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1. Introduction 

Gene therapy was originally conceived as an approach to the treatment of 
classic monogenic inherited disorders for which it was proposed that transfer 
of a normal copy of a single defective gene would revert the disease pheno
type. However, as the field has evolved, it has been recognized that gene 
transfer is a rational option for the treatment of both acquired diseases, such 
as. cancer, and infectious diseases, such as AIDS, which have defined gene
tic components. In addition, the elucidation of the molecular basis of the host 
defense mechanisms against viral or bacterial pathogens suggests that these 
pathways could be exploited for therapeutic purposes using gene transfer 
technology. Therefore, gene therapy is now broadly defined as the transfer of 
genetic material to the cells of an individual for therapeutic purposes. 

For a disease to be considered a candidate for gene therapy, it must meet 
certain criteria which were initially proposed by Anderson [1]. First, it is 
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necessary to understand the molecular basis of an inherited or acquired 
genetic disease, or of the host response to an infectious disease. Second, in 
recognition of the fact that gene therapy is still a radical therapeutic inter
vention, the disease should represent a significant cause of morbidity 
and/or mortality for which, moreover, there is no conventional treatment. 
Last, both scientific and clinical data must be obtainable in a gene therapy 
study. 

2. The Lung As a Target For Gene Therapy 

Although many disease states are potentially suitable for gene therapy 
approaches, diseases of the lung have to date represented a disproportio
nately large fraction of the approved human gene therapy clinical protocols 
[2]. This reflects the fact that the lung possesses several advantages which 
make it a particularly attractive target organ for gene therapy. The genes for 
two inherited pulmonary disorders, cystic fibrosis (CF) and ai-antitrypsin 
deficiency, have been identified. These diseases are the two most common 
fatal inherited disorders of white Europeans and cannot be cured by current 
therapeutic regimens. Cystic fibrosis and ai-antitrypsin deficiency are thus 
attractive targets for gene therapy. Similar considerations apply to lung can
cer, which is a common disease for which the molecular basis is currently 
being elucidated and for which conventional therapy is also ineffective. 
Carcinoma of the lung is the major lethal cancer, its incidence is increasing, 
and overall mortality from this disease has only minimally improved over 
the past two decades. Similarly, there is no effective therapy for malignant 
mesothelioma, which represents a model of localized malignancy without 
a major metastatic component. Hence, there are a number of pulmonary 
diseases that meet the criteria justifying a gene therapy approach. 

In addition, there are practical considerations which make the lung an 
attractive target for gene therapy. As a general principle, delivery of the 
therapeutic gene to the target cell represents a significant limitation to gene 
therapy applications. In certain disorders, this problem has been overcome 
by genetically modifying cells ex vivo and then reimplanting the corrected 
cells into the target disease organ. However, this approach is limited to 
those relatively few cases in which the target cells can be maintained in 
culture for prolonged periods of time and then reinfused after gene trans
fer. Therefore, direct in vivo gene delivery is mandated for most diseases. 
The lung differs from other solid organs in possessing a number of advan
tages which render it accessible for in vivo gene delivery. To date, most 
gene therapy approaches to lung disorders have involved gene delivery via 
the airway, which provides a direct approach to lung epithelia and should 
restrict the therapeutic gene almost entirely to the target organ. Airway 
access to the lung also forms the basis of the novel approach of in utero 
gene transfer [3]. This strategy is based on the hypothesis that expanding 
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stem cells of epithelial origin in the developing lung are accessible via the 
amniotic fluid, providing the opportunity for permanent gene replacement. 
Thus, genes administered to a fetus by injection into the amniotic fluid can 
be delivered to somatic stem cells of the lung epithelia by means of fetal 
breathing movements. Alternatively, the dual vascular supply of the lung 
affords a unique opportunity to achieve gene delivery via the pulmonary cir
culation, thereby permitting gene therapy for pulmonary vascular diseases. 
In addition, the circulation could be exploited to access primary or meta
static lung tumors. These practical aspects favor the development of gene 
therapy strategies for diseases of the lung. 

3. Vector Systems For Gene Delivery to the Lung 

One of the barriers to the implementation of gene therapy strategies for 
any disease is the requirement for a vector that can deliver the therapeu
tic gene specifically to the target organ, where it will be expressed at the 
appropriate level for the length of time necessary to confer a therapeutic 
benefit. A number of vector systems, both viral and nonviral, have been 
employed for gene delivery to the lung, each of which is associated with 
particular advantages and disadvantages; at present, there is no single 
vector that meets the criteria of specificity, efficiency, and safety of gene 
expression. 

3.1. Viral Vectors 

Recombinant viral vectors are designed to exploit the efficient strategies 
that viruses have evolved to infect cells and deliver their genetic material. 
For safety reasons, all viral vectors that have been approved for clinical 
gene therapy trials have been disabled by deletion of part of their genome, 
so that they are no longer competent to replicate in the target cell. 

The first viral vectors to be employed for gene therapy were derived from 
murine retroviruses [4]. The retrovirus live cycle includes a stage in which 
the RNA genome is converted into double-stranded DNA which randomly 
integrates into the host chromosomal DNA. Thus, retroviral vectors have 
been exploited in gene therapy strategies to achieve stable transduction of 
the target cell with transmission of the therapeutic gene to all progeny. 
However, a major disadvantage of these vectors is that they are extremely 
labile in the presence of serum complement, which has restricted their use 
to ex vivo protocols. In addition, the requirement for the target cells to be 
actively proliferating at the time of retroviral infection results in poor trans
duction of the lungs, where the rate of cellular proliferation is low. A further 
problem, which has hampered the use of retroviral vectors, is the fact that 
they can be produced only in relatively low titers. 
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Recombinant adenoviral vectors have been the most widely employed 
vehicles for gene delivery to the lung because of their natural tropism for 
the respiratory tract [5]. Adenoviral vectors can accomplish highly efficient 
gene transfer to a range of cell types in vivo, including both dividing and 
nondividing cells. Another major advantage of adenoviral vectors is that, 
unlike retroviruses, they can be concentrated to high titers. However, the 
present generation of adenoviral vectors suffers from a number of limita
tions which have prevented the realization of their full potential. One pro
blem associated with the use of adenoviral vectors for gene therapy is that 
host cellular and humoral immune responses result in transient expression 
of the delivered therapeutic gene and preclude readministration of the same 
vector. To circumvent this immunological problem, investigators are devel
oping new (so-called "second generation") vectors which have been 
engineered to minimize the expression of viral antigens. A further dis
advantage in certain disease contexts is that the adenoviral genome is not 
integrated into the host genome, so that expression of the therapeutic gene 
is only transient. In addition, it has recently been reported that adenoviral 
vectors do not efficiently infect the columnar and more differentiated cells 
of the airway [6]. 

The third major class of viral vectors under consideration for gene deli
very to the lung is based on the adeno-associated virus (AAV), a non
pathogenic parvovirus with a single-stranded DNA genome [7]. Like the 
adenovirus, AAV is naturally tropic for the airway epithelium. Attractive 
features of AAV vectors are the ability to integrate into the host genome 
and to transduce a variety of cell types, including both dividing and nondi
viding cells. Practical disadvantages include the facts thatAAV vectors can 
be produced only at very low titers and that the size of the therapeutic gene 
that can be accommodated is limited to 4.5 kilobase-pairs (kb). In addition, 
whereas the parental AAV can achieve site-specific integration, this capa
city is not retained by AAV-based vectors, which raises the possibility of 
insertional mutagenesis. 

3.2. Nonviral Vectors 

A number of nonviral vector systems have been developed for gene trans
fer. In these approaches the therapeutic gene is either administered to the 
target cell in the form of so-called "naked DNA" or is complexed with 
other macromolecules in order to achieve cellular entry. Nonviral vectors 
possess the potential advantage of increased safety and reduced immuno
genicity compared with viral vectors, but their employment has been 
restricted by a relatively low efficiency of gene transfer in vivo. 

Artificial lipid bilayers, or liposomes, have been widely used to trans
locate DNA into the cytosol via membrane fusion or endocytosis [8]. 
Cationic lipids complex with anionic plasmid DNA via charge/charge 
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interactions and have been shown to increase the transfection efficiency of 
naked DNA by 100- to 1000-fold. In contrast, anionic liposomes encapsu
late plasmid DNA within a lipid vesicle. Liposomes possess the important 
attribute of systemic stability and can therefore be employed in vivo. Strate
gies to improve liposomes have focused extensively on new lipids and for
mulations, whereas antibodies or ligands have been incorporated into the 
design to permit targeting to specific cell types. 

Molecular conjugate vectors have been developed specifically to 
accomplish the delivery of heterologous genes to target cells via the recep
tor-mediated endocytosis pathway [9]. The basic design of molecular con
jugates consists of plasmid DNA complexed to polylysine and a macro
molecular ligand which can be internalized by the target cell. However, this 
class of vector is incapable of efficient gene transfer in vivo, because the 
polylysine component renders the conjugate unstable in the presence of 
serum. 

4. Gene Therapy For Diseases of the Lung 

4.1. Inherited Pulmonary Diseases 

4.1.1. Cysticfibrosis: Cystic fibrosis (CF) is an autosomal recessive disease 
affecting about I in 3000 white European births. In 1989, the genetic defect 
responsible for CF was identified as mutations in the gene encoding the 
cystic fibrosis transmembrane conductance regulator (CFTR), a cAMP
mediated chloride channel which also regulates a number of other cationic 
and anionic channels. The major cause of morbidity and mortality in CF is 
pulmonary disease characterized by viscous mucus secretion, chronic 
bacterial infection, airway inflammation, and premature death at around 
29 years of age. The lung has therefore been the primary target organ in CF 
gene therapy, whereby investigators seek to restore the normal phenotype 
by introduction of the wild-type (normal) CFTR gene into airway epithe
lial cells. 

The feasibility of gene replacement therapy for CF was first shown in in 
vitro experiments which demonstrated that the introduction of the wild
type CFTR gene into cultured CF airway epithelial cells leads to restora
tion of normal CI- transport [10, 11]. A number of studies have investigat
ed the relationship between the efficiency of gene transfer (the fraction of 
cells transduced) and the degree of functional correction. In separate in 
vitro studies, Johnson et al. have indicated that, whereas expression of 
CFTR in as few as 6-10% ofCF airway epithelial cells can restore normal 
Cl- transport properties to an entire epithelial sheet, gene transfer to all the 
cells may be necessary to correct the sodium hyperabsorption character
istic ofCF [12, 13]. These results have been confirmed in an animal model 
in which the CFTR gene was delivered by an adenoviral vector to human 
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CF bronchial xenografts grown in nulnu mice: 5% gene transfer complete
ly restored Cl- transport but had a variable effect on sodium hyperabsorp
tion [14]. Thus, if sodium hyperabsorption across surface epithelia plays a 
major role in the pathogenesis of CF lung disease, highly efficient gene 
transfer may be necessary to restore normal airway function. 

These studies have provided the rationale for the delivery of the CFTR 
gene to intact airways, first in animal models and, subsequently, in human 
clinical trials based on nasal and/or lung-directed gene transfer. The goal of 
this work is the efficient delivery of the CFTR gene to the appropriate 
target cells without causing toxicity or inflammation. In addition, as the air
way surface epithelium regenerates slowly over time, long-term expression 
of the CFTR gene will either require integration into a population of stem 
cells or readministration of the vector. The preclinical studies and human 
CF gene therapy trials have been described extensively elsewhere [15] and 
are therefore not reviewed in detail in this chapter. 

Current approaches to CF gene therapy have primarily employed adeno
viruses, adeno-associated viruses, and liposomes to achieve gene transfer 
via the lumen. Each of these vectors can transfer the CFTR gene to airway 
epithelia in vivo, resulting in at least partial correction of the Cl- transport 
defect. However, a number of problems have been identified with these 
systems, which will need to be overcome if gene therapy is to become of 
clinical utility in the treatment of CF. Initial human trials have revealed that 
the efficiency of gene transfer to uninjured airway epithelia by the current 
generation of vectors is low. In the case of adenoviral vectors, the ineffi
ciency of gene transfer to fully differentiated epithelial cells has been corre
lated with a paucity of the cellular receptors required for adenovirus inter
nalization [16]. A second major concern relates to the safety of the vectors. 
Several studies have shown that the number of adenoviral particles requi
red for efficient gene transfer is associated with direct viral toxicity, mani
festing as both local and systemic inflammation. A further problem with 
the use of adenoviral vectors for CF gene therapy is that host cellular and 
humoral immune responses result in transient expression of the delivered 
gene and preclude readministration of the vector. Several groups are devel
oping strategies to overcome these immune responses to adenoviral vec
tors, based on an understanding of the underlying biological mechanisms. 
One approach has been to modifY the adenoviral vector itself to minimize 
the expression of viral proteins. Various immunomodulatory regimens are 
also being investigated as strategies to prolong expression of the therapeutic 
gene and/or permit readministration of the adenoviral vector. Thus, further 
advances with CF gene therapy will be dependent on improvements to the 
efficiency and safety profiles of the vectors used to deliver the CFTR gene. 

4.1.2. ai-Antitrypsin deficiency: After CF, ai-antitrypsin (aIAT) deficiency 
is the second most common lethal hereditary disorder in white Europeans, 
with an incidence of about I in 3000 births. The ai-antitrypsin protein is a 
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52 kDa serum glycoprotein which is synthesized and secreted primarily 
from the liver. Its major site of action is the lower respiratory tract of the 
lung, where passive diffusion of aI-antitrypsin into the alveoli confers pro
tection against neutrophil elastase-mediated proteolysis. A deficiency in 
the serum levels, and consequently in the epithelial lining fluid (ELF) 
levels, of aI-antitrypsin permits unimpeded elastolytic destruction of the 
lung, creating the chronic condition defined as emphysema - permanent 
enlargement of the airspaces distal to the terminal bronchioles, accompa
nied by destruction of the alveolar wall. Patients with aI-antitrypsin 
deficiency usually develop emphysema in their fifth decade. 

The 12.2kb aI-antitrypsin gene has a high level of polymorphism, with 
over 70 alleles described. The normal variant, designated the M allele, is 
present in most individuals, although other alleles are associated with a 
variety of deficiency phenotypes, including impaired function of the al
antitrypsin protein, reduced amounts or unstable aI-antitrypsin protein, or 
intracellular destruction of the newly synthesized protein. The aI-antitryp
sin gene is codominantly expressed which means that the presence of a nor
mal M allele maintains serum levels of aI-antitrypsin above 10pmolll, the 
threshold associated with the risk of pulmonary emphysema. 

The traditional treatment of aI-antitrypsin deficiency has focused on 
intravenous weekly to monthly infusions of aI-antitrypsin to maintain 
adequate serum levels. This approach suffers from a number oflimitations, 
including the high costs and inconvenience of long-term treatment, 
together with the risks associated with the use of products derived from 
human plasma. Thus, aI-antitrypsin deficiency is also an attractive can
didate for gene therapy. In addition to meeting the criteria necessary for a 
gene therapy approach, the disease offers several practical advantages. 
First, aI-antitrypsin can be expressed by a variety of cell types and does not 
require any specialized processing. Second, it can be secreted into the 
serum from numerous sites and then localize to the respiratory tract. Fur
thermore, no disease is associated with serum aI-antitrypsin levels above a 
clear threshold so that strict gene regulation does not seem to be necesary. 

The feasibility of gene therapy for aI-antitrypsin deficiency was estab
lished by Garver et al. who transformed mouse fibroblasts ex vivo with a 
retroviral vector carrying the aI-antitrypsin cDNA and then transplanted 
the modified cells into the peritoneal cavities of nude mice [17]. Human 
aI-antitrypsin was detected in both the sera and the epithelial surface of the 
lungs for one month. Other investigators have subsequently targeted in vivo 
expression of aI-antitrypsin to either the liver, its normal site of synthesis, 
or the lung, its site of protection. 

Various gene delivery systems have been employed to transfer the human 
aI-antitrypsin gene to the liver in vivo. Kay et al. employed a retroviral vec
tor expressing aI-antitrypsin to transduce hepatocytes harvested from dogs 
and then reinfused the modified cells back into the animal via the portal 
vein. Serum aI-antitrypsin was detected for one month [18]. In an altema-
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tive approach, they induced liver regeneration in a mouse model by per
forming partial hepatectomies and then transduced hepatocytes in situ by 
infusion of retroviral vectors via the portal vein [19]. This resulted in the 
transduction of 1-2% ofhepatocytes, whereas expression of ai-antitrypsin 
persisted for up to 6 months. In another approach, Jaffe et al. infused an 
adenoviral vector containing ai-antitrypsin into the portal circulation of 
rats, producing detectable serum levels for 4 weeks [20]. However, in all 
these cases the serum ai-antitrypsin levels were far below what would be 
required for physiologic correction of deficiency. 

The low levels of ai-antitrypsin expression achieved by the liver have led 
other investigators to develop strategies to target the lower respiratory tract 
directly. As the levels of ai-antitrypsin required to maintain effective anti
elastase activity in the ELF are much lower than serum levels, it was hypo
thesized that local production of ai-antitrypsin by genetic modification of 
airway epithelial cells might confer a therapeutic benefit. After direct in 
vivo intratracheal administration into cotton rats of an adenoviral vector 
expressing ai-antitrypsin, it was synthesized and secreted by lung tissue, 
and was detected in the ELF for at least a week [21]. However, the issue of 
adenoviral vector-induced inflammation means that repetitive delivery will 
not be a feasible solution to the problem of transient expression. To address 
this limitation, Canonico et al. used an alternative vector system, lipo
somes, to deliver the ai-antitrypsin cDNA directly into the lungs of New 
Zealand white rabbits by either the aerosol or intravenous routes at weekly 
intervals for 4 weeks [22]. Protein expression persisted for this period, with 
no evidence of toxicity. This work has been developed into an approved 
phase I human gene therapy trial. 

Therefore, although ai-antitrypsin deficiency is an ideal candidate 
disease for gene therapy, the present generation of vectors is inadequate to 
achieve sustained serum levels of ai-antitrypsin of a sufficient magnitude 
to achieve physiologic correction. Although the approach of local produc
tion of ai-antitrypsin at the site of disease pathogenesis may overcome this 
limitation, this strategy is again dependent on the availability of suitable 
vector systems. 

4.1.3. Surfactant protein B deficiency: Human surfactant protein B (SP-B) 
is a phospholipid-associated polypeptide of 79 amino acids expressed by 
respiratory epithelial cells. SP-B is essential for lung function, enhancing 
the spreading and stability of surfactant phospholipids that reduce surface 
tension at the alveolar air-liquid interface. SP-B deficiency is an inherited 
disease of full-term newborn infants which leads to lethal respiratory failure 
within the first year of life. This disorder therefore represents a logical 
candidate for gene therapy, in which the human SP-B cDNA would be 
transferred to the epithelium of the lower respiratory tract. To this end, two 
groups have demonstrated pulmonary expression ofSP-B after adenoviral
mediated gene transfer to the respiratory epithelium of rodents [23, 24]. A 
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number of investigators have hypothesized that, as SP-B deficiency mani
fests in the perinatal period, prenatal or fetal gene therapy might be requi
red to minimize morbidity. In this approach, it will be necessary to opti
mize the timing of gene transfer to maximize gene expression in the 
airways, while minimizing the inflammatory response that can be mounted 
by the immune system of the developing fetus. 

4.2. Thoracic Malignancies 

Lung cancer is the most common cause of cancer death in the USA and its 
incidence is increasing in other countries. Standard treatment regimens for 
lung cancer, including chemotherapy and radiotherapy, have achieved only 
marginal improvements in patient survival, suggesting that the benefits 
afforded by any novel therapeutic approach are likely to be significant. 
Similarly, there is no effective conventional therapy for another thoracic 
neoplasm, malignant mesothelioma, which, although less common than 
lung cancer, has been studied because it represents a compartmentalized 
model of disease, localized to the pleural space. The elucidation of the 
molecular mechanisms underlying neoplastic transformation and progres
sion means that cancer can be regarded as a genetic disease, resulting from 
the accumulation of a series of acquired genetic lesions, involving aberrant 
expression of dominant oncogenes or loss of expression of recessive tumor
suppressor genes. Therefore, gene therapy represents a rational approach to 
the treatment of lung cancer and mesothelioma. 

Gene therapy strategies for cancer can be divided into three broad cate
gories: genetic immunopotentiation, molecular chemotherapy, and muta
tion compensation. Genetic immunopotentiation is defined as the intro
duction of genetic modifications into host cells in order to augment the 
immunologically mediated destruction of tumor cells. In the approach of 
molecular chemotherapy, the aim is to eradicate cancer cells by the selec
tive delivery or expression of a toxin gene. Strategies to achieve mutation 
compensation are designed to rectify the molecular lesions in the cancer 
cell responsible for malignant transformation. 

4.2.1. Genetic immunopotentiation: The strategy of genetic immunopo
tentiation is based on two principles. First, during carcinogenesis, cells 
develop protein structural changes which should allow the normally func
tioning immune system to recognize tumor cells as foreign and destroy 
them. In this regard, a number of tumor-associated antigens have been iden
tified. Second, tumor cells acquire immunologic adaptations which allow 
them effectively to avoid immune destruction. Various mechanisms by 
which tumor cells evade immune surveillance have been identified or pro
posed, including: inability of tumor-specific antigens to induce an effective 
host T cell response; defects of antigen processing or low expression of 
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major histocompatibility complex (MHC) class I molecules; lack of co
stimulatory signals; tumor secretion of immunosuppressive factors; and 
defects in signal transduction by host T cells. 

Based on these principles, a number of approaches have been developed, 
including; (1) the transfer of various cytokine genes into cancer cells to 
modify the tumor's interactions with the host immune system by stimulat
ing T cell and natural killer (NK) cell proliferation and activity; (2) 
augmenting antigen presentation or attracting effector cells; (3) increasing 
the immunogenicity of tumor cells by introduction of genes to augment 
MHC class I antigen presentation or direct introduction of foreign MHC 
class I molecules; (4) introduction of genes to provide co-stimulatory 
signals to augment T cell proliferation; and (5) the use of agents that inhibit 
the production of suppressive factors. The resulting immune response has 
the potential to detect and kill nongene-modified tumor cells bearing the 
same tumor-specific antigen, even though these may be distant from the 
site of gene transfer, as in the case of metastases. In addition, the technique 
of "genetic vaccination", which involves the use of DNA expression 
vectors encoding tumor-specific epitopes, has the potential to induce sub
stantial immunity with little or no toxicity. 

A number of cytokines have been tested in genetic immunopotentiation 
approaches to lung cancer in animal models (reviewed in Lee and Carbone 
[25]). In most work to date, tumor cells have been transfected with the gene 
of interest ex vivo and then reintroduced into the host animal. More recent 
studies have attempted to directly transduce tumor cells in situ. Induction 
of antitumor cytotoxic T lymphocytes has been demonstrated after trans
duction of lung tumor cells with genes expressing several cytokines, in
cluding interleukin 2 (IL-2), IL-4, IL-6, IL-7, IL-12, interferon-y(IFN-y), 
tumor necrosis factor a (TNF-a), and granulocyte-macrophage colony
stimulating factor (GM-CSF). Reduction of metastatic potential and/or 
suppression of tumorigenicity has also been reported in these animal 
studies. These data therefore support the hypothesis that locally released 
c)itokines from tumor cells can help the host immune system detect pre
viously unrecognized tumor-specific antigens and induce the ability to kill 
the tumor cells. Based on these results, a number of human clinical trials 
have been initiated using cytokine gene-modified cells. In another 
approach to the treatment of lung cancer by genetic immunopotentiation, 
Plaskin et al. have shown that expression of a transfected MHC gene con
verted a highly metastatic Lewis lung carcinoma cell to a non- or low-meta
static phenotype and protected against metastatic spread [26]. 

4.2.2. Molecular chemotherapy: The approach of molecular chemotherapy 
involves the tumor cell-specific expression of an enzyme which converts a 
normally nontoxic drug into a toxic substance. Thus, tumor cells that 
express the activating enzyme will be killed upon administration of the pro
drug, whereas cells lacking the enzyme will not be harmed. Several enzy-
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me/prodrug combinations have been proposed, including cytosine deami
nase/5-fluorocytosine, cytochrome P450 2BlIcyclophosphamide and xan
thine-guanine phosphoribosyltransferase/6-thioxynthine. To date, the most 
widely investigated system has involved the introduction of the gene en
coding herpes simplex virus thymidine kinase (HSV-TK) into mammalian 
cells. This enzyme, which is not normally present in mammalian cells, con
verts the nontoxic nucleoside analog, gancyclovir (GCV) into a mono
phosphorylated form which is then converted by the normal mammalian 
thymidine kinase enzymes into a triphosphorylated form which blocks 
DNA synthesis and leads to cell death. The approach possesses the advan
tage that toxic metabolites can be transferred via gap junctions to neigh
boring, non-transduced cells, resulting in cell death. This "bystander 
effect" means that it is not necessary to transduce all the cells in a solid 
tumor in order to get relatively complete killing. 

The rationale for the use of the HSV-TKlGCV system in the treatment of 
thoracic neoplasms has been provided by Smythe et al. who used an 
adenoviral vector to transfer the HSV-TK gene to cell lines derived from 
human malignant mesotheliomas and nonsmall cell lung cancers [27]. 
Expression of HSV-TK rendered cells sensitive to doses of GCV that were 
2-3 logs lower than uninfected cells or those infected with a control virus. 
These investigators performed initial animal experiments to test this 
strategy using localized models of malignancy formed by growing human 
lung cancer and mesothelioma cancer tumors within the peritoneal cavities 
of severe combined immune-deficient (SCID) mice. After GCV therapy, 
macroscopic tumor was eradicated in 90% of animals and microscopic 
tumor was undetectable in 80% of animals [28]. Similar reductions in 
tumor burden have also been seen in systems that more closely mimic the 
human disease, for which syngeneic models of malignant mesothelioma 
were developed in the pleural space of rats and nonhuman primates and 
treated with intrapleurally administered adenovirus expressing HSV-TK 
[29, 30]. These results have led to the initiation of a clinical trial employ
ing intrapleural delivery of the adenoviral vector to transfer HSV-TK to 
patients with malignant mesothelioma. However, preliminary results have 
served to underline the inadequacy of current vector systems for gene 
therapy. Thus, although it was believed that the compartmentalized nature 
of malignant mesothelioma would restrict expression of HSV-TK to the 
target cancer cells, extrathoracic viral dissemination has been observed. In 
addition, intrapleural administration of the adenoviral vectors has been 
associated with a low level of efficiency of gene transfer to the disease 
cells. This indicates that future advances will be dependent on improve
ments in vector technology, including modifications to permit cell-specific 
targeting and to increase the efficieny of gene transfer. 

4.2.3. Mutation compensation: The identification of the molecular basis of 
thoracic malignancies means that it may be possible specifically to correct 
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the underlying genetic lesions. These mutations are of two general types: 
loss of function of tumor-suppressor genes or gain of function of dominant 
oncogenes. Mutation compensation strategies therefore involve either 
replacement of a defective tumor-suppressor gene or ablation of a domi
nant oncogene at the level of its DNA, mRNA, or protein. The formation of 
triplex DNA by oligonucleotides targeted to the promoter regions of domi
nant oncogenes has been shown to result in specific and selective inhibition 
of transcription in vitro. Antisense oligonucleotides function by binding to 
the target mRNA and blocking further processing of the genetic informa
tion by triggering the degradation of the target mRNA by RNase H. A 
second class of anti-mRNA agents is made up of the ribozymes, which are 
small oligoribonucleotides capable of catalyzing RNA-cleavage reactions 
at specific sites. Alternatively, oncogenes can be functionally inactivated at 
the protein level by the use of intracellular single-chain antibodies or by the 
heterologous expression of a mutant protein, which can inhibit the normal 
function of the native gene product in a cell- the so-called dominant nega
tive mutation strategy. 

Mutations in the p53 tumor-suppressor gene are the most common genet
ic lesions in human tumors and occur with high frequency in non-small cell 
lung cancer, thereby representing an important target for gene therapy. 
Restoration of wild-type p53 gene expression after delivery of the p53 gene 
by retroviral or adenoviral vectors has been shown to result in growth arrest 
ofa number of human lung cancer cell lines in vitro (reviewed in [31]). In 
an orthotopic murine model of human lung cancer, direct intratracheal 
administration of retroviral or adenoviral vectors carrying wild-type p53 
led to suppression of tumor growth. Replacement of p53 in p53-deleted 
lung cancer cell lines has also been shown to increase chemosensitivity to 
cisplatin, a DNA-active agent. Based on these preclinical studies, human 
phase I clinical trials have been initiated by Dr Jack Roth at the University 
of Texas M.D. Anderson Cancer Center. In the first trial, a retroviral vector 
containing the wild-type p53 gene was used to mediate transfer of wild
type p53 into human non-small cell lung cancers by direct injection. No 
clinically significant vector-related toxic effects were noted up to 5 months 
after treatment. A second trial involves bronchoscopic adenovirus-mediat
ed delivery of p53 with or without cisplatin. Hence, the current state of 
vector development has limited this mutation-compensation strategy to the 
treatment of localized tumors without any attempt to treat metastatic disease. 

Activation of the dominant K -ras oncogene as a result of a point mutation 
is commonly found in lung cancer and is therefore a rational target for muta
tion-compensation strategies (reviewed in [31]). Roth's group has employed 
both a plasmid and a retroviral vector to deliver an antisense K-ras fragment 
and reduce the growth rate of lung cancer cells in vitro and the tumorigeni
city in a murine model. This successful use of antisense K-ras RNA to 
achieve targeted therapeutic tumor regression in vivo has been translated into 
a clinical protocol for the regional treatment of human lung cancer. 
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As the growth of tumors depends on dysregulation of the cell cycle, 
specific cell cycle regulatory proteins present rational targets for cancer 
gene therapy. In this regard, the regulatory protein cyclin D I is overexpres
sed in lung cancer. An antisense cyclin D 1 construct inhibited the expres
sion of cyclin D in mouse lung cancer cells, significantly reducing both 
their in vitro proliferation and tumorigenicity in nude mice relative to con
trol cells [32]. 

Mutation compensation strategies have also been employed to target 
various growth factor receptors which are aberrantly expressed in lung can
cer. For example, the insulin-like growth factor I receptor (IGF-Ir) is 
often overexpressed in lung cancer and therefore provides a good target for 
gene therapy strategies. Delivery of an adenovirus expressing an antisense 
IGF-Ir has been shown to decrease the IGF-Ir number by about 50% in 
human lung cancer cell lines in vitro, whereas, in a murine model of 
established intraperitoneal human lung cancer, intraperitoneal treatment by 
this vector resulted in prolonged survival [33]. The transmembrane protein 
kinase receptor erbB-2 (also called Her-2 or neu) is also overexpressed in 
several human malignancies including lung cancer. As an alternative to 
using antisense constructs, Grim et at. have shown that intracellular expres
sion of an anti-erbB-2 single-chain antibody delivered by an adenoviral 
vector can cause specific cytotoxicity in lung cancer cells in vitro [34]. In 
this approach, production of the single-chain antibody within the cell 
appears to prevent cell surface expression of the erbB-2 receptor. 

A number of mutation compensation strategies therefore exist to accom
plish the ablation of aberrantly expressed dominant oncogenes. The 
challenges facing the practical implementation of these approaches in the 
clinic include the need to improve the efficiency of vector systems, in order 
to increase the percentage of cells that are transduced by the therapeutic 
gene. The issue of vector delivery is also pertinent because if metastatic 
disease is to be treated, intravenous administration of the vector will be 
required. In this context, there is a stringent demand for specificity of gene 
delivery to the tumor cells, in order both to avoid vector wastage after trans
duction of nontarget cells and, more importantly, to prevent toxicity asso
ciated with expression of the therapeutic genes in normal cells. 

4.3. Acquired Pulmonary Diseases 

4.3.1. Inflammatory diseases: Gene therapy is also being considered as a 
rational therapeutic option for the treatment of both chronic and acute 
inflammatory diseases of the lung. Candidate disorders include idiopathic 
pulmonary fibrosis (IPF), asthma, emphysema, and acute diseases such as 
acute respiratory distress syndrome (ARDS) and radiation-induced pulmo
nary inflammation. In these cases, disease is not the result of a single 
genetic defect, but may be a direct or indirect consequence of multiple 
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genetic detects or of interactions between genetic and environmental 
factors or the response to a toxic stimulus. Therapeutic intervention must 
therefore be based on an understanding of the molecular pathogenesis of 
the inflammatory response. 

In general, the progression of inflammatory lung diseases involves a 
cascade of events presenting multiple opportunities for intervention at the 
molecular level by gene therapy-based approaches. Rational targets in
clude: the manipulation of the levels of either pro- or anti-inflammatory 
cytokines; down-regulation of cell surface adhesion molecules; enhance
ment of host antioxidant defenses; increasing the levels of endogenous 
antiproteases; and upregulation of the production of anti-inflammatory 
prostanoids [35]. Genetic intervention at any of these levels clearly offers 
many possibilities for the treatment of inflammatory pulmonary diseases 
and will also provide information of more general relevance to the field of 
gene therapy. Selected examples of these approaches will be discussed 
here. 

Expression of TNF-a is increased in IPF and other inflammatory lung 
diseases. Systemic delivery of soluble TNF -a receptor has been shown to 
be effective in reducing inflammation in a mouse model of pulmonary 
fibrosis [36]. Kolls et al. have demonstrated a similar response in mice 
treated intravenously with an adenoviral vector encoding a soluble TNF-a 
receptor [37], whereas intravenous injection of antibodies against TNF-a 
has blocked the onset of other inflammatory diseases in animal models. In 
an alternative approach, local delivery of the soluble TNF -a receptor gene 
has attenuated the local inflammatory response in the mouse [38]. Local 
and/or systemic delivery of inhibitors of other proinflammatory cytokines 
could similarly be employed in a gene therapy approach. Many cytokines 
are potential targets for knockout in the treatment of pulmonary inflamma
tory diseases, including IL-l, IL-4 and IL-5, platelet-derived growth factor 
[39], transforming growth factor {3, and GM-CSF [40]. In a specific 
approach to ARDS, the cytokine macrophage inhibitory factor (MIF), has 
recently been identified as a key mediator sustaining the pulmonary 
inflammatory response, suggesting that an anti-MIF strategy would repre
sent a logical therapeutic intervention [41]. In contrast, IL-IO is an anti
inflammatory cytokine able to suppress expression of a variety of cytokines 
by macrophages. Thus, IL-I0 might be of general therapeutic utility in 
blocking the immune response at the site of pulmonary inflammation. 

Cell surface adhesion molecules such as intercellular adhesion mole
cule-I (lCAM-l) and endothelial leukocyte adhesion molecule (E-selectin) 
serve as ligands for inflammatory cell adhesion and activation. Expression 
of these molecules on the surface of pulmonary vascular endothelial cells 
is .. upregulated in chronic and acute inflammatory conditions. Hence, a 
number of investigators are employing gene therapy strategies designed to 
knock-out cell adhesion molecules. In support of this approach, the lack of 
ICAM-l in transgenic mice has been shown completely to abrogate the 
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development of pulmonary inflammation during murine lupus [42]. Inflam
matory cell infiltration into the lung in response to exposure to ionizing 
radiation has been demonstrated to be attenuated in mice treated with an 
anti-ICAM-I blocking antibody [43]. 

In an approach to the treatment of acute lung injury, Erzurum et al. have 
shown that adenovirus-mediated delivery of the catalase gene to pulmo
nary endothelium can provide augmented vascular antioxidant defenses 
which would be of therapeutic utility for diseases such as ARDS [44]. 
Another class of enzymes, antiproteases, also has potential for use in the 
treatment of chronic and acute lung inflammation. Activated neutrophils 
sequestered in the lungs release neutrophil elastase (NE) which can 
degrade almost every connective tissue component of the lung. Canonico 
et al. have shown that the release of neutrophil chemoattractants from 
human airway epithelial cells exposed to NE was prevented if the cells were 
transfected with the human ai-antitrypsin cDNA before elastase exposure 
[45]. This suggests that the general anti-inflammatory properties of 
antiproteases could be exploited for gene therapy. 

Prostacyclin (PGI2) and prostaglandin E2 (PGE2) exhibit anti-inflamma
tory effects which could be used to treat chronic or acute inflammatory 
lung diseases. Patients with IPF have a diminished capacity to synthesize 
these prostanoids as a result of a deficiency of PG synthase. Conary et al. 
demonstrated expression ofPGI2 and PGE2 in the lungs of rabbits 24 hours 
after delivery, via the pulmonary artery, of the PG synthase gene com
plexed to cationic liposomes [46]. In isolated, perfused rabbit lungs trans
fected with the PG synthase gene, the pressor response to endotoxin was 
markedly attenuated. In addition, pulmonary edema was markedly decreas
ed in lungs from animals receiving the synthase gene compared with con
trols. The data obtained in this model of acute lung injury therefore suggest 
that up-regulation ofPGI2 and PGE2 protects the lungs from endotoxin. 

Hence, the identification of the molecular mechanisms underlying the 
disease process can suggest gene therapy strategies for the treatment of 
inflammatory lung disorders. 

4.3.2. Infectious diseases: In a similar manner, understanding of the host 
defense mechanisms against the viral or bacterial pathogens responsible for 
pulmonary infectious diseases can lead to the exploitation of these 
pathways for therapeutic purposes. To date, the gene therapy strategies pro
posed for the treatment of inflammatory lung diseases are based on the 
transfer of pro inflammatory cytokines to enhance the host immune re
sponses to the pathogens. 

One of the first lines of host defense against bacterial invasion of the 
lower respiratory tract is provided by alveolar macrophages. The cytokine 
elaboration by these cells is critical to recruitment of inflammatory cells, 
which are necessary to clear the bacteria from the lung. Thus cytokines 
have been proposed as therapeutic agents for a variety of pulmonary in-
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fections. To avoid the complications of toxicity, which are associated with 
the intravenous administration of cytokines such as TNF, IL-2 and IL-12, 
researchers are investigating the local, compartmentalized delivery of 
specific cytokines as a rational approach to the treatment of focal diseases 
such as pneumonia. Greenberger et al. have demonstrated that intratracheal 
delivery of an adenoviral vector expressing the proinfiammatory cytokine 
IL-12 enhanced both bacterial clearance and survival in mice challenged 
with Klebsiella pneumoniae [47]. In this work, treatment with anti-IFN-y 
antibodies or soluble TNF receptor partially and completely attenuated the 
survival benefits observed in animals receiving the adenovirally delivered 
IL-12, respectively. 

Lei et al. [48] have investigated the treatment of pneumonia by adeno
virus-mediated delivery of murine IFN-y, a critical cytokine in pulmonary 
host defenses against both intracellular and extracellular pathogens. After 
intratracheal inoculation in rats, this vector resulted in prolonged expres
sion of functional IFN-y in vivo, as demonstrated by enhanced host defen
ses against Pseudomonas aeruginosa and Klebsiella pneumoniae [48]. 
Transfer of the IFN-y gene has also been employed by this group in an 
attempt to enhance cell-mediated immunity against tuberculosis (TB). In 
this case, adenovirus-mediated delivery of the murine IFN gene resulted in 
a significant attenuation of growth ofTB in mice given a low-dose aerosol 
challenge wi.th the organism. 

Thus, the "compartmentalized overexpression of proinfiammatory cyto
kines has been demonstrated to be of utility in animal models of bacterial 
pulmonary infections. 

4.3.3. Pulmonary vascular diseases: To date, most therapeutic gene trans
fer to the lung has involved delivery via the airways in order to reach 
epithelial cell targets. However, the delivery of genes via the pulmonary 
circulation would be a useful approach to the treatment of diseases affect
ing vascular function, including pulmonary hypertension, pulmonary 
thrombosis disorders, and vasculitis. In addition, the pulmonary circulation 
could be used to access primary or metastatic lung tumors. The pulmonary 
circulation could also be exploited to provide an indirect route for delivery 
of genes to the airways. Hence, there are many disease states for which it 
might prove beneficial to deliver genes via the pulmonary circulation. 

The feasibility of gene transfer to the lung vasculature in vivo has been 
demonstrated with a number of vector systems. Lemarchand et al. achieved 
gene delivery to the lung of sheep by surgically isolating the pulmonary 
artery and veins, inserting a catheter into the cranial segment and infusing 
an adenviral vector [49]. In contrast, Rodman et al. have employed per
cutaneous catheter-mediated delivery of both liposomes and adenoviral 
vectors to transfer reporter genes to the pulmonary circulation in rats [50]. 
In this study, the efficiency of gene transfer by the adenovirus was more 
than 50-fold that achieved by the liposomes. The detection of extrapul-



Gene Therapy 17 

monary expression of the trans genes suggests that future developments 
should include targeting strategies to achieve cell-specific expression of 
therapeutic genes. 

5. Future Challenges 

Although tremendous progress has been made in the ability to transfer 
genes to cells successfully, the field of gene therapy is still in its infancy. 
Although many therapeutic genes have been identified for the treatment of 
both inherited and acquired diseases of the lung, there remain several un
resolved problems limiting the practical translation of these gene therapy 
strategies at the present time. Thus, a number of researchers are attempting 
to increase the transduction efficiency of viral and nonviral vectors in order 
to permit gene transfer to a greater percentage of cells. To this end, strate
gies are also being explored which would enable viral vectors to replicate 
specifically within the targets cells, to permit gene transfer within a solid 
tumor, for example. Other investigators are seeking to develop vector
targeting strategies, which will be important to permit gene transfer to 
disseminated cancer cells as well as to permit cell-specific gene delivery in 
compartmentalized models of disease. Methods to regulate the expression 
of therapeutic genes are being explored and it is expected that a lot ofatten
tion will be focused on the identification of promoters that can selectively 
activate genes only within the target disease cells. Other key areas of future 
research include modifying viral vectors to reduce toxicity and immuno
genicity. Some improvements will be specific to individual vector systems, 
for example, modifications to adenoviral vectors to permit long-term gene 
expression, which will be important for certain diseases. The lung will con
tinue to serve as a model system in the field of gene therapy in which the 
requirements for advances in vector development are identified and novel 
vectors are evaluated. As vector technology evolves, it should become 
possible to realize the full potential of gene therapy as a valid therapeutic 
option for pulmonary diseases. 
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