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3 Abstract: Successful homing of drugs to the desired biological compartment of the host usually depends on the in-

trinsic properties of the drug molecules. However, it can always be manipulated by appropriate designing of the car-
{ rier/delivery system, as little can be done to influence the target and its surroundings. Various carrier systems have
emerged to deliver drugs to macrophages, albeit the efficacy, reliability and selectivity of these carriers are still in
question. To date, the most extensively studied carriers are liposomes and microspheres. In fact, physicochemical
¥ properties of these carriers can alter their efficacy and specificity to a great extent. These properties include hydro-
¢ philicity, surface charge, composition, concentration, and presence of various target specific ligands on their sur-
face. Incidentally, the particulate nature of these vehicles may facilitate passive homing of the entrapped drug
molecules to the macrophages, which may harbour many of the important pathogens in their intracellular compart-
ments, such as Mycobacterium sps, Leishmania and dengue virus etc., belonging to three different major classes of
microbes. Moreover, macrophages upon interaction with particulate drug delivery vehicles may act as secondary
drug depot, thus helping in localized delivery of the drug at the infected site. In the present article, a comprehensive
review of literature is presented on the suitability of some lipid-based and polymeric materials as vehicles in deliv-

ery of drugs to macrophages in parasitic infections.
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1. INTRODUCTION

Design and development of potential carriers for cell spe-
cific delivery ot therapeutics are immensely dependent on the

:2lectivity of the camer to the cellular receptors distributed
vanaoly at both the intracellular compartments and the sur-
face of the cellular systems. Other crucial factors include the
anatomical and pathological barriers that have to be circum-
vented, en route before access to the recognition sites. Most
of the drugs introduced to clinical medicine exert their phar-
macological action by interactive crosstalk with cell mem-
brane through concentration- dependent reversible interac-
uons with specific receptor, or active sites of crucial meta-
bulic enzymes. Obviously, to obtain a desirable therapeutic
response, the optimum amount of the drug should be trans-
ported and delivered to the site of action with subsequent
control of drug input rate. The distribution of administered
drug to other tissues therefore seems unnecessary, wasteful
and potential cause of toxicity. Keeping into consideration
the innate toxicity and undesirable manifestations that are
<ommon features of the available medicaments, last few dec-
ades have witnessed tremendous advancements in the field of
controlled and targeted delivery of pharmacologically active
therapeutic agents. In this regard, the cell related biological
events occurring in high order of specificity and precision,
offer basis for quantitative targeted drug delivery.

Selective drug delivery or targeting seeks to improve
upon the benefit versus risk ratio associated with the thera-
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Tedtic agents, Ideally, a drug intended for clinical use should
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have a high therapeutic index, which is a ratio of drug effi-
cacy (therapeutic effect) and drug toxicity (untoward effects).
The drug delivery technology has certainly infused new in-
terest in seemingly traditionally old drugs by providing
them new bio-distribution pattern with the help of novel
drug delivery system. In general, targeted drug delivery can
be achieved by using carrier systems, where reliance is placed
by exploiting both, intrinsic pathways that these drug carmi-
ers follow, and bioprotection that can be otfered to the thera-
peutic molecules during transit through various body com-
partments. This led to conclusion that desired pharmacologi-
cal action of the administered drug is required at the desired
site only. In this regard, mononuclear cells of the host can
play important role in effective delivery of the therapeutic
agents, provided drug molecules are delivered as particulate
carrier/delivery system. The carrier-mediated delivery be-
comes more pertinent in situations when these cells provide
shelter to certain intracellular organisms. In normal course,
ingested microorganisms are killed by the lysosomal con-
tents that are released into the phagosomes. Some microor-
ganisms however can survive and multiply within the
macrophages. These intracellular pathogens include Listeria
monocytogens, Salmonella typhyimurium, Neisseria gonor-
rhoeae, Mycobacterium avium, Mycobacterium tuberculosis,
mycobacterium leprae, Brucella abortus, Leishmania spp.
and Candida albicans [1-3].

In order to eliminate pathogens that find shelter inside
the macrophages, it is essential to deliver active drug mole-
cules inside these cells. Since these cells scavenge and de-
stroy most of the foreign particulate material that enters the
body, it is always advantageous to deliver the chemothera-
peutic agents to the macrophages by encapsulating them in a



biodegradable particulate material. Such a delivery would not
only help in concentrating the drug into these cells but
should also result in controlled intracellular drug release.
Various lipid and polymeric carriers, such as liposomes and
microspheres, have been used for delivery of drugs to the
macrophages [1-5]. In the present article we have attempted
to review the application of these carriers in selective drug
delivery to these cells. However, for better understanding of
the macrophage-liposome (or microsphere) interactions, we
considered it necessary to first briefly describe the origin and
properties of the mononuclear phagocytic system.

2. MONONUCLEAR PHAGOCYTIC SYSTEM

The macrophages as well as other related cells, such as
monocyte, promonocyte, and monoblast, have been reported
to originate from a common progenitor, called the granulo-
cyte-macrophages colony-forming cells. Monoblasts, the
least mature cells of the mononuclear phagocyte system,
firstly differentiate into monocytes that remain in the bone
marrow for 24 h and subsequently appear in the peripheral
blood. From the peripheral blood, monocytes migrate to the
extravascular tissue where they differentiate into macrophages
[6]. In fact, macrophages occupy all possible places of the
body that can be accessed from outside, thus they are found
in the liver (kupffer cells), lungs (alveolar-interstitial macro-
phages), spleen, lymph nodes, thymus, gut, marrow, brain.
connective tissue and serous cavities [7]. They scavenge for-
eign substances as well as those materials or cells that have
undergone significant changes in their native phenotype.
Moreover, they also play a critically prominent role in host
defense against many infectious agents of bacterial, viral,
protozoal and parasitic origin. Upon invasion of microorgan-
isms, as a first line of defense, various chemotactic cytokines
(chemokines) send signals for accumulation of the mononu-
clear cells, such as monocytes and macrophages, at the site
of pathogen attack. Besides, chemokines, a variety of other
substances, including bacterial components and endotoxins,
complement components, immune complexes, etc. can also
attract macrophages. These cells may then phagocytose and
kill the infectious agents by a variety of mechanisms [8]. In
addition to the physical killing/elimination of the accumu-
lated foreign substances or microbes, macrophages can acti-
vate immune system of the host as well [9]. In fact besides
the dendritic cells and B lymphocytes, macrophages also
play a central role in activation of the host's immune system.
Moreover, tumour mass can also be infiltrated by the macro-
phages where they form an important mechanism of host
defense against tumour cells, either by inhibiting the tumour
cell division or killing the cells following secretion of solu-
ble mediators or by other means [10,11]. Macrophages can
also synthesize a large number of other substances involved
in functions of diverse nature [12]. The secreted molecules
might induce acute phase response [13], regulate haema-
topoiesis [14], help in cleansing and healing of injured tissue
[15] and regulate the homeostasis [16]. Some of the mole-
cules expressed in macrophages are supposed to be involved
in regulation of atherosclerosis, diseases affecting nervous
system or certain autoimmune disorders [17,18]. Interest-
ingly, a variety of infectious diseases originating from facul-
tative or obligate intracellular parasites rely on the

intracellular parasitism as a strategy to defer immune on-
slaught [1-3].

Although, normally in the resting state, macrophages are
activated by a range of stimuli in the course of their interac-
tion with foreign substances. Phagocytosis of foreign sub-
stances (¢/. Antigen) serves as an initial activating stimulus.
In natural course, macrophages are activated by cytokines
released by T helper cells, or by the molecules that are either
secreted or are integral components of the external surface of
the microbes. Among various potent activators of the macro-
phages, interferon gamma (IFN-y) secreted by activated T
cells, and tufisin. a split tetra peptide from a leucophilic
[gG. are the major ones.

Activated macrophages are more effective than the resting
cells in eliminating the potential pathogens, because of their
increased ability to kill the ingested microbes. In fact activa-
tion of macrophages is usually accompanied with an in-
creased secretion of inflammatory mediators, and an in-
creased ability to activate T cells. In addition, activated
macrophages but not the resting cells, express various cyto-
toxic proteins that help them in eliminating a broad range of
pathogens, including virus-infected cells, tumour cells and
intracellular bacteria. Activated macrophages also express
higher levels of class II MHC molecules, allowing them to
function more effectively as antigen-presenting cells. In fact,
macrophages and Ty cells during the immune response facili-
tate each other’s activation.

Macrophages are capable of ingesting exogenous anti-
eens, such as whole microorganisms and insoluble particles,
and endogenous matters, such as injured or dead host cells,
cellular debris, and activated clotting factors. In the first step
in phagocytosis, macrophages are attracted by and move to-
wards a variety of substances generated in an immune re-
sponse; this process is called chemotaxis. The next step in
phagocytosis involves adherence of the antigen to the macro-
phage cell membrane. Complex antigens, such as whole bac-
terial cells or viral particles, tend to adhere well and are read-
ily phagocytosed, whereas isolated proteins and encapsulated
bacteria tend to adhere poorly and are less readily phagocyto-
sed. Adherence induces membrane protrusions, called pseu-
dopodia, to extend around the attached material. Fusion of
the pseudopodia encloses the material within a membrane-
bounded structure called phagosome, which upon entering
the endocytic processing pathway, moves towards the cell
interior, where it fuses with a lysosome to form a
phagolysosome. Lysosomes basically are a collection of
lysozyme and various other hydrolytic enzymes, which di-
gest the ingested substances. The digested contents of the
phagolysosome are then eliminated in a process called exocy-
tosis.

The macrophage membrane has been reported to possess
repertoire of receptors including those for Fc region of the
antibody and certain complement factors. Incidentally, both
of which also bind to antigen. If an antigen (e.g., a bacte-
rium) is coated with- an appropriate antibody or complement
factor, it binds more readily to the macrophages membrane:;
as a result, phagocytosis is enhanced. The process by which
particular antigens are rendered more susceptible to phagocy-
tosis is called opsonization.
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3. ANTIMICROBIAL
LEAR PHAGOCYTES

A number of antimicrobial and cytotoxic substances pro-
duced by activated macrophages can destroy phagocytosed
microorganisms. Many of the mediators of cytotoxicity are
reactive forms of oxygen. In fact, macrophages are known to
produce various reactive oxygen and reactive nitrogen inter-
mediates that have potent antimicrobial activity. For exam-
ple, phagocytosis is usually followed by a respiratory burst
that play a major role in killing of the pathogens. This proc-
ess results in the activation of a membrane-bound oxidase
that catalyses the reduction of oxygen to superoxide anion, a
reactive oxygen intermediate that is extremely toxic to the
ingested microorganisms. The superoxide anion also gener-
ates other powerful oxidizing agents, including hydroxyl
radicals and hydrogen peroxide. As the lysosome fuses with
the phagosome, and the activity of the myeloperoxidase pro-
duces hypochlorite, the active agent of the household bleach,
which is toxic to the ingested microbes.

ACTIVITY OF MONONUC-

A tange of substances can activate macrophages. For ex-
ample, bacterial cell-wall components, such as lipopolysac-
charide (LPS) or muramy!| dipeptide (MDP), together with a
T-cell-derived cytokine (IFN-y) or split tetrapeptide product
of IgG known as tuftsin, can upregulate expression of nitric
oxide synthetase (NOS), an enzyme that oxidizes L-arginine
to L-citrulline and nitric oxide (NO), which have potent an-
timicrobial activity. The nitric oxide yields potent antimi-
crobial substances in combination with the superoxide anion.
Recent evidences suggest that much of the antimicrobial
activity of the macrophages against bacterial, fungal, helmin-
thic, and protozoal pathogens is due to nitric oxide and sub-
stances derived from it.

Interestingly, macrophages can execute killing of the or-
ganisms in non-oxygen dependent manner as well. In fact,
they can synthesize various hydrolytic ezymes which can
hvdrolyse a range of biological molecules without active
involvement of oxygen. In addition, activated macrophages
can also produce cysteine rich cationic peptides known as
defensins; the molecules that contain six invariant cysteines,
form a circular structure which is stabilized by the in-
tramolecular disulphide bonds. The circularized defensin
peptides have been shown to form ion-permeable channels in
bacterial cell membranes, the feature that helps these peptides
to kill a variety of bacteria, including Staphylococcus
aureus, Streptococcus pneumoniae, Escheri-chia coli, Pseu-
domonas aerugenosa and Haemophilus influenzae. Acti-
vated macrophages also secrete tumour necrosis factor o
(TNF-a), a cytokine that has a variety of effects and is cyto-
toxic to some tumour cells.

4. DRUG HOMING TO MONONUCLEAR PHAGO-
CYTES =

Amongst the two most widely acclaimed delivery sys-
tems, viz. microspheres and liposomes that may specifically
deliver entrapped \material to macrophages, liposomes have
been documented as microscopic vesicles composed of phos-
pholipid bilayers surrounding aqueous compartments. The
details of the preparation methods of liposomes and their
characteristics are described elsewhere [19,20]. Liposomes
have been used extensively as drug carriers, and their poten-

gy aeserna gy AUV, FOL £, IYO. 4 313

tial applications in cancer chemotherapy, enzyme therapy,
immuno-modulation, antimicrobial therapy, metal detoxifi-
cation, diagnostics, and topical therapy have been reviewed
elsewhere [20-24].

~Injecting drugs encapsulated in liposomes always have an
advantage as being colloidal in nature they are recognized as
foreign particles and can readily be taken up by the phago-
cytic cells (cf. macrophages) and consequently, rapidly ac-
cumulate in the mononuclear phagocyte system (MPS). The
inherent tendency of the liposomes to concentrate in MPS
can be exploited to enhance the non-specific host defense
against various intracellular pathogens by entrapping chemo-
tactic or immunomodulatory molecules in them besides us-
ing them as carriers of antibiotics against various intracellu-
lar infections. Liposomal systems have been optimistically
considered as "magic bullets" for more than three decades.
Drug delivery with liposomes as a carrier system provides
options and opportunities for designing bio-stable and/or site
specific drug therapy. The engineered or tailored versions of
liposomes that offer potential of exquisite levels of target
specificity are of major concern these days. Depending on the
site of targeting, liposomes may be modified by either graft-
ing chemotactic ligands, such as peptides, polysaccharides or
affinity ligands like antibodies, on the liposomes surface
directly or by coating their surface with polyethylene glycol
[25-27].

For treatment of diseases with lymphatic involvement it
is desirable to develop approaches to deliver diagnostic.
therapeutic and immunomodulatory agents to the lymph
nodes [28-30]. Liposomes carrying saccharides on their sur-
face showed enhanced absorption from the injection site and
also an enhanced lymph node uptake compared to the control
liposomes [31]. Further, liposomes coated with the non-
specific human antibodies upon injecting subcutaneously
exhibited a modestly increased lymphatic absorption and
lymph node uptake, compared to liposomes without the an-
tibody [32]. Moreover, an administration of anti-HLA-DR
immunoliposomes resulted into their 3-fold higher accumu-
lation in regional lymph nodes, as compared to the conven-
tional liposomes [33]. Furthermore, poly ethylene glycol
(PEG) coated liposomes were found to avoid uptake by the
lymphatic system as compared to the plain liposomes
[34,35]. This apart, a novel method to enhance the lymph
node uptake of biotin coated liposomes has been explored
recently [36].

It has been shown that PS-exposure on the cell surface
serves as a signal for triggering recognition by the macro-
phages [37]. Also the macrophages have been shown to
phagocytose the large size liposomes more efficiently than’
the smaller ones [38]. In addition, grafting of the tetrapeptide
tufisin on the liposomes surface would enable the liposomes
not only in homing the liposomised drug to the macro-
phages but also it would stimulate these cells non-
specifically against infections [39-44].

Analysis of the intracellular trafficking patterns of the
liposomal antigens reveals that after being phagocytosed by
the macrophages, liposomal antigen readily escapes from the
endosomes into the cytoplasm of the macrophages [45].
Moreover, liposomes made up of lipids with fusogenic prop-
erties have been shown to deliver their entrapped molecules






