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Abstract The remarkable transi-
tion of biological science into the
age of molecular biology held great
promise for development of new
therapies for treatment of human
disease. The fact that the technology
exists for analyzing genetic material
in exquisite detail and constructing
DNA in virtually any desired form
was the basis for promising rapid
translation into clinical medicine
and the final cure for genetically de-
termined diseases; cystic fibrosis is
the prime example of such a lung
disease. The promise was not kept,
at least not in a time frame which
was expected. That result is neither
because the rationale was faulty nor
because the tools of molecular biol-
ogy were wanting. The devil was and
is in the details. How do you deliver
DNA to the desired cell targets in
amounts sufficient to accomplish the
desired effect? Viral vectors have
received the most attention, but vi-
ral vectors have proven to have both
theoretical and practical problems.
In the lungs, these vectors have not
fulfilled their original promise. Non-
viral based strategies work in a gen-
eral sense, but efficiency of gene de-
livery in vivo has been a limitation.
In addition, the experimental end
points in both clinical and preclini-
cal investigation have been most of-
ten designed to demonstrate phe-
nomenology rather than potential
efficacy. And, why limit the poten-
tial of gene therapy to inherited dis-
ease? In fact, treatment of acquired
diseases by increasing or decreasing
expression of a given gene in the
lungs that would hasten recovery

from an acquired disease might be
easier than treating inherited dis-
ease because the requirements for
duration of transgene expression
would be less stringent. Over the
past two decades, we have learned
enough about the pathogenesis of
acute lung injury to predict that in-
creased (or decreased) production
of certain biologically active media-
tors should be beneficial. Genes en-
coding some of these mediators
have been cloned and constructs
made which express the genes. It is
now possible using either viral or
non-viral strategies to deliver ex-
pression constructs to the lungs and,
since acute lung injury has a dismal
prognosis and no effective drugs
have been identified, this seems a
good clinical target for gene therapy.
In preclinical studies, we have
shown that increased expression of
the gene encoding the constitutive
form of the cyclooxygenase gene
(COX-1) results in increased pro-
duction of prostacyclin and PGE2 by
the lungs and inhibits endotoxin in-
duced pulmonary hypertension and
edema. Additional studies demon-
strate that increased expression of
the alpha-1 antitrypsin gene in hu-
man respiratory epithelium in cul-
ture and in vivo has anti-viral and
anti-inflammatory effects that are
not predicted by extracellular con-
centrations of the transgene prod-
uct. Thus, acute lung injury is a rea-
sonable target for gene therapy, and
evidence to date indicates that cur-
rent technology is sufficiently robust
to pursue this novel area for treat-
ment of this devastating disease.
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Introduction

To date, not a single disease of any organ has been cured
by gene therapy. That will not remain the case. The rap-
idly expanding knowledge base from molecular biology
and the explosion of technology make it inevitable that
a new category of powerful therapeutic agents will
emerge with implications that we cannot yet imagine.
Translation of the technology to clinical application is
seductively simple in concept but has so far proven diffi-
cult to implement. Words from T.S. Eliot's ªThe Hollow
Menº come to mind ± ªBetween the desire and the
spasm . .. falls the shadow.º But the shadow grows ever
shorter.

Therapeutic promises of the age of molecular biology

As single gene defects responsible for inherited diseases
were identified, the genes cloned and sequenced and
vectors constructed which could express the genes in
mammalian cells, it was irresistibly tempting to an-
nounce the imminent cure of inherited diseases, not
only to the scientific world but to the world in general.
The lung disease was cystic fibrosis.

Before discovery of the cystic fibrosis transmem-
brane conductance regulator (CFTR), even the basic
functional abnormality in the disease was not known,
and much research in the area was focused on the phys-
ical characteristics of airway mucus. One indication of
the power of this new biology is that it was not necessary
to understand the physiology of the disease to find its
genetic basis. It was not even necessary to know any-
thing of the defective protein. Using what has been
called ªreverse genetics,º Francis Collins, L-C Tui and
their colleagues identified the gene and from that in-
ferred the protein, including both its structure and func-
tion [1,2]. This seminal discovery changed concepts of
the clinical disease as well as provided a rationale for
curing the disease. Deliver the normal gene to the prop-
er cells in a form which would permit expression of the
normal CFTR and the disease should disappear.

Delivering genes to the lungs

As it turns out, although the concept is simple, the devil
is in the details. How can that vector which expresses
the CFTR transgene so exuberantly in cultured mam-
malian cells be put into the lungs of living humans in a
form which works and does no harm?

Adenovirus as a vehicle for delivering the gene
seemed attractive. The vector could be made relatively
non-replicating by deleting some essential genes and
the CFTR gene could be put in driven by a strong pro-
moter. Since adenovirus can infect respiratory epithelial

cells, delivery of this modified virus through the airways
should cause the infected cells to express the normal
transgene but avoid a viral illness, since the virus would
not replicate. The idea worked in the laboratory, but in
the clinic, the vector caused a significant acute inflam-
matory response and triggered an immune response as
well [3]. In addition, the magnitude of transgene expres-
sion was underwhelming.

The other major delivery technology is a formulation
of cationic liposomes and plasmid. Plasmids are easy to
construct that contain the transgene driven by a strong
promoter, and plasmids are relatively easy to produce
in large quantities. Since the naked plasmid DNA is
negatively charged, simple mixtures of positively
charged liposomes and plasmid will, by charge-charge
interaction, produce lipid-DNA complexes which enter
cells in culture and deliver the foreign DNA to the nu-
cleus of host cells so that the transgene is expressed [4].
It works, at least qualitatively, and appears to cause less
inflammatory response in the lungs than do adenoviral
vectors. But, the transgene expression is, again, quanti-
tatively underwhelming.

The search for better vectors and delivery technolo-
gies continues. More modified adenoviruses, adeno-
associated viruses and later generation lipid based deliv-
ery technologies are all being actively explored. But
the requirements for a vector for correcting an inherited
genetic defect are stringent-efficacy, safety and pro-
longed (preferably permanent) expression of the trans-
gene.

Evolution of the concept of gene therapy

Why not use molecular technology to capture normal
host protective responses and manipulate them to pre-
vent or hasten recovery from disease? One way the
body protects itself against toxins is by increasing ex-
pression of genes encoding protective proteins. Such
protective proteins include some of the cytokines and
the principal endogenous antiprotease, alpha-1 anti-
trypsin [5]. Suppose it were possible to deliver a gene
for one of these proteins to the appropriate site but
over-express the gene by driving it with a strong promot-
er. That would increase local production of the protein
and provide site specific protection from a potentially
disease-producing invader. The concept is gene therapy
for acquired disease. With the transgene product acting
in a paracrine fashion and with only transient expression
required, a delivery and expression technology much
less robust than that required for treatment of genetical-
ly based disease might work [6]. The concept is especial-
ly attractive for respiratory diseases, since the entire re-
spiratory tract is accessible through the airways.

First generation gene therapy (Fig. 1) fails to take ad-
vantage of the enormous knowledge base related to how
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expression of genes are controlled. Transcription of
many genes of interest is regulated by proteins which
bind to specific sequences in the promoter region of
the gene. These transcription factors can increase or de-
crease expression of their target gene. If the regulating
protein could be delivered to the appropriate site, then
endogenous gene expression could be quite specifically
regulated (Fig. 2). Intervention could also be at an even
more proximal step in the sequence of biologic events.
Administration of genes encoding transcription factors
could provide a ªgenetic pro-drugº (Fig. 2). In addition,
future generations of gene therapy will include use of
promoters which are regulable either by administration
of an innocuous drug or by endogenous responses.

Gene therapy for acute lung injury

Acute lung injury, called the acute respiratory distress
syndrome (ARDS) in its most severe form, is an ac-
quired disease of the lungs which has a high mortality
and for which no specific pharmacologic therapy has
been developed [7]. It is possible that there are genetic
factors which predispose to increased severity and chro-
nicity of an inflammatory response in the lungs, but no
known genetic defect appears responsible for causing
ARDS. However, a great deal is known about the
pathogenesis of the inflammatory response in the lungs,
even at a molecular level, so that a rationale can be de-

veloped for expecting that increased expression of
some genes that are known in the lungs might prevent
acute lung injury in patients at risk and hasten recovery
in patients who develop ARDS.

There is still the delivery and expression problem.
We reasoned that if the therapeutic gene were for an en-
zyme which catalyzed endogenous generation of a ther-
apeutic product, the amount of therapeutic product
might be much greater than if the encoded protein
were itself the therapeutic entity (Fig.1). One possible
enzyme is arachidonate cyclooxygenase (COX), which
catalyzes production of a host of prostanoids from
arachidonic acid [8].

In order for COX gene therapy to work, it would be
essential that the gene be delivered exclusively to cells
which produce prostacyclin and prostaglandin E2
(PGE2), and not thromboxane, which could be deleteri-
ous. Fortunately, products of COX are cell specific and
endothelial cells make only prostacyclin and PGE2. We
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Fig.1 Schematic illustration of the concepts underlying the first
generation gene therapy. The concept has been mainly envisioned
as a treatment of diseases which are the consequence of inheriting
a defect in a single gene

Fig.2 Schematic illustration of the concepts which will determine
future generations of gene therapy. Nucleic acid binding proteins
(gene regulating proteins; transcription factors) can be delivered
to the nucleus to regulate endogenous genes. Alternatively, the
genes encoding the gene regulating proteins could be used as a mo-
lecular pro-drug



delivered a plasmid containing a gene encoding the
constitutive form of the COX gene (COX-1) to lung
vascular endothelium by infusing intravenously the
plasmid DNA complexed to cationic liposomes [8]. We
had shown earlier that this approach delivers the gene
mostly to the lungs and mostly to lung vascular endo-
thelium [9]. When rabbits were transfected this way,
we found that after 48 h, the lungs made increased
amounts of prostacyclin and PGE2 compared to lungs
from animals which were transfected in an identical
way with an empty plasmid (Fig. 3) [8]. As shown in
Fig. 4, we also found that the pulmonary vascular re-
sponse to endotoxin was inhibited. As has been shown
with exogenous infusion of PGE2, transfection with the
COX gene inhibited the endotoxin induced release of
thromboxane from the lungs (Fig.5). We are now con-

ducting additional studies to see whether the gene can
be delivered by small particle aerosols and whether
the biochemical and pathophysiological effects will be
similar to those resulting from intravenous delivery. Ini-
tial results are promising.

Summary and conclusions

Gene therapy will become a major new tool in the clini-
cal armamentarium for treating a broad range of inher-
ited and acquired diseases of all organs in the body, in-
cluding the lungs. The technology is powerful and rapid-
ly evolving. As more is understood about the structure
and function of the human genome, the opportunities
will be astounding.

The rate limiting step in development of gene thera-
py for diseases of the lungs at this juncture is not the un-
derstanding of molecular mechanisms but drug delivery
technology. Development of new, improved vectors
and delivery systems is progressing rapidly. Proof of
principle has been demonstrated. Clinical precedents
have been established and pathways through licensing
agencies are becoming more clear. The first gene thera-
peutic agent shown to be safe and efficacious for treat-
ment of a lung disease is not far away and once that oc-
curs, the floodgate will be opened and the era of gene
therapeutics will be finally underway.
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Fig.3 Production of prostacyclin (measured as the stable metabo-
lite, 6-keto PGF1a) and prostaglandin E2 by the lungs of rabbits
48 h after intravenous transfection with the COX-1 gene as a plas-
mid-liposome complex

Fig.4 Effects of endotoxin on pulmonary artery pressure in in situ
perfused lungs from rabbits 48 h after intravenous transfection
with either the COX-1 gene or an empty plasmid vector. The
COX transfected lungs were protected from endotoxin induced
pulmonary vasoconstriction

Fig.5 Endotoxin induced release of thromboxane into the perfu-
sate of in situ perfused rabbit lungs from animals transfected 48 h
earlier with either the COX gene or an empty plasmid vector.
Thromboxane release as inhibited by transfection of the lungs
with the COX gene
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