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INTRODUCTION

Gene therapy has been the focus of much attention and expectation in recent years . Many
conditions have been identified as being likely targets for gene therapy, most of which are either
heritable disorders or cancers. Recently acquired disorders, including acute lung diseases, have
been identified as potential applications for gene therapy. Gene therapy has evolved from a
concept to clinical application via phase I safety studies in humans. Due to current limitations of
gene transfer technology little headway has been made in terms of true impact on human disease.
Principal limitations of current technology have included lack of prolonged expression of
transgenic proteins at physiologically relevant levels in an adequate number of target cells.
Despite these stumbling blocks, optimism for gene therapy continues due to the belief that it will
create new avenues for therapies that are not currently possible or imaginable. Gene therapy
research continues to thrive due to its unrealized potential and with the hope that it will some day
be common place therapy for a large number of conditions.

Gene therapy conjures images of replacement of defective genes for treatments of heritable
disease s such as adenosine dearninase deficiency, cystic fibrosis or a l antitrypsin deficiency . A
much broader area of gene therapy research centers on the treatment of cancers . Gene transfer in
an effort to reconstitute tumor suppressor gene function or to deliver intracellular cytotoxic agents
are but 2 examples of such research (1,2). However, few investigators consider acute illnesses
as targets for gene therapy. Acquired diseases may be a much better fit for gene therapy, they
may require short term expression, in a limited site, not requiring gene transfer to every cell.
Thus , gene therapy for acute, short-term acquired conditions is a unique, little explored
application for this future therapy . Only a single conference dedicated to gene therapy for
acquired disorders has been held to date".

a Gene Therap y for Acquired Diseases , Nashville, TN. October 19-21, 1995.

Acute Respiratory Distress Syndrome: Cellular and Molecular Mechanisms and Clinical Management
Editedby Matalonand Sznajder, PlenumPress, NewYork, 1998 13S



The acute respiratory distress syndrome (ARDS) could be an excellent target for the use of
gene therapy. It is an acute disorder that requires short-term expression of a gene product and it
involves an organ that is very amenable to gene delivery. Little attention has been assigned to this
application of gene therapy, to date there have been no human trials of gene therapy for ARDS .
Fortunately, the literature is ripe with examples of gene transfer that may be applicable to the
treatment of acute lung injury. Table I lists potential applications for gene therapy to the treatment
of ARDS. This list is not exhaustive, virtually any pharmacologic agent could be delivered via
gene transfer.

Table I: Potential Gene Therapy Applications for the Treatment of ARDS

Therapeutic Goal

Pulmonary Edema Clearance

Anti-protease therapy

Anti-oxidants

Intracellular Adhesion Molecules

Anti-coagulants/Fibrinolytics

Vasodilators

Growth Factors

Inhibitors of Fibrosis

Anti-endotoxin

Gene Transfer Candidates
Na+channel , Na+,K+-ATPase

u 1 anti-trypsin

SOD , Catalase,

Glutathione Peroxidase

Integrins

Urokinase, Thrombomodulin,
tPA, Thrombin Receptor,
Anti-thrombin III

Prostaglandin GIH Synthetase

iNOS, ceNOS , Guanylate Cyclase

KGF

IFg, HGF

Intracellular anti-endotoxin
antibodies

Proposed Mechanism

Accelerateedema clearance

Limit proteolytic & chemoattractant
effects of proteases

Limit oxidant induced lung injury

Repair alveolar permeability

Treatment of capillary thrombosis

Limitation of hypoxemia &
pulmonary hypertension

Stimulate epithelial cell

proliferation

Limit repairative fibrosis

Limitation of lung injurylWBC
activation

GENE TRANSFER VEHICLES

Gene transfer is the delivery of genetic material intended to alter or augment ordinary
cellular function . Although RNA is sometimes used, most gene therapy vehicles transfer double
stranded DNA into mammalian cells. This DNA is then transcribed into mRNA and subsequently
translated into protein. Gene therapy is the use of gene transfer techniques to introduce genetic
sequences into specific cells of a patient in order to achieve some clinical benefit. An ever
increasing variety of gene delivery vehicles are available. Most gene transfer is achieved using
either DNA-cationic liposome complexes or genetically modified viruses such as retroviruses or
human adenoviruses. A recent review of current gene transfer vehicles has been published (3).

Liposomes were among the first available gene transfer vehicles . These cationic molecules
complex with DNA and RNA and have the ability to enter cells via several pathways. They are
relatively non-toxic to eukaryotic cells however their gene transfer (transduction) efficiency is
generally lower than that observed with viral vehicles. Newer formulations are showing
promising improvements in transfer efficiency, additionally, liposomes can be complexed with
ligands that can specifically bind to cell surface receptors conferring upon them some degree of
cell targeting specificity (4).

Many species of human and primate viruses are being tested for use as gene transfer
vehicles. Most studies have employed either retroviruses or human adenoviruses that have been
genetically modified to prevent in vivo replication. Retroviruses are single stranded RNA viruses
that have been used in human studies . They offer the unique advantage of being able to
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incorporate into the host's genome. This could allow for transgene expression for the entire life
of a cell, or if a stem cell were infected, the entire life span of the cell and its progeny.
Unfortunately these RNA viruses have several important limitations; they accommodate limited
amounts of DNA (generally <6kb), they infect only replicating cells, and they incorporate into
the genome of the host raising fears of proto-oncogene activation and malignant transformation
(3,5). This final limitation has dampened enthusiasm for these viruses.

Replication incompetent adenoviruses are double-stranded DNA viruses are frequently used
gene transfer vehicles (3). They have been used in phase I human gene therapy protocols in
patients with cystic fibrosis. (6) They can be produced in high and pure quantities, they infect
non-replicating cells, they do not insert into the host genome and they can carry more than 8kb of
exogenous DNA. Their major limitations are limited duration of transgene expression and
substantial inflammatory effects following infection. Post-infection antibody formation also
limits the efficacy of repeat administration, thus currently available adenoviruses are less than
ideal choices where long term transgene expression is required. Newer, less inflammatory
adenoviruses vectors combined with immunomodulation to limit anti-viral host responses
continue to fuel interest in these vectors for human gene therapy of heritable/genetic diseases
(3,7 ,8) .

Given that no ARDS specific gene therapy trials have been conducted, the intent of this
review is to highlight several avenues of ongoing investigation that might play a role in the
treatment of ARDS in the future. Below are examples of potential applications of gene therapy to
ARDS that exploit the known pathophysiology of ARDS. They demonstrate the uniqueness of
gene therapy and may not be applicable without it.

POTENTIAL APPLICATIONS OF GENE THERAPY TO ARDS

Nitric Oxide (NO) Expression
Substantial interest has been directed toward the use of NO for the treatment of hypoxemia

and pulmonary hypertension in patients with ARDS (9). Thus far human studies using NO in
humans with ARDS have shown promising physiologic responses but no change in outcome. In
animal models, NO production is reduced under hypoxic conditions and thus may contribute to
pulmonary hypertension, right ventricular dysfunction and abnormal VlQ relationships in patients
with ARDS. Janssens and colleagues have postulated that augmentation of NO production might
attenuate these observations (10) . They have recently published the results of studies that
employed a replication deficient adenovirus to deliver the gene for constitutive endothelial nitric
oxide synthetase (ceNOS) to the alveoli of rats. Four days after infection they showed increased
l-arginine to I-citrulline conversion, an 86% increase in I-NAME inhibitable I-arginine
conversion, and a 10 fold increase in cGMP production . These data demonstrate that their virus
increased ceNOS expression and function . To test for physiologic impact, they measured
changes in mean pulmonary artery pressure and resistance during 25 minutes of ventilation with
a hypoxic gas.

Under these acute hypoxemic conditions ceNOS expressing rats had markedly attenuated
changes in mPAP and PVR. Thus they were able to demonstrate that adenoviral mediated
overexpression of ceNOS could limit pulmonary hypoxic vasoconstriction in these otherwise
normal rats. Subsequent unpublished data have been generated following adenoviral mediated
gene transfer of the inducible form of NO synthase (iNOS)b . This isoforrn is calcium and
calmodulin independent and is capable of producing greater levels of NO than ceNOS.
Surprisingly, this vector did not show any further attenuation of vasoreactivity . Additional
studies were conducted using a markedly different approach . These investigators engineered a
virus that expresses the receptor for NO; soluble guanylate synthase. NO stimulation of this
enzyme increases intracellular cGMP levels in smooth muscle cells and decreases free

b Data presented at the 1997 American Thoracic Society Meet ing, San Fancisco, CA., May 17-21, 1997.
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intracellular calcium thereby causing smooth muscle cell relaxation. Subsequent studies using
this virus were able to show further reductions in hypoxic pulmonary artery vasoreactivity,
greater than that seen with ceNOS and iNOS. This is an excellent example of the applicability of
gene therapy for ARDS, overexpression of a molecule to modulate an intracellular pathway to
achieve a physiologic response. It is unlikely that other delivery mechanisms would be able to
deliver high concentrations of a large molecule to the intracellular space.

Surfactant

Ineffective or insufficient levels of surfactant at the alveolar air-epithelium interface
contributes to of acute hypoxemic respiratory failure (11). Several studies have tested the utility
of delivering surfactant alveolar airspace of humans. Positive impact has been noted in premature
babies with respiratory distress syndrome. Two prospective studies have tested surfactant in
adults with ARDS (12). Transient improvements in oxygenation and lung compliance were
noted. These studies required multiple daily doses of surfactant combined with position changes
during endotracheal or bronchoscopic installation of exogenous surfactant. Unfortunately, they
did not impact on patient outcome and the cost of treatment for a 70kg adult would be several
hundred thousand dollars. For these reasons the enthusiasm for the use surfactant in ARDS has
been dampened (12). Gene therapy potentially could overcome the limitations of previous studies
where delivery and cost made this potential therapy impractical. Gene transfer could be employed
to create a low cost, efficient mechanism to produce excess surfactant at the site where it is
needed .

In an effort to achieve surfactant overexpression Korst and colleagues constructed
replication deficient adenoviruses that contained the cDNA's for human surfactant proteins A and
B (13) . Rats infected with these viruses had increased surfactant protein production. While
physiologic impact was not measured , this study showed that gene transfer can be used to
augment expression of key components of surfactant. similar results have been reported by Yei,
et. al. (14). A more challenging task for gene therapy is to find a way to increase synthesis of the
phospholipid components of surfactant. Phosphocholine cytidylyltransferase (CTP) is the rate
limiting step for synthesis of disaturated phosphatydylcholine (dspc) in rat alveolar type 2 (AT2)
cells. Drs. Sprague and Li have recently published in abstract form the results of their studies
using gene transfer to enhance surfactant phospholipid production by overexpressing this key
component of the surfactant synthetic pathway (15).

Using a replication deficient adenovirus that contains a cDNA for CTP they infected rat
alveolar type 2 cells in culture. They were able to demonstrate significant increases in CTP
protein expression as well as a 25-fold increase in l4C-phosphocholine incorporation into l4C_
cytidine 5'-disphosphate-choline. The rate of 3H-choline incorporation into dspc at 3 and 4 days
was increased to 2.27 and 1.76 fold as compared to controls , respectively. These results were
achieved using low titers of virus and without signs of cytotoxicity . More recently they have
administered their to virus to rats where they have noted a 6-fold increase in dspc levels. This
very clever approach to production of a lipid product represents an excellent application for
ARDS gene therapy - delivery of an intracellular constituent of a synthetic pathway that can not
otherwise be administered - in essence this virus is serving as a drug delivery vehicle.

<Xl antitrypsin

Proteases released from activated neutrophils not only directly injure lung cells but also have
chemoattractant, proinflarnmatory effects . Canonico and associates have previously shown that
overexpression of human (Xl antitrypsin can attenuate these chemoattractant effects (16) . They
have shown that cationic lipid-plasmid mediated expression of (XI antitrypsin in an immortalized
cystic fibrosis airway epithelial cell line results in a reduction in release ofchemotactic factors in
the presence of elastase . this inhibition of protease (e.g. elastase) activity by (XI antitrypsin may
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diminish chemoattractant activities of activated neutrophils . Consequently, these investigators
have proposed that u1 antitrypsin may have a role in treatment of acute lung injury.

More recent work by Canonico, et. al. has reported the effects of intravenous (iv)
administration of a human ul antitrypsin expression plasmid/cationic liposome complex into
piglets (17). These animals were compared to vector controls and animals given iv doses of u,
antitrypsin protein (prolastin). Forty-eight hours after gene transfer changes in pulmonary
vascular resistance were measured following administration of 251lg/kg of endotoxin. Piglets
transfected with the u, antitrypsin expression vector had human u, antitrypsin expression in the
liver, kidneys as well as the lungs . In contrast to vector and iv u 1 antitrypsin protein controls,
these animals had markedly smaller changes in PVR following endotoxin challenge.

Importantly, iv administration of u1 antitrypsin protein yielded a 500 fold greater serum u,
antitrypsin levels than did gene transfer . An explanation of this paradox provides the rationale
for the use of gene therapy to overexpress u,antitrypsin in the face of acute lung injury . Owen
and Campbell have described that the release of protease inhibitors combined with adherence of
inflammatory cells to the extracellular matrix compartmentalizes proteolytic enzymes to the
pericellular microenvironment that exists between adherent inflammatory cells and the
extracellular matrix (18). This isolates proteolytic enzymes from their inhibitors, conceivably
even very high serum levels of protease inhibitors would not be able to inhibit proteolytic
damage . Gene transfer may allow for the expression of a protease inhibitor in the peri-cellular
microenvironment where it could not otherwise obtain access. This may account for the
disparity between u 1 antitrypsin serum levels and attenuation of lung injury seen in Canonico's
studies.

Anti-oxidant Gene Expression

Substantial data suggest that oxygen free radicals play a role in acute lung injury (19) .
Augmentation of anti-oxidant defense mechanisms in animals has shown variable results in terms
of attenuation of lung injury. However, antioxidants have a poor record in modifying the course
of human disease. Whether this is due to minor contributions made by free radicals or a reflection
of inadequate delivery mechanisms is as yet unanswered. Gene transfer may provide some clues
to this question .

Lemarchand, et. al. have recently demonstrated that overexpression of antioxidant genes can
prevent lung injury (20) . They used adenoviruses that expressed the human antioxidant genes
catalase and Cu,Zn SOD. These viruses were simultaneously instilled into the airways of
sprague-dawley rats. Three days after infection these animals were placed in a 100% normobaric
oxygen chamber and survival was measured at 62 hours. As compared to controls, animals that
received the combination of catalase and SOD adenoviruses had markedly improved survival
(70% vs. 10% in sham infected controls). Gene therapy in this setting could provide expression
for a long enough period oftime to tide patients through their acute lung injury . This study also
supports the hypothesis that oxidants are significant contribute to acute lung injury.

Pulmonary Edema Clearance

Our laboratory has reported that rats exposed to subacute hyperoxia have increased capacity
to clear water from the alveolus and that a significant fraction of this capacity can be inhibited by
the specific Na+,K+-ATPase inhibitor ouabain (21). AT2 cells isolated from these same rats have
increased Na+,K+-ATPase function and protein expression. These studies and others suggest
that Na+,K+-ATPase contributes to alveolar liquid clearance and plays an important role in
keeping the airspace dry. We tested the hypothesis that overexpression of Na+,K+-ATPase
subunits can be used to augment in vitro Na+,K+-ATPase activity by engineering
cytomegalovirus driven, replication deficient adenoviruses that contained cDNAs for rat u, and
PI Na+,K+-ATPase subunits (22). Rat AT2 cells infected with a multiplicity of infection (moi) of
10 of a similarly constructed Ecoli lac z expressing virus demonstrated gene transfer efficiencies
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in excess of 90% without signs of cytotoxicity . Transgene activation, message processing and
translation were evaluated in AT2 cells 24 hours after infection. In contrast to controls, ATl cells
infected with a ~I expressing adenovirus showed significant expression of ~l mRNA and protein
whereas no change in u 1 message or protein was noted . We assessed Na+,K+-ATPase function
by measuring ouabain inhibitable 86Rb+uptake 24 hours following infection . In contrast to sham
and lac Z infected cells, ouabain inhibitable Na+,K+-ATPase function was increased by 2.5 fold
in AT2 cells infected with moi's of 5 and 10 of the ~l expressing adenovirus. We have been able
to generate similar results using an u 1 expressing virus in human A549 cells (22).

These data suggest that Na+,K+-ATPase expression and function in rat ATl cells can be
increased via adenoviral mediated gene transfer of Na+,K+-ATPase subunits. This approach
could provide for new supportive treatments for pulmonary edema be it cardiogenic or non
cardiogenic.

CONCLUSIONS

Gene therapy holds promise for ARDS. As gene transfer technology improves we will be
able to apply new treatments that allow delivery of medications that can not currently be
administered as well as therapy that is not even imaginable at this time. Better delivery and/or
improved function of currently used therapies will also be possible. As gene therapy matures,
ARDS may be among the first conditions to benefit from this new form of medical treatment.
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