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When the concepts of gene therapy were evolving in the late 1980s, the focus was primarily on the hereditary disorders.
This was a logical choice for the budding community of gene therapists, in that most hereditary disorders are autosomal
recessive deficiency diseases that can theoretically be corrected by transfer of sufficient amounts of the normal gene to
the cells manifesting the disease. This concept may be logical, but putting it into practice has been a real challenge. In this
issue of the JCI, Wang et al. (1) describe the adaptation of feline immunodeficiency virus (FIV) to transfer the cystic
fibrosis (CF) transmembrane conductance regulator (CFTR) cDNA to the respiratory epithelium. This strategy represents
a new approach to overcoming some of the challenges in using gene therapy to correct the respiratory manifestations of
CF. Unlike treatment for hematologic disorders, for which target cells for gene therapy can be removed from an individual
and subjected to gene transfer manipulations in vitro, gene transfer to internal organs such as the lung requires the gene
to be transferred in vivo. In treating the respiratory manifestations of CF, the targets for gene therapy are the 1010
epithelial cells lining the airways (2). Because of mutations in the 2 parental CFTR genes, the airway epithelial cells of
individuals with CF have a deficiency of CFTR function, […]
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When the concepts of gene therapy
were evolving in the late 1980s, the
focus was primarily on the hereditary
disorders. This was a logical choice for
the budding community of gene thera-
pists, in that most hereditary disorders
are autosomal recessive deficiency dis-
eases that can theoretically be correct-
ed by transfer of sufficient amounts of
the normal gene to the cells manifest-
ing the disease. This concept may be
logical, but putting it into practice has
been a real challenge. In this issue of
the JCI, Wang et al. (1) describe the
adaptation of feline immunodeficien-
cy virus (FIV) to transfer the cystic
fibrosis (CF) transmembrane conduc-
tance regulator (CFTR) cDNA to the
respiratory epithelium. This strategy
represents a new approach to overcom-
ing some of the challenges in using
gene therapy to correct the respiratory
manifestations of CF.

Unlike treatment for hematologic
disorders, for which target cells for
gene therapy can be removed from an
individual and subjected to gene trans-
fer manipulations in vitro, gene trans-
fer to internal organs such as the lung
requires the gene to be transferred in
vivo. In treating the respiratory mani-
festations of CF, the targets for gene
therapy are the 1010 epithelial cells lin-
ing the airways (2). Because of muta-
tions in the 2 parental CFTR genes, the
airway epithelial cells of individuals
with CF have a deficiency of CFTR
function, manifested by decreased Cl–

transport in response to elevations of
intracellular cAMP. It is estimated that
correction of 5–10% of airway epithe-
lial cells would be sufficient to prevent
the clinical manifestations of CF. The
level of normal gene expression
required for each cell is not the prob-
lem, because the normal airway epithe-
lium has an average of only 1–2 nor-
mal CFTR mRNA copies. However,
because CF is a hereditary disorder,
persistent expression of the newly
transferred gene is essential for suc-
cessful treatment.

To date, most investigators have fo-
cused their attention on 3 basic strate-
gies for the transfer the CFTR cDNA
to the airway epithelium: use of aden-
ovirus vectors, adeno-associated virus
vectors, or plasmids combined with
liposomes. All 3 strategies have been
evaluated in humans with CF (3,
4–10). The adenovirus vectors are by
far the most effective, providing the
highest levels of gene expression in the
respiratory epithelium of any gene vec-
tor system — levels that are sufficient
to treat the disease (3). The challenge
in the adenovirus strategy is that host
defenses limit the persistence of
expression (3, 11). Adeno-associated
virus vectors have a theoretical advan-
tage in that, if they can reach the
nucleus of the target cell and be con-
verted from their normal single-
stranded form to double-stranded
DNA, they may be able to integrate
into the host chromosome and thus
provide long-term expression (10, 12,
13). Unfortunately, there seems to be a
block in the lung epithelium at some
step in this process, and these vectors,
in their current form, yield clinically
inadequate levels of expression. Like-
wise, the plasmid/liposome combina-
tions are very inefficient, and expres-
sion in the lung is very low and only
transient (6, 8).

From these observations, some rules
have evolved that define the modifica-
tions to the current vector systems
required to successfully treat respirato-
ry manifestations of CF. If adenovirus
vectors are to be used, they will have to
be more efficient in entering the
epithelium (so less vector can be used,
thus limiting the extent of the host
response to the vector), and/or the vec-
tors will have to be designed to avoid
triggering the adaptive and innate host
defenses arrayed against the vector, a
feature described as “stealth.” If adeno-
associated virus vectors are to be suc-
cessful, strategies will have to be devel-
oped to bypass biological impediments
to integration within the host genome.

Finally, if plasmids combined with
liposomes are to be effective, signals
will have to be built into the vector sys-
tem to guide the plasmid into the cyto-
plasm, and then find, enter, and persist
in the nucleus (14).

The study by Wang et al. (1) uses an
alternative vector system that seems
well-suited to the challenge of transfer-
ring and expressing the normal human
CFTR cDNA in the differentiated air-
way epithelium. The strategy is based
on FIV, a T-lymphotrophic retrovirus
first identified in 1987 in pet cats in
Davis, California (see ref. 15 for a
review of FIV). Based on its morpho-
logic and biochemical characteristics,
cell tropism, Mg2+ dependent reverse
transcriptase, genetic organization,
and antigenic properties, FIV is classi-
fied (along with HIV) as a lentivirus.
Among the lentiviruses, FIV is most
similar to the Visna maedi virus. FIV is
105–125 nm in diameter, spherical to
ellipsoid in shape, with short, poorly
defined projections on its envelope.
The 9.4-kb FIV genome is organized
like that of other retroviruses, with env,
gag, and pol genes, with an additional
7 open reading frames that encode pro-
teins. Wild-type FIV is trophic for T
cells, B cells, macrophages, astrocytes,
and microglia. Once it enters the cell,
FIV has a life cycle similar to that of
other retroviruses. Cats infected with
FIV develop acute lymphadenopathy,
neutropenia, and fever. As with HIV
infection in humans, this is followed by
an asymptomatic phase lasting years,
after which generalized lympha-
denopathy, recurrent fevers, apathy,
leukopenia, anemia, anorexia, weight
loss, stomatitis, and behavioral prob-
lems ensue. Finally, there is a terminal
AIDS-like phase, marked by oppor-
tunistic infections, neoplasia, and neu-
rologic abnormalities.

By having genes deleted that wild-
type FIV requires to direct its own repli-
cation, can be converted into a replica-
tion-incompetent virus, capable of
transferring recombinant cDNAs such
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as CFTR, but incapable of reproducing
except in a producer cell line that
expresses the deleted genes (1, 16, 17).
The concept of using a retrovirus for
gene therapy is not new — the gene
therapy field started with the idea of
using modified forms of the Moloney
murine leukemia virus (MMLV) to cre-
ate a replication-deficient vector to
transfer genes to target cells (14). The
problem with using MMLV-based gene
transfer vectors for CFTR gene transfer
is that lung epithelial cells are slow to
replicate, and the MMLV vectors
require the target cell to proliferate for
the viral genome with its recombinant
gene to reach the target cell nucleus.
Not so for FIV. For reasons that are not
clearly understood, FIV is capable of
delivering its genetic cargo to the
nucleus of quiescent cells, where it ran-
domly integrates into the host genome
(15). For gene therapy for a hereditary
disease, this is a clear advantage, be-
cause the newly delivered, integrated
gene is permanently transferred from
parent cells to daughter cells. In con-
trast, adenovirus vectors deliver their
recombinant genomes to an extrachro-
mosomal location, and thus when the
target cell does divide, only 1 daughter
cell is genetically modified (14).

To take advantage of the ability of
FIV to infect slowly replicating human
airway cells, another hurdle must be
overcome — wild-type FIV does not
infect humans. FIV primarily infects
the modern domestic cat (Felis catus),
and to a lesser extent large wild cats,
but not other species (15). There is no
evidence to link FIV to any human dis-
ease, and humans bitten by infected
cats do not develop anti-FIV antibod-
ies. Thus, an FIV gene transfer vector is
useless for potential human gene trans-
fer studies unless its coat is modified to
interact with receptors on human cells.
To circumvent this limitation, Wang et
al. (1) modified the FIV vector to be
pseudotyped with a vesicular stomati-
tis virus G (VSV-G) protein coat, a
strategy that has been used to alter the
host range of other retrovirus gene
transfer vectors (16–18).

Does a replication-incompetent, VSV-
G pseudotyped FIV vector solve the
challenges of effectively transfecting
human airway epithelial cells? The
answer is . . . partially. The human air-
way epithelium is well designed to avoid
viral infection, in that it hides most of
the receptors that viruses use for entry —

including the receptor used by VSV-G —
on its basolateral epithelial surface (19,
20). Thus, the FIV vector may be capable
of inserting its gene into the host
genome, but it cannot do this unless it
can enter the cell. To overcome this
obstacle, Wang et al. (1) transiently
opened the tight junctions of the epithe-
lium, using a formulation that was
hypotonic and contained the calcium
chelator EGTA (21–23). Together, the
combination seems effective, with the
VSV-G pseudotyped FIV vector capable
of delivering sufficient CFTR cDNA to
correct the Cl– transport defect of
human airway epithelium derived from
individuals with CF. Furthermore, the
FIV vectors formulated with EGTA
transduced 5–10% of the large airway
epithelial cells, a percentage within the
range thought to be sufficient to correct
the CF defect (2, 3, 7). Finally, the FIV
vector corrected the CF defect in vitro
for the 6-month life of the epithelial cul-
tures, in vivo infection of tracheal
epithelium demonstrated transduction
of epithelial cells with progenitor capac-
ity, and the in vivo FIV-transduced
epithelia persisted for at least 6 weeks.

Has the battle been won? Hardly — it
has only been joined. The FIV vector sys-
tem is a novel approach to the challenge
of transferring CFTR cDNA to the air-
way epithelium, but there are significant
hurdles still to overcome. Like other
retroviruses, FIV integrates randomly,
making its use in gene therapy a theo-
retically risky strategy since it could be
associated with induction of a malig-
nant phenotype, inability to shut off
excess expression of the new gene, and
variable expression among cells. The use
of VSV-G pseudotyping enables the FIV
vector to expand its host range to
human cells, but the paucity of recep-
tors for VSV-G on the apical surface air-
way epithelial cells required Wang et al.
(1) to loosen the tight junctions of the
airway epithelium to allow the vector to
reach the basolateral surface, with its
richer density of relevant receptors.
Moreover, there is insufficient experi-
ence with this technique to determine
whether host shut-off of the transferred
expression cassette (a problem that has
plagued other retrovirus gene transfer
vectors) will occur with FIV vectors.
Another problem that will have to be
overcome is that of developing the
methodology to produce large amounts
of the modified FIV without contami-
nation by wild-type FIV. FIV is an

immunodeficiency virus that is fatal to
domestic cats; if modified to infect
humans, there is a small risk that vec-
tors will be contaminated with a recom-
binant wild-type FIV that is trophic for
human cells. Although this scenario
appears very unlikely, and although
such a virus would probably not have
the same growth potential as true wild-
type FIV, FIV infection could be devas-
tating for the individual patient and
could pose a risk to the environment.

From studies with adenovirus-based
vectors, we now know that it is possible
to transfer the normal CFTR cDNA to
the airway epithelium of individuals
with CF at levels that theoretically
could prevent the clinical manifesta-
tions of the disease (3). The major chal-
lenge for CF gene therapy is to get the
newly transferred gene to be expressed
in a persistent fashion. The study by
Wang and colleagues (1) represents an
advance toward this goal.
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