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Chapter 1

|l ntroducti or



1 Acute Lymphoblastic Leukemia

Acute | ymphoblastic | eukemia (ALL) i s
cancer and rapiledsdrt el Wtadbfiac led ulad mi as
2013; Harrison, et al. 2001; Inaba, et

abnor mal expansion of I mmature | ymphoi
l ymphobl asts, which arise in the bone m

he mat opoi eti c organs (as spl-een and pe

hemat opoietic organs as centr al nervous
Based on the clinical course of the dis
chronic |l eukemi as, definedreby t he p
di fferentiated/ mature cell s, or acute |
presence of wundifferentiated cells, cal
bone marrow, which i nfihletmaatopohematopoi
organs. Acute | eukemiamsd havikead praggd mdo sad
(I naba, et al . 2013) . Mor phol ogi cal |
flowcytometry i mmunophenotyping, based
(CD) mol ecules surface expression, and

mol ecul ar abnor maii tainels piemi pbeealmabl oo
patients are used for the diagnosis of
fl owcytometry define t he di fferent I i
di fferentiative states of the expanded
the classiftoatwonfof mALEALB m-eBICIP precur s

ALL) , derived from alterations of B | yn
cases i n Caucasi A Lpopwltat iaobner,r aanrid TT
precursors (15% of cases) (Harrison, et

main cdeathoifn chil drlemahbaan,d etouanlg 203 )t

l ndeed, even though the i mprovement of



protocols and novel therapies based on
prognosis with complete remission in 85
still rel ap4B%wofhconeyrabdte (Nguyen, e
Bourquin and |l zraeli, 2010; Conter, et
Remar kably, many factors have to be con:
process, as ALL arises from sever al I nt
(e. g. infections) and endogenous (e.g.
stress), genetic inheabaedenl bér at2i0dmB9 ,
from ALL initiation, usually in utero,
di sease (Greaves, et al. 2003).

Mol ecul ar analysis defined the main ge
|l eukemic cell s, which determine pathog:
diassee, di vided i n aber-oaocbgemeprrbessi or
chr omosomal transl ocations, hyper anc
contributing to |l eukemic transformati on
al 2004; Tasi an, et al . 2015) . Rearr
( prair y events) | ead t o t he deregul ati o
epigenetic events which are wusually not
transformati on, whil e the accumul ation
mut ations and microdelepoowsnisb(eetondiahgeg
evol vement to a | eukemic state through
proliferation pathways (Bhojwani, et al
The first class of translocations is de
regul atory regi on of 4§ r dresadriinmgt i baal |
deregul ated protein expression, as in t
rearrangements (Mullighan, et al. 2009) .
transl ocati ons i s represented by fusi



juxtaposition of tsegareaxses|l edditwg tdo fd ec

protein with altered functions from t he

including OPhil adel phia Chromosome?o, al
Phil adalkpehipati ent s, ETV6 and PAX5 rearrtr
al . 2015;etDeanl .B 0200 9; Mul I i ghan, et al
ot hers. ETV6 is one of the most frequent|l
et al. 2005), with the t(12;21) ETV6::R
25% pediatric Attermionf wbBTY®H, tthendNament a
fo hematopoietic stem cells migration i

Cterm with the complete RUNXI1, a compor

factor essential for the hematopoiesis.
i's inhibited by ETVG6 aln t2nh0e0 4c)h,i niehre rperfootr
downstream there is an altered signalin
affected patients is still excellent, wi
et al . 2015) . However, PAXS5:: ETV6 remai
I n-ABL (Ji &0&m®9d ,Gu,nvolving PAX5, a maste
cell development. PAX5, vwHhdseagerse i s al
(Mul l i ghan, et al . 2007) , is a very pr

known partner genes generating multiple
aPAXS5:: AUTS?2 and PAX5:: JAK2. TCF3, al s
frequently involved in fusion proteins,
transl ocati on -AafLf eccatsiensg 228 % hoofugBh it doe
a prognostic role in tREEDRBEKIi ng treat
fusion protein blocks the TeOF@Bressi on ol
targets, resaMdliBuom dtMEKRAML2A0 04) .

rearrangements ar e -Alrle speendi aitnr iacnlpyat3 % n.

whil e they represent eanilkey i al twér athi drheiy



represent 80% of <cases, having the MLL:

the most frequent and associated with

Mul |l i ghan, 2015) .
Hyperdiploidy represents theLIl argest ge
( 3P5 %J Moor man, et al . 2010) , wi t h i nc

chromosomes from 52 to 67(Haas and Bor
associated with RO®1I), skwh{Eeshgeiodi el oa

a | ower incidence and a number of chr
(Ghavtazal,. e2015) and it is associated wi
et @al9) .2 There are finally mutations a
alteratAloln,s siunc hB as the ones involving F
(15%) and EBF1(5%) (Mullighan, et al . 2



2. JAK2 i n PRhikleaABeCIPp hi a

2.1 Philil adkelABICIiPs ubgr oup

The most frequent genetic aberrations i
cases), and | essd49%)r,eqiuse ntthea nt (co;iA2d)r etnr an
al so kmewn | aslel phia Chr omosomed, i nvol
tyrosine kinase ABL1 at 306 in 9q34 fuse.
at 56 in 22911 6Phil adel phia positivebd

oncoprotein BCR: : ABL1, which alters pr
renewal of cell s, represebhearimtgt a const.i
al .49 20Fundament al has been the introdu

i nhibitors (TKIs) for BCR:: ABL1, as the
highly unfavorable, ceverd theughsthesel dw
TKIs intBiodmd¢dit abn R012; AMriioond,i ,etetala.l

2010, Schrappe, et al . 2016). This appr
TKI s has led to the devel opment of t h
medi cine, aoconscdeasngg number of target
Phi | adalkp ii (kPeh) has been d erfiisnke d as a
subgroup (Den Boer, et al. 20009; Mul | i g
by a genetic expression pattern similar
positive ALL, despite not hav-ing the typ
ABL1. About -19i0Kke odABLt-BE@RdEhsubgroup carry

addi tional |l esi on (Herol d and Gokbuget
ABL1/ APEOLGF RBACS FICRL FRPAXBEPO&®nNHAK 2

genes (Roberts, et al. 2017; Boer, at al
et al . -2iI0Re&€ ) ge iPdimi c profile is heterog

defined by |l esi ons activating tyrosin



pat hways downstr eam tkhiinsa sAeL Lr ecd eapstso ras ,g ont
candidate for alternative treatment t h
i nhi bi tors. Basetdi vaann i hf e k& s teame bRh

subdivided in 4 subtypes: 1. al teration
(CRLF2, JAK2, EP@RnlIlyD7R2.SABB3cimass al-
(ABL1, ABL2, CSF1R, LYN, PDGFRA, and PDC
Ras pathway mutations (NRAS, KRAS, NF1,
rare kinase fusions (NTRK3, PTK2B, BLNK
Il nterestingly, morengbmen6® gemetwvcnpgel
of kinases and/ or cytokine receptors ha\
l'i ke with, among the others, mor e t han
(Roberts, et al . 2017) . Therefore, dep
i nvol ved nigne mmehnet ,r eaarmoar e gealasa$ distinc
or JAIK2ss can be done, which is partic

understand to whom class of tyrosine Kki.

appropriate sensibility of treat ment
reraangements invol vi Ag aknenaskespamnmeg maien
ki nase domain ats tmen@dét h€RPKGERes invol

rearrange+he rktevgh iiicnn skhlolwi g her incidence
children affected by Down Swyndertome. (RO
al . 2017) . Mor eover, halCRL 2 t he ch
rearrangeimektes (Rmb®@ht s, et al . 2014; T
present concurredAKhbudatIiA&K®vhmaihnl vy i n
|l ead to the JAK/ STAT patthova@Rlakc2 i vati ol
overexpression (Roberts, JAK2atd. 2014; M
EPORearrangemen/t% oreipRbe Jodaki#?2e sba 3 0

promi scuous gene with abouRAX0 describe



ATF7B®RETVBCMdAmong the( ot&mrand Tasian, 2

Tasi an, et al . 2017 ; EBGRIroawe d efte vadr. 202
partner genes involving the enhancer r e
(lacobucci, et al . 2016) . I n bot h cas
activation haa&asibare,n eotbsalr.veda0 T Robert.
|l acobucci, et al . 2017). Mul tiople altel

pat hway signal inlgh 7 RWAKRenaurt rad n @gerree nitrs ,
mut at iJAKIand del HAB3fsr eigquent |l y associ at
rearrangementigiwmmbitee oncoprotein invol vi
PAXBETVGREBBRmRong the others (Roberts, et
The JAK/ STAT pathway is an appealing pot
PHi ke ALL in children, as the majority
characteti keng@gl Pers JAK/ STAT signaling
2021) . Il ndeed, predéirnvedl xenhogdgratteon(B
and engineered Ba/F3 carrying different
(CRLF2 rearrangement s, JaAko nmgu ttahtei on s ,
ot her s)i wsihbonmmewd sasoti vity to different JAK
( Maude, et al . 2012; Wu , et al . 2015) .
showed that the therapeutic combinati on
oncogenic networks, could be more effec
of JAK BndnmhT®itors in CRLF2 rearranged
cells and PDX (Tasian and Loh, 2011; Ta:
Several clinicahgogrmgbksi agetdher eémnilcpacy
drugs-lokePipati ents as dasatisni b, target
or as ruxolitinib, targeting JAK/ STAT p
ot hers (Tran and Tasi an, 2021) .



2.2 JAK2, a fundament al hemat opoi et

JAK2 is$seaepbor tyrosine kinase bel ongin
(JAK1, JAKS, Tyk2). Fundament al for t h
involved in multiple cellular activiti
proliferation and surviwWweh atteeéds am
JAK2 |l eads to multiple pathol ogies. I n
tendency, JAK2 is the most studied men
mainly in myeloproliferative neopl asms
and | ymphomas (Tran éanadn ThkBeashol20D24a)m
chromosome 9 (9p24), JAK2 is defined b

domains, divided in7d,onédekBRSAHEmai n (.
|l i ke) homol ogy, domai pse€dHBkinase domain
one tyrosine KkinaseN-tdeormai o giild ) C fr om
respectively. To note, FERM domain is f
N-term of JAK2 to the cytoplasmatic end

receptor, while the pseudokinase domair
which is activathedytl At 0 elph & hidrypilded 7

its catalytic |l oop of activation (Bouso
Mul | all vy, et al . 2016) . The binding of
extracellular part of surfoac®lLreceptors

and -GS ( Gra-matoophagset i onullany ng factor)
|l eads to a receptor di merization ©proce
di meri zes and a transphesPBoriys ati on

responsi bl e for JAK2 activation that [
signpht hgay, the JAK/ STAT (signal trans
transcription) one I n addition t o mu |
pat hways, as the Ras/ MAPK and Pl 3K/ AKT



ot her s, with a progressive transducti or
( Svielnnoinen, et al. 2013).

JAK2 is positively and negatively highl
mechanisms, as by JH2 domain itself, or
cytokine signaling) and SHP (protein tyl

by phospholwgniagmon( $nelcvennoi nen, et al
JH2 domain negatively regulates JAK2 in
side, while contributes to JAK2 activa
receptor correlated to JAK2 itself (Ste
traasphoryl ati on, the two JH1 domai ns
each other. W thout stimuli, JH2 Dbl ocks
connection fundament al for JH1 domali
phosphorylating JH2 Ser523 and Tyr520 Kk
iamctive conformati on. This specific reg
when, due to the presence of the Dbiggest

i n the interface JH1/JH2, the autoinhib
mut ated, which is tdargefeotrealhyp20h&)t. va
Beside -T¢OGA00At | east 20 additional r
identified as resi dues subjected to pt
stimulation (eSilavenm®ilBgn JAK/ STAT path
signaling pathway activated after JAK2
1008, |l eading to the phosphorylation o
STAT3 and STATS5 which create stabl e homc
SH2 dnosmaiThey translocate inside the nuc
transcription factors binding their t a
regul ating proliferation, di fferentiat.i
(Hei mm, et al-Cardaim®;, @ui nalamsd2013; Bou



Montazeri Aliabadi, 2018). STAT3 and STAT

in cancer biology as they regulate many

genes, oncogenes and genes invol ved i
Montazeri, 2018). ConsidAK2 ngSTATe3 funda
and STATS5, the JAK/ STAT pathway is frequ
peculiar-ltkeALTaPhan, et al. 2017).

2.3 JAK2 alterations from mutations

I n literature, cCopy number variations,

tr amastlioons have been described as alter

and | ymphomas. While in recent years J
wi dely studied, i1ts rearrangements are
structurally and clinical Bpi lriatryer and
(Ehrentraut, et al . 2013) . Somatic act.i
been described in polycythemia vera, an

origin representing rar e hereditary f o
mor eover, acquired o2r hsaovnea thiece nmu traetgiucemst
found in MPN and acut2e00l5ukelikKa2 ( Baxt e

mut ation is the most frequent mutation
and nowadays observed in 90% of polycyt!
of myel of i bBaxti er ,padti eanlt.s Z005) . It i's
mutation as resides inside exon 14 of
JAK2, causing a constitutive activation
JH2 domain | oses its autoinhibitory ac:

grow independent of the cytokines of thi

t he mut at i-@Ganr d@@ai nteats al . 2013; Vai nc
Constantinescu, 21113 ) p a tFioecrutss ngarorny i B g
JAKRi7mut ati on, t her epriessemcequoefnt CRL Fa2 ¢



oerexpression, i n whi ch CRLF2 protein
i nterl eukin receptor forming TSLP r ece
cytokine scaffold for the signaling of
cqpresence of CRLF2 ovwienrue xaprieosns il cera dasnd oJ
an hyperactivation of n8EpENdeamd tgo otwh &
of hematopoietic progenito#AsLcell l i nes
CRLF2 IS frequently i nvol ved I n reartr
P2RY8: : CRLF2, derived from X, PARH® del et |
| GH: : CRLF2, derived from transl ocati on
Mor eover, activating mutations of JAK2
cases of ALL carrying CRLF2 rearrangeme
in JH2 domain to be ndel MOZM drme qureend e n {(
in 60% of children wit-ALdowHestynbe ogne af
et al. 2010; Mullighan, et al. 2009).

On the other side, JAK2 rearrangements
PHi ke ALL and are associatadedith the
with oltihkee ARlL subtypes (lacobucci and |

retains its catal yt2ib) daotma3ion i(nu sfuraalney wei
partner gene at 50 of the fusion gene (
et al 2022). A9 st uesumdrtyn erri gdhd rye extpr =&
cell s, its promoter should induce a hi
fusion, but the molecular mechanism by
to constitutive JAK2 activation remains
al 2022pupploseamechani sm of activatio
genes is through their homodi merizati or
genes (Medves and Demoul in, 2012) . Mo r
autoregulatory JH2 domain in presence of



way ootfi vaati on i ndependent of cytokine s
2015) . Downstream JAK2 rearrangement s,
evaluated, generally of STAT3 and STATE

~

Tasi an, et al 2017; Tran and Tasi an, z
Nowadays, fusion genes involving JAK2
techniques, as kPaCrRy oaygpe ,SamdgSH, amd ne
generation sequencing (NGS). About 30 g
partner genes of JAK2 in thet ALL, with
recurrent (28. 7 %) (Den Boer, et al . 20 (
Tasi an, 2021; Downes, et al . 2022). Amc
fusion genes there are BCR::JAK2 (12. 38

SSBP2::JAK2 (6.4%) and ATF2I0R4:;JAK2 (3.

Downes, et al-Car2dtazna; aQudi nYearsst ovsek,
PAX5: : JAK?2 fusi on has been described a:c
inside the nucl eus of the cell s, wher e

PAX5 target genes (Schalhne2022xt @asin@oO
therefore a different mechani sm of act
i ndependent oligomerization supposed t

recurrent fusion genes.

As observedl iikne OoAtLhe rs ubh y p e s-, JAK2r ar
occurring swiih dehesiceerel atded/r et opnBent
i ncluding |l KZF1( Mul Il i ghan, et al . 200 ¢

alteration-6i et ke i exonswh8ch encodes f ol
negative | K6 isofor nt erfmilKalR OBN A | baicrkd inngg
domain ($hinr®d20)et | KAROS |1 K6 is wunabl e
regul ate the expressicen!| ofdi géresntrieagtuii

( Downes, et al . 2022) . Mor eover, addi ti



occurring with JAK2 reaceglalngpantemway sand
ar eetdiedns of PAX5, CDKN2A/ B, RAG1/ 2, ETV
and mutations within | KZF1 and KRAS (Ro

et al. 2017). Despite the evidence of a
of these addit il arkeael AdlLteenrcdeteiioonn 9J AKi2 uP h

patient survival rates is stildl to be |
Zhang, et al. 2018, Downes, et al. 2022

2.4 JAK2 targeting

JAK?2 altered ALL still | acks effectiwv
specificity for JAK2tiwitipobowoubxobomet yp
patients carryingiXkXARKaiaglhtlargaittisonshei urh
of novel specific drugs wi trhi srtkeduced to
subgroups of patients (Roberts and Mull
2021). T AK/gSnTAAl i ng pathway is one of the
i n-IHhke ALL and it could be considered t

even though JAK inhibitors have been | e:
ALL to dat e, i n particuckara JAKe&c irfeiacr r a |
i nhibitor (Tran and Tasian, 2021). When
by tyrosine kinase inhibitors (TKIs), wlt
I and type Il TKI s, even though the al
defined type viel Ibeiemhirbadermrtsl,y hdaevel ope:t
i nhibitors, as givinostat, HSP9O inhibi
t he most recent appreoxachaedwicuorent | y i
settings t o induce a degradati on of J .
approach, dlmom e atwiron nwict h TKI s of typ
I nterestingly, i-kLLt heansebbdwg basedB a



i mmunot herapiesT dealvlod viamgndARheE ot her
appealing alternatives i rALtase of r e
Combi nati on r eginnmdeanrsd ocfh eTnkKoltsh earnadp ys tdar u g s
to be a promising target therapy for JA
fusions. Currently, there are clinical
JAK?2 rearrangements excl ubi VIKlly wi t h r
(Downes, ;etTraln. ah@2ZTasi an, 2021).

2.5 JAK2 Ttky se

I n 6 years after theamudant ohibcauxohi of nt
a TKI of t ygpeprigvevwhsasDiAargeted JAK2 int
and PV (Levine, et al . 2007)-. I n 2019
approved JAK2 inhibitor, for the treat
2020). Ruxolitini-b aAH fedrbttaoarb, awkhi t
the ATPbinding site of JAK2 in its act
Constantinescu, 2017atibdnfont MRatelbgal &

some issues -lredJAK2di nlbi kiytpieon. Despite
therapy significantly reduced splenomeg
Ver stovsek, 2020), adver se-lefafnelct s wer e
COMFORT trial s foretMFal( Haz201 %) nand i n
RESPONSH trial for PV (Alimam and Harri
associated with ruxolitinib may be due
family ki nases, such as TYK?2 and J AL
i mmunosuppression ofi nst@ased atnyap,e setofalc.el |
2010; Harri son, et al. 2017). Mor eover,
binding i nduces pJAK?2 accumul ati on b

dephosphoryl ation and degradation (Tvor

M p



2021). Ruxol i taivnaiibl aibsl es ttihlelr atphye (bBeAsTt) f o
though it showededend erdtf itcaxiygi tdyp sand wi

syndrome in MPNs (Dolwinleese ¥Xliek pc | . 2022) .
Il wi vooderl s carrying JAK2 fusions, ruxol i
signiyficadtukted cel l viability and STA
(St eeghs, et al . 2017; Robert s, et al
However, ruxolitinib showed differentia
l evel of JAK pathway oncogen2 addiction

hyperphosphoryl ation with prolonged tre
Boer and def20Boer, Tet nat e, ruxolitinib
PAX5::JAK2 primary |l eukemic cells induc:¢
hyperphosphoryl ation (BAkK2,iehi @klti @®17

I n combination with chemotherapy may in
rearrangements in patients of ALL (Schr
al . 2017; Downes, et al. 2021).
Currently fedratinib is the most select
i munosuppressive state t han ruxol i tin

fedratinib has been associated wi t h d

(Mull ally, et al. 2020).

Considering the | ow sensibility data of
ruxol(iltdsn0i bof 2 OM), and thei-r side effe
ALL (Springuel, et al. 20414; TRoéberts, e

coul d be used t o over conbei kEKIASLLI i mi t at

patients with JAK2 rearrangement s.



2.6 JAKZ2 tTyKpes

Ty plel JAK inhibitors bind the inactiyv
I n i thg nAITilhg site (Leroy add QdAKstantine
i nhi bitor sc oampee tsittifllviel kdTsP, t hmue t hey al so
an allosteric pocket ®fciJAK2tyedwirt itrhei

target (Li, et al . 20-LB) JARBTH 94 bwaer t
devel oped, specifically to target resi s
(Andraos, et al. 2012), foll-lolwed by the
JAK inhibitdor higlhz&&8 ecwiitvity towards J
al . 2015). CHzZ868 hasgavisthcomnnl ploitneenst) eafnfd

Wi yomurine model s) precl tArkiLcalOnsetti ngs
JAK2 mutated cell |l i nes and primary se
i nhi be tprdoltihf erati on and blocked the ph
STAT3 and STATS5, contrary to the persi st
on JAK2 by rwuxolitinib treatment (Andr a
2015; Tvorogov, et al . 201t8)cowludggestin
avoid pJAK2 accumul ation, preventing he
and CHzZ868 inhibitor persistence (Meyer
2018). CHz868 treatment redueed pJAK2 a
ALL cell Il i nes -axaouryriinmgg aCRILAKR2 nowt at i on
while CHZ868 tr eatdneentv eodn xReDhXosg r(apfattsi)e ndte
froALB samples carrying CRLF2r and JAK2
mi c e survival and reduced spl enomegal
I nterestingly, CHZ86B deamdt has sryeneirgi
| eukemia murine model carrying CRLF2/JA
2015) . Mor eover, CHz868 withdrawal was
STATS5 signaling rebound (Tvorogov, et é



type JAK2 inhibithsoeantmawi tbhednreafwal osfy nadr
( Meyer, et al . 2015; Wu , et al . 2015;
presencesgsabut hAK2Dn gives resistance to I
CHZ86 8, pointing out that a-lpjossi bl e re

JAK inhibitoffrsomoaddguidreed vmmut ati ons i n
binding site (Wu, et al. 2015; Leroy anc
et al. 2022). Resi-Islt ahkkK imelkih@aintt amMms torf e 4
still need to be further studied to con

bu t t heir preoxmi saaitwmi meysutosslilder type
JAK inhibitors for the ALéatmebh ab JAK:
withdrawal syndrome and pet siédKence whi
i nhi bitors (Downes, et al. 2021).

My



3. PAX5, key regulator of B cel
3.1 Beovellopment

Pl uripotent hemat opoietic stem cells (F
renewal , are the originating cell s of

hemat opoietic systfdm,rewithtiredupetdent i :

follow a binary commitment 1in each step
specializati on (Busslinger, et al . 200
( MPP) may originate, at the step of d
' ymphoid | icoreamegsl oicbmmrogenitors (CMP:
l ymphoid progenitors (ELPs) . RAG1 an

(recombinant activating gene 1 and 2),
i mmunogl obulin heavy chain (1l gH) |l ocus
to their duehteaenodonal ndt h{-emelcl precur so

| i neage -c éleibmeé ygeT progeni tmwarsr, o WETPSs) or

common | ymphoid progenitors (CLPs). CLF
Tcells, dendritic cells (DCs) and natur
a 12.080) .

Focusing oBn cGLIPAss, epxrpor essing the B cell
t hecedlilfferentiation pathway, foll owed L
compl eti on of I-tggHo 1 chii vegr s¥ ddimendein e
rearrangebBlendcdelblys prEblelre |l il Itdregd giHr ¢ oc u:
continues to r earerganmge gietnse vsarginemltes (gwe)n
compl ébéHV&Hl | el es. When Ragl and Rag2 e
with subsequent expression of the compl
t he cel |l sur ftalcte , a d§ 0d mmlwiedg bwi t h t he

i mmunogl obulin | ightec¢hdaiomethlegLswi,thVar



signal i ng Umodbelcq hRecseplilg r e BeCRt)ori s( pr e
compl etely assembl ed-BCREXxpsesasi omucaofal t |

checkpoindleli ndewagllypmBent . SBQRaling throao

stimulates a proliferati-Blel cdelnlad, expa
foll owedpbyesseéon of RAGs and rearrangem
in sm&ll peéels. (Fazio, et al. 2011)

The i mmaeuteseBiaged Dy the surface expr.
assembled BCR, are tested by a second:
rearrangement, known as receptor editin
by apoptosis or inactivation by anergy
the examin®Dt her wi se, i mmature B cell s |

and get to the spleen differentiating
through three transitional stages (T1,
expression -our fvaaacd omar kceerld. bBre ansi ti onal
negatively selected i n t he periphery
checkpoint for the generation of mat ur

i mmature B cells to mature B cells is ¢
its receptor. I n the splkedn,ceddsutark0 %
mar gi nal zone B cell B, ympbsi tli dnesdsuat
i nterface, identified as the main resp
responses to protein antigens. Wi th th
ger mi nal centers, whepreolgiefren antad rcamit clr)
modi fy i mmunoglobulins. After about 10
the ger minal center reaction reaches i
vani shing, generating memory B <cell s &
foll owing stirmlofunddwealropgmeermtan(i Bemar k, e
Fazio, et al. 2011)



3.2 Transcription factors in B cell |

Transcription factors play a central rol
devel opment, maturation and function (M
key transcription factorsfatmhdty i1 nclud
member ), I karos, Bcllla (a zinc finger
(a Helipxl i X protein), EBF (early B cell
b ox protein 5), coopek atoeen nBacelelgul a
devel opment (Fuxa, et al. 2007).

PU. 1control s B cel-de pdeenvded notp nmneantn ern. aAtd d
expression, PU.1 favors B cell developn
the chromatin to facilCohaeesefgnswhept:i
expressed at high concentrations in ear.]|
B cell specific gene expression by inhi
bearing t he met hyl ati on of gene targe
formati on ( Hag malnk aarnods Lcuoknitnr,o 12s0 OtSh)e. d e v e
of Ilymphoid progenitors, while early B |
t heppbest age when Bcl l1lla i s not expressce
TCF3, EBF and PAX5 were found to be ess:¢
of CLP®8 icelps. To note, BBcerd|Iprare bl o
B stage when any of these 3 factors is

TCF3 and EBF deter mine pri mary B cell

expression of B cell spewixfai,c edermds. (M
2007). Wi thout TCF3 or EBF, B cell deve
progenitor stages of devel opment, but

|l i neage program in absence of TCF3 or P
devel opment i s not ofr ePAXBd wbyhewtpr EBFE
expression (Hagman, et al . 2006) . EBF i



initiating the activation of transcript
et al . 2005) . However, PAX5 expression
cel |l progeni hord tonehgeBafymp the acti
l ymphocyte transcription program (Fuxa,
responsi ble of the first checkpoint of I
B Il ineage nonspeci fic genes simultaneo

seca fic genelsi nenssgaedeprmudeani tors (Cobal ed

3.3 Signaling patchewalyss i n precursor
Two are the main wide signaling pathwa:
proliferation, and di fferentiation of

downsttewamypa®B&LRd dpwenstream pat hway.

| LURNa (chain) constiUtbaen!l EXRreasidomh.
increases there is the passage from CLP:
the proliferation and survival of B cel
signagB @ameéd pred | s proliferate in the b
mi grate to spleen, l ymph nodes and bl o
activation of | L7 pathway starts when |
t he receptor di meri zat-ho@on tdhhat heacti vat
cytoplasmic region of the receptor, calt
which serve as binding sites for STATS5,
by SRC. STAT5 homodi merize, translocate
as a transcriptien fadcto201@BVYai nlchhiesnker ;

signaling iI's terminated by mul tiple w
degradation of the receptor, dephosphor
JAK3 by phosphatases, recrui tment of n e
proteins, i hTtAeTrbacpr onesi nosf wi t h protein
(Vainchenker, et al . 2013) . When the si
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here could be the evol uBC&nate oncoge

strictly correlated and balanced (Cl ark
preCRoy -Bra@eells wupregulates | L7R expres
surface, increasing the responsiveness
the sel eeBtCRonpoosfi tpive cell s in conditio
concentratiBoreild sl ewpzpedd el dpmenyg B

i n Vvivo IS [-B@Rt ed selhfeB r pakkkss | pe e

responsive to I L7 (Ochiai, et al. 2012)
T h e -BpORe on the -Bslurdalcles,ofi spreeonstitute
coupling of O heavy chain with surrogat e
(Yreblsgp &mhgl |l BCR Tse ppreesent on the sur
p r-Bel cell s. l ts ext rlaacnedb,llug asi gpmalti ng |
chains which represent the-BLCiRt es where
signaling cascade amnentactriegat ead, omwi toh
proliferation and survival on one sid
di fferentiation eBICR he dathheare fsoirde .a Tchhee c
i n early B cel | devel opment . Without a
rearrangement, thhe negatil Ve apolpe otsii an  Iw
functional rearrangemenBCRté&Gmes «cred d sur v
proliferation and differentiation signa
the main mediators of -BiChRe idua3YK,uncti o
i nducinag@tipoml iafnedr sur vi val t hrough t h
downstream survival pat hways, as the PI
di fferentiation through BLNK activation
al . 2002) . Phosphoryl ated PI 3K signalir
BL NKf, t ar its phosphoryl ati on. FoxO fact
activate the RAG enzymes, and allow for



rearrangement (Her zog-/[-peB caell.l s2 0a0r9e) . I
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cked -Blt gthaegeraef devel epmaemting const a
ma a , et al . 1999). All -BOhRese signal
ckpoint mai ntain the balance bet weer
ctional B cells (apoptosis) and | euk
the cooperation ecft oabl| BiCiRe he pirgnal
wor k.

note, the JAK/ STAT pathway is among t
ul addlnlg MBaving a fundament al rol e i
|l iferation, differentiation, surviva
STATseegukakeys of meletlilpsl,e stuacrhg eatss i
| ammatory genes, oncogenes and gene
usoi k and Montazeri, 2018).

3.4 PAX5 gene and protein

PAX5 gene is a member of the paired
damesc¢nailpttiram factors for B | ymphoid
se family i s composed by 9 members
rrison, et al . 1998) . Each of these

omain constituted by a -tenmerbeddt28aa

ar

eg
|

i v

gguensces in thBe tDANAmatFuroen Broel | s, f
ulates B |lymphocytes throughout B ce
2005) . PAX5 encodes for the B <cell
BSAP) and is expressed in Bllymphocyte
er, and adult testis (Cobaleda, et a
ated on chRAXgbe memes9pfiganized in 10

ocC

nc

odes for a transcript of 8536bp, giyv

1176 bp which encodes for a protein of !



The ultimate sequence of PAX5 protein n
trapssrigener ated byAKXK®BRANAs esnpel auc,i ngt odl
2009). Alternative splicing of PAX5 may

of PAX5 targets during the I ineage B d
i sof orms may downregul ate ot yupregul at e
regul ated process fundamental for B cel
(Zwol l o, et al. 1997).

PAX5 is a homeodomain protein, me mber ¢

factors contbaindiimg aoDAdlANn with homol oc
Dr osomkil laamogaster homeodomai n regul ato
characteristic feature of PAX protein f
domai n, defined by a bi-parmi { Ahabure c
NTD) affckerani €al subdomain (RED or NTD) ,
ceamal | inker. Each of t hié uthwed isxubregi on

motif that bismde dinf ftargrett Ialqgfuences fo

maj or groove of the DNA of the cell ( Gec
PAX5 transcriptionbdhtadtbyiiysi ®otheneldy
an octamer (OP) that i nhi bits PAX5 trar
homeodomain (HD) whicthiasgds i gtreod ewint o f1
t he basal transcription machinery, anc
domai n) and Id maiimhsi)bidtoonrtai ns t hat, f orn
Cter minal regul atory region of PAXS5, co

repressing activity on PAX5 (Cobal eda,
3.5 PAX5 role and target genes

PAX5 fulfills a dual rol el nign BB cleilnneage

specific genes while simultaneously rerg



genes. Localized in the nucleus, this tr
devel opment (Matthias, et al . 2005; Cc
activation of thbhwn3SCEFBpaindn EM&diad toence |

sufficient for B cell mat urati ons. Il n B
i's nor mal i n PAX5 mutations in homozygo
l gH |l ocus is impaired bloBkshagtda he dev
(Matthias,Dedtogall,. e20-fr-BRl 2@®6 ) sPa»xDw
hematopoietic stem cell -rfematwarld es aasd mul
ability to differentiate in macrophages
or NK c eilnistsrtaf melrat i on, but even into
eryt hriewmciyvtoeCoonversely, without the intr ¢
they canoét di fferentiate in B cells. (
peripher al mature B cells in mice with

dedi fferentiate back ittoorearilny tuhnec olmonm ¢

marr ow, |l eading to the rescue of T | ymj
mi ce, generating functional T cells (Co
absenoecuwro with a strong BCR signalin
di fferentiate intoepliasamai catilaen whi lPa
presence of absent BCR signaling | ead
uncommitted progenitors (Cobaleda, et a

The transcription factor PAX5 acts at

essenti al for the foirnmsatatont tod p@rho roantad ri
l evel of its target genes, which are |
mi grati on, B cell di fferentiati on amon
2007) . PAX5 represses B |lineage inappro
cel |l |l i neagdoggnes ,i mcBilnygmms a transcr |

and as a repressor on different target
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epressor, PAX5 acts on sever al genes i

activities such as <cell adhesion and 1
cellul ar met abolism and B cell commi t |
represses specific genes that | ead to o
reactivated iBn cedrmhmi tathedd npartour e B cel | s

conditional Pax5 deletiadamk( Cdbalee¢das,) et
(Souabni 2002), FIt3 and Scal (progenit

CD33 (myeloid cells) ( Morrison, et al
(Del ogu, et al. 2006). As an activator F
and functions ndéguwluagthoray croenpwoerxk of key
involved in B cell signaling, adhesi on,
and ger minal center B celll formati on.

cascade f-BOR darme tphe surface of <cell s,
t hel aus regulating multiple genes such
Vpreb3, 1 gk and Bach2 (Schebesta, et al
considered a metabolic gatekeeper, as |
and consumption in PAX5Wweéeterebdbtgpggowhile
del etion of PAX5, glycolysis increases
ATP production are observed (Chan, et a
activated target genes enceBdC&R for essen

and BCR signaling gatamwayds.,ptiwvbnhe thpr

i nduced by PAX5 is fundament al to | i mi
di ffercdlrlosm BFuxa, et al . 2007). To not e
by PAX5 is continuously required, as re
targets ilsl oowisnegr vceodn dfiot i onal del eti on of
mature B cells (Fuxa, et al. 2007) .



3.6 Oncogenic -AdaLe of PAX5 in B

PAX5 is one of t he most common targets
ALL, represented by copy number vari a
i ntemag amplifications (i AMP) , and tran

2022). PAX5 alterations-lckessebgaondppar:t

of -ABL, as evaluated in gene expression
Fazio, et al. 2022).

Among the copy inruwmblewi chd It B2 KB N somes

most frequent, being divided in wide rart

on the amount of PAX5 gene affected (Ji .
affect one allele of PAX5 with absent

truncateeadch,prleeading to a | oss of functio
|l n-ABL del eti ons oeofc cRIAX5wiutshu adtlhyercoal t er

i ndicating that the presence of other

overt |l eukemia (Mullighamseetof ala. 2007
compl ex karyotype (Mullighan, et al. 20
as i-lni kkeh ALL ( Auer, et al . 2014) . | n  mo
del etion |l eadi ng to PAXS5 hapl oinsuffi.
susceptibility of Bi ocne.l |1 nodneceodg,e nmicc et r haa
nor mal B cel l devel opment , when t hey
heterozygous PAX5 | os s, but t hey spont
|l eukemi a when they acqui r eHaortrhiesr, oncoge
et al. 2011). Ther d@foorda,srRAMAX5 oddlye toincen sa

representing coAphbker@adiagardetis en 8l

The second most common -RAXHaovenrti ant s o0b:
mut at (-0 %) (Mul l i ghan, et al . 2008) , !
mi ssense whichngmpaithBPNAabendiocated in

HY



bi nding domain (Gu, et al. 2019) . Bot h

the paired domain of PAX5 contribute t
having greater affinity between the two
i n mutati o2n0sl 9()Gu ,Theet neols.t frequent mutat
bi nding domain of PAX5 is the PAX5 P8O0OR

whose afAfLdctpaad iBNnts are classified as a

a pecul i ar -oGER T wi b boall el ic alterat|
homozylgedwes i on of CDKN2A/ B, and activati
signaling (Gu, et al . 2019) . PAX5 P8OF
activity of PAX5 deregulating B cell [
theppbestage (Gu, et al . 2019) . The pr
patients i's significantly better t han
includes rearrangements and amplificati
al . 2019) .

With an indi déncAXd Dndr aBAeX5 c ampl i fic
i Amp have beeALIf Saumwlab ,n eBAL&A&Al ca687) . B
with -IPAXP cluster into the PAX5alt subt
analysis (Gu, et al., 2019), and matche

mai nt ai-inAnPAX5i ndicating a role of drive

devel opBALL (®Schwab 2017). PAXS5 amplif
usual |l y -5,n seixtoen4oif2r dihreg DaNMPAd oct apepti de
of PAX5 (Schwab, et al. 2017; Gu, et al
i nvol ve-btimeli DA domain of the gene, ther
bmnding to the target genes due to increas
i n PAX5, with consequent alterations i
transformation (Jia and Gu, 2022) .

H



PAX5 rearr angtermaennst|soocachat@ronisn about 4% o

pedi aAlLlL cpt& u@Een et al . 2019) . PAX5 main
bi nding domain stil!]l | o-tal mziomg tihe t he
fusion. PAX5 is a very prdmirsncuous gen
partner genes, t hat can encode for tral
strrmualtuproteins (e.g. POM121) , ki nases
ot her s. PAX5 fusions are subjected to m
regul ations (Fortschegger, et al. 2014)
PAX5a-ALLB not including PAXS5: !iJsSAK2( Gu,

supposed that the fusion pretein binds
negative effect, altering wild type PA.
2012). Two most redAutLrane PAXDPOnNnEG¥Beand
PAX5:: JAK2. PAX5:: ETV6 mhehkiomipns t he pa
heli x domain of PAX5 fused with the DNA

( Gu, et al . 2019) . PAX5:: ETV6 has an o
PAX5 target genes (Fazi o, et al . 2013) .
PAX5 are thought t o aanst argeopnoirztee dP A Xn5 wito uf su
model s in which PAX5 fusions compete wi
(Cazzaniga, et al . 2015; Kuwamat a, et

l evel s, such as by the downregul ation
among the other 2@h&ys. (FAX5:0:;,JARK2 alhas it
gene expression profile that shifts thi:s
t he-l iPhe sub-édLbupGof 8t al. 2019) , as it
kinase domain of JAK2 (Nebral, et al . 2
JAK2s ifown protein t hat | ocali zes I n t h

deregul ating PAXS5 targets and activat
(Schinnerl, et al . 2015) i nCanowiscker i ng t



mode-ALLBrapidly devel oped by only PAXS5:

coapd i ng mutations, i mplicating PAX5::J

to drive |l eukemogenesi s, represented by

constitutively active kinase activity (
3.7 PAX5 taAlgleting in B

No FODRAproved drudgesrarPdXbvailtabhei ons. S
approaches, depending on the specific a
mechani sms of action underlying the PAX
could be used to develop the ideal targ
t he s esaprecchi ffiood bi omar kers that could be

therapies, depending on the type of PAX
al . 2022) . Considering PAX5 metabolic

acting on deregul ated metrmdy, iwi teH f ect o
i ncreased glycolysis and ATP producti on
cells of their essential fuel (Chan, et
CNR2 and TXNIP, two central effectors of
B cells, showeaed dyn erognbdgtniad i efnf wi t h gl u
bringing ATP |l evels to nor mal l evel s i
MoreoverALLiIi npaBi ent s carrying PAXS5 del
nonpermi ssive state can be reintroduce:q
(Chan, etaragle.t i2n0gl 7PAX5T downstream deregu
could overcome the deregul ated networks

cell s. Treat ment with kinase inhibitors
of | eukemic celilwsi,teraoc & pidngi odse ICK i n
of -ABL (Cazzaniga, et al . 2015; Fazi o, €

reactivation through drugs of divergent

alterations could inhibidt |l eukemia tran



Long but al so brief-Atlest bsataina@n mofusBAX!

model s disables |l eukemia initiating pow
maturation of B cells through disease r¢
Phar macol ogi ca@ iimhhiibbiitts olne wkie miLc cel | s

PAX5 heteenmbangédiekpression that was o0bs:s

sustain proliferattHenr nafndleezuy k eemhi @@l c e 2102

4 . Pediatric ALL treatment to g

medi ci ne

The treat ment of acut e l ymphoi d | euk

combinati ons and treat ment schemes amor

oncol ogy. Since the 60s, the | argest pa
treat ment wer e availabl e, Bdch as me t
asparaginase as first |line treatment wh
number of compl ete remission (RC). Lat
anthracycline, used-mdroocaptopsoli neatamd
met hotrexat e, have been apptl e md for t
i ntrathecal prophyl axi s making ALL tre
specific (CALLCG, 2009) . Fundament al I
clinical research to get better doses a
to a personalized medipei noef d eepueknedminag o

considered with hiwght Blpekevhedti ci 6 yi aistsy c i
achievable. I ndeed, the identification
based on i mmunophenotypic and/ or cytog
required speci &nd, mdr &€ f ernetnetnisaitveed t her
approaches, in some cases being able to
i matinib for BCR:: ABL1(-Bliaxngdit aregetadd 2



t her adpeinesBoe(r, et al. 2020). To note, ta
JAK2r atteALipaBi ents are among the fut.?
as highlightedaibawidiheomdli espldevel oped i

recent years. (Jia and Gu, 2022; Tran a
Nowaday-#&LLfon Bdults and chmbdren, the ¢
treatment i1s divided into three therape
1. l nducti on, used to eradicate the
cells to reestablish nor mal hemat opoi es
2 . Consolidation/ I ntensification to

|l eukemic cloepeadi matbei hbet quote of mini
di sease (MRD) after the induction.

3. Mai ntenance with an antineopl ast.i
223 years, to prevent eventual refractor’
To note, CNS prophylaxis is included to

in the meninges and cerebr al parenchym
secondary site for | eukemia as not all
bl oboadr ri er (Pui, et al. 2008).

The application of international int
based on rexagl yoredhpo treat ment as ma i
stratification factor has increased the
ALL (Pui, et al. 2015). Indeed, the int
early response to the ther afpryambeyond ¢t}
the diagnosis, has | ed on one side to t
highsk patient s, both towards treat ment

on the other side to reduce doses and u
| owi sk patientps.fiTThsa BRM agreadu i n t he 8O0s

protocol based on i ntensi ve i nduction



consolidation and intensification, reac
survival from 50% in 1981 to 70% in 199
et dl0.) .2®Rei nddctmeomaiatleoragce, i ntensi
highsk patients and a better risk stra
MRD, have |l ed to this EFS i mprovement (
combinatory strategieselwottdixida uggsc mods p
corticosteroids, vincristine, asparag
anti metabolites, i n addi tion t o t he I
radi ot herapy to only some types of ALL,
of -ABL children (90e% meodw aries kr,i sk7 % 500 h
risk) (Conter, et al. 2010; Conter, et
current outcome reducing the treat ment
the stratification of ri sk categories ¢
treatament he novel bi ol ogi cal characteri
| KAROS plus). Fundament al iI's the wurgent
treatments to combine with standard <ch
prognosis of <children i dtehnet iAliEeGP as hi g
BFM ALL 2017 protocol considers the proc

efficacy of some specific drugs, such a:
ki nase i nhi-bi sbrhiidr erAlglaf f Blek e d by E
generati on sequencingi diesmtiffuindatmieoan alof
mol ecul ar alterations, as mutations an:ct
pati enAlsL,ofi B order to define the genet
children and to increase the possibil:@
targets. To eaetdetothend hevehetargets f
patients with bad prognosis carrying ge.l
included in already defined categories



already previously descri bedd novel app

clinical studies are upAder gpoaitnige nftasr t h
carrying JAK2 and PAX5 alterations. Rer
rearrangements stil!] |l ack their speci f
personalized medriicd k ec dtoesg otiréioesse,g hciog h

particular the delAiLdatpatgreonums .of pedi at

Promising results derive from the appli

apoptotic proteins to treat <children an
ALL, currently eevalluantiecd pierdieaatrrliyc pthra sa l
Tasi an, 2021) . |l ndeed, Venet ocl ax, a se
anapoptotic protein, showed efficacy 1in
chemot herapy (Place, et al. 2020) . Mo r

i n cotmboinnawi t h dasatinib or ponatinib i
PDX models (Leonard, et dleuk2mi&) and s
activity in cosbiimatiibdn owistklPhMClnd Ph
PDXs (Moujalled, et al. 2020).



5SSCOPE OFI HBE S

The aim of the project of the thesis is

target strategy towaAlLds cpediyatnrgi cJ AgKa2t 1

and/ or PAX5 rearrangements, with the fir
medicine in this-Asubpsewhi ofi 9eidlilatfiacks
specific and effective drugs. Therefor

profited of the screening continuously
al | t he l'talian Al EOP centers of |l ar ge
l eukemi c mpeaxt egésembyti on sequencing app
Primary patientso6 cealilvam WNBWGe nmbheen exipar
order to obtain thee¥i astdwcelol s to se

experiments.

First, focusing on JAK2 rearrangemen
anovel kinase inhibitor of type 11, CHZS8
have higher specificity d¥riaworuxolitini
culture of blasts cell on a | ayer of hur

to reproduce the ibwo mien nmarcreo w enniocthrea,n sapnl da
with primary cells carrying JAK2 fusion
could have synergistic or additive effe
chemot herapy drugs and tyrosine kinase

Secondl vy, i n t he i MAXt5a Gdeftitneng andve
characterize the peculiar mol ecul ar pr c
PAX5 fusions i ntegrating NGS findings

i nvestigate both the prognostic eviden
pat hways sustainingdobengemeameRPAXYefmmani

genes. Further, we develop the most sp



targeting witbwmnawvied i,doagysa pbmwltihed for t
JAK2r patients, aiming to define a pote
We mor eovee amiad iyt germline for KMT

rearrangements to find by NSG approach

fusion genes, as the one involving PAXS5

Further, we aim to better under st an
devel opment and maintenance in PAX5 and
cases. To achieve this purpose, we wan

through put technologies iBipgbeein st uct

cells mass spectrometry approach that a
a wide pool of proteins using antibodie
We develop and apply a panel to cl assi f\
( PDXs) sampl es isnstbopop hkeatdiofnfser eht B C
devel opment, from HSC to mature B cell s
of expression of speci fic mar ker s (sur
stimulation and drug treat ment. Mor eove

—+

he basal met@ambodercestaft ePAX5 and JAK2
l eukemi a.

Finally, we aim to 4ampprovedt e ugpgect
that may be considered for future devel
JAK2 and PAX5 rearrangements through a
screening.

Ou results aim to provide a better wu

PAX5 rearrangements target-Abhb in the s
foll owing an integrative approach from
bl akkBMS -caud t ur e, t o mi ce xenagrafts, h o
personalized medicine to target JAK2 an
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ABSTRACT

BackgrRiukhldsed treatment is curative for
B-cel | precursor acute -Alylmp,holbdwsterc | eu
relapse remains a |l eading cause of mort
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mol eculed tthaerrgiefiK2-seaepooornaye osi e Ki
rearranged i n 5%-lofked he addRKRI| &vthel phi a
mut ations have bAK22uswiohe lgye netsudired st i | |

characteri zed.

Ai mithis study aims to develop a target s
0 AK2 fusi BCRAdeneoedi atriuci pgtitdet aovel
i nhibitor CHZ8638

Met h RINSA: Next Generation Sequencing was
fusions in a cofAdrlt pefdi atgmcvyv paki BEPsS .
expansion of patiremtsdd oueCHHEMNSES meere . c
ewivo pharmacol ogi cal treat ment , ver su
chemot herapy, have heeddawalgthgptuead .e xMor e
Vi vo screenianpgp roofv eld7 4d rRu@As waxs perf or me (
Vi awoidvi voeatwndmt si ngl e selected drugs, ¢

apoptosis assays were done.

ResuWe si.deBpefliadrilc cases carrying a J;

di fferent partner s, where PAX5 gene wa
expanded cded d sesf riolrm mi c e, carrying PA
ATF71 P: : JAK2 andr eZsEpBe2cNei ey o nst rat ed t h
t he basal act i-lvOalli8h k2 aMmd piYl90downstre

effect o-BTATDPSaFTANEHTA4r geted by CHZ868,
a newl ktl agsoginrhae bk it roaAspdp Ttieelrd) me a n

inhibit-Tb% of -IBBADO0Zfter ABmEOMAbNuUtes, ti
after 48h, with conSEATUXNIPTEEDLY ease of
and RARKIKpat hway effectors. After 48h mol



CHZ868al dwetct ed decr ease?tl5%edtl IVCR®), ity

which increased in the combination with

I n PAX5::JAK2, we al so perfor med
BIBF1120/ Nintedani b, LCK inhibitor (act
fusions) wehs cwi tshy (p4E31%%,8 6 Bt | C50) . Mor eov
ruxolitinib caused autophagyl,l as confir
versus untreated cells (+45%, p<0.01) al
ruxolitinib and chloroquine (autophagy
p<0.01). HZ®688ealdon&€ or with chloroqui ne
autophagy.

Finally, w e d e-mo nesftfriactaecdy tohfe CHZ868 [
PAX5: : JAK2, ATF71 P:: JAK2 dandvedEB2: : JAI
xenografts, with a significant reduct i c
cell s I N ebhematoama@EnNns after t wo weeks o

treat ment of CHZ868.

We morcewvieded t ot mpepueph mwm thriegeghni ng o f

a | ibrary-apfpravdd F®OAugs in clinical tr
sampl es carrying JAK?2 fusiad,ns ( PAX5: :
ZEB2::JAK2 and tGo T@hedRKRY ot her i nhi bi
availabl e for WhAKZ2 tweer geeatoifnigt mad bt wat
not effective on JAK2 ce&barM) ,att htilke t es

screening led us t-bodidemgtsi fyrspeairfriacnga
JAK2 <cohort, such aAurAdra 8i3n N ipkiOt. Ar5)) 41
Birinapant (Smac mimetic) (p<0.05), amo

Summary/ Caoan  CIHZS8i6B8n i s a promising drug f
of JAK?2 fusions. Furthepr esctludiiecsal wi | |



combination of CHZ868 with the recently

specifically eff.ective on JAK2 fusions

I NTRODUCTI ON

Acute | ymphoblastic | eukemia (ALL) is
cancer and represents &5%bamf, @lt|l athe pe
2013; Harri son, et al Nowdddys Inhfad a, e

i mprovement of mul tidrug chemotherapy
t herapies considering prognostic facto
prognosis and to a compwheitlee rtehnei s2s0i% n i

of patients stil 5% lodp steM gwiytehatcerelty t he

al . 2008; Bourquin and | zraeli, 2010; C
Recentl y, @& urbegw ohuipg ld erniosnki-lniak e d( FPPthi | ad el
|l i ke) has bernBderf,i neetd,al(. 2009, Mul | i gl

as having a genetic expression pattern
Phil adel phi a positive ALL, despite not
chr omols ofrus-ABh1BCRowelNieke -#ABEBER

l i ke subgroup i s cABUhb/tAPEIGCGERBAAt er ati on

MCSF,LCRLFPAXEBEPORNIAKI2e nRsbé¢rts, et al. 201
Boer, et al. 2017; Shirtahzat eaadalal t2¢0 2 0 ;
in 90% of swuibeg (Helufoelcdt eadid Go K Plkgeet , 2017
genomic profile i S heterogeneous and

activating tyrosine kinases and/or sig
kinase receptors, makinfgot halst ALthati ases
treat ment therapies with specific kinas
type of kinase inyvohvddstnettaenangeABnh
or JAIKss can be done, and this is part

Py



under st and teaop pwhomr icdtaes st yorfosi ne ki nase
coulas oeci atheed sweintsh eat mégt of Boer, et al
JAK?2 I S-reacepbnor tyrosine kinase, fund
hemat opoiesis and involved in different
pr osceess, such as cellular proliferation a
be deregul ated in | eukemias and | ymphom
number variations, mutatidMeyamd chr omo
et al 2015; Eh Whntl rea WtAK@stmoaae2 G2 )n.

widely studied i n the | ast year s, neo

translocatioobanaeteti zéedpb6BhM gntraut,

particul ar, f u3 AKar eg efnoeusn di nivno lavbionugt 5 %
pedi ad i ke TRlL ah, et al 2017; Shiraz, et
Tasi aln), wBhD2h JAK2 maintains its catalytdi
fusi ol AK\ne s an appealing target of a |
ki nada tiomhsi ( TKI s) avail 2012eh¢émwe date (Tr
are mainly-TKAK2 obluassnl the | ast years t
class 11 TKIs is increasing, because th
class | TKls acting ditrteachnhl pwf odAKRe in
(Harrison, et Bt pgOGBablI Rukbéi mosi bdi ff
TKI directed to JAK2 which binds its t:
t hough i ts efficacy, it showed some I
myel oproliferatnve dssedsescs@acyradt nhel gh

persistence and hyperphosphoryl ation of

a fNpar ado xKocpapli keafrf,e cetto a(l . 2p12; Tvorog
Cl ass 11 TKI's bind their targets in t|
considerisngt arAk2 ,athe novel compound C

promi si nigwirtaread«t s@eti ng significantly o

P



|l eukemi as and myeloproliferative diseas

mut atBoosnes, (et al 2017; Meyer, et al 201
Wu, akt 20hlabn g, gt ZLlon20d&ring nCHZ868 eff
these settings, we developed the presen

JAK2 in the contAxtL ebmmpleels adercva&adCPfr
patient sJ AKRmursyiomg gee® $ \aod# iowan

preclinical setting. The aim was to inv
specificity and efficacy for this spec

chemot herapy drugs for this type of fus

MATERI ALS AND METHODS
Patientsdé cohort.

I n this study, we have analyzed sampl es
tumor cells (blasts) of pediatric pati el
Al EBFM ALL 2009 protocol. We- selected a

ALL pediatric patientrd,skadybediCrRg MRDf i n e
analysis at TP1/day 33.

Next Generati on Sequencing RNA target
transcriptesome anal ys

We applied the Next Generation Sequencit
strategy on a | arge cohor t-Alolf PCR MRD

pediiact pati ent s, i mpl ementing RNA target
pl atforml(éiutmh ema ThaCa ngcheer RNAb rPaarny Pr ep
('l umina, l nc. , San Diego, CA, USA) or

Panel ), as prbeyw iQruisonyi sdeastgrab b.a i@ 0tl 9,
RNA extracted during diagnosis from bon:

For single cases, whol e transcriptome a



usi ng t he Uni ver sal RNAs eq Kit ( Nugen
manufacturer ' slOffgotmarmdgr aBm iemdwynt s of

RNA obtained from BM cells h-ave been pr
stranded cDNA generation using a mixtur
l igation, strand selection, targeted tr
f ori bosogabi mngenes, and PCR amplificati
final | ibrary. The | i breanrd esse ghuaevnec ibnege n &
on NextSeqg550 Il lumina platform, 2X75,

Hi gh Output v2.5 150 cyclesudartridge.

exclusively patients carrying chromoso.!
JAKf2usi oni dgeemtbigh,ii eidn f ammd tyisa s per f or med
using TORPBAZgen software (Basespace 1

www. baseebbhuojmomaanoint er nal pipeline (C
2019)
JAKI2usi on genes validation.

NGS identified JAK2 f «LiRom:ndweraengwal i da
sequencing, andjoof Fil &tHal BRNAfWwas udsed
CDNA rbewerse transcription using the St
Transcriptase enzyme (Il nvitrogen, Therm
MA, USA) , according to manufactureros

sampl es weyRTLRal wiaedh Ipeci fic designed
each fSwspipdremegablhey usi n§ TRIPANtAI num

pol ymelrmwiet r0gen, Ther mo Fi sher Scient
manufacturer RSIPCRnspradcuctons wer e puri fi
analyzed bgn&anger sequ

Cel | | i nes


http://www.basespace.illumina.com/

MUTZ5 (CRLF2r and JAKCAL-LRG(8CRA)F2and MHH
humawmr 8cur sor ALLancde!| $ETI2i nelAK2 m) of a
megakaryobl awéer el eukedi aas positive con
JAK2/ STATi pashway ti me.points phosphofll «
Humamur i ne xenowirwad tesxganmsiion. of patient
Ani wi PatDenmniXendograft (PDX) model has be
| mmunodeficiPrn@d'®NGD/SEY ( NiS€GHo m

expand primary patientsd blasts isolate
NSG mice -lweetrheadsswbagpir@ted (125 rad, 12 m/
usi nRAYX RADGI L instrument (Gil ardoni S .
Lari o, |l t a46 ) treandeathemouse received

intravenous-1i%mi®°patiDent 8 HI ast s. Peri od
evaluated t he | eukemi c engraftment i n
i ntrafBMioaapirate, i n gener al anest hes
i soflurane and oxygen. Mi ce were sacrif
or when the human disease engraftment
hi gher), or when evident signs and symp
(curved postur e, wei ght | os s, anorexi a,
observed. Ti bi a, femur, spl een, and me
processed, in order to obtain | eukemic
centr al nervous system (phNe)o.ty@Pel |l s we

( FACS) and then c¢cry%hbMG@efoerd!| ong FB&Sr m
storage.

Engraftment eval uaphemot gpd bymunleow
cytometry.

To evaluate the | eukemic engraftment i

suspenpirenvs ousl y pr oeclelsss eidy) t dMelryese r ed



stained with antibodies to make a cyt.
anti bodies. The antibodies used were: F
i mmunogl obul PPIEs ,3@CD415211 eHEi,oscience
Thermo Fi s-PERLCPDKH,CDIABL 8Bi%,sci ences, San
Jose, CA, UVUPLE) {COHRCDALD1IDHB, eEi,oscience
Ther mo Fi shrelr)C (hHOMBM®Y9, 1dHEi,osci ence
Ther mo Fisher). After 15 mi nut es of C
temperature, cells pell etds iwér2z@&dOwashed
of PBS and analyzed at BD LSR X20 FORTE.
FACS Diva software (BD).

Cecul ture of | eukemic blasts on a | ayer
stromal <cells (HBMS).

Bl asts derived from xenografts were see
ohuman bone marrow stromal cell s, named

was prepared at2 tfiehCeoackndfr atth e nwelfl s ¢

multi@werihnhing I ncorporated, New York, US
reach confluence. Leuke&mormcdnhntarsdtsi oveyr e |
in presehcénokrtaz®GOwell of AIM V (Ther mo
caeul ture were treated wathdeatcéadr @dmtug i
concentrations to determine | C50, for 4
concentrations (including | C50) wer e

monot herapy or in combination of drug

l eukemic cells wercelisol dtyegprorcemss ngo m
foll ows: 8 times of scraping and 8 ti m
each welll . L ewied bsi loift ya poofp tholsaisst s wer e e

staininghGDWAWRMC anhCDCE7 PE565282 RRI D:
AB 2739153, BDd Bada mrstcea mpmareasr i-HlBh wi t h Anne



andAAD (kit GFP CERTIFIED Apoptosi s/ Necr
Life Science, l nc. , Lausen, Switzerl ani
i nstructions. The experiments were pertf
and techoatal Anonal ysis by FACS wused B
FORTESSA cytometer (BD Biosciences) and
For the described experi ments we used
ruxolitinib, which have been dissolved
and a 28mg/ mL STHOLCK aleispreacttad edrnyd pgreser

20AC. Dexamet hasone was used as wel |, a
of 4mg/ mL (preserved at 4AC), and Ninte
received at stock soluti@®A&€t FoOmM, in
each 1 reduive xdpuearli ment we prepared fresh d
drug at specific experimental working ¢
The foll owing parameters have been used
drug treat ment, both in monotherapy anc

deter mi ceoembinathieons of drugs were addi
antagonisti c:

-1 C50: to determine the efficacy of drug
(Beck.200@heang and 9 PXBeubsapufgeld 0 Jal ).

-BLI' SS score: formula used to deter mine
( OE=EE) or antagoni st ( OE<EE) activity
experiment s( ExyXEKyEY considering the e
(EE) of single drugs togkftfheat EXOEB)nd Ey
really observed Grreceoxperni mdntl®995, Zhao,
-Compusyn softwarel:allmd aggddsorm otmibe n@h o w n

theorem (Cl) to evaluate the effect of i



stands for synerngyly, CtCHlanbageddsm (Cho
alz006) .

Functional phosphofl ow on JAK2 rel ated
We evaluated the | evels  ofPFPABosphoryl at

and Mp®Khway by Phosphofl ow, in patient
murine xenoglrlaftsnesandat nbaseal |l evel or
ruxolitinib or BIBF1120/nintedanib trea
our | ab (Cazzanisga,r vatt i @ln.,, Z®13)s, wafrteerf
1.6% paraformal dehyde (PFA), permeabili:
wa e wi t h Staining Buffer, dar k stain
temperature with antibodies., Only for

ruxolitinibteaedt BdaBtFllaeldreet t he fi xation
parafor mal dehyde celtlse werlegsQreated

conceinomp at different time points. St a
FACS, using BD LSR X20 FORTESSA cytomet
and FACSDi vantsiodbddviaes . used for t he ev
phosphoryl ation wer e: P2JAAKRR (BliyaslD 07 + Ty
Anti bwah ersn MassaBShAapYGO4) (#812598 BD

Bi osc) en®AsTiSTDHP7 (#558085 BMPRPIBKosci ences
AKT (PDPKIDPKANtpiS241 #560092 RRI D: AB 16

Bi osciences), pAk-Akt( S8ed B3 #P0DS p hCoe |
Signaling), pAkAKkt ( TphTr33008 ) # 5 5A2 7 5 RRI D

AB_2225329 BD Bi 0sS®Hi epnS2e3s5)/, p Sp2B36 (#/5m6t0i4 3
RRI D: AB_D8®BII&ETiBnces) ahoBPApEBP1 (Pho
Thr 37/ 46 #2846, acgdl MABKIBIRKg)2)0 4) ,

# 6 0 3BR@ Bi osci ences) pat hwa yosr, after 4

ruxoltirteiantimbent on bl asts on a | ayer of F



Autophagy evaluation after TKIs treat me

Bl ast cells, on a | ayer of HBMS, were tr
or ruxolitinib in monotherapy. Chl or oqt
was then added for 4 hours. Eval uati on
determobedr byngCABBEH29Cehhabing), total

LCALCEBA#B3H1Cell &Sxmgmadsingn and active cCz¢
( Apatcit i ve-3Cc #SHD3ed 1, BPpod®Bitisceeneesys by

FACS (LSR X20 FORTESSA, BD Biosciences)
CHzZ8b8i1i vargeting.

NSG micexeweteansplanted wi t h | eukemic
PAX5::JAK2, ATF71 P: : JAK2 or ZEB2::JAK2
10% engraftmeevalthytlepdek e mida c bone marr
aspiration and cytofluorimetric i mmuno
CD10+CD18+ Wwkasandomi zed animals in two
the drug administration with either 301
group) or by wvehicle (H2O0O, Et OH, Kol | i
weeks with washout on the weekend. Bas
previmparsfifgr med a dose finding study tr
PAX5::JAK2 fusion with =either 30mg/ Kg
CHzZ86 8, which resulted 30mg/ kg as bei ng
Leukemia reduction after CHZ868 treat me
and d&bs aluumber of human CD10+CD19+ bl ast
spl een, peripher al bl ood and meninges
(FACS analysis).

Bl asts cells isolated from BM of CHZ868
starved for 1.30h, fizxed with 90%oc¢olPFA

met hanol , washed with Staining Buffer,



room temperature with anti AKdi,es direct
and MAPkKk pathways as described above.
Exvidoug screening experiments of | euken
Exi veext ended drugspescfireemecg asy previ ous
des c (B hbaetdi a, Ebzab, 2)8iBAaefl O2he DMSO
di ssol ved compound l,i bNdry USME d CvhaesmE x p
di spensed with increasing concentration
steps -(25 008) usi ng di gital di spenser
Mannedorf, Switzerland), which ensures |
application i n raedemi izeld faeshooses Dw
monitored-depehdeAltPFGl ©Cel LOUmt eescent cel |l
viability kit (Promega, Madison, USA) a
using Microplate reader (Spark 10M, Tec
(DSS) for the eirmhinkeidt,orfsol weorwee dd ebty heat
vol cano plots visualization, and unsupe
the DSS scores were per(fvradmed esialf R p
2014)

Statistic8&t atainsatliycad Isi.minedvyi sseessd f r om
phosphow experiments were performed by (
(verL9); Anova and T test is shown as *
***x*p<0.0001.

RESULTS

JAK?2 rearr angiedmemttiist i wedrceo hor t of pedi at
patients affected by acute | ymphobl ast:i
Through a | arge NGS screening we identi:

of 13 casesAKRasirgiSagplaement2a)yy tabl e



Beyond the alredAtlfF70BAKRI had , PAXBongd AK?2

which was recurrent in n=6 ~cases, NnoVE
val i dat e-BCRbyanRIT Sanger Sequencing: Z |
Gl T2::JAK2, TLEA4: I AKXK,2, MERREIBR2 ) J AK?2

all the JAK2t Ak#zsierst aidresitiitfs eldi,nase dom:
36, fused at the 56 with the partner ge
as positive control s, i denti fied by NG

rearrangédmi@stsrau taamdnadchd i t i onal two as neg.
control s, whose c&AKadndwenreeg awiilvde tfype afne
fusion gene by. RNA NGS analysis

JAK/ STAT pathway i s hypeblpahotsp.horyl ated
We devel apenbdeilwi ehfou mano u s e xenograft i n
subl eitrhradddy@ti ece N avexdambd e pri mary cell
3 patients, carrying a PAX5::JAK2 (pat
(patient 2) and a ZEB2: :JAK2 (patient
previously W& IRiddhataendg eory BRRTqueac il Ag (

D). Af tassrs easimeerngr aft ment hi gher than 8
bl ast s/ DAY BM aspirate samples of tr
(FAOWSRlayswegoVeu&emic blasts from BM, SP
from mi cwee,r ewhusseeghd utpo t he cel | bi ol ogy ex

this. study

First, we wanted to characterize the si
three cases carrying JAK?2 fusions, i n
effectively active at basal hi gvel in ab

pur posgh,osphofl ow technique we eval uat «
phosphorylation of -Tth®8 tiwn trleesi Hoep V¥
activati acamraofesphkohisngtuodi ve activation

cy



i tsel f. We ecdmparledhosphoryl ation | evel
primary cells of twORlpmZ2aermasgemamtagst er
known to have JAK/ YT@ALL SaavtahBea 7h u s
considered as e@odcatsta gtee din @gthero b s W

of basal activation of plAKIOin al.l t |
(Fi gur eexlper)e,ssed as medi an of phosphor
conditions, compared to positive contrc
|l evel s of phosphoryl ati gonS7@f7)STATW ( pY6
JAK2 downstream effectors on the JAK/ ST,
t hat the JAK2 constitutive activation
effector at basal |l evel s iFi gaurle t hree p
1FG) .

v HHHHHHHHHHHHHHHHHHHHHHHHE coon [

NHrD[H]-I-ﬁ-[Pﬂ-II-II-( Fcoon PAXS

e BHEHEHHHH I oo Pt [

PAX5::JAK2 pt.1

ATF7IP::JAK2 pt.2

s fH T HHHHHHHHHE coo, ATFTIPea) Jakzexts

Ve nis—{HHHHIHH HH f-coon  ZEB2

o O -coon| zeszes s
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Figure 1. theatupesiatric patients carrying JAK2
Representation of fusion breakpoints of pati e
ZEB2:: JAK2, patient 3 IAAGAKIZP k:inAakBDB, dearah nmai nt a
Sanger indicatifgsitdhresPiCaRedok R Tpiartti emft 1 PAX5: : JA
(B), patient 2 ATF71P::JAKRF. ( C)Basmdt ileervtel 3 02ZEB?
phosphoryl ati onl000f8)p J(AK?2, (pYSITOAOTS (Y694) (F), pS
(D) of the three patients vearcroynitnmg |l FAKZrarcgoymmar
a CRLF2 rearrangement, and one of them a JAK2
*p<0. 05; **p<0.01; ***p<0.001.

The JAK2t patients also showed a signif
pJAK2, pSTATS and pSTATS3 compared t o

represented by primary cel D&aK@f two pat
gene, considering both fusion and SNV/(



have a constitutive activation of pJAK2
STAT3 and STATS5 compaimpepne rntba rgyd K&t bl ast s
S1R) .

Cel | (IS EnTeZs, CALLA4, MUTZ5) , cfommrsi dered pc
JAK/ STAT ,9plac Wwevdeyx lpe e s3AKNhS&iATect or s
withoutSwgplmurmdant@IB) .fi gur e

Conventional chemothetgygpypysidmegki mase J A
i nhi bitors as singl e fageindrss show ef fi ca

We execut e-d-AADDN expiowittdasliist y-caksaye of co

of patientsd blasts on HBMS, treated wit
'l and ruxolitinib, mandAKEZr agy ©6 deases
patseertific |1 C50s at 48h. We deter mi neq
ATF71P::JAK2 cells were moré@Msensitive
I C50 (Compusyn analysis), compared to Z

was more resistOdntagq | €HBWwpO fe me.n3 RG y
figuAe. SBy ruxolitinib dose finding stud
1000l d higher t haSwptphe nmiklhd &8 SRes (
Furthermore, we treated PAX5::JAK2 bl as
conventionalroecpgemsetderappl BOP BFM 2017
determining andCh050 whfi chngv/amL consi der ec
pt. 2 aSdpphtem®éngacg]l GR0s are reported |
suppl emdntg@dye

CHzZ868 reduces JAK2/ STATs pat hway
hyperphosphorylation in JAK2t | eukemic



We evaluated whet her t he CHzZz868 tre.
phosphorylation of its target JAK2. We 't
ruxol itinib 1 n monsopehceirfaipcy daas elsC5a0t pdait fi
shorter time points thanré@8hmeabsarving
significamecipfaitci emeducti on o-f phosphory
1008 residues of the cat 8I3ylt%)c. | oop of
CHz868 30 minutes of treatment also cau
phosphorylation -0® 29T A5 (pTYTTAGTB4 )( T(yr 70
(-(348%), the two main downstream effecto
t he reduced phospogul#) i 2A0venallJAK?2
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specific responses.
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pJAK2 (1Y010080)7, pSTATS5 (Y694) ainche pSdAMBs(BR27) at
patient 1 carrying a PAX5::JAK2 fusion (A), on
fusion (B) and on patient 3-FcaRuxionhgtani ZEB2: :
typeTKI, targeti A@PdOodf) ,p pSRATHEYLF¥BB4) and pSTAT3
ashort time points on patient 1 carrying a PAX
carrying a ATF71P::JAK2 fusion (E) and on patie
(F). N=3, 1 representative experi ment shown.
***p<0.001.

Afteat ment of kluddtureelolns ai A ayer of HB
with CHzZ868 for 48 hour s, i n PAX5::JAK2
was significa-ab0bloy pe@uob6ed), ( pSTATS v
hyperphosphoryl atFe d uX/A)7 % obpb0y0@lu)e (o
t he mpcreR&XB5N the fusion gene, which | e
hyperphosphoryl atiohn¢é@®d&darwiigd AKet al

and ZEB2: :JAK2 sampl es showed a sign
phosphoryl ati on -2i%n®) b oatnhd ppd&IKAZT 5 ( (

65%)H g u3 BL) while CHZ868 hg@gho%effect on

p<@.01) only in ATHRXOR::tJAK2D. hAatd 4n8oh ,e f f
pJAK?2 and pSTATS3 on PAX5: :JAK?2 positi
simultaneously i nduced pSTATS hyper ph
p<0. OFDG ¥ X Moreover, whil e it di dnot sho
pJAK2 also on ATF71 Pux dIlAKthihmpibbst edve bl
pSTAMD %, p<0.p0SOTAED %,ndPk}ei 6are 3E

F) . Conver sedxwer treudxod i sigmibf (-cant effec
3%) and (PIPATS50f ZEB2Fi:gJuBG4p bl ast s
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Figure 4. Mean fluorescence intensity ( MF 1)
downstream pat hways after 48h of treatment with
fusioncsulithurceo on HBMS, eval-CpdAH2byYpPOOZTphofl ow.
100(8A) pSTATS5 BgYMa9 HSTATRBC)h&TDHTYi on after CHZ868
ruxolitinib treatment on pati ®&FtpJAKRI asts carry
(Y1010 @BR) pSTATS5( EQWGd9 4p STATRBF)(Inh7A b7 )t i on after
CHzZ868 or ruxolitinisht st rceaartrnyeinntg oan ApTaFt7il ePrit. J2A K2l
G-l.p J AK2 (1Y01008QY p STATH HON G 9@ P TAT I N(hSi72i7t)i on

after CHzZ868 or ruxolitinib treatment on patie
fusiddd .3AKKT pat hway effectord (iSHI7TB)L I @MK[TPDPKL1,
(T308) , 4pEBPL1, pS6] after CHZ868 or ruxolitin

carrying a PAKPI 3AKAK2p dtutswaoyn .ef fectors inhibitioc
pAKT (S473), pAKT (T308), 4pEBP1, pS6] after Ct
on ipeantt 2 bl AFHFF | FaAK2yLfPUgBNE T .pat hway effectors

i nhibition [PDPK1, pAKT (S473), pAKT (T308), 4
ruxolitinib treatment Z&MB2plaAtKi2e nftu s3 oml. a sPt sv acl aurers
*p<0.05; **P<@OODI1;N=3 *¢opxperi mently, in technical

Furt hewemoales o ¢ PAKcTk each dPIMBAPK pat hways af
48h of Bseahmgnbre more downstream JAK2
expecting an eff ectCHxf8 6t8luea oMK It $ nli &t er i
significantly -ABWnpagbwayéd PfBEctors i
three JAK2t sampl eBi,g u@dik}, h wdii rhiel awe ef f e
evaluatsesgepgatfi ennr epsEpRokn gsle s mieing ar &

Sy .

CHzZ868 shows a JAK2t specific phar mac
combinati on wi t h ruxolitiemiibvoand dexa

treat ment s.



CHz868 was given for 48h ien anodnbi nati or
ruxolitinib to blast cells on HBMS. We
and synergistic effect with °ruxolitinib
6 D0 %, 0.01<p<0.001 vs wuntreated). Whi | e
resistance toothevapyi onag déeamet hason
1 (PAX5::JAK2) was quite sensitive and
significant synergy bet we@ins % ex amet has
p<0. O0O0dntwseated). The combinati on betw
dexamet hasone oX: :plaAKiz2entsho3we(dZEB t enden
overcome the resistance as we evaluat e
scor e, driven Ma<h.l QdlelxapvieEHA 868 ne only),
while the combination on patient 2 (ATEF
advant age conhpearragpdy t oduneo ntod t he hi gh r
dexamet hBsounee) WEA assessed synergisticl
effects in the combinationsaad i ndicate:q
combinati Bopphdman i3&r ywittahblpati ent speci

responses.
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***p<0.001. N=3 experiments, in technical dupl:i

on 1 [fg&tei emtt ernal control is represented by unt

The same-vapapt dyi sasssays were performed
from two pediatric patients defined as

have JAK2t rearr angemelna sst,s amfd menditamor i
patients defined positive control s, usi
the three chemotherapy drugs defined f
CHz868 was not significantly effective

t o ruxol i tinildhb ghteagmeCHZ868i gthAK2t sSpe
Overall, CRLF2r <control n.2 was more se
i n monotherapy ,anals ianl scoo nsbu gngaetsitoend by b
(Suppl eméngar ). bbrAeo v er , negative contrc
particull @el yosdesgsiamet hasone treatment,

n.1 was also sensit(ilvebt%, rpux0.I10X% iwg b t

untreated), despite t he absence of J A
remarking ruxolitinib nonspecific actiyv
ef fect in bot h Suegdteiméenr ga o W) rSkbICs (

Eventual synergisshownobyadodoimbmwatebhedcnhc
CRLF2r and negat eewe | usointerloyl s dr i ven I

dexamet hasone&uprplreumeal id.iy8iBb (

CHZ868 exerts a synergistic combinati o
PAX5:: JAK2 treated bl asts.

Considering thePAdX3:i ethdA&Rlonc agrernyei,ngwe
performed a dose finding study for t he
(BI'BF1120), whi ch tsrhecavtende netf foifc a ceyu kiemmi tch



charactRAXSsgdeomgs (Cazzaniga V. et al .,

et al ., 2022 )L, 0ndM tle€50 nv anlduieg ufreer Bl BF11
5A . We also demonstrated the activati
downstream pat hway, known to be regul at
Bl BF11F2a0zi o, ),etevaal.u at0i2zn2g t he phosphoryl
PDPK1, pAKT (Thr 308 andFbEgHh®e3) , pS6 ar
After 48 hours of BIBF1120 monotherapy
HBMS, we oObserved a signi-AKTant downr
pat hway effectors (PDPK1 p<0.001, AKT
Thr 308 p<0.01, pS6 pdPi. POr-6¢) AQ@EBP1 pc<
Mor eoweerperformed a combination treat me
and BIBF1120, I n addition to a combi na
bet ween ruxolitinib and Bl BF1120, us i
concentrations (the 1 C50, one | ower and
a constrati o between the two drugs). Af/1
significant effect on cell wviability by

and Bl BEA4B20p€0. 001) tBHa&BrF 1tli2d rowmxo (i t i n
50%, p<0.05)Fiwawkrip.bsBklrivesihgaoverde t dalad o
both CHZ868 and dexamet hasone combinat.i

dexamet hasone comb(Fnagtui)en 5are synergi st

Nintedanib monotherapy

PI3K-AKT basal pathway

= Untreated

EA nintedanib 5nM
EZ=3 nintedanib 7.5nM
B3 nintedanib 10nM

ells)

Viability (n° of blast ¢

N
A B Median
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Figure 5. Overview of function characterization
cel Ii.abA.l i tiyn-odid blmsten HBMS after 48h monot her
wi t h Bl BF1120/ Nintedanib t o determine | C50. N
dupl iBcaBasal |l evel eval uAKiTopavthwaypeéssecoor ef

C-G. Mean fluoresceAKd iprattedwaiyt yef &)fe,c PbBK PDPK1
PAKT ( PA73pAKTE(T30BBHBR1IEGRNS 4&fter 48h BIBF1120
treat ment of bl astbsy opnhodPM®f |l ewal NatBedexperi me
techni calH-lBExwp lviachaitlei.t y of b FCaszt8stBa fatnedr Bl BF1120
Bl BF riw2x00 | i)t o mb bna&ifttiems48h treattmantuadce dHBBES

di fference from necrosi ®EaMAAsapopN=03mi s by Ann:
experiments inJtecBhiscsal sdopki odtd.he combinati
with BIBF1120, indicating a synerkgi stic effect



LC3IlI1l expression, indicated as &dFIblragti®o on LC3
in-caudture on HBMS for 44h + 4h with chloroqui
experi melht 9% hoofwrb.l ast cell s positive to active c
TKI s, Bl BF1120 and chloroquine, indicating celll
N=3represexpati ment shown.

P values: *p<0.05; **p<0.01; ***p<0.001.

Ruxolitinib, but not CHZ868, exerts a |
effect on PAX5:: JAK2 blasts as bl asts u

I n casesJAKairnygilneg nucl eoti de mut ati ons

_.‘
c

xolitinib S known t o reduce i ts ap
ut oplhMagyhNaed o et akher®f2®dre we investig
utophagy invol vieAke2nsi onspr@Wsenceabobéd bl
n a | ayefrorofdHdBM&BYyrs with CHZ868 or Ru
h

en we added chloroquine for 4 hours al

o 2 O

~—+

autophagy inhibition by <c¢chlloroquine tr
mar ker of autophagy, were assessed by f
singficantly highlerin evkll ¢r cogfui n@3 tr eat
(+115 %, p<0.rOXIg!l iatnidni &l stor eated cell s (+

compared to untreated blasts, whereas n
in CHZ868 tHK gat@gd dmilrledv érre,d vaen obser
increase of active caspase 3, in bl ast

chl oroquine combination (+20%, p<0.01),
treated blasts, while CHZ868 and chloro
did not i ncreased apd@ptoFidguwsrlecompar ed t c
Furthermore, ruxol itinib i nduced aut
PAX5::JAK2 blasts, and not in ATF71P::JA
celSlusp p(l ementSe-H) .fi gur e



CHzZ868 treatment targetJAKi2eskemisc bl ast
I nwi DX precli.nical model
As CHZ868 proved t o ruxetnmolei ned fecti ve

treat ment s, we eV aldueartievde di txse neofgfreac tt iNnS
mi ce, treated by either CHzZ868 (30 mg/ ki
of treatment, we analyzed the |l evels of

the two experimentaltypespst 1asiadbhs, t hw
detected a statistically significant r e
hCD10+CD19Fi churdes teMm (t he hematopoietic o
bone mam™@Br50%) ,( I BI%E®N (perigBeOY%)l bl ood (
and meninges s fs ystédagarg(l, rmewrdvod t he numb
of hCD10&%GCPpOemiing ak-§ .S70verall, CHZ868
showed a higher efficacy on spleens, i n

significant reduct-bbfo) of Wespalkesosdaeeghe

signi ficaamtn roddu he | evels of phosphory
cel | of CHzZ868 treated micel8for all/l t h
3 O, P00 . HDrbd ERPIHTHTS5pQ. OtSherefore CHZ868
mai nt ains i ts capacity t o downregul a

(Suppl emenutgaer y-§8We det ect ed patient Spec
responses eafnfoencgt ot be of PI 3K, and MA P k
suggesting a CHzZ868 overall efficacy mai
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Figurevievo I@GHZ868 treat ment of mi ce XxXxenotranspy
carryingA JAKduction of the % of CD10+CD19+ | e
CHzZz868 treated mice compared to vehicl e, in bon
and meninges, and r,ediunc ttihoen soeft tsipnl ge eonf wRA Xgbh:t: J Al
B. Reduction of the % of CD10+CD19+ | eukemic bl
compared to vehicle, in bone marrow, spl een, p !
reduction of spleen weighti,oGi.nRedecsebhin§ of A
the % of CD10+CD19+ | eukemic blasts in CHZ868 1t
in bone marrow, spl een, peripheral bl ood and m
wei ght , in t he setting of ZEB2:: JAK2 fusion.
**p<0.001. At |l east N=5 mice for each group.

A wide drug s c Faepepnrionvge d ofdr E®PA i dent i f
additional potentewli vbAKRednPDKIi tel §sin
Further more, as CHZ868 showed promisin
i nvestigatbkbdri availksable compounds woul d
targeting JAK2/ STATs pat hway, to be con
this specific SNMebggrppup eal | agpoatigdeent s .



screening wippholvVed EDAgs|l amdciahhithbi@adiss
(Suppl ement)aryot &bhed ®Bffective drugs on

PDXs. We demonstrated efficacy and spec
(carrying PAX5::JAK2, ZEB2::JAK2, ATFE7I
respectively). Afteatedht hod dirfefaermemtti,a I
sensitivity score (dDSS) of JAK2t sampl
CRLF2r and JAK2m <cel |l Il i nesl | ( MUTZ5)

l ymphobl astoi d cel l l i nes (LCLs) , der i
Considerisnpgecpdt icentepop d refdiegiumeas?7 A e
PAX5:: JAK2 was the most sensitive sampl ¢
both to conventional chemotherapy drugs
BFM 2017 protocol for ALL in children, a
demonstrrakelbi tiils@ainot effective on all t
tested dosages, ranging from 8nM up to
Among the TKIlIs targeting JAK2, AT9283 w
specific and efidé&d&KRtvdg Dawsipouyuncdcttal . z
compared to MUTZ5ntwuslks, aangpobkbeal viey coo
(p<0.05), on which it had no effect.
screening |l ed us to identify drugs, no
specifidgdoand hon JAK2t cohort, such as

mi me t(Ricohmond 20 k@vh,jadh showed a signi fi
specificity fRIrgdmMm&k2iIB (p<0.05) (
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healthy controls (LCLs) expressiyngoft he DSS valu
group of standard chemotherapy drugs currently
protocalroupndfainhibitoB s Meraowro ft @ StSarvagd tu elAK.f
PDXs per drug, with comparison of responses bet
LCLs c®Pntvradlues: *p<0.05; **p<0.01; ***p<0.001.

DI SCUSSI ON
JAKRearrangemenéepr e(sleAlk®r pdoupedi atri c
Phil adéalkphigadtriaentasnnd aadi anhj | RPORArks t he

speci fic i nhi bitors. tylpee taadigltty pAK2 al
tyrosine kinase inhibitope-TKre avail abl
showed | imitations in JAK2 alterations |
Maude, et al . 2012we Tvocoged, oat CHEZB86 2(
typeée ,aKshowed to be etactione d MeJARAK2 e
al . 2015; Wu,t heet e al DAKRQ 1&fparfangement s

aiming to demonstrate CHZ868 specificit
PH i ke.

By NGS sequencing we defined a cohort

carryAKhaZysi ons, I n wthh JcAhK 2w emaei vnat laui antse di t s
catal ytiinc adoma, having known (ZEB2::JA
TLE4: : JAKR . JRKB7Y MPRI P::JAK) and alrea
( PAXS5, A &r7tl Pe ). Agesnds et o f pri mary sar
according to materiiani eaxvpaainidaebdal i t vy, h a
xenograft NSG murine model, to obtain e

ouax i @operi ments.

We demonstrated, by phosphofl ow, t hat
defined by a basal hyperphosphoryl atio
compared both ftodebsnédveycGRLF®IlI searra



and JAK2 mut ot iacns vakrow AKVEMAT mdt hway
al . )20Bhd to negatyipee foontIi AKI STAWI pdt hv
confirming the role of JAK2 fusions.

efficacy oDdO@HA868 wetr dosages than rux
patient specific | CGCoAWIst,urem af8 hb It a tad meal
HBMS | ayer s. We included ruxolitinib a
cliniddal tthrea RHud) saata Ikpehipaosi t amd adol esce
young adul t s, wi t h r CRLF and mJ AK?2
NCT027280898@4pedi atric patients with the
(clinicaNCT0absWgddl)so included dexameth
a standard chemot herapy dMu@Oddrrently
protocol for pediatric ALL, to evaluate
two chos®Bwm diKesk CHZ868 specificity on
pat hway, we diodh &l aphosmehadfs,owbserving
significantly downregul ates JAK/ STAT pa
and efficacy on pJAK2 compared to ruxol
higher affinity for pSTATS5 at short tim
CHz86&tmains its activity on p JAK2 on
ruxolitinib has not effect on PAX5::JAK
presence of PAX5 in the fusion, both th
and p STAT3 in patient 1 cpaarrreydi g t he P/#

untreated cell s,enha&s alPAXS nroavanr rt aon gheynp e r &
STATS5 (Cazzaniga, ,etalastAKP208&A)h.waMor eove
wa s downregul at ed, at hi gher l evel s [
ruxolitinib treatment, sh onmoitn go ntlhya t JA

overexpressed JAK/ STAT pathway but al so



Demonstrated CHzZ8638 high specificity f

CHZ868 with ruxoltinib and dexamet hason

I nduction after 48h of t ree@taeadt . The
ruxolitinib was synergistic I n al |l t he
combinatori al approach of targeting on

inactive (CHZ868) JAK2 <conformati on, I
combination with dexamet haass omat iveeirte 2| e
(ATF71 P::JAK2) and 3 (ZEB2: : JAK2) w
dexamet hasone. To not e, even though pat
combination with CHZ868 we observed an
promising result t o consni dterri aflosr wdHZ8 6
resistant patient to standard chemother
As we previously demonstrated that PAXS5
BIBF1120 | eaAlKlhgpatohwRaly3Ki nhi bition ( Fa:
2022), we demonstr alt e(dP AIXtSs,: elMkvZcmgy i n
al so an additive effect I n combinatio
ruxol itinib.

It was previously demonstrated that cel

undergo autophagy when treated with ru
reduction of alpeopitmsriesgsd hadmlizioruilmdg t he
autophagy i nhiNetbor st ( Mdcha2doo2 0) . I nter
observed an autophagic mechanism of esc
i n PAX5::JAK2-1 bl hetvtel|l saar&€C8ignificantl
untreat eMoreevVveérs. t he combinati on of r
chl oroquine, which is an autophagy i nh
i ncrease compared to ruxolitinib single

treated bl asts we <coul dnot observe any



i mport@amnmnsitdoer as PAX5:: JAK2 fusion i s
frequeALLIi pedi atric patients, t herefor e
favored for their treatment rather than
Weal so siewwi wer gemt i ng ode MArKsdtgif eutsi on s
efficacy ionf aCHxZeBneoBgr af t mouse model der
carrying JAK2 fusions. Wei wdiexwa ded not
because we already proved that it not e

at very high concentrati ocemnwi vmwhereas Cl

ef fi dacimddad | ower dosages. Overall, Cth
significantly reduce CD10+CD19+ positi\
meni nges and peripheral bl ood of mice t
showed high efficacy on spleens, reduci
ado spleen weight, important aspect to
alterations Ghpd remotmeergiad yd (By n g, et al
Mor eover, It downregul ated the phosphor
in all patients, confirmingihtaat védAK/ ST/
pat hway i n JAK?2 rearrangement s. Mor eo

hyperphosphoryl ation of S&ATsvot hat was
exposure in blasdaKZafuygiaog. tRE3IIRAKETL h)
except from pAKTS473, and MAPK pathways
Furthermore, we investigated also other
act as inhibitors targeting JAK2/JAK2 p
considered f of tthe st rs@atcmdntc subgroup

Therefore, we dampplooiuvgdpaowdae ghisgheeni ng

using a |library ofadd4i FiDiAbiapepr®vied dau
|l ate clinkFeawad RPDXsalcsarrying JAK2 fusions
for (FRX5::JAK2, ZEB2:: JAK2, ATF71 P: : JAF



respecbDi V" ebyyFgmutgi adensi ti v,i tgsssecsosreed (dDS
omparing JAKR2on treelploBhlsyemph obl astoi d cel
LCLs), derived, flreodn thse atla hiyd edsotniofrys, a mo
nhibitors rel atAd® 28D hrdoAsKlf ft @aatgier e ng,

peci ficalDlaywsom,J Ad23railt @i0d®dt, show an

/\O

s
on JAKIPmeover, also Birinapant, which a
efficacy on CRIRFEZ htmommsl o0 cs2t@ibh®insg (

the top candidates not bel onging to J

Conversely, even though ruxolitinib is
for JAK2r, it didndét show any effect on
Birinapant i ayedef caronfuture preclinica
JAK2r . To not e, the fusion PAX5::JAK?2

sensitive to most of the screened drugs
its more feasible treatment with sever
pedimdatriient-ALLo.f BCP

To not e, our drug screening may be th
preclinical model s for JAK2 fusions.

I n conclusion our findings showed the g
i n monotherapy and in combination with
ruxol itinib @anvd abBolidBrA 1¢1€2t0t,i nigns on JAK2r
l eukemia. |t may be conesifdoerr ead taasr gaent eadp |

therapy of JAK2 rearfAdrngements in pedia
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Patient Age Phenotype | Blast % | MRD stratification Protocol JAK2 fusion gene
pt.1 2 B-111 80 medium risk 2009  [chr9-chr9 PAX5-JAK2
pt.2 6 B-II nk medium risk 2009 [chr12-chr9 ATF7IP-JAK2
pt.3 16 B-11 nk medium risk | 2000-R200¢chr2-chr9 ZEB2/JAK2
pt.4 11 B-Il 89 high risk 2017 chr12-chr9 GIT2/JAK2 + chr2-chr9 PAX5/SPT|
pt.5 2 B-1I 60 standard risk 2017 [chr9-chr9 PAX5-JAK2
pt.6 14 B-11 70 early high risk 2017  [chr9-chr9 PAX5-JAK2
pt.7 12 B-II 60 standard risk 2017  [chr9-chrl7 MPRIP--JAK2
pt.8 14 B-1I nk medium risk_ |2000-R200¢chr9-chrl7 MPRIP/JAK2
pt.9 15 B-II 53 high risk 2009 chr9-chr9 TLE4/JAK2
pt.10 17 B-Il 80 high risk 2017 [chr9-chr9 PAX5-JAK2
pt.11 5 B-IlI 60 high risk 2017 [chr3-chr9 RAB7A/JAK2
pt.12 12 B-II 95 high risk 2017 chr9-chr9 PAX5-JAK2
pt.13 4 B-11 82 early high risk 2017  |chr9-chr9 PAX5-JAK2
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ABSTRACT

Background

Despite | htasmesi vte erait snen't protocol s, 15
pati entCelWwi tPr eRur sor lLAewk @ebyaphBOGPast.
ALL) experience relapse. There is wurger
target poor prognosi s subgroups, |ike P.
Met hods

We considered 2MLO9L ccha sledsh ocoodn sBeCcPut i vel y
i n I taly i-BiF Mt hlAeL LRI0B OPoR 200ctod s p and we
performed extensive molecular profiling

copy number anal yses and -daptiome genes
NGS. dWe e lnoopvped e c Isitnriactaelgi es t o target PAX
genes.

Findings

We identified 135 cases without recurrent genetic rearrangements.

Among them, 59 patients (43-7%) had a-liRB signature; the

remaining cases were identified as ERMted (26%), High

Hyperdiploidlike (17%), ETV6::RUNXllike (8:-9%), MEF2D

rearranged (2:2%) or KMT24ke (1-5%). A poor prognosis was

associated with the Hike signature, independently from other high

risk features.

Interestingly PAX5was altered in 54-4% of Rike compared to 16-2%

of nonPhlike cases, with 7 patients carryirlgAX5fusions (PAX5t),

involving either novel ALDH18A1 IKZF1, CDH13) or known

(FBRSL1AUTSZ2 DACH?2) partner genes. PAX5t cases have a specific



driver activty signature, extending to multiple pathways including
LCK hyperactivation. Among FDAapproved drugs and inhibitors, we
selected Dasatinib, Bosutinib and Foretinib, in addition to Nintedanib,
known to be LCK ligands. We demonstrated the efficacy of the-LCK
inhibitor BIBF1120/Nintedanib, as single agent or in combination with
conventional chemotherapy, botexvivo and in patientderived
xenograft model, showing synergistic effect with dexamethasone.

I nterpretation

This study provides new insights in the higgk Phlike leukaemia and

identifies a potential novel therapy for targetP@yX5fusion poor risk

group.
Funding
Ricerca -Bipnpsbhnezz&Rkti@aercator. (ltalian Mi

Al RC, T,r afhoscchddi one Cari par o.

Keywords: chil dhood ALL-l i kPPAXBLLf,usi on
Bl BF1120, Nintedanib

Research in context

Evidence before this study

The discovery -loifke heo RhBKd&)YdABUbhgraoup of
patients affected by acute | ymphobl asti
recent advancement in the definition of
even more relevantenta fdtcepg i fooar vodr ch eiwn ptal
subgroups targetable with precision the

studies by Mulliganés and Den Boer 6s gr



several independent st udliiekse whatciheftug t h
and r ewatehwebdy Pui i n 2017 and Shiraz in
new genetic subgroups of ALL emerged, wi
and potenti al for targeting, in a conti
ALL heterogeneity and a clanbcye f or I mj
emerging therapies. More specifically i

attention on t he ALL subgroup wi t h P
summari zed by the two most recent studi
our own previous studiastoALDbopati e¢nPAXS
and ii) on the functional characteri za

downstream to PAX5 fusions, as a potent

Added value of this study

I n this paper, i n addiltiikoen stuob gtrhoeu pd eisnc r
théealian population of chil dhood ALL,
| andscape with fditkkedr sdbgaiboupsofandt aedd

copy number abnormalities. A main advan
follow up of the popul at inonrse isnt adbdre st 1
outcome profile.

Compared to previously published studie
rearrangements allowed us to detail t he

gene fusion with sever al sltdatvihfagr ent part
PAX5 fusion genes ar-ei mbepaseandr ehéy ami
have their own specific signature, whic
show PAK&t fusi ons cRlas @dtei nialr,geB e®gu thiyni b
Foretinib, tihre &d diiatsieoni ntha bi t or Bl BF112
whi ch I S di tr leleytnepal c-gapgeaci infsitc  tyrosine ki
(LCK)whicfacits vaxerd i n PAX5 transl ocated



Implications of all the available evidence

The -veixvo awnidvoi ntesting of t he L CK
BI BF1120/ Nintedani b f eustdaeivmedvoeplheg rati o
prced i sitcalt egi es to target PAX5 fusion ge
precision medicine for c hp d tdiheonotds AL L.

car rBAXSg fusi ons may benefit from a nove
I NTRODUCTI ON

Despite | htasmesi vite erait snen't protocol s, 15
pati entCelwi tPr eRBur sor Acute Lymphobl ast:
ALL) experience Tdcherakegircall apsmpr ovem
progressilhebyecefanedhar aodeALELati on of
identifying amomdghokkeér salbsga okurpswn t he
adiBCR/ ABiLkiePh i ke pathanastamriezed by pooc
outcoegardl ess of , t wahhihgnenit nirdbe mceo | of
rel amsehil dren, adol &PdHeinkkes Aalnld weadsu | t ¢
al so recognized as a provisional entity
Heal t h Organi zati on ( WHO) classificat
neopl®asms ,tilsergeener al téeger eiempepartt amrce to
identi f-yi ehlet YHhes e patients are <charac:
recurrent mol ecul ar al,cérmasi dnabl emaias! \y
eitherx!| A8 (ABY AIBW,iZhGF RADGFRB

CSF1R,) IbYNJAHK/aSBAT(JaAKCE RIF2MQR °

Theat hogenetiacf ikivind svee meantthways sust ai ne
kinase inhibitors aposiatdiyv® nAluls.e in tri
I n addition, other molecul afti kesions ha"
subgroup, whomspmagnmnaes ttioc biempdatci dat ed,



association

PA Xdgpe n e
however, their
outcome and tar

with coopleu satiNramfeil lgs.i ons, e
alterafirengs ehal y Hdiekeee cAleld, i n
rekat sognai tthe,t has sPdici at

geting.ThdePAXbdreen poorly

which encodelsl froel aat eBd 1 sarmmd dreirgtdi oam f a

about

mutati ons and t
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Our

enes encoding

30RLIbfaBBClPei ng involved in deleti

ransl ocations t hat det el
aberlfaRetcemnrt drys c rGiup teitona | f

haracterized PAX5 alterations (PAX5alt)

hil dhood an’i maluddi ncgo hooastess, carrying e
usi on genes, PB8OR wvariant and others,
ubgroup wit hgnon4iels®mpeodritaatnet |pyr,o t he PAXS5
ignature cluster is very ¢tliigkhet and par

ne, whereas PAX5 P8O0R ha'$vae rcaolnmp,| et el vy
PAX5alt and PAXS5 P80&®t hecoAblt d&md B&VEL &

ignidlieaint lIreukaemia initiation, prognec

hus requiring

an earl y?2identification

pretvudimssmur-Bhecerlkes as well as in

pati ensth ocweeld? SsXfBlwadi ons sustain survival [

celtlhsr ough

g
L

efrntadidectly re

over exlpymnephsacoynt eofki nlas e ( LCE

pred3eddeamogst raf e@BAXhat

CK hyperactPiAXBusbDonuprpression | eads

activatiiomnalanadwamnmtvage, and that LCK ph

b

e specifically

as Ni ntedani b

Ger mdray )s,mal |

targeted by the kinase
(Boehringer l ngel hei m,

mol ecul e whi ch acts as a

withamgi o g etnu nco uarrd tNiif fteecedani b is approved



the treatment of patientdd witubei dnopath
phase 3 and 4 t'fiealgpahoreavlcd hematece
ovarian cancers and Itumege calricninmana s9t, u dis
for relapsed/ r eviwwact 0o my )c abdlliirtrdi sa AtMigeo (v

ATP pocket domain of many mol ecul es anc
many regepsoné®sktchasaess,the VEGF/ FGF/ PD
receptors-raceptbe bhgndamnéykmembes s Src
i ncilnugd L'CH

The present study awd at the characterization ¢tAX5 rearranged

cases among thdéhlike subgroup of children with BCGRLL

diagnosed in ItalyWe herewithtestedexvivo andin-vivo the efficacy

of the LCK inhibitor Nintedanib/BIBF1120, setting the rationéde

developingnovelpreclinicalstrategies to target PAX5 fusion genes.

MATERI AL AND METHODS

Patientsd cohort

We considered a cohort ofALR88asemsecut.
enroll ed i n | tBaHNW ALL20HB6/ R2EMFP protoc
( Eudnuanbte r -0 040200 Among them, we identifie
cases defoitrheed sas biyB excl uding patients
t(9;22), t(12;21), t(4;11) or t(1;19) t
Hi ghpeHydi pl oi dy sltlaltée) (oDNA airnrdyeixng const |
trisomy 21. To confirm that the study c
whol-et Ber popul ation, the features of t
cases were compaoctlemwi pdp BIB&t waawi @ nB s
enroll ed i n t he same p e B FoMl i n Il t al
ALL2000/ R2006 protocol s. Anal yses did


http://www.clinicaltrial.gov/

considering gender, age or MRD stratif
cohort was, l'i kely byi shkuafeesat( ierer.i,ched
predni sone response and WBC and conseql
finalRikikghgr oup), nonetheless, the estin
di ffer bet ween-aanhliygedd pandemtost (74. 21
76. 5N1.6, respecthowh)y, p=0.48) (data n
Et hics

l nvestigati on has been <conducted I n a-
standards of the Declaration of Hel si nl
international gui del i nes. The study i s

r

c

a

eview boawmb@E@®d4a824B2 A written i nfor me

on

(7]

ent was obtained from patients or |

ni mal tworclh) approval was obtained by

Of fice of the Bmnicoersai py i off Mol smud mi t t

t

o theyMiomniAshe anlatt h.t esti ng was conducted

with current European and Nati onal | e
09/ 2018, protocol FB7CCL38 released by 1t
Gene expression profiling andnlLeukaemi a
mo d e |

Patients wer e adh3 §ysePd ussi2ngd HG croar
(Af fymetrix, Santa Clara, CA, USA) to as:s

L

o o —+ —~ T

eukaemia subtypes were <classified acc

ubl i shed diagnastiing GHhti da Ghgeosi Eser

DC) model . The madelwiise basedrom| akki f
he 18 distinct cl asses of |l eukaemi a,
evel oped for the Microarrayaslnnovation
escribed in?’patai ovies estnwdimas i zed usi n



Mutli array Average (RMA) method using Bic
packajge.GomgmBat function in the sva pack
the batch effect of day f preptr gtriodm.c ol
Unsupervised analyses were generated u:
(based on variance) NkEbal getrs tamd wpit dc

a perplexity score of 30. Data are avai |
GSE79547, GSE13164,20@3%E13dr5iW,etnalGSE 13
net wor Kk i nference algorithm

https://jyyul albways tdaumpl i ®d Neo Bi ®ehti fy
PAXtbr ansl| oeAdtLedpaBGCR Nt s, and a scal abl e
Al gorithm was used for the Reconstruct
Net wor ks (STARACOR) 44 drivers for PAX5t

using default parameters reported in th
the primary compar i-Assloln ePAcXI5u-di weggr sBRIGR B C
AB-l i ke group. Genes resulted with a pos

by NetBI D2 analysis (p<0.05) were subj e
analysis to identified drug approved i n-
used to -dbruud di mgteenreact i on net wor k.

Copy Number Alter-athensaoahgsts in B
DNA material of BM at diagnosi s was ava
f cCtopy Number Al teration (CNA) analysis
dependent Probe Aftpori f itdheet i Ahf ymMdiE PA)X
Cytogenetics Whol e Genome-H2. 7 M Arr ay
(Affymetri x, Sant a Cl ar a, CA) accordi |
protocol

DNA and RNA Target Capture NGS analysis

MH P


http://www.r-package.org/
http://www.r-package.org/

RNAr DNA target capture Next Generati on
been performed for 86/ 135 patients, fol
previously settPot al oRNA |l wboDraxorgct ed
di agnosis from bone marroawdmomaeamucl ear
t hi ocipaei@thd or of orm met hod and t he RNA
OTruSight RNA PanCancer o (Il 1l umina, Sa
applied. | f RNA was not avail abl e, we
i ncluding 17 genes, by Nexutneirnaa)Rapi d Cay

We used the I Il umina Mi Seq platform. FA!
ArrayExpress database (www. ebi.ac.uk/ ar
numbeMTAB 1319. Fusion genesPCRere validae

(experimental details Tabé eprS@dyi.ded in S
I n expyansion of | eukemic cells and drug
Pri mar ydepraitvieedhntx enogr aft ( PDX) sampl es
i ntravenous injection of BM cells at di
BCRALL patients into femal &mN8&, mice (NO

Charles River Laboratori emse,ekBGalodo, I t al
acclimatization and then afrtaggrfr subl et ha
wi t h Radgi | (Gilardoni , Mandel | o del

engraftment expansion wafsenmpoerralodBMal |y
aspiration and assesoselChly0 FHAeCBI oadlsB pos
CALLA, APC106#17RRI D AB_11043552, eBi o
Ther mofisher) and t o onDP9, ( RRBDY9, FI

AB 10669461, €ebiedasmmifersthes,). We monitore
the engraftment and forasighagoy dustre
wal king problems and wei ght |l oss (if m

considered for -poenthumaAi tbhul Bndeadase



of hCD10/CD19 posi tfieemorcall | BM(aesd@®i% d&tyi or
we randomi zed mi caec h( agtr olugad s ta nNl= 5w ef osrt ae
daily treatment by either BIBF1120 (40m
dexamet hasonei tOL&mghmktgecriadayln (i . p. ) ), (
combination, for 2 weeks and wash out dt
have beenThex cvehdiecdl.e group has been tre
Bl BF1120 Kwlelhiigh er /(et hanol / water) and by
solution. At the end of treatment, we s
data in hematopoietic tissues and organ
Peri pher al Bl ood (PB), Spleen (SP), and
Systems (CNS). r&pclopgedineawe it phtcewds recover
coll ected the absorgtednwmbassetsedl| | e
percentage of human <cel Irsi nehCU0ON/sCD19/
( mCD45) by FACS, to assess | eukaemia en
2D1, #34746 4, RRI1 D: AB_ 4003F171,, BD Bi osc
#1@451, RRI D AB_465668, eBioscience). Ac
needs and international clgwd e e N=bes, w e
ani mals to each group (groups of ani mal
N=4 groups in each experi ment, for a t«
experiment. The experimental staff was
the experi ment ankbdeaahkhl gsasionoanduai sgi
potenti al confounders was not applied.

anal yses according-rtamkFrseadinbar, cudiersd a

3Rs rul es. I n detail s, t he number of
considerinigneli timembearheoff ani mal s, t he t
events, t he proportion of surviving T
esti mated proportion of surviving i n



calculating a difference of 30% in survi
20 micreglperexperi ment , composed by 4 in
groups of 5 mice each.

Ex wirwag screening experiments of | eukenmn
Ex vivo extended drug screenings were
descf?%Berdi.efly the DMSO dissolved com

(MedChemExpress, NJ, USAhcrwas i rdg spens
concentrations of the i-2Bi OM)ousiing 6 di
digital di spenser (D300e, Tecan, M2 nne
ensures precise and robotic compound e
fashion. Di fferendriead widtsipemBRst wer e r
Cel |-Gl bebLuminescent cell viability kit

after 72 h of inhibitor exposure using

Tecan) . Drug sensitivity scores (DSS)
deter mi ned, fopl ovwesduaby z &ateiadan mand wunsu
hi erarchical clustering of the DSS sco

packagé! gpl ot s.

Ex wipw@ptosis experiment-subfut euwiemhc bl

human bone marrow stromal <cell s

Bl asts dereinwgd aftemwer e plated on a | ay
marrow stromal cell s ( HBMS) . Str omal C
concentr at¥Yyiwel lofi n2xNW9 6, t hree days pr
confluence and then | euwhkemmilce nl 290s wer
of Al Mh¥r ffoFi sher) . At 48 h we teste
concentrations (including 1C50) for ea
combination. Apoptosi s/ vi abE laintdy was ev

7-AAD staining (kit GFP CERTI FI ED Apopto

MHY



Enzo diidrece& I nc., Lausen, Switzerland) o
by -Aac€DWA®PC (BD Biosciences). Vincristin
dexamet hasone-as(pdamg/gmln)a,selL (ki dr ol ase, ¢
|l U/ mL) and BIBF1120/ Nintedani b (stock 1
tdetermine the efficacy of drug treat mel
foll owing parameters have been used: | C!
drugs to inhibit the 50% of their targe:
to determine synergE=EE)OEeEERNt agdnits tv
( OE<EE) activity between the-drugs used
(Ex*EYy), considering the expected effec
E x and Ey, and t he Observed Effect (
experiments. Furthaerbmor € mmwes yam asg gfstewa rd
based on-Tahal &Cyhéosu combi nati on i ndex t
evaluate the effect of interaction bet"
synergy, Cl=1 for additivity, Cl>1 for
Phosphofl ow analysis

As previousl!l y eset umptcdaen dplheodsl,pihdoaf | ow t est
used to evaluate the | eveler ©7f3)p,hosphor
Akt (Thr 308), S6 (S235/S236), 4EBP1 (TEF
(CD10+) derived from mice treated with
Af ter 1L5h serMmVOtatva87A€n!| eok&mic cel
then fixed for 10 mi nlytbhe¥ PatA/ mdo mntde mp €
then permeabilized with 90% cold met han
t hen washed with Staining Buffer. Furth
30 minutes at room temperature with an
( ARPtDPK1 pS241 #560®GANS5RRBI BD MB osci ence
pAkt (Ser 4 7A%)t (SRRhroAs/pB3ho#4075 Cel | Signa

MH



(Thr 308Akt( ApTBOS #558275 RRI D: AB_222
Bi osciences)-S6 pp6235Ap8E2L236 #560435 R
AB_2869348 BD Bi oscienced4BPhnd 4 pEBP1

Thr 3#248@8 6 Cel | Signaling). Cell s were
(CD1OCY¥WE #565282 RRID: AB_2739153 BD Bi
order to clearly detect B | eukemic cell

FACS experi ments

BD FACS CANTOI | or LSRX20 FORTESSA c
Bi osciences) and FACSDiva software were
Statistical anal ysi s

Analysis of <clinical characteristics of
chssquare test for associfateievmslurwhen app
(EFS) was calculated from the date of d
event . Events considered were resistan
mal i gnant neopl asms, whi chever occurre
esti mated accoMédieg methbdt &wmghnd error
(SE) according to the Greenwood formul a
were eval uat-reanl stiemgt t hGurwlgati ve i nci de
(ClI R) curves accounting for competing
according Kal bfalnedi sccohmpaarrde dP ruesnitnigc et he Gr
SAS softwar e, version 9.4, was wused for

from ,eixvaeanhdophosphofl ow experi ments wer

GraphPad Prism software (verlL9); Anova
*p<0LO5, *POLWDL, *Nor mal ity of phospho
demonstrated by nor mal di stribution tes

experiment al exetwainetion dwitvag of r eat ment s



experiment s, data wePearanarn yermmdi b wg K2 A
nor malti t(altpensa=0. 05) by GraphPad Prism s
Rol eumfder s

This work was suppor-Gedvaédyi RRiceercaatFo mi:

(Il'talian Ministry of exeainidh) vi 90 reager
experiments. Mor eover, Al RC and Transc
expenses for patients?©o dat a collectio
characterizati on. Fondazione Cariparo ¢
analysis. The funders di di gnnot dhaatvae any
coll ection, data anal yses, i nterpretatdi
RESULTS

Wi t h t he aim to define targetabl e S
consecutively -ALAgpasednf2B89aB@&Pdefi ned
referredther a8 &aBcofdowg( oot kthheedvoir k f i
S1) which excluded recurrent aberration
signat-atrtreesrrs Bwere scrutinized for speci
fusion transsepgptsandy uRBSpgern biuged t

stochastic nei(glSNENr aembgddisngFi gure 1a
recogni ze -Alelvesruadt yBpGePs based on the exp
first 1000 most variable genes and fusi
PHi ke profile formed tioé¢ hlear gast egt csup
The irmimmag cases clustered together with

denominated accordingly.



w o ...“'0" ETV6:RUNX1
.\h L .. -
o
ETVB/RUNX1 Ilke L ad .
*
o - o o
— \ 34
N ve D . 0-. OHHDMKe
= Tt e Yoy’ Ph-like -°°°'°§. $e -
©“ LA . t
5 o - o™ .! . J
° ERG-related st * a. HHD
@ Lahd ¢ &
c :.. L] L *
2 0 | w Jo .t
! BCR:ABL . e s, \}Q
Y g e » ..
. w ¢ NEF2Dr *%e
5 * TCF3:PBX1
° L J
v,
‘I'QI — 03... o.. *
KMT2Ar ¢ o KMT2A-like
T T T T T
-10 S5 0 5 10
tsne_out$Y[,1]
b
Targeted NGS
DNA arrays
MLPA
Gender
Relapse
GEP class
PAXS class
JAK/STAT class
ABL class
Other class
FSr e
IKZF1
PAXS
DKN2A
CDKN2B

ERG B 0 ““II
CRLF2 1
e it i by
ETV6 | Ln ‘ 1 MN .
BTG1 | n 1
RB1 1 n 1 i | | I | ]
LEELL LU HREREERRER N RARRRERIRRIRARARERARRRRAGRARA L SLE R B R

RNA-seq/CNA-
ey oNA llves o

Age W <10 vears | ERLITS
cender  [Wremalc [l Mo
RNA-seq

Fuson. I Postive

GEP
cassiication [l 86RABL1 ke  [llErcreiated [lnroake  [leTverunxi-ike  [livereot  [lMLLr-ike Mot classifies

cna [loeeton  [Wampificaton | NotAvallable

Figuf@)lTwo di mphetontl 283-Npaedbnatsi baBER on
the top 1000 variable geneALlofs wlegreo uepxspreersesi on

represented with different colours. Col our Il ab
Yell ow highlight+$ile spdtgreanyptnghn PIREEat i ons

(PAX5t) . Groups recognized as dAliked cluster t
associated translocations, which is attributed

Pl ot summari ztchgrabeemonttletcaobboof Bn chil dhood A

MO H



assessment of specific genetic subtypes, as rep
S2.

A significant poor ri$kkeapatcioant s ned
cohort. -llinkd acdsesPhhad a Hygemirfi cantly
figure (SE) of-l 50&9%en( LS hdBbBD2 %POH4LL) f
l i pepBOOMmai nly due to a higher CIR (Tabl
l eft and miThel ©Ovepa0l0Su.ryii kel viss i nfer
nolRH i kg e & 8,4 %/ 9vi4sl. 6 %, pT=h0e 09i3gni fi cantly
poor EFS and OS wexel whoinfg rammasesvwhahr e
classified as highL04%$Kki HRe 2 .,p=Padrmel am
and right)fforwihihdHhernd u@aRl2, pna n e | b mi dec
HR pati eyndasr tlhEeS 5( SE) waPsH i3lbd. 79%s .( 121L8)
76L5% f(awr@-RA)i ke (p=0LO03, Fwguhe a2, pane
trend for @l BifberewcélB8Bhbd) NMs. 17L6% (
(Figure 2, panel c right ke N®ws.4Bly, the
82L4% 4Ph i ken ( pWOdmM2medi um ri sk ( MR) a
standard risk (SR) patient4$i were consi
out cwane associ apedgmont f woar M& (60L1% vs
85L4%, p=0L02, Suppl enertetFSayanBi gure S2a
ot hneo st reproebent esdu b &ri kep-s ef(RRBhe d
ETV6/ RUNX1l atHhdkelHDwhose clinical char a
described in SupplemenPlrikeTgpmltd eilt)s co
shawe worst outcome ( Sawen eanemltwldiyndgi g
HR patients (Suppl ement ary Figure S3b
subgroups ar e shown I nOf S urpepl | eevhaennctea, r y
amoBf 35-0tBher casiemgeéapsei2d2cvleT ®) ,

PHi ke (i3d&)cataa@abbedlitidn®li rcharacteri sti



are shown in Supplementary Table S3. M (
fitted on our cohort of 135 patients; g
we adjusted for the main characteristic
to outcome. cAnhti ghmpywcgi gomi fEIFS was confii
l' i ke (hazard vatue=QHR)IRLAS, wel | as for
to fi nRilskHigrhoup -v@HRI=210259,3)p whil e age
WBC at diagnosis did not have a signifi
2) .



a. Ph-like vs non Ph-like: overall analysis

S b Value=0-001 p-value=0-003

1 2 3 4 5 -§' 1 i ] “ H
VEARS FROM DIAGNOSIS YEARS FROM DIAGNCSIS VEARS FROM DIAGNOSIS

b. Ph-like vs non Ph-like: No high risk patients

104 patients
p-value=0-02 y p-value=0-049
w—‘_,_\—‘_‘_ 1 e
L . -
1 B ) I
. H 06
o 3
m & o4
4,
ke 45 15 L8] f—
1 1 3 4 s ' 2 1 ‘ s ¢ 1 1 3 4 s
YEARS FROM DIAGNOSIS YEARS FROM DIAGNOSIS YEARS FROM DIAGNOSIS

c. Ph-like vs non Ph-like: High risk only patients

et pvalue=0-03 ., p-value=0-08 p-value=0-029

) L [ 1 1 1
YEARS FROM DIAGHOSIS YEARS FROM DIAGNCSIS YEARS FROM DIAGHOSIS

d. Ph-like patients accordingly to different class fusions

'

‘s pvalue<0-001 p-value=0-009
107 9| ABLIAK-cl . M pts Hrel e
g PAXSt ;3
'l “ Other 05 (11
o r neg 0
o i “ g
Bl H o @ o4
ALIAK-el N ABLAK-cl — 17
PAXSL 02 paxst 3
Other - Other *~+
neg neg
2 ) L 2 1 . ; 1
YEARS FROM DIAGNOSIS VEARS FROM DIAGNCSIS YEARS FROM DIAGHOSIS

Figulat2zZome anal y-Qtilserofc &Ah &OtP, Bin terms of EFS
column) and CIR (in the middle ddlkeemw)s.and OS (
noRH i ke patients overall (a), in no High Risk (
(d EFS, CIR and OS analyses according to the
signi fi ceclainkcee ciansePsh, cl assi fied accordingly to di
ABL/ 3cAKass, PAX5t, other fusions and negative af



I n addi tliloenc,t ewle dad a from i mmunophenot
the complete cohort (N=135) and we cl &
phenotype profi-lieke aicg-®adukreg: tpdoed h

p r-B: 9 %:; caBl : 18%%, ppeB/ B: 1 %; Bicl onal
l i neagewh &Bbeiakse Pwher e di str-pbB:ted as f ol
2 %; call :B: 8 1% %-lmmat a § e : 3 %. Thus, over ;
majority of cases were classified as h
groups.

I n -IAhk e pat iveemtesc urGNeMst -aismsioh e e daemi a
genes, CDKANRBAaHOsCOKNIB 3L PBAXG25L 2 %) ,

| KZF24 LB PON6L5LRB{Y 1, 0 %)CLaRFAB - 4 %) gur e

lh)with | KE# us pcoduhtidwg off orcases
(Suppl ementary Tabl e SMe)v.enTlsle preean numb
l i ke patient is al mompade EdRIGat(e2d-77 eve
patients (bEL5-BHakentBerptplati ents overall
events/ pt) .

Fusion genes wer e | deinkte fciaesde si na n3all/y5s8e ¢
(see hoeRaitgnarpeSUupplamment ary Table S4). Am
30 fusion genes, 21 incitucaeds| ®8cB2BUY8: : C
cases ( PAXGH): CRLF2 (by -1 8§83, 2 AB
fus(E8fF1l: : PDGFRB) and single cases c
TCF3: oBCE9: : MEF2D. The er enmoavienli nfgu s9/03n0 w
genes, not previously reported in nor ma
dat abhastep,s: / / fusi onhubandemolpassi Sitedt .acso
0ot herbi huSuppés ement ary Tabl e S4. Not abl
detecti@@ irel &pPs,e do fpladu/h 22@ h (P7HO %K e

and In2l y(42WPHIirkenael apsed patients. Ov



PHi ke cases could be sub2gABuLped accor
class,cll@dsIdAKIFaPAX59 carrying other fusi
to swogl e cases car ryBiCl® : e MEFED Ta@RE3: : H
28 remaining nega&t.i venaefdage NGEd amal ywsa
RNA for fusion amdluyssiass hkdwets cwa sb eldK bFell o w
CRLF2zarrangements were al mdstkeexcl usi ve
group (Figure 1b and Supplementary Tabl
plus profile Wwakeprasalserf®8/90 RBRmImMd assoc
poor ouyeameEFS (SE) 37L5% (4127L1) vs 65
| KZpllus cases) (Suppbhemegb ®PAXdIFsgure S4

gene | veesrineo 3 $ | y awistolc i dthekde Plsi gnatur e.
Considering CNAst A Xpd weinirsM wlcvaea d oinrs ,
43/ B®t her pgaténwist i 31/ 5171 Kb 4daBdb) i n |

12/ 74 (16HR)i ken (cBaospegsh.¢ ary Tables S4 and
Not alally, the 7 PAX5t wedriek e f ogumdup i n t
(Suppl ement ary Tabl e S5) . Val i dati on p
Suppl ement aAsy sTrabwed SBEHFSFO@Pd)e and,

OS (pE®P) analyses according to the fusic
signi fi clainkcee ad as ePsh, classified accordin
fusi ons, Suchl asss ,-CAIBAAXSHBAKOt her fusions
negative casesl| af thec tPIAG® sa halvyesias .poor
EFS, simil acl a s ABAY IJAKt s (53% and 50 %,
and | owet i kdnanadféds negative for any fu
Mor eover, PAX5t OS w#d84d / BcAKaesrsi oandr espec
negative <cases 3% baon@t%)883wWe ves., &3 R
anal ysi s was not di ffel2édant dmormdetahé ss

among PAX5t had 3 events out of 7, corr



they died | ater; among N=12 ABL/ JAK, t hi
and 5 relapses (4 Bdneandealt hE NSt)h ewi4dt hn ool
deceased all hawe aps-apdeod U oatwe post

These features of PAX5t cases prompted
of targeting patientpp!l winlg thies Nebd&it D21
da-tmai ven net wor k i nt(erifgaurreenc 8a)gl gwei t
construct-AldL tihret eBrCaPct ome and i denti fied

activity (DA) based on network gene ir
transl ocated paALl Le netxsc IMuadkhssugy Fahglu rBRCRB b,
|l eft col umnli log e(vBibgwrmi Bl e col umn) . W
assessed a Differential Expression (DE)
pat hways (Figure 3c). I nterestingly, i
identified the LCK signalling factor S
activity ine®PAXbtaAthmpaBgGPoups (Figure
Furthermore, anal ysi ALbf paCKemtcst i wi t ly
known PAX5 status (N=131) revealed that
o f PAX5t cases, with statistically sig
cat egsoucihesa,s patients with amplification
type for PAX5 gene (Figure 3e). Moreover

with a positive dr ilviekre abcyt iNeittByl D2n aPnAaXl byt
(p<0.05) were subjecteldy stios DtGl dibdvedn.t2i.f0i e

drug approved interactions and among th
be targeted, including LCK by Nintedani
and Supplementary Figure Sb5a). Further

upregul ated geneisnthasabeiemgdwei eh mi Gl ds i ¢
in these patients (Supplementary Figure

signalling as a potenti al signalling to



Thus, i n agueemeretvi wiush data on Pax5t t
kinasdiitoh BIBF1120/ Nintedanib in muri.
primary paandnsedt aenhdeedn tb ys tiunddiegpse i n whi
Nintedani b iIs reported to be effective
i n t he Drug Gene Il nteraction
(https:// www. dgidb. org/ genes/ LCK# _ inter
LCK targetiagpseéeclateiggali nmeDX)] of PAX5

Mor eover, we ap/plvioeddraigwisccerreaxng with
approved drugs and inhibitors in early
sel ected Dasatinib, Bosutinib and Foret,|
10 most potent LCK | i giasncdosv,e Rxs sasusdegyd b
(http:// www. di scovkirxcaweadysepwwemrctes/ dr ug
ser vi cepsr/okiiin asneg)y?k $3niome s caachdi t i on t o

Nintedani b/ BI BF1120. Her e w e demonstr

therapeutic efficacy and specific to (
PAX5:: AUTS2, PAX5:: DACH2 and PAX5:: SOX5

eval uadi hgetdeti al drug sensitivity sco
including boPB, MKOPN§,ALRS4; 11 and SEM)
CRLF2r <cell l'i nes -¢CMUTZSy mphdblcasnt ogiod ¢
l ines (derived from healthy donors). A

Suppl emerrtigure S6 and Table S8, Ninteda
the highest specific and effective comp
statistics (One way Anova test), compar
controls. We also testedl|lgpthet akedase i
LCK but to BCR/ABL targeting, were not
wher eas conventional chemotherapy dr uc

Dexamet hasone, Vincristine among other


http://www.discoverx.com/services/drug-discovery-development-services/kinase-profiling/kinomescan
http://www.discoverx.com/services/drug-discovery-development-services/kinase-profiling/kinomescan

BCPALL BCPALL
Gene. interactome BCR/ABlike
Expression (SJ ARACNe)
Profile (n=289)
Other BCFRALL
subtype

CHN2_SIG
SCML4_SIG
PNMA1_SIG
RBM24_SIG
MS4A1_SIG

SCML4_TF
AGPS_SIG
ATP9A_SIG
GPR18_SIG
SOX7_TF
CORO1A_SIG

TNFRSF10B_SIG

ADRB1_SIG

HGSNAT_SIG
HERC5_SIG
TJP2_SIG
— LCK_SIG
PARP15_SIG
PLA2G2C_SIG
ACKR3_SIG
CDYL2_SIG
VDAC1_SIG
HDGFL3_SIG
ZNF703_TF
P2RY10_SIG
SPP1_SIG
BAMBI_SIG
SDC2_SIG
MELTF_SIG
DAPK1_SIG
IGFBP2_SIG
PON2_SIG
HSPB1_SIG
IGLL1_SIG
PIPSK1B_SIG
BCL6_SIG
NUDT19_SIG
MEX3B_SIG
GZMK_SIG
ASNS_SIG
SLC16A7_SIG
HLA-DQA1_SIG
ICAM3_SIG
NTSE_SIG

Mnn



d p=0-0014 e
p=0-00052 006 _ p<0-0001 _
z < — e
f A
5 5
) . 1 %
) Z 5 A
’ ‘ & 2
&l . '» i*
o N ‘b’\%\’c, & & X &
f Inhibitor oz smnti iy Score
PAX5t
%: MLLF/CRLF2r
CTR-B-LCLs
0p)
n
O
FiguPAX3.translocated cases (or PAX5t) have a s
(a) Schema of NetABILD?2ata ndalaygsniossiisn tBOCH dent i fy dr
BCRALL patients. TALkonstewmadct ¢ me BICL& SIARCNe al
was employepdr esnsigemephkllf ipatsi oeft BCPn=289), and
gene networks in PAX5t patients weirkee i denti fi ed
or all -AtbesulBtCyPpes. (b)) Heatmap of the top 44
(DA) and (c) essdécr eDE)-AllhyitrbtegprBaCP ome based on



PAX5t patients. Driveval wereCohouWerdcadeowdsngehne
by szor e. (1l eft col umn=ALRAXStubtwpes;ot mérddIBLCP
col umn=PAX5itkev,s.r iRghht keo lviskoltllesru bBG pes) . (d)

Boxpl ot of LCK activity by Net BI D2 analysis (o
compared #Hetkwe eamdPRALIL ostutbery pRBGP usi ng gene expr
dat-aal Be was <cal cutleastte.d (ues)i nByjo x\Well cth off LCK act i v
ALL patients with knowal PAX®Wastablbsu(Ataddlby W

test. PAX5amp: patients with amplification of F
del etion of PAX5 gene; PAX5t: patients with tra
pati enAX5wigemePwi thout aberrations. (f) Compar |
di f f e rgernotu pssu bo f |l eukemia (PAX5t, MLr or CRLFr)

|l ymphobl astoi BLESk) , | measGl(c€ diRabsye AATIPumi nescent
based assay ad tkepiextpod udreugpd, twmhereas Staurosp:
a positive control. Drug sensitivity scores (DS
foll owed by unsupervised hierarchical clusterin
of the dendrblge adi $s$il misit amttey bet ween clusters,
the cell is related to itsvpbsietsi anealcahguWwiat le de
with twheg Ameva test related to PAX5t group, ***?
** (p < 0.08); Hhs(p ®OD significant.

To investigate drug sensitivity and ef"
l eukemic cellasxwi Wel per houlmatdi on by Bl Bl
alone or in combination with chemothera
therapy i nenAdtL L prtatecactond s, such as De X ;
Vincristine or AsphaopbwgrieamrsesenFiaguwve 4
experifmemt dRAAXSaseée oALBCPampl es at 48h (
PAX5:: AUTS2 pt.1 and pt. 2, PAX5: : DACH2
pt. 4After treatment viability has been
apoptosi s and necRhBosasAdADBYYWt AnneRrgn \%
BIBF1120 had a synergistic effect wi t h
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apoptosis and n&eEr afiddD7shpi Anmgxi Wn¥reated samp

havenbanal ysed as internal control.

According to the synergistic effect of

iBxXx ekperi ments, their effiimawiyvavas f ur"
PDX mouseThmd®B&I11.120 dose finding experi
carried out in secondary transplants of

40mg/ kg as the most effective dose of B
phenosymptomwsi ght l oss (data not shown)
schenmadtyi cshown | pe Fi ccremeodhda,r ywa ranspl ant
with cells RAXT:y:AUItS2iPNIK&rr: DACH?2

(pt.3). At bulk disease detection (hCD1
BM aspiration), ani mals were randomi zed
Bl BF1120 al one, dexamet hasone al one, cCo

treat ment .

a Bulk disease (i) vehicle
hCD10+>10% in BM (i)BIBF1120
%: 129 60.6% (i) DEXAMETHASONE
1 . | 4 (iv)BIBF1120+DEXA
’E\ P kN By \l// N=6eachgroup
BM 1° BCP-ALL dO d7 di4/21 d21/28 d2|8/35

PAX5-fusion gene | |
positive cells i.v.

. |
AL
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Figute §reatment by BIBF1120 either administere

with Dexamethasone. The experi ment al plan is de
transplanted with human | eukemic cell carrying
PAX5: : AUTS21 a(sp agne IRgr. bPPAX5: : DACH2 -@aks. in Pt. nA3
Human | eukaemia engraftment was evaluated in he
treatment in Bone Marrow and Peripheral Bl ood |

respectively) afndt raefattemre nttwo iweeaklsl ochemat opoi et i

Bone Marrow for Pt.1 (panel c) and Pt.3 (panel

Mnp



and 1) and weight (panels e and m), in Periphe
Nervous System Menirrrgexpifegsard @aps. pPatcanéages

CD10+ cel l s. Statistical analyses have been per
and T test is shown as *p<0LO05, **p<O0LO1, ***pc<

I n PAXFS2 pt.1l, the daily treatment wa
42% hCD10 positive cells mean engraft me
from 23L3 to 60L6%, Figure 5b). After tv
and assessed the disease sl eawmelesacahs per c
organ, as reported in Figure 5 panels
engraftment in vehicl-26BM¥pbwasAS82+B68wr{r a
Fi gurRAXX:,: PDIXIS2ne ce we detected a mi
t hoeBIBBFF1120 al one df2d4%eapelOk@sultion
further begnhtamakkeidnati on wit-A9%Wexamet hasoc
Y
spleen (Figure 5d and S8c), the efficac:
BBF 115X % p=0L025) an®1l1%hepsombilibati on
mean engraftment avelbi olbes &2l d %) 0 p We

=]

=]

OLOOS5, with a mean engraftment i n ver

effect on spleen weight decrease by the
5e) . A similar statisticalsloy isni gni fi ca

peripher al bl ood (Figure 5f and S8d), w

a specific significant efficacy in CNS
percentages and absolute number of | euk:e
59g and S8e, respect ifweltyh.er Macroend vi erme dd abt
evaluation of the tumour bur den, def i ne
human CD10 positive (hCD10+) | eukemic c
ofcel |l sacihn organ ( BM, spl een, CNS and |
Suppl ementary Figere S8 panel from b to



The ef fitcracayt meht was fiunr t h dare confir
PAX5: : DACH2 PDX mice. We started treatm
BM Engr aft me3ntl 3(%, a nFghdgtudr @ tS5wigh.ewe e k s,

numbofr human | eukemic cells in BM dece
Bl BF11R® @p»0L02 as % and p=0L004 as nA
S8f , respectively), furthed% dvani ni shed
vehicl e, p=0L001 as % and p=0L00001 a:
engraftment in vehicle micEiogbr 5%, r anc¢
5and .S8fs) shown in Figure 5linand Suppl el
the spl een, the efficacy was- highly sig
45:6%, p=0L00003 as % and p=0L03 nA cel
97L5% tumour burden, p=0LDDIOBY%) mean engd

with considerable effects on spleen we

BIBF1120 treat ment alone showed similar
wi t h |l eukaemi a dedk% a¢p=0lO6HUcCandas
(p=0L007), respectively. tDexamet hahseon e

BM and spleen (Figures 5i and 51), wher
bul k bot-85%,n PBOLOOO4, Fi-gailr 8%,5n) and
p=0LO3, Figure S8i). | mportantl vy, t he
nearly achieved4v%empsBiL@wOd n5nPBand S8h)
and it was si-&§hli f%,camx0lLi N0 XLNSFi(gure 50 ¢

Since the AKT signalling pathway was a
via the PIP3 <StfwenahyVypaghepsaitshedaya mol e
regul ation mechanism involving both kin
panel a. To sustain this mohevevuVvar regul
Ni ntedani b/ BIBF1120 treatment both in f¢
i n PAX5: : AUTS2 miEiegu3Saump P POde ncted rlys



phosphofl ow anal ysis showed 3a€08mar ked i n
29 %, p<0LO01) and t he -6d40%vn spi<rOetadmd le f f ect o
4 p EB P26 % p<O0LO5) , comparing BIBF1120
(Figurmemho6lb) t or treat merSter I B I(y affect e
and PDBIPX%, (p<0LO0O5) phosphorFylgaitrieon | evel

6cwe confirmed results intRPAXY5:a DACH2 1
reliable AKT inhibition, with consiste
|l evel s o0fThoro3t®h8 Yp(AKWKOL O NS)era&@@B%H AKT

p<0LOO01), respectivel y37 %Morpepoledy) ,al so

ApEBBB% p<0LOO718)%,a npd< OpLD60r G¢la)s ewder e dec
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Fi gurLeCK6.and Akt pat hway involvement in | eukemi
genes. (a) A schematic view of molecular hypoth
interaction. Af ter in vivo BIBF1120 treat ment
PAX5: :22aU818d (c) pt. #3 PAX5: : DAES2r 478spectively
andhr 308, pS6 and BpEBRACSarRPatamadrnyeseexpressed a
Phosphorylation | evels, considering vehicle pho
Il i ne) and coymkeslpondeat ttor exitregl emi BEleBF 1S1t2a0t i st i «
analyses have been performed by GraphPad Prism
*p<0O0LO5, **p<O0LO1, ***p<OLOO1.

DI SCUSSI ON

Afterdaff hideivemal st udB@R/ ARlielne i fi ed th
oPHi ke group both in paeditAatlri c and in
demonstrating an association with poor
out cTnheu.s, the tedinkeoBiGCRe Pt e been
included as provisional entity in the
ALBI.n the present study, we-lidentified
subgroup i n an AALEW®Rt icemMbst emhr BICIPed i n
Al EBFM ALL2000/ R2Z2BMW6RHpk®t secghature was
defined at trPZamdcrtiaptgeme dl RNeAls,eq dat a i
underl ining molecular | esircensateldn addit
HHEB 1| ke, ETYMG/KRUNXXKIMKE Aand MEF2Dr subgro
were recogni zed.

AmomB@t hers ALL patients, which accounte
289 newwLBCRBiagnolsieke waef iPthenti fied i n
43LTt%Wrresponding to abaéaut 20Momft the en
agr eemefnrte guietnhc yr @p EVthe®dist ydy cohort was
l' i kely byi chheachcEorslkehifgatur es (i .e., p I

response and WBC and consequ-ently strat

Mn



Ri sk group but not for MRD stratificati:

to the relatively I imited number of sam
the total eodt hhoerrt poaft i &8Hht sBrecrui ted 1in
Nonet heless, the estimated 5 years EFS

and-amatl ysed patients (74123 8LWLs 76. 5N
patients are charameé eri nddpodrydeantployorofo
ot her commonl y, usietdoimd ggsekn e ceuast urriessk gr o u |
i ncl WHRiIi mp@ati ent s. | mportantly, the Cox
hi ghly signifi canlti kiemp(ahcatz aornd BFS ifoo r( HARN
pval ue=0. 00 3f)orasaswelginma#sti sko gf ooapl Hi g
(HR=2xvZ23 ,uep=0. 03) .

The -IPPhke group showed mol ecul ar charact
associ atreds kt of ehaitguhue s n gp ltuhse P rikozZfF 1l e .

additromegrafdsion gene was identified i
| i ke;icacs eusd i nrkgn ot vihne- cAnBell) A K ISETAT in 20%
of cases. Many studies are ongoing to

mai nl vy by depl oying Tyrosine Ki nase I
I nhitbrs 7 CAAKwgI | abawetdh i @mMRnot herapy
appr oXdthhese new therspsuppor bbskeevaaiioan
to enlrioke PALL patients in a specific cli
i mprove treatment re%fonse with the use
Her eshowdRAXFSusi on genes are particularly
PHi ke patients: while PAX5 | esions over
of IARhke cases, PAX5t wer+4¢ikeeayified ex
have their specific sagpaburEBEF&ndi mr ean:
t o ABLEc/lJassks pabuadt $0 M) , and an inferio
53% vs. 83%) unaccepthbkewise, cWweldboed

Mpn



reported that PAX5 fusions are recurre
outcome in infant ALL patients (<1 year
KMT2A/ MLrLa mgedérment .

| mportantagreemanti nwith od¥weprevious s
demonstrated that PAX5 fusions are cha

upregul ati on and ar e targetabl e by t

i nhilit®oEF»x?P° vtor eat ment wi t h Nintedani b/
demonesdt oatpr omot e apoptosi s of l eukemi
monot herapy and i n combi nati on wi t h

(Vincristine, Dexamet hasone or Aspar

Dexamet hasone and BIBFll12®Guhtldera syner
asseismedsgay sX INNSGPDnitcvediwiftehr e nt PAX5

fusi(PPANXs5: : AUTS2 and PAXS5:aDsAeCaH2e) d i n whi
significant efficacy in different organ

combi n@vepBlBF1120 al one was mor e ef f e

Dexamet hasoneoium beduwaeinngvhtwuot derungor e, e
screening revealed differenti al sensiti
agai nst PAX5t |l eukemi a samples when <co
samples. Our findings are also in agree
of LCKAW nseltting, i n which they demonst
LCK in pathogenesis and how it i s poss

i nhibitors such as Dasatinib and Ninte:
LCK i n-DRatiiveerdt Xen®§dg*Paft model

Morepvee demonstrated that BIBF1120 was
AKT si ginmml PAXEBY i nhibitiTrhg 308t mntdhe pAl
pAKter 4 23 i,dweesssent i al t o*%GAkits vabeelt he pa

finding reveals a role for alternative

MpPp M



considering t hat AKT i s invol ved i n a
mul ti dstugnaesiin CLL anfd other malignanci
I n conclusions, PAXS5 | esi ons ar e amon

aberratdid ohke-ABEEPPhhey have a specific si

unacceptable prognosi s; PAX5t involve m
targeted by Nintedani b/ BIBF1120. The dr
second | ine of treatmanionbot hthe pat iowl
profile and to integrate this informat.

this way it could be possible to assign
group, where they receive this inhibitol
drugsy al measlenhaasshhiasceputa@abl e tolerabilit)
iI's already approved in clinical trials

by the US Food and Drug Administration

and by the European Medi ci2nlklsb Agency (E
and it is tested #tam gsi eovgeernatlc ncaaundc earnst,i wi |
ef f &/ctds 20

These r esulotuy asgter drugltahean et adi esebhbment
o f pawi teimt #AXD ons, i mpl ementing the de

i nhibitors in combination with chemot he
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Tabl

es

Phlike Non-Ph-like
N % N %
Total n. of patients 59 4.7 T6 S8
GENDER
Male L] L8] a7 487
Female 3 E E 53
pralue=015
AGE
1-5yrs -] 475 42 553
&G yrs n e 3 o2
10-17 yrs m 1ns 1 45
pralue=0.02
WEBLC
20000 2% 2.4 47 618
20-100000 - ard 20 3
== 100000 & oz 9 (IR ]
pvalue=004
Prednizone RESPONSE
Good 52 & &1 B0.3
Poor ¥ mne 15 157
pvalue=0 22
MRD stratification
Stardard 15 me 17 ra
Medium 8 9 E 613
High 9 [E5 7 1.2
Mot kncran ¥ 14
prvalue (NK exchuded)=0.80
FINAL RISK
Standard 4 nr pt 2040
Medium n 28 43 68
High 14 nr 17 224
prvalue=0 8%
Non Ph-like subgroups
ETVE-RUNK -l 12 5.4
HHD-e =] 03
K24 e 2 28
ERG-redated as 480
MEFZDr E) 440
Class-tie (not evaluable) 1 13
Events
Resistank o a
Death in Inducson 1 Lr a
Relapses 0 1 12 158
- B ” 5
- CNE L] a
- B other 2 7
Death in CCR 3 51 a
- After CHEMO 3
- After HSCT 1
SMN o 1 12
Aliwe in CCR s 583 a3 B2g

Table 1: Chinical Characteristics and outcome of Ph-like vs. non-
Ph-like subgroups, in AIEOP ALL 2000/R2006.

Mp O




Cox model on EF5

Hazard pvalue 55% Confidence Interval
Ratio
Ph-like
Mon Phelike 1
Ph-liks 293 0:003 1.46-5-87
Final risk
Non High Risk 1
High Rizk 215 0.03 1.05-4-67
Age at disgnosis
149 years 1
10-17 years 110 080 051-2:37
WEL st diagnosis
= 100000 i
= 100000 1-16 0.78 0-42-3:21

Tabie 2: Cox model analysis on study cohort of 135 B-other patients.
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74 patients
1.0 1
0.8
0.6
0
w
w
0.4
N. pts N.events 5-year EFS
02| nonPhlke — 43°° 8 85.4%(5.5)
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p-value=0.02
0.0
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n
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) N. pts N.events 5yrs EFS
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56 patients

0.8

0.6

EFS

0.4

p-value=0-11
N, pts N. events Sgear EFS
48 i 65.5%(7)
=8 5 37.5%(17.1)

0.2 non IK+
IK+

0.0
0 1 2 3 4 5

YEARS FROM DIAGNOSIS

56 patients

1.0

N. pts N. rel. Sgear Cum Incidence
0.9 non IK+ 48 14 28.2%(6.6)
0.8 IK+ — 8 4 50%(17.7)
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0.6
p-value=0-23

0.5
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0.3

0.2
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0.0
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PAX5: : AUTS2 as in RX5:nBAACHRe&s pankei s)nA3 @Prigh
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Phlike ERG ETV6/RUNX1 | HHDIike
related like

N %| N %| N %| N %
Total n. of patients 59 35 12 23
GENDER
Male 36| 610| 13 371 5 41.7| 14 609
Female 23 390| 22 629 7 583 9 391
AGE
1-5 yrs 28| 475| 14 400 6 500| 20 870
6-9 yrs 11 186 | 12 343 5 41.7| 3 130
10-17 yrs 20| 339| 9 257 1 83| 0
WBC
<20000 25 424 | 26 743 6 500| 12 522
20-100000 28 474 8 229 2 167 9 391
2100000 6 102 1 28 4 333| 2 87
Prednisone RESPONSE
Good 52| 881| 29 829 10 833| 18 783
Poor 7 119 6 171 2 167 5 217
MRD stratification
Standard 15 288 5 161 1 111| 9 563
Medium 28| 539| 21 677 8 889 | 7 437
High 9 173| 5 161 0 100 O
Not known 7 4 3 7
FINAL RISK
Standard 14| 237| 5 143 1 83| 8 348
Medium 31| 526| 22 629 9 750| 10 435
High 14| 237| 8 228 2 167| 5 217

3 MEF2Dpatients: 1 male, 2 females; 2 with WBC <20000, 1 with YB0000; 2 PGR and 1 PPR
2 KMT2Alike patients: 2 females; 1 with WBC-200, 1 with WB100000; 1 PGR and 1 PPR

Tabl &1l EDP ALL 2000/ R2006 GEP class characteri st

Phlike ERG ETV6/RUNX1 | HHDlike
related like
N %| N %| N %| N %
Total n. of patients 59 35 12 23
Resistant 0 0 0 0
Death IND 1 1.7, 0 0 0
Relapses 20 339 4 114 2 167/ 5 217
- BM 17 2 1 1
CNS 1 0 0 0
BM+other 2 2 1 4
Death in CCR 3 51| 0 0 0
After CHEMO 2
After HSCT 1
SMN 0 1 29 0 0
Alive in CCR 35 59-3| 30 857 10 83-3| 18 78-3

Tabl €h%2.acteristics of events among different G



Phlike Non-Phlike

N % %* N %  %*
Total n. of patients 20 12
GENDER
Male 13 65-0 36-1 5 417 135
Female 7 350 304 7 58-3 17-9
AGE
1-5yrs 13 65-0 464 7 58-3 16-7
6-9yrs 1 5-0 9-1 5 41.7 217
10-17 yrs 6 30-0 30-0 0
WBC
<20000 8 40-0 320 2 167 4.3
20-100000 10 50-0 357 8 66-6 40-0
2100000 2 10-0 33:3 2 16-7 22-2
Prednisone RESPONSE
Good 18 90-0 346 9 75-0 14-8
Poor 2 10-0 28-6 3 25-0 20-0
MRD stratification
Standard 2 105 133 1 10-0 59
Medium 11 57-9 393 8 80-0 21-1
High 6 316 667 1 10-0 14-3
Not known 1 14-3 2 14-3
FINAL RISK
Standard 2 100 143 1 83 63
Medium 11 55-0 355 8 66-7 18-6
High 7 350 50-0 3 25.0 177

(*) calculated on total number of patients with a specific characteristic

@ HSi3ke -RB i kencharacteristics

Tabl

2000/ R2006) .
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relapsed
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Tabl €1 $4i cal and Mol ecul ar Char a-ot dreirstics of Al
cohort, saullcehs sa,s GIEW dat a, Fusion genes. Legend:

n.a.=not applicable; n.k.=not known.



Phlike Not Phlike

N % N %

Total n. of patientswith available 57(59) 966 | 74(76) 974
PAX5 status

PAX5wt 26 456 62 838

PAX5del 20 351 9 122

PAX5anp 4 7 3 4

PAX5t 7 123 0 0

Tabl eeASPene s tatthuesr

imoMBort-]i kecb6odi ngt)opPbfiles
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PAX5t versus @BiICIREMtBL by keetpBl D2 analysis (P<0.0

names of drug with interaction among the genes
| i T
Inhibitar Terget PLET PAXS:AUTS? | pt. £3 PAXS::DACH2 | pt.£4 PAXS:SOKS | AlL-PO] koPNs[ms;11 | sem [muTzs| e a1 | evnsz[crras[crnas [emoss
Foretinky [vesma e 2356 13 7930 00 3950 2133 5805 2017 |NON2RNOATMNOGD) 22 (N8
Basutinie Berda e 516 1633 2920 17 3738 1330 3557 60| 21t 119 188 58 137
Dasatinib (Hydrochiorit) [Ber-Aal Src: 27 2,8 000 000 000 06 000 000 | 000 000 OB o000 000
[BIBFL 120} |LCKinitstor 2733 359 3262 QW) 1773 D061 59 i 340 13 207 9@ 150
Staurosporin, pos ctr Multiple non-selective inhibitor of protein kinases 9231 2,28 2451 8405 3134 7646 8051 6477 ) 3028 3015 283% 53 3703
mean ds PAYSE MLLY/ERLEr CIRE LCLs
Foretinio 6027 #77 046
Basuinia 1550 B0 243
Dusatinia 2130 0,00 000
Nintedanib 3155 352
Stawopomn 5302 35 17
Tabl &i$8erenti al drug sensitivity score data by
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GEP data are avail abl e at GEO (access
GSE13164, GSE13159, GSE13204).

Target capture Next Gener aaiiloamb|Ses giure ntcheng F
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nNumbeTAB 1319.
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ALL in infants is assdciated with di sma

Infants with MLL-G ALL treated with intensive therapies in the
Interfant06 protocol may have a relatively favorable prognosis, with a
6-year evenfree survival (EFS) rate of 73.99slightly inferior to that
observed in older children with BE&RLL. »2 Of interest, a recent styd
from the Japanese Pediatric Leukemia/ Lymphoma Study Group MLL
10 trial reported more favorable outcomes in infants with NGLALL,

with a 3year EFS rate of 93.3%However, it must be noted that in the
Japanese study, the cohort of patients was relgtsmall (15 patients
with MLL-G ALL were enrolled, compared with 167 patients in the
Interfant06 Consortium, which includes many national groups from
different countries with different outcomes), and the chemotherapy
treatment was overall more intensiveith additional highdose
cytarabine and {asparaginase in early consolidation. Despite the great
interest and efforts in clarifying the biology of Mk& BCRALL in
infants, the information available on genetic alterations is still rather
limited 2 Convesely, BCRALL in noninfants is MLL-G in 98% of the
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cases, and it is characterized by a great diversity of chromosomal
aberrations and gene rearrangements, which correlate with favorable or
unfavorable early treatment response and prognosis and are lgurrent
used, in association with minimal residual disease (MRD) assessment,
for treatment stratificatiofi? The identification of specific genetic
abnormalities in MLEG BCRALL in infants might be crucial for
selecting appropriate personalized treatmentsd amproving
outcomes? Recently, theNUTM1 gene was found to be rearranged in
MLL -G BCRALL in pediatric, as well as infant cases, and the presence
of NUTM1 fusions was associated with favorable outcomes in both
settingst*1°> Herein, we report results dhe incidence andssociated
outcomes of fusion genes in a cohort of 30 infants with N&.BCPR

ALL. We retrospectively analyzed 30 of 37 consecutive infant patients
with MLL -G BCPRALL treated in centers of the Italian Association of
Pediatric Hemat@®ncobgy from 2006 to 2019 within the Interfa®6
(n=29Y or ltalian Association of Pediatric Hema@ncology/Berlin
FrankfurtMunster ALL2017 (1) protocols for whom biological
material was available. The study was approved by the ethics
committees of the phcipating institutions, and written consent was
obtained from parents. SpBignal fluorescence in situ hybridization
analysis was mandatory to assess MLL rearrangements; multiplex
reverse transcription polymerase chain reaction and genomic
breakpoint ning were performed to identify MLL fusion partnéfs.
RNA samples were analyzed using a custom -gexreration
sequencing (NGS) panel, with probes capturing 95 leukestaded
genes, includingABL1, JAK2, PAX5, EBF1, PDGFRB, CRLFRhd

TCF3 (Nugen Tecan, CA). Sequencing analysis was performed in
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2x150 paired ends on NextSeq550 (lllumina, San Diego, CA). Fusion
genes were identified by STARusion, Dragen RNA, and an-iouse
bioinformatic pipeliné’ In a subset of cases, whdlanscriptome
RNA sequencing analysis was also performed (Nugen). All identified
fusions were validated by reverse transcription polymerase chain
reaction and Sanger sequencing (supplemental Figure 1; supplemental
Tables 12, available on the Blood Web site). EFS was defasetme

from diagnosis to first event (ie, resistance, relapse, death resulting from
any cause, or second malignancy, whichever occurred first).
Observation periods were censored at time of last contact when no
events were reported. EFS was estimated rdoup to the Kaplan
Meier method (with Greenwood standard error). Median follpwas

4.0 years (range, 0H0.2 years). Analyses were performed using SAS

software (version 9.4)

Overall, 30 infant patients with MG BCRALL were screened.
Table 1 deschies their main features: 24 patients were agaudonths,

29 had white blood cell court 300x 10%/L at presentation, and two
thirds were female. In contrast to MtR cases, which are typically
CD102, a CD101 immunophenotype was observed in 28 (93%) of 30
MLL -G cases. Supplemental Table 3 reports the details of cytogenetic
data. In addition, 26 of 30 cases were prednisone good responders, and
all achieved complete remission at the end of induction therapy. Of 21
patients with available data, MRD at the efdnduction therapy was
negative in 7 (33%), low<6 x 10%) in 11 (52%), and high(p x 10%)

only in 3 cases (14%). Only 1 (5%) of 19 patients had high M&8X (

10%) at the end of consolidation phase 1B. These data confirm that

MLL-G BCPRALL in infants is associated with favorable clinical
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features at diagnosis (ie, ag@ months and low white blood cell count)
and favorable initial response to therapy (ie, prednisone good response
and low MRD level}

Strikingly, the NGS analysis revealed that MG BCP-ALL in infants

is characterized by a high rate of fusion genes. Indeed, among these 30
patients, as many as 22 (73%) carried a fusion ded@M1 fusions

were the most frequent, identified in 9 cases (30%), M@EMN1 (n=5),
CUX1(n=2),BRD9(n=1), andZNF618(n=1) as fusion partners (Figure

1A). NUTM1class patients (mean age at diagnosis, 8.8 months) had a
3-year EFS rate of 100% (Figure 1C). This finding suggests that
NUTMZ1fusions are associated with very good outcomes, in agreement

with recent data from an ongoing

Il nt ern

Legno6 Childhood ALL »® Ranarkablyy we Group pr o

found that rearrangement of the PAX5 gene was also recutetatied

in 6 (20%) of 30 cases, withNAJA1(n=3), FBRSL1(n=1), MBNL1
(n=1), andGRHPR(n=1) as fusion partner genes (Figure 1B). To our
knowledge, thes@AX5fusion partners have not been reported in the
literature or databases as comnRAX5partnersm older patient$® As

in older children, the PAX5 fusion genes found in most of the infant
patients retained the DNA binding domain and the homeodomain, with
PAX5/GRHPRas the only exception, where the first exorP@{X5is
fused with almost the entire retture of GRHPR Whether the
disruption of PAX5 or the expression oGRPHR under thePAX5
promoter might represent the driver event for leukemogenesis must be
further explored. In contrast witNUTM1 class patients, patients
carryingPAX5fusions had a na age at diagnosis of 11.4 months and

had poorer outcomes, with 4 events (bone marrow relap8e death
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in first remission, B1) occurring in 6 patients, leading to ¢&ar EFS

rate of 25.0% £20.4%; Figure 1C). Notably, the outcomesR#&X5
patients e not differ from those of 65 concurrent MER BCRALL
patients, whose -gear EFS rate was 43.6% (66.5%; supplemental
Figure 2). Moreover, in 7 cases (23%), other fusion transcripts were
detected, including CF3 (with different partner genes) aAdBL clas
fusions. We identified the following: TCF3/PBX1 (n=2),
TCF3/ZNF384n=1), ETV6/ABL1(n=1), P2RY8/CRLFZn=1), and a

new KDM2B/GATAD2Bfusion in a pair of monozygotic twins. None

of the cases was positive for the fusions more commonly found in
patients ag>1 year (ie ETV6/RUNXIor BCR/ABL). The 3year EFS

rate in this heterogeneous group was 57.348(/%; Figure 1C).
Finally, no fusion genes were detectable in the remaining 8 cases (27%),
neither by the RNAargeted NGS approach nor by whole
transcrippme RNA sequencing screening. Interestingly, 3 of 4 patients
for whom we had cytogenetic data were hyperdiploid. These negative
cases had agear EFS rate of 83.3%:15.2%; Figure 1C), with 1 testis

relapse occurring 3.1 years after diagnosis in thisrsuipg

Overall, this study shows that MEG BCRALL in infants is
characterized by remarkable genetic heterogeneity. An unexpectedly
high rate of fusion genes was found, associated with distinct treatment
responses and outcomes. This study shows for the firstthiatP AX5
fusions are recurrent in MLIG BCRALL in infants and associated
with worse outcomes compared wittuTM1 class fusions. The major
limitation in this study is the small size of the patient cohort and
subgroups. Because of the rarity of the dise@onfirmation of these

findings can only be pursued through large international collaborations.
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If confirmed, the detection ?FAX5andNUTMZ1class (and potentially
other) fusions by either fluorescence in situ hybridization and/or NGS
targeted strategs’ might be applied prospectively to stratify more
properly infant patients with ALL in the context of a dedicated clinical
protocol. The dismal prognosis observed in infant ALL WAX5
fusions is of particular interest, because these patients mafit reme

novel therapeutic approaches, such as the kinase inhibitor nintedanib.
This compound, also known as BIBF1120, Vargatef, or Ofev
(Boehringer Ingelheim, Ingelheim am Rhein, Germany), has
antiangiogenic and antitumoral effects in several catt®rand is
already used in patients with pulmonary fibrgdisOf note, we
previously demonstrated the in vitro and ex vivo antileukemic activity
of nintedanib in PAX5ALL cells from pediatric patients (age .1 year

at diagnosis), both alone and in combimatiavith standard
chemotherapy??® Other innovative therapies (eg, immunotherapy)
may be considered in infants with Mk& BCRALL not associated
with NUTML1 fusions, because prognosis in these patients seems
unfavorable. In summary, if confirmed in a largerhort, these data
would support the redefinition of the infant Mi& BCRALL
subgroup, where specific genetic features might have prominent
biological and prognostic roles, with a rationale for risk stratification
and potential benefit from geneticallyrivcen or other innovative

tfreatments.
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Figure 1. Genomics and outcome of infant patients with MGL BCRALL.

Schematic representation of NUTM1 (A)
infant patients with MLEG B-ALL compared with the respectiweild-type genes.
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For each gene, exons and relevant protein domains are indicated at the bottom and

top, respectively. Arrows indicate the fusion breakpoints. (C) EFS according to the

class of fusion transcript detected in 30 infant patients with N\ELBCRALL. The

negative (NEG; no fusion gene detected) curve does not depict 1 relapse (testis) that

occurred at 3.1 years. Table reports the details of patients and events. “Relapses

occurred in: TCF3 class (n 5 1; died after relapse), ABL class (n 5 1), RbE2C

class (n 5 1). BRD, bromodomain; CUT, CUT DNA binding motif, DBD, DNA

binding domain; DNAJ,DNAJ pepti de binding; FHD, ybrosin ho
GDH, glycerate dehydrogenase catalytic domain; HD, homeodomain; ID, inhibitory

domain; NAD(P), NAD(P) biding domain; NUT, NUT domain; NUTM1, NUTM1

class fusions; other, other fusions; PAX5, PAX5 fusions; OP, octapepdtie domain;

SAP, SAP motif; TAD, transactivation domain; ZF

Tablel. Clinical andbiologicalfeaturesof patients

Fusionclass, no. of patients

Negative ‘ NUTMiclass PAX5class ‘ Other

Sex

Male 4 2 2 1

Female 4 7 4 6 21
Age at diagnosis, mo

Oto ,3 1 3 0 0 4

3to ,6 0 1 0 1 2

6to ,9 0 2 1 2 5

9to ,12 7 3 5 4 19
WBCcount, 310°/L

#100 8 6 5 4 23

100-300 0 2 1 3

$300 0 1 0 0 1
Immunophenotype

CD16 0 1 0 1 2

CcD10 8 8 6 6 28
Prednisone response

PGR 6 8 5 7 26

PPR 1 1 1 0

NK 1 0 0 0 1
MRDat EOI, 310>

Negative 4(0) 2(0) 0 1(0) 7(0)

.5 0 5(0) 2(1) 4(2) 11(3)

$5 0 0 2(2) 1(1) 3(3)
Total 8 9 6 7 30

EOle nai ndut hie oNakpnyoktn o WrG;R,r e d ng csada & p oPnPdRe,r € d n i sroenep gWiBdGCavrh;ibtleo o d
cel | .
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Supplementary Material

Supplementarvial Fdgqtui enlof NUTM1 (Panel A) and P
fusion genes, identified in the present study. £
have been v-BCRdanhddSagwg&T anal ysi s.



A. NUTML1 fusions
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ACIN1-NUTM1 CTRL-

ACIN1 ex4 NUTM1 ex2

Homologous

ACIN1 e region | NUTM1 e
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A. PAX5fusions
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Supplementary Figure 2 Outcome of MLLrearranged cases and comparison with

PAXS5 MLL rearrange
N . pts. 6 65
N. events 4 36
N. induction 1 O 2
N . rel apses 3 29
N. deaths CCR 1 5

3year EFS (SE) 25.0 (43.6 (6.5)

PAX5-fusion patients. Overall, N=102 infants were enrolled, of whom N=65 were
MLL rearranged. Theioutcome did not differ from that of PAX5 rearranged patients
(38-year EFS = SE was 43.6 £ 6.5 vs.25.Q0:4, respectively). Details on type and

number of events are given in the table.
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ABSTRACT

PAX5 is rearr anAlld das 690,% hadviBlCP sever al

genes as the kinase JAK2. PAX5 1is fund
devel opment tod &Il tcerldtsi,omndmay have oppc
wild type PAXS5. I n addition to the Kkno



transcription factor in B cell s, PAX5 |

gatekeep, | owering glycolysis and ATP p
to neefwhether JAK?2 alterations may cCor
regul ation of B cell s. To functionally
PAX5 and JAK?2 fusions i n | eukemic B
xenotransplantati on i n mi c e of bl ast s
rearr anlgteaniemit ng obone marrow cell s to si.
at single cell |l evel the expression of

proteins by CyTOF. We firstly demonstr e
mat ur at ipagro BaBtl pprmeBdl pseages tohfe cel |l s du
presence of the fusion genes. As LCK, o0\
and kinases are twirwgett aorfgatasscathInd dbt,s wee
dasatinib observing an inhibition of ma
PAX5 and JAK?2 fusi cEnRK, Mosr epVyAKR2 wed [
confirmed that PAX5 and JAK2 fusions | e,
toward | actate production, with alterat
may say that those fusions alter B cell

be specifichddytitmirlget ed by
I n this chapter, we reported preliminar

| NTRODUCTI ON
PAX5comssi dered a meteducliing @dtueloesep eurpt ¢
and consumption in PAX5wt cells, while
del etion of PAX5, glycolyptakae nzmedases

ATP production are observed (Chan, et al
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regul ation of signaling pat hways, i ntr
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application. Only samples characterized
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CyTOF SAMPLES PREPARATI ON
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wer e ebdl dlddkd RT wusing purified human Fc r «
(eBi oscience, SanSubfage, m@AkKkelUUSApnti bo
staining was performed for 306 RT on she
were then washed in cell stwithh ng medi a
1ml 4AC 100% methanol for 106 at 4AC, w
and stained for intracellular markers a
(see CyTOF panels). Cells were washed w

100ulL of CSM, then iRtdeNMA ail mtteerdc aMi @ thort h e
(Fl ui di gm, Sout h Siam HFBank.i 8%PFEA,CAK e dJSiAr

cells resuspended in 1mL over night at 4
wi t h CSM and t wox0,t i maesd we s hs pdednHl e d i
1398 AP PPMY/ Iy nor mad d aeBagtnidokn, et al . 2013

bef ohe analysis at Hel i os CyTOF mass
During the readout cells were kept at 4,
cell s/ sec at CyTOF, keeping the ratio c

CyTOF PANELS

We develwomeléd pendent panels were develo
l'iterature dat a and our functional re
rearrangements and consist of both surf
They were applied to both JAK2 and PAX

marr ow s afmpr £ts [gareel is related to B ce
functi ons, consisting of Trmddtel Y3 signal i
whi | e t he second pane.l Tabl)yeel 4t ed t o

Anti bodies were conjugated with heavy n

HNy
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