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Summary 1 

Alpha-1 antitrypsin deficiency (AATD) arises from mutations in the SERPINA1 gene encoding alpha-1 2 

antitrypsin (AAT) that lead to AAT retention in the endoplasmic reticulum of hepatocytes, causing 3 

proteotoxic liver injury and loss-of-function lung disease. The homozygous Pi*Z mutation (Pi*ZZ 4 

genotype) is responsible for the majority of severe AATD cases and can precipitate both pediatric and adult 5 

liver diseases, while the heterozygous Pi*Z mutation (Pi*MZ genotype) is an established modifier of liver 6 

disease. We review genotype-related hepatic phenotypes/disease predispositions. We also describe the 7 

mechanisms and factors promoting the development of liver disease, as well as approaches to evaluate the 8 

extent of liver fibrosis. We discuss the emerging therapeutic approaches, diagnosis, and clinical 9 

management of this neglected disorder. 10 

 11 
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Key points 1 

- Alpha-1 antitrypsin (AAT) is a secreted protein produced primarily in hepatocytes. 2 

- Inherited variants of the SERPINA1 gene encoding AAT may impair AAT secretion and give rise 3 

to alpha-1 antitrypsin deficiency (AATD). 4 

- AATD presents with liver disease due to proteotoxicity of the mutant AAT and lung emphysema 5 

due to a loss-of-function mechanism. 6 

- While >100 SERPINA1 variants have been reported, the heterozygous and homozygous Pi*Z 7 

variants (Pi*MZ/Pi*ZZ) are the most clinically relevant genotypes. 8 

- Weekly intravenous augmentation therapy with AAT has clinical efficacy in Pi*ZZ individuals with 9 

lung involvement, and its immunomodulatory effects might also be effective in other disorders. 10 

- Pi*MZ predisposes individuals with cystic fibrosis and alcoholic and metabolic-associated fatty 11 

liver disease to the development of advanced liver disease. 12 

- Pi*ZZ causes neonatal hepatitis and liver cirrhosis in adults. 13 

- While no treatment is yet available for AATD-related liver disease, siRNA application has yielded 14 

encouraging results in early phase 2 clinical trials. 15 

 16 
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Background 1 

Alpha-1 antitrypsin deficiency (AATD) is one of the most common potentially life-threatening 2 

genetic disorders. It predisposes patients to lung and liver damage, and both organs constitute the most 3 

prevalent causes of AATD-related mortality.1 AATD arises from mutation-based misfolding of the anti-4 

protease alpha-1 antitrypsin (AAT), which is primarily expressed in hepatocytes and then secreted into the 5 

bloodstream to protect the lungs from proteolytic degradation by neutrophil elastase. The mutations lead to 6 

enhanced protein degradation and/or aggregation in the endoplasmic reticulum (ER) of hepatocytes, thereby 7 

causing proteotoxic liver stress and damage (Figure 1). Proteolytic lung damage results from decreased 8 

systemic AAT levels and the resulting insufficient inhibition of proteases (Figure 1).2, 3 Clinically, AATD 9 

manifests as early-onset panlobular lung emphysema and/or chronic obstructive pulmonary disease whose 10 

development might be slowed down by AAT augmentation therapy.1, 4 Lung affection represents the leading 11 

cause of death in severe AATD, and lung destruction progresses more rapidly in smokers.5 Given the 12 

decreased secretion of AAT into the bloodstream in individuals with AATD, measurement of serum levels 13 

of AAT constitutes a cost-effective screening assay, and the diagnosis is further established by genetic 14 

analysis, which might be complemented with AAT protein phenotyping.1, 6 15 

More than 100 variants of SERPINA1, the gene encoding AAT, have been described. They are 16 

grouped based on the migration of mutant AAT in the electrical field.7, 8 For example, Pi*M indicates the 17 

medium (i.e., normal) velocity of the wild-type allele. Pi*Z (rs28929474) and Pi*S (rs17580) are the most 18 

clinically relevant variants and display very slow or slow movement, respectively (Table 1).1, 9 The rare 19 

Pi*F isoform exhibits fast migration, while the Pi*Q0 alleles constitute a heterogeneous group of variants 20 

that yield no detectable protein in serum (Table 1).10-12 Finally, some variants, such as Pi*Mmalton or 21 

Pi*Mprocida, produce functionally deficient AAT with migration similar to the wild-type isoform (Table 1).13 22 

Classic severe AATD (genotype Pi*ZZ) is caused by the homozygous Pi*Z variant affecting 23 

approximately 1:2000 individuals of European descent (Figure 2).14-16 It is characterized by markedly 24 

decreased concentrations of serum AAT that confer a strong predisposition to lung disease (Table 2).1 In 25 

contrast, the heterozygous genotype Pi*MZ can be found in 1:50 Caucasians and results in normal/slightly 26 

decreased AAT serum concentrations (Table 2, Figure 2). It predisposes individuals to lung emphysema 27 

when additional risk factors, such as smoking, are present.1 The compound heterozygous genotype Pi*SZ 28 

arises from the simultaneous presence of both the Pi*Z and the Pi*S variants in trans. It affects 1:500 29 
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Caucasians, displays intermediate AAT serum concentrations, and moderately increases susceptibility to 1 

lung disease (Table 2, Figure 2).17, 18 The Pi*SS genotype (i.e., homozygous Pi*S allele) is approximately 2 

as common as Pi*SZ but does not seem to constitute a clinically relevant risk factor for the development of 3 

liver disease.18 4 

 5 

Mechanisms of AATD-related liver injury 6 

The severe homozygous Pi*Z variant leads to an ~85% decrease in the amount of secreted protein 7 

and an accumulation of the Z-AAT protein at the production site (i.e., the ER).19, 20 Seventy percent of the 8 

protein is degraded, and 15% of the protein forms insoluble polymers. While ER-associated degradation 9 

(ERAD) disposes monomeric Z-AAT,21 autophagy is the primary degradation machinery for Z-AAT 10 

polymers (Figure 1).22 Polymerized AAT is rather indistinct in routine hematoxylin and eosin sections but 11 

yields characteristic purple, roundish inclusions after periodic acid-Schiff-diastase (PAS-D) staining (Figure 12 

3).7 Immunohistochemistry with an anti-Pi*Z antibody constitutes the most sensitive method to visualize 13 

Pi*Z accumulation (Figure 3). 14 

Several tools have been employed to delineate the consequences of Pi*Z-related liver injury. 15 

Among them, mice transgenic for the human Pi*Z variant (termed Pi*Z mice) develop chronic proteotoxic 16 

liver injury with characteristic PAS-D-positive globules but do not display a lung phenotype due to the 17 

unaffected synthesis of the wild-type murine AAT. Notably, mice with a quintuple deletion of endogenous 18 

AAT alleles (in contrast to humans, mice have multiple genes encoding AAT) have recently become 19 

available and may constitute the more relevant genetic model for lung disease but not for liver disease.23 20 

Regardless, Pi*Z mice have yielded several important insights into AATD liver disease. For example, 21 

enhancement of autophagic degradation, either via gene transfer of the master regulator TFEB or via 22 

autophagy-enhancing drugs (such as carbamazepine or rapamycin), diminished Z-AAT accumulation and 23 

ameliorated liver injury (Figure 1).24-26 The mouse model was also instrumental in determining the extent 24 

of ER-related stress. Although no activation of the unfolded stress response was detected in cells expressing 25 

Z-AAT, an ER overload response was observed.27 Among the ER stress-related pathways, NF-kB activation 26 

constitutes a protective response promoting protein degradation.28 On the other hand, JNK phosphorylation 27 

and increased expression of the proapoptotic protein CHOP accelerated cell death and the development of 28 

liver injury by transcriptional upregulation of SERPINA1, resulting in an overload of proteotoxic Z-AAT.29, 29 
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30 JNK activation also activated forkhead box O3 (FOXO3) and upregulated microRNA-34b/c (miR-34b/c) 1 

expression. Notably, miR-34b/c reduced profibrotic signaling of platelet-derived growth factor (PDGF), and 2 

its deletion in Pi*Z mice resulted in the early development of liver fibrosis.31 Moreover, mitochondrial injury 3 

is another well-established consequence of Z-AAT accumulation observed both in Pi*Z mice and in human 4 

liver specimens.32 Finally, the mouse model was instrumental to investigate the role of cofactors in the 5 

modulation of liver disease. In that respect, overexpression of hepatitis B surface protein, as seen in 6 

individuals with chronic hepatitis B infection, was found to aggravate liver injury, fibrosis, and the 7 

frequency of hepatocellular carcinoma in Pi*Z mice,33 while the mild iron accumulation seen in homeostatic 8 

iron regulator (Hfe) gene knockout animals did not have a significant effect.34 Notably, administration of 9 

the nonsteroidal anti-inflammatory drug indomethacin increased liver damage via activation of the IL-6-10 

STAT-3 pathway in Pi*Z mice.35 Finally, Pi*Z mice are used to evaluate the efficacy of new treatment 11 

strategies. For example, the administration of antisense oligonucleotides or RNA interference effectively 12 

decreased hepatic Pi*Z accumulation and ameliorated/reversed the development of the associated disease.36 13 

In addition to transgenic animals, several cellular models are available. Patient-derived induced 14 

pluripotent stem cells (iPSCs) have attracted significant interest, since they can be differentiated into 15 

hepatocyte-like cells and might reflect interindividual variability in the expression of liver disease.37-39 16 

Activation of the unfolded protein response and inflammatory networks were the primary alterations seen 17 

in the Pi*ZZ-derived cell lines.40 Although limited by the availability of human tissues, the generation of 18 

liver organoids from Lgr5+ stem cells constitutes another attractive approach.41 The first published data are 19 

encouraging and point toward a decreased production of hepatocyte-specific genes in Pi*ZZ organoids.42 20 

This is well in line with transgenic animal data showing downregulated hepatocyte nuclear factor-4 alpha-21 

related signaling resulting in loss of liver zonation.43 Finally, several cell lines overexpressing Pi*Z or other 22 

SERPINA1 variants have been developed. Their advantage is that they are relatively easy to handle. 23 

However, they are not well suited to study processes that occur in terminally differentiated hepatocytes. On 24 

the other hand, they are useful for dissecting basic molecular mechanisms. For example, they were 25 

instrumental in the identification of a potentially novel degradative process based on the delivery of 26 

polymerized Z-AAT directly to the lysosome.44 Moreover, they yielded important insights into the handling 27 

of mutated AAT by ERAD. This is facilitated by ER mannosidase I, which removes the protein from the 28 

calnexin-calreticulin refolding machinery.45, 46 In subsequent steps, misfolded AAT is stabilized via 29 
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interaction with chaperones and lectins, such as OS9, ERLEC1, or GRP94, and translocated in the cytosol 1 

to be ultimately degraded by the proteasome.21, 47 However, these data, as well as other data generated in 2 

cell lines, await validation in animal models or human samples. On the other hand, several human 3 

observations need to be further dissected in experimental models. These include an alteration in lipid 4 

metabolism with more pronounced liver steatosis and decreased levels of serum triglycerides, as well as 5 

identification of extracellular vesicles with profibrogenic cargo in sera from Pi*ZZ individuals.15, 48 6 

 7 

Pediatric liver disease in AATD 8 

Although this review is focused on liver disease in adults, it needs to be highlighted that AATD also 9 

causes pediatric liver injury, typically in the form of neonatal cholestasis.49 The strongest evidence stems 10 

from the Swedish neonatal screening program that identified 120 newborns with Pi*ZZ out of 200,000 11 

newborns, while a variety of other reports relied on data from tertiary centers.50-52 In the population-based 12 

cohort, 12% of Pi*ZZ neonates displayed prolonged jaundice, and 8% of these neonates had severe liver 13 

disease.50 Although biochemical abnormalities were seen in >50% of the Pi*ZZ neonates identified by 14 

newborn screening, the values often normalized during follow-up.51 As a result, only 2-3% of Pi*ZZ 15 

children develop end-stage liver disease that may require liver transplantation, and at age 18, only 12% of 16 

them display elevated ALT or GGT.49, 51, 53 Interestingly, increased CHOP, which upregulates SERPINA1 17 

transcription, was detected in diseased livers of Pi*ZZ children but not in adults, suggesting that CHOP 18 

plays an important role in hepatic disease by increasing the burden of proteotoxic Z-AAT, particularly in 19 

the pediatric population.30 Notably, a clinically significant pediatric liver disease in less severe genotypes, 20 

such as Pi*MZ or Pi*SZ, is exceedingly rare and might be at least in part caused by additional comorbidities, 21 

such as cystic fibrosis.49 22 

 23 

Novel insights into adult AATD-associated liver disease 24 

The recent gain in knowledge about AATD-related adult liver disease largely comes from three 25 

independent sources. First, the United Kingdom Biobank (UKB) constitutes a population-based cohort study 26 

comprising approximately 500,000 individuals with available AATD genotyping and clinical data. The 27 

recruited volunteers gave informed consent for data linkage to medical reports, which allowed us to collect 28 

the available ICD codes. After excluding individuals with pathological alcohol consumption and viral 29 
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hepatitis, the cohort was left with >17,000 Pi*MZ, >800 Pi*SZ, and ~140 Pi*ZZ individuals.18 Although 1 

the lack of a detailed assessment of liver fibrosis is a limitation of this cohort, the population-based 2 

recruitment of participants independently of their AATD genotype constitutes a major advantage, given that 3 

most individuals with AATD remain undiagnosed their whole life.1 Second, the EASL AATD consortium 4 

recruited >400 Pi*MZ individuals, ~240 Pi*SZ individuals, and nearly 600 Pi*ZZ study participants from 5 

fourteen European countries, the US, and Australia. All individuals underwent standard serological testing 6 

and noninvasive assessment of liver fibrosis by transient elastography. While this cohort possesses only a 7 

limited number of liver biopsies,15, 54, 55 it includes systematic biobanking of blood samples, thus making a 8 

valuable resource for ancillary studies. The third cohort from North America included 94 Pi*ZZ individuals 9 

evaluated by routine laboratory tests, noninvasive assessment of liver fibrosis in most participants, and liver 10 

biopsies.56 11 

 12 

Liver enzymes in AATD – as seen on a population-basis 13 

The UKB constitutes the largest resource for the assessment of routine liver function tests. Mean 14 

alanine aminotransferase (ALT) values were significantly higher in all analyzed AATD genotypes as 15 

compared to those in noncarriers, but differences between the genotypes were modest. On the other hand, 16 

mean aspartate aminotransferase (AST) concentrations were clearly the highest in Pi*ZZ individuals, but 17 

they were also elevated in Pi*MZ and Pi*SZ subjects (Table 2). Gamma-glutamyl transferase (GGT) 18 

concentrations were comparable in noncarriers and Pi*MZ, Pi*SS, and Pi*SZ individuals. Although Pi*ZZ 19 

participants presented more often with elevated serum GGT levels compared to noncarriers, the differences 20 

were only borderline significant (Table 2).18 Notably, serum GGT elevation may reflect metabolic 21 

alterations or the predominant involvement of the periportal area in AATD liver disease.15, 56 Compared to 22 

the UKB, elevated liver function tests were found to be more frequent in the participants of the EASL AATD 23 

consortium, likely because UKB was a cohort of healthy subjects.18 Regardless, the available studies clearly 24 

demonstrate that only a minority of individuals with AATD display liver enzymes outside the normal range. 25 

Elevated serum liver enzyme concentrations are uncommon, even in Pi*ZZ subjects, the most severe 26 

common AATD genotype. Consequently, elevated liver enzymes in patients with AATD should always 27 

trigger a thorough diagnostic workup. 28 

 29 
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ICD-10 diagnoses of liver fibrosis/cirrhosis and primary malignant liver neoplasm in AATD 1 

Data linkage to UKB participants' medical reports allowed the evaluation of the prevalence of liver-2 

related ICD-10 codes. It demonstrated a strong predisposition of Pi*ZZ individuals for liver 3 

fibrosis/cirrhosis and primary malignant neoplasms of the liver.18 The risk of liver fibrosis/cirrhosis in Pi*ZZ 4 

subjects was 20 times higher than that in noncarriers (Figure 2), which is well in line with the liver stiffness 5 

measurements from the EASL AATD consortium, as well as the increased risk of individuals with AATD 6 

requiring liver transplantation.18, 57 In contrast, only very limited data on the susceptibility of Pi*ZZ 7 

individuals to liver tumors are available. While the UKB analysis indicated an odds ratio >40 times elevated, 8 

further studies are needed to clarify this liver cancer risk in Pi*ZZ individuals.18 Pi*SZ individuals harbored 9 

a three times higher risk for liver fibrosis/cirrhosis, while the risk for liver cancer was seven times higher 10 

(Figure 2). Pi*MZ individuals displayed a slightly increased odds ratio of 1.7 for liver fibrosis and a similar 11 

risk for liver-related mortality (Figure 2), 18, 58 whereas their risk of liver cancer was not significantly 12 

increased. Notably, the risk of liver fibrosis/cirrhosis and/or a liver tumor in Pi*SZ carriers was comparable 13 

to that in individuals homozygous for the PNPLA3 (rs738409) and TM6SF2 (rs5854926) single nucleotide 14 

polymorphisms, while the risks in Pi*ZZ subjects clearly exceeded the risks reported for these well-15 

established disease modifiers.18 Given the high risk for the development of liver cancer, we advocate regular 16 

hepatic ultrasound follow-ups for both Pi*ZZ and Pi*SZ individuals with significant liver fibrosis. 17 

However, larger prospective studies are needed to justify this approach. 18 

 19 

Evaluation of liver fibrosis and pathology in individuals with AATD 20 

Although liver biopsy remains the gold standard for the evaluation of liver fibrosis, pathology data 21 

on subjects with AATD are limited.59 Clark et al. examined 94 adult Pi*ZZ biopsies, and the data revealed 22 

a prevalence of 35.1% for clinically significant liver fibrosis (i.e., fibrosis grade F ≥ 2) in Pi*ZZ 23 

individuals.56 When established clinical routine PAS-D staining was used, characteristic roundish AAT 24 

inclusions were seen in 95% of Pi*ZZ participants (Figure 3). Notably, they became more abundant at 25 

advanced liver fibrosis stages.55 Similar findings were made by the EASL AATD consortium, which also 26 

showed higher sensitivity of the immunohistochemistry staining with the Pi*Z-specific antibody compared 27 

to PAS-D (Figure 3). Only 40% of Pi*MZ individuals harbor Z-AAT inclusions by PAS-D vs. 63% by 28 

immunohistochemistry with an antibody specific for polymeric Z-AAT.55, 60 These data demonstrate that 29 
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the presence/absence of inclusion bodies by staining cannot be used to diagnose/rule out AATD. While the 1 

average number of AAT inclusions was much lower in Pi*MZ livers than in Pi*ZZ livers, the abundance of 2 

AAT inclusions in subjects with the same genotype increased with fibrosis stage. This suggests that 3 

individuals with advanced liver fibrosis might have an impaired ability to degrade misfolded Z-AAT, which 4 

may lead to a vicious cycle of protein accumulation and liver injury. 5 

Liver stiffness measurement (LSM) by transient elastography was the most precise method for the 6 

recognition of advanced liver fibrosis (i.e., fibrosis grade F ≥ 3).56, 61 In contrast, there is no optimal tool for 7 

the detection of intermediate liver fibrosis, and multiple approaches (serum GGT, serum ALT, LSM by 8 

transient elastography, and AST-to-platelet ratio index [APRI], which is a serum-based fibrosis predictor) 9 

yielded only modest results.56 Although there are multiple other methods to noninvasively investigate liver 10 

fibrosis,1 their sensitivity and specificity remain to be validated against liver biopsies. As with other liver 11 

diseases, magnetic resonance elastography might provide an accurate assessment, but current evidence is 12 

very limited.62 13 

 14 

Phenotype of Pi*ZZ and Pi*SZ individuals 15 

Both the EASL AATD consortium and the biopsy study by Clark et al. demonstrated a high liver 16 

fibrosis burden in Pi*ZZ individuals and identified male sex, age ≥50 years, presence of metabolic 17 

syndrome, and increased liver enzyme levels as risk factors for clinically significant liver fibrosis (i.e., 18 

fibrosis stage ≥2 on an F0-F4 scale) (Figure 2).15, 56 Notably, Pi*ZZ individuals might be susceptible to the 19 

development of liver steatosis, and an impaired ability to secrete lipids might be responsible for this defect.15 20 

On the other hand, no correlation between the extent of lung and liver fibrosis was observed.15 Importantly, 21 

significant or even advanced liver fibrosis was sometimes seen even in individuals with relatively low LSM 22 

scores. These data need to be considered when counseling patients, and based on that evidence, we advocate 23 

a low threshold for performing liver biopsy, particularly in young individuals with repeatedly elevated liver 24 

enzyme levels. 25 

Compared to Pi*ZZ subjects, Pi*SZ individuals seem to display a substantially lower liver fibrosis 26 

burden,18 which is consistent with their moderate risk for AATD-related lung disease.63 However, factors 27 

promoting the development of liver fibrosis are similar between Pi*ZZ and Pi*SZ individuals (i.e., male 28 

sex, age ≥50 years, obesity, and the presence of diabetes mellitus) (Figure 2).18 29 
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 1 

Heterozygous carriage of the Pi*Z variant (Pi*MZ genotype) as a disease modifier 2 

Unlike the Pi*ZZ genotype, Pi*MZ status is a risk factor rather than a disease-causing agent, and 3 

“second hits” are necessary to induce disease.55 In line with that theory, Pi*MZ subjects in the UKB 4 

displayed only a 1.7 times increase in liver-related mortality.58 However, the simultaneous presence of other 5 

liver disorders or risk factors substantially increased their liver-related risks. This has been particularly 6 

clearly demonstrated in subjects with cystic fibrosis and alcoholic/nonalcoholic fatty liver disease 7 

(ALD/NAFLD), in whom heterozygous Pi*Z carriage markedly increased the risk of liver cirrhosis.54, 64 A 8 

large genome-wide association study supported this finding by showing that the odds ratio of the Pi*Z 9 

variant to display ALD-/NAFLD-related cirrhosis surpasses the risk conferred by other established genetic 10 

modifiers of liver disease, such as PNPLA3 p. Ile148Met (rs738409), HSD17B13:T (rs72613567), and 11 

TM6SF2 p. Glu167Lys (rs5854926).65 The fibrosis-promoting effect of Pi*Z in cystic fibrosis might be 12 

related to the predisposition to gallstone formation of the Pi*Z variant, because cystic fibrosis can cause 13 

cholestatic liver disease.1 The other risk factors seem to be shared with other Pi*ZZ and Pi*SZ individuals 14 

(i.e., obesity and diabetes mellitus were the strongest modifiers, and age ≥50 years was a weak risk factor) 15 

(Figure 2).55 These data are not surprising, since obesity is known to amplify the profibrogenic effect of 16 

genetic variants.66, 67 In AATD, both obesity and diabetes may aggravate the occurrence of ER stress and 17 

are associated with increased oxidative stress and lipolysis.68, 69 The greater risk of older individuals is also 18 

not surprising, since they are exposed to the inherited condition for a longer time. Moreover, aging may 19 

impair the efficiency of the degradation of misfolded proteins.55, 70 While it was clearly shown to predispose 20 

individuals to ALD-/NAFLD-related fibrosis, the contribution of the Pi*MZ status to other liver disorders, 21 

such as hemochromatosis or viral hepatitis, remains unclear (Table 3). 22 

 23 

Therapeutic options for AATD-related liver disease 24 

For the treatment of AATD-related lung disease, intravenous augmentation therapy with plasma-25 

purified AAT was approved by the Food and Drug Association in 1987 as the first disease-specific therapy 26 

for AATD.1 The RAPID trial, the first randomized, placebo-controlled trial of AAT augmentation therapy, 27 

later showed a significant reduction in the annual rate of lung density loss as a surrogate for lung emphysema 28 
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by AAT augmentation. However, it did not show a significant effect on quality of life, FEV1 values, or 1 

exacerbations of chronic obstructive pulmonary disease.71, 72 2 

While AAT augmentation therapy constitutes a disease-specific treatment of AATD-related lung 3 

disease, liver transplantation represents the only available relief for severe AATD-related liver disease.1, 71, 4 

72 Although data are limited, the existing evidence demonstrates excellent survival and rapid normalization 5 

of serum AAT concentrations in both adults and children following liver transplantation.73-75 Notably, since 6 

individuals with AATD who have liver cirrhosis may rapidly decompensate,76 evaluation for liver 7 

transplantation should be considered in the early stages. In line with the genotype-associated susceptibilities 8 

described above, only <10% of Pi*ZZ individuals undergoing liver transplantation had an additional liver 9 

disorder, compared to 40% and 90% of transplanted Pi*SZ and Pi*MZ subjects, respectively.74 Although 10 

the implantation of a liver without AATD is thought to “cure” the disease, a decline in lung function was 11 

seen in some liver transplanted individuals.74 Nevertheless, the risk of lung-related death seems to be lower 12 

in carefully selected individuals.74 13 

Several approaches addressing AATD-related liver disease have yielded promising results in 14 

preclinical studies, and some of them have already been translated into clinical trials (Figure 1).77 In an 15 

important proof-of-concept study, Burrows et al. demonstrated the ability of chemical chaperones to 16 

increase the secretion of mutant AAT.78 Similarly, small peptides or intrabodies have been shown to block 17 

AAT polymerization.79-81 Recently, Lomas et al. performed an extensive high-throughput screen and 18 

identified a small molecule that corrected AAT misfolding and increased secretion, both in vitro and in 19 

vivo.82 These efforts are supported by recent advances in our understanding of the Z-AAT polymerization 20 

process.83 21 

For clinical studies, small-interfering RNAs (siRNAs) are currently leading the way. They inhibit 22 

the production of mutated proteins, thereby alleviating proteotoxic stress. The employed siRNA is 23 

conjugated with N-acetylgalactosamine residues that mediate its hepatocyte-specific uptake via the 24 

asialoglycoprotein receptor.84 Recently, the first data documenting the potential efficacy of this approach 25 

has become available. In the ARO-AAT2002 open-label trial (NCT03946449), four Pi*ZZ patients 26 

underwent three subcutaneous injections with ARO-AAT with a biopsy after 24 weeks, while five patients 27 

received five injections and were biopsied at week 48. siRNA treatment resulted in marked reductions in 28 

both serum and hepatic Z-AAT levels.85 Moreover, subjects presented with decreased serum ALT and GGT 29 
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concentrations.85 Most importantly, six out of the nine individuals displayed an improvement in liver 1 

fibrosis, including two individuals who were deemed cirrhotic at baseline. Two additional siRNA trials are 2 

either currently recruiting or are expected to be recruiting in the near future (NCT03945292, NCT04174118) 3 

and will include even Pi*ZZ individuals with preexisting liver cirrhosis. 4 

Another pathway for decreasing the hepatic burden of AAT is autophagy, which degrades protein 5 

polymers that are too large to be processed via the proteasome.86 In human studies, autophagy-inducing 6 

drugs, such as carbamazepine, are being used. A randomized and placebo-controlled trial assessing the 7 

safety and efficacy of a 52-week treatment with carbamazepine in PiMZ and Pi*ZZ individuals with liver 8 

cirrhosis is currently in phase 2 (NCT01379469), and the first results are expected by the end of this year. 9 

An alternative approach relying on a folding corrector named VX-864 has been recently 10 

investigated in a phase 2 clinical trial in Pi*ZZ individuals (NCT04474197). While it significantly increased 11 

serum AAT concentrations, further development of the compound was discontinued since its efficacy was 12 

deemed insufficient to confer a clinical benefit. While the way ahead is still long, this strategy should be 13 

pursued further since it may potentially alleviate both lung and liver disease. Other orally administered 14 

folding correctors, namely ZF874, have been recently investigated in a phase 1, double-blinded, 15 

randomized, placebo-controlled clinical trial with healthy volunteers and Pi*MZ individuals 16 

(NCT04443192).87, 88 17 

As the number of treatment strategies is growing, personalized approaches need to be developed for 18 

individuals with different genotypes and stages of liver disease. Moreover, genetic assessment should be 19 

expanded to include sequencing of modifier genes to identify individuals at risk for severe liver disease that 20 

will benefit the most from early therapeutic interventions. 21 

While the current siRNA approach seems to be the most straightforward option for Pi*ZZ 22 

individuals with a high load of intrahepatic Z-AAT and advanced liver fibrosis, its long-term lung safety 23 

needs to be evaluated. As a result, concomitant AAT augmentation therapy may need to be considered to 24 

address lung disease. Additionally, Pi*Z-specific silencing represents an attractive option for Pi*MZ/Pi*SZ 25 

subjects with liver disease. Alternatively, folding correctors or substances stimulating protein degradation 26 

that do not diminish AAT serum levels may prove beneficial for these cases and for individuals with lower 27 

fibrosis stages. 28 

 29 
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Therapeutic effects of AAT 1 

AAT possesses versatile immunomodulatory and cytoprotective functions. For example, AAT 2 

overexpression was able to extend the lifespan in Drosophila.1, 89 In line with that, AAT supplementation 3 

was beneficial in experimental models of graft-versus-host disease and might even be helpful in humans 4 

with this condition (Table 4). It has been successfully investigated in experimental lung, kidney, and islet 5 

transplantation models (Table 4), while its efficacy in liver grafts warrants systematic investigation. 6 

Moreover, AAT supplementation exerts a protective function in several models of acute liver injury and in 7 

experimental alcoholic liver disease.90, 91 Finally, AAT inhibits TMPRSS2 protease, which enables the entry 8 

of SARS-CoV-2 into cells, and the therapeutic effect of AAT for this condition is currently being assessed 9 

in several clinical trials (Table 4).92, 93 10 

 11 

CONCLUSIONS 12 

Recent studies in preclinical models and patients have greatly improved our understanding of 13 

AATD-related liver disease. Depending on the genotype, AATD may either cause liver disease or be a 14 

disease modifier. Despite the gain in knowledge, the vast majority of individuals with AATD, even those 15 

with a severe Pi*ZZ genotype, remain undiagnosed and, in the case of liver disease, are mislabeled as having 16 

alcoholic liver disease or idiopathic liver cirrhosis. Moreover, several important questions remain 17 

unanswered (Table 5). Given that multiple therapeutic products are already or soon will be under clinical 18 

investigation, we need to improve testing and diagnosis for AATD. We also need genetic screening to 19 

systematically identify individuals with AATD who will develop liver disease, particularly when additional 20 

environmental risk factors are present. A minimization of coexistent risk factors is warranted for individuals 21 

with AATD genotypes conferring an increased risk of liver fibrosis (i.e., Pi*MZ, Pi*SZ, and Pi*ZZ). 22 

Inclusion in clinical trials should be attempted for subjects with significant liver fibrosis to stop/attenuate 23 

the development of liver scarring. Finally, longitudinal studies are needed to better evaluate the rate of 24 

progression and to more precisely calculate liver cancer risk. A systematic comparison between pediatric 25 

and adult cases, as well as long-term, standardized follow-up of affected children, is also warranted (Table 26 

5). 27 

 28 
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ABBREVIATIONS 1 

AAT Alpha-1 antitrypsin 

AATD Alpha-1 antitrypsin deficiency 

LSM Liver stiffness measurement 

Pi Protease inhibitor 

Pi*M Normal AAT allele 

Pi*S Mutant SERPINA1 allele variant termed ‘S’ 

Pi*Z Mutant SERPINA1 allele variant termed ‘Z’ 

Pi*MZ AAT genotype with heterozygosity for the Pi*Z variant 

Pi*SZ AAT genotype with compound heterozygosity for the Pi*Z and Pi*S variants 

Pi*ZZ AAT genotype with homozygosity for the Pi*Z variant 

SERPINA1 AAT gene 

TE 

TM6SF2 

PNPLA3 

HSD17B13 

Transient elastography (FibroScan®) 

Transmembrane 6 superfamily member 2 

Patatin-like phospholipase domain-containing protein 3 

17β-Hydroxysteroid dehydrogenase type 13 gene 
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TABLES 1 

rs number 
Deficiency 

alleles 
SERPINA1 

variant 
Characteristic genotypes and 

corresponding clinical features 

rs28929474 Z p.Glu342Lys Strong (Pi*ZZ)/mild (Pi*MZ): 
predisposition to liver disease and 

lung emphysema 

rs17580 S p.Glu264Val Pi*SZ: moderate predisposition to 
liver disease and lung emphysema 

Pi*SS: only minimal risk 

 F p.Arg223Cys Lung emphysema in compound 
heterozygotes 

rs28931570 I p.Arg39Cys No clear phenotype 

rs121912713 Pittsburgh p.Met358Arg Bleeding disorder via inhibition of 
thrombin and factor XI 

 Trento p.Glu75Val Lung emphysema in coinheritance 
with Pi*Z 

rs775982338 Mmalton p.Phe52del (M2 
variant) 

Liver disease and lung emphysema 
in homozygotes 

rs28931568 Mmineral springs p.Gly67Glu Lung emphysema in homozygotes 

rs28931569 Mprocida p.Leu41Pro Lung emphysema in homozygotes 

rs199422211 Q0bellingham p.Lys217* Lung emphysema in homozygotes 
and compound heterozygotes 

 Q0bolton p.Δ1 bpPro362 Lung emphysema in homozygotes 
and compound heterozygotes 

rs267606950 
 

Q0granitefalls p.Δ1 bpTyr160 Lung emphysema in coinheritance 
with Pi*Z 

rs1057519610 Q0hongkong p.Δ2 bpLeu318 Lung emphysema in homozygotes 
and compound heterozygotes 

Table 1: Overview of the most prominent alpha-1 antitrypsin deficiency alleles with their clinical 2 

characteristics. 3 

All deficiency alleles are displayed with their rs number, mutation, and clinical features.1, 12, 13 4 

Abbreviations: rs, reference SNP ID number; Pi, proteinase inhibitor. 5 

 6 

  

 SERPINA1 

genotype 

Range of 

serum AAT 

(mg/dL) 

AST ≥ ULN 

(%) 

 ALT ≥ ULN 

(%) 

 GGT ≥ ULN 

(%) 

Pi*ZZ 20-45 15 11 22 

Pi*SZ 75-120 5 9 18 

Pi*MZ 90-210 5 7 17 

Table 2: Range of alpha-1 antitrypsin (AAT) serum levels and proportion of Pi*ZZ individuals, Pi*SZ 7 

subjects, and Pi*MZ participants with elevated liver enzymes. 8 
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The liver enzyme levels are based on data obtained from the UK Biobank in participants without an obvious 1 

liver comorbidity.18 Range of AAT serum levels is in mg/dL.94 Abbreviations: AAT, alpha-1 antitrypsin 2 

deficiency; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl 3 

transferase; ULN, upper limit of normal (sex-specific). 4 

 5 

 6 

 Evidence Odds ratio References 

Overall population ++ 
 

Increased liver-related 
mortality (HR~1.7), 
higher odds for 
diabetic/obese 
individuals 

Schneider et al., 202055 
Luukkonen et al., 202195 
Schneider et al., 202158 
Fromme et al., 202118 
Hakim et al., 202196 

NAFLD-related 
cirrhosis 

++ 
 

OR~2-7 Regev et al., 200697 
Cacciottolo et al., 201498 
Abul-Husn et al., 201865 
Strnad et al., 201954 

ALD-related 
cirrhosis 

++ OR~2-6 Goltz et al., 201499 
Cacciottolo et al., 201498 
Abul-Husn et al., 201865 
Strnad et al., 201954 

Chronic hepatitis 
B-associated 
advanced liver 
fibrosis 

+ 
 

Smaller studies, OR~10 
(one study) 
 

Propst et al., 1992100 
Hashemi et al., 2005101 
Kuscuoglu et al., 202133 

Chronic hepatitis 
C-associated 
advanced liver 
fibrosis 

+/- 
 

Several studies, OR~4 
in one of them 
 

Propst et al., 1992100 
Eigenbrodt et al., 1997102 
Serfaty et al., 1997103 
Regev et al., 200697 

Hemochromatosis-
associated 
advanced liver 
fibrosis 

+/- 
 

Multiple studies, 
conflicting results  

Rabinovitz et al., 1992104 
Kaserbacher et al., 1993105 
Elzouki et al., 1995106 
Fargion et al., 1996107 
Schaefer et al., 2015108 
Guldiken et al., 201934 

Cystic fibrosis-
associated 
advanced liver 
disease 

++ OR~5 Bartlett et al., 200964 
Boëlle et al., 2019109 
 

Liver 
transplantation 

+ 
 

Up to 10% of liver 
transplant recipients 
display Pi*MZ genotype 

Carey et al., 201374 
Schaefer et al., 201876 

Table 3: Current evidence for the Pi*MZ genotype as a modifier of liver disease. 7 
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Abbreviations: +/-, conflicting data; +, weak positive evidence; ++, robust positive evidence; AATD, 1 

alpha-1 antitrypsin deficiency; ALD, alcoholic liver disease; HCV, hepatitis C virus; HR, hazard ratio; 2 

NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; ND, not determined; OR, 3 

odds ratio; Pi, protease inhibitor; Pi*MZ, AAT genotype with heterozygosity for the Pi*Z variant. 4 

 5 

 6 

A) Experimental 

Liver Acute liver failure  Jedicke et al., 201490 

Alcoholic liver disease  Grander et al., 202191 

 Graft-versus-host disease  Tawara et al., 2012110 

 Marcondes et al., 2014111 

 Geiger et al., 2019112 

 Kidney transplantation  Daemen et al., 2000113 

 Islet transplantation  Lewis et al., 2005; 2008114, 115 

 Koulmanda et al., 2008; 2012116, 117 

 Abecassis et al., 2014118 

Lung Lung inflammation  Jonigk et al., 2013119 

 Lung transplantation  Gao et al., 2014120 

 Iskender et al., 2014121 

 Lin et al., 2018122 

 Götzfried et al., 2018123 

 COVID-19  Wettstein et al., 202192 

B) Clinical 

 Graft-versus-host disease  Magenau et al., 2018124 

 Type 1 diabetes  Brener et al., 2018125 

Table 4: Overview of the studies on alpha-1 antitrypsin supplementation. 7 

 8 

 9 

Pi*MZ  Is the modifier role liver disease etiology-specific? 

 Is the contribution of AATD-related liver disease significant enough to 
warrant specific therapeutic intervention? 

Pi*ZZ  Are mechanisms underlying pediatric and adult liver disease identical? 

 Are there any genetic and/or environmental modifiers? Can individuals at 
risk of severe liver disease be identified by specific tests? 

 How to measure disease activity/identify rapid progressors? 

 What are the most effective and clinically relevant end-points for 
evaluating the efficacy of investigational products? 

Table 5. Key research questions for individuals with alpha-1 antitrypsin deficiency. 10 

Abbreviations: AATD, alpha-1 antitrypsin deficiency; Pi, protease inhibitor; Pi*MZ, AAT genotype with 11 

heterozygosity for the Pi*Z variant; Pi*ZZ, AAT genotype with homozygosity for the Pi*Z variant. 12 

 13 

  14 
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FIGURE LEGENDS 1 

Figure 1: Pathophysiology, clinical manifestations and treatment approaches for alpha-1 antitrypsin 2 

deficiency. Alpha-1 antitrypsin deficiency (AATD) results from mutations in the gene encoding alpha-1 3 

antitrypsin (AAT) named SERPINA1 that lead to increased degradation and/or retention of AAT in the liver. 4 

The misfolding and polymerization of AAT confers proteotoxic stress that promotes the development of 5 

liver cirrhosis and liver tumors. The lack of AAT in the systemic circulation results in an insufficient 6 

inhibition of proteases (loss-of-function phenotype) that leads to proteolytic lung injury and panlobular 7 

emphysema. Histologically, the retention of AAT can be visualized as inclusion bodies in periodic acid-8 

Schiff-diastase (PAS-D) staining. The characteristic homozygous Pi*Z mutation leads to an ~85% decrease 9 

in AAT secretion, and monomeric/polymeric Z-AAT is degraded by endoplasmic reticulum-associated 10 

degradation (ERAD) and autophagy. The resulting endoplasmic reticulum (ER) stress and/or environmental 11 

triggers stimulate AAT production, thereby causing a vicious cycle. Therapeutic approaches for AATD-12 

related liver disease include small interfering RNA (siRNA), decreasing AAT production and secretion, and 13 

autophagy enhancers diminishing protein accumulation. Finally, polymerization inhibitors may facilitate 14 

both secretion and degradation. 15 

 16 

Figure 2: Alpha-1 antitrypsin deficiency (AATD) genotypes and factors promoting the development 17 

of AATD-related liver disease. 18 

(A) The figure summarizes the frequency of the most relevant AATD genotypes in Caucasians, their odds 19 

of developing liver cirrhosis, and their share in adult liver transplantations performed in Europe. Pi*ZZ and 20 

Pi*MZ refer to a homozygous and heterozygous presence of the Pi*Z mutation, whereas Pi*SZ denotes 21 

compound heterozygosity of both the Pi*S and Pi*Z mutations. Notably, unlike Pi*ZZ, Pi*MZ contributes 22 

to rather than causes liver cirrhosis. (B) The established nongenetic risk factors associated with the 23 

occurrence of advanced liver disease in individuals with AATD are shown. 24 

 25 

Figure 3: Histological presentation of Pi*ZZ-associated liver disease. 26 

Liver sections from a 61-year-old man with the Pi*ZZ genotype and fibrosis stage 4 labeled with (A) 27 

hematoxylin and eosin (H&E), (B) periodic acid-Schiff-diastase (PAS-D) staining, and (C) 28 

immunohistochemistry (IHC) using an antibody specific for the Pi*Z variant of SERPINA1.60 29 
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