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Mutant Z alpha-1 antitrypsin (ATZ) accumulates in globules in
the liver and is the prototype of proteotoxic hepatic disease.
Therapeutic strategies aiming at clearance of polymeric
ATZ are needed. Transient receptor potential mucolipin-1
(TRPML1) is a lysosomal Ca2+ channel that maintains lyso-
somal homeostasis. In this study, we show that by increasing
lysosomal exocytosis, TRPML1 gene transfer or small-mole-
cule-mediated activation of TRPML1 reduces hepatic ATZ
globules and fibrosis in PiZ transgenic mice that express the
human ATZ. ATZ globule clearance induced by TRPML1
occurred without increase in autophagy or nuclear transloca-
tion of TFEB. Our results show that targeting TRPML1 and
lysosomal exocytosis is a novel approach for treatment of the
liver disease due to ATZ and potentially other diseases due to
proteotoxic liver storage.

INTRODUCTION
Alpha-1 antitrypsin (AAT) deficiency affecting 1 in 2,000 to 3,000 live
births is caused by pathogenic variants in the SERPINA1 gene that
encodes an acute phase plasma glycoprotein and serine-protease in-
hibitor primarily synthesized in the liver.1,2 The most frequent
AAT-deficient allele is the Z variant, a single amino acid substitution
(p.Glu342Lys) that alters the protein structure resulting in the forma-
tion of polymers of AAT in the endoplasmic reticulum (ER). As a
result of hepatic accumulation of the Z variant of AAT (ATZ), serum
AAT is reduced, causing lung emphysema by a loss-of-function
mechanism.3 In contrast, by a gain-of-function mechanism, ATZ
polymers retained in the liver cause a spectrum of hepatic diseases
ranging from acute and chronic hepatitis, fibrosis, cirrhosis, and
increased risks of hepato-carcinoma.4,5

Although it did not achieve serum concentrations within the thera-
peutic range, AAV-mediated gene transfer of SERPINA1 into muscles
resulted in sustained expression of AAT in patients with AAT defi-
ciency.6 Moreover, muscle-directed gene therapy has limitations
related to the vector dose that can be administered and the need of
Molecular Therapy Vol. 31 No 9 September
multiple injections. Nevertheless, while delivery of the SERPINA1
gene to muscle or liver is a long-term solution for lung disease, it
does not affect liver disease. Treatment of both lung and liver disease
indeed requires hepatic knockout or downregulation of mutant
SERPINA1 gene to eliminate the expression of toxic ATZ protein,
in addition to providing the wild-type gene. To achieve this goal,
one strategy that has been investigated is the suppression of the
expression of the mutant SERPINA1 gene with concomitant expres-
sion of the wild-type SERPINA1. This strategy has been achieved in
preclinical studies by adeno-associated virus (AAV) vectors deliv-
eringmicroRNA (miRNA) sequences targeting SERPINA1 gene while
also driving the expression of miRNA-resistant wild-type SERPINA1
gene, thus achieving concomitant ATZ knockdown in the liver and
increased expression of AAT.7While this AAV-based approach is still
at the preclinical stages of development, a siRNA-based treatment
reducing expression of the ATZ might become clinically available
soon.8 Meanwhile, only liver transplantation is available for therapy
of patients with severe liver disease. The siRNA therapy for liver dis-
ease under clinical development is not expected to clear pre-existing
polymers, and the development of strategies to increase the degrada-
tion of polymers accumulated in the ER is still needed. Various ap-
proaches have been investigated in preclinical models to reduce the
burden of toxic ATZ, such as inhibition of polymerization, or
increased clearance. 9,10. In our previous work, we showed that hepat-
ic gene transfer of the transcription factor EB (TFEB), the
master regulator of autophagy and lysosomal biogenesis,11,12 is effec-
tive at reducing ATZ polymers by increasing its degradation in auto-
phagolysosomes.13 TFEB-induced autophagy is regulated by the
2023 ª 2023 The American Society of Gene and Cell Therapy. 2651

https://doi.org/10.1016/j.ymthe.2023.06.018
mailto:pastore@tigem.it
mailto:brunetti@tigem.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2023.06.018&domain=pdf


A B

C

D

F

E

G

H

(legend on next page)

Molecular Therapy

2652 Molecular Therapy Vol. 31 No 9 September 2023



www.moleculartherapy.org
non-selective cation channel transient receptor potential mucolipin 1
(TRPML1), also known as mucolipin-1 (MCOLN1).14–16 TRPML1
can also activate autophagy in a TFEB-independent manner.17

TRPML1 is a calcium (Ca2+)-release channel residing on the lyso-
somal membrane that is involved in a variety of processes, such as
lysosome to trans-Golgi network retrograde trafficking, autophagic
vesicle (AV)-lysosome fusion, lysosome reformation, and lysosomal
exocytosis.18,19 As therapeutic target, TRPML1 has been investigated
in various diseases.20–22 Of note, drugs acting on TRPML1 are ex-
pected to be more targeted compared to TFEB, which regulates a
wide variety of functions. In this study, we investigated TRPML1 as
candidate target for therapy of the liver disease induced by ATZ by
both genetic and pharmacological approaches.

RESULTS
HepaticTRPML1gene transfer reducesATZglobules in PiZmice

To investigate the efficacy of TRPML1 at correcting the liver disease
induced by ATZ, 6-week-old PiZmice, recapitulating the liver pathol-
ogy of human AAT deficiency,23 were injected intravenously (i.v.)
with a serotype 8 adeno-associated virus (AAV8) vector expressing
the human TRPML1 under the control of the hepatocyte-specific
thyroxin-binding globulin (TBG) promoter (AAV-TRPML1) and
sacrificed 12 weeks post injection. Age- and gender-matched PiZ
mice were injected i.v. with either AAV-GFP expressing the reporter
green fluorescent protein (GFP) as negative control or with AAV-
TFEB expressing TFEB as positive control (Figure 1A).13 Hepatic
AAV-mediated delivery of TRPML1 gene was confirmed in livers of
PiZ mice by real-time PCR that showed expression of the human
TRPML1 mRNA in AAV-TRPML1-injected mice (Figure 1B). Liver
immunofluorescence showed transgene expression (TRPML1, GFP,
or TFEB) in approximately 70% of hepatocytes of PiZ mice (Fig-
ure 1C). Compared to AAV-GFP-injected controls, livers of PiZ
mice injected with AAV-TRPML1 showed a significant reduction
in Periodic acid-Schiff staining with diastase digestion (PAS-D)-pos-
itive globules (Figure 1D), the pathology hallmark of liver disease due
to ATZ, which are absent in wild-type mice (SI Appendix, Fig-
ure S1).23 In line with our previous study,13 AAV-TFEB decreased
PAS-D-positive globules, and this reduction was similar to the PiZ
mice injected with AAV-TRPML1 (Figure 1D). Consistent with the
reduction in globules, Sirius red staining showed decreased liver
fibrosis in PiZmice injected with AAV-TRPML1 compared to control
PiZ mice injected with AAV-GFP (Figure 1E), whereas wild-type
mice of similar age do not show any liver fibrosis (SI Appendix, Fig-
Figure 1. TRPML1 gene transfer in PiZ livers reduces ATZ accumulation

(A) Schematic representation of AAV8 vectors injected in PiZ mice. (B) RT-PCR analysi

TRPML1 (AAV-GFP, n = 7; AAV-TRPML1, n = 9). Human TRPML1 expression was norm

GFP, TRPML1, and TFEB in livers of PiZ mice injected with AAV vectors and harvested a

(E) staining of livers of PiZ mice harvested 12 weeks after AAV injections and their corre

staining for ATZ polymers in livers of PiZmice injected with AAV vectors and harvested at

of PiZ mice injected with AAV-GFP or AAV-TRPML1 and their corresponding quantifi

normalization. AAV-GFP and AAV-TRPML1 are on the same gel but not contiguous. (H)

GFP, n = 6; AAV-TRPML1, n = 5; AAV-TFEB, n = 6) in PiZ mice after AAV injection

**p value < 0.01; ***p value < 0.001. A.U., arbitrary units; p.i., post-injection.
ure S1). Liver immunofluorescence with an antibody recognizing
ATZ polymers showed a decrease in number and size of ATZ poly-
mers (Figure 1F), and the immunoblotting on soluble and insoluble
fractions confirmed the reduction in ATZ polymers (Figure 1G). By
2 weeks post injection, PiZ mice injected with AAV-TRPML1 also
showed an increase of total circulating AAT (Figure 1H), suggesting
increased AAT secretion. Notably, by 2 and 4 weeks post injection, an
increase of ATZ polymers was detected in PiZ mice injected with
AAV-TRPML1 but not in those injected with AAV-TFEB (Fig-
ure 1H), suggesting a difference in the mechanisms underlying
ATZ clearance between TRPML1 and TFEB. Hepatic TRPML1
gene transfer was not associated with liver toxicity, as suggested by
serum ALT and AST activities that were unaffected compared to
AAV-GFP-injected PiZ mice (SI Appendix, Figure S2). Altogether,
these results suggest that TRPML1 reduces hepatic ATZ accumula-
tion and fibrosis. In contrast to 6-week-old injected mice, PiZ mice
injected with AAV-TRPML1 at 16 weeks of age showed a trend in
reduction of PAS-D-positive globules, but liver fibrosis was unaf-
fected by 12 weeks post injection (SI Appendix, Figure S3). This sug-
gests that the therapeutic potential of AAV-TRPML1 is reduced at
later stages of disease. Although reduced in number,24 larger ATZ
globules might be more resistant to clearance.

TRPML1 stimulates secretion of ATZ polymers and lysosomal

exocytosis in PiZ livers

The increased concentrations of total serumAAT and polymeric ATZ
following hepatic TRPML1 gene transfer suggested that the reduction
of PAS-D-positive globules in the liver is due to increased lysosomal
exocytosis of ATZ polymers induced by TRPML1. TRPML1 was
found to co-localize with lysosomal-associated membrane protein 1
(LAMP1) (Figure 2A). Upon lysosomal fusion, LAMP1 is exposed
on the plasma membrane, and increased LAMP-1 staining on the
plasma membrane was observed in livers of mice injected with
AAV-TRPML1 4 weeks post injection compared to controls
(Figures 2A and 2B). Translocation of lysosomes to the plasma mem-
brane is the hallmark of lysosomal exocytosis,25 and by electron mi-
croscopy, an increased number of lysosomes close to the plasma
membrane was detected in liver cells of PiZ mice injected with
AAV-TRPML1 compared to controls at 4 and 12 weeks post injection
(Figure 2C). Furthermore, triple immunostaining of livers of mice in-
jected with AAV-TRPML1 showed distribution of LAMP1-positive
structures in close proximity to the plasma membrane, which is pos-
itive for both the basolateral membrane marker Na-K ATPase and the
s for TRPML1 expression in livers of wild-type mice injected with AAV-GFP or AAV-

alized onmurine Trpml1mRNA. (C) Representative immunofluorescence staining for

t 12 weeks post injection (n = 9 per group). Representative PAS-D (D) and Sirius Red

sponding quantifications (n = 9 per group). (F) Representative immunofluorescence

12weeks post-injection. (G) Immunoblots for soluble and insoluble fractions on livers

cations (AAV-GFP, n = 8; AAV-TRPML1, n = 9). GAPDH and H3 were used for

Changes in percentages of serum total AAT (n = 9 per group) or polymeric ATZ (AAV-

s. Data are shown as mean ± standard error. Student’s t test: *p value < 0.05;
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Figure 2. Increased lysosomal exocytosis in PiZ livers after TRPML1 gene transfer

(A) Representative images of immunofluorescence for LAMP1 and TRPML1-Myc in livers of PiZ mice harvested 4 weeks after AAV injections. (B) Representative images of

immunofluorescence for LAMP1 and polymeric ATZ in livers of PiZ mice harvested 4 weeks after AAV injections. The dashed lines are superimposed to the margins of the

plasma membranes to highlight single cells. (C) Representative electron microscopy images of PiZ livers injected with AAV-GFP or AAV-TRPML1 and harvested either 4 or

12 weeks post injection showing lysosomes (white arrows) close to the plasma membrane shown in red. The relative quantifications of lysosomes close to the plasma

membrane is shown (n = 3 per group). (D) Triple immunostaining for the lysosome marker LAMP1, the plasma membrane marker laminin 2, and the basolateral membrane

(legend continued on next page)
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plasma membrane marker laminin 2 (Figure 2D).26,27 Moreover,
increased activities of the lysosomal enzymes iduronate sulfatase
(IDS) and galactosamine (N-acetyl)-6-sulfatase (GALNS) were de-
tected in sera of AAV-TRPML1-injected PiZ mice compared to con-
trols (Figure 2E). Altogether, these results suggest an increase of lyso-
somal exocytosis in livers of PiZ mice injected with AAV-TRPML1.

TRPML1 can induce autophagy through TFEB activation,14–16 and
consistently, TFEB nuclear translocation was detected in wild-type
control mice injected with AAV-TRPML1 (Figure 3A). In contrast,
very little to absent TFEB-positive nuclei were detected in PiZ liver
cells either with or without AAV-TRPML1 injection (Figure 3A).
Moreover, compared to AAV-GFP-injected mice, western blots on
liver lysates showed increased LAMP1, SQSTM1/p62, and LC3II in
wild-type but not in PiZ mice following injections of AAV-
TRPML1 (Figure 3B), suggesting that ATZ globule clearance induced
by TRPML1 is dependent on lysosomal exocytosis rather than activa-
tion of autophagy.

Drug-mediated activation of TRPML1 reduces ATZ globules in

PiZ mouse livers

Wenext investigated the efficacy of a TRPML1 small-molecule agonist
at reducing the hepatic accumulation ofATZ. First, we investigated the
TRPML1 activator ML-SA528 in HTO/Z cells, a HeLa cell line engi-
neered for doxycycline-regulated expression of ATZ.29 Incubation of
HTO/Z cells with ML-SA5 reduced intracellular ATZ and increased
the extracellular-to-intracellular ratio of ATZ, suggesting increased
secretion of ATZ (SI Appendix, Figure S4A). An increase in the
LAMP1 signal on the plasma membrane was detected by fluores-
cence-activated cell sorting (FACS) in HTO/Z compared toHeLa cells
following incubation with ML-SA5 for 30 min (SI Appendix, Fig-
ure S4B). The small increase in LC3II in HTO/Z cells incubated
with ML-SA5 and bafilomycin A1 compared to HeLa cells suggests
that autophagy does not play a major role in the increased disposal
of ATZ in HTO/Z mediated by ML-SA5 (SI Appendix, Figure S4C).

6-week-old PiZ mice receiving daily intraperitoneal injections of
ML-SA528 for 15 days showed reduced hepatic PAS-D globules
and soluble and insoluble AAT fractions (Figures 4A–4D). More-
over, a transient increase of serum ATZ polymers was detected
along with a concomitant increase of total serum AAT (Figure 4E).
ML-SA5 treatment did not result in liver toxicity, as shown by serum
AST and ALT activities (SI Appendix, Figure S5). Consistent with
the data with AAV-mediated TRPML1 gene transfer, PiZ mice
treated with ML-SA5 showed little to absent TFEB nuclear translo-
cation and no increase in LC3, in contrast to wild-type mice
(Figures 4F and 4G). In contrast to AAV-mediated TRPML1 gene
transfer, a reduction in SQSTM1/p62 was detected after ML-SA5
treatment, but the reasons for such a difference are unclear. Alto-
marker Na-K ATPase on livers of PiZmice injected with AAV-GFP or AAV-TRPML1 and h

is shown (n = 3 per group; n = 4 fields/sample). (E) Serum IDS and GALNS activities in AA

group; GALNS, n = 4 for AAV-GFP; and n = 6 per AAV-TRPML1). Data are shown as me

are as follows: BC, bile canaliculi; lyso, lysosomes; PM, plasma membrane.
gether, these results suggest that small-molecule-mediated activa-
tion of TRPML-1 has therapeutic potential for clearance of the he-
patic accumulation of toxic ATZ.
DISCUSSION
In this study, using either hepatic gene transfer or pharmacological
activation, we showed the efficacy of TRPML1 at reducing the toxic
burden of ATZ and fibrosis in a mouse model of liver disease due to
AAT deficiency. Among several functions including endocytosis,
membrane trafficking, and lysosomal biogenesis, the release of
Ca2+ into the cytosol from lysosomes or late endosomal lumen
mediated by TRPML114,17 regulates lysosomal exocytosis.30,31 Lyso-
somal exocytosis entails lysosomal fusion with the plasma mem-
brane for expulsion of their storage materials outside the cells.18

This pathway plays a major role in several processes, including im-
mune responses, bone resorption, and repair of injured plasma
membrane.32,33 By increasing intracellular Ca2+, TRPML1 expands
the pool of lysosomes close to and their fusion with the plasma
membrane. Previous studies showed that lysosomal exocytosis
induced by TFEB through the upregulation of TRPML1 promotes
lysosomal clearance of pathological storage in models of lysosomal
storage disorders (LSDs)31 and Alzheimer disease.34 In the present
study, we expand the disease targets of TRPML1-induced lysosomal
exocytosis to include the liver disease due to ATZ. Indeed, we found
increased lysosomal exocytosis and serum secretion of polymeric
ATZ by hepatocytes following TRPML1 gene transfer in a mouse
model of AAT deficiency.

TRPML1 upregulates autophagy by multiple mechanisms. First, it
activates calcineurin, a phosphatase that promotes TFEB nuclear
translocation and activation.14–16 Second, it activates calmodulin-
dependent protein kinase kinase b and AMP-activated protein kinase,
leading to autophagosome formation in a TFEB-independent
manner.17 Third, it increases autophagosome-lysosome fusion.35

Fourth, it is required for lysosome tubulation and autophagic lyso-
some reformation35,36 and lysosomal biogenesis.37

Despite its role in TFEB-mediated activation of autophagy,14–16 we
did not observe induction of TFEB nuclear translocation in PiZ
mice after TRPML1 gene transfer or treatment with a TRPML1
agonist. This observation suggests an impairment of TFEB-mediated
autophagy in livers with ATZ storage but also suggests that the ATZ
globule clearance induced by TRPML1 is independent from TFEB.
The reasons underlying the impaired TFEB nuclear translocation in
PiZ mice compared to wild-type mice after TRPML1 gene transfer
are unclear and will require further investigations. Interestingly, the
lack of TFEB nuclear translocation after TRPML1 gene transfer or
activation points to lysosomal exocytosis and not increased
arvested at 4 weeks post injection. Quantification of LAMP1/laminin 2 co-localization

V-GFP- and AAV-TRPML1-injected PiZmice at 2 weeks post injection (IDS, n = 6 per

an ± standard error. Student’s t test: *p value < 0.05; **p value < 0.01. Abbreviations
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Figure 3. TFEB nuclear translocation is not induced in

PiZ livers by TRPML1 gene transfer

(A) Immunohistochemistry for TFEB in livers of wild-type or

PiZ mice injected with AAV-GFP or AAV-TRPML1 and

harvested at 4 weeks post injection. Quantification of

TFEB-positive nuclei in livers is shown (n = 3 per group).

(B) Immunoblots for LAMP1, SQSTM1/p62, and LC3 in

livers of wild-type and PiZ mice injected with AAV-

TRPML1 or AAV-GFP controls and relative quantifications

(n = 3–4 per group). Data are shown as mean ± standard

error. Student’s t test: *p value < 0.05; **p value < 0.01.

WT, wild-type.
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autophagy as the main and novel mechanism involved in TRPML1-
mediated clearance of hepatic ATZ storage.

Further studies are required to understand delivery of ATZ to lyso-
somes for lysosomal exocytosis. The mechanisms underlying ATZ
polymer delivery from the ER lumen to endolysosomes may require
ER capture within autophagosomes or single-membrane, ER-derived,
ATZ-containing vesicles releasing their content within endolyso-
somes upon membrane fusion through ER-to-lysosome-associated
degradation pathway (ERLAD), a recently described pathway in
ATZ-expressing cells (Figure 5).38

Molecules that modulate the activity of the TRPML1 channel20,28

have shown therapeutic potential in various disorders, including
Nieman Pick disease21 and Parkinson disease.39 By promoting
lysosomal exocytosis, these TRPML1 agonists have also been
shown to promote sarcolemma repair, thus alleviating the muscle
defect in mouse models of Duchenne muscular dystrophy.28 Pre-
clinical and clinical developments in these disorders might facili-
tate therapeutic applications of these compounds also in AAT
deficiency.

In conclusion, we found that TRPML1-mediated lysosomal exocytosis
is a druggable pathway for therapy of the liver disease due to ATZ that
can be added to therapeutic strategies based on downregulation of ATZ
expression by siRNA8 and activation of intracellular degradation path-
ways, such as the proteasome and autophagy.9,40 Based on the different
mode of action, TRPML1 activationmight be used in combination with
2656 Molecular Therapy Vol. 31 No 9 September 2023
siRNA or drugs increasing autophagy to increase
their therapeutic efficacy.

MATERIALS AND METHODS
Adeno-associated viral vectors

PCR amplification of hTFEB3xflag from pAAV-
CMV-TFEB-3xflag41 and standard cloning pro-
cedures were used to produce the pAAV-TBG-
TFEB-3xflag vector. TRPML1-Myc-DDK from
pCMV6-TRPML1-Myc-DDK (RC201010 Ori-
gene) and standard cloning procedures were
used to produce the pAAV-TBG-hTRPML1-
Myc-DDK vector. pAAV-TBG-GFP vector was
provided by AAV TIGEMVector Core. AAV8 viral vectors were pro-
duced by the AAV Vector Core at TIGEM. pAAV2/8-TBG-
TRPML1-Myc-DDK, pAAV2/8-TBG-hTFEB-3xflag, and pAAV2/8-
TBG-EGFP were triple-transfected in sub-confluent HEK-293 cells
along with pAd-Helper and pack2/1 packaging plasmids as previously
described.42 Recombinant vectors were purified by CsCl gradient
centrifugation as previously described.42 Vector titers were expressed
as genome copies per milliliter (GC/mL) that were determined by
both qPCR and dot-blot analysis.

Mouse studies

Animal procedures were approved by the Italian Ministry of Health.
PiZ transgenic mice43 were maintained in a C57BL/6J background.
C57BL/6J wild-type mice (Charles River) were used as control
mice. Injections of AAV8-TBG-GFP, AAV8-TBG-TRPML1-Myc-
DDK, and AAV8-TBG-TFEB-3xflag were performed in a volume of
200 mL at the dose of 5 x 1012 GC/kg of body weight in the retro-
orbital plexus of 6- or 16-week-old male PiZ or wild-type mice.
Mice were sacrificed at 4 or 12 weeks post injection, and liver samples
were harvested for analyses. ML-SA5 (kindly provided by CASMA
Therapeutics) was dissolved in 1:3 DMSO:PEG400 and injected intra-
peritoneally daily for 15 days at a dose of 2 mg per kg of body weight.
Blood samples were collected by retro-orbital bleeding at the indi-
cated time points.

Analyses on serum samples

Serum samples were analyzed by ELISA for ATZ detection. To detect
human ATZ by ELISA, multi-well plates (Nunc Maxisorp) were
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Figure 4. Pharmacological activation of TRPML1 reduces ATZ accumulation in PiZ mouse livers

(A) Experimental plan for ML-SA5 treatment in PiZ mice; each arrow indicates an ML-SA5 administration and blood drops indicates timing of blood collections. (B) Liver

PAS-D staining of vehicle- andML-SA5-treated PiZmice and relative quantifications (n = 7 per group). (C) Immunofluorescence for ATZ polymers on livers of vehicle- andML-

SA5-treated PiZ mice (n = 7 per group). (D) Immunoblot for soluble and insoluble fractions of livers from vehicle- or ML-SA5-treated PiZ mice and their quantifications (n = 3

per group). GAPDH and H3 were used as loading controls. (E) Changes in percentages of serum total AAT (n = 8 per group) and ATZ polymers (vehicle, n = 7; ML-SA5, n = 8)

in PiZ mice. (F) Immunohistochemistry for TFEB in livers from wild-type or PiZ mice treated with vehicle or ML-SA5 (n = 3 per group). (G) Immunoblots for autophagy markers

SQSTM1/p62 and LC3 in livers of wild-type (n = 3 per group) and PiZ mice (n = 5 per group) treated with vehicle or ML-SA5 and their relative quantifications. Vehicle and

MLSA5 samples are on the same gel but are not contiguous. Data are shown asmean ± standard error. Student’s t test: *p value < 0.05; **p value < 0.01. A.U., arbitrary units;

p.i., post-injection; WT, wild-type.
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coated with Cappel goat anti-human AAT (MP Biomedicals) and
then blocked in 0.1% phosphate buffered saline (PBS) Tween 20 con-
taining 5% non-fat milk. Serial dilutions of purified human AAT were
loaded to build a standard curve. Rabbit anti-human AAT (Dako;
1:4,000) was used as capturing antibody and goat anti-rabbit IgG-
horseradish peroxidase (HRP) (Dako; 1:2,000) as secondary antibody.
For detection of the polymeric ATZ, the 2C1 anti-polymer mono-
clonal antibody (Hycultbiotech; 1:400) was used.

For IDS enzyme activity, serum samples were incubated with
1.25 mM 4-methylumbelliferyl-a-L-iduronide-2-sulfate (Carbo-
synth) for 4 h. The reaction was continued by adding 30 mL of hIDUA
solution (1 mg/mL) in Pi/Ci buffer (0.02% Na-azide in 0.2 M sodium-
phosphate/0.1 M citrate buffer, pH 4.5) for a 24-h incubation. The re-
action was stopped by adding 200 mL of stop buffer (0.025% Triton
X-100 in 0.5 M NaHCO3/0.5 M Na2CO3 buffer), and fluorescence
was read at excitation 350 nm/emission 460 nm on a fluorometer
(GloMax Explorer Multimode Microplate of Reader).

GALNS activity was determined fluorometrically. Briefly, 4 mL of
serumwas incubated with 22mM 4-methylumbelliferyl-b-D-galacto-
pyranoside-6-sulfate fluorogenic substrate (Carbosynth) in 0.1 M
NaCl/sodium acetate buffer, pH 4.3, for 24 h at 37�C. Next, the reac-
tionmixtures underwent a second incubationwith 10mg/mL b-galac-
tosidase from Aspergillus oryzae (Sigma-Aldrich) in 0.1 M NaCl/
sodium acetate buffer, pH 4.3, for an additional 30 min at 37�C. The
reactions were stopped with 1 M glycine/NaOH, pH 10.5, solution.
Released fluorescence was read at excitation l = 366 nm and emission
Molecular Therapy Vol. 31 No 9 September 2023 2657
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Figure 5. Genetic or pharmacological activation of TRPML1 ameliorates liver disease of PiZ mice

Graphic representation of therapeutic efficacy of TRPML1-mediated lysosomal exocytosis in PiZ mice. Delivery of ATZ polymers to lysosome for exocytosis may rely on ER-

to-lysosome-associated degradation pathway (ERLAD) (1) or autophagosome-lysosome fusion (2).
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l = 450 nm with a Synergy Neo microplate reader (BioTek). A stan-
dard curve was generated using 4-methylumbelliferone sodium salt
(Sigma-Aldrich). GALNS activity was expressed as nanomoles of
4-methylumbelliferone released per ml of serum per hour.

Liver stainings

PAS-D staining was performed on 6-mm-thick paraffin sections of
livers. Liver specimens were fixed in 4% Paraformaldehyde for 12 h
and stored in 70% ethanol, embedded into paraffin blocks, and cut
into 6-mm sections. Sections were rehydrated and treated with
amylase solution 0.5% (a-amylase type VI-B, Sigma) for 20 min
and then stained with PAS-D reagent according to the manufacturer’s
instructions (Bio-Optica). Sirius red staining was performed on 6-mm
liver sections rehydrated and stained for 1 h in picro-Sirius red solu-
tion (0.1% Sirius red in saturated aqueous solution of picric acid). Af-
ter two changes of acidified water (5 mL glacial acetic acid in 1 L wa-
ter), sections were dehydrated in three changes of 100% ethanol,
cleared in xylene, and mounted in a resinous medium. Quantification
was performed using the ImageJ plug-in “Analyze particles” on the
segmented images calculating the percentage area staining positively
in five to nine randomly selected low power views.

For the immunostaining, 6-mm-thick liver paraffin sections were de-
paraffinized and rehydrated. Heat-induced epitope retrieval was
made by using 10mM sodium citrate buffer (pH 6.0) andmaintaining
sections at a sub-boiling temperature for 15 min. Sections were
washed in PBS, pH 7.4, for 5 min and then permeabilized with
0.2% Triton in PBS (Sigma) for 20 min. Sections were then incubated
for 1 h at room temperature with blocking solution (3% bovine serum
albumin [Sigma], 5% donkey serum [Millipore], 0.1% Triton in PBS)
and overnight at 4�Cwith primary antibodies (SI Appendix, Table S1)
diluted in the blocking solution. Sections were incubated for 1 h at
room temperature with the secondary antibodies. Secondary anti-
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bodies made in donkey were Alexa Fluor 488 anti-rabbit (Invitrogen)
and Alexa Fluor 594 anti-mouse (Invitrogen). Nuclei were counter-
stained with DAPI (Invitrogen).

Immunohistochemistry analyses were performed in 6-mm paraffin
sections with VENTANA BenchMark Ultra automated staining in-
strument (Ventana Medical Systems, Roche), using VENTANA re-
agents except as noted, according to manufacturer’s instructions.
Slides were deparaffinized using EZ Prep solution (cat # 950-102)
for 16 min at 72�C. Epitope retrieval was accomplished with CC1
solution (cat # 950-224) at a high temperature (95�C) for a period
that is suitable for a specific tissue type. Antibodies were titered with
a blocking solution into user-fillable dispensers for use on the auto-
mated stainer. For bright-field detection, slides were developed us-
ing the VENTANA ultraview Universal DAB detection kit (cat
#760-500) according to the manufacturer’s instructions. Slides
were then counterstained with hematoxylin II (cat # 790-2208)
for 8 min, followed by bluing reagent (cat # 760-2037) for
4 min. For fluorescent detection, slides were developed using
DISCOVERY FAM Kit (cat # 760-243) and DISCOVERY Cy5 Kit
(cat# 760-238) for 8 min. Slides were then counterstained with
DISCOVERY QD DAPI (cat # 760-4196) for 8 min. Whole digital
slides were viewed by ZEN Blue software. Bright-field sections were
scanned with Zeiss Axio Scan.Z1, and fluorescent sections were
acquired with a confocal microscope. Antibodies are listed in SI
Appendix and Table S1.

For triple immunostaining, 6-mm cryosections were rehydrated, per-
meabilized with PBS 0.2% Triton X-100, blocked, and incubated over-
night at 4�C with primary antibodies (SI Appendix, Table S1) and
then with secondary antibodies (AlexaFluor) for 1 h at room temper-
ature. Nuclei were counterstained with DAPI (Invitrogen). Stained
liver sections were mounted, covered with a cover slip, and examined
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under a Zeiss LSM 710 confocal laser-scanning macroscope and Leica
DM500 microscope for bright field.

Electron microscopy

Liver tissue was fixed for 24 h at 4�C in a mixture of 2% paraformal-
dehyde and 1% glutaraldehyde prepared in 0.2 M HEPES buffer
(pH 7.4). Samples were post-fixed as previously described.44 After
dehydration, the specimens were embedded in epoxy resin and
polymerized at 60�C for 72 h. Thin, 60-nm sections were cut on
a Leica EM UC7 microtome. Electron microscopy images were ac-
quired using an FEI Tecnai-12 electron microscope (Thermo Fisher)
equipped with a VELETTA CCD digital camera. The number of ly-
sosomes associated with the plasma membrane was counted consid-
ering a reference concentric area at radii of 0–4 mm including both
the bile canaliculus and basolateral membrane45 using EM images
acquired at low magnification (�9900, 12 micrographs for each
condition).

Western blot analyses

Liver samples were homogenized in RIPA buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, pH 8.0,
0.1% SDS) containing complete protease inhibitor cocktail and phos-
phatase inhibitor (Roche Applied Science). Samples were incubated
for 20 min at 4�C and then centrifuged at 16,000 g for 10 min. Pellets
were discarded, and cell lysates were used for western blots. 10–20 mg
of liver proteins was electrophoresed on a 4%–20% SDS-PAGE. After
transfer to PVDF membrane, blots were blocked in TBS-Tween 20
containing 5% non-fat milk for 1 h at room temperature, and the pri-
mary antibody was then applied overnight at 4�C. Anti-rabbit IgG,
anti-mouse IgG, or anti-rat-IgG conjugated with horseradish perox-
idase (GE Healthcare, 1:3,000) and ECL (Pierce) were used for detec-
tion. Equal gel loading was confirmed with immunoblot for b-actin
(Novus Biological). Primary antibodies are listed in the SI Appendix
and Table S1.

Preparation of soluble and insoluble fractions from livers was per-
formed as previously described,46 and immunoblotting was per-
formed using antibodies against the total AAT and the polymeric
Z-AAT. GAPDH (Santa Cruz) and H3 (Cell Signaling) were used
as markers of cytosolic or nuclear fractions, respectively.

Real-time PCR

Total RNA was extracted from liver tissue in TRIzol reagent (Invitro-
gen) using the RNeasy kit (Qiagen). RNA was reverse transcribed us-
ing a first-strand complementary deoxyribonucleic acid kit with
random primers according to the manufacturer’s protocol (Applied
Biosystems). The RT-PCR reactions were performed using the
SYBR GreenMaster Mix (Roche) and the Roche Light Cycler 480 sys-
tem (Roche). PCR conditions for all analyzed genes were as follows:
pre-heating, 5 min at 95�C; cycling, 40 cycles of 15 s at 95�C, 15 s
at 60�C, and 25 s at 72�C. Results were expressed in terms of cycle
threshold (Ct). Ct values were averaged for each duplicate. b2-micro-
globulin or Ribosomal protein S16 genes were used as endogenous
controls (reference markers). Differences between the mean Ct values
of the tested genes and those of the reference gene were calculated as
DCtgene = Ctgene – Ctreference. Relative fold increase in expression was
determined as 2–DDCt. Primers used for RT-PCR are listed in SI Ap-
pendix and Table S2.

Cell culture studies

HeLa and HTO/Z cells were cultured in Dulbecco’s Modified Eagle
Medium with 10% fetal bovine serum, 5% penicillin/streptomycin,
and 2 mM L-glutamine. Cells were treated with 10 mM ML-SA5 or
DMSO as vehicle. Following incubation for 24 h, cells were incubated
with 40 nM bafilomycin A1 (Sigma) or DMSO for 4 h, washed once
with cold PBS, and scraped with RIPA buffer (50 mM Tris-HCl, pH
7.4, 150mMNaCl, 1% Triton X-100, 1 mMEDTA, pH 8.0, 0.1% SDS)
containing complete protease and phosphatase inhibitor cocktails
(Roche). Samples were incubated for 20 min at 4�C, centrifuged at
16,000 g for 10 min, and cell lysates were used for western blot anal-
ysis. For flow cytometry, HeLa and HTO/Z cells were incubated with
ML-SA5 for 30 min, harvested with trypsin-EDTA, and washed in
PBS. Staining for luminal LAMP1 was performed using a specific
LAMP1-PE antibody (Santa Cruz; 1:200). FACS analysis was per-
formed using the cytometer BD FACS ARIA III. Data were analyzed
using Flow-Jo software (Flow-Jo, Ashland, OR). In all experiments, at
least 10,000 events were acquired. Dead cells and doublets were
excluded from analysis based on FSC-A/SSC-A and FSC-A/FSC-H
dot-plot, respectively.

Statistical analyses

Data are expressed as mean ± standard error. Statistical significance
was calculated using the Student’s two-tailed t test or two-way
ANOVA. A p value <0.05 was considered statistically significant.
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