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The use of a physiological carrier to deliver therapeutics throughout the body
to both improve their efficacy while minimising inevitable adverse side
effects, is an extremely fascinating perspective. The behaviour of erythrocytes
as a delivery system for several classes of molecules (i.e., proteins, including
enzymes and peptides, therapeutic agents in the form of nucleotide ana-
logues, glucocorticoid analogues) has been studied extensively as they pos-
sess several properties, which make them unique and useful carriers.
Furthermore, the possibility of using carrier erythrocytes for selective drug
targeting to differentiated macrophages increases the opportunities to treat
intracellular pathogens and to develop new drugs. Finally, the availability of
an apparatus that permits the encapsulation of drugs into autologous eryth-
rocytes has made this technology available in many clinical settings and
competitive with other drug delivery systems.
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1. Introduction

The main problems associated with systemic drug administration are essentially
related to the biodistribution of pharmaceuticals throughout the body. The indis-
criminate distribution of a drug in the body means that, to achieve a required thera-
peutic concentration, the drug has to be administered in large quantities, the major
part of which is just wasted in normal tissues. A perfect drug should ideally exert its
pharmacological activity only at the pathological site, at the lowest concentration
and without negative effects on nontarget compartments. The conjugation of a drug
molecule with an appropriate carrier may solve many of these problems. The cou-
pling or the entrapping of a selected drug to or into a carrier system should be able,
on one hand, to prevent its premature degradation, inactivation or elimination from
the organism and, on the other hand, to reduce the manifestation of undesirable
immune response and toxic side effects, as the pharmaceutical is confined into a lim-
ited compartment such as the carrier. A selective targeting of the drug of interest
could be achieved using vector molecules or carriers possessing high affinity toward
the affected zone.

The delivery systems currently available enlist carriers that are either simple, solu-
ble macromolecules (such as monoclonal antibodies, soluble synthetic polymers,
polysaccharides and biodegradable polymers) or more complex particulate multi-
component structures (microcapsules, microparticles, cells, cell ghosts, lipoproteins,
liposomes, erythrocytes). Among these, erythrocytes (red blood cells [RBCs]) consti-
tute potential biocompatible carriers for different bioactive substances, including
protein drugs, as they feature some unique advantages [1-3]. For example:

* They are completely biodegradable without generation of toxic products and
show high biocompatibility especially when autologous erythrocytes are
employed.

* They can be easily handled by means of several techniques for the encapsulation
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of different molecules, after which one can obtain loaded
erythrocytes with morphological, immunological and
biochemical properties similar to those of native cells.

* As they lack a nucleus and other organelles, leaving most
of their volume available, they have a large capacity in
which to encapsulate drugs and, therefore, a high degree
of encapsulation can be achieved.

* They protect the encapsulated substance from premature
inactivation and degradation by endogenous factors and, at
the same time, the organism against the toxic effects of the
drugs, thus avoiding immunological reactions.

* A wide variety of chemicals can potentially be entrapped,
even peptides of high molecular weight presenting significant
biotechnological applications.

* They have a longer lifespan in circulation as compared with
other synthetic carriers.

* They act as bioreactors due to the presence of several
enzymatic activities that can directly affect the loaded
molecules and, in the case of loaded prodrugs, give rise to
the active drug itself.

Furthermore, exploiting another main feature of the RBC, a
selective targeting of drugs directly to macrophages without
affecting the nontargeted compartments, could be achieved.
After their natural lifespan (~ 120 days) in systemic circula-
tion, the senescent RBCs are recognised by the cells of the
phagocytic system (the reticuloendothelial system [RES]
otherwise known as the monocyte—macrophage system) and
removed from circulation to be destroyed. It is possible to
artificially induce these senescent signals on the RBC
membrane, in order to specifically target the drug-containing
erythrocytes to the phagocytic cells, in particular to the
monocyte-derived macrophages [4].

The main physiological mechanism used to remove RBCs
from circulation is immune-mediated. The senescent cells
expose some new antigenic sites on the membrane that are
recognised by autologous immunoglobulins (IgG) and com-
plement and then opsonised [51; the opsonised cells are then
recognised by Fc and C3b macrophage receptors and phago-
cytosed. As this cellular type represents an important iz vivo
reservoir for several kinds of viruses and microrganisms (such
as Herpes simplex, HIV-1, Leishmania spp., Mycobacteria spp.),
a drug-targeting system that selectively delivers drugs to
macrophages should prove beneficial.

Keeping in mind all these physiological features in addition
to therapeutic perspectives, erythrocytes as drug carriers could
be employed for various primary purposes (Figure 1):

* They could retain an active payload and thus be used as
circulating bioreactors to remove undesired molecules from
the bloodstream.

* They could be used as a drug delivery system providing a
sustained release of the drug into the body, allowing
therapeutic levels to be maintained in the blood for long
periods of time.

e They could be used as drug-targeting systems for the

selective delivery of pharmacological substances to cells
responsible for or capable of erythrophagocytosis (mono-
cyte—macrophage system), which are often the sites of
various clinical and pathological conditions.

* They could be loaded with magnetic-responsive particles
and targeted to a specific site of the body using external
magnetic fields.

Thus, erythrocyte-based drug delivery represents an attractive
and versatile carrier system suitable for several clinical pur-
poses, depending on the drug to be transported or on the cells
to be targeted. The range of the substances that have been
loaded into or associated with erythrocytes is wide and
includes agents such as therapeutic proteins (TPs; enzymes
and vaccines), nucleic acids, oligosaccharides, cancer chemo-
therapeutics, chemical markers and other active agents such as
antiviral drugs and metabolic modulators. The therapeutic
applications of engineered erythrocytes are obviously related to
the agent incorporated and to the ways by which this active
agent becomes available to perform its intended function.
Based on the range of active agents that have been loaded into
or associated with RBCs, therapeutic applications have been
suggested in treating cancer [6], circulatory disease [7], meta-
bolic and immunological disorders (8], and in detoxification
treatment modalities [9]. Moreover, recent studies report the
use of erythrocyte ghosts (EGs) as a biocompatible nonviral
delivery system for extended circulation and prolonged expres-
sion of plasmid DNA in the blood, indicating the potential of
EG as a safe, prolonged and blood-targeted delivery system of
therapeutic genes [10].

In this review, some examples of erythrocyte-based drug
delivery are summarised, mainly according to experience that
has led to the application of this procedure to the development
of a new apparatus for the encapsulation of nondiffusible drugs
in RBC:s to be used for clinical application.

2. Erythrocytes as carriers of encapsulated
drugs

2.1 How to prepare carrier red blood cells

Different methods have been proposed to encapsulate sub-
stances into RBCs in order to obtain an appropriate delivery of
drugs, enzymes or peptides [11-14]. These methods are per-
formed to reach a dual objective: to seek an enhanced perform-
ance of the encapsulated substance, while ensuring that the
RBCs undergo the fewest possible alterations. Thus, it is
important to obtain erythrocytes as similar as possible to nor-
mal ones in order to ensure their proper survival and circula-
tion in functional terms. The most widely used methods are
commonly based on the remarkable property of the RBC to
increase in volume when placed under conditions of reduced
osmotic pressure, such as in the presence of a hypotonic solu-
tion. Three variations of the hypotonic haemolysis procedures
are available: the dilutional, preswell dilutional and dialysis
methods. The hypotonic dialysis method (Figure 2) is the best
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Figure 1. Schematic representation of various modes by which erythrocytes can be used as drug carriers. A. Circulating
bioreactors to remove undesired molecules; B. circulating bioreactors to release diffusible drugs in blood vessel; C. drug-targeting system for
the selective delivery of drugs to macrophages; and D. drug-carrier systems to release therapeutics by using external magnetic fields.

A: Nondiffusible prodrug; B: Diffusible active prodrug; Co: Coentrapped drug; eE: Encapsulated enzyme; M: Diffusible nontoxic metabolite; rE: Red blood cell resident

enzyme; T: Diffusible toxic molecule.
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Figure 2. Schematic representation of drug encapsulation in erythrocytes by hypotonic dialysis method. Hypotonic solution
causes membrane swelling and opening of pores. The added drug crosses pores. Cells are resealed by using hypertonic solution. Drug

has been encapsulated.
RBC: Red blood cell.

of these because it preserves the biochemical and physiological
characteristics of the erythrocytes resulting from the process,
and furthermore, it results in the highest percentage of encap-
sulation. More specifically, erythrocytes at a haematocrit of
70% are placed in a dialysis tube and then immersed in a
hypotonic solution. During the incubation, the membrane
pores appear and open. At this point, a drug added externally
can be incorporated inside the erythrocyte by a passive mecha-
nism. A drug can be added to the erythrocytes before dialysis
only if the molecular weight of the substance to be encapsulated
is greater than the cutoff of the dialysis tube. On the contrary, if
the substance is rapidly dialysable, it should be added to the
external dialysing buffer if it is available in large amounts or,
after the dialysis step, incubating the dialysed RBCs with the
substance directly, when it is available in limited quantities. In
the latter situation, the maximum concentration to be loaded

may be limited by the need to avoid high osmolalities, which
interfere with the lysis procedure. Finally, by raising the salt
concentration to its original level, the pores close, the RBCs
reassume their normal biconcave shape and the substance
remains encapsulated inside the cells at a suitable concentra-
tion. Successively, the nonentrapped substance is washed out
and the loaded RBCs are ready to be used as carriers for the
delivery of the encapsulated drugs. Furthermore, by inducing
the formation of an antigenic site on the RBC membrane, it
is possible to specifically target the drug-containing erythro-
cytes to macrophages (Figure 1C and Figure 3 ). In particular,
when ZnCl, is added to loaded RBCs externally, it is able to
induce the reversible clusterisation of the band 3 protein (an
anion transporter on the RBC surface) that, once stabilised
by the addition of the crosslinker agent bis(sulfosuccinimi-
dyl)suberate (BS®), becomes an antigenic site readily
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Figure 3. Schematic representation of erythrocytes opsonisation. The drug-loaded cells are treated with ZnCl, to induce band 3
clustering and BS3 to make these clusters irreversible. Serum autologous IgG molecules recognise band 3 clusters and opsonise the RBC.

BS3: bis(sulfosuccinimidyl)suberate; RBC: Red blood cell.

recognised by autologous IgG and complement. All this mim-
ics the physiological senescent process and promotes phagocy-
tosis of the RBC by macrophages [15]. Phagocytosed RBCs
enter the endocytic pathway that leads to the degradation of
the carriers in the lysosomal compartment and the release of
their content within the macrophages [4]. Moreover, it is possi-
ble to modulate the 7 vivo survival of the treated cells by con-
trolling the extension of band 3 clustering by varying the
amount of Zn?* used [16]. This method allows an estimation of
the amount of drug to be delivered to phagocytic cells, thus
controlling the rate of RBC removal from circulation.

2.2 Red blood cells as nucleotide analogue carriers

Nucleoside analogues are currently used in a variety of HIV-1-
infected patients [17]. However, due to their short plasma half-
life, frequent administrations of drugs are necessary to main-
tain therapeutically useful drug levels. Moreover, to achieve
adequate concentrations of drugs in the cerebrospinal fluid,
high doses of analogues must be administered. As a conse-
quence, severe side effects arise. In addition, several of these
drugs are DNA-chain terminators; thus, to be incorporated
into the growing DNA chain, they must be phosphorylated in
the target cells in order to yield nucleotide analogue 5'-triphos-
phates, whereas some cell types (quiescent cells, such as macro-
phages) possess low levels of the specific kinases for drug
activation. To bypass these limitations, erythrocytes as carriers
of nucleotide analogues could be used. In fact, as erythrocytes
are naturally endowed with a series of enzymes involved in bio-
conversion reactions, it is possible to design and synthesise a
metabolically more remote precursor of the desired drug (in
this case nucleotide analogues) to obtain a membrane-diffusi-
ble active drug. At the same time, active phosphorylated forms
of nucleoside analogues (or their prodrugs) can be encapsu-
lated into erythrocytes and selectively targeted to macrophages,
the role of which in the pathogenesis of AIDS is well known
(18]. As the first phosphorylating step is critical, the direct
administration of the partially phosphorylated form would
overcome these limitations. Knowledge of the biochemistry
of RBCs is a key factor in designing the most appropriate

prodrug presenting charged chemicals groups. Once the chem-
ical groups have been hydrolysed by resident RBC enzymes,
the prodrug is converted into an active drug that can diffuse
through the erythrocyte membrane and thus be released into
the circulation or at specific sites where RBC targeting is
achieved (macrophages).

To give examples of the first case (drug release in
circulation), the following compounds, 3'-azido-3’-deoxy-
thymidine-monophosphate (AZT-MP) [19], di-(thymidine-3'-
azido-2',3'-dideoxy-D-riboside)-5'-5'-p!-p2-pyrophosphate
(AZTp,AZT) 120], 2-fluoro-ara-AMP [21] and p!-thymine-3'-
azido-2',3'-dideoxy-D-riboside-5'-p?(+)2,2'-(ethylendiim-
ino)di-1-butanol pyrophosphate (AZTp,EMB) [22], have been
successfully encapsulated into erythrocytes, and i vitro exper-
iments have been performed. The phosphate bridge, when
present, was first hydrolysed by a dinucleotide pyrophos-
phatase, followed by the removal of the phosphate group by a
5'-nucleotidase to generate the corresponding active drug,
thus ensuring long-lasting plasma concentrations while reduc-
ing toxic side effects. As examples of the second case (nucle-
otide analogues released into macrophages), the following
homo- and hetero-dinucleotides, AZTp,AZT 23], p'-(thym-
ine-3'-azido-2',3'-dideoxy-B-D-riboside-5'-p?-guanine-9-(2-
hydroxyethoxymethyl) pyrophosphate (AZTp,ACV) [24],
pl,p2-bis[2-(adenin-9H-yl)ethoxymethyl] phosphonate
(Bis-PMEA) 1251, 9-[(R)-2-(phosphonomethoxy)propyl]ade-
nine (AZTpPMPA) (261, ACVpPMPA [27], have been used
invitro to treat virus-infected macrophages. These com-
pounds were shown to be efficiently encapsulated in RBCs
and stable enough to be hydrolysed when they are phagocy-
tosed by the macrophages together with their carriers. In fact,
the dinucleotide pyrophosphatase promotes the activation of
the drugs directly in the macrophages with the release of acy-
clovir monophosphate (AZT-MP) (or ACV-MP or PMEA or
PMPA) and they are now able to display their pharmacologi-
cal action on HIV-1 or herpes simplex virus infection, thus
bypassing the first critical phosphorylating step. The role of
RBCs as nucleotide analogue carriers has recently been
reviewed [28,29].
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Figure 4. Diagram of the apparatus used for the
encapsulation of drugs in human erythrocytes. 1. Blood
drawn from a patient is transferred by the pump into a rotation
bowl. 2. The erythrocytes are washed with a saline solution, and
plasma, platelets and white cell buffy coat are removed. 3 - 4. Two
different hypotonic solutions (the first to swell erythrocytes, the
second to lyse them) are added in sequence. 5. The lysed
erythrocytes are concentrated in a haemofilter. 6. Dex 21-P is
introduced in the bag in which the lysed and concentrated
erythrocytes have been collected. A resealing solution is then
added and the resealed erythrocytes are finally washed and
collected in a disposable plastic bag ready to be infused (7).

Dex 21-P: Dexamethasone 21-P; RBC: Red blood cell.

2.3 Red blood cells as glucocorticoid analogue carriers
The use of RBCs as a delivery system to target nondiffusible
glucocorticoid analogues, such as dexamethasone 21-phosphate
(Dex 21-P), to activated monocytes/macrophages (inducing
band 3 clusterisation on the RBC membrane), or to use the
same system for the slow release of dexamethasone in circula-
tion has been investigated. In macrophages, the expression of
several inflammatory mediators (cytokines, chemokines, cell
adhesion molecules, enzymes) is regulated by the NF-«B/inhib-
itor kB (IkB) pathway. The involvement of nuclear transcrip-
tion factor NF-xB in immune and inflammatory responses
makes it a promising target for therapeutic intervention. In
unstimulated cells, NF-kB is retained in the cytoplasm in a
latent form through an interaction with a member of the -kB
group of protein inhibitors (IkB), so that the NF-kB nuclear
localisation signal (NLS) is blocked. In response to stimulatory
agents such as pathogens and proinflammatory cytokines, IxB
protein is phosphorylated and subsequently degradated by the
ATP-dependent 26S proteosome complex, thereby promoting
the release and nuclear translocation of DNA-binding NF-xB
from the cytoplasm to the nucleus. Glucocorticoids that bind

to a cytoplasmic glucocorticoid receptor (GR) translocate to the
nucleus, and express part of their anti-inflammmatory action by
interfering with NF-kB activity and particularly by increasing
the transcription of the IkB gene. Consequently the new syn-
thesis of IkB compensates for the rapid degradation of the
inhibitor on cell stimulation, thus allowing the maintainance of
NF-kB in its inactive state. The targeting of RBCs loaded with
Dex 21-P to in vitro stimulated macrophages was shown to
downregulate TNF-o secretion [30) and, more recently, the
efficiency of this system in interfering with the NF-xB
activation pathway was documented in 77 vitro studies [31].

The nondiffusible prodrug Dex 21-P has also been encap-
sulated into human erythrocytes with the goal of obtaining a
slow but sustained release of the corresponding diffusible
drug dexamethasone (Dexa) into the circulation [30]. A single
administration of Dex 21-P-loaded RBCs provides concen-
trations of the diffusible drug within therapeutic values for
several days, whereas to maintain similar Dexa concentration,
the free drug must be repeatedly administered at intervals of
a few hours. This is of great clinical interest, as the adminis-
tration of the drug in such a way that its presence in low but
sustained concentrations in the bloodstream is assured, could
avoid the undesirable, but inevitable, toxic adverse effects
due to a prolonged exposure to high plasma concentrations.
In the mean time, if the release of the diffusible drug from
the carrier is slow enough, a constant and therapeutically
useful concentration is obtained.

Furthermore, the use of erythrocytes as a glucocorticoid
analogue delivery system has recently found a clinical appli-
cation in the treatment of inflammatory disease [32,33], as the
loading procedure, based on the hypotonic haemolysis
method, has been opportunely modified to be performed in
a specifically designed apparatus under blood-banking con-
ditions [34]. A standard blood-processing apparatus (Dideco
Compact Advance, Dideco SpA, Modena, Italy) has been
adapted to perform the encapsulation of drugs into human
erythrocytes by means of equipment specifically designed for
this purpose (Figure 4). The procedure consists of two
sequential hypotonic dilutions of washed RBCs, followed by
a concentration step carried out with a haemofilter and
ultimately the resealing of the loaded RBCs. The prepara-
tion of Dex 21-P-loaded RBCs guarantees a high percentage
of drug encapsulation (30 + 3%) and a good cell recovery
(30 — 50%). It is easy to perform, reproducible and can be
completed within 2 h. The procedure is safe, this being con-
firmed by > 700 infusions of drug-loaded erythrocytes in
patients with inflammatory diseases in which no clinically
significant adverse effects have been observed. Furthermore,
the administration of Dex 21-P-loaded RBCs
provides a low and sustained Dexa plasma concentration
(0.02 — 0.05 uM), which is still detectable 1 month after a
single infusion. In effect, the low doses of Dexa released
from the autologous drug-loaded RBC received monthly by
patients give the proper clinical benefits of corticosteroid
treatment without the toxic side effects.

in vivo
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2.4 Red blood cells as protein carriers

2.4.1 Delivery of enzymes

One of the applications of carrier RBCs is the encapsulation
and the consequent transport of enzymes that metabolise cell
membrane permeating substrates to correct congenital meta-
bolic disorders or to clear undesired molecules from the blood-
stream [35-37]. In the treatment of metabolic disorders, deficient
or missing enzymes could be replaced by administering them
through intravenous injection. Unfortunately, this is not
without serious consequences as the therapeutic use of enzymes
includes some problems such as the shorter circulation half-life
of the enzymes, the appearance of immunological disorders and/
or allergies and, in some cases, tissue toxicity. According to the
different enzymes loaded and the related disorders, these
enzyme-carrier cells could: act as bioreactors by which substrates
can enter into the cell, interact with enzymes and generate prod-
ucts; target the enzymes to the cells of the RES, where their
action is required; or release the enzyme in a particular site on
haemolysis for future catalysis (fibrinolytic agents).

One of the most important applications of enzyme-loaded
erythrocytes as therapeutic tools is the encapsulation of
L-asparaginase for the treatment of paediatric neoplasma
(lymphosarcoma and acute lymphoblastic leukaemia) [6].
Furthermore, erythrocytes loaded with aldehyde dehydro-
genase (AIDH) were shown to favour the depletion of acetal-
dehyde and ethanol in normal or alcoholic mice [38]; whereas
alcohol oxidase-loaded RBCs were efficiently used to deplete
methanol and formaldehyde during methanol mice poisoning
[91. Moreover, the coentrapment of glucose oxidase and hexo-
kinase was found to be effective in regulating blood glucose at
approximately physiological concentration in hyperglicemic
mice [39]. Furthermore, the administration of glucocerebrosi-
dase-loaded RBCs could be beneficial in patients with the rare
hereditary disorder, known as Gaucer’s disease, which results
in accumulation of the lipid glucocerebroside within macro-
phages due to a deficiency in lysosomal B-glucocerebrosidase.
Thus, through the selective targeting of glucocerebrosidase-
loaded RBC:s directly to macrophages [40], the missing enzyme
could be present in the site where its action is requested in
significant amounts.

A new conceptual approach is the encapsulation of thera-
peutic agents, which act on coagulation mechanisms to
prevent thrombosis in individuals having high risk factors.
Previously, several in vitro and in vivo experiments were
carried out by loading RBCs with factors IX and X 41,
heparin [42), aspirin (43 and brinase [44. Among the
fibrinolytic agents, urokinase and streptokinase have been
encapsulated in RBCs and administered in this form to
prevent thrombosis [45].

2.4.2 Delivery of toxins

Erythrocytes loaded with the haemolytic toxin listeriolysin O
(LLO) were administered 7z vitro to human macrophages
infected with Mycobacterium avium 146). This was performed
with the goal of reaching the pathogen directly in the site of its

replication and to perturb its environment. In fact, many path-
ogens, such as mycobacteria, have evolved several strategies to
elude host defence mechanisms and to survive within the intra-
cellular environment undisturbed. In particular, M. avium has a
peculiarity; once it is phagocytosed by macrophages, it survives
and multiplies in a specialised vacuole, which does not fuse
with lysosomes but, retaining immature features, maintains the
ability to fuse with early endosomes [47]. Keeping this in mind,
to reach the pathogen directly inside its vacuole, the administra-
tion of a drug in a way that it is phagocytosed by macrophages
(i.e., as in drug-loaded RBCs) and retained inside a phagosome,
could represent an effective strategy. LLO has attracted interest
because its activation (the activation of the ability to form pores
in membranes) occurs at acidic pH, after phagosomal acidifica-
tion once LLO-loaded RBC are phagocytosed by macrophages,
and at no other time. This activation could lead to lyses of the
erythrocyte membrane, release of the toxin and perturbation of
the mycobacterial phagosome. The administration of LLO-
loaded RBC to M. avium-infected macrophages resulted in a
50% inhibition of the replication of the pathogen without
affecting the host cells. The strategy described could also be use-
ful against other pathogens and constitute a basis for future
studies on the use of LLO-loaded RBCs in combination with
traditional antimycobacterial drugs, thus providing a feasible
approach in delivering new biologicals to the mycobacterial
vacuole. Furthermore, in general, LLO-loaded erythrocytes
could be used to improve the intracellular trafficking of
coencapsulated therapeutic molecules.

2.4.3 Delivery of peptides

The targeting of peptides or proteins to cells is an important
task in the biomedical field. It has been demonstrated that the
RBC-mediated delivery of proteins is feasible, and interesting
results have been obtained for both the delivery of an ubiqui-
tin analogue (48] and for the 77 vivo delivery of glutathione [49).
The RBC delivery of a ubiquitin mutant has been performed
as a fascinating alternative to glucocorticoid administration to
modulate NF-kB activation via targeting of I[kB-a ubiquityla-
tion and/or degradation. It is known that IxkB-o degradation
occurs through a highly selective degradation pathway that
involves the covalent conjugation of multiple ubiquitin mole-
cules to target proteins leading to the formation of a multi-
ubiquitin chain. This chain presents a polymeric structure in
which the C-terminus of each ubiquitin is linked to Lys48 of
the preceding ubiquitin. It is shown that the ubiquitin
mutant in which Lys48 has been replaced by arginine can
block polyubiquitin chain elongation. Consequentially, the
authors reasoned that administration of K48R ubiquitin to
macrophages using an erythrocyte-based delivery may be
efficient in the control of NF-kB activation. It has been
reported that this system permits the internalisation of the
ubiquitin analogue into macrophages and that it is able to
compete with the endogenous ubiquitin of cells and conse-
quently to modulate IkBo degradation and NF-kB gene
transcription on stimulation with lipolysaccharide (LPS).
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Regarding glutathione (GSH)-loaded RBC, the fact that
erythrocytes are able to serve as potential GSH carriers avoid-
ing the oxidation that rapidly occurs in biological fluids when
it is administered in its free form has been demonstrated. In
particular, the use of RBCs as GSH carriers in the treatment
of retroviral infections was evaluated. It is known that macro-
phages constitute important targets for HIV-1, that they
serve as virus reservoirs and represent the most important tar-
gets in the CNS. Current antiretroviral therapies are of lim-
ited efficacy in this cellular compartment; thus every new
approach may be of great clinical relevance. As previous find-
ings 50 have demonstrated that the administration of GSH
at elevated doses to mice infected with the retroviral complex
LP-BM5 (murine model of AIDS) is effective in reducing the
disease, RBCs were used to deliver GSH selectively to macro-
phages, thus protecting the CNS, in combination with the
approved antiretroviral drugs (known to be quite ineffective
in this compartment). A substantial protection of the brain
was obtained, suggesting that GSH has an antiviral activity
and that redox control is an important strategy for oxidative
stress-associated disorders, including HIV infection, and that
RBCs can be used to enhance the delivery of GSH to the
CNS, thus improving therapy for AIDS dementia and related
encephalopathies. The in vitro and in vivo results concerning
GSH-loaded RBCs are reviewed in Fraternale ez 2/ [51].

2.5 Red blood cells as antisense peptide nucleic acid
carriers

Peptide nucleic acids (PNAs) are synthetic oligonucleotide
analogues. They form very stable complexes with comple-
mentary DNA or RNA strands for which they show very
high affinity while possessing a strong resistance to enzymatic
degradation in cells, fluids and tissues exhibiting an excep-
tional stability in biological environments [521. PNAs are
principally studied for their potential antisense and antigene
activities; however, their permeability across the cell mem-
brane is, by nature, low [53] and, therefore, limits their appli-
cation. Thus, the delivery of PNA to tissues and cell targeting
tend to be more difficult and methods need to be improved.
The use of loaded opsonised autologous erythrocytes to selec-
tively deliver PNAs to macrophages has been proposed; in
particular, the capacity of PNA-loaded RBCs to control the
production of a mediator of inflammation, nitric oxide
(NO), was evaluated. This signal metabolite is synthesised by
three distinct isoforms of NO synthase (NOS): the brain and
endothelial enzymes are constitutively expressed and their
enzymatic activity is calcium-dependent; in contrast, the
inducible NOS (iNOS) is regulated at the transcriptional
level by endotoxins and cytokines. The ability of a homopyri-
midine PNA probe to specifically bind murine iNOS mRNA
and consequently to inhibit its translation has been explored
in vitro [54]. In particular, the inhibition of iNOS expression
and NO production following the selective targeting of
loaded RBCs to murine macrophages after stimulation with
LPS has been studied. PNA-loaded RBCs administered to

LPS-activated macrophages were able to inhibit iNOS levels
and reduce nitrite production. These results are particularly
encouraging considering that, in order to obtain a similar
inhibition with free antisense oligonucleotide in a similar cel-
lular model (55, a much higher concentration is necessary.
The study was extended to an iz vivo murine model confirm-
ing the results reported above. This system overcomes the
obstacle represented by the crossing of intact macrophage
membranes by PNAs. Moreover, it represents a valid alterna-
tive in the use of drugs, which are already available, but are
often toxic and lacking in specificity, thus suggesting its
possible useful therapeutic applications.

2.6 Coupling proteins to the surface of red blood cells
As an alternative to drug loading inside the RBC, TPs, such as
antibodies or enzymes, could be coupled to the surface of the
plasma membrane of the carrier RBC. This coupling can
elude some problems related to loaded drugs based, not on
the amount of the drug encapsulated, but rather on steric
restrictions. Concerning enzyme-loaded RBCs, these can
effectively interact only with membrane-permeable substrates
such as methanol or glucose. Furthermore, even enzymes that
react with small, diffusible substrates are more active when
bound to the RBC surface than when incorporated within
cells if the substrate concentration is higher in plasma than in
the RBC. As a second instance, coupling antibodies or
enzymes to the RBC surface could be used to facilitate their
immunotargeting to intravascular targets and to regulate
pathological situations that often occur intravascularly, such
as abnormalities in coagulation and fibrinolysis. The biocom-
patible coupling of drugs or target moieties to a RBC carrier
must satisfy some requirements: the complex must be stable
and retain the activity of the coupled protein; the activation of
the complement-mediated phagocytoses and the activation of
the immune system must be avoided (biocompatibility); and
lifetime in circulation and biodistribution in tissues should
not be compromised (bioavailability). A specific biocompati-
ble and effective approach for the coupling of proteins to
RBC:s is represented by the use of a streptavidin (SA)-biotin
crosslinker. Briefly, the coupling of TPs to carrier RBCs using
this system requires the separate biotinylation (b) of RBCs
and TPs by a biotin succinimide ester, to form RBC-b and
TP-b. Successively, SA binds to RBC-b and provides sites for
the stable attachment of TP-b, thus permitting the coupling
of TP-b to RBC:s via SA (Figure 5A). The degree of RBC bioti-
nylation is an important parameter of this crosslinking sys-
tem. It should be stressed that only monovalent coupling via
SA to RBC:s allows prolongation of the functional half-life of
the TP as this does not compromise RBC biocompatibility [56],
whereas polyvalent SA coupling to RBC-b inactivates comple-
ment regulating proteins decay accelerating factor (DAF) and
CD59 571, which leads to RBC haemolysis [58]. One example of
therapeutic proteins amenable to RBC carriage would be anti-
thrombotic enzymes (Figure 5B). The coupling of fibrinolytic
agents, such as clinically applicable tissue-type plasminogen
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Figure 5. Coupling of therapeutic proteins to carrier RBCs
throughout SA-biotin crosslinker. A. Schematic representation
of the coupling procedure. RBC and TP are biotinylated separately
by a biotin succinimide ester to form RBC-b and TP-b.
Successively, SA binds to RBC-b, providing sites for stable
attachment of TP-b. B. Schematic representation of action of
antithrombotic agents coupled to RBC surface by SA-biotin
crosslinker.

A: Avidin; b: Biotin; RBC: Red blood cell; SA: Streptavidin;
TP: Therapeutic protein.

activator (tPA) and urokinase (uPA), could provide, i vitro, a
longer lifetime in circulation, maintaining high fibrinolytic
activity without compromising the biocompatibility of the
carrier. These were also tested 77 vivo in an animal model in
which it was demonstrated that blood level and tissue distri-
bution of RBCs carrying tPA or uPA were similar to those of
control RBCs. Furthermore, when compared with plasmino-
gen activators, RBC-coupled enzymes showed a dramatically
prolonged lifetime and a higher bioavailability in the blood-
stream of intact animals [59.60]. As further examples of plas-
minogen activators coupled to RBCs, streptokinase retains its
ability to convert its substrate, plasminogen, into plasmin
in vitro, whereas RBCs carrying both collagen antibody and
streptokinase were even able to bind immobilised collagen
and degrade fibrin clots formed over the collagen target [61].
In some cases, coupling an enzyme on the surface of
RBCs could be more useful than loading it inside the RBC.
This is true of uricase, the enzyme responsible for uric acid

degradation. Different approaches have been used to reduce
serum urate levels, such as the promotion of uric acid excre-
tion and the administration of free uricase, whereas others
have proposed uricase-loaded RBCs to degrade uric acid
in vitro [62) and in vive [63]. Unfortunately, the RBC mem-
brane is less permeable to uric acid; thus, despite the amount
of uricase loaded, the degradation capacity of enzyme-loaded
RBC is very low. Furthermore, as a product of the uricase
reaction, hydrogen peroxide is generated. To overcome these
two limitations, the possibility of coupling uricase to the
extracellular erythrocyte membrane was evaluated (63]. The
ability of coupled uricase to degrade uric acid in the blood-
stream was maintained and, furthermore, its level was main-
tained at low concentration for several days in animals
receiving the enzyme bound to RBCs. This strategy could be
used to optimise the therapeutic profile of a wide spectrum of
drugs such as antithrombotic agents, antigens, cytokine
antagonists and other enzymes. Finally, the biocompatible
coupling of proteins could represent an attractive approach to
the intravascular administration of therapeutic proteins for
which prolonged action, restricted to the blood, is required.

3. Conclusion

Data summarised in this review show some of the numerous
potential biomedical applications of erythrocytes as drug
delivery systems. RBCs feature some unique advantages com-
pared with other delivery systems making them not only nat-
ural, safe and abundant carriers, but, being endowed with
enzymes involved in bioconversion reactions, also active bio-
reactors. Recently, the role of erythrocytes as drug carriers has
been documented as shown by several and extensive reviews
[64-68]. Herein we report, initially, some information regard-
ing the preparation of drug-loaded RBCs and successively,
numerous examples of RBCs as drug carriers. In particular,
RBC:s as carriers of nucleotide analogues, proteins, glucocor-
ticoid analogues and antisense peptide nucleic acids are
reviewed. Altogether, from the analysis of the data, the
following conclusions can be drawn:

* DPhosphorylated nucleoside analogues (e.g., AZT-MD
AZTp,AZT) can be encapsulated into RBCs, which act as
bioreactors for the slow delivery in circulation of diffusible
nucleoside analogues (i.e., AZT), thus ensuring their
long-lasting plasma concentrations while reducing their toxic
side effects.

* Phosphorylated or phosphonate nucleoside analogues (e.g.,
AZTp,ACV, Bis-PMEA, AZTpPMPA) can be encapsulated
into RBCs and selectively targeted to macrophages (known
reservoirs of numerous pathogens) where they are hydrolysed
to compounds (i.e., AZT-MB, ACV-MD, PMEA, PMPA) able
to efficiently display their antiviral activity in those cells where
nucleoside analogues are usually ineffective.

* Proteins can be efficiently encapsulated in or coupled to
RBCs, thus preventing their premature degradation and
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reducing undesirable immune response and toxic side
effects. Results confirm the ability of enzyme-loaded
RBCs to remove undesired molecules from the blood-
stream (such as acetaldehyde and ethanol in alcoholism,
methanol and formaldehyde in methanol poisoning, and
glucose in diabetes). Moreover, a selective protein target-
ing to macrophages can be achieved by using opportunely
modified protein-loaded erythrocytes. This is the case of
the toxin LLO (delivered to macrophages infected with
M. avium to inhibit pathogen replication), of the K48R
ubiquitin analogue (delivered to macrophages to modu-
late NF-kB activation in inflammatory diseases) and of
GSH (delivered to macrophages to avoid oxidation in
oxidative stress-associated disorders).

* The anti-inflammatory Dex 21-P can be encapsulated into
RBC:s to obtain a slow but sustained release of dexametha-
sone in the bloodstream without the appearance of toxic
side effects. This strategy has been successfully used in some
inflammatory diseases (chronic obstructive pulmonary dis-
ease, cystic fibrosis and inflammatory bowel disease). More-
over, Dex 21-P-loaded RBCs can be selectively targeted to
macrophages to inhibit the expression of inflammatory
mediators by interfering with NF-kB activity.

* Modified oligonucleotides (such as PNA) can be encapsu-
lated into RBCs and selectively targeted to macrophages to
exploit their antisense and antigen activities, while bypass-
ing their low cellular permeability. It was demonstrated that
by using RBCs, a PNA probe that binds inducible NO syn-
thase mRNA works better than its free form in inhibiting
NO production in a cell inflammation model.

From the results obtained from our and other laboratories
[69.70], we are confident that erythrocytes have great potentiali-
ties in the field of drug delivery, as the key to success of many
therapeutics greatly depends on the development of novel
technologies to improve and control the delivery of drugs.

4. Expert opinion

Erythrocyte carrier systems have unique properties and are
useful as specific targeting agents conferring the prolonged
and sustained action of the encapsulated drug while causing
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