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ABREVIATIONS

ADN: Acide désoxyribonucléique

ARN: Acide ribonucléique

CKD-MBD: Chronic Kidney Disease-associated Mineral and Bone Disorders
CMBD: Cystinosis Metabolic Bone Disease

CRD: Carbohydrate Recognition Domain

CTNS / Ctns: Gene codant pour la protéine cystinosine chez I’humain / la souris
Ctns™: géne Ctns murin invalidé

DDCt: Delta-Delta-Cycle threshold

KO: Knock-out

LGALS3/ Lgals3: Gene codant pour la protéine galectine-3 chez I’humain / la souris
M-CSF: Monocyte Colony Stimulating Factor

MTOR: mechanistic Target Of Rapamycine

MTORCL: mechanistic Target Of Rapamycine Complex 1

OB: Ostéoblastes

OC: Osteoclastes

gPCR: PCR quantitative ou PCR en temps réel

RANK-L: Receptor Activator of NFkB - Ligand

rhGH: recombinant human Growth Hormone

TSCL1 : Tuberous Sclerosis Complex 1

TRAP / TRACP: Tartrate Resistant Acid Phosphatase

WT: Wild Type



INTRODUCTION



1. Bases moléculaires de la cystinose

La cystinose est une maladie de surcharge lysosomale monogénique autosomique récessive a
pénétrance complete, causée par la mutation bi-allélique du géne CTNS (17p13.2), possédant
12 exons [1]. Son ARNm de 2,6 kb code pour la cystinosine, un transporteur de cystine

lysosomal de 367 acides aminés avec sept domaines transmembranaires.
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Figure d’aprés Cherqui, S. & Courtoy, P. J. “The renal Fanconi syndrome in cystinosis:

pathogenic insights and therapeutic perspectives”. Nat Rev Nephrol 13, 115-131 (2017)
Jusqu'a présent, plus de 140 mutations pathogenes ont été rapportées dans la littérature. Celle
qui est le plus frequemment retrouvée est une large délétion de 57 kb - impliquant les 9 premiers
exons du gene CTNS et une partie de I’exon 10 - détectée chez environ 50% des alléles mutants
de patients d'origine nord-européenne et nord-américaine. En dehors de cette distribution
géographique, la mutation est presque totalement absente. Les autres mutations décrites

incluent délétions, petites insertions, duplications, faux-sens, non-sens, mutations des sites



d'épissage, mutations dans la sequence du promoteur et réarrangements génomiques. Ce sont
les mutations tronquantes sevéres atteignant les deux alleles du gene qui sont généralement

associees a la forme grave infantile de la maladie [2, 3].

2. Manifestations cliniques précoces de la cystinose
Le déficit en cystinosine entraine I'accumulation de cystine dans tous les organes et tissus. Dans
la forme la plus courante, dite cystinose « néphropathique », les nourrissons présentent un
dysfonctionnement généralisé du tubule proximal [4] (syndrome de Fanconi) caractérisé par
d’importantes pertes urinaires d’électrolytes, de minéraux, de bicarbonate, de glucose, d’acides
aminés, d’eau et d’autres micromolécules. Les manifestations cliniques précoces comprennent
par conséquent syndrome polyuro-polydipsique, retard de croissance et rachitisme

hypophosphatémique [5].

3. Role thérapeutique de la cystéamine dans la cystinose

Cysteamine
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Figure d’aprés Geary, D.F. & Schaefer, F.
“Pediatric Kidney Disease”. Springer, 2017.




Le r6le bénéfique de la thérapie par cystéamine sur la fonction renale des sujets atteints de
cystinose est connu depuis plus de 25 ans [6]. Les mécanismes qui sous-tendent cet effet
thérapeutique ont néanmoins été élucidés plus tardivement [7]. La cystéamine pénétre dans le
lysosome et rompt la liaison disulfure au sein de la cystine, entrainant la formation de cystéine
et d’un disulfure de cystéamine. Ceux-ci peuvent alors quitter le lysosome par le transporteur
de la cystéine et PQLC2, respectivement. La cystéamine permet donc 1’épuration de la cystine
accumulée dans le lysosome en réagissant avec cette derniére, les produits de la réaction
pouvant par la suite shunter le transporteur déficient.

Il est & noter que le traitement oral par cystéamine n’améliore pas le syndrome de Fanconi. En
revanche, il ralentit considérablement la progression des lésions rénales [6, 8], retarde la
nécessité d’une transplantation [9, 10, 11], améliore le pronostic statural et prévient la survenue

des complications tardives de la maladie [12].

4. Cystinose et atteinte osseuse (CMBD)

Chez I’adolescent ou le jeune adulte atteints de cystinose, on note 1’apparition de troubles
minéraux et osseux, initialement attribués a la seule progression de I’insuffisance rénale
chronique (CKD-MBD : Chronic Kidney Disease associated Mineral and Bone Disorders).
L’efficacité de la thérapie par cystéamine quant au maintien de la fonction rénale a permis de
constater qu’en réalité, 1’atteinte osseuse survient indépendamment du degré d’insuffisance
rénale, bien que cette derniére puisse participer a la détérioration du capital osseux. Par ailleurs,
la mise en place rapide d’une supplémentation adaptée permet de pallier les pertes urinaires
liées a la tubulopathie. Outre le syndrome de Fanconi précoce et I’insuffisance rénale chronique
plus tardive, d’autres complications décrites dans la littérature peuvent contribuer au phénotype

osseux observé chez les patients atteints de cystinose : déficits ostéoblastique et ostéoclastique



primaires, dysfonctions endocriniennes multiples, traitement par glucocorticoides post-
transplantation rénale [13], toxicité de la cystéamine [14]. Cette atteinte osseuse multifactorielle
est a I’origine d’un phénotype complexe de description récente, baptise CMBD (Cystinosis
Metabolic Bone Disease). Les principales manifestations cliniques associées a la CMBD -
fractures, déformations et/ou douleurs osseuses [15] - touchent en effet jusqu’a 70% des patients
cystinotiques atteignant 1’adolescence ou entrant dans 1’age adulte [16]. Du fait de cette
prévalence importante chez I’adulte jeune et de I’accroissement de 1’espérance de vie liée au

traitement par cystéamine, des recommandations internationales ont été publiées en 2019 [17].

5- Intrinsic and treatment
associated bone lesions

- Intrinsic osteoblast/ osteoclast defect
due to CTNS mutation

- Cysteamine toxicity

1- Renal Fanconi syndrome
resulting in rickets due to
- Hypophosphatemia
- Metabolic acidosis
- 1,25-D deficiency
- Hypocalcemia

Cystinosis metabolic bone disease
(CMBD)

- Short stature
- Osteomalacia

2- Deficiency in nutrition
and micronutrition
- Malnutrition
- Copper deficiency

3- Hormonal disturbances
- Hypothyroidism
- Hypogonadism
- Hypoparathyroidism
- GH and IGF1 resistance

4- Myopathy

- Bone deformities
- Bone pain
- Osteoporosis
Children: - Rickets
Adults: - Long bone fractures
- Incidental vertebral fractures
- Scoliosis
- Low bone mass
- Cortical impairment

6- Mineral and bone disorders
due to CKD (CKD-MBD)
- Hyperphosphatemia
- Secondary hyperparathyroidism
- 1,25-D deficiency
- Hypocalcemia
- 250H-D deficiency

7- CKD-MBD post transplantation
- Glucocorticoid and CNI treatment
- Hypophosphatemia due to persistent
Fanconi syndrome
- Mineral and bone disorders related
to transplant dysfunction

Figure d’aprés Hohenfellner et al. “Management of bone disease in cystinosis: an international consensus statement”
Journal of Inherited Metabolic Disease, 2019

5. Impact de la cystinose sur les cellules osseuses

L’un des moyens d’aborder les bases moléculaires de cette pathologie a ét¢ de générer un
modele murin de cystinose par invalidation compléte du géne Ctns. L’invalidation du gene Ctns
chez les souris n’entraine pas de syndrome de Fanconi complet. Pourtant, les souris invalidées

présentent une ostéopénie avérée avec diminution de la minéralisation et de I’épaisseur

8



corticale, soulevant I’hypothése d’un défaut osseux sous-jacent spécifique dans la cystinose
[18].

Chez I’humain, la capacité in vitro des cellules souches mésenchymateuses (CSM) isolées de la moelle
osseuse a se différencier au sein de la lignée ostéoblastique est réduite chez les patients atteints de
cystinose, par rapport aux cellules provenant de contréles sains [19].

L’étude du phénotype osseux chez la souris révele une réduction de la densité minérale osseuse,
du volume trabéculaire, du nombre et de 1’épaisseur des travées osseuses chez les sujets
invalidés pour le géne Ctns par rapport aux sujets contréles. Ces modifications sont associées a
une réduction du nombre des ostéoclastes et des ostéoblastes au sein du tissu 0sseux, ainsi qu’a
une réduction des marqueurs plasmatiques du remodelage osseux (P1NP et TRACP). In vitro,
I’invalidation du géne Ctns réduit la capacité des précurseurs ostéoblastiques a se transformer
en ostéoblastes matures aptes a synthétiser la matrice ostéoide, et des précurseurs
ostéoclastiques a se transformer en ostéoclastes matures aptes a la résorption osseuse [20].

Notre équipe a été la premiére a montrer, sur des cellules humaines issues de sept patients
cystinotiques et témoins appariés, que 1’expression du géne CTNS est régulée au cours de la
différenciation ostéoclastique, pour atteindre un maximum d’expression dans 1’ostéoclaste
mature. La mutation du gene CTNS présente donc un impact potentiel sur 1’ostéoclastogénese
[21]. I a ultérieurement été démontré que I’expression du géne CTNS est nécessaire a la
différenciation ostéoblastique, durant laquelle I’expression du gene CTNS augmente également

[20].

6. Effets de la cystéamine sur les cellules osseuses

In vitro, la cystéamine stimule la différenciation ostéoblastique et 1’activité de minéralisation

des ostéoblastes murins sains lorsqu’elle est administrée a dose faible (50 uM). En revanche,



il apparait qu’a des doses plus élevées (200 pM) la cystéamine possede un effet inhibiteur sur
la différenciation des ostéoblastes et leurs capacités de minéralisation [21].

Par ailleurs, la cystéamine présente également a faible dose des effets anti-résorptifs bénéfiques
sur les osteoclastes sains d'origine humaine et peut corriger en partie le dysfonctionnement
ostéoclastique induit par les mutations du géne CTNS chez les patients atteints de cystinose
néphropathique [21].

Ces données expérimentales corroborent les observations cliniques et pourraient expliquer, en
partie au moins, la toxicité osseuse observée chez les patients traités par de fortes doses de

cystéamine [14].

7. Implication de la galectine-3 dans la physiopathologie de la cystinose

La galectine-3 est une protéine de la famille des lectines codée par le gene LGALS3, contenant
un domaine de reconnaissance des carbohydrates (CRD) qui permet la liaison spécifique des -
galactosides. Elle possede un réle dans de nombreux processus biologiques tels que I'adhésion
cellulaire, les interactions cellule-matrice, 1’activation des cellules immunitaires, la
différenciation et la croissance cellulaire ou lI'apoptose.

Il a récemment été démontré que la cystinosine renforce la localisation lysosomale et la
dégradation de la galectine-3 [22]. On note par conséquent une surexpression rénale de la
galectine-3 chez la souris Ctns”, tandis que l'absence de galectine-3 chez les souris
cystinotiques (double knock-out) améliore la fonction et 1’architecture rénale tout en diminuant
l'infiltration macrophagique du parenchyme par rapport aux souris Ctns”. Ces données
suggerent fortement que la galectine-3 participe a I'inflammation impliquée dans la progression

de l'insuffisance rénale dans la cystinose.
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Il a par ailleurs ét¢ démontré dans un modele murin que I’invalidation du géne LGALS3
entraine une altération de la différenciation terminale des cellules osseuses, une diminution des
capacités de minéralisation des ostéoblastes et une réduction de I’activité de résorption des
ostéoclastes. L observation du phénotype des souris invalidées met en évidence une formation
0sseuse atténuée, une résorption osseuse accrue, une accélération de la perte trabéculaire liée a
I’age et une solidité osseuse altérée [23]. Cette résorption accrue malgré I’ activité ostéoclastique
réduite pourrait étre expliquée par 1I’inflammation osseuse (augmentation de I'expression des
cytokines inflammatoires 116 et 111 chez les souris Lgals3™), potentiellement responsable
d’une perturbation des signaux de coordination du couplage ostéoblastes / ostéoclastes.

Il apparait a travers ce modeéle murin de knockout que la galectine-3 joue un réle dans
I’homéostasie osseuse et dans le dialogue entre ostéoblastes et ostéoclastes. En effet, in vitro,
la galectine-3 est sécrétée par les ostéoblastes et inhibe 1’ostéoclastogénése, participant ainsi au
maintien de I’homéostasie trabéculaire indépendamment de 1’axe RANKL/OPG [24].

Il est donc intéressant d’émettre 1’hypothése que 1’expression de la galectine-3 est également
dérégulée au sein des cellules osseuses en situation de cystinose, participant a 1’altération du

phénotype 0sseux.

8. Interaction de la cystinosine avec la voie mTOR

L’étude de cellules rénales tubulaires proximales obtenues de donneurs sains et de patients
atteints de cystinose révele que le déficit en cystinosine est associé a une signalisation mTORC1
perturbée, caractérisée par une rétention lysosomale anormale de mTORC1 pendant la privation
de nutriments (starving), suivie d’une réactivation retardée [25]. L’altération de la voie de

signalisation mTORC1 peut donc participer au développement de la dysfonction tubulaire
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proximale qui caractérise la cystinose néphropathique et n’est pas résolue par I’administration
de cystéamine.

Par ailleurs, mTORCL1 joue un réle important dans le développement squelettique et le
remodelage osseux. En effet, ce complexe est impliqué dans la régulation de la différenciation
ostéoblastique [26, 27] mais aussi de la différenciation ostéoclastique [28, 29].

La voie mTORCI pourrait donc étre impliquée dans I’atteinte osseuse des patients atteints de

cystinose.

9. Le projet CYSTEABONE

Le projet CYSTEA-BONE a pour objectif d’améliorer notre compréhension de la pathologie
osseuse associée a la cystinose et de mettre en avant les mécanismes impliqués dans la toxicité

osseuse de la cystéamine. Il s’agit d’un projet global axé sur 3 objectifs principaux.

Obijectif spécifique n°1 : Evaluer expérimentalement si et comment la déficience en cystinosine
et la thérapie par cystéamine impactent le cross-talk entre les ostéoblastes et les ostéoclastes
dans un modele murin.

Objectif spécifique n°2 : Analyse génotype / phénotype en termes de différenciation ostéoclastique et
de réponse & la thérapie par cystéamine chez I’humain, par le biais d’échantillons provenant de différents
centres européens.

Objectif spécifique n°3 : Confirmation de la toxicité osseuse de la cystéamine a travers un modele

animal original (poisson zébre).

Le travail réalisé dans le cadre de cette thése concerne le deuxiéme objectif alors que le travail réalisé

dans le cadre du master Il correspondait au premier objectif.
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Abstract

Introduction

Cystinosis is an inherited metabolic disorder caused by the lysosomal accumulation of cystine. Bone
complications of this disease have been described recently. The main objectives of this study were to
determine in vitro the impact of CTNS mutations and cysteamine therapy on human osteoclasts and to
carry out a genotype-phenotype analysis in terms of osteoclastic differentiation and response to
cysteamine therapy.

Methods

Human osteoclasts were differentiated from peripheral blood mononuclear cells (PBMCs) of 17
patients from several French centers. Cells were treated with increasing doses of cysteamine - 0 pM,
50 uM, 200 uM - and then assessed for osteoclastic differentiation and RNA expression profile.

Results

High dose cysteamine (200 M) decreases the propensity of patients-derived mononuclear progenitors
to generate osteoclasts. Interestingly, monocyte progenitors from patients with residual cystinosin
activity show a peculiar sensitivity to cysteamine, which displays a biphasic effect on these progenitors
depending on its concentration (50 vs. 200 uM). Cysteamine also has a significant impact on the
RNA expression profile of patients’ osteoclasts, which varies according to its concentration.

Conclusion

The effect of cysteamine on bone metabolism depends on several factors, including the concentration
at which it is administered and the genotype of treated patients. High dose cysteamine decreases the
propensity of patients-derived mononuclear progenitors to generate osteoclasts, whatever their
genotype. However, the study of genotype/phenotype correlations highlights a link between
genotype and osteoclastic response to various concentrations of cysteamine in humans. These
findings constitute a first step towards the implementation of personalized medicine in
cystinosis, according to the genetic background of each patient.

Key words : Cystinosis, Cysteamine, Bone, Osteoclast, Genotype
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INTRODUCTION

Nephropathic cystinosis (NC; 1/200 000 live births) is a monogenic autosomal recessive lysosomal
storage disease (LSD) caused by a bi-allelic mutation of the CTNS gene (17p13.2), consisting of 12
exons [1]. This gene codes for cystinosin, a lysosomal seven transmembrane domains cystine
transporter of 367 amino acids. So far, over 140 pathogenic mutations of the CTNS gene have been
reported [3], the most frequent one being a large deletion of 57 kb involving the first 9 exons and part
of exon 10. This deletion represents approximately 50% of mutant alleles in patients of North European
and North American origin.

Cystinosin deficiency causes cystine to acumulate in all organs and tissues, making cystinosis a
systemic disease [2]. Early clinical manifestations are related to complete proximal tubulopathy and
therefore include polyuric-polydipsic syndrome, growth retardation and hypophosphatemic rickets.
Natural history of this disorder is marked by chronic interstitial nephritis, leading to end stage kidney
disease (ESKD) by the first decade of life. In this regard, the beneficial role of cysteamine therapy in
NC has been well known for nearly three decades: although it does not improve tubulopathy, it
considerably slows the progression of renal lesions [6, 8], delays the need for transplantation [9, 10,
11], and prevents late complications [12].

Since patient survival has improved considerably with cysteamine therapy, bone involvement has
recently been described as a complication of NC arising around teenage and early adulthood [16]. It
has been shown that altered bone phenotype in NC is related to impaired osteoblastic as well as
osteoclastic function, both in murine models of cystinosis and cystinosis patients. Furthermore, recent
experimental data corroborate clinical observations suggesting a toxicity of high dose cysteamine on
bone cells [18-20]. The objectives of the present study were to determine in vitro the impact of CTNS
mutations and cysteamine therapy on bone cells (namely, human osteoclasts derived from peripheral
blood mononuclear cells), and to carry out a genotype-phenotype analysis in terms of osteoclastic

differentiation and response to cysteamine therapy.

16



METHODS

1.  Study protocol

We carried out a French prospective multicenter clinical study, the CYSTEA-BONE project, to
evaluate the impact of cysteamine on human osteoclasts. The main objective of this clinical
study was to evaluate the impact of cysteamine on osteoclastic differentiation in patients with
cystinosis, depending on the underlying genotype. The secondary objective was to describe the
clinical bone status of patients with cystinosis. Inclusion criteria were the following: subjects
older than 2 years of age, confirmed diagnosis of nephropathic cystinosis, ongoing oral
cysteamine therapy at inclusion. Study protocol provided for the collection a sample of
appropriate blood volume, in addition to the routine biological follow-up, in order to conduct
osteoclastic differentiation analyzes. In parallel, clinical and biological data were collected.

Clinical data were as follows: current age (date of visit and date of birth), age at diagnosis (date
of diagnosis), renal status (conservative treatment, dialysis, renal transplant), date(s) of dialysis
initiation / renal transplantation(s), body weight and height, daily dose of cysteamine, current
treatment with growth hormone (rhGH), type of immunosuppression if any (in particular,
average dose of corticosteroids in the year preceding the study and type of
immunosuppressants), characterization of genetic mutation(s) and clinical bone symptoms - i.e.
history of fracture(s) with date of occurrence, topography and exact mechanism, bone pain and
bone deformities with topography and details concerning orthopedic surgery, if needed.
Biological data were as follows : plasma creatinine and estimated glomerular filtration rate
(eGFR), plasma concentration of calcium, phosphate, total alkaline phosphatase, parathyroid
hormone (PTH) and 25-hydroxyvitamin D, average concentration of intraleucocytic hemicystin

in the past year.
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The objective was to carry out a genotype / phenotype analysis of the impact of the different
CTNS mutations, focused on osteoclastic differentiation with and without cysteamine. CTNS
mutations were separated into groups, according to the previously published genetic data [1,
30-34]. We distinguished three genotypic groups: those that led to the synthesis of a cystinosin
variant with residual cystin efflux activity (RA, residual activity), those that led to the synthesis
of an inactive cystinosin variant (IP, inactive protein) and those that did not allow for the protein
to be translated and present at the lysosome membrane (AP, absent protein).
2. Primary cultures of human osteoclasts

As previously published [21], mononuclear cells were purified from peripheral blood. Available
blood volume varied according to the age and weight of subjects depending on the French law
on clinical research. Blood samples were drawn before the administration of cysteamine, whose
plasmatic concentration was therefore residual. After collection, blood was loaded onto a
lymphocyte separation medium (Eurobio, Courtaboeuf, France) and fractionated in a density
gradient in order to purify peripheral blood mononuclear cells (PBMCs). PBMCs were then
seeded in 96 wells plates at a density of 10° cells / well and cultured in minimum essential
medium (Gibco Life Technologies, Grand Island, NY, USA) supplemented with 2 mM L-
glutamine (Gibco Life Technologies), 1% penicillin / streptomycin (Gibco Life Technologies)
and 10% fetal bovine serum (FBS; Dominique Dutscher, Brumath, France). Osteoclasts were
obtained by incubating PBMCs with M-CSF at 20 ng/ml (PeproTech, Rocky Hill, New Jersey,
USA) and RANKL at 40 ng/ml (PeproTech) from day 1 to terminal differentiation. By day 3,
osteoclast precursors were treated with increasing doses of cysteamine during differentiation :
0 (baseline conditions), 50 and 200 uM. At the end of the osteoclast differentiation protocol,
cells were collected in Trizol reagent (Invitrogen, Thermo Fisher Scientific) for real-time PCR
analysis or fixed with 4% paraformaldehyde (PFA) and submitted to histochemical staining

using a TRAP staining Kit, in accordance with the manufacturer's instructions (Sigma-Aldrich,
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St. Louis, MO, USA). Positively labeled cells with over 3 nuclei were then counted to assess in
vitro osteoclastic differentiation of PBMCs.

3. Reverse Transcription and quantitative PCR (QPCR)
RNA isolation and purification were carried out from cell extracts preserved in TRIzol reagent
according to the instructions of the manufacturer (Invitrogen, Thermo Fisher Scientific), and
followed by a DNAse / RNAse-Free column treatment (Macherey-Nagel) ; complementary
DNA (cDNA) synthesis was performed with iScript reverse transcriptase for real-time
quantitative PCR (qPCR) (Bio-RadLaboratories, Marnes-la-Coquette, France). gPCRs were
performed using the iTag Universal SYBR Green Supermix and the RealTime CFX connect
system (Bio-Rad Laboratories) for amplification cycles. Systematic checks were generated
without iScript and amplified. gqPCR was performed in duplicate for each data point. Gene
expression was quantified and normalized with respect to the corresponding GAPDH RNA
value and expressed by the DDCt method.
The primer sequences used for the analyses were as follows: 5’-
TGTGTTCTGCTGTGTTGCTC-3" and 5’-TCCCAAGATGACGATCCCTG-3’ for human
DC-STAMP (Dendritic Cell-Specific Transmembrane Protein) ; 5’-
ACCGGGGTATTGACTCTGAA-3’ and 5’-GAGGTCAGGCTTGCATCAAT-3’ for human
CTSK (Cathepsin K) ; 5’-ACGAGCGGAAAATGGCAGA-3’ and 5-
GATAGGAAGCCCCTGGGTAGC-3° for  human  GAL-3 (Galectin-3) ; 5-
GACAGTCAGCCGCATCTTCT-3" and 5’-ACCAAATCCGTTGACTCCGA-3’ for human
GAPDH (glyceraldehyde-3-phosphate dehydrogenase).

4.  Statistical analyses
Clinical and biological data in patients are presented as median (Q1-Q3). Comparison between
groups for these criteria was performed using a Chi-square test. Data concerning osteoclastic

differentiation were presented as mean number of osteoclasts per well + standard error of the
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mean (SEM). Values collected under different cell culture conditions were compared using one-
way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test for multiple
comparisons. Data concerning RNA expression levels (relative to GAPDH) were presented as
mean expression level + standard error of the mean (SEM). Mann-Whitney test was then used
to compare RNA expression levels under different cell culture conditions. We used Wilcoxon
matched-pairs signed rank test when comparing RNA expression levels at 50 and 200 uM of
cysteamine relative to baseline. Data regarding osteoclastic differentiation of mononuclear
progenitors according to their genotype, at various cysteamine concentrations, were compared
using the Mann-Whitney test. A result with p<0.05 was considered significant. Analyzes were
performed using the PRISM 5 software.
5. Ethical considerations

The CYSTEABONE study (NCT03919981) was approved by the Comité de Protection des
Personnes Sud-Méditerranée 1V (2019-A00166-51). All patients and/or parents gave informed

oral consent (Jardé type 3 protocol by French law).

RESULTS

Seventeen patients suffering from nephropathic cystinosis, of which 9 females, were included
in this study, from five different healthcare centersin Lyon (pediatric nephrology and
nephrology), Paris (Necker pediatric nephrology, Necker nephrology, Robert Debré pediatric
nephrology) and Nancy (pediatric nephrology). Patients’ baseline characteristics, including
details regarding mutations of the CTNS gene and involved exons, are summarized in Table 1.
Most subjects were pediatric patients, with a median age of 14 (7 - 18) years, and a median
eGFR of 64 (50 - 105) ml/min per 1.73m2. Their median cysteamine daily dose and leukocyte

hemicystin concentration were 1240 (990 - 1630) mg/m2 and 1.1 (1.0 - 1.7) nmol/g of proteins,
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respectively. Most patients (71%) were under conservative kidney management (CKM). Five
of them were kidney transplant recipients (29%).

Bone involvement in cystinosis: a late onset complication

We distinguished 2 groups of patients according to their renal management: CKM or renal
transplant (Table 2). Patients under CKM were significantly younger than transplant recipients.
In these young patients, bone symptoms of any kind were significantly less common than in
older transplant patients (33% versus 80% respectively, p = 0.04), although GFR, leukocyte
hemicystin levels and average daily dose of cysteamine per body surface area did not differ
significantly between the two groups. Biological data on bone and phosphate/calcium
metabolism did not differ significantly with renal management modality.

High dose cysteamine decreases the propensity of patients-derived mononuclear
progenitors to generate osteoclasts

Results of in vitro osteoclastic differentiation with different cysteamine concentrations are
summarized in Table 3. A decrease of TRAP positive multinucleated cells was noted in cultures
with high doses of cysteamine (200 uM), in comparison with cultures at baseline conditions
and cultures conducted with a low dose of cysteamine (50 uM) (Figure 1). These observations
were made although all osteoclastic cultures were generated from the same number of monocyte
progenitors. These findings indicate that, at a high dosage, cysteamine decreases the propensity
of patients-derived mononuclear progenitors to generate osteoclasts.

We then sought to determine the percentage of high nuclei number (over 10 nuclei) TRAP
positive cells, in order to assess the impact of cysteamine treatment on osteoclast
multinucleation in patients. Regarding this outcome, no significant difference was found
between baseline conditions, low dose (50 uM) and high dose (200 puM) cysteamine (Figure

2).
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Impact of cysteamine on RNA expression in patients’ osteoclasts depends on its
concentration

In parallel with the study of results in terms of differentiation, we evaluated the impact of
cysteamine at its different concentrations on the transcriptional profile of osteoclasts from
healthy controls and cystinosis patients (Figure 3). Precisely, we determined the mRNA
expression levels of early and late osteoclast-specific markers: DC-STAMP (Dendritic Cell-
Specific Transmembrane Protein) and CTSK (Cathepsin K), respectively. Moreover, we looked
at the expression levels of a protein known to be involved in bone homeostasis, which
accumulates in cystinosis patients’ cells due to defective lysosomal degradation: galectin-3
(GAL-3). At baseline conditions, MRNA expression of DC-STAMP and CTSK, as well as
GAL-3, was significantly increased in osteoclasts generated from patients’ PBMCs (column B).
The expression profile of these markers, according to the dose of cysteamine, evolved
differently between healthy controls and patients.

In healthy donors, mRNA expression of DC-STAMP and CTSK increased with cysteamine’s
concentration in the culture medium, seemingly in a dose-dependent manner, while the mRNA
expression of GAL-3 decreased significantly at 200 uM of cysteamine in comparison with other
culture conditions. In patients with NC, the expression profiles of DC-STAMP and CTSK
followed a mirror evolution: mRNA expression of DC-STAMP peaked at 50uM, whilst mMRNA
expression of CTSK bottomed at the same concentration. On the other hand, MRNA expression
of GAL-3 increased in parallel with cysteamine concentration in the medium, in a dose-
dependent manner.

Impact of cysteamine on osteoclastic differentiation varies according to patients’ genotype
Last, we performed a genotype / phenotype analysis in terms of osteoclastic differentiation of
monocyte progenitors from cystinosis patients (Figure 4). For this purpose, patients were

divided into groups according to the impact of their DNA mutations on the translated protein,
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cystinosin. At baseline conditions, the number of osteoclasts was significantly higher in the IP
and AP groups than it was in the RA group. In these two groups (IP and AP), the number of
osteoclasts obtained in cultures dropped alongside with the increase in cysteamine
concentration, in a dose-dependent manner. On the other hand, in the RA group, we observed
a moderate increase in the mean osteoclast number per well at 50 uM of cysteamine, in contrast
with a significant decrease at 200 uM. Indeed, the decrease in osteoclast number at 200 uM of
cysteamine was more pronounced in the RA group than it was in the other two groups. These
last observations indicate a peculiar sensitivity to cysteamine of monocyte progenitors from
patients with residual cystinosin activity. They also highlight a biphasic effect of cysteamine

on these progenitors, depending on its concentration.

DISCUSSION

Main findings

The main findings of the present study are the following: 1/ high dose cysteamine decreases the
propensity of patients-derived mononuclear progenitors to generate osteoclasts, 2/ CTNS
mutations alter the RNA expression profile of patients’ osteoclasts compared to control
subjects, 3/ cysteamine has a significant impact on the RNA expression profile of patients’
osteoclasts which varies with its concentration and 4/ monocyte progenitors from patients with
residual cystinosin activity show a peculiar sensitivity to cysteamine, which displays a biphasic
effect on these progenitors depending on its concentration.

Clinical implications

As already discussed in a previous report from our team [16], the present study confirms that
bone involvement is a late complication of cystinosis occurring in adolescents and young adults.
Indeed, within our present cohort, transplant patients were significantly older than patients

under conservative management, and they also presented significantly more bone
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complications. It is of paramount importance to take these potential complications into account
in the management of cystinosis patients, as they can considerably affect their quality of life
and even require invasive procedures: indeed, in our cohort, 38% of patients with bone
involvement had to undergo orthopedic surgery.

Contextual setting

Our work echoes the study carried out by Conforti et al. [19] on the osteoblastic differentiation
abilities of mesenchymal stem cells (MSCs) isolated from a cystinotic patient, in which authors
demonstrated that cystinotic MSCs display a reduced ability to differentiate into osteoblasts,
which can be reverted after cysteamine treatment. However, the current study focuses on
osteoclasts in order to explain the altered bone phenotype of cystinotic patients. It extends the
results of our previous work on cystinosin-induced osteoclastic dysfunction, in which we
showed that CTNS is required for proper osteoclastic activity (with an expression peak on day
6 of the differentiation process, following the same pattern as cathepsin K transcripts), and that
in vitro cysteamine has antiresorptive effects on controls as well as patients-derived osteoclasts
[21]. While in our previous work, no significant effect of cysteamine on osteoclastic
differentiation could be demonstrated, the current study has made it possible to highlight a
decreased propensity of patients-derived mononuclear progenitors to generate osteoclasts,
thanks to the recruitment of a larger number of patients.

Osteoclasts RNA expression profile

We chose to investigate the expression of two osteoclastic markers: DC-STAMP, an early
differentiation marker and CTSK, a later marker [35]. At baseline, the expression of both
markers is increased in patients compared to controls. These observations might account for the
increased propensity of patients-derived progenitors to differentiate into osteoclasts and
explain, at least in part, the resorptive bone phenotype observed in cystinotic patients, cathepsin

K being one of the main proteases involved in bone turnover and resorption. The RNA
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expression profile of patients-derived osteoclasts versus control osteoclasts differed in our two
studies. While we previously showed a decreased expression of CTSK in patients compared to
controls at baseline [21], the current study demonstrates the opposite. This discrepancy could
be explained by the different populations in these two studies: indeed, most patients in the
previous study were transplant recipients and dialysis patients whilst most patients in the current
study were under conservative kidney management (CKM). Moreover, the patients from the
current study were also significantly younger than in the previous paper (median age at
inclusion of 23 (10-35) versus 14 (7-17) years, respectively). Older age and end-stage renal
disease are in themselves factors that affect osteoclastic function [36, 37], which may explain
the differences in RNA expression profile observed between the two populations. It should also
be noted that we had fewer control subjects in the current study, which warrants caution in
interpreting results.

The decreased expression of CTSK in patients at a low cysteamine concentration (50 uM)
resonates with our previous observations regarding the antiresorptive effect of cysteamine, a
potentially beneficial effect which appears lost at a higher cysteamine concentration [21]. The
increased DC-STAMP expression at the same cysteamine concentration (50 uM) does not
appear to be correlated with an increased number of osteoclasts in cultures, based on the current
results. On the other hand, the decrease in its expression at 200uM of cysteamine correlates
with the decrease in the final osteoclast number. The results concerning DC-STAMP are to be
interpreted with caution: indeed, assessment of its expression level was carried out on day 7,
i.e. at the end of the osteoclastic differentiation process. Since DC-STAMP is an early
differentiation marker, it is reasonable to assume that an earlier assessment (day 3) would have
been more relevant in order to highlight different expression levels, depending on the genotype

of monocyte progenitors and their response to various concentrations of cysteamine. We were
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however unable to carry out this intermediate analysis because of the limited number of cells
obtained directly from patients.

Galectin-3 in cystinosis

Cystinosin was recently found to enhance lysosomal localization and degradation of galectin-3
[22]. In Ctns” mice, galectin-3 is overexpressed in the kidney. Notably, the absence of galectin-
3 in Ctns” Gal-37" double knockout mice improves pathologic renal function/structure and
decreases macrophage/monocyte infiltration in the kidney compared to Ctns” mice, strongly
suggesting that galectin-3 mediates inflammation involved in the progression of kidney disease
in cystinosis. Interestingly, our results show that galectin-3 is also overexpressed in patients’
osteoclasts at baseline compared to controls and that this overexpression is further increased by
cysteamine in a dose-dependent manner. These observations constitute a rational for a
mechanistic study of galectin-3, its role in the pathogenesis of bone involvement in cystinosis
and its interaction with cysteamine. In this regard, it has already been shown in a mouse model
that invalidation of Lgals3 leads to an alteration of the terminal differentiation of bone cells, a
reduction in the mineralization capacities of osteoblasts and a reduction in the resorption
activity of osteoclasts. Phenotype observation of disabled mice shows attenuated bone
formation, increased bone resorption, acceleration of age-related trabecular loss and impaired
bone strength [23]. This increased resorption, despite reduced osteoclastic activity, could be
explained by bone inflammation (increased expression of inflammatory cytokines 116 and 1113
in Lgals3”" mice), potentially responsible for a disruption of osteoblasts/osteoclasts
coordination signals.

It appears through this mouse knockout model that galectin-3 plays a role in bone homeostasis
and in the dialogue between osteoblasts and osteoclasts. Indeed, in vitro, galectin-3 is secreted
by osteoblasts and inhibits osteoclastogenesis, thus participating in the maintenance of

trabecular homeostasis independently of the RANKL / OPG axis [24]. It is therefore plausible
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to hypothesize that cystinosis-related overexpression of galectin-3 in bone cells participates in
bone phenotype impairment.

Genotype-phenotype association

The genotype / phenotype analysis that we propose hinges on the first rational classification of
mutations in the CTNS gene (Figure 5), based on the functional consequences of these
mutations on the structure of cystinosin. In the light of our latest results, this classification
appears relevant since it makes it possible to predict a response profile to cysteamine as a
function of the patient's genotype. These findings may be of great clinical interest for the
management of cysteamine therapy, which should reconcile - especially in patients most at risk
of toxicity - effectiveness in reducing lysosomal cystine concentrations and preservation of
bone capital.

Proposed hypothesis

Without cysteamine, the number of osteoclasts was higher in cultures from subjects in whom
cystinosin was inactive or absent, as compared to subjects in whom cystinosin retained residual
activity. Mechanistically, this observation may be explained by the role that the mammalian
target of rapamycin complex 1 (MTORC1) and its interaction with the Ragulator-Rag complex
play during osteoclastogenesis. It has been established that mTORCL activity is down-regulated
during osteoclastic differentiation through the negative regulator TSC1, whose absence impairs
RANKL-dependent osteoclastogenesis. Furthermore, Andrzejewska et al. have shown that the
mTORC1 pathway is downregulated in proximal tubular cell lines derived from Ctns” mice
[38]. A similar down-regulation in human osteoclastic progenitors might account for the overall
increased osteoclastogenesis that we observe in cystinosis patients, as compared to controls.
Andrzejewska et al. also demonstrated that cystinosin is a component of the vacuolar H+-
ATPase-Ragulator-Rag complex which controls mMTORCL1 localization to lysosomes and thus,

MTORC1 signaling [38] (Figure 6).
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DNA mutations in the CTNS gene have various functional consequences, linked to their
structural impact on cystinosin. Extensive deletions (such as the 57-kb deletion) cause the
absence of protein while severe truncating mutations lead to the synthesis of an inactive variant.
Both these situations amount to a loss of cystinosin efflux function. In contrast, milder
mutations allow the synthesized cystinosin variant to retain residual activity. It is interesting to
hypothesize that, as well as they cancel cystinosin efflux function, severe CTNS mutations
impair the interaction between the Ragulator-Rag complex (of which cystinosin is a component)
and mMTORC1, preventing its activation. On the other hand, mutations of more limited structural
impact might allow, in some extent, to maintain an efflux activity as well as the interaction
between mTORC1 and the lysosomal membrane-attached Ragulator-Rag complex. This
hypothesis would explain the correlation we observed at baseline between the severity of the
mutation, its impact on cystinosin efflux function and the outcome in terms of
osteoclastogenesis (increased osteoclast number in the AP and IP groups, compared to the RA
group). It could be argued that the downregulation of mMTORCL1 is due to the accumulation of
cystine, which would logically be greater in the AP and IP groups. However, as shown in the
Andrzejewska et al. study, decrease of lysosomal cystine levels by cysteamine did not rescue
MTORC1 activation in proximal tubular cells, thus suggesting that the downregulation of
MTORC1 is due to the absence of cystinosin rather than to the accumulation of cystine [38].
Following this logic, the difference in response profile to cysteamine between the AP / IP
groups and the RA group might not be linked to mTORCL1 but to other signaling pathways, the
nature of which remains to be determined.

Limitations and strengths

The main strength of this study is the protocol implemented to obtain cultures of human bone
cells. It is an innovative, minimally invasive but hugely time-consuming technique that allows

a direct access, from a small blood sample, to the patient's osteoclasts. The main limitation is
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represented by the relative limited number of patients included, a frequent problem in the study

of orphan diseases.

CONCLUSION

Bone involvement is a late complication of cystinosis, whose recent description is linked to the
considerable improvement in patients’ survival under cysteamine therapy. In regards to its
clinical importance, recent international guidelines on evaluation and management of cystinosis
bone disease have been published [17]. In addition to its beneficial effects in terms of renal
survival and overall morbidity and mortality, cysteamine has a direct effect on bone metabolism
which depends on the concentration at which it is administered. Observing the link between
genotype and osteoclastic response to cysteamine in humans constitutes a first step towards the
implementation of personalized medicine in cystinosis, according to the genetic background of
each patient. The objective is ultimately to offer each patient the most suitable therapy in terms
of efficiency and preservation of bone capital. Given the systemic nature of cystinosis, it is
legitimate to ask whether these results can be generalized to all affected organs and tissues.
Considering the major impact of cystinosis on endocrine functions, these observations
especially raise questions about the response of endocrine cells to cysteamine depending on its

concentration.
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Table 1. Baseline characteristics of the patients

PN  Renal Age Gender DNA mutation Protein mutation  Outcome  Affectedexons GFR  Cysteamine LHL rhGH Pastof BD BP Any bone
status  (years) daily dose (umol/g of fracture symptoms
(mg/m?) proteins)
1 C 4 M €.922G>A/ p.G308R / RA 11/11 34 560 0.7 No No No No No
€.922G>A p.G308R
2 T 30 F ¢.1015G>A/ p.G339R / p.? RA 12/1to 10 62 1630 2.1 No No Yes No Yes
del 57 kb
3 C 15 F €.829dupA / p.T277Nfs*19 / IP 10/10 38 1620 19 Yes No Yes  Yes Yes
€.829dupA p.T277Nfs*19
4 C 5 F del 57 kb / p.2/p.? AP 1t010/1to0 10 71 950 1 No No No No No
del 57 kb
5 C 7 F del 57 kb / p.?/p.? RA 1t010/3 79 580 0.2 No No No No No
c.1-? 61+?del
6 T 17 M c.314 _317del / p.H105Pfs*12 / IP 6/6 112 990 0.7 No Yes Yes  Yes Yes
c.314 317del p.H105Pfs*12
7 C 16 M del 57 kb / p.?2/p.? AP 1t010/1t0 10 23 1240 3.7 Yes No Yes  Yes Yes
del 57 kb
8 C 3 F del 57 kb / p.? / p.Tyr291* IP 1t010/11 149 2500 18 No No No No No
c.873C>G
9 o 2 F del 57 kb / p.? / p.Tyr291* IP 1to10/11 105 3610 2.2 No No No No No
c.873C>G
10 T 18 F del 57 kb / p.?/p.? AP 1to10/4and5 105 1460 0.2 No No No No No
€.62-? 225+7del
11 C 14 F del 57 kb / p.?2/p.? AP 1to10/4and5 64 1760 11 Yes No No No No
€.62-? 225+7del
12 C 9 M del 57 kb / p.?2/p.? AP 1t010/1to 10 84 1420 0.8 Yes No No No No
del 57 kb
13 C 8 M €.198_218del / p.lle67_Pro73del / RA 5/8 62 1110 14 Yes No Yes No Yes
€.559 561+24del splicing
14 C 15 M del 57 kb / p.?2/p.? AP 1t010/1to0 10 127 1230 1 Yes No No No No
del 57 kb
15 T 61 F del 57 kb / p.? / p.G308V RA 1to10/11 50 0 0.7 No Yes No No Yes
3G>T
16 T 18 59 1039 3.3 No No Yes  Yes Yes
17 C 14 M 28 238 1.2 No No Yes No Yes
.
PN, patient number; GFR, glomerular filtration rate (ml/min/1.73m?2); rhGH, recombinant human growth hormone; LHL, leukocyte hemicystin levels;
BD, bone deformation; BP, bone pain
C, conservative kidney management; T, kidney transplant; M, male; F, female; RA, residual activity; IP, inactive protein; AP, absent protein
34

Protein mutation “p.?”, protein variant of undetermined structure
Fields were hatched when data was not available.




Table 2. Patients characteristics according to renal management modality

Conservative

Cystinosis patients Renal transplantation

management
Number of patients 12 5
Age (y/o) 9(5;14)* 18 (18 ; 30)
Hemicystin (umol/g prot) 1.2(1.0;1.8) 0.7(0.7; 2.1)
Cysteamine daily dose (mg/m2) 1330 (1070 ; 1915) 1039 (990 ; 1460)
GFR (ml/min/1,73m2) 67 (37 ; 89) 68 (59 ; 105)
Calcium (mmol/l) 2.4 (2.3;2.5) 24(2.2;24)
Phosphate (standard deviation for age) -1.6 (-2.8;-1.2) -14(-1.7;-1.2)
PTH (ng/l) 21 (19; 42) 32 (21 60)
25-D (ng/ml) 28 (23 ; 36) 26 (24 ; 26)
Total ALP (times the upper physiological value
( for gen deﬁ’rpan dpage) g 0.9(0.7; 1.1) 0.5(0.4;0.7)
Any bone symptoms 33%* 80%

Results are presented as median (Q1 ; Q3) and percentage.
*p < 0.05
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Table 3. Osteoclastic differentiation outcome in patients with cystinosis

Patient Protein Cysteamine concentration
number  functionality 0 uM 50 pM 200 pM
1 RA 20341 185+ 44 147 + 31
2 RA 105+ 11 122 £ 13 676
3 IP 44 + 4 36+5 29+3
4 AP 111+12 121 +19 97 £ 14
5 RA 65+ 7 75+ 6 52+7
§) IP 181+ 14 183 + 23 147 £ 14
7 AP 94 +11 906 100+ 6
8 IP 171+ 16 180 + 13 160 + 13
9 IP 187 + 19 206 £ 22 205+ 25
10 AP 168 + 14 173 £ 17 127 +5
11 AP 48+ 3 48+ 4 42+5
12 AP 148 +9 115+9 876
13 RA 1177 125+12 107+9
14 AP 44 +5 48 £ 4 39+3
15 RA 197 +9 210+ 20 178+ 8
16 162 + 16 129 + 17 114+ 14
17 172 £ 20 121+ 14 105+ 10

Multinucleated TRAP-positive cells (over 3 nuclei) were generated from PBMCs with
increasing doses of cysteamine (untreated, 50 and 200uM) and counted.
RA, Residual Activity; IP, Inactive Protein; AP, Absent Protein

The results are presented as means for 7 to 8 wells £ SEM (standard error of the mean).
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Fig. 1 Impact of cysteamine treatment on osteoclast differentiation in patients with
cystinosis

* %k

180+ l 1

Mean OC number per well

Osteoclasts (TRAP-positive cells with over 3 nuclei) were generated from PBMCs of
cystinotic patients, and treated with increasing doses of cysteamine (untreated, 50 and 200
uM).

Results in terms of osteoclasts number are presented as means for 7 to 8 wells, with SEM.
A total of 13 patients were included in the analysis, as results of cell cultures were not
satisfactory for the remaining 5 patients.

OC, osteoclasts; TRAP, Tartrate-Resistant Acid Phosphatase; PBMC, Peripheral Blood
Mononuclear Cells; SEM, Standard Error of the Mean

*P <0.05, ** P<0.01 and ***P<0.001 compared between indicated groups
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Fig. 2 Impact of cysteamine treatment on osteoclast multinucleation in patients with
cystinosis
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Osteoclasts (TRAP-positive cells with over 3 nuclei) were generated from PBMCs of
cystinotic patients, and treated with increasing doses of cysteamine (untreated, 50 and 200
uM).

Results in terms of high nuclei number osteoclasts are presented as mean percentage for 7 to
8 wells, with SEM.

A total of 13 patients were included in the analysis, as results of cell cultures were not
satisfactory for the remaining 5 patients.

OC, osteoclasts; TRAP, Tartrate-Resistant Acid Phosphatase; PBMC, Peripheral Blood
Mononuclear Cells; SEM, Standard Error of the Mean

*P <0.05, ** P<0.01 and ***P<0.001 compared between indicated groups
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Fig. 3 Effects of genotype and cysteamine treatment on osteoclast RNA expression profile
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To assess the ability of human PBMCs from cystinosis patients (N=9) and healthy donors
(N=3) to differentiate into osteoclasts in the presence of cysteamine, we determined the
expression level of early and late osteoclast specific markers by real-time PCR, including DC-
STAMP (Dendritic Cell-Specific Transmembrane Protein) and CTSK (Cathepsin K), at day 7
after induction of osteoclastic differentiation. We then determined the expression of GAL-3
(Galectin-3), a protein involved in bone homeostasis which accumulates in the cells of

cystinosis patients due to defective lysosomal degradation.

Expression of these genes was quantified and normalized to corresponding GAPDH values.
We compared the expression level of these genes in healthy donors and patients at baseline

(column B).Expression levels of DC-STAMP, CTSK and GAL-3 at 50 and 200uM of

cysteamine are presented relative to their own expression level at baseline for healthy donors

(column A) and cystinosis patients (column C).
Baseline = OuM of cysteamine

*P <0.05, ** P<0.01 and ***P<0.001 compared between indicated groups
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Fig. 4 Impact of genotype and cysteamine treatment on osteoclast differentiation in
patients with cystinosis
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Osteoclasts (TRAP-positive cells with over 3 nuclei) were generated from PBMCs of
cystinotic patients, and treated with increasing doses of cysteamine (untreated, 50 and 200
uM).

Results in terms of osteoclasts number are presented as means for 7 to 8 wells, with SEM.

A total of 11 patients were included in the analysis, as data on genotype was not available for
2 of the 13 patients whose cultures developed properly.

RA, residual activity; IP, inactive protein; AP, absent protein; OC, osteoclasts; TRAP,
Tartrate-Resistant Acid Phosphatase; PBMC, Peripheral Blood Mononuclear Cells; SEM,
Standard Error of the Mean

*P <0.05, ** P<0.01 and ***P<0.001 compared between indicated groups
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Fig. 5 Topography of mutations in the CTNS gene
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Schematic illustration of the CTNS gene with display of the mutations’ genomic location within our cohort.

Exonic mutations are displayed in the bottom area of the figure.
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Fig. 6 Regulation of mMTORC1 activation

Cystinosin

Healthy subject Absence or severe mutation of cystinosin

The Ragulator-Rag Complex has a key role in mTOR signaling regulation. The Ragulator,
along with the Rag GTPases, are necessary for the localization of mMTORCL to the lysosome
surface. When enough amino acids are present, Rag GTPases become activated, which leads
to the translocation of mMTORC1 from the cytoplasm to the lysosome surface. This process
allows mTORCL to bind to Rheb, which induces the kinase activity of mTORCL1 [39].
Absence or severe mutation of cystinosin, a component of the Ragulator-Rag complex, might
prevent the activation of mTORC1 by Rheb.

TSC1, Tuberous Sclerosis Complex 1; mTORC1, mammalian target of rapamycine complex 1
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RESUME DE LA THESE

Introduction La cystinose est une maladie héréditaire du métabolisme provoquée par
I'accumulation lysosomale de cystine. Bien que I'atteinte rénale de cette pathologie soit bien
connue, ses complications osseuses n'ont été décrites que récemment. Les principaux objectifs
de cette étude étaient de déterminer in vitro I'impact des mutations CTNS et de la cystéamine
sur les ostéoclastes humains et de réaliser une analyse génotype-phénotype en termes de
différenciation ostéoclastique et de réponse a la cystéamine.

Matériel et méthodes Les ostéoclastes humains ont été différenciés a partir des cellules
mononuclées du sang périphérique (PBMCSs) issues de patients de plusieurs centres
européens. Ces cellules ont été traitées avec des doses croissantes de cystéamine - 0 uM (non
traitées), 50 uM, 200 puM. Les résultats des cultures en termes de différenciation
ostéoclastique et de profil d'expression ARN ont ensuite été évalués.

Résultats La cystéamine a forte dose (200uM) diminue la propension des progéniteurs
monocytaires dérivés de patients a générer des ostéoclastes. Fait intéressant, les progéniteurs
monocytaires de patients présentant une activité résiduelle de la cystinosine affichent une
sensibilité particuliére a la cystéamine, dont 1’effet sur ces mémes progéniteurs est biphasique
en fonction de sa concentration (50 vs. 200 uM). La cystéamine a également un impact
significatif sur le profil d'expression de I'ARN des ostéoclastes de patients - profil déja
modifié par rapport aux sujets témoins. Cet impact varie également avec la concentration de
cystéamine.

Conclusion L'effet de la cystéamine sur le métabolisme osseux dépend de plusieurs facteurs,
dont la concentration a laquelle elle est administrée et le génotype des patients traités. La
cystéamine a forte dose diminue la propension des progéniteurs monocytaires dérivés de
patients a générer des ostéoclastes, quel que soit leur génotype. Cependant, I'étude de
corrélation génotype / phénotype met en évidence un lien entre génotype et réponse
ostéoclastique a diverses concentrations de cystéamine chez I'nomme. Ces découvertes
constituent une premiere étape vers la mise en place dans la cystinose d'une médecine
personnalisée en fonction du patrimoine génétique de chaque patient.

TITRE EN ANGLAIS
Genotype/phenotype correlation in terms of osteoclastic response in patients with cystinosis.
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