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Preface

Increasing the number of options for HIV pre-exposure prophylaxis (PrEP) is essential because
no single product can meet the diverse needs and preferences of all individuals. Challenges such as
adherence to daily oral pills, acceptance of long-acting injectables or vaginal rings, and the complexity
of on-demand dosing schedules highlight the importance of offering a broader range of PrEP choices.
This Special Issue of Pharmaceutics presents research covering an expanding landscape of innovative
PrEP options and is intended for experts in the field of drug formulation, delivery devices, and
HIV prevention. The Reprint offers a compilation of cutting-edge research on novel long-acting and
ultra-long-acting PrEP strategies, including monoclonal antibodies with extended durability; new
drug formulations, such as semi-solid prodrug nanoparticles; and biodegradable implants delivering
antiretrovirals alone or combined with contraceptives. The Reprint also highlights user-friendly
delivery platforms suitable for self-administration, such as microarray patches and topical inserts that
can be used on demand for rectal and vaginal protection against HIV. Expanding the toolbox of PrEP
options will allow for more personalized prevention strategies that can better accommodate different

lifestyles, preferences, and circumstances, ultimately improving adherence and overall PrEP uptake.

José Gerardo Garcia-Lerma and S. Rahima Benhabbour
Guest Editors
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Preclinical Evaluation of Long-Acting Emtricitabine Semi-Solid
Prodrug Nanoparticle Formulations
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Abstract: Long-acting injectable (LAI) formulations promise to deliver patient benefits by overcoming
issues associated with non-adherence. A preclinical assessment of semi-solid prodrug nanoparticle
(SSPN) LAI formulations of emtricitabine (FTC) is reported here. Pharmacokinetics over 28 days were
assessed in Wistar rats, New Zealand white rabbits, and Balb/C mice following intramuscular injec-
tion. Two lead formulations were assessed for the prevention of an HIV infection in NSG-cmah~/~
humanised mice to ensure antiviral activities were as anticipated according to the pharmacokinetics.
Cmax was reached by 12, 48, and 24 h in rats, rabbits, and mice, respectively. Plasma concentrations
were below the limit of detection (2 ng/mL) by 21 days in rats and rabbits, and 28 days in mice. Mice
treated with SSPN formulations demonstrated undetectable viral loads (700 copies/mL detection
limit), and HIV RNA remained undetectable 28 days post-infection in plasma, spleen, lung, and
liver. The in vivo data presented here demonstrate that the combined prodrug/SSPN approach can
provide a dramatically extended pharmacokinetic half-life across multiple preclinical species. Species
differences in renal clearance of FTC mean that longer exposures are likely to be achievable in humans
than in preclinical models.

Keywords: HIV; long-acting; pre-exposure prophylaxis; nano; emtricitabine

1. Introduction

HIV (human immunodeficiency virus) infection is now commonly considered as a
chronic disease rather than a terminal condition. In the absence of a cure, treatment requires
a lifelong commitment to antiretroviral medication [1]. While there have been significant
steps to reduce pill burden, and current treatment regimens can now be a single daily tablet,
patient adherence to medication is an ongoing challenge over a life-time commitment to
therapy [2].

Sub-optimal patient adherence has the potential to reduce efficacy and lead to treat-
ment failure [3], and sub-therapeutic plasma exposure can allow continued viral replication
and facilitate the development of mutations conferring drug resistance [4,5]. In some cases,
a single mutation can confer class-wide resistance and compromises multiple agents in
one event [6]. In addition to therapy, patient non-adherence has the potential to negatively
impact pre-exposure prophylaxis (PrEP). Recently, mathematical simulations were used to
explore the impact of not only reduced patient adherence but also patterns of adherence

Pharmaceutics 2023, 15, 1835. https://doi.org/10.3390/pharmaceutics15071835 https://www.mdpi.com/journal /pharmaceutics
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(simulations to predict efficacy following daily doses that were skipped periodically, ran-
domly, or in large blocks). This study, along with other studies in HIV and schizophrenia,
strongly indicates that pill-taking patterns exacerbate the reduction in efficacy [7-10].

Amongst the treatment strategies under development, long-acting injectable (LAI)
formulations have received a great deal of interest. By increasing the dosing interval,
the reliance on patient adherence is reduced. In addition to a clear need for alternative
treatments, it has been demonstrated that patients would prefer the option of LAL In a
survey of 400 HIV-infected patients, 73% indicated they would definitely or probably try
injectable nanoformulated antiretroviral therapy. Patient interest was demonstrated to
increase with increasing the dosing interval; with 61%, 72%, and 84% interest in weekly,
bi-weekly, and monthly dosing, respectively [11]. Patient preferences evaluations in clinical
trials of existing LAI agents have also confirmed the high level of acceptability [12].

LAI formulations have been developed to address adherence issues in a number of
other therapeutic areas [13,14]. Patient adherence has been a key driver to the development
of LAI formulations, with ongoing research aiming to further increase the duration of
therapy [14,15]. Given the proven utility in HIV and other treatment areas, interest in the
development and deployment of LAI for HIV therapy and prevention is set to increase.

The recent approval of rilpivirine (RPV) and cabotegravir (CAB) for HIV treatment
and/or prevention has further accelerated interest in LAI approaches for HIV [16]. Both
RPV and CAB formulations provide plasma concentrations > 20 weeks in patients [17,
18], although clinically they are used for shorter durations. Preclinical data describing
tenofovir, maraviroc, and dolutegravir long-acting interventions have also emerged [19-21].
Nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs) have conventionally been a
core component of successful therapy and prevention [22].

Given the clear utility of NRTIs, an LAI formulation has the potential for application
for the treatment and prevention of HIV. Accordingly, previous work described a unique
prodrug/nanoparticle formation strategy to facilitate development of injectable aqueous
semi-solid prodrug nanoparticle (SSPN) formulations of emtricitabine (FTC) [23]. The
data presented herein describe the in vivo PK analysis in multiple preclinical species and
antiviral activity of these SSPN LAI formulations of FTC in humanised mice.

2. Materials and Methods
2.1. Materials

Wistar rats, BALB/c mice, and New Zealand white rabbits were purchased from
Charles River (Oxford, UK). NSG-cmah~/~ mice were bred at the University of Nebraska
Medical Centre. Chloroform was purchased from Fisher Scientific (Loughborough, UK).
FTC (>98% purity) was purchased from WISChem (Shanghai, China). All other consum-
ables were purchased from Merck Life Science UK Ltd. (Dorset, UK).

2.2. Prodrug Synthesis

Structures for the three FIC prodrugs investigated in this study are shown
in Figure 1. FTC prodrugs were prepared using standard coupling conditions as pre-
viously described [23]. Briefly, in a flame-dried 25 mL round-bottom flask, cooled under
argon, FTC (1.0 eq., 0.5 M) was suspended in DCM. Pyridine (3.0 eq., 1.5 M) was then
added to the flask, and the resulting mixture was cooled to 0 °C in an ice-water bath. The
reaction was initiated by the dropwise addition of the alkyl chloroformate (2.1 eq., 1.05 M).
The reaction mixture was allowed to warm to room temperature with stirring. The reaction
was deemed complete after 3 h, as monitored by TLC. Volatiles were removed from the
reaction mixture under reduced pressure. The resulting residue was purified via silica flash
chromatography (30% EtOAc in Hexane for 5 min, then 30-100% EtOAc over 6 min, then
100% EtOAc for 3 min).



Pharmaceutics 2023, 15, 1835

Figure 1. Structures of the varying chain length carbamate/carbonate FTC prodrugs, polymers,
and surfactants used in SSPN manufacture: (A) prodrug 1, C4 derivatisation; (B) prodrug 2, Cg4
derivatisation; (C) prodrug 3, Cg derivatisation; (D) pluronic F127; (E) poly(vinyl alcohol) (PVA);
(F) sodium dioctylsulfosuccinate (AOT); (G) d-alpha-tocopheryl polyethylene glycol succinate
(TPGS); (H) hydroxypropyl methylcellulose (HPMC); (I) polysorbate-20 (Tween-20); and (J) sodium
dexoxycholate (NDC).

2.3. SSPN Formulation

Polymers were weighed into glass vials and dissolved to a final concentration of
13.3 mg/mL (for 50 wt% loaded SSPNs) or 10 mg/mL (for 70 wt% loaded SSPNs), whilst
surfactants were dissolved to 10 mg/mL (for 50 wt% loaded SSPNs) or 5 mg/mL (for
70 wt% loaded SSPNs) both in distilled water. Solutions were rolled overnight to ensure
thorough dissolution. Each prodrug was stored at —20 °C and removed only immediately
prior to SSPN synthesis, at a final concentration of 50 mg/mL or 70 mg/mL (for 50 wt%
and 70 wt% loading, respectively) in chloroform. For SSPNs loaded with 50 wt% prodrug,
100 pL of surfactant, 300 pL of polymer, and 100 uL of prodrug was added to a 4 mL glass
sample vial, whilst for SSPNs loaded with 70 wt% prodrug, 200 uL of surfactant, 200 pL of
polymer, and 100 pL of prodrug was added to a 4 mL glass vial. This emulsion consisting
of chloroform-in-water was sonicated for 15s using a Covaris 5220X, and then immediately
transferred to liquid nitrogen to ensure rapid freezing. The frozen samples were placed into
a VirTis BenchTop K freeze dryer (SP Scientific, Ipswich, UK) set to —100 °C and vacuum
of <40 ubar for 48 h, after which they were kept in an ambient temperature desiccator. The
compositions of the formulations used in the current study are shown in Table 1.
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Table 1. This table shows the formulation number, excipients (polymer and surfactant), prodrug
designation percentage drug loading, and physical characterisation parameters.

Formulation Polymer Surfactant Prodrug LoaI;?r):;rzgt"/o) Z-Azi?g? m PDI (£SD)
SSPN-1 F127 TPGS PD3 70 267 (26) 0.314 (0.022)
SSPN-2 PVA Tween 20 PD1 70 412 (15.5) 0.347 (0.045)
SSPN-3 F127 TPGS PD1 50 702 (111) 0.305 (0.090)
SSPN-4 F127 TPGS PD2 50 782 (199) 0.450 (0.152)
SSPN-5 F127 TPGS PD3 50 239 (50) 0.323 (0.042)
SSPN-6 PVA Tween 20 PD1 50 298 (21) 0.339 (0.038)
SSPN-7 PVA Tween 20 PD2 50 261 (44) 0.295 (0.019)
SSPN-8 PVA Tween 20 PD3 50 293 (9) 0.294 (0.028)
SSPN-9 HPMC NDC PD2 50 196 (6) 0.345 (0.027)
SSPN-10 HPMC NDC PD3 50 261 (17) 0.376 (0.038)
SSPN-11 HPMC AOT PD2 50 217 (10) 0.306 (0.022)
SSPN-12 HPMC AOT PD3 50 237 (5) 0.296 (0.021)

2.4. Pharmacokinetics of SSPN Formulations in Wistar Rats

Wistar rats, New Zealand white rabbits, and BALB/c mice (Charles River UK) were
used for PK analysis of FTC. PK experiments were conducted in accordance with the
Animals (Scientific Procedures) Act 1986 (ASPA), implemented by the United Kingdom
Home Office. NSG-cmah~/~ were obtained from the established breeding colony and
housed under pathogen-free conditions in accordance with ethical guidelines for care of
laboratory animals at the National Institutes of Health and the University of Nebraska
Medical Centre.

An initial screen of 12 candidate formulations (Table 1) was conducted in Wistar
rats. Adult male Wistar rats (~300 g) were randomised into 12 groups, (N = 1 per group).
Groups were dosed with SSPN formulations at 10 mg/kg (FTC equivalent) via a single
intramuscular (IM) injection in the musculus biceps femoris (0.1 mL volume). Blood
samples were collected (500 pL) post-dosing from the tail vein every 24 h over 7 days and
stored at —80 °C until further analysis. At the point of termination, the rats were sacrificed
using a rising gradient of CO; followed by cervical dislocation. Plasma concentrations of
FTC were quantified using LC-MS/MS.

Three lead formulations (Table 1; SSPN-9, -10 and -12) were selected on the basis of PK
performance in screening. These formulations were progressed to a longer-term study in
adult male Wistar rats (~300 g). Animals were randomised into 3 groups (1 = 3 per group),
and dosed with SSPN formulations at 40 mg/Kg (FTC equivalent) via 2 IM injections in
both the left and right musculus biceps femoris (0.1 mL volume per site). Blood samples
(100 uL) were collected at 1.5, 3, 6, 24, 48, 96, 168, 240, 336, 504, and 672 h from the tail
vein and stored at —80 °C until further analysis. At the point of termination, the rats
were sacrificed using a rising gradient of CO, followed by cervical dislocation. Plasma
concentrations of FTC were quantified using LC-MS/MS as described below.

2.5. Pharmacokinetics of Lead SSPN Formulations in New Zealand White Rabbits

The three lead formulations (Table 1 SSPN-9, -10 and -12) were further characterised
in adult male New Zealand white rabbits (~3 kg), randomised into 3 groups, (n = 3 per
group). Groups were dosed with SSPN formulations at 40 mg/Kg (FTC equivalent) via
2 IM injections in both the left and right musculus biceps femoris (1 mL volume per site).
Blood samples (500 uL) were collected at 1.5, 3, 6, 24, 48, 96, 168, 240, 336, 408, 504, 576, and
672 h from the marginal ear vein and stored at —80 °C until further analysis. At the point
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of termination, the rabbits were sacrificed via intra-venous injection of an anaesthetic agent.
Plasma concentrations of FTC were quantified using LC-MS/MS as described below.

2.6. Pharmacokinetics of Lead SSPN Formulations in BALB/c Mice

SSPN-9 and -10 were selected for pharmacokinetic and efficacy studies in mice because
they enabled the evaluation of near identical formulations for two different prodrugs.
Balb/C mice (aged 11-12 weeks, ~25 g), were randomised into 3 groups, (n = 3 per group).
Groups were dosed with SSPN formulations at 140 mg/Kg (FTC equivalent) via 2 IM
injections in both the left and right musculus biceps femoris (50 pL volume per site). A
serial sacrifice experimental design was utilised. Mice were sacrificed at each time point via
rising CO, gradient. Blood was collected post-mortem via cardiac puncture and transferred
to heparinised sample tubes. Samples were collected at 1.5, 3, 6, 24, 48, 96, 168, 240, 336,
504, and 672 h and stored at —80 °C until further analysis. Plasma concentrations of FTC
were quantified using LC-MS/MS as described below.

2.7. Quantification of FTC in Plasma

FTC was detected using a fully validated method adapted from [24]. Quantification
was achieved via LC-MS/MS (TSQ Endura, Thermo Scientific, Waltham, MA, USA) oper-
ating in positive mode. The following ions were monitored for quantification in selected
reaction monitoring scan: FTC (m/z 248 > 113 and 130). A stock solution of 1 mg/mL
FTC was prepared in HyO and stored at 4 °C until use. A standard curve was prepared in
plasma by serial dilution from 500 ng/mL to 1.9 ng/mL and an additional blank solution.
Chromatographic separation was achieved using a multi-step gradient with a Synergi polar
C18 column (4 mm:150 mm:2.0 mm; Phenomenex, Cheshire, UK) using mobile phases A
(100% H,0O, 0.1% formic acid) and B (100% ACN, 0.1% formic acid). Chromatography was
conducted over 6 min at a flow rate of 400 pL/min. At the start of each run, mobile phase
A was 95% until 0.2 min when mobile phase B was increased to 30% at 0.5 min. Mobile
phase B was then maintained at 30% until 3 min. Mobile phase B was then reduced to 5% at
3.2 min which was held until 6 min. Inter- and intra-assay variance was assessed by 3 levels
of independent standards. The coefficient of variation of accuracy and precision were <15%
in all assays (Supplementary Materials Table S1).

2.8. Pharmacokinetic Modelling in Rats, Rabbits, and Mice

Plasma concentration-time profiles from all three species were each fitted with a one-
compartment disposition PK model with first order absorption input from depot release
using the R data analysis environment (v 4.1.1) [25], treating the composite PK profile
from all rats, rabbits, or mice for a given treatment as a naive pool. Fittings made use
of the Pracma library [26] and the Isqnonlin function for nonlinear regression. Apparent
clearance (CL/F), apparent volume of distribution (V/F), and absorption rate constant (KA)
parameters were estimated in the absence of IV data to quantify absolute bioavailability in
each species in this study.

2.9. Efficacy of SSPN Formulations in NSG-Cmah™'~ Mice

A human immune system was reconstituted in NSG-cmah~/~ mice, as previously
described [27,28]. In brief, mouse pups (aged 0—4 days) first received full body irradiation
(1Gy). CD34+ human stem cells (5 x 10* cells) were then delivered via intra-hepatic
injection 6 h post-irradiation. Reconstitution of the human immune cells was monitored
via flow cytometry (anti-human CD45-FITC BD Pharmigen, #555482, CD3-Alexa Fluor
700 BD Biosciences 557943, CD4-APC BD Pharmingen #555349, CD8-BV421 BD Horizons
#562428). Humanised NSG-cmah~/~ mice were then used to investigate the efficacy of
SSPN formulations when applied to PrEP. Humanised mice were randomised into 2 groups:
a 7-day challenge and a 14-day challenge. Each group was subdivided into 3 treatment
conditions (8 mice per treatment): untreated control, SSPN-9, and SSPN-10 (Table 1). Mice
were treated at day 0 with SSPN-9 or SSPN-10 (140 mg/Kg FTC equivalent) via 2 IM
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injections in the left and right musculus biceps femoris (50 puL volume per site). HIV-14pa
challenge was administered 7- or 14-days post-drug administration via intraperitoneal
injection (10* 50% tissue culture infectious dose; TCIDs). Blood samples were taken at
14 days post-infection to determine viral load via PCR (COBAS® AmpliPrep TagMan®
HIV-1 Test, v2.0, Roche Molecular Systems Inc., Pleasanton, CA, USA). All animals were
terminated at 28 days post-infection. Plasma samples were collected for determination
of viral load via PCR (COBAS® AmpliPrep TagMan® HIV-1 Test, v2.0, Roche Molecular
Systems Inc., Pleasanton, CA, USA) and characterisation of human immune cells by flow
cytometry. The acquisition was conducted on BD LSRII flow cytometer cells and analysed
on gated leukocytes using FLOJO analysis software (v 10.2 Tree Star, Ashland, OR, USA).

Following termination, samples from spleen, liver, and lung tissues were collected
and stored at —80 °C until analysed. Tissue processing was carried out as previously de-
scribed [19]. In brief, tissue samples were homogenised using a bead mill homogeniser (Qi-
agen TissueLyzer II Valencia, CA, USA) and Qiagen AllPrep DNA/RNA mini kit (Hilden,
Germany). cDNA was produced from RNA using ThermoScientific Verso cDNA synthesis
kit (Vilnius, Lithuania) as per manufacturer’s instructions. RT-PCR HIV-1 Gag p24 was con-
ducted using primers and probe assays purchased from Life Technologies (forward primer
ACATCAAGCAGCCATGCAAAT, reverse primer ATCTGGCCTGGTGCAATAGG, probe
sequence 6FAMCATCAATGAGGAAGCTGCAGAATGGGATAGATAMRA). Thermal cy-
cling was conducted using a QuantStudio™ 3 system (Applied Biosystems®, Waltham,
MA, USA) programmed for standard cycling conditions (95 °C for 10 min, followed by
40 cycles of 95 °C for 15 s, and 50 °C for 1 min).

Following termination, samples from spleen, liver, and lung tissue were collected and
fixed in paraformaldehyde (4%). The 5 pm sections were collected and stained for HIV-1
p24 (1:10, DAKO, Carpinteria, CA, USA) or HLA-DQ/DP/DR (clone CR3/43, 1:100, DAKO,
Carpinteria, CA, USA) and incubated overnight at 4 °C as previously described [29]. Tissue
samples were washed 3 x in TBS-Tween and then incubated with secondary reagent the
polymer-based horse radish peroxidase (HRP) and 3,3’-Diaminobenzidine (DAB) DAKO
EnVision system for 15 min. Tissue samples were counterstained in filtered hematoxylin
for 1 min. Cells were visualised at 20x and 40x on a Nuance EX camera fixed to a Nikon
Eclipse E800 microscope using Nuance software (Cambridge Research & Instrumentation,
Woburn, MA, USA).

Differences in viral load in plasma and tissues at timepoints 14 and 28 days follow-
ing challenge 7 or 14 days after dosing of SDN9, SDN10, or control/no treatment were
tested for significance using a one-sided, pairwise Mann-Whitney-Wilcoxon test, with a
Bonferroni correction factor of 3 (for 3 pairwise comparison tests per challenge/tissue/
timepoint group).

3. Results
3.1. Characterisation of Formulations Used in the Studies

All of the SSPN formulations displayed narrow, monomodal particle size distributions
(Figure 2) with z-average (Dz) diameters ranging from 196 to 782 nm and polydispersity
index (PDI) values varying from 0.295 to 0.450 across the three different prodrugs (Table 1).
These criteria were selected as uniformity was expected to confer reproducible drug release.
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Figure 2. Representative z-average hydrodynamic diameter particle size distribution of SSPN—9
(blue), SSPN-10 (orange), and SSPN-12 (yellow). Data are shown as the average of 3 measurements
from dynamic light scattering analysis.

3.2. Initial Pharmacokinetic Screening of SSPN Formulations in Wistar Rats

An initial screen of 12 candidate formulations (Table 1) comprising 3 FTC prodrugs
(PDs) and dual combinations of three polymers and four surfactants were tested for in vivo
PK in Wistar rats. Each candidate was administered via a single IM injection (10 mg/kg
based on FTC content, n = 1). Plasma samples were collected daily for 7 days (Table 2).
SSPN 1-8 demonstrated poor plasma exposure, Cmax ranged between 19.8 ng/mL and <2
ng/mL. Plasma concentrations in all eight formulations fell below the limit of detection
(2 ng/mL) within 4 days. SSPN-11 demonstrated high burst release (Cmax 88.5 ng/mL)
before FTC concentrations rapidly decreased to 2.45 ng/mL by day 7. The remaining
3 formulations (SSPN-9, -10, and -12) all demonstrated favourable PK for LAI, Cmax (SSPN-
9 428 ng/mL, SSPN-10 339 ng/mL, and SSPN-12 47.1 ng/mL), and Cmin
(SSPN-9 22.2 ng/mL, SSPN-10 24.1 ng/mL, and SSPN-12 16.9 ng/mL) over 7 days. SSPN
formulations SSPN-9, SSPN-10, and SSPN-12 were therefore progressed to a longer-
term study.

Table 2. This table shows the 12 SSPN candidates. The table shows PK parameters (Cmax, Tmax,
and AUC) over 7 days following a single IM injection (10 mg/kg based on FTC content).

Formulation Cax (ng/mL) Chin (ng/mL) Tmax (h) AUC (ng/h/mL)
SSPN-1 2.3 <2.0 72 170.5
SSPN-2 <2.0 <2.0 24 89.0
SSPN-3 <2.0 <2.0 24 86.0
SSPN-4 19.8 <2.0 24 802.3
SSPN-5 6.0 <2.0 48 305.9
SSPN-6 3.5 <2.0 24 236.1
SSPN-7 12.1 <2.0 24 443.2
SSPN-8 33 <2.0 72 169.1
SSPN-9 42.8 222 24 3449.7

SSPN-10 33.9 24.1 24 3731.0
SSPN-11 88.5 2.5 24 3960.9
SSPN-12 47.1 16.9 24 3695.1
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3.3. Longer-Term Pharmacokinetic Evaluation of Lead SSPN Formulations in Wistar Rats

Three lead formulations (SSPN-9, -10, and -12 derived from C6 and C8 FTC-PDs) were
progressed to a longer-term study. Each candidate was administered via 2 IM injections
(20 mg/kg each = 40 mg/kg total dose based on FTC content, # = 3) and plasma samples were
collected over 28 days (Figure 3A). Cmax was reached by 6-12 h (SSPN-9 127 £ 52.9 ng/mL,
SSPN-10 95 + 40.6 ng/mL, and SSPN-12 119 £ 21.0 ng/mL) and plasma concentra-
tions were detectable for all three formulations until 14 days (SSPN-9 21 £ 16.2 ng/mL,
SSPN-10 27 £ 0.05 ng/mL, and SSPN-12 29 £ 22.7 ng/mL). Plasma concentrations were
below the validated limit of detection (2 ng/mL) by 21 days for all three formulations
(Figure 3A, Table 3). The rat data were adequately described by a one-compartment dispo-
sition PK model with first order depot release input, with acceptable precision of parameter
estimates. As expected for this formulation, “flip-flop” PK was demonstrated [30] where
the observed, long terminal phase half-life of the profiles (T1/2, SSPN-9 89 h, SSPN-10
113 h, and SSPN-12 100 h) reflects the kinetics of slow release from the depot rather than the
elimination rate constant which is intrinsic to the disposition of FTC as shown following
IV dose [31]. This is also reflected in the parameter estimates where the absorption rate
constant KA is smaller (and therefore slower) than elimination rate constant as calculated

from CL divided by V.
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Figure 3. PK profiles of the three lead SSPN candidates over 28 days in (A) Wistar rats (B) New
Zealand white rabbits, and (C) Balb/C mice. Animals were administered 2 IM injections (1 injection in
each leg, given simultaneously) of 40 mg/kg for Wistar rats, 40 mg/kg for New Zealand white rabbits,
and 140 mg/kg for Balb/C mice based on FTC content. Error bars represent standard deviation.
Solid line is the PK model fitting to the naive pooled data (1-compartment disposition with 1st order
depot release input).
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Table 3. PK parameters for the three lead SSPN candidates in Wistar rats, New Zealand white
rabbits, and Balb/C mice (Cmax [maximum plasma concentration], C 14 [plasma concentration at
day 14], Tmax [time maximum plasma concentration was reached], AUC [area under the curve],
CL/F [clearance], V/F [volume of distribution], KA [absorption rate constant], and T/, [terminal
half-life] from the PK model fitting) over 28 days following 2 IM injections (1 injection in each
leg, given simultaneously, 40 mg/kg total dose based on FTC content). SD = standard deviation;
% RSE = “% relative standard error of estimate”.

Cumax Cus Tomax AUC CL/F VIF KA TerT“l‘/iZ“al
Formulation
. (ng/mL) (ng/mL) (ngh/mL)  (L/kg) (%  (Lkg) %  (h-1) (%

Species &D) D) () (SD) {SD) RSE) RSE) RSE) )
Wistar rat 127 (529)  21(162) 6 (0.0) (égblg’% 244 (11) 502(38)  0.0078 (7) 89

SSPN-9 '
NZW rabbit 416 (93.6) 3.1 (43) 32 (13.9) (32"1678% 1.05 (4) 10 (1) 0.0129 (6) 54
Balb/C mice 747 (2065) 7.7 (4.6) 6 (0.0) (26101'31%72) 1.56 (12) 238(55)  0.0064 (9) 109
Wistar rat 95 (40.6) 27 (0.1) 12 (10.4) (;gfz%‘)g’) 2.06 (12) 872(30)  0.0061 (8) 113

SSPN-10 :
NZW rabbit 356 (116.9) 8(9.0) 24 (0.0) (g§é474§) 087(10)  1007(12)  0.0117 (4) 59
Balb/Cmice 330 (41.5)  26.6(0.63) 17 (12.1) (15176%(.)8) 1.97 (10) 9.99(27)  0.0047 (11) 148
Wistarrat 119 21.0) 29 (22.7) 6(0.0) é%?g) 2.58 (9) 53035  0.0069 (6) 100

SSPN-12 '
NZW rabbit 348 (1173) 3.8 (2.0) 24 (0.0) (22'7%112) 1.33 (4) 1285(11)  0.0122 (4) 57

Balb/C mice - - - - - - - -

3.4. Long-Acting PK Study in New Zealand White Rabbits

Multiple species are employed in preclinical screening due to species differences dictating
differences in drug exposure. The confirmation of LAI plasma exposure was, therefore, also
evaluated in rabbits for lead formulations. Each candidate was administered via 2 IM injections
(20 mg/kg each = 40 mg/kg total dose based on FTC content, # = 3) and plasma samples were
collected over 28 days (Figure 3B). Cmax was reached at 2448 h (SSPN-9 416 & 93.6 ng/mL,
SSPN-10 356 + 116.9 ng/mL, and SSPN-12 348 + 117.3 ng/mL) and plasma concentrations
were detectable for all three formulations until 14 days (SSPN-9 3.1 & 4.3 ng/mL, SSPN-10
8 + 9.0 ng/mL, and SSPN-12 3.8 £ 2.0 ng/mL). Plasma concentrations were below the
validated limit of detection (2 ng/mL) by 21 days for all three formulations (Figure 3B,
Table 3). As with the rat data, the rabbit plasma PK data were adequately described by a
one-compartment disposition model with first order depot release input, with acceptable
precision of parameter estimates. Flip-flop PK was again demonstrated with a slow KA
estimate and slow terminal half-life; however, for all three formulations, this terminal phase
was ~2x faster in rabbits than in rats, implying a faster release from the depot in rabbits
than rats (T1/2, SSPN-9 54 h, SSPN-10 59 h, and SSPN-12 57 h).

3.5. Long-Acting PK Study in BALB/c Mice

Two candidates were selected for efficacy evaluation in humanised mice and sup-
portive pharmacokinetic evaluation was conducted ahead of efficacy studies in Balb/c
mice. For this, SSPN-9 and -10 were selected because they enabled evaluation of near
identical formulations for two different prodrugs. Each candidate was administered via
2 IM injections (70 mg/kg each = 140 mg/kg total dose based on FIC content, n = 3) and
plasma samples were collected over 28 days (Figure 4C). Cmax was reached within 24 h
(SSPN-9 747 + 206.5 ng/mL and SSPN-10 330 + 41.5 ng/mL) and plasma concentrations
were detectable for all three formulations until 28 days (SSPN-9 7.7 £+ 4.6 ng/mL and
SSPN-10 26.6 £ 0.63 ng/mL) (Figure 4C, Table 3). As with the rat and rabbit, the mouse
plasma PK data were adequately described by a one-compartment disposition model with
first order depot release input, with acceptable precision of parameter estimates. Again,
flip-flop PK is demonstrated with a slow KA estimate, which is further reflected in the
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slow terminal half-life, which is more similar in magnitude to the rat than the rabbit for the
two lead formulations examined (T1/2, SSPN-9 109 h, SSPN-10 148 h).
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Figure 4. Plasma viral load following HIV challenge 7 (A,B) and 14 days (C,D) post-injection.
Subfigures show viral load (copies/mL) at 14- and 28-days post-infection IM injection (700 copies/mL
detection limit). ** denotes p value > 0.01 determined using significance using a one-sided, pairwise
Mann-Whitney-Wilcoxon test, with Bonferroni correction factor.

3.6. In Vivo Protection against HIV-1 Infection by Lead SSPN Formulations

In order to assess the efficacy of the SSPN formulations in preventing an HIV infection,
a humanised mouse model of HIV infection was employed. Humanised mice were divided
into 2 groups: a 7-day challenge and a 14-day challenge. Humanised mice were treated at
day 0 with SSPN-9 or SSPN-10 (140 mg/Kg FTC equivalent) via 2 IM injections. Virologic
challenge was administered 7- or 14-days post-drug administration (10* TCIDsp). Plasma
viral load was undetectable in mice treated with SSPN-9 and SSPN-10 VL (700 copies/mL
detection limit) 14 days and 28 days post-infection (Figure 4A,B). HIV RNA was also
undetectable 28 days post-infection in spleen, lung, and liver tissue in all animals for the
7-day challenge (Figure 5A-C). Further tissue samples were stained for HLA- DR (human
leukocyte surface antigen) and Gag-p24 (HIV capsid protein). The histopathology of these
samples confirmed the presence of human leucocytes while confirming undetectable viral
protein in the SSPN treatment groups (Figure 5G,H).
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Figure 5. This table shows detection of HIV-1 Gag-p24 RNA via PCR in humanised mice follow-
ing HIV infection 7 (A-C) and 14 (D-F) days post-IM injection. Tissue samples from spleen, lung,
and liver were taken 28 days post-HIV infection. Also shown are representative histopathology
samples taken from spleen, liver, and lung tissues 7 days post-IM injection from the (G) control
group and (H) SSPN-9-treated group. Tissue samples were collected 28 days post-HIV infection.
Samples were stained for HLA-DR and Gag-p24. Gag-p24-positive staining in the control group
(brown). No Gag-p24 was detected in the SSPN-9-treated group. ** denotes p value > 0.01 deter-
mined using significance using a one-sided, pairwise Mann-Whitney—Wilcoxon test, with Bonferroni

correction factor.

Following the 14-day challenge, mice treated with SSPN-9 demonstrated undetectable
HIV in plasma 14 days and 28 days post-infection (Figure 4C,D). Viral RNA was also un-
detectable 28 days post-infection in spleen, lung, and liver tissue (Figure 5D-F). Mice treated
with SSPN-10 demonstrated that 2 mice had detectable plasma VL
(4.77 x 10° copies/mL) and 3 mice showed presence of HIV RNA in plasma and proteins in
spleen, lung, and liver on day 28 (Figure 5D-F). HIV was detectable in all untreated animals.
p-values summarising the significance of the differences in VL between SDN9 and SDN10
treatment vs. untreated following 7- and 14-day viral challenges are broadly consistent
with visual presentation of the data in Figures 4 and 5 (Supplementary Materials Table S2).
For a day 7 challenge post-dose, both SDN9 and SDN10 treatment give significantly lower
plasma VL than untreated (and are not significantly different from each other) both 14 and
28 days post-challenge infection. SDN9 treatment also has significantly lower VL in plasma
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and tissues vs. untreated at both 14 and 28 days post-infection after a day 14 challenge
post-dose. Due to greater inter-animal variability in VL following a 14-day challenge after
SDN10 dosing, p-values indicate greater ambiguity in distinguishing SDN10 treatment
from both untreated and the SDN9-treated groups.

4. Discussion

Existing antiretroviral LAI utilise milling to produce particle dispersions where con-
trolled release is achieved by slow dissolution as a result of low drug solubility. As
with many NRTT’s, FTC is highly water-soluble, making it incompatible with technolo-
gies such as milling. In order to circumvent this limitation, three varying chain-length
carbamate/carbonate prodrugs of FTC were produced to mask key hydrophilic groups
(Figure 1) to decrease aqueous solubility. These highly lipophilic prodrugs are semi-solid
at ambient temperatures and are thus also not compatible with bottom-down processing
technologies such as nanomilling. However, compatibility with emulsion-templated freeze
drying (ETFD) has been explicitly demonstrated to form particle dispersions from this PD
class via this approach [23]. The in vivo data presented here demonstrate that the SSPN
approach can provide a half-life extension for water-soluble FTC in multiple pre-clinical
species. This approach represents an interesting avenue of research to allow the exploita-
tion of antiretrovirals that would otherwise be incompatible for processing or formulation
with LAL

In order for FTC to exert efficacy, it must be taken up and intracellularly undergo
phosphorylation to the active FTC-TP. In the current study, intracellular concentrations of
FTC-TP were not examined. Guidelines for the treatment of laboratory animals limit the
sample volumes that may be taken over the experimental period, precluding the option to
assay for both FTC and FTC-TP in mice and rats [32,33]. However, it can be concluded that
the SSPN formulations successfully deliver FTC without abrogation of phosphorylation
from the demonstration of the effectiveness in the mouse model of HIV infection. The
plasma half-life in humans of FTC following oral administration is 7.4 h, whereas the
intracellular half-life of FTC-TP is 39 h [34,35]. The active FTC-TP is present in vivo over
5 times as long as FIC, indicating plasma concentrations alone may underestimate the
efficacy of the LAI formulations presented here. The lead formulation (SSPN-9) pre-
sented here demonstrated an 18.5-fold (4.79 h vs. 89 h) and 19.5-fold (5.6 h vs. 109 h)
plasma half-life extension with SSPN compared to oral administration in mice and rats,
respectively [31,36]. No published pharmacokinetics data for orally administered FTC are
available in rabbits, but consistency in the half-life extension between mouse and rat is
reassuring. The oral plasma half-life of FTC in humans is approximately 10 h, and the
presented data therefore support a half-life longer than 185 h for SSPN-9 in humans if the
relationship holds.

The data presented here show some clear patterns in the SSPN composition and
PK exposure. Amongst the excipients tested, the formulations that performed optimally
contained HPMC (with either AOT or NDC). The importance of including HPMC is not
entirely unexpected as HPMC has been used frequently to modulate drug release from
oral formulations [37]. In addition to the selection of polymer and surfactant, the inclusion
of different prodrugs appears to affect the release profile. Formulations SSPN-11 and
SSPN-12 both consist of HPMC and AOT but differ in prodrug composition. SSPN-11
contained C6 carbamate/carbonate while SSPN-12 contained the C8 carbamate/carbonate
prodrug. Despite the similar formulation, the resulting PK behaviour differed. SSPN-
12 demonstrated a modulated steady release, providing plasma concentrations up to
14 days; whereas, SSPN-11 showed a high burst release followed by rapid decrease in
plasma exposures. Interestingly, this relationship was not observed when PK for SSPN-
9 and SSPN-10 were compared. Both formulations comprised HPMC with NDC and
either C6 or C8 carbamate/carbonate and show very similar PK profiles. These data
demonstrate the careful consideration required when selecting polymer, surfactant, and
active pharmaceutical agent, as the performance may change in an unpredictable manner.
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While the current data do not enable robust conclusions to be drawn about how
prodrug structures and formulation compositions might impact PK performance, both
formulations studied in humanised mice were able to protect from the acquisition of an HIV
infection. Importantly, there were differences in PK exposure between SSPN-9 and SSPN-10,
with a higher Crhax and AUC observed for SSPN-9 in Balb/c mice. In agreement with these
PK observations, the duration of protection for SSPN-9 was longer than that for SSPN-10,
validating the pharmacological strategy for selection of lead candidates. SSPN-9 and SSPN-
10 differed only regarding the prodrug contained therein, and both formulations were
composed of HPMC and NDC, with similar Z-average diameter and PDI. It is, therefore,
reasonable to conclude that the chain length of the carbamate/carbonate prodrug moiety is
an important contributor to overall performance of the SSPN formulation.

The development of LAI is hindered by the paucity of knowledge of the mecha-
nisms involved in the release from the depot. Many of the physiological, anatomical, and
formulation-specific characteristics involved are poorly characterised, making targeting
successful LAI problematic. Recent data indicate several mechanisms within the depot site
that may contribute to LAI PK performance. IM administration of paliperidone palmitate
has been shown to illicit a granulomatous response with macrophage penetration. Further-
more, co-administration of sunitinib completely suppressed the granulomatous reaction
and effectively inhibited the neovascularization of the paliperidone palmitate LAI depot.
This resulted in a slower systemic exposure with delayed and lower Cpax [38]. As a better
understanding of depot site mechanisms emerges, it may be possible to tune prodrug and
formulation composition towards critical mechanisms that optimize LAI behaviour.

5. Conclusions

The data presented here show the successful in vivo application of SSPN-based LAI to
provide half-life extension for lipophilic bio-reversible PDs of water-soluble drugs. Species
differences in clearance would indicate that the formulations in humans may provide even
greater exposure. In general, smaller species have a higher rate of clearance [39]. FTC
specifically is renally cleared at a rate of 22.3 mL/kg/min in rats and 3.5 mL/kg/min
in humans [31,40]. The difference in clearance would indicate the potential for plasma
concentrations of FTC to remain in circulation longer in humans than those observed in
preclinical species.

This formulation strategy shows the potential to add a new class of antiretrovirals
to LAI treatment or prevention options. In addition to potential applications towards
co-formulation with other antiretrovirals, LAl FTC may have applications in PrEP. Future
work will aim to assess the applicability of this approach to other water-soluble drugs for
HIV and other indications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ pharmaceutics15071835/s1, Table S1 Accuracy and precision of
the validated LCMS assay. Table S2 Statistical assessment for significance of Protection against HIV-1
Infection by Lead SSPN Formulation.
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Abstract: HIV/AIDS remains a global public health issue, and products available for the preven-
tion of HIV infections are limited, especially those for short-acting, on-demand, user-controlled
applications. Topical inserts are products that can be applied vaginally or rectally and have been
explored as drug delivery systems. To fill the gap in the HIV prevention product pipeline, CONRAD
has developed a topical insert containing tenofovir alafenamide fumarate (TAF) and elvitegravir
(EVG), two potent and synergistic antiretrovirals, as a simple, low-cost, and discreet option that
can be self-administered vaginally and/or rectally, before and after coitus. In this review, we have
described the development path of the TAF/EVG insert up to its current point in clinical testing,
highlighting findings from acceptability, preclinical safety, pharmacokinetics, and efficacy evaluations
and early clinical studies. In summary, the TAF/EVG inserts are stable, easy to manufacture, low-cost,
acceptable, and show highly promising preclinical and clinical results for on-demand topical pre- or
post-exposure HIV prevention.

Keywords: HIV pre-exposure and post-exposure prophylaxis; topical PrEP and PEP; antiretrovirals;
acceptability; safety

1. Introduction

The goal of the HIV Prevention 2025 Roadmap is to end AIDS as a public health
threat by 2030 and reduce new HIV infections to fewer than 370,000 by 2025 [1]. According
to UNAIDs (2023), 1.3 million (between 1 and 1.7 million) new infections were reported
in 2022 (https://thepath.unaids.org/, accessed on 7 December 2023). With the need
to reduce the yearly incidence by over 1 million, in addition to continued provision of
antiretrovirals (ARVs) for treatment, expanded development of HIV prevention products
(pre-exposure prophylaxis; PrEP) that are not only safe and effective but are also affordable,
desirable, and meet the needs of end-users is critically needed. Barrier methods (mostly
male condoms) are widely available due to their affordability [2] but do not fit every user’s
preferences. Oral PrEP in the form of a daily tablet containing tenofovir disoproxil fumarate
(TDF) and emtricitabine (FTC) is highly effective but, particularly in women, only with
high adherence [3]. This regimen is burdensome and carries with it a stigma as pills are
associated with the treatment of infected individuals [4]. With more options available for
HIV prevention, the higher the potential for uptake. A 2-month long-acting injectable
containing the integrase inhibitor cabotegravir has proved to be safe and highly effective
and was recently approved for HIV prevention [5-7]. This eliminates the requirement of
taking oral PrEP pills every day but requires painful 3 mL intramuscular (IM) injections
every 60 days. As shown time and again, people want choices and there is no one-size-fits-
all product that meets the needs of everyone at all stages in their life. Some individuals
want user-controlled daily pills, some long-acting injectables, while others, especially those
who engage in less frequent or clustered sex prefer short-acting on-demand products [8-10].
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Currently, the only on-demand option proven to be effective in the MSM (men who
have sex with men) population is TDF/FTC using a challenging 2-1-1 schedule (two pills
2-24 h before sex, one pill 24 h after the first dose, and another pill 24 h after the second
dose). This regimen is not approved by the U.S. Food and Drug Administration (FDA).
Nothing comparable exists for women or people who have vaginal sex. Topically applied
mucosal HIV prevention products have a high potential for safety, ease of use, low cost, and
privacy and bear a broad appeal among end-users [11]. The only topical product to prevent
the vaginal transmission of HIV, which is recommended by The World Health Organization
(WHO) and approved in some African countries, though not approved by the FDA, is the
1-month dapivirine vaginal ring [12]. This ring, however, is restricted to vaginal application
only and must be worn daily, continuously, and replaced every month. Taken together,
there exists a clear need for a product that can be applied topically, on-demand, and by
both women and men and is forgiving (extended window of protection), safe, and highly
effective. In the category of topical products, inserts can be applied vaginally or rectally
and are a promising alternative to oral and parenteral formulations for HIV prevention.

This article brings together, for the first time, all of the latest preclinical efficacy testing
and recently completed first-in-human (FIH) clinical studies on acceptability, safety, and
pharmacokinetics (PK) evaluating CONRAD’s dual-compartment TAF/EVG topical insert
for on-demand HIV prevention. Ongoing clinical studies and future product development
direction based on end-user feedback are also included. For more information on these
inserts as drug delivery platforms, please see below and in the previous review [13].

2. Insert Platform as a Topical Drug Delivery System

Therapeutic products delivered topically via the vaginal or rectal mucosa have been
around for years and used for multiple indications. Vaginal inserts on the U.S. market in-
clude, but are not limited to, Vagifem® (for atrophic vaginitis due to menopause), Cervidil®
(for the initiation or continuation of cervical ripening in patients at term prior to labor
induction), Encare® (contraceptive), and Mycelex-G (for vaginal yeast infections). Exam-
ples of rectal products on the market include CANASA® (suppository for the treatment of
mildly to moderately active ulcerative proctitis), Diastat® (gel for the acute treatment of
intermittent, stereotypic episodes of frequent seizure activity), and hydrocortisone-based
suppositories for use in inflamed hemorrhoids and post-irradiation (factitial) proctitis.
There are a number of research groups targeting the vaginal and rectal mucosa to topically
deliver agents formulated in inserts, films, gels, rings, and enema for the prevention of
HIV (a complete list can be found at AVAC Prevention Products in Pipeline; https://
avac.org/resource/infographic/the-future-of-arv-based-prevention-and-more/, accessed
on 6 November 2023). While there are no FDA or African regulatory-approved topical
on-demand products for HIV prevention other than condoms, many in the form of en-
emas, films, and fast-dissolving inserts are showing promising preclinical and clinical
findings [14-19]. The insert platform has also been explored for other drugs/indications
to provide user-friendly, low-cost, on-demand product options, especially in lower- and
middle-income countries (LMICs).

To fill the gap in the HIV prevention pipeline using topical ARV products, CONRAD
is leading the development of an insert platform that can be applied using a finger both
vaginally and rectally, before or after sex, is user-administered, discreet, and displays
minimal side effects. This dual-compartment on-demand topical insert (Figure 1) contains
TAF and EVG and is manufactured using a simple, robust, and highly scalable direct-
compression process with a limited number of processing steps involved to produce inserts
with high mechanical strength. The inserts comprise FDA-approved excipients from
different categories, including lubricants, fillers, binders, and disintegrants in appropriate
ratios to support the fast disintegration and high mechanical integrity of the final product
(manuscript in preparation). The specific excipients include magnesium stearate, lactose
monohydrate, poloxamers, povidone, mannitol, and polyethylene glycol [20]. When
formulating inserts, multiple physicochemical characteristics are taken into consideration,
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such as hardness and friability, to provide a balance of fast disintegration (for immediate
drug release) and appropriate mechanical integrity to withstand physical stress during the
manufacturing, shipment, and usage.

Figure 1. CONRAD's current TAF/EVG insert product (1.5 [L] x 0.7 [W] x 0.6 [H] cm).

3. Development of On-Demand Topical TAF/EVG Inserts for HIV Prevention

Earlier R&D efforts of topical inserts developed by CONRAD contained tenofovir
(TFV, 40 mg) and FTC (40 mg), conceptually pioneering combination ARVs for topical
HIV prevention. This drug combination was based on the approved oral PrEP tablet
containing TDF and FTC and the TFV 1% gel under development but in a dosage form
for topical delivery, intended to be more portable and discreet than the vaginal gel. In
addition to being tested preclinically, these inserts were evaluated clinically, in CONRAD
117 (NCT01694407), where they demonstrated good safety and PK profile [21,22]. User
input however highlighted excessive discharge and the presence of particulate materials as
two negative features that needed to be corrected before moving forward. Four different
placebo inserts were reformulated for further end-user feedback in the CONRAD 134 study
(NCT02534779), leading to the selection of a bullet-shaped prototype with a shape different
than what had been used before and more intuitive for vaginal insertion [13,23]. All placebo
prototypes had improved user acceptability, including easy use, over the earlier TFV/FTC
inserts and showed a superior dissolution profile, with initial disintegration occurring
within 10 min and complete dissolution as quickly as 30 min, without leaving any visible
residue or triggering excessive discharge. The clinical evolution of the bullet-shaped insert,
initiating with the circular insert used in CONRAD 117, is presented in Figure 2 below,
which includes completed clinical studies with the placebo form (QUATRO and MTN 035)
and the TAF/EVG bullet-shaped insert (CONRAD 146 and MTN 039) in recently completed
and ongoing clinical studies and development.

COMPLETED

QUATRO

High acceptability (vaginal
& rectal application)

MTN 035

DESIRE = Safe & well tolerated
CONRAD { ) = High levels of EVG &
117 TFV-DP in tissues

Low systemic exposure
User acceptability = Potent antiviral
pointed to

inhibition in fluid/tissues
improvements in

challenged ex vivo
formulation and design

> @

ONGOING
Bullet shape
CONRAD selected for use MATRIX-001
134 in clinical studies

Performed to select an

insert with greater user RITE-PrEP
acceptability

Figure 2. Sequence of clinical studies shaping the form and properties of the current TAF/EVG
inserts, including recently completed and ongoing clinical studies.
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While reformulating the platform, CONRAD explored the use of two more potent,
synergistic, and mechanistically different ARVs, tenofovir alafenamide fumarate (TAF,
equivalent to 20 mg of TAF free base) and elvitegravir (EVG, 16 mg), to expand the window
of protection and dosing forgiveness. In vitro data using cell lines and cervicovaginal (CV)
tissues supported activity under pre- and post-viral exposure conditions [24]. These new
TAF/EVG inserts are manufactured using FDA-approved Generally Recognized as Safe
(GRAS) materials and a simple direct-compression process, which enables low-cost [25,26],
scalable, and readily transferable production of robust inserts, resulting in better handling
and packaging feasibility of the final product. The accelerated and long-term stability data
of these inserts provide a projected shelf life of >2 years if stored at or below 30 °C/65%RH,
ensuring that the integrity, quality, and potency of the product is maintained for an extended
duration. These inserts have undergone extensive acceptability, preclinical, and clinical
testing to date supporting both vaginal and rectal use and a wide window of protection
against HIV. The following sections discuss these aspects in detail.

4. Acceptability Assessment of Placebo and ARV-Containing Inserts

User acceptability is paramount to the uptake and adherence of HIV prevention
interventions and their ultimate success. Acceptability assessments of products for HIV
prevention following actual use have been limited, especially for rectal administration, with
most being surveys inquiring about theoretical preferred use [27-31]. CONRAD's topical
insert in placebo form has had the benefit of undergoing acceptability testing following
vaginal use [23,32] and rectal use [27] to guide product development and ensure suitability
for its users. Early on in insert development, the CONRAD 134 study (NCT02534779) was
conducted to evaluate variations in the composition, technology type (direct-compressed
versus freeze-dried), shape, and size of different prototypes for their disintegration time,
residue/leakage, and acceptability after a single use to select a lead insert to advance into
clinical development (reviewed in Peet 2019, [13]). The placebo form of the lead insert
has also been evaluated for acceptability in comparison to other topical vaginal and rectal
placebo products [27,32], as well as in Phase 1 studies following vaginal and rectal use of
the TAF/EVG inserts [33,34], as summarized below.

The placebo insert was evaluated for its acceptability after vaginal application along
with three other vaginal placebo products (film, gel, and ring) in QUATRO, a mixed-method
crossover clinical study performed from June 2016 to 2017 in 178 HIV prevention product
naive, sexually active women living in Zimbabwe and South Africa [32]. Products were
first assessed for preference prior to actual use, resulting in 41% preferring the gel, 19% the
film, 15% the ring, and 25% the insert. After a period of using each of the products, in a
randomized way, at least once weekly for one month prior to or independent of sex, the
film, ring, and insert were preferred by 29%, 28%, and 26%, respectively, and the initially
preferred gel by only 16% after use. At the end of the study, product choice varied by
country with 45% in Zimbabwe selecting the film as most preferred and 35% in South
Africa selecting the insert. A qualitative component was included in the QUATRO study
to gain additional perspectives from women participants (n = 40), their male partners
(n =17), and key informants (KIs; n = 24) [35]. Focus groups discussions were conducted
with the women participants and their male partners, and in-depth interviews (IDIs) were
conducted with KIs. Key findings revealed that the insert was one of the two (film noted
as the other) most preferred products for women in South Africa, men in Zimbabwe, and
KIs in both countries. Noteworthy positive attributes related to the insert included female-
initiated application, small and easy to use, tightened vagina/enhanced sexual pleasure,
familiarity (similar looking to pills), discreet, easily dissolves, shape shows how to insert,
and allowance for barrier-free sex. Negative attributes were wettened vagina/reduced
sexual pleasure, short-term use, stigma (package and pill-like form similar to antiretroviral
therapy), method of insertion may cause infection, and too small to insert properly. It
should be noted that while short-term use was listed as a negative attribute, overall, the
on-demand products (insert, film, and gel) were most liked.
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These inserts were also included as one of the three placebo products (insert, sup-
pository, enema) evaluated for rectal use prior to receptive anal intercourse (RAI) for the
prevention of HIV in MTN-035 (NCT03671239), a randomized crossover trial for assessment
of safety, acceptability, and adherence [36]. Participants (1 = 217) included HIV-uninfected
transgender men, transgender women, and cisgender MSM from five different countries
(Malawi, Peru, South Africa, Thailand, and the U.S.). Inserts were reported as safe with
high acceptability and adherence in general and when compared to the other product
modalities. High acceptability was reported by 72% of participants for inserts, 66% for
suppositories, and 73% for the enema. The percentage of participants fully adhering to the
protocol (used at least once per week) was 75%, 74%, and 83% for the inserts, suppositories,
and enema, respectively. Full adherence per RAI act was comparable across products:
58.9% for the insert, 58.0% for the suppository, and 58.8% for the enema.

Acceptability of the clinical form of the TAF/EVG insert for vaginal use was assessed
in 16 healthy, HIV-uninfected women in the U.S. at low risk of HIV acquisition in CONRAD
146 (NCTO03762772), a Phase 1 open-label randomized, parallel-group study [33]. Following
a single intravaginal administration of the insert, participants completed a quantitative
survey to assess acceptability across multiple attributes of the insert at 4 or 24 h post
insertion. Size, ease of insertion, and color were considered very or somewhat acceptable
in 100% of participants. Comfort after insertion, dissolvability, and discreetness were also
highly acceptable for 15 of 16 participants (93.8%). Acceptability of residue and leakage
ranked lower (81.3% and 81.5%, respectively) but remained acceptable in over half of the
participants. A few participants described leakage as a small amount of whitish, odorless
discharge. A total of 7 of 16 participants (43.8%) noted that using an applicator would
make it easy to administer.

The clinical formulation of the TAF/EVG insert for rectal use was also assessed for
acceptability in MTN 039 (NCT04047420), a Phase 1 open-label, multi-site, single-arm,
two-period study in 23 healthy, HIV-uninfected male and female participants at two sites
in the U.S. Although this study was focused on safety, PK, and pharmacodynamics (PD),
acceptability was evaluated using computer-administered self-interviews (CASIs) prior to
and after rectal administration of one or two inserts and a concluding IDI after final use
of the product. Nearly all participants found the insert easy to use and comfortable. This
clinical trial was recently completed, and a manuscript is pending review [34].

5. Preclinical Testing of TAF/EVG Inserts Shows Safety and High Efficacy When
Applied before and after Virus Challenge

TAF/EVG inserts have undergone rigorous preclinical testing to verify local mucosal
safety, characterize multi-compartment PK, and establish a predicted window of efficacy for
advancement to clinical testing. Using the rabbit, a sensitive and preferred model to assess
mucosal irritation and local tolerability and safety [37,38], insert safety was confirmed after
several weeks of repeated daily intravaginal and intrarectal doses of pre-dissolved inserts
using immunohistochemical and microscopic evaluations of mucosal tissues [13,21]. Ex
vivo testing was performed to aid in defining the window of protection prior to testing in
a primate model. CV explant tissue treated with TAF and EVG pre-exposure, during, or
post-exposure to HIV-1BaL reduced p24 antigen production at all timepoints tested (up to
24 h pre-exposure and 48 h post-exposure) [24].

Using the repeated low-dose simian HIV hybrid (SHIV) challenge model along with
multi-compartment PK assessments, TAF/EVG inserts have been evaluated to predict the
clinical window of protection when used under PrEP and/or post-exposure prophylaxis
(PEP) conditions and correlate drug levels with efficacy. This model has been used to
predict clinical efficacy of FDA-approved ARVs for the prevention of HIV [39]. Through a
collaboration with the Centers for Disease Control and Prevention (CDC), the prophylactic
potential of inserts was tested against vaginal or rectal transmission of SHIV. TAF/EVG
inserts at the clinical dose (20/16 mg) and administered vaginally to NHPs 4 h pre- or
4 h post-repeated weekly vaginal SHIV exposures provided protection in 5/6 animals
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pre-exposure and 6/6 animals post-exposure resulting in an efficacy of 91% and 100% for
PrEP and PEP, respectively [18] (Figure 3a). PK evaluations confirmed rapid penetration of
both drugs in vaginal tissue with EVG tissue levels above target at 2, 4, and 24 h and rising
TFV-DP reaching target levels at 24 h and remaining high for at least 72 h. The efficacy
of TAF/EVG inserts at 8 and 24 h post-SHIV exposure was also tested using the same
challenge model, registering 94% and 72% efficacy at 8 h and 24 h post-viral exposure,
respectively [40] (Figure 3a). Time to infection was delayed for animals infected with the
TAF/EVG insert compared to placebo controls. Two of the animals which became infected
tested positive only after 11 challenges. Using a similar methodology, the inserts were
also tested for their efficacy against rectal SHIV transmission when administered 4 h pre-
exposure followed by weekly repeated challenges [19]. In order to achieve better coverage
of the recto-sigmoid compartment and greater than partial protection, we found that two
inserts were required. Similar to what has been observed with topical TFV [41], higher
drug concentrations were required in rectal tissue compared to vaginal tissue to provide
protection with the inserts. When compared to single-insert application, the two-insert
dose increased drug levels in rectal tissues by 10-fold, with an efficacy of 93.1% (Figure 3b).
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Figure 3. (a) Percent of uninfected macaques administered TAF/EVG inserts vaginally at 4 h prior
to and 4, 8, and 24 h post-SHIV exposure (reproduced and modified with permission from [18,40]).
(b) Rectal efficacy (percent uninfected) of one TAF/EVG insert vs. two TAF/EVG inserts administered
4 h before SHIV exposure in macaques (reproduced and modified with permission from [19]).

6. Clinical Testing of TAF/EVG Inserts Demonstrates Safety, Pharmacokinetics,
and Pharmacodynamics Profiles Compatible with Protection against HIV

TAF/EVG inserts have been evaluated in two Phase 1 studies following vaginal
(CONRAD 146) or rectal (MTN-039) administration. The clinical manufacturing of inserts
under cGMP (Current Good Manufacturing Practice) conditions was conducted at Patheon,
Inc., (Whitby, ON, Canada). CONRAD 146’s primary objective was to assess safety and
tolerability, multi-compartment PK, and PD out to 7 days following a single vaginal
application of the TAF/EVG insert in 16 healthy women in the U.S. [33]. Safety was
confirmed using treatment-emergent adverse events (TEAEs); no TEAEs were observed
after a single dose of the insert. Vaginal administration was well tolerated and resulted in
low plasma levels and no systemic side effects. PK and PD evaluated in vaginal fluid and
tissue correlated well and supported an extended window of protection, revealing rapid
delivery of both drugs at the earliest timepoint of collection, 4 h, and high levels out to
72 h post dose. The combination of TAF and EVG works well as EVG has a fast onset with
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rapid uptake into tissue, while TAF lasts longer, requiring conversion to TFV and TFV-DP.
EVG vaginal tissue concentrations were above target protection levels (1000 ng/g; more
than 20 x EVG PA-IC95 [45 ng/mL] [42]) at 4 h and maintained out to 24 h, similar to what
was seen in NHPs. Also, similarly to NHPs, TEV-DP levels were detected at 4 h post dose
and were above the target benchmark (1000 fmol/mg) [43] at the 24, 48, and 72 h collection
timepoints (Figure 4).

100,000 10,000

10,000+
1,000
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10+
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Figure 4. Concentrations of TFV-DP (red) and EVG (blue) in vaginal tissue at multiple timepoints
post dose (reproduced and modified with permission from [33] under the terms and conditions of
the Creative Commons Attribution (CC BY) license). Red dotted line represents TEFV-DP target levels
of 1000 fmol/mg, and blue dotted line represents target EVG levels of 1000 ng/g.

Cell-based and CV tissue assays revealed that the combination of TAF and EVG
provided extended pre- and post-exposure inhibition of HIV replication. TAF demonstrated
inhibitory activity against both HIV-1, its primary indication, and HSV-2, an additional
exploratory indication, at 4 and 24 h post dose in vaginal fluid (Figure 5) [33]. TFV has been
shown to inhibit HSV-2 infection in vitro, in animal models, and in clinical studies [44].
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Figure 5. Ex vivo PD modeling of anti-viral effects in vaginal fluid. (a) Vaginal fluid HIV-1 inhibition.
(b) Vaginal fluid HSV-2 inhibition. Red = baseline (BL) and blue = 4 or 24 h (reproduced and modified
with permission from [33] under the terms and conditions of the Creative Commons Attribution
(CC BY) license).

MTN-039 had a similar objective of assessing the safety and tolerability, multi-compartment
PK out to 72 h post application, and PD of inserts following rectal administration in 23 par-
ticipants at two U.S. sites [34]. Assessments were performed after rectal administration
of one versus two inserts. Preliminary findings from this study have been reported [34],
confirming that the rectal administration of TAF/EVG inserts is safe and well tolerated. Ad-
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verse effects were limited to mild anal erythema following one insert in a single participant.
Rectal application also resulted in low plasma levels and no systemic side effects. EVG
levels in rectal tissue were high at 2 h post application (exceeding 1 ng/mg) and showed a
decline by the 24 h timepoint. TFV-DP levels were maintained markedly high, especially
with two inserts out to 72 h post dose. Using the ex vivo rectal challenge model, HIV-1 p24
levels were significantly lower than the baseline with both one and two inserts out to 72 h.
Further details are pending the publication of the manuscript.

7. Summary and Future Directions for TAF/EVG Inserts

The TAF/EVG inserts described in this review were rationally designed and developed
by CONRAD following in vitro, animal model, acceptability /end-user input, and clinical
testing. At present, these inserts are the most clinically advanced topical HIV prevention
product for women and/or men with potential for flexible pre- or post-exposure use.
Overall, the inserts have proven to be safe and efficacious preclinically, further displaying
clinical PK/PD profiles compatible with HIV protection. They have also proven to be stable,
easy to manufacture, low-cost, and potentially transferable to large-scale cGMP production
in LMICs. It is worth noting that the concept of combining two synergistic ARVs with
different physicochemical properties and PK profiles supports a highly effective, lasting,
and forgiving (i.e., with a wider window of protection) dosing regimen, all properties that
have been verified in both animal and clinical studies and represent unique characteristics
of this novel method of on-demand HIV prevention for all genders. The development
of TAF/EVG inserts has been and continues to be an iterative process. With a strong
focus on end-user preferences, other design (shape/size) options are being explored that
may be more intuitive and easier for application, along with different packaging options
to maintain product discreetness and portability for on-demand use. End-user feedback
is ongoing to determine whether an evolution of the bullet-shaped insert design, under
continued clinical development for the TAF/EVG insert, to an almond shape with a dimple
indent for the placement of a finger and ease of administration, for potential future insert
products in preclinical development, is preferred (Figure 6).

Figure 6. Almond-shaped insert prototype with dimple indent (1.5 [L] x 1 [W] x 0.4 [H] cm).

Exploration of individual insert packaging and packaging for multiple inserts in one
is also ongoing with the goal of producing a portable, functional, and discreet product
package (Figure 7).

TAF/EVG inserts will be tested vaginally for the first time in Africa in a clinical
study initiating at the end of 2023 /beginning of 2024 (MATRIX-001, NCT06087913). This
study will enroll approximately 60 healthy, non-pregnant, HIV-uninfected women at three
clinical sites in South Africa, Kenya, and the U.S. MATRIX-001 will examine the safety, PK,
modeled PD, disintegration, and acceptability of inserts. Participants will be randomized
(1:1) to apply either a placebo or TAF/EVG insert vaginally once daily for 3 consecutive
days and then every other day (QOD) for 14 days. Another clinical study planned, but
assessing rectal application, is a placebo-controlled, randomized Phase 1 clinical trial in
the U.S. (RITE PrEP) to evaluate the safety and PK of two TAF/EVG inserts administered
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rectally for 3 consecutive days and after seven doses on alternating days in up to 24 healthy,
non-pregnant, HIV-uninfected participants.

Figure 7. Prototype packaging designs, informed by human-centered design process, intended for
discreet, portable, and on-demand use.

Taken together, the current findings support the continued development and po-
tential use of TAF/EVG inserts as a desired, gap-filling, and affordable option for on-
demand/event-driven, discreet, flexible, and topical PrEP and PEP regimens against
vaginal and/or rectal HIV transmission.

8. Patents

The authors are named in a patent application on “Pharmaceutical compositions and
methods of making on demand solid dosage formulations” (PCT No.: PCT/US19/57645;
Pub No. US 2021/0379089 A1), an invention developed under a U.S. Agency for Interna-
tional Development (USAID)-funded cooperative agreement.
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Abstract: Microarray patches (MAPs) have shown great potential for efficient and patient-friendly
drug delivery through the skin; however, improving their delivery efficiency for long-acting drug
release remains a significant challenge. This research provides an overview of novel strategies aimed
at enhancing the efficiency of MAP delivery of micronized cabotegravir sodium (CAB Na) for HIV
pre-exposure prophylaxis (PrEP). The refinement of microneedle design parameters, including needle
length, shape, density, and arrangement, and the formulation properties, such as solubility, viscosity,
polymer molecular weight, and stability, are crucial for improving penetration and release profiles.
Additionally, a bilayer MAP optimization step was conducted by diluting the CAB Na polymeric
mixture to localize the drug into the tips of the needles to enable rapid drug deposition into the
skin following MAP application. Six MAP designs were analyzed and investigated with regard
to delivery efficiency into the skin in ex vivo and in vivo studies. The improved MAP design and
formulations were found to be robust and had more than 30% in vivo delivery efficiency, with plasma
levels several-fold above the therapeutic concentration over a month. Repeated weekly dosing
demonstrated the robustness of MAPs in delivering a consistent and sustained dose of CAB. In
summary, CAB Na MAPs were able to deliver therapeutically relevant levels of drug.

Keywords: cabotegravir; dissolving microarray patch; microneedles; HIV; long-acting drugs;
pre-exposure prophylaxis; intradermal delivery

1. Introduction

HIV continues to be a major cause of morbidity and mortality worldwide; more
than 76 million people have been infected, culminating in more than 33 million deaths
globally since the start of this epidemic in the 1980s [1-4]. A significant tool to reduce HIV
infections is the use of pre-exposure prophylaxis (PrEP) to deliver an antiretroviral (ARV)
to individuals at substantial risk of HIV infection. In 2021, an estimated 1.6 million people
received oral PrEP (daily dose) at least once [5].

Despite the effectiveness of oral PrEP, daily administration may impose a considerable
burden on patients, resulting in poor compliance and therefore a persistent risk of HIV
acquisition [6]. Because of this limitation, there is impetus to develop a long-acting ARV
formulation to simplify the overall prevention regimen and thus increase overall patient
compliance. Dedicated research within the field of pharmaceutical science led to the ap-
proval of Apretude® (ViiV Healthcare), a long-acting injectable formulation of the integrase
strand transfer inhibitor cabotegravir (CAB). The intramuscular (IM) injection is given
in-clinic every 2 months to reduce the risk of HIV infection [7]. Additionally, a monthly
dapivirine vaginal ring has been approved for the prevention of HIV in several countries [8],
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and other regimens, such as a twice-yearly subcutaneous injection of lenacapavir, have
been recently approved [9]. Long-acting drug delivery technologies such as implants are
also under development for HIV PrEP [10-13].

Injectable formulations must be delivered by skilled health care professionals, adding
to the cost of PrEP and increasing the burden on health care programs, particularly in areas
with fewer health care workers. This is a major global health issue, as the HIV incidence
rate is exceptionally high in sub-Saharan Africa relative to other parts of the world [14].
These routine, painful injections may also have a negative effect on patient compliance over
the long term. Therefore, there is a need to refine the way PrEP is administered to increase
accessibility. One approach is to reformulate ARVs for delivery via microarray patches
(MAPs), also known as microneedle patches [15-17]. These are patches with micron-size
projections on a flat baseplate, which upon application to the skin, in a manner similar to
the use of a bandage, generate microchannels for drug delivery. In general, MAPs can be
classified into three main categories based on their mode of delivering payload into the
skin: dissolving, hydrogel-forming, and coated MAPs. Dissolving MAPs have been the
most widely explored and studied with respect to the delivery of ARVs [18].

Compared to the conventional IM injection of ARV formulations, MAPs can be ap-
plied in a minimally invasive fashion to the skin to achieve systemic delivery of ARVs.
Despite the ease and simplicity of applying these patches, the insertion and delivery of
the payload via MAP involve complex factors such as design and needle tip composition,
as well as the overall physiochemical properties of the delivered active pharmaceutical
ingredient [19,20]. Therefore, it would be judicious to meticulously consider these crucial
factors when designing a MAP formulation for the delivery of ARVs. In addition, these
MAPs ought to be able to achieve high drug loading and be capable of delivering the
active pharmaceutical ingredient with acceptable delivery efficiency into the skin to serve
as an intradermal depot for sustained delivery of hydrophobic particulate payload overall
for several weeks. Guided by these formulation goals and the purpose of developing a
minimally invasive MAP strategy to deliver ARVs, this paper summarizes the different
strategies that have been explored with the aim of augmenting the efficiency of MAPs for
the long-acting delivery of CAB sodium (CAB Na) for HIV PrEP.

2. Materials and Methods
2.1. Materials

Long-acting cabotegravir (CAB LA) nanosuspension vials for IM injection with drug
content (400 mg/2 mL) and micronized powders of CAB Na were supplied by ViiV Health-
care (Research Triangle Park, NC, USA). Poly(vinyl alcohol), or PVA, of molecular weight
(MW) 9 to 10 kDa, 80% hydrolyzed (PVA 10K), and of MW 31 to 50 kDa, 87% to 89%
hydrolyzed (PVA 50K), were purchased from Sigma—-Aldrich (Dorset, UK). Poly(vinyl
pyrrolidone) K29-32 gel (MW 58 kDa) was a gift from Ashland (Kidderminster, UK). Liquid
silicone elastomer mix was purchased from Nusil Technology (Buckinghamshire, UK).
Ultrapure water was obtained from a water purification system (Elga PURELAB® DV 25,
Veolia Water Systems, Dublin, Ireland). All other chemicals and materials were of analytical
reagent grade and supplied by Sigma-Aldrich.

2.2. Strategies to Improve MAP Delivery Efficiency via Refinement of MAP Designs

The MAP design parameters, including needle length, shape, density, and arrange-
ment, are crucial for improving various aspects of microneedle performance, such as
penetration efficiency, drug distribution within the skin, and drug release profiles. Six
MAPs of various geometries and shapes (Table 1) were designed and manufactured for
use in the investigation of various strategies to improve CAB intradermal delivery effi-
ciency [21,22].
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Table 1. Different MAP mold designs consisting of different geometries and array sizes.

Code Design Length (um) Bas:u‘rl:gdth Interspacing (um)  Array Size (cm?)
16 x 16 (256)
MAP-DI Cuboidal base/pyramidal tips 900 300 100 05
11 x 11 (121)
MAP-D2 Cuboidal base/pyramidal tips 900 300 300 05
MAP-D3 16 x 16 (256) 900 300 100 05
Full conical
MAP-D4 16 x 16 (256) 900 300 100 05
Full pyramidal
MAP-D5 24 > 25 (6,00) 700 300 50 0.75
Full pyramidal
MAP-D6 9% 9 1150 500 300 0.5

Cuboidal base/pyramidal tips

Abbreviation: MAP, microarray patch.

Computer-aided design was employed to create the various MAP designs. These designs
were then used to generate a primary template (Figure 1a) through a process called two-photon
polymerization of IP-S resins, which are acrylate-based polymers. This process was carried out
using a Photonic Professional GT 3D printer system from Nanoscribe GmbH (Leopoldshafen,
Germany), as detailed in our previous research [23]. Next, each MAP design’s primary
template was affixed to a 3D-printed (UltiMaker B.V., Geldermalsen, Germany) holder made
of polylactic acid and utilized to fabricate female molds for the MAPs. These molds were
produced using a transparent silicone/elastomer mixture (Figure 1a). To eliminate any
remaining air bubbles, the silicone-filled templates underwent centrifugation at 3500 rpm
for 5 min, followed by curing at 60 °C for a period of 3 to 6 h. Once the primary template
cooled down, the PDMS mold (Figure 1b) was extracted. This PDMS mold served as
the main component for manufacturing the bilayer CAB Na MAPs and could be reused
multiple times.

2.3. Strategies to Enhance MAP Delivery Efficiency via Fabrication of Improved Bilayer MAPs

Bilayer CAB Na MAPs were prepared from various CAB Na-loaded hydrogels (to
form the first MAP layer) and drug-free hydrogels (to form the second MAP layer) using a
positive pressure chamber by either two-step or three-step casting as needed, as depicted
in Figure 2 and previously described [24].

Briefly, 100 mg of the finalized CAB Na-loaded hydrogel was dispensed onto the PDMS
mold of the developed MAP and then placed in the positive pressure chamber at 5 bars for
3 min. The PDMS mold was removed from the chamber, excess drug-loaded hydrogel was
carefully scraped using a stainless steel spatula, and the mold was immediately returned
to the chamber at 5 bar pressure for 15 min. Subsequently, the PDMS mold was removed
from the chamber, and the first MAP layer was dried overnight at room temperature. The
second MAP layer was then prepared by pouring the optimized drug-free polymeric blend
on top of the first layer and placing the mold in a positive pressure chamber at 5 bar for
15 min. Finally, the bilayer CAB Na MAP was dried at room temperature for 24 h and at
37 °C for 24 h before being gently removed from the mold and stored in a desiccator until
further testing or use.
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Figure 1. (a) Schematic illustrating the fabrication and manufacture of MAP molds via two-photon
polymerization 3D printing. (b) MAP array designs developed for two-photon polymerization 3D
printing (except D5).
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Figure 2. Schematic representation of the bilayer MAP preparation method.

To optimize loading the drug into the MAP tips, five CAB Na hydrogel formulations
were developed and used to cast the MAP first layer. The composition of these hydrogel
formulations is summarized in Table 2.

Table 2. Different hydrogel (PVA/PVP/CAB Na/water) compositions cast into the MAP mold.

Formulation Code

Composition F1 F2* F3 F4 F5
CABNa, g 0.84 0.84 0.84 0.84 0.84

PVA (10 kDa) gel (40%w/w), g 0.6 0.6 0.6 0.6 0.6
PVP K29-32 gel (40%w/w), g 0.6 0.6 0.6 0.6 0.6
Water, mL 1.0 1.0 15 2.0 2.5

Abbreviations: CAB Na, micronized cabotegravir sodium; PVA, poly(vinyl alcohol); PVP, poly(vinyl pyrrolidone).
* F2: The same CAB Na-loaded hydrogel formulation as F1; however, following its casting into the MAP mold
and removing the excess hydrogel, the top part of the hydrogel was removed by washing the first layer with
deionized water.

2.4. MAP Characterization
2.4.1. Determination of CAB Na MAP Drug Content

The patches were first dissolved in 5 mL of deionized water to determine the drug
content of the various bilayer CAB Na MAPs. Following complete dissolution, 100 pL
of the resulting suspension was transferred to 1.5 mL tubes and mixed vigorously with
0.9 mL of acetonitrile. This process allowed the drug to be completely dissolved and led to
the precipitation of water-soluble polymers. The resulting suspension was subsequently
centrifuged at 14,800 rpm for 15 min, and 100 puL of the clear supernatant solution was
collected and analyzed after making an appropriate dilution with acetonitrile by the
validated high-performance liquid chromatography—ultraviolet (HPLC-UV) method [15].

2.4.2. Assessment of CAB Na MAP Mechanical Properties

A TA XT2 Texture Analyser (Stable Micro Systems, Surrey, UK) in compression mode
was used to determine the mechanical properties of the fabricated MAPs, as previously
described [24]. Briefly, each MAP was attached to a cylindrical probe (cross-sectional area
1.5 cm?), and the texture analyzer arm moved vertically downward at a speed of 0.5 mm /s
and the MAP compressed against a flat aluminum block. A force of 32 N was applied for
30 s before the probe moved upward again. The length of the individual needles in each
MAP was measured before and after compression using a Leica EZ4 W stereo microscope
(Leica Microsystems, Milton Keynes, UK). The percentage reduction of microneedle heights
was calculated and reported.

2.5. Ex Vivo Drug Deposition Studies

Ex vivo skin deposition studies were conducted to evaluate the efficiency of the MAPs
in delivering CAB Na into the skin following administration. These studies were performed
using fully excised neonatal pig skin (Figure 3), as described previously [25]. Briefly, the ex
vivo skin samples were placed on paper tissue sheets soaked in 10 mM phosphate-buffered

31



Pharmaceutics 2024, 16, 142

saline (PBS) (pH 7.4) solution to maintain skin hydration and placed in a weighing boat. To
mimic human skin temperature, the pig skin samples were placed in a preheated incubator
for 30 min at 32 °C 4 1 °C. The selected MAPs were subsequently inserted into the skin
manually using thumb pressure for 30 s. Afterward, a 13 g cylindrical stainless steel block
was placed on top of each MAP to keep it in place, and the skin samples were incubated
again at 32 °C £ 1 °C for 24 h. Another weighing boat containing 10 mM PBS (pH 7.4) was
placed on top to maintain skin hydration. The inserted MAPs were removed from the skin
following 24 h of application, and the skin surface was thoroughly cleaned by applying
3 x 1 mL of PBS (pH 7.4) solution and gently wiping with wet paper tissue. The skin at
the MAP application site was then visualized using a Leica EZ4 W stereo microscope and
stored in Microcentrifuge tubesat —20 °C until further processing and analysis using the
validated HPLC-UV method.

V) _ cABNamap —

Porcine skin Porcine skin MAP applied for Baseplate CAB- Narecovery  HpLC analysis
(full-thickness) after 24 h on porcine removal & from skin
Hair removal skin Skin cleaning

Figure 3. Schematic diagram illustrating the experimental procedures used to evaluate CAB Na
deposition ex vivo.

2.6. In Vivo Drug Deposition and Pharmacokinetic Studies

In vivo studies were performed using a Sprague Dawley rat model to (i) evaluate
MAP delivery efficiency by conducting drug deposition studies in vivo; (ii) evaluate drug
pharmacokinetics from the finalized MAPs following single-dose administration; (iii) eval-
uate the advantage of potentially initiating therapy by administering a loading dose of
CAB intramuscularly, followed by MAP application as a maintenance dose; and (iv) assess
MAP tolerance and safety.

These in vivo studies were conducted according to the policy of the Federation of
European Laboratory Animal Science Associations and the European Convention for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes,
following the principles of the 3Rs (replacement, reduction, and refinement). The studies
were performed under Institutional Animal Project License number 2903 and Personal
License numbers 1747 and 1892 at the Queen’s University Belfast Biological Services Unit
after obtaining the required ethical permission from the university’s Animal Welfare and
Ethics Review Body.

2.6.1. Rat Dose Calculation

The clinical dose of CAB LA equates to 11.42 mg/kg (800 mg per month administered
to a person with an average weight of 70 kg) for the initial dose, or 5.71 mg/kg (400 mg per
month administered to a person with an average weight of 70 kg) for the maintenance dose.
Here, we used a fixed dose per cohort that best approximated the allometric scaling-based
calculated theoretical drug dose (as mg/kg) as required per cohort, rather than using a dose
as per the rat’s weight. This was carried out for three reasons: (i) a large number of animals
were used in these comprehensive in vivo studies, and numerous blood samples per cohort
were collected over prolonged periods, which necessitated conducting the experiments in
several consecutive stages, leading to inevitable inter-cohort rat body weight variations;
(ii) the difficulty of administering a rat body weight-tailored drug volume from a highly
concentrated CAB LA nanosuspension (200 mg/mL), considering the minimum volume
that can be accurately administered to a rat using commercially available syringes is 50 uL;
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and (iii) the difficulty of tailoring MAP drug content per the body weight of each rat, as this
could have affected the MAP properties. Therefore, we calculated the IM dose per cohort,
assuming that the average weight of a rat aged 12 to 18 weeks is 0.25 kg. For MAP cohorts,
four MAPs were applied with the maximum possible dose for the respective MAP design
and formulation.

2.6.2. In Vivo Study Design and Experimental Procedure

Healthy female Sprague Dawley rats (n = 57) aged 12 to 18 weeks were purchased
from Envigo Holdings, Inc. (Huntingdon, UK) and allowed to acclimatize to laboratory
conditions for at least 7 days before experimental work was commenced. The rats were
split randomly into 16 cohorts: 10 cohorts for the in vivo drug deposition study (cohorts
1 through 10; n = 3 rats per cohort) and 6 cohorts for the in vivo pharmacokinetic studies
(cohorts 11 through 16; n = 6 rats per cohort). Cohorts 11 through 13 received a single dose
of CAB via either MAP or IM injection, and the resulting plasma levels were measured
for 28 days. Cohorts 14 through 16 were used in a multidose study, starting with a single
loading dose by MAP or IM injection, followed by a maintenance dose either by MAP or
IM injection every week for three weeks. A summary of the experimental details for each
cohort is reported in Table 3.

For rats that received the drug by MAP application (cohorts 2 through 10, 12, 13, 15,
and 16), to minimize interference with the rat’s hair, an electric hair clipper was used to
remove the bulk hair, and a depilatory cream was applied to remove any residual hair.
To facilitate hair shaving and MAP application, rats were sedated using gas anesthesia
(2% to 4% v/v isoflurane in oxygen). This was performed 24 h before MAP application
to allow skin integrity to be restored in the event of being affected by the shaving or hair
removal cream. The MAPs were then applied manually to the rat’s back, followed by
applying a pressure-sensitive adhesive tape (Microfoam™ Surgical Tape, 3M, Bracknell,
UK) and an occlusive dressing film layer (Tegaderm™, 3M, St. Paul, MN, USA). Finally,
kinesiology tape (ProWorks Corporation, Corvallis, OR, USA) was used to wrap the backs
of the animals to hold the MAPs in place and provide occlusion. The MAPs were applied
for 24 h even though the MAP dissolution time was much shorter because anesthesia was
needed to remove the MAP, which could not be administered more than once within 24 h,
as per the Institutional Animal Project License. Following application for 24 h, the adhesive
was removed, and the MAP residuals were gently cleaned by washing the application
sites with 1 mL of 10 mM PBS (pH 7.4) solution three times and wiping with prewetted
tissue paper.

In the rats used for the in vivo drug deposition studies (cohorts 1 through 10), follow-
ing 24 h of MAP application, the rats were euthanized, and a blood sample (approximately
200 uL) was collected from each rat in heparin-containing Eppendorf Tubes via cardiac
puncture. Additionally, the skin at each MAP application site was harvested individually
and stored in Eppendorf Tubes at —80 °C until processing and analysis using the high-
performance liquid chromatography-mass spectrometry (HPLC-MS) method [15]. Drug
deposition into the in vivo skin was considered cumulatively from the skin-deposited drug
and the calculated drug amount from the plasma within 24 h.

In the rats used for in vivo pharmacokinetic studies, a blood sample (approximately
200 pL) was collected from each rat in Eppendorf Tubes (containing 10 uL of heparin) via
tail vein bleeds at predefined time intervals over the study periods as per cohort. Plasma
was separated by centrifuging the blood at 5000 rpm for 15 min at 4 °C in a refrigerated
centrifuge (Sigma® 2-16 K benchtop refrigerated centrifuge, SciQuip Ltd., Shropshire, UK).
Plasma samples were collected into microtubes and stored at —80 °C until processing and
analysis using the validated HPLC-MS. The obtained data were used to construct CAB
concentration versus time profiles (pharmacokinetic profiles).
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Table 3. Summary of experimental details for each cohort, including rat weight, drug form, adminis-

tration route, array design, dosing regimen, administered dose per rat, and study period.

Administration Stud Number of Study
Cohort Route/Array Obiec tg,ve Rat Weight MAPs or Total Dose/Rat (mg) Period
Design/Dosing Regimen ) Injection/Rat (Days)
1 Intradermal/Single dose 228+ 8 2 x 50 puL 2.6 mg 1
2 MAP-D1-F1/Single dose 236 +£4 4 MAP 10.9 mg 1
3 MAP-D2-F1/Single dose 222+ 4 4 MAP 4.4 mg 1
4 MAP-D3-F1/Single dose 224+9 4 MAP 72mg 1
5 MAP-D4-F1/Single dose Drug 215+ 3 4 MAP 7.04 mg 1
6 MAP-D5-F1/Single dose deposition 217 +£7 4 MAP 13.1mg 1
7 MAP-D6-F1/Single dose 215+ 6 4 MAP 11.5 mg 1
8 MAP-D1-F3/Single dose 207 £5 4 MAP 4.3 mg 1
9 MAP-D4-F3/Single dose 209 £ 21 4 MAP 2.9 mg 1
10 MAP-D5-F3/Single dose 210 £ 12 4 MAP 4.6 mg 1
11 IM/Single dose . 218 £ 11 50 uL 2.5 mg 28
. Single dose
12 MAP-D1-F3/Single dose PK stud 212 £ 8 4 MAP 43 mg 28
13 MAP-D5-F3/Single dose Y 200 + 6 4 MAP 46mg 28
LD: IM LD: 50 uL LD: 2.5 mg
14 MD: IM Repeated dose 259 +24 MD: 50 uL MBD: weekly 1.25 mg 42
LD: IM PK study LD: 50 puL LD:2.5mg
15 MD: MAP 27429 MD: 4 MAP MD: weekly 4.3 mg 42
LD: MAP LD: 4 MAP LD: 4.3 mg
16 MD: MAP 269 £30 MD: 4 MAP MBD: weekly 4.3 mg 42

Abbreviations: IM, intramuscular; LD, loading dose; MAP, microarray patch; MD, maintenance dose; PK,
pharmacokinetic.

2.7. Pharmaceutical Analysis

The samples collected from the above-mentioned studies were processed and analyzed
as described in the following subsections.

2.7.1. Preparation of Drug-Containing Samples from the In Vitro Studies for Drug Analysis

Samples were processed as previously described [15]. Briefly, samples collected
from the in vitro studies were diluted with an appropriate volume of acetonitrile and
vortexed (IKA Vortex 2) for 5 min to ensure complete solubilization of the drug, and then
centrifuged at 14,800 rpm for 10 min using Eppendorf MiniSpin™ benchtop centrifuges
(Fisher Scientific, Leicestershire, UK). The clear supernatant solution was collected and
analyzed for drug content using the HPLC-UV method described in Section 2.4.1.

2.7.2. Preparation of Skin Tissue Samples from Ex Vivo Studies for Drug Analysis

To quantify the amount of drug present in biopsied skin samples from the ex vivo drug
deposition studies, two stainless steel beads and 500 uL of deionized water were added
to each skin sample after being shredded into small pieces, followed by homogenization
for 15 min using a TissueLyser LT homogenizer (Qiagen, Hilden, Germany) to solubilize
the remaining CAB MAP shafts deposited in the skin. Subsequently, 1 mL of acetonitrile
was added to each sample, and the mixture was homogenized for another 15 min to
solubilize the drug again. Each sample was then diluted with 3.5 mL of acetonitrile or
acetonitrile/water (1:1, v/v) and vortexed for 5 min. An aliquot of 100 puL of the final skin
homogenate was diluted with 900 uL of acetonitrile, vortexed for 30 s, and then centrifuged
at 14,800 rpm using an Eppendorf MiniSpin benchtop centrifuge for 10 min. The clear
supernatant solution was collected and analyzed for drug content using the validated
HPLC-UV method [15].
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2.7.3. Preparation of Plasma Samples from In Vivo Studies for Drug Analysis

A total of 300 uL of acetonitrile was added to an aliquot of 100 uL of each plasma
sample collected from the in vivo studies (for blood protein precipitation) and vortexed
(IKA Vortex 2, at level 6) for 15 min. Samples were then centrifuged at 14,800 rpm for
15 min. Then, 100 pL of supernatant was transferred into an HPLC vial and analyzed for
drug content using the previously reported HPLC-MS method [26].

2.8. Pharmacokinetic Parameter Calculation

Data collected from analyzing the blood samples from the in vivo studies were used
to construct drug concentration versus time profiles for rats in each cohort individually and
then as a cohort after calculating the mean =+ standard deviation (SD) of drug concentration
for each time point. Noncompartmental pharmacokinetic analysis was carried out for each
cohort using Microsoft Excel® 2016 (Microsoft Corporation, Washington, DC, USA) with
the PKSolver 2 add-in [27], and key pharmacokinetic parameters (as required per cohort)
were calculated.

The relative bioavailability (FR) of CAB from MAPs in comparison with IM injection
was calculated using the following equation:

_ AUCq 145t(MAP) x Dose(IM)
~ AUCq_jus¢(IM) x Dose(MAP)

FR (1)
where AUC_j,5; (MAP) is the area under the curve (AUC_1,¢;) obtained following the final-
ized bilayer CAB MAP application; AUC_j,; (IM) is the area under the curve (AUC_j4q;)
obtained following CAB LA administration by IM injection; Dose(IM) is the drug dose
administered by IM injection; and Dose(MAP) is the dose administered by MAP.

2.9. Statistical Analysis

All results are expressed as the mean + SD (n > 3), calculated using Microsoft Excel
2013. Statistical analysis was carried out using GraphPad Prism version 6 (GraphPad
Software, La Jolla, CA, USA), followed by Tukey’s multiple comparisons post hoc test and
t test for two-group comparisons. A value of p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Characterization of MAP Designs for Improved Insertion and Drug Delivery Performance

The objective of this work was to evaluate various strategies to increase MAP delivery
efficiency. These strategies included (i) increasing MAP insertion capability by reducing
the MAP needle density from 256 needles per array (D1) to 121 needles per array (D2);
(ii) changing the shape of the MAP needles to a full conical shape (D3) or to a full pyra-
midal shape (D4); (iii) reducing the needle height (D5); and (iv) increasing the length
and width of the needles themselves (D6). All the CAB Na-loaded dissolving MAPs dis-
played sharp microprojections on a clean and smooth baseplate following the outlined
fabrication procedure.

The drug content of each MAP was evaluated following microscopy characterization
of the MAPs. Figure 4a shows that the drug content of the patches varied based on the
overall design of the patches, as expected. Patch MAP-D2, which had the second lowest
number of needles per array (121 per patch), had the lowest drug loading of all the MAP
designs: an overall drug loading of 1100 pg per patch. Doubling the number of needles per
patch from 121 (MAP-D2) to 256 (MAP-D1) resulted in an increase in the drug loading of
the formulation up to approximately 2720 pg per patch. It was observed that the geometry
of the needle (full conical MAP-D3 versus full pyramidal MAP-D4) had no significant
impact on the overall drug loading of the patch, as the amount of CAB Na loaded into these
patches was similar at approximately 1800 pug per patch. It should be noted that increasing
the base width of the needles, from 300 um (MAP-D2) to 500 um (MAP-D6) also resulted
in an increase in MAP drug loading from 1104 ug to 2870 ug per patch, despite having a
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lower number of needles per patch (81 needles/patch). Next, an ex vivo skin deposition
study was conducted to evaluate the ability of these MAPs with different needle geometries
and array sizes to deposit CAB Na into the skin. The appearance of the ex vivo neonatal
porcine skin following MAP application is shown in Figure S1. Following skin application,
the tip of the needle dissolved, resulting in the deposition of the drug into the skin and the
formation of white microchannels that were filled with CAB Na drug particles.
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Figure 4. (a) Drug loading per patch (ug) for MAPs of different designs and geometries. Data are
shown as the mean =+ SD (n > 3). (b) Amount and (c) delivery efficiency of CAB Na into the ex vivo
porcine skin following MAP application. Data are shown as the mean + SD (n > 4). (d) Amount and
(e) delivery efficiency of CAB Na into female Sprague Dawley rats. Data are shown as the mean + SD
(n >38).

Subsequently, the skin samples were harvested, and the amount of drug deposited
was quantified. It can be seen in Figure 4b that formulations D3 through D5 had the highest
amount of drug deposited into the skin, resulting in an overall deposition of approximately
600 ng of CAB Na into the skin, while formulations D1 and D6 achieved a skin deposition
of approximately 400 ug. In contrast, formulation D2 had the lowest skin deposition,
amounting to only 280 g following a single patch application. When this was viewed in
terms of delivery efficiency, as shown in Figure 4c, formulations D3 and D4 had the highest
percentage delivery efficiencies (approximately 33%) relative to the other formulations.
When the amount of drug delivered ex vivo is viewed in terms of amount (ug) and delivery
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efficiency (%), it can be seen that overall, MAP designs D3 and D4, which consisted of
256 needles per patch and employed either a full conical or a full pyramidal design with a
needle length of 850 um, resulted in the best deposition of CAB Na into the skin. While the
amount of drug delivered from D5 was comparable to D3 and D4, the calculated percentage
delivery was low due to higher drug loading and the large patch size (0.75 cm?) compared
to the other designs (0.5 cm?).

Nevertheless, considering the physiological and mechanical differences between ex
vivo and in vivo skin, it is possible to expect discrepancies in the delivery amounts and
efficiencies [28]. Anticipating these discrepancies, we proceeded to evaluate formulations
D1 through D6 in vivo using female Sprague Dawley rats. Figure 4d shows that overall, the
amount of drug deposited into the skin in vivo followed the same trends but was generally
lower for all MAP designs relative to ex vivo skin. Nevertheless, we still observed that
MAPs D3 through D5 deposited the highest amount of drug into the rat skin: approximately
400 pg/patch. In contrast, D2 and D6 deposited the lowest amount of drug into the skin,
achieving only approximately 240 ug/patch. When the data are viewed in terms of delivery
efficiencies (Figure 4e), compared to the other MAP designs, D2, D3, and D4 achieved the
highest delivery efficiencies: approximately 22%. The lower amount delivered and delivery
efficiencies observed in vivo may be attributed to the reduced insertion depth that was able
to be achieved in live animals relative to ex vivo skin samples. In a live animal, the skin is
still connected to additional adipose and muscle tissues, which may present some level
of resistance (as well as inconsistency in texture/firmness) to the overall insertion of the
needle in the array [29]. This reduced insertion depth would result in less drug-containing
needle length being inserted into the skin, resulting in a reduction in the amount of drug
deposited, which is then reflected in an overall reduced delivery efficiency.

It is worth noting that MAP D6 not only exhibited the lowest amount of CAB Na
delivered but also had the lowest delivery efficiency of all six MAP designs. This may
be attributed to the large width of the needles, which provided more surface area per
needle, resulting in more area of contact with the skin during insertion, which would have
caused each needle to encounter more frictional resistance during insertion, resulting in a
lower insertion depth. Ultimately, this culminated in lower needle dissolution and drug
deposition into the skin.

MAP D5 exhibited the highest amount of CAB Na delivered into the rat skin in vivo
(500 pg/patch) relative to the other patches. This observation was attributed to the fact
that there were more needles per patch, enabling more tips to be inserted into the skin,
leading to greater deposition of the drug into the skin. Overall, this first part of the study
clearly shows that overall MAP geometry as well as the number of needles per array have a
profound impact on the delivery of CAB Na into ex vivo and in vivo skin. Moving forward,
designs D1, D3, D4, and D5 were subjected to further refinement to enhance delivery
efficiency. In contrast, we decided to exclude D2 from further optimization work due to its
low needle per array count, which led to the lowest drug loading (Figure 4a). In addition,
design D6 was omitted, as this design presented the lowest drug delivery efficiency during
the initial screening study:.

3.2. Improving the MAP Formulation to Enhance MAP Delivery Efficiency

We then evaluated whether we could optimize the drug composition of the needle
for each MAP design to localize the drug into the tip of the patch in an attempt to further
improve the delivery efficiency of the formulation. One approach was to alter the method
by which the drug-gel mixture was cast into the mold (F1 to F2 in Table 2). In F2, the same
CAB Na-loaded hydrogel as in F1 was cast into the molds. However, after positive pressure
casting the first layer mixture into the molds and removing the excess gel from the molds,
the top part of the first layer hydrogel was removed by washing with deionized water. This
was undertaken to localize the drug into the tip of the formulation. This would enable
only the drug-loaded portion of the tip to be inserted into the skin during application,
thereby enhancing the overall delivery efficiency of the formulation [30]. However, it
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was observed that this method resulted in significant variability in drug loading between
patches, as evidenced by microscopic images (Figure 5a) and the large error bar shown
in Figure 5b. Given the inconsistency of this approach to localizing the drug into the tip,
we explored whether diluting the gel mixture would help to promote drug localization
into the tip of the MAP. When the water content of the drug/polymer gel mixture was
increased from 1.0 mL to 1.5 mL, the drug content was reduced from 2895 pg to 1085 pg
(F1 versus F3) (Figure 5b). However, when the mixture was diluted further (F4 and F5), we
observed that the drug content in the patches plateaued at approximately 750 pg/patch.
The mechanical characteristics in Figure 5c demonstrate a decrease in the mechanical
strength of the MAP when the hydrogel formulation was used with increasing water
content. The reduction in strength was directly proportional to the dilution factor. This
can be attributed to a lower amount of polymer filling the needle cavity during the first
layer casting, caused by the higher water content compared to hydrogel formulation
F1. However, it is important to note that all MAP-D1 samples prepared from different
formulations still exhibited good mechanical strength, with a height reduction of less than
11%. Among the formulations, F3 displayed an intermediate drug content (37% of F1)
and maintained strong mechanical properties (height reduction < 8%). As a result, F3 was
chosen as the preferred formulation to proceed with the preparation of other MAP designs.
Based on the approach of localizing CAB Na at the tips of the MAPs, formulation F3 yielded
the highest drug loading, as depicted in Figure 5b. Conversely, formulations F2, F4, and
F5 showed uneven drug distribution in the MAP needle tips, making them unsuitable for
reproducible MAP production (Figure 5a). Hence, formulation F3 is considered the most
suitable for further MAP preparation and drug deposition studies.
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Figure 5. (a) Representative light microscope images of MAPs manufactured using diluted CAB
Na-hydrogel formulations F1 through F5, with MAP design D1 showing the localization of the
drug into the tip (scale bar = 500 pm). Red arrow shows the drug loaded part in the MAP tips
(b) Drug loading per patch (ug) for MAP-D1 with different hydrogel compositions. Data are shown
as the mean £ SD (n > 3). (c) Mechanical strength of MAP-D1 prepared by using formulations F1
through F5 (reported as %MAP shaft height reduction after applying a compression force of 32 N
against aluminum block following a standardized test using a texture analyzer. Data are reported as
mean £ SD (n = 3).

38



Pharmaceutics 2024, 16, 142

(a)

We then proceeded to apply this formulation approach (F3) to the other MAP designs
(D4 and D5). The microscopic images in Figure 6a clearly show that selected MAP designs
D1, D4, and D5, with hydrogel formulation F1, exhibited complete formation and consistent
drug loading across the MAP tips. However, upon changing the formulation from F1 to
F3 (Figure 6b), a notable decrease in drug loading within the MAPs was observed for all
three selected designs. In general, all MAPs had a drug loading of approximately 0.7 mg to
1.1 mg per patch when F3 was cast into these MAP designs. We did not evaluate MAP-D3
(full conical) any further, as we observed that D3 resulted in poor needle fidelity and
integrity post demolding when F3 was cast into this design, as shown in Figure S2.

MAP-D1-F3 MAP-D4-F3
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MAP-D1 MAP-D4 MAP-D5

Figure 6. (a) Representative light microscope images for the three MAP designs prepared by using
formulation F3. (b) Comparison of drug content between F1 and F3 for different MAP designs. Data
are shown as the mean 4+ SD (n > 3).

When the formulation was taken forward into a skin deposition study, it can be seen
that, overall, formulation F3 resulted in significantly lower (p < 0.05) drug deposition into
the skin, as shown in Figure 7a. This was anticipated, as the localization of the drug into
the tip resulted in an overall reduction in the drug loading of the patches, which ultimately
reduced the amount of drug that could be delivered into the skin. Overall, designs D1, D4,
and D5 using formulation F3 resulted in a similar amount of drug deposited into the ex
vivo skin: 280 pg to 300 ug. However, when these data were viewed in terms of delivery
efficiency, as shown in Figure 7b, we could see that diluting the casted hydrogel via F3
augmented the delivery efficiency of the MAPs. This was most apparent for designs D1
and D5. However, it should be noted that the delivery efficiency of MAP D4 was similar
between F1 and F3.

In contrast, when the formulations were taken forward in vivo, we observed that
the amount of drug delivered using formulations F3 and F1 was similar (p > 0.05), which
contradicts the finding that we observed using ex vivo skin. Such discrepancies in results
may be attributed to several factors. One is the overhydration of ex vivo skin relative to
in vivo skin, which may augment the faster dissolution of MAPs when inserted into ex
vivo skin that leads to more expulsion of the drug to the skin surface [31,32].
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Figure 7. (a) Amount and (b) delivery efficiency of CAB Na into the ex vivo skin following MAP
application. Data are shown as the mean 4 SD (n = 5). (c) Amount and (d) delivery efficiency of CAB
Na into female Sprague Dawley rats. Data are shown as the mean =+ SD (n = 8).

In this instance, formulation F1, which provided higher drug loading due to the
presence of more CAB Na along the needle length, may have undergone partial needle
dissolution, mostly in the tip, due to incomplete insertion in vivo. In contrast, as most of
the drug was localized in the tips with formulation F3, this portion of the MAP underwent
dissolution, which resulted in a similar amount of drug being deposited in vivo. Therefore,
when these data are viewed in terms of delivery efficiency, we notice that, overall, F3 had a
significantly higher (p < 0.05) drug delivery efficiency relative to F1 for designs D1, D4, and
D5. Overall, this portion of the work highlights that by diluting the drug/polymer blend
that was cast into the molds, we were able to localize the drug into the tip of the MAPs and
therefore augment the percentage delivery efficiency of the system, allowing us to reduce
the wastage of the undelivered drug.

3.3. In Vivo Pharmacokinetic Studies: Combination MAP Designs/Hydrogel Formulation to
Enhance M AP Delivery Efficiency

Guided by this series of work, we proceeded to evaluate the combinatorial effect of
formulation F3 with two different MAP designs, D1 and D5, on the pharmacokinetic profile
of CAB Na when delivered into Sprague Dawley rats in vivo. In addition, another group
of rats, administered an IM injection of CAB Na at a dose of 2.5 mg/animal, was used as
a control arm, as illustrated in Figure 8a. It should be noted that although design D4 in
combination with formulation F3 exhibited a high delivery efficiency of approximately
40%, this formulation, similar to D3, suffered poor MAP fidelity post demolding. Therefore,
sufficient quantities of MAP-D4-F3 could not be manufactured for the pharmacokinetic
study; only designs D1 and D5 were taken forward for further formulation characterization
in vivo.
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Figure 8. (a) Schematic of the pharmacokinetic study design consisting of three different experimental
cohorts: (i) rats administered an IM injection at a dose of 2.5 mg/rat; (ii) rats administered MAP-D1-F3
at a dose of 4.34 mg/rat; and (iii) rats administered MAP-D5-F3 at a dose of 4.56 mg/rat. (b) Plasma
profile of CAB following different experimental strategies. (c) Pharmacokinetic parameters for the
different experimental groups. Data are shown as the mean & SD (n > 6).

When the MAPs were applied as a single dose in vivo, we observed that the plasma
level of CAB Na followed a similar trend to that of the IM injection arm. Although the
total dose administered to the animal in the MAP experimental groups was much higher
(approximately 4 mg/rat) (the delivered dose based on the in vivo skin deposition study
was 1.3 mg and 2.4 mg per rat from MAP-D1-F3 and MAP-D5-F3, respectively) than that
in the IM injection group (approximately 2.5 mg/rat), the Cmax values achieved by all the
experimental groups were similar (p > 0.05) at approximately 40 png/mL. Nevertheless,
we observed that the Tax for the MAP experimental group was much earlier relative to
the IM injection group, with MAP-D1-F3 displaying a Tmax of 3 days. This observation
may be attributed to the physiochemical properties of the drug injected or applied to the
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animal. Regarding the IM injection group, CAB was administered as a free acid drug in the
form of a nanosuspension. Injection into the highly vascularized muscle tissue allowed
the drug to slowly dissolve and diffuse into the rich muscular vasculature, enabling it to
reach systemic circulation [33]. However, the drug is a BCS Class II drug, exhibiting good
permeability but poor aqueous solubility, and displays a solubility profile that decreases
when the surrounding pH is below pH 10 [34]. Given that the pH of normal resting muscle
tissue is 5.99 [35], it can be expected that the injected CAB would exhibit very low solubility,
causing the drug particle to slowly dissolve from the injection site before reaching systemic
circulation. In contrast, when CAB was delivered into the skin via MAPs, the drug was
delivered as a sodium salt (CAB Na), which exhibits higher aqueous solubility relative
to the free acid, enabling more rapid dissolution from the application site into systemic
circulation [26]. Furthermore, this form of administration would generate multiple micron-
sized depots from the microneedles inserted. Relative to one large IM depot, the presence
of separate and individual micro-depots generated by MAPs would exhibit a larger total
surface area, enabling more rapid drug dissolution into systemic circulation [16]. The
combination of these effects may serve as a possible explanation for why the MAP group
exhibited a more rapid onset of Cnax relative to the IM injection group.

When examining the in vivo skin deposition, the amount of drug delivered by MAP-
D1-F3 was 31% and by MAP-D5-F3 was 42%, which is a percentage of the total dose
loaded into the MAP. This pattern was also reflected in the in vivo pharmacokinetic studies.
Notably, the area under the curve (AUC) for both MAP groups was significantly lower
(p < 0.05) when compared to the IM injection group. This reduction in AUC corresponds to
the relative bioavailability; upon comparison, it was found that the bioavailability of both
MAP groups was 66% less than that of the IM injection group.

This observation was attributed to the incomplete insertion of the MAPs into the skin,
as discussed in Section 3.2, which resulted in the incomplete delivery of the dose applied
to the skin. This is an occurrence frequently observed when MAPs are applied to the skin
in vivo in animals [36,37]. Such an observation is frequently attributed to the elastic nature
of the skin, which resists insertion and complete penetration of the MAPs into the skin [38].
Despite this inherent drawback with MAP application, we still observed the capability
of MAPs to deliver CAB concentrations to levels exceeding the ICqy values. This is of
great importance, as therapeutically relevant levels of CAB ought to be greater than ICq
to ensure the drug is capable of exerting an efficacious effect in vivo. In addition, when
extrapolating these concentrations from a nonhuman model, 4 x ICyg is usually preferred
to account for any physiological differences between species [38]. As shown in Figure 8b,
the plasma levels achieved by both MAP groups were well above 4x ICq at 28 days after a
single application.

3.4. In Vivo Pharmacokinetic Studies: Repeated Dosing of D1 and D5 Using F3

Finally, we evaluated the effect of a repeated maintenance dose of the final optimized
dissolving MAP on CAB plasma levels relative to IM injection. In this part of the study,
we evaluated only MAP-D1-F3. Although MAP-D1-F3 and MAP-D5-F3 had similar drug
loading and achieved similar pharmacokinetic profiles following a single MAP application,
as shown in Figures 6¢ and 8b, respectively, formulation MAP-D1-F3 displayed more
reproducibility in delivery efficiency, as evidenced by the smaller error bar shown in
Figure 7d. From a design perspective, MAP-D5-F3 had 600 needles/patch, which is far
greater than MAP-D1-F3, which had only 256 needles/patch. Having a greater number
of needles per patch may be advantageous in the case of increasing the drug loading of
the system. However, in this case, as the drug loading for both systems was similar when
casted with F3, having more needles per array would have been disadvantageous. This can
be attributed to the system being more difficult to insert into the skin due to the bed of nails
effect with more needles per patch [39]. Additionally, from an end-user perspective, the
use of a smaller patch design may be advantageous, as this would enable patients to easily
apply and insert the patch into the skin with minimal effort and thus provide reassurance
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that they applied the formulation correctly. Nevertheless, the ease and usability of these
different designs from an end-user perspective would warrant a separate human factors
evaluation to identify which design would be most preferable for patients.

In the repeated dosing study, MAP-D1-F3 was given once weekly over the course
of one month, and the plasma concentration of CAB Na was monitored over the course
of 42 days. In this study design, three cohorts were tested: (i) IM injection at a dose of
2.5 mg/rat as both a loading dose and a maintenance dose once weekly; (ii) IM injection
at a dose of 2.5 mg/rat as a loading dose, followed by once-weekly MAP application as a
maintenance dose; and (iii) MAP application as a loading dose, followed by once-weekly
MAP application as a maintenance dose, as shown in Figure 9a. In cohorts 1 and 2, a similar
Chax-1 of approximately 60 pg/mL was achieved on day 7. In contrast, cohort 3 exhibited a
more rapid Cp,y-1 on day 4 at a lower plasma concentration of approximately 50 pg/mL.
When the formulations were administered on a weekly basis, we observed that the plasma
concentration of CAB Na managed to achieve pseudosteady-state concentrations after the
second dose. Cohorts 1 and 2 achieved pseudosteady-state concentrations of approximately
60 pg/mL, while cohort 3 achieved a much lower steady-state concentration of approxi-
mately 30 pg/mL. Although the steady-state concentration achieved by cohort 3 was only
half that achieved by cohorts 1 and 2, this concentration was well above 4 x ICqy. Overall,
this repeated dosing pharmacokinetic study not only showed that the MAP-only group
was able to achieve a more rapid Cpay, but the pseudosteady-state concentrations achieved
with repeated applications were well above the required plasma concentration needed to
achieve viral suppression. Based on the results shown in Figure 9b, it can be postulated that
the patches may need to be administered once a week to achieve physiologically relevant
plasma concentrations of CAB. Alternatively, when this result is viewed in tandem with the
data shown in Figure 8, it is possible to postulate that the CAB Na-loaded dissolving MAPs
could also be administered as a monthly dose. However, the reduction in dosing frequency
from once weekly to once monthly would necessitate a larger patch size in humans, which
is likely to be larger than would be acceptable to potential users [40,41]. Additionally, the
reduction in dosing frequency to once a month may also result in a large dynamic range of
CAB plasma levels relative to a weekly patch application.
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Figure 9. (a) Schematic of the pharmacokinetic study design for repeated dosing consisting of three
different experimental cohorts: (i) rats administered an IM injection at a loading dose of 2.5 mg/rat,
followed by a maintenance dose of 1.25 mg/rat via IM injection once a week; (ii) rats administered
a loading dose of 2.5 mg/rat via IM injection, followed by a maintenance dose using a MAP at a
dose of 4.34 mg/rat once a week; (iii) rats administered a MAP at a loading dose and a maintenance
dose of 4.34 mg/rat once a week. (b) Plasma profile of CAB following different administration
strategies. (¢) Pharmacokinetic parameters for the different experimental groups. Data are shown
as the mean £ SD (n > 5). Cpax-1 and Cpax-2: first and second maximum plasma concentration,
respectively. Tpax-1 and Tp,x-o: first and second minimum time for Cax, respectively.
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4. Conclusions

Overall, this work highlights the development of a range of dissolving MAPs of
different designs and hydrogel compositions loaded with CAB Na. This library was
evaluated both ex vivo and in vivo to develop a dissolving MAP that can efficiently deliver
CAB Na for the prevention of HIV. This research shows that a combinatorial approach to
design and formulation is needed to develop MAPs with tip-localized CAB Na that can
aid in augmenting the delivery efficiency of the MAP. A limitation of this work is that
when scaled to humans, a very large patch may be required to deliver the dose needed
to elicit a protective effect; larger patches would not necessarily be easy to apply and
may not be acceptable for end users. Nevertheless, the patches developed in this work
could potentially be useful for pediatric patients who require a much lower dose than
adults. Alternatively, the study design may be suitable for more potent ARVs that require a
lower dose. Further studies are required to identify whether such a formulation strategy is
applicable to the novel anti-HIV compounds that are emerging on the market. Based on the
results, along with the advancements made within the MAP field, it could be postulated
that future MAPs may co-deliver (side by side) several anti-HIV drugs in a single patch that
could be used for ARV treatment of HIV-infected patients. Such a composite system would
indubitably simplify the complex regimen to which these patients are strictly required to
adhere. Nevertheless, before such a system could have a true impact in the clinic, suitable
pharmacokinetics and safety must first be demonstrated in humans.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/pharmaceutics16010142/s1, Figure S1: Appearance of the skin following
the application of the MAP on ex vivo neonatal porcine skin. Figure S2: Representative light
microscope images for MAP design D4 manufactured using diluted CAB Na-hydrogel formulation
F3. The images show the formation of MAPs with poor needle fidelity post demolding, highlighting
the incompatibility of formulation F3 with this MAP design. Insufficient quantities of this MAP
design with formulation F3 need to be taken forward into an in vivo pharmacokinetic study.
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Abstract: Microarray patches (MAPs) are currently under investigation as a self-administered, pain-
free alternative used to achieve long-acting (LA) drug delivery. Cabotegravir is a potent antiretroviral
that has demonstrated superior results over current pre-exposure prophylaxis (PrEP) regimens. This
study aimed to apply physiologically based pharmacokinetic (PBPK) modelling to describe the
pharmacokinetics of the dissolving bilayer MAP platform and predict the optimal dosing strategies
for a once-weekly cabotegravir MAP. A mathematical description of a MAP was implemented into a
PBPK model, and empirical models were utilised for parameter estimation. The intradermal PBPK
model was verified against previously published in vivo rat data for intramuscular (IM) and MAP
administration, and in vivo human data for the IM administration of LA cabotegravir. The verified
model was utilised for the prediction of 300 mg, 150 mg and 75 mg once-weekly MAP administration
in humans. Cabotegravir plasma concentrations >4 x protein-adjusted 90% inhibitory concentration
(PA-ICqp) (0.664 ng/mL) and >8 x PA-ICqg (1.33 nug/mL) were set as targets. The 75 mg, 150 mg and
300 mg once-weekly cabotegravir MAP regimens were predicted to sustain plasma concentrations
>4 x PA-ICqy while the 300 mg and 150 mg regimens achieved plasma concentrations >8 x PA-ICgy.
These data demonstrate the potential for a once-weekly cabotegravir MAP using practical patch sizes
for humans and inform the further development of cabotegravir MAPs for HIV PrEP.

Keywords: cabotegravir; HIV; PrEP; long acting; PBPK; MAP

1. Introduction

Microarray patches (MAPs) offer a simple drug delivery method that provides pain-
free self-administration and has the potential to provide long-acting (LA) treatment strate-
gies across a range of indications. MAPs are considered minimally invasive and con-
sist of multiple, micron-scale needle-like structures that penetrate the stratum corneum,
viable epidermis, and dermis skin layers, delivering drugs through intradermal depot
formation [1-4]. There are a wide variety of MAPs currently under investigation due
to their advantages over alternative LA administration routes, such as intramuscular or
subcutaneous injections. Relevant MAPs centre around solid, coated, hollow, dissolvable,
biodegradable, and hydrogel-forming technologies [5], and could play a significant role
in low- and middle-income countries (LMICs) because of their minimal manufacturing,
storage and transportation costs, as well as their discreetness and ease-of-use [1-4].

MAPs are of particular interest in the prevention and treatment of human immunodefi-
ciency virus (HIV), with patient surveys highlighting the desire for long-acting therapeutic
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strategies [6]. Approximately 74% of the 37.7 million people living with HIV received
antiretroviral therapy in 2020 [7]. Current antiretroviral regimens contain two or three
drugs and are predominantly orally administered on a daily basis [8-11]. Additionally,
antiretrovirals are utilised as pre-exposure prophylaxis (PrEP) and post-exposure prophy-
laxis in HIV-negative individuals at high risk of HIV exposure [12]. A distinct advantage of
LA strategies vs. daily oral regimens is their ability to overcome adherence issues, which
remains a key challenge in HIV [6,13]. Recently, the first long-acting intramuscular (IM)
injectable (containing cabotegravir and rilpivirine) was approved by several global regu-
latory agencies for once-monthly administration. Recent studies have suggested that the
concentrations may also support IM administration once every 2 months, but this remains
unproven and contentious [14-16].

Cabotegravir is an integrase strand transfer inhibitor that prevents the integration of
the host chromosome and viral DNA by inhibiting the integrase enzyme responsible for
covalent bond formation [11,17,18]. LA cabotegravir has also demonstrated its efficacy
in HIV PrEP and has proven superior to daily oral tenofovir disoproxil fumarate and
emtricitabine, particularly in at-risk populations such as cisgender men who have sex with
men and transgender women [19-24]. A recently published study investigated a novel,
bilayer MAP design containing LA cabotegravir in rats, and demonstrated a promising
MAP design with high cabotegravir loading per cm? [25]. A MAP intradermal PBPK model
was previously reported, assessing the optimum characteristics for the MAP administration
of cabotegravir and rilpivirine in HIV-negative humans, and described the movement
of the drug from the MAP depot, through the layers of the skin and hair follicles, to its
systemic circulation via the blood and lymphatic systems [26]. However, a specific empirical
MAP design was not available at that time, and further modelling using published MAP
characteristics is therefore warranted.

This study aimed to utilise in vivo rat data describing the cabotegravir pharmacoki-
netics resulting from dissolving bilayer MAPs for the qualification of a tailored MAP
intradermal PBPK model. The qualified model was then used to predict cabotegravir phar-
macokinetics in humans after once-weekly MAP administration, identifying the optimal
doses for sustaining the target plasma concentrations for HIV PrEP.

2. Materials and Methods

A PBPK model was developed for the prediction of cabotegravir pharmacokinetics in
Simbiology v5.8, a product of Matlab 2018a (MathWorks, Natick, MA, USA). Excluding
the intradermal MAP compartments, drug distribution in the PBPK model was described
using blood-flow-limited, first-order kinetics with well-stirred compartments that assumed
instant distribution of the drug. Drug distribution in the intradermal MAP compartments
was described using permeability-limited, first-order kinetics. Physicochemical, pharma-
cokinetic, in vitro, and in vivo data for cabotegravir were sourced from the literature or,
if unavailable, were estimated using an empirical pharmacokinetic model in the R pro-
gramming environment v4.0.3 (The R Foundation, Vienna, Austria) and via curve-fitting to
observed data in the PBPK model. Where applicable, concentration time profile data were
extracted from graphs using the Plot Digitizer Tool v4.5 (WebPlotDigitizer, Pacifica, CA,
USA). For PBPK model predictions in rats, virtual cohorts of 100 rats were simulated. For
PBPK model predictions in humans, virtual cohorts consisting of 50 male and 50 female
patients aged 18-60 years were simulated.

2.1. Human and Rat Physiological Parameters

Human weight, height, body mass index and body surface area for virtual male and
female patients aged 18-60 years were described using data from the National Center for
Health Statistics [27-29]. Anthropometric equations were used to calculate human organ
weight and alongside organ density and organ volume [28,30]. Blood flow rates in humans
were determined as fractions of the total cardiac output, with the exception of dermal blood
flow. Rat weight was described using mean + standard deviation data reported for each
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cohort of rats (n = 6) used in the cabotegravir IM and MAP regimens utilised for model
verification [25]. Rat organ volume [31], blood flow rates [31] and tissue composition [32]
were defined as previously reported. The systemic circulation of cabotegravir for both
humans and rats was calculated using differential equations for eliminating and non-
eliminating organs, as previously reported [33]. Similarly, for both humans and rats the
volume of distribution was calculated as described previously, with the zwitterionic olive
oil:buffer partition coefficient (LogD"yo:w) equation being applied for cabotegravir [32].

2.2. MAP Intradermal PBPK Model

The physicochemical and pharmacokinetic input parameters for the simulation of
cabotegravir in the MAP intradermal PBPK model are shown in Table 1. Due to the lack
of available data, quantitative structure—property relationship (QSPR) equations were
used to calculate permeability and partition coefficients for each skin layer, as previously
described [26,34]. In order to optimise model parameters describing the nanoparticle
release rate (Knp) in the microneedle depot and the rate of drug movement across the skin
(Kskin), plasma concentration data for cabotegravir was initially fitted with an empirical
pharmacokinetic model in the R programming environment v4.0.3 (The R Foundation,
Vienna, Austria). This fitting made use of the Pracma library and Isqnonlin function for non-
linear regression [35]. The empirical model described one-compartment pharmacokinetic
disposition for IM administration and two-compartment pharmacokinetic disposition for
MAP administration, with first-order input from a dosing depot compartment representing
the IM injection or MAP. Descriptions of the one-compartment and two-compartment
empirical models can be found in Figures S1 and S2 and Equations (S1) and (S2), in the
Supplementary Material, respectively. Parameters describing Knp and Kskny were then
implemented in the PBPK model. MAP Knp and Kgkyn values verified in rats were utilised
for human MAP predictions. Additionally, the apparent clearance for cabotegravir IM
(CL/FiM,rat) and cabotegravir MAPs (CL/Fyaprat) Were estimated via curve-fitting to
available in vivo rat data in the PBPK model. The apparent clearance for cabotegravir
MAPs in humans (CL/Fyiaphuman) Was estimated, allowing for a 20% bioavailability
when compared to the apparent clearance of cabotegravir IM administration in humans
(CL/FiM human), as previously reported in rats [25].

Table 1. Physicochemical and pharmacokinetic input parameters for cabotegravir.

Parameter Cabotegravir Reference
Molecular Weight (g/mol) 405.358 [36]
HBD 2 [36]
Log Po:w 1.04 [36]
pKa 10.04, —0.7 [36]
Protein Binding (%) 99.8 [37]
PSA (A2) 99.18 [36]
R 0.5 [37]
Bioavailability (%) 20 [25]
CL/Fim human (L/h) 0.197 [38]
Kip, M human (h 1) 454 x 107* [39]
PCsc/w 0.304 * [26]
PCyg/w 0.106 ** [26]

PCpg,w 0.106 ** [26,40]

PCqc/vE 3.993 * [26]
PCvE/pE 1 [40]

HBD—hydrogen bond donor, Log Po.w—partition coefficient between octanol and water, pK,—logarithmic value
of the dissociation constant, PSA—polar surface area, R—blood-to-plasma ratio, CL/Fi hyman—IM apparent
clearance in humans, Ky ivhuman—IM nanoparticle release rate in humans, PCs./w—permeability coefficient
between the stratum corneum and water, PCyg/w—permeability coefficient between the viable epidermis and
water, PCpg,w—partition coefficient between dermis and water, PCgc,yg—partition coefficient between the
stratum corneum and viable epidermis, PCyg,pg—ypartition coefficient between viable epidermis and dermis,
*—calculated using QSPR equations as described previously [26], **—viable epidermis and dermis assumed to
have similar compositions.
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The MAP intradermal PBPK model was adapted from a previously reported model [26].
A schematic representation of the model is shown in Figure 1 and is described using differ-
ential Equations (1)-(9). Parameters utilised in Equations (1)-(9) are detailed in Table S1 in
the Supplementary Material. The MAP drug dose was divided into the stratum corneum,
viable epidermis and dermis layers of the skin based on the volume of the microneedle
penetrating each layer. The thicknesses of the stratum corneum, viable epidermis and der-
mis implemented in the PBPK model were 18 um, 32 pm and 2040 pm for rats and 17 um,
47 ym and 2906 um for humans, respectively [41]. As previously described in vivo, a dose
loading of 5.86 mg/cm? was implemented, with each microneedle baseplate (0.49 cm?)
consisting of 16 x 16 right rectangular pyramid-shaped microneedles with a drug-free
cuboidal base. The cuboidal base had a height of 250 um with the right rectangular pyramid
microneedle tip height equalling 600 um. The width and length of each microneedle was
300 pm with a microneedle interspacing of 100 um. A 97% insertion of the right rectangular
pyramid microneedle tip was applied alongside no insertion of the cuboidal base [25].
Furthermore, the MAP intradermal PBPK model assumes that (1) only the drug released
from the nanoparticle formulation can penetrate the layer of the skin and that this released
drug can only travel in a unidirectional manner across different layers of the skin after it has
left the microneedle depot; (2) the drug does not enter the hair follicles; (3) the drug enters
and leaves the intradermal compartment via the bloodstream; and (4) Knp, permeability
coefficients, partition coefficients and Kggyn are constant.

Intradermal Compartment

E Microneedle
g E——
2
o NDsc RDsgc PDsc
£ l | !
E L ! L
s
»
2
E
-g
= NDye RDye PDye
r "] "
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2 ] L |
£
[
o

v
Systemic Circulation Dyg ‘

Figure 1. Schematic representation of the drug release pathway implemented in the MAP intradermal
PBPK model. ND (nanoparticle drug), RD (released drug), PD (penetrating drug) and D (systemic
drug) represent the drug in nanoparticle form in the microneedle, the drug released from its nanopar-
ticle form in the microneedle, the released drug penetrating the layer of the skin and the drug in the
systemic circulation, respectively. SC, VE, DE, VEI and ART represent the stratum corneum, viable
epidermis, dermis, veins and arteries, respectively.

The drug in the stratum corneum:
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dRDSC RDgc
=Knp X NDsc — (PCscyw X SAmNSC) X o——— )
dt VM sc
dPDgc RDqc 1 PDsc
= (P A — K
I (PCscyw X SAmNsc) X Vanse  \PCscve X K | <522 3)
The drug in the viable epidermis:
dND
NDve _ —Knp X NDvyg 4)
dt
dRD RD
YE— Knp x NDyg — (PCygyw X SAMNVE) X L 5)
dt VMN,VE
d
Pcll)tVE = (pcsg‘: X KSKIN) X PVDSSéC + (PCyvg/w X SAMN,VE) X ©)
RD 1 PD
VMN\,/\};:E o (PCVE/DE X KSKIN) X Vv\;E
The drug in the dermis:
dND
PE — _Knp x NDpg (7)
dt
dRDpg RDpg
= Knp % NDpg — (PCpg/w X SAMNDE) X o——— (8)
dt VMN,DE
dPDyp 1 PD
&= ggCVE/DE X KSK%\I) XV T (P%DE/W X SI?MN,DE) X ©)
VMN]?IEE + QpE X V:Ei — QoE X VDEY%{]OO X TPy

where ND, RD, PD and D represent the drug in its nanoparticle form in the microneedle, the
drug released from its nanoparticle form in the microneedle, the released drug penetrating
the layer of the skin and the drug in the systemic circulation, respectively. SC, VE, DE, VEI,
ART and MN represent the stratum corneum, viable epidermis, dermis, veins, arteries and
microneedle, respectively. SA and V are the surface area and volume, respectively. PCsc v,
PCyg,/w and PCpg/w are the permeability coefficients between the stratum corneum and
water, viable epidermis and water, and dermis and water, respectively. PCgc/vg and
PCyg,/pE are the partition coefficients between the stratum corneum and viable epidermis
and between the viable epidermis and dermis. R and TPgkyy are the blood-to-plasma ratio
and tissue-to-plasma partition coefficient of the skin, respectively.

2.3. PBPK Model Verification

The MAP intradermal PBPK model was first verified against 2.5 mg/rat single-dose
IM LA cabotegravir in vivo data in rats to validate the cabotegravir physicochemical pa-
rameters utilised in the model. The PBPK model was then verified against 11.72 mg/rat
single-dose and once-weekly-dose LA cabotegravir MAP in vivo data in rats [25]. Follow-
ing verification against rat data, human physiological characteristics were implemented
into the MAP intradermal PBPK model and were verified against 800 mg single-dose IM LA
cabotegravir in vivo data in HIV-negative humans [42]. The PBPK models were considered
successfully verified if the ratio of predicted vs. observed pharmacokinetic values for the
cabotegravir regimens in rats and humans were between 0.5-2, as per convention [26,43].
In addition, the absolute average fold error (AAFE) for the predicted vs. observed pharma-
cokinetic parameters and concentration time profiles were also calculated, as defined in
Equation (10) [44]. AAFE values between 1 and 2 were considered successfully verified.

AAFE — 10 l 1o Predicted

N & Observed (10)
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2.4. Prediction of Cabotegravir MAP Pharmacokinetics in Humans

An initial MAP dosing regimen of once-weekly 300 mg cabotegravir with a dose
loading of 5.86 mg/cm? and patch size of 51.2 cm? was simulated in humans based on
previously reported in vivo studies in rats. MAP dosing regimens of 150 mg (25.6 cm?)
and 75 mg (12.8 cm?) cabotegravir were also simulated to determine the smallest dose
capable of sustaining effective plasma concentrations. Knp and Kgkyn estimated in rats
were applied in the human MAP intradermal PBPK model. A MAP bioavailability of
20% was applied in the prediction of cabotegravir pharmacokinetics in humans, as pre-
viously described [25]. A minimum cabotegravir plasma concentration of 4 x PA-ICgg
(0.664 ng/mL) and 8 x PA-ICqg (1.33 ng/mL) of cabotegravir was targeted over a 6-month
period [45].

3. Results
3.1. PBPK Model Verification

The MAP intradermal PBPK model was successfully verified according to the criteria
by comparing the predicted pharmacokinetic parameters and concentration time profiles
with the observed clinical data for IM and MAP administration. The AAFE and ratio
verification results for the predicted cabotegravir pharmacokinetics from single-dose IM
and MAP regimens in rats can be found in Tables 2 and 3, respectively. The concentration—
time profiles for single-dose IM, single-dose MAP and once-weekly-dose MAP in rats
are shown in Figures 2—4, respectively. The AAFE and ratio verification results for the
predicted cabotegravir pharmacokinetics from single-dose IM administration in humans
can be found in Table 4. The concentration—time profile for single-dose IM administration
in humans is shown in Figure 5.

Table 2. Predicted vs. observed cabotegravir pharmacokinetics following single-dose IM administra-
tion of 2.5 mg cabotegravir in rats [25].

Parameter Observed Predicted Ratio AAFE
AUCy o5 (ng-day/mL) 1268.1 £ 290.3 1431.1 £ 679 1.13 1.13
Crax (ug/mL) 745+ 11.6 61.1 +2.1 0.82 1.22
Cag (ug/mL) 145415 20+ 13 138 1.38
Profile - - 1.10 -

Ratio data presented as predicted vs. observed. AAFE data were calculated as previously described. Observed
clinical data presented as the mean =+ standard deviation of six rats with a weight of 241 & 16 mg [25]. Pre-
dicted data presented as the mean + standard deviation of 100 simulated rats with a weight of 241 + 16 mg.
AUC(_p3—area under the curve over 0-28 days, Cnax—maximum concentration, Cyg—concentration at day 28,
Profile—concentration-time profile, —not applicable, AAFE—absolute average fold error.

Table 3. Predicted vs. observed cabotegravir pharmacokinetics following single-dose and once-
weekly-dose MAP administration of 11.72 mg cabotegravir in rats [25].

Dose (mg) Parameter Observed Predicted Ratio AAFE
(Sinéllﬁose) AUCq s (ng-day/mL) 29114234 3046+ 7.6 1.05 1.05
Crax (ug/mL) 18.1+23 20.7 £0.5 1.15 1.15
Cas (ug/mL) 31+1.1 3.3 +0.09 1.06 1.06
Profile - - - 1.12
11.72 C (ng/mL) 35.1+4.6 28.7 £0.7 0.82 1.22

(once-weekly dose) max-1 (H§ ’ ’ : : : :

Cmax-ss (1g/mL) 60.3 +10.7 674+ 18 1.12 1.12
Cygo (ug/mL) 112422 17.9 £ 0.6 1.60 1.60
Profile - - - 1.04

Ratio data presented as predicted vs. observed. AAFE data were calculated as previously described. Ob-
served clinical data presented as the mean =+ standard deviation of six rats with a weight of 284 & 10 for the
single-dose study and 198 + 8 mg for the once-weekly-dose study [25]. Predicted data are presented as the
mean =+ standard deviation of 100 simulated rats with weights corresponding to each study. AUCy y3—area
under the curve over 0-28 days, Crax—maximum concentration, Cpax-1—maximum concentration for the first
dose, Cmax-ss—maximum concentration at steady state, Cog—concentration at day 28, Cgo—concentration at day
42, Profile—concentration—time profile, —not applicable, AAFE—absolute average fold error.
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Figure 2. Observed vs. predicted concentration-time profile of cabotegravir after single-dose
IM administration of 2.5 mg cabotegravir in rats. The red line represents the mean of the ob-
served clinical data (ug/mL) [25]. The blue line and shaded area represent the mean plasma
concentration + standard deviation (ug/mL) of the predicted data.
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Figure 3. Observed vs. predicted concentration—time profile of cabotegravir after single-dose
MAP administration of 11.72 mg cabotegravir in rats. The red line represents the mean of the
observed clinical data (ug/mL) [25]. The blue line and shaded area represent the mean plasma
concentration + standard deviation (ug/mL) of the predicted data.

Knp and Kggn were estimated and implemented in the PBPK models. The Kyp for
IM and MAP administration in rats were 3 x 107> h~! and 3.43 x 1072 h~!, respectively.
The Kgkn for MAP administration was 1.73 x 1073 ecm3/h. CL/ Fim rat and CL/Fyjaprat
were estimated as 0.6 L/h and 0.01 L/h, respectively. CL/Fyiaphuman Was calculated as
0.985 L/h, as previously described [25]. A correction factor was applied to the equations
describing the volume of distribution, as per convention. For cabotegravir IM and MAP
administration in rats, correction factors of 5 and 0.05 were applied. For cabotegravir IM
and MAP administration in humans, a correction factor of 0.01 was applied.
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Figure 4. Observed vs. predicted concentration time profile of cabotegravir after once-weekly-dose
MAP administration of 11.72 mg cabotegravir in rats. The red line represents the mean of the
observed clinical data (ug/mL) [25]. The blue line and shaded area represent the mean plasma
concentration + standard deviation (ug/mL) of the predicted data.

Table 4. Predicted vs. observed cabotegravir pharmacokinetics following single-dose IM administra-
tion of 800 mg cabotegravir in humans [25].

Parameter Observed Predicted Ratio AAFE
AUC(_y4 (ng-h/mL) 1497 1993.7 4 48.3 133 1.33
AUC)_y12 (ng-h/mL) 3851 4792.7 + 65 1.24 1.24

Crax (ug/mL) 3.3 3.4 £+ 0.06 1.02 1.02
Cwa (ng/mL) 2 2.8 £0.02 1.39 1.39
Profile - - - 1.23

Ratio data presented as predicted vs. observed. AAFE data were calculated as previously described. Ob-
served clinical data are presented as the mean of six HIV-negative persons [42]. Predicted data are pre-
sented as the mean + standard deviation of 100 simulated healthy male (50%) and female (50%) patients aged
18-60 years. AUCq_y4—area under the curve over 0-4 weeks, AUCy.,y1p—area under the curve over 0-12 weeks,
Chmax—maximum concentration, C,,4—concentration at week 4, Profile—concentration—time profile, —not appli-
cable, AAFE—absolute average fold error.

o

T T T T T 1
0 5 10 15 20 25 30 35

Time (weeks)

Plasma concentration (ug/mL)

— Observed — Predicted

Figure 5. Observed vs. predicted concentration time profile of cabotegravir after single-dose IM
administration of 800 mg cabotegravir in humans. The red line represents the mean of the ob-
served clinical data (ug/mL) [42]. The blue line and shaded area represent the mean plasma
concentration + standard deviation (ug/mL) of the predicted data.
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3.2. Predicted Cabotegravir MAP Pharmacokinetics in Humans

Human physiological characteristics were integrated into the MAP intradermal PBPK
model to simulate cabotegravir pharmacokinetics resulting from the administration of
MAPs in humans. A once-weekly cabotegravir MAP dose of 300 mg with a dose loading of
5.86 mg/cm? and patch size of 51.2 cm? was simulated with a nanoparticle release rate of
3.43 x 1073 h~! and MAP bioavailability of 20%, as previously described [25]. Additionally,
once-weekly cabotegravir MAP doses of 150 mg (25.6 cm?) and 75 mg (12.8 cm?) were
simulated. A minimum cabotegravir plasma concentration of 4 x PA-ICqg (0.664 1g/mL)
and 8 x PA-ICy (1.33 ng/mL) of cabotegravir were targeted [45]. The concentration-time
profiles for all cabotegravir regimens can be found in Figure 6. The MAP intradermal
PBPK model predicted that all cabotegravir MAP dosing regimens achieved cabotegravir
concentrations greater than 4 x PA-ICqg, while only the 150 mg and 300 mg cabotegravir
MAP dosing regimens achieved concentrations of cabotegravir greater than 8 x PA-ICqy.
Specifically, cabotegravir MAP doses of 300 mg, 150 mg and 75 mg achieved a minimum
concentration at steady state vs. 4 x PA-ICyg of 4.33, 2.16 and 1.08, respectively. Cabote-
gravir MAP doses of 300 mg and 150 mg achieved a minimum concentration at steady state
vs. 8 x PA-ICqg of 2.16 and 1.08, respectively. However, while the 300 mg cabotegravir
MAP sustained plasma concentrations above both minimum targets within 1 day of ad-
ministration, the 150 mg and 75 mg cabotegravir MAPs did not. Plasma concentrations
greater than 4 x PA-IC90 of cabotegravir were achieved 7 days and 28 days post MAP
administration for the 150 mg and 75 mg doses, respectively, and plasma concentrations
greater than 8 x PA-ICy of cabotegravir were achieved 28 days post MAP administration
for the 150 mg weekly dose.

Plasma concentration (ug/mL)

Time (weeks)

— 300 mg — 150 mg 75 mg

--- 4 PA-ICgO -=-- 8x PA—|CgO

Figure 6. Predicted concentration—time profiles of cabotegravir following once-weekly MAP ad-
ministration. The blue, green and yellow lines represent the mean plasma concentrations (ug/mL)
of 300 mg (51.2 cm?), 150 mg (25.6 cm?) and 75 mg (12.8 cm?) for cabotegravir MAP administra-
tion, respectively. The red and purple dashed lines represent the minimum cabotegravir target
concentrations of 4 x PA-ICqg (0.664 ug/mL) and 8 x PA-ICqq (1.33 pg/mL), respectively.

4. Discussion

LA cabotegravir has recently been approved for long-acting IM administration in
humans for HIV therapy (with LA rilpivirine) and PrEP (alone). Whilst current IM regi-
mens offer once-monthly and bi-monthly administration [14-16], long-acting treatment
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options that are needle-free and self-administered are desirable. Several MAP technolo-
gies are currently under investigation and could offer a future alternative to oral and IM
administration [1-5]. Unlike LA injectable formulations, MAPs are considered minimally
invasive but are unlikely to provide an equivalent duration of exposure. Nonetheless, re-
search has demonstrated an advantage to multiple treatment options, and MAPs may have
a particular suitability for paediatric drug delivery, overcoming issues of tolerability and
taste-masking in this oft under-studied patient group. In this study, in vivo rat data from a
dissolving bilayer MAP device were utilised for the development and verification of a MAP
intradermal PBPK model for the prediction of LA cabotegravir pharmacokinetics [25]. The
PBPK model was used to predict the optimal MAP doses of cabotegravir for once-weekly
administration in humans to evaluate cabotegravir MAPs as a potential candidate for PrEP.

The MAP intradermal PBPK model was verified against IM and MAP in vivo data
in rats as well as IM clinical data in humans. Specifically, the simulated cabotegravir
pharmacokinetics following IM administration in rats were within the conventional verifi-
cation criteria. This dataset established the suitability of the parameters used to describe
cabotegravir pharmacokinetics and rat physiology in the PBPK model. Generally, for IM
administration in rats, the PBPK model tended to underpredict the Cpax and overpredict
the AUC, Cyg and pharmacokinetic profile. The prediction of cabotegravir pharmacoki-
netics in rats following single-dose and multiple-dose MAP administration achieved the
verification criteria, validating the mathematical description of the intradermal MAP in the
PBPK model. When considering single-dose administration, all parameters were predicted
well, with a tendency for overprediction. For multiple-dose MAP administration, the
PBPK model underpredicted the Cpax for the first dose, whilst the Cax at steady state was
overpredicted. There was also a general trend in overpredicting the C4o and the pharma-
cokinetic profile. Interestingly, the Crax for the first dose was approximately 50% greater
than the Cpnax found for the single-dose in vivo rat data, even though the MAP character-
istics and dose were identical. This difference in pharmacokinetics creates challenges in
PBPK model development and verification, as it is unclear as to whether the large variation
is accurate or produced as a result of two differing experiments. Ideally, these studies
would be replicated to confirm the current findings. Additionally, changes could be made
to the in vivo protocol to verify further observations. For example, when analysing the
predicted vs. observed pharmacokinetic profile in Figure 4, the observed Cmay of the fourth
dose is much lower than that of the second and third dose. This generates a discrepancy
between the observed Cpax and that of the predicted data, adversely affecting the ratio and
AAFE verification results. The Cyax observed for dose four may not have been accurately
captured by the sampling protocol, whereby blood samples were taken prior to dose four,
24 h post dose and 7 days post dose. Considering the differences between doses, the Cpax
may have occurred in between these sampling timepoints.

Several parameters implemented in the PBPK model were estimated due to the lack
of available data and must be taken into consideration when analysing the predicted
PBPK model results. The Kyp for the IM and MAP administration of cabotegravir in
rats as well as the Kgkyn, were estimated using an empirical model. The estimated Kyp
values were similar between both methods of administration, which is justifiable as the
same formulations were used in the in vivo studies. A previous MAP intradermal PBPK
model found that Kyp values between 7 x 1073 and 9 x 1072 h~! would provide optimal
cabotegravir plasma concentrations for a once-weekly 60 mg dose [26]. The estimated
Knp values in this study were approximately two to three times faster, thus highlighting
an area in which the current MAP platform could be improved. Furthermore, the Kggn
value was estimated to be 1.73 x 1073 ecm3/h~1, although additional in vivo and in vitro
studies are required to determine if this estimation is accurate. However, this would
be particularly challenging as several parameters were estimated in the mathematical
description of the drug’s movement from the microneedle depot to systemic circulation,
generating uncertainty in the reliability and accuracy of the predicted parameter values.
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This holds true for the Knp as well as the QSPR calculated partition and permeability
coefficients [26,34].

In addition to Knp and Kskn, CL/Fiv rat and CL/Fyjaprat Were estimated in the PBPK
model via curve-fitting to the observed clinical data. However, the CL/F estimated in the
model for IM and MAP cabotegravir did not reflect the 20% bioavailability previously
described [25]. This is the result of a nanoparticle dilution phenomenon reported in the
in vivo rat studies. The 2.5 mg LA cabotegravir IM dose was simulated in the PBPK model
due to its human-scaled dose being equivalent to the currently recommended 800 mg IM
regimen. However, the 2.5 mg IM dose was diluted from the 10 mg dose stock during
the in vivo study. Despite a difference in dose, the in vivo study reported similar Cpax
values for the 2.5 mg and 10 mg LA cabotegravir IM regimens. It is thought that this
is due to an increase in absorption rate resulting from altered dissolution rates of the
LA cabotegravir [25]. Due to a lack of data, the 20% bioavailability used to calculate
CL/Fyaphuman from CL/Fpv human remains justified, assuming that the LA cabotegravir
simulated in humans is not produced via dilution. Lastly, a correction factor was applied
to the volume of distribution to optimise model predictions for each regimen simulated in
rats and humans, as per convention [46]. Nonetheless, the MAP intradermal PBPK model
was verified against the criteria, demonstrating that the estimated parameters were capable
of predicting the observed data.

The human physiological characteristics that were integrated into the MAP intrader-
mal PBPK model and cabotegravir pharmacokinetics after IM administration in humans
were predicted utilising available pharmacokinetic data. The PBPK model tended to over-
predict the AUC, Cpax, Cwa and the concentration—time profile, albeit within the criteria.
The PBPK model was applied for the prediction of cabotegravir pharmacokinetics in hu-
mans after MAP administration. A previously reported in vivo study in rats suggested that,
based on current MAP technologies, the once-weekly MAP administration of cabotegravir
following an 800 mg IM cabotegravir lead-in could sustain effective plasma concentrations
with an appropriate MAP size [25]. Considering a bioavailability of 20%, this equates
to a cabotegravir dose of 300 mg with a MAP size of ~50 cm?. Following these criteria,
the PBPK model predicted that once-weekly MAP doses of cabotegravir between 300 mg
and 75 mg (~13 cm?) could achieve plasma concentrations above the minimum target
criteria of 4 X PA-ICqp and 8 x PA-ICq of cabotegravir without an IM loading dose. Lower
doses were predicted to take longer to achieve these criteria, with doses <150 mg reaching
4 x PA-ICyg and 8 x PA-ICyq of cabotegravir 7 days (75 mg) and 28 days (150 mg) after
MAP administration, respectively. Whilst this data present promising results for cabote-
gravir as a candidate for once-weekly MAP administration, cabotegravir lacks the potency
for once-monthly administration based on the high dose required and the impractical MAP
sizes resulting from current technologies. Specifically, limited MAP bioavailability and
drug loading present significant barriers to the successful implementation of MAP admin-
istration across antiretroviral drugs [1-5]. As mentioned, MAP bioavailability has been
estimated as 20% when compared to IM administration in rats [25]. Whilst intravenous
cabotegravir data would provide a more accurate representation of MAP bioavailability, it
is clear that a MAP bioavailability >20% could greatly improve plasma exposure, reducing
the MAP’s size and increasing MAP administration intervals across a range of antiretroviral
drugs. Similarly, drug loading more than 3 mg/cm? could produce similar results.

As highlighted, the MAP intradermal PBPK model in this study was developed
from a previously published model [26]. Overall, the model described herein represents
a simplified description of intradermal MAP pharmacokinetics, limiting the parameter
estimation and model assumptions. There are four major differences in comparison to the
previously reported model. Firstly, it was assumed that no drug enters the hair follicles.
A previous study reported that the inclusion of hair follicles had a minimal impact on
PBPK model performance [34]. Additionally, hair follicles have been reported to cover
0.1-20% of total skin, although it is unclear how accurate these values are, especially
considering their large variation [34,47,48]. With a negligible role of hair follicles reported
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for drug transport, it was deemed an unnecessary complication for inclusion at this stage
of model development [34,47]. Secondly, the equations used to describe drugs entering
the lymphatic system produced little difference in PBPK model predictions [49]. To reduce
model complexity and based on current knowledge gaps, the lymphatic system was
excluded from the MAP intradermal PBPK model. Thirdly, no data are currently available
detailing the rate of movement of the drug from MAPs across the skin layers. Therefore,
by assuming that only the free drug can move unidirectionally across skin layers to the
systemic circulation, less parameters require estimation, generating a model that favours
simplicity. Lastly, in contrast to the right circular cone-shaped microneedle defined in a
previous PBPK model [26], a right rectangular pyramid-shaped microneedle with a drug-
free cuboidal base was implemented in the PBPK model described herein. Additionally,
while acknowledging the physiological differences in skin thickness between males and
females, our current analysis utilised mean values for both rats and humans due to data
availability constraints.

Research initiatives investigating the above-mentioned assumptions, as well as ad-
ditional mechanisms such as dermis vascularisation, could help fill knowledge gaps and
improve MAP intradermal PBPK models” prediction and reliability. However, future hu-
man pharmacokinetic data will be a prerequisite for identifying any inadequacies in the
current model.

5. Conclusions

A MAP intradermal PBPK model was developed and verified utilising available
rat and human pharmacokinetic data alongside empirical model-informed parameter
estimation for the prediction of cabotegravir pharmacokinetics. Based on current MAP
technologies, once-weekly cabotegravir doses of 75 mg, 150 mg and 300 mg were predicted
to sustain effective plasma concentrations in humans with practical patch sizes between
~13 cm? and ~50 cm?. Our study provides justification for further research into cabotegravir
as a candidate for once-weekly MAP administration for HIV PrEP.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/pharmaceutics15122709/s1, Figure S1: Schematic representation
of the one-compartment empirical model describing the pharmacokinetic disposition of cabotegravir
after intramuscular administration, Figure S2: Schematic representation of the two-compartment
empirical model describing the pharmacokinetic disposition of cabotegravir after MAP adminis-
tration, Table S1: MAP intradermal PBPK model parameters, Equation (S1): two-compartment
empirical model, and Equation (S2): one-compartment empirical model. Reference [50] is cited in the
Supplementary Materials.
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Abstract: HIV continues to affect millions of men and women worldwide. The development of long-
acting injectables for HIV prevention can overcome adherence challenges with daily oral prevention
regimens by reducing dosing frequency and stigma. We previously developed an ultra-long-acting
injectable, biodegradable, and removeable in situ forming implant (ISFI) with cabotegravir (CAB)
that demonstrated protection after multiple rectal SHIV challenges in female macaques. Here, we
sought to further characterize CAB ISFI pharmacokinetics (PK) in mice by assessing the effect of dose
and number of injections on CAB PK, time to completion of CAB release and polymer degradation,
long-term genital tissue PK, and CAB PK tail after implant removal. CAB concentrations in plasma
were above the benchmark for protection for 11-12 months with proportionality between dose and
drug exposure. CAB ISFI exhibited high concentrations in vaginal, cervical, and rectal tissues for up
to 180 days. Furthermore, depots were easily retrievable up to 180 days post-administration with up
to 34% residual CAB and near complete (85%) polymer degradation quantified in depots ex vivo.
After depot removal, results demonstrated a median 11-fold decline in CAB plasma concentrations
across all doses. Ultimately, this study provided critical PK information for the CAB ISFI formulation
that could aid in its future translation to clinical studies.

Keywords: biodegradable; long acting; HIV; injectable; pharmacokinetics; polymer

1. Introduction

Globally, there are over 38 million people living with HIV with approximately 1.5 mil-
lion new infections reported in 2021 [1]. Prior to late 2021, daily oral regimens containing
tenofovir and emtricitabine were the only antiretroviral (ARV) prevention methods against
HIV. However, effectiveness of daily oral regimens is strictly dependent on high patient ad-
herence [2]. The average adherence to daily HIV pre-exposure prophylaxis (PrEP) regimens
is only 70% and suboptimal adherence could lead to the development of drug-resistant
virus and lack of protection [2,3]. The development of long-acting technologies for HIV
prevention can overcome adherence challenges with daily oral PrEP due to reduced dosing
frequency, which can increase patient adherence and reduce stigma [4,5].

In December 2021, the FDA approved the first long-acting injectable containing in-
tegrase inhibitor cabotegravir (CAB LA) for HIV PrEP given as bimonthly intramuscular
injections (200 mg of CAB/mL, 3 mL). Although CAB LA represents a major progression in
the HIV prevention landscape, there are a few limitations with the technology, such as large
injection volumes (3 mL), injection site reactions [6,7] and need of physician assistance
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for administration. Furthermore, a long pharmacokinetic (PK) tail is present due to CAB
LA’s long half-life (40 days) [8] and the inability to remove the drug once administered to
terminate treatment [9]. This PK tail elicits suboptimal but quantifiable levels of CAB in the
plasma for over 1 year after the last CAB LA injection, which could cause drug resistant
virus or breakthrough infections [9,10].

In situ forming implants (ISFIs) may overcome limitations associated with CAB LA
due to their ability to achieve ultra-long-acting drug release, compatibility with many drugs
including ARVs, biodegradable nature, and ability to be safely removed via a small incision
to terminate treatment, if necessary [11-13]. ISFIs are comprised of a biodegradable and
hydrophobic polymer (e.g., poly(lactic-co-glycolic acid) (PLGA)), water-miscible organic
solvents (e.g., N-methyl-2-pyrrolidone (NMP) or dimethyl sulfoxide (DMSO)), and active
pharmaceutical ingredients (APIs). When co-formulated, these components generate a
syringeable and homogenous liquid suspension for injection into the subcutaneous or
intramuscular space. Upon injection, a phase inversion occurs resulting in a solid depot
with the API dispersed within the precipitated polymer matrix [14-16]. Drug release from
the precipitated implant is driven by diffusion mechanisms or as the polymer degrades over
time. PLGA degrades via ester hydrolysis and its degradation rate is largely dependent
on molecular weight and its lactic acid to glycolic acid ratio [17]. In our previous ISFI
reports, we utilized low molecular weight PLGA, such as 10 kDa or 27 kDa molecular
weight, and a lactic acid to glycolic acid ratio of 50:50 to promote a degradation profile
of approximately 3 months to ensure that complete polymer degradation occurs prior to
subsequent ISFI injections to prevent polymer accumulation [11,13,17,18]. Furthermore,
as previously mentioned, ISFIs involve the use of organic solvents within the formulation,
such as NMP and DMSO [15,19], which can cause toxicity in large quantities. However,
we previously developed an optimized ISFI formulation including NMP and DMSO that
showed no local or chronic toxicity when delivered to mice or macaques and solvent
quantities were below the median lethal dose (LDsp) and the no-observable-effect-level
(NOEL) when administered to macaques [13,20-24].

Specifically, we previously developed a subcutaneously administered ultra-long-acting
(>6 months) and well-tolerated PLGA-based ISFI with CAB (500 mg/mL) that demon-
strated complete protection in female rhesus macaques after multiple rectal simian-human
immunodeficiency virus (SHIV) challenges [13]. Furthermore, we showed that CAB ISFIs
can be easily retrieved from macaques 90 days post-injection with a rapid decline in CAB
plasma concentrations [13]. Reversibility and the ability to remove implants can aid in
preventing a long PK tail, which can occur after discontinuation of treatment. The PK tail
consists of low levels of drug remaining in the plasma after treatment termination, which
could increase the risk for drug-resistance to the virus [9]. However, when CAB ISFIs were
retrieved from macaques, complete CAB elimination in plasma was not achieved after
depot removal. This was surprising as a previous study with a dolutegravir (DTG) ISFI
(analog of CAB) demonstrated complete elimination of DTG in plasma within 7 days after
ISFI removal in humanized mice [11]. Furthermore, due to the ultra-long-acting nature of
CAB ISFI, the time to completion of CAB release and polymer degradation after injection
and long-term vaginal and rectal tissue PK have yet to be established. Ultimately, detailed
characterization of CAB ISFIs is needed for further translation to clinical studies.

Thus, we sought to perform a comprehensive dose-ranging PK study in mice with
CAB ISFI (500 mg/mL) to investigate (1) CAB ISFI time to completion, (2) long-term
(180 days) vaginal and rectal tissue PK, (3) CAB PK tail post-depot removal, (4) implant
biodegradation, and (5) the effect of dose (50 puL (1215 mg/kg) vs. 100 pL (2430 mg/kg))
and number of injections (100 puL vs. 2x 50 uL) on CAB in vivo drug release (Figure 1). This
study allowed us to further characterize the CAB ISFI formulation and obtain crucial PK
information that can aid in establishing optimal formulation and administration parameters
for clinical translation.
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Figure 1. Study plan of dose-ranging CAB ISFI PK. Female BALB/c mice were subcutaneously
injected with 50 uL (1215 mg/kg), 100 uL (2430 mg/kg), or 2x 50 uL (2430 mg/kg) of CAB ISFI to
assess CAB PK tail and implant biodegradation (n = 6 mice/dose), CAB ISFI time to completion
(n = 6 mice/dose), and long-term genital tissue (vagina, cervix, and rectum) PK (n = 3 mice/dose).
Figure created with Biorender.com.

2. Materials and Methods
2.1. Materials

Poly(DL-lactide-co-glycolide, PLGA) containing 50:50 lactic acid:glycolic acid was
purchased from LACTEL (Birmingham, AL, USA; Cat. No. B6017-1G, Lot# A15-108, molec-
ular weight 10 kDa, inherent viscosity 0.15-0.25 D1/g). N-methyl-2-pyrrolidone (NMP,
USP) was received from ASHLAND (Wilmington, DE, USA; Product Code 851263, 100%
NMP). Dimethyl sulfoxide (DMSO, >99.7%) was purchased from Sigma-Aldrich (St. Louis,
MO, USA; Lot# RNBH5297). HPLC grade acetonitrile (ACN) and water were purchased
from Sigma Aldrich (St. Louis, MO, USA). Tetrahydrofuran (THF) was purchased from
Sigma Aldrich (St. Louis, Mo, USA; Cat. No. SHBF9530V). High purity (>99%) CAB was
purchased from Selleckchem (Houston, TX, USA; Cat. No. S7766).

2.2. High-Performance Liquid Chromatography (HPLC)

A reverse-phase HPLC analysis was performed on an Agilent 1260 HPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with a Diode Array Detector and an
LC pump with autosampler, as previously described [13]. In brief, an Inertsil ODS-3 column
(5 um, 4.6 mm x 150 mm 100 A, (GL Sciences, Torrance, CA, USA)) maintained at 40 °C
was used as the stationary phase, and the mobile phase consisted of 0.1% trifluoroacetic
acid in water and ACN. We utilized a flow rate of 1.0 mL/min and a total run time of
25 min per sample. CAB concentration was analyzed at a wavelength of 254 nm with a
retention time of 11.4 min. The calibration range was 0.48-250 pug/mL.

2.3. Preparation of ISFI Formulation

The preparation of CAB ISFIs has been previously described [13]. In brief, ISFI
formulations for mouse studies were prepared under aseptic conditions in a biosafety
cabinet. A 50:50 poly(DL-lactide-co-glycolide) (PLGA) (10 kDa molecular weight) was
fully dissolved in the solvent (1:1 weight ratio (w/w) NMP:DMSO) at a ratio of 1:4 w/w.
Solvents and placebo ISFI formulations were sterile filtered (Sterile Puradisc 13 mm Nylon
Syringe Filter, 0.2 um; Cat# 6786-1302) prior to incorporating the drug in the formulation.
Cabotegravir (500 mg/mL) was added to the sterile placebo solution producing a stable
ISFI suspension and mixed at 37 °C for 48 h. To ensure homogeneity of the drug suspension,
sample aliquots were collected from the drug formulation and dissolved in ACN. Drug
concentration was quantified by HPLC analysis.
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2.4. Pharmacokinetic (PK) Studies in Female BALB/c Mice

All in vivo studies were conducted with female BALB/c mice (8-10 weeks, Jackson
Laboratory). All experiments involving mice were carried out with an approved protocol
by the University of North Carolina Animal Care and Use Committee. Housing conditions
consisted of a 12 h/12 h light/dark cycle. The ambient temperature was 68-72 degrees
Fahrenheit with 30-70% humidity. All injections were administered subcutaneously with a
19 G needle. All samples were stored at —80 °C until PK analysis.

2.4.1. Long-Term Plasma PK and Non-Compartmental Analysis

A 367-day in vivo study was conducted to assess long-term and time-to-completion
PK of CAB ISFIs in female BALC/c mice. Mice were subcutaneously injected with 50 uL,
100 pL, or 2x 50 uL of CAB ISFI formulation (n = 6/dose). For this study, 2.5 mL of CAB
ISFI formulation was prepared to ensure sufficient volume during injections, and an analyt-
ical CAB concentration of 499.1 + 12.7 mg/mL was determined via HPLC analysis. At1h,
1 day, 3 days, 7 days, 30 days, and monthly thereafter, plasma samples were collected longi-
tudinally from mice. It is important to note that CAB plasma concentrations up to 90 days
post-injection for mice injected with 50 uL of CAB ISFI have been previously reported [13].
The data in this manuscript have been extended to 367 days post-injection. CAB was
extracted from mouse plasma by protein precipitation with methanol containing the stable,
isotopically labeled internal standard, 13C,2H2,15N-CAB before analysis by LC-MS/MS.
Chromatographic separation was completed on a Waters Atlantis T3 (50 mm x 2.1 mm,
3 pum particle size) analytical column with detection on an AB Sciex API-5000 triple quadru-
ple mass spectrometer. The calibration range was 25-75,000 ng/mL. Calibration standards
and quality control samples were within 30% of nominal concentrations.

Area-under-the-curve (AUC) for all injection volumes were calculated using non-
compartmental analysis (NCA) in Phoenix WinNonlin (version 8.3) (Certara, L.P., St. Louis,
MO, USA). The log-linear trapezoidal method was used to calculate AUCs over the 367-day
time course. PK data are represented as median with interquartile range.

2.4.2. Tissue PK

A 180-day study was conducted to assess the distribution of CAB in vaginal, cervical,
and rectal tissue in female BALC/c mice. Mice were subcutaneously injected with 50 uL,
100 uL, or 2x 50 pL of CAB ISFI formulation (n = 3/dose per timepoint). For this study,
6.25 mL of CAB ISFI formulation was prepared to ensure sufficient volume during injections,
and an analytical CAB concentration of 499.3 + 8.6 mg/mL was determined via HPLC
analysis. At7, 30, 60, 90, and 180 days post-injection, vaginal, cervical, and rectal tissues
were collected from each mouse, weighed, and stored at —80 °C until PK analysis. Weighed
tissues were transferred into Precellys® hard tissue reinforced metal bead kit tubes (Cayman
Chemical Company, Ann Arbor, MI, USA) containing 1 mL of 70:30 acetonitrile:water,
homogenized, and then centrifuged. Following protein precipitation extraction with
the isotopically labeled internal standard, 13C,2H2,15N-CAB, CAB was separated using
reverse-phase chromatography via a Waters Atlantis T3 (50 mm x 2.1 mm, 3 um particle
size) analytical column. An AB Sciex API-5000 triple quadruple mass spectrometer was
used to detect the analyte and internal standard under positive ion electrospray conditions.
Precision and accuracy of the calibration standards and quality control samples were within
15% for the dynamic range of 1.00-4000 ng/mL. Final concentrations were normalized to
tissue mass and reported in ng/g.

2.4.3. Depot Removal PK and Assessment of PK Tail

A 180-day in vivo study was conducted to assess plasma concentrations after CAB
ISFI removal, residual CAB, and biodegradation of PLGA after ISFI removal in female
BALB/c mice. Mice were subcutaneously injected with 50 pL, 100 pL, or 2x 50 pL of
CAB ISFI formulation (n = 6/dose per depot removal timepoint). For this study, 9 mL of
CAB ISFI formulation was prepared to ensure sufficient volume during injections and an
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analytical CAB concentration of 497.2 & 12.6 mg/mL was determined via HPLC analysis.
At1h, 1 day, 3 days, 7 days, 30 days, 60 days, 90 days, and 180 days (n = 6 mice/timepoint
per dose), plasma samples were collected longitudinally from mice. At days 30, 60, 90,
and 180 (n = 6 mice/timepoint per dose), CAB ISFI was carefully removed via a small skin
incision at the injection site, flash frozen, and stored at —80 °C until further processing
(Sections 2.5 and 2.6). Plasma samples (n = 6 mice/timepoint per dose) were collected at
1 day, 3 days, 7 days, 14 days, 21 days, and 30 days post-depot removal to assess CAB
elimination (i.e., PK tail) over time. Plasma concentrations were analyzed as described in
Section 2.4.1 above.

2.5. Residual Drug Quantification

CAB ISFIs were extracted to quantify the amount of CAB remaining in the implant
after removal from mice at days 30, 60, 90, and 180 post-administration (n = 3/timepoint
per dose). Each implant was massed to assess mass loss over time. To quantify residual
drug concentration, implants were dissolved in ACN to extract residual CAB. Residual
CAB from the implant was quantified by HPLC analysis. It is important to note that CAB
residual drug measurements up to 90 days post-injection for mice injected with 50 puL
of CAB ISFI have been previously reported [13]. The data in this manuscript have been
extended to 180 days post-injection.

2.6. Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) was conducted as previously described [13].
In brief, GPC was conducted to determine the change in polymer molecular weight over
time for ISFIs that were retrieved from mice at days 30, 60, 90, and 180 post-injection
(n = 2-3/timepoint per dose). GPC analysis on neat polymer and CAB ISFIs was per-
formed on a Tosoh Biosciences EcoSEC Elite HLC-8420 with a TSKgel GMH-M column
(7.8 mm x 30 cm with a pore size of 5 microns). Tetrahydrofuran (THF) was selected as the
mobile phase with a flow rate of 0.5 mL/min. Molecular weight was calculated relative to
polystyrene standards and analyzed by refractive index detection. It is important to note
that polymer molecular weight analysis up to 90 days post-administration for mice injected
with 50 puL of CAB ISFI has been previously reported [13]. The data in this manuscript have
been extended to 180 days post-injection.

2.7. Statistical Analysis

Statistical analyses were performed in GraphPad Prism version 9.4 (GraphPad Soft-
ware, Inc., La Jolla, CA, USA). A Kruskal-Wallis one-way ANOVA followed by a Dunn’s
multiple comparisons test was performed to analyze differences in drug exposure (AUC) in
plasma across doses and number of injections. To assess differences in CAB concentration
in vaginal, cervical, and rectal tissues across doses and number of injections, a two-way
ANOVA and Tukey’s multiple comparisons test were conducted with respect to dose and
timepoint. A p value of <0.05 (95% confidence level) was deemed significant.

3. Results and Discussion
3.1. Dose-Ranging Ultra-Long-Acting PK

Dose-ranging ultra-long-acting PK studies in female BALB/c mice were conducted
over 367 days to assess the duration of complete CAB release across different injection
volumes and doses (50 pL (1215 mg/kg), 100 puL (2430 mg/kg), and 2 x 50 pL (2430 mg/kg)).
Mice received a subcutaneous injection of 50 uL, 100 pL, or 2x 50 puL (n = 6 mice/dose)
of CAB ISFI (500 mg/mL). CAB plasma concentrations for each dose were analyzed and
plotted over 367 days (Figure 2). Mice elicited average plasma concentrations of CAB
well above the 4x protein adjusted 90% inhibitory concentration (4 x PA-ICqy, 664 ng/mL)
for 11 months when injected with 50 uL of CAB ISFI and 12 months when injected with
100 uL or 2x 50 pL of CAB ISFI. Due to the longer than expected duration of the CAB
ISFI, time to completion was not determined and this study was terminated at 367 days.
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However, mice that were injected with 50 L of CAB ISFI elicited a 19-fold decline in CAB
plasma concentrations between day 330 and 367, exhibiting average concentrations near
the 1 x PA-ICqy (166 ng/mL). We could expect the 100 uL and 2 x 50 uL of CAB ISFI groups
to follow a similar trend if the study continued for an additional couple of months.
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Figure 2. Ultra-long-acting CAB ISFI PK and overall drug exposure. Plasma concentrations of CAB
after 50 L, 100 pL, or 2x 50 pL injection of CAB ISFI in female BALB/c mice for 367 days. Data are
presented as average + standard deviation of n = 5-6 mice/timepoint per dose. Individual replicates
are shown in Figure S1. CAB plasma concentration data for mice injected with 50 uL of CAB ISFI
up to 90 days have been previously reported [13] (Reprinted with permission from Ref. [13]. 2023,
Young, IC & Massud, I et al. Nature Communications).

Furthermore, the results demonstrated proportionality between dose (1215 mg/kg
(50 pL) vs. 2430 mg/kg (100 uL)) and overall CAB exposure (AUC) (Table 1). Additionally,
AUCs were not significantly different between the number of injections with the same dose
(1 x 100 pL vs. 2x 50 uL) (p = 0.3372) (Table 1). Ultimately, these data suggest that (1) CAB
ISFI can provide CAB plasma concentrations above the protective benchmark (4x PA-ICqg)
for 11-12 months reducing dosing frequency compared with marketed products and (2)
CAB ISFI dose is approximately proportional to overall drug exposure and there is no
difference in drug exposure when administering the same dose with multiple injections.
Knowing these characteristics of the formulation, if CAB ISFI were to fall below the
protective benchmark in large animal or human studies, an increase in injection volume
could provide the ability to reach protective plasma levels due to proportionality with
drug exposure.

Table 1. CAB ISFI median AUCs over 367 days for all doses and injections.

Median AUC_,347 o . o .
Group Dose (mg) (day x ng/mL) 25% Percentile 75% Percentile
50 uL 25 7,222,125 4,375,526 9,306,997
100 uL 50 14,731,084 13,075,480 15,226,388
2x 50 pL 50 12,634,860 11,474,641 12,906,369

3.2. Ultra-Long-Acting Genital Tissue PK

CAB concentrations were measured in vaginal, cervical, and rectal tissues in female
BALB/c mice up to 180 days post-CAB ISFI injection. These genital tissues represent main
entry points for HIV infection; thus, it is crucial to ensure CAB concentrations are high
in these target tissues to provide protection against HIV infection. Figure 3A-C show
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CAB concentrations in cervical, vaginal, and rectal tissues for 180 days, respectively. CAB
concentrations were high in all tissues with slightly greater concentrations in cervical and
vaginal tissues compared with rectal tissues. CAB concentrations increased across all
tissues for 30 days and remained stable until 180 days. Furthermore, tissue-to-plasma ratios
across doses remained stable over the study period (180 days) for vaginal, cervical, and
rectal tissue (Table 2). Additionally, there was no significant difference between CAB tissue
concentrations across doses (p > 0.05).

A B C
100,000 100,000 100,000
B -~ 50 L = 100 pL — 2X 50 L e -~ 50pL = 100 pL - 2X 50 pL < - 50pL - 100 pL -+ 2X50 L
52 52 ; 53
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Figure 3. Genital tissue concentrations after CAB ISFI administration. (A) CAB concentration in
cervical tissue (ng/g). (B) CAB concentration in vaginal tissue (ng/g). (C) CAB concentration in
rectal tissue (ng/g). Data are presented as average + standard deviation of n = 3 mice/timepoint per
dose. Individual replicates are shown in Figure S2.
Table 2. Average tissue-to-plasma ratios after CAB ISFI injection in female BALB/c mice.
Group Tissue Day 7 Day 30 Day 60 Day 90 Day 180
Cervical 0.114 £ 0.05 0.175 £ 0.06 0.123 £+ 0.07 0.157 £ 0.02 0.177 £0.10
50 uL Vaginal 0.160 £ 0.06 0.162 £+ 0.04 0.137 £ 0.05 0.226 £ 0.03 0.247 £ 0.07
Rectal 0.079 +0.02 0.097 £ 0.02 0.097 £ 0.06 0.111 +0.03 0.118 £ 0.02
Cervical 0.078 £ 0.03 0.117 £ 0.02 0.120 £ 0.02 0.147 £ 0.07 0.124 +£ 10
100 uL Vaginal 0.152 +0.08 0.133 £ 0.08 0.192 £+ 0.08 0.134 +0.03 0.132 £0.11
Rectal 0.063 £ 0.01 0.119 £0.10 0.091 £ 0.02 0.071 £ 0.02 0.080 £ 0.07
Cervical 0.119 £0.01 0.240 £ 0.11 0.263 4 0.04 0.195 £ 0.01 0.193 £0.11
2x 50 uL Vaginal 0.153 + 0.04 0.255 +0.08 0.244 +£0.14 0.232 + 0.06 0.183 £0.11
Rectal 0.121 £ 0.01 0.123 £ 0.03 0.129 £ 0.02 0.128 £ 0.01 0.120 £ 0.09

3.3. CAB ISFI Removal and Assessment of PK Tail

Currently available CAB LA for HIV prevention demonstrated a PK tail for at least
15 months due to CAB'’s long half-life (40 days) and inability to be removed to termi-
nate treatment [9]. Investigating the PK tail is of upmost importance as suboptimal and
detectable levels of CAB that remain in the plasma can cause drug-resistant virus or break-
through infections. Since ISFIs are administered subcutaneously and form a depot under
the skin, treatment can easily be terminated via a small skin incision at the injection site.
However, it is important to note that CAB ISFIs are biodegradable and only need to be
removed if necessary (i.e., allergic reaction, adverse events, desire to discontinue treatment,
no longer at risk for HIV). In our previous work, we assessed the PK tail by removing
CAB ISFIs from two rhesus macaques. It was found that 1 macaque demonstrated a
100-fold decline in CAB plasma concentration and fell below the limit of quantification
within 2 weeks post-removal [13]. The other macaque only exhibited a 10-fold decline
in CAB concentrations within 2 weeks after ISFI removal. Thus, we sought to further
investigate this phenomenon by removing CAB ISFI from mice at days 30, 60, 90, and
180 post-administration and quantifying CAB plasma concentration 30 days post-ISFI
removal (Figure 4).
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Figure 4. CAB ISFI removal and PXK tail assessment. (A-D) CAB plasma concentration after ISFI re-
moval at 30, 60, 90, and 180 days post-injection, respectively. Data are presented as average + standard
deviation for n = 6 mice/timepoint per dose. Individual replicates shown in Figure S3.

Results showed that plasma CAB levels exhibited a significant decrease after implant
removal across doses (Figure 4A-D). Mean fold decline of CAB plasma concentrations
across doses are illustrated in Table 3.

Table 3. Average fold decline in CAB plasma concentrations after 30 days post-ISFI removal.

30-Day Implant  60-Day Implant  90-Day Implant 180-Day Implant

Group Removal Removal Removal Removal

50 uL. 10.11 £ 2.09 10.70 £ 3.55 28.68 £ 4.61 11.08 = 4.81

100 uL 5.23 +2.16 9.61 +4.19 22.06 + 10.44 58.37 + 19.54
2x 50 uL 10.29 +1.87 13.92 +2.50 303.79 + 36.41 10.81 +2.14

When CAB ISFlIs were removed 30 and 60 days post-administration, mice exhib-
ited a rapid decline in CAB plasma concentrations within 7 days post-removal, but CAB
concentrations reached a plateau between day 7 and day 30 post-removal (Figure 4A,B). In-
terestingly, when CAB ISFIs were removed 90 and 180 days post-administration, there was
a continuous decline in CAB plasma concentrations for 30 days post-removal (Figure 4C,D),
however, complete CAB elimination was not achieved. From this, we hypothesize that
there may be an accumulation of CAB in the tissues, particularly in the subcutaneous tissue
at the injection site, due to the high dose of CAB administered (1215 mg/kg (50 uL) or
2430 mg/kg (100 pL or 2x 50 uL)). This potential reservoir may explain why CAB plasma
levels were not completely eliminated after 30 days post-ISFI removal. Future studies will
include assessing the complete biodistribution of the CAB ISFI after injection, particularly
the CAB concentration at the subcutaneous tissue injection site to determine the presence
of a drug reservoir. Additionally, we plan to determine the exact duration of the PK tail by
quantifying CAB concentrations in plasma until they are no longer detectable. Ultimately,
CAB ISFI removal resulted in a rapid and considerable decline in CAB concentration in
plasma, but complete elimination was not achieved.
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3.4. CAB ISFI Retrievability, Residual CAB, and Polymer Biodegradation

To assess CAB ISFI retrievability over time, we removed CAB ISFIs from mice via a
small skin incision at the injection site at days 30, 60, 90, and 180 post-administration for
each dose. Six mice per timepoint per dose were evaluated. However, 1 mouse that received
a 100 uL injection for day 60 depot removal and 1 mouse that received a 2x 50 pL injection
for day 180 depot removal were removed from the study prior to implant retrieval due to
health concerns. ISFIs across doses were successfully removed from mice with no fibrotic
tissue surrounding the depot (Figure 5A). For 1 of the mice, the depot retrieved at day
30 post-administration was significantly smaller (the mouse received a 100 uL injection),
which was likely due to incomplete depot removal. There was a mass loss of 36.7 = 5.2%,
445 £+ 2.4%, 52.0 £ 6.5%, and 62.2 £ 11.6% relative to depot mass at day 0 across doses
when CAB ISFIs were removed at days 30, 60, 90, and 180 post-administration, respectively
(Figure 5B).

mm 50pL B3 100l =3 2X 50 pL

120+ - -

©0
o
1

Depot mass (mg)
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o o
L 1

o
L

Figure 5. CAB ISFI removal and change in depot mass over 180 days. (A) Images of CAB ISFIs
retrieved across doses after 30, 60, 90, and 180 days post-administration. (B) CAB ISFI masses after
retrieval at 30, 60, 90, and 180 days post-administration (data are represented as average + standard
deviation for n = 5 or 6 mice/timepoint) compared with initial ISFI mass (day 0) of 60.75 mg (50 uL
injection volume) or 121.5 mg (100 uL total injection volume). Day 0 masses were determined based
on the density of the formulation (1.215 g/mL). Depot images and masses of CAB ISFI for mice
injected with 50 puL of CAB ISFI up to 90 days have been previously reported [13]. (Reprinted with
permission from Ref. [13]. 2023, Young, IC & Massud, I et al. Nature Communications).

Depots were further processed to evaluate residual CAB and polymer degradation.
After 180 days in mice, there was up to 34% CAB remaining (Figure 6A and Table 4) and
approximately 15% polymer remaining (Figure 6B and Table 5). Notably, residual CAB
and PLGA molecular weight over time were fairly consistent across doses, thus suggesting
proportionality between dose and CAB release rate and polymer degradation. Furthermore,
the depots were still intact and easily retrievable up to 180 days post-administration despite
PLGA being almost completely degraded (85% PLGA molecular weight decrease). This is
likely attributed to the high CAB content within the ISFI (41.2% CAB and 11.8% PLGA)
which greatly contributes to the depot’s structural integrity.
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Figure 6. Residual CAB and PLGA biodegradation after CAB ISFI removal. (A) Residual CAB
from ISFIs 30, 60, 90, and 180 days post-administration in BALB/c mice across injection volumes
(average + standard deviation of n = 3 samples per timepoint per injection volume). The initial CAB
dose was 25 mg of CAB in 50 uL injection or 50 mg of CAB in 100 uL total injection. (B) PLGA molec-
ular weight from CAB ISFIs 30, 60, 90, and 180 days post-administration in mice (average + standard
deviation of n = 2-3 samples per timepoint per injection volume) compared with neat PLGA (10 kDa).
Residual CAB and polymer molecular weight data up to 90 days for mice injected with 50 uL of CAB
ISFI have been previously reported [13]. (Reprinted with permission from Ref. [13]. 2023, Young, IC
& Massud, I et al. Nature Communications).

Table 4. Summary of % CAB remaining after depot removal over time across injection volumes.

% CAB Remaining

Injection Volume

30 Days 60 Days 90 Days 180 Days
50 uL 93.2 + 4.5% 67.6 + 30.4% 61.7 + 6.5% 23.2 + 3.4%
100 puL 92.3 +10.5% 59.5 £+ 13.6% 63.8 £ 8.5% 34.6 £7.4%
2x 50 uL 90.4 £ 3.6% 81.7 £2.3% 60.1 £ 8.5% 29.0 + 14.8%

Table 5. Summary of % PLGA molecular weight (MW) decrease over time across injection volumes.

% PLGA MW Decrease

Injection Volume

30 Days 60 Days 90 Days 180 Days
50 uL 11.6 +5.6% 37.1 £ 3.4% 49.7 + 5.4% 86.9 £ 0.43%
100 puL 11.6 £5.9% 36.3 £ 0.7% 433+ 1.1% 85.8 £+ 0.83%
2x 50 uL 9.1+ 1.3% 415+ 51% 491+ 3.7% 84.5 + 1.89%

Since only 23-34% of CAB remained after 180 days, it would be unlikely for CAB ISFI
to produce protective concentrations for an additional 6 months. However, as previously
seen in Figure 2, high concentrations of CAB in plasma were sustained for 330-367 days.
This continues to suggest the possibility of a drug reservoir in tissues, particularly in the
subcutaneous tissue at the injection site contributing to sustained plasma concentrations
even if a negligible amount of CAB remains in the implant. Additionally, commercially
available CAB LA is known to have a long half-life (40 days) [8], which could also attribute
to drug accumulation and promote long-lasting CAB plasma concentrations. Therefore,
it is critical to perform a complete biodistribution study in the future. Ultimately, these
results further characterize the formulation defining CAB release from the implant and
polymer biodegradation up to 180 days in vivo.
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4. Conclusions

We performed a comprehensive dose-ranging PK study of CAB ISFIs in mice and
assessed the effect of dose and number of injections on CAB ISFI PK, time to completion
of CAB release and polymer degradation, long-term genital tissue PK, and CAB PK tail
post-depot removal. After a single administration of CAB ISFI, plasma concentrations
were maintained above the 4x PA-ICyg for 11-12 months, owing to its ultra-long-acting
capability. Additionally, proportionality between CAB ISFI dose and overall drug expo-
sure was observed. Furthermore, we demonstrated high CAB concentrations in vaginal,
cervical, and rectal tissues for 180 days with no significant differences between doses
or number of injections. When assessing the CAB PK tail, a significant decline in CAB
plasma concentrations was observed within 30 days after depot removal, but complete
CAB elimination was not achieved, which may be due to the presence of a CAB reservoir
in the subcutaneous tissue. After 180 days post-injection, CAB ISFIs were easily retrievable
with up to 34% CAB remaining and an 15% polymer remaining. These results confirm CAB
ISFI's ultra-long-acting ability with high concentrations in plasma and target genital tissues,
which are common sites of HIV infection. Ultimately, this study further characterized the
PK of the CAB ISFI formulation and can assist with determining optimal administration
parameters for clinical translation. In future, we plan to perform a complete biodistribution
study in mice and similar studies should be performed in macaques to confirm results with
clinically relevant injection volumes and doses.

5. Patents

SRB, ICY, and RS are inventors on a patent describing the Injectable Polymer-Based
Drug Formulation for Ultra-Long-Acting Drug Delivery.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pharmaceutics15051487/s1, Figure S1: Individual replicates of
CAB plasma concentrations after 367 days post-injection. CAB plasma concentrations after 50 pL,
100 pL, or 2x 50 pL injection of CAB ISFI for 367 days. 4x PA-IC90 is 664 ng/mL and 1x PA-
IC90 is 166 ng/mL. Each dose elicited n = 5-6 mice/timepoint; Figure S2: Individual replicates
of CAB concentrations in tissues. (A) Individual replicates (n = 3/timepoint per dose) of CAB
concentration in cervical tissue after CAB ISFI injection in female BALB/c mice. (B) Individual
replicates (n = 3/timepoint per dose of CAB concentration in vaginal tissue after CAB ISFI injection
in female BALB/c mice. (C) Individual replicates (n = 3/timepoint per dose) of CAB concentration
in rectal tissue after CAB ISFI injection in female BALB/c mice; Figure S3: Individual replicates of
CAB plasma concentrations after depot removal. (A-D) Individual replicates (n = 5-6/timepoint
per dose) of CAB concentrations in plasma after ISFI removal at 30, 60, 90, and 180 days post-
administration, respectively.
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Abstract: The prevention of HIV and unintended pregnancies is a public health priority. Multi-
purpose prevention technologies capable of long-acting HIV and pregnancy prevention are desirable
for women. Here, we utilized a preclinical macaque model to evaluate the pharmacokinetics of
biodegradable e-polycaprolactone implants delivering the antiretroviral islatravir (ISL) and the
contraceptive etonogestrel (ENG). Three implants were tested: ISL-62 mg, ISL-98 mg, and ENG-33
mg. Animals received one or two ISL-eluting implants, with doses of 42, 66, or 108 ug of ISL/day
with or without an additional ENG-33 mg implant (31 ng/day). Drug release increased linearly
with dose with median [range] plasma ISL levels of 1.3 [1.0-2.5], 1.9 [1.2-6.3] and 2.8 [2.3-11.6],
respectively. The ISL-62 and 98 mg implants demonstrated stable drug release over three months
with ISL-triphosphate (ISL-TP) concentr54ations in PBMCs above levels predicted to be efficacious
for PrEP. Similarly, ENG implants demonstrated sustained drug release with median [range] plasma
ENG levels of 495 [229-1110] pg/mL, which suppressed progesterone within two weeks and showed
no evidence of altering ISL pharmacokinetics. Two of the six ISL-98 mg implants broke during the
study and induced implant-site reactions, whereas no reactions were observed with intact implants.
We show that ISL and ENG biodegradable implants are safe and yield sufficient drug levels to achieve
prevention targets. The evaluation of optimized implants with increased mechanical robustness is
underway for improved durability and vaginal efficacy in a SHIV challenge model.

Keywords: HIV pre-exposure prophylaxis; islatravir; biodegradable implant; multipurpose
prevention technologies; etonogestrel

1. Introduction

Globally, there is a growing recognition of HIV-associated gender disparities, with
young women having increased rates of new HIV infections and higher rates of HIV-related
mortality than men [1,2]. Pre-exposure prophylaxis (PrEP) is highly effective in preventing
HIV; however, PrEP products must be desirable to the user, a quality that can vary by age,
gender, and location, among others [3,4]. Women of reproductive age often seek medical
care for pregnancy prevention, and offering PrEP in tandem with a contraceptive, as a
multi-purpose prevention technology (MPT), has great potential to address reproductive
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health concerns for women while increasing PrEP use, thus mitigating HIV-related gender
disparities [5,6].

Daily oral regimens are highly effective for both birth control and HIV PrEP if taken
consistently. However, persistence to these oral medications is difficult for many users, and
missed or late doses can reduce the contraceptive or HIV prevention effectiveness [7,8].
There are multiple long-acting contraceptive options, such as intrauterine devices, subder-
mal implants, intravaginal rings, and long-acting injectables, available to women who prefer
these methods over daily oral medication or barrier methods [9]. N explan0n®, a subdermal
implant that releases the hormone etonogestrel (ENG) for three years, is the only hor-
monal contraceptive implant that is approved by the U.S. Food and Drug Administration
(FDA) [10]. For long-acting PrEP, there are currently two options: Apretude®, a long-acting
formulation of cabotegravir that is administered intramuscularly every 2 months [11], and
the monthly intravaginal Dapivirine ring, approved in several African countries to prevent
acquisition from vaginal sex [12]. Furthermore, there are many long-acting HIV PrEP prod-
ucts in the clinical pipeline, including subdermal implants, intravaginal rings, injectables,
infusions, microarray patches, and oral regimens with reduced dosing frequency [13].

Implants are capable of ultra-long-acting drug release and, unlike injectables, can be
removed if safety issues arise or user preferences change. A range of PrEP implants have
been evaluated in early clinical or preclinical models including non-biodegradable implants
(ethylene co-vinyl acetate [14-16], silicone [17,18], polyurethane [19], and titanium [20]) and
implants constructed using biodegradable polymers (e-polycaprolactone (PCL) [14,21,22]
or polylactic acid [14]). Several of these implant technologies have been engineered to
release the antiretroviral tenofovir alafenamide (TAF) and tested in preclinical models.
Biodegradable PCL implants showed stable release of TAF (0.7 mg/day) and complete
protection against vaginal SHIV infection in macaques; however, local inflammation and
tissue necrosis developed at the implantation site after 8 weeks, a reaction that was not
observed with the placebo PCL implants [23,24]. Implant-site necrosis was also observed
with other TAF implant platforms [25-27], although some only induced a mild inflamma-
tory response [26]. These TAF-related adverse reactions encouraged implant developers to
pivot and investigate other antiretrovirals for long-term sustained release.

Islatravir (ISL) is a first-in-class nucleoside reverse transcriptase translocation in-
hibitor (NRTTI) that is phosphorylated within cells to ISL-triphosphate (ISL-TP), the active
metabolite that inhibits viral replication [28]. The high potency and long half-life of ISL
prompted the evaluation of multiple dosing strategies for HIV prevention or treatment
in humans including monthly doses of ISL and sustained ISL release from nonerodable
implants [15,16,29]. However, in 2021, the FDA placed clinical holds on all ISL trials after
lymphopenia was observed across clinical studies [30]. Subsequent analyses indicated that
ISL-induced lymphopenia was dose-exposure dependent and reversible after treatment
discontinuation, but the exact mechanism of toxicity remains unknown [31]. ISL-TP con-
centrations and the corresponding changes in lymphocyte counts were used to model an
optimized ISL dose that would be safe and effective [32]. Clinical trials are moving forward
with an oral dose of 0.25 mg once daily (NCT05705349, NCT05631093, NCT05630755) or
2 mg once weekly (NCT05052996) for HIV treatment. The status of NCT05115838, which
will evaluate ISL implants (47-57 mg) for HIV PrEP, is listed as ongoing but not yet recruit-
ing. It is thus important to continue evaluating ISL doses capable of providing safe and
effective PrEP.

In this pilot study, we evaluated the safety and pharmacokinetics of biodegradable PCL
implants releasing ISL or ENG in a preclinical macaque model. The primary objectives were
to monitor for adverse implant-site reactions and select implant candidates with desired
pharmacokinetics for future PrEP efficacy studies. Three implants (ISL-62 mg, ISL-98 mg,
and ENG-33 mg) were evaluated in normal cycling female pigtailed macaques. When
co-implanted, ISL-62 mg and ISL-98 mg implants released ISL at levels that surpassed the
predicted PrEP efficacy threshold for ISL-TP levels in peripheral blood mononuclear cells
(PBMCs) (50 fmol/10° cells) [33]. ENG-33 mg implants inhibited progesterone production,

77



Pharmaceutics 2023, 15, 2676

indicating that the ENG levels were sufficient for suppressing ovulation in macaques.
Two of the six ISL-98 mg implants broke during the study, resulting in swelling and
redness at the implantation sites. However, intact ISL and ENG implants did not induce
implant-site reactions, indicating that the reactions observed at the broken implant sites
were likely due to sudden high drug exposure after rod breakage. Our data support the
continued development of biodegradable ISL and ENG implants as an MPT for HIV PrEP
and contraception.

2. Materials and Methods
2.1. Implant Fabrication and Sterilization

ISL, ENG, and pharmaceutical-grade sesame oil were purchased from WuXi AppTec
(Shanghai, China), AdooQ® Bioscience (Irvine, CA, USA), and Croda (Snaith, UK), respec-
tively. Medical-grade PCL (PC-17) pellets were purchased from Corbion (Amsterdam, The
Netherlands). Hollow PCL tubes (2.5 mm outer diameter (O.D.) with a wall thickness of
100 pm or 300 pm to achieve targeted release rates) were manufactured via a hot-melt,
single extrusion process using solid PC-17 pellets at GenX Medical (Chattanooga, TN,
USA). The dimensions of the extruded tubes were verified with a 3-axis laser measurement
system and light microscopy at GenX Medical.

PC-17 tubes were trimmed to the desired length (16 mm, 25 mm, or 40 mm) with 3 mm
of headspace at each end for sealing and were enclosed at one end using custom-built
sealing apparatus, as previously described [21,22]. ISL was mixed with sesame oil (1:1
w/w ratio) and loaded into the implant core using a 3 mL syringe fitted with a 14-gauge
blunt-tip stainless steel needle. ENG was mixed with sesame oil (2:1 w/w ratio) and loaded
into the implant core using a stainless-steel rod. Once the implants were loaded with a
sufficient quantity of formulation that achieved the desired reservoir length, the other end
of the implant was sealed. Implants were then subjected to gamma irradiation (18-24 kGy)
on a continuous path for 8 h using a Cobalt-60 gamma ray source (Nordion Inc., Ottawa,
ON, Canada) at STERIS Applied Sterilization Technologies (Libertyville, IL, USA).

2.2. Determining Release Rates (In Vitro) and Drug Purity (In Vitro and In Vivo)

To estimate the in vitro release rate, we followed previously validated methods [22].
Briefly, each implant (1 = 3 per group) was submerged in an individual sterile polypropy-
lene tube filled with 1x phosphate-buffered saline (PBS, pH 7.4) and incubated at 37 °C
with gentle agitation (104 rpm). Implants were transferred (2x /week) to fresh buffer
solutions to maintain sink conditions for the duration of the study. The concentrations of
ISL or ENG in buffer release media were measured with high-performance liquid chro-
matography (HPLC) using an Agilent 1100/1200 HPLC-UV system equipped with an
Agilent Zorbax Bonus-RP, 4.6 x 150 mm, 3.5 um column. Samples were analyzed using an
injection volume of 5 uL and a flow rate of 0.8 mL/min, with 0.01% TFA as Mobile Phase
A and acetonitrile as Mobile Phase B. A run time of 30 min was used, along with a diode
array detector (DAD) of 220 nm for ENG and a DAD of 260 nm for ISL.

At the terminal time points, the drug formulation was extracted from each implant
(in vitro and in vivo) via sonication and analyzed for purity with HPLC using ISL and ENG
standards purchased from WuXi AppTec (Shanghai, China) and AdooQ® Bioscience (Irvine,
CA, USA), respectively. The excised implants from macaques were gamma sterilized prior
to formulation extraction.

2.3. Animal Care Guidelines

This research was conducted under a Centers for Disease Control and Prevention
(CDCQ) Institutional Animal Care and Use Committee (IACUC)-approved protocol in com-
pliance with the Animal Welfare Act, PHS Policy, and other Federal statutes and regulations
relating to the use of animals in research. Animals were housed in an AAALAC Inter-
national accredited facility that adheres to principles stated in the ‘Guide for the Care
and Use of Laboratory Animals’ [34]. All macaques were deemed healthy based on phys-
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ical examination and baseline bloodwork. Every effort was made to minimize distress
through enrichment opportunities and humane interactions. While assigned to the study,
the macaques received food twice daily (LabDiet 5045 and 5049. LabDiet, St Louis, MO,
USA) and water ad libitum via an automatic drinking valve. Wellness checks were con-
ducted twice daily, and animals were given enrichment in the form of toys and food.
Macaques were housed in ABSL2 rooms at 17.8-28.9 °C with a 30-70% relative humidity
and 12:12 h light/dark cycle, and socially housed whenever possible. Prior to implantation,
pair-housed and single-housed animals had cage dividers that, at minimum, allowed eye
contact. After implantation, animals were placed in protected contact housing to minimize
the potential for implant injury, where they were still able to see each other and have
minimal contact.

All animal procedures were performed under anesthesia. The following sedation
protocols were utilized throughout the study, chosen based on anesthetic needs and proce-
dure time: ketamine (100 mg/mL; Dechra Veterinary Products, Overland Park, KS, USA)
was administered at a dose of 10 mg/kg; dexmedetomidine (0.5 mg/mL Dexmedesed,
Dechra Veterinary Products, Overland Park, KS, USA) was administered at a dose range of
0.01-0.013 mg/kg in combination with ketamine at a dose range of 3-5 mg/kg; atipame-
zole (Antisedan, 5.0 mg/mL, Zoetis, Parsippany, NJ, USA) was administered at a dose
of 0.3 mg/kg to reverse the effects of dexmedetomidine; telazol (Tiletamine-zolazepam,
Zoetis, Parsippany-Troy Hills, NJ, USA) at a dose range of 2-6 mg/kg. Drugs were admin-
istered intramuscularly (IM) using squeeze-back cages. Anesthetic events were conducted
in ABSL2.

2.4. Implantation and Removal

Once anesthetized, the macaques were placed in dorsal/posterior recumbency with
both arms extended. The implantation site (the medial aspect of the biceps brachii muscle)
was clipped of hair and aseptically prepped with a triplicate application of Betadine
solution (Povidone-lodine 5%, Purdue Frederick Company, Stamford, CT, USA) and sterile
saline. Clear plastic sterile drapes were placed over the site to maintain sterility during
implantation. A small incision was made along the medial bicipital groove with a #10
scalpel. The implant was inserted subcutaneously using a 2.7 mm trocar kit (Shinva
Ande Healthcare Apparatus Co., Ltd., Zibo City, China). Implants were removed in a
similar manner, first clipping hair, aseptically preparing the site, and then making a small
scalpel incision. The skin over the implant was grasped and the implant was pressed
toward the incision site until visible. The tissue capsule was carefully snipped, allowing
the implant to easily be pushed out. The incision was closed with GLUture® topical
tissue adhesive (Formulated Cyanoacrylate, Abbott Animal Health, Abbott Park, IL, USA)
after each procedure. After the implantation and removal procedures, Meloxicam SR
(10 mg/mL, ZooPharm, Windsor, CO, USA) and Buprenorphine SR (10 mg/mL, ZooPharm,
Windsor, CO, USA) were administered subcutaneously as a single dose of 0.6 mg/kg and
0.2 mg/kg, respectively.

2.5. Pharmacokinetic Study Design

The pharmacokinetic profile of implants releasing ISL with or without ENG was
investigated in 6 female pigtailed macaques (mean age, 13 years [range 7-15]; mean weight
7.95 kg [range 7.10-11.45]). Using a staggered implantation design, three ISL doses were
evaluated: low dose (one ISL-62 mg implant), mid dose (one ISL-98 mg implant), and
high dose (one ISL-62 + one ISL-98 mg implant). ENG-33 mg implants were evaluated
concurrently in the mid-ISL study group. Group 1 consisted of three SHIV+ macaques that
were implanted with an ISL-62 mg implant in the right arm and monitored for 36 days to
assess the low ISL dose. The same group of macaques received an ISL-98 mg implant in
the left arm at day 36, receiving a high dose of ISL. Implanted animals were monitored
for a total of 113-135 days prior to euthanasia. The second group of three macaques was
implanted with an ISL-98 mg implant in the right arm (mid ISL dose), and 36 days later
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received an ENG-33 mg implant in their left arm to assess whether co-implantation altered
the ISL pharmacokinetics. After 55 days of co-implantation, ISL implants were removed to
determine the ISL PK tail. ENG implants were removed 198 days after implantation.

2.6. Blood, Tissue, and Swab Processing

Blood was collected in BD Vacutainer® CPT™ Cell Preparation Tubes and PBMCs
were isolated following the manufacturer’s protocol. Plasma aliquots of 500 puL were
immediately frozen at —70 °C for ISL, ENG and progesterone analyses. PBMCs were
treated with BioLegend red blood cell (RBC) lysis buffer (BioLegend, San Diego, CA, USA)
and then counted using trypan blue exclusion on the Countess II FL (Invitrogen, Carlsbad,
CA, USA). Vaginal and rectal mucosal fluids and tissue biopsies were collected once every
two weeks. Swabs (Fisherbrand™ Synthetic-tipped Applicator, Waltham, MA, USA) were
inserted in the vagina and rectum for five minutes to ensure uptake of mucosal secretions.
The volume of fluid for each sample was determined by weighing the swabs pre- and
post-collection. Tissue samples were taken with medical forceps (Boston Scientific Radial
Jaw 4 Forceps, 2.2 mm jaw, 160 length), and three pinches were attempted at each site.
Extraneous liquid was carefully removed, and tissue was weighed on an analytical balance.

2.7. Measurement of Intracellular ISL-TP and dATP from PBMCs and Tissue

Following an established protocol, 5 million live PBMCs were resuspended in 500 pL
ice-cold 80% methanol, vortexed for 1 min and immediately frozen at —70 °C [35]. ISL-TP
and dATP were quantified using previously published LC-MS/MS methods [36]. The
calibrated ranges were 0.05-200 and 0.005-100 ng/mL for ISL-TP and dATP, respectively.
Accuracy and precision were within 20%. Concentrations were normalized to live cells and
reported in fmol/million cells. Tissue biopsies were transferred to 1.5 mL tubes prefilled
with ceramic beads (Omni International, Kennesaw, GA, USA), and 800 pL 80% MeOH
was added. Tissues underwent bead mill homogenization using the Omni Bead Ruptor 24
and were then frozen at —70 °C. ISL, ISL-TP and dATP were quantified using LC-MS/MS.
Briefly, analytes were extracted using protein precipitation with isotopically labeled internal
standards (13C;5, N3-EFdA (Wuxi AppTec, Shanghai, China); 13Cy9, PN5-dGTP (Sigma-
Aldrich, St. Louis, MO, USA), and 'Cyp; 1’N5-d ATP (Sigma-Aldrich, St. Louis, MO, USA)
for ISL; and ISL-TP and dATP, respectively) then dried under nitrogen gas and reconstituted
with 125 pL of 1 mM ammonium phosphate. Analytes were separated on an XTERRA
MS C18 (40 x 2.1 mm 3.5 pm) column and then detected on an AB Sciex API-5000 triple
quadrupole mass spectrometer under positive ionization mode. The calibrated range
was 0.025-50 ng/mL. Accuracy and precision were within 20%. Concentrations were
normalized to tissue mass and reported in ng/g (ISL) or fmol/g (ISL-TP and dATP) units.

2.8. Measurement of ISL and ENG in Plasma and Mucosal Fluids

Plasma ISL and ENG were quantified by adapting previously published LC-MS/MS
rat plasma methods to NHP plasma [22]. The calibrated ranges were 0.1-100 and
0.2-200 ng/mL for ISL and ENG, respectively. Accuracy and precision were within 15%
with 20% at the lower limit of quantification (LLOQ).

Mucosal fluids were eluted off of the swabs in 1 mL of 80:20 methanol:water and a
500 pL aliquot of the elution fluid was sent for ISL quantification by LC-MS/MS. Briefly,
ISL was extracted using protein precipitation with isotopically labeled internal standard
(13C15, N3-EFdA (Wuxi AppTec, Shanghai, China)) or ENG (Toronto Research Chemicals,
North York, ON, Canada) and then dried under nitrogen gas and reconstituted in 75 pL of
purified water. ISL was separated on a Waters Atlantis T3 (50 x 2.1 mm 3 um) column and
then detected on an AB Sciex API-5000 triple quadrupole mass spectrometer under positive
ionization mode. The calibrated range was 0.02-100 ng/mL. Accuracy and precision were
within 30%.
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2.9. Measurement of Progesterone in Plasma

Plasma progesterone was measured by Wisconsin National Primate Center Assay
Services. Briefly, plasma, standards and quality control samples were diluted in 500 pL of
ultrapurified water (Fisher Scientific, Waltham, MA, USA). Methyl tert butyl ether (Fisher
Scientific) was then added, vortexed vigorously, and incubated at room temperature for
5 min. The organic phase containing steroids was transferred into a new tube, evaporated
to dryness using an air stream and heated water bath (60 °C), and then resuspended in
50 uL of 20% acetonitrile in water and analyzed using LC-MS/MS. The calibration curve
ranged from 0.195 to 25 ng/mL and the linearity was r > 0.9990. The intraassay CV was
4.24% and the interassay CV was 6.47%.

2.10. Implant-Site Reactions

Implantation sites were monitored weekly for adverse reactions including but not
limited to erythema, edema, and necrosis. A modified Draize scale was used to grade
erythema and edema of implant-site reactions (0, no reaction—4, severe), either in person
or with high-resolution digital photography [23,37]. Draize scores from two veterinarians
were averaged. After implant removal, two skin biopsies (4 mm, Integra, Princeton, NJ,
USA) were collected at the medial or distal end of the implant site, H&E stained, and scored
semiquantitatively by two pathologists using a lightly modified version of the international
standard for biological evaluation of medical devices (ISO-10993-6 [38], severity scores for
each parameter ranging from 0 (not present) to 5 (severe)).

2.11. Statistical Analysis

Simple linear regression was performed, and all figures were created using GraphPad
Prism version 9.1.0 for Windows, GraphPad Software, San Diego, CA, USA.

3. Results
3.1. Implant Characteristics and Macaque Study Design

We evaluated two ISL implants (ISL-62 mg and ISL-98 mg) and one ENG implant
(ENG-33 mg), which are described in Table 1. The ISL and ENG implants had wall
thicknesses of 100 um and 300 pm, respectively. The two ISL implants differed in the
amount of drug loaded, length, and in vitro release rates. Figure 1 shows the in vitro drug
release profile of the ISL and ENG implants.

Table 1. Biodegradable ¢-Polycaprolactone Implant Characteristics.

Length  Wall Thickness In Vitro Release Rate In Vitro In Vivo

Implant (mm) (um) (ug/Day) Purity (%) Purity (%)
ISL-62 mg ! 25 100 419455 9714004 97.1+0.09
ISL-98 mg ! 40 100 65.6 + 8.2 9714002 9714012

ENG-33mg2? 16 300 311496 99.3+0.01 989 +0.01

1ISL implants were formulated 1:1 with a sesame oil excipient. Average release rate & standard deviation was
determined from day 0-135. 2 ENG-33 mg implants were formulated 2:1 with a sesame oil excipient. Average
release rate & standard deviation was determined from day 0-215.

For the in vivo macaque study, we used a staggered implantation design to achieve
three fixed doses of ISL based on in vitro release rates: low dose (one ISL-62 mg implant,
in vitro release rate of 41.9 pg/day), mid dose (one ISL-98 mg implant, in vitro release
rate of 65.6 ug/day), and high dose (one ISL-62 and one ISL-98 mg implants for a total
cumulative in vitro release rate of 107.5 pug/day). For the low-dose group, 3 macaques
had an ISL-62 mg implant inserted in their right arm and approximately one month
later received an ISL-98 mg implant in their left arm, thus transitioning to the high-dose
group (Figure 2A). Both implants were removed at euthanasia, approximately 3-4 months
following the insertion of the ISL-98 and ISL-62 implants, respectively. A second group
of three animals received an ISL-98 mg implant in the right arm and then received an
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ENG-33 mg implant in the left arm approximately one month later. The ISL-98 implant
was removed ~3 months after implantation and the ENG-33 mg implant was removed
~6 months after implantation (Figure 2B).
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Figure 1. Invitro drug release from PCL implants. (A) Daily in vitro release profiles of ISL
from implants run in parallel with the in vivo study in macaques with average release rates of
41.9 £+ 5.5 pg/day (ISL-62 mg) and 65.6 £+ 8.2 pug/day (ISL-98 mg). (B) Daily in vitro release pro-
file of ENG from implants run in parallel with the in vivo study with an average release rate of
31.1 + 9.6 ug/day.

(A) Low dose ISL & high dose ISL (n=3)

Day 0 Day 36 Day 113, 128 or 135 Implants
ISL- 62 mg implanted > ISL-98 mg implanted| —p |Euthanasia and
in right arm in left arm implant removal (S| . 62 mg

o S| - 98 mg

/ / \ emmmm ENG- 33 mg

(8) Mid dose ISL + ENG (n=3)

Day 0 Day 36 Day 91 Day 233
ISL-98 mg implanted |=»|ENG-33 mg I1SL-98 mg removal ENG-33 removal
in right arm implanted
in left arm

/ / \ \

Figure 2. Study Design. (A) The first group of 3 macaques received ISL-62 mg implant (right arm) to
assess the low ISL dose and a month later received an ISL-98 mg implant in their left arm to evaluate
the high ISL dose. (B) The second group of 3 macaques received ISL-98 mg implant (right arm) to
assess the mid ISL dose and received an ENG-33 mg implant in their left arm a month later. The
ISL-98 mg implant was removed at 3 months. The ENG implant was removed after 6 months.

3.2. Pharmacokinetic Profile of ISL and ISL-TP in Blood

The concentrations of ISL in plasma and ISL-TP in PBMCs were measured as a function
of time post-implantation (Figure 3A,B). Both analytes showed stable and sustained drug
release, with the high-dose ISL group (ISL-62 mg and ISL-98 mg) achieving the PrEP target
of 50 fmol ISL-TP/10° PBMCs (Figure 3B and Table 2). The levels of plasma ISL and PBMC
ISL-TP exhibited dose linearity and correlated with the in vitro release rate (Figure 3C).
To better visualize the PK differences between the three dose levels, Figure 3A,B show
all dosage groups on the same axis. For the low-dose (ISL-62 mg; blue) and mid-dose
(ISL-98 mg; red) groups, day zero started at the time of implantation. However, for the
high-dose (ISL-62 and ISL-98 mg; green) group, day zero started the day of the second
implantation of the ISL-98 mg implant.
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Figure 3. Pharmacokinetics of ISL and ISL-TP. (A) Median [range] plasma ISL and (B) PBMC
ISL-TP levels for the low-dose ISL-62 mg (blue), mid-dose ISL-98 mg (red), and high-dose ISL-62
and ISL-98 mg (green). Day zero for ISL-62 mg and ISL-98 mg animals was the day of the first
implantation. Day zero for the ISL-62 & ISL-98 mg was the day of the second implantation. The
pharmacokinetic benchmark of 50 fmol ISL-TP/ 10° PBMCs (Target) and lower limit of quantification
(LLOQ) are shown with dashed lines. (C) Dose linearity between the in vitro release rate and plasma
ISL (left axis, circles) and PBMC ISL-TP (right axis, squares). (D) Pharmacokinetic tail of ISL plasma
ISL (top) and PBMC ISL-TP (bottom) after removal of ISL-98 mg from the mid-dose group.

Table 2. Pharmacokinetics of ISL and ENG implants.

ISL-62 mg ISL-98 mg + ISL-62 mg +
(n=3) ENG-33 (n=3) ISL-98 mg (n = 3)

Plasma

Islatravir (nM) [1.335] [1.21;96.3] [2.32—';3 1.6]

ISL Crmax (nM) [1.51i92.5] [2.23;23] [2.92'11 1.6]

ISL Trmax (days) [222_635] [7231] [7§11

Etonogestrel (pg/mL) n/a [2294_915100] n/a

ENG Cinax (nM) n/a " o . n/a

ENG Tmax (days) n/a [732] n/a
Peripheral blood mononuclear cells

ISL-TP Crnax (fmol/10° cells) [26.3;61.;15.4] [59.3233.0] [89.15%229.0]

ISL-TP Tinax (days) [142—128] [366—991] [44200]
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Table 2. Cont.

ISL-62 mg ISL-98 mg & ISL-62 mg +
(n=23) ENG-33 (n=3) ISL-98 mg (n=3)

Mucosal tissues

. 962 1352 305b
Vaginal ISL-TP (pmol/g) [8.5-11.6] [8.4-21.6] [10.7-64.1]
1852 2052 36.9P
Rectal ISL-TP (pmol/g) [8.6-27.3] [12.5-34.0] [26.0-45.4]

Median [range] is shown for ISL and ENG in plasma and ISL-TP in PBMCs. Averages [range] are shown for
Cmax, Tmax, and mucosal tissues. Data from broken implants was excluded. # Tissue concentrations 21 days after
the first implant, either ISL-62 mg or ISL-98 mg, was inserted. b Tissue concentrations 21 days after the second
implant, ISL-98 mg, was inserted.

Two ISL-98 mg implants, one from the mid-dose ISL group and one from the high-dose
ISL group, were deemed broken during the implant-site assessment on day 49 and 56 post-
implantation, respectively (Supplemental Figure S1A). This observation coincided with a
rapid increase in plasma ISL and PBMC ISL-TP. Due to the breakage, the amount of ISL
being released was unknown; therefore, these data were excluded from the comprehensive
pharmacokinetic analyses but shown individually (Supplemental Figure S1B,C). Overall,
intact implants demonstrated stable release of ISL over the 3-4 months of study.

To evaluate the pharmacokinetic tail of ISL after implant removal, the ISL-98 mg
implant was surgically removed from the mid-dose group at day 91. Plasma ISL and PBMC
ISL-TP were undetectable within 7-14 days after removal (Figure 3D).

3.3. ISL Penetration in Rectal and Vaginal Tissues

ISL-TP was detected in tissue homogenates from both vaginal and rectal compart-
ments at all dose levels (Supplemental Figure S2). In vaginal tissues, average ISL-TP
concentrations at day 21 achieved with the low, mid, and high ISL doses were 9.6 (range,
8.5-11.6), 13.5 (range, 8.4-21.6), and 30.5 (range, 10.7-64.1) pmol/g of tissue, respectively
(Table 2). Average ISL-TP levels in rectal tissues at day 21 were higher than in vaginal
tissues; 18.5 (range, 8.6-27.3) pmol/g for the low dose, 20.5 (range, 12.5-34.0) pmol/g for
the mid dose, and 36.9 (range, 26.0-45.4) pmol/g of tissue for the high dose (Table 2). ISL
was also consistently detected in rectal and vaginal fluids (Supplemental Figure S2).

3.4. Suppression of Progesterone Production with ENG Implants

The mid-dose ISL macaques (1 = 3) received one ENG-33 mg implant and were
monitored for progesterone production and ENG levels in plasma (Figure 4). Plasma
ENG concentrations reached Cpax within 1-3 weeks (875 pg/mL [range 660-1110]) post-
implantation and remained above 229 pg/mL for 198 days (Table 2). Prior to ENG-33 mg
implantation, all animals had fluctuating progesterone concentrations indicative of the
luteal and follicular phase of the menstrual cycle. After ENG-33 mg implantation, proges-
terone levels were suppressed in all animals below 0.3 ng/mL within 2 weeks. Plasma
progesterone was suppressed during the entire ENG-33 mg implantation period, demon-
strating the ability of ENG-eluting implants to effectively inhibit ovulation over several
months. After ENG-33 mg implant removal, ENG was undetectable in plasma within
5 days and plasma progesterone levels began to rebound within 20 days (Figure 4).

84



Pharmaceutics 2023, 15, 2676

2 4
10 ISL & ENG 10
] ISL ENG

107,

102

(jw/6d) N3

100- f"“i}‘ |

Progesterone (ng/ml)

EI'"'I""I""I""I""I"'| U 101
Days post ENG implantation

Figure 4. Plasma progesterone (left axis, red) and ENG (right axis, purple) in macaques that received
ISL-98 mg and ENG-33 mg implants.

3.5. Effect of ISL and ENG Co-Implantation on ISL Pharmacokinetics

To assess how co-implantation of ISL and ENG may alter pharmacokinetics, we
compared ISL levels in blood and tissues from ISL-98 mg implanted macaques prior to
and after ENG-33 mg implantations. The median plasma ISL levels were 2.1 nM (range,
1.2-2.8) and 1.8 nM (range, 1.6-6.3) prior to and after ENG-33 mg insertion, respectively
(Figure 5A). The median ISL-TP levels in PBMCs two weeks after ISL-98 mg implantation
were 33.6 fmol/10° PBMCs (range, 21.2-61.2) and, after ENG-33 mg implantation, they
were 48.8 (range, 22.5-143.0) (Figure 5B). In vaginal tissues, the ISL-TP levels were similar
with or without ENG. In rectal tissues, ISL-TP was lower in the presence of ENG; however,
this data set was limited as ISL-TP was detectable in rectal tissues at only one timepoint
prior to ENG implantation (Figure 5C and Supplemental S2C).

ISL-TP competes with the natural nucleotide dATP for incorporation by reverse
transcriptase, and some studies suggest that hormonal contraceptives can alter nucleotide
metabolism [39-41]. To determine whether ENG affected nucleotide metabolism and
possibly competition between ISL-TP and dATP, we compared ratios between ISL-TP and
dATP among ISL-98 mg-implanted animals before and after ENG-33 mg implantation. A
higher ratio indicates that more ISL-TP is present, increasing the likelihood of incorporation
by reverse transcriptase and successful viral inhibition. Figure 5D shows that the ISL-
TP:dATP ratios were unaffected in PBMCs and rectal tissues but increased in vaginal
tissues in the presence of ENG. These data indicate that ENG does not reduce the active
pharmaceutic agent, ISL-TP, in blood or tissues, and will likely have no adverse impact on
viral inhibition as a result of enhanced dATP levels.

3.6. Implant Site Reactions

Implant sites were scored for erythema and edema using a modified Draize scale: 0
(no reaction) to 4 (severe) (Figure 6A). The median [range] Draize score was 0.0 [0.0-0.8] for
the ENG-33 mg, 0.0 [0.0-1.5] for the ISL-62 mg and 0.3 [0.0-1.3] for the ISL-98 mg implants,
excluding scores after implant breakage (Figure 6B). The two ISL-98 implants that broke
on day 49 and 56 after implantation resulted in mild to well-defined redness and swelling,
with a median Draize score (range) of 1.25 (range 0.8-2.0). There was no obvious cause
of the break, e.g., scratching or picking at the implant site. Overall, intact ISL implants
(n =7/9) and ENG implants (n = 3/3) were safe and well-tolerated in macaques.
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Figure 5. The effect of ISL and ENG co-implantation on ISL pharmacokinetics was determined by
evaluating ISL analytes. (A) Plasma ISL, (B) PBMC ISL-TP, and (C) mucosal tissue ISL-TP when
animals had a single ISL-98 mg implant (open shapes) compared to after co-implantation with ENG
(red shapes). (D) Ratios of ISL-TP to the natural nucleotide competitor, dATP, were determined for
each tissue. Each individual animal (1 = 3) is shown with a different shape.
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Figure 6. Implant site reactions were scored weekly for erythema and edema using a modified Draize
scale. (A) Heat map of weekly Draize scoring of implant site for each animal (columns PT1-PT6)
and each implant (ISL-62, ISL-98 or ENG-33 mg). Colors indicate severity of implant site reaction
(0 =none/green, 1 = mid, 2 = well-defined, 3 = moderate, 4 = severe/red). Red boxes indicate when
ISL-98 mg implants were deemed broken. (B) Median Draize scores for ENG-33 (purple), ISL-62
(blue), intact ISL-98 mg implants (red, unfilled box), and broken ISL-98 mg implants (red, filled box).

Skin biopsies were collected immediately after ISL-98 mg implant removal at two sites,
one central to the implant (medial) and one at the end (distal). Biopsies were H&E stained
and semi-quantitatively scored using a slightly modified version of the international
standard for biomedical device evaluation (ISO-10993-6 [38], severity scores for each
parameter ranging from 0 (not present) to 5 (severe)). H&E staining showed that intact
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implants were pathologically unremarkable with a median score of 1 (range 0-55, adding
the severity scores across all evaluated histologic parameters) (Table 3). A biopsy taken
directly at the breakage site of the ISL-98 mg implant showed edema, early fibrosis, and
mild necrosis/inflammation, receiving a score of 27 out of 55 (PT-5, medial). Interestingly,
the biopsy taken distal to the breakage site was pathologically unremarkable with a score
of 1, suggesting that the pathology was limited to the point of the breakage.

Table 3. Implant site pathology.

Macaque ID PT-4 PT-5 PT-6
Biopsy Site Medial Distal (alz’[;f;i) Distal Medial Distal
Lymphocytes 1 0 3 1 0 0
Plasma cells 2 0 3 0 0 0
Histiocytes/Macrophages 1 0 3 0 0 0
Multinucleated giant cells 0 0 1 0 0 1
Polymorphonuclear cells 1 0 3 0 0 0
Fibrosis 0 0 3 0 0 0
Reactive fibroblasts 1 0 3 0 0 0
Hemorrhage 0 0 2 0 0 0
Neovascularization 0 0 2 0 0 0
Necrosis + type 0 0 2 0 0 0
Edema 0 0 3 0 0 0
Total Score 6 0 27 1 0 1

Total possible score: 55. Scoring criteria 0 = none; 1 = rare/minimal; 2 = mild/scattered; 3 = moderate;
4 = moderate to marked; 5 = abundant, extensive, severe. Scores recorded for lymphocytes, plasma cells, histio-
cytes/macrophages, polymorphonuclear cells, fibrosis, proliferating fibroblasts, and acute hemorrhage in the
subcutaneous tissue (0 to 5 scale). Extravascular red blood cells only scored as hemorrhage if they were present
deeper within tissue (not just at margins). Superficially adhered red blood cells consistent with acute hemorrhage
at the time of surgical excision were not scored.

3.7. Purity of Drug and Predicted Duration of Release

After implant removal, the residual drug was assessed for purity (Table 1), showing
>97% drug purity for ISL-62 mg and ISL-98 mg and >99% drug purity for ENG-33. Consid-
ering the in vitro release rates, the ISL-62, ISL-98, and ENG-33 implants have an expected
duration of 4.1, 4.1, and 2.9 years, respectively. The estimated durations assume zero-order
release kinetics and do not account for potential changes in dosing over time or tailing of
the release profiles.

4. Discussion

MPTs for HIV PrEP and contraception can offer women combined protection in a
single product [42]. Subdermal implants capable of long-term drug release and preventative
efficacy are intriguing as MPTs as they can reduce the burden of daily oral medications
and lessen clinic visits required for monthly ring replacement or injectable contraception
or PrEP. Moreover, implants comprised of biodegradable polymers can advantageously
bypass the need for removal, thus eliminating a minor surgical procedure to retrieve spent
implants. A subdermal biodegradable PCL implant releasing tenofovir alafenamide (TAF)
recently showed extended drug release and protective efficacy in a macaque SHIV challenge
model, although further clinical advancement was halted due to drug-related implant-site
reactions [23,24,27]. Here, we report on the preclinical assessment of next-generation PCL
implants releasing the antiretroviral ISL, or the hormonal contraceptive ENG. We document
prolonged release of ISL from two implant configurations that varied in length, drug load,
and release rate, and demonstrated sustained release of ENG at clinically relevant levels.
We also observed little to no implant site reactions when implants kept their integrity.
Additional studies are needed to address the release kinetics of ISL and ENG co-formulated
in a single implant.
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Pharmacokinetic analysis in macaques of ISL implants showed that ISL analytes
increased linearly with dose as estimated by the in vitro release rate. The data also revealed
a strong correlation between ISL levels in plasma and ISL-TP concentrations in PBMCs,
suggesting that plasma ISL may serve as a good surrogate for estimating ISL-TP levels
in HIV target cells. Macaques that received two ISL implants, ISL-62 and ISL-98, had
ISL-TP concentrations above the predicted protective PrEP benchmark of 50 fmols/10°
PBMCs [33]. In addition, ISL-TP was also detected in vaginal and rectal tissue, both
important sites for sexual HIV transmission. Notably, the tissue ISL-TP levels in macaques
(10-30 pmols/g) were slightly higher than those observed in the small number of human
tissue samples [16,43]. The ISL levels in plasma were between 1.3 and 2.8 nM, which
are within the range predicted to be safe and moving forward in clinical trials [32,44].
Compared with human studies, including the nonerodable ISL implant, we observed
lower ISL-TP concentrations at equivalent plasma ISL values [15,16,44,45]. However, we
calculated the ISL-TP:ISL ratios in other macaque studies and found a similar trend of
lower ISL-TP in macaques compared to humans [14,36,46,47]. This could be attributed to
differential rates of phosphorylation between species or possibly the sample processing
method [36].

Recently, a refillable ISL implant was evaluated as PrEP in both vaginal and rectal
SHIV challenge models. Although complete protection was achieved, the ISL levels were
well above the limit deemed to be safe in humans [46]. Next-generation PCL implants
releasing ISL at levels that are predicted to be safe were assessed as PrEP in the vaginal SHIV
challenge model, and the threshold of protection is very close to the human PrEP benchmark
of 50 fmol/10® PBMCs [48]. Defining the threshold of protection for various routes of
infection and confirming safe and sustained release are priorities for ISL implant modalities.

Although we document the sustained release of ISL from PCL implants, two out of
six ISL-98 mg implants broke approximately 2 months after insertion. Implant breakage
was associated with a concurrent spike in plasma ISL and ISL-TP in PBMCs, which led to
redness and swelling at the implant site, albeit not as severe as intact TAF implants [24].
Increased levels of ISL and ISL-TP were maintained for over a month before the implants
were removed, indicating that the drug remained in the implant despite the PCL wall being
compromised. The cause of the implant breakages cannot be determined with certainty
but may be related to several factors including the wall thickness, length, or a combination
of the wall thickness and length of the implant. It is important to note that the ISL-62 mg
implants, which had the same wall thickness (100 um) as the ISL-98 implants but were
shorter in length, all remained intact. Additional studies are underway to increase the
mechanical robustness of PCL implants to ensure implants are capable of long-term safe
and effective drug release [48].

Biodegradable PCL implants releasing ENG were also assessed to determine the com-
patibility of ISL and ENG as an MPT. ENG-33 mg implants placed in macaques achieved
similar plasma ENG pharmacokinetics to those observed in humans implanted with Nex-
planon implants [10]. ENG prevents pregnancy by inhibiting ovulation, which precludes
the development of the corpus luteum, in turn limiting the production of endogenous
progesterone [49]. To assess the efficacy of ENG, we used pigtailed macaques, which, like
humans, have a lunar menstrual cycle and associated monthly hormone fluctuations. We
measured progesterone as a surrogate of ovulation and found that progesterone production
was suppressed until ENG implant removal, after which the progesterone levels rebounded,
indicating a return to fertility [50].

Based on the different metabolic pathways of ISL and ENG, we did not expect signifi-
cant drug interactions. Islatravir does not induce or inhibit major drug-metabolizing en-
zymes, including cytochrome50 (CYP), which is likely involved in ENG metabolism and has
previously shown no DDIs with another progestogen contraceptive, levonorgestrel [51,52].
Consistent with this expectation, we found that co-administration of ISL and ENG resulted
in no significant change to the PK profile of either drug. We found that ENG released in
plasma had no effect on the pharmacokinetics of ISL in plasma or ISL-TP in PBMCs. How-

88



Pharmaceutics 2023, 15, 2676

ever, we noted an unexpected decrease in dATP in vaginal tissues in the presence of ENG,
which increased ISL-TP:dATP ratios. As dATP and ISL-TP compete for the active site of
reverse transcriptase, a higher ratio of ISL-TP:dATP indicates a higher likelihood of ISL-TP
incorporation and viral inhibition. Other studies have noted compartment-specific effects
of hormonal treatments on nucleotides, both endogenous and antiretrovirals [39—-41]. Fur-
ther studies are needed to define the vaginal PrEP efficacy of ISL and possible modulations
of activity in the presence of ENG or other hormonal contraceptives.

This study assessed two ISL implants at three dose levels. However, the study had
several limitations including a small sample size (1 = 3 animals per dose) and a relatively
short duration of 3 months, both of which hindered our ability to precisely determine the
in vivo release rates and predict the duration of release. The accuracy of estimating in vivo
release rates relies on achieving a zero-order release profile over the duration of the study:.
Additional investigations are required to further characterize the release profile, especially
during the depletion phase. As the implant nears depletion, physiochemical differences
could lead to altered release rates. Pharmacologic models, such as deconvolution, can
estimate release rates based on the PK profile of ISL and that of the controlled-release
formulation. Thus, these modeling techniques are not reliant on achieving a zero-order
profile over the duration of the study to accurately estimate the release rate. A larger sample
size and an extended study period will be important to determine drug pharmacokinetics
through implant depletion, as well as inform on long-term safety, particularly regarding
ISL exposure and potential effects on lymphocytes.

5. Conclusions

In summary, we describe a PCL implant with viable MPT attributes that can release ISL
above predicted PrEP protection benchmarks and deliver ENG at levels that are sufficient
to suppress ovulation for several months. The evaluation of optimized ISL-eluting implants
with increased wall thickness is underway to assess long-term vaginal PrEP efficacy in a
validated SHIV challenge model.

Supplementary Materials: The following supporting information can be downloaded
at: https:/ /www.mdpi.com/article/10.3390/pharmaceutics15122676/s1, Figure S1: Adverse reac-
tions and pharmacokinetics of broken ISL-98 mg implants; Figure S2: Islatravir from (A) rectal and
(B) vaginal secretions. ISL-TP from (C) rectal, and (D) vaginal tissue biopsies.
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Abstract: Long-acting injectable cabotegravir is more effective than daily oral PrEP at preventing
HIV transmission due to improved adherence, but requires bi-monthly large-volume intramuscular
injections. Subcutaneous (SC) contraceptive implants can be formulated with antiretrovirals for
extended-duration HIV PrEP. Islatravir (ISL) is a first-in-class, investigational antiretroviral with
pharmacologic properties well-suited for implant delivery. We performed preclinical studies for the
development of a reservoir-style, poly(e-caprolactone) ISL-eluting implant by conducting a single-
dose SC ISL dose-ranging pharmacokinetic (PK) study of 0.1, 0.3, and 1 mg/kg in adult Wistar rats.
Non-compartmental analysis was conducted, and dose proportionality assessed for ISL plasma and
intracellular islatravir-triphosphate (ISL-tp). Population PK models estimated ISL’s unit impulse
response to deconvolve ISL-implant in vivo absorption rate (mg/day) and cumulative mass (mg)
from published rat plasma PK (n = 10). Drug release was interpreted using four kinetic models. Dose
proportionality was affirmed for ISL and ISL-tp. A first-order, two-compartment model fitted the
SC ISL bolus data. Mean (SD) absorption rate from 0 to 154 days was 0.072 £ 0.024 mg/day, and
cumulative mass at 154 days was 8.67 & 3.22 mg. ISL absorption was well-described by zero-order
(r? = 0.95) and Ritger-Peppas (r* = 0.98). Our zero-order ISL-release poly(e-caprolactone) implant is
projected to achieve clinical PK above ISL-tp’s PrEP efficacy threshold. Continued development for
HIV PrEP applications is warranted.

Keywords: HIV prevention; preexposure prophylaxis; antiretroviral agents; islatravir; extended-
duration; long-acting implant

1. Introduction

Fixed-dose combinations of daily oral antiretrovirals (emtricitabine 200 mg with teno-
fovir disoproxil fumarate 300 mg or tenofovir alafenamide 25 mg) have been shown to
reduce the risk of HIV acquisition in multiple randomized placebo-controlled trials (RCT)
and their open label extensions [1,2]. However, two large oral preexposure prophylaxis
(PrEP) trials enrolling exclusively cisgender female populations were stopped early due
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to futility—later attributed to incomplete adherence to the study treatment [3,4]. Recently,
a long-acting (LA) injectable formulation of the ARV, cabotegravir, demonstrated superior-
ity over oral PrEP in preventing HIV acquisition in both male and female populations [5,6].
While injectable LA PrEP is more effective than oral PrEP due to improved adherence, it re-
quires a large-volume (3 mL) intramuscular injection every other month with injection site
reactions reported by 50% of patients [7]. Additionally, this injectable exhibits a sustained
depletion phase (termed the PK tail), where the ARV (e.g., cabotegravir) is detectable at
subtherapeutic levels [8]. This tail increases the risk of breakthrough infection with ARV
resistance in patients who choose to discontinue LA PrEP or fall out of care.

Subcutaneous implants, such as those used for hormonal contraceptives, can of-
fer therapeutic advantages over currently approved drug delivery approaches for LA
PrEP [9]. Advantages include the potential for extended therapeutic intervals, retrievability
in the event of adverse drug reactions or alternative reasons to discontinue PrEP, and
improved adherence. The design of an implant comprising biodegradable polymers, such
as poly(e-caprolactone) (PCL), offers an additional advantage of bypassing the need for
device removal, which could prove desirable for health care providers and end-users in
HIV PrEP applications [10,11].

Islatravir (4'-ethynyl-2-fluoro-2’-deoxyadenosine [ISL]) is a prodrug, first-in-class
nucleoside reverse transcriptase translocation inhibitor (NRTTI) deoxyadenosine analog
that suppresses wild type HIV-1 virus at subnanomolar concentrations [12]. Its activity
in preclinical and clinical studies demonstrated its antiviral potency as an investigational
PrEP agent [13], and the active islatravir triphosphate (ISL-tp) metabolite exhibited an
extended intracellular half-life (120-177 h) following oral dosing [14,15]. Pharmacoki-
netic/pharmacodynamic (PK/PD) modeling of clinical and preclinical data estimated
an inhibitory quotient (IQ = 5) for ISL-tp, which defined a therapeutic threshold of
0.05 pmol/million peripheral blood mononuclear cells (PBMCs) for prevention of HIV-1
acquisition [16].

PrEP trials of an ISL-eluting prototype polymer implant (54 mg and 62 mg) [17] and
downstream next-generation radiopaque [18] implant maintained ISL-tp PBMC concen-
trations above the PrEP efficacy threshold for 12 weeks. Secondary safety endpoints were
similar to those observed in earlier oral studies, with no discontinuations due to adverse
events [19]. In 2021, clinical trials evaluating ISL were placed on hold following findings
of decreased CD4" T cell and total lymphocyte counts in participants taking oral ISL that
ranged from 0.75 mg daily to 120 mg monthly [20]. Subsequent meta-analyses and model-
ing demonstrated a dose-dependent relationship for this adverse event and established
0.25 mg daily as a safe upper dosing limit for the oral formulation [21]. Importantly, clinical
trials evaluating the ISL-eluting implants did not report decreased CD4* T cells likely due
to the tested release rates in these studies falling below this upper dosing limit [17,18].

A biodegradable reservoir-style implant comprised of PCL has been previously for-
mulated to co-deliver contraceptive hormone and ISL for 6 months in rats [22]. Dose
optimization efforts for this type of controlled-release formulation can be enhanced through
characterization of the mass transport mechanisms dictating drug dissolution. These mech-
anisms have been previously described by well-defined empirical mathematical equations
such as zero-order, first-order, Higuchi and Ritger—-Peppas.

Here, we conducted a preclinical SC bolus study in rats for deconvolution of ISL'’s
in vivo absorption PK to optimize implant release rates for LA PrEP. We leveraged PK
modeling to fully characterize the in vivo absorption and distribution kinetics as a guide to
interspecies dose-translation efforts during development of a long-acting controlled-release
implant for HIV PrEP.

2. Materials and Methods
2.1. Drug Preparation

ISL was provided by Pharmaron (Beijing, China). Drug purity was determined on a
5-point calibration curve by linear regression analysis to be 97.3% and titrated as 1 mg/mL
stock solutions in DMSO at 37 °C and prepared 24 h prior to administration.
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2.2. Preclinical Islatravir PK Study

A SC bolus animal study was conducted to match the species and route of adminis-
tration for the published SC ISL-eluting implant study under the University of Pittsburgh
Institutional Animal Care and Use Committee (IACUC) (Protocol 20056840) at Magee-
Womens Research Institute and Foundation (Pittsburgh, PA, USA), in collaboration with
Biomedical Technologies (RTI International, Research Triangle Park, NC, USA). All pro-
cedures met the principles of the NIH Office of Laboratory Animal Welfare, Guide for
the Care and Use of Laboratory Animals [23]. Seventy-two adult female Wistar rats with
mean (£standard deviation, SD) body weight of 0.307 & 0.02 kg, were included in this
dose-ranging study designed to characterize the 24 h plasma and PBMC PK profile for three
ISL doses, 0.1 mg/kg (low), 0.3 mg/kg (mid), and 1 mg/kg (high), selected to encompass
the projected daily dose from the published optimized implant design [22].

2.3. Dose Administration and Sparse Sampling Schema

Animals were observed for general health daily and weighed prior to each dose.
Sparse timepoints collected were 0.17, 0.5, 1, 2, 4, 6, and 24 h for each dose level. Predose
samples were collected before ISL bolus administration, and all were below limits of
quantification. For a single timepoint, three rats were administered a SC bolus under the
neck skin and sampled at each pre-determined timepoint, contributing one measure per
animal. The dosing schedule within each dose level was staggered to reduce blood loss so
that each subset (1 = 3) of animals contributed a single measure per timepoint within the
24 h period. Blood was drawn from the lateral tail vein at each set timepoint (1.2-1.7 mL),
and samples were processed to plasma or PBMCs by centrifugation for the determination
of ISL and ISL-tp using previously published procedures [22].

2.4. Islatravir Quantification

ISL was quantified in plasma and ISL-tp in PBMC cell lysate using previously pub-
lished liquid-chromatography tandem mass spectrometry (LC-MS/MS) methods [22,24].
In short, ISL and ISL-tp were prepared in 100 uL of 70:30 methanol/water and extracted
with isotopically labeled internal standards (IS-*C'®Nj3-ISL and 3Cy,'*N5-dGTP, respec-
tively) and detected on an AB Sciex API-5000 triple quadrupole mass spectrometer un-
der positive ionization mode (SCIEX, Framingham, MA, USA). A dynamic calibration
range of 0.1-100 ng/mL was used for ISL with precision and accuracy acceptance crite-
ria within +15%. ISL-tp was analyzed using the same mass spectrometer calibrated for
0.05-125 ng/mL (ISL-tp). ISL-tp concentrations were normalized to representative live
cell counts determined by Trypan blue staining and a hemocytometer and reported as
pmol/million cells. Concentrations below the limit of quantification (LLOQ) for each were
censored according to the Beal M2 method [25].

2.5. Noncompartmental Analysis

SC bolus plasma ISL (ng/mL) and intracellular ISL-tp (pmol/million cells) concentra-
tion data were visually inspected on a concentration-time plot. A sparse, extravascular,
weight (kg) normalized, non-compartmental analysis (NCA) was used to estimate pharma-
cokinetic endpoints for maximal concentration (Cmax), time to Cmax (Tmax) and area under
the curve to the last measurable timepoint (AUC,4) by linear up-log down trapezoidal
method. Half-life (t; ) was estimated from 4 to 24 h for both ISL and ISL-tp profiles that
had 3 quantifiable datapoints, except the low dose (0.1 mg/kg) plasma ISL. The average con-
centration (Cayg) of plasma ISL and PBMC ISL-tp were estimated by NCA estimated AUC
divided by 24 h. The ratio of ISL-tp:ISL was calculated assuming an approximate PBMC
volume of 0.2 pL per cell determined for 1 million live cells in each PBMC sample [17].
Dose proportionality was assessed for ISL and ISL-tp by unweighted linear regression
of the natural log (In) transformed parameters, Cmax and AUC,g, versus In transformed
absolute dose (mg) of each dose level. The slope was reported, and linearity was declared
for values approximating 1 and coefficient of r? > 0.8.
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2.6. Pharmacokinetic Analysis

We tested 1- and 2-compartment, macro parameterized population PK (PopPK) models
with first-order linear kinetics fit to the SC bolus plasma ISL concentration data for individ-
ual dose levels (0.1, 0.3, 1 mg/kg) and a collapsed simultaneous model of all dose levels.
Each population model was conducted with a naive pooled algorithm for multiplicative,
additive, and log-additive error models. They were each evaluated by: (1) goodness-of-fit
plots (residual, predicted and quantile-quantile), (2) model diagnostics (log-likelihood and
akaike/Bayesian criterion), and (3) reduction in parameter/model variability (%CV < 30)
for the final model. To enhance robustness, each model eta (1) diagnostics were tested for
shrinkage (>0.3) and nested models were additionally prioritized by minimum objective
function value. The final popPK model estimates for macro-constants (A, B ng/mL) were
divided by the average dose (145,803 ng) to attain the unit impulse response (UIR) for
plasma ISL in rats. Each dose profile was assessed for outliers by Grubb’s test which
were excluded, and PK analyses were performed in Phoenix NLME™ v6.3 (Certara, Inc.,
Princeton, NJ, USA), with estimates reported as mean + SD per dose level.

2.7. Deconvolution of In Vivo Absorption

To perform deconvolution, we utilized previously published plasma PK profiles from
10 adult Wistar rats with a SC ISL-eluting implant (40 mm long, 100 um wall-thickness)
comprised of extruded PCL from PURASORB PC-17 pellets (106 kDa) (Amsterdam, The
Netherlands) formulated with a 1:1 mass ratio of ISL: sesame o0il [22]. In this previously
published study animals were treated with either ISL-only, which included one ISL-eluting
implant and one excipient-only implant; or ISL-plus with one ISL-eluting implant and
one etonogestrel (ENG)-eluting implant (hormone data not discussed here). While PK
samples were collected over 197 days of implantation in this previous published study,
increasing inter-individual variability (%CV > 90) in plasma concentrations was observed
beyond 100 days, which may have been associated with decreased mechanical integrity
of the implants. As such, the deconvolution analyses for in vivo drug absorption were
constrained to 154 days (%CV < 60). Two animals were identified as outliers contributing
>30% variability to the mean PK profiles and were excluded from downstream analyses.
The 2-compartmental model-derived UIR was used to deconvolve the individual in vivo
animal absorption profiles to estimate: (1) rate of absorption (mg/day), (2) cumulative mass
absorbed (mg), and (3) fraction of mass released from the implant loaded dose. Welch’s
t-test was utilized to compare the rate of absorption for ISL-only and ISL-plus groups at
90 and 154 days. Drug recovery was calculated as mean cumulative mass absorbed (mg)
at day 154 subtracted from mean loaded dose (98.6 &= 3.31 mg) in the reservoir-style PCL
implant. Analyses were performed in Phoenix WinNonlin™ Deconvolution Toolkit v6.3
(Certara, Inc., Princeton, NJ, USA) and reported as mean =+ SD for each profile.

2.8. In Vivo Drug Absorption Models

Plasma ISL in vivo absorption kinetics were characterized by fitting the individual
animal profiles (n = 10) of deconvolved cumulative mass (mg) absorbed over time (days)
to 4 kinetic models describing drug distribution from the published ISL-eluting PCL
implant [22]. Cumulative mass (mg) data were fit to (pseudo)linear equations of each
kinetic model using SAS® Studio v9.04 (Enterprise 3.81, SAS Institute, Cary, NC, USA) to
fit regression models to their release profiles using the “proc model” function (Figure S1).
The individual r-squared (r?) correlation coefficient was determined for each animal profile
(n = 10) and prioritized by highest mean r? with a minimum threshold of r> > 0.75. For
the Ritger-Peppas model the drug release exponent, 1, was characterized to describe
mechanisms of non-Fickian release. The mathematical equations describing each model for:
Zero-order (constant release); First-order (concentration-dependent release with respect to
time); Higuchi (square root of a time-dependent release from planar matrix systems); and
Ritger-Peppas (power law exponential diffusion from polymeric systems) were:
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M; = My + Kzt, Zero-order (1
M; = My + Kgt, First-order 2)
M; = My + Kgt®?, Higuchi (3)
M/ My, = Kgt", Ritger-Peppas 4)

where M; is the cumulative mass absorbed from the implant at time f, M is the mass
of drug absorbed at t = 0 (attributable to instantaneous burst release), My is the total
dug loaded in the implant, 7 is the power exponential (Ritger—Peppas only), and K is the
absorption rate constant for each respective model estimated by regression analysis. We
assumed that M, was negligible for this reservoir-style implant system. Each mathematical
model was leveraged as reported by Bruschi et al. and Costa et al., to characterize in vivo
drug absorption kinetics of ISL from the PCL implant [26,27].

3. Results
3.1. Noncompartmental PK Analysis

SC bolus plasma concentrations were plotted against time for n = 57 quantifiable ISL
values. Visual inspection of each concentration-time profile elucidated a multi-phasic
drug distribution and clearance (Figure 1a); 0-5 h for the first phase, and 5 h onwards
for the second, excluding the lowest dose level which was not quantifiable at 24 h. Six
values were below the assay limit of quantification (BLQ), and one outlier (confirmed
by Grubb’s test) was censored. The mean Tmax was at 10 min except for the mid dose

level (0.3 mg/kg) which occurred at 30 min. Estimates for Cpay, Cavg and AUC,s were:

22.6, 44.7, 201.3 ng/mL, 0.675; 2.283, 9.566 ng/mL; and 16.2, 54.8, 229.6 h*ng/mL for
dose levels 0.1, 0.3, 1.0 mg/kg, respectively. Plasma ISL Cpax and AUC,q; exhibited dose
proportionality with slopes of 0.95 (r? = 0.961) and 1.15 (r? = 0.995) for In[Dose] vs. In[Cpax]
and In[AUC),g], respectively.

Figure 1. Semi-log concentration-time plot of (a) Islatravir (ISL) plasma concentration (ng/mL) and
(b) ISL-triphosphate (ISL-tp) concentration (pmol/million cells) following a single SC administration
at 0.1, 0.3, or 1.0 mg/kg. Plasma and PBMCs was collected from 3 rats per time point, with 24 rats
per dosing level. Markers are individual plasma concentration with median (line) categorized by
dose (color). The grey reference line (dash) is clinical threshold of 0.05 pmol/million cells.

SC bolus ISL-tp PBMC concentrations were plotted against time for n = 43 quantifiable
ISL-tp values (Figure 1b) and 20 BLQ values. Time to maximal concentration ranged from
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2-4hand t;, was 11.8,27.1,17.8 hr1, respectively. Estimates for Cimax, Cavg and AUC g
were: 0.057, 0.125, 0.593 pmol/million cells; 0.025, 0.073, 0.254 pmol/million cells; and 0.609,
1.746, 6.086 h*pmol/million cells for dose levels 0.1, 0.3, 1.0 mg/kg, respectively. PBMC
ISL-tp Cmax and AUC,, exhibited dose proportionality with slopes of 1.02 (r*> = 0.974) and
0.99 (r? = 0.998) for In[Dose] vs. In[Cmax] and In[AUC 4], respectively. The ratio of Cayg
for ISL-tp:ISL for 0.1, 0.3 and 1.0 mg/kg doses were 100, 85 and 70, respectively.

3.2. Pharmacokinetic Modeling

The 24 h plasma-concentration PK profile for all SC ISL bolus doses were best described
by a simultaneously modeled two-compartment, multiplicative error, naive pooled PopPK
model, with 76% residual error (Figure 2) for all dose levels. Extravascular absorption
rate (Ka) was >10 h™! for individual dose level models and estimated at 12 h™! for the
final simultaneously modeled extravascular two-comp PopPK macro-model. The popPK
macro-parameters were fit to each compartment describing the parameter estimates for
determining the UIR of ISL in rats after subcutaneous administration (Figure 2, inset table).

— Predicted
© Observed

Islatravir
plasma concentration (ng/ml)

Time (hr)

Parameter Ka (1/h) | A(ng/ml) jalpha (1/h) B (ng/ml) | beta (1/h)
Estimate(CV%) 12(17) | 142(26) | 1.2(5) 1.4 (24) | 0.103 (7)

Figure 2. Two-compartment population pharmacokinetic (PopPK) model with multiplicative error
was fit to ISL plasma concentrations observed in rats following single SC administration at 0.1, 0.3
and 1 mg/kg doses. Macro-parameter constants (A, B) and exponential rates («, ) are described in
the inset table.

No preclusive deviations from normality were identified in the final model diagnostic
plots which were evaluated for; (Figure 3a) individual unweighted residual distribu-
tion, (Figure 3b) observed—predicted unweighted distribution about the line of unity, and
(Figure 3c) the quantile-quantile plot describing the normality of the model residuals.
Lower concentrations in the 0.1 mg/kg dose level approaching the limit of quantification
had overall negligible bias in the final model. Tailing of the quantiles indicated some devia-
tions from normality in the extremities. Overall, the diagnostics show adequate fit for fit-
for-purpose deconvolution, with best prediction for doses 0.3 mg/kg and higher. The mean
UIR estimates for ISL in rats were A; = 9.8 x 10~% ng/mL/ng, Ay = 9.6 x 107° ng/mL/ng,
ap=12h"1tand ay =0.103h L.
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Figure 3. Two-compartment population PK diagnostics showing observed (open circles) and pre-
dicted (black lines) for (a) individual predicted concentrations vs. residuals with loess fit (blue) and
absolute trend lines (red), (b) individual predicted vs. observed log-concentrations, and (c) quantile—

quantile normal plot.

3.3. In Vivo Absorption

The mean absorption rate from 0 to 154 days in the ISL-only and -plus groups were
0.084 £ 0.025 and 0.061 + 0.018 mg/day with an overall mean of 0.072 £ 0.024 mg/day
(Figure 4a). The mean cumulative mass absorbed from 0-154 days for the ISL-only and
ISL-plus groups was 8.82 £ 4.07 and 8.53 + 2.60 mg, respectively with an overall mean of
8.67 £ 3.22 mg (Figure 4b).
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Figure 4. (a) Absorption rate, and (b) cumulative mass absorbed of subcutaneous ISL-eluting implants
in rats over 154 days. Red represents animals receiving ISL only, while blue received ISL alongside a
hormone implant (ISL plus). Lines and markers (shape) represent each individual animal sample
collected at approximately 15-day increments. Three implants were removed after 100 days in the ISL

only group.

The best-fitting pseudo (linear) mathematical models describing in vivo absorption
from the ISL-eluting implant were Zero-order and Ritger-Peppas (Table 1) with a mean (SD)
12 of 0.946 (0.04) and 0.985 (0.02), respectively. The mean (SD) power exponent estimated
for Ritger—Peppas was 1.3 (0.29), with a non-reportable (N.R.) estimate for one animal
due to non-convergence. First-order and Higuchi models did not meet the predetermined
threshold of mean 1 > 0.75 with, mean r? of —4.757 (1.08) and 0.699 (0.08), respectively. For
the Higuchi model, only 3 of 10 animals had individual fits of 2> 0.75.
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Table 1. Regression coefficient (r2) kinetic models of drug absorption from the SC ISL eluting implant.

Group Zero-Order 1> First-Order 12 Higuchi 12 Ritger-Peppas ? 12
ISL_only 0.9680 —6.6068 0.7054 N.R.?2
ISL_only 0.8933 —4.0118 0.5972 0.9909
ISL_only 0.9409 —4.5061 0.6568 0.9944
ISL_only 0.9776 —3.0757 0.7388 0.9908
ISL_only 0.9888 —4.3850 0.7672 0.9942
ISL_plus 0.9805 —6.5246 0.8384 0.9855
ISL_plus 0.8667 —4.2326 0.5859 0.9844
ISL_plus 0.8971 —4.7319 0.6481 0.9399
ISL_plus 0.9825 —4.8870 0.7619 0.9878
ISL_plus 0.9615 —4.6075 0.6997 0.9978
Mean 0.9457 —4.7569 0.6999 0.9851
Standard deviation 0.04 1.08 0.08 0.02

Best results in bold. ? N.R. not-reportable due to model non-convergence. ® Mean (SD) power exponent, 1, of

1.3 +0.29.

4. Discussion

While injectable LA PrEP, cabotegravir, helps address limitations to oral PrEP regimens,
cost and bi-monthly clinical visits to administer the intramuscular injection by a trained
professional may limit its utility among populations of lower socioeconomic status or living
far from health infrastructures such as in rural areas [28]. The subtherapeutic PK tail of
injectable LA PrEP is another disadvantage that poses a risk of breakthrough infection
with ARV resistance in patients who switch therapy or fall out of care [8]. SC implants
have been used clinically to deliver therapeutic hormonal contraception for up to 3 years
since Nexplanon’s FDA approval in 2006 [29]. A similar delivery platform could improve
upon injectable LA PrEP by extending the dosing interval, offering retrievability for those
who choose to discontinue treatment, and facilitating multiple preventative indications
such as contraceptive care. In clinical trials, an ISL-eluting implant was safe and achieved
active metabolite (ISL-tp) concentrations in PBMCs above the PrEP efficacy threshold
(0.05 pmol/million cells) for 12 weeks with projections that therapeutic exposure could be
sustained for up to 16 months [17]. A downstream clinical trial of this implant recapitulated
the clinical PK with no dose-dependent adverse events or discontinuations [18]. ISL remains
a safe, potent and favorable model drug to develop as an implantable platform for LA
HIV PrEP.

First-order release implants such as Implanon™ [9] are clinically useful; however,
a zero-order implant would improve the predictability of drug release and may offer
greater confidence in therapeutic concentrations near the end of the PK interval which
may reduce risk of ARV resistance. Li et al. previously published on our reservoir-
style, PCL biodegradable implant where zero-order release was directly observed for
13-17 months under in vitro sink conditions with demonstrable batch to batch consistency
in raw material, formulation and end-product characteristics [22]. This release profile
optimized implant delivered ISL for 6 months after subdermal implantation, was safe and
biocompatible in a rat preclinical study [22]. While the original implant study was designed
to explore whether dual implants had an influence on plasma PK, herein we sought to
utilize a PK modeling approach with an additional independent SC bolus study to fully
characterize in vivo absorption kinetics and guide optimization of drug release rates and
dose translation efforts.

To estimate PK parameters of ISL in rats, we conducted a dose-ranging, SC bolus
PK study of ISL solution that leveraged a sparse design with a population PK modeling
approach. Single-dose pharmacokinetics indicated dose proportionality of ISL parent and
its metabolite ISL-tp for all doses in rats [12]. ISL and ISL-tp halflife characterized in our
study was limited by sample number and short duration of samples in the elimination
phase. We observed a significant difference in rat PBMC ISL-tp: plasma ISL ratios compared
to that reported in clinical trials of an ISL-eluting implant (~2390) [17]. However, our

O
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observation of lower ISL-tp:ISL ratios in rats relative to humans is consistent with the
between species differences reported in Sykes et al. [24]. These findings indicate that
allometric scaling of certain preclinical animal models will have limited utility in identifying
clinical doses to achieve ISL's PBMC efficacy target.

Based on the deconvolution model, only 3 of the 10 animals did not achieve an
absorption rate of 50 ng/day for at least 50% of the analyzed profile. Graphical analysis
of Figure 7c,d in Barrett et al. demonstrated that a SC ISL-eluting implant releasing
approximate 250 pg/day was projected to achieve 2 nM ISL plasma concentrations in
humans 60 days post-implantation [30]. During first in human trials of their down-selected
implant formulation, steady-state ISL plasma concentrations of 1 nM were associated
with ISL-tp PBMC concentrations of 0.272 pmol/million cells, which is 5-fold higher than
target exposure [17]. Given our average dose of 50 ng/day, and assuming no between-
species differences in drug delivery mechanisms, we predict that our implant will result in
human PBMC concentrations at or exceeding the PrEP threshold of 0.05 pmol/million cells.
Furthermore, all estimated absorption rates throughout the 154 day observation window
were below 0.20 mg/day, with the exception of one timepoint that approached, but was
still below the 0.25 mg/day upper dosing limit for oral ISL. In examining the PK curve
associated with this observation it is likely that impaired mechanical integrity of the implant
contributed to this isolated observation of abnormally high release [22]. Cumulative drug
release estimated by deconvolution in our study showed that less than 15% of the mean
loaded dose (98.6 mg) was absorbed during the 154 day observation window. Consistent
with that estimation, analysis of residual ISL in recovered implants from three animals
at a 3-month interim necropsy demonstrated 3-7% (min—-max) of ISL had been absorbed.
Fine-tuning an ARV-eluting implant to deliver a constant rate of the lowest effective dose
within an in vivo system is a worthwhile developmental goal to conserve ARV payload
and extend the dosing interval. Herein, we provide in vivo evidence that a reservoir-style
implant comprised of PCL can deliver ISL at a constant rate that falls within the safe and
potentially effective dosing range for humans for up to 5 months. Furthermore, this implant
can be loaded with sufficient ISL to sustain this release profile for well over a year.

ISL’s in vivo absorption was consistent with a constant rate drug release as the zero-
order equation explained a high proportion of variance in our data with r? values ranging
from 0.87-0.99. Because biofluids transport into our implant architecture via passive diffu-
sion, swelling is possible. Thus, we also tested a Ritger-Peppas model of mass transport
intended to deal with the moving boundaries problem that swelling presents for Fickian
diffusion. Importantly, the estimated power exponent term within our Ritger-Peppas
model fits approximated 1 with a mean (SD) of 1.3 (0.29). This finding further supports our
conclusion of time-independent constant rate transport (i.e., zero-order) [31]. For cylindric
drug delivery systems such as ours, Ritger-Peppas exponential terms of 2 are associated
with the time-dependent Super Case-II release, terms of 0.45-0.89 with non-Fickian anoma-
lous release and terms of 1 with zero-order release [31]. Furthermore, the Higuchi equation
explained a relatively low proportion of variance in our data with r? values ranging from
0.59 to 0.83. Finally, within our first-order model fits, a constant function better fit the data
than a linear one leading to negative 12 values. Ultimately, the overall zero-order controlled
release mechanism characterized by our PCL, biodegradable, reservoir-style implant may
improve the predictability of estimating PK beyond the observation period, assuming
polymer and physiologic conditions are optimized. While implant constant rate kinetics
may become less predictable when physiochemical conditions change, i.e., the implant
polymer degrades, and/or the payload decreases, the current polymer has been adjusted
for persistent physiological conditions up to 1 year. Historically, reservoir-style architecture
provides the greatest predictability of drug PK for implantable polymeric systems [26]. Our
zero-order controlled release implant has leveraged this advantage to improve prediction
of in vivo ISL absorption and guide drug development of a LA-implantable PrEP device.

While unquantifiable ISL concentrations at 24 h following the 0.1 mg/kg SC dose
increased residual model error, downstream analyses were determined by population esti-

101



Pharmaceutics 2024, 16, 201

mates that met assumptions of linearity and normality per the diagnostics plots (Figure 3b—d).
Differences in Trax, 10 min vs. 30 min, are likely attributed to the study size and random

variability due to sparse sampling methods. While an individual UIR estimation for each

rat used in the implant study would be an ideal study design, blood volume constraints

precluded the intensive sampling necessary to accurately estimate ISL's UIR in individual

animals. The Wistar rats utilized in the two separate studies were sourced from a reputable

vendor and the studies were conducted within the same animal facility using identical

sample collection processes. There was <20% difference in the range of animal weights

in the subcutaneous bolus and implant studies [22]. Deconvolution profiles (Figure 4a,b)
elucidated between group differences for mean absorption rate (p = 0.03) and cumula-
tive mass absorbed at 90 days (p = 0.03), that were not statistically different at 154 days,
p = 0.12 and p = 0.89, respectively. Since implant PCL fabrication, ISL formulation and

animal cohorts were matched across both animal groups and interrogated across several

in vitro studies, no biopharmaceutical reasons have been identified for these differences

and are likely attributed to mismatched numbers in groups [22]. The parallel in vitro ISL

dissolution study conducted by Li et al. reported a mean in vitro release rate of 0.066 +

0.008 mg/day, which compares well to our deconvolved mean in vivo absorption rate of

0.072 £ 0.024 pg/day indicating a high correlation of drug release kinetics from in vitro-to-
in vivo [22]. This PK modeling approach identified a direct relationship between in vitro

and in vivo absorption rates.

The predictive applicability of deconvolution is associated with estimating a suit-
able UIR. Because our UIR is derived from subcutaneous PK data, our model relies on
an assumption of near instantaneous absorption. Our estimated absorption (Ka) value
of 12 hr~! provides evidence of instantaneous absorption of ISL into the plasma from
the subcutaneous space. While sampling was limited in the SC bolus rat study, the ob-
served data was developed into a fit-for-purpose model describing the mean population
parameters necessary for deconvolution. Additionally, dose level half-life estimation was
limited by sparse sampling in the elimination phase and was not utilized as a PK parameter
for deconvolution. The sparse observed data prior to Cnax indicated rapid absorption
of ISL 10-30 min after SC bolus administration for all doses. Future studies present an
opportunity to intensely sample the absorption and terminal phases to improve robustness
for applications that require a full PK model. Though limited literature is available on the
individual acceptability of UIRs estimated from extravascular routes of administration,
various extended release models have been reported that leverage extravascular routes
of administration for deconvolution purposes [32,33]. Additionally, European and U.S.
agencies accept UIR derived from extravascular routes of administration for regulatory
review purposes [34,35]. The applicability of our model to inform dose-translation ef-
forts also relies on an assumption that SC absorption rates do not differ between species.
This approach to derive in vivo absorption has been successful in translating dosing from
preclinical to clinical phases [17,30]. Altogether, we found the deconvolution methods
conducted herein to be highly applicable to this platform and do not expect dose translation
to be inhibited by use of a SC dose-ranging design for PK analysis and UIR determination.

Novel LA PrEP platforms with simplified dosing are critical for addressing adherence
challenges in HIV prevention. The PK modeling approach applied herein demonstrates
that our reservoir-style biodegradable ISL-eluting implant can sustain zero-order release at
least 30 pg/day for 5 months in rats. We project that this implant could achieve clinical
exposure exceeding ISL’s PrEP efficacy threshold. Li et al. previously demonstrated the
utility of this implant design for sustained zero-order hormonal contraceptive delivery [22].
This deconvolution approach estimated the daily dose of a prototype implant designed
to deliver extended-duration antivirals. Together, these data support the utility of PK
modeling as a guide to preclinical development of this implant device as a promising
candidate for co-formulation and downstream applications in multipurpose prevention
technologies (MPT) including LA HIV PrEP.
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/ /www.mdpi.com/article/10.3390 /pharmaceutics16020201/s1, Figure S1: Model code for regression
analysis of 4 kinetic models of drug distribution in SAS™ 9.4.; Table S1: Population pharmacokinetic
(PopPK) model development and comparison in Phoenix NLME™.
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Abstract: Monoclonal antibodies are commonly engineered with an introduction of Met428Leu
and Asn434Ser, known as the LS mutation, in the fragment crystallizable region to improve phar-
macokinetic profiles. The LS mutation delays antibody clearance by enhancing binding affinity
to the neonatal fragment crystallizable receptor found on endothelial cells. To characterize the
LS mutation for monoclonal antibodies targeting HIV, we compared pharmacokinetic parameters
between parental versus LS variants for five pairs of anti-HIV immunoglobin G1 monoclonal antibod-
ies (VRC01/LS/VRC07-523LS, 3BNC117 /LS, PGDM1400/LS PGT121/LS, 10-1074/LS), analyzing
data from 16 clinical trials of 583 participants without HIV. We described serum concentrations of
these monoclonal antibodies following intravenous or subcutaneous administration by an open
two-compartment disposition, with first-order elimination from the central compartment using non-
linear mixed effects pharmacokinetic models. We compared estimated pharmacokinetic parameters
using the targeted maximum likelihood estimation method, accounting for participant differences.
We observed lower clearance rate, central volume, and peripheral volume of distribution for all LS
variants compared to parental monoclonal antibodies. LS monoclonal antibodies showed several
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improvements in pharmacokinetic parameters, including increases in the elimination half-life by
2.7- to 4.1-fold, the dose-normalized area-under-the-curve by 4.1- to 9.5-fold, and the predicted
concentration at 4 weeks post-administration by 3.4- to 7.6-fold. Results suggest a favorable pharma-
cokinetic profile of LS variants regardless of HIV epitope specificity. Insights support lower dosages
and/or less frequent dosing of LS variants to achieve similar levels of antibody exposure in future
clinical applications.

Keywords: monoclonal antibodies; LS mutation; two-compartment model; population pharmacokinet-
ics modeling; HIV prevention; targeted maximum likelihood estimation (TMLE)

1. Introduction

Broadly neutralizing monoclonal antibodies (mAbs) are being considered as a potential
strategy to prevent and treat human immunodeficiency virus (HIV) disease [1-6]. Particu-
larly, the recent Antibody Mediated Prevention (AMP) studies of VRCO01, an HIV broadly
neutralizing mAb intravenously administered every 8 weeks, demonstrated no overall
protection but a prevention efficacy of 75% against VRC01-neutralization-sensitive HIV
viruses [7,8]. The AMP studies also established that prevention efficacy was related to the
predicted neutralization ID80 titer (PT80) of VRCO1 as an integrated biomarker of VRCO01
serum concentration at the time of HIV acquisition, as well as the in vitro VRCO01 neutral-
ization sensitivity against the acquired virus [7-9]. These findings suggest that greater
mAb-mediated prevention efficacy could be achieved by improving the neutralization
activity of a mAb against circulating viruses, and/or by prolonging elevated concentrations
of the mADb over time [10]. The next generation of HIV mAbs showed promising improve-
ments compared to VRCO1 for prevention, therapy, and potential for long-term virologic
control or remission; in vitro analyses of a new series of mAbs highlight more target options
for binding sites on the HIV trimer and generally improved neutralization potential [11-13].
To improve the pharmacokinetic (PK) profiles, the most common approach has been the use
of the LS mutation (M428L/N434S) in the constant fragment crystallizable (Fc) region of
immunoglobin G (IgG)-based mAbs [14-16], which could potentially also improve in vivo
activity [17].

The LS mutation enhances the Fc region’s binding affinity for the neonatal Fc receptor
(FcRn) at a low pH (e.g., lysosomal compartments and vaginal lumen) without affecting
its release at pH 7.4 [14-16]. The FcRn is expressed in endothelial cells of the vasculature
and some myeloid cells, where it can rescue IgG from lysosomal degradation by binding
these molecules within this low pH compartment and then releasing them back into
circulation [15,18]. Importantly, the tissue distribution of FcRn enables the delivery of IgG
mAbs to relevant mucosal compartments and may thereby contribute to HIV protection
at the site of exposure [14]. Increased persistence of anti-HIV neutralizing antibodies
in mucosal tissue associated with the LS mutation could have significant advantages in
preventing HIV acquisition, as increased maintenance at the portals of entry might allow
for consistent protective levels with less frequent administrations and/or a reduction
in dosing.

So far, clinical studies of several anti-HIV LS variant mAbs demonstrated extended
durability as measured by improved elimination half-life [19,20]. However, less is known
about how the LS modification could improve other aspects of PK profile, including
clearance rate, distributional volumes, or average concentrations over a dosing interval. In
addition, there have not been systematic PK analyses of available HIV mAbs to understand
whether the benefits of the LS modification are consistent for mAbs targeting different
epitope sites on the HIV trimer.

Here, we hypothesized that across multiple mAbs the LS modification would sig-
nificantly and predictably improve PK profiles over the parental mAb as determined by
measures of extended elimination rates and reduced clearance. To that end, we analyzed
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data from 16 clinical trials of 11 HIV-1 mAbs with and without the LS mutation. Using these
data, we developed population PK models for each of the 11 HIV-1 mAbs and investigated
differences in PK parameters between five pairs of parental and LS mutation versions.
We used the targeted maximum likelihood estimation (TMLE) [21] method to examine
how key PK parameters changed between parental and LS variants. TMLE allows for
rigorous adjustment for demographic and clinical factors that affect PK using an ensemble
of learners, estimated under the counterfactual scenario that the two versions of mAbs
(parental and LS) were assessed in the same study population. In addition, we accounted
for variabilities and correlations of PK parameter estimates in assessing the statistical
precision of the comparisons. Overall, we found that the LS modification reliably improved
the PK profiles for each assessed anti-HIV mAb pair in a largely consistent manner.

2. Materials and Methods
2.1. Data

We analyzed PK data for 5 parental HIV-1 mAbs targeting three different epitopes on
the HIV trimer: VRCO01 (CD4 binding site), 3BNC117 (CD4 binding site), PGDM1400 (V1V2
glycan), PGT121 (V3 glycan), 10-1074 (V3 glycan), and their LS variants (Supplemental
Table S1). We also analyzed data from VRC07-523LS, an engineered LS variant derived from
VRCO01 [22]. We included individual-level data collected from 16 phase 1 clinical trials of
these mAbs [19,20,23-29], conducted in compliance with all relevant ethical requirements,
including obtaining participant consent. All trials aimed to evaluate the given study
product(s), administered via subcutaneous (SC) or intravenous (IV) route, in healthy adult
participants without HIV. Details of the clinical trials and assays used to generate the PK
data can be found in Table 1.
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2.2. PK Assays
2.2.1. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was used to quantify the mAb concentrations in human serum for VRCO01 [25,26],
VRCO1LS [19], VRC07-523LS [20,31], 3BNC117 [23,34], 3BNC117LS [27], 10-1074 [37], and
10-1074LS [35] in 10 of the 16 clinical trials. Briefly, for a series of diluted samples, serum
antibody levels were measured using optical density readings based on antibody-specific
anti-idiotype binding. Serum concentrations were then determined from a standard curve
using a 5PL curve fit. For VRCO1 [25,26], VRCO1LS [19], and VRC07-523LS [20,31,32], the
specific anti-idiotype antibodies were developed and purified by the Vaccine Research
Center (VRC), National Institute of Allergy and Infectious Diseases (NIAID) at the National
Institutes of Health (NIH). For 3BNC117 [23,34], 10-1074 [37], and their LS variants [27,35],
the specific anti-idiotype antibodies were developed and purified by the Duke Vaccine
Immunogenicity Program [23]. For this assay, the lower limits of quantification (LLoQ)
varied over the range of 0.12-1.1 mcg/mL depending on the specific mAb and study
(Supplemental Table S2).

2.2.2. Singulex Assay

The Singulex assay was used to quantify concentrations in human serum for VRC01/
VRCO1LS [30] in the HIV Vaccine Trials Network (HVTN) 116 phase 1 clinical trial. Briefly,
concentrations in the (diluted) samples were measured using Singulex paramagnetic mi-
croparticle (MP) beads using the Singulex Erenna® Capture Antibody Labeling Kit (Sin-
gulex/EMD Millipore) according to the manufacturer’s protocol. The Erenna detects single
molecules of VRC01/VRCO1LS as photons over a read time. Each measurement of photons
above a threshold was considered a detected event and the sum of all photons from these
events over the read time (i.e., signal intensity) is called the event photon (EP) measurement
for the sample or standard. The EP curve of the VRCO01 standard was used to calibrate the
VRC01/VRCO1LS concentrations in serum samples. The median LLoQ across runs was
2.31 x 10~* mcg/mL.

2.2.3. PK Binding Antibody Multiplex Assay (BAMA)

The BAMA assay derived on a Bio-Plex instrument was used to quantify concentra-
tions in human serum for VRC07-523LS [20,28], PGDM1400 [24,36], and PGT121 [29,33,38]
under the oversight of the Quality Assurance for Duke Vaccine Immunogenicity Pro-
grams. This anti-idiotype (anti-ID) assay measured concentrations by its ability to bind
anti-idiotype antibody captured on fluorescent magnetic beads. The Bio-Plex software
(https:/ /www.bio-rad.com/en-us/product/bio-plex-data-pro-software?ID=LSVACO015, ac-
cessed on 26 March 2024) provides 2 readouts: a background-subtracted median fluorescent
intensity (MFI), where background refers to a plate level control (i.e., a blank well containing
antigen-conjugated beads run on each plate), and a concentration based on a standard curve
using a 5PL curve fit. For this assay, the LLoQ varied over the range of 0.023-0.50 mcg/mL
depending on the specific mAb and study (Supplemental Table S2).

2.3. Population PK Modeling

We modeled serum mAb concentrations over time using non-linear mixed effects mod-
eling with the Monolix software system (Version 2021 R2) (https:/ /lixoft.com/products/
monolix/, accessed on 26 March 2024). We estimated population parameters, including
the population mean and variance of each PK parameter and parameters of the error term
variance by fitting the non-linear mixed effects models using the method of maximum
likelihood implemented with the Stochastic Approximation Expectation Maximization
(SAEM) algorithm as implemented in Monolix. We described PK following intravenous
(IV) or subcutaneous (SC) mAb administration by an open 2-compartment disposition
model with first-order elimination from the central compartment. A 2-compartment model
assumes that antibody clearance is bi-phasic, which has been routinely used to describe
the PK of IgG mAbs [39]. The model was parameterized in terms of the central volume
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(Vc, L), clearance from the central compartment (CL, L/day), peripheral volume (Vp, L),
and intercompartmental clearance (Q, L/day). For SC administrations, a depot compart-
ment was added to characterize first-order absorption via the SC route with 2 parameters:
bioavailability (F, %) and absorption rate (ka, day !).

2.4. Error Model and Random Effects Specification

For each population PK model, we considered population-level (average) parame-
ters as fixed effects and inter-participant variation of these parameters as random effects
with standard deviations (w). We did not include random effects for absorption rate and
bioavailability due to limited data availability to estimate these parameters across all mAbs.
We fitted PK models to serum concentrations, assuming normally distributed error terms.
Concentrations below the LLoQ were treated as left-censored (Supplemental Table S2).
We assessed two structures for the conditional variance of the error term, given the ran-
dom effects, assuming the following: (1) the error was proportional to the conditional
expectation of the concentration; or (2) the residual variance was the sum of 2 terms, one
constant term and another term proportional to the conditional expectation of the concen-
tration. For each mAb, we selected the final error model structure based on the model with
the lowest corrected Bayesian Information Criteria (BIC) [40]. In addition, we assumed
the variance—covariance matrix of the random effects to be diagonal with heterogeneous
variances for Vc, CL, Vp, and Q. Individual-level PK parameters were assumed to fol-
low log-normal distributions. For PGDM1400LS, there were limited data to estimate the
distribution phase and hence the random effects were not included for Vp and Q.

We predicted participant-specific model parameters using their empirical Bayes esti-
mates (EBEs), defined as the most probable value given the estimated population param-
eters and the data from the given participant. We predicted these (random) individual-
specific parameters by the mode of their conditional posterior distribution. They were
subsequently used to predict the most probable trajectory of the serum concentration for
the corresponding participant.

In addition to the model parameters (CL, V¢, Vp, and Q), we derived four individual-
level PK features from the base population PK model without covariate adjustment: distri-
bution half-life, elimination half-life, dose-normalized area under the curve (AUC), and
predicted concentrations at 4 weeks post-infusion following a single IV bolus adminis-
tration of 1.4 g of given mAb. A fixed dose of 1.4 g was considered to approximate a
body-weight-based dose of 20 mg/kg for a 70 kg individual. The dose-normalized AUC
values and predicted concentrations were computed for each individual participant using
their individual-level parameters (i.e., EBEs) as predicted from the fitted PK model for the
given mADb.

We used the Lin’s concordance correlation coefficient (CCC) [41] to assess the con-
cordance between individual-level parameter estimates via fitting a model to each trial
separately vs. a model fitted to the pooled trials for each mAb. The CCC is a composite
measure of precision (Pearson’s correlation coefficient) and accuracy (bias). The quality of
concordance is interpreted as poor when CCC < 0.9, moderate when 0.9 < CCC< 0.95, and
substantial when CCC > 0.95 [42].

2.5. TMLLE Methods

Although all 16 clinical trials were carried out in similar study populations supporting
overlapping distributions of baseline characteristics between the comparison groups, the
parental vs. LS variant groups were not randomized. Therefore, to formally compare PK
features between the parental and LS variants, we used the TMLE method [21]. TMLE
is an alternative to standard linear or non-linear regression that can improve robustness
and efficiency and reduce confounding bias, especially for comparisons between non-
randomized groups. Using this method, for each mAb pair we estimated the mean of
each PK feature for each mAb in the pair, and the average treatment effect (ATE) of
LS vs. parental of the pair, adjusted for potential confounders and predictors of PK
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variability: baseline body weight (kg), creatinine clearance (mL/min), age (years), and
sex at birth (female vs. male), as implemented via the tmle package (version 1.5.0.2) in R
(version 4.2.1) [43]. Notably, because it was challenging to precisely and accurately estimate
these two features without richly sampled kinetic data proximal to product administration,
the Q parameter and the distribution half-life were not compared between the parental
and LS variants. A sensitivity analysis was also performed to account for single vs. co-
administration for parental/LS mAb pairs. All TMLE estimation results of means and
ATEs were averaged over 20 runs with a fixed random seed on top of the 10-fold cross-
validation estimation procedure to ensure stability of the estimates. The set of learning
algorithms used by TMLE for estimating the mean PK feature and ATE conditional on
baseline covariates included the following: SL.glm, SL.step, SL.ranger, SL.earth, SL.glmnet,
and SL.mean [44]. In addition, to account for variability and co-variability of the individual-
level estimates for each PK feature, due to the fact that they were derived from a common
population PK model, a bootstrap procedure based on 500 sampled-with-replacement
datasets was used to estimate the variance of the estimates for mAb (parental or LS), derive
the 95% confidence intervals (Cls), and test for a non-zero mean difference between the two
mADbs in each parental /LS pair. We used the Holm procedure [45] to adjust the resulting
p-values for comparisons of the multiple PK features within a given mAb pair.

3. Results
3.1. Study Population Characteristics

Here we analyzed the PK properties of anti-HIV mAbs targeting three different epi-
topes on the HIV-1 trimer: CD4 binding site (VRC01, 3BNC117), V3 glycan (PGT121,
10-1074), and V1V2 glycan (PGDM1400) (Table 1 and Supplementary Table S1). For each
mADb, we evaluated both the parental formulation and its LS-formulated variant. For
VRCO01, we also compared the PK features with VRC07-523LS, the LS variant of another
CD4-binding-site-targeting mAb that was engineered by the same developer and is a clonal
relative of VRCO1 from the same donor [22].

We leveraged data from a total of 16 phase 1 clinical trials, with 95% of the 583 partic-
ipants enrolled from clinical sites in the US (Table 1). In terms of the study populations,
the 10-1074 and 3BNC117 studies included participants who were slightly older (medians
41-49 years), weighed more (medians 79-83 kgs), and comprised fewer females (20-46%).
For the remaining mAbs, participants’ age ranged over medians of 26-31 years, weights
ranged over medians of 71-76 kgs, and the proportion of female participants ranged from
48-67% (Supplemental Table S3).

3.2. Population PK Model Fitting

Serum concentrations of all the mAbs exhibited bi-phasic clearance following adminis-
tration (Supplemental Figure S1). For each mAb variant assessed in multiple clinical trials,
we fitted models both separately by trial and then with a single model combining the data
across trials to determine the suitability of pooling data across studies for a given mAb.
For PK features, except Vc and Vp, there was at least moderate concordance (CCC > 0.9)
between the trial-level and combined models. For V¢, the estimates in the SC population
tended to be more deviant between the trial-level and combined models (triangles in the
Ve row of Supplemental Figure S2). The Vc and bioavailability (F) parameters were math-
ematically non-identifiable in SC groups without precise estimation of Vc from groups
receiving IV administration, and thus pooling the data across studies could improve the
accuracy and precision of estimates of Vc in the SC groups by increasing the sample size
for the IV data. Subsequently, we used the combined model for the remaining analyses.

3.3. Covariate-Unadjusted Base PK Models for Each mAb

The final, covariate-unadjusted 2-compartment models generally exhibited good fit to all
the data. Goodness of fit at the individual and population levels was demonstrated for all mAbs
based on analysis of the residuals and model-predicted concentrations (Supplemental Figures S3-55,
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and Supplemental File S1). The population PK parameters for all the mAbs are depicted in
Supplemental Table S4. Population-level bioavailability after SC administration compared to
IV estimates ranged from 39-78%. Figures 1 and 2 show the distributions of the PK parameter
estimates obtained from the base population PK model without covariate adjustment, which
are the basis for the subsequent comparisons. The unadjusted individual parameters for Vc
and CL were consistent across the parental and LS variants across the mAbs. The CL was
notably slower for LS variants compared to parental variants, an expected trend for the LS
mutation. The Vc tended to be slightly lower for the LS variants as well, but not uniformly,
potentially indicating a smaller distribution space (i.e., higher maximum concentration) in the
central compartment for LS variants. The Q and Vp parameters showed notable variation across
the mAbs (Figure 1). Variation in these parameters may be attributable to varying sampling
schemes where first-in-human trials of a mAb would have more frequent early sampling to pre-
cisely determine the distribution phase than subsequent trials of a product. For PGDM1400LS,
limited data precluded estimation of the inter-individual variation for Vp and Q, and therefore
all individual-level predicted parameters were equivalent to the population estimate. Overall,
there was a general pattern that the LS variant had both lower Vp and Q (except for VRCO1),
suggesting a different distribution process to the peripheral compartment with the LS mutation.
In addition, the LS mutation extended elimination half-lives in all mAb pairs. Consistent with
the improved elimination half-life and differences in central compartment distribution, drug
exposure also appeared much higher for the LS variants as determined by dose-adjusted AUC
and predicted week 4 concentration with 1.4 g IV dose (Figure 2).
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Figure 1. Distributions of population-PK-model-estimated covariate-unadjusted individual-level
pharmacokinetic (PK) parameter estimates (points) for each monoclonal antibody pair of parental vs. LS
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by PK parameter. The following PK parameters (top to bottom) are displayed: clearance (CL) (L/day),
central volume (Vc) (L), inter-compartmental clearance (Q) (L/day), and peripheral volume (Vp) (L).
Colors of the points indicate different administration routes. In all plots, box plots indicate median,
interquartile range (IQR) (box), and 1.5x IQR (whiskers). The median value is listed above each

box plot.
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Figure 2. Distributions of population-PK-model-estimated covariate-unadjusted individual-level
PK features for each monoclonal antibody pair of parental vs. LS. The following PK features (top
to bottom) are displayed: distribution half-life (days), elimination half-life (days), dose-normalized
steady-state area under the curve (AUC) (day/mL), and estimated concentrations at 4 weeks post-
infusion (mcg/mL). Colors of the points indicate different administration routes. In all plots, box
plots indicate median, interquartile range (IQR) (box), and 1.5x IQR (whiskers). The median value is
listed above each box plot.
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3.4. Covariate-Adjusted Differences in LS and Parental PK

We next used a combination of bootstrapping and TMLE to estimate the PK parameters
and features for each mAb pair (parental vs. LS) after adjusting for baseline covariates. The
individual-level PK parameter estimates obtained using TMLE depict the counterfactual
value of these parameters/features, providing an unbiased comparison of these values
as if the same group of individuals received the parental and LS mAbs (Figures 3 and 4).
Likely due to the largely comparable characteristics between participants who received
the parental vs. LS mAbs (Supplemental Table S3), the direction of the LS benefit in these
TMLE-adjusted estimates, as well as the average estimates, was consistent with those
observed in the unadjusted estimates as shown in Figure 2.
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Figure 3. Distributions of targeted maximum likelihood estimation (TMLE)-adjusted individual-level
pharmacokinetic (PK) parameter estimates (points) for each monoclonal antibody pair of parental
vs. LS by PK parameter. The following PK parameters (top to bottom) are displayed: clearance (CL)
(L/day), central volume (Vc) (L), peripheral volume (Vp) (L). In all plots, box plots indicate median,
interquartile range (IQR) (box), and 1.5x IQR (whiskers). Each dot indicates the TMLE-adjusted PK
feature estimate for each participant as if all received the parental mAb (left) or all LS mAbD (right)
under a causal framework.
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Figure 4. Distributions of targeted maximum likelihood estimation (TMLE)-adjusted individual-level
PK features for each mAb pair of parental vs. LS by PK feature. The following PK features (top to
bottom) are displayed: distribution half-life (days), elimination half-life (days), dose-normalized
steady-state area under the curve (AUC) (day/mL), and estimated concentrations at 4 weeks post-
infusion (mcg/mL). In all plots, box plots indicate median, interquartile range (IQR) (box), and
1.5x IQR (whiskers). Each dot indicates the TMLE-adjusted PK feature estimate for each participant
as if all received the parental mAbD (left) or all LS mAD (right) under a causal framework.

Specifically, we found significant differences in CL, V¢, and Vp between parental
and LS variants for each mAb pair, except for Vc and Vp for PGDM1400/LS (Figure 5,
Supplemental Table S5). Among the significant differences, the changes in parameters were
all in the same direction, to the left of 1.0 or to the right of 1.0 in terms of the LS/parental
ratio, as shown in the forest plot of Figure 5. Specifically, the mean CL decreased in a range
of 4.2- to 9.1-fold (p < 0.001 for all), the mean Vc decreased in a range of 1.4- to 1.7-fold
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(p < 0.03, except PDGM1400, p = 0.157), and the mean Vp decreased in a range of 1.7- to

3.3-fold (p < 0.001 all except PGDM1400 not tested).

CL (L/day)
mAbs Parental Mean (95% ClI)

VRCO1 0.35 (0.33, 0.37)
3BNC117  0.66 (0.59, 0.75)
PGDM1400 0.21 (0.2, 0.22)
PGT121 0.31(0.29, 0.34)
10-1074 0.16 (0.15, 0.19)

Vc (L)
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mAbs Parental Mean (95% CI) LS Mean (95% ClI) LS/Parental (95% CI)  LS/Parental (95% ClI)
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Predicted concentrations at 4 weeks post 1.4g IV infusion (mcg/ml)

mAbs Parental Mean (95% CI) LS Mean (95% CI) LS/Parental (95% CI) LS/Parental (95% CI)
VRCO01 39.05 (36.59, 41.67) 297.67 (266.39, 332.64) 7.62 (6.76, 8.6) -
3BNC117 2216 (19.39, 25.32) 145.82 (130.22, 163.29) 6.58 (5.55, 7.8) ——
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Figure 5. Mean and fold-change estimates between parental and LS variants for each pharmacokinetic
feature. For each PK feature, the means for the parental and for the LS variant, LS versus parental
(LS/parental) fold change and the associated 95% ClIs were estimated using the target maximum
likelihood estimation (TMLE) method. The fold-change was computed by exponentiating the average
treatment effect estimated on log-normally distributed PK features. In the last column, the points
indicate the estimated fold-change of the given parameter comparing the LS to the parental variant
for the given monoclonal antibody with the error bars indicating the 95% CI obtained via a bootstrap
procedure as described in the Materials and Methods section.

In addition, the direction of the changes for the PK parameters was associated with
both extended elimination clearance and higher observed drug exposure for the LS variant
compared to the parental for each mAb pair, all statistically significant at p < 0.001 (Figure 5
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and Supplemental Table S5). The elimination half-life for the LS variant was extended
by a mean range of 2.7- to 4.1-fold, the dose-normalized AUC was increased by a mean
range of 4.1- to 9.5-fold, and the predicted concentration at 4 weeks post-administration
was increased by a mean range of 3.4- to 7.6-fold.

To illustrate the overall impact of the LS mutation on the PK profiles, we simulated
PK curves for each mAb administered intravenously at 1.4 g using the mean TMLE-
estimated parameters (Figure 6). A general visual pattern emerged comparing the parental
to the LS variant: the LS variant concentration was initially higher (i.e., higher peak
serum concentration), then all mAbs had a sharp drop in serum concentration during
the distribution phase that was less pronounced with the LS mutation. Finally, the LS
variant remained at higher concentration with slower decay throughout the elimination
phase. A slight exception to this pattern was observed for the PGDM1400 pair, wherein
the parental and LS had similar values immediately following administration. In addition,
PDGM1400LS exhibited no prominent distribution phase, likely due to the limited available
data for this LS variant. Consequently, for PGDM1400LS there appeared to be one single
decay rate over time, and it remained at higher serum concentrations than the parental
variant throughout.

VRCO01 3BNC117 PGDM1400
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Figure 6. Simulated serum concentrations (mecg/mL) for each monoclonal antibody parental and LS
variant pair. Gray curves are for parental mAbs and black curves for LS variants. Values shown on
top of each curve are the estimated mean elimination half-life (days) for the corresponding mAb.
The mean pharmacokinetic (PK) parameters estimated via targeted maximum likelihood estimation
(TMLE) were used in the simulations, assuming a 1.4 g dose administered via bolus intravenous
infusion. When a PK parameter was not estimated with TMLE (inter-compartmental clearance (Q)
for all antibodies and peripheral volume (Vp) for PGDM1400LS), the mean parameter estimates from
the covariate-unadjusted model were used.
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3.5. Covariate-Adjusted Differences in VRC01 vs. VRC07-523LS PK

Lastly, we examined the differences between VRC01 and VRC07-523LS to gain more
insights into when a mAb has additional modifications other than the LS mutation. While
VRCO01 is not the parental formulation of VRC07-523LS—the parental VRCO07 has never been
tested in a clinical setting—VRC07 was engineered from VRCO1. Therefore, PK differences
between VRCO01 and VRC07-523LS cannot be solely attributed to the LS mutation. The
covariate-unadjusted individual parameter estimates for VRC07-523LS were generally
different from VRCO1 (Figure 1). Compared to VRC01, VRC07-523LS also exhibited a longer
elimination half-life, a higher does-normalized AUC, and a higher predicted concentration
4 weeks post-administration (Figure 2). Using TMLE, we found significant differences for all
parameters except Vp between VRC01 and VRC07-523LS (Figures 3 and 4 and Supplemental
Table S5). The mean CL decreased 2.9-fold (p < 0.001) between VRCO01 and VRC07-523LS, a
smaller decrease than that observed among the five pairs of parental /LS mAbs. The mean
central volume for VRC07-523LS increased 1.6-fold (p < 0.001) compared to VRCO1, which
is the opposite direction of the trend observed comparing LS to parental variants where
the volumes decreased. No significant difference was detected in Vp (p = 0.247 d). The
elimination half-life for VRC07-523LS was extended over VRCO1 by 3.1-fold (p < 0.001),
similar to the improvement observed with LS mutation for the parental /LS variant mAb
pairs. The drug exposure was also higher for VRC07-523LS compared to VRC01, with a
3.0-fold increase (p < 0.001) in dose-normalized AUC and a 2.7-fold increase (p < 0.001) in
serum concentration at 4 weeks post-administration, but these increases were below the
ranges observed in the five pairs of parental /LS mAbs. Overall, the PK changes of VRC07-
523LS compared to VRCO1 appeared somewhat different from what was observed by
directly comparing parental to LS among the other mAbs, including VRCO1LS vs. VRCO1.

4. Discussion

To our knowledge, this is the first unified pharmacokinetics analysis of multiple anti-
HIV mAbs from multiple clinical trials to examine the effect of LS mutation on their PK
properties upon IV or SC administration in people without HIV. In this cross-protocol
analysis of mAb serum concentrations over time, we leveraged data for five pairs of
parental vs. LS variant anti-HIV mAbs evaluated in 16 different phase I clinical trials
involving a total of 583 participants from the US, Europe, and Africa. Importantly, our
comparison analyses adjusted for participants’ clinical and demographic characteristics
across independent clinical trials. Overall, we found consistent and relatively predictable
PK improvement associated with the LS modification compared to the parental mAbs.
These findings are important because no other meta-analyses of anti-HIV mAbs have
been previously performed to understand systematically the effect of LS mutation; the
learned knowledge could be applied to the research and development of LS mAbs, and
in the design of clinical trials evaluating LS mAbs, given the knowledge of their parental
formulation.

Specifically, we observed bi-phasic clearance of serum concentrations across all pairs
of parental /LS mAbs, supporting the use of an open two-compartment disposition model
with first-order elimination as the best fitting PK model to describe these data, in agreement
with previous analyses for most of these mAbs individually [19,20,23-29]. In addition,
we successfully fit population two-compartment models to each mAb using non-linear
mixed effects modeling. The parameter estimates of these anti-HIV parental mAbs from
our models were consistent with those reported in a previous meta-analysis of non-HIV
parental mAbs [39]; to our knowledge, no meta-analysis of anti-HIV or non-HIV LS mAbs
has been reported. For each pair of these parental /LS mAbs, we observed that LS mAbs
had a reduced CL rate resulting in a 2.7- to 4.1-fold extended elimination half-life and 4.1- to
9.5-fold higher drug exposure in serum. We also observed that the distributional properties
were different in the LS mAbs, generally with 1.4- to 3.3-fold lower central and peripheral
volumes (Vc and Vp), also contributing to increased dose-normalized concentrations in
serum. These results exemplify the complex biological implications of the LS mutation. It
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is believed that the LS mutation extends mAb persistence in serum, primarily because the
FcRn on various cells helps to reduce degradation and clearance and to improve recycling
of the mAb back into circulation. Consequently, as hypothesized, all the LS mAbs here
have extended elimination half-lives and reduced CL. Coupled with the observed uniform
reductions in the volume parameters with the LS mutation, these results suggest that the
general distribution of the mAbs in the serum and tissue was likely altered by FcRn binding.
Overall, the increased serum drug exposure and overall improvement to the PK profile
seem to result from a combination of both the improved half-life and the distributional
differences. Critically, as applied to future clinical designs, these improvements suggest
reduced dosing frequency needed for LS variants; for example, a 2-month interval for
parental mAbs could be reduced to a 6-month interval for their LS variants.

Importantly, we also found that the LS mutation, when compared to the parental
formulation, had a similar effect on PK regardless of the specific epitopes on the HIV
trimer that the mAbs target. This could potentially be attributed to the fact that the LS
modification is a relatively small change of two amino acids (AAs) in the constant Fc
region of a relatively large molecule of approximately one thousand five hundred AAs.
The quantitative differences in the parameters were not widely different across the mAbs,
generally falling within 0.5 logjg changes of each other. It is important to note that these
estimated differences between each parental /LS pair adjusted for potential imbalances
in participants’ characteristics that might influence PK. The relative consistency of these
parental /LS differences across mAbs indicates that prediction of PK for a mAb with an
untested LS mutation may be performed with limited uncertainty based on the PK of the
parental formulation. This is important knowledge for the development and planning of
future trials of newly discovered HIV-1 mAbs—and potentially for mAbs targeting other
pathogens—and their LS modifications. Phase 1 studies remain critical to assess safety and
PKs, specifically as the manufacturing process could introduce unexpected variables even
though the LS mutation is a relatively small change in the context of the size of the antibody.
This analysis helps to provide a baseline for what should be expected when assessing PKs
for an LS-modified anti-HIV IgG mAb.

Lastly, we found that PK features were largely consistent across trials for the same
mAb. This highlights the general conservation of the PK biological properties and the
reproducibility of these phase 1 studies. Particularly, the estimates of CL, half-lives, and
simulated drug exposures were remarkably concordant whether the trials were modeled in
combination or separately for a given mAb. We did, however, observe some variation in
the volume parameters. The Vc parameter is meant to approximate serum blood volume
(~3L) [46] but may exhibit variation, as it also functions as a scaling parameter between the
administered dose mass and the observed serum concentration. Thus, the V¢ differences
observed between the trials could be attributable to varying sampling schemes or differing
assays rather than differences in demographic or biological factors.

There were several limitations to this analysis. First, the included trials had different
PK sampling time points because some were first-in-human trials of the mAbs, with more
detailed and intensive sampling especially after the single administration, and others were
follow-on trials of the same mAb, with different dosing levels, administration routes, or
co-administration with other mAbs. PK studies may be particularly sensitive to sampling
schemes, specifically for estimation of the distributional phase (i.e., early kinetics). For
PGDM1400, this challenge was observed by the difficulty in estimating the inter-subject
variation for distribution PK parameters (Q and Vp). Despite this limitation, the differences
in mean adjusted estimates of Vp between parental and LS mutations were in a tight range
(1.7- to 3.3-fold).

Second, because the context of this research is for the prevention of HIV acquisition,
as opposed to therapeutic treatment, limited sampling time points immediately following
the SC administrations were available from the 16 phase 1 trials. Therefore, our ability to
discern the effect of the LS mutation on first-order absorption properties (i.e., the absorption
rate from the SC space and bioavailability) of the mAbs was limited. To precisely estimate
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the absorption rate, sampling schemes with finer granularity are required generally within
the first week of product administration. However, since serum concentrations are expected
to provide the highest protection during this early interval, PK studies in the context of
prevention typically do not focus on these early time points as opposed to later time points.
Consequently, there were no pairs of parental and LS variants in PK studies that were
run with SC groups under a common design to precisely compare this parameter. The
limited SC data also prevented precise estimation of bioavailability, as that requires studies
with both SC and IV groups for a given LS/parental mAb pair. When we were able to
estimate bioavailability, we observed a large range of estimates across the mAbs (i.e., 38%
to 76%) that is consistent with a wide range of bioavailability observed generally with
mADbs [47]. However, we have limited available data to conclude with certainty whether
the range observed here reflects true biological variability across these mAbs, or whether it
is a combined result of limited sample size to precisely estimate Vc and F together with
different PK sampling time points across the mAb pairs.

Third, the use of different binding antibody assays may have contributed to PK
variability in the analysis, particularly when comparing across studies. Since concentration
measurements on the same set of sera were only done by a given assay for each mAb,
it is infeasible to estimate an assay effect. Therefore, the generalizability of results may
be limited when trying to compare parameters or concentrations across the mAbs when
different assays were used.

Fourth, while this analysis illustrated common changes to the PKs of mAbs comparing
parental to LS variants, it is limited to conclusions made using serum concentrations. In
a recent example using a mAb LS modification to prevent COVID-19 [48] in cynomolgus
monkeys, the LS modification increased standardized uptake of sotrovimab but did not
change the tissue-blood ratios compared to its parental counterpart. Regarding HIV
prevention mAbs, preliminary data showed that VRCO1LS and VRC07-523LS have different
tissue distribution in SIV /SHIV-free naive /uninfected macaques, and VRC01 and VRC01LS
have different rectal tissue to blood ratios in concentrations [49]. Yet it is unclear how much
of this distinction is due to possible non-specific binding (Fab) or unequal interaction with
FcRn receptors. Additionally, while the LS mutation predictably increases drug persistence
via mutation only to the Fc region and not to the Fab regions, it should always be confirmed
that the neutralization potential of the LS-mutated mAb has not been altered compared to
the parental version.

Fifth, currently available data were collated from trials generally conducted in the
US, with relatively limited data from other regions. Therefore, future updates of this
analysis are needed when data of the studied or new anti-HIV mAbs become available
from on-going and planned trials conducted in other regions. On the other hand, we do
not anticipate a significant regional effect as demonstrated, for example, in the analysis of
PK data from the AMP trials that were conducted globally in the Americas, Europe, and
South Africa [9,44].

Lastly, our analysis was limited to three classes of anti-HIV mAbs and may not
translate to mAbs that target other binding sites on the HIV trimer (e.g., 10E8 targeting
the MPER). Translation of the presented findings to non-HIV mAbs would also require
additional research.

Credited to favorable tolerability, safety, effectiveness, and durability [50], there has
been a rapid increase of mAb use for disease treatment and prevention. As of January 2023,
the Food and Drug Administration approved more than 165 mAb products for use across a
variety of diseases, including rheumatoid arthritis, cancer, Crohn’s disease, psoriasis, and
hyperlipidemia [51], and to prevent infections such as respiratory syncytial virus (RSV) [52]
and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [53]. As more mAbs
are being developed, and increasingly used for prevention and treatment of infections,
cancer, and other diseases, our investigation provides important knowledge based on a
systematic analysis of five pairs of anti-HIV mAbs for the research and development of
LS-formulated mAbs, especially those against HIV. Our findings provide benchmarking for
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what could be expected from LS mutations on emerging new mAbs regardless of indication.
More research is needed to understand whether the impact of the LS modification on
PKs holds in mucosal compartments and across mAbs against other non-HIV infections
or diseases.
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Abstract: The success of long-acting (LA) drug delivery systems (DDSs) is linked to their biocompati-
ble polymers. These are used for extended therapeutic release. For treatment or prevention of human
immune deficiency virus type one (HIV-1) infection, LA DDSs hold promise for improved regimen
adherence and reduced toxicities. Current examples include Cabenuva, Apretude, and Sunlenca.
Each is safe and effective. Alternative promising DDSs include implants, prodrugs, vaginal rings,
and microarray patches. Each can further meet patients’ needs. We posit that the physicochemical
properties of the formulation chemical design can optimize drug release profiles. We posit that the
strategic design of LA DDS polymers will further improve controlled drug release to simplify dosing
schedules and improve regimen adherence.

Keywords: long-acting formulations; polymer; antiretroviral therapy; HIV; chronic infectious diseases;
implants; vaginal rings; prodrug nanoformulations; microarray patches

1. Introduction

Long-acting (LA) drug delivery systems (DDSs) harness polymer properties to achieve
spatiotemporal control over release and drug biodistribution. This allows the LA dosage
regimens to extend from days to months. Such DDSs significantly reduce the burden of
chronic disease. Treatment success parallels medication adherence. The development of
LA medicines is traced back to the 1930s with the discovery of hydrophobic drug release
from implants [1]. However, the discovery of low-molecular-weight (MW) dye diffusion
through silicone tubing laid the groundwork for rate-controlling LA DDS polymers [2].
Biopharmaceutical research activities directed their efforts to convert biocompatible silicone
tubing into versatile drug delivery materials. These efforts included improved uses of
atropine, histamine, anesthetic, steroid, antimalarial, and antischistosomal agents [2]. Since
the 1960s, the work of Drs. Folkman, Langer, Higuchi, Roseman, Peppas, Heller, Ringsdorf,
and Speiser have pioneered the LA DDSs advancements seen today. Widespread research
resulted in the development of LA DDSs which extended the dosage intervals for a broad
range of drug regimens. This resulted in improved treatment outcomes for contraception
and for treatments of psychosis, diabetes, osteoporosis, and ocular diseases.

A key example of a treatable chronic disease that would benefit from LA DDSs is
human immune deficiency virus type one (HIV-1) infection. Here, prior studies demon-
strated that non-adherence to therapeutic regimens was a significant limiting factor in
achieving successful treatment outcomes. One notable point is the development of viral
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resistance. Another is simply remembering to take the medicines according to daily pre-
scribed requirements. Indeed, patients have repeatedly expressed treatment preferences
for infrequent dosing regimens as, without a viable cure or preventive vaccine, daily oral
antiretroviral therapy (ART) is a principal means for HIV-1 treatment and prevention. Over
the past two decades, considerable efforts have been focused on the development of LA
ARTs that include a specific focus on controlled-release LA formulations. Such formulations
include solid implants, vaginal rings (VRs), and surfactant-stabilized aqueous nanocrystal
suspensions. In these depot-forming DDSs, the drug is either encapsulated in biodegrad-
able polymers for implantation in subcutaneous (SC) space or in reproductive organs or
formulated as drug nanocrystals for either intramuscular (IM) or SC injections. Extensive
tests have culminated in the approval of surfactant-stabilized aqueous nanocrystal LA
cabotegravir and rilpivirine (CAB and RPV LA) suspensions by the US Food and Drug
Administration (FDA). CAB and RPV LA offer the convenience of monthly or bimonthly
dosing for HIV-1 treatment [3-5].

Multiple randomized clinical trials have demonstrated comparable efficacy between
CAB and RPV LA and a standard daily oral regimen [4,6,7]. Based on the data that 91% of
prior clinical trial participants preferred LA ART over daily oral medicines, CAB LA proved
more effective in preventing HIV-1 infection when compared to daily oral Truvada [8]. This
propelled its US FDA approval in December 2021 [5]. The remarkable efficacy of CAB LA
was linked to improved treatment satisfaction and therapeutic adherence. However, the
limitations associated with CAB LA include the need for frequent clinical visits, injection
site reactions, variable pharmacokinetics (PK) profiles, prolonged terminal phase tailings,
high costs, and comorbid conditions.

Alternative approaches that include in-situ-forming implants (ISFIs), solid implants
(SIs), and prodrug nanocrystals are being developed to further improve the PK profiles and
other listed limitations associated with CAB LA. Notably, surfactant-coated stearoylated
CAB prodrug nanocrystals achieved sustained therapeutic drug levels for up to a year in
preclinical models [9]. Other studies demonstrated that a poly(lactic acid-co-glycolic acid)
(PLGA)-based ISFI could potentially extend CAB dosing intervals to every 6 months [10].
Other studies have also shown that solid implants containing highly potent ARVs, such as
tenofovir alafenamide (TAF) and islatravir (ISL), can simplify ART dosages [11-14]. How-
ever, in November 2021, Merck announced that participants who received once-weekly
ISL plus MK-8507 experienced a decline in CD4 T-cells. Further review found that CD4
counts also fell in people taking once-daily ISL plus doravirine for HIV-1 treatment, while
those taking ISL alone for pre-exposure prophylaxis (PrEP) experienced a decline in total
lymphocyte counts. As a result, studies of ISL for PrEP have been discontinued. These
findings underscore the importance of establishing safety profiles of new chemical enti-
ties prior to combining them with other therapies. Polymeric TAF implant technologies
have demonstrated the zero-order release kinetics of the pharmacologically active teno-
fovir diphosphate (TFV-DP) metabolite in preclinical models of PK studies [15]. These
include non-degradable materials that provide sustained drug delivery. The use of self-
administered microbicides can significantly reduce the risk of HIV-1 infection. Vaginal
rings (VRs) that consist of non-biodegradable elastomeric polymers are being developed
as self-administrable PrEP treatment targeting at-risk populations [16]. Several VRs of
TAF and dapivirine (DPV), a non-nucleoside reverse transcriptase inhibitor (NNRTI),
have demonstrated that such formulations could extend ART dosing intervals [16-18]. In
two separate phase IlII clinical trials, known as the RING and the ASPIRE studies, DPV
VRs demonstrated their effectiveness in reducing HIV-1 transmission. Compared to a
placebo ring, the DPV ring reduced transmission rates by 31% in the RING study and 27%
in the ASPIRE study [19,20]. These results suggest that the DPV ring could supplement
existing HIV prevention practices. Microneedles (MNs), also referred to as microarray
patches (MAPs), are another class of LA DDS that use drug-diffusible, rate-controlling,
non-biodegradable, or slowly biodegradable polymer membranes to extend the apparent
half-lives of drugs [21]. Due to the non-invasive and self-administrable nature, the goal of
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MNs is to expand LA ART options and to appeal to a wide variety of users that include
pediatric populations. Examples include CAB- and RPV-loaded MNs that are currently
being explored as alternative treatment options to daily oral therapy as well as injecta-
bles [22,23]. However, further work is required to demonstrate improved or comparable
PK and efficacy profiles to the existing CAB and RPV LA injectable formulations.

This review summarizes the physiochemical and biological parameters of the com-
monly used polymers used for LA DDSs in treatment and prevention regimens for HIV-1
infection. LA ART formulations either in preclinical or clinical development are discussed.
For each of these delivery systems, polymer compositions and drug release kinetics are
discussed. Additionally, an expert opinion section highlights LA ART DDS design consid-
erations which could potentially encourage widespread acceptance and utilization among
the key target populations.

2. LA DDSs

The emergence of polymer-based DDSs can be traced back to the 1930s when im-
planted pellets with hydrophobic substances were identified for their ability to facilitate
sustained drug release [24]. Examples include pellets with estradiol for prostate cancer
treatment and testosterone pellets for the treatment of hypogonadism [25]. Later, clinical
use of depot-forming formulations loaded with hydrophobic drugs in either water-based
or oily mediums, such as procaine penicillin G in water and fluphenazine decanoate in
sesame oil, became popular [26,27]. Since then, more drug delivery approaches and models
have been developed to improve our understanding of the materials and drug release
mechanisms. In the 1960s, T. Higuchi presented his renowned ‘Higuchi model” to describe
the drug release kinetics from various sustained release matrix systems [28]. The model
suggested that the release of the solid drugs dispersed in a matrix varies with the square
root of time. At the same time, Folkman discovered that silicone rubber could act as a drug
reservoir, allowing for constant drug release after implantation. This breakthrough led
to the conceptualization of rate-controlling membranes or reservoir-based implants [29].
Notable examples of this concept in action are Ocuserts®, which are designed to deliver
ocular drugs at predictable and controlled rates [30].

The challenges associated with non-biodegradable implants, such as the necessity
of surgical removal after product life ends and adverse implant site reactions, spurred
the development of biodegradable implants. The development and clinical utilization
of biodegradable polymers like polylactic acid (PLA), polyglycolide (PGA), and PLGA
date back to the 1970s [31]. At the early stage of development, clinical applications of
these biodegradable polymers were restricted to surgical sutures [31]. Later on, PLA
and PLGA microparticles and pellet depot systems for delivering contraceptive drugs
and luteinizing-hormone-releasing hormone (LHRH) analogs were developed [32]. Other
notable examples of commercial products where the biodegradable copolymers were
utilized include Lupron Depot and Zoladex® implants for treatment of prostate cancer,
breast cancer, and endometriosis-like disease [32]. Furthermore, a polymer-based VR
was patented by Upjohn Company for sustained drug release [33]. These developments
marked significant milestones in the evolution of polymer-based LA DDSs. Additionally,
extensive research was undertaken to develop silicone-based VRs for contraception. In-
depth research, primarily sponsored by the World Health Organization (WHO), paved the
way for the clinical approval of multiple contraceptive implants in the early 1990s.

The development of LA ARTs began in the early 2000s, with an initial focus on VRs
and implants. Later, attention shifted towards nanocrystal formulations [34]. Clinical trials
for nanocrystal aqueous suspensions started around 2008 (Figure 1), including phase II
trials for HIV-1 prevention (PrEP) with LA RPV [35]. However, the development of this
formulation as a single agent for PrEP faced challenges linked to the high prevalence of
NNRTI mutations [35,36]. After a decade of research and several clinical trials, the first LA
complete therapy for HIV-1 treatment was approved in 2020 [37].
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Figure 1. Timeline for LA drug delivery formulations for the treatment and prevention of HIV-1.

3. Drug Release Kinetics from LA DDSs

In polymer-based DDSs, drug release refers to a transfer process in which drug
molecules are released from the inner core or matrix to the outer surface of the delivery
system and eventually into the surrounding environment or tissue [38]. The rate of drug
release from polymer-based DDSs can be modulated by choosing an appropriate polymer
with a suitable DDS design. The terminology ‘long-acting’ refers to the ability to extend
the duration of action of a therapeutic agent for a longer period of time. Most often, the
terms long-acting, controlled release, sustained release, and extended release are used
synonymously [39]. According to the United States Pharmacopeia (USP), the term ‘ex-
tended release’ or ‘long-acting’ or ‘sustained release’ is defined as ‘a deliberate modification
to protract the release rate of an active pharmaceutical ingredient (API) in comparison
to an immediate release dosage form’ [40]. In this review, the terminology ‘long-acting’,
‘sustained release’, or ‘controlled release’ is used to designate formulations that can extend
the apparent half-lives of drugs. The release of drugs from a delivery system can have one
or more mechanisms, which can be correlated with a number of existing release kinetics
models. The commonly used models are zero-order kinetic, first-order kinetic, Higuchi,
Korsmeyer-Peppas, Peppas—Sahlin, and Hixson-Crowell. The zero-order kinetic model
considers that there is no drug concentration influence on drug release rates. The zero-order
kinetic models are reflected by the mathematical Equation (1), where Cy and C; represent
the amount of drug at the start and the amount released at time ‘t’.

Co — Cy = Kt 1)

For first-order kinetics, the rate of drug release is proportional to the concentration of
the remaining drug in the delivery system and represented by Equation (2), where dc/dt is
the rate of drug release, K; is the first-order rate constant, and C; is the concentration of the
remaining drug at time t.

dC
dt

The Korsmeyer—Peppas model (Equation (3)) reflects dissolution-mediated drug re-
lease. ‘M’ and ‘M are the amount of eluted drug, ‘t’ is the recorded time ‘co’. The
ratio of ‘M;/Ms” denotes the fraction of drug release at the time ‘t’. Ky is the Korsmeyer
rate constant.

= —KiC ()

— =Kt" (3)
The Peppas—Sahlin equation (Equation (4)) links to the diffusion- and relaxation-

mediated drug release. The diffusion exponent is represented by ‘m’, and kinetic constants
are represented by K; and Kj.

— =Kyt" + Kthm 4)
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The Higuchi model (Equation (5)) is based on diffusion-mediated drug release. Here, ‘Q’
indicates the amount of drug released per unit area at time t and Ky is the Higuchi constant.

Q=KuV't )

The Hixson-Crowell model (Equation (6)) applies to uniform-size drug particles,
where the rate of drug release is controlled by drug dissolution. This is governed by the
surface area or diameter of the drug-encased particles. The rate of drug dissolution is based
on the cube root of the drug mass. The My and M; are the mass of the drug at the initial
and at the recorded time ‘t’. Kyjc symbolizes the Hixson-Crowell release constant.

M}/% — M]3 = Kyt (6)

An ideal LA DDS should exhibit zero-order drug release kinetics where a constant
amount of drug is released per unit time. However, maintaining zero-order kinetics is very
challenging, and it majorly depends on the physicochemical properties of the drug and
excipients [41,42]. Diffusion, osmotic pumping, swelling, degradation, or erosion-induced
release are the commonly reported mechanisms for polymer-based DDSs.

Non-degradable polymer-based DDSs can be either reservoir or matrix form. In
the reservoir form of DDSs, the release rate is governed by the thickness of the polymer
membrane and permeability of the drug through the polymer membrane. Whereas, in the
matrix form of DDSs, Fickian diffusion remains the underlying release mechanism [43].
Diffusion refers to the random movement of the drug molecules from the higher- to the
lower-concentration region in the matrix. The rate of diffusion in LA DDSs can be described
by Fick’s law [43]. According to this law, the drug release rate depends on the concentration
gradient (AC) and diffusibility (D) of the drug through the polymer matrix (Equation (7)).
Particularly for slab-like matrix, Equation (7) can be simply transformed to Equation (8).

aC
5 = DAC @)

D is the diffusion coefficient or diffusivity, C is the concentration.

M Dt 2
v, =) ®

Mt is the sum of drug released at time t, M is the total of the drug-loaded mass, D is
the diffusion coefficient, and h is the thickness of the slab-like matrix.

According to Equation (8), the release rate is directly proportional to the drug’s
diffusibility (D) through the slab and inversely proportional to the thickness (h) of the
polymer [43]. Although Equation (8) can be transformed to other various forms based
on the geometry of the DDSs, the parameters, such as the drug’s diffusibility and slab
thickness, play their role in a similar way. For a particular DDS, the release kinetics
can be zero order when ‘'h’ and ‘D’ remain constant over time (Equation (8)) [43]. The
diffusibility is influenced by the size of the drug molecule relative to the pore size of the
matrix. Furthermore, matrix pore size and density have been governed by the properties of
the polymer used to fabricate the matrix, such as nature of the monomers and the molar
composition used to synthesize the polymer [44]. Matrix systems lack a rate-controlling
membrane, so the diffusion rate is affected by non-constant drug concentration gradient
and diffusion distance. Additionally, the diffusion distance is reliant on the polymer’s
swelling [44].

In degradable polymer-based DDSs, drug release is majorly controlled by the rate
of polymer degradation or erosion and osmotic pumping of the drugs. The chemical
degradation of the polymer is influenced by its hydrophilicity. Hydrophilic polymers can
absorb water, resulting in an increase in their pore size. This allows them to initiate drug
release [45]. Over time, the polymer undergoes degradation, which increases the number
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and size of pores, eventually leading to continuous release of drug. Unlike degradation,
erosion is an alternative method of the drug release process where polymeric chain seg-
ments are dissolved by keeping their chemical structure intact [44]. Erosion processes can
happen either on the surface or bulk or a combination of both places on the DDS. Surface
erosion gradually reduces the size of the DDS from the outside in [46,47]. In bulk erosion,
water permeates the entire bulk of the polymer matrix, leading to a uniform degradation
with no significant change in their initial size [47]. In addition, bulk erosion may produce
faster and unpredictable drug release kinetics, making it less favorable for LA DDSs [48].
Osmotic pumping is another method of drug release, where osmotic pressure drives the
influx of water into the non-swelling segment of the DDS, resulting in drug release [49].

Interestingly, the prevalent drug release pattern from LA DDSs is the triphasic rather
than monophasic drug release pattern [41]. The first phase of drug release from an LA
DDS demonstrates an initial burst release due to the rapid release of drug molecules
located near the surface of the DDS or the surrounding tissue [50]. The extent of this
burst release is influenced by factors such as the design and morphology of the DDS,
polymer properties, fabrication process, storage conditions, and homogeneity of the drug—
matrix concentration [50]. While an initial burst release may be desired for rapid drug
action, it can significantly reduce the drug depot concentration, consequently impacting
the DDS’s longevity. Strategies such as hydrophobic polymer coating on the outer surface
of the DDS can curtail this challenge [50]. The second phase of drug release involves a
slow-release period, where the drug diffuses through the polymer matrix. This phase
concurrently occurs with polymer degradation in biodegradable systems [41]. The third
phase may exhibit faster release as bulk erosion of the matrix starts. Drug release can
also follow a biphasic trend, transitioning from the initial burst release to the zero-order
kinetics [51]. Overall, the kinetics of drug release are complex and influenced by multiple
factors. Understanding and optimizing the release profile of DDSs are crucial for achieving
desired therapeutic outcomes and ensuring the efficacy of DDSs.

Molecular weight (MW) and the molar ratio of the monomeric units of a polymer
play a crucial role in determining its physicochemical properties, including solubility,
crystallinity, glass transition temperature (Tg), and mechanical strength. Polymers with less
elasticity result in non-deformable matrices and smaller pore formation, leading to a slower
drug release [52]. Moreover, the degradation of the copolymer is influenced by the nature
and molar ratio of monomeric units [53]. For example, a higher molar ratio of hydrophilic
monomer, glycolic acid (GA), in PLGA composition leads to its faster biodegradation and
subsequent drug release [54].

Polymer crystallinity refers to the proportion of crystalline and amorphous regions
within the polymer structure [55]. The ratio of different monomeric units in a copolymer
affects the polymer’s crystallinity and Tg. Most polymers are semicrystalline in nature, in
which the amorphous domains separate the crystalline domains. The water permeability
of the polymer is primarily controlled by the percentage of crystallinity. An increased level
of polymer crystallinity decreases the overall water permeability, resulting in a slower rate
of polymer biodegradation and a decrease in the drug release rate [56]. In high-MW poly-
mers, the influence of crystallinity on drug release depends on the presence of monomer
crystallinity [57]. A notable example is the biodegradability of PLGA, where the ratio
of its monomers, lactic acid and GA, determines the degree of crystallinity, subsequent
biodegradation, and drug release profile. PLLA, composed of L-lactic acid, is highly crys-
talline, while PDLA, composed of D-lactic acid, is completely amorphous. Like PLLA, PGA
is also a highly crystalline polymer. The degree of crystallinity and biodegradability of
PLGA copolymer depends on the molar composition of lactic acid and GA comonomers in
the copolymer [58]. Furthermore, the ratio of the amorphous and crystalline regions also
influences the polymer’s Tg, which in turn affects its mechanical strength and water perme-
ability. For example, a polymer with Tg equal or close to physiological temperature can
transform into a rubbery state, facilitating water diffusion and promoting drug release [44].
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4. Common Polymers in LA DDSs

Advancements in synthetic polymer chemistry have led to the development of numer-
ous biocompatible and biodegradable polymers. Synthetic polymers are derivatized from
chemically synthesized monomers and are typically biologically inert, causing minimal
adverse immune reactions. They also exhibit more predictable physical and chemical
properties compared to natural polymers [59]. The ability to adjust the physicochemical
properties of synthetic polymers allows for tailored drug release kinetics, making them
more favorable than natural polymers [60]. Polymers used in the fabrication of LA DDSs
can be categorized as either biodegradable or non-biodegradable [61]. Injection site reac-
tions and requirement for removal of DDSs after the lifespan spurred the development
of biodegradable polymers. The use of biocompatible and biodegradable synthetic poly-
mers in LA DDSs eliminates the need for removal after their lifespan. In the following
discussion, we will explore the polymers commonly employed in LA DDSs, along with
their physiochemical characteristics and mechanisms of drug release.

4.1. Polyethylene Glycol (PEG)

PEG, also known as macrogol, is synthesized by ring-opening polymerization of
ethylene oxide. Its outstanding biocompatibility, hydrophilicity, non-immunogenicity, and
antifouling properties towards serum protein contribute to its extensive use in DDSs [62].
Chemical modification with PEG, commonly referred to as PEGylation, enables the conjuga-
tion of biomolecules to the surface of micro- or nanoparticles. Surface PEGylation of DDSs
substantially reduced its opsonization by decreasing the chances of protein corona forma-
tion, which eventually increases the plasma apparent half-life and reduces the immuno-
genicity in vivo [63,64]. Based on structure, PEG can be classified as linear, branched, and
star-shaped [65]. The end hydroxyl group of the PEG can be transformed into various active
functional groups, such as amino, maleic amide, and carboxyl moieties, suitable for func-
tionalization with various drugs and other pharmacologically active biomolecules [66,67].
However, the minimal availability of active functional groups in linear PEG offers limited
PEG-drug covalent conjugates, resulting in low drug-loading content. Therefore, employ-
ing a four- or eight-arm PEG structure can increase the number of active end functional
groups, resulting in improved drug loading in DDSs [68,69]. PEG cannot undergo biodegra-
dation; hence, a low-MW PEG has been recommended for use in DDSs so that it can easily
be eliminated from the biological system. In addition, PEG can be copolymerized with
biodegradable polyesters, such as PLA or PLGA, to improve the overall biodegradability
of the copolymer [70].

4.2. Poloxamers

Poloxamers are proprietary polymers of BASF, also known as Pluronics®. These are
triblock copolymers and have been synthesized by sequential polymerization of ethy-
lene oxide (EO) and propylene oxide (PO) (Figure 2). The arrangement of blocks in the
copolymer can either be PEO-b-PPO-b-PEO or PPO-b-PEO-b-PPO [71]. Poloxamers are
amphiphilic in nature because of the hydrophilic and hydrophobic properties of PEO and
PPO, respectively. Amphiphilic poloxamers self-assemble into a spherical micelle at a
concentration above their critical micelle concentration (CMC) at a specified temperature.
These micelles adopt a core-shell morphology with a PPO block in the core and PEO block
on the shell. Some poloxamers can transform their morphology from micellar structures
to solid micellar cubes, producing thermo-responsive clear and rigid hydrogel at elevated
temperatures and concentrations [72]. For example, Poloxamer 407 can form hydrogels in
20% w/w solution [73]. The rate of drug release from the poloxamer-based DDSs primarily
depends on the drug’s hydrophilicity and relative block lengths of PPO and PEO [74,75]. It
has been seen that hydrophilic drugs typically followed diffusion-induced release, whereas
hydrophobic drugs followed erosion-induced release [76]. In addition, factors such as
poloxamer concentration, lipophilicity, physicochemical properties of the used solute, and
the amount of the aqueous channel network in poloxamer gel significantly influence drug
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release. In an abundant aqueous environment, the structure of poloxamer micelles breaks
down quickly, leading to gel matrix degradation [77].
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Figure 2. Chemical structures of the polymers used in LA delivery systems.

4.3. Ethylene-Vinyl Acetate (EVA)

The random copolymer of ethylene (E) and vinyl acetate (VA) is often referred to
as ethylene-vinyl acetate (EVA) (Figure 2). The copolymer has been synthesized by rad-
ical copolymerization of ethylene and vinyl acetate with various feed molar ratios of
monomers depending on its applicability [78]. EVA has been extensively used in clinical
settings, especially for ocular implants, contraceptives, and hormone replacement therapy:.
NuvaRing®, Progestasert®, and Implanon® are the three most widely used EVA-based
contraceptive products, where EVA acts as a release-rate-controlling membrane [79]. EVA
has also been used in the delivery of buprenorphine/hydromorphone for treatment of
opioid withdrawal.

Like other polymers, EVA’s release kinetics is influenced by its physicochemical
properties, such as hydrophobicity, crystallinity, etc. Furthermore, EVA’s physicochemical
properties have been governed by wt% of VA. The commercially available EVA contains 1
to 40 wt% VA, randomly distributed throughout the EVA backbone [80]. The acetate side
chain of VA creates steric hindrance that restricts the alignment of the polymeric chain.
As a result, an increasing percentage of VA decreases the crystallinity [81]. Eventually,
EVA becomes nearly amorphous when the VA content increases to 40 wt% [82]. EVA
exhibits a complex combination of amorphous and crystalline phase regions, characterized
by at least two Ty (between —35 to —25 °C), which is barely influenced by the overall VA
content [83,84]. In addition, the MW distribution, branching, and morphology also have a
prominent impact on the physicochemical properties of EVA. In hydrogel reservoir-based
delivery systems, EVA is commonly employed as a membrane for controlling the release
rate. Additionally, EVA finds extensive application as an excipient in the development of
nano- and microparticles as it is compatible with a wide range of excipients that can be
used in complex multilayer polymer blends to further tune the release rate [79,85].
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4.4. Polyvinyl Alcohol (PVOH)

Polyvinyl alcohol (PVOH) is a highly biocompatible and biodegradable semicrystalline
polymer used in LA DDSs [86]. PVOH is synthesized by sodium-hydroxide-mediated
hydrolysis of polyvinyl acetate and can be classified as fully or partially hydrolyzed
PVOH [87,88]. PVOH is highly water soluble because of its pendant hydroxyl groups
(Figure 2). The solubility, mechanical, and adhesion properties of PVOH depend on its
MW and percentage of hydrolysis. Partially hydrolyzed PVOH (87-89%) shows improved
solubility, flexibility, and adhesion to hydrophobic surfaces, while highly hydrolyzed PVOH
(91-99%) exhibits enhanced water stability and increased tensile strength and adhesion to
hydrophilic surfaces [89]. The hydroxyl groups in PVOH can form inter- and intramolecular
hydrogen bonding, which influences its rheological, viscoelastic, and solution properties.
PVOH’s characteristics, including high surface stabilization and chelation, make it an
excellent candidate for drug delivery [90,91]. PVOH has been used in many clinically
approved products over the last few decades. For example, the Tluvien® implant has been
fabricated by using PVOH and silicone and used for macular edema [92]. In addition,
PVOH has been found to be extensively applied in preclinical research for developing
hydrogels, microspheres, and nanoparticles for various therapeutic purposes [86]. PVOH
hydrogels can be physically or chemically cross-linked, holding drug molecules in their 3D
cross-linked structure [93,94]. These hydrogels have gained popularity as the drug release
kinetics from these hydrogels can be predicted by observing water uptake and swelling
index [93,95].

PVOH has demonstrated remarkable biocompatibility in various studies conducted
since the late 1980s, as evidenced by its successful use in biomedical applications [96,97].
Examples include its inclusion in ophthalmic solutions and tear replacement solutions
without causing any discomfort to the eyes [98]. In recent years, PVOH hydrogels have
found extensive use in cartilage replacement, tissue sealants for emphysema treatment,
wound dressings with healing agents, and as a barrier against secondary infections [99-101].
The toxicity profile of PVOH was extensively evaluated after oral and intravenous injections
of PVOH in animal models [102,103]. Oral administration of PVOH to rats demonstrated
no reproductive, neurological, or systemic toxicity [104]. Acute oral toxicity of PVOH was
found to be very low with poor gastrointestinal absorption and no mutagenic or clastogenic
effects [102]. The highest oral dose with no observed adverse effect level (NOAEL) was
determined to be 5000 mg/kg/day [102]. After oral administration, PVOH was primarily
excreted in feces and minimally in urine [102]. The liver was identified as a principal organ
for PVOH deposition, resulting in its slow elimination from the body [105]. Furthermore,
genotoxicity tests indicated no evidence of mutagenicity or carcinogenic activity [106].

4.5. Polyurethanes (PUs)

PUs are condensation polymers, synthesized by step-growth polymerization of iso-
cyanates and polyols. Chain extenders are often added during the synthesis process of
PUs to enhance their mechanical strength. The stiffer hard segments in PUs are made
up of chain extenders and isocyanates, and flexible soft segments of PUs are made up
of polyols. The interplay between these segments endows polyurethanes with a balance
between rigidity and elasticity [107]. Both aliphatic and aromatic diisocyanates are em-
ployed for the synthesis of PU. PUs derived from aliphatic diisocyanates tend to be more
biocompatible and show enhanced resistance to biodegradation than those produced from
aromatic diisocyanates [108,109]. Polyether and polycarbonate are commonly employed as
polyols, with MW typically ranging from 1 to 5 kDa. Notable advancements were made
in developing biodegradable polyester-based mechanically strong PUs, widely used in
manufacturing VR-like implants [110]. For instance, a biodegradable intravaginal ring
was developed using a poly(ester urethane) that released antiretroviral DPV for more than
a month [111]. PUs derived from polyethers display enhanced hydrolytic stability and
remain elastic at low temperatures. However, they are susceptible to both oxidation and
thermal degradation. The addition of antioxidants has further increased their stability. For
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example, PEG, a widely used hydrophilic polyol, significantly influences the drug release
rate from PU-based DDSs [112,113].

The drug release from the PU-based DDSs has three primary mechanisms. These
include solute diffusion, polymer swelling, and polymer degradation [114]. PU-based
DDSs show an initial burst release which is mostly because of solute diffusion through
PUs. In non-degradable PU-based DDSs, the drug release rate is determined by the
thickness, swelling capacity, and permeability as well as the drug concentration gradient
and polymer—drug compatibility [43]. In biodegradable PU-based DDSs, the release rate is
determined by its own swelling capacity and rate of degradation or erosion. The PU can be
hydrophilic or hydrophobic depending on the nature of the diol/polyol and chain extender
employed during synthesis. Unlike hydrophobic PUs, hydrophilic PUs can easily swell
and demonstrate a faster rate of drug release. For example, the rate of DPV release from
swellable PU-based DDSs is significantly higher than its non-swellable counterpart [115].
Hydrophobic PUs tend to experience surface erosion, whereas hydrophilic PUs with fewer
reactive ester linkages typically undergo bulk erosion [116,117]. The type of diol/polyol
used in PU-based DDSs determines its swelling capacity which in turn controls its rate of
degradation/erosion. The degradation of PUs entirely depends on the hydrophilicity and
biodegradability of diol/polyol together with the chain extender [118,119]. PUs with PEG
as diol can easily be hydrated and the rate of degradation is accelerated. Moreover, PUs
can also undergo chemical degradation or enzymatic degradation [120].

4.6. Polyesters

Biodegradability of polyesters, such as PGA, PLA, and PLGA, makes them the most
extensively used polymers in LA DDSs. These polymers serve as vehicles for delivering var-
ious pharmaceutically active biomolecules like proteins, nucleic acid, small drug molecules,
etc. PLA is synthesized through lactide ring-opening polymerization. The physiochemical
properties and release profile of PLA can be tuned by tailoring the degree of racemization
of lactic acid. PLLA, derived from L-lactide, exhibits a semicrystalline structure charac-
terized by its hardness and transparency, with a Tg of 53 °C. In contrast, PDLA, derived
from D-lactide, is amorphous in nature, displaying lower mechanical strength and a Tg of
55 °C [121]. Due to the high thermal stability of PLA, it can be fabricated using various
thermal processing methods, such as injection molding, extrusion, etc. PLA degrades
through the hydrolysis of its ester bond and forms lactic acid as an intermediate degra-
dation product which is further converted to carbon dioxide and water, a biocompatible
and non-toxic end product [122]. Moreover, the intermediate lactic acid can accelerate the
degradation by catalyzing the degradation process. Biodegradation of PLA is very slow due
to its semicrystalline nature. Furthermore, side chain methyl group cause hydrophobicity
in PLA which further lowers its rate of degradation. Therefore, depending on the implant
size and MW used, PLA can take as long as 2 years to degrade inside the body [121]. The
slow biodegradation rate of PLA has been utilized in the development of Brimo DDS®, an
intravitreal implant that incorporates PLA for the sustained release of brimonidine to treat
geographic atrophy [123].

PGA is another polyester. PGA is synthesized by the ring-opening polymerization
of glycolide [46]. In comparison with PLA, PGA is highly crystalline, providing it with
notable mechanical properties that include enhanced strength, rigidity, and thermal re-
silience [124]. However, PGA has limited potential as a standalone polymer for several
reasons. First, the hydrolysis of the ester in PGA is faster than PLA due to its high hy-
drophilicity. Additionally, the degraded byproduct, glycolic acid, can potentially cause
inflammation [125]. Second, PGA possesses inherent brittleness and limited solubility in
commonly used organic solvents which further restricts its processibility to formulate a
desired DDS. Therefore, PGA is frequently employed in combination with other polymers
to overcome any usage limitations.

PLGA, one of the extensively utilized polymers in LA formulations, comprises a
substantial 46% of the approved LA injectable medications made from polymers [126].
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PLGA is synthesized by a combination of ring-opening and condensation polymerization
reactions. PLGA can be synthesized in various MWs and lactide-to-glycolide (L/G) ratios,
where an increase in the L/G ratio corresponds to a slower rate of polymer degradation.
For instance, in aqueous conditions, PLGA polymers with L/G ratios of 50:50, 75:25, and
85:15 have degradation times of approximately 1-2, 4-5, and 5-6 months, respectively [121].

Drug release from PLGA or PLA-like polyester mainly has two mechanisms: diffusion
and bulk erosion or degradation [81]. At the early stage of release, diffusion is the main
release mechanism which depends on the concentration gradient and the shape of the
DDS [41]. Over the time, PLGA erosion becomes the dominating mechanism. The drug
release process from PLGA-based DDSs starts with slow water infiltration followed by
swelling of polymer. The swelling of the polymer core increases the pore’s size and makes
way for the drug molecule to diffuse through the polymer matrix or membrane [127]. Soon
after, PLGA undergoes degradation, eventually forming lactic acid and GA as byproducts.
These acids act as auto-catalysts and further speed up the degradation process [41]. Col-
lectively, the MW, PLA:PGA ratio, and geometry of the PLGA-based DDS influence the
water absorption and, eventually, its degradation. Moreover, PLGA—-drug interaction, drug
solubility, pH of the surrounding environment, osmolarity, and porosity of the DDS have a
considerable impact on the release rate. PLGA-based DDSs mostly have triphasic release
kinetics [41].

Polycaprolactone (PCL) is a semicrystalline and hydrophobic polyester which is
typically synthesized by the ring-opening polymerization of e-caprolactone. Compared
to other hydrophilic polyesters, PCL shows a very slow rate of biodegradation [128].
Microorganisms can slowly degrade PCL by using lipase, an ester hydrolysis enzyme.
However, the hydrophobicity limits the interaction between PLA and lipase, therefore
chemical degradation remains the primary degradation mechanism [129,130]. PCL-based
DDSs can maintain a sustained drug release over several months. PCL is also known for
its mechanical strength, which has made it a popular choice in applications like surgical
dressing, wound healing, and contraceptive implants [131]. By taking advantage of the
compatibility between PCL and various hydrophobic drugs, the drugs can be uniformly
dispersed in the PCL matrix [132]. Additionally, it can be blended with an array of both
natural and synthetic polymers, including starch, hydroxyapatite, chitosan, PEG, PU,
oxazolines, PEO, and PVA. The blending allows fine-tuning of PCL’s mechanical strength,
crystallinity, and degradation behavior and accomplishes an ideal DDS [133].

For PCL-based DDSs, hydrophobicity and crystallinity are two important factors
that dictate the degradation and drug release kinetics. The chemical degradation of PCL-
based DDSs happens in two steps. The first step is the rate-limiting step, where water
infiltrates and hydrolyzes the amorphous region, which causes mass loss and is followed
by an increase in porosity in the DDS. In the second step, a PCL degradation product,
6-hydroxyhexanoic acid, further catalyzes the hydrolysis process which eventually propa-
gates to the crystalline region of the PCL [132]. Interestingly, the degraded form of PCL can
be phagocytosed by cells [131]. PCL-based DDSs usually have biphasic release kinetics,
where there is an initial burst release of the drugs followed by a sustained release phase. It
has been evidently seen that the initial burst release is much higher for hydrophilic drugs
than for hydrophobic drugs [109,134,135].

4.7. Chitosan and Hyaluronic Acid (HA)

Chitosan, a natural biopolymer, has widely been used in tissue engineering, bioscaf-
fold creation, and drug delivery application. Chitosan has been derived from chitin (a
long-chain natural polysaccharide) by adopting the alkaline or enzymatic deacetylation
process [136,137]. Chitosan is a copolymer of D-glucosamine and N-acetyl-D-glucosamine
linked through 3-(1—4)-glycosidic bonds, giving it a rigid crystalline form. The chitosan
backbone contains ‘-NH, - and ‘~OH’-like active functional groups that can be easily func-
tionalized with active biomolecules, making it popular for nano- or microparticle-based
DDSs. Chitosan, a biodegradable polysaccharide, is particularly notable for its versatility
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in sustained drug delivery [138]. The physicochemical characteristics of chitosan depend
on its MW and degree of acetylation. Chitosan exhibits low water solubility, enabling
it to remain in the body for extended periods. This property has made it particularly
useful for sustained release in oral drug delivery applications [139]. Moreover, inspired by
anti-inflammatory, antibacterial, and mucoadhesive properties, chitosan has been widely
used in wound dressing, healing, and pulmonary DDSs.

HA is a naturally occurring non-immunogenic and hydrophilic polysaccharide. It
is commonly used in the development of DDSs. The HA contains two basic sugar units,
namely, D-glucuronic acid and N-acetyl-D-glucosamine, conjugated through 3(1-4) and
(1-3) glycoside bonds [140]. HA is known to interact with CD44 cell surface receptors,
and exogenous HA can reduce HIV-1 infection of CD4+ T-cells in a CD44-dependent
manner [140]. However, endogenous HA failed to do so as it undergoes a rapid degradation
at the cell surface by the enzyme called hyaluronidase. Moreover, HA is one of the major
components of mucosa, which results in low mucoadhesive properties of exogenous
HA. The thiol group (SH) modification on the backbone of HA can further increase its
mucoadhesive property. In this context, Agrahari et al. formulated TFV-encapsulated
nanofibers (NFs) by using thiolate hyaluronic acid to stop vaginal transmission of HIV [141].
The NFs were demonstrated to be safe toward the genital tract and other major organs
of 57BL/6 mice. The NFs show hyaluronidase-responsive TFV release, resulting in the
prevention of vaginal HIV transmission.

4.8. Polymers and Polymer Blends

Over the past few decades, research into LA DDSs has shown significant strides for-
ward. The introduction of novel polymers and polymer blends has improved the efficiency
of the existing drug delivery systems. This includes better biocompatibility, reductions
in local and systemic toxicities, and optimal release profiles. The FDA-approved ISFI is
one of them, which employed dimethyl sulfoxide (DMSO) and N-methyl-2-pyrrolidone
(NMP)-like organic solvents to lower the solution viscosity of PLGA and induce phase
conversion. Compared with DMSO, NMP has more carcinogenic, teratogenic, and mu-
tagenic toxicities [89,142,143]. Therefore, to avoid NMP and minimize the use of PLGA,
poly(3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV) and poly (ethylene carbonate) (PEC)
were developed.

PHBYV is a hydrophobic, thermoplastic, semicrystalline, biocompatible, and biodegrad-
able linear aliphatic polyester that has been synthesized by incorporating 3-hydroxy valer-
ate units into the poly(3-hydroxybutyrate) (PHB) [144]. PHBV is very brittle and has
a melting temperature lower than PHB [145]. The thermal properties of PHBV can be
improved through blending with PCL or TiO, nanoparticles [146]. PHBV was used to
formulate an aripiprazole (an antipsychotic drug)-encapsulating nanoporous ISFI [147].
Rheological analyses demonstrated the existence of a highly cross-linked network structure
in the PHBV ISFIs. Spectroscopic analysis revealed the intactness of aripiprazole in the
network structure. The ISFI demonstrated a burst release followed by a sustained release
of aripiprazole over 18 days.

PEC is a biodegradable polymer synthesized by copolymerization of CO, with ethy-
lene oxide [148]. Generally, PEC is characterized by high ethylene carbonate content with
low polydispersity and high glass transition temperature. PEC undergoes biodegradation
through surface erosion, followed by the formation of ethylene glycol as a degradation
product [149]. The in vivo biodegradability of PECs is influenced by the presence of reac-
tive oxygen species, which are associated with inflammatory cells. Moreover, the molecular
weight and percent of ether contained in PEC also have an immense effect on its degrada-
tion rate [150]. An LA ISFI was successfully demonstrated using PEC as a rate-controlling
polymer and bovine serum albumin as a model drug. To compare the effects of DMSO
and NMP on the microstructure and drug release of PEC-containing ISFIs, a bovine serum-
albumin-encasing ISFI containing either PEC/DMSO or PEC/NMP was developed [151].
In comparison with the PEC/NMP ISFI, the PEC/DMSO ISFI demonstrated a quick release
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of DMSO followed by the formation of a depot with low porosity, which minimizes burst
drug release.

The emergence of stimuli-responsive polymeric biomaterials demonstrates improved
spatiotemporal drug release. These smart biopolymers are responsive to various in-
ternal and external stimuli, including pH, redox potential, temperature, and enzyme
activity [152-154]. Phenylboronic acid (PBA)-containing polymers are an example of such
smart biomaterials which are sensitive to pH, sugars, and reactive oxygen species [155].
PBA-conjugated polymers have proven to be effective in pH-responsive delivery of anti-
cancer and antiretroviral drugs. For instance, doxorubicin-encapsulating, PBA-modified
poly(maleic anhydride)-F127 micelles show a pH-responsive release [156]. The use of
PBA-conjugated polymers in LA ARV formulations could offer enhanced pharmacologic
benefits. In this circumstance, a PBA-based mucin-like polymer system that blocks HIV-1
migration was developed within the genitourinary system [157,158].

5. LA ARV Delivery

LA DDSs, such as implants, VRs, MNs, and depot-forming nanoformulations, offer
a promising avenue for extended release of ARVs beyond two months (Figure 3). In
HIV-1-positive patients, the viral load is always persistent in tissue along with systemic
circulation. This necessitates achieving continuous effective drug concentration both in the
target tissue and plasma without reducing the longevity of the drug depot. Notably, for
sexually transmitted diseases like HIV-1, precise drug concentrations within reproductive
organs are pivotal for effective disease prevention. While local administration methods,
such as VRs, offer a potential solution, they also face the challenges of maintaining the
local therapeutic drug concentration without causing any toxicity to the surrounding
tissues. Furthermore, the drug can be systemically absorbed, potentially diminishing local
drug concentrations. In this context, implants or depot-forming injectables emerge as an
alternative strategy as they can deliver the drug to reproductive organs through systemic
drug exposure. Yet, achieving optimal drug concentrations without inducing local adverse
effects in the implanted or injected site presents a multifaceted obstacle. The intricacies of
polymer—drug interactions and device design play a pivotal role in dictating drug exposure
and its release kinetics. Here, we will discuss recent advancements in LA ARV formulations,
specifically focusing on the interplay between drug and polymer interaction and factors
that influence the drug release kinetics. By deciphering the complex dynamics underlying
polymer-mediated drug delivery, this exploration aims to pave the way to achieve an
efficacious long-acting ARV formulation by fine-tuning their controllable parameters.

5.1. Implants

In 1938, Deansby and Parkes pioneered implantable drug systems by observing the
effects of estrone pellet implants on male chickens [159]. Folkman and Long later refined
this delivery system with a silicone rubber capsule for continuous drug release. This led
to major developments in implantable drug delivery, especially for contraception and
ocular treatments [159]. The approval of various contraceptive and ocular implants boosted
their acceptance and uptake by patients. This progress influenced implants’ development
for HIV-1 treatment and PrEP. In the early 2000s, research focused on implants for the
sustained release of ARVs. TAF’s potency and suitable physiochemical properties, such as
hydrophobicity, MW, and solubility in polymer matrices, make it an ideal candidate for
delivery through implants. Other drugs like ISL, CAB, DTG, and entecavir are also being
explored for implant-based delivery [15,160,161].

The formulations and drug release mechanisms of implantable devices are multi-
faceted and varied, making their categorization challenging. Nevertheless, those designed
for HIV treatment and prevention can be broadly divided into two types. The first includes
preformed solid implants, which are made of either biodegradable or non-biodegradable
polymers and require surgical or invasive procedures for subdermal placement [15,162].
The second type involves injectable in-situ-forming implants (ISFIs). ISFIs can be injected
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in the form of suspension or solution in subdermal spaces where solvent-induced phase
inversion produces a drug-loaded implant [10,163]. Even though most ARVs and the poly-
mers used in the fabrication of implants are FDA approved with established systemic safety
profiles, local toxicity concerns that are either drug specific or associated with the nature of
implant materials remain. Improved understanding of how ARVs and their metabolites
interact with and are eliminated from the surrounding tissues and extracellular environ-
ments is of significance. For instance, high concentrations of TFV and TAF have shown
significant implant site toxicities in some preclinical studies and significantly affected rapid
development and translation of these devices [164]. Nonetheless, advancements are being
made in implant design to regulate TAF release and stability within the device.
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Figure 3. Different types of LA DDSs that are in either clinical or preclinical development.
(A) Different types of solid implants. Reproduced with permission from Ref [165]. Copyright
2018 Antimicrobial Agents and Chemotherapy. (B) Different types of Vaginal rings—(i) over-molded
metal spring design, (ii) matrix-type VR, (iii) Full-length reservoir-type VR, (iv) sandwich-shaped VR,
(v) Partial reservoir-type VR, (vi) Insertable reservoir-type VR. Images were adapted under the terms
of Creative Commons Attribution—Non-commercial from ref. [166]. (C) Nanocrystal formulations,
polymeric nanoformulations, liposomes, and hydrogels. (D) Different types of microarray patches.
Reproduced with permission [21].

A wide range of non-biodegradable (such as silicone and PU) and biodegradable
polymers (PCL or PLA) have been used for ARV implant generation (Figure 4). Biomedical-
grade silicones have been used for implant development for various diseases over six
decades and are also the preferred materials for the development of ARVs, such as TAF
implants. Irrespective of the extensive use of silicone-based TAF implants, TAF perme-
ability through the silicone implant is low. To improve TAF permeability, implants have
been fabricated with nano- or microchannels that aid in improved TAF release kinetics. To
further control drug release rates, the implants were either coated with a rate-controlling
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membrane or the diameter and number of drug release channels were adjusted [15]. Inter-
estingly, TAF release rate from this implant was independent of initial TAF loading. PK
evaluation of this device in beagle dogs demonstrated a zero-order release kinetics of TAF
(1.07 £ 0.02 mg/day) that sustained therapeutic TFV-DP levels in PBMCs for 40 days. The
implant is currently in an early phase I clinical trial to assess its safety and tolerability [167].
The ability to remove the implant can be advantageous in the case of adverse reactions.
However, removal of this device requires invasive surgical procedures that may limit
broader use. In such cases, transcutaneously refillable silicone-coated nanochannels may
offers enhanced pateint convinence and acceptability over conventional solid implants by
offering refillability with explantation [11]. This design primarily comprises a transcuta-
neously refillable medical-grade titanium drug reservoir and a uniquely crafted silicone
membrane housing TaN-coated slit nanochannels [11]. These nanochannels are arranged
in square arrays and connected to the inlet and outlet of the membrane through a network
of microchannels. Drug release rate from the implant is dependent on interactions with the
interior surface of the membrane and can be further controlled by adjusting the number
of nanochannels.
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Figure 4. Different types of non-erodible implants are illustrated. (A-C) TAF implants contain
silicone and PVA. Reproduced with permission from [15]. (D) PCL reservoir-style implant for TAF
delivery, which comprises a formulated drug core (Reproduced under the Creative Commons CC-BY
license from [12]). (E,F) Cross-sectional depiction of nanochannel-containing implant showing drug
refill needles through the loading ports with resealable silicon plugs. TAF and FTC implants of
two different sizes and shapes. Reprinted with permission [15].

Hydrophobic poly(tetramethylene oxide) subunit-containing PUs have also been used
to create TAF implants [162]. As hydrophobic PU demonstrates minimal swelling, the drug
inside the hydrophobic PU tube forms a suspension encircled by an outer layer of saturated
drug. The difference in concentration of these two layers drives the drug release rate, which
follows zero-order kinetics. This release rate can be fine-tuned by modifying the membrane
wall thickness or composition of PU. PU-based pellets-in-a-tube-type TAF implants where
a mixture of TAF, NaCl, and magnesium stearate were converted into a pellet and impulse
sealed into PU tubes were created [162]. In this report, the release kinetics of TAF from
the implant were not zero order. Interestingly, incorporating a hydrophilic excipient like
PEG into the TAF pellet or increasing the crystallinity of the PU membrane had been
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found to enhance the drug’s release from the implant [13]. However, preclinical in vivo,
safety, and tolerability studies in different animal models demonstrated that the PU-based
TAF implant results in local inflammation and toxicities. The local toxicities observed
in those implants may be the result of high TFV and TAF concentrations in the implant
site, as observed in those studies. A similar implant design has also been employed to
develop CAB implants [168]. In a comparative study, the release rate of CAB from various
elastomeric PU membranes, including poly(dimethylsiloxane), poly(ethylene-co-vinyl ac-
etate), and hydrophilic poly(ether) urethanes, was tested. Interestingly, only the segmented
hydrophilic poly(ether) urethanes demonstrated a sufficient CAB release rate to reach
a pharmacologically relevant concentration. Furthermore, using polyvinylpyrrolidone
(PVP) instead of PEG as an excipient caused less mass swelling and higher implant drug
release [168].

Biodegradable polymers are widely used for the development of reservoir-type TAF
implants. PCL are TAF compatible. When a TAF-containing PCL implant is inserted
subcutaneously, the biological fluid from the surroundings slowly penetrates the PCL
implant, creating water-filled channels and dissolving TAF to facilitate its release. As more
water enters the implant, it induces the bulk erosion of PCL. However, PCL’s bulk erosion
rate is so slow that it can persist for up to a year [169]. A biodegradable PCL-containing
solid TAF implant was recently developed [12]. This implant was 2.5 mm in diameter but
of varying thicknesses and produced by a hot-melt extrusion process. The PCL tube was
filled with a formulation containing TAF and castor oil and sealed at both ends through
heat or injection sealing. The TAF release rate from the PCL implant depended on factors
like the implant’s surface area, PCL's MW, membrane thickness, and TAF solubility. TAF
release was found to correlate with the implant’s surface area and inversely with PCL
wall thickness [12]. Interestingly, thinner-PCL-wall implants demonstrated a rapid initial
TAF release, while high-MW PCL implants released TAF more quickly. The effect of
PCL’s MW on release rates was common in thinner walls rather than thicker ones. This
is possibly due to differences in crystallinity between PCL types [12]. Incorporation of
hydrophilic excipients in a PCL implant can increase the TAF release rate. For example, a
PCL implant, where TAF was formulated with PEGs35¢ at various weight ratios, increased
TAF dissolution from the implant. This leadsto rates increases of TAF [160]. The PEG335o.
This eventually increases the drug release rate. It has been reported that the rate of TAF
release is proportional to the mass of the PEG3350 used and the surface area of the implant.

ISL, a novel nucleoside reverse-transcriptase translocation inhibitor (NRTTI) has
gained attention in implant generation due to the potency and extended intracellular appar-
ent half-life of its triphosphate metabolite [14,170]. ISL was incorporated in both biodegrad-
able and non-biodegradable polymer-containing implants for extended release [165].
Two types monolithic matrix-type implant were developed by using either biodegrad-
able PLA and PCL or non-degradable EVA polymer for SC delivery of ISL [165]. The
uniform dispersion of crystalline ISL in the polymer matrix resulted in a minimal implant
surface porosity, which limited the water infiltration to the implant. Therefore, the implant
showed a small transient initial burst release followed by a slow first-order release of ISL.
The initial small transient burst release was presumably because of the rapid dissolution
of ISL persisting on the implant surface. Furthermore, the rate of ISL release showed an
increasing trend with its loading content. Several clinical trials involving ISL implants
and oral regimens have been halted as reductions of the participants” CD4+ T-cell and
lymphocyte counts have been reported [167].

Given the instability and safety concerns associated with TAF and ISF-based implants,
alternative approaches such as the development of stable TFV prodrugs and salts, new
ISF analogs, ISFIs, and other potent drugs from different classes such as CAB and DTG
(INSTIs) have gained considerable attention. In-situ-forming implants (ISFls) are injectable
drug formulations that turn into solid/semisolid depots after administration [171]. A
combination of the drug, excipient or release-rate-limiting agents, and water-miscible
organic solvents have been used in the formation of ISFIs. N-methylpyrrolidone (NMP) and
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dimethyl sulfoxide (DMSO) are the commonly used water-miscible organic solvents used in
ISFIs. After SC administration of ISFIs, the water-miscible solvent starts diffusing out from
the implant, and surrounding water starts to infiltrate. Subsequently, there is an immediate
phase separation of solvents, solidification of formulations, generation of microchannels
for water influx, and eventually formation of the ISFI [172]. The drug release rate largely
depends on the phase-inversion kinetics of the implant, MW and hydrophobicity of the
used drug molecules, and biodegradability of the excipient [173-175].

Biopolymers such as hydroxypropyl methylcellulose, PLGA, PEG, poloxamers, PCL,
and poly(N-isopropyl acrylamide) have been employed to develop ISFIs for various indica-
tions [176]. The selection of polymer depends significantly on the drug’s physicochemical
properties and the desired release rate. Generally, a polymer’s solubility should be compat-
ible with the drug’s solubility characteristics for optimal drug release kinetics [177-179].
PLGA was used as an excipient and NMP/DMSO as water-miscible solvent to formulate
DTG and CAB ISFIs [10,180]. The authors investigated the impact of physiochemical
properties of the polymer, used solvents, drug-polymer miscibility into the solvent, and
polymer-to-solvent ratio on the drug release kinetics.

The rate of drug release from the ISFIs is linked to the microstructure of ISFIs at
the administration site. For example, scanning electron microscopy (SEM) imaging of
DTG ISFIs demonstrated a central pore surrounded by a highly interconnected porous
outer PLGA shell (Figure 5). Over time, the thickness of the outer PLGA shell decreased
due to PLGA erotion, leading to an increase in the central pore size. The implant with a
thinner shell and larger central pore size facilitated a high rate of drug release from ISFIs.
The multispecies tolerability studies of ISFIs support their safety. The acceptability of
ISFIs stems from their easy manufacturing and patient-comfortable administration process.
Moreover, the clinical availability of leuprolide acetate ISFI (Atrix Laboratories Inc.) and
that of Sanofi Aventis (Eligard®) supports the safety of this delivery system [181]. The
overall limitations of ISFIs are injection site reaction, injection intervention, minimal control
of the size and shape of the implant, and heterogeneous drug release [182,183].

5.2. Vaginal Rings (VRs)

Building on the VR’s clinical progress for contraception and hormone therapy, rings
containing ARVs have been developed to prevent HIV-1 infection. In addition, VRs are
gaining preference over other vaginal products. These include gels or creams based on
their efficacy in time-dependent ARV delivery to the vaginal epithelium [33,184,185]. VRs
are also widely accepted among women compared to other LA DDSs due to their user-
friendly and discreet method of administration and easy reversibility of treatment when
needed. The traditional approach to VR design involves uniform dispersion of drugs
within polymer matrices. This is accomplished by molding a drug—polymer matrix into a
ring-shaped device. Conventional VRs are classified into sandwich (or matrix)-type VRs
and core (or reservoir)-type VRs [111]. In the sandwich design, a drug-dispersed polymer
matrix is placed between two non-medicated rate-controlling polymer layers [166]. The
core-type VR involves creating a small pellet containing a mixture of drugs and polymers.
Several cores are combined into a single ring. The ring is covered by a drug-free secondary
polymer membrane [166].

The drug release rate in VRs is typically governed by its drug diffusion through the
polymer membrane [166]. When the VR is placed vaginally, water enters its wall, leading to
polymer swelling and the dissolution of drugs [166]. The dissolved drugs near the matrix’s
surface are diffused first. This action also forms a drug-depleted layer near the matrix
surface. Subsequently, the remaining undissolved drugs undergo dissolution and diffuse
through the polymer matrix. Factors such as the drug’s solubility in the polymer, the
amount of drug loaded into the VR, and the surface area and thickness of the VR membrane
influence this diffusion process. DPV, maraviroc, TAF, TDE, UC781, and MC1220 are being
utilized in VR fabrication. Among these, DPV, TDEF, and TAF, due to their ideal properties,
have been predominantly studied for VR development. However, only the DPV VR has

143



Pharmaceutics 2024, 16, 183

progressed to phase III clinical trials and received approval in several African nations for
the prevention of HIV-1 [186].
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Figure 5. Microstructure in PLGA-based ISFIs: (A) Cumulative release of CAB ISFI PLGA formula-
tions. (B) Effect of drug loading on CAB release. (C) PLGA molecular weight affects CAB release.
To compare the drug release from different formulation at different timepoints in (B,C), two-way
ANOVA with tukey’s multiple comparison test were performed. * p <0.05, *** p <0.001, **** p < 0.0001,
and ns (not significant) when p >0.05. (D-L) Effect of PLGA degradation on implant microstruc-
ture. SEM cross-section images of placebo ISFIs (1:2 w/w PLGA/NMP, PLGA MW 27kDa) over a
30-day period. (D-F) Low-magnification image (100x) of the entire implant (scale bar = 100 um).
(G-I) Higher magnification (200x) of the implant shell (shell thickness was measured using SEM
scale; scale bar=50 pm). (J-L) Higher (500x) magnification of the center of the implant (scale
bar = 20 um). (D,G,J) Implants imaged at day 3 postincubation in 0.01M PBS pH 7.4 at 37 °C.
(E,H K) Implants imaged at day 14 postincubation. (F,I,L) Implants imaged at day 30 postincubation.
Symbol (*) represents implant shell. Symbols (") represents the central pore of the implant. Images
were reproduced under the terms of the Creative Commons CC-BY license [12,180].
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Silicone, EVA, and PUs have been extensively used to develop DPV and TDF
VRs [186,187]. They are clinically proven safe polymers for VR development. For instance,
five of seven clinically approved VRs are made of silicone [111,188,189]. NuvaRing is the
only VR that solely uses EVA, whereas another VR, Ornibel, uses PU as either a drug
reservoir or a coating agent to control the drug release [186]. However, these polymers
come with drawbacks. For instance, condensation-type silicone elastomers can produce
a propanol byproduct. This can increase the drug solubility, prompting more solubilized
drugs to move to the polymer surface. This then would lead to an increased initial drug
burst release [190]. Furthermore, reports have emerged of biofilm formation due to en-
hanced bacterial adherence on EVA-based VRs [191-193]. However, biofilm generation
can be significantly reduced by surface modifications such as in biocompatible surfactant,
argon plasma treatment, or perfluoro-alkyl siloxane grafting on the elastomer [194-197].

The exploration of DPV VR development began nearly 25 years ago. The VRs were
then developed using a condensation-cured silicone elastomer system [198,199]. To pro-
duce the core- or reservoir-type DPV VRs, DPV was blended with silicone elastomer
and reaction injection molded at 50 °C to form an active core. This core was then seg-
mented and enclosed within a non-medicated outer silicone membrane through another
reaction-injection-molding process. The resultant VRs had a 5.50 mm and 9.00 mm outer
cross-sectional diameter, while the total diameter of the VR was 55.00 mm. DPV release
rate from the reservoir VRs depends on the solubility of DPV in the silicone matrix, and the
diffusivity of the silicone solubilizes DPV through the non-medicated silicone sheath layer.
In contrast, the matrix-type DPV VR was developed through a curing process involving
DPV and silicone elastomer with a normal propyl orthosilicate cross-linker mixture. The
implants did not show any significant local site reactions and proved to be well tolerated
in the phase I clinical trial [198,199]. The PK and release kinetics of these two VR types
showed notable differences. Matrix-type VRs exhibited a substantial initial burst release of
DPYV, reaching peak plasma concentration within 8 h. On the other hand, reservoir-type
VRs took 10 days to reach the peak plasma concentration. Moreover, the average plasma
concentration in matrix-type VRs was almost 50 times higher than in reservoir-type VRs.
Interestingly, the matrix-type VRs demonstrated a rapid decline in plasma concentration
over time, while the drop in plasma concentration from reservoir-type VRs was relatively
slow [199,200]. From the clinical trial findings to date, the matrix-type silicone DPV VR
stands out as the most effective one. There are several phase III clinical trials conducted
with DPV matrix-type silicone-based VRs, and the DPV VR has been reported to reduce
the risk of HIV-1 acquisition by 27% to 37% in African women [201,202].

Apart from DPV, TFV was the only other vaginal microbicide that demonstrated
potential as a vaginal PrEP agent during clinical trials. As per the trial result, gel containing
1% TFV exhibited a 39% protection rate against HIV-1 infections in women [203]. Inspired
by these findings, considerable research efforts were undertaken towards developing TFV
or TFV prodrug-based VRs. While various polymers, including silicone, EVA, and PU,
were investigated for creating TFV VRs, it was only the PU-based TFV or TFV prodrug
VRs that demonstrated promising results in preclinical studies. For instance, Mesquita
et al. developed silicone, EVA, and PU-based TDF VRs and compared the TDF release rate
from these VRs [204]. The in vitro release study revealed that the release rate of TDF from
a PU-based VR was 5 to 15 times higher in comparison to those created from EVA and
silicone [204]. The differences in TDF release rate were attributed to the varying solubility
of TDF in employed polymers. Specifically, TDF showed lower solubility in silicone and
EVA as opposed to PU, resulting in a decreased diffusion of TDF through the polymer
membrane [204].

The higher release rate of TDF from hydrophilic PU-based TDF VR has also been
investigated [204]. Additionally, the authors compared both matrix and reservoir types of
TDF VRs, made with hydrophilic polyether urethane (PEU). To prepare the matrix-type
TDF VR, TDF-loaded hydrophilic PEU was extruded first using a twin-screw extruder and
then cut into small pellets. Then, the pelletized segments were re-extruded, cut into 15.5 cm
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segments, and end-joined using induction welding [204]. For preparing a reservoir-type
TDF loaded VR, the hydrophilic PEU was extruded into tubes, and the empty tubes were
filled with either TDF only or a formulation of TDF and NaCl (86:14 wt% ratio) [205]. The
matrix facilitated an immediate drug release, which then decreased by a factor of at least
20-fold from day 1 to day 28. In contrast, reservoir-type VRs showed a prolonged lag time
to start the drug release. Interestingly, when an osmotic agent like NaCl was added to the
reservoir-type VR, there was an increased influx of vaginal fluid into the VR, prompting
a quicker TDF release. To establish human safety and tolerability, a phase I clinical trial
was conducted using a reservoir-type HPEU TDF VR. However, the trial was discontinued
due to the observed genital ulcers among the participants. However, no ulceration was
observed among the participants who received placebo-containing VRs manufactured
using the same technique, indicating the observed local adverse effect is not due to the
polymer [17].

Hydrophilic PU (HPU) membrane-based reservoir TFV VRs were also reported [203].
The VR was produced by making an HPU tube by hot-melt extrusion and then filling the
tube with either TFV or TFV /glycerol/water-containing semisolid formulation. The end of
the tube was sealed with an induction welder. Only the TFV-containing VR showed a slow
but steadily increasing TFV release rate in the in vitro release study. However, adding an
HPU-permeable substance, such as glycerol with TFV in the polymer matrix, increased its
solubility in HPU and release rate [203].

PU-based VRs were also used for the vaginal delivery of IQP-0528 and MIV-150.
IQ0-0528 is an NNRTI that has physiochemical properties similar to DPV. A matrix-type
PU-based VR was developed to deliver IQP-0528 [206]. The VR was prepared by an
injection-molding technique after mixing the drug and Tecoflex EG85A PU. In vitro studies
with this VR indicated a linear relationship among the drug release rate, VR surface area,
and drug loading to the VR. However, in vivo findings indicated that drug release was not
solely determined by drug loading or VR surface area. Instead, it was primarily driven
by diffusion, contingent on both the VR drug concentration and drug’s presence in the
surrounding media [206].

5.3. Microneedles (MNs)

Microneedles (MNs), also known as microneedle arrays or patches, are transder-
mal drug delivery systems featuring tiny projections around 200 pm tall. While initially
developed for immediate-release transdermal drug delivery, MNs have now evolved as
innovative LA DDSs due to the advancement in polymer chemistry. MNs penetrate through
the skin to the dermis, an area rich in blood vessels, ensuring efficient drug absorption
while reducing systemic exposure and bypassing first-pass metabolism [207-209]. Their
small size and length cause less pain, as pain receptors reside deeper in the skin. The
design and composition of MNs, including tip length, spacing, diameter, and overall geom-
etry, can be tuned to optimize drug delivery. Further, MNs can be combined with other
drug delivery technologies like nano- or microparticles or hydrogels for extended drug
delivery [210,211]. Their benefits have spurred a significant increase in research in recent
decades. Particularly in ARV delivery, their discreet, easy, and minimally invasive nature
is recognized and widely accepted [212]. For instance, a survey study was conducted to
gather opinions from patients and healthcare professionals regarding the use of MNs for
ARV delivery. The results showed a positive attitude towards MN technology, with both
groups acknowledging the benefits of discreet and self-administrable MNs for adminis-
tering ARV drugs [213]. Given the constraints related to permeability through the skin’s
stratum corneum, MN technology proves particularly effective for potent, lipophilic, and
low-MW drugs. ARVs such as RPV, CAB, and BIC have demonstrated significant potential
when employed with MN technology.

There are several types of MNs based on their design and drug-releasing mechanism.
Each MN’s drug release kinetics varies based on the MN’s geometry, surface area, number
of MNs per patch, polymer used, nature of the drugs, and its loading content [214]. In
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general, MNs are classified into solid MNs, drug-coated MNs, dissolving MNs, and hollow
MN:s. Solid MNs are usually used to pretreat the skin to create microchannels to facilitate
drug absorption before applying any transdermal topical gel or formulation [214]. Polymers
with good mechanical strength, such as silicone, PMMA, PCL, PLGA, PLA, and PGA, and
metals such as stainless steel, titanium, and ceramics have been used to prepare solid
MNs [215]. In drug-coated MNs, the outside of solid inert MN tips is coated with drug
formulation. Upon insertion of the drug-coated MNs into the skin, the drug formulation
is dissolved in the surrounding medium to release the drugs from MNs. These MNs are
less utilized for LA DDSs because of their inability to form a drug depot. However, for LA
drug delivery, dissolving MNs containing a nanocrystal formulation of ARVs have utility.

Dissolving MNs are made of biocompatible polymers that can encapsulate drug-
containing matrices and, upon administration, dissolve in the biological fluid and release
the drug content [216]. Nanocrystal suspension of ARVs, such as CAB, RPV, and bictegravir
(BIC), when delivered through dissolving MNs, can easily form dissolution-controlled drug
depots (Figure 6). This strategy can allow a less painful way of self-administration of ARVs.
The tips of dissolving MNs can be made of biodegradable or non-biodegradable polymer
or sugar, and the rate of polymer or sugar degradation determines the MNs’ release dura-
tion [216-221]. The fast-dissolving MNs use hydrophilic polymers like dextrose, maltose,
and chitosan, while slow-dissolving ones employ hydrophobic polymers like PLGA, PVA,
and PLA, due to their biocompatibility, mechanical strength, and slow erosion [222-224].
PLGA MNs are mainly loaded with hydrophobic drugs and can be designed to separate
from their baseplates upon insertion [223,225,226]. PCL is also used in MN production
which allows controlled drug release using near-infrared light as an external trigger [227].

To create a bilayer dissolving MNs for transdermal delivery of RPV, a first layer
or MNs tips were developed using varying compositions of PVP and RPV nanocrystal
suspension [23]. The drug-free baseplate of the MNs was made using an aqueous solution
of PVA and glycerol. The fast-dissolving MNs dissolved within a few minutes after the
insertion into the skin and formed an RPV depot in the application site. However, the
dissolution testing of MNs in excised skin demonstrated a slower dissolution profile of
RPV suspension, which may be due to the hydrophobicity of RPV in the MN tips. Also,
the concentration of RPV in the skin tissue was proportional to the MN application time.
Although varying compositions of RPV nanocrystal suspension and PVP were used to
manufacture MNs, the MNs with 70% RPV, 15% PVP, and 15% water demonstrated better
plasma RPV levels compared to other MNs. Due to the discreet nature of the MNs and
their ability for localized delivery of drugs, the same type of RPV MN was also generated
by the same group for vaginal and CNS delivery of RPV [228,229].

A similar type of bilayer MN has also been developed by the same group for the
transdermal delivery of BIC and CAB nanocrystal formulation (Figure 6). For CAB MN
generation, bilayer MNs were developed, where the MN tips were generated by using a
hydrogel composed of a 20:20:60 PVA:PVP:CAB LA nanoformulation [22]. The baseplate
was made using PVA and PVP. The two polymer blends formed a sufficiently strong MAP
tip, which could be attributed to the hydrogen bond formed between the carbonyl group of
PVP and the hydroxyl group of PVA. This hydrogen bonding also improved the crystallinity
and cohesiveness of the polymer. An in vitro MN tip dissolution study showed that CAB
MN tips dissolved almost 100% within the first 60 min after administration. Importantly,
after a single MN administration in rats, these MNs maintained CAB therapeutic levels
for up to a month [22]. For developing BIC-containing MNs, first, a PVP- and PVOH-
containing BIC nanosuspension was prepared and lyophilized. Then, the lyophilized
powder was reconstituted in a very small amount of deionized water, and MN tips were
generated from the resultant suspension. The baseplate of the MNs was made using PVP
and glycerol. Similar to CAB MNs, BIC MNs also maintained plasma BIC levels equal to
the human therapeutic level for up to a month [230].
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Figure 6. Fast-dissolving MNs have been made for ARV delivery. (A) Schematic depiction of
programmed dissolving bilayer MAP with a high drug loading of LA microdepots for potential
monthly human application. (B) Schematic presentation of the MN preparation process. The figure
was reproduced under the terms of the Creative Commons CC-BY license [22].

Newer types of MNs, such nano- or microparticle-loaded MNs, hydrogel-forming
MNs (HFMNSs), and separable MNs, are also becoming very popular and useful in drug
delivery [223,231]. HFMNSs are particularly important for LA drug delivery and are made
from swellable cross-linking polymers. In a dry state, HFMNs are sturdy enough to
penetrate the skin. Upon insertion, HFMNs form hydrogels by soaking up water from the
interstitial fluid, causing the formation of water-filled channels in the MN tips [232,233].
The drug’s release rate from HFMNS is influenced by the dimensions and number of
channels, as well as the size of the drug particles [234]. Unlike dissolving MNs, HFMNs
have a higher drug-loading capacity [235]. However, this capacity varies based on the
polymer type and cross-linker used. Common polymers for HFMNs include PMVE/MA,
PVA, EVA, chitosan, and silk fibroin, often cross-linked with hydrophilic polymers or
compounds like PEG, dextran, and CMC [231,235]. The drug release rate can be tailored by
adjusting the percent of cross-linker and swelling ratio.

5.4. Polymeric Micro- and Nanoparticles

Polymeric microparticles are microscopic particles with sizes of 1 to 1000 pm, where a
core substance is encapsulated by one or more layers of the polymer membrane. Micropar-
ticles can further be divided into microspheres and microcapsules. While microspheres
consist of a uniform matrix with the API dispersed throughout, microcapsules feature a
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distinct core, which can be liquid, solid, or semisolid, enveloped by a continuous polymer
coating [236]. Nanoparticles have a similar feature but a size of 1 to 1000 nm. Micro-
and nanoparticles can be prepared through a process called micro- or nanoencapsulation,
respectively. This process entails encapsulating solid or liquid drug particles either dis-
persed or dissolved within a polymeric matrix or as a core surrounded by a polymeric
shell. The polymer used in these particulate systems is alginate, chitosan, PLA, or PLGA.
However, PLGA is the most widely used polymer for micro- or nanoencapsulation, which
is used in around 50% of clinically approved LA injectables [237]. The proven clinical safety
and tunable drug release kinetics make PLGA a widely used polymer in particulate drug
delivery systems. The encapsulation of drugs in micro- or nanoparticulate systems can be
achieved through either physicochemical or mechanical processes.

The physiochemical process of drug entrapment involves coacervation or phase sepa-
ration and inotropic gelation techniques [238,239]. There are three steps of microencapsula-
tion by the coacervation-phase separation technique, which is carried out under continuous
agitation. The first step involves the dispersion of the drugs in the polymer solution or
suspension, then the coacervation process starts with a stimulus such as an addition of acid
or salt (pH change), an input of non-solvent into the dispersion, or a temperature change in
the emulsion which causes the precipitation of the polymer and continuous coating of the
polymer on the core drug surface. The last step is the hardening or solidifying of the coated
polymer materials on the core drug surface [240-242]. The mechanical process of drug
entrapment in micro- or nanoparticulate systems includes fluid bed coating and the solvent
evaporation technique [238]. In fluid bed coating, the drug particles are initially suspended
in the airflow and then coated with a polymer solution through spraying. Subsequently, the
solvent is evaporated to solidify the polymer coating around the drug particles [241,243].
However, the most widely used method for polymeric drug entrapment is the solvent
evaporation or extraction method [244,245]. This method involves the emulsification of the
polymer and drug solution, followed by the evaporation of the solvent. During the evapo-
ration process, the polymer materials shrink around the core drug particles and produce
micro- or nanosized particles [240,241]. The emulsification process of the polymer and drug
solution depends on the physiochemical properties of the drug, which can be either a single
emulsification process (o/w) for hydrophobic drugs or a double emulsification process
(w/o/w) for hydrophilic drugs [241,246,247]. However, challenges still exist in using
the above-mentioned processes for nano- or microparticle formulation as controlling size,
size distribution, shape, and batch-to-batch variation remains unmanageable. Moreover,
encapsulating biologics using these techniques is considerably more challenging due to the
inherent nature of proteins and biologics to interact with the polymer surface, as well as
concerns about the stability of the biologics [248,249].

5.4.1. PLGA-Based Micro- and Nanoparticles

PLGA has ideal physiochemical properties as a drug carrier, such as biocompatibility
and both gel- and capsule-forming ability [51,250]. The superior suitability of PLGA has
been acknowledged in clinical settings, and the introduction of PLGA-based depot-forming
injectables began with the US FDA's approval of PLGA-based Lupron Depot in 1989. Since
then, PLGA microparticles have been used for delivering both small molecules and protein,
such as Nutropin Depot.

A ot of preclinical efforts were also employed to develop ARV-loaded PLGA micro-
and nanoparticles, as the PLGA particle can encapsulate multiple ARVs in the same
formulation. Those particles have shown promise to prolong dosage regimens for both
treatment and pre-exposure prophylaxis (PrEP) as they improved the PK and drug release
properties of the ARV. Tahir Khuroo et al. developed a PLGA microparticle encapsulating
a prodrug of DTG by the emulsification-evaporation method. This PLGA microparticle
increased the plasma apparent half-life of the DTG by almost 8.6-fold. However, the PLGA
microparticle showed an initial burst release of DTG on day 1. However, the plasma DTG
level gradually decreased by 4-fold over a 60-day period [251]. Initial burst release is a
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common phenomenon for PLGA-based formulations. Several studies on the morphology
and drug distribution of PLGA microparticles indicated that PLGA microparticles are very
porous and the drugs in the PLGA microparticles are distributed on the surface or the
orifice of the large, interconnected pores [252,253]. Initially, water is absorbed through
the pores, and then fast dissolution of the neighboring drugs may cause the initial burst
release of the drugs. In an alternative scenario, water uptake into PLGA microspheres with
a seemingly smooth, thin surface layer can directly initiate drug release through various
processes [253]. These processes may involve polymer swelling, leading to the formation
of surface pores or the creation of new pore networks. However, after the initial burst
release, the PLGA microparticle often undergoes pore rearrangement or a process called
pore healing, causing new pore formation and pore closing [253,254]. This may also explain
the steady drug release kinetics after the initial burst release from PLGA microparticles.
The drug release kinetics from PLGA-based micro- and nanoparticles can be controlled by
controlling the MW of PLGA and the glycolic and lactic acid ratio of the PLGA and size
and surface porosity of the particle [255-257].

PLGA nanoparticles have been widely employed by Mandal et al. and colleagues
for delivering combination ARV (cARV), such as (EVG + TAF + FIC) or (TFV + EVG)
or (TAF + FTIC) or (BIC + TAF) [258-261]. These nanoparticles were developed by a
w/o/w emulsion-solvent evaporation method, where the aqueous solution of the drugs
was first emulsified with organic solution of PLGA (75:25 lactide:glycolide ratio) (MW
4000-15,000 Da) and poloxamer, then the resultant emulsion was again emulsified in 1%
PVA solution to generate a nanoparticle with a size of 250 nm. The nanoparticle improved
the biodistribution of all three encapsulated drugs. Four subsequent injections of these
nanoparticles over a 6-week period protected humanized mice from HIV-1 infection for
19 weeks [261]. A similar nanoparticle encapsulating either TAF + FTC or TAF + BIC or
TAF + EVG also improved the drug PK and biodistribution of those drugs [258,260,262].

Despite numerous clinically approved depot-forming PLGA-based implants and a
significant increase in PLGA-based drug delivery development efforts over the last few
decades, there are still notable limitations in PLGA-based drug delivery systems. Such
limitations include the degradation of PLGA suspension or solution over the storage period
due to its hydrolytic properties. To improve the efficiency and effectiveness of PLGA-
based drug delivery, it is crucial to thoroughly understand the factors that influence the
degradation rate and drug release kinetics of PLGA-based polymers [263]. In addition
to that, injection site reaction, accumulation of immune cells, and deposition of micro-
and nanoparticles in the spleen and lung can pose significant challenges for developing
polymeric nano- and microparticles [264].

5.4.2. Nanocrystal Formulations

Nanocrystal technology has revolutionized HIV-1 treatment and prevention. This tech-
nology facilitates formulation of water-insoluble molecules into LA surfactant-stabilized
drug nanosuspensions in aqueous buffers. Using either top-down or bottom-up technol-
ogy, such as high-pressure homogenization, wet bead milling, microfluidization, and the
emulsion template freeze-drying technique, solid drug microparticles are suspended in an
aqueous buffer with stabilizing surfactants or water-soluble polymers and nanoformulated
into stable solid drug nanoparticles. Compared to other formulation approaches, nanocrys-
tals exhibit superior properties that include high drug loading to affect administration
volumes, improve drug dissolution through reduced particle size, protect drug molecules
from rapid metabolism to extend their apparent half-lives, and enhance drug stability by
keeping it in solid form within the formulation. The use of aqueous buffers to produce
drug nanocrystals also minimizes solvent-related toxicities in the final product. The success
of this technology in HIV therapy is highlighted by the LA injectable Cabenuva (CAB
and RPV LA) and Apretude (CAB LA) which are currently approved for treatment and
prevention, respectively (Table 1). LA CAB consists of pure CAB nanocrystals with an
average particle size of 200 nm dispersed in a stabilizing aqueous buffer solution of Tween
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20, PEGs350, and mannitol [265]. For LA RPV nanocrystals, Poloxamer 338 (P338) is used as
the stabilizing surfactant [35].

Table 1. A comprehensive summary of CAB- and RPV-based LA delivery system for the treatment
and prevention of HIV-1 infection.

Drugs

(CAB + RPV LA)

CABLA

Brand name

Cabenuva.

Apretude or Vocabria.

CAB nanocrystals are produced in an aqueous solution of
polysorbate 20 (Tween 20), PEGs350, and mannitol with

Ci‘;i:l‘:::;g:s particle size of 200 nm. Same as Cabenuva.
RPV nanocrystals are produced in an aqueous solution of
Poloxamer 338 with an average particle size of 200 nm.
Indication Treatment of HIV-1 infection. Prevention of HIV-1 infection
Adults and adolescents weighing at least
Population Virologically suppressed PLWH. 35 kg (77 Ibs) who are at risk of sexually

acquiring HIV.

Dosage regimen

Two initial injections of CAB 600 mg/3 mL and
RPV 900 mg/3 mL given 1 month apart for two consecutive
months and then given every two months (CAB 600 mg/3 mL
and 900 mg/3 mL) thereafter. Injection is given in separate
gluteal muscles.

Two initial injections (600 mg; 3 mL) given
one month apart for two consecutive
months, followed by maintenance doses
(600 mg; 3 mL) given every 2 months
thereafter. An OLI of CAB tablets may, or
may not, be given for one month prior to
starting CAB to assess tolerability.

First approved by Health Canada in March 2020, followed by

First approved by the US FDA in

Approval the EMA in October 2020 and the US FDA in January 2021. December 2021 and the EMA in
October 2022.
Several phase IIb and phase III clinical trials (LATTE-2, Proved superior to approved oral PrEP
Efficacy in the FLAIR, ATLAS, ATLAS-2M) proved non-inferiority for P pp

agent TDF/FTC in 2 phase III clinical trials

maintaining viral suppression compared to standard daily (HPTN-083 and 084) [267,268]

oral therap [3,6,8,266].

clinical trials

Mild ISRs were the most reported AEs during clinical trials,

. ame as Cabenuva.
but none of them caused treatment withdrawal. Same as Cabenuv

Side effects

PLWH—people living with HIV. EMA—European Medicines Agency. US FDA—US Food and Drug Administra-
tion. OLI—oral lead in. AEs—adverse events. ISRs—injection site reactions.

Upon IM injection, these nanocrystals form a drug depot at the injection site that
slowly dissociates to release the drug for months. Drug release and absorption in bio-
logical matrices are dependent on several factors such as nanoparticle agglomeration or
dispersion at the injection site, particle size, and surface properties that affect host pro-
tein adsorption to the particle surface to facilitate absorption [265]. The longevity of the
depot is heavily influenced by the hydrophobicity of the formulated compounds. How-
ever, to ensure sufficient dissolution of the nanocrystals into the surrounding medium
and eventually demonstrate effective plasma and tissue drug levels, the hydrophobicity
of the formulated compound needs to be optimal. The particle size, in addition to the
hydrophobicity, also influences the dissolution properties. With a larger surface area, the
nano-sized crystal improves the dissolution properties of the drugs, helping maintain a
sufficient concentration for efficacy. The benefit of smaller particle size is also evident in
the improved syringeability of the formulation [167,265].

To further extend ARV dosage regimens, a prodrug strategy that is coined as ‘long-
acting slow effective antiretroviral therapy’ (LASER ART) was developed (Table 2). The
strategy relies on controlled drug release from a tissue macrophage depot. LASER ART
was applied to all classes of ARVs with the goal of improving their physicochemical
properties to facilitate their formulation into scalable LA agents with improved apparent
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half-lives. Some are currently in advanced preclinical development with the potential to
improve the HIV treatment dosage regimen by up to 6 months or longer [269].

Prodrug nanocrystals of a stearoylated CAB were shown to sustain CAB concentra-
tions for up to one year in rodent and non-human primate (NHP) models [9]. A similar
modification of DTG significantly improved the PK profile of the parent drug [269]. How-
ever, esterification of CAB and DTG with either shorter or longer than 18-carbon fatty
acid failed to maintain plasma CAB and DTG levels beyond two months [269-271]. The
prodrug nanocrystal strategy was extended to NRTIs where FTC, 3TC, and TFV were
converted into hydrophobic ProTide prodrugs with improved PK profiles [272-274].
Notably, hydrophobic stable TFV ProTide nanocrystals demonstrated effective TFV-
diphosphate levels in a two-month PK study in rats after a single IM injection [272].
This formulation demonstrated anti-HBV activity in both HBV-infected transgenic and
human hepatocyte-transplanted TK-NOG mice, for at least three months [275,276].

Research across a broad spectrum of hydrophobic ARV prodrugs sheds light on the
correlation between prodrug hydrophobicity and drug release. The prolonged PK profile
observed in INSTI-esterified prodrugs is influenced by multiple factors that contribute
to the observed extended apparent half-lives. These influencing factors encompass
(i) the physiochemical attributes of the prodrug, (ii) the chemical and enzymatic conver-
sion of the prodrug to the parent drug, and iii) the absorption of the prodrug and parent
drug by the lymphatic systems and tissues (Figure 7). Yet, there is a noticeable gap in
research dedicated to understanding the role of polymer/surfactants in drug release and
how they interact with cells that undergo mononuclear phagocytosis. Many of these
formulations require hydrophilic low-MW polymers like poloxamer or a combination of
PEG and polysorbate. This ensures that the particles remain stable in aqueous suspen-
sions. One crucial facet of nanocrystal formulations is their uptake by phagocytic cells,
like macrophages. The nature of the polymer in the formulation affects how macrophages
interact with the nanoparticles and how stable the nanoparticles remain within phago-
cytosed cells. Numerous studies highlight the stability of these nanoparticles within
macrophages, pointing to the creation of a depot within these cells. Comprehensive
research focusing on prodrug nanoparticle size, charge, polymer/surfactant choices, and
their effects on macrophage interactions is crucial. Deodhar et al. demonstrate improved
stability of surfactant-coated nanoformulated DTG prodrugs in various environments
like acidic pH, macrophages, plasma, and various tissues, compared to their counterparts
in a free prodrug solution [269]. Nevertheless, the foundational mechanism promoting
the heightened stability of the nanoparticle calls for further exploration. Furthermore,
various challenges are associated with this technology when the native parent is used in
the formulation, including an initial burst release, a prolonged PK tail, and population-
level PK variability [265,277]. This variability in CAB LA’s PK is also evident between
genders. Some females exhibit a smoothed concentration-time curve, presenting a lower
peak drug concentration (Cpax) and a prolonged period to reach this Cpax compared
to males. However, both genders show comparable overall drug exposure (AUC[g_o])
following a single LA dose of CAB. This suggests that the absorption rate might differ
between genders, rather than the total absorption [278]. Additionally, the terminal phase
PK tail for CAB LA shows variations between male and female patients.

152



Pharmaceutics 2024, 16, 183

A '\'"O:Un::
® oD

DTG  °

a

/\AW

o o -
M2DTG \CC N ..'j
PN n\*ﬁo
o
NM2DTG
injection

« _>

Polymer coated
nanocrystals (NM2DTG) ! i
(F) Tissue (G) Blood
ﬁ o
Spleen A . o o . DTG
> M2DTG *\(:]/\’," NN O ¢
D SPW
7 7 T W e
(S U & Slow particle © |
o~ &/ dissolution & prodrug release | Hydrolysis NH
Endosome r . e 3
Ve 7 O
pH <5 Wi v a o N 4
NP o ) Q g
Stable "] [ Enzymatic Chemical Ng_u o
nanoparticles i ot
P /\/\/\/v\/\/‘\/\)l\:u 9
Cytoplasm Promoiety O -
SRR :
3 Muscle >, e e LI
= : “in N = u/j
CES \©/\/" N ‘
S FHETN 0 " G
Macrophage ey DTG

Figure 7. The illustration shows the in vivo fate of LASER ART prodrug nanoformulation. (A) Chemi-
cal synthesis of prodrug from parent ARV. (B) IM injection of LASER ART nanoformulation illustrates
the muscle as the primary drug depot. (C,D) Macrophages phagocytose and store the nanocrystal
from the site of injection. (E) Biodistribution of prodrug and active drug in tissues including HIV-1
reservoir site. (F) Slow prodrug release in the low-pH microenvironment in macrophages and then
hydrolysis to release active drug. (G,H) Slow dissolution and hydrolysis of prodrug in the blood and
tissues. The figure was reproduced under the terms of the Creative Commons CC-BY license [269].

Table 2. LA ARV formulations that are either in clinical or preclinical development.

Delive Predicted
S sterfly ARV Drug Polymer Formulation Details Dosage Regimen  Clinical Trial  Ref.
Yy (Month)
TAF powder is encapsulated in a silicone tube,
Silicone and which has several drug delivery channels
TAF PVA coated with PVA. Drug release rate can be 6 Phase I [15]
controlled by controlling the number of
channels or thickness of PVA membrane.
Transcutaneous refillable nanochannel delivery
e implant, where drug reservoir is made of
Implant TAF Silicone titanium and drug is released through 6 (1]

TaN-coated slit nanochannel.

TAF formulation pellet is encased in PU-based
TAF drug reservoir and the drug is released 3
through diffusion through the PU membrane.

PUs CAB formulation is converted into pellets and

CAB reservoir. PU membrane acts as RCM for

controlling drug release through diffusion.

Preclinical [162]

then encased in PU membrane containing drug 3 [168]
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Table 2. Cont.

Delivery
System

Predicted

ARV Drug Polymer Formulation Details Dosage Regimen  Clinical Trial

(Month)

Ref.

Implant

TAF formulation containing TAF and castor oil
was loaded into PCL tubes and the drug was

TAF PCL released through the diffusion and bulk 3 Preclinical

erosion of PCL. Drug release rate can be
controlled through controlling MW of PCL.

[160]

Crystalline ISL is uniformly dispersed in EVA

ISL EVA and the implant is prepared through hot 12 On hold

melt extrusion.

[165]

ISFIs

CAB and PLGA were solubilized in
NMP:DMSO and injected subcutaneously.
PLGA Upon injection, the solution went through
phase inversion and formed solid implant.

CAB

DTG Same as CAB PLGA ISFI 6

TDF formulation was loaded in hydrophilic PU
TDF PUs tubes and the PU tubes were end-sealed using 1
induction welding.

VRs

TDF and NaCl formulation was loaded onto
TDF PUs PU extruded tubes and end-sealed to prepare 1
the VRs.

Preclinical

[51]

[180]

[203]

[17]

MNs

MN tips were generated by using a hydrogel
composed of 20:20:60 PVA:PVP:CAB and the
baseplate of MNs was made using PVP and
PVA. The MN tips dissolved quickly to release
PVP the CAB and the CAB formed drug depot at
the administration site.

CAB

and
PVA MNs tips were made of PVP, PVA, and BIC.
The baseplate was made of PVP and glycerol.

MN tips were made of PVP and RPV. The
baseplate was made of PVA and glycerol.

BIC

RPV

Microparticle

DTG was transformed into a hydrophobic
prodrug and encapsulated into PLGA-based 3
microparticles by organic and aqueous solvent
emulsification-evaporation.

DTG PLGA

Prodrug
nanocrys-
tal

TFV was converted into lipophilic ProTide and

TEV then formulated as aqueous nanocrystals.

Poloxamer, Lipohilic ester prodrug cabotegravir was
CAB Polysorbate and synthesized and formulated as 12
PEG aqueous nanocrystals.

Fatty acid ester prodrug DTG was synthesized

>6
and nanoformulated as aqueous nanocrystals. =

DTG

Preclinical

[22]

[230]

[23]

[251]

[272]

[9]

[269]

ISL—islatravir, TFV—tenofovir, TDF—tenofovir disoproxil fumarate, TAF—tenofovir alafenamide fumarate,
CAB—cabotegravir, BIC—bictegravir, DTG—dolutegravir, RPV—rilpivirine.

6. Conclusions and Future Perspective of LA Drug Delivery Systems

The prospects for polymer-based LA formulations are bright, given our rapidly ex-
panding knowledge of polymer properties and drug release mechanisms. While current
LA drugs for HIV offer improvement over traditional oral HIV medications, there are user-
and treatment-related gaps that could be addressed by the emerging LA drug delivery
technologies such as prodrug approaches and implants. Ideally, future LA ART medicines
should possess three main characteristics.

First, they should be easy to manufacture, scalable, and user-friendly, with a dosing
schedule extended at least beyond two months to synchronize dosing with the existing
routine patient laboratory test clinic visits. A desirable target product profile is therefore a
six-month ART dosage regimen. However, achieving a six-month dosage regimen with
the exixting parent drugs is challenging due to their inherent features that include rapid
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drug metabolism upon absorption from the implant/injection site depot. The constraints
on the allowable volume for injections or the size of implantable products, especially for
SC or IM delivery, further intensify this challenge. Sometimes, the required drug amount
surpasses these permissible limits. A potential solution lies in choosing drugs that are
highly potent and have a high resistance to mutations. Prodrug approaches could also
be used to achieve this goal by improving intracellular drug delivery and absorption,
distribution, metabolism, and excretion (ADME) properties of parent drugs to extend their
half-lives. When identifying the optimal drug for LA formulation development, coexisting
medical conditions in patients should also be considered. Given that a significant number
of HIV patients (~7.5%) are coinfected with hepatitis B or tuberculosis, LA drugs that can
concurrently target multiple viruses are especially valuable [279].

The second desired feature of LA formulations is to minimize postmarket complica-
tions. This includes curtailing the prolonged PK tail in the terminal phase of drug release,
inhibiting the emergence of drug-resistant mutations, and ensuring that the treatment
can be reversed, especially for newer drugs with no established safety profiles, if adverse
reactions occur. For example, the FDA-approved CAB LA exhibits a long PK tail after the
last injection [280]. The CDC recommends that those at risk of HIV continue with oral
CAB or PrEP for at least a year after discontinuing CAB LA. Yet, making the shift from
LA drugs to oral PrEP is not always straightforward, as many prefer LA treatments over
daily oral ART. There are also concerns about how easily LA treatments can be reversed in
the event of complications. These have been circumvented through oral lead-ins prior to
administering LA injectable agents. Solid LA implantable devices might offer an alterantive
reversal solution, but the need for surgical removal postlifespan dilutes this advantage.

The third desired feature of LA formulations is their widespread adoption and uti-
lization by the end users. Factors like cost, storage stability, transportation requirements,
and specific storage conditions can significantly influence the acceptance and use of LA
medicines. Given that HIV is most common in resource-limited settings with limited
financial capacity for medication, inadequate cold storage infrastructure, and a scarcity of
medical professionals, an LA medicine that is affordable, stable at room temperature, and
self-administrable would greatly boost its adoption and application.

Currently, no LA technology, whether in clinical or preclinical development, embodies
all three of these ideal features, suggesting that a ‘one size fits all” approach to LA therapy
is inappropriate. Given this, there is a push to tailor LA medicines to the unique needs
of specific subgroups. Understanding the interactions between the polymers, drugs, and
their release mechanisms will enable more precise tuning of drug release rates from these
formulations. Additionally, to ensure the clinical success of LA ARVs in such resource-
limited settings, it is imperative to involve all stakeholders in the early phase of formulation
development. These stakeholders include end users, healthcare professionals, business
developers, and policymakers. Collaboration, careful planning, and implementation con-
sideration are essential to prioritize and design the most promising ARVs and LA DDSs
that facilitate effective implementation in the most HIV-burdened settings. Moreover, the
development of LA ARVs may present regulatory challenges, such as establishing optimal
dosing regimens to address the need for combination antiretroviral therapy and managing
missed doses and potential drug—drug interactions in patients with comorbidities. Some
of these challenges are particularly important for PrEP dosing schedules, as there is no
precise biomarker to gauge outcomes. In such situations, conducting thorough in vivo PK
studies and evaluating PrEP effectiveness in preclinical animal models becomes imperative.
Nonetheless, selecting an appropriate animal model to determine PrEP efficacy remains a
significant challenge in preclinical evaluation, given that none of the existing models can
fully replicate the human transmission and immunogenicity of HIV infection. Additionally,
since LA ARVs can persist in the body for extended periods, ensuring the long-term safety
of both the active ingredients and excipients used in LA ARVs in preclinical in vivo models
is of significance. While the excipients used in LA ARVs are generally recognized as safe
(GRAS), extensive GLP toxicology studies in relevant models are needed to broaden the
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usage in special populations such as pediatric patients. The requirement for extensive,
extended safety study timelines introduces further challenges, including increased overall
product development costs and time. In this context, the use of physiologically based phar-
macokinetic (PBPK) modeling can be a valuable tool for predicting drug PK. This approach
can also streamline formulation screening and expedite the development of LA products.

Overall, advancements in polymer chemistry and insights into their drug release
mechanisms have paved the way for promising strategies to extend HIV-1 treatment
dosage regimens beyond two months. Nevertheless, there are developmental and trans-
lational hurdles that must be overcome for these products to successfully transition to
clinical application.
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