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bullet for the sick lung
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Alphal-antitrypsin (AAT) deficiency is one
of the most common genetic diseases and is
due to pathogenic variants in the SERPINA1
gene that encodes for AAT, an acute-phase
protein with anti-inflammatory and immu-
nomodulatory properties. Although more
than 150 pathogenic variants have been
described, 95% of individuals with severe
AAT deficiency are homozygotes for the Z
allele, a substitution of glutamic acid for
lysine at residue 342 (p.Glu342Lys) in SER-
PINAI This single amino acid change makes
Z-AAT prone to aggregation mostly in hepa-
tocytes, the cells that abundantly synthetize
and secrete AAT into the circulation. Reten-
tion of Z-AAT within hepatocytes results in
liver disease by a toxic “gain-of-function”
mechanism, whereas the lack of circulating
AAT, which inhibits neutrophil elastase in
the lung, makes affected individuals suscep-
tible to early-onset emphysema by a “loss-
of-function” mechanism. The
constantly under attack by pro-inflamma-
tory insults, and it is incessantly damaged
and repaired. In individuals with AAT defi-
ciency, protease activity is not sufficiently
balanced by anti-proteases, resulting in an
excessive cleavage of structural proteins
and innate immune proteins in the lung pa-
renchyma, that ultimately lead to emphy-
sema. Cigarette smoke and enhanced suscep-
tibility to infections further accelerates and
aggravates the lung disease.

lung is

Besides avoiding smoking, excessive con-
sumption of alcohol, and excessive weight
gain, the only disease-specific treatment
available for AAT deficiency is augmentation
therapy based on intravenous infusions
of human plasma-derived, purified AAT.
Although RNAi-based therapeutic silencing
of hepatic Z-AAT is under clinical investiga-
tion," currently there is no specific treatment
for the liver disease, and life-threatening,
progressive liver failure or uncompensated
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cirthosis due to AAT deficiency can be
treated only by liver transplantation.

Until recently, the only available model of
AAT deficiency was the PiZ mouse, which
is transgenic for the Z-AAT and recapitulates
the pathology hallmarks of the human liver
disease. However, PiZ mice do not develop
any pulmonary disease, owing to the expres-
sion of their murine Serpinal genes.” In
contrast to humans, who have only one
gene, mice have up to six genes encoding
AAT. For decades, this made it impossible
to investigate the pathogenesis and therapies
for lung emphysema in AAT deficiency. This
obstacle was overcome by Mueller’s group,
who generated a mouse knockout for all mu-
rine Serpinal genes by using CRISPR-Cas9.”
In a study published in Molecular Therapy -
Methods & Clinical Development, the au-
thors now report that these mice develop
lung disease either spontaneously with aging
or after exposure to cigarette smoke.* More-
over, they found that liver-directed gene
transfer of SERPINAI can prevent develop-
ment of the lung disease in this mouse
model. This has been a long-awaited experi-
ment that now conclusively supports the
concept of alveolar destruction driven by un-
controlled elastase activity that is prevent-
able through the expression and secretion
into the blood of AAT by AAV-corrected
hepatocytes.

Besides hepatocytes, Z-AAT has been de-
tected in the respiratory epithelium of PiZ
mice, where it was found to accumulate
and to cause proteotoxicity, contributing to
the lung disease. These results have chal-
lenged the paradigm of lung disease being
solely due to the loss of antiprotease func-
tion.” Serpinala-e knockout mice are not
suitable to address the contribution of
Z-AAT expression in respiratory cells,
because these cells do not express Z-AAT.

Nevertheless, this question might be investi-
gated in the Z-AAT knockin mouse
currently under development® or in the
newly generated ferret model that is
knockout for SERPINAI and knockin for
Z-AAT.® Interestingly, Zieger and colleagues
detected an increased neutrophil count in
bronchoalveolar lavage of Serpinala-e
knockout mice that was significantly reduced
in AAV-treated mice, supporting the role of
neutrophil recruitment in disease progres-
sion in both humans and mice.* Whether
neutrophils that express Z-AAT are more
detrimental for the lung disease compared
with those expressing the wild-type AAT or
those completely devoid of Serpinal genes
is another question that will require different
animal models.

Polymers of Z-AAT are detected in the
blood, bronchoalveolar lavage fluid, and
lung tissue of patients with AAT deficiency.
Extracellular polymers of Z-AAT have
pro-inflammatory effects, and they are
chemotactic and stimulatory for neutrophils,
probably contributing to pulmonary inflam-
mation. Although it is unclear whether they
are formed by polymerization of secreted
Z-AAT in the extracellular space, most extra-
cellular Z-AAT polymers must come from
the liver, since they become undetectable
shortly after liver transplantation.” As
recently shown, Z-AAT can also form heter-
opolymers made of wild-type AAT and
Z-AAT in vivo,® and thus, gene therapy vec-
tors driving expression of AAT in hepato-
cytes might aggravate the liver disease
through increased formation of heteropoly-
mers. Heteropolymers are expected to in-
crease after liver-directed gene transfer of
SERPINAI, and they might be secreted
in blood, aggravating lung inflammation.
Furthermore, Z-AAT polymers appear to
sensitize cells to second insults that result
in ER stress,” and there is increasing concern
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that ER stress and the unfolded protein
response might be induced by viral-vector-
mediated transgene overexpression, possibly
compromising the duration of efficacy and
safety of patients treated by gene therapy.'’
Unfortunately, these additional concerns
cannot be investigated in the Serpinala-e
knockout mice, and studies in the Z-AAT
knockin mouse or in the ferret will be
required to address these issues.

Protein augmentation therapy by intrave-
nous AAT therapy aims to achieve the “pro-
tective threshold” of 11 uM in serum AAT
concentration in patients with AAT defi-
ciency. However, this threshold is arbitrary
and based on some controversial assump-
tions.'" The study by Zieger and colleagues
does not allow this question to be solved,
because the serum AAT concentrations
achieved by AAV-mediated liver-directed
gene transfer were well above the 11 uM
threshold. Moreover, the therapeutic
threshold is likely to be species-specific and
thus cannot be precisely established in
mice. However, studies in mice remain valu-
able to compare augmentation therapy with
gene therapy. Protein replacement therapy
results in peak-and-drop pharmacokinetics
in blood AAT concentrations, whereas
liver-directed gene therapy results in sus-
tained blood concentrations of AAT. It is
likely that the therapeutic threshold with
sustained expression of AAT by gene therapy

may be different from the therapeutic
threshold needed by protein augmentation
products. The best timing to rescue or arrest
the decline in lung pathology by gene ther-
apy also remains to be investigated. The
study by the Mueller group has set the stage
for addressing these clinically relevant
questions.

REFERENCES

1. 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. and

Teckman, J.H. (2018). Hepatic-targeted RNA inter-
ference provides robust and persistent knockdown
of alpha-1 antitrypsin levels in ZZ patients.
J. Hepatol. 69, 378-384. https://doi.org/10.1016/j.
jhep.2018.03.012.

2. Carlson, J.A., Rogers, B.B., Sifers, R.N., Hawkins,
H.K,, Finegold, M.]., and Woo, S.L. (1988). Multiple
tissues express alpha I-antitrypsin in transgenic
mice and man. J. Clin. Invest. 82, 26-36. https://doi.
org/10.1172/JCI113580.

. Borel, F,, Sun, H,, Zieger, M., Cox, A., Cardozo, B., Li,
‘W., Oliveira, G., Davis, A., Gruntman, A., Flotte, T.R.,
et al. (2018). Editing out five Serpinal paralogs to
create a mouse model of genetic emphysema. Proc.
Natl. Acad. Sci. U. S. A. 115, 2788-2793. https://doi.
org/10.1073/pnas.1713689115.

4. Zieger, M., Borel, F., Greer, C, Gernoux, G,
Blackwood, M., Flotte, T.R., and Mueller, C. (2022).
Liver-directed SERPINA1 gene augmentation ther-
apy attenuates progression of spontaneous and to-
bacco smoke induced emphysema in alphal-anti-
trypsin null mice. Mol. Ther. https://doi.org/10.
1016/j.omtm.2022.04.003.

. Hidvegi, T., Stolz, D.B., Alcorn, J.F., Yousem, S.A,,

Wang, J., Leme, A.S, Houghton, A.M., Hale, P,
Ewing, M., Cai, H,, et al. (2015). Enhancing auto-

w

vl

10.

11.

phagy with drugs or lung-directed gene therapy re-
verses the pathological effects of respiratory epithelial
cell proteinopathy. J. Biol. Chem. 290, 29742-29757.
https://doi.org/10.1074/jbc. M115.691253.

. He, N, Liu, X, Vegter, A.R,, Evans, T.I.A,, Gray, ].S.,

Guo, J., Moll, S.R., Guo, L.J., Luo, M., Ma, N., et al.
(2022). Ferret models of alpha-1 antitrypsin defi-
ciency develop lung and liver disease. JCI Insight 7.
https://doi.org/10.1172/jci.insight.143004.

. Tan, L., Dickens, J.A., Demeo, D.L., Miranda, E.,

Perez, J., Rashid, S.T., Day, J, Ordonez, A,
Marciniak, S.J., Haq, I, et al. (2014). Circulating poly-
mers in alphal-antitrypsin deficiency. Eur. Respir. J.
43, 1501-1504. https://doi.org/10.1183/09031936.
00111213.

. 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,, and Irving, J.A.
(2020). Intrahepatic heteropolymerization of M and
Z alpha-1-antitrypsin. JCI Insight 5. https://doi.org/
10.1172/jci.insight.135459.

. Ordonez, A., Snapp, E.L, Tan, L, Miranda, E,

Marciniak, S.J.,, and Lomas, D.A. (2013).
Endoplasmic reticulum polymers impair luminal
protein mobility and sensitize to cellular stress in
alphal-antitrypsin deficiency. Hepatology 57, 2049-
2060. https://doi.org/10.1002/hep.26173.

Fong, S., Handyside, B., Sihn, CR,, Liu, S., Zhang, L.,
Xie, L., Murphy, R,, Galicia, N., Yates, B., Minto,
W.C,, et al. (2020). Induction of ER stress by an
AAV5 BDD FVIII construct is dependent on the
strength of the hepatic-specific promoter. Mol.
Ther. Methods Clin. Dev. 18, 620-630. https://doi.
org/10.1016/j.0mtm.2020.07.005.

Franciosi, AN., Fraughen, D., Carroll, T.P., and
McElvaney, N.G. (2022). Alpha-1 antitrypsin defi-
ciency: clarifying the role of the putative protective
threshold. Eur. Respir. J. 59. https://doi.org/10.1183/
13993003.01410-2021.

Molecular Therapy: Methods & Clinical Development Vol. 26 September 2022 73


https://doi.org/10.1016/j.jhep.2018.03.012
https://doi.org/10.1016/j.jhep.2018.03.012
https://doi.org/10.1172/JCI113580
https://doi.org/10.1172/JCI113580
https://doi.org/10.1073/pnas.1713689115
https://doi.org/10.1073/pnas.1713689115
https://doi.org/10.1016/j.omtm.2022.04.003
https://doi.org/10.1016/j.omtm.2022.04.003
https://doi.org/10.1074/jbc.M115.691253
https://doi.org/10.1172/jci.insight.143004
https://doi.org/10.1183/09031936.00111213
https://doi.org/10.1183/09031936.00111213
https://doi.org/10.1172/jci.insight.135459
https://doi.org/10.1172/jci.insight.135459
https://doi.org/10.1002/hep.26173
https://doi.org/10.1016/j.omtm.2020.07.005
https://doi.org/10.1016/j.omtm.2020.07.005
https://doi.org/10.1183/13993003.01410-2021
https://doi.org/10.1183/13993003.01410-2021
http://www.moleculartherapy.org

	Liver gene therapy: The magic bullet for the sick lung
	References


