
Abstract  α1-Antitrypsin (α1AT) therapy is used as a treat-
ment for α1AT deficiency. It has also been proposed as a
therapy for cigarette smoke-induced emphysema, although
the efficacy of such therapy is as yet unproven. Moreover,
the optimal route of delivery of α1AT to the lung intersti-
tium, the crucial locus of action, is unknown. We created
transgenic mice with expression of the human α1AT gene
directed by a human surfactant protein C (SpC) promoter
fragment or a rat Clara cell 10-kDa protein (CC10) pro-
moter fragment in order to examine the ability of pulmo-

nary epithelial cell expression of α1AT to deliver protein
to the interstitium, and to produce a model that would al-
low studies on the efficacy of α1AT in preventing lung
damage after cigarette smoke exposure. Four transgenic
lines were studied. In situ hybridization and light micro-
scopic immunohistochemistry showed that two CC10 driv-
en lines expressed human α1AT in type II alveolar cells
and airway epithelial cells; α1AT expression was seen in
the alveolar parenchyma in two SpC driven lines, and in
small airway epithelium in one of the SpC lines. Electron
microscopic immunochemistry showed the presence of the
human α1AT protein in the interstitium in all lines. Mean
levels of human protein varied from 0.37 to 2.9 µg/g lung
protein and serum levels from 0.72 to 1.3 µg/ml, compared
to normal human serum α1AT levels of 2–5 mg/ml. We
conclude that transgene-mediated expression of α1AT in
pulmonary epithelial cells results in diffuse expression of
the transgene in the alveolar parenchyma and reproducibly
leads to transfer of protein to the interstitium. The present
model is, however, limited by low levels of protein pro-
duction; limited protein production may be a problem in
other forms of gene therapy in which relatively large
amounts of extracellular protein are needed in the lung for
a therapeutic effect.
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Introduction

It is generally believed that the development of cigarette
smoke induced emphysema is mediated by an excess of
inflammatory cell-derived proteases, particularly neutro-
phil elastase, and a relative deficiency of antiproteolytic
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protection, largely as a result of smoke-induced oxidation
of α1-antitrypsin (α1AT), the major antiproteolytic sub-
stance in the lower respiratory tract. The correctness of
this hypothesis remains controversial, but it is clear that a
severe genetic lack of α1AT is associated with the devel-
opment of emphysema, particularly in smokers [1].

The pulmonary parenchyma consists of alveoli lined by
type I and type II pneumocytes, supported on a connective
tissue matrix (the interstitium) through which blood ves-
sels run. In emphysema there is irreversible destruction of
lung parenchyma, particularly the collagen and elastin ma-
trix of the interstitium [2]. Cigarette smoke results in re-
cruitment of inflammatory cells to the lung parenchyma,
in particular neutrophils; the enzymes released by neutro-
phils include potent proteases capable of degrading the in-
terstitial proteins, and an excess of unopposed proteolytic
activity is believed to underlie the development of emphy-
sema [3].

The main host antiprotease defense is α1AT, synthe-
sized in the liver, secreted into the blood, and transported
into the pulmonary interstitium by passive diffusion. Ge-
netic α1AT deficiency states are characterized by de-
creased serum, interstitial, and intra-alveolar α1AT levels
[4]. Administration of intravenous α1AT can correct these
to within normal ranges, but this effect is short-lived and
weekly α1AT infusions are required [4–8].

Considerable effort has been devoted to developing
strategies for exogenous replacement of α1AT as a poten-
tial therapy for both genetic deficiency and smoke-induced
emphysema. It has also been proposed that such therapy
might be beneficial in acute respiratory distress syndrome
where there is also some evidence of neutrophil elastase
mediated connective tissue breakdown [9] and in cystic fi-
brosis, where neutrophil elastase in implicated in direct in-
jury to airway epithelium, and exacerbation of inflamma-
tory responses [10]. Partially purified human α1AT is
available as a commercial product (Prolastin, Bayer), and
intravenous administration does boost circulating levels of
protein. The therapeutic efficacy of this approach for any
indication remains controversial [5, 6] although recent re-
sults with intravenous α1AT augmentation therapy suggest
that it is associated with lower mortality and slower de-
cline in respiratory function in patients with α1AT defi-
ciency [7, 8]. However, these studies are not randomized
and, as noted by the authors, cannot prove the efficacy of
the treatment. Current augmentation therapy also requires
repeated and costly intravenous dosing.

Gene therapy holds out the potential to deliver the
α1AT gene, with resulting long-term expression of the
α1AT protein in targeted cells, and considerable effort has
been devoted to developing gene therapy models. The hu-
man α1AT gene has been delivered to lung epithelial cells
of rats by adenovirus vectors [11], with small and transient
elevations in lavage protein levels. Cationic liposome-
DNA complexes have similarly been used for this purpose
with short-term (1 week) expression of α1AT mRNA and
protein in airway and alveolar epithelial cells, but the re-
sulting protein levels were not documented [12]. Degryse
et al. [13] used a surfactant protein C (SpC) promoter frag-

ment to drive expression of the human α1AT gene in mice.
They found immunogold labeling for α1AT in type II alve-
olar cells but not in the lung interstitium, type I, or endot-
helial cells. Setoguchi et al. [14] reported that small but
detectable serum levels of human α1AT could be produced
by intraperitoneal administration of a viral vector contain-
ing the human α1AT cDNA. More recently, Ferkol et al.
[15] showed that intravenous injection of a mannose rece-
ptor–DNA conjugate leads to expression of human α1AT
in pulmonary macrophages in about 50% of rats, but lav-
age protein levels were, again, extremely low. Kay et al.
[16] showed high level expression of α1AT in hepatocytes
after administration of adenoviral vector, persisting for
weeks before declining to subtherapeutic levels. High ca-
pacity adenoviral vectors, containing more of the sequenc-
es flanking the human α1AT gene and no potentially im-
munogenic viral coding sequences, can produce long-term
(>10 months) α1AT expression in the liver [17]; while the
human serum α1AT levels are subtherapeutic, they are re-
markably stable over time. Crespo et al. [18] demonstrated
long-term (several weeks) expression of human α1AT in
mice with liposome vectors injected intravenously, but the
serum levels of protein were low. Other cell types targeted
in α1AT gene therapy experiments include hematopoietic
cells, where short-term, low-level expression was achieved
using a retroviral vector [19], and skeletal muscle cells
where sustained (>15 weeks) high-level expression was
observed after injection of adeno-associated virus vector
into skeletal muscle [20]. In neither study were lung α1AT
levels assessed.

The exact role of free airspace vs interstitial α1AT is un-
certain, although it is generally believed that the presence
of protein in the interstitium is crucial to preventing pro-
tease and particularly neutrophil elastase mediated destruc-
tion of elastin and collagen [1]. The ability of pulmonary
epithelial cells to synthesize α1AT protein from exogenous
DNA sequences has been demonstrated, but whether α1AT
synthesized in pulmonary epithelial cells actually reaches
the interstitium in vivo is unclear. In this study we used
transgenic animals with human α1AT expression driven by
two different lung-specific epithelial cell promoters in or-
der to determine the distribution of α1AT protein produced
by pulmonary epithelial cells, and to attempt to determine
whether α1AT production levels are potentially high
enough to provide protection against proteolytic attack.

Methods

Generation and analysis of transgenic mice

All transgene constructs used a 1.4-kb human α1AT cDNA fragment
in the HindIII/XhoI sites of pBluescript SK plasmid (pα1AT). The
cDNA with 3’ flanking SV40 polyadenylation sequences [11] was
kindly provided by M. Rosenfeld as an expression cassette
(MLPα1AT). The HindIII and XhoI restriction enzyme sites flanking
the translational start site of the cDNA and the SV40 polyadenyla-
tion sequences were added on by polymerase chain reaction. The
complete polymerase chain reaction product was sequenced by the
dideoxy sequencing method using the Sequenase kit (USB) to ensure
the fidelity of the amplification. The 2.3-kb rat Clara cell 10-kDa
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protein (CC10) promoter fragment (kindly provided by J. Whitsett,
University of Cincinnati) was inserted into the HindIII site of pα1AT
and orientation of the promoter was determined by digesting with re-
striction enzymes having unique sites within the promoter region.
The 3.7-kb SpC promoter (provided by J. Whitsett, University of
Cincinnati) was inserted into the SacI and PstI sites of pα1AT. Both
transgene constructs were liberated from the plasmid by cutting with
the enzyme BssHII. The constructs (Fig. 1) were then isolated on a
2% agarose gel, gel-purified with the GeneClean (Biolol, Vista, Ca-
lif.) extraction kit and resuspended in 10:1 TE buffer. The DNA was
microinjected into the male pronucleus of fertilized eggs from strain
CD-1 female mice that were then transplanted into pseudopregnant
females.

Screening of transgenic mice

Animals were screened for the presence of a transgene by Southern
blot analysis of tail genomic DNA. Positive mice were identified on
the basis of hybridization to the 1.4-kb HindIII/XhoI α1AT cDNA
fragment. To identify mice carrying the CC10-α1AT transgene, tail
DNA was digested with EcoRV which has a unique restriction site
within the entire transgene. Both founders of the two transgenic lines
gave signals of 3.7 kb, which corresponds to the complete length of
the transgene, indicating that the two founders had multiple copies
of the transgene integrated in head-to-tail array. The lines derived
from these two positive mice were named Tg-CCAT1 and Tg-
CCAT2.

To identify mice carrying the SpC-α1AT transgene, tail DNA was
digested with PstI One founder mouse gave a 5.1-kb signal, which
corresponds to the length of the transgene, indicating head to tail in-
tegration of greater than one copy of the transgene. This animal was
named Tg-SpAT3. The second founder animal, named Tg-SpAT2,
showed an intense signal at 5.6 kb and less intense signals at smaller
length fragments. This suggests that it carried either a single copy of
the transgene or multiple copies in nontandem arrangements.

All founders were mated with normal CD-1 mice and DNA from
offspring was analyzed by Southern analysis to confirm stable trans-
mission of the transgenes and then subsequently by dot blot analysis
of tail DNA. All four transgenic lines were bred to homozygosity for
the transgene.

Northern blot analysis

Total cellular RNA was isolated from liver, lung, and trachea of
mice from each transgenic line using a standard guanidine thiocyan-
ate isolation method. For northern blot analysis, 10 µg RNA was
electrophoresed on a 1% agarose gel containing 18% formaldehyde.
The RNA was transferred to a nylon membrane (Nytran) and hybrid-
ized with a 32P-labeled 1.4-kb α1AT cDNA fragment which corre-
sponds to the size of the transcript.

In situ hybridization

The plasmid pα1AT was linearized and used to generate [35s]UTP la-
beled sense and antisense riboprobes. Synthesis was carried out with
either T3 or T7 polymerases and Stratagene RNA transcription kit.
Lung sections were placed two to a slide to allow hybridization with
sense and antisense riboprobes under identical conditions. Section
on slides were deparaffinized, rehydrated, digested with 1 µg/ml pro-
teinase K at 37°C for 30 min, rinsed in 0.1 M triethylamine buffer
for 10 min, washed twice with 2×SSC and dehydrated before
prehybridization.

Sections were incubated with hybridization buffer consisting of
50% formamide for 1–3 h at 58°C which was then replaced by hy-
bridization buffer containing the riboprobes. Hybridization contin-
ued overnight (14–18 h) at 58°C. Sections were then washed twice at
room temperature for 10 min in 4×SSC and 10 mM DTT, at room
temperature for 15 min in 0.5×SSC and 10 mm DTT, and at 60°C for
15 min in 0.1×SSC and 10 mM DTT. Next, slides were rinsed with
0.5 M NaCl, 10 mM Tris, 1 mM EDTA and incubated with 20 µg/ml
RNase A at 37°C for 30 min and rinsed again with the same buffer.
Once again the sections were washed in 2×SSC at room temperature
for 30 min, 0.1×SSC at 60°C for 15 min, 0.1×SSC at room tempera-
ture for 30 min. Finally the sections were dehydrated, dried, and
coated with 50% Kodak NTB-2 emulsion in distilled water at 42°C.
Slides were autoradiographed for 2–4 weeks at 4°C and developed
with Kodak D-19 developer at 14–16°C.

Light microscopic immunohistochemistry

Light microscopic immunohistochemistry was used to determine the
distribution of human α1AT in the transgenic mouse lungs.
Polyclonal anti-human α1AT antibody was purchased from
Boehringer Mannheim (Mannheim, Germany, cat. no. 605002) and
used at a dilution of 1:200. Formalin-fixed lung sections were pre-
treated with 0.1% protease (Sigma) in Tris buffer for 30 min and
then stained using an immunoperoxidase staining kit (Biostain Super
ABC kit, Biomeda, Foster City, Calif.). Sections were incubated
with primary antibody overnight at room temperature and AEC was
used as the substrate chromogen reagent. Lung from a nontransgenic
littermate was used as a negative control in addition to the standard
control of sections incubated without primary antibody. Cirrhotic hu-
man liver was used as a positive control in some instances.

Electron microscopic immunohistochemistry

Electron microscopic immunohistochemistry was carried out to de-
termine whether protein product was present in the pulmonary inter-
stitium. Lung samples from transgenic lines and CD-1 control ani-
mals were fixed with 4% paraformaldehyde and 0.5%
glutaraldehyde mixture for 2–3 h, washed in 0.2 M phosphate buffer,
dehydrated and embedded in Lowicryl HM20 resin. Ultrathin sec-
tions were cut and placed onto mesh nickel grids. The sections were
pretreated with 50 mM ammonium chloride for 45 min to block
unreacted aldehyde groups [21] and further blocked with 0.1% oval-
bumin for 15 min. The sections were incubated overnight in a humid
chamber on a drop of polyclonal primary anti-human α1AT antibody
(DAKO, cat. no. A0012) diluted 1:100 in Tris buffer pH 8.2 contain-
ing 0.1% Tween 20. This antibody was used because initial studies
showed that it produced a considerably stronger and cleaner signal
than the Boehringer antibody used for light microscopic immu-
nochemistry. Detection of mouse α1AT was carried out in a similar
fashion using a rabbit polyclonal anti-mouse α1AT primary antibody
raised in our laboratory. The grids were washed six times with buffer
(Tris pH 8.2) and incubated for 45 min on a drop of Protein A-gold
conjugate (20 nm; Pelco, Redding, Calif.) diluted 1:50 in Tris pH
8.2, 0.1% Tween 20. The sections were washed three times with
buffer followed by three washes with distilled water. Buffer and wa-
ter for the final washes was prewarmed at 37°C to minimize salt pre-
cipitation on the tissue sections. Finally, the sections were washed
with a spray of distilled water, dried, and stained very lightly with
lead citrate.
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Fig. 1  Construction of the transgenes containing the 1.4-kb α1AT
cDNA/SV40 polyadenylation sequences fused to the 2.3-kb rat CC10
promoter and the human 3.7-kb SpC promoter fragments. Relevant
restriction enzyme sites are indicated



Measurement of human α1AT levels in lavage, whole lung, and
serum

Mouse lungs were lavaged through the trachea with 2.5 ml saline.
The lavagate was not concentrated before analysis. Human lavage
α1AT levels were measured with a competitive enzyme-linked
immunosorbent assay (ELISA) test, using purified human α1AT
(Calbiochem, cat. no. 178251) as a standard. The plates were coated
with 100 ng/well α1AT and blocked with phosphate-buffered saline
(PBS) containing 3% bovine serum albumin at pH 7.4. A 50-µl sam-
ple was added into the wells, followed by 50 µl anti-human α1AT an-
tibody (Boehringer Mannheim, cat no. 605002) depleted for mouse
serum. After mixing the solution the plate was incubated for 3 h at
room temperature. After incubation the plate was washed five times
with PBS. 100 µl secondary antibody (goat anti-rabbit IgG-HRP
1:10000; ICN Biochemicals, cat. no. 674371) was measured into
each well. After 1 h incubation at room temperature the plate was
washed five times with PBS. The color reaction was developed using
TMB ELISA substrate (ICN Biochemicals). A quantity of100 µl
substrate was added into each well, and incubated for 5 min. Color
development was stopped with 100 µl 2 M HCl solution. Absorbance
was measured at 450 nm.

Results

Northern blot analysis

Northern analysis revealed α1AT mRNA expression in the
lungs of mice from the transgenic lines carrying the SpC
and CC10 promoters (Fig. 2). Lines CCAT1 and CCAT2
also showed specific expression in the trachea. None of
the lines showed transgene expression in the liver. In an
attempt to create a model in which there was direct inter-
stitial production of α1AT, we also created mice with a hu-
man α1AT gene driver by a 0.9-kDa haptoglobin promoter,
following the report of D’Armiento et al. [22] that this
promoter causes expression of collagenase in the intersti-
tium; although Southern blots showed that the transgene
was successfully integrated, no expression of human α1AT
could be detected in these haptoglobin-α1AT mice, and
these animals were not explored further.

In situ hybridization

In the two CC10 lines, Tg-CCAT1 and Tg-CCAT2, α1AT
expression localized to the alveolar parenchyma, small air-
ways and also larger airways. The distribution of staining
in the alveolar parenchyma was consistent with localization
in type II cells (Fig. 3). Line Tg-SpAT2 line showed a very
similar distribution of gene expression. In contrast, Tg-
SpAT3 demonstrated α1AT expression only in the alveolar
parenchyma, again, in a distribution consistent with expres-
sion in type II cells (Fig. 3). Sections treated with the sense
probe showed minimal background grains (Fig. 3), and
lung tissue from nontransgenic littermates were negative
for human α1AT expression.
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Fig. 2a,b  Northern blot analysis to determine the expression of the
human α1AT gene in the four transgenic lines. a CC10-driven lines.
b SpC-driven lines. Total RNA was isolated from the liver, lung, and
trachea of each animal. The transcript size corresponds to the full
length cDNA (1.4 kb). Human liver RNA (partially degraded) was
used as a positive control

a

b
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Fig. 3a–d  In situ hybridization to demonstrate cellular localization
of human α1AT mRNA within the lungs of CCAT and SpAT
transgenic mice. a Line CCAT1, showing expression in both airway
epithelium and type II cells. b Line SpAT2, showing a similar pat-

tern of expression. c Line SpAT3, showing only type II cell expres-
sion. d Sense probe from line SpAT3 showing absence of signal.
Sense probes corresponding to a and b were similarly negative. All,
×150



Light microscopic immunohistochemistry

Light microscopic immunohistochemistry showed a stain-
ing pattern generally corresponding to the in situ hybridiza-
tion results. However, there were differences in staining in-
tensity. The strongest staining was seen in the airway
epithelial cells in the two CC10-driven lines (Fig. 4a). Air-
way epithelial cell staining in the SpC driven lines ap-
peared weaker. The parenchyma showed much less staining
than the airway epithelium in type II cells and pulmonary
macrophages.

Electron microscopic immunochemistry

In transgenic animals immunogold labeling was seen in
small amounts in type II alveolar cells, occasionally in
type I cells, and consistently in the interstitial tissues (Fig.
4b). A similar distribution was observed for endogenous
(mouse) α1AT (Fig. 4c). Omission of the primary antibody
resulted in no staining, and use of lung tissue from non-
transgenic control animals revealed only small numbers of
randomly scattered gold particles.

α1AT protein levels

ELISA showed demonstrable levels of human α1AT in the
whole-lung tissue and serum of animals in all lines (Table
1). No human protein was detected by ELISA in lavage
fluid; dilution of the epithelial lining fluid on the surface of
the epithelial cells is an inevitable consequence of lavage
and presumably contributes to this negative result. A weak
band was observed on western blot of lavage fluid using
antibody against human α1AT (data not shown). In contrast
to the undetectable human α1AT levels in lavage fluid,
mouse α1AT levels are approximately 200 µg/ml in the
same samples.

Discussion

As indicated in the “Introduction,” attempts to boost pul-
monary α1AT levels have attracted great interest, and a
wide variety of approaches, including numerous forms of
gene therapy, have been employed. The accessibility of the
respiratory epithelium to aerosolized vectors make it an
obvious target for gene therapy. While there is no direct
proof that local lung expression leads to greater interstitial
levels than systemic expression, it has been shown that di-
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Fig. 4  a Light immunohistochemistry to demonstrate cellular
protein production in line CCAT1. Prominent staining is seen in
small airway epithelium (arrows) and much lighter staining in type
II cells. ×500 b Immunogold electron microscopic image showing
the localization of human α1AT in the interstitium in line SpAT3.
×40,000 c Immunogold electron microscopic image showing the lo-
calization of mouse α1AT in the interstitium. ×33,000

a

b

c

▼



rect delivery of α1AT to the lungs as an aerosol is a more
efficient means of increasing lung parenchymal levels of
α1AT than intravenous delivery. Smith et al. [23] demon-
strated that, whereas only 2% of intravenously infused
α1AT is present in the lungs of dogs at equilibrium, 32%
of a lower dose of aerosolized α1AT administered to sheep
is retained in the lungs. However, the results of attempts to
increase α1AT levels to date are disappointing in that, with
the exception of intravenous administration of partially
purified human α1AT [5, 6, 7, 8], resulting protein levels
have generally been very low. As well, expression has typ-
ically been transient, particularly when driven by viral
vectors that elicit host antibody production [11, 14]. A fur-
ther complication is that the efficacy of enhancing system-
ic rather than pulmonary expression of α1AT levels is un-
clear. in humans treated with purified α1AT, Barker et al.
[24] found a poor correlation of serum and lavage α1AT
levels; moreover, lavage levels were disappointingly low.

Conversely, in model systems in which pulmonary ex-
pression of α1AT has been introduced there is little docu-
mentation that the protein actually reaches the interstitium.
This is a particularly important issue, as most normal secre-
tory products (for example, mucus and surfactant) of pul-
monary epithelial cells tend to be secreted into the alveolus
or airway lumen, while, as noted above, the presence of
α1AT in the interstitium is probably required for protection
against connective tissue breakdown, and this requires ei-
ther basal secretion by epithelial cells or diffusion from the
airspace back into the interstitium. Siegfried et al. [25]
showed that adenoviral vector transfection of human respi-
ratory epithelial cells leads to both apical and basal secre-
tion of α1AT in a ratio of 2:1 in monolayer culture systems,
but DeGryse et al. [13] could not demonstrate interstitial
α1AT by electron microscopic immunochemistry in
transgenic mice with the α1AT gene driven by the SpC pro-
motor, although they claimed to detect the protein in the
plasma. How protein can reach the circulation without pas-
sage through the interstitium is unclear. In contrast to the
low levels of human α1AT expression in mice with the
α1AT gene under control of the SpC promoter, Both Ruther
et al. [26] and Sifers et al. [27] reported high levels of hu-
man α1AT in the serum of transgenic mice with the human
α1AT gene under control of its own promoter, resulting in

expression of the gene in hepatocytes. In neither of these
studies were levels of α1AT in the lung assessed.

In this study we created transgenic mice using two lung
epithelial specific promoters, CC10 and SpC, in the hope
of producing permanent high level protein expression in a
location very close to the crucial locus of action. The epi-
thelial localization of α1AT expression seen in our animals
with both the CC10 and SpC promoters is somewhat dif-
ferent from that found by others using these promoters to
drive other proteins. In the normal animal SpC expression
is confined to type II cells and CC10 expression to Clara
cells in the airways. The latter distribution has been ob-
served for most transgenic proteins expressed under the
control of the CC10 promotor. For example, Stripp et al.
[28] showed that the CC10 promotor caused expression of
chloramphenicol acetyltransferase in the epithelial cells
lining the trachea, bronchi, and bronchioles. They found
only very low numbers of silver grains in the alveolar pa-
renchyma, a result which they attributed to possible low
level expression of the transgene. Our observation of ex-
tensive type II cell expression of human α1AT under the
control of the CC10 promotor is thus unusual. On the oth-
er hand, Glasser et al. [29] observed expression of chlor-
amphenicol acetyltransferase by in situ hybridization in
both bronchiolar and alveolar cells in four different
transgenic lines when the protein was under the control of
the SpC promotor. Although there was marked variation in
the relative abundance of expression, comparing airways
to parenchyma in the four different lines, the overall distri-
bution was similar to that which we found in our line Tg-
SpAT2, with both type II cell and small airway epithelial
cell expression. Again, our line Tg-SpAT3 differs in that
only alveolar parenchymal expression was seen. Despite
these variations our results suggest that either SpC- or
CC10-driven constructs can be used to produce diffuse
pulmonary alveolar parenchymal production of α1AT.

Our immunochemistry results are also of interest in that
the most intense staining was seen in airway epithelial
cells, probably because the protein product is produced
and stored in the airway cells for a period of time, rather
than being immediately secreted. The type II cell signal
was much weaker. These findings, along with the presence
of signal in the interstitium by electron microscopic immu-
nochemistry, and the ELISA/western blot data showing
measurable levels of protein in whole lung and serum but
extremely low levels in lavage, suggest that most of the
human α1AT produced in type II cells is not stored in the
cells but is very rapidly exported through the basal surface
and perfuses the interstitium before reaching the circula-
tion. This conclusion is consistent with the observation
that some other types of proteins produced by type II cells,
for example, gelatinase, are secreted predominantly in a
basal direction [30], and also with the observation that
α1AT is produced in hepatocytes at very high levels, but
that very little or no immunochemically reactive protein
can be demonstrated in hepatocytes because the protein is
immediately secreted into the liver sinusoids.

In summary, we have shown that diffuse alveolar epi-
thelial cell specific expression of human α1AT can be
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Table 1  Whole lung and serum levels of human α1-antitrypsin. (ND
Not detected)

Line Lung protein Serum
(µg–1 g–1) (µg–1 ml–1)

Transgene negative controls ND ND
SpAT2 0.59±0.51 0.82±0.20
SpAT3 2.9±1.4 1.2±.18
CCAT1 0.37±0.37 0.72±0.41
CCAT2 1.3±0.61 1.3±1.20

aNormal serum α1AT levels: 2–5 mg/ml in humans, 4–6 mg/ml in
mice



achieved with two different promoters, and that expression
of α1AT in pulmonary epithelial cells is a potentially ef-
fective method of boosting interstitial α1AT levels in vivo.
While this approach is promising, it suffers, as do many of
those discussed above, from low levels of protein produc-
tion. To put this in perspective it is useful to note that in
these same animals the levels of mouse α1AT are about
200 µg/ml in lavage and around 5 mg/ml in serum. The
normal range for serum α1AT in humans, by comparison,
is 2–5 mg/ml [4]. Our findings, and the other reports in the
literature in which gene therapy treatment models using
α1AT have been described, thus raise an important ques-
tion. Most attempts to use gene therapy, for example, in
the treatment of cystic fibrosis, are meant to provide an in-
tracellular protein that is required in relatively small
amounts. However, α1AT replacement therapy requires
production of very large amounts of an extracellular pro-
tein not normally synthesized by any pulmonary cells, and
it is unclear at this point whether adequately high levels of
protein expression in the lung can be achieved by gene
therapy, or whether such massive levels of α1AT produc-
tion, even if they could be achieved, would compromise
the normal function of pulmonary epithelial cells. In con-
trast to the low levels of α1AT after gene therapy or in
transgenic animals where expression is directed to the pul-
monary epithelium, both delivery of adenoviral vectors to
hepatocytes and transgenic animals with expression in
hepatocytes have shown high level α1AT expression with
serum levels in the range considered therapeutic [16, 26,
27]. Similarly encouraging results have resulted from di-
rect injection of skeletal muscle with adeno-associated vi-
rus vectors containg the α1AT gene [20]. Although gene
therapy vectors are more readily delivered to the respirato-
ry epithelium, hepatocytes or some other cell type may ul-
timately prove capable of synthesizing sufficient protein to
be protective.

The animals described here will be useful experimen-
tally, however, as unlike nontransgenic mice they tolerate
repeated doses of human α1AT protein without developing
serum sickness (R. Dhami, unpublished data). Thus they
can serve as an animal model for studying protective ef-
fects of exogenous human α1AT protein against experi-
mental lung injuries, including cigarette smoke.
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