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Abstract: As a known genetic cause of chronic obstructive pulmonary disease (COPD), alpha1-
antitrypsin deficiency (AATD) can cause severe respiratory problems at a relatively young age.
These problems are caused by decreased or absent levels of alpha1-antitrypsin (AAT), an antiprotease
which is primarily functional in the respiratory system. If the levels of AAT fall below the protective
threshold of 11 µM, the neutrophil-derived serine proteases neutrophil elastase (NE) and proteinase
3 (PR3), which are targets of AAT, are not sufficiently inhibited, resulting in excessive degrada-
tion of the lung parenchyma, increased inflammation, and increased susceptibility to infections.
Because other therapies are still in the early phases of development, the only therapy currently
available for AATD is AAT augmentation therapy. The controversy surrounding AAT augmentation
therapy concerns its efficiency, as protection of lung function decline is not demonstrated, despite the
treatment’s proven significant effect on lung density change in the long term. In this review article,
novel biomarkers of NE and PR3 activity and their use to assess the efficacy of AAT augmenta-
tion therapy are discussed. Furthermore, a series of seven synthetic NE and PR3 inhibitors that
can be used to evaluate the specificity of the novel biomarkers, and with potential as new drugs,
are discussed.

Keywords: alpha1-antitrypsin; AAT; alpha1-antitrypsin deficiency; AATD; human neutrophil elas-
tase; proteinase 3; AAT replacement therapy; synthetic NE inhibitors; synthetic proteinase 3 inhibitors

1. Introduction

Despite thousands of people in the world being diagnosed with the autosomal co-
dominant disease alpha1-antitrypsin deficiency (AATD), this condition is estimated to
be highly underdiagnosed; the low awareness of physicians is perceived as the greatest
barrier to the diagnosis rate [1]. AATD is characterised by intra- and extra-pulmonary dis-
eases. The intra-pulmonary diseases include lung emphysema, bronchiectasis, and chronic
bronchitis. Due to the resulting fixed airflow obstruction, most individuals with AATD
experience symptoms of dyspnoea, exercise intolerance, and fatigue. Furthermore, these pa-
tients are more prone to infections, and inflammation is normally present in their lung
tissue. The extrapulmonary diseases include liver dysfunction, panniculitis, granulomato-
sis with polyangiitis (GPA), and ulcerative colitis, the latter of which occur only rarely.
Based on the irreversible airflow obstruction, limited gas exchanges, symptoms, and medi-
cal history, patients are diagnosed with chronic obstructive pulmonary disease (COPD),
a disorder that typically occurs in smokers. However, while COPD usually develops at an
advanced age in smokers without AATD, it mostly occurs around the age of 30–50 years old
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in AATD patients [2–4]. Even though smoking has been indicated as the primary trigger
for the early development of COPD in individuals with AATD, the disorder can also occur
at a younger age in AATD patients who never smoked compared to healthy individu-
als [5,6]. The mutant protein central to AATD is alpha 1-antitrypsin (AAT), an antiprotease
which is primarily functional in the lung [3]. To obtain a comprehensive overview of the
disease, the current literature on the pathophysiology of AATD, including AAT and its
targets, are summarised. Furthermore, AAT augmentation therapy is discussed, and its
controversies considering its effectiveness are addressed. In addition, with the aim of
outlining ways to create new strategies for the development of novel assays for measuring
the effectiveness of AAT therapies, biomarkers of AAT activity and different protease
inhibitors are reviewed.

2. Alpha 1-Antitrypsin and Its Targets—Neutrophil Elastase and Proteinase 3

While the majority of AAT is synthesised in hepatocytes, it is also synthesised (at much
lower amounts) in neutrophils, macrophages, intestinal and pulmonary alveolar, airway ep-
ithelial cells, and in the cornea [7,8]. The gene encoding AAT is SERPINA1 (14q32.1),
which consists of seven exons and six introns. After translation, transcription, and post-
translational modifications, AAT is released into the circulation. Via the circulation,
it reaches the lungs where it functions as a serine protease inhibitor [9]. In this function,
it controls the amount of proteolytic degradation, primarily by targeting the neutrophil-
derived serine proteases neutrophil elastase (NE), proteinase 3 (PR3), and cathepsin G
(Cath G) [10,11]. The central domain of AAT in the inhibitory process is the reactive centre
loop (RCL), an amino acid sequence which is crucial for protease recognition and binding.
The AAT-protease docking results in a Michaelis complex, the ‘stressed’ AAT conformation,
allowing for proteolysis of the RCL. Cleavage of the RCL flips the protease to the opposite
pole of AAT, making it kinetically trapped. Simultaneously, AAT ‘relaxes’ again by entering
a stable state (see panels A to C in Figure 1), which can be removed from the circulation.

Figure 1. Serpin structures. (A) Native alpha1-antitrypsin (AAT); (B) Michaelis complex between
AAT and trypsin; and (C) covalent complex between AAT and trypsin. In all structures, the A-sheet
is in orange, the B-sheet is in green, and the C-sheet is in yellow. The reactive centre loop (RCL) in
the upper pole of the molecule shows the P1 residue (Met358) recognised by NE.

The fact that AAT is cleaved during this process makes it a single-use inhibition
mechanism [7,12,13]. A crucial amino acid in this process is the methionine at position
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358 of the enzyme because it is involved in the cleavage of the RCL and the flipping
of the protease. This methionine residue, however, is also susceptible to oxidation to
methionine sulphoxide. Oxidation, which can result from exposure to endogenously
produced reactive oxidants derived from inflammatory cells or exposure to oxidants present
in inhaled toxicants such as cigarette smoke, reduces the affinity of AAT for proteases and
inactivates AAT [7].

Neutrophil elastase and proteinase 3 are the proteases which are inhibited by AAT and
are most important in the development of the AATD phenotype. Cathepsin G, the third
proteinase that is cleaved by AAT, does not seem to be involved in this process and will
therefore not be considered in this report further [10,11]. Both NE and PR3 are synthesised
in neutrophils and stored in an active form in azurophilic granules of the neutrophil [14].
Upon stimulation, neutrophils degranulate and expose the environment to the instantly
active proteinases. Upon degranulation, these proteases can be present in a membrane-
bound or a soluble form [14,15]. Once released, NE and PR3 are free to cleave their
substrates. As these enzymes have 54% of their sequence in common, their substrate
specificity is quite similar; both prefer cleaving peptide bonds after small hydrophobic
amino acids [16]. Nonetheless, there still are variations in enzyme–substrate interactions,
mainly due to differences in the structure of the part of the peptide surrounding the
cleavage point (extending beyond P1′; Schechter and Berger nomenclature [17]) [18].

Although almost all extracellular matrix proteins can be cleaved by NE, clotting fac-
tors, complement proteins, immunoglobins, and cytokines are also amongst the targets
of this enzyme [19]. When expressed at normal levels, NE predominantly has protec-
tive effects in host defence against infection. It aids in the degradation of pathogens by
blocking the growth of Gram-negative bacteria [20], fine-tunes tissue remodelling [21],
and is involved in the formation of neutrophil extracellular traps [22]. Although NE has
beneficial effects when expressed in normal levels, overstimulation of NE production and
excessive release cause excessive degradation of extracellular matrix proteins like elastin,
collagen, and fibronectin, and cell-associated proteins like E-cadherin. This results in lung
parenchyma degradation and disruption of the epithelial barrier due to loss of integrity and
shedding of epithelial cells. These processes, when uninhibited, will result in emphysema
and chronic inflammation [14,23].

Whereas plenty of literature is available concerning the function of NE, less informa-
tion is available on the role of PR3. Because PR3 has many of the same targets as NE, it also
proteolytically cleaves extracellular matrix proteins. Apart from that, PR3 is involved
in early apoptosis [16]. Interestingly, the majority of the literature on PR3 outlines its
involvement in GPA, one of the extrapulmonary diseases associated with AATD. GPA is
characterised by a high expression of membrane-bound PR3 on neutrophils, which is
recognised as an antigen by anti-neutrophil cytoplasmic antibodies (ANCAs) typically
present in such patients. In patients with AATD, the lack of AAT causes an increase of
active PR3 at the cell surface of neutrophils and thereby increases the risk of developing
GPA [24]. This is one example of the important role that AAT has in regulating the bal-
ance of proteolytic activity in the lungs. Inhibiting NE and PR3 and thereby preventing
unintended inflammation and damage to the lung tissue is a crucial function of AAT,
and important for maintaining lung health. Immediately after degranulation, however,
NE and PR3 outnumber AAT in the zone close to the cell membrane. In addition, AAT is
not able to entirely reach the membrane of the neutrophils, so membrane-bound NE and
PR3 will not be inhibited as effectively [25]. This indicates that the control of proteolysis by
NE and PR3 is the result of a delicate balance between these proteases and AAT.

An antiprotease which can possibly take on the function of AAT when AAT is absent is
alpha2-macroglobulin (α2-M) [11]. As demonstrated in earlier studies, α2-M is capable of
irreversible NE inhibition [26]. Although sequestering of NE by α2-M is not very common
in healthy individuals because AAT is more effective, it does seem to be important in NE
control when AAT is absent [27]. Inhibition of PR3 by α2-M, on the contrary, is poor [28].
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3. Alpha-1-Antitrypsin Properties beyond the Protease-Antiprotease
Balance Hypothesis

Studies have shown that purified AAT may modulate immune cell function of neu-
trophils [29], monocytes [30], and T cells [31]; cells that are all relevant in the pathogenesis
of pulmonary emphysema. Physiological concentrations of AAT are probably required to
protect against overshooting of inflammation. In the past ten years, several mechanisms
have been identified, with each capable of mediating cytokine-driven chemotaxis of in-
flammatory cells. Bergin et al. identified that AAT inhibits the chemotactic response of
both CXCR1 and FcγRIIIb receptor signalling involved in IL-8 activity [32]. Interleukin-1β
production by inflammatory cells requires signalling by both LPS and extracellular ATP.
Grau et al. showed that physiological concentrations of AAT inhibit the ATP-induced
release of IL-1β by human monocytic cells [33].

Lockett et al. reported that AAT modulates the inflammatory responses of lung
endothelial cells to TNF-α in a complex manner [34]. AAT downregulates TNF-α gene
expression by inhibiting the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) signalling.

Other anti-inflammatory effects of AAT were presented in a review by Janciauskiene
et al. [35].

4. The Pathophysiology of Alpha 1-Antitrypsin Deficiency

In the case of AATD, a mutation in SERPINA1 causes the production of a dysfunctional
AAT or absence of AAT, resulting in a lower circulating amount of AAT. As mentioned
before, this can severely damage the lungs as a consequence of the unlimited proteolysis of
substrates by NE and PR3 [36]. More than 125 single-nucleotide polymorphisms (SNPs)
are known for the AAT allele, the most well-known being the normal allele M and the
Z-, S- and null-mutations [36,37]. The Z-mutation (Glu342Lys) encodes a misfolded AAT
(Z-AAT), which accumulates in the endoplasmic reticulum (ER) of the hepatocytes and
spontaneously polymerises intra- and extracellularly [10,38].

By triggering the release of pro-inflammatory cytokines in response to ER stress and
overload resulting from the accumulation of the misfolded Z-AAT in the ER, and by the pro-
inflammatory activity of the released polymers, the Z-mutation contributes to inflammation
and development of liver disease [9]. Moreover, since these processes result in a marked
decrease in circulating AAT, lung disease develops [10]. The S-mutation (Glu264Val) also
causes the formation of polymers but at a slower rate. These polymers are less harmful
because they retain fewer AAT molecules and are often degraded intracellularly already.
The serum levels of AAT in patients with the S-mutation are therefore usually above the
protective threshold [39]. The null-mutations, often being nonsense or frameshift mutations
due to gene deletions and intron mutations, result in a complete absence of AAT in the
circulation [9]. This often results in a more severe form of AATD in which COPD can
already occur under the age of 30. These underlie the respiratory problems but leave the
liver unaffected [36,37]. Due to the involved mutations, AATD is the only proven genetic
risk factor for the development of COPD [3].

Inflammation in AATD is the result of the lack of the anti-inflammatory and im-
munomodulatory effects of AAT, which it carries out besides its anti-protease effects.
One of the main cytokines involved in this inflammation is TNF-α. In the presence of
reduced levels of AAT, TNF-α will recruit neutrophils, promote degranulation of these neu-
trophils, and increase apoptosis in endothelial cells and neutrophils [40]. As a consequence
of the enhanced degranulation, the NE and PR3 levels will rise, causing the patients with
AATD to end up with degradation of the lung matrix and emphysema [3,41]. If AAT is
present, however, it inhibits the release of TNF-α via modulation of TNF-α receptor1 and
TNF-α receptor2 signalling, amongst other pro-inflammatory cytokines, and stimulates the
release of anti-inflammatory cytokines by innate immune cells. In addition to this, AAT can
control the levels of reactive oxygen species (ROSs) by acting as a ROSs scavenger. If ROSs
levels are increased, more damage to the lung parenchyma will occur and inflammation
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will increase [3,42]. As a result of these anti-inflammatory and immunomodulatory signals,
AAT reduces the influx of neutrophils and thereby inflammation.

5. AAT Augmentation Therapy and Its Alternatives

AAT augmentation therapy involves the supplementation of plasma-purified human
AAT to patients affected by AATD to reach the protective serum threshold of 11 µM.
The two-year rapid randomized controlled trial (RAPID-RCT) study used a series of
outcomes to study the effects of this therapy, i.e., the annual rate of decrease in lung
density, as assessed by CT as the primary outcome, and forced expiratory volume in one
second (FEV1) and AAT concentrations as secondary outcomes. A slight but controversial
significant change in lung density in the long-term has been demonstrated notwithstanding
an improvement in lung function has not been detected. On the other hand, the AAT levels
were significantly increased, meaning that the supplementation did not result in AAT
degradation [36]. In a follow-up study, the rapid open-label extension (RAPID-OLE) trial
surveyed the participants of the RAPID-RCT study for another two years, confirming its
results. Furthermore, a significant inflection point in lung density loss for patients who
started the AAT supplementation at the start of RAPID-OLE has been observed, indicating
that the disease progression was delayed by AAT supplementation [43]. In addition, in
a meta-analysis that had the difference in FEV1 rate of decline as the primary outcome,
the rate of loss of lung function in a subgroup of patients with AATD was decreased by
AAT supplementation [44]. Even though the efficiency of AAT augmentation therapy has
been assessed by some investigators, others argue that this cannot be claimed [45,46] due to
controversial results obtained, and due to the fact that its effect on the protease-antiprotease
balance is still not fully understood. Consequently, the AAT augmentation therapy has
only been implemented in a few countries.

Various studies using other therapies are being carried out. The so-called inhaled
AAT therapy involves the inhalation of human plasma-derived AAT, which is promptly
deposited into the lungs. Despite its efficacy, clinical studies are still needed to determine
optimal inhalation devices and AAT doses [47]. Gene therapy has been investigated by
using different methods of altering gene expression. These promising approaches involve (i)
the transfection of the M-AAT gene by using a viral vector [48], (ii) the use of a transposon
to correct the point mutations in SERPINA1 [49], and (iii) the use of siRNA to interfere with
the Z-AAT mRNA leading to its degradation [50]. The studies concerning these innovative
therapies are still in an early phase and different clinical trials are underway to establish
the best administration route.

5.1. Biomarkers of Neutrophil Elastase and Proteinase 3 Activity

The uncertainties about the efficacy of the AAT augmentation therapy urges re-
searchers to look for other ways to assess whether this treatment should be more widely
used. Instead of measuring lung density or function, in vivo determination of AAT activity
would provide more convincing evidence for the effects of the therapy. AAT activity can
be evaluated by measuring whether and at which rate NE and PR3 are inhibited. How-
ever, measuring the in vivo activity of NE and PR3 is difficult because they both bind to
inhibitors or substrates rapidly after being released. In this respect, biomarkers of NE and
PR3 activity resulting in a specific detectable cleavage product are more useful for assessing
the AAT activity.

Biomarkers of NE activity include cleavage products of E-cadherin, elastin, and fib-
rinogen, all substrates of NE [23]. The cell-associated E-cadherin is located on epithelial
cells, and NE substantially contributes to its degradation in injured lungs. This cleavage
was marked by a specific 80 kDa fragment which could be measured in the bronchoalveolar
lavage (BAL). However, PR3 and Cat G were also capable of generating this fragment,
and therefore the specificity of this biomarker is not considered to be very high [23].

More promising footprints of NE activity were revealed after studying the degradation
of elastin by NE. In a study performed by Kristensen et al. [51], an assay was developed
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for measuring the levels of an elastin fragment (EL–NE) that was cleaved between Val334
and Gly335. This fragment was specific for NE, and the levels by which it was generated
by matrix metalloproteinase (MMP)-2, -7, -9, and -12, and Cat G were detectable but
neglectable. The recovery of this fragment from human serum upon ex-vivo addition to
serum was between 85% and 104%, and the levels of EL–NE from patients affected by
idiopathic pulmonary fibrosis and lung cancer correlated with their disease. A subsequent
study concluded that the EL–NE levels were associated with the FEV1 (expressed as %
predicted) of COPD patients. Also, the EL–NE levels were associated with the self-rating
Medical Research Council (MRC) scale of disability due to breathlessness [52] and increased
in both moderate and severe exacerbations [53]. Even though no data were available on
whether PR3 could also generate this neoepitope, the assay seems to be a valid method of
evaluating the NE and thus the AAT activity.

The elastin degradation product ELP-3 can also be used as a measure of PR3 activity.
A special assay for this neoepitope has been developed and validated. Additionally, tests of
NE showed that NE only generated the same fragment at low concentrations. Moreover,
COPD patients displayed higher ELP-3 concentrations than healthy individuals, mak-
ing this fragment a promising footprint as well [54]. Other markers of elastin degradation
are desmosine and its isomer isodesmosine. Levels of these amino acids can be quantified
by radioimmunoassay or by HPLC analysis of the urine, as both amino acids are filtered by
the kidney [55,56].

Finally, fibrinogen is also cleaved by NE, resulting in multiple NE-specific neoepitopes.
Fibrinogen is a glycoprotein with a total molecular mass of about 340,000 Da. It consists
of three pairs of chains, the Aα-, the Bβ- and the γ-chains, which are twisted around each
other [57]. A NE-specific neoepitope that is generated from the Bβ-chain is Bβ 30–43.
This fragment has been used in different studies to measure the activity of NE but will
most likely not be of use in determining NE activity in patients with AATD because AAT
is necessary to generate this peptide. In the absence of AAT, another peptide with high
affinity for the Bβ 30–43 antibody will be produced, disturbing the measurements for the
Bβ 30–43 antibody [58,59]. The Aα-chain has been found to be the source of two other
neoepitopes that can be measured in human blood. The first one is Aα 1–21, which appears
specific to NE, although its generation by PR3 has not been investigated. Interestingly,
NE could still be inhibited by AAT when it was already interacting with fibrinogen. Thus,
an effect of AAT administration is likely to be immediately detected. A disadvantage of
the assay for this fragment is that it requires the administration of thrombin to increase
the immunoreactivity [60]. Furthermore, in vivo, the Aα 1–21 fragment easily degrades
to Aα 1–20 or Aα 1–19 [61]. A more stable fragment generated by the cleavage of the
Aα-chain of fibrinogen is Aα-Val360. This footprint can exclusively be produced by NE,
and even PR3 is known to be unable to generate it. It therefore gives a reliable reflection of
the activity of NE. In addition, Aα-Val360 is formed at the site of release of NE, making it
a pre-inhibition neoepitope. A PR3-specific fibrinogen epitope that is as promising and
similar to Aα-Val360 is Aα-Val541. This fragment is also rather stable, can be measured in
the blood of individuals, and is generated at the point of release of PR3 [62].

5.2. Synthetic Small Molecular Weight Inhibitors of Neutrophil Elastase and Proteinase 3

As shown in Table 1, several inhibitors have been developed over the last years,
and each inhibitor has different properties concerning binding sites, cell-permeability,
and potency.

Seven synthetic small molecular weight serine protease inhibitors are discussed on
these properties according to the generations they evolved in [25]. Because it is often
the case that only the interactions between the inhibitor and NE are known, and not the
interactions between the inhibitor and PR3, only the interaction with NE is described.
The first generation of inhibitors includes the natural inhibitors of NE and PR3, AAT,
and A2M, which have already been discussed in this review article.
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Table 1. NE and/or PR3 specific inhibitors and their properties.

Inhibitor Specificity Permeability NE Ki (nM)

ONO-5046 NE and PR3 Non-cell permeable 200 ± 20

ONO-6818 NE Non-cell permeable 12.16

AZD9668 NE Unknown 9.4

BAY-678 NE, PR3 unknown Unknown 15

BAY 85-8501 NE, PR3 unknown Unknown 0.08

DMP-777 NE and PR3 Cell permeable Kinac/Ki = 3800.000 M−1 s−1

GW-311616 NE, PR3 unknown Cell permeable 0.31
NE; neutrophil elastase; PR3: proteinase 3; Ki: inhibition constant; Kinac: inactivation rate constant.

The second generation of inhibitors includes the first synthesised small molecule
inhibitors with active-site recognition. Small molecule inhibitors are the preferred type
of inhibitors because they are able to reach the cell surface to inhibit membrane-bound
proteases and/or to cross the cell membrane. Natural inhibitors are not able to achieve
this. Most inhibitors of the second generation act based on mechanism, i.e., by covalently
attacking the active site of the NE or PR3. Two inhibitors of this generation have been
developed by ONO Pharmaceutical (Chuo-ku, Osaka, Japan). The first one is ONO-5046,
also known as Sivelestat. Its interaction with NE is mediated by hydrogen bonds and
hydrophobic interactions. These interactions take place in subsite 1 (S1) of the active site of
NE. The main hydrogen bonds are established between ONO-5046, Ser195, and Gly193 [63].
During the reaction with NE, ONO-5046 is transformed, and a part of the inhibitor remains
in the S1 pocket and another part is released as a metabolite. The part which is left in the
S1 pocket can be deacylated and removed from the pocket again (see Figure 2).

Figure 2. The proposed mechanism of NE inhibition by ONO-5046.

The interaction between ONO-5046 and NE thus is reversible, and ONO-5046 can only
be used once [64]. Furthermore, ONO-5046 cannot effectively pass the cell membrane [65].
The Ki of ONO-5046 inhibiting NE is 200 ± 20 nM. Experiments with NE from rabbits,
rats, hamsters, and mice showed that ONO-5046 can also successfully inhibit NE from
these species. At the same time, ONO-5046 is inactive against bovine pancreas trypsin,
human plasma thrombin, human plasma plasmin, porcine and human pancreas kallikrein,
bovine pancreas chymotrypsin, and human neutrophil cathepsin G [66]. On the contrary,
inhibition of PR3 was successful [67]. After several clinical trials, ONO-5046 was approved
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as a treatment for patients with acute lung injury and systemic inflammatory response
syndrome in Japan and Korea [68]. This approval is based on results that indicate that
ONO-5046 improves lung function in these patients [69,70]. Other studies, however,
showed contradictory results and none of the studies could demonstrate a change in
30-days survival [71,72]. Therefore, other countries have not approved ONO-5046 as
a drug.

Another drug in this generation is ONO-6818, also known as Freselestat. Just like
ONO-5046, ONO-6818 also covalently attacks Ser195 and uses hydrogen bonds to stabilise
the connection to NE. The established bond between the two molecules is reversible. ONO-
6818 is specific for NE, and it is inactive against PR3, trypsin, pancreatic elastase, plasmin,
thrombin, type I collagenase, cathepsin G, and murine macrophage elastase. The Ki-value
of NE inhibition by ONO-6818 is 12.16 nM [73]. Although ONO-6818 is not cell-permeable,
it is capable of reducing IL-8 levels. This might prevent degranulation of the neutrophils
and therefore administration of this inhibitor can result in the reduction of NE levels [74].

The third and fourth generations of NE and PR3 inhibitors closely resemble each
other. The third-generation inhibitors bind the S1 pocket of NE and thereby trigger the
deepening of subsite 2 (S2) of the active site. This allows for further interactions with the
inhibitor, which occur with inhibitors of the fourth generation. By interacting with the
S2 pocket, these inhibitors are able to more specifically target NE. Two potent inhibitors
of these generations are AZD9668 and BAY-678. AZD9668 reversibly inhibits NE with
a Ki of 9.4 nM. It was found to be ineffective against PR3 and Cath G, as well as to bovine
chymotrypsin, porcine pancreatic elastase, and bovine trypsin. Its inhibition of NE in
rats, mice, guinea pigs, and dogs was successful. Due to the fact that AZD9668 has an
association constant similar to AAT, the inhibitor is likely to be an effective substitute of
AAT in the case of AATD. Phase II clinical trials did not however indicate beneficial effects
of AZD9668 in COPD patients on computed tomography (CT) measures [75], FEV1 [76],
and respiratory signs and symptoms [77]. In contrast, a phase II clinical trial in patients with
bronchiectasis did demonstrate a significant increase in lung function and a non-significant
trend in respiratory symptoms favouring AZD9668 [78].

BAY-678, the other commonly used NE inhibitor of these generations, also uses re-
versible induced-fit binding to the active site of the enzyme [79]. It has a Ki-value of 9.4 nM
and low potency against rat neutrophil elastase [80]. In addition to this, BAY-678 showed
no inhibition of Cath G, porcine pancreatic elastase, chymotrypsin, and 18 other NE-related
enzymes. The inhibitory activity against PR3, however, had not been tested [80].

The fifth generation of NE and PR3 inhibitors is closely related to the fourth generation.
This generation of inhibitors carries an additional substituent which freezes the structure in
the ideal conformation for binding the protease. The freezing consists of blocking the ability
of the inhibitor to rotate around the pyrimidinone-cyanophenyl axis. The locked confirma-
tion caused by the freezing thus anticipates the inhibitor for binding to the enzyme [25].
An example of such an inhibitor is BAY 85-8501. Because the previously discussed BAY-678
and BAY 85-8501 were examined in the same study [80], BAY 85-8501 was tested for activity
against the same enzymes to determine its selectivity, and it also proved to be inactive
against the same 21 enzymes. Additionally, its inhibitory activity against PR3 is unknown.
Nonetheless, BAY 85-8501 turned out to be very potent with a Ki of 0.08 nM. Its residence
time was about 17 minutes, which is considerably less than AAT, but BAY 85-8501 was able
to bind NE as rapidly as AAT. In vivo, BAY 85-8501 demonstrated to be effective against the
development of lung damage in mice. However, in clinical phase IIA trials, BAY 85-8501
failed to achieve clinical benefits in patients with non-cystic fibrosis bronchiectasis [81].

An inhibitor of which the details of its interaction with NE still need to be investigated
is DMP-777, also known as L-694458. It is a β-lactam elastase inhibitor which is able to pass
the cell membrane. Hence, this inhibitor is able to inhibit NE intra- and extracellularly [82].
Merck and Co. (Rahway, NJ, USA) and DuPont Merck Pharmaceuticals co-developed the
dual NE & PR3 low molecular weight inhibitor DMP-777. DMP-777 is a cell penetrant
inhibitor that inactivates both NE and PR3 within the azurophilic granules of neutrophils.
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DMP-777 is a potent, essentially irreversible mechanism-based inhibitor of NE, possessing a
Kinact/Ki = 3,800,000 M−1 s−1 [83]. DMP-777 binds to PR3 much more slowly, possessing a
Kinact/Ki = 77,000 M−1 s−1. (United States Patent No. 5,952,321, 14 September 1999.).
While DMP-777 binds significantly less rapidly to PR3, both NE and PR3 have similar rates
of reactivation (~14.5 h). DMP-777 was evaluated in a series of phase I and phase II clinical
trials in cystic fibrosis patients [84]. DMP-777 clearly satisfies the quantum proteolysis
hypothesis proposed by Ed Campbell [85]. The ability of DMP-777 to inhibit azurophilic
granule NE and PR3 prior to neutrophil activation at a site of inflammation could be
an important clinical development property. We propose that inhibitors possessing the
properties of DMP-77 have significant advantages over competitive non-cell penetrant
inhibitors that do not satisfy the quantum proteolysis hypothesis. Recently, it has become
increasingly clear that inhibition of both NE and PR3 with low molecular weight inhibitors
will be required to effectively treat AATD [86]. If so, this raises doubts about the potential
effectiveness of AZD8668 and BAY85-8501 currently undergoing clinical trials in AATD.

The final inhibitor discussed here is GW-311616, a trans-lactam. Research on the
interaction between porcine pancreatic elastase and GW-311616 revealed interactions via
a covalent bond with Ser203 with NE. Besides the covalent bond, hydrogen bonds are
formed between several nitrogen and oxygen atoms (see Figure 3).

Figure 3. Crystal structure of GW-311616 complexed with porcine pancreatic elastase.

Most of these interactions take place in S1, albeit some hydrophobic interactions in-
volving S4 have also been identified. Because porcine pancreatic elastase and NE have very
similar structures, NE is likely to have the same interactions with GW-311616. This inhibitor,
with a Ki-value of 0.31 nM, is selective for NE over Cath G, trypsin, plasmin, chymotrypsin,
and tissue plasminogen activator. Its selectiveness for PR3 is unknown. Just like DMP777,
GW-311616 is cell permeable and potently inhibits NE intracellularly. GW-311616 also
essentially acts as an irreversible inhibitor, so the duration of the inhibition is independent
of the half-life of this inhibitor [87].

In the paragraph above, several types of synthetic NE inhibitors were discussed.
In addition to the fact that these inhibitors were developed to target NE activity in patients
with excessive activity of this neutrophil-derived enzyme, such inhibitors are also very
useful for determining the previously discussed novel assays that detect footprints of NE
or PR activity. For this purpose, the most favourable characteristics an inhibitor can have
is likely to be cell permeable because in that way most of NE and/or PR3 is inhibited,
and reactivity with other proteases will be noticed most easily. Furthermore, inhibitors that
can inhibit both NE and PR3 might also prove useful to determine whether other proteases
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can cleave the neoepitopes generated by NE and PR3 activity. However, when developing
an assay specific for either NE or PR3, a single-protease inhibitor might be desirable. The Ki-
value should preferably be as low as possible because the Ki is a ratio of the rate constants
Koff/Kon. A lower Ki therefore means that the inhibitor is complexed with the protease
for a longer period. Taking all this into account, BAY 85-8501, DMP-777, and GW-311616
are suggested to be able to give the best results.

6. Conclusions

In brief, AATD is an inflammatory disease of unopposed proteolysis and the only
known genetic trigger of COPD. The mutation underlying this disease causes the AAT
levels to be under its protective threshold of 11 µM or totally absent. This results in high
active levels of NE and PR3, as these are not properly inhibited, and unrestricted activ-
ity of these enzymes may contribute to the development of emphysema and other intra-
and extrapulmonary diseases. Augmentation therapy has been proposed as a treatment,
but its effectiveness is highly controversial. In this regard, studies into biomarkers NE and
PR3 activity have been initiated, which reflect in vivo AAT activity. The most promising
biomarkers include neoepitopes generated by NE or PR3 activity on elastin and fibrino-
gen. What is currently missing is a biomarker of NE and PR3 activity which target a
lung-specific protein involved in the pathogenesis of emphysema. With this shortcoming,
recent research studies developed two elastin and fibrinogen neoepitopes as biomarkers for
the development of NE- and PR-specific enzyme-linked immunosorbent assays (ELISAs).
These ELISAs are developed with the purpose of measuring the effects of augmentation
therapy in patients with AATD more accurately. Hopefully, their implementation will
contribute to the discussion on the effectiveness of this therapy and help in determining the
efficiency of novel therapies. Because studies into the development of assays to measure
these footprints often require validation of their specificity, seven inhibitors were discussed
that can prove useful to determine the selectivity of the fibrinogen assays. Due to the differ-
ent properties they have, three of these inhibitors were suggested to yield the best results
for determining the specificity and validity of the assays. These three inhibitors are BAY
85-8501, DMP-777, and GW-311616. However, because data about all of these inhibitors
are lacking, this cannot be stated with absolute certainty. Ultimately, this review pointed
out different problems regarding the measurement of efficiency of AATD therapies and
provided suggestions on how more accurate tests can be developed. If such advances are
being made, therapies can be evaluated better. In the past 25 years, it has not been possible
to demonstrate in randomised, placebo-controlled trials of intravenous alpha-1-antitrypsin
treatment a clinical meaningful important difference on FEV1 decline in AATD patients
with pulmonary emphysema [88]. Most healthcare payers in Northwest European coun-
tries refuse to reimburse the high cost of treatment of intravenous augmentation therapy for
the above patient population. Efficacy, which was shown in several RCTs with PD15 lung
density as an outcome parameter, has been reported [88]. However, they demand clinical
trial results which show a protective effect on change in FEV1 or gas transfer in patients
with pulmonary emphysema. This has not been demonstrated yet. Several causes might be
responsible. For example, the dose of intravenous AAT was not adequately based on the
biochemical efficacy of inhibition of targeted proteases like NE or PR3. Another cause of
failure to show the efficacy of AAT might be the severity of emphysema present at the start
of augmentation therapy, i.e., the level of severity is not susceptible to protect against the
decline in FEV1 and/or gas transfer. The usual track of drug development is to determine
the dose of drug able to adequately inhibit target enzymes like NE and PR3, both hold
responsible for emphysema development. This approach provides information about
biochemical efficacy by establishing the dose of protease inhibitor at which the plasma
level of fibrinopeptide Aα360 and Aα541, specific for NE and PR3 activity on fibrinogen,
respectively, has reached values seen in healthy controls. Better and reliably evaluated
therapies might then bring some perspective in (re-)considering to show treatment effects
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on the decline in FEV1 and gas transfer as outcome parameters in phase III randomised
placebo-controlled clinical trials.

Author Contributions: Conceptualization, E.G.B., I.G.M.S., and J.S.; Writing—Original draft prepa-
ration, E.G.B., P.I., J.S., and S.V.; Writing—review and editing, E.G.B., I.G.M.S., P.I., J.S., and S.V.;
Supervision, J.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Maura D’Amato, Department of Molecular
Medicine, University of Pavia, for helpful discussion about the content of this chapter and Richard A.
Mumford, from Red Bank, NJ, USA, for providing specific information about DMP-777.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AATD alpha1-antitrypsin deficiency
EL-NE elastin degradation mediated by NE
PR3 proteinase 3
NE Neutrophil elastase
AAT alpha1-antitrypsin
GPA polyangiitis
COPD chronic obstructive pulmonary disease
RCL Reactive centre loop
SNPs single-nucleotide polymorphisms
FEV1 forced expiratory volume in one second
RCT randomised controlled clinical trial

References
1. Soriano, J.B.; Mahadeva, R. α1-Antitrypsin deficiency: Count me in please! Eur. Respir. J. 2017, 49, 1601941. [CrossRef] [PubMed]
2. Stockley, R.A.; Turner, A.M. α-1-Antitrypsin deficiency: Clinical variability, assessment, and treatment. Trends Mol. Med. 2014, 20,

105–115. [CrossRef] [PubMed]
3. McCarthy, C.; Reeves, E.P.; McElvaney, N.G. The Role of Neutrophils in Alpha-1 Antitrypsin Deficiency. Ann. Am. Thorac. Soc.

2016, 13, S297–S304. [CrossRef] [PubMed]
4. Janssen, R.; Piscaer, I.; Franssen, F.M.E.; Wouters, E.F.M. Emphysema: Looking beyond alpha-1 antitrypsin deficiency. Expert Rev.

Respir. Med. 2019, 13, 381–397. [CrossRef] [PubMed]
5. Alpha-1 Foundation: Lung Disease alpha1.org. Available online: https://www.alpha1.org/newly-diagnosed/learning-about-

alpha-1/lung-disease/ (accessed on 5 June 2020).
6. Ferrarotti, I.; Ottaviani, S.; De Silvestri, A.; Corsico, A.G. Update on α(1)-antitrypsin deficiency. Breathe 2018, 14, e17–e24.

[CrossRef] [PubMed]
7. Kalsheker, N. Alpha1-antitrypsin: Structure, function and molecular biology of the gene. Biosci. Rep. 1989, 9, 129–138. [CrossRef]
8. Strnad, P.; McElvaney, N.G.; Lomas, D.A. Alpha1-Antitrypsin Deficiency. N. Engl. J. Med. 2020, 382, 1443–1455. [CrossRef]
9. Bashir, A.; Shah, N.N.; Hazari, Y.M.; Habib, M.; Bashir, S.; Hilal, N.; Banday, M.; Asrafuzzaman, S.; Fazili, K.M. Novel variants of

SERPIN1A gene: Interplay between alpha1-antitrypsin deficiency and chronic obstructive pulmonary disease. Respir. Med. 2016,
117, 139–149. [CrossRef]

10. Gooptu, B.; Ekeowa, U.I.; Lomas, D.A. Mechanisms of emphysema in alpha1-antitrypsin deficiency: Molecular and cellular
insights. Eur. Respir. J. 2009, 34, 475–488. [CrossRef]

11. Sinden, N.J.; Baker, M.J.; Smith, D.J.; Kreft, J.U.; Dafforn, T.R.; Stockley, R.A. α-1-antitrypsin variants and the pro-
teinase/antiproteinase imbalance in chronic obstructive pulmonary disease. Am. J. Physiol. Lung Cell. Mol. Physiol.
2015, 308, L179–L190. [CrossRef]

12. Hazari, Y.M.; Bashir, A.; Habib, M.; Bashir, S.; Habib, H.; Qasim, M.A.; Shah, N.N.; Haq, E.; Teckman, J.; Fazili, K.M. Alpha-1-
antitrypsin deficiency: Genetic variations, clinical manifestations and therapeutic interventions. Mutat. Res. 2017, 773, 14–25.
[CrossRef] [PubMed]

http://doi.org/10.1183/13993003.01941-2016
http://www.ncbi.nlm.nih.gov/pubmed/28052960
http://doi.org/10.1016/j.molmed.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24380646
http://doi.org/10.1513/AnnalsATS.201509-634KV
http://www.ncbi.nlm.nih.gov/pubmed/27564664
http://doi.org/10.1080/17476348.2019.1580575
http://www.ncbi.nlm.nih.gov/pubmed/30761929
https://www.alpha1.org/newly-diagnosed/learning-about-alpha-1/lung-disease/
https://www.alpha1.org/newly-diagnosed/learning-about-alpha-1/lung-disease/
http://doi.org/10.1183/20734735.015018
http://www.ncbi.nlm.nih.gov/pubmed/30131830
http://doi.org/10.1007/BF01115992
http://doi.org/10.1056/NEJMra1910234
http://doi.org/10.1016/j.rmed.2016.06.005
http://doi.org/10.1183/09031936.00096508
http://doi.org/10.1152/ajplung.00179.2014
http://doi.org/10.1016/j.mrrev.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28927525


Int. J. Mol. Sci. 2021, 22, 1065 12 of 15

13. Silverman, G.A.; Bird, P.I.; Carrell, R.W.; Church, F.C.; Coughlin, P.B.; Gettins, P.G.; Irving, J.A.; Lomas, D.A.; Luke, C.J.; Moyer,
R.W.; et al. The serpins are an expanding superfamily of structurally similar but functionally diverse proteins. Evolution,
mechanism of inhibition, novel functions, and a revised nomenclature. J. Biol. Chem. 2001, 276, 33293–33296. [CrossRef] [PubMed]

14. Loke, I.; Østergaard, O.; Heegaard, N.H.H.; Packer, N.H.; Thaysen-Andersen, M. Paucimannose-rich N-glycosylation of
spatiotemporally regulated human neutrophil elastase modulates its immune functions. Mol. Cell. Proteom. 2017, 16, 1507–1527.
[CrossRef] [PubMed]

15. Hinkofer, L.C.; Seidel, S.A.; Korkmaz, B.; Silva, F.; Hummel, A.M.; Braun, D.; Jenne, D.E.; Specks, U. A monoclonal antibody
(MCPR3-7) interfering with the activity of proteinase 3 by an allosteric mechanism. J. Biol. Chem. 2013, 288, 26635–26648.
[CrossRef]

16. Martin, K.R.; Witko-Sarsat, V. Proteinase 3: The odd one out that became an autoantigen. J. Leukoc. Biol. 2017, 102, 689–698.
[CrossRef]

17. Schechter, I.; Berger, A. On the size of the active site in proteases. I. Papain. Biochem. Biophys. Res. Commun. 1967, 27, 157–162.
[CrossRef]

18. Hajjar, E.; Korkmaz, B.; Reuter, N. Differences in the substrate binding sites of murine and human proteinase 3 and neutrophil
elastase. FEBS Lett. 2007, 581, 5685–5690. [CrossRef]

19. Lee, W.L.; Downey, G.P. Leukocyte elastase: Physiological functions and role in acute lung injury. Am. J. Respir. Crit. Care Med.
2001, 164, 896–904. [CrossRef]

20. Belaaouaj, A. Neutrophil elastase-mediated killing of bacteria: Lessons from targeted mutagenesis. Microbes Infect. 2002, 4,
1259–1264. [CrossRef]

21. Lungarella, G.; Cavarra, E.; Lucattelli, M.; Martorana, P.A. The dual role of neutrophil elastase in lung destruction and repair. Int.
J. Biochem. Cell Biol. 2008, 40, 1287–1296. [CrossRef]

22. Papayannopoulos, V.; Metzler, K.D.; Hakkim, A.; Zychlinsky, A. Neutrophil elastase and myeloperoxidase regulate the formation
of neutrophil extracellular traps. J. Cell. Biol. 2010, 191, 677–691. [CrossRef] [PubMed]

23. Boxio, R.; Wartelle, J.; Nawrocki-Raby, B.; Lagrange, B.; Malleret, L.; Hirche, T.; Taggart, C.; Pacheco, Y.; Devouassoux, G.; Bentaher,
A. Neutrophil elastase cleaves epithelial cadherin in acutely injured lung epithelium. Respir. Res. 2016, 17, 129. [CrossRef]
[PubMed]

24. Mota, A.; Sahebghadam Lotfi, A.; Jamshidi, A.R.; Najavand, S. Alpha 1-antitrypsin activity is markedly decreased in Wegener’s
granulomatosis. Rheumatol. Int. 2014, 34, 553–558. [CrossRef] [PubMed]

25. Von Nussbaum, F.; Li, V.M.J. Neutrophil elastase inhibitors for the treatment of (cardio)pulmonary diseases: Into clinical testing
with pre-adaptive pharmacophores. Bioorg. Med. Chem. Lett. 2015, 25, 4370–4381. [CrossRef] [PubMed]

26. Salvesen, G.; Virca, G.D.; Travis, J. Interaction of alpha 2-macroglobulin with neutrophil and plasma proteinases. Ann. N. Y. Acad.
Sci. 1983, 421, 316–326. [CrossRef] [PubMed]

27. Virca, G.D.; Travis, J. Kinetics of association of human proteinases with human alpha 2-macroglobulin. J. Biol. Chem. 1984, 259,
8870–8874. [CrossRef]

28. N’Guessan, K.; Grzywa, R.; Seren, S.; Gabant, G.; Juliano, M.A.; Moniatte, M.; van Dorsselaer, A.; Bieth, J.G.; Kellenberger, C.;
Gauthier, F.; et al. Human proteinase 3 resistance to inhibition extends to alpha-2 macroglobulin. FEBS J. 2020. [CrossRef]

29. Bucurenci, N.; Blake, D.; Chidwick, K.; Winyard, P.G. Inhibition of neutrophil superoxide production by human plasma alpha
1-antitrypsin. FEBS Lett. 1992, 300, 21–24. [CrossRef]

30. Janciauskiene, S.M.; Nita, I.M.; Stevens, T. Alpha1-antitrypsin, old dog, new tricks. Alpha1-antitrypsin exerts in vitro anti-
inflammatory activity in human monocytes by elevating cAMP. J. Biol. Chem. 2007, 282, 8573–8582. [CrossRef]

31. Lu, Y.; Tang, M.; Wasserfall, C.; Kou, Z.; Campbell-Thompson, M.; Gardemann, T.; Crawford, J.; Atkinson, M.; Song, S. Alpha1-
antitrypsin gene therapy modulates cellular immunity and efficiently prevents type 1 diabetes in nonobese diabetic mice. Hum.
Gene Ther. 2006, 17, 625–634. [CrossRef]

32. Bergin, D.A.; Reeves, E.P.; Meleady, P.; Henry, M.; McElvaney, O.J.; Carroll, T.P.; Condron, C.; Chotirmall, S.H.; Clynes, M.;
O’Neill, S.J.; et al. α-1 Antitrypsin regulates human neutrophil chemotaxis induced by soluble immune complexes and IL-8.
J. Clin. Investig. 2010, 120, 4236–4250. [CrossRef] [PubMed]

33. Siebers, K.; Fink, B.; Zakrzewicz, A.; Agné, A.; Richter, K.; Konzok, S.; Hecker, A.; Zukunft, S.; Küllmar, M.; Klein, J.; et al. Alpha-1
Antitrypsin Inhibits ATP-Mediated Release of Interleukin-1β via CD36 and Nicotinic Acetylcholine Receptors. Front. Immunol.
2018, 9, 877. [CrossRef] [PubMed]

34. Lockett, A.D.; Kimani, S.; Ddungu, G.; Wrenger, S.; Tuder, R.M.; Janciauskiene, S.M.; Petrache, I. α1-Antitrypsin modulates lung
endothelial cell inflammatory responses to TNF-α. Am. J. Respir. Cell. Mol. Biol. 2013, 49, 143–150. [CrossRef] [PubMed]

35. Janciauskiene, S.; Wrenger, S.; Immenschuh, S.; Olejnicka, B.; Greulich, T.; Welte, T.; Chorostowska-Wynimko, J. The Multifaceted
Effects of Alpha1-Antitrypsin on Neutrophil Functions. Front. Pharmacol. 2018, 9, 341. [CrossRef]

36. Chapman, K.R.; Burdon, J.G.W.; Piitulainen, E.; Sandhaus, R.A.; Seersholm, N.; Stocks, J.M.; Stoel, B.C.; Huang, L.; Yao, Z.;
Edelman, J.M.; et al. Intravenous augmentation treatment and lung density in severe α1 antitrypsin deficiency (RAPID):
A randomised, double-blind, placebo-controlled trial. Lancet 2015, 386, 360–368. [CrossRef]

37. Ferrarotti, I.; Carroll, T.P.; Ottaviani, S.; Fra, A.M.; O’Brien, G.; Molloy, K.; Corda, L.; Medicina, D.; Curran, D.R.; McElvaney, N.G.;
et al. Identification and characterisation of eight novel SERPINA1 Null mutations. Orphanet J. Rare Dis. 2014, 9, 172. [CrossRef]

http://doi.org/10.1074/jbc.R100016200
http://www.ncbi.nlm.nih.gov/pubmed/11435447
http://doi.org/10.1074/mcp.M116.066746
http://www.ncbi.nlm.nih.gov/pubmed/28630087
http://doi.org/10.1074/jbc.M113.495770
http://doi.org/10.1189/jlb.3MR0217-069R
http://doi.org/10.1016/S0006-291X(67)80055-X
http://doi.org/10.1016/j.febslet.2007.11.029
http://doi.org/10.1164/ajrccm.164.5.2103040
http://doi.org/10.1016/S1286-4579(02)01654-4
http://doi.org/10.1016/j.biocel.2007.12.008
http://doi.org/10.1083/jcb.201006052
http://www.ncbi.nlm.nih.gov/pubmed/20974816
http://doi.org/10.1186/s12931-016-0449-x
http://www.ncbi.nlm.nih.gov/pubmed/27751187
http://doi.org/10.1007/s00296-013-2745-9
http://www.ncbi.nlm.nih.gov/pubmed/23604680
http://doi.org/10.1016/j.bmcl.2015.08.049
http://www.ncbi.nlm.nih.gov/pubmed/26358162
http://doi.org/10.1111/j.1749-6632.1983.tb18120.x
http://www.ncbi.nlm.nih.gov/pubmed/6202199
http://doi.org/10.1016/S0021-9258(17)47234-6
http://doi.org/10.1111/febs.15229
http://doi.org/10.1016/0014-5793(92)80156-B
http://doi.org/10.1074/jbc.M607976200
http://doi.org/10.1089/hum.2006.17.625
http://doi.org/10.1172/JCI41196
http://www.ncbi.nlm.nih.gov/pubmed/21060150
http://doi.org/10.3389/fimmu.2018.00877
http://www.ncbi.nlm.nih.gov/pubmed/29922281
http://doi.org/10.1165/rcmb.2012-0515OC
http://www.ncbi.nlm.nih.gov/pubmed/23526215
http://doi.org/10.3389/fphar.2018.00341
http://doi.org/10.1016/S0140-6736(15)60860-1
http://doi.org/10.1186/s13023-014-0172-y


Int. J. Mol. Sci. 2021, 22, 1065 13 of 15

38. Lomas, D.A.; Evans, D.L.; Finch, J.T.; Carrell, R.W. The mechanism of Z alpha 1-antitrypsin accumulation in the liver. Nature 1992,
357, 605–607. [CrossRef]

39. Curiel, D.T.; Chytil, A.; Courtney, M.; Crystal, R.G. Serum alpha 1-antitrypsin deficiency associated with the common S-type
(Glu264—-Val) mutation results from intracellular degradation of alpha 1-antitrypsin prior to secretion. J. Biol. Chem. 1989, 264,
10477–10486. [CrossRef]

40. Hurley, K.; Reeves, E.P.; Carroll, T.P.; McElvaney, N.G. Tumor necrosis factor-α driven inflammation in alpha-1 antitrypsin
deficiency: A new model of pathogenesis and treatment. Expert Rev. Respir. Med. 2016, 10, 207–222. [CrossRef]

41. Crossley, D.; Stockley, R.; Sapey, E. Alpha-1 Antitrypsin Deficiency and Accelerated Aging: A New Model for an Old Disease?
Drugs Aging 2019, 36, 823–840. [CrossRef]

42. Bergin, D.A.; Hurley, K.; McElvaney, N.G.; Reeves, E.P. Alpha-1 antitrypsin: A potent anti-inflammatory and potential novel
therapeutic agent. Arch. Immunol. Ther. Exp. 2012, 60, 81–97. [CrossRef]

43. McElvaney, N.G.; Burdon, J.; Holmes, M.; Glanville, A.; Wark, P.A.; Thompson, P.J.; Hernandez, P.; Chlumsky, J.; Teschler,
H.; Ficker, J.H.; et al. Long-term efficacy and safety of α1 proteinase inhibitor treatment for emphysema caused by severe α1
antitrypsin deficiency: An open-label extension trial (RAPID-OLE). Lancet Respir. Med. 2017, 5, 51–60. [CrossRef]

44. Chapman, K.R.; Stockley, R.A.; Dawkins, C.; Wilkes, M.M.; Navickis, R.J. Augmentation therapy for alpha1 antitrypsin deficiency:
A meta-analysis. COPD 2009, 6, 177–184. [CrossRef] [PubMed]

45. Strange, C. Anti-Proteases and Alpha-1 Antitrypsin Augmentation Therapy. Respir. Care 2018, 63, 690–698. [CrossRef] [PubMed]
46. McCarthy, C.; Dimitrov, B.D. Augmentation therapy for alpha-1 antitrypsin deficiency—Not enough evidence to support its use

yet! COPD 2010, 7, 234–236. [CrossRef]
47. Griese, M.; Scheuch, G. Delivery of Alpha-1 Antitrypsin to Airways. Ann. Am. Thorac. Soc. 2016, 13, S346–S351. [CrossRef]

[PubMed]
48. Mueller, C.; Gernoux, G.; Gruntman, A.M.; Borel, F.; Reeves, E.P.; Calcedo, R.; Rouhani, F.N.; Yachnis, A.; Humphries, M.;

Campbell-Thompson, M.; et al. 5 Year Expression and Neutrophil Defect Repair after Gene Therapy in Alpha-1 Antitrypsin
Deficiency. Mol. Ther. 2017, 25, 1387–1394. [CrossRef]

49. Yusa, K.; Rashid, S.T.; Strick-Marchand, H.; Varela, I.; Liu, P.Q.; Paschon, D.E.; Miranda, E.; Ordóñez, A.; Hannan, N.R.; Rouhani,
F.J.; et al. Targeted gene correction of α1-antitrypsin deficiency in induced pluripotent stem cells. Nature 2011, 478, 391–394.
[CrossRef]

50. Turner, A.M.; Stolk, J.; Bals, R.; Lickliter, J.D.; Hamilton, J.; Christianson, D.R.; Given, B.D.; Burdon, J.G.; Loomba, R.; Stoller, J.K.;
et al. Hepatic-targeted RNA interference provides robust and persistent knockdown of alpha-1 antitrypsin levels in ZZ patients.
J. Hepatol. 2018, 69, 378–384. [CrossRef]

51. Kristensen, J.H.; Karsdal, M.A.; Sand, J.M.B.; Willumsen, N.; Diefenbach, C.; Svensson, B.; Hägglund, P.; Oersnes-Leeming, D.J.
Serological assessment of neutrophil elastase activity on elastin during lung ECM remodeling. BMC Pulm. Med. 2015, 15, 53.
[CrossRef]

52. Nishiyama, O.; Taniguchi, H.; Kondoh, Y.; Kimura, T.; Kato, K.; Kataoka, K.; Ogawa, T.; Watanabe, F.; Arizono, S. A simple
assessment of dyspnoea as a prognostic indicator in idiopathic pulmonary fibrosis. Eur. Respir. J. 2010, 36, 1067–1072. [CrossRef]
[PubMed]

53. Stolz, D.; Leeming, D.J.; Kristensen, J.H.E.; Karsdal, M.A.; Boersma, W.; Louis, R.; Milenkovic, B.; Kostikas, K.; Blasi, F.; Aerts, J.;
et al. Systemic Biomarkers of Collagen and Elastin Turnover Are Associated with Clinically Relevant Outcomes in COPD. Chest
2017, 151, 47–59. [CrossRef] [PubMed]

54. Gudmann, N.S.; Manon-Jensen, T.; Sand, J.M.B.; Diefenbach, C.; Sun, S.; Danielsen, A.; Karsdal, M.A.; Leeming, D.J. Lung tissue
destruction by proteinase 3 and cathepsin G mediated elastin degradation is elevated in chronic obstructive pulmonary disease.
Biochem. Biophys. Res. Commun. 2018, 503, 1284–1290. [CrossRef] [PubMed]

55. Bode, D.C.; Pagani, E.D.; Cumiskey, W.R.; von Roemeling, R.; Hamel, L.; Silver, P.J. Comparison of urinary desmosine excretion
in patients with chronic obstructive pulmonary disease or cystic fibrosis. Pulm. Pharm. Ther. 2000, 13, 175–180. [CrossRef]

56. Starcher, B.; Green, M.; Scott, M. Measurement of urinary desmosine as an indicator of acute pulmonary disease. Respiration 1995,
62, 252–257. [CrossRef]

57. Weisel, J.W. Fibrinogen and Fibrin. Adv. Protein Chem. 2005, 70, 247–299. [CrossRef]
58. Dinerman, J.L.; Mehta, J.L.; Saldeen, T.G.P.; Emerson, S.; Wallin, R.; Davda, R.; Davidson, A. Increased neutrophil elastase release

in unstable angina pectoris and acute myocardial infarction. J. Am. Coll. Cardiol. 1990, 15, 1559–1563. [CrossRef]
59. Sylvén, C.; Chen, J.; Bergström, K.; Björkman, L.; Wallin, R.; Saldeen, T. Fibrin (ogen)-derived peptide B beta 30–43 is a sensitive

marker of activated neutrophils during fibrinolytic-treated acute myocardial infarction in man. Am. Heart J. 1992, 124, 841–845.
[CrossRef]

60. Weitz, J.I.; Landman, S.L.; Crowley, K.A.; Birken, S.; Morgan, F.J. Development of an assay for in vivo human neutrophil elastase
activity. Increased elastase activity in patients with alpha 1-proteinase inhibitor deficiency. J. Clin. Investig. 1986, 78, 155–162.
[CrossRef]

61. Weitz, J.I.; Silverman, E.K.; Thong, B.; Campbell, E.J. Plasma levels of elastase-specific fibrinopeptides correlate with proteinase
inhibitor phenotype. Evidence for increased elastase activity in subjects with homozygous and heterozygous deficiency of alpha
1-proteinase inhibitor. J. Clin. Investig. 1992, 89, 766–773. [CrossRef]

http://doi.org/10.1038/357605a0
http://doi.org/10.1016/S0021-9258(18)81646-5
http://doi.org/10.1586/17476348.2016.1127759
http://doi.org/10.1007/s40266-019-00684-7
http://doi.org/10.1007/s00005-012-0162-5
http://doi.org/10.1016/S2213-2600(16)30430-1
http://doi.org/10.1080/15412550902905961
http://www.ncbi.nlm.nih.gov/pubmed/19811373
http://doi.org/10.4187/respcare.05933
http://www.ncbi.nlm.nih.gov/pubmed/29794204
http://doi.org/10.3109/15412555.2010.485108
http://doi.org/10.1513/AnnalsATS.201507-469KV
http://www.ncbi.nlm.nih.gov/pubmed/27564672
http://doi.org/10.1016/j.ymthe.2017.03.029
http://doi.org/10.1038/nature10424
http://doi.org/10.1016/j.jhep.2018.03.012
http://doi.org/10.1186/s12890-015-0048-5
http://doi.org/10.1183/09031936.00152609
http://www.ncbi.nlm.nih.gov/pubmed/20413545
http://doi.org/10.1016/j.chest.2016.08.1440
http://www.ncbi.nlm.nih.gov/pubmed/27575358
http://doi.org/10.1016/j.bbrc.2018.07.038
http://www.ncbi.nlm.nih.gov/pubmed/30017196
http://doi.org/10.1006/pupt.2000.0245
http://doi.org/10.1159/000196458
http://doi.org/10.1016/S0065-3233(05)70008-5
http://doi.org/10.1016/0735-1097(90)92826-N
http://doi.org/10.1016/0002-8703(92)90962-U
http://doi.org/10.1172/JCI112545
http://doi.org/10.1172/JCI115654


Int. J. Mol. Sci. 2021, 22, 1065 14 of 15

62. Newby, P.R.; Crossley, D.; Crisford, H.; Stockley, J.A.; Mumford, R.A.; Carter, R.I.; Bolton, C.E.; Hopkinson, N.S.; Mahadeva, R.;
Steiner, M.C.; et al. A specific proteinase 3 activity footprint in α(1)-antitrypsin deficiency. ERJ Open Res. 2019, 5, 00095-2019.
[CrossRef] [PubMed]

63. Feng, L.; Zhu, W.; Huang, C.; Li, Y. Direct interaction of ONO-5046 with human neutrophil elastase through 1H NMR and
molecular docking. Int. J. Biol. Macromol. 2012, 51, 196–200. [CrossRef] [PubMed]

64. Nakayama, Y.; Odagaki, Y.; Fujita, S.; Matsuoka, S.; Hamanaka, N.; Nakai, H.; Toda, M. Clarification of mechanism of human
sputum elastase inhibition by a new inhibitor, ONO-5046, using electrospray ionization mass spectrometry. Bioorg. Med. Chem.
Lett. 2002, 12, 2349–2353. [CrossRef]

65. Zeiher, B.G.; Matsuoka, S.; Kawabata, K.; Repine, G.E. Neutrophil elastase and acute lung injury: Prospects for sivelestat and
other neutrophil elastase inhibitors as therapeutics. Crit. Care Med. 2002, 30, S281–S287. [CrossRef] [PubMed]

66. Kawabata, K.; Suzuki, M.; Sugitani, M.; Imaki, K.; Toda, M.; Miyamoto, T. ONO-5046, a novel inhibitor of human neutrophil
elastase. Biochemical and biophysical research communications. Biochem. Biophys. Res. Commun. 1991, 177, 814–820. [CrossRef]

67. Suzuki, K.; Nakajima, H.; Ikeda, K.; Tamachi, T.; Hiwasa, T.; Saito, Y.; Iwamoto, I. Stat6-protease but not Stat5-protease is inhibited
by an elastase inhibitor ONO-5046. Biochem. Biophys. Res. Commun. 2003, 309, 768–773. [CrossRef]

68. Aikawa, N.; Kawasaki, Y. Clinical utility of the neutrophil elastase inhibitor sivelestat for the treatment of acute respiratory
distress syndrome. Ther. Clin. Risk Manag. 2014, 10, 621–629. [CrossRef]

69. Tamakuma, S.; Ogawa, M.; Aikawa, N.; Kubota, T.; Hirasawa, H.; Ishizaka, A.; Taenaka, N.; Hamada, C.; Matsuoka, S.; Abiru, T.
Relationship between neutrophil elastase and acute lung injury in humans. Pulm. Pharm. Ther. 2004, 17, 271–279. [CrossRef]

70. Hayakawa, M.; Katabami, K.; Wada, T.; Sugano, M.; Hoshino, H.; Sawamura, A.; Gando, S. Sivelestat (selective neutrophil elastase
inhibitor) improves the mortality rate of sepsis associated with both acute respiratory distress syndrome and disseminated
intravascular coagulation patients. Shock 2010, 33, 14–18. [CrossRef]

71. Zeiher, B.G.; Artigas, A.; Vincent, J.L.; Dmitrienko, A.; Jackson, K.; Thompson, B.T.; Bernard, G.; STRIVE Study Group. Neutrophil
elastase inhibition in acute lung injury: Results of the STRIVE study. Crit. Care Med. 2004, 32, 1695–1702. [CrossRef]

72. Iwata, K.; Doi, A.; Ohji, G.; Oka, H.; Oba, Y.; Takimoto, K.; Igarashi, W.; Gremillion, D.H.; Shimada, T. Effect of neutrophil
elastase inhibitor (sivelestat sodium) in the treatment of acute lung injury (ALI) and acute respiratory distress syndrome (ARDS):
A systematic review and meta-analysis. Intern. Med. 2010, 49, 2423–2432. [CrossRef] [PubMed]

73. Ohmoto, K.; Yamamoto, T.; Horiuchi, T.; Imanishi, H.; Odagaki, Y.; Kawabata, K.; Sekioka, T.; Hirota, Y.; Matsuoka, S.; Nakai, H.;
et al. Design and synthesis of new orally active nonpeptidic inhibitors of human neutrophil elastase. J. Med. Chem. 2000, 43,
4927–4929. [CrossRef] [PubMed]

74. Yoshimura, Y.; Hiramatsu, Y.; Sato, Y.; Homma, S.; Enomoto, Y.; Jikuya, T.; Sakakibara, Y. ONO-6818, a novel, potent neutrophil
elastase inhibitor, reduces inflammatory mediators during simulated extracorporeal circulation. Ann. Thorac. Surg. 2003, 76,
1234–1239. [CrossRef]

75. Nordenmark, L.H.; Taylor, R.; Jorup, C. Feasibility of Computed Tomography in a Multicenter COPD Trial: A Study of the Effect
of AZD9668 on Structural Airway Changes. Adv. Ther. 2015, 32, 548–566. [CrossRef]

76. Kuna, P.; Jenkins, M.; O’Brien, C.D.; Fahy, W.A. AZD9668, a neutrophil elastase inhibitor, plus ongoing budesonide/formoterol in
patients with COPD. Respir. Med. 2012, 106, 531–539. [CrossRef]

77. Vogelmeier, C.; Aquino, T.O.; O’Brien, C.D.; Perrett, J.; Gunawardena, K.A. A Randomised, Placebo-Controlled, Dose-Finding
Study of AZD9668, An Oral Inhibitor of Neutrophil Elastase, in Patients with Chronic Obstructive Pulmonary Disease Treated
with Tiotropium. COPD 2012, 9, 111–120. [CrossRef]

78. Stockley, R.; De Soyza, A.; Gunawardena, K.; Perrett, J.; Forsman-Semb, K.; Entwistle, N.; Snell, N. Phase II study of a neutrophil
elastase inhibitor (AZD9668) in patients with bronchiectasis. Respir. Med. 2013, 107, 524–533. [CrossRef]

79. Von Nussbaum, F.; Li, V.M.; Meibom, D.; Anlauf, S.; Bechem, M.; Delbeck, M.; Gerisch, M.; Harrenga, A.; Karthaus, D.; Lang,
D.; et al. Potent and Selective Human Neutrophil Elastase Inhibitors with Novel Equatorial Ring Topology: In vivo Efficacy of
the Polar Pyrimidopyridazine BAY-8040 in a Pulmonary Arterial Hypertension Rat Model. ChemMedChem 2016, 11, 199–206.
[CrossRef]

80. Von Nussbaum, F.; Li, V.M.; Allerheiligen, S.; Anlauf, S.; Bärfacker, L.; Bechem, M.; Delbeck, M.; Fitzgerald, M.F.; Gerisch, M.;
Gielen-Haertwig, H.; et al. Freezing the Bioactive Conformation to Boost Potency: The Identification of BAY 85-8501, a Selective
and Potent Inhibitor of Human Neutrophil Elastase for Pulmonary Diseases. ChemMedChem 2015, 10, 1163–1173. [CrossRef]

81. Watz, H.; Nagelschmitz, J.; Kirsten, A.; Pedersen, F.; van der Mey, D.; Schwers, S.; Bandel, T.J.; Rabe, K.F. Safety and efficacy of the
human neutrophil elastase inhibitor BAY 85-8501 for the treatment of non-cystic fibrosis bronchiectasis: A randomized controlled
trial. Pulm. Pharm. Ther. 2019, 56, 86–93. [CrossRef]

82. Vincent, S.H.; Painter, S.K.; Luffer-Atlas, D.; Karanam, B.V.; McGowan, E.; Cioffe, C.; Doss, G.; Chiu, S.H. Orally active inhibitors
of human leukocyte elastase. II. Disposition of L-694,458 in rats and rhesus monkeys. Drug Metab. Dispos. 1997, 25, 932–939.
[PubMed]

83. Doherty, J.; Dorn, C.; Durette, P.; Finke, P.; MacCoss, M.; Mills, S.; Shah, S.; Sahoo, S.; Hagmann, W.; Polo, S. Substituted
Azetidinones As Anti-Inflammatory and Antidegenerarives Agents. U.S. Patent 5,952,321, 14 September 1999.

84. Griese, M.; Kappler, M.; Gaggar, A.; Hartl, D. Inhibition of airway proteases in cystic fibrosis lung disease. Eur. Respir. J. 2008, 32,
783–795. [CrossRef] [PubMed]

http://doi.org/10.1183/23120541.00095-2019
http://www.ncbi.nlm.nih.gov/pubmed/31403052
http://doi.org/10.1016/j.ijbiomac.2012.04.023
http://www.ncbi.nlm.nih.gov/pubmed/22579959
http://doi.org/10.1016/S0960-894X(02)00393-1
http://doi.org/10.1097/00003246-200205001-00018
http://www.ncbi.nlm.nih.gov/pubmed/12004249
http://doi.org/10.1016/0006-291X(91)91862-7
http://doi.org/10.1016/j.bbrc.2003.08.067
http://doi.org/10.2147/TCRM.S65066
http://doi.org/10.1016/j.pupt.2004.05.003
http://doi.org/10.1097/SHK.0b013e3181aa95c4
http://doi.org/10.1097/01.CCM.0000133332.48386.85
http://doi.org/10.2169/internalmedicine.49.4010
http://www.ncbi.nlm.nih.gov/pubmed/21088343
http://doi.org/10.1021/jm0004087
http://www.ncbi.nlm.nih.gov/pubmed/11150162
http://doi.org/10.1016/S0003-4975(03)00878-6
http://doi.org/10.1007/s12325-015-0215-3
http://doi.org/10.1016/j.rmed.2011.10.020
http://doi.org/10.3109/15412555.2011.641803
http://doi.org/10.1016/j.rmed.2012.12.009
http://doi.org/10.1002/cmdc.201500269
http://doi.org/10.1002/cmdc.201500131
http://doi.org/10.1016/j.pupt.2019.03.009
http://www.ncbi.nlm.nih.gov/pubmed/9280401
http://doi.org/10.1183/09031936.00146807
http://www.ncbi.nlm.nih.gov/pubmed/18757703


Int. J. Mol. Sci. 2021, 22, 1065 15 of 15

85. Campbell, E.J.; Campbell, M.A.; Boukedes, S.S.; Owen, C.A. Quantum proteolysis by neutrophils: Implications for pulmonary
emphysema in alpha 1-antitrypsin deficiency. J. Clin. Investig. 1999, 104, 337–344. [CrossRef] [PubMed]

86. Stockley, R.A. Alpha-1 Antitrypsin Deficiency: Have We Got the Right Proteinase? Chronic Obs. Pulm. Dis. 2020, 7, 163–171.
[CrossRef]

87. Macdonald, S.J.; Dowle, M.D.; Harrison, L.A.; Shah, P.; Johnson, M.R.; Inglis, G.G.; Clarke, G.D.; Smith, R.A.; Humphreys, D.;
Molloy, C.R.; et al. The discovery of a potent, intracellular, orally bioavailable, long duration inhibitor of human neutrophil
elastase—GW311616A a development candidate. Bioorg. Med. Chem. Lett. 2001, 11, 895–898. [CrossRef]

88. Rahaghi, F.F.; Miravitlles, M. Long-term clinical outcomes following treatment with alpha 1-proteinase inhibitor for COPD
associated with alpha-1 antitrypsin deficiency: A look at the evidence. Respir. Res. 2017, 18, 105. [CrossRef]

http://doi.org/10.1172/JCI6092
http://www.ncbi.nlm.nih.gov/pubmed/10430615
http://doi.org/10.15326/jcopdf.7.3.2019.0151
http://doi.org/10.1016/S0960-894X(01)00078-6
http://doi.org/10.1186/s12931-017-0574-1

	Introduction 
	Alpha 1-Antitrypsin and Its Targets—Neutrophil Elastase and Proteinase 3 
	Alpha-1-Antitrypsin Properties beyond the Protease-Antiprotease Balance Hypothesis 
	The Pathophysiology of Alpha 1-Antitrypsin Deficiency 
	AAT Augmentation Therapy and Its Alternatives 
	Biomarkers of Neutrophil Elastase and Proteinase 3 Activity 
	Synthetic Small Molecular Weight Inhibitors of Neutrophil Elastase and Proteinase 3 

	Conclusions 
	References

