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ABSTRACT

Chronic lymphocytic leukemia (CLL) is a B-cell clonal lymphoprolipherative
disorder characterized by the accumulation of small lymphocytes in the peripheral
blood, bone marrow and lymph nodes deriving from the transformation of CD5+
B-cell. Despite a homogeneous immunophenotype consisting of CD19+, CD20+,
CD5+ and CD23+, CLL is clinically heterogeneous. Several adverse prognostic
features have been identified including stage, CD38 positivity, the unmutated
configuration of the variable region of the immunoglobulin heavy chain gene

(IGHV), ZAP70 positivity, chromosome aberrations and molecular abnormalities.

Detailed immunophenotypic and genetic analysis allowed for the identification of a
number of markers of activation and genetic instability, some of which are gaining
relevance in clinical practice to predict outcome. Cell surface CD38 is one of these
markers since it is an indicator of cell activation and proliferation that may prelude
clonal evolution and worse clinical outcome.

We therefore studied the biological and clinical significance of the presence of
genetic heterogeneity in the minor CD38+ leukemic population, in a cohort of
untreated low-risk CD38-negative CLL patients, defined by the presence of <7%
CD38+ cells, and by the absence of unfavourable genetic lesions. Our data
showed that a significant proportion of CD38- CLL patients with low risk FISH
findings presented genetic aberrations within CD38+ cells. Most of these
abnormalities were high risk lesions (11q deletion and 17p deletion) and, in most
of the cases, these lesions were found in different cells indicating that multiple
cytogenetically unrelated minor clones may be present in the CD38+ cell fraction.
Interestingly, the presence of these additional FISH lesions in the small CD38+ cell
fraction was associated with shorter time to first treatment (TTT). To identify
biomarkers associated with this phenomenon, we performed miRNA expression
analysis. We were thus able to show a deregulated miRNA expression profile in
CLL cases with additional FISH lesions in CD38+ cells. In particular, miR-125a-5p
was found to be down-regulated both in CD38+ and CD38- cells in patients with
FISH abnormal clones as compared to patients without FISH abnormal clones.
The relevance of miR-125a-5p as a biomarker of inferior outcome and genetic
complexity was then validated in a prospective cohort. In this validation cohort, we

were able to confirm the predictive role of miR-125a-5p down-regulation in terms
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of shorter TTT. In addition we found that CLL patients with lower levels of miR-
125a-5p displayed an increased rate of mutations in CLL-related genes by next-

generation sequencing.

Several recent studies have shown that CD38 expression is higher in CLL cells in
the bone marrow and lymphoid tissues, especially in the proliferation centres
(PCs), which are regarded as the histologic hallmark of this disease. Indeed CLL is
a disease in which the host's microenvironment promotes leukemic cell growth,
leading to sequential acquisition and accumulation of genetic alterations and
proliferation centers may play an important role in the biology of CLL, as they
represent its proliferative compartment. To better define the significance of
proliferation centers, we studied lymph node biopsies taken from a cohort of
patients by fluorescence in situ hybridization (FISH) studies using a 5-probe panel
on tissue microarrays (TMA). The cases were classified into two categories: “PCs-
rich” and “typical”. The PCs-rich group was associated with 17p-, 14q32/IGH
translocations and +12. The median survival from the time of TMA for PCs-rich
and typical groups was 11 and 64 months respectively. The PCs-rich pattern was
the only predictive factor of an inferior survival. These findings establish an
association between cytogenetic profile and the amount of PCs in CLL, and show
that this histopathologic characteristic is of value for risk assessment in patients

with clinically significant adenopathy.

CLL turned out to be a disease with multiple facets in its pathogenic mechanisms
including genetic aberrations, antigen drive and microenvironmental interactions.
In the first part of this work, we focused our attention on the correlation between
CD38-positivity, proliferation centres and development of genetic aberrations.

To translate this knowledge in clinical practice we planned further studies focusing
i) on the correlation between chromosomal aberrations and clonal evolution and ii)
on how to stratify patients into different risk-groups at diagnosis according to
cytogenetic abnormalities and gene mutations.

The presence of cytogenetic abnormalities is a hallmark of CLL. It was reported
that a fraction of CLL patients developed new cytogenetic abnormalities at
chromosome sites of known prognostic importance during the course of their
disease (clonal evolution, CE). To better define the incidence and signature of CE,

a cohort of patients were analysed sequentially by FISH. Recurring aberrations at
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clonal evolution were 14q32/IGH translocation, 17p-, 11g-, 13g- and 14q32
deletion. The development of CE occurred only in previously treated patients. Our
data show that the 14932/IGH translocation may represent one of the most
frequent aberrations acquired during the natural history of CLL. CE occurs in pre-
treated patients with short TTT and survival, after the development of CE with and

without 14932 translocation, is relatively short.

Having assessed the incidence of chromosome aberration in CLL with evolution
and/or adenopathy we next moved to CLL with an apparently “favourable” profile
of cytogenetic lesions, to establish if improved cytogenetic techniques could help
refine prognostication. We therefore designed a study to assess whether
karyotypic aberrations in patients without FISH anomalies correlate with
established clinical and prognostic parameters. The clinical and prognostic
significance of karyotypic aberrations in normal FISH CLL was first evaluated in a
retrospective single centre series of patients and then validated prospectively in a
multicentre series of cases diagnosed and analysed for karyotype with DPS30/IL2
stimulation. Conventional karyotyping using DSP30/IL2 stimulation is an effective
method for the detection of chromosome aberrations in approximately one third of
CLL with normal FISH. The abnormal karyotype correlated with shorter time to first
treatment and shorter survival. This set of data also showed that, in CLL patients
with normal FISH, conventional cytogenetic analysis identifies a subset of cases
with adverse clinical and prognostic features to be considered for the design of
risk-adapted treatment strategies.

In the last part of our experimental work we moved from the consideration that the
cytogenetic lesions do not entirely explain the molecular pathogenesis and the
clinical heterogeneity of CLL. Indeed, the advent of next-generation sequencing
(NGS) technologies has enabled exploration of the CLL genome, uncovering
genetic lesions that recurrently target the leukemic cells. NGS studies have further
elucidated the genomic complexity of CLL. In order to improve understanding of
genetic basis of CLL and to apply NGS to CLL, we sequenced DNA samples from
untreated patients affected by chronic lymphocytic leukemia with a panel of 20
genes and we correlated mutational status with clinicobiological
parameters.Mutations were identified in the following genes: TP53, SF3B1, POT1 ,
ATM , MYD88 , FBXW7 , MAPK1 , DDX3X , KLHL6 , KRAS. The presence

of mutations correlated with high risk FISH (11g- and/or 17p-) and unfavourable
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cytogenetic (11q-, 17p- or complex karyotype) findings. Patients carrying CLLs

with gene mutations showed a significant shorter median time to first treatment in

comparison to those without mutations (20 months vs not reached at 76 months).

The frequency of mutations in the 20 investigated genes is in line with published

data in the literature using whole exome sequencing. This study shows that the

simultaneous sequencing of a panel of genes implicated in CLL is feasible.

In conclusion, in this work we tried to improve our knowledge on some

fundamental pathogenetic aspects of CLL, including:

)

i)

ii)

the development of genetic lesions in CD38+ activated cells, obtained
from the PB in patients in an initial and indolent phase of the disease;
the pattern of cytogenetic lesions in lymph node microenvironment
(proliferation centres) in patients in a more advanced phase of the
disease;

to translate this knowledge in clinical practice, we assessed prognosis
with  modern techniques and we identified cytogenetic lesions
associated with disease progression and shorter time to treatment;

we identified recurrent genetic lesions potentially useful for further

refinement of our ability to predict prognosis and response to treatment.



ABSTRACT (ITALIAN)

La leucemia linfocitica cronica (LLC) & un disordine linfoproliferativo a carico del
linfocita B, caratterizzato dall’accumulo di piccoli linfociti nel sangue periferico, nel
midollo osseo e nei linfonodi. Nonostante un immunofenotipo omogeneo costituito
dalla presenza degli antigeni CD19, CD20, CD5 e CD23, la LLC € clinicamente
eterogenea. Sono stati identificati diversi fattori di prognosi. Tra questi ritroviamo
lo stadio di malattia alla diagnosi, la positivita per il CD38, la configurazione non
mutata della regione variabile della catena pesante dei geni immunoglobulinici
(IGHV), la positivita per ZAP70, le aberrazioni cromosomiche e le anomalie

molecolari.

Analisi immunofenotipiche e genetiche hanno portato all'identificazione di diversi
marcatori molecolari di attivazione, alcuni dei quali sono riconosciuti nella pratica
clinica al fine di predire la prognosi. L’antigene di superficie CD38 & uno di questi.
Esso, in particolare, &€ un indicatore di prognosi sfavorevole, di attivazione e
proliferazione cellulare ed € in grado di predire un’evoluzione clonale ed una
prognosi sfavorevole.

Abbiamo quindi studiato, in un gruppo di pazienti a basso rischio (cellule CD38+
<7% e anomalie FISH a basso rischio prognostico), il significato biologico e clinico
della presenza di lesioni genetiche nella frazione cellulare CD38 positiva. | nostri
dati hanno mostrato che una percentuale significativa di pazienti presentano
aberrazioni genetiche all'interno delle cellule CD38+. La maggior parte di queste
anomalie sono lesioni ad alto rischio (delezione 11q e 17p) e nella maggior parte
dei casi queste lesioni sono stati trovate in cellule diverse indicando che piu cloni
minoritari possono essere presenti, in maniera indipendente, nella popolazione
cellulare complessiva. La presenza di queste lesioni FISH nella piccola frazione
CD38+ & associata ad un minore tempo al primo trattamento (TTT). Per
identificare marcatori associati a questo fenomeno, abbiamo effettuato un’analisi
di espressione dei microRNAs. Abbiamo quindi identificato un profilo di
espressione dei miRNAs alterato nei casi di LLC con lesioni FISH supplementari a
carico delle cellule CD38+. In particolare, il miR-125a-5p & risultato essere down-
regolato sia nelle cellule CD38+ che nelle cellule CD38- nei pazienti con cloni
aventi anomalie FISH, rispetto ai pazienti senza cloni anomali. L'importanza del

miR-125a-5p come marcatore di prognosi inferiore e complessita genetica é stata
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poi validata in una coorte di pazienti indipendente. In questa serie di validazione,
abbiamo confermato il ruolo predittivo del miR-125a-5p in termini di TTT piu breve.
Inoltre abbiamo visto, attraverso tecniche di sequenziamento di ultima
generazione, che i pazienti affetti da LLC con bassi livelli di miR-125a-5p

presentano un aumento del tasso di mutazione nei geni implicati nella LLC.

Diversi studi recenti hanno dimostrato che I'espressione del CD38 & maggiore
nelle cellule leucemiche all'interno del midollo osseo e del tessuto linfoide, in
particolare all'interno dei centri proliferativi (PCs), che sono considerati la
peculiarita istologica della LLC. Infatti la LLC & una malattia in cui microambiente
promuove la crescita delle cellule leucemiche, conduce all'acquisizione ed al
conseguente accumulo di alterazioni genetiche. In questo contesto, i centri
proliferativi svolgono un ruolo fondamentale.

Per definire meglio il significato dei PCs, abbiamo studiato le biopsie linfonodali di
una coorte di pazienti con metodica FISH su microarray tissutale (TMA). | casi
sono stati classificati in due categorie: "PC-rich" e "tipici". Il gruppo “PC-rich” &
stato associato alla presenza di delezioni 17p-, traslocazioni 14q32/IGH e trisomia
del cromosoma 12. La sopravvivenza media, dal momento del TMA, per i gruppi
“PC-rich” e “tipici” & risultato essere, rispettivamente, di 11 e 64 mesi. Questi
risultati stabiliscono, quindi, un'associazione tra il profilo citogenetico e la quantita
di PCs nella LLC, e dimostrano che questa caratteristica istopatologica €& di grande
valore per la valutazione del rischio nei pazienti con adenopatie clinicamente

significative.

La LLC si €& rivelata essere una patologia con molteplici sfaccettature nei suoi
meccanismi patogenetici, tra cui la presenza di aberrazioni genetiche, la
stimolazione da parte dell’antigene e le interazioni con il microambiente. Nella
prima parte di questo lavoro, abbiamo focalizzato la nostra attenzione sulla
correlazione tra positivita per il CD38, centri proliferativi e sviluppo di aberrazioni
genetiche. Per tradurre queste conoscenze nella pratica clinica abbiamo
programmato ulteriori studi incentrati i) sulla correlazione tra aberrazioni
cromosomiche e l'evoluzione clonale e ii) su come stratificare i pazienti in diversi
gruppi di rischio al momento della diagnosi in base ad anomalie citogenetiche e

mutazioni genetiche.
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La presenza di anomalie citogenetiche & un segno distintivo della LLC. In
letteratura € riportato che una frazione di pazienti affetti da LLC sviluppa nuove
anomalie citogenetiche durante il corso della malattia (evoluzione clonale, CE).
Per definire meglio lincidenza e lo stato dell’evoluzione clonale, abbiamo
analizzato una coorte di pazienti mediante FISH a diversi stadi di malattia.
Aberrazioni ricorrenti nell’evoluzione clonale sono risultate essere: traslocazioni
14q32/IGH, delezioni 17p-, 11g-, 13g-e 14932. L’evoluzione clonale si & verificata
solo in pazienti precedentemente trattati. | nostri dati mostrano che la
traslocazione 14q32/IGH rappresenta una delle aberrazioni acquisite piu frequenti
durante la storia naturale della LLC. Il fenomeno dell’evoluzione clonale si verifica
in pazienti pretrattati con breve TTT, e la sopravvivenza dopo lo sviluppo di

evoluzione clonale & relativamente breve.

Dopo aver valutato l'incidenza di aberrazioni cromosomiche in pazienti LLC con
evoluzione clonale e/o adenopatia, ci siamo soffermati sul gruppo di pazienti LLC
con lesioni citogenetiche "favorevoli". Abbiamo, quindi, effettuato uno studio per
valutare se le aberrazioni cromosomiche in pazienti FISH negativi correlino con i
parametri clinici e prognostici. Abbiamo dapprima studiato una coorte retrospettiva
di pazienti aventi le suddette caratteristiche. In seguito, abbiamo validato
prospetticamente in una serie multicentrica di casi analizzati mediante cariotipo
convenzionale con stimolazione metafasica attraverso DPS30/IL2. Abbiamo visto
che questa tecnica permette l'individuazione di aberrazioni cromosomiche in circa
un terzo dei casi LLC con FISH normale. Il cariotipo anomalo correla con un
minore tempo al primo trattamento ed una ridotta sopravvivenza. Questo insieme
di dati ha quindi mostrato che, nei pazienti affetti da LLC con FISH normale,
I'analisi citogenetica convenzionale identifica un sottoinsieme di casi con
caratteristiche cliniche e prognostiche negative da prendere in considerazione al

fine di adeguare le strategie di trattamento.

Nell'ultima parte del nostro lavoro sperimentale, abbiamo considerato che le
lesioni citogenetiche non sono in grado di spiegare la patogenesi molecolare e
I'eterogeneita clinica della LLC. L'avvento del sequenziamento di ultima
generazione (NGS) ha permesso l'acquisizione di importanti conoscenze sulla
caratterizzazione della LLC, chiarendone ulteriormente la complessita genomica.

Al fine di migliorare la comprensione delle basi genetiche delle LLC e di applicare
11



le tecniche di NGS, abbiamo sequenziato una serie di pazienti non trattati con un
pannello di 20 geni, ritrovati frequentemente mutati nella LLC, e abbiamo correlato
lo stato mutazionale con i parametri clinicobiologici. Abbiamo ritrovato mutazioni
somatiche nei seguenti geni: TP53, SF3B1, POT1, ATM, MYD88, FBXW?7,
MAPK1, DDX3X, KLHL6, KRAS. La presenza di mutazioni correla con la presenza
di anomalie FISH ad alto rischio (11g- e/o 17p-), e cariotipo sfavorevole (11g-, 17p
o cariotipo complesso). Pazienti recanti mutazioni genetiche hanno mostrato un
tempo al trattamento significativamente piu corto rispetto a quelli senza mutazioni.
La frequenza di mutazioni nei 20 geni studiati € in linea con i dati pubblicati in

letteratura.

In conclusione, in questo lavoro abbiamo cercato di migliorare le nostre
conoscenze su alcuni aspetti patogenetici fondamentali della LLC, tra cui:

i) lo sviluppo di lesioni genetiche in cellule attivate CD38+, ottenute da
sangue periferico in pazienti in una fase iniziale e indolente di malattia;

ii) il tipo di lesioni citogenetiche nel microambiente linfonodale (centri
proliferativi) in pazienti in una fase piu avanzata di malattia;

iii) traducendo queste conoscenze nella pratica clinica, abbiamo valutato la
prognosi con tecniche moderne ed identificato lesioni citogenetiche
associate a progressione di malattia e minor tempo libero da trattamento;

iv) abbiamo identificato lesioni genetiche ricorrenti potenzialmente utili per un
ulteriore affinamento della nostra capacita di predizione della prognosi e

della risposta al trattamento.
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CHAPTER 1

CHRONIC LYMPHOCYTIC LEUKEMIA

1.1 INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most common adult leukemia in
Western countries and is characterized by clonal proliferation and accumulation of
mature B lymphocytes. CLL affects individuals with median age at diagnosis
ranging between 67 and 72 years. Moreover, the proportion of younger patients
with early stage CLL and minimal symptoms seems to increase due to more
frequent blood testing. More male than female patients (1.7:1) are affected [1].

CLL is characterized by the clonal proliferation and accumulation of mature,
typically CD5-positive B-cells within the blood, bone marrow, lymph nodes and
spleen [2]. Typical immunophenotype of the CLL is the presence of the B-cell
surface antigens CD19, CD22 and CD 23 with coexpression of T-cell lineage
antigen CD5 and expression of CD20 and CD7b lower than that observed in

normal B cells [3, 4].

1.2 DIAGNOSIS AND STAGING

The diagnostic criteria as laid out by the International Workshop on Chronic
Lymphocytic Leukemia (IWCLL-2008) [4] requires the presence of at least 5.000
B-lymphocytes/ul in the peripheral blood for the duration of minimum 3 months. In
most cases the diagnosis of CLL is established by blood counts, differential
counts, a blood smear and immunophenotyping. The World Health Organizaton
(WHO) classification of hematopoietic neoplasias describes CLL as leukemic,
lymphocytic lymphoma, being only distinguishable from SLL (small lymphocytic
lymphoma) by its leukemic appearance [5].

CLL is always a disease of neoplastic B-cells and their clonality needs to be
confirmed by flow cytometry [4]. The leukemia cells found in the blood smear are
characteristically small, mature lymphocytes with a narrow border of cytoplasm
and a dense nucleus lacking discernible nucleoli and having partially aggregated

chromatin [6] (Fig. 1.1).
13



Two widely accepted staging methods co-exist, the Rai [7] and the Binet [8]
system. Both describe three major prognostic groups with discrete clinical

outcomes.

(4x); (B) Characteristics appearance of small CLL cells with frequent prolymophocytes (40x).

The Rai staging system defines low-risk disease as patients who have
lymphocytosis with leukemia cells in blood and/or bone marrow (lymphoid >30%)
(Rai stage 0). Patients with lymphocytosis, enlarged nodes in any site and
splenomegaly and/or hepatomegaly are defined as having intermediate risk
disease (Rai stage | or Il). High risk disease includes patients with disease-related
anemia (stage lll) or thrombocytopenia (stage 1V).

The Binet staging system is based on the number of involved areas, as defined by
the presence of enlarged lymph nodes of greater than 1 cm or organomegaly, and
on whether there is anemia or thrombocytopenia. Binet stage A is defined as
having Hb =10 g/dL, platelets 2100 x 10%L and up to two areas of involvement.
Patients with Hb =10 g/dL, platelets 2100 x 10%/L and organomegaly greater than
that defined for stage A are defined as having stage B. All patients who have Hb of
less than 10 g/dL and/or platelet count of less than 100 x 10%/L, irrespectively of

organomegaly are included in stage C.

1.3 BIOLOGY AND PATHOGENESIS OF CLL

Our understanding of CLL has changed over the last decades. It was once thought
to be a homogenous disease, in which mature B cells accumulated largely due to
a lack of normal cell death. It is currently known that CLL cells show an

antiapoptotic profile, with strong expression of Bcl-2 protein, which suggests that

14



inhibition of apoptosis is responsible for CLL development. However, several
reports have shown that the high lymphocyte count in CLL patients is caused not
only by the prolonged survival, but also by proliferating cells. The disease probably
develops is a result of accumulation of transformed B cells. In CLL cells, a great
imbalance between cell birth and death rate is observed [3, 9].

The gene expression profile suggests that CLL cells originate from transformed,
antigen-stimulated B cells [10]. In CLL cells, several mutated IGHV genes are
expressed more frequently than in normal B lymphocytes. All those cells express
restricted sets of B-cell receptors (BCR). Unique stereotypy of BCR suggests that
antigens play a critical role in CLL pathogenesis.

Moreover, CLL has recently been established as a disease of remarkable diversity
and differences in cell morphology, immunophenotype, cytogenetics and
molecular characteristics. This heterogeneity translates into clinical course and the
response to treatment [11]. Approximately one third of patients survive for 20
years or longer and never require treatment [12] and, alternatively, some patients

may progress rapidly from the time of diagnosis.

1.4 PROGNOSTIC FACTORS IN CLL

A number of clinical and biological markers of prognostic relevance have been
identified. Due to great variability of CLL patients clinical course, there is a need to
establish solid prognostic factors for this disease.

CLL patients are currently categorized into risk groups based on the clinical
staging systems Rai [7] and Binet [8]. These classifications are helpful for dividing
patients in regard to the expected overall survival (OS). However, both systems
fail to indicate the higher risk of progression among patients in early stage of
disease.

Among prognostic factors in CLL, there are lymphocyte doubling time (LDT),
serum markers, IGHV mutational status, ZAP-70 and CD38 expression,
cytogenetic abnormalities and somatic mutations [13-16].

LDT longer than 12 months correlates with increased progression-free survival
(PFS) and OS. An increase in the lymphocyte count of more than 50% in two
months or LDT during less than 6 months is a recommended criterion of active

disease and indication for treatment [17].
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Serum prognostic factors, such as B2-microglobulin, soluble CD23 or serum
thymidine kinase were indicated as an important prognostic factor for CLL
patients. In fact they are relevant markers of proliferative activity and a risk
disease progression, correlating with other biological prognostic factors [18].
These ones can be immunoglobulin heavy chain variable region (IGHV) mutation
status, somatic mutations and some cytogenetic abnormalities, cell membrane
expression of CD38 and intracellular expression of ZAP-70 [4, 18, 19]. CLL
patients may have either somatically mutated or unmutated IGHV gene, which
correlates with a favourable or unfavourable prognosis. Patients with unmutated
IGHV gene have significantly shorter OS (approximately 8 years) than those with
mutated IGHV gene (approximately 25 years) (Fig. 1.2).
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FIGURE 1.2. Kaplan-Meier survival curve comparing CLL patients with mutated and unmutated Vy
genes. Median survival for unmutated CLL: 117 months; median survival for mutated CLL: 293
months [14].

The expression of ZAP-70 remains constant over the course of the disease. The
cut-off to classify patients as ZAP-70 positive (negative prognostic factor
correlating with unmutated IGHV status) or ZAP-70 negative, as measured by flow
cytometry, is widely proposed at 20% threshold. However, standardization of ZAP-

70 estimation still remains a challenge.
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Similar correlation with outcome has been shown for CD38 expression. CD38-
positive patients (the threshold proposed is >30% CD38+ CLL cells) were reported
to have significantly worse prognosis regarding PFS and OS than those who were
CD38 negative. It was observed that CD38 expression on CLL cells correlates with
the absence of IGHV mutations [3, 4, 13, 18, 19].

A crucial prognostic importance is assigned to chromosomal aberrations. In
approximately 80% of patients, there is a mutation detected by fluorescence in situ
hybridization (FISH) [15]. The most common recurrent chromosomal abnormalities
include deletion 13q, trisomy 12 and deletions 11q, 17p and 6q. A subdivision
based on these aberrations is important, as they are predictor of disease outcome.
Five prognostic categories have been identified in a hierarchical model, showing
poor survival in patients with 17p deletion or 11q deletion (median survival 32 and
79 months, respectively) but better survival for patients with trisomy 12, normal
karyotype, and deletion 13q as the sole abnormality (114, 111 and 133 months,
respectively) [15]. Deletions of 11922-q23 and 17p13, resulting in abnormalities of
ATM and TP53 genes, respectively, are independent prognostic factors identifying
patients with a rapid disease progression and a short OS in a multivariate analysis.
Patients with del(11q) have more frequently B symptoms, advanced clinical stage
and extensive peripheral, abdominal and mediastinal lymphoadenopathy.
Deletions 17p and 11q are more often detected in advanced stages of the disease,
among patients with unmutated IGHV gene. In contrast, deletion of chromosome
band 13q14 is associated with a favourable CLL outcome. Moreover, patients with
trisomy 12 have a shorter OS than those with 13q deletion [3, 4, 9, 13, 15, 18].
TP53 mutations have been described in 4-12% of patients with untreated CLL.
Approximately 80-90% of cases with a deletion of one copy of TP53 locus will
have a TP53 mutation on the remaining copy [16, 20-23]. TP53 mutations are
more prevalent in progressive and refractory CLL [22] (Fig 1.3). A TP53 mutation
is an independent predictor of poor prognosis and confers even shorter OS than
del(17p) in the absence of TP53 mutation [20]. Mutations of the ATM gene may
also have prognostic implications independent of those associated with the
deletion of chromosome 11q. Patients harbouring ATM mutations have a more
aggressive clinical course and are more resistant to traditional chemotherapeutic
agents [24, 25].

In recent times, the improvements in next generation sequencing technologies

have provided a novel opportunity to examine the CLL genome [26], and have
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allowed previously unknown genomic alterations to be identified, such as
mutations of NOTCH1 (neurogenic locus notch homolog protein 1) [27, 28], SF3B1
(splicing factor 3B unit 1) [29] and BIRC3 (baculoviral IAP repeat-containing
protein 3) [30]. Mutations of these genes have been associated with short time to
progression and survival. Each of these lesions recognizes a different distribution

across different clinical phases and biological subgroups of the disease.

CLL at presentation
del13q14 (50%)
+12 (15%)

ATM (15%)
TP53 (5-10%)

NOTCH1 (10%)
SF3B1 (5-10%)

{ BIRC3 (4%)
MYD88 (3-5%)

Chemorefractoriness RS
TP53 (40%) TP53 (60%)
BIRC3 (25%) NOTCH1 (30%)
SF3B1 (25%) MYC (28%)

ATM (25%) del13q14 (20%)
NOTCH1 (25%) +12 (15%)

del13q14 (50%)

BIRC3 (0%)

FIGURE 1.3. Genetic lesions of CLL at different phases of the disease. The frequency (in
parenthesis) of genetic lesions is shown for CLL at presentation and for two different type of CLL
progression: chemorefractoriness without evidence of histologic transformation, and histologic
transformation to Richter Syndrome (RS). the two type of CLL progression follow distinct molecular
pathways in terms of type and frequency of genetic lesions. Genetic lesions that occur at CLL

presentation but are not enriched at CLL progression are indicated in gray.

1.5 TREATMENT OF CLL

Despite the great improvement in CLL treatment during the last decades, the
disease still remains difficulty curable. Chemotherapy is not recommended in early
or stable disease patients. In this group, a “watch and wait” approach is widely
indicated. Treatment should be introduced in patients with advanced, symptomatic
or progressive disease. The choice of therapy depends on clinical stage, the

disease activity, age and comorbidities.
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1.5.1 Cytostatic Agents

For many years, chlorambucil (with or without steroids) was the drug of choice in
previously untreated patients with progressive or advanced CLL [31]. Even today,
this drug remains an appropriate option for elderly and unfit patients. The
advantages of chlorambucil are its moderate toxicity and low cost; the major
disadvantages are its low complete remission (CR) rate and some side effects that
occur after extended use.

Three purine analogs are currently used in CLL: fludarabine, pentostatin and
cladribine. These drugs showed high antileukemic activity. Significantly higher
overall response (OR), complete remission and progression free survival (PFS) in
patients treated with fludarabine or cladribine were documented in several
randomized clinical trials [32, 33]. Next, combination of fludarabine or cladribine
with cyclophosphamide appeared to be more effective than purine analogs in
monotherapy in regard to OR, CR and PFS [34-36].

1.5.2 Antibodies

Rituximab. CD20 is an activated, glycosylated phosphoprotein expressed on
the surface of mature B-cells. The protein has unknown natural ligand and its
function is not yet discovered [37]. As CD20 is expressed on most B-cell
malignancies, the introduction of the anti-CD20 antibody Rituximab in 1998
improved the treatment of most CD20-positive on-Hodgkin lymphomas including
CLL [38]. In CLL, Rituximab is less active as single agent than in follicular
lymphoma, unless very high doses are used [39, 40]. In contrast, combinations of
Rituximab and chemotherapy have proven to be very efficacious therapies of CLL.

Ofatumumab. It is a fully humanized antibody targeting a unique epitope on the
CD20 molecule expressed on human B-cells. Ofatumumab was found to be
effective in a phase Il randomized study, as monotherapy for heavily pretreated
patients with CLL resistant to fludarabine or fludarabine-alemtuzumab regimen
[41].

Alemtuzumab. It is another MoAb, recombinant, humanized anti-CD52, highly
active in CLL. In previously untreated patients, an OR rate of more than 80% was
achieved, being effective in patients with high risk genetic markers such as
deletions of chromosome 11 or 17 and TP53 mutations [42, 43], and in those

patients with Alemtuzumab can be used as a first-line treatment [44].
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Obinutuzumab (GA101). The humanized and glycol-engineered monoclonal
antibody Obinutuzumab showed impressive results in vitro with higher rates of
apopotosis in B-cells in comparison to Rituximab [45]. Encouraging results were
reported in the interim analysis of CLL11 trial on CLL patients with comorbidity.

The primary endpoint was PFS [46].

1.5.3 Combination chemotherapy

A major advance in CLL treatment was achieved by the combined use of different
treatment modalities. Because purine analogs and alkylating agents have different
mechanisms of action and partially nonoverlapping toxicity profiles, they were
combined to achieve synergistic effects. The most thoroughly studied combination
chemotherapy for CLL is fludarabine plus cyclophosphamide (FC) [47]. In
noncompertive trials, the overall response rates did not appear to be better than
with fludarabine alone, but the addition of cyclophosphamide appeared to improve
the CR rate up to 50% [47]. A phase Il study of cladribine in combination with
cyclophosphamide has also demonstrated activity in advanced CLL, but results

seemed inferior to FC [48].

1.5.4 Chemoimmunotherapy

The results of recent studies showed that Rituximab in combination with purine
analogs or purine analogs and cyclophosphamide can increase the OR and CR
rates and PFS time [49]. The combination of Rituximab with FC (FCR regimen)
demonstrated particularly high rates of OR, CR and duration of PFS in both
previously untreated and relapsed/refractory CLL [50]. However FCR is acceptable
for younger, physically fit patients. This regimen has limitations in the unfit group,
mainly due to the risk of myelosuppression and other side effects. Because CLL
often occurs in elderly patients with relevant comorbidities, a dose modified FCR-
Lite regimen was designed to maintain the efficacy but decrease the toxicity of the
FCR regimen [51]. This regimen reduced the dose of fludarabine and
cyclophosphamide and increased the dose of Rituximab. Recent trials proved that
combination of Rituximab with pentostatin or cladribine and cyclophosphamide is a
highly active treatment modality in CLL. More recently, bendamustine, a

bifunctional agent composed of an alkylating nitrogen mustard group and a purine-
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like benzimidazole ring, has been included in CLL treatment regimens. In a
randomized trial compared activity of bendamustine or chlorambucil in untreated
CLL patients [62], OR and CR rates were significantly higher in patients treated
with bendamustine. Several other combinations have been investigated, such as,
cladribine with rituximab, methylprednisolone plus rituximab followed by

alemtuzumab, or rituximab plus alemtuzumab.

1.5.5 New drugs targeting pathogenic pathways of CLL cells

There are an increasing number of interesting new compunds in clinical
development. The common denominator of these compounds is that thei
mechanism of action targets a relatively specific signalling abnormality or redirects
the immune system against CLL cells.

Agents targeting BCR signalling. Idelalisib (CAL-101) is an inhibitor of

phosphatidylinositol 3-kinase (PI3K) signalling. CAL-101 reduces survival signals
derived from the BCR and inhibits BCR and chemokine-receptor-induced AKT and
MAP kinase (ERK) activation [53]. In preclinical studies, it was found to induce
apoptosis of CLL cells. Protein kinase C and PI3K pathways have an influence on
the survival of B cells in CLL. In a phase | clinical trial, Idelalisib showed
acceptable toxicity, positive pharmacodynamics effects and favourable clinical
activity [54]. Results on ldelalisib in combination with Rituximab, Ofatumumab or
bendamustine/rituximab were presented in preliminary form and showed
encouraging results .
Ibrutinib is an orally active small molecule inhibiting BTK that plays a role in the
signal transduction of the BCR. Inhibition of BTK might induce apoptosis in B-cell
lymphomas and CLL cells [55]. Ibrutinib showed significant activity in patients with
relapsed or refractory B-cell malignancies, including CLL [56].

Bcl-2 inhibitors. Proteins in the B-cell CLL/Lymphoma 2 (Bcl-2) family are
key regulators of the apoptotic process [57]. The Bcl-2 family comprises
proapoptotic and prosurvival proteins. Shifting the balance toward the latter is an
established mechanism whereby cancer cells evade apoptosis. ABT-263
(Novitoclax) is a small molecule Bcl-2 family inhibitor that binds with high affinity to
multiple antiapoptotic Bcl-2 family proteins. Initial studies showed very promising
results for this drug as single agent [58]. However its therapeutic use seemed

somewhat limited by severe thrombocytopenia being a prominent side effect.
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Therefore the compound was reengineered to create a highly potent and cl-2
selective inhibitor, ABT-199 [59]. This compound inhibits the growth of Bcl-2-
dependent tumors in vivo and spares human platelets. Recent data from clinical
trials indicate that selective pharmacological inhibition of Bcl-2 holds great promise
for the treatment of CLL.

Given the impressive choice of options, the right choice of treatment becomes a
task that requires experience, a good clinical judgement and an appropriate use of
diagnostic tools. The following parameters should be considered before
recommending a treatment for CLL: the clinical stage of disease; the fitness of the
patient; the genetic risk of leukemia; the treatment situation (first versus second

line, response versus non-response of the last treatment).
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CHAPTER 2

PATHOGENESIS OF CLL: CD38 AND PROLIFERATIONS
CENTERS

2.1 INTRODUCTION

In 1995, chronic lymphocytic leukemia (CLL) was defined as a homogeneous
disease of immature, immune-incompetent, minimally self-renewing B cells [2],
which accumulate relentlessly because of a faulty apoptotic mechanism. Since ten
years, these views have been transformed by a wealth of new information about
the leukemic cells. CLL is currently considered a clinically heterogeneous disease
originating form B lymphocytes that may differ in activation, maturation state or
cellular subgroup. Leukemic cell accumulation occurs because of survival signals
delivered to a subgroup of leukemic cells from the external environment through a
variety of receptors and their cell-bound and soluble ligands [60].

CLL is seen as a disease characterized by a dynamic balance between cells
circulating in the blood and cells located in permissive niches in lymphoid organs
[61]. The former are primarily mature-looking small lymphocytes resistant to
apoptosis, whereas the latter are composed of lymphocytes that undergo either

proliferation or apoptosis according to environment [60].

B lymphocytes mature in the bone marrow and in the process rearrange
immunoglobulin variable (V) gene segments to create the code for an
immunoglobulin molecule that serves as the B-cell receptor for antigen. When an
antigen of adequate affinity engages the receptor, the cell enters a germinal center
in lymphoid follicles, where, as a centroblast, it rapidly divides and its V genes
undergo somatic hypermutation. This process introduces mutations in the
rearranged VyDJy and Vi J. gene segments that code for the binding site of the
receptor. Through these mutations, the receptors of the descendent B cells, called
centrocytes, acquire new properties. Centrocytes with receptors that no longer

bind the antigen or do bind autoantigens are normally eliminated [62].
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This stimulation and selection pathway usually requires the help of T lymphocytes
and occurs in germinal centers [62], the structure of which ensures the selection of
B cells capable to recognize antigens. However, the process can proceed without
T cells [63] and outside germinal centers, in the marginal zones around lymphoid
follicles [64]. Both process lead to the development of plasma cells or memory
(antigen-experienced) B cells. Concomitant with B-cell activation, the proteins on
the surface of the B cell change. These modifications help activated B cells to
interact with other cells and soluble mediators. One surface molecule that supports
B cell interactions and differentiation is CD38 [65].

The heterogeneous clinical outcome of CLL patients is dictate, at least in part, by
the nature of these microenvironmental signals and interactions that can promote
or impair accumulation of genomic alterations [66]. Detailed immunophenotypic
and genetic analysis of different neoplastic clones have led to the identification of
a number of molecular markers of activation, some of which are gaining relevance
in clinical practice to predict outcome [14, 15, 17, 67]. Cell surface CD38 is one of

these markers.

2.2 CD38 1S ASSOCIATED WITH GENETIC HETEROGENEITY AND
CLONAL EVOLUTION

2.2.1 Biology of human CD38

CD38 is expressed at high levels by B lineage progenitors in bone marrow and by
B lymphocytes in germinal center, in activated tonsils, and by terminally
differentiated plasma cells [68]. On the other side, mature virgin and memory B
cells express low levels of this molecule. CD38 is located in the cytosol and/or in
the nucleus and not on the cell membrane [68].

CD38 is a 45 kDa type Il transmembrane glycoprotein. The functional CD38
molecule is a dimer, with the central part hosting the catalytic site [69]. The
transition from monomer to dimer modulates the function of the molecule. CD38
has the tendency to associate with other proteins, forming large supramolecular
complexes. Molecules that associate with CD38 include the CD19/CD81 complex,
the chemokine receptor CXCR4, ad adhesion molecules, such as CD49d [70, 71].
CD38 is also found in exosomes [72], membrane vescicles secreted by B cells,

and is probably part of an intracellular communication network.
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The functional properties of CD38 on human B cells appear to be strictly linked to
the stage of maturation. The presence of blocking mAbs in cultures of CD19+ B-
cell precursors on stromal layers markedly suppress B-cell lymphopoiesis by
inducing apoptosis [73]. In contrast, in mature circulating B lymphocytes and
tonsillar germinal center B cells, CD38 ligation is followed by activation, apoptosis
inhibition, proliferation and cytokine secretion [74, 75]. In both cases, the
mechanisms are attributed to the activation of an intracellular signalling pathway
ruled by CD38 and requiring an association with CD19.

2.2.2 CD38 as a marker in CLL

CD38 identifies two subgroups of CLL patients with different clinical outcomes
[67]; this distinction is based on the percentage of CD38+ leukemic cells within a
CLL clone. The two patient subgroups differ clinically in several ways, including
overall survival [67, 76], time to first treatment [77, 78], number of leukemic cells
with atypical morphology [79], extent and level of adenopathy [76] and absolute
lymphocyte counts [80]. These subgroups also differ in responsiveness to various
therapies [80].

The past decade has highlighted several molecular differences between CD38+
and CD38- members of the same clone, including expression of specific activation
markers [81], which reflect quantitative and temporal differences in response to
stimulation. CD38+ CLL cells express high levels of CD69 and HLA-DR [82], both
indicative of recent activation. CD38 also marks a cellular subset enriched in Ki-
67+ and ZAP-70+ cells. In addition, CD38+ CLL clones display enhanced ability to
migrate in response to chemokine and to transduce BCR-mediated signals.

These findings suggest that cellular proliferation might be at the root of the
association between higher levels of CD38, aggressively growing CLL clones, and
poor patient outcome [60]. This suggestion is consistent with in vivo labelling
experiments using ’H,0 (“heavy water”) that demonstrated larger than anticipated
rates of CLL birth, especially in patients with poor clinical course and outcome [83]
and a several-fold higher percentage of newly born cells in CD38+ fractions of
CLL clones than in CD38- counterparts of the same clones [84]. Furthermore,
preliminary results from a large clinical study suggest that the percentage of
CD38+ CLL cells strongly correlates with the level of leukemic cell turnover

observed in vivo [85].
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2.2.3 CD38 and genetic subclonal complexity

Current models of cancer progression are based on the concept that tumors are
subject to the Darwinian process of evolution and selection. Recent studies in
acute lymphpoblastic leukemia have provided pivotal insights into the complex
sequence of events during leukemogenesis, showing that the initiating mutation is
followed by copy number alterations (CNAs) that drive the emergence of the
disease [86, 87]. These data imply that at least some CNAs/copy neutral loss of
heterozigosity regions (cnLOHs) are likely to be involved in driving leukemia
progression and therefore might contribute to relapse. Knight and colleagues [88]
hypothesized that subclones containing driver CNAs/cnLOHs would newly occur
or expand in relapse samples compared with samples taken before treatment.
They tested their hypothesis by systemically tracking the presence and subclonal
distribution of CNAs/cnLOHs in CLL patients before treatment and at subsequent
relapse. The results reveal complex changes in the subclonal architecture of
paired samples at relapse compared with pre-treatment, suggested that genomic
complexity correlate with a poor clinical outcome. Clinically, the existence of
multiple, genetically distinct, subpopulations that escape therapeutic intervention
might present formidable challenges for the development of effective treatment for
patients with relapsed refractory CLL.

In order to better understand the ongoing evolution of genetic lesions in patients
with CLL, Grubor and colleagues [89] compared the leukemic genome with the
patients normal DNA by using a high-resolution CGH technique called
representational oligonucleotide microarray analysis (ROMA) [90]. This technique
have an incredible resolution and it is so sensitive to permits the examination of
the clonal heterogeneity within the same CLL patient form mixed population. To
find clearer evidence of intraclonal heterogeneity within patients, they searched for
genomic differences between CD38+ and CD38- populations in the same patient.
So they profiled the genomes of CLL cells separated by the surface marker CD38
and found evidence of distinct subclones of CLL within the same patient. In fact,
they observed copy number differences between CD38+ and CD38- fractions in 3
of 4 cases. In one case, this involved a loss of p53 locus in the CD38+ fraction, a
marker that was not observed in the parallel CD38- fraction.

Another molecular basis for the association between CD38 expression and inferior
clinical outcome emerged in the study of Pepper and colleagues [91]. They

analysed sorted CD38+ and CD38- CLL cells derived from the same patient by
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gene expression profiling. Their conclusion is that CD8+ fraction possess a distinct
gene expression profile when compared with CD38- subclones. Subclonal
populations, having identical IgHV rearrangements, derive from a single malignant
transforming event and differences in gene expression between them cannot be
explained by heterogeneous genetic background. Importantly, CD38+ CLL cells
relatively over expressed vascular endothelial growth factor (VEGF). Elevated
VEGF expression was associated with increased expression of the anti-apoptotic
protein Mcl-1. Moreover, the expression of the CD38 antigen defines a sub-
population of CLL cells with a distinct transcriptional profile that may be the cause
or effect of an increase in cellular activation and reduced apoptosis.

More generally, within an overall apparently constant leukemic burden, the
outgrowth of a subclone with additional genomic lesions and distinct gene

expression profile might signal the start of a new phase of the disease.

In order to better understand the biological and molecular features predicting
disease progression in CLL patient, we choose a subset of patients with
favourable prognostic features and designed a two-phase study having the
following aims:

- Phase |, a) to assess whether genetic lesions may be present in the
minority of CD38+ cells in a series of untreated low risk patients as defined
by CD38 negativity (CD38+ cells <7%) and favourable genetic findings
b) to identify biologic factors associated to genetic lesions in the small
CD38+ fraction of CD38- CLL patients and predicting for disease
progression;

- Phase Il, to validate our findings in an independent cohort of consecutive
untreated CD38- CLL patients with favourable FISH findings.

Details are shown in Appendix | (paper Rigolin GM et al., Oncotarget 2013).

2.2.4 Methods and results

2.2.4.1 Patients

In this study 2 cohorts of patients have been considered. Cohort one (C1) included
28 untreated CLL patients seen between 2005 and 2006. Cohort two (C2)
consisted of 71 consecutive untreated CLL patients diagnosed between 2007 and

2011. The principal characteristics of C1 and C2 are reported in Table 2.1.
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TABLE 2.1. Principal clinical and biologic characteristics of the patients of the cohort 1 and cohort
2

Cohort1 Cohort2

N of patients 28 71

M/F 16/12 49/22
Age mean yrs (range) 65 (50-91) 64 (38-86)
Stage (Binet) A/B/C 28/0/0 63/8/0
FISH neg/13q deletion 14/4 40/31
ZAP70 (>30%) neg/pos 22/5 61/10
IGHV mut/unmut 20/2 60/11
TP53 mut/unmut 0/18 0/69

2.2.4.2 FISH analysis on immunomagnetically sorted cells in patient C1

In the 28 patients in C1, CD38+ and CD38- CLL cells were isolated by
immunomagnetic sorting. The purity of sorted fractions was >98% as determined
by flow cytometric analysis. For CLL risk assessment, FISH was performed in all
patient on peripheral blood samples obtained at diagnosis using probes for 13914,
12913, 11922/ATM, 17p13/TP53. In C1 patients, FISH analysis was performed on
both CD38+ and CD38- sorted cells, and the following region was investigated:
13914, 12913, 11922/ATM, 17p13/TP53 and 14932. Co-hybridization experiments
were performed in order to evaluate the coexistence on the same cells of more

genetic lesions.

TABLE 2.2. FISH results in CLL patients with detectable genetic lesions in CD38+ cells

FISH results on |FISH results on CD38+ cells (% of positive cells)
CD38- cells (%)
Trisomy  14q32 Number of additional

case del(13q) del(11q) 12 rearr del(17p)|lesions in CD38+ cells Cohybridizations
56 13q del (20%) 25 20 Neg 32 24 3 Different cells
58 13q del (30%) 28 30 Neg 28 18 3 Different cells
41 Neg 23 24 Neg Neg 40 3 Different cells
50 |13q del (60%) 37 21 15 Neg 33 3 ND
46 13q del (18%) 42 22 Neg Neg 3820 2 ND
49 13q del (60%) 37 23 Neg 21 23 3 Different cells
61 Neg 33 26 Neg 22 Neg 3 Different cells
43 Neg 34 Neg Neg 27 Neg 2 Same cells
56 Neg 19 Neg Neg 49 21 2 Different cells
63 Neg 20 (69%) Neg Neg Neg Neg 2 ND
45 13q del (69%) 58 33 17 Neg Neg 2 Different cells
54 Neg 62* Neg Neg 18 Neg 2 Same cells
60 Neg 18 Neg Neg Neg Neg 1 NA
48 13q del (38%) 45 20 Neg Neg Neg 1 Different cells
57 13q del (30%) 37 Neg 19 Neg Neg 1 ND
64 Neg 34 Neg 33 Neg Neg 1 Same cells

*biallelic 13q deletion.

Result of FISH analysis in CD38- cells and CD38+ cells in C1 are reported in

Table 2.2. In 16/28 patients, genetic aberrations were detected in CD38+ cells and
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not in CD38- cells. In the remaining 12 patients no additional genetic lesions were
found in the CD38+ population as compared to the CD38- cells.
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FIGURE 2.1. Cluster analysis of patients with (W) and without (WO) lesions in the CD38+ fraction.
miRNA profiling of CD38+ (A) and CD38- (B) cells from CD38- CLL patients with (red) and without
(Blue) FISH lesions in the CD38+ fraction. A distinctive miRNA profile characterized patients with
and withput FISH lesions both in the CD38+ (23 microRNAs) and CD38- (9 microRNAs). The coors
of the genes represented on the heatmap correspond to the expression values normalized on
miRNA mean expression across all samples: green indicates down-regulated; red indicates up-
regulated.
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To assess whether the genetic lesions were on different clones, co-hybridization
experiments using appropriate probes were performed in 11 cases with >1
aberration in CD38+ cells. In these experiments it was shown that genetic lesions
involved different CD38+ cells in 8 cases and involved the same cells in remaining

3 cases.

2.2.4.3 miRNA profiling on immunomagnetically sorted cells in C1

MiRNA expression was investigated using Agilent Technologies platform. Samples
were grouped according to the presence or not of genetic lesions by FISH analysis
in the CD38 positive cells. So we evaluated the global miRNA expression profile of
19 patients by considering CD38+ and CD38- cell populations separately.

We found that at diagnosis most of the patients with genetic lesions in CD38+ (W)
had a distinctive miRNA profile when compared to those without genetic lesions
(WO), both in CD38+ (Fig. 2.1 A) and CD38- fraction (Fig. 2.1 B).

Twenty-three miRNAs were found to be differentially expressed in CD38+
population (corrected p<0.05) and nine miRNAs were found to be differentially
expressed in CD38- population (corrected p<0.05). Four miRNAs were found to be
down-regulated in patients with in contrast to those without genetic aberrations in
CD38+ cells, both in the CD38+ and CD38- subpopulations: let-7e-5p, miR-125a-
5p, miR-181b-5p and miR-338-3p. Interestingly, miR-125a-5p showed the higher
degree of significance both in CD38+ and CD38- cell fractions and was therefore
chosen for further clinical correlations. The down-regulation of miR-125a-5p was
confirmed by RT-qPCR analysis, using Tagman MicroRNA assay specific for miR-
125a-5p and normalized on 18S ribosomal RNA.

2.2.4.4 Clinical outcome

In C1, the presence of additional FISH abnormalities in the CD38+ cells correlated
with a more aggressive course of the disease that was characterized by a shorter
time to treatment (TTT) (HR 8.052, range 1.332-16.760, p=0.0162) (Fig. 2.2 A).
Having shown that miR-125a-5p down regulation was strongly associated with
additional FISH lesions on CD38+ cells and with shorter TTT, we investigated in
an independent cohort of 71 consecutive untreated low-risk CLL the clinical

relevance of miR-125a-5p expression.
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2.2.4.5 Mutational analysis by Next Generation Sequencing (NGS)

Because down-regulation of miR-125a-5p was associated with the presence of
genetic lesions in a minor CD38+ fraction of total neoplastic cells in C1, we
screened 20 consecutive patients in C2 using Next Generation Sequencing
(NGS).

NGS analysis was performed using lon Torrent PGM. Libraries of spot exonic
regions of 20 genes (ATM, BIRC3, BRAF, CDKN2A, CTNNB1, DDX3X, FBXW?7,
KIT, KLHL6, KRAS, MAPK1, MYD88, NOTCH1, NRAS, PIK3CA, POT1, SF3B1,
TP53, XPO1, ZMYM3) were constructed using Agilent Haloplex Target Enrichment
kit starting from genomic DNA. Enriched libraries linked to lon Sphere Particles
were loaded in one lon chip and sequenced using lon Torrent PGM, according to
manufacturer instructions. Seven out of 12 patients with low miR-125a-5p
expression displayed mutations in the CLL population (Table 2.3) as compared
with no patients out of 8 cases with high miR-125a-5p expression (7/12 vs 0/8,
p=0.015).
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TABLE 2.3. NGS mutations as assessed by lon Torrent technology in 7 patients with low miR-

125a-5p expression

Patient Gene

Chr Genomic position Location

Ref sequence

Varsequence

Mutation type

Freq. %

DDX3X chrX

41204747

exonic

GAAAGTAGTTTGGGTGGAAGA GAAAGTAGTT----TGGAAGA Frameshift deletion

39,1

SF3B1 chr2

198267491

exonic

C

G

SNV

52,7

1
2
3
4

FBXW7 chr4

153249384

exonic

SNV

32,9

MYD88 chr3 38182641 exonic T C SNV 10,8
TP53 chrl7 7577575 exonic A C Stop codon 6,4
TP53 chrl7 7577580 exonic T C SNV 18,9
5 XPO1 chr2 61719472 exonic C T SNV 26,3
6 ATM  chrll 108138003 exonic T C SNV 64,1
C T
T C

7

TP53 chrl7

7578536

exonic

SNV

28,6

SNV, non synonymous variation.

2.3 THE PATHOGENETIC ROLE OF “PROLIFERATION CENTERS”
IN CLL: SITES WITH CD38+ CELLS AND A HIGH FREQUENCY OF
GENETIC INSTABILITY

2.3.1 The role of microenvironment in CLL

Available evidence exists suggesting that the interaction of leukemic cells with
stromal and T cells in the microenvironment has a key role in CLL pathogenesis
and evolution. As there is increasing evidence that individual cancer samples are
heterogeneous and include subclonal populations and that tumors likely evolve
through competition and interaction between different sublclones, this tumoral
microenvironment appears to be the site where acquisition of additional genetic
lesions in the clone occur, which, should greatly influence clinical outcome [92]. In
this hypothesis CLL could emerged as a chronic disease in which the host
physiologically provides essential elements and conditions leading to the
acquisition and accumulation of genetic alterations by leukemic cells. This scheme
accommodates the existence of structures that provide replicating and surviving
signals to B cells on their way to neoplastic transformation [5, 10]. A key element
in this view is that leukemic cells can and do proliferate, with division taking place
not in the blood, but primarily in specialized morphologically discrete structures of
lymph nodes and bone marrow known as proliferation centers (PCs) [66, 84, 93,
94].

So important advances in the molecular pathogenesis were obtained through the
study of the role of the microenvironment.

CLL can be defined as a low-grade CD5+ B-cell tumor, whose tumoral cells have
previously encountered the antigen, escaped programmed cell death and

undergone cell cycle arrest in the GO/G1 phase. In CLL cells, elevated levels of
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the cyclin-negative regulator p27-Kip1 protein are found in a minority of patients
[95]. Given the key role of this protein in cell cycle progression, its overexpression
in CLL cells may account for the accumulation of B cells in early phases of the cell
cycle [96]. In addition, overexpression of the anti-apoptotic BCL-2, BCL-XL, BAG-1
and MCL-1 molecules and the absence of microRNAs miR-15 and miR-16 [97],
whereas proapoptotic proteins like BAX and BCL-XS are under expressed [98]
could explain the resistance of tumoral cells to apoptosis. Despite the fact that
most leukemic cells are arrested in cell cycle GO/G1 stages, Messmer et al. [83]
demonstrated that CLL is not only a static disease but also a disease in which a
proliferative pool coexist. In consequence, evolution of this leukemia depend on
the relative balance between these subpopulations.

In contrast with in vivo results, apoptosis occurs after in vitro culture, suggesting a
role of the microenvironment in CLL cell survival [99]. Within leukemic
microenvironment, two cellular components appear to be potential players: stromal
cells and T-lymphocytes. Direct contact between CLL and mesenchymal stromal
cells (MSCs) is required for this inhibition of apoptosis, and tumor cell-stromal cell
interactions are also important in controlling migration into and retention of CLL
cells within tissue compartments (bone marrow or lymphoid tissue). MSCs are an
important component of the bone marrow and support the maintenance of normal
hematopoietic stem cells [100]. When co-coltured with CLL cells, MSCs have also
been shown to protect the neoplastic B cells from apoptosis induced by
fludarabine, bendamustine and steroids [101, 102]. Closely related to MSCs is a
population of monocyte-derived “nurse-like” cells (NLC) that are also able to
protect CLL cells from apoptosis [103, 104]. Both MSCs and NLCs therefore have
anti-apoptotic activity and the combination of these two cell types provides a
supportive microenvironment for tumor cells in CLL. In the other side, also T
lymphocytes are attractive candidates to the role of elements that amplify
microenvironment able to inhibit the malignant B-cell apoptosis and to favour
disease progression. The weight of evidence points to a dialogue between CLL
cells and CD4+ T cells, based upon bidirectional interactions that are regulated by
adhesion molecules and chemokine and translate into the production of several
cytokines by both cell types [99]. Many reports suggest that CD40/CD40L
interactions are central to the dialogue between CLL cells and T cells. CD40 is a
member of the tumor necrosis factor (TNF) receptor superfamily that is expressed
by B cells, dendritic cells and monocytes [105]. CD40L is a member of the TNF
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family expressed by activated T cells. The stimulation of CD40 rescues CLL cells

from apoptosis and induces their proliferation [98, 106].

2.3.2 Proliferation centers

At this time, it is clear that crosstalk with accessory cells in specialized tissue
microenvironments favours disease progression by promoting malignant B-cell
growth and the emergence of new genetic alterations, which will lead to drug
resistance. Therefore, understanding the crosstalk between malignant B-cells and
their milieu could give us new keys on the cellular and molecular biology of CLL
that can finally lead to novel strategies for disease treatment. In this regard, the
isolation and analyses of the tumoral subset that is being triggered in the
proliferative compartments of progressive CLL cases is an important aim to
understand CLL pathogenesis.

The CLL proliferating compartment is represented by focal aggregates of
proliferating prolymphocytes and para-immunoblasts that give rise to the so-called
pseudofollicles or proliferation centers (PCs) [107]. Proliferation centres are
present in approximately 90% of lymphocytic lymphomas. They are the histological
CLL hallmark in lymph nodes, white pulp of the spleen and bone marrow where
they appear as vaguely nodular areas never surrounded by a mantle zone. They
consist of loosely arranged larger cells that often contain prominent nucleoli. In
contrast to true B-cell follicle, which may be found entrapped within the small
lymphocytic infiltrate in sections of B-CLL, proliferations centers are said not to
contain follicular dendritic cells, although their presence has been occasionally
recorded. Proliferation centers contain numerous T cells, most of which are CD4+.
Notably, as compared to the non-proliferation center component of CLL, cells
clustered in the proliferation centers have increased expression of the
proliferation-associated markers Ki-67 and CD71, co-expression of survivin and
BCL-2 and also higher expression of CD20, CD23 and MUM1/IRF-4 [81, 107].
Cells are surrounded by and interspersed with new vessels. It is still unclear
whether these newly formed vessels are fully functional and bring nutrients to the
proliferating cells or whether they represent an epiphenomenon of the
angiogenetic factors that are produced by actively proliferating malignant B cells
[108].
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Although the size of PCs and the amount of para-immunoblasts in lymph node
sections did not show a correlation with clinical course [109, 110], the presence of
more extensive PCs in follow-up biopsies has been reported [111]. Interestingly, a
recent study suggested that an association may exist between the expanded and

highly active PCs and an aggressive variant of CLL [112].

2.3.3 Tissue microarray

Recently, techniques were developed that allow for the application of fluorescence
in situ hybridization (FISH) on paraffine-embedded fixed tissues [113]. This
technique is based on tissue microarray (TMA) [114]. It was first described by
Kononen in 1998 [115], and represents a high-throughput technology for the
assessment of histology-based laboratory test, including immunohistochemistry
and FISH. Small cylindrical cores are extracted from standard formalin-fixed,
paraffin-embedded tissue and arranged in a matrix configuration within a recipient
paraffin block. The TMA has proven to be invaluable in the study of tumor biology,
the development of diagnostic tests and the investigation of oncological
biomarkers. The preparation of tissue microarray for FISH analyses made this
technique a potentially ideal method for the screening of large number of cases in

a single hybridization experiment [114].

As only few data are available on the cytogenetic profile of lymph nodes in CLL
and the presence of chromosome lesions in correlation with the extension of PCs
has never been previously tested, we designed a study aiming to:

- analyze the sensitivity and reproducibility of FISH on paraffin-embedded
fixed tissues arranged on TMA from 183 consecutive lymph node biopsies
corresponding to histologically ascertained CLL;

- estimate the frequency of chromosome lesions on lymph node samples

- analyze the possible correlation of specific chromosome lesions and the
extension of PCs, and how these features may impact on clinical outcome.

Details are shown in Appendix Il (paper Ciccone M et al., Leukemia 2011).
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2.3.4 Methods and result

2.3.4.1 Patients

A total of 183 consecutive patients with CLL diagnosed according to NCI criteria
[4], submitted to excisional lymph node biopsy between 2002 and 2008 for
diagnostic purposes, were included in this study. Lymph node biopsy in these
patients was performed in the presence of progressive disease requiring

treatment.

Mg YR N s Aot

FIGURE 2.3. (a) Typical PC pattern (x40); (b) PC-rich pattern (x40); (c) cellular composition of a
typical PC with a mixture of small lymphocytes, prolymphocytes and paraimmunoblasts (x400); (d)
an example of PC-rich case with predominant prolymphocytes composition (x400); (e) in a case
with PC.rich pattern, there is a mixture of prolymphocytes and paraimmunoblasts (x400); (f) in
another case with similar pattern, paraimmunoblasts predominate (x400)

Each biopsy had been fixed in formalin. The cases were classified into two
categories: “PCs-rich” and “typical”. The former included those cases with
confluent PCs whereas the latter showed scattered, small, ill-defined PCs in a
monotonous background of small, relatively round lymphocytes [110] (Eig. 2.3).
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2.3.4.2 FISH studies: efficiency of hybridization

A slide was prepared from each paraffin block, and representative tumor regions
including scattered or confluent PCs were morphologically identified and marked
on every slide. The biopsies were arranged in seven TMAs, each containing
material from 32-64 cases. Each TMA was submitted to hybridization using the
following 5-probe panel in dual color hybridization tests using a chromosome 10
centromeric probe as internal control in each experiment: 1122, 13q14.3,
17p13.1, chromosome 12 and 14q32/IGH.

Hybridization with each single probe was successful in 61.7-80.3% of the cases

(Fig. 2.4).

FIGURE 2.4. (a) The presence of one fusion signal (yellow) and of one green and one red signal
(split signals), is indicative of 14932/IgH translocation. (b) 14932/lgH amplification documented by
the presence of multiple nuclei with =3 fusion signals; the presence of red and green split signals
indicates concomitant 14932/IgH translocation.

Assessable data for the complete 5-probe panel were obtained in 101/183 cases
(55.1%). In 58 cases (31.6%) assessable data were obtained with 1-4 probes,
whereas no data were obtained in 24 cases (13.1%). Technical failures were
accounted for by the absence of adequate number of cells on TMA corresponding
cores in 12.5-26.2% of the cases; inefficient hybridization and overlapping nuclei

precluded accurate signal screening in 7.1-13.2% of the cases.

2.3.4.3 Incidence of chromosome lesion in PCs
The incidence of each single aberration was as follows: 13914 deletion 36.7%
(54/147 cases), 14932 translocations 30.8% (42/136), 11q deletion 24.7%
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(28/113), trisomy 12 19.5% (26/133) and 17p deletion 15.6% (23/147). There was
no significant difference in the incidence of 13qg-, +12, 11g- and 14932
translocations in untreated vs pretreated patients, whereas 17p- occurred more
frequently in treated patients as compared with untreated ones (26% and 6.5% of
the cases, respectively).

A total of 79 out of 101 patients successfully analysed with the 5-probe panel
(78.2%) showed at least one chromosomal aberration. Using a cytogenetic
classification assigning every patient to a single category according to hierarchy
17p- >11qg- >14932 >+12 >13g-, the 11q deletion was the most frequent
cytogenetic anomaly accounting for 20% of the cases, followed by 17p- (17%),
14932/IGH translocation (16%), 13g- (15.8%) an trisomy 12 (11%).

2.3.4.4 Histopathologic subtypes and their association with biologic features
A total of 108/183 cases (59.1%) with scattered PCs were assigned to the typical
subtype. A total of 75/183 cases (40.9%) were assigned to the PCs-rich subtype,
owing to the presence of confluent PCs. 17p-, + 12 and 14932/IGH translocation
were more frequently encountered in the PCs-rich subtype than in the typical
subtype (20/60 cases vs 3/87 for 17p-, p>0.001; 15/52 vs 11/81 for +12, p=0.030;
and 22/54 vs 20/82 for 14q32 translocations, p=0.043).

The sections were tested with anti-ZAP70 and anti-Ki-67. Ki-67 was positive in
>30% of the cells in 27/164 cases successfully tested: 4/95 Ki-67+ cases belonged
to the “typical” subtype as compared with 23/69 Ki-67+ CLL in the PCs-rich group
(p<0.0001). ZAP70 was positive in 91/149 (61,1%) and there was no statistically
significant difference between cases classified as typical CLL and PCs-rich CLL.

A thorough analysis of existing correlations between histological features and
clinico-biologic parameters was performed in 101 patients with successful
hybridization with the complete 5-probe panel (Table 2.4).

IGHV usage in correlation with mutational status in 67 cases is shown in Figure 3.
Rearranged IGHV families recurrently involved were as follows: IGHV1-69: 19.4%;
IGHV3-30: 11.9%; IGHV3-7: 7.4%; IGHV3-23, IGHV3-48, IGHV4-34 and IGHV4-
39: 6% each. Others IGHV families were involved in 45% of the cases. As shown
in Table 2.4, 17p-, 14932/IgH translocations, +12 and ‘unfavourable’ FISH
abnormalities (that is, 11g- and 17p-) were more frequently encountered in the

PCs-rich subtype than in the typical subtype.

38



TABLE 2.4. Clinical features and demographics of the 101 patients with cytogenetic data obtained
with 5-probe panel.

Typical PCs-rich Pvalue
(no. of cases) (no.of cases)

Age (mean 63.9 (sd 10.4) 65.0(sd 12.3) NS

Sex
F 24 17 NS
M 40 20

Stage at time of biopsy
0-2 27 15 NS
3-4 25 18

17p-
No 62 22 <0.001
Yes 2 15

11qg-
No 49 26 NS
Yes 15 11

14932/1gH translocations
No 50 18 0.002
Yes 14 19

Trisomy 12
No 53 25 0.021
Yes 8 12

13qg-
No 35 27 NS
Yes 29 10

Unfavourable FISH (11g- and/or 17p-)
No 48 16 0.001
Yes 16 21

ZAP-70+ (n=84)
No 33 17 NS
Yes 21 13

Ki67 (n=92)
>30% 4 12 0.001
<30% 53 23

IgHV (n=67)
Unmutated 28 19 NS
Mutated 14 6

Time between diagnosis and biopsy 21.2(95% Cl 32.4(95% Cl 0.006

(mean, months) 0.0-83.0) 0.0-79.0)

Pretreated at time of biopsy (n=86)
Yes 13 20 0.002
No 39 14

Cl, confidential interval; FISH, fluorescence in situ hybridization; NS not significant.

Likewise, Ki-67 positivity in >30% of cells, being pretreated at time of biopsy and
longer interval between diagnosis and biopsy, were associated with the PCs-rich
subtype, whereas no significant association was noted between ZAP-70+, IGHV

mutational status and histological subtypes.
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TABLE 2.5. Analysis of factors affecting survival from the time of biopsy.

Median
No. of overall Pvalue
patients survival (se)
Histology
Typical 52 64 (1.6) 0.00001
PC-rich 34 11 (2.7)
Kie7
>30% 14 4(0.3) 0.0002
<30% 64 64 (5.6)
ZAP-70
No 43 47 (4.5) NS
Yes 27 64 (16.4)
Stage at biopsy (n=57)
0-2 42 64 (1.9) NS
3-4 43 34 (8.5)
FISH
Favourable intermediate 50 64 (1.9) 0.046
Unfavourable (11g-and/or 17p-) 35 24 (3.7
IgHV
Unmutated 41 42 (3.3) NS
Mutated 16 36 (5.1)
Pretreated at time of biopsy
Yes 33 18 (2.8) 0.0073
No 53 64 (1.9)

FISH, fluorescence in situ hybridization; NS not significant.

As shown in Table 2.5, the median survival from the time of tissue biopsy for PCs-
rich and typical subtypes in 86 patients for whom clinical data could be obtained

was 11 and 64 months,

respectively (p=0.00001) 1.00 1= L
(Fig. 2.5). Other variables S
. . 0.751 5 T
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FIGURE 2.5. Survival in patients according to the histological pattern. Confluent PCs (PC-rich)

identify patients with inferior outcome.

40



2.4 DISCUSSION

TOWARDS A BETTER UNDERSTANDING OF THE PATHOGENESIS
OF CLL: CELL ACTIVATION AND GENETIC INSTABILITY

In CLL patients, there is evidence that a complex subclonal architecture of the
leukemic clone may correlate with a more aggressive course of the disease and
that in most cases genomic abnormalities are recurrent non-random events that
expand over time due to a Darwinian selective pressure [89, 116]. Clinically, the
existence of multiple, genetically distinct, subpopulations that escape therapeutic
intervention presents formidable challenges for the development of effective
treatment for patients with relapsed or refractory CLL.

CD38 is a marker of unfavourable prognosis and an indicator of cell activation and
proliferation that may prelude clonal evolution and worse clinical outcome [117].
Several reports suggest that patients with 7-30% CD38-positive leukemic cells
exhibit a more aggressive disease course and have an inferior response to
treatment. Grubor et al. [89] found clear evidence of intraclonal heterogeneity
within patients, searching for genomic differences between CD38+ and CD38-
populations in the same patient. Peppers et al. [91] demonstrated that CD38+ CLL
cells possess a distinct gene expression profile when compared with CD38-
subclones derived from the same patient. Because clonal members can be
heterogeneous in expression of genes and markers related to cellular activation
and adhesion, in particular CD38, this intraclonal heterogeneity may translate in
differences that determine which cells enter the cell cycle. This finding suggest
that the expression of the CD38 antigen defines a subpopulation of CLL cells with
a distinct transcriptional profile that may be the cause or effect of an increase in
cellular activation.

We therefore studied the biological and clinical significance of the presence of
genetic heterogeneity in the minor CD38+ leukemic population, in a cohort of
untreated low-risk CLL patients as define by CD38 negativity (CD38+ cells < 7%)
and low-risk FISH findings (normal or 13q deletion as sole abnormality). Our data
showed that a significant proportion of CD38- CLL patients with low risk FISH
findings presented genetic aberrations within CD38+ cells. Most of these
abnormalities were high risk lesions (11q deletion in 9 cases, 17p deletion in 8
cases) and in most of the cases these lesions were found in different cells

indicating that multiple cytogenetically unrelated minor clones may be present in
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the CD38+ cell fraction. The small size of the abnormal C38+ clones precluded the
detection of these aberrations when analyzing by FISH the entire neoplastic
population consisting of a majority of CD38- cells. Interestingly, the presence of
these additional FISH lesions in the small CD38+ cell fraction was associated with
shorter TTT. Genetic complexity and heterogeneity in the architecture of the
leukemic clone was previously documented in CLL and was associated with
disease progression and shorter TTT [118].

To identify biomarkers associated with this phenomenon, we performed miRNA
expression analysis because deregulation of miRNA was previously shown to be
associated with activation markers [119]. By comparing C1 patients with and
without small abnormal clones in the CD38+ fraction, we were thus able to show a
deregulated miRNA expression profile in CLL cases with additional FISH lesions in
CD38+ cells. In particular, miR-125a-5p was found to be down-regulated both in
CD38+ and CD38- cells in patients with FISH abnormal clones as compared to
patients without FISH abnormal clones. MiR-125a-5p was therefore chosen as a
marker associated with genetic complexity and possibly with a more aggressive
clinical behaviour as suggested by the shorter TTT that we observed in these
patients. The relevance of miR-125a-5p as a biomarker of inferior outcome and
genetic complexity was then validated in a prospective cohort of 71 consecutive
untreated CD38- CLL patients with normal FISH or 13q deletion as single
abnormality. In this validation cohort, we were able to confirm the predictive role of
miR-125a-5p down-regulation in terms of shorter TTT. To our knowledge, this is
the first observation linking a deregulated miRNA expression to inferior outcome in
a subset of low risk CLL patients. This finding is valuable because the majority of
CLL patients present with low risk features at diagnosis and disease progression is
difficult to predict in such cases. In addition, in this validation cohort we found,
through the use of NGS technology, that CLL patients with lower levels of miR-
125a-5p displayed an increased rate of mutations in CLL-related genes.
Interestingly most of the mutations found in our patients, including TP53, SF3B1
and ATM, have been associated with a worse clinical outcome and prognosis. This
observation further strengthens the association between genetic complexity, miR-
125-5p down-regulation and worse outcome. Alterations in miRNA expression are
involved in the initiation, progression, and metastasis of several human cancers,
by acting both as tumor suppressors and oncogenes in cancer development [120].
In particular, miR-125a-5p was previously found to act as a non-organ specific
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tumor suppressor gene that, when down-regulated, is associated, in several solid
cancers, with a more aggressive course of the disease and a worse prognosis
[121-123]. A germline mutation in mature miR-125a-5p has also been closely
associated with breast cancer tumorigenesis [124]. This miRNA primarily achieves
its antiproliferative effect through down-regulation of proliferation related genes,
involved in the phosphoinositide-3 kinase (PI3K)- AKT and RAS/RAF/mitogen-
activated protein kinase signalling [121]. Noteworthy, it was recently shown that in
SMZL, an indolent B cell lymphoproliferative disorder like CLL, there is a
characteristic deregulation of miRNA expression including down-regulation of miR-
125a-5p with a possible implication in its molecular tumorigenesis [125]. By
contrast, miR-125a was also found commonly gained and/or overexpressed in
DLBCL [126] and in this perspective it would be interesting to look at miR-125a-5p
levels in CLL patients that has transformed into Richter’s syndrome.

To better understand the pathogenic role of membrane maker CD38, we put our
attention on this molecule that supports B cell interactions and differentiation.
Several recent studies have shown that CD38 expression is higher in CLL cells in
the bone marrow and lymphoid tissues when compared to peripheral blood [93].
This implies that once CLL cells leave these compartments, they begin to lose
CD38 expression and by inference, the higher the degree of renewal/turnover from
bone marrow and lymph nodes [91]. Indeed CLL is a disease in which the host’'s
microenvironment promotes leukemic cell growth, leading to sequential acquisition
and accumulation of genetic alterations [127]. In order to clarify this idea, an
increasing body of data suggests that proliferative centers play an important role in
the biology of CLL as they constitute its proliferative compartment [66, 128].
However the complexity of the microenvironment of proliferation centers has not
been completely elucidated [128]. To better define the significance of proliferation
centers (PCs), the morphological hallmark of chronic lymphocytic leukemia (CLL),
we studied lymph node biopsies taken from 183 patients by fluorescence in situ
hybridization (FISH) studies using a 5-probe panel on tissue microarrays (TMAS).
As tissue biopsy is not mandatory for the diagnosis of CLL, few studies addressed
the significance of histological findings and the incidence of chromosomal
aberrations at the tissue level in this setting. The TMA technology offers the
possibility to analyze simultaneously a consistent number of cases thus reducing
costs and experimental variability. The patient population was not representative
of the entire CLL population seen at the referring centers during the study period,
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because we included patients with progressive disease and clinically relevant
adenopathy, and FISH analysis was performed in biopsies taken in different
phases of the history of the disease. In line with these considerations, the IGHV
usage in our cases showed frequent V1-69 gene involvement, mostly in the
unmutated configuration, a relatively low VH4-34, frequently found in mutated CLL
[129], and very low incidence of other VH subtypes normally associated with
indolent CLL or monoclonal B-cell lymphocytosis [129]. An unexpectedly high 12%
incidence of V3-30 involvement was seen in our series. Unlike previous reports,
describing V3-30 usage in association with mutated CLL running an indolent
course [130, 131], 7/8 cases using V3-30 genes in this series lacked IGHV
somatic mutations, suggesting that the mutational status might be an important
determinant of outcome within specific IGHV families. The 78.2% overall incidence
of chromosome lesions in our study using a 5-probe panel is in line with previous
analyses performed on PB samples obtained from untreated and pretreated
patients [15]. Caraway et al. [132] found abnormal FISH signal patterns in 81% of
CLL cases on fine-needle aspirates, and Flanagan et al. [133] described at least
one cytogenetic aberration in all 18 patients analyzed on lymph node biopsy.
Interestingly, while confirming that the occurrence of 17p- was more common in
relapsed CLL [134], other aberrations were found in our series to occur at a similar
incidence in untreated and in treated patients. 11q deletion is usually associated
with a disease characterized by marked lymphadenopathy [135]. As the incidence
of 11g- may be higher in patients with therapy-demanding disease independent by
previous treatments [60], the relatively high incidence of 11q- in our series (24.7%)
may be accounted for by inclusion in this study of patients with clinically significant
adenopathy. A previously unreported finding was represented by a high incidence
(30.8%) of 14932/IgH translocations both in treated and in untreated patients.
Three possible explanations may account for this observation: i) 1432
translocation may appear more frequently at the tissue level than in the PB, as
previously suggested for trisomy 12 [136]; ii) 1432 translocation may be
associated with adenopathy and active disease requiring treatment, as suggested
in two recent analyses [137, 138]; and iii) 14932 translocation may represent in
some of our cases a secondary anomaly acquired late during the course of the
disease. Indeed, karyotype instability was detected in a fraction of CLL [139], and
1432/ IgH translocation may represent a late event in the progression of lymphoid
neoplasias. Interestingly, recent analyses on a limited number of CLL patients
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reported a 17-21% incidence for these translocations in lymph node samples
[133], and 18 independent lymph node biopsies submitted to FISH analysis on
isolated cell suspension in this study gave a 33% incidence for this aberration.

The frequency of PCs-rich CLL in our series was 40.9%, and 14q32/IgH
translocations, p12 and 17p-, were significantly associated with the PCs-rich
group. Unfavorable cytogenetic features, such as 11g-/17p-, were more frequently
encountered in the PCs-rich group than in the typical group. The presence of
prominent PCs, which was associated with ki-67p in our analysis, is thought to be
an index of B-cell proliferation capability, which increases the risk that DNA
replication errors could happen, thus predisposing the cell to the acquisition of
sequential genetic damage. Likewise, ATM and p53 gene deletions impair the
checkpoint cell machinery and render the cell more fragile to antigenic stimuli
encountered at PCs level. These considerations may provide a biological basis to
explain the strong unfavourable prognostic significance of confluent PC in CLL that
was found in our study. Interestingly, Gine et al. [112] recently described a new
histological category, that is, “accelerated” CLL, including 23 out of 78 (29.4%)
cases with enlarged and confluent PCs, with 42.4 mitosis per PCs and 430% Ki-67
per PCs. This histological subset of CLL was associated with adverse biological
features and inferior survival. Our data support and reinforce this view, in that they
show that confluent PCs are associated with adverse cytogenetics and represent

the strongest prognostic factor.

In conclusion, in order to clarify the pathogenetic process in CLL, we focus our
attention on genetic heterogeneity reflected by membrane marker CD38. In our
first mentioned study (i) by FISH analysis we disclosed genetic lesions in the
minor of CD38+ cell fraction in CD38- CLL with low-risk FISH findings, (ii) we
provided evidence supporting an association between cryptic genetic lesions in
CD38+ cells and disease progression, (iii) we found that genomic complexity and
worse outcome were associated with miR-125a-5p down-regulation and, iv) we
validated this finding in an independent cohort of untreated CD38- CLL patients
with low risk FISH findings. This set of data show that genetic lesions may appear
in CD38+ cells in low-risk CLL and that they may be associated with miR-125a-5p
down-regulation, allowing for a more accurate prognostication in low-risk CLL.
Aiming to the hypothesis that genetic instability origins into CLL microenvironment,
we focused on lymph nodes, and in particular on proliferation centers, correlating
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PCs pattern with clinico-biologic and cytogenetic characteristic. The association of
PCs-rich pattern with unfavourable cytogenetics and short survival may support
the pathogenetic role of proliferation center in CLL. As the patients included in this
analysis represented an unselected cohort of CLL undergoing biopsy due to
clinically significant adenopathy, we found a high incidence of adverse biologic
features, that is, unmutated IGHV configuration, ZAP70, and high-risk
cytogenetics. Our study demonstrated that the histopathological pattern defined by
the presence of confluent PCs may represent an important feature for risk
assessment in this subset of patients. This finding is important when considering
that increasing awareness of the possible evolution into Richter's syndrome is
prompting clinicians to perform lymph node biopsy more often than in the past and
that the therapeutic armamentarium in clinically aggressive CLL may include
intensive chemoimmunotherapy and allogenic bone marrow transplantation from

HLA-identical siblings and well-matched unrelated donors.
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CHAPTER 3

TRANSLATING PATHOGENESIS INTO CLINICAL PRACTICE

3.1 INTRODUCTION

One of the clinical hallmarks of chronic lymphocytic leukemia (CLL) is the high
degree of variability in its disease course. Whereas some patients experience an
indolent disease course, others succumb to the disease rapidly despite intensive
treatment. Over time, most patients develop refractory disease that does not
respond to chemotherapy [4, 96]. Although the two major staging systems have
provided valuable information in addressing this clinical heterogeneity, they have
been unable to predict an indolent or aggressive course within the intermediate
risk category [7, 8]. Several clinical and biological prognostic factors have been
identified, such as specific cytogenetic alterations [140], mutational status of
immunoglobulin (Ig) genes and the expression level of CD38 [67] and ZAP70
[141]. The implication of these biological predictor factors with the molecular
pathogenesis of the CLL is still under investigation, and an eventual therapeutic
application is not yet developed. The recognition of novel molecular variables
identified through the use of high-throughput molecular analytical techniques could
contribute to a better knowledge of the disease pathogenesis, the development of
more accurate biological predictive factors, the adjustment of therapies to the
specific risk, and the identification of new therapeutic targets in CLL.

CLL turned out to be a disease with multiple facets in its pathogenic mechanisms
including genetic aberrations, antigen drive and microenvironmental interactions.
In the first part of this work, we focused our attention on the role of
microenvironment in CLL pathogenesis and, in particular, on the modality by which
the cell membrane marker CD38 reflects genetic instability and heterogeneity. At
this point we aimed to translate this knowledge in clinical practice focusing i) on
the correlation between clonal evolution and development of chromosomal
aberrations and ii) on how to stratify patients at diagnosis according to cytogenetic

abnormalities and gene mutations.
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3.2 CYTOGENETIC ABNORMALITIES IN CLL

The presence of cytogenetic abnormalities is a hallmark of CLL. Indeed, several
studies have shown that the type and number of chromosomal aberrations are an
independent predictor of prognosis in CLL, and cytogenetic analysis is routinely
performed in this disease. No single genetic abnormality responsible for CLL
development has been identified. Instead, the disease is characterized by a variety
of chromosomal abnormalities. The most common recurrent chromosomal
abnormalities include deletion 13q, trisomy 12 and deletions 11q, 17p and 6q [15].
Five prognostic categories have been identified in a hierarchical model, showing
poor survival in patients with 17p deletion and 11g (median survival 32 and 79
months, respectively) but better survival for patients with trisomy 12, normal
karyotype, and deletion 13q as sole abnormality (114, 11 and 133, respectively)
[15] (Fig. 3.1). The current International Workshop on Chronic Lymphocytic
Leukemia guidelines consider assessment of genomic aberrations by FISH
mandatory in clinical trials and desirable in general practice as a pre-treatment

evaluation [4].

100
= 17p deletion
------ 11q deletion
—— 12q trisomy
-~ Normal
—-= 13q deletion as sole
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Months

FIGURE 3.1. Probability of survival from the date of diagnosis among the patients in the five
genetic categories.

13g-. Loss of 13914 is the most common chromosome aberrations in CLL,

with a prevalence of 40-60% [15, 142, 143]. In contrast with other recurrent
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aberrations, 13q14 deletions may be heterozygous (monoallelic in 76% of cases)
or homozygous (biallelic in 24% of cases). Studies of serial samples suggest that
heterozygous deletion is an early event, whereas deletion of the second copy of
this region occurs at later stage [144, 145].

Patients with losses on 13q14 as the only aberration, based on FISH data, show a
favourable prognosis; however, recent studies indicate that the situation may be
more complex, suggesting that the percentage of interphase nuclei with deletions,
as well as the size of the deletion, could influence the outcome [15].

Various groups have attempted to identify a tumor suppressor gene in 13g. No
inactivation of candidate genes by mutation has been demonstrated, but a
complex epigenetic regulatory tumor suppressor mechanism that controls the
expression of the whole region has been described [146]. In a crucial study, Calin
and co-workers showed that 1314 deletion in CLL is associated with down-
regulation of miR-15a and miR-16-1, whose genes cluster in the minimally deleted
region (MDR) within 13914 [147]. The miR-15a/16-1 cluster was deleted or down-
regulated in the majority of CLL cases (68%) and seems to negatively regulate the
expression of BCL2 and several other genes involved in proliferation and
apoptosis [97, 148, 149]. Subsequent murine studies in which the specific miR-
15a/16-1 cluster was deleted have led to the development of monoclonal B cell
lymphocytosis and CLL with low penetrance [149].

Trisomy 12. Trisomy 12 is among the most frequent aberrations in CLL,
occurring in 10-20% of cases. It has long been associated with early progression
[15]. Initial FISH studies have suggested that the outcome was intermediate for
this group. Recent analysis of prospective trials suggests that although
progression-free survival (PFS) may be shorter, OS is favourable [49]. Cases with
trisomy 12 rarely show TP53 mutations and rarely acquire these over time [150].
Trisomy 12 has been associated with an atypical morphology or
immunophenotype [151]. A minimal common gained region has been confined to
12913, small duplications of 12q have been reported and MDM2 gene, which is
located at 12q15, is amplified in CLL [152]. Moreover CLLU1, which is located at
12922, has been proposed as a prognostic marker in patients <70 years of age,
since its higher level of expression has been associated with shorter OS [153],
although over-expression of CLLU1 occurs irrespective of trisomy 12 [154]. The

critical genes involved in this aberration, therefore, remain unknown.
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11g-. Approximately one-fifth of patients with treatment indications exhibit
11qg deletions, and ATM mutations have been reported in 30% of patients with
del(11q). Patients with an 11q deletion are generally younger, have more B-
symptoms and a more rapid progression of the disease, and shorter OS [135].
Furthermore, the aberration is typically associated with extensive
lymphoadenopathy [4]; however, it has been recently reported that de novo 11q
deleted CLLs can exhibits variable clinical outcome [155]. There is a very strong
association between the presence of the deletion 11q and unmutated IgHV
mutation status [25]. The biological basis for this association is currently unclear.
The minimal consensus region in bands 11q22.3-9g23.1 harbors the ATM gene in
almost all cases. The ATM protein kinase is a central component of the DNA
damage pathway and mediates cellular responses to DNA double-strand breaks
[156]. ATM activates cell cycle checkpoints, can induce apoptosis in response to
DNA breaks and functions directly in the repair of DNA double-strand breaks.

17p-. Del(17p) has been described in 3-8% of patients who are naive to
treatment, although higher occurrences of up to 30% have been reported in
patients with advanced, relapsed disease [15, 157]. About 80-90% of cases with
deletion of one copy of the TP53 locus will have mutation on the remaining copy
[158]. Very few cases with 17p deletion will have a functional p53 pathway. This
aberration is usually associated with a very aggressive clinical course and is
predictive of lower PFS, lack of response to therapy, short response duration and
short OS [15, 159].
The deletion always contains the TP53 locus but usually covers most of the short
arm of chromosome 17, which has prompted a consideration of other genes that
might be targeted by this deletion. The tumor suppressor p53 plays an essential
role in inducing apoptosis or cell cycle arrest after DNA damage. Therapy with
fludarabine and alkylating agents is based on a p53-dependent mechanism, which
could explain why CLL patients with del17 or inactivating mutations of TP53 are
refractory to such chemotherapy [143]; however, fludarabine refractoriness is
caused by TP53 disruption in approximately 40% of CLL patients who did not
respond to treatment, but, in a sizeable fraction, the molecular basis of this
aggressive clinical phenotype still remains unknown [158, 160, 161]. Current
treatment approaches take advantage of the growing number of drugs with

documented effectiveness independent of functional p53. A more specific or
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targeted option for this subgroup of patients is the identification of drugs targeting
mutant p53, which could be effective in this CLL subgroup.

6q-. Deletion of the long arm of chromosome 6 is a rare cytogenetic
abnormality seen in approximately 6% of CLL patients [15, 162, 163]. It is
generally considered an intermediate-risk feature, since it is associated with more
prominent lymphocytosis with atypical morphology, splenomegaly, higher rates of
CD38 positivity, and no association with IGHV mutation status [162].

Translocations. Recurrent balanced translocations are rare in CLL, in
contrast to other types of leukemia or B cell lymphomas in which specific and
recurrent translocations deregulate known oncogenes [15, 164, 165].
Translocations involving immunoglobulin genes are the most common recurrent
translocations in CLL, although they have only been observed in <5% of cases.
Recurrent partners include BCL2, BCL3, BCL11A and c-MYC, although unknown
partner genes are also frequent [137]. Chromosomal translocations generally have
a negative effect on response to therapy and survival, especially when
unbalanced. Unbalanced non-reciprocal aberrations are frequent and often seen in
complex karyotypes.

Complex karyotype. Although CLL is characterized by relatively stable
genome and most CLL cases appear to carry few genomic aberrations, a high
number of CNAs (>3 per patient), termed genomic complexity, is detected in a
proportion of CLL patients (~20%). Genomic complexity demarcates a CLL subset
with progressive and aggressive disease, short survival, and decreased
therapeutic efficacy [166, 167].

3.2.1 Clonal evolution in CLL

In 1985, Nowell et al. stated that karyotypic evolution is rare in B-CLL [168]. Its
occurrence indicates a poor prognosis, but its rarity suggests that clinical
progression in this disease is usually more dependent on other factors. Despite
these claims, clonal evolution (CE) was more recently reported in 15-42% of CLLs
using conventional karyotyping or fluorescence in situ hybridization [139, 145,
169]. The incidence of this phenomenon is variable, depending on the length of
follow up [145] and on the number of probes used for FISH analyses [170]. CE
was defined by the late appearance of aberrations of chromosome 17p, 11q, 6q

and 12. Shanafelt et al. reported that 27% of CLL patients developed new
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cytogenetic abnormalities at chromosome sites of known prognostic importance
during the course of their disease [145]. Patients with high ZAP-70 expression
seem to be more likely to experience such clonal evolution and to acquire
unfavourable cytogenetic abnormalities. In another study, despite the limited case
number, clonal evolution was identified as an independent prognostic factor for
overall survival and it only occurred in CLL with unmutated IGHV genes indicating
to karyotypic instability as a pathomechanism [139]. Basically, CE is associated
with markers of active disease, i.e. ZAP70 positivity and unmutated IGHV gene.
Besides the classical CLL-associated aberrations [15, 165], other recurring
changes have been described in CLL [171], and attention was recently devoted to
1432 translocations involving the immunoglobulin heavy chain gene (IGH). This
aberrations was found in 6-19% of patients with CLL at diagnosis [165], and was
associated with advanced stage disease, unmutated IGHV genes, CD38 positivity
and need therapy [137, 138].

The incidence of this aberration at clonal evolution was unknown. To better define
the incidence and the significance 14q32/IGH translocations occurring at CE, we
performed this study including 105 cases of CLL analysed sequentially over a 10-
year period with panel of probes including an IGH break-apart probe.

Details are shown in Appendix Il (paper Cavazzini F et al, Leukemia & Lymphoma
2012).

3.2.2 Methods and results

3.2.2.1 Patients
105 cases of CLL, seen at our institution between 1995 and 2004, were included
in this study, after making sure that fulfilled the following criteria:

- Diagnosis of CLL based on morphology and immunophenotyping (score

Matutes 23 [172])

- Successful FISH analysis at diagnosis and during follow-up

- Clinical records available for review.
Patients were submitted to FISH analyses as part of routine diagnostic work-up.
FISH was repeated on at least one occasion in all 105 patients. Sequential
samples were obtained before each line of treatment and 4-6 years intervals in

those not requiring treatment.
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Diagnosis was based on the presence of persistent lymphocytosis (>5.000/ul), on
examination of peripheral blood (PB) smear and on the results of
immunophenotyping. The following markers were tested in all cases by
cytofluorimetric analysis, using 30% cut-off for positivity in the lymphocyte gate:
CD5, CD19, CD23, CD22, CD10 antigens; the FMC7 monoclonal antibody and the
expression of surface immunoglobulins were also tested. The co-expression of
CD38 and CD19 antigens was tested with a 30% cut-off for positivity. As a rule,
trephine biopsy was performed in young patients (<60 years of age). Histological
studies were performed for diagnostic purposes in selected cases. Patients were
treated according to guidelines in use at our institutions during the study period.
Fludarabine containing regimens were used as front-line treatment in young
patients and in refractory or relapsing patients. Intermittent chlorambucil
administration was used as first-line therapy in the majority of elderly patients (<70

years).

3.2.2.2 Clonal evolution

Sequential FISH studies were performed on peripheral blood (PB) samples using
commercially available probes for the identification of deletions at 13q14/D13S25,
11923/ATM, 17p13/TP53, trisomy 12 and translocations at 14932/IGH. Sensitivity
limit for the detection of 14q32 translocation, trisomy 12 and deletions were >3%,
>3% and >8% interphase cells with split signal, three signals and one signal,
respectively. The following probes were used in patients with 14q32/IGH
translocation to identify the partner chromosome: 11q14/BCL1, 18g21/BCL2,
3927/BCL6, 18921/MALT1 and 8qg24/MYC. Non-commercial bacterial artificial
clones (BACs) were also used for 2p12/BCL11A, 6p21/CCND3, 19913/BCL3,
7921/CDK6 and for the evaluation of the region 5p15.31-33.

Those patients with 11g- and/or 17p- were considered as “high cytogenetic risk”
and the remaining patients with 13qg-, +12 or 14932/IGH translocations were
considered as “standard cytogenetic risk”.

The median interval between diagnosis and first FISH analysis was 2 months
(range 1-12 months). CE was observed in 15/105 patients after 24—170 months,
median 64, as detailed in Table 3.1. Recurring aberrations at clonal evolution were
14q32/IGH translocation in seven patients; 17p- in four patients, 119- in two
patients, biallelic 13g- in four cases, hemizygous 13g- in one case and 14q32
deletion in one patient. A 17p deletion was associated with 14q32/IGH

53



rearrangement in 3/7 patients (patients 1, 2 and 6), one of whom also developed a
biallelic 13914 deletion (patient 6). In two cases with 14q32/IGH translocation at
CE (patients 1 and 7), a paired BM or lymph node (LN) sample and PB samples
were available for FISH studies. In these patients the appearance of IGH
translocation in the BM or the LN sample preceded its appearance in PB samples
(Table 3.1) by 13-58 months. The 14q32/IGH translocation persisted at
subsequent analyses in both cases. All patients with the 14q32/IGH translocation
were assessed by interphase FISH for the detection of possible chromosome
partners. Three out of seven cases (cases 2, 5 and 6) showed an IGH-BCL2
fusion signal consistent with a t(14;18)(q32;q21) translocation. In the remaining
four cases it was not possible to identify the parther chromosome with our probe

panel.

TABLE 3.1. Outcome of FISH investigations in 15 patients with clonal evolution.

Interval between
No. of previous diagnosis and

Aberrations at diagnosis lines of clonal evolution
Patient (% of cells) Aberrations at CE treatment (months)
1 13q- biallelic (42%) 13q- biallelic (55%); IgH R (18%)*; 17p- (27%) 2 60
2 No aberration 17p- (26%); 1gH R (21%) (IGH-BCL2) 1 58
3 11qg- (20%) 11q- (26%); IgH R (20%) 1 73
4 13g- (21%) 13q9- (53%); IgH R (19%) 3 91
5 +12 (28%) +12 (42%); 1gH R (16%) (IGH-BCL2) 4 64
6 13qg- (32%); 11qg- (15%) 13qg- biallelic (34%);11q- (27%); IgH R (21%) (IGH-BCL2); 17p- (18%) 4 74
7 +12 (30%) +12 (55%); IgH R (25%)* 3 51
8 No aberration 11qg- (42%) 4 41
9 No aberration 17p- (54%) 4 97
10 No aberration 11qg- (61%) 3 48
11 13- (66%); 11q- (65%) 11q- (61%); 139- biallelic (60%) 5 84
12 +12 (56%) +12 (51%); 13q- (71%) 3 87
13 No aberration 13qg- biallelic (71%) 3 53
14 13qg- (78%) 13qg- biallelic (67%) 5 170
15 No aberration 14932 deletion (45%) 2 24

3.2.2.3 Correlation between CE, 14q32/IGH translocations, hematologic and
clinical parameters

Forty-seven patients did not require treatment throughout the study period and 58
patients received 1-6 lines of treatment. CE was detected in 15 pre-treated
patients, seven of whom had a 14q32/IGH translocation, after 1-4 lines of
treatment (median 3). In contrast none of 47 untreated patients developed CE (p
<0.0001), as shown in Table 3.2, where the patients’ characteristics at initial
evaluation are presented in detail.

ZAP70+ and high-risk cytogenetics predicted for the occurrence of CE with
borderline statistical significance, p<0.055 and 0.07, respectively (Table 3.2); no
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other baseline hematologic characteristic predicted for CE and for the late

appearance of 14q32/IGH translocations.

TABLE 3.2. Baseline characteristics and clinical data in 105 cases submitted to sequential FISH
investigations.

Without 14932 With 14932
All patients Without CE With CE translocations at CE  translocations at CE

Characteristic (no. of cases) (n=90) (n=15) (n=98) (n=7)
Median age, years (range) 63 (31-86 63 (31-86) 63 (51-78) 63 (31-86) 60 (51-71)
M/F ratio 66/39 57/33 09-giu 62/36 04-mar
Lymphocytes

<30 x 1079/L 89 78 11 84 5

>30 x 1079/L 16 12 4 14 2
Rai stage

0-1 84 74 10 80 4

2-4 21 16 5 18 3
CD38+

Negative 72 64 8 69 3

Positive 30 23 7 26 4
ZAP70

Negative 46 40 5 42 4

Positive 25 17 8 22 3
FISH aberrations

Standard risk 92 81 11 87 5

High risk 13 9 4 11 2
Treated before CE

Yes 58 43 15* 51 7**

No 47 47 0 47 0
Relapsed/refractory

Yes 27 16 11%** 21 E**x*

No 31 27 4 30 1

*p<0.0001; **p=0.014; ***p=0.016; ****p=0.027.
CLL, chronic lymphocytic leukemia; FISH, Fluorescence in situ hybridization; CE, clonal evolution.

TABLE 3.3. Correlation of outcome measures and development of CE.

Outcome measure Months p-Value
TFT
All patients (n=105) 54
With CE (n=15) 35 0.0033
Without CE (n=90) 71
With 14q32 translocations (n=7) 36 0.067
Without 14932 translocations (n=98) 63
TTCR
All patients (n=58) 72
With CE (n=15) 34 0.0046
Without CE (n=43) 86
With 14q32 translocations (n=7) 27 0.0002
Without 14932 translocations (n=51) 75
Survival form diagnosis
All patients (n=105) 173
With CE (n=15) 124 ns
Without CE (n=43) 173
With 14q32 translocations (n=7) 125 ns
Without 14932 translocations (n=51) 173

CE, clonal evolution; TFT, Time to first treatment; TTCR, Time to chemorefractoriness; ns, not
significant.
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The correlation between the

development of CE and measures of e Time to first treatment and clonal evolution
clinical outcome is presented in Table \
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Presentation features predicting the development of chemorefractoriness in 58
treated patients were: high-risk cytogenetics (p<0.0032) and advanced stage
(p<0.0004) (Table 3.4), which maintained their predictivity at multivariate analysis.
Survival after the development of CE was 32 months (standard error 8.5 months)
in 15 patients (Fig. 3.2 (C)) and 32 months (standard error 0.9 months) in seven

patients with late-appearing 14q32 translocation.
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TABLE 3.4. Impact of baseline characteristics on TTCR in 58 treated patients.

Median TTCR
Characteristic (months SE p-Value
Sex
M (n=38) 72 7.8 0.95
F (n=20) 86 19.7
Stage
0-2 (n=47) 86 8.7 0.0004
3-4 (n=11) 27 6.1
CD38
Negative (n=34) 75 8.1 0.0857
Positive (n=23) 48 3.5
ZAP70
Negative (n=28) 72 15.1 0.34
Positive (n=21) 58 9.5
Cytogenetics at diagnosis
Standard (n=46) 86 10.7 0.0032
High (n=12) 36 4.8

TTCR, Time to chemorefractoriness; SE, standard error.

3.2.3 Conventional karyotyping using novel mitogens

Cytogenetic aberrations play an important role as prognostic factors in CLL. Due
to the low mitotic index of CLL B cells in vitro, analysis of a set of the most
commonly known aberrations is usually done by FISH on interphase cells, which
detects aberrations in about 80% of CLL samples [15]. The use of metaphase
cytogenetics, which provides an unsupervised insight into the chromosomal
aberrations of a specific sample, has been limited in CLL because of technical
issues. Even though 90% of patient samples could be evaluated cytogenetically,
aberrations could be detected in only 40% to 50% of cases [140], in contrast to
FISH analysis. It is presently not clear whether other aberrations that are not
detected by the standard FISH panel have any impact on prognosis and disease
progression. Therefore, an approach to generate high-quality metaphases in CLL
still would be highly desirable.

The B-cell mitogen CD40-ligand (CD40L) was previously compared to
conventional mitogens for metaphase induction in CLL, and these results were
compared with those from standard FISH analysis [164, 173]. CD40L stimulation
induced metaphases in 93% of cases, versus 78% with conventional methods
[173]. Even more important, CD40L stimulation resulted in the detection of
aberrations in 89% of cases versus only 22% by conventional methods and
confirmed all aberrations detected by FISH [173]. In addition, so-called complex

aberrations (that is, 3 or more aberrations), were detected in 41% of cases. Due to
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the need for a labor-intensive, cellular coculture system, CD40L-enhanced
cytogenetics is hardly applicable for routine diagnostics.

Dicker et al. [174] presented a method for the efficient induction of metaphases in
CLL B cells. This method relies on the addition of the immunostimulatory
oligonucleotide DSP30 plus IL-2 as a CLL B-cell-specific mitogen to the cultures,
which was originally developed for immunotherapeutic applications [175, 176]. In
contrast to earlier reports on metaphase cytogenetics in CLL that employed
different B-cell mitogens such as TPA, lipopolysaccharide, and others, here they
generated metaphases for a successful analysis in 95% of all CLL samples that
were subjected to the DSP30/IL-2 culture. More importantly, aberrations could be
detected by chromosomal banding in more than 80% of these samples, a number
that is similar to FISH analysis and that shows an almost 2-fold increase relative to

earlier studies.

In order to better understand the significance of chromosome aberrations in CLL
patients with relatively favourable outcome, we designed a study to assess
whether karyotypic aberrations in patients without FISH anomalies (here referred
to as “normal” FISH) correlate with established clinical and prognostic parameters.
The clinical and prognostic significance of karyotypic aberrations in normal FISH
CLL was first evaluated in a retrospective single centre series of patients and then
validated prospectively in a multicentre series of cases diagnosed and analysed
for karyotype with DPS30/IL2 stimulation.

Details are shown in Appendix IV (paper Rigolin GM et al, Blood 2012).

3.2.4 Methods and results

3.2.4.1 Patients

We first evaluated a retrospective series of patients (learning cohort, LC) that
consisted of 65 out of 70 unselected “normal” FISH CLL patients for whom a
successful cytogenetic analysis was available, derived form a series of 218
consecutive CLL diagnosed between 1998 and 2006. Then we validated in
prospective series of 85 normal FISH patients, with successful cytogenetic
analysis and derived from a series of 274 consecutive CLL diagnosed at 4 centres

between 2007 and 2011. Only patients with a score Matutes =3 [172] were
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included. The expression of CD38 and ZAP-70 were tested on fresh peripheral

blood cells with a 20% cut-off for positivity.

3.2.4.2 Comparison between conventional kayotyping and FISH analyses

In the LC cytogenetic analyses was performed using traditional mitogens. In the
VC cytogenetic analyses was centralized in the Ferrara centre and performed
using CpG-oligonucleotide DSP30 plus IL2. In all cases cytogenetic analysis was
conducted on the same samples used for FISH studies. Interphase FISH was
performed on peripheral blood samples obtained at diagnosis or before therapy
using probes for the following regions: 13q14, 12913, 11922/ATM, 17p13/TP53.
An abnormal karyotype was observed in 14/65 (21.5%) and 30/84 (35.7%)
patients of LC and VC, respectively. A significant proportion of CLL cases with
normal FISH carry chromosome aberrations in regions not covered by the 4-probe
FISH panel commonly used [15]. An abnormal karyotype was found in 6.4% and
10.9% of normal FISH cases in the LC and in the VC, respectively. Recurring
aberrations were: 14q deletions, 7q deletions, 6q deletions, 14932 translocations,
3q deletions. A complex karyotype (=3 aberrations) was found in 14 patients, 12 of
which in the VC.

This study confirms previous observations that in CLL patients stimulation with
DSP30/IL2 improves the rate of metaphase generation (65/70 vs 85/85 cases in
the LC and VC, respectively, p=0.017)

3.2.4.3 Correlation between karyotype and clinicobiological parameters, and

TFT analyses

The correlations between karyotype and clinicobiological parameters are reported
in Table 3.5. Interestingly, the abnormal karyotype did not correlate with known
molecular prognostic parameters, including CD38 and ZAP-70 positivity (in both
LC and VC), and IgHV mutational status in the VC. By mutational analysis we
observed no TP53 mutations in the VC (0 out of 23 patients with abnormal
karyotype). Time to first treatment (TTT) was calculated as the interval between
diagnosis and the start of first line therapy. Overall survival (OS) was calculated
form the date of diagnosis until death due to any cause or until the last patient
follow-up. In CLL patients with “normal” FISH the abnormal karyotype significantly
correlated with a shorter TTT in univariate analysis in both the LC and the VC
(Table 3.5, Figure 3.2). At multivariate analysis, the factors independently
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predictive of shorter TTT were: in the LC: CD38 positivity (HR 2.82, 95% CI 1.19-
6.69, p=0.018) and abnormal karyotype (HR 2.54, 95% CI 1.07-6.07, p=0.034); in
the VC: advanced Binet stage (HR 2.77, 95% CI 1.05-7.29, p=0.039,) and
abnormal karyotype (HR 6.39, 95% CIl 2.44-16.86, p<0.001). The abnormal
karyotype also correlated at univariate analysis with OS in both the LC and the VC
(HR 5.87, 95% CIl 2.08-62.68, p=0.005, and HR 9.41, 95% Cl 1.61-47.35,
p=0.0119 respectively, Figure 3.3)

TABLE 3.5. Learning and validation cohorts: clinical correlations according to karyotype and

analysis of factors affecting TFT.

Clinical correlations

Learning cohort

Validation cohort

Normal Abnormal Normal Abnormal
karyotype karyotype karyotype karyotype
Parameter (51 cases) (14 cases) p (54 cases) (30cases) p
Age
Mean (range) 64 (31-84) 69 (50-87) ns 63 (41-90) 63 (32-84) ns
Sex
M/F n. of pts 31/20 8/6 ns 34/20 23/7 ns
Matutes score
3/4/5 n. of pts 3/25/23 4/3/7 0.030 4/24/25 7/6/12 0.035
Binet Stage
A/B/C n. of pts 47/3/1 10/3/1 0.089 45/9/0 20/7/3 0.040
CD38
pos/neg n. of pts 21/29 8/6 ns 11/41 12/18 0.079
ZAP70
pos/neg n. of pts 15/6 5/4 ns 16/31 15/11 0.083
IgHV
unmutated/mutated n. of pts nd nd 11/38 10/17 0.191
Therapy
yes/no n. of pts 16/35 11/3 0.002 6/48 19/11 <0.0001
TTT analysis Learning cohort Validation cohort
HR HR
Parameter N. of cases  (95% Cl) p N. of cases  (95% ClI) p
Karyotype
Abnormal vs Normal 14 vs 51 3.33 0.0009 34 vs 50 7.80 <0.0001
(2.03-15.66) (4.36-25.12)
Binet Stage
B-Cvs A 8vs 57 4.56 <0.0001 19 vs 65 3.66 0.0006
(4.43-89.97) (2.47-26.83)
CD38
pos vs neg 29 vs 35 3.26 0.0018 23 vs 59 2.00 0,54583333
(1.60-7.78) (0.91-5.73)
ZAP70
pos vs neg 10 vs 20 2.31 ns 32vs 41 1.52 ns
(0.81-5.78) (0.70-3.41)
IgHV
unmutated vs mutated nd nd nd 21vs 55 2.40 0.0297
(1.11-7.64)

nd, not done; ns, not significant; HR, hazard ratio.
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FIGURE 3.3. TTT and OS respectively in the learning (A, C) and the validation (B, D) cohorts.

3.3 NEXT-GENERATION SEQUENCING IN CLL

The detection of recurrent chromosomal aberrations has been of key importance
for understanding the biology of CLL and the mechanisms driving the variable
clinical phenotype of this disease [15, 60]. However, cytogenetic lesions do not
entirely explain the molecular pathogenesis and the clinical heterogeneity of CLL.
The advent of next-generation sequencing (NGS) technologies, coupled with gene
copy number analysis, has enabled exploration of the CLL genome, uncovering
genetic lesions that recurrently target this leukemia. NGS studies have further
elucidated the genomic complexity of CLL and have shown that the average
number of non-silent mutations per case is 10-12 at diagnosis, whereas the
average number of copy number abnormalities is approximately two [26, 27].
Whole genome/exome sequencing of more than 200 CLL cases has disclosed the
genetic landscape of CLL, providing comprehensive catalogs of somatic mutations
and new insights into the genes that contribute to cellular transformation [29].

NOTCH1, SF3B1, BIRC3 and MYD88 are the most recurrently mutated genes that
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have been identified through the application of whole genome/exome sequencing
to CLL, and, beside their contribution to leukemic transformation, a number of
observations point to mutations of these genes as attractive biomarkers of
potential clinical relevance. Alterations of these genes occur in approximately 5-
10% of CLL patients at diagnosis and have shown significant correlations with
survival [28, 30, 177].

NOTCH1. Among the genes mutated in CLL, NOTCH1 emerged as a
recurrently targeted by genetic lesions in specific phases of the disease. NOTCH1
encodes a ligand-activated transcription factor that regulates several down-stream
pathways important for cell growth control and is affected by activating mutations
in 60% of T-lineage acute lymphoblastic leukemia [178]. In CLL, the frequency of
NOTCH1 mutations at the time of diagnosis is approximately 10% [26-28].
NOTCH1 mutations at CLL diagnosis preferentially occur among unmutated CLL
and cluster with trisomy 12 [26-28, 179, 180] . NOTCH1 mutations identify a high-
risk subgroup of patients showing poor survival comparable to that associated with
TP53 abnormalities and exert a prognostic role that is independent of widely
accepted risk factors, as confirmed in multiple consecutive series from different
institutions [26-28]. One recurrent mutation (c.7544 7545delCT) accounts for
approximately 80% of all NOTCH1 mutations [26-28] and can be rapidly detected
by a simple PCR-based approach, providing a potential strategy for a first level
screening of NOTCH1 alterations [28]. Although the precise role of NOTCH1
activation in CLL pathogenesis is still unclear, the relevance of these mutations is
highlighted by the distinctive GEP signature of CLL carrying NOTCH1 mutations
[26, 180].

SF3B1. SF3B1 is a core component of the splicing machinery, which
catalyses the removal of introns from precursor messenger RNA (mRNA) to
produce mature mRNA [181]. At diagnosis, SF3B1 is mutated in 5-10% of CLLs
[29, 177, 182]. The pathogenicity of SF3B1 mutations in CLL is supported by the
clustering of these mutations in evolutionary hotspots localized within HEAT
domain (codon 662, 66, 700, 704 and 742) [29, 177, 182]. Although the precise
mechanistic aspects of SF3B1 mutations are still under investigation, the
observation that SF3B1 regulates the alternative splicing program of genes
controlling cell cycle progression and apoptosis points to a potential contribution of
SF3B1 mutations in modulating tumor cell proliferation and survival [29, 182]. At
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CLL diagnosis, SF3B1 mutations predict reduced survival independent of other
clinical and biological risk factors, and show a preferential association with CLL
showing 11922-923 deletion and ATM mutations [29, 177, 182].

BIRC3. BIRCS3, along with TRAF2 and TRAF3, cooperates in the same
protein complex that negatively regulates MAP3K14, an activator of the non-
canonical pathway of NF-kB signalling [183]. The BIRC3 gene is recurrently
disrupted in CLL by mutations, deletions or a combination of mutations and
deletions [30]. BIRC3 lesions are rare in the early phases of the disease, where
they mark poor prognosis, while they accumulate in progressive and refractory
CLL [30]. Identification of BIRC3 involvement in CLL may be important for
elucidating the molecular genetics of 11922-923 deletion. In fact, although ATM
has been regarded as the relevant gene of this cytogenetic lesion, biallelic
inactivation of ATM does not exceed 30% of CLL with 11q22-q23 deletion. On the
basis, a second tumor suppressor in the 11922-923 region has been postulated
along with ATM. The BIRC3 gene, that maps on 11922.2 might represent an
attractive candidate.

MYD88. In B-cells, Toll-like receptors (TLRs) are central to the BCR-
independent response to antigens by sensing a variety of pathogen associated
molecular patterns [184]. After stimulation of TLRs, MYD88 is recruited, as
cytoplasmic adaptor, to the activated receptor complex as a homodimer and form
proteins complexes that trigger activation of NF-kB [184]. The most prevalent
mutation in CLL is the L265P missense substitution that occurs in ~3% of cases
[26, 29, 182]. Among biological subgroups of CLL, MYD88 mutations are enriched
among cases harboring mutated IgHV genes and 13q14 deletion as the sole
cytogenetic abnormality [185].

TP53. The tumor suppressor gene TP53 maps on the short arm of
chromosome 17 (17p13) and codes for a central regulator of the DNA-damage-
response pathway. Activation of TP53 leads to cell-cycle arrest, DNA repair,
apoptosis, or senescence via both transcription-dependent and transcriptional-
independent activities. Consistently, TP53 plays a central role in mediating the
pro-apoptotic and antiproliferative  action of several DNA-damaging
chemotherapeutic agents, including alkylators and purine analogs [186].

In CLL, the TP53 gene may be inactivated by deletion and/or somatic mutations
[23, 150]. Most cases with 17p13 deletion also carry TP53 mutations on the
second allele (~60%), while the remaining cases have monoallelic 17p13 deletion
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in the absence of TP53 mutations (~10%), or TP53 mutations in the absence of
17p13 deletion (~30%) [23, 150]. TP53 abnormalities frequently couple with
complex karyotype [23, 150]. At the molecular level, approximately 75% of all
TP53 mutations are missense substitutions, while the remaining lesions are
represented by truncating events, including frameshift insertions or deletions, non-
sense substitutions and splice-site mutations [150]. From a clinical standpoint,
genetic lesions affecting the TP53 gene are significantly enriched in high risk CLL,
and represent the only established biomarker of chemorefractoriness in this
leukemia [187].

A NOTCH1 | B SF3B1

§

geeenieteaiaestssssacntens
<
Setes

C BIRC3 | D TP53

FIGURE 3.4. NOTCH1, SF3B1, BIRC3, TP53 mutation type and distribution in CLL. Schematic
representation of the human NOTCH1 (A), SF3B1 (B), BIRC3 (C), and TP53 (D) proteins, with their
key functional domains. Color-coded symbols indicate the type and position of the mutations.

Advancing the knowledge of CLL molecular genetics may have important
therapeutic implications including: (a) therapeutic stratification based on molecular
prognosticators; and (b) targeted therapy aimed at correcting the genetic defect or

its functional consequences.

3.3.1 lon Torrent PGM (Personal Genome Machine)

Over the course of the 10 years that have passed since the publication of the first

human genome sequence, the landscape of cancer research has changed with
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remarkable speed [188]. Massive parallel sequencing technology provides a
means of systematically discovering the genetic alterations that underlie disease
and identifying new therapeutic targets and clinically predictive biomarkers. Since
the launch of first NGS platform, a number of technological advances have been
made, such as improved sequencing chemistry and novel signal detection
methodologies [189]. This has resulted in the availability of the new small NGS
systems as well as lon Torrent Personal Genome Machine (PGM). lon Torrent is a
sequencer that uses semiconductor sequencing technology. It bases the
sequencing process on the detection of the change in pH resulting from H+ ion
release upon nucleotide incorporation. PGM uses a high-density array of micro
wells to perform sequencing and beneath the wells is an ion sensitive layer
followed by a proprietary ion sensor which detects changes in pH resulting from
release of hydrogen ion following nucleotide incorporation. Fragments to be
sequenced are captured on beads and amplified by emulsion PCR. The beads are
then deposited in the microwell such that each well has only one bead carrying a
unique amplified fragment. Nucleotides are then added in a predetermined
sequence to the wells. A nucleotide complementary to the nucleotide in the
fragment being sequenced gets incorporated in the strand being synthesized and
a hydrogen ion is released. Upon release of hydrogen ion, the voltage of the
solution changes in that well and is detected by the ion sensor. If two nucleotides
are incorporated in a cycle, then the voltage is doubled and the sensor records two
nucleotides added. If a nucleotide is not added during a cycle then no voltage
change is recorded. It is the first commercial sequencing machine that does not
require fluorescence and camera scanning, resulting in higher speed of analysis

and lower cost [190].

In order to improve understanding of genetic basis of CLL and to apply NGS by
lon Torrent technology to CLL, we sequenced DNA samples from 28 untreated
patients affected by chronic lymphocytic leukemia and we correlated mutational
status with clinicobiological parameters.

Details are shown in Appendix V (paper Saccenti E et al, in submission).
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3.3.2 Methods and results

3.3.2.1 Patients

Twenty-eight untreated cases of CLL seen at our institution between 2006 and
2008 were included in this study. The principal clinical characteristics of the
patients are reported in Table 3.6. Diagnosis was made according to standard NCI
criteria [4]. Indications for treatment included: increased WBC count with <6 month
lymphocyte doubling time, anemia or thrombocytopenia due to bone marrow
infiltration or autoimmune phenomena not responding to steroids, disease
progression in the Binet staging system. Fludarabine-containing regimens were
used as first-line treatment; chlorambucil was used in some elderly and unfit
patients. At diagnosis, immunophenotypic analysis was performed according to
NCI criteria [4]. Immunophenotyping with a standard diagnostic panel including
anti CD38 monoclonal antibodies was performed as previously reported [137,
191]. The expression of CD38 were tested, as described [192], on fresh peripheral
blood (PB) cells with a 20% cut-off for positivity.

TABLE 3.6. Baseline characteristics and clinical data in 28 cases submitted to NGS sequencing.

CLINICAL AND BIOLOGICAL CHARACTERISTICS

N of patients 28
Age mean yrs (range) 62 (49-75)
MF 18/10
Stage (Binet) A/B/C 22/4/2
CD38 (>20%) neg/pos 20/7
IgVH Mutated/Unmutated 1711
FISH Low /Intermediate/High 21/4/3
Karyotype Low /Intermediate/High 15/8/5

The patients were classified in 3 cytogenetic risk categories: 17p-, 11g- or complex
karyotype defined the high risk group, +12 or 1-2 cytogenetic aberrations defined
the intermediate risk group, isolated 13g- or absence of detectable aberrations

defined the low risk group.

3.3.2.2 Cytogenetic analysis

FISH studies were performed as previously reported [137, 191]. Conventional
karyotyping was performed using ODN and IL2 as previously reported [192].
Results of FISH and cytogenetic analysis are reported in Table 3.7. In 14/28
cases, FISH studies revealed genetic lesions. 17p deletion was seen in 2 cases,

11q deletion in 1 case, trisomy 12 in 4 cases and 13q deletion in 9 cases.
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In two cases, the 13q14 deletion was associated respectively to the deletion of

chromosome 11 and chromosome 17.
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19/28 cases showed an abnormal karyotype by conventional cytogenetic analysis,
including 5/15 cases without detectable lesions by FISH (see Table 3.7). A

complex karyotype (=3 aberrations) was found in 4 cases.

3.3.2.3 Mutational analysis by Next Generation Sequencing (NGS)

NGS analysis was performed using lon Torrent PGM. Libraries of spot exonic
regions of 20 genes (ATM, BIRC3, BRAF, CDKN2A, CTNNB1, DDX3X, FBXW?7,
KIT, KLHL6, KRAS, MAPK1, MYD88, NOTCH1, NRAS, PIK3CA, POT1, SF3B1,
TP53, XPO1, ZMYM3) were constructed using Agilent Haloplex Target Enrichment
kit starting from genomic DNA. Enriched libraries linked to lon Sphere Particles
were loaded in one lon chip and sequenced using lon Torrent PGM, according to
manufacturer instructions. Genomic segments analysed are reported in Table 3.8.

Using lon Torrent technology, somatic mutations were identified in 12 (42.8%)
cases, as reported in Table 3.7. Mutations were found in a range from 6.4 to
76.5% of the reads analysed. Each segment had a number of reads > 500.

5 cases showed mutations in the TP53 gene in 6.4%-46. 8% of the reads, 3 cases
presented POT1 mutations, while mutations of MYD88, FBXW7, MAPK1, DDX3X,
KLHL6, SF3B1, KRAS and ATM were detected in 1 case each. 8 cases presented
one mutated gene and 4 cases 2 mutated genes (TP53 in association with POT1
or DDX3X, ATM in association with KLHL6 and KRAS with POT1) (Table 3.7).

Gene mutations found were validated using capillary Sanger sequencing (Fig. 3.5)

3.3.2.4 Correlation between mutational status and clinicobiological
parameters

The time to first treatment (TTT) was calculated as the interval between diagnosis
and the start of first-line treatment. Survival curves were compared by using the
log-rank test. A P value <.05 was used as a criterion for statistical significance.
The correlations between mutational status and clinico-biological parameters are
reported in Table 3.9.
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TABLE 3.8. Genomic segments analysed with NGS by lon Torrent.

Chromosome Gene Start genomic position End genomic position Analyzable region

chr2 XPO1 61719173 61719706 "NC_000002.11:61719173-61719706"
chr2 SF3B1 198267115 198267848 "NC_000002.11:198267115-198267848"
chr2 SF3B1 198266411 198267036 "NC_000002.11:198266411-198267036"
chr2 SF3B1 198265215 198265916 "NC_000002.11:198265215-198265916"
chr15 CHD2 93499516 93499959 "NC_000015.9:93499516-93499959"
chr15 CHD2 93510384 93511033 "NC_000015.9:93510384-93511033"
chr15 CHD2 93534475 93535000 "NC_000015.9:93534475-93535000"
chr15 CHD2 93540268 93540784 "NC_000015.9:93540268-93540784"
chr15 CHD2 93555303 93555804 "NC_000015.9:93555303-93555804"
chr15 CHD2 93552180 93552765 "NC_000015.9:93552180-93552765"
chrX DDX3X 41196436 41196991 "NC_000023.10:41196436-41196991"
chrX DDX3X 41204135 41205040 "NC_000023.10:41204135-41205040"
chrX ZMYM3 70461788 70462292 "NC_000023.10:70461788-70462292"
chrX ZMYM3 70460768 70461442 "NC_000023.10:70460768-70461442"
chrX ZMYM3 70472711 70473246 "NC_000023.10:70472711-70473246"
chrX ZMYM3 70469561 70470208 "NC_000023.10:70469561-70470208"
chr17 TP53 7576768 7577268 "NC_000017.10:7576768-7577268"
chr17 TP53 7577349 7577687 "NC_000017.10:7577349-7577687"
chr17 TP53 7577851 7578801 "NC_000017.10:7577851-7578801"
chr17 TP53 7579055 7579834 "NC_000017.10:7579055-7579834"

chr4 KIT 55595386 55595769 "NC_000004.11:55595386-55595769"
chr4 KIT 55602365 55602872 "NC_000004.11:55602365-55602872"
chr4 FBXW7 153249048 153249593 "NC_000004.11:153249048-153249593"
chr4 FBXW7 153245138 153245696 "NC_000004.11:153245138-153245696"
chr4 FBXW7 153246985 153247682 "NC_000004.11:153246985-153247682"
chrd FBXW7 153258767 153259117 "NC_000004.11:153258767-153259117"
chr3 MYD88 38182079 38182867 "NC_000003.11:38182079-38182867"
chr3 CTNNB1 41265794 41266469 "NC_000003.11:41265794-41266469"
chr3 PIK3CA 178951808 178952299 "NC_000003.11:178951808-178952299"
chr3 KLHL6 183272884 183273632 "NC_000003.11:183272884-183273632"
chr22 MAPK1 22126949 22127493 "NC_000022.10:22126949-22127493"
chr22 MAPK1 22159919 22160421 "NC_000022.10:22159919-22160421"
chr9 NOTCH 139390287 139391047 "NC_000009.11:139390287-139391047"
chr1 NRAS 115256330 115256815 "NC_000001.10:115256330-115256815"
chr1 NRAS 115258445 115258986 "NC_000001.10:115258445-115258986"
chr7 POT1 124498740 124499390 "NC_000007.13:124498740-124499390"
chr7 POT1 124510738 124511207 "NC_000007.13:124510738-124511207"
chr7 POT1 124532174 124532633 "NC_000007.13:124532174-124532633"
chr7 POT1 124538031 124538662 "NC_000007.13:124538031-124538662"
chr7 POT1 124536926 124537435 "NC_000007.13:124536926-124537435"
chr7 BRAF 140452990 140453495 "NC_000007.13:140452990-140453495"
chr11 BIRC3 102201521 102202174 "NC_000011.9:102201521-102202174"
chr11 BIRC3 102207344 102207768 "NC_000011.9:102207344-102207768"
chr11 ATM 108119490 108120023 "NC_000011.9:108119490-108120023"
chr11 ATM 108117519 108118136 "NC_000011.9:108117519-108118136"
chr11 ATM 108123199 108123716 "NC_000011.9:108123199-108123716"
chr11 ATM 108137735 108138170 "NC_000011.9:108137735-108138170"
chr11 ATM 108154862 108155488 "NC_000011.9:108154862-108155488"
chr11 ATM 108173355 108173950 "NC_000011.9:108173355-108173950"
chr11 ATM 108170161 108170733 "NC_000011.9:108170161-108170733"
chr11 ATM 108172302 108172703 "NC_000011.9:108172302-108172703"
chr11 ATM 108180579 108181241 "NC_000011.9:108180579-108181241"
chr11 AT™M 108200697 108201254 "NC_000011.9:108200697-108201254"
chr11 ATM 108205463 108206084 "NC_000011.9:108205463-108206084"
chr11 ATM 108206442 108206939 "NC_000011.9:108206442-108206939"
chr11 ATM 108204378 108204828 "NC_000011.9:108204378-108204828"
chr11 ATM 108217938 108218252 "NC_000011.9:108217938-108218252"
chr11 AT™M 108225292 108225744 "NC_000011.9:108225292-108225744"
chr11 ATM 108235751 108236396 "NC_000011.9:108235751-108236396"
chr12 KRAS 25397964 25398541 "NC_000012.11:25397964-25398541"

69



thr17 v | \chr17:7,577,490-7,577,675| o ft « » MO ¥ @

| Te—] Tl T | T T | - |
pI33 p13.2 [IEA] p12 pii2 pi11 qii2 a12 Q211 2131 q2132 q2i33 a22

187 bp

7.577.500 bp 7,577,520 bp 7.577.540 bp 7.577.560 bp 7.577,580 bp 7.577.600 bp
| | | | | | | | | | | |

Location | Gene Chr Position Ref. Var. |Zygosoty |[dbSNP ID Mutation Freqg. % |Coverage [PP2 Index Varla'n t
Type Details
nonsynon NM_000544
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FIGURE 3.5. Sanger validation of a TP53 mutation detected by lon Torrent PGM.

The presence of somatic mutation did not correlate with sex, age, Binet stage,
CD38 or IgHV status. A positive mutational status correlated with the presence of
cytogenetic abnormalities detected by FISH and the relative risk status
(favourable, intermediate and high) (p=0.0198) and unfavourable karyotype
findings (p=0.0322). Mutated patients showed a significant (p=0.0002) shorter
median time to first treatment in comparison to those without mutations (20

months vs not reached at 76 months) (Eigure 3.6).
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TABLE 3.9. Clinical correlations according to presence or absence of somatic mutation by NGS
sequencing.

CLINICAL CORRELATIONS

Mutation positive Mutation negative

Parameter (12 cases) (16 cases) P
Age
Mean (range) 62 (49-70) 63 (51-75) ns
Sex
MF n. of pts 8/4 10/6 ns
Binet Stage
A/B,C n. of pts 8/4 14/2 ns
CD38
Pos/Neg n. of pts 4/7 3/13 ns
IgVH
Mutated/Unmutated n. of pts 6/6 11/5 ns
FISH
Low /Intermediate/High n. of pts 6/3/3 15/1/0 0.0198
Karyotype
Low /Intermediate/High n. of pts 3/5/4 12/31 0.0322
Therapy
Yes/No n. of pts 7/5 2/14 0.014
Time to First Treatment
months 20.0 Not reached 0.0002
100- P value 0.0002
o
< 801 -~ Mutated
2 ol = Unmutated
o
£
-—
o 407
—
—
= 20 —
c | | 1 J
0 20 40 60 80
Months

FIGURE 3.6. Time to first treatment in patients with (Mutated, n=12) and without somatic mutations
(Unmutated, n=16).

3.4 DISCUSSION

ASSESSING PROGNOSIS BY MODERN MOLECULAR
CYTOGENETIC STUDIES

The presence of cytogenetic abnormalities is a hallmark of CLL but the acquisition

of new genomic aberrations during the disease course (clonal evolution) is
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thought to be an infrequent phenomenon. CLL may undergo CE, with late
appearance of 11q deletion, 17p deletion and 6q deletion in 16-17% of cases
[139, 145]. Although recent evidence has been provided by several groups that the
14q32/IGH translocation may identify a cytogenetic group of patients with CLL
characterized by therapy-demanding disease [137, 138], scant information is
available as to its possible appearance as a secondary abnormality in CLL. Fifteen
out of 105 cases (14.3%) studied by FISH showed CE in our study, and seven of
these 15 cases showed a 14q32/IGH translocation. The presence of 14q32/IGH
translocation was previously documented to involve a minority of interphase cells
in some patients with CLL [137], and one case was described as harboring IGH
translocations with different partners [193]. These findings argue in favor of a
possible secondary nature of this translocation in some patients. Interestingly, in
our series the appearance of a 14932 translocation in BM and LN samples
preceded its appearance in the PB in two cases. Recent studies, included our
work on proliferation centers, indicated that CLL cells in lymph nodes and bone
marrow may have an important role in tumor proliferation [83, 92] and,
interestingly, a relatively high incidence of 14932/IGH translocation (17-19%) was
noted by Flanagan and co-workers who performed FISH studies on paraffin-
embedded lymphoid tissue from CLL/small lymphocytic lymphoma (SLL) [133].
Because our patients were seen over a 10-year period, treatment was
heterogeneous, and a comparison of treatment regimens in patients with and
without CE was not performed; nevertheless, it is worth noting that in our seven
patients with 14q32/IGH translocations at CE the median number of previous
treatment lines was 3 (range 1-4), and that all patients received 21 cycle
containing alkylating agents. Interestingly, IGH translocation accounted for 20% of
the interphase cells (range 16—25%) in our study, and was associated with a minor
clone carrying 17p deletion in three cases and 13g14 biallelic deletion in one.
These data taken together suggest that genetic instability deriving from previous
treatment might have played a role in the emergence of minor clones carrying a
14932/IGH translocation in our series. The late appearance of loss of chromosome
material at 14932 in one patient in this study parallels an observation by Shanafelt
and co-workers [145]. Deletion affecting the chromosome 14q32 locus was
previously described in CLL at a frequency of approximately 2—8% [194, 195].
Clonal evolution in CLL was demonstrated to be associated with unfavourable
biological features in previous analyses, although no difference in overall survival
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was noted between patients with and without CE [139]. In our series the
development of CE occurred only in previously treated patients. By analyzing
possible associations between CE and measures of clinical outcome we were able
to show that TTT was shorter in patients who developed CE. This finding may be
accounted for by the consideration that CE may reflect genetic instability, a feature
normally associated with disease evolution prompting the appearance of resistant
clones.

In order to better understand the significance of chromosome aberrations in CLL
patients and in particular in those patients with relatively favourable outcome, we
designed a study to assess whether karyotypic aberrations in patients without
FISH anomalies correlate with established clinical and prognostic parameters.

Our data show that a significant proportion of CLL cases with normal FISH carry
chromosome aberrations in regions not covered by the 4-probe FISH panel used
in most clinical trials [15]. This novel cytogenetic category (i.e. abnormal karyotype
with “normal” FISH) accounted for 8.9% in the pooled series of 492 patients of this
study, thus representing the 4™ most common cytogenetic group, following
deletions at 13q and 11q, and trisomy 12. Recurring aberrations were 14q
deletions, 7q deletions, 6g deletions, 14932 translocations and 3q deletions. A
complex karyotype (= 3 aberrations) was found in 14 patients. This study confirms
previous observations that in CLL patients stimulation with DSP30/IL2 improves
the rate of metaphase generation [174]. Interestingly, the abnormal karyotype did
not correlate with known molecular prognostic parameters, including CD38 and
ZAP 70 positivity, and IGHV mutational status. Most important we could
demonstrate, for the first time, that among CLL patients with “normal” FISH the
abnormal karyotype significantly correlated with a shorter TTT in univariate
analysis. At multivariate analysis, the factors independently predictive of shorter
TTT were: CD38 positivity, abnormal karyotype and advanced Binet stage.
Recently it was demonstrated that, in CLL, TP53 mutations [158] represent a
strong prognostic marker. By mutational analysis we observed no TP53 mutations
in our patients. This finding is not surprising if we consider that patients with 17p-
were excluded from this analysis and that, among untreated CLL without 17p-, the
incidence of TP53 mutations is around 3% [20, 158, 160]. The abnormal karyotype
also correlated at univariate analysis with OS. This observation needs to be

validated in clinical trials with homogeneous treatment on larger series of patients.
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The advent of next-generation sequencing (NGS), with its unprecedented ability to
systematically discover key genetic alterations that underlie cancer, offers the
tantalizing possibility of unraveling the genetic basis of this heterogeneity [196].
We applied this knowledge to CLL, developing a next-generation sequencing
approach to screen 28 CLL patients at diagnosis in a custom-made panel of 20
genes. The panel was designed to cover coding sequence of CLL involved genes
according to recent literature [26, 28-30, 182]. We found somatic mutations in 12
cases. TP53 was most frequently mutated (5 cases) and the frequency of
mutations involving the other genes investigated was in line with data published in
literature using whole exome sequencing [26, 29]. The percentage of reads
showing mutation ranged from 6.4 to 76.5%. From the variability in the reads
where mutation was found, we deduce that both clonal and subclonal mutations
were present. The mutational profile of CLL can be characterized in two main
group: clonal mutations, which are present in all tumor cells and represent early
events in the leukemogenesis, and subclonal mutations, usually present in a small
fraction of leukemic cells and possibly may represent progression events. This
finding may explain the basis of the great heterogeneity within the CLL population
[118]. ATM mutation present in the 76.5% of the reads analyzed is probably a
predominantly clonal, whereas mutation with rates of 6-20% are probably
subclonal mutations, that could expand over the time and lead to disease
progression.

Among our 19 cases with genetic lesions by FISH and/or cytogenetic analysis
NGS showed gene mutations in 9 cases, documenting that cytogenetic, FISH and
sequencing may represent complementary methods that allow to detect genetic
heterogeneity within CLL. NGS could also provide information in a significant
proportion of CLL patients with favorable prognostic features. Our method allow for
the identification of genetic lesions in 25% of patients with non-informative
cytogenetic analysis (FISH and karyotype) and 50% of FISH negative cases. In
the three cases without cytogenetic and FISH abnormalities, we found mutated
FBXW7, MAPK1 and TP53, respectively. Data are not surprising, in fact TP53
mutations in the absence of 17p13 deletion are detected in 30% of CLL at
diagnosis [150].

We then correlated mutational status with clinico-biological parameters.
Interestingly, the presence of mutations correlated with high risk FISH (11qg- and/or
17p-) and unfavourable cytogenetic (11g-, 17p- or complex karyotype) findings. No
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correlations were instead observed with other parameters like sex, age,
Binet stage, CD38 and IGHV. The mutational status also correlated at univariate
analysis with time to first treatment, that was significantly shorter in patients
harboring somatic mutations. At multivariate analysis, no variable independently
predictive of shorter TTT was statistically significant. This data is probably due to
small number of patients analysed. Definitely a future goal will be to expand the

series of patients.

In conclusion, our data show that the 14q32/IGH translocation may represent one
of the most frequent aberrations acquired during the natural history of CLL, and
that it may be detected earlier in BM or LN samples. CE occurs in pretreated
patients with short TTT, and survival after the development of CE with and without
1432 translocation is relatively short.

To reassess the importance of cytogenetic analysis, we studied by conventional
karyotyping using DSP30/IL2 stimulation a series of patients without FISH lesions.
We were able to confirm that DSP30/IL2 stimulation is an effective method for the
detection of chromosome aberrations in CLL, by documenting the presence of
chromosome aberrations in approximately one third of CLL with “normal” FISH on
a conventional 4-probe panel. This set of data also showed that, in CLL patients
with “normal” FISH, conventional cytogenetic analysis identifies a subset of cases
with adverse clinical and prognostic features to be considered for the design of
risk-adapted treatment strategies. After examining these CLL cases with a novel
technique of conventional karyotyping, we wanted to deepen our understanding of
the molecular abnormalities by analyzing a CLL series with a next-generation
sequencing technique. NGS by lon Torrent might represent an important tool for
the characterization of CLL genetic heterogeneity and clinical prognostic outcome.
lon Torrent is surely feasible due to the low cost and the short time for reaction.
This techniques expanded our knowledge on the molecular mechanisms involved
in the pathogenesis of the disease and offer new perspectives for prognostic

stratification and clinical management of the CLL patients.

75



76



CONCLUSIONS

In order to better understand the pathogenetic process in CLL, we focused our
attention on genetic heterogeneity in the disease. In our first study we provided
evidence supporting an association between cryptic genetic lesions in CD38+ cells
and disease progression and we found that genomic complexity and worse
outcome were associated with miR-125a-5p down-regulation. This set of data
show that genetic lesions may appear in CD38+ cells in low-risk CLL and that they
may be associated with miR-125a-5p down-regulation, allowing for a more
accurate prognostication in low-risk CLL. To assess whether genetic instability is
more pronounced in microenvironment, we studied sequential lymph nodes
samples, and we established a correlation between the extension of PCs and
clinico-biologic as well as cytogenetic characteristic. The association of PCs-rich
pattern with unfavourable cytogenetics and short survival may support the
pathogenetic role of proliferation center in CLL. We found a high incidence of
adverse biologic features, that is, unmutated IGHV configuration, ZAP70, and
high-risk cytogenetics in those patients with enlarged PCs. Our study
demonstrated that the histopathological pattern defined by the presence of
confluent PCs may represent an important feature for risk assessment in this
subset of patients.

To establish a correlation between genetic lesions and outcome we then focused
on the correlation between clonal evolution (CE) and development of
chromosomal aberrations. Our data showed that the 14q32/IGH translocation may
represent one of the most frequent aberrations acquired during the natural history
of CLL, and that it may be detected earlier in BM or LN samples. CE occurs in
pretreated patients with short TTT, and survival after the development of CE with
and without 14932 translocation is relatively short.

To improve the prognostic predictivity of cytogenetic analysis in the clinical
practice, we studied by conventional karyotyping using novel mitogens (i.e. DSP30
+ IL2 stimulation) a series of patients without detectable FISH lesions. We were
able to confirm that DSP30/IL2 stimulation is an effective method for the detection
of chromosome aberrations in CLL, by documenting the presence of chromosome
aberrations in approximately one third of CLL with “normal” FISH. This set of data
also showed that, in CLL patients with “normal” FISH, conventional cytogenetic

analysis identifies a subset of cases with adverse clinical and prognostic features
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to be considered for the design of risk-adapted treatment strategies. After
examining these CLL cases with a novel technique of conventional karyotyping,
we elected to further improve our capability to detect genetic lesions by analyzing
a CLL series with a next-generation sequencing technique. Mutated patients
showed a significant shorter median time to first treatment in comparison to those
without mutations. This techniques expanded our knowledge on the molecular
mechanisms involved in the pathogenesis of the disease and offer new
perspectives for prognostic stratification and clinical management of the CLL

patients.

In conclusion, in this work we tried to arrive to a better understanding of the
pathogenesis of CLL, through the study of cell activation and genetic instability.
We have documented that genetic lesions may appear in a small fraction of
leukemic clones in low-risk CLL and that they may be associated with a microRNA
down-regulation. Then we have identified some genetic lesions associated more
frequently with CE and with CLL showing adenopathy and confluent PCs. Finally,
to translate this knowledge in clinical practice, we assessed prognosis with
modern molecular techniques and we identified cytogenetic and molecular
(somatic mutations) markers associated with disease progression and shorter time

to treatment.
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ABSTRACT:

The majority of patients with chronic lymphocytic leukemia (CLL) and favorable
prognostic features live for long periods without treatment. However, unexpected
disease progression is observed in some cases. In a cohort of untreated CD38-
CLL patients with normal FISH or isolated 13qg- we found that, by fluorescence in
situ hybridization (FISH), 16/28 cases presented, within immunomagnetic sorted
CD38+ cells, genetic lesions undetectable in the CD38- fraction. These patients
showed a shorter time to first treatment (TTFT, p=0.0162) in comparison to cases
without FISH lesions in CD38+ cells. Patients with FISH abnormalities in CD38+
cells showed a distinctive microRMA profile, characterized by the down-regulation of
miR-125a-5p both in the CD38- and CD38+ populations. In an independent cohort
of 71 consecutive untreated CD38- CLL with normal FISH or isolated 13qg-, a lower
miRl125a-5p expression was associated with a shorter TTFT both in univariate and
multivariate analysis (p=0.003 and 0.016, respectively) and with a higher prevalence
of mutations (7/12 vs 0/8, p=0.015) as assessed by next-generation sequencing. In
conclusion, our data showed previously unrecognized subclonal heterogeneity within
the CD38+ fraction of CD38- CLL patients with low-risk FISH findings and suggested
an association bebween down-regulated miR-125a-5p expression, genetic complexity
and worse outcome.

Published: Cofober 30, 2013

INTRODUCTION

Chronic lymphocytic lenkemia (CLL) is a clinically
heterogeneons disease [1-3]. Several adverse prognostic
features have been identified incloding stage [4], CD38
positivity [5], the unnmtated confizaration of the variable
region of the immunoglobulin beavy chain gene (JGZHT)
[5], ZAPTO posinvity [§], chromosome aberrations [7, &)

Even though most of CLL patients with favorable
progoostic festures, ie. CD3E-, motated IGHY, absence of
chromosome lesions or isolated 13g-, live for long perods

without any treafment, some cases may show progression
o 8 mare aggressive lenkemia. The biologic and molecnlar
characteristics predicting disease progression in these
patients are unknown.

CD38 is considered as a dynamic indicator of
cell activarnon and proliferation that may prelude clonal
evoluton and worse clinical owtcome [10]. Interestingly,
(ROMA), copy mmber differences between CD3E+
and CD3E- cells were documented in some patients [11]
while the heterogeneity in the subclonal architecture of
the lenkemic cells was suggested to correlate with a poor
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clinical outcome [12]. Moreover, in CLL distinct gene
expression profiles were associated to CD3E expression
[13] and 3 unigue microRMA expression signature was
shown to be assoriated with activation markers and
unfavorable prognostic factors [14].

In order to beter understand the biologic and
molecular feamres predicting disease progression in CLL
patients with favorable prognostic festures we desizned
a two-phaze smdy having the following aims: phase
1, a) to assess whether genetic lesions may be present
in the minority of CD38+ cells in a series of unmeated
low-risk CLL panents as defined by CD38 negativity
(CD3E+ cells < T%) and favorsble genetic findings, b) w
identify biologic factors associsted with genetic lesions

Table 1: Principal clinical and biclogic
characteristics of the patients of the cohort 1
and cohort 2.

Cobort 1 | Cohort 2
N of patients 28 71

MF 1612 40/22
Ape mean y1s (rEnze) | 65 (30-91) | 64 (38-86)
Stage (Binet) abic 28000 6380
FISH neg/13q deletion | 14/14 4031
ZAPT0 (>30%) neg/pos | 2075 61/10
TGV mutunont 202 6011
TP53 mt ummt W1g 69

Table 2:FISH results in CLL patients with detectable gemetic lesions in CD38+ cells

(*hilallelic 13q deletion).
FISH —resuls| oy rocnlts on CD38+ cells
‘E‘:;..}CDR' cells] ey of positive cells)
. Tumber of
case del{13q) | del(11g) ']I';mr ::_1'}32 del(17p) |additional lesions | Cobybridization
in CD38+ cells
56 | 13g del (20%) |25 20 Mg 32 |24 3 Different cells
58 |13g del 30%%) |28 30 Nez 28 |18 3 Different cells
41 |hieg 3 2 Teg ez |40 3 Different cells
50 |13q del (60%%) |37 21 15 Neg_ |33 3 ND
46|13 del (18%) |42 ] Nez ez |38 2 ND_
30| 13g del (60%%) |37 FE] Teg 1 |20 3 Difterent calls
61 |Neg 33 26 Nez | 3 Different cells
43 |reg 34 T 77 |mez |2 Same cells
56_|Neg 19 Meg |MNeg D [Nez |2 Different cells
63 |hieg 20 (69%) |Nez | ez Tieg_ |21 2 ND
45 |13q del (69%) |58 33 17 Neg |Mez |2 Different cells
54 |Neg [F0 Meg ez 1B |Nez |2 Same cells
60 18 ez |Nez ez |Nez |1 NA
38 |13q del G8%) |45 0 Nez Neg |Nez |1 Different cells
57 |13q del G0%%) |37 Meg |10 Meg |Nez |1 ND
61 |Neg 34 ez |33 ez |Nez |1 Same cells

in the small CD38+ fraction of CD38- CLL patients and
predicting for disease progression; phase 2 to validste our
findimgs in an independent cohort of consecutive untreated
CD38- CLL patients with favorsble FISH findings.

RESULTS

Patients

In this smdy 2 cohorts of patients have been
considered. Cohort one (C1) included 28 untreated CLL
patients seen between 2005 and 2006, Cohort two (C2)

consisted of 71 comsecutive unirested CLL patients
diaznosed between 2007 and 2011. The principal clinical
characteristics of C1 and C2 are reported in Table 1.

FISH apalysiz on immunomagnetically sorted
cells in patients of C1

Fesults of FISH analysis in CD38- cells and
CD38+ cells in C1 are reported in table 2. In 1628
patents, genetic sberrations were detected in CD3E+
cells and not in C38- cells. 11q delefion was seen m 9
cases, 13q deletion im B cases, 17p deletion in & cases,
14g32 rearrangements in 7 cases, wisomy 12 in 4 cases,
hiallelic 13q deletion in 2 cases (table ). In the remaining
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12 patients no additonal genetic lesions were found in CD38+ cells in 8 cases and involved the same cells in the

the CD38+ population as compared to the CD38- cells. remaiming 3 cases (Figure 1 supplemsntal).
the expected normal range. miENA profiling on immunomagnetically sorted
To assess whether the genetic lesions were on cellz im C'1
different clopes, cobybridization experiments using
asppropriate probes were performed in 11 cases with .
=1 sberration in CD38+ cells. In these expermments it We evaluared the global miFNA expression profile
of 19 patients by considering CD338+ and CD35- cell

was showmn that the genetic lesions involved different
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1:Chaster analysis of patients with (W) and without (W0 lesions in the CD38+ fraction. miFNA profilmg of
CD3E+ (a) and CD3E- (b) cells from CD38- CLL patients with (Ted) and without (bhee) FISH lesions in the CD3E+ faction. A distinctive
mifNA profile characterrzed patients with and without FISH lesions both in the CD38+ (23 microBMAs) and CD38- cells (9 microRINAs).
The colors of the penss represented on the heatmap comespond to the expression values nommalized on miF WA mean expression across all
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populations separately. We found that at diagnosis most
of the patients with genetic lesions in CD3E+ cells (W)
had a distinctive miFMA profile when compared to
those without genetic lesions (WO, both in the CD38+
(Figure 1A4) and CD38- subpopulation (Figure 1B).
Twenty-three miFMAs were found to be differentially
expressed in CD38+ population (comected p=00.05,
Table 1 supplemental) and 9 miBMAs were found to be
differentially expressed in CD3E- population (comected
p=0.05, Table I supplemental). Foor miFMNAs were
found to be dowmn-regulated in patients with vs. withour
genetic aberrations in CD3E+ cells both m the CD3E+
and CD38- populatons: let-Te-5p, mil-125a-5p, miRk-
181b-5p and miR-338-3p. Interestingly, miF-123a-5p
showed the higher degree of significance both in CD38+
and CD3 8- snbpopulations and was therefore chosen for
further climical commelations. The down-regulation of miF-
125a-5p was confirmed by RT-gPCE. analysis (Figure 2
supplemental).

A
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Figure 2: Time to first itreatment in cobort 1 (A) and

cohort 2 (B) respectively, according to the presemce

(W) or not (W) of FISH lesions in CD38+ cells and

to the level of expression of miR125a-5p (low or high),

Chlinical outcome

In 1, the presence of additions] FISH abnormalities
m the CD38+ cells cormrelated with a more aggressive
course of the disease that was characterizad bry a shorter
TTFT (HF. 8.052, range 1.332-16.760, p=0.0162, Figure
2a). Mo difference was instead observed berween the 2
groups of patents conceming the principal clinical and
hiological characteristics (Table 3).

Hawving shown that miF.-12%a-5p down-regulation
was smongly associated with addinonal FISH lesions on
CD38+ cells and with shorter TTFT, we investizated in
an independent cohort of 71 consecntive untreated low-
risk CLL the climical relevance of miF.125a-5p expression.
For the purposes of this analysis patients were subdivided
mip 2 groups based on the 30 percentile of miF 125a-
5p distribution (range 0.00276 — 657500 AACq, 50
percentile 0.85082 AACq). The median follow up was
43 months and no difference was observed between the
2 groups of patients in terms of clinical and hematologic
characteristics (Table 3). However, patients with a lower
miF.12%a-5p expression were characterized, by a more
aggressive course of the disease and a shorter TTFT both
in univariate and in multvariate apalysis (Table 4 and
figure 2h).

Mutational analysis by mpext generation
sequencing (NGS)

Because down-reguladon of miRl125a-5p was
associzted with the presence of zenetic lesions in a minar
CD38+ fracton of the total neoplastic cells population
m Cl, we screened 20 consecutive patients in C2 by
mnitational amalysis using next-generation sequencing
detecting somatic mutations in minor cell fractons
(semsitivity 5%) [15]. Seven out of 12 patents with low
miR-1253-5p expression displayed mutstions in the CLL
populaton (table 5) as compared with no patients out of
8 cases with high miR-125a-5p expression (712 vs OB,
p=0.015).

DISCUSSION

In CLL patients, there is evidence that 3 complex
subclomnal architectare of the leukemic clone may comelate
with a more aggressive course of the disease and that in
most cases genomic abnormalities are recuTent non-
random events that expand over time due to a Darwinian
selective pressure [11, 18]

CD38 is a marker of umfavorable progmoesis and
an indicator of cell activation and proliferation that may
pralude clonal evolotion and ulimately 3 worse climical
outcome [10]. Indeed CLL is a disease in which the host’s
to sequential acquisition and accumulation of Fenetic
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Table 3: Clinical and biclogical characteristic of the patients in cohort 1 and cohort 2 according
to the presence/absence of additional FISH lesions in CI}38+ cells and the level of miR-125a-5p
expression, respectively.

Coobort 1 Cohort 2
Patients with | Patients without D mif-1252 | miR-125a b
N of patients 16 12 - 35 36 -
MF o7 W5 it 260 2313  os
[Aze mean yrs (range) &4 (50-91) 86 (52-80) s 54 (41-83) |64 (3568 |m=s
Einer staze ahc 16040 124040 s 3041 3330 ns
ZADTD (=30%%) pos/neg | 412 Ti] s &/20 432 o=
FISH neg/] 3gdeletion &8 ] s 16719 16/20 ns
TGHV nmat ummmt 11/2 00 it 305 306 ns
Treated funtreated o7 111 0.0159 11/24 1735 0.001
Table 4: Factors affecting TTFT in univariate and multivariate analysis in the cohort 2.
wvarishle N of patients | Uniwarizte analysis Multivariate analysis
HE (95% CI) T HE (95% CI) P
IGHV unnmnat'mmt 11 ws &0 3.930 (1.66-66.97) 0012 |5.51 (1.40-21.63) 0.015
MR- 1253-5p high/low 36vs 35 1145 (1.80-17.60) |0.003 J13.17(140-21.63) [0.016 |
Stape bo'a Evs 03 354(1 2067 40) 0028 |3.52 (0BEI4.131) |0.076
ZAPT) pos/mes 10vs 61 1.45 (0.27-5.98) ns - -
FISH nomal /134 deletion | 32 vs 39 0.97 (0.30-3.13) ns - -

Table 5: NGS mutations as assessed by IonTorrent technology in 7 patients with low miR125a-5p
expression (in patients 4 and 6, 2 different clones, a and b, were ohzerved).

pat | Gene Chr | Positon Location | Bef sequence VAT SeqUEnCE Mutation Type Freq. %
. GAAAGTAGTTT |GAAAGTAGTT-— |Frame shift
1 |DDXEX |cheX |41.204.747 | eccomic COGTGGAAGA |TocAsGa Selati 39.1
1 |5F3Bl |chr2 | 198.267.491 |exomic |C ;::F o 52,60
3 |MYDEE |chr3 |38.182.64]1 |emomic |T C stoploss SHW 10,83
4a | TPS3 chrlT| 7577575  |emomic |A gﬂ% Foom 643
4b | TPS3 chrl7T|7.577.580 |ewomic |T C ;3% oo 18,59
5 |XPO1  |che2 |61.719.472 |emomic |C T ;::F o 2633
Ga | ATM chrll | 108.138.003 |exomic | T C ;3% Fon 64,06
b |FBXWT |chrd |153.240384 |eomic | C T ;3% Fon 3204
T |TP53 chrlT|7.578.536 |ewomic |T C ;::F o 2859
alteramions [11]. Interestingly, there is also evidence that sipmificance of the presence of penetic beterogeneity in the
proliferation centers are enriched in CD38+ cells and that miner CD38+ lenkemic population.
3 high frequency of zenefic lesions may accummlate at Cur data showed that a significant proportion
thess sites [17]. of CD38- CLL patents with low risk FISH findings
In a cohort of unireated low-risk CLL patients as presented zenetic aberrations within CD38+ cells. Most
defined by CD3E negativity (CD38+ cells = 7%) and of these abnormalities were high risk lesions {11q deletion
low-risk FISH findings (normal or 13q deletion as single m 9 cases, 17p deletion in § cases) and in most of the
sberration]), we therefore studied the biological and climical cases these lesions were found in different cells indicating
www.impactjournals.com/oncotarget 3 Omncotarget
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that nmltiple cytogenstically unrelated minor clones may
be present in the CD38+ cell fraction. The small size
of the abnommal C38+ clones preclnded the detection
of these sberrations when snalyzing by FISH the entire
neoplastic population consisting of a majority of CD3E-
cells. Interestingly, the presence of these addidonal FISH
lesions im the small CD38+ cell fraction was associated
with shorter TTFT.

Genetic complexity and heterogeneity im the
architeciure of the lenkemic clome was previoushy
dornmented in CLL and was associated with disease
progression and shorter TTFT [18). Moreover, Grobor et
3l [11] in 3 out of 4 CLL patients fionnd genstic imbalances
between CD38+ cells and CD¥3E- cells, some of which
invelved loci of clinical relevance incloding ATM and
TP33. However, it is noteworthy that our findimgs apply o
a the subset of CLL patients with “favorable™ prognostic
featares in terms of CD3E expression and cytozenefnic data
on the entire cell population.

To identify biomarkers associated with this
phenomenon, we performed miFMA expression analysis
becsuse deregulation of miF WA was previously shown fo
be associated with activation markers [14]. By comparing
C1 patients with and withoat small sbnommal clones in the
CD38+ fraction, we were thus able to show a deregulated
miRMA exprassion profile in CLL cases with addidonal
FISH lesions in CD38+ cells. In partcular, miR-125a-
5p was found to be down-regulated both in CD38+ and
CD38- cells in patents with FISH asbnormal clones as
compared to patients withont FISH abnormal clones. miR-
125a-5p was therefore chosen as a marker associated with
menetic complexity and possibly with 4 more aggressive
clinical behavior as suggested by the shorter TTFT that we
observed in these patients.

The relevance of miR-123a-5p as a biomarker
of inferior outcome and genetic complexity was then
validated in 3 prospective cohort of 71 consecutive
untrested CD¥3E- CLL patients with normal FISH or
13gq deletion as single abnommality. In this validation
cohort we were able to confirm the predictive role of
miR-125a-5p down-regulation in terms of shorter TTFT.
To our knowledge, this is the first observation linking a
deregnlated miFMA expression to inferior outcome in
a subset of low risk CLL patients [19]. This finding is
valusble because the majority of CLL patients present with
low nisk feamres at diagnosis and disease prozression is
difficult to predict in such cases.

In addition, in this validation cobort we found,
through the nse of HGS technology, that CLL patients
with lower levels of miF.-125z-5p displayed an mcressed
rate of mutations m CLL-related genes. Sewveral recent
reports have comelated the presence of specific nmtations,
detected by NGS5, to prognosis [#, 20]. Interestingly most
of the nmtations found in our patients, inchiding TP353,
5F3B1 and ATM, have been associated with 3 worse
climical ontcome and progwosis. This observaton further

soengthens the association between genetic complexity,
mik-125-5p down-regulation and worse onicome.

Alterations in mifIMA expression are inwvolved
m the mitizton, progression, and metastasis of several
Iuman cancers, by acting both as mmor suppressors and
oncogenes in cancer development [21]. In particular,
miF-12%a-5p was previously found to act as a non-organ
specific humor suppressor gene that, when down-regulated,
is associated, in several solid cancers, with a more
azgressive course of the disease and a worse prognosis [22-
26]- A germline mutation in mature miF-125z-5p has also
besn closely associated with breast cancer fumorigenssis
[27). This miFNA primarly achieves its antiproliferative
effiect through down-regunlaton of proliferation related
genes, mvolved in the phosphoinosidde-3 kinase (PISE)-
AKT and FASRAF/mitogen-sctivated protein kinase
signaling [23]. Noteworthy, it was recently showmn that in
SMEL, an indolent B cell lymphoproliferative disorder
like CLL, there is a characteristic deregnlation of miFMA4
expression including down-regnlation of miR-1253-5p
with a possible implication in its molecular mmorigenasis
[28]. By contrast, miF-12%a was also found commonly
gained and'or overexpressed in DLBCL [29] and i this
perspective it would be mteresting to look 3t miR-125a-5p
levels in CLL patients that has transfonmed into Richter’s
syndrome.

In conclusion, (i} by FISH analysis we disclosed
zenefic lesions in the minor of CD38&+ cell fraction in
CD38- CLL with low-risk FISH findings, (i) we provided
evidence supporting an associzion befween cIyplic
genefic lesions m CD38+ cells and disease progression,
(i) we found that penomic complexity and worse outcome
were associated with muR-125s-5p dowmn-regulation and,
w) we validated this finding in an independent cohort
of unireated CD38- CLL patients with low risk FISH
findings.

This set of data show that gemetic lesions may
appear in CD38+ cells in low-risk CLL and that they
may be associated with miF-125a-5p down-regulation,
allowing for a more accurate prognostication m low-risk
CLL.

METHODS

Patients

In this study 2 coborts of patients have been
considered. Cohort one (C1) incluoded 28 untreated CLL
patients seen between 2005 and 2006, Cohort two (C2)
consisted of 71 consecutive unireated CLL patienfs
diagnosed between 2007 and 2011. Inclusion criteria
were the following: diagnosis of CLL according to MCI
criteria [30], CD3E8 negativity (CD3E percentage < T%4),
good prognosis genetic lesions as defined as isolated
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13q deletion or absence of genetic lesions by FISH, here
referred to as FISH negativity, using 2 standard 4-probe
FISH panel [31] (vide infra).

Indications for oeamment mcloded: increased
WEBC coumt with =6 monoth Iymphocyte doubling
time, znemia or thrombocytopenia due to bons marmmow
infiltration or autoimnmine phenomena not responding to
steroids, disesse progression in the Binet stagng system.
Fladarzsbine-c ontaining regimens were used as first-line
reatment; chlorambucil was used in some elderly and
unfit patients.

Thiz smdy was approved by the local ethics
committes and informed consent was obtained from the
patients.

Immunophenotypic analysis

At diagnosis, imnmnopbenotypic analysis was
performed according to WCI crteria [30] as previoushy
described [32]. The Matutes immmnophenotypic score
[33] was calculated giving 1 point each to CD5 positivity,
CD23 positivity, CD22 weak positivity, sIz wesk positivity
and FMCT negativity. Only patients with a score =3 (Le.
rypical CLL) were incheded. The expression of CD38 and
ZAP-T) were tested, as described [34], on fresh peripheral
blood (PB) cells with a 7% and 30% cut-off for positivity,
respectively.

Cell izolation by immunomagnetic sorting

In the 28 patients in C1, CD38+ and CD38- CLL
cells were isolated by immunomagnetic sorting as
previonsly described [33]. Briefly, PB monomiclear cells
(PBMCs) were isolated by density gradient separation
(Lympholyte-H Cedarlane, Cellbio. Milan Italy). In order
to eliminate monocytes, T and ME cells and to obiain a cell
fraction enriched in B-cells we first perfonmed a negative
salection with Drynsbeads PanMouse Iz (Chyoal A5
0slo, Worway) coated with ant-CD14, ant-CD3, and ant-
CD16 monoclonal antibedies (clones TWCHM1, UCHT1
znd B-El6, respectively, all provided by Denamed,
Ferrara, Italy). CD3, CD14 and CD16 negative cells (ie. B
cells) were subsequently subjected to a positive selaction
with Dynabeads coated with ant-CD38 antibody (clone
T16, Denamed Ferrara, Italy). At the end of this procedura
we obtzined CD38+ and CD3E- B cells. The purity of
sorted CD3E- and CD38+ B lymphocytes was = D8% as
FISH amalysis

For CLL nsk assessment, mferphase FISH was

performed m all patients on PB zamples obtained at
diagnosis nsing probes for the following regions: 1314,

12gl3, 11g22/ATM, 17pl3TP53 (Vysis'Abborr Co,
Downers Grove, IL, USA) as described [32]. Cut-off
points for positdvity were previously reported [32].

In C1 patients, FISH analysis was performed on
both CD38+ and CD38- immunomagnetic sorted cells, as
previously described [35], and the following regions were
investigated: 13g14, 12q13, 11g22/ATM, 17pl3/TP33
and 14q32 (L5 IGH) (Vsis/Abbott Co, Downers Grove,
IL, USA). The following probes were used as controls:
CEP10, LSI PDGFRE, L35I EUNXLBUNXITL, LSI
BCR/ABL (Visis/Abbott Co, Dowmers Grove, IL, TTSA).
Co-hybridizstion experiments were p-a'ﬁm:ed in order to
evaluate the coexdstence on the same cells of more genstic
cells were calculated on 5 normal healthy controls as
median valnes + 3 standard devistions and were et at 10%4
for ranslocations and trisomies, and &t 14% for deletions.

I'GHV and TP53

TGHY genes were amplified from genomic DNA and
sequenced according to standard methods and the cut-off
of 98% homology to the germline sequence was chosen
o discriminate between nmtated (<98% homologzy) and
ummutated (=98% bomology) cases, as reported previonsly
[8]. TP53 nmatational analysis was perfonmed as described
elsewhers [E].

MMicroRNA microarray

MIFNA expression was investigated using the
Agilent Humen miPMNA microamay v.2 (#5344 708, Azlent
Technologies). as previously described [36]. Microammay
results were analyzed by using the GeneSpring GX v.12
software (Agilent Technologies). Data transfonmation was
applied to set all the negative raw walues at 1.0, followed
by 8 Quantle normalization snd a log? mansformation.
Filters on gene expression were used to keep only the
miFMNAs expressed (Detected) in at least one sample.
Then, samples were gronped according to the presence
or not of genstic lesions by FISH analysis in the CD3E
positive cells. Differentially expressed miFMNAs were
identified by using a 2 foldchange filter followed by a
mixderated t-test, with p-20.05 using a moderated t-test with
Benjamini-Hochberg comection Microamay experiments
have been submitted to ArrayExpress datsbase (accession
mumber to be recerved).

Quantitative Real time RT-PCR (gRT-PCR)

Matore miRMAs expression was evaluated by
Tagman MicroFMA assays (Applied Biosystem, Life
Technologies, Foster City, CA, USA) specific for miF.-
1253-5p and normalized on 185 rbosomal B A Briefly,
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5 ng of total F}A was reverse transcribed using the
specific looped promer and quantitative real-ime reversa
transcription PCR (gRT-PCE) was conducted using the
standard Taghan MicroBINA assay protocol on 3 Bio-
Fad-CFX thermal cycler (Bio-Fad Laboratories, Hercules,
CA, USA). Each sample was analyzed in triplicate. gRT-
PCE for 185 rRMA was performed nsing 500 ng of total
FMA for each sample sccording to the instactions of the
mamifactarer (W-MLW Feverse Transcriptase; Promega,
Madison, WL, USA) znd the real-fime reaction using
EvaGreen® Diye (Biotinm, Hayward, CA USA) on the
Bio-Fad-CFX imstroment. Each sample was analyzed in
wiplicate. The level of miRMA sand mRMA was measured
by the use of the guantitation cycle (Cq). The amount of
target, normalized on 185 rAMNA amount, was calonlated
using 2—ACq (comparative Cq) method as implemented
by Biorad CFX Manager Software (Bio-Fad Lsboratories,
Harcules, CA, USA). Significance in gRT-PCE. results was
determined by t-tast.

IonTorrent Persomal Genome Machine (PGM)
analyziz

Agilent HaloPlex Tarzet Enrichment kit (Agilent
Technologies, Santa Clara, CA TSA) was used to
constuct hibraries of spot exonic regions of 20 genes
(ATM, BIRC3, BEAF, CDEN2A CTHNNE], DDX3X,
FBIXW?7, EIT, ELHLA, ERAS MAPE] MYDES,
HOTCHI, WRAS, PFIE3SCA POTI, SF3B1, TR33, XPO1,
ZMYM3) starting from genomic DNA from peripberal
blood samples, according to HaloPlex Target Enrichment
System (Agilent Technologies, Santa Clara, CA TJSA).
Diluted Lbraries were linked to Ion Sphere Particles,
clomally amplified in an emmlsion PCE and enriched
uwsing lon OmeTowch emulsion PCE System  (Life
technologies, Foster Ciry, CA, USA). Exon-enriched
DA was precipitated with magnetic beads coated with
spirptavidin.  Enriched, template-positive Iom Sphere
Particles were loaded in one Ion chip and sequenced
using Ton Torrent PGM (Life technologies, Foster City,
CA, USA). Sequencing data were aligned to the human
reference genome (GRCh3T). Diata analysis and varants
identification were performed nsing Torrent Swite 3.4 and
“ariant Caller plugin 3.4.4 (Life technologies, Foster City,
CA TUSA).

Statistical analy=is

Quantitative variables were reported 25 mean values
with standard deviations {5Ds) and were compared nsing
the Mamn-Whitney test The Fisher exact test was nsed
for categorical wariables. All tests were 2-sided. The time
to first treatment (TTFT) was calculsted as the mterval
berween diagnosis and the start of first-line weatment.
Survival curves were compared by using the log-rank

test. A P value <.05 was used as a criterion for statistcal
significance. Proportional hazards regression analysis
was used to identfy the most significant independent
progoostic vanables om TTFT. Statistical analyses
were performed using Stata software release 3.0 (Stata
Corporation, College Station, TX, USA) and Prism 4.00
for Windows, GraphPad Software (San Diego Califomia
UsA).
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To wmnw.umlm ceniers PCs),
leukemia

17p13 delefion (2-7% incidencel. The 1753 delefion and the
11y chedetion immiﬂMATﬂmmuuﬂdwﬁ an
unfavorabde ouboome. " Evidence was ah:lrﬂulhlll'ﬂ [
deletion may be found in a subset of 517 and (1L with
h-pduimq-l-:n md intermediate oubcome™® and that 1432

diassified as ‘PCs-rich’ and 108 cases {81 %)
PCs were dassified as ‘typloal. Complete FIEH data were
dhtained in 101 cases (55.1%), 79 of which (T8 2%) displayed
ot least one chromosomal aberafon. The inddente of
eaoh aberration was: 13g- 36,7, 1463 transbocallons 300,
Tig- 2.7, somy 12 19.5% and 17p 15.8%. Fhe cases
showed &xira coples of the 14g32 region. The *PCe-rich’ group
was mssocisted with 17p~ 14qX2AgH translocation, 4 12,
KI-67 2 30%. The median survival from the fime of §ssus biopsy
for PCe-rich and typlcal groups was 11 and & months,
respectively (P- 0L0000T). The PCe-rich pattern was the only
pradictive factor of an infed or surdval at multhadste analyss
(P=0.022). These astablish an associstion betwesn
and the amount of PC in ClLL, and show
that this histopatologic characteristic Is of wvalue for risk
assessment in patients with dinically significant
Lovkemiaadvance online publicafion, 23 Septembaer 2011;
i1 001 0 w20 11247
Kaywordi: FISH: dhrormt lymphooyo baukemis; small yrmphosylic
ymphams; profiles Son conlers; 1491 tanslocainn

Introsdusction

Chronic hmphocytic leukemiasmall hmphocoytic ymphoma
WOLLASLL) i 2 Becell chonal lymphoproliferative disonder char-
acterived by the accumuaion of small I-,,m.iu:nc-ple: n |h&
pedphenal blood, bone marnow and hymph nodes deiv

the wansfarmation of a CD5+ B-cell Recursent u:ula
ptegenatic ahnormal ities may identify specific disese subtypes
in CLLSLL™? The most feguent aberations incud 13q14
deletion @050 incidence); 11g22.23 deletion (10-20%
incidence); iotal or parfial frisomy 12 (10-15% incidence);, and
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Sciencess, Hematology Sedion, S.Anna Hospetal, Univesity of Feram,
iz Sovonarola 9, 44100 Fenara, kaly.
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Received 9 Movember 2010; sevised 12 July 2011 ; acoepied 8 August
A1

the i bofwslin l'uml]-‘%HJ chain
gen: may hm#ﬁwihuﬁumlﬂtm
A charageristic hispathologic feature of SLLAOLL i repee-
sented by ‘proliferation centers’ {PCs), which consistof regularky
digributed mle aex without a manfle with mmenous
prodymphocte and paimmunmblags, reulting in a peesdo-
follicular patiern.™ Unlike reacfive germinal centes, the PCs
are OO0, Bel6e, IRFA+ and bel2+ "™ and contain large
Ki-67 + cells, admived o typical B-ULL cells. They are visible
on bame marrow and lymph node sections, and probably
mpresent the sites whene the Tdependent immune response to
an unknown antigen promoks the seleciion and the clonal
espansion of B-cells."* Alhough the size of PCs and the amount
of paraimmunoll s in hmph node sedions did not show
a comrelation with clinical course"® the presence of more
etensive PG in follow-aup biopsies compared with disgnostic
biogmies has been mported” Intemstingly, 2 recent study
:?ﬂdl‘nlmanxﬂmmybmlbﬂw&mt&rﬂ
highly active PG and an aggressive vardant of CLIL
Recently, technigues wes developed that allow for the
gpplication of fuoresicence in siu hybridization [ASH) on
paraffin-embedded fived timws. ™™ The prepacfion of tisue
micraray (TMA) for FISH anahss™ made this echnigue a
potentially ideal method for the screening of lage number of
eaes ina single hybridization esxperiment
As—io the best of our knowledge—only few data are
sailable on the cytogenatic profile o lymph nodes in CLLSLL
and ghe presencs of lesions in cornel afion with the:
estension of PCs has never been previowsly tested, we designed
the present study aiming toc
(il analyre the sensitivity and reproduciility of FISBH on
parafiin-embedded fixed mues aranged on TMA fram
183 consecufive lymph node biogeies comesponding to
histol exgically asoenained CLL/SLL,
fiil) estimate the requency of chromosame lesions on lymph
nscle samples and
(i) analyre the pomsible corelaion of specific domosome
lesions and the extension of PCs, and how these feature
may impact on clinical ouleame.
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Patients and methods

Fatients

A fotal of 183 consecutive patients with CLLSLL di
according to MO criteria,* submitted o excisional lym

bigpay for disgnostic pumoses, wes included in this study.
All the patients had a donal B-cell populaion with CD5+,
C0N9+, D23+ and srbce kapmafamixda light chain
e ction.

Lymph node biopsy in these patients was pedormed in
the mesence of sive disease™ requiring treatment,
with adenopathies 23om. In all, 49% of these patients were
untreated, 519% had received 1-3 lines of trestment (median
2 lines).

Theese: patients wene referred for h-du?u] diagnosis at the
Hemohm phopathdogy Service of 5.0msola-Malpighi Hospital,
Bokgna University, Bokogna, aly between 2002 and 2008, The
only selection critesion was repmsented by the awailability of
sufficient amount of paraffineembedded fisme.

Histopathologic studies

Each hiogiy had been fived in formalin. Hematoxylin-edgin,
Givsrrea, Gosmori and im musnohi o hemical stins perdonmed at
the time of diagnosis were always available. All cases wene
reviewed by three observens 5P, CA and B5). CLL disgrasis wis
confinmed in all insances based on cell mophoksgy and
phenotype’" The latter resulted: OD3~, D207 jghe stining
ranging from weak in the small B-cell component o moderate in
PCs), CD79a™, CD5F, CD23%, IRF4™ in POy, Cyelin D1,
CD10°, BOWG™ and BOL2 Y. Details of the antibodies and
techniques applied are reparted in Table 1.

ﬂnmumchmﬁﬁlummu ies acconding to the:
previously reported  criteria ™ and typical’. The
formes inchaded those caes mﬁ confluent PCs -v.hmu e
latter showed scattesed, small, ill-defined PG in a
badkground o small, relatively round lymphocyes (R 1L
Mo hissological shift |Lu DILBCL ‘I{Dﬁn L:“r;p Bl Lpnrm'n]
was recorded ™

Ti'.-ii.remi:rmrra{s

A slide dained with Gierria was prepared from each parafiin
blodk, and mpesentative tumor regions including scattened or
confluent PCs were morphaogically identified and marked on
every slide. Tisue cylinders with a diameter of 1.0mm were
punched from the marked aness of all Bods and beought into a
recipient pamffin bleck wing 2 prechion ingrument, =
previously described ™ The biopsies were in seven
ThAs, each containing material from 32-46 cases. In addition, a
rumber of normal sampls (pleen, ymos, ml I-,,-n‘ph
i) e i nchuded in all ThiAs a i le

copies of each TAA wemr prepared o allow m-.nuhuudnm-
istry and fuorescence in-situ hybridi zation FISH with a S-probe
prane] {see below).

Immunohistochemisry

The d-prri-thick sedions veere cut from eadh recipient blodk and
tesited with anti-ZAPT0 and antiKi-67. Technical details are
provided in Table 1.

The immunohistochemical resulis were independently scored
by three mthologiss (5P, CA and B5) = llws +, >75%
posifive cells; +/—, 50-75% psithe celly -+, 25-500%
podifive cells rare, 10-25% posithe cell and —, <100

Table 1  Dewik of mmunohisochemistry
Anfitreies Soume Chine Diedion Ardigen refrisal medhod Dederdinn evtnique
coa Mecbdadmms, Femont, CA, =7 1:300 Mcmwendng (T x 3 opcles ot 750 W) AFNARD rpers
LA Il Frkd EDVTA (pi 8.0)
CD20 D by, G, Dierrnerk 28 1: 500 Momvansdng § « 3 opdes at 750W) ARRARST erpers
il rrad EDTA [pH 8.0)
COfae Dk, Giodnup, Denrmerk JCE11T 1:10 Micrvaanrg (T « 3 cpdes a1 750 W) APAAP/ leryers
Il rrsd EDTA [pH 8.0y
CO5 Dk, Gioatrup, Denrmark 5F6G 15 Momaasdng (T x 3 opcles at 900 W) APRAPYD rpers
Il Frkd EDVTA (pi 8.0)
co2a Mewvacastina, Merernl 1812 130 Miemwinding (T = 3 opcles ot 900 W) APMARD frpers
Clagrostos, Gressina, bay Il Frea EDVTA (piH 8.0)
FF4 Falri, Perugin, MILM-1p 14 Memwendng 1 = 3 opcles af 900 W) APMARSD frpers
Ry il rrsd EDTA [pH 8.0)
Cyeln D1 Mecbakes, Femont, CA, =4 1:10 Maomaadng (T = 3 opcdles at 750 'W) APAAPD rpers
LSA Il rrsd EDTA [pH 8.0y
COg Mowacsstra, Merarni 5806 15 Momwendng (T x 3 opcles ot 750 W) AFNARD rpers
Diagrostios, Grssina, ey Il Frkd EDVTA (pi 8.0)
B8 Prodessscr Falri, Perugis, PG-BAp Uncfli s Memaading (T = 3 opcles ol 900 W) APMARD frpers
Ry il rrad EDTA [pH 8.0)
BOL2 Dk, Gioanup, Denrmerk 124 14 Micrvaanrg (T « 3 cpdes a1 750 W) APAAP/ leryers
Il rrsd EDTA [pH 8.0y
KHE7 Dk, Gioatrup, Denrmark Mi-1 120 Momaasdng (T x 3 opcles at 900 W) APRAPYD rpers
Il rrkd EDVTA (pi 8.0y
coaa Mewvacastina, Merernl SPCE 1:40 Micmwinding (T = 3 opcles ot 750 W) APMARD frpers
Dlagrostios, Gressina, bay Il Frsa EDVTA (p 8.0)
g0 Upstta, Mipars, Bledoa, 2F32 180 PTLink {Fal @2 °C) in Envision Fes Dby AEAL
BAA, LISA Trget Aetival Sdufian high PH Dretection Systern,
Aaine
P st FET
Ptk e

Asbeitinns: MPANR, alalne phombatase ard-akaline phosghatase comges: EDTA, efyiendarnine et ascels acd
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Figure 1 i) Typical PC pasiern at low magnifi

cation (Giems, « &0); ﬁ]mmilmpm-phmnmﬂ:ﬂmmﬂbnﬂr

er fhiemsa, = 40 ic) Cellubr composition of a typical PC wigh a2 mindure of small lmphocyies,

= &S00 i An example of PCoanch case with presdomi nant

= &0); ) In 2 cane with PCarich

profymphacyfic compasition (Ciemsa,
pasiern, them isa mbdune of prol ymphooytes and pasimmunoblets (Giems, < 200305 ) In mﬂlﬂmlﬂh!ﬂi"‘l‘ﬂ paraimmunoblasts

predominate (Giemsa, « 400).

positive cells. The staining infensity was also amesed and
tmﬂauu}mnhntwuﬂ by comparison with the

vity of nosmal T lymphocyes and plama cells for
ZAPTD. Thoee cxtes with moderate or

was quantified on at leait 10 40 high
tssue section that incleded baoth PCs

with a predominant smal | cell component. The: cutoff poing for
prsitivity vas st 3t 30%.

Fluoresrence in situ b ization
tion of the slides and hybridization. The d-um-
secHions werne for FISH asays, & eoommended

Ventura & al'® i limit the number of nucki truncation
ng sectioning and consequent loss of probe signak.
TMA was submitied o dﬂim using, Ih& ful
s-pwh paned in dua h'ph'ln'lﬂhn L
10 cent i intermal control in
qnimtmhnwlﬂhTMm p‘t.h: oy thee
Mg22.3; orange LS| DI35I5 DINA p-'nh {band
13q14.3); Spectrum orange LS| pS3 proke: to the band 17p13.1;
Speectrum orange CEF 12 alpha satedlite probe o the centromens

§

%E

EE

band of chomosome 12 and Spectum green CEP 10 alpha
satedlite: probe fo the centromere of chomosome 10; and 151
IGH Dual Color, bresk-aparnt rearrangement probe | l4g320gH
breakpoint]). These probes wene sed by Vysis Co
by W%”H&ﬁd:r mm
taly). As v warne toa
dewaning step consisting of heating at 55°C for 10 or more
minutes followed by washing in xilene for W0 min % 3 fimes
atm-m ¥, the slides wem dehydrated
10MFE for Smin. The demasking step wa
z:u-md chemical freatment and high temperatune
the slides were immersed in a 1 mmol ethylendiaminee-
mm:ﬂdwinpﬂmmﬂthﬂi
emperature for dmin. To reduce background noise "'ﬂFﬂ"*
enhance signal intensity, the slides were bathed in a proteohtic
#imn;.:ﬁmdhﬂﬂdnﬂ#nhurﬂni
37 °C. Fimally, the slides were fived in 0% foemalin salution,
m-hydratated in an inverse ethanol alcohd sedes (100, 85
and 707%) and dried at room temperature. Each probe (10p0)

Lk

was added to each slide and covered with a covenslip.
Rubler cement was used o seal the and the slide
were placed in the codena ratien  device
(ThenmoBrite, Caol.

Lauicaimil &
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DA denaturation was obfained at a meliing temperatmre of
B0 for 22 min fesllowed by ovennight hybidi zation with each
probe by incubation at 38°C  Poshybridization washes
included baths ot 75°C in 0.4 x S5003% NP4 (Vysis Co)
fior 2 miim, aned at & room tem peratune in 2 < SS00L1% NP0 for
1 min. A 10l of AP I courterstain {Vysis Co) was applied to
the target area and a coverslip was added.

FISH signal screening. Balustion of FSH resus was
on a fhugress i mi {Milkon
Ialia, Milan, Maly) with :mq.dn#-mqiwd black and white
camera, and 3 iate hardwam and software. The msulis of
FIEH labeling were int el aned scomed by one i nvestigator
(MO unaware of the hisolgical data Depending on the
amount of cells for each core sedtion, at lesst 100 and wsually
200-300 nasclei were manually scored. To endure accuracy of
the analysis, scofing was on almost the entine oone
’um]::ihﬁr?uu w-nadfw each cxe Signal
screening was performed in those aneas without excesive
overlapping, avoiding ares where mnechd bosders were not
clearly shaped. For the brea a nuelews with a
fusicen signal (normal signal), one red and one green signal
(split s was sored = tonskcaed. The presence of
:;e h-lr:n;gﬂj and one single-color signal (either red or
green) was considened as indicative of deletion of pant of the
Ingm, a phenamencn reflecting physiologic rearrangement of
the: lgH gene ™
Cut-off for positivity. To estsblish the cutoff we wed 10
cases of reactive tonsil, spleen and thymus tissues aranged in
the: five TWAs phes two reactive lymph nodes on two separate
shickes. The cutoff poing for positivity was set at 439% for profses
detect deluium,:kﬁﬂhﬁruduuiﬂnm‘ 12 and
at 6. 1% for the: 14321 H ranskocation probe, comesponading to
the mean fle-posiive vl obtained o the 12 aontrol-caries
plis 3 sds™ A cme wa chsified = carier of deletion or
trisamy provided that a concomitant nommal by bridization
patienn win observed with the chromosome10-¢entnomeric
probe. As previously described by Meiner ef al*7 amplification
was defined as the e of wmor cell nucled with fhree or
mdre sgnak exceading the mean plus 3 s.d. of ti-fpolysome
nuclel in the reference cases.

Toy further verify the specificity and acowracy of our method,
FIEH s on e section of 18 cxes of CLLSLL
with known cytegenetic lesions, dewected by FSH on cell
susprensions. abtained from the same mph node biopsy.

Immunoglobulin heavy chain variable region (IGHV)
musational status
IGHV mrutations were studied in 67 patients with a complete set
of clinicobiologic data fr whom sufficient matesial was
available. Cenamic DNA wa olated from paraffin-embedded
lyregeh roscdes wsieg QLA DMA mmini kit iiagen, Milan, Kally),
and sbjected o amplification of the VD harisble'dvesity’
juvining) gene rearrangements by polymeraie reaction (PCR). In
dticular, KGHV reara weere amplified with family-
Pasil, K1V saturgment vare npfed b bou)
region 1 or framework region 2 in oonjunction with |H primers,
i segmrale ko fﬁeﬂw Iﬁh};ﬂ'm PCR pchuscts,

after ethidium bromide stained agarose gel « is,
wese spin column purified (Promega, Milan, kaly) and directly
ed 1GHV ey were ali o e indernational

ImMunGeneTics datsdase (IGMT hiipim g cine i initisor
and coordinator: MariePaulke Lefane, Montpedlier, France)
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mlq_ the IﬁLATI' sodiwwane hwm.nd!inh‘lnh
ighlam). IGHV sequences were comsi dered mutated if deviation
fronm the comesponding geamline gene was > 2%

Statistical analysis

Quanfitative variasles wene reponed & mean values with d.’s
and were compared using Mam=Whiney test. The Fisher eac
test was used for categorical variables. All iess wes iwosided.
The overall survival wa caloulated 2 the interval betwesn
bi and the bt follw-up. Survival cunes were

mxvﬁe rk test. A Povalue < 0005 was used & a criterion
for safigical significance. Poporional harards regeession
analysis was wsed to identify the most significant i

prognostic var dbles on overall survival. Statiical analyses were
obtained using Stata software rebkase 8.0 (Stata Comqurafion,
College Station, TX, LSAL

Resulis

FISH studies

Efficiency of hybridization. Hybridization with each single
probee was suocesiul in 61.7-803% of the cases (Figure 2),
shown in Table 2. Asemable data for the complete S-probe
panel were chiained in 101183 cases (55,1%01 In 58 cxes
{31.6%) amemable data were obbined with 1-4
wherez no data were obtiined in 24 cases (13.1%). The
eficiency of hybridization was comparable in 114 cxes
biogmied between 2002 and 2005 fuccosshul analysis in
54.7% of the cass) and in 69 cases bBogmied between 2006
and 2008 {56 5% success rabe) . Technical failenes (see Table 2)
wereaccounied for by the dwence of adeguate number of cells
on TWMA comesponding cores in 12.5-26.2% of the cames
inefficient hybridization and ing nucle precluded
agcurate sigral screning in 7.1-13.2% of the cmes.

In 18 cases with known oy i aberration: on conven-
ticnal ol sepenmions obtained fom fresh lymph node biogsy,
FEH analysis on paraffin-emisedded thams confimed the

of g W18 camed), +12 (518 cases), 13g- (718
casesl, 1432/0gH wranskcation 618 cases) and of 17p- (618
canes), inthe amence of falsepositive resuls.

Incidence of chromosome kesions.  The incidence of esch
single aberration was as follows: 13q14 deleion 36.79% (541147
canesl, 1432 wambecations 30 M20136), 11g deleion
24.7% 2BN13), thsorrry 12 19.5% 26133) and 17p deletion
15.60% (23147). thmimd:ﬁ‘plﬁﬂﬁmﬁ: ldgiy
Im&lﬂlﬂ i, 3=7 fusion signals). Conoomitant aherrations in
t five: cases weres 17p- in twio cases, 1432 transkcation,
412 and 11q- in one case each.

There was no significant difference in the incidence of 13g,
+12, 1 and 14632 transkocations in unireated vi pretreated
patients, whereas 17p- ovourred more by in treated
patients 2 compared with untreated patients (26% and 6.5% of
the cases, respectivelyl.

A total of 79 out of 101 patients sucosshully analyzed with
the: S-grobe panel (76.2%) showed at leagt e chomosamal
abserration, & shown in Table 3. Using a oytogenetic dasifica-
tican 23mi gniing, every paient to a single categary acoonding to the:
hierarchy 17p > 11ge >14g32 > +12 =13g."" the 11g
dthhm:lhnulﬁuzuiql ic anomaly accouwnting
for 206 of the cases, followed 17p= (17%), 14q327gH
translocation (16%), 13q- {15.8%) and wrisomy 12 {11%)
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Figure 2 (&) Thepe=sonoe of one fusion signal fyellow) and of one green and onered signal ésplit signals), i indicati veod 14q32AgH tenskocation.
hi 14g3 HgH ampl ification dooumentad by the presence of multiple nucls wish 23 fusion signals; the presence of red and green split signals

indlicates: concomitant 1433 3gH fanshcation.

Tahle 2 Hificiency of FISH studies on samples 2nanged on ThiA
T of prote Mb. of cases Reasrn for fafures (5)
sreesaiily
aryrent "

Lack of cels Oher™
17p- 147180 @03 2IHE (125 13EmFe
11g- 113183 §1.7) 48n8(282) 2218 (121)
142 AgH 13183 (748 23125 24183 (132)
+12 1IMEY 727 A (153) 228013
13- 1851180 POE 24A83131) 138 7))
M. of probes

5 10/ 83 §55.1)
4 28183 14.3
a 150183 @2y
2 aM1a3

1 9183 Eﬁgg

Abbyesiatinre: FSH, fuomssanos i @i hybddraiior; PC, proilissdon
carfer; ThiA, Sasue micoaray.

"24/183 cases (11 cames 'P(}rld'l' and 13 cases Yyplal) not
enaluile

EOfe” nduds a oty of cases showing poor hybrddizaton and
e civets with overdapping nudel preciidng aoorsde nisrpretafon
of e newlls

Histopathologic subtypes and their association with
biclogi feau-.?re:

A total of 108183 cases (59.19%) with scasered PO wene
amigned to the typical subtype. A total of 75/183 caes (40.%%)
were agigned o the PG-rich aubhype, owing to the presence
of confluent PCs In 35 cmes (19.19%) paraimmunoblss
mpresented the predominant cell populstion within the PCs,
in 14 caes (7.6%) the vast majority of cell were prolyrmpho-
cytess and in 26 cases (31.39%%) a mixdure of paraimmunoblass
and prolympho yies was seen. Notably, mone of the cxes with
P'lﬂl.lﬂ'll\ﬂi pualrlnuwbhﬂu cell p.lpuhhm within con-
fulent PCs had the clinical charac tedgics of Richier' s syndnome.

When considering thase cases with succesiul hybridization
ﬁi\eﬂ.‘l\:h@jepﬂ.ﬁﬁ. 7p=, +12 anad 'qu]Zu"Iﬁ'l translocation
weESTE M v in the PCsich subtype than
in the typical subtype QOG0 cxes vi 3087 for 17p=, P<0.000;

Table 3  Frequency of chomosome shenations acoosding o 2
hieraschical clasification” in 101 cases successully anal yzed with the

compilete S-probe panel

Abn oty Mo of % Abnormal
cmos” cols,
] Ay
(i
17p= 1M 0T 460 (EH
17p- singln 1
igdiional 11g 2
ahamaors
412 2
14g/gH 2
130 2
11g-, 412 1
12,1 1
gl 3
11g-, TacfzigH, 2
13
Mg, +12, 1 1
g e 2000 47506 (68
1 L] ]
Aciditional 413- = 1
ahamaors
13- 4
14gERiig, 13- &
412, 13- 1
tacgngh 4
1o igH R Ta [u}] 24-T2
1aqfiigH singin 509 F
iddisioral +12 2
faleyr=le g
13g 5
412 1M 1) 748 @)
12 5 10
iciditional -;E:r e 1
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w412 2 13g-.
00 cames (21 B06) did ficl show ary sbnarmalily.

15/52 we 11081 for +12, P=0030; and 2254 v VA2 for
1432 translocations, P=0U043)

Ki67 was posiive in >30% of the cells in 27164 cases
succesdully ested 4% Ki-67 + casesbelonged o the ‘typical’

(2]
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s

subitype % compared with 2369 Ki-67+ CLL in the PCsrich
group (P<OU00T). ZAPTD was posifive in 917149 (61, 19%) and
there wa no statistically significant difference between cxes
clagified 2 typical CLL PCs-rich CLL fvide infra).

A thorough analysis of existing comelations betwesn histalo-
gical features and clinicobioksgic parametens was pernmed in
101 patients with succesful hybridizaion with the complete
S-probe panel (Table 4], These 101 patients were representa-
tive of the enfire sexies in terms of incidence of conflwent PCs

Table 4  Clinical features and demogaphics of the 101 patients
with cylogenefic data obtzined with the 5-probe panel

L
Az rich ]
o of o, of
=" 1- ) s
Agae fmean) E3.8 (sd 1004 A0 (sd 123 ME
S
F 24 7 ME
] 40 |
Stage at fme of Bopsy
=2 i) 15 ME
S 25 8
17p-
Mo =] = =100
Yos 2 15
11g
Mo L] ME
s 15 11
:fwm
1] 8 o
i 14 18
+12
Ma -] 25 E
Yos a 12
1
ahrh a5 r ME
Yos = 1
Urnimombis FSH (11g- andor 1704
Mo 43 16 aon
Yos 16 |
ZaAP-T =04
Positve <] 7 ME
Mogadun il 13
KT =212
e 2 12 aom
=3 -] =
WEHY (=T
Urrmutated 2 "] ME
Lrtnd 14 L]
Tima botwann 21.2 [95% = 006
disgnosis and O Oo-Ea QI00-ram
by
I:rn-'l. mardh g
g-u T2, typloal:
&, PCs-noi 33
Fro-iroated st ime of bbpey (n- 85
Yo 13 2 o
Mo = <] 4

{37% v 40L9% in the iodal series, P=N5) and of scattered PCs
(649 v 59.1% in the tofal series, P=N5L IGHV usage in
corelaion with mutaional status in 67 cxes & shown in
Figure 3. Rearranged WGHV families recummently inveheed were
as follows IGHV1-68: 19.4%; IGHVE30: 11.9%; IGHV3-T:
7.4%; IGHVI=23, IGHVI=48, IGHV4-34 and IGHV4-39: 6%
each Dithers IGHVY families were invoheed in > 5% of the cases.

As shown in Table 4, 17p-, 14g32/gH wanslocations, +12
and ‘unfavorable’ FSH abmormalifies (that i, 11g- and 17p-)
wiere moe frequently encountered in the PCsrich subtype than
in the typical subtype. Likewise, Ki-67 paitivity in >30% of
celb, being pretreated at time of biopsy and longer interval
between diagnosis and biopsy, were asociated with the
PCserich subtype, whereas no significant asociation was noted
betwesn ZAP-70+, IGHV mutational stats and histaogical

Humbes of case

HII_I"HU-EI o, ‘iui':
Piiiifiiitiiq
WH tarty

Figure 3 Recunent usage of WH Gmilies and mutational status in &7
cases.

Table 5 Analysis of Gcios afiecting survival fom she Sime of
biapsy
Uinfvariate analvs's vanishi No.of  Medin cwral P
petings mnded
e
Vit edexeny
Typiead ] BA(LE 000004
PC-rich 34 127
KE7
2A0% i4 403 U
<30 B 4 (5.6
ZAPTD
Posive 4 Fa8 ME
[—— w 84 {18.4)
Stage o bivpsy fi=57)
-2 2 B4 1.5 NS
a4 £ MR8
FiSH
Ferverabie Irernedate a0 BA(lE  00e8
Unrcrable (11 andior 17) 35 MEAT
MM
Urrnuiated 4 k] ME
Mt ] 26 5.1)
Pre-irevdecd o Srre of bibpsy
Yes = @Es 0007
Mo 5 64 1.9

Asbmitions: CL, corficeres Fevel; F, erele; RSH, Sucrescercs
i s Frtrictitine: KGHY, irrnonagiobulin heay chain watabin region;
M, Frati; NS, rot sigrificart; PCs, proffersion cerdens.
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As ghown in Table 5, the median survival from the time of
tissue biopsy for PCe-rich and typical sultypes in 86 patients for
whom clinical data could be obtained was 11 and 64 months,
mspeciively (P=000001) (Figure 42). Cther variables that
influenced ively the sunvival in our series were unfavorable

¥ alities 17p= amdior 1 ), Ki=67 = 30 and

being at the time of 3

Survival in 47 patients, not md iin the multiparam ser
analysis doe 0 incomplete FISH data, was shorter in 24 PC-rich
cases than in 23 typical cases (P=0.04) {Figure 4b3.

A Cox dhazands analysis showed that only
PCasich pattern retsined predictive value of poor ouboome
Hl!z?-l- 95“.!.1:1 16-6.51, P=0.022), while the presence of

ic abnormalities, trestment  sabs  and

Hiﬁ?:-m’.i. ot have: an independent impact on survival.

D carisibon

A tissue biopay i ot mandatory for the diagnosis of CLL, few
sudies addressed the significance of ical findings'*"*
anad the incidence of chromosomal aberrations at the: fissue level
in this setting, **"

The: ThiA technalogy offes the possibility o analyze simula-
reously 3 consistent numiber of cases fas reducing costs and
expesimental varahility. " To hhﬁth

sty e et e condducted on
E:p-:n‘ mﬁeﬂhmmﬁpﬂamwnﬂnﬁ-
with FISH on Iuﬁhpci prepanifions i
by the acoracy of signal in relation o
e thicknes of the sedion. On the one hand, a sec fion may
influence the cedl ponl becase overlpping nucle vwould
incease both the Glsepositive rate for irsomies and the ke
regative rate for delefions; on the: ather hand, a thin section woulkd
e majer uncation anefas, rendering moe peobable the ks
of one: o more: sigrals, yielding fakee deletions and Gbely normal
msulis in the presence of risomy. To ensure the acouscy of FASH
data in our shudy, vee eledted ) to iin all sections the same
dpm thidnes, which proved to the most -emd:b“
i i our C in line with L L
muﬂﬂtc for positivity h:lagemunh:.h'w
112 canes) wiith variows resctive condiions, [l bo wse an inkemal
mdpﬁehuduhhﬂﬂmmmmmﬁ?ﬂ
screening, fivl i use the same riteria kr the evaluation of all
caness, sedecting the best area of the cone section ithat i, minimal

ruclei overlapping and truncation) for signal screening and ) o

REH on o micmarays infL
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on fissne s ez anell o fresh el ions in 18 patients with
qlaqi are =he S putients
In this study, hybeidization efficiency was very good, with a
551".|‘.wu-.ll:mct-nu|-!=5 paned in an
unselecied series of 183 cases those cases in
d-mhheﬂ:mqnmeufhclcuh-g el
results were obtained in 86,5 o 92.8% of the cases with each
sing ke profee (Table 1), Intenestingly, there was similar hykridiza-
tion efficiency in boguies between 202-2005 and
HpG-2008, providing evi that FISH on ThiA wnder these
i m cal condifions & an efficient sc
uﬂrﬁ:hlﬁﬂmlmml-wﬁc whrormiesome hl::::
phoproliferative disosders.
h‘: second methodological consideration shauld be raised
conceming patient seledtion for this sudy. As in previows
n-ﬂ-:,” fients with ive disemse and clinically
weR inc in our anabsis. Therekone,
ation was not of the: entire CLL
Wﬁm;mih&mqmm&mdypmd,
and FISH analysis e in hiopsies taken in different
ﬂnun‘h:mufmm o
In line with these considerations, the 1GHV usage in our cases
showed frequent V1-69 gene involement, mostly in e
unimutated ion, a relat lowe WHA4-3
iyt Sy el o e
mirmally associated with indolent CLL or mono: knal
hemphocytosis. ™ An unespectedy high 129%ind dence of
V3-30 invohement was seen in our sedies. Unlike previows
reprts, describing V3-30 ngmanﬁa‘m-uﬁm-ﬂdm
mnning an indodent course, ™ 778 cases using V30 genes in
this series lacked 1GHV somatic mutations (Figune 3], l‘_ﬂulrﬂ_
that the: mutational ﬂumﬂihm impsertant detenminant of
i within IGHW farmillies.
The 7R2% overall incidence of dhromosome: letions in ouwr
using a 5 is in line widh iours aina by ses
"’prrﬂm mw obityined ﬁmmmud hl:-i
pretreated patients 7 Caravay ef 2l™ found abnommal FISH
qﬂxm:nﬁ%ﬁﬂlﬂlﬂnmﬁtﬂuﬂapm
anagan ef al™ described 2 least one
ahwrration in all 18 patients anal on e biopsy.
Interesiingly, ud&'n mﬁm'gdhhﬂnr‘mmmﬁ
17pe wis more common in relapsed CLLY other shesations
were found in our series o ooour at a similar incidence in
unirested and in teated pafienti. 11q delefion is usually
amoriated with a disease chaocerized by marked hmphade-

Thy As the incidence of 11g- may be hi in pafient
nading M:r g pp:mm

comifism the repaochsibility of our method by comgaring hereils  reatments, hmhmdy@nnhuteﬁﬂq-mmﬁu
a Oworaill sunvheal by hisiciogy ] {Oworall survhea by hiscingy
100 -, 1004
LU E = S I T
wsn | = T -
o e LS
0 2 o & a1 0 m & @ B e
Mot [

FFII' !-'l.lmn] :l1|:nl1ﬂt m&lghﬁ:hﬂi:@ﬂ] paitem. Confluent PCs (Le. PCerich) identify patients with an inferior outcome. ia) 86
c limic data; (b 47 pationts were not inchuded in she multiprameter analysis owing o insufficient

:l'ﬁrnanm in I1= clinical dmts.

-
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{24.7% may be accounted for by inclsion in this sudy of
patients with clinically significant adenogathy.

A LT finding was ed by a hi
inciderce BO9%) & 14q3aIg1 Sarlocebors a4 vesed
and in untreated patients. Three posible explanations may
account for this ohsenvation: i) 14g32 loxation may apg
mre y at the tisue level than in the PE, as previously
:mﬁm 12.* 1t iis worth noting that cores for
microaray cons fruction wene obitined from those areas with PC
in the ariginal lymph node section, and that FC may be viewed
asa ically unstable peoliferation riment releasi
srrall n'plncu:vlu: inlhxwmhﬁmmww mment and in-lE
PE™; il 14q32 tmnsocation may be msociated with adeno-

and adtive diseaee iring treatment, as fexd in
E:wmn ana hyses® ':T;";'nﬂ 1432 nm may
regresent in some of ur cases a secondary anorral red
late during the course of the disease Indeed, TI:'I?:“#
instability was detected in a fraction of OLL ™ and 14q32¢
| howcz afi o 2y a late event in the progression
of ly id h“’_E Inferestingly, recent analyses on a
lirmited nasmber of CLL patients reported a 17-21% incidence for
these translocations in lymph node samples™® and 18
independent lymph node biopsies ubmitted ® ASH analysis
on solsted call i in this = e 3 33% incidenos
foe s sherration. b

Furthermore, we detected five cases with a minority of cells
showving lgH amplification = additional aberration, a finding
previously ed in molecular cylogenetic siudies con-
ducted on PE samples ™ Inferestingly, the 14g324gH region
was recently found to be invohed in the genesis of complex

rederred to & ‘complicons’, incheding muliple

and gene amplification ™ Futher sudy &
recuiired to clarify how and ot what esdent gains of chromuomome
material sunrounding the 1g genes at 14632 could contribute to
the pathogenesis of B-derived hm liferative disemses.

To our knowledge this is the fist study analyring the
comelation between the hisiological kanres and the oyto-
genetic profiles in CLL.

The frquency of Plssich CLL in oar series was 40.%%, and
14g32gH translocations, +12 and 17p-, wer significantly
amociated with the PCs-rich group.

Unfawrable cytogendic katres, such = 11g417p, wire
mare frequently encounterd in the PC-rich goup than in the

ical The e of inent PCs, which was
?Lt':lgi‘:‘:-hld-ﬁ?+ hm:ﬂ]ﬁhlh‘uﬂhhhmiﬂ
of B-cell proliferation capability, which increases the risk that
DHA replication emors could hapgen, thus predisposing the: cell
o the: wition of ial genetic damage. Likewie, ATM
:rdpjﬁmddui::::uiﬁh d-u:lqn?: el n-:?h'nu-p
:duﬂrhcﬂlmmhﬁ:mﬂ#ﬁuﬁmh encoanered
at PG level These considerations may provide a biological
basis to explain the drong undavorable prognostic significance
of conflwent PC in SLLACLL that was found in our study.
Inderestingly, Gine of al"® recently described a new hisiological
category, that i, ‘acceleated’ (1L, including 23 ot of 78
(29.4%) cxmes with enlarged and confluent PCs, with >2.4
mitni per PCs aned = 30% Ki-67 per PG This hisslogical
subset of CLL was asociated with adverse biokgical feanres
and indesior survival . Dur data and reinforce this view,
in that they show that confluent PG am absociabed with adverse
eytogenetics and represent the sirongest prognostic factor.
ﬂmtmhmm we have demonstrated that FISH on ThAisa
comvenient tod for the detledion of cylogenetic abemations in
CLLSLL The sssociation of PCsrich with undavoralyle
eytogenetics and short survival may suppart the pathogenstic
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role of ‘proliferafion center’ in CLL. As the pafients included in
this analysis an useleded oohot of CLLSILL
undengaing b due to clinically significant adenopathy, we
M:Eﬁﬂheﬁ d ‘Ilﬂhgic‘ _,:ILi!,
unimutaied 1GHY cui‘iflunli-m, ZAP70+, and ‘high risk’
cytugenetics. While the bter features did nat have prognostic
predictivity at mulfivariaie analysis in this dinically a e
population, our sudy demomirated that the hissopatha ogical
patenn defined by the of comnfluent PCs may represent
an impeorta ni feature for risk asesment in this subset of patients.
This finding is i when idering that increasi

it g et e o 4 incraiy
prompting clinicians ko perkom e b rrre et
than in?;e pt,** and that the mp-un‘c :muﬁ-iu'n in
clinically aggressive CLL may inchsde intensive chemoimmuno-
therapy™ and al ic bone marow transplantation fam
HLAridentical siblings and well-maiched unrelaied donos 4742
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SRR define the significance of donal evolution [CE) iIncluding
14q32 translo@tions involving the Immunoglobulin heavy chaln
gene (MaH) in chronic lymphocytic leukemia ((LL), 105 patients
were analyzed sequenttally by fluorescence in situ hybridization
(FI5H) with the following panel of probes: 13g14MD13525,
11q22/ATM, 17p13/TPS2, #12-centromere and 14q32/1GH break-
apart probe. (E was observed in 157105 patlents after 24-170
manths (median 64). Recuming abemations at CE were 1493 2/1GH
translocation In seven patients; other abemrations were 17p—,
11q —, biallelic 13g —and 14q32 deletion. CE was detected In
15/58 pre-treated patients; in contrast, mone of 47 untreated
patients developed CE (p- 000010 . In two cases the appearance
of 14g32/IGH translocation was first detected In the bome
marrow (BM) or In the lymph node (LN) and 13-58 months later
In the peripheral blood (PB). ZAPTO + and high-risk cytogenatics
predicted for the oocurrence of CE with borderline statistical
significance (p = 0.055 and 0.07, respectively). Shorter time to
first treatment (TTT) and tme to chemorefractorness [TTCR)
were noted In 15 patients with CE when compared to patients
without CE (TTT: 35 vs. 71 months, p — 0.0033 and TTCR: 34 vs. 86
maonths, (L0046, respectively). Survival afier the development of
(CEwas 32 months {standard error 8.5). We ammived at the following
conduslons: (1) 14q3 270GH transkecation may represent one of the
maost frequent abemations acquired during the natural history of
CLL and (i) rt may be detected earlier in BM or LN samples; (i) CE
Induding 14q32//GH translecation ooours in pre-treated patients
with short TTT and TTCR; (1) survival after CE s relatively short.

Keywords: Chronbc ymphocytic leukemila, cytogenetics, donal
evolution, IGH translocation, chemorefractory disease
Introduction

At diagnosis, up to 80% of chronic lymphocytic leuke-
mias (CLLs) can be shown to harbor clonal chromosome

aberrations [1,2], some of which may have important clinical
implications [1-3].

Despite previous claims that CLL is a genetically stable
disease [4], clonal evolution (CE) was more recently reported
in 15-42% of CLLs using conventional karyotyping [5] or
fluorescence in sifu hybridization (FISH) methods [6-9]. The
incidence of this phenomenon is variable, depending on the
length of follow-up [6] and on the number of probes used
for interphase FISH analysis [7]. In previous studies, CE was
defined by the late appearance of abermations of chromo-
somes 17p, 11q, 6q and 12 [9,10], and was associated with
markers of active disease, i.e. ZAPTD positivity and unmu-
tated IGHV gene [8,9].

Besides the classical CLL-associated aberrations, ie
13q — (40% of cases), + 12 and 11q — (10-15% of cases) and
17p — (2-5% the cases) [1,2], other recurming chromosome
changes have been described in CLL [11], and attention was
recently devoted to 1432 trandocation involving the immu-
noglobulin heavy chain gene (IGH). This aberration was
found in 6 19% of patients with CLL at diagnosis [2,12], and
was assoriated with therapy-demanding disease and inferior
outcome [13,14].

The incdence of this abemration at clonal evolution is
currently unknown. To better define the incidence and sig-
nificance of CE, including the late appearance of 14932/IGH
transbocations, we performed this study incleding 105 cases
of CLL analyzed sequentially over a 10-year period with a
panel of probes including an IGH break-apart probe.

Patients and methods

Patient population

Ome-hundred and fve cases of CLL, forming the basis of
the present report, were seen at our institution between
1995 and 2004. These 105 patients were submitted to FISH

Cormespondence: Dr. Fancesoo Ceerind, Section of Hematology, Depariment of Bomedical Sciences, University of Fermm, Via Savonamls 9, 44121,
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analysis as part of routine diagnostic work-up and were sub-
mitted to sequential FISH studies. FISH was repeated on at
least one occasion in all 105 patients; sequential samples
were obtained before each line of reatment and at 4-6-year
intervals in those patients not requiring treatment. These 105
patients fulfilled the following criteria:

1. Diiagnosis of “bona fide” CLL based on morphology and
immunophenotyping (score according to Matwtes et al
=13) [15]. Those cases with £[11;14){q13;q32)/BCLI -TGH
were excluded from this study.

2 Successful FISH analysis at diagnosis and during
follow-up.

3. Clinical records available for review.

Cytogenetic and FISH studies

Sequential FISH studies were performed on peripheral
blood (PE) samples using commercially available probes for
the identification of deletions at 13q14/D13525, 11g23/ATM
and 17p13/TP53, as well as for the detection of trisomy 12
and translocations at 14932/ 1GH. Methods are detailed else-
where, and the sensitivity limit for the detection of 14g32
transbocation, trisomy 12 and deletions were = 3%, >31%
and > &% interphase cells with =split signal, three signals and
oni signal, respectively [13]. All probes were purchased from
Vysis Co., distributed by Abbott Molecular (Rome). In 10
patients bone marrow (BM) aspiration and/or lymph node
biopsy were performed for diagnostic purposes (Le. cytope-
nia or suspected Richter syndrome). These samples were
referred to the cytogenetics laboratories and processed for
FISH studies. Those patients with 11g —and/or 17p — were
considered as “"high cytogenetic risk” amnd the remaining
patients with 13g—, + 12, 14q32,/I:H translocations were
considered as “standard cytogenetic risk”

The following probes were used, as previously reported,
in patients with 14q32/IGH translocation to identify the
pariner chromosome [13):  11g14/BCLI, 18g21/BCL=2,
3q27/BCL5, 16g21/MALT! and Bgza/MYC ([Vysis/Abbott
Co.,, Downers Grove, [L). Mon-commercial bacterial artificial
clomes (BACs) were also used: RP11158]121 and 440P5 map-
ping at Zplz/BCLIIA, RP11696P19/296123/533020/7K24
for Gp21/CCNDI, RP1121115/CTE129P6/CTB179824  for
19q13/BCLE (kindly provided by Dr 1. Wiodarska, Catho-
lic University of Lewwven, Belgium); RP11888H2/771F6 for
Tg21/CDKE (provided by Prof. M. Rocchi, University of Bar,
Italy); a contig of six BACs (RP1146023/137P5/773M18/44H
14/811115) used for the evaluation of region 5p15.31-33, and
BAC RP11145B1 used as a centromeric control for sub-region
5p15.2 (provided by Prof M. Rocchi, University of Bard, Italy).

Hematologlc studles

D¥iagnosis was based on the presence of persistent lympho-
cytosis (= 5000/ul), on examination of the peripheral blood
(PB) smear and on the results of immunophenotyping. The
following markers were tested in all cases by cytofluorimetric
analysis, as previously described [16], using a 30% cut-off for
positivity in the lymphocyte gate: CDs, CD19, Ch23, Chzz,
CD10 antigens; the FMC7 monoclonal antibody and the
expression of surface immunoglobulins were also tested. The
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co-expression of CD38 and CD19 antigens was tested using
commercially available reagents (Becton Dickinson, San lose,
CA), with a 30% cut-off for positivity. CD38 positivity was tested
at diagnosis and during follow-up before administation of
treatment. LAPTO was assessed using the ZAPT0 Alexa Fluor
486 monoclonal antibody [CaltagValer Occhiena, Torino,
Ttaly) [17]. All patients underwent physical examination, chiest
X-mdiography and abdomen ultrasonography as part of the
diagnostic work-up. Routine laboratory investigations includ-
ing blood count and serum biochemical pmofile were per-
formed in all cases. As a rale, trephine biopsy was performed
inyoung patients (< 60 years of age). Histological studies were
performed for diagnostic purposes in selected cases.

Indications for treatment according io the Mational Can-
cer Institute (WCI) criteria [18] incloded a rise of the white
blood cell (WBC) count with a < 6-month lymphocyte dou-
bling time (LTD]), the development of anemia, neutropenia
or thrombocytopenia due to BM infiltration, autoimmune
phenomena non-responsive to steroid drugs and disease
progression in the Rai staging system [19]. Patients were
treated according to guidelines in use at our institotions
during the study period. Fudarahine containing regimens
were used as front-line treatment in young patients and in
refractory or relapsing patients. Intermittent chlorambucil
administration was used as first-line therapy in the majority
of elderly patients (> 70 years).

Statistical analysls

Time to first treatment (TTT) was calculated from the date
of diagnosis to the initiation of treatment. Refractory disease
was defined by stable disease or progressive disease during
treatment or disease progression within 6 months from anti-
leukemic treatment using fludarabine alone or in combina-
tion with other agents. Time to chemorefractoriness (TTCR)
was measured from the date of first-line treatment to the
date of refractoriness to the fludarabine-containing regimen
or date of last follow-up. Overall survival (05) was measured
from diagnosis to the date of last follow-up or death.

Results

Clonal evolution
The median interval between diagnosis and first FISH
analysis was 2 months (range 1-12 months). The number of
FISH investigations in each patient was 2-6 (median 3). The
median follow-up of the entire seTies was 73 months (range
12-180 months).

CE was observed in 15/105 patients after 24-170 momnths,
median 64, as detailed in Table 1. Recurring abermitions at clomnal
evodution were 14932/1GH translocation in seven patients;
17p—in four patients, 11q — in two patients, biallelic 139 —in
four cases, hemizypous 13q —in one case and 14g32 deletion
in one patient. A 17p deletion was associated with 14q32/1GH
TERMEngement in 3,7 patients (patients 1, 2 and 6), one ofwhom
also developed a biallelic 13q14 deletion (patient 6).

In two cases with 14q32/ IGH translocation at CE (patients
1 and 7), a paired BM or lymph node (LN) sample and PB
samples were available for FISH studies. In these patients the
appearance of IzH translocation in the BM or the LN sample

BRI 150483 PM



Conal evolution in chronic lymphocytic leukemia 3

Tahle [. Outcome of FISH imwestigations in 15 patients with clonal evolution.

Interval between

Mo of previous dingmosts and

Aberration at disgnosis limes of clonal evplution

Patient (% af cells) Aberrations at CE treatmnent (meomtis)
1 13q - biallelic [42%) 13q - bealleltc (55%); IgH B (18%); 17p— (27%) 2 &0
2 Noaberratton 17p— (25%); IgH R (21%) (JGH-BCL=) 1 548
a 11g- (20%) 11g- [25%); IgH R (20%) 1 73
4 13g- (21%) 13q- (5¥%); IgH R (15%) a L]
5 +12 1 + 12 [42%); IgH B (15%) [IGH-BCLZ) 4 54
B 13q- (32%)k 119 [15%) 13q - biallelic (34%); 11g- (27%); IgH R [21%) 4 T4
(FGH-BCLAG 17p- (18%)

7 + 12 [30%) + 12 [55%); IgH R [25%)* a 51
] Noaberration 11q — (aZm) 4 a1
| Noaberration 17p- [54%) 4 a7
10 Noaberration 11q- (E1%) a !
1 13g- (EE%; 11g- [E5%) 11q- [51%]); 13q — hiallelsc [60%) 5 B4
1z + 12 [55%) + 12 [51%]; 13g- (T1%) a ar
13 Noabermation 13q - hiiallefic (71%) a 53
14 13q- (TB%) 13q - biallelic (67%) 5 170
15 Noaberration 1432 deletion (45%) 2 29

*Diatoctod I BM/LM sample hafom: s appearance in PR

FISH, funcescence b sit lybridization; CE, clonal evolution; igH H, marmangement of [gH with spiit sigmal by FESEH [ 14q32/GH fansiocason ).

preceded its appearance in PB samples (Table I) by 13-58
months. The 14q32//GH translocation persisted at subse-
quent analyses in both cases.

All patients with the 1432/ IGH translocation were assessed
by interphase FISH for the detection of possible chromosome
partners. Three out of seven cases (cases 2, 5 and 6) showed
an [:H-BCL2 fusion signal consistent with a 414;18){g32,q21)
translocation. In the remaining four cases it was not possible
to identify the pariner chromosome with our probe panel.

Correlation between CE, 14q32/IGH transkocations,
hematologlc and dinlcal parameters

Forty-seven patients did notrequire treatment throughout the
study period and 58 patients received 1-6 lines of treatment.

CE was detected in 15 pre-treated patients, seven of whom
hed a 14q32//GH translocation, after 1-4 lines of treat-
ment (median 3). In contrast none of 47 untreated patients
developed CE (p--0.0001), as shown in Table II, where the
patients’ characteristics at initial evaluation are presented in
detail. ZAFT0 + and high-risk cytogenetics predicted for the
occurrence of CE with borderline statistical significance,
p = 0.055 and 0.07, respectively (Table II); no other baseline
hematologic characteristic predicted for CE and for the late
appearance of 14q32//:H translocations.

The comelation between the development of CE and mea-
sures of clinical outcome is presented in Table 111, Median
0% measured from diagnosis was shorter in patients with
CE, but the difference was not statistically significant; a

Tahle [L. Baseline characteristics and chnical data in 105 cases of CLL submitted to sequential FISH imeestigations.

Withouwt 18g32 Wiih 14q32
All patients Without CE wiith CE translocation at CE translocation =t CE

Characieristcs (. of cases) [m=150]) [m=15) [n=1238) m=7)
Median age, years (range) E3(31-BE) 63 (31-BE) B3 ([51-TH) 53({31-85) B0(51-71)
M/F milo BE/3 5713 a'E &2/36 ifz
Lymphocytes

<30 1YL = 78 11 B4 ]

=30 WYL 15 12 14 z
Hai stage

-1 (-2 ] T4 pi] B 4

-4 i | 15 5 1B a
CDas+

Negative 72 =] B 221 a

Posiitve 30 x| T = 4
ZAPTD

Negative 45 40 E 4z 4

Posithes = L} B 2 3
FI5H shermations

Standard risk a2 -1 11 BT 5

High risk 13 -] 4 11 a
Treated hefore CE

Y =8 43 15" 5l ™

Mo 47 47 o 47 o]
Relapsed/ refractary

Vs ol 15 ™ n -

Ko mn F-13 4 ao 1
p oz L00DL; " = D01 ™p ~ DLOIE; ™ - 02T,
CLL, chronic lymphocysic ioukemias; FISH, Muorsscence i sty hybridtztion; CE, domil evelution.
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Tahle [[I. Correlation of outcome and dewvelop it af CE.
Dubrome messune Months p-Value
TIT
All patients {m = 105} =4 (EE1LL)
With CE (m =15} 35 (BEaE) 0.0033
Without CE (r=50) 71 (SE14.0)
With 14g32 ranslocagon 35 (0.40)" 0osT
(n=T7)
Without 14q32 &3 [13.90)
translocation (m = 58]
TICR
All patients {m = 58) TZ(EEAT)
With CE (m=15) 3M([5E52) 000465
Without CE (r=43) 85 (BE1z1)
With 14g32 ranslocagion 27 (5H0.7) 0.0002
(n=T7)
Without 14932 translacation 75 (BEEH)
{n=51}
Survival froom diagmosis
All patients {m = 105) 173 (3B 35.1)
With CE (m =15} 124 (SE2.03) NS
Without CE (r=43) 173 (SE 18.80)
With 1432 translocasion 125 [SE2.0) N3
(n=7)
Without 14932 translacation 173 (SE 33.0)
{n=251}

CE, chma pwlolion; TTL, Time b fOrd imaimeni; TTCH, Bme io
chemoreimcinriness; SE, standasd erme; NS, not sigmificant

shorter TTT was noted in 15 patients with CE as compared
to 90 patients without CE (p=0.0033) [Fig. 1{A)]. A total of
27 patients, including 11/15 with CE (six out of seven with
1432/ IH translocation) became refractory to fludarabine
after a median of 72 months from the start of treatment, and
a significant association was noted between short TTCH and
CE [Table 111, Fig. 1{B)]. Presentation features predicting the
development of chemorefractoriness in 58 treated patients
were: high-risk cytogenetics {p — 0.0032] and advanced stage
(p=0.0004) (Table IV), which maintained their predictivity
at multivariate analysis (Table V).

Survival after the development of CE was 32 months
(standard error .5 months) in 15 patients [Fig 1{C)] and 32
months (standard ermor 0.9 months) in seven patients with
late-appearing 14q32 translocation.

Discussion

CLL may umiergo CE, with late appearance of 11qg dele-
tion [6], 17p deletion and 6q deletion in 16-17% of cases
[82,20]). Although recent evidence has been provided by
several groups that the 14g32/1GH translocation may iden-
tify a cytogenetic group of patients with CLL characterized
by therapy-demanding disease [13,14,21,22], scant informa-
tion is available as to its possible appearance as a secondary
abnormality in CLL.

Fifteen out of 105 cases [14.53%) studied by FISH showed
CE in our study, and seven of these 15 cases showed a
1432/ I:H translocation. This is the first report identifying
the 14q32/IGH translocation as late event in the natural his-
tory of CLL; however, the late appearance of a 14q32/IGH
transbocation was previously described in a subset of splenic
marginal zone B-cell ymphomas characterized by relatively
aggressive behavior and therapy-demanding disease [23].
The presence of 14g32/IGH translocation was previously
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documented to involve a minority of interphase cells in some
patients with CLL [13], and one case was described as har-
boring [H translocations with different parimers [24). These
findings argue in favor of a possible secondary nature of this
transbocation in soame patients.

Interphase FISH studies of the seven cases in our series
with late appearance of a 14q32//:H translocation were per-
formed using a large panel of probes in order to detect some
of the possible translocation partners. An IGH-BCL2 fusion
was found in 3/7 cases and the translocation partner was
niot identified in the remaining cases. This is consistent with
previous observations that t(14;18)g32:021)/=H-BCL2 is
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Tshle IV, Impact of baseline chamctedstics on TTCH 1n 58 tresied
patents.

Median
Baseline characteristics TTCH [ monihs) SE -Vl
Sex
M (n=238) T2 TB 0.95
Fin=20) BE 187
Stage
o-2[m=47) BE BT 0.0004
3-4(m=11) o7 E1
Chas
Negative (n=34) 5 B1 0.0857
Posittee (n = Z3) 48 35
EAPTD
Nm {n=28) T2 151 0.34
Posittee (n =21} 58 55
Cyingenefics at diagnosis
Standard [ﬂ =48] ‘BE 107 0.0032
_I-h,ﬂ:ﬁn:lz] 35 4.8
TTCE, dma o chem orefracioriness.

the most frequently occurring translocation involving the
IGH locusin CLL [13,24,26].

Interestingly, in our series the appearance of a 14g32
transbocation in BM and LM samples preceded its appearance
in the PB in two cases. Recent studies indicated that CLL cells
in lymph nodes and bone mamow may have an important
mole in tumor proliferation [26-28] and, interestingly, a rela-
tively high incidence of 14q32//GH translocation (17-19%)
was noted by Flanagan and co-workers who performed FISH
stdies on paraffin-embedded lymphoid tissue from CLL/
small lymphocytic lymphoma (SLL) [29].

In two previous analyses, 14932//GH translocation was
not ohserved at CE [8,9], nor was this aberration detected
at Richter transformation [20]. Because our patients were
seen over 8 10-year pericd, treatment was heterogeneous,
and a comparison of treatment regimens in patients with
and without CE was not performed; nevertheless, it is worth
noting that in our seven patients with 14g32/IGH transloca-
tions at CE the median number of previous treatment lines
was 3 (range 1-4), and that all patients received =1 cycle
containing alkylating agents. Interestingly, IGH translocation
acoounted for 20% of the interphase cells (range 16-25%) in
our study, and was associated with a minor clone camying
17p deletion in three cases and 13914 biallelic deletion in
one. These data taken together suggest that genetic instabil-
ity deriving from previous treatment might have played a
mole in the emergence of minor clones carrying a 14932/ 1GH
transkocation in our serfes.

The late appearance of loss of chromosome material at
14932 in one patient in this study parallels an observation
by Shanafelt and co-workers [8]. Deletion affecting the chro-
mosome 14932 locus was previously described in CLL at a
frequency of approximately 2-8% [30-33]. Clonal evolution
in CLL was demonstrated to be associated with unfavorable
biological features in previous analyses, although no differ-

Tahle ¥. Cox of factors predicgve for TTCH.

55% Confidence
Varkahl= Hazard o Interval p-Value
Cyingenbc risk group 253 1.0E-3.52 0,033
Stage at frst trestment 272 1.15-7.01 0,038
TTCE, dmi i chem orefracicoiness.
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ence in overall survival was noted between patients with and
without CE [9]. In our series the development of CE occurred
omly in previously treated patients. Among baseline hemato-
logic parameters, ZAPTO-positivity and the presence of 11g
and/or 17p deletion predicted for CE with borderline statisti-
cal significance. By analyring possible associations between
CE and measures of clinical outcome we were able to show
that TTT and TTCR were shorter in patients who developed
CE This association held when considering separately the
patients with 14q32/I1GH translocation and TTCH. This find-
ing may be accounted for by the consideration that CE may
reflect genetic instability, a feature normally associated with
disease evolution prompting the appearance of resistant
clomes. Predictive factors for short TTCR at baseline evahi-
ation were advanced stage and high-risk cytogenetic fea-
tures. In our series a short median survival of 32 months was
reconded after the development of CE (Fig. 1).

In conclusion, our data show that the 14g32/IGH trans-
location may represent one of the most frequent abermrations
acquired during the natural history of CLL, and that it may
be detected earlier in BM or LN samples. CE ocours in pre-
treated patients with short TTT and TTCH, and survival after
the development of CE with and without 1432 translocation
is relatively short.
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ABSTRACT

It i& unclaar whather karyolype aberrations occulrming in regions uncoversd by the standard fluorescenca in
silu hybridization (FISH) panel. have prognostc relevance in chronic lymphocytic leukemia [GLL). We
gvaluated the significance of karyolypic abermalions in a leaming cohort (LG, n=04) and in a validation cohort
[V, n=84) of GLL with "normal” FISH. An abnormal karyolype was found in 21.5% and 35,7% of cases in
the LG and VG, respectively, and was associaled with lower immunophenotypic score (p=0.030 in the LG,
0.035 in the VG), advanced stage (p=0.040 in the VG) and nead of ireatment (p=0.002 in the LG, <0.0001 in
the WVG). The abnommal karyolype commelated with shorter time to first treatment and shorer survival in both
the LG and the VG, representing the strongest prognostic parameter. In GLL patients with “normar FISH,
karyolypic abemations by conventional cytogenefics using novel milogens identity a subset of casas with
adverse prognostic faatures.

INTRODUCTION

Chronic ymphocytic lsukemia (GLL) i a clinicaly halerogensous diseasa’ . ADVerse prognostic paramsters
inciude stags”, GD38 and the unmutated configuration of the variabls region of tha immunoglobuling heavy
chain gana [MEHV)", ZAPTO" and chromosome abamations ™.

By fuorascencs in situ hybridization (FISH) analysis detecting trisomy 12 and delstions at 13g14, 11g22-
23/ATM and 17p13/p53, D0-B0% of the cases carmy an abnommality®. Patisnts without FISH abarrations (hera
refemed to as “nomal” FISH) have a relalively favourable outcome®.

In vitro stimulation with CpG-oligonuciactide DSP30 plus interieukin-2 [DSP30VIL2) improves the proliferation
of CLL calls, yislding assessahle mataphases in most patients™”. By this method, chromosomal abarrations
are detected in B0% of CLL with some patients showing aberations in regions not coversd by the classical
4-probe panal™.

This study was designed to assess whether karyotypic abemations. in GLL with “normal FISH cormelate with
aslablished clinical and prognostic parameters. The clinical and prognostic significance of karyolypic
abemations in nomal FISH CLL was first evaluated in a retrospective single centre series of patients
{leaming cohort, LC) diagnosed betwesn 1008 and 2008 and then validaled prospectively in a multicentre
sares of cases (validation cohort, VG) diagnosed and analysed for karyolype with DSP3VIL2 stimulation
between 2007 and 2011.

METHODS

Tha LG consisted of 05 out of 70 unselecied "nommal FISH GLL patients for whom a successful ¢yboge netic
analysis was avaiable. These patents were derived from a series of 218 consecutive GLL diagnosed
between 1008 and 2000 at the Hemalology Section of the University of Ferara. The VG consisted of 85 out
of 85 “mommal” FISH patients, with succassiul cytogenstic analysis, and ware derived from a seres of 274
consecutive GLL diagnosed according to the NG criteria™ at 4 GIMEMA GLL group cenires between 2007
and 2011.The Maltes immunophenctypic score’ Was calculatsd giving 1 point each to GDS positivity,
GD23 positivity, GD22 weak posifivity, 5ig weak positivity and FMGT negativity. Only patients with a score =3
(i.e. typical GLL) were included. The exprassion of GD3B [since 2000) and ZAP-T0 (since 2003) were tasted
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on fresh peripharal blood (PB) cells with & 20% cut-off for positivity, a5 described™. This study was approved
by the University of Ferrara ethics commities. Indications for reaimant included: increased WBG count with
<0 month lymphocyle doubling time, anemia or thrombocytopenia duwe to bone marrow infiltration or
autcimmune phenomena not responding o steroids, diseass progression in the Binel staging sysbem.
Fludarabing-containing regimens werns used as first-line treatment; chiorambuci was used in some elderty
amnd unfit patients._

In the LG cytogenstic analysis was performed using raditional mitogens, a5 reported . In the VG cytogenstic
analysis was centralized in the Ferrara cenire and periofmad using GpG-olgonuciactde DSP30 (2pumoliL
TitMoiBiol Barlin, Gemany) plus IL2 (100U/mL Stem Gall Technologies Inc) as described ™ ™. In all cases
cytogenatic analysis was conducted on the same samples used for FISH studies. Interphase FISH was
performed on PB samples obtained ai diagnosis o before therapy using probes for the Tollowing regions:
13q14. 12g13, 11g22ATM, 17p13TPS3 (Vysis/Abbolt Co, Downers Grove, IL. USA) as daseribed ™. IGHV
genas were amplified from genomic DMA and sequenced acconding to standard methods and the cut-off of
08% homology to the gemmline sequence was chosen to discriminate between mutated [(<08% homology)
and unmutatad [=08% homology) cases, a5 reported previously'®. TP53 mutational analysis was performed
as dascribed slsawhars’ .

Thia Mann—Whitney test and the Fischars exact iest ware applied for quantitative and categorical variables,
respectivaly. Time to first traatmant (TFT) was calculated as tha interval betwesn diagnosis and the start of
first line raatmant. Overall survival (OS) was calculated from the date of disgnosis uniil death dus to any
causa of untll the last patient follow-up. Survival curves were comparad by the log-rank test Proportional
hazards regression analysis was used to identify the significant independent prognostic variables on TFT.
Statistical analysis was parformed using Stata 8.0 [Stala Coip., Collsge Station, TX, USA) and Pricm 4.00
tor Windows, GraphPad Software (San Diego Califomia USA).

RESULTS AND DISCUSSION

Our data show that a significant proportion of CLL cases with normal FISH camy chromosome aberralions in
regions not coversd by the 4-probe FISH pansl usad in most clinical trials™ ®. An abnormal karyolype was
obsarved in 14/05 (21.5%) and 30v84 (35,7%) palients of the LG and VG, respectively (p=ns). This novel
cytogenatic category (iLe. abnommal karyolype with “nommal FISH) accounted for 0.4%. and 10.0% of the
cases in the LG and in the WG, respectively, and for 8.0% in the pooled saries of 402 patients of this study,
thus repressnting the 4™ most common cytogenstic group, following deletions at 13g and 11g, and trisomy
12.

Fiscurring aberralions wens [Table 51, 52)- 14q delsfions in 8 cases (1 in the LG, 7 in the ViG], 7q deletions
in 5 casas (1 in the LG, 4 in the VG), 0g deletions in 5 cases (4 in the LG, 1 in the V), 14932 ranskocations
in 4 cases (2 in the LG, 2 in the VG), 3q delstions, distal to the q14 band, in 3 cases (all in the VG). A
compiex karyotype (= 3 aberrafions) was found in 14 patients. 12 of which in the VG.

This study confirms previous observations that in GLL patients stimulation with DSP30/L2 improves the rate
of metaphase generation (0570 vs. B5/85 cases in the LG and VG, respaciively, p=0.017)".
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Thi comelations between karyotype and clinicobiclogical parameters are reporied in Table 1. Interestingly,
the abnommal karyolype did not comelate with known molecular prognostic parameters, including GD38 and
ZAF 70 positivity (in both the LG and WG], and IsHV mutational sialus in the VG.

Most important we could demonsirate, for the first time, that among GLL patients with “nomal” FISH the
abnormal karyotype significantly comelated with a shorer TFT in univariate analysis in both the LG and the
VG (Table 1, Figure 1). Al multivariate analysis, the factors independently predictive of shorter TFT wers: in
the LG; GD38 posifivity (HR 2.82, 05% Gl 1.10-0.00, p=0.018) and abnormal karyotype (HR 2.54, 05% Gl
1.07-0.07. p=0.034): in the VG; advanced Binet stage (HA 2.77, 05% Gl 1.05-7.20, p=0.030.) and abnomal
karyolype (HR 0.30, 05% Gl 2.44-10.80, p<0.001).

Fecently it was demonstrated that, in GLL, TP53 mutations™ ™ represent a strong prognostic marker. By
mutalional analysis we observed no TPS53 mutafions in the VG (0 out of 23 patisnts with sbnomal
karyolype). This finding is not surprsing if we consider that patients with 17p- werns excluded from this
analysis and thal, among untreated CLL without 17p-, the incidence of TP53 mutations is around 3% .
Thia abnomnal karyotype also cormelated at univariate analysis with OS in both the LG and the VG (HR 5.87,
05% Cl 2.08-02.08, p=0.005, and HA 0.41, 05% C1 1.01-47.35, p=0.0110 respectively, Figurs 1). This
observation nesds to be validated in clinical trials with homogeneous treatment on larger saries of patiants .
In conclusion, conyantional karyotyping using DSP30/L2 stimulation is an effactive method for the dataction
of chromosoma abamrations in approximately one third of GLL with “nommal” FISH on & conventional 4-probe
panal This et of data also showed that, in CLL patients with “nomal” FISH, conventional cytogenstic
analysis idantifies a subset of cases with adverse clinical and prognostic featuras to be considered for the
design of risk-adapted traatment sirategies.
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Table 1. Leamning and validation cohorts: clnical comelations according to karyotype and analysis of 1actors
aflecting TFT.

CLMICAL CORAELATIONS Leaming cohart Validatwon Cotort
Hormal Abnormal Hormal Abmomal
Farameter karyotype karyotype [ aryotype karyotype ]
s B o) oo
Age
W=an [rnge) o4 3-8 & (5087 ns O3 [41-20) 0 (32-84) [+
Bex
T n. of pis ez &0 ns B4R T it
Matuies score
TS n. of pts I3 4T oo3n A a2 0.o3s
Binet Stage
ABC n. of pt= ATEA oA oosd 45T HWTE L]
CiD3s
posieg n. of pits Hen &0 ns 11541 13148 o7
ZAP-TD
posmeg n. of pits 154 = ns a3 1511 oaF
BEYH
Unmutated/mutated n. of pts md mdl 1138 1817 0.
Therapy
—yesing notpts  tems ns B0z L] 11 o000
TFT AHALYEIES Leaming cohort Validation cotwort
s I . ks
Farameter H. of cases HA [ M. of cazes HA []
e L
Karyotype
Abmrormal w5 Hormal 14 ws 54 EE 0LDnog vz 50 TED Bt ig]
[2.03-15.58) [4.38-25.13)
Binet stage
B-Cws A Ews 57 4.50 w0000 10 vs 85 E -] 0.0008
[4.43-80.897) [2.47-20.83)
cDas
POS VS mEQ M ws 35 20 o.ooie FEvs SR 200 n.0Te0
[1.00-T. 78] [0.94-5.73)
ZAFTD
POS ¥S BEQ 10 ¥s 20 23 ns Evs 152 S
[O.BH-5.78) [0.70-3.41)
BEaHY
Unmutated vs Mutated md mdl nd Hvs5S 240 o027
[1.'I'I-.'|"£-l]
nit: not dome
n=: nod significant

HIR: kazard ratio
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Legand to figura 1

Figure 1
TFT and OS5 respactivaly in tha keaming (A, G) and the validation (B. D) coharts.
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Figure 1
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APPENDIX V

Gene mutation analysis of a panel of 20 genes in untreated CLL
patients: clinical and biological correlations
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ABSTRACT

Background: chronic lymphocytic leukemia (CLL) is a hematological malignancy with
clinicobiologic heterogeneity. CLL exhibits variable clinical presentation and evolution. The
outcome of CLL can be predicted based upon presence or absence of somatic mutations
of the varable region of the immunoglobulin heavy chain gene (IGHY) or CD38 and
FAPTO positivity; chromosomal aberrations, including deletions at 17p and 11q have also
been linked to poor prognosis. Whole genome sequencing has provided new insights into
the mutational status of the disease, by revealing genefic lesions affecting TP53 and
several genes previously not involved in CLL, such as NOTCH1, SF3B1, MYD&8 and
BIRC3.

Objectives: to study a panel of 20 genes (ATM, BIRC3, BRAF, CDKN2A, CTNNB1,
DDX3X, FBXWT7, KIT, KLHLE, KRAS, MAPK1, MYD88, NOTCH1, NRAS, PIK3CA, POT1,
SF3B1, TPR3, XPO1, ZMYM3) potentially affected by mutations in untreated CLLs and to
comelate mutational status with clinicobiologic parameters.

Methods: Agilent HaloPlex Target Enrichment kit was used to produce libraries of exonic
regions from the above 20 genes. Sequencing was performed using the lon Toment PGM
platform. Sequencing data were aligned to the human reference genome (GRCh37).
Results: 28 consecutive untreated CLL patients were included in this study. The
frequencies of mutant reads ranged from 6.4 to 76.5%. Somatic mutations were identified
in 12 cases. Mutations were identified in the following genes: TP53 (3 with =20% mutant
reads, 2 with 5-19% mutant reads), SF3B1 (1), POT1 (3), ATM (1), MYDS88 (1), FEXWT
(1), MAPKA1 (1), DDX3X (1), KLHLG (1), KRAS (1). Eight cases presented with one mutant
gene, two mutant genes were detected in 4 cases. The presence of mutations comelated
with high risk FISH (11qg- andfor 17p-) (p=0.0198) and unfavourable cytogenetic (11qg-
. 17p- or complex karyotype) (p=0.011) findings. No comelations were instead obsenved
with sex, age, Binet stage, CD38 and lgVH. Patients camying CLLs with gene mutations
showed a significant (p=0.001) shorter median time to first treatment in comparison to
those without mutations (20 months vs not reached at 76 months).

Conclusions: The frequency of mutations in the 20 investigated genes is in line with
published data in the Iterature using whole exome sequencing. This study shows that the
simultaneous sequencing of a panel of genes implicated in CLL is feasible. More
importantty, the semiconductor sequencing technology represents a relatively economical
important tool for the characterization of CLL genetic heterogeneity and clinical-prognostic
outcome.

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most frequent leukemia in adult in Westemn
countries [1]. Despite a homogeneous immunophenotype, it may exhibit variable clinical
presentation and evolution. Some patients present an indolent disease, whereas others
are characterized by aggressive disease and short suryvival times. The outcome of CLL
can be predicted based upon stage at diagnosis [2, 3], presence or absence of somatic
mutations of the variable region of the immunoglobulin heavy chain gene (IGHY) [4] or
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CD38 [5] and ZAPTO positivity [6]. Chromosomal aberrations, including deletions at 17p
and 11qg, and TP53 mutations have also been linked to poor prognosis [7].

Mext-generation sequencing (NGS) techniques have provided a better knowledge of the
genefic complexity and heterogeneity of CLL [8-10]. Whole genome sequencing has
provided new insights into the mutational status of the disease, by revealing novel genetic
lesions affecting several genes previously not involved in CLL, such as NOTCH1, SF3B1,
MYD&88 and BIRC3 [10]. Alterations of these genes occur in approximately 5-10% of CLL
patients at diagnosis and have shown significant comelations with survival [11-13].

Massive paraliel sequencing technology provides a means of systematically discovering
the genetic alterations that underlie disease and identifying new therapeutic targets and
clinically predictive biomarkers [14, 15]. Since the launch of first NGS platform, a number
of technological advances have been made, such as improved seguencing chemistry and
novel detection methods. Here, we tested a panel of 20 genes that were found being
mutated in CLL using small NGS system lon Tomrent Personal Genome Machine (PGM), a
NGS platform that uses semiconductor seguencing technology [16], thus resulting in
higher speed of analysis and lower cost. We sequenced DNA samples from 28 untreated
patients affected by CLL and we comelated mutational status with clinic-biologic
parameters.

METHODS

Patients

Twenty-eight newly diagnosed patients with CLL seen at our institution between 2006 and
2008 were included in the present study. Diagnosis was made according to standard NCI
criteria [1]. Indications for treatment included: increased WBC count with <6 month
Ilymphocyte doubling time, anemia or thrombocytopenia due to bone marmow infiltration or
autoimmune phenomena not responding to steroids, disease progression in the Binet
staging system. Fludarabine-containing regimens were used as first-line treatment;
chlorambucil was used in some elderly and unfit patients.

Immunophenotyping with a standard diagnostic panel including anti CD38 monoclonal
antibodies as well as FISH studies were performed as previously reported [17, 18]
Conventional karyotyping was performed using ODN and L2 as previously reported [19].

Immunophenotypic analysis

At diagnosis, immunophenotypic analysis was performed according to NCI criteria [1]. The
Matutes immunophenotypic score [20] was calculated giving 1 point each to CD5 positivity,
CD23 positivity, CD22 weak positivity, slg weak positivity and FMCY negativity. Only
patients with a score =3 (i.e. typical CLL) were included. The expression of CD38 were
tested, as described [19], on fresh peripheral blood (PB) cells with a 20% cut-off for

IGHY mutational analysis

IGHY genes were amplified from genomic DNA and sequenced according to standard
methods and the cut-off of 98% homology to the germline sequence was chosen to
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discriminate betwesn mutated (<98% homology) and unmutated (=98% homology) cases,
as reported previously [18].

lonTorrent Personal Genome Machine (PGM) analysis

Agilent HaloPlex Target Enrichment kit (Agilent Technologies, Santa Clara, CA, USA) was
used to produce librares of exonic regions from 20 genes (ATM, BIRC3, BRAF, CDKN2A,
CTHNB1, DDX3x, FBXWT, KIT, KLHLG, KRAS, MAPK1, MYD88, NOTCH1, NRAS,
PIK3ICA, POT1, SF3B1, TP&3, XPO1, ZMYM3) starting from genomic DNA from
peripheral blood samples, according to HaloPlex Target Enrnchment System  (Agilent
Technologies, Santa Clara, CA, USA) (see Supplementary Table 1, Figure 1A). Diluted
libraries were linked to lon Sphere Particles, clonally amplified in an emulsion PCR and
enriched using lon OneTouch emulsion PCR System (Life technologies, Foster City, CA,
USA). Exon-enriched DMNA was precipitated with magnetic beads coated with streptavidin.
Enriched, template-positive lon Sphere Particles were loaded in one lon chip and
sequenced using lon Torrent PGM (Life technologies, Foster City, CA, USA). Sequencing
data were aligned to the human reference genome (GRCh37). Data analysis and variants
identification were performed using Torrent Suite 3.4 and Varant Caller plugin 3.4 4 (Life
technologies, Foster City, CA, USA).

Statistical analysis

Cluantitative variables were reported as mean values with standard deviations (SDs) and
were compared using the Mann-Whitney test. The Fisher exact test was used for
assessing the association of gene mutations with clinico-biological variables. The time to
first treatment (TTFT) was calculated as the interval between diagnosis and the start of
first-line treatment. Survival curves were compared by using the log-rank test. A P value
=05 was used as a crterion for statistical significance. Statistical analyses were performed
using Stata software release 8.0 (Stata Corporation, College Station, TX, USA) and Prism
4 .00 for Windows, GraphPad Software (San Diego Califormia USA).

RESULTS

Patients

Twenty-eight consecutive untreated cases of CLL seen at our institution between 2006
and 2008 were included in this study. The main clinical and molecular characteristics of
the CLL cases are reported in Table 1. The maleffemale ratio was 1.8 and mean age at
diagnosis was 62 years (median = 62; range =49-75). Binet stage A (n=22), B (n=4)or C
(n=2). The patients were classified in 3 cytogenetic risk categories: 17p-, 11g- or complex
karyotype defined the high risk group, +12 or 1-2 cytogenetic abemations defined the
intermediate risk group, isolated 13g- or absence of detectable aberrations defined the low
risk group.

Cytogenetic analysis by FISH and conventional karyotype analysis

Results of FISH and cytogenetic analysis are reported in Table 2. In 14/28 cases, FISH
studies revealed genetic lesions. 17p deletion was seen in 2 cases, 11q deletion in 1 case,
trisomy 12 in 4 cases and 13q deletion in 9 cases. In two cases, the 13g14 deletion was
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associated respectively to the deletion of chromosome 11 and chromosome 17. 19728
cases showed an abnormal karyotype by conventional cytogenetic analysis, including 515
cases without detectable lesions by FISH (see Table 2). A complex karyotype (= 3
abemations) was found in 4 cases.

Mutational analysis by Next Generation Sequencing (NGS)

Parallel sequencing of exonic regions from 20 genes (ATM, BIRC3, BRAF, CDKMN2A,
CTHNNB1, DDX3X, FBXWT, KIT, KLHLG, KRAS, MAPK1, MYD88, NOTCH1, NRAS,
PIK3ICA, POT1, SF3B1, TP53, XPO1, ZMYM3) (Figure 1A)was camied out in 28 CLL
cases using the semiconductor technology of the lon Toment platform. Somatic mutations
were identified in 12 (42.8%) cases, as reported in Table 2. Each segment had a number
of reads = 500. Mutations were detected with a frequency ranging from 6.4 to 76.5% of the
reads. Five cases showed mutations in the TP53 gene (range 6.4%-46 8% of reads), 3
cases presented POT1 mutations, while mutations of MYD88, FBXWT, MAPK1, DDX3X,
KLHLG, SF3B1, KRAS and ATM were detected in 1 case each. Eight cases presented one
mutated gene, while and 4 cases camed 2 mutated genes (TP53 in association with POT1
or DDX3X, ATM in association with KLHLE and KRAS with POT1). Gene mutations found
were validated using capillary Sanger sequencing (Figure 1)

Correlation between mutational status and clinico-biological parameters

The comelations between mutational status and clinic-biological parameters are reported in
Table 3. The presence of somatic mutation did not cormmelate with sex, age, Binet stage,
CD38 or lgvVH status. A positive mutational status correlated with the presence of
cytogenetic abnormalities detected by FISH and the relative risk status (favourable,
intermediate and high) (p=0.0198) and unfavourable karyotype findings (p=0.0322).
Mutated patients showed a significant (p=0.0002) shorter median time fo first treatment in
comparison to those without mutations (20 months vs not reached at 76 months) (Figure
2)

DISCUSSION

The development of massive parallel sequencing, also refemed to as nexit-generation
sequencing (NGS), allowed the possibility to camy out whole-genome sequencing in
various diseases and define the fransmissible or somatically acquired genetic alterations
[21]. NGS studies applied to CLL identified novel oncogenes and tumor suppressor genes
potentially implicated in pathogenesis. Wu and colleagues showed 25 significantly
recumrent genetic alterations affecting 7 core signaling pathways [22]. Whole
genome/exome sequencing of numerous CLL cases has disclosed the gentic landscape of
CLL, providing comprehensive catalogs of somatic mutations and new insights into the
genes that contribute to cellular transformation [8-12]. CLL shows a highly variable disease
course, partly explained by the diverse combinations of somatic mutations uncovered by
sequencing studies [9, 10].

In this report, we describe the development a panel of 20 genes implicated in CLL, that
can be all simultaneously sequenced in parallel using the lon Toment platform. This
approach was tested in a group of 28 CLL patients. The panel was designed to cover the
coding sequences of all the above mentioned genes. We found somatic mutations in 12
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cases. TP53 was most frequently mutated (5 cases) and the frequency of mutations
involving the other genes investigated was in line with data published in literature using
whole exome sequencing [8, 10]. The percentage of reads showing mutation ranged from
6.4 to 76.5%. From the vanability in the reads where mutation was found, we deduce that
both clonal and subclonal mutations were present. The mutational profile of CLL can be
charactenized in two main group: clonal mutations, which are present in all tumor cells and
represent early events in the leukemogenesis, and subclonal mutations, usually present in
a small fraction of leukemic cells and possibly may represent progression events. This
finding may explain the basis of the great heterogeneity within the CLL population [22].
ATM mutation present in the 76.5% of the reads analyzed is probably a predominantly
clonal, whereas mutation with rates of 6-20% are probably subclonal mutations, that could
expand over the time and lead to disease progression.

Among our 19 cases with genefic lesions by FISH andfor cytogenetic analysis NGS
showed gene mutations in 9 cases, documenting that cytogenetic, FISH and sequencing
may represent complementary methods that allow to detect genetic heterogeneity within
CLL. NGS could also provide information in a significant proportion of CLL patients with
favorable prognostic features. Our approach allow for the identification of genetic lesions in
25% of patients with non-informative cytogenetic analysis (FISH and karyoiype) and 50%
of FISH negative cases. In the three cases without cytogenetic and FISH abnomalities,
we found mutated FBXWT, MAPK1 and TP53, respectively (see Table 2). Data are not
surprising, in fact TP53 mutations in the absence of 17p13 deletion are detected in 30% of
CLL at diagnosis [23].

We then correlated mutational status with clinicobiological parameters. Interestingly, the
presence of mutations comelated with high risk FISH (11g- andfor 17p-) and unfavourable
cytogenetic (11qg-, 17p- or complex karyotype) findings. Mo comelations were instead
observed with other parameters like sex, age, Binetstage, CD38 and IgVH. The
mutational status also comelated at univariate analysis with time to first treatment, that was
significantly shorter in patients harboring somatic mutations. At multivariate analysis, no
variable independently predictive of shorer TFT was. statistically significant. This data is
probably due to small number of patients analysed. Definitely a future goal will be to
expand the series of patients.

In conclusion, NGS by lon Toment might represent an important fool for the
charactenzation of CLL genetic heterogeneity and clinical prognostic outcome. lon Toment
is surely feasible due to the low cost and the short time for reaction. This technigues,
applied to clinics, could expand our knowiedge on the molecular mechanisms involved in
the pathogenesis of the disease and offer new perspectives for clinical management of the
CLL patients.
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Figure 1. Sanger validation of a TP53 mutation detected by lon Toment PGM.
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FIGURE 2. Time fo first treatment in patients with (Mutated, n=12) and without somatic mutations
{Unmutated, n=18].
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Table 1. Baseline characteristics and clinical data in 28 cases submitted to NGS
Sequencing.

CLINICAL AND BIOLOGICAL CHARACTERISTICS

JHof patients 28
AgE mean yTs {range) 62 [49-75)
WF 1810
Stage (Binet) AJBIC 242
COBE [=20%) NEQipos 207
IgVH Mutated/Unmutsied 171
Fi5H Low /ntermediaterHion 21473
Karyatype Low /nviermediaie/High 15/a5
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Table 2. Outcome of NGS sequencing, FISH investigations and conventional karyopiyping

analysis.
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Table 3. Clinical comelations according to presence or absence of somatic mutation by

NGS sequencing.
CLINICAL CORREL ATIHONS
Mutation positive M utathon ative

Paramater mmP:.: 1E m:::' P
Age

Mean [range) B2 (43-70) 53 {51-75) [
S8
e nof pis G 106 ms__
Binet Stage
_ABC . of pts 814 142 s
Coas

Fos/Meg n. of pis 47 3
IgvH

Mutated/Unmutated n. of pis B 115 ns
RSH

Low /intermediateHigh n. of pis B33 15140 00158
aryotype

Low ‘intermediateHigh n. of pis R 1231 00322
Tharapy

YesNo n. of pis 75 2114 0.014
Time te Arst Treatment

months 20.0 Mot reached 0.0002
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Chromosome Gene  Shart I Ition  End I

cin2 PO &1T19173 1719706 “MC DD0002 1161710 T3-517 19708
chr2 SF381 18857115 105267845 "G DD0DO2 1 1-158267 115- 196267846
cin2 SF381 198266411 158267036 "G DD0DO2 11:19826641 1- 196267036
chr2 SF381 19826515 THEDE50E “HC DD0D02 11-15826521 5-198265016"
ciris oHO? 93455516 3459950 "G D000 5909349351 6- 95499955
chris CHO? 93510384 ‘03511033 “NC. D001 590035 10384- 5351 9033
eimris CHOZ 93534475 03535000 "G D000 59083534475 53535000
ciris CHO? 93540063 03540764 "G D000 59093580266~ S 580TEd™
eimris cHO? 93555303 03555804 "G D000 59083555303 53555804
civis oHOZ? 93552180 S3S52TES “HC 0001590335852 160- SR55TTES
ciwX DRI 41106436 FIRE ] “NC D003, 10041 1964364 11065017
(=1 A DOECEX 21204135 41205040 “HC D003 #1004 12041 354 120504
civX ZWNME TOAE1TES TOEZIE NG D003, 107086 1768 Tea2ar
cimX ZWYNE  TO460768 TOE 1442 "G D003, 10 TISG0T BE-TIEE 144
ciwk IMME TOATZT1 TTI246 NG D000, W07 2T 1-TE 73246
ciwk ZWYME  TO4B55E1 TTI208 “NC D003 #0cTO4S60561-T0470208™
ciwi7 TPs3 Tor676a ToTT208 "G D00 7 M TS 76 ThE-Tor r268"
chri7 3 TSIT9 TorTedT "HC D00 7. M TS77 3458-T57 768 T
w7 P32 TorTes Toreal "G D000 7. METSTTBS1-Tora6e01™
w17 TPS3 Toro0Es ToTSHI “NC D000 7. $0c75 PO055- 7579834
civd KT ‘35505386 S55ESTEe "G DD0D0A. 11:55535386-55505T69
ciwd KT 35602365 SSEO2ET2 “HC DD00D4. 11:35602365-5560257
chrd FEXNT 153240048 153249503 "HC._0D0O04. 11:153240048- 153240503
civd FENT 153245138 153245696 "G DD0D0E. 11:153245135- 1532456967
chrd FEXNT 1532465985 “HC. DD0004. 11:153246885- 15324768
4 FEXNT 153255767 NG 000004, 11:153258767- 153250117
civ3 A DEE 38162079 “MC DD0003. 1138 182070381 83867
i3 CTHME! 41265794 412656468 NG DO0O03. 11:412657 54 -4 1266459
civ3 PE3CA.  1TBSS1808 TrEesren “HC 00003 11:178351 508~ 17B852290
cird KLHE 183372884 183073632 “NC D00D03. 11-153272554- 18327363 T
civ22 MAPKT 22126049 2127453 WG D002 10022 126845-221 45T
chr2? WP 22450519 2 E04H “HC D000 #0022 15001 5-2H 60431
g MOTCH 1353802537 1390047 "M D000, 11:139300257- 13935104
=l NRAS 115256330 1152566815 “NC._DD0D01. #0c115256330- 115256815
i NRAS 115255445 11525086 “NC D000 1. #0017 1:52 58445~ 1152553867
=1 1) POT1 124455740 124499380 "G DD0007. 13124456740 12445093907
che? POT1 124510738 12511207 “HC 000007 13124590738~ 124511207
ch? POT1 124532174 124532633 WG DD0OO7. 13124532 174- 124532635
che7 POT1 124538031 124538662 “HC. 000007 13:124538031- 124535657
7 POT1 124536926 124537435 "M DD0007. 130124536826 124537435
7 BRAF 14045000 140453405 “HC DO0007. 13: 140453000 140453895
eiril BRC3 10z2s WEATTY "G D000 1901 201521 - 1022021747
ciril BRCI 102207344 WENTTEE “NC D000 1,501 AT 3441 02247 768"
chrid AT 106115490 H0E1 20023 "G 0000 1901051 15450-108 1200237
= | ATM 106117519 108118136 WG D000 L3 IS 1T518-108118136
ciril AT 106123199 E123T16 “NC 00001 190108 123198-108123716°
ciril ATM 106137735 1E138170 WG D00 L3 1B 1377 35108138170
ciril AT 108154862 M0E155485 “NC D000 190108 154862-108155488°
eimil ATM 106173355 WE173850 "G D000 19010617 3355-108 173260
ciril AT 1061mm161 WE1TOT33 "G D000 1.9 1061 T 61-108170733°
chrid AT 108172302 HE1TITE "G D000 19010817 2302108 172703°
ciril ATM 106180579 E1E2 WG D000 150106 1805T2-1081612417
ciril AT 108200697 EN01254 “NC (D000 1,901 0E200687-108201 2587
ciril ATM 106205463 10205084 "G D000 1,501 D520 5463108206054
ciril AT 106206442 H0E206030 "G D000 1,901 (5206442108 2060397
eiril ATM 10824378 DEA04E2E "G D000 1,901 0E204375-108204528
ciril ATM 106217938 a2 15252 "G D000 19010621 1955108218252
chrid AT 108225292 WEZ25T44 "G D000 1,901 052250501 082257 44"
ciriil ATM 106235751 ME235386 "M 000011501 052357751-108236395"
chri2 KRAS 25307064 25308541 "NC D002 11:25397064-2530854 17

Table 1, suppl. Genomic segments analysed with NGS by lon Toment.
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