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Abstract.
Alpha-1 antitrypsin (AAT) is the most abundant proteinase inhibitor within the
circulation and AAT deficiency is a genetic disorder characterised by serum levels of
less than 11µmol/L. The Z mutation is the most common AAT allele associated with
the disease and causes the most severe plasma deficiency, as the mutant protein
polymerizes and accumulates within the endoplasmic reticulum of hepatocytes. The
retained polymers are associated with cirrhosis and reduced serum levels of AAT
contribute to the development of chronic pulmonary disease in AAT deficient
individuals. This article will review the importance of AAT as a serine antiprotease,
the clinical manifestations of AAT deficiency and specific treatment of the disease.
Current therapies including AAT replacement and treatment with synthetic or
alternative protease inhibitors are reviewed, along with possible future therapies
including those focusing on targeting AAT polymer formation or based on gene
therapy.
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1.0 An introduction to alpha-1 antitrypsin.
Serpins (serine protease inhibitors) are the largest family of protease inhibitors
and include Į1-antitrypsin (AAT), Į1-antichymotrypsin, C1 esterase inhibitor and
plasminogen activator inhibitor-1. AAT is the most abundant endogenous serine
protease inhibitor in the blood. This antiprotease is secreted mainly by hepatocytes
but can also be produced by other cells including intestinal epithelial cells, neutrophils
[1], monocytes [2], pulmonary alveolar cells and macrophages [3, 4]. The protein is
synthesised as a single polypeptide chain that is glycosylated and post-translationally
modified in the endoplasmic reticulum (ER). Within the ER it is modified by the
covalent addition of three N-linked oligosaccharides which are then trimmed of their
terminal oligosaccharide sugars and AAT is cleaved of its amino terminal signal
peptide before being packaged and released.
Structurally AAT is a typical serpin which possess nine alpha helices, three
beta sheets and a reactive centre loop, which is mobile and exposed. Most proteins
naturally fold into their most stable state, however AAT is strained into a metastable
form which has considerably lower conformational stability [5]. This form of AAT is
critical for it biological function as when AAT binds its target protease, proteolysis of
its reactive centre loop allows transition from the strained, to a more relaxed
conformation, which is of higher conformational stability and lower thermodynamic
state.
AAT inhibition of serine proteases utilises a kinetic trap with a suicide
substrate inhibition mechanism. The pseudo substrate that traps the protease is located
in the flexible reactive centre loop and consists of twenty amino acids that are
recognised by the target protease as an appropriate cleavage site [6, 7]. Once the
protease has taken the bait the initial non covalent Michaelis complex is formed as the
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protease cleaves the P1-P’1 peptide bond of the reactive centre loop [8]. The P1’ amino
acid is released and an ester bond is formed between the protease and the serpin,
yielding a covalent acyl-enzyme intermediate. Thus AAT has been reported to exist in
a number of conformations; the native form containing a fully intact reactive centre
loop; the protease complexed form where AAT is complexed in a one to one ratio
with a protease; a modified form which can occur by interaction with a protease
rendering AAT inactive as a serine protease, and lastly, the plasma purified latent
inactive form of AAT [9, 10]. Of importance, inactive AAT can also exhibit
biological effects and the “non-serpin” functions of modified forms of AAT,
including oxidised, nitrosylated, polymerised and degraded fragments of AAT have
been extensively studied [11]. As an example, AAT complexed to neutrophil elastase
(NE) is a powerful neutrophil chemoattractant [12] and the oxidized form of AAT
[13] induces multiple effects including cytokine expression and intracellular lipid
metabolism in monocytes [14].

2.0 AAT deficiency
AAT deficiency is a genetic disorder affecting an estimated 3.4 million
individuals worldwide [15] and is characterised by early-onset emphysema, liver
disease and uncommon cases of skin panniculitis. AAT deficiency is an autosomal codominant condition. The AAT protein is encoded by the SERPINA1 gene
(SERPINA1), previously known as the protease inhibitor (PI) gene or locus, located
on chromosome 14q32.1 [16]. The gene is 12.2kb in length with seven exons and six
introns; its protein product is 52 kDa comprising 394 amino acids [17].
SERPINA1 is highly pleiomorphic and over 100 alleles identified to date [18].
AAT mutations which confer an increased risk of developing pulmonary emphysema
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are those which when combined in homozygous or heterozygous states, yield AAT
serum levels below a putative protective threshold of 11µmol/L [19].

AAT

deficiency-related liver disease is associated with mutations which affect the folding
of AAT. The most common variants associated with both lung and liver disease are
the Z (Glu342Lys) and S (Glu264Val) mutations, caused by the substitution of
glutamic acid for lysine or valine at positions 342 and 264 of the polypeptide,
respectively [20, 21]. The Z allele causes the most severe plasma deficiency with the
S allele causing milder plasma deficiency. The mutant Z variant (ZAAT) occurs in
>95% individuals with AAT deficiency [22]. The single amino acid substitution
(Glu342Lys) [23] in ZAAT leads to an alteration in the secondary structure of the
AAT molecule, which in turn leads to aberrant protein folding and the accumulation
of this misfolded ZAAT in the ER of hepatocytes and other AAT-producing cells
[21]. Consequently, there is inadequate secretion of protein leading to a low plasma
concentration of total AAT.
Another class of SERPINA1 variants are the rare, but clinically important
“null” mutations. These lead to a complete absence of AAT production, are not
associated with liver disease, but confer a high risk of devloping emphysema [24].

2.1 Epidemiology of AAT deficiency
The distribution of AAT mutations reflects the genetic origins of the disorder.
In northern Europe approximately 6% of people carry the S allele whilst 3-4% carry
the Z allele [25]. The Z allele peaks in southern Scandinavia and has a high
prevalence in northern and western European countries. In the Iberian peninsula there
is a high frequency of the S allele which decreases along a southwest to northeast
axis, suggesting that the mutation is likely to have arisen in the region [26]. Overall
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throughout Europe the frequency of the S and Z mutations varies widely between
countries, geographic regions, and ethnic groups [25]. The frequencies of the Z allele
in the United States are similar to the lowest frequencies in Europe, but the S allele is
more common than in northern Europeans. AAT deficiency is infrequent in the Asian,
African and Middle Eastern populations [15]

2.2 Molecular pathophysiology and clinical manifestations of AAT deficiency.
Ninety five percent of AAT deficient individuals have at least one Z allele.
The low protein levels result from polymerisation of the protein within the ER of
hepatocytes and other AAT-producing cells, with subsequent reduction in serum
levels due to intracellular accumulation [27]. Individuals who are ZZ homozygous are
characterised by plasma AAT levels of 10% of the normal M allele. The presence of
the Z mutation causes a conformational change in the AAT molecule. Specifically the
ȕ sheet A opens leaving it susceptible to interaction with other AAT molecules to
form a dimer or polymers [6, 21, 28]. These polymers get trapped in the endoplasmic
reticulum and are unable to be secreted as effectively as MAAT.
The clinical disease associated with AAT deficiency can present in a number
of ways. These include chronic obstructive pulmonary disease (COPD), liver disease,
panniculitis and antineutrophil cytoplasmic antibody vasculitis (e.g. Wegener's
granulomatosis). The most frequent organs affected are the lung and the liver however
both organs are rarely affected in the same individual. In the lung, AAT deficiency
manifests as panacinar emphysema in the fourth and fifth decades [29]. This is the
only proven genetic risk factor for the development of COPD and individuals with
AAT deficiency who smoke are prone to more aggressive disease. The frequency of
AAT deficiency as a factor responsible for COPD can only be estimated. In one study

6

of 965 patients with COPD who were screened for AAT deficiency just under 2%
were shown to have the disease [30]. Extrapolating from the National Health
Information Survey in the USA which estimates that 3.1 million Americans have
emphysema this suggests that 59,000 of these patients have emphysema caused by
AAT deficiency. However even in patients with severe AAT deficiency, the
development, manifestations and progression of COPD are highly variable, which
suggest that modifier genes and environmental exposures may be relevant to disease
expression. The altered AAT protein is the product of a single gene, but the disease
phenotype is almost certainly a result of many genes.
Historically evidence for the association of bronchiectasis with AAT
deficiency is mixed with reports ranging between 2-11% [31]. However, a recent
study characterising the computed tomographic phenotype of patients with AAT
deficiency found clinically significant bronchiectasis in as many as 27% of the
patients [32].
After the lung the liver is the next most commonly affected organ. AAT
deficiency is the most common genetic diagnosis in children undergoing liver
transplantation [33]. It is also an important cause of cirrhosis and hepatocellular
carcinoma in adults [34]. The largest ever AAT deficiency population screening
study was performed in the 1970s by Laurell and Sveger [35]. Of the 200,000
individuals studied, 127 were identified as being homozygous for the Z allele. Within
this group 18% had evidence of some liver dysfunction (e.g. obstructive jaundice) by
the age of 6 months [36] and had a 50% risk of progressing to liver cirrhosis. Twenty
five percent died within the first decade of life and 2% developed cirrhosis later in
childhood. [31, 37]. The established association of ZAAT deficiency with liver
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disease has led to the recommendation for screening all neonates, children and adults
with unexplained liver disease for this condition. [38]
Panniculitis is a skin condition associated with AAT deficiency, originally
described in 1972 by Warter et al. [39]. The prevalence of panniculitis as a
complication of AAT deficiency is infrequent, with an occurrence of approximately
0.1% [40]. Clinical manifestations include nodular lesions involving degenerative
changes of the dermal collagen [41] commonly occurring on the thighs and buttocks
[42]. The pathophysiology of panniculitis in AATD possibly relates to consistent
neutrophilic inflammation and unopposed NE activity. In addition, it has been
proposed that Z-type AAT polymers in the skin, supports the inflammatory
pathogenesis of panniculitis [43], although this latter inference requires further
verification.
Vasculitis is another of the less frequently occurring diseases associated with
AAT deficiency. An over-representation of abnormal AAT phenotypes in people with
antiproteinase 3 antibody-positive (i.e., c-ANCA-positive) vasculitis has established a
relation between the two conditions. [38]. There is also an association of the Z and S
allele of AAT with asthma [44], pancreatitis and vascular aneurysms [45].

3.0 Setting the scene for the protease imbalance in AAT deficient individuals.
Regulated protease activity has essential functions in biological systems
including killing of microbes and the modulation of innate immunity. It has been
previously demonstrated that protease deficient mice are highly susceptible to
infection resulting in mortality by important human pathogens such as P. aeruginosa
[46], E. coli and K. pneumonia [47]. Other pivotal roles include processing of anti-
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microbial peptides such as LL-37 from the precursor cathelicidin molecule [48], and
in the upregulation of β- defensins in bronchial epithelial cells [49].
Principally AAT is a NE inhibitor, and in the absence of AAT there is
increased NE proteolysis which can cause inflammation that can eventually become
chronic and lead to tissue destruction as is seen in emphysema. This is evident in
AAT deficiency where excessive neutrophil recruitment to the lung, results in
increased NE activity [50]. NE is a prolific degrading protease that is released from
the azurophilic granules of the neutrophil upon stimulation. Each azurophilic granule
contains 5.33mM NE, corresponding to ~67000 molecules per granule. NE and two
other proteases, protease 3 and cathepsin G, are found in similar amounts and
distribution in neutrophils [51], however much of the research has focused on NE as it
is the main mediator of proteolysis (Figure 1). As NE up-regulates expression of
MMPs and cathepsins it has been suggested that neutralisation of NE activity is
central to reducing the overall protease burden [52]. In addition, NE plays a central
role in activation of MMPs which are synthesized in an inactive zymogen precursor
form [53]. For example, MMP-9 which exists as a pro-form, exhibits a molecular
mass of 92 kDa which is cleaved by NE into an active molecule that is 72 kDa in size
[54]. In turn, increased levels of active MMP-9 can lead to the increased production of
chemotactic peptides [55], extensive airway remodelling and inflammation [56, 57].
In the absence of AAT, other types of enzymes that can be activated by serine
proteases include meprin α [58], MMP-2 [59, 60], MMP-3 [59] and pro-cathepsin B
[61].
Degradation of the extracellular matrix proteins elastase, collagen, fibronectin,
laminin and proteoglycans is central to the tissue destruction observed in AAT
deficiency and ensuing emphysema [62]. Furthermore, degradation of the structural
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proteins including collagen, elastin and laminin releases bioactive fragments. For
example, degradation of laminin-323 by MMP-12 and NE, releases peptide fragments
chemotactic for neutrophils. In addition, degradation of collagen yields the
proinflammatory chemotactic peptide proline-glycine-proline (PGP). Increased NE
activity indirectly augments this effect by impacting upon the activity levels of PGP
generating proteases MMP-8, MMP-9 and the serine protease prolyl endopeptidase
[63, 64]. Other examples of degraded extracellular matrix proteins include platelet
IIb/IIIa receptor, thrombomodulin, lung surfactant and cadherins [65-68]. In addition,
NE can cleave coagulation factors (fibrinogen and factors V, VII, XII and XIII),
plasminogen, immunoglobulin G (IgG), IgA and IgM, complement factors and
complement receptors [69, 70]. NE can also contribute to inflammatory airway
disease by inducing mucin production in airway epithelial cells [71]. The mechanism
by which NE mediates this effect may involve reactive oxygen species mediated
activation of TNF Į -converting enzyme or direct activation of meprin Į leading to
TGF Į stimulation of EGFR, which in turn induces the production of mucin [72].
Host defences are further disrupted by protease degradation of host
antimicrobial peptides. For example, the ability of cysteine proteases cathepsins B, L,
and S to rapidly inactive lactoferrin was observed in P. aeruginosa–positive sputum
from CF patients [73]. A further study has demonstrated that excessive cathepsin
activity in chronic lung disease associated with infection resulted in increased
degradation of β defensin-2 and -3 [74]. This degradation was partially inhibited by a
serine protease inhibitor and a cathepsin inhibitor suggesting that as well as
cathepsins, other serine proteases, such as NE, cathepsin G, and proteinase 3, may also
degrade β defensins. In addition, human cathelicidin LL-37 is susceptible to
proteolytic degradation by neutrophil elastase and cathepsin D upon its dissociation
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from glycosaminoglycans [75]. Deleterious to the emphysematous lung, NE also
possesses the ability to inactivate the naturally occurring inhibitors of these proteases
including TIMP1 & 2, inhibitors of MMP-9 [76] and MMP-2 [77] respectively, and
other relevant protease inhibitors such as cystatin C [78], SLPI [79] and elafin [80].

3.1 Inflammation associated with excessive protease activity.
In severe inflammatory lung disease, proteases have the capability of
activating key receptors of inflammation such as Toll-like receptors (TLRs) and
epidermal growth factor receptors (EGFRs). Activation of these receptors can lead to
an increase in IL-8 levels, and the latter has been found in abundance within the lungs
of AAT deficient patients [50]. TLRs are expressed on a wide variety of important
immune cells including neutrophils, monocytes and macrophages as well as lung
epithelial cells. TLR activation occurs through the binding of a range of ligands such
as bacterial cell-surface lipopolysaccharides (LPS), proteins such as flagellin of
bacterial flagella, double-stranded RNA of viruses or the unmethylated CpG islands
of bacterial and viral DNA [81]. Evidence exists that serine proteases including NE,
have the ability to induce increased expression of the inflammatory chemokine IL-8
through TLR-4 [82]. This induction of IL-8 expression by NE was reported to be
dependent on MyD88, IRAK and TRAF-6 via NFκB activation in bronchial epithelial
cells [83]. In a further study the pathway elucidated for NE induced gene expression
of MMP-2 and cathepsin B in macrophages was discovered to be via TLR-4 and
IRAK activation [52].
EGFRs play an important role in cellular processes and in regards to lung
inflammation, they have been implicated in the production of IL-8 [84]. Native
ligands for the receptor include transforming growth factor Į (TGFĮ) and EGF, but
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EGFR can also be transactivated by a wide variety of other stimuli including
lipoteichoic acid [85], TLR agonists [86] and NE [58]. As has been noted previously,
activation of the EGFR pathway by NE has been demonstrated to occur by two
different mechanisms, the activation of dual oxidase 1 (DUOX-1), leading to the
production of reactive oxygen species, which in turn results in TACE (ADAM-17)
activation and shedding of the EGFR ligand, TGF α [87] and the direct activation and
release of a novel endopeptidase, meprin α, by NE. which then releases the EGFR
ligand TGF α from the membrane, activating EGFR [58]. Furthermore there appears
to be cross talk between TLRs and EGFRs. Stimulation of TLRs by various ligands
has been show to activate DUOX-1 which results in increased IL-8 via the EGFR
receptor [86] and NE exposure can lead to the formation of a complex between the
EGFR and TLR-4 in vitro [58].
In addition to induction of IL-8 expression, NE can also degrade CD14 on
fibroblasts resulting in decreased responsiveness to LPS [88]. Degradation of these
receptors results in a decreased ability to respond to invading pathogens and a
weakened immune response. Additionally, unopposed protease activity results in an
increase in activation of protease activated receptors (PAR1-4). Within the lung, all
four PARs have been found and are expressed by epithelial, endothelial, mesothelial,
smooth muscle, alveoli, goblet cells and leucocytes [89, 90]. Proteases that activate
PAR in the lung include trypsin (PAR1, PAR2 and PAR4) and cathepsin G (PAR4). In
the absence of AAT these receptors are over activated resulting in increased
proinflammatory cytokine production thus amplifying dysregulated inflammation.

4.0 Approaches to treatment.
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The liver disease caused by AAT deficiency is not secondary to a proteaseantiprotease imbalance but is essentially due to a gain of function whereby
polymerised ZAAT builds up in the endoplasmic reticulum leading to a series of ER
stress responses culminating clinically in neonatal hepatitis, cirrhosis and in some
cases hepatocellular carcinoma. The only current corrective therapy for AAT deficient
patients with severe liver disease currently is liver transplant [91, 92]. This is
associated with good results and prospects for both children and adults (70%-80% and
60%-70%, respectively). Treatment of lung disease for the majority of symptomatic
AAT deficient related COPD patients does not differ from therapy for COPD
individuals without the genetic condition, and is in line with the American Thoracic
Society/European Respiratory Society published guidelines [38]. Particular emphasis
is placed on advising AAT deficient individuals not to start, or to cease smoking, as
smoking is a predominant prognostic factor for the outcome of the AAT deficient
patient. Therapeutic strategies aimed at the protease-antiprotease imbalance can be
expected to have most effect on the lung disease associated with AAT deficiency and
perhaps also the skin disease and vasculitis.

These include AAT augmentation

therapy, administration of either natural (elafin and SLPI) or synthetic (Sivelestat)
antiproteases or inhibition of AAT polymerization (this may also help the liver
disease) and gene therapy.

4.1 AAT replacement therapy.
The importance of the protease:antiprotease balance is evident by the
development of emphysema within AAT deficient individuals and a logical approach
to treatment is the reestablishment of physiological levels of AAT. To date no
evidence exists for an increased risk of developing lung disease in non-smoking
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individuals with the PiSZ phenotype. For this reason their level of AAT (11µmol/ L
or 80mg/dL) was set as the minimum required to protect the lung from protease
mediated damage, also referred to as the “protective” threshold level [93]. In 1981,
Gadek et al., developed a method for partially purifying AAT from pooled human
plasma and with the knowledge that the serum half-life of AAT is 5.4 days [94],
devised an infusion schedule that allowed once weekly administration of purified
AAT to ZZ-AAT deficient individuals.

Results of this study demonstrated that

following such infusions, significant amounts of AAT with full anti-elastase activity
diffused into the lower respiratory tract. Consequently, infusion of purified human
plasma AAT (60mg per kilogram of body weight per week) to achieve serum levels 
11µmol/ L was FDA-approved and is now widely used in Europe and North America
in treatment of AAT deficient individuals [95]. The first available preparations of
AAT included pooled human plasma AAT prepared by pasteurisation (Prolastin,
Bayer, West Haven, CT, USA). In turn, more recent studies examined the
biochemical effectiveness of AAT purified by solvent detergent and nano-filtration
methodology (Aralast, Baxter, Westlake Village, CA, USA) [96] and a third
preparation (Zemaira, CSL Behring, PA USA) has received US FDA approval [97].
Nevertheless, though studies have demonstrated that infusion of AAT is safe and well
tolerated [98], the clinical benefits have yet to be fully characterised [99, 100] and
therefore remain uncertain. To date documented studies on the clinical efficiency of
AAT augmentation therapy have reported on patient outcome measures including the
rate of FEV1 decline [100, 101], the incidence of acute exacerbations[102], frequency
of lung infections [103] and the change in lung density [104] calculated by CT
scanning [105].
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One of the first studies examining the effect of AAT augmentation therapy
compared the ǻFEV1 of 97 ex-smokers from a Danish AAT deficient register to a
German group of 198 patients treated with weekly infusions of AAT (60mg/kg) for at
least one year. Overall, the ǻFEV1 in the treated group was significantly lower than
in the untreated group, with annual declines of 53 mL yr-1 and 75 mL yr-1,
respectively (p=0.02). However, there was no beneficial effect of augmentation
therapy in 103 patients with initial FEV1  30 or in the 25 patients with FEV1 > 65%
[100].
In 1998, one of the main observational studies (n=1129) centred on the
NHLBI Registry for individuals with severe AAT deficiency [106]. No overall
difference in FEV1 decline was recorded between the augmentation-therapy treated
and untreated groups, but in a subgroup with FEV1 between 39-45% predicted there
was a significant difference of -27ml/year between treated and untreated. This study
also suggested that individuals receiving augmentation therapy had decreased
mortality. The risk ratio for death in augmentation therapy recipients was 0.64,
significantly lower than non-recipients (p=0.02) and the risk ratio for individuals
receiving augmentation therapy with stage II COPD was 0.21 (P<0.001). The
possibility that these differences may have been due to other factors, such as the
socioeconomic status of enrolled patients could not be ruled out and this latter point is
a potential limitation of this study.
Other observational studies include urine desmosine levels, a marker of elastin
breakdown [107], sputum inflammatory markers including leukotriene B4 levels
[108] and a web based questionnaire prepared for ZZ-AAT deficient individuals with
key questions addressing issues such as frequency of respiratory infections pre- and
post-AAT augmentation therapy [103].
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Computed tomography (CT) lung density measurements have been employed
to measure the impact of AAT replacement therapy. The first of these studies was a
double bind trial with 26 Danish and 30 Dutch ex-smokers, randomized to either AAT
(250 mg/kg) or albumin (625 mg/kg) infusions at 4 week intervals for at least 3 years
[104]. Using self-administered spirometry, no difference was found in FEV1 decline
between treatment and placebo. Conversely, upon analysis of CT scans (slices 5 cm
below carina), a trend towards a slower rate in loss of lung density was observed in
augmentation receiving patients with measurements of 2.6 ± 0.41 g/L/yr for placebo
as compared with 1.5 ± 0.41 g/L/yr for AAT infusion, however the reported
differences were shown to be non-significant (p=0.07), possibly due to the inadequate
study size. Following this, in 2009, Dirksen et al. carried out a randomised, doubleblind, placebo-controlled, parallel-group study conducted at three European centres
(Copenhagen (Denmark), Birmingham, (UK) and Malmö (Sweden)). This study was
also limited by the number of participating patients with only 38 individuals receiving
AAT (FEV1 % predicted 46.3 ± 19.6) compared to 39 receiving placebo (albumin,
FEV1 % predicted 46.6 ± 21.0). Randomisation CT scans were performed at baseline
and at 12 and 24 months and the difference in the decline of lung density between
treated and placebo groups, suggested a trend towards a beneficial treatment effect for
treatment, with p values for treatment difference ranging from 0.049 – to a nonsignificant value of 0.084 depending on the outcome algorithm chosen. In a further
randomised study Tonelli et al., examined the decline in FEV1 in patients enrolled in
the Alpha-1 Foundation DNA and Tissue Bank [109]. A total of 124 (76%) patients
received augmentation therapy while 40 (24%) patients did not. When adjusted by age
at baseline, sex, smoking status, baseline FEV1 % of predicted, the mean overall
change in FEV1 was 47.6 mL/year, favouring the augmented group (ǻFEV1 10.6 ±
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21.4 mL/year) in comparison with the non-augmented group (ǻFEV1 −36.96 ± 12.1
mL/year) (p = 0.05). The authors of this study concluded that augmentation therapy
was only effective in subjects with AAT deficiency, favouring ex-smoker subjects
with FEV1 below 50% of predicted.
Recent studies have reported the resolution of symptoms associated with AAT
deficient related panniculitis following AAT infusion. Clinical manifestations of
panniculitis consist of nodular lesions on the trunk and proximal extremities and
development of ulcerations [110]. In the first of two clinical studies, repeated skin
biopsies confirmed nodular panniculitis associated with reduced AAT serum levels
(0.46gL-1) in a 33-year-old non-smoking woman [42]. Initial treatment with
prenisolone (40mg daily) was followed by Prolastin® infused at 60mg/kg and then
increased to 100mg/kg every 6 days. Treatment with AAT was associated with
prompt resolution of inflammation and clearance of ulcerative lesions. Of note,
complete benefit of augmentation therapy required greater than the standard dosage of
60mg/kg AAT for treatment of AAT deficient related panniculitis. This observation
was confirmed in a second study by Gross et al., who showed that a high dose of
intravenous augmentation therapy (90-130mg/kg) ameliorated the frequency and
severity of panniculitis in a 31-year-old ZZ-AAT deficient individual [43].

4.2 Aerosolized AAT augmentation therapy.
Aerosolisation of AAT has been shown to increase AAT levels and to restore
anti-NE capacity in lung epithelium lining fluid of both AAT deficient and cystic
fibrosis individuals [111]. Aerosolized AAT was found to positively impact upon
neutrophil mediated killing of Pseudomonas [112], possibly by preventing cleavage
of neutrophil complement receptors by serine proteases, a previously reported adverse

17

effect of NE [69] or by preventing cleavage of CXCR1 [113]. In addition, the
presence of increased AAT in serum post aerosolization supports the hypothesis that
augmented AAT is capable of diffusing across the pulmonary interstitium after
administration [114] and affords anti-NE protection to the interstitial compartment
[111]. Measurements of the rate of transfer of AAT from the lung and of the rate of
appearance of AAT in plasma resulted in a calculated permeability of the alveolarcapillary membrane to AAT of 3.49-6.39 X 10-10 cm/s. Within this canine model,
levels of AAT rose to a maximum value at 48 hours after administration, remained
elevated from 48-72 hours, and then declined slowly by 144 ours after administration
[114]. Comparable results were reported by Hubbard et al. who evaluated aerosol
administration of recombinant AAT to AAT deficient individuals. Post aerosolization
of single doses of 10-200mg of AAT, epithelial lining fluid AAT anti- elastase
defenses were augmented and aerosolized AAT was detectable in serum indicating
that recombinant AAT was capable of gaining access to lung interstitium [111].
A study by Griese et al. , examined the effect of four weeks of plasma purified
AAT inhalation on lung function, protease–antiprotease balance and airway
inflammation in CF patients [115]. The authors found that an increased concentration
of aerosolized AAT accumulated within the lung. Post treatment, levels of NE
activity, numbers of infiltrating neutrophils, pro-inflammatory cytokines levels and
the numbers of bacteria (P. aeruginosa) were reduced. In a second study by this
research group, the authors documented the effect of aerosolized AAT on reversing
the inhibitory effect of cystic fibrosis bronchiolar lavage (BAL) fluid on
Pseudomonas killing by neutrophils, thus supporting the beneficial effects of
aerosolized AAT therapy [113]. Within this latter study, unopposed proteolytic
activity in the airways of individuals with cystic fibrosis cleaved CXCR1 on
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neutrophils and disabled their bacterial-killing capacity.

In vivo inhibition of

proteases by inhalation of AAT restored CXCR1 expression and improved bacterial
killing, as assessed by sputum levels of P. aeruginosa. In another study, BAL fluid
from patients with AAT deficiency illustrated increased NE activity compared with
BAL fluid from healthy volunteers. Aerosolised AAT abrogated NE-induced
expression of cathepsin B and MMP-2 in vivo, thus indirectly protecting key antiinflammatory and antimicrobial peptides including SLPI and lactoferrin respectively,
from cathepsin mediated proteolysis within the milieu of the AAT deficient lung
[116].

4.3 Naturally occurring antiproteases elafin and SLPI as therapies for AAT
deficiency.
Elafin, also described in the literature as skin derived anti-leukoprotease
(SKALP) and elastase specific inhibitor (ESI), is a small cationic protein (6kDa) and
member of the chelonianin family. Elafin is derived from its precursor molecule
trappin-2, by the enzyme tryptase [117]. It is produced by epidermal keratinocytes
[118], lung derived epithelia [119], macrophages [120] and neutrophils [121]. Within
its protein structure, trappin-2 has an N-terminal WAP (whey acidic protein) domain
and a cementoin domain which aids as a transglutaminase substrate and allows for
trappin-2 interaction with extracellular matrix proteins, thus prolonging its presence in
the lung [122]. Several studies have demonstrated that elafin is produced under
inflammatory conditions. Increased protein expression and secretion was induced by
NE [123], pro-inflammatory cytokines TNF α and IL-1β [124] and within airways of
mice exposed to the LPS [125]. Within this latter study, increased elafin levels
diminished neutrophil infiltration into the lung thereby demonstrating its anti
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inflammatory capability. Indeed both elafin and its precursor molecule trappin-2, have
demonstrated anti-inflammatory properties though the inactivation of key
inflammatory transcriptional factors NFκB and AP-1 [126, 127]. Within these studies,
trappin-2 reduced IL-8 and TNF-α secretion from alveolar epithelial cells and
macrophages respectively, [127] and elafin reduced monocytic expression levels of
LPS induced monocyte chemotactic protein-1 (MCP-1).
In addition to possessing anti-protease and anti-inflammatory properties, elafin
also demonstrates anti-microbial capability against both P. aeruginosa and
Staphylococcus aureus [128]. Trappin-2 in turn has been shown to enhance the
clearance of P. aeruginosa from the lungs of infected mice [129], an effect mediated
via opsonisation of bacteria by trappin-2 for more efficient CD14-dependent clearance
by macrophages [130]. In addition, we have demonstrated that elafin inhibits LPSinduced production of MCP-1 in monocytes by inhibiting AP-1 and NF-țB activation
[126].
These innate attributes of elafin make it an ideal candidate for a replacement
therapy in treatment of inflammatory lung diseases associated with excess protease
burden and/or infection. However caution must exercised, as in vivo oxidation and
inactivation of elafin and trappin by neutrophil-derived oxidants has been documented
resulting in loss of anti-protease activity [131]. More recently we have found that
elafin can be cleaved by NE, present at excessive concentration in CF sputum
resulting in diminished ability of elafin to bind LPS and its capacity to be
immobilized by transglutamination [80]. Consequently within an environment of high
protease burden, e.g. the AAT deficient lung, this could have a negative impact upon
the clinical efficacy of elafin.
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Human SLPI was first isolated in the early 1970s in bronchial secretions [132]
and is a member of the antileukoprotease family and shares 40% homology with
elafin. SLPI has been isolated from a number of cell types including macrophages
[120], monocytes, neutrophils [121] and lung epithelial cells [133]. It has antiprotease activity against an array of serine protease including NE, cathepsin G, trypsin
and chymotrypsin. Similar to elafin, SLPI expression levels are increased by
inflammatory mediators, including TNF-α and IL-1β treatment of lung epithelial cells
[124] and exposure of primary macrophages and neutrophils to LPS [134]. In more
recent studies, neutrophil derived proteins including NE [119] and defensins [119]
were shown to increase SLPI expression and induction of SLPI by Mycobacterium
tuberculosis was found to be through a TLR2-dependent but MyD88-independent
signalling pathway [135].
SLPI exhibits an array of anti-inflammatory properties including inhibition of
monocyte production of MMPs [136], suppression of the production of nitric oxide
and TNF-α by macrophages in response to LPS [137] and inhibition of interferon γ
induced cathepsin S expression in macrophages [138], a process mediated through
modulation of NFkB activation. In peripheral blood monocytes it has been shown
that SLPI is capable of entering the cell and localising to both the cytoplasm and
nucleus [139]. Within the cytoplasm, SLPI can inhibit degradation of key proteins that
activate NFκB [140, 141]. Alternatively in the nucleus, SLPI has been shown to
competitively compete with p65 binding to NFkB consensus sequences thereby
preventing NFkB binding to promoter regions of inflammatory genes [139].
Additionally, SLPI possesses key anti-microbial capabilities including activity against
both bacteria and fungi [142, 143] and illustrates anti-viral properties against HIV
[144, 145].
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Despite the potential advantages, delivery of SLPI to the lungs has proven
unimpressive [146]. Aerosolisation of recombinant SLPI (100mg) twice daily to
individuals with CF was associated with inhibition of NE on the respiratory epithelial
surface, as well as decreases in the levels of IL-8 and neutrophil numbers [147].
However, relatively more recombinant SLPI than AAT is required to suppress NE
activity in lungs of individuals with CF. Furthermore, recombinant SLPI did not
accumulate on the respiratory epithelial surface nor does it penetrate significantly into
the interstitium following aerosolisation, and most of the anti-NE effects are gone
within 12 ours of administration. The reason for this latter phenomenon may be due to
uptake of SLPI by epithelial cells and macrophages, and/or binding of recombinant
SLPI to molecules in the interstitium after passing through the epithelium [146, 148].
More recently, it has also been shown that SLPI is vulnerable to degradation
and inactivation by cysteinyl cathepins [149] and NE, [79] and thus the utilization of
SLPI as effective therapy for AAT deficiency presents some challenges.

One

approach to this conundrum is delivery of recombinant SLPI via a liposomal carrier
which successfully protects the activity of SLPI against cathepsin L mediated
proteolysis, whilst having no detrimental affect on SLPI access to intracellular sites of
action in vitro [150].

4.4 Synthetic and semi-synthetic engineered elastase inhibitors as alternative
therapies.
Other therapy options for the modulation of inflammation associated with
excessive protease activities is the use of synthetic or semi synthetic protease
inhibitors. These molecules, e.g. the non-peptide inhibitor ONO-5046 or sivelestat,
are of reduced molecular size and offer better accessibility into the lung milieu.
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Within animal studies, sivelestat administered either pre- [151] or pos-LPS challenge
[151, 152] reduced the number of infiltrating neutrophils and elastase activity levels
[153], thereby positively impacting upon lung tissue damage. In addition, a more
recent study has demonstrated the ability of sivelestat to inhibit bleomycin induced
pulmonary fibrosis and apoptosis [154]. The authors of this study also verified that
sivelestat reduced pulmonary neutrophil counts by decreasing BAL fluid levels of
cytokine-induced neutrophil chemoattractant (CINC)-1. Sivelestat is still clinically
unproven and a potential problem with Sivelestat is that it is a reversible inhibitor and
can release NE allowing for the possibility of further tissue damage.
An alternative synthetic inhibitor that has been utilized in clinical trials is the
cyclic thiol compound MR889 [155], but no significant reduction of biomarkers of
lung disease in COPD patients was observed. Other synthetic elastase inhibitors
include ZD0892 and FR134043, which have been shown to reduce lung inflammation
and parenchymal damage due to cigarette smoke [156] and to protect against NE
mediated lung hemorrhage respectively in animal studies [157].
Semi-synthetic inhibitors are created through the chemical modification of
naturally occurring protease inhibitors. One such semi-synthetic inhibitor is the
engineered protein inhibitor of human NE (EPI-HNE-4). This inhibitor is derived
from the Kunitz type domain from the naturally occurring inter α inhibitor and is
proven to be resistant to degradation by an array of proteases and retains its inhibitory
activity during oxidation [158]. Further studies involving the use of a rat model and
sputum from CF patients demonstrated the anti-NE capacity of EPI-HNE-4 along
with its ability to decrease neutrophil migration toward the bacterial peptide fMLP
[159].
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The recent report of the development of anti-protease chimeras that are active
against NE, proteinase 3 and cathepsin G is a novel new development in anti-protease
therapy [160]. In this study the engineering of novel antiproteases containing domains
from SLPI and elafin has been reported demonstrating higher affinity for their cognate
protease. Although the preliminary data has been generated from animal models,
overall these man made anti-proteases appear beneficial and their effect on the
inflammatory status of the patient lung remains to be investigated.

4.5 Therapies targeting AAT polymer formation.
The Z variant of AAT allows the protein to adopt a structure that renders it
susceptible to polymerize and consequently knowledge of the molecular basis of ZAAT polymerization has initiated new therapeutic avenues of investigation. It was
initially shown that unlike M-AAT which promptly folds within minutes the folding
of Z-AAT is much slower [161], leading to sequential intermolecular reactive loop-βsheet A linkage to form polymers [34, 162]. Of interest however, polymer formation
is not restricted to AAT and has been recognised to cause disease associated with
other members of the serpin superfamily including mutants of antithrombin [163], C1inhibitor [164] and alpha-1 antichymotrypsin [165], the latter implicated in
emphysema. As polymerization of AAT within the ER is the origin of the
pathogenesis of AAT deficiency related liver and lung disease understanding the
process underlying polymer formation could prevent the intracellular accumulation of
Z-AAT polymers and have clinical beneficial effects. For example, SEPS1 is a
selenoprotein that, through a chaperone activity, decreases ER stress in cellular
models of AAT deficiency. Overexpression of SEPS1 was shown to inhibit NFkB
activity, and this effect was enhanced in the presence of selenium supplementation
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thus demonstrating a role for SEPS1 in ZAAT deficiency and a possible therapeutic
potential for selenium supplementation [166].
Previous studies have shown that 11- to 13-mer synthetic peptides with
homology to the reactive centre loop can anneal to the A-sheet of AAT [167-169]. For
example, an N alpha-acetyl-tetradecapeptide with the amino acid sequence of strand
s4A [170] and a tetradecapeptide corresponding to the P1 to P14 region of the reactive
centre loop [167] formed stoichiometric complexes with AAT and impacted upon
polymerisation. Unfortunately however both the lack of a specific interaction and the
molecular size rendered these peptides ineffective as potential therapeutic agents.
Studies on the use of peptides to block polymerization of Z-AAT were extended by
Mahadeva et al. who employed a 6-mer reactive loop peptide (Ac-FLEAIG) that
selectively bound and prevented polymerization of Z-AAT [171], yet once more this
peptide was too large for therapeutic efficiency. Further endeavours to identify novel
and potent peptide inhibitors of Z-AAT polymerization continued and by employing a
statistical computationally-assisted design strategy, a novel

depolymerising

tetrapeptide (VIKF-NH2) has been identified but was only effective at 200-fold molar
excess and required almost 21 days to dissociate AAT polymers [172]. More recently
a newly identified Z-AAT ligand (Ac-TTAI-NH2) illustrated significantly improved
binding affinity and target specificity [173]. In addition, targeting of Thr114Phe
identified a non-peptide lead compound (designated CG) that caused a 70% reduction
in the half-time of the intracellular retention of Z-AAT in a hepatic cell line [174].
Such drug development should inevitably help prevent liver disease due to
accumulation of AAT, but one consideration that must be taken into account is
whether depolymerised peptide bound AAT can provide adequate protection within
the lung, as it has been shown to lack anti-elastase activity. Taking this concern on

25

board, Parfrey et al., have illustrated that various 6-mer peptides can dissociate from
Z-AAT and that the released protein maintains antiprotease activity [175]. Further
research along these lines is required and a mechanism for the successful delivery of
functional concentrations of peptide drug or non-peptide compounds [174] to the
endoplasmic reticulum of hepatocytes has yet to be determined.
Inhibition of polymerization of Z-AAT can also be achieved by “chemical
chaperones”. The latter encompasses a group of low-molecular weight compounds
including amines (e.g. betaine and trimethylamine-N-oxide [TMAO]), polyols (e.g.
glycerol, sorbitol and myo-inositol) and solvents (e.g. DMSO and D2O). These
compounds, including endogenously produced myo-inositol and betaine, illustrate
protein stabilizing properties by virtue of their ability to increase protein hydration. A
number of studies have shown that these compounds can reverse the cellular
misfolding of several mutant plasma membrane proteins including the mutant CF
transmembrane conductance regulator (CFTRǻF508). Exposure of CFTRǻF508expressing cells to glycerol increased expression of functional cell membrane
associated glycosylated protein, most likely as a result of enhanced folding [176].
With regards to AAT, sarcosine prevented abnormal structural changes in native AAT
[177] and TMAO stabilized native M-AAT in an active conformation against heatinduced polymerization [178]. However TMAO did not aid refolding of denatured
AAT [178] and did not prevent Z-AAT polymerization in a cell culture model [179].
These data suggest that TMAO may be useful in stabilizing Z-AAT that has been
secreted into the circulation, but is unlikely to assist correct folding of the protein
within cellular endoplasmic reticulum.
In a model cell culture system of AAT deficiency, 4-phenylbutyric acid (PBA)
mediated a marked increase in secretion of active Z-AAT and within a murine model,
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oral administration of PBA mediated an increase in serum levels of protein, reaching
50% of the levels in PiM mice and healthy MM humans [179]. This promising
therapeutic effect of PBA was also observed in CF adults homozygous for the ǻF508
who were receiving PBA (Buphenyl) and demonstrated a statistically significant
induction of chloride transport that was maximal by day 3 [180]. However, these data
also highlight the intricacies of protein misfolding as unlike the favourable effects of
PBA in CF patients, AAT deficient patients receiving oral PBA for 14 days,
illustrated no increase in AAT blood levels post PBA treatment [181].

4.6 Transgenic and recombinant AAT.
Despite the accumulation of encouraging data supporting the use of
augmentation therapy, significant questions remain regarding the cost-effectiveness of
this intravenous strategy for treatment of AAT deficiency. Such deliberation has
prompted the development of new strategies, including the use of recombinant and
transgenic protein to boost the natural antiprotease screen. One of the tactics involved
expression of recombinant AAT in Escherichia coli, but AAT produced via this
system lacked glycosylation and exhibited a short half life within the circulation. To
address this issue the presence of a single thiol residue at the surface of AAT was
exploited by researchers, who conjugated maleimido-polyethylene glycol (PEG) to
the thiol group. Results revealed that site-specific conjugation with PEG at Cys232 of
nonglycosylated recombinant human AAT gave rise to active inhibitor with prolonged
in vivo stability [182]. An alternative approach included production by the yeast
Saccharomyces cerevisiae of a secreted fully functional AAT [183]. This secreted
protein had high mannose-type glycosylation [184]. This high mannose content was
thought to give rise to immune responses in humans because of non-human glycan
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residues, an adverse effect shared by active recombinant AAT protein expressed in
the insect cell baculovirus expression vector system [185].

Subsequently it was

envisaged that sources of recombinant AAT from transgenic animals might overcome
this posttranslational glycosylation challenge. To this end rabbits [186], mice [187]
and sheep transgenic for a fusion of the ovine beta-lactoglobulin gene promoter to the
human AAT genomic sequences were generated [188]. Human AAT purified from the
milk of these animals appeared to be fully N-glycosylated and biological activity.
Unfortunately however, a trial of inhaled AAT derived from sheep milk proved
disappointing and initiated a systemic antibody response in recipients to the small
levels of native sheep AAT and alpha-1 antichymotrypsin [189].

4.7 Gene therapy.
Gene therapy is a technique that uses genes to treat a disease by either
replacing a mutated gene with a healthy copy of the gene or inactivating, or
“knocking out,” a mutated gene that is performing inadequately and consequently
such therapy is the most rational therapeutic approach for treatment of AAT
deficiency. Earlier attempts involved studies in animal models and used retroviral
vectors containing the human AAT cDNA to transfect hepatocytes [190]. This
approach held much promise initially as transplanted animals illustrated significant
serum levels of human AAT, however after thirty days post treatment serum levels of
AAT eventually fell, possibly due to instability of the cytomegalovirus promoter.
Further studies employed adenoviral [191] or liposomal vectors [192] to transfect
cells. Within the latter, a plasmid containing the human AAT gene complexed to
cationic liposomes was given either intravenously or by aerosol to rabbits, with results
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indicating expression of the human AAT protein for up to seven days for both routes
of administration.
In support of the successful use of recombinant adeno-associated viral vectors
(rAAV), a study by Song et al., illustrated that rAAV-mediated muscle gene delivery
of human AAT in a murine model reduced insulitis, lowered levels of insulin
autoantibodies, and prevented type 1 diabetes [193]. Indications that muscle-secreted
AAT possessed functional properties on par with liver-expressed AAT were
illustrated as murine muscle derived human AAT interacted with human NE [194].
Novel research carried out within the laboratory of T.R. Flotte proposed a solution to
the problem of AAV degradation within this system and by using different AAV
capsids to deliver the same DNA cassette, identified AAV8 as superior to AAV9,
AAV5, AAV2, at expressing AAT in the murine lung [195].
There are hopes that RNA, using siRNAs targeting AAT may have therapeutic
potential for the liver disease associated with AAT deficiency. The use of siRNAs
packaged into AAV8 capsids down-regulated endogenous AAT within hepatocytes
[196] indicating that such a strategy may have future application in gene therapy for
pulmonary disease associated with AAT deficiency. Additionally, peptide nucleic
acids (PNAs) could constitute alternative highly efficient compounds for gene therapy
due to their stability and affinity for DNA and RNA. However, as with siRNA,
progress in the use of PNAs as tools for regulating gene expression in vivo is slow,
mostly due to retarded cellular uptake. To overcome this problem PNAs have been
coupled to cell penetrating peptides [197] or incorporated into liposomes to improve
their uptake [198] and this approach could have improved therapeutic possibilities in
treatment of AAT deficiency.
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Conclusion.

Extensive studies have been performed to extend our knowledge of both liver
and respiratory manifestations of AAT deficiency, the outcome of which has served to
illustrate the multifactorial complexity of the disease. Never the less, this scientific
knowledge has advanced the design of both fundamental and novel therapeutic
strategies, directed at relieving many of the clinical manifestations associated with
this disorder. There have been major advances in the evaluation of augmentation
therapy in the treatment of the lung disease associated with AAT deficiency with
newer focus on aerosolization and gene therapy approaches. These studies will
inevitably show within the next number of years whether this approach works
clinically. No single treatment that effectively prevents polymerization of AAT and
induces secretion of an active protein from endoplasmic reticulum of hepatocytes is
available as yet. Such a pharmacological approach would essentially correct both the
liver and lung disease processes and perhaps also the effects of AAT induced ER
stress in other tissues such as monocytes where it seems to exert a pro-inflammatory
effect. This would require a more complete understanding of the mechanism of
disease and of the action of presently accessible and newly discovered drugs.
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