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1.1 INTRODUCTION

Maximizing the safety and efficacy of drug treatment is the key goal of pharmaceutical scientists
and physicians. To this end, drug targeting is being actively pursued in several areas. Some of these
approaches involve drug design toward molecular pathways relevant to the pathophysiology of the
disease. In other cases, drug delivery systems are designed to transport the therapeutic moiety
preferentially to the target organ, tissue, cell, and/or the intracellular disease target(s) after systemic
administration. The delivery systems can also be designed for local delivery to the site of the disease
to minimize systemic exposure and toxicity. In this book, we focus on the targeted drug delivery
technologies that utilize both systemic and local routes of administration.

Targeted delivery is one of the most exciting contributions pharmaceutical sciences can make
to drug therapy. The preferred clinical use of advanced drug delivery systems over conventional
formulations testifies to their potential. This is well exemplified by the clinical success of lipo-
somal doxorubicin, an anthracycline anticancer agent. Irreversible and cumulative cardiac damage
is its major dose-limiting toxicity, which limits the total lifetime dose to a patient. Its liposomal
encapsulation is intended to increase safety while maintaining efficacy. Liposomal and PEGylated
liposomal formulations of anthracycline anticancer agents have significantly reduced cardiotoxicity.
These formulations include liposomal daunorubicin (DaunoXome®, Gilead Sciences, Inc., San
Dimas, California), liposomal doxorubicin (D-99, Myocet®, Elan Pharmaceuticals, Princeton, New
Jersey), and PEGylated liposomal doxorubicin (Doxil®, Ortho Biotech Products, LP, Bridgewater,
New Jersey and Caelyx®, Schering Plough Corp., Kenilworth, New Jersey, utilizing STEALTH®
liposomes).! The STEALTH® liposomes are composed of N-(carbonyl-methoxypolyethylene glycol
2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (MPEG-DSPE), fully hydrogenated soy
phosphatidylcholine (PC), and cholesterol.?
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In contrast to the nonencapsulated drug, doxorubicin encapsulated in PEGylated liposomes
has a slow rate of distribution to the extra vascular space, leading to high drug concentrations in
the intravascular tissue. The cardiotoxicity advantage of PEGylated liposomal doxorubicin vis-a-
vis the nonencapsulated drug was shown in a phase III clinical trial.?> The PEGylated liposomal
doxorubicin showed a lower incidence of reduction in the left ventricular ejection fraction (LVEF)
in association with the signs and symptoms of congestive heart failure (CHF) as well as without
the CHF symptoms. The median percentage reduction in the LVEF was significantly lower in
patients who received PEGylated liposomal doxorubicin. The reduction in cardiotoxicity with
liposomal doxorubicin is attributed to its greater size and inability to escape the vascular space in

tissues with tight capillary junctions, such as the car-

diac muscle. In addition, the avoidance of phagocytosis

Targeted delivery is one of the most exciting con-
tributions pharmaceutical sciences can make
to drug therapy. The preferred clinical use of
advanced drug delivery systems over conventional
formulations testifies to their potential. This is well
exemplified by the clinical success of liposomal
doxorubicin, an anthracycline anticancer agent.

and the extension of plasma half-life (to >55h) ensures
drug availability for permeation through the relatively
porous endothelial barriers of growing tumors leading
to the enhanced permeation and retention (EPR) effect
at the target site. In another study, the tumor drug

exposure of PEGylated liposomal doxorubicin was six-

fold higher than the unencapsulated drug.*

In addition to some of the well-established targeted drug delivery products, such as the liposomal
doxorubicin discussed above, several approaches are in the earlier stages of investigation. In this
book, we exemplify some promising strategies for drug targeting. Leading experts in each area of
investigation discuss targeted drug delivery platforms and technologies at various stages of clinical
and preclinical development.

1.2 STRATEGIES AND PLATFORMS FOR TARGETED DRUG DELIVERY

In the following sections, we describe the specific topics of discussion in this book, divided into the
mentioned subsections.

1.2.1  AcTmive TARGETING

Amet et al. describe the application of transferrin receptor-mediated transcytosis in the intestinal
epithelial cells and its application to the gastrointestinal absorption of protein drugs. The authors
exemplify its application to the delivery of recombinant human growth hormone and granulocyte
colony stimulating factor.

Luk and Wong discuss antibody therapies for liver malignancy and transplantation. The authors
describe antibody engineering, phage display technologies, and the application of monoclonal anti-
bodies for the treatment of liver diseases.

Diaz et al. describe the use of ionizing radiation for tumor-targeted drug delivery. The authors
provide a perspective on the induction of neoantigens in target tissues by radiation and the use of
ligands in drug delivery vehicles that target these antigens. They further discuss biomarker develop-
ment using phage display technology and exemplify case studies of ionizing the radiation-facilitated
tumor targeting of drugs.

1.2.2 NucLeic Acip DEeLIVERY AND TARGETING

Nucleic acids present special challenges to targeted delivery since they are large, anionic, hydro-
philic molecules that poorly extravasate and attract greater regulatory attention because of their
potential to influence the cellular genetic processes in addition to safety and immunogenicity
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concerns. Thus, concerted cross-disciplinary efforts and new therapeutic paradigms are needed to
turn nucleic acids into therapeutics.

Urtti provides a commentary on the cellular barriers for nucleic acid delivery and targeting.
The author discusses the factors affecting, and unanswered questions surrounding, the cel-
lular uptake; intracellular dissociation kinetics and fate of the delivery system; and transgene
expression.

Panakanti and Mahato introduce the basics of gene delivery and expression systems. The
authors describe the basic components of both nonviral plasmid vectors and various types of recom-
binant viruses commonly used for gene delivery—these include the adenoviral, adeno-associated
viral, retroviral, and lentiviral systems. They also discuss various gene delivery platforms such as
the liposomes and the peptide and protein-based gene delivery.

Yang and Mahato describe the basic concepts of the delivery and targeting of oligonucleotides
and siRNA. They describe how bioconjugation and electrostatic complexation have been used
to overcome the barriers to oligonucleotide delivery. They further discuss the clinical exam-
ples of these delivery systems along with their targeting aspects such as pharmacokinetics and
biodistribution.

Tu et al. describe the use of liposomes for nonviral gene delivery. They describe the use of
cationic, wrapped, and fusogenic liposomes. The authors further describe the merits of anionic
lipoplexes and fluidosomes, approaches to increase liposome circulation times, and their targeting
strategies. The strategies discussed include active targeting via antibodies or ligands that target
receptors or integrin. In addition, they describe stimuli-responsive liposomes that release their pay-
load in response to triggers such as acid, light, heat, enzymes, oxidation potential, or ultrasound.

Shim et al. provide an overview of targeted delivery systems for nonviral nucleic acid—based
therapeutics. The authors describe active targeting strategies that include the use of ligands target-
ing receptors such as transferrin and folate receptors. They also describe the use of monoclonal
antibodies, and cell-mediated and stimulus-triggered targeted delivery systems.

1.2.3  INTRACELLULAR/ORGANELLE-SPECIFIC STRATEGIES

Weissig and D’Souza describe drug targeting to the mitochondria for cancer chemotherapy. The
characteristics of mitochondriotropic molecules are discussed followed by a case study on the use
of the dequalinium-derived liposome-like vesicles (DQAsomes) for mitochondrial targeting. The
authors also describe the surface modification of liposomes with mitochondriotropic molecules
such as methyltriphenylphosphonium (MTPP)’ and the mitochondria-targeted delivery of liposomal
ceramide for antiapoptotic activity.®

Tarrag6-Trani and Storrie provide a perspective on intracellular drug delivery that highlights
the importance of understanding the physiology to design novel targeting approaches. The authors
provide an in-depth review of molecular pathways as the basis of emerging intracellular targeting
and drug delivery strategies. Using a case study on Alzheimer’s disease, the authors describe the
drug delivery to the lipid rafts within the endosomal cell membranes. In addition, using the knowl-
edge of trafficking pathways identified in the research on Shiga toxins and Shiga-like toxins, they
describe declawed toxin subunits as potential tumor cell-targeting ligands.

1.2.4 PRODRUG STRATEGIES

Drugs are to be converted to bioreversible derivatives, or prodrugs, to overcome specific formula-
tion and therapeutic barriers, or to enhance drug safety or efficacy by targeting.’

Rautio et al. discuss the enzyme-activated prodrug strategies for targeted drug action. In
addition to the utilization of endogenous enzymes, prodrugs can be designed for bioactivation by
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exogenous enzymes selectively delivered via monoclonal antibodies (the antibody-directed enzyme
prodrug therapy, ADEPT). The authors discuss design elements and component selection criteria

Drugs can be converted to bioreversible deriva-
tives, called prodrugs, to overcome specific
formulation and therapeutic barriers, or to
enhance drug safety or efficacy. One such class
of prodrugs, called HepDirect prodrugs, are aryl-
substituted cyclic prodrugs of phosphates and
phosphonates that undergo an oxidative-cleavage
reaction in the liver.

for ADEPT and exemplify these with some specific
preclinical and clinical examples of their application.
Erion discusses the case of site-specific prodrug
activation strategy for liver targeting using HepDirect
prodrugs. HepDirect prodrugs are aryl-substituted
cyclic prodrugs of phosphates and phosphonates that
undergo an oxidative-cleavage reaction in the liver.® In
addition, the author describes other prodrug strategies

for tumor and organ selective targeting.

1.2.5 ORGAN OR TissUE-SPECIFIC DRUG DELIVERY

Ahsan and associates discuss the principles and practice of pulmonary drug delivery. The authors
provide a detailed background of the physiology of the airways and the factors affecting particle
deposition in and drug absorption from the lungs. Drug delivery to the lungs requires a close match
and parallel development of both the drug product and the delivery device. The authors discuss the
drug delivery devices and absorption enhancement strategies with examples from both small and
large molecule drugs.

Mitra and associates describe the role of transporters, receptors, and nanocarriers in ocu-
lar drug delivery. The authors describe the anatomy and physiology of the eye, and the barriers
and routes of ocular drug administration. They further describe the presence and physiological
role of influx and efflux transporters within the eye, and how they can be exploited to target
drugs to ocular segments using strategies such as prodrugs, implants, hydrogels, nanocarriers, and
iontophoresis.

Narang and Mahato describe the importance of pathophysiological considerations in the design
of organ- and tissue-targeted drug delivery systems, as exemplified by colon and Kidney targeting.

1.2.6 DRUG—POLYMER CONJUGATES AND MICELLES

Domb and associates describe injectable polymers for regional and systemic drug therapy. The
authors discuss disease conditions that can benefit from regional drug therapy. In situ drug depot
systems, such as thermoplastic pastes, polymer precipitation or linking, and thermally induced gell-
ing systems, are described. Examples of natural and synthetic biodegradable polymeric carriers are
discussed in detail along with their biocompatibility considerations.

Juillerat-Jeanneret and Cengelli discuss the challenges and opportunities in the use of polymeric
drug conjugates. In addition to conjugation strategies and the biopharmaceutical evaluation of
these delivery systems, the authors discuss several examples of targeted drug delivery advantages
achieved through the use of these systems.

Kim and Park describe the basic concepts in the use of polymeric micelles for drug solubiliza-
tion and delivery. They describe the thermodynamic and kinetic stability of polymeric micelles in
water, buffers, and the biological environment. They discuss the micelle stabilization strategies,
micelle-cell interaction, and the in vivo stability of polymeric micelles.

1.2.7  STIMULI-RESPONSIVE SYSTEMS

Ganta et al. describe the use of stimuli-responsive nanoparticles for targeted drug release. They
describe nanoparticles that respond to stimuli such as pH, temperature, oxidation potential, and
electromagnetic waves and conclude with an overview of the development considerations of such
carriers.
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Kim and Lee describe physiological stress responsive gene regulation systems for tissue
targeting. The use of hypoxia, heat shock, and glucose levels as responses for the design of gene
regulation systems are described along with their therapeutic applications.

1.3 TARGETED DRUG DELIVERY PARADIGM: ENABLING

PHARMACEUTICAL DEVELOPMENT

In the current drug discovery and development para-
digm, targeted drug delivery is usually applied to well-
established drugs to improve or extend their clinical
outcome. It is seen as an innovation-driven strategy
whose clinical benefit helps extend the life cycle of
existing drug molecules. The requirements for the
demonstration of clinical benefit and the proof-of-con-
cept (that the clinical benefit is a direct result of the
targeting intervention) impose significant financial,
resource, and time commitment needs on the devel-
oper. Not surprisingly, most companies focusing on
targeted drug delivery are different from the compa-
nies involved in new drug discovery and development.
Table 1.1 lists some targeted drug delivery companies
and exemplifies their technologies. In the current para-
digm, most of the innovator companies have developed

In the current drug discovery and development
paradigm, targeted drug delivery is usually
applied to well-established drugs to improve
or extend their clinical profile. It is seen as an
innovation-driven strategy whose clinical ben-
efit helps extend the life cycle of existing drug
molecules.

A paradigm shift with greater focus on inno-
vation-driven pharmaceutics approaches will
enable the development of the most challeng-
ing and clinically valuable drug molecules. The
drug candidates that have been dropped from
development can be reinvestigated as research
candidates to build a repertoire of targeted deliv-
ery and dosage forms to improve their safety and

efficacy.

intense focus, specialization, and in-depth expertise in

specific disease areas and the identification of lead
structural elements and prototypes for synthetic drugs.

A drug candidate must meet the minimum requirements of safety, efficacy, potency, chemical
stability, and pharmaceutical developability to transition through the various stages of drug develop-
ment through regulatory registration and commercialization. The multiparametric requirements for
optimal performance often results in drug candidates being dropped from the development pipeline
for various reasons, including, in many cases, a lack of efficacy and the presence of undesired side
effect(s) or toxicity at nontarget site(s). The exploration of nonconventional and sophisticated drug
delivery approaches is not preferred, often because of the cost, complexity, and development risks.
Nevertheless, certain disease states and therapeutic areas with significant unmet clinical needs and
commercial potential, such as anticancer drug development,’ can make the development costs, risks,
and efforts worthwhile—especially when they can make a difference to a drug candidate being
dropped versus being considered developable. Table 1.2 lists some examples of the nonconventional
delivery strategies used for anticancer drugs.

Several of the concerns that compromise drug developability can be addressed with biopharmaceu-
tical approaches such as targeted delivery and the use of nonconventional dosage form platforms.

We hypothesize that a paradigm shift with greater focus on innovation-driven pharmaceutics
approaches for increasing the safety and efficacy of drug candidates will enable the pharmaceuti-
cal development of some of the most challenging and clinically valuable drug molecules. The drug
candidates that have been dropped from development can be reinvestigated as research candidates
to build a repertoire of targeted delivery and dosage to form a platform for improving safety and
efficacy aspects. For example, colonic delivery approaches can help reduce the gastrointestinal side
effects of drugs, nanoparticulate systems can help improve oral absorption, targeting of mesan-
gial cells can mitigate the extra-renal side effects of drugs, and coadministration of low molecular
weight proteins (LMWPs) can help reduce renal toxicity and allow high-dose administration of
anticancer drugs.!°



TABLE 1.1

Examples of Targeted Drug Delivery Companies and Technologies

Company
Abraxis Bioscience
Access Pharmaceuticals

Alza Corporation (J&J)
Avidimer Therapeutics
Calando Pharmaceuticals

Cell Therapeutics
Copernicus Therapeutics
Enzon Pharmaceuticals
Endocyte

Eurand

ImmunoGen

ImaRx Therapeutics
Calando Pharmaceuticals

NanoBioMagnetics
Nanobiotix
NanoCarrier

NeoPharm

Novosom AG

PCI Biotech AS

Quest PharmaTech
Seattle Genetics
Starpharma

Supratek Pharma
Tekmira Pharmaceuticals

Example(s) of Drug-Targeting Technology

Albumin nanocapsules encapsulating the drug
Nanopolymer-based targeted delivery for cancer and dermatology. Targeted delivery to cancer subtypes via folate, vitamin B12,
and biotin conjugation to polymeric vehicles

Alza has oral, implantable, transdermal, and liposomal technology platforms and has more than 30 marketed products

Focused on cancer detection and treatment, the company utilizes nanometer sized dendrimeric polymers with simultaneously
attached targeting vectors, drugs, and /or imaging agents

Cyclodextrin-based polymeric nanoparticles for targeted small molecules and small interfering RNA (siRNA) for oncology
applications

Polyglutamate polymers for the delivery of anticancer drugs such as paclitaxel (polyglutamate-paclitaxel conjugate)

Nonviral nucleic acid delivery through the formation of condensed nanoparticles

Protein PEGylation technology using specific linkers

Drug—folate conjugates through a linker for tumor targeting

Hyaluronic acid for tumor drug targeting by drug conjugation directly or through a polymer

Tumor-targeting monoclonal antibody conjugated with a cytotoxic agent

Microbubble (lipid shell incoporating inert gas) technology for vascular occlusions that utilizes ultrasound-mediated cavitation of
microbubbles to break up blood clots

Cyclodextrin-based cationic polymers for making siRNA nanoparticles for tumor targeting by electrostatic interaction, with the
incorporation of a stabilizer and a targeting ligand

Magnetically responsive nanoparticles for site-specific drug delivery

Tumor-targeted nanoparticles that get activated with external x-ray application and generate free radicals that help destroy tumors

Micellar nanoparticles using block copolymers of hydrophilic polyethylene glycol and hydrophobic polyamino acid for drug
encapsulation and delivery

Recombinant protein, cintredekin besudotox, which consists of a single molecule composed of two parts: a tumor-targeting
molecule (IL13) and a cytotoxic agent (PE38) for tumor targeting

Negatively charged liposomes that get protonated and fuse with the endosomal membrane to release cargo upon cell internalization

Light induced rupture of endocytic vesicles by the use of photosensitizing compounds

Photodynamic and sonodynamic therapy for oncology and dermatology applications

Genetically engineered monoclonal antibodies and antibody—drug conjugates for cancer therapy

Lysine-based polymeric dendrimers for drug delivery

Copolymer encapsulation of drugs for targeting

siRNA delivery using PEGylated polycationic lipid nanoparticles

Web Site Reference

www.abraxisbio.com

www.accesspharma.com

www.biospace.com/company_profile.

aspx?Companyld=1588

www.biospace.com/company_profile.

aspx?CompanyId=949320
www.calandopharma.com

www.celltherapeutics.com
WWW.Cgsys.com
WWW.enzon.com
www.endocyte.com
www.eurand.com
www.immunogen.com

www.imarx.com

www.insertt.com

www.nanobmi.com
www.nanobiotix.com

WWwWw.nanocarrier.co.jp

Www.neopharm.com

WWW.NOVOSOm.com
www.pcibiotech.no
www.questpharmatech.com
www.seagen.com
www.starpharma.com
www.supratek.com
www.tekmirapharm.com
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TABLE 1.2

Examples of Parenteral Formulations of Cytotoxic Anticancer Agents

S. No.

Example of Drug

Tetraplatin

CHIP, cis-dichloro,
trans-dihydroxybis-iso-
propylamine platinum IV

Topotecan

Etoposide (Vepesid®)

Teniposide (Vumon®)

Paclitaxel (Taxol®)
Carzelesin
Adozelesin
Bizelesin

Busulfan

2-Amino-5-bromo-6-phenyl-
4(3)-pyrimidone (ABPP)

2-Chloro-2’,
3’-dideoxyadenosine
(2-CIDDA)

Melphalan

Formulation Details Remarks
Simple aqueous solutions for drugs with high solubility and stability in water
Solution in normal saline Platinum analog

Solution in normal saline Platinum analog

5Smg/mL base solution in 0.1 M gluconate buffer at pH 3.0 Topoisomerase I inhibitor. Acidic pH of the solution prevents

hydrolysis of the lactone ring

Solubility improvement using cosolvent and surfactant
Drug formulated with polysorbate 80, PEG 300, and ethanol Large doses of IV ethanol can cause phlebitis. The amount of ethanol
along with benzyl alcohol as preservative and citric acid for pH that can be administered per hour depends on its rate of metabolism,
which is up to 10g/h

High dose teniposide could lead to ethanol intoxication and toxicity

adjustment

Drug formulation contains N,N-dimethyl acetamide, Cremophor
EL, and ethanol for solubilization in addition to maleic acid for due to Cremophor EL

pH adjustment

IV Cremophor EL can cause hypersensitivity reactions

Must be diluted in the IV infusion fluid before administration

Solution in 1:1 mixture of Cremophor EL and ethanol
Uses PEG 400, ethanol, and Tween 80 for solubilization

Solubility improvement using cosolvents
Aqueous solutions of 40% PEG 400 in normal saline
Aqueous solution in sodium carbonate buffer containing
N,N-dimethylacetamide (DMA)
Phosphate-buffered solution containing 60% propylene glycol
and 10% ethanol

Propylene glycol is hemolytic in vitro and should be administered at
less than 40% concentration

Aqueous solution containing 60% propylene glycol and 5% It is diluted with normal saline before administration

ethanol

(continued)
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TABLE 1.2 (continued)
Examples of Parenteral Formulations of Cytotoxic Anticancer Agents

S. No.

Example of Drug

N-nitrosourea-based
anticancer agents
5-Fluorouracil

Erbuzole
Benzaldehyde

Etoposide

Doxorubicin
Epirubicin

Doxorubicin

Camptothecin (CPT) 9-amino
CPT (9-ACPT)
Tin protoporphyrin (SnPP)

Merbarone

Formulation Details Remarks

Complexation to improve aqueous solubility and stability
Form complex with Tris buffer (Tris(hydroxyethyl)amino
ethane)

Rate of degradation of drug in the complex is slower than free drug
Formulated in Tris buffer Cardiotoxicity observed upon IV administration. Attributed to the

presence of adducts of two degradation products of the drug with Tris
Complexation with cyclodextrins

Hydrotropic solubilizing agents

Formulated in sodium salicylate solution. Planar orientation of
both the drug and the salicylate salt tend to improve solubility
in aqueous solution

Use parabens in the lyophilized formulation Drug has a tendency to form dimeric and polymeric self-aggregates,
increasing the time required to dissolve the lyophilized vial.
Incorporating parabens facilitates drug-paraben complexation,
reduces drug self-aggregation, and facilitates rapid dissolution of the
drug

Liposomes for improving PK profile, drug activity, and drug targeting
Commercially available as a stable, lyophilized liposomal IV administered liposomes concentrate in fenestrated capillaries such
formulation as liver, spleen, and the bone marrow. IV doxorubicin liposomes has
been shown to reduce its cardiotoxicity
Formulated as liposomes of cholesterol, phosphatidyl serine

(PS), and phosphatidyl choline (PC)

Formulated as liposomes

Freebase of CPT has ~10-fold higher activity than the sodium salt.
Therefore, formulation in liposomes provided higher activity

IV administration increased drug accumulation in spleen due to its
high concentration of reticuloendothelial cells

Microencapsulation for improving toxicity profile, controlled release
Microdispersion of nanoparticles at neutral pH IV administration of the N-methyl glucamine salt solution at pH 10
caused injection site vasculitis, which was overcome with the

nanoparticle formulation
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2 Methotrexate Methotrexate was conjugated with gelatin and incorporated in Reduced renal toxicity compared with the free drug
gelatin microspheres

Parenteral emulsion formulations for improvement in solubility, stability, local irritation or toxicity, and/or compatibility issues

1 Hexamethyl melamine Ethanol or DMA solubilized drug to be diluted in intralipid Overcomes drug solubility problems
(HMM) parenteral emulsion before administration
2 Perrila ketone Drug formulated in propylene glycol, ethanol, and water; to be IV administration in 5% dextrose led to loss of 20%—60% drug by
diluted in a parenteral emulsion before IV administration adsorption to the polyvinylchloride (PVC) of the infusion tubing.

This problem was overcome in IV emulsion formulation

Lipoproteins for tumor targeting

1 Prednimustine Drug microemulsion complexed with the apo B receptor of the Its cytotoxic activity against breast cancer cells was higher than the
low-density lipoprotein (LDL) particle free drug. This was attributed to the up-regulation of LDL receptors
on tumor cells
2 Vincristine LDL-associated vincristine compared with free drug Reduced neurotoxicity with the LDL formulation

Prodrug approaches to increase drug activity and aqueous solubility

1 1-B-b- Lipophilic prodrug prepared by conjugation with phosphatidic Significant increase in the lifespan of mice with L1210 and P388
Arabinofuranosylcytosine acid leukemia
(ara-C)

2 Chlorambucil Drug conjugation to o, B-poly(N-hydroxyethyl-pL-aspartamide) ~ Increased water solubility

by ester linkage

Lyophilization to improve drug stability

1 Bryostatin I Bryostatin lyophilized from butanolic solution with povidone; to  Improved drug solubility with reduced requirement of cosolvents for
be dissolved in PEG 400, ethanol, and Tween 80 mixture (PET administration and improved shelf-life of the lyophilized formulation
diluent) followed by dilution in normal saline immediately
before administration

2 Tumor necrosis factor-ou Lyophilized solution with mannitol and the sugar-based Stabilization of solution from tendency for dimeric and polymeric

(TNF-av) amorphous protectant dextran, sucrose, or cyclodextrin in self-aggregation, leading to the formation of particulates in solution

citrate buffer

Source: Reproduced from Narang, A.S. and Desai, D.D., Anticancer drug development: Unique aspects of pharmaceutical development, in Mahato, R.I. and Lu, Y. (eds.), Pharmaceutical
Perspectives of Cancer Therapeutics, AAPS-Springer Publishing Program, New York, 2009, 78-81. With permission.
Note: These cases exemplify that certain disease states and therapeutic areas with significant unmet clinical need and commercial potential, such as anticancer drug development, can make
the development costs, risks, and efforts required for nonconventional drug delivery technologies worthwhile.
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10 Targeted Delivery of Small and Macromolecular Drugs

The enthusiasm for targeted drug delivery is often subdued by the time, cost, and resource
requirements for the clinical requirement of proving efficacy and proof-of-concept. In addition, the
regulatory agencies treat prodrugs and drug conjugates as new chemical entities, which helps with
the patent life extension of existing drug molecules but also encumbers the new drug application
(NDA) sponsor with the data generation and characterization requirements equivalent to new drug
molecules. Therefore, the value proposition of pharmaceutics approaches to increasing the safety
and/or efficacy of drugs would vary on a case-by-case basis and depend on the level of unmet medi-
cal need and the projected commercial prospects of the drug candidate.

REFERENCES

1. Safra, T. Cardiac safety of liposomal anthracyclines. The Oncologist 2003; 8(Suppl 2): 17-24.

2. Ortho Biotech Products, Prescribing information, Doxil® (doxorubicin HCI liposome injection), avail-
able at http://www.doxil.com/common/prescribing_information/DOXIL/PDF/DOXIL_PI_Booklet.pdf
(2001).

3. Wigler, N, O’Brien, M, and Rosso, R. Reduced cardiac toxicity and comparable efficacy in a phase
III trial of pegylated liposomal doxorubicin (Caelyx®/Doxil®) vs. doxorubicin for first-line treatment
of metastatic breast cancer. In Conference Proceeding: American Society of Clinical Oncology, 2002,
Orlando, FL.

4. Colbern, G, Vaage, J, Donovan, D et al. Tumor uptake and therapeutic effects of drugs encapsulated in
long-circulating pegylated stealth liposomes. J Liposome Res 2000; 10(1): 81-92.

5. Liberman, EA, Topaly, VP, Tsofina, LM et al. Mechanism of coupling of oxidative phosphorylation and
the membrane potential of mitochondria. Nature 1969; 222(5198): 1076-1078.

6. Boddapati, SV, D’Souza, GG, Erdogan, S et al. Organelle-targeted nanocarriers: Specific delivery of
liposomal ceramide to mitochondria enhances its cytotoxicity in vitro and in vivo. Nano Lett 2008; 8(8):
2559-2563.

7. Stella, VI. Prodrugs as therapeutics. Exp Opin Ther Pat 2004; 14(3): 277-280.

8. Erion, MD, Reddy, KR, Boyer, SH et al. Design, synthesis, and characterization of a series of cytochrome
P(450) 3A-activated prodrugs (HepDirect prodrugs) useful for targeting phosph(on)ate-based drugs to
the liver. J Am Chem Soc 2004; 126(16): 5154-5163.

9. Narang, AS and Desai, DD. Anticancer drug development: Unique aspects of pharmaceutical develop-
ment. In RI Mahato and Y Lu (Eds.), Pharmaceutical Perspectives of Cancer Therapeutics (AAPS-
Springer Publishing Program, New York, 2009).

10. Nishikawa, M, Nagatomi, H, Chang, BJ et al. Targeting superoxide dismutase to renal proximal tubule
cells inhibits mitochondrial injury and renal dysfunction induced by cisplatin. Arch Biochem Biophys
2001; 387(1): 78-84.



Part |

Active Targeting






2 Antibody Therapies for
Liver Malignancy and
Transplantation

John M. Luk and Kwong-Fai Wong

CONTENTS
2.1 INEPOAUCHION ...ttt ettt ettt ettt a e st sae s sae e sbeeanenaees 13
2.2 Antibody ENGINEEIING ....c.cooviiiiiiiiiiiiiienieeiee ettt 14
2.2.1 Single-Chain Variable Fragment ..........cccccoceeeinieiiiniieiiinieiineeeeeeceeeneeeeseeeenen 16
2.2.2 Humanized Therapeutic AntibOdies.........ccceecveruieciinieiiinieiiinieie e 16
2.2.2.1 Mouse—Human Chimeric Antibodies...........ccceevuerieienirciininiieneeieneeeeae 17
2.2.2.2 Complementarity-Determining Region-Grafted Antibodies....................... 18
2.2.2.3 Specificity-Determining Residue-Grafted Antibodies...........c.cocceeuereennenne. 19
2.3 In Vitro Affinity Maturation..........cccoieiierieiieniiieiieieseeiesit ettt 20
2.3.1  Phage DISPLay ..cc.ceeiuieeiiiiiiiiieiieeeeste ettt sttt ettt et 21
2.3.2  Bacterial DISPIaY ......coccevuiiieriiiieieieeeeee et 21
2.3.3  YASE DISPIAY ..eeuiiitieiiieiie ettt ettt 22
2.3.4  RiIbOSOME DISPIAY....eeriiiiiiiiiieiieiiiete ettt ettt e 22
2.4 Monoclonal Antibodies for Treating Liver DiS@ases.......ccccevueerieriiinieniieenieeieeiee e 23
2.4.1 Hepatocellular CarcinOmMa ..........coeeverueeierieieniieienieereeeete et s eeresre e snees 23
2.4.1.1  CetuXimab....ccoooieiiiieiiriieie et 23
2.4.1.2 BevacCiZumab..........ccccecuiiiiiiiiieniiiienieeeee ettt 25
2.4.2 Potential Targets for Antibody Therapy of HCC........c.cccociiviiiiiiniiiiiniiiieeeeene 25
2.4.3  Liver Graft REJECHON ....c..cocuevuiiiiiiiienieeicecesieceeeeeee ettt 26
2.4.3.1 BasilixXimab.....c..cccioiiiiiiiiiiiieieeeeee e e 27
2.4.3.2 RITUXIMAD c..ooiiiiiiiii e e 27
2.4.3.3  AlemtUZUMAD......cc.ooiiiiiiiiiiiieieeeee et 27
2.5  Concluding REMATKS ....cccuiiriiiiiiiieiiieieee ettt ettt st 27
REEIEICES ...t sttt b et sae oo 28

2.1 INTRODUCTION

The first treatment of human disease with an antibody can be dated back to 1890, when an antise-
rum against a bacterial toxin was used to treat diphtheria.! The success of this “immunotherapy”
prompted medical communities to explore further the usefulness of antiserum or antibody thera-
pies in the treatment of various human diseases. Disappointingly, little therapeutic success has been
achieved with the administration of polyclonal antiserum because of its heterogeneous quality and
potential immunogenicity in human patients. Research on antibody therapy continued, and gained
momentum in 1975 with the advent of hybridoma fusion technology that enabled the production

13



14 Targeted Delivery of Small and Macromolecular Drugs

of antibodies with defined specificity. In this technology, antibody-producing cells (lymphocytes)
from an animal (e.g., mouse), which had been immunized with a particular antigen, were fused with
immortalized myeloma cells to form a hybridoma. Each hybridoma secretes a single immunoglobu-
lin population whose specificity is restricted to a single, specific epitope on antigen. The antibodies
that are produced by these hybridomas are named monoclonal antibodies because of the monoclonal
nature of the hybridoma.

With the advent of hybridoma fusion technology, a panel of monoclonal antibodies with proven
therapeutic efficacy has been produced. However, two major drawbacks of these monoclonal
antibodies need to be overcome before they are approved for clinical use in human patients: (1)
poor delivery of the antibody to the targeted antigen and (2) potential immunogenicity in human
patients.

One of the purposes of this chapter is to introduce methods that are aimed at overcoming these
two major drawbacks. In order to improve the delivery of a therapeutic antibody to its target site,
a single-chain variable fragment (scFv) has been developed as a replacement for the monoclonal
antibody. In order to minimize immunogenicity, different antibody engineering strategies have been
developed to “humanize” monoclonal antibodies that are raised usually in nonhuman animals. In
this chapter, we limit our discussion to the following humanization strategies: mouse—human chi-
meric antibody, complementarity-determining region (CDR) grafting, and specificity-determining
residues (SDR) grafting.

In addition to these antibody “humanization” technologies, expression systems that facilitate
in vitro affinity maturation of recombinantly made antibodies are also discussed. Both cell-based
(phages, bacteria, and yeast) and cell-free (in vitro transcription/translation [IVTT]) expression
systems are used currently by the antibody manufacturing industry. Capitalizing on these molec-
ular display schemes, therapeutic antibodies, whose avidity has been enhanced a 1000-fold, have
been developed.

Section 2.4 describes how the advancement of antibody engineering has benefited the clinical
management of various diseases. For this purpose, antibodies that target hepatocellular carcinoma
(HCC) and graft rejection will be used as examples. HCC is a liver malignancy that affects different
regions of the world, and hepatectomy is the only curative intervention. However, the high rate of
tumor recurrence after surgery results in an unacceptable 5 year survival rate among the HCC
cohorts. Due to the improved understanding of the molecular biology of HCC, antibodies that target
specific signaling molecules and/or pathways in cancerous hepatocytes and are essential for cancer
progression and survival are now being evaluated in HCC patients. The clinical results on the com-
bined use of chemotherapeutic drugs and antibody-directed immunotherapy in HCC are promising

and encouraging. Monoclonal antibodies that are capa-

Antibodies that target specific signaling mole-
cules and/or pathways in cancerous hepatocytes
are now being evaluated in HCC patients. A
combination therapy of chemotherapeutic drugs
and antibody-directed immunotherapy is promis-
ing for the treatment of HCC.

ble of blocking or antagonizing the graft rejection
response following organ transplantation are now also
available in the market. Prophylactic treatment with
these antibodies can minimize the dosages of the con-
ventional immunosuppressive drugs, whose long-term

and high-dose administration to transplant recipients
can result in many unwanted clinical manifestations.

Collectively, this chapter provides a review of the antibody engineering strategies that have
been developed for improving the efficacy of therapeutic antibodies in the treatment of diseases.
Therapeutic monoclonal antibodies that are used to treat patients with HCC as well as prevent graft
rejection are also discussed.

2.2 ANTIBODY ENGINEERING

The pharmacodynamics and pharmacokinetics of a therapeutic antibody are the key determinants
for the successful immunotherapy of a disease. Both these attributes are, in turn, influenced by
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the intrinsic properties of the antibody. These intrinsic properties include molecular structure and
conformation, amino acid composition, and physicochemical properties, such as isoelectric point.

Recent advances in recombinant DNA technology have enabled the genetic manipulation of
these properties, and even the introduction of new properties, such as multivalency. In addition,
increasing knowledge about the molecular structure of the antibody/antigen complex has resulted in
more accurate in silico modeling. This enables protein engineering to improve antibody humaniza-
tion. Furthermore, different molecular display systems have been developed for affinity maturation
of an antibody in vitro. Having outlined the goals of antibody engineering as above, Sections 2.2.1
and 2.2.2 focus on the various approaches that are used currently for antibody engineering with
their key attributes, applications, and limitations.

However, before discussing the methods for improving antibody efficacy, the molecular architec-
ture of an antibody will be described first. Specifically, the discussion will focus on immunoglobu-
lin G (IgG) because most therapeutic monoclonal antibodies that are in current clinical use or under
development belong to the IgG family.

IgG is a glycoprotein with a molecular weight of approximately 150kDa. Although there are
different subclasses of IgG, most IgG antibodies conform to the basic molecular structure of an
immunoglobulin. Figure 2.1 depicts a model showing

the molecular structure of an IgG. The basic structural - i -
. . . . . The two key functions of an antibody are anti-
units of immunoglobulin are the light and heavy chains, L ; -

. o ) . gen binding and effector function (e.g., fixation
for each chain has two copies in an immunoglobulin. | of complement). These functions are mediated
These chains are held together by interchain disulfide | by the antigen-binding fragment (Fab) and con-
bridges and weak noncovalent interactions. In addition | Stant CrYSta”'ZIab[s fr?gmfef“ (Fo, Wlh'gh [_are glsl;
to the interchain disulfide bridges, intrachain disulfide tinct structural subunits of immunoglobuins. Fa

. . . . harbors the antigen-binding domains, and these
bridges are present to facilitate domain formation | are the sites where the antibody epitope interacts
within both chains. The light chains have variable (V;) | with the antigen. The Fc harbors those domains
and constant (C,) domains, while the heavy chains that contribute to the binding of the antibody to

. complement receptor and cellular Fc receptor.
have four domains: Vy, Cyl, C,2, and C;3. P P P
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FIGURE 2.1  Schematic diagram showing molecular structure of IgG. Each immunoglobulin consists of two
heavy and two light chains. Light chain consists of variable domain (V) and constant domain (C,); while
heavy chain consists of V, Cyl, C42, and Cy3. The variable regions of both chains bind epitope on antigen
at the CDRs.



16 Targeted Delivery of Small and Macromolecular Drugs

2.2.1  SINGLE-CHAIN VARIABLE FRAGMENT

A therapeutic monoclonal antibody represents a good candidate for high affinity and protein-based
binding agents for the treatment of various cancers. However, the success of antibody therapy in
cancer patients is limited usually by the undesirable biodistribution of antibody in noncancerous tis-
sues. This results in the poor delivery of the therapeutic antibody to the tumor. As already noted, the
constant Fc of an antibody can bind to the cell surface Fc receptors in cancerous and noncancerous
tissues and is another reason for monoclonal antibody accumulation in noncancerous tissues.

The delivery of therapeutic monoclonal antibodies to solid tumors faces another problem due
to the high molecular weight of the immunoglobulin. The tumor is surrounded by an extracel-
lular matrix whose major constituent is collagen. Collagen deposition is up-regulated in cancer
patients.? The excessively formed network of collagen significantly hampers the passage of macro-
molecules, such as therapeutic monoclonal antibodies with a typical molecular weight of approxi-
mately 150kDa, through the extracellular matrix.

To overcome the poor tissue penetration and undesirable distribution and accumulation of existing
therapeutic Fc antibodies, scFvs, which are monoclonal antibodies without the entire constant Fc region
and are sometimes called the single-chain antibody, have been developed. In this process, the antibody-
binding domains of the light and heavy chains of immunoglobulin are genetically engineered together
by a flexible peptide linker, such as the widely used (GlyGlyGlySer),.># In order to increase the avidity
of a single scFv toward its targeted antigen, a multivalent scFv is sometimes constructed under certain
circumstances. Bivalent scFvs (diabodies) and trivalent scFvs (triabodies) can be constructed by link-
ing several single scFvs (Figure 2.2). Chemical linking can be used to construct a multivalent scFv. For
example, scFv fragments were joined to give diabody and triabody by cross-linking maleimide that is
located in the linker.

The production of multivalent scFvs is of clinical significance. A multivalent scFv usually has
a higher avidity toward its targeted antigen when compared with that of its single scFv counter-
part. This results in a longer duration of action and retention in tumor masses.® The relationship
between the valency of the antibody and its retention in the tumor is simply depicted in Figure 2.2.
Nevertheless, any significant increase in the molecular weight of a multivalent scFv is likely to
reduce its tissue penetrability. Therefore, the balance between tissue penetrability and affinity needs
to be weighed carefully when developing efficacious therapeutic scFvs.

In addition to multivalent scFvs, several scFv fragments can be joined to form a bi-specific scFv
that can target two different antigens or two nonoverlapping epitopes in the same antigen. Gruber
and colleagues have reported that the construction of a bi-specific scFv can be done genetically.” In
his early study, two different scFv fragments, namely, anti-TCR Ab 1B2 and anti-fluorescein, were
linked to form a bi-specific scFv by a flexible peptide linker that is comprised of 25 amino acid resi-
dues. In addition to bi-specificity, this engineering strategy can obtain scFv with enhanced affinity
and avidity toward its antigen.®

Given these advantages over traditional therapeutic antibodies, scFvs that aim to treat various
liver diseases like viral hepatitis are currently under development. The risk of developing liver cir-
rhosis and HCC is high in individuals with hepatitis C. There are currently no effective interven-
tions to completely resolve the viral infection. Therefore, antibodies that can potentially inhibit the
proliferation of the hepatitis C virus (HCV) are being developed. An example of this development is
scFv42C—a monoclonal antibody that targets the HCV core protein—which has been implicated in
the pathogenesis of HCV hepatitis and HCC. The scFv42C significantly decreased the intracellular
levels of the HCV core protein in a hepatoma cell line.’

2.2.2 HuMANIZED THERAPEUTIC ANTIBODIES

A vast repertoire of monoclonal antibodies of murine origin can now be produced, and are being
used clinically, as a result of the pioneering work of Kohler and Milstein, the inventors of hybridoma
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FIGURE 2.2 Schematic diagram showing construction of scFv, di-scFv, and tri-scFv. Each scFv consists of
the variable regions of the antigen-binding domains of heavy and light chains. Both chains are linked by a
flexible peptide linker. Single scFv can be joined to give di-scFv and tri-scFv to increase the valency of scFv
for enhancement of affinity toward targeted antigen. Depicted also is the effect of antibody valency on tumor
retention of scFv. Multivalency generally increases the tumor retention of scFv. (From Goel, A. et al., Cancer
Res., 60, 6964, 2000. With permission.)

fusion technology.'® However, these monoclonal antibodies are potentially immunogenic because
they can elicit a host immune response, which is referred to as the human anti-mouse antibody
(HAMA) response.'"'? The HAMA response prevents the repetitive administration of a therapeutic
antibody because it may lead to a fatal anaphylactic shock.

Many factors such as the amino acid composition of the antibody, the nature of vehicle, and
the genetic background and disease status of the patient can contribute to the immunogenicity of a
therapeutic antibody. Generally, it is assumed that the immunogenicity of a therapeutic monoclonal
antibody is proportional to its mouse content.’® Therefore, minimizing the mouse content in the
therapeutic monoclonal antibodies of murine origin and still retaining affinity have become one
of the important goals in the engineering of therapeutic monoclonal antibodies. The approaches
to chimerize or humanize monoclonal antibodies are summarized in Figure 2.3 and described in
Sections 2.2.2.1 through 2.2.2.3. Using these technologies, more than 15 monoclonal antibodies of
low immunogenicity have been approved for clinical use (Table 2.1).

2.2.2.1 Mouse—Human Chimeric Antibodies

In the early 1980s, mouse—human chimeric antibodies were developed. To construct a mouse—human
chimera, the antigen-binding variable domains of the heavy (V) and light chains (V) of mouse
immunoglobulin are linked to the constant Fc region of human immunoglobulin. Usually, the V| is
linked to human C, and the V, is linked to human C,1-C2—C,3 of the light and heavy chains in
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FIGURE 2.3 Schematic diagram showing the different approaches for minimizing the immunogenicity
of therapeutic antibodies of murine origin. For the mouse—human chimeric antibody, the antigen-binding
domains of murine monoclonal antibody of both heavy and light immunoglobulin chains are grafted into a
human immunoglobulin framework. In order to further eradicate the sequence content of mouse antibody in
the therapeutic antibody, techniques for the grafting of CDR and SDR of mouse antibody to human immuno-
globulin have been developed.

human immunoglobulin.'* Using this technology, many therapeutic monoclonal antibodies of murine
origin have been humanized and are now used to treat different diseases. Examples of these antibod-
ies include rituximab (Rituxan®; Genentech, South San Francisco, California) for the treatment of B
cell non-Hodgkin’s lymphoma and basiliximab (Simulect®; Novartis, East Hanover, New Jersey) for
the prevention of acute rejection in renal transplantation.

2.2.2.2 Complementarity-Determining Region-Grafted Antibodies

Since mouse—human chimeric antibodies contain considerable amounts of mouse antibody poly-
peptide, which is potentially immunogenic in humans, further minimization of the content of mouse
antibody in therapeutic monoclonal antibodies is desired. The CDRs within the variable antigen-
binding domains of the light and heavy chains of immunoglobulin are the molecular determinants
of antigen specificity. Based on this finding, a therapeutic antibody that retains the specificity of
mouse monoclonal antibodies but shows little immunogenicity can be generated by grafting the
CDRs of mouse antibody into a human immunoglobulin framework. The resulting CDR-grafted
antibody has been found to be less immunogenic when compared with the mouse—human chimeric
antibody.”

CDR-grafted antibodies have been approved for the clinical treatment of different diseases. In
1997, the United States Food and Drug Administration (FDA) approved the clinical use of dacli-
zumab (Zenapax®; Hoffman-La Roche, Inc., Nutley, New Jersey) to prevent graft rejection after
organ transplantation, especially for renal transplantation.
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TABLE 2.1
Chimeric and CDR-Grafted Monoclonal Antibodies on the Market
Nature Monoclonal Antibody Indication Date of Approval
Chimeric Abciximab (ReoPro®; Lilly, Indianapolis, Percutaneous coronary December 1994
Indiana) intervention (PCI) adjunct
Rituximab (Rituxan®; Genentech, Vacaville, Non-Hodgkin’s lymphoma November 1997
California)
Basiliximab (Simulect®; Novartis, East Graft rejection prophylaxis May 1998
Hanover, New Jersey)
Infliximab (Remicade®; Centocor, Horsham, Crohn’s disease, Rheumatoid August 1998
Pennsylvania) arthritis
Cetuximab (Erbitux®; Bristol-Myers Colorectal cancer February 2004
Squibb/ImClone, Princeton, New Jersey)
CDR-grafted Daclizumab (Zenapax®; Hoffman-La Roche, Graft rejection prophylaxis December 1997
Inc., Nutley, New Jersey)
Palivizumab (Synagis®; MedImmune, Respiratory syncytial virus June 1998
Gaithersburg, Maryland) (RSV) infection
Trastuzumab (Herceptin®; Genentech, Metastatic breast cancer September 1998
Vacaville, California)
Gemtuzumab (Mylotarg®; Wyeth, Madison, Acute myeloid leukemia May 2000
New Jersey)
Alemtuzumab (Campath®; Bayer Chronic lymphocytic leukemia July 2001
Pharmaceuticals, Wayne, New Jersey)
Omalizumab (Xolair®; Genentech-Novartis, Asthma June 2003
East Hanover, New Jersey)
Efalizumab (Raptiva®, Genentech, Psoriasis October 2003
Vacaville, California)
Bevacizumab (Avastin®; Genentech, Colorectal cancer February 2004
Vacaville, California)
Natalizumab (Tysabri®; Biogen-Idec, Multiple sclerosis November 2004
Research Triangle Park, North Carolina)
Ranibizumab (Lucentis®; Genentech, Wet age-related macular June 2006
Vacaville, California) degeneration
Eculizumab (Soliris®; Alexion, Cheshire, Paroxysmal nocturnal March 2007
Connecticut) hemoglobinuria

However, the CDR-grafted antibodies can still be immunogenic in humans because the num-
ber of amino acid residues of mouse origin was still substantial'® and capable of causing harm-
ful immune responses, as was reported by Sharkey et al.'” They reported that the administration
of a CDR-grafted monoclonal antibody against the carcinoembryonic antigen (CEA) provoked an
adverse humoral response in patients with advanced CEA-producing tumors.

2.2.2.3 Specificity-Determining Residue-Grafted Antibodies

Due to the fact that CDR-grafted antibodies can sometimes be immunogenic, new approaches to
minimize the content of murine residues in therapeutic antibodies are being evaluated. One such
approach is to graft only the amino acid residues that are involved in the antibody—antigen interac-
tion (SDRs), but not the entire CDR, to the human immunoglobulin scaffold. The key challenge to
this grafting approach is to select SDRs for grafting. Detailed information about the binding between
the antibody and the antigen is inferred usually from the molecular structure of the antibody—antigen
complex after x-ray crystallography or in silico modeling of the complex.!®
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2.3 IN VITRO AFFINITY MATURATION

The genetic engineering of monoclonal antibodies has yielded therapeutic monoclonal antibodies

Recent advances in antibody engineering have
made it possible to overcome the shortcomings
of monoclonal antibodies of murine origin, such
as potential immunogenicity, ineffective tissue
penetration, and undesirable biodistribution. The
humanization of therapeutic monoclonal anti-
bodies of murine origin has allowed their use in
the treatment of many human diseases.

with enhanced tissue penetrability and specificity, and
reduced immunogenicity. However, these advantages
are always accompanied with decreased binding affin-
ity. The affinity of a monoclonal antibody toward its
targeted antigen can be maximized by selecting a high-
affinity antibody from a pool of recombinant antibodies
by a process called panning or biopanning. Since this

process mimics the physiological affinity maturation of

an antibody, it is also called in vitro affinity maturation.

The same basic principle is shared by all methods of biopanning. To select a high-affinity
antibody by biopanning, the target antigen is first immobilized on a solid support. Recombinant
antibodies of differential affinity are then incubated with the immobilized antigen. After remov-
ing any unbound antibodies, the bound antibodies are eluted and allowed to bind again to the
antigen. This process is repeated several times in order to identify the antibody with the highest
affinity.

For successful biopanning, antibodies need to be expressed and made accessible to the immo-
bilized antigen. For this purpose, different molecular display systems have been developed.
These systems can be categorized into two types: a cell-surface display system and a cell-free
display system. A cell-surface display system utilizes a phage (e.g., M13 bacteriophage), a bac-
terium (e.g., E. coli), or yeast to synthesize recombinant antibodies that are then expressed on
the cell surface. In a cell-free display system, recombinant antibodies are synthesized by an
IVTT system. The advantages and disadvantages of these different methods are summarized in
Table 2.2.

TABLE 2.2
Advantages and Disadvantages of the Different Molecular Display Systems

Display System Advantages Disadvantages

Cell surface display

Phage display Rapid and easy screening Limited size of displayed protein
Bacterial display Large library size Lack of posttranslational quality control
Use of FACS to monitor antibody binding to over protein folding
antigen in solution Codon usage is different from mammalian
Yeast display Possesses posttranslational quality control Different glycosylation from mammalian
over protein folding, which is very similar cells
to that in mammalian cells Relative low transformation efficiency
Possesses a codon usage that is very similar when compared with bacteria

to that in mammalian cells

Easy handling and manipulation

Use of FASC to monitor antibody binding to
antigen in solution

Cell-free display

Ribosome display Largest library size of all display systems Requires immobilized antigen on solid
Allows recursive mutagenesis, in which support
selected antibodies are repeatedly mutated Bacterial codon bias

to result higher specificity and avidity
toward the targeted antigen
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2.3.1 PHAGE DispLAY

Phage display is the oldest and probably the most commonly used approach. In short, antibodies of
interest are packaged and displayed by phages, and then subjected to selection that is based on the
differential binding affinities toward the targeted antigen. Although many bacteriophages such as
the filamentous phage, T4, T7, and lambda phage can be used for phage display, the M13 bacterio-
phage is the mostly commonly used. The M13 bacteriophage is a filamentous bacteriophage with a
viral genome of approximately 6407 nucleotides, from which one major (P8) and three minor (P9,
P6, and P3) coat proteins are encoded. Of these proteins, the P3 minor coat protein is used to facili-
tate phage docking on E. coli, thereby allowing the phagemid, to which genes of the antibodies have
been ligated, to be rescued, expressed, and displayed.”®

Most phage display protocols follow the same principle as described in Figure 2.4. To produce
phage-displayed antibodies, antibody genes are ligated first to the P3 gene in a phagemid that is
subsequently transformed into a competent E. coli such as TGI. Transformed bacterial cells are
then infected with M13 bacteriophages, and recombinant M13 phages are produced. Due to the fact
that the antibody genes are ligated to the P3 minor coat protein, the antibodies are expressed or
displayed on the tips of phages, and are accessible to the immobilized antigen. Using phage display,
Schier et al. reported that they were able to achieve a 1230-fold increase in the affinity of a scFv
against the tumor antigen c-erb-2.2

2.3.2 BACTERIAL DispLAY

Bacterial display is another commonly used cell-based display system and has two advantages over
phage display. First, a larger-sized library can be generated quickly because of the rapid transforma-
tion and growth rate of bacteria. Second, fluorescence activated cell sorting (FACS) can be used to
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FIGURE 2.4 Schematic diagram showing the procedure for biopanning. In order to display antibodies,
genes of antibodies are ligated into phagemid, which is then transformed into E. coli. Bacteriophages (e.g.,
M13) are then allowed to infect bacteria. The resulting recombinant M13 phages with antibodies displayed
on their protein coats are incubated with immobilized antigen, and after washing, bound recombinant M13
phages are used to reinfect E. coli for another round of screening.



22 Targeted Delivery of Small and Macromolecular Drugs

monitor the binding of antibodies to a fluorescently labeled antigen in solution. This eliminates the
need to immobilize the antigen on a solid support. Owing to the fact that the antibody—antigen inter-
action takes place in solution, nonspecific binding of the antibody to the solid support does not occur.

In spite of these advantages, the display of many mammalian proteins in bacterial display can
sometimes be problematic. The reason for this drawback is due to the lack of posttranslational con-
trol over protein folding and modification, as well as the difference in codon usages between bacte-
ria and mammalian.?! In view of this, eukaryotic display systems like yeast are usually employed to
display mammalian protein for affinity enhancement.

2.3.3  Yeast DispLAY

Yeast possesses a protein-folding machinery and a codon usage that are very similar to those
in mammalian cell.?? Therefore, yeast is an ideal system for displaying mammalian proteins for
biopanning. The production of improperly folded variants due to bacterial codon bias can be
circumvented by using yeast display.?? Another advantage of yeast display is the ease of manipu-
lating yeast reproduction, which allows the generation of a large repertoire library. A typical
yeast library harbors 10°—107 repertoires. The library size can be expanded. For example, by mat-
ing two different yeast strains, each of which was capable of expressing the V; and V| library,
Blaise et al. and Weaver-Feldhaus et al. were able to build a Fab library with 3 x 10° different
repertoires.?324

2.3.4 RiBosoME DispLAY

Ribosome display is a cell-free display system in which an IVTT system is used to display proteins
for biopanning. For this purpose, RNA polymerase is used to transcribe the antibody-coding gene
into an mRNA transcript. Based on the coding sequence of the resulting mRNA, a polypeptide
chain is synthesized by bacterial ribosomes in vitro. Since a stop codon is lacking in the mRNA
transcript, the nascent polypeptide is trapped in the mRNA-ribosome complex, thus forming a
polypeptide-ribosome complex that is accessible to the immobilized antigen. After removing the
unbound complex, the mRNA transcripts of the bound complexes are then reverse-transcribed to
cDNAs. The cDNAs can be transcribed again. Polypeptides are again synthesized, and then sub-
jected to another round of selection.

There are two features that distinguish the ribosome display from the cell-based display sys-
tems. The transformation and growth of cells are not required for expressing proteins in ribo-
some display. Therefore, ribosome display can usually generate a large library (approximately 10'?
proteins per library), a size that is considerably larger than those generated by cell-based display
systems. In addition, ribosome displays have the potential for affinity maturation through recur-
sive mutagenesis to produce high affinity antibodies. Hanes and colleagues were the first group to
report a 65-fold enhancement of the binding affinity of an scFv to its target antigen by recursive
mutagenesis-coupled panning.?

Although ribosome display allows recursive mutagenesis to produce antibodies of enhanced
affinity, the requirement for a solid support to immobilize the antigen for antibody selection
potentially increases the likelihood that nonspecific binding will occur. Another drawback of the
ribosomal system is that bacterial codon bias may lead to the improper folding of mammalian
proteins.

To summarize, the recent advances in antibody engineering have made it possible to overcome
the existing shortcomings of therapeutic monoclonal antibodies of murine origin that restricted their
widespread clinical use, namely, potential immunogenicity, ineffective tissue penetration, and unde-
sirable biodistribution. With the introduction of methods to humanize therapeutic monoclonal anti-
bodies of murine origin, humanized monoclonal antibodies are now available and have become part
of a wide choice of pharmacological therapies to treat many human diseases. In Section 2.4, the uses
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of engineered antibodies in the management of patients with liver malignancy and liver transplant
recipients will be discussed.

2.4 MONOCLONAL ANTIBODIES FOR TREATING LIVER DISEASES

2.4.1 HePATOCELLULAR CARCINOMA

HCC is endemic in Asia and Africa because of the high prevalence of infection with hepatitis B and
C viruses. It is the third most common cause of cancer-related deaths. Although the number of cases
is relatively low in the United States and Europe, its rate of incidence has been increasing. Thus,
HCC is becoming a major health problem worldwide.?

Partial hepatectomy and liver transplantation are the only two curative interventions for HCC.
However, the effectiveness of these two interventions is greatly hampered by the low resectability
rate, the high postoperative recurrence rate, and the shortage of liver tissue for grafting. Several
palliative interventions, such as transarterial radioembolization, transarterial chemoembolization,
and local ablative therapy, have been developed. However, the clinical benefits of these interventions
remain to be established.?”

Recent advancements in our understanding of the biology of liver cancer have paved the way
for the treatment of cancers with monoclonal antibodies. The progression of a malignant tumor
requires that the cancer cells be constitutively stimulated with an aberrant growth signal and also
supplied with oxygen and nutrients. The aberrant growth signal to cancer cells in liver results from
the uncontrolled activation of the epithermal growth factor receptor (EGFR), which is a result of
mutations that cause tyrosine kinase of EGFR to be constitutively active.?® The EGFR-mediated
signaling pathways are, therefore, activated, and many of these pathways favor the progression of
cancer cells by promoting unchecked cellular proliferation, cellular motility, and angiogenesis. On
the other hand, the supply of oxygen and other nutrients is maintained by angiogenesis, which is
driven mainly by vascular endothelial growth factor (VEGF), among other proteins. The underly-
ing mechanism of VEGF action is to increase the permeability of the microvasculature and the
extravasation of plasma fibrinogen. This leads to the formation of fibrin deposits in the extracel-
lular matrix. These deposits serve as a building scaffold for the formation of a new capillary net-
work.? Cellular signaling resulting from the activation of EGF and VEGF receptors are described
in Figure 2.5.

In this context, monoclonal antibodies against the EGFR, such as cetuximab, and against VEGF,

such as bevacizumab, have been developed. Their uses

are approved by the FDA to treat various cancers.
Although their FDA approval for treating HCC is still
pending, evaluation of the efficacy of cetuximab and
bevacizumab in patients with HCC is underway in sev-
eral experimental studies and clinical trials. Table 2.3
summarizes the therapeutic monoclonal antibodies

Monoclonal antibodies against the EGFR, such
as cetuximab, and against VEGF, such as bevaci-
zumab, have been approved by the FDA to treat
various cancers. Although their FDA approval
for treating HCC is still pending, evaluation of
the efficacy of cetuximab and bevacizumab in
patients with HCC is underway in several experi-

mental studies and clinical trials.

studied for treating HCC and liver transplantation.

2.4.1.1 Cetuximab

Over-expression of EGFR has been reported in HCC, which is related with tumor recurrence and
extrahepatic metastasis.?® Cetuximab (Erbitux®; Bristol-Myers Squibb/ImClone, Princeton, New
Jersey) is a mouse—human chimeric monoclonal antibody against EGFR. It is approved for use in
the treatment of colorectal cancer and head and neck cancers. In addition, studies on its efficacy in
HCC are underway.

Huether and colleagues reported that cetuximab could prevent HCC cells from proliferating by
inducing cell cycle arrest in vitro.’! Despite the substantial therapeutic effect of cetuximab in vitro,
the clinical benefits of cetuximab in HCC patients remain to be fully established. Recently, Zhu and
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FIGURE 2.5 Schematic diagram showing the downstream cellular effects resulted from activation of EGF
and VEGF receptors. Binding of EGF and VEGF triggers dimerization of their respective receptors, and leads
to activation on many downstream signaling pathways. Binding of EGF activates PI3K/AKT pathway, ERK
pathway and JAK/STAT pathway, promoting survival and protein survival of cancer cells. Binding of VEGF
activates PI3K/AKT pathway, RAF pathway, and p38MAPK pathway, promoting proliferation and migration
of endothelial cells, as well as increasing endothelial permeability.
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colleagues reported that no antitumor effects were found in patients with advanced HCC following
treatment with cetuximab alone. They also found that there was no correlation between EGFR expres-
sion and the response to therapy.®? Although the reasons for this disappointing result are unknown,
the promise of cetuximab in HCC may not be fulfilled when it is used as the sole therapeutic agent,
but rather when it is part of a combination therapy. In 2007, Paule et al. reported that treating nine

TABLE 2.3
Examples of Antibodies Used for the Treatment of HCC and Liver Graft Rejection
Monoclonal
Antibody Nature Target Antigen References
HCC Bevacizumab Humanized VEGF [38,39]
(Avastin)
Cetuximab (Erbitux) Human-mouse Epidermal growth factor [31,32,34]
chimeric receptor
Liver graft Alemtuzumab Humanized CD52 of B and T cells, [54,55]
rejection monocyte, natural killer cells
Basiliximab Human-mouse IL-2 receptor o-chain (CD25) [48,49]
(Simulect) chimeric
Rituximab (Rituxan) Human—mouse CD20 of B-lymphocyte [51,52]

chimeric
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patients with intrahepatic cholangiocarcinomas with cetuximab in combination with a gemcitabine
plus oxaliplatin (GEMOX) regimen could circumvent chemo-resistance with benefits of patient sur-
vival.® In 2008, Asnacios et al. reported the results of a phase II clinical trial in which 45 patients
with advanced-stage progressive HCC were treated with cetuximab in combination with a GEMOX
regimen.’* The combined therapy resulted in a progression-free survival of 4.7 months without any
undesirable drug toxicity. This result is encouraging because the progression-free survival rate fol-
lowing cetuximab monotherapy in HCC patients is 1.4 months.3? Based on the results of these studies,
it seems that cetuximab can be administered to patients with advanced liver malignancy as a pallia-
tive treatment.

2.4.1.2 Bevacizumab

Bevacizumab (Avastin®; Genentech, Vacaville, California) is a humanized monoclonal antibody
against VEGF and is used to treat patients with metastatic cancers. It was the first monoclonal
antibody designed to inhibit angiogenesis in tumors. Blocking the action of VEGF results in the
destruction of the blood vessel network that provides the nutrients and oxygen supply to tumor cells,
and eventually causes cancer cell death and tumor regression.>

The FDA approved the use of bevacizumab for the treatment of colorectal cancer in 2004,
lung cancer in 2006, and breast cancer in 2008. Although it has not been approved for the treat-
ment of HCC, it is generally believed that bevacizumab will be effective in treating HCC because
HCC tumors are highly vascularized. This is supported by the correlation between VEGF levels
with the prognosis of HCC. Intrahepatic VEGF levels in patients with HCC are significantly ele-
vated when compared with those with hepatitis and cirrhosis.?® El-Assal and colleagues reported
that the elevated transcript level of hepatic VEGF is correlated with HCC tumor invasion and
metastasis.’’

Based on these findings, experimental studies and clinical trials on the efficacy of bevaci-
zumab were initiated, and the results are now being reported. For example, Finn and colleagues
examined the anti-angiogenic effect of bevacizumab in human HCC cells that were grown and
developed into tumors in a mouse orthotopic model of human HCC. They showed that an intra-
peritoneal injection of bevacizumab (5 mg/kg) significantly decreased microvessel density in the
tumor and the rate of tumor progression.? Siegel and colleagues reported the results of a phase II
clinical trial on the use of bevacizumab in patients with unresectable HCC.* The patients were
given bevacizumab (5 or 10 mg/kg) every 2 weeks until they showed symptoms of drug toxicity.
Treatment with bevacizumab was associated with a significant reduction in tumor enhancement,
assessed by dynamic contrast-enhanced magnetic resonance imaging (MRI). It also reduced
the circulating VEGF-A and stromal-derived factor-1 levels. Despite these beneficial effects,
the patients had undesirable clinical symptoms that included hemorrhage, hypertension, and
thrombosis.

In another study, the combined use of bevacizumab with cytotoxic drugs was tested in HCC
patients. In this phase II study, Zhu and colleagues demonstrated that patients with advanced
HCC treated with bevacizumab in combination with GEMOX had significant reductions in sur-
rogate markers of angiogenesis, as assessed by computed tomography perfusion scans of the
liver.40

2.4.2 PotenTIAL TARGETS FOR ANTIBODY THERAPY OF HCC

The success of bevacizumab and cetuximab has been a stimulus for new investigations to identify
specific tumor biomarkers for HCC. The identification of such specific markers can be further
exploited to develop a HCC-specific drug delivery system. Different technology platforms are
currently available, and Figure 2.6 summarizes the general approach for identifying protein bio-
markers from various types of samples like the tissue and blood of a patient, as well as cancer
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FIGURE 2.6 Schematic workflow for protein biomarker identification from cell line and samples from
patients. 2D-DIGE, two-dimensional fluorescence difference gel analysis; 2D-PAGE, two-dimensional poly-
acrylamide gel electrophoresis; HPLC, high-performance liquid chromatography; MS, mass spectrometry.

cell lines. Over the years, many proteins have been identified whose expressions are specific to
patients with HCC and different stages of the disease.*’ Antibodies against these proteins have
been generated.

For example, Mohr and colleagues identified a 180kDa glycoprotein whose expression was found
exclusively in HCC tissue, but not in adjacent nontumor tissues. They raised an antibody, AF-20,
against this glycoprotein and found that it was a good carrier molecule for the selective delivery of
cytotoxic drugs to tumor tissues. When AF-20 was conjugated with a chemotherapeutic drug or a
tumoricidal gene and bound to glycoprotein, the antibody—drug complex was internalized and can-
cer cell death ensued in vitro and in animal models.*?

To search for a HCC-specific biomarker/antigen, we recently conducted a large-scale pro-
teomic study on HCC patients (>100). In this study, we generated a monoclonal antibody against
HCC tumor tissue lysate, named CLD3. We found that the epitope of CLD3 is also present
in the heterodimeric Ku70/Ku80 autoantigen.** This epitope could be a very promising target
for the treatment of HCC because Ku antigens contribute to cell proliferation and resistance to
irradiation.**

2.4.3 Liver GRAFT REJECTION

Liver transplantation is the only curative treatment for HCC and cirrhosis. The prevention of a
rejection of the transplanted liver is critical for successful treatment. Thus, immunosuppressants,
such as cyclosporine A, are usually administered to prevent graft rejection. However, immunosup-
pression can result in many undesirable clinical outcomes such as opportunistic infection® and
post-transplant lymphoproliferative disorders.*® Therefore, the following section will describe the
development of many mouse—human chimeric and humanized monoclonal antibodies that tar-
get the specific effectors of the host immunity in order to prolong graft survival with minimal
side effects. In general, these monoclonal antibodies prevent graft rejection by the elimination of
alloreactive T lymphocytes, suppression of the humoral response, or induction of donor-specific
tolerance.
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2.4.3.1 Basiliximab

The infiltration of alloreactive T lymphocytes into a graft can cause tissue damage and graft failure.
Therefore, the elimination of this population of T lymphocytes should prevent graft rejection. The
binding of interleukin (IL)-2 to its receptor on T lymphocytes results in immune cell proliferation.*’
A monoclonal antibody against the o-chain of the IL-2 receptor (CD25 antigen) has been devel-
oped to antagonize the binding of IL-2 to its receptor. Basiliximab (Simulect) is an FDA-approved
human—-mouse chimeric monoclonal antibody for use in renal transplantation. The combined use
of basiliximab and tacrolimus resulted in a significant reduction in the number of acute rejection
episodes and infectious complications*® and the occurrence of postoperative lymphoproliferative
disorders.*

2.4.3.2 Rituximab

The thymus (T) cell-mediated immune response is one of the key effector mechanisms of graft
rejection. However, the B lymphocyte-mediated humoral immune response can be the cause of
graft failure in certain circumstances, such as ABO-incompatible (ABO-I) transplantations.> Thus,
a therapeutic agent that can specifically suppress the activity of B cells is required for this type of
transplantation. Rituximab (Rituxan) is a mouse—human chimeric monoclonal antibody against the
CD20 antigen of B lymphocytes. It was approved by the US FDA in 1997 for treating B cell non-
Hodgkin’s lymphoma because of its ability to eradicate B lymphocytes. The successful prevention
of graft rejection in ABO-I transplantation by rituximab has been reported in patients with high
preoperative circulating levels of antibody against ABO.>! Recently, the prophylactic administration
of rituximab seven days before transplantation effectively eliminated both effector and memory B
lymphocytes. This resulted in a low rejection rate and a low peak IgG titers in ABO-I patients who
received liver grafts.®

2.4.3.3 Alemtuzumab

The induction of donor-specific tolerance in a graft recipient is another strategy in preventing
graft rejection.” In this approach, tolerance toward the transplanted graft is induced during the
first few postoperative weeks by the migration of leucocytes from the graft to the recipient’s lym-
phoid organs. To develop tolerance, the host immune response against the alloantigen needs to be
depleted before exposure to the donor’s leucocytes. For this purpose, Campath-H1®, a monoclonal
antibody against CD52, which is a protein expressed on T cells, B cells, natural killer cells, and
monocytes, was developed by the Cambridge University.>* Subsequently, Campath-H1 was human-
ized and named alemtuzumab. When used as an anti-lymphoid agent in liver transplantation, a
single preoperative administration of alemtuzumab significantly improved graft survival compared
with conventional postoperative immunosuppressants.> Despite its beneficial effects, opportunistic
infections following alemtuzumab administration have been reported in patients following organ
transplantation.’®-® Thus, the prophylactic administration of antimicrobial agents before treat-
ment with alemtuzumab is usually recommended to patients who are scheduled to undergo organ
transplantation.

2.5 CONCLUDING REMARKS

Treating malignancies and immune disorders with therapeutic monoclonal antibodies is becoming
more widespread clinically because of the significant improvements in their specificity, reduced
immunogenicity, and improved biodistribution. These improvements are the result of recombinant
DNA technologies that allow the humanization of therapeutic monoclonal antibodies of murine
origin by CDR- and SDR-grafting and molecular display systems that express recombinant anti-
bodies for in vitro affinity maturation by biopanning. Associated with the development of these
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technologies are the discoveries of many proteins and/or biomarkers whose expressions are cor-
related specifically with the stages of diseases and their prognosis.

Immune modulation of the graft rejection response after organ transplantation by monoclonal
antibodies has resulted in significant clinical benefits such as those that have been discussed in this
chapter. However, the treatment of solid tumors and/or cancers such as HCC with therapeutic
antibodies thus far has not yielded encouraging results. As discussed, scFv has emerged as a new
technology to enhance antibody delivery to the tumor site and its retention in the tumor. Nevertheless,
in our opinion, the discovery of new tumor-specific biomarkers will be beneficial for antibody
therapy for HCC. Biomarkers that are capable of differentiating the different stages or/and the dif-
ferent etiologies of HCC would be particularly useful. Therefore, large scale genome- and pro-
teome-wide analyses on the differential expression of mRNA and protein in both circulation and
the liver are important. Indeed, these studies are being performed by different centers including our

group. Also, Dougan and Dranoff in their review on

Immune modulation of the graft rejection
response after organ transplantation by mono-
clonal antibodies has resulted in significant clini-
cal benefits with fewer undesirable outcomes
as compared to the conventional immuno-
suppressive agents. However, the treatment of
solid tumors and/or cancers such as HCC with
therapeutic antibodies thus far has not yielded
encouraging results.

immune therapy for cancer suggested that in addition to
the most commonly used parameters on the efficacy of
antibody therapy such as patient survival and tumor
size, other criteria such as tumor composition should be
incorporated into the assessment in order to provide a
more meaningful evaluation on their efficacy.’® In
summary, Table 2.3 highlights the current successful
and marketed mAbs in liver transplantation and HCCs.
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3.1 INTRODUCTION

The advances in molecular biology and recombinant DNA technology over the past 30 years has
made it possible for the biopharmaceutical industry to develop protein and peptide drugs, such
as human insulin (In), human growth hormone (hGH), human granulocyte colony-stimulating
factor (G-CSF), and human erythropoietin (EPO).'2 The peptide and protein drugs have been
available for clinical use in the market for many years.? However, one drawback of these drugs is
that patients have to take them either subcutaneously (s.c.), intramuscularly (i.m.), or intravenously
(i.v.) by injection. These invasive techniques are associated with pain, unwanted site effects, and
low patient compliance. Therefore, noninvasive routes, such as oral, nasal, rectal, ocular, and
pulmonary routes, have long been sought after by the pharmaceutical industry, but with little
success.*

The development of an oral delivery system, among other noninvasive routes, for peptide and
protein drugs remains an attractive option for the biopharmaceutical industry. Unfortunately,
many difficulties exist in the development of an oral delivery system: (1) these drugs are not stable
in the gastrointestinal (GI) tract; (2) they are susceptible to enzymatic breakdown by proteolytic
enzymes such as trypsin, chymotrypsin, and pepsin; and (3) large molecular weight and high
hydrophilicity prevents them from being absorbed by the GI epithelium. Approaches to overcome
these obstacles include the use of penetration enhancers to improve absorption across the GI epi-
thelium, enzyme inhibitors to prevent proteolysis by GI enzymes, enteric coating, and entrap-
ment of protein drugs in microspheres to protect them from harsh environment. However, these
approaches are associated with unwanted side effects including irritancy, nonspecific absorption
of additional molecules, and absorption of the enhancers in the bloodstream. The negative side
effects can be intensified when the protein drugs are given over a long period of time, for example,
in the case of In.>®

Using receptors as targets and receptor-binding ligands as vectors for transcellular transport
is a promising way of achieving a selective delivery of peptide and protein drugs across the
intestinal epithelium.” This process, termed receptor-mediated transcytosis, is highly specific
because it enhances only the transport of molecules that are conjugated to receptor-binding
ligands.® Receptor-mediated transcytosis is an inherent cellular process in epithelial and endothe-
lial cells.® Unlike most other approaches as mentioned above, a receptor-mediated transcytotic
process does not change the structure of the plasma membranes or the intercellular junctions,
and conceivably has fewer unwanted side effects and safety concerns. The receptor of vitamin
B-12-intrinsic factor complex expressed on the surface of intestinal epithelial cells has been
explored for peptide and protein delivery via receptor-mediated transcytosis.!® In this chapter,
we focus on the transepithelial transport of transferrin (Tf)-fusion proteins as a pathway for oral
delivery of protein drugs.

3.2 TRANSFERRIN

Human serum Tf is a single-chain glycoprotein consisting of 679 amino acids with an 80 kDa molec-
ular weight.!! The glycoprotein has two lobes, connected by a short peptide linker (Figure 3.1).113
Each lobe further divides into two domains, designated as N1 and N2 for the N-lobe domains, and
C1 and C2 for the C-lobe domains. The cavities between the domains in each lobe form the bind-
ing sites for ferric iron (Fe**). Therefore, one molecule of Tf has two iron-binding sites. Four amino
acids, including two tyrosines, one aspartate, and one histidine, and two anionic carbonates are
involved in Fe3* binding."* The iron bound Tf (diferric-Tf) and ironless Tf (apo-Tf) have different
affinities to the transferrin receptor (TfR), with the latter having a much lower affinity to TfR at
neutral pH due to its unfavorable conformation."
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r-Tf 3D structure

FIGURE 3.1 Three-dimensional structure of rabbit serum Tf (-Tf) binding to TfR. r-Tf binds to human TfR,
and shares 79% amino acid sequence identity with human diferric Tf.!>!3 The x-ray crystal structure for the
human diferric-Tf has not been resolved. This figure illustrates the structural attributes of Tf including the
N and C lobes, 4 domains (N1, N2, C1, and C2), two bound iron atoms and crucial amino acids that may be
important in both Tf-TfR interaction and TfR-dependent transcytosis. The Protein Data Bank (PDB) refer-
ence ID and URL are 1JNF and www.pdb.org, respectively.

3.2.1 TRANSFERRIN RECEPTOR

TfRs are expressed in almost all types of cells except mature erythrocytes and terminally differ-
entiated cells. Transferrin receptor 1 (TfR1) is a classical functional receptor with expression par-
ticularly in blood—brain barrier endothelial cells, and GI and alveolar epithelial cells, all of which
require iron for their physiological functions. Transferrin receptor 2 (TfR2), a homologue of TfR1,
is predominantly expressed in the liver.!® Both TfR1 and TfR2 bind Tf in a pH-dependent manner,
with TfR2 binding with a lower affinity."”-1°

TfR is a homodimer consisting of two identical units, each of 90kDa molecular weight. It is
composed of a protease-like domain, an apical domain, and a helical domain. The TfR homodimer
binds two Tf molecules, and thus transports up to four Fe3* molecules into cells per receptor. The
crystal structure derived from the Tf-TfR complex reveals that the apical domain of TfR interacts
with the C1-Tf domain as the primary contact, while the helical and protease-like domains interact,
to a weaker extent, with the N1 and N2-Tf domains, respectively. The involvement of the C2 domain
of Tf in the TfR binding is minor.'*!3

There are many studies published on immunohistochemical detection for the tissue distribution
of TfR, both TfR1 and TfR2, each indicating the presence of the receptors in the small intestine.
Generally, TfR staining is strongest in the crypt region and decreases moving along the entire
villous axis.?’ However, perhaps due to differences in tissue isolation and fixation methods, local-
ization differs slightly.?! Due to the area of localization in intestinal epithelial cells, it is generally
believed that TfR is not directly involved in the major iron absorption from the diet.?> However,
recent findings indicate that TfR can serve as a regulator of iron absorption in GI epithelia via
the TfR-mediated endocytosis/transcytosis pathway, although the exact molecular mechanisms
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have not been established.?®* Furthermore, the possibility of a transient appearance of TfR on the
luminal side as a result of membrane missorting due to the recycling protein transport pathway in
intestinal epithelial cells?* can also induce an apical-to-basolateral TfR-mediated transcytosis for
the GI absorption of protein drugs.

3.2.2 TRANSFERRIN RECEPTOR—MEDIATED TRANSCYTOSIS

At physiological pH (~7.4), Tf binds two Fe3* and subsequently becomes diferric-Tf, which leads to a
conformational change favorable for receptor binding. After binding to its receptor expressed on the
cell surface, the iron and receptor-bound Tf is then internalized by receptor-mediated endocytosis
(RME). The low pH (~5.5) environment of the endosome induces another conformational change in
the Tf-TfR complex, leading to the release of iron, which may be transported to the cytosol by the
divalent metal transporter 1 (DMT1). The apo-Tf-TfR complex recycles back to the plasma mem-
brane where the higher pH (~7.4) causes the dissociation of apo-Tf from its receptor. This whole
cycle repeats to provide sufficient iron needed in cellular physiology.

In polarized cells, RME can occur from both the apical and the basolateral plasma membranes
through vesicles termed apical endosomes (AE) and basolateral endosomes (BE), respectively.’
Additionally, a vesicle that is accessible by both apically and basolaterally endocytosed ligands,
termed the common endosome (CE), has been described.?” While a majority of TfRs are localized
at the basolateral membrane of the intestinal epithelial cells,'® a small number of TfRs appear
at the apical membrane, likely due to missorting of TfRs internalized in the BE.'®2¢ When a
Tf-ligand conjugate is administered orally, it can bind TfRs at the apical membrane and internal-
ize into the AE, where the diferric-Tf discharges the bound iron and subsequently becomes an
apo-Tf. Apo-Tf may accumulate in the CE of intestinal epithelial cells for a prolonged time.?’
As the divalent metal transporter DMT1 transports iron across the apical membrane via endo-
cytosis, some iron atoms may reach the CE?® and bind to apo-Tf. This conversion from apo-Tf
to diferric-Tf in the CE could induce the transcytosis of Tf-TfR complex across the basolateral
membrane,? ultimately resulting in the delivery of the ligand conjugated to Tf into the systemic
circulation. However, the exact mechanism that causes the transcytosis of Tf~TfR complexes in
the GI epithelial cells is still not well established. The overall Tf transcytosis scheme is illustrated
in Figure 3.2.

3.2.3 APPROACHES TO IMPROVE EFFICIENCY OF TFR-MEDIATED TRANSCYTOSIS

Since TfR-mediated transcytosis is a slow process, the enhanced understanding of the pathways and
molecular regulators of this transepithelial transport can help achieve higher efficiency in the oral
delivery of Tf-conjugated macromolecule drugs. To improve the efficiency of Tf-ligand absorption
across intestinal epithelial cells, the investigation of the mechanism of Tf~TfR recycling and traf-
ficking following internalization in endosomes is of paramount importance.

3.2.3.1 Transferrin Oligomerization

The effect of TfR cross-linking induced by Tf-oligomers has been previously investigated in
Chinese-hamster ovary (CHO) cells.’® More recently, Tf-oligomers have been further studied both
in Caco-2 cells and in vivo experiments in order to demonstrate whether the oligomerization of
Tf can improve Tf-TfR-mediated transcytosis, and subsequently enhance the bioavailability of
the Tf-conjugated ligand. To form Tf oligomers, an average of 3.5 Tf molecules per aggregate
were crosslinked either by using a homobifunctional linker [1,11-bismaleimidotetra-ethyleneg-
lycol, BM(PEO)4], or a heterobifunction linker [succinimidyl 4-(-p-maleimidophenyl)-butyrate,
SMPB]. The resulting Tf oligomer-In conjugates showed a twofold enhancement in the absorption
and bioactivity in Caco-2 cells and in diabetic mice.? This indicated that the oligomerization of
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FIGURE 3.2 A hypothetical scheme of the regulatory mechanism for the transport of Tf from the mucosal
side of the intestinal epithelial cells to the blood. (1) Missorting of basolateral membrane in basolateral endo-
somes (BE) would allow a small number of TfR to appear on the apical surface. (2) Orally administered Tf
would bind to apical TfR and internalized to AE, where diferric Tf would be converted to apo-Tf due to the
acidification. (3) Apo-Tf in AE would be transported to a CE by a similar process that has been described for
apo-Tf in BE. Apo-Tf would be accumulated in CE for a prolonged time. (4) Iron uptake from the mucosal
surface via divalent metal transporter 1 (DMTT1) could reach CE due to the endocytosis of DMTI. (5) The con-
version of Apo-Tf to diferric Tf in CE would accelerate the transport of diferric Tf from CE to the basolateral
membrane via exocytosis, and eventually to be released to the blood.

Tf could enhance the delivery efficiency of conjugated macromolecules, including peptide and
protein drugs.

3.2.3.2 Treatment with Brefeldin A

The effect of the fungal metabolite brefeldin A (BFA) on Tf transcellular transport and TfR distri-
bution has been evaluated in filter-grown Madin—Darby canine kidney (MDCK) and in Caco-2 cells
using radioactively labeled iron (*°Fe) and Tf ('?°I-Tf). Treatment with BFA enhanced Tf transcyto-
sis in both the apical-to-basal and the basal-to-apical directions. The enhancement was not accom-
panied by a concurrent increase in the transcytosis of a fluid phase marker, horseradish peroxidase,
indicating that BFA treatment did not induce leakage or other damage to the cell monolayers. The
results also demonstrated a decrease in the recycling of TfRs back to the basolateral membrane, a
decrease in the number of TfRs expressed at the basolateral surface accompanied by an increase in
the number of TfRs expressed at the apical surface, and an increase in the extent of the endocytosis
of Tf at the apical surface. Taken together, the results indicated that BFA alters the traffic of Tf~TfR
complexes by decreasing receptor recycling and diverting the non-recycled fraction to the tran-
scytotic pathway.?-3 Therefore, treatment with BFA could potentially improve the oral efficacy of
Tf-bioactive drug conjugates by increasing the amount of drug conjugate delivered to the systemic
circulation.

One of the concerns of using BFA as a transcytosis enhancer is that it can cause altera-
tions at many intracellular sites, including endosomes, trans-Golgi cisterni, and lysosomes.??
Therefore, other unwanted side effects may result if BFA is used in vivo. Agents with a specific
and selective effect on TfR-mediated transcytosis would be more desirable for the development
of a practical formulation that will enhance the absorption of Tf-conjugates across intestinal
epithelial cells.



36 Targeted Delivery of Small and Macromolecular Drugs

3.2.3.3 Treatment with AG-10

The effect of a GTPase inhibitor AG-10 (tyrphostin A8, or 4-hydroxybenzylidene-malononitrile)
on the internalization, the trafficking, and the recycling of fluorescently labeled Tf, Tf-fluorescein
isothiocyanate (FITC) conjugate, was evaluated as an alternative enhancing agent for TfR-
mediated transcytosis. Treatment with AG10 had much less effect on cellular physiology, and
was more effective in enhancing the oral bioavailability of In-Tf conjugates.3* Furthermore, the
enhancing effect of AG-10 on TfR-mediated transcytosis was found only in Caco-2, but not in
MDCK cells, suggesting that it may be more selective to enterocytes than other types of epithe-
lial cells.*

Confocal scanning microscopy results in Caco-2 cells incubated with Tf in the presence of AG-10
showed that the GTPase inhibitor facilitated the sorting of Tf-FITC to the Rabl1 positive compart-
ment, a late endosomal and slow recycling compartment. This alteration in Tf sorting could possibly
contribute to the slow recycling of Tf-FITC back to the apical membrane, or to the exocytosis of
Tf-FITC through the basolateral membrane,* both of which could increase the efficiency of the oral
absorption of a Tf-conjugated ligand into the systemic circulation. Taken together, these findings
indicate that the coadministration of AG10 with Tf-conjugates could improve oral bioavailability
and conceivably enhance the bioactivity of the conjugated drug.

3.3 TRANSFERRIN RECEPTOR-MEDIATED DRUG DELIVERY

Tf has been widely used as a targeting ligand for
the delivery of small molecule drugs, peptides,
proteins, and genes to target tissues and cancer
cells. Tf-mediated drug delivery offers several
advantages including the capability of Tf to pass
through the Gl epithelium or across the blood-
brain barrier by transcytosis, the resistance of
Tf to enzymatic digestion by trypsin and chy-
motrypsin, and the abundant expression of TfRs
in human Gl epithelium.

Tf has been widely applied as a vehicle to deliver
small molecule drugs, peptides, proteins, and genes
to target tissues.’®¥” Tf-mediated drug delivery offers
several advantages including the capability of Tf to
pass through the GI epithelium or across the blood—
brain barrier by transcytosis, the resistance of Tf to
enzymatic digestion by trypsin and chymotrypsin,3®
and the abundant expression of TfRs in human GI epi-

thelium. These advantages make Tf a rational choice

as a carrier for the oral delivery of protein drugs.

3.4 CHEMICAL CONJUGATION OF TRANSFERRIN AND PROTEIN DRUGS

Tf has been chemically conjugated to various biological macromolecules. One such study described
the design of an oral delivery system consisting of In conjugated to Tf (In-Tf). In is a 51-amino
acid peptide hormone with a molecular weight of 5808 Da. This peptide has long been used medi-
cally to treat diabetes mellitus primarily via subcutaneous injection.*® In was chemically conjugated
to Tf by first blocking the oi-amino groups of In with dimethylmaleic anhydride (DMMA). The
€-amino groups were then modified with N-succimidyl-3-(2-pyridyldithio) propionate (SPDP), and
subsequently conjugated to SPDP-modified Tf via a disulfide linkage. When the In-Tf conjugate was
administered orally to streptozotocin (STZ)-induced diabetic mice, a prolonged hypoglycemic effect
was observed. Further, In-Tf was detected in the serum 4 h after oral administration, indicating that
the conjugate was absorbed from the GI epithelium.?*

Another study described the generation of Tf conjugated to G-CSF. G-CSF is a member of
the growth factor family that regulates hematopoetic cell proliferation and differentiation. This
glycoprotein consists of 174 amino acids with a molecular weight of approximately 20kDa.*0
Human G-CSF is protective in a broad variety of animal infection models in terms of improved
survival, reduced bacterial loads, enhanced neutrophil action, and immigration into infected
sites.¥!
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FIGURE 3.3 Preparation and characterization of G-CSF-Tf conjugates. (A) The Cys-17 residue of G-CSF was
first modified with the cleavable, sulfhydryl-reactive crosslinker, 1,4-di-[3’-(2"-pyridyldithio)-propionamido]
butane (DPDPB), and subsequently coupled with SPDP-modified and reduced Tf. The product was purified
by gel filtration chromatography.?® (B) PAGE, a technique used to separate proteins by their molecular weight
differences, was used to evaluate the final conjugation product. As shown in lane 1, the predominant bands
were located at the top of the gel, indicating that the conjugates were predominately large molecular weight
aggregates. The conjugate was then treated with DTT, a strong disulfide-reducing agent, which can cleave
the disulfide bond between GCSF and Tf. As shown in lane 2, two bands were observed at the corresponding
molecular weights for Tf and G-CSF, indicating that they were linked by disulfide bonds.

G-CSF was conjugated to a SPDP-modified Tf via the Cys-17 residue of G-CSF to form a dis-
ulfide linkage between the two proteins (Figure 3.3A). The oral biological activity of the resulting
GCSF-Tf conjugate was examined in a BDF1 mice, an animal known for their stimulatory response
to human G-CSF.*> Following oral administration, the number of neutrophils were significantly
increased as compared to control without treatment.** These results demonstrated that Tf could be
effectively used as a carrier for oral delivery.

The In and G-CSF Tf-conjugates described in this section were made by chemically cross-
linking the protein drugs to Tf via a disulfide bridge. Unfortunately, this approach is associated with
some problems ranging from low yield and low quality to heterogeneous products, thus rendering
it unsuitable for therapeutic application (Figure 3.3B). Although some studies applied recombinant
DNA approach to engineer a protein consisting of Tf and a therapeutic domain for drug target-
ing,** the delivery of therapeutic protein is still limited to injection. To overcome limitations aris-
ing from the chemical conjugation approach and to demonstrate TfR-mediated oral absorption of
protein drugs, subsequent sections will describe the use of recombinant fusion protein technology
for the preparation of Tf-protein drug conjugates.

3.5 RECOMBINANT TRANSFERRIN-FUSION PROTEINS

With the advancement of recombinant DNA technology, the Tf platform for protein delivery moved
forward from chemical conjugates to recombinant fusion proteins. Recombinant fusion proteins
are proteins that are synthesized by joining two genes coded for separate proteins using recombi-
nant DNA technology. As previously described, the In-Tf and G-CSF-Tf chemical conjugates were
orally effective and elicited a pharmacological response. However, a major obstacle for the chemical
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conjugation approach is that their compositions and sizes are heterogeneous, which is unaccept-
able for therapeutic use. In comparison, recombinant fusion proteins can be precisely constructed
and produced as homogenous products by molecular biology technologies. Recombinant G-CSF-Tf
fusion protein was the first example that the recombinant Tf fusion proteins were orally available
and had therapeutic effects.*

3.6 RECOMBINANT GRANULOCYTE COLONY-STIMULATING FACTOR

Recombinant G-CSF (rh-GCSF) was first cloned from the bladder carcinoma cell line 5637 and
expressed in E. coli.*’ This drug, with the commercial name Filgrastim® (Amgen, Inc., Thousand
Oaks, California) was approved by the FDA in 1991 for the treatment of chemotherapy-induced
neutropenia in cancer patients. Another recombinant G-CSF cloned from human squamous
carcinoma CHU-II and expressed in COS (monkey kidney CV-1 Origin Simian virus-40) cells
has also been developed (Lenograstim®, Chugai Pharmaceuticals, Tokyo, Japan). Both forms
have similar bioavailability and bioactivities following subcutaneous or intravenous administra-
tion.*34% G-CSF is an important drug for the treatment of several immune disorders and com-
plications associated with cancer chemotherapy. The administration of G-CSF is typically at
doses of 1-20mg/kg per day. Higher doses may be required in patients with severe congenital
neutropenia (SCN).

To improve the bioactivity of G-CSF, one approach uses recombinant G-CSF fused to human
albumin (Albugranin). This drug was reported to have prolonged myelopoietic effects in mice and
monkeys.*> Albugranin has a long terminal half-life and mean residence time, and a slower clear-
ance in mice. In addition, a polyethylene glycol (PEG)-conjugated (PEGylated) form of G-CSF
(Neulasta®, Amgen, Inc., Thousand Oaks, California) has been approved by the FDA as a long-
lasting G-CSF.>° Even though the modified versions of G-CSF exhibited better pharmacokinetic
profiles, they still need to be injected.

3.6.1 REecoMBINANT G-CSF-TRANSFERRIN-FUSION PROTEIN

Recombinant G-CSF-Tf fusion protein was produced by engineering an expression plasmid con-
taining G-CSF fused in-frame with Tf with either a short dipeptide linker, a helical linker, or a
disulfide—cyclopeptide linker between the two domains. The expression plasmids were then used
to transiently transfect human embryonic kidney (HEK) 293 cells. The identity of the isolated
fusion proteins was confirmed by Western blot, as both anti-G-CSF and anti-Tf antibodies rec-
ognized the protein. Figures 3.4 and 3.5 illustrate the expression plasmid, representative Western
blot, and a computer—generated molecular model for the G-CSF-Tf fusion protein containing a
short dipeptide linker, Leu-Glu (LE). Next, the in vitro biological activities of the fusion proteins
were assayed for both the G-CSF and the Tf domains. For its G-CSF activity, the fusion pro-
teins were able to induce the proliferation of NFS-60 cells, a murine myeloblastic cell line that
responds to G-CSF stimulation. For the demonstration of Tf activity, the fusion proteins were able
to compete with the binding of Tf to TfR in cultured Caco-2 cells, a human epithelial colorectal
adenocarcinoma cell line with close morphological and functional similarities to the intestinal
epithelium. The in vitro assays confirmed that the G-CSF-Tf fusion proteins were correctly pro-
duced and biologically active.

3.6.2 FusioN PROTEIN LINKERS

The insertion of various linkers between protein domains in recombinant fusion proteins provides
multiple functions, such as linkage, separation, and flexibility.! Additionally, the linkers affect
the folding, the stability, the proteolytic resistance, and the solubility of the fusion proteins.>> The
most commonly used linker between fusion domains, especially for single-chain Fv domains of
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FIGURE 3.4 The construction and characterization of G-CSF-LE-Tf fusion protein. (A) The genes encoding
G-CSF-LE-Tf fusion protein were inserted into mammalian expression vector pcDNA3.0. (B) The G-CSF-
LE-Tf fusion protein was produced from HEK293 cells and analyzed by SDS-PAGE. Lane 1, G-CSF-LE-Tf
fusion protein; lane 2, molecular weight marker.
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FIGURE 3.5 Computer generated molecular model for G-CSF-Tf fusion protein connected by a short
linker. Highlighted are amino acids known to play an important role in receptor binding, and two iron atoms
positioned in the iron-binding pocket. The structure was generated using WebLab Viewer and Insight II
molecular modeling programs. The coordinates used in this model are IGNC for G-CSF and 1JNF for rat-Tf,
both obtained from the PDB.
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immunoglobulin, is the flexible linker, (GGGGS),.>* However, optimal linker sequences are selected
for each fusion protein to optimize the production and biological activity.

3.6.2.1 Dipeptide Linker

The G-CSF-Tf fusion protein with a short dipeptide linker, G-CSF-LE-Tf, demonstrated in vivo
activity as determined by daily absolute neutrophil counts (ANC) following administration. At a
dose of 5mg/kg, the s.c. injected fusion protein elicited a comparable myelopoietic response as free
G-CSF in the BDF1 mice. The dramatic effect of the fusion protein as a myelopoietic agent was seen
in the oral administration experiments. At a dose of 50 mg/kg, the fusion protein induced more than
a fourfold increase of the ANC in the blood. In contrast, the orally administered free G-CSF failed
to increase the ANC. Moreover, the myelopoietic effect of the orally administered fusion protein
was prolonged, lasting 4-5 days. To confirm that the transport of the fusion protein was due to its
TfR-binding ability, an excess amount of Tf was coadministered orally with the fusion protein. The
decrease of the myelopoietic effect with an excess of Tf demonstrated that the transport of the fusion
protein was specifically via the TfR.4¢

Although this fusion protein successfully elicited myelopoiesis in BDF1 mice via oral adminis-
tration, the dipeptide linker was not optimal for maintaining the biological activity. With this short
linker, the fusion protein only retained about 1/10th of the G-CSF activity and about 1/16th of the
TfR-binding affinity in vitro.*® There are two possible reasons that account for the low activity of
the fusion protein. First, the protein domains may have had steric hindrance between each other
due to the short linkage. Second, the extended peptide sequences on the N- or C-terminus of the
functional domains may have partially blocked their receptor-binding sites. In any case, the orally
administered recombinant G-CSF-Tf fusion protein was bioavailable, and exhibited sustained effect
on myelopoiesis in BDF1 mice, which opens up possibilities for the optimization and application of
Tf fusion proteins for the oral delivery of other protein drugs.

3.6.2.2 Helical Linkers

It has been reported that o-helix-forming peptide linkers, with an amino acid sequence of
A(EAAAK),A (n=2-5), increased the distance between functional domains in fusion protein and
reduced their interference.’* These helical linkers can effectively separate the domains at a dis-
tance that can be controlled by changing the repetitions of the EAAAK motif.

o-Helix-forming peptide linkers were inserted in G-CSF-Tf fusion proteins to better sepa-
rate the functional domains. The G-CSF and Tf activities of fusion proteins with various sizes
of linker peptides were assayed by the NFS-60 cell proliferation assay and TfR binding assay,
respectively. Among the o-helix-forming linkers tested, fusion protein with the (H4), linker
(A(EAAAK),ALEA(EAAAK),A) had the highest G-CSF activity, approximately 10-fold higher
than that of G-CSF-Tf. On the other hand, the TfR binding affinity of G-CSF-(H4),-Tf was not
improved significantly.

With the improvement of the intrinsic G-CSF activity, G-CSF-(H4),-Tf also displayed a superior
in vivo activity compared to G-CSF-Tf. The subcutaneously administered G-CSF-(H4),-Tf induced
a higher ANC than G-CSF-Tf and free G-CSF. More strikingly, at a relatively low dose of 20 mg/kg,
orally administered G-CSF-(H4),-Tf exhibited a good efficacy, while the G-CSF-Tf did not have a
significant effect. In comparison, G-CSF-Tf only induced an increase of ANC at a higher dose of
50mg/kg in previous studies.

A fusion protein with Tf located at the N-terminus (Tf-(H4),-G-CSF) was also constructed and
compared with the C-terminally located Tf fusion protein. Similar to G-CSF-(H4),-Tf, the inser-
tion of the (H4), linker improved the G-CSF activity of Tf-(H4),-G-CSF compared to Tf-G-CSF
(Table 3.1). Although the potency, as measured by the half-maximal effective concentration (ECsy),
of the fusion protein without the linker, Tf~LE-G-CSF, was lower than Tf-(H4),-G-CSF, the maxi-
mum biological effect (E,,,,) of Tf-(H4),-G-CSF was similar to G-CSF. Tf-LE-GCSF retained less
than 50% biological activity.
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TABLE 3.1
Summary of In Vitro and In Vivo Activities
in Different G-CSF-Tf Fusion Proteins

Fusion Protein Epi Dose Ratio?
Tf-LE-GCSF 0.69 15.7
Tf-(H4),-GCSF 1.53 30
GCSF-LE-Tf 1.36 54
GCSF-(H4),-Tf 1.44 29
GCSF 1.6 1

2 Eo. mMmaximal effect, as determined by the MTT

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay for NSF-60 cell proliferation. The MTT assay
is a colorimetric assay based on the reduction of MTT to
purple formazan in the mitochondria of living cells.

® Dose ratio=The half-maximal effective concentration
(ECj,) obtained for the fusion protein divided by the G-CSF
control {(ECs, of fusion protein)/(ECs, of GCSF)}.

The improvement of G-CSF activity following the insertion of the (H4), linker indicates that the
steric hindrance between domains limited the G-CSF receptor-binding ability. However, the TfR-
binding affinity did not increase following the insertion of the (H4), linker. Since the orientation of
G-CSF and Tf did not significantly affect the in vitro activity for the fusion proteins, the blockage
of either the N- or the C-terminus of the Tf domain may have a similar impact to the TfR-binding
affinity. Further data on the in vivo activity of G-CSF-(H4),-Tf and Tf-(H4),-G-CSF will aid in the
elucidation of the best orientation for an optimal effect.

3.6.2.3 Effect of Helical Linkers on Fusion Protein Production Levels

Another interesting finding for the use of o-helix linkers is that they may increase fusion protein
production levels.>> For the production of Tf-(H4),-G-CSF from HEK-293 cells, the insertion
of H4 linkers induced a dose-dependent increase in the expression of the recombinant protein
(Figure 3.6). With H4 linkers, the better separation of protein domains may facilitate the correct
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LE H4 (H4),

FIGURE 3.6 Expression level of Tf-(H4),-G-CSF (n=0-2) fusion proteins. The expression level of fusion
proteins containing a short peptide linker, LE, and one or two copies of a helical linker, H4 and (H4),, respec-
tively, was determined by Western blot using anti-G-CSF and anti-Tf antibodies. The data are presented as the
fold-increase of fusion protein concentration compared to the fusion protein without the peptide linker (LE).
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folding of the functional domains and thus increase the efficiency of protein production. Similar
results were also observed in the expression of hGH-Tf fusion proteins as described in the next
section.>

In conclusion, the helical linkers improved the G-CSF activity of the fusion proteins, possibly
by separating the functional domains, and also increased the fusion protein production. These link-
ers may also be applied in other recombinant fusion proteins to improve their intrinsic biological
activities.

3.6.2.4 Disulfide Linker

Another class of linkers, which utilize the reversible nature of the disulfide bond, has been applied
in the G-CSF-Tf fusion proteins. As previously discussed, the addition of an (H4), linker greatly
enhanced the in vitro and in vivo activity of the G-CSF-Tf fusion protein by spatially separating the
functional domains. However, several limitations are still present for stable peptide linkers. First,
the steric hindrance is almost inevitable as long as the domains are linked together. Second, the
extended peptide linker blocks either the N- or the C-terminus of Tf. These reasons may account for
the decreased biological activity of fusion proteins. Third, for a therapeutic purpose, the attachment
of Tf affects the biodistribution and in vivo metabolism of the protein drug. Therefore, the addition
of an in vivo-cleavable linker between the functional domains will allow the protein drug to be
released from the Tf carrier and regain its full biological activity, biodistribution, and pharmacoki-
netic properties.

The reversible disulfide linkage has been widely used for drug delivery and drug targeting.¢
A well-known example is immunotoxin, in which a cytotoxic toxin is conjugated to an antibody via
a disulfide bond. It was reported that the disulfide bond in this immunotoxin was not stable and was
reduced in vivo.’-> Therefore, the reversible disulfide bond approach was applied to the Tf fusion
proteins.

To produce the fusion protein, a disulfide—cyclopeptide linker was inserted between the G-CSF
and Tf-protein domains (Figure 3.7). The cyclopeptide linker was designed to contain (1) two
cysteine residues on the cyclopeptide linker that naturally form a disulfide bond and (2) a specific
protease sequence for the in vitro cleavage of the peptide linker before the in vivo administration.
Therefore, after the in vitro protease treatment, G-CSF and Tf were linked by the reversible disul-
fide bond, which is cleavable in vivo.

The in vitro reversibility of the disulfide—cyclopeptide linker between G-CSF and Tf was demon-
strated by first cleaving the linker by a specific protease and followed by reduction using the strong
reducing agent, dithiothreitol (DTT), to break the disulfide bond. After these treatments, G-CSF
was released from the fusion protein as determined by Western blot (Figure 3.8). This cleaved and
reduced fusion protein exhibited about a 10-fold increase of in vitro biological activity, with an
EC,, of 0.6ng/mL, compared to the non-cleaved, non-reduced fusion protein (EC5,=6ng/mL), as
determined by the NFS-60 cell proliferation assay. The reversibility of the disulfide bond in G-CSF-
cyclo-Tf fusion protein was also demonstrated in vivo in CF1 mice, where the results demonstrated
that free G-CSF was released from the fusion protein in the plasma, possibly due to the reduction of
the disulfide bond between G-CSF and Tf.

In summary, two different classes of linkers, helix linkers and disulfide linkers have been
applied in the recombinant G-CSF-Tf fusion proteins. The helix linkers reduced the steric

In vitro In vivo

G-CSF —CS —sC—  Tf —» G-CSF —CS —SC—  Tf ——» G-CSF —CSH + HSC—'  Tf
Protease \ / Disulfide
cleavage reduction

FIGURE 3.7 Illustration of the activation of disulfide—cyclopeptide linker inserted between G-CSF and Tf.
The G-CSF-Tf fusion protein containing the disulfide—cyclopeptide linker is first cleaved in vitro at the spe-
cific protease cleavage sequence (X). Following in vivo administration, the disulfide bond is cleaved, resulting
in the release of free G-CSF from the fusion protein.
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FIGURE 3.8 Release of free G-CSF from the G-CSF-cyclo-Tf increased its biological activity. G-CSF-
cyclo-Tf fusion protein was analyzed by Western blot using anti-G-CSF antibody. The fusion protein was
treated with thrombin and DTT to determine the release of free G-CSF following protease cleavage and DTT
reduction, respectively. Lane 1, G-CSF-cyclo-Tf; lane 2, G-CSF-cyclo-Tf following treatment with thrombin
and DTT; lane 3, G-CSF (control).

hindrance in the fusion proteins by spatially separat-
ing the functional domains. The use of the linkers

The production of G-CSF-Tf fusion proteins using
helix linkers and disulfide linkers increased the

increased the protein production, as well as the in
vitro and in vivo biological activities for G-CSF-Tf
fusion proteins. The reversible disulfide linkers were
shown to release free G-CSF from the fusion protein

protein production as well as biological activity.
The reversible disulfide linkers allow the release
of G-CSF from the fusion protein. Thus, G-CSF
may regain its full activity.

in vivo. Therefore, G-CSF may regain its full activity,

biodistribution, and pharmacokinetics in vivo after release from the Tf carrier. Depending on the
application of the protein drug, or the required pharmacokinetic properties, different linkers can
be applied in the recombinant Tf fusion proteins for the optimal therapeutic effect. In addition,
these linkers can also be applied to other recombinant fusion proteins, such as hGH-Tf fusion
proteins.

3.7 RECOMBINANT HUMAN GROWTH HORMONE

hGH is a 191-amino acid, single polypeptide with 22 kDa molecular weight.5° The successful clon-
ing and expression of hGH gene® paved the way for its subsequent application as a therapeutic
protein to treat patients with hGH deficiency. In 1991, Cunningham et al. resolved the crystal struc-
ture of hGH bound to its receptor (h\GH-R), a member of class I cytokine receptors.®? In 1996,
Sundstrom et al. further investigated the crystal structure of hGH bound to the soluble portion of
its receptor, called hGH-binding protein (hGHbp), and shed light on the details of hGH-hGHbp
interactions.®?

hGH is an important regulator of metabolism. It stimulates growth and differentiation in the tar-
get tissues including muscle, bone, cartilage, and liver. It exerts its effect of growth promotion both
directly, and indirectly via the In-like growth factor-I (IGF-I) by binding hGH-R and subsequent
activation of down stream signaling molecules such as JAK2 (Janus kinase 2)%* and STATS5 (signal
transducer and activator of transcription 5).95 The signal transduction pathway for hGH was nicely
illustrated elsewhere.®>%” The deficiency in hGH production is associated with short stature, turner
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syndrome, chronic kidney disease, abnormal metabolism, and abnormal body composition. If left
untreated, these clinical conditions may pose significant health risk to patients, including both chil-
dren and adults.#8:68.69

Patients with growth hormone deficiency were treated using hGH extracted from pituitary gland
of human cadavers until Genentech, Inc. (South San Francisco, California) obtained U.S. Food and
Drug Administration (FDA) approval for recombinant hGH in 1985.7° Since then, many patients
with hGH deficiency have benefited from this recombinant protein drug. Like other peptide and
protein drugs, the administration of hGH is limited to injection, which could lead to insufficient
compliance, especially among children with hGH deficiency. Therefore, developing an hGH ana-
logue with an oral dosage form may help enhance its efficacy and, importantly, improve the quality
of life.

3.7.1 RecoMBINANT GROWTH HORMONE-TF FusioN PROTEIN

Similar to the recombinant GCSF-Tf fusion proteins, recombinant growth hormone-Tf fusion pro-
teins were produced by engineering an expression plasmid containing hGH fused in-frame with Tf
with a short dipeptide linker, LE, between the two domains (Figure 3.9).

Recombinant proteins including hGH, hGH-Tf, and Tf-hGH were produced in a serum-free
media by HEK293/293T cells that were transfected with the respective plasmid constructs. Based
on a sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) analysis of condi-
tioned media collected from transfected cells, both fusion proteins and hGH were expressed well
and relatively pure with major bands corresponding to a 100 and 22 kDa molecular weight, respec-
tively (Figure 3.10). The identity of the fusion proteins was confirmed by Western blot analysis of
conditioned media using either anti-hGH (Figure 3.11A) or anti-Tf (Figure 3.11B) antibody. Fusion
protein bands with about 100kDa were detected, indicating that fusion protein is composed of both
hGH- and Tf-domains.

Both the hGH-Tf and the Tf-hGH fusion proteins were produced to contain a helical linker (H4),
between hGH- and Tf- domains. Similar to the results obtained for the G-CSF helical linker fusion
proteins, these new fusion proteins with the inserted helical linker also expressed at a higher level
compared to the fusion proteins without the helical linker.
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FIGURE 3.9 Design of plasmids expressing the recombinant fusion proteins comprised of human Tf and
growth hormone in mammalian vector pcDNA3.1. (A) Plasmid construct that produces hGH-Tf fusion pro-
tein. (B) Plasmid construct that produces Tf-hGH fusion protein.
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FIGURE 3.10 SDS-PAGE (7.5%) showing the expression of fusion proteins and hGH in HEK293 cells after
silver stain. 50 uL. conditioned media without concentration and 50ng of pure Tf as a control were fraction-
ated on the gel, followed by silver staining. The gel image was captured by Discovery Series System from
Bio-Rad, Hercules, California. Lanes 1 and 4, hGH; lanes 2 and 5, hGH-TT; lanes 3 and 6, Tf-hGH; lane 7,
Tf (Sigma).
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FIGURE 3.11 Western blot with (A) anti-hGH antibody and (B) anti-Tf antibody detected both hGH-Tf and
Tf-hGH fusion proteins. (A) SDS-PAGE (10%) was used to fractionate conditioned media. Lane 1, Tf (Sigma,
negative control); lane 2, hGH; lane 3, hGH-Tf; lane 4, Tf-hGH. (B) SDS-PAGE (7.5%) was used to fractionate
conditioned media. Lane 1, hGH (negative control); lane 2, hGH-TT; lane 3, Tf-hGH; lane 4, Tf.

3.7.2 GrowTH HOrRMONE-TF FusioN PROTEIN BIOLOGICAL ACTIVITY

Following characterization for expression and identity, both hGH-Tf and Tf-hGH fusion proteins
were assessed for dual in vitro biological activity by utilizing TfR-binding and hGH-dependent
Nb2 cell proliferation assays.”! TfR competition binding in the presence of radioactively labeled
Tf (">°’I-Tf) by both fusion proteins indicated that they retained the biological function of Tf
(Table 3.2). Correspondingly, treatment with either fusion protein led to the proliferation of Nb2
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TABLE 3.2
Human Growth Hormone-Tf Recombinant Fusion Protein Produced in Mammalian
Cells Show Both In Vitro and In Vivo Bioactivity in Hypophysectomized Rats

In Vitro Biological Activity In Vivo Biological Activity
Nb2 Cell Weight Gain in Hypophysectomized Rats
TfR? Binding Proliferation after 7-Daily Administration
Subcutaneous
Fusion Protein (IC5y/1C5, THD (EC5p)© Administration Oral Administration
hGH-Tf 25 2ng/mL 12¢ NS¢
Tf-hGH 18 N/A¢ N/A N/A
hGH-(H4),-Tf 25 1 ng/mL 16¢ 25¢g
Tf-(H4),-hGH 18 1 ng/mL l6¢ NS

2 TR, transferrin receptor.

b JCs,, half-maximal inhibitor concentration for TfR binding, expressed as ICs, obtained for the fusion protein
divided by the ICs, obtained for the Tf control.

¢ ECj,, half-maximal effective concentration for cell proliferation.

4 NS, not significant.

¢ N/A, data not available.

cells in a dose-dependent fashion, suggesting both fusion proteins maintained the biological
activity of hGH (Table 3.2).

The in vitro biological activity of the hGH fusion proteins containing a helical linker was also
evaluated. Remarkably, the hGH-(H4),-Tf and Tf-(H4),-hGH fusion proteins demonstrated an
enhanced Nb2 cell proliferation with lower EDj, value when compared to the fusion proteins with-
out the helical linker (Table 3.2).

The fusion proteins were also evaluated for their in vivo biological activity using hypophysec-
tomized rats. These animals have had their pituitary gland, which secretes rat growth hormone,
surgically removed. Thus hypophysectomized rats are common choice for testing the in vivo bio-
activity of the recombinant hGH as an animal model since they are GH-deficient. To determine the
in vivo biological activity, fusion proteins were administered both s.c. at a dose of 1.25mg/kg and
orally (p.o.) at a dose of 12.5mg/kg for seven consecutive days. The s.c. administration produced a
significant weight gain of 16 g by both hGH-(H4),-Tf and Tf-(H4),-hGH fusion proteins, and 12 g
by hGH-Tf fusion protein, as compared to control rats receiving mannitol—phosphate buffer only
(Table 3.2). This result showed that the insertion of helical linker increased not only the yield of
expression but also the in vivo biological activity of hGH-domain in the fusion protein. The oral effi-
cacy evaluation demonstrated that only the hGH-(H4),-Tf fusion protein, but neither Tf-(H4),-hGH
nor hGH-TT, induced a modest body weight gain of 2.5 g (Table 3.2) compared to the control rats
administered with either hGH or mannitol-phosphate buffer orally, which did not gain weight. This
modest weight gain by the oral administration of select fusion proteins indicates that oral efficacy
could be achieved in an hGH animal model, and thus provides further evidence for the feasibility of
using the Tf-based fusion protein approach to develop a potential oral dosage form for therapeutic
proteins, including G-CSF and hGH.

3.8 CONCLUDING REMARKS

During recent years, TfR has been developed as a potential binding site to enable drug target-
ing and delivery of therapeutic agents that would normally suffer from poor pharmacokinetic
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characteristics.”” TfR-directed targeting has enabled the efficient delivery of therapeutic agents to
sites of interest, including the central nervous system’® and malignant tissues.”*” In addition, by uti-
lizing the knowledge of the intracellular sorting and recycling pathways of TfR, one can maximize
the transepithelial delivery of peptide-based therapeutics.

Depending upon the desired result, apparently paradoxical effects can be achieved. For exam-
ple, TfR-based strategies can selectively achieve either an accumulation of the carried drug within
targeted tissues, or the delivery of the therapeutic entity across tissues of interest.”® TfR can be
utilized for the development of orally administered, receptor-mediated delivery systems for pep-
tide and protein drugs for several reasons. First, TfR density is very high in human'® and rat GI
epithelium.”” The utilization of even a fraction of this receptor pool can potentially result in a
significant delivery of Tf-conjugated peptides across the GI mucosal barrier. The high density of
TfR in intestinal epithelial cells makes TfR a better vehicle than other receptors with low density,
such as cobalamin-intrinsic factor receptors,’® for the GI absorption of a therapeutically effective
dose of peptide drugs. Second, Tf is a natural carrier protein for iron.” Hence, unlike the binding
of hormones or growth factors to their receptors, the binding of Tf to TfR will not alter any major
metabolic or physiologic functions within the cell. Third, diferric Tf has been found to be a rela-
tively stable glycoprotein in the GI tract. Enzymes such as chymotrypsin, which are responsible for
the degradation of a majority of the proteins and peptides in the GI tract, have a low degradative
action on the Tf molecule.?® Finally, the mechanism in which Tf deposits iron in the cells has been
well characterized.?!

TfR has been used as a biological marker for drug delivery. In cancer chemotherapy, TfR has
been investigated extensively as a marker of tumor cells for the targeted delivery of anticancer
drugs.”>8031 In addition, TfR has been exploited as a vehicle for the transendothelial transport of
macromolecules to cross the blood—brain barrier.!” One of the limitations for targeting to TfR in
systemic drug delivery is the high level of endogenous Tf in the blood and physiological fluids.3?
Therefore, many of the approaches that targeted to TfR for systemic drug delivery used the anti-TfR
antibodies rather than the receptor-binding ligand, Tf.”383-86

On the other hand, for the intestinal absorption route, Tf is a suitable carrier for other protein
drugs, either as a conjugate form or as a fusion protein. The concentration of Tf in the lumen in the
GI tract is very low, therefore the competition for the binding to TfR on the surface of intestinal
epithelium is minimal. TR is expressed in high level in intestinal epithelium. It is generally believed
that TfR is localized predominately on the basolateral surface of the intestinal epithelial cells.®
However, we have detected a low level of TfR-mediated transcytosis in highly differentiated and
polarized Caco-2 cell monolayers.?” The occurrence of the apical-to-basolateral transcytosis of TfR
could be due to several reasons. First, the membrane sorting in intestinal epithelial cells is carried
out by pathways of both the direct-sorting, as in kidney epithelial cells, and the indirect-sorting, as
in hepatocytes.?8-2 Some of the TfR may be missorted to the apical surface where, subsequently, it
will be endocytosed and delivered to the basolateral surface.”’ Second, the intestinal epithelial cells
are differentiated from nonpolarized stem cells in the cryptic area to the fully polarized absorptive
epithelial and goblet cells on the villi. This process is constantly going on because fully differenti-
ated epithelial cells will shed from the tip of the villi in about 2-3 days.?>% It is very likely that some
of the epithelial cells that are not fully differentiated will express TfR on the apical surface. This
possibility is supported by the immunohistological studies using anti-TfR antibodies in rat intestine,
which showed the existence of TfR on the apical surface of epithelium at lower part of the villi
(Figure 3.12). Therefore, while one of the problems associated with TfR-mediated drug delivery is
the basolateral localization of the TfRs, this drawback can be overcome by taking advantage of the
sorting mechanisms.

This innovative transport process of Tf-fusion proteins provides a unique opportunity to develop
a new generation of protein drugs that can be administered via the oral route for treating human
diseases. The impact of such a drug delivery system on cost-effectiveness and patient compliance in
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FIGURE 3.12 Immunofluorescent staining of TfR in a representative frozen section of rat small intes-

tine using anti-rat TfR antibody. The top of the panel is the serosal side and crypt region; the bottom, the
luminal side and villi. Arrows indicate the intervillous space and triangles indicate positive TfR staining of
enterocytes on the luminal side, predominantly in the lower villous and crypt areas. (A) 20x magnification.
(B) 40x magnification of boxed area in A.

long-term pharmaceutical care, to say the least, would be enormous. Even though the feasibility of
using Tf-fusion proteins as oral drugs has been demon-

TfR-based strategies can selectively achieve
either an accumulation of the carried drug within
targeted tissues, or the delivery of the therapeutic
entity across tissues of interest.

strated, there are several issues including the preserva-
tion of the in vitro biological activities of both Tf and the
attached protein drug, the in vivo stability of the drug

delivery systems, and the potential immunogenicity of

the proteins, that need to be addressed before this deliv-
ery system can be applied toward future clinical utilization.
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4.1 INTRODUCTION

Current treatments of solid tumors often involve using both chemotherapy and radiotherapy in
parallel. Concomitant chemotherapy and radiation therapy is the standard of care for patients
with advanced (stages IIT and IV) head and neck cancer? and non-small-cell lung cancer.?*
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Chemotherapeutic agents generally utilized include radiosensitizing agents like taxanes (e.g., pacli-
taxel) and platinum compounds (e.g., carboplatin). This approach has improved local control and
median survival in these patients.

Paclitaxel is a member of a family of drugs called taxanes, which stabilize microtubules causing
mitotic arrest.> Taxanes show broad-spectrum activity in solid tumors, including non-small-cell
lung cancer.®’ However, their use has been limited by their solvent-based formulations, which may
lead to serious toxicities. The development of paclitaxel® was, in fact, delayed because of prob-
lems in drug formulation.® The most viable option for improving paclitaxel’s solubility was found
to be a vehicle composed of polyethoxylated castor oil (Cremophor®) and ethanol. Unfortunately,
Cremophor can also cause neutropenia'®!? and prolonged, sometimes irreversible, peripheral neu-
ropathy, which may be associated with axonal degeneration.!4-13

Targeting chemotherapeutic compounds specifically to the tumor can avoid systemic organ tox-
icity without compromising the drug’s therapeutic effects. New research done in the last decade has
shown that the use of ionizing radiation (IR) can induce neoantigens, to which delivery vehicles
and ligands carrying chemotherapeutic agents can bind and improve the targeting of various drug
therapies. By using radiation treatment as a means to “mark” the tumor for drug delivery, this new
potential form of treatment hopes to dramatically reduce the systemic toxicity that is typically asso-
ciated with cancer drugs, while simultaneously increasing the biodistribution of these drugs to the
tumor region.

4.1.1 CurreNT LIMITATIONS OF DRUG THERAPY ON SoLID TUMORS

Solid tumors contain a unique microenvironment that is often not conducive to drug distribution. In
order for drugs to become available to all of the cancer cells, there are many obstacles that need to
be overcome, the first of which is tissue penetration.!%20

Drugs often reach tumor sites by penetrating across the endothelial linings of the capillaries
(extravasation), but different pressure gradients inside the tumor influence the ability of drugs to
extravasate. First, in normal tissues, the oncotic pressure (the osmotic pressure exerted by proteins
dissolved in blood plasma) of the vasculature and interstitial space are around 20-25 and 5-15 mmHg,
respectively.?22 However, it has been measured that tumor xenografts such as rhabdomyosarcoma
may have oncotic pressures of around 24.2mmHg.?? This elevated oncotic pressure is consistent

with the observed elevated levels of interstitial fluid

Oncotic pressure is the osmotic pressure exerted
by proteins dissolved in blood plasma. The
oncotic pressure of the vasculature and intersti-
tial space are around 20-25 and 5-15mmHg,
respectively. Tumor xenografts may have oncotic
pressures of around 24.2mmHg, resulting in
reduced convection. The extravasation of mac-
romolecules is inefficient under these conditions
and even worse in central regions of tumors,
which have an interstitial fluid pressure similar
to the microvascular pressure. In light of these
hurdles, targeted therapy becomes a necessity.

pressure in tumors compared with normal tissue (whose
interstitial pressure is close to zero). As a result, one of
the primary means through which extravasation
occurs—convection, which is proportional to the differ-
ence in the hydrostatic pressure within a blood vessel
and interstitial pressure within the target tissue—would
be reduced. The extravasation of macromolecules is par-
ticularly difficult under these conditions and even worse
in central regions of tumors, which have an interstitial
fluid pressure similar to the microvascular pressure.?4-2

4.1.2 RotLe oF TUMOR VASCULATURE

In light of these hurdles, targeted therapy becomes a necessity. However, an important aspect of
this goal is the part of the tumor that the drugs ought to be targeting. In 1971, Dr. Judah Folkman
proposed the idea that lying at the heart of cancer growth is its dependence on angiogenesis.
The theory was that for tumors to grow and progress, a network of microvessels that is produced
through neovascularization is necessary.?’” Now, it is widely accepted that solid tumors cannot
reach a size larger than approximately 1 mm? in the absence of a vascular network.?® Accordingly,
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experiments blocking the activity of certain pro-growth receptors on vascular endothelial cells,
such as the vascular endothelial growth factor receptor (VEGF-R), have shown the inhibition of
tumor growth.?®3% The inalienability of angiogenesis from tumor progression has laid the founda-
tion of a strategy for targeting tumor vasculature as a method for treating cancer.

Another principle guiding the rationale in targeting tumor vasculature is the adaptive resistance
often observed with the treatment of cancer. Due to the genetic instability of the tumor, mutations
often arise, which produce cancer cells and subsequent clonal populations on which drugs have
attenuated efficacy. Often, these resistances are due to the selection of cells that develop multi-
drug resistance as a result of the selection for ABC (ATP-binding cassette) transporters that aid in
the transport of antineoplastic agents out of the cell. One example of these drug extrusion pumps
is the breast cancer resistance protein (BCRP). The expression of BCRP was found in different
normal tissues such as the colon, small and large intestine, venous endothelium, hepatocytes and
biliary canaliculi, and many others.?*? In vitro models revealed the presence of BCRP in atypical
multidrug-resistant cancer cell lines that were selected against mitoxantrone.? In contrast, tumor-
related blood vessels are made primarily of “normal” cells, which have less chances of becoming
drug resistant because of their genomic stability. Therefore, targeting tumor vasculature would
allow the destruction of those blood vessels without the risk of adaptive resistance to drugs. It must
be noted, however, that the microvascular expression of markers differs based on the environment
to which it is exposed. For example, tumor vasculature expresses different markers than those on
normal vasculature, and each type of tumor expresses its own cocktail of extracellular factors to
influence its own microvasculature. Endothelium that is proliferating, as is usually the case with
most growing solid tumors, may have a unique expression of cell adhesion molecules that have a
different response to stimuli as compared with nonproliferating (most of the body’s endothelium)
vessels.3+3

Investigators have tried to take advantage of this molecular diversity within the tumor associ-
ated vasculature. One product of this research has been the identification of recombinant peptide
markers. Certain peptides that bind to organ-specific active proteins of tumor vasculature have been
isolated using phage display technology (described later in this chapter). These peptides are used to
control, identify, and image various tumors, including malignant leukemia and melanoma, prostate
cancer, glioblastoma, and thyroid tumors.3¢-40 While this method is effective against individual
tumor vasculature, more recent developments have suggested a method for targeting not just a single
type of tumor vasculature, but also various (and potentially all) types of tumor-associated vascula-
ture. Furthermore, in light of the diversity found between various tumor environments, researchers
have tried to “normalize” tumor vasculature.*!

4.2 PARADIGM OF RADIATION-GUIDED TUMOR-TARGETED THERAPY
The process of developing drugs for radiation-induced tumor-targeted delivery involves three major

steps:

1. Radiation-induction of neoantigens
2. Identification of these receptors and receptor ligands
3. Conjugation of a drug delivery vehicle to ligands

In our discussion of these steps, we address some of the recent advances in biotechnology that have
significantly improved and expedited this process.

4.2.1 RADIATION INDUCTION OF NEOANTIGENS

The primary use of radiation therapy as a form of cancer treatment has remained essentially
unchanged since its inception. It induces sufficient DNA damage within the cell to either cause
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immediate cell death or delayed cell death after several rounds of cell division. However, more
recent studies have shown the ability of radiation to induce the formation of neoantigens in
tumor vasculature.*** Radiation can induce the expression of cellular adhesion molecules
(CAM) such as ICAM-1, E-selectin, and P-selectin on tumor vasculature.*>~*° The expression
of molecules such as P-selectin are localized to areas of the vasculature exposed to radiation as
part of an inflammatory response.’®3! Furthermore, the vascular endothelium responds to these
radiation-induced oxidative stresses in a very similar, or possibly identical, manner in all tumor
models.

4.2.1.1 Mechanisms of Radiation-Induced Damage

Radiation produces biological effects principally from its damage to the cellular DNA but the means
of action varies depending on the radiation source. When using radiation that has high linear energy
transfer (including neutrons or o-particles), there is a high probability of what is known as the
direct action of radiation. Direct action occurs when the DNA is directly affected by these radiation
particles.

In contrast, other forms of radiation affect DNA by the ionization of the solvent (predominantly
water) in which DNA is dissolved. This is known as the indirect action of radiation. Water is ionized
according to the reaction H,0 — H,0*+e~, H,0*+H,0 — H;0*+OH®. The OH* is a hydroxyl radi-
cal that is thought to cause about two-thirds of the x-ray damage done to mammalian DNA.
Radiation can cause two forms of DNA damage,

Radiation can cause DNA damage. Single-
stranded breaks are usually not lethal and can be
repaired if the other strand is used as a template.
However, mutations may occur if the strand is
incorrectly repaired. More detrimental to the cell
is a double-stranded DNA break. This may occur
if two single-stranded breaks occur on opposite
strands and are only separated by several base
pairs.

single- or double-stranded damage. Single-stranded
breaks are usually not lethal and can usually be repaired
if the other strand is used as a template. However, muta-
tions may occur if the strand is incorrectly repaired.
More detrimental to the cell is a double-stranded DNA
break. This may occur if two single-stranded breaks
occur on opposite strands and are only separated by

several base pairs.

4.2.1.2 Mechanisms of Adhesion Molecule Induction by Radiation

In response to radiation injury, the tumor vasculature responds to preserve barrier function and
maintaining homeostasis. Various adhesion molecules are activated, which leads to the activation
of platelet aggregation and inflammation. Both direct and indirect mechanisms have been pro-
posed for the altered expression of adhesion molecules following radiation treatment. Radiation
produces reactive oxygen intermediates (ROI), which oxidize various parts of the cell, includ-
ing DNA and phospholipids. The resulting biological response occurs at various levels, includ-
ing changes in transcription factors, adhesion molecules, and cytokines.’>>* An example of this
is the ROI activation of the NFxB (nuclear factor kappa-light-chain-enhancer of activated B
cells) transcription factor, one of the participants in inducing ICAM-1, VAMC-1, and E-selectin.
This proposed mechanism is supported by the antioxidant inhibition of radiation-induced
NFxB-dependent transcriptional activation of ICAM-1 and the radiation-mediated activation of
NF«xB32-5 (Figure 4.1).

Another proposed mechanism is the increase in cytokine secretion, which, in turn, causes the
indirect up-regulation of irradiated tissues’ adhesion molecules. Krykamides et al. suggested that
tumor necrosis factor oo (TNF-o) and interleukin-1 (IL-1) could be required for the induction of
ICAM-1 in astrocytes.’® Hong et al. have found that the expression of ICAM-1 after irradiation is
not directly related to the expression of TNF-o and IL-1.57 Also, Hallahan et al. have shown that
in the absence of TNF-o and IL-1, cell adhesion molecules are induced by radiation in human
umbilical vein endothelial cells (HUVEC).#® Together, these data suggest that both cytokine-
independent and cytokine-dependent pathways may be responsible for enhancing cell adhesion
interactions.
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FIGURE 4.1 Schematic of [CAM-1 upregulation. (From Niessen, HW. et al., Ann. NY Acad. Sci., 973, 573,
2002. With permission.)

4.2.1.3 Adhesion Molecule: P-Selectin

P-selectin is a cell adhesion molecule of particular interest because its expression in response to
radiation is both rapid and reversible.’®% P-selectin is an integral glycoprotein (embedded in the cell
membrane) with a molecular weight of 140kDa. It is in platelets (where it was originally discov-
ered) as well as endothelial cells.®*! Normally, it is sequestered in o-granules (granules containing
growth factors and clotting proteins) and Weibel-Palade bodies (organelles made of von Willebrand
Factor and P-selectin) in platelets and endothelial cells, respectively.®> When exposed to radiation,
these storage vesicles fuse with their cell membranes.*® Following radiation, the vascular endothe-
lial cells of the vasculature lumen transiently express P-selectin and subsides after inflammation,
P-selectin returns back to the interior of the cell.*®

Antibodies that confer the benefit of high specificity were developed to bind this adhesion mol-
ecule. In contrast to the monoclonal antibodies, which have the drawbacks of slow blood clearance
and sizes too large to penetrate tumor tissue, the single chain variable fragment (scFv) region of the
antibody could be used alone. The scFv are smaller (~30kDa), which allows for a faster renal clear-
ance and an improved penetration into tumor tissues, and these are properties that make them pre-
ferred candidates.®>%* Faster clearance prevents the undesirable side effects of systemic toxicity in
normal organs and can result in a higher tumor:blood ratio of antibody localization. Another benefit
is the antibody’s lack of the constant fragment (Fc) domain, which makes it less immunogenic.%3-6

The scFv antibody specificity was demonstrated by the visualization of Cy-7 labeled antibody
against P-selectin. This was administered through tail vein injection and showed significant binding to
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In contrast to the monoclonal antibodies, which
have the drawbacks of slow blood clearance
and sizes too large to penetrate tumor tissue, the
smaller (~30kDa) scFv region of the antibody
could be used, which has faster renal clearance
and an improved penetration into tumor tis-
sues. Faster clearance prevents the undesirable
side effects of systemic toxicity in normal organs
and can result in a higher tumor:blood ratio of
antibody localization. The lack of a Fc domain
makes antibodies less immunogenic.
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Lewis lung carcinoma (LLC) cells that were xenografted
into nude mice and treated with 6Gy of radiation over
unirradiated tumors.*® P-selectin localizes in the vascular
lumen in rat glioma cell lines when exposed to radiation.**
In the same study done by Hallahan et al., it was found
that the localization for P-selectin to the lumen of the vas-
culature was specific to those of malignant glioma and did
not manifest in the vessels of an irradiated normal brain.*
As aresult, P-selectin was identified as an inducible target

specific to the malignant vasculature. This makes it a tar-

get of consideration for targeted drug therapy.

4.2.1.4 Adhesion Molecule: a,,p; Integrin

Integrins are cell surface receptors that are essential for various intracellular signals. They play
a major role in the attachment between cells as well as in the attachment of cells to the extracel-
lular matrix (ECM). Integrins can control the function of various growth factor receptors, cyto-
plasmic kinases, the organization of the intracellular actin cytoskeleton, and various ion channels.
Additionally, integrins also influence the cell cycle and help to determine whether a cell proliferates,
differentiates, lives, or dies. They are composed of an o and a B subunit. There are currently 19 o
and 8 3 known subunits and each combination of these two types produces its own binding specific-
ity and signaling properties. It was discovered that radiation induces oy, 3, integrins in melanoma
cells.5

Peptides targeting o, 3 integrins were identified by the use of phage display technology. Hallahan
et al. irradiated mice bearing either GL261 (glioma) or LLC (lung carcinoma) tumors.%® After irra-
diation, a library of phages was injected into circulation and allowed to bind to these tumors. The
tumors were then recovered from mice and the phages that were bound to them were reintroduced
back into the circulation of another irradiated mouse bearing xenografted tumors. These rounds
of selection were repeated several times to enrich the phage display peptides that were specific for
these tumors. In addition, the use of this in vivo selection is advantageous due to the spatial separa-
tion of organs in the mouse. This allows for any peptide that binds in regions outside of the tumor
to be discarded from the list of candidates.

The amino acid sequence of phage-displayed peptides that was isolated from multiple tumor
models and also bound within the vascular lumen of tumors following irradiation was RGDGSSV.
Protein sequence matching with the known databases using Blast and Swisspro searches found that
the RGD sequence within the recovered peptide had the greatest matches. From this, putative recep-
tors were proposed that would bind the RGD peptide, including the [3,, B;, and Bs chains that het-
erodimerize with o, chains on platelets or with o, chain in other tissues*®. Immunohistochemistry
revealed an increase in o, in the microvasculature of tumors 6h after irradiation. In contrast,
o, did not show an increase in levels after irradiation®®. This study showed that the physiologic
response of the vasculature of different tumor models (B16 melanomas, GL261 gliomas, LLC lung
carcinomas) are similar®® meaning that upregulating with radiation oy, 3, could be a potential multi-
tumor drug targeting paradigm.

4.2.2 IDENTIFYING POTENTIAL TARGETING MOIETIES/RECEPTOR LIGANDS

Following irradiation, the changes in endothelial cells occur on many levels, including gene tran-
scription, altered conformations of proteins, and various intra/intercellular translocations. Currently,
there are multiple strategies that can be used to identify these differences in expression including
bioinformatics and microarray. One method that has been showing great promise in recent years is
known as phage-display technology, which we will discuss below.
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4.2.2.1 Phage-Display Technology

Phage display is a method used to discover peptide
ligands while minimizing and optimizing the struc-
ture and function of proteins.®-7! The premise of phage
display is the ability to produce a massive number of
phages, up to 10'° variant phages, simultaneously, each
with a different peptide sequence encoded on the surface
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Phage-displayed peptide libraries are a valuable
research tool because the amino acid sequence
on the capsid is encoded by the recombinant
DNA. This DNA can be amplified within bacte-
ria infected with the recombinant bacteriophage.
Phage DNA can then be sequenced to determine
the amino acid sequence of peptides on the
capsid that have been panned on specific sites,

of the phage capsid. This multitude of peptide sequences | SUch as tumor blood vessels.

is introduced into these phages as a DNA library and the
expression of these different sequences constitutes a phage library.

The vehicle for carrying these various sequences is bacteriophages. These viruses are made of an
elongated cylindrical protein capsid that is 6.5nm in diameter and 930 nm in length. The structure
encapsulates an approximately 6400 nucleotide genome that consists of 11 genes. For the purposes
of phage display, the pVIII and plII regions of the bacteriophage genome are of greatest interest
because the proteins encoded by these regions are expressed on the surface. In most common usages
of phage display, the N-terminus of these two proteins is used to display antigenic peptides with
binding affinity for the chosen foreign peptide or protein.”> The plII protein can display 3—5 copies
of an individual peptide (up to 38 amino acids long),”® while the pVIII region can display up to 2700
copies of peptides of up to six amino acids in length.™*

The process of using the bacteriophages to isolate peptides of interest is known as “bio-panning.”
The isolation of phages of interest involves the following steps. A primary library is prepared or an
existing library is amplified by

1. The phage particles being exposed to the target surface of interest
2. Nonspecific binders being removed using washing or perfusion

3. Target phage being recovered

4. The above steps are repeated using recovered phages

The phage is used as a scaffold to display the libraries of recombinant peptides. It provides a
means for recovering and amplifying the peptides that bind to putative receptor molecules in vivo.
The in vivo selection simultaneously provides positive and subtractive screens because organs
and tissues, such as tumors, are spatially separated. Phages that specifically bind within the vas-
culature of organs and tissues other than the tumor are discarded (subtractive screening), while
phages homing to irradiated tumors become enriched through serial rounds of bio-panning (posi-
tive screening).

Phage-displayed peptide libraries are a valuable research tool because the amino acid sequence
on the capsid is encoded by the recombinant DNA. This DNA can be amplified within bacteria
infected with the recombinant bacteriophage. Phage DNA can then be sequenced to determine the
amino acid sequence of peptides on the capsid that have been panned on specific sites, such as tumor
blood vessels.*37>76 Repeating this process multiple times allows for the enrichment of peptides of
interest. When a peptide is isolated and sequenced, one can reproduce the sequence by making syn-
thetic or recombinant peptides. This can help identify the ligands that bind to the target receptors
of interest.”” Nowadays, displayed moieties include complementary DNA (cDNA) products made
from mRNA pools,”® DNA encoded short peptides, and non-natural amino acids or other building
blocks.”

4.2.3 CoONJUGATION OF A DRUG DELIVERY VEHICLE TO LIGANDS

Among the many drug-delivery vehicles that are currently available, nanoparticles are one of the
most popularly used. Nanoparticles can be designed to meet the requirements of stability, size,
active targeting, and solubility.?°-82 Nanoparticles smaller than 20 nm can penetrate through blood
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vessel walls, the blood-brain barrier, and the stomach epithelium,?* and can simultaneously avoid
rapid clearance by the liver and the spleen.?

Compared with small molecule drugs, which are easily diffusible through the capillary walls
into tissues, the limited pore size of endothelial walls prevents nanoparticles from freely diffusing
into untargeted areas within the body. Nanoparticles, therefore, rely on gaps between the endothe-
lium in order to bypass this barrier. Fortunately, one of the properties of tumor endothelium is their
increased capillary permeability, thus showing an increased uptake of nanoparticles. This phenom-
enon has been termed the enhanced permeability and retention (EPR) effect.?

The EPR effect is the phenomenon whereby molecules of a certain size, typically liposomes or
macromolecular drugs, tend to accumulate in tumor tissues much more than they do in normal tis-
sues.3¢-8 The newly formed tumor vessels are usually abnormal in form and architecture. They have
poorly-aligned endothelial cells with wide fenestrations, lack a smooth muscle layer, and have a
wider lumen. These factors lead to abnormal molecular and fluid transport dynamics, especially for
macromolecular drugs. This effect is further enhanced by pathophysiological factors that increase
the extravasation of macromolecules in solid tumor tissues. Examples of these factors include bra-
dykinin, nitric oxide, prostaglandins, vascular permeability factor (also known as vascular endothe-
lial growth factor, VEGF), tumor necrosis factor, and others.®

In Sections 4.2.3.1 and 4.2.3.2, we will describe a few types of nanoparticles. These nanopar-
ticles can be coated with targeting ligands to improve tumor-targeting. Nanoparticles may be either
natural or synthetic depending upon the origin of their key structural and functional components.

4.2.3.1 Natural Nanoparticles

A key benefit of the natural nanoparticle is the higher probability of mimicking the phospholipid
bilayer on the cell surface (as in the case of liposomes) and/or biocompatibility. Natural nano-
particles include nanoalbumin and various biologically compatible polymers such as chitosan and
alginate.

Liposomes consist of a lipid bilayer that separates the external aqueous environment from the
vehicle’s internal aqueous compartment. This vehicle has been used extensively in the past 10 years
as carriers of many anticancer drugs, such as platinum compounds, cytarabine,” anthracyclines,’!
camptothecin,”® and vincristine.®® Encapsulation in liposomes can improve the pharmacokinetic
profile of a drug and reduce systemic toxicity.’* For example, a study using PEG-liposomal doxoru-
bicin showed a 5.2—11.4-fold increase in the amount of drug delivered to patients with AIDS-related
Kaposi’s sarcoma.”

Similarly, chitosan, a polysaccharide with structural similarities to cellulose, has also shown
improved therapeutic efficacy and reduced toxicity when carrying a cargo of doxorubicin-dextran
in comparison with treatment with doxorubicin itself.”®

In the search for potential ligands that would bind to the o, receptor, fibrinogen became a
leading candidate as it had two RGD peptides on its o chain that could bind to the activated o3
receptor. It was found that fibrinogen colocalizes with o, in the tumor vascular lumen. With both
the inducible receptor and the ligand that binds to it identified, Hallahan et al. conjugated fibrinogen
with albumin nanoparticles. In this study, fibrinogen-conjugated nanoparticles bound to the o,,3;
receptor obliterated tumor blood flow and significantly increased regression and growth delay in
tumors treated with radiation (Figure 4.2).%8

Presently, nanoalbumin and liposomes do not achieve tumor-specific drug delivery. For example,
Abraxane® (nanoparticle albumin-bound (nab) paclitaxel) and Doxil® (liposomal doxorubicin) do
not have tumor-targeting ligands. Peptide ligands that specifically target radiation-inducible recep-
tors in cancer tissue could improve the delivery of chemotherapeutic drugs to tumor sites. The
most widely used radiation sensitizing drugs include platinum-based compounds (e.g., cisplatin and
carboplatin) and taxanes (paclitaxel). These drugs are administered during radiotherapy for epider-
moid carcinomas. Concomitant therapy with radiation and platins or taxanes has improved local
control in diseases such as lung cancer, head and neck cancer, and cervical carcinoma.
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FIGURE 4.2 Fibrinogen-liposome conjugates localize to irradiated tumors. Thiolated fibrinogen was con-
jugated to maleimide-containing liposome vesicles. Liposomes were labeled with Dil fluorescent marker and
administered by tail vein injection to tumor bearing mice. Tumors were treated with 4 Gy radiation either prior
to or after the administration of fibrinogen-liposome conjugates. Tumors were fixed and sectioned at 24 h fol-
lowing irradiation. Shown are tumor sections of (A) sham irradiated, (B) irradiation prior to fibrinogen-liposome
administration, and (C) irradiation after fibrinogen-liposome administration. Fluorescence was imaged by UV
microscopy (100x). (From Hallahan, D. et al., Cancer Cell, 3, 63, 2003. With permission.)

Nanoalbumin binds to the albumin receptor, a cell surface, 60 kDa glycoprotein (gp60), in cav-
eolae that delivers nanoalbumin to cancer through a process termed transendothelial transport.
Albumin has features that make it an appropriate vehicle for targeted drug delivery in oncology.
It is a natural carrier of hydrophobic molecules, to which it binds by noncovalent bonds. Binding
of hydrophobic substances to albumin is reversible and allows for transport in the body and
release at the cell surface.”*® In addition, albumin facilitates endothelial transcytosis of albumin-
bound plasma constituents into the extravascular space. This process is initiated by the binding
of albumin to gp60, which activates the binding of gp60 with an intracellular protein (caveolin-1)
and subsequent invagination of the cell membrane to form transcytotic vesicles, referred to as
caveolae. 22102

Radiolabeled paclitaxel transport across the endothelial cell monolayer was 4.2-fold higher with
nab-paclitaxel compared with Cremophor-paclitaxel.”® Methyl B-cyclodextrin completely inhibited
endothelial transcytosis of nab-paclitaxel, indicating active transport via gp60-mediated caveolar-
albumin transport.®® Albumin also provided the preferential intratumoral accumulation of pacli-
taxel. The intratumor paclitaxel accumulation was 33% higher for nab-paclitaxel compared with
Cremophor-paclitaxel for equal doses of paclitaxel.”® The higher concentrations of paclitaxel deliv-
ered by nanoalbumin slightly improved bioavailability to cancer and thereby improved median
survival rate as compared with the standard Cremophor formulation. Overall, the tolerability of
intravenous nab-paclitaxel 260 mg/m? was generally similar to that of Cremophor-paclitaxel
175 mg/m? in a phase III clinical trial.'”> Almost all patients reported at least one adverse event.
Nab-paclitaxel recipients experienced significantly more sensory neuropathy and gastrointestinal
disturbances and less neutropenia and skin flushing than Cremophor-paclitaxel recipients.!®* No
severe hypersensitivity reactions were reported in nab-paclitaxel recipients.'*

However, a drawback of this strategy is that the albumin receptor is present in all tissues. Clinical
studies evaluating Abraxane compared with paclitaxel showed that the higher concentrations of
paclitaxel delivered by nanoalbumin produced a slightly higher level of peripheral neurotoxicity
in those patients compared with systemic paclitaxel. Nab, therefore, does not utilize tumor-specific
drug delivery. Hence, methods to target nanoalbumin to radiation-inducible receptors within cancer
could improve the targeting of radiosensitizing taxanes.

4.2.3.2 Synthetic Nanoparticles

In contrast to natural nanoparticles, the use of synthetic polymers for nanoparticle construc-
tion allows for a more specific design that can be tailored towards a particular application. This
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FIGURE 4.3 Dendrimers consist of dendron units. The three regions include a core, an interior, and the
periphery. Higher generation dendrimers are more branched and have a greater number of end groups. (From
Lee, C.C. et al., Nat. Biotechnol., 23, 1517, 2005. With permission.)

flexibility in design uses the different properties of polymers and their combinations to produce
individualized properties of nanoparticles. Among the various aspects that can be modified are
chain length, molecular weight, particle size, hydrophobicity, surface charge, surface chemis-
try, and surface morphology. These characteristics can be changed depending on the hydro-
phobicity of the drugs, the method through which the drugs are administered, and the desired
amount of time for sustained release. One of the major drawbacks of polymeric nanoparticles is
its lack of site specificity, a problem that can be overcome by the conjugation of specific targeting
moieties.

Examples of synthetic nanoparticles include polymeric dendrimers (Figure 4.3).8! Dendrimers
are different from other polymeric nanoparticles in that they have a highly functionalized terminal
surface, a narrow molecular weight distribution, specific shape and size characteristics, and a large
degree of molecular uniformity. These nanoparticles are useful for drug-delivery because of their
well defined size and structure as well as their modifiable surface functionalities.

Polyamidoamine (PAMAM) is a synthetic polymer that is the most common scaffold used in
dendrimers. When testing it as a vehicle for methotrexate, the drug showed a markedly decreased
toxicity and increased antitumor activity compared with the therapeutic responses of the free
drug.'® Additional advantages of these synthetic nanoparticles are their nonimmunogenic nature
and biocompatibility.

Biologically compatible synthetic polymers include polylactic acid (PLA), polyglycolic acid
(PGA), their copolymer poly(lactic-co-glycolic acid) (PLGA), and polyethylene glycol (PEG). One
of the key advantages of using these polymers is their ability to alter the ratio and arrangement of
monomers to achieve different physical properties. PLA-PEG and PLGA-PEG nanoparticles have
shown prolonged blood circulation.!¢ These nanoparticles have been used to carry anticancer drugs
such as doxorubicin and paclitaxel.!”” In vitro experiments have shown that these nanoparticles
can cause cell mortality more than 13 times higher than with drug alone in HT-29 cancer cells.!?’
In other experiments, PLGA nanoparticles loaded with doxorubicin targeted cancer cells and sus-
tained drug release at the tumor site.'®® On their own, these molecules have proven to enhance drug
delivery. Coupled with a bait against an inducible target in tumors, the targeting efficacy of these
molecules may increase even further.
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4.3 BIOMARKER DEVELOPMENT USING PHAGE DISPLAY TECHNOLOGY

Optimizing a patient’s treatment regimen to a specific malignancy is dependent on a physician’s abil-
ity to predict the outcome of individual treatments. Glucose analogue fluorine-18 fluorodeoxyglucose
(FDG) positron emission tomography (PET)/computed tomography (CT) scans are an example of
current technology that point toward how useful this form of assessment can be.!%!° Yet, many fac-
tors still limit the efficacy of this form of FDG/PET, including the inability to detect small tumors,'!!
the increase in FDG uptake during endogenously occurring wound repair,!'? and the inability to detect
slower-growing cancers.''> Another form of tumor response prediction includes annexin-V detection
using single-photon emission computerized tomography (SPECT) to detect therapy-induced cell apop-
tosis.'4115 The limitations of this form of assessment include production under good manufacturing
practices (GMP) of the protein and a slow blood clearance resulting in lower-quality images.!'¢117

Here, we discuss using phage-display technology in developing a new means of early, noninva-
sively assessing tumor response to therapy.

Using phage-display technology, our group has identified the peptide sequence HVGGSSV as
a tumor biomarker from a bio-panning process done in both LLC and GL261 gliomas treated with
IR.""8 The target molecule for this peptide is currently under investigation. Tumors implanted into
the hind limbs of mice were irradiated with 3 Gy radiation. Phage-displayed peptide libraries were
administered by intracardiac injection at 4h following irradiation. The mice were then perfused
with 10mL of phosphate buffered saline (PBS) into the left ventricle that were recovered from the
right atrium. Mice were sacrificed and their organs and tumors were removed to quantify plaque-
forming units of viruses. The tumors were resected at 6 h after injection of the phage library. The
T7 phages were then amplified in bacteria.

Phages that bound the vasculature within irradiated tumors showed enrichment in the tumor rel-
ative to other organs. Phages that did not contain the peptide library insert (control phages) did not
show enrichment. We found that the recombinant phage showed a background in control organs that
was lower than the control phage without DNA insert. Polymerase chain reaction (PCR) was used
to amplify the recombinant phage insert coding region directly from the plaques. We sequenced 50
clones following six rounds of selection. We identified sequences that appeared multiple times after
six rounds of bio-panning.'®

These phages were then amplified and administered for several subsequent rounds to mice bear-
ing irradiated tumors. The most predominant peptide (HVGGSSV) was selected for further study.
HVGGSSV was found to be the predominant peptide in multiple separate screenings (28% in LLC
and 48% in GL261 glioma cells). Of the phage-displayed peptides that have been recovered from irra-
diated tumors, four of them share the homologous sequence GGSXV-COOH (at the carboxyl-termi-
nus). The probability of this amino acid sequence being present in four different peptides is extremely
small. Of these peptides, the HVGGSSV peptide showed the greatest tumor-specific binding.!'®

4.3.1 BiopIsTRIBUTION OF RECOVERED PHAGE-BOUND PEPTIDES WiITH TUMOR SPECIFICITY

To image the biodistribution of phage-displayed peptides, we utilized near infrared (NIR) imaging
of Cy7-labeled peptides on the phages. We compared the tumor-specific binding and the pharma-
cokinetics of each of a library of phage-displayed peptides. Some of the phages that were recov-
ered from irradiated tumors were compared in order to determine which peptide has the greatest
tumor-specific binding. Phages were first labeled with Cy7 to allow NIR imaging. Tumors were
implanted into both hind limbs of nude mice. While the mice were given 40 mg/kg of systemic
sunitinib (a VEGF receptor tyrosine kinase inhibitor), only the right hind limb tumor was irradi-
ated with 3 Gy radiation. Sunitinib was chosen because it enhances the effects of IR.""® The left
hind limb tumor served as an internal negative control. Cy7-labeled phage was injected into the
venous circulation by use of a jugular catheter. The biodistribution of the Cy7-labeled phage was
then imaged by NIR imaging each day for a total of nine days. Figure 4.4 shows the NIR imaging
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(A)

FIGURE 4.4 HVGGSSYV phage binding to treated tumors. LLC tumors were implanted into both hind limbs
of nude mice. The mice were treated systemically with Sunitinib (a receptor tyrosine kinase inhibitor). The
tumor in the left hind limb was irradiated with 3 Gy radiation, whereas the right hind limb tumor served as
an internal treatment control with drug alone. Cy7-labeled HVGGSSV phage was injected into the circulation
through a jugular catheter. Shown are NIR images obtained 48 h after C7-labeled HVGGSSYV phage injection
into Sunitinib-treated mice bearing LLC tumors (A) or H460 tumors (B). The arrows indicate tumors treated
with 3 Gy, whereas tumors in the opposite hind limb received 0 Gy (drug alone). (From Han, Z. et al., Nat.
Med., 14, 343, 2008. With permission.)

of the Cy7-labeled phage displaying the HVGGSSV peptide. The phage showed tumor binding at
24h after irradiation.!'®

4.3.2 PHAGE DispLAY PepTiDE BINDING TO HUMAN CANCERS IN MOUSE MODELS

To determine whether the phage display peptide HVGGSSV binding can be used in a variety of
human cancers, we studied orthotopic tumors implanted into the brain, lung, and liver as well as
heterotopic breast and prostate tumors (Figure 4.5). Biotinylated HVGGSSV was then linked to
fluorescent dye, Alexa Fluor 750 conjugated with streptavidin (Figure 4.6). Panel A of Figure 4.5
shows D54 human glioblastoma implanted into the brain of the nude mouse that was treated with
2 Gy radiation. The labeled HVGGSSV-streptavidin was administered by tail vein and imaged by
NIR 48 h following administration. Likewise, H460 human lung cancer was implanted into the lung
of the nude mouse and HT22 human cancer was implanted into the abdomen and liver of the nude

FIGURE 4.5 Peptide binding detects response to therapy in all tumor models. (A—E) Tumor development
was induced by the following methods: D54 human glioblastoma cells were injected into the cerebra (A);
H460 lung cancer cells were injected through the tail vein (to develop pulmonary metastases, B); HT22 human
colon cancer cells were injected into the spleen (to develop liver metastases, C); and PC3 prostate cancer
cells (D) and MDA-MB-231 breast cancer cells (E) were injected subcutaneously into the hind limbs of nude
mice. The tumor-bearing mice were treated with Sunitinib for 1h before irradiation. Cy7-labeled HVGGSSV
peptide was injected intravenously 4 h after radiation treatment. Shown are NIR images obtained 48h after
peptide injection. (From Han, Z. et al., Nat. Med., 14, 343, 2008. With permission.)
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FIGURE 4.6 Conjugated streptavidin-peptide-Alexafluor 750 complex.

mouse (panels B and C). We also studied human prostate cancer line PC3 and breast cancer cell
line MDA-MB-231 (panels D and E). All tumors were treated with 2 Gy radiation and peptide was
injected 4 h following irradiation.!!8

Peptide bound to the tumor microvasculature of each of these tumor models following irradia-
tion. Moreover, the peptide was cleared from the circulation and appeared in the kidney and urine
soon after administration. The peptide remained bound for several days following the treatment of
each of the tumor models. These data indicate that the HVGGSSV peptide binds to a wide range of
tumor vascular endothelium in response to IR.!"® These mouse models of human cancer can be used
to study the efficacy of re-targeted drug delivery to cancer.

4.3.3 TRANSENDOTHELIAL TRANSPORT OF HVGGSSV IN Mouse MobDELs oF CANCER

To determine whether endocytosis occurs in tumor vascular endothelium, we studied HVGGSSV
conjugated to nanoalbumin in mouse models of cancer. LLC xenografts in the hind limb of mice
were treated with 3 Gy radiation. Nab-HVGGSSV was then administered by tail vein injection at 4 h
following irradiation. Tumors were harvested and sections were stained for human albumin using
immunohistochemistry. Irradiated control tumors showed no increase in the binding of nanoalbu-
min, and the scrambled peptide also showed no minimal binding of nanoalbumin. When tumors
were pretreated with 2 Gy radiation followed by HVGGSSV conjugated nanoalbumin treatment,
nanoalbumin was found within or at the tumor vascular endothelium 24 h after the administration.

To determine the fate of nanoparticles following administration, we studied tumor sections at 7
days following administration. This showed that the nanoparticles entered cancer cells within the
tumor. This indicates that the transendothelial transport of HVGGSSV-conjugated nanoalbumin
improved the biodistribution of nanoparticles.'?°

In another application of HVGGSSV peptide conjugation, taxol was used as a radiation sensitiz-
ing model drug. Abraxane was conjugated with the HVGGSSV peptide using melamine chemistry.
HVGGSSV-conjugated nanoalbumin achieved specific binding to tumors and rapidly cleared from
the circulation. In comparison, a scrambled peptide conjugated to nanoalbumin showed no increase
in binding to irradiated tumors.!”! We also investigated the use of HVGGSSV peptide to deliver
nab-paclitaxel specifically to irradiated lung tumors in a mouse model. Lung tumors in the hind
limb of nude mice were treated with nab-paclitaxel and radiation, HVGGSSV peptide conjugated
nab-paclitaxel and radiation, or scrambled peptide conjugated nab-paclitaxel and radiation. Peptide
conjugated nab-paclitaxel showed 25 times higher drug delivery than scrambled peptide conjugated
nab-paclitaxel or nab-paclitaxel alone when used in combination with radiation treatment.

4.3.4 IDENTIFICATION AND CHARACTERIZATION OF HVGGSSV
RECOMBINANT PEPTIDE RECEPTOR
We used a phage-displayed peptide library to discover radiation-induced surface proteins in

tumor vessels.®® A GGSS amino acid sequence was found in the binding domain of ligands
that bind to endothelial surface receptors.'??-1?# In order to identify a potential receptor target,
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a yeast two hybrid system was used. This system introduces a
plasmid coding for the DNA binding domain (DBD), a piece of
a transcription factor, conjugated to the recombinant peptide.
Additionally, a library of plasmids coding for potential protein
targets to HVGGSSV conjugated to the other piece of the afore-
mentioned transcription factor; an activation domain (AD) was
introduced into these yeast. An interaction between the HVGGSSV
peptide and a binding partner would bring together the AD and
DBD components of the transcription factor, leading to the tran-
scription of a reporter gene.

Our two hybrid systems identified the Tax-interacting protein-1
(TIP-1) as a putative receptor for the recombinant HVGGSSV pep-
tide.!?>126 TIP-1 is a membrane-associated protein that binds to the
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FIGURE 4.7 Swiss Pro
search for GSSV-COOH PDZ
biding proteins. The GSXV
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sequences known to bind to
the PDZ domain of TIP-1.

HVGGSSV amino acid sequence at the carboxyl terminus of pro-

teins. The amino acid sequence GGSXV-COOH (carboxyl-terminus)

binds to the PDZ domain (normally associated with anchoring transmembrane proteins to the
cytoskeleton and holding signal complexes together) within TIP-1'2° and has homology with the
recovered HVGGSSV phage peptide (Figure 4.7). In fact, mutation of serine or valine eliminates
peptide binding to TIP-1. While TIP-1 has been found to be induced by IR,'?¢ the role of TIP-1 is
still not well understood and is still under investigation.

4.4 CASE STUDIES OF STRATEGIES THAT UTILIZE
IONIZING RADIATION TO DELIVER THERAPY

4.4.1 TuMoOR TARGETING OF LECTINS

Many of the surface proteins and lipids found in cell membranes are glycosylated. By rearranging
the combination of a few simple sugars, a broad range of unique chemical structures can be pro-
duced. The different cell types in the body express their own sets of glycan arrays, as do diseased
and cancerous cells. Lectins are sugar-binding, nonenzymatic proteins that originate from numer-
ous sources in nature and play a role in molecular recognition. They bind to oligosaccharides and
proteoglycans in the vascular endothelium in both neoplastic blood and inflamed blood vessels.'?’
Lectins normally bind to the O-linked and N-linked glycans that are located on the apical surface
of endothelial cells.'?”'? Their specificity opens the doors to the targeting of these molecules to
specific cell and tissue types.

Lectins can be combined with other drug delivery vehicles to improve tumor targeting. For
example, wheat germ agglutinin (WGA), a lectin that binds to inflamed microvasculature when
combined with liposomes, bound to irradiated tumor microvasculature while minimizing binding
to organs like the lung and the liver. The WGA combined liposomes were used to deliver cisplatin
to irradiated tumor xenografts and produced a significant growth delay when compared with radia-
tion alone.!3

The liposome incorporates an amphiphilic PEG derivative, p-nitrophenylcarbonyl-PEG-1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (pNP-PEG-DOPE), which can bind primary-amino
group-containing ligands (such as lectin) through the pNP groups that are exposed to water,
which forms a nontoxic urethane (carbamate) bond. The molecule was synthesized through a
reaction of DOPE with an excess of bis(p-nitrophenylcarbonyl)-PEG together in a chloroform/
triethylamine mixture (Figure 4.8A). The reaction between the pNP group and the ligand amino
group occurs readily at a pH around 8.0, and spontaneous hydrolysis eliminates any free pNP
groups! (Figure 4.8B).
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FIGURE 4.8 (A) Synthesis of pNG-PEG-PE. (B) Attachment of pNP group to the amino group containing
ligand. (From Torchilin, V.P. et al., Biochim. Biophys. Acta, 1511, 397, 2001. With permission.)

4.4.2 loNizING RADIATION TARGETING OF GENE THERAPY

4.4.2.1 Induction of EGR1 Promoter by lonizing Radiation

Another strategy that can be used for tumor targeting is to exploit the changes in promoter activ-
ity induced by IR. For example, radiation induces the transcription of the early growth response 1
(Egr-1) gene, which is mediated by the activation of a CC(A+T rich),GG(CArG) motifs in the Egr-1
promoter in HL-525 cells, a human cell line of hematopoietic origin.'*>!33 Weichselbaum et al.
utilized this inducible promoter by conjugating it to a DNA sequence encoding for human TNF-o.,
a radiosensitizing cytokine.!** This linearized construct was transfected into HL525 cells, which
were then injected into xenografts of SQ-20B, a radioresistant human squamous cell carcinoma cell
line. Female nude mice were subsequently given radiation only in their legs (with lead shields sur-
rounding the rest of their body). Animals given radiation and these recombinant cells exhibited an
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increase in tumor cures compared with cells given only injections of the recombinant cells or with
irradiation alone. In groups only receiving radiation, only 1 of 6 mice were cured. Additionally, no
mice were cured in groups receiving only injections of the recombinant cells. However, in groups
receiving the recombinant cells and irradiation, 6 of 7 mice were cured. Moreover, there was no
increase in systemic or local toxicity in the combined treatment group. The effectiveness of this
promoter led researchers to further exploit its benefits using new vehicles.

4.4.2.2 Adenoviral TNF-a Gene Therapy and Radiation Damage

Weichselbaum and colleagues created an adenoviral vector (AdS) containing DNA sequences of
the Egr-1 promoter that was linked to a cDNA encoding the TNF-o gene (Ad.Egr-TNF). This con-
struct was tested on human malignant gliomas (D54) xenografted into nude mice.> A total of
71% of the xenografts receiving radiation and Ad.Egr-TNF showed complete tumor regression,
in contrast to only 7.4% and 0% of the xenografts treated with radiation or Ad.Egr-TNF alone,
respectively. Histopathological analyses of the xenografted glioma treated with Ad.Egr-TNF and
radiation showed tumor cell thrombosis by day 4 following treatment and necrosis by day 7. These
data suggested that the antitumor effect of combining Ad.Egr-TNF with radiation is, at least in part,
mediated by tumor microvasculature destruction.

Since then, significant advances using the construct have been made. One product that has been
patented, called TNFerade® (Patent No. 7214,368), has put the construct into a replication defi-
cient adenovirus. In one phase I test study in patients with soft tissue sarcomas in the extremities,
85% of the patients receiving TNFerade and daily fractionated radiation therapy showed objective
tumor responses (9 partial, 2 complete recovery).!* In another phase I study, treatment was given
to patients with solid tumors resistant or refractory to standard therapy. Of the 30 patients in the
trial, 70% demonstrated objective tumor responses.'3” TNFerade is now entering phase II/I11I clini-
cal trials.

4.4.2.3 Improving Viral Vehicle Targeting

To improve the targeting efficiency of these viral vehicles,'*® two genetically engineered herpes
simplex viruses (R3616, R7020) were tested for their effectiveness in U87 malignant glioma xeno-
grafts in nude mice. The R3616 mutant is unique in that it has both copies of its gamma(1)34.5
gene knocked out. The gene normally encodes for the ability for the virus to replicate in the central
nervous system and precludes premature shutoff of protein synthesis in human cells triggered by
stress associated with the onset of viral DNA synthesis.!**-4> Although these mutants can better dis-
criminate between normal and malignant cells with regard to cytotoxicity, more factors are needed
for the complete destruction of tumors in in vivo models.!3%143

Mice that were injected with the R3616 virus and given radiation 1 day later showed a signifi-
cantly higher reduction in tumor volume in U-87 malignant gliomas when compared with treat-
ment with either radiation or virus alone. Furthermore, in situ hybridization (using DNA probes to
find the presence or absence of certain sequences in target cells) showed that infected tumors cells
were predominant among the irradiated tumor cells. The beneficial effect can be attributed to the
enhanced oncolysis in the infection/irradiation groups, which showed two- to fivefold viral replica-
tion over the group treated with infection alone.

In a similar experiment, another attenuated HSV recombinant virus (R7020) was also tested
for its ability to improve tumor regression. R7020 was originally created for the purpose of pro-
phylactic immunization against infection from HSV-1 and HSV-2.144145 Similar to R3616, results
showed that IR enhancing R7020 replication in Hep3B xenografts over either infection or irra-
diation treatments alone."*® The fact that these two vectors show promise in enhancing tumor
regression lends strength to the development of new viral vectors. These may someday include
other attenuated replication-competent adenoviruses that have shown promise in enhancing tumor
regression with IR.147:148
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4.4.2.4 Overcoming Viral Limitations with Radiation-Guided Nanoparticles

Generally, adenoviruses are highly efficient in the transduction of targeted cells, but lack gene inte-
gration ability.'*® As a result, multiple administrations are required which raises concerns regard-
ing potentially lethal toxicity due to immunological responses to antigens.'*»'> Adeno-associated
viruses are less immunogenic but have lower packaging capacity and viral production. Lentiviruses
are capable of efficiently and stably transducing cells but are not as selective for in vivo delivery
and have a risk of producing cancer because of its self-replication potential. Due to the limitations
of viral vectors, nonviral vectors are sometimes preferred as vehicles for gene therapy. Compared
with viral vectors, previously described liposome and polymer-based particles have been preferred
in many clinical trials.!>!

Recently, a liposome vector, called Tf-lipoplex, which complexes with human transferrin (Tf)
ligand to the liposomes, was shown to have high tumor-targeting ability due to the high level of
expression of Tf receptor (TfR) in pancreas, lung, colon, prostate, and breast cancers.">>7 Long-
term therapeutic efficacy has been achieved with the Tf-lipoplex in p53 gene therapy for head and
neck cancer in humans and prostate cancer, without compromising safety.!>-160

In an experiment by Abela et al., a Tf-lipoplex complex was made that contained plasmid DNA
cytomegalovirus-green fluorescent protein (CMV-GFP). Combining Tf-lipoplex therapy with radia-
tion treatment increased the level of transduction (percentage of cells expressing GFP) in LLCI as
well as lung, liver, colon, and prostate cancer cell lines versus nonirradiated groups.'* In vivo stud-
ies used a Tf-lipoplex containing plasmid DNA for CMV-LacZ. In these studies, LLC1 xenografts
in C57 mice also showed increased LacZ and plasmid content over unirradiated groups. This obser-
vation correlated with the increased expression of TfR in tumors. Additionally, the Tf-lipoplex-
mediated gene expression was not observed in normal tissues such as liver with radiation treatment.
The effectiveness of this treatment provides insight into the further development of ligand-specific
lipoplex for delivering gene therapy to malignant cells.

4.4.3 RADIATION-INDUCED INCREASE IN EPR EFrFECT

Radiation was first found to have an effect on the EPR phenomenon seen in tumor tissues in stud-
ies of antibodies.!'®! In this work, Kalofonos et al. showed that doses of radiation higher than 4 Gy
increased both the specific and nonspecific antibody binding within irradiated tumors. This effect
was due primarily to increased vascular permeability in tumors at 24 h following irradiation.

Studies of drug delivery systems have focused on liposomal doxyrubicin (Caelyx®).19? Radiotherapy
increased the tumor uptake of doxyrubicin with drug distribution farther from microvasculature in
tumor periphery, following irradiation.'®> The mechanisms of radiation-induced increase in vascular
permeability are related to changes in cytoskeleton.!s? Radiation causes the activation of RHO kinase
and the phosphorylation of downstream myosin light chain resulting in cytoskeletal changes.

The mechanisms by which radiation could induce the enhancement of drug delivery warrant
further investigation. In a study of radiation-induced vascular permeability to albumin, pulmonary
endothelial cells were grown to confluence on the surface of gelatin-coated polycarbonate filters. It
was shown that the amount of albumin transferred from the upper well to the lower well/hour over
the period of steady-state clearance increased in monolayers exposed to 15 or 30 Gy radiation.'** No
increase was found in monolayers exposed to 6 Gy.!°* The study shows that IR plays a prominent role
in the reversible disorganization of cultured pulmonary endothelial cell monolayers in the absence
of serum components or other cell types.

4.4.4 RADIATION-TARGETED DRUG DELIVERY USING RECOMBINANT PEPTIDES

At present, the nanoalbumin (nab)-paclitaxel drug delivery system (Abraxane) does not achieve
tumor-specific drug delivery because it does not reduce the incidence of peripheral neuropathy
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and other dose-limiting toxicities. Retargeting drug delivery to radiation-inducible receptors within
cancer could improve bioavailability and tumor specificity. In this strategy, radiation sensitizing
taxanes can be guided to bind within irradiated tissues.

We have identified the peptide ligand HVGGSSYV, which binds specifically to irradiated can-
cers.!'® The HVGGSSYV peptide, as an early indicator of tumor response to therapy, was able to bind
to responsive tumors within 24 h after treatment.!'® However, its specificity towards treated tumors
indicates that it can be used as a ligand for drug delivery vehicles. Recombinant peptides have been
conjugated to drug delivery systems including liposomes, nanoalbumin, nanogels, and nanocrystals
to target cancer-specific drug delivery.!21:165

Over the past decade, our laboratory focused on the use of antibodies to guide drug delivery to
radiation-inducible antigens in cancer.*6>! We determined®® that peptide ligands are more efficient
when conjugated to drug delivery systems (Figure 4.9). We found that a fibrinogen-nanoparticle
(Fbg-NP) alone achieved no significant growth delay and no tumor regression as compared with
untreated control tumors. As compared with untreated control tumors, radiation alone achieved
minimal growth delay (p=0.11). Uncoated albumin nanoparticles served as a negative control.
Albumin nanoparticles administered with irradiation produced a tumor growth rate that was identi-
cal to that of tumors treated with radiation alone. Fbg-NP administered with irradiation resulted in
a significant growth delay and tumor regression as compared with tumors treated with irradiation
and uncoated albumin nanoparticles (Figure 4.9).

Preclinical studies using these peptides were done using '>’I labeled tyrosine at the amino-
terminus of the peptide. Results showed a 90-fold increase in nanoparticle binding when prostate
tumors were treated with 3 Gy of radiation versus untreated tumors.!6®

Moreover, RGD peptide binding in irradiated tumors has also been studied in clinical trials.>® Our
group utilized *"Tc-apcitide (Acutect®; Diatide, Inc., Londonderry, New Hampshire), a synthetic

10

Tumor volume fold-change

Days

FIGURE 4.9 Radiation-induced activation of the fibrinogen receptor, which can be used as a therapeutic
target for vascular embolization. BI6F0 tumors implanted into the hind limb of C57BL6 mice. The mice
were treated with 10 Gy radiation with or without the indicated (below) nanoparticles. Tumor volumes were
measured on the indicated days. Ten mice were entered into each of five groups (untreated control, radiation
alone A, Fbg-NP alone O, Fbg-NP +radiation Y, and albumin nanoparticles +radiation A). Uncoated albumin
nanoparticles served as a negative control. Fbg-NP administered with irradiation resulted in tumor regression
and a significant growth delay as compared to tumors treated with uncoated albumin nanoparticles and irra-
diation (p=0.024). (From Hallahan, D. et al., Cancer Cell, 3, 63, 2003. With permission.)



lonizing Radiation for Tumor-Targeted Drug Delivery 71

(A) (B)

FIGURE 4.10 Radiation-guided drug delivery of 99MTc-labeled biapcitide by use of an external radiation
beam. (A) *MTc-labeled biapcitide binding in a breast cancer brain metastasis after treatment with radio-
surgery (single dose of 20 Gy). (B) Dosimetry of the same radiosurgery patient. (From Hallahan, D.E. et al.,
J. Control. Release, 74, 183, 2001. With permission.)

peptide analog of RGD that binds to GP-IIb/IIIa receptors on activated platelets,*"'’ to determine
the feasibility of peptide binding in irradiated tumors in patients. We found that the RGD pepti-
domimetic bound within a metastatic tumor to brains treated with a high dose of radiation in 3/3
patients (Figure 4.10).%°

4.5 CONCLUSIONS

While radiation has been used to treat cancer for many decades, the identification of radiation-
induced molecules has dramatically improved the efficacy of treatment by increasing drug delivery
to tumor regions. By looking at the different ways tumors respond to radiation, such as the expres-
sion of various proteins such as ICAM-13+% and P-selectin** on tumor vasculature in response to the
damage caused by IR, molecules can be identified that act as targets. Subsequently, drug delivery
vehicles, such as liposomes and dendrimers, can be conjugated to antibodies or ligands that bind to
these targets. These various nanoparticles, which on their own have been shown to increase drug
delivery to tumor targets, can have significantly increased effectiveness when combined with these
targeting agents.!3°

Alternative methods for tumor-toxic payloads have been created that also capitalize on radia-
tion-induced targets. The most notable of these is the use of adenoviruses whose transfection rates
increased in the presence of IR.13® This same technology has led to the creation of the product
TNFerade, which is now entering phase II/III clinical trials. Additionally, the efficacy of these viral
vectors has led to the identification of another tumor target, Tf, which has been found to be upregu-
lated in response to radiation.!4?

The development of phage display biotechnology has been one of the factors that has helped
to push the effort of radiation-induced tumor-targeted therapy forward. This technology allows
for rapid screening through billions of different recombinant peptides to find those that are tumor
specific.’® For example, the HVGGSSV peptide was discovered by the use of bacteriophage-
displayed peptide libraries in the circulation of mice bearing irradiated tumors.®®!'"8 HVGGSSV,
when conjugated to nanoparticles in the biodistribution and pharmacokinetics studies, showed
tumor-specific binding. Fluorescent microscopy showed nanoparticle endocytosis and transen-
dothelial transport of the HVGGSSV-nanoparticles. We also found that that cell surface protein
TIP-1 binds to the HVGGSSYV peptide. TIP-1 is increased following the irradiation of tumors.
Conjugation of HVGGSSYV to liposomal doxorubicin and nab-paclitaxel improved tumor-specific
drug delivery. We have found that this approach of targeting radiation sensitizing drugs to cancer
improves tumor growth delay as compared with nab-paclitaxel with radiation or Cremophor-
paclitaxel with radiation.'?°

Further work is needed in the areas of systemic and tumor tissue pharmacokinetics of drugs
delivered by targeting peptide ligand conjugation to nanoparticulate carriers. The prospect of using
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recombinant peptides, such as HVGGSSV or RGD, for targeted delivery of therapies requires the
use of sensitive and quantitative imaging techniques to test their efficacy using methods such radio-
active isotope-based PET and SPECT imaging.

Nonetheless, the HVGGSSV peptide gives an insight into the range of uses for phage display
technology. Not only can the peptide be used to noninvasively assess the tumor response to therapy,
it could potentially be used as a targeting agent attached to nanoparticles to guide drug delivery to
tumors.

We propose the signaling pathway depicted in Figure 4.11 as responsible for the recombinant
peptide binding to receptors on endothelial cell surface. While receptors such as TIP-1 have been

X-ray

“Factor X”  Peptide

Sd
=
=
g il
g O
% [ |
48]
(@]

]

=
Q
=
=
5]
st
S
28]

..... —O~

i |
“Factor X” O

)

Tumor

©

FIGURE 4.11 Possible mechanism of recombinant peptide binding to tumor vasculature in response to
IR. (A) Recombinant peptide does not bind to the tumor vasculature when there is no cytotoxic agent.
(B) In response to IR, the tumor cell could secrete a cytokine or chemokine (“Factor X”). (C) This factor
secreted by the tumor in response to IR could interact with the endothelial cell causing it to manifest an
inducible receptor or change the conformation of an existing membrane receptor. Due to the action of the
paracrine factor, the recombinant peptide could now bind to the inducible receptor thereby heralding that
the cell is dead or dying. (Adapted from Diaz, D. et al., Expert Rev. Anticancer Ther., 8, 1787, 2008. With
permission.)
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identified, further work needs to be done to find the
receptors that can bind to other recombinant peptides.
Furthermore, the pathway by which the peptide target
receptor is induced is also a point of interest that is still
under investigation.

In summary, IR can be used to target chemothera-
peutic drugs to tumors by conjugating them with a nano-
particle/recombinant peptide complex. Targeting drugs
to tumors that respond to radiotherapy is expected to
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Radiation has been used to treat cancer for many
decades. The use of targeted drug delivery in
conjunction with radiation has dramatically
improved the efficacy of treatment. In addi-
tion to active targeting, alternative methods for
tumor-toxic payloads have been created, which
capitalize on radiation-induced targets. The most
notable of these is the use of adenoviruses whose
transfection rates increase in the presence of IR.
This same technology has led to the creation of
the product TNFerade®, which is now entering

enhance their biological effect and could reduce sys-
temic toxicity.

phase II/11l clinical trials.
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5.1 INTRODUCTION

The potential use of genes as therapeutics has attracted great attention to treat severe and debili-
tating diseases. Gene therapy is the method of treating diseases using genes so that the patient’s
somatic cells can produce the specific proteins that are lacking. This will prevent the limitations
concerning the administration of therapeutic proteins. It is an approach for treating diseases, or
ultimately preventing a disease, by replacing defective genes, introducing new genes, or changing
the endogenous expression of genes.

Gene therapy uses viral or nonviral vectors to deliver genes to synthesize specific therapeutic
proteins. Viral vectors are derived from retroviruses, lentiviruses, adenoviruses (Adv), adeno-asso-
ciated viruses (AAV), herpes viruses, and pox viruses.! The development of vectors for cell-specific
gene expression is the major goal of any gene therapeutic strategy. Significant progress has been
made in the construction of gene expression vectors that combine different functions required for
efficient gene transfer.”

Gene medicine usually contains an expression system that controls the transcription of a gene
within the target cell and a specific delivery system that controls the biodistribution of these vectors
to specific locations in the body. Cationic liposomes, pep-

Immune activation by viral vectors is a major
concern as many of the vectors with high thera-
peutic activity in vitro fail in vivo.? Furthermore,
scale-up of their production could be challenging.
Gene expression plasmids offer multiple advan-
tages over viral gene therapy vectors, including
large packaging capacity, stability without inte-
gration into the host genome, and lower toxicity.
However, their level of expression is often lower
and shorter than the viral vectors.

tides, and polymers are commonly used as transfection
reagents for gene expression plasmids, while viral vectors
usually do not require any of these transfection reagents.

Viral vectors have shown much promise in the field
of gene therapy, but there are safety issues and they may
also be limited in terms of their DNA-loading capacities.?
Immune activation by viral vectors is a major concern as
many of the vectors with high therapeutic activity in vitro

fail to do so in vivo.> Moreover, increasing their yield can
be quite difficult. To minimize their immunogenicity, the
surface of the viral vectors is often modified by conjugating to poly(ethylene glycol) (PEG).*

Gene expression plasmids offer many advantages over viral vectors, including large packag-
ing capacity, no integration into the host genome, and lower toxicity. However, their level of gene
expression is often lower and shorter than that of the viral vectors. Recent advances in gene expres-
sion systems have shown great improvement in the transfection levels of nonviral vectors. Plasmid
vectors can also be used to silence a gene, thereby causing the inhibition of an abnormal protein
production in the body.’ Plasmids have also been shown to play a role in the formation of viral vec-
tors, e.g., two plasmid rescue systems were used to construct an adenoviral vector.

In this chapter, we discuss the recent advances in the development of gene expression and delivery
systems, some of the underlying problems involving their use, and approaches to address these issues.

5.2 GENE EXPRESSION SYSTEMS

Gene expression systems are broadly classified into plasmid and viral vectors. Basically, these vec-
tors have the machinery in them to facilitate the production of target proteins in the host upon
transfection or transduction.

5.2.1 Basic COMPONENTS OF PLASMID VECTORS

A gene expression plasmid contains a complementary DNA (cDNA) sequence coding for either
a full gene or a minigene, and several other genetic elements including promoters, introns,
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polyadenylation (polyA) sequences, and transcript stabilizers to control the transcription, trans-
lation, and protein stability and/or secretion from the host cell.®

The transcription unit comprises of 5" enhancers—promoters upstream of the gene, encoding a
therapeutic protein and polyA signal downstream of the gene. An intron is also assembled into an
either 5 or 3’ untranslated region (UTR), leading to the elevation of mRNA levels. Plasmid vectors
can be designed to express two genes simultaneously driven by different promoters or a single pro-
moter or by insertion of an internal ribosome entry site (IRES). IRES was first discovered in picor-
naviruses, encephalomyocarditis virus (ECMV) and poliovirus.”® They have the ability to translate
two open reading frames (ORF) from a single mRNA transcript. Usually the IRES is inserted
between two transgenes to be expressed. IRES confers the unequal expression of genes, and usually
the expression of the downstream gene is relatively higher than the upstream gene, which may con-
firm the internal ribosome entry.® However, recent studies have shown that this may not be always
true. The production of low levels of monocistronic RNAs is putatively due to the splicing of the
bicistronic transcript due to the presence of 3” splice site (ss), which can show an increased expres-
sion of the downstream gene.’ This warrants for a careful RNA structural analysis to confirm the
functionality of IRES.

We have constructed a bicistronic plasmid vector (phVEGF-hIL-1Ra) encoding human vas-
cular endothelial growth factor (WEGF) and human interleukin-1 receptor antagonist (hIL-1Ra)
driven by cytomegalovirus (CMV) and elongation factor-1o. (EF-10r) promoters, respectively in the
pBudCE4.1 vector.® There was a dose- and time-dependent expression of hVEGF and hIL-1Ra
genes when they were transfected to human islets. However, the expression levels of these two
genes were not sufficient enough to decrease the blood glucose levels of diabetic mice following
transplantation with phVEGF-hIL-1Ra transfected islets. Not only the expression, but the extent of
the expression of genes was also low for this bicistronic plasmid.

5.2.1.1 Bacterial Elements

Plasmids encode two features that are important for their propagation in bacteria. One is the bacte-
rial origin of replication (Ori), which is a specific DNA sequence that binds to factors that regulate
the replication of plasmids and in turn control the number of copies of plasmids per bacterium.
The second required element is a selectable marker, usually a gene that confers resistance to an
antibiotic. The marker helps in the selection of bacteria that have the gene expression plasmid of
interest. Escherichia coli (E. coli) are commonly used bacteria for propagating plasmids. It has
the property to transfer DNA either by bacterial conjugation, transduction, or transformation. The
extensive knowledge about E. coli’s physiology and genetics accounts for its preferential use as a
host for gene expression. Human insulin was the first product to be produced using recombinant
DNA technology from E. coli.

5.2.1.2 Transcription Regulatory Elements

Gene expressing plasmids contain transcription regulatory elements (TREs) to control transcrip-
tion. The Jacob and Monad theory postulates that a repressor protein may bind to the operator
region downstream of a promoter preventing RNA polymerase from binding to the host DNA."
This operator region may overlap with the promoter for the operon being controlled. However, if
this repressor is controlled, it may increase gene expression.!> TREs play a significant role in gene
expression and may also impart specificity. The important sequences in the gene that control tran-
scription are the cis-acting sequences that are situated in the immediate vicinity of the gene and
they together constitute the functional unit or domain.'?

Heterologous TREs can be included in the adenoviral genome to allow replication only in the
cells in which TREs are functional, resulting in cell specificity.* The addition of new TREs in an
expression vector can alter the transcription of the target gene. These new elements can mimic the
action of the genomic TREs of the target genes resulting in an alteration in transcription. These
elements can be added to either increase or decrease transcription depending on the requirement.
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In diseases like cancer, the expression of target genes can be altered by this method.!> For example,
homeodomain-containing transcription factor pancreatic duodenal homeobox-1 (Pdx-1) plays a key
role in maintaining the function of the pancreas and is also known to have a prominent role in beta
cell development.'® When this Pdx-1 was introduced into an adenoviral vector and expressed in hepa-
tocytes, they were transformed into pancreatic endocrine hormone—producing cells.'” Modulating
the expression vector with TREs can be done to increase the gene expression.

5.2.1.3 Enhancer

An enhancer is a short region of DNA that can bind trans-acting factors, much like a set of tran-
scription factors, to enhance transcription levels of genes in a gene-cluster. Usually, in the bound,
proteins facilitate promoter-binding proteins to interact with the promoter.”® An enhancer does not
need to be particularly close to the genes it acts on, and need not be located on the same chro-
mosome. An enhancer does not need to bind close to the transcription initiation site to affect its
transcription, as some have been found to bind several hundred thousand base pairs upstream or
downstream of the start site.!® Enhancers can also be found within introns. An enhancer’s orienta-
tion may even be reversed without affecting its function. Furthermore, an enhancer may be excised
and inserted elsewhere in the chromosome, and still affect gene transcription.?® That is the reason
why intron polymorphisms are important, even though they are not transcribed and translated.
Enhancer—promoter interaction also plays a major role in immune reaction following the in vivo
administration of plasmid vectors. An epo enhancer when inserted into the plasmid expressing
vascular endothelial growth factor (VEGF) showed an expression of VEGF in hypoxia conditions,
whereas the plasmid without the epo enhancer showed no expression of VEGF.?!

5.2.1.4 Promoter

A promoter is a DNA sequence that enables a gene to be transcribed. The promoter is recognized
by RNA polymerase, which binds it and then initiates transcription. Promoters regulate protein syn-
thesis indirectly by having an active role in demarcating genes to be used for mRNA synthesis. The
promoter region is usually the beginning of an operon, which is a collection of neighboring genes,
and controls the region transcribed into the same mRNA molecule.?? Therefore, DNA transcription
begins after RNA polymerase has bound downstream of the therapeutic gene. This effect is seen
as DNA unwinding into single strands. Therefore, any mutation in this region will prevent RNA
polymerase from binding. Transcription begins at the first base of the target gene+1 position, which
is the TATA A sequence or TATA box, 5’TATA (A/T) A (A/T)-3". This region ensures that transcrip-
tion starts at the proper point and binds the RNA polymerase II complex.?* Another transcription
start site is the CCAAT box (consensus sequences 5-GGTC-CAATCT-3) located upstream of the
TATA box.

Promoter sequences play an important role not only in initializing gene transcription, but also in
immunostimulation.?* The promoter type governs the strength and duration of transgene expression.
Viral promoter elements are first known to be used in an expression vector to express proteins for
gene therapy. The CMV, Rous sarcoma virus (RSV), and Simian virus 40 (SV40) are some of the
strongest known viral promoters. However, there are some drawbacks with the use of viral promot-
ers such as a lack of specificity and immunostimulation that results in inactivation. For example, a
CMYV promoter shows expression in most cell types, however, its activity decreases over a period
of 3—4 weeks.? This is possibly due to the inhibition by cytokines, methylation, or inactivation
by repressor proteins. This is also true for other viral promoters like SV40 and RSV.2¢ Because of
these reasons, there is an urgent need to develop promoters based on nonviral cellular regulatory
elements.

Sustained gene expression is quite difficult to achieve. However, some promoters have been
reported to confer sustained gene expression from plasmid DNA in vivo. These promoters include
B-actin, EF-1ci, or ubiquitin. The activity of these promoters is usually lower than that of viral
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promoters, but can be increased by the addition of viral or cellular enhancer components.?’” The
CMV early enhancer/chicken B actin (CAG) is a promoter of this kind. It consists of a CMV
enhancer and first intron of chicken (or human skeletal) B-actin. It shows activity similar to or more
than the CMV promoter.28% It shows a greater activity in viral vectors, but its expression profile
needs to be established for use in plasmid vectors.?

The EF 1-o promoter has been reported to confer sustained gene expression compared with the
CMV promoter, but its expression is 10-fold lower than the CMV promoter.’° Promoters from three
of the known human ubiquitin genes UBA, UBC, and UBB have been incorporated in plasmid vec-
tors. Luciferase gene expression was measurable up to 6 months when the plasmid contained UBC
promoter.’® This clearly suggests that if proper promoters are incorporated into the gene expression
system, it is possible to attain sustained gene expression.

5.2.1.5 Untranslated Region

The 5’ untranslated region (5-UTR) is the region of the mRNA transcript that is located between
the capsite and the initiation codon. The linkage between the methylated G residue and the 5’ to 5’
triphosphate bridge is known as the cap structure, which is essential for the efficient initiation of
protein synthesis. The 5-UTR is known to influence mRNA translation efficiency. In eukaryotic
cells, initiation factors first interact with the 5" cap structure and prepare the mRNA by unwinding
its secondary structure. An efficient 5-UTR is usually moderate in length, devoid of a secondary
structure, and upstream from initiation codons. It has AUG with an optimal context. Any of the
following features that influence the accessibility of the 5" cap structure to initiation factors will
influence the mRNA translability.3!3

Initiation codon AUG appears to be the best recognized when it is in the context of the sequence
CCRCCAUGG with purine (R) at =3 and/or guanidine (G) at +4 (A of AUG is numbered +1). If
an AUG occurs alone or an AUG in conjunction with a short ORF is located between the cap site
and the genuine AUG, translation will be inhibited. Secondary structures of the UTRs inhibit
translation. 5-UTR lengths that are greater than 32, but less than 100 nucleotides permit effi-
cient recognition of the first AUG. Most naturally occurring 5-UTRs are 50—100 nucleotides in
length.

The 3’UTR comprises the mRNA sequence following the termination codon. It plays an impor-
tant role in mRNA stability.?> AU rich motifs are commonly found in the 3’UTR of mRNA of
cytokines, growth factors, and oncogenes. These are mRNA instability elements and should be
removed for maximal gene expression. This is achieved when the standard 3’'UTR sequence is used
in place of the one found in cDNA. Another way is to minimize the length of the 3’"UTR by placing
the hexanucleotide of the poly A signal immediately downstream of the stop codon.®

5.2.1.6 Polyadenylation Signal

The efficiency of poly A is important for gene expression, as transcripts that failed to be cleaved
and polyadenylated are rapidly degraded in the nuclear compartment.3* The poly A signal is a
recognition site consisting of the AAUAAA hexamer positioned 10-30 nucleotides upstream of
the 5" end and a GU or U rich element located maximally 30 nucleotides downstream of the 3’
end.?? The poly A signal is needed for the formation of the 3’ end of most eukaryotic mRNA.
It directs two RNA-processing reactions: the site-specific endonucleolytic cleavage of the RNA
transcript and the stepwise addition of adenylates to the newly generated 3’ end to form the poly
A tail.

5.2.1.7 Intron

The protein coding region in the gene is often interrupted by stretches of noncoding DNA called
intron. Transcripts from intronless genes are rapidly degraded in the nuclear compartment, leading
to lower gene expression.? Therefore, for maximal gene expression in eukaryotic cells, at least one
intron should be included within the transcription unit. Introns also promote mRNA export from the
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nucleus. The addition of intron A or B to the plasmid encoding ICAM-2 promoter and subsequent
expression in HUVEC or PsCAM cells increased the expression of the transgene.?® Introns thus can
affect gene expression and if used in a proper way can enhance the expression of transgenes.

5.2.1.8 Stop Signal

Stop signal is the DNA sequence at which RNA polymerase Il is halted and detached from the DNA,
thereby a stop or nonsense codon stops translation. However, poly A occurs at the 5° AAUAAA 3’
sequence in the mRNA. The poly A polymerase cleaves after the U residue and adds 50-250 adeny-
late residues. The stop signal not only plays an important role in gene regulation at the translational
level allowing for rapid changes in specific protein levels, but also provides an opportunity to alter
codon specificity.

5.2.1.9 Multiple Cloning Sites

A multiple cloning site (MCS), also known as a polylinker, is a short segment of DNA that contains
many restriction sites. Restriction sites within an MCS are unique and occur only once within a
particular plasmid. MCSs are commonly used for the cloning of single or multiple cDNAs due to
its unique restriction endonuclease recognition sites identified with ease. The recombinant plasmid
can be altered in such a way that the desired gene can be inserted into the plasmid and expressed.
If there is no particular restriction site for a particular transgene, the restriction site can also be
inserted into the MCS and can clone the gene.

5.2.1.10 Fusion Tags

Fusion tags are inserted in expression systems so that the DNA location and site specificity can be
known. A variety of protein tags have been used to allow recombinant fusion protein to be detected
and purified without the use of an antibody or other protein specific assays. Short epitope tags
and fluorescent protein tags are commonly used for gene function studies. Epitope tags such as
His/C-term, xpress, V5, FLAG, HA, and c-myc circumvent the requirement for specific antibodies
against target proteins. Fluorescent protein tags, such as green fluorescent protein (GFP), provides
information on the cellular location of the fusion proteins. Since the addition of any amino acid
residues may alter the properties of the target proteins, special consideration should be given to the
intended use of the protein and on minimizing the adverse effects when picking a tag. Typically, a
specific protease cleavage site is introduced in the tag and the target protein to facilitate tag removal
if desired. Fusion tags can be incorporated into the plasmid vectors to enhance the protein expres-
sion and solubility of the expressed protein.® Fusion tags can be classified into two types based on
their application: affinity tags and solubility-enhancing tags. Affinity tags help in the purification
of recombinant protein, whereas the solubility-enhancing tags can be used to improve the solubility
of proteins. Usually the solubility-enhancing tags are either large peptides or proteins. Fusion tags
like glutathione S-transferase (GST) and maltose binding protein (MBP) show both affinity and
solubility-enhancing properties.3”38

5.2.2  PerSISTENCE OF GENE EXPRESSION

The regulation of gene expression and having a sustained expression is the key for many diseases.
Plasmid-based systems usually confer transient gene expression with less than 20% of the peak
level at day 3.3 This warrants the need for expression of transgene over a period of time. This is
especially important in diseases like cancer where the cells divide continuously. An ideal nonviral
vector should be able to provide persistent expression of the transgenes without affecting the host
cells. Persistent gene expression can be achieved either by the prevention of promoter attenuation,
use of replicating plasmid, modulation of immune response, attachment of matrix/scaffold regions,
or optimizing plasmid size.
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5.2.2.1 Prevention of Promoter Attenuation

The major drawback of nonviral vectors is the lack of sustained gene expression. Transient gene
expression in vivo is partly due to promoter shutdown.?® This is especially true for viral promot-
ers, such as CMV and SV40 promoters. The methylation of plasmid DNA is involved in promoter
inactivation, which can be prevented by removing the methylation sites (CpG motifs) from the
plasmid construct. Transient gene expression is also due to the destruction of the transfected cells
by the immune system.*? Viral promoters are sensitive to cytokines, which may explain the decline
of their activity in vivo.?° Promoter inactivation has also been attributed to specific tissue types. For
example, smooth muscle gamma actin (SMGA) and flk-1 promoters show their activity specifically
in smooth muscles and endothelium, respectively.?

5.2.2.2 Use of Replicating Plasmids

Extrachromosomally replicating vectors have great potential for use in gene therapy due to their
high transfection levels and sustained expression of transgenes. The use of replicating plasmids
results in sustained gene expression without the integration of genes into the host genome. This also
reduces the risk of insertational mutagenesis. Replication elements, usually from viral DNA, are
inserted into the expression systems that enable the plasmid to replicate extra chromosomally. This
can be done by the introduction of a mammalian Ori*' sequence into the plasmid. The best char-
acterized Oris in mammalian cells are from viral sources, such as SV40, the BK virus (BKV), the
bovine papilloma virus (BPV), and the Epstein Barr virus (EBV).#> Modeling the bacterial power
and efficiency of self-replication would greatly increase therapeutic protein expression.

Since the plasmids do not integrate into the host genome, they reside outside as episomes. They
have several advantages over integrating systems: (1) the transgene is not interrupted or subjected
to regulatory constraints that often occur from integration into cellular DNA, (2) they have higher
transfection efficiency, (3) episomes show a low mutation rate and tend not to rearrange, and (4) they
have the ability to transfer large amounts of DNA.?

Plasmids can replicate in both prokaryotic and eukaryotic cells provided they have certain ele-
ments that allow them to do that, e.g., EBV viral elements.*>#* Several viral constructs including
EBYV, BKYV, SV40, and BPV have been used in constructing replicating plasmid vectors. Trans-
acting factors are needed for the formation of episomal vectors, but there is a risk of transfor-
mation following their use. This is especially seen in the case of polyomaviruses (BKV, SV40),
which contain a T-antigen (Tag) as a trans-acting factor. Tag purportedly binds to tumor suppres-
sor gene p53 causing chromosomal aberrations and alters the gene expression.* Considering this,
EBV viral elements are safer as they have a low mutation frequency and can easily incorporate
large amounts of DNA.** EBV nuclear antigen 1 (EBNA1) and oriP constitute the EBV viral ele-
ments that impart stability to the viral DNA in the host cells.*** EBNA1 dimer/oriP complex
controls the replication and transcription of the plasmid vector. EBNA facilitates the binding of
the plasmid vector to the nuclear matrix. EBV-based vectors showed a higher expression of trans-
genes compared with conventional vectors when they were studied in vivo. However, EBV-based
vectors are associated with certain drawbacks including integration into the host genome and
oncogenicity.*> Ehrhardt et al. replaced the CMV promoter with a cellular promoter to minimize
the silencing effects attributed to nonmammalian sequences.*® However, if the problems associ-
ated with the use of viral elements can be solved, they can be far superior than the conventional
vectors.

5.2.2.3 Modulation of Immune Response

One of the major drawbacks of gene therapy is the interaction of the gene expression vectors with
the host immune system. Although nonviral vectors produce less immune response compared with
viral vectors, their effect should not be overlooked. CpG motifs are unmethylated with an ability to
stimulate B cell proliferation, macrophage activation, and the maturation of dendritic cells. The
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bacterial and viral DNA contain a large amount of unmethylated CpG motifs. Plasmid vectors usu-
ally contain bacterial or viral elements with a large number of CpG motifs, which lead to the acute
inflammatory response commonly seen in nonviral vectors. The sequence GTCGTT is the most
active stimulatory CpG motif in humans leading to the activation of immune pathways. Following
activation of the immune system by the CpG motifs, gene expression is decreased due to cytokine
mediated promoter shutdown and apoptosis of expressing cells.

When constructing plasmid vectors, the immuno-

stimulation of the CpG motifs can be reduced by the

The second generation of adenoviral vectors are
less immunogenic, since some of the genes of
the adenoviral genome were deleted. However,
their expression was not longer than 20-40 days.
Following this, gutless vectors were generated
in which all the adenoviral genes were deleted.
They showed expression for about 84 days.

methylation of the CpG motifs using neutralizing CpG
motifs or by the elimination of CpG motifs. Plasmid
vectors containing a significantly lower amount of CpG
motifs showed less immunostimulation compared with
the ones with more CpG motifs.*” The presence of a
single unmethylated CpG has been shown to elicit an

inflammatory response when delivered to the lung.
However, CpG free vectors showed no inflammatory response and increased the duration of trans-
gene expression in the lung.3°

5.2.2.4 Matrix/Scaffold Attachment Regions

Matrix/scaffold attachment regions (MARs) govern the architecture of the nucleus by establishing
protein boundaries. Several proteins bind to MARs and these proteins are known as MAR bind-
ing proteins. MAR binding proteins are very significant as they regulate transcription, replica-
tion, repair, and combination.*® Thus, the incorporation of MARs in the plasmid construct may be
helpful in maintaining episomal plasmid for extended periods. The potentially immunostimulatory
and transforming properties of viral protein used in episomes and other components of the expres-
sion system impede the application of these systems for gene therapy. Alternatively, MARs can be
incorporated into circular plasmids to replace transacting viral gene products. MARs have been
characterized as AT rich sequences generally composed of 4—6bp motifs such as ATTA, ATTTA,
or ATTTTA.* These sequences are commonly used with gene enhancers and the Ori. Incorporation
of these sequences has been used to enhance the transcriptional activity of integrated transgenes.*

MARs are often situated in proximity to promoters, replication origins, and other important
regions in the genome. MARs have been known to play a role in several biological activities due to
their affinity to the nuclear matrix. They have been known to play a role in the initiation of transcrip-
tion, promote long-term expression of the transcript by counteracting the effects of DNA methylation,
protect transgenes from the negative effects of the genomic surroundings and promote histone acety-
lation, act as an enhancer, and promote replication.’® MARs have been incorporated in episomally
replicating plasmids to impart stability to the vector and increase the longevity of transgene expres-
sion. MARSs are used to replace the viral elements from these vectors to minimize the immunostimu-
latory effects from them. An episomal vector was developed by replacing the Tag protein with MARs
from the human B-interferon gene while retaining the SV40 Ori sequence. This vector replicated
episomally in CHO cells and showed stable expression for more than 100 divisions. Argyros et al.!
demonstrated persistent transgene expression in the liver after hydrodynamic injection of the plas-
mid containing MARSs driven by the human liver specific promoter ol-anti-trypsin (AAT). MARs
protected the AAT promoter by inhibiting the methylation of CpG motifs, resulting in a sustained
expression of luciferase,’! while the plasmid containing MARs and CMV promoter did not show
persistent luciferase expression. This signifies that even though MARs impart extra-chromosomal
stability, the duration of gene expression also depends on the choice of promoter used.

5.2.2.5 Plasmid Size

Plasmid stability is dependent on its size. Most gene therapy studies use plasmids of less than 10kb.
To prolong gene expression, bacterial artificial chromosomes (BACs) have been used in nondividing



Recent Advances in Gene Expression and Delivery Systems 91

cultures.”> A BAC-plasmid vector encoding a 185kb DNA insert of the human beta globin gene
and EBV orip and EBNA-1 transactivator showed persistent gene expression indicating the useful-
ness of plasmid size.>® An episomal BAC vector encoding the entire genomic human low-density
lipoprotein receptor (LDLR) and LacZ showed high transfection and persistent gene expression of
LDLR and LacZ.>*

Bacterial components in the plasmid vector are known to elicit immunostimulation. Therefore,
several research groups are investigating the possible use of minicircle plasmids, which do not have
bacterial Ori or antibiotic resistance markers. These are generated in E. coli by site-specific recom-
binations. Following an injection of minicircle plasmid encoding VEGF,; into the Balb/c mouse
heart and skeletal muscle, VEGF ¢ gene expression levels were similar or higher to that observed
with conventional plasmid vectors encoding VEGF,¢.> In another study, a minicircle-mediated
delivery of Interferon-y (IFN-y) was more efficient in inducing antiproliferative and anti-tumor
effects in human nasopharyngeal cancer cell lines than conventional vectors due to its sustained
expression of IFN-y levels.’® This suggests that minicircle plasmids may be a viable alternative to
conventional plasmids vectors.

5.2.3 Site-SpeciFic GENE EXPRESSION

The targeting of gene medicines to specific cells is often required to prevent toxicity to healthy cells
and to decrease the required dose. Differential gene expression among cell types is possible because
different genes are driven by different sets of promoters and enhancer sequences, and each of these
regulatory binding sequences contain binding sites for multiple transcription factors. Changing the
set of transcription factors will lead to the activation of a different set of genes, leading to a change
in the cell’s protein expression profile. The selective expression of transgenes in specific cells or tis-
sues can be achieved by constructing DNA expression cassettes that contain gene regulatory regions
that are recognized by transcription factors specially present in or selectively expressed by the target
cell population. This targeting is based on tissue specificity where transcription is directed specifi-
cally among healthy tissues or is tumor specific by using elements that are active in tumor cells due
to aberrant gene expression or tumor biology.

There are various well characterized regulatory elements controlling cell type specific expres-
sion, with target tissues including the pancreas, breasts, bones, brain, kidney, bladder, lungs, and
liver. Tissue-specific promoters display a natural activity in normal tissues without discriminat-
ing the diseased cells from the healthy ones. Therefore, for toxic protein expression, the use of
tissue-specific promoters is limited to dispensable tissues such as melanocytes, prostate, breasts,
endocrine, and exocrine tissues.*33 Combining tissue-specific promoters with additional targeting
moieties can further increase their utility. For example, a combination of tumor- and tissue-specific
promoters may enable the targeting of specific cells/malignancies within nondispensable tissues.
Cellular regulatory elements often have low activity, which can be addressed by the inclusion of
a strong promoter element from a viral or cellular origin. For example, Pujal and colleagues have
shown the specificity of the keratin 7 promoter, which is expressed in pancreatic ductal cells pre-
dominantly rather than in acinar cells that depend on the krt 7-234 bp sequence. This sequence is
included in a plasmid or viral vector and exhibits the same specificity as the krt7 promoter and may
help in targeting pancreatic ductal adenocarcinoma cells in vitro and in vivo.>® Targeting expression
to a particular organ, tissue, and cell greatly reduces the antibody response to a foreign protein and
results in sustained expression.®

Most composite promoters contain one or two enhancer elements fused to a heterologous pro-
moter sequence. This concept has been used to create promoters with combinations of regulatory
sequences. Li et al. randomly assembled muscle-specific elements from four different muscle-spe-
cific promoters and then screened these novel promoters for activity.' One sequence showed 8-times
the activity of natural muscle promoters. However, this was done in vitro. It is more challenging to
develop a promoter with greater expression in vivo.
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5.2.4 PuLsATILE GENE EXPRESSION

A gene switch is introduced into an expression system to make use of the circadian rhythm by extra-
neously administering a compound to control the production of therapeutic proteins by turning on
or off the transcription of an administered gene. Gene switches are incorporated into the vector for
gene regulation. This feedback control may prevent overexpression and possible deleterious protein
production. In this system, the target gene is inactive until the administration of an exogenous com-
pound or ligand.®>%3 Progesterone antagonists, tetracycline, ecdysone, and rapamycin are used as
inducing agents to turn on the gene regulation of the expression vector.

5.3 VIRAL VECTORS

Recombinant viruses are unique in being naturally evolved vehicles that efficiently transfer their
genes into host cells. Viral vectors are composed of either an RNA or a DNA core, or process dif-
ferent genomic structure and host ranges. However, they often have risks such as toxicity, immuno-
genicity, and/or potential for viral recombination. The novel developments of viral vectors mainly
aim at the reduction of immunogenicity and improved vector production. Several kinds of viruses
including retrovirus, Adv, AAV, and herpes simplex virus (HSV) have been manipulated for gene
transfer. These viral vectors have their own unique advantages and disadvantages as discussed
below.

5.3.1 RETROVIRAL VECTORS

Retroviruses are enveloped single-stranded RNA viruses. Retroviruses have a genome of about
7-10kb, composed of gag, pol, and env genes flanked by elements called long terminal repeats
(LTRs). These are essential for integration into the host genome and signify the beginning and
the end of the viral genome. The LTRs control the expression of viral genes, hence they act as
enhancer—promoters. The final element of the genome, the packaging signal (), helps in differen-
tiating the viral RNA from the host RNA.% Gag proteins are major components of the viral capsid.
Pol proteins are involved in the synthesis of viral DNA and the integration into the host DNA,
whereas env proteins play a role in the association and entry of viral particles into the host cell.

The viral genome can be manipulated and viral genes can be replaced by inserting transgenes.
The transgenes can be controlled by the LTRs or alternate enhancer—promoter sequences can be
engineered within the transgene. The chimeric genome is then introduced into packaging cell lines,
which produce all the viral genes but these have been separated from the LTRs and the packag-
ing sequence. So, the chimeric viral genomes are assembled to produce the retroviral vector. The
culture medium containing the packaging cells that produce the retroviral vector is used directly to
infect target cells for gene transfer.

Retroviral vectors have several advantages including the stable transduction of dividing cells
and less immunogenic and persistent transgene expression. However, there are several disadvan-
tages of these vectors. These include random insertion into the host genome, limited DNA inser-
tion capacity (8kb), low titers, inactivation by complement systems, and the inability to transduce
nondividing cells.

5.3.2 LENTIVIRAL VECTORS

Although lentiviral vectors belong to the retroviral family, they have the ability to infect both dividing
and nondividing cells.®> The human immunodeficiency virus (HIV) is the best known lentivirus.
The HIV lentiviral vector is very efficient as it has the ability to infect and express genes in human
helper T cells and macrophages. Apart from the genes gag, pol, and env, the HI'V has six accessory
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proteins tat, rev, vpr, vpu, nef, and vif. These proteins regulate the synthesis and processing of viral
RNA and other replicative functions. The accessory proteins can also be removed without affecting
the production efficiency of the virus. The env gene from the HIV-based vectors allows the infection
of cells that express protein CD4+, so in these vectors, this is substituted with other env genes from
other RNA viruses that have a broader infection spectrum.

The significance of lentiviral vectors lies in the fact that they can efficiently transduce nondivid-
ing cells or terminally differentiated cells such as neurons, macrophages, hematopoietic stem cells,
muscle and liver cells, and other cell types for which gene therapy methods could not be used. These
vectors, when injected into the rodent brain, liver, muscle, or pancreatic islet cells show a sustained
gene expression for over 6 months.%” These vectors do not show any immune response and show no
potent antibody response; thus, they can be ideal for in vivo gene delivery.

Magnetic nanoparticles have been used for the delivery of lentiviral vectors to the endothe-
lial cells. This method provides the direct targeting of the lentiviral vectors to endothelial cells
even in perfused blood vessels apart from increasing the transduction efficiency.®® However, one
problem with the lentiviral vector is the random integration with genomic DNA. This integration,
although desirable, can be problematic as it can cause differential gene expression in the cells and
most importantly insertational mutagenesis resulting in malignant transformation. To alleviate this
effect, nonintegrating lentiviral vectors are developed by point mutations into chromosome binding
sites and viral DNA-binding sites of the viral integrase.®

5.3.3 ADENOVIRAL VECTORS

Adenoviruses are nonenveloped double-stranded DNA viruses and can infect both dividing and
nondividing cells. Natural adenoviruses cause benign respiratory tract infection in humans. Their
genome contains many genes and they do not integrate

into the host DNA. Replication-deficient adenoviruses
can be generated by removing the E-1 genes necessary
for viral replication and replacing it with the gene of
interest (for example, hepatocyte growth factor [HGF])

MARs are segments of chromatin prepared to
delineate the transcriptional portions of expressed
genes. Such transcriptionally active domains are
flanked by DNA sequences that specifically associ-
ate with the nuclear matrix. Incorporation of MARs

and a promoter sequence.”” These recombinant viruses | in the plasmid constructs results in enhanced

are replicated in cells that express the product of the E-1 | retention of the plasmids in the nucleus.

gene and are generated in high concentrations.”!

Cells infected with recombinant adenoviruses can express the therapeutic gene, but they cannot
replicate as the genes needed for replication are absent. These vectors efficiently transduce cells,
and gene expression lasts for about 5-10 days. Therefore, Adv vectors are suitable for transient
gene expression unlike retroviral vectors, which show long-term expression. Adv vectors show an
extended duration of expression when given to nude mice or with an immunosuppressant indicating
that the immune system may be responsible for the short duration of expression.”

The immune reaction elicits both cell killing “cellular response” and antibody-producing
“humoral response.” A cellular response results in the killing of infected cells with T-lymphocytes,
whereas the humoral response results in the production of antibodies to Adv proteins, result-
ing in a diminished transgene expression following subsequent infections.”>’3 Moreover, most
human beings are likely to have antibodies to Adv from previous infections as it is a commonly
found virus infecting the human population. To address this problem, a second generation of
Adyv vectors were produced where the other genes of the Adv genome were deleted like the E-3
gene required for eliciting an immune response. However, their expression was not longer than
20-40 days.™

Gutless Adv vectors are also generated in which all Adv genes are deleted. The viral DNA con-
tains the start and end of the viral genome along with the viral packaging sequence. They showed
expression for about 84 days.”> However, the production of these gutless Adv vectors is somewhat
difficult. Furthermore, they still have immunological problems that need to be overcome for their
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in vivo applications. One way of getting around this problem is to develop strategies to target the
viral particles to the required cells, tissues, or organs. The targeting of vectors can ideally lead to
less immunological responses, and fewer amounts of viral particles are needed to get the desired
therapeutic effect. However, Adv vectors transduce cells more efficiently only in the presence of
coxsackievirus and adenovirus receptors (CAR).”*”7 An immune response from Adv vectors can
further be attenuated by deleting E4 or a part of the E4 region.

To target the Adv vector to a specific cell or tissue, usually Adv capsid, such as its fiber, protein
IX (pIX), or hexon is altered. Of these, fiber proteins are the most studied. These proteins con-
sist of a tail, shaft, and knob.”® The C-terminal knob is responsible for binding with CAR recep-
tors.®6-” Targeting was achieved by incorporating an RGD peptide or a stretch of lysine residues
(KKKKKKK [K7] peptide), in the fiber knob or hexon. These capsid modified Adv will efficiently
infect CAR negative cells via interaction between cellular oV integrin/heparan sulfate proteogly-
cans present on the cell surface.’0-8 pIX can also be altered to achieve the targeted delivery using
an Adv vector.®3 pIX is a structural protein that sustains the structural integrity of the viral particles.
Kurachi et al. reported the enhanced transduction efficiency of Adv vectors containing an RGD
peptide in the c-terminus of pIX with o-helical spacer.”® Also, modification of hexon containing
RGD peptides (DCRGDCF) at the HVR 5 region in the Ad vector can render them infective via the
av-integrin receptor without any affinity to the CAR receptor.?* Therefore, modifications in the Adv
capsid at pIX or hexon containing heterologous peptides render them more selective as compared
with that at the fiber in the capsid.

Biermann et al. have also shown that the modification of high-capacity Adv vectors by incor-
porating either 6X-His epitope or RGD peptide into the HI loop of the fiber knob rendered the
vectors more effective and allowed efficient targeting toward different cell types.®> Targeting can
also be achieved by the affinity immobilization of Adv particles to the surfaces of biodegradable
nanoparticles resulting in improved transduction through uncoupling cellular uptake from the CAR
receptor.® The Adv nanoparticles containing inducible nitric oxide synthase (iNOS) inhibited the
growth of culture smooth muscle cells compared with the Adv encoding reporter gene GFP without
any therapeutic activity (Ad°?) or Adv without any genes (Ad free vector).

Islets are nonreplicating cells that secrete insulin following an increase in blood glucose levels
in the body. When there is a death of islets due to genetic or immune mediated defects, one of
the major alternatives is the transplantation of islets. However, due to inadequate vasculariza-
tion and subsequent immune attacks, islet transplantation did not achieve the success to which
it was entitled. We have shown that hVEGF expression promotes new blood vessel formation
and improves the outcome of islet transplantation.’” To enhance hVEGF gene expression, we
transduced human islets with bipartite Adv vectors encoding hVEGF and hIL-1Ra to promote
revascularization and protect the human islets from apoptosis (Figure 5.1).8% A bipartite vector
results in simplifying the amplification and purification of Adv vectors but also minimizes the
Adv backbone for transduction, thereby lessening the immunogenic effects of the vector. There
was a dose-dependent increase in the expression of hVEGF and hIL-1Ra from islets transduced
with AdvhVEGF-hIL-1Ra (Figure 5.2). We confirmed whether the Adv vector was causing any
detrimental effects to the islets by measuring the stimulation index of islets following transduc-
tion by the Adv vector. Islets transduced by the Adv vectors were as functional as untransduced
islets. There was a decrease in the caspase-3 levels in the Adv-transduced islets as compared
with the untransduced islets when they were incubated with inflammatory cytokines. The expres-
sion was several times higher than the bicistronic plasmid vector phVEGF-hIL-1Ra. Following
transplantation of AdvhVEGF-hIL-1Ra-transduced islets in nonobese diabetic severe combined
immunodeficient (NOD-SCID) mice, there was a decrease in blood glucose levels and an increase
in insulin and c-peptide levels (Figure 5.3).

The overexpression of hVEGF can be detrimental to islets and surrounding tissues and can lead
to the development of tumors.®* On the other hand, HGF is a potent mitogen of human islets and
is known to promote B-cell proliferation and is also anti-apoptotic.”® Therefore, we constructed a
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FIGURE 5.1 Construction of E1 and E3 deleted bipartite adenoviral vector by cloning hVEGF and hIL-1Ra
into the MCS of shuttle plasmid pE3.1 and pEl.2. These expression cassettes were cloned into Adenoquick
plasmid to generate a cosmid containing the entire sequence of recombinant Adv. After transfection into 293
cells, Adv-hVEGF-hIL-1Ra was produced. (Reproduced from Panakanti, R. and Mahato, R.I., Mol. Pharm.,
6, 274, 2009. With permission.)
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Mahato, R.1., Mol. Pharm., 6, 274, 2009. With permission.)



96 Targeted Delivery of Small and Macromolecular Drugs

== Adv-hVEGF-hIL-1Ra 254
== Adv-lacZ 800
700 M ¥ Adv-hVEGE-hIL-1 # Adv-hVEGF-hIL-1Ra
= =~ Non-treated islets 20 700
E“ 600 ] [ = 0 Adv-LacZ 0 Adv-LacZ
s = 3 600
2 5001 1 E @ Non-treated islets § 0 Non-treated islets
'%: 400 .-\ .5 g 500 'y ¥
Qo = J
< 300 g £ 400
Q
] = o
g g £
£ 200 £ g 30
3 3
100 k= O 200
0 P —— 100
0 3 7 11 13 20 21
Days after transplantation 1 - T 0
(A) (B) ©

FIGURE 5.3 Effect of Adv-hVEGF-hIL-1Ra-transduced islets on the outcome of islet transplantation. (A)
The non-fasting blood glucose levels in mice transplanted with human islets transduced with Adv-hVEGF-
hIL-1Ra, Adv LacZ and nontreated islets. (B) Serum insulin and (C) C-peptide levels in mice measured at day
20 post transplantation. (Reproduced from Panakanti, R. and Mahato, R.1., Mol. Pharm., 6, 274, 2009. With
permission.)

bipartite Adv vector encoding hHGF and hIL-1Ra (AdvhHGF-hIL-1Ra) driven under a separate
CMYV promoter.3® The vector showed an increase in the hHGF and hIL-1Ra genes with an increase
in the multiplicity of infection (MOI) and duration. It did not affect the function of the islets and
it showed decreased caspase-3 levels compared with the untransduced islets. Transduction of islets
with AdvhHGF-hIL-1Ra enhanced the level of Bcl-2 protein and inhibited the levels of Bax protein
demonstrating the protective effect of hHGF and hIL-1Ra co-expression (Figure 5.4). There was also
a decrease in the blood glucose levels and an increase in the insulin and c-peptide levels in NOD-
SCID mice transplanted with AdvhHGF-hIL-1Ra-transduced islets. Immunohistochemical staining
of islet bearing kidney sections revealed stronger positive staining for human insulin, hHGF, and
hvWF suggesting more efficient blood vessel formation in AdvhHGF-hIL-1Ra-transduced islets.
This shows that Adv vectors can be utilized for efficient and high expression of transgenes with
less immunogenic effects compared with nonviral vectors. However, these vectors can still elicit
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FIGURE 5.4 Effect of hHGF and hIL-1Ra co-expression on Bcl-2 and Bax protein levels. Bcl-2 and Bax
was determined at day 3 post-transduction by Western blot analysis. Lane 1, non-transduced islets; lane 2,
non-transduced islets with cytokine treatment; lane 3, islets transduced with Adv-hHGF-hIL-1Ra at 500 MOI
with cytokine treatment; and lane 4, islets transduced with Adv-hHGF-hIL-1Ra at 1,000 MOI with cytokine
treatment. (Reproduced from Panakanti, R. and Mahato, R.1., Pharm. Res., 26, 587, 2009. With permission.)
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immune responses, more so in the in vivo setting. Therefore, by removing the E4 or part of the E4
genome of the Adv vectors and by selectively targeting the Adv vector to a specific organ or tis-
sue by attaching a ligand (Gal-PEG) to it can further enhance the prospects of Adv vectors in gene
therapy.

5.3.4 ADENO-ASSOCIATED VIRAL VECTOR

The AAV is a simple nonpathogenic single-stranded DNA virus and is a member of the parvo-
viridae family. AAV is composed of two ORF, rep, cap, and two inverted terminal repeats (ITRs)
that define the start and end of the viral genome and packaging sequence,’®> whereas the cap gene
encodes viral capsid (coat) proteins and the rep gene is for replication and integration. AAV requires
additional genes to replicate, which are usually provided by an Adv or an HSV. The AAV vector is
produced by replacing the rep and cap genes with the transgene. Only one out of 100—1000 viral
particles is infectious. Apart from the production of the AAV vector being laborious, these vectors
also have the drawback of limited packaging capacity for the transgene (4.7 kb). Furthermore, there
are no packaging cells which can express all the proteins of the virus. Since rAAVs are deleted of
viral genes, these vectors are less immunogenic. However, specific circulating bodies to rAAVs have
been detected, limiting their potential administration.”

5.3.5 OTHER VECTORS

HSV, which infects the cells of the nervous system, is being developed as a vector. This virus
contains 80 genes, of which one can be replaced to produce the vector.* The use of recombinant
baculoviruses containing mammalian regulatory elements for efficient transient and stable trans-
duction of different mammalian cell types is being explored.** Alpha viruses are being used in the
development of vaccines.*>%

5.4 GENE DELIVERY SYSTEMS

Gene delivery systems help in controlling the location of a gene within the body by regulating the
biodistribution of a gene expression system. They aid in protecting the gene expression systems
from premature degradation in extracellular milieu and allowing nonspecific or cell-specific target-
ing of the expression system. Some delivery systems are designed for specific targeting to a receptor
or aid in intracellular trafficking of the gene expression system. Some of the common gene delivery
systems used are discussed below.

5.4.1 LipOSOMES

Plasmids are generally complexed with cationic liposomes to protect them from in vivo degradation
and to enhance intracellular delivery. Cationic lipids are composed of a hydrophobic lipid anchor
group, linker group, and a positively charged head group. Cationic lipids present in the liposome
interact electrostatically with the negatively charged phosphate backbone of the DNA, thereby con-
densing the DNA into a more compact structure. These

are the most commonly used synthetic carriers for the

delivery of oligonucleotides, siRNAs, and plasmid DNA.
The degree of transfection by cationic liposomes mainly
depends on the extent of DNA condensation, cellular
uptake by interaction with biological surfaces, and mem-
brane fusion via transient membrane destabilization for
cytoplasmic delivery avoiding lysosomal degradation.

pH-sensitive liposomes encapsulate DNA and
can be conjugated to a ligand for delivery into
ascitic tumors. However, low entrapment effi-
ciency and high serum sensitivity limits their
usage. The scenario changed with the introduc-
tion of the first cationic lipid, 2,3-dioleyloxypro-
pyl-1-trimethyl ammonium bromide (DOTMA).
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Although pH-sensitive liposomes can be used to encapsulate DNA, low entrapment efficiency
and high serum sensitivity limits their usage. This scenario changed with the introduction of the
first cationic lipid DOTMA.?” Most of the research is being done to increase the transfection effi-
ciency through the modification of the functional headgroups. Also, enhancing the transgene expres-
sion has become the focus of many studies. New cationic lipids were developed by modifying the
headgroups of DOTMA, resulting in increased transfection efficiency. (+)-N-(2-hydroxyethyl)-N,
N-dimethyl-2,3-bis(tetradecyloxy)-1-propanaminim bromide (DMRIE), which was synthesized by
modifying DOTMA showed an increase in transfection efficiency and transgene expression. (303
(N-(N’,N’-dimethylaminoethane) carbamoyl) cholesterol (DC—Chol) was the first cholesterol-based
cationic lipid.”® Its structure was further modified by conjugating polyamino groups resulting in
more positive charges.” Spermine and spermidine were conjugated into cholesterol reduced cyto-
toxicity and increased the delivery of antisense oligonucloetides.® Changing spermine or sper-
midine into a secondary amine showed better transfection efficiency both in vitro and in vivo.!%
Some of the cationic lipids such as DC-Chol, DMRIE, and GL-67 have been used in early clinical
trials, but the results were not encouraging. Heterocyclic cationic lipids have also been studied for
gene delivery. Some of these compounds showed better transfection abilities and lower cytotoxicity
compared with cationic lipids with linear primary amines or polyamines as head groups.®®

Pyridinium-based cationic lipids have been shown to have similar or higher transfection effi-
ciency compared with commercially available cationic lipid formulations. Pyridinium lipids dis-
played higher transduction efficiency in cells that are not easily transfected by other cationic lipids
like lipofectin, and transfect relatively a large group of cells.”! Zhu et al. have synthesized a series
of pyridinium lipids containing a heterocyclic ring and a nitrogen atom and prepared liposomes
with co-lipid L-o dioleoylphosphatidylethanolamine (DOPE) and cholesterol (Chol) by sonica-
tion.!2 Pyridinium lipids with an amide linker showed significantly higher transfection efficiency
compared with their ester counterparts. Liposomes prepared at a 1:1 molar ratio of pyridinium lipid
and a colipid showed higher transfection efficiency when either DOPE or cholesterol was used as
a colipid to prepare liposomes (Figure 5.5). The pyridinium lipids with a trans-configuration of
the double bond in the fatty acid chain showed higher transfection efficiency than its counterparts
with cis-configuration at the same fatty acid chain length. In the presence of serum, C16:0 and
lipofectamine significantly decreased their transfection efficiencies, which were completely lost at

Co-lipid type DOPE Cholesterol

C16:0, amide linker

C16:0, ester linker

FIGURE 5.5 Comparison of gene expression between amide and ester linker. Lipid 5 (C16:0, amide linker)
and lipid 16 (C16:0) were used to prepare liposomes with co-lipid DOPE and cholesterol at the molar ratio
of 1:1. Lipoplexes were formed by mixing with luciferase plasmid at the charge ratio of 3:1 (+/-). GFP gene
expression was observed 48h after transfection under fluorescence microscope and normal light as con-
trol. The dose of p CMS-EGFP plasmid was 0.4 ug/well for 4x 10* cells. (Reproduced from Zhu, L. et al.,
Bioconjug. Chem., 19, 2499, 2008. With permission.)
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FIGURE 5.6 Influence of serum on transfection of cationic liposomes. The compound C16:1 trans, amide
containing DOPE and Chol as co lipids at molar ratio 1:1 showed high transfection efficiency compared with
lipofectamine at different serum concentrations. Lipoplexes were formed using luciferase plasmid at charge
ratio 3:1. (Reproduced from Zhu, L. et al., Bioconjug. Chem., 19, 2499, 2008. With permission.)

a serum concentration of 30% and higher, while the C16:1 trans-isomer still had high transfection
efficiency under these conditions (Figure 5.6).

The liposomal vector interacts with extracellular components in the serum after in vivo admin-
istration. This often causes failure of the liposomal vector to reach the target cells. To have a
targeted liposomal vector system, a ligand is required to bind to the receptor of the target cells.
Nasopharyngeal epidermal carcinoma cells that express an excess of folate receptors were tar-
geted by liposome-entrapped polycation-condensed DNA (LPDII) anionic liposome encapsulating
polylysine condensed DNA tagged with folate.!%? Lys,Gal,, an aminogalactoside, was used to target
hepatoma in vitro,'°* which is a cationic formulation consisting of lipopolymaine, DOPE (helper
lipid), and a galactolipid (DPPE-Lys,Gal,).

5.4.2 CatioNIc PEPTIDES

Major difficulties in the nonviral delivery are the ability of the vectors to condense the DNA, target-
ing the specific cells; disrupt the endosomal membrane; and deliver it to the nucleus. Peptide-based
vectors can be successfully employed to overcome these barriers. Cationic peptides condense DNA
by interacting with its negatively charged phosphate backbone.

Poly(L-lysine) (PLL) is one of the first cationic peptides to deliver genes. However, an increase
in the length of PLL leads to cytotoxicity. It shows less transfection efficiency and needs another
fusogenic peptide to facilitate plasmid release into the cytoplasm. Since PLL cannot escape from
the endosome without the addition of an endosomolytic agent such as chloroquine, Midoux and
Monsingy have constructed a histidine-substituted polylysine, since histidine protonates at acidic
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pH 8 in the endosome. Cationic peptides can be linked to cell-specific ligands and bound to plas-
mids through electrostatic interaction. These complexes can interact specifically with target cell
receptors leading to the internalization of the complex into the cells.

Synthetic peptides that are conjugated to lipids usually show better binding ability to DNA.
For example, the inclusion of dialkyl or diacyl chains in the cationic peptides improves their abil-
ity to bind to DNA and reduces the aggregation of complexes in the ionic media.'?>1% Synthetic
peptides derived from the N-terminus of the influenza virus hemagglutinin and the rhinovirus
VP-1 protein!® or artificial amphipathic peptides were used.?? These peptides may have specific-
ity for endosomal pH due to acidic residues (glutamic and aspartic acids) aligning on one side of
an amphipathic helix. At a neutral pH level, the negatively charged carboxylic groups destabilize
the alpha-helical structure resulting in the multimerization of peptides and/or membrane interac-
tion. The pH specificity can be enhanced by introducing additional glutamic acids into the peptide
sequence.!”” The enhancement of gene expression is strongly dependent on the peptide sequence.
The activity of cationic lipid/DNA complexes has been enhanced with a mixture of Sendai virus
envelopes. This approach and related systems utilizing neutral lipids and liposome-like reconsti-
tuted envelopes (“virosomes”) based on the Sendai virus or the influenza viruses have been found
to be effective for gene delivery.!%®

Amphipathic cationic peptides, such as gramicidin S, are incorporated into a DOPE lipid/
DNA composition to facilitate gene delivery. The incorporation of gramicidin S and DNA into
asialofetuin-labeled liposomes was used for receptor-mediated gene delivery into primary hepato-
cytes.!” The influence of influenza virus-based peptides on cationic lipid-based transfection was
studied.!® Wagner et al. showed that the use of positively charged lipospermine/DNA complexes
resulted in a 3- to 30-fold enhancement in gene expression by association with peptides.!'! Kamata
et al. also showed that influenza-derived peptides can increase the level of gene expression of a
lipofectin formulation by up to fivefold.!'? Thus, escape from endocytic vesicles does not seem to
be a major barrier for optimized, positively charged DNA/lipospermine or lipofectin complexes.
However, for less positively charged lipospermine complexes, gene transfer efficiency was found to
be increased by a factor of 50—1000 by synthetic peptides INF6 (influenza virus derived sequence)
and INFIO (artificial sequence).!"! Wilke et al. generated novel DNA complexes containing a
palmitoyl-modified DNA-binding peptide showing enhanced transfection activity. Gene transfer
was found to be restricted to mitotic cells.!3

Membrane-modifying peptides are able to enhance both lipofection and polyfection. The trans-
fection efficiency of cationic peptide-based systems are strongly dependent on the presence of
endosomolytic peptides or related agents (like glycerol, viral particles), which enhance cytoplasmic
delivery.!% Transfection efficiencies can be improved up to more than 1000-fold by endosomolytic
compounds.'!

It is important to determine (1) whether membrane-modulating peptides and DNA carriers
can influence other intracellular steps besides endosomal escape or cell membrane fusion, such
as the transport of the DNA into the nucleus of the cell and (2) whether the results obtained with
membrane-active peptides in cell culture can also be exploited for in vivo gene transfer.!08

5.4.3 CatmioNIC POLYMERS AND LIPOPOLYMERS

Polyethyleneimine (PEI), polypropylenimine, and polyamidoamine dendrimers have been employed
for gene delivery. PEI' is a branched cationic polymer widely used in gene delivery. It condenses
the plasmids into colloidal particles that effectively transfect genes into a variety of cells in vitro.!">
PEI contains several secondary amines that get protonated in the acidic environment of the endo-
some. This leads to endosomal swelling and subsequent membrane disruption leading to the release
of the vector into the cytosol. However, PEI with a high molecular weight (>25kDa) shows cyto-
toxicity and PEl/plasmid vector complexes under aggregation on storage, resulting in less gene
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expression. The chemical modification of low molecular weight PEIs may improve transfection and
reduce cytotoxicity.

Mahato and associates synthesized a water soluble lipopolymer by conjugating cholesteryl
chloroformate to branched PEI of 1800 Da through primary and secondary amines.!'® This poly-
mer was nontoxic to CT-26 colon carcinoma cells and did not cause any aggregation compared
with PEI/DNA complexes. Cholesterol will promote both micellar formation and hydrophobic
interaction with plasmid and cellular membrane while PEI will condense DNA via electrostatic
interaction.

5.4.4 HyBrID VECTORS

Both viral and nonviral vectors have their own advantages and disadvantages. There is a lot of ongo-
ing research to develop new ways of better utilizing these vectors for gene expression and delivery.
One such approach is to overcome the limitations of individual vectors by combining them. These
vectors are called hybrid vectors. For example, the adenovirus hexon protein enhances the nuclear
translocation and increases the transgene expression of PEI/pDNA complexes.!"” PEG has been
widely used for conjugating with the adenoviral vector to prolong its circulation half-life, enhance
transgene expression, and prevent immune activation.!!®

Cationic lipids and polymers may help in improving the transduction efficiencies of viral vec-
tors. These are particularly useful in cells that do not have specific viral receptors. The cationic
nature of these molecules may promote binding to the negatively charged viral capsid, alter-
ing the cell surface and allowing internalization of the viral particles. This can also elicit less
immunostimulation. For example, cationic liposomes promote the delivery of Adv vectors into
target cells that lack the CAR receptors and owv-integrin receptors, improving transgene expres-
sion."” Diamond and his colleagues have shown that the delivery of Adv vectors associated with
dexamethasone-spermine (DS) conjugate to the lung enhanced targeting to the conducting airway
epithelium and reduced immune response.'?’ Furthermore, the formulation of Adv encoding LacZ
with DS/DOPE allowed the re-administration of the Adv vector, with little loss of the transgene
expression.

The Adv vector can also be coated with polymers bearing side chains containing positively
charged quaternary amines and carbonyl thiazolidine-2 thione groups to prevent the binding of the
Adv vector to plasma protein and consequently prolonging the blood circulation half-life and more
deposition of the vector at diseased sites.'?!

5.4.5 REeceprTOR-MEDIATED GENE TRANSFER

Targeting ligands have been incorporated into DNA complexes for site- or cell-specific gene delivery.'%
By attaching the DNA to a domain that can bind to a cell surface receptor, such as asialoglycoprotein,
transferrin, and folate-receptors, the efficient cellular process of receptor-mediated endocytosis can
be utilized. Conjugates with polylysine, protamines, histones, PEI, cationic lipids, and other polyca-
tions have been generated and tested for receptor-mediated endocytosis. Hong and his colleagues used
hydroxycamptothecin (HCPT)-loaded PEG niosomes attached with transferrin to the terminal group
of PEG. This system showed high antitumor activity compared with nontransferrin bound niosomes."*
To enhance the uptake and specificity, Wu and Wu generated a polylysine-based, asialoglycoprotein
receptor-specific gene delivery system by incorporation of asialoorosomucoid—polylysine conjugates
into DNA complexes.'?>!2* Complexes could be efficiently delivered into endosomes or other internal
vesicles of cells, but they were still separated from the cytoplasm by a membrane. This accumulation of
complexes in internal vesicles strongly reduced the efficiency of the gene transfer. Receptor-mediated
delivery into a hepatocyte cell line resulted in the uptake of DNA into practically all cells, but only a
few cells expressed the delivered gene.!>*
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5.5 CONCLUDING REMARKS

Although significant progress has been made to employ gene therapy in the clinic to treat various
severe and debilitating diseases, there are still no FDA approved products in the market. This can
be attributed to the lack of proper gene expression and delivery systems. While viral vectors effi-
ciently transduce cells and have shown promise in their clinical trials, there are still some safety
concerns, especially immunostimulation and integration within the host. Although nonviral vectors
are relatively safe, transgene expression is very low and transient and thus many vectors have failed
to perform well in the clinical trials. Therefore, efforts are being made to generate hybrid sys-
tems by combining the beneficial effects of nonviral and viral vectors. This has led to a significant
enhancement in gene expression, with minimal toxicity and immunogenicity. Furthermore, the use
of cellular promoters offers targeting of the vector to specific target tissues rendering the vector safe
and efficacious. There is a definite need to develop targeting strategies for nonviral vectors that can
compensate for the inefficient gene transfer.
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6.1 INTRODUCTION

Gene transfer is the key technology in the genetic modification of organisms for experimental and
therapeutic purposes. Gene therapy holds great promise in medicine, since the exploration of the
human genome and post-genomic biology continues to reveal new mechanisms and intervention
strategies about the diseases. This approach is a new paradigm in pharmaceutical therapy, since it
avoids the extensive search for new pharmacologically active molecules against a target. In the case
of gene therapy, the information about the mechanism of the disease reveals the endogenous drug
(i.e., the under-expressed or inappropriate gene) in the disease state. The expression can be replen-
ished by providing extra genetic material by gene transfer. For example, the vascular endothelial
growth factor (VEGF) gene can be used to induce neo-vessel formation, neurotrophic growth factor
genes to revive degenerated neural tissue, and the tyrosin kinase “suicide” genes for rendering the
cancer cells susceptible to anticancer drugs.

Gene technology is a versatile method, since it is possible to clone virtually any gene into an
expression vector, produce the DNA in cells (bacterial or eukaryotic), and transfer to human cells
for treatment. The ultimate goal is not only the gene transfer, but its efficient long-term expression.
The expressed protein is the pharmacologically active component that matters. In another form of
gene therapy, the transgene is used to express ShRNA or siRNA species in the cell. This approach
can be used to silence the expression of the target proteins selectively.

There are several gene transfer technologies that are currently used. Most therapeutic approaches
are based on the use of viral vectors. Viruses have evolved during hundreds of millions of years to
transfer their genetic cargo to the host cells. The viruses are not homogenous groups of organisms—
they are rather diverse in many respects.!

In general, the viral vectors have a higher efficiency of gene transfer than the nonviral systems.
However, the viral systems have their own shortcomings. Some of them cause immune response
that leads to decreasing gene transfer efficacy during repeated administration (e.g., adenoviruses),
some transfect only dividing cells (e.g., retroviruses), some may have integration related uncertain-
ties (e.g., lentiviruses), and some vectors have limited DNA cargo capacity (e.g., adeno-associated
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viruses). Despite these problems, it is likely that the first gene therapy products will be based on
viral vectors. So far, one gene therapy product has been launched. The interleukin-2 expressing
adenoviral gene therapy product was introduced in China a few years ago for the treatment of head
and neck cancer. However, this product has not been accepted for clinical use in Europe or in the
United States. One antisense oligonucleotide product, fomivirsen, has received marketing authori-
zation in the United States. This product is used to treat retinitis caused by the cytomegalo virus in
AIDS patients.

Nonviral DNA delivery systems are based on chemical carriers (e.g., peptides, lipids, and poly-
mers), or physical methods (e.g., electric pulses and ultrasound) that deliver the anionic DNA mol-
ecules (e.g., plasmids and oligonucleotides). Typical chemical carrier systems are based on cationic
molecules that bind DNA and condense it to nanoparticulates, thereby protecting DNA from enzy-
matic degradation and increasing cellular uptake.? Physical systems are based on signals that open
up the cell membranes temporarily and help gene transfer into the cells.

DNA is rapidly degraded after its administration. For example, plasmid DNA is degraded by the
nucleases in a few minutes after intravenous administration. Nanoparticle-bound DNA is mostly
distributed to the reticuloendothelial system (i.e., the spleen and liver) after adherence of the protein
on their surface in plasma. These factors are not relevant in local gene delivery to the muscle, eye,
or blood vessel wall from a stent.

This chapter focuses on the steps and mechanisms of gene transfer at the cellular level. The prob-
lems at the cellular level are relevant regardless of the route of DNA administration. From the
forthcoming discussion, it is evident that the nanoparticle-mediated gene transfer is still showing
weak efficacy when compared with the viral vectors. New strategies are needed in this field because
the current approaches have not led to breakthroughs. Understanding the rate-determining steps is
essential for the rational development of new gene delivery systems.?—*

This concise review is focused on the steps of gene delivery in the cells and this chapter addresses
the selected open questions in the field.

6.2 STEPS OF NONVIRAL GENE DELIVERY

Nanoparticulate-based DNA delivery systems are based on cationic peptides, lipids, or polymers.
These carriers bind and condense DNA based on the interaction of their positive charges with the
negative charges on the phosphate backbone of the nucleotides. Usually, the zeta-potential of the
nanoparticulates becomes positive at + ratios above 1.0. At high charge ratios, the particles cannot
accommodate excess carriers, which stay free in solution and may contribute to the cytotoxicity of
the system.’

At the cellular level, the following steps are involved in DNA delivery with chemical nanopar-
ticulate carriers: (1) binding on the cell surface, (2) internalization, (3) endocytosis, (4) endosomal
escape, (5) cytoplasmic diffusion, (6) nuclear entry, and (7) gene expression. At some point during
this process, DNA is released from the carrier. The carrier protects DNA from premature enzymatic
degradation. These steps are schematically shown in Figure 6.1.

After DNA complexation into the nanoparticles, it is bound on the cell surface normally by
electrostatic interactions with the negatively charged cell surface. The nanoparticles are then inter-
nalized by the endocytic process. The more exact type of endocytosis depends on the cell type and
properties of the particles. The endocytosed nanoparticles cannot deliver DNA unless it is released
from the endosomes. Otherwise, it would be trafficked to the lysosomes where DNA is enzymati-
cally degraded. DNA or DNA nanoparticles must be able to diffuse in the cytoplasm to the nucleus
for activity. Cytoplasmic diffusion is not self-evident because plasmid DNA is a large molecule and
cytoplasm is a highly viscous medium. After reaching the nuclear wall, the DNA or DNA nano-
particles must be able to permeate into the nucleus, either by active transport or passive permeation
during mitosis.
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FIGURE 6.1 Steps of efficient trans- and intra-cellular DNA transfer with a nanoparticulate nonviral DNA
delivery system. Particles are formed by electrostatic interactions of the cationic carrier with the anionic
DNA molecule. They bind on the cell surface and are endocytosed. The nanoparticulates with or without DNA
escapes from the endosome before it converts to lysosome, thus avoiding DNA degradation. The escaped nano-
particles transfer to the nuclear surface and are internalized across the nuclear membrane. DNA is released
from the carrier at one of these stages, latest in the nucleus. DNA is appropriately localized within the nucleus
for transcription. The resulting mRNA is translated to the protein. The role of the free carrier either during the
delivery phase or after transcription is one of the open questions in the field.

There are several open questions, discrepancies, and
1 the 1 p f(‘l A i p ’ ) Naked DNA produces some transfection in vivo
concerns in the literature of DNA de 'lvery' For e.xamp & in many cases, but virtually never in vitro in cell
naked DNA produces some transfection in vivo in many | culture. The transfection in vivo with nanocar-
cases, but virtually never in vitro in cell culture.® riers is lower than the levels achieved with cul-
In general, the transfection in vivo with nanocarri- | tured cells. Usually, the promising systems from
K K R cell culture studies do not transfect well in vivo.
ers is lower than the levels achieved with cultured cells.

Usually, the promising systems from cell culture sys-
tems do not transfect well in vivo.

One of the reasons could be that the in vitro experiments are in most cases done at positive
carrier/DNA ratios. In some rare cases, charge ratios of even 200 have been used.” Such high
charge ratios are not practical in vivo. The high excess of free cationic carriers may increase the
toxicity. In addition, intravenous administration is very different from the static cell culture plate.

Another concern relates to the methodology. DNA nanoparticles are usually investigated by
transfection experiments with marker genes. This method gives the quantification of the protein,
but does not tell us about the steps of DNA delivery prior to the expression, transcription, and
translation.

Transfection experiments often have limited value in terms of mechanistic understanding.
Unfortunately, several steps of gene transfer are difficult to study quantitatively. Confocal micros-
copy of fluorescently labeled DNA is a useful method for studying the cellular internalization and
intracellular translocation, but it gives only qualitative information. In many cases, the resolution is
not adequate either to resolve the localization of the transgene in the nucleus or the organization of
the DNA nanoparticulates and their conformational changes. New high-resolution quantitative meth-
ods are needed to understand the physical and biological behavior of the DNA nanoparticulates.
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6.3 CELLULAR UPTAKE

The cellular uptake of the DNA nanoparticulates is not a limiting factor in cell culture conditions.
Zabner et al.® showed in their early work that approximately 10*-103 copies of plasmid DNA are
delivered per cell. The values depend on the cell type; but, in general, the total number of delivered
plasmids is not a limiting factor.

The efficient uptake of cationic DNA nanoparticulates is not surprising, because the cell surface
is covered by negatively charged proteoglycans.’ The negatively charged glycosaminoglycan (GAG)
chains avidly bind positively charged nanoparticulates. However, GAG chains are not indispens-
able for cellular uptake.!” This was shown with mutant cells that are devoid of GAG chains on the
surface. In these cells, the cellular uptake was higher than in the wild-type chicken hamster ovary
(CHO) cells.!® Thus, normal cationic DNA nanoparticles can use several mechanisms of cell entry.
Probably, their mechanisms are nonspecific due to the strong electrostatic binding of the particles
on the cell surface.

More specific binding can be achieved with neutral or negatively charged nanoparticulates
that specifically recognize cell surface receptors. Interestingly, DNA nanoparticles coated with
hyaluronic acid could be internalized via CD44 receptors.!! The condensed cationic DNA nanopar-
ticulates can be coated with neutral or negatively charged lipid bilayers to hide the cationic charge
but express cell surface receptor recognition molecules. Also, PEGylated lipids can be used to
provide “stealth” coating to repel plasma proteins and other polyanionic components in the extracel-
lular space.!?

The size of the DNA complexes is another important aspect. Typically, the DNA nanoparticles
have diameters below 200nm. Only phagocytosing cells can engulf large micrometer size particles.
The smaller particles have the advantage of faster diffusion and penetration to a greater volume of
body fluids. On the other hand, larger particles carry a higher DNA dose. Thus, most of the dose
may be localized in a minority of the particles in the case of large particle DNA delivery systems.
In this respect, monodispersity provides the basis for the best possible reproducibility.

6.4 INTRACELLULAR KINETICS

DNA nanoparticulates are taken up into the cells by endocytic mechanisms.? However, there are
several types of endocytic mechanisms, like clathrin-coated pits and caveolin-mediated endocy-
tosis.!3 It is not very clear which type of endocytosis should be optimal. Targeting to the specific
endosome type is not easy. This field involves mostly qualitative research.

The major difference between caveolae and other endocytic vesicles involves the acidification
process. Most endocytic vesicles are acidified by the proton pump on the endosome wall. The acidi-
fication is used by some viruses and toxins for activation.”* This process does not take place in
the caveolae. In fact, most of the endocytosed material is shuttled to the lysosomes.® This is not a
desired situation in DNA delivery because DNA is degraded in the acidic environment.

There are many strategies by which the endocytosed DNA may be liberated into the cytoplasm
before acidification and degradation (endosomal escape). For example, pH sensitive fusogenic pep-
tides, polymers with endosomal buffering capacity, and fusogenic lipids can be used to augment
DNA escape from the endosomes.!* However, despite these approaches, only a small fraction of
DNA reaches the cytoplasm.?

Diffusion of plasmid DNA and DNA nanoparticles is slow in highly viscous gel-like cytoplasm.'3
Thus, all of the released DNA may not reach the nuclear surface. Enzymatic degradation in the cyto-
plasm could further reduce the amount of DNA that reaches the nuclear membrane. Nanoparticles
would protect DNA from the enzymes in the cytoplasm, but, on the other hand, DNA release should
be efficient for it to be transcribed. At the moment, it is not known if plasmid DNA should be
released early at the level of the endosomal to cytoplasmic transition (like oligonucleotides are
released from cationic lipids) or in the nucleus.
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DNA release is likely mediated by the competition of the intracellular polyanions, such as
glycosaminoglycans, RNAs, anionic lipid membranes of the cell organelles, and proteins for the
cationic carrier. In principle, this can lead to different scenarios. First, the cationic nanoparticles
may become coated with the polyanion. This could be an uncontrolled random process due to the
multiple polyanions available in the cell. Second, the polyanionic cell material may displace DNA
from the cationic carrier and thereby release DNA.3 This would depend on the competition and the
relative affinities. Some DNA carriers, such as dioleylglycerylspermine (DOGS) and polyethyl-
ene imine (PEI), release DNA easier than some other carriers like poly-L-lysine (PLL).'® Recently,
Ruponen et al. introduced a polymerase chain reaction (PCR) method for quantification of the free
and complexed DNA in the cells,"” which did not show the correlation between DNA release and
expression. This lack of correlation could be due to the complexity of many factors contributing to
the transfection efficacy.

Some carriers (like PEI) release DNA relatively easily due to weaker binding or degrada-
tion of the carrier within the cells.*!#!° The results have been positive for such DNA-releasing
nanoparticles.

Vuorimaa et al. used fluorescence spectroscopy to analyze the state of the DNA in the com-
plexes.?’ The authors concluded that the DNA in PEI exists in tight and loose states, while only tight
components are seen in PLL. Therefore, PEI complexes could release DNA more easily than the
PLL complexes.

The final step in the DNA delivery is its access to the nucleus. Nuclear entry is easier in the
proliferating cells because the nuclear envelope disappears during certain phases of cell division.
The transfection efficiency is reduced by orders of magnitude when the cells stop proliferation and
differentiate. This was shown recently with the human corneal epithelial cell line.?! Nuclear division
may also slow down DNA removal from the nucleus. Sometimes the duration of gene expression is
longer in differentiated cells, but much shorter in proliferating cells.??

Nuclear delivery may be enhanced by attaching the nuclear localizing peptide sequences to the
DNA nanoparticulates.? However, this approach has not solved the problems even though some
positive results were seen.

Two recent studies question the overall importance of the cellular and nuclear delivery of the
transgene. Hama et al. showed that plasmid/Lipofectamine® complexes and adenoviruses showed
equivalent DNA delivery into the nucleus, but the expression of protein per DNA copy in the nucleus
was 8000 times higher in the case of adenovirus.? It was shown recently?* that PLL and PEI deliv-
ered approximately equal numbers of DNA copies to the nucleus, but there was about a 100 times
higher level of gene expression after PEI delivery as compared with PLL. These could be due to (1)
inadequate DNA release by some vectors since bound DNA cannot be transcribed and/or (2) more
favorable subnuclear localization of the transgenes by the adenoviruses than the nanoparticulates.?
These questions remain unanswered as of now.

6.5 TRANSGENE EXPRESSION

Research in nonviral gene delivery has been strongly focused on the steps of DNA delivery in the
cells (e.g., cellular uptake and intracellular kinetics). Little attention has been directed toward the
complexity of the transgene expression process. There is no information in the literature about
the fate of the carrier materials in the cells after the delivery. The carrier materials are polycationic
and highly reactive in the cellular environment. Therefore, the possible adverse effects of these
carriers cannot be ruled out.

There is growing evidence that the free carrier material within the cell may impair gene
expression at sub-toxic doses. Recently, Wen et al. showed that a rapidly degrading version of PEI
was more efficient.!® Presumably, this material released DNA more effectively and the metabolic
small molecular degradation products interfered less with the cell functions than the full-length
PEIL
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Posttranscriptional factors may also have a significant influence on transgene expression.?¢
The freed cationic carrier reduced transgene expression effectively. The inhibition seems to take
place at the level of translation by the RNA binding of the cationic carriers. It is interesting that
some cationic carriers require an excess of cationic charges (and therefore free cationic carrier)
in order to exert optimal gene expression. Therefore, the role of free carriers requires further
studies.

6.6 CONCLUDING REMARKS

The main focus in the field of nonviral gene delivery has been on the structure and the properties of
cationic carriers, and such issues like DNA condensation, cellular uptake, endosomal escape, and
nuclear entry. However, many important questions should be addressed in the design of the DNA
delivery systems. These questions include efficient and controlled DNA release from the carrier
intracellularly, the subnuclear location of the released DNA, and the minimization of carrier inter-
ference with gene translation. Additionally, there may be cellular defense mechanisms that silence
the transgene (such as miRNA and siRNA systems).
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7.1 INTRODUCTION

7.1.1  OVERVIEW

Recently, various nucleic acid-based therapeutics have emerged as new classes of innovative
medicines. One of the central tenets of cell biology is the fact that DNA or RNA nucleotides can
modulate the protein expression of cells and tissues in a specific manner. DNA-based modalities
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include plasmid DNA (pDNA), antisense oligonucleotides (AS-ON), and DNA aptamers. RNA-based
entities include ribozymes, small interfering RNAs (siRNAs), and RNA aptamers.

The mechanisms by which nucleic acid—based molecules exert therapeutic activities depend on
the nature of the activity. After introduction into the cells, pPDNAs encoding specific proteins are
transcribed and translated, resulting in therapeutic effects by the expressed proteins. Aptamers are
short (15-40 nucleotides long), synthetic, single-stranded ON (ssDNA or ssSRNA) capable of bind-
ing targets like proteins, carbohydrates, and other small molecules.! Because of their specific three-
dimensional secondary structure, DNA or RNA aptamers are capable of binding to target molecules
with high affinity and specificity. The complex molecular shapes resulting from the intramolecular
interactions of aptamers usually provide a tight binding affinity to functional domains, substrate
binding sites, or allosteric sites of target proteins. This tight binding allows the aptamer to mediate
the regulation of the biological functions.?

AS-ONs and siRNAs block the expression of target genes via the specific breakdown of target
mRNA. Specifically, AS-ONs inhibit the expression of target mRNA by RNase H. The formation
of an AS-ON and mRNA heteroduplex triggers the active endonuclease RNase H to cleave the
complementary mRNA, which eventually prevents the synthesis of the target protein.? To enhance
the activity of antisense drugs, AS-ONs have been chemically stabilized by various modification
methods, including phosphothioate modification of the phosphodiester backbone and 2’-OH modi-
fication. Locked nucleic acids (LNAs), peptide nucleic acids (PNAs), and morpholino have been
developed to improve the cellular uptake and biodistribution of AS-ONs.* However, most of the
chemically modified AS-ONs do not efficiently activate RNase H. Cellular mechanisms other than
the RNase H-mediated degradation pathway are involved in the down-regulation of the target gene
expression, either by alternative splicing or by translation arrest.’

Compared with AS-ON, siRNAs have a much shorter history of pharmaceutical applica-
tions. In 1998, Andrew Z. Fire and Craig C. Mello discovered the RNA interference (RNAi)
phenomenon where the expression of a certain gene with a homologous sequence of double-
stranded RNA (dsRNA) was specifically down-regulated after introducing the dsRNA into the
cells of Caenorhabditis elegans.5 Shortly after this discovery, the molecular mechanisms of
RNAIi were studied in mammalian cells, igniting the interest of pharmaceutical companies. In
mammalian cell cytoplasm, an enzyme known as Dicer initiates RNA silencing by breaking
down long dsRNA, thus generating siRNAs with a length of 21-25 nucleotides. The resulting
siRNAs are incorporated into the RNA-induced silencing complex (RISC) and unwound into
ssRNA, followed by the degradation of sense strand ssSRNA.” When the RISC containing an
antisense strand of ssSRNA binds to complementary mRNA, it induces the degradation of the
mRNA. The target-specific and potent inhibition mechanisms by siRNA made it possible to
develop therapeutic drugs based on entirely new concepts. The identification of highly selective
and inhibitory siRNA sequences is much faster than the discovery of new chemicals. Moreover,
the drug potential of siRNAs could be enhanced by relatively easy synthesis and large-scale
manufacture.?

Because of the different functions of nucleic acid—based molecules, the cellular target sites dif-
fer among the molecules. In pDNA-based gene therapy, pDNA should be delivered into the nucleus
so that RNA polymerases may copy the information of pDNA to mRNA. Following endocytosis,
pDNA should thus escape the endosomal barrier and enter through the nuclear pore complex. Unlike
pDNA, siRNA must be delivered only to cytoplasm, possibly after endosomal escape. Similar to
antibodies, most therapeutic aptamers have been designed to bind to the target molecules on the cell
surfaces.

Although these nucleic acid—based molecules differ in their molecular structures, functions, and
intracellular targets as summarized in Table 7.1, they all suffer from common problems, namely,
limited cellular uptake and in vivo instability. Because of their phosphate groups, nucleic acids are
anionic, hydrophilic, and unable to enter cells by passive diffusion. Moreover, delivering the nucleic
acid—based molecules to target disease sites in vivo remains a challenge due to the enzymatic
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TABLE 7.1
Comparison of Nonviral Nucleotide-Based Medicines
pDNA AS-ON siRNA Aptamer
Molecular Circular and double-helix ssON, 15-20 Duplex RNA, 21-23 ssDNA or ssRNA,
structure DNA, various nucleotide nucleotides. nucleotides. 12-30 nucleotides
length, containing Containing Containing
functional ORF complementary complementary
sequence to target sequence to target
mRNA mRNA
Function Expression of therapeutic Suppression of Suppression of target Binding to target
protein target mRNA mRNA expression by molecules by its
expression by RISC three-dimensional
RNase H activity structures
Therapeutic Various therapeutic genes Various oncogenes, Various oncogenes, Regulation of
targets (tumor suppressor genes, anti-apoptotic anti-apoptotic genes, biological function
biological function genes, viral genes viral genes of target molecules,
enhancer) targeting moiety
Disadvantages Relatively low efficacy Relatively low Systemic delivery Low efficiency of
efficacy, low concerns, off target screening, low
stability limit, immune stability
response, high cost
Advantages Low cost, well understood,  Low cost, High therapeutic Highly specificity,
easy to screen targets specificity, easy to effect, low side low cost
handle effects by biological
mechanisms
Marketed Gendicine, Oncorin Vitravene — Macugen
products (marketed in China)

Note: OREF, open reading frame; RISC, RNA-induced silencing complex.

digestion of nucleic acids in plasma.? To overcome these difficulties, targeted delivery systems are

being developed for various nucleic acid—based mole-
cules. This chapter addresses the strategies for deliver-
ing these molecules to disease sites, with an emphasis

. .. not need to enter the nucleus for gene silencing.
on targeting moieties.

Gene expression plasmids must enter the nuclei to
confer functionality, while AS-ON and siRNA do

7.1.2  CURRENT STATUS

For over 20 years, researchers have been developing nucleic acid—based molecules as therapeutic
substances. Although progress and clinical outcomes vary among the classes of nucleotide drugs,
several products are either on the market or in phase III trials, indicating a bright future for nucleic
acid—based molecules as innovative medicines.

Among nucleic acid—based therapeutics, pPDNAs have received the most extensive attention
worldwide, with two products currently on the market. The first human gene therapy trial started
in 1989, and currently there are 1309 clinical trials in progress in 28 countries.!® The majority of
clinical trials focus on cancers (66.5%) as target diseases using viral vector systems (over 67%) for
in vivo delivery. In gene therapy clinical trials, viral vectors have been predominantly used over
nonviral vectors to introduce functional genetic materials in vivo. Viral vectors in clinical trials
include retroviruses, adenoviruses, adeno-associated viruses, and lentiviruses. Although there are
no gene medicines approved by the Food and Drug Administration (FDA) in the United States, two
products are on the market in China. China’s State Food and Drug Administration (SFDA) approved



118

Currently, there are 1309 gene therapy clinical
trials in progress in 28 countries. The majority of
clinical trials focus on cancers (66.5%) as target
diseases, using viral vector systems (over 67%)
for in vivo delivery.

Targeted Delivery of Small and Macromolecular Drugs

Gendicine® in 2003, a recombinant human adenovirus
encoding a wild-type p53 for the treatment of patients
with head and neck squamous cell carcinoma!' and
Oncorine®, a genetically modified anticancer adenovi-

rus for killing tumor cells with the mutated p53 genes,

in 2005."> These commercially available cancer gene
therapy products demonstrated significant effectiveness in a number of patients in China.'* The
long-term safety and efficacy issues still remain to be answered in post-surveillance studies.

Despite the absence of approved gene medicine products in the United States, an AS-ON-based
drug, Vitravene®, developed by ISIS Pharmaceuticals, was first approved for human use in the
United States and Europe in 1998 and 1999, respectively. This product was approved for the treat-
ment of rhinitis caused by cytomegalovirus infection, an activity based on specific binding to the
complementary mRNA sequence of the cytomegalovirus in patients with acquired immune defi-
ciency syndrome (AIDS)."

Because AS-ONs can reduce the synthesis of harmful proteins involved in the pathogenesis of
various diseases, most anticancer AS-ONs in clinical trials have been designed to inhibit the syn-
thesis of target proteins responsible for anti-apoptotic signaling or malignant proliferation of cancer
cells. Prominent AS-ONss in clinical trials include Genasense® (oblimersen sodium, G3139), which
targets Bcl-2 oncoprotein, and Affinitak® (aprinocarsen, ISIS 3521, LY900003), which targets the
protein kinase C-o.. The anticancer efficacies of these AS-ON drugs have been evaluated in com-
bination with various chemotherapeutic agents. Given the completion of clinical trials of these two
products, the addition of approved AS-ON drugs may be a reality in the near future.!?

Although the RNAi phenomenon was first discovered in 1998, remarkable progress has been
made with unprecedented speed in the development of siRNAs as pharmaceutical products.'® The
first generations of RNAI therapeutics used local routes to deliver siRNAs, thus avoiding the insta-
bility issues following systemic administration. The forerunner in the siRNA field is Cand5® (beva-
siranib), developed by Opko Health, which targets vascular endothelial growth factor (VEGF). Cand5
(bevasiranib) is administered by intravitreal injection, and the drug is in phase III clinical trials for
the treatment of neovascular age-related macular degeneration (AMD). Sirna Therapeutics’ Sirna-
027 (termed AGN211745), a chemically modified siRNA targeting VEGF receptor 1, is in phase II
clinical trials for the treatment of AMD. ALN-RSVO01, developed by Alnylam Pharmaceuticals, is
the first antiviral siRNA to be used in a clinical trial. ALN-RSVO01 works against the mRNA of the
respiratory syncytial virus (RSV) and is being administered intranasally in the clinical trial."”

Formulated products are being studied for the systemic administration of siRNAs. CALAA-01,
from Calando Pharmaceuticals, is the first systemic and targeted delivery system—based siRNA
product in a clinical trial. CALAA-01 is a cyclodextrin-based polymeric nanoparticle containing an
siRNA that targets the M2 subunit of ribonucleotide reductase in a variety of tumors. This nano-
particle attached to transferrin (Tf) is capable of targeting tumor cells by preferential binding to the
transferrin receptors (TfR). Recently, there has been a huge effort, both in academia and in industry,
to develop in vivo delivery systems for siRNAs."® Given the fervor of research into siRNA-based
products, the list of siRNAs in clinical trials is expected to grow substantially in the near future.

Aptamers have been developed as versatile tools in pharmaceutical fields such as target valida-
tion, high-throughput screening, diagnostics, and therapeutic agents.> The specific binding affinities
of the aptamers to targets led to the development of new therapeutic modalities. The first aptamer
drug, Macugen® (pegaptanib sodium), targeting VEGF was approved by the U.S. FDA in 2004! for
the treatment of AMD. More recently, AS1411, which binds to a nucleolin protein on the surface of
cancer cells, entered phase II clinical trials for the treatment of acute myeloid leukemia and renal
cancer. ARC 1779, an injectable form of a polyethylene glycol (PEG)-linked aptamer that inhibits
the function of von Willebrand factor, entered a phase II clinical trial in March 2008.

As listed in Table 7.2, nucleic acid—based drugs have been studied in clinical trials for decades.
Although the number of products available on the market is limited, several candidates are in line
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TABLE 7.2
Examples of Nonviral Nucleic Acid-Based Medicines in Clinical Trials

Nucleic
Acids

pDNA

AS-ON

siRNA

Aptamer

Product Name

Gendicine

H101 (Oncorine)

DTA-H19

pVGIL.1

Leuvectin

Vitravene (Fomivirsen)

Genasense
(Oblimersen/G3139)

Affinitak
(Aprinocarsen/
ISIS3521)

Alicaforsen (ISIS
2302)

ISIS 2503

ISIS 5132

GTI-2501

Bevasirnanib (Cand 5)

AGN211745
(sirna-027)
ALN-RSVO01

Macugen (pegaptanib
sodium)

ARC1779

AS1411

Developer/
Company
SiBiono GeneTech
Co.
Sunway Biotech
Co.
BioCancell
Therapeutics
Corautus Genetics
Vical, Inc.
ISIS/Novatis
Genta

ISIS/Lilly

ISIS/Atlantic
Healthcare

ISIS

ISIS

Lorus Therapeutics

Opko Health
Allergan

Alnylam
Pharmaceuticals
Pfizer/Eyetech
Pharmaceuticals
Archemix Corp.
Antisoma/
Archemix Corp.

Target
p53

pS3

Diphtheria toxin
A chain

VEGF2

IL-2

CMV IE

Bcel-2

PKC-a

ICAM-1

H-Ras

c-Raf

Ribonucleotide
reductase R1

VEGF

VEGEF receptor

RSV

VEGF

vWF
Nucleolin

Disease

Cancer

Cancer
Bladder cancer
Angina pectoris
Prostate cancer
CMV retinitis

Cancer

Cancer

Crohn’s disease

Cancer
Cancer
Cancer

AMD
DME
AMD

RSV infection
AMD
TTP

AML, renal
cancer

Status
Approved in China

Approved in China
I

I

I

Marked

III/NDA

I

1
II
II
I
1T
II
1I
I

Marked

1I
I

Note: VEGEF, vascular endothelial growth factor; IL-2, interleukin-2; CMYV, cytomegalovirus; PKC, protein kinase C;

ICAM-1, inter-cellular adhesion molecule 1; AMD, age-related macular degeneration; DME, diabetic macular edema;
RSV, respiratory syncytial virus; vWE, von Willebrand factor; TTP, thrombotic thrombocytopenic purpura; AML,

acute myelocytic leukemia.

for approval. The increase in promising research outcomes at the laboratory level is expected to lead
to a long pipeline of nucleic acid—based products in clinical trials, with some possibly reaching the
market in the near future.

7.1.3  DELIVERY SYSTEMS

Although nucleic acid—based molecules have achieved significant progress as a new class of thera-
peutics, several hurdles must be overcome. One hurdle is the limited efficiency of nucleic acid deliv-
ery to target cells or tissues. Usually, the delivery systems can be divided into two categories: viral
and nonviral. In viral vectors, genes coding proteins or functional RNAsS, such as short hairpin RNAs
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(shRNAs), are inserted into viral genes, and these enter into the host cells by receptor-mediated
endocytosis. Nonviral vectors include chemical delivery systems, nanoparticles, and cell vehicles.

7.1.3.1 Viral Vectors

About 68% of gene therapy clinical trials have employed viral vectors as gene delivery systems. For
in vitro and in vivo gene delivery, viral vectors have shown relatively higher transfection efficiency
than nonviral vectors (http://www.wiley.co.uk/genetherapy/clinical/). Adenoviruses and retrovi-
ruses account for more than 50% of the viral vectors in clinical trials. Their transfection efficiencies
are higher than those of nonviral vectors because of the natural tropisms of viruses into specific
cells or tissues. However, natural tropisms of viruses often do not match the therapeutic purpose and
desired biodistribution patterns.

To redirect the therapeutic gene-encoding viruses to target cells, several studies have involved
pseudotyping, adaptor systems, or genetic systems. Pseudotyping designs a viral vector to use a
viral attachment protein from a different virus strain or family to target certain cells.!” In adaptor
systems, a molecule that binds to both the viral vector and the target cell receptor is used to facilitate
the transduction.?’ For example, adaptor systems include specific interaction between the receptor
and the ligand, such as avidin and biotin, or the antigen and the antibody. In genetic systems, a
polypeptide, which is a targeting moiety, is incorporated into the vector by genetic means.?!' In addi-
tion to these targeting strategies, oncolytic adenoviruses exclusively lyse cancer cells based on the
differential replication of the oncolytic viruses, which occurs in cancer cells but not in normal cells.
Thus, when the oncolytic viruses deliver therapeutic genes into a tumor, the combined effects of the
oncolysis and gene therapy can be observed.?

Despite the high efficiencies of gene transfer, viral vectors have suffered from several drawbacks,
such as immunogenicity, pathogenicity, the possible onset of leukemia, and design complexity.?
Jesse Gelsinger was the first patient to die in a clinical trial for gene therapy in 1999. Gelsinger suf-
fered from ornithine transcarbamylase deficiency, an X-linked genetic non-life-threatening disease
of the liver. After injections of adenovirus carrying the corrected genes, the patient died of massive
immune response. The tragedy subdued the passion for viral vector-based gene therapy and empha-
sized the need for safer delivery systems.

7.1.3.2 Nonviral Vectors

Recently, nonviral vectors are gaining more attention and researchers are extensively studying their
potential to deliver various nucleic acid—based molecules. Compared with viral vectors, nonviral
vectors have relatively low immunogenicity and pathogenicity. Chemical, nonviral delivery sys-
tems can be generally divided into systems that operate via lipid- and polymer-mediated transfec-
tion. Lipofection is the process of transfection mediated by lipid-based systems, such as liposomes,
micelles, emulsions, and solid lipid nanoparticles. These lipid-based chemical delivery systems
accounted for 7.6% of the clinical gene therapy trials in 2008 (http://www.wiley.co.uk/genetherapy/
clinical/). Polymer-based delivery systems have also been actively studied.?* In general, cationic
polymers are employed to deliver nucleic acids that form electrostatic complexes between the posi-
tively charged delivery systems and the negatively charged genetic materials. Polyethylenimine
(PEI), poly(2-dimethylaminoethyl methacrylate), and poly-L-lysine are frequently used examples of
cationic polymers. In addition to high transfection efficiency, biocompatibility and biodegradability
are desirable properties for these nonviral delivery systems.

7.2 TARGETING STRATEGIES

To reduce undesirable side effects and enhance therapeutic effects, the design of a targeted delivery
system is crucial. Especially for drugs with a narrow therapeutic index, well controlled delivery of
therapeutic entities to disease sites is desirable. In cancer therapy, the leaky blood vessels of tumor
tissues allow for preferential penetration and retention of nanoparticles as compared with normal
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blood vessels. This is termed the enhanced permeability and retention (EPR) effect. Because of the
EPR effect, nanoparticles with mean sizes less than 400nm can accumulate in tumor tissue. Such
EPR-mediated targeting of delivery systems carrying anticancer drugs is called “passive” target-
ing.”> However, this passive targeting strategy is not applicable to all cancer types, and it is not
effective enough to treat cancers.

Hence, active targeting systems, in which the delivery of nucleic acid therapeutics could be intel-
ligently directed, are needed. For active targeting, most delivery systems have been modified with
target ligands. In addition to the ligand-modified delivery systems, both biological cell-based systems
and stimuli-activated systems have recently been studied as new classes of active targeting systems
of nucleic acid-based therapeutics. With regard to targeting ligands, various molecules have been
used including antibodies, carbohydrates, proteins, peptides, vitamins, small chemicals, and, more
recently, targeting aptamers. These target ligands should be able to specifically bind to target cells
that selectively overexpress their receptors on surfaces. After targeting ligands recognize the recep-
tors, endocytosis must occur to initiate the intracellular delivery of nucleic acid—based molecules.
When targeting ligands bind to their receptor, some ligand—receptor complexes are internalized by
“receptor-mediated endocytosis.” Because most nucleic acid—based molecules must be delivered to
cytoplasms, the internalization capability of receptors should be considered. One of the limiting
factors for successful receptor-mediated gene transfer is the endosomal release of nucleic acids after
intracellular uptake. Several membrane rupture peptides, such as Influenza HA2, listeriolysin, or
mellitin can cause an endosomal escape of nucleic acids to cytoplasms.?6-28 Current examples of
active targeting ligands and delivery systems are discussed in the following sections.

7.2.1 MONOCLONAL ANTIBODY

A monoclonal antibody that binds to specific antigens on target cells has been considered to be
one of the most attractive targeting ligands. Due to the specificity of antigen binding, monoclonal
antibodies have been extensively used to target the desired cells and deliver therapeutic genes and
nucleic acids (Table 7.3). Cancer, the disease most frequently targeted by monoclonal antibodies,
may overexpress some receptors or cell surface proteins compared with normal cells. These overex-
pressed molecules on cancer cells serve as good targets of monoclonal antibodies to actively direct
delivery systems carrying nucleic acid—based therapeutics to the cancer cells.

Antibodies can be used either in their native form or in their modified form. Natural antibodies,
usually immunoglobulin G (IgG), have two light and two heavy chains. They form the Fab (frag-
ment, antigen binding) region and the Fc (fragment, crystallizable) region. The Fab region is located
in the tip of the Y shape of the antibodies and has a binding affinity to a specific antigen. The
Fc region, located at the base of the Y-shape antibodies, determines the type of immunoglobulin.
Native whole antibodies are more stable than their fragments and can be stored for relatively long
periods. However, whole antibodies may bind to some proteins or Fc receptors on immune cells,
which may cause immune responses. To avoid the undesired immune responses by the Fc regions of
monoclonal antibodies, some fragments of monoclonal antibodies, such as dimers of antigen-bind-
ing fragments (F(ab’),) and single-chain fragment variables (scFv), have been developed. Although
these engineered fragments are relatively unstable in comparison with whole antibodies, they have
low immunogenicity because they lack Fc regions, while maintaining antigen-binding affinity.?®

Before RNAi was discovered in 1998, pDNA was a major therapeutic genetic material for gene
therapy. Numerous studies have thus focused on the targeted delivery of pDNA using monoclonal
antibodies as targeting moieties. Monoclonal antibodies were chemically linked to surfaces of cat-
ionic liposomes or polymers. Yu and colleagues® modified cationic liposomes with anti-transferrin
receptor single-chain antibody fragment (TfRscFv) for the targeted delivery of pDNA. The
TfRscFv-modified cationic immunoliposomes were complexed with pPDNA encoding p53 and were
intravenously administered to mice xenografted with prostate cancer cells. The TfRscFv-modified
immunoliposomes provided an improved distribution of pDNA to tumor tissues compared with
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TABLE 7.3
Examples of Monoclonal Antibody-Mediated Targeting
Nucleic Cargo Genes/
Acids Antibody Target Genes Vehicle Target Cells Reference
pDNA TfRscFv p53 PEG-liposome Prostate cancer [30]
Anti-PSMA mAb pS3 PEI Prostate cancer [33]
Anti-TAG-72 Fab Angiostatin K1/3, PEG-liposome Colon cancer [32]
fragment endostatin and
saxatilin
TfRscFv RB9%4 Liposome Bladder [31]
carcinoma
siRNA Anti-HIV-1 envelope gag, c-myc, MDM2 Fusion protein HIV, melanoma [34]
Fab fragment, and VEGF (antibody-protamine)
anti-ErbB2 scFv
Anti-LFA-1 scFv Ku70, CD4, CCRS, Fusion protein Lymphocytes [29]
Cyclin D1 (antibody-protamine)
Anti-HBsAg scFv HBYV genes Fusion protein HBYV infection [36]
(antibody-protamine)
Anti-integrin 7 mAb  Cyclin D1 Hyaluronan-liposome, Leukocytes [35]
protamine
Anti-CD7 scFv HIV genes, CCRS Antibody-oligo-arginine HIV infection [37]

Note: PEG, poly(ethylene glycol); PSMA, prostate specific membrane antigen; PEI, poly(ethylenimine); RB94,
Retinoblastoma 94; HIV, human immunodeficiency virus; ErbB2, erythroblastic leukemia viral oncogene homolog 2;
MDM2, murine double minute 2; LFA-1, leukocyte function-associated antigen 1; Ku70, 70K subunit of Ku antigen;
CCRS, chemokine (C-C motif) receptor 5; HBV, hepatitis B virus.

unmodified liposome carriers. Moreover, the additional use of PEG on the surface of liposomes
stabilized the systems, enhancing the delivery of pDNA to tumors. The presence of PEG is thought
to prevent the nonspecific binding of undesirable serum proteins, reducing the clearance of the lipo-
some and pDNA complexes by the immune systems, such as the reticuloendothelial system, and
allowing the prolonged circulation of lipoplexes in the blood stream.

TfRscFv-modified cationic immunoliposomes were also used to deliver pPDNA encoding RB94
to tumor tissues. RB94, a truncated protein of RB110, has tumor suppression activity against several
tumors including bladder carcinoma. Pirollo and colleagues utilized the TfRscFv-modified cat-
ionic immunoliposomes for the targeted delivery of pPDNA encoding RB94 to bladder carcinoma.?!
Following intravenous administration, the complexes of TfRscFv-modified cationic immunolipo-
somes and pDNA inhibited the growth of tumors in mouse models. Moreover, the administration
of immunoliposome and pDNA complexes sensitized the chemotherapeutic effect of gemcitabine in
HTB-9 xenograft tumors.

Antitumor-associated glycoprotein (TAG)-72 immunoliposomes were formulated by the conju-
gation of Fab fragments of recombinant humanized monoclonal antibody to sterically stabilized
PEG liposomes.*? These anti-TAG-72 immunoliposome/pDNA complexes could bind to TAG-72
overexpressing LS174T human colon cancer cells more than plain liposomes in vitro. In LS174T
tumor mouse models, anti-TAG-72 immunoliposomes efficiently accumulated in tumor tissue after
intravenous injection, whereas nontargeted liposomes did not. Moreover, when these anti-TAG-72
immunoliposomes contained pDNA encoding antiangiogenic proteins, such as angiostatin K1/3,
endostatin, and saxatilin, they demonstrated significant tumor growth inhibition.

Monoclonal antibodies were linked to cationic polymers for the targeted delivery of nucleic
acid—based therapeutics. One of the most widely studied cationic polymers is PEI. A monoclonal
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antibody binding to a prostate-specific membrane antigen (PSMA) was tagged to PEI and used
to deliver pDNA.3* The anti-PSMA monoclonal antibody-modified PEI showed up to a 20-fold
increase in delivery of pDNA compared with unmodified PEI in nude mice bearing orthotopic pros-
tate cancer. Interestingly, this study applied the strong interaction between phenyl(di)borocin acid
and salicylhydroxamic acid to attach the anti-PSMA monoclonal antibody to PEI. These two small
chemicals have high binding affinities similar to that of an antibody—antigen complex, and they did
not induce an immune response in vivo.

Starting in the early 2000s, siRNAs gained attention as a new generation of nucleic acid—based
therapeutics. As in pDNA gene therapy, the issue of delivering siRNAs to target cells remains a key
hurdle for the development of siRNAs as therapeutics. Therefore, numerous investigations into in
vivo siRNA delivery are in progress. Monoclonal antibodies per se have been studied as a major
tool for siRNA delivery. To provide cationic properties to a monoclonal antibody, positively charged
protamine was fused to the heavy chain Fab fragment of a human immunodeficiency virus (HIV)-1
envelope antibody. The protamine-fused Fab antibody (F105-P) was then used to deliver siRNA to
HIV-infected or envelope-transfected cells.>* Following delivery via F105-P, siRNA silencing of
the HIV-1 capsid gene gag inhibited the replication of HIV in primary T cells infected with HIV
in vitro. Intratumoral or intravenous injection of siRNA targeting c-myc, MDM?2, and VEGF com-
plexed with F105-P inhibited the growth of the HIV envelope-expressing subcutaneous B16 tumors.
Another fusion protein of the ErbB2 single-chain antibody fragment with protamine could provide
the targeted delivery of siRNAs to ErbB2-expressing cancer cells. This study suggests the potential
of a single-chain antibody fragment as a delivery system of siRNA. However, to deliver siRNA in
therapeutically effective doses, the amount of siRNA that can be carried by a single antibody may
need to be increased.

Single chain antibody fragments targeting the human integrin lymphocyte function-associated
antigen-1(LFA-1) were genetically fused to protamine for the specific delivery of siRNA to primary
lymphocytes, monocytes, and dendritic cells.* In nude mice inoculated with K562 cells expressing
LFA-1, the intravenous injection of the fusion protein and Ku70-specific siRNA complexes silenced
the Ku70 protein only in the cells expressing LFA-1 on their surfaces.

The targeted delivery of siRNA using antibodies was also achieved in the hepatitis B virus
(HBYV) in transgenic mice.3® Fluorescent siRNA or HBV-specific siRNA was complexed to a fusion
protein composed of a single chain of the human variable fragment against the hepatitis B surface
antigen, a constant region of the human « chain, and truncated protamine. After HBV transgenic
mice were intravenously dosed with the complexes of fluorescent siRNA and the fusion protein,
fluorescence was primarily observed in hepatitis B surface antigen-positive hepatocytes. The sys-
temic administration of siRNAs specific for HBV and the fusion protein complexes effectively
suppressed both the gene expression and the replication of HBV in transgenic mice. Moreover, the
antibody fusion protein provided targeted delivery of HBV-specific siRNA-producing plasmid in
HBYV transgenic mice.

Given that 37 integrins are highly expressed in gut mononuclear leukocytes, a monoclonal anti-
body to B7 integrin was used for targeted delivery of siRNAs to leukocytes involved in gut inflam-
mation. As cargo, neutral liposomes were first prepared using a covalent conjugate of a neutral
lipid dipalmitoylphosphatidylethanolamine and hyaluronan. Next, the hyaluronan on the surface of
liposomes was covalently modified with a monoclonal antibody against 37 integrin and lyophilized.
In this system, cyclin D1-specific siRNA was condensed with protamine and encapsulated in lipo-
somes during the rehydration of prelyophilized liposomes. After intravenous injection into mice
with colitis, the immunoliposomes preferentially distributed to the gut. Moreover, the intravenous
administration of cyclin D1-specific siRNA (2.5 mg/kg) entrapped in the B7 integrin-tagged immu-
noliposomes reduced intestinal inflammation in a colitis mouse model.

In addition to the targeted delivery, the B7 integrin-tagged immunoliposomes were notable for
their increased capacity to carry siRNA. These liposomes were reported to carry about 4000 siRNA
molecules per particle and about 100 siRNA molecules per targeting antibody molecule. Thus, this
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system significantly improved the delivery capacity of its previous system, integrin-targeted single-
chain antibody protamine fusion protein, which could carry only five siRNA molecules per fusion
protein.?

Instead of protamine, a nine-arginine oligomer was used as a cationic moiety in the antibody-
mediated delivery of siRNA. A chemical conjugate of the nine-arginine oligomer to anti-CD7 sin-
gle-chain antibody fragments (scFvCD7-9R) was designed to deliver siRNAs targeting the viral
coreceptor CCRS5 and conserved genes of HIV.37 scFvCD7-9R could specifically deliver antiviral
siRNAs to naive T cells in humanized mice reconstituted with CD34+ hematopoietic stem cells,
and it effectively suppressed viremia in infected mice. Using an elaborately designed fusion anti-
body as a T cell-targeted delivery system, this study first suggested the potential of siRNA as anti-
HIV therapeutics in a preclinical animal model.

As discussed above, monoclonal antibodies may play a role as targeting ligands for delivering
nucleic acid—based therapeutics because of their specific binding affinity to antigens highly expressed
on target cells. In addition to the specific binding, the monoclonal antibodies should induce efficient
endocytosis following the cell surface binding for intracellular processing or expression of nucleic
acid—based therapeutics. Even though the monoclonal antibodies provide specific binding and endo-
cytosis, there still remain several limitations for the successful application of monoclonal antibod-
ies. First, due to the relatively large size of monoclonal antibodies, the biodistribution of monoclonal
antibodies to poorly vascularized tissues or central nervous systems protected by blood—brain bar-
riers could be limited. To resolve this size issue, smaller sizes of antibody-mimetic peptides or
proteins may be studied as targeting ligands. Second, the Fc portion of monoclonal antibodies has
been known to elicit immune responses after repeated use. Although Fab fragments or single-chain
antibody fragments have been studied to reduce the immunogenicity, the large-scale production of
single-chain antibody fragments is difficult and costly.3® Third, the limited capacity of monoclonal
antibodies to carry therapeutically sufficient amounts of nucleic acid—based therapeutics should be
resolved. The tagging of monoclonal antibodies to high capacity nanoparticles entrapping nucleic
acid—based therapeutics would be one approach that can improve the cargo capacity of antibodies.
Despite these challenging limitations, monoclonal antibodies and their fragments are still attractive
targeting systems for nucleic acid-based therapeutics, and they offer huge potential for clinical
applications in the near future.

7.2.2  TRANSFERRIN

Tf is a plasma protein that binds and delivers iron to the spleen, liver, and bone marrow through
Tf receptors. This glycoprotein has a molecular weight of about 80kDa and contains two subunits,
N-lobe and C-lobe, linked by a short spacer.*® The Tf monomer can transport one or two iron atoms
bound to each lobe. Apo-Tf denotes a Tf molecule without iron, and monoferric or diferric Tf indi-
cates a one- or two-iron-bound Tf, respectively. Tf plays an important role in preventing the circula-
tion of free Fe**, which may produce free radicals and exert a toxic effect on cells. Therefore, the
interaction between Tf and its receptor is very important for the iron homeostasis of the body.*

The Tf receptor (CD71), a type II transmembrane glycoprotein, mediates the intracellular deliv-
ery of ferric iron through endocytosis and returns to the cell surface in the form of an apo-Tf and
receptor complex (Figure 7.1A). In normal cells, the Tf receptor is expressed in low levels. It is
expressed at a very high level in actively dividing cells in the tissues, such as the basal epidermis and
intestinal epithelium. Moreover, Tf receptors are overexpressed in malignant cancer cells compared
with benign cells. Therefore, Tf as a tumor targeting ligand has been extensively employed due to
its receptor’s overexpression in cancer cells, receptor-mediated internalization, endosomal release,
and receptor recycle.*!

As a targeting ligand, Tf has been associated or covalently conjugated to nonviral delivery sys-
tems of nucleic acid—based therapeutics such as pPDNA, AS-ON, and siRNA. In the early stages of
this strategy, Tf was simply mixed with lipoplex or polyplex to enhance cellular uptake or targeting
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FIGURE 7.1 Receptor-mediated endocytosis pathways. (A) TfR-mediated endocytosis pathway. When Tf
binds to TR on the cell surface, the complex is internalized by receptor-mediated endocytosis through clath-
rin-coated pits, forming endosomes. Iron is released from Tf and transported out of acidified endosomes via
DMT1 (divalent metal transporter 1) transporter. Tf and TfR return to the cell surface, where both partici-
pate in another round cycle. (B) FR-mediated endocytosis pathway. After binding of folate to glycosylphos-
phatidylinositol-anchored FR, the complex is internalized. Folate is released from its receptor in acidified
endosomes and FR go back to the cell surface for recycling. (C) HA and receptor-mediated endocytosis path-
way. HA can bind to CD44 or its homolog receptors (RHAMM, receptor for hyaluronate-mediated motility;
LYVE-1, lymphatic vessel endothelial receptor 1) on cell surface. After internalization, HA is fragmented in
endosomes by hyaluronidases and the fragments are released into cytoplasm.

efficiency. Following the incubation of Tf and cationic

liposomes, the resulting Tf-associated cationic lipo-
somes were used to form electrostatic complexes with

As a targeting ligand, Tf has been associated or
covalently conjugated to nonviral delivery sys-
tems of nucleic acid-based therapeutics such as

negatively charged nucleic acid—based molecules for | pDNA, AS-ON, and siRNA.

targeted delivery to various cancers, such as glioblas-
toma, hepatocarcinoma, and neuronal cancers.*?

For example, Tf-associated cationic liposomes were used for the targeted delivery of pDNA
encoding human p53. Because the increased expression of wild-type pS3 might lead to p53-medi-
ated apoptosis in cancer cells, the pDNA encoding p53 was delivered to cancer cells by cationic
liposomes associated with Tf. Cationic liposomes composed of 1,2-dioleoyl-3-trimethylammoni-
umpropane and dioleoylphosphatidylethanolamine were incubated with iron-saturated holo-Tf. The
intravenous administration of Tf-attached cationic liposome/pDNA encoding p53 enhanced the sen-
sitivity of tumors to radiotherapy. The antitumor effects were prolonged, showing no tumor recur-
rence 6 months after treatment in the head and neck cancer xenograft model.*

Tf-associated cationic liposomes were also used to deliver pDNA encoding p53 in osteosarcoma-
xenografted mice.* Cationic liposomes were prepared using dioleoyl trimethylammonium propane
and dioleoyl phosphatidylethanolamine. The complexes of Tf/liposome/pDNA were formed by
incubating the cationic liposomes with Tf and then with pDNA. Six treatments of intratumoral
injection of the complexes (10 g of pDNA per dose) resulted in a significant reduction of tumor
growth rates.

Tf-associated cationic liposomes were also developed for the aerosol delivery of pPDNA encoding
endostatin.* Cationic liposomes were formulated with stearylamine, phosphatidyl choline, and cho-
lesterol and were mixed with Tf and pDNA. After the aerosol treatment of the tumor-bearing mice
with aerosols of Tf/liposome/pDNA complexes (50-500 mg/kg per dose), the increased expression
of endostatin was observed in lung tissues. A pPDNA dose-dependent reduction in tumor growth was
reported.



126 Targeted Delivery of Small and Macromolecular Drugs

Cationic polymers were also modified with Tf to confer the targeting capacity to tumor cells. The
complexes of the poly-L-lysine polymer and the pDNA encoding B-galactosidase were covalently
modified with a multivalent hydrophilic polymer, poly-[N-(2-hydroxypropyl)methacrylamide], to
reduce the serum protein binding and were associated with Tf for targeted delivery to leukemia
cells. Tf-targeted and hydrophilic polymer-coated complexes provided a 15-fold increase in the
transfection activity of f-galactosidase over either simple poly-L-lysine and pDNA complexes or
hydrophilic polymer-coated poly-L-lysine and pDNA complexes in K562 leukemia cells.*®

Tf-cationic liposomes were also applied to deliver AS-ON to cancer cells. Phosphorothioated
AS-ON against the human o isoform folate receptor (FR) was complexed to Tf-associated cat-
ionic liposomes and delivered to breast cancer cells.*” The complexes of AS-ON against Bcl-2 and
Tf-associated cationic liposomes reduced the expression of Bcl-2 in human leukemia cells and
increased the sensitivity of the leukemia cells to the chemotherapeutic agent daunorubicin.*®

Unlike cationic liposomes, where Tf was typically physically associated, cationic polymers were
modified with Tf via covalent binding. Recently, Tf and PEG-conjugated oligoethylenimine were
studied for the systemic delivery of siRNA specific to Ran. Three intravenous injections of Tf-PEG—
oligoethylenimine and siRNA complexes (2.5 mg siRNA/kg/dose) in neuroblastoma-bearing mice
resulted in a more than 80% reduction of the target protein (Ran) and reduced tumor growth.*

Tf-linked cyclodextrin polycation nanoparticles were formulated for Tf receptor-expressing
tumor targeted delivery of siRNA.3° siRNA against the EWS-FLII1 was carried by Tf-linked cyclo-
dextrin polycations. The cyclodextrin-containing polycations were first self-assembled with siRNA
to form colloidal particles. The colloidal particles were then stabilized with adamantane-linked
PEG via the inclusion of adamantane inside the cyclodextrins, and they were conferred with a
Tf-based targeting moiety via further inclusion of an adamantane—-PEG-TT conjugate. In tumor-
bearing mice, the intravenous administration of Tf nanoparticles carrying anti-EWS-FLI1 siRNA
(2.5mg/kg dose) reduced the expression of EWS-FLII in tumor tissues.

As shown in Table 7.4, these studies demonstrated that Tf-attached liposomes or Tf-conjugated
cationic polymers may serve as promising targeted delivery systems.’! However, some problems
still remain. In the blood stream, the interaction of Tf-conjugated vectors with serum proteins may
occur. This may cause limited access to Tf receptors and other side effects. To solve this problem,
further modification of Tf-conjugated carriers should be performed, such as conjugation with PEG.
Tf will have higher potential as a targeting agent only if Tf can gain easy access to its receptors
through optimization.”> Once the nucleic acid—based therapeutics were taken up by the cells by Tf
receptor-mediated endocytosis, another barrier is the escape for nucleic acids from endosomes to the
cytoplasm. The design of pH-sensitive delivery systems which may destabilize in the acidic endo-
somes and trigger the cytoplasmic delivery of nucleic acid—based therapeutics would be beneficial

TABLE 7.4

Targeted Delivery of Nucleic Acids Using Tf Ligand

Nucleic Acids Cargo Genes Vehicle Target Cells Reference

pDNA B-Gal Polymer-modified Leukemia [46]

poly-L-lysine

RAN, luciferase OEI Neuroblastoma [49]
p53 Liposome Head and neck cancer [43]
p54 Liposome Osteosarcoma [44]
Endostatin Liposome Liver cancer [45]

siRNA GFP, luciferase, Liposome Glioblastoma, hepatocarcinoma, [42]

c-JUN neuronal cells

Note: OEI, oligoethyleneimine; GFP, green fluorescence protein.
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to solve the limitation. Alternatively, the co-delivery of Tf-conjugated vectors with pH-sensitive
fusogenic peptides might be another feasible approach to enhance the cytoplasmic delivery.

7.2.3 RGD PepTIDE

Integrins play important roles in multicellular organisms, including angiogenesis, oncogenesis, and
other physiological and pathological processes. Integrin, a cell adhesion molecule, binds extracel-
lular matrix and cell-surface ligands. Integrin is composed of heterodimeric receptors that contain
large o and small 3 subunits not homologous to each other. There are at least 18 o and 8 3 subunits
in humans. Each transmembrane heterodimer interacts with specific ligands.’* Because integrin is
overexpressed in tumor cells and tumor vasculature,’* the ligands specifically recognized by integ-
rin can be developed as targeting moieties to deliver nucleic acid—based therapeutics to tumors.

RGD (Arg-Gly-Asp) is a well known motif recognized by integrins. The interaction between
integrins and RGD-based ligands has been studied both to understand cell-adhesion diseases and
for applications to tumor-targeted delivery.>> Given the importance of angiogenesis in tumor growth
and the differential expression of o, ;-integrin on actively angiogenic endothelial cells and not on
resting cells, RGD-mediated delivery has been regarded as a promising targeting approach to tumor
vasculature. At first, small-molecule drugs or peptide-based drugs were directly conjugated to RGD
peptides for targeted drug delivery. Later, polymers, liposomes, and proteins that can load more
RGD peptides than single small-molecule drugs were utilized because of the correlation of RGD-
mediated cellular uptake to the amount of RGD peptides per carrier.>

The enhanced transfer of a pDNA/cationic polymer was shown after the addition of RGD peptides.
A four-branched cationic polymer of poly N,N-dimethylaminopropylacrylamide was synthesized for
gene delivery in endothelial cells.’” In the study, they added RGD-containing peptides, GRGDNP, to
the polyplex, thus enhancing delivery via the integrin. Due to the surface coating effect of polyplex, the
addition of RGD containing peptides protected the polyplexes from aggregation. When pDNA encod-
ing luciferase was delivered by an RGD-linked cationic polymer, luciferase activity was increased in
the RGD-containing peptide in a dose-dependent manner. Interestingly, cyclic RGD peptides, RGDFYV,
provided an eightfold increased delivery effect over the plain polyplex without RGD.>

A phosphorothioate sequence of splice-switching ON was conjugated to a maleimide bivalent
cyclic RGD peptide for high-affinity binding to o 3;-integrin-positive melanoma cells.*® To test the
delivery of the ON to the nucleus, the 2’-O-Me phosphorothioate ON was designed to correct the
splicing of an aberrant intron inserted into the luciferase reporter gene. Thus, increased expression
of luciferase may indicate the nuclear distribution of the splice-correcting ON. When melanoma
cells expressing o, f3;-integrin were treated with bicyclic RGD and oligodeoxynucleotide (ODN)
complexes, luciferase expression was upregulated. In contrast, the treatment of cells with free ODN
did not affect the luciferase level.

RGD peptides were conjugated to self-assembling nanoparticles for the delivery of siRNA.> The
nanoparticles consisted of RGD-PEG-PEI conjugates. RGD peptides were attached to the distal
end of PEG and linked with PEI. Vascular endothelial growth factor receptor 2 (VEGFR 2)-specific
siRNA was loaded onto the nanoparticles to target tumor neovasculature-expressing integrins. In
human umbilical vein endothelial cells (HUVEC) and murine neuroblastoma N2A cells, the spe-
cific cellular uptake of siRNA via RGD peptides was demonstrated through competition with free
RGD peptides. In tumor-bearing mice, an intravenous injection of the polyplex showed a tumor-
specific reduced expression of the target protein and inhibited tumor growth and angiogenesis.

The use of the RGD-PEG-PEI polymer has also been attempted to deliver VEGF-specific
siRNA by other groups.®® siRNAs targeting VEGFA, VEGFR1, or VEGFR2 were complexed to the
RGD-PEG-PEI polymer (TargeTran®) and the complexes were intravenously administered to mice
infected with the herpes simplex virus-1 at a dose of 40 g siRNA. The use of the RGD-PEG-PEI
polymer as the systemic delivery vehicle enhanced the therapeutic control of VEGF-specific siR-
NAs against ocular neovascularization.
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Unlike other targeting ligands such as sugar and Tf lacking therapeutic efficacy, RGD can serve
as a targeting ligand to tumor tissues and an anti-angiogenic molecule as well by antagonizing o, [3;-
integrin. There have been numerous studies using RGD peptides alone for the anti-angiogenesis
treatment of tumors. Indeed, Cilengitide®, a cyclic RGD peptide, is currently in clinical trials for
anti-angiogenic cancer therapy.®! Moreover, recent studies have suggested that RGD peptides can
increase the sensitivity of tumors to radiotherapy in breast cancer models.%? Thus, RGD may provide
multifaceted beneficial effects when it is used for the targeted delivery of nucleic acid—based anti-

cancer therapeutics.

Unlike other targeting ligands such as sugar and
Tf that lack therapeutic efficacy, the tripeptide
RGD can serve as a targeting ligand to tumor
tissues and an anti-angiogenic molecule by
antagonizing the o,B;-integrin. RGD peptides
alone have been used for the anti-angiogenesis
treatment of tumors. Indeed, Cilengitide, a cyclic
RGD peptide, is currently in clinical trials for
anti-angiogenic cancer therapy.

Although several groups reported promising appli-
cations of RGD-modified systems for the targeted
delivery of nucleic acid—based therapeutics to cancers
(Table 7.5), RGD-mediated targeted delivery systems
still face some hurdles. For example, expression of
the o,f3;-integrin is not homogeneous in tumor cells.
However, the heterogeneity of integrin levels could be
overcome by combination with another ligand targeting

other receptors.*®

7.2.4 FoOLATE

Folate, the water-soluble vitamin B,, is involved in the biosynthesis of nucleotides.® This vita-
min plays important roles in the synthesis of DNA and RNA. A lack of folate might impair nerve
development in premature infants. The cellular uptake of folate is performed by receptor-mediated
endocytosis (Figure 7.1B). Two isoforms of FR, known as FR-a and FR-b, have high affinities for
folate.%* FR is overexpressed in tumors, such as ovarian carcinoma, and expressed on limited areas
of normal tissue, such as the placenta, lung, and kidney.

Thus, an FR-mediated targeting strategy using folate has been widely studied for the targeted
delivery of toxins, chemical drugs, and nucleic acid—based molecules.>% Table 7.6 shows the exam-
ples of targeted delivery systems of nucleic acid—based molecules using folate as a targeting ligand.
Folate has some advantages as a targeting ligand, such as its small size, which can reduce immuno-
genicity; an economic benefit; a relatively simple conjugation approach; high binding affinity to its
receptor; and induction of internalization into cells.5’

Chan et al. reported folate-mediated gene delivery using PEGylated chitosan. Folate was conju-
gated to PEGylated chitosan, which has increased the solubility of chitosan by PEGylation. Folate-
linked PEGylated chitosan was synthesized and characterized for the tumor-targeted delivery of

TABLE 7.5

Targeted Delivery of Nucleic Acids Using RGD Peptides

Nucleic Acids Cargo Genes Vehicle Target Cells Reference

pDNA Luciferase Poly(N,N-dimethyl Endothelial cells [57]

aminopropyl acrylamide)

AS-ON o FR Liposome Breast cancer [47]
Bcl-2 Liposome Leukemia [48]
Luciferase Bivalent RGD-peptide Melanoma [58]

siRNA VEGFR2 RGD-PEG-PEI HUVEC, neuroblastoma [59]
VEGF, VEGFRI, RGD-PEG-PEI HSV-1 infection [60]

VEGFR2

Note: HUVEC, human umbilical vein endothelial cell; HSV, herpes simplex virus.
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TABLE 7.6

Targeted Delivery of Nucleic Acids Using Folate or Aptamer

Targeting

Ligand Nucleic Acids Cargo Genes Vehicle Target Cells Reference

Folate pDNA Luciferase PEG-Chitosan HEK 293 cells [68]
AS-ON GFP Lipofectamine, PEI, PLL KB cells [69]
siRNA oL, integrin, Folate-conjugated ODN HUVEC, KB [70]

survivin cells
PSMA aptamer siRNA Lamin A/C Aptmar-siRNA conjugates Prostate cancer [95]
PLK1, Bcl-2 Aptmar-siRNA chimera Prostate cancer [96]
Anti-gp120 siRNA tat/rev Aptmar-siRNA chimera HIV-1 [97]
aptamer infection

Note: AS-ON, antisense oligonucleotide; HEK 293, human embryonic kidney cell line; PEL, polyethylenimine; PLL, poly-
L-lysine; ODN, oligodeoxynucleotide; PLK 1, polo-like kinase 1.

pDNA.% Folate was introduced to the distal end of PEGylated AS-ON targeting green fluorescent
protein.®” This conjugate forms polyelectrolyte complex micelles (PECMs) by using cationic con-
densing agents like Lipofectamine, PEI, and poly-L-lysine. In human epidermal carcinoma KB, a
cell line that overexpresses FR, folate-positive PECMs exhibited a dose-dependent reduction of
green fluorescent protein and lower reduction by PECMs without folate was observed. In contrast,
FR-negative lung carcinoma A549 cells showed a decreased expression of green fluorescent protein,
at a similar level in both PECMs, regardless of folate.

Zhang et al. proposed a new strategy for cell-specific siRNA delivery using folate.”” Through
the base-paired interaction of siRNA to folate-conjugated ODN, tethered siRNA was produced in
lengths of 17 nucleotides. FR-expressing cells HUVEC and KB were used to confirm specific cellu-
lar uptake and gene silencing, whereas MDA-MB-435S was used as a negative control cell line. The
fluorescent-labeled folate accumulated in two of the folate-positive cells, but not in negative cells.
siRNA against o, integrin and survivin silenced the target proteins in FR-overexpressing cells.

Although folate has numerous advantages, such as small molecular size, relatively inexpensive
cost, stability, and lower immunogenicity as compared with macromolecular and costly targeting
ligands like monoclonal antibodies, there remain hurdles for the successful application of folate
as targeting ligands. First, the toxicity of folate conjugates should be optimized. The high binding
affinity between folate and FR may cause some problems in targeted delivery. Because of the high
affinity, some folate conjugate might be released too late from FR after endocytosis.” Recently,
hydrolyzable linkers were introduced for easy release of folate. Folate conjugates containing large
cargo, such as liposomes, could affect the binding affinity to the FR. Therefore, folate conjugates
should be carefully designed to remove undesirable interruptions to FR binding.”” Second, the linker
between the folate and the cargo delivery system should be designed to retain the binding capability
of the folate to its receptor, and to release the nucleic acid-carrying delivery systems after uptake
into the target cells.

7.2.5 SuGAR

A specifically targeted delivery system is essential for successful gene therapy by nonviral vector.
Nonviral vectors including lipids, polymers, and peptides have the advantages of low immunoge-
nicity, unlimited cargo size, and low cost. However, usage of nonviral carriers is still limited by
their nonspecific biodistribution and low stability in serum.”® When siRNAs or pDNAs are injected
systemically, they are rapidly degraded by a number of nuclease enzymes. To avoid this degradation
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in blood, the carriers of nucleic acid—based molecules must be taken up quickly into target tissues
and cells.

Certain types of cells overexpress sugar-binding receptors. Sugars bound to the receptors are
internalized by receptor-mediated endocytosis. This receptor-mediated endocytosis increases the
efficiency of therapeutic gene delivery into specific target cells. Sugar receptor targeting is a pos-
sible approach to cell-specific delivery after systemic administration because sugar receptors are
found on hepatocytes, macrophages, dendritic cells, and sinusoidal liver cells.

In gene delivery, one of the first successful targetings with sugar moiety was achieved through
the asialoglycoprotein receptor (ASGP-R) present on hepatocytes. In the first studies, poly-L-lysine—
DNA complexes containing the entire ligand (asialooromucosoid) had a problem related to their
large particle size. Recently, small synthetic oligosaccharides have mainly been used as ligands.
Glycosylated poly-L-lysine or PEI complexed with pDNA revealed ASGP-R -mediated delivery.’*7¢
Several sugars have been studied for sugar receptor targeting (Table 7.7).

7.2.5.1 Mannose

Mannose was used to target mannose receptors, which are especially overexpressed on dendritic
cells and macrophages. Mannose-modified cationic lipids and polymers have been designed to
enhance the cellular uptake of siRNA and pDNA after systemic administration. Macrophages are
hard-to-transfect by the nonviral vector technique, but mannosylated cationic liposomes complexed
with pDNA enhanced the gene transfer into macrophages via mannose receptor-mediated endocyto-
sis.”” Park et al. examined the ability of mesoporous silica nanoparticles coupled with mannosylated
PEI to transfect pDNA. In this study, the nanoparticles exhibited a high transfection efficiency of
pDNA to macrophages by receptor-mediated endocytosis via mannose receptors.’®

Given the expression of the mannose receptor on the surface of antigen-presenting cells, man-
nosylated cationic liposomes were studied for antigen-presenting cell-targeted delivery of DNA
vaccines.”” A mannose-linked cholesterol derivative, cholesten-5-yloxy-N-(4-((1-imino-2-D-thio-
mannosyl-ethyl)amino)butyl) formamide, was used to formulate cationic liposomes. Three intraperi-
toneal injections of pDNA encoding melanoma-associated antigen (50 pug/dose) at 2-week intervals
revealed the importance of delivery systems for inducing cellular immune responses. When pDNA-
vaccinated mice were challenged with BI6BL6 melanoma cells, only the group treated with the
complexes of mannosylated cationic liposomes and DNA vaccines exhibited significant antitumor
effects and prolonged survival.

TABLE 7.7
Sugar and Polysaccharide-Mediated Targeting
Targeting Ligand Nucleic Acids Cargo Genes Vehicle Target Cells Reference
Mannose pDNA Luciferase Liposome Macrophage, liver [77]
Luciferase Mesoporous silica Macrophage [78]
nanoparticle, PEL
Ub-M Liposome Antigen presenting [79]
cells, melanoma
Galactose pDNA GFP PEI Liver [80]
siRNA Ubcl3 Liposome Liver [82]
HA pDNA GFP Chitosan Ocular disease [85]
nanoparticle
siRNA GFP Nanogel HCT-116 cells [86]

Note: Ub-M, ubiquitinated murine melanoma gp100 and TRP-2 peptide epitopes; HA, hyaluronic acid; HCT-116, human
colorectal carcinoma cell line.
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7.2.5.2 Galactose

Galactose is a promising targeting moiety to cells that possess high levels of ASGP-R. Parenchymal
liver cells such as hepatocytes have a large number of the ASGP-R and recognize galactose residues
on the oligosaccharide chains of glycoprotein or on the chemically modified galatosylated carri-
ers. Although the binding affinity of a carbohydrate ligand to ASGP-R is highly influenced by the
number and orientation of the sugar residues, the terminal galactose residue is the most important
moiety.

Galactosylated PEI-graft-PEG polymers have been used for the hepatocyte-targeted delivery of
pDNA encoding green fluorescent protein.®® The complexes of pDNA and galactosylated PEI-graft-
PEG polymers formed nanoparticles, and they showed a higher expression of green fluorescent
protein in HepG2 hepatoma cells than did HeLa cervical cancer cells in vitro. In this study, the in
vivo fate of galactosylated polymer and pDNA complexes was traced by radiolabeling the polymer
with *mTc. Intravenously injected pDNA (15 pg/dose) complexed to the radiolabeled galactosylated
polymer showed preferential distribution to the heart and liver in mice. Two days postinjection, an
expression of green fluorescent protein was observed in the liver tissue.

Mabhato and colleagues used galactosylated PEG for the hepatocyte-specific delivery of ON.8!
In the study, galactosylated PEG was linked to ON via an acid-labile beta-thiopropionate. Using
33P-radiolabled ON as a marker, they studied the effect of galactosylated PEG on the biodistribu-
tion. Following intravenous administration of ON (0.2mg/kg) in a galactosylated PEG conjugate
form to rats, 60.2% of the injected dose was found to accumulate in the liver at 30 min. In addition
to the higher liver distribution, galactosylated PEG conjugated affected the hepatic cellular local-
ization of ON. Galactosylated PEG-conjugated ON was preferentially distributed to hepatocytes,
whereas ON alone revealed higher distribution to nonparenchymal cells.

Galactosylated cationic liposomes were studied for the liver parenchymal cell-selective deliv-
ery of siRNA.3? The galactosylated cationic liposomes were composed of a galactosylated choles-
terol derivative, cholesten-5-yloxy-N-(4-((1-imino-2-D-thiogalactosylethyl)amino)alkyl)formamide,
and a neutral lipid, dioleoylphosphatidylethanolamine. After intravenous administration using the
galactosylated cationic liposomes as a carrier, fluorescent siRNA was mainly distributed to the
liver and lung tissues. When endogenous Ubc 13-specific siRNA (0.29 nmol/g) was intravenously
administered using cationic liposomes with or without the galactose moiety, the 80% reduction of
Ubc 13 mRNA expression in liver tissues was observed only in galactosylated cationic liposomes,
but it was not seen in plain cationic liposomes.

Since liver parenchymal cells are known to be abundant in ASGP-R recognizing galactose,
lactose, or N-acetylglucosamine, galactose-tagged carriers might be applied for liver-targeted
delivery of nucleic acids. However, the existence of ASGP-R both in normal liver parenchymal
cells and pathogenic hepatoma cells may make it difficult for achieving hepatoma-specific tar-
geted delivery via galactose moieties. To improve the preferential delivery to pathogenic cells,
the structural modification of sugars providing a higher affinity to the target cell receptor might
be considered. Moreover, given that the extent of galactosylation of plasmid delivery systems
affected the transfection efficiency,®® the optimization of galactose density per delivery system
needs to be done for maximized delivery efficiency of diverse nucleic acids such as plasmids and
siRNAs.

7.2.6  HyaLuroNic AciD

Hyaluronic acid (hyaluronan, HA) is a high-molecular-weight glycosaminoglycan, which is a com-
ponent of the extracellular matrix that is essential for cell growth, structural organ stability, and
tissue organization. The chemical structure of HA was determined in the 1950s in the laboratory
of Karl Meyer. HA is a polymer of repeating disaccharide units of D-glucuronic acid and (1-b-3)
N-acetyl-D-glucosamine. The amount of HA in a tissue depends on HA synthesis by HA synthases,
internalization by cell surface receptors, and extracellular degradation by hyaluronidases.
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HA has a binding affinity to specific cell surface receptors such as CD44, a receptor for
hyaluronic acid-mediated motility (RHAMM) and lymphatic vessel endothelial hyaluronan recep-
tor-1 (LY VE-1). The principal receptor of HA is known as CD44, which can regulate cell prolif-
eration and movement. After internalization into the cells, HA is fragmented into endosomes, and
the fragments of HA are released into the cytoplasm (Figure 7.1C). Several downstream pathways
after the activation of CD44 by HA are deregulated in cancer, and some of these pathways lead to
tumor growth, progression, and metastasis. Alterations in both CD44 and HA expression have been
widely observed in tumors from cancer patients and in animal models of tumors. During carcino-
genesis, the expression of the standard form of CD44 is up-regulated in certain cancers.3*

HA-chitosan nanoparticles were designed for topical ocular delivery of genes.®> HA has been
commonly used in ophthalmology due to its biocompatible, biodegradable, and mucoadhesive
properties. Moreover, the localization of CD44 has been observed in ocular tissues. HA-chitosan
nanoparticles were prepared by a ionotropic gelation technique and loaded with pDNA encoding
enhanced green fluorescent protein. Following the topical ocular treatment of a rabbit eye at a dose
of 50ug pDNA per eye, pPDNA-loaded HA-chitosan nanoparticles expressed green fluorescent pro-
teins at the corneal epithelium.

Park and colleagues developed HA-based nanogels encapsulating siRNA for specific delivery to
CD44 overexpressing cells.®® A thiol group-functionalized HA solution was emulsified and ultra-
sonically cross-linked to form an HA nanogel networked with disulfide linkages. For encapsula-
tion of siRNA in the nanogel, siRNA was added to the thiol-conjugated HA emulsion before the
disulfide cross-linking step. Rhodamine-labeled HA nanogels were efficiently taken up by CD44
overexpressing HCT-116 cells, but not by CD44-deficient NIH-3T3 cells. When HA nanogel-loaded
siRNA was delivered to HCT-116 cells, they silenced the siRNA target protein in a dose-dependent
manner.

HA-conjugated PEI was recently designed to enhance the delivery of siRNA.37 The electrostatic
interaction between the negatively charged siRNA and the cationic PEI of HA-PEI conjugates
may have allowed the formation of nanoparticles. HA-PEI conjugates provided a higher uptake of
fluorescent siRNA to BI6F1 cells expressing LY VE-1, one of the HA receptors, in comparison with
LY VE-1-deficient HEK-293 cells.

A recent study reported a correlation between CD44 expression and the invasiveness of breast
cancer cells.®® Other studies suggested that the molecular sizes of HA fragments play a role in the
downstream pathways of HA-responsive cells. Depending on its size, HA exerted differential regu-
lations on the wound-healing process of fibroblasts.?> Given these observations, HA-mediated tar-
geted delivery systems of nucleic acid—based therapeutic moieties need to account for the molecular
sizes of HA and different expression levels of HA receptors depending on the progression stage of
the cancer.

HA-mediated tumor targeting systems may need to exploit the leaky vasculature of tumor tissues.
Although CD44 expression is known to be upregulated in many cancers of epithelial origin, CD44
is also present on normal epithelial cells. Extravasation to the tumor tissues might be a prerequisite
of expecting the tumor-targeting of nucleic acids by HA-linked delivery systems. One of the limita-
tions in the use of HA as a tumor-targeted delivery of anticancer nucleic acid would be the distri-
bution of HA-linked systems to skin tissues where the expression level of CD44 is high. Indeed,
a dose-limiting toxicity was observed after administration of the CD44 antibody and anticancer
chemical drug conjugate, due to notable distribution to the skin.®* Since nucleic acids can be more
specifically designed and interact with intracellular targets, such nonspecific side effects due to the
skin distribution might be possibly avoided by a careful design of nucleic acid cargo molecules.

7.2.7 APTAMER

The term aptamer originated from the Latin aptus, which means fitted. An aptamer is a molecule
composed of nucleic acid or peptide that binds a target molecule specifically. Aptamers are generally
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produced by a systemic evolution of ligands by exponential enrichment (SELEX), a method that
selects the optimized “best aptamer” by cycling target-interacted molecules in a nucleic acid library
including random sequences. The target of the aptamer might be small molecules, proteins, nucleic
acids, or even cells.%°

There are many advantages to using aptamers as targeting moieties. First, aptamers can specifi-
cally interact with a variety of target molecules. Futhermore, aptamers have an economic benefit
because of the feasibility of chemical synthesis and modification. Nucleic acid—based aptamers can
provide reversible conformational change under various pH levels or temperatures, whereas pro-
teins are irreversibly denatured at high temperatures. Moreover, nucleic acid—based aptamers have
lower immunogenicity than antibodies in vivo, suggesting the future use of aptamers as a substitute
for antibodies.”!

The first successful RNA aptamer was designed for PSMA. A PSMA is a type II transmembrane
glycoprotein overexpressed in prostate cancer. PSMAs can be used for evaluating targeted delivery
systems using PSMA-positive LNCaP cells and PSMA-negative PC3 cells.?> The PSMA-specific
RNA aptamer has been widely used in the targeted delivery of chemotherapeutic drugs such as
hydrophobic docetaxel or hydrophilic doxorubicin-encapsulated polymeric nanoparticles.?3%*

Recently, aptamer-mediated targeted delivery was extended to nucleic acid—based therapeutics.
Aptamer-mediated siRNA delivery was developed using the PSMA aptamer as a targeting moiety.
The biotinylated aptamer was coupled to biotinylated siRNA via a streptavidin bridge. Lamin A/C-
specific siRNA was used for aptamer conjugation. The aptamer—streptavidin—siRNA conjugate was
taken up by PSMA-expressing LNCaP cells and exerted an RNAI effect against Lamin A/C for 3
days.”

For the cell-specific delivery of siRNA, the PSMA aptamer was genetically linked to siRNA.%
The chimera of the PSMA aptamer-siRNA was generated by in vitro transcription. This chimera
contains siRNA against polo-like kinase 1 (PLK1) or Bcl2, which is highly expressed in tumors.
When applied to LNCaP cells expressing PSMA, these aptamer—siRNA chimeras were internal-
ized and processed by Dicer enzymes, resulting in the depletion of the siRNA target proteins and
cell death. The intratumoral administration of the PSMA aptamer—siRNA inhibited the growth of
LNCaP tumors, but it did not inhibit the growth of PC3 tumors in nude mice. This result suggests
the potential cell-specific delivery of aptamer—siRNA conjugates. However, further studies using
intravenous injection must be performed for clinical application.

An anti-gpl20-specific aptamer was recently designed for cell-specific delivery of antiviral
siRNA targeting HIV type 1 tat/rev.”” To form an aptamer—siRNA chimera, covalent binding and
complementary base pairing were utilized. Sense strands of siRNA were covalently linked to an
RNA aptamer by a four-nucleotide linker (CUCU). Antisense strands of siRNA formed a double-
stranded siRNA by complementary base pairing with the aptamer-linked sense strand portion of
the siRNA. The resulting chimera was bound to gp120 on the surface of HIV-infected cells and
internalized, inhibiting the replication of HIV.

This series of approaches demonstrates the possibility of the aptamer-mediated cell-specific
delivery of siRNAs. Although aptamers are expected to replace antibodies as a targeting moiety,
there remain some challenges for successful delivery. In the case of the siRNA—aptamer chimera,
the low stability in the blood stream still exists because of the nucleic acid nature of the delivery
vehicle, an aptamer. Chemical modification of the aptamer or the additional use of second carriers
should be accomplished to increase stability for in vivo application.

7.2.8 SMALL-SizE CHEMICALS

Recently, small-molecule chemicals have been used for the targeted delivery of nucleic acid—based
therapeutics. The small chemicals may have advantages over macromolecular targeting moieties
such as Tf and monoclonal antibodies in terms of large-scale production, convenience of handling,
physical stability, and costs. Prostaglandin E2 was recently studied as a targeting moiety for the
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delivery of Fas siRNA to cardiomyocytes.”® Prostaglandin E2 was conjugated to the amine-ter-
minated end of the siRNA sense strand. The reducible cationic copolymer, synthesized via the
Michael-type polyaddition of 1,6-diaminohexane and cystamine bis-acrylamide (poly(DAH/CBA)),
tightly condensed the prostaglandin E2-siRNA conjugate to form nanosize polyplexes. The result-
ing polyplexes were efficiently taken up by rat cardiomyocytes (H9C2 cells) by prostaglandin E2
receptor-mediated endocytosis, which reduced the expression of the target protein Fas, a key regula-
tor of ischemia-induced apoptosis.

Anisamide, a ligand for sigma receptors, was used for the targeted delivery of siRNA to sigma
receptor-expressing tumor cells.”>!% Self-assembled nanoparticles were formulated by mixing car-
rier DNA, siRNA, protamine, and lipids. The nanoparticles were modified by 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-PEG-anisamide conjugate by a post-insertion method to confer
stability and targeting capability. Epidermal growth factor receptor-specific siRNAs were used
as nucleic acid therapeutics. Four hours after intravenous administration of the anisamide-tagged
nanoparticles to mice xenografted with an aggressive lung cancer cell line, NCI-H460, 70%—-80%
siRNA accumulation was seen in the tumor tissues. Three daily injections (1.2mg/kg) of siRNA
formulated in the anisamide-targeted nanoparticles silenced the epidermal growth factor receptor
in the tumor, and this resulted in a 40% inhibition of tumor growth.”

Although small-size chemicals have merit in large-scale productions, such as relatively low cost,
physical stability, and convenience in chemical modification, they still suffer from lower specificity as
targeting molecules as compared with antibodies or peptides. For a successful application of small
sized chemicals, the elucidation and understanding of the biology of target receptors should be done in
parallel. Ideal receptors for small-sized chemicals may exist as a high density on the target cell surface
and may allow the rapid cellular internalization of delivery systems after recognition. Moreover, the

rapid recycling of the receptors to the target cell surfaces

Although small-size chemicals have relative
advantage in large-scale production, such as
relatively low cost, physical stability, and con-
venience in chemical modification, they suffer
from lower specificity as targeting molecules as
compared with antibodies or peptides.

may increase the intracellular delivery efficiency of
nucleic acid—based therapeutics. The future study of
small-sized chemicals whose receptors are specifically
and highly expressed in target tissues may promote the

wide use of chemicals as intelligent targeting moieties.

7.2.9 CeLL-MEeDIATED TARGETING

Cell vehicle—based targeting might be a new field of delivery strategies, but it is a field with great
potential. Cell vehicles used for gene delivery can be categorized as prokaryotes and eukaryotes.
Among prokaryotic cells, anaerobic bacteria have been genetically engineered to target therapeutic
genes to the hypoxic tumor sites.!”! These specialized anaerobic prokaryotic delivery vehicles have
the following characteristics: (1) they target the hypoxic tumor microenvironment after systemic
administration and (2) they enhance the active immune response to prevent metastasis or suppress
the proliferation of tumor tissues.!?

Anaerobic and attenuated Salmonella choleraesuis was exploited as a vector for the targeted deliv-
ery of the endostatin gene to tumor tissues.'%® The expression of endostatin persisted for at least 10
days after the administration of the gene-carrying bacteria to mice. When systemically administered
into mice bearing melanomas or bladder tumors, S. choleraesuis carrying the eukaryotic pDNA
encoding endostatin significantly inhibited tumor growth by 40%—70% and prolonged the survival
of the mice with anti-angiogenic effects. Host immune responses and hypoxia of tumor tissues may
affect the tumor-targeting potential of S. choleraesuis. The biggest challenge facing the use of anaer-
obic bacteria as hypoxic tumor-targeting vehicles is the safety issue from a regulatory aspect.

Macrophages and erythrocytes have been used as eukaryotic cell vehicles. Macrophages have an
inherent ability to recognize and accumulate in pathological sites, such as tumors and inflammatory
tissues. Therefore, this natural targeting by macrophages may provide therapeutic effects without
toxicity and immunogenic response.'%
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Recently, macrophages genetically modified with NK4 pDNA showed the in vivo antitumor
effect in a tumor-bearing mouse model.'” Mouse peritoneal macrophages were introduced with
pDNA encoding hepatocyte growth factor antagonist NK4 by a cationic dextran-mediated reverse
transfection technique. The NK4 protein was secreted from the genetically engineered macrophages
at a higher amount and for a longer time compared with the macrophages transfected with pDNA
encoding NK by the conventional transfection method. Following the intravenous injection in
tumor-bearing mice, the genetically engineered macrophages accumulated in the tumor tissue and
showed significant antitumor activity.

Other than macrophages, erythrocyte ghosts were used as cell vehicles for the blood-targeted
delivery of pDNA.!% Erythrocytes are one of the most safe and effective delivery vehicles and
they provide long circulation properties.'®” Nucleic acids can be introduced into erythrocyte ghosts
through transient membrane pores formed by hypotonic osmotic shock (Figure 7.2). The membrane
pores of erythrocyte ghosts are then resealed in the isotonic condition. Oh and colleagues encapsu-
lated pDNA in erythrocyte ghosts by electroporation in hypotonic conditions.!% After intravenous
administration in mice, the level of pDNA in the blood was orders of magnitude higher following
the erythrocyte ghost-mediated delivery compared with the injection of the naked form. Moreover,
pDNA-loaded erythrocyte ghosts showed gene expression targeted to the blood cells. At 3 days
post-dose, substantial expression levels of pDNA delivered in erythrocyte ghosts were observed
only in the blood and not in other organs. This result highlights the potential of erythrocyte ghosts
as a safe, prolonged, and blood-targeted delivery system of therapeutic genes.

Smooth muscle cells were studied as a pulmonary vasculature delivery vehicle of pPDNA encod-
ing VEGFE.!'®® The pulmonary artery smooth muscle cells were transfected with pDNA by a com-
mercially available transfection agent, and 500,000 of these were injected into the jugular vein of
rats. Four weeks postinjection, the plasmid VEGF transcript was detected in the pulmonary tissue
of animals injected with pVEGF-transfected cells, demonstrating survival of the transfected cells
and persistent transgene expression.

Skin fibroblast cells were used as a vehicle for transferring the angiopoietin-1 gene to acute lung
injury.!% Angiopoietin-1, a ligand for the endothelial Tie2 receptor, is an endothelial survival and vas-
cular stabilization factor that reduces endothelial permeability and inhibits leukocyte—endothelium
interactions. Skin fibroblast cells isolated from rats were transfected with pPDNA encoding human
angiopoietin-1 and injected into the pulmonary circulation. The in vivo transfer of the angiopoietin
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FIGURE 7.2 Entrapment of nucleic acids in erythrocyte ghosts. Red blood cell suspensions are added with
nucleic acids, and placed in hypotonic conditions to create transient pores in the cell membrane. During the
osmotic shock, reddish heme proteins leak out and the nucleic acids move into erythrocyte ghosts through the
pores. At the isotonic condition, the pores are resealed and the nucleic acids are entrapped inside the eryth-
rocyte ghosts.



136 Targeted Delivery of Small and Macromolecular Drugs

gene by cell-based vehicles improved the morphologic, biochemical, and molecular indices of lung
injury and inflammation.

Mesenchymal stem cells were exploited as a delivery vehicle of pDNA encoding angiopoie-
tin 1. Syngeneic mesenchymal stem cells were transfected with pDNA encoding angiopoietin
1 and injected into the jugular vein of mice induced with lung injury. The administration of mes-
enchymal stem cells transfected with pDNA encoding angiopoietin 1 almost completely reversed
the lipopolysaccharide-induced increases in lung permeability. Fluorescently tagged mesenchymal
stem cells were detected in the lung tissues for up to 3 days.

For cell-based targeted gene delivery, cells were generally introduced with pDNA encoding spe-
cific genes ex vivo and were administered to the body. When introducing such genetically modified
cells systemically, several problems still remain. Unanswered questions remain about the efficiency
of cell distribution to the target tissues, the retention of the cells in the tissues after delivery, and the
exact amount of therapeutic proteins that may be expressed from the genetically engineered cells.

7.2.10 STIMULUS-TRIGGERED TARGETING

Stimulus-triggered delivery strategies control the drug action in the intended target sites by local-
ized application of external stimuli such as electric pulse, ultrasound, light, heat, or magnetic fields.
The external stimuli can selectively activate drugs in the target sites and/or improve the localized
delivery of drugs across mechanical and physiological barriers. Recently, stimulus-triggered deliv-
ery has been studied as one of targeting technologies for nucleic acid—based therapeutics. Electrical
pulse, ultrasound, and magnetic fields have been shown to guide the localized delivery of nucleic
acid—based therapeutics in a target area.

7.2.10.1 Electroporation

Electroporation is a physical method of delivering nucleic acid and its derivatives directly into
the cytoplasm through the pores transiently created in the cell membrane by electrical pulses.!!
Electroporation was used for the in vitro transfer of genes into mouse lyoma cells in 1982.2 Since
then, electroporation has been widely used for the in vitro or ex vivo transfer of pDNAs to target
cells, due to relatively high transfection efficiency and convenient experimental protocol. Nowadays,
the in vivo applications of electroporation for gene delivery have been reported in a variety of tissues
including skeletal muscle, tumors, kidney, liver, and skin.!'3 Following intramuscular electropora-
tion, the gene expression in muscle increased about 100-fold as compared with plasmid injection
alone.!" In vivo electroporation was attempted for enhanced intradermal delivery of pDNA via
the cutaneous application of electrodes.'’> Electroporation was also implemented for intra-articular
targeted delivery of pDNA encoding tumor necrosis factor receptor in the joint area. The intra-
articular electrotransfer of pPDNAs encoding therapeutic proteins would be useful for the targeted
therapy of inflammatory articular joint disorders such as rheumatoid arthritis.!'® The first clini-
cal study using electroporation-based pDNA delivery was initiated in 2004. In this phase I study,
human interleukin-12-encoding pDNA was intralesionally electroporated for gene delivery against
metastatic melanoma.!!’

Electroporation has been commonly used as an alternative to viral gene delivery systems for
the introduction of therapeutic genes into different tissues, including muscle, skin, liver, and solid
tumors, for the treatment of various diseases such as cancer, arthritis, multiple sclerosis, and inflam-
mation. Further improvements of device, the lack of toxicity due to electric pulse, and the reduction
of costs should be considered for the clinical application of this technology for targeted delivery of
nucleic acid—based therapeutics.

7.2.10.2 Ultrasound-Triggered Delivery

Similar to electroporation, sonoporation is a method of introducing drugs and nucleic acid—based
molecules into the cells by the formation of temporary pores.''8 Unlike electroporation, sonoporation
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utilizes ultrasound waves to perturb the cell membrane. Ultrasound has long been used in medi-
cine, and is known to allow easy focusing and penetration deep into the body. Broad ranges of
frequency waves by ultrasound make very small holes in cell membranes and allow the penetration
of macromolecules like pDNA into living cells of target sites. Microbubbles are known to enhance
the ultrasound-mediated transfer of genes into cells.!"” Currently, several microbubble products are
commercially available. Optison®, one of the commonly used microbubbles, is a human serum
albumin microsphere encapsulating perflutren gas as a contrast agent.

Several studies reported that microbubble contrast agents could enhance the ultrasound-trig-
gered gene delivery to target tissues in vivo. In mice, the efficiency of ultrasound-mediated pDNA
delivery in skeletal muscle was enhanced by the intramuscular injection of a microbubble contrast
agent.!”0 The ultrasound-mediated lung delivery of naked pDNA was shown to be dependent on
the co-treatment with microbubbles in mice.'?! The transfection of pPDNA encoding Smad7 in the
peritoneal cavity was shown to be efficient after intraperitoneal administration of a mixture con-
taining pDNA and microbubble followed by abdominal ultrasound application.'?? Coupled with
microbubbles, ultrasound pulsed at 1 MHz enhanced the expression of intraportally injected pDNA
in the liver tissue.!??

Another approach in ultrasound-mediated nucleic acid delivery is the use of bubble liposomes
that entrap an ultrasound imaging gas. Bubble liposomes containing perfluoropropane gas were
shown to introduce pDNA encoding luciferase into solid tumor tissues more effectively than cat-
ionic lipid—based delivery systems. The combination of bubble liposomes and ultrasound was sug-
gested for the application of in vivo tumor-specific cancer gene therapy.'?*

Recently, ultrasound-triggered siRNA targeting was attempted by using cationic nanoliposomes
as delivery vectors of siRNA.!?° In this study, cationic nanoliposomes composed of 1,2-dioleoyl-3-
trimethylammonium-propane, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-/N-[amino(polyethylene glycol)2000] were complexed to
siRNAs specific for B-Raf or Akt3. Low frequency (20kHz) ultrasound treatment followed by the
topical application of siRNA and cationic nanoliposomal complexes provided the inhibition of cuta-
neous melanoma growth in mice.

Being noninvasive and relatively less expensive, ultrasound has been used in diagnostic fields of
medicine for a long time. This technique has recently been recognized as a promising tool for facili-
tating targeted gene transfer to near-skin tissues as a targeted delivery technology. The optimization
of ultrasound parameters for the efficient transfer of nucleic acid—based molecules, the development
of convenient and economic ultrasound-generating devices, and the reduction of toxicity should be
studied further.

7.2.10.3 Magnetic Field-Guided Delivery

Magnetofection is a method that uses magnetic fields to introduce magnetic nanoparticles contain-
ing nucleic acids into the target cells (Figure 7.3).!"! Nanoparticles consisted of superparamagnetic
iron oxide were generally used as a core component for responsiveness to magnetic fields. Cationic
moiety-modified magnetic nanoparticles have been used for the delivery of negatively charged
nucleic acid-based molecules after the formation of complexes by electrostatic interactions. With
appropriate magnetic field application, magnetofection was shown to be effective for the delivery
of nucleic acids to hard-to-transfect cells, such as suspension cells'?® and mouse embryonic stem
cells.!?’

PEI-coated magnetic nanoparticles were used for the intracellular delivery of siRNA.!?® The
magnetic nanoparticles formed complexes with siRNA against enhanced green fluorescent protein.
For magnetic field—guided siRNA delivery, the culture plates containing the complexes of siRNA
and magnetic nanoparticles were placed on a magnet for 15 min. The cells exhibited a reduction of
the target protein in the stable expression cell line.

Even though most magnetofection studies have been done in vitro for the cellular delivery of
genetic materials in vitro or ex vivo, the feasibility of magnetic force—guided gene delivery was
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FIGURE 7.3 Magnetic field—guided delivery of nucleic acids. The complexes of magnetic nanoparticles and
nucleic acids are added to cell culture medium, and rapidly introduced into cells after application of magnetic
fields. Magnetic fields can be applied to ex vivo delivery of nucleic acids to target cells or in vivo local applica-
tion near target tissues.

recently demonstrated in vivo. In this study, a cationic PEI-coated superparamagnetic particle was
coupled with a cationic lipid and pDNA complexes and administered into the nasal cavity of a mouse.
The external application of a magnetic rod onto the nostril resulted in the enhanced gene transfer in
the airway epithelium,'?® suggesting the possibility of remotely controlled targeting in vivo.

Given the potential and recent successes of magnetofection in hard-to-transfect cells as well as
in vivo, it is expected that more studies will be done for the targeted delivery of siRNAs and ON by
magnetic forces. For advances in magnetically guided nucleic acid delivery, interdisciplinary stud-
ies may need to be done for the optimization of parameters such as the chemical compositions of
magnetic particles, strengths of magnetic field, and formulations.

7.3 FUTURE PROSPECTS

Nucleic acid-based molecules are regarded as the next generation of innovative medicines. The
successful development of nucleic acid—based therapeutics requires the development of intelligent
and targeted delivery systems. Although EPR effects have been achieved for tumor tissues undergo-
ing active angiogenesis with passive targeting, cell-type-specific active targeting delivery systems
should be developed to maximize the therapeutic effect while minimizing the undesirable off-target
effects.

For the targeted delivery of nucleic acid—based therapeutics, various approaches have exploited
targeting moieties such as antibodies, peptides, Tf, folate, small chemicals, aptamers, and cells.
Each targeted delivery system has its advantages and limitations (Table 7.8). The nucleic acid type-
dependent optimization of the formulations is also necessary. For example, in pDNA delivery, the
capability of the delivery systems to provide nuclear transport is important, whereas the delivery
systems of siRNA only require cytoplasmic delivery. Such differences should be taken into account
before applying the appropriate targeting strategies for each type of nucleic acid.

In most studies, the outcome of the targeted delivery was focused on the therapeutic efficacy. The
physicochemical stability of the nucleic acid—based molecules during storage as well as the issue of
scale-up should also be considered after optimization of the targeted delivery formulations. More
quantitative information on the pharmacokinetics and dose-dependent pharmacodynamic aspects
of targeted delivery systems should be investigated.

In summary, nonviral delivery systems using target-specific, safe, and effective moieties for
gene delivery remain an ongoing challenge. Specific cell- and tissue-targeted delivery methods for
nucleic acid delivery are currently under investigation. Their ultimate success will depend on many
relevant parameters, including transfection efficacy, toxicity, an absence of nonspecific effects, and
the ability of the transfer vectors to overcome numerous biological barriers after systemic or local
administration to reach their target tissue/organ.
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Principle
Binding to specific
antigens on cancer
cells

Transport of iron ion
to TfR

Arg-Gly-Asp motif
recognized by
integrins

Water-soluble vitamin
B9 involved in the
biosynthesis of
nucleotides

Binding to specific
cell surface receptors
(CD44, RHAMM,
LYVE-1, etc.)

Binding to specific
target molecules by
three-dimensional
structure

Natural homing
mobility to
pathological sites

Introduction of nucleic
acid drugs in
erythrocyte by
transient pore
formation

Natural homing
capability of stem
cells

Introduction of nucleic
acid by electrically
created pores in cell
membrane

Delivery by formation
of temporary pores
by ultrasound waves

TABLE 7.8
Summary of Targeting Strategies
Targeting
Category Strategies
Biological ~ Monoclonal
antibody
Tf
RGD peptide
Folate
HA
Aptamer
Cell- Macrophage
mediated
Erythrocyte
ghost
Stem cell
Physical Electroporation
Ultrasound
Magnetofection

Magnetic field—guided
delivery of nucleic
acids using magnetic
nanoparticles

Advantages

Specific antigen binding
affinity

TfR-mediated delivery to
cancer cells

Overexpression of integrin
in tumor vasculature, small
size, anti-angiogenesis
effects of RGD alone

Specific delivery to cancer
cells overexpressing FR,
small size, stability, low
cost

Overexpression of CD44 on
tumor cells, prolonged
circulation in blood stream

High binding affinity.
Relatively low cost, low
immunogenicity

Ability to recognize and
accumulate in tumors and
inflammatory tissues

Protected from enzymatic
degradation and prolonged
circulation, biocompatible,
biodegradable

Potential application to
various diseases

High transfection efficiency.
Ex vivo delivery of nucleic
acid to target cells

Noninvasive approach.
Currently used in the
diagnostic imaging

Rapid rate of transfection,
application to hard-to-
transfect cells

Disadvantages

Limited numbers of
administration or use of
engineered antibody
fragments due to immune
responses

Nonspecific binding to serum
proteins in blood stream

Heterogeneity of integrin
levels in various tumor cells

Delayed escape from
endosome due to high
affinity of folate and FR

High distribution to the skin
tissues with high levels of
CD44

Hard to screen the
candidates. Low stability

in vivo

Relatively hard to be
genetically engineered

Relatively low encapsulation
efficiency, limitation of
target tissues

Possibility of side effects due
to unregulated growth in
vivo. Relatively hard to be
genetically engineered

Relatively high cytotoxicity
due to electric stimulus.
Need to improve the device.
Limitation of in vivo target
sites

Limitation of target sites.
Low transfection efficiency.
Requirements for
microbubbles

Low biocompatibility of
magnetic particles
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8.1 INTRODUCTION

Oligodeoxynucleotides (ODNs) are increasingly being recognized as potential therapeutic agents
to modulate aberrant gene expression for treating various diseases, including cancers' and viral
infections.*> Concerted efforts have made significant progress in turning these nucleic acids into
therapeutics. Apart from immune-stimulation and enzymatic cleavage, the most important feature
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of ODNES is their ability to block mRNA function by sequence-specific hybridization with target
mRNA.® Theoretically, the antisense strategy can be used to target any gene in the body, which
allows these nucleic acids to achieve broader therapeutic potential than small molecules.

Antisense therapeutic strategies for inhibiting aberrant protein expression have been developed
a lot and some of them have already been in clinical trials.” In 2005, the first antisense ODN drug,
Vitravene (Fomivirsen), was approved by the United States Food and Drug Administration (FDA).3
After this approval, more and more clinical trials are being conducted not only for ODNSs, but also
for other nucleic acid drugs, which are discussed in detail in this chapter.

Because of their large molecular weight and negative charge, the delivery of gene drugs is
still a big challenge to scientists. For the most popularly used two therapeutic nucleotides, single-
stranded antisense oligodeoxyribonucleotides (AS-ODNs) and double-stranded small interfering
RNAs (siRNAs), the molecular weight is at least 6 and 13kDa, respectively. The size of other
ODN s is also very big. Their large molecular weight prevents them from passing the endothelium
smoothly, which is the most important physiological barrier for systemic administration. For
many organs and tissues, systemic administration is the only way to be reached by the therapeu-
tic agents in bloodstream. Phosphodiester ODNs are degraded by endo- and exo-nucleases after
systemic and local administration. Besides big size and poor biostability, the toxicity induced
by these nucleic acids is another big barrier to their therapeutic application. How to achieve effi-
cient gene silencing at a nontoxic dose is the most important issue for the success of ODN and
siRNA delivery. Various polymer and lipid carriers have been synthesized for their delivery and
targeting. In addition, chemical and backbone modifications are used to increase the stability
of ODNs.

This chapter discusses the mode of action, stability, and delivery considerations of ODNs and
siRNAs as well as ways to overcome their biological barriers.

8.2 SINGLE-STRANDED OLIGONUCLEOTIDES

8.2.1  ANTISENSE OLIGODEOXYRIBONUCLEOTIDES

An AS-ODN is a short single-stranded nucleic acid that binds to specific mRNA and forms a short
double-stranded hybrid. The length of AS-ODNS is about 13-25 bases. AS-ODNs can inhibit the
translation of mMRNA by binding to the mRNA molecules.’ The term “antisense” ODNSs is commonly
used because their sequences are complementary to target mRNA, which is called the “sense”
sequence. The binding affinity and sequence specificity determine the ability of an AS-ODN to
form a hybrid with a target mRNA. The binding affinity depends on the number of hydrogen bonds
formed between the AS-ODN and the target mRNA sequence. The affinity can be determined by
measuring the melting temperature (7,,), at which half of the double-stranded hybrid is dissociated
into single strands. Binding affinity is also determined by the concentration of AS-ODNs and the
ionic strength of the solvent in which hybridization occurs.!®

Most antisense ODNSs follow the two major mechanisms of action (Figure 8.1): the RNase-H-
dependent degradation of mRNA!2 and the steric-hindrance of the translational machinery.!?
The RNase-H-dependent cleavage of mRNA is the most effective and frequently used mechanism
for antisense knockdown. RNase-H is a ribonuclease that can recognize the RNA-DNA hybrid
duplex and cleave a 3"-O-P-bond of the mRNA strand in the mRNA-ODN complex. This endonu-
clease catalyzes the cleavage of RNA via a hydrolytic mechanism with assistance from an enzyme-
bound divalent metal ion. Once the mRNA is cleaved, the AS-ODN dissociates from the duplex
and induces another round of RNase-H-dependent degradation. Thus, it can be looked upon as
a catalytic process because this procedure decreases the required concentration of AS-ODNS.
Nevertheless, RNase-H recognition is limited to only a few compounds. Some chemically modified
AS-ODN:s, which have higher stability than unmodified ODNs, cannot be recognized by RNase-H.
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FIGURE 8.1 Mechanisms of action of AS-ODNs. (A) RNase-H dependent degradation of mRNA. In this

strategy, RNase-H recognizes RNA-DNA hybrid duplex and cleaves 3’-O-P-bond of the mRNA strand in
the mRNA-ODN complex. (B) Steric-hindrance of the translational machinery. In this strategy, an AS-ODN
binds to the single-stranded mRNA by Watson—Crick base pairing strength and forbids the translational
machine to move forward.

The steric hindrance mechanism is also termed “translational arrest,” in which an AS-ODN binds
to the single-stranded mRNA by Watson—Crick base pairing. This hybrid formation can sterically
stop the translation of target mRNA. During the process, the binding of the translational related
factors to mRNA may be blocked sterically.

8.2.2 TriPLEX-FORMING OLIGONUCLEOTIDES

Triplex forming oligonucleotides (TFOs) show a different strategy of gene silencing compared with
AS-ODNs. TFOs, around 10-30nt in length, can form a triplex with the specific genomic DNA
sequences to interfere with transcription, replication, repair, and recombination.' TFOs bind to the
major groove of duplex DNA, which have runs of purines on one strand and pyrimidines on the
other. TFOs are composed of either polypurine or polypyrimidine, but bind only to the purine-rich
strand of their target DNA duplex.”” According to their base composition, TFOs containing C and
T nucleotides bind in a parallel orientation to the target strand, and TFOs containing G and A or T
nucleotides bind in an antiparallel orientation to the target strand, respectively.!®!” After binding, the
transcription of the target gene is blocked.

Transcriptional inhibition gives TFOs several advantages over other gene silencing technolo-
gies.!®!” Since there are only two copies (two alleles) of a target gene in the genomic DNA, their
blockage means that there will be no transcription of the DNA into the RNA. Since there may be
thousands of copies of an mRNA for a specific gene,

antisense may not block all these mRNAs. Furthermore,

specific mRNAs are continuously transcribed from
genomic DNA in the nucleus, even though those in the
cytoplasm have been silenced. Therefore, the inhibition
of gene transcription might decrease the mRNA level in
a more efficient way, at least in some cases.

Transcriptional inhibition gives TFOs several
advantages over antisense ODNs. Since there are
only two copies (two alleles) of a target gene in
the genomic DNA, their blockage would com-
pletely prevent the transcription of DNA into
RNA.
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8.2.3 IMMUNOMODULATORY OLIGONUCLEOTIDES

Bacterial DNA can stimulate the proliferation of B cells and the production of inflammatory
cytokines by monocytes and other cells, while vertebrate DNA cannot.?’ Several studies have found
that the unmethylated CpG dinucleotide sequence in DNA is required for this immune-stimulatory
activity.?'?> Furthermore, single-stranded ODNs containing unmethylated CpG motifs, which are
derived from bacterial DNA, are also immunostimulatory, especially with a nuclease-resistant
phosphorothioate (PS) backbone.?! CpG ODN, 18 to 24 bp in length, binds to the endosomal toll-like
receptor 9 (TLRY) and is taken up by the cells via endocytosis. Once TLR9O is triggered, it may acti-
vate numerous signaling transduction pathways and lead to the release of many cytokines, such as
IFN-y, IL-12, and IL-18. The released cytokines directly stimulate B-lymphocytes, dendritic cells,
and natural killer (NK) cells, resulting in innate immunity and antibody-dependent cell cytotoxic-
ity. The signaling pathways activated by CpG DNA in B cells drive them to secrete IL-6, IL-10, and
immunoglobulin,?*?* and to proliferate in a polyclonal T-cell independent manner.?> A CpG ODN
can also indirectly modulate T-cell responses by increased levels of costimulatory molecules from
dendritic cells after the application of CpG ODN.2¢

The activation of Thl-dominant immune responses by CpG ODN results in the production of
several cytokines and CpG ODNSs are promising candidates for treating cancer and allergic diseases
as vaccine adjuvants and as immune therapeutics. A therapeutic application for CpG ODN is an
adjuvant for cancer treatment. Current ongoing clinical trials combine CpG ODN with chemo-
therapy or vaccines to treat tumors because CpG ODN can induce protective immune responses
against a lethal tumor challenge.??® Another important utility of CpG ODN is the treatment of
allergic diseases such as asthma. Due to the favorable Thl-based response induced by CpG ODN, it
will redirect the undesirable Th2 responses of allergic disease.?>?* Ongoing clinical trials will give
us a complete evaluation of this immunomodulatory ODN.

8.2.4 RiBozYME AND DNAZzZYMES

A ribozyme, also called RNA enzyme or catalytic RNA, is an RNA molecule that specifically
cleaves RNA sequences of choice. Natural ribozymes can form and dissolve covalent bonds by
transesterification, hydrolysis, and peptidyl transfer.® They catalyze not only either the hydrolysis
of one of their own phosphodiester bonds or that of bonds in other RNAs, but also the aminotrans-
ferase activity of the ribosome. Natural ribozymes can be put into three distinct categories: the self-
splicing introns (groups I and IT), ribonuclease P (RNase P), and the small catalytic ribozymes.30-3?
Groups I and II introns and RNase P belong to the larger, more complicated ribozymes with hun-
dreds of nucleotides in length. The small ribozymes include hammerhead and hairpin ribozymes,
which contain 50-70nt and are commonly used in molecular biology research.?

For each category, the specificity of ribozymes for a particular cleavage site is determined by
different mechanisms. For the hammerheads, hairpins, or group I introns, it is determined by
base-pairing between the ribozyme and its RNA target. For the RNase P category, it is deter-
mined by the pairing of a guide RNA with the RNA target. For group Il introns, it is determined
by the pairing of the ribozyme to its DNA target. For all categories, the target length is another
important key.

The ability to engineer small ribozymes that can cleave heterologous RNAs in a sequence-spe-
cific manner has enabled the extensive application of hammerhead and hairpin ribozymes as gene
knockdown tools and potential therapeutic agents to treat AIDS and cancer patients.’* Actually,
ribozymes have been investigated to inactivate specific genes for the last two decades and have
been used as functional genomic study tools, especially in the pre-RNAi era.** Phase I clinical tri-
als using ribozyme to treat AIDS patients have been conducted and demonstrated initial success.
However, some aspects require further investigation, such as ribozyme stability, ribozyme-substrate
colocalization, and tissue-specific delivery.®
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DNAzymes (or deoxyribozymes) are RNA-cleaving analogues of ribozymes. DNAzymes are
composed of a catalytic domain flanked by a target-recognition complementary domain. DNAzymes
are more stable than ribozymes due to their DNA backbones.

8.2.5 NucLEic AciD APTAMER

Aptamers are ODNs or peptides that can bind to their specific targets, ranging from small mol-
ecules,? peptides,*” and amino acids® to proteins.’® A nucleic acid aptamer is a linear sequence
of nucleotides, typically 15-40nt long. Mostly, when we talk about aptamers, we are referring to
nucleic acid aptamers. The intramolecular interaction folds the chain of nucleotides to a complex
three-dimensional shape. The shape of the aptamer allows it to bind tightly against the surface
of its target. Since some aptamers have tight interaction with their targets, they are also chosen
as target ligands for site-specific drug delivery. These aptamers are selected according to a pre-
defined equilibrium (K,), rate constants (ky, k,,), and thermodynamic parameters (AH, AS) of
aptamer-target interaction. Kinetic capillary electrophoresis technology is used for the selection
of these smart aptamers. Nucleic acid aptamers are usually created by isolating them from syn-
thetic combinatorial nucleic acid libraries by in vitro selection, systematic evolution of ligands by
exponential enrichment (SELEX). The first aptamer-based drug, called Macugen and discovered
by OSI Pharmaceuticals, has been approved by the FDA for treating age-related macular degen-
eration (AMD).

The discovery of the RNA switches led to more investigation of the nucleic acid aptamers.*0-42
RNA switches (commonly known as riboswitches) are also capable of binding to small mole-
cule ligands and can control gene expression. Riboswitches are found in the untranslated regions
(5-UTR) of mRNA and therefore belong to the noncoding part of the mRNA. Many ribo-
switches consist of an aptamer domain or a sensor region, which is responsible for ligand binding.
Riboswitches modulate gene expression at the level of transcription or translation. Since there are
similar properties between riboswitches and aptamers, many natural aptamers were found to exist
in riboswitches.

8.3 DOUBLE-STRANDED THERAPEUTIC OLIGONUCLEOTIDES

Double-stranded therapeutic ODNs can be classified into two groups: decoy oligodeoxynucleotides
and siRNAs.

8.3.1 DEecoy OLIGODEOXYNUCLEOTIDES

Decoy ODNs are double-stranded DNA sequences that interact with proteins based on Watson—
Crick base pairing and prevent the targeting transcription factors from their natural interaction
partners. Therefore, transcription factors will be removed from their endogenous cis-elements.
Decoy ODNs against positive transcription factors can inhibit the expression of activated genes,
and those against negative transcription factors can enhance the expression of suppressed genes.*?
After the first artificial 14mer E2F decoy ODN, targeted to E2F transcription factor (E2F TF), was
synthesized by Morishita et al. in 1995,* other decoy ODN:Ss to target different proteins such as creb,
NF-kB, STAT-1, and AP-1 have also been found.*-4” Decoy ODNs have been applied to treat can-
cer, renal diseases, viral diseases, or cardiovascular diseases because many of these diseases are due
to the deregulation of different transcription factors. The decoy ODN strategy may not only offer a
powerful target-based gene therapy method but also provides a genetic tool for studying the cellular
regulatory processes including upstream transcription regulation and downstream production.*38
In 1996, the FDA approved the clinical application of decoy ODN against E2F to treat neointimal
hyperplasia in vein bypass grafts.?¢
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8.3.2  SMALL INTERFERING RNA

siRNAs are a class of double-stranded RNA (dsRNA) sequences, which are 21 nt long. Since the
discovery of siRNAs in 1998, more and more investigations have been focused on this RNA inter-
ference (RNAI) technology.* RNAI can be initiated not only by siRNA, but also by long dsRNA,
plasmid or virus-based short hairpin RNA (shRNA), and microRNA (miRNA). Long dsRNA,
shRNA, and pre-miRNA are processed by Dicer into 21-23 nt siRNA duplexes with symmetric 2
or 3nt 3’-overhangs and 5’-phosphate groups. The processed siRNA is incorporated into a protein
complex called the RNA-induced silencing complex (RISC). Dicer also plays an important role
in the early steps of RISC formation.’® Argonaute 2, the catalytic component contained within
RISC, unwinds siRNA and cleaves the sense strand, which is also called the passenger strand.’!
The activated RISC selectively degrades the sequence-specific mRNA with the assistance from
the antisense strand of the siRNA still remaining.’> After RISC cleaves the target mRNA, the
antisense strand siRNA is not affected. Thus, the RISC can undergo numerous cycles of mRNA
cleavage, which further propagates gene silencing.>

8.4 BARRIERS TO OLIGONUCLEOTIDE-BASED THERAPEUTICS

Although ODNs and siRNAs have shown great therapeutic potential in treating various diseases,
their in vivo applications still face several barriers, such as bio-instability, toxicity, and distribution
to nontarget cells.

8.4.1 InstaBILITY OF ODNs AND SIRNAs !

(0] Base
Native ODNs and siRNAs are rapidly degraded by serum and cel- o)

lular proteins, and their stability is greatly affected by physiological
pH environments. Clinical applications of these nucleic acids require
increasing their stability while retaining their capacity to inhibit
aberrant protein expression. One approach is the chemical modifica-
tion of ODNs and siRNAs. Figure 8.2 illustrates different structural (|) Base
modifications. These include modifications at backbones, PSs and o
boranophosphates, or riboses, 2’ position of ribose modification, to

enhance their stability without losing their bioactivity.

8.4.1.1 Phosphorothioates and Boranophosphate i

Modification

Since native phosphodiester ODNs are quite unstable, the ODN back-
bone is often modified not only to improve the stability of ODNs and
siRNAs, but also to help them cross the highly impermeable lipid
bilayer of the cell membrane.>* PS or boranophosphate modifications
of inter-nucleoside linkage are the two types that improve the stabil-
ity of ODNs and siRNAs.

PSs are a variant of natural ODNs in which one of the nonbridg-
ing oxygens is replaced by a sulfur atom. This modification lowers
the melting temperature (7)) of the mRNA and hybridization effi-
ciency with target mRNA compared with their phosphodiester coun-
terparts. Fortunately, the modified AS-ODN can still be a substrate
for RNase-H to trigger the RNase-H dependent mRNA degradation
process. Nevertheless, the main drawback of the PS modification is
that modified nucleotides may induce undesirable effects by binding
to plasma proteins.>>3¢

FIGURE 8.2 Backbone
and ribose modifications
of ODNs and siRNAs. X
means backbone modifica-
tion. X=-S is PS, X=-BH;
is boranophosphate. Y means
2’-position of ribose modifi-
cation. Including 2’-O-methyl
(Y=-CH;), 2-O-methoxy-
ethyl (Y=-O-CH,-CH,-
OCH,), 2-fluioro (Y=-F).
In case of locked nucleic
acid (LNA), ribose ring is
“locked” by a methylene
bridge connecting the 2-O
atom (Y=-0) and the 4-C
atom.
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Thioate linkages do not always enhance siRNA stability, because PS may reduce the affinity
between the two strands of the siRNA duplexes as compared with unmodified RNA.%” One interest-
ing study showed that only PS modified siRNAs reduced the inhibition ability to enhanced green
fluorescent protein (EGFP) mRNA.3® In this study, the PS linkages were incorporated into the
sense strand of siRNA and led to 62% unmodified siRNA induced inhibition, whereas PS linkages
in either the antisense or both strands of the siRNAs led to just less than 50% inhibition of that
observed using unmodified siRNA. However, modification involving both 2’-position and PS in the
antisense strand showed lower levels of EGFP gene silencing.

PS modification can be easily placed in the nucleic acid sequences at any desired position by two
major routes. The first one is the sulfurization in a solution of elemental sulfur in carbon disulfide
on a hydrogen phosphonate.*® However, the toxicity of carbon disulfide is a barrier for clinical appli-
cation. The second synthetic method avoids the problem of elemental sulfur’s insolubility in most
organic solvents and the toxicity of carbon disulfide. This method sulfurizes phosphite triesters with
either tetraethylthiuram disulfide (TETD) or 3H-1,2-bensodithiol-3-one 1,1-dioxide (BDTD), and
can yield higher purity PSs than before.5

An alternate backbone modification to increase the biological stability of ODNs and siRNAs is
the boranophosphate linkage. In boranophosphate ODNs and siRNAs, the nonbridging phosphodi-
ester oxygen is replaced with an isoelectronic borane (-BH;) moiety. Boranophosphates have many
of the same advantages as phosporothioates. Boranophosphates maintain the ability to make a base
pair with high specificity and affinity to targets as the unmodified gene drugs. They can also be
readily incorporated into DNA and RNA molecules by DNA and RNA polymerases to synthesize
stereoregular boranophosphate DNA and RNA.6'-93 Other additional properties of boranophos-
phates make them more suitable for clinical use than PSs.%* Since each boranophosphate linkage has
a negative charge, the charge distribution of boranophosphates differs from that of normal phos-
phates and PSs, and thus increases their hydrophobicity, which facilitates their efficient internaliza-
tion into the cells. Furthermore, boranophosphate ODNs are minimally toxic to rodents
and humans.%

Unfortunately, boranophosphate-modified RNAs
cannot easily be manufactured using standard chemical

synthesis methods. Boranophosphate bases are incorpo-
rated into RNA by in vitro transcription,®® which makes
specific site selective incorporation of this modification

Thioate linkages do not always enhance siRNA
stability, because PS may reduce the affinity
between the two strands of the siRNA duplexes

as compared with unmodified RNA.

very difficult.

8.4.1.2 2’ Ribose Modification

The sugar moiety of ODNs and siRNAs can be modified at the 2” position of the ribose, replacing the
nonbridging oxygen by 2’-O-methyl (2-OMe), 2’-O-methoxy-ethyl (2’-MOE), or 2’-fluoro (2’-F).

2’-0-Methyl and 2’-O-methoxy-ethyl modifications are the most important members of this class.
The DNA/RNA hybrid by AS-ODNs made of these building blocks is very stable. Furthermore,
these AS-ODNS are less toxic than PSs ODNs and even have a slightly enhanced affinity towards
their complementary RNAs.®” The 2’-O-methyl and 2’-O-methoxy-ethyl modified ODNs are also
called second-generation ODNs, while PSs are called first-generation ODNs. For siRNA, 2’-OMe
and 2’-F modified siRNAs have enhanced not only their plasma stability but also their in vivo
potency.®

2’-0-Alkyl AS-ODNSs cannot trigger the RNase-H-dependent cleavage of the target mRNA
because the correct width of the minor groove of the DNA/RNA hybrid is necessary for substrate
recognition by RNase-H. The absence or change of the 2’-OH function in the DNA/RNA hybrid
duplex in the minor groove might alter the interactions between the duplex and the outer sphere
Mg?*—water complex in RNase-H.® Thus, 2’-O-alkyl AS-ODNs can only take their antisense effect
due to a steric block of translation.®”7
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In contrast to the typical role of AS-ODNs in inhibiting protein expression, blocking of a splice
site in an mRNA by an ODN can increase the expression of a specific protein. For example, in one
form of B-thalassemia, a genetic blood disorder, a mutation in intron 2 of the B-globin gene causes
aberrant splicing of B-globin pre-mRNA and leads to B-globin deficiency. When 2’-O-methyl ODNs
with or without PS were targeted to the aberrant splice site, correct splicing was restored generating
correct B-globin mRNA and protein in different mammalian cell lines.”!

Another interesting study related to 2’-position modified siRNAs has shown that 2’-F modified
siRNAs may not be more potent than unmodified siRNAs in animals. Even though the modified
siRNAs have greatly increased resistance to nuclease degradation in plasma, this increase in stabil-
ity did not translate into enhanced or prolonged silencing of a target gene in mice after tail vein
injection.”? In this study, siRNAs modified with 2’-F pyrimidines were functional in cell culture
and had greatly increased the stability and prolonged half-life in human plasma, compared with
unmodified siRNAs. Although the 2’-F modified siRNAs inhibited the expression of the target gene
in mice, the inhibitory ability of modified siRNAs was not better than that of the unmodified ones.
The reason may be that 2’-F modified siRNAs and unmodified siRNAs have different nonspecific
binding tendency in vivo.

Locked nucleic acid (LNA), also referred to as inaccessible RNA, is a family of conformationally
locked nucleotide analogs in which the ribose ring is “locked” by a methylene bridge connecting
the 2”-O of the ribose with the 4’-C atom. LNA nucleotides can be mixed with DNA or RNA bases
in the ODNs and siRNAs whenever desired. LNA ODNs showed an enhanced stability against
nucleolytic degradation’ and high target affinity. However, LNA appears to show hepato-toxicity as
indicated by serum transaminases concentration, organ weight, and body weight.”* LNA were also
compatible with siRNA intracellular machinery, increased nuclease resistance, and furthermore,
reduced sequence-related off-target effects.”””

8.4.2 NonspeciFic BINDING AND ToxicITY

Nonspecific binding (commonly known as the off-target effect) of ODNs has troubled scientists
since the beginning, even though one off-target effect initiated by CpG-ODNs is now being investi-
gated for therapeutic purposes. An off-target reaction with unintended sequences is also adversely
affecting the progress of RNAi technology. These off-target effects come from the binding not only
to nontarget sequences, but also to the plasma proteins.

A high concentration of ODNs and siRNAs increases their interaction with nontarget sequences,
leading to toxic side effects. Off-target effects of AS-ODN usually occur if the concentration is higher
than 200nM.” Semizarov et al. also found similar results for siRNAs that the specificity of siRNAs
is concentration-dependent.”” When the concentrations of siRNA reached 100nM, siRNA nonspe-
cifically stimulated a significant number of apoptosis-related nontarget genes. This evidence sug-
gests that gene silencing experiments should be designed under the concentration threshold. Since
an siRNA recognizes its targets by sequence complementarity, potential off-target effects of siRNAs
could also be decreased by the proper selection of siRNA sequences within 100 nt from the 5" termini
of the target mRNA.”® Off-target effects of siRNA can also be minimized by using smart pools of
siRNAs, which means the mixture of siRNAs target different regions of mRNA of the same gene and
reduce the off-target effect induced by only one siRNA in the same total concentration, but that is
higher than the single one in the pool. Moreover, 2-MOE modification was also reported to reduce the
“off-target” effect,”® suggesting that proper chemical modifications can reduce the off-target effects.

The binding to plasma protein also affects the target specificity and gene silencing efficiencies
of ODNs and siRNAs. Even though PS modification increases the stability of ODNs and siRNAs, it
promotes their binding to plasma proteins. To minimize the binding to plasma proteins, while still
maintaining high stability, ODNs are often partially phosphorothioated. Since the main reason for
the degradation of ODNs and siRNAs is exonuclease attack, the entire sequence can be protected
by a few PS linkages at the terminals. The incorporation of several central PS residues in a potent
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AS-ODN, which is termed “gapmers,” can still activate RNase-H-dependent cleavage but retain
many of the valuable properties of the unmodified nucleic acid sequence.3°

Besides off-target effects, the systemic administration of siRNA duplexes may lead to an innate
immune-response,? inducing a high level of inflammatory cytokines, such as tumor necrosis factor-

alpha (TNF-q), interleukin-6 (IL-6), and interferons
(IFNs) and innate immunity, which can be mediated by
toll-like receptors (TLRs).#! The innate immunity of
siRNAs can also be triggered by non-TLR-mediated
pathways, such as siRNA binding to retinoic acid induc-
ible gene 1 (RIGI) in the cytoplasm. 2’-OMe modified
siRNAs have been shown to prevent recognition by the
innate immune system.®? Combined with the ability of
reducing off-target effects of siRNA, 2’-OMe modifica-
tion of ribose does reduce the toxicity of synthetic
siRNAs.

8.4.3 PHysioLOGICAL BARRIERS

To minimize binding to plasma proteins, while
still maintaining high stability, ODNs are often
partially phosphorothioated. Since the main rea-
son for the degradation of ODNs and siRNAs is
exonuclease attack, the entire sequence can be
protected by a few PS linkages at the terminals.
The incorporation of several central PS residues
in a potent AS-ODN, which is termed “gapmers,”
can still activate RNase-H-dependent cleavage
but retain many of the valuable properties of the
unmodified nucleic acid sequence.

Different physiological structures prevent the nucleotides from being delivered to the target success-
fully. The most important three physiological barriers are capillary endothelia, endosome/lysosome

membranes, and nuclear membranes (Figure 8.3).

8.4.3.1 Capillary Endothelium

The most important physiological barrier to ODN and siRNA delivery is the capillary endothelium,
which is a thin monolayer of cells that line the interior surface of blood vessels with or without
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special basement membranes. Although the endothelial cells are also the therapeutic targets in some
diseases, for example, high blood pressure, in most situations ODNs and siRNAs have to extravasate
the endothelium to reach tissue parenchymal cells.

The capillary endothelia in various organs and tissues have different extravasation properties
according to the morphology and continuity of the endothelial layer and the basement membrane.®?
The capillary endothelia, found in cardiac, smooth muscles, lung, skin, subcutaneous, and mucous
membranes, have little fenestrations because these endothelial cells are joined by tight junctions
and continuous subendothelial basement membranes.?* Therefore, the particles larger than 2.0nm
are very hard to be extravasated. In some organs, the endothelial cells with tight junctions make a
unique structure for self-protection and filter function, such as the blood—brain barrier (BBB). The
capillary endothelia, found in the kidney, small intestine, and salivary glands, are composed of
fenestrated endothelial cells and a continuous basement membrane.® Except the glomerular capil-
laries in the kidney, these types of capillaries allow the extravasation of particles less than 11 nm in
diameter. For the glomerular capillaries, the effective permeation is allowed for particles smaller
than 30nm. Moreover, due to the negative charges on the glomerular capillary walls, the extravasa-
tion is also affected by the molecular charge of ODNs and siRNAs or their formulated complexes.
The capillary endothelia, found in the liver, spleen, and bone marrow, have fenestrations up to
150nm.?* In addition, the basement membrane is absent in the liver and discontinuous in the spleen
and bone marrow. All of these properties allow the ODNs and siRNAs to pass through the sinusoi-
dal gaps of the liver to reach the hepatocytes.

Inflammation, tumor formation, and fibrosis lead to changes in endothelial barriers. Inflammation
facilitates the distribution of ODNs and siRNAs to the interstitial spaces, not only due to the increased
fenestration between endothelial cells,? but also due to the increased permeability of the endothe-
lial cells themselves.®” In the case of solid tumors, many newly formed tumor vessel endothelial
cells are poorly aligned with wide fenestrations, lacking a smooth muscle layer. Combined with
other factors, such as noneffective lymphatic drainage, solid tumor tissues have an enhanced perme-
ability and retention (EPR) effect, which will allow the efficient distribution of ODNs and siRNAs
to the tumor cells. In these tissues, low molecular weight drugs are cleared with short plasma half-
lives with little distribution to the tumor, whereas high molecular weight drugs or nanoparticles
accumulate in inflammatory and tumor tissues eventually.®® However, for liver fibrosis it is a dif-
ferent case. After fibrosis, sinusoidal gaps, which are up to 150nm in width under nonpathological
conditions, are almost closed leading to a decreased free exchange flow between hepatocytes and
sinusoidal blood. This change makes the delivery of ODNs and siRNAs formulated in large size
nanoparticles much more difficult. Cheng et al. showed that the accumulation of TFO in fibrotic rat
livers decreased from 44% to 34% of the total IV injection compared with a normal liver.%

8.4.3.2 Endosomal and Lysosomal Membranes

Other barriers are the endosomal and lysosomal membranes. Endocytosis appears to be the major
pathway for the cellular uptake of ODNs and siRNAs. After endocytosis, ODNs and siRNAs have
to escape from the endosome and lysosome before being degraded. There are several strategies for
ODNs and siRNAs to escape into the cytoplasm, including the destabilization of the endosomal
compartment,” an exchange of cationic lipids with anionic phospholipids in the cytoplasm-facing
membrane monolayer,”? and endosomolysis by osmotic swelling.® For cationic liposome formulated
ODNs and siRNAs, the choice of proper co-lipids, which can disrupt the endosomal or lysosomal
membrane, help them to escape more efficiently.

8.4.3.3 Nuclear Membrane

Unlike AS-ODNs and siRNAs, TFOs must enter the nucleus to form a triple helix with genomic
DNA to inhibit transcription. Although particles smaller than 30kD can pass through the nuclear
pore complex by passive diffusion, the intra-nuclear concentration of TFOs must be high enough to
compete with the transcriptional factors at the same genome gene site. Fortunately, many sorting
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signals, such as nuclear localization signal (NLS) peptides, have been discovered® that can facili-
tate the nuclear translocation of proteins and RNAs.

8.5 SYNTHETIC CARRIERS FOR NUCLEIC ACID DELIVERY

ODNs and siRNAs are polyanoins that are fairly unstable in vivo and widely distributed to most
peripheral tissues after systemic administration. Therefore, synthetic carriers, such as lipids and
polymers are commonly used for enhancing their stability and controlling their biodistribution after
systemic or local administration.

8.5.1 CompLEX FORMATION

8.5.1.1 Cationic Lipids

Cationic lipids are by far the most commonly used transfection agents for ODNs and siRNAs.
Cationic liposomes can be used to either encapsulate these nucleic acids or form lipid/nucleic acid
lipoplexes. Cationic liposomes have been used for nucleic acid delivery for more than 20 years. In
1987, the efficiency of the cationic lipid N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethyl ammonium
chloride (DOTMA) to deliver both DNA and RNA into mouse, rat, and human cell lines was first
investigated.” However, many of the cationic lipids used in early clinical trials, such as 3f-[N-(N’,N’-
dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol), 1,2-dimyristyloxypropyl-3-dimethyl-
hydroxy ethyl ammonium bromide (DMRIE), and GL-67, did not show high efficiency in vivo.
Therefore, more and more cationic lipids were synthesized and tested for nucleic acid delivery.

Recently, for in vivo siRNA studies, Morrissey and colleagues reported the inhibition of hepati-
tis B virus (HBV) replication in mice after the systemic administration of stable nucleic acid/lipid
particles (SNALPs) that targeted HBV mRNA (HBV263M).* A dose-dependent reduction in serum
HBYV DNA levels was observed 7 days after three daily intravenous injections of anti-HBV siRNA
SNALP at a dose of 3 mg/kg/day. Furthermore, a similar reduction in HBV replication had been
maintained for more than 6 weeks. Zimmerman and colleagues also encapsulated ApoB-specific
siRNAs in SNALP and injected it intravenously into cynomolgus monkeys at doses of 1 or 2.5 mg/
kg6 A single siRNA injection resulted in the dose-dependent silencing of ApoB mRNA expression
in the liver 48 h after administration, with gene silencing of more than 90%. The silencing effect
persisted for 11 days at the highest administered dose of 2.5 mg/kg.

In our laboratory, Zhu et al. synthesized a series of pyridinium lipids with a heterocyclic positively
charged ring linked to different types of fatty acids via ester or amide spacers.’” These lipids showed
enhanced in vitro transfection efficiency for both plasmid and siRNAs. The transfection efficiency
of these pyridinium lipids was dependent on the hydrophobic chain lengths used. A length beyond
16 C decreased the transfection efficiency. An increase in the aliphatic chain length of amphipathic
compounds is known to increase both the phase transition temperature and bilayer stiffness of the
resulting vesicles, and having a stiff bi-layer is unsuitable for membrane fusion.’®

The transfection efficiency of cationic liposomes can also be improved by conjugation to targeting
ligands. When vitamin-A-coupled liposomes were used for the delivery of anti-gp46 siRNA dimeth-
ylnitrosamine (DMN) induced in liver fibrotic rats,” there was prolonged survival of liver fibrotic
rats in a dose-dependent manner. Rats were almost cured of liver fibrosis after administration.

Lipidoids are another class of lipid-like material for the delivery of siRNAs to the liver after
systemic administration.'”’ The basic synthesis idea is to

conjugate alkyl-acrylates or alkyl-acrylamides to primary

or secondary amines. Among the huge library of lipi-
doids, 98N,,-5 (5-tail) was found to be optimal for in vivo
delivery of siRNA compared with other similar com-
pounds (Figure 8.4). Almost 80% of the injected dose
was distributed to the liver and could induce persistent

Among various dendritic polymers, polyami-
doamine (PAMAM) dendrimers have recently
attracted interest for nucleic acid delivery
because of their well-defined surface functional-
ity, low polydispersity, good water solubility, and
nontoxicity.
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are blank control, the 6-tail compound (98N,-6), one isomer of the 5-tail compound, mixture of the two 5-tail
isomers, another isomer of the 5-tail compound and the 4-tail compound. Factor VII-targeting siRNA was
formulated using these compounds and administered to C57BL6 mice at 2.5 mg/kg via single IV bolus injec-
tion. Twenty-four hours after administration, serum Factor VII protein levels were quantified.

gene silencing without loss of activity following repeated administration. The lipidoids showed high
safety and efficiency in all the three animal models: mice, rats and nonhuman primates.

8.5.1.2 Cationic Polymers

Various cationic polymers including polyethyleneimine (PEI),'°! poly(L-lysine) (PLL),'”>? PAMAM
dendrimer,'® polyallylamine,'** and methacrylate/methacrylamide polymers'®> have been synthe-
sized for nucleic acid delivery and targeting. Polymeric carriers hold promise due to their versatile
chemistries, targetability, and low toxicity, but they usually have poor transfection efficiency.

Among various cationic polymers, PEI remains very popular, which has either a branched or
linear form. PEI is available in a broad molecular weight ranging from <1 kDa to 1.6 x 103 kDa, but
PEI of 5-25kDa are widely used for gene transfer since high molecular weight PEI is cytotoxic to
the cells.'%6197 Low molecular weight PEI, by contrast, has shown low toxicity in cell culture stud-
ies.!08199 Forrest et al. has combined the low toxicity properties of low molecular weight PEI with the
high transfection efficiency of high molecular weight PEI by coupling low molecular weight PEIs
(800Da) together to form conjugates of 14-30kDa using short diacrylate cross-linkers."!® These
degradable polymers have similar DNA-binding properties to commercially available 25 kDa PEI,
but exhibit 2- to 16-fold higher transfection efficiency and are essentially nontoxic. Other strategies
to reduce the toxicity and improve the stability are synthesizing PEI with graft copolymers such as
linear poly(ethylene glycol) (PEG)"!12 or glycosylated.!'* Petersen et al. have synthesized two series
of polyethylenimine-graft-poly(ethylene glycol) (PEI-g-PEG) block copolymers!!? by grafting PEI
(25kDa) to PEG (5kDa) or a series of PEG of 550 Da—20kDa. The size and morphology of resulting
polyplexes were drastically changed. PEG (S kDa) significantly reduced the diameter of complexes
from 142+59 to 61 £28 nm. Copolymers with PEG (20kDa) yielded small, compact complexes
with DNA while copolymers with PEG (550 Da) resulted in large and diffuse structures. The zeta-
potential of complexes was reduced with an increasing degree of PEG grafting if molecular weight
was more than 5kDa. The cytotoxicity was independent of PEG molecular weight but was affected
by the degree of PEG substitution. The copolymers with more than six PEG blocks formed DNA
complexes of low toxicity.

Dendrimers consist of a central core molecule as roots, from which some treelike branches origi-
nate in an ordered way. This unique architecture gives dendrimers various distinctive properties.
The intrinsic viscosity of the dendrimer solution does not increase linearly with mass,"'* which
makes the application of the formulation by polymer dendrimers much easier. Furthermore, the
treelike structure can maximize the exposed surface area, which facilitates the interaction between



Delivery and Targeting of Oligonucleotides and siRNA 159

dendrimers and nucleic acids. The multiple surface groups of dendrimer allow conjugation of
various targeting ligands and other moieties to confer site-specificity and reduced toxicity.

Among various dendritic polymers, PAMAM dendrimers have recently attracted interest for
nucleic acid delivery because of their well defined surface functionality, low polydispersity, good
water solubility, and nontoxicity. Bielinska et al. transfected ODN/PAMAM complexes into D5
mouse melanoma and Rat2 embryonal fibroblast cell lines in vitro."'> The ODN/dendrimer com-
plexes showed a good silencing effect with very little cytotoxicity compared with lipofectamine and
DEAE dextran complexes. PAMAM dendrimers also showed strong binding affinity for siRNA
molecules.® These nondegraded dendrimers condensed siRNAs into nanoscale particles and pro-
tected them from enzymatic degradation, leading to gene silencing.

8.5.2 BIOCONJUGATION

Most cationic lipids and polymers used as transfection agents are toxic, which limits their clinical
applications. To avoid the use of polycations, Rajur et al. conjugated ODNSs to asialoglycoprotein
(ASGP) using sulfosuccinimidyl 6-[3’-(pyridyldithio) propionamido] hexanoate (sulfo-LC-SPDP0).!"”
Direct conjugation of molecules to the ODNs often tends to disturb the bio-ability of the ODNS,
which is essential for errant protein knocking down. Therefore, ODNs were covalently conjugated
to carbohydrate clusters for specific delivery to the hepatocytes''® and other cells.

Various carriers are also utilized for the conjugation of siRNAs, including cholesterol, VE, and
PEG. The site for conjugation is crucial for siRNAs. The integrity of the 5’-terminus of the antisense
strand of siRNA, which is complementary to the target mRNA and incorporated into RISC to initi-
ate the mRNA cleavage, is crucial for the initiation of RNAi.!"® Therefore, the 5-terminus cannot
be used for conjugation. Either the 3’- or 5’-terminus of the sense strand is generally used for con-
jugation. Moreover, the linkages between carriers and siRNAs should be acid- or enzyme-sensitive
to allow a complex formation between RISC and siRNA in the cytoplasm. Since matrix metallo-
proteinase 1 (MMP1) is upregulated in liver fibrosis, a special six amino acid peptide, substrate for
MMPI, is used as an enzyme-sensitive linker.

Then, how do we decrease the toxicity and increase the target efficiency of therapeutic ODNs?
The most important strategy is the addition of targeting ligands. Many diseases change the physiol-
ogy of cells, such as special-receptor upregulation. For example, liver fibrosis leads to the activation
of hepatic stellate cells (HSCs), which affects the liver architecture and eventually liver function.
Since Mannose-6-phosphate (M6P) receptors of HSCs get upregulated upon HSC activation,
Mabhato’s laboratory synthesized M6P-bovine serum albumin (M6P-BSA) and conjugated the TFOs
via a disulfide bond for enhanced TFO delivery to the HSCs.'?° They also checked the influence of
the M6P number per conjugate molecule on the biodistribution and hepatic uptake of M6P-BSA-
TFO."?! The molar ratio of M6P: BSA to 21 and 27 resulted in an increased liver accumulation to
52.6% and 67.4%, respectively, whereas free TFO showed a liver accumulation of about 45%.

Since the treatment of liver fibrosis may require repeated injections of TFO at high doses, high
molecular weight globular BSA (MW=67,000) may not be a suitable carrier for TFO delivery to
the HSCs due to the possible immune reaction. N-(2-Hydroxypropyl) methacrylamide (HPMA)
copolymer has shown great potential for the delivery of small molecular drugs.'??> Therefore, Yang
et al. synthesized M6P-GFLG-HPMA-GFLG-ONP and conjugated it to TFO via a GFLG linker,
which is a lysosomally degradable tetrapeptide linker and is known to be cleaved by lysosomal
enzymes, allowing TFO release of the cytoplasm after cellular uptake. The HPMA copolymer
(MW=40,000Da) conjugate of TFOs increased the liver accumulation of the TFO to 80% of the
total injected dose, which is quite high compared with free TFO (45%) (Figure 8.5).123

PEGylation is known to significantly enhance the ODN stability against exonuclease and reduce
renal clearance compared with unmodified ODNs.!?# The conjugation of PEG to ODNs can decrease
the RES clearance of administered nucleotides and prolong their circulating time in blood.'?>126 Zhu
et al. conjugated Gal-PEG to ODNs via an acid-labile linker. The conjugation of PEG prolonged
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FIGURE 8.5 Delivery efficiency of M6P-GFLG-HPMA-GFLG-?P-TFO. (A) Structure of M6P-GFLG-
HPMA-GFLG-*?P-TFO. (B) Enzymatic dissociation of *P-TFO from M6P-GFLG-HPMA-GFLG-"?P-TFO by
papain. (C) Intrahepatic distribution of M6P-GFLG-HPMA-GFLG-?P-TFO in fibrotic rats. Cells were isolated
at 30 min postinjection of M6P-GFLG-HPM A-GFLG-*P-TFO, HPMA-GFLG-?P-TFO or *P-TFO at dose of
0.2mg TFO/kg of body weight. The associated radioactivity was measured. The contribution of each liver cell
type was exposed as the percentage of total liver uptake. Results are expressed as the mean + SD (n=3).

the circulation time, but also decreased the binding of ODNs, which were G-rich PS ODNS, to the
serum protein. With the assistance of galactose as the ligands, Gal-PEG-ODNs were delivered
to the hepatocytes (Figure 8.6). After endocytosis, the low pH level in the endosome made the
B-thiopropionate linkage cleaved and ODNs were released from the conjugates gradually. After
conjugation with PEG, the elimination half-life of the ODNs increased from 34 to 118 min.3%125

In 2004, cholesterol was covalently linked to the 3’-terminus of the sense strand of siRNAs,
which contained selective stabilizing modification and were designed to target the apolipoprotein
B (apoB) mRNA.!?’ In this case, Soutschek and his colleagues used a pyrrolidone linkage that is
not bio-cleavable. The cholesterol-siRNA conjugate (Chol-siRNA) showed not only significantly
higher cellular uptake but also enhanced gene silencing compared with the un-conjugated siRNA.
Following intravenous injection into mice, the Chol-siRNA conjugates are taken up by several tis-
sues including the liver, jejunum, heart, kidneys, lungs, and fat tissue. Significant silencing of the
apoB gene was observed at mRNA and protein levels in the liver and the jejunum. Furthermore,
this reduction resulted in a decreased plasma apoB protein level and a consequent decreased level



Delivery and Targeting of Oligonucleotides and siRNA 161

o_ 0O 0 % .
HO I )L 3 5
HO “OH NH—C—PEG—0" 'C—CH;SVWGGGAAGGAAAGGGAGGAGGGGGGAG
2

(A) OH

1007 |[O3%p-ODN

goJ |M Gal-PEG-**P-ODN
g
5]
o 60 4
=
g
A 40 4
=
S
E R

O T
(B) Hepatocytes Non-parenchymal cells

FIGURE 8.6 Delivery efficiency of Gal-PEG-**P-ODN. (A) Structure of Gal-PEG-**P-ODN. (B) Intrahepatic
distribution of ¥*P-ODN and Gal-PEG-**P-ODNs after systemic administration in rats. Liver cells were iso-
lated at 30 min postinjection of **P-ODN or Gal-PEG-**P-ODN by liver perfusion. The associated radioactivity
was measured. Results are expressed as the mean + SD (n=4).

of blood cholesterol. However, the siRNA dose (50 mg/kg) in animal experiments is too high for
clinical applications. The cholesterol conjugate was also applied to deliver ODNs.'?® Cheng et al.
conjugated cholesterol to ODNs by a disulfide bond and showed high cellular uptake, because the
cholesterol conjugation increased hydrophobicity and cellular association.

In addition to the Chol-siRNA conjugate, a series of siRNAs have been conjugated with lipid-like
carriers, including o-tocopherol (vitamin E), steroids, and lipids.”®12*130 Lipoproteins may facilitate
the cellular uptake of these conjugates. A critical factor determining the affinity of fatty acid—
conjugated siRNAs to lipoprotein particles is the length of the alkyl chain, a major determinant
of lipophilicity.”® So far, only lipophilic siRNAs showed lipid-metabolism-related-gene silencing,
Apo B. Therefore, this raises the question: Does the lipid-like-molecule-siRNA conjugate only
silence lipid-metabolism-related genes? More research is needed to clarify this question.

8.6 PHARMACOKINETICS AND BIODISTRIBUTION

ODNs are accumulated in most peripheral tissues after systemic administration, particularly the
kidney and liver, but with little distribution to the central nervous system. The biphasic plasma half-
lives of ODNSs are several minutes, while PS ODNs showed distribution half-lives ranging from
many minutes to hours.3!"13* The major route of ODN elimination is the kidneys, even though PS
ODN:s efficiently bind to plasma proteins. These highly protein bound ODNs usually have a longer
circulation time than would be expected of a simple phosphodiester ODN.

Pharmacokinetic profiles of various chemically modified ODNs, especially for the 2’-MEO
AS-ODN:s, have been determined and found to be similar to those of PS ODNs.133135 The in vivo fate
of 2-MEO modified ODNs were also studied and compared in rodents, monkeys, and humans.'3¢
In this study, the plasma pharmacokinetics of 2-MOE partially modified AS-ODNs was similar in
mice, rats, dogs, monkeys, and humans. After intravenous administration, the plasma concentration—
time profiles were polyphasic as characterized by a rapid distribution phase (half-lives in hours) and
were followed by a slower elimination phase with half-lives, but longer in the study of humans, from
5 to 31 days. The plasma clearance of monkeys and humans was similar, about one tenth of the
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mice. An allometric comparison of the clearance estimated at similar doses across all species was
done. From mouse to man, a linear relationship based on body weight alone was shown.

The pharmacokinetic profile of LNA ODNs in rodents is similar to that of PS ODNs, except that
there was high urinary excretion of intact LNA ODNs compared with PS ODNs.!*7 This is possibly
due to the extensive binding of PS ODNs to serum proteins leading to poor renal clearance, while
LNA ODNs do not bind to serum proteins and thus are easily filtered out of the kidney.'*® Even
though this property of LNA ODNs reduces nonspecific interaction, it also makes the clearance
of LNA ODNS faster. Furthermore, chimeric DNA/LNA ODNs are more stable than isosequential
PS ODNs, which have half-lives of more than 10h. Peptide nucleic acids (PNAs) did not show any
increase in the distribution half-life.'®

Native siRNAs had an elimination half-life of 6min only,'”” shorter than that of ODNs. The
shorter half-life may be partly due to the higher instability of siRNAs compared with ODNs. The
biodistribution of radiolabeled siRNAs in mice showed an accumulation primarily in the liver and
kidneys, which is similar to that of ODNs.'*? They were also detected in the heart, spleen, and lung.
Actually, the high renal uptake facilitates the target delivery of siRNA to this tissue.'*!

The conjugation of cholesterol,'?’ tocopherol,!*° or other lipid moieties'*? enhances the binding of
ODN:s to serum lipoproteins and/or albumin. This results in enhanced circulation time and, more
importantly, hepatic uptake via the low-density lipoprotein receptor. Other conjugation with macro
molecular materials also changed the pharmacokinetic profiles of ODNs and siRNAs.

Bioimaging allows a real time analysis of the ODN and the siRNA."** Micro SPECT or other
radioimaging techniques can provide detailed information on the distribution of ODNs and siRNAs.
However, there are several underlying issues. One is how to separate the label from the molecule
being studied, which is a common problem for almost all radiolabeling methods. More importantly,
there may be a discrepancy between the physical biodistribution and the functional biodistribution
of ODNSs and siRNAs. For example, in a study, LNA ODNs were designed to cause an alteration in
mRNA splicing. The major effects were observed in the liver, colon, and small intestine; however,
the major site of accumulation of the LNA was the kidney.'** Therefore, one should be careful in
predicting pharmacological effects when using radiolabeling data although it represents the phar-
macokinetics and biodistribution of gene drugs.

8.7 CLINICAL TRIALS

Several companies initiated clinical trials of ODNs in the early 1990s. The most intensively studied
ODN:s are PS ODNs, which are well absorbed and distributed widely to most peripheral tissues, but
poorly distributed to the brain.'* Other modified ODNs also proceeded to clinical trials. Table 8.1
shows a universal applicability of antisense strategies to treat a broad range of diseases including
viral infections, cancer, and inflammatory diseases. In 1998, the first antisense drug, Vitravene
(Fomivirsen), was approved by the FDA for treating cytomegalovirus (CMV)-induced retinitis in
patients with AIDS.? However, it is the only ODN drug approved by the FDA so far, even though
several PS ODNSs have been in Phase III trials, such as Affinitac (ISIS 3521) and Alicaforsen (ISIS
2302). However, Alicaforsen failed to show significant efficacy in a Phase III study for treating
Crohn’s disease'*® and is now being investigated in a restructured Phase III trial. Many other ODNs
have reached the stage of clinical trials. ISIS 104838 against TNF-a is being tested for treating
inflammatory diseases such as rheumatoid arthritis and psoriasis.!*?

A retrovirally expressed ribozyme that targets the HIV tat and rev exons entered clinical test-
ing in late 1996 and is currently in Phase II testing for patients with AIDS-related lymphoma.
Ribozyme Pharmaceuticals (Boulder, Colorado) performs clinical trials on Angiozyme (Table 8.1).
Angiozyme is a stabilized hammerhead ribozyme that is targeted against the vascular endothelial
growth factor (VEGF) receptor. It is designed to reduce tumor growth by inhibiting angiogenesis.
Heptazyme, a ribozyme targeting the 5-UTR of the hepatitis C virus (HCV) RNA genome, has
recently completed a Phase I/II clinical trial in patients with chronic hepatitis C.
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TABLE 8.1

Current Clinical Trials for ODNs and siRNA

Products Nucleic Acids Disease Status
Genasense AS-ODN Cancer Phase II, 111
AP 12009 AS-ODN Astrocytoma, glioblastoma Phase IIb, IIT
AEG35156 AS-ODN Cancer Phase I/I1
0GX-427 AS-ODN Bladder neoplasm Phase I
SPC2996 AS-ODN Chronic lymphocytic leukemia Phase I/11
G4460 AS-ODN Chronic myelogenous leukemia Phase II
Alicaforsen (ISIS 2302) AS-ODN Crohn’s disease Phase III
Angiozyme Ribozyme Metastatic colorectal cancer Phase 11
Herzyme Ribozyme Cancer Phase I
Angiozyme Aptamer Cancer Phase II
Herzyme Aptamer Cancer Phase I
AGN211745 siRNA AMD Phase II
DOTAP:Chol-fus1 siRNA Non-small-cell lung cancer Phase I
ISNP siRNA AKI Phase I
Cand5 siRNA Diabetic macular edema Phase II
AVI-4658 (PMO) Other Becker’s muscular dystrophy Phase I/I1

Acuity Pharmaceuticals performed the first clinical trial for siRNA therapy for AMD in 2004.

After the successful Phase II trials reported that all doses were well tolerated without adverse sys-
temic effects, testing was moved into Phase III trials. The siRNA treatment for AMD was also
performed by Allergan in a Phase II trial. The trials related to various diseases, such as solid tumor
cancer and acute kidney injury (AKI), are in good progress. The active trials so far are listed in
Table 8.1. However, another interesting report is about a Phase II clinical trial by OPKO Health on
the treatment of diabetic macular edema, which is the swelling of the retina in diabetes mellitus due
to the leakage of fluid from blood vessels within the

macula. It was shown that anti-VEGF siRNA efficacy in

the eye is not due to specific gene silencing but because
of the nonspecific stimulation of the TLR3 pathway,'¥’
which can reduce angiogenesis, but the therapeutic
effects observed in other applications of siRNA are still

Acuity Pharmaceuticals performed the first clini-
cal trial for siRNA therapy for the treatment of
AMD in 2004. After the successful Phase Il trials
reported that all doses were well tolerated with-
out adverse systemic effects, testing was moved

into Phase Ill trials.

encouraging.

8.8 CONCLUDING REMARKS

Despite many hurdles, ODN and siRNA-based strategies for inhibiting aberrant protein expression
offers great hope for treating many severe and debilitating diseases. Although significant improve-
ments have been made by chemical modifications of ODNs and siRNAs to decrease the degradation
of ODNSs and siRNAs, some modifications also lead to many unwanted effects, including nonspe-
cific protein binding to toxicity to nontarget cells. Therefore, a delicate act is needed for optimal
therapeutic effects, with little toxicity. This can be achieved with a proper charge ratio, limited
chemical modification, and conjugation to some targeting moieties.

The incorporation of tissue-specific ligands into the therapeutic particles makes target-specific
delivery possible. The chemical modification of ODNs and siRNAs themselves enhances their
biostability and reduces the off-target effects in some cases. Other methods are also applied
to prevent the nucleic acids from being cleared by the immune system before they take proper
effect.
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9.1 INTRODUCTION

In the past 20 years, more than 400 clinical studies in gene therapy have been initiated.! Gene
therapy can be used to introduce exogenous genetic material (such as DNA, small interfering RNA
[siRNA], and oligonucleotides) into cells or tissues to cure a disease or to improve associated symp-
toms. Gene therapy starts with the choice of a therapeutic gene, but most critical is the success in
gene transfer to the target tissues. The delivery of naked nucleic acids (NAs) is not effective as they
are degraded very quickly by nucleases and do not passively diffuse across plasma membranes due
to their large hydrodynamic size and negative charge.
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172 Targeted Delivery of Small and Macromolecular Drugs

Historically, three approaches have primarily been used for gene delivery. The first approach
consists of the use of free NAs. The direct injection of free DNA to the tumor site produces high
levels of gene expression. The simplicity of this approach led to its use in a number of experimental
protocols.?3 This strategy appears to be limited to tissues that are easily accessible by direct injec-
tion, such as the skin and muscles,* but is not suitable for systemic delivery due to the presence of
serum nucleases. The second approach involves using genetically altered viruses. Viral vectors
are biological systems derived from naturally evolved viruses capable of transferring their genetic
materials into the host cells. Many viruses including the retrovirus, adenovirus, herpes simplex
virus (HSV), and adeno-associated virus (AAV) have been modified to eliminate their toxicity and
maintain their high capacity for gene transfer.>-® Viral vectors effectively transduce cells, leading
to high levels of gene expression (Table 9.1). However, the limitations associated with viral vectors,
in terms of safety, immunogenicity, low transgene size, and high cost, have encouraged research-
ers to focus on alternative systems. The third approach is to use synthetic carriers, such as cationic
liposomes,® polymers,!®!! and peptides. The advantages associated with these gene carriers include
their reproducible and relatively cost-effective large-scale manufacture, low immunogenic response,
feasibility of selective modifications, and the capacity to carry large inserts (up to 52kb).!>13

While the transfection efficiency of nonviral vectors is still lower than that of their viral coun-
terparts, a number of adjustments (e.g., ligand attachment) can improve these carriers—which are,
thus far, believed to be the most promising of gene delivery systems. Nonetheless, this class of
vectors has to be modified to make systemic delivery possible. To date, their systemic administra-
tion has resulted in toxic responses attributed to the positive charge, which is unacceptable for the
proposed clinical applications. Currently, the main objective in gene therapy via a systemic pathway
is the development of a stable and nontoxic nonviral vector that can encapsulate and deliver foreign
genetic materials into specific cell types, such as cancerous cells, with the transfection efficiency of
viral vectors. In the case of cationic liposomes, both membrane fusion and endocytosis have been
proposed as mechanisms for the DNA or oligonucleotide uptake into the cells."* The pathway fol-
lowed by the cationic carriers, from the exterior of the cell to the nucleus, is not yet fully understood,

TABLE 9.1
The Major Viral Vectors Used by Scientists in Gene Therapy

Insert Transduction
Vector Size (kb) Integrate Titer Efficiency Major Advantage(s) Major Obstacle(s)
MMLV <8 Yes 100 High Stable transfection Infects only rapidly
of dividing cells dividing cells
Adeno <75 No 102 High Transfects nearly all Transient expression
cell types dividing or triggers immune
nondividing response, common
human virus
AAV <4 Yes (?) 100 High Stable transfection Small insert size,
integration poorly
understood
HSV <20 No 10t Low Large insert size; Transient expression,
Neuron specificity potential to generate
infectious HSV in
humans
Vaccinia <25 No N/A High Infects a variety of Limited to non-small

cells effectively

pox vaccinated or
immunocompromised
individuals
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FIGURE 9.1 The pathway and mechanisms of gene delivery in tumor tissues.
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but the fusion of the vesicles with the plasma membrane is perceived as a better route, since it
avoids the endolysosomal compartment (with its acidic environment resulting in DNA/RNA degra-
dation). However, studies of electron and fluorescence microscopy have shown that lipoplexes can
be detected in intracellular vesicles beneath the cell membrane, suggesting that they enter the cells
by endocytosis and will thus be directed toward the endolysosomal compartment. There are a mul-
titude of endocytic pathways that can be processed by the carrier systems: clathrin-mediated endo-
cytosis via coated pits (adsorptive or receptor mediated), lipid-raft-mediated endocytosis (caveolae
mediated or not), phagocytosis, and macropinocytosis (Figure 9.1).

Liposomes are micro- or nano-particulate vesicles formed by the self-assembly of natural (e.g.,
phospholipids, cholesterol, etc.) or synthetic cationic amphiphiles in an aqueous environment.
Liposomes are one of the most widely used nonviral vectors in human gene therapy studies.!>-!8
The ability of cationic liposomes to mediate transfection was attributed to the intrinsic properties
of these systems. For example, spontaneous electrostatic interaction between the positively charged
vesicles and the negatively charged pDNA (and oligonucleotides) ensures the efficient condensation
of the NAs. By modifying the lipid composition, the liposomes/NA complex can be designed to
exhibit an appropriate charge that enhances cellular uptake.

9.2 LIPOSOME-BASED SYSTEMS AS NONVIRAL VECTORS

Liposomes are formed by lipid bilayer(s) surrounding aqueous compartment(s). First described by
Bangham!® on the basis of size, liposomes could be small unilamellar vesicles (SUV; i.e., having
a single lipid bilayer 20—100nm in diameter), large unilamellar vesicles (LUV; 50—400nm), and
multilamellar vesicles (MLV; 400-5000nm). Frequently prepared using nontoxic phospholipids
and cholesterol, they are biodegradable, biocompatible, and nonimmunogenic.?’ Considering the
nature of the drug and the liposomal composition, both hydrophilic and hydrophobic compounds
can interact with liposomes in different ways—they can be incorporated into the bilayer membrane,
adsorbed on the surface, anchored at the polar head group region, or entrapped in the aqueous
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core.?! In gene therapy applications, negatively charged DNA neutralizes cationic liposomes result-
ing in aggregation and continuous fusion with time, while DNA gets entrapped during this process.’
Liposomes have proven to be useful tools for the delivery of genetic materials into cells.?>?3

9.2.1 CaTmioNIC LIPOSOMES

Cationic lipids are positively charged amphiphilic molecules made of a cationic polar head group
(usually amino groups), a hydrophobic domain (comprising alkyl chains or cholesterol), and a linker
connecting the polar head group with the nonpolar tail (Figure 9.2). Lipoplexes (Figure 9.3), also
known as cationic liposomes, are capable of delivering DNA or RNA, including both plasmids
encoding shRNA and siRNA duplexes, through the cellular membrane, and achieving high RNA
inference (RNA1).2426 They have recently emerged as leading nonviral vectors in worldwide gene
therapy clinical trials (Table 9.2). In particular, Lipofectamine® 2000 is frequently used for the deliv-
ery of siRNA.?”28 The morphology and size of lipoplexes may vary due the lipidic composition of
vesicles, the manner in which the complexes are formed, the lipid: NA ratio, the size of the NA con-
struct, batch-to-batch variation in reagents, and the technique used to treat and visualize these com-
plexes.?30 Hydrophobic interactions are also believed to aid complex formation between lipids and
NAs.3! Hence, depending on the positive (cationic lipid) to negative (phosphate group on NA) charge
ratio,* lipoplexes may enter cells through electrostatic interaction with such charged residues at the
cell surface as sialic acid moieties, or by hydrophobic interaction with the hydrophobic regions of the
plasma membrane. In addition, both mechanisms may be at play with every lipofection.

Despite the successes using lipoplexes, these agents allow for little control over the process of
their interaction with NAs. NA/liposome complexes of excessive size, low stability, and/or with
incomplete encapsulation of NA molecules may expose
NAs to potential enzymatic or physical degradation

NA/liposome complexes of excessive size, low
stability, and/or with incomplete encapsulation
of NA molecules may expose NAs to potential
enzymatic or physical degradation prior to deliv-
ery to the cells. The complexes are usually unsta-
ble in serum. In addition, such complexes do not
efficiently transfect many cell types, and are toxic
to cells and experimental animals.

prior to delivery to the cells. The complexes are usually
unstable in serum. Therefore, optimal transfection is
usually performed in vitro using serum-free conditions,
which has obvious shortcomings for potential in vivo
applications. In addition, such complexes do not work
efficiently with many cell types, and are toxic to cells
and experimental animals.?

9.2.2 PoLYCATION LIPOSOMES

Sugiyama3* developed the polycation liposomes (PCLs) as a synthetic carrier that possesses the
advantages of both cationic liposomes and polycations for gene delivery.>>3¢ PCLs are prepared
by the modification of the liposomal surface with cetylated polyethylenimine (PEI) of an average
molecular weight 600-1800 (Figure 9.4). PCL showed various advantageous properties such as high
efficiency of gene transfer, low cytotoxicity, applicability for in vivo use, and enhanced efficacy of
gene transfer in the presence of serum. The mechanism of the PCL-mediated gene transfer is a
fusion with an endosomal membrane or destabilization of the membrane by PCLs, leading to the
cytosolic delivery of DNA. Due to the incorporation of polycations (such as PEI) in PCL, unlike
cationic liposomes, the DNA is released into the cytoplasm from endosomes, due to the proton-
sponge effect of PEI that induces the massive proton accumulation and passive chloride influx into
the newly formed endosomes. Rapid osmotic swelling resulting in endosomal rupture allows for the
translocation of DNA into the nucleus without any degradation. The DNA may be further delivered
to the nucleus by the polycation.37-3

In addition, liposome (LP)-mediated gene transfer can be augmented by the addition of natural
polycations such as protamine sulfate (PS), poly-L-lysine (PLL), and spermine.3** These polyca-
tions form complexes with DNA and condense DNA from an extended conformation to a highly
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FIGURE 9.2 Structures of several cationic lipids. CCS, N-palmitoyl-p-erythro-sphingosyl
carbamoyl-spermine; DC-Chol, 3B-[N-(N’,N’-dimethylaminoethane)-carbamoyl] cholesterol hydrochloride;
diCl4-amidine, N-z-butyl-N’-tetradecyl-3-tetradecylamin-opropionamidine; DOEPC, 1,2-dipalmitoyl-sn-
glycero-3-ethylphosphocholine, respectively; DMKD, O,0’-dimyristyl-N-lysyl glutamate; DMKE, 0,0’-
dimyristyl-N-lysyl aspartate; DOTAP, 1,2-dioleoyl-3-trimethylammoniumpr opane, respectively; DODAB
(DDAB), dioctadecyldimethylammonium bromide; DODAP, 1,2-dioleoyl-3-dimethylammoniumpropane;
DOGS, dioctadecylamidoglycylspermine; DOSPA, 1,3-dioleoyloxy-N-[2-(sperminecarboxamido)ethyl]-N,N-
dimethyl-1-propanaminium trifluoroacetate; DOSPER, 1,3-dioleoyloxy-2-(6-carboxyspermyl)-propylamide;
DOTIM, octadecenolyoxy [ethyl-2-heptadecenyl-3 hydroxyethyl] imidazolinium chloride; DOTMA, N-[1-
(2,3-dioleyloxy)propyl]-N,N,N-trimethyl-ammonium chloride.
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compact structure of 30-100nm in size. Although these polycations by themselves mediate DNA
delivery, they exhibit a synergistic effect when combined with cationic LPs. Polycations condense
DNA into ternary complexes such as LP/polycation/DNA complexes. These particles showed an
enhanced gene expression over that seen with LP/DNA binary complexes. This enhancement could
be due to a highly compacted complex, which may assist cellular uptake and/or for the protection of
DNA against enzymatic digestion. Also, PS has a peptide functional moiety that can act as a nuclear
localization signal (NLS). The NLS can help DNA translocation to the nucleus. In case of spermine,
once these particles enter the nucleus, it may dissociate more readily and help DNA to bind with tran-
scription machinery.*' NLS is an amino acid sequence that acts like a “tag” on the exposed surface
of a protein. This sequence is used to target the protein to the cell nucleus through the nuclear pore
complex and to direct a newly synthesized protein into the nucleus via its recognition by cytosolic
nuclear transport receptors. Typically, this signal consists of one or more short sequences of posi-
tively charged lysines or arginines. Different nuclear localized proteins may share the same NLS.
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TABLE 9.2
Some of the Cationic Lipids Used for Gene Delivery
Commercial Name Lipid Molar Ratio Available from
1 DMRIE-C DMRIEZ:Cholesterol 1:1 GibcoBRL
2 Lipofectin DOTMA:DOPE 1:0.9 GibcoBRL
3 Lipofectamine DOSPA:DOPE 1:0.65 GibcoBRL
4 DC-Chol DC-Chol:DOPE 1:0.67 Sigma
5 LipofectASE DDAB:DOPE 1:2.1 GibcoBRL
6 TransfectASE DDAB:DOPE 1:3 GibcoBRL
7 Transfectam DOGS — Promega
8 DOTAP DOTAP — Avanti
9 Tfx-50 Tfx-50:DOPE 1:1 Primega
10 Cellfectin TM-TPS:DOPE 1:1.5 GibcoBRL
11 GL67 Lipid67:DOPE 1:2 Genzyme
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FIGURE 9.4 The structure of “PCL.”

9.2.3 WRAPPED LIPOSOMES

The practical application of liposomes comprised of neutral lipids is limited because the NA encap-
sulation efficiency is low.#>** The encapsulation efficiency is significantly higher in cationic lipo-
somes. Furthermore, the presence of cationic lipid facilitates uptake by cells in vitro.3'#* However,
cationic liposomes are unstable in plasma and are eliminated 