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Alpha-1 antitrypsin (AAT) deficiency is a common single-gene disorder among Northern Europeans and
North Americans. The carrier frequency for the common missense mutation (Z-AAT) ranges from 4% in the
US to nearly 25% in the Republic of Ireland. Severe AAT deficiency (plasma levels below 11 mM) is most com-
monly associated with an adult-onset lung disease, with pan-acinar emphysema and airway inflammation,
which is thought to be primarily owing to the loss of function of AAT in neutralizing neutrophil elastase
and other pro-inflammatory enzymes. In 5–10% of patients, severe liver disease may develop. This may
occur at any time from infancy to adulthood, and is thought to be owing to toxicity from the Z-AAT mutant
protein that folds poorly and forms insoluble polymers within the hepatocyte, which is the primary site for
AAT production. Thus, gene therapy for AAT lung disease is conceived of as augmentation of serum
levels (a prolonged form of protein replacement, which is currently in use), while gene therapy for liver dis-
ease presents the problem of also having to downregulate the production of Z-AAT protein. Over the years,
numerous strategies have been employed for the gene therapy of both AAT-deficient lung disease and liver
disease. These will be reviewed with an emphasis on modalities that have reached clinical trials recently.

NORMAL FUNCTIONS OF AAT

AAT is the most abundant circulating serum antiprotease, with
a steady-state concentration in normal individuals of
15–30 mM, and a threshold level for susceptibility to lung
disease at 11 mM (570 mg/ml). AAT is structurally homolo-
gous to other serine proteinase inhibitors (serpins), although
it has a broad spectrum of inhibitory activity for
pro-inflammatory enzymes and mediators. These include neu-
trophil elastase (NE), proteinase-3, a number of cathespins,
caspase 3 and alpha defensins. The capacity for the inhibition
of trypsin, for which it was classically named, is probably not
of physiological importance.

Under normal circumstances, AAT is produced primarily
within the hepatocytes and secreted directly into the serum.
Other sites of production include monocytes, macrophages
and neutrophils. AAT secreted from the liver circulates at
high levels (as mentioned above) throughout the serum and
interstitial fluid. In the lungs, AAT protects the alveolar inter-
stitial elastin from degradation by the NE. Neutrophils are
abundant in pulmonary capillaries (the main location of the
so-called ‘marginating pool’) and as their lifespan outside
the bone marrow is less than 2 days, the alveolar capillaries
are a site of ongoing neutrophil death and release of NE.

Thus, a steady production of AAT is necessary in order to
maintain an appropriate protease–antiprotease balance.

Intermittently, lung infections or other noxious insults may
recruit additional neutrophils to the alveolar spaces and
airways in the lungs, and the ability of the AAT to localize
the effects of NE and related neutrophil products to the site
of maximal host response. Of note, AAT’s reactive loop is
inactivated by the oxidation of a key methionine residue, so
that dense accumulations of neutrophils at the site of serious
infection can, via their oxidative burst, inactivate AAT and
allow for the unabated action of NE against the attacking
pathogens. As the acute infection resolves, however, AAT pro-
tects the surrounding interstitial elastin from destruction and
restores the protease–antiprotease balance, with the antipro-
tease activity always remaining in excess.

AAT DEFICIENCY

Mutation of the AAT gene is very common in Northern
Europeans and North Americans, with mutation rates
nearing 25% in the Republic of Ireland. In the USA, estimates
of mutation rates range from 3 to 4%. The vast majority of
mutant alleles are comprised of one specific missense mutation
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(Glu342Lys, known as PI∗Z) accounting for over 90% of
disease-causing alleles, and the second most common
(Glu264Val, known as PI∗S) accounting for much of the
remaining disease, particularly when in the compound hetero-
zygous state with PI∗Z. A number of other missense and null
alleles have been identified, but these are collectively rare.

The pathobiology of the Z-AAT mutation has been carefully
characterized. The Glu to Lys amino acid substitution disrupts
an important salt bridge in a beta-pleated sheet region of the
protein, allowing the reactive loop from one AAT molecule
to insert itself into the beta sheet of an adjacent AAT molecule
(1,2). The ‘loop-sheet’ polymer form of AAT has been crystal-
lized and its structure fully defined (3).

It is clear that the Z-AAT protein polymers are not secreted
efficiently from the hepatocytes, resulting in the intracellular
accumulation of AAT in hepatocytes and low circulating
serum levels (,11 mM). Patients with AAT deficiency
frequently develop lung disease, which is primary thought
to be owing to the deficient serum levels, leading to an
inadequate protease protection for the lung. This has been con-
firmed by bronchoalveolar lavage studies on deficient patients,
which show zero levels of anti-NE capacity and some baseline
active NE in many cases. The lack of AAT in the lung thus
exposes the alveolar interstitial elastin to gradual degradation
by NE, and leads to emphysema, which is histologically
termed as ‘pan-acinar’ or ‘pan-lobular’, uniformly affecting
a pulmonary lobule, in contrast with emphysema due solely
to exposure to cigarette smoke, which is classically ‘centri-
lobular’. Because AAT also is normally inactivating a
number of other pro-inflammatory molecules in the airways
and alveoli, AAT-deficient patients also demonstrate airway
inflammation, wheezing and an asthma-like clinical picture.
The average age of diagnosis is 52 years, but most patients ret-
rospectively report up to 10 years of symptoms preceding their
diagnosis.

Tobacco smoking is an important co-factor in the develop-
ment of AAT lung disease. This is most likely owing to the
fact that cigarette smoke can lead to oxidation of the reactive
site methionine, as described above. The fact that cigarette
smoking is often a coincident historical finding has probably
contributed to the rather remarkable ‘under-diagnosis’ of this
problem. Of the 30 000 estimated PI∗ZZ homozygous individ-
uals in this country, only 6000 have been diagnosed. It seems
likely that chronic lung disease in a patient with a history of
cigarette smoking is often assumed to be purely environmental
even when AAT deficiency is present.

There is also some evidence that AAT lung disease could be
due, in part, to the presence of Z-AAT polymers within alveo-
lar macrophages and in the extracellular space. Such polymers
are themselves pro-inflammatory and could lead to propa-
gation of the inflammatory cascade and further skewing the
protease–antiprotease imbalance. Finally, AAT has been
shown to be directly anti-apoptotic in the pulmonary endo-
thelial cells owing to the inhibition of caspase-3 in those
cells. Furthermore, loss of endothelial maintenance by inhi-
bition of the VEGF-receptor leads to a form of experimental
emphysema that can be cured by AAT augmentation. Taken
together, the combined effects of AAT deficiency and
Z-AAT polymerization lead to loss of both alveolar intersti-
tium and alveolar capillary endothelial cells, as well as an

active cycle of airway inflammation that causes progressive
loss of lung function in most AAT-deficient patients over time.

AAT LIVER DISEASE

The spectrum of liver disease in AAT deficiency is quite
broad. In an early report by Sharp et al. (4), infants and chil-
dren with AAT deficiency were recognized to be at risk for
cirrhosis. Subsequently, Sveger undertook screening of 200
000 newborns with AAT deficiency and determined that a
much higher proportion of AAT-deficient children suffered
mild or subclinical cases of either jaundice or elevated liver
enzymes (5). While the underlying mechanisms of liver
disease are not fully understood, it is generally accepted that
it is owing to the downstream consequences of the accumu-
lation of Z-AAT within the hepatocytes. Both the unfolded
protein response and endoplasmic reticulum overload caused
by the distension of accumulating Z-AAT have been described
within the hepatocytes of these patients, which ultimately have
been associated with pro-inflammatory signaling (6,7). In
addition, the usually present Z-AAT aggresomes of insoluble
Z-AAT polymers have also been linked to an increase in hep-
atocyte autophagy (8). Although many of these phenomena
may be present in most of the Z-homozygote patients, only
about a 10% go on to develop a full-blown liver disease.
This would suggest that the progression of the liver disease
could be dependent on or accelerated by environmental
factors such as alcohol exposure, viral infections or the

Figure 1. Concentrations of transgene-derived normal AAT protein in nasal
lavage fluid from subjects with PiZZ AAT deficiency. Time-course of
responses to intranasal lipoplex delivery of a normal AAT gene with the
untreated contralateral nostril serving as control. Data are normalized to
total protein concentration. Reprinted with permission from Brigham et al. (9).
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presence of modifier gene. However, current association
studies have not linked a modifier gene to the liver disease,
but there is some evidence that viral infection precipitates
the progression of established hepatitis.

GENE THERAPY FOR AAT DEFICIENCY

Currently, the only Food and Drug Administration
(FDA)-approved therapy for AAT deficiency is protein repla-
cement by weekly intravenous infusions. Several products
exist in the market for this purpose and they have been
shown to be very safe and effective in restoring AAT serum
levels to the therapeutic threshold of 11 mM as set by the
FDA. While there have been few properly powered prospec-
tive studies to demonstrate the therapeutic benefits on lung
disease resulting from such therapies, there is evidence from
the retrospective analysis of the AAT foundation’s registry
that patients on protein replacement trended towards a
decrease in mortality. While this approach may be effective,
the nuisance of weekly infusions for life, along with the
high cost of this therapy permits a reasonable opportunity
for a gene augmentation approach with a gene therapy
vector. The FDA-set therapeutic threshold of 11 mM is a con-
venient endpoint for a gene therapy intervention because if
plasma levels meet or cross this level, the gene therapy
product would be considered therapeutic. Another attractive
need for gene therapy in AAT deficiency is the idea that the
use of gene augmentation could offer the advantage of a
single administration; this would considerably decrease the
burden of the costly weekly protein infusions and would be
of great benefit to the patients.

Over the last decade, there have been three completed and
one ongoing gene therapy clinical trials in which the normal
(PiM) AAT (M-AAT) gene has been delivered to AAT-
deficient patients. Three of these trials used recombinant
adeno-associated viral vectors with the aim of achieving thera-
peutic systemic AAT correction after intramuscular delivery.
However, the first gene therapy clinical trial to be performed
on this patient population used non-viral vectors to deliver
AAT locally. This trail consisted of instilling an unmodified
cationic liposome (DOTMA:DOPE) complexed with a
plasmid (lipoplex) encoding the normal AAT gene driven by
a cytomegalovirus (CMV) promoter into one of the nostrils
of the human subject (9). Five patients homozygous for the
PiZ mutation were enrolled and each was instilled with the
lipoplex in one nostril thus leaving the contralateral nostril
to serve as a control. Lavage samples for each nostril demon-
strated a rise in AAT levels on the treated nostril, peaking at
day 5 and returning to basal levels by day 14 (Fig. 1).
During the peak of expression, AAT levels where one-third
of normal (9). This trial served as a proof-of-concept for the
use of local non-viral gene delivery of AAT; however, there
is a wide gap in the translation of this concept as delivery of
the whole lung would necessitate frequent re-administrations
owing to the transient nature of the expression and would be
hampered by the toxicity of cationic liposomes.

As mentioned above, all the remaining clinical trials have
focused on the intramuscular delivery of recombinant adeno
associated virus (rAAV). The idea is simply to restore plasma
levels at or above 11 mM, and since the site or cell type that is
producing the AAT is not relevant, the muscle was chosen for
its easy accessibility and the long-lived non-dividing nature of

Figure 2. Time-course of vector-mediated AAT expression and enzyme-linked immunosorbent spot (ELISPOT) responses to AAV1 capsid peptides in patients
receiving (A) 2.2 × 1013 or (B) 6.0 × 1013 vgs intramuscularly of a recombinant AAV1 vector expressing the M-AAT gene. Serum M-specific AAT levels are
plotted at the top of each panel and interferon-gamma ELISPOT responses to an AAV1 capsid peptide library are plotted at the bottom of each panel. M-AAT
levels past day 90 for subjects 201 and 303 are not shown as they resumed protein replacement at this time-point. The day 365 sample for subject 202 could not
be tested because of severe hemolysis. ELISPOT responses are characterized as – (negative in both ex vivo and cultured assays),+(positive in cultured assay but
negative in ex vivo assay) or + (positive in both ex vivo and cultured assays). Samples for ELISPOT analysis were not available beyond day 90 for subjects 202,
203 and 302. Reprinted with permission from Brantly et al. (15).
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its cells. In theory, this would allow for a minimally invasive
delivery of vector with a sustained expression of AAT. This
idea is based on numerous animal studies that showed robust
long-term AAT detection in serum in some cases for up to a
year after a single rAAV intramuscular injection (10).

The first of these Phase I trials was completed in 2006 using
the original rAAV2 vectors expressing the AAT gene driven
by a hybrid chicken beta-actin promoter with a CMV enhancer
(CB) (11). Twelve patients were enrolled into four dose
cohorts with a range of 2.1 × 1012 to 6.9 × 1013 vector
genomes (vg) per patient. Injections were performed in a
sequential dose-escalating manner after a 28-day wash-out
period for those patients on protein replacement (11). While
vgs were detected in the blood of patients 1–3 days post-
administration in most patients, and there was an eventual
rise in the anti-AAV2 antibodies, further serum analysis
failed to show any sustained expression of PiM AAT
(M-AAT). An important lesson from this initial Phase I trial
was that the study design which relied on a 28-day wash-out
period was not optimal as residual M-AAT levels from
protein replacement were still present and could possibly be
masking any rAAV-derived M-AAT expression.

With the advent of new serotypes and the feasibility of
cross-packaging AAV2 genomes into different AAV capsids
to create pseudotypes, rAAV vectors with expanded tropisms

and greatly increased efficiency of gene transfer to certain
tissues were discovered. At the time of the first AAV2-AAT
trial, numerous studies had already demonstrated the superior
expression achieved with rAAV1-pseudotyped vectors after
intramuscular injection in mice (12–14). It was on the basis
of these findings that the next clinical trial focused on
rAAV1 muscle-directed gene transfer. This second Phase I
trial was sponsored by Applied Genetic Technologies Corpor-
ation and enrolled nine AAT-deficient subjects into cohorts of
three patients each with a dose escalation of 6.9 × 1012, 2.2 ×
1013 and 6.0 × 1013 vgs per patient (15). The deltoid muscle
of either arm was instilled with a constant 9.9 ml volume
regardless of the vector dose containing the same expression
cassette used in the first trial but pseudotyped into an AAV1
capsid. Aside from the change in vector capsid and the
increase in dose range, this second trial also amended the clini-
cal protocol to include a 56-day wash-out period for patients
on protein replacement for cohorts 2 and 3. The injections
were well-tolerated with only minor bruising and swelling in
some instances and there was only one serious adverse event
reported (bacterial epididymitis), which was deemed unrelated
to vector administration. In contrast to the first trial, M-AAT
levels for cohorts 2 and 3 were all detected above the baseline
(Fig. 2). The increase was dose-dependent, and in cohort 3 it
was sustained for at least 1 year in those patients who were

Figure 3. Liver human alpha-1 antitrypsin (hAAT) histology results for PiZ-transgenic mice transduced with AAV8-NC-shRNA or AAV8-3X-shRNA, 14 days
post-rAAV8 delivery. Mice transgenic for the human Z-AAT gene were dosed via the portal vein with rAAV8 vectors expressing either three shRNAs directed
against the AAT gene (3X-shRNA) or a scrambled negative control (NC-shRNA). (A) Representative hAAT-stained liver sections for mice injected with 1 ×
1011 vector genomes of rAAV8-NC-shRNA. (B) Representative hAAT-stained liver sections for mice injected with 1 × 1011 vector genomes of
rAAV8-3X-shRNA. (C) Quantification of hAAT-stained areas were performed using MetaMorph Software, sections for each rAAV8-shRNA-transduced
livers were analyzed. Thresholded area represents the area on the section that is within the parameters considered to be positively stained. (D) Schematic of
the proviral plasmid construct containing three U6 promoter-driven shRNAs, used to make the rAAV8 vectors. Results are expressed as the mean thresholded
area for four different livers for each group+S.E.M. Reprinted with permission from Cruz et al. (20).
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followed for that time period. The three patients in the high-
dose cohort all achieved M-AAT levels between 30 and
50 nM, which is 200-fold lower than the 11 mM target. As
seen in the first trial, all patients in this study also developed
neutralizing antibodies against AAV capsid, however this
trial also included a more in-depth analysis of T-cell response,
which demonstrated a concomitant interferon gamma-positive
ELISPOTs against a peptide library for the AAV1 capsid
(Fig. 1). Further evaluation of capsid-specific response by
flow cytometry with peripheral blood mononuclear cells
from two of the patients in the high-dose cohort revealed
both functional CD4+ and CD8+ T-cell specific for AAV1
capsid epitopes. Interestingly, in this trial, despite the evidence
for positive functional CD8+ T-cells against AAV1 capsid, in
the two high-dose patients who were followed for a year,
M-AAT levels were sustained.

Based on this, a new Phase I/II trial with rAAV1-AAT
vector was initiated, which include a top dose 7-fold higher
over the high dose in the first rAAV1-AAT trial. This trial
also differed in the packaging method used for vector pro-
duction as it relied on HSV1-helper system as opposed to
the traditionally used triple transfection (16). This change in
production had two effects—first, it facilitated the production
of large amounts of recombinant vector needed for the study
and second, HSV-produced vector had increased potency as
determined by transduction when compared with equally
titered transfection-made vector (16). The trial design was
similar to the previous trial with three dose cohorts receiving
intramuscular injections at doses ranging form 6 × 1011, 6.0 ×
1012 and 4.2 × 1014 vgs per a 70 kg subject. Unlike the pre-
vious trial and due to the need for higher doses, the number
of intramuscular injections administered in each dose group
was different. All injections consisted of a suspension of
1.35 ml, in the first dose cohort this was delivered by 10 intra-
muscular injections, increasing to 32 and 100 individual intra-
muscular injections administered in a single day for cohorts
2 and 3, respectively. In addition to monitoring the immune
response through ELISPOT and flow cytometry, this trial
also included the addition of muscle biopsies at day 90 to
evaluate inflammation and M-AAT secretion at the site of
injection. To date, all patients have been dosed and no
adverse events have been reported; the trial is ongoing and
the results for serum M-AAT levels should be forthcoming.

Currently, all the clinical gene therapy trials for AAT
deficiency have focused on restoring M-AAT protein to ulti-
mately address lung disease. However, as mentioned above,
the PiZ homozygote patients will accumulate misfolded
AAT polymers in the hepatocytes. These aggregates have
been linked to liver disease ranging from mild jaundice in
infants to hepatocellular carcinoma and fulminate liver
failure. Several gene-therapy strategies have been employed
throughout the years to reduce the accumulations of misfolded
PIZ. Some of the earlier attempts to target PiZ mRNA were
performed using ribozymes specific for PiZ mRNA (17–19).
Since then and with the transformational discovery of RNAi,
strategies involving the use of short hairpin RNA (shRNA)
for the knockdown of Z-AAT have been used (20–22). Precli-
nical studies using shRNA for the knockdown of PiZ protein
show a reduction in the serum Z-AAT levels in transgenic
mice and significant clearance of Z-AAT protein from the

hepatocytes (Fig. 3) (20). Despite the fact that no liver toxicity
was observed in these studies, the use of shRNA has been
shown to have toxicity both in the liver and in the brain in
two other studies (21,23). Other more promising approaches
rely on the use of polymerase II-driven miRNAs instead of
polymerase III-driven shRNAs to decrease the toxicity associ-
ated with the interference RNA (23,24). In fact, the use of pol
II-driven miRNAs against the Z-AAT mRNA will allow the
simultaneous expression of M-AAT cDNA, which should
address both liver and lung disease. While these recent break-
throughs are promising and have been shown to work in mice,
preclinical toxicology studies are needed to understand the
effects of long-term miRNA expression.
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