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Abstract: The advent of highly active antiretroviral therapy (HAART) has significantly
improved the prognosis for human immunodeficiency virus (HIV)-infected patients, however
the adverse side effects associated with prolonged HAART therapy use continue. Although
systemic viral load can be undetectable, the virus remains sequestered in anatomically privileged
sites within the body. Nanotechnology-based delivery systems are being developed to target
the virus within different tissue compartments and are being evaluated for their safety and
efficacy. The current review outlines the various nanomaterials that are becoming increasingly
used in biomedical applications by virtue of their robustness, safety, multimodality, and
multifunctionality. Nanotechnology can revolutionize the field of HIV medicine by not only
improving diagnosis, but also by improving delivery of antiretrovirals to targeted regions in
the body and by significantly enhancing the efficacy of the currently available antiretroviral
medications.

Keywords: nanotherapeutics, HAART, HIV, nano, nanomedicine, drug delivery

Introduction
Human immunodeficiency virus (HIV)/acquired immunodeficiency syndrome (AIDS)
is a global pandemic and is the leading infectious disease resulting in significant
morbidity and mortality and consequently devastating socioeconomic effects. With
the advent of multidrug, highly active antiretroviral therapy (HAART), the prognosis
for HIV-infected patients has significantly improved; however, it has not eradicated
HIV infection, particularly in sequestered, anatomically privileged sites, such as
the brain, testes, gut, liver, kidney, and secondary lymphoid tissue. Additionally,
emergence of resistant viral strains and the adverse side effects associated with
prolonged use continue to slow down the application of effective antiviral therapies.
Nanotechnology is an emerging multidisciplinary field that has the potential to advance
the treatment and prevention of HIV/AIDS radically. The use of nanotechnology for
numerous biomedical applications has become an area of intense research over the
last decade.'"°

The potential advantages of using nanomedicine over conventional HIV therapies
include the capacity to incorporate, encapsulate, or conjugate a variety of drugs to
target specific cell populations and to offer tunable and site-specific drug release.'" %
Table 1 outlines the different types of current nanotherapeutics in HIV and lists their
advantages and limitations. Although HIV-1 nanotherapeutics have the potential
to address key issues of traditional HIV-1 therapy, such as overcoming cellular
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Table | Types of nanotherapy in HIV

Nanotherapeutics in HIV

Advantages

Limitations

Nanotechnology-based delivery of

antiretroviral therapy

e Improves stability and allows sustained release
of the antiretroviral drug

o Allows efficient crossing of the drug across
cellular barriers or the ability to traverse the
epithelial/endothelial barriers such as the BBB

Nanotherapy using nanoparticles as

therapeutic agents

o Anti-HIV-1 effects of inorganic nanoparticles
(gold/silver) alone

e Targeting the RES allows opsonization
(ie, aggregation of nanoparticles in the RES)
resulting in activation of the immune system
via phagocytic mechanisms and clearance of
nanoparticles from systemic circulation and
accumulation in the RES where HIV persists

HIV gene therapy: RNA- and DNA-based

therapies

e Antisense RNAs, RNA aptamers, RNA decoys,
and siRNA therapeutics to HIV-I-specific cells

Nanotechnology-based immunotherapy

for HIV

e Targets immune response against HIV using
immunomodulatory agents such as delivery
of cytokines/dendritic cells (DCs) for antigen
presentation

e In vivo targeting of DCs and delivery of
small molecules and proteins that have
immunotherapeutic potential

e HIV vaccine delivery

Prevent viral transmission

o Intravaginal microbicides that target the virus
or inhibit viral entry by preventing viral binding
to target cells

Targeting latent reservoirs

e Targeting HIV, which is sequestered in sanctuary

sites such as brain, testes, secondary lymphoid
tissue

o Intracellular drug concentrations are higher
with encapsulated antiretroviral compared with
free drug solution

o Increased permeability of these drugs across
the cellular membranes

e Improved bioavailability and increased cellular
uptake

e Sustained release

e Reduction of immunogenic response

o Gold/silver have antiviral properties against a
wide range of HIV-1 strains

e Act as viral entry inhibitors

e Inhibit post-entry stages of HIV-1

e Reduced risk of viral resistance to these
nanoparticles

e Surface modification of nanoparticles can
improve cytotoxicity. Safe and effective

e Nonviral, safe, and effective delivery of
siRNA/antisense to target cells

e Controlled release, improved stability
in physiological milieu, and protection
from degradation

e Potential as adjuvants and delivery system for
vaccines

e Release antigen in a controlled manner leading
to strong and sustained immune response

o Increases half-life of the immunogen

e Can be optimized for various routes of
administration

e Biodegradable nanoparticles are effective
delivery vehicles of microbicides to vaginal
mucosa

e Some epithelial penetration capability

e Nanoparticles traverse BBB by endocytosis/
phagocytosis and can then release drug
intracellularly

e May be too large for renal clearance

e Unpredictable intracellular effects

e Nanoparticles not easily degraded or
metabolized and may accumulate over
a period of time

High toxicity issues result in DNA
damage and cellular apoptosis

e No data on metabolic effects of
nanoparticles

Preclinical trials show promise.
However, there are major scale-up
limitations

e Nanoparticles induce strong humoral
and cellular immunity, the mechanisms
of which are as yet undefined

Enhance tissue penetration needed
Penetration and residence time of the

nanoparticles in the mucus depends
on mucus and physiologic conditions
e To achieve optimal concentration of
antiretroviral in cells of the central
nervous system that harbors the virus

Abbreviations: BBB, blood-brain barrier; DC, dendritic cell; HIV, human immunodeficiency virus; RES, reticuloendothelial system; siRNA, small interfering RNA.

and anatomical barriers, drug toxicity, drug resistance,
suboptimal adherence, and virus sequestration, a number of
obstacles remain which include safety and efficacy profiles
and long-term toxicity, unwarranted immune response, and
scale-up and cost considerations of large scale synthesis of
these nanoparticle platforms.?"%

Types of nanomaterials

A wide range of nanomaterials have been used in
biomedicine, these encompass dendrimers, liposomes,
micelles, nanoemulsions, nanocapsules, nanocrystals,

nanotubes, and nanoparticles.’** Table 2 lists the commonly
used nanomaterials in biomedical applications. The current
review focuses predominantly on nanoparticles used in
HIV-1 therapeutics. Nanoparticles are solid colloidal
particles typically in the size range of 10—1000 nm, in which
therapeutic agents either alone or in combination can be
entrapped or chemically linked to the surface. Nanoparticles
offer more stability to encapsulated drugs in biological fluids
and also protect the encapsulated drugs against enzymatic
degradation.*® Due to their small size they can be taken up
by cells where the uptake of larger particles is precluded.
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Table 2 Types of nanomaterials

Types of nanomaterials used in HIV therapeutics

Advantages

Limitations

Liposomes

Lipid vesicles consisting of phospholipid bilayers with
an aqueous core which can be used to encapsulate
hydrophilic drugs while hydrophobic and amphiphilic
drugs can be solubilized within the phospholipid
bilayers

Dendrimers

Dendrimers have a branched three-dimensional
architecture and are synthesized by attaching several
monomeric units and have minimal polydispersity and
high functionality. Characterized by a polyfunctional
core that can encapsulate several chemical moieties,
interior layers, and multivalent surface

Synthetic polymeric nanoparticles
Nanoparticles which are prepared from synthetic
polymers where biological active agents are
dissolved, entrapped, encapsulated within natural
synthetic polymeric nanoparticles such as:

e Polylactides

e Polyglycolides

e Poly(lactide-co-glycolides)

e Polyanhydrides

e Polyorthoesters

e Polycyanoacrylates

e Polycaprolactone

Inorganic nanoparticles

Nanoparticles made from surface modification of
inorganic oxides, which are important for providing
diversity in size, shape, solubility, long-term stability,
and attachment of selective functional groups

e Iron oxide

e Quantum dots, quantum rods

e Gold nanoparticles

o Silica-based such as organically modified silica
Natural polymers

Nanoparticles prepared from polymers are biologic
active agents that can be dissolved, entrapped,

or encapsulated within natural polymers such as:

e Cellulose

e Gelatin

e Pullulan

e Chitosan

e Alginate

e Gliadin

Micelles

Amphiphilic surfactant molecules that spontaneously
aggregate in water into a spherical vesicle the center
of which is hydrophobic and therefore can sequester
hydrophobic drugs. Micelles have a hydrophilic or
polar head and a hydrophobic tail

e Quick clearance from circulation
allows delivery of antiretrovirals using
macrophages allowing greater
entrapment efficiency and a longer
half-life in circulation

Ideal for transdermal delivery

Properties of the dendrimer based on
the multivalent surface

The precise physicochemical properties
of dendrimers can be controlled during
synthesis by controlling the core groups,
the extent of branching, and the nature
and/or number of functional groups on
the surface

Precise chemical composition
Highly predictable physical properties
such as controlled rate of disassociation,

permeability, degradation, erosion and
targeting capability

Nontoxic and free of leachable
impurities

Inorganic nanoparticles possess
outstanding optical, catalytic, electronic,
and magnetic properties

Unique characteristics, such as nanometer
dimensions, tunable imaging properties,
and multifunctionality

Biodegradable mildly immunogeneic
nanoparticles

Slower rate of dissociation allowing
retention of loaded drugs for a longer
period of time and, eventually, achieving
higher accumulation of a drug at the
target site

e Hydrophilic drug-loading capacity of
liposomes is very limited due to the
small volume of the core, thereby
limiting their long-term use

Physical and biologic stability of the
antiretroviral

e Low therapeutic index and
cytotoxicity

Biodegradable

e Immunogenic
e Toxicity issues

e Very widely varied in physical
and chemical composition
e Biodegradable

e Drug absorption and activity
depends on release from micelle

e Surfactants irritate mucus
membranes

Further, nanomaterials can provide improved drug delivery,
by virtue of their robustness, safety, and multimodality or
multifunctionality. The multifunctional nanoparticle can
simultaneously carry therapeutic agents to target molecules
such as conjugated antibodies and imaging signal contrast

agents (Figure 1). Nanoparticles can be used for delivery
of antivirals to targeted infected cells within reservoirs by
virtue of targeting agents and molecules. Further, these
nanoparticles can also act as imaging agents, which allows for
real-time tracking within cells and within the intact organism.
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Schematic of the basic features of a multimodal nanoparticle complex

Targets latent HIV infection Targets specific cell types

* Brain CD4*/CD8*INK cells etc
o Testes
e Secondary lymphoid -

organs Targeting molecules

e Antibody

Polymeric nanoparticles
(biodegradable)

e Polylactides (PLA)

¢ Polyglycolides (PGA)

¢ Poly (lactide-co-glycolides) (PLGA)

e Peptides or

Inorganic nanoparticles

¢ Receptor Iigands\

¢ Monitoring
therapeutic Imaging agents
efficiency ¢ Optical imaging

¢ MR imaging

e CTimaging

e PET imaging

e Drug distribution
e Image guided

therapy ’ _
¢ Diagnosis for * SPECT imaging
therapy e Ultra sound imaging

¢ Iron oxide
e Quantum dots/rods
e Gold NPs

PEG e Silica based particles
linker
Natural polymers
x ¢ Gelatin
TAT ¢ Chitosan

Molecules to overcome biological barriers
PEG (polyethylene glycol) linker overcome opsonization
Cell penetrating peptides such as TAT to facilitate

Anti retroviral drug localized
¢ In nanoparticle core or
e On nanoparticle surface via bioconjugation

cell entry
Receptor mediated endocytosis via transferrin
Passive endocytosis

Figure | Schematic of the basic features of a multimodal nanoplex capable of targeted drug delivery.
Notes: The important components of a nanoparticle used for intracellular drug delivery which include various nanomaterials (polymeric, inorganic, or natural polymers,
etc), targeting molecules (antibodies, peptides, receptor ligands), cell-penetrating peptides (to promote internalization), linkers (PEG) and the incorporated drug molecules

of interest (such as the antiretroviral drugs).

Abbreviation: PEG, poly(ethylene glycol); NP, natural polymers; MR, magnetic resonance; CT, computed tomography; PET, positron emission tomography; SPECT, single
photon emission computed tomography; NK, natural killer; CD4, - Cluster of Differentiation Antigen 4; CD8-, Cluster of Differentiation Antigen 8.

Advantages that nanoparticulate imaging agents have over
traditional molecular imaging agents include: (a) they
provide a tunable fluorescent chassis upon which targeting
agents (antibodies, peptides or small molecules) can be
added or changed to suit a specific need; (b) they allow
for multimodality (eg, optical, magnetic resonance, and
radionuclide) imaging thus permitting cross-evaluation of
disease-infected sites using different imaging platforms;
(c) they can be functionalized with both imaging and
therapeutic abilities (d) they can be made in a large-enough
size to permit multivalency** (ability to bind to various
ligands due to different types of surface modifications,
functionalization, and bioconjugation chemistries), which
results in having a potential for higher affinity binding
than standard agents; and (¢) they can enable imaging from
the single cell level to the entire, intact organism in vivo.
Nanotechnology-based delivery systems also enhance and
modulate the distribution of hydrophobic and hydrophilic
drugs into and within different tissue compartments. This
ability of these nanoscale delivery platforms means they
are suitable for clinical use in HIV-1 therapeutics. In order
to have clinical applicability, nanoparticles should be stable
in time with a shelf life of several months, and with a long
circulating time that will assure its biodistribution, allow
the passive or active targeting of a specific site within

the body or cell type or cell surface, respond to stimuli
such as pH, temperature, etc, and to be also be usable as a
contrast substance for medical imaging, ultrasonography,
magnetic resonance imaging, computed tomography, and
photodynamic therapy.

The predominant types of nanoparticles that are typically
used for biological applications are (1) inorganic, and,
(2) polymeric nanoparticles. Polymeric nanoparticles such
as poly(lactic-co-glycolic acid) (PLGA) or polylactide,
polymethacrylic acid, polyethylene glycol (PEG), and
“natural” polymers such as chitosan, gelatin, or alginate,
all of which are biodegradable.**** PEGylation coating of
a nanoparticle with PEG to prevent the rapid removal of
nanoparticles from the bloodstream by the mononuclear
phagocytic system, increases nanoparticle circulation time
and theoretically improves the therapeutic capacity of the
nanoparticle.’ Advances in polymerization chemistries and
the application of reactive, efficient and orthogonal chemical
modification reactions have enabled the engineering of
multifunctional polymeric nanoparticles with precise control
over the architectures of the individual polymer components,
to direct their assembly and subsequent transformations
into nanoparticles of selective overall shapes, sizes, internal
morphologies, external surface charges and functionalities.
Further, incorporation of certain functionalities can modulate
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the responsiveness of these nanostructures to specific stimuli
through remote activation.3*35-0

Inorganic particles are much smaller, typically less than
20 nm, and circulate easily in the bloodstream and are easily
cleared via renal excretion.*“*¢ Silica-based nanoparticles
such as organically modified silica are known for their
low toxicity and biocompatibility for targeted imaging and
therapy.*’~° Gold nanoparticles (GNP) are an attractive drug-
delivery vector due to the ease with which biomolecules such
as protein or DNA can be attached to the gold surface using
thiol chemistry. This process can also allow attachment of
multiple targeting or functional groups to the nanoparticle
surface to produce a multifunctional nanoparticle. Quantum
dots (QDs) that have a colloidal core/shell such as CdSe/
ZnS, CdSe/CdS/ZnS, CdTe/CdSe, and InP/ZnS are also
commonly synthesized for biomedical applications.’'>* QDs
are unique probes due to their special properties (brightness,
photostability, narrow-band emission, and broadband
absorption), and they have excellent biocompatibility for
real-time imaging.”® When QDs are functionalized with
ligands, they enable the recognition of specific targets and
allow tracking of dynamic functional processes with a great
sensitivity for extended periods of time. Although both GNP
and QDs can be easily functionalized, these nanoparticles
may accumulate in tissues over time because they are not
biodegradable and the long-term effects of accumulation of
these nanoparticles are unknown. Table 2 summarizes the
pros and cons of the different types of nanomaterials used
in biomedical applications.

Nanotechnology can revolutionize the field of HIV
medicine since it can impact the treatment and prevention of
HIV/AIDS, and also improve diagnosis. The current review
will focus more on the pivotal role of nanotechnology in
HIV-1 therapeutics, particularly focusing on nanotherapeutic
approaches that increase the efficacy of the existing
antiretrovirals in targeting sequestered viral reservoirs.

The HIV-1 lifecycle and traditional

antiretroviral therapy

HIV enters the cell via endocytosis and fuses with an
endosome, then the viral RNA genome is released into the
cell where it undergoes reverse transcription followed by
integration of the proviral DNA into the host chromosome.
Subsequent to translation, immature viral particles egress the
cell by assembly of the viral proteins at the cell membrane,
followed by virion budding, which results in the generation
of a mature virus that can infect other cells. Types of
antiretroviral drugs used in treatment of HIV include:

reverse transcriptase inhibitors that act by blocking the
activity of the reverse transcriptase enzyme, thus preventing
the construction of viral DNA; nucleoside analog reverse
transcriptase inhibitors, which act by incorporation into
the viral DNA leading to chain termination; nonnucleoside
analog reverse transcriptase inhibitors, which block the
binding potential of the reverse transcriptase enzyme;
protease inhibitors, which interfere with viral assembly by
blocking the protease enzyme necessary for cleaving the
nascent viral proteins for final assembly into new virions;
fusion inhibitors, which block the fusion of the virus with
the cell membrane and subsequent entry into the host cells;
integrase inhibitors, which block the integration of viral
DNA into the host cell DNA; and finally, entry inhibitors,
which bind to HIV-1 coreceptors on the viral membrane
surface used in the entry of the virus into the host cell. Highly
effective antiretroviral therapy (HAART) is a combination of
three or more of the above drug classes, which is efficient in
controlling infection and disease progression and minimizes
the development of resistant strains by attacking the viral
infection more aggressively.

Nanoformulations of antiretrovirals
Current HIV-HAART therapy exposes the entire body to
multiple drugs at high doses, resulting in enormous side
effects, which often limit therapy due to adherence issues
leading to unsuccessful therapy. Adherence to drug regimens
that constitute complexities of frequent administration and
high dosages are crucial in the treatment of HIV infection.
Development of targeted drug-delivery approaches for AIDS
therapy will improve the safety and efficacy of anti-HIV
drugs by reducing the dosage and adverse effects associated
with them. The systemic distribution pattern of nanocarrier-
based HIV drugs should be dictated by the properties of the
nanocarrier rather than the antiretroviral drug and an ideal
nanocarrier-based HIV drug should deliver higher drug
concentrations and have increased residence time at target
cells whereby enhanced viral load reduction can be achieved.
Surface modification of nanocarriers by modulating polymer
characteristics on the nanocarrier surface allows controlled
release of an anti-HIV drug from nanocarriers to achieve the
desired therapeutic level in target tissue.!!:14-22
Development of a biocompatible nanoformulation that
can target HIV-1 in sequestered sites requires the use of
functionalized nanoparticles that are engineered to deliver
drugs to specific tissue or cell compartments.”® Although
efficient internalization within the cells and selective targeting
are the major aims of such a drug carrier, ideally it should
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also have the characteristic of long circulation time in blood
and self-regulation of drug release, and have low toxicity and
minimal side effects. In general, the sizes of such nanoparticle-
based delivery platforms range from 10 to 1000 nm and consist
of therapeutic agents within the nanoparticle system.!®2°
Such a nanoparticle system increases solubility and enhances
stability of mostly poorly water-soluble therapeutic agents
such as antiretroviral drugs which are mostly hydrophobic, and
protect them from interacting with nonspecific sites, thereby
reducing toxicity. Table 3 lists the various antiretroviral
nanoformulations used as HIV-1 therapeutics.

Targeted drug delivery

of antiretrovirals

Targeted delivery of antiretrovirals to HIV-1-infected T-cells
and macrophages would improve the efficacy of antiviral
drugs, reduce toxicity, reduce HIV-resistance frequency,
and decrease viral production. However, the specificity
of intracellular delivery and transport is related to many
factors including the type and number of targeting ligands
required for optimal cellular uptake. Various mechanisms
of intracellular delivery of the antiretroviral drug include
passive diffusion of free drug, nonspecific phagocytosis of a
nanocarrier, pinocytosis and receptor-mediated endocytosis.
Another advantage of nanocarriers includes its ability to

bypass the multidrug-resistant transporters, which may efflux
drugs entering freely through the plasma membrane.!*%

Inorganic solid lipid nanoparticles liposomes, polymeric
micelles, dendrimers, cyclodextrins, and cell-based
nanoformulations have been studied for delivery of drugs
intended for HIV prevention or therapy.* For anti-HIV drugs to
be effective, adequate distribution to specific sites in the body
must be achieved, and effective drug concentrations must be
maintained at those sites for the required period of time.> For
effective delivery of anti HIV-1 nanotherapy, an optimal drug-
delivery nanocarrier vehicle must be generated that should be
of a precise geometry, whose surface (ie, zeta potential, stealth
ligands), drug/biomolecule (antiretrovirals, oligonucleotides,
proteins, small interfering RNA [siRNA], RNA, imaging agents)
encapsulation efficiency and release, surface chemistries (targeting
antibodies, PEG chains, metal chelators), and spatial distribution
of ligands must be well engineered. Targeted nanocarrier delivery
involves (1) the recognition of HIV-infectable target cells and
tissues; (2) the ability to reach these sites; and (3) the ability to
deliver multiple therapeutic agents.'*2*

Macrophages have been used as cellular transporters for
antiretroviral nanoparticles or nanoformulated antiretroviral
drugs (nano-ART) distribution and that the efficacy of
antiretroviral medications can be significantly improved
by repackaging them into nanoparticles.”** Nowacek and

Table 3 Summary of antiretroviral drugs used in HIV-1 nanotherapeutics

Antiretroviral drug Nanoparticle type

Stage References

100

Stavudine (D4T),
delavirdine (DLV),

Methylmethacrylate-sulfopropylmethacrylate
(MMA-SPM) nanoparticles with grafted RMP-7

Preclinical

Kuo and Lee

saquinavir (SQV) (RMP-7/MMA-SPM nanoparticles)
Ampenavir Transferrin (Tf)-conjugated quantum dots Preclinical Mahajan et al”!
Dapivirine Poly(e-caprolactone) nanoparticles Preclinical das Neves et al'
Ritonavir Tat-peptide-conjugated pitonavir nanoparticles Preclinical Borgmann et al®
Indinavir, ritonavir, Monocyte-derived macrophages-nanoparticle Preclinical Nowacek et al*”
atazanavir, and efavirenz interactions
DA4T, DLV, SQV Lipids: Compritol 888 ATO, tripalmitin, and cacao butter Preclinical Kuo and Chung'®
stabilized by L-o-phospatidylcholine, cholesteryl hemisuccinate,
and taurocholate to form solid lipid nanoparticles
SQv Nanoparticles with ternary components of polyethyleneimine, Preclinical Kuo and Yu is'®
poly(y-glutamic acid), and poly(lactide-co-glycolide acid) (PLGA)
d4T — nucleoside reverse Chitosan-O-isopropyl-5-0-d4T monophosphate conjugate Preclinical Yang et al Is'*
transcriptase inhibitor with a phosphoramidate linkage
SQv Tf-conjugated quantum rods Preclinical Mahajan et al’®
Ritonavir, lopinavir, and efavirenz PLGA nanoparticles Preclinical Destache et al'®
Rilpivirine Poloxamer 338/TPGS 1000 Preclinical Baert et al'%
Stavudine Mannose- and galactose-targeted liposome Preclinical Dou et al*
Efavirenz Mannose-targeted dendrimer Preclinical Dou et al*®
Lamivudine Mannose-targeted dendrimer Preclinical Wan et al'”
Zidovudine Mannose-targeted liposome Preclinical Kaur et al'®
Indinavir Liposome-laden macrophages Preclinical Dou et al'®

Abbreviations: SQV, saquinavir; DLV, delavirdine; D4T, stavudine; PLGA, poly lactide-co-glycolide acid; Tf, transferrin; MMA-SPM, ethylmethacrylate-sulfopropylmethacrylate;

RMP-7, bradykinin agonist; Compritol 888ATO, National Formulary (NF) glyceryl nehenate; TPGS, tocopheryl polyethylene glycol succinate.
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Gendelman have shown that a single intravenous dose of the
nano-ART can elicit high-sustained tissue and plasma drug
levels of antiretroviral drugs in the reticuloendothelial system
and brain.”® Nano-ART can be taken up within minutes by
circulating monocytes and released in tissues over a period
of 2 weeks.** ¢ Theoretically, cell-based nano-ART would
travel to sites of inflammation and release drug(s) slowly
with limited tissue toxicities. Such a drug-delivery system
can revolutionize HIV-1 therapeutics and can particularly
target virus sequestration. A recent study suggested that nano-
ART has tremendous translational potential since it allows
sustained delivery and targeted efficacy of the antiretroviral
drugs with limited systemic toxicities, indicating that nano-
ART has the potential to improve drug adherence and reduce
viral resistance in HIV-1-infected subjects.>®

Studies by Kadiu et al show that both particle integrity
and antiretroviral activity are maintained during subcellular
transport of antiretroviral nanoformulations.®' Recently,
Shegokar and Singh have shown that nevirapine nanosus-
pensions that were surface modified with serum albumin,
polysaccharide, and polyethylene glycol had enhanced bio-
availability and targeting potential.®> They also demonstrated
active delivery of stavudine-loaded solid lipid nanoparticles
to lymphatic tissues showing increased lymphatic drug levels
and organ distribution studies demonstrating efficiency of the
developed nanoparticles for prolonged residence in splenic
tissues . Polymeric systems consisting of nanosuspensions
of rilpivirine that were PEGylated and stabilized by other
polymers showed that single-dose administration of this
nanosuspension resulted in sustained release of the drug
and lowered dosing frequency.®*-% Tat-peptide-conjugated
ritonavir-loaded nanoparticles effectively controlled viral
replication in HIV-1-infected brain by targeting monocyte-
derived macrophages and other neural cells within the
brain.®® A study that evaluated pharmacokinetics of free
antiretroviral drugs ritonavir, lopinavir, and efavirenz with
poly(D,L-lactide-co-glycolide) nanoparticle-conjugated
antiretroviral drugs (AR-NPs) showed that antiretroviral
drug concentrations from AR-NPs are sustained for 28 days
in vivo and anti-HIV inhibition was comparable to that of
free drugs in vitro.%® Nevirapine-loaded liposomal formula-
tions improve targeted delivery of the antiretroviral drugs to
select cell compartments and alleviated systemic toxic side
effects.®® Carbon nanotubes show promise as anti-HIV-1
therapeutics.” All the above-mentioned studies are in various
preclinical stages and significant amount of experimental
and clinical validation needs to be done before nanotherapy
for HIV become a reality in the clinics. Several additional

nanotechnology systems for delivery of antiretroviral drugs
have been outlined in recent reviews.!'"*® We have made a
comprehensive list of the antiretroviral used in HIV therapy
in Table 3.

Mechanisms involved
in nanoparticle based intracellular
drug delivery

The mechanisms involved in nanoparticle-based intracellular
drug delivery include (i) passive diffusion of free drug,
(ii) nonspecific phagocytosis of the nanocarrier, (iii) nanocarrier
uptake by pinocytosis, and (iv) receptor-mediated endocytosis.
More than one mechanism may be involved in intracellular
drug delivery. Nanoparticles may reside within lysosomal
compartment following endocytosis, and premature drug
release within this acidic compartment may cause drug
degradation and render treatment ineffective. Therefore,
cytosolic delivery and drug release within the cytosolic
compartment will allow for the most effective therapy.'>2°

Targeting HIV-1 in the brain

Most of the currently used antiretroviral drugs are effective
in reducing viral load in the systemic circulation, but cannot
eradicate infection from tissue reservoirs such as the brain.
Nanoparticles offer great promise for neurotherapeutics.> >
Nanocarriers provide a means to overcome cellular and
anatomical barrier such as the blood-brain barrier (BBB) to
drug delivery.** The BBB inhibits the transport of antiretroviral
drugs to the brain by the presence of tight endothelial cell
junctions and efflux transporters such as P-glycoprotein (P-gp),
amultidrug-resistant protein. Nanocarriers bypass multidrug-
resistant transporters such as P-gp that may efflux drugs
entering freely through the plasma membrane. The Pluronic®
(BASEF - The Chemical Company, Florham Park, NJ) are block
copolymers based on ethylene oxide and propylene oxide that
enhance the in vivo efficacy of antiretrovirals® by influencing
their distribution to sites protected by efflux mechanisms, such
as the BBB, and possibly increase the brain exposure of these
drugs resulting in suppression of viral replication. Pluronic
P85 has shown to inhibit the interaction of P-gp with nelfinavir
and saquinavir.”’ An elegant study using a nanosuspension
of indinavir showed that macrophages loaded with this
nanosuspension could bring about a measurable reduction in
antiviral load in the brains of an HIV-infected rodent model.>
Magnetic nanoformulations have been used for targeting
active nucleotide analog reverse transcriptase inhibitors to the
brain by application of an external magnetic force and thereby
eliminating the brain HIV reservoirs.®
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Our group has recently shown that conjugation with
transferrin (Tf), allows antiretroviral drug-loaded nanoformu-
lations to permeate across biological barriers such BBB via a
receptor-mediated transport mechanism. We stably incorpo-
rated saquinavir within Tf-conjugated quantum rods (QRs),
which are novel nanoparticles with unique optical properties
and evaluated antiviral efficacy and the transversing ability
of the QR-Tf-saquinavir nanoformulation across an in vitro
model of BBB (Figure 2). We have also observed that ampre-
navir-Tf-conjugated quantum dot (QD) (Tf-QD-amprenavir)
nanoplexes cross the BBB via receptor-mediated endocytosis
and release the amprenavir. The activity of amprenavir remains
unaltered when conjugated to the QD or the transporter
molecule, Tf.”! The high photostability of QDs emitting in
the near-infrared spectral region facilitates the monitoring of
this transport process in real-time via high-resolution optical
imaging.”’>7 Thus a QD/QR-based nanoplatform facilitates
not only the delivery of an antiretroviral drug across the
BBB via interaction with endogenous transferrin receptors
on the BBB but also allows the real-time monitoring of this
transendothelial migration process via optical imaging. We
have demonstrated that antiretroviral drug-loaded nanopar-
ticles can deliver effective therapeutics across the BBB and
that our nanoformulation has great potential in the treatment
of neuro-AIDS and other neurological disorders.”"7>7

QR-Tf-saquinavir or saquinavir

Anti-HIV-1 siRNA therapeutics

Recent advances in the field of nanotechnology offer an
unprecedented opportunity to enhance the power of siRNA-
mediated gene therapy by providing both an efficient delivery
system as well as targeted specificity. siRNA-mediated
knockdown of gene-specific messenger RNA (mRNA) levels
is a great therapeutic strategy,” in which double-stranded
RNAs are cleaved by the cellular nuclease Dicer into short
21-22-mer fragments referred to as siRNA, which enter
a ribonuclease protein complex called the RNA-induced
silencing complex. This complex mediates a specific
degradation of the corresponding mRNA. Nanoparticles
can form stable complexes with siRNAs, called nanoplexes,
which can overcome all the impediments associated with
siRNA in the free form. A nanoplex is a generic term for a
nanoparticle complexed to another biological component,
which could be a drug, an siRNA, a imaging agent and
antibody, a peptide, etc.

siRNA technology is a novel method to achieve
complete and persistent knockdown of gene expression.
Challenges to efficient siRNA delivery and activity
include: (1) design of effective siRNA sequences;
(2) bioconjugation with a safe and efficient delivery system
such as nanoplexes; (3) formulation of a nanoplex with
favorable pharmacokinetics; (4) stabilization of the siRNA
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Figure 2 Schematic of the QR-Tf-saquinavir bioconjugate and the transversing potential of the QR-Tf-saquinavir nanoformulation across an in vitro BBB.
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Curr HIV Res. 2010;8(5):396—404.7
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in biological systems; (5) efficient delivery and entry of
the siRNA nanoplex into target cells; and (6) prevention
of endosomal escape of siRNA nanoplexes from the
intracellular milieu. Additionally, the siRNA nanoplex should
have minimal effects on nontarget genes and should avoid
inadvertent stimulation of the immune system.””’® Delivery
is a key determinant as to whether or not RNA interference-
based therapeutics will have clinical relevance and delivery
encompasses extracellular transport of the nanoplex to target
cells, its intracellular RNA trafficking, and processing.”®
Gold nanoparticles are particularly attractive for therapeutic
applications due to their biocompatibility and ease of complex
formation with biomolecules. Gold nanorods (GNR) have
far-reaching potential for the study of intracellular processes
at the single-molecule level, using high-resolution cellular
imaging, long-term observation of cell trafficking in vivo,
and gene silencing.”*’ The hydrodynamic size of these
GNR-nanoplexes under physiological condition is <100 nm,
making them ideal as intracellular delivery agents. Gold
nanoparticles have been used for more than a decade as a gene

PN simnia
+— e

carrier for plasmid DNA and oligonucleotides, but recently
our group was the first to report the use of GNR for the
delivery of siRNA against dopamine- and cyclic-adenosine
monophosphate-regulated phosphoprotein of molecular
weight 32,000 (DARPP-32) in vitro.” Figure 3 represents
a schematic of the cationically charged PEGylated GNRs
electrostatically coupled with negatively charged siRNA to
form stable nanoplexes. We evaluated these nanoparticles as
nonviral gene carriers by investigating their specificity and
efficiency in achieving DARPP-32 gene silencing in primary
dopaminergic neuronal cells, which are typically difficult to
transfect. These nanoplexes were also found to transmigrate
across an in vitro model of the BBB without compromising
the integrity of the barrier, while retaining their gene-silencing
efficiency. These results have enormous implication in the
treatment of drug addiction in HIV-1-infected drug-abusing
patients. These observations have further underscored the
tremendous benefits that nanotechnology can offer towards
the safe and efficient delivery of siRNA-based therapeutics
in the brain and other organs.
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Figure 3 Schematic of cationically charged PEGylated GNRs electrostatically coupled with negatively charged siRNA to form stable nanoplexes.
Notes: The GNR—siRNA nanoplex can bring about the specific knockdown of a gene of interest. The siRNAs are 21-23 bp double-stranded RNAs that can initiate the
enzymatic breakdown of specific mMRNAs in a cell through an RNA-induced silencing complex.

Abbreviations: GNRs, gold nanorods; siRNA, small, interfering RNA.
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To enhance the cellular uptake of siRNA molecules,
cell-penetrating peptides (CPP)-mediated siRNA delivery
employing a disulfide bond formation between peptide
transduction domain (PTD)/CPP and siRNA is typically
utilized. Some of the most well characterized CPPs are
TAT peptide, penetratin, transportan, polyarginine and
MPG. Recently, studies’** evaluated the in vivo efficacy
of structurally flexible, cationic PAMAM dendrimers as
a siRNA-delivery system in a humanized mouse model
for HIV-1 infection. They have also developed novel dual
inhibitory anti-glycoprotein-120 aptamer—siRNA chimera
with potent anti-HIV activities and have further constructed
a chimerical RNA nanoparticle that contains a HIV gp120-
binding aptamer escorted by the packaging RNA (pRNA) of
bacteriophage phi29 DNA-packaging motor. These pRNA—
aptamer chimeras specifically bind to and are internalized
into cells expressing HIV gp120 and inhibit HIV function
by blocking viral infectivity. This nanoplex represents a
potential HIV-1 inhibitor, and provides a cell-type-specific
siRNA-delivery vehicle, showing promise for systemic
anti-HIV therapy.®” Our group demonstrated an almost 90%
viral suppression using a nanoparticle (QR)-conjugated
well validated siRNA (si510) that targets the poly-A/TAR
(transactivator of the HIV-1 LTR) site and suppresses viral
replication in the THP-1 monocytic cells.” Dendrimers have
also been successfully used to deliver and transfect siRNA
to various HIV-infected human cell types resulting in gene
silencing without causing cytotoxicity.%%

We have observed a decrease in endothelial permeability,
as reflected by reduction of transendothelial resistance
across an in vitro BBB on treatment with QR-conjugated
matrix metalloproteinase-9 (MMP-9)-siRNA due to
downregulating the expression of MMP-9 gene in brain
microvascular endothelial cells that constitute the BBB.”
Thus siRNA therapeutics for HIV infection have been
demonstrated in many studies, but limitations of this strategy
include successful strategies to deliver siRNA to the desired
target cells such as T cells, macrophages, dendritic cells,
and tissues. Despite these limitations, siRNA therapeutics
possesses great potential in HIV therapy.

Nanotechnology-based

immunotherapy for HIV

Attempts at creating an effective HIV vaccine have been
unsuccessful because immune cells that are needed for vac-
cine effectiveness are destroyed by the virus.® Nanoparticles
can improve delivery of antigens to enhance the immune
response and can encapsulate antigens in their core from

which antigen-presenting cells (APCs) can process and
present antigens to CD4* and CD8" T cells or facilitate B cells
to generate humoral responses.”*** Various polymeric and
lipid-based nanoparticles have been used to deliver DNA-,
protein-, or peptide-based antigens in vivo, which elicit
strong cellular, humoral, and mucosal immune responses.
However, no effective vaccine strategy has emerged in spite
of promising preliminary results.!*!8

Nanoparticles as adjuvants

in HIV vaccine

The most commonly used adjuvants in vaccines are
aluminum-based compounds such as aluminum hydroxide.
Aluminum hydroxide adjuvants stimulate the production of
specific types of immune cells called APCs. These APCs pick
up the antigen and present it to T cells. Various adjuvants
are considered for use with candidate AIDS vaccines.
Nanomaterials can act as adjuvants in the development
of the AIDS vaccine due to their unique physicochemical
properties.?’ Surface-engineered GNRs provide a multimodal
nanoplatform for vaccine neoadjuvant-delivery systems
in the treatment of AIDS.!*?*% Nanoparticles can also be
designed to provoke an immune response by either direct
immunostimulation of APCs or delivering antigens to specific
cellular compartments.** To eliminate an immune response
to the nanoparticle itself, the particle size is important since
microparticles are rapidly cleared by the reticuloendothelial
system, while nanoparticles have prolonged circulation time
and are efficient drug, enzyme, and protein carriers by any
route of administration.

Polymeric biodegradable nanoparticles such as poly(y-
glutamic acid) can be used as a stable protein-based antigen
carrier and can be utilized for antigen delivery and other
immunostimulatory activities. Wang et al” have shown that
Y-polyglycolides (y-PGA) nanoparticles have a capacity com-
parable to that of complete Freund’s adjuvant (CFA) in induc-
ing p24-specific serum antibody by predominantly activating
p24-specific interferon-y-producing T cells. Thus, y-PGA
nanoparticles encapsulating various antigens may have great
potential as novel and efficient protein-based vaccines against
HIV-1 infection.''?7* Several liposome-based systems using
a variety of HIV-1 antigenic peptides such as gp160, gp41,
gpl120, p24, tat, gag, env, and rev have been evaluated for
HIV vaccine delivery, however none of them have been able
to elicit a broad neutralizing antibody response.’*** Although
several nanoparticle-based immunotherapeutic clinical trials
for treatment have been performed, none of them have provided
consistent clinical improvements for patients.
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Nanoparticles improve HIV-1
diagnostics

The availability of sensitive and specific detection methods
to identify HIV-1 in clinical specimens is highly desirable.
GNPs have been used for improving detection sensitivity
of HIV-1 p24 antigen assay. A GNP-based assay can detect
HIV-1 p24 antigen at levels as low as 0.1 pg/mL and these
assays offer 100—150-fold enhancement in the detection
limit and detected HIV-1 infection 3 days earlier than the
traditional colorimetric enzyme-linked immunosorbent assay
(ELISA).**" Nanolithography was used to generate nanoscale
patterns of antibodies against the HIV-1 p24 antigen on a gold
surface. HIV-1 p24 antigen in plasma obtained directly from
HIV-1-infected patients was hybridized to the antibody array in
situ, and the bound protein was hybridized to a gold antibody-
functionalized nanoparticle probe for signal enhancement. The
nanoarray is a three-component sandwich assay that measures
less than 0.025 pg/mL of HIV-1 p24 levels suggesting that this
nanoarray-based assay can exceed the limit of detection of a
conventional ELISA by more than a 1000-fold. Such assay
systems can have a significant impact on HIV diagnostics.”’

Prevention of sexual transmission
of HIV using nanoparticle-based

microbicides

Nanoparticles that also provide a delivery strategy for
targeted or controlled delivery to the vagina using topical
microbicides, which can result in HIV prevention, are urgently
needed to curb the rate of new infections.’®” Dendrimers,
PLGA nanoparticles, and cholesterol-conjugated siRNA
have been evaluated for delivery of microbicides against
HIV and although in vivo studies in mice suggest proximal
and distal site topical delivery of the microbicides, issues of
deep penetration into the epithelial barrier and issues with
degradation in the mucus physiological environment remain
to be resolved‘13,30.3],3641,100409

HIV-1 nanotherapy: an emerging
technology, its promise,

and limitations

Nanotechnology can impact HIV therapy at several
levels. (1) Nanoparticles by themselves have therapeutic
effects since they can penetrate and neutralize the virus,
by structural interference with viral assembly and thereby
inhibit viral replication. (2) Nanotechnology allows improved
delivery platforms for systemic delivery of antiretroviral
drugs, by allowing controlled release of antiretroviral

drugs in circulation, thereby enhancing their half-lives and
effectiveness, all of which can have a major implication
in improving adherence to drugs in HIV infected patients.
(3) Gene immunotherapy can be significantly improved using
various nanomaterials. Nanotechnology-based vaccines
have the ability to target specific immune cells, eliciting
a controlled and sustained HIV-1 specific antibody and
cellular immune response. Nonviral delivery of siRNA has
tremendous translational potential and although delivery
of siRNA to HIV-specific cells has been demonstrated,
additional research on the safety and efficacy of siRNA
nanotherapeutics has to be done before these therapies are
used in the treatment of HIV/AIDS.

Our group has been working in the area of nanomedicine,
particularly in the context of HIV-1 therapy, for a couple
of years and has used polymeric, nonpolymeric, and lately
biodegradable materials for targeted drug delivery of
antiretrovirals, siRNA therapeutics, and certain aspects of
HIV-1 immunotherapy. All these materials represent the
diversity of nanomedicine applications and although HIV-1
nanotherapy has enormous promise, several challenges
remain to be addressed.

There has been tremendous development over the last
decade with respect to the types of nanomaterials available
for biomedical applications; an enormous range of shapes,
sizes, surface modifications, and functional modality options
have been developed, but the main issue of their interaction
in biological systems remain to be resolved. Although,
some degree of success is observed in vitro studies, many
studies have not moved beyond the preclinical stage due
to challenges that include unwarranted interactions with
plasma proteins in systemic circulation, inability to overcome
biological barriers, nonspecific distribution in the body, and
aggregation and accumulation within specific organs such
as kidney resulting in toxicity. Thus toxicity of nanoma-
terials, stability in physiological conditions, and a lack of
adequate reliable and affordable HIV/AIDS animal models
for in vivo studies during these nanoparticles are some of
the key obstacles in HIV-1 nanotherapeutics.

In spite of these limitations, nanotechnology holds
great potential for impact in the field of HIV treatment and
prevention. Multidisciplinary research across disciplines of
biology, medicine, chemistry, pharmaceutical sciences, and
bioengineering will revolutionize the field of nanomedicine
in the near future.
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