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Abstract

Introduction—Advances in the development of long acting antiretroviral therapy (ART) can
revolutionize current treatments for HIV/AIDS. We have coined the term long active slow effective
release ART (LASER ART) based on properties of slow drug dissolution, poor water-solubility,
excellent bioavailability, limited off target systemic toxicities, and excellent patient treatment
adherence. Drug carrier technologies characterized by high payload of antiretroviral drugs (ARVS)
in a single carrier are being developed to improve the pharmacokinetics and pharmacodynamics of
the nanoformulated ART (nanoART). Additionally, surface modification of slow release
antiretroviral carriers with targeting ligands has facilitated receptor-mediated transport across
physiological barriers serves to improve therapeutic outcomes.

Areas covered—This review highlights current developments of reservoir targeted LASER ART
delivery platforms that have the potential to improve HIV/AIDS therapeutic outcomes. Such
nanoART delivery platforms include decorated multifunctional nano- and micro- particles,
prodrugs and polymer conjugates. Therapeutic strategies such as anti-inflammatory and
neuroprotective agents and CRISPR/Cas 9 based gene-editing technologies that affect drug depots,
boost ART effectiveness and facilitate viral clearance are discussed.

Expert opinion—The persistence of HIV-1 in its lymphoid, gut and nervous system reservoirs
poses a major challenge to viral eradication. Emerging innovative strategies for effective
medicines and slow release products to target intracellular pathogens, immune based interventions,
genome-editing technologies, compounds that sustain drug depots and combinations of nanoART
and image contrast agents have the potential to meet the unmet clinical needs of HIV patients.
Such efforts will bring the medicines to sites of active viral replication and accelerate viral
clearance.
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1. Introduction

Human immunodeficiency virus-1 (HIV-1) infects then depletes CD4+ T lymphocytes
resulting in immunodeficiency and host susceptibility to a range of opportunistic infections
and malignancies [1, 2, 3]. While antiretroviral therapy (ART) has reduced disease
morbidity and mortality it has thus far failed to clear virus from anatomical reservoir sites.
Such sites include the central nervous system, gut-associated amongst other lymphoid
tissues (gut-associated lymphoid tissue (GALT), lymph nodes and spleen). Thus achieving
virologic cure through antiretroviral drugs (ARVS) currently remains a formidable and
perhaps an improbable obstacle to overcome [4, 5, 6]. This is further complicated by limited
access to ART seen commonly in resource-limited countries, adverse drug side effects, viral
mutation rates that have led to emergence of resistant viral strains and poor patient
compliance to lifelong therapy due to psychological, physical and drug addictions [7, 8, 9,
10]. Thus, the need for the development of reservoir targeted long acting slow effective
release (LASER) ART delivery platforms cannot be overstated. Parallel efforts in academic
laboratories and the pharmaceutical industry are directed towards developing personalized
drug delivery systems that can selectively target body areas where virus hides in a latent,
restricted or productive state. The inevitable outcome is to maximize the therapeutic index,
improve ARV compliance and maximize viral control [11, 12, 13]. The question, though, is
how best to achieve such a goal. This has led, in measure, to a reassessment of drug
development. This can occur by modification of existing compounds to affect improved drug
encapsulation into delivery systems or to re-evaluate drugs that were overlooked during prior
evaluations. Indeed the latter compounds could be brought forward from new drug discovery
efforts that have not moved ahead in development due to their poor physicochemical
properties such as limited oral absorption, low dissolution at physiological pH and rapid
clearance [14, 15, 16]. To overcome these delivery barriers, drug delivery designs and
dosage forms, delivery routes, nano and micro carrier systems such as liposomes, lipid nano-
constructs, polymeric nanoparticles, dendrimers, and nanocapsules may be used to facilitate
carriage of drugs and affect their biodistribution and half-life. Indeed, for example,
nanomedicine-based drug delivery systems are being developed with promising profiles that
enable improved targeting and imaging capacities and specifically target HIV reservoirs. Our
own laboratories have developed go / no go criteria in an ambitious plan to develop a library
of known approved ARVs as long acting medicines. A description of product synthesis,
quality control, laboratory and animal testing towards clinical implementation is outlined in
the accompanying Figure 1. The development of ARV nanoparticles begins with assigning
designations. Here all of the formulations are designated with specific letters and numbers
that outline each step of formulation production. This includes whether the particles are
homogenized or milled; the particle size (1 <200 nm; 2 200-300 nm; 3 300-400 nm; and 4
>400 nm); their shape (1 cuboid; 2 box; 3 rod) and the excipients employed for each of the
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crystal hydrophobic ARV encasements. The nanoformulations produced are evaluated, in
kind, within human macrophage cultures before being tested in rodent pharmacokinetic (PK)
tests. Nanoformulations with “best” scores based on the criteria of drug particle macrophage
entry, cell retention and release, antiretroviral activities and cell vitality are subsequently
selected for animal investigations. PK measurements are rank scored by criteria that include
plasma and tissue drug concentrations. The acceptability scores include drug plasma levels
of the half maximal inhibitory drug concentration (ICsg) scored as a measure of
effectiveness in inhibiting viral growth as. measured over weeks of testing. These tests
included toxicological evaluation done, in parallel, by hematologic, renal, hepatic, metabolic
and histological tests. Pharmacodynamic studies conducted using drug combinations in
humanized mice are then used to determine plasma viral load and intracellular drug
reservoirs for the chosen formulations as uncovered by the PK tests. These are our go no-go
criteria. Taken together, the current review is more extensive that what is ongoing in our own
laboratory and highlights “all drug delivery platforms” that have already shown or have the
potential to improve therapeutic outcomes for HIVV/AIDS not and in future years.

2. Nanoparticle mediated ART delivery

Delivery of therapeutic agents using solid lipid nanoparticles has received considerable
interest in recent years. This is owing to the abilities to introduce targeting ligands, improve
biocompatibility, limit drug degradation and reduce systemic toxicity. Solid lipid
nanoparticles comprise biocompatible lipids stabilized by emulsifiers. The use of lipid
nanoparticles to deliver multiple therapeutic agents has drawn increased interest in recent
years. Packaging multiple ARVs into one particle is important for targeting different stages
of viral replication and reducing the risk of viral resistance. In addition to facilitating
residual viral clearance, co-delivery of multiple antiretroviral drugs could potentially
enhance patient adherence. Most recently, multi-drug lipid nanoparticles encapsulating the
ARVs lopinavir (LPV), ritonavir (RTV) and tenofovir (PMPA) were developed [17]. The
lipid ARV nanoparticles were administered subcutaneously to rhesus macaques at drug
doses of 25, 14.3 and 17.1 mg/kg, respectively, and compared to native drug treatments.
Primates dosed with lipid nanoparticles exhibited extended and higher drug concentrations
in plasma and tissues. The three-drug lipid nanoparticle combinations increased intracellular
drug concentrations of LPV and RTV in the lymph nodes by 50 times compared to the native
drug treatment group. Additionally, both plasma and intracellular drug levels in the
nanoparticle treatment group were sustained for 7 days, as opposed to administration of
native drugs, which were undetectable at day 2. These findings demonstrated that
multifunctional long acting ARV nanoparticles holds promise to overcome inherent
compliance limitations of the current drug regimens.

3. Theranostics and nanoART

Despite significant improvements in ART regimens a major obstacle for bench to bedside
translation of nanoparticle delivery systems rests in an assessment of drug depots in
relationship to viral reservoirs. In recent years, magnetic resonance imaging (MRI) has been
extended to the development of contrast agents to enable /n vivo tracking of drug carrying
nanoparticles. Our laboratory first developed small magnetite antiretroviral therapy
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(SMART) [18]. SMART is defined by the use of alendronate polyethylene glycol
superparamagnetic iron oxide nanoparticles (ALN-PEG SPIO) and used for screening of
targeted nanoformulations. The particles were used to assess tissue biodistribution of ARVs
using conventional MRI tests. The surface of the magnetite particles was coated with ALN-
PEG to generate stable and tunable particles capable of carrying more than one targeting
ligand. Folic acid (FA) was conjugated onto the ALN particles to test whether the particles
could reflect FA-targeted nanoART biodistribution. The particles were administered
intramuscularly into mice, where FA coating was shown to enhance nanoparticle uptake and
retention. While these SMART particles do reflect drug tissue distribution they have thus far
not enabled precise drug distributions to viral reservoirs. Such reservoirs include the lymph
nodes, GALT and brain. One additional limitation of this system is related to the low
sensitivity of the SMART particle system. To overcome these limitations, we recently
explored combined fluorescence and magnetic properties of europium to generate MRI
sensitive cobalt ferrite europium core shell silica magnetic nanoparticles [19]. The resultant
monodispersed CFEus formed crystals with a unique inverse-spinel structure and particle
sizes equivalent to conventional nanoART. Importantly, the transverse relaxivity of the Si-
CFEu particles were increased up to a log when compared to SMART particles. Ligand
decorated Si-CFEu particles hold considerable promise for rapid assessment of nanoparticle
drug biodistribution and efficiency for improving drug distribution strategies to HIV
reservoirs

4. Sustained-release ARV formulations

A major obstacle to the goal of HIV eradication lies in targeting latently infected cells from
a spectrum of tissue sites. While several therapeutic interventions are being developed with
the goal of targeting reservoirs that harbor latent virus none have delivered enough cargo at
long enough intervals with optimal efficacy to exert viral clearance [20, 21]. The directives
include a broad number of direct and indirect measures to affect the viral replication cycle.
The ultimate end point is designed to eliminate infected resting CD4+ T lymphocytes [22,
23]. In this manner, a number of drugs were tested that would affect viral clearance and
potential elimination. For example, CD4+ T cell-activating agents were investigated but
proven unsuccessful in eliminating virus and preventing its rebound as measured at two or
three weeks affect ARV cessation. Ongoing research investigations are focused towards
generating slow release products that combine latency-breaking agents and antiretroviral
drugs in the same carrier. In a recent study, tenofovir was co-encapsulated with the HIV-1
latency reversing agent vorinostat into magnetically guided layer-by-layer nanoparticles to
allow for simultaneous activation and clearance of the virus [24]. The ultrasmall magnetic
nanoparticles were synthesized and characterized for physicochemical properties,
cytotoxicity, intracellular uptake, release and antiviral responses using astrocytes and brain
microvascular endothelial cells. In addition, the effects of an external magnetic field on the
transmigration ability and blood brain barrier (BBB) integrity were investigated. Tenofovir-
vorinostat nanoparticles demonstrated antiretroviral efficacy over a period of five days after
infection, an indication that the external field facilitated intracellular accumulation of
nanoparticles.
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Delivery of ARV to the central nervous system (CNS) is critical for effective treatment of
HIV/AIDS patients but always challenging due to the limited permeability of the BBB [25].
Recent years have seen advancements in the development of promising nanotechnologies for
delivery of antiretroviral drugs to the CNS [26]. Notably, amphiphilic polymer coated iron
oxide nanoparticles synthesized by solvothermal methods and functionalized with the
antiretroviral peptide enfuvirtide were shown to facilitate drug carriage across the BBB [27].
The mechanism of nanoparticle transport across the endothelial barrier was investigated
using both in vitro and in vivo models demonstrating intracellular distribution of enfuvirtide-
modified iron oxide nanoparticles. Comparisons were made against free peptide or non-
modified iron oxide particle controls using confocal microscopy methods. The results
showed that coating the iron oxide nanoparticles with enfuvirtide modified the amphilic
polymer and markedly improved endothelial cell permeation of the drug. The data showed
up to 170% increases in permeation. Similarly, increased fluorescence intensity was
observed in brains of mice treated with nanoformulated enfuvirtide iron oxide compared to
free peptide or non-modified nanoparticle treatment groups. The data, all together, showed
peptide penetration of the modified nanoparticles across endothelial cells with strong
interactions between the polymer coating and cell membrane. This was followed by
internalization and dissociation of the nanocomplex in the brain parenchyma. These
encouraging findings suggest that amphiphilic polymer iron oxide nanoconstructs could
potentially enhance CNS drug delivery.

Nanosuspensions are aqueous suspensions containing poorly water-soluble drug crystals and
stabilizers [15, 20, 28]. One or several excipients and appropriate buffers are used to prevent
crystal growth or particle aggregation. Particle size reduction can be achieved through high-
pressure homogenization, wet milling or precipitation to generate nanoparticles in the range
of 50 to 1000 nm. Nanoparticles offer numerous advantages that include high drug loading
capacity, controllable size, charge and tunable surfaces for targeting ligand conjugation and
can be lyophilized for long term storage [28, 29, 30, 31]. Antiretroviral drugs could be
nanoformulated to extend the drug half-life and for various routes of administration.
Cabotegravir (CAB) is an integrase strand-transfer inhibitor with high potency (1Csq of 0.22
nM), low aqueous solubility and long half-life [32]. CAB-LAP is a long-acting injectable
nanosuspension with a half-life ranging from 21 to 50 days after intramuscular (IM)
administration and is currently under clinical evaluation [33]. In a study by Andrews et al.,
pharmacokinetics and efficacy of CAB-LAP for pre-exposure prophylaxis against repeat
high-dose intravaginal SHIV challenge was evaluated in female rhesus macaques [34]. The
study was conducted with eight female rhesus macaques that were exposed to CAB-LAP at
week 0 and four positive controls. The animals were then chronically infected with
SHIV162P3 at week 1 and monitored for viral loads. CAB-LAP was found to protect the
animals from infection, whereas viremia was detected at 2 weeks after SHIV challenge in all
control animals. The animals in the experimental treatment arm were given a boost of CAB-
LAP at week 4 and further challenged with the virus at weeks 5 and 7. Interestingly, six out
of eight animals in the CAB-LAP arm were protected against three high-dose SHIV
challenges, whereas all control animals showed infection after a single challenge. These
encouraging results highlight the potential of long acting injectable nanosuspensions in the
management of HIV.
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The use of antiretroviral drugs for pre-exposure prophylaxis (PrEP) in high-risk populations
has been shown to be highly effective at preventing HIV transmission [35, 36, 37, 38].
Current studies evaluated long acting injectable medicines for PrEP that included raltegravir
nanosuspensions prepared by milling and subsequent reconstitution in polyethylene glycol,
polysorbate 80 and mannitol. Pharmacokinetic and biodistribution profiles of the drug were
evaluated by replicate formulations administered to BALB/c, NSG (NOD-scid—gamma) and
humanized bone marrow-liver-thymus (BLT) mice and also in rhesus macaques [39].
Furthermore, in vivo assays were used to assess the ability of the nanoformulated drug to
protect humanized mice against vaginal virus transmission and during acute infection.
Plasma drug concentrations at two weeks after a single injection of nanoformulated
raltegravir at doses of 7.5 mg and 160 mg to BLT mice and rhesus macaques, respectively,
were equivalent to a twice-daily oral dose of 400 mg in humans. Effective suppression of
viral plasma RNA was achieved with a single dose of nanoformulated raltegravir. A single
subcutaneous dose of nanoformulated raltegravir protected BLT mice from HIV infection
following two high-dose vaginal challenges with virus at one week and four weeks post
administration of long acting nanoformulated raltegravir. The outcomes of this study
highlight the translational potential of long acting injectable antiretroviral drug delivery
systems for HIV prevention and treatment. Rilpivirine is an FDA approved non-nucleoside
reverse transcriptase inhibitor (NNRTI) for use in HIV-1 infected naive patients in
combination with other antiretroviral agents. A nanosuspensions of rilpivirine, TMC278 LA,
has been developed and is under clinical investigation as a long acting injectable formulation
[40]. Preclinical studies have demonstrated sustained therapeutic concentration of rilpivirine
in plasma for up to three months in dogs, two months in rats or three weeks in mice after a
single dose of TMC278 LA [40, 41].

Others assessed the pharmacokinetics, safety and tolerability profiles of TMC278 following
single IM doses of 300 to 1200 mg in HIV seronegative volunteers [42]. Rilpivirine
concentrations in plasma, cervicovaginal fluid, rectal fluid and tissues from female genital
tract and male rectum were measured over 84 days after drug treatment. Results from this
study demonstrated that higher doses of nanoformulated rilpivirine provide sustained release
and enhanced fluid and tissue biodistribution of the drug for up to 84 days. Higher rilpivirine
concentrations corresponded to enhanced ex vivo inhibition of the virus replication in
infected cervicogenital tissues from participants. These encouraging clinical findings suggest
that long acting ARVs could improve efficacy and adherence to PrEP treatments. In another
study, the pharmacokinetics, safety, and tolerability profiles of CAB and TMC278 were
assessed after repeated dosing of long-acting injectable formulations in healthy subjects
[43]. According to the study design, the subjects received oral doses of 30 mg/day of CAB
during the initial two weeks, followed by a seven-day wash out period prior to
administration of nanoformulated drugs. The subjects were then divided into four treatment
groups: the first group received 800 mg of CAB-LAP via IM followed by quarterly booster
doses of 200 mg via SC, the second group was dosed with 800 mg CAB-LAP via IM
followed by quarterly booster doses of 200 mg via IM, the third group was administered
with 800 mg of CAB-LAP via IM followed by quarterly booster doses of 400 mg via IM,
while the fourth group received 800 mg CAB-LAP IM followed by a booster dose of 800
mg 12 weeks later. Subjects in the second and third groups also received IM doses of
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TMC278 LA at the third (1200 mg) and fourth (900 or 600 mg) months. Spreen et a/. noted
that co-administration of CAB-LAP and TMC278 LA was well tolerated and therapeutically
sustained plasma concentrations of the two drugs were achieved. Clinical trial studies that
are still in progress or have been completed using CAB LAP and RPV LA are summarized
in the Table.[44, 45, 46]

Dextran electrospan microconfetti fibers loaded with the protease inhibitor saquinavir were
synthesized from acetylated dextran by grinding techniques to affect drug release kinetics
[47]. The drug loading capacities and properties of the fibers were compared against other
polymers such as poly lactic-co-glycolic acid and polycaprolactone. The results showed that
the release profile of saquinavir from the microconfetti formulations was dependent on the
stability of the polymer and drug concentration. A single subcutaneous administration of the
dextran microconfetti formulations at a dose of 80 mg/kg of saquinavir into mice sustained
serum and tissue drug concentrations for seven days. These encouraging data sets suggest
injectable microconfetti carriers could be used for delivery of other hydrophobic small
molecule drugs.

5. Targeted delivery

Active targeting is accomplished by attachment of specific molecules, peptides or proteins
on the surface of the delivery system, thereby maximizing binding and interactions with
receptors expressed on target cells or tissues [31, 48, 49]. The choice of the appropriate
ligand is based on its specificity, stability, availability and selectivity on the target cells or
tissues. Targeted co-delivery of ARVs to infected CD4* T cells and macrophages has great
potential in the management of HIV-1 infection. Ramana et a/. developed anti-CD4 modified
liposomes loaded with nevirapine and saquinavir and evaluated them for cellular uptake and
antiretroviral responses in Jurkat T cell lines [50]. The liposomes were prepared by thin film
hydration and covalently linked to anti-CD4 antibody via thiol-maleimide chemistry.
Entrapment and association of each drug within the lipid layers of the liposome was
influenced by physicochemical properties of each compound, with the aqueous core
associated hydrophilic saquinavir exhibiting a slower release rate compared to the
hydrophobic nevirapine localized in the surrounding lipid bilayers. The dual drug loaded
anti-CD4 modified liposomes exhibited enhanced drug uptake and improved antiretroviral
efficacy compared to equimolar concentrations of native drugs. These in vitro experiments
demonstrated that active targeting of CD4* T cells could facilitate intracellular localization
of medicines and improve the efficacy of antiretroviral drugs. Harnessing macrophage
transport properties for drug delivery can improve clinical drug responses. Indeed, cell-based
nanocarriers have been developed for not only cancer chemotherapy but also a wide range of
microbial infections [49, 51, 52]. Cell targeted nanomedicines may offer several advantages
over conventional drug delivery methods including enhanced efficacy, reduced side effects,
increased drug stability and effective subcellular targeting [27, 53, 54]. To facilitate
macrophage targeting, our laboratory developed injectable ART nanoformulations and
evaluated drug delivery to macrophage subcellular compartments and tissues, as well as the
pharmacokinetic profile [28, 29, 30, 53, 54, 55, 56, 57]. We observed rapid uptake and
accumulation of hydrophobic drug nanocrystals throughout the macrophage cytoplasm
without notable changes in cell morphology (Figure 2). It is noteworthy that despite the
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significant accumulation of particles in the cytoplasm the locale was identified in endosomal
vesicles. The co-localization studies were amenable to confocal microscopic evaluation of
the particle subcellular locale. There were no significant changes in cell viability in cells
which contained nanocrystals. These were readily seen during any of the prolonged
(measured in weeks) drug depot formation. Folic acid (FA) was covalently conjugated onto
poloxamer 407 and used to manufacture nanosuspensions of the protease inhibitor
atazanavir, (ATV; FA-nanoATV) by high-pressure homogenization [53, 58, 59]. Our results
showed that in comparison with non-targeted formulation, FA-nanoATV increased
macrophage ATV uptake and retention 2-fold, and provided robust anti-HIV efficacy in the
Rab 5, 7 and 11 endosomal compartments. Pharmacokinetic evaluation in mice showed that
a single IM injection of FA-nanoATV enhanced ATV concentration in plasma nearly 10-fold
at 14 days post-injection. Furthermore, ATV concentration in lymph nodes increased nearly
4-fold and in liver and kidneys by up to 5-fold over non-targeted nanoformulations at day 14
[53]. Antiretroviral efficacy of ritonavir boosted ATV nanoformuations administered to non-
obese diabetic severe combined immunodeficient mice reconstituted with human peripheral
blood lymphocytes then infected with HIV-14pa showed viral suppression by measures of
viral load, number of HIV-1p24+ cells in lymphoid tissue and polymerase chain reaction for
viral RNA [58]. These results demonstrated the role played by FA targeting of ARV
nanoparticles in improving the pharmacokinetics and pharmacodynamics of long acting drug
nanoformulations.

6. Prodrugs and drug polymer conjugates

Yet another approach that has been utilized to improve physiochemical properties of drug
molecules rests in prodrug design. Prodrugs themselves do not possess intrinsic biological
activity but are capable of generating biologically active drugs during their metabolism [60,
61]. Typically, prodrug strategies are aimed at conferring improved properties to the parent
drug that would enhance delivery across physiological barriers or allow for encapsulation
into delivery systems [62]. The success of this approach relies upon cleavage of the chemical
linkage between the active parent drug and the derivatizing moiety in order to elicit a
pharmacological effect [61]. The nature of the chemical linkage is therefore an important
consideration. Also, prodrugs should not elicit toxicity. Various ester, carbamate and amide
prodrugs can be hydrolyzed by carboxyesterases [61]. Even though prodrug strategies have
successfully been utilized in many medicines, only a few prodrug products for HIV therapy
have been marketed to date. Only fosamprenavir and tenofovir disoproxil fumarate anti-HIV
prodrugs have been approved by the FDA [63, 64]. The majority of pharmaceutical research
into the utility of long acting prodrug injectable formulations has been in the area of
antipsychotics. Several long acting antipsychotic parenteral agents are clinically available
[65]. These formulations include prolixin decanoate sesame oil formulation, marketed by
Bristol Myers Squibb as a biweekly injectable, and paliperidone palmitate nanosuspension,
marketed by Janssen as a monthly injectable for acute treatment of schizophrenia [66, 67,
68]. Prodrug based drug delivery systems are an attractive strategy for the development of
long acting formulations that might significantly simplify the frequency of dosing of ART
[64]. Nucleoside reverse transcriptase inhibitors (NRTIs) are the backbone of combination
antiretroviral therapy in the treatment of HIV infection [69]. However, these drugs have
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short half-lives and often require daily or twice daily dosing to maintain therapeutic drug
levels. The hydrophilic nature of NRTIs pose further challenges to the development of long
acting nanoformulations. A recent article described the synthesis of a library of lamivudine
prodrug polymer conjugates and evaluated their drug release kinetics through measurement
of glutathione-mediated release of lamivudine (3TC) and in vitro antiviral efficacy against
HIV entry and polymerase activity [70]. The copolymers were assembled by reversible
addition-fragmentation chain transfer (RAFT) polymerization reactions. The release of 3TC
from the polymer occurred over 5 and 10 hours for non-sulfonated and sulfonated polymers,
respectively. The polymer conjugates studied by others exhibit potent kinase independent
reverse transcriptase inhibition as well as activity against DNA-DNA polymerase. Prior
works had shown sulfonic acid polymers to exhibit antiretroviral responses through
interaction with the viral glycoprotein gp120 preventing cell membrane fusion [71, 72, 73].
These in vitro data demonstrate that surfactants that exhibit anti-HIV activity could be used
in the design of multimodal carriers that might protect cells from invasion by the virus. To
overcome limitations of short acting NRTIs, our laboratory recently developed slow release
products of 3TC (NMTC) and abacavir (ABC; NMABC) extending their half-lives from
hours to weeks [29, 57]. Myristoylated prodrugs of 3TC (M3TC) and ABC (MABC) were
produced then encapsulated into poloxamer 407 excipients. Both non-targeted and FA-
modified poloxamer nanoformulations of MABC and MTC were manufactured by high-
pressure homogenization to generate particles that were characterized by stable physical
properties. The prodrug nanosuspensions were then tested to assess uptake and retention of
MABC and MTC particles in macrophages. An up to 2.5-fold increase was observed in ABC
uptake of FA decorated nanoformulated MABC (FA-NMABC) when compared to replicate
undecorated formulation. Blocking the FA receptor decreased FA-NMABC uptake.
Increased MABC retention in macrophages over 15 days was seen for FA-NMABC.
Similarly, uptake of FA-NM3TC increased over 24 hours. This mirrored improved
antiretroviral efficacy of the nanoformulated drugs. FA-NMABC and NM3TC suppressed
RT activity for up to 15 days. To determine whether improved hydrophobicity and
encapsulation of MABC and M3TC into nanoformulations would translate into sustained
plasma drug levels /n vivo, mice were treated IM with native drugs or nanoformulated
prodrugs (equivalent to 50 mg/kg active drug). Mice were maintained on folate deficient diet
prior to drug administration to reduce circulating folate levels. Blood levels of ABC were
detectable over 14 days following treatment with nanoformulated MABC. Similarly, 3TC
levels were detectable over 10 days following treatment with nanoformulated MTC. At day
14, the plasma 3TC level for FA-NM3TC was 22.7+ 12.5 ng/mL and that of NM3TC was at
the limit of quantitation. Similarly, 3TC levels in the liver, spleen and lymph nodes were
greater than 2-fold higher for the FA-NM3TC treated group compared to the NMTC group.
These exciting results demonstrate that short acting drugs can be converted into slow release
products and packaged into macrophages to improve bioavailability and pharmacokinetics of
the parent drugs. Such delivery systems bring the drugs to sites of active viral replication and
therefore hold great potential for clinical application.
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Efforts have been made to improve ART delivery across the BBB. However, recent studies
have also demonstrated that improved CNS penetrance could itself contribute to
neurocognitive dysfunction [74, 75, 76]. In an effort to overcome such limitations,
neuroprotective agents could serve to protect vulnerable neurons against viral and cellular
neurotoxins [77]. To date, none of the neuroprotective clinical trials have moved forward to
clinical practice [78]. However, one compound in particular has been shown to affect
nanoART efficacy while at the same time providing anti-inflammatory and neuroprotective
activities. This compound is the mixed-lineage kinase 3 (MLK3) inhibitor, URMC-099, that
has been shown to play a key role in attenuating pro-inflammatory responses. Inhibition of
MLKS3 activation in HIV infection has also been shown to neuroprotective properties [79]. In
a phase I clinical study the MLK3 inhibitor CEP-1347 given together with ritonavir boosted
atazanavir (ATV/r) enhanced plasma drug levels and extended the antiretroviral drug half-
life in infected patients [80]. A next generation MLK3 inhibitor, URMC-099 is brain-
penetrant and has been shown to facilitate nanoART depots in HIV-1 tissue reservoirs. While
URMC-099 alone had no antiretroviral effect its co-administration with nanoATV
demonstrated enhanced suppression of HIV-1 [81]. Combination of URMC-099 and
nanoATV potentiated antiretroviral responses compared to the ARV treatment alone. The
antiretroviral responses paralleled increased drug levels in early, late and recycling
endosomes. Interestingly, such endosomal compartments are known to be major subcellular
HIV reservoirs [82, 83, 84]. We recently demonstrated that the mechanisms underlying
URMC-099 enhancement of antiretroviral responses was based on stimulation of autophagy
and later sequestration of drug particles into autophagosomes [85]. Since autophagosomes
are used for HIV-1 assembly and maturation, URMC-099 induced autophagy could be
harnessed to facilitate viral clearance, improve cell health and facilitate accumulation and
retention of ARV nanoparticles at viral action sites.

8. Excision and elimination of HIV proviral DNA

Previously developed “shock and kill” strategies have failed to eradicate latent viral
reservoirs [86]. Such past strategies are not efficient nor are they specifically acting leading
to eradication failures and cell and tissue toxicities. We have begun to combine efforts to
improve drug delivery to viral reservoirs by novel decorated nanomedicines by enabling
molecular discoveries that remove proviral DNA from infected T cells and in coordinate
efforts prevent ongoing viral infection by mutating CCR5. To such ends, short palindromic
repeat (CRISPR)-associated protein-9 nuclease (Cas9) systems were developed for HIV-1
proviral excision in order to eliminate latent provirus [87, 88]. The means to deliver this
cargo to lymphoid tissues such as GALT and lymph nodes as well as the CNS and
specifically to CD4+ T cells and macrophages is being sought [49, 50, 53, 59]. Certainly the
needs to develop novel polymer and medicinal chemistry approaches for optimal
manufacture of receptor-targeted nanoformulated Cas9 is of utmost importance and
inevitably to use such approaches to efficiency use such formulations in reducing provirus
DNA in infected cell reservoirs of virus.
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9. Conclusions

Increased interest in ARV and viral eradication strategies birthed the development of long
acting ART nanocarriers. The emergence of LASER ART as part of any clinical regimen
provides real potential to impact improved therapeutic outcomes. Such drug delivery
systems for treatment and prevention of HIV-1 and other infections are of immediate need.
A number of nanomedicines were investigated to optimize drug pharmacokinetics and
biodistribution, mitigate off target toxicity, and improve penetrance into viral reservoirs.
While progress was made in extending the half-life of ART, the main limitations of the
existing drug carriers include requirements for high injectable doses and suspension
volumes. LASER products that enable ART delivery to anatomical reservoirs while
maintaining therapeutic drug concentrations over time periods measured in months are of
immediate need. This will require carriers with appropriate surface chemistry for cell and
tissue recognitions. Current approaches to HIV elimination are focused on designing
products that are co-administered with adjunctive medicines that boost autophagosomal
depots to ensure sustained antiviral activities in HIV sanctuaries. These advancements
provide strong support of nanomedicine-based platforms for delivery of anti-retroviral drugs
and can be taken with medicines that facilitate elimination of infected cells or excise
integrated proviral DNA towards establishing a viral cure.

10. Expert Opinion

The persistence of HIV-1 in its anatomical tissue sanctuaries represents a major challenge to
final viral eradication. New agents have been developed and designed to eliminate infected
cells, induce effective immune antiretroviral responses, excise latent integrated proviral
DNA, offer decoys to the viral receptor or better bring drugs to reservoir sites by prodrug
modification and encapsulation in targeted particles. These can be seen through currently
licensed products or others that have been overlooked by compositions thought not relevant
for prior use. Combined therapies that target various stages of the virus life cycle and bring
the drug to action sites with particular properties are being sought. Such discovery efforts,
we envision, will result in new targets to combat latent or restricted viral infections. To date,
there are few commercial slow release products of antiretroviral therapies, in part due to
inherent poor physicochemical properties of the drug compounds. With the advent of
promising anti-HIV compounds, molecules that induce autophagy, latency reversing agents
and gene therapy strategies, it is time to invest in the development of slow release products
that would bring us closer to a functional cure. Slow release products have the potential to
enable delivery of ART with inherent poor physiochemical properties. Carriers with high
drug loading capacities, extended circulation times and active targeting capabilities hold
promise to improve the delivery of currently licensed short acting ART, enhance drug
dissolution rates and improve bioavailability, protect drugs from rapid clearance through
metabolism, and localize therapeutic concentrations of ART at intracellular and tissue sites
of infection. The next generation of ART slow release products will also be characterized by
infrequent parenteral administration. This will enable reductions in toxicities, viral loads and
resistance patterns while improving drug regimen adherence. Such advances hold great
potential to accelerate viral clearance in infectious reservoirs that include GALT, lymph
nodes, the genitourinary tract and the CNS. Innovative approaches to bridge bench to
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bedside development of ART slow release products and other strategies to eradicate HIV-1
reservoirs will require collaboration across academia, industry and healthcare providers.
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Article highlights box
. Long acting slow effective release of antiretroviral therapy for patient regimen
adherence
. Macrophage carriage of antiretroviral therapy for drug delivery
. Particle decoration with targeting ligands that promote cell and tissue entry
. Polymer encased hydrophobic prodrugs and conjugates
. Magnetite nanoparticles as theranostic tools for assessment of ART

biodistribution

. Autophagy stimulation facilitates intracellular accumulation of ARV
nanoparticles
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1. Formulation
Homogenization Nanoparticles Size Shape Charge
Pl ooo
| —> o3
i b4 Q -
AR 0%
Surfactant Drug © 9
5 0¢
=
Cellular Testing
D F Jati CellUptake  Cell Retention  Cell Release Antiretroviral Toxicity Final Score
Drug  Formulation —Ayc™ Score AUC Score AUC Score AUC  Score YN  Score | Total Score
H433 185 10.0 500 10.0 23 7.5 15000 10.0 N 10.0 475 95
DTG H333 150 86 350 84 16 50 20000 9.2 N 100 | 412 82
M412 70 45 88 20 29 8.1 43000 36 Y 5.0 232 46
H134 36 25 30 1.0 35 10.0 66500 25 N 100 | 26.0 5.2
V -
2. Pharmacokinetics and Toxicology (mice)
D Formulafion/ _ Plasma drug > EC50 Spleen drug > EC50 Toxicity inal Score
orug Drug dose  Days Score Days Score YIN  Score | Total Score
H433D1 56 10.0 56 10.0 N 100 | 300 100
DTG H333D1 28 8.0 28 8.0 N 100 | 260 86
H433D2 14 40 14 4.0 N 100 | 180 6.0
H333D2 7 20 i 20 N 100 | 120 46
Confirmation studies (rats)
3. Pharmacodynamics (humanized mice)
D binati CD4 T-Cell counts ViralToad __ HIV-1 P24 (speen/LN) Time above EC50 Final
g’ Gombinations % of Control % Decrease % Decrease Time (days) score Score
DTG RPV3TCABC 90 0 100 30 8 9.0
DTG RPV 80 80 80 30 8 15
Figure 1.

Go no-go criteria for the development of dolutegravir (DTG) LASER ART. While DTG is
provided as an example it represents one of many ARVs being developed into long acting
formulations. Using high-pressure homogenization (H) or wet milling (M) ARVs are
packaged into particles with surfactant and ligand coatings designed to target circulating
mononuclear phagocytes (MP; dendritic cells, monocytes and macrophages). The size,
shape, charge and surfactant coating of the particles facilitate optimal MP uptake into
subcellular autophagosomes (humbers under formulation are the poloxamer, particle shape
and size). MPs serve as drug depots and scavenge particles serving as delivery vehicles.
Laboratory cell-based tests are used to measure MP particle uptake, retention, and release of
nanoART and determine antiretroviral activity (defined by area under the curve, AUC, for
each activity over time) and cytotoxicity. A ranked scoring system for the made formulations
determines those best suited to be moved forward for PK testing in mice and rats at two
doses (D1 and 2). Select formulations are used for pharmacodynamic tests to demonstrate
extended antiretroviral efficacy in humanized rodent models of HIV disease. Final
therapeutic scores and consideration for human use are dependent upon toxicity measures,
dosing, and end organ toxicities that include no adverse hematologic, renal, hepatic, immune
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or other systemic events. Pharmacodynamics screens are used to assess clearance of virus
from its tissue reservoirs by ultrasensitive viral RNA and DNA detection systems. A range
of drug tissue distribution, viral, pharmacologic and immune tests with end organ histology
evaluations are performed to determine drug efficacy.
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Figure 2.
Macrophage uptake and storage of nanoformulated DTG prodrug crystals. A) Transmission

electron microscopy (TEM) images of a human monocyte-derived macrophage (MDM)
displaying eccentric nuclei, abundant cytoplasm, well-develop endoplasmic reticulum,
lysosomes, and Golgi with intracytoplasmic vacuoles and a villus plasma membrane
(magnified 6,500x). B) Higher magnification (30,333x) of highlighted area from panel A. C)
Replicate human MDM treated for two hours with 100 £M nanoformulated DTG prodrug
displays abundant intracellular vesicles within the cytoplasm rich with drug nanocrystals
(magnified 6,500x). D) Higher magnification (30,333x) of highlighted region from panel C.
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Clinical Trial Data Sets for LA ARVs
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Pre-Exposure Prophylaxis (PrEP)

Drug Study ID Study description Comments/Status
CAB NCT02178800 | Phase lla study designed to evaluate the safety, tolerability Estimated study completion date is July 2017
and pharmacokinetics of oral CAB and IM CAB LA as
PreP for HIV-1 negative adults.
ECLAIR Phase Ila study designed to evaluate safety, tolerability and | Both CAB and CAB LA were well tolerated
acceptability of oral CAB and IM CAB LA for PrEP in Site of injection reactions were pain, swelling
HIV-1 negative adult males. and itching The absorption and clearance rate of
CAB LA was found to be faster than predicted by
the PK models.
CAPRISA 014 | Phase Ila study designed to evaluate safety and Estimated study completion date is September
acceptability of oral CAB and IM CAB LA for PrEP in 2018
HIV-1 negative women at high risk of being infected with
HIV-1.
NCT02720094 | Phase IIb/Ill study designed to compare the safety and Estimated study completion date is June 2020
efficacy of IM CAB LA to daily oral tenofovir disoproxil
fumarate/emtricitabine for PrEP in HIV-1 negative
cisgender men and transgender women at high risk of
being infected with HIV-1.
RPV LA | SSAT 040 Phase | study designed to evaluate the safety, All doses administered were well tolerated
pharmacokinetics and metabolism of various doses of IM RPV was detectable in all samples through day
RPV LA in low risk HIV-1 negative females. 84. A single 300 mg dose of RPV LA was found
not to be effective at providing protection against
HIV-1 infection
MWR1-01 Phase | study designed to evaluate the safety, acceptability, Rectal tissue concentrations of RPV (five times
pharmacokinetics and ex-vivo pharmacodynamics of IM above the therapeutic concentration) were found
RPV LA in adults to be higher than concentrations in vaginal tissue
(2.5 times below the therapeutic concentration).
Significant suppression of viral replication by
RPV LA was only seen in the rectal tissue
HPTN 076 Phase 11 study designed to evaluate the safety and Estimated study completion date is 2017

tolerability of IM RPV LA for PrEP in HIV-1 negative
adult women

HIV/AIDS Treatment

Drug Study ID | Study description Comments/Status
RPV LA & LATTE-2 | Phase IIb study designed to compare the safety and At 32 weeks, antiviral activity of the two long
CAB LA efficacy of intramuscular two drug regimen of CAB LA + | acting injectable nano-suspensions was comparable

RPV LA with daily triple oral CAB+ABC/3TC in naive
adult patients.

to daily oral three-drug dose. Injection site
reactions were noted
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