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Perspectives

Gene Therapy for Cystic Fibrosis: Challenges and Future Directions
James M. Wilson
Institute for Human Gene Therapy and Department of Molecular and Cellular Engineering, University of Pennsylvania, and the Wistar
Institute, Philadelphia, Pennsylvania 19104

The initial concept of human gene therapy was permanent cor-
rection of a recessive disease by transplantation of ex vivo
manipulated stem cells (1). An early and still important model
for this strategy is treatment of severe combined immunodefi-
ciency due to adenosine deaminase deficiency by bone marrow-
directed gene therapy (2). The autosomal recessive disease
cystic fibrosis (CF)' was subsequently considered a candidate
for gene therapy when the gene responsible for the disease
was isolated in 1989 (3-5). The wide distribution of possible
cellular targets for gene transfer in the CF lung and the absence
of a known lung epithelial stem cell suggested that an ex vivo
approach to gene therapy would not be feasible (6, 7). Research
immediately focused on in vivo approaches for gene transfer
that could conveniently be delivered into the airway via aero-
sols. The ensuing research effort has literally dominated the field
of human gene therapy of genetic diseases while establishing the
basic principles of in vivo gene delivery. This review summa-
rizes critical scientific issues that have emerged in the develop-
ment of in vivo gene therapy for CF using adenoviral vectors
as a model.

The CF conundrum: relationship between defective ion
transport and lung disease
CF is an autosomal recessive disease affecting many organs.
The pulmonary manifestations of CF are the most morbid and
life-limiting aspects of the disease and, therefore, have been the
target of most pharmacologic and genetic therapeutic interven-
tions (8). Autopsy analysis of newborn CF patients who died
of meconium ileus suggests that the lung is largely unaffected
at birth (9). Some time thereafter, patients develop obstructive
lung disease and become colonized with pathogenic microor-
ganisms such as Pseudomonas aeruginosa which leads to respi-
ratory infection and chronic airway inflammation (8). The end
result is severe bronchiectasis and respiratory failure. A recent
survey of CF children who underwent bronchoscopy revealed
evidence for inflammation (e.g., increased IL-8 in bronchoal-
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veolar lavage [BAL]) before colonization with pathogenic or-
ganisms or onset of clinically overt disease (10).

Important to the rational development of gene therapy for
CF and an assessment of its potential efficacy is an understand-
ing of the underlying pathophysiology of the lung disease. This
consideration begins with a description of the molecular and
cellular defects in CF. Quinton was the first to note that epithelia
from CF patients are relatively impermeable to Cl-, suggesting
a primary defect in anion transport (11). Isolation of the gene
responsible for CF spawned a number of studies aimed at defin-
ing the function of its protein product and role in ion transport
(12-14). The 1,480-amino acid open reading frame encoded
by this gene has substantial homology to low capacitance trans-
porters such as the multidrug resistance protein, with little struc-
tural similarity to known Cl - channels; the protein was therefore
named the CF transmembrane conductance regulator (CFTR)
(4). The precise role CFTR has in affecting defects in ion
transport found in CF epithelia remains unclear despite exten-
sive biochemical and physiological studies. Analysis of purified
CFTRin reconstituted lipid bilayers provided unambiguous evi-
dence that it can function as a chloride channel with unique
biochemical properties (linear, cAMP-regulated 8-10 ps Cl-
conductance) (15). It has become clear, however, that CFTR
can also regulate a variety of other cationic and anionic chan-
nels. A primary defect in CFTR leads to secondary abnormali-
ties in a number of distinct transport processes including in-
creased absorption of Na+ via the amiloride-sensitive Na+ chan-
nel (16), as well as dysregulation of Cl- secretion through
both the protein kinase A-responsive outwardly rectifying Cl -
channel (ORCC) (17) and the Ca2"-dependent C1- channel
(18); each secondary abnormality described to date is reversed
by complementation of the primary defect in CFTR. A model
for CFTR-mediated regulation of the ORCCwas suggested re-
cently by Schwiebert et al., who proposed that CFTRtransports
ATP to the apical surface where it engages the purinogenic
receptor transducing an unknown signal to the ORCC(19).
This complex web of interactions between multiple channels
may explain how the relatively nonabundant CFTR protein
could have such a profound effect on the function of epithelia.
Implications of these findings on gene therapy are discussed
below.

Definition of primary cellular defects responsible for CF
lung disease has been difficult to discern because of secondary
abnormalities that result from the chronic infections established
in childhood. One hypothesis is that the defects in ion transport
found in epithelia of conducting airway lead to dehydration of
mucus, inspissation of secretions, and defective clearance of
inhaled pathogens (8). This elegantly simple hypothesis, how-
ever, lacks experimental validation and ignores the complexity
of CFTR expression within human lung and the biochemical
regulation of the protein. An alternative hypothesis is that the
actual macromolecular composition of mucus is perturbed in
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Figure 1. Distribution of CFTRexpression in human lung. Presence of CFTRmRNAand protein in cells of human lung was detected by techniques
of immunocytochemistry and in situ hybridization. Presence of CFTRepithelial cells is indicated by shading, with intensity proportional to the
expression of the gene. The left inset illustrates expression of CFTR in proximal airway. A low level expression is present in most cells of the
superficial epithelium, whereas high level CFTRis present in cells of submucosal glands, including serous cells of the distal acini and a subpopulation
of cells in the collecting duct. CFTR is found at high levels in a subset of secretory cells in epithelia of distal airway (right inset).

CF, affecting both its rheologic properties and affinity for micro-
bial pathogens such as pseudomonas. Indeed, previous studies
have measured increased sulfation of glycoproteins found in CF
mucus (20). The observation that CFTRfunctions in intracellu-
lar components such as in the endoplasmic reticulum (21) and
vesicles (22) suggests a mechanism whereby a defective CFTR
in secretory epithelial cells could lead to abnormalities in glyco-
protein biogenesis.

A detailed analysis of the distribution of CFTRexpression
in human lung was undertaken to identify targets for gene trans-
fer and to gain insight into pathogenesis (6, 7). Fig. 1 presents a
summary of CFTRexpression in proximal and distal conducting
airway as measured by both in situ hybridization and immuno-
cytochemistry. Expression of CFTR is extremely low in super-
ficial epithelia of the proximal airway, as measured by localiza-
tion techniques and RT-PCR studies that estimated an average
of one CFTR transcript per airway epithelial cell (6, 23). The
predominant site of CFTR expression in proximal conducting
airway is in submucosal glands, where high levels of CFTR
RNAand protein are found in all cells of serous tubules of the
distal gland and in 1-3% of cells in the more proximal collect-
ing ducts (6). The less complex epithelia of the distal conduct-
ing airway, which are void of submucosal glands, contain a
subset of surface airway secretory cells (- 2-5%) that express
substantial CFTR (7). This extraordinarily complex program
of CFTR expression in human lung has implications for gene
therapy. Superficial airway epithelial cells will clearly be more
accessible to aerosolized vector than submucosal glands. The
therapeutic impact of excluding submucosal glands from genetic
reconstitution is unknown, although disease clearly occurs in
the substantial network of distal airway where glands do not
reside. The other aspect of current strategies for gene therapy
of CF is that the vector and its expression are relatively nonspe-
cific, resulting in ectopic and unregulated expression of CFTR.

Several studies have been undertaken to evaluate the rela-
tionship between efficiency of genetic reconstitution and func-
tional correction. The relative sparing of pulmonary disease in
CF patients who carry an allele encoding a partially defective

CFTRmolecule suggests that less than complete genetic recon-
stitution will be necessary for therapeutic efficiency (24). The
distribution of CFTR expression resulting from gene therapy
will be very different from that.found in patients with mild
mutations, in that high levels of recombinant gene expression
will be achieved in a subpopulation of cells likely not the ones
that normally express the protein. The relationship between
CFTRgene transfer and functional correction has been studied
in vitro with polarized primary CF epithelial cells grown on
filters and infected with retroviruses or adenoviruses expressing
CFTR(25, 26). Virtually complete correction of defective chlo-
ride secretion across the intact epithelium was achieved with
as little as 5%of the cells transduced. Goldman et al. extended
these studies in a more authentic model in which CF bronchial
xenografts grown in nu/nu mice are exposed to recombinant
adenoviruses; 5% gene transfer consistently corrected chloride
secretion with variable normalization of Na+ absorption (27).
A similar dose-response relationship was demonstrated in nasal
epithelia of CF mice treated in vivo with recombinant adenovi-
ruses (28). The model of CFTRas a regulator of ion transport,
which in the case of the ORCCoccurs via a diffusible factor,
could explain how high level recombinant CFTRexpression in
a few cells could initiate a cascade of amplifying signals re-
sulting in normalization of function in all cells. These encourag-
ing data suggest incomplete and nondirected gene transfer will
correct several aspects of the cellular defect in CF.

Adenoviral vectors as a model for in vivo gene therapy
The first demonstration of complementation of a CF cell by gene
transfer was described in 1990 using recombinant retrovirus and
vaccinia virus (29, 30). Subsequent work has focused on other
viral and nonviral vector systems, including those based on
adenoviruses (31), adeno-associated viruses (32), liposomes
(33), and molecular conjugates (34). The experience with re-
combinant adenoviruses in animals and humans is the most
advanced and has illustrated principles of in vivo gene therapy
for CF. This experience is summarized below.

Humanadenoviruses are an attractive vehicle for gene trans-
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Table I. Preclinical Studies of Adenoviral Vectors

Gene transfer
Repeat Recovery

Species Site Efficiency* Stability Inflammation administration of virus References

Adult mouse Pulmonary High (air > alv) < 21 d Yes No No 28, 47-49
Nasal Poor < 14 d No NDt ND 28

Adult cotton rat Pulmonary High (air > alv) < 21 d Yes No No 50-54

Newborn cotton rat Pulmonary High (air > alv) > 6 mo No Yes ND Unpublished data

Adult baboon Pulmonary High (alv > air) < 21 d Yes ND No 55-57
Nasal Poor ND ND ND No Unpublished data

Adult rhesus Pulmonary High (alv > air) < 21 d Yes No Yes 51, 58, 59

Human bronchial xenograft Pulmonary Moderate > 3 mo No No Yes 27, 60, 61

* Efficiency qualitatively described as high, moderate, or poor. Within lung the relative infectibility of alveolar (alv) versus airway (air) is noted.
Not determined.

fer to airway epithelial cells because of their natural tropism to
the respiratory tract and ability to infect nondividing cells (35).
This nonenveloped virus is composed of a 36-kb double-
stranded DNAgenome with three essential early genetic loci
encoding critical regulatory proteins (El, E2, and E4), one
nonessential early genetic locus whose expression blocks im-
mune responses to the virus-infected cells (E3), and a series
of late genes derived from a large transcript that encodes capsid
proteins. El-deleted recombinant adenoviruses are rendered
replication-defective by deleting the immediate early genes, Ela
and Elb, believed to be important for replication and activation
of other viral genes (36). Recombinant stocks of virus can be
grown to high yield in an El expressing, trans-complementing
cell line such as 293 (37).

The utility of recombinant adenoviruses for lung-directed
gene transfer was demonstrated by Crystal and colleagues in
the cotton rat, an animal model used in the study of adenoviral
pneumonia (31, 38). Intratracheal instillation of El-deleted vi-
ruses containing recombinant genes, such as human CFTR, re-
sulted in high level transgene expression in a substantial number
of intrapulmonary airway epithelial cells. These studies have
been repeated by other investigators in the cotton rat and ex-
tended to additional animal species, including mouse and non-
human primates. Table I summarizes the salient features of this
work and appropriate references. Gene transfer is consistently
high in the lung with some variation noted in the relative effi-
ciency of gene transfer to alveolar versus conducting airway
epithelial cells. More recent studies suggest that the volume of
instilled virus may have a role in distribution of gene transfer
within lung, with larger volumes favoring an alveolar distribu-
tion. In all models except newborn cotton rat and the human
bronchial xenograft, expression of the transgene is transient
and associated with a dose-dependent, biphasic, and self-limited
inflammatory response. Very little recombinant virus was recov-
ered after gene transfer, except in the bronchial xenograft and
in some nonhuman primate studies. The efficiency of gene trans-
fer was diminished in virtually all models after repeated admin-
istrations of virus.

Clinical trials have been initiated by six independent groups
using a variety of protocols based on nasal and/or lung-directed
gene transfer (39-43). The goal of these phase I studies is to
evaluate safety and efficiency of gene transfer. Protocols based

on gene transfer to nasal epithelia provide an excellent opportu-
nity for assessing gene transfer; however, the relevance of the
data to intrapulmonary epithelia has been questioned. The major
problem with the lung-directed studies is assessment of gene
transfer efficiency which requires molecular analyses of bron-
chial epithelial cells recovered at bronchoscopy; difficulties in
obtaining representative samples render negative studies diffi-
cult to interpret. Although the data are still preliminary, some
interesting trends have emerged. Gene transfer has been docu-
mented in lung with -10 plaque forming units (pfu) of virus
in both the Cornell/NIH (44) and University of Pennsylvania
trials (unpublished data). Nasal epithelia seem much more re-
sistant to gene transfer based on the University of North Caro-
lina trial, which required 10'0 pfu virus to achieve - 1% gene
transfer (45). The Iowa/Genzyme group reported partial and
transient correction of Cl - transport in nasal epithelia at lower
doses of virus (46), although these studies may have been
complicated by injury to the epithelia at the time of virus admin-
istration, which could artifactually enhance the efficiency of
gene transfer. Preliminary data on the safety of recombinant
adenoviruses in humans will be discussed below.

Immunologic barriers to gene therapy
The promise of recombinant adenoviruses for efficient in vivo
gene transfer must be buoyed by the consistent problems of
inflammation and loss of transgene expression that have charac-
terized their use in virtually all preclinical models, including
adult mice (28, 47-49), cotton rats (50-54), and nonhuman
primates (51, 55-59). Two experimental models that have not
demonstrated these problems, the human bronchial xenograft
(27, 60, 61 ) and newborn cotton rat (unpublished data), suggest
that host immune responses may be involved. This was formally
evaluated by instilling El-deleted adenoviruses into trachea of
different strains of mice including C57BL/6 and derivative
strains that are deficient in cellular and humoral immunity (i.e.,
nu/nu and RAG2 '). Recombinant gene expression was high
in all animals at day 3, but dropped to undetectable levels with
concurrent inflammation in C57BL/6; transgene expression was
stable (i.e., at least 12 mo, Yang, Y., and J. Wilson, unpublished
results) with less inflammation in the immune-deficient strains
(47, 62).

Many experiments have been performed in mice to define
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Figure 2. Immune responses to adenovirus-mediated gene transfer. Anti-
gens are presented by the antigen presenting cell (APC) to activate
cellular immunity (blue) and humoral immunity (purple) with the end
result being destruction of target cell and block to gene transfer, respec-
tively. DTH, delayed type hypersensitivity; and NK, natural killer cell.

the specific immune responses that underlie the observations
made in immune-competent animals. Wespeculated that host
responses, which are appropriately mobilized to combat viral
pathogens, may be present, albeit in an attenuated way, when
recombinant viruses are administered for gene therapy. Princi-
ples learned in the field of viral pathogenesis were applied to our
studies of adenovirus-mediated gene transfer to lung, a model of
which is presented in Fig. 2.

Identification of virus-specific cytotoxic T lymphocytes
(CTLs) as potential immune effectors was suggested initially
by in vitro 51Cr release assays. Lymphocytes harvested from
BAL and mediastinal lymph nodes of adenovirus-treated
C57BL/6 mice were shown to specifically lyse MHC-compati-
ble target cells infected with the recombinant adenovirus (47,
48). This led to the hypothesis that CTLs are activated to newly
synthesized viral proteins or the transgene product in an MHC
class I-restricted manner which directly or indirectly destroys
the target cell or destabilizes the transgene. The appreciation
that early and late viral genes are expressed in airway epithelial
cells infected with El-deleted viruses provided further credibil-
ity to this hypothesis (47). Evidence to support this has been
derived from knockout mice and adoptive transfer techniques in
both liver- and lung-directed models of gene transfer. Transgene
expression is stabilized in animals deficient in CD8 cells and
MHCclass I by virtue of a germ line 32m- interruption (48).
Specific ablation of perforin, the molecule on CTLs and NK
cells that mediates cytolysis, yields a similar prolongation of

transgene expression (unpublished results). Further support for
the role of CD8+ cells in transgene instability was provided in
experiments where CD8+ cells from treated C57BL/6 animals
were adoptively transferred into RAG2-'- animals stably ex-
pressing the adenovirus-encoded transgene (48). After adoptive
transfer, CD8+ cells rapidly infiltrated lung, and transgene ex-
pression was ablated. While these experiments point to antigen-
specific CTLs as important effectors, they do not necessarily
define the mechanisms of transgene elimination (e.g., target cell
destruction and turnover, mobilization of secondary effectors,
destabilization of transgene, etc.) or the relative contribution of
viral and transgene epitopes to CTL activation. Wehave evi-
dence that CTL to some transgene products do indeed develop;
however, CTL to viral proteins are sufficient to eventually sub-
vert the therapy (63). Studies performed to date do not rule out
non-antigen-specific factors or other antigen-specific processes
also contributing to the loss of transgene. In fact, similar tech-
niques were used in these models to show the emergence of
functionally significant class I-restricted, viral-specific CD4+
CTLs (64).

Models of viral pathogenesis have demonstrated an essential
role of CD4+ cells in the costimulation and/or augmentation
of primary antiviral effectors. This principle was confirmed in
mouse models of adenovirus-mediated gene transfer to liver
(65) and lung (reference 49 and Yang, Y., and J. M. Wilson,
manuscript submitted for publication) where it was shown that
transgene expression persists in animals made deficient of
CD4+ cells by genetic interruption or antibody depletion. CD4+
cells could participate in the destruction of virus-infected cells
in several ways. Proteins from the input virus are presented by
MHCclass II to T helper cells that differentiate into either THI
subsets, which secrete IL-2 and IFN-'y, or TH2 subsets, which
secrete a variety of cytokines including IL-4 (Fig. 3) (66). THI
have a primary role in regulation of several effectors capable
of eliminating the viral genome. One mechanism is activation
of macrophages by IFN-y (67, 68) or costimulation of CTL
activation by IL-2 (69, 70). In addition, secretion of IFN-y by
THI cells could enhance CTL activity by increasing MHCclass
I presentation of antigen on the infected cell (71, 72). Analysis
of lymphocytes from C57BL/6 mice infected with El-deleted
virus documented the activation of THI cells to viral proteins
(48). The critical role of IFN-y was demonstrated in animals

Macrophages

* Humoral immunity
(IgE, IgA, IgG1)

- Cellular immunity
* Humoral immunity (IgG2A)

Figure 3. Cytokine regulation of T helper cell differentiation. Adapted
from reference 66.
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deficient in this cytokine (IFN-y "knockout" or antibody-de-
pleted) in whom recombinant adenoviral transgene expression
was stabilized (reference 65 and Yang, Y. and J. M. Wilson,
manuscript submitted for publication). Upregulation of MHC
class I that occurred in the targeted organ after administration
of virus was blocked in animals deficient in IFN--y (65). These
studies suggest that one role THI cells could have in augmenting
the CTL response is through enhancement of class I-mediated
antigen presentation. The response of immune-competent mice
to adenovirus-mediated gene transfer varies with the genetic
background of the animal, suggesting that MHCvariation may
impact on vector performance and safety (73).

The motivation for delineating mechanisms of host re-
sponses to virus-infected cells is to develop rational strategies
to prevent those that subvert the therapy. One approach is to
modify the vector to minimize or eliminate expression of viral
proteins so as to avoid activation of CTLs and/or recognition
of target cell by CTLs. It is clear that deletion of El alone is
insufficient to prevent expression of early and late genes and
to render the virus totally replication-defective (47). The most
effective strategy to disable the adenovirus is to delete all of
its viral open reading frames. In fact, this is possible using
helper virus to trans-complement the fully deleted vector (refer-
ence 74 and Fisher, K. J., J. Burda, S.-J. Chen, and J. M.
Wilson, manuscript submitted for publication). Low yield of
recombinant virus and contamination of the stock with helper
virus have limited the utility of this approach (Fisher, K. J., J.
Burda, S.-J. Chen, and J. M. Wilson, manuscript submitted for
publication). A more feasible approach is to isolate El-deleted
recombinants in which a subset of the remaining essential genes
is rendered defective by additional deletion or temperature-sen-
sitive mutations. The availability of new packaging cell lines
that stably express multiple essential genes will greatly facilitate
the isolation of these recombinants. Our first experience with
this approach incorporated a temperature-sensitive mutation
into the E2a gene of an El-deleted virus (47, 54, 57). This
virus is associated with diminished late viral gene expression,
less pathology, and modest but variable improvements in
transgene stability. The concern is that, despite inactivation of
all early genes, the major late promoter will have basal activity
sufficient to elicit problematic cellular immune responses. Un-
der these circumstances, it may be necessary to incorporate into
the vector genes that suppress MHCclass I presentation of
antigens. Many DNAviruses have evolved this type of function
to escape immune surveillance. Examples include the 19-kD
E3 gene product of adenovirus (75), the ICP47 gene from
herpes simplex virus (76), and the USH gene from human
cytomegalovirus (77).

Recognition that THi activation is necessary for a fully func-
tional CTL response suggested another therapeutic strategy for
avoiding cellular immune responses that extinguish transgene
expression. This strategy is based on the premise that THI cells
are activated to input virion proteins which are presented by
MHCclass II but rapidly cleared after the administration of
therapy. Wereasoned that coadministration of agents that block
THi activation with virus should stabilize transgene expression
far beyond the period of transient immune blockade. This con-
cept has been validated in mouse models of adenovirus-medi-
ated gene transfer to lung by coadministration of the general
cytotoxic drug cyclophosphamide (unpublished data) and the
more specific immune modulator anti-CD4 monoclonal anti-
body (49). Other potential agents include inhibitors of T cell
costimulation (e.g., anti-CD4OL monoclonal antibody [78] or

CTLA4-Ig [79]) and cytokines that inhibit activation of THI
cells such as IL-4 (Fig. 3).

The other major immune barrier to successful adenovirus
gene therapy of lung is the humoral responses to adenovirus
that develop subsequent to gene therapy. Capsid proteins from
the input virus are processed by antigen-presenting cells and
presented to T helper and B cells by MHCclass H leading to
the formation of antiviral antibodies which neutralize the virus
and prevent it from entering the cell. The net result is difficulty
in achieving efficient gene transfer upon a second administration
of virus (48, 49, 52). Unfortunately, more defective viruses
will be of little help because the antigenic stimulus for antibody
production is capsid proteins of the delivered virus. Strategies
described above which attempt to interrupt T helper cell activa-
tion to capsid protein at the time of virus delivery, such as
cyclophosphamide (unpublished data) and anti-CD4 mono-
clonal antibody (49), do indeed prevent neutralizing antibody
formation and allow successful repeated gene therapy. A more
selective strategy was developed based on differential activation
of the T helper subsets, THI and TH2, and the role they play in
isotype switching. The primary immunoglobulin responsible for
neutralization of adenovirus in the airway is IgA which is depen-
dent on TH2 cells for its production (49). Based on the known
cytokine regulation of T helper cell differentiation (Fig. 3), we
developed a strategy to prevent the activation of TH2 cells using
IFN-y or IL-12 (which activates THI cells to secrete IFN-y)
to inhibit TH2 differentiation (49). Coadministration of either
cytokine at the time of virus instillation did prevent formation
of antiviral IgA and allowed efficient readministration of virus.
The advantage of this strategy to prevent neutralizing antibody
must be balanced, however, with the disadvantage of potentially
enhancing CTL-mediated events through activation of THI cells.
Another approach which should be evaluated is to interfere with
the molecular interactions of costimulation necessary to activate
the CD4 T cells. Examples include CTLA4-Ig (79) and an
antibody to CD40 ligand (78).

Efficacy versus toxicity: therapeutic index
A critical evaluation of any proposed genetic therapy is an
assessment of therapeutic index: the dose of vector that provides
therapeutic efficacy in the absence of toxicity. Multiple factors
will contribute to therapeutic index, including the efficiency and
distribution of gene transfer, direct toxic effects of the virus, and
antigen- and non-antigen-specific responses of the recipient to
the vector and/or genetically modified cell.

Adenoviruses were selected as appropriate vehicles for lung-
directed gene therapy because the spectrum of diseases that
result from naturally acquired infections (i.e., pharyngitis, upper
respiratory infections, and pneumonias) would suggest that the
virus is tropic for airway epithelia (35). Therefore, it is ironic
that concerns have been raised about the efficiency with which
recombinant adenoviruses transfer genes to airway epithelia
(28, 45). One consistent observation has been that epithelial
cells in a fully differentiated epithelium are more resistant to
adenovirus-mediated gene therapy than when they are dispersed
in culture (28, 80). Actual in vivo assessments of functional
correction in animals and humans have been restricted for tech-
nical reasons to nasal epithelia. Very high doses of virus were
required to achieve only partial correction of Cl - transport, as
measured by mucosal potential difference, in nasal mucosa of
CF mice (28). The experience in nasal epithelia of CF patients
has been similarly disappointing (45).

A more comprehensive review of the preclinical and clinical
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data, together with an understanding of the biology of adenovi-
rus entry, indicates that adenovirus-mediated gene transfer in
human lung may be more efficient than what was achieved in
the nose. In the two models where direct comparisons were
made, i.e., mouse (28) and baboon (unpublished data), adeno-
virus-mediated gene transfer was substantially more efficient in
intrapulmonary epithelia than in nasal epithelia. Similarly high
level gene transfer was demonstrated in epithelia within the
lung of rhesus monkeys (51, 58, 59) and cotton rats (50-
54). The limited data available in humans suggest a similar
discordance with the demonstration of low level gene transfer
after intrabronchial instillation with lower doses of virus ( 106
pfu) in patients of two independent trials (unpublished data and
reference 44) despite difficulty in nasal epithelia with the same
or similar virus (45).

A greater understanding of the rate-limiting steps in adeno-
virus-mediated transduction would help assess feasibility and
potentially suggest strategies for improvement. The hypothesis
we have pursued is based on viral entry as the limiting step in
gene transduction. Wickham et al. described a two-step process
for entry of adenovirus, based on binding of fiber to a cellular
receptor, followed by an internalization-dependent interaction
between a cellular a,l6 integrin and the RGDmotif on the
penton base (81). Data in bronchial human xenografts suggest
that transfer of recombinant adenovirus into differentiated air-
way epithelial cells is limited by expression of the cellular
a,/ integrin (80). A survey of human lung tissues revealed
essentially no a/v, protein in differentiated cells of nasal and
proximal airway epithelia, consistent with the difficulties in
achieving gene transfer in these structures, and high level av,8
in all differentiated epithelial cells of distal noncartilagenous
airway (Goldman, M. J., and J. M. Wilson, manuscript submit-
ted for publication). These experiments would predict much
higher gene transfer in distal human lung than that achieved in
nasal epithelia.

Safety concerns with recombinant adenoviruses have fo-
cused on replication of the virus and inflammation at the site
of therapy with potential systemic consequences. Little is known
about the pathogenesis of a naturally acquired adenovirus infec-
tion in humans; however, Ginsberg and colleagues have used
the cotton rat, which is permissive for replication of AdS in
lung, as well as the mouse, which is nonpermissive, as models
for human adenovirus pneumonia (82-84). A story of patho-
genesis has emerged that describes an early non-antigen-spe-
cific phase occurring 2-3 d after infection that is cytokine de-
pendent (TNF-a, IL-1, and IL-6) and dominated by polymor-
phonuclear leukocytes, which is followed by a T cell-
dependent mononuclear-dominated response that is dependent
on viral protein expression.

An extensive body of data has accumulated regarding the
toxicity associated with administration of El-deleted adenovi-
ruses into the airway of animals. Several consistent findings
have emerged from studies performed by multiple investigators
in a number of species including mouse, cotton rat, rhesus mon-
key, and baboon (see Table I). There is dose-dependent in-
flammation at the site of gene transfer that diminishes without
permanent sequelae. When carefully examined, the response
of the recipient resembles the biphasic pathology seen with
replication-competent virus in cotton rats, which initially is
dominated by neutrophils quickly transitioning into a mononu-
clear-predominant histology. The pathology noted at necropsy
can be detected clinically as an infiltrate on chest radiographs
and an increase in lymphocytes in BAL, although the animals

have generally tolerated the virus well with few systemic mani-
festations. There has been little evidence for dissemination and/
or shedding of virus.

Despite extensive work on the immunology of adenovirus-
mediated gene transfer to lung and the evaluation of a large
number of animals in toxicology protocols, little is known about
the mechanisms that contribute to the inflammatory responses
seen in animals or their relevance in humans. There will likely
be at least three components to inflammation seen with higher
doses of virus including toxic effects of the virus, non-antigen-
specific inflammation to the virus, such as that mediated by NK
cells, and antigen-specific activation of T cells (CTL and T
helper) and possibly B cells. The fact that administration of
inactivated virus is associated with detectable inflammation in
the mouse confirms the importance of processes which are inde-
pendent of virus replication or viral protein expression (85).
The experience with intrapulmonary instillation of virus in pa-
tients has been limited but largely unremarkable at the low
doses administered to patients. The one patient who received
high-dose virus (- 109 pfu) is an illustrative exception (44).
Within 12 h of administration of virus, she developed fever,
hypotension, multilobar infiltrates, and a significant rise in se-
rum IL-6. The intensity and rapidity of onset of this syndrome
were not predicted by the animal experiments. This could be
explained by species differences or the influence of preexisting
immunity to adenoviruses that is endemic in the human popula-
tion.

Future directions
The development of adenoviral vectors for gene therapy of CF
has accelerated the concept of in vivo gene delivery. Lessons
learned in the early experiments will likely be generic to in
vivo gene therapy with other vectors in different diseases. It is
not surprising that host immune responses develop to the vector
and genetically corrected cells which try to subvert the therapeu-
tic intervention. A better understanding of host-vector interac-
tions will be essential when designing rational strategies to
prevent these confounding problems. Animal studies performed
to study these mechanisms primarily have used inbred strains
of pathogen-free animals. Predicting effectiveness of therapy in
the human population will be more challenging due to substan-
tial heterogeneity in both antigen presentation, based on MHC
allelic variation, and the intensity and nature of the immune
response, based on previous exposure to adenovirus.

The fact that viral pathogens have evolved strategies to
escape immune surveillance (i.e., persistence or latency) should
be exploited in the design of second generation therapies. An-
other approach is to implement adjunctive therapies that modu-
late the recipients' immune responses to the therapy. Early hu-
man pilot experiments that test concepts developed in animal
models will be critical in focusing research toward the goal of
a cure. This is particularly important when developing strategies
to circumvent host responses.

In anticipation of the development of safe and efficient vec-
tor systems, the field should prepare for the difficult task of
assessing efficacy. The importance of this is reinforced by the
likely development of multiple gene transfer technologies in
parallel and the need to make early priority decisions. A better
understanding of basic pathophysiology of CF with the further
development of animal models would be very useful in estab-
lishing surrogate endpoints for clinical efficiency. In the absence
of such surrogates, important decisions regarding development
of effective therapies will defer to phase III trials which are
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costly and use the most precious resource, which is the pool of
patients eligible for clinical trials.
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