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Abstract

Recent clinical trials have demonstrated that pre-exposure prophylaxis (PrEP) may prevent HIV
infection in a significant number of HIV-1 negative individuals in venerable populations;
however, trial efficacy has been highly variable, with notable successes and failures. Poor
adherence to PrEP regimens has been implicated as a primary factor in determining efficacy of
these trials. With the exception of CAPRISA 004 where use of a pericoital tenofovir gel led to a
39% reduction in HIV infection, all successful PrEP regimens to date have used the disoproxil
fumarate ester prodrug of tenofovir (TDF) alone or in combination with emtricitabine (FTC). A
sustained-release, intravaginal ring (IVR) formulation of TDF holds promise for improving
adherence and, thus, increasing the effectiveness of PrEP. Here, a novel IVR delivering TDF with
sustained zero-order release characteristics that may be controlled over nearly two orders of
magnitude is described. Pod-IVRs containing 1-10 pods delivering TDF at 0.01 — 10 mg d~1 were
fabricated and their release characteristics evaluated in vitro. The pod-1VRs stabilized TDF against
hydrolytic degradation both in storage and during in vitro release experiments. Successful
translation of the TDF pod-IVR from laboratory evaluation to large-scale clinical trials requires
the ability to manufacture the devices at low cost and in high quantity. Methods for manufacturing
and scale-up were developed and applied to pilot-scale production of TDF pod-1VRs that
maintained the IVR’s release characteristics while significantly decreasing the variability in
release rate observed between pod-1VRs. This pod-1VR enables for the first time the dose-ranging
clinical studies that are required to optimize topical TDF PrEP in terms of efficacy and safety.
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1. Introduction

The global human immunodeficiency virus/acquired immune deficiency syndrome (HIV/
AIDS) epidemic is now in its fourth decade, with over 6300 new HIV infections occurring
daily (Hecht et al., 2010; Shattock et al., 2011; UNAIDS, 2013). In the absence of an
effective vaccine, pre-exposure prophylaxis (PrEP) is a promising strategy for preventing
HIV transmission. Tenofovir disoproxil fumarate (TDF) is a prodrug of the nucleoside
analog reverse transcriptase inhibitor (NRTI) tenofovir (TFV), developed to improve
bioavailability following oral dosing. Four recent clinical trials have demonstrated that PrEP
regimens based on TDF or TFV, alone or in combination with the NRTI emtricitabine
(FTC), can be effective in preventing of HIV infection in a significant proportion of
individuals. The relative risk reduction, however, varied from 39-75% among studies
(Baeten et al., 2012; Grant et al., 2010; Karim et al., 2010; Thigpen et al., 2012). In contrast,
trials where women used a once daily vaginal TFV gel or daily oral TDF or TDF-FTC pill,
PrEP did not show efficacy in preventing HIV acquisition (MTN, 2013; Van Damme et al.,
2012). Currently, all HIV PrEP regimens with demonstrated clinical efficacy include TFV or
TDF, and daily oral TDF in combination with FTC was approved in 2012 by the U.S. Food
and Drug Administration to reduce the risk of HIV infection in uninfected individuals who
are at high risk for HIV infection.

A critical factor driving success or failure in these clinical trials was adherence to frequent
dosing: study participants who followed the prescribed antiretroviral (ARV) dosing
regimens were significantly protected from HIV infection compared to those who did not
(Amico et al., 2013). These results underscore the need for successful non-vaccine
prevention methods against HIV infection that not only exhibit high pharmacologic efficacy,
but also encourage higher compliance. It is well established across different delivery
methods that adherence to therapy is inversely related to dosing period (Bhaniji et al., 2004;
Haycox, 2005; Kruse et al., 1991; Kutilek et al., 2003; Quraishi and David, 2000; Sershen
and West, 2002; Small and Dubois, 2007; Yeaw et al., 2009), suggesting that sustained-
release delivery methods can improve the poor adherence observed in many of the previous
trials. Topical delivery of ARV drugs using intravaginal rings (IVRS) has the potential to
provide the sustained mucosal levels required for protection against HIV infection (Malcolm
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et al., 2010). and IVR methods are believed to improve adherence compared to coitally
dependent and daily dosing methods (Montgomery et al., 2012).

We demonstrated in an in vivo sheep model that I\VRs delivering the prodrug TDF topically
to the vagina resulted in significantly higher drug levels (86x higher) in vaginal tissues than
IVRs delivering an equivalent vaginal fluid concentration of TFV, suggesting that local
delivery of TDF to the vagina will more effectively prevent HIV infection (Moss et al.,
2012). Subsequently, Smith et al. reported an IVR releasing 0.4 — 4 mg d~! TDF that
provided complete protection of pigtail macaques against multiple simian-HIV (SHIV)
challenges in a low-dose model (Smith et al., 2013). Although these studies demonstrate
proof of concept that I\VRs delivering TDF may be an effective approach for preventing
sexual vaginal HIV infection, multiple technologies will likely be required to advance
candidate products through the development pipeline. Successful IVR platforms must meet a
number of important characteristics, including: consistent daily release at a target rate, the
ability to control and modify the release rate simply and precisely, and the capability to be
rapidly transitioned to scalable production in preparation for large-scale clinical trials. Here
we describe the in vitro characterization and pilot-scale manufacturing of an IVR platform
that meets these important criteria.

2. Material and Methods

2.1. Material

Tenofovir disoproxil fumarate (TDF) was kindly provided by Gilead Sciences, Inc. (Foster
City, CA). Liquid silicone resin (LSR, MED-4940 and MED-4840) and silicone adhesive
(MED3-4213) was obtained from Nusil, Inc. (Carpenteria, CA). Polyvinyl alcohol, USP
(PVA, viscosity = 23.6 mPa s, 85-89% hydrolyzed) was obtained from Spectrum Chemical
(Gardena, CA). D,L-Polylactic acid (PLA, Resomer R 202 S) was obtained from Evonik
Industries AG (Darmstadt, Germany). All other chemicals were NF grade or equivalent and
used as received.

2.2. Manufacture of silicone pod-intravaginal rings

Intravaginal rings of the pod-1VR design containing TDF were prepared using methods
previously reported in detail (Baum et al., 2012). Briefly, cylindrical cores (3.2 mm diam.)
of 20-40 mg TDF admixed with 0.5% magnesium stearate were formed using compaction
with a pellet press (Globe Pharma MTCM-I1, North Brunswick, NJ). The compressed TDF
cores were coated with either PVA or PLA. Polymers were applied by drop coating from a
5% (w/v) aqueous PVA solution or 5% (w/v) PLA in 2:1 dichloromethane:ethyl acetate
(v/v). A 6 UL aliquot of polymer solution was applied to one flat side of the core and
allowed to dry. The core was inverted and a second 6 L aliquot applied. After drying for
~4h, a second layer was applied using the same technique. As described previously (Baum
et al., 2012), the polymer-coated TDF pods were embedded in silicone rings or ring
segments fabricated by injection molding from LSR, with one to three delivery channels per
pod (channel diameter 0.75 — 2.0 mm) formed by mechanical punching.
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2.3. Pod-IVR production scale-up

For TDF core manufacture on commercial tableting equipment, a formulation consisting of
69.3% (w/w) TDF, 23.7% microcrystalline cellulose (Ceolus KG-1000, Asahi Kasei Pharma
Corp., Tokyo, Japan), 3.0% cellulose ether (Methocel E5 Premium LV, Dow Chemical,
Midland, M), and 4.0% sodium stearyl fumarate (Pruv, JRS Pharma, Patterson, NY) was
used. The TDF, Ceolus KG-1000, and Methocel were wet-granulated in a 4 L high shear
granulator bowl using 40 g water per 100 g solids. The granulate was dried in a fluid bed
dryer with inlet air at 50° C and the dried granulate milled in a Model 197 Quadro Comil
(Quadro Engineering, Waterloo, ON, Canada) using a 0.055 in. round-hole screen and
#1601 impeller. The milled granulate was blended with the sodium stearyl fumarate
lubricant in a VV-shell blender and compressed into solid cores (3.2 mm diam. x 4 mm ht.)
using a FlexiTab single-station press (Robert Bosch GmbH Packaging Technology,
Waiblingen, Germany) with custom 12-tip tooling. Cores were coated with PVA in a fluid-
bed spray coating system (MFL.01 Micro Fluid Bed, Freund-Vector, Marion 1A) from a 2%
(w/v) solution of PVA in 1:3 (v/v) isopropanol:deionized water solution with fluidizing air
at 25 L min~1 and 100°C. The PVA solution was applied at 0.5 mL PVA solution per 1 g
cores using a 0.5 s spray cycle with a 2:3 on:off ratio. Silicone I'VR scaffolds were
manufactured by Specialty Silicone Fabricators (Paso Robles, CA) using a custom,
production quality four-cavity mold. IVR scaffolds were of identical dimensions those
described previously (56 mm O.D., 40 mm 1.D., 8.0 mm cross-sectional diameter) (Baum et
al., 2012) and contained four empty pod cavities (3.1 mm diameter, 6.5 mm depth) with
delivery channels formed during the molding process (1.0 mm diameter, 1.2 mm length).
Pod-1VRs using these production-quality pods and I\VVR scaffolds were assembled using an
identical method (Baum et al., 2012) to that used for the ring segments described above.

2.4. In vitro studies

Studies to measure in vitro release of TDF into a simplified vaginal fluid simulant (VFS)
were carried out on IVVRs containing either one PLA-coated TDF pod or four PVA coated
TDF pods. The VFS was adapted from Owen and Katz (Owen and Katz, 1999) and
consisted of 25 mM acetate buffer (pH 4.2) with NaCl added to yield a 200 mOs solution.
For in vitro release studies, the IVRs were placed in glass jars containing 100 mL VFS at 25
+ 2°C with shaking at 60 rpm on an orbital shaker. For in vitro release from the ten-pod IVR
(~10 mg d~1), 700 mL deionized water was used as the release medium. Aliquots of the
release medium were removed at specified time intervals and were replaced with an equal
volume of fresh dissolution media, with compensation for dilution in the concentration
determinations. The concentration of TDF in the aliquots was measured using UV
absorption spectroscopy (Amax = 260 nm,) with a UV-2401PC dual-beam spectrophotometer
(Shimadzu, Columbia, MD). Complete media changes were carried out as needed to
maintain sink conditions.

2.5. Hydrolytic stability of TDF in pod-IVRs

Drug pods were extracted from IVRs by cutting away excess silicone between pods to
isolate a single pod taking care not to cut into the pod itself, excising the pod from the
silicone, and placing the pod and surrounding silicone in a vial containing 10 mL methanol.
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The vial was sonicated 5 min and placed on an orbital shaker for 1 h. A 25 L aliquot of this
solution was diluted to 1 mL with deionized water containing 0.1% formic acid. The
concentration of TDF and TFV in the diluted solution was determined using an Agilent 1100
Series HPLC with diode-array (DAD) and single-quadrupole mass-spectrometric (MSD)
detection. (Agilent Technologies, Santa Clara, CA). Separation was carried out on a
Phenomenex (Torrance, CA) Kinetex XB-C18 column (2.1 x 100 mm; 2.6 um) column
using a gradient elution [A: 0.1% formic acid in water; B: acetonitrile; 0.2 mL min~2; 2 min
at 5% B, gradient to 80% B over 4 min, 8 min at 65% B]. The retention times were 10.05
min for TFV disoproxil [bis(POC)TFV], 9.15 min for TFV isoproxil [mono(POC)TFV], and
1.65 min for TFV. The MSD used electrospray ionization (API- ES+) with simultaneous
scanning and single-ion mode (SIM) detection of the following ions: [bis(POC)TFV], m/z
520; [mono(POC)TFV], m/z 404; TFV, m/z 288. For analysis of TDF hydrolysis in solution,
25 uL of a 2.25 pug mL~2 solution of TDF in methanol was added to 1.0 mL of a 25 mM pH
10 phosphate buffer. The stepwise loss of isoproxil groups was quantified as a function of
time using the gradient HPLC method described above.

3.1. Pod-IVR design and in vitro release

Pod-1VRs containing TDF were fabricated in the configurations indicated in Table 1. A
photograph of a pod-1VR containing four TDF pods is shown in Fig. 1A and a cross-
sectional drawing of the pod-1VR showing the pod and delivery channel location(s) is
presented in Fig. 1B. The pod-1VRs exhibited sustained release of TDF for up to 30 days in
vitro, with linear, zero order kinetics as demonstrated in Fig. 2a for a typical single-pod IVR.
Release rate was controlled by a combination of the polymer coating encapsulating the drug
core and by the size and number of delivery channels exposing the pod surface to the release
fluid as shown in Table 1 and Fig. 3. Release rates of 0.014 — 0.20 mg d~ pod~ were
obtained for PLA-coated, single-pod I\VVRs by varying the delivery channel diameter from
0.5 - 1.5 mm. A release rate range of 0.54 — 3.24 mg d~ pod~! (2.2 - 13.0 mg d~1 IVR™1)
was obtained for PVA-coated pod-1VRs by varying both the delivery channel diameter (1.5
or 2.0 mm) and the number of channels per pod (1-3). For macaque-sized I\VRs with four
PLA-coated pods, a per-pod release rate was calculated by dividing the total TDF release
rate for the pod-1VVR by the number of pods. Fig. 2b illustrates a high TDF dose from the
upper end of the accessible release rate range. Sustained release into deionized water over 28
days from a pod-1VR with ten PVA-coated TDF pods and three 1.5 mm diameter delivery
channels per pod was maintained at a mean rate of 10.1 + 0.3 mg d~1 delivery for the first 20
days and 9.0 + 0.3 mg d~1 delivery over the 28 days (N=4). The deviation from linearity in
the release profile occurs in pod-1VRs with high release rates as the amount of TDF released
from each pod approaches the total pod load (~24 mg pod=1 in this configuration). During in
vitro dissolution studies, erosion of the TDF drug core at the location of the delivery
channel(s) could be observed. In the case of high-releasing pod configurations such as that
shown in Fig. 2b, a majority of the TDF was released and the pod cavity filled with
dissolution medium. Following removal of pod-1VVRs from the dissolution medium, the PLA
membranes could be observed as an intact “balloon” surrounding the remaining solid TDF
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inside the pod cavity. Polymer membranes of PVA were less intact less intact, but not
dissolved completely, forming a hydrogel-like layer between the TDF and delivery channel.

3.2. APl formulation stability

The prodrug TDF is formulated as a fumarate salt of the phosphonate diester
[bis(POC)TFV] of tenofovir. Stability of bis(POC)TFV toward hydrolysis of the methylene
isopropyl carbonate protecting groups during pod-I1VR fabrication and storage was measured
by HPLC analysis. The extent of hydrolysis was characterized by the mole fraction of
[bis(POC)TFV], [mono(POC)TFV], and [TFV] in the mixture. Recovered drug from pod-
IVRs immediately following the fabrication process showed a large peak for bis(POC)TFV
(tr = 10.05 min), no mono(POC)TFV (tg = 9.15 min), and trace TFV (tg = 1.65 min)
corresponding to 0.17% hydrolysis of bis(POC)TFV. The TDF supplied by Gilead Sciences
was equivalent [99.8% bis(POC)TFV, 0% mono(POC)TFV, and 0.16% TFV]. Pod-1VRs
packaged in autoclave pouches (Duo-Check, Crosstex, Hauppauge, NY;; i.e., not water-tight
packaging) protected TDF from hydrolysis under accelerated stability conditions. Following
26 months storage at 40°C + 2°C and 75% =+ 5% RH, pods excised from rings contained
>96% bis(POC)TFV, with 2.4-3.6% hydrolyzed to TFV. No mono(POC)TFV was observed.
For TDF powder stored in a screw-cap vial under the same conditions, only 4% of the
bis(POC)TFV remained after 26 months. For the pilot scale TDF formulation containing
excipients, no degradation was observed during granulation, tableting, or coating steps, and
>99.5% of the initial bis(POC)TFV was recovered following 8 months storage at 25°C +
2°C. For TDF pods excised from pod-1VRs at the end of a 28 day in vitro release study in
pH 4.2 VFS, <0.5% of the residual drug was hydrolyzed to TFV. Hydrolytic stability of
TDF in pod-1VRs was also maintained in vivo in both macaques [>98% bis(POC)TFV, 14
days] and sheep [>90% bis(POC)TFV, 28 days].

3.3 Pilot-scale pod-IVR manufacture and evaluation

A production run of 5000 TDF cores (i.e., uncoated pods) utilized wet granulation and
milling followed by drying in a fluid bed to obtain a solid formulation suitable for
compression on a tablet press using multi-tip tooling. The cores then were PVA-coated in a
fluidized bed system to afford 5000 cylindrical pods of consistent size (3.2 mm diameter x 4
mm height). The mean pod mass for the batch was 45.9 £ 2.0 mg (min 42.5, max 48.8 mg,
N=20 pod random sample).

The impact of manufacturing method development and scale-up in TDF in vitro release
characteristics was investigated. Pod-1VRs were fabricated using three methods: (1) IVRs
using pods produced using a manual tablet press and dip-coating with PVA with delivery
channels punched after ring molding; (2) 1VVRs using pods from the 5000 pod production run
with delivery channels punched after ring molding; and (3) I'VRs from the 100 ring
production build (production pods and molded delivery channels). For all three pod-1VR
groups, TDF formulations consisted of 64.5% TDF with excipients as described above, and
all IVR configurations were four pods with one 1 mm diameter delivery channel per pod.
The in vitro release of TDF into VFS over 17 days for the three pod-1VR groups is shown in
Fig. 4. The release rates were 0.121 + 0.002 mg d~1 (N=5) for production-build pod-IVRs
with molded delivery channels and pilot-scale pods, 0.104 + 0.015 mg d~1 (N=5) for pod-
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IVRs with pilot-scale pods and punched delivery channels, and 0.125 + 0.027 mg d=1 (N=5)
for pod-1VRs with manually fabricated pods and punched delivery channels. The magnitude
of the release rates for the three groups are indistinguishable (P = 0.084, Kruskal-Wallis
test); however, the variability in release rate for IVRs within each group as determined by
the standard deviation decreases with increasing application of the manufacturing methods
described above. The release rate of TDF from single-pod IVRs fabricated using the
production pods varies linearly with the total cross-sectional area of the delivery channels
over the range 0.1 - 1.69 mg d~1 pod~1 as shown in Fig. 5 and Table 2.

4. Discussion

4.1. TDF for topical HIV PrEP

For TFV and its prodrug TDF, the target sustained release rates and resulting concentrations
in the relevant compartments (vaginal fluids, tissues, blood, and associated CD4* cells) that
are clinically safe and effective in preventing HIV infection are currently not known. The
site of action for both is believed to be the CD4* cells in vaginal tissues (Hendrix et al.,
2009), where diphosphorylation to the active moiety (TFV diphosphate, TFVpp) is followed
by incorporation into viral cDNA and subsequent inhibition of viral reverse transcriptase
(Anderson et al., 2011; Stein and Moore, 2001). Consequently, the concentration of TFV-DP
in HIV target cells residing in the vaginal tissues should be the primary determinant of
seroconversion outcomes in prophylaxis regimens based on TDF or TFV. The prodrug TDF
has a number of advantages that make it a better candidate than TFV for topical
administration to prevent HIV infection, but the hydrolytic instability of the prodrug has
thus far limited the ability to formulate and clinically evaluate TDF in common topical
dosage forms (i.e. gels, IVRs). First, orally delivered TDF is FDA approved for treatment of
HIV infection and, in combination with the NRTI FTC, for prevention of infection in
members of high-risk populations. Even though the approval is for oral and not topical
administration, the safety profile established during the clinical trial process and subsequent
clinical use significantly reduces the regulatory burden for TDF approval compared to the
unapproved TFV. The prodrug TDF was developed to overcome the low oral bioavailability
of TFV; however, recent research suggests that TDF may be superior to TFV for topical
delivery as well. Because TFV exhibits a low intrinsic inhibitory potential (McMahon et al.,
2009), it is thought that higher TFV concentrations in vaginal tissues will lead to greater
protection from HIV infection in the absence of dose-related toxicity (Anderson et al.,
2011). The use of TDF, which is hydrolyzed to TFV by esterases in vaginal tissues (Scheme
1), has been shown to increase cellular penetration, with concomitantly higher intracellular
TFV-DP concentrations, as demonstrated in vitro (Durand-Gasselin et al., 2009; Naesens et
al., 1998; Robbins et al., 1998) and in vivo following oral administration (Durand-Gasselin
et al., 2009; Naesens et al., 1998). In an experiment specifically designed to compare the
vaginal bioavailability of TDF and TFV in sheep, the prodrug led to significantly higher
(86x) vaginal TFV tissue levels (Moss et al., 2012). The increased in vivo tissue penetration
leads to TDF exhibiting greater HIV inhibition than TFV, as subsequently observed in cell
culture and explant tissue-based ex vivo models (Mesquita et al., 2012).
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4.2. Pharmacokinetics and pharmacodynamics following topical application

Although several clinical trials have demonstrated that PrEP regimens based on TDF can
prevent HIV infection, the drug concentrations in relevant compartments required for
protection are still unknown. In these trials, vaginal tissue concentrations of TFV or TFV-
DP in participants who remained uninfected were not measured directly; however, results of
these and subsequent studies have provided insight into putative protective levels.
Pharmacokinetic-pharmacodynamic (PK-PD) analysis of infection data from the CAPRISA
004 clinical trial of a topical 1% TFV gel indicate that TFV concentrations greater than 1000
ng mL~1 in cervicovaginal fluid were associated with significant protection from HIV
infection. In a separate PK study, the measured median C,4 values for TFV in vaginal
tissues were 6-7 ug g-1 following single and multi-dose application of 1% TFV gel
(Schwartz et al., 2011), and a subsequent bridging study of vaginally-applied 1% TFV gel
measured median vaginal TFV levels of 113 ug g1 (range 27-265 pg g~1) for samples
collected at 2, 4, or 6 hours following gel application (Hendrix et al., 2013).

4.3. Delivery of TDF from IVRs

Three different IVR designs delivering TDF have been reported: a matrix IVR with TDF
dispersed in a hydrophilic polyether urethane (PEU) elastomer (Mesquita et al., 2012), a
reservoir IVR consisting of a hollow tube of hydrophilic PEU filled with a solid TDF
formulation (Smith et al., 2013), and the pod-IVR (Moss et al., 2012) described here. There
are a number of limitations associated with traditional matrix and reservoir I\VR designs for
delivering TDF and other relatively water soluble molecules. The hydrophobic nature of
silicone and ethylene-co-vinyl acetate (EVA) elastomers used in all approved vaginal ring
products prevents diffusion of TDF through the matrix. Consequently, novel hydrophilic
elastomers are required for IVVRs that utilize diffusion of TDF through the elastomer matrix.
Drug release from matrix IVRs is not linear over time. There is typically a large initial burst
release followed by a decrease in daily release rate over time. As a result, the dose changes
throughout the period of use, making it difficult to maintain a target vaginal fluid or tissue
concentration during PK-PD evaluations. A reservoir IVR consisting of a tubular silicone
shell filled with one or more contraceptive hormones in silicone oil and/or other excipients
was first described by de Leede (de Leede et al., 1986). A similar approach was applied to a
TDF IVR, whereby a hydrophilic PEU shell was filled with a dry TDF formulation
including an osmotic agent to draw vaginal fluid into the core and solubilize the drug (Smith
et al., 2013). In pigtail macaques, these I\VVRs delivered TDF at release rates varying from
0.4 to 4 mg d~1 over 28 days, resulting in median concentrations of 7.2 x 104 ng mL~! TDF
in vaginal fluid and >2.9 x 103 ng mL~1 TFV in vaginal tissue, and providing complete
protection of pigtail macaques from SHIVV162p3 infection in a low-dose, repeat vaginal
challenge model (Smith et al., 2013). The TDF release was highly variable over 28 days,
with an in vitro release rate of 0.4-4 mg d~1 and cumulative release in vivo of 64+11 mg
(high 90, low 44, N=36); however, the TVF levels observed in macaques over the first 15
days of release when the in vitro release rate varied from ca. 0.4 to 2.5 mg d™1 were all
above concentrations that correlated with protection from HIV infection in women (Karim et
al., 2011). The reproducible TFV concentrations in vaginal fluid and tissue observed despite
large variations in release rate were attributed to either saturation in vivo or variation
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between in vivo and in vitro release. These interpretations are consistent with the four-
compartment model proposed previously for vaginal TDF delivery (Moss et al., 2012),
where TDF partitions from the I\VVR into the cervicovaginal lumen and diffuses into vaginal
tissue where it accumulates, hydrolyzes to TFV, and forms a depot from which TFV diffuses
back into the fluids of the vaginal lumen.

It is likely that studies to elucidate the PK-PD relationships for vaginally applied TDF and
the subsequent clinical evaluation of TDF-based topical delivery devices will involve dose
ranging studies and require the ability to titrate the vaginal TDF dose precisely over a large
range to optimize for high mucosal TFV levels with minimal local toxicity. Unlike other
IVR designs, the pod-1VR described here provides consistent daily release of TDF and the
ability to vary the release rate in a controlled fashion over more than three orders of
magnitude in a human-sized ring. The release rate of TDF from the pod-IVR is controlled by
three independently variable parameters: the polymer membrane pod coating, the number
and size of delivery channels per pod, and the number of pods per IVR. The pod’s polymer
coating serves as the “coarse” rate control. Hydrophobic polymers decrease fluid penetration
into the pod compared to hydrophilic polymers, slowing the drug dissolution and diffusive
transport across the polymer membrane to the delivery channel. For TDF pod-1VRs, a
hydrophobic PLA polymer selects a “low” release rate range and a hydrophilic PVA
polymer selects a “high” range. The thickness of the membrane may provide additional
control of the release properties. Specific release targets within the range determined by the
polymer membrane are accessible by varying the number and size of the delivery channels
for each pod, effectively determining the surface area of the pod that is exposed to the
vaginal fluids. Human-sized pod-IVRs can accommodate up to ten pods per ring, with each
pod/delivery channel combination acting an independent delivery device. The total pod-IVR
dose scales linearly from the per pod release rate and the number of pods (Fig. 3) (Baum et
al., 2012). This level of release rate control has not been achievable using other IVR designs.

Because delivery from each pod occurs simultaneously and is independent of the other pods
in the ring, the total TDF loading per pod and the daily release rate determines the length of
time release from the IVR may be sustained. In this study, each 3.2 mm diameter pod
contained 20-40 mg TDF in the research IVRs and ca. 30 mg TDF in the pilot-scale
production IVRs. A human-sized pod-1VR accommodates a maximum pod size of 4.8 mm
diameter by 4 mm height. The packing density of a pod is dependent on the properties of the
drug substance, any excipients in the formulation, and the tableting conditions. For TDF,
scaling the pod mass from that obtained here for the 3.2 mm pods to a 4.8 mm diameter x 4
mm height pod results in 100 mg TDF per pod for pure TDF and 66 mg TDF per pod for the
pilot-scale formulation with excipients; thus, a pod-1VR could sustain a maximum TDF
release rate of ca. 20 mg d™1 (2 mg d=1 pod=! for a 10 pod IVR) for 30 days, a much larger
daily dose than would likely be evaluated in clinical trial. This is nearly an order of
magnitude greater than the 2.3 mg d=1 mean dose that completely protected macaques from
SHIV infection and provided vaginal fluid levels significantly higher than those correlated
with protection in women receiving 1% TFV gel (Smith et al., 2013). At 5 mg d™1, a human-
sized pod-1VR could deliver TDF for 90 days, or longer, thereby reducing the per day cost
of the device significantly, an important consideration for resource-poor regions.
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4.4. Formulation and stability in pod-IVRs

The hydrolytic instability of the two isopropoxycarbonyl-oxy-methyl moieties (Scheme 1)
has precluded formulation of TDF in aqueous topical dosage forms such as gels, and
complicates formulation in traditional 1\VR designs. In the pod-1VVR, TDF is not dispersed in
an elastomer matrix; rather, it is compressed into a core and coated with the release polymer
prior to embedding in a pre-made, empty silicone ring. Recovered drug from pod-1VRs
immediately after fabrication showed no measurable hydrolysis to either mono(POC)TFV or
TFV. This observation is similar to the tablet formulation of the oral solid dosage form. The
TDF pod-1VRs exhibit excellent good long-term stability: >99% of the initial bis(POC)TFV
prodrug was recovered following 8 months storage at 25°C, and >96% remained in the
bis(POC)TFV form following 28 months under accelerated stability conditions of 40°C and
75% RH. For the TDF formulation containing excipients used in the pilot scale pod-1VR
production, no degradation was observed during granulation, tableting, or coating steps, and
>99% of the initial TDF was recovered following 8 months storage at 25°C. In matrix IVRs
with TDF dispersed in PEU elastomer, TDF was hydrolyzed to mono(POC)TFV (Mesquita
et al., 2012). The addition of 0.5% w/w poly(acrylic acid) to the matrix formulation
improved stability, resulting in 96.7%+3.9% remaining as bis(POC)TFV after 6 months
under accelerated stability conditions. For reservoir IVRs with a dry, packed formulation of
TDF and NacCl, no stability during long-term storage was reported (Smith et al., 2013).

Hydrolysis of TDF may be increased during in vitro and in vivo studies as the dry, solid drug
core is wetted (Scheme 1). For pod-1VRs, negligible hydrolysis (<0.5%) of TDF was
observed in the residual drug recovered from the device following a 28 day in vitro release
study in VFS at pH ~ 4. For the PEU matrix rings described above, hydrolysis of TDF
within the ring during in vitro release studies was significant: 13.6% of the bis(POC)TFV
was converted to mono(POC)TFV in 10 days, and addition of poly(acrylic acid) to the
formulation decreased the hydrolysis to 5.6% in 20 days (Mesquita et al., 2012). Hydrolysis
of TDF prior to release from the device in vivo may dramatically impact the PK of TDF
delivery and resulting PD outcomes. Pod-1VRs delivering the TDF prodrug resulted in 86-
fold higher TFV vaginal tissue levels than those releasing TFV directly (Moss et al., 2012)
due to the greater tissue penetration of bis(POC)TFV compared to free TVF. This advantage
is only maintained if the drug remains as (un-hydrolyzed) bis(POC)TFV for the 30 days or
more that the ring is wetted with vaginal fluid while being used. Pod-1VRs stabilize TDF in
the ring toward hydrolysis in vivo, where enzymes in vaginal fluids may increase hydrolysis
rates compared to in vitro conditions. Residual drug recovered from pod IVRs was >98%
bis(POC)TFV following 14 days use in pigtail macaques (Moss et al., 2014) and >90%
bis(POC)TFV following 28 days in sheep (Moss et al., 2012). This is highly significant
because the vaginal pH of these species is 7.5-8.5 (sheep) (Vincent et al., 2009) and 5.5-8.5
(pig-tail macaques) (Cole et al., 2010), and alkaline relative to that of women (2.8-5.0)
(O’Hanlon et al., 2013; Valore et al.), significantly increasing the rate of phosphonate ester
hydrolysis of the prodrug (Arimilli et al., 1997). Smith et al. determined the amount of TDF
released in vivo in macaques by measuring residual drug content in the IVRs following
removal after 28 days, but did not report the extent of hydrolysis of the recovered drug. In
their reservoir VR design, hydrolysis of TDF to TFV in the IVR would result in delivery of
TFV as well as TDF directly to the vaginal fluids and would decrease the observed tissue
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TFV concentration, as TFV uptake from vaginal fluids into tissue is nearly two orders of
magnitude lower than TDF uptake followed by hydrolysis to TFV in the tissues. An
increasing TFV:TDF ratio in the I\VVR reservoir over 28 days due to hydrolysis would
explain their observation that TFV concentrations in vaginal tissue remained fairly constant
throughout the study while the TDF release rate likely increased ten-fold.

4.5. Pod-IVR Manufacturability and Implications for Regulatory Approval

Successful development of IVVRs for HIV PrEP will need to be safe, effective, well-
tolerated, user-friendly, and affordable (Hendrix et al., 2009; Klasse et al., 2006). Several
aspects of the TDF pod-IVR design facilitate overcoming the challenges of manufacturing
the devices in suitable quantity and meeting the considerable regulatory requirements for
product approval and eventual clinical application. The ability to cost-effectively produce
pod-1VRs at clinical trial lot scale and beyond is enabled by the ring’s modular design.
Manufacture is carried out in three distinct steps. (1) Empty elastomer rings are fabricated
by a standard injection-molding process with no API present. (2) Drug cores containing
TDF and excipients as binders, compression aids, and lubricants are prepared using standard
tableting machinery and methods widely employed in pharmaceutical manufacturing to
produce solid dosage forms. Cores are coated with a release-controlling polymer, using
fluidized bed or pan-coating methods that are established methods for tablet coating. (3)
Rings are assembled by punching appropriate delivery channels for each pod cavity (if
channels are not formed during injection molding), placing pods, and backfilling with a
room-temperature curing silicone to seal the pods in the ring. Assembly can be carried out
manually for low production volumes, with automation of the punching, placement, and
sealing operations integrated as needed to scale production capacity. A large number of
contract manufacturing organizations (CMOs) are available for both pod fabrication and
injection molding. The tableting and PVA coating described above were completed at one
CMO, and the capacity for production of lots of >100,000 TDF pods under cGMP have been
developed. Injection molding and assembly capacity have been developed with a second
CMO. A production mold that is configurable with respect to number of pod cavities per
IVR and with the capacity to mold in-place delivery channels of controlled size was
designed and fabricated. Subsequently, a pilot-scale lot of 500 ring blanks with four pod
cavities and a single 1 mm diameter delivery channel per cavity meeting all dimensional
inspection criteria was produced. Manual assembly procedures for annual production
volumes <5000 were developed and evaluated in an exploratory cGMP1 environment to
produce a lot of 100 TDF pod-1VRs. A number of technologies common in medical device
manufacture may be applied to the assembly step for scaling production capacity to enable
Phase Il clinical trials and eventual product rollout, including robotic pick-and-place
assembly for pod insertion, automated fluid dispensing for backfilling pod cavities with
silicone adhesive, automated packaging, and machine vision and inspection for assembly
and packaging quality control. This approach was developed to provide flexibility to modify
release rates and even drug choice with only minimal modification of the manufacturing
processes. The only manufacturing step that is API dependent is core production by

1The term “exploratory cGMP”” refers to procedures carried out in a cGMP manufacturing environment using identical methods and
controls as under cGMP, but without full validation. Exploratory cGMP is used to build the capacity for manufacture under cGMP.
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tableting, and the initial ring blank molding and all core coating and assembly steps are
independent of the drug substance. Delivery rate is modified by changing the pod coating
material or thickness and the size and/or number of delivery channels. The application of
manufacturing methods described here to the fabrication of TDF pod-1VRs results in a
dramatic improvement in the release rate variability within lots while maintaining identical
release characteristics (dosing rates) across lots. As shown in Fig. 4, the daily release rate
variability as measured by standard deviation of N=5 pod-I1VRs decreases from 125 + 27 ug
d™1to 104 + 15 pg d=1 for manually compressed and PVA-coated pods compared to pods
produced on pilot-scale equipment, and to 121 + 2 ug d~1 (mean + S.D.) when delivery
channels formed by biopsy punch are replaced by channels molded in place during the
injection molding step. The mean release rate for each set of 5 TDF pod-1VRs is
indistinguishable between groups with p = 0.084 (Kruskal-Wallis test). The decrease in
release rate variability observed may be attributed to two physicomechanical properties
affected by the manufacturing scale-up: (1) an improvement in consistency of TDF core
compression during tableting upon shifting from a dry blend process and manual tablet press
to wet-granulation and multi-tip pilot-scale tablet press, and (2) the ability to fabricate
delivery channels more reproducibly by molding in place during the injection molding
process rather than mechanically punching after injection molding. The release rate range
accessible for manufactured pod IVRs is 0.1 — 1.69 mg d~1 pod=1; thus, controlled delivery
rate targets of 0.1 to 16.9 mg d~1 are achievable for IVRs with up to 10 pods per ring. This
more than spans the delivery rate range needed for effective dose-ranging clinical studies of
vaginal TDF delivery for HIV prophylaxis. Maintaining consistency in IVR release
characteristics throughout the stages of manufacturing development and scale-up is
important for ensuring that results from early, small-scale clinical trials may be compared
directly to those from later Phase 3 studies, particularly regarding IVR PK and efficacy.

Unlike in matrix and reservoir IVR designs where drug release is controlled by diffusion of
the drug substance through the elastomer material, the delivery characteristics of the pod-
IVR are not dependent on the elastomer used to make the blank rings, and any
biocompatible polymer can be used in its manufacture. This reduces cost and avoids
setbacks due to possible material shortages in the marketplace, such as was encountered
when Dow Corning discontinued five implant grade silicone products in the 1990s. The
TDF pod-1VRs described here use an unrestricted medical-grade silicone thermoset
elastomer, but could also be fabricated from thermoplastics such as poly(ethylene-co-vinyl
acetate) (EVA) and polyether urethane (PEU), or other elastomers suitable for injection
molding. Silicone and EVA are both widely used in FDA-approved vaginal ring products:
EVA in the Nuvaring® contraceptive I\VVR and silicone in Estring® and Femring® estradiol
IVRs for hormone replacement therapy. Release of TDF from matrix or reservoir IVR
designs requires the use of hydrophilic PEU (Mesquita et al., 2012; Smith et al., 2013) or
other hydrophilic elastomer materials that have not been used in FDA-approved delivery
devices, and IVRs based on these polymers face a more difficult and expensive approval
process without an established safety profile in other vaginal products. Because these
hydrophilic elastomers are not widely used in medical device and drug delivery applications,
they are available in limited supply and from a small number of sources compared to
medical-grade silicone elastomers.
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The success of IVR-delivered topical ARV agents for HIV and HSV prevention will depend
on the ability to manufacture the devices in large quantities at a cost appropriate for the
developing world. Estimates of manufacturing cost at several points during the scale-up
process were developed with the CMOs. For pod production, the cost escalation as a
function of batch size is minimal. For a single API, the cost increases <10% for a ten-fold
increase in volume ($56,000 for 100,000 pods compared to $60,000 for 1,000,000 pods). For
a pod-1VR with three TDF pods, this is $0.56 per IVR in 25,000 quantities and decreases to
$0.06 per IVR in 250,000 quantities. For pod-1VR production (molding and assembly), the
100 ring exploratory cGMP build was completed at ~$20 per IVR. The estimated per IVR
molding and assembly cost upon scale up are: $13-17 for quantities 500 - 5000; $6 - 8 for
quantities 20,000 - 100,000; and $2.50 - 3.50 ($0.08 to $0.12 per day for a 30 day pod-1VR)
for quantities 100,000 - 1,000,000. The initial cost reduction to $6-8 is driven primarily by
an increase in the number of mold cavities and partial automation in pod dispensing during
assembly. Additional reduction is made by sequential incorporation of improvements that
are driven primarily by elimination of material handling by operators, including packaging.
These costs are based on production at facilities in the USA and very much represent the
upper limit of production costs on a worldwide basis.

5. Conclusions

Pod-1VRs delivering TDF were developed and evaluated in vitro. Linear TDF release at
controlled, sustained delivery rates spanning three orders of magnitude (14 pg d~1 to 13 mg
d=1) was obtained by simple modification of three ring parameters: size and number of
delivery channels per TDF pod, number of pods per ring, and pod coating polymer. The
pod-1VR stabilizes the TDF prodrug toward hydrolytic degradation, and significant
hydrolysis to TFV during pod-1VR production, storage, or in vitro release studies was not
observed. The pod formulation has been optimized for manufacture on commercial tableting
and coating equipment, and the ability and capacity to scale pod-1VR production to volumes
required for Phase 2 and Phase 3 clinical trials while maintaining identical in vitro release
characteristics demonstrated. The TDF pod-1\VVR’s consistent daily release, capability for
simple and precise modification of release rate, and the capacity for large-scale production
are required for successful completion of the regulatory path to product approval and
eventual clinical application.
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Figure 1.
(A) Photograph of pod-1VR containing four pods of TDF and one 1 mm diameter delivery

channel per pod. Inset shows a close-up of the embedded TDF pod and delivery channel
formed during the ring scaffold injection molding process. (B) Cross-sectional diagram of
pod-1VR sectioned through the pod showing TDF pod (1) with PVVA or PLA coating (2)
inserted into a pod cavity in the ring scaffold (4) and sealed in the ring by backfilling the
pod cavity with silicone (5). Three delivery channels of diameter d (3) expose the TDF pod
to vaginal fluids.
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Figure 2.
In vitro release of TDF from pod-1VRs in low and high release configurations. Data points

are means and error bars represent standard deviation. (a) Low-releasing (61 + 0.8 pg d™1)
single-pod IVR (N=6). (b) High-releasing 10-pod IVR (10.1 + 0.3 mg d™1). Average daily
release rates were determined by linear regression of cumulative release data as indicated by
the slope of the lines shown on each plot. For the high release configuration shown in 2b,
release deviated from zero-order at later times as described in the text and the regression
included only data from days 1-20.
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Figure 3.
Plot of in vitro release rate versus delivery channel cross-sectional area [A = 7-(d/2)2, where

d is the delivery channel diameter] for single-pod IVRs with PLA-coated (open symbols)
and PVA-coated (filled symbols) TDF pods. A single delivery channel per pod is denoted by
circles and multiple delivery channels per pod is denoted by squares. Slopes were obtained
by linear regression.
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Figure 4.
Cumulative release curves for three groups of identical TDF pod-1VVRs fabricated at

different stages of manufacturing development. The mean (N=5 per group) in vitro release
rates were indistinguishable between groups (P = 0.084, Kruskal-Wallis test) while the intra-
group release rate variability decreased with increasing manufacturing development.
Symbols represent data for each individual pod-1VR and lines represent the mean release for
each of the three groups: (a) manually fabricated pods and punched delivery channels (125 +
27 ug d=1, open circles), (b) pilot-scale pods and punched delivery channels (104 + 15 g
d=1, black circles), (c) pilot-scale pods and molded delivery channels (121 + 2 ug d=2, gray
circles). Release rates were calculated from the slope of the cumulative release for each pod-
IVR and are reported as mean = standard deviation (N=5). For clarity, Y-axis values are
offset by 1.4 mg for (b) and 2.0 mg for (c).
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Figure 5.
Plot of daily release rate versus delivery channel area for single-pod IVRs using PVVA-coated

TDF pods from the pilot-scale production lot (N=4 each delivery channel configuration).
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Hydrolysis and phosphorylation reactions of TDF following release from a pod-1VR in vivo.
The solid pod-1VR core containing TDF, the fumarate salt of the tenofovir prodrug,
dissolves in vaginal fluid and partitions into the vaginal lumen as bis(POC)TFV. The
bis(POC)TFV in the lumen diffuses into vaginal tissue and accumulates, where it undergoes
a two-step esterase-mediated hydrolysis to yield mono(POC)TFV and TFV. TFV is
subsequently phosphorylated twice in kinase-mediated steps to form TFVp and TFVpp. In
vitro, stepwise hydrolysis of bis(POC)TFV to mono(POC)TFV and TFV may also occur.

The hydrolysis rate is increased in alkaline solution.
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In vitro release rate as a function of pod-1VR delivery channel configuration for a series of IVRs formulated
using identical cores of 99.5% TDF and 0.5% magnesium stearate.

Delivery Channel Size

Release Rate

Channels Pods Diameter (d) Area (A)a Total per podb

Polymer  perpod  per ring (mm) (mm?) (mgd?) (mgd?
PLA 1 1 0.50 0.20 0.014 0.014
PLA 1 1 0.75 0.44 0.045 0.045
PLA 1 1 1.00 0.79 0.11 0.11
PLA 1 1 1.20 1.13 0.16 0.16
PLA 1 1 1.50 1.77 0.20 0.20
PVA 1 4 1.50 1.77 215 0.54
PVA 2 4 1.50 3.53 6.21 1.55
PVA 1 4 2.00 3.14 6.86 1.72
PVA 3 4 1.50 5.30 13.0 3.24

aCaIcuIated asA= 7r-(d/2)2

bCalculated as total release rate divided by number of pods per ring.
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In vitro release rate as a function of delivery channel area for single-pod IVRs using production-scale TDF

pod formulation and coating, and delivery channels created by mechanical punching.

Delivery Channel Size

Release Rateb

Channels  Diameter (d) Area(A)®  Mean  Std. Dev.

Polymer  per pod (mm) (mm?) (mgd™) (mgd?
PVA 1 1.00 0.79 0.10 0.01
PVA 2 1.00 1.57 0.17 0.03
PVA 1 1.50 1.77 0.22 0.02
PVA 2 1.50 3.53 0.61 0.05
PVA 3 1.50 5.30 0.90 0.09
PVA 2 2.00 6.28 1.19 0.13
PVA 3 2.00 9.42 1.69 0.21

8calculated as A = m(d/2)2

b

N=4
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