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Abstract

A long-acting injectable formulation of rilpivirine (RPV), a non-nucleoside reverse transcriptase inhibitor, is
currently under investigation for use in human immunodeficiency virus (HIV) maintenance therapy. We pre-
viously characterized RPV metabolism after oral dosing and identified seven metabolites: four metabolites
resulting from mono- or dioxygenation of the 2,6-dimethylphenyl ring itself or either of the two methyl groups
located on that ring, one N-linked RPV glucuronide conjugate, and two O-linked RPV glucuronides produced
via glucuronidation of mono- and dihydroxymethyl metabolites. However, as is true for most drugs, the
metabolism of RPV after injection has yet to be reported. The phase II clinical trial HPTN 076 enrolled 136
HIV-uninfected women and investigated the safety and acceptability of long-acting injectable RPV for use in
HIV pre-exposure prophylaxis. Through the analysis of plasma samples from 80 of these participants in the
active product arm of the study, we were able to detect 2 metabolites after intramuscular injection of long-acting
RPV, 2-hydroxymethyl-RPV, and RPV N-glucuronide. Of the total of 80 individuals, 72 participants exhibited
detectable levels of 2-hydroxymethyl-RPV in plasma samples whereas RPV N-glucuronide was detectable in
plasma samples of 78 participants. In addition, RPV N-glucuronide was detectable in rectal fluid, cervi-
covaginal fluid, and vaginal tissue. To investigate potential genetic variation in genes encoding enzymes
relevant to RPV metabolism, we isolated genomic DNA and performed next-generation sequencing of CYP3A4,
CYP3A5, UGTIAI and UGTIA4. From these analyses, four missense variants were detected for CYP3A4
whereas one missense variant and one frameshift variant were detected for CYP3AS5. A total of eight missense
variants of UGTIA4 were detected, whereas two variants were detected for UGTIAI; however, these variants
did not appear to account for the observed interindividual variability in metabolite levels. These findings
provide insight into the metabolism of long-acting RPV and contribute to an overall understanding of me-
tabolism after oral dosing versus injection.
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Introduction

RILPIVIRINE (RPV) 15 a second-generation non-nucleoside
reverse transcriptase inhibitor (NNRTI) of human im-
munodeficiency virus (HIV)."? As a diarylpyrimidine, RPV
has an inherent degree of flexibility and rotational freedom that
enables it to bind in the NNRTI binding pocket of the HIV
reverse transcriptase enzyme in several conformations, there-
by allowing for adaptation to potential resistance mutations.>
RPV was FDA-approved in 2011 for administration to
treatment-naive HIV-infected adults; because it was found to
be highly efficacious and well tolerated with chronic oral ad-
ministration, it was concurrently developed into a long-acting
injectable formulation.* A long-acting formulation of RPV
may improve adherence since it requires less frequent dosing
as compared with the current daily dosing strategy of RPV oral
formulations. In addition to potential use in HIV maintenance
therapy, long-acting RPV was being considered for use in HIV
prevention as pre-exposure prophylaxis (PrEP).?

After oral administration, drugs are absorbed through the
gastrointestinal tract where they reach the liver and undergo
first-pass hepatic metabolism. The liver contains a high abun-
dance of drug-metabolizing enzymes, including the cyto-
chromes P450 (CYP; P450) and UDP-glucuronosyltransferases
(UGT).6 Drug metabolism facilitates the clearance of admin-
istered drugs from the body. The most common enzymes in-
volved in the first-pass metabolism, P450s, convert drugs into
more 7polar products to facilitate their elimination from the
body.” In phase II metabolism, drugs and/or products of first-
pass metabolism are conjugated with a hydrophilic endogenous
compound. Glucuronidation represents the major pathway in
phase II metabolism, and glucuronidated products are elimi-
nated from the body through urine or feces.® In contrast, drugs
administered via intramuscular injections largely bypass first-
pass hepatic metabolism. Although extrahepatic organs may be
involved in the clearance of drugs delivered via alternative
routes such as intramuscular injections, the pathways of their
metabolism are largely unexplored. In addition, little is known
about the differences in the metabolism of drugs administered
via oral routes versus intramuscular injections. Moreover, the
pathways of drug metabolism after intramuscular injections
may yield insights into their efficacy and safety profiles.

Previously, we characterized RPV metabolism after oral
dosing and identified seven metabolites: four mono- or di-
hydroxylated metabolites, one N-linked RPV glucuronide
conjugate, and two O-linked RPV glucuronides produced via
glucuronidation of mono- and dihydroxymethyl metabo-
lites.” In the same study, we elucidated the in vitro routes of
RPV metabolism by using human liver microsomes and
cDNA-expressed enzyme assays. These analyses indicated
that CYP3A4 and CYP3AS are primarily responsible for the
oxidative metabolism of RPV. In addition, it was found that
RPV and a monomethylhydroxylated metabolite of RPV are
primarily metabolized via glucuronidation by UGT1A4 and
UGTIAL, respectively.” However, a role for these enzymes
in metabolizing a drug delivered via an injection is undefined
and the genes encoding enzymes CYP3AS, UGT1A1, and
UGT1A4 are polymorphic.

In this work, we investigated the metabolism of orally
administered RPV as well as long-acting RPV delivered via
intramuscular injections in HIV Prevention Trials Network
076 (HPTN 076) study participants. The HPTN 076 study
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was a multi-site, double-blinded, two-arm (2:1), randomized,
phase II clinical trial conducted to investigate the safety and
acceptability of a long-acting injectable (1,200 mg dosed six
times at 8 week intervals) for use in HIV PrEP.!° HIV-
uninfected women (n=136) were recruited across four cities
for this study: Bronx, New York; Newark, New Jersey; Cape
Town, South Africa; and Harare, Zimbabwe. Initial findings
from this study have demonstrated the high acceptability of
long-acting RPV for long-acting injectable PrEP delivery
over both oral and vaginal methods among study participants
(U.S. and African women).'” In addition, the safety and tol-
erability of long-acting RPV has been reported recently.'!
The goals of this work were to characterize RPV metabolites
in vivo by using plasma, rectal fluid, cervicovaginal fluid, and
vaginal tissue samples obtained from HPTN 076 study par-
ticipants, and to investigate the presence of variants of
CYP3A4, CYP3A5, UGTIAI, and UGTIA4 by using next-
generation targeted sequencing. After the injection phase, two
metabolites, 2-hydroxymethyl RPV and RPV N-glucuronide
were detected in plasma samples of the participants. In addi-
tion, RPV N-glucuronide was detectable in rectal fluid, cer-
vicovaginal fluid, and vaginal tissue. From next-generation
targeted sequencing analyses, four missense variants were
detected for CYP3A4 whereas UGT1A4 exhibited eight mis-
sense variants. In sum, results from this study yield novel
insights into the metabolism of long-acting RPV.

Materials and Methods

Chemicals and reagents

RPV was provided through the National Institutes of
Health AIDS Reagents Program. 2-Hydroxymethyl RPV and
rilpivirine-dg (RPV-dg) were obtained from Toronto Re-
search Chemicals (Toronto, ON, Canada). All solvents used
were high-performance liquid chromatography (HPLC)
grade and obtained from Fisher Scientific (Hampton, NH),
unless otherwise specified.

Clinical samples

The HPTN 076 study was carried out as reported by Tolley
et al.'® The study protocol was approved by the institutional
review board or ethics committee at each research site. All
research participants provided voluntary written informed
consent to participate in the HPTN 076 study. Whole blood
and plasma were obtained from HIV-uninfected females
(n=136) enrolled in the HPTN 076 trial across four study sites:
Bronx Prevention Center CRS, Bronx, NY, USA (n=19); New
Jersey Medical School Clinical Research Center CRS, New-
ark, NJ, USA (n=17); Emavundleni CRS, Cape Town, South
Africa (n=48); and Spilhaus Clinical Research Site, Harare,
Zimbabwe (n=52). The median age of the research partici-
pants was 31 years and overall, 94% (128/136 individuals) of
them were Black/African American. The details of HPTN 076
research participants have been published previously.'®
Baseline demographics of the study population that was used
for RPV metabolism study are shown in Table 1. A lead-in
period with oral RPV was conducted to screen for initial safety
and tolerability of RPV. After daily oral administration of
RPV, plasma samples used for metabolite analysis were ob-
tained at week 4 whereas post-injection plasma samples for
metabolite analysis were collected just before the fifth
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TABLE 1. SUMMARY OF BASELINE DEMOGRAPHICS
OF THE RESEARCH PARTICIPANTS INCLUDED
IN THE RILPIVIRINE METABOLISM STUDY

RPV (N=83)
Site
U.S. 23/83 (28%)
Africa 60/83 (72%)
Age
Mean (IQR) 31 (27-36)
Median 31
U.S. race (N=23)
Asian 1/23 (4.3%)
Black/African American 18/23 (78.3%)
White 3/23 (8.3%)
Other 1/23 (4.3%)
Zimbabwe race (N=235)
Shona 33/35 (94.3%)
Ndebele 1/35 (2.9%)

Other African Group
Cape Town race (N=25)

1735 (2.9%)

Black 25/25 (100%)
Weight, kg
Mean (IQR) 77 (67-87)
Median 75
BMI
Mean (IQR) 31 (26-35)
Median 30

IQR, interquartile range; RPV, rilpivirine.

injection (week 36). In this work, we analyzed 83 post-oral
plasma samples whereas only 80 post-injection samples were
available. Cervicovaginal fluid, rectal fluid, and vaginal tissue
samples analyzed for metabolites were collected just before
the fifth or sixth injection (week 36 or 44, respectively). Va-
ginal tissue was collected only from participants in the United
States. (Bronx/Newark, USA). Only 79 rectal fluid samples
were obtained for this analysis.

Measurement of RPV metabolites

Plasma, cervicovaginal fluid, rectal fluid, and vaginal tis-
sue samples were analyzed for the presence of RPV metab-
olites by using an ultra-HPLC-tandem mass spectrometry
assay as previously published.” Briefly, analytes of interest
from plasma, cervicovaginal fluid, and rectal fluid aliquots
were extracted by adding ice-cold acetonitrile containing the
internal standard (IS), RPV-d6 at 100ng/mL (200 uL for
plasma and 100 uL for cervicovaginal fluid and rectal fluid).
Vaginal tissue was thawed and extracted by adding 100 uL of
70% methanol supplemented with 100 ng/mL. RPV-d6 for
every 5mg of tissue and homogenized. Samples were vor-
texed, incubated at room temperature for 10min, and
centrifuged for 10 min at 10,000 g at 4°C. Supernatant was
collected and dried under vacuum. Samples were recon-
stituted in methanol (200 uL for plasma, 100 uL. for cervi-
covaginal fluid and rectal fluid, and 50 uL. for tissue),
vortexed, and incubated at room temperature for 10 min be-
fore centrifugation for 5min at 10,000 g at 4°C. Resulting
supernatants were collected for mass spectral analyses, in-
jecting 10 uLL per sample from plasma, cervicovaginal fluid,
and rectal fluid and 5 uL per sample from tissue. Liquid
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chromatography-tandem mass spectrometry analyses were
carried out by using a Dionex Ultimate 3000 uHPLC system
coupled to a TSQ Vantage Triple Stage Quadrupole mass
spectrometer (Thermo Scientific).

In the selected reaction monitoring mode, fragment ions
were detected by positive ionization using the following
transitions (Q1 — Q3): 383 — 222 m/z (monohydroxylated
RPV), 399 — 183 m/z (dihydroxylated RPV), 399 — 196 m/z
(dihydroxylated RPV), 543 — 367 m/z (RPV glucuronide
conjugate), 559 — 383 m/z (monohydroxylated RPV glucu-
ronide conjugate), and 575 — 399 m/z (dihydroxylated
RPV glucuronide conjugate). The limit of quantitation for
2-hydroxymethyl-RPV in plasma samples was 0.781 ng/mL.
Peaks detected that fell below the limit of quantitation are
reported as detectable. The range for the quantitation of plasma
2-hydroxymethyl-RPV was 0.781-1,600 ng/mL. The standard
curves were calculated by using GraphPad Prism (San Diego,
CA) by taking the ratio of analyte peak area over IS and fit by
using a weighted (1/y?) linear regression, and concentrations
of samples were interpolated by using the curves.

Statistical analysis

Statistical analyses were performed by using GraphPad
Prism (San Diego, CA). Kruskal-Wallis tests followed by
Dunn’s test were performed, and significance was denoted as
follows: *p<.05; **p <.01; ***p<.001. The confidence in-
terval used was 95%.

Genomic DNA isolation and sample preparation
for next-generation sequencing

Genomic DNA was isolated from 200 uL of whole blood
by using the QTAamp 96 DNA Blood Kit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. Purified
DNA was eluted by using 200 uL of elution buffer.

Samples were prepared following the TruSeq custom
amplicon library preparation kit guide (Illumina, San Diego,
CA) by using 250 ng of template DNA per reaction. Agen-
court AMPure XP beads (Beckman Coulter, Inc., Brea, CA)
were used for PCR clean-up. The final pooled DNA library
(6 uL) was diluted in 594 uLL HT'1 buffer and spiked with 1%
PhiX. One technical control was included per sample batch,
and runs were sequenced by using an Illumina MiSeq se-
quencing platform generating 150 base pair reads.

Next-generation sequencing targeted
enrichment design

Sequencing was performed by using the Illumina TruSeq
custom amplicon v1.5 kit (San Diego, CA). Custom probes
targeting the exonic regions of CYP3A4, CYP3A5, UGTIAI,
and UGTIA4 were generated in silico by using Illumina
DesignStudio software. The chromosomal coordinates used
were as follows: CYP3A4 7:99354583-7:99381811;
CYP3AS5 7:99245813-7:99277621; UGTIAI 2:234668919—
2:234681945; UGTIA4 2:234627438-2:234681945. The
final design included 120 amplicons.

Next-generation sequencing data analysis

Secondary analysis of the base calls and Phred-like quality
score (Qscore) generated by Real Time Analysis software was
performed by using on-instrument MiSeq Reporter software.
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Reads were mapped to the GRCh37 (hg19) reference assembly
by using a banded Smith-Waterman algorithm, and variant
calling was carried out by using the Genome Analysis Toolkit.
Variant call format files were annotated by using Illumina
VariantStudio software. Raw variant calls were filtered by
applying a read depth threshold >1,500 bases per variant, a
minimum base call Qscore of 30 (error rate of 1 in 1,000), and
an alternate variant frequency >45%, followed by visual in-
spection using the Integrative Genome Viewer. Variants were
ultimately cross-referenced with the National Center for Bio-
technology Information database of Single Nucleotide Poly-
morphisms, and variant alleles were assigned by using the
Karolinska Institute’s Human Cytochrome P450 Allele No-
menclature Database and PharmGKB."?

Results

Detection of RPV metabolites in plasma samples

of HPTN 076 participants following oral administration
of RPV versus long-acting RPV delivery

via an intramuscular injection

Baseline demographics of the study population that was
used for this RPV metabolism study are shown in Table 1. To
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probe the metabolism of RPV after oral administration versus
delivery via a long-acting injectable, we measured RPV
metabolites in HPTN 076 participants after both oral dosing
and intramuscular injection. Of the total of 136 study par-
ticipants, 83 received 25 mg of RPV once daily for 4 weeks.
After this oral lead-in phase, plasma samples were obtained
from research participants (n=83) at week 4. From these
analyses, of the four established oxidative metabolites of
RPV, only 2-hydroxymethyl-RPV was detectable in any
of the participants after the oral phase. Specifically,
2-hydroxymethyl-RPV was detected in plasma samples of
75 study participants (90%). Of these, 58 participants (70% of
83) exhibited quantifiable levels of 2-hydroxymethyl-RPV in
their plasma samples (Bronx/Newark, USA n=9, Cape
Town, South Africa n=16, Harare, Zimbabwe n=233)
(Fig. 1A). The mean 2-hydroxymethyl-RPV plasma level
was 3.0411.60ng/mL, and the distribution of metabolite
plasma levels across study sites is shown in Figure 1A. In
addition to 2-hydroxymethyl-RPV, we were able to readily
detect another metabolite, RPV N-glucuronide in 78 of the 83
(94%) plasma samples analyzed (Bronx/Newark, USA
n=20, Cape Town, South Africa n=23, Harare, Zimbabwe
n=35) (Fig. 1B). We were not able to quantitate the levels of
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FIG. 1. Detection of 2-hydroxymethyl-RPV and RPV N-glucuronide in plasma samples of HTPN 076 research partici-
pants after oral dosing of RPV (25 mg, once-daily) for 4 weeks. (A) 2-hydroxymethyl-RPV and (B) RPV N-glucuronide in
plasma samples of HPTN 076 study participants were detected by using an ultra-high-performance liquid chromatography-
tandem mass spectrometry assay, as previously published.” The 2-hydroxymethyl-RPV metabolite was quantified by using a
synthetic standard, and the levels of 2-hydroxymethyl-RPV are represented as ng/mL. Due to the lack of a synthetic
standard for RPV N-glucuronide, data are represented as a peak area ratio to the IS, RPV-d6. A total of 83 plasma samples
collected from study sites, Bronx/Newark, USA n=23, Cape Town, South Africa n=25, Harare, Zimbabwe n=35 were
analyzed. Statistical significance was denoted as follows: **p<.01; ***p<.001. IS, internal standard; RPV, rilpivirine.
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RPV N-glucuronide due to the absence of a synthetic standard
(there were several failed synthesis attempts); therefore, we
utilized the peak area ratio of RPV N-glucuronide to RPV-dg
(as an IS) to qualitatively compare across participants.

We next analyzed plasma samples of HPTN 076 study
participants after intramuscular injection at week 36
(8 weeks after the fourth injection) (n=280). We took an
unbiased approach and we looked for metabolites by using a
non-targeted mass spectrometry method that records full
scan spectra of analytes. We then employed a targeted
mass spectrometry assay to specifically detect the seven
known RPV metabolites. Of the 80 plasma samples ana-
lyzed, 72 participants (90%) had detectable levels of 2-
hydroxymethyl-RPV in plasma. However, only 21 research
participants (26% of 80) exhibited quantifiable levels of
2-hydroxymethyl-RPV in plasma during the injection
phase (Bronx/Newark, USA n=7, Cape Town, South Africa
n=9, Harare, Zimbabwe n=35) (Fig. 2A). The mean 2-
hydroxymethyl-RPV plasma level was 1.10+0.37 ng/mL
(Fig. 2A). As observed in the oral phase, we were able to
detect RPV N-glucuronide after intramuscular injection. Of
the 80 plasma samples analyzed, 78 (98%) exhibited de-
tectable levels of RPV N-glucuronide (Bronx/Newark, USA
n=22, Cape Town, South Africa n=22, Harare, Zimbabwe
n=34) (Fig. 2B). In addition, the variation of the plasma
levels of both RPV metabolites, 2-hydroxymethyl-RPV and
RPV N-glucuronide in participants after oral dosing versus
injection is shown in Figure 3.
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FIG. 2. Detection of 2-hydroxymethyl-
RPV and RPV N-glucuronide in plasma
samples of HTPN 076 research participants
after an intramuscular injection contain-
ing RPV (1,200 mg of RPV was delivered
in two 2mL injections at 8-week intervals).
(A) 2-hydroxymethyl-RPV and (B) RPV
N-glucuronide in plasma samples of HPTN
076 study participants were detected by
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Detection of RPV metabolites in rectal fluid,
cervicovaginal fluid, and vaginal tissue samples

of HPTN 076 participants following long-acting RPV
delivery via an intramuscular injection

In addition to plasma samples, we obtained rectal fluid,
cervicovaginal fluid, and vaginal tissue samples from HPTN
076 study participants after the injection phase at weeks 36 or
44. Of the 79 rectal fluid samples obtained and analyzed, 30
participants (38%) had 2-hydroxymethyl-RPV in their rectal
fluids with a mean value of 0.060+0.17 ng/mg of sample
(Bronx/Newark, USA n=38, Cape Town, South African=13,
Harare, Zimbabwe n=9) (Fig. 4A). In contrast, we were not
able to detect the RPV metabolite, 2-hydroxymethyl-RPV in
either cervicovaginal fluid or vaginal tissue samples. How-
ever, we were able to detect the RPV N-glucuronide in rectal
fluid, cervicovaginal fluid, and vaginal tissue (Figs. 4B-D).
Of the 79 rectal fluid analyzed, 33 participants (42%)
exhibited detectable levels of RPV N-glucuronide (Bronx/
Newark, USA n=10, Cape Town, South Africa n=11,
Harare, Zimbabwe n=12) (Fig. 4B). Eighty cervicovaginal
fluid samples were analyzed for RPV N-glucuronide, and 45
participants (56%) had detectable RPV N-glucuronide levels
in their cervicovaginal fluid samples after injection
(Bronx/Newark, USA n=10, Cape Town, South Africa
n=14, Harare, Zimbabwe n=21) (Fig. 4C). We obtained 22
vaginal tissue samples from Bronx/Newark site after an in-
tramuscular injection containing RPV and the metabolite,
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FIG. 3. Variation of the plasma levels of RPV metabolites, 2-hydroxymethyl-RPV, and RPV N-glucuronide in study
participants at post-oral dose versus post-injection. Levels of 2-hydroxymethyl-RPV in plasma samples of HPTN 076
participants from (A) Bronx/Newark, USA, (B) Cape Town, South Africa, and (C) Harare, Zimbabwe after oral dosing
versus injection. RPV N-glucuronide levels in plasma samples collected from (D) Bronx/Newark, USA, (E) Cape Town,
South Africa, and (F) Harare, Zimbabwe after oral dosing versus injection. Eighty-three plasma samples collected from
study sites, Bronx/Newark, USA n =23, Cape Town, South Africa n=25, Harare, Zimbabwe n =35 were analyzed for post-
oral dose whereas 80 plasma samples collected from study sites, Bronx/Newark, USA n=22, Cape Town, South Africa
n=24, Harare, Zimbabwe n=34 were analyzed for post-injection.

RPV N-glucuronide was detected in 16 vaginal tissue sam-
ples (73%) from 16 unique participants (Bronx/Newark, USA
n=16) (Fig. 4D).

Next-generation sequencing of participant
genomic DNA

To determine whether genetic differences could be iden-
tified that might govern the observed interindividual vari-
ability in metabolite levels, we isolated genomic DNA from
the participants and designed a targeted amplicon-based as-
say to sequence the exonic regions of CYP3A4, CYP3A5,
UGTIAI, and UGTIA4. To gain a comprehensive under-
standing of the genetic variation within the study population,
we genotyped all study participants, including those that did
not receive RPV. Using this approach, we successfully se-
quenced 135 of the 136 participants (Bronx/Newark, USA
n=36, Cape Town, South Africa n=48, Harare, Zimbabwe
n=51). For one participant, we were not able to isolate high
enough quality genomic DNA to carry out sequencing.

Targeted sequencing of CYP3A4 and CYP3A5

For CYP3A4 (Table 2), four missense variants, all of which
have been previously reported in the dbSNP database [as
denoted by the RefSNP (rs) number], were detected:
rs72552799 (R130Q), rs4986907 (R162Q, CYP3A4*15A),

rs57409622 (R162W), and rs113667357 (Q200H). These
variants were of relatively low frequency, with r$72552799
(R130Q) carried in one participant (Bronx/Newark, USA
n=1), rs4986907 (R162Q, CYP3A4*15A) detected in six
participants (Bronx/Newark, USA n=2, Cape Town, South
Africa n=1, Harare, Zimbabwe n=3), rs57409622 (R162W)
carried by one participant (Harare, Zimbabwe n=1), and
rs113667357 (Q200H) carried by two participants (Cape
Town, South Africa n=2). The observed frequencies of these
variants in this study were 0.01, 0.04, 0.01, and 0.02, re-
spectively. The functional impact of each of these variants is
unknown.

For CYP3AS targeted sequencing (Table 2), one missense
variant rs142823108 (I1149T) and one frameshift variant
rs41303343 (CYP3A5*7, T346Y) were detected. The
rs142823108 (1149T) variant was carried by two participants
(Harare, Zimbabwe n=2), each heterozygous, for an ob-
served frequency of 0.02. The rs41303343 (CYP3A5%7,
T346Y) allele was present at a higher observed frequency of
0.24, as it was detected in 33 participants (Bronx/Newark,
USA n=2, Cape Town, South Africa n=16, Harare, Zim-
babwe n=15), with 2 of these being homozygous (observed
frequency 0.02). The CYP3A5%*7 allele results in non-
functional CYP3A5 proteinB; however, we did not ob-
serve an impact of the CYP3A5*7 genotype on RPV metab-
olism as the concentrations of 2-hydroxymethyl-RPV were
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FIG. 4. Detection of RPV metabolites, 2-hydroxymethyl-RPV, and RPV N-glucuronide in rectal fluid, cervicovaginal
fluid, and vaginal tissue samples of HTPN 076 research participants after RPV delivery via an intramuscular injection.
(A) Detection of 2-hydroxymethyl-RPV in rectal fluid samples. For this, 79 rectal fluid samples from study sites Bronx/
Newark, USA n=21, Cape Town, South Africa n=23, Harare, Zimbabwe n =35 were analyzed. The 2-hydroxymethyl-RPV
metabolite was quantified by using a synthetic standard, and the levels of 2-hydroxymethyl-RPV are represented as ng/mg
of sample. Detection of RPV N-glucuronide in (B) rectal fluid (n=79), (C) cervicovaginal fluid (80 samples: Bronx/
Newark, USA n=21, Cape Town, South Africa n=24, Harare, Zimbabwe n=235), and (D) vaginal tissue (22 samples from

Bronx/Newark, USA)é
previously published.
icance was denoted as follows: *p <.05; **p <.01.

3.0+ 1.6 ng/mL versus 3.3+ 1.7 ng/mL for participants car-
rying no CYP3A5%*7 alleles versus those carrying CYP3A5%7
alleles.

Targeted sequencing of UGT1A1 and UGT1A4

One nonsynonymous variant and one upstream promoter
insert variant was detected for UGT1A1 in the HPTN 076
participants, and these were variant rs144217005 (V109A)
and 1s34983651 (UGTIA1%28), respectively (Table 3). Var-
iant rs144217005 was detected in 1 participant (Harare,
Zimbabwe n=1) for an observed frequency of 0.01, whereas
1s34983651 (UGTIAI*28) was carried by 22 (Bronx/Ne-
wark, USA n=3, Cape Town, South Africa n=10, Harare,
Zimbabwe n=9) participants, resulting in an observed fre-
quency of 0.16, and 5 of these individuals were homozygous
(0.04 frequency). This allele, rs34983651 (UGT1A1%28), has
been demonstrated to impair the transcription of UGTIAI,
resulting in decreased protein expression and activity'?;
however, all of the participants carrying this allele had de-
tectable levels of RPV N-glucuronide.

A total of eight missense variants of UGT1A4 were de-
tected, and observed frequencies within the study population
were calculated (Table 3). The highest frequency variant was

samples using an ultra-high-performance liquid chromatography-tandem mass spectrometry assay as
RPV N-glucuronide data are represented as a peak area ratio to the IS, RPV-d6. Statistical signif-

rs45540231 (I176F). Twenty-six participants were hetero-
zygous for this variant (Bronx/Newark, USA n=2, Cape
Town, South Africa n=13, Harare, Zimbabwe n=11) for a
frequency of 0.19, whereas one participant was homozygous
(Harare Zimbabwe n=1) for a frequency of 0.01. This par-
ticipant was the only individual that was homozygous for any
UGTI1A4 variant. Of note, the levels of RPV N-glucuronide
for this individual fell within the range of the other partici-
pants. The variant rs2011425 (UGTIA4*3b, L48V) showed
the second highest frequency, as it was detected in 17 par-
ticipants (Bronx/Newark, USA n=6, Cape Town, South
African=4, Harare, Zimbabwe n =7) for a frequency of 0.13.
Variant rs3892221 (UGT1A4*4, R11W) was detected in
seven participants (Bronx/Newark, USA n=2, Harare,
Zimbabwe n=1, Cape Town, South Africa n=4) for a fre-
quency of 0.05. The rs146073833 (G158R) variant was
carried by seven participants (Bronx/Newark, USA n=2,
Cape Town, South Africa n=3, Harare, Zimbabwe n=2)
for an overall frequency of 0.05. The variant rs6755571
(UGT1A4%2, P24T) was detected in four of the participants
(Bronx/Newark, USA n=2, Cape Town, South Africa n=1,
Harare, Zimbabwe n=1), and the frequency was 0.03. The
other variants were rs141408391 (A58V) carried by one
participant (Harare, Zimbabwe n=1), rs201935850 (K73N)
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carried by one participant (Harare, Zimbabwe n=1), and
rs138822211 (I223L) carried by three participants (Bronx/
Newark, USA n=1, Harare, Zimbabwe n =2) for frequencies
of 0.01, 0.01, and 0.02, respectively.

Discussion

HPTN 076 was a phase II study that investigated the safety
and tolerability of long-acting RPV in HIV-uninfected
women across four research sites in Africa and the United
States: Cape Town, South Africa; Harare, Zimbabwe;
Bronx/Newark, USA.'° In the current study, the metabolism
of long-acting RPV was characterized in subjects who re-
ceived intramuscular injections containing RPV (four intra-
muscular injections at eight-week intervals). In addition, the
genetic variation in the genes that encode RPV metabolizing
enzymes was investigated.

In our study, we detected RPV N-glucuronide and a hy-
droxylated metabolite of RPV, 2-hydroxymethyl-RPV, in
plasma samples of subjects after oral administration of
RPV. This is consistent with our previous report that RPV
N-glucuronide, formed by UGT1A4, is the primary RPV
plasma metabolite.” Somewhat surprisingly, we also de-
tected plasma RPV N-glucuronide in 97.5% (78/80) of
individuals after intramuscular injection. We detected 2-
hydroxymethyl RPV in 90% (72/80) of participants. Orally
administered drugs undergo first-pass hepatic metabolism
since the liver contains high concentrations of P450s, UGTs,
and other drug-metabolizing enzymes that are responsible
for biotransformation. Previously, it has been reported
in vitro that CYP3A4 and CYP3AS are primarily respon-
sible for RPV metabolism in liver.” It is known that enzymes
in the CYP3A subfamily are highly abundant in liver.'”
Thus, CYP3A enzymes (CYP3A4/CYP3AS) in the liver
may, indeed, play a primary role in the formation of 2-
hydroxymethyl-RPV in vivo.

In our previous oral study, we found that two O-linked
glucuronide conjugates of oxygenated metabolites of RPV
also circulate in plasma to a greater extent than unconjugated
metabolites, including 2-hydroxymethyl RPV; however, in
the current study, these O-linked conjugates were not de-
tectable after oral RPV administration or injection. These
data suggest that the half-life of RPV N-glucuronide may be
longer than other RPV metabolites and/or that this
N-glucuronidation of RPV could be carried out by extrahe-
patic organs such as the kidney.

Currently, the overwhelming majority of what is known
about the glucuronidation of drugs is within the context
of oral drug administration. It is often assumed that since
drugs delivered via alternative routes such as intramuscular
injections largely bypass first-pass (hepatic) metabolism,
metabolites will not be detectable or contribute to the phar-
macology of the injectable drug. Our data here demonstrate
that glucuronidation can be readily detected after injection of
along-acting drug that is known to undergo metabolism when
administered orally. Further, the primary metabolite formed
with both oral administration and intramuscular injection was
the same. Future experiments are required to identify the
source of RPV N-glucuronidation after intramuscular injec-
tion; however, it is possible that the glucuronidation could
occur within the kidney.'® The expression of UGTs is highly
variable, and these enzymes are expressed across a range of
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tissues.'” It has been reported that UGT1A9 and UGT2B7 are
the major UGTs expressed in the kidney.'® In addition, many
UGTs, including UGT1AS5, UGT1A6, UGTIA7, and
UGT2B4, are known to be expressed in the kidney at low
levels.'® Interestingly, using a sensitive, nanobore liquid
chromatography coupled to the tandem mass spectrometry
approach, Harbourt et al. reported that expression of
UGT1A4 is higher in the kidney than in the liver.'® This
finding along with our data from this study suggests that renal
glucuronidation could be involved in the metabolism of long-
acting injectable RPV.

We investigated the genetic variation of drug-metabolizing
enzymes. Through previous work characterizing the human
biotransformation of RPV, we identified CYP3A4, CYP3AS5,
UGTIAI, and UGT1A4 as candidates for examination.’ From
these analyses, we detected several previously reported var-
iants for CYP3A4, CYP3AS5, UGTIAI, and UGT1A4. Many
of these variants are of unknown function. The coverage
threshold implemented in our analyses was in line with the
American College of Medical Genetics and Genomics
clinical laboratory standards for next-generation sequenc-
ing.?® From these genotypic analyses, we detected eight
missense genetic variants for UGT1A4. To date, several
variants of UGTIA4 have been studied, including
UGTIA4*2, UGTIA4*4, and UGTIA4*3b.>' Among these
variants, UGT1A4 L48V (UGT1A4%*3b) is known to lead to
increased rates of glucuronidation.22 However, we did not
find a correlation between the UGT1A4 genotype and RPV
N-glucuronide levels in our study. Of note, we did not ob-
serve an overlap in the participants with undetectable levels
of N-glucuronide RPV after an injection or oral dosing.
Each of the participants exhibited detectable levels of
N-glucuronide RPV in at least one of the dosing phases.
Taken together, our data suggest that multiple UGT en-
zymes may contribute to long-acting RPV metabolism in the
context of injection, and that the enzymes responsible
for RPV metabolism may differ depending on the route of
administration.

We detected one frameshift variant in CYP3AS5, CYP3A5*7,
and we found that carrying this allele had no impact on RPV
metabolism. It is known that this shift introduces a premature
termination codon at position 348."* Based on the previous
studies, CYP3A5*7 occurs at a frequency of about 8% in the
African population.”? Interestingly, this variant has not been
found in Asian or White populations.***® Our findings suggest
that RPV hydroxylation is not exclusively or primarily carried
out by CYP3AS.

In this work, as a major finding we detected RPV
N-glucuronide in rectal fluid, cervicovaginal fluid, and
vaginal tissue samples collected from HPTN 076 partici-
pants after an intramuscular injection containing RPV. This
is an interesting finding as to the best of our knowledge,
glucuronidated metabolites have not been previously re-
ported in cervicovaginal fluid or vaginal tissue after in vivo
dosing. Elimination routes for glucuronides include urinary,
biliary, and intestinal excretion, and glucuronidated metab-
olites are often found in feces.?’” This likely explains why we
were able to detect RPV N-glucuronide in rectal fluid sam-
ples of the study participants. In addition, we detected RPV
N-glucuronide in vaginal tissue samples. However, in our
work, we were not able to quantitate RPV N-glucuronide
levels due to the lack of a synthetic standard. Interestingly,
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our laboratory has previously shown the expression of
P450s, including CYP3A4 and CYP3AS in vaginal tissues;
however, in the current work, we did not observe any oxi-
dative metabolites of RPV in vaginal tissue.”® A study of the
expression of transporters and drug-metabolizing enzymes
in vaginal tissue has been reported.”” The 2-hydroxymethyl-
RPV metabolite was present in the rectal fluid of certain
subjects; however, we did not detect the glucuronide con-
jugate of 2-hydroxymethyl-RPV. The mechanisms that
govern the metabolite profiles we observed are unclear;
however, since we did not observe any correlations between
genetic variants and RPV metabolite levels or distributions,
the observed interindividual differences in RPV metabolite
levels may be due to transport mechanisms and involvement
of multiple metabolism pathways. Notably, our current
analysis was limited to females. In the future, it would be of
interest to investigate potential sexual dimorphisms in RPV
metabolism.

Conclusions

In conclusion, we detected the same two RPV metabo-
lites, 2-hydroxymethyl-RPV and RPV N-glucuronide in the
plasma samples of study participants after both oral and
intramuscular RPV. Interestingly, RPV N-glucuronide was
also detected in rectal fluid, cervicovaginal fluid, and
vaginal tissue samples postinjection. These data suggest
that glucuronidation may be the primary route of RPV
metabolism after injection. To date, the pharmacological
activities or toxicities of these metabolites are unknown. To
investigate potential genetic variation in RPV metabolism,
we isolated genomic DNA and performed next-generation
sequencing of CYP3A4, CYP3A5, UGTIAI, and UGTIA4.
However, we did not find a correlation between the detected
variants and RPV metabolite levels. Interindividual dif-
ferences that we observed in RPV metabolite levels are
likely due to involvement of multiple metabolism pathways
and other mechanisms such as transport. Taken together,
our results provide novel insights into the metabolism of
long-acting RPV as well as a unique foundation to under-
stand the pharmacokinetics of injectable drugs more
broadly.
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