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What is known (36 words)

-Modifier genes are obviously involved into the clinical variability of liver disease in A1ATD children.

-Previously described single nucleotides polymorphisms (SNPs) on the SERPINA1 and MAN1B1 genes have been ruled out as potential genetic modifiers.

What is new (60 words)

-A particular micro-haplotype of three consecutive SNPs on the SORL1 gene would be associated with reduction of A1ATD liver disease occurrence in ZZ deficiency children.

-Conversely, other potential candidates such as HFE H63D and HERPUD1 R50H polymorphisms showed no statically effect on A1ATD severe liver disease outcome.

-In cellulo, SORL1/SorLA silencing is involved in Z-A1AT toxicity and biogenesis.

Alpha-1 antitrypsin deficiency (A1ATD) is a potentially severe recessive monogenic disorder since patients homozygous for the Z-allele can develop severe hepatic disease during infancy and/or pulmonary emphysema during adulthood [START_REF] Stoller | Aboussouan LS Alpha1-antitrypsin deficiency[END_REF]2).

Environmental factors (smoking, pollution…) explain much of the pulmonary phenotypic variability but such an explanation cannot be advanced for the liver disease, which occurs for roughly 10% of A1ATD patients during early childhood [START_REF] Ruiz | Liver disease related to alpha1-antitrypsin deficiency in French children: The DEFI-ALPHA cohort[END_REF]. The existence of modifier genes would be a much more plausible explanation but they still remain to be fully identified. Single nucleotide polymorphisms (SNPs) on the SERPINA1 and MAN1B1 genes were initially proposed (4, 5) but we definitively ruled out that hypothesis on our French pediatric A1ATD cohort [START_REF] Joly | SERPINA1 and MAN1B1 polymorphisms are not linked to severe liver disease in a French cohort of alpha-1 antitrypsin deficiency children[END_REF]. In parallel, using an innovative approach combining genetic screens with next generation exome sequencing of small Z-A1ATD families, we identified two genetic variants (HFE H63D and HERPUD1 R50H) potentially involved in Z-A1AT-mediated cellular toxicity [START_REF] Joly | ERAD defects and the HFE-H63D variant are associated with increased risk of liver damages in Alpha 1-Antitrypsin Deficiency[END_REF]. However, these results had to be clinically supported by a larger phenotype to genotype correlation study.

On another hand, since A1ATD and Alzheimer Disease (AD) are both caused by accumulation and aggregation of misfolded proteins, we considered that AD genetic modifiers could also be promising candidate genes to explain A1ATD genetic variability.

In 2007, some mutated forms of a particular SORL1 micro-haplotype constituted with SNPs 22, 23 and 24 (rs1699102 T>C, rs3824968 T>A and rs2282649 C>T, respectively) had been associated with late-onset AD [START_REF] Rogaeva | The neuronal sortilin-related receptor SORL1 is genetically associated with Alzheimer disease[END_REF]. We thus hypothesized that inherited or acquired changes in SORL1/SorLA expression and/or function could be also mechanistically involved in A1ATD liver disease outcome.

Material and methods:

Cell culture, transfections and treatments. Wild-type (WT) and Z-variant IB3 cells were cultured in LHC-8 medium containing 200 µg/ml G418 [START_REF] Joly | ERAD defects and the HFE-H63D variant are associated with increased risk of liver damages in Alpha 1-Antitrypsin Deficiency[END_REF][START_REF] Bouchecareilh | Histone deacetylase inhibitor (HDACi) suberoylanilide hydroxamic acid (SAHA)-mediated correction of alpha1antitrypsin deficiency[END_REF]. Huh7 cells were purchased from ATCC and cultured in DMEM containing 10% (v/v) fetal bovine serum (FBS) [START_REF] Hutt | The histone deacetylase inhibitor, Vorinostat, represses hypoxia inducible factor 1 alpha expression through translational inhibition[END_REF]. IB3 and Huh7 stable cell lines were generated as described previously [START_REF] Bouchecareilh | Histone deacetylase inhibitor (HDACi) suberoylanilide hydroxamic acid (SAHA)-mediated correction of alpha1antitrypsin deficiency[END_REF]. A control siRNA targeting luciferase (CT) 5′-CGTACGCGGAATACTTCGA-3′ was purchased from Eurofins MWG Operon, Inc. SORL1 silencing was performed with RNAiMax (Invitrogen, Carlsbad, CA, USA) as per the manufacturer's protocol using 50 nM of the indicated siRNA [START_REF] Joly | ERAD defects and the HFE-H63D variant are associated with increased risk of liver damages in Alpha 1-Antitrypsin Deficiency[END_REF][START_REF] Bouchecareilh | Histone deacetylase inhibitor (HDACi) suberoylanilide hydroxamic acid (SAHA)-mediated correction of alpha1antitrypsin deficiency[END_REF]. Briefly, WT and Z-Huh7 cells were plated in 12-well plate and grown to 30-40% confluence and silencing of SORL1 was performed as indicated above and as described previously [START_REF] Bouchecareilh | Histone deacetylase inhibitor (HDACi) suberoylanilide hydroxamic acid (SAHA)-mediated correction of alpha1antitrypsin deficiency[END_REF][START_REF] Hutt | The histone deacetylase inhibitor, Vorinostat, represses hypoxia inducible factor 1 alpha expression through translational inhibition[END_REF][START_REF] Hutt | Using Histone Deacetylase Inhibitors to Analyze the Relevance of HDACs for Translation[END_REF].

IncuCyte® assays. Proliferation assays: Cells were seeded in a 96-well plate (at 2 000 cells per well) and then monitored by the videomicroscope IncuCyte® (Essen Bioscience). Cell confluence and quantification was done using IncuCyte® imaging system. Apoptotic assays: cells were seeded at a density of 5 000 cells per well and apoptosis was detected by the caspase 3/7 reagents in final dilution of 1/1000 according to the manufacturer's instructions. Cells were incubated in IncuCyte® Zoom live cell imaging. The IncuCyte® Caspase-3/7 apoptosis assay green reagent couples the activated caspase-3/7 recognition motif (DEVD) to NucView™ 488, a DNA intercalating dye to enable quantification of apoptosis over time.

RT-qPCR. mRNAs were extracted from culture cells using the kit Nucleospin RNA® from Macherey Nagel according to the manufacturer's instructions. cDNA was synthetized from 1 µg of total RNA with maxima reverse transcriptase (Fermentas). 50 ng of cDNA were then subjected to PCR amplification on quantitative Real-Time PCR system using the CFX96 Real Time PCR detection system (Biorad). The SYBR® Green SuperMix for iQTM (Quanta Biosciences, Inc.) was used with the following PCR amplification cycles: initial denaturation, 95 °C for 10 min, followed by 40 cycles with denaturation, 95 °C for 15 s and annealing extension, 60 °C for 1 min. SORL1 expression results were first normalized to internal control with RNA ribosomal 18S. Relative levels of expression were calculated using the comparative (2-ΔΔCT) method. For each sample 10-25 µg of total protein was then separated on a 10% (v/v) SDS-PAGE, transferred to nitrocellulose and immunoblotted with indicated primary antibodies.

Detection was performed using BioRad imager system with the Image studio software as recommended by the manufacturer. β-actin was used here as loading control.

A1AT secretion assays. 3 h prior to measurement of A1AT secretion kinetics, cells

were washed with PBS and incubated with 350 μl (12-well plate) of FBS-free culture medium. After the 3 h incubation, cells were harvested, and the corresponding media was centrifuged at 1500 rpm for 10 min at 4°C to separate cells and medium. Following cell lysis, quantification of A1AT forms respectively in the cell lysate (intracellular form)

or secreted into the culture media was performed as described previously [START_REF] Joly | ERAD defects and the HFE-H63D variant are associated with increased risk of liver damages in Alpha 1-Antitrypsin Deficiency[END_REF][START_REF] Bouchecareilh | Histone deacetylase inhibitor (HDACi) suberoylanilide hydroxamic acid (SAHA)-mediated correction of alpha1antitrypsin deficiency[END_REF].

To test our hypothesis, SORL1 SNPs 22, 23 and 24 (rs1699102 T>C, rs3824968

T>A and rs2282649 C>T, respectively) were genotyped from selected patients DNA included in our French pediatric A1ATD multi-centre cohort, built on the DEFI-ALPHA project in order to characterize factors (clinical and biological) linked to A1ATD liver disease in childhood [START_REF] Joly | SERPINA1 and MAN1B1 polymorphisms are not linked to severe liver disease in a French cohort of alpha-1 antitrypsin deficiency children[END_REF]. The only inclusion criterion for the DEFI-ALPHA cohort was an A1AT blood concentration below 0.8 g/L, whatever the genotype. For the present study, we enrolled the genetically confirmed ZZ patients who were regularly followed by a gastroenterologist university physician (n = 86 issued from 66 families; median age 13.9 years). At the beginning of 2019, 23 of them (26.7%) presented with severe liver disease which was defined by the presence of portal hypertension (PHT), evidenced by platelets less than 150 000/mm 3 on two occasions, doppler ultrasound (portosystemic derivations, decreased or reverse portal flow, increased small omentum/aorta ratio), or the presence of esophageal varices, liver failure (hepatic encephalopathy, a prothrombin time or factor V less than 50%), liver transplantation, or death related to A1ATD. The I. Among the 86 probands, 36 were homozygous for the wild-type SORL1 micro-haplotype (TTC) while the 50 others had at least one mutated haplotype (CAT mainly). Very interestingly, the Log-Rank test between these two groups was highly significant (p = 0.004 -Figure 1) and showed that the presence of at least one mutated SORL1 micro-haplotype strongly prevents from the occurrence of severe liver disease. In parallel, we also tested the association of the two variants HFE H63D and HERPUD1 R50H with the onset of A1ATD severe liver disease but no one reached significance, alone or in combination. To avoid a possible SORL1 confounding effect, calculations were done again on the sub-group of 36 patients homozygous for the wildtype TTC micro-haplotype and which includes the majority (16 out of 23) of patients with severe liver disease. But once again, no significant association was found (Supplemental Table II).

To go further and determine if SORL1 could play a role in toxicity associated with Z-A1ATD, we next performed cell biology experiments on two human A1ATD model cell lines: (i) a human Hepatocellular carcinoma cell line (Huh7) (referred to as WT or Z-Huh7), and (ii) a human bronchial epithelial cell line (IB3) (referred to as WT or Z-IB3) [START_REF] Joly | SERPINA1 and MAN1B1 polymorphisms are not linked to severe liver disease in a French cohort of alpha-1 antitrypsin deficiency children[END_REF][START_REF] Bouchecareilh | Histone deacetylase inhibitor (HDACi) suberoylanilide hydroxamic acid (SAHA)-mediated correction of alpha1antitrypsin deficiency[END_REF]. We first observed that SORL1 mRNA was exclusively expressed into the hepatocytes model cell lines but not into the bronchial ones (Figure 2A). We thus decided to focus our study only on the hepatocytes model cell lines.

All related findings used cell lines in which SORL1 was overexpressed or removed. Indeed, given the length of the SORL1 gene, we were not able to generate cells with knock-in of the aforementioned micro-haplotype (SNPs 22, 23 and 24) in order to support our genetic data. Consequently, it is not known whether the specific SORL1 haplotype mutations associated with AD have a gain or loss-of-function effect. However, given that Alzheimer disease-associated haplotypes in SORL1 may be associated with reduced SORL1/SorLA expression in neurons, we speculated that suppression of SORL1 expression by short interfering RNA (siRNA) might mimic this situation in A1ATD liver disease. Our next experiments (conducted on Huh7 WT and Z A1ATD model cell lines only) thus aimed to determine the effect of siRNA-mediated knockdown of SORL1

(Supplementary Figure S1A) on the proliferation of these hepatocytes model cell lines and on Z-A1AT biogenesis (Figure 2B and Supplementary Figure S1B-C). Very interestingly, SORL1 silencing resulted in a statistically significant decrease of Z-Huh7 cells proliferation when compared to WT-Huh7 or Z-Huh7 upon Scramble control treatment (Figure 2B). The same result was also observed when compared to WT-Huh7 upon SORL1 silencing (Figure 2B). In agreement with the effect of SORL1/SorLA depletion on Z-Huh7 proliferation, we also observed a statistically significant increase in Z-Huh7 apoptosis when compared to WT-Huh7 following SORL1 silencing or Scramble control treatments (Figure 2C). Collectively, these data strongly suggest that SORL1/SorLA impacts Z-A1ATD cellular toxicity. To investigate whether SORL1 function affects Z-A1AT biogenesis, we examined the effect of siRNA-mediated knockdown of SORL1 on Z-A1AT expression and secretion. Consistent with a role for SORL1 in Z-A1AT trafficking, SORL1 silencing resulted in a statistically significant increase in intracellular Z-A1AT level when compared to Z-A1AT level upon scramble control treatments (Supplementary Figure S1B). Correspondingly, there was also a slight increase in the amount of secreted Z-A1AT (Supplementary Figure S1C). These data indicate that SorLA influences Z-A1AT intracellular level and extracellular secretion (Supplementary Figure S1B-C).

The SORL1 gene (chromosome 11) encodes a 250-kDa type-I transmembrane protein termed SorLA, which is an endocytic receptor that belongs to the vacuolar protein sorting 10 (VPS10) domain receptor family. This family contains five members:

Sortilin, SorCS1, SorCS2, SorCS3, and SorLA [START_REF]Hermey G The Vps10p-domain receptor family[END_REF]. SorLA is highly expressed in the central nervous system (CNS) with a predominant localization in neurons of the cerebral cortex, hippocampus, and cerebellum [START_REF] Zhang | An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex[END_REF] and at the subcellular level in the Golgi and endosomes. This protein has been shown to play an important role in the regulation process of the Amyloid Precursor Protein (APP) [START_REF] Rogaeva | The neuronal sortilin-related receptor SORL1 is genetically associated with Alzheimer disease[END_REF][START_REF] Andersen | Neuronal sorting protein-related receptor sorLA/LR11 regulates processing of the amyloid precursor protein[END_REF] and consequently in AD. Indeed, proteolysis of APP generates a neurotoxic peptide named amyloid beta (Aβ), whose accumulation represents a central event in the pathogenesis of AD. The generation of this neurotoxic polypeptide mainly occurs during the re-entry and recycling of APP from the cell surface via the endocytic pathway. SorLA directly binds APP ( 16) and serves for its retrograde trafficking when APP shuttles between endosomes and secretory compartments such as the Golgi [START_REF] Fjorback | Retromer binds the FANSHY sorting motif in SorLA to regulate amyloid precursor protein sorting and processing[END_REF]. Consequently, loss of SORL1/SorLA alters APP trafficking in the endosomal network, leading to increased co-localization of APP in early endosomes. Given this important role into APP trafficking, SORL1/SorLA has been largely studied as an AD risk gene and variants have been identified in early-onset AD families (18).

Regarding A1ATD, previous works already reported the role of another VPS10 member named Sort1 (Sortilin 1) as a contributor to the intracellular Z-A1AT disposal [START_REF] Gelling | The endosomal protein-sorting receptor sortilin has a role in trafficking alpha-1 antitrypsin[END_REF]. Sort1

has been reported as a receptor for the delivery of aberrant Z proteins from the late secretory pathway (Golgi to the vacuole/lysosome), which contributes to the intracellular disposal of this variant. Thus, this VPS10 member could also participate into Z-A1AT cellular toxicity [START_REF] Gelling | The endosomal protein-sorting receptor sortilin has a role in trafficking alpha-1 antitrypsin[END_REF]. In agreement with these results, we also observed in this study that the silencing of SORL1/SorLA resulted in a change in Z-A1AT biogenesis (Supplementary Figure S1B-C). These data indicate that SorLA and Sortilin 1 could influence Z-A1AT intracellular levels and secretion and furthermore are consistent with the hypothesis that VPS10 members (Sortilin 1 and SorLA) could promote the degradation of Z-A1AT from the late secretory pathway. Altogether, these data confirm the importance of the VPS10 family in Z-A1ATD-mediated liver disease and suggest that the genetic modulation of the endosomal sorting system may modify disease severity.

However, our results suggest a different role of the studied SORL1 micro-haplotype in A1ATD compared to AD. Indeed, SORL1 mutant micro-haplotypes had been associated

with increased risk for AD, while they seem to prevent from severe liver disease in A1ATD. Despite it is still unknown if the CAT SORL1 micro-haplotype is gain or loss-offunction in AD, we can hypothesize, based on our in cellulo results, that it could have a "gain of function" effect in A1ATD hepatocytes by increasing SORL1 expression or stabilizing SorLA. Of course, only "knock-in" experiments of the SORL1 haplotype, in order to mimic the presence of the different SNPs, will address this point and support our genetic data. Moreover, the discrepancy observed between AD and A1ATD about SORL1 haplotype could be also explained by the cell type specificity of SORL1/SorLA expression and activity. Recently, Knupp A. et al have shown that SORL1/SorLA could have a different role/effect depending on the cell types [START_REF] Knupp | Depletion of the AD Risk Gene SORL1 Selectively Impairs Neuronal Endosomal Traffic Independent of Amyloidogenic APP Processing[END_REF]. In neurons, loss of SORL1/SorLA induces a significant enlarged endosomes in hiPSC-derived neurons, demonstrating that loss of this sorting receptor is sufficient to induce this pathology in neurons. Nevertheless, significant early endosome enlargements were not observed in SORL1-deficient microglial-like cells. Loss of SORL1 affects microglial-like cells differently than neuronal cells, emphasizing important differences in cell type-specific responses to insults involving the endosomal network as we observed here in hepatocyte cell lines. We may thus hypothesize that, in hepatocytes, SORL1 microhaplotype may influence (for instance) the disposal of the Z protein from the Golgi to the lysosome. This hypothesis will have to be addressed by generating cells with "knock-in" of the SORL1 haplotype, as mentioned previously.

The main limitation of our study was that, among the 86 included children, 39 from 19 families were siblings. However, in most families (11 out of [START_REF] Gelling | The endosomal protein-sorting receptor sortilin has a role in trafficking alpha-1 antitrypsin[END_REF], the siblings had a different SORL1 genotype and/or a different liver status (portal hypertension or not).

So, there was no redundancy for them in the statistical calculation. For the 8 remaining families, the siblings were at least differentiated by their age at inclusion. Since this parameter is taken into account in a Kaplan-Meier survival model, we think that it was relevant to include all individuals in the calculation. For a pediatric cohort (no drug or alcohol intake), no other known confounding factor was to be considered. However, a replication study on an independent cohort is of course obviously needed before considering the genotyping of this particular SORL1 micro-haplotype in the early management of A1ATD children. Moreover, given the important role of SORL1 and potentially other VPS10 members such as Sort1, it would be interesting to sequence the VPS10 family genes in order to potentially identify mutations and/or modifications that could explain the inter-individual-variability in A1ATD liver disease. Considering the low sizes of national A1ATD cohorts (at least in Europe), the possibility of combining resources to increase sample size must be considered for future studies. 
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  three SORL1 SNPs described above were genotyped by using Sanger direct sequencing and/or dedicated high resolution melting (HRM) methods. The different SORL1 micro-//stephenslab.uchicago.edu/phase/download.html). In the original publication of Rogaeva et al., three of them were associated with late onset AD[START_REF] Rogaeva | The neuronal sortilin-related receptor SORL1 is genetically associated with Alzheimer disease[END_REF] suggesting that any disturbance of the wild-type haplotype TTC may induce SORL1 haplo-insufficiency. Thus, to address the potential impact of SORL1 loss of function on the occurrence of severe liver disease in ZZ patients, we decided to gather all mutated haplotypes for the genotype-phenotype association study that used Log-rank tests. Birth date determined entry into the model while the last follow-up visit without diagnosed portal hypertension (PHT) until January 2019 was the reason for censored observations. The SPSS software (v. 22) was employed and the significance level was defined as p < 0.05.The compared allelic frequencies of the three studied SNPs in our cohort and in the combined Mayo series of the princeps publication of Rogaeva et al. are listed in Supplemental Table
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 1 Figure 1: Survival curve for severe liver disease occurrence according to a
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 2 Figure 2: SORL1 influences Z-A1AT toxicity in Hepatocyte cell lines. (A) qRT-PCR
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