
GENE THERAPY
OF CANCER

THIRD EDITION



GENE THERAPY
OF CANCER

Translational Approaches from
Preclinical Studies to Clinical

Implementation

THIRD EDITION
Edited by

EDMUND C. LATTIME, PHD
Rutgers Cancer Institute of New Jersey and Rutgers Robert Wood Johnson Medical School, Rutgers,

The State University of New Jersey, New Brunswick, New Jersey, USA

STANTON L. GERSON, MD
Case Western Reserve University and University Hospital

of Cleveland, Cleveland, Ohio, USA

AMSTERDAM• BOSTON• HEIDELBERG• LONDON

NEWYORK• OXFORD• PARIS• SANDIEGO

SAN FRANCISCO• SINGAPORE• SYDNEY• TOKYO

Academic Press is an imprint of Elsevier



Academic Press is an imprint of Elsevier
525 B Street, Suite 1900, San Diego, CA 92101-4495, USA
32 Jamestown Road, London NW1 7BY, UK
225 Wyman Street, Waltham, MA 02451, USA

First edition 2000

Copyright r 2014, 2002, 1999 Elsevier Inc. All rights reserved. Chapter 22, The Use of T Cell Costimulation to
Enhance the Immunogenicity of Tumors by Jeffrey Schlom is in the public domain.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or
by any means electronic, mechanical, photocopying, recording or otherwise without the prior written
permission of the publisher.

Permissions may be sought directly from Elsevier’s Science & Technology Rights Department in Oxford,
UK: phone (144) (0) 1865 843830; fax (144) (0) 1865 853333; email: permissions@elsevier.com. Alternatively,
visit the Science and Technology Books website at www.elsevierdirect.com/rights for further information.

Notice
No responsibility is assumed by the publisher for any injury and/or damage to persons, or property as a
matter of products liability, negligence or otherwise, or from any use or, operation of any methods, products,
instructions or ideas contained in the material herein. Because of rapid advances in the medical sciences,
in particular, independent verification of diagnoses and drug dosages should be made.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

ISBN: 978-0-12-394295-1

For information on all Academic Press publications
visit our website at elsevierdirect.com

Typeset by MPS Limited, Chennai, India
www.adi-mps.com

Printed and bound in China

14 15 16 17 18 10 9 8 7 6 5 4 3 2 1

mailto:permissions@elsevier.com
http://www.elsevierdirect.com/rights
http://elsevierdirect.com
http://www.macmillansolutions.com


Dedication

To our wives, Holly and Deborah, our children, Sarah, Ruth, James and David for encouraging us to pursue this
field and to expand its horizons, and to two mentors who have encouraged us to find solutions within the com-
plexity of gene therapy of cancer, Larry Loeb and Joe Bertino.

v



List of Contributors

Jennifer E. Adair Fred Hutchinson Cancer Research
Center, Seattle, Washington

Jahangir Ahmed Queen Mary University of London,
London, United Kingdom

Ghassan Alusi Queen Mary University of London,
London, United Kingdom

Doron Amit Hebrew University of Jerusalem, Jerusalem,
Israel

Scott J. Antonia University of South Florida, Tampa,
Florida

Dominick L. Auci University of Washington, Seattle,
Washington

David A. August Rutgers Cancer Institute of New Jersey
and Rutgers Robert Wood Johnson Medical School,
Rutgers, The State University of New Jersey, New
Brunswick, New Jersey

Rutger K. Balvers Erasmus Medical Center Rotterdam,
Rotterdam, The Netherlands

Lajos Baranyi Lentigen Corporation, Gaithersburg,
Maryland

Brian C. Beard Fred Hutchinson Cancer Research Center,
Seattle, Washington

Sebastian Brennig Research Group Reprogramming and
Gene Therapy, REBIRTH Cluster-of-Excellence and
Institute of Experimental Hematology, Hannover Medical
School, Hannover, Germany

Elizabeth K. Broussard University of Washington, Seattle,
Washington

Paul D. Bryson University of Southern California, Los
Angeles, California

Andrew P. Byrnes Center for Biologics Evaluation and
Research, U.S. Food and Drug Administration, Rockville,
Maryland

Denise L. Cecil University of Washington, Seattle,
Washington

Tim Chan Intrexon Corporation, Germantown, Maryland

Charlie Comins University of Surrey, Guildford, United
Kingdom

Christiaan R. de Vries Rutgers Cancer Institute of New
Jersey and Rutgers Robert Wood Johnson Medical School,
Rutgers, The State University of New Jersey, New
Brunswick, New Jersey

Robert S. DiPaola Rutgers Cancer Institute of New Jersey
and Rutgers Robert Wood Johnson Medical School,

Rutgers, The State University of New Jersey, New
Brunswick, New Jersey

Clemens M.F. Dirven Erasmus Medical Center Rotterdam,
Rotterdam, The Netherlands

Mary L. Disis University of Washington, Seattle, Washington

Boro Dropulic Lentigen Corporation, Gaithersburg,
Maryland

Heather Embree Lentigen Corporation, Gaithersburg,
Maryland

Michael W. Epperly University of Pittsburgh Cancer
Institute, Pittsburgh, Pennsylvania

Juan Fueyo University of Texas M. D. Anderson Cancer
Center, Houston, Texas

Toshiyoshi Fujiwara Okayama University Graduate School
of Medicine, Dentistry and Pharmaceutical Sciences,
Okayama, Japan

Hua Fung Case Western Reserve University and University
Hospital of Cleveland, Cleveland, Ohio

Emmanuel Gabriel Rutgers Cancer Institute of New Jersey
and Rutgers Robert Wood Johnson Medical School,
Rutgers, The State University of New Jersey, New
Brunswick, New Jersey

Vidya Ganapath Rutgers, The State University of New
Jersey, Piscataway, New Jersey

Stanton L. Gerson Case Western Reserve University and
University Hospitals Case Medical Center, Cleveland, Ohio

Steven Gill Bristol University, AMBI LABS, Southmead
Hospital, Bristol, United Kingdom

Michal Gilon Hebrew University of Jerusalem, Jerusalem,
Israel

Joe Goldufsky Rush University Medical Center, Chicago,
Illinois

Candelaria Gomez-Manzano University of Texas M. D.
Anderson Cancer Center, Houston, Texas

Jennifer Rubin Grandis University of Pittsburgh and
University of Pittsburgh Cancer Institute, Pittsburgh,
Pennsylvania

Joel S. Greenberger University of Pittsburgh Cancer
Institute, Pittsburgh, Pennsylvania

John W. Greiner National Institutes of Health, Bethesda,
Maryland

Maneesh Gujrati Case Western Reserve University,
Cleveland, Ohio

xiii



James L. Gulley National Institutes of Health, Bethesda,
Maryland

Amin Hajitou Phage Therapy Group, Imperial College
London, London, United Kingdom

Kevin J. Harrington Chester Beatty Laboratories, London,
United Kingdom

Arash Hatefi Rutgers, The State University of New Jersey,
Piscataway, New Jersey

Loree C. Heller Old Dominion University, Norfolk,
Virginia

Richard Heller Old Dominion University, Norfolk, Virginia

Akseli Hemminki University of Helsinki, Helsinki, Finland

Otto Hemminki University of Helsinki, Helsinki, Finland

Ronald B. Herberman Intrexon Corporation, Germantown,
Maryland

Daniel Herendeen University of Washington, Seattle,
Washington

Abraham Hochberg Hebrew University of Jerusalem,
Jerusalem, Israel

James W. Hodge National Institutes of Health, Bethesda,
Maryland

Gregory E. Holt University of Washington, Seattle,
Washington

Ying Huang Center for Biologics Evaluation and
Research, U.S. Food and Drug Administration,
Rockville, Maryland

Insoo Hyun Case Western Reserve University School of
Medicine, Cleveland, Ohio

Hong Jiang University of Texas M. D. Anderson Cancer
Center, Houston, Texas

Shunsuke Kagawa Okayama University Graduate School
of Medicine, Dentistry and Pharmaceutical Sciences,
Okayama, Japan

Zahra Karjoo Rutgers, The State University of New Jersey,
Piscataway, New Jersey

Howard Kaufman Rush University Medical Center,
Chicago, Illinois

Chien-Chih Ke National Yang Ming University, Taipei,
Taiwan

Hans-Peter Kiem Fred Hutchinson Cancer Research
Center, Seattle, Washington

Jonathan Kimmelman McGill University, Montreal,
Quebec, Canada

Sarah R. Klein University of Texas M. D. Anderson Cancer
Center, Houston, Texas

Shinji Kuroda Okayama University Graduate School of
Medicine, Dentistry and Pharmaceutical Sciences,
Okayama, Japan

Seong Young Kwon Chonnam National University
Medical School, Jeonnam, Republic of Korea

Nico Lachmann Research Group Reprogramming and Gene
Therapy, REBIRTH Cluster-of-Excellence and Institute of
Experimental Hematology, Hannover Medical School,
Hannover, Germany

Hermann Lage Institute of Pathology, Berlin, Germany

Martine L.M. Lamfers Erasmus Medical Center Rotterdam,
Rotterdam, The Netherlands

Edmund C. Lattime Rutgers Cancer Institute of New Jersey
and Rutgers Robert Wood Johnson Medical School,
Rutgers, The State University of New Jersey, New
Brunswick, New Jersey

Nicholas R. Lemoine Queen Mary University of London,
London, United Kingdom

Jonathan Lewis ZIOPHARM Oncology, Boston,
Massachusetts

John B. Liao University of Washington, Seattle, Washington

Steven K. Libutti Albert Einstein College of Medicine of
Yeshiva University, Bronx, New York

Yuan Lin Stanford University School of Medicine, Stanford,
California

Ren-Shyan Liu National PET/Cyclotron Center, Taipei
Veterans General Hospital, Taipei, Taiwan

Zheng-Rong Lu Case Western Reserve University,
Cleveland, Ohio

Ravi A. Madan National Institutes of Health, Bethesda,
Maryland

Imad Matouk Hebrew University of Jerusalem, Jerusalem,
Israel

Alan Melcher Leeds Institute of Molecular Medicine,
St. James’s University Hospital, Leeds, United Kingdom

Andrew D. Miller King’s College London, London,
United Kingdom; and GlobalAcorn Limited, London, United
Kingdom

Jung-Joon Min Chonnam National University Medical
School, Jeonnam, Republic of Korea

Thomas Moritz Research Group Reprogramming and Gene
Therapy, REBIRTH Cluster-of-Excellence and Institute of
Experimental Hematology, Hannover Medical School,
Hannover, Germany
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S E C T I O N I

VIRAL AND NONVIRAL VECTOR
METHODOLOGIES: TARGETS AND

APPROACHES
Overview of Viral and Nonviral Vector Technologies

In response to continued challenges in the area of gene delivery and effector function, there
continues to be an evolution in vector design and delivery strategies. Coupled with refinements
in the area of gene regulation, this, in turn, has led to a broadening of potential target cells and
tissues and the range of potentially treatable diseases. The increasing translation of in vitro and
preclinical studies to clinical trials has also informed the selection of vectors and delivery meth-
ods. Contributions in Section I review the development and refinement of vector technologies,
the inclusion of new gene regulatory mechanisms, and a number of new therapeutic options
made possible by this evolution. These efforts will lead future developments in the field, as the
refinement in vector technology creates new opportunities in therapeutics and delivery.

Dr. Dropulic’s group provides a review of vectors and methodologies used to genetically mod-
ify cellular populations for therapy. Methodologies include physicochemical methods, transpo-
sons, and viral vectors including retroviral and lentiviral vectors. Cell substrate manipulation
including gene silencing with RNAi and gene transfer are reviewed, and examples are provided
targeting a number of hematopoietic populations.

The Libutti group has long studied the targeting of tumor-associated angiogenesis and dis-
cusses the range of delivery vehicles from nanoparticles, liposomes, and electroporation through
a variety of strategies using bacteriophage. In particular, they review the use of adeno-associated
virus phage targeting of tumor necrosis factor to the vasculature.

Methodologies for determining viral insertion sites are reviewed by Dr. Fung, who also dis-
cusses site-specific mutagenesis and U.S. Food and Drug Administration considerations.

Two groups provide approaches toward the use of RNA interference as a mechanism for
therapy. The Lu group reviews a range of delivery modalities from chemical modification to
lipid-like and synthetic nanoparticles and discusses the combination of imaging and delivery
modalities in a single platform. The discussion includes a number of early phase clinical trials of
the various modalities. Hermann Lage reviews the use of bacterial vectors for RNAi delivery.
Two particular strategies are described—reciprocal transkingdom (tkRNAi) and bacteria-
mediated RNAi. In tkRNAi, RNAi effectors are delivered by invasive bacteria which themselves
produce therapeutic RNA molecules, whereas the bacterial RNAi methodology uses bacteria to
deliver RNAi-encoding plasmid expression vectors.

Three toxin delivery methodologies are described by the Hatefi, Heller, and Hochberg groups.
Hatefi outlines approaches to the delivery and enzymatic activation of a range of prodrugs in
preclinical and clinical studies. The Heller group reviews the area of electroporation therapy both
targeting single cells and, more recently, used in in vivo approaches. The methodology is being
used to deliver nucleic acid vectors capable of producing effector proteins and/or activating
inhibitory pathways. Hochberg and colleagues review the multiple approaches for the delivery
of toxins to tumor, including the use of tumor-specific regulatory sequences to drive toxin
expression and spare non-tumor tissue. Specifically, they describe their use of the H19 gene and
its regulatory sequence to drive the expression of Diphtheria toxin at the tumor site.



Finally, Greenberger and Epperly review strategies for the combined use of gene transfer and
radiation therapy. Approaches to increase the therapeutic ratio by enhancing tumor lysis using
tumor-targeted radiosensitizing constructs as well as radioprotective strategies are discussed.

Together, the chapters in Section I provide cutting-edge innovation in design and application,
taking advantage of the recent vector development. They form the basis of the next decade in
gene therapy approaches to cancer treatment.
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1

Ex Vivo Gene Therapy
Utilization of Genetic Vectors for the Generation of Genetically

Modified Cell Products for Therapy

Lajos Baranyi, Vladimir Slepushkin and Boro Dropulic
Lentigen Corporation, Gaithersburg, Maryland
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etic; lentiviral vectors; LTR; mesenchymal stem
cells; mitochondrion gene therapy; pseudotyping;
retroviral vectors; RNAi; RRE; stem cell engraft-
ment; transpozons; WPRE

Abstract

Recent advances in the genetic modification of primary cells for
ex vivo gene therapy have brought the field close to the promise
envisioned almost a quarter of a century ago. The integration of
vector systems that can stably transduce cells without genotoxi-
city, combined with superior cell processing methods, has been
largely responsible for these advances. The result has been a
series of ongoing clinical trials that are showing promising out-
come for patients. Among the successes are adoptive T cell immu-
notherapy and stem cell therapies for cancer and other diseases.

INTRODUCTION

Let’s indulge ourselves and state the obvious: Not all
cells are created equal. What is even worse from the
viewpoint of the gene therapist is that cells in vivo are
also not equally accessible nor equally suitable for gene
therapy. In addition, control of dose distribution in vivo
is complicated, making it potentially more difficult to
achieve clinical success. Ex vivo approaches are favored
because of the ability to specifically select target cells

and modify them in a controlled environment prior to
their reintroduction into subjects. Although the meth-
odology for gene transfer has had to overcome many
hurdles [1�4], the current vectors and ex vivo methods
being utilized are bearing positive results in the clinic.

GENE DELIVERY SYSTEMS

Physicochemical Methods

As far back as 1944, Avery demonstrated that inher-
itance is DNA mediated and purified naked DNA can
penetrate the cell membrane and transfer genes (cells
can be transduced). This is an excellent proof of con-
cept, but the reality is that the naked DNA, even in the
form of plasmids, is a rather inefficient agent of gene
delivery. A series of physical DNA delivery systems
have been devised throughout the years with some
success. Ballistic or “gene gun” DNA delivery technol-
ogy uses DNA-coated gold or polymer particles and
uses the kinetic energy of the particles accelerated by
compressed air or fluids to penetrate the cell mem-
brane and deliver the DNA payload [5�7]. Although
up to 20% transfection efficiency has been achieved
under optimized single cell layers [5], the technology
seems to be more appropriate for gene delivery into
tissue that has substantial depth, such as the cornea,
skin, or muscle cells [8�10]. Ballistic gene delivery is
likely to find application in the field of DNA vaccina-
tion [11,12] rather than ex vivo cell therapy due to the
overall inefficiency of the method.

3Gene Therapy of Cancer. DOI: http://dx.doi.org/10.1016/B978-0-12-394295-1.00001-9 © 2014 Elsevier Inc. All rights reserved.
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A wide array of cationic liposomes, including tar-
geted liposomes and liposomes using helper lipids are
being developed as gene delivery systems because they
have tantalizing promise in the area when safety mea-
sures are highly coveted and capacity to carry large
chunks of DNA is prized [13�15]. The lineup also
includes oligoarginine�PEG�lipid particles [16], archo-
somes based on lipids isolated from various bacteria
(Archaea) [17], exotic lipoplexes, polyplexes, and nano-
particles (reviewed by Pathak et al. [18]. The goal of the
ongoing development is to improve the otherwise sub-
optimal transduction performance of these methods.

Electropermeabilization (or electroporation) is another
physical method to render the cell membrane permeable
to DNA and facilitate integration. The method relies on
delivery of strong electric pulses (up to several hundred
volts), which increases the transmembrane potential,
disturbs the membrane bilayer, and induces nanopores.
The advanced electroporator systems currently available
allow precise control of the procedure, which improves
cell survival as well as the transient gene delivery
rate [19�21].

Transposons

The “moveable genetic elements” or transposons
were originally discovered in corn by Barbara
McClintok in 1948. Currently, several transposon vectors
are being developed. The one that may have the highest
medical relevance is “Sleeping Beauty” (SB), a Tc1/mari-
ner-like transposon [19,22]. SB encodes a synthetic trans-
posase enzyme that recognizes SB-specific inverted
repeats and mediates precise cut-and-paste transposi-
tions in fish, murine, and, more important, human cells.
Integration requires a TA dinucleic motif, of which
approximately 200 million are available in the human
genome, so the insertion potential is high as well as effi-
cient. The SB technology combines the advantages of ret-
roviral (efficient integration) vectors as well as the
disadvantages of the naked DNA (low efficiency of cell
entry). Early studies indicated that transposons have
high mutagenic potential, are able to randomly disrupt
important genes, and can relocate within the genome
(estimated rate of one event per several months).
However, the current preclinical and clinical trials indi-
cate a lower genotoxicity rate than expected, and it
remains a promising system worthy of further explora-
tion [23�29].

Viral Vectors

In contrast to the physicochemical gene delivery
methods and transposons, viral vectors rely on the
endowed properties of viral particles to (A) encapsulate

the genetic material, which is double-stranded RNA in
the case of retrovirus-based vectors and double-stranded
DNA in the case adeno and adeno-associated vectors;
(B) attach to cells through virus receptors; (C) enter the
target cell using their fusogenic ENV proteins (envel-
oped retroviral) or endocytosis (nonenveloped, adeno,
and adeno-associated vectors); and (D) inject their pay-
load (RNA/DNA) into the cytoplasm of the cells.

At this point, two classes of viral vectors can be dif-
ferentiated by their fate within the cell. The adeno and
adeno-associated vectors are DNA-based and remain
mostly extrachromosomal elements, whereas the retro-
viral (RNA-based) vectors reverse transcribe the RNA
into DNA and actively target the nucleus and subse-
quently integrate into the genome using integrase, an
enzyme carried within the viral vector particle and
associated with the vector’s ribonuclear complex.

The advanced form of viral vectors, the adenoviral
vectors, have been used in more than 300 clinical trials,
but their usage is limited because they carry and
express highly immunogenic proteins and because of
limited stability of the gene expression. Also, despite a
large body of work, their true clinical value remains to
be confirmed [23�29].

The adeno-associated vectors are considered rather
safe because the virus itself is considered nonpathogenic
and has a preferred (and therefore predictable) integra-
tion site on chromosome 19 with a negligible frequency
of random integration events. The chromosome 19 inte-
gration capability has been removed from the advanced
versions of the vector by deleting rep and cap genes. The
adeno-associated vectors have shown some clinical suc-
cess and have been used in approximately 80 clinical
trials, but due to their small size, they can only carry
small payloads (B4 kB), which limits their usability to
small genes. This limitation has led to intensive work-in-
progress to increase the vector’s payload capacity
[23�35]. Nonetheless, adeno-associated virus vectors
appear particularly suited for direct gene delivery of
smaller genes and interfering RNA (RNAi) into non-
dividing cells such as those that constitute the central
nervous system or muscle.

Gamma-Retroviral Vectors

Although the first success of ex vivo cell therapy
was generated by γ-retroviral gene transfer into SCID-
X1 patients [36,37], it also drew attention to a set of
unexpected side effects, namely the integration of the
therapeutic vector, a γ-retroviral derivative, into the
“LIM domain only 2” (LMO2) proto-oncogene, result-
ing in its activation and constitutive cytokine produc-
tion. Subsequent chromosomal rearrangements led to
severe lymphoproliferative disorder in three patients,
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one of whom died and the remaining two responded
to the therapy and benefited from the cell therapy (see
the review by Bushman [38]). The events shed light on
the inherent feature of genus Retroviridae, which
were known to be involved in oncogenesis via their
unique ability to cause genotoxicity by integration into
proto-oncogenic sites [37,39]. A series of studies was
initiated to better understand the genotoxic risk of
oncoretroviral and the other major retroviral-derived
vectors, the lentiviral vectors. Naldini and colleagues
[40] compared the relative genotoxic potential of
oncoretroviral vectors and lentiviral vectors. Using the
Cdkn2a2/2 mouse transplantation model, which is sus-
ceptible to a broad range of cancer-triggering genetic
lesions, they found that oncoretroviral vectors trig-
gered dose-dependent acceleration of tumor onset,
whereas tumorigenesis was unaffected by lentiviral
vectors, despite a higher integration load and robust
expression of lentiviral vectors in all hematopoietic
lineages. The results of these studies have been con-
firmed by others and indicate a favorable safety profile
for lentiviral vectors [41�44], especially when used
with less powerful promoters.

Lentiviral Vectors

Lentiviruses are distinct members of the
Retroviridae family of viruses. Lentiviral vectors have
been developed with HIV-1 [45], HIV-2 [46], feline
immunodeficiency virus (FIV) [47], equine infectious
anemia virus (EIAV) [48], and simian immunodefi-
ciency virus (SIV) [49]. An important feature of lentivir-
al vectors is their low genotoxicity compared to that of
oncoretroviral vectors, as reviewed previously. Current
clinical experience with lentiviral vectors supports
these experimental studies. To date, no oncogenic
events have been observed in human clinical trials
using lentiviral vectors [50�52]. However, clonal
expansion and dominance of hematopoietic progenitors
have been reported in a clinical trial in which hemato-
poietic stem cells were genetically modified with a len-
tiviral vector that expressed the beta-globin gene for
the treatment of thalassemia [52]. Although the
mechanisms for clonal dominance remain unclear, it
appears that low transduction efficiencies may actually
increase the probability for clonal events because of the
potential for oligoclonal engraftment in the hematopoi-
etic stem cell population [52�54]. These findings sug-
gest that vector design, purity, and transduction
methods are important considerations when designing
clinically relevant studies and for interpreting their
data, especially in genotoxic-sensitive cell types such as
stem cells. It is worth noting that genotoxicity appears
to affect primarily stem cells and not somatic cells. For

example, T cells transduced with oncoretroviral vectors
are highly resistant to oncogenic transformation [55,56].

Lentiviral vectors have become the delivery platform
of choice for ex vivo gene therapy due to their large
packaging capacity, low genotoxicity, and ability to effi-
ciently transduce dividing and nondividing cells.

A very detailed molecular design of the lentivirus
vectors has been reviewed elsewhere [55�58].
Typically, lentivectors are generated by transcomple-
mentation, a process that separates the essential com-
ponents of HIV (the genes encoding Gag-Pol, Rev, and
Env) into separate plasmids, which lack the packaging
signal and therefore can never end up in a packaged
vector unless they appear in a recombinant sequence
[59]. The components (Tat, Vif, etc.) responsible for
pathogenicity by upregulation of transcription [60] and
export of genomic RNA to the cytoplasm have been
successively removed from the constructs. The poten-
tial for a recombination event is minimized, and for all
practical purposes avoided, by carefully editing the
genes and using codon degeneracy to reduce the
chances of recombination with the wild-type virus.
These separate plasmids are used to co-transfect a
packaging cell, typically HEK293, along with a pay-
load plasmid that carries the packaging signal neces-
sary for starting the envelope formation and
encapsidation of the mRNA that carries the payload
gene(s) as well as the 50 and 30 long terminal repeats
(LTRs) necessary for integration into the transcription-
ally active regions of the host chromosomes. Packaging
is a delicate process, which ensures that with the RNA,
appropriate tRNAlys, protease, integrase, and reverse
transcriptase enzymes are carried by the vector with
the packaging elements necessary for successful cell
entry, reverse transcription of vector RNA to DNA,
transport of that DNA into the nucleus, and the per-
manent integration of the DNA into the host chromo-
some. The ENV gene encodes the protein GP160; this
is cleaved into trimer-forming GP120, which appears
as spikes decorating the vector particle; and GP41,
which carries a transmembrane region and a carboxy-
terminal subdomain that interacts with the nucleocap-
sid within the envelope. The amino-terminal domain
has a fusogenic domain that facilitates cell entry by
fusing the outer membrane of the vector with the cell
membrane. A region further down from the amino-
terminal region also binds to GP120, which in turn
binds to primary HIV-1 receptors on the target CD41

of T lymphocytes. If left unmodified, this property
would significantly limit the usability of the lentivec-
tors because very few cell types can be directly
infected by HIV-1. Pseudotyping overcomes this limi-
tation and permits targeting to any mammalian cell.

Pseudotyping essentially replaces the original HIV
ENV gene with a corresponding molecule from
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other viruses and carries over the cell-targeting speci-
ficity (i.e., the tropism of the virus) and obviates some
of the safety concerns related to GP120 [61]. The list of
successful pseudotypes and cell tropism is rather
lengthy [59�67] and growing. The most successful
pseudotype so far uses the ENV from vesicular stomati-
tis virus (VSVg) that broadens the tropism practically
to all cell types in the brain, kidney, liver, and others. It
extends to mesenchymal (stem) cells, even those in the
nondividing (resting) state [63,68,69]. Filovirus ENV
pseudotypes shift the tropism to a more limited set of
cells—the airway epithelial and endothelial cells
[70,71]. Baculovirus GP64 and hepatitis C virus E1 and
E2 pseudotypes redirect the vectors toward liver cells
targeting their respective receptor, CD81 (tetraspanin)
[72]. Rabies virus ENV has been shown to efficiently
retarget the vectors to neuronal and RD114 ENV pseu-
dotyped lentivectors show preference for the hemato-
poietic cellular compartment cells [73�78]. However,
some applications require targeting a specific cell type,
which is not necessarily covered by the available pseu-
dotypes listed previously. In these cases, new targeting
methods have been developed to further tighten the
tropism of lentiviral vectors by coexpressing cell-
specific coreceptors that recognize one of the cell type-
specific markers.

The payload plasmid components providing the
backbone for the transfer vector in the early HIV vec-
tors were composed of a 50 LTR, followed by a major
splice donor site, a packaging signal site encompassing
the packaging signal components of the 50 region of
Gag (necessary for high-efficiency packaging and high
vector titer), and a deletion of the rest of the gag gene.
Deletion of the U3 region from the 30 LTR promoters
also became possible by constructing genes relaying on
their own promoter(s) instead of the native LTRs. The
latest generation of lentiviral vectors carry an addi-
tional safety element, the self-inactivating LTR (SIN
lentivectors [79], which replaces the LTR with an HIV-
independent promoter from cytomegalovirus (sCMV).
In these vectors, the LTRs are modified in a way that
upon integration they lose their intrinsic promoter abil-
ity, reducing genotoxic potential. In addition, the irre-
versible changes that occur during integration
diminish the ability to mobilize after integration and to
recombine with other elements to form a full-fledged,
replication-capable virus [80,81]. The formal proof of
increased safety is still lacking, ironically, because of
the inability to create and detect RCL-capable viruses
from lentivector-treated cells [80], indicating that this
risk is mainly theoretical.

The removal of RRE and the associated splice donor
and acceptor elements results in significant loss of
transduction efficiency of the vector [82], whereas add-
ing a 100-nucleotide central polypurine tract (central

DNA flap) restores the transduction efficiency by
improving the reverse transcription and nuclear trans-
port efficiency [83,84]. The woodchuck hepatitis virus
transcriptional regulatory element (WPRE) is another
widely used regulatory element added to the lentivec-
tor backbone to stabilize the transcription transgene
mRNA levels and improve transgene expression [85].
However, an open reading frame of the oncogenic
WHV-X element has been found within the native
WPRE sequence [86], so the sequence has been modi-
fied to remove the translation start site [87].

Further optimization continues to improve the safety
of lentivectors, such as isolating the integrated vector
DNA to prevent translation beyond the vector bound-
aries by adding isolating elements. However, the
insulators have proven to be genotoxic in some
instances, and no proof has emerged that such isolators
are truly needed [88]. Gene switches such as Tet-On
and -Off have been added to subsequent generations of
lentivectors and proven to be highly functional, operat-
ing with very low leakage [89,90]. The Cre-Lox system
has also been successfully implemented in the lentiviral
context, allowing high-efficiency engineering and
sophisticated, site-specific recombination techniques,
including the delivery and irreversible switching by
small hairpin RNA (shRNA) expression [91], a tool
extensively used in gene function analysis [92,93].

As mentioned previously, the lentiviral vectors have
the unique advantage of being able to stably transduce
dividing and nondividing cells [94]. In contrast to oncor-
etroviral preintegration complexes (PICs), the lentiviral
PIC has the capability of active transport into the
nucleus through nuclear pore complexes in an ATP-
dependent manner [95], essential for efficient transduc-
tion of nondividing cells. What makes lentiviral vectors
distinctly useful is their ability to stably transduce a
wide variety of mammalian cell lines and primary cells
with high efficiency [96]. Moreover, lentiviral vectors
can accommodate larger transgenes (up toB10 kB) com-
pared to when oncoretroviral vectors are used [96,97].

EX VIVO GENETIC MODIFICATION OF
CELL SUBSTRATES

In general, the genetic manipulation of the isolated
cell substrates falls into a few categories. Existing
genes can be silenced, downregulated, modified,
repaired, or edited.

Gene Silencing with RNA Interference

Gene silencing by small RNAi is based on
duplex formation between the mRNA and a short
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complementary microRNA (miRNA) or small inhibi-
tory RNA, each having the ability to interfere with pro-
tein synthesis and downregulate the expression levels
of the targeted protein. A major problem with RNAi
technologies is the short half-life and delivery of the
RNAi. This can be resolved using vectors encoding
artificial genes with appropriate miRNA sequences
that can be integrated into the host cell DNA and
efficiently transcribed into primary miRNA that uti-
lizes the natural intracellular processing by micropro-
cessor complex formation with drosha to form shRNA
in the nucleus. The exported miRNA is subsequently
cleaved by Dicer and produces the complex forming
inhibitory RNAi. The process is rather complex, but it
efficiently blocks protein expression that may be incom-
plete but readily achieves significant reduction, which
is adequate for gaining insight into the function of the
targeted protein and efficient enough for phase I and II
clinical trials, although no therapeutic use has been
approved by the U.S. Food and Drug Administration. It
is interesting to note that mesenchymal stem cells
(MSCs) are capable of secreting cholesterol-rich phos-
pholipid microparticles encapsulating miRNA and
therefore have the potential to facilitate intercellular
communication and act as regulatory agents in their
microenvironment [98]. Davidson and McCray [99] pro-
vide an excellent review on the biogenesis and clinical
applications of small RNA compounds.

Hematopoietic or general pluripotent stem cells are
often selected targets for RNA interference-based inter-
ventions, and one of the promising efforts deals with
creating artificial virus-resistance genes and virus-
resistant somatic cells. Preventing HIV-infection by
reconstituting the immune system with such stem cell-
derived virus-resistant progeny has been used as a
model system with significant clinical relevance [100].
The idea is that an efficient HIV infection requires
virus entry through the CD4 surface antigen and one
or more virus coreceptors, among which CCR5 has
been shown to play an essential role in the case of R5
tropic viral strains involved in primary HIV infection.
Clinical data indicate that CCR5 deficiency or certain
mutations in this co receptor protect the infected indi-
viduals from the onset of full-blown AIDS, and the
hope is that the artificial knockdown of CCR5 using
gene therapy and RNAi will achieve similar protection
[100�103]. The relative inefficiency of CCR5 suppres-
sion remains a significant issue, but major improve-
ment and complete knockdown of CCR5 have been
achieved with somewhat longer (28 bases instead of
23) shRNA [104].

Ex vivo gene therapy research is taking full advan-
tage of the shRNA techniques by characterizing the
subtle, and not so subtle, changes induced by individ-
ual gene knockdowns. It is a long-held view that

mechanical stresses and mechanical characteristics of
stem cells, as well as the microenvironment, can affect
stem cell proliferation and differentiation. Lentiviral
vectors are excellent and efficient targeting tools for
these stem cells, even resting ones, and can deliver the
shRNA without causing major changes and stress that
would otherwise change the stem cells. Chowdhury
et al. [105] studied the spreading response of MSCs
and showed that myosin II, F-actin, Src, or CDC42
were essential for cell spreading, and changes in the
mechanical characteristics (“softening”) of the stem
cells led directly to the downregulation of the OCT3/4
gene. This indicates the possibility that small mechani-
cal events may affect the embryo and developing tis-
sues and even transplanted stem cells.

Another area of efficient use of viral vectors and
RNAi technology in ex vivo stem cell research is the
production of transgenic embryos that carry knock-
down genes. Production of transgenic embryos is
highly efficient, and if the fertilized egg is transduced
at a single cell stage, the entire germline is affected,
or partial chimerism can be achieved if multicellular
embryos are treated with lentiviral vectors. An exam-
ple of such a study is that by Wang et al. [106],
in which they showed that the knockdown of RunX1
in embryonal tissues and MSCs by lentiviral vector-
delivered RNAi blocked chondrogenesis in limb buds.
The technique has been shown to be very efficient for
transgenesis: As high as 44% average rate of germline
transmission can be achieved [106,107], providing a
new source of gene-modified MSCs. A comprehensive
review of the use of naturally occurring regulatory
miRNA technology in MSC research by Guo et al.
[108]. indicated that stem cells have discrete and dis-
tinct expression profiles that can account for intrinsic
stem cell properties such as self-renewal and pluripo-
tency, a property that can no longer be overlooked by
experts dealing with MSCs. The accumulating data
indicate that the progenitors and terminally differenti-
ated mesenchymal cells can be tracked and defined by
function-related miRNAs in addition to the already
established sets of surface markers. The miRNAs
already identified affect osteogenic differentiation,
chondric differentiation, adipogenic differentiation, myo-
genic differentiation, neuronal differentiation, wound
healing, and replicative senescence. These advances
open a wide array of possibilities to direct the differenti-
ation patterns of the stem cell population temporarily by
using nonintegrating lentiviral vectors that are automati-
cally lost from dividing cell populations and lead to the
natural disappearance of control signal after a few cell
divisions but potentially give a push to the original stem
cell population to develop in a preferred direction.

Extensive progress has been made with regard to
the elucidation of the Hedgehog signaling pathway in
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MSCs using RNA interference delivered with lentiviral
vectors. The data suggest that at least some of the ele-
ments indeed act through the regulatory miRNA net-
work by downregulating the cellular miRNA levels.
However, the data also suggest significant off-target
effects of the RNAi molecules and indicate that we are
a long way from the potential clinical use of the eluci-
dated networks [109].

Hu et al. [110] devised an ingenious method
to prepare the brain for traumatic interventions
(surgery, extensive stem cell transplantations, etc.) by
downregulating the cerebral matrix metalloproteinase 9
(MMP9) using lentivectors and MMP-9 shRNA 2 weeks
before the trauma. The knockdown of MMP-9 with the
shRNA proved to be an effective way to preserve the
blood�brain barrier, and they achieved significant
reduction of brain infarction volumes, brain water con-
tent, and Evans blue/IgG extravasation (measure of
edema formation) as well as a reduction in the neurobe-
havioral deficit in their rat brain trauma model [110],
implying a potential for improved protocols for trau-
matic brain interventions needed for more extensive
types of intracranial stem cell implantations.

Gene Editing Using Zinc Finger Nucleases
Encoded within Lentiviral Vectors

Zinc finger nucleases (ZFNs) have the remarkable
ability to (A) bind to a specific location in the double-
stranded DNA, break the double-stranded DNA at
that specific location and, if an endogenous repair tem-
plate is provided, initiate homology-directed repair,
restoring the integrity of the newly edited double-
stranded DNA. As their name implies, there is a
specific DNA-binding part of this class of enzymes
that consists of a tandem repeat of DNA-binding zinc
finger motifs, hence the DNA-binding specificity and a
catalytic domain, FokI. For DNA cleavage to occur,
FokI has to dimerize, one on the sense and the other
on the antisense strand, while the zinc finger domains
attach to the right target half site and the left target
half site. Upon binding, a nick with a 50 overhang is
initiated by FokI between the target sites, and the
homology-directed DNA repair mechanism is acti-
vated. What makes this configuration useful is that the
spacer between the two target half sites can be several
hundred or even thousands of base pairs long, and by
providing a template for the activated repair mecha-
nism, a novel DNA sequence of equal length can be
introduced into the DNA; see reviews by Carroll [111]
and others [112�116].

Fundamentally, two factors determine the efficacy
of the DNA editing or repair that the technology
allows. The first is the specificity of the zinc finger

binding, which also determines the length of the
spacer and the proper specificity and uniqueness of
the binding site and allows the minimization of the
off-target effects that may be introduced by similar
sites far away from the desired and targeted locus
[113]. Major efforts are being made to tailor the ZFNs
for particular applications and improve the selectivity
by successfully engineering the DNA-binding specific-
ity of the binding domain [113,117�120]. The second
factor is the efficient delivery of the ZFNs and the tem-
plate DNA by vectors. Early attempts relied on retrovi-
ral vectors, adeno and adeno-associated vectors, and
even baculovirus and lentiviral vectors. A conversion
rate as high as 50% can be achieved with lentiviral
delivery in a variety of cell lines and human embry-
onic stem cells [121] compared with the earlier best
rates of 18% with other methods in human and other
species [113,117�119].

Gene Transfer

As mentioned previously, lentiviral vectors provide
a very efficient method for generating transgenic
embryos, significantly reducing the need for the gen-
eration of a high number of embryos to establish new
sources of gene-modified stem cell lines, embryonic or
other [107]. The lentiviral technology is able to deliver
a payload of 6�8 kB very efficiently, but payloads of
10 kB can be handled, and delivery of payloads of 12
or 13 kB is possible at a cost of lower efficiency. This
payload-carrying capacity allows the delivery of very
large genes, such as the gene-encoding blood clothing
factor VIII, a 2351-amino acid-long protein together
with its stabilizer, the von Willebrand factor (2813
amino acids in its native form) simultaneously, or,
one may need to use a domain-engineered and short-
ened version of both. Similarly, it can be used to
deliver all three chains of an IgM molecule in a single,
tri-cistronic complex. The implication is that the lenti-
vector system has sufficient payload capacity to
deliver a number of relevant genes together with sev-
eral supporting molecules envisioned for highly com-
plex gene therapy scenarios currently outside the
scope of monogenic gene therapy as practiced today.
In the future, it may be used to target diseases with
multigene disorders such as high blood pressure,
arthritis, or diabetes.

CELL SUBSTRATES FOR EX VIVO
CELLTHERAPY

Selecting the proper cell type and matching it to the
disease/malfunction and the related molecular
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pathways is an issue for which the solution lies mainly
in the area of stem cell research and lineage-specific
differentiation. The issue is far from trivial because the
known 23,000 or so human genes allow a possible
expression pattern of 223,000 just in the case of binary
expression (on/off) but even orders of magnitude
higher as the expressions are not necessarily binary. It
indicates a fundamental deficiency in our understand-
ing of how the cells function as stable building blocks
of healthy tissues [122]. For example, although bone
marrow transplantation has a long history [123�128]
the gene expression profiles that account for engraft-
ment, differentiation, and repopulation are just starting
to be understood with high-throughput technologies.
A vast amount of experience has amassed regarding
the possible complications and the inherent complexity
of outcome in terms of tissue compatibility and
engrafting success [129�131].

T Cells

Efficient gene transfer into T lymphocytes may
allow not only successful treatment of several rare
monogenic diseases, such as severe combined immu-
nodeficiency [130,132], but also the development of
novel therapeutic strategies for cancer [133]. Ex vivo
transduced T cells were used in cancer clinical trials
for suicide gene (HSK-Tk) transfer in allogeneic T cells
as part of allogeneic bone morrow transplantation, as
well as for direct attack on tumor cells, when they
are modified with tumor-specific T cell receptors or
chimeric antigen receptors (CARs) (reviewed in Frecha
et al. [63].

For ex vivo transduction by γ-retrovectors or lentivir-
al vectors, T cells are purified from patient apheresis
by density gradient centrifugation and, in some cases,
also by immunoaffinity separation using magnetic
beads (MACS) [134�136]. Murine retroviruses cannot
transduce nondividing cells; therefore, T cells have to
be stimulated by cytokines at the start of the transduc-
tion process. Interleukin 2 (IL-2) and anti-CD3 antibo-
dies were initially used for this purpose [133].
However, stimulation with polystyrene beads bearing
anti-CD3 and anti-CD28 antibodies proved to be more
efficient [63].

Lentiviral vectors can transduce nondividing cells;
however, resting T lymphocytes are refractory to gene
transfer with lentiviral vectors [83]. Activation of these
cells, causing G0 to G1b transition of the cell cycle, is
required to relieve the blocks in gene delivery.
Moreover, it has been reported that inducing the rest-
ing T cells to enter into the G1b phase of the cell cycle
without triggering cell division could render them per-
missive to transduction with HIV-1 vectors [137].

Thus, CD3/CD28 costimulation of T cells greatly
enhanced their transduction by lentiviral vectors [50].

Transduction of T cells with lentiviral and γ-retrovi-
rus vectors is usually performed for 1 or 2 days
with one or two additions of the vector. To increase
transduction efficiency, plates are often coated with
retronectin [55,134]. After transduction, T cells are
expanded to obtain at least 1010 cells per patient
[138,139].

Genetic modification of T cells by ex vivo transduc-
tion to redirect antigen specificity is an attractive strat-
egy compared to the lengthy process of growing T cell
lines or CTL clones for adoptive transfer. The
approaches currently studied in several laboratories
involve the genetic transfer of chimeric antigen recep-
tors and high-affinity natural T cell receptors. CARs
(or T-bodies) are artificial T cell receptors that combine
the extracellular single-chain variable fragment (scFv)
of an antibody with intracellular signaling domains,
such as CD3ζ or Fc(ε)RIγ [80]. When expressed on
T cells, the receptor bypasses the need for antigen pre-
sentation on MHC because the scFv binds directly to
cell surface antigens. This is an important feature
because many tumors and virus-infected cells downre-
gulate MHC, rendering them invisible to the adaptive
immune system. The high-affinity nature of the scFv
domain makes these engineered T cells highly respon-
sive even in the case of low antigen densities on cancer
cells. In addition, new CARs are relatively easy to pro-
duce from hybridomas. Because one can redirect both
CD4 and CD8 T cells, the T-body approach to immu-
notherapy represents a near universal “off the shelf”
method to generate large numbers of antigen-specific
helper and cytotoxic T cells.

The key to successful adoptive immunotherapy
strategies appears to consist of (1) the modification of
selected T cells with desired functional characteristics
and (2) obtaining therapeutically effective numbers of
these cells without compromising their effector func-
tions or their ability to engraft within the host [133].
The success of the CD3/CD28 costimulation protocol
developed at the University of Pennsylvania [140] was
demonstrated in the clinic when a patient was success-
fully treated for chronic lymphocytic leukemia by
autologous CAR-modified T cells [141].

Hematopoietic Stem Cells

Hematopoietic stem cells (HSCs) are excellent tar-
gets for gene therapy due to the relative ease with
which they can be manipulated and their ability to
repopulate the entire hematopoietic system for the life
of a patient. The HSC must be permissive for transduc-
tion by the proposed vector; the vector genome must
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be efficiently maintained in daughter cells; and trans-
duction must not impair the ability of the HSC to
renew, differentiate, or expand. To date, only the retro-
viral vectors such as the γ-retroviral, lentiviral, and
foamy vectors have fulfilled these criteria.

Historically, transduction of stem cells in large ani-
mal models including nonhuman primates and in
humans has proved challenging. A significant effort
from several research labs was required to develop an
acceptable process for clinical transduction of HSCs
(reviewed in Nienhuis [142]). The strategies used by
scientists include optimization of the cytokine combi-
nation as well as the use of a fragment of fibronectin,
retronectin, to co-localize vector particles and target
cells during transduction as reported by the laboratory
of David Williams [142,143].

The use of alternative envelope proteins to pseudo-
type vector particles, including that derived from gib-
bon ape leukemia virus (GALV) [144], resulted in
improved transduction efficiency of human hemato-
poietic cells. More efficient pseudotyping of lentiviral
vectors has been achieved using stem cell factor (SCF)
and a endogenous retroviral glycoprotein, RDTR.
These RDTR/SCF lentiviral vectors outperformed
RDTR lentiviral vectors for transduction of human
CD34(1) cells (hCD34(1)) [145].

DENDRITIC CELLS

The ability of dendritic cells (DCs) to provide all
three signals required for T cell activation makes them
an ideal (cancer) vaccine platform. Several strategies
have been developed to enhance and control antigen
presentation, costimulation, and cytokine production
(reviewed in Boudreau et al. [145,146]). For DC modifi-
cation strategies, the most extensively used signal is
the sorting sequence of lysosome-associated membrane
protein-1 (LAMP-1). The LAMP-1 sorting signal has
been coupled to gene modification vectors, including
vaccinia virus encoding pp65 [147], retrovirus coex-
pressing HPV16 E7 (98), and through mRNA electro-
poration with carcinoembryonic antigen [148], human
telomerase reverse transcriptase (hTERT) [149], and
Mage-A3 [150].

CD40�CD40L is the costimulatory receptor/ligand
pair whose expression has been most often enhanced
for the purpose of improving DC function. Ligation of
CD40 on DCs is normally provided by activated CD41

T cells [151]. This interaction is the mechanism through
which CD41 type 1 T helper (Th1) cells provide help
in generating primary CD81 T cell responses. This
mechanism has been mimicked by engineering DCs to
express CD40L through transduction with adenovirus

[152], lentivirus vector [153], and vaccinia virus [154]
or through mRNA electroporation [155].

DCs are capable of priming both proinflammatory
and regulatory/suppressive T cell responses based on
the complement of costimulatory receptors (or lack
thereof) that they express. The downregulation of sup-
pressive molecules in DCs is therefore an attractive
approach for generating therapeutic immunity against
cancer. Although many molecules qualify for this pur-
pose (reviewed in Mao and Wu [156]), only a few have
been investigated by genetic modification of DCs.
Surface molecules that have direct suppressive effects
on T cells are also attractive targets for silencing. To
date, two surface molecules have been evaluated for
this purpose: the Notch ligands and DC-derived immu-
noglobulin receptor 2 (DIgR2). The expression of Notch
ligands (Delta1, Jagged1, or Jagged2) has been shown to
deliver suppressive signals to T cells [157]. Knockdown
by small interfering RNA (siRNA) in human DCs leads
to enhanced interferon-γ (IFN-γ) production in alloge-
neic mixed lymphocyte reaction [158].

In addition to cognate antigen recognition and costi-
mulation, DC-derived soluble factors create a critical
third signal to condition the immune environment. To
facilitate development and maintenance of Th1 signal-
ing after vaccination, DCs can be modified for consti-
tutive production of Th1 cytokines and chemokines.
IL-12p70, produced by DCs after stimulation, initiates
Th1 polarization by inducing upregulation of tumor
necrosis factor-α, IFN-γ, IL-2, and IL-18 from neighbor-
ing leukocytes (reviewed in Del Vecchio et al. [159]).
DCs transduced using recombinant adenovirus carry-
ing IL-12 demonstrate increased antigen presentation
and costimulatory molecule expression, and they
induce increased numbers of activated T cells [160].

Preclinical models of DC-based cancer vaccines pro-
vided significant optimism for translation to clinical
application. Protocols for deriving DCs from CD141

and CD341 monocytes are established, and DCs are
well tolerated in phase I clinical trials [161,162].
Genetic modification of DCs is safe and sufficient for
delivery of TAAs, costimulatory molecules, and the
environmental signals. The use of DNA, mRNA, or
viruses to introduce TAAs allows for endogenous
expression and processing of full-length proteins,
including tumor antigens and immune response fac-
tors. Moreover, chemokine, cytokine, and costimula-
tory molecule expression can be made continuous by
delivering the relevant genes under the control of con-
stitutive promoters.

Mesenchymal Stem Cells

Stem cells, including MSCs, are very close manifesta-
tions of Plato’s imagery of the shadows on the cave wall
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because they are difficult to study outside their intimate
interactions with their microenvironment [162�168].
Nevertheless, ex vivo, MSCs are a stromal cell type, pos-
sessing the following characteristics and markers: plastic
adherence in cell culture, specific surface antigen expres-
sion of CD105 (1), CD90 (1), CD73 (1), CD34 (2),
CD45 (2), CD11b (2) or CD14 (2), CD19 (2) or
CD79a (2), HLA-DR1 (2), and multilineage in vitro dif-
ferentiation potential (osteogenic, chondrogenic, and adi-
pogenic) [169]. However, this definition would neatly
exclude CD341 HSCs, and one could also argue that the
HSCs are just a specialized subclass of the mesenchymal
progenitors [170]. Another subset of MSCs that express
hyaluronan (CD44), an adhesion molecule important for
stem cell homing [171�173], would also be excluded,
but their perivascular equivalents could be considered to
be true MSCs [170,171,173]. It becomes even more com-
plicated if we include the results of (stem) cell repro-
gramming, when more or less differentiated cell types
are regressed into less differentiated, pluripotent cell
types [171,173�176], providing us with a never-ending
stream of novel biomarkers, more often represented by
whole proteome analysis [177,178]. The biomarkers and
criteria for properly characterizing the particular stem
cell populations will likely be determined in the future,
but currently there is a functional definition that pro-
vides a firm conceptual handle on the idea of cell plastic-
ity and which cells are the prominent representatives
[179,180]. The plasticity indicates the ability of mature or
not fully differentiated cells to differentiate into novel
cell types, or more accurately, it describes the existence
of cells specialized into becoming progenitors of differ-
entiated cells while sustaining their own type and matu-
ration level. There is no doubt that we will find the
appropriate placement for the specialized subtypes as
well as the proper and practical placement of some of
the induced pluripotent cells in the realm of MSCs.

Regardless of their classification, mesenchymal cell
lineages [170,181�183] are good candidates for stem
cell therapy [180,183�185], gene therapy [186�189],
cell reprogramming [163,166,190], delivery of bioactive
molecules [188,191], and tissue engineering [167,192,193].
In addition, a number of new issues are arising from the
results describing the importance of stem cells in induc-
ing and sustaining the malignant phenotype and the
potential therapeutic targeting of a wide range of the elu-
sive cancer stem cell types [194�197]. Expression of pro-
teins that can modulate their biology or therapeutic
properties enormously expands their utility for therapy.

Mitochondrion-Specific Targeting

An interesting twist in the story of cell therapy is
the attempt to redirect the gene of interest from the

nucleus to organelles. The mammalian mitochondria
are the prime targets of interest for those medically
inclined due to the large number—more than 300—of
the known mutations causing metabolic diseases and
disorders directly affecting the mitochondrial genome
(see http://www.mitomap.com). Niazi et al. [198]
detail the progress in this emerging field. The idea
behind this effort is that although the vast majority of
proteins in the mitochondria are imported from the
genes residing in the nucleus, the mitochondria still
encode 13 polypeptides of the oxidative phosphoryla-
tion pathway, 22 tRNA species, and 2 ribosomal
RNA—all in a compact 16.5-kB genome.

The first successful mitochondrial manipulation can
be traced to Nagley et al. [199] in 1988, but it was slow
to advance until Guy et al. [200] developed a mamma-
lian model system, and subsequently a series of differ-
ent gene-transfer methods have been validated
[201�204]. Regardless, the progress was slow and
intermittent. Nevertheless, it was pursued by a num-
ber of cutting-edge scientists. Electroporation, ballistic
(kinetically driven, DNA-coated particles), and import
pathway targeting (protofection) have been tested, and
each has been proven to transfer genes successfully
into individual purified mitochondria or, as with mito-
chondriotropic liposomes, to target mitochondria
residing inside the targeted cells (reviewed in Niazi
et al. [198]).

ENGRAFTMENT WITH EX VIVO
GENETICALLY MODIFIED CELLS

The immunological aspects of cell therapy are usu-
ally mild or negligible because often the option of
autologous cell transfer is available or there is time to
screen properly matched donors and the expressed
proteins are native human proteins, with proper glyco-
sylation and conformation. In specific cases, however,
such as type I diabetes in which the underlying cause
of the primary disease is autoimmunity that destroys
the β cells or certain autoimmune types of hemophilia,
the native human protein is a well-defined antigen,
and patients may respond to it vigorously, rejecting
the transplant. In these cases, an active immunother-
apy is necessary, and only through some forms of
immunotherapy can the immune system be rebalanced
to ensure the survival of the remaining β cell popula-
tion. These techniques include cell ablation, competi-
tive decoy autoantigens, reduced cell activation, and
autoantigen introduction that enables the survival of
the graft [205�209]. In the case of hemophilia A, the
active immune response may be avoided by using
recombinant FVIII lacking the particular antigenic
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epitopes, replacing native human FVIII with porcine
FVIII or its domain-engineered variants [210�214].

One promising immunotherapeutic intervention is
the use of a limited graft-versus-cancer reaction when
the transplanted allogeneic immune cells mount a
vigorous immune reaction against the MHC antigen-
expressing cancer in the host [215]. However, in a num-
ber of patients, the graft-versus-host disease can ensue
[216]. To limit the progress of the GVHR, suicide genes
may be inserted into the donor cells prior to transplan-
tation, and at the onset of the GVHR the donor cells are
decimated by chemical means [214,217�222].

Major limitations to gene therapy using ex vivo
transduced cells are the limited number of cells
involved and the low gene transfer efficiency. In addi-
tion, the inability of most therapeutic genes to confer
any selective advantage on the gene-corrected cells
results in unacceptably low engraftment and ulti-
mately to failure of cell therapy.

One approach to enrich for gene-modified cells
in vivo is to include in the retroviral vector a drug-
resistance gene, such as the P140K mutant of the DNA
repair enzyme O6-methylguanine-DNA methyltransfer-
ase (MGMT) [223]. This approach can also be used in
the clinic to protect the transduced cells against toxic
effects of chemotherapy, especially in the treatment of
glioblastoma [224,225]. Successful protection of cells by
this approach was shown in clinical trials. HSCs trans-
duced with retroviral vector, expressing mutant
MGMT (P140K), efficiently engrafted in three patients
with glioblastoma. All three patients surpassed the
median survival for glioblastoma patients with poor
prognosis, with one patient alive and progression-free
more than 2 years after diagnosis. Thus, transplanted
P140K-expressing hematopoietic stem and progenitor
cells are chemoprotective, potentially maximizing the
drug dose that can be administered [226].

Stem cells, which are one of the favorite targets of
ex vivo gene therapy, are rare: It is estimated that only
1 in 10,000 cells in normal tissues belongs to this self-
renewing cell population. It is also known that for the
cells to survive, they require a supporting microenvi-
ronment, and even if they survive, they do not differ-
entiate appropriately in the absence of a proper
microenvironment [227]. Because stem cells spend
much of their time in the resting state, sitting in the
stabile microenvironment that is inaccessible to pro-
ductive engraftment by the transplanted (stem) cells,
only a fraction of transplanted cells can home success-
fully to these niches and function as expected
[227,228]. To improve the engraftment rate, the recipi-
ent can be pretreated, so as to cause activation of the
resting stem cells and mobilize them, thus multiplying
the number of the available microenvironmental niches
for the transplanted cells [229].

CONCLUSIONS AND SUMMARY

This chapter presented some of the interesting pos-
sibilities for the development of genetically modified
cell products for therapy. Many of these products are
now showing benefit to a statistically meaningful
group of test subjects. Although many of the feasibility
and clinical development hurdles have been overcome,
there remains a set of hurdles for production of geneti-
cally modified cell products at a scale needed for com-
mercialization. The next several years will be
interesting and exciting times as many of these pro-
ducts enter this critical phase.

References

[1] Couzin J, Kaiser J. Gene therapy. As Gelsinger case ends, gene
therapy suffers another blow. Science 2005;307(5712):1028.

[2] David AL, Peebles D. Gene therapy for the fetus: is there a
future? Best Pract Res Clin Obstet Gynaecol 2008;22(1):203�18.

[3] Rubanyi GM. The future of human gene therapy. Mol Aspects
Med 2001;22(3):113�42.

[4] Smith L, Byers JF. Gene therapy in the post-Gelsinger era.
JONAS Healthc Law Ethics Regul 2002;4(4):104�10.

[5] Chang ML, Chen JC, Yeh CT, Chang MY, Liang CK, Chiu CT,
et al. Gene gun bombardment with DNA-coated gold particles
is a potential alternative to hydrodynamics-based transfection
for delivering genes into superficial hepatocytes. Hum Gene
Ther 2008;19(4):391�5.

[6] Lee PW, Peng SF, Su CJ, Mi FL, Chen HL, Wei MC, et al. The
use of biodegradable polymeric nanoparticles in combination
with a low-pressure gene gun for transdermal DNA delivery.
Biomaterials 2008;29(6):742�51.

[7] Yang NS, Burkholder J, McCabe D, Neumann V, Fuller D.
Particle-mediated gene delivery in vivo and in vitro. Curr Protoc
Hum Genet 2001 [Chapter 12:Unit].

[8] Davidson JM, Krieg T, Eming SA. Particle-mediated gene ther-
apy of wounds. Wound Repair Regen 2000;8(6):452�9.

[9] Hao J, Li SK, Kao WW, Liu CY. Gene delivery to cornea. Brain
Res Bull 2010;81(2-3):256�61.

[10] Heiser WC. Gene delivery to skin using biolistics. CSH Protoc
2006;2006(1).

[11] Stevenson FK, Link Jr. CJ, Traynor A, Yu H, Corr M. DNA
vaccination against multiple myeloma. Semin Hematol
1999;36(1 Suppl 3):38�42.

[12] Zelenin AV, Kolesnikov VA, Tarasenko OA, Shafei RA,
Zelenina IA, Mikhailov VV, et al. Bacterial beta-galactosidase
and human dystrophin genes are expressed in mouse skeletal
muscle fibers after ballistic transfection. FEBS Lett 1997;
414(2):319�22.

[13] Xiong F, Mi Z, Gu N. Cationic liposomes as gene delivery sys-
tem: transfection efficiency and new application. Pharmazie
2011;66(3):158�64.

[14] Zhang S, Zhao Y, Zhao B, Wang B. Hybrids of nonviral vectors
for gene delivery. Bioconjug Chem 2010;21(6):1003�9.

[15] Zhao Y, Zhang S, Cui S, Wang B, Zhang S. Peptide-based cat-
ionic liposome-mediated gene delivery. Expert Opin Drug
Deliv 2012;9(1):127�39.

[16] Maitani Y, Hattori Y. Oligoarginine-PEG-lipid particles for gene
delivery. Expert Opin Drug Deliv 2009;6(10):1065�77.

[17] Benvegnu T, Lemiegre L, Cammas-Marion S. New generation
of liposomes called archaeosomes based on natural or synthetic

12 1. EX VIVO GENE THERAPY

I. VIRAL AND NONVIRAL VECTOR METHODOLOGIES: TARGETS AND APPROACHES

http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref1
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref1
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref2
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref2
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref2
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref3
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref3
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref3
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref4
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref4
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref4
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref5
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref5
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref5
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref5
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref5
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref5
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref6
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref6
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref6
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref6
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref6
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref7
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref7
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref7
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref8
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref8
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref8
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref9
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref9
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref9
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref10
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref10
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref11
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref11
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref11
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref11
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref12
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref12
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref12
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref12
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref12
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref12
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref13
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref13
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref13
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref13
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref14
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref14
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref14
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref15
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref15
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref15
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref15
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref16
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref16
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref16
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref17
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref17


archaeal lipids as innovative formulations for drug delivery.
Recent Pat Drug Deliv Formul 2009;3(3):206�20.

[18] Pathak A, Vyas SP, Gupta KC. Nano-vectors for efficient liver
specific gene transfer. Int J Nanomedicine 2008;3(1):31�49.

[19] Jafari M, Soltani M, Naahidi S, Karunaratne DN, Chen P.
Nonviral approach for targeted nucleic acid delivery. Curr Med
Chem 2012;19(2):197�208.

[20] Kim J, Hwang I, Britain D, Chung TD, Sun Y, Kim DH.
Microfluidic approaches for gene delivery and gene therapy.
Lab Chip 2011;11(23):3941�8.

[21] Gagnon ZR. Cellular dielectrophoresis: applications to the char-
acterization, manipulation, separation and patterning of cells.
Electrophoresis 2011;32(18):2466�87.

[22] Ivics Z, Hackett PB, Plasterk RH, Izsvak Z. Molecular recon-
struction of Sleeping beauty, a Tc1-like transposon from fish,
and its transposition in human cells. Cell 1997;91(4):501�10.

[23] Ammar I, Izsvak Z, Ivics Z. The sleeping beauty transposon
toolbox. Methods Mol Biol 2012;859:229�40.

[24] Svoboda J. Retroviruses and retroelements in diseases and in
gene therapy: 15 years later. Infect Agent Cancer 2011;6(1):14.

[25] Hackett Jr. PB, Aronovich EL, Hunter D, Urness M, Bell JB,
Kass SJ, et al. Efficacy and safety of sleeping beauty
transposon-mediated gene transfer in preclinical animal stud-
ies. Curr Gene Ther 2011;11(5):341�9.

[26] Belay E, Dastidar S, VandenDriessche T, Chuah MK.
Transposon-mediated gene transfer into adult and induced plu-
ripotent stem cells. Curr Gene Ther 2011;11(5):406�13.

[27] Hyland KA, Olson ER, Clark KJ, Aronovich EL, Hackett PB,
Blazar BR, et al. Sleeping beauty-mediated correction of
Fanconi anemia type C. J Gene Med 2011;13(9):462�9.

[28] Aronovich EL, McIvor RS, Hackett PB. The sleeping beauty
transposon system: a non-viral vector for gene therapy. Hum
Mol Genet 2011;20(R1):R14�20.

[29] Ronen K, Negre O, Roth S, Colomb C, Malani N, Denaro M,
et al. Distribution of lentiviral vector integration sites in mice
following therapeutic gene transfer to treat beta-thalassemia.
Mol Ther 2011;19(7):1273�86.

[30] Grieger JC, Samulski RJ. Adeno-associated virus vectorology,
manufacturing, and clinical applications. Methods Enzymol
2012;507:229�54.

[31] Ortolano S, Spuch C, Navarro C. Present and future of adeno
associated virus based gene therapy approaches. Recent Pat
Endocr Metab Immune Drug Discov 2012;6(1):47�66.

[32] Raj D, Davidoff AM, Nathwani AC. Self-complementary adeno-
associated viral vectors for gene therapy of hemophilia B: prog-
ress and challenges. Expert Rev Hematol 2011;4(5):539�49.

[33] Jacobs F, Wang L. Adeno-associated viral vectors for correction
of inborn errors of metabolism: progressing towards clinical
application. Curr Pharm Des 2011;17(24):2500�15.

[34] McCown TJ. Adeno-associated virus (AAV) vectors in the CNS.
Curr Gene Ther 2011;11(3):181�8.

[35] Zhang M, Yuan H, Huang Z, Hu F. Recombinant-adeno-associated
viral vector-mediated gene therapy for cardiovascular diseases.
Zhong Nan Da Xue Xue Bao Yi Xue Ban 2011;36(2):178�84.

[36] Fischer A, Hacein-Bey S, Le DF, de Saint BG, Cavazzana-Calvo
M. Gene therapy for human severe combined immunodeficien-
cies. Immunity 2001;15(1):1�4.

[37] Cavazzana-Calvo M, Hacein-Bey S, de Saint BG, Gross F, Yvon E,
Nusbaum P, et al. Gene therapy of human severe combined immu-
nodeficiency (SCID)-X1 disease. Science 2000;288(5466):669�72.

[38] Bushman FD. Retroviral integration and human gene therapy.
J Clin Invest 2007;117(8):2083�6.

[39] Staal FJ, Pike-Overzet K, Ng YY, van Dongen JJ. Sola dosis facit
venenum: leukemia in gene therapy trials: a question of vectors,
inserts and dosage? Leukemia 2008;22(10):1849�52.

[40] Montini E, Cesana D, Schmidt M, Sanvito F, Ponzoni M,
Bartholomae C, et al. Hematopoietic stem cell gene transfer in a
tumor-prone mouse model uncovers low genotoxicity of lenti-
viral vector integration. Nat Biotechnol 2006;24(6):687�96.

[41] Maruggi G, Porcellini S, Facchini G, Perna SK, Cattoglio C,
Sartori D, et al. Transcriptional enhancers induce insertional
gene deregulation independently from the vector type and
design. Mol Ther 2009;17(5):851�6.

[42] Modlich U, Navarro S, Zychlinski D, Maetzig T, Knoess S,
Brugman MH, et al. Insertional transformation of hematopoietic
cells by self-inactivating lentiviral and gamma-retroviral vec-
tors. Mol Ther 2009;17(11):1919�28.

[43] Modlich U, Baum C. Preventing and exploiting the oncogenic
potential of integrating gene vectors. J Clin Invest 2009;
119(4):755�8.

[44] Montini E, Cesana D, Schmidt M, Sanvito F, Bartholomae CC,
Ranzani M, et al. The genotoxic potential of retroviral vectors is
strongly modulated by vector design and integration site selec-
tion in a mouse model of HSC gene therapy. J Clin Invest
2009;119(4):964�75.

[45] Zufferey R, Dull T, Mandel RJ, Bukovsky A, Quiroz D, Naldini
L, et al. Self-inactivating lentivirus vector for safe and efficient
in vivo gene delivery. J Virol 1998;72(12):9873�80.

[46] D’Costa J, Brown H, Kundra P, Davis-Warren A, Arya S.
Human immunodeficiency virus type 2 lentiviral vectors: pack-
aging signal and splice donor in expression and encapsidation.
J Gen Virol 2001;82(Pt 2):425�34.

[47] Poeschla EM, Wong-Staal F, Looney DJ. Efficient transduction
of nondividing human cells by feline immunodeficiency virus
lentiviral vectors. Nat Med 1998;4(3):354�7.

[48] Mitrophanous K, Yoon S, Rohll J, Patil D, Wilkes F, Kim V, et
al. Stable gene transfer to the nervous system using a non-
primate lentiviral vector. Gene Ther 1999;6(11):1808�18.

[49] Mangeot PE, Negre D, Dubois B, Winter AJ, Leissner P, Mehtali
M, et al. Development of minimal lentivirus vectors derived
from simian immunodeficiency virus (SIVmac251) and their
use for gene transfer into human dendritic cells. J Virol 2000;74
(18):8307�15.

[50] Levine BL, Humeau LM, Boyer J, MacGregor RR, Rebello T, Lu
X, et al. Gene transfer in humans using a conditionally replicat-
ing lentiviral vector. Proc Natl Acad Sci USA 2006;103
(46):17372�7.

[51] Cartier N, Hacein-Bey-Abina S, Bartholomae CC, Veres G,
Schmidt M, Kutschera I, et al. Hematopoietic stem cell gene
therapy with a lentiviral vector in X-linked adrenoleukodystro-
phy. Science 2009;326(5954):818�23.

[52] Cavazzana-Calvo M, Payen E, Negre O, Wang G, Hehir K,
Fusil F, et al. Transfusion independence and HMGA2 activation
after gene therapy of human beta-thalassaemia. Nature
2010;467(7313):318�22.

[53] Cavazzana-Calvo M, Fischer A, Bushman FD, Payen E, Hacein-
Bey-Abina S, Leboulch P. Is normal hematopoiesis maintained
solely by long-term multipotent stem cells? Blood 2011;
117(17):4420�4.

[54] Maetzig T, Brugman MH, Bartels S, Heinz N, Kustikova OS,
Modlich U, et al. Polyclonal fluctuation of lentiviral vector-
transduced and expanded murine hematopoietic stem cells.
Blood 2011;117(11):3053�64.

[55] Newrzela S, Cornils K, Li Z, Baum C, Brugman MH, Hartmann
M, et al. Resistance of mature T cells to oncogene transforma-
tion. Blood 2008;112(6):2278�86.

[56] Cattoglio C, Maruggi G, Bartholomae C, Malani N, Pellin D,
Cocchiarella F, et al. High-definition mapping of retroviral inte-
gration sites defines the fate of allogeneic T cells after donor
lymphocyte infusion. PLoS ONE 2010;5(12):e15688.

13REFERENCES

I. VIRAL AND NONVIRAL VECTOR METHODOLOGIES: TARGETS AND APPROACHES

http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref17
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref17
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref17
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref18
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref18
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref18
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref19
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref19
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref19
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref19
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref20
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref20
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref20
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref20
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref21
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref21
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref21
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref21
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref22
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref22
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref22
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref22
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref23
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref23
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref23
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref24
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref24
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref25
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref25
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref25
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref25
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref25
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref26
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref26
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref26
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref26
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref27
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref27
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref27
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref27
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref28
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref28
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref28
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref28
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref29
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref29
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref29
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref29
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref29
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref30
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref30
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref30
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref30
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref31
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref31
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref31
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref31
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref32
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref32
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref32
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref32
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref33
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref33
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref33
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref33
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref34
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref34
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref34
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref35
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref35
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref35
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref35
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref36
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref36
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref36
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref36
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref37
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref37
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref37
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref37
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref38
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref38
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref38
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref39
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref39
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref39
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref39
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref40
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref40
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref40
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref40
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref40
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref41
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref41
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref41
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref41
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref41
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref42
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref42
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref42
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref42
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref42
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref43
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref43
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref43
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref43
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref44
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref44
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref44
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref44
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref44
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref44
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref45
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref45
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref45
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref45
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref46
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref46
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref46
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref46
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref46
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref47
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref47
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref47
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref47
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref48
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref48
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref48
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref48
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref49
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref49
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref49
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref49
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref49
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref49
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref50
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref50
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref50
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref50
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref50
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref51
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref51
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref51
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref51
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref51
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref52
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref52
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref52
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref52
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref52
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref53
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref53
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref53
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref53
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref53
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref54
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref54
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref54
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref54
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref54
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref55
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref55
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref55
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref55
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref56
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref56
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref56
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref56


[57] Dropulic B. Lentiviral vectors: their molecular design, safety,
and use in laboratory and preclinical research. Hum Gene Ther
2011;22(6):649�57.

[58] Matrai J, Chuah MK, VandenDriessche T. Recent advances in
lentiviral vector development and applications. Mol Ther
2010;18(3):477�90.

[59] Dull T, Zufferey R, Kelly M, Mandel RJ, Nguyen M, Trono D,
et al. A third-generation lentivirus vector with a conditional
packaging system. J Virol 1998;72(11):8463�71.

[60] Desrosiers RC. Will there be a live-attenuated HIV vaccine
available for human safety trials by the year 2000? Interview
by Gordon Nary. J Int Assoc Physicians AIDS Care
1998;4(11):22�3.

[61] Watson DJ, Kobinger GP, Passini MA, Wilson JM, Wolfe JH.
Targeted transduction patterns in the mouse brain by lentivirus
vectors pseudotyped with VSV, Ebola, Mokola, LCMV, or
MuLV envelope proteins. Mol Ther 2002;5(5 Pt 1):528�37.

[62] Frecha C, Levy C, Costa C, Negre D, Amirache F, Buckland R,
et al. Measles virus glycoprotein-pseudotyped lentiviral vector-
mediated gene transfer into quiescent lymphocytes requires
binding to both SLAM and CD46 entry receptors. J Virol
2011;85(12):5975�85.

[63] Frecha C, Levy C, Cosset FL, Verhoeyen E. Advances in the
field of lentivector-based transduction of T and B lymphocytes
for gene therapy. Mol Ther 2010;18(10):1748�57.

[64] Frecha C, Szecsi J, Cosset FL, Verhoeyen E. Strategies for target-
ing lentiviral vectors. Curr Gene Ther 2008;8(6):449�60.

[65] Bartosch B, Cosset FL. Strategies for retargeted gene delivery
using vectors derived from lentiviruses. Curr Gene Ther 2004;
4(4):427�43.

[66] Sandrin V, Russell SJ, Cosset FL. Targeting retroviral and lenti-
viral vectors. Curr Top Microbiol Immunol 2003;281:137�78.

[67] Hiripi L, Negre D, Cosset FL, Kvell K, Czompoly T, Baranyi M,
et al. Transgenic rabbit production with simian immunodefi-
ciency virus-derived lentiviral vector. Transgenic Res 2010;19
(5):799�808.

[68] Kyriakou CA, Yong KL, Benjamin R, Pizzey A, Dogan A, Singh
N, et al. Human mesenchymal stem cells (hMSCs) expressing
truncated soluble vascular endothelial growth factor receptor
(tsFlk-1) following lentiviral-mediated gene transfer inhibit
growth of Burkitt’s lymphoma in a murine model. J Gene Med
2006;8(3):253�64.

[69] Yu ZY, McKay K, van AP, Zheng M, Fleming J, Ginn SL, et al.
Lentivirus vector-mediated gene transfer to the developing
bronchiolar airway epithelium in the fetal lamb. J Gene Med
2007;9(6):429�39.

[70] Lim FY, Kobinger GP, Weiner DJ, Radu A, Wilson JM,
Crombleholme TM. Human fetal trachea-SCID mouse xeno-
grafts: efficacy of vesicular stomatitis virus-G pseudotyped
lentiviral-mediated gene transfer. J Pediatr Surg 2003;38
(6):834�9.

[71] Kobinger GP, Weiner DJ, Yu QC, Wilson JM. Filovirus-
pseudotyped lentiviral vector can efficiently and stably trans-
duce airway epithelia in vivo. Nat Biotechnol 2001;19(3):225�30.

[72] Bartosch B, Vitelli A, Granier C, Goujon C, Dubuisson J, Pascale
S, et al. Cell entry of hepatitis C virus requires a set of co-
receptors that include the CD81 tetraspanin and the SR-B1 scav-
enger receptor. J Biol Chem 2003;278(43):41624�30.

[73] Bell Jr. AJ, Fegen D, Ward M, Bank A. RD114 envelope proteins
provide an effective and versatile approach to pseudotype lenti-
viral vectors. Exp Biol Med 2010;235(10):1269�76.

[74] Di NF, Piovani B, Cosset FL, Mavilio F, Stornaiuolo A.
Transduction of human hematopoietic stem cells by lentiviral
vectors pseudotyped with the RD114-TR chimeric envelope gly-
coprotein. Hum Gene Ther 2007;18(9):811�20.

[75] Germain E, Roullin VG, Qiao J, de Campos Lima PO, Caruso
M. RD114-pseudotyped retroviral vectors kill cancer cells by
syncytium formation and enhance the cytotoxic effect of the
TK/GCV gene therapy strategy. J Gene Med 2005;7(4):389�97.

[76] Jang JE, Shaw K, Yu XJ, Petersen D, Pepper K, Lutzko C, et al.
Specific and stable gene transfer to human embryonic stem cells
using pseudotyped lentiviral vectors. Stem Cells Dev 2006;
15(1):109�17.

[77] Sandrin V, Boson B, Salmon P, Gay W, Negre D, Le Grand R, et
al. Lentiviral vectors pseudotyped with a modified RD114 enve-
lope glycoprotein show increased stability in sera and augmented
transduction of primary lymphocytes and CD341 cells derived
from human and nonhuman primates. Blood 2002;100(3):823�32.

[78] Wurm M, Schambach A, Lindemann D, Hanenberg H,
Standker L, Forssmann WG, et al. The influence of semen-
derived enhancer of virus infection on the efficiency of retrovi-
ral gene transfer. J Gene Med 2010;12(2):137�46.

[79] Iwakuma T, Cui Y, Chang LJ. Self-inactivating lentiviral vectors
with U3 and U5 modifications. Virology 1999;261(1):120�32.

[80] Buchholz CJ, Cichutek K. Is it going to be SIN? a European
Society of Gene Therapy commentary. Phasing-out the clinical
use of non self-inactivating murine leukemia virus vectors: ini-
tiative on hold. J Gene Med 2006;8(10):1274�6.

[81] Yu SF, von RT, Kantoff PW, Garber C, Seiberg M, Ruther U,
et al. Self-inactivating retroviral vectors designed for transfer
of whole genes into mammalian cells. Proc Natl Acad Sci
USA 1986;83(10):3194�8.

[82] Kim VN, Mitrophanous K, Kingsman SM, Kingsman AJ.
Minimal requirement for a lentivirus vector based on human
immunodeficiency virus type 1. J Virol 1998;72(1):811�6.

[83] Dardalhon V, Jaleco S, Kinet S, Herpers B, Steinberg M,
Ferrand C, et al. IL-7 differentially regulates cell cycle progres-
sion and HIV-1-based vector infection in neonatal and adult
CD41 T cells. Proc Natl Acad Sci USA 2001;98(16):9277�82.

[84] Zennou V, Serguera C, Sarkis C, Colin P, Perret E, Mallet J,
et al. The HIV-1 DNA flap stimulates HIV vector-mediated
cell transduction in the brain. Nat Biotechnol 2001;
19(5):446�50.

[85] Zufferey R, Donello JE, Trono D, Hope TJ. Woodchuck hepatitis
virus posttranscriptional regulatory element enhances expres-
sion of transgenes delivered by retroviral vectors. J Virol
1999;73(4):2886�92.

[86] Kingsman SM, Mitrophanous K, Olsen JC. Potential oncogene
activity of the woodchuck hepatitis post-transcriptional regula-
tory element (WPRE). Gene Ther 2005;12(1):3�4.

[87] Zanta-Boussif MA, Charrier S, Brice-Ouzet A, Martin S, Opolon
P, Thrasher AJ, et al. Validation of a mutated PRE sequence
allowing high and sustained transgene expression while abro-
gating WHV-X protein synthesis: application to the gene ther-
apy of WAS. Gene Ther 2009;16(5):605�19.

[88] Hanawa H, Yamamoto M, Zhao H, Shimada T, Persons DA.
Optimized lentiviral vector design improves titer and transgene
expression of vectors containing the chicken beta-globin locus
HS4 insulator element. Mol Ther 2009;17(4):667�74.

[89] Pluta K, Diehl W, Zhang XY, Kutner R, Bialkowska A, Reiser J.
Lentiviral vectors encoding tetracycline-dependent repressors
and transactivators for reversible knockdown of gene expres-
sion: a comparative study. BMC Biotechnol 2007;7:41�51.

[90] Wiznerowicz M, Trono D. Harnessing HIV for therapy, basic
research and biotechnology. Trends Biotechnol 2005;23(1):42�7.

[91] Kuhn R, Torres RM. Cre/loxP recombination system and gene
targeting. Methods Mol Biol 2002;180:175�204.

[92] Chang LJ, Zaiss AK. Self-inactivating lentiviral vectors and a
sensitive Cre-loxP reporter system. Methods Mol Med 2003;
76:367�82.

14 1. EX VIVO GENE THERAPY

I. VIRAL AND NONVIRAL VECTOR METHODOLOGIES: TARGETS AND APPROACHES

http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref57
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref57
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref57
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref57
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref58
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref58
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref58
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref58
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref59
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref59
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref59
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref59
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref60
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref60
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref60
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref60
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref60
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref61
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref61
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref61
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref61
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref61
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref62
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref62
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref62
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref62
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref62
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref62
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref63
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref63
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref63
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref63
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref64
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref64
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref64
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref65
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref65
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref65
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref65
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref66
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref66
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref66
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref67
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref67
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref67
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref67
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref67
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref68
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref68
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref68
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref68
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref68
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref68
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref68
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref69
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref69
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref69
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref69
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref69
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref70
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref70
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref70
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref70
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref70
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref70
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref71
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref71
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref71
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref71
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref72
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref72
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref72
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref72
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref72
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref73
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref73
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref73
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref73
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref74
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref74
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref74
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref74
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref74
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref75
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref75
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref75
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref75
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref75
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref76
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref76
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref76
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref76
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref76
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref77
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref77
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref77
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref77
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref77
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref77
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref77
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref77
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref77
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref77
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref78
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref78
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref78
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref78
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref78
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref79
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref79
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref79
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref80
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref80
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref80
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref80
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref80
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref81
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref81
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref81
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref81
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref81
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref82
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref82
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref82
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref82
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref83
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref83
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref83
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref83
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref83
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref83
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref83
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref83
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref83
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref84
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref84
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref84
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref84
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref84
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref85
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref85
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref85
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref85
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref85
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref86
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref86
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref86
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref86
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref87
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref87
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref87
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref87
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref87
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref87
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref88
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref88
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref88
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref88
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref88
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref89
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref89
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref89
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref89
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref89
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref90
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref90
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref90
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref91
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref91
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref91
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref92
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref92
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref92
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref92


[93] Pluck A. Conditional mutagenesis in mice: the Cre/loxP
recombination system. Int J Exp Pathol 1996;77(6):269�78.

[94] Naldini L, Blomer U, Gallay P, Ory D, Mulligan R, Gage FH,
et al. In vivo gene delivery and stable transduction of
nondividing cells by a lentiviral vector. Science 1996;
272(5259):263�7.

[95] Bukrinsky M. A hard way to the nucleus. Mol Med 2004;
10(1-6):1�5.

[96] Davis BM, Humeau L, Slepushkin V, Binder G, Korshalla L,
Ni Y, et al. ABC transporter inhibitors that are substrates
enhance lentiviral vector transduction into primitive hemato-
poietic progenitor cells. Blood 2004;104(2):364�73.

[97] Salmon P, Trono D. Production and titration of lentiviral vec-
tors. Curr Protoc Hum Genet 2007 [Chapter 12:Unit].

[98] Chen TS, Lai RC, Lee MM, Choo AB, Lee CN, Lim SK.
Mesenchymal stem cell secretes microparticles enriched in
pre-microRNAs. Nucleic Acids Res 2010;38(1):215�24.

[99] Davidson BL, McCray Jr. PB. Current prospects for RNA
interference-based therapies. Nat Rev Genet 2011;
12(5):329�40.

[100] Kambal A, Mitchell G, Cary W, Gruenloh W, Jung Y,
Kalomoiris S, et al. Generation of HIV-1 resistant and func-
tional macrophages from hematopoietic stem cell-derived
induced pluripotent stem cells. Mol Ther 2011;19(3):584�93.

[101] DiGiusto DL, Krishnan A, Li L, Li H, Li S, Rao A, et al. RNA-
based gene therapy for HIV with lentiviral vector-modified
CD34(1) cells in patients undergoing transplantation for
AIDS-related lymphoma. Sci Transl Med 2010;2(36): 36ra43.

[102] Liang M, Kamata M, Chen KN, Pariente N, An DS, Chen IS.
Inhibition of HIV-1 infection by a unique short hairpin RNA
to chemokine receptor 5 delivered into macrophages through
hematopoietic progenitor cell transduction. J Gene Med
2010;12(3):255�65.

[103] Shimizu S, Hong P, Arumugam B, Pokomo L, Boyer J, Koizumi
N, et al. A highly efficient short hairpin RNA potently down-
regulates CCR5 expression in systemic lymphoid organs in the
hu-BLT mouse model. Blood 2010;115(8):1534�44.

[104] Anderson JS, Walker J, Nolta JA, Bauer G. Specific transduc-
tion of HIV-susceptible cells for CCR5 knockdown and resis-
tance to HIV infection: a novel method for targeted gene
therapy and intracellular immunization. J Acquir Immune
Defic Syndr 2009;52(2):152�61.

[105] Chowdhury F, Na S, Li D, Poh YC, Tanaka TS, Wang F, et al.
Material properties of the cell dictate stress-induced spreading
and differentiation in embryonic stem cells. Nat Mater 2010;
9(1):82�8.

[106] Wang Y, Belflower RM, Dong YF, Schwarz EM, O’Keefe RJ,
Drissi H. Runx1/AML1/Cbfa2 mediates onset of mesenchy-
mal cell differentiation toward chondrogenesis. J Bone Miner
Res 2005;20(9):1624�36.

[107] Sauvain MO, Dorr AP, Stevenson B, Quazzola A, Naef F,
Wiznerowicz M, et al. Genotypic features of lentivirus trans-
genic mice. J Virol 2008;82(14):7111�9.

[108] Guo L, Zhao RC, Wu Y. The role of microRNAs in self-
renewal and differentiation of mesenchymal stem cells. Exp
Hematol 2011;39(6):608�16.

[109] Katoh Y, Katoh M. Hedgehog signaling, epithelial-to-
mesenchymal transition and miRNA [Review]. Int J Mol Med
2008;22(3):271�5.

[110] Hu Q, Chen C, Khatibi NH, Li L, Yang L, Wang K, et al.
Lentivirus-mediated transfer of MMP-9 shRNA provides neu-
roprotection following focal ischemic brain injury in rats.
Brain Res 2011;1367:347�59.

[111] Carroll D. Zinc-finger nucleases: a panoramic view. Curr Gene
Ther 2011;11(1):2�10.

[112] Jensen NM, Dalsgaard T, Jakobsen M, Nielsen RR, Sorensen CB,
Bolund L, et al. An update on targeted gene repair in mamma-
lian cells: methods and mechanisms. J Biomed Sci 2011;18:10.

[113] Handel EM, Cathomen T. Zinc-finger nuclease based genome
surgery: it’s all about specificity. Curr Gene Ther 2011;11
(1):28�37.

[114] Urnov FD, Rebar EJ, Holmes MC, Zhang HS, Gregory PD.
Genome editing with engineered zinc finger nucleases. Nat
Rev Genet 2010;11(9):636�46.

[115] Kramer O, Klausing S, Noll T. Methods in mammalian cell line
engineering: from random mutagenesis to sequence-specific
approaches. Appl Microbiol Biotechnol 2010;88(2):425�36.

[116] Davis D, Stokoe D. Zinc finger nucleases as tools to under-
stand and treat human diseases. BMC Med 2010;8:42�53.

[117] Sander JD, Yeh JR, Peterson RT, Joung JK. Engineering zinc
finger nucleases for targeted mutagenesis of zebrafish.
Methods Cell Biol 2011;104:51�8.

[118] Rahman SH, Maeder ML, Joung JK, Cathomen T. Zinc-finger
nucleases for somatic gene therapy: the next frontier. Hum
Gene Ther 2011;22(8):925�33.

[119] Aiba Y, Sumaoka J, Komiyama M. Artificial DNA cutters for
DNA manipulation and genome engineering. Chem Soc Rev
2011;40:5657�68.

[120] Mani M, Kandavelou K, Dy FJ, Durai S, Chandrasegaran S.
Design, engineering, and characterization of zinc finger
nucleases. Biochem Biophys Res Commun 2005;335(2):447�57.

[121] Lombardo A, Genovese P, Beausejour CM, Colleoni S, Lee YL,
Kim KA, et al. Gene editing in human stem cells using zinc
finger nucleases and integrase-defective lentiviral vector deliv-
ery. Nat Biotechnol 2007;25(11):1298�306.

[122] Enver T, Pera M, Peterson C, Andrews PW. Stem cell states,
fates, and the rules of attraction. Cell Stem Cell 2009;
4(5):387�97.

[123] Wen Y, Meng L, Gao Q. Autologous bone marrow cell therapy
for patients with peripheral arterial disease: a meta-analysis of
randomized controlled trials. Expert Opin Biol Ther 2011;11
(12):1581�9.

[124] Hu SW, Cotliar J. Acute graft-versus-host disease following
hematopoietic stem-cell transplantation. Dermatol Ther
2011;24(4):411�23.

[125] Azoulay E, Soares M, Darmon M, Benoit D, Pastores S,
Afessa B. Intensive care of the cancer patient: recent
achievements and remaining challenges. Ann Intensive Care
2011;1(1):5�18.

[126] Buckley RH. Transplantation of hematopoietic stem cells in
human severe combined immunodeficiency: long-term out-
comes. Immunol Res 2011;49(1-3):25�43.

[127] Campen CJ, Tombleson RL, Green MR. High-dose chemother-
apy with hematopoietic stem cell transplantation for the treat-
ment of primary central nervous system lymphoma. J
Neurooncol 2011;101(3):345�55.

[128] Kay HE. Bone marrow transplantation. Br Med J (Clin Res Ed)
1982;285(6351):1296�8.

[129] Biffi A, Cesani M. Human hematopoietic stem cells in gene
therapy: pre-clinical and clinical issues. Curr Gene Ther 2008;8
(2):135�46.

[130] Bordignon C, Notarangelo LD, Nobili N, Ferrari G, Casorati G,
Panina P, et al. Gene therapy in peripheral blood lymphocytes
and bone marrow for ADA-immunodeficient patients. Science
1995;270(5235):470�5.

[131] Cavazzana-Calvo M, Fischer A. Gene therapy for severe com-
bined immunodeficiency: are we there yet? J Clin Invest
2007;117(6):1456�65.

[132] Blaese RM, Culver KW, Miller AD, Carter CS, Fleisher T,
Clerici M, et al. T lymphocyte-directed gene therapy for

15REFERENCES

I. VIRAL AND NONVIRAL VECTOR METHODOLOGIES: TARGETS AND APPROACHES

http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref93
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref93
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref93
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref94
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref94
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref94
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref94
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref94
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref95
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref95
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref95
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref96
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref96
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref96
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref96
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref96
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref97
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref97
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref98
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref98
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref98
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref98
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref99
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref99
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref99
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref99
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref100
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref100
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref100
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref100
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref100
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref101
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref101
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref101
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref101
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref101
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref101
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref101
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref102
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref102
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref102
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref102
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref102
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref102
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref103
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref103
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref103
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref103
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref103
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref104
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref104
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref104
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref104
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref104
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref104
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref105
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref105
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref105
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref105
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref105
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref106
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref106
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref106
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref106
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref106
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref107
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref107
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref107
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref107
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref108
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref108
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref108
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref108
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref109
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref109
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref109
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref109
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref110
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref110
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref110
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref110
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref110
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref111
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref111
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref111
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref112
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref112
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref112
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref113
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref113
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref113
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref113
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref114
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref114
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref114
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref114
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref115
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref115
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref115
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref115
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref116
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref116
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref116
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref117
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref117
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref117
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref117
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref118
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref118
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref118
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref118
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref119
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref119
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref119
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref119
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref120
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref120
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref120
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref120
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref121
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref121
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref121
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref121
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref121
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref122
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref122
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref122
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref122
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref123
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref123
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref123
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref123
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref123
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref124
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref124
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref124
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref124
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref125
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref125
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref125
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref125
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref125
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref126
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref126
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref126
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref126
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref127
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref127
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref127
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref127
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref127
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref128
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref128
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref128
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref129
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref129
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref129
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref129
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref130
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref130
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref130
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref130
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref130
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref131
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref131
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref131
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref131
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref132
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref132


ADA-SCID: initial trial results after 4 years. Science 1995;
270(5235):475�80.

[133] Varela-Rohena A, Carpenito C, Perez EE, Richardson M, Parry
RV, Milone M, et al. Genetic engineering of T cells for adop-
tive immunotherapy. Immunol Res 2008;42(1�3):166�81.

[134] Humeau LM, Binder GK, Lu X, Slepushkin V, Merling R,
Echeagaray P, et al. Efficient lentiviral vector-mediated control
of HIV-1 replication in CD4 lymphocytes from diverse HIV1

infected patients grouped according to CD4 count and viral
load. Mol Ther 2004;9(6):902�13.

[135] Levine BL, Cotte J, Small CC, Carroll RG, Riley JL, Bernstein
WB, et al. Large-scale production of CD41 T cells from HIV-
1-infected donors after CD3/CD28 costimulation. J
Hematother 1998;7(5):437�48.

[136] Onodera M, Ariga T, Kawamura N, Kobayashi I, Ohtsu M,
Yamada M, et al. Successful peripheral T-lymphocyte-directed
gene transfer for a patient with severe combined immune defi-
ciency caused by adenosine deaminase deficiency. Blood
1998;91(1):30�6.

[137] Korin YD, Zack JA. Progression to the G1b phase of the cell
cycle is required for completion of human immunodeficiency
virus type 1 reverse transcription in T cells. J Virol 1998;72
(4):3161�8.

[138] Levine BL, Mosca JD, Riley JL, Carroll RG, Vahey MT,
Jagodzinski LL, et al. Antiviral effect and ex vivo CD41 T cell
proliferation in HIV-positive patients as a result of CD28 costi-
mulation. Science 1996;272(5270):1939�43.

[139] Levine BL, Bernstein WB, Aronson NE, Schlienger K, Cotte J,
Perfetto S, et al. Adoptive transfer of costimulated CD41 T
cells induces expansion of peripheral T cells and decreased
CCR5 expression in HIV infection. Nat Med 2002;8(1):47�53.

[140] Porter DL, Levine BL, Bunin N, Stadtmauer EA, Luger SM,
Goldstein S, et al. A phase 1 trial of donor lymphocyte infu-
sions expanded and activated ex vivo via CD3/CD28 costimu-
lation. Blood 2006;107(4):1325�31.

[141] Porter DL, Levine BL, Kalos M, Bagg A, June CH. Chimeric
antigen receptor-modified T cells in chronic lymphoid leuke-
mia. N Engl J Med 2011;365(8):725�33.

[142] Nienhuis AW. Development of gene therapy for blood disor-
ders. Blood 2008;111(9):4431�44.

[143] Hanenberg H, Xiao XL, Dilloo D, Hashino K, Kato I, Williams
DA. Colocalization of retrovirus and target cells on specific
fibronectin fragments increases genetic transduction of mam-
malian cells. Nat Med 1996;2(8):876�82.

[144] Bauer Jr. TR, Miller AD, Hickstein DD. Improved transfer of
the leukocyte integrin CD18 subunit into hematopoietic cell
lines by using retroviral vectors having a gibbon ape leukemia
virus envelope. Blood 1995;86(6):2379�87.

[145] Frecha C, Costa C, Negre D, Amirache F, Trono D, Rio P, et al.
A novel lentiviral vector targets gene transfer into human
hematopoietic stem cells in marrow from patients with bone
marrow failure syndrome and in vivo in humanized mice.
Blood 2012;119(5):1139�50.

[146] Boudreau JE, Bonehill A, Thielemans K, Wan Y. Engineering
dendritic cells to enhance cancer immunotherapy. Mol Ther
2011;19(5):841�53.

[147] Bonini C, Lee SP, Riddell SR, Greenberg PD. Targeting antigen
in mature dendritic cells for simultaneous stimulation of CD41

and CD81 T cells. J Immunol 2001;166(8):5250�7.
[148] Kang TH, Lee JH, Bae HC, Noh KH, Kim JH, Song CK, et al.

Enhancement of dendritic cell-based vaccine potency by tar-
geting antigen to endosomal/lysosomal compartments.
Immunol Lett 2006;106(2):126�34.

[149] Su Z, Vieweg J, Weizer AZ, Dahm P, Yancey D, Turaga V, et
al. Enhanced induction of telomerase-specific CD4(1) T cells

using dendritic cells transfected with RNA encoding a chime-
ric gene product. Cancer Res 2002;62(17):5041�8.

[150] Bonehill A, Heirman C, Tuyaerts S, Michiels A, Breckpot K,
Brasseur F, et al. Messenger RNA-electroporated dendritic
cells presenting MAGE-A3 simultaneously in HLA class I and
class II molecules. J Immunol 2004;172(11):6649�57.

[151] Schonbeck U, Libby P. The CD40/CD154 receptor/ligand
dyad. Cell Mol Life Sci 2001;58(1):4�43.

[152] Kikuchi T, Miyazawa N, Moore MA, Crystal RG. Tumor
regression induced by intratumor administration of adenovi-
rus vector expressing CD40 ligand and naive dendritic cells.
Cancer Res 2000;60(22):6391�5.

[153] Koya RC, Kasahara N, Favaro PM, Lau R, Ta HQ, Weber JS,
et al. Potent maturation of monocyte-derived dendritic cells
after CD40L lentiviral gene delivery. J Immunother 2003;26
(5):451�60.

[154] Feder-Mengus C, Schultz-Thater E, Oertli D, Marti WR,
Heberer M, Spagnoli GC, et al. Nonreplicating recombinant
vaccinia virus expressing CD40 ligand enhances APC capacity
to stimulate specific CD41 and CD81 T cell responses. Hum
Gene Ther 2005;16(3):348�60.

[155] Tcherepanova IY, Adams MD, Feng X, Hinohara A,
Horvatinovich J, Calderhead D, et al. Ectopic expression of a
truncated CD40L protein from synthetic post-transcriptionally
capped RNA in dendritic cells induces high levels of IL-12
secretion. BMC Mol Biol 2008;9:90.

[156] Mao CP, Wu TC. Inhibitory RNA molecules in immunother-
apy for cancer. Methods Mol Biol 2010;623:325�39.

[157] McKenzie GJ, Khan M, Briend E, Stallwood Y, Champion BR.
Notch: a unique therapeutic target for immunomodulation.
Expert Opin Ther Targets 2005;9(2):395�410.

[158] Stallwood Y, Briend E, Ray KM, Ward GA, Smith BJ, Nye E, et
al. Small interfering RNA-mediated knockdown of notch
ligands in primary CD41 T cells and dendritic cells enhances
cytokine production. J Immunol 2006;177(2):885�95.

[159] Del Vecchio M, Bajetta E, Canova S, Lotze MT, Wesa A,
Parmiani G, et al. Interleukin-12: biological properties and
clinical application. Clin Cancer Res 2007;13(16):4677�85.

[160] Ojima T, Iwahashi M, Nakamura M, Matsuda K, Naka T,
Nakamori M, et al. The boosting effect of co-transduction with
cytokine genes on cancer vaccine therapy using genetically
modified dendritic cells expressing tumor-associated antigen.
Int J Oncol 2006;28(4):947�53.

[161] Van DA, Van de Velde AL, Nijs G, Braeckman T, Stein B, De
Vries JM, et al. Clinical-grade manufacturing of autologous
mature mRNA-electroporated dendritic cells and safety testing
in acute myeloid leukemia patients in a phase I dose-
escalation clinical trial. Cytotherapy 2009;11(5):653�68.

[162] Kyte JA, Mu L, Aamdal S, Kvalheim G, Dueland S, Hauser M,
et al. Phase I/II trial of melanoma therapy with dendritic cells
transfected with autologous tumor-mRNA. Cancer Gene Ther
2006;13(10):905�18.

[163] Ang YS, Gaspar-Maia A, Lemischka IR, Bernstein E. Stem cells
and reprogramming: breaking the epigenetic barrier? Trends
Pharmacol Sci 2011;32:394�401.

[164] Li Z, Rich JN. Hypoxia and hypoxia inducible factors in cancer
stem cell maintenance. Curr Top Microbiol Immunol
2010;345:21�30.

[165] Herrero C, Perez-Simon JA. Immunomodulatory effect of
mesenchymal stem cells. Braz J Med Biol Res 2010;43
(5):425�30.

[166] Walia B, Satija N, Tripathi RP, Gangenahalli GU. Induced plu-
ripotent stem cells: fundamentals and applications of the
reprogramming process and its ramifications on regenerative
medicine. Stem Cell Rev 2012;8:100�15.

16 1. EX VIVO GENE THERAPY

I. VIRAL AND NONVIRAL VECTOR METHODOLOGIES: TARGETS AND APPROACHES

http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref132
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref132
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref132
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref133
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref133
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref133
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref133
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref133
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref134
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref134
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref134
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref134
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref134
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref134
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref134
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref134
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref134
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref135
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref135
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref135
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref135
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref135
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref135
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref136
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref136
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref136
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref136
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref136
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref136
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref137
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref137
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref137
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref137
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref137
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref138
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref138
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref138
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref138
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref138
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref138
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref138
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref138
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref138
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref139
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref139
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref139
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref139
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref139
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref139
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref139
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref139
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref139
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref140
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref140
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref140
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref140
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref140
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref141
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref141
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref141
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref141
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref142
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref142
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref142
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref143
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref143
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref143
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref143
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref143
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref144
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref144
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref144
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref144
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref144
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref145
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref145
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref145
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref145
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref145
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref145
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref146
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref146
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref146
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref146
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref147
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref147
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref147
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref147
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref147
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref147
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref147
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref147
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref147
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref147
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref147
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref148
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref148
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref148
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref148
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref148
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref149
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref149
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref149
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref149
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref149
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref149
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref149
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref149
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref150
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref150
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref150
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref150
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref150
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref151
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref151
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref151
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref152
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref152
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref152
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref152
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref152
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref153
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref153
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref153
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref153
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref153
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref154
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref155
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref155
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref155
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref155
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref155
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref156
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref156
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref156
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref157
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref157
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref157
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref157
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref158
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref158
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref158
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref158
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref158
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref158
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref158
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref158
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref158
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref159
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref159
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref159
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref159
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref160
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref160
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref160
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref160
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref160
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref160
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref161
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref161
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref161
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref161
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref161
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref161
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref162
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref162
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref162
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref162
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref162
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref163
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref163
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref163
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref163
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref164
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref164
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref164
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref164
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref165
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref165
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref165
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref165
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref166
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref166
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref166
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref166
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref166


[167] Galle J, Bader A, Hepp P, Grill W, Fuchs B, Kas JA, et al.
Mesenchymal stem cells in cartilage repair: state of the art and
methods to monitor cell growth, differentiation and cartilage
regeneration. Curr Med Chem 2010;17(21):2274�91.

[168] Feng Y, Gao L, Chen X. Hematopoietic stromal cells and
megakaryocyte development. Hematology 2011;16(2):67�72.

[169] Dominici M, Le BK, Mueller I, Slaper-Cortenbach I, Marini F,
Krause D, et al. Minimal criteria for defining multipotent mes-
enchymal stromal cells: the international society for cellular
therapy position statement. Cytotherapy 2006;8(4):315�7.

[170] Ogawa M, Fraser S, Fujimoto T, Endoh M, Nishikawa S,
Nishikawa SI. Origin of hematopoietic progenitors during
embryogenesis. Int Rev Immunol 2001;20(1):21�44.

[171] Astachov L, Vago R, Aviv M, Nevo Z. Hyaluronan and mesen-
chymal stem cells: from germ layer to cartilage and bone.
Front Biosci 2011;16:261�76.

[172] Khaldoyanidi S. Directing stem cell homing. Cell Stem Cell
2008;2(3):198�200.

[173] Zafiropoulos A, Fthenou E, Chatzinikolaou G, Tzanakakis GN.
Glycosaminoglycans and PDGF signaling in mesenchymal
cells. Connect Tissue Res 2008;49(3):153�6.

[174] Gonzalez F, Boue S, Izpisua Belmonte JC. Methods for making
induced pluripotent stem cells: reprogramming a la carte. Nat
Rev Genet 2011;12(4):231�42.

[175] Papp B, Plath K. Reprogramming to pluripotency: stepwise
resetting of the epigenetic landscape. Cell Res 2011;
21(3):486�501.

[176] Plath K, Lowry WE. Progress in understanding reprogram-
ming to the induced pluripotent state. Nat Rev Genet 2011;
12(4):253�65.

[177] Reiland S, Salekdeh GH, Krijgsveld J. Defining pluripotent
stem cells through quantitative proteomic analysis. Expert Rev
Proteomics 2011;8(1):29�42.

[178] Abdulrazzak H, Moschidou D, Jones G, Guillot PV.
Biological characteristics of stem cells from foetal, cord
blood and extraembryonic tissues. J R Soc Interface 2010;7
(Suppl 6):S689�706.

[179] Blau HM, Brazelton TR, Weimann JM. The evolving concept
of a stem cell: entity or function? Cell 2001;105(7):829�41.

[180] Blau HM, Pomerantz JH. Re“evolutionary” regenerative medi-
cine. JAMA 2011;305(1):87�8.

[181] Jansen BJ, Gilissen C, Roelofs H, Schaap-Oziemlak A, Veltman
JA, Raymakers RA, et al. Functional differences between mes-
enchymal stem cell populations are reflected by their tran-
scriptome. Stem Cells Dev 2010;19(4):481�90.

[182] Aoki S, Takezawa T, Uchihashi K, Sugihara H, Toda S. Non-
skin mesenchymal cell types support epidermal regeneration
in a mesenchymal stem cell or myofibroblast phenotype-
independent manner. Pathol Int 2009;59(6):368�75.

[183] Hematti P. Role of mesenchymal stromal cells in solid organ
transplantation. Transplant Rev 2008;22(4):262�73.

[184] Si YL, Zhao YL, Hao HJ, Fu XB, Han WD. MSCs: biological
characteristics, clinical applications and their outstanding con-
cerns. Ageing Res Rev 2011;10(1):93�103.

[185] Feng J, Mantesso A, De BC, Nishiyama A, Sharpe PT. Dual ori-
gin of mesenchymal stem cells contributing to organ growth
and repair. Proc Natl Acad Sci USA 2011;108(16):6503�8.

[186] Naldini L. Ex vivo gene transfer and correction for cell-based
therapies. Nat Rev Genet 2011;12(5):301�15.

[187] Cucchiarini M, Madry H. Genetic modification of mesenchy-
mal stem cells for cartilage repair. Biomed Mater Eng 2010;
20(3):135�43.

[188] Porada CD, Almeida-Porada G. Mesenchymal stem cells as
therapeutics and vehicles for gene and drug delivery. Adv
Drug Deliv Rev 2010;62(12):1156�66.

[189] Chanda D, Kumar S, Ponnazhagan S. Therapeutic potential of
adult bone marrow-derived mesenchymal stem cells in dis-
eases of the skeleton. J Cell Biochem 2010;111(2):249�57.

[190] Chang HM, Gregory RI. MicroRNAs and reprogramming. Nat
Biotechnol 2011;29(6):499�500.

[191] Meyerrose T, Olson S, Pontow S, Kalomoiris S, Jung Y, Annett
G, et al. Mesenchymal stem cells for the sustained in vivo
delivery of bioactive factors. Adv Drug Deliv Rev 2010;62
(12):1167�74.

[192] Liu ZC, Chang TM. Artificial cell microencapsulated stem cells
in regenerative medicine, tissue engineering and cell therapy.
Adv Exp Med Biol 2010;670:68�79.

[193] Alberti C. Tissue engineering technologies: just a quick note
about transplantation of bioengineered donor trachea and aug-
mentation cystoplasty by de novo engineered bladder tissue. G
Chir 2009;30(11-12):514�9.

[194] Tysnes BB. Tumor-initiating and -propagating cells: cells that
we would like to identify and control. Neoplasia 2010;12
(7):506�15.

[195] Pal A, Valdez KE, Carletti MZ, Behbod F. Targeting the perpe-
trator: breast cancer stem cell therapeutics. Curr Drug Targets
2010;11(9):1147�56.

[196] Burness ML, Sipkins DA. The stem cell niche in health and
malignancy. Semin Cancer Biol 2010;20(2):107�15.

[197] Saikawa Y, Fukuda K, Takahashi T, Nakamura R, Takeuchi H,
Kitagawa Y. Gastric carcinogenesis and the cancer stem cell
hypothesis. Gastric Cancer 2010;13(1):11�24.

[198] Niazi AK, Mileshina D, Cosset A, Val R, Weber-Lotfi F,
Dietrich A. Targeting nucleic acids into mitochondria: prog-
ress and prospects. Mitochondrion 2012 [Epub ahead of
print].

[199] Nagley P, Gearing DP, Nero D, Melzer S, Devenish RJ.
Assembly of functional proton-translocating ATPase complex
in yeast mitochondria with cytoplasmically synthesized sub-
unit 8, a polypeptide normally encoded within the organelle.
Proc. Natl. Acad. Sci. USA 2012;85:2091�5.

[200] Guy J, Qi X, Pallotti F, Schon EA, Manfredi G, Carelli V, et al.
Rescue of a mitochondrial deficiency causing Leber hereditary
optic neuropathy. Ann Neurol 2002;52(5):534�42.

[201] Dassa EP, Dufour E, Goncalves S, Paupe V, Hakkaart GA,
Jacobs HT, et al. Expression of the alternative oxidase comple-
ments cytochrome c oxidase deficiency in human cells. EMBO
Mol Med 2009;1(1):30�6.

[202] Dassa EP, Dufour E, Goncalves S, Jacobs HT, Rustin P. The
alternative oxidase, a tool for compensating cytochrome c oxi-
dase deficiency in human cells. Physiol Plant 2009;
137(4):427�34.

[203] Yagi T, Hayashi K, Shikii H, Miyamoto Y, Oda M, Shinkawa
A. Effect of volume reduction surgery by radiofrequency for
enlarged adenoid causing recurrent otitis media with effusion.
Nihon Jibiinkoka Gakkai Kaiho 2006;109(1):24�9.

[204] Yagi T, Seo BB, Nakamaru-Ogiso E, Marella M,
Barber-Singh J, Yamashita T, et al. Possibility of transking-
dom gene therapy for complex I diseases. Biochim Biophys
Acta 2006;1757(5-6):708�14.

[205] Gallagher MP, Goland RS, Greenbaum CJ. Making progress:
preserving beta cells in type 1 diabetes. Ann N Y Acad Sci
2011;1243:119�34.

[206] Larsson HE, Lernmark A. Vaccination against type 1 diabetes.
J Intern Med 2011;269(6):626�35.

[207] Phillips BE, Trucco M. Immunotherapy-based strategies for
the treatment of autoimmune diabetes: searching for the cure.
Curr Pharm Des 2011;17(29):3217�23.

[208] Pozzilli P, Guglielmi C, Maggi D, Carlone A, Buzzetti R,
Manfrini S. Clinical update on the use of immuno modulators

17REFERENCES

I. VIRAL AND NONVIRAL VECTOR METHODOLOGIES: TARGETS AND APPROACHES

http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref167
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref167
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref167
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref167
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref167
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref168
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref168
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref168
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref169
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref169
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref169
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref169
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref169
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref170
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref170
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref170
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref170
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref171
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref171
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref171
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref171
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref172
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref172
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref172
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref173
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref173
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref173
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref173
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref174
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref174
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref174
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref174
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref175
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref175
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref175
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref175
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref176
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref176
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref176
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref176
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref177
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref177
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref177
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref177
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref178
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref178
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref178
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref178
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref178
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref179
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref179
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref179
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref180
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref180
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref180
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref181
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref181
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref181
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref181
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref181
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref182
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref182
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref182
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref182
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref182
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref183
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref183
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref183
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref184
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref184
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref184
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref184
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref185
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref185
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref185
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref185
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref186
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref186
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref186
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref187
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref187
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref187
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref187
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref188
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref188
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref188
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref188
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref189
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref189
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref189
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref189
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref190
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref190
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref190
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref191
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref191
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref191
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref191
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref191
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref192
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref192
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref192
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref192
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref193
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref193
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref193
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref193
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref193
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref194
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref194
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref194
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref194
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref195
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref195
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref195
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref195
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref196
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref196
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref196
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref197
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref197
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref197
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref197
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref198
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref198
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref198
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref198
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref199
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref199
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref199
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref199
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref199
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref199
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref200
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref200
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref200
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref200
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref201
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref201
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref201
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref201
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref201
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref202
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref202
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref202
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref202
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref202
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref203
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref203
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref203
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref203
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref203
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref204
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref204
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref204
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref204
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref204
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref205
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref205
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref205
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref205
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref206
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref206
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref206
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref207
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref207
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref207
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref207
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref208
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref208


(antiCD3, GAD, Diapep277, anti-IL1) in type 1 diabetes. Curr
Pharm Des 2011;17(29):3224�8.

[209] Waldron-Lynch F, Herold KC. Immunomodulatory therapy to
preserve pancreatic beta-cell function in type 1 diabetes. Nat
Rev Drug Discov 2011;10(6):439�52.

[210] Doering CB. Retroviral modification of mesenchymal stem
cells for gene therapy of hemophilia. Methods Mol Biol
2008;433:203�12.

[211] Doering CB, Denning G, Dooriss K, Gangadharan B, Johnston
JM, Kerstann KW, et al. Directed engineering of a high-
expression chimeric transgene as a strategy for gene therapy
of hemophilia A. Mol Ther 2009;17(7):1145�54.

[212] Dooriss KL, Denning G, Gangadharan B, Javazon EH,
McCarty DA, Spencer HT, et al. Comparison of factor VIII
transgenes bioengineered for improved expression in gene
therapy of hemophilia A. Hum Gene Ther 2009;20(5):465�78.

[213] Ide LM, Iwakoshi NN, Gangadharan B, Jobe S, Moot R,
McCarty D, et al. Functional aspects of factor VIII expression
after transplantation of genetically-modified hematopoietic
stem cells for hemophilia A. J Gene Med 2010;12(4):333�44.

[214] Lu H, Chen L, Wang J, Huack B, Sarkar R, Zhou S, et al.
Complete correction of hemophilia A with adeno-associated
viral vectors containing a full-size expression cassette. Hum
Gene Ther 2008;19(6):648�54.

[215] Cho BS, Lee SE, Song HH, Lee JH, Yahng SA, Eom KS, et al.
Graft-versus-tumor effect according to type of graft-versus-
host disease defined by National Institutes of Health consen-
sus criteria and associated outcomes. Biol Blood Marrow
Transplant 2012;18(7):1136�43.

[216] Ringden O, Karlsson H, Olsson R, Omazic B, Uhlin M. The
allogeneic graft-versus-cancer effect. Br J Haematol 2009;147
(5):614�33.

[217] Lupo-Stanghellini MT, Provasi E, Bondanza A, Ciceri F,
Bordignon C, Bonini C. Clinical impact of suicide gene ther-
apy in allogeneic hematopoietic stem cell transplantation.
Hum Gene Ther 2010;21(3):241�50.

[218] Ciceri F, Bordignon C. Suicide-gene-transduced donor T-cells
for controlled graft-versus-host disease and graft-versus-
tumor. Int J Hematol 2002;76(4):305�9.

[219] Maloney DG. Advances in the immunotherapy of hematologic
malignancies: cellular and humoral approaches. Curr Opin
Hematol 1999;6(4):222�8.

[220] Litvinova E, Maury S, Boyer O, Bruel S, Benard L, Boisserie G,
et al. Graft-versus-leukemia effect after suicide-gene-mediated
control of graft-versus-host disease. Blood 2002;100(6):2020�5.

[221] Georgoudaki AM, Sutlu T, Alici E. Suicide gene therapy for
graft-versus-host disease. Immunotherapy 2010;2(4):521�37.

[222] Mailly L, Leboeuf C, Tiberghien P, Baumert T, Robinet E.
Genetically engineered T-cells expressing a ganciclovir-
sensitive HSV-tk suicide gene for the prevention of GvHD.
Curr Opin Investig Drugs 2010;11(5):559�70.

[223] Larochelle A, Choi U, Shou Y, Naumann N, Loktionova NA,
Clevenger JR, et al. In vivo selection of hematopoietic progeni-
tor cells and temozolomide dose intensification in rhesus
macaques through lentiviral transduction with a drug resis-
tance gene. J Clin Invest 2009;119(7):1952�63.

[224] Maier P, Spier I, Laufs S, Veldwijk MR, Fruehauf S, Wenz F, et
al. Chemoprotection of human hematopoietic stem cells by
simultaneous lentiviral overexpression of multidrug resistance
1 and O(6)-methylguanine-DNA methyltransferase(P140K).
Gene Ther 2010;17(3):389�99.

[225] Gori JL, Beard BC, Ironside C, Karponi G, Kiem HP. In vivo
selection of autologous MGMT gene-modified cells following
reduced-intensity conditioning with BCNU and temozolomide
in the dog model. Cancer Gene Ther 2012;19:523�9.

[226] Adair JE, Beard BC, Trobridge GD, Neff T, Rockhill JK,
Silbergeld DL, et al. Extended survival of glioblastoma
patients after chemoprotective HSC gene therapy. Sci Transl
Med 2012;4(133): 133ra57.

[227] Wu DD, Keating A. Hematopoietic stem cells engraft in
untreated transplant recipients. Exp Hematol 1993;21(2):251�6.

[228] Chen BP, Galy A, Kyoizumi S, Namikawa R, Scarborough J,
Webb S, et al. Engraftment of human hematopoietic precursor
cells with secondary transfer potential in SCID-hu mice. Blood
1994;84(8):2497�505.

[229] Quesenberry PJ, Stewart FM, Becker P, D’Hondt L, Frimberger
A, Lambert JF, et al. Stem cell engraftment strategies. Ann N Y
Acad Sci 2001;938:54�61.

18 1. EX VIVO GENE THERAPY

I. VIRAL AND NONVIRAL VECTOR METHODOLOGIES: TARGETS AND APPROACHES

http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref208
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref208
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref208
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref209
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref209
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref209
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref209
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref210
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref210
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref210
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref210
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref211
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref211
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref211
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref211
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref211
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref212
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref212
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref212
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref212
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref212
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref213
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref213
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref213
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref213
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref213
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref214
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref214
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref214
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref214
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref214
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref215
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref215
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref215
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref215
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref215
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref215
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref216
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref216
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref216
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref216
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref217
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref217
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref217
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref217
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref217
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref218
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref218
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref218
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref218
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref219
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref219
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref219
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref219
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref220
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref220
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref220
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref220
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref221
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref221
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref221
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref222
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref222
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref222
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref222
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref222
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref223
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref223
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref223
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref223
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref223
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref223
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref224
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref224
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref224
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref224
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref224
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref224
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref225
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref225
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref225
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref225
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref225
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref226
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref226
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref226
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref226
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref227
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref227
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref227
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref228
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref228
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref228
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref228
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref228
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref229
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref229
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref229
http://refhub.elsevier.com/B978-0-12-394295-1.00001-9/sbref229

	Gene Therapy of Cancer
	Copyright
	Dedication
	List of Contributors
	Viral and Nonviral Vector Methodologies: Targets and Approaches
	Overview of Viral and Nonviral Vector Technologies

	1 Ex Vivo Gene Therapy
	Introduction
	Gene Delivery Systems
	Physicochemical Methods
	Transposons
	Viral Vectors
	Gamma-Retroviral Vectors
	Lentiviral Vectors

	Ex Vivo Genetic Modification of Cell Substrates
	Gene Silencing with RNA Interference
	Gene Editing Using Zinc Finger Nucleases Encoded within Lentiviral Vectors
	Gene Transfer

	Cell Substrates for Ex Vivo Cell Therapy
	T Cells
	Hematopoietic Stem Cells

	Dendritic Cells
	Mesenchymal Stem Cells
	Mitochondrion-Specific Targeting

	Engraftment with Ex Vivo Genetically Modified Cells
	Conclusions and Summary
	References

	2 Targeting Tumor Vasculature Using Adeno-Associated Virus Phage Vectors Coding Tumor Necrosis Factor-α
	Introduction
	Angiogenesis and its Role in Tumor Biology
	Anti-Angiogenic Gene Therapy
	Vector Strategies for Anti-Angiogenic Gene Therapy
	Nonviral Vectors
	Nanoparticles
	Cationic Liposome
	Low-Voltage Electroporation

	Viral Vectors
	Retroviral Vectors
	Adenovirus
	Adeno-Associated Virus
	Lentiviral Vectors


	Targeted Gene Therapy
	Targeted Anti-Angiogenic Gene Therapy with Tumor-Specific Promoter
	Targeted Anti-Angiogenic Gene Therapy with Antibody Conjugation
	Targeted Anti-Angiogenic Gene Therapy with Peptide Conjugation

	Targeting Tumor Vasculature With AAVP Vector-Mediating TNF-α Expression
	The Clinical Potential of TNF-α
	Advantage of Targeted Gene Therapy with Bacteriophage
	An AAVP Vector Coding TNF-α for Targeting Tumor Vasculature
	AAVP Vector-Mediated TNF-α in In Vitro Assay
	Preclinical Models with AAVP–TNF-α
	Targeted Tumor Vasculature with AAVP–TNF-α for a Preclinical Trial in Small Animal Model
	Targeted Tumor Vasculature with AAVP–TNF-α for a Preclinical Trial in Large Animal Model
	The Toxicity and Preclinical Safety Study for AAVP–TNF-α


	Further Direction in Targeted Anti-Angiogeted Gene Therapy
	References

	3 Viral Insertion Site Detection and Analysis in Cancer Gene Therapy
	Introduction: Why we Should Know Viral Insertion Sites
	Viral Insertion Site Detection Methods
	Polymerase Chain Reaction-Based Method: LAM-PCR
	High-Throughput DNA Sequencing
	Nonrestriction Enzyme Methods

	Viral Common Insertion Site Analysis
	Viral Insertion Site Location
	Viral Insertion Mutagenesis-Induced Clone Expansion
	γ-Retroviral Vectors Versus Lentivirus

	Conclusion
	References

	4 Targeted Systemic Delivery of Therapeutic siRNA
	Introduction
	Delivery Systems for siRNA
	Considerations for Systemic siRNA Delivery
	Targeted siRNA Delivery

	Systemic siRNA Delivery Systems for cancer Therapy
	Chemically Modified siRNA for Cancer Therapy
	Lipid-Based siRNA Delivery Systems for Cancer Therapy
	Cationic Liposomes
	Neutral Liposomes
	Lipid-Like siRNA Nanoparticles
	pH-Sensitive Lipids

	Polymer-Mediated siRNA Delivery for Cancer Therapy
	Theranostics

	siRNA in Clinical Trials
	Future Prospects
	References

	5 Bacterial Delivery of RNAi Effectors
	Introduction
	Bacteria-Mediated Cancer Therapy
	Delivery of RNAi Effectors by Invasive Bacteria
	Transkingdom RNAi
	Bacteria-Mediated RNAi
	Conclusions
	References

	6 Gene-Directed Enzyme Prodrug Cancer Therapy
	Introduction
	Bystander and Distant Bystander Effects
	The Enzyme/Prodrug Systems
	Herpes Simplex Virus Thymidine Kinase/Ganciclovir System
	Cytosine Deaminase/5-Fluorocytosine System
	Nitroreductase/CB1954 System
	Carboxypeptidase G2/Nitrogen Mustard System
	Purine Nucleoside Phosphorylase/6-Methylpurine Deoxyriboside System
	Cytochrome P450/Oxazaphosphorine System

	Targeted Cancer Suicide Gene Therapy
	Entry Targeting: Vector-Mediated Suicide Gene Therapy
	Post-Entry Targeting: Tumor-Specific Promoter-Mediated Cancer Cell Targeting
	Carcinoembryonic Antigen
	Hypoxia-Responsive Elements
	Radiation-Responsive Elements
	Human Telomerase Reverse Transcriptase

	Site Targeting: Stem Cell-Mediated Tumor Targeting

	Conclusion and Future Perspective
	References

	7 Electroporation Gene Therapy
	Introduction
	The Theory of Electroporation
	In Vivo Electroporation for Gene Therapy
	In Vivo Electroporation Parameters
	Preclinical Models
	In Vivo EP Approaches Using DNA
	EP Approaches Using RNA

	Translation of In Vivo Electroporation in the Clinic
	Electroporation Gene Therapy for Cancer in Clinical Trials
	Melanoma
	Merkel Cell Carcinoma
	Prostate Cancer
	Colorectal Cancer
	Leukemia


	Conclusions
	References

	8 Toxin-Based Cancer Gene Therapy
	Introduction
	H19 and Tumorigenicity
	Targeting Toxins and Suicide Genes in Gene Therapy
	Toxin Gene Therapy
	Diphtheria Toxin A Chain

	Other Toxins
	Suicide Gene Therapy Enzyme Prodrug Systems

	Experimental Studies OF DTA-H19
	Nonclinical Pharmacology
	In Vitro Nonclinical Pharmacology
	Bladder Cell Lines
	Pancreatic Carcinoma Cells
	H19 Expression in Pancreatic Tumors

	Ovarian Carcinoma Cell Lines
	Hepatic Metastases

	In Vivo Nonclinical Pharmacology
	Animal Models of Bladder Cancer
	Animal Models of Pancreatic Cancer
	Animal Models of Hepatic Cancer
	Animal Models of Ovarian Cancer

	Nonclinical Toxicology Data
	Studies Supporting Bladder Cancer Trials
	Studies Supporting Pancreatic, Ovarian, and Hepatic Tumor Trials �䰀漀挀愀氀⼀刀攀最椀漀渀愀氀 䄀搀洀椀渀椀猀琀爀愀琀椀漀渀 漀昀 䐀吀䄀ⴀ䠀㤀


	Clinical Data
	Bladder Cancer
	Ovarian Cancer
	Hepatic Metastases
	Pancreatic Cancer

	References

	9 Gene Therapy in Radiotherapy of Cancer
	Introduction: The Radiotherapy Update
	Gene Therapy Approaches to Enhance Management of the Radiotherapy Patient
	Normal Tissue Radioprotective Gene Therapy: The Logic of this Reverse Strategy
	Practical Applications: MnSOD-Plasmid Liposome Gene Therapy
	Future Directions in and Applications of Gene Therapy in Radiation Oncology
	References

	Oncolytic Viruses
	Overview of Oncolytic Viruses and Clinical Applications

	10 Advances in Oncolytic Virotherapy for Brain Tumors
	Introduction
	Hurdles for Adenovirus-Based Oncolytic Virotherapy
	Modifying Oncolytic Adenoviruses to Treat Malignant Gliomas
	Redirecting Adenoviruses Toward Glioma-Specific Receptors
	Targeting Cancer Genetic Pathways
	Tumor-Specific Promoter-Driven Oncolytic Adenoviruses

	Systemic Delivery of Oncolytic Adenoviruses by Cellular Vehicles
	Combining Oncolytic Adenoviruses with Approved Cytostatic Modalities
	Oncolytic Adenoviruses and Autophagy-Mediated Lysis
	Molecular Profiling of Malignant Gliomas and Oncolytic Adenoviruses
	Perspective
	Acknowledgments
	References

	11 Oncolytic Adenoviruses in the Treatment of Cancer in Humans
	Overview of Oncolytic Adenoviruses
	History of Viruses and Cancer treatment
	Observations
	Implementation

	Adenoviruses in Cancer Gene Therapy
	First-Generation, Replication-Deficient Adenoviruses
	Second-Generation, Oncolytic Adenoviruses
	Third-Generation, Oncolytic and Armed Adenoviruses
	Immunomodulatory Oncolytic Adenoviruses
	Vector Spread Enhancing Oncolytic Adenoviruses
	Prodrug-Converting Enzymes Producing Oncolytic Adenoviruses
	Direct Antitumor Effect Producing Oncolytic Ads
	Anti-Angiogenic Oncolytic Ads

	Other Ways of Enhancing the Potency of the Virus
	Combination Therapy
	Using Different Cell Surface Receptors
	Using Alternative Physical Delivery Methods
	Preventing the Antiviral Immune Response
	Bioselection of New Oncolytic Adenoviruses In Vitro
	Avoiding Overattenuation


	Evaluating the Efficacy of Oncolytic Viruses
	Clinical Studies with Oncolytic Adenoviruses
	Trials
	ONYX-015 �䄀氀猀漀 䬀渀漀眀渀 愀猀 搀氀㔀㈀　 漀爀 䌀䤀ⴀ　㐀㈀㬀 匀椀洀椀氀愀爀 䌀漀渀猀琀爀甀挀琀猀 䤀渀挀氀甀搀攀 䠀　 Oncorine�

	Ad5-CD/Tkrep
	CG7060 and CG7870 �䄀氀猀漀 䌀愀氀氀攀搀 䌀嘀㜀　㘀 愀渀搀 䌀嘀㜀㠀㜀
	Telomelysin �䄀氀猀漀 䌀愀氀氀攀搀 伀䈀倀ⴀ㌀　
	H103

	Advanced Therapy Access Program
	Patients in ATAP
	Viruses in ATAP
	Adverse Reactions
	Neutralizing Antibodies
	Virus qPCR of Blood
	Immunotherapy with Oncolytic Viruses
	Basic Blood Values
	Objective Signs of Efficacy
	ATAP: From Bench to Bedside and Back


	Acknowledgments
	References

	12 Selectively Replicating Oncolytic Adenoviruses Combined with Chemotherapy, Radiotherapy, or Molecular Targeted Therapy f...
	Introduction
	Oncolytic Adenoviruses Tested in Clinical Trials
	Combined Therapy of Oncolytic Adenoviruses with Conventional Radiotherapy
	Combined Therapy of Oncolytic Adenoviruses with Conventional Chemotherapeutic Agents
	Antimetabolites
	Alkylating Agents
	Taxanes
	Topoisomerase Inhibitors

	Combined Therapy of Oncolytic Adenoviruses with Molecular Targeted Therapy
	Developments, Challenges, and Future Direction of Oncolytic Adenovirus for Cancer Therapy
	Conclusion
	References

	13 Reoviral Therapy for Cancer
	Introduction
	Reovirus
	Introduction
	Reovirus Structure
	Reoviral Oncolysis

	Reoviral Therapy: Preclinical Data
	Antiviral Response
	Reovirus and Antitumor Immunity
	Combination Therapy
	Combination with Radiotherapy
	Combination with Chemotherapy


	Reovirus Therapy: Clinical Data
	Reovirus as a Monotherapy
	Intralesional: Clinical Trials REO1, REO2, REO3, and REO7
	Intravenous: Clinical Trials REO4, REO5, REO14, MAYO-MC0672 �一䌀䤀 吀爀椀愀氀, and OSU-11148 �一䌀䤀 吀爀椀愀氀

	Reovirus Combination Therapy
	With Radiotherapy: REO6 and REO8
	With Chemotherapy: REO9, REO10, REO11, REO12, REO13, REO15–REO18, REO020–REO022, GOG-0186H �一䌀䤀 䜀伀䜀 吀爀椀愀氀, COG-ADVL1014 �一⸀⸀�


	Summary and Future Directions
	References

	14 Selectively Replicating Herpes Simplex Viral Vectors
	Introduction
	HSV-Derived Oncolytic Viruses
	Immune Responses to Oncolytic HSV
	Therapeutic Transgenes
	Suicide Genes
	Immunomodulatory Genes
	Anti-Angiogenic Genes
	Fusogenic Proteins

	Vector Delivery
	Injection Versus Convection-Enhanced Delivery
	Convection-Enhanced Delivery of HSV

	Oncolytic HSV in Combination with Conventional Therapies
	Clinical Trials of Oncolytic HSV
	Overview of Oncolytic HSV Trials for High-Grade Gliomas
	Oncolytic HSV for other Malignancies

	Safety Issues
	Conclusions
	References

	15 Modified Oncolytic Herpesviruses for Gene Therapy of Cancer
	Introduction
	Basic Virology of HSV
	Evolution of Modified HSV Vectors for Oncolytic Therapy
	JS1/ICP34.5-/ICP47-/GM-CSF �吀愀氀椀洀漀最攀渀攀 䰀愀栀攀爀瀀愀爀攀瀀瘀攀挀 TVEC�
	HSV17+ and G207
	NV1020
	HF10
	rRp450

	Clinical Results of HSV Oncolytic Virus Therapy for Cancer
	Melanoma
	Head and Neck Cancer
	Glioblastoma Multiforme
	Colorectal Cancer
	Pancreatic Cancer
	Liver Cancer
	Breast Cancer

	Safety and Tolerability of HSV Oncolytic Therapy
	JS1/ICP34.5-/ICP47-/GM-CSF �吀嘀䔀䌀
	HSV1716 and G207
	NV1020
	HF10

	Effects on The Immune System
	Conclusion
	References

	16 The Lister Strain of Vaccinia Virus as an Anticancer Therapeutic Agent
	Introduction
	Positive Biological Features of VV Favoring Use in Cancer Therapy
	Cancer Selectivity
	Unique Characteristics of the Lister Strain VV
	Lister Strain Derivatives with Demonstrated Antitumor Efficacy
	VVL as a Gene Therapeutic Platform
	Enhancing VVL-Mediated Compromise of the Local Tumor Vasculature
	Enhancing the Immunotherapeutic Properties of VVL
	VVL-Mediated Enhancement of Antitumor Immunity
	Combination with Cytotoxic Agents to Enhance the Antitumor Efficacy of VVs

	Safety
	Conclusion
	References

	Immunotherapeutics
	Overview of Immune Targets and Immunotherapy Strategies

	17 Poxvirus-Based Strategies for Combined Vaccine and Tumor Microenvironment Manipulation
	Introduction
	The Tumor Microenvironment as Central to the Regulation of Antitumor Responses
	Tumors Usurp Normal Immune Regulatory Pathways, Resulting in Functional Anergy

	Poxvirus Strategies for the Induction of Systemic Immunity
	Use of Recombinant Poxvirus to Enhance the Recognition of Tumor-Expressed Antigen
	Preclinical Studies and Experimental Model Systems
	MB49 �吀爀愀渀猀椀琀椀漀渀愀氀 䌀攀氀氀 䌀愀爀挀椀渀漀洀愀 漀昀 琀栀攀 䈀氀愀搀搀攀爀
	NBT-1 �吀爀愀渀猀最攀渀椀挀ⴀ䐀攀爀椀瘀攀搀 䈀爀攀愀猀琀 吀甀洀漀爀 䴀漀搀攀氀
	Preliminary Preclinical Analysis
	T Regulatory Cells Suppress Antitumor Immunity �吀栀攀 䈀愀氀愀渀挀攀 戀攀琀眀攀攀渀 䔀昀昀攀挀琀漀爀 愀渀搀 刀攀最甀氀愀琀漀爀礀 䌀攀氀氀猀 椀渀 琀栀攀 吀甀洀漀爀 䴀椀挀爀漀攀渀瘀椀爀漀渀⸀⸀�
	Localized Immunotherapy of Tumors Optimizing Tumor Antigen Repertoire

	In Vivo Murine Bladder Cancer Studies

	Clinical Translation of Preclinical Studies
	Intralesional Vaccinia Vector in Patients with Melanoma
	Intralesional Vaccinia-GM-CSF Recombinant in Patients with Melanoma
	Intravesical Vaccinia in Patients with Bladder Cancer
	Intravesical Instillation of Recombinant Fowlpox Virus Encoding GM-CSF or Tricom
	Summary


	Combined GM-CSF and Tumor Antigen Delivery Using Intralesional Recombinant Poxvirus
	Preclinical Studies of Intratumoral Antigen-Based Immunization
	Targeting Regulatory T Cells
	Combined Tumor Antigen �一攀甀 Plus GM-CSF Gene Therapy of NBT-1

	Intralesional and Systemic Immunization Using Antigen-Encoding and Recombinant Pox in Patients with Locally Advanced Pancre...

	Conclusions
	References

	18 Genetically Engineered �吀 䌀攀氀氀 刀攀挀攀瀀琀漀爀 T Cells for Adoptive Therapy
	Introduction
	Chimeric Antigen Receptors
	Targets
	Design
	In Vivo Studies

	T Cell Receptors
	Targets
	Factors Influencing TCR Assembly and Function
	In Vivo Studies

	Other Chimeric Receptors
	References

	19 Genetically Modified Dendritic Cell Vaccines for Solid Tumors
	Introduction
	Dendritic Cells and Antigen Presentation
	Generating Dendritic Cell Vaccines
	Production of Mature Dendritic Cells
	Selection and Delivery of Tumor Antigens
	Clinical Trials of Genetically Modified DC Vaccines
	Melanoma
	Genitourinary
	Lung
	Gastrointestinal
	Nasopharyngeal Carcinoma
	Brain

	Challenges and Opportunities
	Conclusion
	References

	20 Dendritic Cell Vaccination
	Introduction
	DC Vaccines Used in Clinical Trials
	Engineering Antigen Uptake in DCVS
	Overview
	Transfection
	Viral Transduction
	DCV–Tumor Cell Hybrids

	Antigen Processing in Dendritic Cells
	MHC Class I Pathway in DCs
	The MHC Class II Processing Pathway in DCVs
	Antigen Transfer between DCVs to Tissue Resident DCs

	Manipulation of DCV Costimulatory Function
	DCV Maturation in Clinical Trials
	Integrated Cell Signaling
	Pathogen-Associated Molecular Patterns
	Summary of PAMP
	Expression of PAMP on DCs
	Functional Effects of PAMP Stimulation
	Manipulation of Outputs of Maturation

	Licensing through Interaction with Other Cells
	DC Survival

	Rational Combination Therapy
	Summary
	References

	21 Chemokine Gene-Modified Dendritic Cells for Cancer Therapy
	Introduction
	Background
	Chemokines in Cancer
	Ectopic Lymph Nodes within the Tumor Microenvironment

	Chemokines as a Component of Dendritic Cell-Based Vaccine Strategies
	Dendritic Cell Vaccine Strategies
	Strategies for Gene Transfer into Dendritic Cells Ex Vivo
	Adenovirus Transduction Alters Dendritic Cell Biology and Function

	Preclinical Studies of Chemokine Gene Transfer Into Dendritic Cells
	Applications of Dendritic Cells Genetically Modified with Chemokines
	Conclusions
	Acknowledgments
	References

	22 The Use of T Cell Costimulation to Enhance the Immunogenicity of Tumors
	The Use of Recombinant Poxviral Vectors
	T Cell Costimulation
	The Use of Vectors Containing Multiple Costimulatory Molecules
	Tricom Vector Infection of Dendritic Cells
	Tricom Infection of Non-DC APCs
	Whole Tumor Cell Vaccines
	Enhancing the Immunogenicity of Chronic Lymphocytic Leukemia Cells: Potential for a Tumor Cell Vaccine
	The Generation of Tricom-Based Vaccines: Preclinical Studies
	The Generation of High-Avidity CTLS
	Diversified Prime and Boost Regimens
	Tricom-Based Vaccines: Clinical Studies
	Prostate Cancer as a Prototype for Vaccine Therapy

	Intratumoral Vaccination
	Vaccinia Virus Intratumoral Vaccination: Preclinical Studies
	Intratumoral Vaccination Employing TRICOM Vectors: Preclinical Studies

	The Importance of Antigen Cascade in Vaccine-Mediated Therapeutic Responses
	Intratumoral Vaccination: Clinical Studies
	TRICOM Intratumoral Vaccination
	Intraprostatic PSA-TRICOM Vaccine Administration in Patients with Locally Recurrent Prostate Cancer

	Conclusion
	References

	23 Clinical Application of Plasmid-Based Cancer Vaccines
	Introduction
	Clinical Translation of Plasmid-Based DNA Vaccines
	Single-Antigen Plasmid-Based Cancer Vaccines
	Prostate Cancer
	Melanoma
	Breast Cancer
	Colorectal Cancer
	Cervical Cancer
	Multiple Indications
	Summary

	Multiple Epitope Plasmid-Based Cancer Vaccines
	Melanoma
	Cervical Cancer


	Lessons Learned
	New Directions
	Acknowledgments
	References

	24 Lentivector Vaccines
	Introduction
	Structure and Function of Lentiviruses
	Classification
	Life Cycle and Gene Function

	Lentiviral Vector Systems
	Production of Virus
	Altering Viral Tropism
	Integration-Deficient Lentivectors
	DC-Targeted Lentivectors
	Large-Scale Production

	LV-Mediated Presentation of Antigens
	LV Transduction of DCs Ex Vivo
	LVs Can Transduce DCs In Vitro
	LV-Transduced DCs Can Present Antigens
	LV-Transduced DCs Can Activate T Cells In Vitro
	LV-Transduced DCs Can Protect against Tumor Challenge

	LV Immunization in Vivo
	Importance of Route of Injection
	Initial Comparisons between Direct Injection and Ex Vivo Transduction
	Prime/Boost
	Duration of Immune Response and Immunological Memory
	Overcoming Tolerance to Self-Antigens
	Combination with Adjuvants/Immunostimulatory Molecules

	LV Immunization for Cancer
	Preclinical Studies
	Clinical Studies

	Translating Preclinical Work to Clinical
	Conclusions
	References

	25 Therapeutic Efficacy and Systemic Antitumor T Cell Immunity Induced by RheoSwitch-Regulated IL-12 Expression after Intra...
	Introduction
	Systemic or Intratumoral Administration of IL-12
	Rationale for Increased Emphasis for Intratumoral Administration of Immunomodulators
	Dendritic Cells and Adenovirus-Transduced Dendritic Cells for Cancer Immunotherapy
	Regulated Gene Expression: RheoSwitch Therapeutic System
	Preclinical Studies
	Translation to the Clinic
	Conclusion
	References

	Drug Resistance and Metabolism Gene Therapy
	Overview of Drug Resistance and Manipulation

	26 Clinical Trials Using LV-P140K-MGMT for Gliomas
	Introduction
	Mechanisms of Drug-Resistance Gene Therapy
	Multidrug-Resistant Gene �䴀䐀刀
	O6-Methylguanine Methyltransferase �䴀䜀䴀吀
	Cytidine Deaminase �䌀䐀䄀 漀爀 䌀䐀䐀
	Dihydrofolate Reductase �䐀䠀䘀刀
	Glutathione S-Transferase �䜀匀吀倀 愀渀搀 䴀䜀匀吀㈀
	Hypoxanthine Phosphoribosyltransferase �䠀倀刀吀

	Gene Delivery Methods
	Preclinical Studies for Human Gliomas
	Clinical Studies for Human Glioma
	Conclusion
	References

	27 RNA Interference Therapeutics for Tumor Therapy
	Introduction
	Origins of RNAi Therapeutics
	Antisense RNA
	ncRNAs to RNAi Therapeutics

	Potential RNAi or RNAi-Like Effectors for RNAi Therapeutics
	Antisense RNA Effectors
	Ribozymes
	siRNAs
	Short Hairpin RNA
	MicroRNA

	Delivery Systems in RNAi Therapeutics
	Viral Vector Delivery Systems
	Lipid-Based Nanoparticles: Nonviral Delivery Systems

	RNAi Therapeutics with Anti-Mgmt siRNA for The Treatment of Malignant Glioma
	Therapies for Malignant Glioma
	Therapeutic Methylation in Malignant Glioma
	RNAi Therapeutic Approach to Malignant Glioma by Convection-Enhanced Delivery
	Convection-Enhanced Delivery

	Combinations of Genetically Modified T Cell Therapy and RNAi Therapeutics
	Advanced Genetically Modified T Cell Therapy Using RNAi Therapeutics

	Conclusions and Future Directions
	References

	28 MGMT Stem Cell Selection and Protection
	Introduction to MGMT Gene Transfer in Cancer Therapeutics
	Preclinical Studies in Large Animal Models
	Canine Preclinical Studies
	Nonhuman Primate Preclinical Studies

	Early Clinical Studies in Glioblastoma Patients
	Expanding P140K Gene Therapy Beyond Solid Tumors
	Acknowledgments
	References

	29 Cytidine Deaminase in Myeloprotective Gene Therapy
	Background
	Transfer of Drug-Resistance Genes into Hematopoietic Stem Cells
	Nucleotide Metabolism and Nucleoside Analogs as Anticancer Drugs
	Cytidine Deaminase: Structure, Function, and Role in Therapy with Cytidine Analog

	Gene Transfer of Cytidine Deaminase into the Hematopoietic System
	Efficacy of Cytidine Deaminase Gene Transfer In Vitro and in Animal Models
	Early Cell Line and Murine In Vitro Studies
	CDD Overexpression in Human CD34+ Progenitor/Stem Cells
	CDD Gene Transfer in Murine In Vivo Transplant Models
	Predictions from Preclinical Models for Clinical Application Scenarios
	Combinations of CDD with other CTX-R Genes

	Drawbacks Associated with Cytidine Deaminase Gene Transfer
	Toxicities Related to the CDD Transgene
	Lack of Efficient In Vivo Selection Capacity
	Insertional Mutagenesis
	Inadvertent Transduction of Leukemic Cells


	Advanced Strategies for CDD-Based Hematopoietic Gene Therapy
	Strategies for Cell Type-Specific and Time-Dependent CDD Expression
	Use of miRNA Target Sequences for Cell Type-Specific CDD Expression
	Time-Dependent CDD Expression by Doxycycline-Regulated Gene Expression Systems

	Resistance to Cytidine Analogs: Alternative Drug-Resistance Genes
	Deoxycytidine Kinase
	Cytosolic 5′ Nucleotidase


	References

	Cancer Therapy Imaging Vectors
	Overview of Molecular Imaging Strategies Using Gene-Based Vectors

	30 Genetically Engineered Salmonella typhimurium for Targeted Cancer Therapy
	Introduction
	Genetic Engineering Map for Cancer Therapy
	Salmonella as an Effective Delivery Vector
	Attenuated Salmonella typhimurium
	Selective Targeting of Tumors
	Effective Delivery of Genes or Gene-Related Materials

	Salmonella as Advanced Therapeutic Strategies
	Prodrug Conversion Strategies
	Cytotoxic Approaches to Controlling Cancer Cells
	Activation of the Immune System Using Cytokines
	Tumor-Specific Antigens

	Precise Control of Salmonella
	Engineered Bacteria for Imaging Studies
	Clinical Applications and Challenges
	Safety of Bacterial Therapy
	Genetic Instability
	Efficacy of Bacterial Therapy

	Conclusions
	References

	31 Imaging of Oncolytic Virus Gene Expression
	Preclinical Imaging of Viral Gene Expression
	Bioluminescence Imaging
	Fluorescence Imaging

	Clinical Imaging of Viral Gene Expression
	Nuclear Medicine-Based Imaging
	Future Directions
	References

	32 Lentiviral-Encoded Sodium Iodide Symporter-Mediated Cancer Gene Therapy
	Sodium Iodide Symporter
	Radioisotopes for Nis Gene Expression Imaging and Therapy
	Multimodality Imaging for Nis Gene Expression
	Nis-Mediated Cancer Gene Therapy
	Nis Gene Delivery
	Nonviral Methods
	Viral Methods
	Adenoviral Vector
	Retroviral Vector
	Lentiviral Vector


	Nis-Mediated Cancer Gene Therapy with or without Tumor-Specific Targeting Promotor
	Hepatoma
	Prostate Cancer
	Mucin-1-Expressing Cancer
	Carcinoembryonic Antigen-Expressing Cancer

	Current Limitations and Future Perspectives
	Conclusion
	Acknowledgments
	References

	33 Bacteriophage
	Introduction
	Targeting with Animal Viruses
	Targeting the Tumor Vasculature
	Specialization of Tumor Vasculature
	Phage Display and Vascular-Targeted Peptides

	Ligand-Directed Vectors for Vascular-Targeted Gene Delivery
	Phage-Based Vectors
	Hybrid AAV/Phage
	Construction of the Targeted RGD4C AAVP
	Vascular-Targeted Systemic Gene Therapy by RGD4C AAVP

	Ligand-Directed Vectors for Vascular-Targeted Molecular Imaging
	Molecular Imaging for Cancer Gene Therapy
	Vascular-Targeted Systemic Molecular–Genetic Imaging by RGD4C AAVP

	Conclusions and Perspectives
	References

	Issues in Trial Design Review and Approval
	Overview of Regulatory and Ethical Issues in Cancer Gene Therapy

	34 Issues in Moving Gene Therapy Approaches to Early Clinical Trials
	Introduction
	FDA Interactions
	Formal Meetings
	Type V Drug Master File

	Preclinical Evaluations
	Construct Design
	Vector Manufacturing/Cell Manufacturing
	Vectors
	Cells

	Sourcing of Reagents and Materials
	Clinical Product Characterization/Release Testing
	Storage and Distribution
	Conclusion
	References

	35 The FDA Review Process for Cancer Gene Therapy
	Introduction
	FDA’s Regulatory Responsibility and Gene Therapy Submissions
	Overview of CBER’s IND Review Process

	CMC Review
	Classes of Cancer Gene Therapy Products
	Combination Products

	Manufacturing and Testing
	Good Manufacturing Practices
	Product Changes and Comparability
	Testing Vectors for Replication-Competent Contaminants
	Testing for Contamination by Adventitious Agents


	Pharmacology/Toxicology Review
	The Initial Step: Proof-of-Concept Studies
	Animal Models
	In Vitro Studies

	Safety Assessment
	Animal Species/Models
	Design of Toxicology Studies
	Vector Biodistribution

	Good Laboratory Practice
	Summary

	Clinical Review
	General Clinical Review Principles
	Phase I Clinical Trial Review
	Phase II Clinical Trial Review
	Phase III Clinical Trial Review
	Long-Term Subject Follow-Up

	Conclusion
	Acknowledgments
	References

	36 Ethics in Translational Gene Transfer Research
	Ethics Beyond Research Regulation
	When to Initiate Clinical Trials
	Preclinical Studies Underwrite the Ethical Justification for Clinical Development
	Gene Transfer Strategies Present Distinctive Challenges for Risk/Benefit
	Some Viral Vectors Present Risks to Third Parties
	Ethical Justification of Risk in Trials Begins with Component Analysis
	Pharmacodynamics Analyses Can Impose Extra Burdens
	Risk/Benefit Balance during Trial Conduct

	Clinical Trial Design
	Subject Selection
	Role of Patients in Study Design
	Trial Ethics Continues into Reporting

	Enrolling Human Research Subjects
	Conclusion
	References

	Index

