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Abstract

Introduction: Poor or inconsistent adherence to daily oral pre-exposure prophylaxis (PrEP)

has emerged as a key barrier to effective HIV prevention. The advent of potent long-acting

(LA) antiretrovirals (ARVS) in conjunction with advances in controlled release technologies has
enabled LA ARV drug delivery systems (DDS) capable of providing extended dosing intervals and
overcome the challenge of suboptimal drug adherence with daily oral dosing.

Areas covered: This review discusses the current state of the LA PrEP field, recent advances,

and emerging technologies, including ARV prodrug modifications and new DDS. Technological

challenges, knowledge gaps, preclinical testing considerations, and future directions important in
the context of clinical translation and implementation of LA HIV PrEP are discussed.

Expert opinion: The HIV prevention field is evolving faster than ever and the bar for developing
next-generation LA HIV prevention options continues to rise. The requirements for viable LA
PrEP products to be implemented in resource-limited settings are challenging, necessitating
proactive consideration and product modifications during the design and testing of promising new
candidates. If successfully translated, next-generation LA PrEP that are safe, affordable, highly
effective, and accepted by both end-users and key stakeholders will offer significant potential to
curb the HIV pandemic.
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Introduction

The HIV/AIDS epidemic remains a major global health crisis, with approximately 37.7
million people currently living with HIV, 1.5 million people newly infected, and 28.2 million
accessing antiretroviral (ARV) therapy (ART) as of June 2021 [1]. While we are still far
from achieving UNAIDS (The Joint United Nations Programme on HIVV/AIDS) global
targets for reducing annual HIV infections and AIDS-related deaths, one of the top priorities
for successfully reducing HIV sexual transmission and infection is to develop safe, effective,
and highly acceptable products that can fit the needs and desires of end-users and health-care
providers (HCP) globally, minimize burden on the health-care system, and readily promote
uptake and adherence [2,3].

Currently, several ARVs targeting different stages of the HIV replication process are
clinically available for treatment or pre-exposure prophylaxis (PrEP) [4,5] to prevent
infection in at-risk uninfected individuals. The primary route of administration of marketed
ARVs is via daily oral pills in single-tablet regimens, in large part due to a simplified dosage
regimen, patient convenience, and low cost of manufacturing. However, many ARVS have a
short plasma half-life and first-pass metabolism, which necessitates high daily oral doses in
order to maintain therapeutic and/or prophylactic concentrations, thus presenting significant
adherence challenges. There remain additional challenges for daily oral ARV application: (a)
pill burden and fatigue, which can negatively affect adherence; (b) degradation of sensitive
molecules by an acidic/enzymatic gastrointestinal (GI) environment; (c) prevention of drug
absorption by the GI mucus barrier that leads to low oral bioavailability and therapeutic
concentration in plasma [6]; and (d) need for strict adherence to the ARV regimen to
prevent emergence of resistant viral strains in infected individuals [7]. Due to these issues,
frequent high oral doses of ARVs must be taken throughout an individual’s sexually active
life, also raising concerns about drug-related toxicities. Thus, there is considerable interest
in the development of long-acting (LA) ARVs and drug delivery systems (DDS) for HIV
prevention or treatment.

Several excellent reviews have been published in recent years that discuss LA formulations
for HIV prevention (and treatment) from various perspectives, including those focused

on multipurpose prevention technologies (MPTSs) (e.g. HIV prevention combined with
contraception) [8,9], clinical pharmacokinetics (PK) [10], and health inequity viewpoints,
as well as recent formulation-, ARV-, and antibody-based LA PrEP strategies [10-12]. Yet,
because the HIV prevention R&D landscape is evolving faster than ever, this review aims
to provide a current update on the state of the field, inclusive of the many recent successes,
setbacks, and challenges ahead. Further, this manuscript will review recent advances in
next-generation LA PrEP active and controlled-release DDS strategies, including their
advantages, disadvantages, and anticipated challenges for clinical translation. A roadmap of
LA HIV prevention product development combined with the key technological challenges,
knowledge gaps, preclinical testing considerations, and future directions for clinical
advancements and the development of LA systems integrating end-user perspective is also
provided.
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1.1. State of the field and the need for next-generation LA HIV prophylaxis approaches

The prevention of new infections has arisen as a prominent approach for curtailing the

HIV epidemic. Tenofovir disoproxil fumarate/emtricitabine (TDF/FTC; Truvada®), the first
approved daily oral PrEP regimen, reduces the risk of getting HIV from sex by about 99%
with perfect adherence [13,14] and by more than 75% with typical use [15], although this
is dependent on the population of users. Several large-scale clinical trials of oral PrEP,

such as VOICE, FEM-PrEP, iPrEx, and TDF2, have had adherence estimates ranging from
29% to 79% that have greatly affected efficacy across these study populations [16]. Thus,
the development of a more potent, less user-dependent, longer-acting dosing regimen has
become a necessary option to overcome challenges to consistent use and poor adherence.

With a positive opinion (Article 58) by the European Medicines Agency in July 2020 for
use by women 18 years and older in developing countries, WHO recommendation and
prequalification, and regulatory authority approvals since received in five African countries
and counting [17], the dapivirine vaginal ring (DVR) has recently become an additional
long-acting preventative option for African women. Developed by the International
Partnership for Microbicides (IPM) and very recently acquired by the Population Council
[18], the DVR is a flexible silicone ring that releases dapivirine, a non-nucleoside reverse
transcriptase inhibitor (NNRTI), locally in the vagina, providing protection for 1 month.
Approvals are based on the statistically significant results from two double-blinded placebo-
controlled Phase 3 clinical trials, the Ring Study (IPM-027) and ASPIRE (MTN-020),

in which no severe treatment adverse events and an approximate 30% reduction in a
woman’s risk of HIV infection were observed [19,20]. A secondary analysis revealed a
reduction in the risk of HIV ranging from 75% to 91% for participants with consistent

use of the ring [21]. Follow-up open-label Phase 3b trials, DREAM (IPM-032) and HOPE
(MTN-025), found an HIV incidence of 1.8 and 2.7 per 100 person years, respectively
[22,23]. The REACH study (MTN-034), where women were randomized to DVR and daily
oral TDF/FTC in a crossover design and then allowed to choose, has also shown that
adolescent girls and young women can have high adherence to the ring [24]. While the DVR
is now a tangible PrEP option for many women at high risk and can be a desirable choice
for HIV PrEP, it comes with limitations, such as use in women only, protection for 1 month,
user-dependence, potential for urogenital side effects, and need for frequent refills [20,23].

Recently, the LA cabotegravir (CAB, an integrase inhibitor) intramuscular (IM) injectable
nanosuspension [25] from ViiV Healthcare became the first US FDA (the United States
Food and Drug Administration) approved LA systemic product (called APRETUDE) for
HIV-1 prevention [26]. In two large Phase 3 trials (HIV Prevention Trials Network (HPTN)
083 and 084) [27,28], CAB LA administered once every 2 months was more effective

than daily oral TDF/FTC for HIV prevention. In December 2021 and following a fast-track
review process, the US FDA approved CAB LA for use in at-risk adults and adolescents
(=35 kg) for PrEP to reduce the risk of sexually acquired HIV. With impressive effectiveness
rates (69% lower incidence of HIV compared to daily oral TDF/FTC in HPTN 083 and
90% lower incidence of HIV compared to TDF/FTC in HPTN 084) and excellent safety
profile, CAB LA represents a great advance for the HIV prevention field. However, CAB
LA has several suboptimal characteristics that may limit its implementation in developing
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countries and widespread acceptability. These include (a) high dosing volumes of IM
injection (=3 ml); (b) dosing frequency of every 2 months requiring frequent HCP visits;

(c) non-removability of the dosage form in case of adverse reactions or a change in user
preference; (d) current high cost of the final product; and (e) long-term sub-therapeutic

PK tail after PrEP discontinuation. In the HPTN 077 trial, a Phase 2a study of safety,
tolerability, and acceptability of oral and injectable CAB for PrEP in HIV uninfected men
and women, the median time from the last injection to the time when CAB decreased

below the detectable level was 43.7 and 67.3 weeks for male and female participants,
respectively [29]. Collectively, these limitations of CAB LA nanosuspension highlight

the opportunities for further improvements such as reduced injection volume, alternate
formulation type, different route of administration, prolonged dosing interval, and shortened
PK tail. Numerous R&D efforts are ongoing to address these shortcomings. To help mitigate
the high cost of CAB LA [30] in the nearer term, ViiV Healthcare has signed a license
agreement with Medicines Patent Pool to enable more affordable, at-scale access to CAB
LA in low- and middle-income countries (LMICs) by allowing select generic manufacturers
to supply generic CAB LA products in 90 different countries, concomitant with regulatory
approval there [31].

While these recent advances in the field have resulted in additional options for HIV
prevention that have expanded method choice beyond daily oral pills, there are still
shortcomings and gaps in coverage with the current product landscape. Therefore, the
development of novel LA technologies (including those to further improve upon the first-
generation DVR and CAB LA products) remains a priority for HIV research. To that end,
investigation of novel mechanisms of action for HIV PrEP has proceeded across the LA
prevention product development field and a number of promising compounds have risen to
prominence.

Islatravir (EFdA, MK-8591, ISL) is a highly potent nucleoside reverse transcriptase
translocation inhibitor (NRTTI) with substantial efficacy in HIV prevention with doses as
low as 0.1 mg/kg/day [32,33]. In December 2021, however, ISL clinical trials were put on
hold because of safety concerns related to dose dependent decreases in total lymphocyte and
CD4 counts in participants [34]. LA formulations such as subcutaneous (SC) implants are
also being explored [35] for EFdA (discussed later in this manuscript) but are also in clinical
hold for similar safety concerns [34].

Lenacapavir (LEN, formerly known as GS-6207 or GS-CAZ2), in development by Gilead
Sciences, Inc., is the most advanced of a new class of ARVs called capsid inhibitors, which
have shown high picomolar antiviral potency, metabolic stability, low aqueous solubility and
systemic clearance, and long half-life, which allows for an ultra-long, extended-release SC
administration [36,37]. LEN is currently in two Phase 3 trials (PURPOSE-1, NCT04994509;
PURPOSE-2, NCT04925752) as a subcutaneous injectable given once every 6 months for
HIV prevention [38] and was just recently approved in the European Union for treatment in
adults with multi-drug resistant HIV infection [39]. PURPOSE 3 and 4, two acceptability
studies, are currently in planning stages in collaboration with the NIH HIV Prevention Trials
Network (HPTN) [40]. A previous hold on trials of LEN issued by the FDA in December
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2021 due to concerns over borosilicate vial compatibility with injectable formulations was
lifted in May 2022 following review of an alternate plan to use aluminosilicate vials [41].

The identification of broadly neutralizing antibodies (bnAbs) as an immunoprophylaxis
approach to HIV prevention has generated substantial interest in recent years, demonstrating
robust protection in animal models [42-44] and favorable safety, tolerability, and PK profiles
when tested alone or in combinations in both HIV-infected and uninfected individuals in
early clinical trials [45,46]. Linker substitution mutated bnAbs (called ‘LS’ for substituted
amino acids) have been designed for extended half-life and neutralizing activity by increased
binding affinity to the neonatal Fc receptor [47]. Phase 1 clinical trials of intravenously (1V)
or SC delivered VRCO01-LS and VRCO07-523LS in healthy adults confirmed their enhanced
safety, tolerability, and half-life while maintaining neutralizing activity [48,49]. Bi- and
tri-specific bnAbs targeting different regions of Env-protein are also being explored [50,51],
and other potent bnAbs (e.g. 3BNC117, PGT121, and 10-1074) are currently being tested in
clinical trials [45,46,52,53]. The increased potency and half-life of newly developed bnAbs
could potentially enable LA PrEP products for 6-month dosing by SC injection. However,
there is evidence to suggest that bnAb monotherapies or even combinations of two are
insufficient to prevent viral escape due to the diversity of HIV, necessitating a use of three

or more bnAbs in a single formulation, which will increase the cost and complexity of
therapeutic design and developing an appropriate DDS [54,55].

2. Approaches to improving existing ARVs for LA HIV prevention

The majority of ARVs are not well suited for developing as LA products using conventional
approaches, due to relatively low potency and/or inadequate physicochemical properties.
Approaches to enhance the LA potential of existing ARVS, thereby extending the

dosing intervals for better adherence, include structural modification to the dug itself or
encapsulation into novel LA DDS. These approaches are briefly discussed below.

2.1. Prodrug chemical modification for generating potent LA ARVs

A substantial improvement in potency of existing ARVs can be achieved by prodrug
modification, which may also allow their efficient encapsulation into an LA DDS. Prodrugs
in general do not possess intrinsic biological activity but are designed to be transformed /in
vivo into the active drug [56,57]. The approaches to developing LA ARV prodrugs (all under
preclinical testing) are discussed below and illustrated in Figure 1.

2.1.1. ProTide prodrugs—The ProTide approach was designed to deliver nucleotide
analogues intracellularly by masking the phosphate group with an amino acid ester and

an aryl moiety [58-60]. This approach has been used to increase the plasma stability and

to reduce the toxicities of tenofovir (TFV) through the development of TAF prodrug [61].
ProTide prodrugs of FTC [62], lamivudine (3TC) [63], and TFV [64] were synthesized

and subsequently encapsulated into poloxamer nanocrystals to further extend their half-
life, intracellular delivery, retention, and antiretroviral activities. GS-9131 (rovafovir
etalafenamide), a prodrug of nucleotide analog GS-9148, has also been designed to enhance
the cellular permeation and delivery of the parent drug [65-67].
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2.1.2. Lipophilic fatty acid ester prodrugs—In this approach, the drugs are linked
to fatty acids generally using an activating agent, resulting in an ester or amide-linked
conjugates. Agarwal et al. showed that the fatty acid prodrugs of FTC [68] and 3TC [69]
improved anti-HIV activity and cellular uptake. Other examples in this category include
fatty acid conjugates of CAB [70] and dolutegravir (DTG) [71], later developed as LA
injectable poloxamer nanocrystal formulations [72,73]. The palmitic acid prodrug of DTG
has been formulated into biodegradable microparticles [74], and PK evaluation in rabbits
(SC injection, 30 mg/kg) showed that the ICqy of DTG was maintained for >3 months.
LA polyunsaturated fatty-acid prodrugs of FTC and elvitegravir (EVG) exhibited superior
antiviral activities in HIV replication tissue models and LA characteristics in mice [75].

2.1.3. Drug-polymer conjugates—The recently developed ‘drugamer’ technology
involves conjugating drug through a linker to produce a prodrug vinyl monomer, which

is then polymerized into injectable depots [76]. This platform was recently used for TAF
and demonstrated maintaining drug stability and a controlled, sustained drug release from an
SC hydrogel reservoir (through hydrolysis or enzyme-mediated cleavage at the linker site)
for 2 months in mice [76]. Conjugation of ARVs with polypeptides and polysaccharides has
previously been shown to improve drug activity and cellular uptake [77-79]. The drugamer
technology offers several key advantages, including high drug loading capability, control
over drug release rates and degradation kinetics for the depot, and increased drug substance
stability due to the molecular architecture of the polymer formulation [76]. The technology
also offers scalable clinical manufacturing of the final product.

Overall, significant development has happened in prodrug modification for LA HIV
prevention approaches. In general, the formulation of a clinically relevant and viable prodrug
requires the balancing of a number of factors to achieve an efficient prodrug design. This
includes a comprehensive understanding of the physicochemical/biological properties of the
parent drug to produce the desired improvements while maintaining its safety, stability, and
efficacy. Sophisticated analytical methods are also required to analyze the prodrug, parent
drug, and the released by-products (chemical linker, pro-moiety) in the same sample.

2.2. Drug delivery technologies for LA HIV prophylaxis

The prodrug approach sustains the drug release by modulating physicochemical and PK
properties, but further control in LA drug release can also be achieved by modifying the
DDS. Improved innovative methods for controlled/extended delivery of potent ARV are
currently being investigated or are in advanced preclinical stages to deliver active drugs over
months. The most promising developments in this area are discussed below and summarized
in Table 1 (for subdermal/SC reservoir or matrix-type implants) and Table 2 (for DDS other
than subdermal/SC implants).

2.2.1. Subdermal/subcutaneous (SC) implants—Implants have the potential to
provide a controlled drug release for prolonged duration and can be removed if safety

or acceptability concerns arise. Several LA biodegradable or non-biodegradable implants
containing potent ARVs (e.g. EFdA, TAF, and CAB) with different designs are currently in
preclinical and clinical development stages (Figure 2).
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Implants consisting of EFdA (ISL) dispersed within biodegradable (polylactic acid: PLA,
and polycaprolactone: PCL) and non-biodegradable (ethylene co-vinyl acetate: EVA)
polymers have been developed and achieved clinically relevant exposures of EFdA,

with plasma levels maintained for >6 months corresponding to efficacious EFdA-TP
(EFdA-triphosphate) levels in rodents and nonhuman primates (NHPs) [35]. Notably, the
reformulated, radiopaque EFdA implant evaluated in a Phase 1 study is projected to
provide HIV prophylaxis for 1 year [81,82]. In recently published Phase 1 data in adults
without HIV-1 infection, two doses (54 and 62 mg) of ISL in the implants provided mean
concentrations above the PK threshold through 12 weeks [83]. However, as previously
noted, because of safety concerns related to dose-dependent decreases in total lymphocyte
and CD4 counts in participants [34], the FDA has put a clinical hold on all investigational
new drug applications (INDs) for oral and implant ISL formulations for HIV-1 PrEP and the
injectable formulation for treating and preventing HIV-1.

Several groups have formulated TAF into various implantable drug delivery technologies.
Research Triangle Institute (RTI) developed biodegradable TAF reservoir implants, sheathed
with rate controlling PCL membrane, which showed tunable /n vitro TAF release (0.2—

1.2 mg/day) through controlling formulation variables [84-86]. In NHPs, the implant
showed low (below limit of quantitation) sustained TFV exposure in plasma but high levels
of TFV-diphosphate (TFV-DP) in PBMCs [87]. Implants releasing 0.7 mg/day of TAF
provided complete protection against vaginal SHIV infection; however, local inflammation
and tissue necrosis were noted near the implantation sites [88]. A Northwestern University-
based consortium developed a non-biodegradable reservoir-based polyurethane (PU) implant
containing compressed TAF [89] and tested it in rabbit and rhesus macaque models, but
findings also showed TAF-related local inflammation and severe necrosis around the implant
even at the lowest TAF dose of ~10 pg/kg/day [90]. Intarcia Therapeutics explored its
proprietary osmotic pump system to develop non-biodegradable TAF implants [91], however
histopathology of tissue surrounding the SC infusion sites in rats and dogs receiving =300
and =25 pg/kg/day of TAF, respectively, for 28 days revealed signs of inflammation, edema,
mass formation, and fibrosis that was more severe in animals that received TAF compared to
vehicle control [92].

Not all TAF implants have reported local safety issues, however. Houston Methodist
Research Institute (HMRI) has developed a nanochannel delivery implant containing
TAF/FTC [93] and incorporated ports, which allowed for transcutaneous drug refilling,
representing an innovative approach in addressing adherence issues. In rhesus macaques,
the implant appeared safe, maintained the TFV-DP concentration above the clinically
protective levels, and resulted in a 62.5% reduction in the risk of SHIV infection within

a low-dose rectal challenge [94]. Oak Crest Institute of Science has also developed a TAF
(free base form) containing non-biodegradable silicone pod-type reservoir implant with
delivery channels and coated with polyvinyl alcohol (PVA) polymer [95]. The PK in dogs
demonstrated intracellular TFV-DP above therapeutic levels for up to 40 days. In mice and
sheep, the implant showed no concerning toxicity effects when observed macroscopically
with TAF doses of <1 mg/day [91,96] though no histological evaluations were reported.
In collaboration with CAPRISA (Centre for the AIDS Programme of Research in South
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Africa), this implant is currently being tested in humans (CAPRISA 018 Phase 1/2 trials) to
evaluate the safety, acceptability, tolerability, and PK [97].

Implants for the extended release of CAB are also in development. HMRI has explored

the nanochannel delivery implant technology described above for a sustained delivery of
CAB (modified with 2-hydroxypropyl-p-cyclodextrin for enhanced solubility) in rats for 3
months and showed that 2xPA-ICgg plasma concentration of CAB was maintained [98].
Northwestern University also developed a PU reservoir implant for compressed CAB, and
studies in rhesus macaques showed drug release of ~350 pg/day over 3 months [99].
CONRAD is currently developing a subdermal resorbable multi-pellet implant system,
capable of 6-12 months delivery of CAB [100]. The biodegradable pellets are manufactured
using a simple scalable process and are designed to be administered through a subdermal
insertion via a low-cost, human-centered designed device also in development by CONRAD
for delivery of ARVs and/or contraceptive implants.

Recent end-user acceptability surveys [100-102] of biodegradable or non-biodegradable
implants confirm that these implantable systems represent a meaningful and desirable
option for HIV PrEP, particularly for people with adherence challenges or desire LA,

highly effective systemic protection with reduced clinical visits. Reservoir-type implants can
deliver drugs with sustained zero-order release kinetics and enable adding excipients in the
core microenvironment to enhance drug solubility and stability [86,103]. The implants also
support powdered or liquid drug transcutaneous refilling for enhanced patient acceptability
with avoiding implantation and removal for the follow-up doses [93,104]. The drug loading
in solid form in both degradable and non-degradable implants provides additional benefits
of enhancing drug stability, thus the extended therapeutic duration [104]. The biodegradable
pellet-based modular implants offer very high drug loading (up to 90% w/w), long-term
stability by way of a solid dosage form, and are tunable to adjust the release rate

and duration of drug release through adjustment of size, number of pellets, and coating
membrane composition [100].

A key consideration in the clinical translation of implants into resource-limited clinics is
whether surgical removal is required, which, while potentially burdensome to health-care
systems with respect to added training and clinic visit time, enables immediate removal of
the payload and reversal of effects. Biodegradable implants/pellets do not require removal;
however, full characterization of the PK profile throughout the slow degradation process
requires intensive characterization and long IND-enabling and early clinical studies, unless
intentionally removed early by surgical incision for proof-of-concept in first-in-human trials.
Other concerns that require further investigation for clinical advancements of implants
include the risk of foreign body reactions around the implanted site or implant migration
from the site of insertion, in vivo accumulation of the degraded polymers if not eliminated as
predicted, variability of degradation and drug release rates of implants due to any biological
changes in the patients, and need for specialized training and intervention by HCP for
surgical insertion or drug refilling (in the case of the nanochannel device).

2.2.2. In-situ forming implants (ISFIs)—ISFIs are polymeric solutions that become
semisolid or solidify when injected into the body (Figure 3a). An LA removable ISFI
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containing DTG, a biodegradable polymer (poly(lactic-co-glycolic acid): PLGA), and N-
methyl-2-pyrrolidone (NMP) as a solvent delivered DTG for up to 9 months in mice and 140
days in NHPs and effectively protected against repeated high-dose vaginal HIV challenges
[105]. The concept was expanded for sustained delivery of multiple drugs in a single
injection for HIV treatment or prophylaxis [106]. A biodegradable ISFI containing CAB was
also recently developed and tested in macaques [107]. The formulation provided sustained
CAB release above established PrEP benchmarks and durable protection against SHIV
infection for up to 6 months and resulted in a short drug tail upon removal [107]. Combining
ISFI technology with micronization and compression, polymeric solid implants (PSI) were
fabricated to provide sustained release of DTG [108] or DTG/RPV in combination [109]
over several months. An injectable LA formulation of doravirine (NNRTI) that forms an
implant after SC administration has also been developed and showed that drug plasma
concentrations exceeded 1Cgs5 for >5 months in mice and efficiently prevented vaginal

HIV transmission after multiple HIV challenges [110]. Recently, laurate and myristate
prodrugs of DTG were synthesized, formulated into a biodegradable 1S, and tested in

vitro for LA delivery [111]. The data demonstrate the flexibility of ISFI formulations to
achieve long-term drug release with varying rates depending upon the composition of the
system. However, for ISFIs, additional development efforts are still needed to address the
reproducibility of the depot shape/size and drug distribution/encapsulation in vivo across
patients and its subsequent impact on PK variability in vivo.

2.2.3. Biodegradable shear-thinning hydrogel depot—Shear-thinning is the
ability of a material to decrease in viscosity with increasing shear for improved injectability,
an advantageous attribute for injectable DDS to better maintain drug suspension
homogeneity and physical stability and support use of small gauge needles for low-pain

SC or IM administration. The most advanced formulation in this category is a silica hydrogel
matrix technology developed by DelSiTech™, which allows drugs to be encapsulated either
in silica micro-particles or suspended directly in the hydrogel matrix to provide a controlled
long-term release based on the silica matrix dissolution and PK properties of the drug

itself. CONRAD in collaboration with DelSiTech initiated development of a multipurpose
formulation containing DTG and levonorgestrel (LNG) in combination for the prevention

of HIV acquisition and unintended pregnancy [112]. Due to the changing landscape of
FDA-approved drugs for PrEP, CONRAD has pivoted to CAB combined with LNG, and
CAB only as next-generation formulations for 4-6 months of protection with a single low
volume and less painful SC injection. Using their silica matrix technology, DelSiTech is also
developing LA injectable biologics for HIV prevention[113]. Although promising, further
work is needed to ensure the manufacturability upon scale-up of this technology to ensure
low cost of goods.

2.2.4. Injectable nanoformulations—While the most advanced injectable for HIV
prevention is ViiV’s CAB LA nanosuspension (discussed earlier in this manuscript),
additional compounds are being developed in nanoformulation DDS. In preclinical
development are bictegravir (BIC: an integrase inhibitor) or BIC/TAF encapsulated PLGA
nanoparticles (NPs), which have demonstrated sustained drug-release /n vitro or in vivo
[114,115]. The nanosuspension of VM1500A (deselsulfavirine; NNRT]I), a parent drug of
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elsulfavirine [116], has been tested in a Phase 1 study, which demonstrated that a monthly
injection was well tolerated and had an acceptable PK profile [117]. Gendelman et al.
developed CAB [70] and DTG [71] fatty acid prodrug-based LA injectable poloxamer
nanocrystals [72,73,118]. CAB nanoformulations were tested in different animals and
showed CAB plasma levels above the PA-ICqyq (~167 ng/ml) for up to a year [119,120].
While these injectable formulations are quite promising with respect to achieving ultra-long
durations, challenges still needing to be addressed prior to their clinical testing include
controlling initial burst drug release, reducing the dosing volume and frequency while
achieving high drug loading, feasibility of using drug combinations, and removability in
case of adverse effects.

2.2.5. Oral LA formulations—Oral LA formulations can provide a simple alternative
to both a daily oral pill regimen and an injectable/implant for HIV PrEP. A once-weekly

oral dosing of EFdA (ISL) at 1.3 and 0.43 mg/kg protected rhesus macaques against SHIV
infection [121]; however, as mentioned previously, clinical development of ISL has been put
on clinical hold due to safety concerns [34]. Kirtane et al. demonstrated sustained delivery
of DTG, RPV, and CAB via novel star-shaped matrices (gastric resident dosage form) with
an elastomeric core attached to six PCL arms (Figure 3b), achieving therapeutic plasma drug
levels with once weekly dosing in pigs [122]. Once swallowed, acid in the stomach dissolves
the outer layer, allowing the arms to unfold to resist the forces pushing the system down the
digestive tract. After the drugs have been released, the device breaks up and passes into the
intestines [122]. This technology offers a highly versatile platform that can be formulated
with multiple drugs and different polymers, allowing for a long-term release of drugs at
different release rates.

LA oral HIV prevention approaches provide an attractive user-friendly option as they are
devoid of any invasive dosing. However, the limitations for clinical application are restricted
loading capacity requiring specific drugs with low dosage of which there are relatively few
acceptable candidates, multi-faceted manufacturing requirements, and non-suitability for
drugs unstable in low pH aqueous environments of the stomach and at high temperature of
the manufacturing process. Additionally, the impact of parameters such as the effects of diet
and risk of Gl ulceration on the safety, therapeutic efficacy and the tolerability of the device
need to be assessed.

2.2.6. LA transdermal patches—Drug delivery using transdermal patches is beneficial
to potential users, since these can be painlessly self-applied with no need for specialized
disposal [123-125]. CONRAD, in collaboration with Mercer University, developed a
silicone-based suspension patch for sustained weekly delivery of TAF free base [123]. The
patch was tested in female hairless rats and achieved the target PK profile, duration, and
safety for a once-weekly TAF delivery for HIV prevention or treatment [126]. Eliminating
the need for wearing a patch for a prolonged period of time and to provide a LA

drug delivery, the recently developed microarray patches (MAP) are minimally invasive
devices that are applied and removed minutes later, consisting of microscopic projections to
penetrate the skin’s upper layers or mucosal tissues to administer the drug [125,127,128].
Donnelly et al. in collaboration with PATH, developed a dissolving MAP containing LA
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nanosuspension of RPV [129]. Most recently, they have also developed a bilayer MAP
loaded with CAB [130] and a dissolvable and implantable MAP loaded with TAF [131]
for long-term HIV PrEP (Figure 3c). CONRAD in partnership with the University of
Connecticut is further developing this technology for the delivery of bnAbs (manuscript
submitted).

Being non-invasive and convenient to apply (self-administer) without the intervention of
HCPs, transdermal patches could expand access and provide more user adherence than
injectable or implantable systems for HIV PrEP, especially in low-resource settings. To

help translate this technology for clinical application, further studies are required to confirm
scale-up development, impact of skin application sites, and variabilities in skin layers among
individuals on insertion capability of MAPs. The limitations on patch sizes to achieve a
higher drug loading and LA delivery duration require testing of clinical dose-relevant size
patches in large animal models (e.g. primates) to understand the ease of application. In
addition, the non-removability of inserted MAPs in case of adverse reactions may create
patient compliance issues and require safety confirmation in animal models before clinical
testing.

3. Roadmap of LA HIV prevention product development

LA formulations offer a promising new avenue for HIV prevention approaches, but since
several formulations are in preclinical development, a thorough examination of each product
is required since not all LA technologies are the same and have different development

and dosing considerations in LMICs. While there have been tremendous advances in LA
modalities and multiple research avenues are generating promising developments in LA HIV
PrEP, there are still several important questions that need to be addressed for reliable clinical
translation. Here, we briefly discuss the technical challenges, design factors to consider,

and knowledge gaps (also summarized in Figure 4) for the development and evaluation

of LA formulations in terms of their safety, efficacy, stability, and acceptability in diverse
populations.

3.1. Formulation development

. Enhancing ARV potency. Though significant advances have been reported in this
area, there are still challenges that need to be addressed [56,132]. These include
increased potency with ICgyq values below 1 nM, cost-effective design and
scalability of the chemical process, maintaining parent drug safety and stability
throughout the modification approach, and the requirement of sophisticated
methods to analyze the modified molecules and released chemical linker or
by-products for safety considerations. Thus, it is advisable to select the drug
or prodrug design based on estimated long-term safety, target duration, target
site biology, and potency. This demands thorough understanding of the chemical
interaction between the parent drug, linker, and biological targets.

. Excipient selection and compatibility with the drug/formulation. The quality
of excipients is critical to assuring the safety, stability, and efficacy of LA
products. Although parenteral grade excipients listed by the FDA as ‘generally
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recognized as safe (GRAS)’ are preferred in LA formulations, the effect of these
excipients on the long-term safety, tolerability, and PK profiles cannot always be
extrapolated from the existing data, which is mostly on oral or immediate-release
formulations. Therefore, long-term studies in preclinical models are required

to confirm the safety, compatibility, stability, and efficacy of excipients and/or
drugs in combination in LA formulations. With this critical information and

the continuous improvement of functionalized excipients, the LA formulation
development process will be accelerated. Feasibility of incorporation of multiple
drugs into a single formulation also needs a detailed understanding of drug-drug
or drug-excipient interactions to attain an ideal prolonged release profile for each
drug.

Manufacturing scalability and reproducibility. The scalable development of LA
formulations under current good manufacturing practice (cGMP) conditions
presents typical challenges, since it involves multiple steps in the manufacturing
process and subtle variations can significantly affect the therapeutic outcomes
of the final product. The physicochemical properties and integrity of LA DDS
need to be maintained throughout the process and during the product’s shelf
life. Thus, a careful selection of manufacturing parameters meant to formulate a
product with desired characteristics in a high-throughput manner is an important
early consideration in the development process.

3.2. Analytical considerations

Real-time quantification of residual drug and drug release: To facilitate the
product development process, whenever possible, the remaining drug from
retrievable LA products (e.g. implants, depots) should be quantified to indirectly
estimate in vivo release rate and duration. There are limitations to estimating in
vivo release particularly when there is an initial burst of drug release prior to
reaching steady state. Under such circumstances, estimated daily release may be
less reliable and hence real-time drug quantification methods may be required.
Addressing this, recently developed laser-induced breakdown spectroscopy
(LIBS) [133] and high-resolution X-ray microscopy (XRM) [134] hold promise
for rapid assessment of drugs in real-time, further accelerating the development
of LA formulations.

Expedited development using modeling approaches. Preclinical evaluations
(efficacy, safety, and stability) are desired to ensure the robust performance

of LA products; however, evaluating the long-term profiles of these products

in real time, /n vivo, is time-consuming. In this regard, physiologically based
pharmacokinetic (PBPK) modeling may be a helpful tool to predict PK using /in
vitro data to reduce the time required to gather information and accelerate the LA
product development process [135-137].

Sterilization method: Finding an appropriate sterilization method that can be
used without compromising the stability and efficacy of final LA formulation is
important. The common sterilization methods such as autoclaving and ionizing
or nonionizing radiations may release toxic residues and/or affect the formulation
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and drug properties, which could in turn modify the drug release profile
[138,139]. This demands in-depth understanding and precise controls of the
process to meet the critical attributes of the product.

3.3. Preclinical and end-user testing

Syringeability, insertability, and route of administration. These are important
parameters not only for patient compliance but also to deliver an accurate
drug dose for a prolonged period. The effects of factors such as dosing
volume, injection route (SC, IM, V), and formulation parameters (e.g. drug
physicochemical properties) on safety, injectability, and drug release/duration
should be assessed appropriately and early.

Selection of an animal model for PK and safety. Selection of an appropriate
animal model is critical for accurately defining the PK and safety profile of an
LA product. For instance, differences in drug stability in plasma across species
have been observed with the antiretroviral TAF [140]. Specifically in rodents, an
animal model commonly used for preclinical assessments, there was a complete
loss of TAF and an overestimation of TFV in plasma [140], suggesting the
rodent may not be the optimal animal model for preclinical testing of certain
drugs. Furthermore, establishing an in vitro-in vivo correlation (IVIVC) using
dissolution and plasma profiling can assist with screening iterations of an

LA product for a more refined and expedited approach during development
[141,142]. Safety assessments are dependent on the type of DDS and may
require following national or international standards and ISO (the International
Organization for Standardization) 10,993 if classified as a device or combination
drug/device. Test methods for evaluating biocompatibility are specified for
implants, absorbable and non-absorbable, and include, but are not limited to,
study interval recommendations to span degradation period, implant retrieval
procedures, and microscopic evaluations.

Understanding the role of immune cells. There is not much information available
regarding how the immune cells may influence LA depots and drug transport.
Consideration should be given to the roles of macrophages in the uptake and
transport of ARV nanoparticles from the injection site. For example, a higher
concentration of RPV in lymph nodes after 1 month of IM administration
compared to SC has been shown [143]. Hence, it is worth exploring how immune
cell populations may influence the IM/SC administered LA formulations.

Influence of individuals’ biological variability and integrating end-user
perspective for better acceptability. Factors such as gender and physiological

or anatomical differences may influence the PK, drug release kinetics, and
therapeutic efficacy of LA products [144,145]. The HPTN 077 study showed that
the LA CAB half-life was significantly longer in females compared to males and
influenced by body mass index [29]. Hence, evaluating the effect of biological
differences is worth investigating to minimize variability in developing a safe,
adaptable, and efficacious LA formulation. Integrating end-user preferences into
early stages of product development may also improve the therapeutic outcome
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and acceptability. For example, the complexity of surgical procedures has
significant effects on patient acceptability of implants and future designs should
employ minimally invasive approaches to minimize or ideally avoid intensive
insertion (and removal) procedures. Other key attributes that can determine
acceptability of LA products include cost-benefits, removability, duration of
effectiveness, insertion location, side effects, visibility/palpability, and health
clinic versus pharmacy provided [100,146]. Product preferences as a whole vary
among individual users leading to the need for different DDS that can be selected
by individuals based on suitability [147]. A single DDS for HIV PrEP may not
meet the needs of all users and with more options available, the chances of
making an impact on HIV incidence increase.

4. Conclusions

The HIV prevention field has entered a new era as first-generation LA PrEP options
imminently rollout into the hands of end-users and next-generation LA PrEP products
provide greater value-added to the method mix, including notably less frequent (3-12
months) dosing with improved patient adherence, minimal risk of resistance development,
strategically accelerated clinical development and regulatory paths, and reduced costs to
end-users in LMICs especially. While recent scientific advances have provided promising
approaches for the long-term prevention of new HIV infections, there are still several
important questions that need to be addressed regarding LA dosage forms and knowledge
gaps, which will greatly influence successful clinical translation of LA products. In
summary, the growing pipeline of LA HIV prevention options is promising, with CAB

LA recently approved and marketed in the US, additional longer acting products in
advanced clinical stages, and an array of innovative next-generation approaches being tested
preclinically. However, development and translational challenges remain to be addressed
for the successful clinical application of some of these novel modalities such as targeted
consideration of unmet need and target populations, cost-effectiveness, efficacy, design, and
scalability of the modification process and of the desired final product.

5. Expert opinion

There are several LA delivery options demonstrating promising clinical and preclinical
results in the HIV PrEP field. In general, the LA potential of existing ARVs can be achieved
either through their prodrug chemical modification or through delivering them using LA
novel DDS approaches. One critical question in this respect is what approach should

be implemented. While deciding how to proceed with a given ARV, multiple elements
should be taken into consideration, such as whether chemically modifying the parent ARV
or delivering the existing ARV from an improved DDS provides better value-added and
applicability in target populations and settings. New product design must consider that an
ARV should be chemically modified when the prodrug or derivative provides added benefits
to the parent compound’s profile in terms of enhancing its potency, half-life, stability, cell
permeability, and/or bioavailability. If this is not the case, formulating the existing ARVs
into an improved LA DDS would be a superior approach. The LA potential of newly

Expert Opin Drug Deliv. Author manuscript; available in PMC 2022 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Agrahari et al.

Page 15

developed ARVs could be enhanced by generating molecules with novel mechanisms (or
targeting multiple steps in viral replication) or through their encapsulation into a novel DDS.

Since several new potent ARVs are in the pipeline for HIV prevention, further exploration
of new LA approaches is important for implementation in a feasible and inexpensive

way. Moreover, high barriers to resistance and the transport/storage of LA products being
compatible with use in resource-limited settings (i.e. avoiding the need for cold-chain
storage) are ideal. New LA formulation technologies include oral star-shaped devices that
allow sustained drug release for at least a week [121,122] and improved implant designs
such as the refillable ARV implants [93], which provide advantages of transcutaneous drug
filling without the need to remove and re-implant a new device. These new LA technologies
entail innovation but also raise challenges in their clinical feasibility and cost-effective

and scalable manufacturing. For example, the major limitations of oral devices are the
complex geometry and unsuitability for materials unstable in the acidic environment of the
stomach such as TAF [148], whereas for refillable implants, further studies are needed to
confirm the clinical feasibility for better patient compliance. Future approaches comprise
drug encapsulation in nanoformulations embedded in nonresorbable and biodegradable
implants, injectable depots, and microarray patches, in order to maximize the intended
therapeutic effects of LA products. Overall, with several highly potent drugs in preclinical/
clinical testing and rapid progress in new delivery technologies, the prospects for LA HIV
prevention are encouraging.

The requirements for LA HIV PrEP products for resource-limited settings where the HIV
epidemic has the highest health burden can be even more challenging. This necessitates
consideration, collaboration, and precise planning to design and prioritize the most
promising ARVs and DDS that facilitate implementation in these settings. Furthermore,
products in development must be tested in a timely fashion in local populations, while key
stake-holders should be engaged early in the development process to provide feedback

and better support ultimate introduction and implementation. This may help develop
comprehensive approaches to ensure safe, scalable, cost-effective, and effective LA HIV
products that end-users will want to use, providers will want to administer, and policy-
makers will want to procure and distribute. The partnership of ViiV Healthcare and the
Medicines Patent Pool (MPP) supporting an ongoing licensing agreement negotiation to
help widen access to LA HIV prevention drugs [149] with cost-effective and scalable
manufacturing capacity represents a recent example of such collaborative approaches. There
are also significant developments happening in LA formulations for other indications, such
as ocular therapy, cancer, contraception, and tuberculosis, and leveraging LA formulation
designs from other fields may support and expedite the HIV PrEP product development
process. In summary, there is a growing pipeline of potent LA ARVs and bnAbs, as

well as several novel LA formulation and drug delivery technologies for HIV prevention
that are highly promising. Nevertheless, further innovation, technology advancements,

and new partnerships are needed to expedite development of clinically translatable and
implementable LA HIV PrEP products that are less invasive and more applicable, and
acceptable, particularly in special populations of children, adolescents, and pregnant women.
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Avrticle highlights

. State of the current HIV PrEP field and the need for the development of
next-generation LA PrEP approaches

. Review of approaches enhancing the LA potential of existing ARVs through
chemical modification

. Novel drug delivery strategies for LA HIV prophylaxis

. Technical challenges and knowledge gaps in LA HIV prevention products
development and clinical advancements

. This box summarizes key points contained in the article.
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Figure 1.

Schematic representation of prodrug technologies for generating long-acting (LA)
antiretrovirals (ARVs). (a) ProTide prodrug concept; (b) Fatty acid ester prodrug conjugates;
(c) Drugamer-based prodrug approach for TAF (Reproduced with permission from [76]).
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Figure 2.
Long-acting (LA) subdermal/subcutaneous implants in clinical development. (a) Merck

EFdA implant (Reproduced with permission from [35]); (b) RTI thin film TAF implant
(Reproduced with permission from [85] under the terms and conditions of the Creative
Commons Attribution (CC BY) license http://creativecommons.org/licenses/by/4.0/); (c)
Oak Crest TAF subdermal implant (Reproduced with permission from [95]) (Three-
dimensional model (A) and cross-sectional drawings (B and C) of TAF implant. The TAF
core (black) inside the silicone scaffold with PVA membrane coating is shown (not to scale).
Cross sections were sliced through the y-z (B) and x-y planes (C). (d) HMRI nanofluidic
refillable CAB implant (Reproduced with permission from [98]) ((A) Rendered image of
cross-section of polyether ether ketone (PEEK) (left) and titanium (right) drug reservoirs.
(B) Assembled PEEK BCAB (left) and titanium CAB (middle) drug reservoirs and 13

nm nanofluidic membrane (right). (C) SEM image of nanochannel membrane cross-section
displaying drug release through perpendicular microchannels and horizontal nanochannels
1, reservolr, €, epoxy, m, nanochannel membrane, s, implant shell); (€) HMRI nanofluidic
refillable TAF/FTC implant (Reproduced with permission from [93]) ((G) Cross-sectional
rendering of nanochannel delivery implant depicting drug refill needles through the loading
ports with resealable silicone plugs. (H) Nanochannel membranes of two different sizes,
square (TAF) and rectangle (FTC); top and bottom view of nanochannel delivery implant
in medical-grade titanium for TAF (with silicone plug) and FTC (before affixing silicone
plug), (f) Northwestern CAB PU reservoir implant (Reproduced with permission from
[99]); (g) CONRAD subdermal biodegradable CAB pellet implant system (Reproduced with
permission from [100] under the terms and conditions of the Creative Commons Attribution
(CC BY) license http://creativecommons.org/licenses/by/4.0/).
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Figure 3.
(a) Design and mechanism of release of an ISFIs (Reproduced with permission from [9]);

(b) The design of the gastric resident dosage forms consisting of an elastomeric core
(grey) and six rigid arms loaded with a drug polymer matrix (multi-colored) (Reproduced
with permission from [122]); (c) Schematics of intradermal administration of TAF using
dissolving and implantable microarray patch (MAP) (Reproduced with permission from
[131]). All the figures are reproduced under the terms and conditions of the Creative
Commons Attribution (CC BY) license http://creativecommons.org/licenses/by/4.0/).
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