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Abstract
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are characterized by
acute respiratory failure and are associated with diverse disorders, such as pulmonary edema,
pneumonia, sepsis, trauma, shock and lung contusion. Gene therapy is a potentially powerful
approach to treat a variety of diseases related to ALI/ARDS. Numerous viral and non-viral
methods for gene delivery to the lung have been developed, although pulmonary architecture and
immune activation represent barriers to successful gene transfer. In this review, recent advances in
the development of more efficient viral and non-viral gene transfer systems are discussed. In
addition, the current status of gene therapy applied to ALI/ARDS-associated pulmonary diseases
is reviewed. With the development of more efficient gene therapy vectors, gene therapy is a
promising strategy for clinical application in the not too distant future.
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I. INTRODUCTION
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are life-threatening
conditions of acute respiratory failure, which is induced by direct and indirect injury to lung,
such as pneumonia, sepsis and trauma. ALI/ARDS has a mortality rate of up to 40% in the
United States, leading to 74,500 deaths and 3.6 million hospital days every year 1. Although
many potential therapeutic approaches have been developed to control ALI/ARDS, these
treatments have so far proven unable to decrease the mortality of patients with ALI/ARDS.
While labs around the world have focused on the disease and uncovered a number of
molecular mechanisms involved in its pathogenesis and resolution, translating this into
productive treatments has lagged.

Gene therapy is a potentially powerful approach to treat any number of diseases including
ALI/ARDS, but most approaches have serious limitations and thus have hampered the use of
this technology in clinical medicine. Gene delivery approaches are based on two types of
delivery vehicles: those based on viral systems, so-called viral vectors, and those not based
on viruses, or non-viral vectors, which are typically plasmid-based. Viral vector systems

© 2011 Elsevier Inc. All rights reserved.
*Corresponding author: Department of Pediatrics University of Rochester Box 850 601 Elmwood Avenue Rochester, New York
14642, USA. david_dean@urmc.rochester.edu..

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Crit Care Clin. Author manuscript; available in PMC 2012 October 29.

Published in final edited form as:
Crit Care Clin. 2011 July ; 27(3): 705–718. doi:10.1016/j.ccc.2011.04.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



have been associated with inflammation, immunological responses, and non-specificity of
cell targeting, despite very high delivery efficiency in the lung. For example, adenovirus
appears to be the most widely used vector for pulmonary gene therapy in the lab because of
high efficiency transduction in a variety of target cells and high expression of the delivered
genes. However, the use of adenovirus can result in inflammatory responses, which cause
cell damage and limit repeated administration. By contrast, much less inflammation and
immune responses are generated against non-viral DNA, but the major drawbacks to non-
viral gene therapy in the lung are side effects of certain vectors and inefficiency of gene
transfer, often leading to expression that is 10 to 1000-fold less than that seen with their viral
counterparts.

Although transfer and expression of therapeutic genes to the lung using both viral and non-
viral gene therapy technologies has been performed with some success, there is still a long
way to go to move this methodology toward clinical use. In this review, we provide an
overview of the current status of viral and non-viral gene therapy for ALI/ARDS, focus on
issues of mechanism and applications as they influence in vivo gene delivery, and extend the
utility of this strategy for future medical treatments.

II. Gene Delivery to the Lung
The lung is a complex organ and can be divided into the conducting large and small airways,
including the trachea, bronchi, and bronchioles, and the parenchyma, which consists of gas-
exchanging alveolar cells. Gene therapy is notably attractive for many acute and chronic
pulmonary diseases. However, with the presence of barriers to lung gene transfer, such as
pulmonary architecture, the innate immune system, and immune activation, it is somewhat
more difficult and less effective to deliver genes into the parenchyma. As a consequence,
many investigations have focused on improving gene transfer to the airway and alveolar
epithelium to make it more efficient, less inflammatory, and to have extended duration of
expression 2. To date, a number of viral and non-viral vector systems have been used to
deliver transgenes into the lung to treat diverse pulmonary diseases 3.

A. Viral vectors for gene delivery to the lung
Adenovirus, perhaps the most widely used of vectors for lung gene therapy, is a double
stranded DNA virus which is made to be replication-deficient for gene therapy by deletion
of essential genes. The major advantages of adenovirus are the high-efficiency transduction
seen in dividing and non-dividing cells and the very high expression of delivered genes.
However, inflammation, immunological responses, and non-specificity of cell targeting are
just a few of the problems associated with adenovirus vectors. Furthermore, immune
responses developed against the viral vector limit the success of repeated administration
(thus it can be used only once or twice in an individual for effective gene delivery) 4.
Adenovirus can directly deliver genes to the airway and alveolar epithelia and have been be
the vector of choice for animal models of many pulmonary diseases in the laboratory, but in
clinic trials, the vector results in acute inflammation and innate immune responses, limiting
effectiveness 5, 6. Further, the receptors for adenovirus reside primarily on the basolateral
surface of epithelial cells in the lower airways, making high level gene transfer dependent on
transient barrier dysfunction, which is not desirable in many disease states 7. Much effort
has been directed at making vectors that show reduced host immune reactions to the viral
gene products, so “gutless” or “helper-dependent” third-generation adenovirus vectors have
been developed to extend expression and limit the initial inflammatory responses to
administration 8. However, the safety issues surrounding this vector may outweigh its
superior ability to transfer genes for widespread clinical use.

Lin and Dean Page 2

Crit Care Clin. Author manuscript; available in PMC 2012 October 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Another popular viral vector is based on adeno-associated virus (AAV), a non-pathogenic
single stranded DNA virus of the dependovirus genus, which requires a helper virus
(typically adenovirus) to complete its lytic life cycle 9. AAV is attractive because it has
shown broad specificity of infection and persistent expression in the lung. The vector
appears less inflammatory and elicits weaker immune responses than does adenovirus 10.
Furthermore, Moss et al have demonstrated successful and safe repeated gene transfer of
aerosolized AAV to the lungs of humans with cystic fibrosis 11. However, this vector has
been significantly limited for lung gene transfer because of the small cloning capacity of the
virus, the difficulty in getting high viral titers during production, and relatively low
efficiency in human trials.

Retroviruses provide prolonged gene expression due to integration of the virus into the host
genome, but require dividing cells for integration and show no transduction in the terminally
differentiated, non-dividing epithelium 12. By contrast, lentiviruses, a subclass of
retroviruses that are based on HIV (human immunodeficiency virus) and pseudotyped with
the vesicular stomatitis virus (VSV) glycoprotein, can efficiently transfer genes to non-
dividing cells and thus have been developed as gene transfer vectors 13. But again, similar to
adenovirus, these vectors when pseudotyped with VSV glycoprotein demonstrate inefficient
gene transfer to cells due to their receptor being expressed on the basolateral surface of the
epithelium in vivo 14. However, Kobinger et al have shown that efficient transduction of the
apical surface of the epithelium can be achieved in the mouse lung using an envelope protein
derived from the Zaire strain of Ebola virus to pseudotype lentivirus vectors 15. In either
case of retroviruses or lentiviruses, the necessity for integration to achieve effective levels of
gene expression in vivo may also result in activation of oncogenes depending on the site of
random integration.

B. Non-viral vectors for gene delivery to the lung
To combat inflammatory and immune responses mediated by viral vectors, non-viral vectors
are an attractive alternative for gene therapy because of their ability to be repeatedly
administered and their generally good safety profile 16. The primary non-viral vector
systems constitute plasmids complexed with cationic lipids as lipoplexes or with polymers,
such as diethylaminoethyl-dextran (DEAE-dextran) and polyethylenimine (PEI) to form
polyplexes protecting naked DNA from degradation 17. Lipoplexes have proven to be an
attractive tool for gene transfer into cells with respect to simplicity of use, ease of
production, and low immunogenicity since their initial development by Felgner and
colleagues in 1987 18, 19. However, the results from clinical trials have shown that
lipoplexes do indeed generate inflammatory responses, albeit much less than do their viral
counterparts, when they are used for gene therapy approaches in the lung 20, 21. This, taken
together with their low efficiency for in vivo gene delivery in the lung, has limited their
clinical potential. Similarly, the use of DEAE-dextran for gene delivery to the lung has
largely been abandoned due to low levels of gene transfer, cellular toxicity and lack of
biodegradability 22. PEI has shown some promise to enhance levels of gene transfer. In the
presence of PEI, plasmid DNA condenses to form a DNA-PEI complex, which can protect
DNA from degradation by serum nucleases during gene transfer to the lung in vivo. Once
endocytosed into the cell, PEI induces osmotic swelling to promote endosomal escape and
releases DNA into the cytoplasm, so it achieves greater levels of gene transfer to the lung.
Unfortunately, PEI has been shown to interfere with transcriptional and translational
processes and show mild to moderate toxicity (primarily due to low molecular weight PEI
contaminants) and innate immune responses 23, 24. More recent, and as yet not completely
vetted, systems include the use of glycoconjugates, targeting serpin-enzyme complex
receptors, and nanoparticle formulations 25. Some groups have even combined viral vectors
with liposomes containing dexamethasone-spermine (DS)/
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dioleoylphosphatidylethanolamine (DOPE) to improve targeting to the apical airway
epithelium in vivo and to attenuate vector-induced inflammation 26.

The simplest non-viral vectors are naked plasmid DNA in which the specific sequences can
uniquely manipulate transgene expression 27. It is an attractive approach for gene transfer to
the lung due to reduced inflammatory and immune responses compared to liposome or
polymer complexes 28. However, unprotected DNA is susceptible to nuclease degradation
and thus it needs to rapidly cross the plasma membrane of target cells in lung tissue 17.
Therefore, the efficiency of gene expression is restricted by quantity of naked DNA that
reaches its target cells. Recent research from our laboratory and others has demonstrated that
electroporation can be used to efficiently deliver DNA to various tissues, including the lung,
with high-level gene expression and without damage 29-32. The method is simple, fast and
safe: naked DNA is administered to the lungs of anesthetized animals and a series of eight
consecutive, 10 millisecond square-wave electric pulses is applied to the lungs using
electrodes placed on either side of the chest over a 10-second period (Figure 1). The
application of electric pulses to the lung transiently opens pores in the cell membrane that
allow plasmid DNA to enter the cell 29. Electroporation leads to safe, efficient, and
reproducible transgene expression in the lung 28. Besides electroporation, effort has also
been made to develop several other physical methods for non-viral gene delivery, including
jet injection, the gene gun, hydrodynamic delivery, and sonoporation 33-36. As yet, their use
in the lung has been limited.

Although many investigators have demonstrated that DNA can be directly delivered to the
lung to express genes for short periods, an effective delivery system should be able to
express a transferred gene for long-term periods at therapeutic levels and with specificity of
cell targeting if desired. To date, we and others have used electroporation to noninvasively
deliver plasmid DNA into the lung parenchyma and shown either short term (1 to 7 days
using the CMV immediate early promoter/enhancer) or long term (greater than 30 days
using the UbC promoter) transgene expression 31, 37, 38. Thus, by choosing the appropriate
promoters, the duration of expression can be well controlled (Figure 2). As for controlling
the distribution of gene expression, electroporation is unlike all other gene delivery
approaches in that delivery is not restricted to the surface layer of cells with which the
vector comes into contact. Rather, it has the ability to transfer the non-viral vector across the
epithelial barrier and into sub-epithelial cells below, reaching interstitial fibroblasts, airway
and vascular smooth muscle cells, and even endothelial cells following DNA administration
via the airways 31. Despite the ability to transfer genes to all cell types within a tissue, it is
often very desirable, especially in the lung, to limit gene delivery and expression to specific
cell targets. We have used two approaches to restrict delivery and expression to specific cell
types in the lung: use of cell specific promoters to drive expression only in desired cells (ie,
the smooth muscle gamma actin promoter for expression in smooth muscle cells) and the
use of cell-specific DNA nuclear targeting sequences to limit delivery of plasmids to the
nuclei of desired cell types. A number of years ago, our lab demonstrated that plasmids can
gain entry into the nuclei of non-dividing cells only if they carry unique DNA sequences
termed DNA nuclear targeting sequences (DTS) 39-41. These sequences interact with
cytoplasmically localized transcription factors and the protein nuclear import machinery to
traffic the plasmid-protein complex into the nucleus through the nuclear pore complex.
Several such sequences that act in all cell types have been identified. Further, a number of
sequences that act in specific cell types due to the fact that they bind cell-specific
transcription factors that are only expressed in those cells have also been identified. For
example, we have demonstrated that a sequence within the human surfactant protein C (SP-
C) promoter is able to mediate nuclear localization of plasmid DNA specifically in type II
alveolar epithelial (AT2) cells but not in other cell types both in cultured cells and in the
mouse lung 42. More recently, we have identified additional DTS that restrict plasmid
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delivery to multiple cell types in the lung, including smooth muscle cells 43-45, endothelial
cells 46, and type I alveolar epithelial cells, all potential targets for gene therapy for ALI/
ARDS and other lung diseases.

III. Gene Therapy for ALI/ARDS
ALI and ARDS are clinically characterized by acute hypoxemic respiratory failure, caused
by direct injury, including viral or bacterial infections, gastric aspiration, trauma, and
hyperoxia, and indirect injury to the lung, such as in sepsis. ALI/ARDS is subdivided into
the acute exudative phase and the later fibroproliferative phase 47. The exudative phase of
ALI/ARDS is initially characterized by disruption of the alveolar-capillary interface and
leakage of protein-rich edema fluid into the interstitium and alveolar space, followed by
extensive release of multiple inflammatory cytokines and chemokines and neutrophil
infiltration. The later phase of ALI/ARDS is characterized by fibroproliferation and
organization of previously deposited exudates. Over the past 20 years, the feasibility of
using gene transfer to treat ALI/ARDS has been demonstrated using a variety of viral and
non-viral vectors to deliver various transgenes to the lung in multiple animal models,
although none have moved to clinical trials.

A. Gene Therapy for Improved alveolar fluid clearance
ALI/ARDS are characterized by abnormal accumulation of protein-rich edema fluid in the
alveolar spaces, caused by increased movement of fluid from the capillaries to the lung
interstitium, and decreased fluid transport out of alveolar air spaces 48. Injury to the alveolar
epithelium plays an important role in the pathogenesis of increased alveolar fluid because
99% of the surface area of lung is comprised by the alveolar epithelium, which is the major
site for the removal of excess alveolar fluid 49. Therefore, treatments to improve alveolar
epithelial function might become one of the key therapeutic strategies to accelerate recovery
and decrease the mortality of ALI/ARDS patients.

The alveolar epithelial monolayer consists of flat type I alveolar epithelial (AT1) cells,
which comprise approximately 90% of the alveolar surface area, and cuboidal type II
alveolar epithelial (AT2) cells, which produce surfactant proteins, vectorially transport ions,
and act as progenitor cells to regenerate the epithelium after injury. The presence of multiple
ion transporters, including the epithelial Na+ channel (ENaC), the Na+, K+ transporting
adenosine-5′-triphosphatase (Na,K-ATPase), the cystic fibrosis trans-membrane
conductance regulator (CFTR), and several K+ channels in both AT1 and AT2 cells creates a
trans-epithelial osmotic gradient formed by the active movement of Na+, which is needed
for the transit of edema fluid from the alveolar airspace. It is well accepted that alveolar
fluid clearance is driven by sodium transport entering the alveolar epithelial cell via ENaC
on the apical surface and then being pumped out by the Na,K-ATPase within the basolateral
surface into the interstitium and the pulmonary circulation 50. Studies have demonstrated
that overexpression of genes such as ENaC and Na,K-ATPase regulated by β-adrenergic
receptor or cAMP can enhance alveolar active transport to clear pulmonary edema 51-54. In
order for gene transfer to be useful, it is necessary to transduce the alveolar epithelium. Both
viral and non-viral approaches for the overexpression of Na,K-ATPase and CFTR channels
in the lung as well as the delivery of keratinocyte growth factor and hemoxygenase-1 to the
lung have been tested with the aim of increasing alveolar fluid clearance. Gene therapy may
prove to be an important alternative for the treatment and prevention of pulmonary edema
by restoring alveolar epithelial function.

It has been demonstrated previously that transfer of the α2- or β1-subunit of Na,K-ATPase
using recombinant adenoviruses can increase Na,K-ATPase expression and alveolar fluid
clearance function in normal rat lungs and in rat lungs injured by ventilation 55-58. Factor
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and colleagues showed that adenovirus-mediated gene transfer of the Na,K-ATPase β1-
subunit to the alveolar epithelium improved alveolar fluid clearance in rat models of ALI
induced by ventilation 59, acutely elevated left atrial pressure 60and hyperoxia 56. Similarly,
Qiao et al. demonstrated that lentivirus-mediated gene transfer of the β1, not α 1, subunit of
the Na,K-ATPase to rat primary alveolar epithelial cells can augment the activity of the
Na,K-ATPase, indicating augmentation of alveolar fluid clearance 61. Adenoviruses were
able to transfer genes to the pulmonary epithelium after hyperoxia-mediated acute lung
injury as efficiently as they could in healthy rat lungs, a prerequisite for any potential
treatment option that would have to be given to patients with pre-existing disease 62. In
addition, adenovirus-mediated transfer of the β2-adrenergic receptor gene to rat lungs
enhanced their sensitivity to catecholamines and resulted in increases in both ENaC and
Na,K-ATPase expression, leading to increased alveolar fluid clearance 52, 63, 64. Transfer of
CFTR gene by adenovirus to the alveolar epithelium of normal rats and mice accelerated
alveolar fluid clearance due to increased expression and function of components of the
active Na+ transport machinery as well 65. Taking a different approach to alter endogenous
expression of ion channels, another group showed that adenoviral overexpression of
superoxide dismutase could prevent the hypoxia-mediated decrease in alveolar fluid
reabsorption due to decreased Na,K-ATPase levels at the membrane (since hypoxia
normally inhibits Na,K-ATPase activity, preventing ROS production and accumulation by
gene transfer of superoxide dismutase abrogated the effects of hypoxia) 66.

However, a drawback to all these in vivo viral vector studies is that the effects of gene
transfer on protection from injury (none tested whether gene therapy could be used to treat
existing ALI/ARDS) could only be measured experimentally 7 days after gene delivery
because of the induction of inflammatory responses by the viral vector. In other words, use
of these viral vectors caused profound inflammatory responses in healthy animals; using
similar vectors to treat what is largely an inflammatory disease could trip the balance to
endanger animals or patients with pre-existing disease. As such, the use of viral vectors for
ALI/ARDS may not be the most promising approach, and the much less inflammatory non-
viral approaches may be better suited for this disease.

By contrast, the liposome-DNA complexes were primarily thought to induce weaker
immunological responses than viral vectors. Indeed, Eric Alton’s group showed that
liposome-mediated gene transfer of α- and β-subunits of the Na,K-ATPase can protect from
subsequent thiourea-induced pulmonary edema in mice due to increased Na,K-ATPase
activity 67. In this study, very little inflammation was noted following delivery of the
plasmid-liposome complexes. Another approach to upregulate edema clearance has been to
use growth factors. Keratinocyte growth factor (KGF) is a growth factor that has been
shown to be an AT2 mitogen and can increase active ion transport in the lung through
transcriptional upregulation of the Na+-K+-ATPase. Work from Alton’s group has shown
that gene transfer of KGF using liposomes into mouse lungs protected animals from oleic
acid-induced lung injury, albeit much less than administration of recombinant protein itself,
suggesting that the efficacy of gene delivery is still not optimal 68. In support of this, the use
of adenovirus to transfer KGF resulted in greater levels of KGF expression, significant
proliferation of AT2 cells, and greater protection in a hyperoxia model of ALI 69. Research
from our lab and others has demonstrated that electroporation can be used to effectively
deliver “naked” DNA to living animal lungs with no damage and high-level gene
expression 70-74. Indeed, after electroporation-mediated transfer of β1-subunit of Na,K-
ATPase to the lungs of healthy rats, alveolar fluid clearance rates can be increased almost
twofold, similar to using adenovirus expressing the same gene 54. More recently, we have
also shown that transfer of genes encoding α and/or β subunits of the Na,K-ATPase using
electroporation not only protects from subsequent endotoxin-induced lung injury in mice,
but also can be used to treat previously injured lungs with existing pulmonary edema and
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neutrophil infiltrates by up-regulating mechanisms of pulmonary edema clearance (Figure
3) 51. Not only were rates of alveolar fluid clearance increased in LPS-treated mice at the
height of injury when plasmids expressing the Na,K-ATPase subunit genes were delivered
by electroporation, but the number of infiltrating neutrophils and alveolar macrophages were
decreased in these treated animals and the lungs appeared less injured by histology (Figure
4) 51.

B. Gene Therapy Targeted at Sepsis and Pulmonary Inflammation
The development of ALI results from both direct insults to the lung such as pneumonia,
aspiration or lung contusion, as well as from indirect pulmonary insults such as extra-
pulmonary sepsis, trauma, and shock. Consequently, indirect treatment of ALI could be
achieved by gene therapy approaches to limit or prevent these insults. Pneumonia is
common, resulting from a variety of causes, including infection with bacteria, virus, and
fungi and can contribute to the morbidity and mortality associated with ALI/ARDS.
Multiple cytokines and chemokines are released during infections resulting in acute
respiratory syndromes, such as hemophagocytic syndrome and lymphoid depletion. It is
possible that these elevated levels of cytokines and chemokines are associated with
increased severity of pneumonia and subsequent ALI. Gene therapy may be a powerful
method to deliver cytokines and chemokines to the lung to modulate the inflammatory
environment to treat pneumonia and the ensuing ALI.

A number of groups have used gene delivery to overexpress various cytokines and
chemokines in the lung to directly attenuate inflammation caused by infection. These
include the anti-inflammatory cytokines interleukin-10 75, IFN protein-10 (IP-10) 76,
interleukin-12 77, and transforming growth factor beta-1 (TGF-β1)78. Despite being
transferred with adenoviral vectors which can exacerbate the inflammatory response,
delivery of all of these anti-inflammatory cytokines have improved survival in mice and
reduced inflammation, as predicted. Several other less obvious approaches have also been
taken to limit inflammation or control immune responses in the lung in response to infection.
For example, one group used 4-1BB ligand (4-1BBL) to protect from lung injury caused by
influenza infection in the lung 79. 4-1BBL binds to 4-1BB (CD137), a member of the TNF
receptor family expressed on activated T cells that is rapidly up-regulated on T cells
following viral infection. Binding and signaling of 4-1BBL leads to increased T cell
expansion, and T cell trafficking to and retention in the lungs. Gene transfer of 4-1BBL in a
mouse influenza infection model showed greater control of the infection and reduced lung
injury. Another approach has been to use hemoxygenase-1 (HO-1) to modulate neutrophil
activity. While the main function of hemoxygenase-1 (HO-1) is to regulate heme
metabolism, evidence suggests that the enzyme is also involved in controlling infiltration of
neutrophils into the injured lung and in the resolution of inflammation by modulating
apoptotic cell death and cytokine expression. Consequently, several groups have delivered
HO-1 expressing adenoviruses to the lungs in both pneumonia and hyperoxia models and
have shown significant reductions in inflammation and subsequent lung injury 80-82. At least
part of this effect appears to be mediated through the anti-inflammatory cytokine IL-10
whose expression is greatly upregulated when HO-1 is overexpressed 82. Finally, Weiss et
al. demonstrated that adenovirus-mediated gene delivery of heat shock protein-70 to the
pulmonary epithelium can protect from cecal ligation and double puncture, a clinically
relevant model of sepsis and ARDS, mediated lung injury in mice 83.

As alluded to above, although a number of studies indicate that viral vectors are promising
candidates for gene therapy to control these direct or indirect pulmonary infections,
inflammation can be actually be accelerated by the viral vector systems carrying the desired
transgenes. Therefore, major efforts have been directed toward developing non-viral vectors
for these purposes. For example, the β-defensin-2 delivered to rat lungs by polyethylenimine
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can effectively inhibit Pseudomonas aeruginosa infection in the lung 84. However, certain
non-viral lipid or polymer formulations can also induce varying levels of inflammatory
cytokines and their efficiency of gene transfer remains low. Recently, electroporation has
gained increasing attention for development of non-viral gene therapies and vaccines. Using
skeletal muscle as bioreactors, it has been shown that vaccines can be delivered by
electroporation to protect from bacteria- or virus-induced pneumonia 85, 86. Taken together,
these non-viral approaches may indeed show great promise for treating pulmonary infections
leading to and/or resulting from ALI/ARDS as long as gene transfer efficiencies are
improved.

Summary and Conclusions
Extensive research on ALI/ARDS, using animal models and humans, has revealed a variety
of molecular mechanisms that contribute directly and indirectly to the pathogenesis of these
diseases. Consequently, the opportunities for the use of gene therapy are great. It is likely
that gene therapy will become a novel therapeutic approach in clinical medicine for treating
a variety of inherited and acquired lung diseases in the near future, if concerns for safety and
high level gene expression are kept in balance. Although the technology is rapidly evolving,
the limitation in development of gene therapy for ALI/ARDS is not at the level of the
understanding of molecular mechanisms of the disease but rather at the level of drug
delivery technology. Improved vectors and delivery systems that are nontoxic, non-
inflammatory, allow repeated dosing, produce therapeutic levels of gene product, and do so
in specific cells are needed. While each technology may address one or more of these
problems, none to date have solved all of them. It is likely that combinations of approaches
will be used for successful treatment. With the development of these more efficient gene
therapy approaches, the first clinical use of therapeutic gene therapy shown to be safe and
efficacious for treatment of ALI/ARDS, is not far off.
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Figure 1. Common elements of a gene therapy plasmid
A typical plasmid is depicted showing control elements and expressed genes. Promoters that
express for a short period of time (e.g., the CMViep), a long period of time (e.g., the UbC
promoter), or in specific cell types (e.g., the SP-C promoter for expression in AT2 cells or
the CC10 promoter for expression in clara cells) are used to drive expression of the gene of
interest. In almost all cases, cDNA for the gene to be expressed is used instead of genomic
sequence, thus eliminating all introns to make the gene smaller in size and allow for more
efficient expression that does not require mRNA splicing and maturation. A DTS can be
included downstream of the transgene to aid in general or cell-specific DNA nuclear import,
and an antibiotic resistance gene is carried on the plasmid for maintenance and production of
the plasmids in bacteria.
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Figure 2. In-vivo pulmonary electroporation
A. Cartoon for in vivo plasmid delivery and electroporation for the lungs showing
endotracheal tube and electrodes. B and C. GFP-β1 expressing plasmids (600 μg) were
administered to the lungs and electroporated (200 V/cm, 8 pulses at 10 μsec each). Three
days later, the lungs were visualized in situ (B) and GFP-β1 expression was detected by
fluorescence microscopy (C). Taken with permission from ref. 54.
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Figure 3. Electroporation-mediated gene transfer of subunits of the Na+,K+-ATPase can both
protect from subsequent LPS-induced lung injury and reverse pre-existing LPS-induced lung
injury
A. Protection Studies. One hundred μg of plasmid in 50 μl were administered intratracheally
to mice by electroporation. One day later, LPS (4 mg/kg) was administered to the lungs and
24 or 27 hours after this, lungs were removed for wet-to-dry ratio analysis (mean ± sem;
n=5). B. Treatment Studies. LPS (4 mg/kg) was administered intratracheally to Balb/c mice
and one day later, 100 μg of plasmid was delivered to the lungs by electroporation. Twenty-
four or forty-eight hours later, lungs were removed for gravimetric analysis. Wet-to-dry
ratios are shown as mean ± SEM (n=5). Statistical analysis was by non-parametric Mann-
Whitney U test. Taken with permission from ref ,51.
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Figure 4. Electroporation-mediated gene transfer of the Na+,K+-ATPase shows reduced
pulmonary infiltrates in LPS-injured lungs
LPS (4 mg/kg) was administered intratracheally to Balb/c mice and one day later, 100 μg of
plasmid was delivered to the lungs by electroporation. Forty-eight hours later, lungs were
removed and processed for histology using hematoxylin and eosin staining. A. LPS only. B.
LPS followed by pCMV-β1. C. LPS followed by a mixture of pCMV-α1 and pCMV-β1(50
μg of each).
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