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Abstract: Alpha-1 antitrypsin (AAT) is the canonical serine protease inhibitor of neutrophil-derived
proteases and can modulate innate immune mechanisms through its anti-inflammatory activities
mediated by a broad spectrum of protein, cytokine, and cell surface interactions. AAT contains a
reactive methionine residue that is critical for its protease-specific binding capacity, whereby AAT
entraps the protease on cleavage of its reactive centre loop, neutralises its activity by key changes
in its tertiary structure, and permits removal of the AAT-protease complex from the circulation.
Recently, however, the immunomodulatory role of AAT has come increasingly to the fore with
several prominent studies focused on lipid or protein-protein interactions that are predominantly
mediated through electrostatic, glycan, or hydrophobic potential binding sites. The aim of this
review was to investigate the spectrum of AAT molecular interactions, with newer studies supporting
a potential therapeutic paradigm for AAT augmentation therapy in disorders in which a chronic
immune response is strongly linked.

Keywords: alpha-1 antitrypsin; alpha-1 antitrypsin deficiency; proteases; cytokines; interleukin-6;
complement C3; coronavirus disease 2019 (COVID-19)

1. An Introduction to Alpha-1 Antitrypsin

Alpha-1 antitrypsin is a 52 kDa plasma glycoprotein characterised primarily by its
function as an extracellular protease inhibitor of neutrophil elastase (NE). AAT is considered
the chief serine protease inhibitor that is encoded by the SERPINA1 on chromosome
14q32.1-32 [1]. Serine protease inhibitors (SERPINs) share homologous gene regions and
have common protein structures [2]. As their name implies, the predominant role of
SERPINs is to inhibit their cognate protease, and indeed most SERPINs have evolved in
parallel with their specific protease, e.g., antithrombin with thrombin, C1 inhibitor with
C1 esterase, and antiplasmin with plasmin [3]. However, the primary function of other
extracellular non-inhibitory serine proteases as carrier proteins in plasma is well established,
particularly in the case of SERPINA6 (cortisol-binding globulin) and SERPINA7 (thyroxine-
binding globulin) [3,4]. The potential role of non-protease AAT–protein interactions has
been alluded to in studies of its three-dimensional structure, principally in relation to its
corticosteroid-binding domain [5], but also through investigation of candidate binding
partners, as summarised in Table 1. However, the status and relative importance of AAT
as a carrier protein in the circulation or its non-protease binding at sites of inflammation
are incompletely understood at present. Several reports have described electrostatic and
hydrophobic protein and peptide interactions with AAT, which highlights the role of AAT
beyond protease inhibition [6,7]. In this review, we provide an overview of AAT and the
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interaction between this antiprotease and its biological environment in order to better
understand the function of AAT in health and disease and the emerging therapeutic role of
AAT augmentation therapy (alpha 1-proteinase inhibitor) beyond deficiency states. Review
of the literature was carried out using the PUBMED database, Google Scholar and The
Cochrane Library databases, using several appropriate generic terms.

Table 1. Known binding partners to alpha-1 antitrypsin in health and disease.

Binding Partner Disease Processes Reference

Plasma andcirculating cells

Apolipoprotein B-100 Atheroma [8]
IgA complexes Rheumatoid arthritis, myeloma [9]

Fibrinogen Healthy [10]
IgK light chains Myeloma [11]

HSP 70 Diabetes mellitus [12]
Grp94 Diabetes mellitus [13]

PSA/kallikrein 3 Benin prostatic hypertrophy, prostate cancer [14]
Cholesterol Not specified [15]

Leukotriene B4 Inflammation [6]
Complement C3 Complement activation [16]

Complement C4-A Not specified [16]
Serum albumin Not specified [16]

Apolipoprotein A-I Not specified [16]
Prothrombin Not specified [16]

IL-8 Emphysema/pneumonia [7,17]
TNFR Emphysema [18]

FcγRIIIb (CD16b) Biomarker of pulmonary exacerbation [19]

Intracellular

Heme Not specified [20]
Prohepcidin Iron metabolism [21]
Retinoic acid Emphysema [22]

Caspase 3 Apoptosis, emphysema [23]
Caspase 1 Apoptosis [24,25]
Calpain 1 Neutrophil activation [26]

Extracellular/Tissue

IgA complexes Synovial fluid/rheumatoid arthritis [9,10]
Surfactant protein A Airway surface liquid [27]

Aggrecanase 1 Synovial tissue/OA [28]
Bile acids Bile [29]

NO Inflammation/innate immunity [30]

Previously published binding partners to AAT are categorised by biological compartment. The involvement of
the respective protein and disease process is provided where applicable. Glossary: IgA = immunoglobulin A.
BPH = benign prostatic hypertrophy. OA = osteoarthritis.

Control of Alpha-1 Antitrypsin Production

AAT is abundant in the plasma with a mean concentration of 1.3 g/L (range 0.9–1.75 g/L)
and a plasma half-life of 4–5 days. AAT produced by hepatocytes contributes to almost
all of the circulating AAT, although it is also produced in smaller quantities by other
cells such as monocytes, macrophages, pulmonary alveolar cells and intestinal epithelial
cells [31–33]. In this regard, SERPINA1 transcriptional regulation occurs at exons IA, IB and
IC, in a tissue-specific manner, as IC regulates transcription in hepatocytes, while IA and IB
mediate AAT release in monocytes and macrophages [34,35]. Moreover, SERPINA1 presents
an inflammation-responsive promoter which favours AAT release during inflammation
conditions [36,37] and is furthermore reported to be epigenetically regulated by SERPINA1
promoter methylation [38,39].

Following transcription, the tertiary AAT protein structure comprises three β-sheets,
nine α-helices and a reactive central loop (RCL) at the C-terminal region [40], a property
that is well conserved among other members of the SERPIN superfamily [41] (Figure 1). The
reactive methionine residue at position 358 (Met358) is located in the RCL, which extends
out from the body of the protein and directs binding to the target protease. From plasma,
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80% of AAT diffuses to interstitial tissues, and 0.5–10% reaches biological fluids, including
alveolar fluid where concentrations have been measured between 0.1 and 0.3 g/L [42].
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of the acute-phase protein response, increased local and systemic AAT production results 
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implications for the regulation of inflammation [18,44]. In turn, cell signalling mechanisms 
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Figure 1. Molecular model of glycosylated alpha-1 antitrypsin. Blue—peptide; yellow—glycans;
red—reactive centre loop (peptide linkage) (residues M382-S383). Methods: Molecular modelling was
performed on a Silicon Graphics Fuel workstation using InsightII and Discover software (Accelrys
Inc., San Diego, USA). Figures were produced using the program Pymol [43]. Protein structures
used for modelling were obtained from the pdb database and the structure of glycosylated AAT
was based on the crystal structure of human alpha-1 antitrypsin as previously described [44]. The
AAT molecule is post-translationally modified by N-glycosidically linked oligosaccharides at three
asparagine residues at positions 70, 107 and 271.

AAT has a key role in innate immune defence and during the acute-phase protein
response, the plasma concentration of AAT can rise to between two and four-fold under
the influence of the pro-inflammatory cytokines interleukin (IL)-6 (IL-6) and IL-1β, and to
some extent IL-8, transforming growth factor β (TGF-β) and IL-17 [45]. As a consequence
of the acute-phase protein response, increased local and systemic AAT production results
in much higher tissue concentrations of AAT, where its ability to bind proteases, proteins,
peptides and cytokines, as well as interact with cell surface domains, may have important
implications for the regulation of inflammation [18,44]. In turn, cell signalling mechanisms
leading to downregulation of AAT production are underexplored, with one in vitro study
indicating the ability of AAT itself to downregulate SERPINA1 mRNA expression in both
hepatocytes and peripheral blood mononuclear cells [46].

2. Alpha-1 Antitrypsin Deficiency States

Much of our understanding of the importance of AAT as an antiprotease, and as an
anti-inflammatory molecule, is reliant upon the involvement of patients deficient in AAT
in studies exploring its biological effects. Alpha-1 antitrypsin deficiency (AATD) is the
best-characterised heritable form of pulmonary emphysema and its discovery was a major
breakthrough in our understanding of the role of protease imbalance in pulmonary em-
physema [47]. Each SERPINA1 allele is transmitted by autosomal co-dominant Mendelian
inheritance. SERPINA1 is also polymorphic with over 200 mutations recognised to date that
reduce plasma AAT levels by altering protein production and folding, or influencing the
glycosylation status of AAT [48]. Several studies identified a variety of COPD-associated
mutations/single-nucleotide polymorphisms located at untranslated and promoter regions
and introns of SERPINA1 gene [49,50], which comprise only a small fraction of its disease-
associated variants identified so far [51,52]. Mutations are classified by their phenotypic
expression and electrophoretic mobility during isoelectric focusing; PiM (medium), PiS
(slow), and PiZ (very slow) (Figure 2) [53,54]. The most severe deficiency states are defined
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by AAT plasma levels less than 35% of the mean expected value (11 µM or 50 mg/dL
measured by nephelometry). This is commonly as a result of a point mutation causing
an amino acid change from glutamic acid to lysine at position 342 (Glu342Lys), which
is referred to as the Z allele. Additionally reported are the PiSZ, PiSS, and rare or null
alleles [55].
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Figure 2. Isoelectric focusing patterns of AAT phenotypes. Healthy control MM AAT glycoforms
(M2–M8) are denoted on the left. Glycoforms from an AATD patient homozygous for the Z allele (Z2,
Z4 and Z6) are shown on the right.

The estimated carrier frequency of the Z allele is 1:25, with a disease incidence of 1:1575
to 1:2100 in some western European populations [56,57]. Homozygous ZZ individuals have
a marked reduction in circulating plasma AAT levels to less than 10% of the normal protein
concentration. Additionally, the Z-AAT protein is a less competent protease inhibitor than
normal healthy type M-AAT and can take twice as long to inhibit a given concentration of
NE [58]. In homozygous ZZ individuals, the net effect of reduced circulating AAT protein
and diminished antiprotease activity culminates in an ineffective humoral protective shield
and a marked protease/antiprotease imbalance, particularly affecting the lung, with the
resultant pulmonary disease phenotype arising in these deficiency states (Figure 3). The
elastolytic proteases that are released during neutrophil recruitment and activation are
the predominant cause for the pathological pulmonary findings in AATD [59], and the
resultant burden of disease is the major cause for morbidity and mortality in AATD.
Interestingly, there is currently no evidence that AAT levels predict lung disease risk within
the SZ cohort. SZ individuals who have never smoked are not at an increased risk of lung
disease regardless of their AAT level, while those who currently smoke have a significantly
increased risk of airflow obstruction [60].
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Figure 3. Clinical implications of alpha-1 antitrypsin deficiency. Polymerised aggregates of Z-AAT
protein are implicated in the pathogenesis of liver cirrhosis and chronic hepatitis. Accumulation of Z-
AAT in hepatocytes leads to impaired secretion of the protein, with individuals homozygous for the Z
mutation having 10–15% of normal circulating levels of AAT. Deficiency in AAT results in high influx
of neutrophils to the airways, where increased release of serine proteases and uninhibited NE activity
can cause damage to lung parenchyma, ultimately leading to emphysema and COPD. In rare cases,
AATD is associated with a severe skin condition known as panniculitis and antineutrophil cytoplasmic
antibody associated vasculitis (granulomatosis with polyangitis, formally Wegener’s granulomatosis).
Panniculitis is characterised by intense neutrophil infiltrates in the subcutaneous tissues and resultant
tissue destruction due to the low levels of antiprotease and high levels of protease.

3. Anti-Inflammatory Effects of Alpha-1 Antitrypsin beyond Protease Inhibition

Prior to describing the mechanisms by which AAT can bind inflammatory proteases
and mediators, it is important to understand the pleiotropic functions of AAT that mediate
a broad range of anti-inflammatory activities beyond protease inhibition [61,62] (Table 2).
An example includes the ability of AAT to regulate neutrophil chemotaxis by binding
IL-8 and preventing IL-8 interaction with its cognate receptor CXC chemokine receptor 1
(CXCR1) on the neutrophil membrane [7]. It was demonstrated that neutrophils migrate
down a functional gradient of AAT in response to an increasing gradient of IL-8, and
that glycosylation of AAT is critical for this immunoregulatory effect. Furthermore, AAT
prevented immune complex-mediated neutrophil recruitment by modulating disintegrin
and metalloprotease domain-17 (ADAM-17) enzymatic activity and shedding of Fc gamma
receptor three B (FcγRIIIb) (CD16b) [7]. AAT can also mediate anti-inflammatory effects
through the modulation of TNFα signalling. AAT has been shown to bind TNFR thereby
preventing TNFα signalling in neutrophils, and to inhibit ADAM-17 activity causing
upregulation of TNF receptor 1 (TNF-R1) and reduced TNFα secretion [18]. As a result, AAT
promotes an initial augmented response to inflammation in the acute phase followed by
selective inhibition later, thereby supporting resolution of chronic inflammation [61]. AAT
can also alter neutrophil activity by inducing protein phosphatase 2A (PP2A) activation to
prevent the inflammatory and proteolytic responses triggered by TNFα stimulation in the
lung [63] and to inhibit TNFα production by monocytes via TLR4 following stimulation
with pro-inflammatory cytokines [64].
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Illustrative of the effect of the gain-of-function Z mutation, neutrophil apoptosis is
accelerated in individuals with AATD by mechanisms involving endoplasmic reticulum
(ER) stress and aberrant TNFα signalling [65]. This enhanced neutrophil apoptosis results
in decreased neutrophil bactericidal activity, a process that can be ameliorated with AAT
augmentation therapy. AAT has also been shown to reduce structural alveolar cell apopto-
sis independent of elastolytic activity by inhibition of vascular endothelial growth factor
(VEGF) receptors with ensuing suppression of caspase-3 activation and oxidative stress [66].
Furthermore, the observation that AAT can inhibit the apoptotic factors, caspase-3 and
caspase-1, has widened our perception on the role of AAT in the pathogenesis of emphy-
sema [23,24].

Table 2. Pleiotropic functions of alpha-1 antitrypsin.

Role of Alpha-1
Antitrypsin Function Reference

Protease inhibitor Anti-NE, -Cath-G and -PR3 [47]
Anti-apoptosis Inhibition of caspase-1, caspase-3, and calpain-1 [23,25,26]

Antioxidant Oxidative stress inhibition [67]
Anti-inflammatory/tissue

repair
Repair, fibroblast proliferation, procollagen

synthesis, and activation of MAP kinase pathways [68]

Modulation of ADAM-17 activity [28]
Substrate for metalloproteinase MMP-9 activity [69]

Inactivation of matriptase in vitro and inhibition of
epithelial sodium transport in vitro and in vivo [70]

Antibacterial Bacteriostasis—binding to furin (inhibits bacterial
toxin activation) [71]

Antiviral Inhibition of HIV-1 viral cell entry [72]
Inhibition of SARS-CoV-2 entry by inhibiting

transmembrane serine protease 2 and ADAM-17 [73,74]

4. Alpha-1 Antitrypsin Molecular Interactions
4.1. Mechanisms of Binding

A protein’s function is determined by its interaction in the fluid phase (e.g., with
components of blood), within the extracellular matrix, at the cell surface, and at target sites
such as the pulmonary epithelium or alveolar lining fluid. Some of the recent observations
on the anti-inflammatory effects of AAT are independent of its specific antiprotease binding
activity. Indeed, proteomic binding studies are uncovering many potential AAT protein
interactions, suggesting that AAT may have a myriad of other functional roles other than
what has been elucidated to date [16]. Knowledge of the mechanisms through which AAT
binds to proteins and peptides beyond protease inhibition permits us to explore the extent
of its biological function. The affinity between the surface of a complex protein and potential
binding partners within a biological system is often divided between specific and non-
specific interactions [75]. Many of the interactions involving AAT that have been described,
particularly protease binding, are specific, uniform contacts that result in a molecular
structural change that is often irreversible. Non-specific interactions occur across the
surface of the molecule and generally do not result in a structural change of either molecule
within the macromolecular complex. Instead, they are driven by superimposition of three
or four intermolecular interactions (e.g., Van der Waal’s forces, electrostatic, steric, and
hydrophobicity) and a multiplicity of structurally dependent weak interactions [76]. Indeed,
it is increasingly apparent that AAT has an important role as a carrier protein as supported
by its abundance, structural similarities to other lipophilic serine protease carrier proteins,
its documented hydrophobic binding domain [5], and the relative specificity for binding
hydrophobic proteins compared to other plasma glycoproteins [29]. This is illustrated
by observations on AAT binding to LTB4 modulating interaction with cognate receptor
BLT1, thereby mediating anti-inflammatory effects through downregulation of immune
cell recruitment [6]. Non-specific electrostatic protein interactions observed between AAT
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and its binding partners are likely dependent on the attached carbohydrate residues or the
hydrophilic/hydrophobic surface charge on the AAT protein.

4.2. Alpha-1 Antitrypsin-Specific RCL Protease Binding

Protease inhibition is central to AAT function and as with all proteins, its structure and
function as a serine protease inhibitor are inextricably linked [5]. The primary antiprotease
binding activity of AAT has been well characterised, particularly in the case of NE, though it
has a wide range of protease inhibitory activity and contributes up to 90% of the total serine
protease inhibitory capacity of plasma. The reactivity of the Met358 residue is primarily
responsible for the spectrum of protease binding. This amino acid residue has the highest
affinity for the serine hydroxyl group on NE to which it binds with an association constant
of K = 6.5 × 107 M−1 s−1, one of the highest binding constants found in nature, and inhibits
it in an equimolar ratio (Figure 4). AAT has been shown to inhibit a wide range of other
serine proteases including Cathepsin-G (Cath-G) [77], proteinase-3 (PR3) [78], and Factor
Xia [79,80] (Table 3). The delay time of inhibition is an important factor regarding the
functional effect of AAT in vivo; if it is too long, the protease may have insufficient time to
reach its substrate, thus rendering the inhibitor inefficient. In addition, the target enzyme
could inactivate the inhibitor by proteolytic attack at a site remote from the active site [77].
In an environment where multiple proteases are active, such as sites of inflammation
in vivo, AAT will bind preferentially to NE over other proteases present, e.g., should PR-3
and NE be liberated at the same time and in equal concentrations, 89% of AAT would be
bound to NE and 11% bound to PR-3 [81]. Cleavage of the active Met358 by the protease
establishes a covalent linkage between the carboxyl group of the serpin reactive site and
the serine hydroxyl of the protease. This event triggers a major structural rearrangement
that involves loosening of the β-sheets and a kinetically irreversible conformational change
by incorporation of the RCL into the β-sheet region of the AAT protein. The translocation
of the attached protease by 71 angstrom (Å) from its initial position induces irreversible
inactivation of the protease through distortion of the protease active binding site [82]. This
mechanism is akin to the function of a mousetrap, with the methionine residue serving
as the ‘bait’ that lures the protease to its fateful end [83]. Cleavage of the RCL at Met358
also exposes a new binding pentapeptide domain in the carboxyl terminal fragment of
AAT. The inactivated AAT–protease complex is highly stable and can be removed from the
circulation through engagement of the newly exposed binding site with the hepatocyte
serpin enzyme complex (SEC) receptor [84]. This interaction on the hepatocyte cell surface
signals for increased gene expression of SERPINA1 in a positive feedback loop [85,86].

A point mutation at position 358 can drastically alter the antiprotease function of the
AAT molecule by reducing or changing the specificity of this bond for its target protease;
this is best illustrated by the rare mutation of Met358 to arginine (AAT-Pittsburgh) resulting
in greatly diminished antielastase activity and markedly increased antithrombin activity
that results in a fatal bleeding disorder [87]. In addition, the reactive Met358 is a surface ex-
posed methionine residue that is readily oxidised by hydrogen peroxide in cigarette smoke
and by oxidising agents released by leukocytes during inflammation [88]. In addition,
Met351 and the thiol reactive cysteine-232 (Cys232) residues of AAT are also susceptible
to oxidative inactivation [89,90]. Oxidised AAT persists in a functionally inactive form in
the circulation, whereby its protease binding capacity is markedly reduced, and fails to
stimulate further upregulation of AAT production [91]. However, under certain conditions
oxidative inactivation may be physiologically favourable, and necessary for host protease
defence, to enable in vivo function of proteases such as NE within a local microenviron-
ment. Interestingly, oxidised AAT has been shown to retain certain anti-inflammatory
properties, despite losing its serum elastase inhibitory capacity, as demonstrated through
the prevention of neutrophil recruitment to the lungs in a rat model of smoke-induced
emphysema [92]. The observed anti-inflammatory mechanism relates to TNFα suppres-
sion that provided partial protection to the development of emphysema in this model.
Nevertheless, oxidative inactivation of AAT is of major importance in the pathogenesis



Int. J. Mol. Sci. 2022, 23, 2441 8 of 24

of emphysematous lung destruction in smokers and it is firmly established that cigarette
smoke exposure is the major determinant of an accelerated decline in lung function in
AATD causing early death in this population [93]. Additionally, oxidation of the mutant
Z-AAT by cigarette smoke can induce Z-AAT polymerisation that may further thwart the
residual humoral antiprotease shield (64), which is discussed next [94].
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antitrypsin complexed with porcine pancreatic elastase (pdb code 2D26) and the crystal structure of
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Table 3. Known serine proteases that bind and are inhibited by alpha-1 antitrypsin.

Proteinase AAT Oxidised AAT Reference

Neutrophil Elastase 6.5 ± 4.0 × 107 3.1 ± 0.2 × 104 [77]
Proteinase 3 8.1 × 106 - [78]
Cathepsin G 4.1 ± 0.6 × 105 6.5 ± 0.3 × 102 [77]

Chymotrypsin 5.4 ± 0.6 × 106 1.0 ± 0.4 × 106 [77]
Trypsin 2 (Anionic) 7.3 ± 1.8 × 104 3.2 ± 0.1 × 104 [77]
Trypsin 1 (Cationic) 1.1 ± 0.2 × 104 3.0 ± 1.1 × 103 [77]

Factor Xia 1.3 × 104 - [80]
Matriptase 3.1 × 102 0 [70]

Plasmin 1.9 ± 0.1 × 102 0 [95]
Thrombin 4.8 ± 0.5 × 101 0 [96]

Activated Protein C 1.1 × 101 - [97]
Transmembrane Serine Protease 2 - - [74]

4.3. Alpha-1 Antitrypsin RCL Self-Binding Leading to Polymer Formation

A greater understanding of the pathogenesis of AATD was reached on discovery that
certain AAT mutants, best described in the case of Z-AAT protein, manifests a gain of
function, which causes protein polymerisation or aggregation. In PiZZ homozygotes, the
Glu342Lys mutation results in disruption of an intramolecular salt bridge in strand 5 of
the five-stranded β-sheet and uncoiling of the upper part of α-helix F [98]. This induces
conformational instability of the protein, which involves an initial zero-order conversion
of AAT to a polymerogenic monomer intermediate termed M* [99]. Subsequently, a slow
concentration-dependent intermolecular association step results in polymerisation through
the incorporation of the RCL from an adjacent molecule into the shutter region of the
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affected β-sheet [58]. Of interest, SERPIN polymerisation and protein aggregation are
not unique to AATD; conformational instability of various proteins have been linked to
several neurodegenerative processes, including Alzheimer’s disease and Creutzfeldt–Jakob
disease [100].

Factors that favour AAT polymerisation in vitro include increased temperature, higher
Z-AAT concentration and acidosis, all of which can occur at sites of tissue inflammation
in vivo. Consequently, the misfolded protein accumulates within the ER and can be vi-
sualised as a ‘beads on a string’ appearance on periodic acid Schiff stain of liver biopsy
samples. There is a marked reduction in Z protein egress from the cell leading to ER
stress, and thereafter hepatocyte autophagy is overwhelmed and cellular decompensation
ensues [101,102]. Due to this mutant gain of function, individuals with severe AATD are
at risk of hepatic failure. This is not limited to individuals with the PiZZ phenotype as
conformationally unstable AAT variants, such as PiSZ, may also lead to clinically rele-
vant liver disease due to the development of AAT heteropolymers [103]. Of importance,
polymerised Z-AAT appear to have inflammatory properties that may contribute to an
augmented systemic inflammatory response that influences the clinical phenotype of COPD
in AATD [104]. Moreover, AAT polymers may also accumulate in ER of immune cells
including monocytes [102] and neutrophils [65], and within bronchial epithelial cells [105].
The accumulation of misfolded Z-AAT in the ER of innate immune cells appears to play
a key role in the exaggerated inflammatory response observed in AATD, whereby the
accumulation of Z-AAT polymers within the ER of neutrophils leads to ER stress, increased
neutrophil apoptosis and defective bacterial killing [65].

A few studies have investigated the potential of autophagy-enhancing drug candidates
to treat AATD-mediated liver disease such as phenothiazines, including carbamazepine and
fluphenazine, with the aim of degrading mutant Z-AAT that has been retained in the ER of
hepatocytes. Both fluphenazine and carbamazepine has been shown to decrease the hepatic
load of Z-AAT and hepatic fibrosis in a mouse model of AATD [106,107]. Access to results
of clinical trials exploring the impact of therapies aimed at reducing hepatic accumulation
of Z-AAT in patients with severe liver disease due to AATD are available online from the
publicly available database, https://clinicaltrials.gov/ (accessed on 6 February 2022). Such
studies include a phase II clinical trial to determine if carbamazepine therapy leads to a
significant reduction in hepatic accumulation of Z-AAT. This latter study was terminated as
the number of participants with available pre- and post-treatment biopsies was insufficient
to analyse primary and secondary outcomes (NCT01379469) [108]. Clinical trials with
small-molecule correctors aimed at correcting misfolding of mutant Z-AAT have been
disappointing to date, with phase II clinical trials of VX-814 (NCT04167345) discontinued
based on safety and pharmacokinetics data. Furthermore, the results of phase II trials
of VX-864 (NCT04474197) resulted in exclusion of the advancement of this molecule into
late-stage development. Despite prior failures, investigations are still ongoing into small-
molecule correctors and recruitment is currently underway in the UK for a double-blind,
randomised, placebo-controlled study assessing the safety and tolerability of the novel
compound ZF874, which hopes to act as a molecular ‘patch’ for Z-AAT, allowing the protein
to fold correctly and potentially to relieve the hepatocyte burden of polymer accumulation
(NCT04443192).

RNA interference (RNAi), known also as post-transcriptional gene silencing, is a natu-
ral biological process, whereby short oligonucleotide molecules termed RNAi trigger the
silencing of gene expression and thus regulate the expression of protein-coding genes. The
objective of potentially employing RNAi therapeutics in AATD therapy would be to cease
the production of Z-AAT protein by the liver. This could prevent further accumulation of
Z-AAT polymers, halt the progression of liver disease, and enable the gradual clearance
of the pre-existing polymers [109]. Clinical trials assessing RNAi candidates, ARC-AAT
(NCT02363946), ALN-AAT (NCT02503683), ALN-AAT02 (NCT03767829) as a potential ther-
apeutic for AAT-mediated liver disease were terminated in 2016, 2018 and 2020 based on
toxicity concerns in non-human primate studies, low incidence of asymptomatic, transiently
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elevated liver enzymes in a subset of study subjects and sponsor decision, respectively. This
spurred the development of another investigational RNAi therapeutic termed ARO-AAT,
which was modified to target hepatocytes through conjugation of N-acetylgalactosamine
via a linker and therefore did not employ the delivery vehicle (EX1) used in the earlier
clinical trial (NCT02363946). Interim results from the AROAAT2002 study (NCT03946449)
demonstrated that ARO-AAT was not only well tolerated but also capable of inhibiting
Z-AAT expression, reducing intrahepatic Z-AAT accumulation to allow the clearance of
Z-AAT polymers and improving liver fibrosis. Phase II trials of AROAAT2001 (SEQUOIA)
is underway to evaluate the safety, efficacy and tolerability of multiple doses of the inves-
tigational product, ARO-AAT, administered subcutaneously to participants with AATD
(NCT03945292) [110]. As of December 2021, the ESTRELLA trial is in the recruitment phase
to investigate an alternative RNAi drug named Belcesiran or DCR-A1AT in patients with
AATD-associated liver disease (NCT04764448). Thus, there is an exciting number of drugs
with potential clinical applications being researched to bridge the gap in therapeutics for
the cohort of patients with AATD-mediated liver disease, who currently lack treatment
options beyond liver transplantation.

4.4. Alpha-1 Antitrypsin Electrostatic Interactions and Post-Translational Glycosylation Effects

The total accessible surface area of AAT (2.34 × 104 Å2) is largely hydrophilic in
nature, surrounding a hydrophobic core, and all hydrogen bonds are fulfilled on the surface
mainly by interactions with main-chain atoms [5]. The surface of AAT has a dipolar
characteristic, with the positive pole at the S-359 end and the negative pole at the M-358
end. The isoelectric point (pI) of AAT is 5.37 and therefore it carries a negative charge at
physiologic pH. In AATD, the Glu342Lys mutation results in a slight cathodal shift of the
isoelectric point by 0.1, resulting in a more negative Z-AAT protein [44,111]. The influence
of divalent cations, such as Mg2+, Ca2+, Cu2+, Zn2+, and Fe2+, is important in modulating
AAT protein binding [112] and levels can change during the acute-phase response that may
potentially alter the bound protein profile of AAT in inflammatory states [45]. Moreover,
AAT undergoes a process of co-translational N-glycosylation, resulting in the addition of
three oligosaccharide residues contributing 12.5% to the resultant molecular mass of the
protein, which may exert electrostatic interactions with potential binding partners.

Comprehensive glycoproteomic analysis of AAT identified glycosylation residues at
positions Asn70, Asn107 and Asn271 [113] (Figure 1). N-glycosylation takes place initially
within the ER, with final glycan branching occurring in the Golgi apparatus. The transfer of
oligosaccharides to the selected asparagine residues is catalysed by the enzyme oligosaccha-
ryltransferase, which is present on the luminal surface of the ER membrane [114,115]. This
is the central step in N-glycosylation. Subsequently, an outer α-1,2-linked glucose residue is
trimmed by the enzyme α-glucosidase, followed by the removal of an α-1,3-linked glucose
residue by α-glucosidase II, which enables the glycoprotein to interact with soluble and
membrane bound lectin chaperones that aid protein folding [116]. Before exiting the ER, a
further α-1,3-linked glucose is removed and mannose residues are trimmed by mannosi-
dase I. Within the Golgi, N-acetyl-glucosaminyl (GlcNAc) transferase I substitutes GlcNAc
residues onto the α-1,3-arm of the high-mannose-type sugar chain, Man5GlcNAc2 [117].
If further glycan branching is possible, this is mediated by GlcNAc transferase II, Glc-
NAc transferase IV and GlcNAc transferase V forming bi-antennary, tri-antennary and
tetra-antennary structures, respectively. Further branch extension by the GlcNac family of
enzymes can be inhibited by GlcNAc transferase III. Chain prolongation is often terminated
by the addition of a sialic acid residue to a terminal galactose, and this reaction is catalysed
by beta-galactoside alpha-2,6-sialyltransferase 1 (ST6GAL1) [118].

Glycosylation of AAT is crucial for its function through prolongation of its plasma
half-life, conferring resistance to proteolytic degradation, modulating intermolecular inter-
actions, and the prevention of protein aggregation. To illustrate the relevance and clinical
importance of this effect, recombinant non-glycosylated AAT protein produced by bacteria,
demonstrates a markedly decreased half-life [119], and is therefore therapeutically inef-
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fective compared to plasma-derived AAT for the purpose of intravenous augmentation
therapy [120]. The predominant mechanism for AAT elimination from the body, which is
distinct from SEC receptor-mediated protease complex removal, is through the asialogly-
coprotein receptor [121]. This is expressed on hepatocytes and on recognition of terminal
galactose residues; it expediently removes the protein from the circulation. The addition
of sialic acid to terminal glycans shields the residues from receptor binding and thereby
prolongs the half-life of AAT [122].

M-AAT glycan expression is modified during the course of community acquired pneu-
monia (CAP). A glycoform shift arises during the resolving phase of the infection, where
there is an increase in circulating levels of sialylated negatively charged AAT glycoforms.
This increase in negative AAT glycoforms (termed M0 and M1 AAT) coincides with a de-
cline in the white cell count and C reactive protein levels between days four and six in the
course of the infection, and are subsequently cleared by day eight in keeping with clinical
recovery. During the resolving phase of CAP, sialylated AAT has a significant binding ca-
pacity for positively charged chemokines resulting in inhibition of IL-8-mediated neutrophil
chemotaxis, a further confirmation that AAT glycosylation patterns affect protein-protein
interactions and modulate immune cell function [17]. More recently, however, a similar
glycoform shift has been shown to occur in coronavirus disease 2019 (COVID-19) infection
but appears to be associated with worse clinical outcomes [123]. Here, the presence of
highly sialylated M0 and M1 glycoforms do not correlate with AAT serum levels or the
intensity of the inflammatory response. With focus on AATD, increased core and outer
arm fucosylation, including sialyl Lewis-X determinants of the Z-AAT protein, have been
characterised [111]. This finding may have implications for the role of Z-AAT as an im-
munomodulatory protein and its effect upon leukocyte-mediated inflammation in AATD,
irrespective of its reduced antiprotease activity. Moreover, a family of at least 32 SERPINA1
mutations termed null or Q0 have been described [124], which result in the introduction
of a premature termination codon in the mRNA coding region [125]. Q0bolton is one of
these rare mutations, which results in the production of a truncated 49 kDa Q0bolton-AAT
protein, which, despite its altered structure, maintains some antiprotease activity. Seven
glycoforms of the Q0bolton-AAT have been identified which demonstrate an altered glyco-
sylation pattern compared to native M-AAT, with an anodal shift and an increased total
fucosylation [125]. Q0bolton-AAT possesses increased levels of tri- and tetra-antennary
glycans, but lower levels of bi-antennary branching, compared to M-AAT [126]. This trend
toward increased core and outer-arm fucosylation differentiates Q0bolton-AAT from M-
AAT and is consistent with persistent inflammation [127], although these differences do
not appear to impact the binding capacity of Q0bolton-AAT for IL-8.

In summary, glycan residues, and their resultant electrostatic charge, can modulate
intermolecular interactions of AAT though binding to the amino acid backbone of proteins
(carbohydrate–amino acid interactions). The glycosylation of AAT also protects the protein
from glycolysis, prevents protein aggregation, is less polymerogenic, prolongs its plasma
half-life, and importantly, supports anti-inflammatory properties whilst not interfering
with AAT antiproteinase activity.

4.5. Hydrophobic Binding of Alpha-1 Antitrypsin with the Lipoprotein System

Approximately 13% (3.2 × 103 Å2) of the accessible surface area of AAT is hydrophobic,
with five hydrophobic pockets identified to date. The central hydrophobic core of AAT is
filled during relocation of the RCL after protease cleavage or during polymer formation.
This site has become a target for drug delivery to prevent loop sheet polymerisation
without abolishing the function of AAT [128]. This location is also a potential binding
site for other small hydrophobic molecules, such as the potent neutrophil chemoattractant
LTB4 [6]. Apolipoprotein B-100 (ApoB100), a major protein component of low-density
lipoprotein (LDL) and very low density lipoprotein (VLDL), has previously been identified
as a binding partner to AAT [8]. Lipoproteomic analysis of the process of VLDL to LDL
conversion has demonstrated that AAT is acquired from plasma or other lipoprotein
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classes [129]. This may have a particular effect during the acute inflammatory response
which is characterised by changes in apolipoprotein synthesis and AAT production [130].
From a pathophysiological perspective, the impact of AAT oxidation was apparent via
the formation of AAT–LDL complexes in atherosclerotic plaques that implicates a role
for oxidised AAT in atherogenesis. Contrarily, incorporation of AAT into high-density
lipoprotein (HDL) may confer some beneficial antielastase properties that protect against
atherogenesis [131]. Moreover, it has been reported that enrichment of AAT with HDL
afforded better protection against elastase-induced pulmonary emphysema in a murine
model than AAT augmentation therapy alone [132].

4.6. Alpha-1 Antitrypsin Cysteine Binding Potential

AAT has a single cysteinyl residue (Cys-232) that is situated within a protective crevice
due to the close proximity of three lysine residues; this unique structural environment
provides the thiolate stabilisation required for a high degree of reactivity across a broad pH
range [90]. It has previously been reported that AAT has a strong affinity for monomeric
light chain thiolate ions, whereby in vivo complexes between immunoglobulin-κ chains
occur without affecting protease inhibitory capacity, which may constitute a mechanism
for the linkage and transport of peptides with reactive thiols or disulphides released into
plasma and extracellular fluids [11]. Cys-232 is reactive under physiological conditions
with proteins and small molecules such as cysteine, glutathione, myeloma immunoglobulin
light chains, immunoglobulin A and nitric oxide (NO) [9–11]. It has been demonstrated
that AAT forms a disulphide bond with the penultimate C-terminal cysteine on the al-
pha chain of IgA [133], while also retaining its antiprotease activity [134]. AAT can also
undergo S-nitrosation, through the interaction of Cys232 with NO formed at the sites
of tissue ischaemia or by the action of endothelial or inducible NO synthases at sites of
inflammation [30]. The resultant S-NO-AAT molecule is bacteriostatic, can induce vasore-
laxation, inhibits platelet aggregation and neutrophil adhesion to endothelial surfaces [30].
AAT thereby may act as a NO reservoir and mediate cytoprotective effects through the
attenuation of ischemia-reperfusion injury by maintaining tissue blood flow [135,136].
This property has led to clinical trials in humans utilising AAT augmentation therapy in
ST-segment myocardial infarction [137].

4.7. The Heparin Binding Motif of Alpha-1 Antitrypsin

The effect of heparin binding to serine proteinase inhibitors is illustrated by the
potentiation of antithrombin III activity, a property that is exploited in clinical practice with
the use of unfractionated heparin and low-molecular-weight heparin for the purpose of
anticoagulation [138]. Binding of heparin is mediated by ionic interactions between its
sulphate and carboxylate groups with the positively charged side chains of target proteins.
AAT does contain a heparin binding motif, the function of which in the presence of heparin
may be to enhance the binding affinity of the reactive Met358 compared to native forms of
the AAT protein. However, contrary to this, it has been previously demonstrated that the
binding affinity of AAT to NE is reduced in the presence of heparin due to the formation
of heparin–elastase complexes; in this study, heparin was not found to bind AAT [139].
Further work is warranted in this area before any definitive conclusion regarding the
significance of heparin binding to AAT and its therapeutic potential can be made.

5. The Impact of Alpha-1 Antitrypsin Binding in Health and Disease
5.1. Alpha-1 Antitrypsin Protease Binding and the Coagulation System

The broad spectrum of AAT protease binding raises the possibility these interactions
play a role in the homeostasis of other systems that involve serine protease cleavage,
such as the coagulation pathway. Furthermore, this balance may be perturbed in AAT
deficiency states. The coagulation cascade is a tightly regulated process and many of
the activated coagulation factors are serine proteases. It has been shown previously that
AAT accounts for the majority of the plasma inhibition of Factor XIa. However, this
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has been challenged by the role of other serine protease inhibitors such as C1 inhibitor
and α2-antiplasmin through the measurement of Factor XIa–protease inhibitor complexes
in blood. Nevertheless, the fact that AAT can bind to fibrinogen in blood [9,10] and
is found in significant proportions within formed clot samples [140], indicates that a
role for AAT exists not only in the inhibition of clot propagation through control of the
coagulation cascade, but also fibrinolysis and the homeostasis of thrombus formation [95].
A reciprocal coupling of coagulation and innate immunity via neutrophil serine proteases
has been shown previously [141]. Thrombosis is an important facet of the innate immune
response as an additional mechanism to prevent the propagation of microbial invasion [142].
Disseminated intravascular coagulation is a fulminant disease process with a high mortality
and previous studies have alluded to the important role that AAT may exert in the humoral
response to this devastating complication. It has been postulated that localised fibrin
formation may contribute to the pathogenesis of pulmonary emphysema due to increased
platelet aggregation potentiating thrombosis leading to a favourable microenvironment
for neutrophil attachment [143]. Of particular interest is the role that AAT may play in
the protection of fibrinogen from dysregulated proteolysis, particularly by neutrophil-
derived proteases [144,145]. A recent study evaluating a specific NE cleavage point in
fibrinogen (Aα-Val360) demonstrated that increased fibrinogen cleavage correlated with
disease severity in AATD and may be a useful surrogate marker of disease activity in
patients with early disease in whom therapeutic intervention may be indicated [146].

5.2. Alpha-1 Antitrypsin Protein Complexes and Tissue Inflammation

AAT also has a role in tissue repair and healing through an association with fibronectin.
Proteolytically active NE is present in chronic wounds and it was shown that AAT protects
fibronectin from enzymatic degradation in wound tissues and is necessary for wound
healing [147,148]. There has been significant interest in the role of AAT in the inflammation
associated with rheumatoid arthritis, particularly in relation to the formation of IgA–AAT
complexes in plasma [149], and in the inflammatory milieu of the synovial fluid of indi-
viduals with inflammatory arthritis [150]. This association may relate to the glycosylation
status of AAT in plasma during the acute-phase response in inflammatory arthritis [151].
However, there is insufficient evidence to date to indicate that AAT levels correlate with
disease activity [152], or indeed that AATD is an independent risk factor for inflamma-
tory arthritis though it may be associated with an increased prevalence of auto-antibody
production [153].

5.3. Alpha-1 Antitrypsin Binding Partners and the Complement System

Products of complement activation, C3a and C5a, are important neutrophil chemoat-
tractants and complement activation products have been found to be elevated in emphy-
sema [154]. Given the pro-inflammatory properties of C3 activation by-products and the
role of AAT in counterbalancing neutrophil-driven inflammation, it is not unexpected that
these two abundant plasma proteins may interact. It has been shown that C3b interacts
with a range of plasma proteins including AAT, vitamin D binding protein, and α1-acid
glycoprotein, by forming high-molecular-weight aggregates through covalent interactions
in complement activated serum and plasma [155]. The function of these aggregates is not
fully understood at this time and whether they occur in blood in the presence of erythro-
cytes is not known. Dysregulated complement activation has been described in individuals
with AATD, resulting in a diminished capacity to inhibit processing of complement C3
to C3d [16]. Elevated levels of complement fragment C3d have been described in the
circulation and airways of patients with AATD, correlating with both the severity of airway
obstruction and radiographic pulmonary emphysema. Experiments have shown AAT to
bind directly to C3 both in vivo and in vitro, and this is further optimised by AAT gly-
cosylation [16]. Treatment of patients with AATD involves AAT augmentation therapy,
which can aid in modulating this uncontrolled complement cascade by disrupting C3
activation and significantly reducing C3d plasma levels when compared with those not on
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therapy [16]. Moreover, C3d binding to CR3 neutrophil receptors triggered granule release,
increased cytokine secretion, and reduced endothelial cell migration and wound healing,
with potential implications for AATD-related vasculitis [156].

5.4. Alpha-1 Antitrypsin Protease Binding and COVID-19

COVID-19 is a novel emerging infectious disease caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), first identified in December 2019 in Wuhan, China
and classified as a pandemic by the WHO in March 2020. The most serious manifestations of
COVID-19 is acute respiratory distress syndrome (ARDS), especially in the older age groups
and those with cardiopulmonary disease [157]. Individual variations in susceptibility to
and severity of SARS-CoV-2 is likely to be explained by both genetic and non-genetic factors.
AATD is just one example of an inheritable condition which may render populations more
susceptible to COVID-19. A recent study has shown a significant positive correlation
between the combined frequencies of AAT deficiency alleles in 67 countries and their
reported COVID-19 mortality rates [158]. The geographical overlap between rates of
AATD and severe cases of COVID-19 in Italy has been examined in detail. Genotyping
of AAT performed in 3751 Italians from different regions showed a higher prevalence
of AATD in northern Italy, the same region that was most affected by SARS-CoV-2 in
2020 [159,160], with 85% of total fatal cases countrywide registered in northern Italy as
of 18 April 2020 [161]. These observations suggest that AATD may contribute to regional
differences in COVID-19 infection rates, clinical severity and mortality rates, but caution
is essential when interpreting these correlations as there are many potential confounding
factors. Additional research will be required as the pandemic progresses to further examine
this hypothesis and determine the real risk of COVID-19 infection in AATD patients.
Nonetheless, the geographical overlap between rates of AATD and severity of COVID-19
suggests that protease–antiprotease imbalance could play a critical role in the pathogenicity
and virulence of SARS-CoV-2, or in the host response to COVID-19 infection, and that AAT
could be a host protective factor against COVID-19. Other than having a genetic deficiency
of AAT, studies have also suggested that during the course of COVID-19 illness, patients
may develop an insufficient AAT acute-phase response in severe COVID-19 illness, which
may ultimately increase disease severity and risk of mortality [162].

Protease–antiprotease imbalances can arise during the clinical course of COVID-19
infection and recent studies have demonstrated that AAT can bind and inhibit key pro-
teases involved in the pathophysiology of COVID-19, including TMPRSS2 [73,74] and
ADAM17 [160] (Table 3). TMPRSS2 is a critical protease in priming of the SARS-CoV-2
spike protein and the host ACE2 receptor prior to viral entrance into the host cell. ADAM17
mediates shedding of ACE2, IL-6 and TNFα, and suppression of ADAM17 may therefore
modulate the cytokine storm that has been identified in patients with severe COVID-19.
However, evidence to date demonstrates that AAT fails to completely block SARS-CoV-2
entry, possibly due to unprocessed ACE2-mediated cell entry in the absence of TMPRSS2
or the expression of other proteases, which may cleave the S protein [74]. Interestingly,
NE, the prime target of AAT, has been proposed to act as an alternative spike priming
protease [163]. AAT has been shown to suppress SARS-CoV-2 viral replication in cell
lines and primary cells including human airway epithelial cultures [73,74]. Taken together,
these findings suggest AAT may play a critical role in the innate immune defence against
SARS-CoV-2 infection and highlight AAT as a potential drug candidate in the treatment
of COVID-19 [162]. Moreover, increased sialylation of AAT in COVID-19 is documented
in the literature. AAT immunophenotyping performed on 25 COVID-19 patients in ICU
demonstrated an AAT glycoform shift, which appears to be associated with worse clinical
outcomes [123]. Highly sialylated M0 and M1 AAT glycoforms were identified in all those
who died and in 59% of patients who survived the illness. The synthesis of more negatively
charged glycoforms correlated with a higher NE inhibitory capacity ratio, but not with AAT
serum levels or the intensity of the inflammatory response. The study postulates that the
qualitative shift in AAT glycoforms is an attempt to trigger antielastase activity and boost
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the anti-inflammatory response [123], as has been reported in patients with community-
acquired pneumonia [17], but unfortunately this appears futile as this modification appears
to correlate with negative outcomes in COVID-19.

6. AAT Augmentation Therapy
AAT Replacement Therapy in Acute and Chronic Disease

Efforts to restore normal circulating plasma levels of AAT in AATD individuals culmi-
nated in the development of AAT augmentation therapy in the 1980s from pooled donor
plasma [164]. Initial studies demonstrated safe and effective delivery of the purified AAT
protein to maintain levels above a putative protective threshold of 0.5 g/dL (11 µmol/L)
and augmentation therapy was approved in the United States by the Food and Drug Admin-
istration (FDA) based on biochemical efficacy [165]. The first randomised controlled trial of
intravenous plasma purified AAT was performed recently, which demonstrated slowing
of emphysema progression when measured by computer tomography determined lung
density [166]. Weekly treatment doses of AAT higher than the FDA-approved standard
dose (60 mg/kg/week) are not currently recommended [167]. Results of a recent pilot study,
however, have demonstrated that double dose AAT therapy (120 mg/kg/week) is not only
well tolerated but may provide additional clinical benefits. Double dosing was found to be
effective at further reducing the level of serine proteases in both the airway and circulation,
reducing elastin degradation, and diminishing airway inflammation when compared to
standard dose therapy [168,169]. The RAPID Programme also demonstrated that biweekly
dosing with 120 mg/kg of AAT is a safe, well tolerated and a convenient alternative to the
dosing regimen currently recommended by the FDA [170]. The SPARTA trial is currently
ongoing in a number of European countries to further explore the efficacy and safety of
AAT in subjects with pulmonary emphysema due to AATD (NCT01983241). Moreover,
the use of nebulised AAT overcomes some of the shortcomings of intravenous therapy
and permits delivery to the local site of inflammation [171] and the ability of recombinant
AAT to neutralise NE is preserved using this approach [172]. However, recombinant AAT
has not been shown to modulate markers of inflammation; such an effect has only been
observed using plasma purified glycosylated AAT to date [173].

The alternative biological effects of AAT, specifically its potential anti-inflammatory
and antiapoptotic properties, have led to the speculative use of AAT augmentation therapy
in a range of conditions. In this regard, the beneficial effect of AAT was observed in
ischaemia–reperfusion injury after myocardial infarction [25]. Subsequently, the first clinical
trial outside of AATD was conducted using single-dose augmentation therapy in acute ST
elevation myocardial infarction [137]. In this study, augmentation therapy was found to be
safe and well tolerated with some blunting of the acute inflammatory response.

A growing body of evidence from preclinical studies has demonstrated that AAT
may have therapeutic potential in autoimmune diseases. AAT activity is altered in both
developing and established type I diabetes mellitus, as well as in established type II
diabetes [174]. Promising results from murine models of pancreatic allograft transplan-
tation [175,176] have culminated in clinical trials for onset type I diabetes (NCT02093221
and NCT01183468) [137,177,178]. AAT supplementation was found to be well tolerated
and safe; however, its clinical benefit in type I diabetes remains inconclusive. A higher
dose of AAT (>90 mg/kg/week) may be needed for optimal therapeutic effect [179,180].
Systemic lupus erythematous (SLE) is an autoimmune disorder in which reactive dendritic
cells appear to play a critical role in disease development and pathogenesis. A mouse
model of lupus has demonstrated that AAT can inhibit the activation and functioning of
dendritic cells, and can attenuate autoimmunity and renal damage [181]. A more recent
study identified that treatment with AAT can prevent lupus development and extend the
lifespan of lupus prone mice [182].

Current evidence suggests that loss of AAT in salivary gland cells with a consequent
increase in elastase expression could contribute to the initiation of primary Sjogren’s
syndrome [183], although the efficacy of AAT replacement therapy in this condition has
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not been assessed. A recent clinical trial has found AAT infusions to be well tolerated
and demonstrated potential efficacy in the treatment of steroid-refractory severe acute
graft-versus host disease [184,185], but additional studies are warranted and further clinical
trials remain ongoing (NCT03805789, NCT04167514).

Reports and trials indicated the AAT have significant role in COVID-19 infection
(NCT04799873; NCT04495101) [161,186]. Finally, there are currently several clinical tri-
als evaluating the therapeutic potential of AAT in hospitalised patients with COVID-19
worldwide, including USA, Brazil and Chile (NCT04547140), Saudi Arabia (NCT04385836)
and Ireland (EudraCT 2020-001391-15) [187]. The latter trial explored administration of
IV plasma-purified AAT on circulating plasma levels of IL-6 in COVID-19 patients who
required invasive and non-invasive respiratory support [187]. In turn, the first success-
ful administration of IV AAT for severe COVID-19 complicated by ARDS was reported
in a patient with cystic fibrosis [188]. Systemic and airway inflammatory markers, par-
ticularly IL-6, IL-1β, IL-8 and NE, were elevated in the patient’s samples prior to AAT
administration. A clinical improvement was observed two days after AAT administration,
which was accompanied by a decrease in inflammation. Promising results from a clinical
trial in Germany (NCT04799873) investigating the effect of both inhaled and combined
inhaled/IV AAT administration on the clinical course of nine patients with mild to mod-
erate COVID-19 have been published, with all patients treated with AAT surviving and
displaying an eventual improvement in respiratory function before hospital discharge [189].

7. Conclusions

Alpha-1 antitrypsin (AAT) is the canonical serine protease inhibitor that has been
the subject of extensive study. Deficiency of AAT is associated with a heritable form of
pulmonary emphysema that is characterised by a markedly reduced humoral protease
inhibitory shield, in particular against the effects of neutrophil-derived proteases. AAT can
inhibit a broad array of other proteases to varying degrees, which may mediate important
biological effects on account of its abundance in plasma. Increasingly, it is recognised that
AAT has diverse interactions beyond protease inhibition that have been shown to facilitate
beneficial anti-inflammatory and antiapoptotic responses. Uncovering the protease and
novel non-protease binding properties of AAT has led to a deeper understanding of the
function of this protein in health and disease. Knowledge of the full interaction profile of
AAT as it circulates in health and in deficiency states may lead to a deeper understanding
of its effects, uncover novel mechanisms of action, and ultimately lead to innovative
therapeutic applications of augmentation therapy in a variety of disease states.
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