctural Model
CL (L/h) Systemic clearance 51.45b

EH Hepatic extraction ratio 0.662 (1.5) 0.66 (0.01) 1.52
EH, Race Effect of race on EH -0.0948 (15.0) -0.09 (0.01) 13.77
Vc (L) Central compartment volume 132 (2.7) 131.6 (3.08) 2.34
CLic (L/h) Inter-compartment clearance 16.4 (3.9) 16.27 (0.57) 3.52
CLic, Race Effect of race on CLic -0.298 (17.7) -0.29 (0.05) 15.82
CLic, Age Effect of age on CLic 0.349 (28.3) 0.35 (0.09) 26.21
Vp (L) Peripheral compartment volume 277 (4.2) 276.07 (10.13) 3.67
Vp, Race Effect of race on Vp -0.637 (8.5) -0.63 (0.05) 7.35
ka (h

-1) Absorption rate constant 0.277 (21.0) 0.28 (0.06) 20.64
qka Exponential change in ka relative to 1 mg dose 0.173 (22.9) 0.18 (0.04) 22.82
qka, 1 mg Fed-state fractional change in fasted ka 0.547 (18.6) 0.56 (0.10) 17.95
ABSEmax Maximum fraction absorbed 1 (Fixed)
qABS Emax Fed-state exponential change in Emax -0.258 (27.3) -0.24 (0.09) 36.23
ED50 Dose producing half-maximal absorption 51.2 (12.8) 50.82 (8.06) 15.87
qED50 Fed-state exponential change in ED50 0.594 (34.5) 0.66 (0.41) 62.46
g Sigmoidicity 1.39 (15.3) 1.38 (0.30) 21.9
Tlag (h) Absorption Lag time 0.198 (4.1) 0.20 (0.01) 4.13
FQ (L/h) Hepatic blood flow 59.59 (Fixed)

Residual Error
Pmax (%) Maximum change in residual variability from baseline 74.2 (3.9) 74.59 (2.43) 3.26
Tmax (h) Time of maximum residual variability 0.950 (8.8) 0.95 (0.08) 8.35
K Exponential rate constant for residual variability 0.403 (6.4) 0.40 (0.02) 5.99
Base (%) Baseline residual variability 20.2 (3.3) 20.0 (0.66) 3.28

Inter-subject Variability
w[ED50] (%) ISV of ED50 58.9 (32.6) 61.17 (15.03) 24.57
w[EH] (%) ISV of EH 8.3 (11.0) 8.27 (0.43) 5.22
w[Vc] (%) ISV of Vc 11.5 (77.3) 8.92 (5.64) 63.21
w[CLic] (%) ISV of CLic 30.5 (22.7) 29.8 (3.41) 11.45
w[ka] (%) ISV of ka 40.0 (13.9) 39.92 (2.59) 6.48
w[Vp] (%) ISV of Vp 27.8 (21.2) 27.23 (2.89) 10.63
January 2020 | Volume 10 | Article
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P-glycoprotein, which likely accounts for the non-proportional
pharmacokinetics. (Abel et al., 2001) Approximately 23% of
MVC clearance is renal, the remaining 77% is believed to be
metabolic, and overall clearance does not appear to be affected by
dose. (Abel et al., 2008a). A table of non-compartmental
parameters from the FDA clinical pharmacology and
biopharmaceutics review of MVC can be found in
Supplementary Table 2.

Chan et al. developed a population pharmacokinetic model of
MVC based on a meta-analysis of 17 phase 1 and 2 studies in
both healthy and HIV-infected subjects, and the resulting
parameter estimates are presented in Table 3, and a diagram
of the model can be found in Supplementary Figure 4. (Chan
et al., 2008) MVC disposition was characterized by a two-
compartment model, with drug input from oral dosing
described by a first-order absorption rate constant with a time
delay. The model incorporated a sigmoidal Emax model to
describe the nonlinearity of the extent of absorption (Fabs),
with Fabs expressed as a function of ABSEmax, the maximum
fraction absorbed, and ED50, the dose producing 50% of
maximal absorption. A power function was used to describe
the relationship between the absorption rate constant (ka) and
dose. The effect of food emerged as a significant covariate, with a
fed state causing a linear reduction in ka and an exponential
reduction in ABSEmax and ED50. Interpatient variability was
inc luded on ED50, hepat ic ext ract ion rat io (EH) ,
intercompartmental clearance (CLic), absorption rate constant,
and central and peripheral volumes of distribution (Vc and Vp).
Both race and age also emerged as statistically significant
covariates, with race affecting Vp and CLic and age influencing
CLic. In the final model, race was implemented as a binary
variable of Asian vs. non-Asian. In Asian subjects, estimates for
EH were reduced by approximately 14%, which translated into a
17.7% increase in F due to a reduction in first-pass hepatic
elimination. Asian patients were also estimated to have a 1.8%
decrease in CLic and only a 0.23% decrease in Vp. Age emerged as
a covariate for CLic, with an increase of 0.349 L/h for each year of
age over 30. Despite being statistically significant, the differences
due to race and age were deemed to be clinically insignificant,
requiring no dose adjustment. Weight, sex, and HIV status were
also included in the covariate modeling process, but had no
significant impact on model parameters. The majority of residual
error occurred during the absorption phase, so the error model
was fit as a function of time after dose.

Dapivirine
Dapivirine (DPV) is a second-generation non-nucleoside reverse
transcriptase inhibitor (NNRTI). Initially intended for use in
highly active antiretroviral therapy (HAART) against HIV
strains resistant to first generation NNRTIs, evidence of poor
oral absorption early in development led to the investigation of
DPV as a topical microbicide. (de Béthune, 2010) A monthly
intravaginal DPV ring under development by the International
Partnership for Microbicides (IPM), which currently holds
exclusive rights to DPV, has multiple formulations in
development, including vaginal and rectal gels, intravaginal
films, and intravaginal rings. A monthly DPV intravaginal ring
Frontiers in Pharmacology | www.frontiersin.org 675
being developed by IPM has been through Phase III and Phase
IIIb testing, and a regulatory decision is anticipated at some point
in 2019. (Baeten et al., 2016; Nel et al., 2016; Baeten et al., 2018;
Nel et al., 2018)

Given the poor performance of DPV as an oral PrEP
compound, and its repurposing for topical delivery, there have
been relatively few modeling studies performed. Hawles et al.
developed a pharmacokinetic model for intravaginal delivery via
a DPV gel, based on the TFV gel model developed by Gao and
Katz. (Gao and Katz, 2013; Halwes et al., 2016) More recently,
Kay et al. published a physiologically-based pharmacokinetic
model DPV delivered via either an intravaginal ring or film. (Kay
et al., 2018b) The model captures physiological determinants of
DPV absorption in the cervicovaginal tract, including
compartments for the device itself, vaginal luminal fluid,
vaginal epithelium, vaginal stromal tissue, and stromal blood.
A diagram of the model is available in Supplementary Figure 5.
This level of granularity in depicting the characteristics of
individual tissue types is necessary given the level of variability
in vaginal drug delivery.

Long-Acting Injectable Formulations:
Rilpivirine and Cabotegravir
Long-acting injectable (LAI) formulations have recently been the
subject of research interest for PrEP therapy. This administration
route avoids the problems with topical or enteral absorption,
while allowing for long-term sustained release of drug into
systemic circulation. The drugs rilpivirine (RPV) and
cabotegravir (CAB) have recently shown promise as a
combination LAI treatment for HIV-1 infected adults. (Spreen
et al., 2013)

Like dapivirine, rilpivirine is a second-generation NNRTI
currently being investigated for the treatment of HIV variants
resistant to common NNRTIs such as efavirenz (EFV) and
nevirapine (NVP). (Ripamonti et al., 2014) Currently
prescribed as an oral formulation for treatment-naïve HIV-1
patients, RPV is being investigated as a long-acting
intramuscular injectable for HIV PrEP. Cabotegravir is an
integrase strand transfer inhibitor (INSTI) being investigated
for use in both HIV treatment and prophylaxis. Although an oral
formulation is being tested, the low solubility and slow
metabolism of CAB make it suitable for use as a long-acting
injectable (LAI). (Cattaneo and Gervasoni, 2018) To date, CAB
and RPV have undergone separate clinical trials for HIV PrEP in
the ECLAIR and MWRI-01 studies, respectively. (McGowan
et al., 2016; Markowitz et al., 2017) Clinical trials assessing
CAB and RPV combination LAI formulations have yet to
be undertaken.

Rajoli et al. developed a general physiologically-based PK
model for LAI formulations. (Rajoli et al., 2015) Although the
model was initially validated using oral drug formulations, it was
able to simulate the pharmacokinetics of LA RPV administered
via intramuscular injection. Unfortunately, the model does not
include tissue compartments that are relevant to PrEP, such as
rectal and female genital tract tissues. Despite this, it may serve as
a useful starting point for future physiologically-based models of
LAI formulations.
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VIRAL DYNAMICS AND PHARMACOLOGY

Ultimately the goal of PK/PD modeling is to connect drug
exposure to clinical response. In the case of modeling
antiretroviral therapies for HIV, this requires some description
of HIV viral dynamics. Pharmacodynamic parameters can be
derived from in vitro and ex vivo assays, but caution must be
exercised when attempting to translate these results to in vivo
efficacy. Tissue explant models, for example, can demonstrate
high levels of inter-patient variability in infectivity. (Kay et al.,
2018a) Furthermore, a large viral inoculum is required to
establish an infection in ex vivo systems, far in excess of what
would be required in vivo. While HIV dynamics in an active
infection can generally be modeled as a deterministic process, the
underlying behavior of individual virions is inherently stochastic.
A very small number of initial virions serve as progenitors during
the initial infection, which is best described as a stochastic
process. (Carlson et al., 2014)

Duwal et al. have described a multiscale modeling approach
for predicting the efficacy of HIV PrEP candidates. (Duwal et al.,
2016) Their modular framework incorporates models for
pharmacokinetics, viral transmission, and long term efficacy,
but key to the estimation of efficacy are the viral replication and
molecular mechanism of action (MMOA) models. The MMOA
model was developed by Von Kleist et al, and attempts to
mechanistically describe the mechanism of action of NRTIs.
(von Kleist et al., 2012) Briefly, the model depicts the process of
DNA polymerization using a Markov jump process, where each
state in the model represents the incorporation of an additional
nucleoside. From each state, the chain can either shorten through
pyrophosphorolysis, extend by incorporation of a nucleoside
through polymerization, or be terminated via incorporation of a
nucleoside analog. The reaction rates for each of these process
are specific to the each nucleoside and nucleoside analog.
Nucleoside analogs achieve inhibition of viral replication by
increasing the amount of time required to complete
polymerization of viral DNA, as sequences incorporating a
nucleoside analog cannot continue the polymerization process
until the analog has been removed. If the virus cannot replicate
its DNA quickly enough, it is cleared intracellularly. By
computing the mean time to complete the polymerization of
the full viral DNA sequence and comparing it to the mean time
required for intracellular clearance, it is possible to estimate the
probability of a virus successfully replicating itself. Based on the
binding affinity and polymerization rate constant of both
endogenous nucleosides and their analogs, it is then possible to
estimate the effect of a given concentration of nucleoside analog
on viral proliferation.

The effects of NRTIs on viral replication are then
incorporated into a model of HIV viral dynamics. This model
represents the process of infection by describing the viral
replication cycle as a Markov jump process with five possible
states: free virus, early infected T-cell, late infected T-cell,
infected T-cell producing viral progeny, and virus cleared from
the system before reaching the productive infection state. The
effects of NRTIs are incorporated into the model in two ways.
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First, they reduce the rate of transition from the free-virus state
to the early infected T-cell state, by increasing the time required
for the virus to enter the cell and successfully transcribe its
genome. Second, they increase the rate of clearance of the virus
due to failed attempts to infect a cell. Though the study focused
on the effects of NRTIs, the viral dynamics model can easily
incorporate the mechanisms of other classes of antiretroviral
compounds. (Duwal et al., 2019) The effects of co-receptor
antagonists can be modeled as inhibition of transition from the
free virus to early infection as well as inhibition of clearance due
to a failed attempted infection, integrase inhibitors can be
described by inhibiting the rate of transition from early to late
stage infected T-cells, and protease inhibitors can impede the
transition from productive infected cells to free virus.

The primary goal of this level of mechanistic detail is the
prediction and identification of compounds likely to be well-
suited to PrEP. The widespread use of pharmacokinetic
modeling has significantly reduced the rates of drug failures
due to pharmacokinetics in the later stages of development, as
compounds with poor PK properties are relatively easy to screen
for. Screening compounds based on their pharmacodynamics is
significantly more involved, particularly in a paradigm like PrEP,
where adherence and transmission rates can have a significant
impact on efficacy. In their analyses, Duwal et al. identified several
antiretrovirals that appear to have favorable pharmacodynamic
properties. Efavirenz, nevirapine, etravirine, and rilpivirine were all
found to be highly potent PrEP agents, with prophylactic efficacy
maintained even after a three-day gap in administration. The group
also found that maraviroc and rilpivirine maintain 50% and 72%
efficacy, respectively, at low concentrations, and noted that
simulations suggested that after three days of missed doses, the
efficacies of raltegravir and maraviroc dropped to 8% and 50%,
respectively, while rilpivirinemaintained 100% prophylactic efficacy.
ADHERENCE AND TRANSMISSION

Given that the efficacy of PrEP is highly dependent on patient
adherence, itmaybe important to incorporatemodels of adherence
when modeling PrEP at a population level. (Haberer et al., 2015;
Fonner et al., 2016) To date, there are few published models
describing HIV transmission in a population utilizing PrEP, and
of those very few incorporate PK/PD. One exception is the
previously described PK/PD model of FTC, TDF, and TAF
created by Garrett et al., based on earlier studies by Cottrell et al.
(Cottrell et al., 2016; Cottrell et al., 2017; Garrett et al., 2018) Using
Monte Carlo simulations of 1000 patients each, a variety of
treatment scenarios were investigated. In addition to the
standard treatment doses (300 mg TDF, 200 mg FTC, or 25 mg
TAF), dosing regimens included double the standard dose, steady-
state dosing with one to seven doses per week, and on-demand
dosing involving a double dose either 2 or 24 h pre-exposure,
followed by standard treatment doses at 24 and 48hpost-exposure.
All three monotherapies and both TDF + FTC and TAF + FTC
combination therapies were simulated for all dosing scenarios,
with protective effect estimated based on the ratio of endogenous
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nucleosides to nucleoside analogues. However this assumption has
been criticized for failing to account for the nonlinear, saturable
nature of the polymerization process. (Duwal et al., 2016)

A second notable example of a model incorporating
transmission, adherence, and PK/PD is the previously
mentioned multiscale modeling framework described by Duwal
et al. (Duwal et al., 2016) The group incorporated a model of viral
exposure to quantify the relationship between donor viral load
and the number of transmitted viral particles. Briefly, they
assumed a linear relationship between the log of the viral load
in the donor and the log of the probability of infection, which
lead to the derivation of a power function relating viral load to
the number of transmitted viral particles per sexual encounter.
The viral content of infected individuals was assumed to be log-
normally distributed, based on observed data from individuals
shortly following seroconversion. By combining estimates of viral
load, the corresponding estimate of number of transmitted
proteins, and the estimates from the viral dynamics model
described in the previous section, an overall per-encounter
probability of infection can be calculated. Finally, a population-
level model incorporating the number of infected individuals and
the probability of unprotected sex acts can be used with the outputs
of the viral exposure model to simulate clinical trials and estimate
an overall trial efficacy.

The majority of models of adherence in HIV PrEP therapy are
epidemiological models of HIV transmission in a population.
Although these models generally do not incorporate
pharmacokinetics or pharmacodynamics, they may be
informative to population PK modelers looking to capture the
effects of non-adherence. One major caveat to the use of these
models is their potential lack of generalizability, as the behavioral
and societal factors influencing adherence rates vary with
geography and culture. Even within the same geographic
region, different subpopulations may exhibit different rates of
adherence to PrEP, which may make it difficult to develop a
generalized model of adherence.

A 2008 paper by Vissers et al. details a simulation study of
various PrEP therapy scenarios in Botswana, Nyanza Province in
Kenya, and Southern India. (Vissers et al., 2008) This study
focuses on HIV transmission in the sex industry, with sex
workers and their clients considered high risk relative to the
rest of the population. The group used a compartmental model
adapted from earlier models of antiretroviral therapy and male
circumcision interventions.(Nagelkerke et al., 2002; Nagelkerke
et al., 2007) Briefly, the model population is stratified high- and
low-risk groups, with compartments for uninfected, uninfected
on PrEP, early HIV infection, early infection on PrEP, and late-
stage infection. Male and female populations are modeled
separately within each compartment. Only heterosexual
transmission is modeled, with three distinct types of sexual
relationships able to spread HIV: client and sex worker,
marriage-like relationships, and nonpaid casual relationships.
It is assumed that HIV transmission through the latter two
relationships only occurs in the low-risk population. In other
words, it is assumed that the only relationships engaged in by the
high-risk population are client-sex worker relationships.
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Additionally, the model assumes that condoms are only used
during client-sex worker relationships. A certain percentage of
each risk group is assumed to move to the other group annually,
at which point it is assumed they will discontinue PrEP, should
they be in the PrEP group. In the event that a member of the
PrEP group becomes infected, be it through failure of the
treatment or lack of adherence, it is assumed that individuals
will continue to take PrEP for an average of one year. Simulations
suggested that PrEP would lead to a significant decrease in HIV
infections in Africa. However, the study found that under certain
circumstances PrEP could actually lead to an increase in HIV
cases in southern India, primarily due to high rates of condom
use in the sex industry. If the adoption of PrEP were to lead to a
fairly small decrease in condom use, roughly 15%, the model
predicts that the number of new HIV cases would increase. The
authors assert that any implementation strategy must emphasize
that PrEP is a supplement to condom use, not a substitution.

One concern raised with the introduction of PrEP therapy
was its potential impact on the prevalence of drug resistance. Van
de Vijver et al. performed a model comparison study in order to
investigate this issue. (Van De Vijver et al., 2013) Three models
of HIV transmission and disease progression were investigated.
The first was the Synthesis Transmission Model, a stochastic
model for heterosexual HIV transmission in sub-Saharan Africa
beginning in the 1980s, with demographic information primarily
incorporated from the HIV epidemic in South Africa. (Phillips
et al., 2011) This model simulates individual-level HIV
transmission based on age, gender, viral load, sexual risk
behavior, presence of antiretroviral drugs, presence of specific
drug-resistance mutations, and adherence to drug regimens.
Sexual risk behavior was based on the number of short-term
unprotected sex partners and presence of a long-term
unprotected sex partner within a given three month period. In
the adaptation by Van de Vijver et al, PrEP was introduced via a
campaign targeting serodiscordant couples in long-term
partnerships. Adherence was incorporated with both a fixed
inherent tendency to adhere and a period-to-period variability
in adherence. Adherence is further modified by drug toxicity,
probability of a patient voluntarily interrupting clinic visits, and
probability of interruptions in the drug supply. All of these
parameters are assumed to vary by geographic region.

The second model in the comparison by Van de Vijver et al. is
the South African Transmission Model, initially developed by
Abbas et al. and based on PrEP trials in South and Sub-Saharan
Africa. (Abbas et al., 2013) Like the previous model, it was
calibrated based on the progression of the South African HIV-1
epidemic, and exclusively models heterosexual transmission.
While the first model was entirely stochastic, this model
provides a more deterministic framework by incorporating
disease progression and viral dynamics. Briefly, the model
stratifies the population based on gender, PrEP/ARV treatment
status, infection status, stage of disease, and HIV-1 drug
susceptibility, with susceptibility classified as either drug-
sensitive or drug-resistant, and drug-resistance further
classified as acquired or transmitted resistance. Inappropriate
PrEP use, which is described as PrEP use subsequent to acute
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HIV infection, is modeled based on whether the individual
taking PrEP is in a pre- or postseroconversion stage of the
infection. After seroconversion it is assumed that PrEP use
continues for a length of time corresponding to the HIV
testing interval, the default being six months. In order to
model sexual transmission, individuals of both genders are
stratified into four sexual activity levels. These levels are used
to construct a sexual activity matrix that describes, for any
individual of gender g and activity level k, denoted gk, and a
prospective partner of opposite gender g’ and activity level l,
denoted gl’, the probability of forming a sexual partnership
denoted gkl. (Garnett and Anderson, 1993) The probability is
derived from the total population of gl’, the tendency of gk to
engage in assortative versus random mixing, and the rate at
which gk individuals change partners when in a partnership with
gl’ individuals. The probability of HIV transmission for a single
sex act within a sexual partnership is represented as a function of
the partner’s ARV treatment status, disease stage, and HIV-1
variant. The total probability of HIV transmission for a
partnership is then the per-sex act probability multiplied by
the total number of sex acts for a partnership between two
individuals gk and gl’. The protective effect of PrEP on an
individual is modeled as a reduction in the susceptibility of
that individual to the transmission of a given HIV variant,
multiplied by the average adherence of the individual, which is
itself determined by the individual’s adherence stratum.

The third and final model included in the comparison was the
Macha Transmission Model. (Nichols et al., 2013) While the
other studies included in the comparison focused on the South
African HIV epidemic, the model’s namesake is a rural hospital
in Southern Zambia, roughly 80 kilometers from the nearest
town, and serves as the only major HIV clinic for roughly 90,000
people. Despite being calibrated to a different population, the
Macha model shares a number of features with the South African
model. The Macha model is a deterministic, compartmental
model incorporating HIV disease progression. Once again the
population is stratified based on sexual activity level, with higher
activity levels corresponding to a greater number of sexual
partners per year. The disease progression model depicts the
stages of infection as acute HIV, chronic HIV, early AIDS, and
late AIDS, with the AIDS compartment subdivided primarily to
reflect changes in sexual activity associated with progression to
AIDS, assuming that early stage AIDS is characterized by a
reduction in sexual activity, and therefore transmission, while
sexual activity halts entirely in the late stage of the disease. Just as
in the South African model, the Macha model adapts the mixing
matrix described by Garnett and Anderson in order to model
transmission in a heterosexual population stratified by sexual
activity level. (Garnett and Anderson, 1993) However, the Macha
model differs from the South African model in that it stratifies
the infected population into individuals who have undergone
HIV testing and are aware of their infection, and those who are
unaware. The model assumes that individuals who are aware of
their seropositive status may make some effort to reduce their
acquisition rate of new sexual partners. It assumes this effect is
not uniform across all sexual activity levels, with the two lowest
Frontiers in Pharmacology | www.frontiersin.org 978
levels reducing acquisition rates by up to 40% while the two
highest levels show no change in behavior. This stratification
leads to two mixing matrices; one is identical to the previously
described matrix and applies to individuals who are unaware of
their HIV infections, while a second matrix incorporates the
reduction in the rate of partner acquisition for individuals who
are aware of their infection.
CONCLUSION

PrEP therapy for HIV remains an active and growing field of
research. In addition to the currently approved PrEP therapies,
several alternatives are in the mid to late stages of development.
Many of these therapies are long-acting or on-demand
approaches that aim to address problems of adherence and
availability. The primary aim of this review was to provide an
overview of the available pharmacokinetic models of both current
PrEP regimens and antiretrovirals currently under investigation as
PrEP agents, while highlighting some of the challenges associated
with modeling more complex formulations and delivery systems.
In addition, it is important to note the challenges involved in
translating in vitro and ex vivo estimates of antiretroviral efficacy
into estimates of clinical outcomes. Finally, an overview of some of
the disease progression and viral transmission models that have
been used to investigate HIV PrEP has been included, as
population-level variables such as the frequency and routes of
HIV exposure, propensity to modify high-risk behavior, and
crucially, patient adherence to PrEP regimens, must be taken
into account when modeling HIV PrEP at the population level.
The diverse array of administration routes, compounds and
dosing regimens presents novel challenges to drug development.
In silico modeling and simulation approaches offer powerful tools
to inform clinical trials, and allow for rapid investigation of
pharmacokinetic and pharmacodynamic questions that arise
during the drug development process. Moreover, modeling and
simulation approaches provide investigators with the ability to
examine scenarios related to changes in transmission, treatment
adherence, and sexual behavior that might otherwise be precluded
from clinical studies due to practical or ethical concerns.
Ultimately, there are still many aspects of the HIV PrEP
problem space that have yet to be explored through
computational modeling.
AUTHOR CONTRIBUTIONS

TS drafted the review article. TS, RB, and KK revised and edited
the article for clarity and content.
FUNDING

RB is the recipient of grant funding from the US National
Institutes of Health grant 1U19AI120249.
January 2020 | Volume 10 | Article 1514

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Straubinger et al. Modeling HIV Pre-Exposure Prophylaxis
ACKNOWLEDGMENTS

We gratefully acknowledge funding support from the US
National Institute of Allergy and Infectious Diseases Division
of AIDS.
Frontiers in Pharmacology | www.frontiersin.org 1079
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.
2019.01514/full#supplementary-material
REFERENCES

Abbas, U. L., Glaubius, R., Mubayi, A., Hood, G., and Mellors, J. W. (2013).
Antiretroviral therapy and pre-exposure prophylaxis: combined impact on
HIV transmission and drug resistance in South Africa. J. Infect. Dis. 208 (2),
224–234. doi: 10.1093/infdis/jit150

Abel, S., Beaumont, K. C., Crespi, C. L., Eve, M. D., Fox, L., Hyland, R., et al.
(2001). Potential role for P-glycoprotein in the non-proportional
pharmacokinetics of UK-343,664 in man. Xenobiotica 31 (8-9), 665–676.
doi: 10.1080/00498250110052779

Abel, S., Russell, D., Whitlock, L. A., Ridgway, C. E., Nedderman, A. N. R., and
Walker, D. K. (2008a). Assessment of the absorption, metabolism and absolute
bioavailability of maraviroc in healthy male subjects. Br. J. Clin. Pharmacol. 65
(1), 60–67. doi: 10.1111/j.1365-2125.2008.03137.x

Abel, S., Van Der Ryst, E., Rosario, M. C., Ridgway, C. E., Medhurst, C. G.,
Taylor-Worth, R. J., et al. (2008b). Assessment of the pharmacokinetics, safety
and tolerability of maraviroc, a novel CCR5 antagonist, in healthy volunteers.
Br. J. Clin. Pharmacol. 65 (1), 5–18. doi: 10.1111/j.1365-2125.2008.03130.x

Abel, S., Back, D. J., and Vourvahis, M. (2009). Maraviroc: pharmacokinetics and
drug interactions. Antiviral Ther. 14 (5), 607–618. Retrieved from: https://
www.intmedpress.com/serveFile.cfm?sUID=a4fc50f1-3a90-4964-ba26-
0b20c0e93539

Baeten, J. M., Donnell, D., Ndase, P., Mugo, N. R., Campbell, J. D., Wangisi, J.,
et al. (2012). Antiretroviral Prophylaxis for HIV Prevention in Heterosexual
Men and Women. New Engl. J. Med. 367 (5), 399–410. doi: 10.1056/
NEJMoa1108524

Baeten, J. M., Palanee-Phillips, T., Brown, E. R., Schwartz, K., Soto-Torres, L. E.,
Govender, V., et al. (2016). Use of a vaginal ring containing dapivirine for HIV-
1 prevention in women. New Engl. J. Med. 375 (22), 2121–2132. doi: 10.1056/
NEJMoa1506110

Baeten, J., Palanee-Phillips, T., Mgodi, N., Mayo, A., Nel, A., Rosenberg, Z., et al.
(2018). “High Uptake and Reduced HIV-1 Incidence in an Open-Label Trial of
the Dapivirine Ring,” in 25th Conference on Retroviruses and Opportunistic
Infections (2018 CROI Foundation/International Antiviral Society-USA)
(Boston, Massachusetts). Abstract 143LB. Retrieved from http://www.
croiconference.org/sessions/high-uptake-and-reduced-hiv-1-incidence-open-
label-trial-dapivirine-ring

Berger, E. A., Murphy, P. M., and Farber, J. M. (1999). CHEMOKINE
RECEPTORS AS HIV-1 CORECEPTORS: roles in viral entry, tropism, and
disease. Annu. Rev. Immunol. 17 (1), 657–700. doi: 10.1146/annurev.
immunol.17.1.657

Birkus, G., Wang, R., Liu, X., Kutty, N., MacArthur, H., Cihlar, T., et al.(2007).
cathepsin a is the major hydrolase catalyzing the intracellularhydrolysis of the
antiretroviral nucleotide phosphonoamidate prodrugs GS-7340 and GS-9131.
Antimicrob. Agents Chemother. 51 (2), 543–550. doi: 10.1128/AAC.00968-06

Carlson, J. M., Schaefer, M., Monaco, D. C., Batorsky, R., Claiborne, D. T., Prince,
J., et al. (2014). Selection bias at the heterosexual HIV-1 transmission
bottleneck. Science 345 (6193), 1254031. doi: 10.1126/science.1254031

Cattaneo, D., and Gervasoni, C.(2018). Pharmacokinetics and Pharmacodynamics
of Cabotegravir, a Long-Acting HIV Integrase Strand Transfer Inhibitor. Eur. J.
Drug Metab.Pharmacokinet. 44, 319–327. doi: 10.1007/s13318-018-0526-2

Centers for Disease Control and Prevention. (2018). HIV Surveillance Report,
2017. 29, 17–18. Retrieved from http://www.cdc.gov/hiv/library/reports/hiv-
surveillance.html

Chan, P. L. S., Weatherley, B., and McFadyen, L. (2008). A population
pharmacokinetic meta-analysis of maraviroc in healthy volunteers and
asymptomatic HIV-infected subjects. Br. J. Clin. Pharmacol. 65 (1), 76–85.
doi: 10.1111/j.1365-2125.2008.03139.x

Chapman, T. M., McGavin, J. K., and Noble, S. (2003). Tenofovir Disoproxil
Fumarate. Drugs 63 (15), 1597–1608. doi: 10.2165/00003495-200363150-00006
Choopanya, K. M. D., Martin, M. D., Suntharasamai, P. M. D., Sangkum, U. M. D.,
Mock, P. A. M., Leethochawalit, M. M. D., et al. (2013). Antiretroviral
prophylaxis for HIV infection in injecting drug users in Bangkok, Thailand
(the Bangkok Tenofovir Study): a randomised, double-blind, placebo-
controlled phase 3 trial. Lancet 381 (9883), 2083–2090. doi: 10.1016/S0140-
6736(13)61127-7

Collins, J. W., Heyward Hull, J., and Dumond, J. B. (2017). Comparison of
tenofovir plasma and tissue exposure using a population pharmacokinetic
model and bootstrap: a simulation study from observed data. J. Pharmacokinet.
Pharmacodyn. 44 (6), 631–640. doi: 10.1007/s10928-017-9554-9

Cottrell, M. L., Yang, K. H., Prince, H. M. A., Sykes, C., White, N., Malone, S., et al.
(2016). A translational pharmacology approach to predicting outcomes of
preexposure prophylaxis against HIV in men and women using tenofovir
disoproxil fumarate with or without emtricitabine. J. Infect. Dis. 214 (1), 55–64.
doi: 10.1093/infdis/jiw077

Cottrell, M. L., Garrett, K. L., Prince, H. M. A., Sykes, C., Schauer, A.,
Emerson, C. W., et al. (2017). Single-dose pharmacokinetics of tenofovir
alafenamide and itsactive metabolite in the mucosal tissues. J. Antimicrob.
Chemother. 72 (6), 1731–1740. doi: 10.1093/jac/dkx064

Cundy, K. C., Sueoka, C., Lynch, G. R., Griffin, L., Lee, W. A., and Shaw, J. P.(1998).
Pharmacokinetics and bioavailability of the anti-humanimmunodeficiency virus
nucleotide analog 9-[(R)-2-(phosphonomethoxy)propyl]adenine (PMPA) indogs.
Antimicrob. Agents Chemother. 42 (3), 687–690. doi: 10.1128/AAC.42.3.687

de Béthune, M.-P. (2010). Non-nucleoside reverse transcriptase inhibitors
(NNRTIs), their discovery, development, and use in the treatment of HIV-1
infection: a review of the last 20 years (1989–2009). Antiviral Res. 85 (1), 75–90.
doi: 10.1016/j.antiviral.2009.09.008

De Clercq, E. (2016). Tenofovir alafenamide (TAF) as the successor of tenofovir
disoproxil fumarate (TDF). Biochem. Pharmacol. 119, 1–7. doi: 10.1016/
j.bcp.2016.04.015

De Clercq, E. (2018). Role of tenofovir alafenamide (TAF) in the treatment and
prophylaxis of HIV and HBV infections. Biochem. Pharmacol. 153, 2–11. doi:
10.1016/j.bcp.2017.11.023

Dorr, P., Westby, M., Dobbs, S., Griffin, P., Irvine, B., Macartney, M., et al. (2005).
Maraviroc (UK-427,857), a potent, orally bioavailable, and selective small-
molecule inhibitor of chemokine receptor CCR5 with broad-spectrum anti-
human-immunodeficiency virus type 1 activity. Antimicrob. Agents
Chemother. 49 (11), 4721–4732. doi: 10.1128/AAC.49.11.4721-4732.2005

Duwal, S., Schütte, C., and von Kleist, M. (2012). Pharmacokinetics and
pharmacodynamics of the reverse transcriptase inhibitor tenofovir and
prophylactic efficacy against HIV-1 infection. PloS One 7 (7), e40382. doi:
10.1371/journal.pone.0040382

Duwal, S., Sunkara, V., and Von Kleist, M.(2016). Multiscale Systems-
Pharmacology Pipeline to Assess the Prophylactic Efficacy of NRTIs Against
HIV-1. CPT: Pharmacometrics Syst. Pharmacol. 5 (7), 377–387. doi: 10.1002/
psp4.12095

Duwal, S., Dickinson, L., Khoo, S., and von Kleist, M. (2019). Mechanistic
framework predicts drug-class specific utility of antiretrovirals for HIV
prophylaxis. PloS Comput. Biol. 15 (1), e1006740. doi: 10.1371/journal.
pcbi.1006740

Fonner, V. A., Dalglish, S. L., Kennedy, C. E., Baggaley, R., O’Reilly, K. R.,
Koechlin, F. M., et al. (2016). Effectiveness and safety of oral HIV preexposure
prophylaxis for all populations. AIDS 30 (12), 1973–1983. doi: 10.1097/
QAD.0000000000001145

Gao, Y., and Katz, D. F. (2013). Multicompartmental pharmacokinetic model of
tenofovir delivery by a vaginal gel. PloS One 8 (9), e74404. doi: 10.1371/
journal.pone.0074404

Gao, Y., and Katz, D. F. (2017). Multicompartmental pharmacokinetic model of
tenofovir delivery to the rectal mucosa by an enema. PloS One 12 (1), e0167696.
doi: 10.1371/journal.pone.0167696
January 2020 | Volume 10 | Article 1514

https://www.frontiersin.org/articles/10.3389/fphar.2019.01514/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2019.01514/full#supplementary-material
https://doi.org/10.1093/infdis/jit150
https://doi.org/10.1080/00498250110052779
https://doi.org/10.1111/j.1365-2125.2008.03137.x
https://doi.org/10.1111/j.1365-2125.2008.03130.x
https://www.intmedpress.com/serveFile.cfm?sUID=a4fc50f1-3a90-4964-ba26-0b20c0e93539
https://www.intmedpress.com/serveFile.cfm?sUID=a4fc50f1-3a90-4964-ba26-0b20c0e93539
https://www.intmedpress.com/serveFile.cfm?sUID=a4fc50f1-3a90-4964-ba26-0b20c0e93539
https://doi.org/10.1056/NEJMoa1108524
https://doi.org/10.1056/NEJMoa1108524
https://doi.org/10.1056/NEJMoa1506110
https://doi.org/10.1056/NEJMoa1506110
http://www.croiconference.org/sessions/high-uptake-and-reduced-hiv-1-incidence-open-label-trial-dapivirine-ring
http://www.croiconference.org/sessions/high-uptake-and-reduced-hiv-1-incidence-open-label-trial-dapivirine-ring
http://www.croiconference.org/sessions/high-uptake-and-reduced-hiv-1-incidence-open-label-trial-dapivirine-ring
https://doi.org/10.1146/annurev.immunol.17.1.657
https://doi.org/10.1146/annurev.immunol.17.1.657
https://doi.org/10.1128/AAC.00968-06
https://doi.org/10.1126/science.1254031
https://doi.org/10.1007/s13318-018-0526-2
http://www.cdc.gov/hiv/library/reports/hiv-surveillance.html
http://www.cdc.gov/hiv/library/reports/hiv-surveillance.html
https://doi.org/10.1111/j.1365-2125.2008.03139.x
https://doi.org/10.2165/00003495-200363150-00006
https://doi.org/10.1016/S0140-6736(13)61127-7
https://doi.org/10.1016/S0140-6736(13)61127-7
https://doi.org/10.1007/s10928-017-9554-9
https://doi.org/10.1093/infdis/jiw077
https://doi.org/10.1093/jac/dkx064
https://doi.org/10.1128/AAC.42.3.687
https://doi.org/10.1016/j.antiviral.2009.09.008
https://doi.org/10.1016/j.bcp.2016.04.015
https://doi.org/10.1016/j.bcp.2016.04.015
https://doi.org/10.1016/j.bcp.2017.11.023
https://doi.org/10.1128/AAC.49.11.4721-4732.2005
https://doi.org/10.1371/journal.pone.0040382
https://doi.org/10.1002/psp4.12095
https://doi.org/10.1002/psp4.12095
https://doi.org/10.1371/journal.pcbi.1006740
https://doi.org/10.1371/journal.pcbi.1006740
https://doi.org/10.1097/QAD.0000000000001145
https://doi.org/10.1097/QAD.0000000000001145
https://doi.org/10.1371/journal.pone.0074404
https://doi.org/10.1371/journal.pone.0074404
https://doi.org/10.1371/journal.pone.0167696
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Straubinger et al. Modeling HIV Pre-Exposure Prophylaxis
Garnett, G. P., and Anderson, R. M. (1993). Factors controlling the spread of HIV
in heterosexual communities in developing countries: patterns of mixing
between different age and sexual activity classes. Philos. Trans. R. Soc.
London. Ser. B: Biol. Sci. 342 (1300), 137–159. doi: 10.1098/rstb.1993.0143

Garrett, K. L., Chen, J., Maas, B. M., Cottrell, M. L., Prince, H. A., Sykes, C., et al.
(2018). A pharmacokinetic/pharmacodynamic model to predict effective HIV
prophylaxis dosing strategies for people who inject drugs. J. Pharmacol. Exp.
Ther. 367 (2), 245–251. doi: 10.1124/jpet.118.251009

Govil, S., and Katz, D. F. (2019). Deducing mucosal pharmacokinetics and
pharmacodynamics of the Anti-HIV molecule tenofovir from measurements
in blood. Sci. Rep. 9 (1), 82–10. doi: 10.1038/s41598-018-36004-z

Grant, R. M., Lama, J. R., Anderson, P. L., McMahan, V., Liu, A. Y., Vargas, L.,
et al. (2010). Preexposure chemoprophylaxis for HIV prevention in men who
have sex with men. New Engl. J. Med. 363 (27), 2587–2599. doi: 10.1056/
NEJMoa1011205

Grant, R. M. P., Anderson, P. L. P., McMahan, V. B., Liu, A. M. D., Amico, K. R. P.,
Mehrotra, M. M. P.H., et al. (2014). Uptake of pre-exposure prophylaxis, sexual
practices, and HIV incidence in men and transgender women who have sex
with men: a cohort study. Lancet Infect. Dis. 14 (9), 820–829. doi: 10.1016/
S1473-3099(14)70847-3

Haberer, J. E., Bangsberg, D. R., Baeten, J. M., Curran, K., Koechlin, F.,
Amico, K. R., et al. (2015). Defining success with HIV pre-exposure
prophylaxis: a prevention-effective adherence paradigm. AIDS 29 (11), 1277–
1285. doi: 10.1097/QAD.0000000000000647

Halwes, M. E., Steinbach-Rankins, J. M., and Frieboes, H. B. (2016).
Pharmacokinetic modeling of a gel-delivered dapivirine microbicide in
humans. Eur. J. Pharm Sci. 93, 410–418. doi: 10.1016/j.ejps.2016.08.037

Hill, A., Hughes, S. L., Gotham, D., and Pozniak, A. L. (2018). Tenofovir
alafenamide versus tenofovir disoproxil fumarate: isthere a true difference in
efficacy and safety? J. Virus Erad. 4 (2), 72. Retrieved from https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC5892670/

Kay, K., Cook, S., Dezzutti, C., Anderson, P., Bushman, L., Shetler, C., et al.
(2018a). Pharmacokinetic-pharmacodynamic modelling of MK-2048 in ex
vivo cervical tissue. Abstr. Annu. Meet. Popul. Ap. Group Europe. 2018, 27.
Abstract 8363. Retrieved from www.page-meeting.org/?abstract=8636

Kay, K., Shah, D. K., Rohan, L., and Bies, R. (2018b). Physiologically-based
pharmacokinetic model of vaginally administered dapivirine ring and film
formulations. Br. J. Clin. Pharmacol. 84 (9), 1950–1969. doi: 10.1111/bcp.13625

Kearney, B. P., Flaherty, J. F., and Shah, J. (2004). Tenofovir disoproxil fumarate:
clinical pharmacology and pharmacokinetics 43, Generic, 595–612. doi:
10.2165/00003088-200443090-00003

Liu, R., Paxton, W. A., Choe, S., Ceradini, D., Martin, S. R., Horuk, R., et al. (1996).
homozygous defect in HIV-1 Coreceptor accounts for resistance of some
multiply-exposed individuals to HIV-1 infection. Cell 86 (3), 367–377. doi:
10.1016/S0092-8674(00)80110-5

Markowitz, M. P., Frank, I. P., Grant, R. M. P., Mayer, K. H. P., Elion, R. M. D.,
Goldstein, D. M. D., et al. (2017). Safety and tolerability of long-acting
cabotegravir injections in HIV-uninfected men (ECLAIR): a multicentre,
double-blind, randomised, placebo-controlled, phase 2a trial. Lancet HIV
4 (8), e331–e340. doi: 10.1016/S2352-3018(17)30068-1

Marrazzo, J. M., Ramjee, G., Richardson, B. A., Gomez, K., Mgodi, N., Nair, G.,
et al. (2015). Tenofovir-based preexposure prophylaxis for HIV infection
among African women. New Engl. J. Med. 372 (6), 509–518. doi: 10.1056/
NEJMoa1402269

McGowan, I. P., Dezzutti, C. S. P., Siegel, A. B. S., Engstrom, J. M. B. A.,
Nikiforov, A. B. S., Duffill, K. B. S., et al. (2016). Long-acting rilpivirine as
potential pre-exposure prophylaxis for HIV-1 prevention (the MWRI-01
study): an open-label, phase 1, compartmental, pharmacokinetic and
pharmacodynamic assessment. Lancet HIV 3 (12), e569–e578. doi: 10.1016/
S2352-3018(16)30113-8

Modrzejewski, K. A., and Herman, R. A. (2004). Emtricitabine: a once-daily
nucleoside reverse transcriptase inhibitor. Ann. Pharmacother. 38 (6), 1006–
1014. doi: 10.1345/aph.1D302

Nagelkerke, N. J., Jha, P., Vlas, S.J.d., Korenromp, E. L., Moses, S., Blanchard, J. F.,
et al. (2002). Modelling HIV/AIDS epidemics in Botswana and India: impact of
interventions to prevent transmission. Bull. World Health Organ. 80, 89–96.
Retrieved from https://www.scielosp.org/article/bwho/2002.v80n2/89-96/
Frontiers in Pharmacology | www.frontiersin.org 1180
Nagelkerke, N. J., Moses, S., de Vlas, S. J., and Bailey, R. C. (2007). Modelling the
public health impact of male circumcision for HIV prevention in high
prevalence areas in Africa. BMC Infect. Dis. 7 (1), 16. doi: 10.1186/1471-
2334-7-16

Nel, A., van Niekerk, N., Kapiga, S., Bekker, L.-G., Gama, C., Gill, K., et al. (2016).
Safety and efficacy of a dapivirine vaginal ring for HIV prevention in women.
New Engl. J. Med. 375 (22), 2133–2143. doi: 10.1056/NEJMoa1602046

Nel, A., Niekerk, N. V., Baelen, B. V., and Rosenberg, Z. (2018). “HIV incidence
and adherence in DREAM: an open-label trial of dapivirine vaginal ring,” in
25th Conference on Retroviruses and Opportunistic Infections (2018 CROI
Foundation/International Antiviral Society-USA) (Boston, Massachusetts).
Abstract 144LB. Retrieved from http://www.croiconference.org/sessions/hiv-
incidence-and-adherence-dream-open-label-trial-dapivirine-vaginal-ring

Nichols, B. E., Boucher, C. A., van Dijk, J. H., Thuma, P. E., Nouwen, J. L.,
Baltussen, R., et al. (2013). Cost-effectiveness of pre-exposure prophylaxis
(PrEP) in preventing HIV-1 infections in rural Zambia: a modeling study. PloS
One 8 (3), e59549. doi: 10.1371/journal.pone.0059549

Panos, G., and Watson, D. C. (2015). Effect of HIV-1 subtype and tropism on
treatment with chemokine coreceptor entry inhibitors; Overview of viral entry
inhibition. Crit. Rev. in Microbiol. 41 (4), 473–487. doi: 10.3109/
1040841X.2013.867829

Phillips, A. N., Pillay, D., Garnett, G., Bennett, D., Vitoria, M., Cambiano, V., et al.
(2011). Effect on transmission of HIV-1 resistance of timing of implementation
of viral load monitoring to determine switches from first to second-line
antiretroviral regimens in resource-limited settings. Aids 25 (6), 843–850.
doi: 10.1097/QAD.0b013e328344037a

Rajoli, R. K. R., Back, D. J., Rannard, S., Freel Meyers, C. L., Flexner, C., Owen, A.,
et al. (2015). Physiologically based pharmacokinetic modelling to inform
development of intramuscular long-acting nanoformulations for HIV. Clin.
Pharmacokinet. 54 (6), 639–650. doi: 10.1007/s40262-014-0227-1

Ripamonti, D., Bombana, E., and Rizzi, M. (2014). Rilpivirine: drug profile of a
second-generation non-nucleoside reverse transcriptase HIV-inhibitor.
Expert Rev. Anti-Infective Ther. 12 (1), 13–29. doi: 10.1586/14787210.2014.
863708

Ruane, P. J., DeJesus, E., Berger, D., Markowitz, M., Bredeek, U. F., Callebaut, C.,
et al . (2013). Antiviral Activity, Safety, and Pharmacokinetics/
Pharmacodynamics of Tenofovir Alafenamide as 10-Day Monotherapy in
HIV-1–Positive Adults. JAIDS J. Acquir. Immune Defic. Syndr. 63 (4), 449–455.
doi: 10.1097/QAI.0b013e3182965d45

Shaw, J.-P., Sueoka, C. M., Oliyai, R., Lee, W. A., Arimilli, M. N., Kim, C. U., et al.
(1997). Metabolism and pharmacokinetics of novel oral prodrugs of 9-[(R)-2-
(phosphonomethoxy)propyl]adenine (PMPA) in Dogs. Pharm. Res. 14 (12),
1824–1829. doi: 10.1023/a:1012108719462

Spreen, W. R., Margolis, D. A., and Pottage, J. J. C. (2013). Long-acting injectable
antiretrovirals for HIV treatment and prevention. Curr. Opin. HIV AIDS 8 (6),
565–571. doi: 10.1097/COH.0000000000000002

Thigpen, M. C., Kebaabetswe, P. M., Paxton, L. A., Smith, D. K., Rose, C. E.,
Segolodi, T. M., et al. (2012). Antiretroviral preexposure prophylaxis for
heterosexual HIV transmission in Botswana. New Engl. J. Med. 367 (5), 423–
434. doi: 10.1056/NEJMoa1110711

Tsai, C.-C., Follis, K. E., Sabo, A., Beck, T. W., Grant, R. F., Bischofberger, N., et al.
(1995). Prevention of SIV infection in Macaques by (R)-9-(2-
Phosphonylmethoxypropyl)adenine. Science 270 (5239), 1197–1199. doi:
10.1126/science.270.5239.1197

U.S. Food and Drug Administration. (2012). Truvada NDA 21752/S-030
Supplement Approval Letter. Application number: 021752Orig1s30.
Available: https://www.accessdata.fda.gov/drugsatfda_docs/nda/2012/
021752Orig1s030Approv.pdf

Valade, E., Tréluyer, J.-M., Bouazza, N., Ghosn, J., Foissac, F., Benaboud, S., et al.
(2014). Population pharmacokinetics of emtricitabine in HIV-1-infectedadult
patients. Antimicrob. Agents Chemother. 58 (4), 2256–2261. doi: 10.1128/
AAC.02058-13

Valade, E., Tréluyer, J.-M., Illamola, S. M., Bouazza, N., Foissac, F., De Sousa
Mendes, M., et al. (2015). Emtricitabine seminal plasma and blood plasma
population pharmacokinetics in HIV-infected men in the EVARIST ANRS-EP
49 study. Antimicrob. Agents Chemother. 59 (11), 6800–6806. doi: 10.1128/
AAC.01517-15
January 2020 | Volume 10 | Article 1514

https://doi.org/10.1098/rstb.1993.0143
https://doi.org/10.1124/jpet.118.251009
https://doi.org/10.1038/s41598-018-36004-z
https://doi.org/10.1056/NEJMoa1011205
https://doi.org/10.1056/NEJMoa1011205
https://doi.org/10.1016/S1473-3099(14)70847-3
https://doi.org/10.1016/S1473-3099(14)70847-3
https://doi.org/10.1097/QAD.0000000000000647
https://doi.org/10.1016/j.ejps.2016.08.037
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5892670/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5892670/
https://www.page-meeting.org/?abstract=8636
https://doi.org/10.1111/bcp.13625
https://doi.org/10.2165/00003088-200443090-00003
https://doi.org/10.1016/S0092-8674(00)80110-5
https://doi.org/10.1016/S2352-3018(17)30068-1
https://doi.org/10.1056/NEJMoa1402269
https://doi.org/10.1056/NEJMoa1402269
https://doi.org/10.1016/S2352-3018(16)30113-8
https://doi.org/10.1016/S2352-3018(16)30113-8
https://doi.org/10.1345/aph.1D302
https://www.scielosp.org/article/bwho/2002.v80n2/89-96/
https://doi.org/10.1186/1471-2334-7-16
https://doi.org/10.1186/1471-2334-7-16
https://doi.org/10.1056/NEJMoa1602046
http://www.croiconference.org/sessions/hiv-incidence-and-adherence-dream-open-label-trial-dapivirine-vaginal-ring
http://www.croiconference.org/sessions/hiv-incidence-and-adherence-dream-open-label-trial-dapivirine-vaginal-ring
https://doi.org/10.1371/journal.pone.0059549
https://doi.org/10.3109/1040841X.2013.867829
https://doi.org/10.3109/1040841X.2013.867829
https://doi.org/10.1097/QAD.0b013e328344037a
https://doi.org/10.1007/s40262-014-0227-1
https://doi.org/10.1586/14787210.2014.863708
https://doi.org/10.1586/14787210.2014.863708
https://doi.org/10.1097/QAI.0b013e3182965d45
https://doi.org/10.1097/COH.0000000000000002
https://doi.org/10.1056/NEJMoa1110711
https://doi.org/10.1126/science.270.5239.1197
https://doi.org/10.1128/AAC.02058-13
https://doi.org/10.1128/AAC.02058-13
https://doi.org/10.1128/AAC.01517-15
https://doi.org/10.1128/AAC.01517-15
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Straubinger et al. Modeling HIV Pre-Exposure Prophylaxis
Van Damme, L., Corneli, A., Ahmed, K., Agot, K., Lombaard, J., Kapiga, S., et al.
(2012). Preexposure Prophylaxis for HIV Infection among African Women.
New Engl. J. Med. 367 (5), 411–422. doi: 10.1056/NEJMoa1202614

Van De Vijver, D. A., Nichols, B. E., Abbas, U. L., Boucher, C. A., Cambiano, V.,
Eaton, J. W., et al. (2013). Preexposure prophylaxis will have a limited impact
on HIV-1 drug resistance in sub-Saharan Africa: a comparison of
mathematical models. Aids 27 (18), 2943–2951. doi: 10.1097/01.aids.
0000433237.63560.20

Vissers, D. C., Voeten, H. A., Nagelkerke, N. J., Habbema, J. D. F., and de Vlas, S. J.
(2008). The impact of pre-exposure prophylaxis (PrEP) on HIV epidemics in
Africa and India: a simulation study. PloS One 3 (5), e2077. doi: 10.1371/
journal.pone.0002077

von Kleist, M., Menz, S., Stocker, H., Arasteh, K., Schütte, C., and Huisinga, W.
(2011). HIV Quasispecies dynamics during pro-active treatment switching:
impact on multi-drug resistance and resistance archiving in latent reservoirs.
PloS One 6 (3), e18204. doi: 10.1371/journal.pone.0018204

von Kleist, M., Metzner, P., Marquet, R., and Schütte, C. (2012). HIV-1
polymerase inhibition by nucleoside analogs: cellular-and kinetic parameters
Frontiers in Pharmacology | www.frontiersin.org 1281
of efficacy, susceptibility and resistance selection. PloS Comput. Biol. 8 (1),
e1002359. doi: 10.1371/journal.pcbi.1002359

Conflict of Interest: RB has received consulting fees from Janssen Pharmaceu-
ticals and grant funding from Takeda Pharmaceuticals, the US Department of
Defense, and the US National Institutes of Health. KK was employed by Metrum
Research Group.

The remaining author declares that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Straubinger, Kay and Bies. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author
(s) and the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
January 2020 | Volume 10 | Article 1514

https://doi.org/10.1056/NEJMoa1202614
https://doi.org/10.1097/01.aids.0000433237.63560.20
https://doi.org/10.1097/01.aids.0000433237.63560.20
https://doi.org/10.1371/journal.pone.0002077
https://doi.org/10.1371/journal.pone.0002077
https://doi.org/10.1371/journal.pone.0018204
https://doi.org/10.1371/journal.pcbi.1002359
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


ORIGINAL RESEARCH
published: 19 March 2020

doi: 10.3389/fphar.2020.00286

Frontiers in Pharmacology | www.frontiersin.org 1 March 2020 | Volume 11 | Article 286

Edited by:

Albert Liu,

San Francisco Department of Public

Health, United States

Reviewed by:

Jose R. Castillo-Mancilla,

University of Colorado Denver,

United States

Jill Blumenthal,

University of California, San Diego,

United States

*Correspondence:

Linden Lalley-Chareczko

lchareczko@fight.org

Specialty section:

This article was submitted to

Translational Pharmacology,

a section of the journal

Frontiers in Pharmacology

Received: 04 June 2019

Accepted: 27 February 2020

Published: 19 March 2020

Citation:

Lalley-Chareczko L, Hiserodt E,

Moorthy G, Zuppa A, Mounzer K and

Koenig H (2020) Urine Assay to

Measure Tenofovir Concentrations in

Patients Taking Tenofovir Alafenamide.

Front. Pharmacol. 11:286.

doi: 10.3389/fphar.2020.00286

Urine Assay to Measure Tenofovir
Concentrations in Patients Taking
Tenofovir Alafenamide
Linden Lalley-Chareczko 1*, Emily Hiserodt 1, Ganesh Moorthy 2, Athena Zuppa 2,

Karam Mounzer 1 and Helen Koenig 1,3

1 Philadelphia FIGHT Community Health Centers, Philadelphia, PA, United States, 2Department of Anesthesiology and Critical

Care Medicine, The Children’s Hospital of Philadelphia, Philadelphia, PA, United States, 3 The Perelman School of Medicine

at the University of Pennsylvania, Philadelphia, PA, United States

Background: HIV pre-exposure prophylaxis (PrEP) with tenofovir/emtricitabine is

effective when taken daily. Previously, we developed a urine assay capable of detecting

the prodrug tenofovir (TFV) in patients taking tenofovir disoproxil fumarate (TDF)-based

PrEP. However, tenofovir alafenamide (TAF) has replaced TDF due to its different safety

profile for HIV treatment and was recently approved as PrEP. Given the need to ensure

the aforementioned assay remains available for the purpose of objective adherence

monitoring, it is critical to ensure its accuracy for detecting TFV in patients taking TAF.

Methods: Blood and urine samples were collected from 3 cohorts of patients: (1) 10

participants living with HIV (PLWH) with suppressed virus on a TAF-based regimen, (2) 10

HIV-participants administered 1 dose of TAF/FTC followed by urine and plasma sampling

for 7 days starting 1–3 h post-dose, and (3) 10 HIV-participants administered 7 doses of

TAF/FTC followed by urine and plasma sampling for 10 days starting 1–3 h after the last

dose. Samples were analyzed using liquid chromatography-tandem mass spectrometry

(LC-MS/MS) with high sensitivity and specificity for TFV. HIV-samples were compared to

a historical cohort administered one dose of TDF/FTC.

Results: PLWH were 90% male, 40% African American, and 10% Hispanic (mean

age = 57 y; SD 8.88 y). HIV-participants were 55% male and 70% Caucasian (mean

age = 31.6 y; SD 7.70 y). Samples from PLWH demonstrated TFV concentrations

2 logs higher in urine than plasma (1,000 ng/mL vs ±10 ng/mL) at the time of

collection. Urine samples following a single dose of TAF in HIV-participants yielded

TFV concentrations ranging from 100 to 1,000 ng/mL 1–3 h post-dose and remained

>100 ng/mL for 6 days in 8 of 10 participants. Urine samples collected after 7

consecutive doses of TAF yielded TFV concentrations >1,000 ng/mL 1–3 h after dosing

discontinuation, with TFV concentrations >1,00 ng/mL 7 days post discontinuation

in 8 of 10 participants. Urine TFV concentrations following TAF administration

were comparable to those from a historical cohort administered TDF/FTC. Plasma

TFV concentrations were low(±10 ng/mL) in both HIV-cohorts at all time points.
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Conclusions: TFV persists in urine at detectable concentrations in participants taking

TAF/FTC for at least 7 days despite largely undetectable plasma concentrations,

with urine TFV concentrations comparable to patients taking TDF/FTC. This study

demonstrates the ability of a urine TFV assay to measure recent TAF adherence.

Keywords: PrEP, HIV - human immunodeficiency virus, tenofovir alafenamide (TAF), tenofovir, therapaeutic drug

monitoring

INTRODUCTION

Pre-exposure prophylaxis (PrEP) with emtricitabine/tenofovir
disoproxil fumarate (FTC/TDF) is highly effective in preventing
HIV when taken daily (Garcia-Lerma et al., 2010; Grant et al.,
2010; Myers and Mayer, 2011; Prejean et al., 2011; Baeten et al.,
2012; Thigpen et al., 2012; Choopanya et al., 2013; Centers for
disease control and prevention, 2014; Van Laarhoven et al., 2017),
but patient self-report and pill counts are unreliable methods
for monitoring adherence (Mimiaga et al., 2009; Poynten et al.,
2010). Young men of color who have sex with men (yMSMc) and
transgender women (TGW) often struggle tomaintain adherence
to PrEP (Mimiaga et al., 2009; Poynten et al., 2010; Brinker
et al., 2014; Grant et al., 2014) despite high levels of self-reported
adherence to PrEP (Hosek et al., 2012), and are heavily impacted
by new HIV infections (Brunen et al., 2011; CDC, 2017; Hiemke,
2017).

How to accurately identify suboptimal adherence and develop
targeted, strategic interventions to maintain necessary adherence
levels for PrEP effectiveness represents a key gap in implementing
this otherwise highly effective prevention therapy. Tenofovir
(TFV) measurement in urine using liquid chromatography
and tandem mass-spectrometry (LC-MS/MS) is a non-invasive
and commercially available tool that can be used currently
for objective monitoring of people taking FTC/TDF-based
PrEP. In patients taking TDF-based regimens, it has been
demonstrated that TFV concentrations can be reliably measured
in urine, that urine TFV concentrations correlate well with

plasma concentrations, and TFV detection in urine reflects
medication usage over a window of 1 to at least 7 days after
oral FTC/TDF ingestion (Koenig et al., 2017). In a 24-week study
of 10 HIV-negative subjects receiving daily FTC/TDF for PrEP,
urine TFV concentration >1,000 ng/mL was highly predictive
of presence of TFV in plasma (>10 ng/mL) (PPV 0.95, 95%CI,
0.82–0.99; NPV 0.79, 95%CI, 0.49–0.95), suggesting that the
urine assay could clearly identify patients who had not taken

medication within the previous 48 h (i.e., recent adherence) as
their urine TFV concentrations were <1,000 ng/mL, patients
who had not taken any medication in the previous 7 days
as their urine TFV concentrations were 0 ng/mL, as well as
provide some information about intermittent/suboptimal dosing
within the previous 7–10 days (>10 to >100 ng/mL; Koenig
et al., 2017). Urine TFV testing in this context has also been
shown to closely correlate with the research gold standard for
objective adherence monitoring, dried blood spot (DBS; Patel
et al., 2017), and is preliminarily highly acceptable to yMSMc,
particularly among adolescents and young adults (Wertheimer

et al., 2006; Liu et al., 2014; Koenig et al., 2017; Hunt et al.,
2019). Additionally, urine TFV assessment fills a gap left by
plasma, DBS, and hair assessments by providing information
about medication adherence over at least a 7 day period: single
plasma concentrations only reflect a small window of exposure
(2–3 days; Clevenbergh et al., 2002; Nettles et al., 2006; Castillo-
Mancilla et al., 2013), and hair analysis and DBS reflect average
drug exposures over 1–3 months (Garrett et al., 2019; Hare
et al., 2019). In yMSMc, a population known to struggle with
adherence (Mimiaga et al., 2009; Poynten et al., 2010), current
(previous week) non-adherence data may have greater value than
average non-adherence over the prior 3 months given increased
vulnerability to HIV exposure, and may create a greater number
of opportunities for clinicians to reinforce PrEP adherence
behaviors (Koenig et al., 2017; Hunt et al., 2019).

Tenofovir alafenamide (TAF) is replacing TDF as an equally
effective tenofovir prodrug in HIV treatment regimens, i.e.,
TAF/FTC/EVG/COBI, TAF/RPV/FTC, and FTC/TAF and
has recently been FDA approved as an alternative oral PrEP
agent (Garrett et al., 2019; Hare et al., 2019). When compared
to standard dose TDF (300 mg/daily), TAF, at a dose of 25
mg/day, has a 7-fold higher peripheral blood mononuclear
cell intracellular tenofovir diphosphate concentration, with
only∼10% of the plasma tenofovir exposure. At steady state,
25mg of TAF yielded mean TFV plasma exposures [area under
the plasma concentration-time curve (AUCtau)] of 86% lower
as compared with the TFV exposures observed with 300mg
of TDF. Increased intracellular concentrations may translate
into FTC/TAF’s greater antiviral efficacy, a higher barrier to
resistance, and an improved safety profile relative to TDF (Ray
et al., 2016). Recent findings from the DISCOVER trial, in which
5,387 at-risk adults were randomized to daily FTC/TAF vs. daily
FTC/TDF, indicate non-inferiority of FTC/TAF as PrEP relative
to FTC/TDF, with a significantly lower overall seroconversion
rate than anticipated by investigators (0.26/100PY;
Hare et al., 2019).

Given these data, the primary objective of the present
study was to determine how long TFV is excreted in the
urine of participants who have taken one dose or seven daily
doses of FTC/TAF. Based on the pharmacokinetics of TAF,
we hypothesized cut-offs indicative of no/intermittent/recent
adherence in patients on TAF-based regimens would be
approximately 1 log (or 10-fold) lower than those in patients
taking TDF-based regimens. Accordingly, we hypothesized the
TFV concentration in urine associated with concentrations in
plasma for patients on TAF-based regimens would be 100 ng/mL
instead of 1,000 ng/mL (i.e., 1 log lower). We also hypothesized

Frontiers in Pharmacology | www.frontiersin.org 2 March 2020 | Volume 11 | Article 28683

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Lalley-Chareczko et al. Measuring TAF Through Urine

that TFV detectability would persist at least 1–2 days longer in the
urine of participants dosing at steady state vs. those with limited
FTC/TAF exposure.

METHODOLOGY

Study Setting
Participant recruitment/enrollment and sample collection were
conducted at Philadelphia FIGHT Community Health Centers,
an urban community-based federally qualified health center.
Urine and plasma TFV analyses were performed by the Children’s
Hospital of Philadelphia (CHOP) Pharmacology Research Unit.
Urine samples were sent to a local, commercial laboratory for
assessment of specific gravity, urine creatinine, and pH to control
for inter-subject variability.

Study Design and Participant Recruitment
This study employed a sequential, 3-cohort design with a sample
size of 10 for each cohort (total n = 30). All participants were 18
years of age or older and able to provide written informed consent
in English. PLWH were recruited via electronic medical record
prescreening and face-to-face requests during clinic visits to
determine interest in the study. HIV-negative participants were
recruited by flyers and word of mouth from FIGHT associated
clinics and the surrounding community. This study was approved
by the Institutional Review Board at Philadelphia FIGHT.

The first cohort employed both a qualitative and semi-
quantitative evaluation of the relationship between urine and
plasma TFV in 10 PLWHwith undetectable viral loads for greater
than 12 weeks prior to consent per available medical records
and a recent undetectable viral load in the previous 4 weeks on
an antiretroviral regimen containing FTC/TAF (i.e., GenvoyaTM,
OdefseyTM, or DescovyTM in combination with another HIV
medication or medications). Participants returned to the clinic at
their convenience and underwent a one-time, pre-dose urine and
plasma collection for TFV concentration analyses, reflecting drug
concentrations∼24 h after lastmedication ingestion. Participants
also kept a daily diary of FTC/TAF dosing for the 3 days prior to
sample collection.

The second and third cohorts enrolled HIV negative
participants who were given either a single dose (cohort 2) or
7 daily doses (cohort 3) of FTC/TAF, with the study design of
the 7 dose cohort based on data showing that 7 daily doses of
FTC/TDF achieves therapeutic drug concentrations consistent
with protection from HIV (Wertheimer et al., 2006). These
cohorts underwent additional laboratory screenings for acute
or chronic hepatitis B infection, renal dysfunction (Creatinine
Clearance < 50 mL/min by Cockroft-Gault equation), and/or
DAIDS grade 3 laboratory abnormality at screening, and were
asked to report any history of severe infections requiring
treatment such as tuberculosis, bone fractures not explained by
trauma and/or a known allergy/sensitivity to the study FTC/TAF
or its components in accordance with standard of care practices
when prescribing FTC/TAF. Concurrent participation in an HIV
vaccine study or concurrent use of any other antiretroviral agent
were also assessed by participant self-report. Morning urine and
plasma samples were then collected starting 1 h post-dose and for
6 (cohort 2) or 9 (cohort 3) consecutive days thereafter.

TABLE 1 | Participant demographics.

Cohort 1 Cohort 2 Cohort 3

Mean age (range) 57 (51–79)

years

33 (23–47)

years

30 (23–43)

years

Race % (n)

Caucasian 60% (6) 70% (7) 60% (6)

Black/African American 40% (4) 20% (2) 20% (2)

Asian 0 10% (1) 10% (1)

Other 0 0 10% (1)

Ethnicity % (n)

Hispanic 10% (1) 0 0

Non-hispanic 90% (9) 100% (10) 100% (10)

Gender % (n)

No participants identified

as transgender

Male 90% (9) 60% (6) 50% (5)

Female 10% (1) 30 (3) 40% (4)

Gender Non-conforming 0 10% (1) 10% (1)

Sample Processing
Urine and plasma samples were stored at −78◦C until analysis.
TFV concentrations are stable at least for 48 weeks at −78◦C
(Lalley-Chareczko et al., 2018). Urine samples were diluted
50-fold in blank plasma, extracted and then analyzed by LC-
MS/MS. Pre-dilution of urine samples with blank human
plasma was utilized as an approach to minimize the impact of
urine characteristics in causing variability in TFV concentration
measurements. Plasma samples were analyzed without dilution.
The range of concentration in diluted urine samples were below
lower limit of quantitation (10 ng/mL) to 500 ng/mL (assay range:
10–10,000 ng/mL; Koenig et al., 2017).

RESULTS

Cohort 1 (Participants living with HIV): PLWH were 90% male,
10% female, 40% African American, 60% Caucasian, and 10%
Hispanic. The median age was 53.5 years, with a range of 51 to 79
years (Table 1). Recorded HIV treatment regimens in this cohort
included FTC/TAF plus one of the following: dolutegravir (3),
boosted elvitegravir (3), boosted darunavir (2), raltegravir (1),
or rilpivirine (1). Urinalysis laboratory results were collected for
future studies and are listed in Appendix A in Supplementary
Material. Urine and plasma samples from PLWH were collected
between 13.5 and 28.3 h after the last TAF containing medication
dose as per participant report (m = 20.2 h); urine and plasma
samples were collected, on average, 4.4min apart (min = 1min;
max = 14min). Urine samples from PLWH demonstrated
TFV concentrations 2 logs higher than plasma (>1,000 ng/mL
vs. ±10 ng/mL, respectively); plasma TFV concentrations
were low (70% >10 ng/mL; 30% <10 ng/mL) for all
PLWH (Figure 1).

Cohorts 2 & 3: HIV-negative participants, collectively, were
55% male, 45% female, 65% Caucasian, 20% Black/African
American, 10% Asian, and 5% endorsing other racial
backgrounds. The median age for HIV-negative patients
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FIGURE 1 | Cohort 1: Relationship between urine and plasma TFV concentrations in PLWH taking daily TAF. TFV, tenofovir; PLWH, Participants Living with HIV; TAF,

tenofovir alafenamide; ng/mL, nanograms per millimeter.

TABLE 2 | Observed urine concentrations from the single dose cohort.

Days post TAF dosing % Urine TFV >10,000

ng/mL

% Urine TFV >1,000

ng/mL

% Urine TFV >100

ng/mL

% Urine TFV >10

ng/mL

% Urine TFV <10

ng/mL

0 – 60 40 – –

1 – 60 40 – –

2 – 30 70 – –

3 – 20 80 – –

4 – – 100 – –

5 – – 90 10 –

6 10* – 70 10 10

TFV, tenofovir; HIV+, Human Immunodeficiency Virus-Positive; TAF, tenofovir alafenamide; ng/mL, nanograms per milliliter.

*Verified upon repeat analysis.

was 30.5 years with a range of 23–47 years (Table 1). As
in Cohort 1, urinalysis results are listed in Appendix A in
Supplementary Material.

Cohort 2: Urine samples collected following a single dose of
FTC/TAF in all 10 HIV-negative participants yielded TFV semi-
quantitative concentrations ranging from 100 to >1,000 ng/mL
1–3 h post-dose, with 6 of 10 participant samples (60%)
demonstrating TFV concentrations >1,000 ng/mL at that time.
At 24 h post-dose, 6 of 10 participant samples had urine
TFV concentrations >1,000 ng/mL; however, samples did not
necessarily come from the same participants as those who
had TFV concentrations >1,000 ng/mL 1–3 h post-dose. For
example, participant #1 had TFV concentrations >100 ng/mL
1–3 h post-dose and 24 h post-dose, whereas participants 2, 7,
and 10 had TFV concentrations increase from >100 ng/mL 1–
3 h post-dose to >1,000 ng/mL 24 h post-dose. Participants 3, 4,
and 9 had urine TFV concentrations >1,000 ng/mL 1–3 h post-
dose that fell to >100 ng/mL 24 h post-dose. Participants 5, 6,
and 8 had urine TFV concentrations that remained consistent
at >1,000 ng/mL from 1–3 to 24 h post-dose. Urine TFV
concentrations observed over the remaining 5 days of collection
displayed a downward trend with the same variability described
above (Table 2; Figure 2).

These concentrations were lower than those from a historical
cohort administered FTC/TDF (Koenig et al., 2017); urine TFV
concentrations rose more rapidly after medication ingestion

in subjects receiving FTC/TDF and were, on average, higher
for the first 4 days after discontinuation of medication
compared to those receiving FTC/TAF (Figure 3). Sixty percent
of samples from participants dosed with FTC/TDF displayed
urine TFV concentrations >10,000 ng/mL 1–3 and 24 h after
dosing, whereas 60% of participants reached the >1,000 ng/mL
concentration 1–3 and 24 h after a single FTC/TAF dose. One
hundred percent of patients dosed with FTC/TDF displayed
urine TFV concentrations >1,000 ng/mL through the second
day post dose, and 90% continued to display this concentration
on the 3rd sampling day. However, after a single FTC/TAF
dose, TFV concentrations dropped below 1,000 ng/mL in 70%
of samples 2 days after dosing and 80% of samples 3 days after
dosing (Figure 3).

Plasma concentrations from the single-dose cohort remained
low throughout sample collection, as expected given the plasma
penetration of TAF. Plasma TFV concentrations 1–3 h post-
dose were undetectable in 1 subject (10%), detectable but
<10 ng/mL in 5 (50%) subjects, and <100 ng/mL in 4 (40%) of
subjects, with plasma TFV concentrations falling quickly over
subsequent collections (Figure 3). These concentrations are low
in comparison to the historical TDF cohort where 70% of samples
displayed >100 ng/mL 1–3 h after dosing and 100% maintained
low-level detectability 24 h after dosing.

Cohort 3: Urine samples collected after 7 consecutive doses of
FTC/TAF (steady state dosing) yielded TFV concentrations
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FIGURE 2 | Cohor t 2: Urine/Plasma TFV Concentrations following a Single Dose of FTC/TAF in 10 HIV-Participants. TFV, tenofovir; FTC/TAF, emtricitabine/tenofovir

alafenamide; TAF, tenofovir alafenamide; ng/mL, nanograms per millimeter.

FIGURE 3 | Urine/Plasma TFV concentrations after a single dose of FTC/TAF in 10 HIV-subjects, with comparison to historical cohort of subjects given a single dose

of FTC/TDF. TFV, tenofovir; FTC/TAF, emtricitabine/tenofovir alafenamide; HIV–, Human Immunodeficiency Virus-Negative; FTC/TDF: emtricitabine/tenofovir disoproxil

fumarate; TDF, tenofovir disoproxil fumarate; TAF, tenofovir alafenamide; ng/mL, nanograms per millimeter.

>1,000 ng/mL 1–3 h after discontinuation of dosing in
all 10 participants with TFV concentrations remaining
>1,000 ng/mL in 80% samples collected 24 after dosing
discontinuation. As in the single dose cohort, urine TFV
concentrations remained detectable, with 80% samples yielding
TFV concentrations >1,000 ng/mL at 2 and 3 days post
dosing discontinuation; however, these were not necessarily
the samples coming from the same participant, as described
above. As in the single-dose cohort, participant samples
displayed a downward trend with variability similar to the

single-dose cohort over the remaining 6 days of sample
collection (Table 3; Figure 4). In comparison to subjects
who took a single dose of FTC/TAF, participants at steady
state demonstrated urine TFV concentrations that started
higher immediately post-dose, and remained higher at all
measured time points, reflecting a longer “look-back period”
(period of time from when sample is collected that a clinician
may have insight into recent dosing, i.e., in this case 7–
10 days) in participants taking daily FTC/TAF. Plasma
samples collected after 7 consecutive doses of FTC/TAF
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TABLE 3 | Observed urine concentrations from the seven dose cohort.

Days post TAF dosing % Urine TFV >10,000

ng/mL

% Urine TFV >1,000

ng/mL

% Urine TFV >100

ng/mL

% Urine TFV >10

ng/mL

% Urine TFV <10

ng/mL

0 – 100 – – –

1 – 80 20 – –

2 – 80 20 – –

3 – 80 20 – –

4 – 30 70 – –

5 – 30 70 – –

6 – 20 80 – –

7 – 20 70 10 –

8 – – 90 10 –

9 – – 90 10 –

TFV, tenofovir; HIV+, Human Immunodeficiency Virus-Positive; TAF, tenofovir alafenamide; ng/mL, nanograms per milliliter.

FIGURE 4 | Cohort 3: Urine TFV Concentrations following 7 consecutive doses of FTC/TAF in 10 HIV-subjects. TFV, tenofovir; FTC/TAF, emtricitabine/tenofovir

alafenamide; HIV–, Human Immunodeficiency Virus-Negative; TAF, tenofovir alafenamide; ng/mL, nanograms per millimeter.

yielded TFV concentrations similar to those observed in the
single-dose cohort.

DISCUSSION

The primary objective of this study was to determine the pattern
of TFV excretion in the urine and plasma of participants taking
FTC/TAF. Based on the published pharmacokinetics of TAF,
we hypothesized TFV concentrations in the urine and plasma
of participants taking FTC/TAF, whether living with HIV or
not, would be approximately 1 log (or 10-fold) lower than
those observed in a historical cohort of participants taking
FTC/TDF, and the TFV concentration in urine associated
with concentrations in plasma for participants on TAF-based

regimens would be 100 ng/mL instead of 1,000 ng/mL (i.e.,
1 log lower).

The results from this study demonstrate that TFV
concentrations in urine and plasma samples were indeed
approximately 10-fold (1 log) lower in patients taking FTC/TAF
relative to those taking FTC/TDF, with only 60% of participants
in the (comparable) single-dose study exceeding the previously
established clinical cut-off for recent adherence of 1,000 ng/mL
within 24 h after the last FTC/TAF dose. However, in the
steady state cohort (cohort 3), urine TFV concentrations were
>1,000 ng/mL within 24 h after the last FTC/TAF dose in the
majority (80%) of patients. The observed 1 log differential (both
in urine and plasma) between TFV from TDF and TAF dosing
is expected given the known pharmacokinetics of both drugs.
Additionally, both formulations of tenofovir (TDF and TAF) are
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renally cleared, thus generating higher urine TFV concentrations
than plasma.

The present study also compared the excretion pattern of
TFV in patients taking daily FTC/TAF for 7 days (i.e., steady
state dosing) to the TFV excretion patterns in those who have
taken FTC/TAF for extremely short periods of time (i.e., a single
dose). TFV remained detectable in the urine of participants
exposed to 7 consecutive doses of FTC/TAF for 9 days after
the discontinuation of daily dosing, extending the period of
detectability from that observed after a single FTC/TAF dose
(6 days). Urine TFV concentrations >1,000 ng/mL, suggestive
of recent adherence, persisted for 48–96 h for the majority
(80%) of participants, similar to TFV concentrations observed
in a historical cohorts of patients taking FTC/TDF (Koenig
et al., 2017); in comparison, only 30% of urine samples
contained concentrations >1,000 ng/mL 48 h after a single dose
of FTC/TAF. None of the 7-dose cohort samples reached
“undetectability” (<10 ng/mL) in urine during the 10-day
observation period. The longer period in which TFVwas detected
post-dosing in the 7-day cohort relative to the single-dose cohort
is likely due to higher drug concentrations achieved through
steady state dosing and thus a longer time to clear completely
from the urine.

Exploring TFV excretion patterns using a cohort of patients
dosing at steady state may provide a more robust understanding
of urinary TFV cut-offs indicative of recent PrEP dosing once
more information is available about duration of protection after
stopping FTC/TAF. For example, MSM taking daily FTC/TDF
are considered to have protective TFV concentrations for rectal
exposure to HIV until 7 days after last dose (Anderson et al.,
2016). If the same is shown to be true for patients taking
FTC/TAF, and with FDA approval of FTC/TAF for the purpose
of PrEP, then the data from this study may provide a basis for the
formulation of standard urinary TFV concentrations consistent
with protection against HIV in this population. Furthermore,
establishing urine TFV norms for persons taking FTC/TAF for
PrEP is an important step for prescribers and providers who
order urine TFV testing as a measure of adherence and tailor
supportive counseling based on those results.

The present study is limited by a fair degree of subject-to-
subject variability in concentrations over the washout period.
As a result, it was more difficult to identify indications at time
points that would be clinically useful for physicians, compared
to those previously established for patients taking FTC/TDF.
A next step would include determination of the best way to
correct urine TFV values for inter-subject variability by assessing
which measure (specific gravity, urine creatinine, pH) will
maximize the correlation between urine TFV concentrations
and an ideal line of elimination. Secondly, as all 10 participants
in the “steady state” cohort still had detectable tenofovir
in their urine at the end of the study period (10 days

after final dose of FTC/TAF) using uncorrected urine TFV
concentrations, we are not able to establish definitive thresholds
for imperfect recent adherence (more than 24–48 days post-dose)
and non-adherence.

However, at the time of this writing, a fully quantitative assay
is being developed and validated by UrSure, Inc, which will be
able to provide more specific thresholds for these categories of
adherence and may also reveal more nuanced variation between
cut-off values for the urine TFV assay in patients taking FTC/TAF
vs. those taking FTC/TDF.

This study demonstrates the feasibility of using a urine TFV
assay to assess recent adherence to TAF using similar cutoffs
to those in patients taking TDF-based regimens and provides
proof of concept to further develop this assay for use in patients
taking TAF-based regimens. Future efforts will focus on refining
these cut-offs for patients taking TDF- and TAF-based regimens
using a fully quantitative assay, as well as better addressing the
differences in urinary TFV clearance patterns between TDF and
TAF-based regimens.
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