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Introduction




Chapitre I. Leucémie lymphoide chronique
I.1. Rappel succinct sur la lymphopoiese B

Les lymphocytes B (bone-marrow-derived lymphocytes) sont des cellules du systéme
immunitaire humoral adaptatif, responsables de la production d’immunoglobulines
spécifiques d’'un antigéne, et dont la production et la différenciation de la cellule souche
hématopoiétique jusqu’au stade de lymphocyte B naif s’effectuent dans la moelle

osseuse hématopoiétique (Figures 1 et 2).
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Figure 1. Hématopoiese normale chez ’THomme (Wasnik, 2012%). Les cellules souches
hématopoiétiques (HSC) proliférent et se différencient en progéniteurs multipotents (MPP), a
partir desquels se différencient les progéniteurs lymphoides communs (CLP), qui donneront

eux-mémes naissance aux lymphocytes B, T et NK.
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Figure 2. Différenciation lymphoide B (Kurosaki, 2010?). La synthése de I'immunoglobuline
de surface commence par la synthése de la chaine lourde. La recombinaison DJ débute dans
les progéniteurs lymphoides communs et les cellules pré-pro-B, suivie de la recombinaison V-
DJ, et aboutit a la présence d’'une chaine lourde dans les cellules pré-B, qui s’associe aux
chaines |égéres de substitution pour constituer le pré-BCR. La signalisation efficace par ce
pré-BCR induit la prolifération et la différenciation des petits lymphocytes pré-B, puis le
réarrangement VJ de la chaine légére d'immunoglobuline permettant la formation d’'un BCR
complet (IgM) a la surface des lymphocytes B naifs. Les lymphocytes autoréactifs sont
éliminés, et les lymphocytes B naifs restants migrent vers les organes lymphoides secondaires
pour se différencier en lymphocytes B matures (folliculaires, de zone marginale, ou B1), préts

a s’activer s'ils rencontrent leur antigéne spécifique.

I.2. Généralités sur la leucémie lymphoide chronique

La leucémie lymphoide chronique (LLC) est un syndrome lymphoprolifératif chronique
caractérisé par une prolifération clonale de lymphocytes B matures, et de leur
accumulation, responsable d’une infiltration sanguine, médullaire, ganglionnaire et des
autres organes lymphoides. En accord avec la classification OMS 2022 des néoplasies
lymphoides, le diagnostic est porté lorsque la population lymphocytaire B de
phénotype LLC est supérieure a 5 G/L dans le sang périphérique. En présence d’une
atteinte tumorale exclusive (ganglionnaire, splénique ou extra-médullaire), non

associée a une phase circulante > 5 G/L, on retient le diagnostic de lymphome
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lymphocytique (LL). En I'absence de toute atteinte tumorale, la découverte d’une
phase circulante inférieure au seuil de 5 G/L fait porter le diagnostic de lymphocytose
B monoclonale (ou MBL, monoclonal B cell lymphocytosis). Un clone MBL « low
count » ou expansion B clonale a un nombre de cellules B clonales inférieur a 0.5 G/L.
Un clone MBL de type LLC/LL peut progresser vers une LLC/LL (0.5-2% par an), le
risque étant plus élevé pour les clones avec un nombre de cellules B clonales plus

important.

I.3. Présentation clinico-biologique et critéres diagnostiques

Le diagnostic de LLC est porté dans la majorité des cas lors de la découverte fortuite
d’'une hyperlymphocytose au cours d’'un examen de routine, en I'absence de tout
symptéme. Certains patients présentent toutefois un syndrome tumoral au diagnostic
(ganglionnaire, hépatique ou splénique), et/ou des cytopénies. La présence de signes
geénéraux (altération de I'état général, fievre et/ou sueurs nocturnes), de méme qu’une
augmentation rapide de la taille d’'un ganglion, témoignent d’'une maladie progressive
et doivent faire évoquer une transformation en Ilymphome de haut grade

(transformation de Richter).

Au plan biologique, le diagnostic est suspecté devant une hyperlymphocytose
supérieure a 5 G/L, associée a d’éventuelles cytopénies (anémie, thrombopénie). Le
frottis sanguin montre des cellules de petite taille, d’aspect mature, avec un rapport
nucléo-cytoplasmique élevé, un cytoplasme basophile dépourvu de granulations, ainsi
qu’'une chromatine dense et mottée habituellement sans nucléole visible. A ces
cellules s’associent classiquement des ombres nucléaires (« ombres de
Gumprecht »), qui traduisent la fragilité des membranes cytoplasmiques et nucléaires

des cellules leucémiques (Figure 3).
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Figure 3. Frottis sanguin caractéristique d’un patient atteint de LLC.

La confirmation diagnostique requiert I'immunophénotypage des Ilymphocytes
sanguins circulants, par cytométrie en flux. Les cellules leucémiques portent
naturellement & leur surface les antigenes caractéristiques de la lignée lymphoide B :
le CD19 (marqueur pan-B) et le CD20 (marqueur des lymphocytes B matures), dont
l'intensité d’expression est généralement diminuée. Chaque clone de cellule
leucémique exprime a sa surface un méme type de chaine légére d'immunoglobuline,
kappa ou lambda, composant le BCR, et dont I'intensité d’expression par le clone
leucémique est également diminuée en comparaison avec les lymphocytes B
normaux. La molécule CD5, antigene normalement exprimé par les cellules
lymphoides T et par une sous-population de lymphocytes B naifs, est retrouvée de
fagcon presque constante a la surface des cellules LLC. Le CD23, récepteur de faible
affinité du fragment Fc des IgE (FceRIl) et marqueur d'activation des lymphocytes B,
est lui aussi habituellement présent. Le FMC7, présent sur les lymphocytes B
physiologiques, est en revanche négatif. Enfin, le CD22 et le CD79b (composant le
BCR) sont peu exprimés, voire absents. Tous ces criteres phénotypiques entrent dans
le calcul du score du Royal Marsden Hospital (RMH, ou score de Matutes?), qui attribue
1 point a la positivité du CD23 et du CD5, ainsi qu’a la négativité ou faible expression
du FMCY7 et du CD22 (ou du CD79b dans le score modifié par Moreau), et a la faible
expression de la chaine légére impliquée. Un score de 4 ou 5 sur 5 est compatible

avec une LLC ; un score de 3 peut correspondre a une LLC de phénotype atypique ;



un score inférieur a 3 doit faire discuter d’autres syndromes lymphoprolifératifs B
(Tableau 1).

Tableau 1. Calcul du score RMH (score de Matutes/Moreau).

Marqueur + 1 point 0 point

CD5 Positif Négatif

CD23 Positif Negatif

FMC7 Neégatif Positif
CD22 (ou CD79b) Faible Fort
Immunoglobulines de surface Faible Fort

|.4. Classifications

Les classifications de Binet* et de Rai® permettent la stratification pronostique des

patients atteints de LLC. Ces classifications reposent cliniquement sur I'atteinte des

aires lymphoides (adénopathies superficielles, hépatomégalie, splénomégalie) et

biologiqguement sur '’hémogramme (anémie, thrombopénie), afin de classer les

patients en 3 stades (A, B ou C) pour la classification de Binet, ou en 5 stades (0 a IV)

pour la classification Rai (Tableaux 2 et 3). En France, la classification de Binet reste

la plus utilisée. Au diagnostic, environ 80% des patients sont en stade A et ne

nécessitent qu’'une simple surveillance. Environ la moitié d’entre eux évolueront vers

un stade B ou C, et nécessiteront alors un traitement.

Tableau 2. Classification de Binet.

Stade | Aires lymphoides| Hémoglobine Plaquettes |Médiane de survie
A <2 >10g/dL > 100 G/L > 10 ans
B >3 >10g/dL > 100 G/L 7 ans
C indifférent <10 g/dL <100 G/L 5ans
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Tableau 3. Classification de Rai.

Stade Risque Description Médiane de survie
0 faible Lymphocytose >10 ans
| intermédiaire [Lymphocytose + lymphadénopathie 7-9ans
Il intermédiaire  [Stades O-l + splénomégalie et/ou hépatomégalie
i élevé Stade Il + anémie (hémoglobine < 110 g/L) <5Sans
v élevé Stade Ill + thrombopénie (plaquette < 100 g/L)

|.5. Epidémiologie

La LLC est la plus fréquente des leucémies de I'adulte dans les pays Occidentaux. En
France, on a recensé 4674 nouveaux cas de LLC/LL en 2018 d’aprés I'’Agence
nationale de santé publique, soit prés de 11% de I'ensemble des hémopathies
malignes®. Il existe une prédisposition masculine, avec un sex-ratio proche de 2/1. La
LLC concerne essentiellement les sujets agés : 'age médian au diagnostic est de 71
ans chez les hommes et 73 ans chez les femmes ; elle est exceptionnelle avant 50
ans.

Hormis 'age avancé, il n’existe pas de facteur de risque formellement identifié qui
favoriserait la survenue de la maladie. Le role de I'exposition aux radiations ionisantes
ou aux agents chimiques dans l'incidence de la LLC n’est pas établi. Si la grande
majorité des cas de LLC sont sporadiques, il existe vraisemblablement une
susceptibilité génétique a la maladie, et des formes familiales de LLC peuvent étre

identifiées dans 5 a 10% des cas’.

I.6. Physiopathologie de laLLC

1.6.1. Défaut d’apoptose

Les cellules de LLC circulantes sont quiescentes, arrétées en phase GO du cycle

cellulaire. Elles sont essentiellement caractérisées par un défaut d’apoptose lié a la

surexpression de protéines anti-apoptotiques telles que BCL2 (B-cell
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leukemia/lymphoma-2) et MCL1 (myeloid cell leukemia-1). Les principaux
mécanismes effecteurs de 'apoptose seront détaillés au Chapitre 1l de ce manuscrit.
Les mécanismes aboutissant a la surexpression de ces protéines sont potentiellement
multiples : hypométhylation du promoteur de BCL2 décrite dans les cellules de LLCE,
stimulation de I'axe CD31/CD38 (cf. section I.7. Facteurs pronostiques biologiques) ou
encore perte des microARNs miR-15a/miR-16-1 avec la délétion 13q (cf. section 1.8.

Anomalies cytogénétiques).

[.6.2. Prolifération

Bien que l'accumulation de cellules de LLC soit principalement liée a un défaut
d’apoptose, I'existence d’un pool prolifératif a également été proposée?. Il a été montré
que les cellules tumorales proliféraient dans la moelle osseuse et dans les ganglions,
générant chaque jour entre 0.1 et 1.75% de la population tumorale®, ce qui contraste

avec la quiescence des cellules sanguines circulantes.

1.6.3. Signalisation du BCR dans laLLC

Le BCR est un complexe protéique composé d’une immunoglobuline de surface
associée a deux protéines transmembranaires Iga (CD79a) et IgB (CD79b),
nécessaires a la transduction du signal d’activation (Figure 4). Comme vu
précédemment, I'expression des immunoglobulines de surface et du CD79b est
souvent faible, voire indétectable. La stimulation du BCR par I'antigéne correspondant
induit I'activation de nombreuses tyrosine-kinases, en particulier LYN (de la famille des
kinases SRC) et SYK!. Celles-ci phosphorylent en retour les motifs intracellulaires
ITAM du CD79a et CD79b du BCR, ce qui active d’'une part la tyrosine kinase de Bruton
(BTK) puis la phospholipase C gamma 2 (PLCy2) et les voies NF-kB, NFAT2 et
PKC/MAPK, et dautre part la phosphoinositide-3-kinase (PI3K) puis les voies
AKT/mTOR et NF-kB (Figure 5).
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Figure 4. Schéma du BCR.
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)
7/

Feris £ (PR () cD22

\0019
p BCR )

BHEZEBSEERBEBEDERIVESHIOERE BERRIILEN DI & B &)
Ptdins(4,5)P,
[CCCOO0008000000C

cooooocof #1 boooood
Ptdins(3,4)P,
cocoboeot i boooood

b
;

[ et ] et e

[——)

Transcription leading "--:_"\
to cell-fate decision ~z

Figure 5. Signalisation en aval du BCR illustrant les principales voies d’aval : la voie BTK /
PLCy2 activant PKC puis NF-kB, NFAT et MAPK ; et PI3K activant principalement la voie
AKT/mTOR. (Niiro, 2002*3)
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Si la signalisation du BCR joue un réle central dans la pathogénese de la LLC, on
distingue deux types de réponse a la stimulation du BCR, selon le statut mutationnel
IGHV des patients. Le BCR des cellules IGHV mutées posséde généralement une
faible capacité de réponse a la stimulation antigénique. Il est en regle mono- ou oligo-
réactif et de forte affinité. Sa stimulation in vitro n’entraine pas ou peu de réponse en
matiére de survie cellulaire. A l'inverse, les cellules IGHV non mutées ont une capacité
de réponse plus importante suite a la stimulation antigénique. Leur BCR est poly-
réactif, de faible affinité, et sa stimulation in vitro s’accompagne d’une augmentation
de la survie des cellules.

Par ailleurs, en plus de I'activation du BCR par les ligands antigéniques, il a été montré
in vitro que certains épitopes intrinséques du BCR (HCDR3) pouvaient étre reconnus
par un complexe BCR voisin, et déclencher une stimulation autonome a I'origine de la

prolifération des cellules de LLC4,

[.6.4. Microenvironnement tumoral

Les cellules de LLC présentent une survie prolongée in vivo, mais elles entrent
rapidement en apoptose in vitro. Cette apoptose peut étre prévenue par la co-culture
des cellules LLC en présence de cellules stromales, ce qui souligne l'influence du
micro-environnement dans la survie et la prolifération de ces cellules.

In vivo, le microenvironnement tumoral des cellules de LLC est constitué de cellules
stromales mésenchymateuses (moelle osseuse), de cellules dendritiques folliculaires
(ganglion, zone folliculaire), de fibroblastes réticulaires (ganglion, zone T) et de cellules
dites « nurse-like », issues de la lignée myélo-monocytaire et apparentées a des

macrophages d’origine monocytaire (moelle et ganglion).

Nous avons vu que les ganglions étaient le siége de la prolifération d’'une partie des
cellules leucémiques. Ceux-ci sont en effet infiltrés par les cellules leucémiques,
regroupées en pseudo-follicules comprenant également des lymphocytes T et des
cellules stromales, qui fournissent ainsi aux cellules de LLC les cytokines nécessaires

a leur survie et leur maturation. Les cellules folliculaires dendritiques situées dans les
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centres prolifératifs activent les cellules de LLC a la fois par leur capacité de
présentation d’antigene et par la sécrétion de BAFF. Les cellules nurse-
like promeuvent également la survie des cellules LLC tant par la sécrétion de facteurs
(tels que CXCL12, CXCL13, BAFF et APRIL) que par leur capacité a présenter des
antigénes stimulant le BCR (calréticuline, vimentine...) (Figure 6A). Enfin, il existe des
interactions entre les lymphocytes B de LLC et les lymphocytes T du
microenvironnement. Les cellules B de LLC produisent des chimiokines capables de
recruter les lymphocytes T (CCL3, CCL4...), qui en retour vont favoriser la survie des
lymphocytes B tumoraux en exprimant le CD40L (Figure 6B)*.
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Figure 6. (A) Schéma de l'interaction entre un lymphocyte B de LLC et une cellule
« nurse-like ». Ces dernieres contribuent a la survie et a l'activation des lymphocytes
leucémiques en stimulant le BCR (calréticuline, vimentine), et en exprimant BAFF / APRIL
ainsi que des facteurs solubles (CXCL12, CXCL13). Les cellules stromales de la moelle
osseuse (bone-marrow stromal cells, BMSC) jouent également un réle de support. (B) Schéma
de linteraction entre un lymphocyte B de LLC et les lymphocytes T CD4, T CD8 et NK. Les
lymphocytes T CD4 sont recrutés pour leur role de soutien (CD40L, CCL3, CCL4). Les
lymphocytes T CD8 et NK voient en revanche leur fonction cytotoxique inhibée, ce qui concourt

a I'évasion immunitaire des cellules de LLC. (Ten Hacken, 2014%%)
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|.7. Facteurs pronostiques biologiques

La LLC est une maladie d’évolution clinique trés hétérogene, méme au sein des
groupes définis par les classifications susmentionnées, avec des survies globales
pouvant varier de quelques mois a plus de 20 ans. Cette variabilité peut étre expliquée

en grande partie par de nombreux facteurs biologiques, qui influencent le pronostic.

1.7.1. Marqueurs sérigues

Plusieurs parameétres biologiques simples permettent d’évaluer le degré de
prolifération des lymphocytes tumoraux, et donc I'agressivité de la maladie.

Le suivi de ’'hémogramme permet le calcul du temps de doublement des lymphocytes
sanguins. Les patients ayant un temps inférieur a 12 mois ont un pronostic moins bon
(période sans traitement et survie globale plus courtes)*®.

La lactate-déshydrogénase (LDH) est une enzyme catalysant la transformation du
pyruvate en lactate. Dans la LLC, comme dans d’autres hémopathies, son taux refléte
la masse tumorale. Un taux élevé de LDH constitue donc un marqueur de mauvais
pronostic, de mauvaise réponse au traitement, et peut faire suspecter une
transformation en lymphome de haut grade (transformation de Richter)'”:18,

La B2-microglobuline est un constituant du CMH de classe |, retrouvé a la surface de
toutes les cellules nucléées de I'organisme. Elle est synthétisée par les lymphocytes
T CD8, les lymphocytes B et les cellules tumorales, et peut ainsi refléter la masse

tumorale?®.

1.7.2. Marqueurs immunophénotypiques

Le CD38 est une glycoprotéine transmembranaire exprimée par de nombreuses
cellules hématopoiétiques, notamment les lymphocytes B et T activés. En
interagissant avec le CD31 présent a la surface des cellules stromales/endothéliales,
il induit la prolifération et la différenciation immunoblastique des lymphocytes LLC,
ainsi que la survie cellulaire en inhibant 'apoptose dans les centres germinatifs2°. Dans
la LLC, un niveau d’expression élevé du CD38 est frequemment associé a une

prolifération plus marquée?®-2?, mais son intérét reste discuté du fait d’'une expression
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inconstante au cours de la maladie et de I'absence de valeur seuil de positivité

clairement définie.

1.7.3. Statut mutationnel des genes des immunoglobulines

Les patients atteints de LLC peuvent étre classés en deux groupes selon le caractere
muté ou non muté de la séquence des genes codant la partie variable des chaines
lourdes des immunoglobulines (genes IGHV, immunoglobulin heavy variable genes).
Pour établir ce statut mutationnel, le réarrangement IGHV est étudié par séquencage
dans les lymphocytes B de LLC, et comparé aux séquences de référence en
conformation germinale. Ainsi, un pourcentage d’homologie supérieur ou égal a 98%
définit le caractére non muté, tandis qu’un pourcentage inférieur a 98% définit le statut
muté. Ce statut muté est associé a un pronostic favorable, alors que les patients non
mutés ont une moins bonne réponse aux traitements (en particulier a la

chimiothérapie)?3-25,

[.8. Anomalies cytogénétiques

Le paysage génomique de la LLC est hétérogéne. Cette hétérogénéité a été mise en
évidence des les années 1980, par analyse du caryotype d’échantillons issus de
patients LLC, et utilisation de sondes fluorescentes spécifiques (FISH, fluorescence in
situ hybridization)?6-28. Si environ 20% des patients ont un caryotype normal, de

nombreuses anomalies cytogénétiques récurrentes ont pu étre identifiées.

1.8.1. Caryotype complexe

Il se définit par 'accumulation d’au moins 3 anomalies chromosomiques de nombre ou
de structure dans un méme clone. Au diagnostic de LLC, 11 a 18% des patients ont
un caryotype complexe ; cette prévalence s’éléve jusqu’a 40% en situation réfractaire
ou en rechute. Il s’agit d’'un groupe de patients trés hétérogene, dont le pronostic est
généralement mauvais, mais qui dépend en grande partie du détail des anomalies qui
le constituent?®27, Par exemple, la présence d’une trisomie 12 avec une trisomie 19

est associée a un bon pronostic. En revanche, la présence d’au moins 5 anomalies
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cytogénétiques — définissant un caryotype « hyper-complexe »2° — est associée a un
pronostic tres défavorable. La valeur pronostique du caryotype complexe sera discutée

en détail dans la section Résultats de ce manuscrit (cf. Article 3).

1.8.2. Délétion 13q14

Elle est retrouvée chez 50 a 60% des patients LLC au diagnostic. Sa présence est
associée a un pronostic favorable, lorsqu’elle reste isolée (Figure 7). On la retrouve le
plus souvent a I'état mono-allélique. La région minimale délétée inclut les micro-ARN
miR15a/16-1, codés dans un intron du géne DLEUZ2 (Deleted in Lymphocytic Leukemia
2). Il a été montré que leur délétion dans un modele murin aboutissait au
développement de lymphoproliférations B de phénotype semblable a la LLC et de profil
plutdt peu agressif:®. Ces micro-ARN fonctionnent comme des suppresseurs de
tumeur : ils régulent négativement I'expression de la protéine anti-apoptotique BCL2
en induisant la dégradation de son transcrit. La perte de DLEU2 et des miR15a/16-1
aurait ainsi pour conséquence l'accumulation de BCL2, a lorigine d'un défaut
d’apoptose permettant I'expansion clonale. A noter la présence dans cette région
chromosomique du gene RB1, impliqué dans le contréle du cycle cellulaire au moment
de la transition G1-S, et dont la perte en cas de délétion de plus grande taille est

associée a un pronostic plus défavorable.

[.8.3. Trisomie 12

Elle est retrouvée chez 10 a 15% des patients LLC au diagnostic. Elle est associée a
un risque intermédiaire (Figure 7), superposable aux LLC de caryotype normal. Il s’agit
d’'une entité elle-méme hétérogeéne, possiblement associée a la del13qg, mais aussi a
d’autres trisomies (en particulier tri19 et tri18) ou d’autres délétions (del17p, delllq,
dell4q)3!. La trisomie 12 est volontiers associée aux mutations de NOTCH1 (25%) et
de TP53 (8.5%), et s’associe plus fréquemment a un profil mutationnel IGHV non muté
(66%).
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1.8.4. Délétion 11q

Elle est retrouvée chez 6 a 20% des patients LLC au diagnostic. La région minimale
de délétion est située en 11922.3-g23.1, qui comporte le géne suppresseur de tumeur
ATM (Ataxia telangiectasia mutated). La seconde copie d’ATM comporte des
mutations dans 30% des cas®2. La delllq peut impliquer la région 11g22.2, ou se situe
le géne BIRC3 dont la fonction physiologique est de réguler négativement la voie NF-
KB. La delllg était associée a un pronostic défavorable a [l'ére de
limmunochimiothérapie (Figure 7), impliquant fréquemment une atteinte tumorale

ganglionnaire et rapidement progressive3,

1.8.5. Délétion 17p

Elle est retrouvée chez 5 a 10% des patients LLC au diagnostic, et jusqu’a 40% chez
les patients en situation réfractaire ou en rechute. Elle implique la perte du gene TP53
(17p13), un gene suppresseur de tumeur majeur (cf. section 1.2. Mécanismes de
'apoptose). La del17p est associée dans plus de 90% des cas a des mutations
inactivatrices de l'autre copie du géne TP53. Quel qu’en soit le mécanisme, une

altération de la voie p53 est associée a un pronostic défavorable (Figure 7).
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Figure 7. Courbes de survie des patients LLC stratifiés selon les anomalies
cytogénétiques présentes : modéle hiérarchique de Dohner avant I’ére des thérapies
ciblées (Dohner, 2000%). La médiane de survie des patients est de 133 mois pour les patients
dell3q (pronostic favorable), 114 mois pour les patients tril2 (pronostic intermédiaire), 79 mois

pour les patients delllq (pronostic défavorable) et 32 mois pour les patients dell7p (pronostic
trés défavorable).

[.8.6. Autres anomalies

D’autres anomalies chromosomiques récurrentes observées dans les LLC agressives
pourraient participer a la résistance aux drogues.

1.8.6.1. Délétion 6q

La délétion 6q est retrouvée dans 3 a 7% des LLC, et s’intéegre dans un caryotype

complexe dans plus de 60% des cas. Bien que les cas rapportés présentent une
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grande hétérogénéité de longueur et de régions impliquées, il semble que la région
6021 soit la plus fréguemment concernée, dans plus de 70% des cas**3¢, Elle est
phénotypiquement associée a une expression plus forte du CD38%, et cliniquement
associée a une présentation clinique volontiers plus tumorale, ainsi qu’a une
résistance aux traitements et une survie plus courte®. Parmi les génes suppresseurs
de tumeur imputables, il a été suggéré que la perte d’'un haplotype du géne codant la
protéine FOXO3, impliquée dans la voie de réparation des dommages de 'ADN (en
amont d’ATM et de p53), entraine un défaut de son activité pro-apoptotique dans les

lymphocytes.

1.8.6.2. Gain 2p

Le gain 2p est une anomalie récurrente retrouvée chez environ 15% des cas selon les
séries3®4L, Cette anomalie est associée a des facteurs de mauvais pronostic, comme
le statut IGHV non-muté, la delllq et la del17p. Le gain 2p semble également associé
a la progression de la maladie, au risque de transformation en syndrome de Richter,
et aurait un impact défavorable sur la survie globale. Plusieurs oncogenes sont
localisés dans cette région (ALK, MSH2, BCL11A, MYCN, REL, XPO1). En particulier,
le géne XPO1, codant I'exportine-1, a été décrit comme impliqué dans la résistance a

la fludarabine ainsi qu’aux inhibiteurs du BCR (ibrutinib, idélalisib) dans la LLC#2.

1.8.6.3. Gain 8¢

Le gain 8g24 est une anomalie rare (<5% des LLC au diagnostic*®, davantage a la
rechute*®) mais récurrente, impliquant 'oncogéne MYC. Il est fréquemment associé
aux délétions impliquant ATM et/ou TP53%45, mais confére également un mauvais

pronostic de facon indépendante, avec une survie globale plus courte?®.

1.8.6.4. Délétion 8p

La del8p est une anomalie chromosomique rare dans la LLC, non recherchée de fagon
systématique, et donc peu étudiée. Elle est retrouvée dans environ 5% des cas, et
jusqu’a 28% dans les LLC avec une del17p#44’. Sa fréquence pourrait étre sous-

estimée car elle est parfois difficile a repérer au sein d’'un caryotype complexe, et elle
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est volontiers sous-clonale (en particulier au diagnostic). Dans la majorité des cas,
cette anomalie est décrite comme un événement secondaire, apparaissant dans
I'évolution de la maladie*®. Les LLC avec del8p ont un délai raccourci entre le
diagnostic et le premier traitement, et 'association avec la del17p est corrélée a une
survie diminuée par rapport aux patients LLC ayant une del17p sans del8p**4’. Elle a
été enfin associée a la résistance au traitement par l'ibrutinib°.

Le tableau 4 récapitule les données rapportées dans la littérature sur la délétion 8p
dans la LLC, entre 2002 et 2021. En particulier, on note I'implication fréquente de la
région 8p21.3 dans la région délétée, ce qui a poussé de nombreux auteurs a suggérer
un réle de la famille des genes TNFRSF10, dont la structure et la fonction seront
abordées plus loin (dans la section Ill. Voie TRAIL/TNFRSF10) de cette introduction.
L’ensemble de ces données sera décrite de fagon plus détaillée en discussion de
I'Article 1 de la section Résultats, consacré a la del8p dans la LLC, a la lumiére de nos

propres résultats.

1.9. Prise en charge thérapeutique dela LLC

La LLC reste encore a ce jour une hémopathie incurable dans la tres grande majorité
des cas. Cependant, compte tenu de I'évolution clinique trés hétérogéne des patients,
seule une minorité de patients recevront un traitement d’emblée, alors que les autres
seront suivis sans traitement en consultation.

Lorsqu’il est nécessaire, le choix du traitement dépend de I'état général du patient
(dge, comorbidités), de l'existence d’'une altération de la voie p53, du statut

mutationnel IGHV, et des éventuels traitements antérieurement recus.
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Tableau 4. Délétion 8p et LLC : revue de la littérature.

N of cases (%) Analysis Cytobands Segment Discussed genes Clonal Prognosis Reference
length subclonal
3/30 (10%) untreated CLL CGHa 8p21-p23 nd Bea S, Am J Pathol, 200250
4/9 (44%) RS 8p23-q11.2
?/50 ?CLL CGHa 8p21.3 0.6Mb TNFRSF10A/B Rubio-Moscardo F, Blood, 200552
NHL
5/18 (28%) untreated del17p CLL SNPa 8p23.1-p23.3 7.3 Mb TTFT, OS Forconi F, BJH, 20084
8p21.1-p23.1 19Mb TNFRSF10A/B
8p12 1.3Mb
3/48 (6.25%) untreated CLL CGHa 8p11.2-p12 5.49Mb Kay NE, Cancer genet cytogenet, 201052
(MDR)
10/323 (3.1%) untreated CLL SNPa 8p23.1-p21.2 12.4Mb TNFRSF10A/B OS univariate Rinaldi A, BJH, 201133
8p21.2 1.7Mb
4/57 (7%) untreated CLL CGHa 8p nd O'Malley D, Int j lab, 201154
6/369 (1.6%) untreated CLL SNPa 8p11.2p23.3 38.5Mb Gunnarsson R, Haematologica, 201155
(MDR)
7/255 (2.7%) untreated/treated CLL SNPa 8p Ouillette P, Blood, 201156
(78%+22%)
8/161 (5%) CLL (6 untreated CLL/8) SNPa 8p23.2-q11.2 11-29.6 TNFRSF10A/B TTFT Brown JR, Clin Can Res, 201247
Mb (decreased expression)
5/ 353 (1.4%) untreated CLL SNPa 8p12 (MDR) 90.8kb nd Edelmann J, Blood, 201240
5/228 (2%) untreated CLL CGHa 8p23.3-p21.2 24.8 Mb TTFT; OS Houldsworth J, Leuk Lymp, 201345
univariate
4/77 (5%) / 1/55 (1.8%) CLL SNPa DLC1 Kawamata N, Int J oncol, 201357
5% (5/111) WES Subclonal Landau, Cell, 201348
7/180 (3.8%) SNPa 8p23.3-8g12.3 6.7-65Mb Salaverria |, GCC, 201558
16/501 (3.2%) WES Clonal ? nd Landau, Nature, 2015%°
8 CLL SNPa, FISH 8p21 (consensus TNFRSF10A/B Ibrutinib Burger JA, Nat commun, 20154°
region) resistance
11/75 (14.7%) del17p/TP53mut CLL FISH 8p21 (LPL) TNFRSF10A/B Subclonal OS univariate Blanco, Oncotarget, 2016
(/ % del17p)
29/961 (3%) CLL CGHa/SNPa | 8p21.3-8p21.2 (MDR) | 4.2Mb (includes 0Sns Leeksma, Haematologica, 202146
TNFRSF10A/B)
16/158 (10.1%) CK CLL CGHa/SNPa | 8p23.1-p22 (MDR) 3.3Mb (does not include nd Ramos-Campoy S, Haematologica, 20216!
TNFRSF10A/B)

CGHa, comparative genomic hybridization array; SNPa, single nucleotide polymorphism array; WES, whole exome sequencing; TTFT, time to first treatment;
OS, overall survival; nd, not determined; MDR, minimal deleted region
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1.9.1. Immunochimiothérapie

Les chimiothérapies utilisées dans la LLC comprennent essentiellement les analogues
des purines (en particulier la fludarabine) et les agents alkylants (le cyclophosphamide,
la bendamustine ou encore le chlorambucil). La fludarabine exerce son action
essentiellement en s’insérant lors de la synthése d’ADN au moment de la phase S ou
lors des mécanismes de réparation, ce qui entraine I'inhibition de la synthése d’ADN,
I'apparition de cassures, puis I'apoptose induite par la voie p53. Les agents alkylants
ont la capacité de former des liaisons covalentes avec I'ADN, ce qui inhibe la
réplication et la transcription, puis aboutit a des cassures, ce qui conduit également a

I'apoptose des cellules de LLC.

En association avec ces chimiothérapies, les anticorps monoclonaux ont montré leur
efficacité, et ont été de ce fait largement utilisés. Le premier d’entre a avoir trouvé sa
place dans les schémas thérapeutiques a été le rituximab, ciblant le CD20, encore
utilisé aujourd’hui en association avec la fludarabine et le cyclophosphamide (schéma
FCR), ou avec la bendamustine (schéma BR). L’obinutuzumab, un anticorps
monoclonal anti-CD20 recombinant humanisé, a également intégré les stratégies

thérapeutiques en association le chlorambucil chez les patients les plus agés®.

1.9.2. Thérapies ciblées

[.9.2.1. Inhibiteurs de la voie du BCR

Compte tenu du role majeur de la signalisation du BCR dans le développement et la
progression de la LLC, de nombreuses molécules ont été développées pour inhiber

cette voie de signalisation.

L’ibrutinib est le premier inhibiteur de BTK a avoir obtenu l'autorisation de mise sur le
marché, apres avoir démontré son efficacité chez des patients LLC en rechute, ou en
premiére ligne thérapeutique en présence d’'une altération de la voie p53. Il agit de
facon irréversible, en formant une liaison covalente avec un résidu cystéine situé dans
le site fixant 'ATP de la protéine BTK. Bien qu’il s’agisse d’un traitement ciblé, on

observe tout de méme un effet inhibiteur non spécifique au-dela de BTK, en particulier
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sur d’autres kinases de la famille TEK (plaquettes, cardiomyocytes), a l'origine de
complications hémorragiques et/ou de fibrillation auriculaire. Dans le but d’améliorer
I'efficacité et la tolérance de cette classe thérapeutique, d’autres inhibiteurs covalents
de BTK dits de «seconde génération» ont été développés (acalabrutinib,
zanubrutinib), de méme que des inhibiteurs non-covalents de « troisieme génération »
(pirtobrutinib, vecabrutinib), permettant de contourner les éventuelles résistances liées
a une modification du site de fixation en cas de mutation (cf. section 1.9.3.2. Mutations

de BTK et résistance a I'ibrutinib)83-65.

Par ailleurs, une autre classe thérapeutique inhibant l'isoforme & de la PI3K a été
développée. Ayant pour chef de file Tlidélalisib, ces inhibiteurs empéchent
sélectivement la fixation de I'ATP sur la PI3K®, ce qui bloque la propagation du signal
en aval du BCR. Ces inhibiteurs restent moins utilisés en raison d’'une fréquence
élevée de complications infectieuses pulmonaires, ainsi que de colites et d’hépatites
auto-immunes secondaires au déficit en lymphocytes T régulateurs induites par ces

traitements®6.67,

1.9.2.2. Inhibiteurs de la protéine anti-apoptotique BCL-2

Le vénétoclax est un BH3-mimétique antagoniste de la protéine anti-apoptotique
BCL2. |l s’agit du premier inhibiteur de BCL2 disponible en clinique, utilisé en
particulier chez les patients en rechute, et permettant d’obtenir des réponses
completes chez une bonne proportion de ces patients a haut risque. Une partie des
patients traités semble méme avoir obtenu une maladie résiduelle négative en
cytométrie en flux®8. L’intérét de la combinaison du vénétoclax avec un anticorps
monoclonal anti-CD20 est a I'étude ; ainsi I'essai clinique de phase 3 CLL14 a
randomisé [l'association obinutuzumab + vénétoclax contre obinutuzumab +
chlorambucil chez des patients LLC en premiére ligne, montrant ainsi une meilleure
survie sans progression dans le groupe obinutuzumab + vénétoclax®®. D’autres

molécules, telles que le lisaftoclax (APG-2575) sont en cours de développement?.

1.9.3. Impact des altérations génétiques sur la résistance au traitement

1.9.3.1. Altération de la voie p53 et résistance a la fludarabine
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Le lien entre altération de la voie p53 et la résistance a la fludarabine a été attesté par
de nombreuses études. Ce lien s’explique par une incapacité des cellules a induire
'apoptose en réponse aux dommages de '’ADN provoqués par la fludarabine. Les
cellules issues des clones portant des altérations du géne TP53 survivent au
traitement, puis s’expandent et deviennent majoritaire au moment de la rechute. La
recherche de ces altérations est donc indispensable avant I'initiation de tout traitement,
et leur présence contre-indique l'utilisation de schémas thérapeutiques a base de

fludarabine au profit de thérapies ciblées’ 2.

1.9.3.2. Mutations de BTK et résistance a l'ibrutinib

Les mutations de BTK ciblent le site de liaison de l'ibrutinib : substitution d’'une cystéine
par une sérine en position 481, C481S. L'ibrutinib ne peut alors plus se lier de fagon
covalente, et échoue a bloquer le signal d’activation transmis par le BCR.

Il existe par ailleurs un autre groupe de mutations impliquant le géne PLCG2, codant
une protéine homonyme située en aval de BTK dans la chaine de transduction du
signal du BCR. Il s’agit de mutations « gain de fonction », qui transmettent le signal
d’activation indépendamment de I'inhibition de BTK en amont. Ces mutations de BTK
et/ou de PLCG2 sont identifiées chez plus de 80% des patients résistants a

librutinib”3:74,

[.9.3.3. Mutations de BCL2 et résistance au vénétoclax

Depuis le début de son utilisation, plusieurs mutations de BCL2 ont été rapportées, a
commencer par la substitution d’'une glycine par une valine en position 101 observée
chez pres de la moitié des patients résistants, ayant pour conséquence une
perturbation de la liaison du vénétoclax sur sa cible’™ 7. Il a également été montré que
I'hyperexpression d’autres molécules de la famille de BCL2 ayant également un réle
anti-apoptotique, telles que MCL1 (amplification 1q) ou BCLXL, pouvait compenser
I'inhibition de BCL2"".

1.9.4. Indication de traitement et schémas thérapeutiques
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D’aprés les recommandations de I''WLCLL (International Workshop on Chronic
Lymphocytic Leukemia) actualisées en 2018, en dehors de tout essai clinique, les
patients LLC de stade A selon la classification de Binet relevent d’'une simple
surveillance clinico-biologique, sous réserve de I'absence de signe de progression
franche de la maladie ou de symptomes reliés. La majorité des patients de stade B ont
une indication thérapeutique, mais certains d’entre eux restant asymptomatiques et
stables aux plans clinique et biologique peuvent étre simplement surveillés de fagon
rapprochée. Les patients de stade C doivent étre traités, tout comme ceux présentant
des signes de progression tumorale clinique rapide, un temps de doublement

lymphocytaire court et/ou des signes généraux’®.

Des recommandations récentes du groupe FILO ont récapitulé les principaux schémas
thérapeutiques a privilégier en premiére ligne et au-dela’. Brievement, I'immuno-
chimiothérapie est essentiellement réservée aux patients jeunes sans comorbidité,
présentant une LLC de profil IGHV muté, et en I'absence d’altération de la voie p53.
Le schéma FCR est alors le traitement de référence. Chez les patients agés ou
présentant des comorbidités, ou en présence d’une altération de TP53, I'utilisation de
la fludarabine est contre-indiquée et on privilégie l'ibrutinib (Figure 8A). En rechute, on
choisira le plus souvent l'ibrutinib si la premiére ligne consistait en une immuno-
chimiothérapie, ou le vénétoclax aprés échec de librutinib (Figure 8B). Malgré les
avancees récentes, l'incidence de rechute restée élevée, ce qui justifie la poursuite
des efforts dans la compréhension des mécanismes de résistance aux traitements, le
développement de nouvelles molécules et ['optimisation des stratégies

thérapeutiques.
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Figure 8. (A) Algorithme de prise en charge de la LLC en premiére ligne. (B) Algorithme de
prise en charge de la LLC en seconde ligne et au-dela. (Quinquenel, 20207°)
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Chapitre Il. Apoptose

[I.1. Mort cellulaire et apoptose

La mort cellulaire est un processus correspondant a I'arrét des fonctions de la cellule.
Elle peut survenir en conditions physiologiques (vieillissement cellulaire,
embryogenése, homéostasie cellulaire...) ou pathologiques (maladie, traumatisme
local, ou mort du tissu ou de l'organisme dont elle fait partie). L’existence de
programmes de mort cellulaire est donc essentielle au bon fonctionnement de tout
organisme pluricellulaire complexe, pour éliminer les cellules surnuméraires ou
dysfonctionnelles.

Historiquement, le terme « nécrose » désignait tout type de mort cellulaire. En 1971,
Kerr, Wyllie et Currie observent au microscope une mort cellulaire physiologique
permettant I'élimination focale de cellules lors du développement embryonnaire ainsi
gue lors de processus tumoraux : spontanés et induits par les traitements. Ces
observations sont publiées I'année suivante, et cette forme de mort cellulaire est
baptisée « apoptose »%.

De nos jours, la nomenclature des différents types de mort cellulaire s’est
considérablement enrichie selon les mécanismes impliqués®!, mais I'apoptose reste la
principale forme de mort cellulaire programmée (MCP).

Les exemples physiologiques sont nombreux. Lors de I'embryogenese, elle est
impliqguée dans [I'élimination des cellules des espaces interdigitaux permettant
l'individualisation des doigts, ou dans I'élimination des neurones qui ne sont pas
parvenus a établir de liaison synaptique utile avec les cellules voisines. Aprés la
naissance et tout au long de la vie de l'organisme, I'apoptose est requise dans de
nombreuses situations, telles que la défense contre certains pathogénes infectant des
cellules (virus, certaines bactéries...) ou contre 'engagement de cellules vieillissantes
ou tumorales vers une prolifération incontrélée. Concernant les lymphocytes, on la
retrouve également impliquée lors de la constitution du répertoire immunologique dans
le thymus, avec I'élimination des lymphocytes T incapables de reconnaitre le complexe
majeur d’histocompatibilité du soi (sélection positive) puis de ceux ayant une trop forte
affinité pour les antigenes du soi (sélection négative), ou encore dans le contréle de la
réponse immunitaire et de la prolifération cellulaire apres stimulation du systéme

immunitaire.
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II.2. Mécanismes de I'apoptose

L’entrée d’une cellule en apoptose dépend d’'un équilibre complexe entre signaux de

survie et signaux de mort cellulaire.

[1.2.1. Principaux acteurs

La protéine p53 est un facteur de transcription jouant un réle majeur dans la régulation
du cycle cellulaire et de I'apoptose. En 'absence de stress cellulaire, sa fonction est
inhibée par MDM2 (murine double minute 2), une E3 ubiquitine ligase qui se lie a p53,
provoque son transport du noyau vers le cytoplasme, et sa destruction dans le

protéasome.

Les protéines issues de la famille des genes BCL2 jouent également un role régulateur
primordial. Ses membres partagent au moins un des quatre « domaines d’homologie
avec BCL2 » (domaines BH). Les protéines anti-apoptotiques, dont BCL2 mais aussi
BCLXL ou MCL1, conservent au moins les domaines BH1 et BH2. Les protéines pro-
apoptotiques peuvent contenir plusieurs domaines BH (telles que BAX ou BAK), ou
uniquement le domaine BH3 (telles que BID, BAD, PUMA, NOXA...) nécessaire pour
la dimérisation avec les autres protéines de la famille BCL2, en particulier pour inhiber
les membres anti-apoptotiques (Figure 9). En I'absence de stress cellulaire, les
protéines pro-apoptotiques sont inactives, et BAX est séquestrée dans le cytoplasme
par BCL2.

Les principaux acteurs effecteurs de I'apoptose sont des protéines appartenant a la
famille des protéases a cystéine, identifiées dans les années 1990 et dénommées
« caspases »%. |l s’agit d’endoprotéases présentes de facon constitutive dans le
cytoplasme des cellules sous forme inactive (procaspase ou zymogéne). On distingue
les caspases inflammatoires (caspases-1, -4, -5, -11, -12, -13 et -14) des caspases
apoptotiques, elles-mémes subdivisées en caspases initiatrices (caspases-2, -8, -9 et
-10) a long pro-domaine contenant des motifs d’interaction protéine-protéine, et

caspases executrices (caspases-3, -6 et -7), a pro-domaine plus court, et dont
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'activation méne au clivage de milliers de protéines substrats, a l'origine des

événements biochimiques et morphologiques de 'apoptose®3.

Antiapoptotic BCL-2 proteins

(

Br4 BH3[ BH1( |

BH2( (™[ ()

BCL-2, BCL-X,, MCL-1,

BCL-w, BCL-B and A1

Proapoptotic BCL-2 proteins

Effectors

(

(B4 Br3( BH1( |

Brizl  (m( )

BAX, BAKand BOK
BH3-only proteins

S V<

(m( [

BIM, PUMA, NOXA, BAD, BMF, HRK, BIK,

BNIP3, NIX and tBID

Figure 9. Structure des principales protéines de la famille BCL2 (BCL-2) (Pihan, 20178%).
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L’apoptose peut étre déclenchée par des signaux internes a la cellule (voie

intrinséque), ou par des signaux externes (voie extrinseque).

I1.2.2. Voie intrinseque

La voie intrinséque est déclenchée suite a la perte d’intégrité membranaire des
mitochondries en contexte de stress cellulaire, comme suite a des dommages
importants de ’'ADN ou a un stress métabolique.

En présence de dommages de I'ADN, la protéine ATM est capable a la fois de
phosphoryler MDM2, ce qui abolit son interaction inhibitrice avec p53, et de
phosphoryler p53 elle-méme, a lorigine de nombreuses modifications post-
traductionnelles lui permettant alors d’exercer son activité transcriptionnelle sur ses
nombreux genes-cibles. Parmi eux, on peut citer p21/CDKN1A (cyclin-dependant
kinase inhibitor 1A) dont la principale fonction est I'arrét du cycle cellulaire, le temps
de la résolution de la cause du stress cellulaire. Si la résolution n’est pas possible, p53
active I'expression de BAX, qui s’intégre dans la membrane mitochondriale et la
perméabilise, ce qui aboutit a la libération de cytochrome C dans le cytoplasme. Celui-
ci se lie a APAF-1 (apoptotic protease activating factor-1), dont I'oligomérisation
permet le recrutement de la procaspase-9 et la formation de l'apoptosome. La
procaspase-9 est alors clivée, et la caspase-9 active a son tour d’autres caspases
exécutrices : les caspases-3, -6 et -7, ce qui aboutit a la mort cellulaire (Figure 11).
A noter que MDMZ2 fait partie des genes dont la transcription est favorisée par p53, ce

qui permet un rétrocontrble négatif a la fois de p53 et des autres genes cibles.

[1.2.3. Voie extrinséque

La voie extrinséque repose sur l'activation de récepteurs membranaires par leurs
ligands respectifs, dont les plus courants sont les récepteurs Fas/CD95 activés par
FasL (Fas ligand), les réecepteurs TNFR1 (tumor necrosis factor receptor-1) activés par
TNFa, et les récepteurs TNFRSF10 (tumor necrosis factor receptor superfamily
member 10) activés par TRAIL (tumor-necrosis-factor related apoptosis inducing
ligand). L’activation de ces recepteurs entraine le recrutement de la protéine

adaptatrice FADD (Fas-associated death domain) et des procaspases-8 et -10,
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permettant la formation d’'un complexe protéique DISC (death-inducing signaling
complex), qui active les caspases initiatrices (caspase-8 et/ou -10). A leur tour, ces
caspases activent les caspases exécutrices (caspases -3, -6 et -7), ce qui aboutit a la

mort cellulaire.

A noter qu’il existe des interactions entre les voies intrinséque et extrinseque. En
particulier, parmi les substrats de la caspase-8 (voie extrinséque), se trouvent
plusieurs protéines de la famille de BCL-2, telles que BID, dont le clivage active la voie
mitochondriale (intrinseque) qui vient alors renforcer le signal pro-apoptotique (Figure
11).

Les cellules qui entrent en apoptose se caractérisent par de nombreux changements
morphologiques : diminution du volume cellulaire, condensation puis dégradation de
la chromatine, regroupement des organites intra-cellulaires, bouillonnement de la
membrane plasmique puis scission de la cellule en corps apoptotiques. De fagcon
précoce, les résidus phosphatidylsérine de la couche lipidique interne de la membrane
plasmique sont externalisés, et restent exposés a la surface des corps apoptotiques,

qui seront phagocytés par les cellules adjacentes et/ou par les cellules immunitaires.
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Figure 11. Schéma des voies extrinseéque et intrinséque de I'apoptose (Cabon, 2013%9).
La voie extrinséque est activée par les récepteurs membranaires et aboutit a I'activation des
caspases-8 et -10 au sein du DISC, tandis que la voie intrinséque est activée par des signaux
internes (dommages de '’ADN, stress cellulaire) et implique la mitochondrie, puis la formation
de l'apoptosome comprenant APAF-1, le cytochrome c et la caspase-9. Les deux voies

aboutissent a I'activation des caspases effectrices (caspases-3, -6 et -7).

[1.2.4. Autres mécanismes de régulation

La regulation de la mort cellulaire programmeée met en jeu de nombreux autres acteurs

et mécanismes.
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La plupart des récepteurs & domaine de mort existent sous forme soluble, ou sous
forme membranaire tronquée, pouvant capter une partie de leur ligand mais sans
possibilité d’induction des voies effectrices d’aval. De plus, ces récepteurs sont
souvent plus efficaces lorsqu’ils sont regroupés au sein de « radeaux lipidiques »,
micro-domaines membranaires riches en sphingolipides, favorisant le regroupement
des domaines de mort et le recrutement de FADD et des procaspases nécessaires a

la formation du DISC.

Par ailleurs, les IAPs (inhibitor of apoptosis proteins) sont des protéines capables de
se lier directement aux caspases initiatrices et exécutrices, et d’empécher leur activité
de clivage, inhibant ainsi la mort cellulaire. Ces IAPs sont elles-mémes inactivées par
la protéine Smac/DIABLO (second mitochondrial activator of caspases/direct IAP

binding protein with low pl), qui possedent donc un réle pro-apoptotique propre.

I1.3. Apoptose pathologique

[1.3.1. Excés d’apoptose

Une apoptose excessive a été associée a de nombreuses pathologies, au premier
rang desquelles de nombreuses maladies neurodégénératives telles que la maladie
d'Alzheimer, la démence a corps de Lewy ou encore la chorée de Huntington.
L’apoptose joue également un role majeur dans le remodelage ventriculaire et le
développement d’une insuffisance cardiaque post-infarctus du myocarde®’, ou aprés
un accident vasculaire cérébral ischémique®. Enfin, linfection des lymphocytes T
CD4+ par le virus de 'immunodéficience humaine entraine leur apoptose, a I'origine

des infections opportunistes caractéristiques du stade SIDA.

11.3.2. Défaut d’apoptose

A l'opposé, un défaut d’apoptose peut également étre a l'origine de diverses

pathologies tumorales ou non.
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Parmi les pathologies non tumorales, on peut citer le syndrome auto-immun
lymphoprolifératif (ALPS, auto-immune lymphoproliferative syndrome), résultant d’'une
mutation de FAS (type la) ou de FASLG (type Ib), a I'origine d’un défaut d’élimination
des lymphocytes auto-réactifs, d’ou I'apparition d’adénopathies, d’une splénomeégalie,
d’'une hypergammaglobulinémie et de manifestations auto-immunes chez I'enfant ; ou
encore la lymphohistiocytose hémophagocytaire familiale, dont une partie des cas sont
secondaires a une mutation du gene de la perforine (PRF1), responsable d’une activité
cytotoxique réduite des lymphocytes T CD8+, qui s’accumulent dans les organes
lymphoides et dans le systéme nerveux central, avec une hémophagocytose et les

signes clinico-biologiques de I'activation histio-lymphocytaire.

Par ailleurs, de nombreux dysfonctionnements de I'apoptose ont été décrits comme
associés au développement de pathologies tumorales. Le gene TP53 est un gene
suppresseur de tumeur majeur, dont des mutations sporadiques sont retrouvées dans
5 a 50% de la grande majorité des tumeurs malignes chez I'Homme?®°. Le géne codant
BCL2 est localisé sur le bras long du chromosome 18 (18g21). La translocation
t(14;18)(q32;921) place I'expression de BCL-2 sous le contréle de I'enhancer du géne
des chaines lourdes des immunoglobulines (situé en 14g32), ce qui aboutit a une
surexpression de BCL2, inhibant ainsi la mort cellulaire et favorisant 'accumulation
des cellules, tout en empéchant la réponse immunitaire antitumorale. On retrouve cette
translocation dans différentes hémopathies lymphoides B, en particulier dans environ
90% des lymphomes folliculaires et 20% des lymphomes B diffus a grandes cellules.
Des mutations somatiques de FAS et de TNFRSF10 ont été rapportées dans plusieurs

types d’hémopathies et de cancers solides®°2,

II.4. Apoptose dans laLLC

[1.4.1. Physiopathologie

Nous avons vu précédemment que la LLC se caractérise par I'expansion clonale de

lymphocytes B. Cette expansion résulte essentiellement d’'une incapacité des cellules

a entrer en apoptose, qui peut s’expliquer par la conjonction de deux grands types de
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mécanismes : une dysfonction des voies de I'apoptose dans les cellules leucémiques,

et une stimulation anormale du micro-environnement tumoral.

Dans la LLC, la grande majorité des cellules leucémiques surexpriment BCL2.
L’origine de cette surexpression semble étre la délétion ou un défaut d’expression des
micro-ARN MIR15A et MIR16-1, agissant normalement comme des inhibiteurs de
BCL2%. Certaines LLC s’accompagnent également d’anomalies cytogénétiques et/ou
moléculaires impliquant des acteurs majeurs de 'apoptose. C’est notamment le cas
des genes ATM et TP53, délétés et/ou mutés dans respectivement 10% et 5% des

LLC de novo (et davantage en rechute).

Par ailleurs, nous avons évoqué précédemment I'importance du micro-environnement
tumoral et des cellules qui le composent. Les cellules nurse-like sécrétent un ensemble
de cytokines et de molécules d’adhérence (intégrine VLA4, L-sélectine, IL-4, CD40L,
BAFF, CXCL12...) qui agissent comme des signaux de survie en activant les voies
NF-kB ou PI3K/AKT des lymphocytes B, et favorisent leur homing dans la moelle et
les ganglions®3. L’activation de ces voies de survie aboutit a la transcription et a la
surexpression de nombreuses molécules anti-apoptotiques, en particulier de XIAP (X-
linked IAP) responsable de l'inactivation des caspases, et MCL1 qui agit comme un
inhibiteur de BAX indépendamment de BCL2%.

11.4.2. L’apoptose comme cible thérapeutique ?

Nous avons déja vu les principaux traitements actuellement utilisés en routine dans le
traitement des LLC en premiére ligne et en rechute. Parmi les stratégies déja décrites,
on peut rappeler que les chimiothérapies ont pour effet principal d’activer la mort
cellulaire par I'induction de dommages de ’ADN (alkylants) et I'inhibition de la synthése
d’ADN et d’ARN (analogue des purines). En inhibant sélectivement BCLZ2, le
véenetoclax (BH3-mimétique) exerce un effet cytotoxique en restaurant 'apoptose.

De facon plus expérimentale, d’autres stratégies thérapeutiques sont en cours de

développement.

Un siRNA inhibiteur de BCL2, I'oblimersen, a été testé cliniquement chez 120 patients

atteints de LLC en rechute ou réfractaires, en association avec la fludarabine et le
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cyclophosphamide, dans le cadre d’un essai clinique de phase Il randomisé, contre
121 patients dans le groupe contrbéle recevant fludarabine et cyclophosphamide
seuls®. Dans cette étude, I'oblimersen semblait montrer une efficacité en augmentant
les taux de réponse compléte et partielle, mais l'utilisation de ce traitement n’a

finalement pas été approuvée pour une utilisation généralisée en pratique clinique.

Un essai de phase | a testé l'utilisation d’'un antagoniste de MDM2, le RG7112, chez
19 patients atteints de LLC réfractaire ou en rechute, permettant d’obtenir une réponse
partielle chez 1 patient, et une maladie stable chez 15 autres®®. Bien qu’une diminution
transitoire des lymphocytes ait été observée chez plusieurs patients, les doses
plasmatiques étaient généralement inférieures aux cibles thérapeutiques, rendant

difficile 'analyse des résultats.
Les inhibiteurs de XIAP semblent avoir une efficacité in vitro pour induire I'apoptose

en combinaison avec TRAIL dans les cellules de LLC®’, mais aucun essai clinique n’a

éteé réalisé sur une population de patients LLC.
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Chapitre lll. La voie TRAIL/TNFRSF10

Nous avons vu précédemment que les récepteurs de la famille TNFRSF10 (tumor
necrosis factor receptor superfamily member 10) faisaient partie des récepteurs de
mort localisés sur la membrane plasmatique, impliqués dans la voie extrinséque de
'apoptose, et ayant en commun une capacité de reconnaissance d’'un méme ligand :
TRAIL.

Ces récepteurs sont issus d’une famille de genes homonymes, et comprennent 4
membres : TNFRSF10A (antérieurement appelé DR4, Apo2, TRAIL-R1 ou CD261),
TNFRSF10B (DR5, TRAIL-R2 ou CD262), TNFRSF10C (DcR1, TRAIL-R3 ou CD263)
et TNFRSF10D (DcR2, TRAIL-R4 ou CD264).

[1l.1. Le ligand TRAIL

TRAIL (également appelé TNFSF10, TNF superfamily member 10) est une cytokine
de 281 AA, capable de se lier aux quatre membres de la famille de récepteurs
TNFRSF10. Son gene (TNFSF10) est localisé sur le chromosome 3, en région 3926.3.
La protéine synthétisée existe sous forme membranaire, a la surface de nombreuses
cellules (essentiellement dans la rate, les poumons et la prostate), ou sous forme
soluble (sécrétée principalement par les monocytes et les lymphocytes NK). Quelle
gue soit sa forme, TRAIL joue son réle en formant un homotrimere, qui interagit avec

son récepteur également homotrimérisé%.%°

[1l.2. Structure des récepteurs de TRAIL

l11.2.1. Famille des genes TNFRSF10

Les génes de la famille TNFRSF10 sont localisés sur le bras court du chromosome 8,

en région 8p21.3.

Le gene TNFRSF10A contient 34 651 paires de bases (chr8:23,190,452-23,225,102 ;
brin antisens, (GRCh38:CM000670.2)). Il permet de générer un transcrit de 2690
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bases (TNFRSF10A-201) contenant 10 exons, a partir duguel sera codée une protéine
de 468 acides aminés (AA) : TNFRSF10A. Cette protéine contient un peptide signal
(AA 1-23), un domaine extracellulaire (AA 24-239) permettant la fixation de TRAIL (3
régions riches en cystéines: TNFR-Cysl, 2 et 3; AA 107-188), un domaine
transmembranaire (AA 240-262) et un domaine intracellulaire (AA 263-468) contenant
un domaine de mort (AA 365-448) capable de recruter FADD, a la base de la formation
du DISC (Figure 12).

Le géene TNFRSF10B contient 48 899 paires de bases (chr8:23,020,133-23,069,031 ;
brin antisens). Il permet de générer un transcrit de 3998 bases (TNFRSF10B-201)
contenant 9 exons, a partir duquel sera codée une protéine de 440 AA : TNFRSF10B.
Structurellement proche de TNFRSF10A, cette protéine contient un peptide signal (AA
1-55), un domaine extracellulaire (AA 56-210) permettant la fixation de TRAIL (3
régions riches en cystéines: TNFR-Cysl, 2 et 3;AA 57-178), un domaine
transmembranaire (AA 211-231) et un domaine intracellulaire (AA 232-440) contenant
un domaine de mort (AA 339-422) capable de recruter FADD de fagon analogue a
TNFRSF10A (Figure 12).

Le gene TNFRSF10C contient 14 525 paires de bases (chr8:23,102,921-23,117,445 ;
brin sens). Il permet de générer un transcrit de 1395 bases (TNFRSF10C-201)
contenant 5 exons, a partir duquel sera codée une protéine de 259 AA : TNFRSF10C.
Cette protéine contient un peptide signal (AA 1-25), un domaine extracellulaire (AA 26-
235) permettant la fixation de TRAIL (3 régions riches en cystéines : TNFR-Cysl1, 2 et
3; AA 29-149), et un domaine transmembranaire (AA 236-258). Cependant, a la
différence de TNFRSF10A et TNFRSF10B, il ne contient pas de domaine

intracellulaire, et ne peut de ce fait transduire aucun signal (Figure 12).

Le gene TNFRSF10D contient 28 440 paires de bases (chr8:23,135,588-23,164,027 ;
brin antisens). Il permet de générer un transcrit de 3535 bases (TNFRSF10D-201)
contenant 9 exons, a partir duquel sera codée une protéine de 386 AA : TNFRSF10D.
Cette protéine contient un peptide signal (AA 1-55), un domaine extracellulaire (AA 56-
211) permettant la fixation de TRAIL (3 régions riches en cystéines : TNFR-Cysl1, 2 et
3; AA 58-180), un domaine transmembranaire (AA 212-232) et un domaine
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intracellulaire (AA 233-386) contenant un domaine de mort tronqué (340-366) et par

conséquent non fonctionnel (Figure 12).

TRAIL-R3 5 l TRAIL-R4
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Figure 12. Schéma fonctionnel des récepteurs de la famille TNFRSF10. Seuls
TNFRSF10A (TRAIL-R1) et TNFRSF10B (TRAIL-R2) ont un domaine intracellulaire complet
et fonctionnel, permettant une réponse en présence du ligand TRAIL. (TRAIL-R3 =
TNFRSF10C ; TRAIL-R4 = TNFRSF10D) (adapté de MacFarlane, 2003)%

Nous avons vu que seuls TNFRSF10A et TNFRSF10B possedent un domaine de mort
complet et fonctionnel, capable de recruter FADD et ainsi d’induire 'apoptose suite a
leur activation par TRAIL. TNFRSF10C et TNFRSF10D ont un domaine intracellulaire
respectivement absent ou tronqué, et ne peuvent jouer qu’un rdle de leurre, en captant

une partie de TRAIL sans pouvoir déclencher d’apoptose en aval.

Bien que la formation du DISC soit une étape critique dans l'induction de I'apoptose, il
est important de noter que c-FLIP (cellular FLICE inhibitory protein) peut également se
lier a FADD (en compétition avec la procaspase-8), et recruter d’autres protéines (RIP,

TRADD, TRAF2) pour former un complexe protéique secondaire a l'origine de
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I'activation de voies de survie cellulaire, en particulier la voie NF-kB9%192 (Figure 13).
La capacité d’activation de la voie NF-kB par le domaine tronqué de TNFRSF10D est

controverséel03.104,
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Figure 13. Signalisation de la voie TRAIL par les récepteurs TNFRSF10A (DR4) et
TNFRSF10B (DRS5). (A) Signalisation apoptotique. (B) Signalisation alternative, impliquant la
fixation au DISC de protéines additionnelles (RIP, TRADD, TRAF2) favorisée par c-FLIP, qui
aboutit finalement a 'activation des voies de survie et contrebalance I'effet pro-apoptotique.
(Refaat, 20141%?)

111.2.2. L’ostéoprotégéerine (TNFRSF11B)

Il existe un cinquieme récepteur potentiel de TRAIL : l'ostéoprotégérine (ou
TNFRSF11B), le récepteur soluble de RANK-ligand (receptor activator of NF-kB-
ligand, RANKL). Dans la moelle osseuse, RANKL est exprimé par les cellules
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stromales médullaires et les ostéoblastes. Son r6le est de favoriser la résorption
osseuse en stimulant la différenciation des précurseurs des ostéoclastes
(ostéoclastogenése) et leur activation. L’ostéoprotégérine est également sécrétée par
les cellules stromales et les ostéoblastes, et joue un role antagoniste de RANKL. Elle
inhibe ainsi l'ostéoclastogenése, et favorise I'apoptose des ostéoclastes®.
L’ostéoprotégérine reconnait également TRAIL comme ligand (20 a 34% d’homologie
avec RANKL). Dans la moelle osseuse, TRAIL aurait donc un réle de leurre, qui

protégerait RANKL et promouvrait ainsi la résorption osseuse.

[11.3. Régulation de la voie TRAIL/TNFRSF10

Des modeéles in vitro utilisant des lignées cellulaires ont montré que sous l'influence
des interférons de type | (essentiellement alpha) et de linterféron gamma, de
nombreux acteurs du systeme immunitaire (en particulier les lymphocytes T, B et NK,
ainsi que les cellules dendritiques plasmacytoides et les monocytes) pouvaient
augmenter leur expression de TRAIL et déclencher une réponse cytotoxique
antitumorale et anti-infectieuse!%-1%°, Ces cellules immunitaires activées tendent a
exprimer également les récepteurs antagonistes TNFRSF10C et TNFRSF10D pour se

protéger elles-mémes de I'apoptose!’®.

L’expression des récepteurs TNFRSF10 est contrélée par p53. En présence d’un
stress cellulaire, p53 stimule directement la synthese de TNFRSF10A et de

TNFRSF10B, afin de favoriser la réponse apoptotique!!t112,

L’activité pro-apoptotique des récepteurs TNFRSF10 est également modulée par leur
concentration a la surface membranaire. Ces récepteurs voient leur efficacité

augmentée lorsqu’ils sont regroupés au sein de radeaux lipidiquest3-116,

lll.4. Réles physiologiques de la voie TRAIL

Une part importante des connaissances actuelles quant au fonctionnement de la voie
TRAIL/TNFRSF10 provient de I'étude de modéles murins.
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Chez la souris, cette voie est beaucoup plus simple que chez 'Homme : il n’existe
gu’un seul récepteur de TRAIL capable d’induire 'apoptose (MTRAIL-R, homologue a
TNFRSF10A et TNFRSF10B)'’ ; les souris possedent également deux récepteurs
dépourvus de domaines intracellulaires fonctionnels (MDcTRAIL-R1 et mDcTRAIL-R2,
dont les séquences d’acides aminés sont cependant assez éloignées des récepteurs
humains TNFRSF10C et TNFRSF10D) ainsi que I'ostéoprotégérine.

[11.4.1. ROle dans 'immunité antitumorale

Les souris KO pour TRAIL (TRAIL™) sont viables et fertiles, ce qui suggére I'absence
de rdle crucial dans le développement et la reproductiont18119,

En revanche, Cretney et al. ont rapporté que des souris TRAIL” allogreffées avec des
cellules tumorales rénales ou mammaires montraient une croissance tumorale plus
forte et un nombre de métastases hépatiques et pulmonaires augmenté, en
comparaison avec des souris « controle » (TRAIL™*). Cette sensibilité accrue aux
tumeurs serait au moins en partie liée a un défaut de toxicité des lymphocytes NK chez
des souris TRAIL” ou traitées par anticorps monoclonaux inhibiteurs de TRAIL2.

A l'instar des souris déficientes en TRAIL, les souris KO pour TRAIL-R (TRAIL-R”) ont
un développement normal, y compris de leur systeme immunitaire.
Cependant, tout comme les souris TRAIL™, les souris TRAIL-R” tendent a développer

des tumeurs malignes plus agressives!??,

Finnberg et al. ont montré que la perte d’un seul alléle de TRAIL-R chez des souris
ayant une prédisposition aux lymphomes (Eu-myc) était associée a une réduction
significative de la survie sans lymphome. Ces tumeurs étaient également plus
agressives!!o,

Il semble donc que la voie TRAIL/TNFRSF10 contribue a la protection antitumorale

assurée par le systéme immunitaire.

I11.4.2. ROle dans I'immunité anti-infectieuse
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Lors de la réaction inflammatoire, I'expression de TRAIL est augmentée a la surface
des cellules immunitaires (en particulier les lymphocytes NK, T CD8 et les
polynucléaires neutrophiles), stimulée en particulier par les interférons de type |
produits lors des infections virales. En parallele, les cellules infectées expriment
souvent davantage les récepteurs TNFRSF10 agonistes de I'apoptose!??~1%5, Ces

éléments plaident pour une participation de la voie TRAIL a 'immunité anti-infectieuse.

[11.4.3. R6le immunorégulateur

Les souris TRAIL” présentent un défaut de sélection thymique au moment de la
constitution du répertoire T (par défaut d’apoptose), et sont sujettes a des réponses
immunitaires dérégulées voire a un certain degré d’auto-immunité26,

De la méme facon, les souris TRAIL-R” ont une prédisposition pour certaines
maladies auto-immunes, en particulier des encéphalomyélites?’. Ces souris
présentent également des réponses immunitaires innées dérégulées apres

stimulation!?8,

Lors de la réponse immunitaire humorale, la sélection des lymphocytes B dans le
centre germinatif, ainsi que la régulation de I'expansion clonale permettant le maintien
de 'homéostasie humorale, impliquent des mécanismes d’apoptose essentiellement
médiés par la voie Fas. Cependant, chez les souris déficientes en Fas-ligand, le KO
de TRAIL aboutit a des lymphoproliférations extrémes et a des thrombopénies auto-
immunes, ce qui indique que la voie TRAIL peut prendre le relais de la voie Fas lorsque

cette derniére est déficientel2s,

La voie TRAIL pourrait ainsi prévenir certaines maladies auto-immunes par inhibition
des lymphocytes auto-réactifs. Malgré cela, aucune maladie auto-immune n’a été

associée avec des mutations de TRAIL chez 'THomme.

[11.4.4. Expression des récepteurs TNFRSF10 a la surface des lymphocytes

Chez 'Homme, I'expression des recepteurs TNFRSF10 est rapportée a la surface des

lymphocytes T et B12%130 ainsi que de celle de nombreux autres types cellulaires®'.
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Cependant, la plupart de ces cellules sont peu sensibles a I'apoptose induite par TRAIL

en I'absence de transformation ou d’infection132-134,

Staniek et al. ont montré qu’au sein des lymphocytes B circulants, les récepteurs
TNFRSF10A et B sont tous deux exprimés dans des proportions faibles mais variables.
Cette expression a été décrite comme augmentée au sein des lymphocytes dérivant
du centre germinatif, en particulier de TNFRSF10B. Ces récepteurs sont tous les deux
fonctionnels, et contribuent a 'apoptose par voie caspase-3 dépendante. Bien que les
lymphocytes B activés soient sensibles a TRAIL, ce n’est pas le cas des lymphocytes

B quiescents®®,

l1l.5. Implications de la délétion 8p et de la voie TRAIL/TNFRSF10 dans les

hémopathies lymphoides B

[11.5.1. Détection de la del8p dans les hémopathies lymphoides B

Une délétion 8p impliquant la région 8p21.3 est retrouvée dans de nombreuses lignées
cellulaires dérivant d’hémopathies lymphoides B (leucémie pro-lymphocytaire B :
JVM2, JVM13 ; lymphome folliculaire : PR1, OCI-Ly8 ; lymphome B diffus a grandes
cellules : MD-901 ; lymphome & cellules du manteau : Z-138 ; lymphome de Burkitt :
NAMALWA)5L,

Cette délétion a également été décrite dans des cellules primaires issues de patients
atteints de lymphomes B (folliculaire, a cellules du manteau, de la zone marginale
splénique, B diffus a grandes cellules, Burkitt), de leucémies lymphoides chroniques,
et de myélome multiple, avec des prévalences rapportées de 5 a 29%, voire jusqu’'a
pres de 80% pour les formes blastoides de Ilymphomes a cellules du

manteau?447.50,136-140

[11.5.2. Implication des génes TNFRSF10A/TNFRSF10B dans la délétion 8p

Parmi les genes suppresseurs de tumeur présents sur le chromosome 8p, I'implication

des genes TNFRSF10 dans la tumorigenése a rapidement été suspectée. Ainsi, la
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perte d'un allele de TNFRSF10B a été rapportée dans de nombreux types de cancer
solides (broncho-pulmonaire, sein, colon, prostate, hépatocellulaire...141-144) mais

également dans de nombreuses hémopathies, comme nous allons le voir.

Plusieurs études ont rapporté I'existence de mutations de TNFRSF10A et
TNFRSF10B chez certains patients atteints de cancers solides®:145, Cependant, il est
important de noter qu’a la différence du modéle de Knudson, qui suggére que la nature
récessive de la plupart des mutations « perte de fonction » impose l'altération des deux
alleles d’'un méme gene suppresseur de tumeur au sein d’'une cellule (« two-hit »
hypothesis), les délétions 8p sont en régle hétérozygotes, et ne s’accompagnent pas
de mutations associées des séquences des genes TNFRSF10 sur l'alléle restant®®. ||
semble donc que la perte d’'un seul alléle soit suffisante pour faire apparaitre les
conséquences péjoratives en matiére de résistance a I'apoptose et de tumorigenéese

— on parle d’haploinsuffisance.

[11.5.2.1. Dans la LLC

Les cellules de leucémie lymphoide chronique expriment a la fois TNFRSF10A et
TNFRSF10B. Les effets de TRAIL in vitro sur cellules primaires de LLC sont cependant
inconstants, pouvant parfois induire une apoptose significative dans une minorité de
cas, mais n‘ayant le plus souvent aucun effet — voire promouvant la survie des

cellules146-148,

Johnston et al. ont montré, d’une part, que I'exposition de cellules primaires de LLC a
certains traitements comme le chlorambucil et la fludarabine pendant 48 heures
augmentait 'expression des récepteurs TNFRSF10A et TNFRSF10B ; et, d’autre part,
que l'apoptose induite par ces traitements était corrélée a I'expression de ces deux
récepteurs. De plus, si les cellules primaires étaient peu sensibles a I'apoptose induite
par TRAIL, il existait en revanche une synergie en combinant TRAIL avec le
chlorambucil et la fludarabine!4°.

Cependant, s'’il est reconnu que TNFRSF10A et TNFRSF10B sont tous les deux
fonctionnels et que TNFRSF10B est davantage présent a la surface des cellules que
TNFRSF10A, la contribution relative de ces récepteurs a I'apoptose est toujours

controversée. MacFarlane et al. ont montré qu’aprés sensibilisation de cellules
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primaires issues de 8 patients LLC par un inhibiteur d’HDAC (depsipeptide), I'utilisation
d’'un anticorps monoclonal agoniste spécifique de TNFRSF10A induisait 'apoptose,
alors qu’un autre anticorps agoniste spécifique de TNFRSF10B était moins efficace®°.
Ce résultat semblait confirmé par la synthése de variants de TRAIL spécifiques de
TNFRSF10A ou TNFRSF10B, dont I'utilisation a fortes doses (1 pg/mL) montrait une
apoptose induite par TNFRSF10A plus importante que TNFRSF10B*°L. En revanche,
aucune différence n’était mesurée a la concentration de 100 ng/mL. Il a ensuite été
montré par la méme équipe que linduction d’apoptose médiée par un anticorps
monoclonal agoniste spécifique de TNFRSF10B était possible, a condition d’'un cross-

linking dudit anticorps, favorisé par I'oligomérisation des récepteurs TNFRSF10B%2,

[11.5.2.2. Dans les lymphomes B

Rubio-Moscardo et al. ont montré une diminution d’expression de TNFRSF10A et
TNFRSF10B in vitro sur cellules primaires issues de lymphomes B avec délétion 8p,
ainsi qu’'une résistance a l'apoptose induite par TRAIL des lignées cellulaires
porteuses de la délétion. Cette résistance était réversible aprés restauration de
I'expression de ces deux génes par transfection de plasmides contenant TNFRSF10A
ou TNFRSF10B5!,

[11.5.2.3. Dans le myélome multiple

Dans le myélome, la délétion 8p impliquant la région 8p21 a été associée a une
diminution de la sensibilité au bortézomib, associée a une altération de I'expression
des récepteurs TNFRSF10A et TNFRSF10B sur cellules primaires de myélome?!®3,
[11.6. La voie TNFRSF10/TRAIL comme cible thérapeutique ?

[11.6.1. Rationnel

Plusieurs études ont montré que [laction pro-apoptotique de TRAIL ciblait

préférentiellement les cellules néoplasiques, épargnant les cellules saines, ce qui

pourrait s’avérer utile dans un objectif thérapeutique!®+1>5, Cette différence d’action
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peut s’expliquer par une expression accrue des récepteurs inducteurs d’apoptose
(TNFRSF10A et TNFRSF10B) a la surface des cellules tumorales, alors que
'expression des récepteurs antagonistes (TNFRSF10C et TNFRSF10D) est plus

importante a la surface des cellules normales.

De nombreuses études pré-cliniques, sur lignées cellulaires et modeles animaux, ont
confirmé I'effet pro-apoptotique de TRAIL sur des cellules tumorales issues de cancers
du cblon, du poumon, de la prostate, du sein, du pancréas, du systéeme nerveux
central, de la thyroide, de cellules leucémiques ou de myélome>>159 L’'un des
avantages de la voie TRAIL/TNFRSF10 est qu’elle pourrait, en théorie, déclencher
'apoptose indépendamment de la voie p53, souvent altérée dans les cellules
tumorales. Son utilisation, en combinaison avec la radiothérapie et/ou la
chimiothérapie, pourrait ainsi contribuer de fagon synergique a renforcer la réponse,

et a réduire le risque d’apparition de résistances6%.161,

l11.6.2. Anticorps monoclonaux agonistes

Plusieurs anticorps monoclonaux agonistes spécifiques de TNFRSF10A ou
TNFRSF10B ont été développési®?163, Certains ont pu étre testés lors d’essais
clinigues de phase 1164166 mais leur efficacité en monothérapie était globalement
décevante. Le mapatumumab (agoniste de TNFRSF10A) a pu étre étudié lors d’un
essai clinique de phase Il dans les lymphomes non Hodgkiniens en rechute,
permettant d’obtenir des réponses essentiellement dans le sous-groupe des patients
atteints de lymphome folliculaire®’. Il n’a en revanche pas démontré de réponse
significative dans deux autres essais de phase Il concernant des cancers broncho-
pulmonaires ou colo-rectaux!t®169 | e conatumumab (agoniste de TNFRSF10B) n’a
pas montré de bénéfice significatif dans des essais de phase Il portant sur des cancers
broncho-pulmonaires et pancréatiques’®’l. Le tigatuzumab (agoniste de
TNFRSF10B) a montré une faible proportion de réponses partielles chez des patients
atteints de cancer du pancréas lors d’'un essai de phase 11172, mais aucun bénéfice

significatif chez d’autres atteints de cancers broncho-pulmonairest’s,

[11.6.3. Variants recombinants de TRAIL
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Des variants recombinants de TRAIL soluble ont également été synthétisés. A titre
d’exemple, la dulanermine a été utilisée en association avec la vinorelbine et le
cisplatine en premiere ligne thérapeutique chez des patients atteints de cancers
broncho-pulmonaires non a petites cellules dans le cadre d’un essai thérapeutique de
phase lll, et montré une amélioration significative des taux de réponse globale et de la
survie sans progression, avec une tolérance clinique acceptable!!4. Un nouvel
agoniste de TRAIL, nommé AGP350, caractérisé par sa capacité a lier 6 récepteurs
par molécule, a également été étudié in vitro et in vivo dans I'adénocarcinome
canalaire du pancréas. La molécule était efficace pour induire 'apoptose sur lignées
cellulaires. Sur modéle murin, aprés xénogreffe tumorale, TAPG350 a montré une
réduction significative du volume tumoral et une réduction du risque de récidive et/ou
d’extension métastatique. Cet effet était renforcé en association avec un BH-3
mimétique, le navitoclax (inhibiteur de BCL2 et de BCLXL)'"4. L’effet antitumoral

semblait par ailleurs plus important en comparaison avec TRAIL soluble.

11l.6.4. Perspectives d’amélioration des stratégies

[11.6.4.1. Améliorer la biodisponibilité

L’un des freins a l'efficacité des molécules de TRAIL recombinantes est leur courte
demi-vie (inférieure a une heure apres leur administration), liée a la fois a leur faible
poids moléculaire entrainant leur élimination rénale rapide, et au caractéere non
covalent de leur liaison aux récepteurs TNFRSF10. On peut également supposer que
les récepteurs antagonistes peuvent réduire leur effet simplement par captation. Les
anticorps monoclonaux permettent d’éviter ce probléeme, et ont une durée de vie
significativement plus longue (de plusieurs jours a quelques semaines). Mais leur
efficacité reste limitée dans les essais, vraisemblablement en raison d’'un cross-linking
insuffisant de ces anticorps bivalents sur des récepteurs dont la trimérisation est
nécessaire a la constitution d’'un DISC fonctionnel'’>. Une autre raison pourrait étre le
manque de soutien des cellules immunitaires exprimant le FcyR, nécessaire au
déclenchement de I'apoptose par certains anticorps monoclonaux agonistes tels que
le conatumumab ou le drozitumab'’®177, Enfin, en aval de la voie TRAIL/TNFRSF10,
les mécanismes d’apoptose impliquent la mitochondrie et les caspases effectrices. Par

conséquent, la surexpression des membres anti-apoptotiques de la famille BCL2 et/ou
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des |IAPs contribue a altérer la réponse apoptotique induite par l'activation des
récepteurs de TRAIL.
Pour tenter d’outrepasser ces limites, plusieurs stratégies sont en cours de

développement!’s,
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Figure 14. Perspectives d’utilisation et d’optimisation de TRAIL en thérapeutique.
(Thapa, 2020'78)

De nouveaux peptides TRAIL recombinants ont ainsi été synthétisés, avec I'adjonction
d’'un peptide « tag » afin d’améliorer leur demi-vie, voire de favoriser leur homo-
trimérisation : FLAG (FLAG-TRAIL)"®, poly-histidine (SuperKillerTRAIL)?, ou
leucinelisoleucine zipper (LZ-TRAIL/izTRAIL)!%. Une tentative de liaison covalente
avec le polyéthyléne glycol (PEGylation) a également été employée afin d’accroitre la
demi-vie et d’améliorer I'efficacité de TRAIL!®. De méme, I'utilisation de vésicules
extracellulaires issues de cellules souches mésenchymateuses capables d’exprimer
des molécules de TRAIL recombinantes est en cours de développement, et pourrait

étre une piste intéressante pour résoudre le probléeme de la biodisponibilité82,
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D’autres approches de type thérapie génique ont consisté a conceptualiser des
plasmides permettant 'expression de TRAIL, en vue de les administrer au patient afin
d’augmenter de fagon continue la quantit¢ de TRAIL disponible dans le
microenvironnement tumoral. Pour cela, des vecteurs viraux et non-viraux ont été

développés, mais ces techniques sont encore au stade pré-clinique!83-18¢,

[11.6.4.2. Associations thérapeutiques

Plus classiquement, de nombreuses associations avec d’autres traitements
(chimiothérapie, radiothérapie) ont été étudiées, dans I'espoir de sensibiliser les
cellules tumorales a TRAIL. Parmi les options les plus intéressantes, on peut citer
'association aux inhibiteurs de BCL2 ou aux inhibiteurs de XIAP, mentionnées
précédemment. Le bortézomib, inhibiteur du protéasome, serait également un bon
candidat en particulier dans le myélome, compte tenu de son effet inhibiteur puissant
de la voie NF-kB'®’. Les inhibiteurs d’histone désacétylase (HDACi) semblent aussi
jouer un réle synergique intéressant, en favorisant I'expression de c-MYC, ce qui
aboutit a un effondrement de I'expression de c-FLIP et permet donc I'activation de la
caspase-8 au niveau du DISC*189 Dans la LLC, il a également été montré qu’un pré-
traitement par inhibiteur d’HDAC suivie de la stimulation de TNFRSF10A favorisait le
recrutement de FADD, et donc I'apoptose!®. Par ailleurs, puisque I'expression des
récepteurs TNFRSF10A et TNFRSF10B est favorisée par p53, il est possible que tout
traitement permettant I'activation de cette voie puisse favoriser l'efficacité de TRAIL.
Appuyant cette hypothése, une synergie entre la voie TRAIL et la radiothérapie a été
décrite in vitro dans des lignées de cancer du sein, vraisemblablement par
laugmentation des récepteurs TNFRSF10B selon un mécanisme p53-

dépendant160.191,
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Objectifs de la thése

La LLC est une maladie hétérogene, principalement du fait de ses caractéristiques
cytogénétiques et moléculaires. Si certains patients peuvent rester de nombreuses
années sans traitement, d’autres au contraire présentent des formes plus agressives,
nécessitant souvent plusieurs lignes thérapeutiques en raison de la sélection de

cellules de plus en plus résistantes, et pouvant a terme engager le pronostic vital.

Les LLC avec altération de TP53 (17p) ou ATM (11q) ont été largement décrites
comme associées a un pronostic défavorable. Bien que moins étudiés, d’autres
facteurs de mauvais pronostic ont été rapportés, comme la délétion 8p et les anomalies
8g24. Enfin, le caryotype complexe a réecemment été décrit comme nouveau facteur

pronostic a prendre en compte dans les choix thérapeutiques.

Mon projet de these avait pour but d’approfondir la compréhension de ces facteurs
d’agressivité dans la LLC. Il sera présenté en 3 parties : un article soumis sur le réle
de TNFSRF10 dans la délétion 8p ; un article publié sur un type de leucémie agressive,
la leucémie prolymphocytaire B, associée a des anomalies du gene MYC en 8924 ; et

une revue de la littérature publiée sur les caryotypes complexes.
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Résultats
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Article 1

Del8p and TNFRSF10B loss are associated to poor prognosis

and drug resistance in chronic lymphocytic leukemia

(en cours de finalisation)

La délétion 8p (del8p) est une anomalie cytogénétique rare (< 5% des LLC au
diagnostic) mais récurrente dans les LLC agressives. Dans cet article, notre objectif
était de caractériser la del8p dans la LLC, afin de déterminer le pronostic, le(s) géne(s)

impliqué(s) et les mécanismes de résistance aux traitements.

Pour cela, nous avons constitué une cohorte de 57 patients LLC avec del8p (plus large
cohorte a ce jour), que nous avons comparée a une cohorte contréle de 155 patients
LLC non-del8p. J’ai construit des lignées TNFRSF10 KO par CRISPR/Cas9 a partir de
la lignée cellulaire de LLC OSU-CLL. Les mesures d’expression des génes et les tests
fonctionnels d’apoptose induite in vitro ont été réalisés a partir d’échantillons des
lignées OSU-CLL wt et KO et de cellules primaires issues des patients des deux

cohortes.

Nous avons ainsi montré que la del8p était fréquemment associée a d’autres facteurs
« classiques » de mauvais pronostic, tels que le caryotype complexe, les anomalies
TP53 et le statut IGHV non muté. Nous avons confirmé que les patients LLC del8p
présentaient des survies globale et sans progression raccourcies, et avaient un risque
élevé de transformation de Richter. Par ailleurs, en comparant les patients traités par
(immuno)chimiothérapie a base de fludarabine dans les deux cohortes, ceux avec une
LLC del8p avaient une survie globale et un temps jusqu’au prochain traitement
diminués. J'ai montré que les génes de la famille TNFRSF10, codant les récepteurs
du ligand TRAIL, étaient impliqués dans la région délétée chez la majorité des patients
del8p (91% dans notre cohorte). Dans nos modéles de lignée, TNFRSF10A et
TNFRSF10B étaient tous deux capables d’induire l'apoptose en réponse a la
stimulation par TRAIL. Sur cellules primaires LLC non-del8p, la culture en présence
de fludarabine entrainait principalement une augmentation d’expression de
TNFRSF10B, et une sensibilisation des cellules & TRAIL. En revanche, les cellules

primaires LLC del8p avaient perdu leur capacité a surexprimer TNFRSF10B, et
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apparaissaient ainsi résistantes a TRAIL. Nous avons montré que le lien entre la
fludarabine et la voie TRAIL passe probablement par l'intermédiaire de la protéine P53,
dont plusieurs genes cibles voient leur expression augmentée dans les LLC non-del8p
apres exposition a la fludarabine, ce que nous n’avons pas observé dans les LLC
del8p.

Discussion

Les données clinico-biologiques, cytogénétiques et analyses de survie, ont confirmé
le pronostic défavorable conféré par la del8p. Les génes de la famille TNFRSF10, en
particulier TNFRSF10B, fonctionnent comme des suppresseurs de tumeur, et sont
haploinsuffisants dans la del8p : une délétion hétérozygote suffit a entrainer une

diminution d’expression mesurable de ces génes.

Nous avons mis en évidence in vitro une synergie entre la fludarabine et la voie TRAIL
au sein des cellules LLC non-del8p, et une efficacité diminuée de la fludarabine chez
les LLC del8p (indépendamment de toute autre anomalie cytogénétique ou
moléculaire). De fagon intéressante, les patients avec LLC del8p étaient mauvais
répondeurs in vivo aux traitements a base de fludarabine. A I'heure actuelle, les
patients avec LLC sans anomalie TP53 et avec un statut IGHV muté sont éligibles a
limmunochimiothérapie fludarabine-cyclophosphamide-rituximab ; nous
recommandons alors dans ce contexte de rechercher de fagon systématique une
délétion 8p, ce qui n’est pas fait en routine. Enfin une perspective d’association entre
fludarabine et traitements activateurs de la voie TRAIL en cours de développement
pourrait profiter aux patients LLC non-del8p dont la capacité a surexprimer
TNFRSF10B est conservee.
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Abstract

Chronic lymphocytic leukemia (CLL) is a heterogeneous disease, the prognosis of which varies
according to the cytogenetic group. We characterized a rare chromosomal abnormality (del8p,
deletion of the short arm of chromosome 8) in the context of CLL. By comparing the largest cohort of
del8p CLL to date (n=57) with a non-del8p control cohort (n=155), del8p was significantly associated
with a poor prognosis, a shorter time to first treatment, worse overall survival (0S), and a higher risk
of Richter transformation. For patients treated with fludarabine-based regimens, the next-treatment-
free survival and the OS time were shorter in del8p cases (including those with mutated /GHV genes).
We found that one copy of the TNFRSF10B gene (coding for a pro-apoptotic receptor activated by
TRAIL) was lost in 91% of del8p CLL. TNFRSF108B is haploinsufficient in del8p CLL, and is involved in
the modulation of fludarabine-induced cell death - as confirmed by our experiments in primary cells
and in CRISPR-edited TNFRSF10B knock-out CLL cell lines. Lastly, we found that del8p abrogates the
synergy between fludarabine and TRAIL-induced apoptosis. Our results highlight del8p’s value as a
prognostic marker and suggest that fit CLL patients (i.e. with mutated /GHV and no TP53 disruption)

should be screened for del8p before the initiation of fludarabine-based treatment.



INTRODUCTION

Chronic lymphocytic leukemia (CLL, the most common adulthood leukemia in Western countries) is
characterized by the accumulation of malignant CD5+ B cells in the blood, bone marrow, and
secondary lymphoid tissues. Recurrent chromosomal abnormalities (CAs) have a key role in CLL
oncogenesis and drug resistance. The 8p deletion (del8p) is found in approximately 5% of newly
discovered CLL cases, 28% of cases of CLL with del17p (1, 2), and up to 44% of cases of Richter
transformation (RT) (3), and is associated with a short time to first treatment (TTFT) and poor overall
survival (0S) (1, 2, 4, 5). Given its rarity, del8p has only been described in small CLL case series, and
an extensive analysis has not previously been performed. However, this CA is known to be a clonal or
subclonal driver alteration (6, 7). A minimal deleted region of 4.2 Mb at 8p21 includes the
TNFRSF10A/B genes coding for apoptotic TRAIL receptors (1, 2, 8-12). The haploinsufficiency of
TNFRSF10A/B that results from del8p might contribute to ibrutinib resistance (10).

By combining clinical data with ex vivo and in vitro molecular analyses, we evaluated this recurrent
CA in the largest-yet series of CLL patients with del8p. We observed correlations between
cytogenetic findings, clinical outcomes, and in vivo responses to drug treatment. Furthermore, we
determined the spectrum of anti-CLL drug responses in primary cells with del8p. Lastly, the results of
our complementary in vitro experiments on CRISPR/Cas9-edited cell lines underlined the relevance of

the TNFRSF10A and TNFRSF10B genes in del8p-related drug resistance.

METHODS

Patients

CLL patients diagnosed and/or treated at Pitié-Salpétriere Hospital (Paris, France) between 1992 and
2020 were screened for del8p using cytogenetic techniques (karyotyping (K) and/or fluorescence in
situ hybridization (FISH) and/or a single nucleotide polymorphism array (SNPa)). We also compiled
data on a control group of 155 CLL patients without del8p. The diagnosis of CLL was based on
lymphocytosis and the immunophenotyping analysis, according to the International Workshop on CLL
(13). Patients were routinely tested for IGHV status and TP53 mutations. In line with the ethical
tenets of the Declaration of Helsinki, all the patients provided their written, informed consent to
participation in the study. The study was approved by the local institutional review board (AP-HP,

Paris, France; reference: BPD2018DIA00S).

Cytogenetic analyses
To obtain R-banded chromosomes, cells prepared from peripheral blood samples were stimulated
with CpG-oligonucleotides and interleukin-2 (Amplitech, Compiegne, France) in culture for 72 hours,

using standard techniques. A complex karyotype (CK) was defined as 3 or more CAs, and a highly
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complex karyotype (HCK) as 5 or more CAs. The specific probes and procedures for standard FISH are

detailed in the Supplemental Data. SNPa analyses were performed as described previously (14).

Samples, cell lines, and cell culture

Mononuclear cells were isolated from blood samples (provided by nine healthy donors) using Ficoll-
Paque density gradient centrifugation, and CD19+ cells were sorted by magnetic separation with
anti-CD19 microbeads (Miltenyi Biotech). Cryopreserved primary CLL cells and OSU-CLL cells were
cultured in RPMI medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100
pg/mL streptomycin (15). The characteristics of samples from CLL patients are summarized in

Supplementary Table S1.

Digital droplet PCR (ddPCR)
Levels of TNFRSF10A, TNFRSF10B, TNFRSF10C and TNFRSF10D mRNA expression were measured

using a Bio-Rad ddPCR system, according to the manufacturer’s instructions (Supplemental Data).

Generation of stable TNFRSF10A and/or TNFRSF10B knock-out (KO) cell lines

We generated an inducible Cas9-expressing OSU-CLL cell line (OSU-iCas9) by transduction with Lenti-
iCas9-neo (a gift from Qin Yan, New Haven, USA (16); Addgene plasmid # 85400). Next, we designed
CRISPR guides that targeted the first exon of the TNFRSF10A and TNFRSF10B genes. These guide
RNAs were cloned into the Lenti-multi-Guide plasmid (Addgene_# 85401) (16) and transduced into
OSU-iCas9 cells. Cells were induced with doxycycline and sorted according to their GFP expression.
After expansion, single KO-cells were sorted using flow cytometry and anti-TNFRSF10A or anti-
TNFRSF10B antibodies, cloned, expanded and screened. For functional studies, at least three
different clones harboring loss-of-function mutations were chosen for each CRISPR-generated cell

line (Supplemental Data).

In vitro cell death analysis

To induce cell death, the OSU cell lines were treated with TRAIL (25 ng/mL for 24 h; Enzo Life
Sciences). Alternatively, primary CLL cells were treated for 24 h with fludarabine (10 uM;
Selleckchem, TX, USA), ibrutinib (10 uM; Selleckchem), venetoclax (1 nM; Selleckchem) or
bendamustine (30 uM; MedChemExpress, NJ, USA), and 2x10° cells were harvested to quantify the
drug-induced expression of TNFRSF10A/B (using ddPCR, as described above). The remaining cells
were treated for 6 h with 200 ng/mL TRAIL, and cell death was measured with flow cytometry
(FACSCanto IlI; BD Biosciences) and annexin V/propidium iodide (Pl) co-staining. Data were analyzed

using FlowJo software (Tree Star, Ashland, OR, USA).
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Statistical analysis

The median follow-up time was estimated using the reverse Kaplan-Meier method. OS, next-
treatment-free survival (NTFS), and TTFT were estimated using the Kaplan-Meier method, and
survival curves were compared in a log-rank test. The frequency of RT was estimated using the
cumulative incidence method, and Gray's test was used to compare cumulative incidence curves.
Potential risk factors for mortality in del8p patients were evaluated using univariate and multivariate
Cox proportional hazards models. The chi-squared test or Fisher’s exact test were used to compare
categorical variables, and Mann-Whitney U test was used to compare continuous variables. All tests
were two-sided, and the threshold for statistical significance was set to p<0.05. Statistical analyses
were carried out using R software (version 4.0.3, R Foundation for Statistical Computing; URL

https://www.R-project.org/) (Supplemental Data).

RESULTS

A total of 57 CLL patients with del8p (as evidenced by karyotyping, FISH and/or SNPa analyses) were
included in the present study (Table 1 and Supplementary Table S1). Of the 55 patients for whom
clinical data were available, 27 (49%) had not been treated before the detection of del8p, and the

median time interval between diagnosis and detection of del8p was 3.7 years (range: 0-22.6).

Del8p is associated with cytogenetic factors linked to a poor prognosis (CK, HCK and del17p)

Forty-six of the 57 del8p CLL patients had been successfully karyotyped. The del8p was identified
precisely by karyotyping and FISH in 37 of these 46 cases, including two cases with two different 8p
aberrations in independent clones. Thirty-one (80%) of the 39 identified 8p aberrations were
unbalanced translocations. A translocation t(8;8) or an isochromosome 8 involving the long arm of
chromosome 8 (8q) and that resulted in both del8p and 8q gain was observed in 13 (33%) of the 39
cases. The other recurrent 8p translocation partners were chromosomes 2, 3, 13 and 17. The del8p
was subclonal in 30 (61%) of the 49 cases (Supplementary Table S2) and was frequently found within
a CK or an HCK (33 out of 46 (72%) and 20 out of 46 (44%), respectively) (Supplementary Figure S1);
these frequencies were significantly higher than those in the non-del8p control CLL group (Table 1).
Deletion 11g and del17p were significantly more frequent in the del8p group than in the non-del8p
group (52% vs. 17%, p<.001; 36% vs. 10%, p<.001, respectively) (Table 1). Furthermore, in the
treatment-naive patients, the frequencies of CKs, HCKs, del11qg and del17p were significantly higher
(p<.001) in del8p than in non-del8p CLL (Supplementary Table S3). Gains of 8q (including the MYC
gene, and resulting (or not) from a t(8;8)) and gains of 2p were also significantly more frequent in the

del8p patients (both treated and treatment-naive) than in the non-del8p patients (Table 1 and
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Supplementary Table S3). Taken as a whole, these results indicate that the del8p is associated with

high-risk cytogenetic aberrations, including CKs, HCKs and del17p.

Del8p involves the TNFRSF10 genes in the majority of cases of CLL, and a large del8p and TP53
disruption are associated with poor OS

By using SNPa (in seven cases) and FISH probes for several genes in 8p22, 8p21.3 and 8p11, we found
that the TNFRSF10A/B/C/D genes in 8p21.3 had been lost in 51 (91%) of the 56 cases of del8p
(Supplementary Table S3, Figure 1A). We classified the patients into four categories, depending on
the size of the deletion: group 1, del 8p10-8pter (the whole short arm) (8 out of 56 (14%)); group 2,
del 8p11-8pter (21 out of 56 (38%)); group 3, del 8p21-8pter (17 out of 56 (30%)); and group 4, other
deletions (10 out of 56 (18%)). There were no significant differences between the four groups, except
for the presence of more TP53 disruptions in group 1 and a trend toward a higher frequency of MYC
gain in group 3 (Supplementary Table S4, Supplementary Figure S1). The translocation t(8;8) had two
different breakpoints on the 8p: one between TNFRSF10 and FGFR1 (n=8) and the other between
FGFR1 and the centromere of chromosome 8 (n=5) (Figure 1A).

We observed that OS was significantly shorter in the patients with a large deletion (i.e. one that
included FGFR1: groups 1 and 2) than in patients with smaller deletions (groups 3 and 4). This was
true when considering the time from the detection of the del8p (10-year OS: 11% in groups 1+2 vs.
52% in groups 3+4; p=.019) or the time from diagnosis (43% vs 79%, respectively; p=.012) (Figure 1B
and Supplementary Figure S2). In a univariate analysis, other factors associated with poor OS were
TP53 disruption (deletion and/or mutation) and the number of CAs (Supplementary Table S5). In a
multivariate analysis, TP53 disruption was still significantly associated with a shorter 0S
(Supplementary Figure S3), and a large del8p (groups 1+2) tended be associated with shorter OS
(albeit not significantly; p=0.06).

Del8p is associated with a shorter TTFT, shorter OS, and more frequent Richter transformation

We next compared the clinical outcomes in our del8p cohort vs. the control non-del8p CLL cohort
(n=155). The two cohorts did not differ significantly with regard to age, sex ratio, Binet stage at
diagnosis, or treatment before karyotyping. Unmutated /GHV status was significantly more frequent
in del8p patients (35 out of 48 (73%) than in non-del8p patients (70 out of 151 (46%); p=.002) (Table
1). The median [95% confidence interval (Cl)] follow-up time was 12.3 years [10.2-15.6] in del8p
patients and 11.9 years [11.0-13.9] in non-del8p patients. The OS after detection of del8p was
shorter than the OS after karyotyping in the non-del8p CLL group (10-year OS rate: 30% vs 82%,
respectively; median OS time: 6.8 years vs. not reached, respectively; p<.0001) (Figure 2A). The

difference was also significant when considering solely patients who were treatment-naive before
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the detection of del8p or (for non-del8p patients) karyotyping (10-year OS rate: 33.0% vs. 85.9%,
respectively; median OS time: 7.7 years vs. not reached, respectively; p<.0001) (Figure 2B). In
treatment-naive patients, the TTFT was shorter in del8p patients than in non-del8p patients (median
OS time: 0.25 years vs. 1.7 years, respectively; p=.007) (Figure 2C). Similar results were obtained
when comparing del8p and non-del8p patients with regard to OS following diagnosis, which was
shorter in del8p patients (10-year OS rate: 61% vs. 93% in non-del8p patients; median OS time: 12.7
years vs. not reached, respectively; p<.0001). The TTFT was also shorter in del8p patients than in
non-del8p patients (median: 1.7 years vs. 3.3 years, respectively) (Supplementary Figure S4A, S4B).
Lastly, the risk of progression to RT (calculated from the time of diagnosis onwards) was significantly
higher in del8p patients than in non-del8p patients (cumulative incidence at 10 years: 22% vs. 5.5%,
respectively; p=.034) (Figure 2D). The cumulative incidence of RT at 10 years (calculated from the
time of del8p detection or first karyotyping onwards) was 18% in del8p patients and 7% in non-del8p

patients (p=.18, Supplementary Figure S4C).

Del8p CLL patients (including those with mutated /IGHV) treated with fludarabine-based regimens
have worse NTFS and OS.

Our patients with del8p CLL received a median of two lines of treatment (range: 0-7): 35 of the 55
(64%) had been treated with fludarabine-based regimens (first-line treatments in 31 (89%) cases), 20
(36%) had been treated with ibrutinib (at relapse in 19 (95%) cases), and 5 (9%) had been treated
with venetoclax (all at relapse) (Supplementary Figure S5). Among the fludarabine-treated patients,
the NTFS and OS rates were significantly shorter in the del8p CLL group than in the non-del8p CLL
group (10-year NTFS rate: 3.7% vs 21.5%, respectively; p=.002) (Figure 2E); 10-year OS rate: 45.9% vs.
81.6%, respectively; p<.001 (Figure 2G)). Interestingly, the negative effect of the del8p on NTFS after
fludarabine treatment was only significant in the subgroup of CLL patients with mutated IGHV
(hazard ratio [95%Cl]: 2.85 [1.2-6.79]; p=.015) (Figure 2F). Among the ibrutinib-treated patients,
there was no difference between del8p and non-del8p patients with regard to NTFS or OS; however,
only one patient had received first-line treatment with ibrutinib (data not shown). The small numbers
of venetoclax-treated patients in the del8p subgroup prevented us from assessing the response to

this drug.

TNFRSF10A and TNFRSF10B are haploinsufficient in del8p CLL

One copy of the TNFRSF10A/B/C/D genes had been deleted in 91% of the del8p patients. To
determine whether these genes were haploinsufficient, we measured their mRNA expression levels
in healthy and CLL primary B cells (Figure 3). In healthy B cells, TNFRSF10A and TNFRSF10B were both
strongly expressed, with a slight predominance of TNFRSF10A (median ratio: 2.33) over TNFRSF10B
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(median ratio: 1.72). In non-del8p CLL cells, the expression of TNFRSF10A was similar to that seen in
normal B cells (median ratio: 2.73 vs 2.33, respectively; p=.54) but the expression level of TNFRSF10B
was significantly higher (median ratio: 3.66 vs 1.72, respectively, i.e. a 2.13-fold relative increase;
p<.001). Hence, TNFRSF10B was more strongly expressed than TNFRSF10A (median ratio: 3.66 vs
2.73, i.e. a 1.3-fold relative increase). The expression level of TNFRSF10B was significantly lower in
del8p CLL cells than in non-del8p CLL cells (median ratio: 1.52 vs 3.66, respectively, i.e. a 2.41-fold
relative decrease; p<.001), whereas the expression level of TNFRSF1I0A was only slightly lower
(median ratio: 2.29 vs 2.73, respectively, p=.15). Compared with TNFRSF10A/B, the expression levels
of TNFRSF10C and TNFRSF10D were negligible in normal B cells and were not significantly higher in
non-del8p or del8p CLL cells (Supplementary Figure S6). No major non-del8p vs. del8p differences in
TNFRSF10A or TNFRSF10B expression were observed when stratifying patients according to
karyotype complexity, del13q, delllq, tri12, TP53 disruption (deletion and/or mutation), and IGHV

status (Supplementary Figure S7).

TNFRSF10A and TNFRSF10B are both functional in CLL

To analyze the clinical relevance and functional consequences of the inactivation of TNFRSF10A and
TNFRSF10B, we used CRISPR/Cas9 to selectively inactivate the two genes in the well-characterized
OSU-CLL cell line (15, 17). The baseline TNFRSF10A and TNFRSF10B expression profiles in OSU-CLL
cells were similar to those observed in primary CLL cells (Supplementary Figure S8). We generated
three cell lines (OSU-CLL TNFRSF10A” (hereafter “OSU A-KO”), OSU-CLL TNFRSF10B” (“OSU B-KO”)
and OSU-CLL TNFRSF10A” and TNFRSF10B” (“OSU AB-KO”)), together with the OSU empty vector
control cell line. The three KO cell lines’ deficient phenotype was confirmed by flow cytometry of a
bulk suspension (Supplementary Figure S9), whereas Sanger sequencing of clones derived from these
cell lines confirmed the presence of the frameshift (Supplementary Table S6).

To functionally confirm the absence of TNFRSF10A and TNFRSF10B receptors in our OSU KO models,
we used flow cytometry to test the various CRISPR-edited cell lines’ mortality following exposure to
the cell-death-activating TNFRSF10A and TNFRSF10B ligand TRAIL. Relative to the control OSU empty
vector cell line, OSU A-KO and B-KO cells were less sensitive to TRAIL treatment and OSU AB-KO cells
were completely resistant (Figure 4). These data indicate that both TNFRSF10A and TNFRSF10B
receptors were able to induce cell death in CLL cells (i.e., TNFRSF10A was functional when
TNFRSF10B was inactivated, and vice versa) but that no compensation or up-regulation occurred
when either gene was lost. Moreover, we observed that the level of cell death was slightly but
reproducibly higher in OSU A-KO cells than in OSU B-KO cells; this might have been related to the

higher level of TNFRSF10B expression observed in this cell line.



TNFRSF10B is involved in fludarabine-induced cell death

We initially supposed that low expression of the TNFRSF10B receptor on the surface of del8p primary
CLL cells (relative to non-del8p cells) leads to lower sensitivity to TRAIL and thus promotes cell
survival. However, the preliminary data from the in vitro cytotoxicity assay performed with TRAIL and
primary non-del8p CLL cells showed that TRAIL sensitivity was low (Supplementary Figure S10) and
suggested that TRAIL alone cannot induce cell death in primary CLL cells. We therefore hypothesized
that exposure of the cells to anti-CLL drugs modulates TNFRSF10A and/or TNFRSF10B receptor
expression and increases sensitivity to TRAIL (18). Accordingly, we cultured primary CLL cells in the
presence of fludarabine, ibrutinib, or venetoclax. In non-del8p cells, we did not observe any
significant differences in TNFRSF10A expression after treatment with these anti-CLL drugs
(Supplementary Figure S11). However, TNFRSF10B expression was significantly greater after
exposure to fludarabine (by a factor of 2.8; median ratio: 6.36, vs. 2.31 in the absence of the drug)
but not after exposure to ibrutinib or venetoclax (Figure 5A). In contrast, treatment with fludarabine,
ibrutinib, or venetoclax was not associated with significantly greater levels of TNFRSF10A or
TNFRSF10B expression in almost all del8p CLL samples (all of which had a deletion spanning the
TNFRSF10 locus) (Figure 5B). Remarkably, the two del8p CLL samples showing slightly greater levels
of TNFRSF10B mRNA expression after fludarabine treatment had the lowest proportion of 8p-
deficient cells (less than 20%, according to FISH). The other del8p CLL samples (with a negligible
enhancement in TNFRSF10B expression) contained more than 50% of del8p-bearing cells (Figure 5C,
Supplementary Table S1). Taken as a whole, these data indicate that TNFRSF10B modulation is
involved in fludarabine-induced cell death but not in ibrutinib- or venetoclax-induced cytotoxicity. In

contrast, TNFRSF10A expression is not modulated by these anti-CLL drugs.

Del8p abrogates the synergy between fludarabine and the TRAIL pathway

In view of the results described above, we sequentially evaluated the cytotoxic effect of the TRAIL-
fludarabine combination. Cells were treated with fludarabine for 24h and then with TRAIL for 6h).
With the unmodified OSU-CLL cell line, the TRAIL-induced decrease in viability was higher for
fludarabine-treated cells than for control cells (43.3% vs. 33.9%, respectively; Supplementary Figure
S12). None of the primary cell samples from 15 patients with non-del8p CLL showed a significant
(>10%) decrease in cell viability after treatment with TRAIL alone. In contrast, sequential treatment
with fludarabine and then TRAIL resulted in a significant decrease in cell viability (Figure 5D). TRAIL
had an additional cytotoxic effect in 13 of the 15 (87%) non-del8p samples. When we applied the
same approach to seven CLL B samples from del8p CLL patients (Figure 5E), TRAIL treatment alone
had no significant cytotoxic effect (i.e. as with non-del8p CLL cells). Sensitivity to fludarabine alone

was also similar to that observed for non-del8p CLL cells. However, in contrast to the results for non-
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del8p CLL cells, the sequential fludarabine + TRAIL regimen failed to elicit a synergistic cytotoxic
effect in most del8p CLL cell samples. Thus, it appears that del8p abrogates the synergistic effect on
cell viability induced by the fludarabine + TRAIL combination in CLL. In similar experiments on del8p
and non-del8p CLL samples, the combination of TRAIL with the BTK or BCL2 inhibitors ibrutinib or
venetoclax did not have a synergistic effect on cell death. We therefore conclude that in del8p CLL
cells specifically, the lack of fludarabine-induced overexpression of TNFRSF10B abrogates the synergy

between the purine analog and TRAIL.

del8p CLL cells do not show an fludarabine-induced increase in p53 target gene expression,
regardless of their TP53 status

We next looked for the link between fludarabine treatment and enhanced TNFRSF10B expression
and hypothesized that it was p53 - a protein commonly activated by DNA-damaging cell death
inducers like fludarabine (19). To check p53’s activation after fludarabine treatment in our CLL
cohorts, we measured the expression of three well-known p53 target genes: MDM2, BAX and
CDKN1A. As shown in Figure 6, the exposure of non-del8p CLL cells to fludarabine induced
significantly greater expression of all three genes: 12.5-fold (33.9, vs. 2.71 for control cells, p=0.007),
4.3-fold (14.3 vs. 3.34, p=0.007) and 8.7-fold (11.0 vs. 1.27, p=0.002) for MDM2, BAX and CDKN1A,
respectively. In contrast, the fludarabine-induced expression of MDM2, BAX and CDKN1A was
substantially lower in del8p CLL cells: 2.2-fold (3.98, vs. 1.82 for control cells, p=0.15), 1.0-fold (2.89
vs. 2.80, p=0.55) and 3.4-fold (1.65 vs. 0.49, p=0.22) for MDM2, BAX and CDKN1A, respectively
(Figure 6A). Thus, del8p in CLL appeared to interfere with the p53-dependent gene expression
induced by fludarabine.

To further corroborate the specific relationships between del8p and p53 activation in fludarabine-
treated CLL cells, we analyzed MDM2, BAX and CDKNI1A expression in del8p CLL cells harboring
dell7p or not. As shown in Figures 6B and 6C, our results indicated that irrespectively of the
presence or the absence of dell7p, fludarabine failed to modulate the expression of p53 targets in
del8p CLL cells. Furthermore, the absence of p53 pathway activation in del8p cells treated with
fludarabine was closely correlated with the lack of TNFRSF10B overexpression in both the presence
and absence of del17p. Lastly, our results also showed that fludarabine did not enhance TNFRSF10B
expression in non-del8p/del17p CLL cells (Supplementary Figure S13); this observation substantiated
the direct link between fludarabine treatment, p53 pathway activation, and TNFRSF10B

overexpression.

DISCUSSION

10



In a retrospective analysis of the largest yet reported series of CLL patients with del8p, we
characterized the molecular features and clinical significance of this rare, insufficiently studied CA.
We first found that del8p was overlooked in about 20% of our karyotypes. The most common CA
leading to 8p deletion is an unbalanced translocation, such as t(8;8). Moreover, as mentioned above,
our results showed that del8p can be clonal or subclonal (6, 7, 9).

Del8p is associated with conventional factors for a poor prognosis in CLL, such as delllq, TP53
aberrations, unmutated /IGHV, and CK/HCK. Although MYC gain is frequently found together with
del8p (4, 8, 9), the corresponding patients in our cohort did not always have a poor outcome; hence,
del8p is an independent oncogenic factor and does not solely represent collateral damage in t(8;8).
We also showed that del8p CLL patients have a shorter TTFT and shorter OS than non-del8p CLL
patients. Our results fully substantiate the reports on the poor prognosis associated with del8p in
small CLL cohorts (1, 2, 4, 8). Strikingly, we found that large 8p deletions (i.e. those in our patient
groups 1+2) were associated with a shorter OS in CLL. This association strongly suggests that the loss
of several genes in the 8p region is required for a poor prognosis. Similar results have been published
in studies of hepatocellular carcinoma, where the concomitant deletion of several tumor suppressor
genes on 8p synergistically promoted tumor growth (20). A detailed analysis of our large del8p CLL
cohort revealed that del8p is associated with a higher risk of RT. This finding is consistent with the
high prevalence of del8p observed in this aggressive transformation of CLL (3).

Del8p CLL patients treated with fludarabine-based regimens had shorter NTFS and OS times than
non-del8p CLL patients; this was even true for del8p CLL patients with IGHV mutations, who generally
respond well to fludarabine regimens. This finding underlines the prognostic importance of this
genetic aberration in CLL. In contrast to a previous study (10), we found that del8p and non-del8p CLL
patients responded in a similar manner to ibrutinib.

Several groups have used chromosomal microarrays to identified a minimal region of loss in 8p; it
includes the TNFRSF10 genes at 8p21 (1, 2, 4, 8-10, 12). We confirmed this finding in our large
cohort: the TNFRSF10 genes were deleted in 91% of cases. The TNFRSF10 genes encode four
membrane-bound TRAIL receptors: two induce apoptosis (TNFRSF10A and TNFRSF10B) and the other
two are decoy receptors (TNFRSF10C and TNFRSF10D) (21). The TRAIL pathway has been extensively
characterized over the last 20 years. Its activation can lead to pro- or anti-apoptotic outcomes,
depending on the type of stimulation and the cellular/microenvironmental context (21, 22). In our
cohort, we found that both TNFRSF10A and TNFRSF10B are expressed in malignant CLL cells, with
TNFRSF10B more strongly expressed than TNFRSF10A. In line with previous studies, our results also
confirmed that TNFRSF10B is expressed more strongly in CLL cells than in normal B cells and that the
expression of TNFRSF10C/D is negligible in both normal and CLL B cells (21). These findings prompted

us to focus our mechanistic work on TNFRSF10A/B. To this end, we used CRISPR/Cas9 to knock out
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the TNFRSF10A/B genes in the OSU-CLL cell line and found that the OSU-TNFRSF10A KO cell line was
less resistant to TRAIL treatment than the OSU TNFRSF10B KO cell line. This is consistent with reports
on other cancers and indicates that TNFRSF10B is more effective than TNFRSF10A in inducing death
(23). However, our results challenge the report by MacFarlane et al (24) in which agonistic antibodies
against TNFRSF10A (but not against TNFRSF10B) induce apoptosis in primary CLL cells. Although we
cannot rule out a difference in TNFRSF10A/B triggering between primary cells and our edited cell
lines or a difference in agonistic activity between the anti-TNFRSF10A antibody and the anti-
TNFRSF10B antibody, our CRISPR/Cas9 cellular models usefully enabled us to directly investigate the
effect of the physiological TNFRSF10 ligand TRAIL.

As expected, we showed that del8p is associated with low TNFRSF10A/B expression in primary CLL
cells. Although several studies have designated TNFRSF10A/B as candidate genes in the minimal
deleted region on 8p21, few have evidenced their low expression in primary CLL cells (10). In line
with previous studies (21, 25, 26), we also found that TRAIL alone does not strongly induce the
apoptosis of primary CLL cells in vitro. This low level of efficacy suggests that other contributors (such
as natural killer cells) are needed to activate this death pathway (27).

Our results endorse previous reports in which (i) chemotherapy (including fludarabine treatment)
produced an increase in TNFRSF10A/B mRNA expression in primary CLL cells and (ii) treatment with a
combination of fludarabine and TRAIL resulted in a synergistic apoptotic response (18). In our hands,
fludarabine exposure specifically increased TNFRSF10B expression but did not change TNFRSF10A
expression. Moreover, enhanced TNFRSF10B expression was accompanied by greater induction of
apoptosis by the fludarabine-TRAIL combination. We found similar results with this combination in
the OSU-CLL cell line. The known mechanisms of TRAIL resistance include downregulation of
agonistic receptors, mutations within critical domains, expression of antagonistic receptors, and
deregulation of downstream effectors (28). The present study is the first to have demonstrated that
del8p in CLL prevents the increase in expression of the TNRSF10B receptor and thus abrogates the
apoptogenic synergy between fludarabine and TRAIL. These in vitro results are in line with our in vivo
data showing that del8p CLL patients treated with fludarabine-based regimens have shorter NTFS
and OS times.

Del8p is often associated with dell7p, which involves TP53. Our present results showed that
fludarabine-induced TNFRSF10A/B expression is lower in TP53-disrupted CLL cells (i.e. del17p) than in
non-TP53 disrupted CLL cells. However, del8p per se was sufficient to abrogate the fludarabine-
induced expression of p53 target genes (represented here by MDM2, BAX, and CDKN1A) and the
synergistic effect of fludarabine and TRAIL. It is not clear why these p53 target genes are less strongly

expressed, and specific research is warranted. Nevertheless, our new data indicate clearly that TP53
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dysfunction and del8p are independent but critical genetic events in the regulation of TNFRSF10 gene
expression in CLL.

In contrast to fludarabine treatment, we found that ibrutinib or venetoclax treatment were not
synergistic with TRAIL. This contrasts with Burger et al.’s suggestion whereby haploinsufficiency of
TNFRSF10 (as a consequence of del8p) might result in TRAIL insensitivity and might contribute to
ibrutinib resistance (10). Assuming that the concentration of TRAIL is higher in blood than in lymph
nodes (29), Burger et al. suggested that the ibrutinib-induced migration of CLL cell from lymph nodes
to the blood might be a significant component in ibrutinib-induced cell death in CLL and would be
lost in the event of del8p. Since this hypothesis does not involve any ibrutinib-related intracellular
pathways, we could not test it in our in vitro model. However, we did not observe any in vivo
influence of ibrutinib treatment on NTFS and OS when comparing non-del8p and del8p CLL patients.
In conclusion, our analysis of a large cohort of del8p CLL cases and the in vitro study of molecular
mechanisms associated with del8p showed that this rare but recurrent CA is associated with other
factors linked to a poor prognosis, such as a CK, an HCK, delllq, TP53 aberrations, unmutated IGHV
status, short TTFT and OS, and RT. We also demonstrated that TNFRSF10B has an important role in
fludarabine resistance in del8p CLL. In patients who could benefit from the classical Fludarabine-
cyclophosphamide-rituximab treatment but who harbor del8p, other treatments (such as ibrutinib

and venetoclax) might be more effective than fludarabine.
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Table 1. Characteristics of the del8p group and the control non-del8p group.

. Del8 Non-del8

Variable N=5;, N=155 P P-value
Sex (female) 24/57 (42%) 61/155 (39%) .84
Age at diagnosis, years, median (range) 59 (31-86) 60 (25-94) .91
Binet stage at diagnosis .10

A 26/36 (72%) 97/115 (84%)

B 8/36 (22%) 17/115 (15%)
C 2/36 (6%) 1/115 (1%)

Treated 48/55 (87%) 138/155 (89%) .92
Number of lines of treatment, median (range) 2 (0-7) 2.0 (0-9) .31
Not treat.ed before the detection of del8p or the first 27/55 (49%) 124/155 (80%) <001
karyotyping
Time.between dia.gnosis and the.detection of del8p or 3.7(0-22.6) 0.8 (0-29.6) 11
the first karyotyping, years, median (range)
CK (23 CAs) 33/46 (72%) 34/155 (22%) <.001
HCK (=5 CAs) 20/46 (44%) 12/155 (8%) <.001
Number of CAs detected by karyotyping, median 4 (1-14) 1(0-8) <001
(range)
Classical CAs detected by FISH

dell3q 32/54 (59%) 97/155 (63%) .79

tril2 4/53 (8%) 34/154 (22%) .03

delllq 27/52 (52%) 27/155 (17%) <.001

dell7p 20/55 (36%) 16/154 (10%) <.001
824 (MYC() gain 25/57 (44%) 6/155 (4%) <.001
2p gain 14/56 (25%) 6/155 (4%) <.001
unmutated IGHV 35/48 (73%) 70/151 (46%) .002
TP53 mutation 15/40 (38%) 17/92 (19%) .03
TP53 disruption (deletion and/or mutation) 22/47 (74%) 25/97 (26%) .02

The results were calculated with all the available data for each variable (i.e. N varies from one
variable to another). The p-values were obtained from comparisons of the two cohorts using a chi-
squared test, Fisher’s exact, or the Mann-Whitney test. CK: complex karyotype; HCK: highly complex

karyotype, CA: chromosomal abnormality.
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Figure legends

Figure 1. Constitution of four groups of patients as a function of the size of del8p, with intergroup
differences in survival. A. Schematic representation of the chromosome 8 abnormalities identified in
56 of the 57 del8p patients using FISH and/or SNPa; for one patient (CLL_69), FISH was not
informative and SNPa was not performed. Black lines correspond to the deleted regions, and red
circles correspond to the MYC gains in each individual del8p patient. The patients were divided in
four groups, according to the size of the del8p. *MYC gain due to t(8;8). ' Two clones with del8p of
different sizes. B. Overall survival in the del8p groups (1 + 2 vs. 3 + 4), starting from when the del8p
was first detected.

Figure 2. Survival of del8p vs. non-del8p patients. A. OS; B. OS in treatment-naive patients; C. TTFT;
D. Cumulative incidence of RT (A, B, C: calculated from the date of del8p detection or (for the non-
del8p cohort) the first karyotyping, D: calculated from the date of CLL diagnosis). E. NTFS after
treatment with fludarabine-based regimens in the whole cohort. F. NTFS after treatment with
fludarabine-based regimens in IGHV-mutated patients. G. OS after treatment with fludarabine-based
regimens.

Figure 3. TNFRSF10B is overexpressed in non-del8p CLL cells. mRNA was purified from B cells from
healthy donors (n=9), from non-del8p CLL cells (n=33) or del8p CLL cells (n=9). The mRNA expression
levels were determined using digital droplet PCR. ABL1 mRNA expression was used to normalize the
TNFRSF10 data. The box corresponds to the interquartile range, the central line corresponds to the
median, and the whiskers correspond to the range. Values were compared in a Mann-Whitney U
test. ***, P <.001.

Figure 4. Inactivation of TNFRSF10A and TNFRSF10B induces resistance to TRAIL in the OSU-CLL cell
line. The effects of TNFRSF10A and/or TNFRSF10B inactivation on TRAIL-mediated programmed cell
death (25 ng/mL for 6 h) were studied in the OSU-CLL cell line transduced with empty vector (EV) or
edited using CRISPR/Cas9 (as described in the Material and Methods section) to target TNFRSF10A
and/or TNFRSF10B (A-KO; B-KO; AB-KO cells). Cell death was measured using co-positive annexin-
V/PI staining and expressed as the mean + SD (n=6). *, P <.05; **, P < .01.

Figure 5. Fludarabine treatment induces TNFRSF10B expression in primary non-del8p CLL cells but
del8p specifically abrogates the decrease in cell viability induced by the fludarabine-TRAIL
combination. (A) Primary non-del8p CLL cells were treated (or not) with 10 uM fludarabine (n=13),
10 uM ibrutinib (n=6) or 1 nM venetoclax (n=3). mRNA was purified 24 h after treatment, and
TNFRSF10B expression (relative to control non-treated cells; n=14) was measured by ddPCR. ABL1
MRNA expression was used to normalize the TNFRSF10B data. Cells treated with fludarabine showed
significantly greater TNFRSF10B expression than untreated control cells. (B) Primary del8p CLL cells
were treated (or not) with 10 uM fludarabine (n=7), 10 uM ibrutinib (n=4), or 1 nM venetoclax (n=6).
mRNA was purified as in (A), and TNFRSF10B expression (relative to non-treated cells; n=7) was
measured using ddPCR. ABL1 mRNA expression was used to normalize the TNFRSF10B data. The box
corresponds to the interquartile range, the central line corresponds to the median, and the whiskers
correspond to the range. Significantly greater TNFRSF10B expression was never observed. Values
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were compared in a Mann-Whitney U test. ***, P < .001. (C) Representation of the correlation
between the percentage of cells with 8p deletion (measured using FISH) in primary CLL samples and
the decrease in fludarabine-induced TNFRSF10B mRNA expression (P = 0.0068). Primary non-del8p
(D) or del8p (E) CLL cells purified from various patients were treated (or not) with 10 uM fludarabine,
10 puM ibrutinib, or 1 nM venetoclax for 24 h and then cultured in the presence (200 ng/mL) or
absence of TRAIL for 6h. The graphs show the cell viability (the percentage of viable cells, with co-
negative annexin-V/PI staining) measured using flow cytometry. A cell viability decrease > 10% in
cells treated with TRAIL vs. cells not exposed to TRAIL was considered to be significant and is
represented with a red line. Upon, treatment with fludarabine + TRAIL, we observed a significant
decrease in viability in non-del8p CLL cells but not in del8p CLL cells. In similar experiments with
ibrutinib and venetoclax, no significant non-del8p vs. del8p differences were observed.

Figure 6. Del8p abolishes fludarabine-induced p53-dependent gene expression. We studied the
expression of three p53 target genes in primary CLL cells treated (or not) with fludarabine. (A)
Primary non-del8p CLL cells (n=7, triangles) and del8p CLL cells (n=6, squares) were treated with
fludarabine for 24h. mRNA expression of the MDM2, BAX and CDKN1A genes was measured using
ddPCR. ABL1 mRNA expression was used to normalize the data. B-cells with dell7p are shown in
orange, and those without are shown in purple. It is noteworthy that the fludarabine-induced
expression of the three genes was lower in del8p samples than in non-del8p samples. The
fludarabine-induced gene expression ratio (normalized against data from untreated cells, for each
sample) was correlated with the percentage of cells harboring dell7p (B) and del8p (C). The box
corresponds to the interquartile range, the central line corresponds to the median, and the whiskers
correspond to the range.
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A- Supplementary methods

FISH

Standard FISH was performed on interphase nuclei and metaphases using the commercial probes LPL
(8p21) (Abbott Molecular, Des Plaines, IL), FGFR1 (8p11) (MetaSystems Probes, Altlussheim,
Germany), CEP8 (MetaSystems), MYC (8g24) (ZytoVision GmbH, Bremerhaven, Germany), MYCN
(2p24) (MetaSystems), D13S319,CEP12,ATM,TP53 (MetaSystems), TelVysion 8p (Abbott Molecular,
Des Plaines, IL), and in-house bacterial artificial chromosome probes for the TNFRSF10A/B (8p21)
(RP11-892A7+RP11-692J4), DLCI (8p22) (RP11-634E9 + RP11-1142J1), REL (2p16) (RP11-373L24) and
XPO1 (2p15) (RP11-240F4+RP11-477N2) genes. Probes were selected using the University of

California Santa Cruz Genome Browser (http://www.genome.ucsc.edu/ NCBI37/hg19 build) and

obtained from Genoscope (Evry, France). Extraction, labeling, and hybridization procedures were

performed as described previously(1).

RNA extraction and droplet digital PCR (ddPCR)

Cells were thawed, and total RNA was extracted using a NucleoSpin RNA kit (Macherey-Nagel, Diren,
Germany) or an AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, Germany). Second-strand cDNA synthesis
was performed using SuperScript IV reverse transcriptase (Invitrogen). ddPCR was performed using
Supermix for probes (No dUTP) (Bio-Rad Laboratories) and probes (Applied Biosystems) against
TNFRSF10A (Hs00269492_m1; exon boundary 2-3), TNFRSF10B (Hs00366278 m1; exon boundary 8-9
variant 1, 9-10 variant 2), TNFRSF10C (Hs00182570_m1) and TNFRSF10D (Hs00388742_m1) genes, all
labelled with FAM dye. The housekeeping gene ABL1 was used as the reference, and the
corresponding VIC dye-labelled probe (Hs01104728 m1) was added concomitantly to each mix.
Droplets were generated with a QX200 Droplet Generator (Bio-Rad), and the emulsified samples
were transferred to ddPCR 96-well plates according to manufacturer’s instructions (Bio-Rad). The
cycling protocol included an enzyme activation step (95°C for 10 min), followed by 40 two-step cycles
(95°C for 30 s and 60°C for 1 min, with a 2°C/s ramp between each step). Droplets containing PCR
products were then analyzed using a QX200 Droplet Reader and QuantaSoft 1.7.4 software (Bio-Rad).
The results were expressed as the absolute quantity of DNA per sample (copies/uL) for both the

investigated and reference genes in each well. The normalized ratios were then calculated.

Generation of stable TNFRSF10A and/or TNFRSF10B KO cell lines

We first generated an inducible Cas9-expressing OSU-CLL cell line by transduction with Lenti-iCas9-
neo (a gift from Qin Yan, New Haven, USA (2); Addgene plasmid # 85400) and geneticin (200 pg/mL)
selection of cells, which we named “OSU-iCas9”. We then designed CRISPR guides targeting the first
exon of TNFRSF10A and TNFRSF10B genes and selected the most effective guides using the Guide-it


http://www.genome.ucsc.edu/

single-guide RNA (sgRNA) Screening Kit (Takara Bio, Inc). The sequences of sgRNAs targeting
TNFRSF10A were 5'-CTTCAAGTTTGTCGTCGTCG-3’ and 5-GCGGGGAGGATTGAACCACG-3’' but only
one sgRNA was required for targeting TNFRSF10B (5'-AGAACGCCCCGGCCGCTTCG-3’). The sgRNAs
were cloned into the Lenti-multi-Guide plasmid (Addgene plasmid # 85401)(2), to obtain simple
TNFRSF10A/B or double TNFRSF10AB KO cells. Lentiviral particles were prepared using HEK293T cells
and transduced into OSU-iCas9 cells. After puromycin (0.5 pg/mL) selection, resistant cells were
induced with doxycycline (1 pg/mL for 24 hours, for the temporary expression of Cas9) and sorted
according to their GFP expression (FACS Aria Ill, Becton Dickinson Biosciences, San Jose, CA). Five to
seven days later, cells were stained with an anti-TNFRSF10A antibody (N°130-109-085; Miltenyi
Biotec) and/or an anti-TNFRSF10B antibody (ab243080; Abcam), and the negative fractions
containing KO cells (TNFRSF10A-KO, TNFRSF10B-KO or TNFRSF10AB-KO) were harvested by flow

cytometry (bulk sorting and cloning).

gDNA extraction, PCR amp, cloning, and Sanger sequencing

Genomic DNA was isolated from clones derived from KO cell lines using an AllPrep DNA/RNA Mini Kit
(Qiagen). The regions containing the sgRNA cleavage sites were amplified by PCR and cloned into
pCR™-Blunt II-TOPO® vectors (Invitrogen, Inc), which were transformed into NEB Stable Competent
E. coli (New England Biolabs) according to the manufacturer’s protocol. Plasmids were then extracted

with Plasmid Plus Midi Kit (Qiagen) and sent for Sanger sequencing (Genewiz, Leipzig, Germany).

Statistical analysis

Associations between characteristics of the del8p and control non-del8p populations were assessed
using a chi-squared test for categorical data and a Mann—Whitney U test for continuous data. The
median follow-up time was estimated using the reverse Kaplan-Meier method. Overall survival (0S),
next treatment-free survival and time-to-first-treatment (TTFT) were estimated using the Kaplan-
Meier method, and survival curves were compared using the log-rank test. The analysis of the
frequency of Richter transformation (RT) took account of the competing risk of death. The frequency
of RT was estimated using the cumulative incidence method, and Gray's test was used to compare
the two populations’ respective cumulative incidence curves. Potential risk factors for mortality in
del8p patients were evaluated using univariate and multivariate Cox proportional hazards models,
and the results were reported as hazard ratios (HRs). To account for the missing data in the
multivariate model, multiple imputation by chained equations was applied. Due to multicollinearity,
TP53 disruption (rather than TP53 mutation and del17p) was included in this model. For the data
from in vitro assays, a chi-squared test or Fisher’s exact test were used to compare categorical

variables, and the Mann-Whitney U test was used to compare continuous variables. All tests were



two-sided, and the threshold for statistical significance was set to p < 0.05. Statistical analyses were
carried out using R software (version 4.0.3, R Foundation for Statistical Computing, https://www.R-

project.org/).
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Table S2. Description of the 8p abnormalities.

Successful/informative K

46/57 (81%)

Number of patients with 8p abn identified by K and F

37/46 (78.2%)

Subclonal abn detected by K and/or F

30/49 (61.2%)

Number of identified 8p abn by K and/or F 39§
t(8;v) 31/39 (80%)
t(8;8)/i(8)(q) (K+F) 13/39 (33%)
1(8;17) 3/39 (8%)
t(3;8)§ 3/39 (8%)
t(8;13)8§ 2/39 (5%)
t(2;8) 2/39 (5%)
Other partners* 5/39 (13%)
Unidentified partner: add(8p) 3/39 (8%)
Del(8p) 5/39 (13%)
Ring chromosome 8 2/39 (5%)
Monosomy 8 1/39 (2%)
FISH/SNPa analyses
del TNFRSF10 (8p21.3) 51/56 (91%)
del LPL (8p21.3) 47/56 (84%)
del DLC1 (8p22) 49/56 (88%)
del FGFR1 (8p11) 31/56 (55%)

Abn: abnormality, K: karyotype, F:FISH, del: deletion, add: addition, SNPa: single-nucleotide

polymorphism array

§ Two patients had two 8p abnormalities in two distinct clones: one had both t(3;8) and t(8;13)

(CLL_189); one has del(8p) and t(2;8) (CLL_169)

* Chromosome partners: 10, 11, 12, 16 and 18 (one case of each)




Table S3. Comparison of CLL with and without del8p in patients not treated before the diagnosis of
del8p or (for the non-del8p cohort) before karyotyping.

. Del8 Non-del8
Variables N=2$ N=124 P P-value
Sex (female) 12/27 (44%) 45/124 (36%) .57
Age at diagnosis, years, median (range) 61 (31-86) 61 (25-94) 41
Binet stage at diagnosis .015
A 11/18 (61%) 81/95 (85%)
B 5/18 (28%) 13/95 (14%)
C 2/18 (11%) 1/95 (1%)
Treated 20/27 (74%) 107/124 (86%) .14
Number of lines of treatment, median (range) 1(0-5) 1(0-9) .065
CK (23 CAs) 10/17* (59%) 25/124 (20%) .007
HCK (25 CAs) 5/17*(29%) 8/124 (7%) .016
Number of CAs detected by K, median (range) 3(1-13) 1.0 (0-8) <.001
Classical CAs detected by FISH
dell3q 14/24 (58%) 77/124 (62%) .91
tril2 2/24 (8%) 26/123 (21%) .25
delllq 10/23 (44%) 20/124 (16%) .009
dell7p 5/25 (20%) 10/123 (8%) .14
824 (MYC() gain 8/27 (30%) 5/124 (4%) <.001
2p gain 7/27 (26%) 3/124 (2%) <.001
unmutated IGHV 18/26 (69%) 57/123 (46%) .057
TP53 mutation 5/22 (23%) 11/76 (15%) .35
TP53 disruption (deletion and/or mutation) 5/22 (23%) 15/78 (19%) .77

The p-values came from a chi-squared test, Fisher’s exact test, or a Mann-Whitney test comparing
the two cohorts. *: 17 of the 27 treatment-naive del8p CLL cases were successfully karyotyped. K:
karyotype; CK: complex karyotype; HCK: highly complex karyotype; CA: chromosomal abnormality



Table S4. Characteristics of the four subgroups of del8p patients.

del8p size subgroups (n=56*)

1 2 3 4

Variables n=8 n=21 n=17 n=10 OR [95%Cl] p-value
Sex (female) 5/8 (63%) 10/21 (48%) 4/17 (245%) 5/10 (50%) 0.57 [0.21-1.54] 27
Age at diagnosis, median (range) 58 (48-86) 56.5 (31-77) 63.5 (42-82) 52.0 (46-82) 1.00 [0.96-1.05] .92
Treated 7/8 (88%) 17/20 (85%) 13/16 (81%) 10/10 (100%) 1.51 [0.38-5.9] .56
x::;':‘;" of lines of treatment, median 4(0-5) 2 (0-5) 2.5(0-7) 1.5 (1-4) 0.83[0.62-1.11] .20
Not treated before detection of del8p 4/8 (50%) 9/20 (45%) 6/16 (38%) 8/10 (80%) 1.68 [0.63-4.48] .30
CK (>3 CAs) 6/6 (100%) 13/18 (72%) 9/15 (60%) 4/6 (67%) 0.5[0.16-1.55] .15
HCK (>5 CAs) 4/6 (67%) 7/18 (39%) 5/15 (33%) 3/6 (50%) 0.74 [0.25-2.18] .50
Number of CAs by K, median (range) 6.0 (3 -14) 4.0(1-13) 3(1-12) 4(2-7) 0.87 [0.74-1.01] .07
Classical CAs by FISH

dell3q 5/8 (63%) 11/20 (55%) 7/16 (44%) 8/9 (89%) 1.41 [0.53-3.78] .49

tril2 0/8 (0%) 0/19 (0%) 3/16 (19%) 1/9 (11%) 4.22 [0.75-23.65] .10

delllq 4/8 (50%) 10/19 (53%) 9/16 (56%) 4/8 (50%) 1.06 [0.39-2.87] .91

dell7p 4/8 (50%) 8/21 (38%) 5/16 (31%) 2/9 (22%) 0.52[0.18-1.46] 21
8g24 (MY() gain 1/8 (13%) 8/21(38.1%) 11/17 (65%) 4/10 (40%) 2.31[0.87-6.15] .09
2p gain 0/8 (0%) 5/21 (24%) 6/17 (35%) 3/10(30.0%) 2.3[0.78-6.77] .13
unmutated IGHV 7/8 (88%) 14/18 (78%) 7/12 (58%) 7/9 (78%) 0.6 [0.19-1.9] .38
TP53 mutation 4/5 (80%) 6/14 (43%) 2/11 (18%) 2/9 (22%) 0.21[0.06-0.8] .02
TP53 disruption (deletion and/or mutation) 5/6 (83%) 8/16 (50%) 5/14 (36%) 3/10 (30%) 0.32[0.1-0.95] .04

The results were calculated with all the available data for each variable (i.e. N varies from one variable to another). The subgroups were defined according
to the size of the del8p in 56 of the 57 patients (*one case could not be evaluated): 1: del 8p10-8pter (the whole short arm); 2: del 8p11-8pter; 3: del 8p21-
8pter; and 4: other deletions. The odds ratios (OR) [95% confidence interval (Cl)] and p-values were calculated in univariate ordinal logistic regressions. K:
karyotype, CA: chromosomal abnormality, CK: complex karyotype; HCK: highly complex karyotype



Table S5. Univariate and multivariate analyses of potential risk factors for death in del8p patients.

Univariate analysis Multivariate analysis N
Variables HR [95%Cl] p-value HR [95%Cl] p-value
Sex (female) 1.79 [0.82-3.88] 14 57
Age at diagnosis, median (range) 1.01 [0.97-1.04] .76 53
Del8p subgroup 1 or 2 2.62[1.13-6.05] .024 2.36[1.01-5.52] .060 56
CK (>3 CAs) 3.47 [0.99-12.22] .053 46
HCK (>5 CAs) 2.33[0.91-5.97] .077 46
Number of CAs by K 1.27 [1.09-1.47] .002 46
Classical CAs by FISH
dell3q 0.61 [0.28-1.34] .22 54
delllq 1.59[0.7-3.6] 27 52
dell7p 2.81[1.21-6.49] .016 55
824 (MYC) gain 1.11[0.5-2.45] .80 57
2p gain 0.61 [0.24-1.54] .30 56
Subclonal abnormality by K and/or F 0.95 [0.4-2.26] .91 49
IGHV unmutated 1.65[0.61-4.43] .32 48
TP53 mutation 4.27 [1.42-12.86] .010 40
TP53 disruption (deletion and/or mutation) 4,14 [1.53-11.23] .005 2.61[1.06-6.4] .049 47

Survival was calculated as the time interval between detection of the del8p and death or last follow-up. Trisomy 12 was not included because too few
patients harbored this abnormality. K: karyotype, CA: chromosomal abnormality, CK: complex karyotype; HCK: highly complex karyotype



Table S6. Summary of CRISPR-mediated genetic alterations in OSU-CLL KO clones.

OSU A-KO
Clone 8
Clone 9
Clone 10

OSU B-KO
Clone 8
Clone 9
Clone 20

OSU AB-KO
Clone 4
Clone 5
Clone 8

TNFRSF10A (NM_003844.4)

c.140delC ¢.140dupC
c.140delC c.140delC
c.133_146del c.140delC
c.140delC c.140delC
¢.130_151del c.140delC
c.140delC c.140_146del

TNFRSF10B (NM_003842.5)

c.34dupT c.27_42del

c.34dupT c.34_271delinsX*
c.24_40del c.15_39del
c.22_92del c.34dupT
c.29_99del €.22_92del

c.34dupT c.34dupT

*

X: CCTAGCGAACTTTTTGTATTTTTAGTAGAGACGGGGTTTCACCGTGTTAGCCAGGATGGTCTGGCTCGTGATCTGCC
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Figure S1. The genetic abnormalities detected in the 57 del8p CLL patients. Each column corresponds to a patient, and each row corresponds to a genetic
variable. The colored row indicates membership of the four del8p size subgroups. CK: complex karyotype (23 chromosomal abnormalities), HCK: highly
complex karyotype (=5 chromosomal abnormalities), del: deletion, mut: mutated, dis: disruption (deletion and/or mutation), tri: trisomy, un: unmutated.
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Figure S6. Expression of TNFRSF10C and TNFRSF10D genes in normal and CLL B-cells. The mRNA was
purified from healthy donors (normal B cells, n=7), patients with non-del8p CLL (n=12) or patients
with del8p CLL (n=6), and the expression levels were determined by ddPCR. ABLI mRNA expression
was used to normalize the data. The box corresponds to the interquartile range, the central line
corresponds to the median, and the whiskers correspond to the range. Statistical analyses were
performed using a Mann-Whitney U test. *, P <.05.
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Figure S7. Expression of TNFRSF10A and TNFRSF10B genes, as a function of the presence of
conventional cytogenetic and molecular risk factors in CLL. The mRNA was purified from non-del8p
(n=33) or del8p (n=9) CLL patients and the expression levels of TNFRSF10A (A) and TNFRSF10B (B) were
determined by ddPCR. ABLI mRNA expression was used to normalize the data. The box corresponds to the
interquartile range, the central line corresponds to the median, and the whiskers correspond to the range.
Statistical analyses were performed using a Mann-Whitney U test. With the exception of del13q (associated
with a higher (1.5-fold) level of TNFRSF10B expression in CLL patients with del8p (*, P <.05)), none of the other
abnormalities listed in the Figure appeared to influence TNFRSF10A and TNFRSF10B mRNA expression levels.
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Figure S8. Expression of TNFRSF10A/B/C/D genes in the OSU-CLL cell line. The mRNA was purified
from the OSU-CLL cell line and the expression levels of TNFRSF10A/B/C/D were determined by
ddPCR. ABL1 mRNA expression was used to normalize the data. Note that TNFRSF10A and
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Figure S9. Expression of TNFRSF10A and TNFRSF10B (measured by flow cytometry) in OSU-CLL
cells. Representative cytofluorometric plots of TNFRSF10A and TNFRSF10B immunolabeling of OSU-
CLL cells transduced with empty vector or edited using CRISPR/Cas9 (as described in the Material and
Methods section) to target TNFRSF10A and/or TNFRSF10B (A-KO; B-KO; AB-KO cells). OSU A-KO and
OSU B-KO lost TNFRSF10A and TNFRSF10B expression, respectively. OSU AB-KO cells lost both
TNFRSF10A and TNFRSF10B. The overlay plot (right panel) represents the labeling of the different cell
types.
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Figure S11. TNFRSF10A expression was not modulated in primary CLL cells by treatment with
fludarabine, ibrutinib or venetoclax. (A) Non-del8p primary CLL cells were treated with 10 uM
fludarabine (n=12), 10 uM ibrutinib (n=6), or 1 nM venetoclax (n=3). The mRNA was purified after 24
h of treatment, and the TNFRSF10A expression (relative to control non-treated cells; n=14) was
measured using ddPCR. ABLI mRNA expression was used to normalize the data. (B) Del8p primary
CLL cells were treated (or not) with 10 uM fludarabine (n=7), 10 uM ibrutinib (n=4), or 1 nM
venetoclax (n=6), mRNA was purified as in (A), and the TNFRSF10A expression (relative to non-
treated cells (n=7)) was measured by ddPCR. ABL1 mRNA expression was used to normalize the data.
Independently of del8p status, no significant increases in TNFRSF10A expression were recorded. The
box corresponds to the interquartile range, the central line corresponds to the median, and the
whiskers correspond to the range. Statistical analyses were performed using a Mann-Whitney U test.
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squares) primary CLL cells were treated with fludarabine for 24h, and the TNFRSF10B mRNA
expression was quantified by ddPCR. ABLI mRNA expression was used to normalize the data. dell17p
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TNFRSF10B expression was lower in del8p samples than in non-del8p samples, irrespective of the
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to the range. Statistical analyses were performed using a Mann-Whitney U test. *, P < .05.



Article 2

Genetic characterization of B-cell prolymphocytic leukemia:

a prognostic model involving MYC and TP53
Blood, 2019 Nov 21;134(21):1821-1831

La leucémie prolymphocytaire a cellules B (LPL-B) est une hémopathie lymphoide B
mature rare et généralement considérée comme agressive, présentant de nombreuses
similitudes avec d’autres hémopathies lymphoides B chroniques comme la leucémie
lymphoide chronique. Par définition, elle se caractérise par une accumulation de
prolymphocytes B dans le sang, la moelle osseuse et la rate, jusqu’a représenter au
moins 55% des cellules lymphoides circulantes, et aprés exclusion des autres
hémopathies lymphoides chroniques — en particulier la leucémie lymphoide chronique
et les formes leucémiques de lymphome a cellules du manteau. En plus des
marqueurs B classiques exprimés fortement (CD19, CD20, CD22, FMC?7),
limmunophénotypage des prolymphocytes identifie le CD5 dans la moitié des cas, et
le CD23 dans un tiers des cas (soit un score de Matutes habituellement < 3). Au plan
cytogénétique, on retrouve le plus souvent un caryotype complexe (dans plus de 70%
des cas), comprenant fréquemment des anomalies impliquant le géne MYC
(translocation, gain ; environ 60% des cas) et/ou le géne TP53 (délétion, mutation ;
environ 40% des cas). En raison de la rareté de la maladie, la stratégie thérapeutique
ne fait pas consensus : par mimétisme avec la LLC, on peut discuter I'immuno-
chimiothérapie par rituximab, fludarabine et cyclophosphamide chez les patients
jeunes sans anomalie de TP53 ; dans les autres cas de figure, les traitements ciblés
(ibrutinib, vénétoclax...) peuvent étre envisagés. Chez les patients jeunes en

rémission, une allogreffe de cellules souches hématopoiétiques peut étre discutée.

Dans cet article, nous avons cherché a dépeindre le portrait génétique des LPL-B, afin
d’identifier les marqueurs pronostiques les plus significatifs, et leur impact sur la

stratégie thérapeutique.

Pour cela, les données cliniques et les échantillons biologiques issus de 34 patients
avec un diagnostic confirmé de LPL-B ont été analyseés : par caryotype, FISH, biologie

moléculaire et tests fonctionnels d’induction d’apoptose in vitro.
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Dans notre étude, on mettait en évidence un caryotype complexe chez 73% des
patients, voire hypercomplexe chez 45% des patients. L’anomalie la plus fréquente
concernait le gene MYC (76%), de type translocation (62% ; impliquant les loci IGH,
IGL ou IGK) ou plus rarement de type gain (15%). Une dell7p impliquant TP53 était
retrouvée chez 38% des patients. L'analyse du statut mutationnel IGHV montrait un
profil muté dans prés de 80% des cas, et le gene TP53 était muté chez 38% des
patients. Prises ensemble, ces données cytogénétiques et moléculaires ont permis
d’identifier 3 sous-groupes : le premier, en présence d’'une translocation impliquant
MYC (62%), souvent associée a des mutations de MYC mais rarement aux caryotypes
complexes et aux anomalies de TP53 ; un deuxiéme, en présence d’'un gain MYC
(15%), frequemment associé aux caryotypes hypercomplexes ; et un troisieme, sans
altération de MYC (24%), mais au sein duquel on retrouve plus souvent des caryotypes
complexes et des délétions 17p.

Au-dela des différences d’ordre cytologique ou phénotypique entre ces sous-groupes,
cette stratification a permis d’identifier des différences significatives en matiere de
survie. Les médianes de survie globale étaient respectivement de 57.5 mois pour le
groupe avec translocation impliquant MYC, 66.5 mois pour le groupe avec gain MYC,
et non atteinte en I'absence d’anomalie de MYC. L'ensemble des patients porteurs
d’'une anomalie de MYC peut étre lui-méme divisé en 2 sous-groupes, selon la
présence ou non d’une del17p : 'association d’'une altération de MYC et d’une del17p
s’accompagne d’'une médiane de survie globale de 11.1 mois, contre 125.7 mois en

présence d’une altération de MYC sans dell7p.

Enfin, des tests d’apoptose induite in vitro sur des échantillons de cellules primaires
porteuses d'une translocation impliquant MYC ont montré que les traitements
classiques (fludarabine, ibrutinib, idélalisib et vénétoclax) permettaient de réduire la
viabilité des cellules. L’effet de ces traitements était amplifié par I'ajout d’OTX015 (un
inhibiteur de BET ciblant MYC). En revanche, la présence d’une del17p (en I'absence
d’anomalie de MYC) s’accompagnait d’'une résistance a ces mémes traitements, en
présence ou non d’OTX015.
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Discussion

Depuis la publication de cet article, la nouvelle classification OMS 2022 (Alaggio et al.,
Leukemia, 2022) a décidé de retirer la LPL-B des entités constituant le spectre des
hémopathies lymphoides B matures, en séparant les LPL-B CD5+ qui seraient des
progressions prolymphocytigues de LLC, et les LPL-B CD5- qui seraient des
lymphomes/leucémies spléniques avec nucléole proéminant. Un autre groupe
internationalement reconnu de spécialistes a quant a lui gardé la LPL-B comme entité
dans la classification consensus internationale des hémopathies matures lymphoides
(Campo et al.,, Blood 2022). Notre équipe sous I'égide du groupe national de
cytogénétique a envoyé un commentaire pour contester la décision de retirer la LPL-

B des entités (Nguyen-Khac et al., Leukemia, 2022). La réponse est attendue.
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B-cell prolymphocytic leukemia (B-PLL) is a rare hematological disorder whose underlying on-
Lo . cogenic mechanisms are poorly understood. Our cytogenetic and molecular assessments of 34

® B-PLL is tightly linked A . ., oo . .
to MYC aberrations patients with B-PLL revealed several disease-specific features and potential therapeutic targets.
(translocation or gain) The karyotype was complex (=3 abnormalities) in 73% of the patients and highly complex
:“f 1‘7P (TP53) (=5 abnormalities) in 45%. The most frequent chromosomal aberrations were translocations
eletion. involving MYC [H{MYC)] (62%), deletion (del)17p (38%), trisomy (tri)18 (30%), del13q (29%),
® Cases of B-PLL with tri3 (24%), tri12 (24%), and del8p (23%). Twenty-six (76%) of the 34 patients exhibited an MYC
MYC aberration ?"d aberration, resulting from mutually exclusive translocations or gains. Whole-exome sequencing
17p (TPS3) :';'te‘““ revealed frequent mutations in TP53, MYD88, BCOR, MYC, SF3B1, SETD2, CHD2, CXCR4, and
prognosis. BCLAF1. The majority of B-PLL used the IGHV3 or IGHV4 subgroups (89%) and displayed

_/ significantly mutated IGHV genes (79%). We identified 3 distinct cytogenetic risk groups: low

risk (no MYC aberration), intermediate risk (MYC aberration but no del17p), and high risk (MYC
aberration and del17p) (P = .0006). In vitro drug response profiling revealed that the combination of a B-cell receptor or BCL2
inhibitor with OTX015 (a bromodomain and extra-terminal motif inhibitor targeting MYC) was associated with significantly
lower viability of B-PLL cells harboring a t(MYC). We concluded that cytogenetic analysis is a useful diagnostic and prognostic
tool in B-PLL. Targeting MYC may be a useful treatment option in this disease. (Blood. 2019;134(21):1821-1831)
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1. Describe the genetic portrait of B-cell prolymphocytic leukemia (B-PLL), according to cytogenetic and molecular testing in a case series
2. Determine correlations between cytogenetic and molecular findings and patients’ clinical outcomes, according to cytogenetic and

3. Identify primary B-PLL cells” in vitro response to novel targeted therapeutics, according to cytogenetic and molecular testing in a case series

Release date: November 21, 2019; Expiration date: November 21, 2020

J

Introduction

B-cell prolymphocytic leukemia (B-PLL) is a very rare disease
that accounts for <1% of all cases of chronic B-cell leukemia
and generally occurs in elderly individuals. According to the
World Health Organization criteria, B-PLL can be diagnosed
when prolymphocytes comprise >55% of the lymphoid cells in
peripheral blood. Diagnosis on the basis of clinical and mor-
phological data can be difficult because B-PLL shares a number
of features with other B-cell malignancies, including splenic
marginal zone lymphoma (MZL), mantle cell lymphoma (MCL),
and chronic lymphocytic leukemia (CLL). For example, an
unusual leukemic form of MCL mimicking B-PLL is distinguished
by the presence of the t(11;14)(q13;932) translocation.'? B-PLL
does not have a specific immunophenotype and has low Matutes
scores,>* as observed for other B lymphoproliferative disorders.

Little is known about the oncogenic events leading to the de-
velopment and clinical heterogeneity of B-PLL. Given the dis-
ease’s rarity, its cytogenetic features have only been described in
case reports and small series,>* and large-scale genomic se-
quencing has not yet been performed for this disease.

Rituximab-based chemo-immunotherapy is often used to treat
patients who have B-PLL but no TP53 aberrations. In pa-
tients with TP53 aberrations, alemtuzumab-based regimens
have been implemented. Lasting treatment responses are rare,
and the prognosis is generally poor.” Recent data from case
reports and small series suggest that 2 agents targeting B-cell
signaling (ibrutinib and idelalisib) are efficacious.2® Hence, al-
logeneic hematopoietic stem cell transplantation is still the only
curative treatment of B-PLL, albeit in younger patients only.”

In the present study, we performed cytogenetic and molecular
assessments in one of the largest reported series of patients
with a validated diagnosis of B-PLL. We further sought cor-
relations between the cytogenetic and molecular findings
and the patients’ clinical outcomes. Lastly, we studied the
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in vitro response of the primary B-PLL cells to novel targeted
therapeutic agents. To the best of our knowledge, the present
study is the first to provide an extensive genetic portrait of B-PLL
and to offer insights into prognostic markers and treatment options.

Patients, materials, and methods

Patient selection

Databases from 28 French health care establishments were
retrospectively screened for cases of de novo B-PLL. Patients
with a history of another B-cell malignancy (CLL or MZL) were
excluded. A total of 87 patients with an available blood smear at
diagnosis were first identified locally, based on cell morpho-
logical criteria. All 87 blood smears were blind-reviewed by
3 independent expert cytologists (L.B., KM., and C.S.), and
10 representative smears were subsequently reviewed further by a
fourth cytologist (J.-F.L.) (supplemental Methods; supplemental
Table 1; available on the Blood Web site). Only 34 of the
87 cases met the World Health Organization criteria for B-PLL
(ie, prolymphocytes accounted for >55% of the lymphoid cells
in peripheral blood). A diagnosis of MCL was ruled out
according to karyotype (K) and fluorescence in situ hybridiza-
tion (FISH) assays: no CCND1 rearrangements or other in-
frequent translocations involving CCND2 and CCND3 were
observed.”"'2 Four other patients carrying a translocation
t(11;14)(913;932) with a CCNDT rearrangement were di-
agnosed as having MCL and were excluded. Cytogenetic and
molecular analyses were performed on the available material:
at diagnosis for 21 patients, during follow-up and before
treatment for 10 patients (median time between diagnosis
and sampling, 44 months), and at relapse for 3 patients. The study
was performed in accordance with the Declaration of Helsinki and
was approved by the local investigational review board (CPP-lle-
de-France VI, Paris, France) on 21 May 2014.

Karyotyping and FISH analysis

Standard chromosome banding analyses were used to obtain
R- or G-banded chromosomes from peripheral blood (n = 28),
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bone marrow (n = 4), or spleen (n = 1) samples. The samples were
cultured for 48 to 72 hours with 12-O-tetradecanoylphorbol-
13-acetate (n = 6) or CpG-oligonucleotides and interleukin-2
(n = 27). All the karyotyping results were reviewed by the
members of the Groupe Francophone de Cytogénétique
Hématologique and classified according to the International
System for Human Cytogenetic Nomenclature (2016). Complex
Ks (CKs) and highly complex Ks (HCKs) were defined as the
presence of at least 3 or 5 numerical or structural chromosomal
abnormalities, respectively. Standard FISH was performed in all
cases. The specific probes and procedures used are detailed in
the supplemental Methods.

Whole-exome sequencing

DNA extracted from flow-sorted CD19* tumor cells (and CD5",
IGL, or IGK when appropriate) and nontumor (CD3*) cells
(considered to be germinal controls) was used for exome capture
according to standard procedures. Paired-end sequencing
was performed by using HiSeq2000 sequencing instruments
(Nlumina, San Diego, CA). More detailed information can be
found in the supplemental Methods.

Targeted deep resequencing

Mutation validation using targeted deep resequencing was
performed as previously described.’® Details are available in the
supplemental Methods.

IGHV analysis

IGH rearrangement sequencing was performed on DNA extracted
from sorted tumor cells or from whole blood, as previously de-
scribed.’ Depending on the percentage of identity of the IGHV
genes with their germline counterparts, sequences were con-
sidered as unmutated (100% identity), minimally/borderline
mutated (99.9%-97%), or significantly mutated (<97% identity),
following criteria proposed by Hadzidimitriou et al'® for MCL and
Bikos et al'¢ for MZL.

RNA sequencing

RNA sequencing (RNA-seq) was performed on high-quality RNA
from twelve B-PLL as previously described.’ More detailed
information can be found in the supplemental Methods.

In vitro cell viability and programmed cell

death assays

The viability of primary B-PLL cells was assessed with the adenosine
triphosphate (ATP)-based CellTiter-Glo 2.0 assay (Promega, Mad-
ison, WI). Briefly, after pretreatment (or not) with the bromodomain
and extra-terminal motif protein inhibitors (iBETs) OTX015 or JQ1
(500 nM), B-PLL cells were exposed for 48 hours to increasing
concentrations of fludarabine, ibrutinib, idelalisib, or venetoclax.
Viability was determined by normalizing luminescence units against
a dimethyl sulfoxide control. Altematively, programmed cell
death was measured by flow cytometry using Annexin-V and
propidium iodide colabeling, after B-PLL cell treatment of
48 hours with ibrutinib, idelalisib, venetoclax, or OTX015.
Details are provided in the supplemental Methods. All drugs
were purchased from Selleckchem (Houston, TX).

Statistical analysis

Overall survival (OS) was defined as the time interval between
diagnosis and death or last follow-up. Categorical variables were

GENETIC CHARACTERIZATION OF B-PLL

Table 1. Characteristics of the patients with B-PLL

Whole cohort

Parameter (N = 34)

Age at diagnosis, median (range), y 72 (46.2-87.9)
Sex, male/female 20/14
Splenomegaly, n/N (%) 18/31 (58)
Lymphadenopathy, n/N (%) 6/31 (19)
Lymphocytosis, median (range), G/L 36 (4.6-244)
Prolymphocytes, median (range), % 79.5 (60-100)
Treated patients, n/N (%) 29/33 (88)
Death, n/N (%) 14/33 (42)
Follow-up, median (range), mo 47 (0.2-141)
OS, median (95% Cl), mo 125.7 (52.3-132.1)
TTT, median (95% Cl), mo 5.8 (1.5-27.5)
CD38", n/N (%) 20/33 (61)
Matutes score, n/N (%)

0 8/33 (25)

1 11/33 (33)

2 9/33 (27)

3 5/33 (15)
CD5*, n/N (%) 19/34 (56)
CD23*, n/N (%) 11/34 (32)

CK (=3 abnormalities)*, n/N (%) 24/33 (73)
HCK (=5 abnormalities)*, n/N (%) 15/33 (45)
No. of karyotypic aberrations, median (range)* 4 (1-21)
Unbalanced translocations*, n/N (%) 23/33 (70)
t{MYC), n/N (%) 21/34 (62)
del17p (TP53), n/N (%) 13/34 (38)
tri12, n/N (%) 8/34 (24)
tri3, n/N (%) 8/33 (24)
tri18, n/N (%) 10/33 (30)
MYC gain, n/N (%) 5/34 (15)
del13q, n/N (%) 10/34 (29)
del8p (TNFRSF10), n/N (%) 7/31 (23)
IGHV mutated, n/N (%) 16/19 (84)
TP53 mutated, n/N (%) 6/16 (38)
MYD88 mutated, n/N (%) 4/16 (25)
BCOR mutated, n/N (%) 4/16 (25)
MYC mutated, n/N (%) 3/16 (19)
SF3B1 mutated, n/N (%) 3/16 (19)

Cl, confidence interval; TTT, time to first treatment.

*The frequency of chromosomal abnormalities did not differ significantly when comparing
patients at diagnosis vs patients during follow-up and treated patients vs untreated patients.
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Figure 1. Distribution of chromosomal abnormalities detected in 34 patients with B-PLL with 3 cytogenetic subgroups of patients: MYC translocation, MYC gain, and
no MYC aberration. Each column represents 1 patient, and each row 1 particular genetic or laboratory parameter. Color code: black or blue, presence; gray, absence; white, not
available. CK, =3 chromosomal abnormalities; HCK, =5 chromosomal abnormalities. The percentages of prolymphocytes (indicated in black boxes) correspond to above-

median values, relative to the cohort as a whole.

compared by using a x? test or Fisher's exact test; continuous
variables were compared by using the Mann-Whitney U test.
Survival analyses were performed by using the Kaplan-Meier
method, and the log-rank test was used for intergroup
comparisons of OS curves. Two-sided P < .05 was considered
statistically significant. All statistical analyses were performed
by using MedCalc software (version 17.8.6, Ostend, Belgium).

Additional methods are described in the supplemental Methods.

Results

Characteristics of the study population

The study included 34 patients diagnosed with de novo B-PLL
between 1992 and 2017 (Table 1). There was a predominance of
male subjects (59%), and the median (range) age at diagnosis
was 72 (46.2-87.9) years. The median lymphocyte count was
36 (4.6-244) G/L, and the median proportion of prolymphocytes
was 79.5 (60-100). Nineteen of the 34 patients (56%) were
positive for CD5 (supplemental Table 2). The median follow-up
time after diagnosis was 47 (0.2-141) months. Most of the pa-
tients had been treated (29 of 33 [88%]) with a median time after
diagnosis of 3.2 (0-106) months.

Chromosomal aberrations: MYC is the most
frequently altered gene in B-PLL

Karyotyping was performed in 33 patients (Table 1; supple-
mental Table 3). A CK was found in 73% of the patients, and HCK
in 45%. By combining K and FISH data, we observed that the
most frequent abnormality, found in 21 (62%) of the 34 patients,
was a translocation involving the MYC gene [{(MYC)]. This
translocation involved the IGH locus in 12 cases, IGL in 6, and
IGKin 1; the MYC gene partner was not identified in 2 cases. Five
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(15%) of the 34 patients had gained copies of the MYC gene:
three had 3 copies, one had 4 copies, and one had MYC ampli-
fication. Thus, the majority of the cases (26 of 34 [76%)]) had an
MYC abnormality, MYC translocation and MYC gain being mu-
tually exclusive. The other frequent chromosomal aberrations were:
deletion (del)17p including the TP53 gene (13 of 34 [38%)]),
trisomy (tri) 18/18q (10 of 33 [30%]), del13q (10 of 34 [29%)), tri3
(8 of 33 [24%)]), tri12 (8 of 34 [24%]), and del8p (7 of 31 [23%)])
(Figure 1).

An analysis of copy number values (calculated from the whole-
exome sequencing [WES] coverage in 16 patients) confirmed
the majority of recurrent losses and gains observed by kar-
yotyping and/or FISH analyses and highlighted other novel
recurrent copy number variations: losses of 5q22-23, 9934,
14924, and 19p13, and gains of 17924, 1931-42, and 4q27-35
(supplemental Table 4).

IGHV analyses: preferential usage of VH3 and VH4
genes, and frequently mutated IGHV genes

We obtained clonal IGH sequences in 19 patients with B-PLL. In
17 (89%) of the 19 B-PLL cases, a member of the IGHV3 (n = 11,
including 4 IGHV3-23) or IGHV4 (n = 6) subgroups was involved;
the IGHV1 subgroup gene (IGHV1-2) was used in the 2 remaining
cases. Furthermore, the vast majority of B-PLL sequences (15 of
19 [79%)) displayed significantly mutated IGHV genes (Figure 1;
supplemental Table 5).

The spectrum of somatic mutations

WES of paired tumor-control DNA was performed in 16 patients,
and mutations were validated by using targeted deep-resequencing
and/or RNA-seq (supplemental Figure 1; supplemental Table 6).
We identified 10 genes that were mutated in at least 2 patients

CHAPIRO et al
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Table 2. Recurrently mutated genes identified by using WES in 16 patients with B-PLL

No. of mutations

No. of cases identified Mutations Biological process

TP53 (NM_000546) 6 7 p.A129Pfs*41 + p.V132L, T205C, Cell cycle, apoptosis
V236G, A248D, L275Q, R282P
MYD88 (NM_002468) 4 4 L265Px2, M232T, S219C NF-kB pathway
BCOR (NM_001123385) 4 4 F924C, N1459Sx2, P1648Lfs*4 Chromatin remodeling
MYC (NM_002467) 3 3 V160L, S161L, F389L Cell cycle
SF3B1 (NM_012433) 3 3 K700Ex3 Spliceosome
SETD2 (NM_014159) 2 2 2 p.Gly878GlInfs*14, L1577P Chromatin remodeling (histone
H3K36 methyltransferase)

CHD2 (NM_001271) 2 2 P1387Rfs*13, V1163Gfs*3 Chromatin remodeling
CXCR4 (NM_003467) 2 2 $338X, $325Qfs*22 Cell migration
BCLAF1 (NM_001077440) 2 2 R820C, W211X RNA processing factor
NFASC (NM_001005388) 2 2 T9461, V644M Neuronal development

(Table 2). The most frequently mutated gene was TP53, with a
total of 7 mutations observed in 6 (38%) of the 16 patients. These
TP53 mutations were predicted to affect the protein’s DNA-
binding domain (supplemental Figure 2). In all cases, these
mutations were associated with a del17p. Mutations in MYD88
were found in 4 patients. Interestingly, the MYD88 mutation
was associated with tri3 in 2 cases, with a variant allele fre-
quency of 66.5% (BPLL_6) and 67.4% (BPLL_32) indicating that

the mutated copy was duplicated. Mutations in genes that have
arole in chromatin modifications were recurrent, including the
X-linked BCOR gene encoding a BCL6 corepressor (n = 4),
CHD2 (n = 2), SETD2 (n = 2), and other genes mutated in
1 patient each (CREBBP, EZH2, KMT2D, NCORT1, SETD1B, and
TET2). The MYC gene had missense mutations in 3 patients, all
of whom harbored a t(MYC). Two mutations were just down-
stream of the transactivation domain, and one was in the bHLH
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Figure 2. WES and RNA-seq. (A) Distribution of the chromosomal aberrations and mutations in the 3 cytogenetic subgroups (MYC translocation, MYC gain, and no MYC
aberration) in the 16 cases analyzed by using WES. Chromosomal abnormalities: gray, absence; color, presence. Mutations: gray, wild type; color, mutated. (B) Principal
component analysis of differential gene expression patterns for 12 samples with various cytogenetic abnormalities.
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Table 3. Comparison of the 3 cytogenetic subgroups (S) (MYC translocation, MYC gain, and no MYC activation):
significant results

S1: t(MYC) S2: MYC gain S3: no MYC
Parameter (n = 21 [62%)]) (n = 5 [15%)]) (n = 8 [23%)]) Comparison
Prolymphocytes (range), % 86 (61-100) 79 (66-91) 76 (60-80) S1vs S2 + S3 .03
S3vs S1 + S2 .03
CD38*, n/N (%) 18/20 (90) 2/5 (40) 0/8 (0) S1vs S2 + S3 <.0001
S3vs S1 + S2 <.001
No. of chromosomal abnormalities (range) 3(1-9) 6 (5-21) 10 (1-15) S1vs S2 + S3 .0005
S3vs S1 + S2 .02
HCK (=5 abnormalities), n/N (%) 4/20 (20) 5/5 (100) 6/8 (75) S1vs S2 + S3 .0004
S2vs S1 + S3 .01
Unbalanced translocations, n/N (%) 11/20 (55) 5/5 (100) 7/8 (88) S1vs S2 + S3 .04
del17p, n/N (%) 3/21 (14) 4/5 (80) 6/8 (75) S1vs S2 + S3 .0006
S3vs S1 + S2 .03
tri3, n/N (%) 4/20 (20) 4/5 (80) 0/8 (0) S2 vs S1 + S3 .008

domain. The products of other relevant mutated genes were
found to be involved in RNA metabolism (SF3B1, BCLAF1, ZRSR2,
and WBP4), cell migration (CXCR4), cell cycle (CDKN3 and RB1),
apoptosis (TP73), and NOTCH signaling (NOTCH2 and FBXW?)
(Figure 2).

IGL/PVT1 fusions

Using RNA-seq, we detected IG fusion transcripts in 3 of
7 patients with t(MYC). In case #27 harboring a t(8;14)(q24,932),
IGHG1 was fused with intron 1 of MYC. In cases BPLL_4 and
BPLL_30 with a t(8;22)(q24;q11), the PVTT gene was fused to
IGLL5 or IGLV4-69*01, respectively. The 2 latter fusions were
confirmed by using a reverse-transcriptase polymerase chain re-
action assay. No other recurrent fusion transcripts were found
in the 12 patients with RNA-seq data (supplemental Table 7).

Clonal organization

With a view to identifying early and late oncogenic events, we
evaluated the clonal or subclonal nature of chromosomal ab-
normalities and recurrent somatic mutations. We observed that
t(MYC), del17p, tri12, and mutations in the TP53, BCOR, MYC,
SF3B1, and MYD88 genes were mostly clonal and should be
considered as early events in B-PLL. In contrast, MYC gain,
del8p, and del13q were frequently subclonal, indicating that
they are acquired (supplemental Figure 3).

Correlations between cytogenetic aberrations,
mutations, and gene expression patterns

Three cytogenetic subgroups were identified (Figure 1;
Table 3). The main subgroup of patients (21 of 34 [62%)]) had a
t(MYC). Relative to the patients without t(MYC), this subgroup
had a higher percentage of prolymphocytes (P = .03), a higher
proportion of CD38* cells (P < .0001), a lower level of cyto-
genetic complexity (P = .0005), a lower proportion of cases
with HCK (P = .0004), fewer unbalanced translocations
(P = .04), and fewer cases with del17p (P = .0006). Mutations in
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MYC and in genes involved in RNA metabolism, chromatin remod-
eling and transcription were almost exclusively observed in the
t(MYC) subgroup, whereas mutations in TP53 were less frequent
(Figure 2A). A principal component analysis of gene expression
data from the 12 cases analyzed by using RNA-seq showed that
the 7 patients with t(MYC) clustered together (Figure 2B). Taken
as awhole, these results suggest that patients with t{tMYC) form a
homogeneous subgroup of B-PLL. A second subgroup of B-PLL
with MYC gain (5 of 34 [15%]) was associated with HCK (P = .01)
and tri3 (P = .008). The remaining 8 patients corresponded to a
third subgroup lacking an MYC aberration. Compared with
patients with the MYC aberration, this third subgroup had a lower
percentage of prolymphocytes (P = .03), no CD38* expression
(P <.001), a higher number of chromosomal aberrations (P = .02),
and a higher frequency of del17p (P = .03) (Table 3).

Survival analyses: the prognostic values of MYC
aberrations and del17p

The median OS for the entire study cohort was 125.7 months.
Patients with t(MYC) had a median (95% Cl) OS of 57.5 months
(25.7-132.1), which did not differ significantly from the value
observed for patients with MYC gain (median, 66.5 months)
(Figure 3A). Hence, we pooled patients with an MYC aberration
for subsequent OS comparisons and found that they had a
significantly shorter OS than patients without MYC aberrations
(P = .03) (Figure 3B).

With regard to the combination of MYC and del17p aberrations,
3 distinct prognostic groups were identified with significant
differences in OS (P = .0006) (Figure 3C). The patients without an
MYC aberration (n = 8) had the lower risk (median not reached).
Patients with an MYC aberration (translocation or gain) but no
del17p (n = 18) had an intermediate risk (125.7 months). The
high-risk group corresponded to patients with both MYC and
del17p (n = 7; 11.1 months).
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Figure 3. Overall survival in patients with B-PLL. Panels A-B as a function of MYC
aberrations [t(MYC) or gain] and the presence or absence of MYC aberration; the
t(MYC) and MYC gain data were pooled. (A) t{MYC) median (95% Cl), 57.5 months
(25.7-132.1); MYC gain median (95% Cl), 66.5 months (4.7-undetermined). (B) MYC
aberration [t(MYC) + MYC gain] median (95% Cl), 57.5 (25.7-132.1). (C) MYC and del17p
status. MYC aberration without del17p median (95% Cl), 125.7 months (52.2-132.1);
MYC aberration with del17p median (95% Cl), 11.1 months (4.7-66.5). ab, aberration.

Other chromosomal abnormalities and K complexity had no
significant impact on OS. Patients with del17p tended to have a
shorter OS than those without del17p (supplemental Figure S4).

In vitro drug response assays

To evaluate the sensitivity of B-PLL cells to drugs used in the
treatment of B-cell malignancies, we first used a cell viability
assay based on the quantification of cellular ATP levels (an

GENETIC CHARACTERIZATION OF B-PLL

indicator of metabolic activity'®) on primary B-PLL cells after
48 hours of exposure to ibrutinib, idelalisib (both B-cell re-
ceptor inhibitors), venetoclax (a highly specific inhibitor of the
antiapoptotic protein BCL2), and fludarabine. The drugs were
tested alone or in combination with OTX015 (an iBET known
to suppress MYC expression in leukemia and lymphoma cell
lines).’-2' Treatment with increasing doses of single drugs
resulted in reduced cell viability in the 3 cases with t{MYC)
(BPLL_8, BPLL_13, and BPLL_18) but varied from one drug to
another and from one patient to another. Relative to treatments
with single drugs, OTX015 cotreatment with low doses of
fludarabine, ibrutinib, or venetoclax was associated with a
much lower level of viability (<30%) in patients with t{MYC)
(Figure 4A). In contrast, the patient harboring a del17p but not
an MYC aberration (BPLL_34) was significantly more resistant to
single drugs and OTX015 cotreatments than patients with
t(MYC) (Figure 4B).

To confirm these results, a complementary cytofluorometric
approach was used. In BPLL_8 with t(MYC), treatments with
drugs alone killed between 13% and 27% of the cells. An
additive effect of OTX015 was observed; between 48% and
63% of the cells were killed (Figure 4C). Cells from patient
BPLL_34 (del17p but no MYC aberration) were less sensitive to
all drugs tested in both the presence and absence of OTX015
(Figure 4D). Thus, the ATP assay and flow cytometry assay
results highlighted the efficacy of combined drug + iBET
treatment of cells from patients with t{MYC). The enhancing
effect of the iBETs on the programmed cell death induced by
fludarabine, ibrutinib, and venetoclax was fully corroborated by
the results of cotreatment with JQ1, another well-known iBET
(supplemental Figure 5B-C). It should be noted that we did not
test any cases with MYC gain.

Discussion

In the present study, 34 patients with B-PLL were genetically
characterized. Given that the diagnosis of B-PLL is challenging,
a thorough morphological review of blood smears was per-
formed by 3 independent cytologists. Although patients with a
history of MZL were excluded, the absence of a biopsy analysis
means that we cannot fully rule out the possible presence of
MZL with a prolymphocytoid transformation, an extremely rare
situation.??

To the best of our knowledge, the present series is the largest
yet to have undergone a comprehensive genomic character-
ization of B-PLL. We found that the most frequent aberrations
are related to MYC alterations (in 76% of cases), highlighting
the major role of MYC in the pathogenesis of B-PLL. Strikingly,
MYC translocations and MYC gain were found to be mutually
exclusive. Translocations in which the MYC gene is reposi-
tioned under the control of an enhancer (usually immuno-
globulin gene enhancers) result in the overexpression of MYC,
as does the gain of one or more copies of MYC.% Although
MYC translocations and mutations are classically associated
with Burkitt lymphoma (BL), aberrations in MYC have also been
linked to almost all B-cell neoplasms. With regard to B-PLL,
MYC translocations and MYC gain have been reported in a few
cases.?*?? In the present series, t{(MYC) was present in the major
clone, but MYC gain was mainly subclonal and/or overlooked
as part of a CK. Thus, performing FISH with a specific probe is
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essential to identify MYC gain or amplification. MYC gene
mutations were found in 3 cases, all of which also had t(MYC).
These mutations were not located in the transactivation domain
(the hot spot for MYC mutations in BL). However, it is likely that
MYC mutations have a role in the physiopathology of B-PLL (as
they do in BL) by enhancing the oncogenicity of Myc.3° We found
a fusion transcript between PVT1 and an IGL gene in 2 patients
with a variant MYC translocation t(8;22). This fusion subsequently
disrupted the PVTT gene, a long intergenic noncoding RNA
located 55 kb downstream of MYC and which has been iden-
tified as a recurrent breakpoint in BL harboring variant trans-
locations t(2;8) or t(8;22).3"32 In a recent study, the PVT1
promoter was found to behave like a tumor-suppressor DNA el-
ement: silencing the PVT1 promoter increased MYC transcription
and cell proliferation.® As with MYC mutations, disruption of the
PVT1 gene in some patients with B-PLL might cooperate func-
tionally with translocations to increase MYC-mediated oncogenesis.

Our present results confirmed previous case reports in which a
CKwas frequent in B-PLL.24#2734 The frequency of a CKiin B-PLL
(73% in the present study) is higher than that reported in BL
(34%),%5 MCL (40%-60%),%37 MZL (53%),%® and CLL at di-
agnosis (15%)%-*2 and is similar to that observed in high-risk
CLL.*®* Whereas t(MYC) is the main abnormality in B-PLL (62%),
itis rare in other chronic B-cell disorders (ie, <5% in MCL, MZL,
and CLL).28344 The frequency of del17p in B-PLL (38%) ob-
served here is higher than for MCL and MZL (both ~20%)%7-38 or
for CLL (5%-7% at diagnosis).3?4° In addition to MYC and TP53
abnormalities, several other recurrent chromosomal aberra-
tions were found in B-PLL, including trisomies 3, 12, and 18,
del13q, and del8p. None of the chromosomal abnormalities
observed in B-PLL are specific and thus can be observed in
other mature B-cell malignancies, albeit at different frequen-
cies. Similarly, all the driver genes recurrently mutated in B-PLL
are also involved in other chronic B-cell disorders but not with
the same prevalence. In line with previous studies,>¢ we found
a high frequency of TP53 mutations (38%) in B-PLL; this fre-
quency is higher than that observed for other B-cell malig-
nancies such as MCL (18%),%¢ LZM (14%),*” CLL (10%),*® and
BL (24%).4°

We identified a high frequency of clonal BCOR mutations, which
were present only in t(MYC) patients. BCOR encodes a
Bclé co-repressor that silences BCL6 targets by epigenetic
modifications.>° Inactivating mutations of BCOR have been
found in myeloid disorders®'*? but are very unusual in B-cell
diseases, except in the rare splenic diffuse red pulp lymphoma.®
The association of BCOR mutations and t(MYC) might be a specific
feature of B-PLL. Indeed, a recent study of Epn-Myc lymphomas in a
mouse model revealed a high frequency of Bcor mutations and
showed that Bcor was a cooperative tumor suppressor gene, the
disruption of which can accelerate Myc-driven lymphomagenesis.>*

Our data showed that patients with B-PLL and t(MYC) form a
homogeneous subgroup, with a less K complexity, a higher pro-
portion of prolymphocytes, and a higher frequency of CD38 ex-
pression. Interestingly, clonal mutations in the MYC, BCOR, and
SF3B1 genes clustered together in some patients with {MYC),
suggesting oncogenic cooperation in the development of B-PLL.
MYC aberration is a feature shared with BL; however, in contrast
to BL, no mutation was found in TCF3, ID3, or CCND3 genes
in B-PLL.4?

GENETIC CHARACTERIZATION OF B-PLL

van der Velden et al®* have suggested that B-PLL is a specific
subgroup of t(11;14)-negative MCL, based on similarities in the
immunophenotype, immunogenotype, and gene expression
profile. We did not find any CCND1 or ATM mutations (the most
frequent mutations in MCL®®) in our patients with B-PLL. The vast
majority of B-PLL expressed significantly mutated IGHV genes
belonging to the IGHV3 and IGHV4 subgroups, in keeping with
previous reports.>’8 This finding contrasts with that of MCL, which
exhibits predominantly no or minimal somatic hypermutations.'>

Taken as a whole, our data show that the genomic profile of
B-PLL shares similarities with that of chronic B-cell malignancies
but also displays unique combinations of alterations, thus con-
firming that B-PLL is a distinct entity.

The median OS time in the study cohort was 125.7 months,
longer than the times reported in 2 earlier studies.®* This dif-
ference might be due to our patients’ treatments with rituximab,
alemtuzumab, or fludarabine, all of which are reportedly effi-
cacious in B-PLL.¢%¢" In light of our results, we propose a hier-
archical prognostic model that depends on MYC aberration
(translocation or gain) and del17p. Patients without an MYC
aberration have indolent disease (regardless of their 17p status),
whereas patients with an MYC aberration have a significantly
shorter OS time. A combination of MYC aberration and del17p
confers the worse outcome, with a median OS of <1 year. By
analogy with the “double-hit” form of CLL involving del17p and
MYC gain,*® these patients may be considered as having a very-
high-risk form of B-PLL. Due to the rarity of this disease, our data
were obtained with a relatively small number of patients and thus
need to be confirmed in future studies.

Our in vitro data showed that a combination of ibrutinib,
idelalisib, or venetoclax with OTX015 is more cytotoxic than
the drugs used alone, especially in patients with MYC trans-
location. This scenario is concordant with the known effects
of OTX015, an inhibitor of the bromodomain-containing pro-
teins BRD2, BRD3, and BRD4. These proteins act as epigenetic
readers and have an important role in the regulation of tran-
scription and the modulation of oncogene expression. As with
other iBETs, OTX015 strongly downregulates the transcription
of genes regulated by super-enhancers such as MYC.2° Current
approaches to the treatment of B-PLL (as with CLL) are based
on del17p. However, our results strongly suggest that MYC
should be taken into account and could be targeted. OTX015 is
already in phase 1 clinical studies with a relatively good safety
profile®?; when combined with targeted drugs, it might con-
stitute an epigenetic treatment option in patients with B-PLL
and MYC translocation. In any case, further investigations with
alarger number of patients (especially those with MYC gain) are
required to make progress in this field.

In conclusion, we found that patients with B-PLL have CKs and
HCKs, a high frequency of MYC aberration (by translocation or
gain), frequent del17p, and frequent mutations in the TP53, BCOR,
MYD88, and MYC genes. We identified 3 prognostic subgroups,
depending on MYC and 17p status. Patients with both MYC ab-
erration and del17p had the shortest OS and should be considered
as a high-risk subgroup. These results showed that cytogenetic
analysis is a useful diagnostic and prognostic tool in B-PLL. We
recommend karyotyping and FISH (for MYC and TP53) analyses
whenever B-PLL is suspected. Moreover, these in vitro data strongly
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suggest that drugs targeting the BCR and BCL2 in combination with
an iBET might be a treatment option for patients with B-PLL.
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Supplementary Information

Supplementary Methods

Patient selection

We studied 87 cases with a blood smear available at diagnosis. The cases were first identified locally
on the basis of a routine cell morphology screen. In blinded review by three independent cytologist
(LB, CS, and KM), cases were only included if all three reviewers agreed with the diagnosis of B-PLL. A
fourth blinded review of ten representative cases (five cases of B-PLL: BPLL_24, BPLL_26, BPLL 28,
BPLL 33, BPLL_34; and 5 excluded cases) validated our approach. The four cytologists agreed on all
five cases of B-PLL and on one excluded case (N°45). For the excluded cases N°76 and N°80, only two
of the four cytologists diagnosed B-PLL; for the excluded cases N°49 and N°67, only one of the four
cytologists diagnosed B-PLL (see Supplemental Table S1). A diagnosis of MCL was ruled out by
karyotyping (K) and FISH assays: no CCND1 rearrangements or other infrequent translocations
involving CCND2 and CCND3 were observed. Unfortunately, bone marrow biopsies were not available

for CCND1 or SOX11 immunostaining.

FISH
Standard FISH was performed on interphase nuclei and metaphases in all 34 cases. The specific

probes were ATM (11g22), TP53 (17p13), IGH/CCND3 (Cytocell, Cambridge, UK), D13S319 (13q14),
centromere of chromosome 12 (Metasystems, Altlussheim, Germany), MYC (8q24) (DAKO, Santa
Clara, CA and/or Zytovision, Bremerhaven, Germany), MYCN (2p24) (Abbott Molecular, Des Plaines,
IL), CCND1 (11913) (DAKO). A break-apart probe for detecting CCND2 (12p13) rearrangements was
built using the home-grown bacterial artificial chromosome clones RP11-578L13 and RP11-388F6. A
deletion probe targeting TNFRSF10A-D genes (8p21) was built with clones RP11-599A17 and RP11-
692J4. Clones were selected using the University of California Santa Cruz Genome Bioinformatic
database (NCBI38/hg38 build) and obtained from Genoscope (Evry, France). Extraction, labeling, and

hybridization procedures were performed as described previously®.

Cell sorting

The samples used for WES, targeted deep sequencing and RNA-Seq were obtained from fresh or
cryopreserved mononuclear cells, when available. The CD19+ (and CD5+, IGL or IGK when
appropriate) B-cells and CD3+ T-cells were sorted as described previously’. The purity of the cell
fractions was assessed by flow cytometry, and was always greater than 96%. DNA and RNA were
extracted from sorted cell fractions using the All Prep DNA/RNA kit (Qiagen, Courtaboeuf, France),

according to the manufacturer’s recommendations.



Whole Exome Sequencing

DNA extracted from sorted CD19+ tumor cells (and CD5+, IGL or IGK when appropriate) and
nontumor (CD3+) cells was used for exome capture with the SureSelect V5 Mb All Exon Kit (Agilent
Technologies, Les Ulis, France) following the standard protocols. Paired-end sequencing (2 x 100 bp)
was performed using HiSeq2000 sequencing instruments (lllumina, San Diego, CA).The mean
coverage in the targeted regions was 106X (Supplemental Table S8). Reads were mapped to the
reference genome hgl19 using the Burrows—Wheeler Aligner (BWA) alignment tool version 0.7.10.
PCR duplicates were removed using Picard Tools - MarkDuplicates (1.119). Local realignment around
indels and base quality score recalibration were performed using GATK 3.2 (Genome Analysis
ToolKit). Reads with a mapping quality score < 30 were ignored. SNVs and indels were called with
VarScan2 somatic 2.3.7. The null hypothesis of equal allele frequencies between tumor and reference
was tested using the two-tailed Fisher exact test. The variants were adopted as candidate mutations
when P value was <0.01 and allele frequency was <0.1 in the reference sample. Variants were
annotated with Annovar. We excluded synonymous single nucleotide variants (SNVs), variants
located in intergenic, intronic, untranslated regions and non-coding RNA regions, and removed
variants with mapping ambiguities. Mutations were searched in Catalogue of Somatic Mutations in
Cancer database (http://cancer.sanger.ac.uk/cosmic/). The effect of the mutation was predicted by
SIFT (http://sift.jcvi.org/) and PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/) algorithms.

Somatic copy number variations (CNV) were identified with Control-FREEC (v9.1).

Targeted deep sequencing

Primers flanking exons containing candidate somatic variants were designed using Primer3
(http://frodo.wi.mit.edu/primer3/). Short fragments of 100 to 200 bp were PCR-amplified from
genomic DNA of sorted fractions and were subsequently pooled for library construction. PCR
products were end-repaired, extended with an 'A' base on the 3' end, ligated with indexed paired-
end adaptors (NEXTflex, Bioo Scientific) using the Bravo Platform (Agilent) and amplified by PCR for 4
cycles. Amplicon libraries were sequenced in an Illumina MiSeq flow cell using the onboard cluster
method, as paired-end sequencing (2x150 bp reads) (lllumina, San Diego, CA). The mean coverage
was 2021X. Quality of reads was evaluated using FastQC 0.11.2.

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). Reads were mapped to the reference

genome hgl9 using the Burrows—Wheeler Aligner (BWA) alignment tool version 0.7.10. Local
realignment around indels and base quality score recalibration were performed using GATK 3.2

(Genome Analysis ToolKit). SNVs and indels were called with VarScan2 somatic 2.3.7.

Clonal organization



Evaluation of the clonal or subclonal nature of chromosomal abnormalities was performed by
comparing the percentage of abnormal cells in interphasic FISH analyses (when available) with the
percentage of monotypic (IGL or IGK) CD19+ cells defined by immunophenotyping. We considered an
abnormality to be clonal when the difference between the two percentages did not exceed 20%, and
subclonal when the difference was greater. For mutations detected in purified tumor cell fractions,
we used the variant allele frequency (VAF) to distinguish between clonal and subclonal mutations
with a threshold of 40% (or 80%, when combined with copy loss) to take account of the potential

contamination by non-tumor cells.

RNA Sequencing and data analysis

RNA-Seq libraries were prepared using the SureSelect Automated Strand Specific RNA Library
Preparation Kit as per manufacturer’s instructions (Agilent technologies) and subjected to paired-end
(101 bp) sequencing on HiSeq2000 (lllumina). Quality of reads was evaluated using FastQC 0.11.2.
Sequences were filtered with Trimommatic and alignment was performed with Tophat2 version
2.0.14 and Bowtiel version 1.0.0. The filtered reads were aligned to a reference genome hgl9. In

average, 88.95% of reads were aligned and counted with HTSeq (v0.5.4p5).

Differential expression analysis: raw counts of reads per Human GENCODE transcripts (GRCh37
release 24)° were quantified with Salmon version 0.8.2*. These transcripts level raw counts have
been aggregated to obtain gene level raw counts. Differential expression analysis was performed
using DESeq2 package version 1.6.3° with R statistical software version 3.1.2. Differentially expressed

genes have been selected with an adjusted p-value of 0.01.

Gene Set Enrichment Analysis (GSEA)® was performed using the GSEAPreranked tool (v3.0). Prior to
conducting gene set enrichment analysis, differential expression analysis has been conducted using
DESeq?2 taking into account the batch effect observed in RNA-seq of B-PLL, CLL and pMCL cells. Only
genes with an adjusted p-value lower than 5% have been considered. These genes have been ranked
by log2 fold-change and captured in an RNK-formatted file. GSEAPreranked tool has been launched
with the following option: ‘scoring_scheme classic’ using hallmark gene (H) and curated gene (C2)

sets available from MSigDB (v6.2)’.

Functional analysis of the differential gene list has been explored for the GO gene sets with the
Investigate application (http://software.broadinstitute.org/gsea/msigdb) to compute the statistical

score of the overlaps between gene list and GO gene sets.

Fusion transcripts detection: sequences were aligned with Tophat2 version 2.0.14% and Bowtiel

version 1.0.0 to a reference genome hgl9. In average, 88.95% of reads were aligned. The potential



fusion transcripts were evaluated using Tophat2 —fusion-search option. A minimum of 10 supporting
(spanning) reads was used as a threshold for fusion transcripts and the sequence around donor and

acceptor sites of potential chimeric reads was manually evaluated to discard potential false positives.

In vitro cell viability and programmed cell death (PCD) assays

The viability of primary B-PLL cells was assessed with the ATP-based CellTiter-Glo 2.0 assay (Promega,
Madison, WI). After pretreatment (or not) with the BET proteins inhibitors (iBET) OTX015 or JQ1 (500
nM), B cells were seeded onto 96-well plates (at a density 50 x 10® cells per well) and exposed for
48h to increasing concentrations of fludarabine, ibrutinib, idelalisib or venetoclax. We used drugs
concentrations as previously described®. The OTX015 and JQ1 concentrations of 500 nM were the
lowest with a significant in vitro effect on B-PLL cell viability (50% loss of viability; Supp Fig S5A and
data not shown). The cells were then incubated for 15 minutes with 50 pl of CellTiter-Glo® reagent.
Next, the luminescence was measured in an Infinite M1000 Pro plate reader (TECAN), using an
integration time of 500 ms. Viability was determined by normalizing luminescence units against a
DMSO control (the solvent used for drug dilution). Alternatively, PCD was measured by flow
cytometry. Briefly, 2 x 10° B-PLL cells/ml were treated for 48h with ibrutinib (7.5 uM), idelalisib (50
uM), venetoclax (10 nM), or OTX015 (500 nM), and PCD was measured by annexin-V-APC (0.1 pg/ml;
BD Biosciences) and propidium iodide (PI, 0.5 pg/ml; Sigma) co-labeling. All drugs were purchased
from Selleckchem (Houston, TX). All these analyses were performed on stored cells resulting in

spontaneous apoptosis rates of 10-15%.
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Supplementary Tables

Table S1. Results of the morphologic review

Reviewer 1 Reviewer 2 Reviewer 3 Level of Reviewer 4 Level of
. agreement agreement
1D ID article proly:p:;cytes Diagnosis proly:p::)cytes Diagnosis proly:p:imes Diagnosis DEIWEEI:I the first proly:p::)cvtes Diagnosis betw?en the 4
3 reviewers reviewers
1 BPLL_1 68 B-PLL 80 B-PLL 73 B-PLL B-PLL: 3/3
2 BPLL_2 57 B-PLL 60 B-PLL 80 B-PLL B-PLL: 3/3
3 BPLL_3 71 B-PLL 72 B-PLL 56 B-PLL B-PLL: 3/3
4 BPLL_4 90 B-PLL 92 B-PLL 97 B-PLL B-PLL: 3/3
5 BPLL_5 90 B-PLL 84 B-PLL 89 B-PLL B-PLL: 3/3
6 BPLL_6 74 B-PLL 90 B-PLL 88 B-PLL B-PLL: 3/3
7 BPLL_7 74 B-PLL 80 B-PLL 76 B-PLL B-PLL: 3/3
8 BPLL_8 76 B-PLL 64 B-PLL 67 B-PLL B-PLL: 3/3
9 BPLL_S 70 B-PLL 85 B-PLL 93 B-PLL B-PLL: 3/3
10 BPLL_10 95 B-PLL 97 B-PLL 88 B-PLL B-PLL: 3/3
11 BPLL_11 83 B-PLL 73 B-PLL 79 B-PLL B-PLL: 3/3
12 BPLL_12 63 B-PLL 60 B-PLL 58 B-PLL B-PLL: 3/3
13 BPLL_13 90 B-PLL 93 B-PLL 96 B-PLL B-PLL: 3/3
14 BPLL_14 85 B-PLL 68 B-PLL 77 B-PLL B-PLL: 3/3
15 BPLL_15 82 B-PLL 73 B-PLL 55 B-PLL B-PLL: 3/3
16 BPLL_16 70 B-PLL 92 B-PLL 95 B-PLL B-PLL: 3/3
17 BPLL_17 70 B-PLL 66 B-PLL 67 B-PLL B-PLL: 3/3
18 BPLL_18 95 B-PLL 89 B-PLL 93 B-PLL B-PLL: 3/3
19 BPLL_19 97 B-PLL 98 B-PLL 93 B-PLL B-PLL: 3/3
20 BPLL_20 70 B-PLL 84 B-PLL 75 B-PLL B-PLL: 3/3
21 BPLL_21 75 B-PLL 96 B-PLL 93 B-PLL B-PLL: 3/3
22 BPLL_22 80 B-PLL 93 B-PLL 92 B-PLL B-PLL: 3/3
23 BPLL_23 80 B-PLL 81 B-PLL 72 B-PLL B-PLL: 3/3
24 BPLL_24 80 B-PLL 91 B-PLL 68 B-PLL B-PLL: 3/3 62 B-PLL B-PLL: 4/4
25 BPLL_25 68 B-PLL 66 B-PLL 63 B-PLL B-PLL: 3/3
26 BPLL_26 90 B-PLL 95 B-PLL 96 B-PLL B-PLL: 3/3 92 B-PLL B-PLL: 4/4
27 BPLL_27 100 B-PLL 100 B-PLL 99 B-PLL B-PLL: 3/3
28 BPLL_28 84 B-PLL 86 B-PLL 70 B-PLL B-PLL: 3/3 78 B-PLL B-PLL: 4/4
29 BPLL_29 79 B-PLL 74 B-PLL 75 B-PLL B-PLL: 3/3
30 BPLL_30 56 B-PLL 65 B-PLL 63 B-PLL B-PLL: 3/3
31 BPLL_31 80 B-PLL 85 B-PLL 83 B-PLL B-PLL: 3/3
32 BPLL_32 71 B-PLL 83 B-PLL 71 B-PLL B-PLL: 3/3
33 BPLL_33 71 B-PLL 78 B-PLL 90 B-PLL B-PLL: 3/3 80 B-PLL B-PLL: 4/4
34 BPLL_34 75 B-PLL 72 B-PLL 79 B-PLL B-PLL: 3/3 75 B-PLL B-PLL: 4/4
35 [excluded (MCL) 57 B-PLL 64 B-PLL 55 B-PLL B-PLL: 3/3
36 |excluded (MCL) 61 B-PLL 57 B-PLL 58 B-PLL B-PLL: 3/3
37 |excluded (MCL) 88 B-PLL 78 B-PLL 75 B-PLL B-PLL: 3/3
38 |excluded (MCL) 75 B-PLL 79 B-PLL 80 B-PLL B-PLL: 3/3
39 excluded <10 Other <10 MZL? <10 MZL? B-PLL: 0/3
40 excluded <10 Other 23 MZL ? <10 Other B-PLL: 0/3
41 excluded 46 Other 13 Other 13 Other B-PLL: 0/3
42 excluded <10 MZL? <10 MZL? <10 Other B-PLL: 0/3
43 excluded <10 Other <10 Other <10 Other B-PLL: 0/3
44 excluded 53 Other 66 B-PLL 53 Other B-PLL: 1/3




Reviewer 1 Reviewer 2 Reviewer 3 Level of Reviewer 4 Level of
. agreement agreement
° e prolvr::::cvtes Diagnosis prolvr:‘P::JCvles Diagnosis I . ?f tes i . the first prolvr:‘p::wvles Disgnosis betw?en thed
e 3 reviewers reviewers
45 excluded <10 Other <10 MZL <10 MZL B-PLL: 0/3 40 other B-PLL: 0/4
46 excluded 48 HCL_V ? <10 MZL <10 MZL B-PLL: 0/3
47 excluded 50 Other <10 MZL <10 MZL B-PLL: 0/3
48 excluded 35 Other 25 Other 45 Other B-PLL: 0/3
49 excluded 35 Other 64 B-PLL 23 Other B-PLL: 1/3 45 other B-PLL: 1/4
50 excluded 8 Other 64 atypical Other 73 atypical Other B-PLL: 0/3
51 excluded 50 Other <10 MZL 47 MZL? B-PLL: 0/3
52 excluded 46 Other 31 Other 24 Other B-PLL: 0/3
53 excluded 15 Other <10 atypical LPD 9 Other B-PLL: 0/3
54 excluded 65 atypical Other 48 atypical Other 49 atypical Other B-PLL: 0/3
55 excluded 38 Other 47 Other <10 Other B-PLL: 0/3
56 excluded <10 Other 36 Other 17 Other B-PLL: 0/3
57 excluded 36 Other 51 Other 42 Other B-PLL: 0/3
58 excluded 30 Other 30 MCL? 24 Other B-PLL: 0/3
59 excluded 35 Other 14 MZL 25 MZL B-PLL: 0/3
60 excluded 50 Other 39 Other 33 Other B-PLL: 0/3
61 excluded 45 Other 31 Other 43 Other B-PLL: 0/3
62 excluded 28 Other <10 Other 5 Other B-PLL: 0/3
63 excluded 30 Other <10 Other <10 MZL? B-PLL: 0/3
64 excluded 5 Other <10 Other <10 Other B-PLL: 0/3
65 excluded 67 atypical Other 20 Other 18 Other B-PLL: 0/3
66 excluded 22 Other 0 Other <10 Other B-PLL: 0/3
67 excluded 75 B-PLL 48 MZL 42 MZL B-PLL: 1/3 40 MZL B-PLL: 1/4
68 excluded 25 Other 15 Other <10 Other B-PLL: 0/3
69 excluded 30 Other 41 Other 13 Other B-PLL: 0/3
70 excluded 35 Other 39 MCL? 29 Other B-PLL: 0/3
71 excluded 50 Other 35 Other 15 Other B-PLL: 0/3
72 excluded 29 Other 37 Other 19 Other B-PLL: 0/3
73 excluded <10 Other 7 Other <10 Other B-PLL: 0/3
74 excluded 30 Other 17 Other 25 Other B-PLL: 0/3
75 excluded 20 Other 7 Other <10 Other B-PLL: 0/3
76 excluded 77 B-PLL 52 Other 52 Other B-PLL:1/3 60 B-PLL B-PLL: 2/4
77 excluded <10 Other <10 Other <10 Other B-PLL: 0/3
78 excluded 67 B-PLL 47 MZL? 48 Other B-PLL: 1/3
79 excluded 50 Other 32 Other 26 Other B-PLL: 0/3
80 excluded 70 B-PLL 50 MZL? 52 MZL? B-PLL:1/3 68 B-PLL B-PLL: 2/4
81 excluded 25 Other 33 MZL? 12 Other B-PLL: 0/3
82 excluded 45 Other 50 Other 32 Other B-PLL: 0/3
83 excluded 15 Other 34 Other <10 Other B-PLL: 0/3
84 excluded 40 Other 25 MZL? 38 Other B-PLL: 0/3
85 excluded 15 Other 7 Other 10 Other B-PLL: 0/3
86 excluded 28 Other 20 Other <10 Other B-PLL: 0/3
87 excluded 32 Other 18 Other <10 Other B-PLL: 0/3

Other: not B-PLL

Atypical: lymphocyte with nucleolus but not a typical prolymphocyte

MZL: marginal zone lymphoma; MCL: mantle cell lymphoma, LPD: lymphoproliferative disorder
Reviewer 4 conducted a blinded morphological review of 10 cases in a second round




Table S2. Immunophenotyping results for the patients with B-PLL

ID Patient |% CD5+ / CD19+|CD5S expression |% CD23+ / CD19+|CD23 expression [Matutes' score
BPLL 1 85 + 24 - 2
BPLL 2 4 - 96 + 1
BPLL 3 99 + 32 - 3
BPLL 4 99 + a4 + 3
BPLL 5 98 + 10 - 1
BPLL 6 70 + 85 - 3
BPLL 7 0 - 0 - 0
BPLL 8 76 + 21 - 2
BPLL 9 0 - 0 - 0
BPLL_10 97 + 5 - 1
BPLL 11 75 + 30 + 2
BPLL 12 0 - 0 - 1
BPLL 13 2 - 62 + 1
BPLL 14 10 - 1 - 1
BPLL_15 74 - 0 _ 1
BPLL_16 63 + 8 - 2
BPLL_17 na - na - 0
BPLL_18 0 - 0 - 0
BPLL_19 na - na - 0
BPLL_20 53 + 2 - 2
BPLL_21 3 - 6 - na
BPLL_22 na + na - 1
BPLL_23 69 + 12 - 3
BPLL 24 32 + 10 - 1
BPLL_25 3 - 25 - 1
BPLL_26 na + na - na
BPLL_27 0 - 5 - 0
BPLL 28 0 - 78 + 2
BPLL_29 93 + 34 + 2
BPLL 30 97 + 17 - 3
BPLL_31 45 + 99 + 2
BPLL 32 7 - 98 + 1
BPLL 33 96 + 100 + 2
BPLL_34 0 - 7 - 0

A cut-off of 30% of CD19+ cells was used to define CD5 and CD23 positivity
na: not available



Table S3. Karyotype and FISH results for patients with B-PLL

. . MYC (0: normal, 17p deletion | Trisomy | Trisomy L. . .| 8p deleti 11q deleti
ID Patient |Karyotype (according to ISCN 2016) 1:translocation, 2: gain) * (TP53)* 18/18q | 313q 13q14 deletion * | Trisomy 12 (TNFRSF10) * (ATM) *
BPLL 1 |46,XY,del(13)(q12q14)[8]/46,XY[31] 0 0 0 0 1(64%) 0 0 0
BPLL 2 [49,XY,+i(3)(q10),t{4;8)(q21;924),del(9)(q21q32) +12,+18[20] 1(67%) 0 1 1 0 1(41%) 0 0
44,XY,add(7)(q31),-9,del(14)(q24),-
BPLL 3  |15,del(17)(p13),add(21)(p11)[3]/44,51,t(5;10)(q?21;p?11)[8]/44~46,sdI1,- 0 1(89%) 0 0 0 0 1(5%) 0
del(14)(q24),der(14)del(14)(g24)add(14)(p10),+1~2mar[cp7]
45X,-Y,der(8)t(1;8)(q11;p21),t(8;22)(q24;q11)[6]/45,X,-
BPLA  |v.derl@L8)a1 1021 t(5:22) 024:011) HE:22)(028:011)(15) 1(74%) 0 0 g g g 1 ¢E0%) g
46,XY,add(1)(q2?5),?inv(2)(p24q14) or der(2) or
BPLL 5 |dic(2.?),add(3)(p21),add(7)(p22),add(10)(q22),add(11)(q13),del(13)(q13q14),add or 2 (3 copies, 5%) 1(93%) 1** 1 1(93%) 0 0 0
del(17)(p11),der(18)?t(11;18)(q13;q21)[10]/47 sl +add(3)(p21)[2]
BPLL 6  [46-47,XY,+3[10],ins(8)(q?22;?)[8]-9[8],+18[4],+mar1[3],+mar2[2][cp10] 2 (3 copies, 81%) 1(18%) 1 1 1(32%) 0 0 0
BPLL 7 |46,XY,t(8;22)(q24;q11)[13]/46XY[1] 1 (not quantified) 0 0 0 0 0 0 0
BPLL 8 [48XY,t(8;22)(q24;q11),+12,+18[15] 1(89%) 0 1 0 0 1(78%) 0 0
BPLL 9 [46,XX,t(8;14)(q24;q32),del(10)(q23q25)[20]/45,idem,-15,der(16)t(15;16)(q1?4;p13)[8]/46,XX[2] 1(80%) 0 0 0 0 0 0 0
BPLL_10 [45XXt(2;8)(p11;q24),del(3)(p12),+add(3)(q11) der(8)t(8;9)(p12;9221),-9,-17,der(19)t(9;19)(?p;q13)[20] 1(94%) 1(96 %) 0 0 1(9%) 0 1(89%) 0
48,XX,t(8;14)(q24;q32),+12,del(13)(q13q22),+18[9]/47 5| -
BPLLIL |yisl/a7,sdi1t(1;6)(a43;:011) 1(11;14)(a13;032)13] 1(50%) 0 ! 0 1(80%) 1(82%) 0 0
49,XX,add(1)(q11),der(2)add(2)(p1?2)add(2)(q2?3),-
L 8,+der(12)add(12)(p1?2)add(12)(q?11),del(13)(q14q21),add(14)(q32),?add(20)(q13),+marl,+mar2x2[cp6] 0 0 0 0 1(s6%) 1(56%) ND 0
BPLL_13 [46-47X,-Y,+3t(8;14)(q24;932),+18[cp12]/46,XY[3] 1(80%) 0 1 1 0 0 0 0
44 XX,del(4)(q11),del(6)(q14q24),-7,add(9)(p24),-10,-17,add(20)(q13),- N
BPLL4 11 +amar(24]/44.XX,idem,add(3)(q25)[2] 0 1(79%) 0 0 1(12%) 0 0 1(85%)
46,XX,der(4)?t(4;5)(q32;q15~21),-5,add(6)(q12),del(17)(p11),-19, -
BPLLIS 20,+3mar[8]/46,XX,t(5;8)(p15;q11)[4]/46,XX[3] 0 1(75%) 0 0 0 0 0 0
BPLL 16 |notdone 1(88%) 1(89%) ND ND 1(90%) 0 ND 0
BPLL_17 |46,XY,t(8;22)(q24;q11),del(10)(q22926)[17] 1(94%) 0 0 0 0 0 0 0
BPLL 18 [47,XY,t(8;14;19)(q24;932;p123),+12[15] 1(94%) 0 0 0 0 1(82%) 0 0
BPLL_19 |48XX,+4,1(8;14)(q24;032),+12[17] 1(78%) 0 0 0 0 1(82%) 0 0
47 XY,+15,add(17)(p12)[7]/46,sl,- i %
BPLL20 |y14)/a6,xY,add(8)(a32)[5]/46.XY,der(12)t(8;12)(p13;021),2dd(17)(p12) [2)/46,XY[3] 2(3 copies, 20%) 1(50%) 0 0 0 0 1(6%) 0
48,XY,add(4)(p12),t(8;14)(q24;q32),del(11)(p13p15),+12,t(13;16)(q14;p13),del(17)(p11p13),-
BPLL2L | )" iolasxvi] 1(74%) 0 0 0 0 1(75%) 0 0
BPLL_22 |46,X,add(X)(p21) der(8)add(8)(p11)t(8;22)(q24;q11) der(22)t(8;22)(q24:q11)[20] 1(92%) 0 1** 0 0 0 1 0
BPLL 23 |48,XY,t(8;14)(q24;932),add(16)(q24),+der(18)t(3;18)(q?11;q?)x2[4]/46,XY[22] 1(61%) 0 1 1 0 0 0 0
BPLL_24 |46,XX,del(6)(q14G24),i(17)(q10)[11]/46,XXt(7;7;14)(q11;q3?3;932),del(17)(p12)[8]/46 XX[1] 0 1(92%) 0 0 0 0 0 0
40,X,add(X)(q21),t(1,8)(p10;p10),-5,-
6,add(7)(q31),der(9)t(3;9)(q13;q13),der(10)t(9;10)(q13;p12),add(12)(q14),der(13;22)(q10;q10)del(13)(q13 . o . o
BPLL_25 421)-15,2dd(15)(p11)-16,4r(16),-17,add(17)(p13) - 2 (4 copies, 42%; 8 copies, 5%) 1(62%) 0 1 0 0 0 0
21,add(21)(p11),add(22)(q13),+1~2mar[16]/80,sIx2[4]/46,XX[9]
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BPLL_26 [48XY,t(8;14)(q24;q32),+der(18)x2[4]/48,sl,del(3)(p11p22)[15] 1(92%) 0 1 0 0 0 0 0
BPLL 27 |46)XY,t(8;14)(q24;932)[20] 1(78%) 0 0 0 0 0 0 0

44~46 XY, +Y,der(2)t(2;8)(p11;?),der(3)t(3;6)(p11;?),-6,der(7)t(7;14)(p22;q11),-
BPLL_28 |8,der(12)t(12;15)(p12;?),der(14)t(8;14)(q22;q32),der(15)t(15;17)(p11;923)x2,der(16)t(15;16)(q23;q22),+2~ 0 1(51%) 0 0 1(27%) 0 ND 0
3mar[cp20].
BPLL_29 [47.XX.t(8;14)(q24;932) +mar[19] 1(78%) 0 0 0 0 0 0 0
BPLL_30 |46,XXt(8;22)(q24;911)[2]/46,XX[34] 1(52%) 1(70%) 0 0 0 0 1(6%) 0
BPLL_31 [48)XY,+3,t(8;14)(q24;932) +mar1[12]/49,sl,+mar2[2] 1 (not quantified) 0 0 1 0 0 0 0
BPLL 32 [49,XY,+3,der(7)t(7,8)(p21;?)del(7)(q33q35),r(8),+12,+18[13]/46,XY([7] 2 (amplification, 79%) 0 1 1 0 1(74%) 1(80%) 0
BPLL 33 [46XX.t(8;14)(q24;932),der(10)t(1,;10)(q11;p14)[16]/46 XX[7] 1(86%) 0 0 0 1(25%) 0 0 0
45 XY,(1;10)(p2?1;q25),t(3;11)(q23;p15),der(9)t(9;17)(q?22;q11) der(14)t(14;17)(p11;q?) -
BpLL 34 17[16]}45,X’Y(,Zer(9;]t(9;)17(),t(1(;(;20)[:24;);313)(,t()1(2;21)zgqn;qzqz),d)er(l(aljt()l(al;17),-)l(:[sllisj,XY[l] 0 L(e7%) 0 0 0 0 0 0

0: absence; 1: presence; tri: trisomy; ND: not determined

* % of cells bearing the abnormality determined by interphase FISH analysis
** determined by WES and confirmed by FISH




Table S4. Recurrent copy-number variations from WES coverage data in 16 patients with B-PLL. The
minimally altered regions are cited with regard to the hgl9 reference genome.

Number of
Losses Start End Length cases Candidate genes
17p13 1629307 7677922 6048616 6 TP53
8p21 21924203 23432383 1508181 4 TNFRSF10A/B/C/D, EGR3
5q32-gq33.1 149755481| 149827491 72011 3 TCOF1, RPS14, CD74
9¢g21 71002296| 79999625 8997329 3 no candidate genes
Xq28 152613014| 153881710 1268697 2 no candidate genes
9q34 134379493| 138927656 4548164 2 NOTCH1
13q14 45517397| 53422012 7904616 2 RB1, MIR15A, MIR16-1
14q24 68758421 69263126 504706 2 ZFP36L1, RAD51B
19p13 1592411 2823326 1230916 2 no candidate genes
Number of
Gains Start End Length cases Candidate genes
18qg21.32-g23 56702915| 77960906| 21257991 6 BCL2
chromosome 3 361267| 197762956| 197401689 4 no candidate genes
chromosome 12 175960( 133808310| 133632350 4 no candidate genes
17924 63923550 67243919 3320369 4 no candidate genes
1gq31.3-g42 197063118| 225140263 28077146 3 no candidate genes
8q24 127569322| 128753330 1184009 3 MYC
4g27-9q35.2 121828503| 190947668 69119165 2 no candidate genes




Table S5. IGHV sequencing data for patients with B-PLL

patientlD | IGHV % homology Unmutated/
minimally
BPLL 8 V1-2 95.5 |significantly mutated
BPLL 28 V1-2 100 [unmutated X
BPLL 30 V3-21 96.9 [significantly mutated
BPLL 21 V3-21 95.8 |significantly mutated
BPLL 29 V3-21 88.6 [significantly mutated
BPLL_6 V3-23 96.9 [significantly mutated
BPLL 22 V3-23 96.9 |significantly mutated
BPLL 33 V3-23 94.9 |significantly mutated
BPLL 13 V3-23 94.1 |significantly mutated
BPLL 10 V3-30 96.6 |significantly mutated
BPLL 5 V3-7 100 |unmutated
BPLL 4 V3-74 97.2 |minimally mutated X
BPLL 1 V3-74 94.1 |significantly mutated
BPLL 32 V4-34 95.8 |significantly mutated
BPLL 34 V4-34 100 |unmutated X
BPLL 24 V4-39 95.5 [significantly mutated
BPLL 18 V4-39 88.3 |significantly mutated
BPLL 19 V4-4 96.2 |significantly mutated
BPLL 27 V4-4 93.3 [significantly mutated




Table S6. List of variants detected by WES in 16 patients with B-PLL. A total of 309 non-synonymous somatic mutations were identified in 287 genes. We
validated 299 mutations by using targeted deep resequencing and/or RNA-Seq.

Patient nbBases | nbBas VAF |nbBases |nbBase fi Confii i Sift  |Polyphe
D Gene Mutation Type |Mutation #Chr__|Position |BaseRef| BaseCalled | RefNorm | esAltN | Norm | RefTumo s d (ytn) method score | nscore
BPLL_1 |ZBTB40 missense ZBTB40:NM_014870: eron2:c. TSSTG:p.M18ER. chrl 2816338/ T G 197 2 101 70 68 y iSeq+RNA-Seq A 0.833
BPLL_ FASC missense FASC:NM_001005388: exon25:¢.C2837T:p. TI46l. chrl 2.05E+08! [ T 234 1 043 84 4 y iSeq A A
BPLL_1 |[LRRTM4 missense LBRTM4:NM_024333:exon3:c.C577T:p.L193F. chr2 77746413 G ) 325 [i] [i] 13 108 y iSeq A A
BPLL_1 [LRRTM1 missense LRRTM1:NM_178833:exon2:c.G1604:p. AS4T. chr2 80530785 C T 129 1] 1] 50 35 Y iSeq A 1]
BPLL_ 088 missense D58:MNM_002468: exonS:c. T734C:p.L2ESP chr3 36182641 T [ 264 i} 0 88 i y iSeq+RNA-Seq A 0.933
BPLL_1 |SLMAP missense SLMAP:NM_007153:exon2:c. G3414:p. RT140). chr3 57817252 G A 391 16 3.93 87 158 y iSeq+RNA-Seq A 0.933
BPLL_1 |SPICE1 missense SPICETNM_144718:exon2:c.G10T:p. W4F. chr3 1.13E+08 [ A 182 2 103 34 53 y iSeq+RNA-Seq A 0.427
BPLL_1 [FBX'W?7 frameshift insertion [ FEBXW7:NM_018315:exon8:c. 1156_1157insCCGATGCGGT: p.C386fs. chrd 1.53E+08 - ACCGCATCGG 49 0 a 86 47 Y iSeq+RNA-Seq A 1
BPLL_1 [FBX'W7 missense FEXWT:NM_018315:exon8:c. CNS3G:p.R3E5G. chrd 1.53E+08 G C 57 2 0.77 85 56 Y iSeq+RNA-Seq A 0.06
BPLL_1 [LIFR missense LIFR:NM_00112767 1 exonl7:c.G24354:p.RE120. chiS 38485383 C T 73 1] a 11 63 Y iSeq .47 0.081
BPLL_ FIB missense MFIE:NM_001130738: exond:c. G1307T:p. 54361, chrd 14120455 C A 72 0 0 3 25 u iSeq A 0.063
BPLL_1 |SVEP1 missense SVEP1:NM_153366:exon38:c.A7IS8T:p.H2E53L. chrd 1.13E+08 T A 322 3 0.92 131 35 Y iSeq A [V
BPLL_1 |LDB1 stopgain SMY _ [LDBTMNM_001113407:exonTt:c. G1057T:p.E3S3X. chrid 1.04E+08 [ ) 261 2 0.76 88 70 y iSeq+RNA-Seq A 0.73533
BPLL_ DR11 missense DRT:NM_018117: exon2d:c. T23366:p. FITIC. chrl0 1.23E+08 T G 122 1] 1] 55 63 Y iSeq+RNA-Seq 0.1 0.84
BPLL_ UCE missense UCE:NM_005361:exon31.c. AS057G:p. N1BSES. chrll 017744 T C 1383 204 9.33 1304 138 Y RNA-Seq 0.45 A
BPLL_1 |RE frameshift insertion [ RE1:NM_000321:exon7:c. 707_708insAG: p.K236fs. chrl3 45833425, - AG 71 2 2.74 8 3 u iSeq+RNA-Seq MNa A
BPLL_1 |SHC4 missense SHC4:NM_203343: exond:c.C1174T:p. R332\, chrs 43148218 G A 268 1 0.37 37 7 u iSeq MNA 1
BPLL_1 |PITPNM3 missense PITPMM3:NM_031220: exon3:c.G142T:p. A48S. chrl? 6428760 [ ) 138 4 2.82 47 56 y iSeq 0.05 0.956
BPLL_4 [CAPN13 missense CAPN13:NM_144575:exonl:c.G11624:p. V3881 chr2 30974043 C T 234 S 167 138 128 Y iSeq 0.35 A
BPLL_4 [SF3B1 missense SF3B1:NM_012433:ex0n15:c.A20980:p.KTO0E. chr2 198E+08 T [ 125 6 4.58 53 58 y iSeq+RNA-Seq A 0.933
BPLL_4 |VHL missense VHL:NM_000551:exon2:c.G430A:p.G144R. chr3 10185287 G A 274 1 0.36 133 78 u iSeq+RNA-Seq A 0.786
BPLL_4 BEAL2 missense NBEAL2:NM_015175:exon14:c.G13484: p. GESOR. chr3 47037253 G A 226 1] 0 a7 64 y iSeq A A
BPLL_4 [PLCH1 splice site A chr3 1.55E+08 T A 120 2 .64 57 40 Y iSeq A A
BPLL_4 [LNX1 missense LNX1NM_032622: eront:c.GE1A:p. V21TM. chrd 54424072 C T 169 g 4.5, 33 5 44.64 8.1E-20 Y iSeq 0.13 0.53503
BPLL_4 [ARHGAP10 missense ARHGAP10:NM_024605: exonT:c.CE43A:p. HZ15M. chrd L49E+08 C A 34 1 .05 61 34 35.79 3.41E-11 y iSeq N& 0.97
BPLL_4 [NSD1 missense NSD1:NM_022455: exon20:c. ABOBSG: p. T2023A. chrS L TTE+08 A G 236 1 0.4 121 93 43.46 6.58E-35 y iSeq+RNA-Seq NA 0.937
BPLL_4 |JARIDZ missense JARIDZ:NM_004373:exonT:c. T1742C:p. WSE1A. chrb 15437138 T [ 63 12 44 23 33.73 3.52E-15 y iSeq+RNA-Seq 0.95 0.02
BPLL_4 [KHDRESZ missense HORBS2:NM_152688: exonb:c.C775T:p.P253S5. chib 62604575 G ) 02 192 30 28 48.28 3.83E-13 y iSeq+RNA-Seq A 0.973
BPLL_4 D missense D:MM_001164635: exon3:c.A4735:p. N1B0S. chib 1.51E+08 A G 03 13 36 34 48.5 1.93E-14 Y iSeq A 0.926
BPLL_4 [PAX4 splice site A chr? 127E+08 C G 7 S 2.25 83 73 48.7 7.69E-30 y iSeq A &
BPLL_4 [MYC missense MY C:NM_002467: exon:c. G4 78C:p. V1BOL. chrg 1.23E+08 G [ 6 [ 27 15 112 88.19 4.32E-66 y iSeq+RNA-Seq A 0.92
BPLL_4 |CCDCE7 missense CCDCET:NM_151645: exon12:c. A1330C:p.N4E4H. chr 93141460 A [ 43 i} 1] il S0 41.32 113E-20 y iSeq A A
BPLL_4 (BTG4 missense BTG4:NM_017589: exon2:c.A158T:p.KS3I. chr 1.11E+08 T A 46 4 2.67 B6 52 44.07 8.21E-18 Y iSeq A 0.937
BPLL_4 [UPK2 missense UPK2:NM_006760:exond:c. A3566:p. Y 113C. chr 113E+08 A G 96 4 2 83 63 45.39 2.26E-25 Y iSeq A 0.997
BPLL_4 |TRHDE missense TRHDE: NM_01338T.exont.c.C485T:p. T1621. chriZ 72667043 [ 13 0.83 17 30 63.83 6.61E-20 y iSeq 13 0.548
BPLL_4 |TBCID4 missense TBC1D4:NM_014832: exon2:c.GEOTA:p. E203K. chrl3 | 75336635 C 138 4 198 93 92 48.17 3.02E-30 y iSeq A 0.98
BPLL_4 |HYDIN missense HYDIN:NM_0325821 exond2:c. GEESIA:p.R22200). chrif 7037772 [ 359 S 137 266 50 312 116E-21 y iSeq A 0.44451
BPLL_4 [FBN3 missense FBN3:NM_032447:exon18:c.C2336G:p.P733R. chr13 131617 G C 172 S 2.82 16 4 46.67 S5.80E-10 y iSeq A 0.33
BPLL_4 [ZNF203 missense ZNF208:NM_007153: exond: c.AS09G:p. K1TOR. chr13 22157327 T C 252 g 3.08 105 102 49.28 2.37E-34 Y iSeq A A
BPLL_4 [ZRSR2 frameshift deletion |ZRSR2:MM_005083:ex0n8:c.571.572del:p.191_131del. chr! 15833813| AT - 36 3 3.03 2 87 97.75 3.19E-47 y iSeq+RNA-Seq A &
BPLL_4 [BCOR missense BCOR:NM_001123385: exonl0:c. A4376G:p. N1453S. chriX 33921444 T [ 56 3 5.08 S 33 §8.64 2.56E-13 y iSeq+RNA-Seq A 0.92
BPLL_ IF16 missense IF1B:NM_015074: exon13:c.G18734A:p. DE2TH. chrl 10357110 G A 182 1] 1] iz 35 32.7 127E-17 y iSeq A 0.98
BPLL_5 [FLNE missense FLNB:NM_001164317: exon21:c.C3356 T:p. P1113L. chr3 58103043 C T 160 1] a 155 102 39.69 Y iSeq A 0.955
[ BPLL_5 [US071 missense chid 6103955, (] T il [1] [1] 23 ] fi] y [Seq+FNA-Seq A A
BPLL_5 [PPIPSK2 missense PPIPSKZ:NM_015216:exon13:c.T1474G:p. 54324, chiS 1.02E+08 T G 135 0.5 25 35 58.33 Y iSeq+RNA-Seq A 0.02
BPLL_S [ZNF425 missense ZNF425:NM_00100166:exond:c. G19314:p. GE44D. chr? 1.43E+08 [ T 203 0.49 130 140 51.85 y iSeq A 0.03
BPLL_S [RP1 missense RP1NM_006263: exond:c.G1726A:p. VS 7EM. chrg 55535168 G A 358 0.28 EL] 43 33.33 y iSeq A 0.33
BPLL_5 [GDFE missense GDFE:NM_001001557: exont:c.G330T:p.KTI0M. chrd 97172591 C A 319 9 2.74 85 104 55.03 Y iSeq A 0.93
BPLL_5 [KIF27 frameshift deletion | KIF27:NM_017576: eron14:c. 3083deld: p. 01028fs. chrd 86474138 C - 414 1] 1] 80 67 45.58 9.68E-46 Y iSeq A A
BPLL_5 [THC missense THC:NM_002160: exon8:c. G2633C:p.RIOOP. chrd 1.18E+08! [ G 38 2 2 102 58 36.25 183E-12 y iSeq A 0.933
BPLL_S |NUP214 missense UP214:MM_005085: exon18:c.C24554:p. 513K, chrd 1.34E+08 [ A 330 2 06 40 ] 28.57 S5.58E-13 y iSeq+RNA-Seq A 0.08
BPLL_S [TM3SF3 missense TMISF3:NM_020123: exon2:c.G103C:p.D3TH. chri0 | 98336580 [ G 252 1 0.4 56 S 2113 4.85E-10 y Seq+RNA-Seq 0.06 0.423
BPLL_5 [NAW2 missense AV2:NM_001111018: exon7:¢.C1288T:p.R430%W. chr 13355270 C 153 1] 1] 17 110 48.46 1.15E-31 Y iSeq A 0.988
BPLL_5 [ORSHZ missense OR8H2:NM_001005200:exont:c.C284T:p. TISM. chr’ 55872802 C 260 3 114 70 156 47.85 .40E-45 Y iSeq 0.13 0.00
BPLL_5 [AHMAK missense AHNAK:NM_001620: exonS:c.C4334T:p. PIBESL. chr 62236335 G [ 141 1 0.7 53 54 50.47 .32E-23 y iSeq A 0.60015
BPLL_S [ARHGEF12 missense ARHGEF12:NM_001138665: exontd:c. C1198T:p. R400C. chr 1.2E+08 C T 428 a i} 102 56 35.44 .90E-36 y iSeq+RNA-Seq A 1
BPLL_S [FGFE missense FGFE:NM_020396:exon2:c.C443T:p. TISOM. chri2 4553300 G 158 1 0.63 130 100 43.48 .97E-27 y iSeq A 0.954




Patient bB. bB. VAF bB. bB. VAF [S ic_p- Confi Confi i Sift  [Polyphe
D Gene Mutation Type |Mutation #Chr_|Position |[BaseRefl BaseCalled | RefNorm | sAltNor |Norma | RefTumor s Tumor value d (yin) method score | n score
BPLL_5[MLXIP missense ILXIP:NM_014338: exont:.c.G268C:p.EI00. chriz | 1.23E+08 G c 218 1 0.46 151 83 35.47 1.39E-26 y iSeq A NA
BPLL_5(INTS6 missense NTS6:NM_01214T:exon14:c. A1838G:p. HE13R. chri3 | 51348824 T [5 53 0 0 a 12 100 2.48E-13 y iSeq+RNA-Seq A 0.933
BPLL_5|TPS3 missense 1M_000546: exon6. T205C chrl? 7575235 T C 148 1 0.67 1] 67 100 9.43E-56 y iSeq+RNA-Seq A 0.938
BPLL_5[TANCZ Mmissense ANCZNM_0Z5155: eronZs:c.CooI6 1 p. R 1666 w- chr B143533 C T 173 1q T3 21 36.23 J13E-24 y MiSeq A
BPLL_5|STRMN4 stopgain SMY | STRM4:NM_001033877:exonS:c.CT27T:p.Q243X. chrld | 4723630 G A 230 3 123 43 Ell 38.83 2.84E-28 y iSeq 0.06 |0.633802
BPLL_6|THR missense THR:NM_003285: exonS:c.C11114:p. Q371K chrl 1.75E+0 G T 166 3 178 04 65 38.46 153E-13 y iSeq 0.25 0.983
BPLL_6 |NYAP2 missense AP2:NM_02086¢:exond:c.CT04T:p. A235Y. chrz | 2.26E+08] o T 263 1 0.38 S8 124 43.97 8.36E-42 y iSeq 0.07 NA
BPLL_6 |MYD38 missense D38:NM_002468: exonS:c. T734C:p.L265P chr3 35182641 T c 200 11 5.21 02 203 66.56 2.25E-50 y iSeq A 0.933
BPLL_6|ACSL frameshift deletion| ACSL1:MM_001335: exon18:c. 1666_1681del:p.556_561del. chrd 1.86E+08ATGTGET] - 353 1 0.28 254 108 23.83 5.85E-35 y iSeq A MA
BPLL_6|SLCEA1S missense SLCEA13:NM_001003841:exonb:c.G815A:p.G2720. chrS 1214108 G A 162 2 122 7 35 55.23 5.06E-33 y iSeq A 0.933
BPLL_6|PDE4D missense PDE4D:NM_001137218:exon1:c.G134T:p. RESM. chiS | 53064142 C A 253 2 0.77 38 33 41.53 6.33E-35 y MiSeq 0.06 NA
BPLL_6 [RIN1 missense RINT:NM_004232: exon3:c.4292C:p. TIEP. chrll [ 66103323 T G 148 L] 5.13 44 31 17.71 2.60E-04 y iSeq A 0.025
BPLL_6 [KLRF2 missense KLRF2:MM_001130765: exonS:c.C462G:p. H1S40. chriz | 10046123 C G 314 S 157 47 144 43.48 6.93E-50 y MiSeq A NA
BPLL_6|SLITRKS missense SLITRKS:NM_015567: exon2:c. ATI0IC: p. K3E 7N, chrl3 | 88328744 A o 301 7 2.27 74 178 S0.57 4.98E-51 y iSeq A 0.968
BPLL_6 [KIF23 missense KIF23:MM_004856:exon12:c.41253T:p.Yd420F chrlS | 63728037 A T 301 1 0.33 272 34 1 5.24E-10 y MiSeq 0.1 0.488
BPLL_6|TPS3 missense TPS3:NM_000546: exond:c. GB4SC.R282P chrl? 7577093 o G 135 2 146 ] 54 5185 T.41E-26 y iSeq A 1
BPLL_6[KRTAP3-3 missense KRTAP3-3:NM_030375:exont:c.C4824:p.S16TY. chrl? 3341211 C A 342 0 0 177 22 1.06 1.29E-10 y MiSeq 0.08 NA
BPLL_8|CACHD1 missense CACHD1:NM_020325: exonld:c. A1903G:p. NE3TD. chr 6512348 A G 92 0 0 4 33 44.53 T.47E-22 n 0.14 0.883
BPLL_8|POLR2B missense POLR2B:NM_000338:exonT:c. T832C:p.F278L. chrd | 5786587 T c 13 0.47 63 43 43.75 1.23E-25 y iSeq A 0.933
BPLL_8[FAMIE0A1 missense FAM1B0ATNM_001103377: exonTtc.G2236A:p. ATEET. chrd .S3E+08 G A 66 0.6 56 28 33.33 3.15E-14 y iSeq 1 A
BPLL_8|TRON frameshift deletion| TRON: NM_001251387: exon13:c. 1067delC: p. A356fs. chrb .24E+08 C - 233 2 0.66 124 78 38.61 3.52E-33 Y iSeq NA A
BPLL_8|BCLAF1 missense BCLAF1:MM_014733:exon12:c.C2611T:p.RETIC. chif L.37E+08 G ) 661 1 0.15 243 6 23.38 .63E-38 y MiSeq MNA 0.992
BPLL_8|PC missense PC:NM_001040716:exon13:c.C2235G:p.DTESE. chril_| BB618323 G C 62 1] 1] 20 S 42.86 . 10E-08 y iSeq 0.1 0.001
BPLL_8|BCLTA missense BCL7A:MM_020393:exont.c.G86A:p.R23H. chriz_| 1.22E+08 G A 121 1 0.82 15 44 74.58 S5.87E-28 n [ 0.985
BPLL_8|F7 missense F7:NM_000131:exon8:c.C752T:p. A251V. chri3 1.14E+08 C T 224 0 1] 50 44 46.81 6.34E-28 n NA 0.934
BPLL_8|PPM14 missense PPM14:MNM_021003: exon2:c.GE254:p.G203S. chrld | 60750046 G A 72 1 0.58 34 33 53.42 6.95E-24 y MiSeq 0.28 | 0.57173
BPLL_8|RMNFT1 missense RNFT1:NM_016125: exon2:c.C358T:p. H120Y. chrl? | 58040344 G A 63 117 44 46 S 187E-23 y iSeq A 0.03
BPLL_8|DOKS missense DOKS:NM_018431:exon3:c.A183C:p.E6D. chr20 | 5320503 A c 325 0.61 64 54 45.76 11E-33 y MiSeq 0.15 0.384
L_8|BCOR missense BCOR: 001123385 exond:c. T2771G:p.FI24C. chr. 393318 a C 101 1.94 0 33 100 £6.15E-33 y iSeq 4 0.997
L_10|MAGI missense AGIT:NM_001033057:eron23:c.G3874A:p. G1232R. chr3 | 6534256 c T 227 0.87 63 75 52.45 1.33E-35 y iSeq A 0.024
L_10|MRPS30 missense MRPS30:NM_016640: exonS:c. G12344:p. 54125, chrS 44581521 G A 17 0 0 52 i) 539.38 5.92E-23 y Seq+RNA-Seq A 0.74
LL_10| TRAPPC13/CS0) missense CSorfdd:NM_024341:exon3:c.G215T:p.GT2V. chiS | 6433187 G 151 4 2.58 34 93 51.04 9.36E-27 y A-Seq 0.07 NA
L_10|HLA-DRES missense HLA-DRBS:NM_002125: exon2: . T286A:p. FI6I. chif | 32483766 A 73 10 12.05 52 31 37.35 1.28E-04 y RMA-Seq 0.3 [i]
LL_10|BCLAF1 stopgain SMY [ BCLAF1:NM_001077440: exond:c. GE324:p. W2 T1X. chrb 1.37E+03 c 660 2 0.3 328 122 2711 5.36E-50 y iSeq Ma | 0.73327
BPLL_10[POM121L12 missense POMI21L12:MM_182535: exont:c.G488A:p. R163H. chr? | 53103852 G 3 108 0 0 57 36 38.71 9.77E-15 y MiSeq 0.14 0.737
LL_10|MSR1 splicesite  [NA chr8 | 16035500 T G 33 2 138 51 62 54.87 7.88E-20 y iSeq A NA
BPLL_10[RBM17 missense RBM17:NM_032305: exond:c.G8234:p.G2755. chrl0 6154231 G A 151 S 3.21 63 55 44.72 4.18E-18 y iSeq+RNA-Seq A 0.933
LL_10|PABPC3 missense PABPC3:MNM_030373:exont:c.C832T:p.R2TEC. chrl3 | 25671172 C A 572 53 5.48 285 63 181 1.06E-05 y RNA-Seq A 0.931
BPLI ZFHX2 missense ZFHX2:NM_033400: exon2:c.G13014:p.G434D. chrid | 24003234 C T 73 1 125 S0 42 45.65 3.33E-13 y MiSeq A MNA
BPLL_10|G5G2 missense GSG2:NM_031365:exont:c. A13455:p. T4434. chrl? 3628574 A G 204 S 2.33 3 108 97.3 8.59E-75 y iSeq A 0.108
BPLI TPS3 missense TPS3:NM_000546:exonT:c.C7434:p. 42480 chrl? 7577538 C T 84 1 118 1] 42 100 5.65E-33 y iSeq+RNA-Seq A
BPLI RSAD1 missense RSAD1:NM_018346:exnonT:c.G1030A:p. W364M. chrl? | 48561104 G A 63 2 2.82 33 30 43.48 2.11E-03 y iSeq+RNA-Seq | 0.05 0.208
BPLI C19orfdd missense C13orfdd:NM_032207:exon2:c.C25T:p.RIC. chr1d 16611628 C T 55 [ 9.54 40 40 S50 1.99E-07 y NA-Seq 4 0.006
BPLL_10|2FX frameshift deletion| ZFX:NM_001178086: exonb:c.663_682del:p.221 228del chr. 24228425)AGAAGA, - 485 3 0.61 39 93 40.03 2.72E-48 y iSeq+RNA-Seq A NA
BPLL_13|MTOR missense MTOR:NM_004358: exon30:c. T4358C:p.L1453P. chrl 11217320 A G 357 2 0.56 63 143 46.86 2.02E-56 y iSeq A 0.932
Q=%CCDCZSB missense CCDC28B:NM_024236:exond:c. ASO3T:p. N168I. chrl | 32663358 A 116 0 0 56 46 45.1 6.03E-13 y iSeq+RNA-Seq A 0.936
BPLL_13|IQCA1 missense IQCATNM_024726: exon2:c.G130A:p. VB4, chrz | 2.37E+08 c 215 2 0.92 73 76 43.03 144E-32 y iSeq 0.07 NA
BPLL_13[IQSEC1 stopgain SNV |IQSECTNM_001134352: exon3:c.C4024:p. Y 134X, chr3 12378114 G 323 1 0.31 326 167 33.87 2.13E-4 y MiSeq+RNA-Seq | 0.03 | 0.735421
BPLL_13{MvD38 missense MYD85:NM_002468: exon3:c.CE56G:p.5213C chr3 38162032 C G 183 1] a 173 121 34.75 1.69E-3 y iSeq+RNA-Seq A 0.955
BPLL_13[TPE3 missense TPB3:NM_001114380: exon: . T1013C:p.I338T. chr3 1.9E+08 T C 234 1 0.43 176 35 35.06 8.03E-23 y MiSeq A 0.725
L_13[COL25A1 missense COL25ATNM_135721:exon20:c.C1030T:p.R364W chrd 1.1E+08 G A 87 0 1] 55 16 22.54 9.74E-07 y iSeq A 0.933
BPLL_13|DCHS2 missense DCHS2:NM_017633:exon25:c.G7813C:p. W2E07L. chrd 1.55E+0: C G 248 0 0 kAl 104 42.45 1.95E-38 y MiSeq 0.1 0.013
BPLL_13|GLUCY1A3 missense GUCY143:NM_001130682: exonb:c. T9E0G:p.F320L chrd 157E+0 T G 354 1 0.26 221 222 S0.11 3.40E-74 y iSeq 0.16 0.933
BPLL_13|SPATS1 missense SPATS1NM_145026:exon5:c.G4814:p.GI61R. chib | 4432363 G A 137 1 0.72 63 64 4812 2.44E-23 y MiSeq [TE) 0.935
BPLL_13|COL3A1 missense COLIATNM_001851 exon28:c. A1826G:p. QB03R chrb 70961863 T C 150 0 0 56 62 52.54 4.02E-28 y iSeq 0.32 0.463
BPLL_13|CSMD3 missense CSMD3:MNM_138123:exon18:c. T2955G:p.FI85L chr 114E+08 A c 135 1 0.51 93 85 47.75 2.02E-32 y iSeq A 0.933
BPLL_13|GLIS3 missense GLIS3:NM_152623: exon3:c.C542A:p. 1610 chrd 411847 G T 223 1 0.43 103 113 536 2.75E-45 y iSeq A 0.754
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BPLL_13 [PCSKS missense PCSKS:NM_001130482: exon30:c.G4008C:p.E1336D. chrd | 78336542 G C 223 i} 157 61 27.98 1.54E-21 y iSeq 0.33 NA
BPLL_13 |ORSR1 missense ORSR1:NM_001004744: exontc.G534:p.R200. chrl 56185650 C T 32 1 0.31 Eil 148 44.38 6.61E-52 y iSeq 0.23 0.081
| BPLL_13 [C14orf33 missense C14orf33:NM_001130708: exon3:c. AT245G:p.N2420 chrid | 23465351 T C 204 3 3.7 122 88 41.9 6.20E-23 y iSeq+RMA-Seq | 0.03 0.168
| BPLL_13 | COKN3 missense COKMN3:NM_001130851: enond:c.C190T:p. HE4Y chrid | 54878313 C T 223 3 1239 105 108 S0.7 9.28E-39 y iSeq A 1
BPLL_13 | AK7 missense AKT:NM_152327:exon16:c.C1856T:p. AB1IV. chrid | 96349438| C T 196 2 101 126 100 44.25 142E-30 y iSeq 0.03 0.721
BPLL_13 [CHDZ frameshift insertion| CHDZ2:NM_001271: exon28: . 3485_3486insG:p.L1162fs. chrlS 93536118 - G 74 1] 0 51 19 27.14 2.62E-07 y iSeq 4
| BPLL_13 [NFATS missense NFATS:NM_173215: exon13:c.43502G:p.N1168D chrlé | 63727512 A G 82 0 i} 38 41 519 151E-16 y iSeq A 0.474
| BPLL_13 |CTAGE1 missense CTAGETNM_17224Texont.c. T2215C:p.F733L. chrid | 19335560 A G 256 0 1] 355 53 12.93 152E-12 y iSeq A NA
BPLL_13 |ITGB1BP3 missense ITGB1BP3:NM_170678: exond:c.C533T:p.P200L. chri3 3342177 C 182 2 103 103 83 46.35 3.31E-29 y iSeq A 0.988
BPLL_13 |CYP4F12 missense CYP4F12:MM_023344: exonT:c.CE14T:p. R272\W. chrl3 | 15734463| C 403 2 0.43 213 223 51.81 2.43E-78 y iSeq B 0.77M
| BPLL_13 [HAUSS stopgain SMY _|HAUSS:NM_015302: exon13:c.C1TIT:p. Q331X chrl3 | 36109343] C 42 0 [i] 14 13 48.15 S5.19E-07 y RNA-Seq 0.96 | 0.640322
| BPLL_13 |PAX1 missense PAX1NM_006132:exon2:c.CS73G:p. 131M. chr20 | 21687362 C G 353 1 0.28 218 197 47.47 6.68E-64 y iSeq 0.33 0.926
BPLL_13 [ECOR frameshift insertion| BCOR:NM_001123385: exon1d:c.4342_4343insA:p.P1648ts chriX | 33313173 - T 70 2 2.78 2 67 971 3.31E-35 y iSeq+BNA-Seq A NA
| BPLL_18 |PCNXL2 missense PCNXL2:NM_014801:exon2:c.C284G:p.PISR. chrl | 2.33E+08 G c 7 0 i 158 123 44.95 8.10E-25 y iSeq+RNA-Seq A NA
| BPLL_18 |TPO missense TPO:NM_001206744: eron2:c.G20234:p. VETTI. chr 1433783 G A 143 2 138 iz 65 47.45 1.34E-22 y iSeq A 0.562
| BPLL_18 |CXCR4 stopgain SNV | CXCR4:NM_003467: exon2: c.C1013G:p. 338X chr, 1.37E+08 G o 73 0 0 i 52 5157 2.73E-18 y iSeq+RNA-Seq | 0.06 | 0.732383
BPLL_18 |COBLL1 missense COBLLT:NM_014300:exonS:c. TT18G:p.F240Y. chr, 1EB6E+08] A C 30 0 0 42 4 43.4 7.71E-08 y iSeq+BNA-Seq | NA 0.936
| BPLL_18 [TTLL4 missense TTLL4:NM_014640:ex0n3:c.G21074:p. ATO3T. chr. 2.2E+08 G A 192 2 1.03 167 35 44.7 3.66E-33 y iSeq+RMA-Seq | 0.36 0.001
| BPLL_18 [SPDL1 missense CCDC33:NM_017785: exond:c.CI05T:p. T302M. chiS 163E+03 C T 213 0 213 12 43.3 3.84E-43 y iSeq 4 0.944
| BPLL_18 |\YARS2 missense WARS2:NM_00T167733: exond:c. GE3A:p.R28H chif | 30883641 G A 72 0 3 52 62.65 9.92E-20 y RNA-Seq A 1
BPLL_18 |FIBIN missense FIBIN:NM_203371:exon.c.A583G:p.R135G. chril | 27016656] A G 7 0 53 46 43.81 . 38E-18 y iSeq A 0.936
| BPLL_18 [CLECL1 missense CLECL1:NM_172004: exon2:c.A440G:p.HI147R. chri2 | 9 g6 G C 63 0 [i] 33 46 33.09 4.24E-10 y iSeq+RMNA-Seq | 0.1 0.263
| BPLL_18 |\/BP4 frameshift deletion| WBP4:NM_007187:exonS:c.356delG:p.R115fs. chri3 | 41642730] A - 33 0 a 30 S5 40.74 2.87E-15 y iSeq 4 NA
BPLL_18 |GPH missense GPHN:NM_001024218:exon22:c.C2110T:p.R704C chrid | 67647553] C 215 0 1] 127 83 33.52 131E-30 Y iSeq+RNA-Seq A 0.986
BPLL_18 |MUC1E missense UC16:NM_024630: exon3:c.G284424:p. 53451, chrl3 | 9053004] C Bl 0 1] 73 82 52.3 1.86E-25 y iSeq B A
| BPLL_18 [IGLLS missense GLLS:NM_001178126:ex0n1:c.C133T:p.P45S. chr22 | 23230366| C 43 0 [i] 13 16 S5.17 3.95E-09 y iSeq+RNA-Seq | 0.37 A
| BPLL_19 |RAVERZ frameshift deletion| BAVERZ:NM_018211:exon10:c. 1735_1753del:p.573_585del. chr B5278514[TTATCATI - 244 0 1] 101 35 25.74 9.96E-18 y iSeq MA A
BPLL_19 |NR1I3 missense R1I3:NM_001077452: enond:c.G283T:p. AS5S. chr 161E+08] C A 475 8 166 63 62 43.6 2.13E-40 y iSeq 0.1 0.011
BPLL_19 [CXCR4 frameshift deletion| CXCR4:NM_003467: exon2:c.960_361del:p.320_321del. p.5er325CInfs]  chr? 137E+08] CA - 33 0 [i] 43 12 2182 3.01E-06 y iSeq A NA
LGI2 missense LGI2:NM_018176: exonb:c.CE13G:p.L205Y. chrd | 25013653 G C 385 0 [i] 130 13 37.29 3.35E-47 y iSeq 0.46 0.003
UTP1S missense UTP15:NM_032175: exonb:c. TSS3C:p.Y185H. chiS | 72866416 T o 38 0 1] 65 33 33.67 4.51E-12 y iSeq A 0.933
CLINT1 missense CLINT1:NM_014666: exont:c.C22G:p.REG chiS 1S7E+08] G c 102 0 [i] 61 43 41.35 7.26E-16 y iSeq A NA
HOXAS missense HOXAS:MM_013102: exont:c.G2024:p.EGEK. chi? | 27183025 C T 132 0 i} 4 37 33.33 S.18E-15 y iSeq A 0.474
UNCSD missense UNCSD:NM_080872:exond:c.G1267A:p.G423S. chrd | 35573877 G A 60 0 [i] 20 16 44.44 1.10E-08 y iSeq A 0.38
SSTRS missense SSTRS:NM_001053:exonl.c.G10484:p. A350T chrlg 1123316 G A 45 1] 1] 53 58 52.25 S.20E-12 y iSeq 1 0
PPL missense PPL:NM_002705:exon22:c.C3020T:p. A1007Y. chrié | 4335636 G A 1297 i 5.6 52 53 50.48 197E-32 y iSeq 0.23 0.001
RAB37 missense RAB3T:NM_001163330: exon3:c.C178T:p.HEOY chrl? | 72733310 C T 94 0 0 52 4 44.03 118E-15 y iSeq B 0.933
CCDC137 missense CCDC137:NM_139287: exon3:c.C381G:p.HI270. chrl? | 79637367 C G 2783 63 2.21 33 35 47.3 183E-34 y iSeq 0.64 0.008
| BPLI HSBP1L1 missense HSBPIL1:NM_001136180: exon3:c. T1284:p.M43K. chrld | 77728038 T A g6 1] 0 4 25 37.88 3.74E-11 y iSeq 4 A
BPLL_19 |FTHL17? missense FTHL17:MM_031834:exont:c.G4514:p.G1515. chrX | 31083620 C T 325 S 152 128 11 46.44 2.08E-43 y iSeq A 0.108
BPLL_19 |GPKOW missense GPKOW:NM_015638: exonT:c.C3474:p. T31BM. chrX [ 48372644 G T 1159 0 38 103 51.24 156E-38 y iSeq A 0.125
BPLL_22 | ARHGEF11 frameshift insertion| ARHGEF 11:NM_138236: exon30:c.2963_2364insGG:p. A388fs chrl .STE+08 - cC 58 1] 35 3 45.31 1.44E-10 y iSeq A A
BPLL_. TGFBRAP1 missense TGFERAP1MM_004257:exon2:c. T2453C:p.1I820T chr2 .0BE+08 A G 235 0 132 142 51.82 4.25E-43 Y iSeq 0.08 0
BPLL_22|SF3B1 missense SF3B1:MM_012433:exon15:c.420385: p.K700E. chr2 .98E+08 T c 141 0 63 82 54.3 .04E-30 y iSeq A 0.933
BPLL_. GLB1 missense GLB1:NM_001135602: exonb:c.G5384:p. G180R chr3 | 33093274 C T 43 1] 1] 81 63 43.75 . 14E-23 y iSeq 4 1
BPLL_22|MITF missense MITF:NM_138158: exon2:c. TTIC:p.124T chi3 | 63387010 T 5 45 3 2.03 33 30 47.62 2.47E-24 y iSeq A 0.936
BPLL_22|PCOHE4 missense PCDHB4:NM_018338:exont:c.C76T:p.R26C. chiS 141E+08] C 42 2 1339 80 93 53.76 8.25E-29 Y iSeq 0.15 i}
BPLL_22 |HMMR splice site I chiS 1B63E+08] A 74 0 a 43 37 43.53 7.60E-13 y iSeq A A
BPLL_22|TCP11 missense TCP11:NM_001093728: exon:c.C835T:p.L239F chif [ 35088283 G 4 176 0 i} 103 33 47.45 1.31E-32 y iSeq 0.12 0.137
BPLL_22|PKHD1 missense PKHD1:NM_170724: exon33:c. AB335G:p.Y2112C chif | S177E752 T C 55 0 1] 35 23 45.31 3.27E-10 y iSeq MNA 0.938
BPLL_22|SYNE1 missense SYNELMNM_033071:exon52:c.G77834:p.G2537S chif 153E+08] C T 100 0 [i] 83 78 48.45 . 33E-21 y iSeq 0.08 0.002
BPLL_22|ABCA13 missense ABCA13:NM_15270T:exon1T:c.G23124:p. STTIN. chi? | 48311575 G A 206 1 0.43 15 112 43.3¢4 4.33E-38 y iSeq B NA
BPLL_22|COBL missense COBL:NM_015138: exon10:c.G20414:p. ABSTT. chr? | 5109675 C T 65 1 0.53 104 17 52.94 7.05E-36 y iSeq A 0.108
BPLL_22|PCLO missense PCLO:NM_033026:exon3:c.C2326T:p.PTTES chr? | 82764540 G A 15 0 1] 2 150 55.35 3.61E-50 y iSeq A A
BPLL_22|MYC missense MYC:MNM_002467:exon3:c. THETG:p.F383L. chr 1.23E+08 T G 242 1 0.41 S 126 45.43 6.50E-41 y iSeq A | 0.761143
BPLL_22|CACNAZD4 missense CACNAZD4:NM_172364: exont:c.4103C:p.I35L. chrl2 | 2027537 T G 106 0 a 54 43 44.33 3.02E-17 y iSeq 0.14 NA




Patient bB. bB. VAF bB. bB. VAF [S ic_p- Conf Conf Sift [Polyphe
D Gene Mutation Type |Mutation #Chr_|Position |BaseRef| BaseCalled | RefNorm | sAltNor |[Norma | RefTumor 3 Tumor value d (yin) method score | n score
BPLL_22|CD4 missense CD4:NM_000616: exonS:c. G5 11A:p. M1TIM. chr 6924062 G A 103 0 51 62 54.87 6.05E-24 y iSeq 0.23 i]
BPLL_. KIAAISSHCT20rf] frameshift deletion| C120rf35:MM_018169: erond: c.2353_2362del:p. 987_388del. chr 32136848 AAAC - 173 [i] 120 84 41.18 . T2E-27 y iSeq A A
BPLL_22|SETD1E frameshift insertion| SETD1B:NM_015048: exonS: . 1635_1636insT:p.P545fs. chr 1.22E+08 - T 46 0 47 42 47.13 . T4E-10 y iSeq A A
BPLL_22|CREEBP frameshift insertion| CREBBP:NM_004380: exon7:c.1640_1641insT:p.5547fs chrlg 383124 - A 73 0 36 45 55.56 9.67E-18 y iSeq A A
BPLL_22|PRKCB2 missense PRKCB:NM_212535: exonl:c.G87T:p.K23N chrl | 23847583 G T 73 2 25 36 2 36.84 9.21E-08 y iSeq A 0.998
BPLL_22|PRKCB1 missense PRKCBE:NM_212535: exon3: c.41054G:p. 53526 chrle | 2413529 A G 155 4 2.52 114 34 45.13 159E-23 y iSeq A 0.926
BPLL_22|SPATA20 missense SPATA20:MNM_022827:exonl0:c.AT138G: p.1380Y. chrl? | 48627936 A G 113 a [i] 65 42 9.25 6 y MiSeq 0.2 0.113
PLL_. CBLN2 missense CBLNZ:NM_182511:exon3:c.C331T:p. RITIC. chr1d | 70203065 G A s 1] 1] 48 44 47.83 S y MiSeq A 0.984
PLL_24|PPP1R21 missense PPP1R21:MM_152934: exon10:c.G3354:p.R312H chr. 48695263 G A 03 3 2.83 65 34 34.34 . 0 y MiSeq A 0.993
PLL_24|20BF2 missense ZDBF2:MM_020323:exon5:c.C2507T:p.PE36L. chr. 2.07E+08 c T 85 2 107 118 85 41.87 2.26E-26 n A MNA
BPLL_24|STAC missense STAC:NM_003143:exon2:c.G1884:p.RE30. chr3 | 36484332 G A 36 0 [i] 33 76 44.97 3.06E-31 y iSeq A 0.202
BPLL_24 |MRPS27 missense MRPS27:MM_015084: exon10:c.G8534:p. A285T. chrS 71513662 C T 114 1 0.57 83 7 24.55 1.06E-08 y NA-Seq 0.58 [i]
BPLL_24|'RNIP1 missense WRNIPT:NM_020135: exon2: c.A953C:p. K320T chrb 2763061 A C 53 0 0 21 £] 58 .99E-12 y iSeq+RNA-Seq | 0.1 0.712
BPLL_24|0PRK1 missense OPRK1:MM_000312:exond:c. GES3A:p. V2851 chr3 54142147 c T 223 3 133 123 92 42.73 2.07E-30 y iSeq 0.83 [i]
BPLL_24 |KIAA0020 missense KIAA0020:NM_014578: enon18:c.C1816T:p.LEOEF. chr3 2804462 G A 145 0 33 73 43.98 8.19E-25 y iSeq+RNA-Seq A 0.96
BPLL_24|ANP32B pnframeshift deletiq ANP32B:NM_006401: exonb:c.653_B655del:p.218_213del. chr3 101E+08] TGA = 0 0 S 22 24.44 5.53E-08 y iSeq+RNA-Seq A NA
BPLL_24 [ZNF334 missense ZNF334: 006354:exonS:c. T3434:p.C3155 chrl 35343935 T A 136 1] 138 80 36.7 1.06E-26 y iSeq+RNA-Seq .41 0.152
BPLL_24 |CTlorf74 missense CTlorf74:NM_138787:exon3:c.C262T:p.RBEC. chr 36654353 C T 3 2 174 6 BS 43.6. 6.04E-20 y iSeq A 0.987
BPLL_24|SYT12 missense SYT12:NM_001177880: exon3:c.G1034:p. A35T chr 66802184 G A 0 1 0.9 40 43 518 .02E-18 y iSeq A 0.157
BPLL_24|BIRC3 frameshift insertion| BIRC3:NM_182362: exon10:c.1643_164dinsG:p.L548fs chr 1.02E+08 - G 6 i [i] 33 6 14.04 7.50E-06 y iSeq A A
(BPLL_24 |MLL2/IKMT2D __ | frameshift deletion| MLL2:NM_0034582: exon13:c.4884delT:p. G1628s. chri2 | 43438606 C - 2 1 0.88 52 33 3167 8.67E-12 y iSeq+RNA-Seq A A
BPLL_24|PPMIH missense PPM1H:NM_020700:exonS:c.G341C:p.R314P. chrl2 | 63131235 o G 63 i 1] 67 13 2.03 5.08E-06 y MiSeq A A
PLL_24 |AHNAK2 missense AHNAKZ:MM_138420:exonT:c.AS4655:p.K1822R. chrid | 1.0SE+08 T c 123 6 4.44 130 34 0.73 1.82E-05 y RNA-Seq 0.12 A
PLL_24 |PMM2 missense PMM2:NM_000303: exonb:c. A462T:p. R1545. chriB 8905503 A T Ell 0 [i] 64 32 33.33 2.61E-11 y iSeq+RNA-Seq A 1
BPLL_24 |NFATC3 missense NFATC3:NM_173163: exonS:c. G1688T:p.RSE3I. chrl6 | 63200832 G T 243 0 0 261 58 18.18 2.65E-16 y iSeq+RNA-Seq A 1
BPLL_24|TPS3 missense TPS3:NM_000546: exonS:c.G334C:p. V1321 chrl? 7578536 T G 75 0 0 30 7 18.92 2.84E-04 y iSeq A 0.931
BPLL_24|TPS3 frameshift deletion| TPS3:NM_000546:exonS: c. 384delT:p. P128ts chrl? 7578546 G - 73 0 0 6 30 83.33 3.20E-21 y iSeq+RNA-Seq A A
BPLL_24|GRBET missense GRBT:MM_005310:exon5:c.G5234:p.G175R chrl? | 37833432 G A 39 1 0.42 281 67 13.25 9.66E-16 y iSeq A 0.843
BPLL_24 |PITPNC1 missense PITPMCTNM_012417: exon3:c. GES0A:p. A284T. chrl? | 65688855 G A 83 2 0.7 307 72 35.91 2.81E-38 y iSeq+RNA-Seq | 0.06 A
BPLL_24|2NF416 missense ZNF416:NM_017873: erond: c.C883G:p.P237A. chr13 | 58084383 G C 26 0 0 142 04 42.28 5.52E-36 y iSeq A 0.933
BPLL_24 [PTPRA missense PTPRA:NM_080840: exon13:c.A1040G:p.03475 chr20 3001380 A G 183 1 0.54 154 57 27.01 1.60E-16 y iSeq+RNA-Seq A 0.043
BPLL_24|RBL1 missense RBL1:MM_002835:exon13:c.42641T:p.5881C chr20 | 35646763 T A 208 0 [i] 70 26 3.27 2.73E-03 y iSeq A 0.93
BPLL_24 |PHACTR3 missense PHACTR3:NM_001133505: exon5:c.G547T:p. A1335 chr20_| 58342255 G T 112 1 0.88 03 30 22.56 2.96E-08 y iSeq .13 0.002
BPLL_24|SON1 frameshift deletion| SON:NM_032135: exon3:c. 3742delG:p. \V1248fs chr21 | 34925273 T - 205 0 74 47 1.27 2.87E-15 y iSeq A A
BPLL_24|S0ON2 missense SON:NM_032135: exon3:c.C3745G:p.P12434 chr21 | 34925282 C G 203 [i] 74 46 0.91 3.50E-15 y iSeq A 0.943
BPLL_24|TLR7 missense TLR7:NM_016562: exon3:c.CI17T:p.P306L. chrX 2304544 C T 308 16 347 932 20.96 S.78E-18 y iSeq A 0.244 |
BPLL_24|MAGEB16 stopgain SNV [MAGEB16:NM_001093321: exon2:c.GETIT:p.E227X. chrX | 35820332 G T 155 1 0.64 130 45 25.71 4.14E-13 y MiSeq 01 | 0.58003
PLL_24 |EFNE1 missense EFNB1:NM_004423: exon3:c. T431C:p. V164A. chrX | 63053531 T c 93 0 [i] 97 40 29.2 6.50E-11 y MiSeq A 0.997
PLL_27|SYPL2 ponframeshift deletid SYPL2:NM_001040703: exon6:c. 723_752del:p.241 251del. chrl 11E+08[CAGGAC] - 447 2 0.45 64 62 43.21 7.00E-45 y iSeq A MNA
BPLL_27|PPPIRIC missense PPP1R1C:NM_001080545: exon3:c.G151T:p.DSTY. chr2 1.83E+08 G T 46 0 [i] 43 27 38.57 9.65E-08 y iSeq A MNA
BPLL_27|GHRL missense GHRL:MM_001134341: exond:c. G307A:p. 003N chr3 10328412 c T 274 0 0 117 75 39.06 3.62E-34 n A 0.847
BPLL_27|SETDZ missense SETD2:MM_014153:exonf:c. T4730C:p.L1ST7P. chr3 | 47147536 A G 05 2 187 65 43 42.98 6.57E-15 y MiSeq+RNA-Seq A 1
BPLL_27|RNF180 missense RNF130:NM_D01113561: exon3:c. A161G:p. Q54R chr! 63507317 A G 46 0.68 76 73 43.93 6.43E-26 n A 0.017
BPLL_27|BTHN2A1 missense BTMN2A1MNM_078476:exon3:c.G247C:p.ES30 chrl 26453873 G C EE] 0.53 104 g4 44.68 9.75E-30 y RNA-Seq A 0.958
BPLL_27|ACATZ missense ACATZ:NM_005831 exond:c. G373T:p.A125S5. chrl 16E+08 G T 258 3 115 204 100 32.83 4.31E-27 n 0.32 0.223
BPLL_27[LIMK1 missense LIMK1:MNM_002314: exonb:c.CE17T:p.P206L chr 73520213 C T 36 0 [i] 76 30 54.22 8.12E-31 y iSeq+RBNA-Seq [ 0.03 0.02
BPLL_27[EcH2 missense EZH2:NM_152338: exon13:c. A2102G:p.ET01G chrT 1.43E+08 T C 75 1 0.57 72 54 42.86 2.84E-23 y iSeq+RNA-Seq A 0.933
BPLL_27|IKBKB missense IKBKB:NM_001130720: exonb:c. AS06T:p.K163M chi§ | 42163835 A T 45 0 0 36 33 28.89 .53E-14 y iSeq+RNA-Seq A 0.973
BPLL_27|SCAl missense SCALNM_173630: exon15:¢.C1321T:p.P4415 chrd 1.28E+08 G A 203 3 142 06 117 52.47 1.03E-38 y iSeq+RNA-Seq A 0.933
BPLL_27|FADS3 missense FADS3:NM_021727: exonS:c.G703A:p. W235M. chril | 61646028 C T 226 g [i] 00 35 48.72 1.36E-39 y iSeq+RNA-Seq A 0.977
BPLL_27|LMOT missense LMOT7:NM_015842: exonTl:c.G18554:p. DE13N chrl3 | 76335653 G A 337 7 2.03 40 103 43.78 9.01E-40 y iSeq A 0.98
BPLL_27[CHD3 missense CHDS:NM_020320:exon38:c.A6517C:p.52173R chrld 21354164 T G 61 4 151 04 g5 44.37 2.05E-33 y iSeq+RNA-Seq A A
PLL_27|RBM25 frameshift deletion| RBM25:NM_021233: exon1t:c.1134_1135del:p. 395_333del. chrld | 73572606] AG - 03 2 13 55 28 33.73 1.05E-03 y RNA-Seq A A
PLL_27|RYR3 missense RYR3:NM_001243336:ex0on88:c. T12473C:p.L4160P chrlS | 34130675 T c 43 0 0 83 76 46.06 6.04E-26 y iSeq A B
BPLL_27|CSK missense CSK:NM_004383:exont:c.GI53A:p.R318H chrlS | 75034101 G A 40 0 [i] 01 67 39.88 116E-21 y iSeq+RNA-Seq A 1
BPLL_27|SREBF1 frameshift deletion| SREBF1.MM_001005231:exon3:c.283delG:p.D35fs chrl? | 17723734 G - 202 3 146 64 73 53.28 S.15E-32 y iSeq A MNA




nbBases | nbBas | VAF |nbBases |[nbBase VAF S ic_p- | Confi Confi i Sift  |Polyphe

Gene Mutation Type |Mutation #Chr_|Position |BaseRef| BaseCalled | RefNorm | esAltN | Norm | RefTumo s Tumor value d (yin) method score | nscore
L_ APK4 missense APK4:NM_002747:exon2:c.G1224:p.R410. chrlg 48130450 G A 431 3 0.61 163 142 46.56 3.56E-66 y iSeq 0.61 0.08
L_27 [I2UMD4 missense IZUMO4:NM_001033846: exon3:c. G533A:p. R138K. chr1d 2033013 G A 33 0 1] 66 46 41.07 3.93E-15 y iSeq+RNA-Seq 01 0.08
L_27 |ICAM1 missense ICAMT:NM_00020T:exon:c. C1361T:p. T4541. chr1d 10335633 [ T 98 0 1] 43 38 46.91 163E-16 y iSeq+RNA-Seq A 0.938
L_27 |EMR2 missense EMR2:NM_152313: exon13:c.G13034:p. V437 chri3 14566540 [ T 306 0 [i] 133 Ell 40.62 170E-40 n 0.315
L_30 |CSMD2 missense CSMD2:MM_052836: exonbS:c.GI808T:p.G3270W. chr 33930638 [ ) 165 2 12 53 S0 45.87 T.79E-22 y iSeq A 0.648
L_30 | ADAM30 missense ADAM30:NM_021734: exonl.c.C1396A:p.L46EL. chr 1.2E+08 G T 123 1 0.77 63 63 52.27 .00E-25 y iSeq A 0.933
L_. FASC missense FASC:NM_001005388: exon18:c.G13304A:p. VE44M. chr 2.05E+08 G A 135 1 0.74 64 58 47.54 4.36E-22 y iSeq A 0.921
L SHE missense SHE:NM_000179:exont.c.C71T:p. 524L. chr2 43010443 [ T 302 2 0.66 143 130 46.53 .0SE-47 y iSeq+RNA-Seq .22 0.008
L_. DES missense DES: 001927:exon.c.CEST:p.P22L. chr2 2.2E+08 C T 142 7 4.7 59 64 52.03 5.56E-20 y iSeq A 0.43725
L_30 |SETDZ frameshift insertion | SETD2:NM_014153: exon3:c.2628_2623insAG:p. S876s. chr3 47163433 - CcT 126 0.79 54 45 34.88 110E-14 y iSeq+RNA-Seq A A
L_30 |TET2 frameshift deletion | TETZ:NM_001127208:exon3:c.4179_4182del:p. 1393_133ddel. chrd 1.0BE+08[TGGGCT] - 56 0 1] 64 33 34.02 2.53E-08 y iSeq A MNA
L_30 |ILEST missense LEST:NM_001130381. exonl6:c. T23020G:p. STEEA chiS 55237182 A [5 23 0 [i] 5 5 54.55 4.88E-06 y iSeq+RNA-Seq 0.3 0.588
L_30 |MYOT missense MYOT:NM_006730:exon:c. 41284C:p.E4280 chrS 1.37E+08 A 5 73 2 2.67 50 0 44.44 5.40E-11 y iSeq NA 0.465
L_30 |FZ06 missense FZ06:NM_001164615: exond:c. AN7IC:p. L333F chrg 1.04E+083 A [5 01 4 195 132 105 44.3 2.45E-29 y iSeq NA 0.853
L_30 |COL27A1 missense COLZ27A1NM_032888: exon10:c.C2237T:p.PT46L. chrd L17E+03 C T 46 0.68 84 1 45.81 4.30E-24 Y iSeq 0.03 1
L_30 | ABLIM1 missense ABLIM1ENM_002313:exond:c.CES0T:p.P2T7L chri0 . 16E+08 G A 08 0 [i] 37 3 24.22 §.67E-10 y iSeq NA 0.004
L_30 |ORSTET missense ORSIETNM_152430:exon2:c. T18G:p. NEK. chr 4673774 T G 37 2.63 8 18 50 165E-06 y iSeq NA 0.264
L_30 |SORL1 missense SORL1NM_003105:exon25:c.C3514T:p.R1172C. chr .21E+08 C T 214 2 0.93 120 79 33.7 3.36E-27 y iSeq 01 0.333
L_. TMPO missense TMPO:NM_003276:exond:c.C1025T:p.P342L. chri2 98927060 C T 33 0 [1] 54 64 54.24 1.57E-21 y iSeq+RNA-Seq 0.08 1]
L_. BNIP2 missense BNIPZ:NM_004330:exonb:c. ASBEG: p.M236V. chr1S 53364555 T [ 100 3 291 68 23 23.9 7.00E-08 y iSeq+RNA-Seq MA 0.904
L_30 |CHD2 frameshift deletion |CHD2:NM_001271:exon33:c.4160_4178del:p.1387_1333del. chrlS | 93545423|AAAAAAN - 584 118 45 40 47.06 S.70E-14 y iSeq+RNA-Seq
L_30 | TPS3 missense TPS3:NM_000546: enon:c. TE2dA:p.L 2750 chrl? 7577114 C T 32 108 2 46 95.83 155E-33 y iSeq+RNA-Seq NA 1
L_30 | JUP missense JUP:NM_021331.exontc.C1853T:p. AB18Y chri? 39913357 G A 03 0 [i] 42 53 55.79 4.78E-23 Y iSeq+RNA-Seq NA 0.838
L_30 | ZNF134 missense ZNF134:NM_003435:exon3:c.AB03G:p.Y268C. chr1d 558132230 A G 105 0.9¢4 53 53 52.68 116E-20 y iSeq+RNA-Seq 0.18 0.357
L_32 |TPT3 missense TP73:NM_001204130:exon3:c. G4E6A:p. E156K chr 3638768 G A Ell 0 1] 27 23 46 6.83E-13 y iSeq A 0.036
L OTCHZ2 stopgain SNV OTCH2:MM_024408:exon34:c. AB337T:p.K2133X. chr 1.2E+08 A 93 0 [i] 63 g2 54.67 113E-37 y iSeq+RNA-Seq A 0.73513
L_32 |MYD83 missense MY D38:NM_002468: exond:c. TEISC:p.M232T chr3 38182253 [ 47 0 1] 65 141 67.46 3.91E-47 y iSeq+RNA-Seq A 1
L_32 |DROSHA missense DROSHA:NM_013235: exon25:c. T3140C:p.L 10475 chrS 31431688 A G 222 0 1] 126 121 48.93 . 32E-42 y iSeq+RNA-Seq A A
L_. TTC1 onframeshift deletiof TTC1:NM_003314: exond: c.864_866del:p.285_283del. chiS 153E+08| AAT - 82 0.55 36 50 34.25 .80E-13 Y iSeq+RNA-Seq A A
L_32 | DNAHT missense DMAHTLVITSA chr? 21633655 T [o 250 0 1] 108 116 51.56 .28E-47 y iSeq A A
L_32 | TNFRSF10C onframeshift deletiof TNFRSF10C:NM_003841: exonS:c.641.685del:p.214_223del. chrg 22374405|GCCCCAG - 31 0 [i] 2 37 94.87 .39E-18 n A A
L_32 |PLEC missense PLEC:NM_201383:exon14:c.C1670T:p. ASSTY chg 1.45E+08 G A 243 0.41 95 63 41.32 .S1E-30 y RMA-Seq A 0.66752
L_32 |PARD3 missense PARD3:NM_001184787: enon:c. G338A:p.R3330 chrld | 34673075 [ T m 0 1] 55 52 48.6 .83E-20 y iSeq A 0.933
L_32 [ARAP1 missense ARAPTNM_001040118: exonld:c.G1392C:p chr 72415137 [ G 158 0 i} 45 45 S0 .5SE-24 Y iSeq .12 0.05
L_. PDZD3 missense PDZD3:NM_001168468: exon3:c.G100A:p. E34K chr 1.19E+08 G A 13 2 0.9 102 91 47.15 4.56E-34 Y iSeq A 0.623
L_32 |PUSTL missense PUSTL:NM_001038615:exonT:c.C1483T:p.RASTC chr 44130420 G A 06 2 185 El 48 28.74 4.98E-10 y NA-Seq A 1
L_32 | TENC1 missense TENCTNM_170754: exoni8:c.C1324T:p.RE42C chr 53453343 [ T 227 0 a 160 80 33.33 3.25E-27 y iSeq A 0.333
L_32 |NCKAPIL missense NCKAPL:NM_001184376: enon:c.C422T:p. T141| chr 54303513 [ T 103 0.91 106 S0 32.05 135E-12 y iSeq+RNA-Seq .41 0.28
L_32 |NdBP2L2 missense MN4BPZLZ:NM_033111.exonT:c. A1443T:p. K4B3N. chri3 33017225 T A il 0 0 38 44 53.66 110E-21 y RNA-Seq A A
L_32 | ATP10A missense ATP10A4:NM_024430: exonl0:c.G21644:p. W 722M. chr1S 25353001 [ T 314 0 1] 128 7 47.76 154E-51 y iSeq A 0.971
L_32 |UBR1 missense UBR1:NM_174316: exon22:c. T2408G:p. VB03G. chrlS 43313338 A [ 118 0 1] 55 51 48.1 S5.96E-21 y iSeq+RNA-Seq A 0.952
L_32 |BERCA1 missense BRCATNM_007234:ex0n10:c.C2317T:p.PT735 chri? 41245231 G A 333 3 2.53 150 137 47.74 5.99E-46 y iSeq .06 0.236
L_32 |KIF2B missense KIF2B:NM_032553: exont.c.C547A:p. P163T. chrl? 51300341 [ A 404 3 0.74 184 127 40.8 9.46E-50 y iSeq A 0.033
L_32 |ACTG1 missense ACTGLNM_001133354: enonZ:c.CS6A:p.A190 chrl? | 73473325 G T 277 0 1] m 1z 50.22 5.24E-43 y iSeq+RNA-Seq A 0.443
L_32 | ANKRD12 missense ANKRD12:NM_015208: exon3:c. T3054A:p. D1018E chr1g 9256319 T A 58 0 a il 24 25.26 3.01E-06 y RMA-Seq A 0.93
L_32 |MATK missense MATK:NM_139354:exon7:c.CST1G:p.L131V chr1d 3781653 G [o 166 2 119 67 43 42.24 3.07E-20 y iSeq 0.46 0.001
L_32 |GPRT12 missense GPR112:NM_153834: exon21.c.C844dA:p. AZG1SE. chr. 135E+08 [ A 43 0 1] 0 44 100 7.62E-26 y iSeq NA 0.754
L_33 |DPYD stopgain SNV | DPYD:NM_000110:exonTtc. A1252T:p. K418X. chr 98033403 T A 529 0.13 93 34 48.7 5.72E-62 y iSeq 0.56 | 0.66176
L_33 |LRIF1 missense LRIF1:NM_018372: exond:c. A1957G:p. 1653V chr 11E+08 T [5 12 0 [i] 51 4 44.57 2.16E-25 y iSeq+RNA-Seq 1 a
L_. SMGS missense SMGS: 015327 exon18:c.G26364A:p.RETIH. chr .S6E+08 C T 77 0 0 63 34 35.05 5.37E-18 y iSeq+RNA-Seq A 0.976
L_33 |IL1RL1 missense IL1RL1:NM_016232:exonl.c.513284:p.R4430. chr2 .03E+03 G A 228 3 13 22 26 54.17 2.68E-20 y iSeq A 1
L_33 | SF3B1 missense SF3B1NM_012433:exon1S:c. AZ038G:p. KTOOE. chr2 . 95E+03 T [5 158 0.63 25 30 54.55 2.28E-20 y iSeq+RNA-Seq A 0.933
L_. AFF4 missense AFF4:NM_014423:exon3:c.C457T:p.R153C. chrS . 32E+08 G A 205 0.49 22 21 48.84 .22E-17 y iSeq+RNA-Seq A 1
L UCT? missense UCT7:NM_001040105: exon3:c.CS138T:p. TIT131. chr? 1.01E+08 C 432 0 [i] 61 42 40.78 B1E-34 y iSeq A 0.25442
L_. ET missense ET:NM_000245:exon2:c.GINT:p.R304| chr? 1.16E+08, G 433 0.23 80 1 47.02 10E-47 y iSeq A 0.933
L C missense C:NM_002467: exon2:c.C482T:p.S161L. chrd 1.29E+08 C 523 2 0.38 44 44 50 4.33E-40 y iSeq+RNA-Seq A 0.383




Patient nbBases | nbBas | VAF |nbBases |nbBase | VAF [Somatic_p- [Confirme | Confirmation Sift  |Polyphe
D Gene M Type |M #Chr_|Position |BaseRef| BaseCalled | RefNorm | esAltN | Norm | RefTumo s Tumor value d (yin) method score | nscore
BPLL_33 [COLSA1 missense COLSATNM_000093:ex0n65:¢.C5233T:p. RT7ESC. chr3 138E+08) C T 260 6 2.26 63 43 43.75 107E-23 y iSeq A | 0.77514
BPLL_33 |DDB1 missense DOB1.NM_001323:ex0n21..C2660T:p. TBETM. chr 61076456) G & 79 0 0 16 6 50 T.37E-11 y RhA-Seq A 0.031
BPLL_33 [FAT3 missense FAT3:NM_00100878 1 exonf:c.G4277A:p. R1426K. chr 92507288 G A 325 0.31 86 62 41.83 4.34E-35 y iSeq 1 NA
BPLL_33 |NCOR1 stopgain SHY | NCORT.NM_001130440:exon36:c.C5453G:p. 51820% chrl? 15965185 G C 132 0.75 23 28 43.12 140E-16 y iSeq+BNA-Seq | 0.08 | 0.73546
BPLL_33 [SMGS missense SMGE:NM_018143:ex0n3:c. T2665A:p.LEIL. chii? | 57230843 T A 202 0.43 38 Kl 44.93 177E-20 y iSeq+RNA-Seq NA 0.363
BPLL_33 [SLC3346 missense SLC33A6:NM_012313:er0n2:c.53234:p.RTI0H. chrld | 33706642 C T 313 0.32 75 19 20.21 2.74E-12 y RhA-Seq 0.2 | 0.33535
BPLL_33 [ECOR missense BCOR:NM_001123385:exon10:c. A43760: p.N14535. chid | 33321444 T C 47 0.68 28 24 46.15 141E-15 y iSeq+hNA-Seq & 0.92
BPLL_34 [UBR3 missense UBR3:NM_172070:exon23:c.A34685:p. 1156M. chr2 1TE+08] A G 463 12 2.53 203 200 48.9 1.20E-65 y SeqtRNA-Seq A 0.82
BPLL_34 [PGM2 missense PGM2:NM_018230: exon6:c. T554G:p. 1855, chrd 37841716 T G 245 3 121 226 23 137 9.38E-07 y A-Seq A 0.336
BPLL_34 [ZS'IME missense 25WIMB:NM_020328: exon:c.C1315G:p.LE3IV. chi5 | B0825356] C G 7 3 5.83 44 46 S1.11 3.44E-13 y RNA-Seq 0.1 NA
BPLL_34 [TINAG missense TINAG:NM_01446¢:exonT.c.G1024A:p. V3421, chib 54214638) G A 130 3 2.26 78 2 54.12 5.95E-26 y iSeq 0.4 0
BPLL_34 [FAMI20B missense FAMI208:NM_032448: exon2:c. T1213A:p.5405T. chib 1.71E+08 [y 28, 0.35 324 38 0.5 2.23E-09 y RN&-Seq & 0
BPLL_34 |[OCM missense OCM:NM_001097622: exon2: c. TEIC:p.F30S. chi? 5322151 C 25, 4 156 126 126 50 S.34E-42 y iSeq A 1
BPLL_34 [PGAMZ onframeshift deletiof PGAM2:NM_000230:exont:c.314_316del.p. 105_106del. chi? 44104813) GGC - 33 3 4.32 i 63 47.92 1.96E-13 y RNA-Seq A NA
BPLL_34 [MLLT3 onframeshift deletiof MLLT3:NM_004523:exonS:c.502_504del:p. 165_168del. chrd 20414340) CTA - 05 0 0 60 42 4118 S.41E-16 n A &
BPLL_34 [DDIT4 missense DDIT4:NM_013058: exon3:c.C2T1T:p. HITY. chrid 74034518 [ T 226 El 3.83 130 137 51.31 5.22E-36 y iSeqtRNA-Seq 0.29 0.653
BPLL_34 |DOCK1 missense DOCK:NM_001380: exon10:c.GI10A:p. V3041, chri0 129E+08] G A 162 0 0 il Fil 50 1.20E-23 y iSeq A 4
BPLL_34 [KRT3 missense KRT3:NM_057088: exont.c.G2514:p.R840. chri2 53189576 C 1C) 8 5.37 62 7 55.4 2.79E-22 y iSeq A A
BPLL_34 [PIWIL1 missense PIWILT.NM_004764:exonif:c.C1921T:p.RE4 1w chri2 131E+08] C 148 3 193 7 51 39.84 4.82E-17 y iSeq A 0.385
BPLL_34 [TMEMB3C missense TMEMB3C:NM_020431exon8:c.G5154:p.R1720. chiid | 77633816 G & 63 4 5.97 41 33 44.53 7.04E-08 y RhA-Seq A NA
BPLL_34 [CILP missense CILP:NM_003613:ex0n3:¢.C27295:p. A310G. chrls | 65483835 G C 227 3 2.58 123 140 53.23 6.60E-41 y iSeq 0.48 0
BPLL_34 |TP53 missense. TP53:NM_000546:exon7:c. TT07G:p. V236G chrl? 75775Td] T C 224 4 175 0 39 100 7.66E-80 y MiSeq+RNA-Seq NA 0.933
BPLL_34 |FYCR1 missense PYCR1NM_153824: exond:c.GS08A:p.\170I chrl? | 79892834| C S5 0 0 33 51 S6.67 9.84E-15 y iSeq+RNA-Seq 0.1 0.014
BPLL_34 [LAMA1 missense LAMATNM_005553:exonS0:c.G70734:p.R2360H. chrid 6365403 C 432 1 213 256 203 44.23 3.78E-63 y MiSeq A 0
BPLL_34 |ADNP2 missense ADNP2:MM_014313:ex0nd:c.C3145T:p.R1043C. chrld | 77896441 C 105 2 187 61 27 30.68 6.03E-09 y iSeq A 0.334
BPLL_34 |SPTBN4 missense SPTBMd:NM_020971exon4:c.C18524:p. RE1ES. chr1d 41018548) C A 52 0 0 13 16 45.71 3.43E-08 y MiSeq A 1
BPLL_34 |LTN1 missense LTN1NM_015565: exon23:c.A4263T:p.E14230. chi2l | 30316078 T & 213 7 2.45 127 110 46.41 8.10E-37 y MiSeq+RNA-Seq 0.6 0.008




Table S7. Fusions detected by RNA-Seq. The coordinates refer to the hgl9 reference genome.

Number of | Strand orientation . i Corresponding
. . Confirmation .
Patient ID ChrA Gene A Band ChrB Gene B Band spanning (forward:f / by RT-PCR abnormalities by
reads reverse:r) karyotype

BPLL_32 |(chr13:114514709 FAM70B exon 8 13q34 chr13:114536552 GAS6 intron 2 13g34 161 rr ND

BPLL_34 |chr10:104161003 NFKB2 exon 19 10g24.32 | chr10:105232917 | CALHM3 3'UTR exon 3| 10q24.33 676 fr ND

BPLL 27 |chr14:106213663 IGHG1 14g32.33 | chr8:128750494 MYC intron 1 8q24.21 20 rf ND 1(8;14)(q24;q32)

BPLL_30 |chr8:127794677 PVT1 intron 1 8q24.21 | chr22:22792944 IGLV4-69*01 22q11.22 11 ff yes 1(8;22)(q24;q11)

BPLL_4 | chr8:128078031 PVT1 intron 5 8g24.21 | chr22:22888886 IGLL5 intron 1 22q11.22 38 ff yes t(8;22)(q24;q11)

BPLL_30 |chr10:93558648 TNKS2 intron 1 10923.32 | chr14:78177178 SLIRP intron 1 14q24.3 18 ff ND

BPLL 5 chr3:75832457 ZNF717 exon 2 3p12.3 chr18:56686740 no gene 18q21.32 16 rf ND der(18), add(3)(p22)

ND: not done




Table S8. Quality control data for WES.

% Targeted exome| % Targeted exome
covered byat | covered by at least
Patient ID [Fraction Total reads |%Unmapped|Mean depth least 1 read 10 reads

BPLL 1 [CD19+/CD5+ 1.48E+08| 0.12137 106 x 91.62 86.179
BPLL_1 |CD3+ 1.82E+08| 0.032739 146 x 91.671 88.545
BPLL 4 |CD19+ 1.45e+08| 0.041366 95 x 87.118 80.568
BPLL 4 |CD3+ 2.01E+08| 0.069637 109 x 89.508 84.935
BPLL 5 |CD19+ 1.54E+08 0.5213 94 x 89.387 81.924
BPLL 5 |CD3+ 2.23E+08| 0.50716 119 x 91.843 87.29

BPLL 6 |CD19+ 1.65E+08| 0.043966 129 x 91.641 87.596
BPLL_ 6 |CD3+ 1.80E+08| 0.067951 119 x 91.672 87.647
BPLL 8 |CD19+ 1.02E+08| 0.022356 54 x 91.552 80.11

BPLL 8 |CD3+ 1.59E+08| 0.02019 105 x 91.855 87.253
BPLL_10 |CD19+/CD5+ 2.86E+08| 0.031002 107 x 91.578 89.399
BPLL 10 |CD3+ 1.59E+08| 0.029828 121 x 91.54 88.282
BPLL 13 |CD19+ 1.53E+08| 0.043803 122 x 91.514 86.481
BPLL 13 |CD3+ 1.79e+08| 0.037851 130 x 91.692 88.968
BPLL_18 |CD19+/IGK+ 1.84E+08| 0.022249 98 x 91.829 87.161
BPLL 18 |CD3+ 9.57E+07| 0.021504 69 x 91.728 83.383
BPLL_19 |CD19+ 1.22E+08| 0.021803 86 x 91.71 85.768
BPLL 19 |CD3+ 1.95E+08| 0.042149 131 x 91.705 86.44

BPLL 22 |CD19+ 1.74E+08 0.2666 116 x 88.184 80.881
BPLL 22 |CD3+ 1.58E+08| 0.46315 92 x 88.921 81.941
BPLL 24 |CD19+/IGK+ 1.76E+08| 0.042913 117 x 86.75 79.931
BPLL 24 |CD3+ 1.71E+08| 0.060721 103 x 87.321 81.548
BPLL 27 |CD19+ 1.61E+08| 0.040653 127 x 91.645 88.275
BPLL 27 |CD3+ 1.88E+08| 0.041159 143 x 91.574 86.851
BPLL_30 |CD19+/CD5+ 1.12E+08| 0.019185 89 x 91.463 85.493
BPLL 30 |CD3+ 1.06E+08| 0.021597 88 x 91.396 84.335
BPLL 32 |CD19+ 1.30E+08| 0.04556 97 x 91.578 86.2

BPLL 32 |CD3+ 1.43E+08| 0.038769 108 x 91.615 87.074
BPLL 33 |CD19+/CD5+ 1.12E+08 0.0185 51x 91.319 78.561
BPLL 33 |CD3+ 1.87e+08| 0.020833 129 x 91.837 89.375
BPLL_34 |CD19+/IGK+ 1.35E+08| 0.016767 94 x 91.781 85.962
BPLL 34 |CD3+ 1.58E+08| 0.01649 99 x 91.833 86.756
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Figure S1. Somatic variants in coding regions identified by WES in 16 patients with B-PLL. A.
Numbers and types of somatic mutations identified in each patient. The median number of somatic
mutation was 20 per patient (range: 12-30). B. Distribution of the 309 somatic mutations identified in
the 16 patients with B-PLL. The most frequent alterations were somatic missense mutations (n=266,
86%) and insertions/deletions (n=29, 10%). C. Distribution of base changes, with transitions in purple
and transversions in blue.
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Article 3

The complex karyotype and chronic lymphocytic leukemia:

prognostic value and diagnostic recommendations.

American Journal of Hematology, 2020; 95:1361-1367. Critical Review.

Les anomalies du gene TP53 (délétion/mutation) et le statut mutationnel du géne IGHV
sont les deux marqueurs pronostiques utilisés a I'heure actuelle en pratique clinique
pour orienter la décision thérapeutique. A linstar de nombreuses hémopathies
myéloides, la mise en évidence d’un caryotype complexe est de plus en plus

communément admise comme un facteur pronostique péjoratif dans la LLC.

Dans cette revue, nous avons cherché a synthétiser les connaissances actuelles sur

'impact pronostique du caryotype complexe dans la LLC.

Dans la LLC, le caryotype complexe a été associé avec une réduction de la survie
globale dés 1985 (Juliusson et al., Blood, 1985), ce qui a été confirmé par de
nombreuses études ultérieures. Une réduction du temps au premier traitement a
également été rapportée. De plus, les patients porteurs d’un caryotype hypercomplexe
ont été décrits comme ayant une survie globale et un temps au premier traitement
encore diminué par rapport aux patients ayant un caryotype complexe (Baliakas et al.,
Blood, 2019).

La question de l'indépendance de ce paramétre vis-a-vis des autres facteurs de
mauvais pronostic que sont la dell7p, la delllq et le statut IGHV non muté reste
sujette a débat. Cependant, Puiggros et al. ont montré que les patients porteurs d’un
caryotype complexe sans anomalie de TP53 ni dATM avaient tout de méme un
pronostic défavorable (Puiggros et al., Oncotarget, 2017). Des observations similaires
ont été faites en présence d’'un caryotype complexe chez des patients présentant par
ailleurs une dell3q sans anomalie 17p/11q, ou encore un statut IGHV muté (Baliakas
et al., Am J Hematol, 2014). Enfin, le caryotype complexe a été rapporté comme
aggravant le pronostic déja défavorable des patients porteurs d’anomalies de TP53
(Blanco et al., Oncotarget, 2016 ; Chapiro et al., Am J Hematol, 2018).
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Le caryotype complexe a été décrit a plusieurs reprises comme associé a des survies
globale et sans progression plus courtes apres traitement par immunochimiothérapie
(fludarabine-cyclophosphamide-rituximab) (Le Bris et al., Hematol Oncol, 2017 ;
Badoux et al., Blood, 2011). Les résultats sont plus contrastés apres un traitement
ciblé par inhibiteur de Bruton tyrosine kinase (ibrutinib) : certaines études mettant en
évidence une réduction de survie globale et sans progression (Thompson et al.,
Cancer, 2015 ; Woyach et al., J Clin Oncol, 2017), et d’autres non (Kipps et al., Clin
Lymphoma Myeloma Leuk, 2019). De méme, I'étude de l'impact du caryotype
complexe sur la survie aprés traitement par inhibiteur de BCL2 (vénétoclax) a produit
des résultats a ce jour contradictoires (Anderson et al., Blood, 2017 ; Mato et al.,

Haematologica, 2018), et nécessitera une réévaluation avec davantage de recul.

A défaut de recommandations claires de I'lISCN (International System for Human
Cytogenomic Nomenclature), la définition du caryotype complexe n’est pas universelle
et peut ainsi varier d’'une étude a l'autre. Afin d’'uniformiser cette définition, nous avons
proposé des recommandations pour le comptage des anomalies chromosomiques de
nombre et de structure, applicables pour I'ensemble des hémopathies myéloides et
lymphoides. Sur la base de ce compte, on définit un caryotype complexe en présence

de 3 ou 4 anomalies. A partir de 5, on parlera de caryotype hypercomplexe.

Discussion

Bien que le concept de caryotype complexe soit utilisé par cliniciens, biologistes et
chercheurs depuis plusieurs décennies, I'absence de définition consensuelle
internationale explique certaines divergences entre les études, ce qui pourrait altérer
leur comparabilité. Pour pallier cette difficulté, nous avons proposé une méthode de
comptage standardisée. Le concept de caryotype hypercomplexe est plus récent, et
de nombreux auteurs ne les distinguent pas des caryotypes complexes. Pourtant, de
plus en plus d’études récentes viennent appuyer I'idée d’'un impact pronostique encore

plus péjoratif des caryotypes hypercomplexes au sein des caryotypes complexes.
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Il semble clair que la présence d'un caryotype complexe voire hypercomplexe
constitue un facteur de mauvais pronostic dans la LLC, en raison d’un intervalle de

temps au premier traitement plus court et d’'une survie globale diminuée.
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1 | CHRONICLYMPHOCYTIC LEUKEMIA

Chronic lymphocytic leukemia (CLL) is the most common form of leu-
kemia among adults in Western countries. The leukemic monomorphic
small mature B cells in CLL co-express CD5 and CD23. The disease is
typically diagnosed at an early stage and is then monitored in the
absence of treatment until the symptoms worsen. The Rai and Binet
clinical staging systems are used?? to decide when to initiate treat-
ment. At present, allogeneic stem cell transplantation is the only
potentially curative treatment option for CLL. The most commonly
administered cancer treatments include chemoimmunotherapy (such
as fludarabine, cyclophosphamide plus rituximab (FCR), bendamustine
plus rituximab (BR), and rituximab plus chlorambucil), Bruton tyrosine
kinase (BTK) inhibitors, and B-cell leukemia/lymphoma-2 (BCL2) inhib-
itors. Until now, the only prognostic parameter used to choose
between chemoimmunotherapy or targeted therapy is TP53 gene sta-
tus (17p deletion/TP53 mutation). Indeed, TP53 disruption is the
strongest predictor of refractoriness to chemotherapy. The mutational
status of the IGHV gene is also a known prognostic marker that helps
clinicians to fine-tune the treatment of CLL. The clinical outcome is
worse for patients whose CLL cells use an unmutated IGHV gene, rela-
tive to those whose CLL cells use a mutated IGHV gene.3'4 However,
IGHV3-21 gene usage (in stereotype subset 2) may be associated with
a poor prognosis, independently of the IGHV mutational status.>¢

Among patients lacking TP53 disruption, individuals carrying mutated

Elise Chapiro? |

Chromosomal abnormalities are frequently observed in patients with chronic lympho-
cytic leukemia (CLL) and have prognostic value. Deletions of the short arm of chro-
mosome 17 (and/or mutations TP53) predict resistance to chemoimmunotherapy and
shorter progression-free survival after targeted therapies. Although the complex kar-
yotype (CK) is strongly predictive of a poor prognosis in hematologic malignancies
such acute myeloid leukemia or myelodysplastic syndrome, its value in CLL is subject
to debate. Here, we review the literature on the CK in CLL and examine its prognos-
tic value with different treatments. We also propose a standardized method for

defining a CK in all types of hematopoietic neoplasm.

IGHV genes experience a longer-lasting response to FCR than those
with unmutated IGHV gene’; hence, the latter may benefit more from
targeted therapy. A large number of recurrent gene mutations have
been discovered in patients with CLL since 2011,%? however, none of
these mutations have clear prognostic value. It has been reported that
NOTCH1 mutations reduced the benefit of adding rituximab (anti-
CD20) to fludarabine.'® Pozzo et al. have shown that NOTCH1 muta-
tions in CLL are associated with low CD20 expression, and with rela-
tive resistance to anti-CD20 immunotherapy in vitro.'!

Although the prognostic value of TP53 and IGHV markers is well
established, a growing number of studies performed over the past
10 years have highlighted the prognostic and predictive value of the
complex karyotype (CK) in CLL. A recent analysis of a very large
cohort has again raised the question of whether or not the CK should
be incorporated in the risk stratification algorithm for CLL in routine
clinical practice.r? The objective of the present review was to assess
the prognostic value of a karyotype analysis and the CK in the man-

agement of CLL.

2 | THE KARYOTYPE AND B CELL
STIMULATION

Given that B cells have a low proliferation index, the first chromo-

somal abnormalities in CLL were only detected in the 1980s.237 A
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broad range of mitogens have since been used to stimulate CLL B
cells; for example, the use of 12-O-tetradecanoylphorbol-13-acetate
(TPA) led to the detection of clonal aberrations in 40% to 50% of CLL
cases.'® Since 2006, stimulation with CpG oligodeoxynucleotides
(CpG-ODN) and interleukin 2 permit detection of clonal aberrations in
about 80% of cases of CLL.2""2* Improved cytogenetic techniques in
CLL have prompted renewed interest in the karyotype in this setting.

3 | CHROMOSOMAL ABNORMALITIES
IN CLL

Although no specific chromosomal abnormalities have been observed
in CLL, the disease does appear to have a particular cytogenomic pro-
file. A number of recurrent aberrations have been characterized by
karyotyping, fluorescence in situ hybridization (FISH), comparative
genomic hybridization (CGH), single nucleotide polymorphism (SNP)
arrays, and other molecular analyses. The four classical abnormalities
are deletions of the long arm (q) of chromosomes 13 (55%) and
11 (6%-20%), deletion of the short arm (p) of chromosome 17 (found
in 5%-8% of chemotherapy-naive patients with CLL), and trisomy
12 (11%-25%).2%2% In 2000, Déhner et al. published a hierarchical
model based on four FISH probes: 17p deletion and 11q deletion
were associated with a poor prognosis, 13q deletion was associated
with the best prognosis when it was the sole anomaly present, and tri-
somy 12 was associated with an intermediate prognosis.?? Other fre-
quent, recurrent abnormalities in CLL include 6q deletion (5%)?%22
and 2p gain (5%-16%).2%2425 Lastly, recurrent but rare (<5%) abnor-
malities include 8q gain, 14q deletion, t(14;19)(q32;q13), t(14;18)(q32;
q24), t(8;14)(q24;932), 8p deletion, 15q deletion, trisomy 18, and tri-
somy 19.2%

4 | THE CK: DEFINITION AND FREQUENCY

The International System for Human Cytogenomic Nomenclature
(ISCN) does not currently define a CK. The complexity of a karyotype
is defined by its negative prognostic impact on a disease, as described
in myelodysplastic syndromes and in acute myeloid leukemia.?%2”
Another aspect relates to how the chromosomal aberrations are coun-
ted; again, this is not specified in the ISCN and is not always clearly
explained in research publications. With regard to a CK, some
researchers count only the abnormalities present in the same clone
and other researchers count only “unrelated” cytogenetic abnormali-
ties, but do not clearly explain these options or cite a reference [28,
29]. We consider that a simple, standardized procedure for counting
chromosomal abnormalities according to the ISCN would be of great
value not only for CLL but also for all other hematologic malignancies.
For example, one could count each item between commas in the
description of the karyotype as an aberration, regardless of whether
these abnormalities were present in the same (sub)clone or in differ-
ent (sub)clones.° One could also adopt the guidelines for MDS karyo-

types by (a) counting each item between commas (numerical change,

balanced translocation, and structural change) as an aberration, (b) not
counting constitutional aberrations; (c) counting a single change only
once when two or more clones are present, and (d) counting tetra-
ploidy as an aberration.3! Lastly, some abnormalities may reflect an
underlying effect of age in some settings, such as trisomy 15 and loss
of chromosome Y. In our opinion, these abnormalities must be coun-
ted if they are crucial for diagnosis and treatment decisions in com-
plex cases but should be clearly flagged up as being precautionary
factors only.323% Lastly, chromosomal abnormalities must be counted
by a cytogeneticist, and have to be explained in the cytogenetic

report, with a clear conclusion for the clinician®! (Table 1).

TABLE 1 Guidelines for counting aberrations in karyotypes

In all hematologic malignancies:

1. Count one (1) aberration? for each item between commas, in all
clones and subclones®

2. Count a single change only once if it is present in several
subclones®

3. Count each numerical change (including -Y, -X, +15)9 balanced
translocation, simple structural change and each complex structural
change® as one (1) aberration

4. Count each chromosome marker as one (1) aberration?

5. Count one (1) aberration for tetraploidy (92 chromosomes) or near-
tetraploidy (81-103 chromosomes)
6. Do not count constitutional aberrations®

In CLL, additionally:

7. Distinguish between a CK with three (3) to four (4) abnormalities
and a high CK with five (5) or more abnormalities

8.-Y, -X and +15 have to be flagged up in the cytogenetics report®
9. Count one (1) aberration for FISH abnormalities [del(13)(q), +12, del
(11)(q) and del(17)(p)] only if they are observed in the karyotype"

10. CKs with +12,+19 have to be classified separately

Note: Reminder: according to the ISCN nomenclature, a clone must have
at least two cells with the same aberration (for chromosome gain or a
structural rearrangement) or at least three cells with the same aberration
(for chromosome loss). However, two cells with identical losses of one or
more chromosomes and the same chromosome gain or the same structural
abnormality may be considered to be clonal.

2Exceptions: marker chromosomes, multiple copies of rearranged chromo-
somes; for example: +3mar or +1~3mar: count three (3) aberrations; del(6)
(g21)x2: count two (2) aberrations.

bRegardless of whether these abnormalities are present in the same (sub)
clone or in different (sub)clones.

“This change must be identical. If the aberration is not identical in two
clones or subclones, count two (2) aberrations; for example, count two (2)
aberrations for del(11)(q23) and del(11)(q13).

9The abnormalities -Y, -X, and +15 may reflect an underlying age effect in
some cases.

€If the structural change is complex, count one (1) aberration for each
change between commas; for example, count two (2) aberrations for der
(3)t(3;13) and der(13)t(3;13).

fFor example, count five (5) aberrations for 94,XXYY,+12,+12,t(14;19)
(932;q13)x2.

8Even if not strictly proven (not always performed with T lymphocytes).
PHowever, FISH abnormalities must be mentioned in the cytogenetics
report.
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In 1985, Juliusson et al. reported that the presence of three or
more abnormalities was associated with poor overall survival (OS) in
mature B cell disorders, including CLL3* In the early 1990s, the same
research group defined several prognostic subgroups in CLL as a func-
tion of the chromosomal abnormalities.*® Even though a few patients
in this series (10 out of 391, 2.5%) had a t(11;14)(q13;932) (which
may reflect mantle cell lymphoma than CLL cases), the researchers
again showed that presence of a CK with three or more abnormalities
(n = 53 out of 391 patients, 13.5%) was associated with a shorter OS,
relative to patients with zero, one or two abnormalities. Following on
from this work and on the basis of definitions for other hematological
diseases, a CK in CLL was defined in 2006-2007 as the presence of
three or more clonal aberrations.'®21263435 Thys, Mayr et al.
observed that CLL patients with a CK (n = 24 out of 92, 26%) had a
shorter treatment-free survival time (median: 26 months, vs
106 months in patients without a CK; P < .001). Furthermore, the CK
had a significant influence on the OS time (median: 107 months, vs
346 months in patients without a CK; P < .001).? Based on a large
international study (n = 1001), Baliakas et al. reported in 2014 that a
CK (n = 157 out of 1001 patients, 15.5%) was associated with a signif-
icantly shorter time to first treatment (TTFT) (P = .009).3¢ The
researchers also noted that within the CK group, cases with five or
more abnormalities (n = 40 out of 1001, 4%) exhibited an even shorter
TTFT (P <.001). Furthermore, the CK was significantly associated
with a poor prognosis in both patients with a mutated IGHV gene
(P =.009) and those without (P = .017). In a multivariate analysis, the
CK was an independent, prognostic factor for TTFT (P < .001).3¢
Rigolin et al. suggested differentiating between two types of CK:
those with major structural aberrations (including unbalanced translo-
cations, chromosome additions, insertions, duplications, and ring,
dicentric and marker chromosomes, defining a “CK2” subset in 66 of
the 90 CKs, 73.5%) were associated with worse outcomes (shorter OS
and TTFT) than CKs with balanced translocations, deletions, mono-
somy or trisomy (the “CK1” subset in 24 of the 90 CKs, 26.5%).%” In a
larger study, the same research group confirmed that CK2 patients
(n = 69 out of 522, 13%) had a worst prognosis with regard to the
TTFT, the time to next treatment, and 0S.%® At the same time, the
study by Baliakas et al. led to the development of a hierarchical model
in which “high-CK” patients (five or more abnormalities; n = 233 out
of 3539, 6.5%) exhibited the shortest OS, whereas patients with a CK
with +12,+19 (as well as cases of mutated CLL lacking a CK, or TP53
abnormalities) had the longest OS time. A high-CK (with five or more
chromosomal aberrations) emerged as an independent prognostic
marker.1?

In conclusion, a CK in CLL can be defined as three or four abnor-
malities, whereas a high-CK in CLL corresponds to five or more abnor-
malities - with the exception of cases with +12,+19 and other
aberrations associated with a good prognosis. It remains to be deter-
mined whether the presence of a CK with major structural aberrations
corresponds to a subset of cases with particularly aggressive disease.
Overall, a CK is observed in 11% to 18% of treatment-naive patients
with CLL and in up to 40% of patients with relapsed/refractory (R/R)
CLL3842

5 | PROGNOSTIC VALUE OF THE CK
IN CLL
5.1 | Isthe CK anindependent prognostic factor?
Several studies have found that the CK was associated with classical
factors for poor outcomes, such as unmutated IGHV status, del17p,
and del11q.2+364345 |nterestingly, the same studies showed that the
CK was an independent marker of a poor prognosis. Herling et al.
showed that the interaction between TP53 abnormalities and CK was
not statistically significant in their patient population (n = 16 out of
147, 11%, for TP53 abnormalities, and 30 out of 147, 20.5%, for the
CK).*¢ Moreover, Puiggros et al. did not observe differences in OS
when comparing cases with a CK but without del17p/delllq (n = 42
out of 1039, 4%), and cases with del17p/del11q but without a CK
(n = 111 out of 1039, 10.5%).44 Hence, one can reasonably assume
that factors other than 17p/TP53 and 11qg abnormalities are associ-
ated with a poor outcome in CLL patients with a CK.

Hence, with regard to classical prognostic markers in CLL, it
seems that the CK may have additional prognostic value. Indeed,
Baliakas et al. have shown that among cases with an isolated del13q
in a FISH analysis (ie, the cases with the best prognosis, according to
the hierarchical model of Dohner et al.), those found with a CK in a
metaphase cytogenetic analysis (19 out of 249, 7.6%) had a signifi-
cantly shorter OS time (P = .021). This was also true for the IGHV sta-
tus: CK was associated with a significantly shorter TTFT even when
the patient carried a mutated IGHV (40 out of 447 [8.9%], P = .009).3¢
Lastly, the combination of a CK and TP53 abnormalities (del17p
and/or TP53 mutations) appears to be associated with the shortest
OS time and/or TTFT.4748

5.2 | The CK and treatments for CLL

Various treatments for CLL are available. The CK appears to have
prognostic value - even with the new targeted therapies. The great
majority of clinical studies defined CK as three or more chromosomal
abnormalities and did not differentiate between CK and high-CK.

In a prospective study of CLL patients treated with first-line
chlorambucil-based regimens, Herling et al. showed that CK (n = 30
out of 154, 19.5%) was associated with a shorter OS in a multivariate
analysis (P = .004); and that the combined occurrence of both CK and
TP53 abnormalities resulted in a particularly poor prognosis
(P < .001).*¢ Regarding FCR regimens, Le Bris et al. found that a CK
(in 38 out of 110 patients, 34.5%) was associated with shorter
progression-free survival (PFS) and 5-year OS in a multivariate analy-
sis (P = .005 and P = .03 respectively) in a cohort of patients with CLL
treated with first-line FCR*® In the study by Badoux et al. of
182 FCR-treated patients with R/R CLL, a CK (not including chromo-
some 17 abnormalities) was found in 22 individuals (12%) and was
associated with shorter PFS and OS (P <.001 and P = .02, respec-
tively).*” We conclude that a CK predicts a poor outcome in patients

with CLL receiving chemotherapy and/or immunochemotherapy.
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The study by Thompson et al. of patients with ibrutinib (BTK
inhibitor)-treated R/R CLL showed that a CK (n = 21 out of
56, 37.5%) was associated with shorter event-free survival (EFS)
(P = .006) and OS (P = .008), after a median follow-up of
28 months. In contrast, the RESONATE prospective study of previ-
ously treated patients with CLL or small lymphocytic lymphoma
(SLL) did not reveal any significant differences in PFS and OS
between patients with a CK (n = 39 out of 153, 25.5%) and those
without, after a median follow-up of 19 months.’® However, long-
term follow-up (median: 44 months) of the same patients showed
that the median PFS was 40.8 months among patients with a CK
but was not reached for patients without a CK (hazard ratio [95%
confidence interval] = 1.292 [0.770-2.168]).>* The pooled analysis
by Kipps et al. of patients with treatment-naive or R/R CLL/SLL
from three Phase Il studies (RESONATE-2, RESONATE, and
HELIOS) showed that there was no significant difference in PFS and
OS between patients with a CK (not including del17p; n = 41 out of
379, 10.8%) and those without, after a median follow-up of
47 months.>? Lastly, Woyach et al. included four sequential studies
(including the RESONATE prospective trial) of ibrutinib-treated
patients with treatment-naive or R/R CLL. At a follow-up time of
3.4 years, the researchers observed that patients with a CK (n = 172
out of 295, 58%) had a higher risk of CLL progression or transforma-
tion (P = .006 and P = .008 respectively).>® The new BTK inhibitor
acalabrutinib is expected to have minimal off-target activity. In a
multicenter Phase /1l study in patients with R/R CLL/SLL and a
median follow-up time of 41 months, the overall response rate with
acalabrutinib was high (94%); however, the PFS was shorter for
patients with a CK (n = 20 out of 57, 35%) and for patients with
del17p (median PFS: 36 and 33 months, respectively) than for the
cohort as a whole (median PFS: not reached).>® Even though the
study parameters differed somewhat, one can conclude that the CK
need to be evaluated with BTK inhibitors.

Anderson et al. showed that a CK (n = 16 out of 38, 42%) was
associated with a shorter PFS in patients with R/R CLL treated with
the BCL2 inhibitor venetoclax (median follow-up: 23 months2™4¢).>>
In contrast, an analysis performed after a shorter follow-up time
(median [IQR]: 7 months [0;1-38;4]), found that a CK (n = 52 out of
130, 26.8%) was not associated with a shorter PFS in cases of
treatment-naive and R/R CLL.>® Further studies (and especially
prospective ones) are required before firm conclusions can be
drawn.

The clinical development of the PI13-kinase inhibitor idelalisib has
been limited by a high incidence of adverse events.>” In a study of
both treatment-naive and previously treated patients, Mato et al.
found that individuals with a CK (n = 12 out of 49 (25%) and those
without CK did not differ significantly with regard to the PFS.>® Simi-
larly, in a study of relapsed CLL, Kreutzer et al. did not observe differ-
ences in PFS or OS when comparing patients with a CK (n = 26 out of
63, 41.2%) or without after treatment with idelalisib plus rituximab.>?
New PI3-kinase inhibitors are now available (eg, duvelisib and
umbralisib), and so further studies are needed to establish the impact
of CK in treated patients with CLL.6%¢?

Lastly, only one study has been conducted in patients with CLL
after allogeneic stem cell transplantation. The recipients with a CK
(defined as five or more abnormalities; n = 19 out of 51, 37.2%) had
shorter OS and EFS times in a bivariate analysis. A CK was also predic-
tive of worse OS and EFS in patients with high-risk interphase cytoge-
netics (del(17p) and del(11q)).6?

5.3 | The CK and the risk of Richter transformation
Richter syndrome (RS) is defined as the transformation of CLL or small
lymphocytic lymphoma into an aggressive lymphoma - usually diffuse
large B-cell lymphoma (2%-8% of cases of CLL) or Hodgkin lymphoma
(<1% of cases of CLL). Few biomarkers are reportedly associated with
risk of RS, including NOTCH1 mutations, TP53 abnormalities, the use
of subset eight immunoglobulin genes, near-tetraploidy, and a
CK.%%%7 Further studies are required to confirm that CK is a risk fac-
tor for Richter transformation.

6 | USEOFOTHERTECHNIQUES TO
PROBE GENOME COMPLEXITY IN CLL?

Genomic arrays (such as CGH and SNP arrays) allow the entire
genome to be screened in a single experiment. These techniques does
not require cultured cells, and have a greater resolution (~50 kb or
less) than karyotyping (10 Mb), and can identify novel gains or losses.
A number of genomic array studies have highlighted an association
between genomic complexity and a poor outcome in CLL.%87° How-
ever, the threshold for clinically relevant copy-number variations
(5 Mb, 1 Mb, or less) has not been defined, and array techniques miss
balanced translocations and low-level clones (accounting for <10%-
15% of cells) with regard to a low tumor cell percentage or a low level
of subclones. We are now waiting for the arrival of new techniques
such as next generation sequencing currently in development and that
will have to be validated in clinical practice.”* At present, karyotyping
can be easily performed worldwide and is supported by a large body
of experience and by national and international guidelines. Moreover,
it is easy to request another sample if karyotyping fails because a

blood test is not highly invasive.

7 | RECOMMENDATIONS

The International Workshop on Chronic Lymphocytic Leukemia
(iwCLL) recommends the four-probe FISH panel for the pre-treatment
evaluation of CLL.® In a context of economic crisis, one could suggest
that it might be acceptable to not systematically perform cytogenetic
analyses upon diagnosis of CLL. However, for clinical and psychologi-
cal reasons, it is important for the patient to know whether his/her
cancer disease is associated with a good prognosis. We think that
along with the four-probe FISH analyses prior to treatment,

karyotyping should be mandatory - especially in clinical trials - as a
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TABLE 2 Recommendations for karyotyping and FISH in CLL

Routine clinical

practice Clinical trials
On diagnosis
Karyotype (K)? Recommended Mandatory
4-probe FISH® Recommended Mandatory
Other FISH Depending on the K* Depending on the
probes purpose

Before treatment

Karyotype (K)? Mandatory Mandatory

4-probe FISH® Mandatory Mandatory

Other FISH Depending on the K* Depending on the
probes purpose

?In peripheral blood lymphocytes after in vitro stimulation with CpG
oligodeoxynucleotides and interleukin 2.

bTo detect del(13)(q14)(D135319), +12, del(11)(q22)(ATM) and del(17)
(p13)(TP53).

“To detect/confirm other chromosomal abnormalities (within the CK or
not) with a prognostic impact, for example, 2p gain, 8q gain, and 8p
deletion.

4For example, clinical trial can focus on one abnormality of interest.

definitive guide to the prognosis (Table 2). In routine clinical practice,
the physician and patient currently have to choose (on the basis of
the 17p/TP53 and IGHV status) between immunochemotherapy and
targeted therapies. Even though the choice of treatment does not
strictly require karyotyping, we consider that these data should be
integrated into the decision and the follow up. As we have seen
above, a CK can modify the good prognosis associated with a single
del13qg detected by FISH or with mutated IGHV status, and CLL
patients with a CK respond less well than patients without a
CK. Lastly, it is important to karyotype the CLL B cells after in vitro
stimulation with CpG oligodeoxynucleotides and interleukin 2; and
the cytogeneticist must detect the specific chromosomal abnormali-
ties within these CKs - for example, 2p gain, 8q gain, or 8p deletion -
that might flag patients who could potentially be treated with novel

drugs in the near future.2>487273

8 | CONCLUSION

According to the current guidelines issued by the iwCLL and
European cytogenetics guidelines, targeted FISH is mandatory and
karyotyping is recommended for patients with CLL.>”* However,
karyotyping would also be useful in clinical trials so that the prognos-
tic value of chromosomal aberrations could be assessed. In addition to
the classic four-probe panel, we recommend systematic karyotyping
before treatment initiation. Firstly, karyotyping can reveal chromo-
somal aberrations not covered by the FISH probes and can help to
determine whether or not a CK is present. Secondly, it appears that
patients with a CK do not respond as well as other patients to
targeted therapies. In patients without TP53 abnormalities, however,

knowledge of the CK could help the physician to choose the

BB WiLEy- L=

appropriate targeted therapy. If this treatment is initiated, close

follow-up is required.
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Conclusions

La LLC est une entité polymorphe, dont le pronostic repose sur une grande variété
d’altérations génétiques possibles, acquises au cours de I'évolution de la maladie. Les
caractéristiques cytogénétigues et moléculaires restent a ce jour les facteurs
pronostiques les plus pertinents dans la prise en charge des patients, en raison de leur
impact sur la résistance aux traitements. Mon travail de thése a contribué a améliorer

la compréhension de certaines des formes les plus agressives de LLC.

L’essentiel de mes travaux ont porté sur la caractérisation de la del8p dans la LLC. J’ai
montré que la del8p était associée a des facteurs de mauvais pronostic, une survie
raccourcie, et un risque accru de transformation en lymphome agressif. Cette anomalie
étant parfois difficile a détecter au sein d’'un caryotype souvent complexe, et associée
a une survie sans rechute plus courte apres chimiothérapie indépendamment des
autres facteurs de risques, nous proposons sa recherche systématique par FISH chez

tout patient candidat & un traitement par immunochimiothérapie.

Je me suis particulierement concentré sur les génes TNFRSF10, codant les protéines
homonymes, dont la perte d’'un haplotype a été identifiée chez plus de 90% des
patients LLC porteurs d'une del8p. Le fonctionnement de ces récepteurs est
complexe : leur activation par le ligand TRAIL induit un signal pro-apoptotique, mais
une stimulation prolongée associée a une altération de la fonction apoptotique
(habituelle dans la LLC) active d’autres voies de survie cellulaire. Ceci pourrait
expliquer I'expression augmentée en particulier de TNFRSF10B dans les cellules LLC
non-del8p. Apres exposition a la fludarabine, les cellules LLC non-del8p sont capables
de surexprimer TNFRSF10B, et deviennent sensibles a 'apoptose induite par TRAIL.
En revanche, en présence d’'une del8p, I'expression de TNFRSF10B a I'état basal est
réduite, et ne peut étre augmentée par l'exposition a la fludarabine, ce qui
s’accompagne d’une résistance a TRAIL in vitro. Ces données montrent que I'haplo-
insuffisance de TNFRSF10B est suffisante pour perdre la synergie entre fludarabine

et 'apoptose induite par TRAIL.
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Afin d’analyser les effets de TRAIL in vitro, j’ai généré des lignées cellulaires KO pour
les genes TNFRSF10A, TNFRSF10B et double-KO, a partir de cellules OSU-CLL
éditées par CRISPR/Cas9. J'ai montré dans ces modéles que TNFRSF10A et
TNFRSF10B sont tous deux capables d’induire une réponse apoptotique en réponse
a TRAIL dans la LLC. Ces lignées KO pourront étre utilisées pour des analyses
fonctionnelles ultérieures, en particulier pour tester la réponse aux traitements

activateurs de la voie TRAIL, ou pour I'étude des voies de signalisation en aval.

J’ai également participé a un travail ayant permis la caractérisation du profil génétique
des LPL-B, une forme rare et agressive de LLC. Dans notre étude, on retrouvait un
caryotype complexe chez 73% des patients, une anomalie des genes MYC ou TP53
chez respectivement 76% et 38% des patients. Ces données cytogénétiques et
moléculaires ont permis d’identifier 3 sous-groupes pronostiques : le premier, en
présence d’'une anomalie de MYC et de TP53 ; le second, en présence d’'une anomalie
de MYC sans anomalie de TP53; et le troisieme, sans altération de MYC. Une
discussion est lancée actuellement sur la reconnaissance de I'entité LPL-B dans la
nouvelle classification OMS 2022 (Alaggio et al., Leukemia, 2022), qui propose de
séparer les LPL-B CD5+, qui seraient des LLC en progression, et les LPL-B CD5-, qui
apparentés a des lymphomes B spléniques a nucléole proéminant. Une autre
classification internationale a décidé de conserver la LPL-B comme entité (Campo et
al., Blood, 2022). Une étude du méthylome par notre équipe est en cours, qui pourrait

aider a avancer dans la compréhension de cette maladie.

Enfin, par une revue de la littérature, j'ai essayé de synthétiser les données disponibles
afin d’étudier le réle de facteur pronostique indépendant des caryotypes complexes et
hypercomplexes dans la LLC, en particulier en regard des autres facteurs de mauvais
pronostic que sont la dell7p, la delllq et le statut IGHV non muté. Il semble clair que
les caryotypes complexes / hypercomplexes sont associés a une réduction des survies
globale et sans progression apres traitement par immunochimiothérapie. Quant a leur
impact sur la survie aprés traitement ciblé (ibrutinib, vénétoclax...), les données
apparaissent encore contradictoires, et nécessiteront d’autres études avec un suivi

plus important.
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Tous ces travaux partant d’observations cytogénétiques soulignent I'importance de
'exploration des anomalies génomiques, méme rares, permettant d’approfondir nos
connaissances et notre compréhension des mécanismes oncogéniques. L’apparition
des thérapies ciblées dans la LLC a révolutionné la prise en charge de cette maladie.
Cependant, on s’apercoit que toutes les LLC ne répondent pas de la méme facon a
ces nouveaux traitements, avec des résistances et des rechutes qu’il est important

d’explorer et de comprendre, afin de proposer d’autres alternatives thérapeutiques.
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Résumé

La leucémie lymphoide chronique (LLC) est la leucémie la plus fréquente de 'adulte
caucasien. Le pronostic, tres hétérogene, dépend des anomalies cytogénétiques et
moléculaires. Certaines de ces anomalies sont associées a des mécanismes de
résistance aux traitements, dont la compréhension est primordiale pour adapter les
thérapies.

Mon travail de thése a principalement porté sur I'étude des LLC avec délétion 8p
(del8p). Nous avons montré que cette anomalie chromosomique rare, mais récurrente,
était non seulement fréquemment associée a d’autres facteurs « classiques » de
mauvais pronostic (tels que le caryotype complexe, les anomalies TP53, et le statut
IGHV non muté), mais également a des survies globale et sans progression
raccourcies, et un risque de transformation en lymphome agressif (Richter). J'ai
montré l'implication de la famille des génes TNFRSF10, récepteurs du ligand TRAIL,
dans la grande majorité des patients porteurs de la délétion (91% dans notre cohorte).
En utilisant un modéle de lignée cellulaire de LLC (OSU-CLL) que jai modifié par
CRISPR/Cas9, jai montré que TNFRSF10A et TNFRSF10B étaient tous deux
fonctionnels dans la LLC, et que la voie TRAIL activée par TNFRSF10B était
particulierement impligué dans la mort cellulaire induite par la fludarabine, un
traitement utilisé dans la LLC. De plus, jai montré par des tests d’apoptose induite in
vitro que les cellules primaires de LLC del8p perdaient leur capacité a surexprimer
TNFRSF10B apres exposition a la fludarabine, d’ou une réduction significative de la
sensibilité a TRAIL. Ces données suggérent d’'une part une efficacité diminuée de la
fludarabine chez les patients porteurs d’'une del8p, mais également une synergie
possible entre la fludarabine et les traitements activateurs de la voie TRAIL en cours
de développement qui pourrait étre une option thérapeutique.

J’ai également participé a un travail ayant permis la caractérisation du profil génétique
des leucémies prolymphocytaires B, une forme rare et agressive de LLC, au sein
desquelles nous avons montré qu’une stratification du risque selon les anomalies des
géenes MYC et TP53 permettait de définir 3 groupes de pronostic trés différent.

Enfin, je me suis intéressé a l'impact du caryotype complexe et hypercomplexe en tant
gue facteur pronostique indépendant. Une revue de la littérature a confirmé la
réduction des survies globale et sans progression apres traitement par fludarabine.
Les études plus récentes a propos de I'influence du caryotype complexe sur la survie
apres traitement ciblé (ibrutinib, vénétoclax...), apparaissent encore contradictoires, et
nécessiteront davantage de recul.
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Abstract

Chronic lymphocytic leukemia (CLL) is the most common leukemia in the West. The
prognosis is highly heterogeneous and depends on cytogenetic and molecular
abnormalities. Some of these abnormalities involve resistance to CLL treatments,
which is crucial to understand for an optimal treatment.

My thesis work mainly focused on CLL with 8p deletion (del8p). We have shown that
this rare but recurrent chromosomal abnormality was associated with poor prognostic
factors (such as complex karyotype, TP53 aberrations, and unmutated IGHV status),
short overall and progression-free survival, and Richter transformation. | showed the
implication of the TNFRSF10 gene family, receptors for the TRAIL ligand, in the great
majority of patients carrying the del8p (91% in our cohort). Using a CLL cell line model
(OSU-CLL), which I edited by CISPR/Cas9, | demonstrated that both TNFRSF10A and
TNFRSF10B were functional in CLL, and that TRAIL pathway activated by
TNFRSF10B was significantly involved in fludarabine-induced cell death — fludarabine
being a CLL treatment. Furthermore, | showed by in vitro induced apoptosis assays
that primary del8p CLL cells lost their ability to overexpress TNFRSF10B after
exposure to fludarabine, resulting in a significant reduction in TRAIL sensitivity. These
data suggest a lower efficacy of fludarabine in del8p patients, but also a potential
synergy between fludarabine and TRAIL therapies under development, which might
benefit non-del8p CLL patients.

| also contributed to the characterization of the genetic profile of B-cell prolymphocytic
leukemia, a rare but aggressive type of CLL. We showed that a risk stratification
according to MYC and TP53 gene abnormalities allowed to define 3 groups with quite
distinct prognosis.

Finally, | investigated the impact of complex and hypercomplex karyotype as an
independent prognostic factor. A review of the literature confirmed the reduction of
overall and progression-free survival, especially after fludarabine treatment. Recent
studies on the influence of complex karyotype after targeted therapy (ibrutinib,
venetoclax...) still appear controversial, and will require further research with longer
follow-up.
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