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Abstract

The development of antiretroviral drugs over the past couple of decades has been commendable due
to the identification of several new targets within the overall Human Immunodeficiency Virus (HIV)
replication cycle. However, complete control over HIVV/Acquired Immune Deficiency Syndrome is
yet to be achieved. This is because the current anti-HIV drugs, although effective in reducing plasma
viral levels, cannot eradicate the virus completely from the body. This occurs because most anti-HIV
drugs do not accumulate in certain cellular and anatomical reservoirs including the Central Nervous
System (CNS). Insufficient delivery of anti-HIV drugs to the CNS is attributed to their low
permeability across the blood-brain-barrier (BBB). Hence, low and sustained viral replication within
the CNS continues even during prolonged antiretroviral drug therapy. Therefore, developing novel
approaches that are targeted at enhancing the CNS delivery of anti-HIV drugs are required. In this
review, we discussed the potential of nanocarriers and the role of cell-penetrating peptides in
enhancing drug delivery to the CNS. Such drug delivery approaches could also lead to higher drug
delivery to other cellular and anatomical reservoirs where the virus harbor than with conventional
treatment, thus providing an effective therapy to eliminate the virus completely from the body.
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1. Introduction

Human Immunodeficiency Virus (HIV) is the primary cause of Acquired Immuno Deficiency
Syndrome (AIDS) which still remains the cause of significant mortality globally [1,2]. HIV
infection principally results in destruction of white blood cells (lymphocytes), which constitute
an important element of the body’s immune defense. This decline in lymphocyte level in the
more advanced stages of infection, is responsible for the profound immune suppression that
characterizes the advanced stage of AIDS [3]. Antiretroviral therapy for HIV infection has
transformed this disease from a terminal illness to a chronic, yet manageable condition and has
significantly reduced HIV-related mortality. Further, the weakened immune system also makes
the individual more susceptible to “opportunistic infections”, such as tuberculosis [4,5],
toxoplasmosis, Kaposi’s sarcoma as well as other such cancers [6].
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2. Mechanism of Viral Infection

Once inside the body, HIV can then enter the human cell in three important steps:

A. Attachment of the HIV surface gp120 glycoprotein to the CD4 receptor located on
the cell membrane. These receptors are expressed by the monocyte derived
macrophages and T-lymphocytes

B. Interaction of the gp120 protein and CD4 complex with a coreceptor
C. Virus-cell membrane fusion mediated by transmembrane gp41 protein

Upon internalization, the viral enzymes, viz. reverse transcriptase (RT) and integrase are
released into the cytosol of the host cell. The viral RNA is then transcribed into a double-
stranded DNA with the help of enzyme RT, followed by integration of viral DNA into the host
genome resulting in formation of a provirus. Provirus formation is followed by a transcription
step, wherein the unspliced viral RNA leaves the nucleus and, with the help of the host
translation machinery, viral proteins are formed from unspliced transcript.

Involvement of the central nervous system (CNS) in HIV-infected individuals is common. The
CNS serves as a sanctuary for HIV-1 that is capable of reactivating the infection. Important
brain structures such as microglia, macrophages and possibly neurons, play a major role in
viral persistence in the CNS. Direct injury to the brain resulting from HIV infection can lead
to milder form of cognitive impairment and dementia in the more severe cases [7].

HIV-1 entry in the CNS begins with the infection of three different types of cells, which are
the principal components of the body’s immune system. These are the CD4" T lymphocytes,
macrophages and monocytes [8]. These cell types act as a latent viral reservoir, which can
cause the re-establishment of infection despite low or negligible plasma virus levels. The
CD4* T lymphocytes and monocytes primarily serve as the port of entry for HIV-1 into the
CNS. A tight barrier of endothelial cells, known as the blood-brain-barrier (BBB), separates
the CNS from the peripheral system. This barrier selectively regulates the transport of cells
and other substances from the blood to the brain. According to one mechanism, infected
monocytes facilitate transmigration of leukocytes through this BBB by means of adhesion
molecules and release chemokines, leukotrienes, and tumor necrosis factor-alpha (TNF-a),
which are responsible for disruption of the BBB integrity [9]. Subsequent to their entry, these
monocytes further differentiate into macrophages, which are considered to be one of the main
sources of productive HIV-1 infection. HIV-1 infection of other brain cells (astrocytes,
oligodendrocytes and neurons) also occurs, albeit in a nonproductive fashion. Although HIV-1
nucleic acid was detected in the neuronal tissue in vivo during HIV infection, the subsequent
other studies were unsuccessful in identifying the presence of HIV-1 nucleic acids or structural
proteins within neurons [10-12]. Recently, Nogués et al have demonstrated that HIV-1 can
actively infect human neurons in vivo. In their study, HIV-1-infected neurons were detected
in the brain cortex in 50% of the subjects using light microscopy and in situ hybridization
[13]. However, the general consensus remains that HIV-1 infection of neurons does occur, but
neurons do not contribute extensively towards its progression. Astrocytes do not express the
CD4 receptor, but they express the strain-specific CXCR4 receptor and the CCR5 co-receptor
which can be recognized by HIV-1 leading to their infection [14]. Infection of astrocytes in
vivo may also occur, albeit with a lower efficiency than what occurs within T cells and
macrophages [14]. Infected astrocytes may assist in viral propagation and sustenance in the
brain, thus serving as a sanctuary [15]. The mechanism of infection of oligodendrocytes is
unclear since they do not express the CD4 receptors either [16].
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3. Neurodegeneration due to HIV Infection

Infection of the central nervous system (CNS) by HIV-1 infection can lead to encephalitis that
presents clinically as HIV-1-associated dementia (HAD) and HIV-associated neurocognitive
disorders (HAND) compromises brain function and presents clinically as HAD [17,18]. In the
post-HAART era, HAND characterizes the neurological complications of acquired immuno
deficiency syndrome (AIDS) that include HAD-related impairments. HAD remains the most
severe form of HAD while minor cognitive and motor disorder is also observed [MCMD]
[17]. Typically, HAND includes subcortical events, consisting of cognitive, behavior and
motor dysfunction [19]. Symptoms of neurocognitive impairment in HAND include impaired
short-term memory, reduced concentration, learning capability and reduced psychomaotor skills
that are often accompanied by behavioral symptoms such as personality changes, apathy and
social withdrawal [17,20]. However, a more subtle form of CNS dysfunction, MCMD is present
inabout 30% of the HIV-1 infected patients [21]. Itis characterized by loss of memory, decrease
in computational skills and other higher cortical functions [22]. One potential explanation for
the development of MCMD is that, a low level of viral replication found in most successful
ART regimens, leads to slower progressive neurodegeneration [23].

Despite the advent of anti-retroviral therapy (ART), at least 11.2% of HIV-1 patients suffer
from HAD at the late stage of the disease [24]. Significant neuropathological damage occurs
in the course of HIV infection of CNS, leading to severe neurological manifestations. This
occurs due to direct as well as indirect effects of virus on the brain and neuronal cells. For
example, HIV-1 TAT causes neurotoxicity by increasing cellular calcium levels and reactive
oxygen species, and caspase activation of the apoptotic pathway [25]. TAT also increases the
permeability of the BBB, leading to the infiltration of infected cells into the CNS [26]. Another
viral protein, HIV-1 Vpr, arrests cells in G2/M cell cycle phase which causes neuronal cell
death [27]. The HIV-1 envelope glycoprotein gp120 also has a neurotoxic effect, due to
interaction with NMDA receptors [28]. gp-120 induced toxicity is induced by the double-
stranded RNA activation of protein kinase, a stress kinase, which has a downstream signaling
effect on the NMDA receptor resulting in subsequent neurotoxicity [29]. Indirect
neurodegeneration occurs due to the persistent infection of monocytes, lymphocytes and
microglia in the brain. These infected cells release cytokines, reactive oxygen species and other
neurotoxins resulting in neuronal apoptosis. Some of the neurotoxins are TNF-a, arachidonic
acid, quinolinic acid and nitric oxide [30]. Such inflammatory cascades beginning with the
HIV-1-infected and immune activated microglial cells in turn likely lead to glial activation and
changes in glial inflammatory responses, ultimately resulting in neurodegeneration.

Current HIV-1 treatment regimen consists of a combination therapy of one or more drugs that
inhibit different enzymes in the HIV replication cycle (discussed in-depth in subsequent
section). These drugs are always used in a combination of at least two and often three or four
agents, and are referred to as “Highly Active Antiretroviral Therapy” (HAART) [31]. With the
advent of HAART, the incidence of severe forms of dementia has been less frequent [19]. On
the contrary, neurological deficits in the form of neurocognitive disorders and peripheral
neuropathies are more common in clinical population, due to the increased life span of HIV
infected individuals [32]. These deficits occur possibly due to non-reversible loss of neurons,
or alternatively, due to continual neuronal damage occurring in patients despite being on
combination therapy [33]. The resulting neurocognitive impairment in these individuals is
characterized by symptoms of depression, and motor abnormalities such as slow movement,
gait abnormality, lack of limb co-ordination and hyperreflexia [19,34]. HIV patients failing
HAART may also be affected by demyelinating leucoencephalopathy which is characterized
by the infiltration of infected monocytes/macrophages in the brain and subsequent white matter
destruction. Furthermore, 15% of the HIV-infected patients suffer from vacuolar myelopathy,
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which results due to vacuolization in the lateral and posterior columns of the spinal cord (Table
1) [35].

Prior to initiation of antiretroviral therapy, neurological complications ensue due to direct effect
of viral products. However, in patients who are already on drug therapy, cognitive impairments
occur due to an ongoing low-level of inflammation resulting from immune activation [36].
Delivery of antiretrovirals to the CNS may thus be important in order to treat the underlying
persisting infection within the CNS. Therapy should also aim for initiating antiretroviral
treatment early on during the disease state, to minimize the neuronal loss. HIV is now
considered as a chronic illness necessitating long-term management. Effective treatment
paradigms for the HIV-1 associated neurocognitive deficits are yet to be devised, and an
important consideration is the accurate determination of the consequences of therapy to treat
these deficits. Assessing the viral load in the cerebrospinal fluid (CSF) may be a useful indicator
of treatment effects in CNS. Ances et al. correlated the reduction in CSF viral load (< 50 copies
of virus/ml of CSF), in patients with the initiation of HAART at prescribed doses of
antiretroviral drugs. This viral reduction correspondingly improved the patient performance in
neurophysiological tests [19].

4. Current Antiretroviral Therapies and Their Mechanism of Action

There are several potential targets in the HIV-1 replication cycle, upon which different anti-
HIV drugs could act, as constituents of a HAART regimen. Currently there are about 20 anti-
HIV drugs approved by the U.S Food and Drug Administration for clinical use and nearly 30
drugs are in preclinical trial stage (Table 2) [37]. Several problems exist with currently used
regimens of general anti-HIV therapy which further complicate the delivery of anti-HIV drugs
to the CNS (Table 3). Some of these problems are:

4.1 Low Oral Bioavailability

Although oral dosage forms of anti-HIV therapy offer ease of administration, the administered
drug undergoes extensive first pass metabolism through this route. In the case of RT inhibitors,
the time to reach peak blood/plasma concentration (Tax) is typically within an hour, while
their bioavailability is often variable (60-90%) depending on their site of absorption [38,39].
The expression of multidrug resistant efflux proteins (MRP) such as P-glycoprotein (P-gp) on
the gastrointestinal tract further decreases their oral bioavailability and reduces the amount of
drug that can actually reach the CNS. Confounding the above factor is the high protein binding
of most anti-HIV drugs that prevent their diffusion across the BBB [40].

One other major problem with anti-HIV drug therapy is that of resistance. The process of HIV
replication is rapid and error-prone (~ 10 billion viral particles are produced on a daily basis),
while generating at least one mutation per genome. These genetic mutations enable the virus
to develop resistance to anti-HIV drug therapy, especially when monotherapy is employed
[41]. Resistance to drug therapy has become a common occurrence and newly infected patients
stand a chance of acquiring an HIV-resistant strain [42].

4.2 Long-term Drug Therapy

Antiretroviral therapy has significantly reduced AIDS-related morbidity and mortality. In
addition to combining drugs from different classes, it is critical that the therapy remains
uninterrupted to prevent the development of resistance [43]. However, prolonged treatment
with these drugs has resulted in several side-effects, including muscular dystrophy, metabolic
disorders, and peripheral neuropathy.

Additionally, it is estimated that at least 5 years of continuous antiretroviral therapy is required
in order to eliminate the latent viral reservoir completely. However, compliance issues then
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become a complication and are often problematic [44]. In addition, the virus residing within
the macrophages remains protected from the effect of antiretroviral drugs [45]. This viral
reservoir continues to persist even after early initiation of antiretroviral therapy thus making
antiretroviral therapy extremely challenging.

4.3 Anti-HIV gene therapy

While anti-retroviral drugs only control the level of viral replication, an important advantage
of gene therapy is that it is able to operate by replacing the pool of cells with those resistant to
HIV, thereby preventing further viral replication. Vesicular stomatitis virus G glycoprotein
pseudotyped HIV-1-based virus-like particles (VVLPs) have shown to eliminate HIV-1 infected
cells, including the non-HIV replicating monocyte derived macrophages [7]. Gene therapy also
has several disadvantages, however, which include the insertion of the gene at a wrong location
in the cellular DNA, gene transfer in a wrong cell-type, selection of the right vector for the
gene delivery, and the infrequent expression or no expression of the inserted gene [7]. Despite
these technical difficulties, a gene therapy product for reduction of HIV levels has entered the
phase two clinical trials and has demonstrated efficacy. The murine leukemia virus based gene
has been successful in reducing the HIV levels in infected individuals with a subsequent
increase in CD4+ count.

5. Role of BBB in the CNS Delivery of Anti-HIV Drugs

Unlike the peripheral cells, endothelial cells of the BBB are characterized by lack of
fenestrations, lesser pinocytic activity and by the presence of intracellular tight junctions [46,
47]. The tight junctions between endothelial cells of the BBB give rise to a high endothelial
electrical resistance (1500-20009 - cm?)resulting in very low paracellular permeability [48].
This vasculature also impedes the access of other agents and drugs that might be beneficial for
the treatment of CNS diseases [49]. The BBB is therefore considered as a major impediment
in the CNS permeation of therapeutic drugs. Drugs may be transported through the BBB by
either passive or active transport. Greater CNS efflux than influx has been demonstrated with
certain anti-HIV drugs (e.g. 3'-azido-3'-deoxythymidine, 2’,3'-dideoxyinosine and
zidovudine), suggesting the involvement of efflux transporters [50,51].

Specific transporters are expressed on the endothelial cells of the BBB that transport many
lipophilic drugs entering the brain back to the blood. A multitude of influx and efflux
transporters from several families have been detected. These include the multi-drug resistant
protein (MDR), multi-drug resistance-associated protein (MRP), system L-transporters (LAT),
organic anion transporter (OAT), organic cation transporter (OCT), monocarboxylate transport
system (MCT), concentrative nucleoside transporter (CNT), and equilibriative nucleoside
transporter (ENT) [52]. The most important amongst these is the ATP-binding cassette
transporter, P-gp. P-gp is an energy-dependant transporter, encoded by the MDR1 gene and is
highly localized on the apical surface of the endothelial cells of the brain capillaries [53,54].
The poor passage of these drugs, particularly the Pls across the BBB is mainly attributed to
their P-gp mediated efflux. In humans, P-gp is also expressed on the kidneys, hepatocytes,
testes and on intestinal cells. P-gp expressed in intestinal cells is responsible for reduced oral
bioavailability of Pls [54].

5.1 Approaches for overcoming the BBB to enhance CNS delivery

Due to the ineffectiveness of existing therapies in the delivery of anti-HIV drugs to the CNS,
aggressive research has been directed towards the development of new strategies for effective
delivery of drugs to the brain for the treatment of the CNS infection of HIV. These strategies
could involve either modifying the drug, disrupting the BBB, or by developing novel drug
delivery systems.
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For example, augmenting the delivery of drugs to the brain by coupling drugs to molecules
that have the ability to penetrate this tight vasculature has been investigated [55]. This includes
chemically modifying the functional groups of drugs to make them more lipophilic. This
approach has been used to deliver an analogue of the analgesic leucine-enkephalin to the brain.
By the attachment of leucine-enkaphalin to 1,4-dihydrotrigonellyl on its ‘N’ terminus and a
lipophilic ester (Lpf) on the *C’ terminus, it was possible to alter the polarity of the peptide
and enhance its delivery to the brain [56]. This change in polarity rendered the peptide more
lipophilic, thereby increasing its transport across the BBB, as measured by the prolonged tail-
flick latency in rats following an intravenous injection of the modified peptide. However, this
‘prodrug’ approach could be an extensive undertaking with an uncertain future.

In another approach hypertonic solution of urea or mannitol is infused to temporarily disrupt
the BBB [57]. This method drains out the fluid from the cells, causing them to shrink and
allowing the tight junctions to open temporarily. Although, this method has been approved and
is currently employed in the management of brain tumors in certain patients, it is risky,
especially for long-term therapy. Moreover, infusion of hyperosmaotic solutions in the brain
induced seizures in experimental animals as well as chronic neuropathological changes [58,
59]. BBB can be disrupted via various other mechanisms such as by using low-frequency
ultrasound (260 Hz). The disruption presumably in this case occurs due to interaction between
ultrasonic waves, microbubbles and the brain microvasculature [60]. Further, BBB disruption
can also be caused by certain chemicals (e.g. etoposide) and by thermal shock [61,62].

For therapeutic compounds that are not synthetically open to lipophilic modification or are too
large for diffusion, other means of blood-to-brain entry have to be investigated. Attaching an
active drug to a vector that accesses a specifically catalyzed transport mechanism creates a
Trojan horse-like deception that tricks the BBB into welcoming the drug through its gates. This
approach enables the delivery of specific agents to the brain by attaching them to ligands that
can traverse through the BBB. The therapeutic agent or drug is fused to a molecular Trojan
horse, typically, a cell-penetrating peptide or a monoclonal antibody that binds to a specific
receptor, such as insulin or the transferrin receptors on the BBB [63-65]. Various biomolecules,
such as plasmid DNA, neurotrophic factors and therapeutic enzymes have been delivered to
the CNS using this technology [66].

6. Nanocarriers for Delivery across BBB

Recently, nanocarrier systems such as micelles, liposomes, nanoparticles (NPs), dendrimers,
etc. have been under investigation for delivery of therapeutic agents to the CNS [67]. These
nanocarriers may protect the drug from enzymatic degradation. In addition, the surface of
nanocarriers can be engineered by the attachment of specific ligands to enhance their targeting
to the CNS, thus reducing toxicity.

6.1 Liposomes

Liposomes are lipid vesicles consisting of either one or more phospholipid bilayers. They
comprise of a polar core for encapsulation of hydrophilic drugs, while amphiphilic and
lipophilic drugs are solubilized within the phospholipid bilayer. Conventional liposomes are
characterized by lower plasma circulation times on account of their uptake by the
reticuloendothelial system. As a result, there is a need to modify their surface using polymers
such as hydrophilic poly(ethylene glycol) to enhance their blood circulation times or by
conjugating them to specific antibodies in order to improve their CNS targeting potential
[68]. Encapsulation of the antiretroviral drug, foscarnet within liposomes resulted in a thirteen-
fold increase in drug accumulation within the rat brains as compared to drug in solution (Table
4) [69]. Due to their complex structural order, which occurs as a result of hydrophobic
interactions, liposomes are relatively unstable in circulation (half-life ~ 4.2 h) [70]. Liposomes
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also have a low drug loading capacity for water-soluble drugs, possibly because the inner
volume (~15 pl) of the liposomes represents only a small fraction of the total liposome
suspension [71].

6.2 Dendrimers

6.3 Micelles

Dendrimers are versatile and highly branched nanocarriers of 5-20 nm size. The surfaces of
dendrimers can be easily functionalized due to the availability of multiple reactive functional
groups. Dendrimers have been investigated for the delivery of drugs across the BBB. Polyether-
co-polyester dendrimers containing the cytotoxic drug methotrexate were conjugated to D-
glucosamine to enhance the BBB permeability in order to deliver high amounts of drug to the
CNS [72]. Huang et al. observed an increase in the brain uptake of DNA complexed with
transferrin-conjugated polyamidoamine (PAMAM) dendrimers (Figure 1). Transferrin was
selected as a ligand since the brain capillaries are specifically known to express transferrin
receptors [73]. In another study, lamivudine-loaded mannosylated PAMAM dendrimers were
evaluated for their in vitro antiretroviral activity in HIV-infected MT2 cells. 1t was observed
that following encapsulation within dendrimers, lamivudine exhibited greater antiretroviral
activity as a result of 21-fold higher drug uptake when compared to drug in solution. The viral
p24 levels reduced by 2.6-fold as a result of loading within dendrimers, as compared to drug
in solution [74]. One of the limitations of dendrimers is the variability of release mechanisms
and the short-term of release kinetics for dendrimer-based drug delivery platforms. Drugs
encapsulated within dendrimers tend to be released rapidly, expelling their payload
prematurely before the macromolecules can reach their target sites [75].

Polymeric micelles have demonstrated great promise as intracellular drug delivery systems.
One unique example of polymeric micelles are the Pluronic block copolymers that can inhibit
drug efflux transporters and enhance drug transport to the CNS [76]. Due to their versatility,
Pluronics are increasingly being used for micellar drug delivery. They are readily available
and are FDA approved for use. Furthermore, Pluronics do not demonstrate any toxicity to the
BBB, and thus, exhibit a great potential in the development of novel modalities for CNS drug
delivery. Pluronics such as P85 inhibit the P-gp efflux transporters widely expressed on BBB.
Co-administration of P85 with anti-HIV drugs like zidovudine, lamivudine and nelfinavir
enhanced their antiretroviral efficacy in a severe combined immunodeficiency (SCID) mouse
model of HIV-encephalitis [77]. Specifically, seven days after administration, a decrease in
the percentage of MDM cells expressing HIV-1 p24 was demonstrated within the combined
drug and Pluronic group. The percentage of p24 expressing MDM was 36% in the drug solution
group alone while it was 3.3% and 2.8%, respectively for 1% and 2% solutions of P85 co-
administered with the drug (Figure 2). Micelles can be chemically modified for coupling of
ligands to target specific biological structures [78]. However, the instability of the Pluronic
micelles unless cross-linked, in circulation until they reach to the target tissue, remains an issue.

6.4 Nanoparticles

Nanoparticles (NPs) are solid colloidal particles typically in the size range of 100-300 nm, in
which therapeutic agents either alone or in combination can be entrapped or chemically linked
to the surface [79]. Currently, NPs are gaining wide interest as carriers for the CNS delivery
of various therapeutic agents, including protease inhibitors [80]. This is because NPs offer
more stability to the encapsulated drug in biological fluids and against enzymatic metabolism
as compared to other colloidal systems, such as liposomes or micelles [81]. Due to their small
size they can often be taken up by cells where the uptake of larger particles is precluded. Drugs
that have been successfully delivered to the CNS using NPs include loperamide, tubocurarine
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and doxorubicin [81-83]. By encapsulating the drug within NPs, it can be prevented from being
effluxed out, thus facilitating its CNS entry [84].

Development of NPs formulated from polylactide homopolymers (PLA) and poly(lactide-co-
glycolide) (PLGA) offers an advantage for the CNS delivery of therapeutic agents. PLGA and
PLA are the FDA approved polymers for human use. These polymers are extensively used in
biomedical, drug delivery and tissue engineering applications because they are biodegradable,
biocompatible and do not induce any inflammatory responses after injection [85]. Further, their
degradation products, i.e. glycolic acid and lactic acid, are eventually converted to carbon
dioxide and water through the Kreb’s cycle and finally eliminated [86]. One of the main
advantages of PLA- and PLGA-based delivery systems over other carriers is that a wide variety
of hydrophilic and hydrophobic drugs can be entrapped within their matrix, along with the
ability to release the entrapped drug in a sustained manner for several weeks [87]. The small
size of NPs (> 100 nm) enables them to permeate the BBB and is particularly attractive for the
CNS drug delivery. However, the efficiency of transport of unmodified NPs across the BBB
could be significantly lower and may not result in therapeutic dosing of the drug to the CNS.
Therefore, several surface modifications are proposed to enhance their transcytosis across the
BBB.

Engulfment of nanoparticles and the drug by the reticuloendothelial system (RES) isa common
occurrence with nanotherapeutic formulations. Uptake by the brain parenchyma can be
increased by chemically modifying the drug itself or encapsulating the drug in a carrier that
increases BBB permeability, bioavailability and/or receptor affinity. In order to limit the uptake
by the RES, chemical alteration such as PEGylation can be employed. By imparting
hydrophilicity to the nanoparticle surface in this manner, interaction with peripheral organs
can be restricted and can thus confer long circulating properties to the nanocarriers.

Further enhancement in brain parenchymal delivery can be achieved via alternate non invasive
delivery routes. Intranasal delivery of therapeutic agents bypasses the BBB and is an effective,
non-invasive technique of brain delivery. The transport occurs via the olfactory and trigeminal
neural pathway, and may occur due to diffusion within perineuronal channels, perivascular
spaces, or lymphatic channels directly connected to brain tissue [88]. The active agents have
been found to reach the brain within minutes. Intranasal administration of peptide T, a viral
entry inhibitor is currently being investigated to reduce the cognitive impairment associated
with HIV.

7. Targeted Delivery of NPs

The delivery of drug-encapsulated NPs can be further enhanced by conjugation to specific
targeting agents. Targeted delivery methods, which are independent of the ligand-receptor
interactions on the cell surface, are currently being used for the delivery of the drug of interest.
The targeted delivery of a drug to the brain depends upon the characteristic properties of the
(i) vector, (ii) linker and the (iii) drug itself, and how each one of these individually interacts
with the brain. The brain specificity of the vector is an important attribute for targeted CNS
drug delivery. Vectors that can selectively bind to receptors or transporters solely expressed
on the endothelium of the BBB have been used for the targeted delivery of anti-HIV agents
and other drugs to the brain [89]. The suitability of the vector is also governed by its
pharmacokinetic profile. Other desirable properties include non-toxicity, ease of conjugation
and stability in circulation [90].

A variety of linkers can be used to conjugate the vector to the carrier for brain delivery. High
coupling efficiency of the linker to the vector and the drug or the delivery system is preferred
to maximize the amount of drug that reaches the brain [90]. Multifunctional linkers are
commonly used to increase coupling efficiency. Coupling of the carrier to the vector is
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generally performed in multiple steps to prevent the undesirable formation of multi-molecular
aggregates. The linker used should be non-toxic and be stable in plasma [91].

Once inside the body the drug conjugate is subject to the lytic action of a multitude of enzymes.
Depending upon the site of cleavage, the drug may be generated as a separate molecule, or is
lysed along with the linker still attached. In this case, the activity of the drug-linker conjugate
is lower than the activity of the native drug. This problem can be partly avoided by the use of
nanocarriers for targeted delivery in which the drug is entrapped in its native form and
conjugation occurs on the surface of the delivery system.

To increase the efficiency of NP uptake by the CNS, certain modifications have been
investigated, including conjugation of NPs to specific ligands such as thiamine and transferrin
[92,93]. These conjugated NPs interact with the thiamine and transferrin receptors expressed
at the BBB, thereby increasing their binding and uptake across the BBB. The most important
advantage of receptor-mediated transcytosis is the specificity of delivery, which minimizes
undue exposure to other organs. Additionally, specific delivery of larger drug molecules or
particles is possible through this mechanism. However, some disadvantages in this method
exist. A key disadvantage of receptor mediated transcytosis is due to saturation of the receptor
binding sites when excess ligand molecules are present, which may prevent pharmacologically
relevant amounts of drug from reaching the CNS. Furthermore, the level of receptors may be
altered in disease state thereby leading to varying levels of drug absorption.

The small size of NPs also makes them favorable candidates for cell-based antiretroviral
therapies. NPs can be effectively packaged within micron size cells for systemic administration
that can provide sustained drug effect in areas of active viral replication. Lipoid-80 coated
indinavir nanaocrystals prepared by high pressure homogenization were highly effective in
reducing the level of infection in HIV-infected macrophages as compared to indinavir solution
(Figure 3) [94]. In the NP-treated group, viral concentrations were reduced below the detection
limits, as compared to the viral levels in the control group. For in vivo efficacy, indinavir
nanocrystals were packaged into bone-marrow-derived macrophages (BMMs) and then
injected into HIV-infected mice, it was observed that the BMMs migrated into HIV infected
areas, such as the brain, liver, spleen and lungs and delivered indinavir at levels far greater than
the therapeutic dose typically required to inhibit viral replication in these tissues [95]. The
antiretroviral effects, as determined by the decrease in HIV-1 p24 viral levels, were sustained
for weeks after a single injection of the formulation.

7.1 Cell Penetrating Peptide- Mediated Drug Delivery

Another technique involves the use of cell-penetrating peptides (CPPs) to enhance the CNS
delivery. CPPs contain a sequence of highly basic amino acids which confer a positive charge
on the peptide. They interact with the cell surface via a receptor independent mechanism.
Furthermore, CPPs can transport the molecules that are tagged to them across the cell
membrane, into the cytoplasm and to the nucleus [96,97], and this effect is independent of the
cell type. The most commonly studied peptides are the HIV-1 trans-activating transcriptional
activator (TAT) peptide, Herpes Simplex Virus type-1 transcription factor (HSV VP-22)
peptide, antennapedia and penetratin [98].

7.2 TAT Peptide-Mediated Drug Delivery

The HIV-TAT peptide was discovered in 1988, when it was found that TAT protein is able to
migrate from quiescently infected cells producing the protein to uninfected cells and initiate

viral replication. Later, it was found that the TAT-protein consisted of the sequence known as
protein transduction domain (PTD) which is responsible for this translocation. Since then, TAT
peptide-mediated translocation has been an area of intense research. The TAT peptide, derived
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from human immunodeficiency virus type-1 (HIV-1) possesses an arginine-rich sequence
making it highly positively charged. TAT peptide is a small polypeptide of 86 amino acids and
a cysteine rich region [99]. The basic region of TAT peptide consisting of two lysine and six
arginine residues is essential for efficient cellular uptake [100]. It has been observed that TAT
peptide permeates the cell membrane in a receptor and transporter independent mechanism.
TAT peptide can permeabilize the cell by forming an inverted micelle by destabilizing the
phospholipid bilayer by interacting with the negatively charged phospholipids of plasma
membrane [101].

Two primary mechanisms that have been proposed to explain the cellular uptake of TAT-
peptide are endocytosis and macropinocytosis. However, regardless of the discrepancy
between uptake mechanisms, strong experimental evidence has proven the effectiveness of
TAT conjugation in the delivery of tagged entities. The main benefit of TAT coupling is that,
along with efficient delivery of molecules, biological activity of the coupled molecule is
preserved. Further, the size of the molecule being transported is also not a rate-limiting factor.

TAT conjugation was used to facilitate the delivery of biomacromolecules across the BBB.
Schwarze et al. delivered TAT-conjugated protein to the brain along with other tissues. In this
study, FITC-labeled TAT peptide was fused with 3-Gal protein to form a TAT-B-Gal fusion
protein and this complex was intraperitoneally injected into mice [102]. The conjugate was
found to localize into the brain parenchyma within 20 minutes of injection while the B-gal
activity was found in the brain after 8 hours of injection [102]. It was also demonstrated that
the BBB did not become leaky and remained intact during this period. This finding established
the basis for application of peptide-based therapy to target the brain.

In a recent study, Peetla et al. have shown greater biophysical interactions of TAT-conjugated
NPs with a model endothelial membrane than of unconjugated or scrambled TAT peptide-
conjugated NPs, and these interactions correlated with the delivery of the encapsulate ritonavir
in human vascular endothelial cells. The results thus suggested that biophysical interactions of
the conjugated TAT with cell membrane lipids play a role in cellular uptake of NPs [103]. Rao
et al. have shown that drug loaded in TAT peptide-conjugated NPs bypass the efflux action of
P-glycoprotein and increase the uptake and transport of the encapsulated ritonavir in P-gp over-
expressing multidrug resistant MDCK cell line (Table 5). Further, the study also showed that
the conjugated NPs are transported to the CNS without disrupting the integrity of the BBB
(Figure 4A), and enhanced the CNS bioavailability of ritonavir, and maintained its level in the
brain over two weeks. The brain drug levels were significantly lower with unconjugated NPs;
and with drug in solution, the levels declined rapidly with time (Figure 4B) [26]. The drug
levels in the brain achieved with conjugated NPs were estimated to be above the therapeutic
dose of the drug required in the CNS (25 ng/ml of ritonavir in cerebrospinal fluid) to suppress
viral replication [104]. Thus, due to the transport properties of TAT, it can ferry different types
of therapeutics including proteins to the brain, thereby serving as a “Trojan horse”.

An important consideration in the development of delivery strategies that are targeted towards
the CNS is the neurotoxicity of the targeting agent. At higher concentrations, TAT-peptide
displays cytotoxicity and cell death. However, severe neuronal damage in mice was observed
only in the case of supraphysiological concentrations of TAT-peptide (LDsg values between
13.5 pg — 180 ug) [105]. Rao et al. have demonstrated that only nanogram amounts of the
peptide are sufficient to deliver therapeutic levels of ritonavir to the brain [26], hence may not
pose a particular concern.
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8. Conclusions

The CNS has been implicated as a hidden reservoir for HIV-1 that results in significant
neurological complications. TAT peptide-conjugated NPs have the potential to achieving the
therapeutic dose of anti-HIV drugs to the brain, thus could be effective in controlling the viral
replication in the CNS and eventually preventing neurological complications associated with
HIV infection. A well developed CNS drug delivery system could potentially be used in the
treatment of other neurological conditions such as Alzheimer or Parkinson’s disease.

9. Expert Opinion

Recent advances in anti-HIV drug therapy have resulted in significant reduction in the plasma
viral levels, but are not quite as effective in eliminating the viral load in the principal anatomical
and cellular viral reservoirs, namely the CNS and macrophages. As a result, individuals on
combination therapy experience symptoms of motor abnormalities and neurocognitive
impairments that are associated with a chronic infection occurring within these sites.
Developing drugs that can effectively diffuse in various cellular and tissue compartments where
the virus harbors is one way to completely cure the HIV-infected patients. However, this would
require extensive undertaking and had to undergo the same evaluation and approval process
as new drug entities. A better alternative to the above approach could be developing effective
drug delivery systems for the existing drugs which have been tested and proven effective in
reducing the viral load. These drug delivery systems should be able to carry anti-HIV drugs in
therapeutic doses and maintain the level that is effective in preventing viral replication.

Apart from the CNS, HIV-1 virus also resides in certain macrophage-rich organs such as the
lymphoid tissue, testes and spleen. Although greater degree of efforts have been directed
towards improving the CNS delivery of anti-HIV drugs, it is quite possible that the same
strategy might also be effective in improving the bioavailability of these drugs to the other
tissue compartments where the virus is harbored. This is because of the involvement of the
same issue as the CNS delivery i.e. poor permeability of drugs. Hence cell penetrating peptides,
such as TAT peptide, conjugated to drug loaded cargos, could also be effective in transporting
drugs to other body compartments including to those where the virus harbor. Therefore, a
detailed study of pharmacokinetic and pharmacodynamics of drugs with nanocarriers would
be required to determine the effective dosing and duration of therapy required to eliminate the
virus completely from the body. With sustained drug delivery NPs, such a therapy could be
once in few weeks. Thus, one can foresee in the future a therapy that is targeted towards
effectively controlling the viral replication in the entire body. Such a comprehensive approach
of treatment could prove effective also in controlling the spread of HIV infection.
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Figure 1.

Brain uptake of 125]-labeled dendrimers 48 h after i. v. administration of PAMAM/DNA,
PAMAM-PEG/DNA, and PAMAM-PEG-Tf/DNA complexes into Balb/c mice at a dose of
50 ng DNA/mouse. Brain uptake is plotted as % of injected dose per g tissue. ***P < 0.001
compared with the PAMAM/DNA complex. Data are expressed as mean + SE (n = 4).
Reproduced with permission from Huang et al. FASEB J (2007) 21:1117-25
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Day 7 post-infection

Effect of triple drug combination of zidovudine, lamivudine and nelfinavir (ART), co-

administered with Pluronic P85 (0.2% and 1%) on viral replication in HIVE SCID mice. The
percent of MDM-expressing HIV-1 p24 in mice brain was averaged for each treatment group
by histological analysis. Bar values represent mean + s.e.m. Reproduced with permission from
Spitzenberger et. al. J Cereb Blood Flow Metab (2007) 27: 1033-42.
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Figure 3.

Anti-retroviral activities of indinavir-loaded NPs (NP-IDV). A single dose of soluble indinavir
(IDV) sulfate or NP-IDV was administered to monocyte-derived macrophages (MDM) 5 days
before HIV challenge. The MDM were then analyzed at days 3, 5 and 7 post-infection. Reverse
transcriptase (RT) activity was used to assay progeny virion production 7 days after viral
exposure in all experimental groups. Both treated cultures showed a significant prevention of
viral replication as compared to untreated HIV-1 infected MDM (*P < 0.05) at all time points.
Significant anti-retroviral activities were seen in NP-IDV treated MDM when compared to
soluble IDV sulfate (*P < 0.05). Reproduced with permission from Dou et. al. Virology (2007)
358: 148-58.
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Figure 4.

(A) Localization of 6-coumarin-loaded TAT-conjugated NPs in mice brains, 1 d after
intravenous injection of NPs at a dose of 250 mg/kg. This dose of NPs is equivalent to the 45
mg/kg dose of ritonavir used in vivo study to determine brain uptake of the drug. Sections were
observed using a confocal microscope equipped for fluorescence at 40X magnification under
an oil immersion lens. Image demonstrates the localization of TAT-conjugated NPs within the
brain ventricles. Magnification bar = 25 pm. Blue fluorescence is due to DAPI-staining of the
nuclei, red fluorescence is due to CD-31 antibody-staining of the blood capillaries, and green
fluorescence is due to the NP localization. Reproduced with permission from Rao et. al.,
Biomaterials 29:33 4429-38. (B): Brain levels of ritonavir in FVB/Ntac mice injected
intravenously with either ritonavir solution or ritonavir-loaded unconjugated or TAT peptide-
conjugated NPs at a drug dose of 45 mg/kg. Data are represented as mean + s.e.m. (n =4). *
p < 0.05 compared between the TAT-conjugated NPs group with the unconjugated NPs and
solution groups. Reproduced with permission from Rao et al. Biomaterials, (2008) 29:4429-
38.
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Table 1

CNS complications due to HIV infection.

Condition

Cause

Neuronal cell death

Cell-cycle arrest at G2/M phase caused by HIV-1 Vpr protein

Indirect neurodegeneration

Cytokines, reactive oxygen species, secreted by infected monocytes, lympocytes and
microglia

Neurocognitive impairement (e.g. motor and behavioral abnormalities)

Peripheral neuropathy

Non-reversible loss of neurons

Demyelinating leucoencephalopathy

HAART failure in HIV-1 infected patients

Vacuolar myelopathy

Vacuolization in lateral and posterior columns of the spinal cord

Expert Opin Drug Deliv. Author manuscript; available in PMC 2010 August 1.




1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Rao et al.

Table 2

Current antiretroviral therapies and their mechanism of action.
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Class of anti-HIV drug Mechanism of Action Examples
Entry inhibitors Inhibit HIV-1 entry into healthy CD4" cells Maraviroc
Fusion inhibitors Prevent HIV from binding to T-cell surface Enfuvirtide

Nucleoside reverse transcriptase inhibitors

Block the viral enzyme reverse transcriptase (RT) and inhibit DNA
synthesis

Lamivudine, Zidovudine, Stavudine,
Didanosine, Zalcitabine and Abacavir

Non-nucleoside reverse transcriptase
inhibitors

Block the formation of new virions by preventing the conversion of
viral RNA to DNA

Etravirine, Delaviridine, Efavirenz and
Nevirapine

HIV integrase strand transfer inhibitors

Block the enzyme integrase and prevent the integration of the viral DNA
into the host genome

Raltegravir

Protease inhibitors

Block the protease enzyme and prevent viral replication and viral
assembly

Saquinavir, Ritonavir, Indinavir,
Nelfinavir, Lopinavir, Amprenavir and
Tipranavir
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Table 3
Problems with current anti-HIV therapy.

Problems associated with anti-HIV drug therapy
Poor absorption and limited bioavailability
Polypharmacy

Requirement of high dose and chronic therapy
Lack of compliance

Drug resistance

High plasma protein binding

Substrate for efflux transporters

Limited penetration across the BBB
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Table 4
Areas under the curve of free and liposome-encapsulated foscarnet (PFA) in different tissues following the
administration of a single intravenous dose (10 mg/kg) in rats.

Tissues Liposomal pFAl Free pFAl Ratio L-PFA/free PFA
Lymph Nodes 163.5 20.3 8.1
Brain 40.8 31 13.2
Eyes 86.9 22.9 3.8
Spleen 1151.4 0.8 1495.3
Liver 62.5 1.2 52.1
Lungs 59.7 15 39.8

Values expressed as nmol PFA/g tissue/h, were calculated from the mean values of tissue distribution profile using the trapezoidal rule. Reproduced with
permission from Dusserre et al. AIDS (1995) 9: 833-41.
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