CLINICAL SCIENCE

Genital Mucosal Drug Concentrations and anti-HIV Activity
in Tenofovir-Based PrEP Products: Intravaginal Ring vs. Oral
Administration

Louise A. Ouattara, PhD,* Andrea R. Thurman, MD," Terry A. Jacot, PhD," Mackenzie Cottrell, PharmD,”
Craig Sykes, MS,” Kimberly Blake, MPH,” Xi Fang, MS,* Susan Ju, BA," Nikolas C. Vann, PhD,"
Jill Schwartz, MD,”* and Gustavo F. Doncel, MD, PhD*

Objective: To describe and compare systemic and local pharma-
cokinetics (PK) and cervicovaginal (CV) pharmacodynamics (PD) of
oral tenofovir disoproxil fumarate (TDF) in combination with
emtricitabine (FTC) with tenofovir (TFV) intravaginal ring (IVR).

Design: Phase I, randomized, parallel-group study. Women (n = 22)
used TDF/FTC oral tablets daily or TFV IVR continuously and were
assessed at baseline and 14 days.

Methods: TFV and FTC concentrations were measured in plasma,
CV fluid (CVF), and CV tissue. TFV-diphosphate and FTC-
triphosphate were assessed in CV tissue. In vitro PD antiviral
activities of TFV and FTC (using in vivo concentration ranges) were
modeled in the CVF and by infecting CV tissue explants ex vivo
with HIV-IBaL.

Results: Adverse events (AEs) were more common with oral TDF/
FTC use (P < 0.01). The median CVF TFV concentrations were 10°
ng/mL after use of TFV IVR vs. 102 ng/mL for TDF/FTC. The
median TFV and TFV-diphosphate concentrations in CV tissue
were >100-fold higher among IVR users. The median CVF FTC
concentrations were 10° ng/mL. FTC and FTC-triphosphate were
detected in all CV tissues from TDF/FTC users. HIV inhibitory
activity of CVF increased significantly with treatment in both
cohorts (P < 0.01) but was higher in TFV IVR users (P < 0.01).
In vitro inhibition of tissue infection with ex vivo administration of
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TFV and FTC was dose dependent, with maximal efficacy achieved
with 10 pg/mL TFV, 1 pg/mL FTC, and 0.1 pg/mL of TFV and
FTC combined.

Conclusions: Both products were safe and increased mucosal HIV
inhibitory activity. In addition to systemic protection, oral TDF/FTC
displays a PK/PD profile compatible with CV mucosal antiviral
activity. TFV IVR resulted in fewer AEs, lower TFV plasma
concentrations, higher CVF and tissue TFV and TFV-DP concen-
trations, and greater anti-HIV activity in CVF.

Key Words: HIV pre-exposure prophylaxis/prevention, intravaginal
ring, tenofovir, emtricitabine

(J Acquir Immune Defic Syndr 2022;89:87-97)

INTRODUCTION

More than 37 million people worldwide are infected
with HIV type 1 (HIV-1).! Women, particularly adolescent
girls and young women (AGYW), bear the burden of the
HIV-1 pandemic, with more than 59% of new infections
occurring in women in sub-Saharan Africa.! Currently,
300 mg of tenofovir disoproxil fumarate (TDF) in combina-
tion with 200 mg of emtricitabine (FTC) is approved for the
prevention of HIV-1 acquisition in men and women in the
United States and several other countries worldwide>™
(reviewed in Ref. 5). However, the daily dosing requirement
and systemic side effects, primarily gastrointestinal (GI), have
made it difficult, particularly for AGYWs, to adhere to daily
TDF/FTC for HIV-1 prevention.%”

Topical tenofovir (TFV), as a 1% vaginal gel, was
effective in reducing the incidence of HIV-1® and herpes
simplex virus type 2 (HSV-2)° in the CAPRISA 004
prevention trial. However, adherence to both daily® and
pericoital dosing regimens!® of TFV 1% gel was poor,
particularly among AGYW in subsequent phase IIb/III trials.
Topical HIV-1 prevention may be significantly improved by
sustained delivery of antiretroviral drugs through vaginal
rings. Vaginal administration of pharmaceuticals and pre-
exposure prophylaxis (PrEP) products through an IVR
provides local absorption of drug, resulting in enhanced
bioavailability with high mucosal drug concentrations,
reduced dosing frequency, and decreased systemic side
effects, which likely increases adherence.''~!> The 30-day
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dapivirine IVR was shown to reduce the acquisition of HIV-1
among women enrolled in 2 large, placebo-controlled tri-
als.'*16 The TFV and TFV/levonorgestrel (LNG) IVRs were
developed as multipurpose prevention technologies to be used
for up to 90 days to prevent HIV-1, HSV-2, and or
unintended pregnancies.!” Unlike dapivirine, TFV is con-
verted into its active metabolite, TFV-diphosphate (TFV-DP),
intracellularly, remaining in the tissue at protective concen-
trations for several days,'® making the TFV IVR more
forgiving of removals and inconsistent use, potentially
decreasing adherence problems. This is important given that
data support that many women may want to remove an IVR
intermittently,14-16:19-21

Oral tablets containing TDF and FTC have proven to be
very effective in preventing HIV infection in men and
women, after rectal and vaginal exposure.>* As opposed to
IVRs and other topical prevention products, plasma and
peripheral blood mononuclear cell (PBMC) concentrations of
parent molecules and active metabolites are high, exceeding
estimated systemic prevention benchmarks.??-2°

The main objective of this study was to compare the
multicompartmental pharmacokinetics (PK), pharmacody-
namics (PD), and safety of the oral TDF/FTC vs. TFV IVR
after 14 days of use. It is unclear how much of the observed
in vivo protection against HIV cervicovaginal (CV)
mucosal infection for TDF/FTC users comes from active
concentrations of these molecules at the CV mucosal level.
This study characterized and correlated TDF/FTC mucosal
concentrations and antiviral activity and compared them
with those observed during topical delivery of TFV by the
ring. Data on the relative mucosal and systemic contribu-
tions of TFV, TDF, and FTC and their active metabolites
TFV-diphosphate (TFV-DP) and FTC-triphosphate (FTC-
TP) to HIV protection are missing. This detailed multi-
compartmental comparison of PK and modeled PD of
topical vs. systemic delivery of TFV-based products in
healthy women provides this information, which has not
been previously reported.

We used oral TDF/FTC tablets as the systemic
administration comparator because this combination product,
as opposed to TDF alone, is approved for HIV-1 prevention
in women.”? PK was evaluated in plasma, cervicovaginal
fluids (CVFs), ectocervical and vaginal tissues for TFV and
FTC, and ectocervical and vaginal tissues for the active
metabolites (TFV-DP and FTC-TP) and their competing
nucleotides (deoxyadenosine triphosphate (dATP) and deox-
ycytidine triphosphate (dCTP)).

METHODS

Clinical Study

CONRAD 140 is an open-label, randomized, parallel-
group study conducted at the CONRAD Intramural Clinical
Research Center at Eastern Virginia Medical School (EVMS)
(Norfolk, VA). The study was approved by the Chesapeake
Institutional Review Board (IRB) (Pro00016706) and regis-
tered with ClinicalTrials.gov (#NCT02722343). All partici-
pants signed written informed consent before the performance
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of any study procedures. We screened healthy women aged
18-50 years, who were protected from pregnancy during the
study, by heterosexual abstinence, nonhormonal contracep-
tives, or combined oral contraceptive pills (OCPs), and
reported a history of regular menstrual cycles. We excluded
women who self-reported using depot medroxyprogesterone
acetate (DMPA) within the last 10 months or current use of
the levonorgestrel (LNG) intrauterine system (IUS), had
treatment for sexually transmitted infections in the past 3
months, or who tested positive for Neisseria gonorrhoeae,
Chlamydia trachomatis, Trichomonas vaginalis, HIV-1, or
active hepatitis B at screening. Safety laboratories were drawn
at screening to assure normal creatinine clearance (>60 mL/
min) and exclude anemia. Study visits are summarized in
Table 1, Supplemental Digital Content, http://links.lww.com/
QAI/B738, but, briefly, participants underwent 4 visits. Once
eligibility was confirmed, we used a vaginal speculum to
collect CVF. One ectocervical biopsy and 1 vaginal biopsy
were obtained using a 3 X 5-mm Tischler biopsy forceps in
the luteal phase of the menstrual cycle at visit 2 (V2). At visit
3 (V3), in the follicular phase of the menstrual cycle, we
randomized participants to TDF/FTC vs. TFV IVR. Partici-
pants either took the first TDF/FTC pill in the clinic, under
direct observation, or underwent insertion of the TFV IVR in
the clinic. Visit 4 (V4) occurred in the luteal phase of the
menstrual cycle on the 14th day of product use. At this final
visit, we collected blood for PK analyses and used a vaginal
speculum to collect CV fluid, 2 ectocervical biopsies, and 2
vaginal biopsies. Based on internal quality control data from
several previous CONRAD studies, ectocervical and vaginal
biopsies weigh, on average, approximately 25 and
35 mg, respectively.

Adherence

Participants in both groups were sent text message
(SMS) adherence reminders. Those randomized to TDF/FTC
received a daily reminder to take their pill at the same time
each day. Participants randomized to the TFV IVR got a daily
reminder to not remove the IVR and to notify the clinic if they
were no longer using the IVR or if they were having any
issues with the IVR, such as expulsion.

Treatment Assignment

This was intended to be a randomized study. How-
ever, because of logistical challenges (TFV IVR product
expiration dates), the first 10 participants to reach the
product use initiation visit were randomized through a
simple randomization (block size = 2) per a CONRAD-
generated online randomization scheme so that 5 partici-
pants were assigned to TFV IVR and 5 participants were
assigned to TDF/FTC. The next 5 participants to V3 were
assigned to TFV IVR and the remaining participants to
TDF/FTC. Appropriately designated site staff provided
study treatment assignments to participants per the plan
mentioned earlier. There were no allocation errors. The
data manager and collaborating laboratories were blinded
to treatment assignment.

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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Study Products

TFV IVRs were manufactured under good manufactur-
ing practices at DPT Laboratories (San Antonio, TX) as
previously described!”-2¢ with the active pharmaceutical ingre-
dient supplied by Gilead Sciences (Foster City, CA). The unit
TFV dose for the IVRs was designed to be approximately 8-10
mg/d of TFV for 90 days of release, and we previously
reported the estimated in vivo release over approximately 15
days as 11.32 *= 8.88 mg/d.!® The TDF/FTC 300/200 mg
tablet is an FDA-approved product manufactured by Gilead
Sciences and marketed as Truvada. The tablets were purchased
from a local pharmacy (Hague Pharmacy, Norfolk, VA).

Safety Assessments

Safety was assessed by treatment-emergent adverse
events (TEAEs). TEAEs were recorded by each participant
in a diary and collected by the research coordinator at each
study visit after genital sampling at baseline (visit 2) and
graded for severity and relationship to study product or study
procedures by the study investigators based on the NIH/
NIAID Division of AIDS (DAIDS) severity scale.

Assessment of Plasma, Ectocervical and
Vaginal Fluids, and Tissue PK Parameters and
Endogenous Nucleotides

Ectocervical and vaginal tissue biopsies were collected
in sterile cryovials and immediately flash frozen in liquid
nitrogen. Whole blood was collected in a 3-mL K-EDTA
vacutainer and centrifuged at 4°C for plasma. Ectocervical
and vaginal fluids were collected with Dacron swabs. Tissues,
CVF, and plasma were stored at —80°C and then shipped as 1
batch under frozen conditions to the University of North
Carolina Center for AIDS Research, Clinical Pharmacology
and Analytical Chemistry Core for analysis. The detailed PK
analyses are included in the Methods section, Supplemental
Digital Content, http://links.lww.com/QAI/B738. Tissue
biopsies with below the level of quantification (BLQ)
concentrations were expressed as Y2 the lower limit of
quantification (LLOQ) for analyses.

PD in vitro Modeling of Inhibition of HIV-1
Infection in Cells by Ectocervical and
Vaginal Fluids

TZM-bl cells?” were plated and CVF (1:3 final
dilution), with or without HIV-1g,, was applied to the
appropriate wells. For toxicity testing, 100 pL of medium,
with or without nonoxynol-9 (N9) or CVF, was added to each
well for 48 hours. The media were removed and replaced with
20 pL of CellTiter 96 Aqueous 1 Solution Cell Proliferation
Assay (Promega, Madison, WI) and 100 pL of cDMEM
media for 3—4 hours. Absorbance was read at 490 nm. For
efficacy (inhibition) testing, we used the Bright-Glo Lucifer-
ase Assay System (Promega) following the manufacturer’s
instructions. In brief, 100 pL of medium = CVF containing
HIV-1g, (5 X 103 TCIDsg) was added to each well. After 48
hours, the cells were lysed with 100 pL of Glo Lysis buffer.

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

Lysate (50 pL) was transferred into a 96-well black microtiter
plate, and 50 pL of Bright-Glo assay reagent was added and
the luminescence was measured. The average percentage
inhibition of HIV-1g,; growth in 3 wells with application of
ectocervical or vaginal fluid, compared with control applica-
tion of growth medium, was reported for each participant.

Explant Tissues Obtained for P24 Antigen
Production Subset Study

To determine minimal inhibitory concentrations for TFV/
TFV-DP and FTC/FTC-TP, we modeled mucosal HIV infection
in ectocervical and vaginal tissues obtained from healthy, HIV-1
uninfected women, undergoing routine elective surgeries, for
benign indications, under an EVMS IRB—approved protocol
(09-09-FB-0175). All women donating their genital tissue
specimens signed an informed consent form. Explants were
obtained fresh from the operating room and taken immediately
to our laboratory in chilled RPMI (cRPMI) 1640 media (Life
Technologies, Carlsbad, CA) containing 10% fetal bovine
serum (FBS) (ATCC, Manassas, VA) and 100 U/mL penicillin
and 100ug/mL streptomycin (Thermo Fisher Scientific, Wal-
tham, MA) (cRPMI). We treated the tissues with concentrations
of TFV and FTC, in the range observed in tissues in vivo, and
infected them ex vivo with HIV-1g,;. as previously described
by our group?® and others.?%3% Aliquots of tissue culture media
were obtained on days 4, 7, 11, 14, 18, and 21, and culture
dishes were replenished with equal volumes of fresh media. We
also used ectocervical explants obtained from National Devel-
opment and Research Institutes, which were shipped overnight
to our laboratory on ice.

Ex vivo Antiviral Activity Assessment of TFV
and FTC Concentrations Detected in Plasma
and Tissues From TFV IVR and TDF/
FTC Cohorts

Cervical explants were exposed overnight to HIV-1g,
(10* TCIDsy per explant) in the presence of different
concentrations of TFV, FTC, and a combination of both,
corresponding to median tissue concentrations of TFV and
FTC detected after 14 days of either TDF/FTC or TFV IVR
use in this study. Unpublished data from our laboratory
indicate that in the unpolarized tissue culture system, media
ARV concentrations tend to equilibrate overnight and are
similar to tissue concentrations. The following day, explants
were washed to remove virus and then cultured in cRPMI
media. We collected half of the tissue culture supernatant
every 3-4 days with replenishment of media at each
collection for 21 days. HIV-1 P24 antigen expression in the
supernatant was evaluated by ELISA (PerkinElmer, Waltham,
MA) in pg/mL. Area under the curve (AUC) and cumulative
(CUM) P24 antigen production were calculated from 4 to 21
days of culture as reported.3°

Objective Biomarkers of IVR Adherence
Procedures for processing the IVRs and measuring
glycerin concentrations remaining in the IVR after in vivo
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use and penetration of biologic analytes into the IVR from
vaginal fluids have been previously described.?! Glycerin was
measured in water extracts of the inner core of the IVRs using
an enzymatic, colorimetric assay according to manufacturer’s
instructions (Sigma-Aldrich, St. Louis, MO). Bioanalytes that
could penetrate the IVRs were quantitated using the 3-
(4carboxybenzoyl) quinoline-2-carboxaldehyde) (CBQCA)
assay (Thermo Fisher Scientific). RIPA (1% Igepal-630,
0.5% Deoxycholate, 0.1% SDS in PBS) extracts of IVRs were
diluted 1:100 before addition of the fluorescent CBQCA
reagent according to the manufacturer’s instructions. The
reagent reacted with any biological material containing free
amine groups to generate a fluorescent signal. The standard
curve was generated using bovine serum albumin (BSA)
as instructed.

Sample Size and Statistical Methods

For this phase I study, sample size was based on
similarly sized studies. We expected the PK profiles of the
topical and oral regimens to be sufficiently different that
statistical comparisons could be made. There was no
imputation of missing data. Independent TEAEs were
summarized by treatment group and compared by the Fisher
exact test. Normality of continuous data were tested using the
PROC univariate command in SAS software, version 9.4
(Carey, NC) and then the normal quantile plot distribution
and the Shapiro—Wilk test statistic were examined. We
compared continuous end points from the TDF/FTC vs. TFV
IVR cohorts using an independent sample ¢ test for normally
distributed data (eg, age, creatinine clearance) or
Wilcoxon—Mann—Whitney test for nonnormally distributed
data (PK concentrations). For categorical variables from
independent samples (eg, race, ethnicity, and contraceptive
use) we used the x? statistic or Fisher exact tests as indicated
by expected cell size. The mean values from the 2 cohorts
were compared using an analysis of covariance model with
the PD end point as the dependent variable, treatment group
(consisting of 2 levels: TDF/FTC and TFV IVR) as a factor,
and baseline value of the PD end point as a covariate. All tests
were 2-sided and performed to the 0.05 alpha level
of significance.

Comparisons of end points from the same cohort in
ectocervical vs. vaginal samples were performed using a
paired ¢ test or Wilcoxon signed rank sum test on difference
variables (eg, changes in HIV-1p, inhibition between
baseline and posttreatment). For the linear correlations
between PD and PK data, a Spearman correlation coeffi-
cient was calculated for nonnormally distributed data.
Additional statistical modeling of PD and PK relationships
was performed with R Project software (University of
Auckland), using the 4-parameter log-logistic regres-
sion?-33 to fit log-transformed PD end point (HIV inhibi-
tion in vitro) vs. TFV and FTC in CVF and TFV-DP and
FTC-TP in tissue. In the fitted dose response curve, the
concentration of TFV, FTC, TFV-DP, and FTC-TP
required to reach 50% inhibition was estimated by extrap-
olation from the curve. Statistical significance was deter-
mined at the level of alpha = 0.05.
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RESULTS

Patient Disposition

The first patient was screened for the study in May
2016, and the last patient visit was in July 2016. Twenty-
six women provided informed consent and were screened,
and 22 women completed all study visits (Fig. 1). Table 1
demonstrates that there were no significant differences
between the 2 treatment groups. Each participant was
exposed to treatment for 14 days overall, and all partici-
pants self-reported 100% compliance with the assigned
treatment and activity restrictions.

Safety

Overall, 9 (75%) participants in the TDF/FTC group
reported 14 TEAEs vs. 2 (20%) participants in the TFV IVR
group (P < 0.01). Six of the 12 (50%) women in the TDF/
FTC group vs. no women in the TFV IVR group reported GI
TEAEs (P < 0.01). All GI TEAEs (nausea, diarrhea, and
vomiting) were assessed as related to TDF/FTC use. One
(10%) participant in the TFV IVR cohort reported bladder
discomfort, which was assessed as related to IVR use, and 1
(10%) TFV IVR user experienced mild vaginal pain after 1
genital biopsy procedure. All TEAEs were assessed as mild or
moderate. There were no TEAEs that led to participant
withdrawal or modification of study treatment. The TEAEs
assessed as moderate included nausea reported by 2 (17%)
participants and diarrhea reported by 1 (8%) participant in the
TDF/FTC group. All TEAEs in the TFV IVR group were
assessed as mild.

PK of Topically Delivered Antiretrovirals vs.
Orally Delivered Antiretrovirals (ARVs)

Table 2 demonstrates that oral TDF/FTC users had
significantly higher plasma concentrations of TFV, whereas
TFV IVR users had significantly higher local ectocervical and
vaginal tissues and CVF concentrations of TFV. In the TFV
IVR treatment group, median TFV concentrations in ectocer-
vical and vaginal tissues were >10* ng/g and median TFV
ectocervical and vaginal fluid concentrations were >10°
ng/mL. There was a nonsignificant trend (P = 0.08) toward
higher concentrations of TFV in vaginal vs. ectocervical
fluids (Table 2). The median TFV-DP concentrations in
cervical and vaginal tissues were >10° fmol/g with IVR
use, with significantly higher concentrations of TFV and
TFV-DP in vaginal vs. ectocervical tissues (P values < 0.01)
(Table 2).

In the oral dosing cohort, TFV was quantifiable in all
plasma and most (9/12 75%) CV fluid samples (LLOQ = 0.3
ng/mL). FTC was quantifiable in all plasma and all genital
tissues and fluids (Table 2). The median TFV and
FTC concentrations in CV tissues were around 90 and
1000 ng/g, respectively. TFV, FTC, and FTC-TP were
quantifiable in all ectocervical and vaginal tissues after
14 days of oral dosing (Table 2). TFV-DP tissue concen-
trations were below the limits of quantification (BLQ) in 18
of 24 (75%) cervical and vaginal samples (sample-specific

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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[Signed Informed Consent n = 26}

Assessed for eligibility (n=26)

Excluded (n=4)

Trichomonas vaginalis (n = 1)
Chlamydia trachomatis (n = 1)

High Neutrophils DAIDS Grade 2 (n=1)
Levonorgestrel Intrauterine device (n = 1)

A 4

Enrolled/Randomized/Assigned* (n=22)

|
[ Allocation ]

A4 A\ 4

Randomized to TFV IVR (n=5) Randomized to TDF/FTC oral tablet (n=5)
Assigned to TFV IVR (n=5) Assigned to TDF/FTC (n=7)

+ Received allocated intervention (n=10) + Received allocated intervention (n=12)

+ Did not receive allocated intervention (n=0) + Did not receive allocated intervention (n=0)

[ Follow-Up ]

Lost to follow-up (n=0) Lost to follow-up (n=0)
Discontinued intervention (n=0) Discontinued intervention (n=0)

[ Analysis ]

Analyzed (n=10) Analyzed (n=12)
+ Excluded from analysis (n=0) + Excluded from analysis (n=0)

*This was intended to be a randomized study. However, due to logistical challenges, the first 10 participants to reach the product
use initiation visit were randomized via a simple randomization (block size=2) per a CONRAD generated simple online
randomization scheme so that 5 participants were assigned to TFV IVR and 5 participants were assigned to F/TDF oral tablets.
The next 5 participants to reach the product use initiation visit were assigned to TFV IVR, and the remaining participants to F/TDF
oral tablets. Appropriately designated site staff provided study treatment assignments to participants per the plan above.

FIGURE 1. CONRAD A15-140 flow diagram.

LLOQ range 16,839-87,813 fmol/g). TDF/FTC users had respectively; data displayed in Table 2). There were no
significantly higher concentrations of TFV and FTC in significant differences in TFV-DP or FTC-TP concentra-
vaginal vs. ectocervical fluids (P values 0.04 and 0.01, tions between ectocervical and vaginal tissues, however
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TABLE 1. Demographics of the 2 Drug Treatment Groups

TFV IVR Cohort (n = 10)

TDF/FTC Cohort (N = 12)

Variable Mean SD Median Mean SD Median P
Age, yrs 39.8 6.39 39.0 39.4 5.57 40.5 0.93
BMI (kg/m?) 31.46 6.82 30.12 30.55 7.62 29.39 0.77
Creatinine clearance (mL/min) 144.07 59.24 157.85 144.26 36.46 130.18 0.99
Hemoglobin (g/dL) 12.96 0.79 13.25 12.77 1.12 12.85 0.65
Ethnicity N % % 1.00
Hispanic 0 0 2 17

Non-Hispanic 10 100 10 83

Race N % N % 1.00
Black or African American 4 40 4 33

White 6 60 8 67

Contraception 0.86
Abstinence 1 10 1 8

Tubal ligation or tubal occlusion 8 80 8 67

Condoms 0 0 2 17

Oral contraceptive pills 1 10 1 8

(P values 0.98 and 0.37, respectively; data displayed in
Table 2). Regarding competing endogenous nucleotides,
dATP and dCTP, there were no significant differences
between the 2 dosing cohorts (Table 2, and see Fig. 1,
Supplemental Digital Content, http://links.Iww.com/QAl/
B738).

Inhibition of HIV-1 in vitro by Ectocervical and
Vaginal Fluids

There were no statistically significant differences
between the inhibitory activity of vaginal vs. ectocervical
fluids against HIV-1p, at baseline or after treatment for
participants taking TDF/FTC (all P values > 0.33) or using

TABLE 2. Systemic and Local Pharmacokinetics (PK) of Tenofovir and Emtricitabine, Active Metabolites, and Competing

Nucleotides After 14 days of TDF/FTC or TFV IVR Use

Oral TDF/Emtricitabine Cohort (n = 12) Tenofovir Intravaginal Ring Cohort (n = 10)

Matrix N Mean CoVa (%) Median N Mean CoVa (%) Median P
Plasma (ng/mL)

TFV 12 166.70 444 168.50 10 1.68 93.9 1.78 <0.01

FTC 12 909.69 84.9 1140 NA NA NA NA NA
Ectocervical fluid (ng/mL)

TFV 12 506.76 995.25 72.85 10 809,389 555,626 710,508  <0.01

FTC 12 2468 2792 1523 NA NA NA NA NA
Vaginal fluid (ng/mL)

TFV 12 1136 1867 435.05 10 1,401,801 788,231 1,299,804  <0.01

FTC 12 5758 8294 3199 NA NA NA NA NA
Ectocervical tissue (ng/g)

TFV 12 102.76 38.1 97.80 10 13,609 138.2 11,809 <0.01

FTC 12 965.69 39.70 96236 NA NA NA NA NA
Vaginal tissue (ng/g)

TFV 12 87.37 50.4 82.59 10 35,718 119.6 25,988 <0.01

FTC 12 903.79 51.9 1037.40 NA NA NA NA NA
Active metabolite in ectocervical tissue (fimol/g)

TFV-DP 12 19,743 106.6 14,695 10 1,960,243 154 1,846,671  <0.01

FTC-TP 12 281,518 79.3 343,256 NA NA NA NA NA
Active metabolite in vaginal tissue (fmol/g)

TFV-DP 12 17,085 57.8 15,044 10 12,348,111 105.1 11,044,730  <0.01

FTC-TP 12 310,363 81.3 300,092 NA NA NA NA NA
Competing nucleotides in ectocervical tissue (fmol/g)

dATP 12 126,182 51.7 131,825 10 131,205 65.2 134,950 0.71

dCTP 12 92,656 52.6 97,769 10 103,812 55.2 99,354 0.61
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the TFV IVR (all P values > 0.29) (data displayed in Table 2,
Supplemental Digital Content, http://links.lww.com/QALl/
B738), and so inhibition data for both vaginal and ectocer-
vical fluids are combined in Figure 2A, B. Both TDF/FTC
and TFV IVR cohorts experienced significant increases in the
inhibitory capacity of ectocervical or vaginal fluids against
HIV-1p,. in vitro with treatment compared with that at
baseline (all P values < 0.01) (Fig. 2A). The posttreatment
inhibitory capacity of CVF was significantly higher with TFV
IVR use compared with TDF/FTC use (95.3 vs. 49.8%
inhibition; P < 0.01) (Fig. 2B). One participant assigned to
TDF/FTC and 2 TFV IVR users had contamination of the
in vitro cultures with yeast or bacteria and were excluded, so
the analysis was conducted for 11 of the 12 participants in the
TDF/FTC group and for 8 of the 10 participants in the TFV
IVR group.

Correlation Between Drug Concentrations
(PK) and in vitro HIV Inhibition (PD)

In the TDF/FTC cohort, when ectocervical and vaginal
fluid concentrations were combined, FTC concentrations in
CV fluid were significantly correlated with HIV-1p,; inhibi-
tion by CVFs (Spearman R = 0.49, P = 0.04) (see Fig. 2a,
Supplemental Digital Content, http://links.lww.com/QALl/
B738). TFV concentrations in CVF, however, were not
correlated with HIV-1 inhibition in vitro (R = 0.26,
P =0.29) in oral pill users (see Fig. 2b, Supplemental Digital
Content, http://links.lww.com/QAI/B738). Using a log-
logistic regression curve, the concentrations of TFV and
FTC required to reach 50% HIV inhibition in CVF in vitro
were similar to those found in vaginal fluids of oral TDF/FTC
users (Table 2) and in agreement with the observed magni-
tude of HIV inhibition in their CVFs (see Table 2, Digital
Content, http:/links.lww.com/QAI/B738).

Both ectocervical and vaginal fluid concentrations of
TFV (R =0.65, P < 0.001) (see Fig. 2c, Supplemental Digital
Content, http://links.Iww.com/QAI/B738) and ectocervical
and vaginal tissue concentrations of TFV (R = 0.49,
P =0.05) and TFV-DP (R = 0.59, P = 0.02) had significant
linear correlations with HIV inhibition in CVF in TFV
IVR users.

Correlation Between Drug Concentrations
and Ex Vivo HIV Inhibition in
Ectocervical Explants

We used tissue explants from 4 donors from our local
explant protocol and 5 from NDRI. The mean (SD) age of
the 9 donors was 45.3 (£6.7) years (range 37-56 years).
Tissues cultured for 21 days showed a dose response for
antiviral activity (Fig. 3A, B) as measured by cumulative
P24 production in culture. Compared with explants
exposed to HIV-1g,1. only, there was a significant decrease
in P24 antigen production (P < 0.05) when explants were
infected in the presence of 10 pg/mL of TFV alone. This
concentration, 10,000 ng/g, is comparable with the TFV
tissue concentrations observed in TFV IVR arm of the
clinical study (Table 2). Ex vivo treatment of explants with

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 2. A, Inhibition of HIV by ectocervical and vaginal
fluids. B, CVF inhibition of HIV change from baseline. [flf sl

FTC 0.1 pg/mL and 1 pg/mL partially and completely,
respectively, inhibited, HIV tissue infection measured by
P24 antigen production when compared with HIV only
control (Fig. 3A, B). These concentrations, 100 and 1000
ng/g, are comparable with those observed in tissues
obtained from women in the daily oral TDF/FTC arm of
the clinical study (Table 2). A cooperative inhibitory effect
on P24 antigen production was seen when explants were
treated with both TFV and FTC at the lowest dose of
0.1 pg/mL (100 ng/g TFV and 100 ng/g FTC; Fig. 3A, B).
No protection was found for explants exposed to 0.1 pg/mL
of TFV alone. This TFV concentration, 100 ng/g, was
comparable with that observed in tissues of women in the
TDF/FTC cohort (Table 2).

Objective Biomarkers of IVR Adherence

All 10 (100%) returned TFV IVRs were able to be
processed. The mean residual glycerin concentration in the
IVR core was 0.51 mM (*0.45 mM) with a median
concentration of 0.31 mM (range 0-1.28 mM). The mean
penetrated CBQCA concentration in the IVR core was
5536 pg/mL (£6521 pg/mL) with a median concentration
of 3545 pg/mL (range 1920-23,590 pg/mL). Based on
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FIGURE 3. A, p24 CUMULATIVE vs. treatment. B, p24
explants AUC vs. treatment.

previous validation data,3! these values are consistent with
proper, per protocol, use of the IVR.

DISCUSSION

It is well recognized that adherence to oral PrEP,
particularly among AGYW, remains key to preventing
vaginal acquisition of HIV-1. Although randomized con-
trolled trials have demonstrated that taking 4 doses per week
of oral TDF/FTC is strongly protective for men who have sex
with men, multiple PK studies demonstrate that concentra-
tions of active metabolite, TFV-DP, are about 100 times
higher in rectal tissues compared with vaginal tissues.?*343>
Thus, more robust adherence to oral PrEP is probably needed
to protect women from vaginal acquisition of HIV-1.343¢
Indeed, PK/PD modeling using a PD target derived from an
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in vitro infection model suggests that 6—7 doses of TDF/FTC
per week are needed to protect 100% of a simulated
population from vaginal acquisition of HIV-1.3¢

Both HIV-1 PrEP products used in this clinical study,
TDF/FTC oral tablets and TFV IVR, were safe during 14
consecutive days of use. Although no treatment had to be
discontinued because of TEAEs, there were more GI TEAEs
and product-related and moderate TEAEs with systemically
delivered oral TDF/FTC compared with topically applied
TFEV. In previous studies demonstrating efficacy of TDF/FTC
in preventing HIV-1 infection,”* participants receiving active
study drug (TDF/FTC?** and TDF?) reported GI TEAEs more
frequently compared with placebo users, particularly in the
first 4 weeks of use.’

This study’s data are consistent with previous data by
our group and others on the PK of topically applied TFV
(TFV and TFV/LNG IVRs!® and TFV gel3741). As expected,
topically applied TFV resulted in lower TFV plasma concen-
trations, significantly below therapeutic and prophylactic
levels,?>?* and concomitantly higher CV tissue TFV-DP
concentrations compared with those measured with TDF/
FTC3%4! use. CV tissue concentrations of TFV-DP and fluid
concentrations of TFV in IVR users exceeded those associ-
ated with protection in both nonhuman primate*?*3 (TFV-DP
tissue concentrations > 1000 fmol/mg) and clinical stud-
ies3*4* (TFV CVF concentrations > 1000 ng/mL). Of
importance, concentrations associated with protection remain
high for several days after IVR removal.!345

Among oral PrEP users, our PK data are consistent with
previous studies of TDF/FTC given to women as a single
dose?*33 or daily for 14 days®® or 5-6 weeks.?33° Oral intake
of TDF/FTC resulted in high levels of plasma analytes, which
have been associated with therapeutic and prophylactic
activity.??-2536 In CV tissues, however, TFV and TFV-DP
were below prophylactic concentrations, whereas FTC con-
centrations were compatible with HIV inhibition.3® In a
previous study of 14 days of TDF/FTC dosing (CONRAD
137 study, ClinicalTrials.gov NCT02904369), we found CVF
and tissue concentrations of TFV, FTC, TFV-DP, and FTC-
TP similar to those measured in this study.?® Of note, in the
MTN 001 study, a cross-over, multicompartmental PK study,
using 6 weeks of daily TDF/FTC and/or TFV vaginal gel,
81% of vaginal tissue samples had TFV-DP concentrations
below the LLOQ?3® after 6 weeks of TDF/FTC use in 144 US
and African women. This rate of below the LLOQ samples is
similar to what we found in this study (75%) and in our
previous PK study (63%). Similarly, in the daily dosing arm
of HPTN 066, TFV-DP concentrations in vaginal tissue
homogenate were mostly below LLOQ with a maximum of
41 fmol/mg after 5 weeks of daily, directly observed,
dosing.?? FTC-TP was quantifiable in all tissues in this study.
FTC-TP was not measured in the MTN 001 study.3® We
report higher concentrations of FTC in wvaginal tissue
compared with the HPTN 066 study, but similar FTC CVF
concentrations.??

There is debate regarding whether systemically deliv-
ered HIV PrEP products act locally in lower genital tract
tissues or systemically in the blood compartment (ie, PBMCs)
and at more distant lymphoid tissues. Although our study

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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provides modeled PD data to support local mucosal activity
of both TDF/FTC and TFV IVR, the direct comparison of PK
profiles suggests a larger role for FTC at the CV mucosal
level in TDF/FTC users. TDF may play a more important role
in systemic and rectal protection. For the systemic compart-
ment, TFV benchmarks were established from the Partners
PrEP study, which demonstrated a 75% overall efficacy of
TDF/FTC and TDF in reducing HIV-1 acquisition compared
with placebo.?> In a post hoc analysis of seroconverters
(n = 29) vs. matched controls (n = 196), 70% of uninfected
individuals had plasma TFV concentrations of > 40 ng/mL,
consistent with steady state dosing vs. 17% of seroconvert-
ers.?> The estimated protective effect of PrEP against HIV,
based on concentrations >40 ng/mL, was 88% for individuals
receiving TDF and 91% for participants receiving TDF/
FTC.?5 As expected, we found plasma TFV concentrations
exceeding this plasma benchmark among oral TDF/FTC users
but not TFV IVR users.

CVF concentrations of TFV and FTC delivered
orally through TDF/FTC tablets were correlated with
in vitro functional modeling of HIV-1 inhibition in CVF.
Although early HIV-1 infection of the lower female genital
tract occurs at the CV tissue level and not in CV luminal
fluid,*¢ these data serve as a surrogate of antiviral activity
in the CV compartment. Because it is not feasible to obtain
tissue biopsies from seroconverters in large phase III
studies of HIV-1 PrEP products, CVF concentrations of
TFV3%4* have been used as benchmarks for HIV-
1 prevention.

In addition, the range of median concentrations of FTC
found in CVF (1.5-3.2 ug/mL) is consistent with other
groups’ demonstrations of partial HIV inhibitory activity
in vitro.?*3° High CVF concentrations of FTC with corre-
sponding anti-HIV activity are consistent with detailed PK
studies in women demonstrating high penetration of FTC into
CV tissue.>* On the contrary, among TDF/FTC users, we
found that CVF concentrations of TFV were not correlated
with local antiviral activity. The median concentrations of
TFV found in CVF (0.07-0.4 ug/mL) in this study are not
sufficient, alone, to display complete HIV inhibitory activity
in vitro,3¢ as shown by our PK/PD correlations and confirmed
by our collaborators in vitro modeling system.3¢ The situation
is different in the rectal compartment, where, as demonstrated
in a previous study, unlike FTC, TFV-DP concentrations after
1 dose of TDF/FTC are 100 times higher in rectal than in CV
tissue.2*

We also modeled local antiviral activity in tissue by
treating ectocervical explants with TFV and FTC at concen-
trations seen after in vivo TDF/FTC or TFV IVR use (Table
2) and confirmed that FTC seems to be key to the local action
of oral TDF/FTC. TFV alone at 0.1 pg/mL did not inhibit P24
antigen production after ex vivo HIV exposure (Fig. 3).
Conversely, FTC at 1 ug/mL, a concentration found in CV
tissues and fluids after oral administration of TDF/FTC (Table
2), showed complete protection against HIV tissue infection
ex vivo (Fig. 3). TFV and FTC showed cooperative effect,
apparently better than additive, at 0.1 ug/mL in the ex vivo
tissue explant system, together being able to completely
inhibit HIV infection.

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

The synergistic activity of these drugs is consistent with
other reports describing that the metabolism of TFV to TFV-
DP and FTC to FTC-TP, in human T leukemic cell line and
human PBMCs, was more efficient, resulting in higher
antiviral inhibition, when cells were treated in vitro with the
combination of TFV and FTC compared with either drug
alone.*” When human ectocervical explants were exposed
ex vivo to median TFV concentrations detected in tissues
from study participants in both cohorts, we observed that
10,000 ng/g of TFV, a concentration seen in tissues of TFV
IVR users, was able to block HIV-1 infection. These data
suggest that 14 days of TFV IVR use is enough to protect CV
tissues against HIV-1 infection. HIV-1 infection was almost
completely inhibited in explants treated with 1000 ng/mL of
FTC or the combination of 100 ng/mL of FTC and TFV,
suggesting that adherent TDF/FTC users would be protected
from HIV-1 infection at the CV tissue level, in addition to any
protection derived from high plasma concentrations.

A limitation of the explant ex vivo treatment and
infection assay is that we were not able to confirm the actual
concentrations of TFV, FTC, TFV-DP, and FTC-TP in the
treated explants. However, we have internal unpublished and
reported data that support a good correlation between culture
medium and tissue concentrations of parent and active
metabolites after ex vivo treatment of ectocervical and vaginal
tissues with TFV and FTC.*® In addition, explants are
obtained from consenting women who are undergoing
indicated hysterectomies. Although explants are an excellent
source of lower genital tract tissue, there are no exclusion
criteria based on concomitant medications and coexisting
medical conditions at the time of surgery, so in general,
explants come from women who are generally less healthy
and older than the participant population enrolled in
this study.

Our PK/PD modeling data support that daily oral TDF/
FTC exerts antiviral activity at the CV mucosal level. The
mucosal activity of TDF/FTC is likely mainly due to the FTC
component, with a possible additive effect by TFV. This is
consistent with previous single dose and steady state PK
studies in women showing high genital tract concentrations of
FTC, compared with plasma concentrations*® or rectal
concentrations.?* In this study, FTC had higher concentra-
tions in genital tract tissues after oral dosing, compared with
TFV.# However, the Partner’s PrEP study supported a 71%
efficacy of TDF alone compared with placebo among
women,”> which may suggest an additional systemic compo-
nent in the protection mediated by TDF. Lower concentra-
tions of TFV in the CV compartment, however, do not rule
out a partially inhibitory or synergistic antiviral effect at the
mucosal level.

TFV concentrations in regional draining lymph nodes
with TFV IVR use in humans is unknown but have been
detected in rabbits®® and might offer a second line of
protection for topical TFV delivery. Our data also support
that the TFV IVR, but not TDF/FTC use, achieved ectocer-
vical and vaginal fluid concentrations (0.7-1.3 mg/mL),
which are expected to prevent HSV-2 acquisition
(>10,000-200,000 ng/mL).3'->2 These high levels of mucosal
TFV lead to persistently high levels of TFV-DP,343944 which
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confer protection for several days endowing the TFV IVR
with the forgiveness that other prevention methods, including
oral TDF/FTC, cannot afford.

As stated earlier, one of the limitations of this study is
the lack of direct PD data using CV biopsies from trial
participants and the inability to verify the concentrations of
active metabolites, TFV-DP and FTC-TP, in the ex vivo
treated surgical explants before exposure to HIV-1g,; . Other
limitations include having to change the randomization
scheme because of expiration dates of the TFV IVR batch.
In spite of this change, the 2 cohorts did not differ regarding
demographics. This was an open-label study, but the
collaborating laboratories did not know the participant’s
product assignment, and therefore, this randomization issue
likely did not affect study end point evaluations. We included
combined oral contraceptive pill (OCP) users but excluded
women using DMPA because previous data from our group
supported that DMPA, but not OCP use, affects TFV mucosal
PK after TFV gel use, increasing the concentration of TFV-
DP in vaginal tissues.’> We also excluded levonorgestrel
intrauterine system users because we did not have data on the
impact of this contraceptive on mucosal TFV PK.

The strengths of this study include longitudinal follow-
up with systemic and local PK characterization and PD
modeling of both topical and oral TFV among a cohort of
well-screened healthy women. In addition to measuring
adherence by self-report, which may be subject to social
desirability bias,’*>> our group developed objective bio-
markers of IVR use,' which demonstrated good IVR
adherence in this study. Plasma PK values for TDF/FTC
users suggested high adherence as well.

These data demonstrate that both oral and topical PrEP
showed in vitro efficacy against HIV-1g, and resulted in
measurable concentrations of parent compounds (TFV, FTC)
and active metabolites (TFV-DP and FTC-TP) in the genital
tract. The PK/modeled PD correlations point to FTC as the most
active component, locally at the CV mucosal level, in oral TDF/
FTC users, whereas TFV may add protection systemically and
rectally and is the only active component locally in TFV IVR
users. Although PK/modeled PD correlations and inferences
have limitations, discussed earlier, our data are consistent with
other group’s suggestions of the mucosal contributions of TFV-
DP and FTC-TP in the lower female genital tract.?436:4°

In conclusion, based on the described PK/PD profiles of
TFV IVR and TDF/FTC oral tablets in women, both
approaches would show antiviral activity at the CV mucosal
level, in addition to any possible systemic protection
conferred by high ARV levels in blood after oral TDF/FTC.
TFV levels in the CV compartment were much higher than
those of TDF/FTC. Although both PrEP approaches have
pros and cons, they provide users with choice, a factor of
paramount importance in driving uptake of and adherence to
HIV prevention methods.
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