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Characterizing HIV-Preventive, Plasma Tenofovir
Concentrations—A Pooled Participant-level Data Analysis
From Human Immunodeficiency Virus Preexposure
Prophylaxis Clinical Trials

Maria Garcia-Cremades,"? Katarina Vugicevié,"? Craig W. Hendrix,® Priya Jayachandran,' Leah Jarlsherg,' Robert Grant,* Connie L. Celum,®
Michael Martin,%’ Jared M. Baeten,® Jeanne Marrazzo,® Peter Anderson,’ Kachit Choopanya,'® Suphak Vanichseni,'® David V. Glidden,"
and Radojka M. Savic'

'Department of Bioengineering and Therapeutic Sciences, University of California San Francisco, San Francisco, California, USA; “Department of Pharmacokinetics and Clinical Pharmacy, University
of Belgrade-Faculty of Pharmacy, Belgrade, Serbia; *Division of Clinical Pharmacology, Department of Medicine, Johns Hopkins University, Baltimore, Maryland, USA; *Department of Medicine,
University of California San Francisco, San Francisco, California, USA; *Departments of Global Health, Medicine, and Epidemiology, University of Washington, Seattle, Washington, USA; SCenters for
Disease Control and Prevention, National Center For HIV/AIDS, Viral Hepatitis, STD, and TB Prevention, Division of HIV/AIDS Prevention, Atlanta, Georgia, USA; ’Thailand Ministry of Public Health-US
CDC Collaboration, Nonthaburi, Thailand; ®Division of Infectious Diseases, University of Alabama at Birmingham Medical Center, Birmingham, Alabama, USA; *Department of Pharmaceutical
Sciences, University of Colorado, Denver, Colorado, USA; "°Bangkak Tenofovir Study Group, Bangkak, Thailand; and ''Department of Epidemiology and Biostatistics, University of California

San Francisco, San Francisco, California, USA

Background. Daily dosing of tenofovir disoproxil fumarate, with or without emtricitabine, has high efficacy in preventing
human immunodeficiency virus (HIV) infection when individuals are adherent. The target protective plasma concentration of
tenofovir (TFV), however, is not fully understood. The aim of this study is to estimate the protective TFV plasma concentration.

Methods. Participant data from TFV-based daily oral and topical active arms of phase 3 trials (iPrEx, VOICE, and Partners
PrEP) were pooled (n=2950). Individual specific risk scores (low and high risk) of acquiring HIV, based on an earlier placebo
analysis, were created. Longitudinal TFV pharmacokinetics (PK), HIV outcome, individual risk scores and the effect of sex at
birth data were integrated and analyzed using non-linear mixed effects models.

Results. Around 50% of the individuals were estimated to be adherent, which differed from self-reported adherence (~90%)
and large variation between longitudinal adherence patterns were identified. Following oral administration, the estimated
protective TFV trough concentration was substantially higher in high-risk females (45.8 ng/mL) compared with high-risk males
(16.1 ng/mL) and to low-risk individuals (~7.5 ng/mL). Dosing simulations indicated that high-risk women require full
adherence to maintain protective levels.

Conclusions. Using the largest PK-HIV outcome database to date, we developed a population adherence-PK-risk-outcome
model. Our results indicate that high-risk females need higher levels of plasma TFV to achieve HIV protection compared with
males. HIV protection exceeds 90% in all populations if daily adherence is achieved.

Keywords. HIV; preexposure prophylaxis; drug protective plasma concentration; HIV outcome.

Human immunodeficiency virus (HIV) infection continues to
be a major global health issue with 1.5 million people becoming
newly infected every year [1]. Preexposure prophylaxis (PrEP)
using tenofovir (TFV), formulated as tenofovir disoproxil fu-
marate (TDF) with and without emtricitabine (FTC), has
been evaluated in several randomized controlled trials in high-
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risk populations [2-8]. PrEP efficacy results have varied among
the trials; the highest efficacy results have been in heterosexual
serodiscordant couples (75%) and high-risk heterosexual men
and women (62%) compared with placebo [4, 5]. In 2 studies
in young women at high sexual risk, PrEP failed to show a sig-
nificant decrease in HIV infections compared with placebo [3,
8]. Poor PrEP adherence, as measured by low detectable drug
levels, may explain this difference [9].

PrEP in these trials was dosed daily, which may have been a
challenge for participants [3, 10-14]. Although daily dosing is
recommended, less than daily dosing may still provide protec-
tion in some populations (eg, a 4-tablet, 3-dose on demand [2 +
1+ 1] regimen of TDF/FTC in males who have sex with males
[MSM] [15]).

Several adherence questions remain unanswered: will an in-

dividual be protected from infection if he or she misses a single
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dose? How many doses can an individual miss before he or she
is no longer protected, and how long before an exposure must
PrEP be taken? Are both plasma and tissue drug concentrations
needed, can protective drug levels be achieved with on-demand
and/or long-acting formulations? Knowing the drug concen-
tration that prevents HIV acquisition allows researchers to ex-
plore adherence patterns necessary to maintain a high level of
protection from HIV infection.

We pooled longitudinal pharmacokinetic (PK) data and HIV
outcomes from TFV-based treatment arms of 3 PrEP randomized
controlled trials [2-4]. With this database, we used a novel quan-
titative approach to estimate the protective plasma TFV concentra-
tion. The proposed protective level may be used to distinguish HIV
seroconversion because of nonadherence compared to suboptimal
PK levels because of partial adherence and/or individual PK pa-
rameters. Additionally, the results may be used to suggest patient-
centric management strategies to improve adherence patterns with
daily dosing and to develop clinical trial simulation tools to pro-
pose novel PrEP regimens and study designs.

METHODS

Clinical Trials and Study Design

This analysis used individual participant-level data from pivotal
TFV-based PrEP phase 3 RCTs: iPrEx [2] (NCT00458393),
VOICE [3] (NCT00705679), and Partners PrEP [4]
(NCT00557245). The trials were conducted in different target
populations. iPrEx studied daily oral TDF-FTC compared with
placebo in MSM and transgender women who have sex with
men in Peru, Ecuador, Brazil, Thailand, South Africa, and the
United States. VOICE evaluated daily oral TDF, oral TDF-FTC,
oral placebo, 1% TFV vaginal gel, and placebo vaginal gel in young
women at high sexual risk of HIV in South Africa, Uganda, and
Zimbabwe. Partners PrEP compared daily oral TDF, oral
TDE-FTC, and placebo in the HIV-negative partners of a HIV se-
rodiscordant heterosexual couple in Kenya and Uganda. Analysis
of the placebo arms was performed separately (M Garcia-
Cremades, CW Hendrix, P Jayachandran et al, manuscript in
preparation). Participants’ characteristics, longitudinal PK, adher-
ence, sexual risk behaviors, and HIV status data were available
from the primary publications [2-4].

Data Analysis and Model Building Process

Longitudinal PK and HIV outcome data were linked using the
population approach as implemented in Nonlinear Mixed
Effects Models v7.4 [16]. Using this approach, data from the dif-
ferent studies were pooled to establish a concentration-prevention
relationship and identify the TFV concentration associated with a
90% decrease in the probability of HIV infection in different risk
subpopulations. Individual probability of being adherent to daily
PrEP, estimated from individual PK data, was also considered.
Through model simulations, adherence patterns required to

achieve and maintain protective concentrations can be identified
to inform clinical practice and research. This analysis was
performed sequentially. First, the adherence-PK models for
both oral and vaginal TFV administration were developed.
Interindividual variability was modelled exponentially and resid-
ual error was described using a combined error model. Second,
a derived PK metric (eg, average or trough concentration) was
linked to HIV outcome. Finally, the impact of PrEP in different
risk groups following different adherence patterns was evaluated
through model simulations using the PKPDsim R package. Data
management, model selection, and evaluation are described in
Supplementary Methods.

Adherence-PK Model

The TFV PK profile was described using a 2-compartment
model. The structural PK model initially characterized the
oral administration data; subsequently, vaginal gel administra-
tion data were included. Participants’ sex, race, body weight,
age, and creatinine clearance (CrCl) were tested as covariates.
Below limit of quantification (BLQ) observations were handled
by estimating the likelihood of the predicted TFV concentra-
tion being less than the lower limit of quantification [17].

To address nonadherence or low adherence suspected in the
studies, a mixture modeling approach was used on the apparent
drug bioavailability (F) [18]. A mixture model is a probabilistic
model for identifying the presence of subpopulations, without a
requirement that this information be present in the observed
data (eg, belonging to an adherent (F = 1)/nonadherent (F <
0.001) subpopulation). Longitudinal visit-specific probabilities
of drug intake were estimated and combined with individual
PK parameters to reconstruct average PK profiles for each
follow-up visit using the following equation:

Co - Dose x F x Padherence
it CL x tau

Cavg represents the average TFV concentration, CL the individ-
ual predicted clearance, p,dnerence the probability of drug intake
for each visit, and tau the dosing interval.

HIV Outcome Model

The primary endpoint in the studies was HIV seroconversion
of initially seronegative individuals. HIV outcome was tested
monthly. Time to seroconversion was calculated based on en-
rollment and seroconversion date and modeled using a para-
metric survival function [19, 20].

After developing the baseline survival model, calculated in-
dividual C,,; was evaluated as a driver of HIV protection:
Cayg closest to the time of infection (HIV-positive individuals)
and median C,y, over study period (HIV-negative individuals).
The target C,,, concentrations associated with 90% decrease in
the probability of HIV (ECy,) were transformed to target

trough concentrations (Ctmugh) using PK simulations
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(Supplementary Methods). The effect of sex at birth and treat-
ment arm were evaluated as covariates.

Finally, the impact of an individual’s underlying risk of infec-
tion on the ability to define an accurate PK-HIV outcome rela-
tionship was evaluated. The probability of HIV infection over
time for each participant was simulated using the parametric
HIV risk models developed from the individual risk factors
of the placebo arms (M Garcia-Cremades, CW Hendrix, P
Jayachandran et al, manuscript in preparation). HIV risk level
was stratified based on these simulations to identify a moder-
ate- to high-risk and low-risk subpopulation, which were indi-
viduals with an infection probability higher or lower than the
overall median probability (7.7%) at week 150 in the pooled da-
taset, respectively. Different pharmacodynamic (PD) parame-
ters were estimated for the different subpopulations. Figure 1
shows the schematic representation of the PKPD model.

RESULTS

Largest Database of HIV Outcome and Tenofovir PK Levels From Different
High-risk Populations

Of 7440 participants from the active arms of iPrEx, Partners
PrEP, and VOICE, 3213 (43.2%) provided at least 1 PK mea-
surement, and 2950 (39.7%) were included in the analysis

(Figure 2). The final dataset contained 243 individuals who se-
roconverted. Baseline demographics and PK data characteris-
tics for the analysis dataset and the total study randomized
participants are listed in Table 1 and Supplementary Table 1,
respectively. The final pooled dataset constitutes, to the best
of our knowledge, the largest database including both longitu-
dinal HIV outcome and PK data profiles.

High variability in the TFV plasma levels was observed
(Supplementary Figure 1A). Approximately 43% (oral) and
76% (vaginal gel) of the measured concentrations were
BLQ and were almost uniformly distributed throughout
the 100-hour postdose period. The BLQ distribution among
trials was considerably different (Table 1), with the highest
proportion of BLQs (75%) in the vaginal arm of the
VOICE trial, which may partly explain the high proportion
of HIV seroconversions (11%) by the end of follow-up
(Supplementary Figure 1C). HIV seroconversions occurred
regardless of PK level at some visits (Supplementary
Figure 1B); however, individuals with BLQ values closest
to time of infection or time of censor had a greater probabil-
ity of HIV infection, followed by those with low PK levels
(below the 33rd percentile) (Supplementary Figure 1D).
Figure 3 explores the proportion of HIV-positive individuals

PKPD model

A

[ Adherence-PK model
I

Adherence
Depot,
_Im
Foraf \
Dep0tvagina.l
kavag:'n
Fvaginal
v
Peri- "Q— TFV
pheral » Central
Ve V.

Figure 1.

Risk factors
population
specific

Schematic representation of the PKPD model. The full PKPD model links the adherence-PK model for both routes of administration to the probability of acquiring

HIV infection over time. The population-specific risk factors refer to the predictors of HIV risk for each study that were identified in the companion submitted paper. p(HIV)
represents the probability of HIV. PK parameter definition: k,, absorption rate constant. CL, clearance; F, drug bioavailability; HIV, human immunodeficiency virus; Q, inter-
compartmental clearance; V, and V,, volume of central and peripheral compartment, respectively.
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in each group strata (HIV risk subpopulation and sex at
birth) for oral administration arms. The highest proportion
of HIV infections occurred in moderate- to high-risk wom-
en, and no statistical difference was found between iPrEX
and Partners PrEP men when stratified by risk. Difference
in protective levels between risk groups can be anticipated
based on the distribution of their predicted C,y,.

Differentiation Between Nonadherence and Low PK: Estimated Individual
Probability of Adherence

The population was split into 2 subpopulations: (1) adherent
(F=100% for oral PrEP and 2.25% for vaginal PrEP) and (2)
nonadherent (F < 0.001% for both oral and vaginal PrEP).
The overall probability of PrEP use was similar between oral
and vaginal administration (55.4% and 49.7%, respectively),

12,286 participants underwent
randomization

iPrEx

1251 in FTC-TDF arm
1248 in Placebo arm

YOICE

1007 in oral TDF arm
1003 in oral FTC-TDF arm
1009 in oral Placebo arm

1007 in vaginal 1% TFV arm
1003 in vaginal Placebo arm

Partners PrEP

1589 in TDF arm
1583 in FTC-TDF arm
1586 in Placebo arm

739 participants contributed

1513 participants contributed

961 participants contributed

Date/time of sampling was not
recorded

Date/time of dosing was not
recorded

Data were collected during
treatment stop period

Treatment type not recorded

PK samples were collected after]
HIV seroconversion

Time between dose and
specimen collection was outside
0-100 hours

2416 TFV plasma 1400 TFV plasma 3311 TFV plasma
concentrations concentrations concentrations
Exclusions :
; Exclusions
Exclusions

HIV+ at the time of enrollment

Date/Time of sampling was not
recorded

Date/time of dosing was not
recorded

\PK samples were collected afier
HIV seroconversion

Time between dose and
lspecimen collection was outside
0-100 hours

Data were collected post-study
HIV+ at the time of enrollment

Date/Time of sampling was not
recorded

Date/time of dosing was not
recorded

PK samples were collected after]
HIV seroconversion

Time between dose and
specimen collection was outside
0-100 hours

675 participants contributed

2037 TFV plasma
concentrations

1328 participants contributed

4561 TFV plasma
concentrations

947 participants contributed

3011 TFV plasma
concentrations

Figure 2. Enrollment, follow-up, and pharmacokinetics (PK) inclusion criteria for study participants. FTC, emtricitabine; HIV, human immunodeficiency virus; PrEP, preex-

posure prophylaxis; TDF, tenofovir disoproxil fumarate; TFV, tenofovir.
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with large between and within (visit-to-visit) individual vari-
ability. This estimated adherence of ~50% is lower than the
self-reported adherence of nearly 90% reported by research
participants during the clinical trials. Individual adherence
patterns appear to change over time and different patterns
of adherence and timing of seroconversion are shown
(Supplementary Figure 2). One-hundred and twenty seven of
243 participants who seroconverted were fully nonadherent,

70 had mixed behaviors, and 46 appeared to be adherent.
The apparent CL (CL/F) increased by 2.3 L/h (4.1%) for each
10 mL/min increase in CrCl and 3.2 L/h (5.6%) for each 10 kg

increase in weight. Females had a 44% lower apparent volume
of distribution than males. Overall, male sex, normal CrCl, and
normal body weight were all independently associated with
lower plasma TFV concentrations when compared with wom-
en, abnormal creatinine clearance, and low body weight, re-

spectively. Supplementary Table 2 and Supplementary

Figure 3 display the PK parameter estimates and PK model
evaluation results, respectively.

Plasma TFV Levels and the Presence of FTC Are Associated With a
Decrease of HIV Infection

Hazard of acquiring HIV infection, described by a surge distri-
bution, was significantly associated with plasma TFV C,y (P <
.001). The PD relationship was best described by a maximum
effect model, estimating the concentration associated with
50% of the maximum effect (ECs) (Supplementary Table 3).
Administration of oral TDF increased the baseline hazard by
70% compared with TDF/FTC.

The Underlying Individual HIV Hazard Is a Determining Factor in the
Estimation of Accurate Preventive Concentrations

The inclusion of patient stratification based on underlying risk
of infection in the PKPD model led to the estimation of signifi-
cantly different ECs, values between risk groups for both oral
and vaginal PrEP use (P<.001) (Supplementary Table 3).

Table 1. Baseline Characteristics and Pharmacokinetic Data From Participants in 3 Randomized Placebo-controlled HIV Preexposure Prophylaxis Trials

Pooled Data IPrEx VOICE Partners PreP
Characteristics (Units) n (%) n (%) n (%) n (%)
Participant’s baseline characteristics
Number of individuals with valid PK data 2950 675 1328 947
Number of individuals with valid PK data by treatment arm
TDF oral 790 0 351 439
FTC/TDF oral 1570 675 387 508
1% tenofovir vaginal gel 590 0 590 0
Sex at birth, male 1171 (39.7) 675 (100) 0 496 (52.4)
Age, median (range), y 27 (18-64) 25 (18-63) 25 (18-40) 32 (18-64)
Weight, median (range), kg 63 (38-153.81) 66 (44-153.81) 65 (38-138) 59 (39-118)
Creatinine clearance, median (range), mL/min 119 (50-140) 116 (63.5-140) 130 (61-130) 105 (50-140)
Acquired HIV infection during the study period 243 (8.2) 45 (6.7) 146 (10.9) 52 (5.5)
PK data
Number of PK level (>BLQ) samples by treatment arm
Oral administration 4477 1077 922 2478
Vaginal gel administration 417 0 417 0
Number of BLQ samples by treatment arm
Oral administration 3412 960 1919 533
Vaginal gel administration 1303 0 1303 0
Median follow-up visits with PK data per individual, median (range)
Oral administration 3(1-16) 2 (1-16) 3(1-12) 3(1-10)
Vaginal gel administration 2 (1-10) 0 2 (1-10) 0
TFV level including BLQs, median (range), ng/mL
Oral administration 30.9 (0.25-899) 23.20 (10-899) 0.31 (0.25-466) 69.30 (0.31-812)
Vaginal gel administration 0.31 (0.25-40.9) 0 0.31 (0.25-40.9) 0

TFV level excluding BLQs, median (range), ng/mL

Oral administration 78.1 (0.25-899)

Vaginal gel administration 1.14 (0.25-40.9)
Risk stratification
Low risk 1480
Moderate-high risk 1470

94.7 (10.1-899)
0

307
368

61.4 (0.25-466)
1.14 (0.25-40.9)

532
796

79.2 (0.313-812)
0

641
306

PK values that were collected as not BLQ and were < BLQ (eg, 0.25 ng/mL in VOICE study) were kept as PK levels.

Abbreviations: BLQ, below limit of quantification (10 ng/mL iPrEx, 0.3 ng/mL VOICE, and Partners PrEP); FTC, emtricitabine; HIV, human immunodeficiency virus; PK, pharmacodynamics;

TDF, tenofovir disoproxil fumarate; TVF, tenofovir.
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Figure 3.  Summary of HIV-positive and HIV-*negative individuals and their C,yq levels distribution, for the different risk and sex at birth stratification groups for those in the
oral administration arm (with or without FTC). Numbers indicate number of HIV seroconversions/total number of individuals in that subgroup. Proportion of HIV seroconversion
by strata is shown in red. FTC, emtricitabine; HIV, human immunodeficiency virus; MSM, males who have sex with males; PrEP, preexposure prophylaxis; TDF, tenofovir

disoproxil fumarate; TFV, tenofovir.

The distribution of this individual underlying risk of HIV in-
fection is shown in Figure 4A. Fifty-four HIV infections oc-
curred in the low-risk subgroup (n=1480) compared with
189 in the moderate- to high-risk group (n=1470). Figure 4
shows that the model adequately describes the different HIV
risk profiles between risk groups (B) and when stratified by
Cayg for the moderate- to high-risk individuals (C), especially
for those who received oral PrEP.

Women Taking Oral PrEP Need Higher Plasma TFV Levels to Be
Protective Compared With Men

The estimation of a different ECs, for men and women in the
moderate- to high-risk subpopulation following oral adminis-
tration (P <.05) suggests that women need a higher protective
TFV concentration than men (Supplementary Table 3). The
target protective Cirougn levels for moderate- to high-high risk
was 16.1 ng/mL (men) and 45.8 ng/mL (women) following
oral administration. Target protective concentrations in the
low-risk subpopulation did not differ by sex at birth. As a
note, regardless of selection of the cut-off between low and
moderate- to high-risk subpopulation, women at higher risk
show higher estimated target concentration compared with
men at high risk (Supplementary Figure 4).

Figure 5 compares typical PK profile simulations following
TDF oral administration (300 mg) for sample adherence patterns
with the identified target concentrations for the different risk
groups. Steady-state PK levels drop significantly below protective
Cirougn for those at high risk when the adherence pattern is reduced
from daily to every 2 days or every 3 days, especially in women.
Trough, average, and maximum concentrations related to the es-
timated EC5, and ECy, parameters are reported in Table 2.

Different Plasma Levels of Tenofovir Produce the Same Effect

The estimated ECs, parameters for both risk level groups were
significantly different between oral and topical vaginal admin-
istration in women (Supplementary Table 3). These results re-
veal that different TFV plasma levels, differing by a factor of 2
on a logl0 scale, achieved with different formulations and
routes of administration, can produce the same protective ef-
fect. Target plasma concentrations following vaginal adminis-
tration were estimated with less accuracy than following oral
administration.

DISCUSSION

We performed an individual-level data pooled analysis to de-
velop a population exposure-outcome model that describes
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Figure 4.  Final PKPD exploration and evaluation. (A) Predicted baseline HIV probability distribution of the pooled data using the risk predictor algorithm developed in the
placebo arm analysis. (B) Kaplan-Meier VPC plot stratified by risk levels. (C) Kaplan-Meier VPC plot stratified by target concentration for moderate- to high-risk individuals.
Continuous lines in the VPC plots represent real data; shaded areas represent 95% confidence intervals for simulated data. Moderate- to high-risk ECsg and ECgg values (Cayg)
are 3.53 and 31.7 ng/mL for men and 11.2 and 100.8 ng/mL for women, respectively. HIV, human immunodeficiency virus; PKPD, pharmacokinetics/pharmacodynamic.

TFV plasma concentrations and the probability of HIV sero-  mL in women and 16.1 ng/mL in men at high risk, following
conversion over time for various HIV infection risk levels.  oral administration), while also integrating the probability of
We proposed protective TFV concentrations (Cirough 45.8 ng/ being adherent to daily PrEP and the underlying individual
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Figure 5. PK model simulations in men and women following oral administration of TDF (300 mg) for sample adherence patterns. Dark blue line represents the typical PK
population profile, whereas gray shadows represent individual PK profiles (200) including interindividual variability variability. Dashed lines indicate the target Cyoygn levels
associated with a 90% decrease in the probability of HIV for men and women at high-moderate subgroups and for those in a low-risk subgroup. Arrows indicate the time the
dose is administered. Sample adherence patters are daily (orange arrows), every 2 days (blue arrows), and every 3 days (purple arrows). HIV, human immunodeficiency virus;

PK, pharmacokinetics; TDF, tenofovir disoproxil fumarate.

HIV infection risk as determined by the population-specific
risk factors that we previously identified (M Garcia-
Cremades, CW Hendrix, P Jayachandran et al, manuscript in
preparation).

Our pooled dataset comprised 2950 individuals with valid
TFV PK levels and 243 HIV infections. This dataset is larger
than the largest clinical trial in our group (VOICE [3]). For ex-
ample, other analysis that estimated protective concentrations
included 200 participants and 30 HIV seroconversions [21].
Integrating data across several clinical trials enables us to use
population modeling approaches with high predictive power.
Additionally, our work promotes data sharing to encourage in-
ternational collaboration in research to expand the impact of
clinical trials [22].

Published results emphasize that nonadherence or low ad-
herence to TDF-based PrEP, defined as nonquantifiable TFV
plasma concentrations, is prevalent in participants with unfa-
vorable HIV outcomes [2, 4-6]. In this analysis, we defined ad-
herence as a probability of drug intake and estimated it for
every visit and every subject. The visit specific ~50% probabil-
ity of drug intake indicates that participants consumed half of

prescribed pills in the period preceding the visit. A mix of esti-
mated adherence patterns was identified (eg, participants with
high PK levels at the HIV seroconversion visit, but mostly non-
adherent in previous visits). Hence, HIV seroconversion might
be due to suboptimal plasma levels at the time of HIV exposure.

The use of oral TDF alone compared to oral TDEF-FTC
shows a 70% of increase of the baseline HIV hazard in this
analysis. Animal studies suggest that the combination of
TDF-FTC might provide higher protection from sexual
HIV acquisition [23].

Our analysis showed that moderate- to high-risk female
participants using oral PrEP need higher TFV levels in plas-
ma than males. Likewise, both high-risk populations need
greater adherence to maintain efficacy levels, and women
more than men (Figure 5), which might be explained by tis-
sue pharmacology [24]. Nevertheless, HIV protection ex-
ceeds 90% in all populations with daily adherence. A
similar plasma ECyq (C,yg of 105-110 ng/mL) has been re-
ported from a meta-analysis of PrEP trials, where adherence
to daily dosing (roughly 7 doses per week), was also recom-
mended [25]. Of note, emerging data from demonstration
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Table 2. Typical PK Metrics (Cyougn and Crax) Associated With the Estimated ECsy and ECgg Cayg

ECso (ng/mL) ECqo (ng/mL)
Cavg Crnax Cirough Cavg Crnax Cirough
PKPD model
Oral administration® 2.73 8.68 1.24 24.57 78.12 11.15
Vaginal administration 0.0348 0.09 0.02 0.3132 0.83 0.15
PKPD model with risk stratification
Oral administration®
Low risk 2.48 7.84 1.26 22.32 70.96 10.13
Moderate-high risk 10.2 32.43 4.63 91.8 291.87 41.67
Vaginal administration
Low risk 0.0179 0.05 0.01 0.161 0.43 0.07
Moderate-high risk 0.141 0.38 0.07 1.269 3.38 0.59
PKPD model with risk and sex at birth stratification (final model)
Oral administration
Low-risk men 1.78 4.27 0.9 16.02 38.4 8.15
Low-risk women 1.78 5.65 0.8 16.02 50.9 7.28
Moderate- to high-risk men 853 8.5 1.8 31.7 76.1 16.1
Moderate- to high-risk women 11.2 35.6 5.1 100.8 320.5 45.8
Vaginal administration
Low risk 0.0179 0.05 0.01 0.161 0.43 0.07
Moderate-high risk 0.141 0.38 0.07 1.269 3.38 0.59

Abbreviations: C,,q, average concentration; Cmax, Maximum concentration; Cyougn, trough concentration; ECso, 50% of the maximum effect; ECgo, 90% of the maximum effect; PKPD,

pharmacokinetics/pharmacodynamics.

For the PKPD model and PKPD model with risk stratification, the PK simulations for calculating Crmax and Cougn Were performed in women.

projects are finding low rates of HIV infection in women
with moderate adherence, supporting the efficacy of oral
PrEP when adhered to [26]. Those results suggest that wom-
en at risk may achieve high enough adherence around HIV
exposure times to provide high levels of protection. This
analysis, however, could not identify differences in plasma
TFV protection levels between males and females in the low-
risk subpopulation, possibly because of the low number of
HIV cases in that risk group.

Vaginal data obtained from the VOICE study were associat-
ed with a low adherence and a high number of plasma BLQ
samples, which may have affected the estimation of accurate
protective TFV levels in plasma following vaginal administra-
tion in moderate- to high-risk populations. TFV concentration
after vaginal dose can also be substantially affected by medica-
tion adherence and the vaginal microbiome [27]. Nevertheless,
different plasma levels of TFV, given different routes of admin-
istration, produced the same level of protection in this analysis,
suggesting that TFV concentrations at the site of action should
also be considered as a predictor of HIV infection. In fact, sev-
eral studies have shown the potential of TFV measured in sev-
eral biologic matrices (eg, peripheral blood mononuclear cells,
vaginal/rectal tissue) as predictors of PrEP efficacy [28, 29]. As
an example, daily oral dosing of tenofovir alafenamide (which
delivers the active metabolite to target cells more efficiently,
with lower plasma TFV concentrations) with FTC, has been
demonstrated to be noninferior to daily oral TDF-FTC in
MSM and transgender women [30]. Therefore, we are

performing additional analyses incorporating the target metab-
olite and its distribution to peripheral blood mononuclear cells
in the current PKPD model to assess the predictive capability of
TFV-DP in comparison to TFV. Understanding if the key pre-
dictor of HIV prevention is drug levels in plasma or in target
cells would inform the selection on TDF or on tenofovir
alafenamide-based oral formulations.

Results from this analysis provide target drug concentrations
to inform the development of novel TFV-based PrEP
formulations, which might help to overcome the adherence
challenges associated with daily administration. Furthermore,
these models can be used as a tool for clinical trial simulations
to inform optimal study designs of these forthcoming TFV
formulations.

A limitation of this analysis is the high number of BLQ sam-
ples, especially in the vaginal data obtained from VOICE study,
which made it difficult the estimate of accurate target concen-
trations in the vaginal tissue. Additionally, the target protective
concentrations for the different risk strata were estimated with
low precision (Supplementary Table 3), hindering the report-
ing of protective Cy;ougn confidence intervals for moderate- to
high-risk men and women taking oral PrEP.

In conclusion, this analysis used the largest database to date
of TFV placebo, PK plasma levels, and HIV outcome informa-
tion. We found that individuals with different underlying HIV
risk hazards may need different plasma protective levels, and
that moderate- to high-risk women need higher plasma TFV
levels to prevent HIV acquisition compared with men.
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Consisting of data provided by the authors to benefit the reader, the posted
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