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Abstract/Summary

Fabry disease is a lysosomal disease due to a-galactosidase A (a-GalA) deficiency. Since 2001, Enzyme replacement therapy (ERT) has been
used as specific treatment of Fabry disease, with variable effects depending on patient gender and affected organs. In Fabry cells, the endoso-
somal/lysosomal system is highly altered. Consequently, the exogenous enzyme may be mistargeted and trapped into intracellular vesicles in-
stead of reaching the lysosomes. In this study, we aimed to investigate the mechanisms underlying the processing of the exogenous enzyme.
We used Fabry cells (cultured fibroblasts and podocyte cell line) to study the enzyme internalization and its effects on the catabolism of the main
a-Gal A substrate, globotriaosylceramide (Gb3), upon autophagy inhibition. The exogenous enzyme reaches the early endosome in a similar
timeframe in Fabry and control cells, while its targeting to lysosomes is delayed in Fabry cells. Gb3 concentration is lowered upon therapeutic
enzyme addition or wortmannin treatment with a synergetic effect. These findings illustrate the positive impact of autophagy inhibition on enzyme
trafficking and processing, allowing the increase of functional enzyme rate within the lysosome. Given the high cost of ERT, a better understanding
of the cellular fate of the exogenous enzyme may lead to improve its targeting to the lysosome.

Keywords: Fabry disease; Lysosomal storage diseases; Autophagy; Enzyme replacement therapy; Inborn errors of metabolism;
Gb3; Wortmannin.

1. Introduction

Lysosomal diseases (LDs) are due to a lysosomal protein deficiency which leads to the accumulation of
undegraded substrates within the lysosome. A combination of pathogenic mechanisms underlying LDs may interplay
and disrupt the cellular network homeostasis. Lysosomes have a major role in the clearance of numerous endoge-
nous and exogenous macromolecules [1,2]. Enlarged lysosomes may fail to play their proper role in major metabolic
pathways such as the coordinated control of lysosome biogenesis [3], the orchestration of endosomal/lysosomal
network [4] or the execution of autophagy process [2,5]. Several therapeutic strategies have been developed for LDs
these last decades such as enzyme replacement (ERT), substrate reduction or gene therapies [2]. ERT has been
applied for several LDs [6-8]. The concept relies on the uptake of exogenous enzymes through mannose-6-receptor-
mediated endocytosis. Despite some successful results of the ERT, clinical efficacy has been challenged depending
to the targeted tissue and the treated LD. These limitations were partly attributed to adverse immune responses and
the production of antibodies against the exogenous enzyme that can account for efficacy reduction [3]. Another major
drawback is the limited enzyme access to some potentially altered organs such as the central nervous system and
the bones. Besides, even in the reachable organs, enzyme targeting to the lysosome may vary. These variations
may be related to the trafficking and the processing of the recombinant enzyme from the cell membrane to the
lysosome. Considering that the exogenous enzyme is directed into the endosome/lysosome system through a man-
nose-6-phosphate-mediated endocytosis and that this system is altered in LDs, enzyme targeting may be hampered
and a significant proportion of the endocytosed enzyme may not reach the lysosomes. Indeed, it has been demon-
strated that the autophagic block observed in LDs with the subsequent autophagic vacuole accumulation within the
cells may prevent the enzyme from reaching the lysosomes [9]. If the autophagic buildup is prominent, the efficacy
of exogenous enzyme may be significantly reduced [10,11]. Autophagy is a pivotal biological process in maintaining
cellular homeostasis [12]. Lysosomes are involved in the different autophagic pathways namely, macroautophagy,
chaperone-mediated autophagy and microautophagy. The major and most studied autophagic pathway,
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macroautophagy (named autophagy), is altered in LDs [5,10,13,14]. This pathway involves the biogenesis and fusion
of several vesicles. The cellular components to be degraded are sequestered into a vesicle named autophagosome
which fuses with a late endosome or a lysosome to form an amphisome ou an autolysosome respectively. The
autophagosome content is thus digested by the lysosomal enzymes. Several key steps are required to the proper
execution of this process : (i) the autophagosome initiation, (ii) lysosome biogenesis and integrity, (iii) autophagoso-
mal fusion (iv) lysosomes reformation [15]. The autophagosome initiation involves a large set of autophagy related
genes (ATG) and is tightly regulated through two main pathways, mTOR (mechanistic target of rapamycin) and
Beclin1. Transcription factor EB (TFEB), plays a major role in lysosomal homeostasis by regulating the expression
of numerous genes involved in lysosomes biogenesis and autophagy [16,17]. Autophagosome maturation and the
endosomal/lysosomal vesicle fusion require large and coordinated machinery including ATG proteins and Rab
GTPases [18].

Fabry disease is an X-linked LD due to a complete or partial a-galactosidase A deficiency, corresponding to the
classic or multisystemic, severe form of the disease, or to the late-onset form. This disease is characterized by
progressive accumulation of glycosphingolipids, mainly globotriaosylceramide (Gb3), in cells of many tissues [2].
First clinical manifestations appear during the childhood (neuropathy, skin lesions, cornea verticillata) then, in adult-
hood, multivisceral complications occur gradually (hypertrophic cardiomyopathy, renal failure and recurrent strokes)
[19].

Since 2001, ERT is the gold standard treatment of Fabry disease. Two therapeutic enzymes are available:
agalsidase alpha (Replagal®, Takeda); and agalsidase beta (Fabrazyme®, Sanofi). Although significant clinical ben-
efits and a reduction of Gb3 levels in different biofluids and tissues have been reported in patients treated with ERT,
the effects are variable depending on the patient gender and age, and on the affected organs [20]. A better under-
standing of the determinants of an efficient targeting of exogenous enzyme may allow circumventing variable ERT
efficacy.

In this study, we aimed to investigate the internalization of therapeutic enzyme and its targeting within the lyso-
some in Fabry cells and the effect of autophagy modulation on ERT efficacy.

2. Materials and Methods

2.1. Cell culture, treatment and analysis
2.1.1. Fibroblasts

A skin biopsy was performed in five patients with the classic form of Fabry disease, followed in the Centre
Hospitalier Universitaire Vaudois (CHUV), in Lausanne. Each of the five patients and controls included in this study
provided written and signed informed consent. The study was performed according to the Declaration of Helsinki.
These patients were treated with Agalsidase alpha 0,2 mg/Kg intravenously every 2 weeks. Control fibroblasts were
obtained from five healthy male individuals. Fibroblasts were maintained in 80% of Ham’s medium (Biochrom AG)
supplemented with 10% of fetal bovine serum —FBS- (Eurobio), 1% of penicillin 100 Ul/ml and streptomycin 100ug/ml
(Sigma-Aldrich) and 1% of glutamine, and 20% of Chang medium (IrvineScientific) supplemented with 1% of penicillin
100 Ul/ml and streptomycin 100ug/ml. All cells were grown at 37°C with 5% COz. Fibroblasts are cultured on 100
millimeters diameter dishes in (i) standard conditions (ii) with or without recombinant enzyme Agalsidase alpha
(5ul/ml) (Takeda) and (iii) with or without wortmannin (75nM) (Sigma-Aldrich). Of note, the cells have been pre-
treated with wortmannin 24 hours before enzyme addition. For immunohistology studies, fibroblasts were cultured
on 12 millimeters diameter dishes, with or without 2,5 pl/ml of fluorescent enzyme (eGFP-a galactosidase A) at 24
and 72 hours, with or without wortmaninn.

2.1.2. Podocytes

Immortalized human podocyte cell line generated using CRISPR/Cas9 technology was provided by Ora Weisz
Laboratory, University of Pittsburgh School of Medicine. This cell line is a validated model for Fabry disease [21].
The wild-type podocytes were used as control cell line. These cells were cultured in DMEM/F12 medium (Gibco®)
supplemented with 10% of fetal bovine serum —FBS- (Eurobio), 1% of penicillin 100 Ul/ml and streptomycin 100ug/ml
(Sigma-Aldrich) and 1% of glutamine. All cells were grown at 37°C with 5% CO-. Podocytes are cultured on 100
millimeters diameter dishes in (i) standard conditions (ii) with or without Agalsidase alpha (5pl/ml) (Takeda) and (iii)
with or without wortmannin (75nM) (Sigma-Aldrich). As for the fibroblasts, the cells have been pre-treated with wort-
mannin 24 hours before enzyme addition.

2.2. Western blot analysis

Different endosomal/lysosomal vesicles are involved in the trafficking and processing of exogenous enzyme
and its targeting to the lysosomes. Early endosomal autoantigen 1 (EEA1) is an early endosome biomarker involved
as a membrane tethering factor in the fusion of early endososomes during the endocytosis [22]. Rab GTPase proteins
play a pivotal role in the regulation of cellular trafficking. These proteins localize to the specific organelle and regulate
and thus interact directly with their effectors. Rab9 is linked to the late endososome and mediates the cation-
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independent mannose-6-phosphate receptor recycling [23]. Rab11 regulates the recycling of endocytosed proteins
[24] . Rab7 controls the maturation of early endosome to late endosomes and is required for the autophagosome-
lysosome fusion and lysosome positioning within the cell [24-26]. We, therefore, quantified EEA1, Rab11, Rab9 and
Rab7 by western blot analysis with the indicated antibodies.

Fibroblasts and podocytes were washed twice with PBS and proteins were extracted with the lysis buffer (Cell
Signaling Technology) which protease and phosphatase inhibitors (Sigma-Aldrich). To analyze protein levels, the
protein pellets were solubilized in Laemmli buffer. Fifty ug of proteins from fibroblast samples were analyzed by SDS-
PAGE 10% under reducing conditions and transferred to nitrocellulose membrane. The membrane was then blocked
with 1X TBS, 0.5% tween-20, 5% nonfat milk and incubated with EEA1, Rab11, Rab9 and Rab7 antibodies (Abcam).
Enhanced chemiluminescence reagent ECL (GE Healthcare Limited) was used for protein detection with HRP-con-
jugated anti-mouse antibody (Santa Cruz). For normalization, membrane was dehybridized by incubating the mem-
brane 30 min at 50°C in a dehybridization solution (Tris-HCL 0.5 M pH 6.8, SDS 10%, mercaptoethanol 7 mM) and
incubated with mouse monoclonal anti-B-actin (Sigma-Aldrich). Quantification of the images was performed using
Quantity one and Gel doc XR from Biorad (Hercules).

2.2. Immunochemistry studies

Rabbit polyclonal anti-EEA1 antibody (LifeSpan Biosciences) was used at a dilution of 1/100 in a solution of
PBS - 0.03 % triton and BSA 1 %. Secondary antibodies conjugated to Alexa 594 were used at 1/300 in a solution
of PBS - 0.03 % triton and BSA 1%. Acidophilic LysoTrackerTM Red stain (Invitrogen) was added to the cell culture
in culture medium after 72h of treatment and incubated for 2 hours. The immunofluorescence images were obtained
using the Leica laser-scanning confocal image system SP8 (Leica Microsystems AG).

2.3. Gb3 assessment using mass spectrometry

Gb3 measurement was implemented according to Mills’ method [27]. The primary step is a liquid phase extrac-
tion from cell residues. Cells were scraped with phosphate-buffered saline (PBS) and centrifuged 10 minutes at 2000
revolutions per minute. The pellet was hydrated using 500 pl of water (Water Plus, Carlo Erba) and mixed using
ultrasonic sound 5 times for 2 seconds. Three hundred pL of this mix were added to 300 pl of water (Water Plus,
Carlo Erba) and 50 ul of C17-CTH (Matreya) at 0.05 pg/ml used as calibrator. A sample of 100ul was used for protein
assessment. Extraction was realized with the addition of 5 mL of dichloromethane (Merck): methanol (Carlo Erba)
(2:1, v/v) by shaking on multivortexer for 10 minutes. The two layers were separated by centrifugation for 5 minutes
at 3500 revolutions per minute. The higher layer was transferred to a new vial and dried under N2 at 40°C. Prior to
mass spectrometer analysis, 100l of methanol were added. Gb3 quantitative analysis was performed with the mass
spectrometer Sciex 4000 QTRAP (Sciex) using the electrospray ion source (TurbolonSpray). Ten microliters were
directly injected into the electrospray via HPLC line (Shimadzu) in FIA mode (flow injection analysis).

2.4. Statistical analysis

Data are described as mean with standard deviation. A one-way analysis of variance (ANOVA) test was applied
for multiple groups testing while a t-test is used for binary comparisons. The Benjamini and Hochberg false discovery
rate (FDR) method was used for multiple testing corrections with an FDR cut-off level of 5%. All statistical analyses
and visualization were done with the R software.

3. Results

3.1. Endosomal/lysosomal biomarker expression in Fabry cells

To evaluate the endocytic alteration in Fabry cells that may hamper the lysosomal targeting of exogenous en-
zyme, we studied the intracellular endosomal/lysosomal biomarker expression in control and Fabry fibroblasts.

No significant changes in EEA1, Rab11 and Rab9 levels have been observed between control and Fabry cells,
while Rab7 amount was significantly higher in Fabry cells compared to control cells (Figure 1). These results are in
line with the autophagosomal maturation defect observed in Fabry disease [28].
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Figure 1. Endosomal/lysosomal biomarker expression in control and Fabry fibroblasts. Quantitative analysis of autophagic
activity by Western blot technique. Fifty ug of protein from fibroblasts were analyzed by SDS-PAGE 10% under reducing
conditions. EAA1, Rab9, Rab11 and Rab7 were detected by immunoblotting. B-actin was used as an internal control. Sta-
tistical significance is set at p > 0.05.

3.2. Exogenous enzyme trafficking and processing

The internalization course of eGFP-a galactosidase A 12 and 72h after enzyme addition and its co-localization
with EEA1, an early endosome biomarker, provide similar results in control and Fabry cells (Figure 2A). Indeed, the
eGFP-a galactosidase A and EEA1 signals showed an extensive co-localization 12 h after enzyme treatment, while
there is virtually no fluorescence merged signals after 72 hours. Thus, exogenous enzyme internalization to the early
endosome in Fabry cells is not altered.
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Figure 2. Internalization of the recombinant enzyme in the early endosome and its targeting within the lysosome. A. Confocal
microscopy of control and Fabry fibroblasts after eGFP-a galactosidase A (green - 2,5uL/mL) incubation for 12 or 72 h.
Cultured cells were immunolabelled with anti-EEA1 antibody (red). The immunofluorescent images were obtained using a
laser-scanning confocal image system (Scale bar = 10 uM). B. Confocal microscopy of control and Fabry cells after eGFP-
a galactosidase A incubation (incubation time: 12 or 72 h). Cultured cells were incubated with LysotrackerTM. The immuno-
fluorescent images were obtained using a laser-scanning confocal image system (Scale bar = 10uM).

3.3. Lysosomal targeting of the exogenous enzyme is delayed in Fabry cells

In control cells, eGFP-a galactosidase A and LysotrackerTM signals co-localized 72h following enzyme incuba-
tion. In contrast green staining corresponding to eGFP-a galactosidase A is still present in Fabry cells 72 h after
enzyme treatment. These results are consistent with a delayed targeting of the exogenous enzyme to the lysosomes
in Fabry cells compared to control cells (Figure 2B). Intracellular trafficking seems to be altered in Fabry disease
which may explain the low rate of exogenous enzyme reaching the lysosomes. Wortmannin addition increased the
enzyme and lysosome colocalization (Figure 2B).

3.4. Autophagy modulation enhances the Gb3 cleavage in Fabry cells incubated with exogenous enzyme.
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The activity of exogenous a-Gal A efficiently internalized and processed in Fabry cells was evaluated using the
cellular Gb3 assessment. Control and Fabry cells were subjected or not to autophagy inhibition through wortmannin
treatment. In control cells, no difference in Gb3 concentration has been observed between standard condition, en-
zyme treatment, wortmannin and wortmannin/enzyme conditions. As expected in Fabry cells, a significantly higher
amounts of Gb3 were present in basal condition compared to control cells (Figure 3A), enzyme as well as wortmannin
addition succeeded in reducing this amount significantly in both fibroblasts and podocytes, this reduction was height-
ened in presence of both enzyme and wortmannin indicating a synergic effect of these two molecules on ERT traf-
ficking and processing (Figure 3A, Table 1). The visualization of the results for each fibroblast sample as line plots
illustrates the change of Gb3 concentration patterns in cell samples subjected to different conditions and showed
that this synergetic effect is found for all studied samples (Figure 3B).
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Figure 3. Effect of autophagy modulation on Gb3 cleavage in control and Fabry cells. Cellular Gb3 assessment using control
and Fabry fibroblasts or Fabry podocytes subjected or not to autophagy inhibition through wortmannin treatment. A. Boxplots
are used to visualize the spread of the Gb3 concentrations across the different conditions (basal, enzyme, wortmannin,
enzyme/wortmannin). B. Line plots are used to visualize the change of Gb3 concentration patterns in samples subjected to
different conditions (basal, wortmannin, enzyme, enzyme/wortmannin). Detailed statistical metrics are presented in Table 1.
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Table 1. Effect of autophagy modulation on Gb3 cleavage in control and Fabry cells.

Fold
Cell Type Comparison chang p-value
e
Fibroblasts Control + Enzyme + Wortmannin vs Fabry + Enzyme -2.74 3.60 10-06
Fibroblasts Control + Enzyme + Wortmannin vs Fabry + Wortmannin -2.58 8.85 10-06
Fibroblasts Control + Enzyme + Wortmannin vs Fabry + Standard Condition -2.29 4.31 10-05
Fibroblasts Control + Enzyme vs Control + Enzyme + Wortmannin 2.15 9.30 10-05
Fibroblasts Control + Enzyme + Wortmannin vs Control + Standard Condition -1.97 2.57 10-04
Fibroblasts Control + Enzyme + Wortmannin vs Control + Wortmannin -1.88 4.07 10-04
Fibroblasts Control + Enzyme + Wortmannin vs Fabry + Enzyme + Wortmannin -1.42 5.06 10-03
Fibroblasts Fabry + Enzyme vs Fabry + Enzyme + Wortmannin 1.33 8.01 10-03
Fibroblasts Fabry + Enzyme + Wortmannin vs Fabry + Wortmannin -1.16 1.84 10-02
Podocytes Control + Wortmannin vs Fabry + Enzyme + Wortmannin 2.23 7.38 10-05
Podocytes Control + Standard Condition vs Control + Wortmannin -2.15 5.08 10-04
Podocytes Control + Wortmannin vs Fabry + Standard Condition 1.87 5.97 10-04
Podocytes Control + Enzyme vs Control + Wortmannin -2.07 7.62 10-04
Podocytes Control + Wortmannin vs Fabry + Enzyme 1.73 1.36 10-03
Podocytes Fabry + Enzyme + Wortmannin vs Fabry + Wortmannin -1.21 7.22 10-03
Podocytes Control + Enzyme + Wortmannin vs Fabry + Enzyme + Wortmannin 1.39 8.17 10-03
Podocytes Control + Enzyme + Wortmannin vs Control + Standard Condition 1.31 2.52 10-02
Podocytes Control + Standard Condition vs Fabry + Wortmannin -1.13 2.97 10-02
Podocytes Control + Enzyme vs Control + Enzyme + Wortmannin -1.23 3.48 10-02
Podocytes Control + Enzyme vs Fabry + Wortmannin -1.05 4.24 10-02
Podocytes Control + Enzyme + Wortmannin vs Fabry + Standard Condition 1.04 4.39 10-02
Podocytes Control + Wortmannin vs Fabry + Wortmannin 1.02 4.81 10-02

Statistical metrics related to Figure 3. (p-value < 0.05 is considered as significant)

4. Discussion

The concept of enzyme replacement therapy as specific treatment of LDs is appealing. It consists in bringing a
functional exogenous enzyme into the lysosome to fix the primary deficit. However, the trafficking and processing of
this enzyme to the lysosome rely on endosomal/lysosomal system. Hypothetically, if the endososomal/lysosomal
system is highly altered and an autophagic build-up is constituted, the therapeutic enzyme may be mistargeted and
trapped into intracellular vesicles instead of reaching the lysosomes. Given the high cost of ERT, a better under-
standing of the cellular fate of the exogenous enzyme may lead to improve its targeting to the lysosome, the unique
organelle where it could exert its biological function. Identifying novel therapeutic interventions that could enhance
ERT efficacy may help improving the clinical features and lowering the costs.

In this study, we used cultured fibroblasts from Fabry patients and control individuals, and podocyte cell line
invalidated for GLA gene and control podocyte cell line to study exogenous enzyme trafficking and processing. Pro-
tein expression of different endosomal biomarkers was studied in Fabry versus control cells. Rab7 level was signifi-
cantly elevated in Fabry fibroblasts compared to control. Rab7 controls the autophagosome/lysosomes fusion and is
involved in lysosome positioning [26]. It has been demonstrated that the peripheral lysosomes within the cell have a
higher intraluminal pH than the lysosome located in the perinuclear area and the lysosomes mobility relies on Rab7
[26]. In addition, Wong et al. reported recently that the contact sites between lysosomes and mitochondria depend
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on Rab7 [29]. Considering the multiple effects of Rab7, it appears that the changes in Rab7 concentration may be
challenging for cell homeostasis. This elevated concentration may disrupt the above-mentioned mechanism.

The first step of exogenous enzyme endocytosis seems to be preserved in Fabry cells. The enzyme is located
within the early endosome 12 h after the enzyme addition, while after 72 h, the enzyme staining is distinct from that
of the early endosome, illustrating that the enzyme has moved from the early endosome to other compartments.
Importantly, our results showed that the lysosomal targeting of the exogenous enzyme is delayed in Fabry patients.
After 72 h, the enzyme/lysosome signal co-localization rate is lower in Fabry cells compared to controls which indi-
cates that a proportion of the exogenous enzyme did not reach the lysosomes. In order to confirm these results and
to study the effect of autophagy modulation on ERT efficacy, a functional test has been performed by assessing the
Gb3 cellular concentration 72 h after enzyme treatment. The addition of the exogenous and wortmannin, an autoph-
agy inhibitor, succeeded in lowering Gb3 concentration. This finding illustrates the positive impact of autophagy
inhibition on enzyme trafficking and processing allowing the increase of functional enzyme rate.

Moreover, the synergic effect of ERT and wortmannin is demonstrated by the significant reduction of cellular
Gb3 concentration compared to the condition enzyme or wortmannin alone. The autophagy modulation in Fabry
disease may, thus, act as adjunctive therapy and smoothen the ERT targeting.

Mistargeting the therapeutic enzyme has been described in Pompe disease and autophagy suppression by
acting on mTor pathway resulted in a clearance of autophagy build-up and facilitates ERT targeting [30,31]. Indeed,
the authors proposed a combination of mTor-mediated inhibition of autophagy such as arginine supplementation
with ERT for the treatment of Pompe disease.

5. Conclusions

In conclusion, ERT might have the potential to address the enzyme deficiency consequences if its final destina-
tion is reached. Our experimental data indicate that in Fabry cells, therapeutic enzyme has a partial efficacy on Gb3
clearance and concomitant autophagy inhibition may represent an effective strategy for optimizing ERT treatment.
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