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ABSTRACT

with very heterogeneous biological and clinical behavior. The last

decade has been remarkably fruitful in novel findings, elucidating
multiple aspects of the pathogenesis of the disease including mechanisms
of genetic susceptibility, insights into the relevance of immunogenetic fac-
tors driving the disease, profiling of genomic alterations, epigenetic sub-
types, global epigenomic tumor cell reprogramming, modulation of tumor
cell and microenvironment interactions, and dynamics of clonal evolution
from early steps in monoclonal B-cell lymphocytosis to progression and
transformation into diffuse large B-cell lymphoma. All this knowledge has
offered new perspectives that are being exploited therapeutically with
novel, targeted agents and management strategies. In this review we pro-
vide an overview of these novel advances and highlight questions and per-
spectives that need further progress to translate this biological knowledge
into the clinic and improve patients’” outcome.

Chronic lymphocytic leukemia is a well-defined lymphoid neoplasm

History

Chronic lymphocytic leukemia (CLL) is a lymphoid malignancy characterized by
the proliferation and accumulation of mature CD5* B cells in the blood, bone marrow
and lymphoid tissues. The diagnosis of CLL requires the presence of =5 x10°/L mono-
clonal B cells of typical phenotype in the blood. Patients with <5 x10%/L circulating
CLL-type cells may be diagnosed with small lymphocytic lymphoma if they also pres-
ent with either lymphadenopathy, organomegaly or extramedullary disease; or with
monoclonal B-cell lymphocytosis (MBL) if they do not.! CLL is the most prevalent
type of leukemia in adults in Western countries, with an age-adjusted incidence rate
of 4.9 cases per 100,000 inhabitants per year. There is a stark difference between the
incidence in men (6.8 cases per 100,000/year) and women (3.5 cases per 100,000/year)
and also between Caucasians (7.3 and 3.8 cases per 100,000/year for men and women,
respectively), African Americans (4.9 and 2.4 cases per 100,000/year for men and
women, respectively) and Asian Americans (1.5 and 0.7 cases per 100,000/year for
men and women, respectively).” The disease may have a stable course but also
become aggressive, with frequent relapses, or even transform into an aggressive lym-
phoma, typically diffuse large B-cell lymphoma (DLBCL) (Richter transformation).

In the last decade, genomic and epigenomic studies have expanded our knowl-
edge of the pathogenesis of CLL remarkably, unraveling a large number of novel
alterations that might drive the evolution of the disease.*” Moreover, understand-
ing the crosstalk between tumor cells and their microenvironment has been fun-
damental in the development of new, targeted agents, which are transforming the
way we manage the disease. In this review we provide an overview of these novel
advances and how they relate to our understanding of the pathogenesis and cur-
rent management of CLL.

Pathogenesis
Genetic predisposition

Family studies have consistently shown that first-degree relatives of patients
with CLL have a 2- to 8-fold increased risk of developing the disease.® Genome-
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wide association studies have identified up to 45 suscepti-
bility loci, mostly mapping to non-coding regions of the
genome.” The mechanisms linking these susceptibility
variants and the development of the disease are being elu-
cidated thanks to integrated genome-wide association/
transcriptome/epigenome studies. These analyses recently
revealed that 93% of the susceptibility loci are located in
active promoters or enhancers and modify the binding
sites of a number of transcription factors (e.g., FOX, NEAT
and TCEF/LEF) that, in turn, alter the expression of more
than 30 genes involved in immune response, cell survival,
or Wnt signaling (Figure 1).” Despite these advances,
molecular analysis for predisposition to CLL remains
investigational.

Cell of origin

Hematopoietic stem cells derived from patients with
CLL seem epigenetically primed to clonal expansions of
CLL-like cells when implanted in mice. Interestingly, these
clonal expansions do not always carry the same genomic
aberrations as the original disease.” Moreover,
hematopoietic stem cells derived from patients with CLL
express higher levels of transcription factors, such as
TCEF3, IKZF1 or IRE8, than those from healthy donors,
which is intriguing if we consider that some susceptibility
loci increase TCF3 binding or IRF8 expression.” Mutations
in driver genes such as NOTCH1 or SF3B1 may be
acquired by hematopoietic stem cells, but also at more

Susceptibility loci

advanced stages of B-cell differentiation, explaining why
these genomic aberrations are frequently subclonal."*
These alterations observed in early steps of B-cell develop-
ment are also consistent with the identification of shared
mutations in CLL and myeloid cells and the detection of
oligo- and multi-clonality in patients with MBL/CLL."*
The B-cell receptor (BCR) is crucial for CLL pathogene-
sis and is composed of immunoglobulin (IG) molecules
plus CD79a/b subunits. From an immunogenetic point of
view, two major molecular subgroups have been identi-
fied: those harboring unmutated IG heavy-chain variable
region (IGHV) genes (U-CLL, 298% identity with the
germline) and those with mutated IGHV genes (M-
CLL).”** U-CLL originates from B cells that have not expe-
rienced the germinal center, whereas M-CLL originates
from post-germinal center B cells.” In addition, around
30% of patients have highly homologous amino acid
sequences derived from almost identical IG rearrange-
ments, known as stereotypes.” Several hundred stereo-
types have been identified, of which 19 are considered
major due to their frequency. The prognostic importance
of several stereotypes has been prospectively validated.”
The presence of stereotypes and the remarkable bias in
the use of certain IGHV genes highlight the relevance of
antigen selection in CLL clonal expansion. Interestingly,
the IG portion of the BCR may also recognize homotypic
epitopes that trigger downstream signaling.”” In this
sense, the acquisition of the mutation at position 110
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Figure 1. Genetic susceptibility mechanisms. Most susceptibility loci map to non-coding regions of the genome, are mainly located in active promoters or enhancers,
and modify the binding sites of a number of transcription factors. As a consequence, the binding sites for SPI1 and NF-xB are disrupted, whereas there is an

increased affinity for members of the FOX, NFAT and TCF/LEF families. This, in turn
cell survival (BCL2, BMF, CASP8, BCL2L11) or Wnt signaling (UBR5, LEF1).°

, alters the expression of genes involved in the immune response (SP140, IRF8),
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(G>C, glycine-arginine) of IGLV3-21*01 mediated by
somatic hypermutation confers autonomous BCR signal-
ing.”* This change is present in 7-18% of CLL and seems
responsible for the adverse outcome associated with the
use of IGLV3-21 independently of the mutational status of
the IGHV>*

Epigenetic studies have shown that, although both CLL
subtypes are antigen-experienced, M-CLL keeps a methy-
lation signature of germinal center-experienced cells
(memory-like B cells), whereas U-CLL has a pre-germinal
center, naive-like methylation signature®” Of note, these
epigenetic studies also identified a third subtype with an
intermediate profile made of cases with moderate IGHV
mutation levels. All three epigenetic subsets have different
usage of IGHV genes, stereotypes, genomic aberrations
and clinical outcome (Table 1).” Their prognostic rele-
vance has been validated in retrospective cohorts and clin-
ical trials.””* The intermediate epigenetic subtype may be
more heterogeneous than initially thought since it
includes most stereotype subset 2 cases with aggressive
behavior whereas other cases may behave more indolent-
ly. The understanding of the biological significance of this
subtype requires further analysis.

The microenvironment in chronic lymphocytic leukemia

CLL cells are highly dependent on signals coming from
the microenvironment for proliferation and survival.
Tumor cells proliferate primarily in lymph nodes, and to
less extent in bone marrow,” where they are in intimate
contact with extracellular matrix, T cells, nurse-like cells,
follicular dendritic cells and other stromal cells (Figure 2).
The interactions between CLL cells and this complex
microenvironment are mediated by a network of adhe-
sion molecules, cell surface ligands, chemokines,
cytokines, and their respective receptors. CLL cells organ-
ize their supportive inflammatory milieu and promote an
immunosuppressive microenvironment through different
mechanisms, such as secretion of soluble factors, cell-to-
cell contact, and release of extracellular vesicles (Figure
2)'29,30

Environmental or self-antigens and homotypic interac-
tions trigger BCR and Toll-like receptor (TLR) signaling,
amplifying the response of CLL cells to other signals from
the microenvironment and increasing the activation of
anti-apoptotic and proliferation pathways.** Genomic
studies have identified recurrent mutations in genes regu-
lating tumor cell-microenvironment interactions, which
are already required for tumor cell growth. Thus,
NOTCH1 mutations are dependent on the presence of
Notch ligands in the microenvironment and activate
processes such as cell migration, invasion and angiogene-
sis.®* BCR and NOTCH1 pathways are functionally
linked, mutually enhancing their activation.” MYDS8$
mutations activate the NF-kB pathway in response to
TLR ligands, increasing the cytokine release involved in
recruiting stromal and T cells.*® Tumor cells also reconfig-
ure the function of T- and myeloid-derived cells towards
a leukemia-supportive and immunosuppressive microen-
vironment.*¥ Thus, tumor cells reduce T-cell motility
and the effector function of CD4" cells while inducing
CD8"-cell exhaustion®™™ and monocyte differentiation
towards macrophages with protumoral functions (M2-
like) and nurse-like cells.”

Many studies have confirmed the fundamental role of
BCR activation for CLL pathogenesis.” Several proteins,
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including phosphatidylinositol 3 kinase (PI3K), Bruton
tyrosine kinase (BTK) and spleen tyrosine kinase (SYK)
are essential for BCR signal transduction.® The effect of
BCR-mediated signaling varies according to IGHV muta-
tion status: M-CLL cells are generally driven towards
anergy, whereas U-CLL cells are more directed towards
cell growth and proliferation.” Moreover, anergic cells
normally retain a higher susceptibility to apoptosis unless
anti-apoptotic proteins such as BCL2 are overexpressed,
as is the case for CLL cells.” Indeed, most major therapeu-
tic advances occurring in the last decade are related to the
inhibition of BCR and BCL2-mediated signaling.

Structural genomic aberrations

Initial chromosome banding analysis revealed that
deletions or trisomies were relatively common but only
observed in fewer than half of the patients.* With the
advent of fluorescent i situ hybridization (FISH), genom-
ic aberrations were identified in more than 80% of
patients, the more relevant being trisomy 12, 13q deletion
[del(13q)], 11q deletion [del(11q)] and 17p deletion
[del(17p)];¥ and FISH became the gold standard for
genomic evaluation in CLL. Later, the introduction of
more effective mitogens expanded the use of chromo-
some banding analysis in CLL and revealed other aberra-
tions that could not be detected by FISH, including chro-
mosome translocations in 20-35% of the cases.”” These
translocations may occur in the context of complex
karyotypes. The most common rearrangements involve
13q14, with multiple partners, and the IGH locus. The
genes most commonly rearranged with IGH are BCL2
[t(14;18)(q32;G21)] (2% of cases, usually M-CLL);>* and
BCL3 [t(14;19)(q32;q13)] or BCL11A [t(2;14)(p16;q32)]
(<1% of cases, usually U-CLL with atypical features).”"
Chromosomal microarray analysis has identified novel
copy number alterations and also copy number neutral
loss of heterozygosity.>” This latter is observed in 5% of
patients, typically affects deleted regions such as 11q, 17p
and 13q, and is associated with mutations of the target
gene, particularly 7P53.>% A novel use of both chromo-

Table 1. Clinical and biological characteristics of the three epigenetic sub-
types in chronic lymphocytic leukemia.?>2*"

Methylation Naive-like Intermediate Memory-like
cell signature
Typical IG genes IGHV1, -5, -7 IGHV3-21 IGHV4-34
IGHD6-19 IGHJ6 IGHD5-18
IGHJ4 IGLV3-21 IGHJ6
1GKV1-39 IGKV2-30
Typical stereotype subset 1 2 4
IGHV mutations Unmutated Mutated or Mutated
unmutated
(around the
98% cutoff)
Mutated drivers NOTCHI SF3BI
NFKBIE del(11q)
TP53 rarely TP53 del(13q)
Clinical outcome” Aggressive; Intermediate; Indolent;
TTFT at 10 TTFT at 10 TTFT at 10

years = 97% years = 38% years = 24%

IG: immunoglobulin; IGHV: immunoglobulin heavy-chain variable region; TTFT: time to first
treatment; ND: not determined.
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Figure 2. The chronic lymphocytic leukemia microenvironment. Communication between chronic lymphocytic leukemia (CLL) cells and stromal cells, T cells and
nurse-like cells (NLC) is established and maintained by direct contacts, chemokine/cytokine receptors, adhesion molecules and ligand-receptor interactions. CLL cells
migrate to tissues attracted by the chemokines CXCL12 secreted by NLC and stromal cells, CXCL13 by follicular dendritic cells (FDC), and CCL19/CCL21 by high-
endothelial venules, which interact with the CLL receptors CXCR4, CXCR5 and CCR7, respectively. Adhesion molecules (e.g., a4p1 integrin, LFA-1) and their ligands
(VCAM1, ICAM, among others) facilitate tumor cell migration and homing. Environmental or auto-/self-antigens and homotypic |G interactions trigger B-cell receptor
(BCR) activation capable of driving CLL proliferation.?*** Interactions between CD40 and CD40 ligand (CD40L) on activated CD4" T cells are critical in the context of
antigen presentation and induction of normal B-cell responses. Activated CLL cells secrete chemokines (CCL2, CCL3, and CCL4) and angiogenic factors that attract
T cells and different stromal cells.®*** Suppressive factors (IL-10)**° and immune inhibitory molecules (PD-L1 among others)'* facilitate tumor cells to evade immune-
response and maintain tolerance. Anti-tumor CD8" T cells become exhausted by constant exposure to tumor-derived antigens leading to cell exhaustion.*® Regulatory
T cells (Treg) exert an inhibitory effect on CD4* and CD8" cells through secretion of suppressive cytokines.*? Tumor-released extracellular vesicles carrying noncoding
RNA and proteins induce an inflammatory phenotype in T cells, monocytes, and stromal cells.**

some banding analysis and chromosomal microarray
analysis is the identification of complex karyotypes,
observed in up to 20% of patients with CLL. A complex
karyotype appears not only prognostic but also predictive
in the context of treatment with both conventional and
novel agents.”” Intriguingly, a subset of patients with
complex karyotypes carrying trisomy 12, trisomy 19, and
additional trisomies seem to correspond to a particular
genetic subgroup with favorable outcome.” In contrast
to patients with other hematologic malignancies, patients
with five or more aberrations have a worse prognosis
compared to those with “less complex” karyotypes (3 or
4 aberrations).”

Mutational landscape

On average, CLL tumors accumulate around 2,500
somatic mutations with a clear difference between M-
CLL and U-CLL (8,000 vs. 2,000 somatic mutations on
average, respectively). This increased mutation burden
observed in M-CLL has limited transformation potential
as patients with M-CLL have fewer mutated drivers and
better clinical outcomes than patients with U-CLL.* The
mutational landscape of the disease is remarkably hetero-
geneous, with only a handful of genes mutated in more

-m haematologica | 2020; 105(9)

than 5% of patients at diagnosis (NOTCH1, SF3B1, TP53,
ATM) followed by a long tail of genes mutated at lower
frequencies.*" Despite this diversity, most mutated driv-
ers cluster in a number of cell pathways (Figure 3), such
as NOTCHI1 signaling (NOTCH1, FBXW?7); BCR and
TLR signaling (EGR2, BCOR, MYDS88, TLR2, IKZF3); the
MAPK-ERK pathway (KRAS, NRAS); NF-kB signaling
(BIRC3, NFKB2, NFKBIE, TRAF2, TRAF3); chromatin
modifiers (CHD2, SETD2, KMT2D, ASXL1); cell cycle
(ATM, TP53, CCND2, CDKN1B, CDKN2A); DNA dam-
age response (ATA, TP53, POT1); and RNA splicing and
metabolism (SF3B1, U1, XPO1, DDX3X, RPS15). This
clustering suggests that mutations belonging to the same
cell process may have similar functional and clinical
impacts,”* but this hypothesis requires further confirma-
tion. A detailed descriptions of these cell processes can be
found elsewhere.”

This accumulation of low-frequency driver alterations
highlights the striking interpatient heterogeneity of CLL,
which is partly determined by three major factors: (i) the
cell of origin: M-CLL have fewer driver mutations than U-
CLL and some mutated genes are almost exclusively or
predominantly seen in one of the two subtypes (e.g
MYD88 and PAX5 in M-CLL and U1, NOTCH1, and
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Figure 3. Recurrently mutated genes and pathways in chronic lymphocytic leukemia. The main molecular pathways affected by mutations in chronic lymphocytic
leukemia are depicted. Genes mutated at higher frequencies (>5%) in newly diagnosed patients are highlighted in bold.

POT1 in U-CLL), whereas others are seen in both sub-
types; (ii) age of the patients: MYD88 mutations seem to
be more frequent in younger patients; (iii) disease evolu-
tion: some mutations (SF3B1, POT1, ATM) are more fre-
quent in patients requiring therapy compared to those
with stable disease, and some others (TP53, BIRCS3,
MAP2K1, NOTCH1) are more frequent in patients with
progressive disease after chemoimmunotherapy (CIT).**”
The co-occurrence of many of these driver alterations
within the same tumor complicates the analysis of their
relative clinical relevance. For instance, mutations in
SF3B1, POT1 or XPO1 are generally associated with poor
prognosis, but they rarely appear on their own.” This has
led some investigators to propose a multi-hit model in
which the accumulation of driver mutations, regardless of
the individual genes targeted by each of these mutations,
gradually impairs patients’ outcome.*” Indeed, the sur-
vival of patients in whom no driver aberrations are iden-
tified is comparable to that of individuals in the general
population, further reinforcing this concept.®

Deep, targeted next-generation sequencing has
revealed that subclonal mutations (i.e., those present in
only a fraction of tumor cells) can be detected for all driv-
er genes and are associated with rapid disease progression

and poor outcome."™ This is particularly relevant for
TP53 mutations given the fact that, as explained below,
CLL therapy is based on the presence or absence of these
mutations. The current consensus is that, apart from clon-
al mutations, subclonal mutations with a variant allelic
frequency ranging from 5 to 10% (and therefore below
the threshold of detection by conventional molecular
techniques) could also be reported, whereas those with a
variant allelic frequency lower than 5% should not, but
there is much controversy around these issues and this
recommendation may well change in the future.®®
Furthermore, the analysis of clonal and subclonal aberra-
tions has also allowed the reconstruction of each tumor’s
phylogeny. Thus, clonal aberrations, which are mostly
structural abnormalities [e.g. trisomy 12, del(13q)] gener-
ally correspond to earlier driving events, while subclonal
mutations in driver genes (e.g., SF3B1, POT1, NOTCH1)
are acquired later over the course of the disease.”
Moreover, some genes appear to be specifically selected
at relapse. For instance, small clones harboring TP53
mutations typically expand and dominate the disease
after CIT, which explains the poor prognosis associated
with these subclonal mutations.” Apart from TP53,
mutations in [KZF3 and SAMHD1 have also been recur-
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rently selected in small cohorts of patients after CIT.**
Clonal evolution plays an important role not only in
resistance to CIT, but also to novel agents. Indeed, differ-
ent point mutations have been identified in the BTK and
PLCG2 genes in patients previously treated with the BTK
inhibitor ibrutinib,” and in the BCL2 gene in patients
relapsing after treatment with the BCL2 antagonist vene-
toclax.” Resistance to these agents has been associated
with these mutations in around 70% of cases, although
they are usually subclonal and their specific role causing
resistance needs to be proven.” Other resistance mecha-
nisms involve upregulation of BCL-XL and MEK/ERK,
and cell reprogramming and transdifferentiation to cell
subtypes that do not require BCR signaling.®*”°

Epigenomic landscape

The genome of CLL features widespread hypomethyla-
tion, and a large fraction of the differences between U-
CLL and M-CLL can be attributed to their different cell of
origin in germinal center-independent or -experienced B
cells, respectively.” Major hypomethylation changes occur
at transcription factor binding sites such as TCEFS3,
PU.1/SPIB, NFAT and EGR, and enhancers that modulate
genes relevant for CLL pathogenesis involved in B-cell
function, BCR signaling, and NF-kB activation among
others. This methylation profile is already acquired at the
MBL stage’ and remains relatively stable over time.
However, some CLL have intratumor variability in cer-
tain regions, which may alter the expression of several
genes and facilitate tumor evolution.”” Of note, this vari-
ability is greater in U-CLL than in M-CLL and is associat-
ed with increasing number of subclones.””!

Several groups have evaluated the full reference
epigenome of CLL, providing a genome-wide map of his-
tone marks and three-dimensional chromatin architec-
ture.®”””* Surprisingly, there was a significant variability in
active regulatory regions among individual patients. This
variability, and also the total number of active sites, was
larger in U-CLL than in M-CLL. Around 80% of these
active sites were also present in normal naive, germinal
center, memory, or plasma cells.” Some of these active
regions are seen in all CLL cases but in none of the normal
B-cell subtypes, and may therefore be crucial for CLL
pathogenesis. Most of these de novo active regions target
regulatory loci and super-enhancers enriched in transcrip-
tion binding motifs of NFAT, FOX, TCL/LEF, and PAXS,
which have been shown to play a role in CLL pathogen-
esis and could potentially be targeted pharmacological-
ly'26,72

Somatic mutations in chromatin remodeler genes could
modify the epigenomic landscape of CLL, but they are
uncommon in this malignancy compared to other lym-
phoid neoplasms. CHD2 is mutated in 5% of CLL and
7% of MBL.” The histone methyltransferase SETD2 and
ARID1A are also mutated in a small proportion of
patients. Of note, MYDS88 mutations and trisomy 12 are
associated with specific remodeling of chromatin activa-
tion and accessibility regions. More specifically, the
epigenomic profile induced by MYDS8 mutations targets
regulatory regions related to NE-kB signaling,® whereas
the epigenetic configuration of trisomy 12 CLL is charac-
terized by a subtype-specific hypomethylation signature
associated with increased H3K27 acetylation, which
leads to the overexpression of 25 target genes including
RUNX3.

- J. Delgado et al.

Pathogenic mechanisms in the evolution of the disease

CLL is always preceded by an often unnoticed prema-
lignant state known as high-count MBL.” Low-count
MBL may persist for a long time but the risk of progres-
sion is negligible.” Yearly, 1% of cases of high-count MBL
evolve into CLL requiring therapy,” and 2-10% of
patients with symptomatic CLL eventually develop
Richter transformation.” At the other end of the spec-
trum, around 30% of patients with CLL never require any
CLL-specific therapy and die of other causes, and 1-2% of
them even experience spontaneous regression of their
disease.” It is therefore evident that the rate and pattern
of growth (or even decline) of the disease can vary greatly
among patients.

Patients with high-count MBL carry mutations in driver
genes which may be detected at a median of 41 months
prior to progression to CLL.** The mutation rates for the
most common drivers (e.g., SF3B1, DDX3X, BIRC3, ATM)
are comparable between MBL and CLL, with only a few
genes being more commonly mutated in CLL (NOTCH1,
TP53, XPO1).2% Patients with MBL with mutated drivers
have a shorter time to first treatment compared to cases
without mutations. Once CLL is established, the growth
dynamics of tumor cells is heterogeneous. Some patients
exhibit a logistic-like behavior in which the clone stabi-
lizes over time, whereas some others show an exponen-
tial-like growth pattern.* This exponential growth, clini-
cally defined as “short lymphocyte doubling time” is still
considered an adverse prognostic parameter in CLL.** As
expected, the median number of driver mutations (both
clonal and subclonal) is higher in patients with exponen-
tial growth, and this patient population also displays
unmutated IGHV genes more frequently. In addition, the
rate of clonal evolution after therapy (i.e., with a signifi-
cant shift in at least one subclone) is also higher in
patients with exponential growth (Figure 4).

Transformation of CLL into an aggressive lymphoma
occurs in 2-10% of patients and in most of them (>90%)
corresponds to a DLBCL, but Hodgkin lymphoma may
also occur.” The DLBCL usually emerges as a linear evo-
lution of the same CLL clone with only rare cases deriv-
ing from a branching divergent subclone.”® CLL carrying
stereotyped subset 8 (IGHV4-39), NOTCH1 or TP53
mutations and complex karyotypes are at higher risk of
transformation after CIT. Transformed DLBCL frequently
add CDKN2A deletions and MYC translocations or
amplifications on top of the genomic alterations already
present in the original CLL, but lack the common muta-
tions observed in primary DLBCL indicating that they
may correspond to a different biological category.”
Richter transformation also occurs in patients treated
with BTK inhibitors. These tumors do not usually acquire
BTK or PLCG2 mutations but, if these were present in the
original CLL, subclones may emerge with additional
independent mutations.*”

In the rare instances in which the disease regresses spon-
taneously, the patients uniformly have mutated IGHV
genes, no stereotypes, low proliferative activity and poor
migration to proliferation centers as exemplified by a high
CXCR4 expression. Interestingly, patients with sponta-
neous regression show reduced T-cell exhaustion and
increased T-cell proliferation, confirming the important
role of the immune system in CLL progression.” Moreover,
driver mutations are also present in these patients but they
always remain stable without subclonal shifts.”

- haematologica | 2020; 105(9)
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Figure 4. Evolutionary steps and growth dynamics of chronic lymphocytic leukemia. (Left) The progression of monoclonal B-cell lymphocytosis (MBL) to chronic lym-
phocytic leukemia (CLL) is a linear process discriminated by the total number of lymphocytes. The presence of driver alterations is associated with rapid progression.
Although a few alterations are enriched in CLL compared to MBL, both phases share a similar driver composition. (Middle) The main growth dynamics during the
pre-treatment phase of the CLL are shown, including spontaneous regression, logistic growth and exponential growth. The main characteristics associated with each
pattern are specified. WBC; peripheral white blood cell count. (Right) Richter transformation to diffuse large B-cell lymphoma (DLBCL) is associated with subset #8,
NOTCH1 or TP53 mutations and complex karyotype. It follows a linear evolution from the CLL clone through the recurrent acquisition of CDKN2A and MYC alter-

ations.

Clinical and prognostic implications of novel
discoveries

The clinical course of CLL is rather heterogeneous, rang-
ing from a fairly asymptomatic disease that may even
regress spontaneously to a progressive disease that even-
tually leads to the patient’s death, so there has always
been remarkable interest in determining the prognosis of
individual patients. Even though many prognostic mark-
ers have been identified over the past decades, only a few
prevail. For many years, the prognosis of patients with
CLL was defined using purely clinical parameters, such as
those included in the Rai and Binet staging systems,”” the
IGHV mutational status,”*® and numerical aberrations as
determined by FISH.” With the advent of next-generation
sequencing, novel drivers were discovered (NOTCH1,
SF3B1, BIRC3) and incorporated into these prognostic sys-
tems, but none of these attempts succeeded in becoming
standard of care.”” Indeed, the International Workshop
on CLL (iwCLL) guidelines only recommend evaluating
the IGHV status and presence/absence of TP53 aberra-
tions in routine practice® The recent CLL International
Prognostic Index (CLL-IPI) incorporates both clinical and
cytogenetic/genomic data (age, clinical staging, P.-
microglobulin serum concentration, IGHV mutation sta-
tus and TP53 aberrations) into one prognostic score.” The
CLL-IPI was developed in cohorts of patients treated with
CIT and has been validated in retrospective series.”"
Among the five items, both TP53 and IGHV have the
strongest impact on a patient’s outcome, and it is therefore
not surprising that simplified versions of the CLL-IPI
incorporating only these two markers have been pro-
posed."™ A recent study has determined that a score based
on the presence of unmutated IGHV, absolute lymphocyte
count >15 x107/L, and palpable lymph nodes predicts for a
shorter time to first treatment in patients with early,
asymptomatic disease.'” On the other hand, several
groups are advocating for the incorporation of novel
markers, such as a complex karyotype™ or epigenetic sub-
sets,”” into clinical practice. All these novel prognostic

and/or predictive models will need to be validated in
cohorts of patients treated with targeted agents.

Treatment

Treatment for CLL has changed remarkably in the last
decade (Figure 5). The mainstay of therapy used to be CIT
- a combination of conventional chemotherapeutic agents
plus a monoclonal antibody, such as rituximab or obinu-
tuzumab, - although this is no longer the case, at least for
most patients. Novel, targeted agents are now the pre-
ferred option, and among them, the drugs currently
approved by both the US Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) are the
BTK inhibitor ibrutinib, the BCL2 inhibitor venetoclax and
the PI3K inhibitor idelalisib, while the second-generation
BTK inhibitor acalabrutinib and PI3K inhibitor duvelisib
have already been approved by the FDA and are under
evaluation by the EMA.

Frontline therapy

Not all patients with CLL require therapy. Despite all
recent advances, the iwCLL still recommends watchful
observation for patients with asymptomatic disease.”
This recommendation is based on at least two random-
ized trials comparing observation to either chlorambucil
monotherapy or fludarabine, cyclophosphamide and rit-
uximab (FCR)."*'* Both trials concluded that early therapy
in asymptomatic patients was not associated with a pro-
longed overall survival. Very recently, preliminary results
from a third trial comparing ibrutinib versus observation
were presented.'” Patients receiving ibrutinib had a longer
event-free survival, but no overall survival advantage,
although the results were still immature. Moreover,
although severe adverse events rates were comparable
between groups, patients receiving ibrutinib had a higher
incidence of some specific adverse events such as bleed-
ing, hypertension and atrial fibrillation.

For patients with symptomatic disease requiring thera-
py, ibrutinib is often recommended based on four phase III
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Figure 5. Recommended therapy for patients with symptomatic chronic lymphocytic leukemia. M-CLL, mutated IGHV; U-CLL, unmutated IGHV; FCR: fludarabine +

cyclophosphamide + rituximab; BR: bendamustine + rituximab; V: venetoclax; VR:

venetoclax + rituximab; VO: venetoclax + obinutuzumab; I: ibrutinib; 10: ibrutinib +

obinutuzumab; A: acalabrutinib; CIbO: chlorambucil + obinutuzumab; R: rituximab; D: duvelisib; AlloHCT: allogeneic hematopoietic cell transplantation; R-CHOP, rit-
uximab, cyclophosphamide, doxorubicin, vincristine and prednisone; IGHV, immunoglobulin heavy-chain variable region. *Acalabrutinib (A) is approved for both treat-
ment-naive and relapsed disease by the FDA but not the EMA. #Venetoclax (V) monotherapy is approved for patients with TP53 aberrations who are refractory or

intolerant to ibrutinib or patients without TP53 aberrations who are refractory or

intolerant to both chemoimmunotherapy and ibrutinib. Venetoclax plus rituximab

(VR) is approved for any patient with relapsed disease. 'Duvelisib (D) monotherapy is approved for relapsed disease (minimum of two prior therapies) by the FDA but
not the EMA. *AlloHCT is recommended for appropriate patients with high-risk disease, defined by TP53 aberrations and/or complex karyotype in whom ibrutinib

and/or venetoclax has failed. Allogeneic HCT is also recommended for appropriate
(e.g., R-CHOP).

patients with transformed disease who have responded to salvage chemotherapy

randomized clinical trials comparing ibrutinib with chlo-
rambucil monotherapy'® and other commonly used CIT
combinations, namely FCR, bendamustine plus rituximab
and chlorambucil plus obinutuzumab (CIbO).""'”
Ibrutinib was superior to chlorambucil and all CIT combi-
nations in terms of response rate and progression-free sur-
vival, and even conferred a longer overall survival com-
pared to that provided by chlorambucil monotherapy and
FCR.'" In these trials, ibrutinib was sometimes com-
bined with a monoclonal antibody, either rituximab or
obinutuzumab, and sometimes given as monotherapy, but
the true added value of the monoclonal antibody in this
context is unknown."*" In terms of toxicity, ibrutinib was
less toxic than CIT combinations when severe adverse
events or toxic deaths were considered."”™"

Apart from ibrutinib, patients with M-CLL, devoid of

TP53 aberrations and fit enough to tolerate FCR therapy,
may still be good candidates for the latter, with the benefit
being that this treatment can be completed in 6 months
while ibrutinib must be taken indefinitely. This option
would be particularly valuable for non-compliant patients
or those in whom ibrutinib is contraindicated. If FCR is
the treatment of choice, caution must be taken in patients
with NOTCH1 mutations, in whom rituximab appears to
have little added value.” Other genomic subgroups, such
as patients with BIRC3 mutations appear to derive little
benefit from CIT,'"' but these results should be further
validated.

Unfit patients also have the alternative of venetoclax
plus obinutuzumab (VO) as frontline therapy. This is
based on a phase III trial that compared VO with CIbO in
elderly/unfit patients."* VO was superior in terms of



response rate and progression-free survival, and had a
comparable safety profile. In this trial VO was adminis-
tered for a definite period of time (2 years), which is quite
appealing for older/unfit patients. Moreover, many well
established adverse prognostic markers, including U-CLL,
ATM aberrations or NOTCH1/BIRC3 mutations, lost their
negative effect in patients treated with VO. The only fac-
tor that remained predictive of a shorter progression-free
survival in this cohort of patients was TP53 aberrations."”
Finally, the alternative BTK inhibitor acalabrutinib was
recently approved by the FDA (not by the EMA yet) as
frontline therapy in view of the results of a phase III trial
comparing acalabrutinib versus CIbO.™

Relapsed/refractory disease

Treatment for relapsed/refractory disease must be
decided depending on prior therapy and also the reason
why the original treatment was no longer appropriate
(e.g., refractoriness vs. intolerance). Ibrutinib is the current
gold standard therapy for patients with relapsed/refracto-
ry disease, based on the results of several phase I-III tri-
als,"*™" but this is also changing for two main reasons: (i)
an increasing proportion of patients currently receive ibru-
tinib as frontline therapy; and (ii) a few serious contenders
have appeared in the last year.

Venetoclax is one of the best alternatives in this situa-
tion, including patients with high-risk genomic aberra-
tions. The drug was already proven effective and safe in
several phase I-II trials, in patients who had previously
received either CIT or BTK/PI3K inhibitors.”*** The for-
mal confirmation of this promising activity came with a
phase III trial in which venetoclax combined with ritux-
imab was superior to bendamustine plus rituximab in
terms of response rate, progression-free survival and over-
all survival, leading to its full approval for patients with
relapsed/refractory CLL.” Other possibilities are PISK
inhibitors and alternative BTK inhibitors. Idelalisib, in
combination with rituximab, was the first PI3K inhibitor
approved for the treatment of relapsed/refractory CLL
based on the results of a phase III trial,*" and yet it is
infrequently used because of its less favorable adverse-
event profile. It may have a role in patients with complex
karyotypes,”” who have a higher risk of progression and/or
transformation when treated with ibrutinib or veneto-
clax," or in older patients who also tend not to tolerate
ibrutinib well,"” but there are no randomized data to sub-
stantiate this potential superiority. Duvelisib was the sec-
ond PI3K inhibitor approved by the FDA, also based on a
phase III randomized trial.* The efficacy and safety profile
of the drug appear comparable with those of idelalisib, if
not slightly advantageous. Regarding alternative BTK
inhibitors, there are several products in development, but
only acalabrutinib is approved by the FDA for the treat-
ment of relapsed/refractory CLL. This is based on a phase
III trial in which acalabrutinib was superior to either ben-
damustine plus rituximab or idelalisib plus rituximab.* In
this trial, prior ibrutinib therapy was not allowed, but a
separate trial has shown that 85% of patients who were
intolerant to ibrutinib were subsequently able to take acal-
abrutinib, with a 76% response rate.'”

Despite all recent therapeutic advances, a proportion of
patients will still fail to respond and should be considered
for curative therapy. Currently, only allogeneic
hematopoietic cell transplantation can be considered
potentially curative, but it is also associated with consid-

erable morbidity and mortality. Over the past decades, the
number of patients referred for allogeneic hematopoietic
cell transplantation has dropped significantly," but the
procedure should be recommended to young/fit patients
in whom BCR/BCL2 inhibitor treatment fails, particularly
in those with TP53 aberrations, or in the case of Richter
transformation.”*** Moreover, although chimeric antigen
receptor T cells could also be appropriate in this situation
and the results are promising,” none of the commercially
available products is yet approved for this indication.

Disease transformation

Richter transformation remains an ominous event for
patients with CLL, particularly when it is clonally related
to the original CLL, because none of the recently
approved novel agents is truly effective. Indeed, disease
transformation is a relatively common cause of failure to
benefit from these drugs.”'"**"” Histological confirmation
is always recommended since it can guide prognosis (i.e.,
Hodgkin lymphoma and clonally unrelated tumors have
more favorable prognosis). Patients with transformed
disease should be offered conventional CIT (e.g., R-
CHOP: rituximab plus cyclophosphamide, doxorubicin,
vincristine, prednisone) followed by allogeneic
hematopoietic cell transplantation in the case of
response. Autologous hematopoietic cell transplantation
remains an option if allogeneic transplantation is consid-
ered inappropriate.”™ Chimeric antigen receptor T cells
may also be effective but, unfortunately, none of the
approved products is current available for patients with
Richter transformation.

Conclusions and perspectives

Recent molecular studies have provided many insights
into the processes that govern the development and pro-
gression of CLL, including many novel mutated genes
clustered in different functional pathways. The CLL
epigenome is reprogrammed through the modulation of
regulatory regions that appear de novo in the disease,
whereas other regions maintain functions already present
in different stages of B-cell differentiation. Analysis of the
CLL microenvironment has provided clues to understand
the survival of tumor cells and resistance to therapy. All
this knowledge has offered new perspectives that are
being exploited therapeutically with novel agents and
strategies. However, these studies are also raising new
questions. The relationship between the remarkable
molecular heterogeneity of the disease and the clinical
diversity is not well understood. The disease is always
preceded by a premalignant state (MBL) which shares
most molecular drivers with overt CLL. In many cases,
these molecular drivers remain constant over time.
However, clonal evolution is also possible and is usually
associated with exponential tumor growth, progressive
disease and, in some cases, disease transformation. Most
studies have been performed in pretreated patients and it
is not fully understood how the genome and epigenomic
alterations and microenvironmental interactions influence
the evolution of the disease. Translating new knowledge
into clinical practice will require an effort to obtain an
integrated view of all these factors in order to understand
the disease better and design effective treatments and
management strategies.

CLL pathogenesis and management -
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