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CURRENT AND FUTURE APPLICATIONS OF GENE THERAPY
IN RESPIRATORY DISEASE*
A.J. Simpson,† C. Haslett,‡ J.M. Sallenave§

The first clinical trial of gene therapy was approved in
1989; it involved the transfer of human cDNA encoding
adenosine deaminase to a patient with severe combined
immune deficiency (SCID).1 The demonstration of the
therapeutic potential of this technology has inspired
enormous (often unfounded) expectation, particularly for
the treatment of other autosomal recessive disorders such
as cystic fibrosis (CF).2 It is hardly surprising that gene
therapy has not kept pace with the heady optimism which
heralded its arrival;3-5 nevertheless, in the ensuing decade, a
gene therapy approach has been taken in several thousands
of patients with various clinical conditions.6 Collective
experience gathered over this period, coupled with
technological advances in the laboratory and the potential
power and specificity of this therapeutic approach, suggests
that gene therapy will increasingly pervade the clinical
domain. This is especially true in relation to the respiratory
tract which is particularly suited to gene therapy; the nose
and sinuses are readily accessible and even the constituents
of the pulmonary gas exchange membranes - the alveolar
epithelium and the capillary endothelium - are approachable
via airway instillation or intravenous infusion, respectively.
For these reasons the lung has been the target organ in
many landmark studies in gene therapy.7
The purpose of this article is to outline the basic
principles of gene therapy, to illustrate the pre-clinical and
clinical trials using gene therapy administered via the nose,
sinuses, lung and pleural cavity, and to provide insights into
the therapeutic applications that can be expected as a result
of important recent research developments.
PRINCIPLES OF GENE THERAPY

Gene therapy may be loosely defined as the transfer of
genetic material to effect a desired biological response. This
usually entails transfer of chosen cDNA (or genomic DNA),
under the control of an appropriate promoter, into host
cells. Once inside the cell, the host’s transcriptional and
translational apparatus effects production of the desired
protein (Figure 1). An alternative strategy is to introduce
engineered nucleic acids which specifically bind host
transcripts preventing protein production (antisense
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oligonucleotides), or bind and enzymatically cleave host
transcripts (ribozymes).
Successful transfer of therapeutic genetic material to a
cell of interest requires that the genetic material reaches
the target cell and then navigates the cell membrane,
cytoplasm and nuclear membrane. In general this requires
packaging of genetic material into ‘vectors’ designed to
overcome these barriers (Figure 1); unpackaged, or ‘naked’
DNA plasmids can cross cell membranes but the efficiency
of such transfer is generally low.
Vectors are traditionally classified as viral or non-viral
(Table 1). Non-viral vectors principally comprise cationic
liposomes, which are effectively cationic lipid bilayers
capable of enveloping (anionic) plasmid DNA.8 Liposomes
can incorporate into cell membranes, liberating their DNA
content into the cytoplasm. Liposomes have found favour
in many quarters because they are relatively easy to produce
and administer, and they do not carry the theoretical risks
of oncogenesis or superinfection that may accompany the
use of some viruses. 8 Furthermore, liposomes have
traditionally been considered biologically inert, and thus
amenable to repeated administration without inducing
inflammatory or immune responses, although this position
has been challenged recently.9 A major limitation of liposome
vectors is that the vast majority of the nucleic acid carried
into cells is directed into, and degraded by, endosomes before
reaching the nucleus. In addition, the small proportion of
DNA reaching the nucleus is usually only transiently and
weakly expressed.8 Finally, in the context of the lung,
effective dispersal of liposomes throughout the bronchial
tree is a daunting practical prospect.
In contrast, viral vectors make use of the sophisticated
machinery employed by viruses specifically to deliver DNA
to host nuclei. An increasing array of viruses is available for
gene therapy (Table 1), with certain vectors suited to
particular clinical applications (for example adeno-associated
viruses efficiently target hepatocytes, while Herpes simplex
viruses efficiently transfect targets in the nervous system).1012
However, most experience to date has been obtained
with retroviruses and adenoviruses.
Retroviruses are potentially important vectors for gene
therapy because viral DNA is integrated into the host
genome, resulting in stable transfection thus circumventing
the need for re-administration.3,13 Unfortunately, large-scale
production of retrovirus for therapeutic purposes is
technically difficult, although improvements are emerging.14
In addition, retroviruses are critically dependent upon cell
division for transfection - this favours the use of retrovirus
in the setting of malignant disease, where indeed it has
found its principal utility in gene therapy, but largely
precludes its use in the surface bronchial epithelium which
is characterised by terminal differentiation and a low rate
of cell division.
Adenoviruses, on the other hand, efficiently transfect
non-dividing cells and have a natural tropism for respiratory
Proc R Coll Physicians Edinb 2000; 30:32-42
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FIGURE 1

Principles of successful gene therapy.
The transgene of choice (in this case human elafin* cDNA under the control of the murine cytomegalovirus (mCMV) promoter)16 is
packaged within a vector (in this example a replication-deficient adenovirus) (1). The vector must overcome physicochemical barriers
such as mucus (2) and access the target cell, where it must penetrate the cell membrane (3), traverse the cytoplasm evading endosomal
degradation (4), access the nuclear membrane, and disassemble, allowing DNA to enter the nucleus (5). The DNA (in this case
epichromosomal) must then be transcribed to mRNA (6), before translation to protein (7). Protein is then secreted from the cell into
the appropriate milieu or incorporated into the cell membranes (8).
*elafin (elastase specific inhibitor) is an endogenous inhibitor of human neutrophil elastase, and comprises part of the lung’s ‘anti-elastase
shield’.

epithelium making them ideal candidates for gene delivery
to the lung.15 Adenoviruses can efficiently transfect cells
of both the proximal and distal airways both in vitro and in
vivo and once inside host cells, they efficiently access the
nuclear membrane, and liberate their genetic material.16
Techniques have been devised to yield extremely high titres
of adenovirus rendered incapable of replication, but capable
of efficiently transfecting human cells. These techniques
involve removing the only region of the adenoviral genome
absolutely required for viral replication (the E1 region).
Deletion of E1 also makes space for therapeutic transgene
to be inserted.17 Generation of sufficient virus to allow
Proc R Coll Physicians Edinb 2000; 30:32-42

transfection of organs in large mammals such as man, along
with high levels of transgene expression, have made
adenoviruses extremely attractive therapeutic tools.15
By far the biggest problem facing adenoviral gene therapy
is the host immune response it evokes.15 Adenoviral DNA
adopts an epichromosomal, non-integrated, location in the
host nucleus, making transfection short-lived which means
that re-administration is necessary for long-term therapy.
Both cellular and humoral immunity present hurdles to
the effective administration and re-administration of
adenovirus, principally in the form of MHC Class I restricted
cytotoxic T lymphocytes which eliminate host cells
33
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TABLE 1

The principle vectors used in gene therapy.
Non-viral
Cationic liposomes*
Ligand-DNA conjugates

Viral
Adenovirus*
Retroviruses*
Adeno-associated virus (AAV)*
Herpes simplex virus
Vaccinia virus
Sendai virus
Polio virus

*

denotes those vectors which have been employed in clinical
trials in the lung. DNA has also occasionally been administered
in clinical trials in the absence of a vector, in ‘naked’ plasmid
form.

transfected with virus, and neutralising antibodies which
eliminate virus entering the airways.18-23 In addition, a range
of other immune mechanisms are activated, against both
the virus and the transgene.18,24,25 Overcoming these
problems remains the biggest challenge facing adenoviral
gene therapy, an issue returned to later in this article. Other
theoretical concerns surround adenoviral gene therapy (for
example adenoviruses can disrupt the cell cycle in human
cells; they may cause fulminant pneumonia and decline in
lung function in immunocompromised hosts; replication
competent adenoviruses may be generated during laboratory
production of virus; and recombination could occur in
hosts harbouring E1 from previous wild type infection).2630
However these concerns have largely not been realised
in practice, and adenoviral gene therapy has generally proved
safe to date, both in gene therapy protocols and in largescale vaccination programmes.9,15
The following section reviews the progress made in
clinical gene therapy for respiratory diseases in recent years.
A few caveats are worth bearing in mind when considering
this information. Firstly, respiratory gene therapy remains
in its infancy, and as such many of the studies described
represent feasibility studies rather than full scale attempts
to reverse a disease phenotype. Secondly, gene therapy
protocols are devised for diseases for which no known
cure exists, which are often at an advanced stage when
gene therapy is administered (for example CF and lung
cancer), and it could thus be argued that the odds are
stacked against effecting meaningful phenotypic
correction.7 Finally, the examples shown illustrate the
evolving utility of gene therapy, which was originally
developed to provide definitive genetic replacement in
monogenic disorders, but which is rapidly being turned
towards diseases of increasingly complex genetic aetiology.
CLINICAL TRIALS OF GENE THERAPY IN THE NOSE,
SINUSES, LUNG AND PLEURA

Cystic fibrosis
Cystic fibrosis is the commonest fatal autosomal recessive
disorder in the Western world. The principal burden of
morbidity and mortality in CF is attributable to lung disease
characterised by thick, inspissated mucus, colonisation with
bacterial pathogens, bronchiectasis and progression to
respiratory failure.31 The underlying defect consists of
homozygous mutation in the gene encoding the cystic
fibrosis transmembrane conductance regulator (CFTR),32,33
34
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which is thought to play a critical role in chloride ion
transport across pulmonary epithelium, and which may have
other important functions.31 CF became an obvious target
for gene therapy because the genetic defect is well
characterised, because the organ bearing the most important
burden of disease is readily accessible, and because of the
high morbidity and inevitable early mortality attributable
to the disease. Furthermore, the development of CFTR
‘knock-out’ mouse models has generated an abundance of
important pre-clinical information.34-36
Four studies have reported the administration of
adenovirus containing the CFTR gene to the nasal cavity
of patients with CF,37-40 and a further two the administration
to both nose and lung.41,42
In each of the nasal studies, some (but not all) of the
patients studied showed evidence of gene transfer as
evidenced by the polymerase chain reaction. More
importantly, in three of the studies, evidence of partial
functional correction was obtained, as measured by
electrophysiological changes in membrane potential.37-39
These three studies therefore provide proof of principle
for the functional transfer of CFTR to the human CF
epithelium in vivo. However, the fourth study did not find
evidence of electrophysiological correction.40
No viral shedding (and thus, by implication, no
replication-competent virus) was found in any of the studies.
However one study (using the highest dose of virus)
described nasal inflammation and irritation, 40 and
inflammation also arose after repeated administration of
adenovirus in the only study administering more than one
dose.38 Interestingly, partial functional correction did occur
after multiple administration, but there was strong
circumstantial evidence to suggest that inflammation
hampered functional improvement.38
Four published controlled trials have studied nasal
administration of CFTR with cationic liposomes.43-46 No
evidence of vector-induced inflammation could be found
in three of the trials, although nasal administration of vector
or liposome alone was associated with a rise in white blood
count in the fourth. 46 Successful gene transfer was
demonstrated in all of these trials, though curiously one
study described CFTR gene transfer in a placebo-treated
patient.43 Partial functional correction was obtained in
some, but not all, patients. Importantly, early indications
suggest that repeated administration is safe and partially
corrective electrophysiologically.43-45
In summary, nasal gene transfer of CFTR with
consequent functional correction is apparently feasible using
both adenoviral and liposomal vectors, but neither system
provides either consistent or complete phenotypic
correction. It should be remembered, however, that the
nasal epithelium has been used principally as an
exceptionally accessible surrogate for the bronchial
epithelium, and that the true challenge for CF gene therapy
remains treatment of the pulmonary airways.
The first pulmonary trial of human CF gene therapy
was initiated in 1992 and involved adenoviral transfer of
CFTR to the lungs of four patients, using bronchoscopic
instillation to one or other lower lobe.41 The study
demonstrated that gene transfer to the airways with
subsequent protein expression was feasible, and that viral
shedding did not occur. At the time, sophisticated
techniques to measure changes in potential difference across
airway epithelium in situ were not available.46 Unfortunately,
Proc R Coll Physicians Edinb 2000; 30:32-42
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in the patient receiving the highest dose of adenovirus,
pneumonia occurred in the treated lobe, with associated
decline in lung function.41 Although the pneumonia
resolved, and lung function returned to baseline, the study
raised serious safety concerns for localised high-dose
adenoviral administration to the lung. In many ways, this
finding held back further studies of adenovirus-CFTR in
the CF lung.
However, more recently, a meticulous study described
aerosolisation of adenovirus in lower doses than that which
had caused pneumonia in the previous study.42 This trial
was the first attempting to deliver gene therapy to all regions
of the airways. The study described gene transfer to the
nose in all six patients studied; in addition, CFTR DNA
was detected in bronchoalveolar lavage (BAL) fluid from
all patients, with evidence of transcription and/or protein
expression in three. Importantly, no viral shedding was
described, and no inflammation or other adverse effects
directly attributable to the treatment could be detected.
Recently, cationic liposomes carrying the CFTR gene
have also been administered by nebulisation to the lung in
CF.46 Mild, transient, flu-like symptoms were common but
not limiting, and a decline in lung function commonly
followed nebulisation. Importantly, however, this thorough
study demonstrated that partial electrophysiological
correction can be produced in the airways, and that
inflammatory markers can be ameliorated. These data
provide enormous encouragement for successful future CF
gene therapy, especially if the findings can be reproduced
in the context of repeated administration.9
Lastly, adeno-associated virus (AAV) has also been given
to patients with CF in clinical trials. Dose-dependent gene
transfer was demonstrated when AAV-CFTR was applied
to the sinuses (frequently involved in CF) of patients who
had undergone bilateral antrostomies. 47 Repeated
administration proved successful and a trend towards
electrophysiological correction was described.47 Results
of trials using AAV-CFTR in the lung are awaited; however
barriers to successful transfection have already been
described.48
In summary, gene transfer to the airways in CF is
eminently feasible, but to date it has proved to be an
inefficient process. Although considerable achievements
have been made in gene therapy for CF to date, several
problems require to be overcome if this early promise is to
be translated into effective treatment.
Transfer efficiency certainly has the potential to improve
considerably in future with clarification of the physical
and cellular barriers to transfection, and with selective
engineering of vectors (as discussed in more detail below).
However considerable debate continues to revolve around
the question of exactly which cells in the airway should be
targeted in CF. In the healthy lung CFTR is expressed
throughout the respiratory epithelium, including the
submucosal glands. The latter are effectively inaccessible
to currently available vectors applied topically, although
submucosal gland epithelium can be transfected in vitro.49
Whether restoration of CFTR function in submucosal
glands is required to effect phenotypic correction is keenly
contested, but not yet clear, though efforts are being made
to resolve the issue. In addition, apical respiratory epithelium
is thought to be relatively resistant to adenoviral transfection
as compared with the basal respiratory epithelium.50 A major
challenge then, is to define precisely which cells in the
Proc R Coll Physicians Edinb 2000; 30:32-42
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airway require phenotypic correction in CF, and to devise
vector modifications and/or routes of application to access
these cells efficiently. Encouragingly animal studies suggest
that only a small proportion of CF cells need be transfected
to secure phenotypic correction, though this observation
requires confirmation in man.51
If gene targeting can indeed be optimised, improvements
in the duration of gene transfer seem highly likely. As
discussed in the final section of this article, advances in
technology have led to prolonged expression of transgene
in animals using modified adenovirus, AAV and liposomes.
These advances seem set to find their way into clinical
application.
One remaining caveat to consider is that CF lung disease
begins in early childhood, and gene therapy trials for CF
have recruited only adults thus far. The challenge now is to
improve gene therapy for CF and extend it to a younger
population.
Alpha-1 antitrypsin deficiency
Alpha-1 antitrypsin (α-1 AT) deficiency is an autosomal
recessive condition characterised by production of
dysfunctional α-1 AT.52-54 Alpha-1 AT is produced mainly
in the liver, secreted into the circulation and sequestered
into organs such as the lung, where it is thought to exert a
protective effect against proteolytic enzymes, in particular
human neutrophil elastase.55 Several different alleles for α1 AT variants lead to a propensity for premature spontaneous
emphysema with a predilection for the lower lobes, but by
far the commonest abnormality is the PiZ phenotype.54
Correction of the single gene defect in α-1 AT
deficiency has long seemed an appropriate goal for gene
therapy. However, certain features of the disease limit the
potential for gene therapy. Firstly, the natural history remains
poorly understood.54 Secondly, treatment with intravenous
recombinant α-1 AT is under continued evaluation,54 and
thirdly, the optimal target organ for gene delivery in α-1
AT deficiency remains contentious, with the liver, the
vascular endothelium and the lung all being mooted as
candidates.56 Arguments can also be made for intramuscular
delivery, which, under appropriate conditions, can result in
sustained release of protein into the circulation (thus
modelling hepatic release of α-1 AT) and has proved
successful in other clinical applications.57
Promising studies have demonstrated the feasibility of
human α-1 AT gene delivery to the airways in animal
models, one using intratracheal instillation of adenovirus,
the other using nebulisation of liposome complexes.58,59
However, levels of human α-1 AT in excess of the widely
accepted threshold for protection against elastase have not
yet been demonstrated. Nevertheless, the first clinical trial,
using cationic liposomes, is now underway, and its findings
are awaited with interest.56
Bronchogenic carcinoma
Bronchogenic carcinoma is responsible for an enormous
burden of morbidity and mortality, with five-year survival
rates of approximately 5% being described.60 The only
conventional prospect for cure is confined to surgery in
cases presenting early, but the large majority of lung cancers
present long after the potential for curative resection.60 In
this context, innovative gene therapy strategies have been
proposed for lung cancer, drawing on recent advances in
the understanding of immune mechanisms, molecular
35
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biology and tumour genetics. The diversity of these strategies
is reviewed in detail elsewhere, and is summarised in Figure
2.7,61
Reports from clinical trials of gene therapy for
bronchogenic carcinoma are now emerging. To date these
have mainly focused on intratumoural gene delivery.
Concerns have been raised as to whether gene therapy
will advance sufficiently to allow systemic delivery of tumour
specific vectors which could influence pulmonary
metastases (both those secondary to lung cancer, and
metastases from a distant non-respiratory primary).
Nevertheless, important principles have been established.
Two French trials established the feasibility of directly
transfecting human non-small cell lung cancer (NSCLC)
deposits with adenovirus expressing marker transgene.62,63
These trials suggested that adenovirus itself may be
responsible for regression of transfected nodules in a high
proportion of cases, and implied that this may arise because
of the immune response elicited. Thus the immunity which
blights adenovirus administration in, for example, CF may
be used to advantage in some cancer applications.
Of the therapeutic transgenes used, the best
characterised clinically is the gene encoding p53, a molecule
with tumour suppressant and pro-apoptotic properties,
which is mutated in over 50% of cases of NSCLC.64 The
first clinical trial of gene therapy in lung cancer studied
injection of retroviruses encoding p53 into endobronchial
and metastatic NSCLC, and resulted in tumour regression
or stabilisation in six of seven patients amenable to
assessment.65 The same group recently applied a similar
protocol using an adenoviral vector encoding p53 and
described clinical improvements.66 A further trial using
adenovirus and p53 described clinical responses in four of
six tumours efficiently transfected.67 These trials suggest
that high doses of adenovirus are required to deliver sufficient
p53 to effect a response, but that, at least when locally
delivered, such high doses appear effective and well tolerated.
Important findings have also been reported in clinical
studies of gene therapy for lung cancer using different
approaches. One trial involved harvesting malignant pleural
effusions associated with lung cancers, and separating out
tumour-specific T lymphocytes.68 These were then
transfected with retrovirus encoding interleukin (IL)-2 and
re-injected into the pleural cavity. In 60% of patients treated
in this way, effusions failed to re-accumulate within one
month, and in one patient the primary tumour decreased
in size.68 Interestingly, regression of untreated regional lymph
nodes has been observed in patients with subcutaneous
metastases transfected with liposomes encoding HLA-B7/
β2-microglobulin.69 Such anecdotal reports of biological
effects distant to the site of vector administration offer
encouragement for the treatment of metastases.
Interpretation of these encouraging early trials must be
tempered with caution however. These trials have not been
controlled, and it is not possible to be certain whether the
effects observed were attributable to the transgene used,
to concomitant therapies, to the vector employed, or even
to the physical stresses of injection.
Non Hodgkin’s lymphoma (NHL)
This disease process commonly involves the mediastinum.
A British study used antisense oligonucleotides against Bcl2 (an inhibitor of apoptosis expressed in several human
tumours) in NHL, and demonstrated regression or stability
36
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of tumour deposits in certain cases.70 Although by no
means all patients improved, and treatment was attended
by side-effects, the importance of this study rests in the
administration being systemic (subcutaneous) rather than
local.
Malignant mesothelioma
Malignant mesothelioma is associated with a dismal
prognosis, no satisfactory treatment is available71 and mortality
is expected to continue to rise in the UK over the next 20
years.72 Gene therapy trials are well suited to mesothelioma
for a number of reasons.61 Pleural mesothelioma is a
peculiarly ‘localised’ malignancy, the pleural cavity is readily
accessible, disease monitoring can be achieved by
consecutive computerised tomography and mesothelial cells
can be transfected in vitro and in vivo.61,73 Furthermore,
‘suicide gene therapy’ is particularly applicable to
mesothelioma. Suicide gene therapy involves transfecting
tumour cells with genes encoding enzymes which do not
occur naturally in human cells, and which convert inactive
pro-drugs into cytotoxic metabolites.74 The archetypal
system involves transfection with thymidine kinase derived
from Herpes simplex virus (HSV-tk), followed by treatment
with gancyclovir. Crucially, this treatment is associated with
a so-called ‘bystander effect’ whereby non-transfected
tumour cells become susceptible to the toxic effects
generated in neighbouring transfected cells.75 As a result,
only a relatively small proportion of mesothelioma cells need
be transfected.
The first clinical experience with this technology is
now being reported. One group administered adenovirus
encoding HSV-tk intrapleurally, followed by gancyclovir
systemically, to 21 patients with mesothelioma.76 Gene
transfer was practicable, and indeed efficient at high doses.
However, high doses were associated with clinically important
side-effects. Interestingly, gene expression persisted despite
humoral and cellular immune responses to the vector. The
authors conducted a painstaking clinical assessment of
response, which indicated no regression of any tumour.77
At the time of publication, the three patients receiving
high dose vector had not been studied long enough to
determine whether clinical improvement had occurred. In
six other patients disease appeared to stabilise or progress
slowly, but it was impossible to attribute any effect to gene
therapy.
Another group has initiated a fascinating clinical trial
instilling ovarian cancer cells stably transfected with HSVtk intrapleurally, then administering gancyclovir.78 This
strategy relies entirely upon the ‘bystander effect’, and has
been shown to prolong survival significantly in a murine
model of mesothelioma.79 Results of the clinical trial are
eagerly awaited.
In summary, unique circumstances offer potential for
effective gene therapy in mesothelioma. Early results suggest
the requirement for randomised, controlled trials.
Pre-clinical data with potential clinical application
In the laboratory, gene transfer is being applied to
increasingly complex pulmonary pathologies. The findings
generated are beginning to suggest possible novel clinical
applications.
For example, in an age of increasing antimicrobial
resistance, pulmonary clearance of Pseudomonas aeruginosa
from the lungs of rats was enhanced by prophylactic
Proc R Coll Physicians Edinb 2000; 30:32-42
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FIGURE 2

Gene therapy strategies for the treatment of cancer (adapted from references.)7,61
A. Tumour cells can be destroyed by introducing transgenes which, when expressed, activate immune effector cells (such as tumour
specific T lymphocytes and natural killer cells), as illustrated using the example of IL-2 transfection, a strategy which has been employed
clinically.68
B. Tumour cells with known mutations in tumour suppressor genes can be transfected with the functional gene, for example p53, a
strategy used in several clinical applications. 65-67
C. Tumour cells can be transfected with genes encoding toxic viral enzymes which are activated by specific chemical agents (for
example HSV-tk is activated by gancyclovir, resulting in death of transfected cells, and in destruction of neighbouring untransfected
tumour cells using the ‘bystander effect’);75 this strategy has been applied clinically.76-77
D. Normal cells can be transfected with protective genes (for example superoxide dismutase) leaving tumour cells susceptible to
radiotherapy; no clinical trials using this method in the lung have been reported.
E. Replicating retroviruses infect and lyse dividing cells only, sparing non-dividing cells; this strategy has not been used clinically in the
human lung.
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administration of adenovirus encoding γ-interferon.80 An
ingenious extension of this protocol demonstrated improved
clearance of Pneumocystis carinii from CD4 depleted mice
with an associated reduction in mortality.81 Similarly,
adenovirus encoding IL-12 protected mice against lethal
doses of Klebsiella pneumoniae.82
Extending the theme of antimicrobial gene therapy, the
generation of transgenes encoding microbial products has
raised hopes of developing more effective vaccines against,
for example, influenza and tuberculosis.83 In animal studies
DNA vaccines encoding single mycobacterial antigens have
proved to be as successful as vaccination with the complex
BCG vaccine.84,85
Gene therapy may also find a role in preventing lung
transplant rejection.86 Prophylactic transfection of donor
lungs with adenovirus encoding immunosuppressant genes
has significantly improved engraftment in mice.87
Respiratory failure is an inevitable consequence of many
progressive myopathies. The dystrophin gene is defective
in Duchenne’s muscular dystrophy (DMD). In animal
models of DMD, functional improvement has been achieved
by transfection of the dystrophin minigene into myocytes
either directly, or ex vivo before transplantation into muscle
beds.88 This technology is feasible for respiratory muscles
in animal models.89
Gene therapy can also provide insights into mechanisms
of pulmonary disease. For example, intratracheal instillation
of adenovirus encoding transforming growth factor β (TGFβ) in rats produces florid pulmonary fibrosis, suggesting
both mechanistic pathways and potential novel therapies
for cryptogenic fibrosing alveolitis in man.90
Our own group has a longstanding interest in the role
of antiproteases in inflammatory lung disease, with particular
reference to the recently identified anti-elastases elafin and
SLPI (secretory leukocyte protease inhibitor) which, along
with α-1 AT, comprise the ‘anti-elastase shield’ in the human
lung.91-93 We are using gene therapy strategies in an attempt
to elucidate the functions of these molecules in pulmonary
inflammation, and also to suggest novel therapeutic
applications.94,95 These molecules appear to harbour a
variety of biological actions in addition to their
antiproteolytic function which could potentially be
augmented in the appropriate clinical setting. 96-99
Furthermore, in association with local collaborators, we are
exploring novel gene therapy strategies for CF and
pulmonary infection, and investigating the potential of
adenoviral gene therapy to encode molecules central to
immune tolerance in allergic models of asthma.100,101

used by viruses to evade endosomal ingestion can be fused
to liposomes, thus potentially improving transgene delivery
by this method.8
Technology now exists to engineer transgenes under
the control of more powerful promoters. We have previously
demonstrated the importance of selecting the appropriate
promoter for a given transgene16 and cell- and tissue-specific
promoters are now becoming available, allowing more
selective targeting of transgene expression.107,108 More
excitingly still, inducible promoters have been described
which are responsive to chemical ‘switches’ such as oral
tetracycline or ecdysone.109,110 These systems allow both
temporal and quantitative regulation of transgene expression.
Perhaps the most intensely investigated question in gene
therapy has been how to abrogate or at least down-regulate
the immune response generated by administration of
adenovirus. This has been addressed in two ways: by making
the vector less immunogenic, and by attempting to reduce
the host immune response (Table 2). Major advances have
been made in both approaches. Ingenious methods have
been devised to construct adenovirus deleted of virtually
the entire viral genome (nicknamed ‘gutted viruses’), thereby
freeing up almost 30 kb of genetic ‘space’, and radically
reducing immunogenicity.111-113 Such vectors can allow
expression of transgene for at least a year after a single
administration, as has been demonstrated for human α-1
AT in a murine model, and permit successful readministration.114 With regard to modulating recipient
immunity, co-administration of a plethora of agents has
shown augmented and prolonged expression of
transgenes.115-123 Particularly impressive has been the use
of an inhibitor of T-cell co-stimulatory interactions,
CTLA4Ig, which allows improved transgene expression and
successful re-administration in the lung.124 An alternative
technique may be to use adenoviruses of different serotypes
in sequential dosing programmes.125
Increasingly imaginative routes of vector delivery are
also evolving. For example, apparently permanent reversal
of the CF phenotype and dramatically increased survival

TABLE 2

Methods employed to facilitate successful re-administration
of adenoviral vectors.
↓ Immunogenicity
of vector
●

ADVANCES IN THE TECHNOLOGY OF GENE THERAPY, AND
ITS FUTURE CLINICAL APPLICATION

The ideal vector would access its cell of interest selectively,
and allow sufficient, sustained, and regulatable expression
of transgene(s) without detriment to the host. Each
component of this equation has now been addressed with
some success in the laboratory, offering enormous hope
for future clinical practice.
Much more is now known about the mechanisms by
which viral vectors enter cells, locate the nucleus, and
traverse the nuclear membrane.102-104 The optimal viral vector
for a given application can thus begin to be identified more
readily. This knowledge has also allowed the generation of
chimeric ligands which can, for example, expand the tropism
of viral or liposomal vectors.8,105,106 Furthermore, proteins
38

Deletion of all viral
coding sequences
(‘gutted vectors’)

Transiently abrogate
host immune response
●

●

●

●

Give ligands interfering
with co-stimulatory signals
CTLA4Ig
Anti-T cell receptor
antibody
Augment endogenous
immune suppressants
IL-12
Induce tolerance
Oral tolerisation of
adenovirus
‘Conventional’ therapeutic
immunosuppression
Glucocorticoids
FK506
Deoxyspergualin
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have been achieved through single intra-amniotic instillation
of adenovirus encoding CFTR in CF knock-out mice.126
Although pathology in this knock-out model is primarily
gastrointestinal rather than pulmonary, the implications would
be staggering if this principle could be extended to humans.
Thus it is now possible to imagine a single intravenous
(or even intra-amniotic!) dose of liposome or gutted
adenovirus encoding CFTR under the control of a tissuespecific, inducible promoter, allowing carefully regulated
gene expression at selected, critical points in development.
This flight of fancy may be far off in its clinical application,
but each individual component is presently feasible on
technological grounds.
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CONCLUSIONS

3

Pulmonary gene therapy has advanced enormously since
the first CF patient was treated in 1992, although
unfortunately its achievements fall short of the expectations
of the late 1980s. However as has been noted elsewhere
few, if any, conventional therapeutic modalities could have
progressed as quickly from drawing board to bedside as
has gene therapy.2 The principle of safe gene transfer has
been achieved in all of the pulmonary conditions studied
to date. Gene therapy has apparently ‘jumped the gun’ to
some extent in lung cancer, in that considerable clinical
improvement, almost certainly attributable to treatment, has
been observed in phase I clinical trials which did not set
out with the intention of monitoring disease regression,
thus setting the scene for prospective, randomised,
controlled trials of great potential importance. Additionally,
gene therapy is now being applied to a wide range of
pulmonary conditions for which no ideal conventional
therapies exist. All of the advancing clinical applications
owe their existence, and their exciting future, to innovative
and meticulous laboratory data generated in disciplines as
diverse as cell biology, molecular biology, virology, genetics,
and membrane biochemistry. All things considered, the
future of human pulmonary gene therapy appears bright,
and realistically it may find its first accepted clinical
application by the time it has doubled in age.
Key points
●

●

●

●

Gene therapy strategies have been applied
clinically to cystic fibrosis, α-1 antitrypsin
deficiency, bronchogenic carcinoma, malignant
mesothelioma and non Hodgkins lymphoma.
The principle of successful transgene transfer has
been established in these conditions.
Localised, functional improvements have been
achieved in selected cases of cystic fibrosis
(improved electrophysiology in situ) and in lung
cancer (tumour regression).
Significant technological advances in gene
therapy have produced promising results preclinically, suggesting novel applications for gene
therapy; these refined technologies are set to be
applied in clinical trials, and should greatly
increase the capabilities of clinical gene therapy.
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