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Oral or topical daily administration of antiretroviral (ARV) drugs to HIV-1-negative individuals in vulnerable populations is a
promising strategy for HIV-1 prevention. Adherence to the dosing regimen has emerged as a critical factor determining efficacy
outcomes of clinical trials. Because adherence to therapy is inversely related to the dosing period, sustained release or long-act-
ing ARV formulations hold significant promise for increasing the effectiveness of HIV-1 preexposure prophylaxis (PrEP) by re-
ducing dosing frequency. A novel, subdermal implant delivering the potent prodrug tenofovir alafenamide (TAF) with con-
trolled, sustained, zero-order (linear) release characteristics is described. A candidate device delivering TAF at 0.92 mg day ' in
vitro was evaluated in beagle dogs over 40 days for pharmacokinetics and preliminary safety. No adverse events related to treat-
ment with the test article were noted during the course of the study, and no significant, unusual abnormalities were observed.
The implant maintained a low systemic exposure to TAF (median, 0.85 ng ml~'; interquartile range [IQR], 0.60 to 1.50 ng ml™")
and tenofovir (TFV; median, 15.0 ng ml~'; IQR, 8.8 to 23.3 ng ml~ "), the product of in vivo TAF hydrolysis. High concentrations
(median, 512 fmol/10° cells over the first 35 days) of the pharmacologically active metabolite, TFV diphosphate, were observed in
peripheral blood mononuclear cells at levels over 30 times higher than those associated with HIV-1 PrEP efficacy in humans.
Our report on the first sustained-release nucleoside reverse transcriptase inhibitor (NRTI) for systemic delivery demonstrates a

successful proof of principle and holds significant promise as a candidate for HIV-1 prophylaxis in vulnerable populations.

ral or topical daily administration of antiretroviral (ARV)

drugs to HIV-1-negative individuals in vulnerable popula-
tions is a promising strategy for HIV-1 prevention, but clinical
outcomes have varied widely (1-3). Adherence to frequent dosing
is burdensome to the user and has emerged as a key factor in
explaining the heterogeneous efficacy outcomes of HIV-1 preex-
posure prophylaxis (PrEP) clinical trials (4-7). It is well estab-
lished across different delivery methods that adherence to therapy
is inversely related with the dosing period (8—11). Sustained-re-
lease or long-acting ARV formulations hold significant promise as
a means of reducing dosing frequency, thereby increasing the ef-
fectiveness of HIV-1 PrEP.

Long-acting preexposure prophylaxis (LA-PrEP) is an alter-
native regimen to daily dosing designed to mitigate the above-
described adherence challenges (12, 13). LA-PrEP has been
based primarily on ARV nanoparticles for parenteral adminis-
tration as injections (12, 14). Dosing intervals of 1 month or
longer for injectable, long-acting, nanomilled formulations of the
integrase strand-transfer inhibitor cabotegravir (GSK1265744) and
the nonnucleoside reverse transcriptase inhibitor (NNRTI) rilpi-
virine are undergoing clinical evaluation as possible regimens for
HIV-1 therapy and prevention (12, 13, 15). While these efforts are
encouraging, they do not take advantage of the full portfolio of ARV
agents currently available, especially drugs from the established nu-
cleoside reverse transcriptase inhibitor (NRTI) mechanistic class.

Five recent clinical trials have demonstrated that vaginal
and oral preparations of the NRTI tenofovir (TFV) can be ef-
fective in HIV-1 PrEP (16-20). Therefore, a sustained-release
TFV is alogical and highly desirable addition to the small group
of LA-PrEP candidates. Unfortunately, established ARV for-
mulation approaches are not amenable to developing a long-
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acting TFV formulation. The dosing frequency of long-acting
ARV agents is determined by the drug’s aqueous solubility,
antiviral potency, and systemic clearance kinetics. These crite-
ria severely limit the number of FDA-approved ARV agents
suitable for reformulation as nanoparticles (12). The high
aqueous solubilities (>5 mg ml~") of TFV, as well as its prod-
rugs TFV disoproxil fumarate (TDF) and TFV alafenamide
(TAF; GS-7340), make long-acting nanoformulations unfeasi-
ble.

We have recently reported on a novel approach to achieve par-
enteral sustained-release ARV delivery based on large (>50 pm),
monodisperse drug particles coated with biocompatible polymers
that control the compound’s release kinetics (21) and have used it
to develop long-acting injectable formulations of the NNRTT ne-
virapine (LA-NVP). Pharmacokinetic (PK) modeling showed that
LA-NVP holds promise as a prophylactic in mother-to-child
transmission of HIV-1, providing 6 weeks of protective plasma
drug levels in the HIV-1-negative infant from a single subcutane-
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ous injection at birth (21). Unfortunately, preliminary studies us-
ing large TAF crystals coated with the blocking polymer poly(p,L-
lactic acid) did not sufficiently slow the in vitro release rate for a
viable sustained-release candidate in HIV-1 PrEP, where a dosing
interval of 1 month or longer typically is required. Therefore, al-
ternative, novel sustained-release drug delivery technologies are
required to broaden the number of available agents for HIV-1
LA-PrEP.

Along-acting TFV formulation must overcome the drug’s low
potency and high aqueous solubility while taking advantage of its
slow systemic clearance kinetics. To demonstrate antiviral activity
against HIV-1, TFV must undergo in vivo phosphorylation to the
active moiety, TFV diphosphate (TFV-DP), in cells supporting
HIV-1 replication (22). Because TFV-DP is ionized and trapped
intracellularly, it persists with a longer half-life than the parent
drug in plasma (22). The intracellular half-life of TEV-DP in pe-
ripheral blood mononuclear cells (PBMCs) of healthy individuals
was estimated at 48 h (23). The prodrug TAF (50% effective con-
centration [ECs,], 5nM) is 1,000 times more potent than TFV and
10 times more potent than the prodrug TDF (24), making TAF the
logical choice as the TFV moiety in the development of a long-
acting formulation. Oral TAF also leads to lower plasma TFV ex-
posure than oral TDF (25), a favorable characteristic for long-
term safety.

Subdermal implants constitute another means of achieving
sustained, controlled release of drugs, but this route has received
little attention for the delivery of ARV agents. Chen et al. devel-
oped NVP implants that maintained steady-state plasma levels in
rats for 90 days (26). An intravitreal implant delivering the anti-
viral drug ganciclovir for 8 months was developed for the treat-
ment of cytomegalovirus retinitis in AIDS patients (27, 28). Here,
anovel subdermal implant for sustained-release TAF is described.
The geometry and size of the device is based on widely used con-
traceptive implants. The prototype device was evaluated for PKs
and preliminary safety in beagle dogs over 40 days. Sustained
TFV-DP levels in PBMCs significantly exceeded those believed to
be required for efficacious HIV-1 PrEP.

MATERIALS AND METHODS

Materials. Tenofovir alafenamide (TAF) was kindly provided by Gilead
Sciences, Inc. (Foster City, CA), under a material transfer agreement
(MTA) dated 8 November 2013. Polyvinyl alcohol (PVA) with a mean
molecular weight (M,,) of 85,000 to 124,000 (98 to 99% hydrolyzed) was
obtained from Sigma-Aldrich (St. Louis, MO). Tenofovir-[adenine-'>C]
(TFV-'°C) was obtained from Moravek Biochemicals, Inc. (Brea, CA),
and maraviroc-Dg (MVC-Dy) was obtained from Santa Cruz Biotechnol-
ogy, Inc. (Dallas, TX). All other reagents were obtained from Sigma-Al-
drich unless otherwise noted.

Formulation of TAF long-acting (TAF LA) subdermal implant. Sec-
tions (40 mm long) of medical-grade platinum cured silicone tubing
(721048; 1.5 mm inner diameter [ID] and 1.9 mm outer diameter [OD];
Harvard Apparatus, Holliston, MA) were plasma etched using a model
PDC-32G plasma cleaner (Harrick Plasma, Ithaca, NY) ata medium radio
frequency (RF) setting for 3 min. Fourteen delivery channels (1.0 mm
diameter) per implant were mechanically punched (Fig. 1) as described
previously (29). Both open ends were sealed using silicone adhesive
(MED3-4213; NuSil Technology LLC, Carpinteria, CA). The sealed seg-
ments were dip coated in 5% (wt/wt) PVA solution, air dried overnight at
room temperature (25°C), and dip coated a second time with 10% (wt/wt)
PVA solution, followed by another round of drying. The silicone plug at
one end of the segments was removed and a metal pin inserted, followed
by thermal processing at 190°C for 4.75 h (27) and removal of the pin. The
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FIG 1 Three-dimensional model (A) and cross-sectional drawings (B and C)
of TAF implant. The TAF core (black) inside the silicone scaffold with PVA
membrane coating is shown (not to scale). Cross sections were sliced through
the y-z (B) and x-y planes (C).

resulting devices were packed with pure TAF powder without the use of
excipients, and the open end was resealed with silicone adhesive. The
implants were dried overnight at room temperature, and the exterior was
cleaned with an applicator wetted with 1X phosphate-buffered saline so-
lution (PBS; Thermo Fisher Scientific, Inc., Hudson, NH). PVA mem-
brane thickness was determined for implants sectioned in the y-z plane
(Fig. 1B) using methods described previously (30).

In vitro release kinetics measurements. In vitro release studies were
designed to mimic sink conditions and were carried out as follows. The
implants were placed in dissolution medium (100 ml) consisting of 1X
PBS with 0.01% NaN; added to prevent microbial growth. The vessels
were agitated in an orbital shaker at 25 = 2°C and 72 rpm. Aliquots (150
pl) were removed at predetermined time points and analyzed by UV
absorption spectroscopy (N,,.x = 262 nm) using a SpectraMax plus ab-
sorbance microplate reader (Molecular Devices, Sunnyvale, CA) to deter-
mine the TAF concentration using a ten-point standard curve.

Animals. The PK and preliminary safety animal study was carried out
at MPI Research, Inc. (Mattawan, MI). Animals were handled in strict
accordance with the Guide for the Care and Use of Laboratory Animals (31)
under approved internal Institutional Animal Care and Use Committee
protocols using MPI Research standard operating procedures. Male bea-
gle dogs (Canis lupus familiaris; n = 4) between the ages of ca. 13 and 19
months were used in the study. Animals were housed under standard
conditions, had ad libitum access to water and a standard laboratory diet,
and were between 9.2 and 12.4 kg at the time of implantation.

Implantation procedure. The animals were fasted overnight prior to
implantation and through atleast 1 h postimplantation. The anesthetized
animal was placed in ventral recumbency on the surgical table and
prepped for sterile surgery using chlorhexidine scrub and solution. A run-
ning medial lateral skin incision (1 cm) was made, 2 cm to the side of the
vertebral column in the dorsal scapular region. Within the incision line, a
subcutaneous pocket (ca. 5 cm by 2 cm) was made by blunt dissection for
placement of the TAF LA implant using a hemostat or forceps to pull the
implant into the pocket cranial to caudal. Following implantation, the
subcutaneous incisions were closed with absorbable sutures and the inci-
sions were closed with staples.

Assessment of toxicity. Toxicity was evaluated by clinical observations,
cageside observations (twice daily), and body weight (at least weekly).

Plasma and PBMC sample collection. Blood was collected from the
jugular vein at the following predetermined time points postimplanta-
tion: 2, 24, 48, 96, 144, 240, 336, 504, 672, 840, and 936 h. Note that
whole-blood samples for PBMC isolation and analysis were collected only
between 504 and 936 h.

Blood (3 ml) for plasma was collected into tubes containing K,EDTA
as the anticoagulant and maintained on wet ice before being processed for
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plasma by centrifugation at 2 to 8°C. Plasma samples were stored and
transported frozen at —60 to —90°C.

For PBMC isolation, blood (3 ml) was collected into Vacutainer CPT
cell preparation tubes (Becton, Dickinson and Company, Franklin Lakes,
NJ) using sodium citrate as the anticoagulant and processed according to
the manufacturer’s instructions. The layer containing the PBMCs was
transferred into a 15-ml tube and brought to a final volume of 14 to 15 ml
with 1X Dulbecco’s phosphate-buffered saline (DPBS). The suspension
was centrifuged at 550 X g for 6 min, the supernatant decanted, and the
pellet resuspended in 1X DPBS (final volume of 14 to 15 ml). The
suspension was subjected to another round of centrifugation and resus-
pension of the pellet in 1X DPBS (final volume of 14 to 15 ml). The
suspension was centrifuged at 550 X g for 6 min, and the pellet was incu-
bated in red blood cell lysis buffer (5 ml; eBioscience, San Diego, CA) for
5 min at room temperature and protected from light. The mixture was
resuspended in 1X DPBS (final volume of 14 to 15 ml) and centrifuged at
550 X g for 6 min. The supernatant was decanted, and the resulting pellet
was resuspended in 1 X DPBS (1 ml) and transferred into a cryopreserva-
tion vial. An aliquot of the suspension was used to count viable PBMCs
using a hemocytometer. The number of PBMC:s collected per 3-ml whole-
blood sample (means = standard deviations [SD]) was 4.8 X 10° = 2.1 X
10° cells. The remaining suspension was centrifuged at 550 X g for 6 min
and the supernatant decanted. The cell pellet was lysed using cold (2 to
8°C) 70% (vol/vol) methanol (0.5 ml), followed by freezing to —50 to
—90°C.

Quantification of TAF and TFV plasma concentrations. Dog plasma
samples were purified and analyzed separately for TAF and TFV. Plasma
samples were thawed on ice, and two 100-pl aliquots were dispensed into
separate 96-well plates, along with a minimum of six standards and a
minimum of three quality controls, in accordance with FDA guidelines
(32). Samples were spiked with 10 pl of internal standard (IS) solution (1
pg ml~! MVC-D, for TAF and 1 wg ml~* TEV-'*C, for TFV). For TAF,
sample purification was carried out in a 96-well format using a protein
and phospholipid removal system (Phree; Phenomenex, Inc., Torrance,
CA) according to the manufacturer’s instructions. For TFV, sample puri-
fication was carried out in a 96-well format using a mixed-mode anion
exchange and reversed-phase copolymeric sorbent system (Oasis MAX;
Waters Corporation, Milford, MA) according to the manufacturer’s in-
structions. The purified samples were dried in vacuo using a SpeedVac
concentrator system (Savant SC210A Plus; Thermo Fisher Scientific, Inc.)
and were reconstituted in 0.1% (vol/vol) formic acid in water (200 .l for
TAF, 100 .l for TFV) prior to analysis.

The concentration of TAF was measured at Oak Crest by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) using a high-per-
formance liquid chromatography (HPLC) system consisting of a model
G1367A well-plate autosampler and a model G1312A binary pump (1200
series; Agilent Technologies, Santa Clara, CA) interfaced to an API 3000
triple-quadrupole tandem mass spectrometer (AB Sciex, Framingham,
MA) with a turbo ion spray electrospray ionization (ESI) source. An Agi-
lent Zorbax Eclipse XDB-C, ¢ rapid resolution column (2.1 X 50 mm; 3.5
pm) controlled at 40°C was the stationary phase. The following gradient
program was used (A, 0.1%, vol/vol, formic acid in water; B, 0.1%, vol/vol,
formic acid in acetonitrile): 0.25 min of 100% A, 0.25-min ramp from
100:0 A:B to 95:5 A:B, 1.5-min ramp from 95:5 A:B to 70:30 A:B, 1.5-min
hold at 70:30 A:B, 1.5-min ramp from 70:30 A:B to 95:5 A:B, and 0.5-min
ramp from 95:5 A:B to 100:0 A:B. This program resulted in a total run time
of 5.5 min with a TAF retention time of 3.5 min. The measured transition
ions, m/z, under ESI+ ionization mode were the following: TAF, 477.0
amu (parent) and 270.0 amu (product); MVC-Dy (IS), 520.7 amu (par-
ent) and 280.6 amu (product).

The concentration of TFV was measured at Oak Crest by LC-MS/MS
using the above-described instrumentation and stationary phase. The fol-
lowing gradient program was used (A, 0.1%, vol/vol, formic acid in water;
B, 0.1%, vol/vol, formic acid in acetonitrile): 0.25-min ramp from 100:0
A:B to 95:5 A:B, 0.5-min ramp from 95:5 A:B to 100:0 A:B, and 0.25-min
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hold at 100:0 A:B. This program resulted in a total run time of 1.0 min,
with a TFV retention time of 0.2 min. The measured transition ions, m1/z,
under ESI+ ionization mode were the following: TFV, 288.1 amu (par-
ent) and 176.2 amu (product); TEV->C (IS), 293.1 amu (parent) and
181.2 amu (product).

Both methods used seven-point standard curves (1 to 100 ng ml~!
TAF, 10 to 1,000 ng ml~ ' TFV) prepared in blank plasma and showed
linearity in excess of an R? value of 0.98. The lower limits of quantification
(LLQ) for TAF and TFV in plasma were 0.5 ngml ™" (1nM) and 5 ngml !
(17 nM), respectively. Three separately prepared quality-control samples
were analyzed at the beginning and end of each sample set to ensure
accuracy and precision within 20%, in accordance with FDA bioanalytical
validation criteria (32).

Quantification of PBMC TFV-DP concentrations. The concentra-
tion of TFV-DP in PBMCs was measured at Johns Hopkins University
using established methods (33) that met FDA bioanalytical validation
criteria (32). The analytical measuring range of the assay was 50.0 to 1,500
fmol/sample. TFV-DP measurements exceeding the upper limit of quan-
titation (ULQ) were diluted and reanalyzed. Results were converted to
fmol/10° cells based on the lysate-specific number of PBMCs present in
the sample. Intracellular concentrations were calculated assuming a mean
cell volume of 0.2 ul/10° PBMCs (34) in order to maintain consistency
with prior reports (35).

Used-implant residual drug analysis and in vivo release rate. Resid-
ual drug in used implants was extracted with 50% (vol/vol) aqueous
methanol, and the concentrations of TAF and TFV were measured by
high-performance liquid chromatography (HPLC) with UV detection
(1100 series; Agilent Technologies). A Phenomenex (Torrance, CA) At-
lantis-C, 4 column (2.1 by 100 mm; 5 pm) controlled at 30°C was used as
the stationary phase. The following gradient program was used (A, 1.0%,
vol/vol, acetic acid and 3.0%, vol/vol, acetonitrile in water; B, acetoni-
trile): 2 min of 100% A, 2-min ramp from 100:0 A:B to 75:25 A:B, 2-min
hold at 75:25 A:B, 2-min ramp from 75:25 A:B to 100:0 A:B, and 3-min
hold at 100:0 A:B. The detection wavelength was 260 nm, and the reten-
tion times were 9.46 min (TAF) and 1.13 min (TFV). The method run
times were 11 min. In vivo TAF release rates assumed linear (zero-order)
kinetics based on in vitro experiments and were calculated by dividing the
total amount of drug released (based on residual drug measurements) by
the number of days the implants were in place.

Pharmacokinetic data analyses. Noncompartmental analyses (NCA)
were performed in Phoenix software (version 6.4; Pharsight Corporation,
Sunnyvale, CA) using literature plasma TAF concentration-versus-time
plots following oral TAF administration (5 mgkg ™~ '; F = 8.6% = 0.8%) in
beagle dogs (35). The NCA was used to determine the volume of distri-
bution (V) and clearance (CL) for use in the simulation.

The systemic parameters determined in the NCA, along with the in
vitro implant release rates, were used to simulate plasma TAF concentra-
tion-versus-time plots in Phoenix software (see Fig. 5). All parameters are
defined in the legend to Fig. 5, and the implant dosage form was assumed
to have 100% TAF bioavailability.

Statistical analysis. Data set group statistics and plots were carried out
using GraphPad Prism (version 6.02; GraphPad Software, Inc., La Jolla,
CA). Statistical significance was defined at a P value of <0.05.

RESULTS
Physical characteristics of the TAF LA implant. The physical
characteristics of the sustained-release TAF implant are presented
in Table 1 and Fig. 1. The orange-brown color of the implant
(Table 1) is the result of the dehydration of the PVA backbone
during thermal processing, leading to the formation of conjugated
double bonds (36, 37). In vitro cumulative release profiles (Fig. 2
and Table 1) exhibited burst-free, sustained release with zero-
order (linear) kinetics over 30 days.

Residual drug analysis on the used implants showed that, on
average, 98% of the TAF payload was delivered over the 40-day
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TABLE 1 Physical characteristics of long-acting TAF implant used in
the dog study

Value for TAF
Physical characteristic LA implant®
Appearance Orange-brown
Drug loading (mg; means = SD) 429*03
OD (mm) 1.9
Length (mm) 40
No. of delivery channels 14
Diameter of delivery channels (mm) 1.0
PVA content (%, wt/wt) 7.3
Membrane thickness (pum) 31.2 = 3.8

0.92 (0.86-0.98)
1.07 (1.04-1.10)

In vitro release rate (mg day )
In vivo release rate (mg day ')

“ Data in parentheses are the 95% confidence intervals.

study: residual TAF, 0.85 * 0.81 mg (means * SD). Only traces of
TFV (mean, 0.13 mg) were detectable. The TAF implant in vitro
dissolution rate (K 0.92 mg day ') (Table 1) was not statistically
significantly different (P = 0.1859; two-tailed unpaired ¢ test with
Welch’s correction) from the in vivo release rate (K, 1.07 mg
day™") (Table 1).

Toxicity. No adverse events related to treatment with the test
article were noted during the course of the study. Overall, there
were no significant abnormalities, and the majority of clinical ob-
servations noted were considered to be incidental, procedure re-
lated, or common findings for animals of this species. A lack of
appetite was noted on day 3 for all animals and was correlated with
minimal/no body weight gain for the majority of the animals
through day 21. The loss of appetite appeared to be transient,
however, with higher body weights noted for all animals on day 40
compared to body weight values on day —1. The incision sites
appeared healthy on days 2 to 9 following surgery, and the staples/
sutures were removed on day 8. There was no clinical evidence of
inflammation at the implantation sites and no evidence of toxicity
or poor tolerability at the implantation sites throughout the du-
ration of the study. Two animals were placed under veterinary
consultation while under study for an open incision site (animal
number 102, day 13) and mild erythema in both ears (animal
number 104, day 29).
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FIG 3 Subdermal implantation of TAF LA prototype device in beagle dogs
maintains sustained drug levels with low systemic exposure to TAF and TFV
with concomitant, efficient PBMC loading with TFV-DP. Pharmacokinetic
profiles of plasma TAF (closed circles) and TFV (open circles) and PBMC
TFV-DP (closed diamonds). Each data point represents the means = standard
deviations from four beagle dogs, and dotted lines correspond to the median
concentrations for each analyte over the 40-day study. Note that TFV-DP
levels were measured only after day 20.

Pharmacokinetics of sustained-release TAF in dogs. Dog plasma
TAF and TFV concentration-versus-time plots following a single
subcutaneous dose are shown in Fig. 3, superimposed with
TFV-DP PBMC concentrations on days 20 to 40. For TFV-DP
measurements below the LLQ but above the limit of detection, the
concentration was set to 25 fmol/sample. Only one TFV-DP mea-
surement (day 39) met this criterion (Table 2) and led to a con-
centration of 32 fmol/10° cells (PBMC count for the sample was
3.1 X 10° cells; a 0.25-ml volume was analyzed, resulting in a total
of 0.78 X 10° cells analyzed). One measurement exceeded the
ULQ (day 21), but there was insufficient sample remaining to
dilute and reanalyze, so this sample was omitted from the analysis.

The TAF implants maintained sustained plasma levels of
TAF and TFV, as well as PBMC TFV-DP concentrations, for 40
days (Fig. 3). The molar TAF:TFV plasma concentration ratio
(median * SD, 0.047 = 0.024 for days 1 to 40) was stable
throughout the study (Fig. 4). These data, along with residual
drug analysis, suggest that TAF is stable in the implant for 40
days in vivo. The short TAF plasma half-life in dogs (92 min)
(35) suggests that if significant prodrug hydrolysis were occur-
ring in the implant, the TAF:TFV plasma concentration ratios
would decrease significantly over the course of the study. The

TABLE 2 Summary of TAF, TFV, and TFV-DP concentrations over the
course of the 40-day dog study (n = 4)

Analyte, % above
matrix” n  LLQY

TAF, plasma 44 100
TFV, plasma 44 98

Median (IQR)

0.85 (0.60-1.50) ng ml™'; 1.8 (1.3-3.2) nM

15.0 (8.8-23.3) ng ml™%; 52.2 (30.5-81.0) nM

TFV-DP, 16 94 179.24 (128.2-616.7) fmol/10° cells; 895.8
PBMCs (640.9-3,083) nM

@ All values correspond to time points with the implant in place.

b Proportion of samples that contained quantifiable drug levels.

¢ Interquartile range between the first (25th percentile) and third (75th percentile)
quartiles.

 Median of 511.8 fmol/10° cells (IQR, 165.4 to 735.4 fmol/10° cells), over the first 35
days, before TAF release from the implant becomes nonlinear due to drug depletion
(Fig. 2).
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FIG 4 Molar TAF:TFV plasma concentration ratios are stable throughout the
40-day study. Each data point represents the means * standard deviations
from four beagle dogs.

magnitude of the TAF:TFV ratio, i.e., high plasma TFV levels
relative to those of TAF in paired samples, suggests that TAF
metabolism to TFV could occur in vivo, possibly via intracel-
lular dephosphorylation of TFV-DP and transporter-mediated
efflux of TFV into blood, in agreement with prior reports (22,
38, 39).

A summary of drug concentrations is presented in Table 2. A
median PBMC TEV-DP concentrations of 511.8 fmol/10° cells, an
underestimate, as the ULQ sample was omitted from the analysis,
was observed over the first 35 days, before dipping on day 40 as the
implant drug reservoir was being depleted (Fig. 3). A lowering of
the daily TAF release rate after 35 days also was observed in vitro
(Fig. 2), consistent with drug depletion from the implant and as
described mechanistically for similar devices in the literature (30).

Simulation of plasma TAF levels. A PK model (Fig. 5A) based
on systemic parameters derived by NCA of published data from
oral TAF administration in beagle dogs (35) and the measured in
vitro TAF release rates was used to simulate the corresponding
TAF plasma levels a priori (Fig. 4B). The purpose of this exercise
was not to model the in vivo TAF PKs but to predict TAF exposure
based purely on in vitro release rates and literature PK data. Based
on this simple approach, the analysis afforded reasonable agree-
ment between simulated and measured values despite the short
TAF plasma half-life in dogs and the low observed concentrations.
The lower observed levels after day 30 likely are due to drug de-
pletion from the implant, resulting in a change in release kinetics
from zero order to first order (Fig. 2) (30). The model will be
refined in the future to take these nonlinear effects into consider-
ation and will be useful in guiding formulation developments.

DISCUSSION

The primary objectives of the current study were to develop a
sustained-release TAF implant and to evaluate the PK and prelim-
inary safety of the device in dogs. The results are discussed below
with an emphasis on HIV-1 prophylaxis, although it is conceiv-
able that a similar device could be used in the treatment of HIV-
1/AIDS.

Pharmacokinetics and preliminary safety of TAF implant
prototype in dogs: implications for HIV-1 PrEP. In HIV-1 PrEP,
unlike treatment of HIV-1/AIDS, there is no biomarker of ARV
drug effect in susceptible, uninfected individuals to guide product
development. Randomized clinical trials (RCTs) for PrEP based
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FIG 5 Simulation of TAF pharmacokinetics in beagle dogs based on in vitro
implant release rates. (A) Graphical model. C, simulated plasma TAF concentra-
tion; V, volume of distribution (6.8 liters); CI, clearance (473 liters day ™ '); A0,
amount of drug cleared; A1, amount in the central compartment 1; CObs, ob-
served plasma TAF concentration; SI Rate, zero-order release rate from implant
(1.9 pmol day ', 0.92 mg day ). (B) Actual individual (closed circles) and sim-
ulated (dotted line) TAF plasma levels. The dose was 90 pmol (43 mg), and the
bioavailability (F) of the implant was assumed to be 100%. Note the linear y axis.

on TFV preparations have used sparse sampling of plasma,
PBMC:s, or cervicovaginal fluid to correlate measured drug levels
(PK) with the primary pharmacodynamic (PD) endpoint: HIV-1
seroconversion. For systemic PrEP, TFV-DP concentration in
PBMCs represents an accepted metric for estimating threshold
protective drug levels (23, 33, 40—42). In iPrEX, an RCT where
HIV-negative men who have sex with men took a daily oral com-
bination of TDF and emtricitabine (FTC), HIV-1 protection was
92% in participants moderately adhering to the regimen, as deter-
mined by plasma TFEV levels (17). A post hoc analysis found that a
PBMC TFV-DP concentration of 16 fmol/10° cells was associated
with 90% protection (43). It should be noted that, unlike in the
current study, the iPrEX RCT used cryopreserved PBMCs, which
leads to 33 to 67% loss of TEV-DP. Therefore, a more conservative
EC,, lies in the range of 24 to 48 fmol/10° cells. While this tentative
prophylactic TFV-DP concentration requires further clinical val-
idation, it represents the best available initial target level in the
preclinical development of a TAF implant. Future studies will
complement drug measurements in blood by analyzing TFV-DP
levels in anatomic compartments believed to be determinants of
HIV-1 PrEP efficacy, such as vaginal and rectal tissues and the
HIV-1 susceptible immune cells they contain.

In this preliminary study, a subcutaneous implant delivering
TAF at a rate of 1.07 = 0.02 mg day ' for 40 days in beagle dogs
maintained median PBMC TFV-DP levels of 512 fmol/10° cells
over the first 35 days. This achieved median concentrationis 11 to
32 times higher than the protective target from iPrEX (corre-
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sponding to a TFV-DP concentration range of 16 to 48 fmol/10°
cells). Simple allometric scaling (44, 45) (exponent, 0.75) from
beagle dogs (mean weight, 10.8 kg) to humans (70 kg) affords a
preliminary, lower target daily TAF release rate of 0.14 mg day ™'
to maintain a median TFV-DP PBMC concentration of 16 fmol/
10° cells. The concentration of PBMCs in beagle dog whole blood
(mean, 1.6 X 10° cells/ml; SD, 0.7 X 10° cells/ml) was comparable
to typical values for HIV-negative humans. Therefore, a 1-year
implant would need to contain at least 51 mg TAF (0.14 mg day
for 365 days), a feasible quantity for an implant with practical
physical dimensions.

Novel implant design for the sustained delivery of water-sol-
uble drugs. A sustained-release formulation of TAF has not been
reported. The implant design described here is novel and builds on
the success of our pod-intravaginal ring (pod-IVR) system for
sustained, highly controlled vaginal drug delivery (29). The im-
plant consists of a drug-filled, PVA-coated silicone cylinder with
orthogonal delivery channels (Fig. 1). The number and cross-sec-
tional diameter of the channels, coupled with the physiochemical
properties of the outer polymer membrane, determine the im-
plant release rate. The degrees of freedom allow the drug release
rate to be tuned over a wide range, even for water-soluble drugs
such as NRTIs. The release rate is not influenced by implant drug
loading, as in matrix systems where the drug is dispersed in the
polymer. The silicone shell is impermeable, and all drug release is
through the PVA-coated delivery channels, which linearize drug
release. The implant architecture also has the benefit of protecting
the drug core from chemical degradation, as evidenced by the in
vivo stability of the TAF depot over 40 days. Controlled and sus-
tained release is independent of the implant shell material, thereby
offering flexibility in polymer choices that may be important for
future large-scale production. The successful development of can-
didates for LA-PrEP in HIV-1 prevention will require devices that
are safe, effective, well tolerated, and affordable. The TAF implant
prototype described here was designed with these criteria in mind
and afforded burst-free, linear TAF release (Fig. 2), a significant
advantage over injectable long-acting ARV nanoformulations.

Is a 1-year subdermal TAF implant feasible? The geometry
and size of the TAF implant is based on three widely used contra-
ceptive implants. The Norplant subcutaneous contraceptive im-
plant, first approved in 1983 (Finland), consisted of six individual
tubular silicone capsules (2.4 mm OD by 34 mm long), each con-
taining 36 mg levonorgestrel (LNG). Approved in 1996, the Nor-
plantII (Jadelle) implant consists of two silicone rods (2.5 mm OD
by 43 mm long), each with 75 mg LNG dispersed in the elastomer.
The Implanon/Nexplanon devices are single rods (2 mm diameter
by 40 mm length) containing 68 mg etonogestrel dispersed in
ethylene vinyl acetate (46). These dimensions are identical to
those of the prototype TAF implant used in our dog study. All
three implant types are inserted subdermally on the inside of the
upper arm by making a small incision and using an insertion de-
vice consisting of a hollow needle and trochanter for placement.
Multiple, individual rods (e.g., Norplant and Jadelle) are im-
planted in a fan-shaped pattern. The devices also are easily re-
placed. Insertion/removal of the proposed TAF implants will fol-
low methods identical to those used successfully to insert/remove
millions of these contraceptive implants.

Conclusions. A long-acting TAF implant has translational po-
tential as a candidate for HIV-1 prophylaxis in vulnerable popu-
lations. Sustained-release TAF delivery could improve drug ad-
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herence and reduce transmission compared to levels for daily oral
dosing. A TAF implant also holds potential as part of a highly
active antiretroviral therapy (HAART) regimen for the treatment
of HIV-1/AIDS, especially when combined with other parenteral
sustained-release ARV formulations.
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