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Abstract

:

Alpha-1-antitrypsin (AAT), an acute-phase protein encoded by the SERPINA1 gene, is a member of the serine protease inhibitor (SERPIN) superfamily. Its primary function is to protect tissues from enzymes released during inflammation, such as neutrophil elastase and proteinase 3. In addition to its antiprotease activity, AAT interacts with numerous other substances and has various functions, mainly arising from the conformational flexibility of normal variants of AAT. Therefore, AAT has diverse biological functions and plays a role in various pathophysiological processes. This review discusses major molecular forms of AAT, including complex, cleaved, glycosylated, oxidized, and S-nitrosylated forms, in terms of their origin and function.
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1. Introduction


The amino acid sequence determines the three-dimensional structure of each protein, although each protein’s function is largely modulated by post-translational modifications (PTMs). The term PTM indicates changes in the polypeptide chain because of the addition or removal of distinct chemical moieties to amino acid residues, proteolytic processing of the protein, or interactions between the protein and other substances [1,2]. Protein PTMs are involved in most cellular processes including metabolic regulation and defense against pathological insults. Therefore, recognition and analyses of protein PTMs, as well as efforts to understand their biological significance, are fundamental considerations in experimental and clinical science. Because PTMs are implicated in the development of various diseases, there are increasing efforts to identify connections between altered PTMs and the development of specific pathologies.



Alpha-1-antitrypsin (AAT) is the prototypical member of the serine protease inhibitor (SERPIN) superfamily (Figure 1) [3]. The AAT coding gene, SERPINA1, is 12.2 kb in length and composed of seven exons (Ia, Ib, Ic, and II–V) and six introns. It resides in a gene cluster that includes α1-antichymotrypsin, AAT pseudogene, cortisol-binding globulin, and protein C inhibitor [4]. SERPINA1 is extremely polymorphic, such that more than 150 single-nucleotide polymorphisms have been reported. The SERPINA1 pathogenic variants are known to cause AAT deficiency (AATD), an autosomal-codominant disorder. There are several clinically relevant genetic variants of the AAT protein with low expression levels, which polymerize spontaneously or show minimal/no inhibitory activity [5,6]. Normal variants of AAT also possess considerable conformational flexibility that permits the generation of various molecular forms (e.g., polymeric, cleaved, oxidized, and complexed with other substances) [7,8]. Accordingly, AAT demonstrates broad biological activity and participates in various pathophysiological processes.



This review discusses some of the most common types of PTMs currently studied in AAT research, focusing on their origin and functionality (Figure 2).




2. Glycosylation of AAT


Protein glycosylation encompasses a diverse array of sugar-moiety additions to proteins and is a major type of PTM with important effects on protein folding, conformation, distribution, stability, and activity. Carbohydrates in the form of asparagine (Asn)-linked (N-linked) or serine/threonine-linked (O-linked) oligosaccharides are major structural components of many secreted proteins [10,11]. Human AAT is a glycoprotein with a carbohydrate content of approximately 15% [12]. AAT demonstrates Asn-linked glycosylation at three specific sites on its polypeptide backbone. Two of these sites are present on Asn 46 and Asn 83, encoded within exon II, and one site is located on Asn 247, encoded within exon III [13]. Core glycans N-acetylglucosamine are directly attached to the protein via Asn residues. Subsequently added glycans include galactose, mannose, fucose, and sialic acid, which form bi-, tri-, and tetra-antennary branching structures. There are nine known glycoforms of AAT, M0–M8, determined by motifs attached to Asn83. Asn46 and Asn247 have di-antennary glycans (M6 and M8), tri-antennary glycans (M4 and M7), and tetra-antennary glycans (M2). M8 and M7 have five amino acid deletions in their sequences [14]. Although there are many different glycoforms of AAT, few studies have addressed AAT glycosylation.



Glycosylation increases protein stability by protecting against proteolysis and degradation [15,16]. Furthermore, glycans extend the half-life of secreted AAT protein and prevent its aggregation [17]. The glycosylation of AAT is important in its anti-protease and immunomodulatory functions. For example, aerosolized transgenic AAT, which differs from native AAT in terms of glycosylation, has lower ability to inhibit neutrophil elastase activity [18] compared to aerosolized native AAT [19].



Previous studies have shown that cytokines regulate the extent of AAT glycosylation. For example, interferon-γ, interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-α, and transforming growth factor-β all either enhance or reduce the numbers of branched oligosaccharides in AAT [20]. Furthermore, a study comparing AAT production by hepatoma and lung epithelial cells in response to oncostatin M (an analog of IL-6) demonstrated upregulation of AAT production in both cell types, although the glycosylation pattern differed [21]. These findings highlight the importance of AAT as an acute phase protein, the expression of which increases considerably during inflammation. It also modifies glycoforms in response to inflammation.



Changes in AAT glycan expression in the serum were observed in patients with community-acquired pneumonia, both during the acute phase of disease and at the time of resolution. Previous studies have demonstrated considerable impacts of N-glycans on the immunomodulatory functions of AAT, specifically through adjustments of interactions with IL-8 [22]. In liver biopsy tissue specimens, IL-6 expression was significantly positively correlated with the expression of the FUT6 gene, which encodes the protein responsible for outer arm fucosylation. The resulting gene expression changes led to elevated serum levels of tri-antennary, tri-sialylated, and mono-fucosylated glycans of AAT-A3F in patients with non-alcoholic steatohepatitis, compared to patients who had non-alcoholic fatty liver. Serum AAT-A3F levels were significantly elevated in the context of pathological conditions such as hepatic fibrosis, intrahepatic inflammation, and hepatocyte ballooning. Notably, AAT-A3F has shown promise as a noninvasive marker of non-alcoholic steatohepatitis [23,24]. Another study showed that upregulation of core-fucosylated AAT could be a marker for hepatocellular cancer, while antennary fucosylation of AAT may be a marker for inflammation, particularly in patients infected with hepatitis B virus [14,25]. It is possible that the diverse charges in AAT glycopeptides associated with the sialic acid/galactose linkage of the glycan motif can differentiate between early stage hepatocellular carcinoma and cirrhosis [26]. AAT glycosylation patterns have been analyzed in patients with different cancer types (i.e., small-cell lung cancer and non-small-cell lung cancer) and subtypes (i.e., lung adenocarcinoma and squamous cell lung cancer) [27]. Those data revealed that the galactosylated AAT glycoform can be used to discriminate non-small-cell lung cancer from benign pulmonary nodules. By contrast, high serum AAT fucosylation was very specific for adenocarcinoma and strongly correlated with the stage of adenocarcinoma. Moreover, poly N-acetyllactosamine (poly LacNAc) was elevated in the sera of patients with small-cell lung cancer, compared to healthy controls [27]. Those findings imply that poly LacNAc is essential for tumor invasion and metastasis as a modulator of interactions between cancer cells, as well as between cancer cells and the extracellular matrix.



A recent study found highly sialylated M0 and M1 AAT glycoforms in the sera of patients with coronavirus disease 2019 (COVID-19), which might indicate a specific host response to virus-induced inflammation. In that study, the authors found a correlation between COVID-19 severity and the IL-6:AAT ratio. Patients with greater COVID-19 severity had a higher IL-6:AAT ratio, compared to patients who had community-acquired pneumonia [28]. AAT modulates activities that result in downstream IL-6 inhibition, which is implicated in COVID-19 pathogenicity [29]. Moreover, AAT has regulatory roles in the coagulation cascade [9] and could inhibit immunothromboses via elastase inhibition [30]. Notably, inflammatory dysregulation and coagulopathies have been reported in patients with varying levels of COVID-19 severity [31]. These observations support the exploration of anti-inflammatory roles for AAT by means of a clinical trial for the treatment of patients with COVID-19 using AAT supplementation therapy. This therapy is currently approved for patients with emphysema who have severe inherited AATD [28]. We presume that the levels and diversities of AAT glycosylation forms might be implicated in COVID-19 pathogenicity.




3. Protease Complexed and Cleaved Forms of AAT


Human AAT is a major protease inhibitor that forms a stable complex with a range of serine proteases. AAT is the most rapid inhibitor of human neutrophil elastase, proteinase 3, and cathepsin G. Its second-order constants of association with these proteases are 6.5 × 107, 8.1 × 106, and 4.1 × 105 M−1 s−1, respectively [32,33]. Crystallographic studies have revealed that the binding of serine proteases to AAT cleaves the reactive center loop of AAT, resulting in complex formation whereby the protease is moved to the opposite end of the AAT molecule (Figure 3) [34,35].



This reaction irreversibly impedes activity for both the protease and AAT. New findings support the ability of AAT to inhibit a broad range of serine proteases, as well as other classes of proteases (e.g., metalloproteases and cysteine-aspartic proteases). Among those, cysteine-aspartic proteases are caspases, calpain-1, kallikreins 7 and 14, and TNF-α-converting enzyme ADAM-17 [34,36]. Importantly, a recent study identified AAT as a novel inhibitor of TMPRSS2, which plays a role in the cellular entry of several coronaviruses, including severe acute respiratory syndrome (SARS)-coronavirus (CoV)-2, SARS-CoV, and Middle East respiratory syndrome-CoV, as well as influenza viruses [37,38,39,40]. AAT impedes SARS-CoV2 cellular entry and prevents the main clinical complications of severe COVID-19, such as acute inflammation and acute respiratory failure [41]. Therefore, it could be hypothesized that the geographical distribution of pathogenic variants of AAT protein is to a certain extent linked to differences in COVID-19 epidemiology and severity throughout Europe [42]. Furthermore, a Food and Drug Administration-approved AAT augmentation therapy, used for patients with AATD and emphysema, has potential value in managing SARS-CoV-2 infection and an aberrant immune response. Two clinical trials (NCT04495101 and NCT04547140) are underway to evaluate the safety and efficacy of intravenous infusion of AAT in patients with COVID-19.



According to the MEROPS database (http://merops.sanger.ac.uk/index.shtml last accessed on 29.10.2020), AAT interacts with non-specific proteases without forming stable inhibitor complexes. In these instances, proteases recognize the reactive center loop of AAT between residues 352 and 365 as a substrate and hydrolyze this loop, but do not form stable AAT–protease complexes. Several non-serine proteases inactivate AAT via cleavage. These include cathepsin; stromelysins 1 and 3; matrix metalloproteases 1, 3, 7, 9, and 11; matrilysin-1; collagenase-1; and gelatinase B [43]. This inactivation of AAT by proteolysis may shift the protease–anti-protease balance in favor of proteolysis. Various viruses, including corona and influenza viruses, are sensitive to the respiratory protease/antiprotease balance. Therefore, strategies preventing nonspecific AAT inactivation and maintaining the protease–antiprotease balance may serve as targets to prevent viral infections [44].




4. AAT Peptides


Various studies have shown that proteolytic cleavage of native AAT produces larger N-terminal and shorter C-terminal fragments bound to the cleaved complex [45]. Notably, in contrast to biochemical and structural data, variants of AAT C-fragments have been identified in human tissues and body fluids [46]. We recently identified novel short transcripts of the SERPINA1 gene, which are differentially expressed in tissues and cells. We have also provided experimental evidence that the expression of short transcripts can be regulated, and that C-terminal peptides of AAT can be secreted [47].



The physiological functions of these peptides have also been reported, including natural killer cell suppression (CRISPP peptide) [48], extracellular matrix protection (SPAAT peptide) [49], pro- or anti-inflammatory immune-modulating functions [50,51], and inhibition of human immunodeficiency virus entry (VIRIP peptide) [52]. We previously reported that the C-terminal fragment of AAT forms amyloid-like fibrils that activate human monocytes. Moreover, this fragment is present in atherosclerotic plaques [53] and the lungs of patients with chronic obstructive pulmonary disease (COPD) [54]. A putative connection has been suggested among matrix metalloprotease activity, generation of C-terminal peptides of AAT, and tumor progression [55]. Finally, the Y105 C-terminal peptide of AAT, CSIPPEVKFNKPFVYLI, has been characterized as a siRNA endoporter. Therefore, the Y105 peptide is a promising candidate for targeted therapy [56].



Various clinical studies have suggested that C-terminal peptides of AAT may be useful as biomarkers. For example, in patients with severe sepsis, serum levels of the 42-amino acid C-terminal peptide of AAT, CAAP48, were significantly elevated. Thus, this peptide may have value as a diagnostic biomarker for sepsis (Figure 4) [57,58].



Likewise, upregulation of AAT and its fragments has been observed in chronic kidney diseases and could serve as a biomarker [59,60]. A recent study suggested that the C-terminal peptide of AAT may be a predictive biomarker for acute exacerbations in patients with idiopathic pulmonary fibrosis [61]. Moreover, AAT fragments might serve as biomarkers in certain spinal cord pathologies, such as chronic neuropathic pain, which involves the somatosensory nervous system. Using consecutive enzymatic reactions and mass spectrometry, Bäckryd et al. analyzed PTMs of 18 isoforms of AAT in cerebrospinal fluid. They identified two N-truncated AAT peptides, one downregulated (AT5106, 19.4 kDa) and another upregulated (I_AT111, 38.9 kDa), which could be used to distinguish between patients with chronic neuropathic pain and healthy controls [62]. Moreover, statistical analyses revealed I_AT111 as an independent predictor of chronic pain intensity.



The protein fragments that result from protease-associated cleavage of AAT might serve as unique signatures for specific proteases. Degradomics–peptidomics profiling of biological fluids might reveal unique AAT peptides with diagnostic and/or prognostic value.




5. Polymers of AAT


AAT has a structure that is a hallmark of the SERPIN superfamily, comprising three β-sheets (A–C), nine α-helices (A–I), and a reactive center loop bait sequence that acts as a pseudo-substrate for the target protease (Figure 3 and Figure 5). Structural lability of the central β-sheet (A) is required for inhibitor function and is essential for polymer formation. The mechanisms by which AAT forms polymers are the focus of ongoing investigations. Several genetic variants of AAT, such as the Z (Glu342Lys) variant, have a propensity for the formation of ordered linear polymers. The classic pathway of SERPIN polymerization suggests that the Z mutation of AAT disrupts the relationship between the reactive center loop and β-sheet A [63]. An opening in the s4A cavity allows for the creation of a sequential β-strand linkage between the reactive center loop of one SERPIN and β-sheet A of another SERPIN, leading to the formation of a dimer and subsequent polymers [6,36,64,65]. Two additional models for AAT polymerization have been proposed, both of which suggest that AAT assembly pathways could arise from structurally and/or dynamically distinct polymerogenic intermediates. The structures of pathological polymers that accumulate in patients are unclear.



However, a recent study concerning structural characterization of AAT polymers obtained from post-transplant liver tissue of patients with the ZZ variant of AAT greatly favored the C-terminal disulfide (Cterm) domain swap as the structural basis for pathological Z-AAT polymers [64]. The C-terminal disulfide domain swap is presumably the basis of pathological polymers of Z-AAT, which are present in more than 95% of patients with severe AATD. However, the structural aspects of polymers resulting from other mutants of AAT, such as Siiyama, Mmalton, and King’s, have not been elucidated. A recent study revealed Trento (Glu75Val), a novel variant of AAT [66]. The Trento variant displayed electrophoretic profile polymers other than Z-AAT. Electrophoresis, immunological studies, and molecular modeling results demonstrated that these polymers were caused by the loss of native protein stability. The Trento variant might be responsible for the transition of AAT to latent and/or polymeric states in plasma, similar to other SERPINs (e.g., antithrombin) [67]. Native, wild-type AAT can form polymers while interacting with hydrophobic molecules, such as heme and fatty acids. However, the clinical significance of such polymerization remains unclear.



Approximately 2–5% of Europeans are heterozygous for the Z and wild-type M alleles. Remarkably, a recent study elegantly demonstrated that the Z and M forms of AAT can copolymerize [68]. These data showed that Z-AAT can form heteropolymers with polymerization-inert variants in vivo, which has implications for liver disease in heterozygous individuals.



The Z-AAT variant is the primary cause of severe AATD and liver disease due to polymer formation in the endoplasmic reticulum of hepatocytes and hepatocyte damage. Extracellular polymers of AAT are also present, which might be pro-inflammatory and stimulate neutrophil chemotaxis [69]. This pro-inflammatory function, together with the impaired anti-serine protease activity of Z-AAT, may enhance disease susceptibility and promote the development of emphysema [70]. Notably, AAT polymers may serve as templates for the binding of bacterial or yeast-related products, leading to the generation of pro-inflammatory and chemotactic forms of the polymer [71]. Moreover, oxidative stress can greatly accelerate the intracellular polymerization of Z-AAT. This process may occur in different cell types (e.g., pancreatic, endothelial, and monocytes) and may contribute to panniculitis and systemic vasculitis associated with Z-AAT [72]. Disease susceptibility may be directly related to the accumulation of aggregated AAT protein, although it may also depend on the rate of polymer clearance by autophagy and non-proteasomal degradation, which could influence the clinical phenotype [73].



The presence of AAT polymers in human alveolar macrophages, and their effects on lung inflammation, have recently been demonstrated [74] both in patients with COPD who have AAT-deficient PiZZ or PiZI variants and in smokers with PiMM who are otherwise healthy or have COPD.



The silencing of Z-AAT protein production might provide an effective therapeutic intervention towards prevention and/or treatment of AATD-induced liver disease [75,76]. Attempts have been made to prevent nascent polymer accumulation and to facilitate reduction of preexisting polymers with an RNAi trigger to selectively degrade Z-AAT mRNA [77,78]. Thus far, there remains no disease-specific therapy for hepatic manifestations of AATD. Liver transplantation remains the definitive treatment for advanced liver disease [79].




6. Complexed Forms of AAT


AAT interacts with various ligands (Figure 2). For example, AAT binds to secreted enteropathogenic Escherichia coli proteins EspB and EspD [80]; Cryptosporidium parvum [81], a protozoan parasite; free heme [72]; various lipid moieties (e.g., low-density lipoprotein (LDL), high-density lipoprotein (HDL), and fatty acids) [82,83,84], chemokines IL-8 and LTB4 [85,86], complement factors [87], and heat shock proteins [88] (Figure 2). Important, AAT interacts with pre-prohepcidin and prohepcidin, but not with the mature form of hepcidin, a controller of iron homeostasis [89]. This interaction may protect prohepcidin from cleavage by furin, a serine protease responsible for hepcidin maturation [90].



Some AAT complexes have been linked to specific clinical conditions. For example, AAT complexed with the kappa light chain of immunoglobulin was detected in the plasma of patients with myeloma and Bence–Jones proteinemia [90]. Furthermore, AAT/factor XIa and AAT/heat shock protein-70 complexes were found in patients with diabetes [88], while AAT/immunoglobulin A complexes were detected in the synovial fluid of patients with rheumatoid arthritis (RA), systemic lupus erythematosus, and ankylosing spondylitis [91]. Human kallikrein 3, a prostate-specific antigen, was complexed with AAT in serum samples from patients with high prostate-specific antigen concentrations [92]. Moreover, AAT associates with HDL, which likely explains the anti-elastase activity ascribed to HDL [93]. In a mouse model of elastase-induced pulmonary emphysema, AAT binding to HDL enhanced the protective effects of AAT [94]. Serum levels of AAT/oxidized LDL complexes were high in smokers and decreased after smoking cessation [95]. Kotani et al. showed that AAT/LDL complexes were positively associated with adiponectin and HDL cholesterol in women without metabolic syndrome, but not in women with metabolic syndrome [96]. To date, AAT complex forms with other substances have received little attention in clinical and experimental research.




7. Oxidized Forms of AAT


Oxidation of critical methionine residues in AAT, specifically at positions 351 and 358 (pivotal for establishment of the proteinase-inhibitor complex) [97], generates oxidized protein. This reaction is presumed to have pro-inflammatory consequences because inactivation of AAT inhibitory activity favors proteolysis, inflammatory processes, and connective tissue degradation. Oxidative modifications of AAT protein are induced by cigarette smoke components, as well as oxidants and enzymes (e.g., myeloperoxidase released by cells at sites of inflammation). The oxidized forms of AAT have minimal or no anti-elastase activity. They have been proposed to serve as oxidative stress markers [98] and potential biomarkers for the harmful effects of smoking. Moreover, these forms are important in COPD development [99]. Higher levels of serum-oxidized AAT were found in smokers with COPD than in nonsmokers with COPD or healthy controls [99]. Furthermore, partially inactivated oxidized AAT was detected in bronchoalveolar lavage fluid from smokers, but not from nonsmokers. The oxidation of AAT is considered an important promoter of proteinase inhibitor imbalance in the lungs [100]. Stephenson et al. reported that oxidized AAT forms a substantial fraction of total AAT in the lungs of patients with human immunodeficiency virus, suggesting that the oxidation of AAT may contribute to emphysema development in these patients [101]. Moreover, Izumi-Yoneda et al. suggested that AAT oxidation in the amnion is associated with premature rupture of the fetal membranes [102]. Ueda et al. reported the presence of oxidized AAT in serum samples from patients with inflammatory diseases [103]. Specifically, oxidized AAT has been detected in patients with rheumatic diseases, bronchiectasis [104,105], and heart failure [106]. Notably, Jamnongkan et al. identified oxidized AAT as a potential risk indicator for opisthorchiasis-associated cholangiocarcinoma [107].



Experimental studies have shown that oxidized AAT promotes the release of monocyte chemoattractant protein-1 and IL-8 from A549 pulmonary epithelial cells and normal bronchial epithelial cells. This process may contribute to COPD pathogenesis by causing a functional deficiency and generating a pro-inflammatory form of AAT [89]. Alam et al. demonstrated that cigarette smoke induces oxidation and subsequent polymerization of Z-AAT, thereby rendering AAT inactive as an anti-elastase and creating a pro-inflammatory environment [108]. These findings suggest that major risk factors for COPD (e.g., cigarette smoke and Z-AAT deficiency) have a synergistic effect, rather than independent or additive effects. It is important to note that, similar to the native form, oxidized AAT interacts with other molecules. Oxidized AAT complexed with IgA was detected in patients with ankylosing spondylitis [109] and RA [91]. Furthermore, oxidized AAT/LDL complexes were found in atherosclerotic lesions [110]. The pathophysiological roles of these interactions remain unknown.



Despite a loss of inhibitory activity, oxidized AAT inhibits lipopolysaccharide-induced production of TNF-α and IL-1β cytokines in vitro. It also inhibits cigarette smoke-induced inflammation in vivo. However, other studies have demonstrated that the oxidized AAT expresses anti-inflammatory effects. An important example of this involves the smoking mouse model. These animals demonstrate a TNF-α response with downstream inflammation, proteinase release, and tissue destruction, which lead to emphysematous changes. Importantly, administration of oxidized AAT blocks these effects [111]. However, an experimental in vivo mouse model involving site-directed mutagenesis (to replace AAT M351 with valine (V) and M358 with leucine (L)) revealed maintenance of antiprotease activity under oxidant stress despite abrogation of wild-type AAT function, indicating a potential novel strategy for treatment of AATD [112].



In agreement with these findings, native and oxidized forms of AAT are equally effective for preventing acute liver and lung injury in vivo [113,114]. Taken together, the current data suggest that oxidative modifications attenuate the serine protease-inhibiting effect of AAT, although they do not entirely abolish the anti-inflammatory effects. Hence, AAT lacking anti-protease activity can efficiently have anti-inflammatory functions. This implies that the anti-inflammatory and anti-protease functions of AAT can be fully independent.




8. S-Nitrosylated Form of AAT


Protein S-nitrosylation involves covalent attachment of a nitric oxide (NO) group to cysteine residues via direct interactions between reactive nitrogen species and protein thiol residues, or via nitrosylation by S-nitrosoglutathione [115]. The only cysteine residue of AAT (Cys232) undergoes S-nitrosylation (S-NO-AAT) in the inflammatory milieu [116]. The reverse process, protein denitrosylation, is driven by two enzyme systems: glutathione/S-nitrosoglutathione reductase and thioredoxin/thioredoxin reductase [117]. Denitrosylation can also be self-induced by the S-NO-protein, as observed in S-NO-AAT, via transfer of the NO molecule to cellular targets with free thiols [116,118].



Some data suggest that human plasma AAT is readily S-nitrosylated under physiological conditions, and that this nitrosylation is 10-fold more efficient than the reaction between albumin and glutathione. The bacteriostatic effects of S-NO-AAT enabled via transnitrosylation was 20- to 3000-fold more effective than for other S-nitrosylated albumins and glutathione [118]. Moreover, S-NO-AAT appears to stimulate a significantly stronger anti-bacterial response in macrophages, compared to native AAT or S-nitrosoglutathione [116]. In addition, S-NO-AAT can prevent hepatocyte apoptosis in rats [118,119]. The beneficial effects of S-NO-AAT are associated with its antioxidant activity and ability to induce heme oxygenase-1 expression [119].



A recent study reported that S-nitrosylation facilitates the antibacterial activity of AAT by promoting its ability to activate innate immune cells [116]. Although the precise proportion of S-NO-AAT generated in vivo is not known, nor the ratio between AAT/S-NO-AAT, the authors of this latter study postulated that during infection, AAT becomes S-nitrosylated, and thus can assist in the reduction of the bacterial burden. S-NO-AAT seems to cause resting macrophages to exhibit a pro-inflammatory and antibacterial phenotype, including release of inflammatory cytokines and induction of inducible nitric oxide synthase. A similar outcome was observed in other nitrosylated circulating proteins, including albumin [120], and hemoglobin [121].



At infection sites, immune cells express inducible nitric oxide synthase (iNOS), followed by production of nitric oxide (NO) [122] that can act as a signaling molecule by promoting S-nitrosylation (S-NO) of both host and pathogen proteins. Protein S-nitrosylation is involved in gene transcription and protein function, as well as in inflammatory and cell survival pathways [123]. S-NO-hAAT gains the ability to directly eliminate bacteria [118].




9. Carbamylated and Homocysteinylated AAT


Protein carbamylation is a PTM partially caused by exposure to the urea dissociation product cyanate, as well as inflammation, diet, smoking, and environmental factors [124]. The net result of the carbamylation reaction is the addition of a “carbamoyl” moiety (-CONH2) to a functional group. The 34 lysine residues in the AAT protein provide a suitable target for carbamylation [125]. Notably, carbamylated AAT has been identified in carbamylated fetal calf serum [126].



Patients with RA have been found to make autoantibodies toward the carbamylated form of AAT in the synovial fluid. These antibodies can be observed years before disease onset, and may predict the development of RA in patients with arthralgia. Consequently, carbamylated AAT is currently being developed as an antigenic biomarker for RA [127]. Carbamylated AAT may also serve as a marker of the loss of AAT protection [128]. The latter may provide a justification for exploring AAT therapy for RA patients.



Homocysteine thiolactone is a cyclic thioester of homocysteine that contributes to the toxicity of this amino acid. Homocysteine thiolactone spontaneously reacts with protein lysine residues, leading to altered target protein properties and immune response induction. In a recent study, Colasanti et al. used reverse-phase nanoliquid chromatography and tandem mass spectrometry to confirm that homocysteinylation is a PTM of AAT. In patients with RA, rheumatoid factor and anti-citrullinated protein antibodies are most frequently detected [128]. However, Colasanti et al. observed that a large number of patients with RA displayed anti-homocysteine-AAT autoantibodies, which might serve as biomarkers for RA.




10. Conclusions


The conformational polymorphism of AAT protein confirms the complexity of its biological functions. Importantly, AAT interacts with other molecules, which may lead to oxidation, degradation, complex formation, self-assembly, or additional modifications. Some of these changes result in acquired deficiency of native AAT protein; however, they may also generate new molecular forms with potent biological activity, which may have prognostic significance and predict therapeutic response. Unfortunately, no standardized methods are currently available to assess the levels and clinical roles of post-translationally modified forms of AAT.
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Abbreviations




	AAT
	Alpha-1-antitrypsin



	AATD
	Alpha-1-antitrypsin deficiency



	COPD
	Chronic obstructive pulmonary disease



	COVID-19
	Coronavirus disease 2019



	FUT6
	Fucosyltransferase 6



	HDL
	High-density lipoprotein



	IL-1, 6, 8
	Interleukin 1, 6, 8



	LDL
	Low-density lipoprotein



	PTMs
	Post-translational modifications



	RA
	Rheumatoid arthritis



	SERPIN
	Serine protease inhibitor



	SERPINA1
	Serpin family A member 1



	SARS-CoV-2
	Severe acute respiratory syndrome (SARS)-coronavirus (CoV)-2



	TMPRSS2
	Transmembrane serine protease 2



	TNF-α
	Tumor necrosis factor α







References


	



Duan, G.; Walther, D. The roles of post-translational modifications in the context of protein interaction networks. PLoS Comput. Biol. 2015, 11, e1004049. [Google Scholar] [CrossRef]

	



Prus, G.; Hoegl, A.; Weinert, B.T.; Choudhary, C. Analysis and Interpretation of Protein Post-Translational Modification Site Stoichiometry. Trends Biochem. Sci. 2019, 44, 943–960. [Google Scholar] [CrossRef]

	



Carrell, R.W. alpha 1-Antitrypsin: Molecular pathology, leukocytes, and tissue damage. J. Clin. Investig. 1986, 78, 1427–1431. [Google Scholar] [CrossRef]

	



Silva, D.; Oliveira, M.J.; Guimarães, M.; Lima, R.; Gomes, S.; Seixas, S. Alpha-1-antitrypsin (SERPINA1) mutation spectrum: Three novel variants and haplotype characterization of rare deficiency alleles identified in Portugal. Respir. Med. 2016, 116, 8–18. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Santangelo, S.; Scarlata, S.; Poeta, M.L.; Bialas, A.J.; Paone, G.; Incalzi, R.A. Alpha-1 Antitrypsin Deficiency: Current Perspective from Genetics to Diagnosis and Therapeutic Approaches. Curr. Med. Chem. 2017, 24, 65–90. [Google Scholar] [CrossRef]

	



Xu, H.; Wang, Y.; Lin, S.; Deng, W.; Peng, D.; Cui, Q.; Xue, Y. PTMD: A Database of Human Disease-associated Post-translational Modifications. Genom. Proteom. Bioinform. 2018, 16, 244–251. [Google Scholar] [CrossRef]

	



Xu, Y.; Yang, Y.; Wang, Z.; Li, C.; Shao, Y. A Systematic Review on Posttranslational Modification in Proteins: Feature Construction, Algorithm and Webserver. Protein Pept. Lett. 2018, 25, 807–814. [Google Scholar] [CrossRef]

	



Janciauskiene, S.; Welte, T. Well-Known and Less Well-Known Functions of Alpha-1 Antitrypsin. Its Role in Chronic Obstructive Pulmonary Disease and Other Disease Developments. Ann. Am. Thorac. Soc. 2016, 13 (Suppl. 4), S280–S288. [Google Scholar] [CrossRef]

	



Štambuk, T.; Klasić, M.; Zoldoš, V.; Lauc, G. N-glycans as functional effectors of genetic and epigenetic disease risk. Mol. Aspects Med. 2020, 100891. [Google Scholar] [CrossRef]

	



Wang, S.-H.; Wu, T.-J.; Lee, C.-W.; Yu, J. Dissecting the conformation of glycans and their interactions with proteins. J. Biomed. Sci. 2020, 27, 93. [Google Scholar] [CrossRef] [PubMed]

	



Sroka-Bartnicka, A.; Karlsson, I.; Ndreu, L.; Quaranta, A.; Pijnappel, M.; Thorsén, G. Particle-based N-linked glycan analysis of selected proteins from biological samples using nonglycosylated binders. J. Pharm. Biomed. Anal. 2017, 132, 125–132. [Google Scholar] [CrossRef] [PubMed]

	



Blanchard, V.; Liu, X.; Eigel, S.; Kaup, M.; Rieck, S.; Janciauskiene, S.; Sandig, V.; Marx, U.; Walden, P.; Tauber, R.; et al. N-glycosylation and biological activity of recombinant human alpha1-antitrypsin expressed in a novel human neuronal cell line. Biotechnol. Bioeng. 2011, 108, 2118–2128. [Google Scholar] [CrossRef]

	



McCarthy, C.; Saldova, R.; Wormald, M.R.; Rudd, P.M.; McElvaney, N.G.; Reeves, E.P. The role and importance of glycosylation of acute phase proteins with focus on alpha-1 antitrypsin in acute and chronic inflammatory conditions. J. Proteome Res. 2014, 13, 3131–3143. [Google Scholar] [CrossRef]

	



Lilkova, E.; Petkov, P.; Ilieva, N.; Krachmarova, E.; Nacheva, G.; Litov, L. Molecular modeling of the effects of glycosylation on the structure and dynamics of human interferon-gamma. J. Mol. Model. 2019, 25, 127. [Google Scholar] [CrossRef]

	



Stelzl, T.; Geillinger-Kästle, K.E.; Stolz, J.; Daniel, H. Glycans in the intestinal peptide transporter PEPT1 contribute to function and protect from proteolysis. Am. J. Physiol. Gastrointest. Liver Physiol. 2017, 312, G580–G591. [Google Scholar] [CrossRef]

	



Shental-Bechor, D.; Levy, Y. Folding of glycoproteins: Toward understanding the biophysics of the glycosylation code. Curr. Opin. Struct. Biol. 2009, 19, 524–533. [Google Scholar] [CrossRef]

	



Martin, S.L.; Downey, D.; Bilton, D.; Keogan, M.T.; Edgar, J.; Elborn, J.S. Recombinant AAT CF Study Team Safety and efficacy of recombinant alpha(1)-antitrypsin therapy in cystic fibrosis. Pediatr. Pulmonol. 2006, 41, 177–183. [Google Scholar] [CrossRef]

	



Griese, M.; Latzin, P.; Kappler, M.; Weckerle, K.; Heinzlmaier, T.; Bernhardt, T.; Hartl, D. alpha1-Antitrypsin inhalation reduces airway inflammation in cystic fibrosis patients. Eur. Respir. J. 2007, 29, 240–250. [Google Scholar] [CrossRef]

	



Mackiewicz, A.; Laciak, M.; Górny, A.; Baumann, H. Leukemia inhibitory factor, interferon gamma and dexamethasone regulate N-glycosylation of alpha 1-protease inhibitor in human hepatoma cells. Eur. J. Cell Biol. 1993, 60, 331–336. [Google Scholar]

	



Kulig, P.; Cichy, J. Acute phase mediator oncostatin M regulates affinity of alpha1-protease inhibitor for concanavalin A in hepatoma-derived but not lung-derived epithelial cells. Cytokine 2005, 30, 269–274. [Google Scholar] [CrossRef] [PubMed]

	



McCarthy, C.; Dunlea, D.M.; Saldova, R.; Henry, M.; Meleady, P.; McElvaney, O.J.; Marsh, B.; Rudd, P.M.; Reeves, E.P.; McElvaney, N.G. Glycosylation Repurposes Alpha-1 Antitrypsin for Resolution of Community-acquired Pneumonia. Am. J. Respir. Crit. Care Med. 2018, 197, 1346–1349. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, T.; Ogawa, K.; Furukawa, J.-I.; Hanamatsu, H.; Hato, M.; Yoshinaga, T.; Morikawa, K.; Suda, G.; Sho, T.; Nakai, M.; et al. Quantifying Protein-Specific N-Glycome Profiles by Focused Protein and Immunoprecipitation Glycomics. J. Proteome Res. 2019, 18, 3133–3141. [Google Scholar] [CrossRef] [PubMed]

	



Ogawa, K.; Kobayashi, T.; Furukawa, J.-I.; Hanamatsu, H.; Nakamura, A.; Suzuki, K.; Kawagishi, N.; Ohara, M.; Umemura, M.; Nakai, M.; et al. Tri-antennary tri-sialylated mono-fucosylated glycan of alpha-1 antitrypsin as a non-invasive biomarker for non-alcoholic steatohepatitis: A novel glycobiomarker for non-alcoholic steatohepatitis. Sci. Rep. 2020, 10, 321. [Google Scholar] [CrossRef] [PubMed]

	



Comunale, M.A.; Rodemich-Betesh, L.; Hafner, J.; Wang, M.; Norton, P.; Di Bisceglie, A.M.; Block, T.; Mehta, A. Linkage specific fucosylation of alpha-1-antitrypsin in liver cirrhosis and cancer patients: Implications for a biomarker of hepatocellular carcinoma. PLoS ONE 2010, 5, e12419. [Google Scholar] [CrossRef]

	



Yin, H.; Zhu, J.; Wang, M.; Yao, Z.-P.; Lubman, D.M. Quantitative Analysis of α-1-Antitrypsin Glycosylation Isoforms in HCC Patients Using LC-HCD-PRM-MS. Anal. Chem. 2020. [Google Scholar] [CrossRef]

	



Liang, Y.; Ma, T.; Thakur, A.; Yu, H.; Gao, L.; Shi, P.; Li, X.; Ren, H.; Jia, L.; Zhang, S.; et al. Differentially expressed glycosylated patterns of α-1-antitrypsin as serum biomarkers for the diagnosis of lung cancer. Glycobiology 2015, 25, 331–340. [Google Scholar] [CrossRef]

	



McElvaney, O.J.; McEvoy, N.L.; McElvaney, O.F.; Carroll, T.P.; Murphy, M.P.; Dunlea, D.M.; Ní Choileáin, O.; Clarke, J.; O’Connor, E.; Hogan, G.; et al. Characterization of the Inflammatory Response to Severe COVID-19 Illness. Am. J. Respir. Crit. Care Med. 2020, 202, 812–821. [Google Scholar] [CrossRef]

	



Grifoni, E.; Valoriani, A.; Cei, F.; Lamanna, R.; Gelli, A.M.G.; Ciambotti, B.; Vannucchi, V.; Moroni, F.; Pelagatti, L.; Tarquini, R.; et al. Interleukin-6 as prognosticator in patients with COVID-19. J. Infect. 2020, 81, 452–482. [Google Scholar] [CrossRef]

	



Middleton, E.A.; He, X.-Y.; Denorme, F.; Campbell, R.A.; Ng, D.; Salvatore, S.P.; Mostyka, M.; Baxter-Stoltzfus, A.; Borczuk, A.C.; Loda, M.; et al. Neutrophil extracellular traps contribute to immunothrombosis in COVID-19 acute respiratory distress syndrome. Blood 2020, 136, 1169–1179. [Google Scholar] [CrossRef]

	



Jose, R.J.; Manuel, A. COVID-19 cytokine storm: The interplay between inflammation and coagulation. Lancet Respir. Med. 2020, 8, e46–e47. [Google Scholar] [CrossRef]

	



Beatty, K.; Bieth, J.; Travis, J. Kinetics of association of serine proteinases with native and oxidized alpha-1-proteinase inhibitor and alpha-1-antichymotrypsin. J. Biol. Chem. 1980, 255, 3931–3934. [Google Scholar]

	



Rao, N.V.; Wehner, N.G.; Marshall, B.C.; Gray, W.R.; Gray, B.H.; Hoidal, J.R. Characterization of proteinase-3 (PR-3), a neutrophil serine proteinase. Structural and functional properties. J. Biol. Chem. 1991, 266, 9540–9548. [Google Scholar]

	



Marijanovic, E.M.; Fodor, J.; Riley, B.T.; Porebski, B.T.; Costa, M.G.S.; Kass, I.; Hoke, D.E.; McGowan, S.; Buckle, A.M. Reactive centre loop dynamics and serpin specificity. Sci. Rep. 2019, 9, 3870. [Google Scholar] [CrossRef]

	



Nyon, M.P.; Prentice, T.; Day, J.; Kirkpatrick, J.; Sivalingam, G.N.; Levy, G.; Haq, I.; Irving, J.A.; Lomas, D.A.; Christodoulou, J.; et al. An integrative approach combining ion mobility mass spectrometry, X-ray crystallography, and nuclear magnetic resonance spectroscopy to study the conformational dynamics of α1 -antitrypsin upon ligand binding. Protein Sci. Publ. Protein Soc. 2015, 24, 1301–1312. [Google Scholar] [CrossRef]

	



Yamasaki, M.; Sendall, T.J.; Pearce, M.C.; Whisstock, J.C.; Huntington, J.A. Molecular basis of α1-antitrypsin deficiency revealed by the structure of a domain-swapped trimer. EMBO Rep. 2011, 12, 1011–1017. [Google Scholar] [CrossRef]

	



de Loyola, M.B.; Dos Reis, T.T.A.; de Oliveira, G.X.L.M.; da Fonseca Palmeira, J.; Argañaraz, G.A.; Argañaraz, E.R. Alpha-1-antitrypsin: A possible host protective factor against Covid-19. Rev. Med. Virol. 2020, e2157. [Google Scholar] [CrossRef]

	



Castellana, S.; Fusilli, C.; Mazzoccoli, G.; Biagini, T.; Capocefalo, D.; Carella, M.; Vescovi, A.L.; Mazza, T. High-confidence assessment of functional impact of human mitochondrial non-synonymous genome variations by APOGEE. PLoS Comput. Biol. 2017, 13, e1005628. [Google Scholar] [CrossRef]

	



Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.; Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 2020, 181, 271–280.e8. [Google Scholar] [CrossRef]

	



Azouz, N.P.; Klingler, A.M.; Callahan, V.; Akhrymuk, I.V.; Elez, K.; Raich, L.; Henry, B.M.; Benoit, J.L.; Benoit, S.W.; Noé, F.; et al. Alpha 1 Antitrypsin is an Inhibitor of the SARS-CoV-2-Priming Protease TMPRSS2. BioRxiv Prepr. Serv. Biol. 2020. [Google Scholar] [CrossRef]

	



Oguntuyo, K.Y.; Stevens, C.S.; Siddiquey, M.N.; Schilke, R.M.; Woolard, M.D.; Zhang, H.; Acklin, J.A.; Ikegame, S.; Hung, C.-T.; Lim, J.K.; et al. In plain sight: The role of alpha-1-antitrypsin in COVID-19 pathogenesis and therapeutics. BioRxiv Prepr. Serv. Biol. 2020. [Google Scholar] [CrossRef]

	



Shapira, G.; Shomron, N.; Gurwitz, D. Ethnic differences in alpha-1 antitrypsin deficiency allele frequencies may partially explain national differences in COVID-19 fatality rates. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2020. [Google Scholar] [CrossRef]

	



Janciauskiene, S. Conformational properties of serine proteinase inhibitors (serpins) confer multiple pathophysiological roles. Biochim. Biophys. Acta 2001, 1535, 221–235. [Google Scholar] [CrossRef]

	



Meyer, M.; Jaspers, I. Respiratory protease/antiprotease balance determines susceptibility to viral infection and can be modified by nutritional antioxidants. Am. J. Physiol. Lung Cell. Mol. Physiol. 2015, 308, L1189–L1201. [Google Scholar] [CrossRef]

	



Otlewski, J.; Jelen, F.; Zakrzewska, M.; Oleksy, A. The many faces of protease-protein inhibitor interaction. EMBO J. 2005, 24, 1303–1310. [Google Scholar] [CrossRef]

	



Johansson, J.; Gröndal, S.; Sjövall, J.; Jörnvall, H.; Curstedt, T. Identification of hydrophobic fragments of alpha 1-antitrypsin and C1 protease inhibitor in human bile, plasma and spleen. FEBS Lett. 1992, 299, 146–148. [Google Scholar] [CrossRef]

	



Matamala, N.; Aggarwal, N.; Iadarola, P.; Fumagalli, M.; Gomez-Mariano, G.; Lara, B.; Martinez, M.T.; Cuesta, I.; Stolk, J.; Janciauskiene, S.; et al. Identification of Novel Short C-Terminal Transcripts of Human SERPINA1 Gene. PLoS ONE 2017, 12, e0170533. [Google Scholar] [CrossRef]

	



Cercek, L.; Cercek, B. Cancer-associated SCM-recognition, immunedefense suppression, and serine protease protection peptide. Part III. CRISPP peptide protection of serine proteases against inhibition. Cancer Detect. Prev. 1993, 17, 447–454. [Google Scholar]

	



Niemann, M.A.; Baggott, J.E.; Miller, E.J. Binding of SPAAT, the 44-residue C-terminal peptide of alpha 1-antitrypsin, to proteins of the extracellular matrix. J. Cell. Biochem. 1997, 66, 346–357. [Google Scholar] [CrossRef]

	



Baranovski, B.M.; Schuster, R.; Nisim, O.; Brami, I.; Lior, Y.; Lewis, E.C. Alpha-1 Antitrypsin Substitution for Extrapulmonary Conditions in Alpha-1 Antitrypsin Deficient Patients. Chronic Obstr. Pulm. Dis. Miami Fla 2018, 5, 267–276. [Google Scholar] [CrossRef]

	



Gerbod-Giannone, M.-C.; Del Castillo-Olivares, A.; Janciauskiene, S.; Gil, G.; Hylemon, P.B. Suppression of cholesterol 7alpha-hydroxylase transcription and bile acid synthesis by an alpha1-antitrypsin peptide via interaction with alpha1-fetoprotein transcription factor. J. Biol. Chem. 2002, 277, 42973–42980. [Google Scholar] [CrossRef] [PubMed]

	



Kramer, H.B.; Lavender, K.J.; Qin, L.; Stacey, A.R.; Liu, M.K.P.; di Gleria, K.; Simmons, A.; Gasper-Smith, N.; Haynes, B.F.; McMichael, A.J.; et al. Elevation of Intact and Proteolytic Fragments of Acute Phase Proteins Constitutes the Earliest Systemic Antiviral Response in HIV-1 Infection. PLoS Pathog. 2010, 6. [Google Scholar] [CrossRef] [PubMed]

	



Dichtl, W.; Moraga, F.; Ares, M.P.; Crisby, M.; Nilsson, J.; Lindgren, S.; Janciauskiene, S. The carboxyl-terminal fragment of alpha1-antitrypsin is present in atherosclerotic plaques and regulates inflammatory transcription factors in primary human monocytes. Mol. Cell Biol. Res. Commun. MCBRC 2000, 4, 50–61. [Google Scholar] [CrossRef] [PubMed]

	



Subramaniyam, D.; Glader, P.; von Wachenfeldt, K.; Burneckiene, J.; Stevens, T.; Janciauskiene, S. C-36 peptide, a degradation product of alpha1-antitrypsin, modulates human monocyte activation through LPS signaling pathways. Int. J. Biochem. Cell Biol. 2006, 38, 563–575. [Google Scholar] [CrossRef]

	



Zelvyte, I.; Sjögren, H.-O.; Janciauskiene, S. Effects of native and cleaved forms of alpha1-antitrypsin on ME 1477 tumor cell functional activity. Cancer Detect. Prev. 2002, 26, 256–265. [Google Scholar] [CrossRef]

	



Bartz, R.; Fan, H.; Zhang, J.; Innocent, N.; Cherrin, C.; Beck, S.C.; Pei, Y.; Momose, A.; Jadhav, V.; Tellers, D.M.; et al. Effective siRNA delivery and target mRNA degradation using an amphipathic peptide to facilitate pH-dependent endosomal escape. Biochem. J. 2011, 435, 475–487. [Google Scholar] [CrossRef]

	



Blaurock, N.; Schmerler, D.; Hünniger, K.; Kurzai, O.; Ludewig, K.; Baier, M.; Brunkhorst, F.M.; Imhof, D.; Kiehntopf, M. C-Terminal Alpha-1 Antitrypsin Peptide: A New Sepsis Biomarker with Immunomodulatory Function. Mediators Inflamm. 2016, 2016, 6129437. [Google Scholar] [CrossRef]

	



Blaurock-Möller, N.; Gröger, M.; Siwczak, F.; Dinger, J.; Schmerler, D.; Mosig, A.S.; Kiehntopf, M. CAAP48, a New Sepsis Biomarker, Induces Hepatic Dysfunction in an in vitro Liver-on-Chip Model. Front. Immunol. 2019, 10, 273. [Google Scholar] [CrossRef]

	



Kwak, N.-J.; Wang, E.-H.; Heo, I.-Y.; Jin, D.-C.; Cha, J.-H.; Lee, K.-H.; Yang, C.-W.; Kang, C.-S.; Choi, Y.-J. Proteomic analysis of alpha-1-antitrypsin in immunoglobulin A nephropathy. Proteom. Clin. Appl. 2007, 1, 420–428. [Google Scholar] [CrossRef]

	



Smith, A.; L’Imperio, V.; De Sio, G.; Ferrario, F.; Scalia, C.; Dell’Antonio, G.; Pieruzzi, F.; Pontillo, C.; Filip, S.; Markoska, K.; et al. α-1-Antitrypsin detected by MALDI imaging in the study of glomerulonephritis: Its relevance in chronic kidney disease progression. Proteomics 2016, 16, 1759–1766. [Google Scholar] [CrossRef]

	



Carleo, A.; Landi, C.; Prasse, A.; Bergantini, L.; D’Alessandro, M.; Cameli, P.; Janciauskiene, S.; Rottoli, P.; Bini, L.; Bargagli, E. Proteomic characterization of idiopathic pulmonary fibrosis patients: Stable versus acute exacerbation. Monaldi Arch. Chest Dis. Arch. Monaldi Mal. Torace 2020, 90. [Google Scholar] [CrossRef]

	



Bäckryd, E.; Edström, S.; Gerdle, B.; Ghafouri, B. Do fragments and glycosylated isoforms of alpha-1-antitrypsin in CSF mirror spinal pathophysiological mechanisms in chronic peripheral neuropathic pain? An exploratory, discovery phase study. BMC Neurol. 2018, 18, 116. [Google Scholar] [CrossRef] [PubMed]

	



Ekeowa, U.I.; Freeke, J.; Miranda, E.; Gooptu, B.; Bush, M.F.; Pérez, J.; Teckman, J.; Robinson, C.V.; Lomas, D.A. Defining the mechanism of polymerization in the serpinopathies. Proc. Natl. Acad. Sci. USA 2010, 107, 17146–17151. [Google Scholar] [CrossRef] [PubMed]

	



Faull, S.V.; Elliston, E.L.K.; Gooptu, B.; Jagger, A.M.; Aldobiyan, I.; Redzej, A.; Badaoui, M.; Heyer-Chauhan, N.; Rashid, S.T.; Reynolds, G.M.; et al. The structural basis for Z α1-antitrypsin polymerization in the liver. Sci. Adv. 2020, 6. [Google Scholar] [CrossRef]

	



Ordóñez, A.; Pérez, J.; Tan, L.; Dickens, J.A.; Motamedi-Shad, N.; Irving, J.A.; Haq, I.; Ekeowa, U.; Marciniak, S.J.; Miranda, E.; et al. A single-chain variable fragment intrabody prevents intracellular polymerization of Z α1-antitrypsin while allowing its antiproteinase activity. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2015, 29, 2667–2678. [Google Scholar] [CrossRef]

	



Miranda, E.; Ferrarotti, I.; Berardelli, R.; Laffranchi, M.; Cerea, M.; Gangemi, F.; Haq, I.; Ottaviani, S.; Lomas, D.A.; Irving, J.A.; et al. The pathological Trento variant of alpha-1-antitrypsin (E75V) shows nonclassical behaviour during polymerization. FEBS J. 2017, 284, 2110–2126. [Google Scholar] [CrossRef]

	



de la Morena-Barrio, M.; Sandoval, E.; Llamas, P.; Wypasek, E.; Toderici, M.; Navarro-Fernández, J.; Rodríguez-Alen, A.; Revilla, N.; López-Gálvez, R.; Miñano, A.; et al. High levels of latent antithrombin in plasma from patients with antithrombin deficiency. Thromb. Haemost. 2017, 117, 880–888. [Google Scholar] [CrossRef]

	



Laffranchi, M.; Elliston, E.L.; Miranda, E.; Perez, J.; Ronzoni, R.; Jagger, A.M.; Heyer-Chauhan, N.; Brantly, M.L.; Fra, A.; Lomas, D.A.; et al. Intrahepatic heteropolymerization of M and Z alpha-1-antitrypsin. JCI Insight 2020, 5. [Google Scholar] [CrossRef]

	



Parmar, J.S.; Mahadeva, R.; Reed, B.J.; Farahi, N.; Cadwallader, K.A.; Keogan, M.T.; Bilton, D.; Chilvers, E.R.; Lomas, D.A. Polymers of alpha(1)-antitrypsin are chemotactic for human neutrophils: A new paradigm for the pathogenesis of emphysema. Am. J. Respir. Cell Mol. Biol. 2002, 26, 723–730. [Google Scholar] [CrossRef]

	



Clemmensen, S.N.; Jacobsen, L.C.; Rørvig, S.; Askaa, B.; Christenson, K.; Iversen, M.; Jørgensen, M.H.; Larsen, M.T.; van Deurs, B.; Ostergaard, O.; et al. Alpha-1-antitrypsin is produced by human neutrophil granulocytes and their precursors and liberated during granule exocytosis. Eur. J. Haematol. 2011, 86, 517–530. [Google Scholar] [CrossRef]

	



Persson, C.; Subramaniyam, D.; Stevens, T.; Janciauskiene, S. Do native and polymeric alpha1-antitrypsin activate human neutrophils in vitro? Chest 2006, 129, 1683–1692. [Google Scholar] [CrossRef] [PubMed]

	



Janciauskiene, S.; Tumpara, S.; Wiese, M.; Wrenger, S.; Vijayan, V.; Gueler, F.; Chen, R.; Madyaningrana, K.; Mahadeva, R.; Welte, T.; et al. Alpha1-antitrypsin binds hemin and prevents oxidative activation of human neutrophils: Putative pathophysiological significance. J. Leukoc. Biol. 2017, 102, 1127–1141. [Google Scholar] [CrossRef] [PubMed]

	



Pastore, N.; Ballabio, A.; Brunetti-Pierri, N. Autophagy master regulator TFEB induces clearance of toxic SERPINA1/α-1-antitrypsin polymers. Autophagy 2013, 9, 1094–1096. [Google Scholar] [CrossRef] [PubMed]

	



Bazzan, E.; Tinè, M.; Biondini, D.; Benetti, R.; Baraldo, S.; Turato, G.; Fagiuoli, S.; Sonzogni, A.; Rigobello, C.; Rea, F.; et al. α1-Antitrypsin Polymerizes in Alveolar Macrophages of Smokers With and Without α1-Antitrypsin Deficiency. Chest 2018, 154, 607–616. [Google Scholar] [CrossRef] [PubMed]

	



Mitchell, E.L.; Khan, Z. Liver Disease in Alpha-1 Antitrypsin Deficiency: Current Approaches and Future Directions. Curr. Pathobiol. Rep. 2017, 5, 243–252. [Google Scholar] [CrossRef]

	



Lomas, D.A.; Hurst, J.R.; Gooptu, B. Update on alpha-1 antitrypsin deficiency: New therapies. J. Hepatol. 2016, 65, 413–424. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Wooddell, C.I.; Blomenkamp, K.; Peterson, R.M.; Subbotin, V.M.; Schwabe, C.; Hamilton, J.; Chu, Q.; Christianson, D.R.; Hegge, J.O.; Kolbe, J.; et al. Development of an RNAi therapeutic for alpha-1-antitrypsin liver disease. JCI Insight 2020, 5. [Google Scholar] [CrossRef]

	



Miravitlles, M.; Dirksen, A.; Ferrarotti, I.; Koblizek, V.; Lange, P.; Mahadeva, R.; McElvaney, N.G.; Parr, D.; Piitulainen, E.; Roche, N.; et al. European Respiratory Society statement: Diagnosis and treatment of pulmonary disease in α1-antitrypsin deficiency. Eur. Respir. J. 2017, 50. [Google Scholar] [CrossRef]

	



Knappstein, S.; Ide, T.; Schmidt, M.A.; Heusipp, G. Alpha 1-antitrypsin binds to and interferes with functionality of EspB from atypical and typical enteropathogenic Escherichia coli strains. Infect. Immun. 2004, 72, 4344–4350. [Google Scholar] [CrossRef]

	



Forney, J.R.; Yang, S.; Healey, M.C. Interaction of the human serine protease inhibitor alpha-1-antitrypsin with Cryptosporidium parvum. J. Parasitol. 1996, 82, 496–502. [Google Scholar] [CrossRef] [PubMed]

	



Frenzel, E.; Wrenger, S.; Brügger, B.; Salipalli, S.; Immenschuh, S.; Aggarwal, N.; Lichtinghagen, R.; Mahadeva, R.; Marcondes, A.M.Q.; Dinarello, C.A.; et al. α1-Antitrypsin Combines with Plasma Fatty Acids and Induces Angiopoietin-like Protein 4 Expression. J. Immunol. 2015, 195, 3605–3616. [Google Scholar] [CrossRef] [PubMed]

	



Kailemia, M.J.; Wei, W.; Nguyen, K.; Beals, E.; Sawrey-Kubicek, L.; Rhodes, C.; Zhu, C.; Sacchi, R.; Zivkovic, A.M.; Lebrilla, C.B. Targeted Measurements of O- and N-Glycopeptides Show That Proteins in High Density Lipoprotein Particles Are Enriched with Specific Glycosylation Compared to Plasma. J. Proteome Res. 2018, 17, 834–845. [Google Scholar] [CrossRef] [PubMed]

	



Komiyama, M.; Shimada, S.; Wada, H.; Yamakage, H.; Satoh-Asahara, N.; Shimatsu, A.; Akao, M.; Morimoto, T.; Takahashi, Y.; Hasegawa, K. Time-dependent Changes of Atherosclerotic LDL Complexes after Smoking Cessation. J. Atheroscler. Thromb. 2016, 23, 1270–1275. [Google Scholar] [CrossRef] [PubMed]

	



Malerba, M.; Ricciardolo, F.; Radaeli, A.; Torregiani, C.; Ceriani, L.; Mori, E.; Bontempelli, M.; Tantucci, C.; Grassi, V. Neutrophilic inflammation and IL-8 levels in induced sputum of alpha-1-antitrypsin PiMZ subjects. Thorax 2006, 61, 129–133. [Google Scholar] [CrossRef] [PubMed]

	



Stone, H.; McNab, G.; Wood, A.M.; Stockley, R.A.; Sapey, E. Variability of sputum inflammatory mediators in COPD and α1-antitrypsin deficiency. Eur. Respir. J. 2012, 40, 561–569. [Google Scholar] [CrossRef]

	



O’Brien, M.E.; Fee, L.; Browne, N.; Carroll, T.P.; Meleady, P.; Henry, M.; McQuillan, K.; Murphy, M.P.; Logan, M.; McCarthy, C.; et al. Activation of complement component 3 is associated with airways disease and pulmonary emphysema in alpha-1 antitrypsin deficiency. Thorax 2020, 75, 321–330. [Google Scholar] [CrossRef]

	



Finotti, P.; Pagetta, A. A heat shock protein70 fusion protein with alpha1-antitrypsin in plasma of type 1 diabetic subjects. Biochem. Biophys. Res. Commun. 2004, 315, 297–305. [Google Scholar] [CrossRef]

	



Pandur, E.; Nagy, J.; Poór, V.S.; Sarnyai, A.; Huszár, A.; Miseta, A.; Sipos, K. Alpha-1 antitrypsin binds preprohepcidin intracellularly and prohepcidin in the serum. FEBS J. 2009, 276, 2012–2021. [Google Scholar] [CrossRef]

	



Valenti, L.; Dongiovanni, P.; Piperno, A.; Fracanzani, A.L.; Maggioni, M.; Rametta, R.; Loria, P.; Casiraghi, M.A.; Suigo, E.; Ceriani, R.; et al. Alpha 1-antitrypsin mutations in NAFLD: High prevalence and association with altered iron metabolism but not with liver damage. Hepatol. Baltim. Md 2006, 44, 857–864. [Google Scholar] [CrossRef]

	



Scott, L.J.; Evans, E.L.; Dawes, P.T.; Russell, G.I.; Mattey, D.L. Comparison of IgA-alpha1-antitrypsin levels in rheumatoid arthritis and seronegative oligoarthritis: Complex formation is not associated with inflammation per se. Br. J. Rheumatol. 1998, 37, 398–404. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.M.; Finne, P.; Leinonen, J.; Stenman, U.H. Characterization and determination of the complex between prostate-specific antigen and alpha 1-protease inhibitor in benign and malignant prostatic diseases. Scand. J. Clin. Lab. Investig. Suppl. 2000, 233, 51–58. [Google Scholar] [CrossRef]

	



Ortiz-Muñoz, G.; Houard, X.; Martín-Ventura, J.-L.; Ishida, B.Y.; Loyau, S.; Rossignol, P.; Moreno, J.-A.; Kane, J.P.; Chalkley, R.J.; Burlingame, A.L.; et al. HDL antielastase activity prevents smooth muscle cell anoikis, a potential new antiatherogenic property. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2009, 23, 3129–3139. [Google Scholar] [CrossRef] [PubMed]

	



Moreno, J.-A.; Ortega-Gomez, A.; Rubio-Navarro, A.; Louedec, L.; Ho-Tin-Noé, B.; Caligiuri, G.; Nicoletti, A.; Levoye, A.; Plantier, L.; Meilhac, O. High-density lipoproteins potentiate α1-antitrypsin therapy in elastase-induced pulmonary emphysema. Am. J. Respir. Cell Mol. Biol. 2014, 51, 536–549. [Google Scholar] [CrossRef] [PubMed]

	



Komiyama, M.; Wada, H.; Ura, S.; Yamakage, H.; Satoh-Asahara, N.; Shimada, S.; Akao, M.; Koyama, H.; Kono, K.; Shimatsu, A.; et al. The effects of weight gain after smoking cessation on atherogenic α1-antitrypsin-low-density lipoprotein. Heart Vessels 2015, 30, 734–739. [Google Scholar] [CrossRef]

	



Kotani, K.; Yamada, T.; Taniguchi, N. The association between adiponectin, HDL-cholesterol and α1-antitrypsin-LDL in female subjects without metabolic syndrome. Lipids Health Dis. 2010, 9, 147. [Google Scholar] [CrossRef]

	



Matheson, N.R.; Wong, P.S.; Schuyler, M.; Travis, J. Interaction of human alpha-1-proteinase inhibitor with neutrophil myeloperoxidase. Biochemistry 1981, 20, 331–336. [Google Scholar] [CrossRef]

	



Janciauskiene, S. The Beneficial Effects of Antioxidants in Health And Diseases. Chronic Obstr. Pulm. Dis. Miami Fla 2020, 7, 182–202. [Google Scholar] [CrossRef]

	



Topic, A.; Milovanovic, V.; Lazic, Z.; Ivosevic, A.; Radojkovic, D. Oxidized Alpha-1-Antitrypsin as a Potential Biomarker Associated with Onset and Severity of Chronic Obstructive Pulmonary Disease in Adult Population. COPD 2018, 15, 472–478. [Google Scholar] [CrossRef]

	



Carp, H.; Miller, F.; Hoidal, J.R.; Janoff, A. Potential mechanism of emphysema: Alpha 1-proteinase inhibitor recovered from lungs of cigarette smokers contains oxidized methionine and has decreased elastase inhibitory capacity. Proc. Natl. Acad. Sci. USA 1982, 79, 2041–2045. [Google Scholar] [CrossRef]

	



Stephenson, S.E.; Wilson, C.L.; Crothers, K.; Attia, E.F.; Wongtrakool, C.; Petrache, I.; Schnapp, L.M. Impact of HIV infection on α1-antitrypsin in the lung. Am. J. Physiol. Lung Cell. Mol. Physiol. 2018, 314, L583–L592. [Google Scholar] [CrossRef] [PubMed]

	



Izumi-Yoneda, N.; Toda, A.; Okabe, M.; Koike, C.; Takashima, S.; Yoshida, T.; Konishi, I.; Saito, S.; Nikaido, T. Alpha 1 antitrypsin activity is decreased in human amnion in premature rupture of the fetal membranes. Mol. Hum. Reprod. 2009, 15, 49–57. [Google Scholar] [CrossRef] [PubMed]

	



Ueda, M.; Mashiba, S.; Uchida, K. Evaluation of oxidized alpha-1-antitrypsin in blood as an oxidative stress marker using anti-oxidative alpha1-AT monoclonal antibody. Clin. Chim. Acta Int. J. Clin. Chem. 2002, 317, 125–131. [Google Scholar] [CrossRef]

	



Chidwick, K.; Winyard, P.G.; Zhang, Z.; Farrell, A.J.; Blake, D.R. Inactivation of the elastase inhibitory activity of alpha 1 antitrypsin in fresh samples of synovial fluid from patients with rheumatoid arthritis. Ann. Rheum. Dis. 1991, 50, 915–916. [Google Scholar] [CrossRef] [PubMed]

	



Sepper, R.; Konttinen, Y.T.; Ingman, T.; Sorsa, T. Presence, activities, and molecular forms of cathepsin G, elastase, alpha 1-antitrypsin, and alpha 1-antichymotrypsin in bronchiectasis. J. Clin. Immunol. 1995, 15, 27–34. [Google Scholar] [CrossRef] [PubMed]

	



Banfi, C.; Brioschi, M.; Barcella, S.; Veglia, F.; Biglioli, P.; Tremoli, E.; Agostoni, P. Oxidized proteins in plasma of patients with heart failure: Role in endothelial damage. Eur. J. Heart Fail. 2008, 10, 244–251. [Google Scholar] [CrossRef]

	



Jamnongkan, W.; Techasen, A.; Thanan, R.; Duenngai, K.; Sithithaworn, P.; Mairiang, E.; Loilome, W.; Namwat, N.; Pairojkul, C.; Yongvanit, P. Oxidized alpha-1 antitrypsin as a predictive risk marker of opisthorchiasis-associated cholangiocarcinoma. Tumour Biol. J. Int. Soc. Oncodev. Biol. Med. 2013, 34, 695–704. [Google Scholar] [CrossRef]

	



Alam, S.; Li, Z.; Janciauskiene, S.; Mahadeva, R. Oxidation of Z α1-antitrypsin by cigarette smoke induces polymerization: A novel mechanism of early-onset emphysema. Am. J. Respir. Cell Mol. Biol. 2011, 45, 261–269. [Google Scholar] [CrossRef]

	



Struthers, G.R.; Lewin, I.V.; Stanworth, D.R. IgA-alpha 1 antitrypsin complexes in ankylosing spondylitis. Ann. Rheum. Dis. 1989, 48, 30–34. [Google Scholar] [CrossRef]

	



Mashiba, S.; Wada, Y.; Takeya, M.; Sugiyama, A.; Hamakubo, T.; Nakamura, A.; Noguchi, N.; Niki, E.; Izumi, A.; Kobayashi, M.; et al. In vivo complex formation of oxidized alpha(1)-antitrypsin and LDL. Arterioscler. Thromb. Vasc. Biol. 2001, 21, 1801–1808. [Google Scholar] [CrossRef]

	



Churg, A.; Wang, R.D.; Xie, C.; Wright, J.L. alpha-1-Antitrypsin ameliorates cigarette smoke-induced emphysema in the mouse. Am. J. Respir. Crit. Care Med. 2003, 168, 199–207. [Google Scholar] [CrossRef] [PubMed]

	



Sosulski, M.L.; Stiles, K.M.; Frenk, E.Z.; Hart, F.M.; Matsumura, Y.; De, B.P.; Kaminsky, S.M.; Crystal, R.G. Gene therapy for alpha 1-antitrypsin deficiency with an oxidant-resistant human alpha 1-antitrypsin. JCI Insight 2020, 5. [Google Scholar] [CrossRef] [PubMed]

	



Jedicke, N.; Struever, N.; Aggrawal, N.; Welte, T.; Manns, M.P.; Malek, N.P.; Zender, L.; Janciauskiene, S.; Wuestefeld, T. α-1-antitrypsin inhibits acute liver failure in mice. Hepatol. Baltim. Md 2014, 59, 2299–2308. [Google Scholar] [CrossRef]

	



Jonigk, D.; Al-Omari, M.; Maegel, L.; Müller, M.; Izykowski, N.; Hong, J.; Hong, K.; Kim, S.-H.; Dorsch, M.; Mahadeva, R.; et al. Anti-inflammatory and immunomodulatory properties of α1-antitrypsin without inhibition of elastase. Proc. Natl. Acad. Sci. USA 2013, 110, 15007–15012. [Google Scholar] [CrossRef] [PubMed]

	



Choi, M.S. Pathophysiological Role of S-Nitrosylation and Transnitrosylation Depending on S-Nitrosoglutathione Levels Regulated by S-Nitrosoglutathione Reductase. Biomol. Ther. 2018, 26, 533–538. [Google Scholar] [CrossRef]

	



Kaner, Z.; Engelman, R.; Schuster, R.; Rider, P.; Greenberg, D.; Av-Gay, Y.; Benhar, M.; Lewis, E.C. S-Nitrosylation of α1-Antitrypsin Triggers Macrophages Toward Inflammatory Phenotype and Enhances Intra-Cellular Bacteria Elimination. Front. Immunol. 2019, 10, 590. [Google Scholar] [CrossRef]

	



Hess, D.T.; Matsumoto, A.; Kim, S.-O.; Marshall, H.E.; Stamler, J.S. Protein S-nitrosylation: Purview and parameters. Nat. Rev. Mol. Cell Biol. 2005, 6, 150–166. [Google Scholar] [CrossRef]

	



Miyamoto, Y.; Akaike, T.; Alam, M.S.; Inoue, K.; Hamamoto, T.; Ikebe, N.; Yoshitake, J.; Okamoto, T.; Maeda, H. Novel functions of human alpha(1)-protease inhibitor after S-nitrosylation: Inhibition of cysteine protease and antibacterial activity. Biochem. Biophys. Res. Commun. 2000, 267, 918–923. [Google Scholar] [CrossRef]

	



Ikebe, N.; Akaike, T.; Miyamoto, Y.; Hayashida, K.; Yoshitake, J.; Ogawa, M.; Maeda, H. Protective effect of S-nitrosylated alpha(1)-protease inhibitor on hepatic ischemia-reperfusion injury. J. Pharmacol. Exp. Ther. 2000, 295, 904–911. [Google Scholar]

	



Ishima, Y.; Akaike, T.; Kragh-Hansen, U.; Hiroyama, S.; Sawa, T.; Suenaga, A.; Maruyama, T.; Kai, T.; Otagiri, M. S-nitrosylated human serum albumin-mediated cytoprotective activity is enhanced by fatty acid binding. J. Biol. Chem. 2008, 283, 34966–34975. [Google Scholar] [CrossRef]

	



Chan, N.-L.; Kavanaugh, J.S.; Rogers, P.H.; Arnone, A. Crystallographic analysis of the interaction of nitric oxide with quaternary-T human hemoglobin. Biochemistry 2004, 43, 118–132. [Google Scholar] [CrossRef] [PubMed]

	



Guzik, T.J.; Korbut, R.; Adamek-Guzik, T. Nitric oxide and superoxide in inflammation and immune regulation. J. Physiol. Pharmacol. Off. J. Pol. Physiol. Soc. 2003, 54, 469–487. [Google Scholar]

	



Benhar, M. Emerging Roles of Protein S-Nitrosylation in Macrophages and Cancer Cells. Curr. Med. Chem. 2016, 23, 2602–2617. [Google Scholar] [CrossRef] [PubMed]

	



Kalim, S. Protein carbamylation in end stage renal disease: Is there a mortality effect? Curr. Opin. Nephrol. Hypertens. 2018, 27, 454–462. [Google Scholar] [CrossRef]

	



Jaisson, S.; Pietrement, C.; Gillery, P. Protein Carbamylation: Chemistry, Pathophysiological Involvement, and Biomarkers. Adv. Clin. Chem. 2018, 84, 1–38. [Google Scholar] [CrossRef]

	



Yee, A.; Webb, T.; Seaman, A.; Infantino, M.; Meacci, F.; Manfredi, M.; Benucci, M.; Lakos, G.; Favalli, E.; Schioppo, T.; et al. Anti-CarP antibodies as promising marker to measure joint damage and disease activity in patients with rheumatoid arthritis. Immunol. Res. 2015, 61, 24–30. [Google Scholar] [CrossRef]

	



Verheul, M.K.; Yee, A.; Seaman, A.; Janssen, G.M.; van Veelen, P.A.; Drijfhout, J.W.; Toes, R.E.M.; Mahler, M.; Trouw, L.A. Identification of carbamylated alpha 1 anti-trypsin (A1AT) as an antigenic target of anti-CarP antibodies in patients with rheumatoid arthritis. J. Autoimmun. 2017, 80, 77–84. [Google Scholar] [CrossRef]

	



Colasanti, T.; Sabatinelli, D.; Mancone, C.; Giorgi, A.; Pecani, A.; Spinelli, F.R.; Di Giamberardino, A.; Navarini, L.; Speziali, M.; Vomero, M.; et al. Homocysteinylated alpha 1 antitrypsin as an antigenic target of autoantibodies in seronegative rheumatoid arthritis patients. J. Autoimmun. 2020, 113, 102470. [Google Scholar] [CrossRef]








[image: Ijms 21 09187 g001 550] 





Figure 1. Schematic structure of native alpha-1-antitrypsin. The reactive center loop (RCL), three β-sheets, and nine α-helices are depicted. The amino acids discussed in the text are marked in the diagram as Asn46, Asn83, and Asn247 (surrounded by circles) are glycosylation sites; Met351 and Met358 are residues that undergo oxidation; Cys232 is an S-nitrosylation site; and Glu342 is the site of Glu342Lys substitution. The alpha-1-antitrypsin (AAT) native diagram was prepared based on data obtained from the SWISS-MODEL repository (https://swissmodel.expasy.org last accessed on 23 November 2020). 
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Figure 2. The array of AAT roles: links between molecular form and function. Diagram created based on data from a previous study [9]. 
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Figure 3. Schematic structure of alpha-1-antitrypsin–protease complex. Conformational transformation is introduced by reaction of the active serine of the protease (elastase) with the reactive center of the serine protease inhibitor (SERPIN) (in AAT). Disruption of the catalytic site limits the ability of the protease to be released from the complex. The AAT–elastase complex in this figure was prepared based on data obtained from the RCSB PDB repository (https://www.rcsb.org last accessed on 23.11.2020). 
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Figure 4. Proposed schematic of the influence of cleaved AAT fragments on the immune–inflammatory response. (A). During inflammation (e.g., bacterial infection) protease release leads to AAT cleavage. (B). Cleaved forms of AAT activate neutrophils. (C). Neutrophils further activate proteases, leading to an enhanced immune response. Diagram modified based on data in Ref. [57]. Abbreviation: 42aa, 42-amino acid. 
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Figure 5. Schematic structures of (a) cleaved alpha-1-antitrypsin and (b) alpha-1-antitrypsin polymer. These diagrams were prepared based on data obtained from the SWISS-MODEL repository (https://swissmodel.expasy.org last accessed on 23.11.2020). 
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