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The lung as a metabolic factory for gene therapy
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Over the past decade, the develop-
ment of effective gene delivery vehi-
cles to the lung has created numer-
ous innovative strategies for treating
inherited and acquired lung disor-
ders. Currently, one of the most
promising vectors for gene delivery
to the lung is recombinant adeno-
associated virus (rAAV). To date, gene
therapy to the lung has focused on
correcting genetic defects for diseases
with intrinsic lung pathophysiology.
One largely unexplored application
of gene delivery to the lung is its use
as a genetic metabolic factory for the
production and systemic delivery of
proteins into the blood for treatment
of genetic diseases not directly asso-
ciated with lung pathology. The
study by Auricchio and coworkers
described in this issue of the JCI
focuses on this novel application (1).
A conceptual extension of this work
also includes the use of the lung as a
catabolic factory for degradation of
toxic, blood-borne molecules associ-
ated with genetic abnormalities in
distant organs. Because the lung has
one of the most expansive epithe-
lial-blood capillary networks and is
easily accessible for non-invasive
gene delivery, it is uniquely suited for
such applications.
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Genetic metabolic factories
to treat genetic diseases
The concept of metabolic factories
for the ectopic production and deliv-
ery of genetically engineered protein
products into the circulation is not
new. Early reports of protein facto-
ries called organoids demonstrated
therapeutic potential as self-con-
tained genetic neo-organs for the
delivery of secreted proteins into the
blood (2). More recently, clinical tri-
als in hemophilia B patients first
attempted therapeutic delivery of fac-
tor IX to muscle (as an ectopic site
for factor IX production) with
encouraging results (3). Hemophilia
B is an ideal disease for testing such
approaches, since as little as 1% of the
normal circulating factor IX protein
level is likely to be therapeutic in
hemophilia B patients (4). However,
several concerns linger regarding the
functional processing of factor IX in
ectopic organs and are the impetus
for new clinical trials directing
expression of factor IX to the liver, its
normal site of production.
rAAV-mediated delivery of trans-
genes to the lung, as employed by
Auricchio et al., is advantageous in
several respects. Ectopic expression
of a blood-borne therapeutic protein
can be limited by the immunogenic-
ity of the vector or the transgene
product. Immunogenicity to the vec-
tor may result in acute toxicity or
may reduce transgene expression fol-
lowing repeated vector administra-
tion. In the context of rAAV, the lung
appears to be a far less immunogenic
target than the muscle or liver. The
lung is also uniquely suited for deliv-
ery of therapeutic proteins into the
circulation because it offers a large
number of target cells with good
access to the blood for expressed pro-
teins but not for the applied vector —

the latter being a significant safety
concern because of the possibility of
inadvertent germ line delivery. Final-
ly, the target cells in the lung appear
competent to produce at least some
therapeutic proteins with normal
post-translational modifications and
secretory properties, allowing them
to be released into the bloodstream
in a functional form.

The study described by Auricchio
and colleagues demonstrates the
therapeutic potential of using the
lung as a genetic metabolic factory to
produce and deliver proteins into the
circulation. In this study they com-
pared the efficiency of pseudotyped
recombinant AAV1, 2, and S to deliv-
er erythropoietin (Epo) and factor IX
into the blood following lung gene
transfer. Tests using alkaline phos-
phatase as a histochemical marker
showed that rAAV2/S was the most
efficient in transduction of both the
conducting airway epithelia, and alve-
olar regions of the lung and substan-
tiated earlier work with this serotype
in mouse lung (5). The efficiency of
rAAV2/1 transduction was less than
that for rAAV2/5, but greater than
that for rAAV2. This was the first
report evaluating AAV Type 1 capsid
for in vivo lung delivery and it
appears to be similar in efficiency to
its close relative AAV6 (6). The most
interesting finding from this study,
however, was the high efficiency with
which Epo and factor IX were secret-
ed from the airway epithelium into
the circulation. Levels of factor IX in
the blood were within the minimal
range thought to be therapeutic for
hemophilia B (1-2% endogenous lev-
els) and Epo levels also significantly
increased hematocrit.

Given the fact that the airway
epithelium is generally thought to
secrete proteins predominantly into
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Using the lung as a metabolic factor for secretion of therapeutic proteins into the circulation. Vector administration to the lung might target the con-
ducting airway epithelium, the alveolar epithelium, or both. Secretion of protein products from the basolateral membrane of epithelial cells must

diffuse through the interstitium (composed of fibroblasts and connective tissue) and across vascular endothelial cells, to be delivered into the blood
(as marked by arrows). The alveolar epithelia of the lung, which contain a prominent population of Type | pneumocytes, are in close proximity to the
lung capillary network, making them ideal gene therapy targets for systemic delivery of proteins.

the lumen of the airways, these find-
ings raise several fundamental ques-
tions regarding mechanisms that
control polarity of protein secretion
in the airway and their application to
gene therapy. Interesting historical
comparisons can be made to studies
evaluating the polarity of alpha-1-
antitrypsin (AAT) secretion in polar-
ized airway epithelial cells (7). These
early studies demonstrated both api-
cal and basolateral secretion of AAT
from polarized airway epithelial cul-
tures and suggested that gene trans-
fer to the lung for AAT deficiency has
the capacity to treat both airway and
interstitial components of the dis-
ease. This present study by Auricchio
et al,, is the first in vivo proof of prin-
cipal confirming these earlier in vitro
findings. Although the level of apical-
ly secreted proteins was not evaluated
in bronchial-alveolar lavages, given
the functionally significant levels of
transgene-derived protein in the
blood, one can speculate that baso-
lateral secretion of Epo and factor IX
from the airway epithelia is quite effi-
cient. Since conducting airway epithe-
lia and alveolar epithelia were both

targeted in the study by Auricchio,
it is also currently unknown which
of these two anatomical regions of
the lung are responsible for the
majority of transgene product deliv-
ery into the blood.

Pulmonary immune tolerance

to vector components

Auricchio et al. also demonstrated in
the present study that rAAV2/S virus
can be effectively re-administered to
the lung. Although not evaluated,
these findings suggest that the pro-
duction of neutralizing antibodies to
the AAVS capsid may not present a
major barrier to repeated dosing of
the vector. It is currently unclear if
the less immunogenic milieu of the
lung is a generalized feature for
repeat administration of all AAV
serotype, since both findings of suc-
cessful and unsuccessful repeat
administration of rAAV2 in rabbit
lung have been reported (6, 8).
Although the functional significance
of pre-existing antibodies to AAV is
widely debated, there is a general
consensus that repeat administra-
tion of rAAV to muscle and liver is

hindered by neutralizing antibodies
(9-11). These findings suggest that
the lung is less immunogenic from
the standpoint of vector administra-
tion and also imply that transgene
products may have reduced immuno-
genicity when ex-pressed in the lung.
For example, the fact that factor IX
levels persisted for 45 days in these
studies suggests that neutralizing
antibodies against canine factor IX
may not have accumulated in mice.
The ability of various organs to
mount neutralizing antibodies to a
neo-antigen such as factor IX is a sig-
nificant issue for hemophilia B
patients who carry null mutations in
the gene for factor IX. Organ-specif-
ic dependencies in this regard have
been found in mice where robust
humoral responses against human
factor IX are seen following intra-
muscular injection, but not portal
vein injection to the liver, with
lentiviral vectors (12). The relevance
of these findings to the present study
by Auricchio et al., which used ca-
nine factor IX, remains uncertain.
Nevertheless, these findings cumula-
tively infer that the route of vector
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administration also affects the
immunologic consequences to a
transgene. In the case of the lung,
these responses may be minimal.

Lung anatomy, epithelial biology,
and the polarity of secretion

The lung is composed of two
anatomically distinct regions includ-
ing the conducting airways (includ-
ing the trachea, bronchi, and bron-
chioles), and gas-exchanging air-
spaces (alveoli) (Figure 1). Each of
these regions consist of distinct
epithelial cell types with unique cel-
lular physiologies. Since the most
distal alveolar regions of the lung
have the greatest access to the blood,
it is likely the preferred target for
protein delivery to the circulation.
Two types of airway epithelia reside
in this compartment, alveolar Type I
and Type II cells. Type Il alveolar cells
represent the progenitor cell popula-
tion in this compartment and hence
would be the appropriate gene thera-
py target for persistent expression of
integrated transgenes in this region
of the lung. In contrast, Type I cells
constitute the majority of surface
area in the lung. This compartment
is specially designed to have a large
surface area-to-cell volume ratio
that naturally promotes efficient dif-
fusion of gas across the alveolar cells
into the blood. Alveolar regions of
the lung form approximately 100 m?
of surface area, of which Type I pneu-
mocytes account for ~99% (13, 14).
This region is also highly vascular,
with capillary endothelial cells
accounting for 30% of total cells in
the human lung (13). In contrast, the
conducting airways constitute a
minority of surface area in the
human lung, amounting to approxi-
mately 0.25 m? (15). Hence, one
might anticipate that gene targeting
to the alveolar epithelial cells (specif-
ically the Type I pneumocyte) would
hold the greatest potential for deliv-
ery of therapeutic proteins to the
blood (Figure 1).

Most of the well studied synthe-
sized proteins produced by polarized
airway epithelia — mucus, antibac-
terial factors, surfactant proteins —
are apically secreted into the lumen
of the airway. For a protein product
to be delivered from lung epithelia to
the blood, it must be secreted from
the basolateral membrane. Results by

Auricchio et al. (1) and others (7),
have demonstrated that factor IX,
Epo, and AAT can all be secreted
from the basolateral membrane of
polarized airway epithelial cells.
Because it is not clear that all other
desirable therapeutic protein will
share this property, molecular tags
capable of redirecting secretory pro-
teins from the apical to basolateral
pathways could help improve the
delivery of lung-produced proteins
into the circulation.

The lung as a catabolic factory?

The present work establishing the
lung as a metabolic factory for the
production of therapeutic proteins in
the circulation also raises the ques-
tion as to whether gene expression in
the lung could also be used as a cata-
bolic factory to degrade circulating
toxic metabolic products associated
with genetic diseases, such as
ornithine-delta-aminotransferase
(OAT) and methylmalonyl-CoA
mutase (MCM) deficiencies (Figure
2). In both of these examples, the
accumulation of a toxic metabolic
product, ornithine (in the case of
OAT deficiency) or methylmalonate
(in the case of MCM deficiency),
results in disease pathology. Ap-
proaches for removing these toxic
metabolic products from the circula-
tion of affected individuals by gene

therapy have been proposed and test-
ed in experimental models (16, 17).
The application of lung-directed gene
therapy to catabolize toxic products
from the circulation is an obvious
extension of the work described by
Auricchio and colleagues.

In summary, the lung has several
inherent unique advantages as a
potential therapeutic factory for the
production, or degradation, of
blood-borne molecules responsible
for genetic disease. Most notably,
gene delivery to the lung epithelium
can be performed non-invasively with
alarge target cell population that has
efficient access to the blood. Addi-
tionally, the lung possesses unique
immunologic characteristics that
may make it a preferred target for
gene therapy from the standpoint of
safety and repetitive vector-dosing.
Despite the great promise of this
approach to treat a subset of genetic
diseases, several hurdles remain
before its true potential will be real-
ized. These include assessment and
optimization of secretory properties
for a given therapeutic protein and
region of the airway, as well as the
potential for abnormal protein pro-
cessing in this organ which may alter
the biologic properties of the protein
being produced. These issues will
likely be specific to a given therapeu-
tic protein target.
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Using the lung as a genetically engineered metabolic or catabolic factory to treat genetic diseases.
Gene transfer to the lung can theoretically be used to treat two classes of disorders associated with
either the absence of a functional protein product or the accumulation of a toxic metabolite in the
circulation. In the case of hemophilia B, the lung can be used as a metabolic factory to secrete fac-
tor IX into the circulation. In contrast, diseases for which a toxic metabolic intermediate accumu-

lates in the circulation might also be treated by pulmonary expression of an enzyme that degrades
the harmful compound. For example, ornithine-delta-aminotransferase expression in the lung
could be used to degrade circulating ornithine, which is present in excess in patients with gyrate

atrophy and results in blindness.
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