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. INTRODUCTION

De nombreuses pathologies sont associées a la présence de déepdts anormaux, minéraux ou
organiques, d’origine endogéne ou exogene, expliquant le grand intérét que la communauté
scientifique et médicale leur porte. Leur complexité structurale et chimique rend difficile la
description des processus biochimiques inhérents a leur pathogenése, des altérations tissulaires
associées et du lien exact avec la pathologie sous-jacente : simple ¢lément « satellite » de la

pathologie ? Lien de causalité ? '3

La dermatologie n’échappe pas a cette problématique. Diverses dermatoses sont associées a des
dépdts minéraux soit endogénes soit exogénes . Les dépots minéraux endogénes cutanés sont
généralement composés de phosphate de calcium de structure apatitique et sont souvent
considérés comme la conséquence de la dermatose a laquelle ils sont associés °. Ils sont
habituellement désignés dans la littérature sous le terme de « calcinosis cutis » et se distinguent
des phénomenes d’ossification cutanée, ou « ostéosis cutis », plus rares, volontiers satellite de

néoplasie cutanée .

Les dépdts cutanés exogénes peuvent quant a eux se présenter sous diverses phases chimiques,
et sont souvent considérés comme des causes potentielles de la pathologie ®. Ils s’intégrent
depuis 2005 dans le concept d'exposome, regroupant I’ensemble des facteurs environnementaux
associés a la survenue de pathologies °. L'exposome regroupe l'exposition a diverses particules,
présentes dans les aliments, 1'air ou les topiques appliqués sur le revétement cutané. Il concerne
par conséquent les organes en lien avec I’environnement, et donc principalement les
épithéliums cutanés, respiratoires et digestifs. Ces particules peuvent pénétrer dans la peau de
différentes facons : au cours d’un traumatisme, entrainant une breéche de 1’épiderme, au cours
d’une injection ou via les orifices folliculaires '°. En dermatologie, les développements récents
dans le domaine des nanotechnologies ont permis d’établir un lien entre I’exposome et certaines
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dermatoses, comme la sarcoidose '!2, l'alopécie fibrosante frontale et les réactions

d’hypersensibilité sur encres de tatouage '>!°.

L’une des approches permettant de mieux comprendre les phénomenes physiopathologiques
associés a ces dépots consiste a caractériser leur composition chimique, leur structure et a
préciser leur localisation tissulaire voir subcellulaire. En raison de leur taille sub-micrométrique
ainsi que de leur diversité de composition, ces caractérisations ne peuvent étre que partiellement
réalisées avec les techniques hospitaliéres conventionnelles. Certaines colorations classiques

telles que le Von Kossa, le Yasue ou le rouge alizarin peuvent par exemple montrer la nature



phosphocalcique de dépdts, mais elles n'apportent pas plus d'informations sur leur composition
chimique !”. Ainsi il n’est pas possible de distinguer les différents types de phosphate de calcium
parmi lesquels le phosphate octocalcique, le phosphate de calcium amorphe ou encore le
phosphate de calcium de structure apatitique pourtant associ¢ a des contextes pathologiques tres

différents '®.

Des techniques physico-chimiques ont donc été développées et appliquées avec succes a
diverses calcifications pathologiques dans différents organes, tels que le rein 2, la prostate 2!
ou la thyroide 22. Ces techniques sont complémentaires et multiples : microscopie électronique
a balayage (MEB) couplée a la spectroscopie de rayons X a dispersion d'énergie (EDX) 2>
pour imagerie et détermination de la composition ¢lémentaire des dépots a des échelles
nanométriques, spectrométrie par fluorescence X (XRF) 2>2° permettant une description
¢lémentaires des dépots, spectroscopies vibrationnelles que sont la spectroscopie par

transformée de Fourier (FT-IR) et la spectroscopie Raman 27!

pour identifier précisément les
composés chimiques présents, ainsi que des techniques spécifiques au rayonnement
synchrotron 3> telles que la spectroscopie de structure prés du seuil d'absorption de rayons X
(XANES) 3. L application de ces techniques & certaines pathologies a permis au clinicien
une meilleure compréhension de la physio genése de ces dépots ¢, de poser un diagnostic de
maniére plus précoce *7 ou de développer des pistes thérapeutiques *%. Bien que certaines de ces

techniques aient déja été appliquées en dermatologie, il reste de nombreuses pathologies a

explorer et de nombreux outils a appliquer a celles-ci.

L’objectif de ma these est d’appliquer ces techniques a la caractérisation physico-chimique des
calcifications au cours de diverses dermatoses afin de mieux en comprendre la physio genése
et les conséquences tissulaires de ces dépdts calciques en montrant 1’intérét de ces techniques

pour le clinicien.

1) Généralités concernant les dermatoses calcifiantes

Les calcifications cutanées sont observées au cours de dermatoses d’étiologies variées :

3% Une classification de ces

inflammatoires, génétiques, tumorales, infectieuses...
calcifications en fonction du processus physiopathologique associé a leur physio genese est
rapportée dans la littérature, permettant de distinguer les calcifications métastatiques,

dystrophiques, idiopathiques et iatrogénes ° (tableau I). Les deux types de calcifications les



plus fréquemment rencontrées sont les métastatiques et dystrophiques *° (Figures 1 et 2).

Type de
calcifications

Meécanisme suspecté de
geneése des calcifications

Exemples de dermatoses calcifiantes

Métastatique

Trouble systémique du
métabolisme
phosphocalcique

Calciphylaxie urémique

Calcinose tumorale hyperphosphatémique familiale
Sarcoidose

Syndrome paranéoplasique

Dystrophique

Altération tissulaire
conduisant a la formation
de dépots

phosphocalciques

Connectivite
Sclérodermie systémique 4
Lupus 42
Dermatomyosite 43
Néoplasie cutanée
Infection
Post traumatisme
Insuffisance veineuse chronique

latrogénique

Forte concentration
phosphocalcique tissulaire

Diffusion de perfusion intraveineuse de gluconate de
calcium

localisée, consequence | Injection d’héparine calcique
d’un traitement
médicamenteux

Idiopathique | Pas de trouble du | Calcinose scrotale
métabolisme
phosphocalcique ni
d’altération tissulaire

Tableau 1. Types de calcifications cutanées, physio genese suspectée et pathologies associées.




Figure 1 : Exemples cliniques de calcifications cutanées dystrophiques, dans le cadre d’une
dermatose inflammatoire (A) et post traumatique (B). A. Patiente présentant une sclérodermie
systémique et des lésions des membres inférieurs a type de morphées. La biopsie cutanée de
ces lésions a retrouvé des calcifications dermiques multiples. B. Patiente aux antécédents de
brulures profondes du membre inférieur. Survenue plusieurs dizaines d’années apres le
traumatisme de plaies sur les cicatrices, associées a 1’expulsion de calcifications. (Cas du

service Plaies et Cicatrisation, hopital Rothschild).



Figure 2 : Autres exemples cliniques de calcifications cutanées dystrophiques, dans le cadre de
dermatoses inflammatoires A. Calcifications cutanées digitales dans le cadre dune
sclérodermie systémique avec (étoile) et sans (fleche) ulcération. B. Calcifications sous cutanée
du vertex dans le cadre d'un CREST (calcifications sous cutanées, syndrome de Raynaud,
trouble de la mobilité cesophagienne, sclérodactylie et télangiectasies) syndrome (forme de

sclérodermie). D’apres Reiter et al. J Am Acad Dermatol. 2011.

Le type de calcifications associées a certaines des dermatoses calcifiantes est parfois difficile a
catégoriser de facon formelle. Les patients atteints de pseudoxanthome élastique, par exemple,
présentent a la fois un déficit en pyrophosphate, un inhibiteur de calcifications, et des altérations
des fibres ¢lastiques dermiques rendant difficile la classification de ces calcifications en

métastatiques ou dystrophiques de fagon claire 4.

En outre, il existe volontiers une association de mécanismes conduisant a la survenue de
calcifications ectopiques. Ainsi, dans la dermatomyosite et la sclérodermie, on constate que les
calcifications touchent le plus souvent les zones sujettes aux traumatismes récurrents, avec par
exemple dans la sclérodermie une atteinte plus fréquente de la main dominante, et parmi les
doigts, du pouce *. Ceci suggere ’association de phénomeénes inflammatoires - liés a la
pathologie dermatologique - et post traumatique, conduisant a des remaniements tissulaires

propice aux calcifications. De méme, les altérations tissulaires associées, en soit, a toute forme
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d’injection dans le tissu cutané, pourraient contribuer a la genése des calcifications iatrogenes

au cours de 1’administration de produits a forte concentration phosphocalcique *.

2) Physio genése des calcifications cutanées

Sur le plan moléculaire, la genese des calcifications cutanées est complexe, mettant en jeu
diverses protéines inhibitrices ou promotrices de minéralisation, des cellules et I’environnement
tissulaire, mais également divers processus biochimiques associées aux processus de nucléation

(homogeéne ou hétérogéne) et de sursaturation ¢,

La sursaturation est associ¢e aux concentrations locales des constituants au sein du tissu (ici de
Calcium et Phosphate), et conditionne a la fois la cinétique de cristallisation et le nombre de
cristaux créés, et par voie de conséquence leurs évolutions et propriétés ultérieures, au premier
rang desquelles la taille. La nucléation correspond a la formation des « germes » de cristaux
dans un milieu sursaturé qui favorise la formation d’agrégats moléculaires, pouvant ainsi étre

comparé a des briques élémentaires des futurs cristaux *°.

On qualifie de primaire la nucléation qui prend place initialement dans un milieu fortement
sursaturé et de secondaire celle qui survient dans un milieu contenant déja des cristaux. On
distingue également les processus de nucléation homogene pour lequel on a la méme probabilité
de formation d’un nucleus critique dans tout le volume de la solution sursaturée et de nucléation
hétérogene, ou le nucleus se forme sur des sites de nucléation préférentiels pouvant
correspondre a des éléments tissulaires (ADN, fibres de la matrice extracellulaire...) ou des

germes de cristaux >°.

a) Eléments augmentant la sursaturation
e Phosphate

Le rein étant le principal régulateur de 1’homéostasie du phosphate dans I’organisme, sa
dysfonction est donc 1’'une des principales causes d’hyperphosphatémie .
L’hyperphosphatémie associée a I’insuffisance rénale est pourvoyeuse de diverses pathologies,

dont la calciphylaxie urémique *'.
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Outre la calciphylaxie urémique, I’hyperphosphatémie est ¢galement associée a la survenue de
calcifications cutanées au cours de la calcinose tumorale hyperphosphatémique familiale. Les
phénomeénes génétiques et moléculaires conduisant a la survenue de cette maladie héréditaire
autosomique récessive sont désormais bien connus. Elle peut étre la conséquence d’une
mutation des génes FGF23, KLOTHO ou GALNT3 “°. Les patients atteints présentent des
calcifications sous cutanées de croissance progressive, apparaissant généralement dans
I’enfance, et volontiers localisées en regard des articulations. Pouvant atteindre un volume trés
important (jusqu’a 1.5 kg), elles peuvent géner la mobilité articulaire. Sur le plan moléculaire,
les mutations causant cette pathologie sont responsables d’une perte de régulation de
I’homéostasie du phosphore, avec altération des phénomenes d‘absorption digestive et

d’excrétion urinaire de phosphore “°.

Ces deux pathologies illustrent le role de I’hyperphosphatémie dans la survenue des

calcifications cutanées.
e Role de I’environnement calcique tissulaire

La présence d’un gradient calcique croissant est bien décrite entre les couches inférieures et

supérieures de I'épiderme “#°° (Figure 3).

(a) Total Ca** Profile
Total calcium
([Cai] + [Cae])

A

SB SS SG SC

Basement Skin

membrane surface

— L

»  Height

(b) Intracellular and Extracellular Ca®" Profiles

SB SS Lower SG Upper SG  Lower SC Upper SC
[Cai] ++/+++ +/+++ ++/+++ ++++ +/++ 0/+
[Cael ++ +/++ S/ttt R A+ 0/+
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Figure 3. Distribution calcique au sein de I’épiderme. (a) Répartition au sein des différentes
couches épidermiques stratum basale (SB), stratum spinosum (SS), stratum
granulosum (SG), stratum corneum (SC). (b) Répartition du calcium intra et extracellulaire

selon la couche de I’épiderme. D’aprés Adams et al. PloS One, 2015.

Si aucune étude ne rapporte I’existence d’un gradient calcique dermigue, son existence n’est
pas exclue ; celui-ci pourrait étre perturbé par le remodelage dermique induit par les dermatoses

et pourraient contribuer a la genese des calcifications cutanées.

e Phosphatase alcaline

11 s’agit d’une enzyme ubiquitaire, liée aux membranes cellulaires. Elle est impliquée dans la
minéralisation en augmentant la concentration locale de phosphate inorganique et en diminuant

la concentration de PPi extracellulaire (destruction de PPi en phosphate) °L.

e \/oie des ostéoblastes et des ostéoclastes

Le réseau de signalisation “receptor activator of NF-kappaB” (RANK) / “receptor activator of
NF-kappaB ligand” (RANKL) / ostéoprotégérine (OPG) a un role clé dans 1’homéostasie
osseuse et a été impliqué dans les calcifications vasculaires. RANKL/RANK régule
positivement la formation des ostéoclastes ; au contraire I’OPG protege le squelette d'une

résorption osseuse excessive en empéchant la liaison de RANK a8 RANKL %2,

Les ostéoclastes ont été retrouves en périphérie de calcifications au cours de la dermatomyosite
%3, Ces calcifications sont fortement associées au risque d’acro-ostéolyse et d’ostéoporose dans
la sclérodermie systémique “. De plus, il a été montré que 1’IL-1 stimulait 1’ostéoclastogenése
via le TNF alpha en induisant la différenciation de RANK-L par les cellules stromales °*. Toutes
ces données pourraient suggérer 1’implication potentielle des ostéoclastes et de la voie
RANK/RANKL dans la formation des calcifications. Cette activité des ostéoclastes pourrait
notamment étre une des sources d’augmentation de calcium et de phosphate extracellulaire, par

résorption osseuse.

La figure 4 résume le role des protéines précedemment citées et de cette voie cellulaire.
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Fetuin A

MGP OPG
igmp/a L TNF ¢ RANKL.

' RANK |

AP (aLeL) B Mineralization

Figure 4. Schéma de l'induction des voies ostéogéniques au cours des calcifications cutanées
ectopiques. Divers régulateurs protéiques régissent la minéralisation osseuse. La fétuine-A et
la MGP inhibent la différenciation et la minéralisation ostéogéniques en partie par la régulation
négative de la signalisation BMP 2/4. La signalisation BMP augmente la différenciation
ostéogénique via RUNX2. Le TNF (cytokine pro-inflammatoire) augmente I'expression du
promoteur de minéralisation TNAP (phosphatase alcaline tissulaire non spécifique). L'OPG agit
comme un récepteur leurre pour RANK, inhibant ainsi I'ostéoclastogenése et favorisant la

minéralisation. D’apres Richardson et al. Curr Rheumatol, 2020.

b) Elément diminuant la sursaturation
e Role du pH

Chez les rats urémiques, I’acidose métabolique, méme a un degré modéré, entraine une
diminution de la formation des calcifications vasculaires pour diverses raisons, dont la

régulation des taux de phosphore et de parathormone, mais aussi en augmentant la solubilité du
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calcium et du phosphate >, De plus, in vitro, 1’acidose métabolique diminue la production
ostéoblastique de phosphatase alcaline, stimule la production de MGP et augmente 1’activité

des ostéoclastes °’.

e Eléments inhibant la cristallisation
v Pyrophosphates inorganiques

Les pyrophosphates inorganiques (PPi) sont des inhibiteurs bien connus de la minéralisation,
empéchant le calcium de cristalliser avec le phosphate. 1ls sont composés de deux molécules de
phosphate inorganique joints par une liaison ester hydrolysable ®8. Les PPi se lient également
fortement a la surface des cristaux minéraux phosphocalciques et bloquent ainsi leur croissance.
Par ailleurs ils peuvent induire DI’expression de 1’ostéopontine, autre inhibiteur de la
minéralisation, dans les ostéoblastes via la voie de signalisation MAP Kinase *°. Le taux de PPi
est diminué dans le pseudoxanthome élastique, maladie génétique autosomique récessive
causée par des mutations du géne « ATP-binding cassette subfamily C member » (ABCC6),
qui mene a des calcifications tissulaires cutanées, ophtalmiques et artérielles ; en effet le
relargage de I’ATP médié par ABCC6 serait responsable de 60 a 70% des PPi circulants .
Enfin, dans les calcifications cutanées associées a la sclérodermie systémique, une diminution

significative du taux plasmatique de PPi a également été rapportée °*.

v' Matrix-gla-protéine

La matrix-gla-protéine (MGP) est une protéine de la matrice extracellulaire riche en acide
gamma-carboxy-glutamique (Gla), un acide aminé liant le calcium. Cette protéine est donc
connue pour étre un inhibiteur clé des calcifications vasculaires et tissulaires 2. La vitamine K
est nécessaire a la carboxylation de la MGP, entrainant un changement conformationnel
nécessaire a sa fonction. Ainsi les anti-vitamines K, par I’inhibition de cette carboxylation
résultant en une MGP non fonctionnelle, auraient un effet pro-calcifiant. La liaison sélective et
étroite de la MGP avec le calcium permettrait d’empécher 1a croissance des depots minéraux
phosphocalciques 2. La MGP se lie aussi avec la Bone Morphogenetic Protein-2 (BMP2) et

inhibe ainsi la différenciation cellulaire en osteoblastes, dont le role a été suspecté dans les
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calcifications vasculaires . Le stress oxydatif pourrait inhiber la vitamine K, résultant en une
MGP non fonctionnelle ®. En outre, I’environnement ionique a une influence sur le
fonctionnement de la MGP : le magnésium et le phosphate diminuent ainsi sa liaison aux dépéts
minéraux phosphocalciques 3. 1l est cependant & noter que ces mémes ions pourraient, in vivo,
diminuer la minéralisation en augmentant la solubilisation des dép6ts calciques, comme montré
au cours d’un régime riche en magnésium dans un modéle murin de pseudoxanthome élastique ;
ces résultats reposeraient sur le fait que le phosphate de magnésium est plus soluble que le

phosphate de calcium, favorisant I’élimination d’hydroxyapatite .

v' Fétuine A

La Fétuine A est une protéine plasmatique dérivée du foie qui agit comme potentiel inhibiteur
de la minéralisation ectopique ; des taux sériques bas ont été associés a des calcifications
vasculaires et des tissus mous. Elle inhibe la formation des dép6ts minéraux en se liant aux sels
de phosphore-calcium, et inhibe la différenciation cellulaire en ostéoblaste via la voie de
signalisation BMP 7. Belloli et al. a ainsi rapporté des taux de Fétuine A plus bas chez les
patients présentant des calcifications cutanées au cours de la sclérodermie systémique que chez
ceux présent une sclérodermie sans calcifications ®. Par ailleurs, dans la dermatomyosite
juvénile, Marhuag et al. a remarqué une corrélation positive entre 1’dge et les taux de Fétuine
A, beaucoup plus bas chez les enfants ®°. Ces taux bas, nécessaires pour permettre la croissance
du squelette, expliqueraient pourquoi les patients atteint de dermatomyosite juvenile sont plus

a risque de calcifications cutanées que les patients plus agés.

v’ Ostéopontine

L’ostéopontine est exprimée par les fibroblastes aux sites de minéralisation ectopique °2. Elle
lierait le collagéne et I’empécherait d’interagir avec I’hydroxyapatite °. Elle pourrait également
promouvoir la dissolution des minéraux en acidifiant 1’environnement extracellulaire, par le

biais de ’induction de I’anhydrase carbonique dans les monocytes '*.
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c) Eléments favorisant la nucléation

e Structures tissulaires

Les dépots phosphocalciques cutanés sont plus susceptibles de se déposer sur certaines
structures tissulaires. Les fibres dermiques, en particulier les fibres de collagéne et les fibres
élastiques sont ainsi aptes a jouer le role de centre nucléateur "™, Ces fibres contribuent

d’ailleurs a la formation des calcifications physiologiques, comme le tissu 0sseux .

Le caractere pro-calcifiant du collagéne est intimement lié au phénomeéne de glycation, réaction
non enzymatique qui se produit entre un glucide et une molécule disposant d’un groupement
amine libre, telle que le collagéne ™. Certains travaux tendent ainsi 8 montrer une relation intime

entre les produits glyqués et la présence de calcifications ™.

Les polysaccharides jouent un role de nucléateur pour les cristallites d’apatite . En effet, les
groupes fonctionnels (—COOH, —OSO3zH, —NH2, —OH) des polysaccharides sont capables de
chélater les cations divalents Ca?* et de former des liaisons hydrogeéne avec les groupements

(PO4)*> et les molécules d’eau présents a la surface du minéral ™.

En ce qui concerne les fibres élastiques, elles constituent également un support de choix a la
formation des dépdts phosphocalciques 2. Bien que 1’origine d’un tel tropisme demeure
inexplorée, la chronologie de constitution de ces dépdts sur les fibres élastiques a été étudiée in
vitro, montrant que les dépdts se forment initialement sur les micros fibrilles de glycoprotéines

avant de gagner la structure globulaire centrale composée d’élastine 2.
e Dentine matrice protéine 1

Cette protéine initie la minéralisation pendant la phase finale de différenciation des

ostéoblastes. Son expression a été retrouvée dans des calcifications cutanées dystrophiques ®.
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e Ostéonectine

11 s’agit d’une glycoprotéine jouant un rdle essentiel dans la minéralisation osseuse. Elle a été
impliquée dans les réparations et le remodelage tissulaires °2. Son expression a été retrouvée

augmentée dans les parois vasculaires au cours de la sclérodermie systémique .
e Enzyme poly(ADP-ribose) polymérase

Surexprimée dans la réponse aux dommages de I’ADN, cette enzyme pourrait jouer un role
important dans la nucléation des dép6ts phosphocalciques. Elle catalyse la production de
chaines de polyADP-ribose (PAR), qui ont une haute affinité pour les ions calciques et permet
la liaison des complexes PAR-calcium aux fibrilles de collagene. Par ailleurs, cette enzyme
stimule le facteur de transcription RUNX2 qui induit la différenciation des cellules musculaires

lisses vasculaires en ostéoblastes et contribue ainsi a la genése des calcification vasculaires 7°.

3) Localisation tissulaire des calcifications cutanées

La littérature rapporte diverses localisations tissulaires des calcifications cutanées (Figure 5):
dermiques, vasculaires, péri-eccrine, péri-adipocytaire... ’’. Les raisons pour lesquels les
calcifications se forment préférentiellement sur certaines zones tissulaires cutanées sont peu
explorées. Un environnement tissulaire local favorable contenant des supports organiques pro-
calcifiant peut-étre suspecté, tel que la présence accrue de phospholipide, expliquant la

localisation péri-adipocytaire.
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Figure 5. Différentes localisations tissulaires des calcifications cutanées au cours de la
calciphylaxie, microscopie optique, coloration de Yasue ; les calcifications apparaissent en noir.
A. Calcifications de la paroi d’un vaisseau dermique. B. Calcifications des fibres ¢élastiques
dermiques. C. Calcifications de la paroi des adipocytes. D. Calcifications de la zone basale des

glandes sudoripares.

Cependant, bien que de nombreuses structures cutanées puissent é&tre calcifiées, les
calcifications s’observent le plus souvent dans des zones particulierement riches en fibres

élastiques que sont la matrice extracellulaire dermique et les parois des vaisseaux cutanés ’>7°.

Ce tropisme vis-a-vis des fibres ¢lastiques est bien décrit dans les pathologies cardio-
vasculaires, et a déja été exploré in vitro, permettant 1’identification de potentiel noyaux de
nucléation phosphocalciques au sein de ces fibres '2. Ce tropisme illustre 1 encore I’existence
de noyaux de nucléation spécifique des dépoOts phosphocalciques sur ces dernicres,
possiblement révélés par les remodelages post inflammatoires ou traumatiques précédemment

décrits et détaillés dans le paragraphe suivant.
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4) Lien entre inflammation et calcifications cutanées

De nombreux travaux et descriptions cliniques suggeérent un lien entre inflammation et
calcifications. Cependant, a ce jour, celui-ci demeure partiellement compris. Des hypothéses
sont avancées par certains auteurs, suspectant, au cours des phénomenes inflammatoires, des
altérations de I’¢lastine (dermique ou des parois vasculaires) par des métallo protéinase (MMP),

8082 Dans la calcinose tumorale familiale

favorisant les dépots phosphocalciques
(précédemment décrite), il est d’ailleurs suspecté que le tropisme des calcifications vis-a-vis du
tissu cutané soit li¢ au MMP dermique. Leur expression serait en effet favorisée par le FGF7,
une protéine produite dans le derme en réponse a I’hyperphosphatémie. Ce mécanisme pourrait
en partie expliquer que les calcifications ne se forment que dans la peau dans cette pathologie,

et pas dans d’autres organes, alors méme que I’hyperphosphatémie affecte tous les tissus *°.

En outre, une fois constituées, les calcifications pourraient étre elles-mémes a 1’origine d’une
réaction inflammatoire qui pourrait entretenir ce phénomene, constituant un « cercle vicieux »

inflammation-calcifications (Figure 6).
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Figure 6. Schématisation du lien entre inflammation et calcifications cutanées. Les
phénomenes inflammatoires pourraient étre a 1’origine d’altérations et de modifications
structurelles des fibres élastiques dermiques et vasculaires, les rendant propice aux dépodts de
calcium et phosphore. La formation des calcifications serait favorisée par des désordres
métaboliques (calcifications métastatiques), ou non (calcifications dystrophiques). Une fois
constituées, ces calcifications seraient €galement source d’inflammation, rendant le lien

chronologique entre inflammation et calcifications difficile a établir.

Ces hypothéses sont également appuyées par la présentation clinique observée chez certains

patients, ou la survenue de calcifications est associée a une inflammation cutanée (Figure 7).
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Figure 7. Patiente présentant une calciphylaxie urémique. A. Lésions initiales, avec placards

inflammatoires de 1’abdomen. B. Evolution des Iésions avec apparition de zone de nécrose.

(Cas rapporté par le Dr Patricia Senet)

D’autres données de la littérature viennent appuyer ce lien entre calcifications et inflammation ;
ainsi, au cours de la dermatomyosite, I’inflammation chronique a été associée a des taux bas de
Fétuine A, protéine inhibant les calcifications ®8. Par ailleurs, des travaux portant sur la
minéralisation osseuse ont montré que 1’interleukine 1, cytokine inflammatoire, inhibe 1’action

du PPi, et joue donc probablement un réle important dans la minéralisation des chrondrocytes
83,84

Enfin, d’autres pathologies non dermatologiques, en particulier cardiovasculaires, dans
lesquelles un lien inflammation-calcification a déja été mis en évidence, viennent appuyer cette
hypothése %°. L’inflammation chronique serait ainsi a ’origine de la dédifférenciation des
cellules musculaires lisses vasculaires vers un phénotype de cellule calcifiante, produisant alors
des vésicules chargées en calcium et phosphore ; celles-ci entraineraient secondairement la

formation de dépdts phosphocalciques au sein de la limitante élastique des vaisseaux-%.
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5) Traitements des calcifications cutanées

De nombreuses études evaluent diverses thérapeutiques dans le traitement des calcifications
tissulaires. Toutefois, leur efficacité est généralement limitée 8. Les thérapeutiques suivantes

sont les plus souvent rapportées.
a) Bisphosphonates

Les bisphosphonates sont des analogues des pyrophosphates; ils se lient aux cristaux
phosphocalciques et inhibent leur croissance en mimant ’action du PPI 8. Ils agissent
¢galement en inhibant I’activité des ostéoclastes, réduisant ainsi le turn-over du calcium et
diminuant le taux de calcium circulant, potentielle source de minéralisation ectopique ©°.
Plusieurs études rétrospectives ont évalué 1’efficacité des bisphosphonates sur les calcifications
cutanées, principalement dans le cadre de la dermatomyosite %°. Dans ces études, le pamidronate
et I’alendronate étaient les plus souvent utilisés avec un taux de réponse partielle allant de 50%

a4 100% et un taux de réponse compléte de 0 & 33% 89,
b) Thiosulfate de sodium

Le thiosulfate de sodium (TSS) a montré une action sur la diminution des calcifications
vasculaires chez des rats urémiques °2 et sur la réduction de formation de cristaux calciques
dans des cultures de chondrocytes 9. En 2013, Nigwekar et al. ont publié une série de 172
patients présentant une calciphylaxie urémique traitée par TSS en intraveineux, permettant une
résolution de la maladie chez 26% des patients, et une amélioration pour prés de 50% d’entre

eux %4,

Plusieurs mécanismes d’action du TSS sont proposés et débattus : chélation du calcium et
solubilisation en thiosulfate de calcium, propriétés vasodilatatrices, anti-inflammatoires,
induction d’une acidose, induction d’inhibiteurs de minéralisation comme la MGP ... %%,
Deux études de sept patients ont évalué D’efficacit¢ du TSS intraveineux au cours de
dermatomyosite ou de sclérodermie systémique ; aucune amélioration objective n’était
retrouvée et 1’amélioration de la douleur n’était présente que chez deux patients %7, Par
ailleurs, le TSS topique ne permettait pas d’amélioration des calcifications cutanées chez cinq
patients présentant une dermatomyosite %. Le TSS en injection intra-lésionnel semble plus
intéressant. En effet, une étude prospective de cing patients présentant des calcifications sur

sclérodermie systémique a mis en évidence un taux de réponses partielles de 100% au TSS en
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injection intra-lésionnel, avec pour tous les patients une diminution de la taille de plus de 50%
99

c) Tétracycline

Les tétracyclines sont des antibiotiques qui ont la capacité de lier les cations divalents dont le
calcium; leur action anti-calcifiante a été montrée in vitro et sur des calcifications de bio
prothéses de rats %1%, Une étude rapporte ainsi 1’utilisation de minocycline chez 9 patients
présentant des calcifications cutanées sur sclérodermies systémiques; 8 d’entre eux
présentaient une réponse partielle avec amélioration de I’inconfort, de 1’inflammation locale et

cicatrisation des ulcérations 192,

d) Traitements physiques

- Chirurgie : elle est réalisée a froid et peut permettre, pour les calcifications bien limitées, une
excision compléte. Pour les calcinoses plus étendues le principe est celui d’une chirurgie de
« débulking », avec exérése des principaux dépots symptomatiques 1°. Une autre technique
décrite est le « microdrilling » qui diminuerait le risque de complication en permettant une
chirurgie moins lourde: une petite incision est pratiquée puis une fraise détruit les dépots

calciques qui sont ensuite éliminés a 1’aide de sérum physiologique 4.

- Laser de dioxyde de carbone (COz) : Il permettrait une destruction précise physique de la cible

traitée en épargnant les tissus sains et en minimisant le risque de saignement %5,

- Lithotripsie extracorporelle : elle est utilisée en routine pour éliminer les lithiases urinaires.

Plus récemment, elle a été développée dans le traitement des tendinites calcifiantes %,

6) Diversité structurale des calcifications cutanées

Les calcifications cutanées peuvent présenter une grande variabilité structurale. Celle-ci est d¢ja
suggérée par I’analyse macroscopique de ces calcifications (Figure 8), mais son exploration
nécessite 1’utilisation d’outils permettant une analyse structurale de haute résolution, comme la

microscopie ¢électronique en transmission et microscopie électronique a balayage.
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Figure 8. Aspect macroscopique de calcifications retrouvées au sein d’ulcére de jambe, extraite

au cours du soin.

La microscopie électronique en transmission (MET) est la plus souvent rapportée dans 1’é¢tude
des calcifications cutanées et de leur environnement tissulaire '°7-1%_ Cette technique repose sur
I’interaction des ¢lectrons avec la matiere et la détection des électrons ayant traverseé
I’échantillon, générant une image **°. Pour cette analyse, les échantillons de peau doivent étre
fixés dans une solution de glutaraldehyde et non de formol, ne permettant pas de réaliser cette
technique sur les mémes échantillons que ceux de microscopie optique, raison pour laquelle

nous n’avons pas utilisé cette technique dans nos études.

La microscopie €lectronique a balayage (MEB déja définie plus haut) couplée a la spectroscopie
de rayons X a dispersion d'énergie (EDX) permet de realiser a la fois une analyse ultra-
structurale des calcifications mais aussi de décrire leur localisation a 1’échelle sub-cellulaire.

La MEB est également rapportée dans I’étude des calcifications cutanées, contrairement a la
MET 111,112.
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Nos observations en MEB sont effectuées au Laboratoire de Physique des Solides sur un
microscope Zeiss SUPRA55VP/Gemini a Orsay fonctionnant a 0,5-30 kV. L’analyse se fait sur
coupes de biopsies cutanées déparaffinées de 2 um d’épaisseur, apposées sur une lame de type
MIRR (Kevley Technologies, Tienta Sciences, Indianapolis) 3. Nous utilisons donc les mémes

échantillons que ceux utilisés pour la microscopie optique.

Lors de I’analyse en MEB, un faisceau d’électrons (électrons primaires) vient balayer la surface
de I’échantillon qui, en réponse, va réémettre des électrons secondaires. Ces derniers vont étre
captés par plusieurs détecteurs permettant 1’obtention d’une image topographique de la surface.
Ces électrons secondaires sont issus des interactions entre le faisceau d’électron incident et la
matiére 2%, L’image est ainsi obtenue séquentiellement point par point en déplagant le faisceau

d’¢électrons primaires sur la surface de I’échantillon.

En outre, I’interaction entre les électrons du microscope électronique et les atomes de
I’échantillon conduit a l'ionisation des atomes alors excités, qui se retrouvent dans un état
instable. Un processus de désexcitation va alors se produire, qui aboutit a des transitions
électroniques en cascade (phénomene détaillé dans le paragraphe suivant portant sur la
fluorescence X). Il en résulte une émission d’un ensemble de raies X énergétiquement
caractéristiques de I’atome émetteur car chaque élément chimique posséde des niveaux

électroniques caractéristiques. C’est le principe de la microanalyse EDX 2.

La MEB apporte des informations précises sur ’ultrastructure des calcifications cutanées,
révélant leur diversité morphologique, allant de la plaque micrométrique (Figure 9A) a la
sphérule nanométrique (Figure 9B). L’EDX, outil couplé au MEB, vient appuyer ces analyses,
en confirmant la nature phosphocalcique des dépdts, en particulier ceux de tres petites tailles,

non vus sur les colorations usuelles de microscopie optique (Figure 9D).
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Figure 9. Aspect ultra-structural des calcifications cutanées en MEB, exemple de la
calciphylaxie urémique A. Calcifications vasculaires en plaques. B. Multiples sphérules
nanométriques adjacents a un adipocyte. C. Calcifications vasculaires en plaque ; la téte de
fleche désigne de multiples sphérules dont la coalescence semble former les plaques
précédemment citées. D. Spectre EDX permettant de confirmer la composition phospho (P)

calcique (Ca) de ces sphérules.

7) Diversité chimique des calcifications cutanées

Les calcifications cutanées comportent deux types de composés principaux : des composés
inorganiques, qui contiennent principalement du Calcium et du Phosphore et des composés

organiques protéiques. Les calcifications cutanées sont acellulaires, mais volontiers associées a
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des infiltrats inflammatoires périphériques pluricellulaires >? et parfois a des ostéoclastes en

périphérie des calcinoses les plus volumineuses **.

Je vais maintenant présenter briévement quelques éléments de chimie associés a la partie
inorganique puis expliquer le principe des techniques de caractérisation que j’ai mis en ceuvre

dans ma recherche.
a) Eléments de chimie relatifs a la partie inorganique des calcifications cutanées

Le phosphore et le calcium s’organisent le plus souvent dans la peau sous forme
d’hydroxyapatite (HA) !'* dont la formule steechiométrique est la suivante : Caio(PO4)s(OH)2
106

Lorsque 1’on considere les propriétés physicochimiques de I’HA au sein de calcifications
physiologiques comme le tissu osseux ou 1’émail dentaire on pergoit une variabilité dans leur
composition chimique et structurale ''*. Cette variabilité est étroitement liée a de multiples
substitutions chimiques rendues possibles en raison d’une grande adaptabilité a la substitution
15 Ainsi, des ions carbonates sont susceptibles de prendre la place des anions phosphates
(PO4)* ou hydroxydes OH". De cette présence des ions carbonates découle la dénomination
carbapatite (CA). Ces substitutions modifient les propriétés de I’HA : ainsi, un fort taux de
carbonatation la rend plus résistante aux attaques acides ''®!'”. Des cations magnésium ou
sodium, ainsi que des terres rares peuvent également se substituer aux cations calcium ''*. Pour
tenir compte de cette complexité, la formule suivante peut donc étre proposée : Caiox[x(PO4)e-
«(CO3)x(OH)2x[x avec 0 < x <2 et ou [] indique la présence de lacunes '>!'%!120, Comme on
peut le remarquer dans cette nouvelle formule steechiométrique, la neutralité électrique du
réseau cristallin est rendue possible par la création de lacunes cationiques et de lacune dans les
sites des 1ons hydroxydes, représentées par la variable x. Par voie de conséquence, les apatites

biologiques sont donc associées a un fort déficit en ions OH".

b) Exemples d’outils utilisés dans la caractérisation chimique des calcifications

pathologiques

Dans la littérature, la caractérisation chimique des composés inorganiques et organiques des
calcifications tissulaires est faite le plus souvent a 1’aide des techniques de spectroscopies

vibrationnelles et de la fluorescence X.
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e Les techniques de spectroscopies vibrationnelles

Deux techniques de spectroscopies vibrationnelles, micro-spectroscopie infrarouge a
transformée de Fourier (FT-IR) et micro-spectroscopie Raman sont utilisées dans ce travail de
thése. Elles permettent une connaissance précise de la composition chimique des calcifications
pathologiques et la connaissance de leur répartition spatiale au sein de la biopsie a I’échelle du
micrometre.
Le microscope infrarouge a transformée de Fourier que nous avons utilisé dans nos études
(Spotlight 400 FT-IR imaging System, Perkin Elmer Life Sciences, situé¢ a 1’hdpital Tenon,
service des Explorations Fonctionnelles) permet la réalisation d’une cartographie infrarouge sur
une gamme de nombre d’onde allant de 4000 cm™ a 700 cm™. La spectroscopie infrarouge, en
explorant les liaisons entre atomes au sein des molécules nous indique les différents
groupements moléculaires présents au sein du tissu biologique. Il existe deux catégories de
vibrations :

o Lesélongations qui correspondent & des variations de la longueur de liaison entre

atomes,
o Les déformations qui impliquent une variation de I’angle entre deux liaisons
atomiques.

A partir de ces vibrations sont obtenus des spectres correspondant a 1’absorption du
rayonnement en fonction du nombre d’onde. Ils sont exprimés en nombre d’onde (inverse de la
longueur d’onde), compris entre 4000 cm™ a 700 cm™. En ce qui concerne I’analyse, j’ai
compar¢ mes données a des spectres de référence afin d’identifier les groupements
moléculaires. L’analyse quantitative s’effectue a partir des intensités des différentes bandes

d’absorption infrarouge 2.

La spectroscopie Raman est considérée, tout comme 1’infrarouge, comme une spectroscopie
vibrationnelle. Il s’agit en fait d’un cas particulier de diffusion lumineuse appelée diffusion
inélastique, correspondant a une modification par le tissu de la fréquence de la lumiére y
circulant. Les informations obtenues par la mesure et I'analyse de cette modification de
fréquence permettant, tout comme la spectroscopie infrarouge, de determiner la phase chimique

des calcifications ainsi étudiées.

Si certaines bandes Raman et infrarouge sont strictement superposables, il peut y avoir de
grandes disparités de réponse entre les deux techniques (dépendant du caractére symétrique ou

non de la molécule étudiée), leur conférant une complémentarité.
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e La fluorescence X

En soumettant notre échantillon a un faisceau de photons (et non pas d’électrons comme c’est
le cas de ’EDX), il est possible d’¢jecter des électrons de coeur du cortége €lectronique (si leur
énergie est suffisante) (fleche rouge figure 10a). L atome est ainsi placé dans un état excité et
pour revenir a son état initial, on assiste a un réarrangement du cortége ¢lectronique de I’atome
qui s’effectue - soit par un mode non radiatif (fleche verte sur la figure 10b), correspondant a
une émission d’¢lectrons dénommé effet Auger, - soit par un mode radiatif associé a I’émission
de photons (fléche noir sur la figure 13b) 33122,

La fluorescence X se référe a la voie radiative. Le retour de 1’atome dans son état initial est un
processus complexe. Il dépend du numéro atomique de 1’élément (Z) et met en jeu plusieurs
¢lectrons du cortege électronique de D’atome. Il existe ainsi différentes désexcitations
¢lectroniques, chacune d’elles étant associée a 1’émission de photons dont I’énergie est
spécifique a cette désexcitation. On observe donc non pas des photons d’une seule énergie mais

un ensemble de photons d’énergies différentes, chaque énergie définissant une raie d’émission

caractéristique de I’élément atomique présent dans le matériau.

(a) (b)

hv )

R

Figure 10. Schématisation des réarrangements du cortége €lectronique.

L’analyse (en termes d’amplitude et d’énergie) de cette collection de raies d’émission

dénommée spectre d’émission permet donc de savoir quels sont les éléments présents au sein
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du matériau. Plus précisément, 1’énergie de la raie d’émission indique le numéro atomique de
I’¢lément. La proportion de cet élément est donnée en analysant 1’intensité de la raie d’émission
123 11 est possible d’irradier un échantillon dans son ensemble et donc d’établir sa composition
¢lémentaire globale mais également d’obtenir une information sur la répartition spatiale des
différents ¢léments détectables en le balayant point par point. Ces opportunités dépendent de la

sonde utilisée et il convient de la sélectionner en fonction de la problématique médicale 6.

C) Exemples d’application de ces outils en dermatologie

Bien que ces outils soient utilisés dans 1’¢tude des dépdts minéraux de différents organes, la
littérature concernant I’étude de la composition chimique des calcifications cutanées via ces

techniques est beaucoup plus rare.

Ainsi, Eidelman et al. ont analysé la composition de calcifications cutanées dystrophiques par
FT-IR et MEB couplé a I’EDX chez six patients présentant une dermatomyosite, retrouvant la
présence systématique de carbapatite 24, Franzen et al. ont retrouvé un résultat similaire en
conduisant une analyse par FT-IR chez 14 patients présentant des calcifications dystrophiques

de causes variées, retrouvant également de la carbapatite pour tous les patients 12,

Dans la calciphylaxie urémique, Kramann et al. ont analysé par EDX de 7 patients, et montré
que les calcifications cutanées sont la aussi composées de calcium et phosphore selon un ratio

compatible avec la présence d’HA '%6,

La composition chimique des calcifications cutanées ne semble donc pas influencée par le type
de calcifications (dystrophique versus métastatique par exemple), la présence d’apatite étant
toujours rapportée, soit sous forme d’hydroxyapatite, soit sous sa forme carbonatée
(carbapatite). Une seule étude ne rapporte pas la présence d’apatite dans la peau, en montrant
la présence d’oxalate de calcium et de dolomite (CaMg(COs3)2) au cours de calcifications
cutanées associées a la sarcoidose '?’. Toutefois, ce résultat n’a pas été retrouvé dans une étude
plus récente, identifiant par EDX la présence de calcium et de phosphore en périphérie des
granulomes sarcoidosiques (I’absence d’analyse spectroscopique ne permettant pas d’avoir plus

d’information) '8,

Le tableau II résume la nature et la formule chimique des calcifications cutanées rapportées

dans la littérature au cours de diverses dermatoses.
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Type de

Pathologies calcifications Dénominations Formules

Calciphylaxie Métastatique Hydroxyapatite 126 Caj0(PO4)s(OH)2
urémique
Sarcordose Métastatique Oxalate de calcium Ca(COO0)2, H.0
Dolomite 7 CaMg(CO3)2
Sclérodermie Dystrophique Carbapatite 124 Cai0-x(POs)s—~(HPO* 4 ou
systémique et CO% 3 )x (OH)2« avec 0 <x
dermatomyosite <2

Tableau II. Nature et formule chimique des calcifications cutanées au cours de diverses

dermatoses.

De fagon assez remarquable, et contrairement aux données rapportées dans la peau, une
importante diversité chimique a été décrite dans d'autres organes : différents polymorphes de
carbonate de calcium ont par exemple été identifiés dans les calculs pancréatiques, biliaires,
salivaires et dans le foie '*°. La faible diversité de type chimique de calcifications identifiée
dans la peau pourrait étre liée au fonctionnement du tissu cutané lui-méme, mais aussi
simplement & une faible exploration de la composition de ces calcifications. Pourtant, une
meilleure compréhension de la variété chimique des calcifications cutanées aiderait
probablement a comprendre la physiopathologie de ces dermatoses, ainsi que les options
thérapeutiques. En effet, des études ont montré que la caractérisation chimique précise des
calcifications tissulaires peut guider le diagnostic et la prise en charge thérapeutique des
patients. Par exemple, au cours de la maladie lithiasique rénale, un taux élevé de carbonate dans

la carbapatite indique une pathologie lithiasique associée a un processus infectieux '’

Nous allons maintenant voir 1’application des outils précédemment décrits a la caractérisation
physico-chimiques des calcifications au cours de quatre dermatoses calcifiantes. Ces résultats,
portant sur des calcifications métastatiques et dystrophiques illustrent 1’intérét de 1’utilisation
de ces techniques. En outre, les derniers résultats présentés aborderont 1’apport de ces
techniques dans la caractérisation de dépdts cutanés exogenes, autre versant de mes thématiques

de recherche.



1. RESULTATS

1) Localisation, morphologie et composition chimique des calcifications cutanées au

cours de la calciphylaxie (article publié dans le JAMA Dermatology)

La calciphylaxie urémique touche jusqu'a 4 % des patients atteints d'insuffisance rénale
terminale. Elle est associée a une morbi-mortalité importante et a ce jour, les options

thérapeutiques sont extrémement limitées.

Cette pathologie est associée a la présence de calcifications tissulaires, en particulier cutanées
(a la fois interstitielles et vasculaire), entrainant des nécroses cutanées étendues. Le sexe
féminin, le diabéte, I’obésité, des taux sériques élevés de calcium, de phosphore et d'hormone
parathyroidienne et la prise d’anti vitamine K sont associés a un risque accru de développer la

maladie.

Malgré des descriptions cliniques et histologiques bien caractérisées, la physio genése exacte
de la calciphylaxie reste inconnue. L'identification chimique et la description des calcifications
cutanées par des techniques physico-chimiques pourraient contribuer a la compréhension de
cette pathogenése, conduisant a des traitements plus appropriés et a d’éventuelles mesures

préventives.

La publication présentée dans ce chapitre détermine précisément la localisation, la morphologie
et la composition chimique des calcifications cutanées associées a la calciphylaxie urémique en

utilisant les outils précédemment cités.
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Localization, Morphologic Features, and Chemical
Composition of Calciphylaxis-Related Skin Deposits

in Patients With Calcific Uremic Arteriolopathy
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Anne-Sophie Dillies, MD; Guillaume Chaby, MD; Hervé Maillard, MD; Diane Kottler, MD; Elisa Goujon, MD;
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for the Groupe Angio-Dermatologie of the French Society of Dermatology

IMPORTANCE Calcific uremic arteriolopathy (CUA), a rare, potentially fatal, disease with
calcium deposits in skin, mostly affects patients with end-stage renal disease who are
receiving dialysis. Chemical composition and structure of CUA calcifications have been poorly
described.

OBJECTIVES To describe the localization and morphologic features and determine the precise
chemical composition of CUA-related calcium deposits in skin, and identify any
mortality-associated factors.

DESIGN, SETTING, AND PARTICIPANTS A retrospective, multicenter cohort study was
conducted at 7 French hospitals including consecutive adults diagnosed with CUA between
January 1, 2006, and January 1, 2017, confirmed according to Hayashi clinical and histologic
criteria. Patients with normal renal function were excluded. For comparison, 5 skin samples
from patients with arteriolosclerosis and 5 others from the negative margins of
skin-carcinoma resection specimens were also analyzed.

MAIN OUTCOMES AND MEASURES Localization and morphologic features of the CUA-related
cutaneous calcium deposits were assessed with optical microscopy and field-emission-
scanning electron microscopy, and the chemical compositions of those deposits were
evaluated with p Fourier transform infrared spectroscopy. Raman spectroscopy. and energy
dispersive radiographs.

RESULTS Thirty-six patients (median [range] age, 64 [33-89] years; 26 [72%] female) were
included, and 29 cutaneous biopsies were analyzed. Calcific uremic arteriolopathy and
arteriolosclerosis skin calcifications were composed of pure calcium-phosphate apatite.
Calcific uremic arteriolopathy vascular calcifications were always circumferential, found in
small to medium-sized vessels, with interstitial deposits in 22 (76%) of the samples. A
thrombosis, most often in noncalcified capillary lumens in the superficial dermis, was seen in
5 samples from patients with CUA. Except for calcium deposits, the vessel structure of
patients with CUA appeared normal, unlike thickened arteriolosclerotic vessel walls. Twelve
(33%) patients died of CUA.

CONCLUSIONS AND RELEVANCE Calcific uremic arteriolopathy-related skin calcifications were
exclusively composed of pure calcium-phosphate apatite, localized circumferentially in small
to medium-sized vessels and often associated with interstitial deposits, suggesting its
pathogenesis differs from that of arteriolosclerosis. Although the chemical compositions of
CUA and arteriolosclerosis calcifications were similar, the vessels’ appearances and deposit
localizations differed, suggesting different pathogenetic mechanisms.

JAMA Dermatol. doi:10.1001/jamadermatol.2019.0381
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remic calciphylaxis, also called calcific uremic arteri-

olopathy (CUA), is a rare and severely morbid condi-

tion that predominantly affects patients with end-
stage renal disease (ESRD) receiving dialysis. Its frequency
among patients with ESRD reaches 4% and its incidence in-
creases for those on hemodialysis.! Calcific uremic arteriolopa-
thy’s high morbidity and mortality result from extensive skin
necrosis and septic complications, with the latter being the
leading cause of death. For patients with ESRD, an increased
risk of subsequent CUA development has been associated with
female sex, diabetes mellitus, higher body mass index, el-
evated serum calcium, phosphorus, and parathyroid hor-
mone levels, nutritional status, and vitamin K-antagonist
treatments.?

Although noninvasive imaging tools (eg, plain radio-
graphs) have been reported to help diagnose CUA,* none of
those tools has been systematically evaluated.* Definitive CUA
diagnosis requires a skin biopsy. However, because biopsy of
the skin is associated with the risk of new ulceration, bleed-
ing, and infection, actually obtaining one is sometimes
debated.®> When obtained, deep cutaneous biopsies of CUA
lesions show calcifications, smaller than 500 pm, in hypoder-
mal vessels, interstitial tissue or both, highly suggestive of CUA
with good specificity.®

Despite well-characterized clinical and histologic descrip-
tions of CUA, its precise pathogenetic mechanism remains
unclear.” Arteriolar calcification is probably the first event, fol-
lowed by thrombosis and skin ischemia. Determination of
chemical composition determination and description of the
skin calcifications through physicochemical techniques could
contribute to understanding CUA pathogenesis, leading to more
appropriate and specific treatments.® Nanotechnologies are re-
ceiving increased attention to improve understanding of the
effects of pathologic deposits on living tissues.®:1°

The aims of this study were to determine precisely the lo-
calization, morphologic features, and chemical composition
of calcifications in the skin of patients with CUA, and then ex-
amine whether any association could be established between
their microscopy findings and clinical characteristics.

Methods

This study followed the Strengthening the Reporting of Ob-
servational Studies in Epidemiology (STROBE) reporting
guideline. This study was conducted in compliance with Good
Clinical Practices and the Declaration of Helsinki,!! and in
accordance with French law. Formal ethics committee approval
of the study protocol was obtained. Patients provided written
informed consent.

Case Selection and Histopathologic Analyses

This retrospective study included consecutive adults diag-
nosed with CUA, confirmed according to Hayashi clinical and
histologic criteria, and seen in 7 French hospitals between Janu-
ary 1, 2006, and January 1, 2017.1? Patients with normal renal
function were excluded. Patients’ medical histories, treat-
ments, and laboratory findings were extracted from their medi-

JAMA Dermatology Published online May 22,2019
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Key Points

Question What are the precise localization, morphologic features,
and chemical composition of calciphylaxis-related skin deposits?

Findings This multicenter cohort study of 36 patients found that
calcific uremic arteriolopathy calcifications are composed of pure
calcium-phosphate apatite, always located circumferentially,
mostly in the intima of otherwise normal-appearing vessels, and
often associated with interstitial deposits, unlike calcifications
observed in cutaneous arteriolosclerotic vessels, which are
associated with medial hypertrophy containing the calcifications
and no interstitial deposits.

Meaning The differences observed between calcific uremic
arteriolopathy and cutaneous arteriolosclerosis regarding
calcification location and morphologic vascular features suggest
different pathogenetic mechanisms and provide new insights into
the pathogenesis of calcific uremic arteriolopathy that could
explain the poor efficacy of vasodilators and the therapeutic effect
of calcium-solubilizing drugs.

calrecords. They were classified into 2 clinical subgroups, dis-
tal or proximal CUA, according to the skin lesion localizations
described by Brandenburg et al.!®

Five skin samples from patients with arteriolosclerosis and
5 control samples from the negative margins of skin carcino-
maresections on the legs of 5 other patients were included and
served as controls. All 10 control participants had normal renal
function; only the 5 patients with arteriolosclerosis from among
a cohort of patients with necrotic angiodermatitis underwent
leg-skin biopsies.

Skin biopsy samples were sent to and centralized in Tenon
Hospital, Department of Pathology. For each subject, 1.5-ym-
thick sections of paraffin-embedded skin biopsy specimens were
deposited on glass slides, for hematoxylin-eosin-saffron and von
Kossa staining, and low-e microscope slides (MirrIR, Kevley
Technologies, Tienta Sciences) for field-emission-scanning
electron microscopy (FE-SEM), u Fourier transform infrared
(FT-IR) spectroscopy, and Raman spectroscopy.'* Vascular and
interstitial calcifications, the caliber of calcified vessels, and the
topography of deposits in skin sections were analyzed and com-
pared between patients with CUA and control participants.

Field-Emission-Scanning Electron Microscopy
Field-emission-scanning electron microscopy (Zeiss
SUPRAS55-VP) was used to describe the ultrastructural
characteristics of tissue sections. As previously described,
high-resolution images were obtained with in-lens and Ever-
hart-Thornley secondary electron detectors.!® Measure-
ments were taken at low voltage (1-2 kV), without the usual
carbon-coating of the sample surface. For some samples, en-
ergy-dispersive radiography (EDX) was also used to identify
calcium in the abnormal deposits.

u Fourier Transform Infrared and Raman Spectroscopies

Using the same sample as for FE-SEM analyses, FT-IR and Ra-
man spectroscopies identified the chemical compositions of
the CUA calcifications. All the FT-IR hyperspectral images were
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recorded with a Spectrum Spotlight 400 FT-IR imaging sys-
tem (Perkin-Elmer Life Sciences), with 6.25-mm spatial reso-
lution and 8-cm™ spectral resolution.!® Raman spectra were
collected with a micro-Raman system (LabRam HR-800 Evo-
lution) using 785-nm laser excitation wavelength, 100 x ob-
jective (Olympus, numerical aperture, 0.9) and 300 grooves
per millimeter grating. Spectra were corrected at baseline to
suppress the strong luminescence background.”

Statistical Analyses

Data are expressed as median (range) or number (%). Fisher
exact or x? tests were used to compare qualitative variables;
Wilcoxon rank sum or Mann-Whitney tests were used to com-
pare paired variables; and Mann-Whitney tests were used to
compare nonpaired or non-normally distributed variables.
Parameters with P < .20 in univariate analysis were entered
into a multivariate logistic-regression model, with Y as the
dependent variable. Two-tailed P <.05 was considered statis-
tically significant Analyses were performed with JMP version
13 (SAS Institute. Inc).

|
Results

Clinical and Histopathologic Findings

Among the 36 patients with CUA, median (range) age was 64
(33-89) years and 26 (72%) were female. No data on race/
ethnicity were collected. Twenty-nine skin biopsies could be
analyzed by optical microscopy, FE-SEM, and spectrosco-
pies. Clinical and histopathologic data are summarized in the
Table.

Optical microscopy analysis of hematoxylin-eosin-
saffron- and von Kossa-stained CUA biopsy specimens al-
ways found calcifications in small and medium-sized vessels
(diameter, 10-300 pum), mostly in hypodermal arterioles and
capillaries (Figure 1). These deposits occupied the entire cir-
cumference of the vessel and were located in the intima and
sometimes the media. They could be associated with intimal
fibrous or myxoid changes.

Those CUA vascular calcifications were associated with in-
terstitial deposits, mainly localized to the hypodermis, in 22
(76%) of the samples. Calcification size ranged from 1 to 500
pm, sometimes becoming confluent, with clusters reaching
several millimeters in diameter. They were eitherisolated, small
clusters between adipocytes (Figure 2A and B) or aligned in a
“pearl collar” along the cytoplasmic membranes of adipo-
cytes (Figure 2D and E). Calcified elastic fibers, collagen fi-
bers, or both were also seen in hypodermic septa or deep der-
mis. Thromboses were seen in 5 samples (17%), most often in
noncalcified capillaries in the superficial dermis.

The 5 arteriolosclerosis-control biopsy specimens
showed classic intimal fibrous endarteritis and Moénckeberg
medial calcinosis associated with calcium deposits that
were localized within the media along the internal elastic
lamina. Those calcifications were never circumferential and
no interstitial localization was observed. Negative margins
of resected carcinomas contained no vascular or interstitial
calcium deposits.

jamadermatology.com
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Table. Baseline Clinical, Biological, and Histologic Characteristics
of 36 Patients With CUA

Characteristic No. (%)
Demographic characteristics
Female to male ratio 2.6
Age at diagnosis, median (range), y 64 (33-89)
Comorbidities
Dialysis 30(83)
Dialysis-to-CUA interval, median (range), mo 24 (1-156)
Diabetes 23 (64)
Hypertension 33(92)
BMI >30 kg/m? 14 (39)
Vitamin K antagonists 16 (44)
Clinical characteristics
Proximal CUA 10 (28)
Necrosis 26 (72)
Ulceration 24 (67)
Livedo reticularis 18 (50)
Indurated plaques 15 (42)
Nodular lesions 9 (25)

Biological characteristics
2.26 (1.89-2.84)
1.57(0.93-3.68)

Serum calcium, median (range), mmol/L

Serum phosphate, median (range), mmol/L

Calcium x phosphate product >4.5 mmol?/L? 12 (33)
Serum parathyroid hormone >90 ng/L 24 (67)
Serum albumin, median (range), g/L 28 (18-37)
Cutaneous histologic features 29
Vascular calcifications 29 (100)
Interstitial calcifications 22 (76)
Thrombosis 5(14)

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided
by height in meters squared); CUA, calcific uremic arteriolopathy.

Conversion factors: To convert mmol/L to mg/dL, divide by 0.25; to convert
ng/L to pg/mL, divide by 1.0; to convert g/L to g/dL, divide by 10.

Twelve patients (33%) died of CUA. Poorer CUA progno-
sis was only associated with male sex (10 patients; P = .02)
or nodular lesions (9 patients; P = .04) (eTable in the
Supplement).

FE-SEM and Energy-Dispersive Radiograph Analyses
Subcellular calcification localization and morphologic
features were assessed with FE-SEM. Vascular deposits of
CUA were circumferential (Figure 1F and-Figure2C); at least 1
thrombosis in 5 of the 29 samples was located in the vessel lu-
men or intima, whereas the media usually appeared normal
with rare calcifications. Interstitial deposits surrounded adi-
pocytes, along the cell membranes. Morphologically, these
calcifications appeared to be composed of aggregated micro-
metric plates (Figure 2F).

Field-emission-scanning electron microscopy analyses of
control skin biopsies showing arteriolosclerosis contained vas-
cular calcifications in the media (Figure 1C), associated with
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Figure 1. Skin Biopsy Sections
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Figure 2. Skin Biopsy Sections
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Arteriolosclerosis with asymmetrical
fibrous intimal thickening (fibrous
endarteritis) and Monckeberg medial
calcinosis (calcification of the internal
elastic lamina and media):

A, Hematoxylin-eosin-saffron
(HES)-stained (original magnification
x400); B, von Kossa-stained (original
magnification x400);

C, Field-emission-scanning electron
microscopy (FE-SEM). Calcific uremic
arteriolopathy (CUA) hypodermic
arterioles with voluminous and
circumferential parietal calcium
deposits: D, HES-stained (original
magnification x400);

E. von Kossa-stained (original
maghnification x400); F, FE-SEM.

Calcific uremic arteriolopathy (CUA)
hypodermic capillaries with
voluminous and circumferential
parietal calcium deposits:

A, Hematoxylin-eosin-saffron
(HES)-stained (x400),

B, von Kossa-stained (original
magnification x400);

C, Field-emission-scanning electron
microscopy (FE-SEM). Interstitial
calcific uremic arteriolopathy (CUA)
deposits, aligned along the
cytoplasmic membranes of
adipocytes; D, HES-stained (original
maghnification x400);

E, von Kossa-stained (original
maghnification x400); F, FE-SEM.
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Figure 3. p Fourier Transform Infrared (FT-IR) Spectroscopy
of the Interstitial Calcific Uremic Arteriolopathy (CUA) Deposits
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A, Skin biopsy of CUA; B, Infrared map of the red square area, showing an
intense vascular deposit; C, Infrared spectrum of this vascular deposit:
calcium-phosphate apatite spectrum with characteristic peaks (1009, 958 and
870 cm™) in a protein matrix (skin tissue). The same spectrum was obtained for
CUA and arteriolosclerosis vascular calcifications.

medial hypertrophy and intimal fibrosis; no interstitial depos-
its were seen. Field-emission-scanning electron microscopy
analyses of negative resected carcinoma margins confirmed
the absence of vascular and interstitial deposits.

Energy-dispersive radiograph analyses of CUA samples veri-
fied the calcium and phosphate composition of vascular and in-
terstitial deposits, with similar calcium to phosphate ratios in
both sites. Energy-dispersive radiograph analyses showed the
composition of vascular deposits in control arteriolosclerosis
biopsies to be similar to that found in CUA.

Spectroscopic Analyses

W Fourier transform infrared (FT-IR) analyses of CUA and
arteriolosclerosis skin calcifications showed that all were
composed of calcium-phosphate apatite (Figure 3). Careful ex-
amination of 3 CUA samples identified the presence of amor-
phous carbonated calcium-phosphate associated with calci-
um-phosphate apatite that was not seen in any samples from
patients with arteriolosclerosis.

jamadermatology.com
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Raman spectroscopy confirmed the similar calcium-
phosphate-apatite compositions of vascular and interstitial
calcifications (Figure 4)."”

|
Discussion

These FE-SEM, EDX, and spectroscopic analyses were able to
finally specify the localization and the complete chemical
composition of skin calcifications in patients with CUA. Our
spectroscopic analyses demonstrated that those circumfer-
ential calcifications, located in the intima and media of skin
vessels in patients with CUA, were composed exclusively of cal-
cium-phosphate apatite. In 22 (76%) of these samples, calcium-
phosphate apatite was also found in interstitial tissue of the
deep dermis and hypodermis, along the cytoplasmic mem-
branes of adipocytes, and elastic and collagen fibers.

The chemical composition and localization of cutaneous
CUA calcifications have been investigated in only a few small
series. Using EDX and FE-SEM, Kramann et al'® found calcium/
phosphate accumulations, with a molar ratio matching that of
hydroxyapatite, in the hypodermis of 7 patients with CUA. Two
other studies used mass spectrometry and Raman spectros-
copy to detect and characterize CUA skin calcifications. Using
mass spectrometry, Amuluru et al'® showed that tissue samples
from 12 CUA patients had high iron and aluminum contents, sug-
gesting a role of metal deposition in CUA pathogenesis. Using
microcomputed-tomography and Raman spectroscopy, Lloyd
et al?° confirmed the presence carbonated apatite in debrided
CUA tissues from 6 patients. However, those studies included
small numbers of samples and performed only chemical analy-
ses. To the best of our knowledge, the precise localization and
exact morphologic features of these abnormal deposits have not
yet been reported.

Patients with proximal lesions, body mass index greater
than 30, ulcerated lesions, and female sex were reported to
have poorer prognoses.?! Our univariate and multivariate analy-
ses did not identify those factors as having a relationship with
shorter survival, and retained only male sex and nodular le-
sions as being significantly associated with mortality. How-
ever, the relatively small number of patients included makes
those findings less relevant than risk factors identified in larger
studies.

Skin deposits in patients with CUA or arteriolosclerosis
were always composed of calcium-phosphate apatite, but their
different localizations in the vessel walls could indicate dif-
ferent pathogenetic mechanisms. Indeed, arteriolosclerotic
vessel walls are thickened, with media hypertrophy, sugges-
tive of slowly progressive thickening and degeneration of the
arteriolar wall with secondary calcium-phosphate apatite
accumulation. Circumferential CUA vascular deposits were lo-
cated mostly in the intima of otherwise normal-appearing
vessels, suggesting a faster and global process, with primary
calcium deposition.

Ellis et al recently showed that pathognomonic cutane-
ous calcifications associated with CUA could also occur in
viable tissue from patients with ESRD who did not have
CUA, amputated because of peripheral arterial disease.?23
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Figure 4. Micro-Raman Signatures and Optical Micrographs of Periadipocyte and Vascular Calcifications
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Micrographs (original magnifications x10 and x100) of (A) Periadipocyte and
(B) Vascular calcifications (excitation wavelength A, = 785 nm; numerical
aperture, 0.9). The Raman bands at 960, 1076, and 590 cm™ correspond,
respectively, to the v;, v3 and v, phosphate vibrations of apatite. The

low-intensity v, carbonate vibrations around 680 to 715 cm™, expected for
carbapatite, are not observed. The strong fluorescence background has been
corrected on the presented spectra.

However, Ellis et al did not consider that some of their con-
trols might have had undiagnosed acral calciphylaxis and un-
dergone amputations for distal ischemia. Those possibilities
might explain some of their histopathologic observations of
calciphylaxis in their controls. Our histologic findings (cir-
cumferential calcifications of small to medium-sized vessels
often associated with interstitial calcifications) and high-
technology tools, such as FE-SEM, enabled us to demon-
strate several differences between the vascular calcifications
seen in CUA and arteriolosclerosis, thereby confirming our
previous results and those of Chen et al.®2%

Patients with calciphylaxis probably develop skin cal-
cifications subsequent to a disequilibrium between calcifi-
cation promoters and inhibitors. Calcium-inhibitor defi-
ciency, such as matrix Gla protein, impaired inhibition of
calcium-phosphate precipitation, thereby leading to skin
calcifications.?

Chronic inflammatory states, including ESRD, are asso-
ciated with increased levels of reactive oxygen species that
impair endothelial function.?> ESRD-related endothelial
dysfunction engenders vessel-wall abnormalities, including
the presence of bone morphogenetic protein in medial and
intimal layers.2® Such vascular protein modification, associ-

JAMA Dermatology Published online May 22,2019

ated with increased calcium x phosphate products, might
explain the intimal and medial calcifications observed in
CUA.

Interstitial calcifications were also seen in 22 (76%) of CUA
samples. Voluminous calcifications of the subcutaneous tis-
sue or dystrophic and metastatic calcinosis cutis are known to
occur in a variety of disorders, including dermatomyositis,
lupus, or trauma. The ectopic calcified masses, composed of hy-
droxyapatite and amorphous calcium-phosphate apatite, were
disseminated throughout the dermis and hypodermis that ap-
peared petrified, involving interstitial tissue and vessels.?” The
pathophysiologic development is still unclear but it has been
hypothesized that hypodermal inflammation might release the
phosphate bound to denatured proteins and serve as a niche for
ectopic calcifications.?” However, despite clinical and patho-
logic differences, the physiology of these calcifying disorders
might be similar, and calcium deposits obstructing some hy-
podermis vessels in CUA might lead to detrimental adipocyte,
collagen and elastic fiber alterations, and the release of the phos-
phate bound to denatured proteins and ectopic interstitial
calcifications. According to that hypothesis, interstitial calcifi-
cations might be a secondary phenomenon, thereby explain-
ing the inconstant interstitial localization. The constant pres-
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ence of vascular deposits could suggest a primary vascular
trigger of CUA.

Our finding that CUA vascular calcifications were always
circumferential suggests that therapeutic strategies with
vasodilators might be less relevant than those using calcium-
solubilizing drugs. Therefore, drugs that act on calcium-
phosphate precipitation, such as sodium thiosulfate, bisphos-
phonates, and vitamin K supplements, would seem to be more
appropriate and a rational approach for future therapeutic
studies on CUA.?”28 Along the same line, Dedinszki et al,?°
who studied other calcifying disorders, including pseudoxan-
thoma elasticum and generalized arterial calcifications of
infancy, reported that oral pyrophosphate inhibited tissue
calcifications.>°

Limitations

Because our study was retrospective, some information, in-
cluding vital status, was missing for some patients. Our fail-
ure toidentify factors associated with greater mortality in larger
studies might be explained by the relatively small size of our

Original Investigation Research

series. It is worth highlighting that morphologic features of cal-
cification can be modified by sectioning paraffin-embedded
skin biopsy specimens and that the appearance of these de-
posits may differ between glass and low-e slides, making it
more difficult to discern the association between optical
microscopy and electronic microscopy.

|
Conclusions

Our histologic, FE-SEM, EDX, and spectroscopy results provide
abetter understanding of the morphologic, ultrastructural, and
chemical characteristics of skin calcium-phosphate-apatite
deposits in patients with CUA. Those deposits appear to be
initially vascular and develop rapidly in normal vessel walls. Cir-
cumferential vascular and interstitial deposits, albeit inconstant,
were specific to CUA. Although the chemical compositions of
the calcifications were similar in CUA and arteriolosclerosis, the
vessels’ appearances and deposit localizations differed, suggest-
ing different pathogenetic mechanisms.
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2) Ulcéres de jambe calcifiés du sujet agé: description clinique et caractérisation

structurale et chimique (article publié dans le Journal of Gerontology)

Des calcifications dystrophiques peuvent également étre trouvées au sein de plaies chroniques,

telles que les ulceres.

Bien que leur présence soit rapportée depuis plusieurs décennies, ces calcifications associées
aux ulceres de jambes ont été tres peu étudiées et leur mécanisme de formation est mal compris.
Dans la littérature, elles sont le plus souvent associées a 1’insuffisance veineuse et a 1’origine
de retards de cicatrisation. Il n'existe actuellement aucun traitement standard pour leur prise en
charge, et le plus souvent celle-ci consiste en I’ablation a la pince des calcifications émergentes

dans le lit de la plaie au cours de la réfection du pansement.

La publication suivante présente les résultats d’une analyse ultra structurale et chimique

rigoureuse de ces calcifications, corrélée a la présentation clinique et biologique de ces patients.
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Abstract

Chronic wounds, including leg ulcers, constitute an important medical problem among older patients. Dystrophic calcifications (DC) are
associated with a variety of disorders, including leg ulcers. The aim of this study was to report the clinical and biological characteristics of older
patients with DC in leg ulcers and to determine the morphology and chemical composition of these calcifications. We conducted a prospective
monocentric study in our Geriatric-Wound and Healing ward, Rothschild Hospital, Paris, from January 2018 to December 2019. Patients
with leg ulcers were screened for DC by palpation. Patients’ clinical, biological, and radiological findings were collected. DC morphology
was analyzed using field-emission scanning electron microscopy and chemical composition was analyzed using pFourier transform infra-red
spectroscopy and X-ray Fluorescence. Ten (7%) of the 143 patients hospitalized for leg ulcers presented DC. Older patients with DC were
more likely to have leg ulcers with venous insufficiency (p = .015), colonized by Pseudomonas aeruginosa (p = .026), with a longer healing
evolution (p = .0072) and hypercalcemia (p = .041). Five DC were extracted from ulcers: 2 presented 500 nm lacunar spheres and intermingled
fibrils of about 10 nm in diameter, consistent with bacterial and biofilm imprints. DC were always composed of calcium-phosphate apatite
and associated to the presence of zinc. Our analyses were consistent with the involvement of microorganisms and inflammatory process in DC
formation. Early management of venous insufficiency, treatment of chronic bacterial colonization and use of calcium-solubilizing drugs seem
to be rational strategies for calcified leg ulcer management in older patients.

Keywords: Dystrophic calcification, pFourier Transform Infra-Red spectroscopy, Field emission scanning electron microscopy, X-ray Fluorescence

Chronic wounds constitute an important, but understudied medical
problem among older patients. These wounds are often classified as
leg ulcers, pressure ulcers, and diabetic neuropathic foot ulcers. In
the United States, chronic wounds affect 6.5 million patients (1).
Regarding health costs, chronic wounds account in France for at
least 1 billion € per year (2). They result in diminished quality of life,
frequent hospitalizations, and increased morbidity and mortality.
Dystrophic calcifications are associated with a variety of dis-
orders, such as vascular diseases, connective tissue diseases, inherited
disorders, cutaneous neoplasms, and infections (3). It is commonly

© The Author(s) 2021. Published by Oxford University Press on behalf of The Gerontological Society of America. All rights reserved.

For permissions, please e-mail: journals.permissions@oup.com.

admitted that aging is a risk factor for developing vascular, cardiac
valve, and soft tissue dystrophic calcifications, although the exact
pathogenesis link between these calcifications and aging remains un-
known (4).

Dystrophic calcifications (DC) can also be found within non-
healing wounds such as leg ulcers (5). Few studies have been
published on the subject, in which DC are usually detected by
palpation, routine x-rays, or ultrasonography. They showed that
DC affect up to 10% of patients with chronic venous insuffi-
ciency, affect more often older women, are associated with longer
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disease duration and more severe clinical scores, and are often
resistant to compression therapy (6-8). Dystrophic calcification
in a wound creates chronic foreign body inflammatory reaction
that contributes to a non-healing ulcer if calcific deposits are not
removed (9). To treat DC, calcium-channel blockers, minocycline,
bisphosphates, topical sodium thiosulfate, and surgical debride-
ment have been reported with limited results (10). There is
currently no standard treatment for dystrophic subcutaneous cal-
cifications in ulcers.

In order to prevent calcified deposits from developing in patients’
ulcers, better understanding of their pathophysiology is necessary.
However, up to now, very few studies have looked into DC patho-
genesis and ways to prevent their occurrence.

The aim of this study was to report clinical and biological char-
acteristics of older patients with DC in leg ulcers and to deter-
mine precisely the morphology and chemical composition of these
calcifications.

Method

Participants

A prospective monocentric study was conducted in our Geriatric-
Wound and Healing ward, at Rothschild Hospital in Paris, from
January 2018 to December 2019. All the patients hospitalized in our
ward for leg ulcers were screened for DC within the wound by pal-
pation. Patients’ medical history, treatments, laboratory, and radio-
logical findings were extracted from their medical charts. Regarding
clinical and biological variables, the following definitions were used:
lower limb arteriopathy was defined by an ankle-brachial index in-
ferior to 0.90; malnutrition was defined by a body mass index in-
ferior to 21 kg/m? and/or serum albumin inferior to 35 g/L; chronic
kidney disease was defined by an estimated glomerular filtration rate
(using the MDRD equation) inferior to 60 mL/min; hypercalcemia
was defined by a corrected serum calcium superior to 2.6 mmol/L.
All patients were clinically screened for Pseudomonas aeruginosa
colonization; such diagnosis was based on the presence of the fol-
lowing evocative signs: malodorous and greenish wound or greenish
tinge on removed dressings.

All participants gave their oral consent for DC analysis. This
study was performed in compliance with Good Clinical Practices
and the Declaration of Helsinki, and in accordance with French law.
DC were collected and analyzed in routine practice, as performed
for kidney stones and other ectopic calcifications (CNIL Declaration
Number 1709404).

Morphological and Chemical Characterizations

As part of the standard dressing refection, wounds are debrided using
a scalpel or a curette. If the DC were extracted during this procedure,
they were then analyzed using three different physicochemical tech-
niques: pFourier Transform Infra-Red (FT-IR) spectroscopy, Field
Emission Scanning Electron Microscopy (FE-SEM), and X-ray
Fluorescence (XRF). This combination of methods has been demon-
strated to be particularly effective for physicochemical identification
of mineral deposits in various tissue samples (11).

FE-SEM

FE-SEM (Zeiss SUPRAS55-VP, Oberkochen, Germany) was used
to describe the ultrastructural characteristics of DC. As previously
described, high-resolution images were obtained by two secondary
electron detectors: an in-lens SE detector and an Everhart Thornley

SE detector (12). Measurements were taken at low voltage (1-2 kV)
without the usual carbon coating of the sample surface. DC were
imaged at similar magnification for comparison.

FT-IR Spectroscopy

Using the same sample as those used for FE-SEM analyses, FT-IR
spectroscopy identified the chemical compositions of the DC. All the
FT-IR hyperspectral images were recorded with a Spectrum Spotlight
400 FT-IR imaging system (Perkin-Elmer Life Sciences, Courtaboeuf,
France), with 6.25-mm spatial resolution and 8 cm™ spectral reso-
lution (13). The compounds were identified by comparing them to
reference spectra (14).

XRF

XRF experiments were performed directly on DCs, in order to iden-
tify and quantify the presence of heavy metals. XRF was performed
using Molybdenum rotating anode x-ray generator (Rigaku RU200)
coupled with multilayer W/Si optics (Xenocs) delivering a focalized
and monochromated (A = 0.711 A) x-ray beam of 150 pm x 150 pm
size (15). Fluorescence spectra were measured with an energy-
dispersive detector (SDD detector, Ketek), with a time acquisition of
30 minutes. XRF analysis was performed with PyMca software (16).

Statistical Analyses

Values are expressed as 7 (%) or median (interquartile range). Chi-2
test with Yates’ correction was used to compare qualitative variables;
Mann-Whitney test was used to compare quantitative variables.

Results

Clinical, Biological, and Radiological Findings

One hundred forty-three patients were treated for leg ulcers in the
ward from January 2018 to December 2019. Ten (7%) of these
patients presented DC in leg ulcers. Demographic, geriatric assess-
ment, comorbidities, clinical, and biological characteristics are sum-
marized in Table 1. Patients with and without DC had comparable
demographic data, geriatric assessment, and comorbidities.

All of the patients with DC had either a venous (4 patients) or
a mixed arteriovenous (6 patients) leg ulcer. Patients with DC were
statistically more likely to have leg ulcers with venous insufficiency
(p =.015), colonized by P aeruginosa (p = .026) and a longer healing
evolution (p =.0072).

Most of the patients with DC were treated with either silver
sulfadiazine dressing to treat P aeruginosa colonization or silver ni-
trate solution to treat hypergranulation tissue during their hospital-
ization. Clinically visible DC were always removed, which helped
diminish the size of the leg ulcer. However, since for most patients
visible removable DC was associated to other deeper DC located in
other areas, full healing of all the wounds could not be achieved.

From a biological point of view, patients with DC had statistic-
ally higher levels of serum calcium (p = .048) and were statistically
more likely to have hypercalcemia (p = .041).

When performed, leg x-rays found constant subcutaneous
calcifications, associated with vascular calcifications in 4 cases
(Figure 1A). Both leg arteries (peroneal, anterior tibial, and pos-
terior tibial) and veins (greater saphenous vein) were calcified. When
DC could be extracted from the wound, the calcifications had a
yellowish-brownish color, with an irregular surface, measuring from
0.5 to 1 centimeter (Figure 1B).
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Table 1. Baseline Clinical, Biological, and Radiological Characteristics of the Patients

Characteristic Calcified Leg Ulcer (7 = 10) Noncalcified Leg Ulcer (7 = 133) p Value
Demographic
Female/male ratio 9 3.4 .58
Age at diagnosis, years 89 [81-94] 86 [81-89] .38
Geriatric assessment and comorbidities
Geriatric Index of Comorbidity 2.5 [2-3] 2 [2-3] .69
Activities of daily living 4 [2-5.5] 512-5.5] 93
Cognitive Impairments 3(30%) 37 (28%) 67
Malnutrition 6 (60%) 105 (79%) 27
Hypertension 8 (80%) 96 (72%) 92
Lower limb arteriopathy 6 (60%) 77 (59%) .75
Chronic kidney disease 1(10%) 58 (44%) .080
Body mass index > 30 kg/m? 2 (20%) 23 (17%) .83
Diabetes 1(10%) 36 (27%) 40
Clinical
Ulcer duration (years) 2 [0.9-9.5] 0.5 [0.2-2.0] .0072
Venous insufficiency 10 (100%) 73 (55%) .015
Past history of venous thromboembolism 2 (20%) 22 (16%) .87
Incompressible ankle arteries 4 (40%) 33 (25%) 51
Pseudomonas aeruginosa colonization 8 (80%) 57 (43%) .026
Recurrent erysipelas 8 (80%) 65 (49%) 13
Biological
Serum calcium, mmol/L 2.35 [2.28-2.37] 2.26 [2.20-2.34] 048
Corrected serum calcium, mmol/L 2.54 [2.47-2.68] 2.49 [2.42-2.57] 17
Hypercalcemia* 3 (30%) 13 (10%) 041
Serum phosphate, mmol/L 1.13[0.98-1.19] 1.04 [0.93-1.11] .26
Serum 25-hydroxyvitamin D, nmol/L 33 [11-84] 49 [25-77] .56
Serum albumin, g/L 30 [28-35] 31 [28-35] .88
Radiological 6 NA -
Subcutaneous calcifications 6 (100%) NA -
Vascular calcifications 4(67%) NA -

Notes: Values are expressed as 7 (%) or median [interquartile range]. NA = not available.

*Hypercalcemia is defined by a corrected serum calcium > 2.6 mmol/L.

Figure 1. Clinical and radiological features of a dystrophic calcification.
(A) Typical clinical presentation, with yellowish-brownish hard deposits,
adherent to the base of the wound (arrow). (B) Typical leg x-ray observed
in DC within leg ulcer, with vascular calcifications of the greater saphenous
vein (linear structure, arrow) and subcutaneous calcifications (arrow-head).

Morphological and Chemical Characterization
Five DC were extracted from leg ulcers during wound debridement
and underwent physicochemical analysis.

FE-SEM

FE-SEM observation showed lacunar spheres (500 nm in size) on the
calcifications’ surface of 2 of the 5 DC analyzed, compatible with
bacterial imprints (Figure 2) (17,18). Two patients had colonization
to P aeruginosa and had erysipelas. In one case, these imprints were
surrounded by intermingled fibrils of about 10 nm in diameter, com-
patible with exopolymeric matrix material, a biopolymer on which
is embedded biofilm microorganisms (19,20). In some areas of the
calcifications, spherical entities of 100-300 nm were also identified.

FT-IR Spectroscopy

FT-IR analysis showed that all DC were made of apatite associ-
ated with amorphous carbonated calcium phosphate and proteins
(Figure 3).

XRF

A typical x-ray fluorescence spectrum of a biological sample is
shown in Figure 4 where we observe the contributions of different
elements. In all 5 DC, contributions coming from calcium (Ca) and
phosphore (P) are identified as well as two heavy metals: zinc and
strontium (21). Presence of strontium is due to the fact that calcium
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Figure 2. Field emission scanning electron microscopy. (A) Isolated lacunar
spheres (500 nm in size) within the calcification surface (arrow). (B) Lacunar
spheres (around 500 nm in size, arrow) surrounded by intermingled fibrils of
about 10 nm in diameter (arrow-head), compatible with exopolymeric matrix
material, a biopolymer on which is embedded biofilm microorganisms.
Spherical entities of 100-300 nm can also be identified (circle).
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Figure 3. Macroscopic aspect and pFourier transform infra-red spectroscopy
of a dystrophic calcification. (A) Macroscopic aspect of a dystrophic
calcification extracted from a leg ulcers. (B) Infra-red spectrum: calcium-
phosphate apatite spectrum with characteristic peaks (1015, 959, and
875 cm™") associated with amorphous carbonated Calcium-phosphate.

and strontium have similar chemistry (these two elements share the
same column in the periodic table), and commonly substitute for one
another in minerals (22).
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Figure 4. X-ray fluorescence spectrum collected from a dystrophic
calcification. We can see clearly the contributions of calcium (Ko = 3691 eV,
Kp = 4012 eV), phosphore (Ka = 2000 eV), zinc (Ka = 8638 eV, Kp = 9572 eV),
and strontium (Ko = 14165 eV). Chromium (Cr), iron (Fe), and copper (Cu)
are contaminating elements coming from the stainless steel collimator
used for detection. Presence of silver (Ar) and sulfure (S) is probably the
consequence of the use of silver sulfate dressing to treat colonized wound.
*corresponds to compton peak, ** corresponds to Rayleigh peak, respectively
inelastic and elastic scatter that always occur within a sample.

Discussion

This clinical description, morphological and chemical characteriza-
tion of calcified leg ulcers in older patients allow a better under-
standing of the medical field in which DC occurs, better understanding
of their pathogenesis and provide paths to prevent DC formation. In
our study, the prevalence of DC within leg ulcer was 7%, affecting
mainly women with chronic venous insufficiency and longer disease
duration. These results are consistent with those reported in the lit-
erature. We also showed that patients with DC were more likely to
have ulcers colonized by P aeruginosa and hypercalcemia, which
has never been identified before. We also provide innovative mor-
phological and chemical analysis, and showed that DC were always
composed of apatite, contained zinc and showed bacterial imprints.

In uremic calciphylaxis, a well described calcifying disorder, dia-
betes mellitus, higher body mass index, elevated calcium phosphate
supersaturation and vitamin K antagonist treatments are associated
with increased risk of subsequently developing the disease (23). In
our study, there was no statistical difference between patients with
and without DC regarding diabetes, obesity and vitamin K antag-
onist treatment. However, based on corrected serum calcium levels,
patients with DC were statistically more likely to have hypercalcemia.
These elevated serum calcium levels, associated to other local factors,
might have played a role in our patients’ DC formation. Nine of our
ten patients with DC were women. Interestingly, many dermatosis
associated to ectopic calcifications affect more women than men,
such as calciphylaxis or pseudoxanthoma-elasticum. Oestrogen has
been proven to be involved in vascular calcification formation, and
might also play a role in DC formation as well (24).

Jiinger et al. have associated venous insufficiency to chronic in-
flammation (25). In older patients, venous insufficiency often de-
velops over decades, causing a long-term exposure to inflammation.
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Interestingly, patients with DC within leg ulcer were statistically
more likely to have venous insufficiency, some of which had been
evolving over decades. Furthermore, using XRE, we showed that all
DC contained zinc, an element that has been highly associated with
the immune response and inflammation (26).

Chronic inflammatory states are associated with increased levels
of reactive oxygen species that impair endothelial function and en-
genders vessel-wall abnormalities, including the presence of bone
morphogenetic proteins in medial and intimal layers. Such vascular
protein modification might explain the vascular calcifications ob-
served in our cases, which probably affect both veins and arteries, as
showed by incompressible ankle arteries found in 4 of our patients
(27,28).

Systematically controlling chronic venous disease with compres-
sion bandages could help avoid chronic inflammation as well as the
appearance of ulcers with calcified deposits.

The calcified deposits may also elicit a foreign body reaction in
the wound thus perpetuating a chronic inflammatory state (5). The
inflammation would lead to a vicious circle: inflammation would
participate to create the calcifications, and in turn the calcifications
would maintain the inflammation. Removing the DC, in addition
to allowing the wound to close, would also break this vicious cycle.

These hypotheses can explain the formation of vascular DC.
However, at least 4 of our patients also had subcutaneous DC asso-
ciated to these vascular DC. Studies have reported microangiopathic
changes and increased permeability of capillaries to low molecular
weight molecules in chronic venous insufficiency (25). The calcium
phosphate charged vesicles formed within the vessel wall could
therefore pass from the vessel to the dermis, forming subcutaneous
calcifications. Other studies suspect the role of dermal inflammation,
induced by chronic venous insufficiency. They speculate that inflam-
mation, through the production of metalloproteinase and free rad-
icals, damages extracellular matrix proteins, including elastin, thus
creating nucleation foci favoring calcium phosphate crystallization,
and consecutively formation of subcutaneous DC (29,30).

However, not all patients suffering from chronic venous disease
develop DC; chronic venous insufficiency cannot by itself explain
their formation, and DC in leg ulcer are probably the consequence
of multifactorial complex phenomena.

Using FE-SEM, we showed lacunar spheres within the calcifica-
tion surface, of size compatible with bacterial imprints (cocci bacteria
or cross cut gram negative bacilli), associated to intermingled fibrils
of about 10 nm in diameter in one case, compatible with organized
biofilm microorganisms. Interestingly, the two patients who presented
those microscopic features were both colonized by P aeruginosa and
had erysipelas. The role of bacteria has already been suspected in
kidney and prostatic stones formation (17,18). These results, associated
to the fact that most of our patients (80%) have developed erysipelas
and/or P aeruginosa colonization of their wounds during hospitaliza-
tion suggest the role of bacteria in DC formation. A better management
of leg ulcer colonization to P aeruginosa, based on an adapted dressing,
optimal debridement of the wound and frequent dressing’s refection
could help prevent DC formation in leg ulcers.

Using FE-SEM, we were also able to identify spherical calcified
entities of 100-300 nm. We can hypothetize that the aggregation of
these spherical entities leads to the formation of a larger calcified
plaque: a similar mechanism has been identified in ectopic breast
calcifications (31).

Although skin calcifications are usually composed of apatite,
other chemical species, including calcite, have been previously re-
ported (32,33). Dystrophic calcifications were composed of both

apatite and amorphous carbonated calcium phosphate. Interestingly,
amorphous carbonated calcium phosphate has been associated in
kidney stones to an infectious process (18). This result also goes to-
ward the role of bacteria in DC formation.

Strengths and Limitations

To the best of our knowledge, our study is the first to show that P
aeruginosa’s colonization and elevated serum calcium levels are stat-
istically associated to DC. We also used powerful tools to perform
the morphological and chemical characterization of DC in leg ulcers,
which is undeniably an original and innovative approach. We pro-
vide innovative information regarding DC in older patients that may
pave the way to therapeutic options.

However, this study also has some limits, including the fact that
it is a monocentric study, and that number of patients included and
of analyzed DC is limited. Furthermore, we only used palpation to
diagnose DC and did not perform systematic x-ray of all patients. As
the radiological resolution for detection of calcifications is known to
be of about 200 pm, x-ray is more sensitive than palpation to diag-
nose DC and physicians can fail to detect them if only palpation is
used (34). Therefore, we might have underestimated the prevalence
of DC in our patients. A larger study, with a control group, and sys-
tematic realization of x-rays on patients who consulted with a leg
ulcer would be interesting.

One of the innovative aspects of our study is the identification of
zinc in all analyzed DC. Unfortunately, we could not easily associate
zinc to clinical or biological inflammation in our patients. In order to
do so, we should have evaluated, graded and analyzed, for each pa-
tient, inflammation of the skin surrounding the ulcer. Regarding bio-
logical inflammation, we intentionally did not use C-reactive protein
(CRP): indeed, CRP levels are very fluctuant in patients with chronic
wounds, as they often have intercurrent infections. Determining the
right baseline CRP is therefore very hard and make comparison of
CRP levels irrelevant.

In conclusion, our clinical, morphological, and chemical charac-
terization of DC in leg ulcers brings about leads regarding ectopic
calcification pathogenesis in older patients, and provides preventive
and therapeutic options for calcified leg ulcers in older patients.

Dystrophic calcifications affected 7% of the patients hospitalized
in our Geriatric ward with leg ulcers. Older patients with DC were
more likely to have leg ulcers with venous insufficiency, colonized
by P aeruginosa, with a longer healing evolution (p = .0072) and
hypercalcemia. Geriatricians need to think of this condition when
confronted to non-healing leg ulcers in older women suffering from
chronic venous insufficiency. From a morphological point of view,
the observation of lacunar spheres and intermingled fibrils within
the DC surface observed in FE-SEM was consistent with the involve-
ment of microorganisms and biofilm. From a chemical point of view,
these calcifications were always composed of carbonated apatite and
always associated to zinc, consistent with the involvement of an in-
flammatory process during DC formation.

Early management of venous insufficiency, treatment of chronic
bacterial colonization and the use of calcium-solubilizing drugs
would seem to be a rational preventive and therapeutic strategy for
calcified leg ulcer in older patients.
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3) Calcinosis cutis au cours de la necrolyse épidermique : rdle de la caspofungine ?
(article publié dans le Journal of the European Academy of Dermatology and
Venereology)

Le syndrome de Lyell, ou nécrolyse épidermique toxique, est une forme extrémement grave
d'allergie médicamenteuse. Il se caractérise par une destruction aigué et étendue de I'épithélium
de la peau et des muqueuses. A la phase d’état, la nécrolyse épidermique Se présente
typiquement dans les régions atteintes un décollement épidermique en « linge mouillé ». Tout
traumatisme « arrache » des lambeaux d’épiderme (signe de Nikolsky) et fait place a un derme
rouge suintant. La totalité du tégument peut étre atteinte, mais également les différentes

muqueuses (ophtalmique, respiratoire, digestive...).

11 s’agit d’une pathologie extrémement grave, avec une mortalité de I'ordre de 30 % et un risque
important de séquelles. Les complications immédiates de la nécrolyse épidermique sont
identiques a celles observées dans les brllures étendues : pertes liquidiennes importantes
conduisant a une hypovolémie sévére avec risque d’insuffisance rénale fonctionnelle puis
organique et de défaillance cardiaque, infections systémiques graves, troubles de la
thermorégulation, augmentation de la consommation énergétique, et anomalies de la réponse

immune.

Un médicament peut étre imputé de maniere plausible dans 70 % des cas environ,
essentiellement les sulfamides antibactériens, de nombreux anti comitiaux, l'allopurinol et
certains anti-inflammatoires non stéroidiens. La physiopathologie reste mal connue, liée a un
processus immunologique probablement cytotoxique a médiation cellulaire. Le traitement,

essentiellement symptomatique, est au mieux conduit en unité de soins intensifs.

Généralement, la cicatrisation cutanéomuqueuse commence vers le 8e jour apres le début des
symptdmes et se poursuit sur 2 a 3 semaines. La publication suivante rapporte la description de
quatre patients, admis en réanimation pour syndrome de Lyell et dont 1’évolution était

caractérisée par des troubles de cicatrisation avec calcifications dermiques.

Nous avons réalisé une analyse physico-chimique précise de ces calcifications, ainsi qu’une

étude immuno-histochimique, pour tenter d’en comprendre 1’origine.
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Calcinosis cutis in epidermal
necrolysis: role of caspofungin?

Dear Editor,

Toxic epidermal necrolysis (TEN) is a rare life-threatening con-
dition, usually drug-induced, characterized by a diffuse epider-
mal and mucosal detachment. Skin histology reveals pan
epidermal necrolysis. Mucocutaneous healing usually lasts 2—3
weeks.! Calcinosis cutis is reported in various skin diseases, with
dystrophic calcification following tissue damage being its most
common cause.” We describe four patients who presented TEN
and atypical healing retardation due to calcinosis cutis.

Between 2015 and September 2021, four patients, three males
and one female, aged from 40 to 59 years old, were diagnosed with
TEN, idiopathic or following intake of ibuprofen, pantoprazole
and allopurinol respectively. Three to 22 days following the begin-
ning of cutaneous healing, they presented a secondary cutaneous
detachment with atone fibrinous plaques (Fig. 1). A new biopsy
revealed in the four cases calcium deposition in the superficial der-
mis and in the epidermis (Fig. 2a). Ionized serum calcium and
phosphate levels were normal. One patient died without healing,
whereas complete healing was slowly obtained within 5.5 and 11
months for two patients, and is still ongoing for one.

To investigate the origin of these cutaneous calcifications,
osteogenic markers, assessed by immunohistochemistry were
performed in three patients. Results were negative on ker-
atinocytes and fibroblasts, making unlikely trans-differentiation

of these cells to an osteochondrogenic phenotype, a mechanism
frequently suspected in calciphylaxis.” pFourier transform infra-
red spectroscopy revealed that calcifications consisted of apatite,
a classic component of dystrophic skin calcifications observed in
other diseases.> Field emission scanning electron microscopy
revealed that the ultrastructure of these skin calcifications con-
sisted of small spherical entities of 500 nm aggregating into volu-
minous plaques (Fig. 2b—d), as previously described in other
ectopic calcifications.” These spherical entities were also identi-
fied within the papillary dermis (Fig. 2e,f). Calcium-phosphate
nature of these entities was confirmed by energy dispersive X-ray
spectroscopy.

Reviewing the medical chart, we found that the four patients
were treated with caspofungin for invasive fungal infection to
Candida parapsilosis, Candida lusitaniae, Candida albicans or
non-documented septic shock 1-8 days before the secondary
epidermal detachment. Among the 130 patients with Stevens—
Johnson syndrome or TEN referred in our centre between 2015
and 2021, four other patients with TEN received caspofungin:
three died in the following days without any dermatological
examination. In the fourth case, new fibrinous plaques were
described in the medical chart 4 days later, without imaging or
histology performed.

We report herein four patients with TEN exhibiting calcinosis
cutis after caspofungin administration. Caspofungin is an ago-
nist of ryanodine receptor (RyR).®’” RyR is strongly expressed in
keratinocytes and application of RyR’s agonist induced

Figure 1 Clinical presentation of one patient. (a) Dermatological examination on day 12, revealing almost complete mucocutaneous
healing. (b) Dermatological examination on day 29, 11 days after the introduction of caspofungin, revealing diffuse epidermal detachment

associated with the presence of fibrinous plaques.
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Figure 2 Skin biopsy sections. Diffuse necrosis of the corneal layer associated with calcium deposition in the superficial dermis. (a) Von
Kossa staining (x100). (b) Field emission scanning electron microscopy. Arrow indicates the voluminous calcifications. (c—f) Field emis-
sion scanning electron microscopy. (c) The lower part of the voluminous calcification (circle) consists of many small aggregated spherical
entities. (d) High magnification of panel (c) circled area. (e) Papillary dermis below voluminous calcification. (f) High magnification of panel
(e) circled area, showing many spherical calcifications within the papillary dermis.

intracellular calcium flux, leading to delayed cutaneous healing
in a mouse model.® By modifying keratinocytes® calcium intra-
cellular concentration, caspofungin might have altered the new
keratinocytes at the very initial stage of cutaneous healing,
explaining the presence of upper dermis and epidermal calcifica-
tions and the relapse of epidermal detachment followed by a
major healing retardation.

JEADV 2021

Calcifications were small spherical entities aggregated into
voluminous plaques contiguous to the epidermal necrosis, made
of apatite, and were not caused by trans-differentiation of the
skin cells into an osteochondrogenic phenotype. Presence of cal-
cified entities within the upper but not the deeper dermis sug-
gests a link between local inflammation induced by TEN and
calcifications, as observed in other dystrophic calcified skin

© 2021 European Academy of Dermatology and Venereology
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diseases. Skin calcifications have also been described in other
diseases associated with diffuse epidermal detachment, such
as porphyria cutanea tarda and dystrophic epidermolysis
bullosa.”'°

Liposomal amphotericin B or fluconazole might, therefore, be
preferred for these patients in case of invasive fungal infection.
Further studies regarding dermatological adverse events induced
by caspofungin, especially on mucocutaneous healing, should be

performed.
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4) Caracterisation physico-chimique des dépdts inorganiques associés aux
granulomes sarcoidosiques cutanés (article publié dans le Journal of the European
Academy of Dermatology and Venereology)

La sarcoidose est une maladie pouvant toucher de nombreux organes, en particulier les
poumons et la peau, organes exposés directement aux agents minéraux extérieurs. La peau est
atteinte dans 25 a 30% des cas. Les lésions cutanées sont tres variées, et peuvent étre a type de
papules, Iésion annulaire, éruption maculo-papuleuse ou de lupus pernio. L’atteinte pulmonaire
est sévere dans 10% des cas, conduisant a une fibrose et a une insuffisance respiratoire

chronique.

La maladie débute généralement entre trente et quarante ans. Elle est plus fréquente chez les
femmes et chez les patients d’origine africaine ou antillaise. La cause de la maladie demeure
inconnue, et celle-ci est probablement la conséquence d’une réponse immunitaire dérégulée

vis-a-vis d’agents bactériens et environnementaux sur un terrain génétique prédisposant.

Le diagnostic de la maladie repose sur la biopsie, en particulier cutanée en cas de Iésions
dermatologiques. On retrouve la présence de granulomes épithélioides gigantocellulaires, sans

nécrose caséeuse.

Bien que la cause exacte de la maladie demeure inconnue, le role des agents inorganiques, en

particulier des particules environnementales minérales telle que la silice, est suspecté.

L’atteinte fréquente par la sarcoidose cutanée des zones cicatricielles ainsi que des zones
tatouées corroborent cette hypothese. Par ailleurs, la présence de corps étrangers biréfringents
en lumiére polarisée au centre des granulomes cutanés dans les sarcoidoses systémiques est
décrite, jusqu’a 22% dans la série de Marcoval et al 122 Ces dépdts pourraient correspondre a

des particules minérales et favoriser la survenue de la maladie.

Par ailleurs, 10% des patients atteints de sarcoidose présentent une hypercalcémie d’origine
encore indéterminée, mais probablement liée a la production dérégulee par les granulomes de
vitamine D. Ces désordres pourraient conduire a des dép6ts tissulaires calciques ectopiques, en
particulier cutanés ; la littérature rapporte ainsi un cas de calcifications sous cutanées multiples
chez un patient présentant une hypercalcémie et une hyperphosphatémie satellite d’une

sarcoidose avec atteinte pulmonaire **°.
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Dans le cadre de ma thése, I’étude de cette pathologie, associée a la fois a la présence de dépots
minéraux exogenes et de dépdts calciques endogénes est particulierement intéressante. La

publication suivante présente les résultats de 1’analyse physico-chimique de ces différents
dépots.
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Abstract

Background Sarcoidosis, characterized by epithelioid granulomas, is considered to be caused by a complex interplay
between genetics and environmental agents. It has been hypothesized that exogenous inorganic particles as crystalline
silica could be a causal or adjuvant agent in sarcoidosis onset.

Objectives To investigate the location, frequency and physicochemical characteristics of foreign materials and mineral
tissue deposits in the granulomatous area of cutaneous sarcoidosis.

Methods Skin biopsies (n = 14) from patients diagnosed with cutaneous sarcoidosis (mean age 43 years; 11 patients
with extracutaneous involvement) were investigated using polarized light examination (PLE), uFourier Transform Infra-
Red (uFT-IR) spectroscopy and Field Emission Scanning Electron Microscopy coupled with Energy Dispersive X-ray
Spectroscopy (FE-SEM/EDX).

Results Combined PLE, pFT-IR, FE-SEM/EDX analysis allowed to characterize mineral deposits in 7/14 biopsies
(50%). It identified crystalline silica (SiO,) inside granulomas in three biopsies and calcite (CaCOy) at their periphery in 4.
Conclusion This study emphasizes the need of using combined methods for assessment of mineral deposits in granu-
lomatous diseases. According to the location and characteristics of deposits, we can hypothesize that SiO, particles
contribute to the granuloma formation, whereas CaCO; deposits are related to the granuloma biology. However, the sig-
nificance of the association between SiO, deposits and sarcoidosis is still disputed.
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Introduction
Sarcoidosis is characterized by an exaggerated granulomatous
response mostly affecting the lung, skin and eye, locations par-

2

ticularly exposed to exogenous particulates.”* Granuloma

mostly constituted of macrophage lineage cells is thought to be
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JEADV 2019, 33, 198-203

controlled by innate as well as adaptive immune mechanisms in
a complex combination of genetic susceptibility, immune net-
works and infectious and/or environmental agents.’

Sarcoidosis affects the skin in 25-30% of patients and mani-
fests by a wide range of clinical cutaneous lesions.*® It is well
known that sarcoidosis preferentially affects sites with a prior
injury as tattoos or scars. Polarizable material has been reported

© 2018 European Academy of Dermatology and Venereology
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up to 22% of the cases suggesting that foreign material could be
a nidus for granuloma formation and a potential trigger for the
disease.®®

This study, based on a series of cutaneous biopsies of sar-
coidosis, was designed to investigate the frequency and physico-
chemical characterization of mineral deposits in the
granulomatous areas. To describe their characteristics at the sub-
cellular scale as well as their chemical nature, in addition to
polarized light examination (PLE), two different techniques of
physicochemical analysis were used: pFourier Transform Infra-
Red (MFT-IR) spectroscopy and Field Emission Scanning Elec-
tron Microscopy coupled with Energy Dispersive X-ray Spec-
troscopy (FE-SEM/EDX).” Such a combination of methods has
been amply demonstrated to be particularly effective for detec-
tion and physicochemical identification of inorganic/mineral

deposits in various tissue samples.'’
Material and methods

Skin biopsies, histopathology and polarized light
examination

The study was conducted in compliance with Good Clinical
Practices and the Declaration of Helsinki, according to French
law.

A retrospective monocentric study was conducted, from Jan-
uary 2012 to December 2015. Consecutive patients diagnosed
with skin sarcoidosis during this period, based on clinical data
and histopathology results, were included. Clinical and biologi-
cal data, including demographic, occupation, past medical his-
tory, extracutaneous involvement of the disease, clinical
description and location of the skin lesions, calcium and angio-
tensin-converting enzyme serum levels were collected.

Five samples from negative margins of skin carcinoma resec-
tions were included and further described as controls.

Multiples sections of 1.5 pm from paraffin-embedded skin
biopsies were obtained and deposited on two types of slides:
glass slides, for haematoxylin-eosin-saffron (HES), and low-e
microscope slides (MirrIR; Kevley Technologies, Tienta Sciences,
Indianapolis, IN, USA) for FE-SEM/EDX and pFT-IR. The loca-
tion (superficial and deep dermis, sub-cutis) and number of
granulomas observed per biopsy were evaluated. A screening by
PLE was performed by two different pathologists.

Skin sections were analysed and compared between cases and
controls, for the presence of abnormal deposits.

Physicochemical analysis of mineral deposits
The tools and methods have been extensively described in a the-
matic issue of the Comptes Rendus Chimie de ’Académie des
Sciences Paris France.'!

Briefly, for uFT-IR, tissue sections deposited on low-e micro-
scope slides were analysed with the Spotlight 400 FTIR Imaging
System (Perkin Elmer Life Sciences — Courtaboeuf, France), in
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the mid-infrared (4000-700 cm™!) spectral range to obtain
infrared maps of tissue slides at high spatial resolution, down to
10 pm.’

For FE-SEM/EDX the sections previously used for pFT-IR
were observed on a Zeiss SUPRA55-VP SEM (Zeiss
SUPRA55-VP — Oberkochen, Germany) equipped with in-lens
SE and Everhart-Thornley SE secondary electron detectors.'?
Energy Dispersive X-ray spectroscopy (EDX) coupled to FE-
SEM observation was used to confirm the nature of the
deposits.

Table 1 Demographic, clinical and histopathological data of
cases

N (%)
Patient’s characteristics 14
Men/Female 9/5
Age at inclusion (years) 43 (23-68)
Type of lesions
Nodules 7 (50)
Papules 6 (43)
Plaques 1(7)
Localization
Lower limbs 5 (36)
Face 5 (36)
Upper Limbs 4 (29)
Trunk 2(14)
Treatment
Hydroxychloroquine 7 (50)
Systemic corticosteroids 5(36)
Immunosuppressive therapy 4 (29)
Local corticosteroids 2(14)
No treatment 1(7)
Extracutaneous localizations 11 (79)
Pulmonary 10 (71)
Renal 2(14)
Osteo-articular 2(14)
Neurological 1(7)
Ophthalmological 1(7)
Occupational exposure to mineral dusts 4(29)
Biology
Hypercalcemia* 2(14)
Elevated angiotensin-converting enzyme level 4(29)
Number of granulomas per section
<10 5(33)
10-50 6 (40)
>50 4 (26)
Localization of the granulomas
Superficial dermis 11 (73)
Deep dermis 10 (67)
Hypodermis 5(33)
Presence of refractive material 5(33)

*Defined as serum calcium level >2.6 mmol/l.
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Figure 1 Optic microscopy, PLE and SEM of granulomas in cutaneous sarcoidosis. (a) Optic microscopy of a characteristic cutaneous gran-
uloma (HES x 200). (b) PLE of the same granuloma, showing birefringent particles. (c) Optical microscopy of another granuloma (HES x 400);
(d) PLE, showing birefringent particles. (e-f) SEM photographs showing an intragranuloma inorganic deposit at two magnifications.

Results

Skin biopsies, histopathology and polarized light
examination (PLE)

Sixteen patients were diagnosed with skin sarcoidosis at Tenon
Hospital from January 2012 to December 2015. Two patients
were excluded because the tissue sample available for analysis
was too small. Finally, cutaneous biopsies from 14 patients (nine
men; five women) were selected for further analysis. Demo-
graphic, clinical and histopathological characteristics of all
patients are summarized in Table 1 and for each patient in
Table S1. Eleven patients had associated extracutaneous localiza-
tions of sarcoidosis mostly pulmonary (#n = 10). One of the three
patients without extracutaneous localization, (patient 8 in

JEADV 2019, 33, 198-203

Table S1) had a single granulomatous lesion of the forehead and
the diagnosis of “localized sarcoidosis-like granulomatous reac-
tion” could not be excluded. For PLE from 4 to 33 (mean = 16)
sections per biopsy were analysed. Refractive material was detected
in five biopsies, restricted to one or two granulomas per section
(Fig. 1). Interstitial peri granulomatous fibrosis was observed in 13
cases without any polarized signal observed in this area.

Physicochemical analysis of mineral deposits

Intra granuloma mineral silica (SiO,) deposits In three biopsies
with PLE refractive material, uFT-IR characterized mineral silica
deposits (Fig. 2).

FE-SEM observation showed that silica particles were inside
the granulomas. In two samples, the deposits were sharp,
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Figure 2 Examples of physicochemical analysis of the mineral silica (SiO,) deposits observed within a granuloma. (a) uFT-IR microspec-
troscopy: IR spectrum showing the characteristic signals of silica in the protein matrix of a granuloma. (b) FE-SEM/EDX the EDAX spec-
trum identifies the presence of a significant signal related to silicon (Si) in the deposit (1.740 keV/cm).

unique, irregular objects more than 10 um long. In the third,
the deposit was an aggregate of very small objects some of them
at the nanoparticle scale. No other nanoparticles of SiO, were
observed within the granuloma or in its vicinity. EDX analysis
confirmed the presence of silica in these three samples (Fig. 2).

Peripheral calcium carbonate (CaCO3) deposits LFT-IR analy-
sis of four biopsies detected calcite (CaCOj3) deposits in the form
of calcite at the periphery of the granulomas. FE-SEM/EDX
showed aggregates of submicrometer spherical deposits of calcite
located between the collagen fibres (Fig. 3). Two of these four
patients had hypercalcemia.

Controls

Similar analyses were performed on the five samples from the
control group, no deposits were found either in dermis or sub-
cutis.

Discussion
Using combined methods, we yield comprehensive information
on the location and physicochemical nature of inorganic depos-
its in granulomas (crystalline silica SiO,) and perigranuloma tis-
sues (calcite CaCOs3) in patients with cutaneous sarcoidosis. We
identified crystalline silica (SiO,) inside granulomas in three
biopsies and calcium carbonate (CaCO3) at their periphery in 4.
Refractive material was observed by PLE in five biopsies
(35%) which is in accordance with the 20-78% reported range.”
In our series, PFT-IR showed silica deposits in three biopsies
(21%) which has been confirmed to be crystalline silica by FE-
SEM/EDX. For one of these biopsies, the PLE examination was

JEADV 2019, 33, 198-203

negative, while for three PLE positive samples infrared spec-
troscopy identified calcium carbonate deposits.

Crystalline silica was identified in granulomas in three biop-
sies from environment exposed skin areas (elbow, arm and fore-
head). This finding is in keeping with the origin of SiO, deposits
in relation to environmental or occupational exposure. For one
patient the area has previously been affected by a trauma which
could have been responsible for deposition of foreign bodies.
Accordingly to epidemiological studies, crystalline silica has been
suggested to play a role in sarcoidosis occurrence particularly
after environmental or occupational exposure.'> However, in the
present study identification of SiO, particles has been a particu-
larly rare event affecting at least one granuloma section among a
mean of 75 analysed per biopsy. But it cannot be excluded that
the frequency of deposits was largely underestimated. As each
granuloma has a mean diameter of at least 150-200 pm,'* 5 pm
sections correspond to a very limited fraction of the lesion. In
addition, loss of these hard particles deposits may occur during
the processing of tissue sample particularly at the sectioning
step. SEM examination showed that SiO, particles were observed
as unique intracellular deposits. It has been hypothesized that
nanoparticles of silica undetected by PLE could be a causative
agent in sarcoidosis.'” The significance of the frequent associa-
tion between foreign material and sarcoidosis is still controver-
sial.® Foreign bodies may be initial triggers for sarcoidosis
constituting the nidus for granulomas in patients with a particu-
lar genetic background having an impaired capacity to handle
particulate foreign material.'®'” Conversely, another hypothesis
is to consider granuloma in sarcoidosis as a host related inflam-
matory/immune reaction non-specific of a special antigen or
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Figure 3 Detection and physicochemical analysis of calcite (CaCOjz) deposits at the periphery of granulomas. (a) SEM photograph
showing aggregates of submicrometer spherical deposits localized between the collagen fibres (arrow). (b) tFT-IR microspectroscopy: IR
spectrum showing the characteristic peaks of calcite (CaCO3). (c) FE-SEM/EDX: the EDAX spectrum identifies the presence of a signifi-
cant signal related to calcium (Ca; 3.7 keV) and the absence of a signal from phosphore (P; 2.01 keV) in line with the FTIR spectrum iden-

tifying calcite (CaCOs).

particulate occurring at sites where potential incidental trigger-
ing agents (scars, foreign material, antigens...) are already
located. In line with this hypothesis is the observation of granu-
loma recurrence on tattoos or scars in parallel with exacerbation
or relapse of systemic sarcoidosis.'®

Calcite deposits were observed at distance from granulomas,
within the connective tissue of dermis in four patients, two with
hypercalcemia. Calcium oxalate and phosphate deposits have
been reported in sarcoidosis, however, to the best of our knowl-
edge, we report the first cases of calcite deposits.'” Presence at
the nanometre scale of these deposits, including in patients with
normal serum calcium level, raises the question that calcium car-
bonate deposits in tissues around granulomas could be a com-
mon not yet highlighted finding in conjunction with the role of
the granuloma in vitamin D and calcium metabolism.*

In conclusion, such a study needs to be extended to samples
from other organs affected by sarcoidosis, mostly lung and
mediastinal lymph nodes exposed to environmental and

JEADV 2019, 33, 198-203

occupational pollutants. Moreover, the consequence of calcite
deposits in organs where granulomas develop should be investi-
gated.
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Abstract. Although numerous pathologies are associated with abnormal skin deposits, these remain
poorly described, as accurate characterization continues to present a challenge for dermatologists.
Their submicrometer size as well as their diverse chemistry require various characterization tools. We
aim to exemplify characterization of endogenous and exogenous skin deposits in some selected skin
diseases using different physico-chemical techniques. We begin with a presentation of selected dis-
eases associated with skin deposits. We then present those of our results which show their variety of
structure, location and chemical composition, obtained with various tools: Field Emission Scanning
Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy, X-ray fluorescence, vibra-
tional spectroscopies, as well as techniques specific to synchrotron radiation. Our results constitute a
real opportunity to improve diagnosis, and to understand the pathogenesis of many skin diseases, and
opportunities for therapeutic intervention.

Keywords. Dermatology, Calcification, Vibrational spectroscopies, Electronic microscopy, Syn-
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1. Introduction

A wide variety of diseases produces pathological de-
posits in tissues, including cancers, genetic disorders,
infectious processes and environmental diseases.
Such diversity explains the strong interest of the sci-
entific and the medical community in these patho-
logical deposits, as well as the difficulty of establish-
ing a meaningful relationship between their physico-
chemistry and the underlying pathology [1-6].

In dermatology, the medical literature reveals the
same complexity, and various skin diseases are asso-
ciated with either endogenous (mineral or organic)
or exogenous deposits [7,8]. Mineral endogenous de-
posits are generally composed of calcium phosphate
apatite deposits, and are often considered to be pro-
voked by the skin disease itself [9], while exogenous
deposits can present various chemical phases, and
are often considered as potential disease causes [10].

Due to their submicrometer size as well as their
chemical diversity, characterization of pathological

C. R. Chimie— Online first, 24th February 2022

deposits in the dermis cannot be performed with
conventional techniques routinely used in hospi-
tal laboratories. Some standard staining procedures
such as von Kossa, Yasu or alizarin red, can demon-
strate the phospho-calcic nature of the deposits, but
they do not provide further information on their
chemical composition [11]. It is therefore necessary
to develop physico-chemical techniques able to de-
scribe their structural characteristics at a microme-
tre, or even nanometer, scale, as well as their chemi-
cal composition [12,13]. Such an approach has been
applied successfully to various pathological calcifica-
tions in different organs, such as the kidney [14,15],
prostate [16,17] or thyroid [18,19].

Various techniques can be used, including Field
Emission Scanning Electron Microscopy coupled
with Energy Dispersive X-ray Spectroscopy (FE-
SEM/EDX) [20-22], upX-ray fluorescence (XRF)
[23-25], puX-ray scattering [26-29], vibrational spec-
troscopies: pyFourier Transform Infra-Red (FTIR) and
1Raman spectroscopies [30-35] as well as techniques
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specific to synchrotron radiation [36-39] such as X-
ray absorption near edge structure (XANES) [40-45].
These techniques allow the clinician a deeper un-
derstanding of the biophysical mechanisms related
to the pathogenesis of an abnormal deposit [46],
establish a medical diagnosis [47-50] and have a
better idea of the effects of drugs on pathological
calcifications [51].

The aim of this paper is to present structural and
chemical characterisations of both endogenous and
exogenous deposits seen in various skin diseases and
to discuss the advantages and the limitations of dif-
ferent physico-chemical techniques.

2. Generalities regarding skin calcifications

We will first review definitions related to skin calci-
fication with reference to the literature, after which
we will present some recent results using physico-
chemical techniques on various skin disease.

2.1. Usual description of disease related to skin
calcifications

Skin calcification, also known as calcinosis cutis, has
been described for decades, and linked to inflamma-
tory, metabolic, tumoral, genetic and infectious skin
diseases [52].

Various authors have proposed classifications of
these diseases based on the physiological process
leading to the pathological skin calcifications. Four
categories are generally recognized: metastatic, dys-
trophic, idiopathic and iatrogenic calcifications [53],
mainly distinguished based on their formation
mechanism. The most commonly encountered skin
calcifications are metastatic and dystrophic [52].

As Table 1 shows, skin calcifications are not always
associated with abnormal calcium and phosphate
serum levels. Dystrophic calcifications, for example,
are induced by local tissue injury or abnormalities
affecting collagen or elastic fibres specifically. Sys-
temic sclerosis [54], lupus erythematosus [55], der-
matomyositis [56], or mixed connective tissue dis-
eases, are typical examples of skin pathologies that
induce such tissue damage, leading to a calcifica-
tion nidus. In contrast, metastatic calcifications re-
sult from skin calcifications that form on normal tis-
sue adjacent to areas with abnormal calcium and/or
phosphate metabolism [53].
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Figure 1. Vascular (red arrow) and subcuta-
neous (green arrow) skin calcifications of the
lower limb, in the case of chronic venous insuf-
ficiency and leg ulcers.

Some diseases are not easily classified into these
categories. Pseudoxanthoma elasticum, for example,
is an inherited disease, associated with both a deficit
in anti-mineralizing factor (pyrophosphate) and al-
terations of elastic fibres [57]. The initial phenome-
non causing the disease is still disputed, making cal-
cifications observed in pseudoxanthoma elasticum
difficult to classify from dystrophic to metastatic cal-
cifications.

Many skin structures can be calcified, especially
in the dermis, including vessel walls and dermal in-
terstitium. Figure 1 illustrates the radiological aspects
of dystrophic calcifications in chronic venous insuf-
ficiency and leg ulcers. Presence of both vascular cal-
cifications, shown by the linear aspect of the deposit,
and dermal calcifications, illustrated by a more scat-
tered aspect, are depicted.

While in mammalian epidermis a characteris-
tic calcium gradient exists between lower and up-
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Table 1. Types of skin calcifications and related diseases with some of their mechanisms

Type of calcifications Calcification mechanism

Related diseases

Metastatic Systemic alteration of calcium phosphate Chronic kidney disease
metabolism Calciphylaxis
Hyperparathyroidism
Paraneoplastic syndrom
Sarcoidosis
Dystrophic Inflammation/cell death or mineral Connective tissue diseases
deposition at sites of tissue damage or Scleroderma
alteration of collagen and elastin fibres Lupus erythematosus
Serum calcium and phosphate levels are Dermatomyositis
within normal ranges Cutaneous neoplasms
Infection
Trauma
Chronic venous insufficiency
Inherited disorders
Werner Syndrome
Pseudoxanthoma elasticum
Ehlers-Danlos syndrome
Familial tumoral calcinosis
Idiopathic No underlying tissue damage or metabolic ~ Subepidermal calcified nodules
disorder
Iatrogenic Elevated tissue concentration of calcium Intravenous calcium or

and tissue damage at the site of

extravasated calcium

para-aminosalicylic acid

per layers of the epidermis, little data exists regard-
ing the calcium gradient within the dermis [58-60].
A dermis calcium gradient and its disruption con-
sequent on disease remodelling of skin structures
may play a role in skin calcification. However, not all
patients with disrupted calcium-phosphate metabo-
lism, nor all patients with local tissue injury, develop
skin calcifications. It is probably the consequence of
a complex interaction between metabolic disorders
and genetic predispositions.

2.2. Diversity of skin calcification localisation
and morphology

Latest generation FE-SEM allows a submicrometer
scale structural description of these calcified de-
posits [20-22]. While optical microscopy is limited to
a magnification of ca. 1000 (i.e. with a 100x objective
and a 10x eyepiece), low voltage electrons can define
skin surface topology at magnifications greater than
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10,000, constituting a unique opportunity to describe
micro calcifications undetected optically.

For our observations, we used a Zeiss SUPRA55-
VP SEM, a field-emission “gun” microscope (FE-
SEM) operating at 0.5-30 kV. High-resolution obser-
vations were obtained using an Everhart-Thornley
SE detector. An in-lens SE detector is also available.
All the measurements were taken at low voltage (be-
tween 0.5 and 2 kV) without the usual carbon de-
posits at the sample surface. Electron induced X-ray
fluorescence experiments are also possible. Five mi-
cron tissue slices were deposited on low-e micro-
scope slides (MirrIR, Kevley Technologies, Tienta Sci-
ences, Indianapolis) to enable IR measurements to
be performed on the very same sample [13]. Figure 2
shows five skin slices deposited on the low-e micro-
scope slide and positioned in the FE-SEM.

Based on such FE-SEM observations, we identi-
fied three different locations where skin calcifications
are typically observed: hypodermis, vessel, and der-
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Electrons Detector

Figure 2. Skin biopsy slices are shown on the low-e microscope slide, positioned in the FE-SEM.

mal fibres (Figure 3). These micrometer scale de-
scriptions constitute a significantly complementary
approach to the usual routine hospital radiologic
observations shown in Figure 1. Indeed, the spatial
resolution of radiological measurements is far infe-
rior [61]; FE-SEM therefore provides unique informa-
tion regarding the exact location of sub micrometer
pathological skin deposits.

FE-SEM also provides information on the mor-
phology of the pathological calcifications. Morphol-
ogy of skin calcifications varies: in Figure 3A and B
calcifications appear as voluminous plaques while on
Figures 3C, 4 and 5, high magnification emphasizes
sub-micrometre spherical entities.

Calcification size is also very variable. Some are
nanometric, making them difficult to identify. For
example, in Figure 5 we can see that the calcification
size is less than 1 um.

Regarding the formation mechanisms of the dif-
ferent morphologies of skin calcification, we can hy-
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pothesize that the agglomeration of small spherical
bodies leads to the formation of a plaque (Figure 6A).
A similar mechanism has been identified in ectopic
breast calcifications [62] (Figure 6B). These similar-
ities hightlight the fact that the pathogenesis of ec-
topic calcifications can be similar although the tissue
and its function may be very different.

2.3. Chemical diversity of skin calcifications

Literature regarding the chemical composition of
skin calcifications is scanty. What exists almost con-
sistently reports carbapatite (calcium phosphate ap-
atite) [63-65] as a unique chemical phase in the skin,
which was usually the case in the samples we studied.
However, our complete set of investigations reveals
at least three chemical phases: namely calcite (one
of the CaCOj3 polymorphs [66]), amorphous carbon-
ated calcium phosphate (ACCP) and carbapatite (Ta-
ble 2). More precisely, in both calciphylaxis and arte-
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Figure 3. Different skin calcification localisation. Calcification in the hypodermis in cases of calciphy-
laxis; (A) FE-SEM, (B) Von Kossa-stained x400. Massive circumferential calcifications of a dermal capil-
lary in cases of calciphylaxis; (C) FE-SEM, (D) HES-stained x400. (E) Nanometric spherical calcifications
in dermal fibers in a case of sarcoidosis, not visible in optical miscroscopy. FE-SEM.

riosclerosis, we identified carbapatite, while calcium
deposits observed in sarcoidosis were composed
of calcite. The variety of dermal fibre structural mod-
ification associated with different skin diseases may
lead to different modifications of skin functions and
therefore the formation of different chemical types of
calcifications.

Very few studies discuss the chemical diversity of
skin calcifications. Among these, a report by Reid and
Andersen [67] mentioned the presence of dolomite
(not really a true calcium carbonate as its stoichio-
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metric formula is CaMg(COs),). Yet, this chemical
diversity has been well described in other organs:
different calcium carbonate polymorphs have been
identified in pancreatic stones, gallstones, salivary
stones, and in the liver [68-71]. A better under-
standing of the chemical variety of skin calcifications
would probably help in understanding the patho-
physiology of these skin diseases, as well as the ther-
apeutic options.

Carbapatite and its precursor ACCP represent
compounds identified in pathological calcifica-
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Figure 4. Calcified spherical bodies at the periphery of a granuloma in a sarcoidosis case, observed using

FE-SEM.

tions present in kidney, cartilage, thyroid, aortic
valve, and breast [72-76]. At this point, it would be
useful to summarize some relevant chemical char-
acteristics of carbapatite. Biological apatites corre-
spond to substituted calcium hydroxyapatite (HAP,
Caj9(POy)(OH)) [77-81]. The fundamental struc-
ture can tolerate substitutions by other ions with
the same or a different charge. Some cations which
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can replace Ca’>* are Pb%*, Sr’*, Co?*, Zn®*, Fe?*,
Cu®* or Mg?*. Investigations regarding a possible
insertion of these cations in biological apatite have
thus been performed [82-84]. Other substitutions in-
volve replacement of the original POi‘ and OH™ an-
ions which may have the same or a different electric
charge (for example F~ substituted for OH™ or CO%‘
substituted for POZ‘ and/or OH™). This wide range of
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Figure 5. Calcified spherical bodies in a case of calciphylaxis, observed using FE-SEM in the vessel wall
(A and B) and on the surface of an adipocyte (C and D).

ion substitutions can modify the physico-chemical
and biological properties of apatites.

Numerous studies have been devoted to apatites
which are conventionally regarded as conforming to
the A5(BOy4)3X canonical chemical formula [85,86].
The crystallographic structure (Figure 7) of apatite is
well known, the space group is P63/m with a = b =
9.41844 A, ¢ = 6.88374 A [87,88].

The framework of the stoichiometric calcium hy-
droxyapatite can be described as an assemblage of
tetrahedral PO,4 groups [89,90]. An interesting aspect
of this is the existence of two channels. The first has a
diameter of 2.5 A and is surrounded by Ca?* cations
while the second is wider (3-4.5 A).

Finally, biological apatites display some specific
features. One is the widely reported deficiency of
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OH™ [91-93]. Another, established more recently, is
the presence of hydrogen phosphate (HPOﬁ‘) ions
in POfi‘ sites [94]. Thus, as proposed by Combes et
al. [80], we report in Table 2 the general formulae for
biological apatites.

Regarding physicochemical investigations of bio-
logical apatites, it is of major importance to under-
line that the physicochemical characteristics of cal-
cium phosphate apatite may significantly influence
medical diagnostic. For example, in kidney stones, a
high carbonate level in calcium phosphate apatite,
as well as the presence of amorphous calcium phos-
phate apatite, indicate an infectious process imply-
ing the need for antibiotics [48,95]. The morphol-
ogy of the kidney stones at the macroscopic scale as
well as the morphology of calcium phosphate apatite
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Figure 6. FE-SEM: (A) Agglomeration of spher-
ical bodies (red arrow) leading to the forma-
tion of a plaque (blue arrow) in a case of calci-
phylaxis. (B) Comparison with calcification in a
case of breast cancer: agglomeration of spheri-
cal bodies (red arrow) leading to the formation
of a plaque (blue arrow).

crystallites at the micrometre scale may indicate an
inherited distal renal tubular acidosis [49] or primary
hyperoxaluria [47,96]. Finally, its zinc content may in-
dicate inflammatory processes [84,97,98].

Another interesting aspect is that calcification
morphology at the micrometre scale is not predictive
of its chemistry. Spherical calcifications, for exam-
ple, could be composed of either calcite or carbap-
atite. The calcification localisation (vascular, dermal
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or hypodermal) within the skin tissue again does not
correlate with chemical composition, suggesting a
relatively modest contribution of the skin tissue en-
vironment to the calcifications chemistry.

3. Generalities regarding exogenous skin de-
posits

The exposome concept was conceived in 2005 to rep-
resent the environmental, i.e. non-genetic, drivers of
health and disease [99]. The exposome concept takes
into account exposure to particles present in food
and air or directly in contact with the skin. Skin pro-
tects the body from the external environment and it
is therefore directly impacted by the exposome.

Penetration of this exogenous material can occur
after a trauma, an injection, or a tattoo puncture;
they have also been shown to penetrate into the skin
through follicular orifices, for example after cosmetic
application [100].

There is an increasing interest in understand-
ing the effects of exogenous materials, including
nanoparticles, on living tissues, among them skin.
Recent developments in nanotechnology have estab-
lished a link between exogenous deposits and some
inflammatory diseases, such as in sarcoidosis [101,
102], frontal fibrosing alopecia [103,104] and tattoos
[105,106].

4. Physico-chemical characteristics of de-
posits in various skin diseases

4.1. Calciphylaxis

Calciphylaxis is a disease with high morbidity. It af-
fects up to 4% of patients with end stage renal dis-
ease, and its incidence rate increases for those on
chronic hemodialysis [107]. Calciphylaxis is unlikely
for patients with normal renal function.

The significant morbidity and mortality of calci-
phylaxis results from extensive skin necrosis, septic
complications, and organ failure, which are the di-
rect consequences of these ectopic calcifications. Fe-
male sex, diabetes mellitus, high body mass index,
elevated calcium, phosphorus, and parathyroid hor-
mone serum levels, nutritional status, and cinacal-
cet or vitamin K antagonist treatments, are associ-
ated with an increased risk of developing the dis-
ease [108,109].
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Figure 7. Crystallographic structure of the apatite 001 (top) and 010 (bottom) planes (from Ref. [77]).

Table 2. Different calcium phosphate compounds with their stoichiometry and their Ca/P ratio

Skin diseases Serum calcium and Calcifications’ Chemical phase Stoichiometry
phosphate levels localisation

Calciphylaxis Usually elevated  Vessels, dermis, Amorphous Cag(PO4)e nH,O

hypodermis  carbonated calcium
phosphate (ACCP)

Calciphylaxis Usually elevated  Vessels, dermis, Carbapatite Cajg_x(POy)e- x(HPOi‘ or

hypodermis CO37)x(OH)2—x with0<x <2
Sarcoidosis Usually normal Dermis Calcite CaCO3

(surrounding
granulomas)

Treatments usually achieve poor outcomes. They
include calcimimetics, surgical parathyroidectomy,
sodium thiosulfate, and bisphosphonates [110-112].
Pathogenesis of the disease is still under debate.
Calcifications observed in calciphylaxis are con-
sidered to be metastatic calcifications, as they oc-
cur in patients with a phospho-calcic metabolic
disturbance [52,53]. However, some authors also
suspect that metalloproteinase digestion of elastin
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might occur in calciphylaxis, enhancing deposition
of calcium within these modified elastic fibres [113].
In this hypothesis, calcium deposits in calciphylaxis
could also be considered as dystrophic calcifications.
Other authors suspect that metal deposits in the skin
tissue are a trigger for a phenotypic switch of vas-
cular smooth muscle cells from a contractile to an
osteogenic phenotype [114].

Recently, we have combined FE-SEM observa-
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Figure 8. Optical microscopy and FE-SEM comparisons in calciphylaxis. Optical microscopy showing
multiple calcifications along adipocytes and in vessels walls, (A) Hypodermis, arrow head: calcified
vessel, HES x400, (B) Hypodermis, arrow: calcifications along adipocytes, Von Kossa x400. FE-SEM:
(C) Massively calcified vessel, (D) Calcifications along adipocytes.

tions of calcic skin deposits in calciphylaxis with FT-
IR and Raman spectroscopic chemical analysis, and
compared these results to calcifications observed in
arteriosclerosis [63]. We showed that calcifications in
calciphylaxis are composed of carbapatite, always lo-
cated circumferentially, mostly in the intima of oth-
erwise normal-looking vessels and often associated
with interstitial deposits (Figure 8). Although vascu-
lar calcifications in arteriosclerosis were also com-
posed of carbapatite, they are associated with me-
dial hypertrophia, localized to parts of the vessel,
and not associated with interstitial deposits. These
results suggest a different pathogenesis and pro-
vide new insights into calciphylaxis pathogenesis
that could explain the poor outcomes of vasodilators
compared with the relative effectiveness of calcium-
solubilising-drugs.
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4.2. Sarcoidosis: cases of exogeneous and endoge-
nous abnormal deposits

Sarcoidosis or Besnier-Boeck-Schaumann dis-
ease [115] is a chronic, multiorgan inflammatory
disorder. The disease onset peaks during the third
and fourth decades of life, and has a higher inci-
dence among women and in Afro-American pa-
tients [116,117]. If the lungs are affected, in the vast
majority of diagnosed patients other organ systems
are often affected as well [118,119]. According to lit-
erature [120], skin is the second most affected organ,
and may be involved in 25% to 30% of cases. Cuta-
neous sarcoidosis preferentially affects sites of prior
injury such as tattoos [121,122] and scars [123].
Although clinical phenotypes, particularly of cu-
taneous lesions, are widely variable, the hallmarks of
sarcoidosis are always noncaseating epithelioid and
giant cell granulomas. The granulomatous inflam-
mation (Figure 9) observed in sarcoidosis is consid-
ered to be caused by a complex interaction between
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Figure 9. Optical microscopy and polarized light examination of granulomas in skin sarcoidosis, showing
birefringent particles (arrow): (A) HES x100, (B) HES x400.

genetic background, environmental agents, infec-
tious antigens, and T lymphocyte driven immune re-
actions [124].

Sarcoidosis, as well as being observed in other
granulomatous diseases, is associated with calcium
metabolism disorders. High serum calcium levels
are seen in 5 to 10% of patients, mainly due to
dysregulated production of calcitriol by activated
macrophages which form the granulomatous lesions.
These metabolic disturbances may lead to calcium
deposits in various organs, including the skin, caus-
ing metastatic calcifications [125]. Reid and Ander-
sen have indeed reported the presence of calcium ox-
alate and phosphate deposits in sarcoidosis involv-
ing lymph nodes and lungs [67]. Even though these
chemical analyses have been done in different or-
gans, they have never been performed in skin sar-
coidosis.

Exact causes of the disease are still unknown; how-
ever the role of environmental mineral particles is
highly suspected on epidemiological grounds [126].
There is a polarizable material in the centre of some
granulomas, suggesting that foreign materials could
be a nidus for granuloma formation and a potential
trigger for the disease [127-130]. Using biopsy spec-
imens of granulomatous lesions from 50 patients,
Kim et al. [131] have estimated the frequency of po-
larizable foreign bodies in cutaneous lesions of sar-
coidosis. These authors noticed that polarizable for-
eign bodies were present in the granulomatous skin
lesions of 12 of 50 patients (24%) with cutaneous sar-
coidosis. Using electron probe microanalysis, they
identified the following elements: Calcium, phos-
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phorus, silicon, and aluminium. Unfortunately, such
a characterization technique is not able to identify
the compounds in which these elements occur.

Electron microscopy has been used in several pre-
vious investigations [114-118]. For example, Take-
mura et al. [132] clearly demonstrated that ultra-
structural examination improves the diagnostic util-
ity of endomyocardial biopsy in cardiac sarcoido-
sis, by clearly identifying even only one epithelioid
cell. More recently, Kuribayashi et al. [133] showed
by electron microscopy that multinuclear giant cells
were formed by epithelioid histiocytes and an aggre-
gation of lymphocytes. Interesting FE-SEM results by
Catinon et al. [134] indicate the presence of calcium
phosphate particles in 7 out of 10 patients.

Recently, we have investigated 14 skin biopsies
from cutaneous sarcoidosis patients by FE-SEM/EDX
and FTIR spectroscopy [135,136]. FE-SEM allowed
the identification in three patients of silica in the cen-
tre of skin granulomas (Figure 10). Some FE-SEM ap-
paratus are able to acquire X-ray fluorescence spec-
tra [20-22] so it is possible to know the elemen-
tary composition of specific materials in the tissue.
Note that this selection can be performed at the sub-
micrometer scale when electrons are employed as
probes.

Figure 10E displays the X-ray fluorescence spectra
induced by the primary electrons of the microscope
on the foreign material we identified, and we can
clearly see the contributions of Si (K, = 1.740 keV)
and the contributions of other elements in the sup-
port (Zn, Ly =1011.7 keV; Ag, Ly =2.984 keV).

To determine the chemical nature of the foreign
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Figure 10. (A-D) FE-SEM photographs of foreign material in the skin biopsy of the arm of a patient with
cutaneous sarcoidosis. (E) EDX spectrum identifies silica in the abnormal deposit at the centre of the

granuloma.

material precisely, FTIR data have been collected
on the same sample. Infrared spectroscopy is an
advantageous, non-destructive, and label-free tech-
nique for chemical analysis of biological tissues (Fig-
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ure 11) [137-139]. This spectroscopy detects vibra-
tional energy levels and phonons of materials and
leads to precise chemical and structural information
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Infrared beam

\

Skin biopsy

Figure 11. Slices from a skin biopsy are visible on the low-e microscope slide, which is positioned in the

FTIR spectrometer.

by comparison with data bank reference spectra [30].

It is convenient to conceptualize an IR spectrum
as two regions: 4000-1000 cm™! known as the func-
tional group region, and <1000 cm~! known as the
fingerprint region, even if for many chemists the
dividing line is in fact 1450 cm™!. The functional
group region contains relatively few peaks, which are
typically associated with the stretching vibrations of
functional groups. In the fingerprint region, the spec-
tra usually consist of bending vibrations within the
molecule. This region is the key to the data analysis
because it is here that each distinct compound pro-
duces its own unique pattern of peaks, effectively a
fingerprint [140-143].

A large number of investigations are based on an-
other vibrational spectroscopy, namely Raman [33-
35]. As emphasized by Khulbe and Matsuura [144,
145], infrared and Raman spectra of a given molecule
complement each other. The symmetrical stretching,
nl (normal vibration) of CO, is infrared inactive, but
active in Raman. On the contrary, the bending, v,
and asymmetric stretching, v, vibrations are Raman
inactive and infrared active.

These differences arise from the fact that infrared
spectroscopy exploits an absorption process depen-
dent on the permanent dipolar moment of a molec-
ular bond, while Raman spectroscopy is a scattering
process related to a modification of the polarizabil-
ity (induced change of the dipolar moment) of the
molecule.
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Recently, Krafft et al. [146] have compared these
two spectroscopies in colon tissue applications.
These authors note that the advantages of FTIR
imaging are related to shorter acquisition times and
higher spectral quality, while Raman imaging dis-
plays better spatial and spectral resolution. Also,
significant differences also exist with respect to the
preparation of biological tissue samples.

In Figure 12, the infrared bands show clearly that
the foreign material is composed of crystalline sil-
ica [135], a chemical characteristic clearly indicating
an exogenous origin of this abnormal deposit.

Aswe have seen previously, FE-SEM also offers the
possibility of precisely describing skin deposits. For
two of the samples, we have been able to pinpoint
nanometer scale spherical bodies between the col-
lagen fibres not detectable by classical optical mi-
croscopy. To determine their chemical composition
(Figure 13A), we performed FTIR spectroscopy (Fig-
ure 13B) as well as EDX measurements (Figure 13C).
Based on specific IR absorption bands, we can con-
clude that the spherical entities are calcite. On EDX
analysis, we noticed the absence of a fluorescent P
signal (2.01 keV) and the presence of a significant sig-
nal related to Ca (3.7 keV) in line with the FTIR spec-
trum showing the presence of calcite.

Another striking result of this investigation was
the identification of spherical calcite entities in the
periphery of the granuloma in 4 patients. This is in
line with the fact that sarcoidosis, as well as observed
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Figure 12. Infrared spectrum of the foreign material. The absorption bands at 1074 and 1038 cm™! are
associated with crystalline silica. Also, we can clearly see the a-quartz doublet (Silica) around 800 cm™!
in accordance with established infrared spectrometric data [30].

in other granulomatous diseases, is associated with
calcium metabolism disorders [146,147].

Based on the entirety of our data, sarcoidosis ex-
emplifies a case where both endogenous and an ex-
ogenous pathological deposit can be identified. Note
that the presence of the nanometer scale endoge-
nous calcifications cannot be discerned through clas-
sic staining procedures. This specific chemical com-
position observed only in sarcoidosis may be due
to the significant dermal structure modification ob-
served in the disease, which modifies the physiolog-
ical spatial distribution of calcium through granu-
loma driven skin restructuring. A well-developed sar-
coid granuloma consists of a tightly packed conglom-
erate of epithelioid- and multinucleated-giant cells
encircled by lymphocytes, especially CD4+ T helper
cells, but also rare CD8+ T cells and B cells [147-149].
Such reorganisation may lead to a specific calcifica-
tion pathogenesis in sarcoidosis, explaining the pres-
ence of calcite and not carbapatite.

4.3. Tattoo-associated keratoacanthoma

Tattooing involves introducing pigmented material
into the dermis by puncturing the skin, in order to
obtain a permanent design. It is a very old practice,
which has probably been performed since the Ne-
olithic times [150]. Nowadays, tattoos are very wide-
spread: in Europe, there are around 100 million peo-
ple with tattoos [151,152]. Tattoo inks are made of al-
most insoluble pigments mixed with additives such
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as formulants, dispersants, and preservatives [153,
154]. Nowadays, natural pigments are very rarely
used, and most tattoo inks are composed of syn-
thetic substances [155-160], allowing cheaper mass
production of inks with a large variety of shades. The
composition of tattoo inks is poorly regulated world-
wide, including in Europe, with few recent guide-
lines [161,162]. Various types of carcinogenic com-
pounds occur in tattoo inks, including primary aro-
matic amines (PAA), cleavage products of organic
azo colourants used in the inks [163]. Tattoos there-
fore effectively present permanent lifelong exposure
to potentially carcinogenic compounds [164,165].
Many cases of skin cancers occurring within tattoos
have been reported, including cases of keratoacan-
thoma (KA) on red ink, and the role of PAA is sus-
pected [166,167]. Furthermore, cases of multiple or
recurrent KA on tattoos have been reported, making
the causality link between these skin tumours and
tattoos even stronger [168].

Recently, we published an investigation regard-
ing the chemical composition and distribution of
tattoo inks within tattoo associated KA [169]. Clin-
ical and histopathological data from three patients
coming from Bichat Hospital diagnosed with tat-
too associated KA in 2017 were selected (Figure 14).
The medical file was completed by structural and
chemical characterisation of tattoo inks within KA.

Regarding laboratory characterization tech-
niques, we used X-ray fluorescence (XRF) [23-25]
to identify the inorganic elements and Raman spec-
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Figure 13. (A) Optical photograph of skin sarcoidosis; (B) Infrared spectrum of the peaks characteristic

of calcite (1087 cm™! (weak), 881 cm™!, 1432 cm™},

712cm YHina protein matrix, from the area corre-

sponding to the red square on the map, located in the dermis. (C) Electron induced X-ray fluorescence
of the sample. The contributions of trace elements from the support, namely Zn (1.01 keV), Si (1.74 keV)

and Ag (2.98 keV), are clearly visible.

troscopy to identify the organic compounds present
in tattoo inks [170-173]. As we can see in Figure 15,
the sensitivity of laboratory XRF is sufficient to show
the presence of various elements in a skin biopsy.
The micrometre resolution of Raman spectroscopy
enabled the identification of an organic compound,
namely the Pigment Red 170 (PR170) dye, as well as
agglomerates of TiO, nanoparticles (Figure 16). Even
though it is usually possible to define the chemical
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nature of iron oxide [174,175], this approach was not
possible with our sample, probably due to a lack of
sensitivity.

Like other researchers working on tattoos [176,
177], we also used synchrotron characterization
techniques, specifically XANES spectroscopy where
acquisition at the iron K edges (Figure 17) defines the
iron environment.

While Ti always has an exogenous origin, iron and
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Figure 14. Optical microscopy of a KA developed on a tattoo made of red ink, from one of the three
patients previsously described. (A) HES x25. (B) Superficial dermis, HES x400.
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Figure 15. Laboratory XRF spectra of skin reaction to a tattoo. The sample contains high levels of iron

and zinc which may be of exogenous or endogenous origin.
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Figure 16 (cont.). (A) Optical micrographs of the samples of the three patients previously described, at
two different magnifications (10x and 100x) revealing micron size red pigment clusters. In patient 1, note
the heterogenous and lighter aspect of the red pigment, suggesting the presence of nanoparticles of TiO5.
(B) Corresponding Raman spectra. Reference spectra are also given as a comparison: PR170 dye sample
(Kremer) and rutile (TiO,) downloaded from the RRUFF database.

Table 3. Synthetic iron oxide (found in pig-
ments)

Name Formula  Colour
Hematite Fe, 03 Red
Magnetite Fe304 Black
Goethite FeO(OH) Yellow
Limonite Fe»,O3 HbO Brown

Table 4. Synthetic compounds used as pig-
ments

Colour Ingredients
Black Magnetite
Red Iron oxide/common rust, ferric

sulfate, hematite,
Green Ferrocyanide and ferro-ferric cyanide,

Blue Ferric ferrocyanide

zinc can be either exogenous or endogenous. XANES
spectroscopy can be used to chemically character-
ize these elements; for example, in the case of iron,
XANES spectra of human adult deoxyhaemoglobin
and myoglobin have been measured [178]. For ex-
ogenous iron, among the different compounds which
have been identified in pigments, H. Petersen and D.
Lewe noticed the presence of the following oxides:
Fe, 03, FeO(OH) and Fe304 [176]. Table 3 summarizes
synthetic iron oxides used as pigments [179]. Islam
et al. [180] reported other chemical compounds con-
taining iron (Table 4). As we can see, ferric sulfate,
ferric ferrocyanide (the anion [Fe(CN)g]*™) and ferri-
cyanide (the anion [Fe(CN)g]™®) may be also present.
Most of the particles used in pigments can be consid-
ered to be nanomaterials [181].

Other elements in tattoo ink are associated with
the iron or titanium. For example, as underlined by
Prior [153,154], all iron oxide pigments contain minor
amounts of nickel impurities, even when iron oxide
pigments are refined to a high degree of purity. The
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fact that nickel incorporates into the crystal struc-
ture constitutes a health risk of possible allergic re-
actions [153,154].

Figure 17 shows the spatial repartition of iron in
a KA developed on tattoo ink. When we compare the
experimental Xanes spectra of the selected POI with
that ofv goethite, it is quite clear that this compound
has been used.

4.4. Frontal fibrosing alopecia

Fibrosing frontal alopecia (FFA) was first described
20 years ago. It is characterized by scarring alope-
cia on the anterior area of the scalp and mainly af-
fects women after menopause [182]. Its origin is un-
known, but as the number of cases continues to in-
crease, it is suspected that extraneous compounds
found in leave-on facial skin care products are impli-
cated [183]. TiO; is the most widely used white pig-
ment. It is found in a very large number of products:
paints, construction materials, food (candies, cook-
ies, etc.), pharmaceuticals (capsule shell, toothpaste,
etc.) but also in cosmetics: creams and sunscreens,
due to the UV blocking properties of TiO,. The po-
tential toxicity of TiO, is currently a major public
health concern—TiO, has been classified in group
2B (“possibly carcinogenic to humans”) by the Inter-
national Agency for Research on Cancer; the long-
term dermatological impact of these particles is not
yet well known in humans. It is still debated whether
TiO, penetrates the stratum corneum, but it has been
clearly demonstrated that it can be deposited in the
follicular orifice [184].

In a previous publication, we reported finding tita-
nium dioxide (TiO,) nanoparticles along the hair fol-
licles of a patient with FFA, who had been using daily
sunscreens containing TiO, for years [104]. The anal-
yses were carried out by electron microscopy, and by
X-ray fluorescence spectroscopy at the Nanoscopium
beamline (Figure 18). First, a search for nanoparti-
cles was carried out by scanning electron microscopy
coupled with energy dispersive X-ray absorption
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Figure 17. (A) Xanes spectroscopy set-up at Synchrotron Soleil, Diffabs beam line. (B) XANES spec-
troscopy at the Fe K-edge: XANES spectra at Fe K-edge were acquired at 7 points of interest (POI) in order
to characterize the Fe environment.
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Figure 18. Nanoscopium set up. 1: Sample. 2: X-Ray fluorescence detectors. 3: Visible microscope for
sample alignement. 4: Nanopositioning for high spatial resolution. 5: Stepper motors for large field of

view.

spectroscopy. Abnormal deposits, micrometric in
size, were observed along the hair and their analysis
revealed that they contained titanium.

To refine these results, the deposits were studied
on the Nanoscopium beamline of the Synchrotron
Soleil by fluorescence spectroscopy using an X-ray
nanobeam (300 x 300 nm?), in order to obtain ele-
mental maps of several areas of these deposits [185].
Figure 19 shows a typical X-ray fluorescence
spectrum in which contributions of different ele-
ments appear, namely S, Ca, Ti, Fe, Zn and Br.

As we can see on Figure 19, XRF spectroscopy is
able to detect different elements in biopsy [186,187]
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and thus can play a major role in metal intoxica-
tion [188]. Here we would like to consider three of
them namely sulfur, zinc and titanium and thus dis-
cuss health problems not connected to pathologi-
cal calcifications. X-ray Sulfur detection in human
hair fibers (Figure 19) is due to the fact that hair is
primarily composed of keratin proteins with a very
high content of cysteine, a sulfur-containing amino
acid, which commonly forms cystine via a disulfide
bond [189,190]. The detection of sulfur in hair by XRF
and XANES in dementia has been discussed, for ex-
ample by Siritapetawee et al. [191] in the context of
possible roles of calcium, chlorine, phosphorus and
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Figure 19. Typical X-ray fluorescence spectrum collected from a hair with the contributions of S (K
at 2.31 keV, Kg at 2.46 keV), Ca (K, at 3.69 keV, Kz at 4.01 keV) Ti (Kq at 4.51 keV, Kg at 4.93 keV), Fe
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Figure 20. Micro X-ray fluorescence spec-
troscopy: high 500 nm resolution distribution
maps of sulfur (S) within a hair shaft.

sulfur in the etiology of elderly patients’ dementia.
Also, Inoue et al. [189] showed that it is possible to
map the oxidation state of cysteine in human hair
through Xanes spectroscopy. In our experiment (Fig-
ure 20), it is quite clear that the nanometer scale res-
olution allows us to precisely define the distribution
of sulfur in hair.

Numerous publications have discussed the pres-
ence of Zn in hairs. A first investigation performed by
Bertazzo et al. [192] determined the Cu and Zn levels
of both 607 men (1-85 y old) and 649 women (1-92y
old) by atomic absorption spectrometry. These au-
thors noticed that sex does not influence Zn content
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(200.97 + 9.68 ng/g for men and 209.81 + 9.49 pg/g
hair for women). Subsequently Dastgheib et al. [193]
investigated the relationship between alopecia areata
(AA) and iron, zinc, and copper levels in serum and
hair. According to their data, there was no statisti-
cally significant difference between trace elements
among AA patients and control patients. Such a con-
clusion is not in line with Ozaydin-Yavuz et al.’s pub-
lication [194]. These authors found that low levels of
Zn and Mn are associated with AA while other met-
als were normal: Zn supplementation may therefore
have some beneficial effect in AA. In our case, it is
quite difficult to extract a conclusion regarding the
spatial repartition of Zn in hairs (Figure 21). As un-
derlined by Nicolis ef al. [195], the usual techniques
applied to human hair analysis yield a mean concen-
tration, whilst the analysis of a single hair reveals im-
portant fluctuations in three levels: with time (along
the hair), between the hairs of the same person, as
well as between the hairs of different people.

Finally, it is worth noting that various shampoos
contain zinc; clinical studies have established that Zn
pyrithione is one of the most effective anti-dandruff
ingredients in shampoo formulations [189-191,196].

We paid particular attention to Ti. TiO, micropar-
ticles (0.5-1 um) were detected along the surface
of follicles thanks to the high sensitivity of the
Nanoscopium beamline (Figure 22).

As in tattoo associated KA, we have also used Ra-
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Figure 21. Micro X-ray fluorescence spec-
troscopy: high 500 nm resolution distribution
maps of Zn within a hair shaft.

man spectroscopy in FFA, allowing us to both local-
ize TiO, and identify its crystalline form i.e. whether
anatase or rutile (Figure 23).

The hypothesis formulated by the researchers to
explain FFA is that TiO, provokes an inflammatory
reaction [192-194,197-199]. Up to now, there is no
data available concerning the impact of TiO, expo-
sure on hair. However, the detection of TiO, along
the hair shafts of our patient raises the question of
possible implication of TiO, in FFA pathogenesis:
these inflammatory reactions, when occurring in the
bulge of the hair follicle, could lead to the destruc-
tion of the stem cells located within the bulge. Dy-
namic studies on hair follicles extracted after appli-
cation of cream containing TiO,, with measurements
of nanoparticles on different parts of the hair folli-
cle, as well as more detailed analyses to characterize
the exact location of the nanoparticles, are necessary
to confirm the potential link between FFA and TiO,
nanoparticles.

5. In vivo characterization

In vivo characterization is a promising approach for
the clinican. Among those physiocochemical char-
acterization techniques able to collect data on skin
in vivo are Raman spectroscopy [195,200-203], FTIR
spectroscopy [204,205], X-ray fluorescence [206,207]
and Optical Coherence Tomography (OCT). We have
used two of these: OCT in sarcoidosis and FTIR spec-
troscopy on tattoos.
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OCT is a technology based on low-coherence op-
tical interferometry to image biological tissues with
a micrometer-scale spatial resolution [208,209]. It is
commonly used in several medical fields [210], espe-
cially in ophthalmology to obtain images of the retina
and the anterior segment of the eye [211]. Moreover,
OCT has begun to be used in interventional cardi-
ology [212], and in gastro-enterology for the detec-
tion and diagnosis of tumors [213,214]. OCT can be
a useful tool for non-invasive imaging of brain tis-
sues [215,216], and shows promise in dermatology to
improve the diagnosis of skin lesions [217,218].

In this study, we used a commercially available
swept-source OCT device (Thorlabs, OCS1300SS) op-
erating in the near-infrared at a center wavelength of
1300 nm, producing images with a spatial resolution
of 12 pym %25 pum (axial x transverse). Figure 24 shows
an example of an OCT image obtained from a biopsy
of skin sarcoidosis embedded in paraffin. OCT is ef-
fective in identifying granulomas in the dermis, sug-
gesting that this technique could also be used to di-
agnose cutaneous sarcoidosis in vivo, which would
prevent the patient from having to undergo a biopsy.

Finally, we have recently tested the acquisition of
in vivo FTIR spectra using an Agilent 4300 Hand-
held FTIR spectrometer. The experimental setup,
routinely used for archeomaterials [219], allows the
acquisition of infrared spectra in the range 5000-
650 cm ™! with a spectral resolution of 4 cm™!. The
detector is thermal and the signal is related to a
change in temperature caused by the absorption of
the infrared radiation. Experiments were performed
in attenuated total reflection mode (with a 2 pm typ-
ical penetration depth) using a diamond interface
window on a patient with a tattoo. A set of infrared
spectra were collected (Figure 25): it is clear that the
signal to noise is excellent and thus it seems pos-
sible to extract spectral information regarding the
chemical composition of the tattoos. Following these
preliminary experiments, we have started an inves-
tigation in order to analyse quantitatively these IR
spectra.

6. Conclusion and perspectives

This contribution exemplifies different physico-
chemical techniques, encompassing imaging at the
submicrometer scale by FE-SEM, chemical identi-
fication by two vibrational spectroscopies namely
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Figure 22. Nano X-ray fluorescence spectroscopy: high 500 nm resolution distribution maps of Ti within
a hair sample. Red color areas correspond to a high concentration of Ti.

FTIR and Raman, as well as techniques specific to
synchrotron radiation such as XRF and XANES, have
been used to describe both endogenous and exoge-
nous skin deposits.

The complete set of results demonstrates clearly
that, although carbapatite is usually identified in
endogenous deposits, various other chemical com-
pounds can be identified. Such chemical diversity
in skin calcifications suggests different biochemical
mechanisms. We have also demonstrated the vari-
ety of structures and locations adopted by such skin
deposits.

Regarding exogenous skin deposits, we identified
PAA and metal oxides in KA, which were strongly cor-
related with the position of the tumour, and identi-
fied TiO, in FFA, which was closely located next to
the area rich in stem cells of the hair follicle. This
co-localization suggests a direct involvement of these
compounds in these diseases.

In the near future, we would like to apply other

C. R. Chimie— Online first, 24th February 2022

tools in various skin diseases. Nowadays, it is possi-
ble to perform a description of the pathological calci-
fications at the nanometer scale. Transmission elec-
tron microscopy (TEM) has already been used and
such description has led to different scientific break-
throughs [220-222]. Combining TEM and electron
energy loss experiments tells the clinician the mor-
phology and the elemental composition of abnor-
mal tissue deposits at the nanometre scale [223,224].
There is also now the possibility of identifying chem-
ical composition by the acquisition of NanoInfrared
spectra [225-228].

Other tools, such as UV spectroscopy [229-231]
or Second Harmonic Generation (SHG) [232-234] are
also very interesting for the exploration of skin dis-
eases. We have obtained promising preliminary re-
sults at the Disco beamline, Synchrotron Soleil, and
we will proceed with more analyses in the future. Fig-
ure 26 shows as an example of spontaneous fluores-
cence within sweat glands (red arrow).
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Figure 23. Raman characterization of a hair follicle from a patient with frontal fibrosing alopecia:
(a) Optical micrograph at 10x and 100x magnification, (b) Raman spectrum (785 nm, laser power:
22.5 mW Acq. time = 0.5 s) revealing the presence of anatase and (c) Raman mapping by integration
of the intensity of the 142 cm™! band of anatase over the energy range 120-160 cm™!, showing a high

concentration of anatase at the hair/follicle junction.

Figure 24. OCT analysis in skin sarcoidosis:
epidermis (dot), dermis and clear visualisation
of many granulomas (arrow).

Synchrotron radiation provides other opportuni-
ties for nanometer scale definition. For example,
scanning transmission X-ray microscopy performed
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at the carbon K-edge and at the Ca L, 3-edges can ac-
curately assess the pathogenesis of calcifications in-
side bacteria [235].

Finally, all these nanometer scale experimental
data have to be considered via a “bottom-up” ap-
proach based on DFT model chemistry [236-238].
Such a theoretical approach can model different
kinds of apatite/biomolecule [239-241] and metal or
metal oxide/small molecule interactions [242-244]
which can have a major influence in the case of
tattoos.

Further collaborations and studies are therefore
projected, including multiphoton microscopy anal-
yses, in order to provide a better understanding
of skin diseases associated with endogenous and
exogenous deposits, and hopefully improve their
treatment.
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Figure 25. In vivo infrared spectra of a skin tattoo acquired with a portable infrared experimental setup.
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Figure 26. Comparison of SHG and optical microscopy. (A) Spontaneous fluorescence is observed within
sweat glands (red arrow), here surrounded by adipocytes. (B) HES x400, sweat glands (red arrow), also
surrounded by adipocytes.
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I11.  DISCUSSION ET PERSPECTIVES

1) Apport des techniques utilisées dans la compréhension de la physio genése des
calcifications cutanées

a) Aspect structural

Dans diverses dermatoses étudiées (calciphylaxie, syndrome de Lyell, pseudoxanthome
¢lastique et ulcére de jambe calcifié¢) nous avons pu observer un phénomeéne similaire : les plus
volumineuses calcifications semblent composées du regroupement et de la coalescence de

calcifications sphériques nanométriques (Figure 11).

Figure 11. Aspect ultra-structural des calcifications cutanées en MEB, exemple du

pseudoxanthome élastique. A. calcifications dermiques constituées de sphérules et de plaques.
B. Grossissement de la zone blanche rectangulaire du panel A, montrant 1’agglomération de

sphérules en plaques.

Cet aspect est similairement observé dans des calcifications survenant d’autres tissus, comme
dans les calcifications associées au cancer du sein '3!. Ces éléments suggérent un mécanisme
de genése au moins partiellement similaire, quel que soit le type de calcifications cutanées
(métastatiques ou dystrophiques) mais aussi I’environnement tissulaire. Cependant il convient
de regarder plus en détail la structure, en particulier interne, de ces sphérules avant de conclure

a des phénomenes de geneses strictement similaire.
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Ainsi, nous avons pu observer en MEB quelques-unes de ces sphérules alors qu’elles étaient
sectionnées, et elles semblent elles-mémes formées d’un regroupement de sphéres d’encore
plus petite taille (Figure 12D). Des aspects différents ont été observés sur des sphérules
calciques sectionnées au cours de cancer du sein, avec un aspect de stries radiées, de couches
concentriques ou de 1’association des deux (Figure 12) '3!. Ces différences subtiles pourraient

correspondre a une physio genese différentes.

Figure 12. Les calcifications sphériques peuvent afficher différentes structures internes : (A)
Stries radiées ; (B) : Couches concentriques ; (C) : Stries radiées et couches concentriques
(images A a C : calcifications tissulaires au cours du cancer du sein). (D) Calcifications cutanées
au cours du syndrome de Lyell ; les sphéres semblent résulter d'une agglomération de nano-

spheres (fleches rouges).

En outre, grace a I’analyse structurale de haute résolution qu’elle offre, la MEB nous a
également permis, dans les calcifications cutanées sur ulcére de jambe, d’identifier des cavités
et un réseau sur la surface des calcifications, dont 1’aspect est compatible avec des empreintes

bactériennes et un biofilm « empierré ». Cette observation a déja été faite au cours des lithiases
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urinaires, suggérant 1’existence de mécanisme de physio genése similaires et indépendants quel

que soit I’organe, son fonctionnement, son environnement calcique ou son pH.

Un autre aspect intéressant est que la structure de la calcification n'est pas prédictive de sa
composition chimique. Ainsi, dans nos études, les sphérules nanométriques observées peuvent
ainsi €tre composées de calcite ou de carbapatite. Des contraintes mécaniques, liés a
I’environnement cutané, pourraient en partie expliquer cet aspect. Cependant, ces sphérules
¢tant identifiées a la fois dans les parois des vaisseaux mais aussi dans différentes zones du tissu
interstitiel (fibres dermiques, péri adipocytaires...), la compréhension de cet aspect reste

incompléte.

Par ailleurs, la MEB ne nous a pas apporté pas uniquement des informations sur la structure des
calcifications mais également sur 1’environnement tissulaire dans lequel celles-ci se sont
formées. Ainsi, dans la calciphylaxie, nous avons pu observer que les calcifications se
localisaient parfois sur des fibres dermiques prenant un aspect rectiligne et fragmenté (Figure
13A et B). Par ailleurs, au cours de I’étude de cas de pseudoxanthome élastique comme dans
certains cas de calcifications sur syndrome de Lyell, nous avons pu observer un fin réseau de
fibrilles entremélées autour des plaques calcifiées, dont I’aspect était évocateur de réticuline

(Figure 13C et D).
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Figure 13. Images de MEB montrant I’aspect tissulaire dermique environnant les calcifications
cutanées au cours de la calciphylaxie urémique (A et B) et du pseudoxanthome élastique (C et
D). A. Fibre dermique rectiligne et fragmentée au cours de la calciphylaxie urémique. B. A plus
fort grossissement (ovale rouge du panel A), on visualise de multiples sphérules, recouvrant la
surface de la fibre dermique, dont la nature phosphocalcique a été confirmée par EDX. C.
Calcifications dermiques (té€te de fleche). D. A plus fort grossissement (ovale rouge du panel
C), on visualise un réseau fin de fibre correspondant a de la réticuline (collagene III),
normalement absente dans le derme (présence de réticuline confirmée par coloration

spécifique).

Les clichés de la figure 13 montrent toutefois I’une des limites de la MEB. Bien que ’on puisse
suspecter que la fibre sur les clichés 13A et B soit une fibre élastique, et que le fin réseau en
périphérique des calcifications soit de la réticuline, cette information doit étre confirmée par

des colorations histologiques spécifiques.
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Celle-ci a pu étre réalisée pour affirmer la présence de réticuline autour des calcifications dans
un cas de pseudoxanthome ¢lastique (Figure 14), confirmant la présence de ce type de
collagéne, usuellement présent dans la peau uniquement dans la jonction dermo-épidermique

et dont la présence ectopique a déja été montré au cours du pseudoxanthome élastiques '2*

qi‘b»

Figure 14. A : HES x400, fibres ¢lastiques élastorrhexiques. B : Von Kossa x400, calcifications
dermiques. C : Coloration réticuline x400, réticuline (noir) entourant des fibres élastiques

calcifiées. D : MEB, calcifications entourées de réticuline (fléche).

De fagon assez étonnante, ces modifications tissulaires, satellites de calcifications, sont peu
explorées. Il est pourtant légitime de s’interroger sur leur role dans [’expression

symptomatologique de la maladie, mais aussi sur leur role dans la genese des calcifications.

Enfin, la MEB nous a également permis de déterminer la localisation subcellulaire précise des
calcifications, information partiellement disponible en microscopie optique. Ainsi sur la figure
15A on observe en microscopie optique des calcifications vasculaires ; les clichés obtenus en

MEB (Figure 15B) apportent des informations beaucoup plus précises, révélant que ces

99



calcifications correspondent a des sphérules, se situant dans la paroi du vaisseau,

immeédiatement sous I’endothélium.

A

50 ym

Figure 15. Localisation subcellulaire des calcifications cutanées, corrélation en microscopie
optique (coloration de Yasue) et MEB. A. et B. Médiacalcose, C. et D. Calciphylaxie urémique.
A. La coloration de Yasue montre la présence de calcifications dans la paroi d’un capillaire
dermique. B. La MEB identifie de multiples sphérules nanométriques sous 1’endothélium

capillaire.

b) Aspect chimique

Dans la quasi-totalité des échantillons analysés nous avons identifi¢ la présence de carbapatite.

Ces résultats sont comparables aux différentes analyses chimiques rapportées dans la littérature
124-126

Nous avons également souvent identifié la présence de phosphate amorphe de calcium
carbonaté (PACC), correspondant a un phosphate de calcium non cristallin et non
steechiométrique '8. Enfin, dans le cas de la sarcoidose uniquement, les calcifications cutanées

étaient composées de calcite (un des polymorphes de CaCOs3) 132,

Cette différence chimique conduit 1a encore a s’interroger sur la physio genese, possiblement
différentes, de ces calcifications. L’un des €léments pouvant entrer en jeu dans cette différence
pourrait étre les modifications tissulaires spécifiques engendrées par la sarcoidose. Ainsi, la
formation de granulomes correspondant a un conglomérat compact de cellules épithélioides et

multi nucléées géantes encerclées de lymphocytes, (lymphocytes T CD4, CD8 et lymphocytes
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B) 3 entrainent de grandes modifications architecturales tissulaires, mais aussi
d’environnement chimique tissulaire, avec production par ces granulomes de calcitriol '** et
une possible modification de gradient calcique. Une telle réorganisation peut conduire a une
pathogenese spécifique de la calcification dans la sarcoidose, expliquant la présence de calcite

et non de carbapatite.

De facon assez remarquable, et en dehors des calcifications en périphérie des granulomes
sarcoidosiques, nous n’avons pas remarqué de différence de composition chimique en fonction
de la localisation des calcifications. Ainsi, la présence de carbapatite et de PACC était identifi¢e
de fagon indifférente dans les parois vasculaires, dans le derme, en périphérie des adipocytes...
Ces résultats suggerent donc une contribution modeste de l'environnement tissulaire cutané a la

composition des calcifications.

Une ¢étude conduite les lithiases urinaires a montré que la présence de PACC était plus souvent
associée a des lithiases d’origine infectieuse ''7. Nous avons également identifié la présence de
PACC dans les calcifications sur ulcéres de jambe colonisés a Pseudomonas Aeruginosa, allant
dans le sens de cette étude. Toutefois, afin d’explorer le role des infections dans la genese des
calcifications cutanées, il serait intéressant, par exemple, de comparer le taux de PACC et de
carbonatation de I’apatite dans les calcifications sur ulcére de jambe avec celui observé dans
les calcifications cutanées a priori non liées a des phénomenes infectieux (comme au cours de

la calciphylaxie).

2) Apport des techniques utilisées dans I’élaboration de pistes thérapeutiques

Les différents résultats obtenus permettent d’apporter plusieurs éléments de réflexion sur les

thérapeutiques actuelles et envisageables dans la prise en charge de ces calcifications cutanées.
a) Considération sur les thérapeutiques existantes

Certains auteurs suggerent que I’efficacité du thiosulfate dans le traitement de la calciphylaxie
reposerait, entre autre, sur son effet vasodilatateur 1*. Nos résultats interrogent sur cette
approche thérapeutique. En effet, les clichés obtenus en MEB montrent des calcifications de la
paroi des vaisseaux tellement massives qu’il semble impossible que ce type de traitement puisse

apporter un réel bénéfice. Dans ce cadre, 1’utilisation de bisphosphonate ou de thiosulfate
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semble une approche plus pertinente, permettant de surcroit également une approche

thérapeutique des calcifications interstitielles.

b) Pistes thérapeutiques envisagées

Notre étude portant sur les calcifications cutanées sur ulceére de jambe suggére fortement la
présence d’un lien entre infection bactérienne et formation de ces calcifications cutanées. Dans
ce cadre, une approche antibactérienne pourrait étre envisagée dans la prévention de la
formation de ces calcifications, mais aussi d’autres dermatoses calcifiantes. Ainsi, bien que le
role des agents infectieux semble peu probable dans certaines des dermatoses que nous avons
¢tudiées, comme la calciphylaxie, celui-ci est loin d’étre exclue dans d’autre, comme dans nos

cas de calcifications cutanées sur syndrome de Lyell.

Ces calcifications sur syndrome de Lyell soulignent d’ailleurs un autre aspect, qui est le role de
divers traitements dans la survenue de ces calcifications. L’analyse de ces cas nous a conduits
a suspecter le role de la Casponfungine ; cette suspicion a été étayée par des données de la
littérature suggérant un rdle pro-calcifiant de ce traitement. De méme, la compréhension récente
des protéines de régulation de la formation des calcifications a conduit a identifier les anti
vitamines K comme thérapeutique favorisant la survenue de la calciphylaxie. Il n’est pas exclu
que d’autres thérapeutiques soient également pro-calcifiantes, sans que celles-ci soient pour
autant clairement identifiées a ce jour. Dans ce cadre, |’utilisation de toutes thérapeutiques, dont
les propriétés pro-calcifiantes sont connues ou non, doivent étre réfléchies chez un patient

présentant une dermatose calcifiante.

Par ailleurs, en suggérant un lien entre insuffisance veineuse chronique et calcifications sur
ulcere de jambe d’une part et nécrolyse épidermique et calcifications dermiques superficielles
d’autre part, cette these renforce la suspicion de lien entre inflammation et calcifications,
supportée par de nombreux auteurs. Ces résultats laissent espérer 1’efficacité de traitements
anti-inflammatoires, comme les antis TNF-alpha ou les immunoglobulines intraveineuses. Ces
traitements ont été utilisés par certains auteurs au cours de calcifications dystrophiques sur
dermatomyosite ou sclérodermie systémique '2%!37. Toutefois ces études ont été conduites sur

un nombre relativement limité de patients, et de plus amples études seraient nécessaires.
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Enfin, nos travaux ont souligné les conséquences des calcifications cutanées, et montré que
celles-ci ne sont nullement des dépots inertes sans conséquence, pourvoyeur entre autre de
plaies ou de retard de cicatrisation. De telles conséquences éclairent sur I’importance de la prise
en charge thérapeutique de ces dépots et non pas uniquement des pathologies dermatologiques
qui leur sont associées. De surcroit, outre ces manifestations cliniques, conséquences €videntes
des calcifications, nous ne pouvons exclure I’existence de conséquences pathologiques autres.
Ce propos peut étre illustré par les conséquences des dépots pathologiques urinaires sur le
fonctionnement rénal. L’obstruction urétérale causée par des lithiases peut ainsi causer une
insuffisance rénale dans un contexte clinique généralement assez « bruyant » (comparable en
cela aux plaies induites par les calcifications cutanées), mais la précipitation intra-tubulaire
rénale de micro-cristaux peut également altérer le fonctionnement rénale et conduire 12 aussi a
une insuffisance rénale. Aux altérations tissulaires causées par la présence de ces dépdts
pathologiques s’ajoute certainement des altérations induites par 1’inflammation réactionnelle a
ces dépdts, I’ensemble contribuant au dysfonctionnement et a la perte d’homéostasie de

I’organe.

3) Limites

Certaines limites techniques sont a souligner. Tout d’abord, le repérage des zones d’intérét est
parfois difficile sur les lames MIRR car les préparations ne peuvent pas étre colorées. Par
ailleurs, au moment méme de ’analyse, la zone d’intérét n’est pas toujours retrouvée avec
facilité, malgré le repérage préalable en microscopie optique, car la lecture des lames MIRR

sur microscope infrarouge ou MEB n’est pas de méme type que celle en microscopie optique.

De plus, ces analyses nécessitant un étalement sur lame spécifique, le bloc est systématiquement
recoupé : d’un niveau de coupe a ’autre, le tissu et les dépdts recherchés sont bien entendu
différents. Certains dépots observés sur les lames de microscopie optique n’ont ainsi pas été
retrouvés sur les lames MIRR. Il est aussi probable, notamment concernant les cas de
sarcoidose, que sur des zones de biopsie, non coupées et donc non analysées, des dépots
pathologiques puissent étre présents, soulignant I'intérét de développer des techniques
permettant I’analyse des blocs de biopsie dans leur totalité. Enfin, la coupe des blocs elle-méme

modifie sans nul doute, au moins en partie, la morphologie des dépdts.
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Ces limites peuvent étre dépassées par 1’utilisation d’outils permettant une analyse de
I’ensemble du bloc paraffiné contenant la biopsie cutanée. Nous avons utilisé cette approche
avec succes au Synchrotron Soleil (ligne Diffabs) dans le cadre de 1’étude de réactions cutanées

sur tatouage (cf publication en annexe).

4) Perspectives

a) Microscopie multiphoton

Les descriptions structurales et chimiques que nous avons apportées sur ces diverses dermatoses
sont novatrices, mais ne permettent pas de répondre a I’ensemble des questions qui se posent
autour de ces depbts calciques : pourquoi certains patients, qui présentent un bilan
phosphocalcique normal, ont des calcifications cutanées massives ? Pourquoi au contraire,
d’autre patient, comme certains patients dialysés, présentent des bilans phosphocalciques
extrémement perturbés, mais aucune calcification cutanée ? Ce paradoxe souléve I’hypothése
d’altérations tissulaires spécifiques des fibres élastiques dermiques et vasculaires, favorisant la
précipitation des dépbts phosphocalciques chez certains patients. Ces altérations pourraient étre

la conséquence de phénomenes inflammatoires cutanés, comme évoqué dans 1’ introduction.

L’exploration de cette hypothése nécessite 1’utilisation d’un outil permettant d’une part de
distinguer facilement les fibres élastiques dermiques des autres fibres (exercice tres difficile
avec la MEB, comme expliqué plus haut), d’autre part qui bénéficie d’une haute résolution et
enfin qui permet de réaliser une analyse rigoureuse quantitative de la structure des fibres. Pour
répondre a ces exigences, nous avons utilisé la microscopie multiphoton, outil disponible au

Laboratoire d’Optique et Biosciences (LOB) a I’Ecole Polytechnique.

La microscopie multiphoton est apparue au début des années 90. Cette technique a été
développée comme une alternative a la microscopie confocale, permettant d’améliorer
I’imagerie en profondeur des tissus biologiques. Il repose sur 1’utilisation d’une excitation dans
le rouge-proche infrarouge, typiquement 700-1200 nm, permettant d’imager un tissu tel que la
peau jusqu’a une profondeur de quelques centaines de microns, avec une résolution sub-

micrometrique 38142,

La microscopie multiphoton présente plusieurs modes de contrastes utilisables en parallele et

sans marquage. Ceci permet d’identifier des €léments constitutifs des tissus sans utiliser de
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colorants ou de protéines fluorescentes ajoutés artificiellement, par exemple le collagéne
fibrillaire par le contraste dit « SHG » (génération de seconde harmonique) et 1’¢lastine par sa
fluorescence intrinseque (Figure 16). Il est alors possible d’imager en profondeur un tissu intact,
sans coloration, en visualisant de maniére spécifique ses diverses composantes 143,

2PEF
f SHG
@

B

Biopsie

cutanée[\ ' ]
SHG u 2PEF

Fluorescence
7 excitée a 2 photons ™\

2PEF SHG

Figure 16. Imagerie multiphoton de la peau humaine. A. Schéma du microscope multiphoton.
B. Image multiphoton, biopsie cutanée dans le cadre d’une calciphylaxie, derme moyen : le
signal 2PEF (fluorescence excitée a 2 photons, en rouge) permet de visualiser les fibres
élastiques du derme, apparaissant ici rectilignes et fragmentées ; le signal SHG (génération de

second harmoniqgue, en vert) permet de visualiser les fibres de collagene du derme.

A partir de ces images, des analyses quantitatives rigoureuses peuvent ensuite étre réalisées.
Ceci se fait a I’aide de logiciel d’apprentissage automatique (type Ilastik), apreés segmentation
des fibres a étudier, et permet d’étudier de multiples paramétres structurels, comme la longueur

des fibres, leur angulation, leur excentricité 144 (Figure 17) ...
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Figure 17. Segmentation des fibres élastiques dermiques et analyse quantitative. A. Image
multiphoton. B. Image aprés segmentation des fibres élastiques. C. Agrandissement de la fibre
¢lastique encadrée sur I’image précédente. D. Représentation de cette méme fibre en vue de
I’analyse structurelle. E. Exemples de parametre pouvant €tre analysés avec leur valeur pour la

fibre étudiée ici.

Utilisée dans plusieurs études sur la peau, la microscopie multiphoton a montré son intérét dans
la caractérisation des fibres dermiques, en particulier des fibres d’élastine et de collagéne, mais
aussi dans 1’étude structurelle de celles-ci et de leur possible altération. Elle a ainsi été appliquée
a I’étude du vieillissement cutanée, mais aussi des pathologies entrainant une altération des

fibres dermiques, comme le pseudoxanthome élastique ou la maladie de Marfan 14147,

De premiers resultats ont été obtenus en appliquant cette technique a la calciphylaxie urémique.
Nous avons ainsi étudié 14 biopsies cutanées de patients atteints de calciphylaxie et de 12

témoins présentant une insuffisance rénale sans calciphylaxie. Les patients des deux groupes
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présentaient des facteurs de risque de développer une calciphylaxie comparable (en particulier

en termes de produit phosphocalcique).

Nous avons observé que les fibres élastiques au cours de la calciphylaxie étaient statistiquement
plus rectilignes que dans les contréles. En outre, seules les calcifications massives et
circonférentielles dans les vaisseaux de petite taille étaient spécifiques des cas de calciphylaxie.
Les témoins présentaient, tout comme les cas de calciphylaxie, de hombreuses calcifications
interstitielles, surlignant la non spécificité de celles-ci, contrairement aux modifications
structurelles des fibres élastiques. Ces résultats abondent dans le sens de notre hypothése
d’altérations tissulaires spécifiques des fibres élastiques dermiques et vasculaires, favorisant
potentiellement, a facteur de risque similaires, la précipitation des dépbts phosphocalciques

chez certains patients.

L’origine exacte de cet aspect rectiligne reste toutefois a explorer. Si des altérations des fibres
élastiques, causées par les MMP 8%82 (comme précédemment décrit) sont souvent évoquées
dans la littérature, les images de nano spheres phosphocalciques que nous avons observées sur
la surface des fibres élastiques interrogent sur la chronologie des faits. Nous ne pouvons ainsi
pas exclure que des dépdts nanométriques se forment dans un premier temps sur les fibres
élastiques, causant, dans un deuxieme temps, leur modification structurelle, et favorisant enfin

dans un troisieme temps la formation de dép6ts phosphocalciques plus massifs.

En outre, il est intéressant de surligner que la formation de calcifications sur les fibres élastiques
n’est pas associée uniquement a un aspect rectiligne des fibres. En effet, au cours du
pseudoxanthome élastique par exemple, les fibres élastiques sont au contraire pelotonnées.
Certains auteurs rapportent d’ailleurs un aspect similaire en microscopie optique au cours de la

calciphylaxie 148,

Comme abordé dans I’introduction, la formation de calcifications cutanées est la conséquence
de phénoménes multiples. Au sein des calcifications dites dystrophiques, il est probable que
cette complexité soit également, entrainant différents types d’altération des fibres au cours de
différentes dermatoses, conduisant dans tous les cas a la formation de dépdts phosphocalciques.
D’autres études sur biopsies cutanées de pseudoxanthome €lastique sont en cours pour explorer

cette hypothese et mieux comprendre ces premiers résultats.
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b) Techniques de caractérisation physico-chimique in vivo

La caractérisation in vivo est une approche prometteuse pour le clinicien. Parmi les techniques
de caractérisation physico-chimique capables de collecter des données sur la peau in vivo,
citons la spectroscopie Raman '*°, FT-IR ', la fluorescence X ™! et la tomographie par

cohérence optique (OCT).

Au cours de ma these, j’ai eu I’opportunité d’en tester deux : I’OCT dans la sarcoidose, détaillé

ci-dessous, et la spectroscopie FT-IR sur tatouages (détail en annexe).

L'OCT est une technologie basée sur l'interférométrie optique a faible cohérence pour imager
les tissus biologiques avec une résolution spatiale a I'échelle du micrométre '>2. Elle est
couramment utilisée dans plusieurs domaines médicaux, comme en ophtalmologie pour obtenir

1153, en cardiologie interventionnelle '>*

des images de la rétine et du segment antérieur de l'cei
, - 155 . . 5 g, . ..

et en gastro-entérologie °°. En dermatologie, cet outil n’est pas utilisé en routine, mais il semble

prometteur, comme [’atteste des publications montrant son intérét dans 1’aide au diagnostic

clinique de I¢ésions cutanées cancéreuses ou non, permettant d’éviter dans certains cas la biopsie

ou exérése cutanée %1% L’OCT permet en effet une bonne visualisation des structures

cellulaires épidermiques et dermiques, permettant de les visualiser sur une profondeur de 500

pm 157

Nous avons eu I’opportunité de tester ’OCT sur une biopsie de sarcoidose cutanée. Nous avons
utilis¢ un dispositif OCT a source balayée disponible dans le commerce (Thorlabs,
OCS1300SS) fonctionnant dans le proche infrarouge a une longueur d'onde centrale de 1300
nm, produisant des images avec une résolution spatiale de 12 um % 25 pm (axial x transversal).
La figure 18 montre un exemple d'image OCT obtenue, identifiant clairement la présence de
multiples granulomes dans le derme. Bien que nos analyses aient été conduites a ce stade sur
biopsie cutanée et non in vivo, elle montre que cette technique serait adaptée pour diagnostiquer

la sarcoidose cutanée in vivo, ce qui éviterait au patient d'avoir a subir une biopsie.
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Figure 18. Analyse OCT dans la sarcoidose cutanée : épiderme (étoile), derme contenant de

nombreux granulomes dont on identifie la structure ovalaire (fleche).
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V. CONCLUSION

Ce travail de these présente différentes techniques physico-chimiques, englobant I'imagerie a
'échelle sub micrométrique par MEB couplé a I’EDX et l'identification chimique par deux
spectroscopies vibrationnelles a savoir FT-IR et Raman. Il montre leur application a la

caractérisation des dépots cutanés endogenes et exogenes.

Outre un apport descriptif a la fois structurelle et chimique, cette thése apporte des ¢léments
novateurs sur la physio genése, les conséquences tissulaires et les pistes thérapeutiques de prise

en charge de ces dépdts

L'analyse compléte de nos résultats démontre que, bien que la carbapatite soit I’espece chimique
la plus souvent identifiée dans les dépdts endogenes, d’autres composés chimiques peuvent étre
identifiés. Une telle diversité chimique suggére que la genése de ces dépots est le fruit de
différents mécanismes chimiques. En outre, nous avons également démontré la variété

structurelle et de localisation tissulaire de ces dépots.

Bien que ce manuscrit présente principalement la caractérisation des calcifications cutanées, il
aborde également, par le biais de la sarcoidose, les dépdts exogénes. D’autres analyses de ces
dépots exogenes, également réalisées pendant cette these, sont présentées en annexe et feront

I’objet d’études ultérieures.

Enfin, d’autres outils seront utilis€és dans les années qui viennent afin d’explorer de facon plus
poussée la genese et conséquence tissulaire de ces dépots, par le biais notamment de la
microscopie multiphoton et la ligne de lumiére Nanoscopium permettant une imagerie 3D a

I’échelle nanométrique.

110



ANNEXE

Dans cette thése, nous avons vu I’utilisation de la spectroscopie FT-IR dans la caractérisation
des dépdts endogenes calciques, mais aussi des dépdts exogeénes de silice au cours de la

sarcoidose.

Cet outil pourrait également étre utilisé dans 1’étude in vivo d’autres dépdts exogenes. Ainsi,
nous avons récemment testé I'acquisition de spectres FT-IR in vivo sur le tatouage d’un patient
a l'aide d'un spectrometre FT-IR portable Agilent 4300. Le dispositif expérimental, couramment
utilisé pour les archéo-matériaux, permet l'acquisition de spectres infrarouges dans la gamme
5000-650 cm™ avec une résolution spectrale de 4 cm™. Les expériences ont été réalisées en
mode réflexion totale atténuée (avec une profondeur de pénétration typique de 2 um) en utilisant
une fenétre d'interface en diamant. Un ensemble de spectres infrarouges a été collecté (figure
19) : il est clair que le rapport signal sur bruit est excellent et il semble donc possible d'extraire
des informations spectrales concernant la composition chimique des tatouages. Cette technique
est donc prometteuse pour apporter, par exemple, une caractérisation chimique des composés
présents au cours de réactions cutanées sur tatouage. Le patient pourrait ainsi étre informé des
potentiels allergénes responsable de ces 1ésions cutanées et éviter la réalisation de nouveaux

tatouages avec des encres en contenant.
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Figure 19. Spectres infrarouges in vivo d'un tatouage cutané acquis avec une configuration
expérimentale infrarouge portable.
Notre travail de caractérisation de la composition chimique des encres de tatouage a aussi été

réalisé, en utilisant le Synchrotron Soleil, dans trois cas de tumeurs cutanées (de type

kératoacanthomes) développées sur tatouage. Ces résultats sont présentés dans la publication

suivante.
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Chemical composition and
distribution of tattoo inks
within tattoo-associated

keratoacanthoma

Editor

Carcinogenic risk of tattoo inks remains unclear, and their
composition is poorly regulated. Various types of carcino-
genic compounds can be found in tattoo inks, including pri-
mary aromatic amines (PAA), cleavage products of organic

Counts (A.U.)
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Fig. 1 (a) Optical micrographs of the three samples at two different magnifications (10x and 100x) revealing the presence of micron size
red pigment clusters. On patient 1, note the heterogeneous and lighter aspect of the red pigment, suggesting the presence of nanoparti-
cles of TiO.. (b) Corresponding Raman spectra. Reference spectra are also given as comparison: PR170 dye sample (Kremer) and rutile
(TiO,) downloaded from the RRUFF database.
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Letters to the Editor

azo colourants, found in coloured inks.! Many cases of skin
cancers occurring within tattoos have been reported, includ-
ing cases of keratoacanthoma (KA) developed on red ink.’
Pathogenesis of KA on tattoos remains unclear and is proba-
bly due to multiple factors: trauma induced by the needle

during the tattoo itself, inflammatory reactions, ultraviolet
radiation, direct carcinogenicity of the tattoo inks and indi-
vidual background.>”

Direct analysis of the composition of tattoo inks at the site of
skin cancer could therefore be very interesting, but to our

Fig. 2 Optical microscopy and XRF correlation: optical microscopy, showing mainly black ink in the superficial and deep dermis, with
little, dispersed and less visible, pink ink: (a) haematoxylin—eosin-saffron (HES)-stained (x400) and (b) HES-stained (x25). XRF analysis:
The main elements observed are (c) Ca, (d) Fe, (e) Ti and (f) Zn.
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knowledge, this type of analysis has never been conducted
before.

We report the precise organic and inorganic chemical compo-
sition and distribution of tattoo inks within three cases of tat-
too-associated KA.

Clinical and histopathological data from three patients diag-
nosed with tattoo-associated KA in 2017 were collected in Bichat
H. These data were completed by structural and chemical char-
acterization of tattoo inks within KA, using Raman spec-
troscopy, to identify the organic compounds of tattoo inks, and
synchrotron-based measurements — including X-ray fluorescence
spectroscopy (XRF) and X-ray absorption near-edge spec-
troscopy (XANES) — to identify the inorganic compounds.*®

All three patients developed KA on red ink within several
weeks following the tattoo set-up procedure. For one patient,
black and yellow inks were also used for the tattoo. A typical
histopathological aspect of KA was observed in all three cases,
associated with the presence of intra-dermal coloured pigments,
located in the direct periphery of the tumoral mass.

Raman spectroscopy identified the same organic compound
on all three samples. This Raman spectrum was compared to
previous published data and to a reference dye sample (Kremer),
allowing the identification of Pigment Red 170 (PR170).° Raman
spectroscopy also showed the presence of the rutile polymorph
of titanium dioxide (TiO,) particles for one patient who pre-
sented a KA on a lighter shade of red (Fig. 1).”

Synchrotron-based measurements identified iron and zinc
oxide in all three samples and titanium oxide in one sample. A
detailed analysis of XRF data showed that the spatial distribution
of titanium was remarkably correlated to the position of the
tumour (Fig. 2e). In order to describe the chemical phase of iron
and zinc oxide and confirm the exogenous origin of these oxides,
XANES analysis was performed, identifying zincite and
goethite.®

We report the description of both the organic and inorganic
chemical composition of tattoo inks in cases of KA. Our analyses
demonstrated the presence of the same red azo pigment (PR170)
in all three KA, consistently associated with metal oxide. Spatial
correlation between both PR170, metal oxide and the tumour
was found in all cases.

Genesis of PAA from azo pigments such as PR170 in humans
is suspected to be the consequence of enzymatic activity, thermal
decomposition or photodegradation, after UV light exposure.’
Metal oxides are efficient photocatalysts and could have potenti-
ated photodegradation of PR170 in our cases.'®

The presence of PR170 in these three KA raises the question
of the carcinogenicity of this substance. Interestingly, PR170 is
not listed by the European Council as a carcinogenic azo colour-
ants. Analysis of more cases of skin cancer within tattoos using
the same techniques would allow a better identification of
potential carcinogenic compounds and help render tattoo ink
composition safer.
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RESUME :

Bien que de nombreuses pathologies dermatologiques soient associées a des dépdts cutanés
pathologiques, endogeénes ou exogenes, ceux-ci restent mal décrits. Leur taille sub-
micrométrique ainsi que leur diversité de composition chimique nécessitent 1’utilisation de
divers outils physico-chimiques pour en permettre une caractérisation complete. Notre objectif
est d’apporter une caractérisation physico-chimique multi échelle du micrométre au nanometre,
mais aussi d’explorer la genése et les conséquences tissulaires de ces dépdts en utilisant
différentes techniques afin d’en extraire un message clinique. Apreés avoir présenté les
connaissances actuelles sur ces dermatoses calcifiantes et décrit les principes de la microscopie
¢lectronique a balayage couplée a la spectroscopie de rayons X a dispersion d'énergie et des
spectroscopies vibrationnelles, nous présentons 1’application de ces outils & quatre dermatoses
différentes : calciphylaxie, ulcéres de jambe calcifiés, calcinosis cutis sur nécrolyse
épidermique et sarcoidose. L’ensemble de nos résultats montrent que les dépdts cutanés
endogénes sont principalement composés de carbapatite, dont 1’aspect ultra-structural
correspond a des nano-sphérules phospho-calciques s’agrégeant pour former des plaques de
dimension micronique. Ces dépots présentent un tropisme vis-a-vis des fibres ¢élastiques que
des études complémentaires par microscopie multiphoton permettront d’explorer. Ces résultats
originaux permettent de mieux comprendre la physio genése des calcifications cutanées, mais

¢galement d’envisager des méthodes de diagnostic ainsi que des pistes thérapeutiques.

MOTS CLES :

Dermato-pathologie, Spectroscopies vibrationnelles, Microscopie électronique a balayage,

Calcifications cutanées.
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