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Abstract

The goal of drug delivery is to improve the safety and therapeutic efficacy of drugs. This review
focuses on delivery platforms that are either derived from endogenous pathways, long-circulating
biomolecules and cells or that piggyback onto long-circulating biomolecules and cells. The first
class of such platforms is protein-based delivery systems—albumin, transferrin, and fusion to the
Fc domain of antibodies—that have a long-circulation half-life and are designed to transport
different molecules. The second class is lipid-based delivery systems—Ilipoproteins and exosomes
—that are naturally occurring circulating lipid particles. The third class is cell-based delivery
systems—erythrocytes, macrophages, and platelets—that have evolved, for reasons central to their
function, to exhibit a long life-time in the body. The last class is small molecule-based delivery
systems that include folic acid. This paper reviews the biology of these systems, their application
in drug delivery, and the promises and limitations of these endogenous systems for drug delivery.
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Introduction

Many conventional drugs have issues that limit their clinical utility; these include poor
aqueous solubility, fast clearance, low bioavailability, poor biodistribution, and low
intracellular permeability. The goal of drug delivery is to develop engineered systems that
address one or more of these problems so as to improve their safety and therapeutic efficacy.
Diverse delivery systems have been developed (Jayant and Tamara 2006; Liong et al. 2008;
MacEwan et al. 2010; Menjoge et al. 2010; Yang et al. 2011), that range in size from the
molecular to the macroscopic with different levels of sophistication. The simplest systems
consist of a binary combination of a drug and carrier while the most complex
multifunctional systems include one or more drugs, targeting moieties that enhance their
intracellular uptake and trafficking, and moieties for in vivo imaging. The goal of this article
is not to review this vast field; instead, we focus on one conceptually unique class of drug
carriers that capitalize on endogenous pathways, biomolecules and cells to ferry a drug to its
in vivo target.
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These endogenous drug carriers can be classified into four platforms. The first class is
protein-based delivery systems, which include albumin, transferrin and fusions to the Fc
domain of antibodies (Fc fusions). They have a long in vivo circulation half-life in the body,
and in some instances—such as albumin and transferrin—are also designed to transport
different molecules in the body. The second class, lipid-based delivery system, which
include lipoproteins and exosomes, are the native transport vehicles for lipids and
intercellular signaling molecules, respectively. The third class is cell-based delivery systems,
such as erythrocytes, macrophages, and platelets that have a long life-time in the body. The
last class is small molecule-based delivery systems; the emblematic example of this class is
a vitamin, folic acid that is exploited for targeted drug delivery. Designed and optimized by
nature, these systems also embody many of the desirable attributes of engineered drug
delivery systems, such as non-toxicity, non-immunogenicity, biocompatibility and
biodegradability. This paper reviews the biology of these systems, their application in drug
delivery, and the promises and limitations of these endogenous systems as drug delivery
vehicles.

Protein-based drug delivery systems

Human plasma is the most complex body fluid, containing approximately 100,000 proteins
with concentrations spanning a dynamic range of 12 orders of magnitude (Mitchell 2010).
Albumin and immunoglobulin G (1gG) are the most abundant serum proteins with the
longest half-lives. Albumin and transferrin are the most important transport proteins in
plasma that supply tissues with nutrients and metal ions. These endogenous transport
proteins have been co-opted as long circulating drug carriers, as discussed in this section.
Understanding the mechanism of the long half-life of IgG’s has led to development of the
Fc-fusion protein platform.

Albumin—Human serum albumin (HSA) is a single chain 585 amino acid protein with a
molecular weight of 66.7 kDa and is composed of three homologous, largely helical (67%)
domains. It is synthesized in the liver and is the most abundant serum protein with a
concentration of 35-50 mg/mL in human serum, constituting 55-60% of total serum protein.
HSA plays many roles in the circulatory system; it maintains the colloid osmotic pressure,
buffers the pH, scavenges free radicals and has anticoagulant properties. In addition to these
roles, albumin also has been described as the body’s tramp steamer (Peters 1996), acting as a
multifunctional carrier and solubilizer of many endogenous small molecules such as
bilirubin, metals, vitamins, hormones, and fatty acids. In human serum, HSA has an average
half-life of 19-22 days compared with a few days for other circulating proteins. The
exceptionally long half-life of albumin is mediated through two mechanisms. First, its size is
above the threshold for renal clearance (Cheng 2013), so that is not excreted through the
kidney. Second, its pH-dependent interaction with the neonatal Fc receptor (FCRn) rescues it
from intracellular degradation (Anderson et al. 2006; Chaudhury et al. 2003). Albumin has
an added benefit as a carrier in that it often masks fused proteins and peptides and
subsequently renders them less immunogenic and less susceptible to protease cleavage
(Thorpe et al. 2011).
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Albumin is emerging as a promising and versatile carrier to improve the pharmacokinetic
profile of drugs because of its unique physiological properties. The application of albumin in
drug delivery is currently realized by five main approaches: i) encapsulation of drugs into
albumin nanoparticles; ii) covalent conjugation of drugs to albumin; iii) recombinant
albumin fusions; iv) conjugation of drug molecules to albumin-binding entities; and v)
development of albumin binding drug derivatives (Fig. 1. I).

The encapsulation of—primarily hydrophobic—drugs in albumin nanoparticles is driven by
three imperatives. First, encapsulation into albumin nanoparticles sequesters hydrophobic
drugs within the nanoparticle, and thereby improves their solubility and plasma
pharmacokinetics. Second, tumor cells take up and metabolize serum albumin as a source of
nutrients (Wunder et al. 1997). The third reason is driven by the peculiarities of tumor
physiology. The selective accumulation of macromolecular drugs, including albumin-based
therapeutics, in solid tumors is mediated by the Enhanced Permeation and Retention (EPR)
effect (also termed “passive” targeting) (Matsumura and Maeda 1986). This effect is a
consequence of the aberrant vascular architecture of tumors (Yuan 1998), with pores ranging
from 100 to 1000 nm in diameter (Wang et al. 2011), combined with impaired lymphatic
drainage (Alitalo and Carmeliet 2002), so that long-circulating molecules like albumin and
albumin nanoparticles can diffuse out of the tumor blood vessels into the extravascular
compartment of tumors and are then retained there. These properties lead to accumulation of
albumin-based nanoparticles in tumors (Desai et al. 2006), and provide the rationale for
albumin-based targeting of solid tumors. In addition to their passive accumulation by the
EPR effect, aloumin based therapeutics can also exploit aloumin receptor (gp60)-mediated
transcytosis (Schnitzer 1992) and binding to the albumin-binding protein SPARC (Framson
and Sage 2004) that is overexpressed in a wide variety of tumors (active targeting). These
features have led to the development of albumin-based nanoparticle technology (nab-
technology) that is a platform for the encapsulation of lipophilic drugs into albumin-based
nanoparticles (Fu et al. 2009). In 2005, nab-Paclitaxel (ABI-007; Abraxane®) was approved
for the treatment of metastatic breast cancer. An interesting feature of Abraxane is that
following its disintegration in plasma, paclitaxel remains absorbed to albumin molecules
(Gradishar 2006) and continues to benefit from the favorable pharmacokinetics of albumin.
The intratumor paclitaxel concentration was found to be 33% higher for nab-paclitaxel
compared with the free drug (Desai et al. 2006; Yardley 2013). In addition, compared with a
cremophor formulation of paclitaxel, Abraxane exhibited markedly higher endothelial cell
binding and transcytosis. This enhanced endocytosis was abrogated by methyl h-
cyclodextrin (BMC), a known inhibitor of the gp60/caveolar transport, suggesting gp60/
caveolar-mediated transcytosis as the mechanism of transendothelial cell transport of
Abraxane (Fig. 1. I1) (Desai et al. 2006).

Drug molecules can also be covalently coupled to HSA. HSA is a highly soluble protein and
is also very stable to changes in pH (in the range of 4-9) and temperature (up to 60 °C for up
to 10 h) without denaturation. These physico-chemical properties make albumin well suited
for conjugation of small molecule therapeutics. For example, a docetaxel-albumin conjugate
was synthesized by coupling the drug to the lysine residues of albumin and showed a higher
antitumor cytotoxicity and an improved biodistribution profile compared with the free drug
(Esmaeili et al. 2009). Targeting ligands such as galactose (Han et al. 1999), folic acid
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(Dosio et al. 2009) and the RGD peptide (Dubey et al. 2011; Temming et al. 2006) have also
been incorporated into albumin-drug conjugates to further target the conjugate to the liver,
tumor, and tumor vasculature, respectively.

Fusing peptides and proteins to HSA at the gene level is an alternative and elegant strategy
that is applicable to genetically encodable drugs. The challenges in the development of this
technology are somewhat paradoxical. Although HSA is the most abundant protein in the
body, it is produced exclusively by hepatocytes in the liver (Rothschild et al. 1988). Initial
efforts to produce it in microbial expression systems were largely unsuccessful (Lawn et al.
1981; Quirk et al. 1989; Saunders et al. 1987). This bottleneck was solved independently by
researchers at a startup company, Delta Biotechnology and by scientists at Rhone-Poulenc
Rorer, who developed specialized yeast expression systems that allowed high-level
production of HSA by secretion into the growth medium (Fleer et al. 1991; Sleep et al.
1991; Sleep et al. 1990). This technology subsequently led to the development of
recombinant albumin fusions, whereby a gene encoding HSA is fused to that of a peptide or
protein drug to prolong its circulatory half-life. This technology too was developed
independently by Delta Biotechnology and Rhone-Poulenc Rorer (Ballance 1990; Yeh et al.
1992). Albiglutide, an HSA fusion of glucagon-like peptide (GLP-1) has been submitted for
marketing authorization by GSK in the US and Europe (Baggio et al. 2004). Several other
HSA fusions of protein drugs are being developed by GSK Inc. and Teva Inc. and are in the
clinical pipeline (Sleep et al. 2013). Another example is MM-111, an HSA fusion protein
that contains two scFv domains directed against epidermal growth factors ErbB2 and ErbB3
that are overexpressed in a majority of cancers (José and Sandra 2009). Developed by
Merrimack Pharmaceuticals, MM-111 is in phase | clinical studies for treatment of breast
cancer (2010, NCT01097460) and in a phase I clinical trial for treatment of advanced
gastroesophageal cancer (2013, NCT01774851).

As an alternative to chemical conjugation or recombinant fusion to HSA, drugs can be
modified with HSA binding moieties that piggyback onto HSA in vivo. This approach
simplifies the synthesis of the conjugate. Moreover, because of the smaller size and lower
viscosity of these drug conjugates, it offers easier formulation and administration. Some
albumin binding moieties include streptococcal protein G-derived albumin-binding domain
(ABD), small molecule albumin-binding tags, and fatty acids. Of these, fatty acids are the
most popular, as albumin possesses 2—3 high-affinity fatty acid binding sites and 2-3
secondary fatty acid binding sites. Detemir (Chapman and Perry 2004)(Levemir®) and
Liraglutide (Victoza®)(Rossi and Nicolucci 2009) are albumin-binding myristic acid
derivatives of insulin and GLP-1, respectively, and are clinically approved for treatment of
type 1 and type 2 diabetes, respectively.

Another variant of an in situ aloumin technology is an albumin-binding prodrug platform
that exploits the cysteine-34 of endogenous HSA (Fiehn et al. 2008; Kratz 2011).
Approximately 70% of plasma HSA contains a solvent-accessible cysteine-34 so that it
comprises the largest free thiol pool in plasma. In this approach, a drug is derivatized with a
thiol-reactive moiety such as a maleimide and an acid-sensitive or enzymatically cleavable
linker that is cleaved and releases the drug within the tumor. INNO-206, an acid-sensitive
(6-maleimidocaproyl) hydrazone derivative of doxorubicin (DOXO-EMCH) is in phase 1l
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trial for treatment of soft tissue sarcoma (2014, NCT02049905) (Kratz 2011). To investigate
the covalent conjugation of DOXO-EMCH to HSA, Kratz et al. incubated DOXO-EMCH
with HSA at 37 °C for 5 and 90 minutes and analyzed the samples by chromatography. As
shown in Fig. 1. 111, most of DOXO-EMCH reacted with HSA within the first 5 min
resulting in a peak eluting at 36 minutes. Blocking the thiol group of cysteine-34 in HSA
with an excess of N-ethylmaleimide (NEM) prior to incubation with DOXO-EMCH,
decreased binding to HSA significantly, demonstrating that the reaction of DOXO-EMCH
with HSA is specific for the thiol group of cysteine-34. Furthermore, no binding to HSA was
observed with intact doxorubicin or the (6-succinimidocaproyl) hydrazone derivative of
doxorubicin that does not contain a thiol-reactive group, which rules out physical
interactions of the doxorubicin linker with HSA as the binding mechanism (Kratz et al.
2002). ConjuChem, Inc. has expanded on this platform for the delivery of peptide
therapeutics and calls it the drug affinity complex (DAC™) technology.

Transferrin—Transferrin is the iron transport protein in plasma. It delivers iron from sites
of adsorption in the intestine and sites of hemoglobin catabolism in spleen, bone marrow,
and liver to red cell precursors and sites of iron storage in the bone marrow, liver and spleen.
Serum transferrin is synthesized exclusively by liver hepatocytes and consists of a single
679 amino acid polypeptide chain with two iron-binding domains and two oligosaccharide
chains with a molecular weight of 79.5 kDa. It has a concentration of 2.5-3.5 mg/mL blood
and a half-life of 7 days in circulation. Iron in circulation is loaded onto transferrin (holo-
transferrin) and is taken up by cells via transferrin receptor-mediated endocytosis of holo-
transferrin. At the extracellular pH of 7.4, holo-transferrin binds to the transferrin receptor
with high affinity and undergoes endocytosis. Within endosomes, an acidic pH of ~5.5
induces the release of iron from holo-transferrin and leaves iron-free transferrin (apo-
transferrin) bound to its receptor. At this acidic pH, apo-transferrin binds to the transferrin
receptor with higher affinity than holo-transferrin and the apo-transferrin-receptor complex
is recycled to the cell surface. Upon reaching the neutral pH of the extracellular
environment, apo-transferrin is released from the receptor, allowing it once again to
sequester iron. The cell cycling time of transferrin is 1-2 minutes and in the context of this
pH-dependent cycle, each transferrin molecule undergoes 100-200 circuits in its lifetime.
There are two types of transferrin receptors: transferrin receptor 1 (TfR1) and transferrin
receptor 2 (TfR2). TfR1 is a transmembrane homodimer that is expressed in all cells with
the exception of erythrocytes and can bind up to two transferrin molecules. The other type,
TfR2 is specifically expressed in the liver and acts as the hemostatic iron sensor in
hepatocytes.

For drug delivery applications, transferrin can be exploited as a targeting carrier by itself or
attached to another carrier. In addition, to avoid competition between recombinantly
synthesized transferrin-drug conjugates with endogenous transferrin in vivo, anti-transferrin
receptor antibodies such as R17217 and OX26 have been used as the targeting ligand.
Transferrin has several unique features as a carrier. First, rapidly proliferating cells such as
cancer cells often express a high level of TfR1 and TfR2 (Richardson et al. 2009) to meet
their increased need for iron as a nutrient and as a co-factor of DNA synthesis enzymes, and
this provides an attractive opportunity for tumor-specific delivery of anticancer agents.
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Second, TfR1 is present on the blood-brain barrier (BBB) and controls the influx of
transferrin across the BBB (Rouault and Cooperman 2006), so that transferrin or anti-TfR
antibodies have been proposed as a “molecular Trojan horse” to transport therapeutics into
the brain (Soni et al. 2008; Ulbrich et al. 2009). Doxorubicin (Lubgan et al. 2009), cisplatin
(Luo et al. 2012a), chlorambucil (Beyer et al. 1998), and mitomycin C (Tanaka et al. 2001)
have been conjugated to transferrin for delivery to tumor cells. A transferrin conjugate of
doxorubicin has been shown to reverse multidrug resistance by altering the cytotoxicity
mechanism of the free drug by targeting the plasma membrane rather than the nucleus
(Lubgan et al. 2009). Transferrin conjugates of toxins such as ricin A chain (Candiani et al.
2001), saporin (Ippoliti et al. 1995), cholera toxin, and diphtheria toxin (Weaver and Laske
2003) have been synthesized for tumor targeting. Tf-CRM107 (TransMID™) is a fusion of a
mutant of diphtheria toxin with transferrin (CRM107) and was studied in a phase 11 clinical
trial for treatment of glioblastoma (2007, NCT00083447) (Laske et al. 1997). The trial was
however terminated in 2007 after an analysis of early data showed that it was extremely
unlikely that TransMID™ would meet the trial criteria for efficacy (Noonan 2007).

Sasaki et al. developed a transferrin conjugate of artemisinin, an anti-malarial drug, as an
anti-cancer agent. Artemisinin reacts with iron and forms cytotoxic free radicals. Tumor
cells avidly take up more free iron than normal cells to proliferate and are hence more
sensitive to the cytotoxic effects of artemisinin. The artemisinin conjugate of transferrin
shuttles iron and artemisinin into tumor cells selectively (Lai et al. 2009; Lai et al. 2005).
Artemisinin was also conjugated to a transferrin-receptor targeting peptide, HAI'YPRH (Oh
et al. 2009). Transferrin can also be conjugated to other drug-loaded carriers including
liposomes (Soni et al. 2008; Wu et al. 2007), dendrimers (Li et al. 2012), cyclodextrin
(Bellocq et al. 2003) and polymeric nanoparticles (Gupta et al. 2007; Tsuji et al. 2012;
Zheng et al. 2010). Mebiopharm Inc. has developed transferrin conjugated liposomal
formulations of the anticancer drugs oxaliplatin (MBP-426), methotrexate (MBP-Y003),
docetaxel (MBP-Y004), and gemcitabine (MBP-Y005). A phase I/I1 clinical trial is ongoing
to evaluate MBP-426 in patients with second line gastric, gastroesophageal, or esophageal
adenocarcinoma (2009, NCT00964080).

Fc fusions—Fc-fusion proteins are molecules consisting of the immunoglobulin Fc
domain that is genetically fused to a bioactive protein. Fusion to the immunoglobulin Fc
domain extends the half-life of the therapeutic protein through a naturally occurring
receptor-mediated process called FcRn recycling. This process is the key contributor to the
long half-life of the two most abundant plasma proteins, albumin and immunoglobulin G
(1gG). Albumin and IgG account together for about 70% of plasma proteins and have
exceptionally long half-lives of approximately 20 days in humans. Though functionally
unrelated, it is well established that aloumin and IgG are independently salvaged from
intracellular degradation and clearance through FcRn recycling (Brambell 1970; Chaudhury
etal. 2003).

The FcRn (neonatal Fc receptor), also known as the Brambell receptor, is an MHC class |
related receptor that is highly expressed in the early acidic endosomes of vascular
endothelial cells and hematopoietic cells and to a lesser extent on the surface of other cell
types, including intestinal cells, epithelial cells, muscle, lung, skin, and hepatocytes.
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However, due to the neutral pH on the cell surface, albumin and 1gG do not bind to FcRn on
the cell surface and are instead taken up through fluid phase pinocytosis. Within acidified
endosomes of vascular endothelial cells, FcRn binds albumin and 1gG, and FcRn bound
albumin and IgG are protected against lysosomal degradation and are recycled back to the
cell surface by exocytosis, where exposure to the neutral pH of blood triggers their release
from FcRn back to circulation (Fig. 2. 1) (Roopenian and Akilesh 2007).

Many therapeutic proteins and peptides have very short half-lives limiting their exposure to
target tissues and consequently their utility in clinical settings. To overcome this limitation,
the Fc fusion platform was introduced in 1989 (Capon et al. 1989) and it has shown success
in clinical applications. In addition to an extended half-life, fusion to an Fc domain provides
a convenient affinity handle for purification by protein-A affinity chromatography—a well-
established method for antibody purification in the manufacturing setting (Roland
Kontermann and Dubel 2010). The protein partner is fused to the flexible hinge region of Fc
domain at the gene level. The hinge serves as a flexible spacer and allows the Fc domain and
the target protein to function independently. The function of the biologic drugs that are fused
to the Fc receptor fall into various categories including receptors (e.g. TNFa receptor
(Peppel et al. 1991), activin receptor 1l (Ruckle et al. 2009), TACI receptor (Bracewell et al.
2009), interleukin-1(IL-1) receptor (Hoffman et al. 2008), ligands (e.g. P-selectin
glycoprotein ligand-1 (PSGL-1) (Amersi et al. 2002; Farmer et al. 2005)), hormones (e.g.
human growth hormone (hGH) (Lee et al. 2007), follicle stimulating hormone (FSH) (Low
2005)), enzymes (e.g. DNAase | (Dwyer et al. 1999)), single chain antibodies (e.g. anti-Tn
antigen antibody (Kubota et al. 2010) and anti—carcinoembryonic antigen antibody
(Kenanova et al. 2005)), cytokines (e.g. interleukin-2 (IL-2) (Millington et al. 2012),
interferon beta (IFNP) (Vallee et al. 2012)), peptides (e.g. atrial natriuretic peptide (ANP)
(Mezo et al. 2012), glucagon-like peptide (GLP-1)(Kumar et al. 2006), and coagulation
factors (e.g. coagulation factor VIII (Peters et al. 2013)). Most of the Fc-fusion proteins that
are currently marketed or in clinical development target receptor-ligand interactions. One
class, which include etanercept for treatment of rheumatoid arthritis (Lethaby et al. 2013,;
Weinblatt et al. 1999), aflibercept for treatment of wet macular degeneration (Thomas et al.
2013), rilonacept for treatment of cryopyrin-associated periodic syndrome (Kapur and Bonk
2009), and belatacept for the prophylaxis of organ rejection in kidney transplants (Vincenti
et al. 2011)) work as antagonists to block receptor-ligand interactions. In a 24-week,
double-blind trial with 89 patients with persistently active rheumatoid arthritis, the addition
of etanercept to methotrexate therapy improved the portion of patients that met the ACR 20
criteria—American College of Rheumatology criteria for a 20 percent improvement in
measures of disease activity—from 27 percent in patients receiving a placebo plus
methotrexate to 71 percent in those treated with etanercept plus methotrexate (Fig. 2. I1)
(Weinblatt et al. 1999). The second class of Fc fusions function as agonists to stimulate
receptor function, such as romiplostim, developed for treatment of chronic immune
thrombocytopenic purpura (Kuter et al. 2008)).

Fc fusion proteins were initially designed as homodimers containing two copies of the
therapeutic protein fused to a dimer of Fc. In the case of large therapeutic proteins, steric
hindrance between the two therapeutic molecules with one another or with the Fc domain
was a problem. In addition, large Fc fusion proteins potentially have a slow diffusion rate.
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Thus, a second class of Fc fusion proteins were developed, which consisted of one
therapeutic protein molecule fused to a dimer of Fc. This fusion reduced steric hindrance
and exhibited increased diffusion. A third class of Fc fusion proteins are cytokine traps
consisting of two distinct cytokine receptor domains fused to an Fc dimer (Economides et al.
2003). Cytokine traps were developed based on the notion that many cytokine receptors
require more than one receptor chain to bind their ligands to achieve high affinity. One
example of a cytokine trap is rilonacept that consists of ligand-binding domains of
interleukin-1 (IL-1) receptor and IL-1 accessory protein (IL-1AcP); rilonacept was approved
as an orphan drug for treatment for treatment of cryopyrin-associated periodic syndrome
(Kapur and Bonk 2009). Peptibodies are the fourth class of Fc fusion proteins (Shimamoto
et al. 2012). Developed by Amgen Inc., peptibodies consist of one or two copies of a
bioactive peptide fused to N- or C-terminus of an Fc domain. Unlike other Fc fusion
proteins that are typically expressed in mammalian cells, peptibodies can be produced in E.
coli. The most advanced peptibody is romiplostim, a thrombopoietin mimetic peptibody
approved for the treatment of chronic immune thrombocytopenic purpura (Kuter et al.
2008). The fifth class of Fc fusion proteins—MIMETOBODY ™ polypeptides—that is a
fusion of a bioactive peptide with an Fc domain It often requires protein engineering steps to
improve the therapeutic potency, solubility and stability of the fusion (Picha et al. 2014).
The MIMETOBODY ™ technology has been applied to develop the erythropoietin mimetic,
CNTO 530 (Sathyanarayana et al. 2009).

Lipid-based drug delivery systems

Lipid-based carriers are the second class of native human carriers and consist of lipoproteins
and exosomes that function as transport vehicles for lipids and intercellular signal molecules
(proteins and RNASs), respectively. The surface of these carriers consists of a phospholipid
monolayer for lipoproteins and a bilayer for exosomes. While lipoproteins have a
hydrophobic core suitable to host poorly soluble drugs, exosomes have a hydrophilic core
suitable to host soluble drugs.

Lipoproteins—Lipoproteins are submicron- to micron-sized and mostly spherical
complexes consisting of a hydrophobic core surrounded by a hydrophilic outer shell that
facilitate lipid transport and exchange throughout the body to tissues where they are
required. The core is composed of phospholipids, fat-soluble antioxidants, vitamins, and
cholesteryl ester, and the shell contains free cholesterol, phospholipid and apolipoprotein
molecules. Most apolipoproteins are amphiphilic and contain hydrophobic domains that
interact with lipids as well as hydrophilic domains that allow interaction with the aqueous
plasma environment. Apolipoproteins are classified into four main groups (ApoA, B, C, and
E) and are integral to lipoprotein transport and metabolism; they stabilize the structure of
lipoproteins and determine their metabolic fate by serving as ligands for cell surface
receptors or as co-factors and modulators of enzymes involved in lipid metabolism
(Dasgupta and Wahed 2013).

Lipoproteins are classified according to their density into five groups: chylomicrons, very
low-density lipoproteins (VLDLSs), intermediate-density lipoproteins, (IDLs), low-density
lipoproteins (LDLs), and high-density lipoproteins, (HDLs) (Table 1). Lipoprotein density is
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directly related to protein content (chylomicrons < VLDL < IDL < LDL < HDL) (Dasgupta
and Wahed 2013). These classes of lipoproteins are assembled in different ways.
Chylomicron is the largest (75-12000 nm) of the lipoproteins (Torchilin 2006). This particle
assembles in the small intestine and carries dietary lipids from enterocytes to other tissues.
VLDL is the next largest lipoprotein nanoparticle (30-80 nm) (Torchilin 2006); it assembles
in the small intestine from dietary lipids, or in the liver from lipids synthesized de novo or
recycled to the liver during lipoprotein catabolism, and transport lipids to other tissues. IDL
is a transient product formed during the lipolytic conversion of VLDL to LDL and is not
detectable in normal plasma. LDL has a diameter of 18-25 nm (Torchilin 2006) and is the
most prevalent lipoprotein in humans. It is formed from VLDL in plasma and transports
endogenous cholesterol to the liver and extrahepatic tissues via LDL receptor-mediated
endocytosis. Finally, HDL is the smallest of the lipoproteins with a size of 8-12 nm
(Torchilin 2006), and is secreted from the liver and small intestine. It scavenges excess
cholesterol from tissues and transports it to the liver. LDL receptors, also referred to as
apoB-100/apoE receptors, are expressed in all cells, but are most abundant in hepatocytes.
LDL and IDL bind to LDL receptors and form a complex that is internalized into endosomes
by receptor-mediated endocytosis. The acidic pH of the endosome then triggers the
dissociation and release of LDL and VLDL. The free receptor is then recycled to the cell
surface prior to the fusion of endosomes with lysosomes. Once fused with lysosomes, the
protein and lipid components of the lipoprotein dissociate and are hydrolyzed. The liberated
lipids are used by the cell for the synthesis of new lipoproteins, plasma membranes, and bile
acids (Ridgway et al. 2008).

Lipoproteins are a versatile and potent platform for the delivery of therapeutics to sites of
disease for the following reasons. First, they are native to the body and hence do not trigger
an immune response (Vyas and Sihorkar 2000), Second, they contain an inner lipid core that
provides a compartment for the encapsulation of hydrophobic drugs. Third, their sub-micron
size allows selective accumulation in tumors via the EPR effect. Finally, overexpression of
lipoprotein receptors in some tumors further enhances the tumor specificity of lipoproteins
by active targeting (Firestone 1994). Among lipoproteins, chylomicrons have the largest size
and thus enable high drug loading. Chylomicrons have been proposed as delivery vehicles to
target drugs to the liver for treatment of infectious diseases such as hepatitis B (Rensen et al.
1995) and malaria (Dierling and Cui 2005). VLDLs have the highest lipid content among the
100-nm sized lipoproteins, which makes them excellent candidates to solubilize and shuttle
hydrophobic drugs, such as doxorubicin, to solid tumors. Shawer et al. developed VLDL-
mimetic phospholipid-submicron emulsion (PSME) that contains a cholesteryl ester of
carborane (BCH) for boron neutron capture therapy of cancer. The VLDL-resembling
PSME interacts with native LDL and facilitated the delivery of BCH into cancer cells in
vitro (Shawer et al. 2002).

LDLs have a longer half-life (2-4 days) compared with chylomicrons and VLDLSs. They are
the most widely studied lipoproteins for active targeting of chemotherapeutic agents as
various tumor cells express a high level of LDL receptor (LDLR) to meet their high
cholesterol demand for proliferation (Favre 1992). Drug molecules can be either
incorporated into the hydrophobic core of LDLs (core loading), or intercalated into the outer
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shell (surface loading), or conjugated covalently to apolipoproteins (covalent modification)
(Fig. 3. I). When loaded into LDLSs, the anticancer drugs 5-fluorouracil (5-FU), 5-
iododeoxyuridine (IUdR), doxorubicin (Dox) and vindesine exhibited enhanced cytotoxicity
compared with the free drug (Kader and Pater 2002).

Native LDLs are heterogeneous in size and composition, are difficult to isolate from human
plasma in large quantities, and have a short storage life. To overcome these problems,
synthetic LDLs have been constructed from a lipid emulsion combined with a synthetic
bifunctional peptide containing a lipid binding domain and an LDLR-binding domain. A
lipophilic pro-drug, paclitaxel oleate was incorporated into these synthetic LDLs and
demonstrated successful intracellular delivery via LDLR mediated endocytosis (Nikanjam et
al. 2007). Although promising, the use of LDL as a targeting vehicle is limited to tumors
that overexpress the LDL receptor (LDLR). Moreover, expression of LDLR by some normal
tissues can undermine the specificity of LDLR targeting. To address this limitation, a LDL
rerouting approach has been developed to target receptors other than LDLR that are more
specific to tumors. In this approach, a ligand specific to a receptor of interest is conjugated
to the apolipoproteins in the LDL structure, which then allows the synthetic LDL to target
tumors with higher specificity (Chen et al. 2007; Corbin 2013; Zheng et al. 2005). In one
implementation of this approach, Zheng et al. attached folate to a synthetic LDL to enable
targeting of cancer cells in tumors that overexpress the folate receptor (FR+). They loaded
the optical probe, Dil on the surface of FA-LDLs and native LDLSs to visualize their cellular
uptake by KB cells (FR+), CHO cells (FR-), HT-1080 cells (FR-) and HepG2 cells (LDLR
+). Dil-FA-LDLs showed a strong accumulation in FR+ cells, but no accumulation in FR-
cells and LDLR+ cells, demonstrating blockage of binding to the LDL receptors and
rerouting to folate receptors. (Fig. 3. I1) (Zheng et al. 2005).

Loading drugs into naturally occurring LDLs is a tedious process, as it requires blood to be
drawn from the patient, followed by isolation of LDLs and ex vivo drug loading. In addition,
the loading procedure—either in a liquid medium or as a dry film—can change the
conformation of apolipoproteins and consequently cause loss of LDL targeting (Hammel et
al. 2003). A proposed solution to these issues is to load drugs into LDLs in vivo. To this end,
one approach is to take advantage of lipid transfer proteins (LTPs). LTPs in circulation
mediate the transfer of lipids among various plasma lipoproteins and can similarly remove
lipophilic drugs from lipid nanoparticulate carriers and shuttle them to plasma LDLs (Seki et
al. 2004). This approach requires that the drug have a high affinity for LTPs, so that some
drugs may need to be covalently modified with lipid moieties such as cholesterol to impart a
high enough lipophilicity to them.

Exosomes—The term “exosome” was first coined in 1987 (Trams et al. 1981). Exosomes
are naturally occurring membrane vesicles around 40-100 nm in diameter. Exosomes are
derived from multivesicular bodies (MVBs) that are formed by the inward budding of the
endosomal membrane in the cytosol. The intraluminal vesicles in the MVBs are either
degraded after fusion of MVBs with lysosomes or secreted as exosomes after fusion of
MVBs with the plasma membrane. Exosomes are secreted by normal and diseased cells and
are present in blood and other bodily fluids. Exosomes contain a variety of molecules
including signal peptides and/or proteins, mRNA, microRNA, and lipids and mediate
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intercellular communication by providing autocrine, paracrine, or endocrine signals in
different ways. Exosomes can fuse with and be internalized by target cells and release their
cargo proteins or miRNA resulting in intracellular signaling. In addition, exosomes can fuse
with the plasma membrane and transfer surface receptors of the donor cell to the target cell.
Exosomes can also bind to cell surface receptors via their surface ligands and activate their
target cells. Exosomes also act to protect cells by exporting potentially harmful molecules
(Record et al. 2011).

The identification of exosomes as transporters of proteins and nucleic acids has created
excitement in the field of drug delivery. Exosomes offer several advantages over
conventional drug delivery systems as they evade rapid clearance by mononuclear
phagocytes and show great stability in blood. In addition, exosomes are 70-120 nm in
diameter (Redman et al. 2012) and hence can take advantage of the EPR effect and
extravasate selectively into the tumor or inflamed tissues. Furthermore, the ability of
exosomes to deliver their cargo to specific cells can provide specificity for drug delivery.
Alvarez et al. successfully developed brain-targeted exosomes containing anti-BACE-1
SiRNA to treat Alzheimer’s disease (Alvarez-Erviti et al. 2011). They fused the exosomal
surface protein LAMP2B to Rabies virus glycoprotein (RVG) that binds specifically to the
nicotinic acetylcholine receptor (AchR) on neurons and on the vascular endothelium of the
BBB. Immature dendritic cells (DCs) were harvested from mouse bone marrow, and were
transfected with the LAMP2B-RVG construct. Exosomes were purified from the engineered
DCs and were loaded with exogenous siRNA. Despite the current excitement about
exosomes, there are several obstacles to developing effective exosome-based drug delivery
systems. Further study is required to identify the endogenous exosomal cargoes that may
mediate potential adverse side effects. The applicability of exosomes for drug delivery in
different diseases critically depends on developing appropriate loading strategies for
different therapeutics such as proteins, ShARNA, miRNA antagonists, and small molecule
drugs. Finally, scalable technologies for purification and loading of exosomes remain to be
developed and optimized.

Cell-based drug delivery systems

Cell-based carriers have received a great deal of interest as drug delivery vehicles because of
a combination of attractive properties. Autologous cells are biocompatible and non-
immunogenic. Furthermore, compared to synthetic carriers, cell based carriers have a
considerably longer life span in circulation (Batrakova et al. 2011). They are completely
biodegradable as they undergo apoptosis upon aging or damage. Additionally, cellular
carriers have a high loading capacity for cargo molecules due to their large volume.
However, issues with all cell-based carriers are their limited shelf-life, the need for ex vivo
manipulation and the need for stringent storage conditions. Herein, we describe the most
common cellular delivery systems derived from erythrocytes, macrophages and platelets that
have been manipulated to encapsulate different bioactive molecules.

Erythrocytes—Erythrocytes are the most numerous blood cells (5 million cells/mm3

blood) and are responsible for oxygen transport. Erythrocytes are derived in the bone
marrow and lose their nucleus and organelles during maturation. Mature erythrocytes have a
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life span of 100-120 days in the circulatory system and once worn-out, they are broken
down selectively by macrophages of the reticuloendothelial system (RES) in the spleen,
liver and bone marrow. Erythrocytes have several useful attributes that make them attractive
as drug carriers (Porth 2011; Sembulingam and Sembulingam 2012). They are monodisperse
in size, with a typical biconcave shape and a diameter of 7-8 pm and an average volume of
90 um3. The biconcave shape provides a high surface to volume ratio of about 1.7 pm=1
(about 60% in excess of a sphere with an equal volume), which facilitates diffusion of
oxygen and metabolic products across its membrane (Jones 1979). With a well-organized
cytoskeleton and strict membrane-cytoskeleton association they are reversibly deformable so
that they can squeeze through capillaries with diameters as small as 3.5 um. Depending on
the cargo and loading conditions, loaded erythrocytes can have a long circulation half-life of
more than 100 days. Furthermore, erythrocytes have a simple metabolic system with a
number of endogenous enzymes that enable them to act as active carriers that can convert
encapsulated pro-drugs into diffusible active drugs.

Erythrocytes also have some limitations as drug carriers that need to be overcome. The main
limitations are rapid leakage of encapsulated cargo and decreased erythrocyte plasticity
during the encapsulation process and hence decreased resistance to osmotic and mechanical
damage (Hamidi et al. 2001; Pitt et al. 1983). Loaded therapeutics can also alter the
physiology and pharmacokinetics of erythrocytes. Furthermore, erythrocyte based carriers
have a higher variability in composition and mechanical properties compared with synthetic
carriers (Hodson et al. 2008; Tomaiuolo et al. 2012) and also harbor the risk of biological
contamination due to their blood origin (Adams et al. 2003).

Figure 4. | illustrates different strategies that take advantage of eyrthrocytes for drug
delivery. Drugs with sufficient water solubility and metabolic stability against intra-
erythrocytic enzymes can be encapsulated into erythrocytes. Various methods have been
developed for encapsulation of therapeutics into erythrocytes such as hypo-osmatic lysis
methods (dilution, dialysis, preswelling), electroinsertion, endocytosis and membrane
perturbation (Krishnaveni. G et al. 2013). These encapsulation methods seek to inflict
minimal damage to erythrocytes. Alteration to their cellular integrity may result in the rapid
phagocytosis of erythrocytes by macrophages in the reticuloendothelial system (RES) of the
liver, spleen and bone marrow. To reduce membrane fragility resulting from osmotic shock
during the encapsulation process, loaded erythrocytes can be chemically cross-linked with
cross-linking agents such as glutaraldehyde (Luo et al. 2012b) and
bis(sulfosuccinimidyl)suberate (BS3) and 3,3’ dithiobis(sulfosuccinimidyl propionate)
(DTSSP) (Jordan et al. 1997). Recently, protein transduction domain (PTD) mediated cell
entry has been exploited to load proteins into erythrocytes. Linking PTDs to drugs provides
a non-invasive way to ferry attached therapeutics into erythrocytes without damage to the
cell membrane (Kwon et al. 2009).

Erythrocytes normally, do not extravasate from the circulation into tissues except to the sites
of erythrocyte degradation in RES organs. Therefore, drug delivery by erythrocytes is
mostly limited to RES and intravascular targets, but many other important pathological sites
such as solid tumors and CNS are normally inaccessible to erythrocytes. In addition, drug
encapsulation inevitably causes some damage to erythrocytes, which makes it difficult to
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target loaded erythrocytes away from the RES toward other targets. Because of these
limitations, erythrocyte-based systems are primarily focused on delivery of drugs to RES
especially macrophages (Lotero et al. 2003; Mishra and Jain 2000; Rossi et al. 2005). In
addition to their role in host defense against infections, macrophages themselves are the
target site and even act as reservoirs for persistent parasites and viruses in infectious
diseases such as leishmaniasis, malaria, AIDS and CMV. Examples of the antiviral and
antiparasitic drugs that have been loaded into erythrocytes include primaquine for treatment
of malaria (Alanazi et al. 2011), dideoxycytidine and dideoxycytidine 5’-triphosphate
(ddCTP) (Magnani et al. 1995; Magnani et al. 1992b), glutathione (Fraternale et al. 2002),
and Fludarabine (Magnani et al. 2003) for treatment of AIDS, and the antibiotic amikacin
(Briones et al. 2009). Magnani et al. evaluated the efficacy of ddCTP-loaded erythrocytes
for inhibition of LP-BMS infectivity in vivo. LP-BMS is a murine leukemia virus that
causes an immunodeficiency syndrome in mice that resembles AIDS in humans. As shown
in Fig. 4. 11, treatment with ddCTP-loaded erythrocytes resulted in significant reduction of
lymphoadenopathy (enlargement of lymph nodes) and splenomegaly (enlargement of the
spleen), which are reminiscent of the clinical features of HIV infection (Magnani et al.
1992b).

To induce increased phagocytosis, the surface of loaded erythrocytes can be modified by (i)
coating with antibodies, a mechanism that promotes phagocytosis of erythrocytes in Epstein-
Barr virus (EBV)-associated haemophagocytic syndrome (Eichler et al. 1986; Hsieh et al.
2007), (ii) depleting sialic acid that is a natural mechanism for RES recognition of aged
erythrocytes, and (iii) inducing the formation of hemichrome, a mixture of heme and
denatured globin that forms in blood disorders such as thalassemia and leads to phagocytosis
of erythrocytes by macrophages (Jain. 2000). A few studies have encapsulated anticancer
drugs such as 5-fluorouracil (Wang et al. 2009), methotrexate (Jain. 2000), and L-
Asparaginase (Agrawal et al. 2013; Kravtzoff et al. 1996) into erythrocytes. L-Asparaginase
loaded erythrocytes have shown promising results in preliminary clinical studies for
treatment of acute myeloid leukemia (Agrawal et al. 2013). Furthermore, erythrocytes have
been used to carry enzyme therapeutics as a replacement therapy for diseases associated
with enzyme deficiencies, such as Gaucher’s disease (Beutler et al. 1977; Ninfali et al.
1992). Dexamethasone encapsulated into autologous erythrocytes ex vivo (EryDex) has
been developed by EryDel S.p.A., for treatment of ataxia telangiectasia and has successfully
completed a Phase Il clinical trial (2011, NCT01255358) (Chessa et al. 2014).

As an alternative to encapsulation approaches, drug molecules can also be coupled to the
erythrocyte surface using a variety of covalent and non-covalent cross-linkers. Surface
coupling approaches can avoid the damage caused by encapsulation procedures and
circumvent issues of controlled drug release. However, because the role of erythrocytes is to
circulate in the blood stream, they do not have a mechanism to home in to specific sites;
therefore, erythrocyte-drug conjugates are mainly directed at pathogen clearance from blood
and intravascular pathological conditions such as abnormalities in immune response,
coagulation and fibrinolysis (Corinti et al. 2002; Ganguly et al. 2005). Protein antigens
coupled to erythrocytes were effective in triggering an immunological response and hence
can be explored for development of peptide vaccines (Magnani et al. 1992a). Plasminogen
activators (PAs) have also been conjugated to erythrocytes for thromboprophylaxis
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(Ganguly et al. 2005). In addition, polymeric nanoparticles have been attached ex vivo to
erythrocytes as a strategy that combines the advantage of the long circulation half-life of
erythrocytes and robustness of polymeric nanoparticles (Chambers and Mitragotri 2007). A
recent approach takes advantage of erythrocytes in vivo by the conjugation of drugs to
moieties with specific affinity to erythrocytes. ERY1 is a phage display derived peptide that
binds the erythrocyte surface with high specificity and has been introduced as a strategy to
improve the pharmacokinetic profile of therapeutic proteins (Kontos and Hubbell 2010). In
addition, plasminogen activators (PAs) have been fused to a single-chain variable fragment
(scFv) that binds glycophorin A (GPA); GPA is a transmembrane sialoglycoprotein that
bears the antigens of the MNS blood group system and is present primarily and at a high
concentration on the surface of erythrocytes (Zaitsev et al. 2010). Similarly, a monoclonal
antibody (mAb) against complement receptor type 1 (CR1) has also been conjugated to
erythrocytes (Zaitsev et al. 2006) for thromboprophylaxis (prevention of thrombosis); CR1
is an erythrocyte transmembrane glycoprotein that bears the antigens of the Knop blood
group system. As the drugs are anchored to and hitchhike on the erythrocytes in vivo, this
approach eliminates the need for erythrocyte isolation and ex vivo manipulation, and hence
eliminates the risk of contamination that arises from ex vivo procedures. Furthermore,
similar to the in vivo albumin conjugation strategy, this approach has the additional
advantage of a smaller size and lower viscosity of drug products leading to easier
formulation and administration.

Macrophages—Macrophages are important players of the immune system; they act as the
first-line of defense in innate immunity by identifying and phagocytosing pathogens, and
play a key role in adaptive immunity by presenting antigens to helper T cells and producing
cytokines. They are characterized by their large size (5-50 um in diameter), irregular shape,
remarkable immunological versatility, and more importantly, their ability to ingest foreign
matter (Serhan et al. 2010). Macrophages arise in the bone marrow and enter the circulation
and migrate and reside virtually in all tissues where they mature into tissue-specific
macrophages. Circulating macrophages have a half-life of 1 to 3 days, while tissue-resident
macrophages have a much longer half-life, ranging from months to years depending on the
tissue they inhabit (James 2006; Luft 2008).

Significant efforts have been invested to exploit macrophages for drug delivery, as they have
unique features that are attractive for drug delivery. First, because macrophages are widely
present in various tissues and are routinely recruited to diseased sites, they can target a
variety of pathological conditions including cancer, atherosclerosis, and other inflammatory,
infectious and autoimmune disorders. Second, macrophages phagocytose nanoparticles
efficiently, so that they can be efficiently loaded with nanoparticle formulations of drugs.
Third, macrophages have inherent hypoxia targeting ability (Lewis and Murdoch 2005) and
hence are promising for targeted delivery of anticancer drugs to hypoxic tumor regions that
are usually associated with poor drug delivery. Fourth, they exhibit high motility and can
migrate across impermeable barriers, including the blood brain barrier (Zhao et al. 2011).
Fifth, macrophages are activated by a variety of stimuli at a diseased site, which can trigger
release of intracellular contents including drugs.
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Macrophages loaded with therapeutics serve as “Trojan Horses”, as they can ferry
therapeutics into tumors and other diseased sites. Nanoparticle based formulations are
particularly useful for delivering therapeutics to macrophages as they are recognized as
foreign particles and are phagocytosed by macrophages. Macrophages can be used for drug
delivery as either immediate or intermediate carriers. As immediate carriers, macrophages
are isolated and loaded with therapeutics ex vivo and are then re-infused into the host. This
approach has been used to load a number of nanoformulated therapeutics such as indinavir
nanoparticles, Au nanoshells, and catalase nanozymes for HIV treatment (Dou et al. 2006),
solid tumors (Choi et al. 2007) and brain disorders, respectively (Brynskikh et al. 2010; Dou
et al. 2009; Haney et al. 2013; Zhao et al. 2011). As intermediate carriers, drug formulations
are strategically designed to be recognized and internalized in vivo by macrophages by
decoration with surface receptors that target macrophages, such as macrophage mannose
receptors (Matsui et al. 2010), integrin receptors (Jain et al. 2003), and scavenger receptors
(Etzerodt et al. 2012). However, these intracellular drug loading approaches have some
limitations. First, therapeutics loaded into macrophages can cause cytotoxicity and hamper
macrophage function. Second, the slow release rate of drugs and their degradation by
enzymes inside macrophages are the other two main shortcomings of macrophage delivery.
To address these issues, one strategy is to create nanoparticles that “backpack” onto the
surface of macrophages, so as to avoid the problems that stem from internalization of
therapeutics into macrophages (Doshi et al. 2011; Holden et al. 2010). However, evading
phagocytic internalization to achieve long-term immobilization on the macrophages’ surface
is challenging and requires precise tuning of the shape, orientation, and mechanical
properties of these nanoscale backpacks.

Platelets—Platelets are small, anucleated, discoid fragments with a diameter of 1-4 pm
and are derived from megakaryocytes found in the bone marrow. The function of platelets is
integral to primary hemostasis, a process in which platelets adhere to damaged endothelium,
are activated, release granule constituents and then aggregate to form a thrombus. Platelets
also participate in many physiologic and pathogenic processes including antimicrobial host
defense, inflammation, angiogenesis, tissue repair/regeneration, and tumor growth and
metastasis. Under normal conditions, circulating platelets are present at a concentration of
150,000-450,000/uL blood with a life span of 7-10 days. At any given time, up to one third
of the platelets are sequestered as a reserve in the spleen and can be released during periods
of physiologic stress. Platelets are the natural carriers of numerous biologically active
proteins, which are contained within their cytoplasmic granules and are released upon
platelet activation (Manoharan and Manoharan 2003 ; Mohan 2008).

For drug delivery, platelets can be loaded with therapeutic proteins and serve as circulating
depots. In an interesting twist to this approach, platelets were loaded with FVIII clotting
factor via gene transfer for the treatment of bleeding disorders such as hemophilia and
Bernard—Soulier syndrome. Using platelets to deliver coagulation factors takes advantage of
their natural function in thrombus formation at sites of vascular injury, so that they allow
direct delivery of the drug to the site of injury where they accumulate and release their
contents (High 2006; Shi et al. 2007; Shi et al. 2004). In addition to their role in coagulation,
platelets interact with and are activated by tumor cells and hence play a multifaceted role in
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tumor progression and metastasis (Mehta 1984; Nash et al. 2002). Because drug loaded
platelets similarly interact with tumor cells, it provides a unique opportunity to use drug-
loaded platelets for drug delivery to solid tumors, where platelets can be activated by tumor
cells and release their drug payload. Taking this approach, doxorubicin was loaded into
platelets; the loaded doxorubicin did not hamper platelet activity and showed a higher
antitumor efficiency than the free drug in Ehrlich ascites carcinoma (EAC) bearing mice
(Sarkar et al. 2013).

Small molecule-based drug delivery systems

Folic acid—Folic acid (FA), or vitamin B9 is an essential vitamin in eukaryotic cells. Folic
acid derivatives act as coenzymes in single carbon transfer reactions that involve the de novo
synthesis of purines, synthesis of thymidylate, conversion of homocysteine to methionine,
catabolism of histidine to glutamic acid, and interconversion of serine and glycine. Like
other vitamins, folic acid cannot be synthesized by the human body and therefore must be
supplied through the diet (Caballero 2009).

Cellular uptake of folate is mediated by two mechanisms: (i) direct transport by the reduced
folate carrier (RFC); and (ii) receptor-mediated endocytosis by the folate receptor (FR). RFC
is a 65 kD transmembrane anionic exchanger that is present in virtually all cells of the body.
This carrier has a low affinity for folate (K, = 1-10 uM) and also exhibits substrate
preference for reduced folates such as 5-methyltetrahydrofolate (5-MTHF) (Litwack 2008;
Zhao et al. 2009). FRs are 38 kD glycoproteins that exist in three isoforms (a, § and v). FR-
a and FR-p are attached to the plasma membrane via a glycosylphosphatidylinositol (GPI)
anchor, whereas FR-v is primarily a secreted protein that is secreted at a low level by the
spleen, thymus and bone marrow. The expression of FR-f is limited mostly to the placenta
and some hematopoietic cells of the myeloid lineage. FR-a is the most abundant isoform in
adults and is expressed primarily in epithelial cells of the choroid plexus, proximal kidney
tubules, uterus, lung and breast. Among the three FR isoforms, FR-a possesses the highest
affinity for folic acid and 5-MTHF with a Kp < 1 nM. Folate bound to the FR is
endocytosed to endosomes, where endosomal acidification results in a conformational
change of the receptor and enables folate to be released. Membrane-bound FR is recycled
back to the cell surface allowing for the uptake additional folates (Antony 1992; Chen et al.
2013).

With the exception of proximal tubules of the kidney and the choroid plexus of the brain, in
normal epithelia, FR is expressed on the apical membrane surface of cells where it is
inaccessible to blood circulation. However, in malignant and inflammatory disease,
epithelial cells lose their polarity and hence FRs can be located at the basal surface. In
addition, many types of tumor overexpress FRs (up to 107 FRs/cell) (Parker et al. 2005) to
meet their increased need for DNA synthesis and proliferation. In addition to cancer cells,
activated macrophages also express a high level of FR. Although activated macrophages
primarily serve to protect the body against pathogens, they participate in the development of
inflammatory pathologies such as rheumatoid arthritis. These features make folate an
attractive targeting ligand to direct drugs to tumors and sites of inflammation. Furthermore,
folate-conjugated drugs specifically taken up by FRs rather than RFCs and hence are
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expected to cause limited toxicity in normal tissues (Fig. 5. I). Although anti-FR monoclonal
antibodies can also be used for drug targeting, folate has several advantages as a targeting
agent: folate is a small, readily available and inexpensive molecule that has highly stability,
lacks immunogenicity and is relatively easy to conjugate to different drugs.

For drug delivery applications, folate can be conjugated either to drugs or to other drug
carriers. The latter approach utilizes synthetic carriers and hence is not summarized here, as
the scope of this review is limited to endogenous carriers. Doxorubicin (Yoo and Park
2004), camptothecin (Henne et al. 2006), and mitomycin C (Reddy et al. 2006) are examples
of chemotherapeutic drugs that have been directly conjugated to folic acid. Two folate-
targeted conjugates, EC145 (Dosio et al. 2010) and EC0225 (Sharma et al. 2010) have been
developed by Endocyte Inc. and are currently being evaluated in clinical trials. EC145 is a
folate-vinca alkaloid conjugate and is in phase Il clinical trials against non small cell lung
cancer (2012, NCT01577654), and advanced ovarian and endometrial cancers (2007,
NCT00507741). EC0225 is a folate-targeted dual drug conjugate, incorporating two
anticancer drugs: a vinca alkaloid unit and mitomycin. It has completed a phase I clinical
trial for the treatment of refractory or metastatic tumors (2007, NCT00441870). Several
folate-based conjugates, such as 111In-DTPA-folate (Wang et al. 1997) and 9®mTc-EC-
folate (Xia et al. 2009) have been studied for tumor imaging. In healthy individuals, 111In-
DTPA-folate showed accumulation only in kidneys with little or no accumulation in other
organs, whereas in ovarian cancer patients, 111 In-DTPA-folate also accumulated in the
tumor masses in the peritoneal cavity, demonstrating the potential of folate targeting for
tumor specific imaging and drug delivery (Fig. 5. I1) (Paulos et al. 2004). While studying the
ability of 111In-DTPA-folate to image tumors, it was observed that 111In-DTPA-folate also
accumulated in the arthritic joints. This serendipitous observation suggested that folic acid
can also target drugs to arthritic joints in humans (Fig. 5. 111) (Paulos et al. 2004). A folate-
targeted imaging agent, FolateScan (**mTc-EC20) has successfully completed a phase I
clinical trial to detect inflammation in patients with rheumatoid arthritis (NCT00588393)
which further demonstrates that activated macrophages can be targeted with folic acid-drug
conjugates for treatment of rheumatoid arthritis and other inflammatory diseases (Xia et al.
2009).

There are some critical considerations in designing folate-targeted drug conjugates. First,
drugs need to be attached to folic acid via a spacer to prevent steric hindrance by the drug so
as to preserve the affinity of folate for its receptor (Dohmen et al. 2012b; Yoo and Park
2004). Second, for most drugs, it is critical to release the drug from folate following
endocytosis in order to be functionally active. This can be accomplished by conjugating the
drug to folic acid via a cleavable linker such as disulfide bonds (Henne et al. 2006; Leamon
et al. 2005; Satyam 2008; Vlahov et al. 2006), or pH sensitive linkers (Yang et al. 2007).
Third, another bottleneck in folate-mediated delivery is the release of therapeutics from the
endosome into the cytoplasm. This is particularly an issue for hydrophilic drugs that cannot
diffuse out across the endosomal membrane. SiIRNA conjugated to folic acid showed
enhanced uptake in FR-overexpressing cells, but was trapped in endosomes and hence did
not result in a significant silencing effect (Dohmen et al. 2012b; Thomas et al. 2009). To
address this issue of efficient endosomal escape, Dohmen et al. attached folic acid to a
polycationic backbone composed of oligo(ethanamino)amide, that mediates endosomal
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escape by the proton sponge effect. They then complexed the folate-targeted polycation with
siRNA conjugated to an endosomolytic influenza peptide, that becomes hydrophobic at the
acidic pH of the endosome, fuses with and disrupts the endosomal membrane and releases
its contents into the cytoplasm (Dohmen et al. 2012a).

Conclusions

The use of blood circulating proteins, lipids, cells, and small molecules for drug delivery is
an expanding field of research that is starting to find its way to the clinic. Being
biocompatible, biodegradable, and non-immunogenic, these biomolecular and cellular blood
components meet many of the requirements of drug carriers. Furthermore, because they
circulate throughout the body, they provide easy access to tissues and diseased sites. Most of
these blood components act as carriers that transport nutrients, iron, oxygen and signals to
the target tissues. For drug delivery applications, these natural carriers can be exploited ex
vivo or invivo. In the ex vivo approach, these natural carriers are harvested from systemic
circulation, loaded with the drug and are re-infused into plasma. The in vivo approach, on
the other hand, loads the drug molecules onto these carriers in vivo; this is achieved by
attaching or loading drug molecules onto entities with an affinity for the carrier, so that
following infusion into plasma, they piggyback onto the in vivo carrier and ride to their
target site. It is likely that in the near future, we will witness a surge in research to develop
new drug formulations based on these native human carriers. In addition, other plasma
components such as fibrinogen, tuftsin, haptoglobin, ceruloplasmin, vitamins and hormones
are waiting to be explored for their potential in drug delivery applications.
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Figure 1.

Albumin-based drug delivery. |: Schematic showing five main approaches that exploit
albumin for drug delivery. I1: Chromatograms of DOXO-EMCH (3), (6-
succinimidocaproyl) hydrazone of doxorubicin (5), and doxorubicin after incubation with
human serum albumin and human serum albumin preincubated with N-ethylmaleimide
(NEM) for 5 and 90 minutes at 37 °C. Reprinted with permission from (Kratz et al. 2002).
Copyright 2002 American Chemical Society. I11: Endothelial transcytosis of ABI-007
(Abraxane) (@) and Cremophor-based paclitaxel (O). Cremophor-based paclitaxel transport
was all paracellular, whereas ABI-007 transport was both paracellular and transcellular. The
transcellular transport of ABI-007 was inhibited by methyl h-cyclodextrin (BMC), a known
inhibitor of the gp60/caveolar transcytosis pathway. Reprinted by permission from the
American Association for Cancer Research: Desai N et al., Increased antitumor activity,
intratumor paclitaxel concentrations, and endothelial cell transport of cremophor-free,
albumin-bound paclitaxel, ABI-007, compared with cremophor-based paclitaxel, DOI:
10.1158/1078-0432.CCR-05-1634.
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Figure2.
Fc-fusion drug delivery. I: Schematic showing FcRn-mediated recycling of albumin and

1gG. 11: Therapeutic effect of Etanercept. Median number of patients with tender and
swollen joints in a trial with 89 patients with persistently active rheumatoid arthritis. From
The New England Journal of Medicine, Weinblatt et al., A Trial of Etanercept, a
Recombinant Tumor Necrosis Factor Receptor:Fc Fusion Protein, in Patients with
Rheumatoid Arthritis Receiving Methotrexate, 340, 340, 253-259. Copyright © (1999)
Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical
Society.
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Lipoprotein-based drug delivery: I: Schematic showing various approaches that exploit
lipoproteins for drug delivery. 11: Lipoprotein rerouting to folate receptor (FR) expressing
cells. Confocal microscopy studies: The numbers refer to each pair of images, with the
fluorescence image (Left) and the bright field image (Right) shown. (A) Dil-LDL-FA uptake
by the FR+ cell line: KB cells alone (1), KB cells+ Dil-LDL-FA (2), KB cells + Dil-LDL-
FA + 250-fold excess of free FA (3), and cells + Dil-LDL-FA + 50-fold excess of native
LDL (4). (B) Dil-LDL-FA uptake by the FR— cell line: CHO cells alone (5), CHO cells +
Dil-LDL-FA (6), HT-1080 cells alone (7), and HT-1080 cells + Dil-LDL-FA (8). (C) Dil-
LDL-FA uptake by HepG2 cells (LDLR+): HepG2 cells alone (9), HepG2 cells + Dil-LDL-

FA (10), and HepG2 cells + Dil-LDL (11).
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Erythrocyte-based drug delivery. |: Schematic showing various approaches that exploit
erythrocytes for drug delivery. 11: Therapeutic effect of ddCTP-loaded erythrocytes for anti-
HIV treatment. (Upper) Spleen of a control C57BL/6 mouse (A), a mouse infected with LP-
BMS5 murine retrovirus (C), and a mouse infected with LP-BMS5 and treated with ddCTP-
loaded erythrocytes every 10 days (B). All spleens were examined 3 months after infection.
(Lower) Mediastinal lymphoadenopathy in an infected mouse (A) and in a mouse infected
and treated with ddCTP-loaded erythrocytes (B). Reprinted by permission from the author

(Magnani et al. 1992b).
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Figureb5.
Folic acid-based drug delivery. |: Schematic showing cellular uptake of folic acid and folic

acid-drug conjugate in normal cells and cancer cells. I1. Scintigraphic image of a healthy
individual and an ovarian cancer patient. Images were taken four hours following
intravenous administration of 2 mg of 111In-DTPA-folate. While uptake of the 111In-DTPA-
folate is primarily confined to the kidneys in the healthy individual, uptake in the ovarian
cancer patient is also observed in the malignant tissue. I11. Scintigraphic image of a cancer
patient diagnosed with arthritis in the right knee obtained 4 hours following intravenous
administration of 2 mg 111In-DTPA-folate. This serendipitous observation demonstrated for
the first time the potential of folate targeting for imaging and treatment of rheumatoid
arthritis (Paulos et al. 2004). Reprinted from Advanced Drug Delivery Reviews, 56, Paulos
et al., Folate receptor-mediated targeting of therapeutic and imaging agents to activated
macrophages in rheumatoid arthritis, 1205-1217, Copyright (2004), with permission from
Elsevier and Endocyte.

Biotechnol Bioeng. Author manuscript; available in PMC 2015 September 01.



Page 34

Yousefpour and Chilkoti

Jode ‘Qode ‘yode S5-0p 09-S JBAI| 0] SBNSSI | OTxv—G'T 1S 1aH
00T-gode G202 08-G. $8NSSI) 01 JBAIT 90TXG'€-C'C G281 a7

Jode ‘Dode ‘0p1-gode 02-ST 58-08 SaNssI} 0} JAAIT 90Tx0T-§ Ge-G¢ aal

Jode ‘Dode ‘0p1-gode 01-§ S6-06 SaNSSI} 0} JBAIT 90T*08-0T 08-0¢ 1aIA

Jode ‘O ode ‘gy-gode ‘wyode G'Z-ST 66-.6 | sanssn 01 sunsaju| 90Tx00% 002T-G2 | uosiwolAyD
ueloidody | (o) ueloid | (%) pidiT Aresoun| | (eq@)wbem reinep | (wu)szis | ueloidodi]

(9002 UIJIY2J0] ‘ZTOZ SAUOr pue uIsIsua1ydI ‘€102 payem pue eidnbseq :666T Apolg) sanuadoid [ealwayd-o21sAyd Jiayr pue suisjoidodi] Jo sadA L

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biotechnol Bioeng. Author manuscript; available in PMC 2015 September 01.



