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Abstract

A variety of nanocarriers such as bioconjugates, dendrimers, liposomes, and nanoparticles have been
widely evaluated as potential targeted drug delivery systems. Passive targeting of nanoscale carriers
is based on a size-flow-filtration phenomenon that is usually limited to tumors, the reticular
endothelial system, and possibly lymph nodes (LN). In fact, targeting the delivery of drugs to pivotal
physiological sites such as the lymph nodes has emerged as a promising strategy in treating HIV
disease. Ligands for specific cell surface receptors can be displayed on nanocarriers in order to
achieve active targeting. The approach has been extensively used preclinically in cancer where certain
receptors are over-expressed at various stages of the disease. Unfortunately, markers of HIV infection
are lacking and latently infected cells do not show any signs of infection on their surface. However,
the disease naturally targets only a few cell types. The HIV receptor CD4, coreceptors (CCR5 and
CXCR4), and some receptors relatively specific for macrophages provide potentially valuable
surface targets for drug delivery to all susceptible cells in patients infected by HIV. This review
focuses on nanoscale targeting with an emphasis on surface modifications of drug delivery
nanocarriers for active targeting. A number of related issues, including HIV biology, targets,
pharmacokinetics, and intracellular fate as well as literature-cited examples of emerging surface-
modified targeted carrier systems are discussed.
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1. Cell surface targets and sites of infection

Tens of millions of people are currently infected by human immunodeficiency virus-1 (HIV-1)
and millions of new infections occur each year [1-6]. HIV-1 infection leads to acquired
immunodeficiency syndrome (AIDS) as a result of low levels of CD4* T cells that are directly
killed by HIV and/or by apoptosis of infected CD4* T cells and indirect killing by CD8
cytotoxic T-lymphocytes. The disease naturally targets only a few cell types including CD4*
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T cells, CD4* monocytes/macrophages (M/M), dendritic cells (DC) [7], FDCs and microglial
cells. Certain cells such as macrophages are commonly referred to as reservoir sites since they
are not killed by HIV infection allowing the virus to reproduce and supply the body with new
virus [8,9]. As such, killing HIV in cellular and tissue reservoirs represents a major challenge
for eradicating HIV infection. The infection of a relatively few cell types makes it desirable to
direct drug therapy only to infected cells. Unfortunately, markers of HIV infection are lacking
and latently infected cells do not show any signs of infection on their surface. Thus, active
targeting of HIV drugs to HIV infected cells has been difficult to achieve.

1.1. Entry into target cells and tropism: HIV cell surface targets

An interesting observation can be made about HIV-1, it is a particle with a diameter of about
100 nm and it has surface molecules with post-translational modifications (i.e., ligands) that
allow it to efficiently target and be taken up into cells such as T-cells and macrophages. As
such, HIV-1 can be viewed as a natural surface functionalized nanocarrier. Much can be learned
from understanding how HIV enters target cells. The first step of HIV infection involves
adsorption to the cell surface in order to bring the virus closer to and in an optimal position to
interact with the HIV cell surface receptors and coreceptors. In order to achieve this, negatively
charged heparan sulfate molecules on the cell surface interact with the positively charged HIV
glycoprotein (gp120) [10]. HIV then binds to the CD4 receptor and one of the two chemokine
coreceptors, CXCR4 or CCR5 via gp120 [10] (Figure 1). This is followed by the fusion of the
viral particle’s envelope with the cell that involves viral gp41 protein and the entry of the virus
into the target cell [11]. Susceptible cells include CD4* T cells, CD4* M/M, DCs, FDCs, and
microglial cells. Additional specific types of cells are promyelocytes, intestinal immunocytes,
astrocytes, oligodendrocytes, epidermal Langerhans’ cells, and certain fibroblasts.

Whether HIV interacts with CXCR4 or CCR5 on CD4* cells depends upon the protein
sequence of the V3 loop of gp120. Some HIV-1 strains use both receptors, others use CCR5
or CXCR4 exclusively while others may predominantly use one co-receptor in macrophages
and another co-receptor in lymphocytes. There are rare clinical strains of HIV that prefer
chemokine coreceptors other than CXCR4 or CCR5. A revised paradigm of tropism shows
that macrophages express both CCR5 and CXCR4 and can be infected by M-tropic and dual-
tropic strains, but not T-tropic strains [12]. HIV-1 can infect FDCs by targeting the CD4-CCR5
pair of receptors or alternative mannose-specific C-type lectin receptors such as DC-SIGN
[13]. It cannot be ruled out that other cellular receptors for HIV-1 exist since CD4-negative
cells (e.g., fibroblasts, bowel, and glial cells) can also be infected. For example, an alternative
receptor in brain- and bowel-derived cells has been identified as galactosyl ceramide. As our
knowledge of the number of receptors and coreceptors involved in HIV cell entry grows, the
enormity of the challenge becomes obvious. If the various HIV interactions are highly specific
and distinct for each receptor, blocking HIV cell entry will be an enormous challenge.

1.2. Sites of HIV infection and reservoirs

Nearly 99% of all viral replication occurs in activated and productively infected CD4* T-cells
of the blood and lymphoid tissues such as the peripheral secondary lymphoid organs, the spleen,
lymph nodes (LNs), and gut-associated lymphoid tissue (GALT) [14,15]. Lymphoid tissues
have a greater extent of infection than the peripheral blood since only 2% of lymphocytes are
in the general circulation at any one time and the remainder are distributed among the lymphoid
tissues primarily in the LNs [15]. HIV infects several subsets of T-cells including Th-17 cells.
Th-17 cells, which exist in the lamina propria of the gut, are responsible for host defense against
bacterial infections [16]. As such, the GALT is home to large numbers of activated T-cells,
which propagate the infection [15]. The primary lymphoid tissues, bone marrow and thymus,
are also found to be reservoir sites, however the extent of T-cell infection for these sites remains
unknown [15].
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M/M and cells derived from that lineage are other major cellular targets of HIV-1 infection
[17]. HIV-1 infection does not lead to M/M depletion as occurs for HIV-1 infected CD4* T-
lymphocytes [18]. Productively infected M/M can fuse with CD4* T-lymphocytes and transfer
the virus to these cells within the context of antigen presentation [19] and trigger apoptosis of
T-lymphocytes (either CD4* or CD8") [20,21] as well as astrocytes [22]. A few HIV-infected
M/M are sufficient to induce the recruitment and activation of HIV-infected resting CD4*
lymphocytes and infect them [23]. HIV-infected monocytes have been implicated in carrying
HIV across the blood brain barrier [24]. The physiological proximity of HIV-infected M/M to
the other cell types involved in HIV infection compound their importance in viral infection
[25]. For these reasons macrophages play a critical role in HIV persistence.

FDCsare unable to produce HIV particles through replication. However, they play a significant
role in viral storage. FDCs also contribute to the expansion of HIV infection by migrating
toward T-cells and presenting those cells with the viral particles [26].

Latently infected CD4* T cells, including resting memory (CD45R0O) T-cells and resting naive
(CD45RA) T-cells are an important HIV reservoir. M/M become more important as a viral
reservoir only when the majority of CD4* T cells have been lost later in HIV-1 disease.
Therefore, a critical step for eradicating HIV infection requires the targeted treatment of
infected M/M.

1.3. Non-HIV receptor targets: Macrophages

Targeted drug delivery for treating HIV infection requires specific ligands that interact with
specific HIV receptor targets. CD4 is an ideal receptor to target because it is expressed on most
HIV susceptible cells. However, antibodies and large peptides are too expensive to be used as
targeting agents and so far only a few small chemical CD4 antagonists have been developed
[27]. Unfortunately, conjugating these small molecule antagonists to drug delivery carriers
destroys their receptor-binding specificity and affinity. In contrast, more entry and fusion
inhibitors have been identified that target HIV-1 coreceptors [28], some of which may be
developed as targeting agents.

Although there are a variety of cells that become infected by HIV, the role of macrophages has
become increasingly recognized over the past few years. As such, this section will only focus
on the receptor targets on macrophages. More than a dozen non-viral receptors are expressed
on macrophages [29] that may serve as targets for drug delivery. Among them, the formyl
peptide receptor 1 (fMLF as the targeting agent), mannose receptor (mannose as the targeting
agent), and Fc receptor (Fc as the targeting agent) are the most promising (Figure 2).

2. Targeting requirements for treating HIV infection

2.1. Intracellular targeting features and mechanisms

The concept of targeted drugs is not new but dates back to 1906 when Ehrlich first postulated
the “‘magic bullet’ theory [30]. Ideally, a carrier should target only HIV-1-infected cells.
However, targeting HIV infected cells is difficult due to the very short life of infected and
virus-replicating CD4* T cells (half-life ~1-2 days) and the lack of infection markers on latently
infected CD4* cells. The rationale behind nanocarrier-based HIV drug delivery is that the
systemic/cellular distribution pattern should be dictated by the properties of the nanocarriers
rather than the anti-HIV drugs. Higher drug concentrations and increased residence time at
target cells and enhanced viral load reduction can be achieved [31].

Targeting using surface-modified nanocarriers occurs conceptually at two levels, at the organ/
tissue and cell levels. At the organ/tissue level, nanocarrier size and surface properties
determine which organ/tissue will be targeted by the nanocarriers (i.e., preferentially retained)
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and how long they will be retained. The dependence of nanocarrier size-flow-organ/tissue
filtration is a hallmark of passive targeting. The enhanced permeability and retention (EPR)
effect is a good example in cancer tumor targeting [32]. In HIV therapy, the passive targeting
to lymph nodes [33] is another example. The most successful targeted drug therapies will
ultimately prove to be a combination of passive and active targeting. Once retained in a tissue
or organ, a nanocarrier displaying a targeting moiety on its surface would have a much higher
specificity than the non cell-targeted nanocarrier because it has been enriched twice, once at
the organ/tissue level (i.e., passive targeting) and once at the cellular level (i.e., active
targeting).

Cell delivery refers to both cell types and subcellular targets. In most cases, subcellular targets
are within the cytosol/nucleus compartment of a cell. Some of the features to be considered
for effective intracellular targeting are [34]:

a. Clearance from the circulation as discussed above.
b. Release of drugs at non-targeted sites.

c. Delivery of drug-nanocarrier to the target site.

d. Release of drugs at the target site.

e. Removal of drugs from the target.

f.  Elimination of the nanocarrier from the body.

Targeted nanocarrier delivery offers three closely interrelated benefits: (a) the recognition of
HIV-infectable target cells and tissues; (b) the ability to reach these sites; and (c) the ability to
deliver multiple therapeutic agents [35]. The first two aspects comprise the notion of achieving
a preferred, substantially higher concentration of a therapeutic agent at site, a phenomenon that
is called ‘localization’ as opposed to the term ‘targeting’ that is often used to identify drugs
that provide specific action against a target biological pathway [36]. It should also be noted
that the term localization is more often employed to denote intracellular, organelle-specific,
site delivery [35]. Small nanocarriers can cross the porous fenestrations present in the
endothelial lining of some organ/tissues (e.g., the spleen and the liver). LN targeting from the
lymph side through porous lymphatics has a wide size range with an optimum at 100 nm.
Penetration into most other tissues through fine capillaries is difficult and usually impractical.
By modulating polymer characteristics on the nanocarrier surface, one can control the release
of an anti-HIV drug from nanocarriers to achieve desired therapeutic level in target tissue.
Surface-modified nanocarriers can be delivered to specific sites by means of conjugation or
adsorption of a biospecific ligand. Targeted delivery can thus improve the therapeutic index
of anti-HIV drugs by minimizing the toxic effects to healthy (non-viral) tissues/cells. The
parameter “intracellular delivery index”, the ratio of intracellular delivery to the extracellulary
delivered drug (on mass basis), provides a suitable measure for assessing the effectiveness of
intracellular drug delivery [35]. It largely depends on the extent of circulation time of the
nanocarrier system in the central compartment (e.g., blood-lymphin HIV therapy), release rate,
and rate of uptake of nanocarrier system (by internalization). The intracellular delivery of anti-
HIV drugs may involve both the extracellular drug release at the interstitium (tissue site)
followed by the intracellular delivery upon the internalization of the surface-modified
nanocarrier.

A cell-targeted nanocarrier is likely to be taken up by endocytosis (Figure 3). Topologically,
the lumen of an endosome is equivalent to the extracellular space. This entails an endosomal
escape step. Fortunately, most current HIV drugs are hydrophobic and can diffuse through
endosomal membrane. For these drugs, the only trick in nanocarrier design for endosomal
escape is luminal release. For those hydrophilic HIV drugs in the pipeline, a more elaborate
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endosomal escape strategy would be required [37]. In the case of M/M, regardless of cell
targeting, nanocarriers may be taken up by phagocytosis if the nanocarriers have a certain size
and surface properties.

Targeted drug delivery to T-cell and macrophages would improve the efficacy of antiviral
drugs, limit toxicities/adverse effects, reduce HIV resistance frequency, reduce viral
production in macrophages, abort infection in uninfected cells, and abort viral replication in
latent cells upon activation. The specificity of intracellular delivery is related to many factors
including the type and number of targeting ligands required for optimal cellular uptake.
Intracellular disposition and fate are highly dependent on the type of cell surface receptor and
may require an additional strategy to promote endosomal escape [39]. These specific
interactions result in preferential accumulation of nanocarrier systems into cellular targets
[40].

2.2. Benefits of HIV drug delivery to lymph nodes (LNSs)

CD4* T cells continuously circulate between the blood and LNs. At any given moment, only
~2% of CD4* T cells are present in the blood circulation, while the remainder are in peripheral
lymphoid tissues, especially in LNs. LNs concentrate both T cells and antigen-presenting DCs,
facilitate T cell activation and differentiation. Thus, in HIV infection, LNs are an important
induction site and HIV-1 replication site. HIV drug delivery to this site can have
disproportionally larger effect on controlling disease than to other sites. LNs also harbor a large
number of macrophages to destroy foreign microbial invaders draining from infected tissues
and to clear dead immune cells after an adaptive immune response. Short-live monocytes
continuously emigrated from bone marrow and enter various tissues, including LNs, where
they differentiate into macrophages. Therefore as described below, four groups have used
macrophages to target RES, particularly LNSs, all having achieved impressive efficacy in
disease models. Three of the four cases discussed in this review delivered HIV drugs. Drug-
loaded nanocarriers or cells are engulfed by macrophages; the macrophages then migrate into
LNs or additionally to other RES tissues. In all four cases, drugs slowly diffuse out of
macrophages in days or weeks, resulting in sustained high drug concentration in LN or other
RES tissue. In all cases, administration of nanocarriers or cells is infrequent, total amount of
drugs delivered is very low and so is the toxicity, yet the efficacy is high, all due to the important
role of LNSs in respective diseases. Two of the four cases used cells as delivery carriers, which
can lend their surface modification and LN targeting to HIV nanocarrier drug delivery.

A LN has both blood and lymph supplies. One way to deliver HIV drug-encapsulated liposomes
to LNs is from the lymph side by subcutaneous injection into an area close to the thoracic duct.
Recent data in macaques is shown in Table 1 [33,41]. This allowed delivery to many LNs
throughout the body, avoiding concentrated entrapment in a few local LNs. Without surface
targeting modification and purely relying on the optimal 100 nm size for entering lymphatics,
the authors achieved up to 23-fold higher IDV concentrations than free IDV in both peripheral
and visceral LNs in a non-human primate SIV model. LN delivery resulted in significant
CD4* T cell count rebound and reduction in viral RNA level.

Another group [42] developed an IDV-loaded NP formulation. After 12 h of in vitro
phagocytosis of NP-IDV by mouse bone marrow-derived macrophages (BMMs), 1V injection
of HP-IDV packed BMMs (NP-IDV-BMMs) into mice resulted robust accumulation in lung,
liver and spleen (Figure 4). A single IV injection of 20 x 106 NP-IDV-BMMs to HIV-1
challenged humanized mice, revealed reduced numbers of virus-infected cells in plasma, lymph
nodes, spleen, liver, and lung, as well as CD4* T-cell protection.

A third group [43] used autologous, HIV drug ddCTP-encapsulated red blood cells to target
macrophages. The drug-loaded erythrocyte membranes were modified using artificial ageing
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to enhance macrophage phagocytosis. In a feline immunodeficiency animal model, ddCTP-
loaded erythrocytes were able to reduce FIV production by macrophages in naturally or
experimentally infected cats. Furthermore, the administration of ddCTP-loaded erythrocytes
protected the majority of peritoneal macrophages during a 7-month experimental FIV infection
and reduced the percentage of circulating lymphocytes stained by an anti-p24 antibody. Lastly,
another strategy uses yeast ghost cells to deliver anti-inflammatory short interfering RNA
(siRNA) to macrophages [44]. Yeast ghost cells were made in a way that the cell surface was
left with only betal 3-D-glucan, for which macrophage has a special receptor. The ghost cells
can be efficiently absorbed orally through M-cells and, once crossed M-cells, avidly
phagocytosed by macrophages in the Peyer’s Patches. Interestingly, macrophages in the
Peyer’s Patches migrate into blood circulation and settle at various LNs. Oral gavage of mice
with the ghost cells containing as little as 20 ng/kg of sSiRNA directed against tumour necrosis
factor alpha (TNF-a) depleted its messenger RNA in macrophages recovered from the
peritoneum, spleen, liver and lung, and lowered serum TNF-a levels.

3. Surface-modified nanocarriers for effective intracellular delivery

Various types of nanocarriers are being developed for anti-HIV drug delivery applications.
HIV-1 enters a new host through a mucosal barrier. It is then passed locally from one cell to
another through infection in the tissues (notably in lymph nodes and mucosal lamella propria)
or spread through blood circulation as free virus or inside infected CD4™ cells. Apart from
having a short half-life as a free virus, HIV-1 does not face the challenges a drug nanocarrier
faces in transit through the body before reach its target cells. A drug nanocarrier usually is
given 1V or orally and thus must spend some time in blood circulation. The nanocarrier faces
several challenges while in the circulation, including maintaining adequate bioavailabilty and
biostability and avoiding clearance by the kidney or the reticular endothelial system (RES,
mainly phagocytes in the spleen and the liver). Strategies to meet these challenges have been
extensively reviewed [37] including the effect of size and the use of Pegylation [30,45]. Many
anti-HIV drugs can bind to plasma components (principally human serum albumin, HSA) or
within other compartments of the tissue, greatly influence the transport and elimination in
individual organs and the overall pharmacokinetics. The design of the anti-HIV nanocarrier
system needs to eliminate (or minimize) all nonspecific bindings [46].

3.1. Nanocarrier-based deliverables and ‘surface modifiers’

The anti-HIV targeted nanocarriers that have been studied are liposomes, nanoparticles,
dendrimers and bioconjugates. The various surface modifiers used in targeted nanocarrier-
based delivery systems for HIV therapy are shown in Figure 5 and discussed below:

3.1.1. Liposomes—Liposomes as drug delivery vehicles were first proposed by Gregoriadis
[47]. They are usually small (80 and 100 nm), encapsulating drugs using a variety of loading
methods [48,49].

Liposome surface can be modified to improve its properties [50,51]. The most noteworthy
modification is the incorporation of the hydrophilic polymer polyethylene glycol (PEG) to
prevent interactions with plasma proteins, thus retarding recognition and removal by the RES.

3.1.2. Nanoparticles—Nanoparticles are solid colloidal particles ranging in size from 10 to
1000 nm (1 um), usually containing no lipids as a major component material. Drug is dissolved,
entrapped, encapsulated and/or to which the drug is adsorbed or attached [52-55]. They can
be internalized by lymphocytes because of their small size, acting as intracellular drug
reservoirs [47]. As with liposomes, opsonization (adsorption to plasma proteins) of polymeric
nanoparticles can be prevented by providing a surface of the particles with a hydrophilic group.
These are known as stealth nanoparticles [56]. Being less than 1 um, nanoparticles can be
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administered by intravenous injection (the diameter of the smallest blood capillaries is 4 um),
as well as intramuscular and subcutaneous injection that minimizes any possible embolism
[57-59]. As with all colloidal carriers discussed in this review, nanoparticle size must be less
than 200 nm to avoid uptake by the RES and its surface should be hydrophilic to avoid clearance
by macrophages [60].

3.1.3. Dendrimers—Dendrimers are a class of monodisperse polymers distinguished by their
repeated branching structure emanating from a central core [61]. It has been used to carry anti-
HIV drugs [62—64]. Narrow molecular weight distribution, small size (less than 100 nm), and
easy incorporation of targeting ligand are attractive features.

3.1.4. Bioconjugates—Polymer bioconjugates have also been used for HIV drug delivery
[65]. Surface targeting modifiers specific for macrophages include the chemo-attractant
peptide, N-formyl-methione-leucine-phenylalanine (fMLF) and mannose. Biodegradation
inside the target cells has been conceptually attempted in this type of nanocarrier [66]. Tat cell
penetrating peptide has been used as surface modifier to facilitate endosomal escape [39].

3.2. Examples of nanocarrier-based deliverables and 'surface modifiers'

3.2.1. Liposomes—Lipid composition and charge can affect the properties of a drug-
encapsulated liposome. The intracellular stability of 2',3'-dideoxycytidine (ddC) encapsulated
in different liposomal formulations has been evaluated as a function of drug concentration in
RAW 264.7 macrophages. An enhanced uptake of liposomal-encapsulated ddC by
macrophages was observed when the liposomal drug concentration was increased. In addition,
the anionic character of liposomes, due to the presence of cholesterol in the lipid composition
of liposomes, seemed to be an important factor to obtain a high intracellular uptake of ddC.
Liposomes having long saturated fatty acyl phospholipids and containing 50% (molar ratio)
of cholesterol displayed the best stability in the intra-macrophagic compartments at all
liposomal ddC concentrations used. On the other hand, although the leakage of ddC from
liposomes sterically stabilized with polyethylene glycol chains was similar to that of other
cholesterol-containing liposomes, the anti-HIV drug was readily released from cells for all
concentrations of liposomal ddC tested. These results suggest that some lipid components such
as cholesterol can modulate the liposomal stability of drugs such as ddC in response to the
conditions of the environment, the properties of the drug used and the nature of interactions
between liposomes and cells [67]. In another study, the effect of lipid used, cholesterol
concentration and the presence of surface charge on the liposome bilayer, encapsulated with
tritium labeled stavudine (d4T), on the cellular uptake by M/M was investigated. d4T uptake
was found to be maximum (approximately 950 ng/million cells) in liposomes containing
dipalmitoyl phosphatidylcholine (DPPC). The presence of sphingomyelin (which increases
bilayer rigidity) decreased cellular uptake of d4T and the presence of negative charge on the
bilayer enhanced the uptake of d4T compared to positive charge. There was no apparent
difference in uptake when varying amounts of cholesterol was added in liposomal formulations.
This study shows that the sensitivity of macrophages to different charge and lipid type can be
used to either decrease or increase cellular uptake as desired [68]. Thus, lipid composition has
been shown to affect the stability of ddC-encapsulated liposomes [67] and liposome
composition and charge to affect uptake of d4T-encapsulated liposomes into macrophage-like
cells [68]. These results confirm the generally accepted rule that cargo drugs do not change the
fate of nanocarriers in vivo.

Soluble CD4 [69] as well as CD4-derived peptide [70] have been used to surface-modify
liposomes to improve cellular delivery to HIV-1-infected cells. In one study, N-
butyldeoxynojirimycin (NB-DNJ), an inhibitor of HIV gp 120 folding, is encapsulated into
soluble CD4-surface-modified liposome to target PBMCs. The improvement is based on
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targeting viral gp120/41 complex expressed on HIV-1 infected cells. Low pH sensitivity has
also been engineered into the liposomes to facilitate endosomal escape. A 5-fold increase in
uptake into HIV-infected cells compared with uninfected cells was observed [69]. In another
study, a synthetic peptide from the complementarily determining region 2 (CDR-2)-like
domain of CD4 could bind specifically to HIV-infected cells and mediate the binding of
peptide-coupled liposomes to these cells. A peptide from the CDR-3 like domain of CD4
inhibited HIV-induced syncytia formation, but failed to target liposomes to infected cells. This
apparent discrepancy may be due to the requirement for a conformational change in the CD4
receptor for the CDR-3 region to interact with the HIV envelope protein. These results
demonstrate the feasibility of using synthetic peptides to target liposomes containing antiviral
drugs to HIV-infected cells [70].

Low density lipoprotein (LDL) has been used both as a targeting moiety and drug carrier to
target macrophages [17,71]. LDL is about 25.5 nm in size in normal people [72]. In these
studies, LDL is conjugated with AZT and the drug-loaded LDL may be considered a quasi-
drug modified liposome. LDL is recognized by scavenger receptors specifically expressed on
macrophages and taken into cells by endocytosis [71]. A 10-fold increase in cellular uptake of
AZT delivered by LDL-modified liposome as compared to free AZT was observed [17].
Compared to antibody-modification presented below, the specificity of targeting with these
non-antibody agent-modifications is modest.

A mouse antibody has been attached to didanosine triphosphate (ddITP)-loaded liposomes and
dideoxycytidine triphosphate (ddCTP)-loaded liposomes to target human macrophages in two
different studies [73,74]. Targeting is based on indirect recognition of the mouse antibody by
Fc receptor specifically expressed on human M/M. Uptake of ddCTP -loaded liposomal
antibody was 4-6 times greater than that of free liposomes [73]. Uptake of ddITP-loaded
liposomal antibody was 80 times higher than free ddITP at 48 h [74].

RES, also known as mononuclear phagocyte system (MPS), includes macrophage-rich organs,
such as the spleen, LNs, bone marrow, and the liver (Kupffer cells in liver are macrophage-
like phagocytes but lack immune function). All of these organs can be infected by HIV-1, but
the LNs are especially important in HIV-1 disease due to the fact that they are a hub in
lymphocyte trafficking, antigen-interaction and activation. It has been reported that surface
charge-modified, liposome-like emulsomes [75] and ddC-loaded liposome without surface
targeting modification [76] can be enriched in rat liver and rapidly phagocytosed by
macrophages, confirming the known liposome RES clearance mechanism that is based on
macrophage phagocytosis. On the other hand, an attempt was made to exploit the macrophage
phagocytosis in RES to deliver HIV drug ddCTP into spleen and bone marrow [77]. Anti-HLA-
DR immunoliposomes were evaluated for targeting LNs while avoiding other RES organs/
tissues. The HLA-DR determinant of major histocompatibility complex class Il (MHC 1) is
highly expressed on FDC, macrophages, and activated CD4* T cells. Therefore, HLA-DR
appears to be a good HIV drug delivery target. The immunoliposomes were very efficient in
delivering high concentrations of indinavir (IDV) to lymphoid tissues for at least 15 days post
a single subcutaneous injection to C3H mice. There was by up to 126 times more than free
drug in IDV accumulation in lymph nodes with no significant damage to liver and spleen
[78]. Another study exploited a different RES marker, the mannose receptor, as a target wherein
d4T-encapsulated liposomes were surface modified with mannose. The authors demonstrated
targeting specificity and anti HIV-1 activity in vitro using MT2 cells and in vivo in rats. The
results showed reduced side effects and higher drug accumulation in the liver, spleen and the
lungs compared to free drug or non-mannose-modified liposomes [79]. Similarly, galactose
targeting modification on liposomes resulted in preferential liver accumulation [80,81]. These
studies demonstrate the superior targeting specificity of antibodies over non-antibody targeting
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ligands. However, the use of antibodies presents other technical challenges and much higher
cost as compared to simpler ligands.

Table 2 summarizes the various surface modifiers used in liposomes for targeting purposes.

3.2.2. Nanoparticles—Nanoparticle (NP) surface modification can affect their properties
related to treatment of HIV-1 infection. In astudy, poly(ethylene oxide)-modified poly(epsilon-
caprolactone) (PEO-PCL) NP system as an intracellular delivery vehicle for saquinavir (SQV)
was developed. Cellular uptake and distribution of the NP was examined in THP-1 human M/
M cell line. The PEO-PCL NPs had a smooth surface and spherical shape and showed a
relatively uniform size distribution with a mean particle diameter of ~200 nm and a zeta
potential of ~—25 mV. The surface size and charge are typical of most reported NPs. A rapid
cellular uptake of the fluorescent probe (rhodamine-123) encapsulated in PEO-PCL NPs was
observed in THP-1 cells. Intracellular SQV concentrations were significantly higher than free
SQV [82]. The effect of polymer type of AZT-loaded polylactic acid (PLA) and PLA-PEG
blend NPs on phagocytosis in rat poly-morphonuclear leucocytes (PMNL) was studied. NP
size (about 300 nm) and zeta potential (~ —7 to —20 mV) were not important. The PLA
nanoparticles were more efficiently phagocytosed than PLA/PEG blends primarily depending
onthe PEG and its ratio in the blend. The blend with the highest PEG proportion did not prevent
phagocytosis, indicating that the steric effect of PEG was concentration dependent [83]. The
effect of polymer architecture of Pegylated NPs on NP properties was evaluated in RAW 264.7
macrophage-like cells. NP size (about 185 nm) and zeta potential (~—3 to —23 mV) did not
vary significantly between different architecture. The grafted copolymer NPs reduced
macrophage uptake as compared to multi block copolymer, although mechanisms different
than phagocytosis were involved. Thus, polymer architecture is an important feature for
determining the surface properties and hence, protein binding and cellular interactions of NPs
[84]. The effect of NP shape/size on cellular uptake was investigated. A spherical and two
cylindrical NPs, whose lengths were distinctively varied, were constructed by the selective
cross-linking of amphiphilic block copolymer micelles. When the NPs were modified with Tat
cell penetrating peptide (CPP, also known as protein transduction domain), the smaller,
spherical NPs had a higher rate of cell entry into Chinese hamster ovary (CHO) cells than did
the larger, cylindrical NPs. NPs were released after internalization and the rate of cell exit was
dependent on both the NP shape and the amount of surface-bound CPP [85].

Since macrophages efficiently phagocytose foreign particles, this has become a major element
of macrophage targeting strategies. For example, human M/M uptake of poloxomer surface-
modified (Pluronic F68 and F108) AZT loaded NP was studied. The influence of size,
composition, concentration, and surface of the NP as well as macrophage activation state on
phagocytosis were tested. NP made of polyhexylcyanoacrylate (PHCA) or HSA with a
diameter of about 200 nm were found most useful for specific delivery to macrophages.
Macrophages isolated from HIV-infected patients also show good incorporation of NP [86].
Additional targeted moieties have been added to NP to enhance drug delivery to macrophages.
Two studies used mannan and mannose as the targeting modifiers [87,88]. Mannan-coated NPs
for macrophage targeting of didanosine (ddl) was investigated. Results of the ex-vivo cellular
uptake study indicated 5-fold higher uptake of ddI from the mannan-coated NP formulation
by the macrophages in comparison with free drug. Results of the quantitative biodistribution
study showed 1.7, 12.6 and 12.4 times higher localization of ddI in the spleen, LNs and brain,
respectively, after administration of mannan-coated NPs compared to that after injection of
ddlI solution in buffer. Thus, mannan-coated NPs appeared to successfully target ddI to
macrophages by exploiting mannosyl receptor mediated endocytosis [87]. Mannosylated
gelatin NPs (MN-G-NPs) for the selective delivery of ddl to macrophage tissues was
investigated. Cellular uptake by MN-G-NPs was 2.7 times higher as compared to the non-
targeted G-NPs. Intravenous administration of free-drug solution resulted in a high serum drug

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 March 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gunaseelan et al.

Page 10

concentrations whereas serum concentrations were much lower for G-NPs suggesting targeted
delivery and local release of drug. Coupling of the NPs with mannose significantly enhanced
the lung, liver, and lymph nodes uptake of drug, which is reflected in the recovery of a higher
percentage of the dose from these organs following administration of MN-G-NPs in
comparison to non-coupled G-NPs or free drug [88].

NP oral absorption has been studied for years. The mechanism of absorption is not entirely
clear but uptake through M-cells seems to play a dominant role. The specific targeting of the
anti-HIV drug AZT to rat RES cells by the oral route was investigated [89]. 14C-labelled AZT
was bound to hexylcyanoacrylate NPs formed by emulsion/polymerization. The NPs were 230
+ 20 nm in size and had a zeta potential of —51.6 + 3 mV. The radioactivity in several organs
including those containing large numbers of macrophages was measured after peroral
administration of the nanoparticle preparation and compared to a 14C-AZT control solution
containing the same components without the nanoparticles. The area under the curve (AUC)
of 14C-AZT in the liver after oral administration of the NPs was 30% higher than that after oral
administration of the free 14C-labelled AZT solution [89]. In the case of IV delivery of AZT
to RES, AZT concentrations were up to 18 times higher in rat organs belonging to the RES
when the drug was bound to nanoparticles compared with unbound AZT [90]. NP delivery of
AZT to the intestinal epithelium and gut-associated lymphoid tissues has been attempted with
promising results. Unlike the solution, nanoparticles concentrated very efficiently in rat
intestinal mucosa, as well as in the Peyer’s patches. Additionally, the release of free AZT could
be controlled. AZT concentration in Peyer’s patches was 4 times higher for nanoparticles,
compared to the control solution. The tissue concentration was 30-45 puM, which was much
higher than the reported 1C5p of AZT (0.06-1.36 uM) and was regularly distributed along the
gastrointestinal tract. One disappointing aspect of this study was the very low AZT
concentration in the lymph since the draining mesenteric LNs are an important induction site
in HIV-1 infection [91].

NPs have also been used to deliver DNA vaccines. This study was aimed to induce immunity
to HIV-1 Tat protein. Poly(methylmethacrylate)-based polymeric NPs efficiently adsorbed
plasmid DNA encoding HIV-1 Tat, mainly through electrostatic interactions. The NPs showed
no in vitro or in vivo toxicity. Two intramuscular immunizations followed by two Tat protein
boosts resulted in both antibody and cell-mediated immune response [92].

A separate review in this theme issue surveys HIV drug delivery to the CNS. However, surface
modifications of NPs carried out in two studies for brain delivery are mentioned. Thiamine
was used as the targeting modifier [93] and Tat CPP was used as a cell penetration modifier
[94]. Enhancement across blood brain barrier (BBB) was observed in both cases.

Table 3 summarizes the various surface modifiers used in nanoparticles for targeting purposes.

3.2.3. Dendrimers—Surface modified fifth generation poly(propyleneimine) (PPI)
dendrimer-based nanocarriers were constructed for targeting lamivudine (3TC) and efavirenz
(EFV) to MT-2 cells and M/M cells, respectively. Mannose was used as the surface-targeting
modifier. The results of a ligand agglutination assay indicated that even after conjugation with
PPI, mannose displayed binding specificity towards Con A (a well-investigated lectin, known
to bind specifically with saccharides such as mannose). Significant increase in uptake of 3TC
by MT-2 cells was observed when MPPI (mannosylated PPI) was used, which was 21 and 8.3
times higher than that of free drug (p<0.001) and PPI (p<0.001) at 48 h respectively.
Significantly higher anti-HIV activity of PPl and MPPI was observed and this was due to the
enhanced cellular uptake of 3TC in formulation as compared to that of free drug [95]. The
cellular uptake of EFV was found to be both concentration and time dependent. Significant
increase in cellular uptake of EFV by M/M cells were observed in case of mannose conjugated
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dendrimer which is 12 times higher than that of free drug and 5.5 times higher than that of t-
Boc-glycine conjugated PPI dendrimer. While mannose conjugated dendrimer was taken up
by the lectin receptors of the cells, phagocytosis of the t-Boc-glycine conjugated dendrimer
might be responsible for its enhanced uptake. Interestingly, the cytotoxicity of the PPI
dendrimer was found negligible when these dendrimers were surface-modified with t-Boc-
glycine or mannose. Results suggest that the proposed dendrimer-based nanocarriers hold
potential to increase the efficacy and reduce the toxicity of antiretroviral therapy [96].

Table 4 summarizes the various surface modifiers used in dendrimers for targeting purposes.

3.2.4. Bioconjugates—Bioconjugate-based targeted anti-HIV drug delivery nanocarriers
have been studied. The drug-polymer bioconjugate-based nanocarriers can significantly
influence HIV therapy by specific localization to viral reservoir sites. Bioconjugates prepared
from different combinations of the approved drug, SQV, the cell penetrating peptide retro-
inverso-cysteine-lysine-Tat nonapeptide (R.1.CK-Tat9), the polymeric carrier, PEG, and the
cell uptake enhancer, biotin, were studied. The anti-HIV-1 activity EDsq of the PEG3 41-based-
SQV nanocarriers was evaluated in HIV-1-infected MT-2 cells. The activity of conjugated
SQV was reduced (EDsg = 900 nM) when SQV was conjugated to PEG3 4 alone, but restored
with the addition of biotin (EDs5g = 125 nM), R.1.CK-Tat9 (EDsg = 15 nM), and R.I.CK
(stearate)-Tat9 (EDsg = 62 nM) as compared to maximum achievable antiviral efficacy
(unconjugated SQV, control, EDgy = 15 nM), suggesting enhanced cellular uptake of
conjugates [97]. However, the mechanism of antiviral enhancement for the SQV-PEG3 4x-
R.1.CK-Tat9 bioconjugate-based nanocarrier was not clearly established since, in addition to
targeting intracellular TAR, Tat possesses cell penetrating properties that may promote
conjugate uptake into the cell and/or it may exert anti-HIV-1 activity by means of cell surface
binding to CXCRA4 receptors [97,98]. In separate experiments, confocal microscopy studies
showed that in cells incubated with R.I.CK(fluorescein)-Tat9 (Tat alone) or PEG3 4¢-R.1.CK
(fluorescein)-Tat9 (PEG-Tat; 1 copy Tat), there was significantly higher fluorescence
intracellularly than on the cell surface. On the other hand, cells incubated with PEG1gi-[R.1.CK
(fluorescein)-Tat9]g (PEG-Tat; 8 copy Tat) showed primarily cell surface bound fluorescence.
This result is consistent with the results from flow cytometry (Figure 6) which concludes that
the majority of R.I.CK-Tat9 is within cells, the majority of PEGgk-(R.1.CK-Tat9)g is on the
cell surface, and PEG3 4¢-R.1.CK-Tat9 is roughly equally distributed between cell surface and
intracellular locales. Results further indicate that R.I.CK-Tat9 and PEG3 4¢-R.1.CK-Tat9
bioconjugates are all predominantly within endosomes. Thus, from different studies, variations
in intracellular uptake and intracellular localization, as well as synergistic inhibitory effects of
SQV and Tat peptides, contributed to the unexpected and substantial differences in antiviral
activity. The experimental results demonstrate that highly potent nanoscale multi-drug
conjugates with low non-specific toxicity can be produced by combining moieties with anti-
HIV-1 agents for different targets onto macromolecules having improved delivery properties
[97,98].

Bioconjugates surface-modified with fMLF targeting agent were developed for targeting
macrophages in anti-HIV therapy [99-101]. fMLF peptide is a known chemo-attractant and
can specifically bind to surface receptors on phagocytic cells, such as macrophages and
neutrophils. The enhancement in avidity for the targeted receptor on phagocytic cells by
multivalent binding of fMLF was demonstrated. A single copy of fMLF covalently linked to
a PEG-based nanocarrier displayed reduced binding avidity (K4 = 190 nM) for neutrophil-like
differentiated HL-60 cells relative to free fMLF (K4 = 28 nM). Increasing the number of fMLF
residues (up to eight) attached to a single PEG polymer results in enhanced avidity for these
cells (K4 =0.18 nM), which appeared to be independent of whether the polymer backbone was
linear or branched. Thus, a concentration of only 0.18 nM B8-PEG-fMLFg (8-arm branched
PEG carrying 8 copies of fMLF) was needed to get 50% occupancy of the differentiated HL-60
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cell surface fMLF receptors, as opposed to 190 nM for B8-PEG-fMLF 1 (8-arm branched PEG
carrying 1 copy of fMLF), with only one appended ligand, an increase in avidity of more than
1000-fold (Table 5). Since a single fMLF moiety bound to a branched PEG polymer shows
less avidity for differentiated HL-60 cells than does the free peptide, it seems likely that the
bulky carrier group sterically interferes with ligand interaction with its cellular receptor, but
this interference is overcome by fMLF peptide multivalency on the PEG polymer. In addition,
no conjugate showed enhanced activation of phagocytic cells, relative to the free peptide
(ECsg = 5 nM), as measured by transient stimulation of release of calcium ions from
intracellular stores into the cytoplasm. The results suggest that the PEG nanocarriers with
multiple fMLF moieties are capable of binding to and/or entering cells in culture and in vivo.
However, this study did not fully define the possible mechanism of internalization and used
the reporter compound digoxigenin (DIG) as a surrogate for an HIV-1 drug cargo. A polymer
bearing four fMLF and four digoxigenin residues showed specific enhancement in binding to
differentiated HL-60 cells and mouse peritoneal macrophages in situ relative to a polymer
lacking fMLF; no such enhancement was seen in binding to receptor-negative lymphocytic
Jurkat cells. These results suggest that multiple fMLF residues linked to a drug-delivery PEG
nanocarrier can be used to target anti-HIV drugs to phagocytic cells with relatively little toxicity
due to cellular activation [99].

Multiple fMLF peptide functionalities were also attached through multifunctional
commercially available PEGs or to novel peptide-based (PB) PEG bioconjugate-based
nanocarriers in which the structures were varied by appending PEGs with average molecular
weights of 5, 20 and 40 kDa. The uptake of these targeted bioconjugate-based nanocarriers by
macrophage-like differentiated U937cells was evaluated. Studies showed that increasing the
number of fMLF residues attached to a single PEG polymer from one to two resulted in
significantly enhanced uptake (~ 4-fold, p < 0.05) in U937 cells, while further increasing this
number from two to four only resulted in a modest increase in uptake. While the molecular
basis of enhanced avidity by multiplicity (i.e., multiple ligands attached to a single polymeric
carrier molecule) is not proven, it is likely due to multimeric ligands interacting with multiple
cellular receptors. Since typical commercially available multifunctional PEGs limit the
numbers of copies of drugs and targeting agents that may be attached simultaneously to a
nanocarrier, the alternate PB- PEG carrier (that could potentially carry both drugs and targeting
moieties simultaneously) was thereby designed that retained the targeting and uptake properties
of non-PB commercial PEGs. The results from these studies indicated that the uptake by these
nanocarriers was (a) energy dependent and mediated by a fMLF receptor, (b) appending only
2 copies of the targeting ligand to the multifunctional nanocarrier appears sufficient for binding
in vitro, and (c) of the three configurations studied, the nanocarrier with a molecular weight of
about 20 kDa, corresponding to a size of 20-60 nm, demonstrated the highest uptake [101]
(Figures 7 and 8).

These multivalent fMLF PEG nanocarriers were also assessed for their in vivo macrophage
targeting potential. Peritoneal macrophage uptake was evaluated in mice 4 h after IP
administration of fluorescence-labeled PEG-fMLF nanocarriers and the preferential receptor-
mediated association was examined. In addition, the biodistribution and pharmacokinetic
profile of constructs was examined in vivo in Sprague-Dawley rats after IV administration of
tritiated PEG-fMLF nanocarriers. Attachment of one, two, or four fMLF copies increased
uptake in macrophages by 3.8, 11.3, and 23.6 fold, respectively, compared to PEG without
fMLF. Results showed that fMLF-modified PEG nanocarriers (5kDa and 20kDa) accumulated
to a greater degree into macrophage-rich organs (liver, kidneys and spleen) than the
corresponding unmodified PEG. The enhanced uptake of the peptide-PEG bioconjugates in
these organs was attributed to a preferential association with macrophages. However, on a
molar basis, penetration was equivalent suggesting nanocarrier size and targeting moieties are
important determinants. These results demonstrate the feasibility of targeting macrophages and

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 March 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gunaseelan et al.

Page 13

the suitability of using the synthetically versatile PB-PEG nanocarriers. However, these studies
also suggest that balancing peripheral tissue penetration (a size dependent phenomenon) versus
target cell uptake specificity remains a challenge to overcome (Figure 9) [100].

Recently it was shown that intracellular distribution could be controlled by using a Tat peptide
to facilitate endosomal escape [39]. This is particularly important for drugs that are hydrophilic
and act in the cytosol or must gain access to the nuclear compartment [66].

A novel polymer bioconjugate scaffold based on the use of a peptide-backbone — PEG scaffold
(PB-PEG) was recently reported [66]. The PB-PEG nanocarrier is a polymer bioconjugate type
nanocarrier that has multiple attachment sites to which drugs or targeting moieties can be
linked. By appending drugs via the bioreversible disulfide bond, which can be designed to
varying degrees of susceptibility to cleavage by reducing agents [102], intracellular selective
release can be achieved. The plasma circulation time of the carrier can be adjusted, allowing
it to reach the targeted cells, before releasing its drug cargo. The multiple attachment sites on
the PB-PEG nanocarriers can not only provide a high payload of drug, but also can be used for
appending one or more moieties for targeting specific cellular receptors or promoting cell
uptake of the conjugate. A biodegradable multimeric PB-PEG nanocarrier (Figure 10) that is
relatively stable in the blood circulation, while being selectively degraded inside target cells,
was designed in order to exploit the natural extracellular-intracellular gradient of reducing
conditions. This multifunctional versatile design is sufficiently flexible so that the component
peptidic monomers that build up the multimeric nanocarrier could be used to link PEGs,
imaging agents, anti-HIV drugs, targeting ligands or other peptidic cores (Figure 10). Two
important design components, the biodegradable bonds between monomeric peptidic core units
and using PEGs of the appropriate size in order to promote renal or hepatic elimination, allows
for the pre-programming of body elimination properties into the nanocarrier. The nanocarrier
biodegradation was evaluated in simulated intracellular and extracellular/blood environments
using 3 mM and 10 uM glutathione in buffer, respectively. The multimeric nanocarrier was 9-
fold more stable in the extracellular environment. The results suggest selective intracellular
degradation of the nanocarrier into components with known body elimination pathways [66].

Table 6 summarizes the various surface modifiers used in bioconjugates for targeting purposes.

4. Conclusion

Insufficient concentrations and very short residence time of the anti-HIV drugs at the cellular
and anatomical sites are among major factors that contribute to the failure of eradicating HIV
from reservoirs and the development of multi-drug resistance against these anti-HIV drugs.
The challenges associated with optimizing drug therapy for the effective treatment of HIV/
AIDS necessitate research into the field of novel delivery systems. In recent years, some novel
nanocarrier-based targeted drug delivery systems have shown remarkable ability to overcome
many of the anatomical and physiological barriers and deliver the drugs locally at the HIV-
infected sites thereby improving the HIV therapy. Most of the successful approaches have
utilized a combination of passive and active targeting.

5. Future perspective

The current focus in pharmaceuticals is shifting to a ‘smart drug’ paradigm, in which increased
efficacy and decreased toxicity are motivating factors. In the next few years, research on
nanomedicines in targeted anti-HIV drug-delivery systems will lead to breakthroughs that
enable their therapeutic application. In the recent past, the simplistic view of HIV infection
portrayed that a single receptor or maybe a combination of two receptors was sufficient for
HIV infection to occur. However, today we know that there are numerous mechanisms that
lead to HIV infection throughout the body. As receptor targets become known and better
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characterized, nanoscale delivery systems combined with an active targeting approach will
allow for the treatment of the numerous variants of HIV disease that are becoming increasingly
recognized.

Since current treatment regimens expose the entire body to multiple drugs at high doses, side
effects often limit therapy and lead to unsuccessful outcomes. Adherence to drug regimens is
crucial in the treatment of HIV infection since it is currently considered an incurable chronic
disease. AIDS treatment regimens such as HAART suffer from complexities of frequent
administration and high dosages. Development of targeted drug-delivery approaches for AIDS
therapy will improve the safety and efficacy of anti-HIV drugs by reducing their dose and
adverse effects associated with them. Although nanoscale approaches would add considerable
cost per dosage unit, the improvement in therapy resulting from reduced dosages and reduced
frequency of administration would result in much higher patient compliance and a greater
frequency of successful therapeutic outcomes. This is critical in countries where resources are
limited.

Even with breakthroughs in the engineering of novel nanocarriers using various *‘surface
modifiers’, there is still the additional challenge of understanding and achieving the dosing
that delivers consistent pharmacokinetics. There is no doubt that, with additional understanding
of pharmacokinetics and immunity combined with the development of novel biomimetic
strategies, these hurdles will be translated into practical therapeutics in the clinic. The toxicity
issues of the developed nanocarriers must also be investigated to prove their safe and
efficacious clinical use. Short of an effective HIV vaccine, HIV drug therapy enhanced by
nanoscale drug delivery carriers will play an important role in devising efficacious regimens
over the next decade.
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List of Abbreviations

3TC lamivudine

AIDS acquired immunodeficiency syndrome
AUC area under the curve

AZT zidovudine

AZTP azidothymidine palmitate

BBB blood brain barrier

BMMs bone marrow-derived macrophages
CHO chinese hampster ovary

CNS central nervous system

CPP cell penetrating peptide

DC dendritic cells

d4T stavudine

ddC 2’ 3'-dideoxycytidine

ddCTP 2’ 3'-dideoxycytidine-5-triphosphate
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DIG
DPPC

PBCA
PBMC
PCL
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dideoxyinosine

dideoxyinosine (didanosine) triphosphate
digoxigenin

dipalmitoyl phosphatidyl choline
effective concentration

effective dose

efavirenz

enhanced permeability and retention
fragment crystallization

food and drug administration
follicular dendritic cells

feline immunodeficiency virus
fluorothymidine
N-formyl-methione-leucine-phenyl alanine
gut-associated lymphoid tissue
glycoprotein120

highly active antiretroviral therapy
human immunodeficiency virus
human serum albumin

indinavir

intraperitoneal

intravenous

low density lipoprotein

lymph nodes
monocytes/macrophages
mannosylated gelatin

mannosylated poly(propyleneiminge)
mononuclear phagocyte system
N-Butyldeoxynojirimycin

non- nucleoside reverse transcriptase inhibitors

nanoparticle

nucleoside reverse transcriptase inhibitor
peptide-based

polybutylcyanoacrylate

peripheral blood mononuclear cells
poly(epsilon-caprolactone)

Page 15



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

1duasnuey Joyiny vd-HIN

Gunaseelan et al.

Page 16

PEG polyethylene glycol

PEO poly(ethylene oxide)

PHCA polyhexacyanoacrylate

Pl protease inhibitor

PLA poly lactic acid

PMNL polymorphonuclear leucocytes

PPI poly(propyleneiminge)

RES reticular endothelial system

R.I.CK-Tat9 retro-inverso-cysteine-lysine-Tat nonapeptide

RTV ritonavir

SC subcutaneous

SQV saquinavir

Tat trans-activating transcriptor
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Figure 1.

Model for HIV-1 entry in T cells. HIV-1 gp120 first binds to cellular CD4. This results in a
conformational change in gp120, allowing it to bind to the chemokine receptors CCR5 or
CXCR4, thereby forming a trimolecular complex (CD4-gp120-CCR/CXCR). An excess of the
natural ligands for CCR5 or CXCRA4 can competitively inhibit this step of infection (as noted).
After binding to the chemokine receptor, gp120 is thought to become stripped off of the virion,
thereby exposing a hydrophobic domain at the N-terminus of gp41, which mediates fusion of
the host cell and virus membranes, thereby allowing the virus core to enter the host cell

cytoplasm (redrawn from www.bioscience.org).
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Figure 2.

Schematic representation of macrophage active targeting by several different ways such as
phagocytic receptors mediated endocytosis via formyl peptide receptor, mannose receptor and
Fc receptor.
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Figure 3.

Processes leading to intracellular delivery of drug. A. Passive diffusion of free drug. B. Non-
specific phagocytosis of a nanocarrier. C. Drug entrapped in fluid and uptake by pinocytosis.
D. Receptor-mediated endocytosis. Nanocarriers bypass multidrug-resistant transporters that
may efflux drug entering freely through the plasma membrane [38].
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Figure 4.

NP-IDV tissue distribution and pharmacokinetics. (A) Sections of spleen, liver, and lung from
mice at day 5 after transfer of rDHPE-NP-1DV-labeled BMMs were stained for CD11b and
examined by fluorescence microscopy. Higher magnification inserts demonstrate the presence
of rIDHPE-NP-IDV (red) colocalized in the cell cytoplasm of CD11b cells (green). BMMs
(yellow) were abundantly present in spleen but were less in liver and lung. (B-E) IDV
distribution in targeted tissues and body fluids was assessed in mice treated with a single
intravenous dose of (B) IDV sulfate solution, (C) cell-free NP-IDV, or (D-E) NP-IDV-BMMs.
In contrast to IDV concentrations in mice treated with NP-1IDV-BMMs, nadirs within 6 hours
after treatment in mice treated with IDV sulfate solution or NP-IDV, levels were prolonged in
tissues and plasma over 14 days in mice treated with NP-IDV-BMMs. Data represent mean
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SEM for 4 mice/group per time point. Magnifications are (originals) x 100 and (insets) x 400
[42].

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 March 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Gunaseelan et al. Page 27

A. Liposome B. Nanoparticle
Antibody

PEG

Phospholipid
bilayer

PEG

Aqueous interior

: Antibody
Y ) Target ligand
Y N J
10-1000 nm Y
100-1000 nm
C. Dendrimer D. Bioconjugate

Y Intracellularly cleavable
| linker

——drug molecule

Optional targeting ligand
Attached via a spacer unit

— Polymer backbone
<100 nm

10-100 nm

Figure 5.
Schematic representation of different surface-modified nanocarrier deliverables (liposomes,
nanoparticles, dendrimers and bioconjugates — modified and redrawn) [47].
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Figure 6.

Quantitative data from flow cytometry showing the intracellular fluorescence and cell surface
bound fluorescence of PEG1gk-(fluorescein)g (no Tat), R.I1.CK(fluorescein)-Tat9 (Tat alone),
PEG3 4¢-R.1.CK(fluorescein)-Tat9 (PEG-Tat, 1 copy Tat) and PEG1gk-[R.1.CK(fluorescein)-
Tat9]g (PEG-Tat, 8 copy Tat) after 24 h incubation with MT-2 cells at 37°C. The total cell
associated fluorescence was quantified by flow cytometry. The intracellular fluorescence was
measured after the cell surface-bound fluorescence was quenched by 0.2 mg/ml trypan blue at
pH 5.8. The cell surface bound fluorescence is the difference between the total cell associated
fluorescence and the intracellular fluorescence [98].
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Figure 7.

Uptake of fluorescence-labeled PEG-fMLF nanocarriers of different sizes in differentiated
U937 cells after 4 h of incubation at 37°C. The means + SD for three independent experiments
are shown for each value. (*Statistically significant difference between the control PEGsk and
PEG-fMLF nanocarriers, p < 0.01) [101].
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Figure 8.

Uptake of fluorescence-labeled PEG-fMLF nanocarriers derived from commercial PEGs or
novel PB-PEGs in differentiated U937 cells after 4 h of incubation at 37°C. The means = SD
for three independent experiments are shown for each value. (* Statistically significant
difference between the control PEGsk and the PEG-fMLF nanocarriers, p < 0.01) [101].
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Figure 9.

Uptake of fluorescence-labeled PEG-fMLF nanocarriers derived from commercial PEGs or
novel PB-PEGs in mice peritoneal macrophages after 4 h of incubation at 37°C. The means +
SD for three independent experiments in mice are shown for each value. (*Statistically
significant difference between the control PEGsk and the PEG-fMLF nanocarriers, P<0.05,
** P<0.01) [100].
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Schematic representation of a monodisperse biodegradable dimeric nanocarrier composed of
peptidic backbone irreversibly or reversibly conjugated with one or more targeting ligand/drug

either directly or through the distal ends of PEG [66].
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Table 2
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Summary of surface modifications of liposome-based nanocarriers investigated for targeting anti-HIV drugs to
different cells/tissues/organs

surface

male albino rats

Anti-HIV drugs | Surface modifications Cells/tissues/organs Reference

ddC Induction of charge in lipid RAW 264.7 macrophage- like cells [67]
composition of liposomes

d4aT Presence of charge on the liposome | U937 M/M cells [68]
bilayer. Stearylamine or
dicetylphosphate used for induction
of positive or negative charge on the
bilayer

NB-DNJ Soluble recombinant CD4 molecule | PBMCs [69]
and 1gG antibody conjugated
separately to liposomes

No drug CD4-derived peptide coupled to CD4* Sup-T1, H9 and chronically [70]
liposome infected H9/111B cells

AZT-prodrug Acetylation of LDL J7774.A and U937 macrophage-like cells | [17]

FLT and AZT Covalent coupling of AZT and FLT | HIV infected human macrophages and [71]
toLDL Molt 4/8 cells (CD4* T cell line)

ddCTP Antibody attached to liposome Human M/M cells [73]
surface

ddITP Antibody attached to liposome Human M/M cells [74]
surface

AZT Induction of cations by sterylamine | Liver cells [75]
on liposome-like emulsomes

ddCTP Induction of charge on liposome Cells of MPS [77]
surface

IDV Fab’ antibody fragment conjugated | LNs [78]
to immunoliposomes

d4aT Mannose conjugated to liposome MT-2 (HTLV-1- transformed human [79]
surface lymphoid) cell line and tissue distribution

following 1V in rats

AZTP Galactose conjugated to liposome Organs distribution following IV via tail | [80]
surface vein in mice

d4aT Galactose conjugated to liposome Liver parenchymal cells harvested from [81]
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Table 3
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Summary of surface modifications of nanoparticle (NP)-based nanocarriers investigated for targeting anti-HIV
drugs to different cells/tissues/organs

MDCK-wt cells (b)
Biodistribution following
injection via tail vein in mice

Anti-HIV drugs Surface modifications Cells/tissues/organs Reference
SQV PEO coated on PCL- NP surface | M/M cells [82]
AZT PEG coated on PLA- NP surface | PMNL [83]
No drug PEG coated on PLA- NP surface | RAW 264.7 Macrophage-like [84]
cells
Tat* HIV Tat PTD CHO cells [85]
No drug Poloxamers (Pluronic F68 and MIM cells [86]
Pluronic F108) coated on PBCA-
NP surface
ddl Mannan coated on NP surface (a)Ex-vivo with heparinized [87]
human blood (b)Tissue
distribution following SC and oral
administration in rats
ddl Mannose conjugated to NP (a)Macrophage-like cells (b) [88]
surface Organ distribution following IV
administration
Plasmid DNA encoding Covalently linking PEG chainsto | (a)HeLa cells (b)Blood and organ | [92]
HIV-1 Tat the NP core distribution following bilateral
intramuscular injection in mice
No drug Thiamine ligand covalently brain following in-situ perfusion [93]
linked to NP surface via a PEG
spacer
RTV Tat conjugated to NP surface (a)MDCK-MDRI cells and [94]

*
Behaves both as an anti-HIV drug and a cell penetrating peptide
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Summary of surface modifications of dendrimer-based nanocarriers investigated for targeting anti-HIV drugs to

Table 4

different cells/tissues/organs

Anti-HIV drugs | Surface modifications Cells/tissues/organs Reference
3TC Mannose conjugated to dendrimer surface HIV-1 infected MT-2 cells | [95]
EFV t-Boc-glycine and mannose conjugated separately | M/M cells [96]

to dendrimer surface
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Table 5

Binding and cell activation by fMLF-PEG bioconjugate-based nanocarriers [99]

Relative

Cell avidity: Ky

activation: x no. of
Competitor Avidity: Kq (nM)  ECso (NM) fMLF Avidity/activation: ECsy/Ky
fMLF 28 4.7 28 0.168
B8-PEG-fMLF; ; 190 - 209 -
B3-PEG-fMLF3 19 9.6 5.7 5.05
B4-PEG-fMLF, 0.8 5.0 3.2 6.25
B8-PEG-fMLFs5 0.5 5.3 2.75 10.6
B8-PEG-fMLFg 0.18 5.0 1.44 27.8
PEG-aspartate-fMLF, 11 - 4.4 -
PEG-aspartate-fMLF,-DIG, 1.2 5.9 48 4.92
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Summary of surface modifications of bioconjugate-based nanocarriers investigated for targeting anti-HIV drugs

to different cells/tissues/organs

Table 6

fMLF to PEG (different shapes and
sizes) and (b)various copies of fMLF
to peptide-based PEG (different
sizes)

like cells (expressing formyl peptide
receptors) and (b)tissue distribution
following IP administration in mice

Anti-HIV drugs | Surface modifications Cells/tissues/organs Reference(s)
SQV, Tat peptide | Conjugation of (a) SQV to PEG, (b) | HIV-1 infected MT-2 cells [97,98]
SQV to PEG-biotin, (c) SQV-Tat to
PEG, (d) SQV-Tat-stearate to PEG,
(e)biotin to Tat, (f)Tat to PEG and
(g)Tat-biotin to PEG
No drug Conjugation of (a)various copies of | Differentiated HL-60 cells [99]
fMLF to PEG (different shapes and | (expressing formyl peptide receptors)
sizes) and (b)four copy fMLF with and mouse peritoneal macrophage
four copy digoxigenin to PEG cells
No drug Conjugation of (a)various copies of | (a)Differentiated U937 macrophage- | [100,101]
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