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Abstract

Introduction—Highly Active Antiretroviral Therapy (HAART) has tremendously improved the 

life expectancy of the HIV-infected population over the past three decades. Protease inhibitors 

have been one of the major classes of drugs in HAART regimens that are effective in treating HIV. 

However, the emergence of resistance and cross-resistance against protease inhibitors encourages 

researchers to develop new PIs with broad-spectrum activity, as well as novel means of enhancing 

the efficacy of existing PIs.

Areas covered—In this article we discuss recent advances in HIV protease inhibitor (PI) 

development, focusing on both investigational and experimental agents. We also include a section 

on pharmacokinetic booster drugs for improved bioavailability of protease inhibitors. Further, we 

discuss novel drug delivery systems using a variety of nanocarriers for the delivery of PIs across 

the blood-brain barrier to treat the HIV in the brain.

Expert opinion—We discuss our opinion on the promises and challenges on the development of 

novel investigational and experimental PIs that are less toxic and more effective in combating 

drug-resistance. Further, we discuss the future of novel nanocarriers that have been developed to 

deliver PIs to the brain cells. Although these are promising findings, many challenges need to be 

overcome prior to making them a viable option.
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1. Introduction

HIV protease inhibitors (PIs) are one of the most important therapeutic agents for the 

treatment of HIV infection. These inhibitors block the crucial viral maturation stage and 
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thereby reduce the spread of HIV [1]. PIs have played a key role in transforming HIV from 

an acute infection to a chronic disease since their introduction into the market in 1995. In 

recent times, in combination with other classes of HIV medication, mainly reverse 

transcriptase and integrase inhibitors, PIs have revolutionized HIV treatment paradigms and 

dramatically increased the life expectancy of the HIV-positive population [2]. As of now, 

darunavir (formerly known as TMC-114) is still the most recently (2006) Food and Drug 

Administration (FDA)-approved HIV PI on the market.

While recent guidelines recommend mostly integrase inhibitor-based regimens for initial 

treatment, PI-based regimens evidently have advantages over those without PIs for selected 

patient populations in which the use of integrase inhibitors are not appropriate [3]. 

Nonetheless, among different classes of anti-HIV medication, PIs are particularly associated 

with several adverse events, including dyslipidemia, insulin resistance, hyperglycemia, and 

lipodystrophy [4–6]. In addition, the PIs are involved in drug–drug interactions due to 

CYP3A4-mediated metabolism and may increase the risk of bleeding in HIV-positive 

hemophilic patients [7–9]. Considering the benefits of PIs in treating select patient 

populations as well as superior tolerability profiles, it is imperative to develop novel PIs or 

improve on the current PI structures to increase the arsenal for HIV treatment [10].

The goal of HIV therapy was always to achieve undetectable RNA in the body. Historically, 

HIV treatment started with nucleoside zidovudine (a reverse transcriptase inhibitor) 

monotherapy. But with the FDA approval of the first PI, saquinavir, the combinational 

therapy referred to highly active antiretroviral therapy (HAART) for HIV began. This 

HAART regimen greatly improved patient conditions by substantially suppressing viral load 

and improving the CD4+ T-cell count [11]. But saquinavir exhibited limited absorption and 

extensive first-pass metabolism that resulted in poor bioavailability [12]. To address this 

problem, patients had to take it three times daily. Soon after, the FDA approved two other 

PIs: ritonavir and indinavir. Ritonavir’s extended absorption rate and half-life (compared to 

saquinavir) mostly addressed the multiple dosing concerns encountered with saquinavir. 

Both monotherapy and combination therapy with ritonavir demonstrated impressive 

reduction in viral RNA levels [13–15]. Unfortunately, continuing ritonavir therapy was 

associated with increasingly resistant viral strains and extensive toxicity because of drug–

drug interactions [16,17]. Similarly to ritonavir, indinavir displayed good suppression of 

viral load and increased CD4 T-cell count. Indinavir triple-drug combination therapy was 

found to be more effective than monotherapy and was implemented as the standard of care 

for HIV treatment in most parts of the world [18,19]. However, indinavir users suffered from 

strict dosing guidelines, renal toxicity, and gastrointestinal problems [20]. The fourth FDA-

approved PI, nelfinavir, presented superior results to previous PIs in treatment-naïve HIV-

infected individuals. The most common side effect with nelfinavir administration was 

diarrhea [21]. Some studies also observed PI-resistant viral strains in nelfinavir-treated 

patients, especially those who failed to adhere to the treatment paradigm which led to 

incomplete viral suppression [22]. Overall, the first-generation PI usage was limited by poor 

bioavailability and high pill burden, which led to treatment adherence problems and 

difficulty in maintaining low viral load in the blood. Failure of viral suppression caused the 

rise of multiple PI-resistant viral strains. One attempt to address this problem was to boost 

bioavailability by coadministration of a PI with low doses of ritonavir, which, in addition to 
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its inhibitory effect on the viral protease, is also a potent inhibitor of the PI-metabolizing 

enzyme cytochrome P450 3A4. This boosting method enhanced the systemic exposure of 

saquinavir, but unfortunately had limitations such as nephrotoxicity and low bioavailability 

when used with other PIs [23].

This led to the development of the second generation of HIV PIs that have high potency 

against PI-resistant viral strains. Amprenavir/fosamprenavir, the next PI that was approved 

for twice-daily dosing, showed improved plasma concentration and high efficacy in 

combination therapy [24]. Treatment with the other approved PI, lopinavir, showed 

remarkably less phenotypic or genotypic resistance in HIV subjects who experienced 

virologic failure [25]. Further advances were made with the approval of atazanavir for once-

daily dosing and tipranavir for patients who had a broad PI-resistance profile. Although 

treatment-experienced patients showed improved response to the tipranavir, its use in a 

clinical setting is limited because of its narrow indication, potential hepatotoxicity, and its 

twice-daily dosing when prescribed with ritonavir [26]. Darunavir was approved specifically 

for targeting drug-resistant viral strains [27]. But its great antiviral potency and low adverse 

reaction profile made darunavir the PI of choice in combination therapies [28]. Although it 

is less frequent than other PIs, resistance to darunavir was a significant concern in HIV 

treatment. Despite there being nine approved PIs on the market, increasing cross-resistance 

within the PI class, significant drug–drug interactions, and clinically relevant adverse drug 

reactions all challenge the research community to develop new PIs to effectively treat both 

treatment-naïve and treatment-experienced patients.

2. Investigational PIs

2.1. TMC310911

The emergence of viral resistance to existing anti-HIV drugs has led to renewed efforts 

aimed at the discovery and characterization of newer PIs, which are active against 

multidrug-resistant virus (Figure 1). One such study identified fused heteroaromatic 

sulfonamide to be effective in interacting with the aspartate-30 residue located in the P2′ 
pocket of the HIV-1 protease [29]. Virological characterization of the 2-(substituted-amino) 

benzothiazole sulfonamide, TMC310911, revealed in vitro effectiveness of this compound 

against several recombinant HIV-1 clinical isolates, including multiple PI-resistant strains 

[30]. In addition, compared to darunavir or lopinavir, this study also showed a reduced 

development of resistant strains and a lower incidence of viral mutations in the presence of 

TMC310911, warranting clinical evaluation of this novel PI. Subsequently, the safety and 

tolerability of TMC310911 was determined in two phase I clinical trials [30]. Apart from 

gastrointestinal side effects, no major complications were observed in healthy participants 

treated with TMC310911. A linear pharmacokinetic profile was observed for TMC310911 

and coadministration of ritonavir boosted the bioavailability of this novel PI. An ensuing 

phase IIa trial evaluated the antiviral effectiveness of TMC310911, coadministered with 

ritonavir, in treatment-naïve HIV patients [31]. TMC310911 was found to possess potent 

antiviral activity, with a reduction of more than 1.5 log10 copies/ml of HIV RNA in plasma. 

Furthermore, the treatment was well-tolerated at all the evaluated doses. Based on the 
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promising data from phase IIa trial, further clinical investigation of TMC310911 is currently 

underway (NCT00838162) [32].

2.2. CTP-518

CTP-518 is a novel PI developed by Concert Pharmaceuticals. CTP-518 is a stable 

isotopolog of atazanavir, wherein certain key hydrogen atoms have been replaced with the 

nonradioactive hydrogen atom isotope deuterium. Following these substitutions, the hepatic 

metabolism of CTP-518 was drastically slowed and an improvement in half-life was 

reported. The phase I clinical trial assessing the pharmacokinetics, safety, and tolerability of 

CTP-518 in healthy volunteers concluded in 2011, but the results from this study have not 

been published (NCT01458769) [33].

2.3. SPI-256

Promising antiviral data for a novel PI, SPI-256, have been presented by researchers from 

Sequoia Pharmaceuticals at various national scientific conferences [34–36]. Following in 
vitro characterization, SPI-256 was found to be more potent against wild-type and mutant 

strains of HIV compared to commonly prescribed PIs [34]. Results from a subsequent study 

reported that the carbonyl oxygen of the P2′ urethane substituent of SPI-256 has a 

hydrogen-bonding interaction with the secondary amine of glycine-48 present in HIV 

protease [35]. In fact, all hydrogen bonds made by SPI-256 were found to be along the 

conserved regions of the HIV protease, such as the catalytic aspartates. These findings are 

thought to be responsible for the high barrier to resistance observed for SPI-256 in 

preclinical studies. Data from the clinical trial studies for SPI-256 have not been reported.

2.4. PPL-100

PPL-100 is a prodrug of a novel HIV-1 PI, PL-100, with a promising cross-resistance profile 

and a high genetic barrier for HIV mutation [37]. An in vitro screening study revealed that 

PL-100 has excellent antiviral activity against HIV isolates that are resistant to other PIs 

[38]. In a following study, when compared to amprenavir, presence of PL-100 was found to 

inhibit HIV replication for a considerably longer duration [39]. In fact, mild resistance 

toward PL-100 treatment was found to develop only in the presence of all four selected 

mutations in the HIV protease, suggesting a high barrier for viral resistance against PL-100. 

Furthermore, PL-100, a lysine sulfonamide peptidomimetic, was demonstrated to serve as 

both substrate and inhibitor for CYP3A4 in freshly isolated primary human hepatocytes, 

thereby predicting an un-boosted oral therapy for HIV patients [37]. Results from a phase I 

clinical trial demonstrated a good safety profile for PPL-100 with participants experiencing 

only mild side effects and no severe cardiovascular or hepatic adverse effects [40].

3. Experimental PIs

In addition to several investigational PIs, there are experimental PIs that are being developed 

as potentially novel PIs. Among these experimental PIs, many are darunavir analogs. 

Darunavir has several advantages over earlier PIs. It was designed specifically to bind 

heavily to the enzyme’s protein backbone, rather than the functional groups of the active 

site. This feature provides a significant genetic barrier to the development of resistance, and 
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also circumvents many of the mutations that confer resistance to other inhibitors. In 

addition, darunavir also inhibits dimerization of the two HIV protease subunits, further 

decreasing its activity.

While darunavir is the most widely recommended antiretroviral PI and the only PI 

(excepting ritonavir, which is used as a boosting agent) to be recommended as a first line 

antiretroviral drug by the National Institute of Health, it is not without flaws. Although it is 

effective against many viral strains with resistance to older PIs, darunavir-resistant strains 

have begun to emerge. In addition, darunavir is a substrate of CYP3A4, one of the most 

promiscuous drug-metabolizing enzymes in humans, meaning that it is at significant risk of 

drug–drug interactions.

Earlier this year, Ghosh et al. published a comprehensive review of 145 experimental HIV 

PIs produced in the last two decades, a large portion of which are derivatives of darunavir 

[41]. It is beyond the scope of this review to discuss all the darunavir-derived PIs in detail, 

so instead we will focus on two alternative approaches to developing novel PIs from 

darunavir: the backbone-binding approach and the substrate envelope hypothesis (Figure 2).

3.1. Maximizing backbone binding

Darunavir was originally created by the Ghosh group with the specific intention of causing 

as much interaction as possible between the inhibitor and the backbone of the HIV protease 

active site [42]. By promoting hydrogen bonding with the backbone amino and carboxyl 

groups, the authors were able to induce tight binding to the active site while simultaneously 

avoiding the potential for resistance mutations by not having the inhibitor interact directly 

with the catalytic side chains. In the years since, the Ghosh group and others have worked to 

improve the ability of darunavir-based PIs to bind the protease backbone and produce even 

more potent inhibition.

For example, GRL-04410 is an experimental PI with the addition of a methoxyl group to 

darunavir’s bis-tetrahydrofuran P2 ligand. This structural change was based upon X-ray 

crystallography study of HIV-1 protease bound with darunavir, which suggested that the 

modification might form favorable bonds with the backbone amino group of glycine-48. 

GRL-04410 bound well with the protease, having a Ki of 2.9 pM compared to darunavir’s 

Ki of 16 pM. It also had a superior IC50 in MT-2 cells, at 2.4 nM, compared with 4.1 nM for 

darunavir [43].

Another experimental PI from the Ghosh group expanded on the aforementioned 

interactions of earlier inhibitors with glycine-48, this time exchanging the methoxyl group 

for a carbamate. This new functional group binds with the glycine-48 backbone carbonyl 

group, rather than the amino group. In addition, the carbamate methoxyl group fits into a 

hydrophobic pocket in a favorable manner. These and other combined elements produce an 

inhibitor that binds HIV protease with a Ki of 1.8 pM and has an IC50 of 1.6 nM in MT-2 

cells, compared to 3 nM for darunavir in this publication. This inhibitor also showed 

effective inhibition of multiple drug-resistant strains of HIV, with overall higher EC50s than 

darunavir, but lower fold changes in efficacy between multidrug-resistant strains and the 

wild-type control [44].
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Ghosh et al. also investigated changes to the tetrahydrofuran (THF) molecules that form the 

P2 ligands themselves, rather than simply adding different functional groups. The 

experimental inhibitor GRL-0476 replaced the bis-THF of darunavir with tetrahydropyranyl 

tetrahydrofuran (Tp-THF). This larger ring structure provides more flexibility to the 

inhibitor and allows closer interactions between the oxygen in the six-member ring of Tp-

THF and the backbone amino group of aspartate-30. GRL-0476 exhibits strong binding, 

with a Ki of 2.7 pM and an IC50 of 0.5 nM in MT-2 cells, compared with IC50s of 30 nM 

and 15 nM, respectively, for amprenavir and saquinavir. It was also similarly effective in 

inhibiting multidrug-resistant strains of HIV, compared to darunavir, although its fold 

change in efficacy between various resistant strains and the wild-type control was notably 

different from darunavir’s [45].

3.2. Substrate envelope hypothesis

It has recently been reported that part of the success of darunavir as a PI, aside from its 

affinity for the protease backbone, is its strong fit of the ‘substrate envelope’ [46]. The 

substrate envelope hypothesis states that the ability of HIV protease to bind to its substrate 

peptides depends not on the specific amino acid sequences of the substrates, but rather their 

overall three-dimensional conformation, which determines how well they fit into the 

protease active site. The conserved shape that protease substrates must retain to be cleaved is 

referred to as the ‘substrate envelope’, and inhibitors that can conform to the same shape, 

such as darunavir, can more effectively bind the active site and inhibit its activity. The 

hypothesis further proposes that because the shape of the substrate envelope cannot change 

without reducing the affinity of the protease for its substrates, resistance mutations within 

the envelope are disadvantageous for the virus. Furthermore, the hypothesis suggests that it 

is the functional groups of inhibitors that protrude beyond the substrate envelope which can 

be interfered with by resistance mutations without reducing the enzyme’s functionality. 

Therefore, novel inhibitors that conform to the substrate envelope as well as possible and 

protrude from that envelope as little as possible, would theoretically be as effective as 

darunavir without being affected by those mutations that confer resistance to it or other PIs.

As a demonstration of the relevance of the substrate envelope hypothesis, multiple variants 

of two darunavir-derived PIs with relatively flat resistance curves were created with a series 

of increasingly large structural modifications. These modifications protruded progressively 

further out of the substrate envelope and correlated with a loss of efficacy against mutant 

strains of HIV, but not the wild-type virus. The fact that those mutants with low affinity for 

inhibitors that protruded from the envelope had mutations specifically at locations where 

different amino acids could potentially interact directly with the protruding functional 

groups was a strong piece of evidence in support of the hypothesis. The variant PIs that most 

closely fit within the substrate envelope were also assessed for inhibitory capacity in vitro, 

and while all the novel inhibitors tested proved to have higher absolute EC50s than 

darunavir, each also showed similar fold changes in their EC50s against drug-resistant strains 

to darunavir, indicating that fitting well within the substrate envelope could be an effective 

constraint in designing PIs to inhibit drug-resistant strains of HIV [47].
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The substrate envelope hypothesis can be used to predict potential inhibitors by 

computational modeling of the target enzyme’s active site. For example, a computational 

analysis produced a list of hundreds of potential darunavir-like inhibitors, of which those 

that had the highest affinities for the protease in silico were synthesized and tested in vitro. 

Most had experimental Kis on par with older, FDA-approved inhibitors such as ritonavir and 

saquinavir, but not as low as darunavir (8 pM in this case). Two inhibitors in particular, 

MIT-2-KB-83 and MIT-2-KB-93, had notably low-fold changes in inhibition of drug-

resistant strains, with worst fold losses being 14-fold and 16-fold, respectively. Both of those 

were significantly better than darunavir, which had a worst fold loss of 41, indicating that 

both of the novel inhibitors better retained efficacy when used against drug-resistant viruses 

than darunavir did [48].

Having established that darunavir-derived inhibitors designed to conform to the substrate 

envelope are less susceptible to resistance mutations than PIs that do not conform to it, the 

focus was moved to improving the inhibitor’s binding ability while staying within that 

constraint. Increasing the hydrophobicity of darunavir’s isobutyl P1′ ligand was 

hypothesized to increase van der Waal’s interactions with isoleucine-50 that are lost in the 

darunavir-resistance-defining mutation I50V. Multiple inhibitors were designed with small 

variations in the P1′ and P2′ ligands of darunavir. Remarkably, all 10 of these inhibitors 

bound to wild-type HIV protease with similar or superior Kis to darunavir, and several of 

them also maintained superior binding profiles and antiviral activity against multidrug-

resistant strains of HIV, when compared to darunavir. To discuss but one of the novel PIs, 

given the temporary moniker of Inhibitor 10a, a Ki of 15 pM was observed for wild-type 

protease, compared to 5 pM for darunavir. However, where darunavir had an average Ki of 

98 pM amongst the wild-type protease and three mutant strains, inhibitor 10a retained very 

similar binding affinity between strains, with an average Ki of 12 pM. In terms of antiviral 

activity, experimental inhibitor 10a had sub-nanomolar EC50 values against a panel of 

different wild-type and drug-resistant HIV strains, which were consistently lower than 

darunavir [49].

3.3. Non-darunavir-based experimental PIs

Not all recent novel experimental PIs have been derived from darunavir; other structures are 

being investigated (Figure 3). Lysinol-derived inhibitors, which bear some resemblance to 

the scaffold of darunavir but have vastly different P1′ and P2 ligand structures, have been 

studied. Two lysinol-based inhibitors sharing an isopentyl P1′ ligand and biphenyl P2 ligand 

with the addition of a methyl or ethyl group to the lysine backbone had noteworthy IC50s of 

7 pM and 16 pM, respectively, in an inhibition assay [50].

Another group of experimental inhibitors recently tested was pseudo-symmetric sulfoximine 

inhibitors. The dimeric nature of HIV protease implied that it could respond well to 

inhibition by identical P2 and P2′ ligands. A sulfoximine moiety was hypothesized to play 

the role of a transition state mimetic and act as a hydrogen bond donor and acceptor with the 

two catalytic aspartic acid residues present at the active site. However, the inhibitory 

capabilities of these pseudo-symmetric inhibitors were lackluster. The most potent of the 
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tested compounds had an IC50 of 2.5 nM against purified protease, and an IC50 of 410 nM 

against whole virus [51].

3.4. Dimerization inhibitors

As mentioned previously, aside from its inhibitory activity at the active site, darunavir also 

inhibits dimerization of HIV protease. As the protease is only active while dimerized, 

inhibition of the dimerization process is an attractive alternative approach to PI design. A 

number a dimerization inhibitors have been developed, although they differ significantly 

from darunavir. One of the most potent recently designed dimerization inhibitors is 

composed of two carbonyl hydrazide ‘tongs’ attached by a naphthalene scaffold. This 

inhibitor has a Ki of 50 nM for wild-type protease and an average Ki of 120 nM for 

proteases from two drug-resistant strains [52].

While inhibition of protease dimerization has potential as a novel avenue for antiretroviral 

design, it has some notable drawbacks. Dimerization inhibitors are typically peptidomimetic, 

which makes them substrates for degradation by peptidases, reducing their efficacy. They are 

also typically highly hydrophobic, and this hydrophobicity, as measured by their calculated 

partition coefficient between aqueous and lipophilic phases, or clogP, which is an indicator 

of potential bioavailability. A higher clogP value is indicative of greater hydrophobicity, and 

most drug-like molecules with clogP values greater than 5 are considered too hydrophobic 

for use as orally administered therapeutics, in accordance with Lipinski’s rule of five [53]. 

The inhibitor mentioned above has a clogP of 9.3, compared to darunavir’s clogP of 2.23 

[54]. Inhibitory concentrations of even the most potent dimerization inhibitors are also 

generally much higher than traditional HIV PIs. There are currently no FDA-approved 

commercially available antiretroviral drugs that specifically target protease dimerization. 

Despite these limitations, dimerization inhibitors may still have value as a potential new 

class of antiretroviral. In fact, it was recently reported that HIV protease has a previously 

unrecognized binding pocket during dimerization that can be bound by darunavir and 

tipranavir, which could serve as a new target for inhibitor design [55].

4. Novel pharmacokinetic enhancers for PIs

With one exception, all currently approved PIs are extensively metabolized by CYP3A, and 

thus require ‘pharmacoenhancement’ via the addition of a CYP3A inhibitor. Historically, 

this has been done with ritonavir, a PI with low antiretroviral activity but potent anti-CYP3A 

activity. While coadministration of ritonavir, either in a single tablet co-formulated with a PI 

or in an individual pill alongside a PI, results in therapeutic concentrations of the PI, the 

medication is not without complications. First, ritonavir has activity as a PI, and thus there is 

a concern that resistance may develop to a subtherapeutic concentration of the drug. Second, 

ritonavir has been shown to exert effects on lipid levels and can cause gastrointestinal 

intolerance [56].

More recently, cobicistat has been approved, and is being co-formulated with many 

antiretrovirals. Cobicistat is a potent CYP3A inhibitor, but has no antiviral activity, unlike 

ritonavir. Cobicistat has a similarly favorable side effect profile to ritonavir, although a 

decrease in creatinine clearance has been commonly reported with the drug. Cobicistat-
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including regimens are thus not recommended for individuals who have a beginning 

creatinine clearance of <70 ml/min [57]. Cobicistat, known as GS-9350 throughout its 

development, has been compared with ritonavir as a pharmacoenhancer through a variety of 

clinical trials. In general, these studies showed that cobicistat is non-inferior to ritonavir over 

treatment durations up to 144 weeks [58]. The success of cobicistat-containing regimens in 

these trials has resulted in its co-formulation with a number of PIs, including atazanavir and 

darunavir [59]. The studies comparing darunavir and ritonavir pairings to darunavir and 

cobicistat treatments have shown a similar pharmacokinetic profile for the two 

pharmacoenhancers, and a co-formulation of darunavir and cobicistat (prescobix) has since 

been approved [60]. It is likely that as new PIs are developed, they will either be co-

formulated or coadministered with cobicistat.

Other CYP3A inhibitors have been under development in the past as well. Notably, Sequoia 

Pharmaceuticals was developing SPI-452, although there have been few developments with 

that drug in the last few years [61]. Furthermore, Pfizer is developing a booster drug, 

PF-03716539. A phase I study to evaluate the safety, tolerability, and pharmacokinetics of a 

single oral dose has been completed, although the results have yet to be posted 

(NCT00783484) [62]. TMC558445, a Tibotec Pharmaceuticals drug, is being developed as a 

stand-alone pharmacokinetic booster and for use in fixed-dose combinations with the novel 

PI TMC310911 and also with darunavir (NCT00838760) [63]. Jonckers et al. are developing 

benzoxazole and benzothiazole amide modifications of ritonavir that would provide the 

potent CYP3A-inhibitory effects of ritonavir while removing any antiretroviral effects [64]. 

The investigators designed three novel compounds and tested their CYP3A inhibition in 

animals, showing significant increases in AUC and Cmax of darunavir, a CYP3A substrate. 

The further development of these molecules may provide valuable new pharmacoenhancers 

to improve the pharmacokinetic profiles of PIs.

5. Novel drug-delivery systems for PIs to combat PI-induced toxicity, and 

effective treatment of HIV in sanctuary sites

Most PIs are rapidly metabolized by the liver CYP3A4 [65]. Through this metabolic 

process, PIs produce reactive oxygen species and reactive metabolites that are toxic to cells 

[66]. Recent reports also suggest that PIs are also metabolized by CYP3A4 in non-hepatic 

cells such as monocytes, astrocytes, and neurons [65]. This is likely to cause cellular toxicity 

and suboptimal therapeutic concentration of PIs at the target cells such as HIV-infected 

lymphocytes and monocytes. Furthermore, drug efflux transporters, which are 

predominantly present in gut, liver, monocytes, and blood-brain barrier (BBB), are known to 

efflux PIs and reduce their concentrations to below their therapeutic ranges [67]. Thus, it is 

important to design PI delivery systems so that PIs retain their activity and optimal 

concentrations reach the target cells. Furthermore, most PIs do not effectively cross the 

BBB, and therefore very low level of PIs are found in the brain tissue to combat HIV-

infected microglia and perivascular macrophages [68,69]. Although, among all the PIs, 

darunavir and lopinavir have shown some ability to cross the BBB, the concentration is too 

low to be effective for reducing actively replicating HIV in these cells [68,70]. Therefore, 

there is a further need to design a targeted drug-delivery system to deliver PIs effectively to 
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these infected cells in the CNS. There are many varieties of nanocarriers (nanomaterial-

based transport packages for enhancing drug delivery) to deliver antiretrovirals to the brain 

and a more comprehensive review of those nanocarriers has been published recently [71].

In principle, a nanoparticle delivery mechanism can increase bioavailability of a given drug 

and increase its half-life through sustained release. Nanocarriers constructed of polymers of 

polycaprolactone and L-lactide/Ɛ-caprolactone have been shown to increase the blood 

concentration of darunavir and atazanavir ~2–2.5-fold compared to free drugs, when orally 

administered to rats [72]. Similarly, polyvinyl alcohol-stabilized nanoparticles containing 

lopinavir have been found to have a ~3-fold higher bioavailability than ritonavir-boosted free 

lopinavir, when orally administered to rats [73]. Nanocarriers constructed of polylactic-co-

glycolic acid (PLGA) used to administer lopinavir and ritonavir to primary human peripheral 

blood mononuclear cells (PBMCs). Those drugs remained detectable within the cells for 28 

days due to slow release from the nanocarriers, compared to 2 days for cells treated with free 

drugs [74]. This has obvious implications for potentially reducing pill burdens for patients 

undergoing antiretroviral therapy (ART), although further investigation is necessary. PLGA 

nanoparticles have additionally been shown to increase delivery of saquinavir to cancer cells, 

an alternative usage of the drug [75].

One means of increasing drug penetrance into the CNS is through inhibition of export 

proteins in the BBB. P85 is a lipid polymer that forms micelles in solution and is known to 

have an inhibitory effect on P-glycoprotein, a major drug efflux protein [76]. In vitro 
experiments have shown that P85 can inhibit HIV+ macrophages, and in vivo experiments in 

mice have shown that a commonly used ART cocktail containing nelfinavir, when 

formulated with P85, results in higher drug concentrations and lower viral replication in the 

CNS without damaging the integrity of the BBB [77]. An inorganic type of nanocarrier 

called a quantum rod has been conjugated to transferrin, allowing for transferrin receptor-

mediated translocation of the carrier across an in vitro model of the BBB using brain 

microvascular endothelial cells and normal human astrocytes. This has allowed in vitro 
delivery of saquinavir across the model BBB (without any significant cytotoxicity) to HIV-

infected PBMCs, where it inhibits viral replication by 91%, compared to control [78]. A 

similar technique using quantum dot nanocarriers has also been performed by the same 

group with amprenavir, to similar effect [79].

As macrophages are capable of traversing the BBB, nanoparticles that specifically target 

macrophages or monocytes can be carried into the CNS where they can control viral 

replication, in a manner very similar to the ‘Trojan Horse hypothesis’ of HIV CNS infection. 

One manner of macrophage-targeting that has been tested is the use of folic acid-conjugated 

nanoparticles that are recognized by macrophages expressing the folate receptor. Folic acid-

conjugated nanoparticles carrying atazanavir were taken up by primary monocyte-derived 

macrophages in significantly greater quantities than non-targeted nanocarriers and released 

at similar rates to free atazanavir. In addition, the targeted nanocarriers inhibited viral 

replication by 81% compared to control, better than the non-targeted nanocarrier [80]. These 

nanoparticles were also shown to have antiretroviral efficacy in mice when delivered 

intramuscularly [81].
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Targeted delivery of ARTs, especially PIs, to HIV-1-infected T cells and macrophages would 

improve the efficacy of antiviral drugs, reduce toxicity, reduce resistant viral mutants, and 

decrease viral production. A biocompatible nano-formulation has been engineered to deliver 

ART drugs such as ritonavir, indinavir, and lopinavir [82]. This formulation significantly 

increases the therapeutic concentration of these drugs at the target sites. Similarly, 

macrophages have been used as cellular transporters for PI-containing nanoparticles, which 

are expected to increase the efficacy of antiretroviral medications significantly [80]. A recent 

study has shown that a single intravenous dose of nano-ART can elicit high sustained tissue 

and plasma drug levels in the reticuloendothelial system and brain [83]. It can be taken up 

within minutes by circulating monocytes and released in tissues over a period of 2 weeks 

[84]. Such a drug delivery system is expected to decrease drug toxicity and increase efficacy. 

In another example, Tat-peptide-conjugated ritonavir-loaded nanoparticles have shown to be 

an effective treatment strategy in controlling viral replication in HIV-infected brain cells 

such as monocyte-derived macrophages [82]. Similarly, a nanoparticle-conjugated delivery 

of ritonavir and lopinavir has shown sustained release (up to 28 days) of these drugs in vivo, 

and their antiviral activity was comparable to that of free drugs in vitro [85].

6. Strategies for better adverse event profiles of novel PIs

In general, the chemical structure of the drug molecule can contribute to the adverse effects 

that are observed with the use of a particular PI. For instance, ritonavir, lopinavir, and 

amprenavir decrease glucose uptake, while atazanavir does not [86]. Similarly, unlike other 

PIs, atazanavir does not cause dyslipidemia [87,88]. Additionally, adverse reactions occur 

due to nonspecific binding of PIs to various intracellular molecules that are necessary for 

metabolic regulation. For example, most PIs modulate the function of sterol regulatory 

element-binding protein 1, which is critical for lipid metabolism [89,90]. Similarly, PI-

induced insulin resistance is mainly due to inhibition of glucose transporter-4 by most PIs 

[91,92]. Therefore, the strategies that use approved PIs’ scaffolds would exploit structural 

nuances of the PIs to find solutions to mitigate or eliminate drug side effects.

Other important factors that can cause severe deleterious reactions while treating HIV 

patients are the physiological concentration of the drug and PIs’ interactions with other 

therapeutic agents [93]. Comorbidities such as tuberculosis and hepatitis C are very common 

with the HIV infection. As PIs are predominantly metabolized by CYP3A4, and many other 

medications are also either substrates or inducers for CYP enzymes, it is highly possible that 

concomitant usage of these medications worsens their adverse events profiles and increases 

drug-induced toxicity [94,95]. Hence, preclinical characterization of drug interaction profiles 

of novel PIs with the other common medications, especially antituberculosis medications 

such as rifampin, is necessary to understand and predict detrimental effects prior to further 

drug development. As metabolic abnormalities and drug–drug interactions are the critical 

side effects of PI-based regimens, it is essential that investigational PIs be screened for the 

known adverse effects prior to proceeding to clinical trials. Alternatively, the newly designed 

PIs can be developed as prodrugs [96,97] or nanoformulations [78,98] that can give better 

bioavailability profile with limited adverse effects.
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7. Conclusions

In conclusion, design and development of novel HIV PIs, as well as novel means of 

delivering and boosting the effectiveness of existing PIs, are expected to play a critical role 

in the advancement of ART. These are important to combat drug resistance and reduce/

abolish PI-induced toxicity. In the past few years, new investigational drugs have been 

designed and are at various stages of clinical trials. In addition, several darunavir-based 

novel experimental drugs have been designed that have potential to be a viable drugs in the 

future. Further, the development of novel pharmacoenhancers, as well as the use of existing 

pharmacoenhancers in different regimens, is important for the success of HIV therapy. In 

this context, cobicistat, which was originally developed as a pharmacoenhancer for the 

integrase inhibitor elvitegravir, also shows promising results with darunavir. Finally, novel 

advancements in drug-delivery systems using nanocarriers have the potential to reduce pill 

burdens and facilitate drug transport across the BBB, which is critical to treat neuroAIDS. In 

the next few years, we expect to see relatively enhanced progress in this area of basic science 

research as well as clinical trials.

8. Expert opinion

As discussed above, although the application of ART regimens, especially PIs, has been 

impressive in controlling HIV replication, they also pose significant challenges in the forms 

of drug resistance and PI-induced drug toxicity [8,99–101]. The effective treatment of HIV 

relies upon the development of new PIs that are less toxic and more effective in combating 

drug resistance. In the recent past, new integrase inhibitors became available and have 

replaced ART regimens that include PIs, at least to some extent in the United States [102]. 

However, PIs (e.g. darunavir/ritonavir and lopinavir/ritonavir) are still the most widely used 

ART regimens in the world, especially in African and Asian countries [UNAIDS, 2015]. In 

the United States, ART regimens containing PIs are the alternative choice if the first line of 

treatment fails, or in special populations in which the first line of treatment is not 

recommended [103–105]. Therefore, it is still important to consistently find better PIs in the 

case of emerging viral resistance. Second-generation PIs, particularly darunavir, were 

developed to address these concerns. However, it is equally important to design novel 

delivery systems for the existing PIs to overcome PI-induced toxicity not only to liver and 

blood cells, but also in the brain. In fact, designing a successful delivery system for old PIs 

is more pragmatic than developing novel drugs because the drug design process is very slow 

and expensive.

8.1. Darunavir-based novel inhibitors

Since darunavir is the most recently developed second-generation PI and an important part 

of ART regimens, design and development of novel darunavir-based PIs with improved 

pharmacological properties and better drug-resistance profiles are of great importance. As 

described in Section 3, several darunavir-based novel PIs have been designed and 

synthesized. Since the backbone conformations of the wild-type and mutant protease 

enzymes show minimal conformational change, PIs with enhanced binding to the backbone 

should be effective against typically PI-resistant strains. Using this strategy, the Ghosh group 
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has developed a new generation of PIs, which are exceedingly potent and demonstrate very 

high efficacy against multidrug-resistant HIV-1 variants [106,107]. A number of PIs have 

novel structures and show clinical potential. For example, TMC310911, structurally similar 

to darunavir, is in advanced phase of clinical development. In addition, a few other darunavir 

analogs are in preclinical development. Thus, unlike other enzymes such as HIV reverse 

transcriptase or integrase, HIV-1 protease is a biochemical target that allows us to design 

transition-state binding inhibitors that have excellent antiviral activity against multidrug-

resistant HIV-1 variants. Further design of the PIs that target the transition state of the 

protease will continue to evolve and could yield more effective novel PIs. Similarly, design 

of novel PIs that target the protein backbone to combat drug resistance will continue to 

occur.

8.2. Novel delivery system for PIs

As described in the previous section, the advancement in drug delivery of ART, especially 

PIs, is important because: (1) there is an increased prevalence of neuroAIDS, especially 

among drug abusers and aging populations [108], (2) the majority of PIs do not cross the 

BBB [68,69], (3) brain macrophages and microglia are major viral sanctuary sites from 

which HIV is not eliminated by current ART drug treatments [109,110], and (4) PIs are toxic 

to astrocytes and neurons [111–113]. Several groups have developed and utilized a number 

of nanocarriers such as liposomes, nanoemulsions, polymeric micelles, and solid-lipid 

nanoparticles for PI drug delivery across BBB [71,83,114]. Most notably, the Nair group has 

utilized a magnetic nanoparticle-based drug-delivery system through direct transport of PIs 

in magnetic nanocarriers, as well as through macrophage-packaged magnetic nanocarriers 

[115]. The PIs from these magnetic nanocarriers can be released to the HIV-infected 

microglia and astrocytes in a controlled manner with respect to time and concentration of the 

drugs released. Interestingly, a controlled magnetic/electrical field can be applied to remove 

these drugs and drug metabolites upon their action. Although the advancement in research 

for the delivery of PIs in the brain is very promising, further research is required with respect 

to different navigation and drug release strategies, as well as regarding their biocompatibility 

and efficacy. Thus, getting ART drugs (especially PIs), into the brain seems possible via 

exploring and optimizing compartmentalization-based nanomedicine for the management of 

neuroAIDS. Once well-characterized and validated, an optimized nano-formulation strategy 

can be developed, which may be explored to treat neuroAIDS. Further, this technology is 

likely to help treat other CNS diseases and neurological disorders such as Huntington’s 

disease, amyotrophic lateral sclerosis, Parkinson’s disease, and Alzheimer’s disease. In these 

diseases, site-specific drug delivery is the key to managing symptoms and improving 

treatment.

In conclusion, as a result of the development of novel investigational and experimental PIs, 

novel uses of known pharmacoenhancers for PIs, and development of novel nanocarriers for 

PI drugs, the use of PIs in HIV therapy could continue to grow. In particular, the 

development of novel means of delivering PI drugs across the BBB to treat neuroAIDS and 

eliminate hiding virus from brain macrophages and microglia appears possible. However, 

these novel PIs and PI-loaded nanocarriers must go through a number of further studies and 

clinical trials prior to their use in humans. Though the future of novel PI-based treatment of 
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HIV and neuroAIDS is bright, these drugs/nanocarriers may pose new challenges that need 

to be overcome. These challenges may include clinical testing to ensure a better absorption, 

distribution, metabolism, and excretion profile of novel investigational and experimental 

drugs. In addition, the controlled release of PIs from nanocarriers and the biocompatibility 

of those nanocarriers need to be further investigated.
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Article highlights

• Novel investigational PIs are under development that 

have better side effect profiles, and may be able to treat 

resistant strains effectively.

• Novel experimental darunavir-based PIs are under 

development, and have potential to treat resistant virus 

strains.

• Known and new pharmacoenhancers are being 

investigated for the development of new regimens that 

are relatively more effective than the current regimens.

• Several nanocarriers are being developed to deliver PIs 

into the CNS to treat infected brain macrophages and 

microglia.

• These novel drugs and drug delivery systems are likely 

to help treat neuroAIDS.

This box summarizes key points contained in the article.
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Figure 1. 
Investigational protease inhibitors under different clinical developmental phases.
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Figure 2. 
Experimental PIs that are developed based on the structure of darunavir.
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Figure 3. 
Non-darunavir-based experimental protease inhibitors.
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