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Alpha-1 antitrypsin deficiency (AATD) is a genetic disorder caused by mutations in the 

SERPINA1 gene, that encodes alpha-1 antitrypsin (AAT) (1). AAT is an inhibitor of 

neutrophil serine proteases such as neutrophil elastase (NE) and proteinase-3 (1). AATD is 

inherited in an autosomal co-dominant pattern, a homozygous mutation causes 95% of severe 

AAT deficiency involving a single amino acid substitution - Glu342Lys (referred to as the 

‘Z’ allele) (2). Approximately 1 in 25 individuals of Northern and Western European descent 

carry the Z allele, with lower frequencies reported in Southern Europe (1-2%) and rare 

occurrence in other populations (3). AAT is primarily synthesized within the liver and 

released into the bloodstream. The Z mutation leads to the production of misfolded proteins 

that polymerize and accumulate as Periodic Acid Schiff positive inclusions within 

hepatocytes (4).The misfolded and polymerized protein triggers the endoplasmic reticulum 

overload response, hepatocyte injury, inflammation and fibrosis, which may progress to 

cirrhosis or hepatocellular carcinoma. These polymerized aggregates are a key factor in 

driving liver disease associated with AATD (3). The liver pathology is distinct from the lung 

manifestations of AATD as it results from the toxic accumulation of misfolded proteins. The 

lung disease is predominantly the result of a loss of protease inhibition. Reduced circulating 

AAT levels compromise lung protection against neutrophil elastase, causing a protease-

antiprotease imbalance. This imbalance leads to lung matrix degradation, progressive 

destruction, and emphysema (5). Additionally, Z-AAT can form polymers within the lung. 

These polymers have proinflammatory properties, acting as a chemoattractant for neutrophils 

(6). Beyond lung and liver disease, AATD can contribute to systemic conditions due to 

circulating Z polymers and protease-antiprotease imbalance (7). Some individuals develop 

panniculitis, a rare skin disorder that presents as painful subcutaneous nodules (8), others 

may develop vasculitis (9). This review aims to outline the current landscape of novel 
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therapeutic strategies for AATD, with a focus on both liver and lung directed approaches that 

target the AAT protein, RNA, and DNA levels of disease pathogenesis. 

Augmentation therapy remains the only currently available pharmacological intervention for 

AATD. This approach involves weekly intravenous infusions of plasma-derived AAT, aiming 

to restore protective serum (and therefore tissue) levels and slow the progression of lung 

disease (10). Recent data also suggest a potential liver benefit, with lower enzyme levels and 

reduced fibrosis markers observed in treated individuals (11). Clinical trials have shown that 

augmentation therapy slows emphysema progression using CT densitometry, but benefit on 

clinical end-points has been harder to define and the therapy has limitations, including high 

annual costs and burden from frequent infusions (10,12). Augmentation therapy is not 

available in all countries.  

Given the limitations of current augmentation therapy, there is growing interest in innovative 

treatments that target the underlying pathology of AATD. Whilst developments continue 

around protease-antiprotease mechanisms, such as neutrophil elastase inhibitors, here we 

focus on novel mechanisms that target the AAT production and secretion.  These emerging 

approaches fall into three broad categories: protein-targeted therapies, RNA-based drugs, and 

DNA-editing strategies each aiming to correct or mitigate the disease at different stages of 

gene expression, translation and protein function (Figure). The following sections explore 

these novel therapeutics in more detail. 

 

1. Treatments Targeting the Protein 

Therapeutic strategies targeting the mutant alpha-1 antitrypsin (Z-AAT) protein focus on 

promoting correct conformational folding and secretion, promoting its degradation and 

preventing misfolding with intracellular polymerization. A core mechanism in the liver 

pathology of AATD is the polymerization of Z-AAT, that results from a sequential C-sheet 

domain swap, forming toxic polymers that accumulate within hepatocytes and drive liver 

disease (13–15). Early efforts used chemical chaperones such as 4-phenylbutyric acid to 

stabilize protein folding and increase secretion of functional AAT. While effective in animal 

models (16), this failed to significantly increase circulating AAT levels in humans (17). 

Further development efforts included small-molecule chaperones for both liver and lung 
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disease led by Vertex Pharmaceuticals, which reached Phase 2 trials. However, these were 

discontinued due to insufficient clinical efficacy. An alternative therapeutic approach targets 

the clearance of already misfolded or aggregated Z-AAT through enhanced degradation. 

carbamazepine, an autophagy-inducing drug has been shown to promote the breakdown of Z-

AAT aggregates and reduce liver fibrosis in mouse models of disease (18). However, 

carbamazepine is linked to Stevens-Johnson syndrome and toxic epidermal necrolysis, rare 

but potentially life-threatening conditions which warrant close safety monitoring in future 

use. Carbamazepine was evaluated in individuals with ZZ AATD (ClinicalTrials.gov ID: 

NCT01379469), but results are not available. Building on mechanistic understanding of Z 

AAT polymerization, efforts have turned towards identifying small molecules that stabilize 

Z-AAT and prevent intrahepatic polymerization (19). The most recent drug is BMN349, a 

novel oral small molecule that is currently in Phase 1 clinical trials (ClinicalTrials.gov 

ID NCT06738017). In preclinical studies, BMN349 reduced hepatic Z-AAT polymer 

accumulation and increased plasma levels of total Z-AAT in PiZ mice (20). 

 

2. RNA-Based Therapy 

RNA-based therapies for AATD focus on silencing or correcting the expression of the mutant 

Z allele of the SERPINA1 gene to prevent the production of misfolded Z-AAT. The leading 

strategy involves small interfering RNA (siRNA) molecules that target and degrade 

SERPINA1 mRNA. A prominent example is Fazirsiran (ARO-AAT), an RNA interference 

(RNAi) therapeutic to silence Z AAT mRNA expression, thus reducing Z AAT protein 

synthesis. This drug has demonstrated significant reductions in hepatic Z-AAT accumulation 

and histologic improvement in liver inflammation and fibrosis in Phase II clinical trials  

(21,22). While this approach is effective in reducing toxic hepatic burden, it does not increase 

circulating levels of AAT and is not therefore likely to address the pulmonary component of 

AATD. As such, siRNA-based treatments may need to be combined with protein 

augmentation or other therapies to offer comprehensive disease mitigation. Antisense 

oligonucleotides (ASOs), single-stranded RNA-like molecules designed to bind mRNA and 

prevent translation or induce degradation, are also being studied, although less extensively 

than siRNAs. In a preclinical study using the PiZ mouse model, ASO therapy significantly 

reduced hepatic Z-AAT accumulation, improved liver histology, and decreased fibrosis, 

supporting its potential as a liver-directed therapeutic option for AATD (23). 
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In contrast, RNA editing represents an emerging approach that may impact both liver and 

lung disease by restoring expression of the functional protein. The furthest in development is 

Wave Life Sciences’ WVE-006, a first-in-class RNA editing candidate delivered via N-

acetylgalactosamine (GalNAc) conjugation and KRRO‑110 capsulated in lipid nanoparticles 

(LNPs) for intravenous delivery(24,25). These agents are currently in phase 1/2 clinical trial 

(NCT06405633) (NCT06677307), with preclinical data showing promising editing of the 

mutant SERPINA1, restoration of functional M-AAT protein, and improvement in liver 

biomarkers (24,25). By restoring circulating M-AAT, these approaches have the potential to 

address the pulmonary manifestations of AATD. However, as with other RNA-based 

therapies, efficacy requires ongoing dosing to maintain therapeutic benefit. Overall, RNA 

therapies now encompass both gene-silencing and gene-correcting approaches and hold 

significant promise for modifying disease progression. 

 

3.  DNA-Editing Therapy  

DNA-based therapies for AATD aim to correct or supplement the defective SERPINA1 gene 

to restore normal AAT production, decrease mutant protein production and thus address both 

pulmonary and hepatic manifestations of the disease. One of the earliest strategies 

investigated was adeno-associated virus (AAV)-mediated gene augmentation, which delivers 

a functional copy of the human SERPINA1 gene. Initial clinical trials using recombinant 

adeno-associated virus rAAV1 vectors via intramuscular injection demonstrated safety and 

showed sustained gene expression, but serum AAT levels remained below the therapeutic 

threshold (26). Subsequent preclinical studies with AAV vectors showed 200-fold higher 

expression levels in skeletal muscle (27). However, the treatment still failed to reach 

protective serum concentrations in human (27). Challenges such as pre-existing anti-AAV 

antibodies and the possibility of insertional mutagenesis have limited the clinical impact of 

rAAV approaches (28). To overcome these limitations, clustered regularly interspaced short 

palindromic repeats-associated protein 9 (CRISPR/Cas9) technology is now being explored 

(29). In a transgenic PiZ mouse model of AATD, CRISPR/Cas9-mediated correction of the 

Glu342Lys mutation via a dual AAV delivery system led to partial restoration of wild-type 

M-AAT expression, significant reduction in Z-AAT polymer accumulation, and improvement 

in liver histopathology (30). However, potential concerns such as off-target effects, and 

immune responses to Cas9 remain barriers to clinical translation. The most recent advance in 
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DNA-based therapy is base editing, a precision gene editing technology that enables single-

base changes in DNA without causing double-stranded breaks (31). In early results from an 

ongoing Phase 1/2 clinical trial (NCT06389877), a single IV dose of BEAM-302 led to 

durable, dose-dependent increases in total and functional AAT, production of corrected M-

AAT, and reduction of circulating Z-AAT (32). This clinical demonstration of first in vivo 

base editing marks a major milestone in AATD treatment, offering the potential for a single-

dose curative intervention that addresses both liver and lung disease at the genetic level.  

Another emerging approach involves Tessera Therapeutics, which is developing an in vivo 

gene writing platform that uses RNA to direct precise edits to DNA. In preclinical models, 

this strategy has shown promising levels of SERPINA1 correction and restoration of 

functional AAT protein. It is important to highlight that RNA and DNA editing strategies are 

mechanism-based interventions that directly modify gene expression or genomic sequences 

and therefore cannot be meaningfully compared to placebo treatments. 

In conclusion, this is an exciting time in AATD research and care. Strategies targeting 

protease imbalance, protein misfolding, RNA and DNA are offering new interventions to 

target the major liver and lung manifestations of AATD. These still need to be thoroughly 

evaluated in clinical trials, and safety needs to be evaluated in long term follow-up, but we 

may well be on the verge of a cure for AATD. 

 

Declaration of interests. DAL is an inventor on patent PCT/GB2019/051761 that describes the 
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therapeutics in AATD. 

 

 

 

 

 

 

 

 on August 30, 2025 by guest. Please see licensing information on first page for reuse rights. https://publications.ersnet.orgDownloaded from 



 

References:  

1. Köhnlein T, Welte T. Alpha-1 Antitrypsin Deficiency: Pathogenesis, Clinical 
Presentation, Diagnosis, and Treatment. Am J Med. 2008 Jan 1;121(1):3–9.  

2. Strnad P, McElvaney NG, Lomas DA. Alpha1 -Antitrypsin Deficiency. Longo DL, 
editor. N Engl J Med. 2020 Apr 9;382(15):1443–55.  

3. De Serres FJ, Blanco I, FernÃ¡ndez-Bustillo E. PI S and PI Z Alpha-1 antitrypsin 
deficiency worldwide. A review of existing genetic epidemiological data. Monaldi 
Arch Chest Dis [Internet]. 2016 Feb 3 [cited 2025 Jun 30];67(4). Available from: 
https://www.monaldi-archives.org/index.php/macd/article/view/476 

4. Lomas DA, Carrell RW. The mechanism of Z a i-antitrypsin accumulation in the liver. 
1992;  

5. Alam S, Li Z, Atkinson C, Jonigk D, Janciauskiene S, Mahadeva R. Z α1-Antitrypsin 
Confers a Proinflammatory Phenotype That Contributes to Chronic Obstructive 
Pulmonary Disease. Am J Respir Crit Care Med. 2014 Apr 15;189(8):909–31.  

6. Blanco I. Oxidant-mediated Aggregation of Z α1-Antitrypsin in Pulmonary Epithelial 
Cells Amplifies Lung Inflammation. Am J Respir Crit Care Med. 2014 Apr 
15;189(8):877–9.  

7. Miravitlles M, Herepath M, Priyendu A, Sharma S, Vilchez T, Vit O, et al. Disease 
burden associated with alpha-1 antitrypsin deficiency: systematic and structured 
literature reviews. Eur Respir Rev [Internet]. 2022 Mar 23 [cited 2025 May 
20];31(163). Available from: 
https://publications.ersnet.org/content/errev/31/163/210262  

8. Townsend J, Alluhibi R, Lynch N, Woolf R, Marshall A, Lomas DA, et al. Alpha-1 
Antitrypsin Deficiency-Associated panniculitis: A survey of lived experience. Strnad 
P, editor. PLOS One. 2025 Jun 26;20(6):e0326686.  

9. Stone H, Pye A, Stockley RA. Disease associations in alpha-1-antitrypsin deficiency. 
Respir Med. 2014 Feb;108(2):338–43.  

10. Chapman KR, Burdon JGW, Piitulainen E, Sandhaus RA, Seersholm N, Stocks JM, et 
al. Intravenous augmentation treatment and lung density in severe α1 antitrypsin 
deficiency (RAPID): a randomised, double-blind, placebo-controlled trial. 2015;386.  

11. Fromme M, Hamesch K, Schneider CV, Mandorfer M, Pons M, Thorhauge KH, et al. 
Alpha-1 Antitrypsin Augmentation and the Liver Phenotype of Adults With Alpha-1 
Antitrypsin Deficiency (Genotype Pi∗ZZ). Clin Gastroenterol Hepatol. 2024 
Feb;22(2):283-294.e5.  

 on August 30, 2025 by guest. Please see licensing information on first page for reuse rights. https://publications.ersnet.orgDownloaded from 



12. McElvaney NG, Burdon J, Holmes M, Glanville A, Wark PAB, Thompson PJ, et al. 
Long-term efficacy and safety of α1 proteinase inhibitor treatment for emphysema 
caused by severe α1 antitrypsin deficiency: an open-label extension trial (RAPID-
OLE). 2017;5.  

13. Faull SV, Elliston ELK, Gooptu B, Jagger AM, Aldobiyan I, Redzej A, et al. The 
structural basis for Z α1-antitrypsin polymerization in the liver. Sci Adv. 2020 
Oct;6(43):eabc1370.  

14. Lowen SM, Waudby CA, Jagger AM, Aldobiyan I, Laffranchi M, Fra A, et al. High-
resolution characterization of ex vivo AAT polymers by solution-state NMR 
spectroscopy. Sci Adv. 11(19):eadu7064.  

15. Vickers S, Aldobiyan I, Lowen SM, Irving JA, Lomas DA, Thalassinos K. Top-Down Ion 
Mobility Mass Spectrometry Reveals a Disease Associated Conformational 
Ensemble of Alpha-1-antitrypsin. J Am Chem Soc. 2025 May 21;147(20):16909–21.  

16. Burrows JAJ, Willis LK, Perlmutter DH. Chemical chaperones mediate increased 
secretion of mutant α1-antitrypsin (α1-AT) Z: A potential pharmacological strategy 
for prevention of liver injury and emphysema in α1-AT deficiency. Proc Natl Acad Sci. 
2000 Feb 15;97(4):1796–801.  

17. Teckman JH. Lack of effect of oral 4-phenylbutyrate on serum alpha-1-antitrypsin in 
patients with alpha-1-antitrypsin deficiency: a preliminary study. J Pediatr 
Gastroenterol Nutr. 2004 Jul;39(1):34–7.  

18. Hidvegi T, Ewing M, Hale P, Dippold C, Beckett C, Kemp C, et al. An Autophagy-
Enhancing Drug Promotes Degradation of Mutant α1-Antitrypsin Z and Reduces 
Hepatic Fibrosis. Science. 2010 Jul 9;329(5988):229–32.  

19. Lomas DA, Irving JA, Arico-Muendel C, Belyanskaya S, Brewster A, Brown M, et al. 
Development of a small molecule that corrects misfolding and increases secretion 
of Z α1 -antitrypsin. EMBO Mol Med. 2021 Mar 5;13(3):e13167.  

20. Handyside B, Zhang L, Ngo K, Murphy R, Chen J, Galicia N, et al. A small molecule 
chaperone for alpha-1 antitrypsin deficiency-associated liver disease reduces liver 
polymer burden in the PiZ mouse model. J Hepatol. 2022 Jul;77:S534.  

21. Strnad P, Mandorfer M, Choudhury G, Griffiths W, Trautwein C, Loomba R, et al. 
Fazirsiran for Liver Disease Associated with Alpha1-Antitrypsin Deficiency. N Engl J 
Med. 2022 Aug 11;387(6):514–24.  

22. Clark VC, Strange C, Strnad P, Sanchez AJ, Kwo P, Pereira VM, et al. Fazirsiran for 
Adults With Alpha-1 Antitrypsin Deficiency Liver Disease: A Phase 2 Placebo 
Controlled Trial (SEQUOIA). Gastroenterology. 2024 Oct;167(5):1008-1018.e5.  

23. Guo S, Booten SL, Aghajan M, Hung G, Zhao C, Blomenkamp K, et al. Antisense 
oligonucleotide treatment ameliorates alpha-1 antitrypsin–related liver disease in 
mice. J Clin Invest. 2014 Jan 2;124(1):251–61.  

 on August 30, 2025 by guest. Please see licensing information on first page for reuse rights. https://publications.ersnet.orgDownloaded from 



24. Erion, D. & Gottschalk, S. & Su, K. & Silva, D. & Patel, M. & Flum, J. & Jenness, D. & 
Popovici-Muller, M. & Ulkoski, D. & Wantz, A. & Fedyk, W. & Kenney, H. & Bradshaw, 
T. & Hu, S. & Maciejewski, M. & Saha, A. & Shadid, Merciful & Pink, M. & Brown, C. & 
Colletti, S.. (2024). KRRO-110, An RNA Editing Oligonucleotide Encapsulated in a 
Lipid Nanoparticle (LNP) Delivered to Liver Cells for the Treatment of Alpha-1 
Antitrypsin Deficiency (AATD). A3797-A3797. 10.1164/ajrccm-
conference.2024.209.1_MeetingAbstracts.A3797. 

25. Wave Life Sciences Announces Initiation of Dosing in RestorAATion Clinical Program 
Evaluating First-Ever RNA Editing Candidate, WVE-006, for Alpha-1 Antitrypsin 
Deficiency - Wave Life Sciences [Internet]. [cited 2025 May 20]. Available from: 
https://ir.wavelifesciences.com/news-releases/news-release-details/wave-life-
sciences-announces-initiation-dosing-restoraation 

26. Brantly ML, Chulay JD, Wang L, Mueller C, Humphries M, Spencer LT, et al. 
Sustained transgene expression despite T lymphocyte responses in a clinical trial of 
rAAV1-AAT gene therapy. Proc Natl Acad Sci U S A. 2009 Sep 22;106(38):16363–8.  

27. Flotte TR, Trapnell BC, Humphries M, Carey B, Calcedo R, Rouhani F, et al. Phase 2 
clinical trial of a recombinant adeno-associated viral vector expressing α1-
antitrypsin: interim results. Hum Gene Ther. 2011 Oct;22(10):1239–47.  

28. Rossi A, Salvetti A. [Integration of AAV vectors and insertional mutagenesis]. Med 
Sci MS. 2016 Feb;32(2):167–74.  

29. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. A programmable 
dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science. 2012 
Aug 17;337(6096):816–21.  

30. Shen S, Sanchez ME, Blomenkamp K, Corcoran EM, Marco E, Yudkoff CJ, et al. 
Amelioration of Alpha-1 Antitrypsin Deficiency Diseases with Genome Editing in 
Transgenic Mice. Hum Gene Ther. 2018 Aug;29(8):861–73.  

31. Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. Programmable editing of a target 
base in genomic DNA without double-stranded DNA cleavage. Nature. 2016 May 
19;533(7603):420–4.  

32. Beam Therapeutics Announces Positive Initial Data for BEAM-302 in the Phase 1/2 
Trial in Alpha-1 Antitrypsin Deficiency (AATD), Demonstrating First Ever Clinical 
Genetic Correction of a Disease-causing Mutation | Beam Therapeutics [Internet]. 
[cited 2025 May 20]. Available from: https://investors.beamtx.com/news-
releases/news-release-details/beam-therapeutics-announces-positive-initial-data-
beam-302-phase/ 

 

  

 on August 30, 2025 by guest. Please see licensing information on first page for reuse rights. https://publications.ersnet.orgDownloaded from 



Figure: An overview of novel liver-targeted AATD treatment strategies. 
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