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CHALLENGING
THE TREATMENT
COURSE

IN RELAPSED/REFRACTORY
MULTIPLE MYELOMA (RRMM)

For patients who have been exposed to an
immunomodulatory agent, a proteasome
inhibitor, and an anti-CD38 antibody, disease
control is often limited, as responses are rarely
deep and durable.1-6

As patients relapse, their disease becomes
increasingly refractory to current therapies,
resulting in even shorter remissions.7,8
Deep and durable responses are needed
in RRMM, as deep responses may lead
to better outcomes.8-10

Addressing immune cell dysfunction is an area
of focus11,12:
Myeloma affects different types of
immune cells, leading to immune system
dysregulation
This impairment may lead to myeloma cell
proliferation and disease progression

Novel strategies that redirect the immune system to target
myeloma may be a promising new direction in RRMM therapy.11-13
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Word of Welcome
On behalf of the EHA Board and the Scientific Program Committee (SPC), we are pleased to present to you the
Educational Updates in Hematology Book of the 25th EHA Congress - the first fully virtual congress of EHA!
The short articles in this book provide an overview of recent developments in various fields of hematology that are
covered in the Education Sessions, which are a cornerstone of the Congress program covering basic, translational,
and clinical research. The book is an official supplement of HemaSphere.
Participating in the virtual Congress you will hear exciting talks about biological and targeted agents for lymphoid
malignancies, both on the scientific background and the clinical applications. On route to curative and less toxic
therapies, novel findings in pathophysiology of myeloid malignancies is highlighted in several presentations. A large
part of the educational program is dedicated to non-malignant hematological diseases, with sessions dedicated
to coagulation disorders, congenital neutropenias, iron metabolism and anemias. Special focus is dedicated to
the development of immunotherapy and other novel immunological therapies for malignant diseases, and the role
of genomic technologies in personalized diagnosis and treatment. Similarly, we cover advances in hemoglobin
disorders, at a time when migrations are modifying the incidence of these disorders in Europe.
Each chapter starts with a short introduction and learning goals written by the respective Education Session chair,
followed by three topical articles. This enables readers to get an overview of the most up-to-date progress of a wide
variety of topics in hematology. A deeper understanding of specific topics of interest can be achieved by viewing
the virtual presentations, posting questions and by consulting the key references that authors have highlighted
in their articles. In addition, the learning goals of each speaker can be found in the EHA mobile app and Online
Program.
We are very thankful for the efforts of all the experts that were involved in the preparation of this exciting educational
program as well as the articles. We trust that you will find the peer-reviewed articles a valuable source of information
and reference, and that they will spark your interest in a variety of hematological topics.
On behalf of EHA and the Scientific Program Committee, I would very much like to wish you a pleasant and
informative 25th Virtual Congress!

Professor Kimmo Porkka
Chair, Scientific Program Committee of the 25th Congress Virtual Edition
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Acute Lymphoblastic Leukemia (ALL)
Ajay Vora (Coordinating Author)
Great Ormond Street Hospital, London, United Kingdom

We will witness a transformation of the approach to treatment
of ALL as the existing shift away from intensive chemotherapy
and HSCT to immune and targeted therapy gains further
momentum. The speakers in this session will provide updates
on the developments that will underpin that transformation.
Dr Iacobucci will describe new biological sub-groups identiﬁed
by gene expression, next generation sequencing and transcriptome
analysis. Although large clinical correlative studies are not yet

complete, the preliminary ﬁndings indicate that some of these subgroups have prognostic signiﬁcance and may beneﬁt from targeted
therapy. Dr Moorman will detail how different study groups are
planning to use complex stratiﬁcation models integrating clinical,
genetic and MRD assessment to identify patient cohorts for deescalation and intensiﬁcation of chemotherapy, and to test new
agents. Finally, Dr Zwaan will summarise the ﬁndings of, and plans
for, studies testing new agents with a focus on immune therapy.

Key points:
 Describe the phenotypic and genotypic features of new biological sub-groups and their clinical signiﬁcance
 Understand how models integrating clinical, immune phenotype, genetic features and response assessment are being employed to
risk stratify patients in future trials
 Gain knowledge of new treatment approaches and where they ﬁt into the overall treatment strategy
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Acute Lymphoblastic Leukemia (ALL) – Section 1

Acute Lymphoblastic Leukemia Subtypes
Ilaria Iacobucci, Charles G. Mullighan
Department of Pathology, St. Jude Children’s Research Hospital, Memphis, Tennessee, United States
Take-home messages:
 Describe the genomic taxonomy and ontogeny of B-progenitor ALL
 Deﬁne B-progenitor ALL subtypes with prognostic and therapeutic signiﬁcance by integrative genomic analysis
 Guide therapeutic intervention in B-progenitor ALL

Introduction

Subtypes with chromosomal aneuploidy

Acute lymphoblastic leukemia (ALL) is the most frequent
childhood tumor and although cure rate now exceeds 90% in
children, prognosis for older children and adults is still poor
with cure rates of less than 40% in adults over the age of 40.
This gap is in part due to the different prevalence of genetic
alterations across age. ALL comprises multiple subtypes
commonly deﬁned by disease-initiating chromosomal rearrangements or single point mutations (eg, PAX5 P80R or IKZF1
N159Y), with secondary somatic DNA copy number alterations
and sequence mutations that contribute to leukemogenesis.1 The
identiﬁcation of subtype-deﬁning chromosomal alterations has
been previously relied on conventional karyotyping, ﬂuorescence in situ hybridization and targeted-molecular analyses.
However, studies from this past decade have highlighted the
importance of next generation sequencing approaches in the
identiﬁcation of cryptic rearrangements (eg, DUX4 rearrangements), gene expression signatures (eg, BCR-ABL1-like ALL
and ETV6-RUNX1-like ALL) and germline and somatic
cooperating alterations.

These include high hyperdiploidy (> 50 chromosomes), which
is present in 25% to 30% of childhood ALL and associated with
mutations in the Ras pathway and chromatin modiﬁers, and
favorable outcome.2 Low hypodiploidy (31–39 chromosomes) is
rare in children (∼1%) but present in >10% of adults, and is
characterized by deletion of IKZF2, and near-universal mutations
of TP53 mutations, which are inherited in approximately half of
cases. Near haploidy (24–30 chromosomes) present in ∼2% of
childhood ALL, is associated with Ras mutations (particularly
NF1) and deletions of IKZF3. Both low hypodiploid and near
haploid ALL are associated with unfavorable outcome. ALL with
intrachromosomal ampliﬁcation of chromosome 21 (iAMP21) is
most common in older children and associated with poor
prognosis, which is improved with intensive treatment.3

This study was supported by St. Jude Children’s Research Hospital, the
Children’s Oncology Group, and multiple centers and leukemia cooperative study
groups worldwide contributed samples and expertise to many of the studies
described in this review. The Lady Tata Memorial Trust Award (to Dr. Ilaria
Iacobucci), St Jude Children’s Research Hospital Hematological Malignancies
Program Garwood Fellowship (to Dr. Ilaria Iacobucci), the National Cancer Institute
R35 CA197695 Outstanding Investigator Award (to Dr. Charles Mullighan), St
Baldrick’s Foundation Robert J. Arceci Innovation Award (to Dr. Charles
Mullighan), and the Henry Schueler 41&9 Foundation (to Dr. Charles Mullighan)
supported and contributed to many of the studies here described.
The authors have no conﬂicts of interest to disclose.
Copyright © 2020 the Author(s). Published by Wolters Kluwer Health, Inc. on
behalf of the European Hematology Association. This is an open access article
distributed under the Creative Commons Attribution License 4.0 (CCBY), which
permits unrestricted use, distribution, and reproduction in any medium, provided
the original work is properly cited.
HemaSphere (2020) 4:S2
Received: 15 January 2020 / Accepted: 5 June 2020
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Subtypes with transcription factor rearrangements
This group includes previously established subtypes classiﬁed
according to conventional cytogenetic analysis (eg, ETV6RUNX1, KMT2A-rearrangements, TCF3-PBX1 and TCF3HLF) and recently identiﬁed subtypes classiﬁed according to
next-generation sequencing approaches. (Fig. 1)
ETV6-RUNX1-like ALL is characterized by a gene expression
proﬁle and immunophenotype (CD27 positive, CD44 low to
negative) similar to ETV6-RUNX1 ALL, but lacking the ETV6RUNX1 fusion.4,5 These cases harbor alternate gene fusions or
copy number alterations in ETS family transcription factors
(ETV6, ERG, FLI1), IKZF1 or TCF3. It is almost exclusively
∗
identiﬁed in children (∼3%) and confers a favorable prognosis. 6
Translocation of DUX4, encoding a double homeobox transcription factor, to the immunoglobulin heavy chain locus (IGH) is
a cytogenetically cryptic alteration occurring in 5% to 10% of BALL and resulting in overexpression of a 3’ truncated DUX4
protein. This truncated protein binds to an intragenic region of
ERG resulting in transcriptional deregulation, and commonly,
expression of a C-terminal ERG protein fragment, and/or ERG
deletion. This subtype has a very distinctive gene expression proﬁle
and immunophenotype (CD2 and CD371 positive), common
deletions of IKZF1 (40%) and despite this, excellent outcome.7,8

Iacobucci and Mullighan
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Figure 1. Age distribution of BCP-ALL subtypes. (A) Distribution of BCP-ALL subtypes within each age group. Subtypes are grouped as gross
chromosomal abnormalities (aneuploidy or copy number gain), transcription factor (TF) rearrangement, other
TF-driven, kinase-driven, and all other
∗
genetic alterations (Other). Data are from RNA- seq gene expression proﬁling of 1988 BCP-ALL cases. 6 (B)∗Distribution of different BCP-ALL
subtypes within each age group according to their functional class and genomic features. Data are from Ref. 6

ZNF384-, or less commonly, ZNF362-rearranged ALL is a
biologically and clinically distinct novel subtype of B-cell precursor
ALL (BCP-ALL) present in up to 6% of childhood cases, 15% of
adult cases
and 48% of B/Myeloid mixed phenotype acute
∗ ∗ ∗
leukemia. 6, 9, 10,11ZNF384 and ZNF362 are homologous
C2H2-type zinc-ﬁnger transcription factors commonly fused to a
transcription factor (eg, TAF15 and TCF3) or a chromatin modiﬁer
(eg, CREBBP, EP300, SMARCA2, and ARID1B). In all rearrangements the zinc-ﬁnger domains of ZNF384/ZNF362 are retained.
Both fusions show similar gene∗ expression proﬁles with activated
JAK-STAT signaling pathway. 10
MEF2D (myocyte enhancer factor 2D)-rearranged ALL (4%
children and up to 10% adults) has a distinct immunophenotype
(CD10 negative, CD38 positive), older age at diagnosis (median
age 14–15 years) and poor outcome.12–14 The rearrangements
result in enhanced MEF2D transcriptional activity, increased
HDAC9 expression and sensitive to histone deacetylase inhibitor
treatment.12

NUTM1 (nuclear protein in testis midline carcinoma family 1)
rearrangements (< 2% of childhood BCP-ALL) are characterized
by fusion of NUTM1 to different partners, including transcription
factors and epigenetic regulators (eg, ACIN1, BRD9, CUX1,
IKZF1, SLC12A6,
and ZNF618), that drive aberrant NUTM1
∗ ∗
expression. 6, 10 In all fusions, the NUT domain is retained, and
this is hypothesized to lead to global changes in chromatin
acetylation and to sensitivity to histone deacetylase inhibitors or
bromodomain inhibitors in case of fusions with BRD9. NUTM1
rearrangements confer an excellent prognosis to current therapeutic approaches.

Other transcription factor-driven subtypes
Deletions, and less commonly, mutations of the key B-lymphoid
transcription factor gene PAX5 are observed in multiple subtypes
of B-ALL, but transcriptome sequencing has identiﬁed 2 groups
with distinct transcriptional proﬁles and patterns of PAX5
Educational Updates in Hematology Book | 2020; 4(S2) | 3 |
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alteration. PAX5-altered (PAX5alt) B-ALL occurs in 10%
children and 7% adults with BCP-ALL, and has diverse PAX5
alterations, including rearrangements (most commonly to ETV6
or NOL4L), distinct sequence mutations
or intragenic ampliﬁca∗ ∗
tion15 and intermediate prognosis. 6, 10 PAX5 P80R B-ALL
comprises up to 5% of adult BCP-ALL, and is characterized by the
P80R mutation that is hemizygous due to deletion
or frameshift
∗ ∗
∗
mutation of the wild-type PAX5 allele, 6, 10, 16 additional
mutations in RAS and ∗JAK2
signaling genes, and intermediate
∗
to favorable prognosis. 6, 16PAX5 alterations, commonly deletions, are not unique to these groups but can be identiﬁed in other
subtypes as cooperating genetic lesions.
A single heterozygous mutation in IKZF1 (N159Y) deﬁnes a
novel subtype of ALL (< 1% of cases) with IKZF1 nuclear
mislocalization, enhanced intercellular adhesion17 and expression
of genes involved in oncogenesis (YAP1),
chromatin remodeling
∗ ∗
(SALL1) and JAK-STAT signaling. 6, 10
Interestingly, the ZEB2 H1038R mutation (<1% BCP-ALL)
has been recently found to phenocopy the IGH–CEBPE fusion
(<1% BCP-ALL) in unsupervised clustering of gene expression,
∗
suggesting a common activated pathway of leukemogenesis. 10
However, neither the IGH or ZEB2 mutations are unique to this
group and experimental validation is required to demonstrate
their role as drivers of this group.

Kinase-driven subtypes
Of therapeutic relevance are the 2 kinase-driven subtypes:
Philadelphia chromosome positive (Ph+ or BCR-ABL1+) and like
(Ph-like or BCR-ABL1-like) ALL. Their frequency increases with
age to 25% and 20% of adults, respectively. Ph-like ALL has a
similar transcriptional proﬁle to Ph+ ALL but is BCR-ABL1
negative.18,19 It is genetically heterogeneous with multiple
rearrangements (eg, of CRLF2, ABL-class genes, JAK-STAT
signaling genes, FGFR1 and NTRK3), copy number alterations
and sequence mutations that activate tyrosine kinase or cytokine
receptor signaling. Ph-like ALL is associated with elevated
minimal residual disease levels and/or higher rates of treatment
failure compared to non-Ph-like ALL patients however treatment
with a combinatorial approach of chemotherapy and tyrosine
kinase inhibitors (dasatinib or ruxolitinib)
has shown promising
∗
efﬁcacy in improving outcome. 20

Future perspectives
Comprehensive sequencing and integrative genome-wide
analyses have profoundly reﬁned the taxonomy of ALL, resulting
in the identiﬁcation of new entities with prognostic and
therapeutic signiﬁcance. There are distinct gene expression
patterns in ALL caused by a wide range of multiple genetic
alterations that converge on speciﬁc pathways. The identiﬁcation
of these pathways is crucial for therapeutic targeting and demands
implementation of gene expression approaches into the clinical
diagnostic workup of ALL.
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Advances in Risk Stratiﬁcation in Pediatric Acute Lymphoblastic Leukemia
Anthony V. Moorman
Leukemia Research Cytogenetics Group, Translational and Clinical Research Institute, Newcastle University,
Newcastle upon Tyne, United Kingdom
Take-home messages:
 Age, disease burden, treatment response, and genetics are used to risk stratify patients to treatment pathways resulting in improved
outcome
 Current risk algorithms are focusing on reﬁning risk prediction by integrating genetics with post-induction MRD levels
 The development of multivariable integrated risk scores will be required to facilitate innovation trial design and further improve
risk prediction

Introduction
The outcome of children and adolescents with ALL has
improved dramatically over the past 50 years and >90% patients
treated on modern protocols will be cured. The advances driving
this increase have been largely protocol reﬁnement coupled with
risk stratiﬁcation alongside improved supportive care rather than
new drugs. ALL is a heterogeneous disease with respect to
demographics, presenting clinical features, cell of origin, underlying somatic genetic abnormalities and response to therapy.
Therefore, numerous prognostic factors are used to stratify
patients into risk groups (Table 1). The structure of modern
regimens emerged in the 1980s and gave rise to protocols
comprising four phases—induction, consolidation, intensiﬁcation
and maintenance. Initial risk algorithms sought to identify
patients with a higher than average risk of relapse and assign
them to more intensive chemotherapy, directed therapy, longer
maintenance therapy, a stem cell transplant or, occasionally,
separate protocols. More recently, clinical study groups have
started to employ risk stratiﬁcation algorithms to identify lower
risk patients with a view to de-escalating therapy. Broadly
speaking risk stratiﬁcation occurs at the protocol level and then
again the risk group level. Whilst the vast majority of patients with
ALL receive treatment on all-encompassing protocols, some
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patients with speciﬁc demographic or disease characteristics
assigned to specialized protocols (Table 1).1–3 Additional risk
factors such as genetics and treatment response allocate patients
into different treatment groups (Table 1). Many treatment
protocols enroll children and young adults and have observed
the frequency of high-risk features (eg, genetics) increasing with
age. Initial studies indicate the most prognostic effect of many risk
factors are age-independent.4

State of the art
The principal advances in risk stratiﬁcation have emerged from
incorporating and then integrating treatment response and
genomic abnormalities. Response to initial therapy is an
important risk factor and virtually all modern protocols assess
the level of disease during treatment and assign slow responders to
receive intensive chemotherapy. Historically, response was
measured crudely by morphology after 1 or 2 weeks of therapy.
However, the advent of minimal residual disease (MRD)
techniques (most notably PCR assessment of IG/TCR gene
rearrangements) has revolutionized risk stratiﬁcation by enabling
the detection of very low levels of disease. Although MRD can be
measured at any time-point, the end of induction is the most
widely used time-point and 0.01% is the gold standard threshold
∗
for distinguishing between MRD positive and negative patients. 5
Several studies have now demonstrated improved outcome for
patients by either augmenting therapy for MRD positive patients
or de-escalating therapy for MRD negative patients.6,7
Despite the vast array of somatic genetic/genomic abnormalities
identiﬁed and linked with prognosis, only a handful are used to risk
stratify patients (Table 1). Patients with BCR-ABL1, and
increasingly ABL-class, fusions receive tyrosine kinase inhibitors.8,9
While this targeted intervention improves outcome additional risk
factors (eg, IKZF1 deletions) are still relevant.10ETV6-RUNX1
and high hyperdiploidy have been linked with an excellent
outcome but are only used to stratify patients in select protocols
(Table 1).1 More recently, the prognostic effect of secondary
Educational Updates in Hematology Book | 2020; 4(S2) | 5 |
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Table 1
Overview of the Principal Risk Factors Used to Risk Stratify Children and Adolescents With Acute Lymphopblastic Leukemia and Their
Impact on Therapy.
Class
Patient characteristics

Clinical features

NCI criteria

Genetics

Treatment response

Key Categories

Level of Usage

Impact on Therapy

Male sex
Infants (<1 year)
Age ≥10 years
Down syndrome
White cell count (≥50109/L)
T-cell disease

Selected protocols
Widespread
Widespread
Widespread
Widespread
Widespread

CNS disease
Standard risk: Age <10 year & White cell count
(<50109/L)
High risk: Age ≥10 year or White cell count
(≥50109/L)
BCR-ABL1 / t(9;22)(q34;q11)

Widespread
Widespread

ETV6-RUNX1 / t(12;21)(p13;q21)
High hyperdiploidy (51–67 chromosomes) / Triple
trisomy (+4, +10, +17)

COG (ref 1), UKALL2011,
ALLTogether 01 and a few
othersf

Longer maintenance therapy
Separate protocol (eg, Interfant-06, ref 2)
Usually treated on the high-risk arm of protocol
Treatment modiﬁcations / Separate protocol
Usually treated on the high-risk arm of protocol
Allocated to the high-risk arm of protocol and/or
to receive speciﬁc drugs
CNS-directed therapy
Assigned to standard risk therapy (especially
induction)
Allocation to high-risk therapy (especially
induction)
Separate protocol (eg, EsPhALL, ref 3) containing
tyrosine kinase inhibitor (imatinib or dasatinib)
Assigned to standard or low risk arm (in
combination with MRD in UKALL2011 and
ALLTogether 01)

TCF3-PBX1 / t(1;19)(q23;p13)
KMT2A gene fusiona
Near-haploidy (<30 chromosomes)
Low hypodiploidy (30–39 chromosomes)b
Intrachromosomal ampliﬁcation of chromosome
21q (iAMP21)
TCF3-HLF / t(17;19)(q23;p13)
ABL-class fusionsc

Rare
Widespread
Widespread
Widespread
Common

Assigned to standard or low risk arm
Allocation to high-risk arm
Allocation to high-risk arm
Allocation to high-risk arm
Allocation to high-risk arm

Common
Common

IKZF1 deletion

Selected protocols including
DCOG, DFCI and EORTCf

IKZF1plusd

Rare (AEIOP-BFM)f

UKALL CNA GR proﬁlee

Rare (ALLTogether 01)f

RAS/PTEN mutated/deleted or NOTCH1/FBXW7
wild-type
CRLF2 deregulation / JAK2 fusions
Poor Prednisolone response
MRD positivity at the end of induction (≥0.01%)
MRD negativity at the end of induction (<0.01%)
MRD positivity at the of consolidationd

Rare (FRALLE, ref 14)

Allocation to high-risk arm
Treatment supplemented with imatinib or
dasatinib
Protocol speciﬁc changes: Longer maintenance /
allocation to high-risk arm / pulses during
maintenance
Allocation to early high-risk arm unless MRD
negative at end of induction
Allocation to lower risk arm but only if combined
with low end of induction MRD level
Allocation to high-risk arm

Rare (COG)f
Selected protocols
Widespread
Selected protocols
Selected protocols

Allocation
Allocation
Allocation
Allocation
Allocation

Widespread
Widespread

to
to
to
to
to

therapy with JAK inhibitors
high-risk arm
high-risk arm
low-risk arm
high-risk arm

Notes: a Numerous partner genes have been reported. The most frequent are AFF1/AF4, MLLT3/AF9, MLLT1/ENL, MLLT10/AF10 and MLLT4/AF6/AFDN; b Some protocols use a different upper threshold of 43/44
chromosomes; c ABL-class fusions: re-arrangements involving ABL1 (except BCR-ABL1), ABL2, PDGFRB or CSF1R; d IKZF1 plus = Deletion of IKZF1 and deletion of one or more of the following PAX5, CDKN2A,
CDKN2B, CRLF2 (PAR) plus negative for ERG deletion; e UKALL Copy Number Alteration (CNA) Good risk (GR) proﬁle: (1) no deletion of IKZF1, CDKN2A/B, PAR1, BTG1, EBF1, PAX5, ETV6, RB1; (2) isolated deletions
of ETV6, PAX5, BTG1; (3) ETV6 deletions with a single additional deletion of BTG1, PAX5, CDKN2A/B; f ALLTogether 01: A Treatment Protocol for Participants 1 to 45 Years With Acute Lymphoblastic Leukemia
(NCT03911128); AIEOP-BFM ALL 2017. Treatment Protocol for Children and Adolescents With Acute Lymphoblastic Leukemia (NCT03643276); UKALL2011. United Kingdom Trial for children and young adults
with Acute lymphoblastic Leukemia and Lymphoma 2011 (ISRCTN64515327). DCOG-ALL-11 Treatment study protocol of the Dutch Childhood Oncology Group for children and adolescents (1-19 year) with newly
diagnosed acute lymphoblastic leukemia (EudraCT number: 2012-00006725). COG studies: A Phase 2 Study of Ruxolitinib With Chemotherapy in Children With Acute Lymphoblastic Leukemia (NCT02723994).

genomic
lesions—typically
deletions11 and deletion/mutation
∗
∗
proﬁles 12, 13,14 —have been recognized and incorporated into risk
algorithms. (Table 1) However, there is no standard approach and
study groups have opted for different interventions for the same
abnormality, for example, IKZF1 deletion.15,16 While other study
groups have opted
to use different deletion proﬁles
to identify high
∗
∗
risk (IKZF1plus) 12 and low risk (UKALL-CNA) 13 patients.
MRD is widely recognized to ∗be the single most powerful
prognostic factor in pediatric ALL. 5 However MRD alone is not
sufﬁcient to predict outcome. Recent studies have shown that the
prognostic effect of MRD
is modulated by the genetic make-up of
∗
the leukemic clone 17 and that the prognostic ∗effect of some
genetic abnormalities varies by MRD risk group. 12 As a result,
risk algorithms integrating risk factors have emerged. For
|6|
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example, the current DCOG trial and AEIOP-BFM-ALL2017
combine genetics and MRD to stratify patients: medium risk
MRD patients with IKZF1 deletion and MRD positive patients
with IKZF1plus, respectively. Analysis of data from UKALL2003
demonstrated that patients with good risk cytogenetics and MRD
one log higher than the standard threshold had an excellent
∗
outcome and did not beneﬁt from augmented therapy. 17 An
amendment to the UKALL2011 trial implemented genotypespeciﬁc MRD thresholds reducing the number of patients with
good risk cytogenetics allocated to high-risk treatment. The
concept of using distinct MRD thresholds for genetic subtypes is
extended further in the ALLTogether 01 trial where patients with
both good risk genetics and tailored treatment responses are
allocated to an intermediate low risk group (Table 1).

Moorman

Future perspectives
The multitude of risk factors in pediatric ALL poses signiﬁcant
challenges to the development of risk algorithms. The requirement
for simple clinical stratiﬁcation has driven the use of categorical
thresholds of continuous variables. However, dichotomization of
continuous variables leads to signiﬁcant loss of statistical power.18
Moreover, categorizing continuous variables that are unevenly
distributed produces risk groups of ﬁxed and unequal size. This
approach reduces ﬂexibility when deﬁning treatment groups by
both size and relapse risk when designing clinical trials. Therefore,
the next advancement in risk stratiﬁcation algorithm in ALL will
stem from the development of multivariable risk models. Recently,
two groups have developed risk scores incorporating MRD and
genetics alongside more traditional risk
factors based on
∗
multivariable Cox regression analysis.19, 20 The ANZCHOG
risk score assigns one point per high-risk feature thereby creating a
ﬁxed number of categorical groups of pre-determined size.19 In
contrast, the UKALL risk score is a∗ continuous variable that
correlates directly with risk of relapse. 20 A continuous risk score
provides greater ﬂexibility because the thoughtful selection of
thresholds allows the number and size of risk groups to reﬂect
clinical need.
In conclusion, risk stratiﬁcation in ALL has advanced
massively over the past few decades and helped improve cure
rates. Now the focus of risk stratiﬁcation needs to switch from
identifying high-risk patients to those patients curable with
minimal chemotherapy thereby reducing long-term toxicity. The
next wave of risk algorithms should integrate multiple factors
and be ﬂexible enough to support the design of innovative
clinical trials including those that incorporate novel therapies,
for example, immunotherapy.
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Take-home message:
 Novel (immunotherapeutic) agents will change the landscape of ALL treatment over the next decade with the aim to reduce relapse
rates and diminish toxicity for survivors

Introduction
Acute lymphoblastic leukemia (ALL) is curable in over 90% of
children using risk-adapted chemotherapy, deﬁned by genetics
and minimal residual disease (MRD). Speciﬁc groups including
infants, Down ALL, and patients with high-risk genetics do worse.
Prognosis for high-risk relapse is unsatisfactory despite intensive
chemotherapy and stem cell transplantation (STC). Treatment is
associated with undesirable long-term side-effects. Novel treatment approaches are needed to cure the remainder∗ of patients, and
to improve quality of life for those who survive. 1Table 1 shows
an overview of novel compounds currently in development.

Immunotherapeutic strategies: B-ALL
T-cell engaging antibodies, that is, blinatumomab (blina) and
CAR T-cells (CART) both target CD19+-cells with the aim to
generate a T-cell response that is able to detect and kill CD19+ BALL cells. The antibody drug conjugate (ADC) inotuzumab
ozogamicin (InO) involves CD22-directed delivery of the
cytotoxic calicheamicin. Rituximab (Ritux) is a naked antiCD20 directed antibody.
Blina: In the adult relapsed/refractory (R/R) ALL phase 3 study,
patients were randomized to blina compared to standard of care
(SOC) chemotherapy. The trial closed early due to superiority of
blina (CR rate 34 vs 16%). In children, a phase 1/2 study in 70 R/R
ALL pts showed a 39% complete remission (CR) rate (52%
minimal residual disease [MRD]-negativity).2 When treating overt
disease, blina needs a reduced dose during the 1st week to mitigate
complications such as cytokine release syndrome (CRS) and
tumor-lysis.2
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Blina responses in MRD-setting are more impressive. An adult
study showed a complete MRD response in 78% of pts, and
responders had higher relapse free and overall survival (OS) than
non-responders.3 In children, the Children’s Oncology Group
(COG) AALL1331 study randomized 2 blocks of consolidation
chemotherapy vs blina prior to SCT in R/R ALL. This trial closed
early due to superiority of the ∗blina arm (DFS 59% vs 41% and
OS 79% vs 59%, respectively). 4 The IntReALL group performed
a similar study but randomized only one block, but results have
not been released. In general, in consolidation, full dosing of blina
from day 1 is possible as the drug is tolerated well in this setting.
These results prompted studies in newly diagnosed pediatric
ALL. In the COG upfront standard risk ALL study, selected patients
will receive 2 additional cycles of blina. The AIEOP/BFM ALL 2017
study is randomizing the addition of one cycle of blina at the start of
maintenance in medium risk pts, and compares 2 blocks of
chemotherapy to blina in high-risk pts (NCT03643276). The ALL
together consortium will use blina in Down ALL. A study in newly
diagnosed infant ALL is ongoing (Dutch Trial Registry 6359).
CART are genetically engineered T-cells cultured ex vivo to
generate cells that express a chimeric fusion protein with an
antigen-recognition domain and a T-cell signaling domain, using a
retro- or lentiviral vector. The newer generations have added costimulatory domains that improve T-cell expansion. CART are
typically infused after lymphodepleting chemotherapy.
Tisagenlecleucel is an autologous CD19-directed CART that
has been authorized for clinical use in R/R ALL patients <25 years
of age. Other CARTs are currently in development, for example in
older adults,5 against other B-ALL antigens including CD22, or
using allogenic T-cells. Moreover, other production methods
including decentralized production (NCT03853616) or ‘FasTCAR technology’6 are studied.
The phase 2 study of tisagenlecleucel resulted
in a CR rate of
∗
81% with 50% EFS in the 75 infused patients. 7 Only 8 pts were
transplanted post-CART; hence durable persistence of CART can
potentially be deﬁnitive therapy. However, depending on the
speciﬁcs of the CART persistence may vary, and some CARTs can
only bridge patients to SCT. It is debated whether SCT given its
toxicity can be replaced by CART. This needs to be studied as
intent-to-treat from relapse diagnosis, as this implies comparing 2
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Table 1
A: New agents in development for pediatric ALL and status of development
Class

Drug

MOA

References

ADCs
T-cell engaging antibodies

Inotuzumab ozogamicine
Blinatumomab

Anti-CD22 linked to calicheamicin
Anti-CD19-CD3

CAR T-cells

Tisagenlecleucel

Anti-CD19

JCAR-017
KTE-X19
UCART19 (allogenic)
MB-CART 19.1 (decentralized production)
FasTCAR technology
Academic products
Academic products
Academic products

Anti-CD19
Anti-CD19
Anti-CD19
Anti-CD19
Anti-CD19
Anti-CD19/CD22
Anti-CD22
Anti-CD7 or CD5

Rituximab
Daratumomab
Isatuximab
Venetoclax
Bortezomib

Anti-CD20
Anti-CD38
Anti-CD38
Anti-Bcl2
Proteasome inhibitor

Other antibodies

Other drugs

∗11,12,13
1,2,4

NCT03643276
∗7

NCT03876769
NCT03743246
NCT02625480
NCT02808442
NCT03853616
6

Several academic studies ongoing
Several academic studies ongoing
NCT03081910
NCT03690011
10

NCT03384654
NCT03860844
18
16

Newly diagnosed phase 3:
- NCT02112916
- NCT03643276
- NCT02553460
- NCT03117751

different treatment paradigms. CART may be a preferred option
for R/R CNS disease, as penetration into the CNS may eradicate
disease more efﬁciently than SCT. In the ongoing Cassiopeia study
(NCT03876769) patients with newly diagnosed National Cancer
Institute (NCI) high-risk BCP-ALL with MRD-positivity will be
allocated to CART rather than SCT, in a single-arm study
compared to a historical transplanted cohort.
Blina and CART therapy have shown new toxicities that
clinicians need to familiarize themselves with, including cytokine
release syndrome ∗ (CRS) and CART related encephalopathy
syndrome (CRES). 7 The use of tociluzumab and applying CART
in children with less heavy tumor burden reduce such complications signiﬁcantly.8 Hypogammaglobulinemia may require
long-term immunoglobuline substitution, and risks around
fertility or second malignancies will require long-term followup. Relapses after CART may occur to due to loss of B-cell aplasia
with apparent loss of CART cells, as well as CD19 negative
relapse. More information on toxicity needs to be gathered on
‘real-world use’ of tisagenlecleucel.
Ritux is a chimeric anti-CD20 antibody that induces ADCC and
CDC. In a preclinical study CD20 was expressed in about half of
the pediatric B-ALL cases, and showed upregulation during
induction in residual disease, which enhanced in-vitro ritux
cytotoxicity.9 Ritux was studied in a randomized adult CD20+ PhALL study in combination with chemo.10 A total of 18 infusions
were given, and 2-year EFS was 65 vs 52% in favor of the ritux
arm, with less allergic reactions to asparaginase. Ritux is added to
standard of care protocols for CD20+ ALL in many countries
based on these ﬁndings. Multiple studies using ritux and/or the
fully humanized ofatumumab are ongoing (ClinTrials.gov).
InO was approved as CD22-directed therapy after the adult
INO-VATE trial which randomized InO in a fractionated schedule
vs SOC chemo in R/R ALL. CR rates were higher in the InO arm
(81 vs 29%), as was MRD-negativity (78% with InO). InO was
associated with veno-occlusive disease (VOD) in 11% of patients,
and 1% in the control arm.
∗
Pediatric phase 1/2 studies have recently been reported 11,12
13
after a series of compassionate use patients was published. The

recommended phase 2 dose (R2PD) was similar as
in adults, and
∗
the CR rate was 80% with 79% MRD-negativity. 11 The CR rate
in the phase 2 study was lower (58%).12 In general, the drug was
well tolerated, although the phase 2 study showed a high VODrate which usually resolved using deﬁbrotide. In children, InO will
be studied in a randomized study in high-risk R/R ALL in the
IntReALL consortium (Von Stackelberg, 2019). InO will also
move upfront in pediatric studies: the European ALL Together
consortium will randomize two InO blocks in intermediate highrisk pts (Van der Sluis, 2020); and COG will add 2 blocks of InO
∗
in a randomized fashion in their high-risk study AALL1732. 1

T-ALL
The COG recently completed a phase 3 study using nelarabine
in frontline treatment, with >90% OS in the arm combined with a
Capizzi methotrexate regimen.14 Other drugs of interest for TALL consist of the anti-CD38 directed antibodies daratumomab
and isatuximab, but results have not been released as yet. Various
CART studies are underway – this however required either
selecting targets that have limited presence on normal T-cells to
avoid T-cell aplasia, as well as strategies to avoid fratricide.15

Other drugs
Single-arm studies combining bortezomib
with chemotherapy in
∗
pediatric ALL were promising,16, 17 and randomized studies are
underway. In children, a phase 1 study with venetoclax in ALL is
ongoing, and some case reports suggest activity with chemotherapy
in T-cell ALL. Ruxolitinib is tested in a COG study for Ph-like ALL,
but no efﬁcacy results have been reported yet.

Future perspectives
Taken together, these drugs will impact on the treatment
landscape especially for B-ALL, and have moved very fast from
the R/R setting to upfront therapy. These strategies should further
reduce relapse risk and diminish the burden of treatment.
Educational Updates in Hematology Book | 2020; 4(S2) | 9 |
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In this educational session, experts in the ﬁeld discuss the
newest insights and knowledge in the pathogenesis of autoimmune hemolytic disease, drug induced hemolytic disease and and
immunecytopenias in the context of stem cell transplantation.
Hemolytic disease -even though not being a frequent
but dangerous disease entity- is a challenge in both diagnostics

and treatment. Clinicians and laboratory specialist alike
are sometimes faced with a dramatic and fast onset of
disease.
Understanding the pathogenesis/ mechanisms of disease is
important in order to choose the right treatment option for every
individual patient in the appropriate time.

Key points:
 Recognize autoimmune hemolytic anemia as a highly heterogenous disease
 Understanding the evaluation of suspected drug induced immune hemolytic anemia
 Understanding the temporal differences of the causes of hemolysis before and after stem cell transplantation
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New Insights in the Pathogenesis of Autoimmune Hemolytic Diseases
Wilma Barcellini
Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy
Take-home messages:
 Autoimmune hemolytic anemia (AIHA) is a highly heterogeneous disease due to several immunopathologic mechanisms, including
autoantibodies, complement, cytotoxic CD8+ T lymphocytes, natural killer cells, and activated macrophages through antibodydependent cell-mediated cytotoxicity
 Further immunological abnormalities include reduced CD4+ T-regs, unbalance of T-helper 1/2 cytokines, and ineffective bone
marrow compensation, with features of dyserythropoiesis, ﬁbrosis, and subclinical monoclonal lymphoproliferation, particularly
in relapsed/refractory cases
 AIHAs may be associated with several conditions (lymphoproliferative, autoimmune and infectious diseases, immunodeﬁciencies,
solid tumors, transplants, and drugs) where the several immunologic mechanisms are variably involved
 The availability of several new therapies that target speciﬁc immunological effectors and pathways may help to design the best
choice, sequence and/or combination of drugs in the different clinical settings

Summary
Autoimmune hemolytic anemia (AIHA) is a highly heterogeneous disease due to several immunopathologic mechanisms.
Along with classic anti-erythocyte autoantibodies that deﬁne
speciﬁc AIHA subtypes, other immune effectors are involved,
including complement, cytotoxic CD8+ T lymphocytes, natural
killer cells, and activated macrophages through antibodydependent cell-mediated cytotoxicity. Further immunological
abnormalities include reduced CD4+ T-regs, unbalance of Thelper 1/2 cytokines, elevated levels of transforming growth
factor-b, and increased T-helper 17 lymphocyte subset⋅ Recently,
an additional pathogenic mechanism has received increasing
attention, that is, bone marrow compensation, showing features
of dyserythropoiesis, ﬁbrosis, and subclinical monoclonal lymphoproliferation, particularly in relapsed/refractory cases. Finally,
there is increasing awareness of AIHAs associated with
lymphoproliferative, autoimmune and infectious diseases, immunodeﬁciencies, solid tumors, transplants, and drugs, including the
novel biologic anti-cancer agents. The several immunologic
mechanisms are variably involved in all these conditions further
adding complexity and heterogeneity to the disease. Moreover,
the genetic background and the accumulation of somatic
mutations that mark associated conditions may modify the
The authors have indicated they have no potential conﬂicts of interest to disclose.
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concept of primary versus secondary AIHAs. The availability of
several new therapies that target speciﬁc immunological effectors
and pathways (B and T lymphocytes, complement, cytokines,
tyrosine kinases) may help to design the best choice, sequence and/
or combination of drugs in the different clinical settings.
Autoimmune hemolytic anemia (AIHA) is due to increased
destruction of red blood cells (RBC) mainly driven by anti-RBC
autoantibodies with or without complement (C) activation. Based
on the isotype and thermal characteristics of the autoantibody
AIHAs have been traditionally divided into: (a) warm AIHA
(wAIHA, with a direct antiglobulin test, DAT, typically positive
for anti-IgG, or IgG plus C at low titer), (b) cold (cold agglutinin
disease, CAD, due to IgM with DAT positive for C and presence of
high titer of cold agglutinins), (c) mixed (DAT positive for both
IgG and C and high titer cold agglutinins), and (d) atypical forms
(DAT negative, IgA driven, and warm IgM AIHA). In addition, it
is worth reminding the very rare paroxysmal cold hemoglobinuria
(PCH), due to an IgG that binds to patient RBCs in the cold but
causes severe intravascular
hemolysis at 37°C, diagnosed by the
∗ ∗ ∗ ∗
Donath-Landsteiner test. 1, 2, 3, 4
It is well established that erythrocyte destruction may occur
both by a direct lysis through the sequential activation of the ﬁnal
components of the complement cascade (membrane attack
complex), or by antibody-dependent cell-mediated cytotoxicity
(ADCC).5 The former occurs in a minority of cases, mainly by
atypical warm IgM and cold agglutinins with thermal amplitude
close to body temperature, and in PCH and wAIHA with high titer
of IgG1 and IgG3 isotypes (that are able to activate complement).
ADCC is the main mechanism of RBC destruction, occurring in
lymphoid organs, spleen (typically in wAIHA) and liver (more
common in CAD). Thus, the distinction of warm and cold forms
has important therapeutic implications, that is, in CAD
∗
splenectomy is contraindicated and steroids are poorly effective. 4
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Table 1
Immunological abnormalities involved in AIHA pathogenesis
IgG (all subclasses) autoantibodies
Antibody-dependent cellular cytotoxicity (ADCC)
IgG1 and IgG3autoantibodies
Complement activation
IgM autoantibodies
Strong complement activation
Complement system
Extravascular hemolysis by phagocytosis of C3b-opsonized erythrocytes
Intravascular hemolysis by membrane attack complex (MAC)
Cellular immunity
Increased activity of cytotoxic CD8+T lymphocytes, natural killer cells, and activated macrophages
Reduced peripheral CD4+ T-reg cells
Increased T-helper 17 subset
Cytokines
High levels of T-helper 1 cytokines (IL-2, IL-12)
High levels of T-helper-2 cytokines (IL-4, IL-6, IL-10, IL-13),
Elevated levels of transforming growth factor (TGF)-b
Bone marrow compensation
Reticulocytopenia/inadequate reticulocytosis (particularly in severe cases)
Bone marrow features of dyserythropoiesis, ﬁbrosis, and subclinical monoclonal
lymphoproliferation (particularly in relapsed/refractory cases)

Moreover, other immune effectors are involved: cytotoxic CD8+T
lymphocytes, natural killer cells, and activated macrophages
carrying Fc receptors may recognize and phagocyte erythrocytes
opsonized by autoantibodies and complement. Additional
immunological abnormalities in AIHA have been described and
include: (a) reduced CD4+ T-regs, (b) high levels of T-helper 1 (IL2, IL-12) and T-helper-2 (IL-4, IL-6, IL-10, IL-13) cytokines, and
(c) elevated levels of transforming growth factor (TGF)-b that
favors the differentiation of the T-helper 17 subset, which
ampliﬁes the pro-inﬂammatory and autoimmune response.5
On the whole the immunological dysregulation results in
breakdown of both central and peripheral tolerance, the former
occurring mainly in the thymus by negative selection of
autoreactive cells, and the latter being a lifelong active process
of anergy/suppression against self-antigens. Of note, in wAIHA
erythrocyte destruction mainly occurs via ADCC in the spleen and
lymphoid organs (extravascular hemolysis), whereas in CAD
hemolysis of C opsonized red blood cells takes place mainly in the
liver; intravascular hemolysis with complete complement cascade
activation may also occur in case of high titer cold agglutinins. In
conclusion, although AIHA is a classical model of humoral
autoimmunity, as anti-RBC antibodies are secreted by B
lymphocytes and plasma cells, cross-talk with antigen-presenting
cells, T lymphocytes and cytokines are deﬁnitely important
pathogenic players.
All these heterogeneous and interplaying factors may give
reason for the efﬁcacy of standard B-directed therapies (ie,
rituximab), but also provide the rationale for new targeted
therapies (inhibitors of complement, proteasome, phosphatidylinositol 3, spleen and∗ Bruton tyrosine kinases, sirolimus,
belimumab, and others). 4,5,6 Among new interesting approaches,
it is worth mentioning inhibition of the neonatal crystallizable
fragment receptor (FcRn) which coats circulating IgG, including
pathogenic autoantibodies, protecting them from catabolism and
regulating innate
and adaptive responses initiated by IgG immune
∗
complexes. 4
More recently, an additional pathogenic mechanism has
received increasing attention in AIHA, that is, bone marrow
compensation, represented by increased number of reticulocytes.
Indeed, reticulocytopenia/inadequate reticulocytosis is present in
more than a half of AIHA patients,
typically in very severe cases
∗
and in CAD and mixed forms. 7 Reticulocytopenia has been
attributed to an autoimmune reaction against bone marrow
erythroblasts and may represent a clinical emergency with an
extremely high transfusion need. Bone marrow is not routinely
performed in AIHA, but is now highly recommended in CAD and
in warm forms relapsed after ﬁrst line therapy, and reveals features
of dyserythropoiesis,
ﬁbrosis, and subclinical monoclonal
∗
lymphoproliferation. 4,8 Furthermore, endogenous erythropoietin insufﬁciency has been showed in AIHA, particularly in the

presence of reticulocytopenia and in chronic/relapsing, and
transfusion-dependent forms that resemble the recently described
idiopathic cytopenias/dysplasias of uncertain signiﬁcance (ICUS/
IDUS).9 These new insights in the pathogenesis of AIHA provide
the rationale for other new or old therapies, such as erythropoietin
stimulation, luspatercept, a novel fusion protein that blocks TGFb superfamily inhibitors of erythropoiesis, and danazol (effective
also in aplastic anemia, a disease known∗ for an immunological
attack against bone marrow precursors). 4
Finally, it has long been known that AIHA may be primary or
associated with a variety of conditions, including lymphoproliferative neoplasms, autoimmune and infectious diseases, immunodeﬁciencies, solid tumors, transplants, and drugs, including the
novel biologic anti-cancer agents (the latter 2 illustrated in speciﬁc
sections).10 The recent availability of molecular analysis and next
generation sequencing has certainly ameliorated the diagnosis of
several associated conditions (immunodeﬁciencies, lymphoproliferative disorders, and early myelodysplastic syndromes). In
particular, recurrent mutations of KMT2D and CARD11 have
been documented in CAD cases, together with the negativity of
MYD88 mutation. The presence of MYD88 mutation is the
hallmark of lymphoplasmocytic∗ lymphoma and helps in the
differential diagnosis with CAD. 2 Moreover, mutations in genes
involved in primary immunodeﬁciencies (TNFRSF6, CTLA4,
STAT3, PIK3CD, CBL, ADAR1, LRBA, RAG1, and KRAS) have
been reported in pediatric Evans syndrome.11 All these insights
may modify the concept of “primary” vs “secondary” AIHAs,
reinforcing the role of the genetic background and of the
accumulating somatic mutations in the pathogenesis of the
disease. As previously stated for therapies directed against
immune effectors, genomic studies may give hints for novel
targeted therapeutic strategies that are now under development in
hematologic neoplasms.
∗ ∗ ∗
Clinically, AIHA is a greatly heterogeneous condition, 2, 3, 7
depending on the type and extent of dysregulation of the
different pathogenic mechanisms involved, which may be
different in each patient and also change over time during
the disease course. Understanding this complex and changeable
scenario will be the future challenge, in order to design the best
choice, sequence and/or combination of targeted therapies
(Table 1).
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Drug Induced Immune Hemolytic Disease: Diagnostic Challenges
Quentin A. Hill
Department of Haematology, St James’s University Hospital, Leeds, United Kingdom
Take home messages:
 Potentially any drug could cause drug induced immune hemolytic disease and in suspected cases, look for a temporal association
and consider drugs taken irregularly such as NSAIDS and peri-operative antibiotics
 In hemolytic anemia with a relevant history and positive direct antiglobulin test, a drug-dependent antibody is suggested by
patient’s serum/plasma or red cell eluate failing to react with antibody detection red cells (antibody screen), prompting
investigation by an experienced laboratory. Stopping the suspected drug is a key intervention
 Effective pharmacovigilance will help early identiﬁcation and inform best management of emerging causes of DIIHA such as the
immune checkpoint inhibitors

Introduction
Drug induced immune hemolytic anemia (DIIHA) has an
estimated incidence of 1 case per million1 but this may be an
underestimate reﬂecting lack of: awareness, serological investigation or reporting.2 Clinical presentation ranges from anemia and
fatigue due to mild extravascular hemolysis, to renal failure and
shock from complement ﬁxation and acute intravascular
hemolysis.
DIIHA can be caused by drug-dependent or drug-independent
antibodies. Drug-dependent antibodies require the presence of invitro drug for
a positive reaction. A diagnosis can be conﬁdently
∗
made with: 3
1. A well-deﬁned hemolytic anemia (HA).
2. A temporal relationship to drug therapy and the start of the
HA.
3. A positive direct antiglobulin test (DAT) after drug therapy
(preferably with a negative DAT result preceding therapy).
4. Results of testing for drug antibodies. These results must be
accompanied by pertinent controls.
5. Patient responds hematologically after drug cessation.
∗

In 2014, Garratty & Arndt 3 listed 110 drugs with reasonable
evidence of causing drug-dependent DIIHA. The most commonly
reported drugs (≥10) were cianidanol, cefotetan, ceftriaxone,
cephalothin, diclofenac, nomifensine, oxaliplatin, penicillin G,
phenacetin, piperacillin, quinidine, rifampicin and tolmetin. In
Copyright © 2020 the Author(s). Published by Wolters Kluwer Health, Inc. on
behalf of the European Hematology Association. This is an open access article
distributed under the Creative Commons Attribution-ShareAlike License 4.0, which
allows others to remix, tweak, and build upon the work, even for commercial
purposes, as long as the author is credited and the new creations are licensed
under the identical terms.
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case series, the highest fatality rates (21–50%) have been
associated with cefotetan and ceftriaxone.1,4 In the laboratory,
drug-dependent antibodies may react in-vitro with either drugtreated red cells or untreated red cells in the presence of a solution
of drug, or with both. If the suspected drug has previously been
reported, then the techniques previously used should be
undertaken. Otherwise, both test methods are recommended
and initial investigations can usually be conducted with a sample
of the suspected drug, 5 ml EDTA and 10 ml serum samples,
preferably at presentation
of HA and repeated 2–3 days after the
∗
drug is stopped. 5 The use of an experienced laboratory is also
advised as tests can be technically difﬁcult and hard to interpret
(Table 1). For example in England investigations for DIIHA are
only conducted at the Shefﬁeld Red Cell Immunohaematology
laboratory. Sample requirements should be discussed before
sending. For example a urine sample may be useful if certain drugs
such as diclofenac or 5-ﬂuorouracil are suspected, as the DIIHA
can be caused by drug metabolites. Most drugs have a molecular
weight <1000 kDa, too small to be immunogenic unless attached
to a carrier molecule such as the red cell membrane. Attachment
may result in new epitopes and antibody formation but competing
theories of pathogenesis exist.1
Drug-independent antibodies react without the presence of drug
in-vitro and cannot be distinguished from red cell auto-antibodies.
The diagnosis is based on resolution of HA on drug cessation, with
improvement typically within 1–2 weeks although resolution of
the DAT can take months.1 If steroids are given concomitantly, it
is harder to be certain which intervention
resolved the HA and in
∗
their 2014 review, Garratty & Arndt 3 concluded that 16/21
drugs thought to cause DIIHA by drug-independent antibodies
required more evidence. Pathogenesis may relate to drug
adsorption to the red cell altering antigens or otherwise
stimulating antibody formation, but could alternatively be caused
by drug induced loss of immune tolerance.1 The most commonly
reported drugs have been methyldopa,
levodopa, mefenamic acid,
∗
interferon and ﬂudarabine. 3
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Table 1
Potential pitfalls when evaluating a suspected drug induced immune hemolytic anemia
Evaluation of DIIHA (E) and potential pitfalls (P)

Pitfall solution (PS)

E: identify a temporal relationship to the suspected drug.
P1: not aware of the drug. Patient may not highlight over the counter medications
e.g. NSAID, or is not aware of e.g. peri-operative antibiotics.
P2: exclude drugs based on timing.
E: suspecting DIIHA and sending appropriate samples at appropriate time.
P1: continuing drug because clinical presentation is attributed to an alternative
cause (e.g. AIHA, HTR).
P2: basing likelihood of DIIHA on DAT alone or characteristics of the autoantibody.
P3: exclusion of DIIHA on based on a positive eluate or IAT.
P4: wrong sample or timing (e.g. some drug-dependent antibodies will become
undetectable within 2 weeks of stopping drug). Not sending suspected drug.

PS1: Careful history taking, sometimes from more than one source.
PS2: Awareness that although DIIHA typically occurs after 2–3 weeks of exposure,
prior exposure could lead to an immediate reaction and DIIHA can sometimes
occur after long term exposure.
PS1: If doubt over etiology, omit or substitute suspected drug until laboratory tests
are known.
PS2: Awareness that the DAT may be IgG or C3d positive. Less commonly, the
DAT may be negative e.g. following massive transfusion and may be more
common with some drugs e.g ICPis. Antibodies are usually of warm type but
cold antibodies are also reported.
PS3: If the drug is known to only produce drug-independent antibodies (e.g.
ﬂudarabine), drug-dependent antibody investigations are not required. However,
the eluate/IAT may also be positive in patients with drug-dependent antibodies
while still receiving drug (e.g. cefotetan).
PS4: Discuss samples and timing with laboratory
PS1: Use of an experienced laboratory. Agreeing standard tests and laboratory
certiﬁcation may be helpful.

E: laboratory testing and interpretation of the results.
P1: failure to use correct controls. Misinterpretation of results including false positive
or false negative ﬁndings, for example when DIIHA is due to a drug metabolite.

AIHA = autoimmune hemolytic anemia, DIIHA = drug induced immune hemolytic anemia, HTR = hemolytic transfusion reaction, IAT = indirect antiglobulin screen, ICPis = immune checkpoint inhibitors, NSAID =
nonsteroidal anti-inﬂammatory drug.

Current state of the art
Although not a systematic review, a PUBMED search for “drug
induced immune hemolytic anemia” limited to English language
13/01/2020 identiﬁed 85 publications since the 2014 review of
Garratty & Arndt. These identify 7 new drugs with reasonable
evidence of DIIHA caused by drug-dependent antibodies:
artesunate6 (antimalarial), paclitaxel7 (antineoplastic) associated
with carboplatin, meropenem8 (antimicrobial), iohexol4 (radiocontrast media), clindamycin4 (antimicrobial), palonosetron9
(antiemetic) and leucovorin9 (folinic acid) associated with
oxaliplatin. A single center reported the identiﬁcation of 73 cases
of drug-dependent DIIHA caused by 15 drugs 1996–2015. The
most common were diclofenac (23), piperacillin (13), ceftriaxone
(12), oxaliplatin (10) and rifampicin (4).4
The treatment of drug-dependent DIIHA is discontinuation of
the suspected drug and supportive measures such as transfusion.
In severe cases, an intensive care environment may be needed and
the successful use of plasma exchange has been reported.1 The
beneﬁt of autoimmune hemolytic anemia (AIHA) directed
treatment such as steroids
is unclear although many patients
∗
receive these in practice. 10 The decision may be inﬂuenced by the
severity of hemolysis and strength of clinical suspicion that
hemolysis is drug induced. Re-challenge is not encouraged given
the potential for an anamnestic reaction.
For DIIHA caused by drugs only associated with drugindependent antibodies, the drug is also usually withdrawn.
Causality can be unclear, for example anti-neoplastic or
immunomodulatory agents used for hematological malignancy
or following solid organ transplant (SOT). However most patients
with AIHA following SOT are receiving tacrolimus, which is
typically reduced or switched to ciclosporin or sirolimus alongside
ﬁrst line treatment with steroids ± intravenous immunoglobulins.11 Although the rate of AIHA in patients with chronic
lymphocytic leukemia (CLL) receiving single agent ﬂudarabine
does not appear higher than in those not receiving therapy, the
episodes are severe with a high reported rate of recurrence in
retreated patients,12,13 and retreatment with single agent
ﬂudarabine is not recommended.1
Immune checkpoint inhibitors (ICPis) are novel cancer
immunotherapies that target suppressor receptors of immune
cells, including anti-cytotoxic T lymphocyte antigen-4 (CTLA-4;
ipilimumab, tremelimumab) and antiprogrammed death-1 (PD-1;
| 16 |
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nivolumab, pembrolizumab), as well as tumor cell receptors such
as anti-programmed death
ligand-1 (PD-L1; avelumab, durvalu∗
mab, and atezolizumab). 14 ICPis thereby upregulate the innate
immune response, increasing antitumor immunity but also
immune-related adverse events including AIHA. The estimated
incidence of ICPis induced AIHA is <0.1% but still
increased above background,15 at a∗ median time to presentation
of 50–55 days (range 3–405 days). 14,16 The DAT is positive to
IgG or
C3d, although one series reported 5/13 DAT negative
∗
cases. 14 Studies did not report investigation for drug-dependent
antibodies, which Garratty recommends when the history
strongly suggests DIIHA and the patient’s serum/plasma, or an
eluate from their red cells, does not react with antibody detection
red cells (“antibody screen”).1 Given the ﬁnding of an indirect
antiglobulin test strongly positive for autoantibody reported in
one case17 and considering the mechanism of action of ICPis, a
drug-independent pathogenesis seems most likely.
Of 9 patients with AIHA receiving anti-PD-1 or anti-PD-L1,
eight stopped permanently and one was re-challenged without
recurrence. Four resolved with steroids only, 5 did not and
received rituximab and 6 had resolved at last follow-up.18 Of 14
patients with AIHA receiving ICPis, drug was discontinued or
withheld in 11, all received steroids and 3 required additional
immunosuppressive therapies (rituximab, immunoglobulins, azathioprine) with complete hemoglobin recovery
in 12. Only 1/7
∗
rechallenged with ICPis had AIHA recurrence. 14 Although
in this
∗
series no patient died, fatalities have been reported. 14,16 Although
the decision to rechallenge may require an individual riskbeneﬁt assessment, the American Society of Oncology have
recommended withholding ICPis and treating with prednisolone
0.5–1 mg/kg/day if Hb 8–10 g/dL and permanent discontinuation of ICPis, transfusion and prednisolone 1–2 mg/kg/day if Hb
<8 g/dL.19
The anti-CD38 monoclonal antibody daratumumab has not
been found to cause DIIHA but CD38 is expressed on red cells and
treated patients frequently have panagglutination on compatibility tests and infrequently, a positive DAT.20 The anti-CD47
monoclonal antibody Hu5F9-G4 is under evaluation for solid
organ and hematological malignancies. CD47 is also expressed on
red cells and in a phase I study, 18/19 patients developed a positive
DAT and 47% developed a new positive panagglutinin on
antibody screen.21 Furthermore all patients had agglutination on
blood smear, hemoglobin declined (median change 1.0 g/dL range
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0.4–1.6) and their transfusion requirements increased, although
there was no laboratory evidence of hemolysis. In murine models,
reduced CD47 expression accelerates macrophage clearance of
IgG-opsonized red cells22 and CD47-deﬁcient mice frequently
develop severe AIHA.23 More data from human studies of antiCD47 are required before the risk of DIIHA is understood.

Future perspectives
 Complement inhibitors
have shown promising results in cold
∗
agglutinin disease. 24 Whether these agents could have a
stabilizing effect in the acute phase of patients with DIIHA and
severe intravascular hemolysis may be a hypothesis to explore.
 As the drug repertoire expands more causes of DIIHA will
emerge. Early identiﬁcation can be achieved through clinical
engagement with pharmacovigilance schemes.
 Since the best investigation and treatment approach varies
between drugs, it will be important to capture and disseminate
the ﬁndings of laboratory reference centers and the clinical
outcome of affected patients.
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Take-home messages:
 Immune cytopenias (IC) after allogeneic hematopoietic stem cell transplantation (HCT) are rare and may affect all cell lines
 Diagnosis of immune-mediated anemia and thrombocytopenia after HCT is challenging, they should be recognized early and
treatment should be started promptly and aggressively in patients with severe disease course

Introduction
Immune-mediated cytopenias are a well-known complication
after HCT with an unclear pathophysiology. They are considered
a consequence of immune dysregulation due to impaired immune
reconstitution and/or loss of self-tolerance. An association with
transfer of autoantibodies or autoreactive T-cells, infections
and
∗
graft-versus host disease (GVHD) has been described. 1,2–4 IC
after HCT have to be distinguished from graft failure, disease
relapse, drug-induced side effects, infections and others. They
were ﬁrst described in the eighties and include immune hemolytic
anemia (AIHA), immune thrombocytopenia (ITP) and immune
neutropenia ∗(AIN) and can occur as single entities or in
combination. 1 Hemolytic conditions before, during and after
HCT are frequent, have different etiologies, may present in
combination and their discrimination can be difﬁcult.5 Beside the
above mentioned causes, hemolysis due to ABO blood group
incompatibility (occurring in about 30–50% of HCT) and
transplant-associated thrombotic microangiopathy (TA-TMA)
have to be differentiated from AIHA. Less frequent - but more
difﬁcult to diagnose - is post HCT ITP. Very few data are available
regarding AIN. Treatment varies, is challenging and good
evidence is lacking, as derived from retrospective studies, case
reports/series. Additionally, the management should be tailored to
the individual patient, according to his underlying disease and
additional risks. In this review we will focus on post-HCT AIHA
and ITP (see Table 1).6
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Current state of the art
Post-HCT AIHA
AIHA after HCT occurs in about 1% to 5% of patients, usually
in the ﬁrst months after HCT. The reported incidence is supposed
to be underestimated due to underreporting and difﬁculties in the
diagnosis post transplantation.5–7 The patient presents with
unspeciﬁc symptoms and signs such as fatigue, dyspnea, pallor
and occasionally icterus. Diagnosis is challenging and includes the
presence of anemia, signs of hemolysis (increased lactate
dehydrogenase and bilirubin, low haptoglobin) and usually a
positive Coombs test (IgG ± complement or complement ± IgM).
However, a negative Coombs test does not rule out AIHA. Based
on the reactivity of the auto-antibody (class and thermal
amplitude), AIHA ∗may be classiﬁed as warm (wAIHA), cold
(cAIHA) or mixed. 8 Furthermore, atypical forms (IgA or IgM
driven) may occur. In order to exclude the presence of additional
alloantibodies in usually highly transfused patients, timeconsuming adsorption techniques and/or extended phenotyping/genotyping is mandatory. In cases with suspicion of cAIHA,
determination of cold agglutinins incl. thermal amplitude is
required.
Differential diagnosis is broad and includes hemolysis due to
ABO-incompatibility, toxicity, TA-TMA, and infections. Some
risk factors for the development of post-HCT AIHA have been
described and may be helpful to identify patients at risk. The most
frequent reported are a nonmalignant diagnosis, HCT from
unrelated donors, peripheral
stem cells and cord as graft source
∗
∗
and chronic GVHD. 1,4, 9,10 Patients have to be monitored for
this complication during follow-up visits (usually in the outpatient
setting) and early recognition is crucial.
Treatment approaches derive from the experience and evidence
from the same condition in non-transplanted patients, although
response rates are generally lower∗ and
mortality rates higher than
∗
those achieved in primary AIHA. 8, 11 Thus, there is no∗ standard
and therapy ﬁnally relies on expert recommendations. 9 A close
collaboration between transfusion specialists and the transplant
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Table 1
Immune cytopenias after allogeneic stem cell transplantation
wAIHA
Incidence
Clinical presentation
(Symptoms and signs)

1%–5% (overall AIHA)
Fatigue, dyspnea, pallor, icterus

Investigations (selection)

CBC incl. reticulocyte count and
blood smear (spherocytes,
absence of schistocytes), LDH,
bilirubin, haptoglobin, DAT,
elution, adsorption techniques

DATb
Autoantibody speciﬁty
Cell destruction (main site)
Differential diagnosis

IgG ± C
Rhesus antigens
Extravascular
ABO-incompatibility
Drugs
TA-TMA
Disease relapse
Infections
Graft failure

Treatmentc
A) Supportive

B) Causative
- Tier 1

- Tier 2

- Tier 3
- Others

Warnings

Hydration, transfusionsd, folate

Steroidse±
Rituximab ±
IVIG
Immunosuppressive drugsf
Bortezomib
Daratumumab
Combination of tier 1 and 2
TPE
Splenectomyg

Thrombotic risk

cAIHA

ITP

1–5% (overall AIHA)
Fatigue, dyspnea, pallor, icterus,
livedo reticularis, circulatory
symptoms
CBC incl. reticulocyte count and
blood smear (agglutination of
RBC, absence of
schistocytes), LDH, bilirubin,
haptoglobin, testing for cold
agglutinins, DAT
C ± IgM
I/i antigens
Intravascular
ABO-incompatibility
Drugs
TA-TMA
Disease relapse
Infections
Graft failure

0.5%–2%

Avoid cold exposure, hydration,
transfusionsd, folate
(warmed infusions/
transfusions!)
Rituximab ± Bendamustine

Eculizumab
Rituximab ± Bendamustine
Bortezomib

TPE (transient but immediate
effect)h
Thrombotic risk

AIN
n.a.

Bleeding

Infections

CBC and blood smear (isolated
thrombocytopenia), absence of
schistocytes, anti-HLA and
-HPA antibody testinga, DAT

CBC and blood smear,
anti-HNA antibody
testinga, DAT

n.a.
HPA (GPIIb/IIIa?)
Extravascular
Drugs
TA-TMA
Disease relapse
Infections
Graft failure
GVHD
DIC

n.a.
HNA
Extravascular
Drugs
Disease relapse
Infections
Graft failure
GVHD

Transfusions, tranexamic acid
(life-threatening bleeding)d

Antimicrobial prophylaxis
Treat infections

Steroidse
IVIG
Rituximab
Thrombopoietin-receptor
agonists (eltrombopag,
romiplostim)

G-CSF

Steroids ±
IVIG
Rituximab (?)

Combination of tier 1 and 2
Immunosuppressive drugs
Splenectomyg
Thrombotic risk

AIN = autoimmune neutropenia, C = complement, cAIHA = cold autoimmune hemolytic anemia, CBC = complete blood count, DAT = direct antiglobulin test (Coombs test), DIC= disseminated intravascular
coagulation, HLA = human leukocyte antigen, HNA = human neutrophil antigen, HPA = human platelet antigen, IgA = Immunglobulin A, IgG = Immunglobulin G, IgM = Immunglobulin M, ITP = immune
thrombocytopenia, IVIG = intravenous immunoglobulins, LDH = lactate dehydrogenase, n.a. = not available/not applicable, RBC = red blood cell, TA-TMA = transplant-associated thrombotic microangiopathy,
TPE = total plasma exchange, wAIHA = warm autoimmune hemolytic anemia.
a
Not diagnostic.
b
Consider mixed AIHA (combination of wAIHA and cAIHA), atypical AIHA (IgA or IgM driven), DAT negative AIHA and combination of AIHA and ITP (Evans syndrome) or AIN.
∗ ∗
c
No standard (expert recommendations and personal opinion; treatment should be individualized to each patient). Consider combination therapy. For drug dosage we refer to speciﬁc publications.8, 11, 20
d
Leukocyte-reduced and irradiated red blood cell concentrates, irradiated or pathogen-reduced platelet concentrates.
e
Avoid steroids in patients with high relapse risk.
f
See text.
g
Administer vaccinations and/or antibiotic prophylaxis.
h
Consider heating of the room and the extracorporeal circuit in order to avoid RBC agglutination.

physician is essential. In critical cases, transfusions should not be
withhold. In mild, compensated forms, careful and close
observation may be appropriate. Management includes supportive measures (hydration, leukocyte-reduced and irradiated RBC
concentrates, folate and – if appropriate – vitamin B12 and iron
supplementation). cAIHA patients should be advised to avoid cold
exposure and infusions should be applied warm. First-line
treatment of wAIHA includes steroids alone or in combination
with rituximab and/or IVIG. As in primary AIHA, better
responses ∗are observed in patients treated frontline with
rituximab. 9,12 Bortezomib or daratumumab should be preferred
over steroids and other immunosuppressive agents, especially in
patients with malignant disease and high relapse risk.13 However

these agents and rituximab may take weeks for a response. In
refractory patients, additional immunosuppressive drugs (cyclosporine, cyclophosphamide, mycophenolate mofetil, azathioprine, vincristine) are needed at the expense of an increased
risk of infections. Plasma exchange is useful in patients with
cAIHA and shows an immediate but transient effect.14,15
Eculizumab is an additional agent, which may be used in
refractory cAIHA and again infection risks associated with
complement inhibition should be considered (need of vaccination
or antimicrobial prophylaxis).14,16 Splenectomy for treatment of
wAIHA should be postponed, due to increased morbidity in this
special patient population. Other promising treatment approaches
include abatacept and sirolimus.17,18
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Post-HCT ITP
The overall incidence of ITP after HCT is lower than AIHA
(about 0.5%–2%) and can occur alone or in combination with
other immune mediated cytopenias
(mostly in combination with
∗
AIHA; Evans syndrome). 1,4,6 Patients present with bleeding
symptoms and signs. Diagnosis is even more challenging than
AIHA, as ITP is a diagnosis of exclusion, and other causes of
thrombocytopenia can occur in the transplant setting (drugs, TATMA, infections, GVHD). Determination of human platelet
(HPA) antibodies is not mandatory and interpretation of the
results difﬁcult, as donor and recipients are not routinely
genotyped for HPA antigens. Evans syndrome has to be clearly
differentiated from TA-TMA as both can be life-threatening and
therapy differs quite clearly.19
Causative
therapy is based on the treatment of primary
∗
ITP. 20,21 IVIG and steroids are applied ﬁrst-line. Rituximab
may be added. In refractory patients thrombopoietin-receptor
agonists (eltrombopag or romiplostim)
are considered safe and
∗
effective in this patient population. 20 Again, splenectomy should
be reserved for severe and refractory patients. Platelet transfusions
and tranexamic acid are indicated in life-threatening bleedings.
Finally, patients with AIHA and ITP have an increased risk of
thrombotic complications and therefore patient information and
consideration of thrombotic prophylaxis is mandatory. Overall,
an increased morbidity and mortality due to infections and
relapses has been described in patients with IC after HCT but
seams to improve in recent years, probably due to better
awareness of this complication after HCT.

Future perspectives
More research is needed in order to better understand the
pathophysiology of IC after HCT and better identify patients at
risk. Furthermore, efforts should be undertaken to increase
∗
knowledge on disease course, including treatment responses. 11
From a realistic perspective, prospective trials will never be
available for this patient population, as the overall incidence of IC
is low and we have to deal with a very heterogeneous patient
population. Notwithstanding the above, new agents and innovative approaches including cell therapies (e.g. mesenchymal cells)
for the treatment of these complications will be available in the
future.
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Although in the past decade we have observed a marked
improvement in Indolent Lymphoma therapy, prolonging both
median PFS and OS, at least 1 patient in 5 has considerably worse
prognosis. Despite efforts to determine reliable risk factors at
diagnosis, this group is still described most accurately by
progression of disease within the ﬁrst 24 months (POD24). All
such patients require early intervention: usually targeted therapy,
with new compounds. However, for the rest of the patients, more
(therapy) does not mean better, and non-chemo regimens are not
necessarily less toxic. We all remember the bitter lesson, after
trying to introduce phosphoinositide 3-kinase inhibitors to the
ﬁrst line of therapy.
The other limitation is due to the fact, that none of the novel
therapy options so far, offers cure to Indolent Lymphoma

patients. Bruton kinase inhibitors (BTKi) in Mantle Cell
Lymphoma are a good example. They became an undisputable
standard of care in a relapsed / refractory disease. Although
response rates and possibly even PFS are even better in the ﬁrst
line, BTKi in this clinical setting are only recommended in clinical
studies. Prognosis of patients failing BTKi is poor; therefore, they
may not be recommended in the ﬁrst line therapy, unless there is a
clear OS beneﬁt over “classical” ﬁrst line immunochemotherapy
regimens followed by targeted therapy at relapse.
In the “Biological agents for follicular and mantle-cell
lymphomas” session three experts, will present their personalized
experience in the ﬁeld. Please expect guidelines of how to treat
individual patients, not just another presentation of well known,
standards of care.

Key points:
 Understanding of the indolent lymphomas biology and interactions of the tumor cells with microenvironment
 Learning about the role of targeted therapy, the emerging non-chemo standard of care in follicular and mantle cell lymphoma
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Vulnerabilities of Indolent Lymphomas: The Tumor and the
Microenvironment
Leticia Quintanilla-Martinez
Institute of Pathology and Neuropathology, University Hospital Tübingen, Germany

Take-home messages:
 Indolent lymphomas share the dependency on B-cell receptor (BCR) activation for survival and proliferation
 In early stages of lymphomagenesis the interactions between the microenvironment and the tumor cells play an important role
 BCR inhibitors directly target the malignant B cells and might disrupt the bi-directional dialogue of the tumor cells with the
microenvironment

“Indolent lymphomas” include different disorders with unique
genetic and epigenetic alterations that translate in their different
biological and clinical behavior. Recent studies have shown that
indolent lymphomas share the dependency on B-cell receptor
(BCR) activation for survival and proliferation.1,2 In the early
stages of lymphomagenesis the complex interaction of tumor cells
with activated BCR and the∗ microenvironment seems to play an
important role (Fig. 1A).3, 4 CLL, MZL and MCL have been
shown to have
antigen driven skewed immunoglobulin (IG)
∗
repertoire.5, 6 In contrast, in FL the activation of the BCR is
secondary to N-glycosylation motifs in the IGV regions
accumulated
during the process of somatic hypermutation
∗
(SHM). 4,7
CLL is the most frequent adult leukemia in the Western world.
CLL is a malignancy of mature B-lymphocytes, which are highly
dependent on interactions with the microenvironment for their
survival and proliferation.8 Although CLL has a very homogeneous phenotype (CD19+, CD20dim, CD23+, CD5+, LEF1+),
the clinical course is rather heterogeneous. The earliest form of the
disease, monoclonal B-cell lymphocytosis (MBL), is deﬁned as the
presence of <5000/ml B-lymphocytes in peripheral blood (PB)
with a CLL phenotype. CLL is always preceded by MBL, with a
progression rate to CLL of 1% to 2% per year. Molecularly, 2
types of CLL are recognized, one with unmutated immunoglobulin heavy-chain variable region (IGHV)(U-CLL), which originates
from B cells that have not passed through the germinal center
(GC); and the second type with mutated IGVH (M-CLL), which is
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derived from post-GC B-cells.9 U-CLL cells express high levels of
CD38 and ZAP70 and are more responsive to IGM stimulation.
In contrast, M-CLL cells show constitutive phosphorylation of
signaling proteins, including ERK kinase, and reduced levels
of responsiveness to BCR stimulation, referred as “anergy”.
Approximately 30% of CLL cases, mainly U-CLL, have identical
or “stereotyped”
BCR, indicating a strong antigen-driven
∗
selection. 6 Therefore, the role of antigenic stimulation differs
in the 2 CLL subtypes; U-CLL tend to have a more effective BCR
signaling and a worse prognosis than patients with M-CLL. The
mechanism triggering clonal expansion of CLL cells is not well
understood but the analysis of the BCR strongly indicates that
antigen selection plays a crucial role. CLL cells recirculate between
PB and secondary lymphoid organs. Homing to tissues is
dependent on tightly regulated chemokine expression. In lymph
nodes (LN), CLL cells proliferate in the so-called “proliferation
centers”, where they get in contact with follicular dendritic cells
(FDC’s), T-cells, stromal cells and nurse-like cells. As a
consequence of these interactions, CLL cells organize their own
immune protective microenvironment and impair the antitumor
response. Genetically, CLL is∗ a heterogeneous disease with low
burden of somatic mutations. 10 However, secondary mutations,
like TP53, NOTCH1 and SF3B1 are regarded as important
prognostic factors.8
FL is characterized by the t(14;18) translocation with
subsequent expression of the anti-apoptotic BCL2 protein.11
This translocation occurs in a pre-B cell in the bone marrow (BM).
The t(14;18), although necessary, it is not sufﬁcient for malignant
transformation. B-cells carrying the t(14;18) are detected in PB of
healthy
individuals in low numbers but tend to increase with
∗
age. 12 The t(14;18)-carrying cells are memory B-cells with
somatically mutated IGV genes that undergo several GC passages.
Because these cells have all the characteristics of FL cells, they are
referred as FL like-cells (FLLC). FLLC in contrast to CLL, activate
the BCR not by antigen stimulation but by introduction in the IGV
gene of at least one motif characteristic of an N-glycosylation site
and addition of mannosylated glycan in the antigen-binding
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[(Figure_1)TD$IG]
Figure 1. Pathogenesis of indolent lymphomas and the inﬂuence of the tumor microenvironment (TME). (A) The pathogenesis of indolent
lymphomas is a multistep process that includes a primary genetic alteration in an early precursor cell usually in the bone marrow. The activation of the
B-cell receptor (BCR) mainly by antigen stimulation and microenvironment interactions are important in early stages of lymphomagenesis. As the
disease progresses the acquisition of additional genetic alterations determines progression and transformation (modify from Puente et al, ref 9). (B)
The activation of BCR associated kinases (BAKs) LYN, SYK, BTK, and PI3K is crucial for the dialogue between lymphoma B cells and TME. The
activation of BAKs and NF-kB pathway plays a key role for the initiation and progression of B-cell lymphomas. BAKs and NF-kB activity inhibitors
have the potential not only to directly target the malignant B cell population but also to disrupt the bi-directional dialogue of the tumor cells with the
TME. TFH = T follicular helper cell; FDC = follicular dendritic cell; TAM = tissue-associated macrophage.

∗

site. 4,7 These highly mannosylated glycans are able to interact
with lectins (DC-SIGN) expressed by M2 macrophages, which
retain the FL cells in the GC, initially as “in situ follicular
neoplasia” (ISFN). FL cells interact not only with macrophages
but also with T follicular helper cells (TFH) and FDCs (Fig. 1B).
ISFN is the earliest morphological manifestation of FL. ISFN cells
show low genetic complexity but carry frequently mutations
identiﬁed in manifest FL (mFL), predominantly CREBBP
mutations, and have glycan modiﬁcation of surface IG in the
majority of the cases, as the result of SHM.13,14 mFL carries
frequently mutations in genes involved in epigenetic (CREBBP,
KMT2D, EP300, EZH2) and transcriptional regulation (MEF2B,
FOXO1, STAT6) that help sustaining the GC B-cell program.15
FL is also an example of B-cell lymphoma that depends on BCR
activation and microenvironment interactions, in addition to the
genetic lesions.
MCL is characterized by the t(11;14) translocation with
subsequent overexpression of cyclin D1. This translocation occurs
in a pre-B cell in the BM. Two molecular pathways are recognized;
the most common subtype derives from mature B cells that have
bypassed the GC, have unmutated IGH genes, a gene signature of
a naïve B cell and express the transcription factor SOX11. In the
second subtype the cells have experienced the GC, carry IGHV
mutations and have the
gene signature of a memory B cell and lack
∗
SOX11 expression.8, 16 This latter subtype is known as “leukemic
nonnodal MCL” emphasizing the clinical presentation mainly
involving the PB and spleen but not LN, at least in early stages.
This subtype has an indolent, stable clinical course for a long time
but appearance of TP53 mutations heralds the progression to a
more aggressive disease. The BCR in MCL, similar to CLL, has a
markedly biased usage of IGHV genes, highlighting the inﬂuence
of antigen selection in the clonal expansion of the tumor cells.5
Likewise, the tissue microenvironment provides survival and

proliferation signals to the tumor cells, and confers drug
resistance.8
The dependency on BCR activation of the tumor cells and the
interaction with the microenvironment reveals vulnerabilities in
the lymphoma cells that could be exploited for the design of more
effective, targeted therapeutic approaches. Indeed, novel drugs
including small molecule inhibitors of EZH2 and BCL2, as well as
inhibitors of BCR associated kinases (BAks), NF-kB, and PI3K
activity have been translated into clinical trials either alone or in
combination with other drugs.
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Take-home messages:
 Upfront rituximab alone in advanced follicular lymphoma resulted in 10-year OS > 80%
 One-third of patients did not need additional treatment after rituximab monotherapy
 Rituximab monotherapy still can be the benchmark upon which to build chemotherapy-free regimens

From the 1960s until the end of the previous century,
chemotherapy was the main therapeutic tool for advanced
follicular lymphoma (FL). Over the last 2 decades, the outcome
of patients with FL has continuously improved, mainly due to the
addition of the anti-CD20 antibody rituximab to the standard
chemotherapy regimens, with an expected median survival now
approaching—if not exceeding—20 years, particularly in younger
patients.1,2 However, approximately 20% of patients experience
progression of disease within 24 months from front-line
immunochemotherapy (POD24) and have worse outcome
(50% risk of death at 5 years), thus representing a high-risk
population.3
For asymptomatic patients with advanced-stage and low tumor
burden, randomized studies have conﬁrmed that systemic treatment
can be deferred until the development of symptoms or organ failure
without impairing overall survival (OS). Therefore, a watchful
waiting policy has long remained a widely accepted approach.4 This
approach, however, was challenged by a randomized study
showing that rituximab monotherapy may be delivered with
minimal toxicity in this subset of patients. When administered with
a maintenance schedule, it could prolong the time to the next
therapy and lead to a perhaps better quality of life compared with
watchful waiting, without, however, any OS beneﬁt.5,6
For FL patients in need of therapy, rituximab was shown to
have relevant activity as single agent, with objective response rates
(ORR) of 50% to 70% and progression-free survival (PFS) of 1 to
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3 years, depending on the population studied.7, 8 Based on these
data, clinical studies conducted by the Swiss Group for Clinical
Cancer Research (SAKK) and the Nordic lymphoma group (NLG)
were among the ﬁrst to underline the role of rituximab as single
agent in the initial treatment of FL, demonstrating that a sizeable
∗
portion of FL patients might not need frontline chemotherapy 8,9
The SAKK 35/98 trial demonstrated the beneﬁt of extended
rituximab treatment comparing a standard induction schedule (4
weekly doses) with a prolonged schedule (4 weekly doses plus
maintenance every 2 months for 4 times). The median event free
survival (EFS) was 19 months in the control arm vs 36 months in
the prolonged treatment arm.7 A subsequent trial (SAKK 35/03)
evaluated the safety and efﬁcacy of rituximab maintenance for up
to 5 years after induction. It failed to demonstrate a signiﬁcant
beneﬁt for the longer maintenance.10,11
The NLG tried also to evaluate the effect and safety of
interpheron-alpha2a in combination with rituximab vs rituximab
alone in indolent lymphoma in need of therapy. Although
complete remission (CR) rate was higher in the combination
arm,
∗
there was no difference in OS (78% at 10 years).12, 13
Nowadays, several target drugs have been developed, showing
clinical efﬁcacy and a favorable safety proﬁle in early clinical trials
and holding promise of an upcoming future of safe and effective
chemo-free strategies. Hence, understanding how to better
combine these new agents with each other is becoming
increasingly crucial.14
Promising results have been reported by single-arm studies
evaluating the combination of rituximab and lenalidomide (R2).
R2 was found to be more active, with higher response rates and
longer response duration than rituximab alone.15,16 The AUGMENT phase III study conﬁrmed the superiority of R2 over
rituximab in relapsed refractory indolent lymphoma.17 The SAKK
35/10 randomized phase II study showed that patients treated
upfront with R2 had a signiﬁcantly higher CR rate at CT scan in
comparison with those receiving rituximab alone (61% vs 36%);
although median PFS and median time to∗ next treatment were
higher, 3-year OS rates were comparable. 18
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Table 1
Long-term Survival Survival Rates of Advanced Follicular Lymphoma After Front-line Rituximab Monotherapy in Comparison with
Immunochemotherapy Regimens.
Trial

ClinicalTrials.gov identiﬁer

Regimen

N

Overall Survival (95%CI)

Source

SAKK35/03

NCT00227695

4 R weekly + R maintenance

165

78% at 10 years (71%–84%)

M39035/ML16865

NCT01609010

4 or 8 R weekly ± interferon

321

78% at 10 years (73%–82%)

FIT

NCT00185393

Chemotherapya±R ± 90Y-ibritumomab

409

82% at 8 years (78%–86%)

FL2000

NCT00136552

R-CHVP+ interferon

175

79% at 8 years (72%–85%)

StiL NHL1

NCT00991211

R-bendamustine

261

71% at 10 years (65%–76%)

Taverna et al
ASH Abstract, 2018
Lockmer et al
J Clin Oncol, 2018
Morschhauser et al
J Clin Oncol, 2013
Bachy et al
Haematologica, 2013
Rummel et al
ASCO Abstract, 2017

MDACC

NCT00577993

R-CHOP
FND followed by R and interferon

253
78

66% at 10 years (60%–72%)
76% at 10 years (67%–86%)

FOLL05

NCT00774826

R-FND followed by interferon
R-CVP

80
178

73% at 10 years (64%–84%)
85% at 8 years (77%–91%)

SWOG-S0016

NCT00006721

R-CHOP
R-FM
R-CHOP

178
178
267

83% at 8 years (75%–89%)
79% at 8 years (71%–85%)
81% at 10 years (76%–85%)

PRIMA

NCT00140582

R-CHOP/R-CVP/R-FCM ±R maintenance

1018

80% at 10 years (77%–82%)

Nastoupil et al
Br J Hematol,2017
Luminari et al
J Clin Oncol, 2018

Shadman et al
J Clin Oncol, 2018
Bachy et al
J Clin Oncol, 2019

R, rituximab
a
Chlorambucil, CVP, CHOP, CHOP/-like, ﬂudarabine combinations.

The RELEVANCE trial compared R2 vs rituximab plus
chemotherapy (with both regimens followed by rituximab
maintenance therapy) in untreated advanced FL. This study
had a superiority design and could not to demonstrate any efﬁcacy
advantage of R∗2, however, PFS and OS in the 2 arms were
superimposable 19 and R2 was as effective as immunochemotherapy also in the eradication of molecular disease.20 Notably,
the safety proﬁle differed in the 2 groups. R2 arm presented more
cutaneous toxicity while
R-chemo presented more neutropenias
∗
and febrile episodes. 19
It should be noted that treatment without chemotherapy does
not mean treatment without toxicity: in fact, some trials
investigating triplets of drugs have been terminated because of
life threatening complications and treatment related deaths.21,22 It
is, therefore, advisable to adopt conservative designs in new
combinations of targeted agents’ trials.
Among the tested novel combinations, ibrutinib plus rituximab
may have a synergistic effect, particularly when used earlier in the
course of the disease. In a phase II trial for the treatment of naive
patients, this combination showed an ORR of 82%, with partial
response (PR) rate of 55% and CR rate of 27%, and was well
tolerated.23 Targeting anti-CD20 and BCL2 is another promising
strategy.24 Moreover, potential synergistic effect in B-cell tumors
has been also suggested for the combination of PI3k inhibitors
with BCL-2 inhibitors or BTK inhibitors,25–27 but clinical data in
indolent lymphomas are not yet available.
Efﬁcacy and safety of rituximab monotherapy has been also
shown in other indolent histologies. It should be mentioned that in
the treatment of extranodal MZL the addition of chemotherapy
improved
PFS and EFS but not OS in comparison with rituximab
∗
alone. 28,29,30 Moreover, in the last decade, rituximab monotherapy has largely replaced splenectomy as front-line therapy of
primary splenic MZL.31
Whether a difference in OS will ever be achieved in indolent
lymphomas for a particular novel combination remains questionable, given the increasing armamentarium of salvage treatment
options, but we hopefully expect that these therapeutic strategies
| 26 |
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will likely continue to make measurable clinical beneﬁt. However,
long-term follow-up will be necessary to conﬁrm clearly safety and
efﬁcacy of chemotherapy-free approaches, thus justifying a
general shift in treatment strategies. The recent demonstration
that POD24 retains its prognostic validity in patients treated
without chemotherapy as well as in other non-follicular indolent
entities provided a potentially useful endpoint for
the future
∗
evaluation of novel chemotherapy-free treatments. 13,32–34
In conclusion, the present challenge is to build safe and
efﬁcacious chemo-free therapeutic protocols. In this context, the
Swiss Group for Clinical Cancer Research (SAKK) and the NLG
have conducted several trials exploring the role of rituximab as
single agent and in combinatorial chemotherapy-free strategies for
the initial treatment of FL. These studies showed excellent 10-year
OS rates, comparable to those reported in the rituximabchemotherapy trials (Table 1). Unfortunately, no clinical trial
thus far compared front-line immunochemotherapy to rituximab
alone in FL patients in need of therapy. The long-term results of
the SAKK and NLG studies suggest that rituximab monotherapy
might still represent a benchmark upon which to build future
clinical trials exploring chemotherapy-free alternatives.
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Take-home messages:
 Chemotherapy remains the standard of care for untreated patients
 Phase III trials evaluating targeted therapy vs chemotherapy are ongoing
 Chemotherapie-free combinations show promising results and may challenge chemotherapy frontline in the near future

Introduction
International treatment recommended treatment for young, ﬁt,
untreated Mantle cell lymphoma (MCL) patients is a high-dose
cytarabine-containing poly-chemotherapy regimen followed by
autologous-stem cell transplantation (ASCT),1 while R-CHOP or
bendamustine-rituximab frontline are recommended for newly
diagnosed non-transplant eligible MCL patients. High-dose
chemotherapy regimen, such as hyper-CVAD-R can also be used
without ASCT for ﬁt patients.2 Rituximab maintenance is
recommended after ASCT and after R-CHOP.3,4 Major advances
in the treatment of relapsed and/or refractory (R/R) MCL disease
have been made through the use of the so-called targeted
therapies. Six new drugs have been approved by the FDA and/or
EMA for use in R/R MCL. Herein, we summarize the clinical
studies that have led to the approval of these drugs, discuss the
emerging new drug combinations and present the key clinical
trials currently in progress, the results of which will inﬂuence
future treatment strategies.

Current state of the art
Targeted therapies approved as monotherapy (Table 1,
section A)
Bortezomib was the ﬁrst molecule to obtain FDA approval for
R/R MCL patients, in January 2007.3 Nowadays, Bortezomib is
not frequently used as monotherapy but mainly in combination
with chemotherapy agents.
Temsirolimus is an mTOR inhibitor and obtained its EMA
marketing authorization in 2007.4 Only few studies have been
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conducted with temsirolimus, either in combination or alone.
Nowadays, the use of temsirolimus in R/R MCL is rare.
BTK inhibitors (BTKi) BTKis target the Bruton tyrosine kinase
that plays a key role in the BCR signaling pathway, which
promotes MCL cell proliferation and survival. Ibrutinib is the ﬁrst
in-class BTK inhibitor. The FDA granted accelerated approval for
ibrutinib in 2013 for the treatment of MCL patients who have
received at least one prior therapy. The pivotal phase II trial
included 111 patients; the overall (ORR) and
complete response
∗
rates (CR) were 68% and 21%, respectively. 5 These results were
conﬁrmed in the phase III
RAY trial, in which ibrutinib was
∗
compared to temsirolimus. 6 Two other BTKis (Acalabrutinib and
∗
Zanubrutinib) have recently been FDA-approved in R/R MLC. 7,8
There is no evidence to suggest that one BTKi is superior to the
others regarding efﬁcacy or tolerability.
Lenalidomide has also been approved in R/R MCL. ORR and
CR remain modest, but the mean duration of response (mDOR) is
comparable to BTKis.9,10

Targeted therapies in combination
Targeted therapies plus chemotherapy combinations (Selected
published trials are presented in Table 1, section B). The LYM 3002
trial led to the approval of the VR-CAP regimen (bortezomib
[velcade], rituximab, cyclophosphamide adriamycine, prednisone)
for treatment-naïve patients not eligible for ASCT.11 The recent
update of the LYM 3002 trial shows that VR-CAP is superior to RCHOP not only for PFS, but also for OS.12 Of note, in this trial,
patients did not receive rituximab maintenance. The experience
with lenalidomide in combination with chemotherapy remains
limited to small phase II trials. Bendamustine plus rituximab is the
most frequent backbone for the combination with targeted
therapies. Indeed, bendamustine/rituximab is under investigation
in phase II trials in combination with venetoclax (NCT03834688),
with venetoclax plus ibrutinib (NCT03295240), while the
NCT03872180 trial is investigating the combination of bendamustine/obinutuzumab/venetoclax (NCT03872180). Another
interesting treatment strategy for treatment-naïve patients is to
start treatment with ibrutinib/rituximab (NCT02427620) or
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Table 1
Targeted Therapies in Clinical Trials.
Section A - EMA and/or FDA approved targeted drugs as monotherapy
Drug (s)
Reference
Trial Design
Patient Status
Fisher et al3

Bortezomib

4

Temsirolimus

Ibrutinib

Hess et al

∗5

Wang et al

∗6

Dreyling et al

Lenalidomide

Trněny et al9
Goy et al10

Acalabrutinib

Response

mDOR (months)

mPFS (months)

mOS (months)

33%
8%
22%
2%

9.2

6.5

23.5

7.1

4,8

12.8

17.5

13.9

139
(Ibrutinib arm)

ORR:68%
CR: 21%
ORR: 72%
CR: 19%

mDOR: NR
1.5-year DOR: 58%

14.6

mOS: NR
1.5-year OS: 58%
mOS: NR
1-year OS: 68%

R/R

170
(lenalidomide arm)

ORR:40%
CR:5%

16.1

9.1

27.9

R/R

134

16.6

4

19

phase II

R/R

124

phase II

R/R

86

ORR:28%
CR: 7.5%
ORR:81%
CR: 40%
ORR: 83.7%
CR: 77.9%

mDOR: NR
1-year DOR: 72%
15-month DOR: 67.4%

mPFS: NR
1-year PFS: 67%
15-month PFS: 72.1%

mOS: NR
1-year 0S: 87%
_

R/R

155

phase III
(Temsirolimus vs
investigator choice)
phase II

R/R

54
(arm Tem 175/75)

R/R

111

phase III
(Temsirolimus vs
Ibrutinib)
phase III
(Lenalidomide vs
investigator choice)
phase II

R/R

∗7

Wang et al

Zanubrutinib

n

phase II

8

Song et al

ORR:
CR:
ORR:
CR:

Section B - Targeted Drugs Plus Chemotherapy (Published trials)
Robak et al11

phase III
(VR-CAP vs R-CHOP)

frontline

243
(VR-CAP arm)

ORR: 92%
CR:53%

36.5

24.7

4-year OS: 64%

Robak et al12
Gressin et al18

phase II

frontline

74

_

2-year PFS: 70.3%

90.7m
2-year OS: 81%

Zaja et al19

phase II

ﬁrst relapse

42

_

20

2-year OS: 67%

Albertsson-Lindblad et al20

phase I/II

ﬁrst relapse

51

ORR: 86.5%
CR: 56.6%
ORR:88%
CR: 44%
(end of
cycle 4)
ORR 80%
CR: 64%

_

42

53

VR-CAP
bortezomib-rituximabcyclophosphamideadriamycine-prednisone
Velcade/Bendamustine/Rituximab/
Dexamethasone
Lenalidomide/Bendamustine/
Rituximab

Section C - Targeted drugs combinations without chemotherapy (Published trials)
Lenalidomid/Rituximab

Wang et al14
Ruan

Ibrutinib/Rituximab
Ibrutinib/Venetoclax
Ibrutinib-lenalidomide-ritux
Ibrutinib-palbociclib

15

Wang et al21
∗13

Tam et al

Jerkeman

16

22

Martin

phase I/II

R/R

52

phase II

ﬁrst line

38

phase II

R/R

50

phase II

R/R

24

phase II

R/R

50

phase I

R/R

27

Section D- Ongoing Phase III Clinical Trials
Treatment
Shine:
Bendamustine plus rituximab followed by rituximab maintenance +/- Ibrutinib
Triangle:
R-CHOP/RDHAP-ASCT followed by Rituximab maintenance
vs R-CHOP-Ibrutinib/RDHAP-ASCT plus Ibrutinib mainenance
vs R-CHOP-Ibrutinib/RDHAP followed by Ibrutinib maintenance
Enrich:
Ibrutinib plus Rituxiamb vs R-CHOP or Bendamustine/rituximab
MCL-R2:
R-CHOP vs RCHOP/R-DHA followed by maintenance Rituximab
vs Rituximab/lenalidomide
ACE-LY-308:
Bendamustine/Rituximab alone versus in Combination with Acalabrutinib
Mangrove- BGB3111-306:
Zanubrutinib/Rituximab versus Bendamustine + Rituximab
Sympathico:
ibrutinib/venetoclax vs. ibrutinib

ORR: 57%
CR: 36%
ORR: 87%
CR: 61%
ORR:88%
CR: 44%
ORR: 71%
CR: 62%
ORR:76%
CR: 56%
ORR: 67%
CR:37%

18.9

11.1

24.3

_

2-year PFS: 85%

2-year OS: 97%

_

1-year PFS: 75%

1-year OS: 85.5%

_

1-year PFS: 75%

1-year OS: 79%

NR

16

22

2-year DOR: 569.8%

2-year PFS: 59.4%

2-year OS: 60.6%

Clinicaltrial.gov

Trial Status

NCT01776840

phase III

ﬁrst line

520

Active, not recruiting

–

NCT02858258

phase III

ﬁrst line

870

recruiting

–

EudraCT 2015-000832-13

phase II/III

ﬁrst line

400

recruiting

–

NCT01865110

phase III

ﬁrst line

633

Active, not recruiting

–

NCT02972840

phase III

ﬁrst line

546

recruiting

–

NCT04002297

phase III

ﬁrst line

500

recruiting

–

NCT03112174

phase III

R/R

362

Active, not recruiting

mDOR = median duration of response, mPFS = median progression free survival, mOS = median overall survival, mTTF = median time to treatment failure, NR = not reached, R/R = relapsed or refractory, ORR =
overall response rate, CR = complete remission, VR-CAP = velcade, rituximab, cyclophosphamide adriamycine, prednisone.
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ibrutinib/rituximab/venetoclax (NCT03710772) followed by chemotherapy according to MRD status after induction. Taken
together, the role of regimens combining targeted therapies and
chemotherapy largely remains under investigation in both
treatment-naïve and relapse patients. There is no published data
so far showing that chemotherapy plus targeted therapy is superior
to chemotherapy alone (except for VR-CAP). Large phase III
clinical trials investigating chemotherapy with or without targeted
therapy (mainly BTKis) are ongoing (See below).
Targeted therapies without chemotherapy combinations (Selected published trials are presented in Table 1, section C). Several
studies, mainly phase II, have investigated so-called “chemofree” regimens. Ibrutinib is the most evaluated molecule in this
∗
context. The AIM study combined ibrutinib and venetoclax, 13
a molecule targeting Bcl-2 that is approved for the treatment of
CLL. Bcl-2 is an anti-apoptotic protein that is overexpressed in
MCL cells. Ibrutinib/venetoclax induced a 62% CR rate in R/R
MCL patients and at 1 year, more than 75% of patients remain
in response. The AIM trial provided the rational for the ongoing
registration trial (Sympatico - NCT03112174) that is designed
to compare ibrutinib alone versus ibrutinib plus venetoclax in R/
R patients.
Lenalidomide/Rituximab has been evaluated in small groups
of R/R or treatment-naïve patients showing high response rates
and prolonged response duration.14,15 Ibrutinib/lenalidomide/
rituximab has been tested in R/R MCL with encouraging ORR
and CR rates.16 Based on biological rational, ibrutinib has
also been combined with molecules targeted at phosphoinositide
3-kinase; the efﬁcacy of such combinations needs further
evaluation.
There is a long list of ongoing chemotherapy-free phase II trials,
the results of some of which have already been presented in
abstract form. The ibrutinib/venetoclax/obinutuzumab combination is under investigation in both R/R and treatment-naive
patients (NCT02558816). The acalabrutinib/lenalidomide/rituximab combination is being investigated in newly diagnosed
patients (NCT03863184), similar to venetoclax/lenalidomide/
rituximab (NCT03523975), while the acalabrutinib/venetoclax
trial is open for R/R patients (NCT03946878). This type of
chemotherapy-free trial using doublet, triplet, or even quadruplet
combinations is likely to multiply in coming years because of the
emergence of new BTKis, new drugs targeting apoptosis or cell
cycle machineries or other key targets.

Perspectives
Ongoing phase III trials (Table 1, section D). Most large phase
III trials address the question of chemotherapy with or without
targeted therapy, followed by maintenance or not. Indeed, Shine
(NCT01776840) is a registration trial (bendamustine-rituximab
+/ ibrutinib) that might change the standard of care in MCL
patients not eligible for ASCT in front line. If Shine demonstrates
positive results in favor of the experimental arm, then
bendamustine/rituximab/ibrutinib could become the standard of
care. A similar design, but investigating a different BTKi, is used in
the Mangrove (Zanubrutinib - NCT04002297) and the ACE-LY308 (Acalabrutinib - NCT02972840) trials. For transplant eligible
patients, the triangle trial (NCT02858258) challenges the role of
ASCT as consolidation. The enrich trial (EudraCT-2015-00083213) goes a step further still and compares ibrutinib/rituximab vs RCHOP or bendamusitne/rituximab. This last trial might become a
registration trial and change the paradigm of treatment in MCL if
ibrutinib/rituximab can compete against standard chemotherapy
frontline. The MCL-R2 trial (NCT01865110) applies a double
randomization design at induction (R-CHOP vs R-CHOP/
RDHA) and at maintenance (rituximab vs rituximab/lenalidomide).
In conclusion, the treatment landscape in MCL has changed
profoundly over a short period of time thanks to new targeted
| 30 |

Educational Updates in Hematology Book | 2020; 4(S2)

therapies, mainly ibrutinib so far. Other newly approved BTKis,
new targeted therapies and new combinations have already shown
promising results. Large phase III trials challenging current
standards of care are ongoing and the results of these will become
available over the coming years. The rise of immunotherapy,
including new antibodies and of course CAR-T cells, also offers
new treatment options. Indeed, the phase II ZUMA-2 trial
investigating CAR-T cells, ﬁrst results of which were recently
presented during the 2019 annual meeting of the American Society
of Hematology, shows exceptionally high response∗ rates (ORR:
93%; CR: 67%) in the very high-risk BTKi-failures. 17 Because of
these new targeted therapies, some predict that the “chemo ﬁrst
and targeted therapy second” paradigm might soon be reversed to
the opposite with targeted therapy (chemotherapy-free combination) being given ﬁrst and chemotherapy second. However, it is
still too early to cross the Rubicon river because many burning
questions remain unsolved, such as the optimal duration of
treatment with new drugs, the longterm side effects of continuous
exposure to targeted therapies, the role of individual risk-adapted
and/or MRD-driven strategies, treatment options for BTKifailures or p53 mutated patients, the prediction of response to
targeted therapies, and the mechanisms of resistance to the new
drugs.
In conclusion, chemotherapy currently remains the standard of
care at ﬁrst line, while targeted therapies like BTKi‘s might be
discussed from ﬁrst relapse onwards, but a new era is coming.
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Chronic lymphocytic leukemia (CLL) is a clinically and
genetically heterogenous disease. A large amount of genomic
studies by next generation sequencing (NGS) have deciphered the
pathogenesis of CLL and have allowed the identiﬁcation of
prognostic and predictive biomarkers. Other omics approaches
have led to a multilayer characterization of this leukemia and
facilitate a precision medicine perspective in clinical management.
The deeper understanding of CLL biology has led to a signiﬁcant
expansion of the therapeutic options, posing the need for the
identiﬁcation of robust molecular predictors for treatment
tailoring. Targeted NGS has now entered the clinical practice

and allows a thorough and efﬁcient evaluation of clinically
meaningful biomarkers. In this therapeutic landscape, the
identiﬁcation of different CLL risk groups based on the presence
of speciﬁc molecular lesions and/or immunogenetic features has
allowed treatment tailoring in terms of choosing the most
appropriate drug. The combination of molecular and immunogenetic biomarkers together with minimal residual disease assessment may allow one step forward in the precision medicine
approach to CLL, leading to select not only the most effective drug
and the most appropriate sequencing of treatment options, but
also the duration of therapy for every single CLL patient.

Key points:
 Multilayer omics characterization of CLL allows a precision medicine approach of the disease
 Targeted next generation sequencing has entered the clinical practice of CLL to detect clinically genetic aberrations that are
relevant for disease management
 The molecular characteristics of the disease have a profound impact on treatment decisions and sequencing of available therapeutic
options
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Building Blocks to Optimize Treatment of CLL
Thorsten Zenz
University Hospital Zurich, Zurich, Switzerland
Take-home messages:
 Omics characterization and drug screening will leverage precision medicine approaches for CLL
 Sharing of molecular and clinical data combined with modern statistical analysis will improve outcome of patients with CLL

Introduction
The progress in the mechanistic disease understanding of CLL
and drug development has put the CLL community in a prime
position to improve outcome of patients. If we learn to leverage
key developments from both areas, this would make CLL a disease
model for precision medicine approaches for cancer in general.
With the increase of drug costs, such developments could not just
improve outcome of patients, but also provide a signiﬁcant
reduction of treatment cost.
This manuscript will focus on the use of multilayer omics
characterization and drug screening to develop precision medicine
approaches for CLL.

Current state of the art
There is an “excess” of markers associated with outcome in
CLL. Routine care requires p53 mutation and IGHV status and
most references also suggest the∗ assessment of copy number
variation (CNV) based on FISH. 1 This is based on decades of
evidence for the impact of IGHV and gene mutations on
outcome.2–4 With the advent of non-chemotherapy treatment,
the genotype-based stratiﬁcation has gained momentum as
options become available for patients with particular beneﬁt in
patients with high-risk features.
Nonetheless, the majority of ∗gene mutations do not currently
affect clinical decision-making. 1 This should not be confused
with a lack of utility of these markers, as genotype based impact of
molecular disease subtypes may be treatment context dependent
or simply too subtle, to be detectable in trial cohorts of standard
treatments including a relatively small number of patients in each
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speaker’s fee); Takeda (Advisory board); Innate (Advisory board).
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arm. In the future, it will be just as important to identify patient
subgroups with good prognosis who do not require (costly) novel
agents (eg, elderly patients with favorable genetics).
The cell of origin ﬁngerprint and the associated methylation
∗
proﬁle separates three distinct disease groups (epitypes),5, 6,7
which is likely based on the maturation state of the transformed
cell. While the resulting three disease groups are distinct in biology
and outcome, this has so far not translated into a routine
application. This may change with the advent of panel probe sets,
which can be proﬁled at low cost: Me-iPLEX is an elegant method
to assess epigenetic signatures; including robust classiﬁcation of
CLL “epitypes” that independently stratify patient risk at
diagnosis and time of treatment.8
Gene expression studies have led to the discovery of genes
whose expression is associated with IGHV or, for example,
trisomy 12, but most studies investigating gene expression in CLL
have provided little insight into novel biology. We recently
assembled a larger gene expression data set, which suggests that
most molecular subgroups govern gene expression changes to
previously underappreciated extent.9

Functional screening using drug response in CLL
As new generations of targeted therapies emerge and tumor
genome sequencing discovers increasingly comprehensive mutation repertoires, the functional relationships of mutations to
tumor phenotypes remain largely unknown. With traditional
biomarker discovery performed in trials, few novel markers of
drug response have emerged. To overcome these limitations, we
assembled a primary blood cancer cell encyclopedia data
set that
∗
revealed disease-speciﬁc sensitivities for each cancer. 10 Within
CLL, responses to 62% of drugs were associated with 2 or more
mutations, and linked the B cell receptor ∗(BCR) pathway to
trisomy 12, an important driver of CLL. 10 Based on drug
responses, the disease could be organized into phenotypic
subgroups characterized by exploitable dependencies on BCR,
mTOR, or MEK signaling and associated with mutations, gene
expression, and DNA methylation. The study overcomes the
perception that most mutations do not inﬂuence drug response in
CLL (and potentially other cancers), and points to an updated
approach to understanding tumor biology, with implications for
biomarker discovery and cancer care. While the current
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[(Figure_1)TD$IG]
Figure 1. Building blocks to optimize CLL treatment: The multilayer omics characterization of individual patients, queried with up-to-date
bioinformatics tools continue to uncover strong drug and molecular phenotype associations, which can be probed in trials. The adaptive
design of response based treatment duration and drug combinations will lead to individualized care for patient subgroups with CLL. These
developments will lead to optimal results and cost effectiveness.

enthusiasm for effective treatments in the vast majority of patients
moves the focus from precision medicine to the hunt for “optimal”
combinations, one would envision that drug screening applications will become useful for patients with emerging resistant
clones, which can be proﬁled phenotypically.

Multivariate analysis of “omics” data
Most reports on individual markers or proﬁling studies focus on
individual omics data sets. This may lead to the impression that
major molecular traits are independent, when in fact there is a
tight functional relationship of cell of origin, IGHV status and
gene usage, gene mutations and, for example, gene expression or
metabolism. Recently, methods for the unsupervised integration
of the resulting heterogeneous data sets became available and were
applied to CLL: We recently presented multi-omics factor analysis
(MOFA), a computational method for discovering the principal
sources of variation in multi-omics data sets. MOFA infers a set of
(hidden) factors
that capture biological and technical sources of
∗
variability. 11 It disentangles axes of heterogeneity shared across
multiple modalities and those speciﬁc to individual data
modalities. We applied MOFA to a cohort of patient samples
of chronic lymphocytic leukemia, proﬁled for mutations, gene
expression, DNA methylation and ex vivo drug responses. MOFA
identiﬁed major dimensions of disease heterogeneity, including
| 34 |
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immunoglobulin heavy-chain variable region status, trisomy of
chromosome 12 and previously underappreciated drivers, such as
response to oxidative stress. It is likely that concerted integration
of similar and emerging molecular data sets and trial data, would
provide a unique platform to leverage precision medicine.
An improved approach to disease proﬁling to select optimal
treatments in CLL must be accompanied by MRD assessment to
measure and quantify response in real time. MRD levels
independently predict OS and PFS in CLL and a future focus
on kinetics of response is likely to improve the clinical
development of combination treatments in CLL.

Future perspectives
In the future, both single cell technology and drug screening
approaches can be expected to leverage precision medicine and
improved treatment in CLL. It is conceivable that as future patients
will have the leukemia cell population proﬁled down to single cells,
we will be able to curtail treatment by drug screening and then adapt
treatment -once started- driven by MRD assessment. CLL may
become a reference disease for precision medicine of cancer. The
wide range of active drugs targeting a diverse structures and
pathways will provide an instructive disease model how chronic
diseases may become curable by mechanism-based treatment
designed to eradicate tumor cell population (Fig. 1).

Zenz
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Tools for the Management of CLL in the Next-Generation Diagnostics Era
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Take-home messages:
 Next-generation sequencing-based targeted gene panels accurately identiﬁes gene mutations deemed to be of prognostic and
predictive relevance in chronic lymphocytic leukemia (CLL)
 Clinical laboratories are shifting from Sanger sequencing to targeted next-generation sequencing to detect clinically relevant genetic
aberrations in the management of CLL
 Whole-genome sequencing (WGS) is a promising technique that has the potential to provide information on all types of genomic
aberrations, including genomic complexity

Introduction
Ever since the 1980s when the ﬁrst recurrent chromosomal
aberrations were identiﬁed by chromosomal banding analysis
(CBA) in chronic lymphocytic leukemia (CLL), new technologies
with different levels of resolution have continuously been
developed and applied (eg, Sanger sequencing, PCR, FISH,
microarrays) that have to a varying degree contributed to
disentangling the CLL genomic landscape.1 With the introduction
of next-generation sequencing (NGS) technologies 10 years ago,
CLL was one of the ﬁrst diseases to be sequenced using either
whole-exome or whole-genome sequencing (WES/WGS).2,3 From
these studies, it rapidly became apparent that only a handful of
mutations are observed in > 5%–10% of cases, while the majority
of aberrations are seen in < 1%–5%.4 At present, >2000
recurrently mutated genes have been described in CLL, explaining, at least partially, the great clinical heterogeneity evidenced in
patients with this disease.5

Genetic tests that we need to perform
In the latest update of the iwCLL guidelines,6 in addition to the
recommendation to perform FISH analysis of recurrent aberrations (ie, deletions of 11q, 13q, 17p and trisomy 12), it is stated
that TP53 mutation screening should be assessed in all CLL
patients prior to the start of ﬁrst-line treatment and every
subsequent line of therapy, in order to identify high-risk TP53The authors have indicated they have no potential conﬂicts of interest to disclose.
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aberrant cases (ie, with del(17p) and/or TP53 mutation) who
should be considered for targeted therapy (eg, B-cell signaling or
BCL2 inhibitors). Furthermore, the IGHV gene mutational status
is included as a recommended marker to be investigated before the
start of therapy (needs only to be analyzed once as the mutational
status remains constant throughout the disease), due to its wellestablished prognostic role in deﬁning poor-prognostic IGHVunmutated cases and more favorably-prognostic IGHV-mutated
cases, but also due to its potential predictive capacity, at least for
chemo-immunotherapy.6
For all types of molecular tests, there is a high demand for
standardization and harmonization of each technology to assure
high sensitivity, speciﬁcity and reproducibility. To ascertain
this, the European Research Initiative on CLL (ERIC) initiated
two networks, the TP53 network and the IG Network. In the last
10 years, both of these networks have published guidelines
and arranged workshops on how to set up these molecular tests
and to guide variant interpretation.7,8 Even more importantly, a
certiﬁcation system was established to ensure the quality of the
TP53 and IGHV mutation analysis in each participating
laboratory. Thus far, 146 laboratories in 28 countries have been
certiﬁed by ERIC for TP53 mutations analysis and 99 laboratories
in 30 countries for IGHV mutation analysis (www.ericll.org),
highlighting the great interest these activities have rendered in the
CLL community.
Most notably, in more recent years, laboratories have shifted
from certifying TP53 analysis by Sanger sequencing to NGS-based
techniques. While patients carrying minor subclones harboring
TP53 mutations appear to have a similar dismal outcome to
patients with Sanger-detected TP53 mutations, ERIC has
recommended to use a 10% variant allele frequency (VAF) cutoff
corresponding to the detection limit of Sanger sequencing.8
Though TP53 variants with 5% to 10% VAF can be reported by
the laboratories, it should be mentioned that the clinical impact
of such mutations has not yet been conclusively proven in
prospective clinical studies.
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Complex karyotypes – how to analyze and deﬁne?
Due to the previous inherent difﬁculties in culturing CLL cells,
many laboratories abandoned CBA and instead applied FISH for the
analysis of the recurrent genomic aberrations. In more recent years,
improved cell culturing protocols have been developed that has made
it possible to obtain a high success rate for CBA in CLL. As far back
as the early 1990s, it was demonstrated that the higher the number of
genomic aberrations, the worse the outcome for the patient9; a
ﬁnding that was also conﬁrmed when genomic microarrays were
later on applied to capture genomic complexity (GC).10
Using the new protocols for cell culturing, a series of papers
have demonstrated that CLL patients with complex karyotype
(CK), deﬁned as 3 genomic aberrations or more, display a very
poor outcome with chemo-immunotherapy as well as with more
recent targeted therapies.11 In a recent multi-center study
conducted by
ERIC, > 5200 karyotypes were collected from
∗
CLL patients 12; most notably, they reported that patients without
TP53 aberrations and ≥5 genetic aberrations, deﬁned as high-CK,
exhibited a uniformly poor outcome. This was in contrast to
patients with 3 or 4 aberrations who had an aggressive disease
only in the presence of TP53 aberrations.
Based on this, we can now conclude that it is possible to assess CK
using CBA within the clinical setting. The question is; should we use
CBA or genomic arrays? Both of these techniques have their pros
and cons; CBA can only provide a low-resolution picture of the
genome and requires cell culturing, however, this technique does
capture both copy-number aberrations (CNAs) and structural
aberrations. On the other hand, genomic arrays are now relatively
standardized and use genomic DNA as opposed to viable cells,
however, the limitation of these assays are that they cannot capture
certain structural aberrations such as translocations. In a recent

ERIC study, based on data from > 2200 arrays, high GC, deﬁned as
5 or more CNAs, was an independent factor for both time-to-ﬁrsttreatment and overall survival, thus reinforcing ∗the idea that
genomic arrays are an accurate tool to capture GC. 13
Finally, there is an alternate technique to identify CK that we
may now consider since the cost of sequencing is rapidly declining,
that is, whole-genome sequencing (WGS), which has the potential
to capture most, if not all, types of genomic aberrations, and will
be further discussed below.

Targeted next-generation sequencing in CLL
As discussed above, a very high number of mutated genes have
already been reported in CLL. While the prognostic impact has
not been established for the majority of them, there is now an
increasing wealth of data supporting the clinical relevance for up
to 20 to 25 genes.5 While it has long been known that TP53 and
ATM mutations confer a high risk disease, the list of poorprognostic gene mutations has grown to include BIRC3, EGR2,
NFKBIE, NOTCH1, RPS15, and SF3B1, amongst others.4,14 As
mentioned, it has also become evident that low-burden mutations
in TP53 and potentially other genes, are associated with a dismal
outcome similar to high-burden mutations.15,16 In a recent study,
25 genes were investigated by NGS and gene mutations were
assigned (including both low/high-burden mutations) into cellular
pathways/processes to which they contribute or are actively
involved. It was noted risk stratiﬁcation was more dependent on
the number of altered pathways rather than the number of driver
mutations and the more pathways altered corresponded to a
worse outcome. Furthermore, this 25 gene panel reﬁned
prognostication in both low and intermediate risk patients as
deﬁned by the CLL-IPI.17

[(Figure_1)TD$IG]
Figure 1. Types of genomic aberrations that need to be assessed in CLL (upper panel) and perspective on development of genomic
techniques for CLL diagnostics in the next 5 years (lower panel).
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In order to test for many different genes simultaneously, we and
others have previously shown that targeted NGS, either including
the entire coding region or hotspot exons, is highly concordant to
Sanger sequencing and can detect mutations below the detection
limit of Sanger sequencing.18 In an attempt to assess the
reproducibility of targeted NGS, we recently performed a multicenter evaluation within ERIC of 11 genes using three different
amplicon-based assays (2 centers per assay) and 48 paired tumor/
germline samples. At a VAF ≥5%, all 6 centers revealed a high
concordance in mutation detection ∗and limited differences were
observed between the 3 assays. 19 Hence, amplicon-based
approaches can safely be adopted for mutation detection in CLL,
at least with VAFs >5%, while further reﬁnement of methodologies
will be necessary to reach a higher sensitivity for the detection of
micro-clones (VAF 1%–5%). To address this, ERIC recently
initiated a multi-center project focusing on NGS-based detection of
low-frequency TP53 mutations (<10% VAF), with the aim to reach
a consensus as to whether the current threshold for reporting TP53
mutations could be lowered.

Tomorrow’s genomics tools for CLL diagnostics
An alternative approach for amplicon-based NGS is capturebased hybridization, which generally produces a more uniform
sequencing output, in particular in regions that are inherently
difﬁcult to sequence (eg, repetitive, GC-rich regions). Using
capture-based gene panels, it is now possible to simultaneously
detect SNV/indels,
CNAs and structural aberrations/trans∗
locations. 20,21 In other words, such assays enable us to perform
comprehensive genetic proﬁling for CLL including most of the
features necessary for diagnostics today, including the IGHV
mutation status (Fig. 1). To fuse multiple tests into one is a
promising development that appears to be feasible, and we are
currently testing a capture-based gene panel comprising more than
250 genes, designed for lymphoid malignancies, including CLL,
for both research and diagnostic purposes.
Another exciting opportunity would be to perform WGS, which
also has the ability to detect all types of genetic aberrations
(Fig. 1). In a proof-of-concept study, Klintman et al demonstrated
that WGS and targeted NGS had a very high concordance
for SNVs/indels (96%), while the concordance between
FISH/
∗
genomic arrays and WGS was slightly lower. 22 Numerous
advantages stem from the use of WGS including the ability of this
technique to provide information on GC as well as different
features relevant for research, such as non-coding variation and
mutational signatures. That said, the bioinformatics analysis is
still quite challenging and there is lack of standardized pipelines
for variant interpretation and visualization. Nevertheless, if WGS
was to be introduced in clinical diagnostics, once the test has been
thoroughly validated, we would need to complement it by ultradeep sequencing (using NGS or ddPCR), at least for some
clinically relevant targets, which may be present at subclonal level
and emerge as the disease evolves or as resistance mutations to
targeted therapy (eg, BTK, PCLG2, and BCL2 mutations).23

References
1. Sutton LA, Rosenquist R. Clonal evolution in chronic lymphocytic
leukemia: impact of subclonality on disease progression. Expert Rev
Hematol. 2015;8:71–78.
2. Puente XS, Pinyol M, Quesada V, et al. Whole-genome sequencing
identiﬁes recurrent mutations in chronic lymphocytic leukaemia.
Nature. 2011;475:101–105.
3. Wang L, Lawrence MS, Wan Y, et al. SF3B1 and other novel cancer
genes in chronic lymphocytic leukemia. N Engl J Med. 2011;365:
2497–2506.
4. Rosenquist R, Bea S, Du MQ, et al. Genetic landscape and
deregulated pathways in B-cell lymphoid malignancies. J Intern Med.
2017;282:371–394.

| 38 |

Educational Updates in Hematology Book | 2020; 4(S2)

5. Rosenquist R. Translating genetic and epigenetic knowledge into
clinical utility. HemaSphere. 2018;2 (S2):48–50.
6. Hallek M, Cheson BD, Catovsky D, et al. iwCLL guidelines for
diagnosis, indications for treatment, response assessment, and
supportive management of CLL. Blood. 2018;131:2745–2760.
7. Rosenquist R, Ghia P, Hadzidimitriou A, et al. Immunoglobulin gene
sequence analysis in chronic lymphocytic leukemia: updated ERIC
recommendations. Leukemia. 2017;31:1477–1481.
8. Malcikova J, Tausch E, Rossi D, et al. ERIC recommendations for
TP53 mutation analysis in chronic lymphocytic leukemia-update on
methodological approaches and results interpretation. Leukemia.
2018;32:1070–1080.
9. Juliusson G, Oscier DG, Fitchett M, et al. Prognostic subgroups in Bcell chronic lymphocytic leukemia deﬁned by speciﬁc chromosomal
abnormalities. N Engl J Med. 1990;323:720–724.
10. Gunnarsson R, Mansouri L, Isaksson A, et al. Array-based genomic
screening at diagnosis and during follow-up in chronic lymphocytic
leukemia. Haematologica. 2011;96:1161–1169.
11. Thompson PA, O’Brien SM, Wierda WG, et al. Complex karyotype
is a stronger predictor than del(17p) for an inferior outcome in
relapsed or refractory chronic lymphocytic leukemia patients treated
with ibrutinib-based regimens. Cancer. 2015;121:3612–3621.
∗12. Baliakas P, Jeromin S, Iskas M, et al. Cytogenetic complexity in
chronic lymphocytic leukemia: deﬁnitions, associations, and clinical
impact. Blood. 2019;133:1205–1216.
A large-scale, multi-center study demonstrating that CLL patients with
complex karyotype and ≥5 genomic aberrations had a particularly dismal
outcome.
∗13. Leeksma AC, Baliakas P, Moysiadis T, et al. Genomic arrays identify
high-risk chronic lymphocytic leukemia with genomic complexity: a
multi-center study. Haematologica. 2020.
A multi-center study highlighting genomic arrays as an alternative tool to
capture genomic complexity in CLL.
14. Baliakas P, Hadzidimitriou A, Sutton LA, et al. Recurrent mutations
reﬁne prognosis in chronic lymphocytic leukemia. Leukemia.
2015;29:329–336.
15. Rossi D, Khiabanian H, Spina V, et al. Clinical impact of small TP53
mutated subclones in chronic lymphocytic leukemia. Blood.
2014;123:2139–2147.
16. Nadeu F, Clot G, Delgado J, et al. Clinical impact of the subclonal
architecture and mutational complexity in chronic lymphocytic
leukemia. Leukemia. 2018;32:645–653.
17. Brieghel C, da Cunha-Bang C, Yde CW, et al. The number of
signaling pathways altered by driver mutations in chronic
lymphocytic leukemia impacts disease outcome. Clin Cancer Res.
2020;26:1507–1515.
18. Sutton LA, Ljungstrom V, Mansouri L, et al. Targeted nextgeneration sequencing in chronic lymphocytic leukemia: a highthroughput yet tailored approach will facilitate implementation in a
clinical setting. Haematologica. 2015;100:370–376.
∗19. Sutton LA, Ljungstrom V, Enjuanes A, et al. Comparative analysis of
targeted next-generation sequencing panels for the detection of gene
mutations in chronic lymphocytic leukemia: an ERIC multi-center
study. Haematologica. 2020.
A multi-center study assessing the reproducibility of different targeted nextgeneration sequencing assays for detection of recurrent mutations in CLL.
∗20. He J, Abdel-Wahab O, Nahas MK, et al. Integrated genomic DNA/
RNA proﬁling of hematologic malignancies in the clinical setting.
Blood. 2016;127:3004–3014.
A large-scale study validating a clinical comprehensive genomic proﬁling test,
including both DNA and RNA sequencing, in hematological malignancies.
21. Wren D, Walker BA, Bruggemann M, et al. Comprehensive
translocation and clonality detection in lymphoproliferative disorders
by next-generation sequencing. Haematologica. 2017;102:e57–e60.
∗22. Klintman J, Barmpouti K, Knight SJL, et al. Clinical-grade validation
of whole genome sequencing reveals robust detection of lowfrequency variants and copy number alterations in CLL. Br J
Haematol. 2018;182:412–417.
A proof-of-concept study comparing results from whole-genome sequencing with FISH/targeted sequencing in CLL.
23. Sutton LA. Mechanisms of resistance to targeted therapies in chronic
lymphocytic leukemia. HemaSphere. 2019;3 (S2):40–43.

Powered by EHA

Chronic Lymphocytic Leukemia (CLL): Next Generation Approaches – Section 4

Sequencing Therapies in Chronic Lymphocytic Leukemia
Carol Moreno
Hematology Department, Hospital Santa Creu I Sant Pau, Autonomous University of Barcelona, IIB Sant Pau, Spain
Take-home messages:
 Understand what are the key factors that drive treatment decisions in patients with CLL in the era of targeted therapies
 Know different therapeutic approaches in front-line and subsequent lines of therapy
 Gain insights into how to best sequence therapies

The clinical course of chronic lymphocytic leukemia (CLL) is
characterized in most cases by consecutive episodes of disease
progression and the need for therapy. Because of this, the survival of
patients with CLL ultimately depends on the response (or lack
thereof) to different treatments given over the course of the disease.
A better understanding of the biology of CLL has led to the
development of targeted therapies which are revolutionizing the
management of this disease. Targeted therapies approved for CLL
treatment include the inhibitors of kinases in the B-cell receptor
signaling pathway, like Bruton tyrosine kinase (BTK) and
phosphoinositide 3-kinase (PI3K) and the oral inhibitor of B cell
lymphoma-2 (BCL2), given as single agents or in combination
with anti-CD20 monoclonal antibodies. As randomized clinical
trials have uniformly shown that in most settings, targeted
therapies are superior to chemoimmunotherapy (CIT), small
molecules are being increasingly used while opening an era of
“chemo-free” therapy for CLL.

Selecting therapy
As multiple options are available, treatment decisions are
becoming more complicated. The
main factors to be considered
∗
when deciding therapy include: 1,2
1. Host factors. Age, comorbidities, cumulative illness rating scale
(CIRS) score, and patient’s expectations.
2. Characteristics of the disease. The presence of poor-risk
cytogenetics (eg, del (17p) and/or TP53 mutations, complex
karyotype) and unmutated IGHV genes predict poor response
to chemo (immuno)therapy. Therefore, patients carrying these
alterations should receive targeted therapies, either BTK
inhibitors (BTKi) or venetoclax-based regimens.
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3. Treatment safety. Speciﬁc comorbidities such as cardiac
disorders, impairment of renal function or certain comedications (eg, oral anticoagulants, antiplatelet agents, potent
CYP3A inhibitors) may interfere with small molecules.
4. Social aspects. Availability of drugs, cost.
5. Prior therapy. Type and number of prior lines of therapy,
response to the last therapy and its duration, presence of
mutations associated to refractoriness to targeted therapies (ie,
BTK, PLCG2, or BCL-2 mutations).3,4
6. Goals of therapy. The goals of therapy are to prolong survival
and to improve quality of life. Achieving a response with
undetectable MRD (uMRD) is associated with a longer
progression-free (PFS) and overall survival (OS). In addition,
continuous therapy with BCRi prolongs survival without
eradication of the disease. However, the relevance of this
paradigm depends on the target population. While of
paramount importance in younger patients, it may be less
critical in very old patients (>80 years old) in whom disease
palliation is a reasonable objective.

Front-line therapy
Several randomized studies in older patients or those with
comorbidities have shown that BTKi (ie, ibrutinib or acalabrutinib) or venetoclax in combination with obinutuzumab are
superior to chemo (immuno)therapy (ie, bendamustine plus
rituximab, chlorambucil alone or in combination with obinutuzumab) in all prognostic subgroups.
The∗ main results of these
∗ ∗ ∗
trials are summarized in Table 1. 5, 6, 7,8, 9
Also, a randomized study in patients younger than 65 years
showed that ibrutinib resulted in longer PFS and OS than
ﬂudarabine, cyclophosphamide and rituximab (FCR), except in
mutated IGHV CLL. Because of this, FCR continues being a good
treatment option in younger (<65 years) and ﬁt patients. Based on
these studies, ibrutinib either as single agent or in combination
with obinutuzumab, and venetoclax in combination with
obinutuzumab have been approved by the Food and Drug
Administration (FDA) and the European Medicines Agency
(EMEA) as front-line regimens for CLL. Additionally, acalabrutinib was approved by the FDA last year. Of note, no direct
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Table 1
The Main Randomized Trials Comparing Targeted Therapies with Chemo (immuno)therapy Regimens in the Front-line Setting.
Treatment
I (vs BR)
∗
IR (vs BR) 5
∗
I-Obinu (vs Chl-Obinu) 6

Patient
No.

Median
Age (year)

3-yearPFS

Neutropenia
Grade ≥3 AEs

Infection Grade
≥3 AEs

Any Non-hematologic
Grade ≥3 AEs

547

71

15%
21%
37%

20%
20%
11%

74%
74%
IRR 2%, AF 5%, hypertension 4%

52.8%

17.5%

30%

21%

IRR 15%, hyperglicemia (8%),
diahrrea (4.2%),
cardiac disorders (4%)
IRR 2%, AF 3%–4%, bleeding 2%,
hypertension 2%–3%

9%
25.6%

14%
9.4%

229

70

82%
84%
68%

Ven-Obinu (vs Chl-Obinu)

432

72

75%

A-Obinu (vs Chl-Obinu)

535

70

90%

∗7

A (vs Chl-Obinu)8
∗
IR (vs FCR) 9

∗
∗

529

58

82%
89.4%

72%

I = Ibrutinib; BR = Bendamustine and Rituximab; IR = Ibrutinib and Rituximab; Obinu = Obinutuzumab; Ven = Venetoclax; Chl = Chlorambucil; A = Acalabrutinib; PFS = progression-free survival; AEs = adverse
events; IRR = infusion related reactions; AF = atrial ﬁbrillation.
∗
Estimated 30 mo-PFS.

Table 2
The Main Randomized Trials Comparing Targeted Therapies with Chemo (immuno)therapy Regimens in Relapsed/refractory CLL.
Median
age

Prior lines,
m (range)

3-yearPFS

Neutropenia
grade ≥3 AEs

Infection
grade ≥3 AEs

Any non-hematologic
grade ≥3 AEs

I (vs Ofatumumab)10

67

3 (1–12)

59%

25%

30%

Idela-R (vs R)11

71

3 (1–12)

Median 19.4 mo

13%

53.6%

65
67
68

2 (1–4)
1 (1–8)
3 (2–8)

71.4%
∗
Median NR
Median 15.7 mo

58.8%
16%
23%

10%
5%
13%

Hypertension (9%), AF (6%),
major bleeding (4%)
Diahrrea (16%), ALT or AST ↑ (9 or 5%),
colitis (8%), pneumonitis (6%)
TLS (2%), Hyperglicemia (2%)
NA
Diahrrea (23%), colitis (11%), pneumonia (11%)

Treatment

∗

Ven-R (vs BR) 12
A (vs Idela-R or BR)13
Duvelisib (vs Ofatumumab)14

I = Ibrutinib; Idela-R = Idelalisib and Rituximab; Ven-R = Venetoclax and Rituximab; BR = Bendamustine and Rituximab; A = Acalabrutinib; m = median; mo = months; NR = not reported; AEs = adverse events;
AF = atrial ﬁbrillation; TLS = tumor lysis syndrome; NA = not available.
∗
Median follow up is 16 months.

comparisons have been conducted between continuous therapy
with BTKi and venetoclax plus obinutuzumab.

Second or subsequent lines of therapy
Although patients’ outcome has signiﬁcantly improved with the
introduction of targeted therapies, most patients will eventually
require a second line of therapy because of disease progression or
treatment discontinuation due to toxicity. Current treatment
options available in relapsed/refractory (R/R) CLL include BTKi
(ibrutinib, acalabrutinib - in the USA), PI3Ki (idelalisib-rituximab,
duvelisib- in the USA), venetoclax plus rituximab, and CIT.
Table 2 summarizes
the main results of randomized studies in this
∗
population.10,11, 12,13,14
Besides those mentioned above for front-line therapy, the main
considerations regarding treatment choice are:

Data on treatment sequencing is sparse
There is only one prospective study that indicates that
venetoclax-based regimes are effective after BTK or PI3K
inhibitors failure. Real-world data supports this notion. Additionally, retrospective data suggest that BTKi can be effective after
failure to venetoclax-based regiments, particularly in BTKi-naïve
patients.15,16

treatment options are continuous BTKi or venetoclax-rituximab.
Other options include PI3Ki (ie, idelalisib, duvelisib), although
treatment toxicity can be a limiting factor particularly in the case
of idelalisib. Finally, repeating CIT should only be considered in
patients with a long remission (> 4 years) with IGHV mutated and
no TP53 aberrations nor del (11q).17 This latter possibility is being
replaced by targeted therapies.
In patients previously treated with ibrutinib, venetoclax-based
regimens are the treatment of choice, particularly if discontinuation to ibrutinib was due to disease progression. In case of
intolerance, alternating a BTKi with acalabrutinib could be an
option if available.18
Conversely, in patients having initially received venetoclaxbased therapy, ibrutinib is considered the best treatment option.
Of note, retreatment with venetoclax could be considered in
patients who had achieved a deep and sustained remission with
uMRD and no BCL-2 mutations
Furthermore, in selected patients with high-risk CLL resistant
to CIT with TP53 aberrations and responding to BTKi/PI3Ki or
venetoclax-based regimens, immune cellular therapy (allogeneic
stem cell transplantation, CAR-T cell therapy) could be
considered. In patients who fail to BTKi/PI3Ki/venetoclax∗
based therapy immune-cell therapies are recommended. 19
Whenever possible, patients with R/R CLL should be included
in clinical trials
A scheme of sequential therapies in CLL is shown in Figure 1.

Front-line treatment (and the response to it) determines
subsequent therapies

Summary

For patients who had received CIT as ﬁrst-line therapy, it is
important to consider the duration of the remission and the
biological characteristics of the disease. In general, the preferred

Targeted therapies are changing the management of patients
with CLL. BTKi and venetoclax-based regiments are now
consolidated treatments for CLL. There are, however, many
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FRONT LINE TREATMENT

SECOND LINE

[(Figure_1)TD$IG]

BTKi
(Ibrutinib/Acalabrutinib)

CIT

or

Consider repeat CIT
(if progression after 3
years, Mutated IGHV/TP53
intact)

Venetoclax (R)

Venetoclax (R)
Acalabrutinib

Intolerance

BTKi
(Ibrutinib)

PI3Ki
Venetoclax (R)

Failure

CIT

VenetoclaxObinutuzumab

BTKi
(Ibrutinib/Acalabrutinib)

or

Repeat Venetoclax (R)
(if prior long response
duration and no BCL-2 mut)

Other options
(CIT, PI3ki)
Acalabrunib approved at the me of this report by FDA; PI3ki refers to idelalisib, duvelisib only approved by FDA

Figure 1. Modiﬁed from Fürstenau M, Hallek M and Eichhorst B.20

pending issues. These include identifying the best upfront therapy
for each patient. Likewise, how to sequence different treatment
modalities is a complex but already unfolding issue thanks to
clinical trials and analyses in real-life patients. Patients should be
included in well-designed, large clinical studies whenever possible,
and weighting potential beneﬁts and risks is mandatory when
advising therapy.
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Congenital Neutropenia
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Congenital neutropenias (CN) are rare genetic disorders
characterized by low neutrophil count, frequent extra-hemopoietic organ dysfunction and high risk of leukemic transformation.
To date, more than 20 genes have been implicated in the CN
pathogenesis, with ELANE, HAX1, and SBDS being the most
common ones, whereas a signiﬁcant proportion of patients display
a yet undeﬁned molecular pathogenesis. Progression to myelodysplastic syndrome (MDS) or acute myeloid leukemia (AML) is
common in subtypes of CN, particularly in patients under G-CSF
treatment. Malignant transformation is a multistep process
implicating acquired mutations in somatic genes that may
sequentially occur during the course of the disease. There is
currently an interest towards the development of patient-derived
iPSCs that will contribute to the better understanding of CN

pathogenesis and MDS/AML evolution but also to the development of personalized therapeutic approaches. CN patient
Registries largely contribute in the identiﬁcation of the molecular
pathogenesis and pathobiology of CN and in the description of the
natural history, response to G-CSF treatment and patients’
outcome.
In the current educational session experts in the ﬁeld of CN will
address the common diagnostic and therapeutic approaches of
CN patients; will present data on the genetic heterogeneity of CN
based mainly on the experience from the European branch of the
Severe Chronic Neutropenia International Registry; will provide
insights on how CN develops and predisposes to MDS/AML and
how the knowledge of the molecular events can be exploited for
designing strategies to prevent malignant transformation.

Key points:
 Understand how we diagnose and treat patients with congenital neutropenias (CN)
 Gain insights in the common genetic abnormalities associated with the development of CN and the associated pathogenetic
mechanisms
 Understand the multi-step molecular events underlying the MDS/AML transformation of CN
 Understand how the identiﬁcation of the molecular abnormalities associated with the pathogenesis and leukemic evolution of CN
may lead to personalized treatment
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Severe Congenital Neutropenia-Biological Insights
Ivo P. Touw, Patricia A. Olofsen
Erasmus University Medical Center Cancer Institute, Department of Hematology, Rotterdam, The Netherlands
Take-home messages:
 Severe congenital neutropenia (SCN) is a genetically heterogeneous condition, with autosomal dominant, recessive, and
sporadic forms. The underlying biology of how these mutations cause severe neutropenia is diverse and still only partly
understood
 Leukemia predisposition is a major concern in different genetic subtypes of SCN. Somatic mutations in the genes encoding the GCSF receptor (CSF3R) and the transcription factor RUNX1 are strongly associated with, but not sufﬁcient for, progression of SCN
to myelodysplastic syndrome (MDS) or acute myeloid leukemia (AML). Additional events involving alterations of epigenetic
regulators in hematopoietic stem and progenitor cells are needed for malignant transformation of SCN
 The sequence of appearance of mutations in CSF3R (early in neutropenic phase) and RUNX1 (shortly before overt MDS or AML)
suggests that aberrant signaling from truncated CSF3R and pro-inﬂammatory reactions facilitate malignant transformation driven
by RUNX1 mutations

Introduction
Severe congenital neutropenia (SCN) is a genetically∗ heterogeneous condition usually diagnosed in early childhood. 1 Autosomal dominant mutations in ELANE, the gene encoding neutrophil
elastase, are the most frequent cause
of SCN and are found in
∗
approximately 45% of patients. 2,3,4 Deleterious mutations in
HAX1, encoding a protein involved in mitochondrial integrity
and cytoskeleton organization, cause a recessive form of SCN
conﬁned to consanguineous
populations, representing less than
∗
5% of SCN patients. 5 Other genetic subtypes of SCN are even
more rare and in a signiﬁcant proportion of cases (approximately
one-third)∗ an underlying genetic defect has not yet been
identiﬁed. 1 Most often, bone marrow aspirates from SCN
patients show a maturation arrest at the promyelocyte stage, but
how the variety of mutations cause this arrest and the resulting
severe defect in neutrophil production is largely unclear.
Treatment with colony stimulating factor 3 (CSF3), in clinical
practice better known as granulocyte colony-stimulating factor
(G-CSF), neupogen or ﬁlgrastim, alleviates the neutropenia in
most SCN patients. A major concern in treating SCN patients with
G-CSF is the highly increased risk of developing myelodysplastic
syndrome (MDS) or acute myeloid leukemia (AML). Progression
to MDS/AML is associated with the appearance of hematopoietic
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clones with somatic mutations in the gene encoding the G-CSF
receptor (CSF3R), resulting in a truncated form of CSF3R∗ with
∗
defective internalization and aberrant signaling properties. 6, 7,8
These clones can persist for months or years before MDS/AML,
most frequently characterized by∗ additional mutations in
RUNX1, becomes clinically overt. 6,9 This educational lecture
addresses the recent efforts to obtain insights into how SCN
develops and predisposes to MDS/AML and how this knowledge
can be exploited for designing preemptive strategies to avoid
malignant transformation.

Current state of the art
Before the introduction of G-CSF therapy in the early 1990s,
SCN patients regularly succumbed to the life-threatening
bacterial infections, to which they lacked an adequate hostdefense. Because more than 90% of SCN patients respond well to
G-CSF treatment, this severe complication improved dramatically.10 Intriguingly, most patients respond to G-CSF therapy despite
the fact that endogenous G-CSF serum levels are normal or even
slightly elevated, raising the question why administration of
exogenous G-CSF is effective. A plausible explanation for this
apparent paradox is that SCN patients are hampered in their basal
state of granulopoiesis, driven by the transcriptional regulator C/
EBPa.11 However, at high dosages of G-CSF a state termed
“emergency” granulopoiesis is induced, which is controlled by C/
EBPb. In healthy individuals, emergency granulopoiesis is
activated during phases of bacterial infections. In SCN patients,
sustained G-CSF treatment activates C/EBPb-dependent emergency granulopoiesis, alleviating the severe neutropenia in the
absence of infections.11
An intriguing, yet puzzling characteristic of SCN is its wide
genetic diversity. Currently, mutations in more than 20 genes have
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Figure 1. Simpliﬁed scheme of the sequential steps leading to malignant transformation of SCN.

∗

been implicated as the cause of SCN. 1 These mutations affect
the function of a variety of proteins that exert widely diverse
intracellular functions, among which protein trafﬁcking, actin
cytoskeleton organization, mitochondrial integrity, transcriptional control and signal transduction. The most common SCNcausative mutations, that is, those in ELANE, are distributed over
the entire exome
and more than 100 different mutations have been
∗
identiﬁed. 1,3,4 This poses yet another conundrum: How do these
ELANE mutations, all considered to be gain of function
mutations, result in severe neutropenia? A prevailing hypothesis
is that ELANE mutations cause misfolding of the mutant
neutrophil elastase (NE) protein, evoking an unfolded protein
response (UPR) and cellular stress, eventually resulting in
accelerated cell death beyond the promyelocyte stage.12 Because
not all ELANE mutations predictably result in protein misfolding,
alternative hypotheses as to how they may cause neutropenia have
been proposed, for example, involving altered substrate speciﬁcities and/or mistrafﬁcking of mutant NE from their normal
residence in granules.13 Further adding to the complexity,
ELANE mutations similar to those found in SCN can also cause
cyclic neutropenia (CyN), a related but clearly distinct form of
neutropenia.13 Although CyN patients are also treated with GCSF during the cyclic phases of nadir, expansion of CSF3R mutant
clones and progression to MDS/AML are exceptional events.
Efforts to address this in mouse models are hampered by the fact
that many SCN-causing mutations introduced in mice did not lead
to a neutropenic state comparable to that seen in patients.14 For
some genetic subtypes of SCN, zebraﬁsh models may be a valuable
alternative for in vivo studies, while patient-derived induced
pluripotent cell lines (iPSCs) could be a valuable alternative for in
vitro studies.14,15
Mouse models have also been used to study the cooperation
of patient-derived mutations in CSF3R and RUNX1 in
leukemic progression and the role of sustained G-CSF
treatment herein. These mice developed a G-CSF-driven
preleukemic syndrome with excess blasts in the peripheral
blood, but did not develop overt AML. Serial transplantation
of these preleukemic cells in secondary and tertiary recipients
resulted in AML, which was independent of G-CSF but driven
by a novel mutation affecting TET2 levels. This was associated
with strongly elevated inﬂammatory responses within the
hematopoietic stem and progenitor cell (HSPC) population.
These data indicate that under sustained G-CSF treatment,
defects driving inﬂammatory processes are critical for full
malignant transformation of SCN in conjunction with CSF3R
and RUNX1 mutations.16
To address why SCN patients have a predisposition for
developing MDS or AML, patient-derived iPSCs are useful models
in which the underlying molecular, biochemical and cellular

mechanisms can be dissected. Such experiments, directed towards
the consequences of CSF3R and RUNX1 mutations in the SCN
versus control backgrounds are in progress. In addition,
mechanisms of oxidative and inﬂammatory stress responses as
potential drivers of malignant transformation can be conveniently
studied in these models. A simpliﬁed scheme of how these
sequential steps in malignant transformation might take place is
shown in Fig. 1.

Outlook
Despite our increasing knowledge of the genetic defects
underlying SCN, many issues concerning how these mutations
cause neutropenia and predispose to MDS or AML remain to be
resolved. Patient-derived iPSC models may help to gain further
insight into these mechanisms. Furthermore, they can be used to
develop new treatment modalities, particularly for patients who
fail to respond to G-CSF therapy.
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Take-home messages:
 Congenital neutropenia (CN) is a multi-gene disorder of hematopoiesis, germline mutations in more than 20 different genes have
been identiﬁed in the last 20 years
 The majority of European patients with sporadic or autosomal dominant CN harbor heterozygous ELANE mutations
 CN may also be caused by mutations leading to severe neutropenia in combination with non-hematopoietic organ involvements
 CN is a preleukemic disorder of hematopoiesis

Introduction

Genotypical heterogeneity of CN

Severe congenital neutropenias (CN) comprise a group of
inherited disorders of hematopoisesis characterized by impaired
neurophilic granulocyte differentiation and during the last 20 years
more∗ than
20 germline mutations have been identiﬁed as cause of
∗ ∗
CN. 1, 2, 3,4 The bone marrow (BM) of the majority of patients
reveals a maturation arrest of myelopoiesis at the level of
promyelocytes. Clinical symptoms such as otitis, gingivitis, skin
infections, and pneumonias usually begin already within the ﬁrst
months of life. In 1956, Rolf Kostmann described for the ﬁrst time
the autosomal recessive inheritance of familial agranulocytosis and
named it as “infantile genetic agranulocytosis.”5 A breakthrough in
the treatment of CN occurred with the availability of granulocyte∗
colony-stimulating factor (G-CSF) for clinical use.6, 7 The
establishment of an International Registry for chronic neutropenias
(SCNIR) in 19948 enabled the performance of genetic and
molecular studies in this rare disorder. Knowledge of mutations
has helped
us to understand the underlying disease mecha∗ ∗ ∗
nisms. 1, 2, 3,4 In this Review, we will focus on data of the
European branch of the SCNIR. As at end of 2019 the SCNIR
Europe has enrolled 897 patients from 28 European countries with
chronic neutropenia to the SCNIR (https://severe-chronic-neutro
penia.org). In addition the French Congenital Neutropenia Registry
has enrolled more than 800 patients (J. Donadieu, personal
communication and https://epidemiologie-france.aviesan.fr/en/epi
demiology/records/french-congenital-neutropenia-registry).

As mentioned above, more than 20 different germline
mutations∗ have
been identiﬁed as cause for congenital neu∗ ∗
tropenias. 1, 2, 3,4 The 3 most frequent mutations within the
SCNIR Europe are mutations within the following genes (and
percentages of patients): ELANE9(27%), SBDS (21%), and
HAX110(12%) (Fig. 1). ELANE and HAX1are desribed in more
detail in the next paragraphs. Other rather frequent mutations are
SLC37A4 (6%), G6PC3 (2%). A recent identiﬁed mutation in
the SRP54 gene might be present in a high percentage of patients,
too.
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ELANE-associated CN
The majority of patients with sporadic or autosomal dominant
CN harbor heterozygous ELANE mutations (ELANE-CN)
encoding neutrophil elastase (NE).9 NE is a protease normally
found in the neutrophil’s primary granules. More than 200
different ELANE mutations are randomly distributed over all
exons as well as in introns 3 and 4. There is a signiﬁcant overlap in
mutations causing CN or cyclic neutropenias (CyN) revealing that
genotyping alone is not sufﬁcient to establish a clinical diagnosis.
ELANE mutations cause unfolded protein responses in the
endoplasmatic reticulum which might be involved in the
pathomechanisms of CN.

HAX1-associated CN
Homozygous mutations in the HAX1 gene encoding HCLS1associated protein X-1 were found in patients with autosomal
recessive CN especially in consanguineous pedigrees, for example,
in the original families described by Kostmann.10 There are
two HAX1 splice isoforms and genotype-phenotype studies
have shown that HAX1 mutations affecting both isoforms
(mainly p.Q190X in the original Kostmann patients and p.
R86X in the Japanese cohort of CN patients) cause the phenotype
Educational Updates in Hematology Book | 2020; 4(S2) | 47 |
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Figure 1. Genetic distribution of congenital neutropenia in the SCNIR Europe (01/2020).

of CN with neurological symptomes (eg, developmental delay,
epileptic seizures), while mutations affecting only one isoform
(mainly p.W44X, found in consanguine families of Turkish ethnic
origin) lead to CN without neurological involvement.10 HAX1 is
an ubiquitously expressed protein, but the binding partner of
HAX1, hematopoietic lineage cell-speciﬁc Lyn substrate 1
(HCLS1) protein, is an essential adaptor protein of the G-CSFR
signaling. The most likely explanation of the isolated neutropenia
in CN patients with HAX1 mutations is abrogated activation of
HCLS1 and its downstream signaling essential for granulopoiesis.
HAX1 is also expressed in mitochondria functioning as an antiapoptotic protein and in CN patients mutated HAX1 causes
apoptosis of myeloid progenitors by loss of mitochondrial
function.10

Syndromic CN with extrahematopoietic
abnormalities
CN may be caused by mutations leading to severe neutropenia in
combination with nonhematopoietic organ involvements including
HAX1, SLC37A4(G6PT), G6PC3, GFI1, SBDS, RAB27A, WAS,
p14(LAMTOR), CXCR4, TAZ,
JAGN1, TCIRG1, SRP54,
∗ ∗ ∗
CSF3R (germline) (for Review 1, 2, 3,4). The BM morphology of
patients harboring one of these mutations show a great variability in
the deﬁciencies of granulocyte precursors. This is in contrast to
patients with ELANE mutations who demonstrate a clear
maturation arrest at the level of promyelocytes. Examples of other
affected tissues or organs include heart (G6PC3, TAZ, SBDS,),
central nervous system (HAX1,SBDS,CLPB), urogenital system
| 48 |
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(G6PC3, GATA2, VPS13B, VPS45), bone (SBDS, JAGN1),
exocrine pancreas (SBDS,SRP54, EIF2AK3, JAGN1,), liver
(glycogen storage; SLC37A4), skin (SBDS,G6PC3,USB1,AP3B1,
LAMTOR, LYST,RAB27A), metabolic pathways (SLC37A4,
TAZ, CLPB).

Examples for main cellular localization of proteins
mutated in patients with CN
azurophil granules (ELANE), endoplasmatic reticulum (G6PC3,
SLC37A4, JAGN1, VPS13B), ribosomes (SBDS, SRP54), cytoskeleton (WAS, HAX1), nucleus (GFI1, GATA2), mitochondria
(HAX1, TAZ, AK2), endosomes and lysosomes (AP3B1, LYST,
RAB27A, LAMTOR), receptors (CSF3R, CXCR4).

Secondary leukemias in patients with CN
CN is a preleukemic syndrome,∗ a signiﬁcant proportion of CN
patients develop leukemia.11,12, 13 Independent of the genetic
subtypes of neutropenia all patients seem to have an increased risk
of leukemic transformation. The percentage of patients who have
developed leukemias are as follows: ELANE (12%), HAX1
(12%), SDS (9%). The numbers of patients within the other
subgroups are too low to report percentages. Interestingly,
however is the fact, that patients with cyclic neutropenia
harboring the same ELANE mutations as patients with CN have
a much lower risk to develop leukemia. The subtypes of leukemia
were predominantly AML, but also ALL, CMML and biphenotypic leukemia have been reported.

Welte et al

Conclusion
The initial thought that a single mutation only is causing
congenital neutropenia is after 20 years no longer true. Nearly
every year new mutations are found which are responsible for CN.
Indeed, there are still more than hundreds of patients with the
phenotype of CN who are waiting for the genetic diagnosis. The
human iPSC-based model of severe congenital neutropenia reveals
pathomechansims of neutropenia and leukemogenesis.14 For the
frequent gene mutations such as ELANE and HAX1, gene
corrections using CRISPR/Cas9 gene-editing technology are
under investigation as potential new therapeutic avenues.15–16
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Current Challenges in Chronic Myeloid Leukemia (CML) Treatment
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The accurate characterization of the role of BCR-ABL in the
pathophysiology of chronic myeloid leukemia (CML) completely revolutionized the management of this disorder. BCR-ABL
not only became the diagnostic marker of the disease but also
enabled estimation of tumor burden and served as a therapeutic
target.
Over the past few years, CML research has uncovered many
important aspects of CML beyond BCR-ABL-dependent mechanisms. The survival of leukemic stem cells (LSC) in the context of
tyrosine kinasei nhibitors (TKI) treatment has been shown to
depend on several intracellular signaling pathways, activation of
transcriptional networks, epigenetic reprogramming and inhibi-

tion of apoptosis. Extracellular mechanisms, such as inﬂammation
and bone marrow niche, are also implicated in LSC protection.
The elucidation of these mechanisms may have beneﬁcial
therapeutic implications.
Many of these targets have been identiﬁed through the use of
novel molecular technologies, such as next generation sequencing.
The in-depth molecular study of resistant patients has uncovered
many mutations in BCR-ABL independent genes which allow
leukemic cells to escape TKI action.
This new information, coupled with clinical knowledge of the
patients, will greatly aid in the choice of the right TKI for each
patient, thus permitting personalized tailoring of therapy.

Key points:
 Leukemia stem cells resist elimination by tyrosine kinasei nhibitors (TKI) treatment and persist after treatment as a potential source
of disease recurrence
 Improved understanding of cell-intrinsic and cell-intrinsic mechanisms of leukemic stem cells (LSC) persistence following TKI
treatment holds promise for development of new targeting approaches that could improve possibilities of cure for chronic myeloid
leukemia (CML) patients
 Resistance to therapy and disease persistence is distinct issues in terms of frequency and underlying causes
 Recent genomic studies have revealed that mutations in genes other than BCR-ABL1 can be detected in chronic phase patients at
high risk of relapse
 A variety of novel putative druggable targets have been identiﬁed by studies addressing the issue of BCR-ABL1-independent
resistance/leukemic stem cell persistence, but they are still far from clinical application
 Adequate choice of TKI based on disease characteristics and patient factors
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Take-home messages:
 Leukemia stem cells resist elimination by TKI treatment and persist after treatment as a potential source of disease recurrence
 Improved understanding of cell-intrinsic and cell-intrinsic mechanisms of LSC persistence following TKI treatment holds promise
for development of new targeting approaches, that could improve possibilities of cure for CML patients

Introduction
Chronic myeloid leukemia (CML) is propagated by small
populations of primitive, quiescent BCR-ABL+ leukemia stem
cells (LSC). Treatment with tyrosine kinase inhibitors (TKI)
induces remission and prolongs survival in most CML patients,
but fails to eliminate LSC. As a result, most patients require
extended, potentially life-long, TKI treatment to maintain
remission, with attendant risk of adverse effects, non-compliance
and ﬁnancial burden. A subset of CML patients can successfully
discontinue TKI treatment without leukemia recurrence, but these
patients too continue to harbor LSC, suggesting restricted
leukemogenic capacity of residual cells. Understanding LSC
resistance to TKI and development of strategies to increase the
proportion of CML patients achieving treatment-free remissions
(TFR) is a critical area of investigation. Here, we review recent
advances in understanding of mechanisms that contribute to
persistence of CML LSCs following TKI treatment; and new
approaches to LSC targeting (Fig. 1).

Current state of the art
There is substantial evidence that CML arises from transformation of primitive self-renewing hematopoietic stem cells (HSC).
Selective markers for CML LSC have been identiﬁed, including
CD26 and CD93.1 As with normal HSC, CML LSC can maintain
quiescence, are regulated by BM niches, and demonstrate
heterogeneity in gene expression and function. Recurrent
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mutations in other cancer-associated genes are additional
contributors to heterogeneity.2
TKI exert a strong anti-proliferative effect on LSC, but induce
only modest levels of apoptosis. Quiescent LSC populations are
retained after TKI treatment. TKIs effectively inhibit BCR-ABL
kinase activity within LSC, indicating that resistance is kinaseindependent. Diverse cell-intrinsic and cell-extrinsic mechanisms
contribute to LSC maintenance. These mechanisms interact with
and inﬂuence each other, posing a challenge because of potential
redundancy, but also an opportunity to identify critical regulatory
nodes that may be therapeutically targeted.
Cell-intrinsic mechanisms of resistance include altered intracellular signaling pathways including JAK/STAT, NF-Kb, and
b-catenin; activation of transcriptional networks involving
MYC, SIRT1 and P53; and epigenetic reprogramming by
EZH2, PRMT5, and BCL6. Recent studies conﬁrm that CML
LSC demonstrate increased p53 signaling and are targeted by
combined MDM2 and BCR-ABL inhibition, and clinical trials
evaluating this approach are underway.3 Pharmacological
stabilization of the dual-speciﬁcity tyrosine phosphorylation
regulated kinase 2 (DYRK2) protein can also inhibit CML LSC
by depleting c-Myc and activating p53.4
Metabolic analyses show that CML LSC rely on upregulated
oxidative metabolism for survival, and inhibition of mitochon∗
drial protein translation selectively eradicates CML LSC. 5
Overexpression of the SIRT1 deacetylase may contribute to
increased mitochondrial respiration in CML LSCs via its substrate
PGC-1a.6 CML LSC also show higher basal autophagy levels
compared with mature leukemic cells and normal stem cells.
Autophagy inhibition using second generation inhibitors reduces
LSC quiescence, depleting LSC numbers by itself and with TKI.7
There is interest in the role of cell extrinsic mechanisms in
regulating LSC maintenance and resistance to TKI. Several
inﬂammatory cytokines are overexpressed in CML BM and
preferentially support growth of LSC compared to HSC. Single
cell transcriptomic analysis demonstrates heterogeneity in LSC
response to TKI treatment, with accumulation of LSC subsets
enriched for quiescence and TNF-a, NK-kB and TGF-b signaling
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Figure 1. Mechanisms of maintenance of CML stem cells. Mechanisms contributing to maintenance of CML stem cells after tyrosine kinase
inhibitor (TKI) treatment include cell-intrinsic mechanisms related to alter intra-cellular signaling, transcriptional networks and epigenetic alterations,
as well as alterations in mitochondrial metabolism and autophagy. Cell extrinsic bone marrow microenvironmental inﬂuences contributing to
maintenance of CML stem cells include inﬂammatory cytokine stimulation, bone marrow mesenchymal stromal cell (MSC) niche and endothelial cell
niche interactions, and exposure to stem cell regulatory factors. Immune regulation by NK cells, plasmacytoid dendritic cells (pDC) and T cells also
regulate growth of CML stem cells and leukemia relapse. These mechanisms indicate potential targets for therapeutic intervention to inhibit LSC
maintenance and enhance chances of treatment-free survival for CML patients.

gene signatures, further supporting the importance of inﬂamma∗
tory signaling in maintaining quiescent LSC after TKI treatment. 8
Inhibition of increased signaling through the IL-1 receptor in
CML LSC results in enhanced LSC targeting in combination with
TKI.9 TNF-a inhibition using Inﬂiximab also enhances CML LSC
targeting together with TKI.10 IL-6-mediated activation of STAT3
via JAK1 also contributes to TKI resistance, and combined BCRABL and JAK1 inhibition reduces LSC survival.11
Recent papers have evaluated mechanisms by which BM niches
regulate leukemia dormancy, supporting niche-targeting
approaches to enhance LSC elimination. Expression of the
chemokine Cxcl12 in BM niches controls HSC maintenance.
Targeted deletion of Cxcl12 from mesenchymal stromal cells
(MSCs) depletes normal HSC but promotes LSC expansion by
increasing cell divisions and increases LSC elimination by TKI
treatment, indicating a critical role of MSC-speciﬁc
Cxcl12
∗
expression in maintaining TKI-resistant LSC. 12 Targeted deletion
of Cxcl12 from endothelial cells (EC) depletes CML LSC,
indicating that EC niches also regulate CML LSC. ECs also
support CML LSC by supplying miR-126.13 Mir126a inhibition
enhances anti-leukemic effects of TKI. Treatment with an Eselectin inhibitor prolongs survival of CML mice in combination
with TKI, decreasing contact time of CML cells with EC.14
Autocrine factors also support LSC maintenance. CML LSC
upregulate pleiotrophin (PTN), a heparin-binding growth factor
normally produced by BM stromal cells and ECs. PTN promotes
CML LSC survival and TKI resistance, and targeted inhibition of

∗

PTN has potential to eradicate CML LSC. 15 Other studies
support a role for a BMP autocrine loop in supporting LSC
growth following TKI treatment.16 Inhibition of exogenous and
autocrine Wnt signaling using a porcupine inhibitor also enhances
TKI-mediated targeting of CML LSC.17
The immune system may play a role in the leukemia control
after TKI discontinuation. Evaluation of immune cell subsets in
CML patients at time of TKI discontinuation shows that patients
maintaining TFR have more circulating CD57 and CD16
expressing mature NK cells compared to patients who ∗relapsed,
associated with increased Th1 response of CD4+T cells. 18 CML
plasmacytoid dendritic cells (pDC) are also associated with
antileukemic immunity and treatment outcome. pDC expressing
CD86, the ligand for CTLA4, are associated with exhausted
CD8+ T cell phenotype and higher risk of relapse after TKI
discontinuation.19 The role of immune cell subsets is an important
area for further evaluation.

Future perspectives
Despite the tremendous progress made in CML treatment,
several important challenges remain, including risks of treatment
failure, long-term costs and toxicity. The fraction of patients
achieving TFR is still limited. Major goals of future biological and
translational studies in CML include (a) identiﬁcation of
biomarkers of response and TFR to guide patient selection and
need for alternative treatments; (b) identiﬁcation of precision
Educational Updates in Hematology Book | 2020; 4(S2) | 53 |
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approaches to target residual LSC that are effective and well
tolerated; (c) identiﬁcation of approaches to maximize an
advantageous immune response and promote TFR success. Well
conducted studies will be required to validate utility of biomarker
and therapeutic approaches, to personalize approaches to
individual patients, and establish the safest and optimal path to
cure. The consistent and rapid progress made in CML in the past
offers encouragement that work in this disease will continue to
provide insights that will guide studies in other cancers.
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Take-home messages:
 Resistance to therapy and disease persistence are distinct issues in terms of frequency and underlying causes
 Recent genomic studies have revealed that mutations in genes other than BCR-ABL1 can be detected in chronic phase patients at
high risk of relapse
 A variety of novel putative druggable targets have been identiﬁed by studies addressing the issue of BCR-ABL1-independent
resistance/leukemic stem cell persistence, but they are still far from clinical application

Introduction
What does “resistance to TKIs” mean in 2020? This term
indeed encompasses a wide spectrum of ‘non optimal’ levels of
response to TKI therapy ranging from progression to advanced
phase (it is very rare but it still occurs) to just a lack or loss of
major molecular response (MMR; deﬁned as BCR-ABL1
transcript levels 0.1%). Besides the issue of ‘non optimal’
response, in recent years investigations have also focused on why a
not negligible proportion of patients have very low levels of
residual disease still detectable after many years of therapy, and on
why, even when molecularly undetectable, the disease may often
re-emerge after TKI discontinuation. This is deﬁned with a
different term (’persistence’), yet it is felt as a hurdle to overcome,
just like resistance. The phenomenon of disease persistence is
closely intertwined with that of leukemia stem cell (LSC)
persistence. The latter is due to the fact that TKIs spare LSCs,
because they do not depend on BCR-ABL1 kinase activity for their
survival. It is likely that BCR-ABL1 possesses non kinasemediated functions inﬂuencing signaling pathways responsible for
LSC survival.1,2 It has also been suggested that whereas BCRABL1 expression is high in CML precursors of newly diagnosed
patients, TKIs select for LSCs with low BCR-ABL1 expression and
signaling, hence less oncogene-addicted.3,4 The fact that disease
persistence is catalyzing more and more research efforts reﬂects
the fact that expectations of patients and physicians regarding
treatment endpoints have greatly evolved over the time – from
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improving overall and progression-free survival to achieving deep
molecular response (DMR; deﬁned as BCR-ABL1 transcript levels
0.01%), as it correlates with optimal long term survival
outcomes and because it is the pre-requisite for treatment
discontinuation.5

Current state of the art
The mechanisms responsible for resistance can be expected to
be, at least in part, different from those underlying disease
persistence at the molecular level. Reactivation of BCR-ABL1
kinase activity via the acquisition of point mutations in the kinase
domain has historically been the most extensively investigated
mechanism of resistance, and is still the only actionable one – since
each TKI is known to have its own precise spectrum of resistant
mutations (reviewed in6). A recent study where a more sensitive
Next Generation Sequencing (NGS)-based approach for BCRABL1 KD mutation screening was used in a relatively large,
consecutive series of CML patients with non-optimal response to
TKI therapy have shown that mutations can be identiﬁed in 46%
and 51% of cases of ﬁrst- and second-line failure, respectively, and
in 34% and∗ 49% of cases of ﬁrst- and second-line warning,
respectively. 7 This means that in a good half of patients who fail
TKI therapy, physicians do have very little clues about the
underlying mechanism(s). An additional challenge is posed by the
fact that, in a proportion of cases, resistance may be multifactorial
and that BCR-ABL1 KD mutations may be passengers rather than
driver events. In other words, it cannot be excluded that, in some
cases, another mechanism might be the true responsible for
incomplete or inefﬁcient BCR-ABL1 inhibition, which in turn
could allow mutant clones to survive and take over.
What have the latest acquisitions been?
Thanks once again to the unprecedented throughput of NGS,
the prevalence of mutations in genes other than BCR-ABL1 has
recently been addressed. Although, traditionally, chronic phase
(CP) had been thought be more genetically homogeneous than
blastic phase (BP) CML, a few studies have shown that mutations
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Table 1

these studies have led to a clinical trial, and no practice-changing
results have so far been emerged.

Molecules or Pathways That Have Been Implicated in BCR-ABL1independent Resistance and/or LSC Persistence.
Gene/Pathway

Ref

Druggable?

PI3K/AKT/mTOR
PP2A
Lyn
Hedgehog

Burchert, Leukemia 2005
Neviani et al, J Clin Invest 2007
Wu et al, Blood 2008
Dierks et al, Cancer Cell 2008
Zhao et al, Nature 2009
Ito et al, Nature 2008
Bellodi et al, J Clin Invest 2009
Chen et al, Nat Genet 2009
Jaras et al, PNAS 2010
Esposito et al, Blood 2011
Wang et al, Oncogene 2013
Ma et al, Sci Transl Med 2014
Eiring et al, Leukemia 2015
Warsch et al, Blood 2011
Hurtz et al, J Exp Med 2101
Prost et al, Nature 2015
Khorashad et al, Blood 2015
Walker et al, Blood 2016
Chakraborty et al, Genes Cancer 2016
Wagle et al, Leukemia 2016
Abraham et al, Nature 2016
Scott et al, Cancer Discov 2016
Eiring et al, Leukemia 2015
Zhou et al, Leukemia 2017
Lim et al, PNAS 2013
Eiring et al, ASH 2017
Zhu et al, Oncogene 2018

Y
Y
Y
Y

PML
Autophagy
5-Lipoxygenase
IL1RAP
SHP-1
SIRT1
PRKCH
STAT3
STAT5
BCL6
PPAR-g
CRM1/XPO1/RAN
JAK2
FOXO1
MYC
EZH2
Wnt/b-catenin

MS4A3
PFKFB3

Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y

N
Y

may be detected since the time of diagnosis in a not negligible
proportion of CP CML patients. Such mutations have mostly been
detected in genes known to be implicated in clonal hematopoiesis
of indeterminate potential (CHIP): DNMT3A, TET2, ASXL1,
BCOR, and CREBBP. In some cases, these mutations were indeed
shown to precede the acquisition of the BCR-ABL1 fusion gene; in
others, they were acquired
by the BCR-ABL1-positive clone
∗
(recently reviewed in 8). The clinical signiﬁcance of such
mutations remains to be clariﬁed. Whereas one study correlated
their detection to subsequent failure of imatinib (but not secondgeneration TKIs)
therapy, another failed to ﬁnd any correlation
∗
with response. 9,10 Further (and larger studies) are thus needed,
and the fact that in the near future we might be able to reﬁne
patient risk stratiﬁcation integrating molecular features is for
sure intriguing.
How to address resistance and persistence from a therapeutic
point of view? Can we optimize the use of the currently available
TKIs? A novel molecule, working as an allosteric and not as an
ATP-competitive inhibitor
(ABL001 or asciminib) is in advanced
∗
clinical development 11 and, for the ﬁrst time in CML,
combination studies (asciminib plus either dasatinib or nilotinib)
are ongoing. Another strategy that has recently been pursued and
might further be explored in the near future is the repurposing of
TKIs that are not primarily active against unmutated BCR-ABL1
but that happen to be active against some speciﬁc mutant isoforms
– as it is the case for axitinib.12
Table 1 summarizes the molecules or pathways that have been
highlighted over the years by the multitude of studies that have
addressed BCR-ABL1-independent resistance and/or LSC persistence. Many of these molecules and pathways are druggable:
however, in very few instances (eg, Hedgehog inhibitors;
hydroxychloroquine for autophagy; pioglitazone for PPAR-g)
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Future perspectives
The key question is: do we really need additional targets? The
answer may be ‘yes’ in frankly resistant patients, but what about
patients with very low levels of disease persistence? Tolerability
and long-term side effects will have to be careful balanced against
the beneﬁts.
In conclusion, many aspects of the biology of drug resistance
and LSC persistence remain poorly understood. It is likely that the
power of genome-wide approaches will soon cast new light on
some of these, and enable the validation and future application of
novel mutation proﬁle-based risk stratiﬁcation systems guiding
treatment selection. Whether therapeutic strategies addressing
novel druggable targets will ever ﬁnd a place in the CML
treatment armamentarium remains to be assessed.
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Take-home messages:
 Understand that the goal of treatment for all patients newly diagnosed with CML should be the achievement of deep molecular
responses (ie, MR4 or deeper)
 Understand that the choice of ﬁrst-line treatment should take into consideration individual patient circumstances and the presence
or not of co-morbidities
 Understand that patients resistant to imatinib should change to a second-generation TKI (2GTKI) according to the results of
mutation analysis, individual patient circumstances and the presence or not of comorbidities, and
 Understand that patients resistant to 2GTKI should receive an alternative 2GTKI only when indicated by the results of mutation
analysis. In all other patients alternative therapies should be considered

Introduction
With 5 tyrosine kinase inhibitors (TKI) licensed and available in
many countries it is now possible to ﬁnd an effective and well
tolerated treatment for the majority of patients. As always patient
care is a balance of risk-beneﬁt and as the use
of TKI has resulted
∗
in near normal life expectancy for many, 1 we have recognized
that the major causes of death in patients with CML are non-CML
related and clearly associated with pre-existing and/or acquired
co-morbidities.2 We have also identiﬁed a number of serious side
effects of the TKI, particularly of the more potent second and third
generation drugs.3 These 2 facts together inﬂuence the choice of
drug at several critical decision points and require careful
consideration.

Current state of the art
First-line treatment in chronic phase: for at least a decade after
the introduction of TKI, our focus was to prevent disease
progression and prolong
survival. This is achievable for the
∗
majority with imatinib.4, 5 An increasing awareness that patients
destined to die of non-CML related causes could be identiﬁed by
the achievement of progressively deeper molecular responses over
time, encouraged the use of the more potent second generation
TKI (2GTKI), bosutinib, dasatinib, and nilotinib as ﬁrst-line
treatment. There is little doubt that these drugs reduce the rate of
disease progression and induce deﬁned molecular responses more
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rapidly than imatinib but somewhat surprisingly do not result in
improved survival.6–8 A possible explanation could be that the
more potent drugs precipitate or exacerbate other medical
problems, and this concern was sufﬁcient to reverse the increasing
use of ﬁrst-line 2GTKI. Decision making was further compounded
by the recognition that some patients responded deeply and
durably to TKI and meet the criteria for a trial of discontinuation
of therapy in order to achieve treatment-free remission (TFR).9–11
This has precipitated a discussion as to whether the goal of
therapy should be determined at diagnosis and whether this
should be prolonged disease control or TFR. If the former then
imatinib is proven to be safe and effective. If the latter, then 2GTKI
should be employed from diagnosis to reach deep and durable
molecular responses as rapidly as possible.
This is “arguably” the wrong argument and I would suggest
that the treatment goal should be identical for all patients,
namely the achievement of a sustained four-log reduction in
tumor load (MR4 for 12 months). This is the minimum
requirement for a trial of TFR12 and is associated with durable
responses.13 This can be reached in many patients using imatinib,
albeit more slowly than with a 2GTKI, but there are sub-groups
of presenting patients who are at higher risk of progression and
in whom the balance of risk-beneﬁt shifts to ﬁrst-line use of a
2GTKI. These include patients presenting in advanced∗ phase,
those in chronic phase with high ELTS/Sokal scores 14 and
patients with additional chromosomal abnormalities at diagnosis.15,16 Controversy remains as to whether younger patients
have a poorer prognosis, and if they do whether it is as a result of
poor compliance. Since these are the patients least likely to have
pre-existing co-morbidities and to tolerate 2GTKI rather better
than older patients, it is entirely reasonable to consider ﬁrst-line
2GTKI in this group also.
Failure of ﬁrst-line imatinib in chronic phase
for resistance: The
∗
recently updated ELN recommendations 17 have one important
change in that a RT-qPCR level >10% on the international scale
three months after the start of therapy, if conﬁrmed on a
Educational Updates in Hematology Book | 2020; 4(S2) | 57 |
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Table 1
Consideration of Pre-existing co-morbidities When Choosing a TKI
Imatinib
ppp
ppp
ppp
ppp
p
ppp
ppp
ppp
ppp
ppp
pp
pp
ppp

Bosutinib
ppp
ppp
ppp
ppp
ppp
ppp
ppp
ppp
pp
ppp
p
pp
ppp

Hypertension
Ischemic heart disease
Cerebrovascular disease
Peripheral arterial occlusive disease
Congestive cardiac failure
Prolonged QT interval
Pulmonary hypertension
Chronic pulmonary disease
Gastrointestinal hemorrhage
Pancreatitis
Hepatic impairment
Hepatitis B reactivation
Diabetes mellitus
ppp
No contraindication
pp
Low risk of inducing a new adverse event or exacerbating a pre-existing condition
p
Intermediate risk of inducing a new adverse event or exacerbating a pre-existing condition
X
Contraindicated
∗
Arterial occlusive events are highest with ponatinib but the risk-beneﬁt ratio has changed at the
of certain adverse events may be at this stage be acceptable to the patient.
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2GTKI

Nilotinib
p
p
p
p
X
X
ppp
ppp
ppp
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pp
p

X
p
p
ppp
ppp
pp
ppp

Ponatinib∗
p
p
p
p
p
ppp
ppp
ppp
p
p
pp
pp
pp

moment of requiring a third generation TKI and a higher occurrence

Resistance due to kinase
domain mutaon (not T315I)
or intolerance

Resistance due to kinase
domain mutaon (not T315I)
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Firstline
2GTKI

Dasatinib
ppp
ppp
ppp
ppp
p
ppp

Alternave TKI

Resistance without
mutaon or due to T315I

Resistance without
mutaon or due to T315I

Ponanib, alloSCT,
clinical trial

Figure 1. A simple guide to the management of chronic myeloid leukemia.

subsequent test, is considered treatment failure. All other
deﬁnitions of failure are unchanged from the 2013 version18
and remain an excellent guide for management. Treatment failure
mandates testing for a kinase domain mutation. The choice of the
second-line drug depends on the results of mutation analysis,
the presence/risk of co-morbidities (see Table 1) and patient
preference. All the 2GTKI appear equally effective and will result
in the achievement of major molecular remission in approximately
50% of patients.
Failure of a second-generation TKI in chronic phase disease
used in ﬁrst or second line: Early resistance (PCR >10% at 3
months) to a 2GTKI in ﬁrst-line treatment is rare and estimated to
occur in less than 10% of patients,6–8 but is associated with an
increased risk of disease progression: resistance can also occur at a
later date. Resistance to a 2GTKI used after failure of imatinib
occurs in up to 50% of patients, and unless mutation analysis
indicates that an alternative 2GTKI may be effective, consideration must be given to alternative treatments, including the only
third-generation agent currently licensed, ponatinib, referral for
allogeneic stem cell transplantation (allo-SCT) or entry
into a
∗
clinical trial of an experimental drug, such as asciminib. 19 These
situations can be clinically challenging particularly as patients
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unsuitable for ponatinib through age and/or co-morbidities are
also poor risk candidates for allo-SCT and often ineligible for
clinical studies. There is no easy answer: the Optic study is
currently exploring the use of lower doses of ponatinib in order to
reduce the incidence of arterial occlusive events and should report
preliminary results in 2020.
Intolerance in any line of treatment in chronic phase: In
virtually all cases the term “intolerance” indicates a situation in
which the underlying CML is sensitive to TKI, the rare exceptions
being those individuals in whom it is difﬁcult to assess efﬁcacy
because insufﬁcient drug has been administered. For most patients
it is possible to ﬁnd a drug that is well tolerated, although this
might require willingness to change between the drugs, the use of
lower than the standard recommended doses and/or rigorous
management of the side effects.3
Management of blast crisis: In TKI naïve patients the use of a
TKI alone in blast crisis can lead to restoration of chronic phase
but this is inevitably short-lived. Prolonged survival of patients
presenting in or progressing to blast crisis is only achievable by
initial control of the disease, ideally thorough a combination of
TKI and AML-like intravenous chemotherapy followed by alloSCT. Often dasatinib is the TKI of choice because of its ability to
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penetrate the blood-brain barrier, and the MATCHPOINT study
recently explored the use of ponatinib in combination with FLAGIda with promising results.20

Future perspectives
The majority of patients with CML will enjoy a normal lifeexpectancy together with a good quality of life, even if this
requires changes in TKI therapy to identify the best tolerated drug
(Fig. 1). For those with multiple resistance, intolerance and/or co∗
morbidities the preliminary results of asciminib hold promise, 19
although further validation is required. Allo-SCT remains a viable
alternative for transplant eligible patients.
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It has been estimated that around 1.6 billion individuals suffer
from anemia worldwide. Of these, 10% are affected by rare
anemia, mostly of a hereditary nature (80%). With the deﬁnition
of rare hereditary anemias (HA), we refer to a rather heterogeneous group of disorders, the pathogenic mechanisms of which are
in many cases still unknown. Therefore, the diagnosis remains
unﬁnished for many patients and treatment is often inappropriate
or deﬁcient.
Erythropoiesis is a dynamic complex multistep process that
allows for the production of millions of red cells starting from a
little number of erythroid progenitors located in the bone marrow.
Blanc and Mohandas focused their attention on human terminal
erythroid differentiation, by deﬁning a set of surface markers that
would enable distinguishing of all distinct developmental stages
from the proerythroblast to the reticulocyte stages. These new
insights could allow to new therapeutic strategies to effectively
manage ineffective erythropoiesis.
The defects along the erythropoietic differentiation lineage,
both inherited and acquired, can be at various levels. Among
these, defects in the synthesis of hemoglobin, as well as in its
structure, can act in the terminal phase of erythroid differentiation. Among the most relevant are thalassemias (defects in

synthesis) and hemoglobinopathies (defects in structure), such as
sickle cell disease (SCD). For the former there are several
conservative therapeutic approaches represented by transfusion
and iron chelator therapy. More recently, some drugs appear to
have an inﬂuence on erythroid differentiation and can be used to
reduce the transfusion load.
Non-conservative approaches are represented by the replacement of the sick bone marrow cells with that of a donor: bone
marrow transplant. More recently, gene therapy approaches have
appeared to modify the DNA of the sick individual with the
introduction of a new norm-functioning gene. These different
therapeutic options pose many questions and impose choices that
are addressed in the work of Maria Domenica Cappellini.
One of the major problems related to bone marrow
transplantation is that of the difﬁculty of ﬁnding a donor and
within the same family this possibility is only 25%. The genome
editing gene therapy aims to modify the DNA of the sick
individual by returning the mutated gene to its functioning
sequence. It is a great therapeutic goal that we still need to learn
about both in its potential and in its risks. Marina Cavazzana’s
report makes us reﬂect on these opportunities and on the choice
between gene therapy and gene editing.

Key points:
 Learn how to study and interpret erythropoiesis phases, which appears important in learning pathophysiology of diseases of
erythropoiesis
 Learn how to choose between different possibility to treat inherited hemoglobinopathies
 Since gene therapy and genome editing are now available for common treatment, it is important to learn how to choose between
these possibilities
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Take-home messages:
 Immunophenotyping using a deﬁned set of antibodies enables resolving the heterogeneity of human erythroid progenitors BFU-E
and CFU-E and of all developmental stages during terminal erythroid differentiation from proerythroblasts to reticulocytes
 Findings using this approach in conjunction with genomic and proteomic strategies are providing new insights into regulation of
normal human erythropoiesis
 Immunophenotyping of bone marrow samples is enabling the deﬁning of stage speciﬁc defects responsible for ineffective
erythropoiesis in various human red cell disorders

Introduction
Anemia is a signiﬁcant health problem that affects nearly
2 billion people around the world.1 The major causes of anemia
are either increased rate of destruction of circulating red cells or
decreased production of red cells due to ineffective erythropoiesis
and in some instances both. While signiﬁcant advances have
occurred in our understanding of the contribution of increased red
cell destruction to anemia, much less is known about the extent of
ineffective erythropoiesis and its contribution to anemia. This
deﬁciency is in part due to a lack of an adequate and easily
implementable methodology to study the complex process of
human erythroid differentiation.
The production of enucleated human red cells involves a
complex biological process that begins in the bone marrow with
the commitment of hematopoietic stem cell to the erythroid
lineage and a large number of distinct developmental states
(Fig. 1). These include erythroid progenitors generated by 10 to 12
cell divisions of CD34+ cells to generate burst-forming unit–
erythroid (BFU-E) and colony-forming unit–erythroid (CFU-E)
which are identiﬁed by their development into representative
clonal colonies of erythroid cells in vitro. The CFU-E then generate
proerythroblasts which during terminal differentiation generate 5
Copyright © 2020 the Author(s). Published by Wolters Kluwer Health, Inc. on
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morphologically distinct stages, each having characteristic light
microscopic and ultrastructural features. There is an increasing
amount of hemoglobin synthesis accompanied by nuclear
chromatin condensation during terminal erythroid differentiation.
Orthochromatic erythroblast, the ﬁnal stage of differentiation
extrudes its nucleus to generate an anucleate reticulocyte which
over 2 to 3 days matures ﬁrst in the marrow and then in circulation
into the discoid red cell.
During the last 2 decades signiﬁcant attention has been paid to
develop detailed mechanistic understanding of this complex
process primarily focused on murine erythropoiesis using gene
knockout strategies and to a lesser extent on human erythroid
erythropoiesis using different in vitro culture systems.2–4 While
these studies have provided some insights into the pathophysiology of erythropoiesis, they were somewhat limited due to the lack of
an in-depth characterization of the speciﬁc stage(s) at which the
erythropoietic defect manifests. This entails development of novel
combinations of surface markers that enables the identiﬁcation of
all distinct developmental stages during human erythropoiesis.

Current state of the art
We ﬁrst focused our attention on human terminal erythroid
differentiation, by deﬁning a set of surface markers that would
enable distinguishing of all distinct developmental
stages from the
∗
proerythroblast to the reticulocyte stages. 5 By analogy to the
murine system, previous studies using cell surface markers,
Glycophorin A (GPA) and CD71 (the transferrin receptor) were
unable to clearly distinguish between the distinct developmental
stages. By measuring the surface expression pattern of 15 distinct
membrane proteins by ﬂow cytometry, we surmised that the
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Figure 1. Schematic representation of the various developmental stages during erythroid differentiation of human hematopoietic stem
cells. The multi-potent hematopoietic stem cell ﬁrst commits to erythroid lineage to generate erythroid progenitors, which are recognized by their
ability to form erythroid colonies in semisolid methylcellulose culture. They cannot be distinguished based on their morphology. It is estimated HSCs
undergo approximately 10 to 12 cell divisions prior to the generation of the ﬁrst morphologically recognizable erythroid cell in the bone marrow,
proerythroblast. During terminal erythroid differentiation, proerythroblast undergoes 5 mitosis to generate Early Basophilic erythroblasts, Late
Basophilic erythroblasts, Polychromatophilic erythroblasts and Orthochromatic erythroblasts. The pyrenocyte generated following enucleation at
the orthochromatic erythroblast stage is phagocytosed by macrophages while the enucleate reticulocyte following initial maturation in the bone
marrow is released into the circulation to undergo ﬁnal maturation into a red blood cell. Reticulocyte maturation into mature red cells takes place over
a period of 2 to 3 days. The number of cell divisions and duration is different between erythroid progenitors and precursors. The expression of
different surface markers used to discriminate all stages of human erythropoiesis is indicated. It takes approximately 12 to 14 days for the adult
CD34+ hematopoietic stem and progenitor cell to generate a mature red cell. This ordered progression during normal erythropoiesis can disturbed at
any of the different developmental stages in various pathological states leading to ineffective erythropoiesis.

combination of GPA, a4-integrin and Band 3 enables the isolation
and quantitation of human erythroblasts at each distinct stage of
terminal differentiation. While the expression of GPA and Band 3
progressively increased, the expression of a4-integrin progressively decreased throughout terminal differentiation. Terminal
erythropoiesis is a highly synchronized process, during which 5
cells divisions in 5 days leads to generation of 16 orthochromatic
erythroblasts from each proerythroblast. This combination of
surface markers in combination with ﬂow cytometry enabled the
quantitation erythroblasts at each distinct developmental stage in
fresh bone marrow samples. In conjunction with cell sorting these
cell surface markers also enabled the acquisition of highly puriﬁed
population of cells at all stages of human terminal
erythroid
∗
differentiation for genomic and proteomic studies.6, 7 Importantly
this experimental strategy has been useful to study contribution of
disordered terminal erythroid differentiation to ineffective
erythropoiesis in different red cell disorders. In the case of
ineffective erythropoiesis of b-thalassemia, use of these novel
markers enable us to conﬁrm that block in terminal erythroid
differentiation occurs between the polychromatic and orthochromatic stages. More complex pattern of ineffective terminal
erythroid differentiation was noted in
six different subtypes of
∗
myelodysplastic syndromes (MDS). 5,8 It is anticipated that
identiﬁcation of stage speciﬁc defects will be useful in development
of better therapeutic strategies to reduce the extent of ineffective
erythropoiesis during terminal erythroid differentiation.
Having established a methodology to study terminal erythroid
differentiation, we then undertook the challenge of resolving the
continuum of erythroid progenitors, the Burst Forming UnitErythroid
(BFU-E) and Colony Forming Unit-Erythroid (CFU∗
E). 9 We induced in vitro erythroid differentiation of CD34+ cells
from either cord blood or peripheral blood and measured the
expression levels of different membrane surface proteins from day
| 62 |
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1 to day 7, prior to the appearance of GPA+ positive
proerythroblasts. We noted that while IL3-R was expressed on
myeloid progenitors it was not expressed on erythroid progenitors. Monitoring of CD34 and CD36 on IL3-R negative cells
clearly distinguished between BFU-E and CFU-E. Based on these
ﬁndings, it was shown that BFU-E cells are IL-3R , CD34+ and
CD36 while the CFU-E cells are IL-3R ,CD34 and CD36+. The
identity of these cell populations was validated by performing
colony-forming assays. Cells isolated from cultures of CD34+
cord blood, peripheral blood and bone marrow cells using these
markers were placed in semisolid methylcellulose culture. It was
noted that IL-3R ,CD34+, and CD36 cells isolated from cultures
of either cord blood or peripheral blood as well as primary human
bone marrow generated BFU-E colonies while IL-3R ,CD34 ,
and CD36+ generated CFU-E colonies in semi-solid media.
Importantly, we could not isolate any CFU-E from adult
peripheral blood, consistent with earlier reports that only BFUE are present in peripheral blood. These markers also enabled us
to document developmental∗ differences between neonatal and
adult human erythropoiesis. 10 We now have evidence that CD34
+ cells undergo 10 to 12 cell divisions prior to reaching the
proerythroblastic stage. In contrast to terminally differentiation
erythroblasts which divide ∼ every 24 hours, cell divisions at the
progenitor stages in much shorter, taking ∼ 8 to 10 hours.
The ability to resolve the continuum of human erythroid
progenitors offers new exciting perspectives for the study of
ineffective erythropoiesis in erythroid disorders such as Diamond
Blackfan anemia (DBA). Indeed, in this inherited bone marrow
failure syndrome characterized mainly by red cell aplasia, the
defect appears at the progenitor stage, between the BFU-E and the
CFU-E stages.11 Given the heterogeneity of the disease and the
absence of appropriate animal models for the study of DBA, it is
critical to resolve the erythropoietic continuum at the progenitor

Blanc and Mohandas Resolving the Continuum of Human Erythroid Differentiation for the Study of Ineffective Erythropoiesis in Erythroid Disorders

level in order to understand the etiology of the disease and offer
better treatment strategies for these patients.
Using these novel experimental strategies, we and others have
embarked on transcriptomics, epigenomics and proteomics
studies∗ of ∗human erythropoiesis at all distinct developmental
stages. 7,12, 13 We would like to emphasize that use of highly pure
populations of erythroid precursors to quantify transcriptome
and proteome at each development stage of erythropoiesis is
critical for obtaining detailed mechanistic insights into the
complex biological process of normal and disordered human
erythropoiesis.

Future perspectives
The availability of methods to resolve the continuum of human
erythropoiesis in enabling the development of comprehensive
understanding of cellular and molecular processes that regulate
human erythropoiesis. Importantly it is now possible to apply
these methods to study in vivo erythropoiesis in primary bone
marrow to obtain stage speciﬁc defects responsible for ineffective
erythropoiesis in various human red cell disorders. We hope the
new insights developed with lead to develop new therapeutic
strategies to effectively manage ineffective erythropoiesis.
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Take-home messages:
 Allogeneic HSCT currently is the only curative option widely available for thalassemia major and sickle cell disease patients
worldwide. The registry-collected data from EBMT clearly indicate that several countries, even non-industrialized countries with a
low income, perform regular HSCT for thalassemia major and have outstanding results
 Clinical trials on gene therapy for hemoglobinophaties have shown promising outcomes however there are still some issues that
need to be solved such as partial efﬁcacy in severe beta-thalassemia and SCD patients, toxicity due to myeloablation and high cost.
Zynteglo has been registered by EMA
 Luspatercept signiﬁcantly reduced transfusion burden without relevant treatment limiting toxicities among adults with
transfusion-dependent b-thalassemia. Reblozyl has been registered by FDA
 The main challenge for the future will be to select the right treatment for the right patient

Introduction
Beta-thalassemia and sickle cell disease (SCD) are inherited
hemoglobin disorders representing the most common monogenic
diseases worldwide. Although these disorders are known to be
highly prevalent in the area extending from sub-Saharan Africa,
through the Mediterranean region and Middle East, to the Indian
subcontinent and east and southeast Asia, their prevalence due to
migration is increasing in European countries generating new
needs in terms of management and care, involving the health care
systems.1 Beside the conventional treatment which for thalassemia
consists on regular blood cell transfusions and iron chelation and
for SCD is mainly based on treatment of acute attacks, for both
conditions allogenic hematopoietic stem cell transplantation
(HSCT) remained the only widely available curative option at
least for severe thalassemias until June 20192 when the ﬁrst gene
therapy product was approved by the European Medicine Agency
(EMA).3 Moreover, in November 2019, the Food and Drug
Administration (FDA) approved Luspatercept for the treatment of
anemia in adult patients with beta thalassemia who required
regular red blood cell transfusions.4 Furthermore, in this scenario
new methods for autologous gene therapy based on genome
editing using CRISPR-Cas9 technology are sought.5 In view of all
these emerging, promising therapeutic options, physicians and
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patients will face in the near future the challenge of making the
right choice for the right personalized cure.

Current state of art of BMT and new drugs in
hemoglobinophaties
Bone marrow transplantation and gene therapy
The rational of bone marrow transplantation in Thalassemia
is to provide normal hemopoietic stem cell capable to produce
functional hemoglobin. The ﬁrst allogeneic hemopoietic stem
cell transplantations (HSCT) were performed in patients with
thalassemia more than 35 years ago. In recent years, the
indications for HSCT have been expanded including sickle cell
disease and it is now increasingly applied worldwide. Data
collected from the hemoglobinopathy registry developed by
“The European Society for Blood and Bone Marrow Transplantation (EBMT)” are the most updated and contain relevant
transplant-related information. In a retrospective non-interventional study based on EBMT registry database on 1493
consecutive patients with Thalassemia Major transplanted from
2000 to 2010, the overall survival (OS) and event free survival
(EFS) after a median observation period of 2 years were 88
+/-1% and 81+/-1% respectively. Moreover OS and EFS were
90%, 81% and 93% (p < 0.001), and 82%, 76%, and 85%
(p = 0.003) in patients who had received bone marrow,
peripheral blood or cord blood (alone or combined), respectively. The risk of developing severe (grade III–IV) acute GvHD
within 100 days was 9% (108/1223) in the whole population,
with a lower risk (7%; 70/901) observed in patients who had
received an HLA-matched sibling donor (p = 0.001). The higher
risk of developing severe acute GvHD was observed in patients
who had received peripheral hemopoietic stem cells (8%)
compared with patients that had received bone marrow
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hemopoietic stem cells (3%; p < 0.001). Both OS and EFS
signiﬁcantly∗ decrease with increasing the age of the recipents
(p < 0.001). 6 In the early 1990s, the Pesaro risk assessment was
developed stratifying the outcome of transplantation in 3 classes
based on hepatomegaly, portal ﬁbrosis, and irregular chelation;
from the large Pesaro experience the basic message was
“transplant thalassemia patients as soon as possible.”7 From
the EBMT database analysis it appears that this message has
been followed by most EBMT centers involved in transplantation for thalassemia, since only 133 patients aged 18 years were
transplanted after the year 2000. In recipients of matched
sibling donor transplants, the OS and EFS were 91 ± 1% and 83
± 1%, respectively. The results from the registry conﬁrmed that
transplantation from a HLA-identical sibling donor was by far
the most common procedure and had the best outcomes
especially in younger patients in a good clinical status.5 With the
well standardized transfusional regimen and with oral iron
chelators available, even adult patients with severe thalassemia
may have a good clinical status to undergo BMT nevertheless
the vast majority of patients with TM or SCD do not have a
MSD. As for SCD, studies reported encouraging results (92%–
94% overall survival [OS] and 82% to 86% event-free survival
[EFS] and only 7% transplant-related mortality, mainly due to
infection) from HSCT in HLA- identical siblings or matched
sibling donors (MSDs). These encouraging results have made
MSD HSCT the standard-of-care treatment for SCD in several
countries; however, MSDs are only available for 18% patients
with SCD, severely limiting application for patients most
needing the treatment.8 For these reasons, other alternative
donor options including matched unrelated donor (MUD)
transplantation, umbilical cord blood transplantation and
mismatched related transplantation (haplo-HSCT) have been
explored mainly in pediatric patients. A recent review on HLAhaploidentical HSCT in pediatric patients with hemoglobinopathies has been published.8,9 Recently, the cure of betathalassemia as well as SCD has been approached via beta or
gamma gene addition to rescue hemoglobin synthesis or via gene
editing which is mostly aimed at the cure of SCD via
reactivation of fetal hemoglobin. Several clinical trials are
ongoing using different lentiviral vectors. The success of gene
therapy is mainly based on high titer vector and efﬁcient gene
transfer into target cells, efﬁcient engraftment of transduced
cells and maintenance of “stemness,” adequate and persistent
level of transgene expression, correction
of the disease and
∗
∗
safety. Some data are already published 10, 11 or communicated
leading to a conditional marketing authorization by EMA of a
product (Zynteglo) from Blue Bird Bio. Currently Zynteglo is
indicated “for treatment of patients 12 years and older with
transfusion dependent beta thalassemia (TDT) who do not have
a beta°/beta° genotype, for whom hemopoietic stem cell
transplantation is appropriate but a human leukocyte antigen
(HLA)-matched related HSC donor is not available.”2

New drugs
An increased understanding of the pathophysiology that
controls the disease process prompted to explore alternative
therapeutic approaches that address the underlying globin chain
unbalance, ineffective erythropoiesis and iron dysregulation.12
Several molecules aimed to generate iron-restricted erythropoiesis are in pre-clinical or phase 1/2 clinical studies whereas an
activin receptor trap ligand (Luspatercept) has already completed the phase 3 registration trial (BELIEVE) and it has been
approved by FDA “for treatment of anemia in adult patients
with beta thalassemia who require regular red blood cell
transfusions” under the name of Reblozyl.4 Luspatercept has
been shown to prevent activins binding to ActivinR (ActR) and
subsequent activation of SMAD signaling pathway,
improving
∗
erythroid maturation and red cell production. 13 Although the
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mechanisms of action are not yet fully understood14 the results
in transfusion dependent thalassemia patients are very consistent showing in phase 215 and phase 316 a signiﬁcant reduction
in transfusion burden without signiﬁcant treatment limiting
toxicities among adults with transfusion-dependent b-thalassemia. The Believe study was a randomized, double-blind, phase 3
trial, in which adults with b-thalassemia requiring regular
transfusions were randomized 2:1 to receive best supportive
care plus luspatercept (1.0–1.25 mg/kg) or placebo for ≥48
weeks. Primary endpoint was proportion of patients achieving
≥33% reduction from baseline in transfusion burden during
weeks 13 to 24. Other efﬁcacy evaluations included assessing
transfusion reduction during any 12-week interval and iron
studies. A signiﬁcantly greater proportion of patients receiving
luspatercept vs placebo achieved the primary endpoint (48/224
[21.4%] vs 5/112 [4.5%]; p < 0.001). During any 12-week
interval, a greater proportion of patients receiving luspatercept
vs placebo achieved ≥33% (70.5% vs 29.5%) or ≥50% (40.2%
vs 6.3%) transfusion burden reduction. Some additional efﬁcacy
analysis showed that serum ferritin levels at week 48 decreased
from baseline in the luspatercept group (mean change 248 mg/
l; standard deviation [SD] 800 mg/l) and increased
in the placebo
∗
group (mean change 107 mg/l; SD 526 mg/l) 17,18 The progress in
the knowledge of SCD has allowed the identiﬁcation of new
areas of therapeutic investigation: (i) molecules targeting dense
red cell and sickling; (ii) molecules targeting pro-adhesive events
and inﬂammatory vasculopathy; (iii) anti-oxidant agents.
Crizanlizumab is a humanized P-Selectin antibody, which has
been tested in SCD subjects (SS, SC, Sb+, and Sb0 genotype)
were treated with Crizanlizumab either 2.5 or 5 mg/Kg every 4
weeks. Crizanlizumab at the dosage of 5 mg/Kg every 4 weeks
reduced the number of pain crisis and increased the time
between VOCs in SCD independently from possible preceding
HU treatment. Among the agents preventing red cell sickling,
the oral direct anti-sickling agent voxeloto that been shown to
be beneﬁcial in SCD. Voxelotor blocks HbS intermolecular
contacts, preventing the generation of HbS ﬁbers and red cell
sickling, showing to ameliorate red cell deformability or
viscosity and to improve sickle red cell survival with decrease
reticulocyte count.19

Future
The treatment of thalassemias and SCD in going to change
in the near future offering gene therapy and new drugs
targeting ineffective erythropoiesis. The most recent clinical
trials of gene therapy for thalassemia and SCD are showing
promising outcomes with patients able to discontinue transfusions or reduce transfusion requirements. However, toxic
myeloablation and the high cost represent a barrier to a
widespread application of this approach. In this contest at
present, the allogenic HSCT remains the only curative
affordable treatment available all over the world. However,
due to a limitation of HLA-identical donors, most patients
(>75%) to not have access to this option. The use of
alternative HSC sources remains limited by high rates of
transplant-related mortality, GVHD and graft rejection. Gene
therapy could overcome the HSCT limitations providing that
some important remaining concerns will be solved: the partial
efﬁcacy in severe beta-thalassemia and SCD patients, toxicity
(due to conditioning regimen
and potential insertional
∗
mutagenesis) and the high cost. 17,18 As for the pharmacological approach namely with Luspatercept that can signiﬁcantly
reduce the transfusion burden there are some advantages since
it can be given to any thalassemia patient so far aged >18 years
without safety concerns. In term of cost it has to be considered
that Luspatercept remains a long-life treatment. The major
challenge for the future will be the deﬁnition of criteria for
selecting the right option for the right patient.
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Extranodal Aggressive Lymphomas
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Extranodal lymphomas represent between 30% and 40% of all
non-Hodgkin lymphomas. They might arise in almost every organ
and the location of the primary lesion is, together with the
histologic subtype, the most important prognostic factor. In these
sessions, 3 of the most important extranodal lymphomas are
discussed by well-known experts. Until recently, the prognosis for
primary CNS and testicular lymphomas was dire. In the case of the
former, cures were only anecdotal, at least three quarters of the
patients with the latter died because of the disease, mainly because
of a CNS relapse. In the meantime, the situation has dramatically
improved.

Primary mediastinal lymphoma occurs mainly in young women
and is curable in a high percentage of the cases. This has however
to be achieved with the ﬁrst line treatment, since as yet there is no
good salvage treatment. The thoughtful state of the art presented
by the authors is largely based on the many retrospective and
prospective trials carried out by the International Extranodal
Lymphoma Study Group (IELSG). In fact, owing to the rarity of
the different locations of the primary lymphoma, only an
international cooperative group can acquire enough patients to
deﬁne the natural history and the best management for each
location.

Key points:
 To understand the basic differences between nodal and extranodal lymphomas
 To learn the biology and the standard treatment for the 3 different locations of extranodal lymphomas
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Primary Mediastinal Lymphoma
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Take-home messages:
 Primary mediastinal large B-cell lymphoma (PMBCL) is a distinct clinical and biologic entity compared to other types of diffuse
large B-cell lymphomas (DLBCL)
 R-CHOP/MACOP-B therapy with consolidation mediastinal RT should be considered the standard treatment. DA-EPOCH-R
without mediastinal RT has shown very promising results, but its therapeutic advantage needs to be conﬁrmed in further
prospective trials
 The rate of post-treatment PET positivity is higher than in other DLBCL, using the MBP cut-point according to Deauville visual
analysis; the liver uptake may represent a more appropriate cut-point to identify patients with an increased risk of relapse
 The expected ﬁnal results of the prospective IELSG 37 study will conclusively establish the role of mediastinal RT as consolidation
in patients who are PET-negative after front-line chemo-immunotherapy
 New targeted biologic drugs (anti-CD30, anti-PDL1/PDL2) represent a promising option, with high anti-tumor activity and a
manageable safety proﬁle in patients with R/R PMBCL

Introduction
Primary mediastinal large B-cell lymphoma (PMBCL) constitutes 6% to 8% of all diffuse large B-cell lymphomas (DLBCL).
In view of its peculiar epidemiologic, morphologic, and
immunophenotypic characteristics, it is in fact considered a
distinct clinical and biological entity recognized by the WHO
classiﬁcation of lymphoid malignancies.1 PMBCL arises in the
anterior mediastinum from a putative thymic medulla B cell, it is
more common in young adults (median age 35–40 years) with a
female predominance and it is characterized by an aggressive and
locally invasive behavior that can lead to a respiratory clinical
emergency. An accurate histologic diagnostic work-up aimed at
excluding other mediastinal lymphomas as common Hodgkin
lymphomas (cHL) or mediastinal grey zone lymphoma (MGZL) is
mandatory, followed by a rapid start of chemotherapy. Besides its
peculiar clinical presentation and pathologic features, PMBCL
presents a unique ﬁngerprint, which distinguishes it from the rest
of other DLBCL, being characterized by abnormalities on
chromosome 9p (in 70% of the cases) and by CD30 expression
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(often weak) that partly overlaps with
the [molecular] biologic
∗
landscape of nodular sclerosis HL.2, 3

Current state of the art
The initial treatment decision is crucial for the management of
patients with PMBCL, although the optimal front-line treatment
is still a matter of debate. Most centers use the R-CHOP
combination and other centers prefer a more intense approach
based on a weekly administration of third-generation regimens as
R-MACOP-B, both followed by mediastinal radiotherapy (RT).
Another option is the DA-EPOCH-R regimen administered by
intravenous infusion over 96 hours without the need of mediastinal RT. R-CHOP/-MACOP-B are effective regimens
with
cure
∗
∗
rates of 80% to 90% in many retrospective series 4,5, 6 and of
80% in a subgroup analysis of patients treated with R-CHOP or
dose-dense R-CHOP14 among the prospective UK-NCRI phase
III trial.7 In all of these series, mediastinal
RT was commonly used
∗
as consolidation. Dunleavy et al 8 demonstrated in a phase II
prospective trial involving 51 patients that the use of DA-EPOCHR yielded 5-year EFS and OS rates of 93% and 97%, respectively;
and more importantly, this study suggested that with this regimen
RT could be avoided in 96% of cases
with no relapsing patients
∗
over a median follow-up of 5 year. 8 Recently, in a multicenter
prospective trial based on 156 patients with PMBCL treated with
DA-EPOCH-R the 3-year PFS and OS were respectively 86% and
95%; 21 patients (13.4%) relapsed, 9 of which who had not
received RT as consolidation in the mediastinum.9 Moreover, 2
further retrospective real-world experiences showed no signiﬁcant
difference between R-CHOP+RT and DA-EPOCH-R on the 5year PFS (91.3% vs 92.6%) and 2-year PFS (76% vs 85%),
respectively10,11 (Table 1). Therefore the present dilemma is
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Table 1
Published studies on the management and outcome of patients with PMBCL treated in the pre- and post-rituximab era.
Author/year
Zinzani et al, 2002

Savage et al, 2006
Zinzani et al, 2009
Moskowitz et al, 2010
Rieger et al, 2011
Vassilakopoulos et al, 2012
Dunleavy et al, 2013
Soumerai et al, 2014
Martelli et al, 2014

Zinzani et al, 2015
Giulino-Roth et al, 2017
Shah et al, 2017
Li Chan et al, 2019

Messmer et al, 2019
Malenda et al, 2020

Treatment
CHOP ± RT
V/MACOP-B ± RT
R-HDS/ ASCT ± RT
CHOP, CHOP-like ± RT
M(V)ACOP-B ± RT
M(V)ACOP-B + rituximab
R-CHOP + ICE
CHOP + rituximab ± RT
R-CHOP ± RT
DA-EPOCH-R
R-CHOP
R-CHOP/M(V)ACOP-B ± RT
- PET DS score 1-2
- PET > DS score 2
- PET > DS score 3
R-MACOP-B
R-MACOP-B + RT
DA-EPOCH-R
R-CHOP+RT
R-EPOCH
R-CHOP+RT
DA-EPOCH –R
R-CHOP+RT (bulky disease)
DA-EPOCH-R (bulky disease)
R-CHOP ± RT
R-CHOP
DA-EPOCH-R

between a more toxic and laborious regimen as DA-EPOCH-R or
a more feasible R-CHOP/MACOP-B followed by mediastinal RT.
In addition to the choice of induction therapy, there are some
other open questions. In particular:
(1) Which patients truly need mediastinal RT as consolidation?
Which is the value of PET-CT scan to deﬁne the true quality of
response better after chemo-immunotherapy and its role as a
possible guide to the administration of a subsequent
consolidation/intensiﬁcation treatment or to a de-escalation
of mediastinal RT?
A PET-negative scan after induction therapy in PMBCL is
highly predictive, while its positive predictive value is poor
due to PET avid inﬂammatory components within residual
masses. A post-induction chemo-immunotherapy PET with a
score of 1–2, according to the 5PS Deauville score, indicates a
complete metabolic response (CMR); however, this result
can be achieved in less than 50% of patients. Since patients
with a positive PET scan after induction with an uptake
higher than that of the mediastinal blood pool but lower than
that of the liver (5PS score 3) do not show a worse PFS and
OS than patients with 5PS 1–2, a 5PS score 3 has been
considered an effective threshold to∗ discriminate patients
with a lower or higher risk of failure. 6,9,12 On these bases, it
can be postulated that post-chemoimmunotherapy PET
evaluation could represent a real tool to guide mediastinal
RT. The ongoing phase 3 randomized IELSG-37 trial
(NCT01599559) is prospectively evaluating the impact of
RT as consolidation in patients with a negative PET scan
(5PS = 1–3) at the end of induction and will conclusively
demonstrate if PFS in the observation arm is indeed not
inferior than the PFS in the RT arm.
(2) Which is the optimal treatment for relapsed/refractory (RR)
patients, for whom standard approaches have shown rather
unsatisfactory results.

Patients

CR %

PFS/RFS %

105
277
44
63
47
45
54
44
68
51
63
115

61
79
75
nr
nr
80
nr
52
100
100
71

35 (5 years)
67(5 years)
78 (5 years)
71 (5 years))
87 (5 years)
88 (5 years)
78 (3 years)
78 (6 years)
81 (4 years)
93 (5 years)
68 (5 years)

100
82
68
100
75
75
69
84
nr
nr
nr
nr
74
60
70

98 (5 years)
82 (5 years)
68 (5 years)
90 (5 years)
91 (10 years)
86 (3 years)
76 (2 years)
85 (2 years)
90 (5 years)
89 (5 years)
93 (5 years)
91 (5 years)
93 (3 years)
87 (1 year)
74 (1 year)

23
51
156
56
76
37
46
23
27
43
25
28

Relapses tend to occur early during the course of post-treatment
follow-up, mostly within 18 months. A R/R disease occurs in 15%
to 20% of patients and generally is associated with an aggressive
behavior. The outcome is generally very poor and the disease often
refractory to standard salvage chemotherapy (platinum-based or
other intensive regimens followed by autologous stem cell
transplantation).13,14
Some peculiar molecular and biologic features of PMBCL
suggest a possible role of novel agents in R/R patients, for
example, anti-programmed cell death 1 (PD1) antibodies and the
anti-CD30 antibody-drug conjugate brentuximab vedotin (BV).15
The CD30 antigen is present in the majority of cases of PMBCL,
although it is expressed weakly and heterogeneously. The
ampliﬁcation of chromosome 9p24.1 in both nodular sclerosis
Hodgkin disease and PMBCL induces the overexpression of the
programmed cell deaths ligands 1 (PD-L1) and 2 (PD-L2). The
effectiveness of anti-PD1 inhibition in classic Hodgkin disease
provides a rationale for the exploitation of an extensive PD-1/PDL1 axis blockade as a therapeutic strategy
for patients with R/R
∗
PMBCL.16,17 Recently, Zinzani et al 18 have reported the
promising results of a new combination of Nivolumab plus BV
in 30 patients with RR-PMBCL.

Future perspectives
In the near future, we hope to deﬁnitively conﬁrm:
(1) the real efﬁcacy and safety of more intensive chemotherapy
regimens (DA-EPOCH-R) compared to standard chemotherapy regimens;
(2) the role of consolidative mediastinal RT in PET-negative (DS
scores 1–3) patients after front-line chemotherapy (IELSG 37
trial);
(3) the value of new baseline quantitative functional metabolic
parameters (MTV, TLG, MH) as a guide to select at diagnosis
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patients with a very poor prognostic likelihood and candidate
for more intensive and experimental therapies19,20;
(4) the real effectiveness of new targeted biologic drugs (antiCD30, anti-PDL1/PDL2) as salvage therapy for RR-PMBCL
patients.

References
1. Gaulard P, Harris NL, Pileri SA, et al. Primary mediastinal (thymic)
large B-cell lymphoma. In: Swerdlow SH, Campo E, Harris NL, et al,
editors. World Health Organization classiﬁcation of tumors of
haematopoietic and lymphoid tissues. 4th edition. Lyon (France):
IARC Press; 2008:250–251.
2. Savage KJ, Monti S, Kutok JL, et al. The molecular signature of
mediastinal large B-cell lymphoma differs from that of other diffuse
large B-cell lymphomas and shares features with classical Hodgkin
lymphoma. Blood. 2003;102:3871–3879.
∗3. Steidl C, Gascoyne RD. The molecular pathogenesis of primary
mediastinal large B-cell lymphoma. Blood. 2011;118:2659–2669.
This paper explains the molecular mechanisms leading to the different
gene expression of PMBCL.
∗4. Rieger M, Osterborg A, Pettengell R, et al. Primary mediastinal B-cell
lymphoma treated with CHOP-like chemotherapy with or without
rituximab: results of the Mabthera International Trial Group study.
Ann Oncol. 2011;22:664–670.
Prospective randomized trial in DLBCL including also PMBCL patients
with low risk IPI (MINT trial). The ﬁrst study proving the beneﬁt of adding
rituximab to CHOP therapy in terms of EFS.
5. Zinzani PL, Stefoni V, Finolezzi E, et al. Rituximab combined with
MACOP-B or VACOP-B and radiation therapy in primary
mediastinal large B-cell lymphoma: a retrospective study. Clin
Lymphoma Myeloma. 2009;9:381–385.
∗6. Martelli M, Ceriani L, Zucca E, et al. [18F]ﬂuorodeoxyglucose
positron emission tomography predicts survival after chemoimmunotherapy for primary mediastinal large B-cell lymphoma: results of
the International Extranodal Lymphoma Study Grou IELSG-26
Study. J Clin Oncol. 2014;32:1769–1775.
This paper reports the results of PET-CT scan in a prospective phase II trial
(IELSG-26) in PMBCL patients. It conﬁrms the prognostic value of a
negative PET-CT and the high rate of PET-CT positive patients after
chemoimmunotherapy. Furthermore it provides a rationale for a
prospective randomized phase III trial to assess the role of a PET guided
radiotherapy.
7. Gleeson M, Hawkes EA, Cunningham D, et al. Rituximab,
cyclophosphamide, doxorubicin, vincristine and prednisolone (RCHOP) in the management of primary mediastinal B-cell lymphoma:
a subgroup analysis of the UK NCRI R-CHOP 14 versus 21 trial. Br J
Haematol. 2016;175:668–672.
∗8. Dunleavy K, Pittaluga S, Maeda LS, et al. Dose-adjusted EPOCHrituximab therapy in primary mediastinal B-cell lymphoma. N Engl J
Med. 2013;368:1408–1416.

| 72 |

Educational Updates in Hematology Book | 2020; 4(S2)

This is the ﬁrst study that describes the high activity of the DA-EPOCH-R
regimen inducing high response and survival rates, without consolidation
radiotherapy.
9. Giulino-Roth L, O’Donohue T, Chen Z, et al. Outcomes of adults
and children with primary mediastinal B-cell lymphoma treated with
dose-adjusted EPOCH-R. Br J Haematol. 2017;179:739–747.
10. Chan EHL, Koh LP, Lee J, et al. Real world experience of R-CHOP
with or without consolidative radiotherapy vs DA-EPOCH-R in the
ﬁrst-line treatment of primary mediastinal B-cell lymphoma. Cancer
Med. 2019;8:4626–4632.
11. Shah NN, Szabo A, Scott F, et al. R-CHOP versus dose-adjusted REPOCH in frontline management of primary mediastinal B-cell
lymphoma: a multi-centre analysis. Br J Haematol. 2018;180:534–
544.
12. Pinnix CC, Dabaja B, Ahmed MM, et al. Single institutional
experience in the treatment of primary mediastinal B cell lymphoma
treated with immunochemotherapy in the setting of response
assessment by 18Fluorodeoxyglucose Positron Emission Tomography. Int J Radiat Oncol Biol Phys. 2015;92:113–121.
13. Kuruvilla J, Pintilie M, Tsang R, et al. Salvage chemotherapy and
autologous stem cell transplantation are inferior for relapsed or
refractory primary mediastinal large B-cell lymphoma compared with
diffuse large B-cell lymphoma. Leuk Lymphoma. 2008;49:1329–1336.
14. Aoki T, Shimada K, Suzuki R, et al. High-dose chemotherapy
followed by autologous stem cell transplantation for relapsed/
refractory primary mediastinal large B-cell lymphoma. Blood Cancer
J. 2015;5:e372.
15. Jacobsen ED, Sharman JP, Oki Y, et al. Brentuximab vedotin
demonstrates objective responses in a phase 2 study of relapsed/
refractory DLBCL with variable CD30 expression. Blood.
2015;125:1394–1402.
16. Ansell SM, Lesokhin AM, Borrello I, et al. PD-1 blockade with
nivolumab in relapsed or refractory Hodgkin’s lymphoma. N Engl J
Med. 2015;372:311–319.
17. Armand P, Rodig S, Melnichenko V, et al. Pembrolizumab in
relapsed or refractory primary mediastinal large B-cell lymphoma. J
Clin Oncol. 2019;37:3291–3299.
∗18. Zinzani PL, Santoro A, Gritti G, et al. Nivolumab combined with
brentuximab vedotin for relapsed/refractory primary mediastinal
large B-cell lymphoma: efﬁcacy and safety from the phase II
CheckMate 436 study. J Clin Oncol. 2019;37:3081–3089.
This paper demonstrates a high antitumor activity and a manageable
safety proﬁle of new targeted biological drugs (anti-CD30, anti-PDL1/
PDL2) in patients with R/R PMBCL.
19. Ceriani L, Martelli M, Conconi A, et al. Prognostic models for
primary mediastinal (thymic) B-cell lymphoma derived from 18FDG PET/CT quantitative parameters in the International Extranodal Lymphoma Study Group (IELSG) 26 study. Br J Haematol.
2017;178:588–591.
20. Ceriani L, Milan L, Martelli M, et al. Metabolic heterogeneity on
baseline 18-FDG-PET/CT scan is a predictor of outcome in primary
mediastinal B-cell lymphoma. Blood. 2018;132:179–186.

Powered by EHA

Extranodal Aggressive Lymphomas - Section 8

Testicular Lymphoma
Annalisa Chiappella
Division of Hematology and Stem Cell Transplantation, Fondazione IRCCS, Istituto Nazionale dei Tumori, Milan,
Italy
Take-home messages:
 Primary testicular lymphoma (PTL) represents 5% of testicular malignancies and 1% to 2% of non-Hodgkin lymphomas
 PTL has high tendency to disseminate to extranodal sites
 The ﬁrst line treatment of PTL includes chemoimmunotherapy plus central nervous system prophylaxis and contralateral testis
radiotherapy

Introduction
Primary testicular lymphoma (PTL) is a rare form of extranodal
non-Hodgkin lymphoma (NHL) and represents 5% of testicular
malignancies and 1% to 2% of NHL. Median age is in the seventh
decade,
and 85% of diagnoses of PTL are in men over 60 years
∗
old. 1,2
The most frequent histotypes in PTL are diffuse large B-cell
lymphoma in 90%, Burkitt and Burkitt-like in 5% to 10%
(mainly HIV+) and follicular and NK/T-cell in less than 1%. Cell
of origin shows an activated B-cell (ABC) proﬁle in 60% to 96%,
with frequent CD79B and MYD88 mutations and additional
mutations of PIM1 and∗ BTG1. Frequency of double hit
lymphomas is low in PTL. 3,4
Clinical presentation is characterized by a unilateral painless
scrotal swelling; the bilateral involvement is synchronous in 10%
and asynchronous in 30% to 35%. B-symptoms are present at
diagnosis usually in advanced stage (25%–41%). Local involvement is represented by epididimus and spermatic cord, rarely
scrotal skin.
PTLs are staged according to Ann Arbor criteria with few
modiﬁcations:
 Stage IE: involvement of the testis mono or bilateral
 Stage IIE: mono or bilateral testicular involvement with loco
regional lymph nodes (iliac and/or lomboaortic).

Dislosures outside ths work Annalisa Chiappella Advisory Board: Celgene,
Janssen, Iqone, Takeda; Lecture fee: Celgene, Gilead-Kite, Janssen, Roche,
Servier.
Copyright © 2020 the Author(s). Published by Wolters Kluwer Health, Inc. on
behalf of the European Hematology Association. This is an open access article
distributed under the terms of the Creative Commons Attribution-Non
Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is permissible to
download and share the work provided it is properly cited. The work cannot be
changed in any way or used commercially without permission from the journal.
HemaSphere (2020) 4:S2
Received: 23 January 2020 / Accepted: 12 March 2020

 Advanced stage III/IV: mono or bilateral testicular involvement
with involvement of distant lymph nodes and/or extranodal
sites.
Localized presentation occurs in 70% to 80% of the patients,
with 50% to 60% stage I and 20% to 30% stage II. Stage III is rare
(3%–5%). Stage IV is undistinguishable from a nodal advanced
stage lymphoma with a testicular involvement. The rate of
testicular involvement in advanced stage DLCL is less than 20%.

Current state of the art
In the past, orchiectomy and/or radiotherapy, were used as the
unique treatment in PTL, with very poor outcome (median
survival ranged from 12 to 24 months). In the Eighties, the
introduction of doxorubicin-containing regimens, determined an
improvement in the relapse-free survival. In a study of BCCA from
Vancouver, patients treated with a brief chemotherapy ACOPB or
CHOP for three courses after orchiectomy and involved ﬁeld
radiotherapy to scrotum ± pelvic and paraortic lymph nodes, if
involved, had a better outcome than a historical control group
treated with only orchiectomy ± radiotherapy, with a relapse freesurvival and overall survival of 93% vs 50%. However, in other
series of PTL patients treated with CHOP-like regimens, the
survival was not so good, ranging between 50 to few months. The
majority of patients experienced relapses in those series: systemic
if treated with orchiectomy ± radiotherapy, at contralateral testis
if treated with chemo alone, and in CNS.5
Due to the rarity of the disease, in order to better clarify the
natural history of PTL and the best treatment, a retrospective
international survey of patients with PTL was conducted by the
International Extranodal lymphoma study group (IELSG). In the
retrospective IELSG study, 373 adult patients with aggressive
non-lymphoblastic primary testicular lymphoma treated from 22
tertiary cancer centers and one cooperative group, were analyzed.
The median age at presentation was 66 years (range 19–91 years);
79% of the cases had localized Ann Arbor stage I or II.
Combination chemotherapy was administered to 279 (75%)
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patients, 255 (68%) including anthracycline. Prophylactic
intrathecal chemotherapy was administered to 68 patients
(18%). The outcome was extremely poor, with an actuarial
5- and 10-year overall survival (OS) of 48% and 27% and an
actuarial 5- and 10-year progression free survival (PFS) of 48%
and 33%, respectively. Relapsed occurred in 52% of the patients,
mainly in extranodal sites (72%). The most common sites of
relapse were: CNS (5 and 10-years risk of CNS relapse 20% and
35%) and contralateral testis (15% at 3 years, 40% at 15 years) in
those patients not receiving prophylactic scrotal radiotherapy.
Clinical features signiﬁcantly associated with a longer overall
survival in multivariate analysis were: low/low-intermediate IPI
score, no B symptoms, anthracyclines containing regimens,
prophylactic scrotal radiotherapy. In this retrospective series,
only 34 patients received an adequate treatment with CHOP-like
chemotherapy with contralateral testis radiotherapy and intrathecal chemotherapy; the outcome in this small
group of patients
∗
was promising, with a 3-year OS of 88%. 6
On this basis, the IELSG and FIL designed an international trial,
IELSG10, to address activity of conventional R-CHOP associated
with CNS intrathecal prophylaxis and contralateral testis
radiotherapy. After diagnostic orchiectomy, patients were
planned to receive 6 or 8 courses of R-CHOP21 with 4 intrathecal
methotrexate, followed by prophylactic irradiation to the
contralateral testis at 25 to 30 Gy. From 2001 to 2006, 53
patients (median age 64 years, range 22–79) with untreated stage I
or II PTL were enrolled. At the end of treatment, 52 patients
(98%) achieved a complete remission and one died due to
progressive disease. At a median follow-up of 65 months, 5-year
Progression-Free-Survival (PFS) was 74%, 5-year Overall Survival
(OS) 85%, 5-year cumulative incidence of lymphoma progression
or death as a result of lymphoma (TTP) 18% and 5-year
cumulative incidence of CNS recurrence was 6%. Long term
results, at a median follow-up of 9 years, were: PFS 67% (95% CI:
52%–78%), OS 75% (95% CI: 60%–84%); no contralateral
testis relapses were observed and 4 patients experienced CNS
relapses (meningeal and/or parenchymal). The 9-year cumulative
incidence of CNS relapse, considering the competitive risk of
death, was 6% (95% CI, 0%–12%). The prospective trial
IELSG10 demonstrated that a combined treatment with RCHOP21, intrathecal prophylaxis and testicular radiotherapy,
∗
was associated with a good outcome in patients with PTLs. 7
Despite CNS prophylaxis, the risk of CNS relapse was still
present; based on these results, FIL and IELSG designed the
international trial, IELSG30, with intensiﬁed CNS prophylaxis,
adding an intrathecal prophylaxis with liposomal cytarabine
and at the end of R-CHOP chemotherapy, 2 courses of iv
methotrexate, before contralateral testis radiotherapy. The
addition of intravenous methotrexate in the treatment plan was
introduced because of some parenchymatous relapses in IELSG 10.8
In conclusion, the recommended treatment for localized stages
PTLs is a complete course of Rituximab-CHOP, with the addition
of CNS prophylaxis and prophylactic RT to the contralateral
testis. The best strategy to reduce CNS recurrence is still a matter
of debate; the two options (intrathecal or∗systemic methotrexate)
can be used as part of overall treatment. 9
In relapse setting, high-dose chemotherapy plus transplantation
in patients eligible to transplant, or chemoimmunotherapy or
clinical trials are recommended.

Future perspectives
The knowledge of the biology of the disease, with the majority
of cases with ABC proﬁle and with frequent CD79B and MYD88
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mutations, may facilitate the choice of novel therapeutic
strategies, including lenalidomide or ibrutinib.10,11
Genetic analysis reported frequent 9p24.1 copy number
alterations and increased expression of PD-1 ligands in primary
central nervous system lymphomas and in primary testicular
lymphomas. Based on the activity of PD-1 blockade in other
lymphomas with 9p24.1, nivolumab was tested in 4 patients with
relapsed/refractory PCNSL and 1 patient with CNS relapse of
PTL. The objective responses in this small series of cases
was promising, and a phase 2 trial of nivolumab in recurrent
and refractory PCNSL and PTL patients (NCT02857426) is
ongoing.12
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Primary CNS lymphoma (PCNSL) is a rare disorder conﬁned to
the cerebral parenchyma, leptomeninges, eyes or spinal cord.
PCNSL account for 3–4% of all
primary brain tumors and 1% of
∗1
all non-Hodgkin
lymphomas.
The
median age at diagnosis is 67
∗
years. 1 Approximately 95% of PCNSL are classiﬁed as diffuse
large-B-cell lymphomas (DLBCL),
indolent B-cell and T-cell
∗
lymphomas being much rarer. 1 Pathogenesis of PCNSL remains
elusive, but gene expression proﬁling suggests PCNSL to be
derived from late germinal center B-cells.2 The International
Extranodal Lymphoma Study Group (IELSG) identiﬁed the
following parameters as independent risk factors:3 age >60
years; ECOG performance status >1; elevated serum LDH; high
cerebrospinal ﬂuid (CSF) protein concentration and tumor
location within the deep regions of the brain. Patients with 0–
1, 2–3 or 4–5 of these risk factors had 2-year overall survival (OS)
rates of 80, 48 or 15%, respectively.3 Diagnostic evaluation
includes contrast enhanced magnetic resonance imaging of the
brain, cross-sectional imaging to exclude systemic disease (e.g.
18
FDG-PET combined with computed tomography (PET-CT)),
bone marrow puncture (only in case of suspicious PET-CT,
atypical histology, abnormal blood count or detectable serum
monoclonal protein) and additional testicular ultrasound in men
to exclude systemic disease;
as well as stereotactic biopsy for
∗
histological conﬁrmation. 4 Further evaluation should include
CSF-analysis ∗ and a slit lamp examination to evaluate ocular
involvement. 4 Patients with PCNSL usually present with a brief
history of focal neurologic deﬁcits and/or neuropsychiatric
symptoms.5 Median survival in untreated patients is limited to
a few months.
Due to the diffuse or multifocal nature of PCNSL surgical
∗
resection shows no beneﬁt to the patient in the majority of cases. 4
Until the mid-1990 s whole brain radiotherapy (WBRT) was the
standard treatment for PCNSL. Despite the high complete
remission rate, over 90% of patients relapse quickly and median
OS is 12 months.6 Therapeutic approach usually consists of
induction followed by consolidation treatment. Induction treatment∗ usually comprises high-dose (HD)-MTX (MTX >= 3 g/
m2). 4 In several trials the addition of other drugs like HDcytarabine (AraC) and alkylating agents like thiotepa,
procarba∗
zine or temozolomide showed a beneﬁt on OS. 7,8,9 The role of
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rituximab, an anti-CD20 hybrid monoclonal antibody useful
against different types of B-cell lymphomas, still is a matter of
debate in PCNSL (Schmitt et al., 2019). A very promising
chemotherapeutic regimen comprising HD-MTX, HD-AraC,
thiotepa and rituximab (MATRix) showed a 2-year progression-free survival (PFS) of 62 and OS of 67% as well as a ∗beneﬁt in
treatment response regarding the addition of rituximab. 7 WBRT
following HD-MTX-based chemotherapy has shown to be an
effective consolidating therapy
associated with 2-year PFS of 63–
∗
72% and OS of 85–86%. 7,10 However, there is a considerable
risk of severe neurotoxicity as long-term effect after WBRT
especially in patients >60 years.5 Severe dementia, gait disorder
and incontinence are the most common symptoms caused by post
therapeutic leukoencephalopathy and are associated with a 30%
mortality rate.5
In order to reduce neurocognitive impairment, investigators
proposed different consolidating strategies; hence high-dose
chemotherapy followed by autologous stem cell transplantation
(HDT-ASCT) or non-myeloablative chemotherapy gained importance. Recent trials have demonstrated that consolidating
strategies with non-cross-resistant cytostatic agents yield promising results. A multicenter phase II study using HD-AraC and
etoposide following HD-MTX, temozolomide and rituximab
showed 2-year PFS of 57% and OS of 70% along with a low
therapy-associated mortality of 4% and absence of severe
neurocognitive impairment.11 An ongoing phase III trial is
currently validating another regimen comprising rituximab,
dexamethasone, etoposide, ifosfamide and carboplatin (RDeVIC) in comparison to HDT-ASCT for consolidation treatment
(MATRix-Trial/ NCT02531841).
Besides a beneﬁcial effect on neurocognitive impairment and
quality of life12, HDT-ASCT also appeared superior to WBRT
concerning the 2-year PFS of 87% vs. 63% (Houllier et al., 2019)
along with a low transplantation-associated mortality of 3–5%.
Conditioning protocols should be thiotepa-based
due to poor BBB
∗
penetration of commonly used regimen. 17
Subject to an acceptable renal function (creatinine clearance
≥60 ml/min) and appropriate supportive therapy, HD-MTXbased induction
treatment is also feasible for elderly PCNSL
∗
patients. 13 Consolidation treatment with procarbazine following
chemo(immuno)therapy with HD-MTX, procarbazine and rituximab showed complete remission rates of 36% along with a 2-year
PFS of 37% in patients >65 years.14 Until recently the application
of HDT-ASCT was restricted to age <60 years and a good general
condition. However, it was recently demonstrated by a German
bicentric pilot study that a selected patient population of elderly
patients can also proﬁt from the use of an age-adapted HDT-
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ASCT. Induction treatment comprising two cycles of R-MTX/
AraC followed by HDT-ASCT in ﬁt patients >65 years showed
promising results for PFS and OS (2-year PFS 92% and OS
89%).15 This promising approach is currently evaluated in a
multi-center phase II trial (EudraCT-Nr.: 2016–001628–72).
Retrospective data suggest that especially elderly patients not
eligible for consolidating WBRT nor HDT-ASCT may proﬁt from
maintenance therapy, e.g. with the immunomodulatory agent
lenalidomide or alkylating agents like temozolomide or procarbazine.14,16 Furthermore, there is little data about effective
treatment in refractory or relapsed PCNSL although almost half of
patients
receiving chemo(immuno)therapy relapse within two
∗
years. 17 Patients in good general condition may beneﬁt from a
HD-MTX-based induction treatment followed by HDT-ASCT
once again but 2-year PFS and OS worsen to 46% and 56%.18
Alternatively, patients may proﬁt from temozolomide or
pemetrexed monotherapy as well as from palliative radiation
therapy. Recent promising data suggest the combination of
rituximab and lenalidomide or the application of ibrutinib, a small
molecule drug binding permanently to Bruton’s tyrosine kinase
(BTK) showing a median OS of almost 18 and 15 months.19,20
Nevertheless, standard therapy in refractory or relapsed PCNSL
still remains elusive and th new agents need further investigation
in prospective multi-center trials.

Conclusion
- PCNSL is a rare form of extranodal non-Hodgkin lymphoma
which clinically presents with neurocognitive impairment
- MTX-based, multi-agent chemotherapy is currently considered
standard treatment leading to high remission rates, but relapse
within short period of time is common
- Consolidating HDT-ASCT has a high curative potential in
patients <65 years and may also be feasible for selected patients
>65 years
- There is a great medical need for further investigation in relapsed
and refractory PCNSL
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The therapeutic landscape of Multiple Myeloma (MM) has
dramatically changed during the past decade. This is the result of
new insights in the biology of the disease as well as many
contributions in drug development and clinical science. The
introduction and approval of many new drugs, antibodies and
cellular therapies brings high expectations and signiﬁcant survival
beneﬁts to patients. However, it also imposes new challenges
on clinicians, health policy makers, and the whole medical
community.
At the 25th annual meeting of EHA we focus on a state-of -theart overview of 3 important aspects of MM. First, the biology
of the disease, where genomic instability, high proliferation,
and the microenvironment are important drivers in the
development and the behavior of MM. Knowledge of these
events is relevant also for clinicians, because novel therapeutic
modalities interact with the abnormal biological activities in the
myeloma cell.

The clinical management of MM has become more complex
with the introduction of various treatment modalities and targets.
For the practicing clinician it is important to make the right
choices based on patient proﬁle, availability of drugs, stage of the
disease etc. Also, new response evaluations like MRD have been
introduced. Especially in the transplant eligible patients there may
now be a prospect of cure if the best drug combinations and
schedules are applied.
Finally, there is a group of high-risk patients, who have not or
marginally beneﬁted from new drug combinations. Some of these
patients, but not all can be identiﬁed by genetic testing. Finding an
effective treatment for them remains an unmet medical need.
Today, the characteristics of these patients will be reviewed and
placed in clinical perspective.
In conclusion, this educational session provides a comprehensive overview of the current perspectives in MM and how these
can be implemented in clinical practice.

Key points:
 The biology of Multiple Myeloma is a multifactorial process determined by genomic instability, proliferation and microenvironment
 High-risk Multiple Myeloma is not only deﬁned by genetic alterations, but also immunologic and other factors should be
considered
 Treatment of Multiple Myeloma should aim at eradication of Minimal Residual Disease using conventional and innovative
therapies
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Take-home messages:
 Multiple myeloma is clinically and molecularly heterogeneous disease with a susbset of high-risk myeloma characterized by early
relapse and short survival
 Current criteria deﬁning high risk myeloma include the revised international system staging (R-ISS), that combines high
serum LDH and b2-microglobulin, low albumin levels and presence of any of 3 cytogenetic abnormalities (17p13 deletion, t(4;14)
and t(14:16))
 Multiple mechanisms contribute to high risk myeloma including genomic instability, high proliferation, independence from
microenvironment, and transcriptomic as well as epigenetic modiﬁcations
 Understanding high risk myeloma pathogenesis will improve risk stratiﬁcation and will allow development of new therapies

Multiple myeloma (MM) is a heterogeneous disease deﬁned by
the clonal proliferation of plasma cells. Recent therapeutic advances
have signiﬁcantly improved the overall survival of patients but a
subset of patients with high-risk disease relapse early sometimes
despite achievement of complete or near complete response, have
refractory disease and poor outcome. The current criteria used for
risk assessment include the revised international system staging (RISS), that combines serum LDH, b2-microglobulin and albumin
levels and 3 cytogenetic abnormalities (17p13 deletion, and t(4;14)
and t(14:16)) usually identiﬁed by FISH.1 A recent description of
ultra-high-risk MM incorporates either a) bi-allelic TP53 inactivation or b) ampliﬁcation (≥4 copies) of CKS1B
(1q21) on the
∗
background of International Staging System III. 2 These markers
refer mainly to the tumor burden and too few recurrent
chromosomal changes but do not include markers of genomic
instability or proliferation that actually characterize the high-risk
MM, and are, therefore, unable to accurately identify all high risk
patients. Understanding high-risk MM biology is critical to deﬁne
new diagnosis criteria, to perform adequate response monitoring
and to develop new therapeutic strategies. Here we describe the
recent advances in our knowledge based on next generation
sequencing combined with functional molecular studies of
chromosomal abnormalities, mutational landscape, transcriptomic
proﬁling and epigenetics alterations inherent to high risk MM
(Table 1).
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Proliferation
Normal plasma cells are usually featured by low proliferation
while MM cells harbor variable level of proliferation. Although
the previously measured labeling index or BudR uptake did
highlight MM cell growth as a key prognostic measure, the
molecular changes imparting such property were not well
described and as such these indices were not very accurate.
Various methods including immunohistochemistry, ﬂow cytometry, gene expression proﬁling and genome sequencing have been
applied to evaluate proliferative status of MM cells and showed
that high proliferation rate correlates with high-risk disease.3 The
molecular mechanisms leading to increased proliferation are
multiple and include dysregulated Cyclin D expression,4 ampliﬁcation of cyclin dependent kinase such as Cyclin-Dependent Kinases
Regulatory Subunit 1 (CKS1B) seen in context of amp(1q21),
mutations or deletions of Cyclin inhibitors such as retinoblastoma 1
(RB1) in context of del(13q) or cyclin-dependent kinase inhibitor
2C (CDKN2C) in context of del(1p32).5

Apoptosis escape
Ability of MM cells to survive and to escape apoptosis is a well
described mechanism contributing to disease progression and
resistance to chemotherapy. The overexpression of BCL2 family
proteins plays a critical role in myeloma. Mcl-1 is generally
overexpressed in MM and its degradation is impaired through
ubiquitination alteration and is associated with poor outcome
while Bcl2 is overexpressed in t(11;14) MM.6,7 Combination of
high proliferation as well as activation of anti-apoptotic
mechanisms signiﬁcantly affects MM cell survival and patient
outcome. It also provides therapeutic possibilities such as Bcl2/
Mcl1 targeting agents.
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Table 1
Mechanisms and Markers of High Risk Multiple Myeloma.
High Risk MM Features

Associated Markers or Mechanisms

Genetic instability

Tumor burden
APOBEC signature
Multiple chromosomal hits
Tetra and hyperhaploidy
t(4;14), del(17p), t(14;16)
Del (1p32) in t(4;14) MM
1q Gain and del(17p)
Trisomy 21
Gene expression signature
Proliferation assay
CDKN2A ampliﬁcation
Cyclin D overexpression
CDKN2C deletion
Gene expression signature
Dysregulation of BCL2 proteins
Circulating plasma cells
Extramedullary lesions
Gene expression signature
MMSET overexpression
PHF19 overexpression
EZH2 overexpression

Chromosomal instability

Proliferation

Apoptosis escape
Independence from microenvironment
Transcriptomic proﬁle
Epigenetic proﬁle

Role of bone marrow microenvironment (BMM)
Microenvironment contributes to MM cells growth, proliferation and to drug resistance. Particularly, bone marrow stromal
cells (BMSC) play a critical role by secreting and expressing
adhesion molecules, chemokines, growth factors, exosomes and
miRNAs.8 Paradoxically, high-risk myeloma have acquired
ability to spread and proliferate independently of the BMM.
Presence of circulating myeloma cells, plasma cell leukemia and
extra-medullary disease are well known features of high-risk
myeloma. These conditions are usually associated with high-risk
cytogenetic markers such as del17p or with increased prevalence
of MAPK mutations. However, the molecular transcriptomic
mechanisms allowing MM cells to overcome their dependency to
microenvironment remain largely unknown.9,10

Genomic instability
MM is featured by few recurrent mutations, most prominent
involving the mitogen-activated protein kinase (MAPK) pathway
[(present in ∼ 50% of MM patients (KRAS (22%), NRAS (17%),
BRAF (8%)]. However, only TP53 mutations occurring mainly in
context of del(17p) are associated with high-risk MM. More
reliably, the mutational burden and the presence of APOBEC
related ∗ mutational
signature are associated with high-risk
∗
disease. 11, 12 Copy number changes, translocations and complex
chromosomal events are frequent in MM.13,14 The dysregulated
DNA damage repair pathways have been implicated in these
processes. An important biological aspect of high-risk myeloma is
its ability to acquire newer genomic changes. This genomic
instability may be at the core of the disease process and may be
driven by dysregulated homologous recombination (HR) or other
repair pathways including non-homologous end joining, base
excision repair or other non-HR repair processes.15 The genes
involved in this proves may be important targets to re-establish the
genomic stability as well as prevent progression of the disease.

Transcriptomic proﬁle
Transcriptomic changes are the key to the disease process and its
clinical behavior. Prior studies have identiﬁed several prognostic

gene expression signatures.16 Importantly, these gene expression
signatures include cell proliferation and chromosome instabilityrelated genes. However, cellular behavior is signiﬁcantly affected by
various transcriptome modiﬁers including RNA splicing, as well as
micro RNA (miRNA) and long non-coding RNA (lncRNA)
expression. Each of these have been
individually described to
∗
strongly predict MM outcome,17, 18 especially more accurately
than ISS, cytogenetic, protein-coding ∗gene expression proﬁle alone
and minimal response disease status. 18 A transcriptomic analysis
integrating the impact of all the modiﬁers may eventually help deﬁne
the perturbation driving high-risk disease behavior.

Epigenomic modiﬁcations
In MM, epigenomic deregulation has been identiﬁed at various
levels including DNA methylation and histone
modiﬁcations and
∗
seem to be a critical actor of MM biology. 19 24% of MM patients
harbor at least one potentially deleterious mutation in epigenomic
regulator genes.20 MMSET gene overexpressed in t(4;14) MM is a
histone methyl transferase (HMT) involved in trimethylation of
H3K36 and H4K20,21 that enhances the overexpression of genes
involved in cell cycle progression, apoptosis, cell adhesion,
oncogenesis and DNA damage response.22 A recent study
identiﬁed PHD Finger Protein 19 (PHF19) expression, another
HMT as a strong predictor of poor outcome.23 Similarly,
Enhancer of zeste homolog 2 (EZH2), another HMT and a
component of polycomb repressive complex 2 (PRC2), which
triggers H3K27me3 to repress gene transcriptome seems to play
an important role in t(4;14) MM and in case of mutation or loss of
the histone acetyl transferase UTX/KDM6A which occur in up to
5% of MM patients. EZH2 overexpression is associated with
poor outcome.24,25 Moreover, there is strong evidence that
aberrant epigenetic regulation is an important mediator of
myeloma and many other hematological malignancies and solid
tumors. Analysis of various pathways impacted by the epigenomic
perturbations will allow both identiﬁcation of high-risk sub-group
and potential therapeutic interventions.

Therapeutic response and clonal selection
High risk myeloma patients present with either primary
refractory disease or early relapse despite achievement of complete
or near complete response. The short duration of response likely
reﬂects clonal selection of highly aggressive and refractory myeloma
clones as high-risk myeloma patients achieving minimal residual
disease negativity tend to have better outcome.26 Characterizing the
residual clones thanks to next generation sequencing might be
important to optimize treatment of high-risk myeloma.
In conclusion, high-risk myeloma phenotype is driven by
number of factors and eventually affects both proliferative
potential of the tumor cells as well as provides ability to
genomically evolve. This improved characterization of biology of
high-risk myeloma provides important clues to develop both new
diagnostic markers informing prognosis and potential therapeutic
actionable targets.

References
1. Palumbo A, Avet-Loiseau H, Oliva S, et al. Revised international
staging system for multiple myeloma: a report from international
myeloma working group. J Clin Oncol. 2015;33:2863–2869.
∗2. Walker BA, Mavrommatis K, Wardell CP, et al. A high-risk, DoubleHit, group of newly diagnosed myeloma identiﬁed by genomic
analysis. Leukemia. 2019;33:159–170.
This work is a genome-wide analysis study of a large cohort of patients
that delineated new important prognostic markers.
3. Hose D, Reme T, Hielscher T, et al. Proliferation is a central independent
prognostic factor and target for personalized and risk-adapted treatment
in multiple myeloma. Haematologica. 2011;96:87–95.

Educational Updates in Hematology Book | 2020; 4(S2) | 79 |

Szalat et al

Biology of High-Risk Multiple Myeloma

4. Bergsagel PL, Kuehl WM, Zhan F, et al. Cyclin D dysregulation: an
early and unifying pathogenic event in multiple myeloma. Blood.
2005;106:296–303.
5. Hebraud B, Leleu X, Lauwers-Cances V, et al. Deletion of the 1p32
region is a major independent prognostic factor in young patients
with myeloma: the IFM experience on 1195 patients. Leukemia.
2014;28:675–679.
6. Schwickart M, Huang X, Lill JR, et al. Deubiquitinase USP9X
stabilizes MCL1 and promotes tumour cell survival. Nature.
2010;463:103–107.
7. Touzeau C, Maciag P, Amiot M, et al. Targeting Bcl-2 for the
treatment of multiple myeloma. Leukemia. 2018;32:1899–1907.
8. Kumar SK, Rajkumar V, Kyle RA, et al. Multiple myeloma. Nat Rev
Dis Primers. 2017;3:17046.
9. de Haart SJ, Willems SM, Mutis T, et al. Comparison of
intramedullary myeloma and corresponding extramedullary soft
tissue plasmacytomas using genetic mutational panel analyses. Blood
Cancer J. 2016;6:e426.
10. Avivi I, Cohen YC, Suska A, et al. Hematogenous extramedullary
relapse in multiple myeloma - a multicenter retrospective study in
127 patients. Am J Hematol. 2019;94:1132–1140.
∗11. Walker BA, Mavrommatis K, Wardell CP, et al. Identiﬁcation of
novel mutational drivers reveals oncogene dependencies in multiple
myeloma. Blood. 2018;132:587–597.
This important manuscript integrated genomic data in a large cohort of
patients to identify drivers of the disease.
∗12. Bolli N, Avet-Loiseau H, Wedge DC, et al. Heterogeneity of genomic
evolution and mutational proﬁles in multiple myeloma. Nat
Commun. 2014;5:2997.
This article reports a comprehensive analysis of cloncal evolution during
myeloma progression.
13. Manier S, Salem KZ, Park J, et al. Genomic complexity of multiple
myeloma and its clinical implications. Nat Rev Clin Oncol.
2017;14:100–113.
14. Maura F, Bolli N, Angelopoulos N, et al. Genomic landscape and
chronological reconstruction of driver events in multiple myeloma.
Nat Commun. 2019;10:3835.
15. Gourzones-Dmitriev C, Kassambara A, Sahota S, et al. DNA
repair pathways in human multiple myeloma: role in oncogenesis
and potential targets for treatment. Cell Cycle. 2013;12:2760–
2773.

| 80 |

Educational Updates in Hematology Book | 2020; 4(S2)

16. Szalat R, Avet-Loiseau H, Munshi NC. Gene expression proﬁles in
myeloma: ready for the real world? Clin Cancer Res. 2016;22:5434–
5442.
17. Manier S, Liu CJ, Avet-Loiseau H, et al. Prognostic role of circulating
exosomal miRNAs in multiple myeloma. Blood. 2017;129:2429–
2436.
∗18. Samur MK, Minvielle S, Gulla A, et al. Long intergenic non-coding
RNAs have an independent impact on survival in multiple myeloma.
Leukemia. 2018;32:2626–2635.
This manuscript evaluated the impact of lncRNA on myeloma prognosis
and highlights the importance of comprehensive transcriptomic studies in
myeloma.
∗19. Agirre X, Castellano G, Pascual M, et al. Wholeepigenome analysis in multiple myeloma reveals DNA hypermethylation of B cell-speciﬁc enhancers. Genome Res. 2015;25:
478–487.
This work is an extensive epigenomic study on signiﬁcant DNA
methylation changes observed in myeloma.
20. Pawlyn C, Kaiser MF, Heuck C, et al. The spectrum and clinical
impact of epigenetic modiﬁer mutations in myeloma. Clin Cancer
Res. 2016;22:5783–5794.
21. Pei H, Zhang L, Luo K, et al. MMSET regulates histone H4K20
methylation and 53BP1 accumulation at DNA damage sites. Nature.
2011;470:124–128.
22. Marango J, Shimoyama M, Nishio H, et al. The MMSET protein is a
histone methyltransferase with characteristics of a transcriptional
corepressor. Blood. 2008;111:3145–3154.
23. Mason MJ, Schinke C, Eng CLP, et al. Multiple Myeloma DREAM
Challenge reveals epigenetic regulator PHF19 as marker of
aggressive disease. Leukemia. 2020 February 14. [Epub ahead of
print].
24. Pawlyn C, Bright MD, Buros AF, et al. Overexpression of EZH2 in
multiple myeloma is associated with poor prognosis and dysregulation
of cell cycle control. Blood Cancer J. 2017;7:e549.
25. Alzrigat M, Jernberg-Wiklund H, Licht JD. Targeting EZH2 in
multiple myeloma-multifaceted anti-tumor activity. Epigenomes.
2018;2:16.
26. Sidana S, Manasanch E. Evidence-Based Minireview: Does achieving
MRD negativity after initial therapy improve prognosis for high-risk
myeloma patients? Hematology Am Soc Hematol Educ Program.
2019;2019:142–147.

Powered by EHA

High-Risk Myeloma - Section 9

Genetics and Risk Assessments in Myeloma
Hervé Avet-Loiseau
IUC-Oncopole, Toulouse, France

No manuscript available

Educational Updates in Hematology Book | 2020; 4(S2) | 81 |

Powered by EHA

High-Risk Myeloma – Section 9

Management of High-Risk Multiple Myeloma Patients
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Take-home messages:
 Treatment of high-risk (HR) patients should be ﬂexible, and adapted to eradicate all malignant cells (minimal residual disease)
 Available new drugs improve the outcome of patients with HR cytogenetic abnormalities but have not so far been able to overcome
adverse prognoses
 Innovative therapies, such as CAR-T cells or T-cell engager antibodies, should be explored early in the course of the disease

Introduction
Survival of multiple myeloma (MM) has signiﬁcantly improved
in the last decade. However, this improvement has not been
uniform, with some patients achieving long-term remission and
being potentially cured, whereas others have a dismal prognosis.
Identiﬁcation of this second high-risk (HR) patient population is
crucial to guiding patient information and treatment. We usually
consider HR patients to be those with adverse cytogenetics and
high tumor burden (ISS, b2-microglobulin, LDH), which have
been classiﬁed as R-ISS3.1 However, other parameters also
account for HR, such as extramedullary disease or a high
frequency of circulating plasma cells (PCs), together with frailty or
co-morbidities.2,3 All this information can be obtained at baseline.
However, risk is dynamic, and response and resistance to initial
treatment are known to be of utmost importance. In this setting,
early relapses and primary refractory disease should be considered
an ultra-HR category. Current data show that the best way to
overcome HR disease is to achieve and particularly to sustain
minimal residual disease (MRD) negativity inside and outside the
bone marrow (BM).4 Accordingly, treatment selection in this HR
population should be adapted to achieve this goal and therefore
our recommendation is to use as induction therapy those drugcombinations that ensure the higher rate of MRD.

Management of HR disease
In newly diagnosed transplant-eligible patients with HR MM, our
recommendation is to use as induction therapy those drugPRO has received honoraria for lectures and Advisory Board membership from
Abbvie, Celgene, Janssen, Takeda, BMS, Kite, Sanoﬁ, and GSK. JSM has
received honoraria for being a member of the Advisory Boards of Celgene,
Novartis, Millenium, Janssen, Amgen, MSD, Sanoﬁ, and BMS.
Copyright © 2020 the Author(s). Published by Wolters Kluwer Health, Inc. on
behalf of the European Hematology Association. This is an open access article
distributed under the Creative Commons Attribution License 4.0 (CCBY), which
permits unrestricted use, distribution, and reproduction in any medium, provided
the original work is properly cited.
HemaSphere (2020) 4:S2
Received: 15 January 2020 / Accepted: 30 March 2020

| 82 |

Educational Updates in Hematology Book | 2020; 4(S2)

combinations that ensure the higher rate of MRD. This should
include 4 to 6 cycles of a 3- or 4-drug combination with a proteasome
inhibitor (PI) (Bortezomib or Carﬁlzomib) + immunomodulatory
drug (IMiD) (Lenalidomide or Thalidomide) + Dexamethasone + if
possible, an anti-CD38 monoclonal antibody (Daratumumab or
Isatuximab, when approved). With these schemas post-induction
complete remission and MRD-negative rates ranging from 16% to
33% have been reported for Daratumumab-VTD,5 VRD-GEM6 or
KRD.7 The former has been already approved as a new standard of
care and is waiting for reimbursement in several countries in Europe.
Moreover, in the Cassiopeia trial, obtaining MRD after induction
with Daratumumab-VTD was associated with signiﬁcant PFS
advantage (personal communication). It should be noted that
different schemas with the same drugs can yield different results,
which may reﬂect the importance of dose density in this setting.
Moreover, comparisons across trials are difﬁcult, particularly if done
with respect to CR (the implementation of deﬁning criteria are quite
variable), and for this reason it is probably better to focus on MRD
and PFS (Table 1).
Intensiﬁcation with high-dose melphalan and autologous stem
cell transplant (ASCT) remains a standard of care for young MM
patients and especially in HR disease.8 Indeed, even in the context
of very good induction, ASCT can induce a higher percentage of
persistent MRD negativity after 1 year in HR patients (R-ISS 2 &
3) compared with 12 cycles of KRD treatment (90% vs 72%).7
Results concerning tandem transplant are controversial. In the
EMN02 trial, after a short VCD induction, HR patients clearly
beneﬁted from the tandem ASCT.9 Indeed, tandem ASCT was
able to overcome the adverse prognosis of HR cytogenetics (3-year
PFS: 76% vs 69%; p = 0.48). By contrast, in the STAMINA trial,
no beneﬁt in terms of PFS was found with tandem ASCT.10
Although tandem ASCT is still considered a standard for HR
disease in most EU centers, the beneﬁts of this approach need to be
reexamined in the setting of the most efﬁcient quadruplet
induction regimens. Similarly, the role of consolidation should
be reviewed.10,11
Regarding maintenance, although the recent UK Myeloma XI
indicates a beneﬁt from Lenalidomide maintenance, particularly
in IMiD-sensitive patients,12 several studies, including the UK one,
show that PFS and OS are still signiﬁcantly shorter in HR as
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Table 1
Summary of most relevant efﬁcacy data of current approaches for the treatment of newly diagnose and relapse MM. Results are split in
high-risk (deﬁned as del (17p), t (4;14) or t(14;16) and standard risk patients when available.
NDMM – Trasplant eligible
VRD – GEM
HR

CASSIOPEIA (Dara-VTD vs VTD)

ITT

HR
DVTd

PFS, m
NR
Post-conso
34.8c
CR rate
MRD neg (%)
-

NR
33.4c

VTd

0.67 (0.35–1.30)
37
33

45.2b

FORTE trial (KRD – ASCT vs KRD 12 vs KCD)

ITT population

29

23

DVTd

VTd

0.47 (0.33–0.67)
39
26
34

20

HR (R-ISS 3)

GRIFFIN trial (D-VRd vs VRd)

ITT population

HR

ITT population

KRD12

KRD-T

KCD

KRD12

KRD-T

KCD

DVRd

VRD

DVRd

VRd

NR
49

NR
51

NR
-

NR
60

NR
61

NR
47

NR
NR

NR
NR

NR
19.2

NR
13.4

56

57

-

54

58

42

NR

NR

47.1c

18.4c

NDMM – Non trasplant eligible patients
SWOG trial (VRd vs Rd)
HR
VRd
PFS, m
HR (95% CI)
CR rate
MRD neg (%)

ALCYONE (DVMP vs VMP)

ITT population
Rd

VRd

38
16
p-value: 0.19
–
–
–
–

HR

Rd

DVMP

43
30
p-value: 0.0018
16
8
–
–

MAIA trial (DRd vs Rd)

ITT population
VMP

NR
NR
0.78 (0.43–1.43)
–
–
–
–

DVMP

HR

VMP

ITT population

DRd

36.4
19.3
0.42 (0.34 – 0.51)
45
2528
7

Rd

DRd

NR
29.6
0.57 (0.32 – 1.04)
–
–
–
–

Rd

NR
38.8
0.56 (0.44 – 0.71)
50
27
29
9

Relapse and RRMM

DRd

POLLUX (DRd vs Rd)

ASPIRE (KRd vs Rd)

CASTOR (DVd vs Vd)

HR

HR

HR

SR
Rd

DRd

Rd

KRD

SR
Rd

KRd

Rd

DVd

OPTIMISMM (PVd vs Vd)

SR
Vd

DVd

HR
Vd

PVd

Vd

ITT population
PVd
Vd

PFS, m
26.8
8.3
52
18.6
23.1
13.9
29.6
19.5
12.6
6.2
16.6
6.6
8.44
5.32
11.2
7.1
HR (95% CI) 0.37 (0.18–0.76) 0.42 (0.32–0.56) 0.70 (0.42–1.16) 0.66 (0.48–0.89) 0.41 (0.21–0.83) 0.25 (0.18–0.35) 0.56 (0.35 – 0.90) 0.61 (0.49 – 0.77)
ORR rate (%)
89
68
94
78
79.2
59.6
91.2
73.5
85
56
84
62
NR
NR
82.2
50
p-value
0.0145
<0.0001
–
–
0.0512
<0.0001
–
–
MRD neg (%)
29
3
35
9
NR
NR
NR
NR
15
0
13
3
NR
NR
NR
NR
p-value
0.0016
<0.0001
0.0047
0.0013
CR = complete remission, Dara-VTD = Daratumumab, bortezomib, thalidomide, dexamethasone, DRd = Daratumumab, lenalidomide, dexamethasone, DVd = Daratumumab, bortezomib, dexamethasone, DVMP =
Daratumumab, bortezomib, melphalan, prednisone, DVRd = Daratumumab, bortezomib, lenalidomide, dexamethasone, HR (95%CI) = Hazar ratio (95% conﬁdence interval), HR = High-risk, ITT = intention-to-treat,
KCD = carﬁlzomib, cyclophosphamide, dexamethasone, KRD = Carﬁlzomib, lenalidomide, dexamethasone, KRD-T = KRD followed by autologous stem cell transplant (ASCT), M = months, MRD = minimal residual
disease, NR = not reported, ORR = overall response rate, PFS = Progression free survival, Post-ind = post-induction, PVd = Pomalidomide, bortezomib, dexamethasone, Rd = Lenalidomide, dexamethasone, SR =
Standard risk, Vd = bortezomib, dexamethasone, VMP = bortezomib, melphalan, prednisone, VRd = bortezomib, lenalidomide, dexamethasone, VRD-GEM = Bortezomib, lenalidomide, dexamethasone, Spanish
myeloma group schema, VTD = bortezomib, thalidomide, dexamethasone.
a
Post-induction CR rate.
b
MRD at 10–6.
c
MRD + CR at data cut-off.

compared to standard-risk (SR) patients. Some studies showed the
efﬁcacy of Bortezomib in HR patients, but these do not distinguish
the pure maintenance phase. Ixazomib maintenance has shown
similar results in high and standard risk patients with a median
PFS improvement of 5 months.13 Given these conﬂicting results,
our policy in HR patients is to combine Lenalidomide with PIs,
instead of using only a single agent.
In HR non-transplant candidates, treatment selection is clearly
inﬂuenced by the degree of frailty, but here we will focus on ﬁt
patients in whom the goal should also be to achieve MRD
negativity. The combinations of ﬁrst-generation novel agents
(VMP; VMP/VTP with VT maintenance or Len-Dex14) have
improved the response rate of HR patients, although their survival
remains signiﬁcantly inferior to that of SR patients. An IFM study
of 1095 elderly patients showed that HR patients were associated
with poor outcome, regardless of the treatment received. The
combination of a proteasome inhibitor plus an IMiD (VRD) may
yield better PFS but still cannot overcome the adverse prognosis of
HR.15 Probably KRD may be a preferable option in this setting,
although no randomized data is yet available. The information
from monoclonal antibodies is still immature, nevertheless results
from two Daratumumab-based trials (Dara-VMP and Dara-Rd)

show that the PFS for HR patients is superior to that of the control
arms,16,17 but still shorter as compared to SR patients. Probably,
the combination of VRD+ anti-CD38 monoclonal antibodies,
would be a preferred option and this is being evaluated in different
phase III trials (IMROZ trial -Isatuximab VRD ; CEPHEUS trial
-Daratumumab VRD); but not data has been published yet.
In the relapse setting, we are currently dividing HR patients into
Lenalidomide (Len)–naive/sensitive and Len-refractory patients.
In the ﬁrst group, the combination that afforded the longest PFS
was Dara-Len-Dex (POLLUX)18 (26.8 months), although this PFS
was almost half of that reported for SR patients. Other Len-Dex
combinations with Carﬁlzomib (ASPIRE), Ixazomib (TOURMALINE), and Elotuzumab (ELOQUENT) yielded shorter PFS, but
the differences between HR and SR patients were less pronounced.
Information about Dara-VD is scarce in Len-refractory patients,
but it is probably suboptimal. Interestingly, two phase-3
Pomalidomide-based regimens (Poma-VD and IsatuximabPomaD), showed beneﬁt for HR and perhaps could overcome
the adverse prognosis of HR cytogenetics.19,20 Another, interesting combination with efﬁcacy in HR patients is Dara-KRD,
however, this quadruplet has only been evaluated in clinical trials
and is not yet approved in the EU.
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Little or no information has so far been reported about the
efﬁcacy of new drugs, or combinations of them, in other
challenging HR scenarios such as extramedullary disease, PC
leukemia, early relapse, or primary refractory disease. In these
patients, and not only in those with HR cytogenetics, treatment
should be adapted to eradicate all malignant cells (MRD) and, in
this context, innovative therapies, such as those involving CAR-T
cells, antibody drug conjugates (such as Belantamab-Mafodotin)
or T-cell engager antibodies, should be explored early in the
course of the disease. Indeed, some trials evaluating these
strategies in earlier lines of therapy and high-risk disease are
already ongoing.
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Novel costimulatory molecules

CAR T cells – The basics and what’s next?

Professor Daniel Olive will focus on three less well known costimulatory pathways that regulate response of immune effectors
against cancer and in blood cancers in particular. He will summarise
our knowledge on the BTLA-HVEM axis in T cell activation in the
context of cancer, the role of butyrophilins, a family of receptors
that activate gd T cells to promote their anti-leukaemic properties,
and the ICOS-ICOSL co-stimulatory pathway in the regulation of
Tregs and how its inhibition might promote anti-cancer immunity.

Professor Angelica Loskog will provide an overview of the
current status of affairs with chimeric antigen receptor-based
immunotherapy of blood cancers, the challenges and potential
solutions that would allow extending application of this
innovative technology B lineage malignancies.

Memory-like NK cells
In this session, Professor Yenan Bryceson will provide an
overview of the biology of a subset of highly active NK cells with
antigen-speciﬁc or non-speciﬁc memory-like function and how
such cells can be exploited in therapeutic strategies against blood
cancers including acute myeloid leukaemia.
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Take-home messages:
 CAR T cell therapy has matured as a treatment option for B cell malignancy but the ﬁeld is still it its infancy
 CAR design can inﬂuence CAR T cell function and there are multiple options being explored to deﬁne the most potent CAR T cells
 CAR T cell therapy will likely beneﬁt from combination treatments that enhance immune activation, prevent T cell exhaustion and/
or target tumor sensitivity to CAR T cells
 Adverse events to commercial CARs are deﬁned but new CAR design, use of allogeneic CARs, new manufacturing option and
combination treatments must balance response versus toxicity

Chimeric antigen receptor (CAR) T cell therapy has kept its
promise as a revolutionary treatment for B cell leukemia and
lymphoma. The basic CAR receptor is a transmembrane chimeric
receptor consisting of an antigen-binding domain fused with
intracellular signaling domains from the T cell receptor complex
and costimulatory molecules. Commonly, a single chain antibody
targeting CD19 is used for targeting of the CD19 antigen present
only on B cells while the signaling domains
are derived from the
∗
CD3-zeta chain, CD28 and/or 4-1BB. 1 The CAR receptor gene is
inserted into gene vehicles used to modify patient-derived T cells
ex vivo. The CAR T cells are expanded to a desired cell number
and then reinfused into the patients. Subsequently, the CAR T cells
will react to CD19+ cells, including B cell leukemia or lymphoma,
resulting in CAR T cell activation and killing of its target cells. The
CAR design mimics the natural signaling the T cells otherwise get
via antigen presentation and co-stimulation from professional
antigen-presenting cells such as dendritic cells. This is why they
survive, remain active and continue to show a strong response
compared to naturally occurring, tumor-reactive
T cells that are
∗
commonly anergized in the tumor.2, 3 Such T cells only receive T
cell receptor signaling without co-stimulation in vivo due to
immunosuppressive mechanisms in cancer patients. Nevertheless,
it has become evident that even if the initial response rate is
remarkable for most B cell malignancies, some patients’ tumors do
not respond, and patients with tumors that initially responded
tend to relapse. Higher response rates are seen in acute
lymphoblastic leukemia (ALL; adults 83%–93% CR, children
67%–90% CR) while lymphoma such as diffuse large B cell
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lymphoma is more resistant (43%–54% CR) which may be due to
physical barriers such as stroma and hypoxia and accumulated
immunosuppressive cells in solid-like tumors. Nevertheless,
patients with chronic lymphocytic leukemia seem to have
the
∗
least responsive tumors to CAR therapy (21%–29% CR). 4
Even if CAR T cells have certainly been in the limelight since the
breakthrough publication from the Carl June research group back
in 2011 ∗showing the ﬁrst complete responses using CAR T cell
therapy, 5 the ﬁeld is still in its infancy. The ﬁrst simple CAR
constructs, often referred to as ﬁrst generation CAR T cells, did
not include costimulatory domains and such CAR T cells did not
achieve tumor responses in patients. Since inclusion of costimulatory domains in the CAR receptor has increased response rates,
the design of the CAR may be further optimized to generate even
more potent CAR T cells. There is a myriad of novel CAR designs
and concepts to be scrutinized to increase tumor response rates in
patients (Fig. 1). For example, it is possible to include
multiple
∗
targeting devices to avoid relapse due to loss of antigen. 1 Further,
by co-expressing CAR and immunostimulatory cytokines, chemokines and other molecules, it may be possible to enhance CAR T
cell activation and bystander immunity simultaneously which may
prolong ∗responses and also reduce relapse due to loss of the CAR
antigen. 1 Since, a long and expensive manufacture may reduce
availability of CAR T cell therapy, a simpliﬁed manufacturing by
using off the shelf allogeneic CAR T cells and/or improved gene
transfer capacity by using
novel gene engineering techniques may
∗
improve availability. 6 Finally, due to the complexity of the
tumor and its microenvironment, it is of high interest to test
clinical protocols with CAR T cell therapy in combination with
chemotherapy, checkpoint blockade antibodies, oncolytic viruses
and much more.7,8 Nevertheless, CAR T cells can induce toxicities
and/or on-target off-tumor effect that may be potentiated using
more potent CARs such as permanent B cell depletion, cytokinerelease syndrome (CRS), hemophagocytic lymphohistiocytosis
(HLH) and/or macrophage activation syndrome (MAS), and
∗
immune effector cell-associated neurotoxicity syndrome (ICANS). 1
Further, other targeting strategies may increase on-target, off-tumor
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Figure 1. The 1st generation CAR consisted of a single chain fragment (ScFv)-targeting domain fused to a hinge region coupled with the
CD3 zeta chain of the T cell receptor (TCR) complex. Via the CAR receptor, the T cell receives antigen-recognition signal (so called signal 1) upon
binding to the target cell. Signal 1 triggers T cell activation with release of granzymes and perforin, as well as expression of death ligands to kill the
target cell. The 2nd generation CAR includes a costimulatory domain that stimulates T cell activation, survival and proliferation upon antigen
recognition via the CAR. Costimulation also makes CAR T cells less sensitive to anergizing signaling that occurs the tumor microenvironment. The
3rd generation CAR includes 2 costimulatory domains aiming to further boost T cell activation. There are multiple molecules involved to ﬁne-tune T
cell activation and the next generation CARs will likely include multiple signaling domains. Further, the CAR receptor can be co-expressed with
cytokines, chemokines, BiTEs, blockers of immunosuppression or other CARs with novel targets. Next generation CARs will also elaborate on bi- or
multi-speciﬁc recognition of target cells, including CARs with other target domains than a scFv.

toxicities if the target is expressed in critical populations of normal
cells.
CAR T cells beyond CD19+ B cell malignancies have proven a
difﬁcult task, but a variety of targeting domains are currently
tested in trials for other indications. For example, CARs targeting
HER-2, GD2, Mesothelin, IL13Ra and BCMA are evaluated in
the clinic for a range of malignancies.9–13 Nevertheless, the
evaluation of CD19-targeting CARs in B cell malignancies is the
perfect clinical model system for understanding the CAR T cell
response and resistance mechanisms. Resistance mechanisms
include loss of antigen, immune escape mechanisms such as
presence of myeloid-derived suppressor cells and suppressive
molecules, but also exhaustion and activation induced cell death
of the CAR T cells. Interestingly, ALL patients have the best initial
ORR but at same time the highest relapse rate (41% of patients
with responding tumors relapse within 12 months) while the
response seems more durable in lymphoma in which complete
∗
responses (CRs) are commonly maintained during the ﬁrst year. 4
Clearly, there is still a lot to learn from the current clinically
available CARs that will pave the way for novel designs and
combination therapies, leading to durable responses in patients
with B cell malignancies and beyond.
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The most recent advances in iron biology, including the
molecular players involved in its cellular and systemic homeostasis, led to new understanding of erythropoiesis, namely on the role
of iron for its regulation. Based on this knowledge, novel forms of
microcytic anemias were identiﬁed and new treatment options are
emerging. This session starts with an updated review of the
pathophysiological interplay between iron and erythropoiesis by
L Silvestri, showing the most recent mechanistic data. P AguillarMartinez will review the clinical approach to atypical microcytic
anemias with a novel classiﬁcation based on its pathogenesis, that
is, how each hemoglobin component (globin chains, iron, or

heme) defect leads to microcytic RBCs. The challenge of a
methodic clinical diagnosis will be stressed: in spite of all genetic
information available, phenotype correlations and a comprehensive set of accompanying clinical and laboratory tests remain
mandatory. Finally, S Rivella will explain how the fundamental
research led to new treatment options for microcytic anemias,
classiﬁed as drugs (drugs that improve iron overload and/or
ineffective erythropoiesis; drugs that reduce splenomegaly) or
gene therapy (gene addition, genome editing). He will focus on the
example of beta-thalassemia, where the novel therapeutic
approaches are already in the clinic or in clinical trials.

Key points:
 Understand the critical role of iron in the regulation of erythropoiesis
 Know how to suspect and diagnose atypical forms of microcytic anemias
 Know the most recent and promising treatment options for microcytic anemias in terms of novel drugs and gene therapy

Educational Updates in Hematology Book | 2020; 4(S2) | 91 |

Powered by EHA

Iron & Anemias - Section 11

Basis of Iron Regulation for Erythropoiesis
Laura Silvestri
IRCCS San Raffaele Scientiﬁc Institute, Milan, Italy
Take-home messages:
 Iron regulates erythropoiesis at the level of early erythroid progenitors, heme and globin synthesis, and EPO-EPOR signaling
 Hepcidin, a liver peptide hormone that regulates iron homeostasis, indirectly control erythropoiesis efﬁciency
 The erythroid regulator erythroferrone increases iron availability for hemoglobin synthesis by inhibiting hepcidin

Introduction
Iron is essential for many biological processes as oxygen
delivery, mitochondrial respiration, nucleic acid replication and
repair, metabolic reactions and host defense. However, due to its
ability to accept/release electrons, excess iron can damage cell
components. For this reason several mechanisms exist to avoid
iron overload and deﬁciency (Fig. 1).
Iron, absorbed by duodenal enterocytes, reaches the bloodstream through ferroportin (FPN1), the sole iron exporter in
mammals. In the circulation iron is bound to transferrin (TF) as
holo-TF to allow safe delivery of the metal throughout the body.
Excess circulating iron is stored in hepatocytes and spleen
macrophages, and exported back to the circulation through
FPN1, when serum iron concentration decreases.
Within cells iron is up-taken through TFR1 interaction with holoTF in a regulated way and released to the cytosol by endocytosis.
In mitochondria it is utilized for heme and Fe-S cluster synthesis
and for the activity of enzymes of the respiratory chain, or safely
stored into ferritin.
Since an active mechanism to excrete iron is not in place, its
concentration is tightly regulated through hepcidin, a peptide
hormone produced mainly by hepatocytes, which
negatively
∗
regulates body iron by binding and blocking FPN1. 1 Hepatocyte
hepcidin expression is under the control of the BMP-SMAD
pathway, whose activation requires the coordinated function of
BMP ligands (BMP2 and BMP6), BMP receptors and regulatory
proteins as HFE, the second transferrin receptor (TFR2) and the
BMP-coreceptor hemojuvelin (HJV). When body iron increases,
hepcidin is upregulated by BMP6 and cell surface stabilization of
HJV and TFR2. Increased hepcidin inhibits FPN1 and reduces
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circulating iron. In agreement, defective hepcidin causes iron
overload in Hereditary Hemochromatosis, characterized by
impaired liver BMP-SMAD signaling. In ineffective erythropoiesis, as in b-thalassemia, hepcidin inhibition is due to expanded
erythropoiesis, to allow increased supply of the metal to erythroid
precursors that need large amounts of iron for Hb synthesis.2

Current state of the art
Since erythropoiesis requires around 25 mg of iron daily, any
perturbation of body iron concentration inﬂuences the erythropoietic activity and vice-versa, being these two processes highly
interconnected. Iron deﬁciency can evolve in anemia if untreated.
The resulting anemia can be classiﬁed as iron deﬁciency anemia
due to reduced dietary intake, decreased absorption or blood
loss, or iron restricted anemia due to reduced iron availability for
erythropoiesis, as in anemia of inﬂammation or the rare genetic
disease Iron Refractory Iron Deﬁciency Anemia
(IRIDA), both
∗
characterized by excessive hepcidin synthesis. 3 The reduced iron
supply affects erythrocytes production and Hb synthesis at
multiple levels. Erythroid cells have several mechanisms to
regulate their activity according to iron. In in vitro studies, iron
deprivation blocks early erythroid progenitors differentiation due
to inactivation of mitochondrial aconitase, a process that can be
rescued by iron or isocitrate supplementation. Hb synthesis
requires heme and globin. Heme biosynthesis takes place both in
mitochondria and cytosol. The ﬁrst enzymatic step to form the
g-aminolevulinic acid (ALA) is catalyzed by the rate-limiting
enzyme ALA synthase 2 (ALAS2) exclusively expressed in
erythroid cells. ALAS2 is regulated by iron at post-transcriptional
level: it has an iron-responsive element in its 5’ untranslated region
(UTR) that interacts with iron-regulatory proteins in iron
deﬁciency to block translation, thus linking heme synthesis
to iron availability. The ﬁnal step in heme biosynthesis is the
incorporation of iron into protoporphyrin IX, a process catalyzed
by the iron-dependent rate-limiting enzyme ferrochelatase
whose activity requires an iron-sulfur cluster.4 Iron indirectly
controls a- and b-globin synthesis in erythroblasts, since the
activity of heme-regulated eIF2a kinase (HRI), the enzyme that
coordinates both globin chain synthesis, is regulated by heme
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Figure 1. Regulation of systemic iron metabolism. Dietary iron is absorbed by duodenal enterocytes and transported into the blood stream
through the iron exporter ferroportin (FPN1). In the circulation iron is bound to transferrin (TF) and distributed to organs and tissues as holo-TF (2FeTF). Most of the circulating iron (about 80%) is utilized for hemoglobin synthesis in erythroid tissues and recycled by spleen macrophages that
degrade senescent and damaged red blood cells (RBCs). Excess iron is stored in macrophages and hepatocytes. The liver senses body iron
concentration. When liver iron concentration and/or holo-TF increase, the expression of the peptide hormone hepcidin is upregulated in
hepatocytes. Hepcidin, by reaching the blood stream, inhibits the export ability of FPN1 thus reducing the amount of circulating iron. Hepcidin levels
are regulated also by the erythropoietic activity. Erythroid precursors increase the production of erythroferrone (ERFE), an EPO target gene that
functions in an endocrine manner to inhibit hepcidin synthesis thus increasing iron availability for Hb synthesis.

concentration.5 On the cell surface, the iron sensor TFR2, a
partner of erythropoietin receptor (EPOR) in erythroid cells and a
positive regulator of hepcidin in hepatocytes, has a crucial role in
coordinating the erythroid response with transferrin iron. TFR2 is
highly homologous to TFR1 and binds holo-TF, although with a
lower afﬁnity than TFR1. It is stabilized on cell surface by holo-TF
and destabilized by its decreases. Binding EPOR,6 TFR2
attenuates the EPO-EPOR signaling. Decreased cell surface
TFR2 in iron deﬁciency or in genetic models of Tfr2 deletion in
bone marrow derived ∗cells, favors the EPO-EPOR signaling
causing erythrocytosis. 7 In hepatocytes, decreased plasma
membrane TFR2 attenuates the BMP-SMAD pathway and
hepcidin expression8 to facilitate iron delivery to the circulation
through FPN1 stabilization.
Given the huge iron need of erythropoiesis, this process also
regulates iron homeostasis. The effect is quite impressive in
ineffective erythropoiesis, as in b-thalassemia, a genetic disease in
which defective b-globin synthesis leads to anemia and massive
iron overload. The recent discovery of erythroferrone (ERFE)
deﬁned the nature of the long sought “erythroid regulator”. ERFE
is a member of the tumor necrosis factor (TNF)-a family,
produced by several tissues but whose expression
in response to
∗
EPO is increased only in erythroid precursors. 9 ERFE functions
in an endocrine manner and inhibits hepcidin expression in
hepatocytes attenuating the liver BMP-SMAD pathway by
sequestering BMP ligands, mainly BMP6. Although Erfe-ko mice
are not anemic, suggesting no major role of this protein in steady
state, its inactivation worsens recovery from anemia in inﬂammation10 and malarial infection,11 and improves iron overload in
beta thalassemia mice.12

Future perspectives
Research achievements have translational implications for
therapy of iron loading disorders. Reduction of iron supply is a
promising approach for disorders as hemochromatosis or b-thalassemia since iron restriction decreases globin chains unbalance
and improves erythrocyte survival, ameliorating anemia and iron
burden. This can be achieved by several approaches:
1. by hepcidin agonists, as minihepcidins,13 inhibitors of hepcidin
repressors as anti-TMPRSS6 molecules,14 compounds blocking
ferroportin activity15 or ERFE blocking antibodies.16
2. by transferrin infusions that reduces anemia and ineffective
erythropoiesis and thus hepcidin inhibition.17 A similar effect is
observed decreasing Tfr1 expression and reducing erythroid
the iron up-take.18
3. by selective bone marrow Tfr2 inactivation that, enhancing the
EPO sensitivity of erythroblasts, improves anemia in a
b-thalassemia model.19
On the contrary blocking excess hepcidin in IRIDA and anemia
∗
of inﬂammation can favor iron delivery to bone marrow. 20
Some of these successful preclinical studies offer new and
original therapeutic opportunities for diseases due to inappropriate hepcidin synthesis.
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Classiﬁcation and Clinical Approach to Atypical Microcytic Anemias
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Take-home messages:
 AMAs are individually rare conditions, but include a large number of predominantly inherited disorders
 They are the result of defective hemoglobin synthesis due to the restriction of one of its main components: iron, globins or heme
 To date only one AMA has been linked to iron deﬁciency, while most of them are accompanied by iron overload

Introduction
Microcytic anemias (MAs) are characterized by the production
of red blood cells (RBC) that are smaller than normal. They are
usually hypochromic because they result from a decreased
production of hemoglobin in the red cell. This deﬁnition explains
why the defect of one of the three main components of
hemoglobin, that is, globin chains, iron and heme, is the source
of microcytic RBCs.1 MAs are the commonest cause of anemia
worldwide, with iron deﬁciency anemia (IDA) being the main
etiology.1,2 The West part of Europe and North America are
exceptions, with sickle cell disease, thalassemia and chronic
diseases (ACD) as main causes of anemia.2 Consequently, typical
microcytic anemias result from the 3 following groups of
disorders: IDA, thalassemia and ACD. By contrast, atypical
microcytic anemias (AMA) can be deﬁned as conditions covering
all the other causes of microcytic anemia. They are individually
much more infrequent than the three main ones, some of them
being very rare disorders. Most, but not all, are inherited diseases.
With reference to recent developments in knowledge we
propose here a classiﬁcation of these disorders and discuss the
clinical approach to their diagnosis and management.

Current state of the art
Atypical microcytic anemias can be classiﬁed, using the same
main pathophysiological mechanisms leading to microcytosis, as
disorders of iron metabolism, abnormal globin chain synthesis
and dysfunctions of heme synthesis (Fig. 1). In the ﬁrst 2 groups,
the atypical nature is in relation with the unusual cause of the
disorder.
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Indeed, a number of AMAs are due to inherited defects of iron
metabolism causing iron deprivation of erythropoiesis, but
leading to either body iron deﬁciency or, on the opposite, iron
overload (IO). Iron deﬁciency iron refractory anemia (IRIDA) is,
up to now, the only genetic disorder resulting in IDA.3 This
condition is due to mutations affecting the TMPRSS6 gene
involved in the metabolic pathway of synthesis
of hepcidin, the
∗
main regulator of systemic iron metabolism. 4 In a number of very
rare inherited defects, AMA is accompanied with an abnormal
processing of body iron, which is unable to reach the
erythropoietic compartment for adequate hemoglobin production, but accumulates in other tissues, resulting in IO. This is the
case for hypotransferrinemia,5 aceruloplasminemia,6DMT17 and
STEAP38 deﬁciency.
Anomalies of globin chain synthesis are usually inherited and
linked to molecular defects of the alpha and beta globin gene
clusters on chromosomes 16 and 11 respectively. Large rearrangements of chromosome 16 have been described in syndromic forms
of alpha thalassemia (alpha-thalassemia-intellectual disability
syndrome, chromosome 16-related or ATR-16). In addition, a
rare subset of thalassemia-like disorders are linked to acquired
conditions or to anomalies of genes located outside the globin gene
loci, or both. The alpha-thalassemia X-linked mental retardation
syndrome (ATRX) results from mutations in the ATRX gene on
the X chromosome. It encodes a protein involved in chromatin
remodeling and in the regulation of other genes, including the
alpha globin genes.9 Both, ATR-16- and ATRX–like anomalies
have also been described in acquired conditions, namely
myelodysplastic syndromes, in patients presenting unusually with
MA and no previous history of thalassemia.10
Finally, disorders of heme synthesis can lead to MA in 2 main
groups of pathologies: sideroblastic anemias (SAs) and porphyrias. There are 2 types of erythropoietic porphyrias. In congenital
erythropoietic porphyria (CEP), the associated hemolytic anemia
is generally not microcytic, with the exception of GATA1
mutations. Erythropoietic protoporphyria (EPP) is due to
ferrochelatase (FECH) and to gain of function ALAS2 mutations.
MA occurs in 20% to 60% of patients.11
Sideroblastic anemias are deﬁned by the presence
of ring
∗
sideroblasts in the bone marrow, with Perl staining. 12 Secondary
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Figure 1. Main known causes of common and atypical microcytic anemia. RBC = red blood cells, AMA = disorders are indicated in green
squares, genes are indicated in orange waved boxes. Disorders: ACD = anemia of chronic diseases, ATRX = X-linked alpha thalassemia mental
retardation, ATR16 = alpha thalassemia linked to chromosomal rearrangement
of the 16th chromosome,
ATMDS = alpha thalassemia
∗
∗
myelodysplastic syndrome, CEP = congenital erythropoietic porphyria, EPP = erythropoietic protoporphyria ( is also classiﬁed in the group of
constitutional sideroblastic anemias), IDA = iron deﬁciency anemia, IRIDA = Iron deﬁciency iron refractory anemia, SFID = Sideroblastic anemia,
immunodeﬁciency, fevers, and developmental delay, XLSA = X-linked sideroblastic anemia, XLSA/ataxia = X-linked sideroblastic anemia /ataxia.
Genes (in alphabetical order): ABCB7 = ATP Binding Cassette Subfamily B, Member 7, ALAS2 = 5’-Aminolevulinate Synthase 2, CP = ceruloplasmin,
DMT1 = di-metal transporter1, FECH = ferrochelatase, GATA1 = GATA Binding Protein 1, GLRX5 = glutaredoxin 5, HSPA9=Heat Shock Protein
Family A (Hsp70) Member 9, TF = transferrin, TMPRSS6 = transmembrane Serine Protease 6, TRNT1 = tRNA nucleotidyl transferase 1, STEAP3 = 6transmembrane epithelial antigen of the prostate3, UROS = uroporphyrinogen III Synthase.

or acquired forms due to drugs or myelodysplastic syndromes are
the most common. They are typically macrocytic/normocytic.
Unlike syndromic forms, most non-syndromic
congenital SA
∗
(CSA) are microcytic (for review see 12). CSAs are often
accompanied by IO. The most frequent cause ∗of CSA is the Xlinked form (XLSA) due to ALAS2 mutations. 12
The clinical
diagnosis of AMA is based on a methodical
∗
approach.13, 14 The personal and family history of anemia, IDA
or IO, the presence of syndromic features, can bring signiﬁcant
orientation. The presence of clinical complications, such as liver
damage, diabetes, neurological disorders, the inadequate response
to oral or IV iron, may be contributive. Careful analysis of the red
cells indices on the complete blood count is the starting point,
together with the assessment of iron parameters. Other laboratory
tests, such as analysis of hemoglobin fractions, or speciﬁc protein
assays may be necessary. Further investigations will include, when
required, bone marrow sampling with Perl’s staining to search for
ring sideroblasts. The determination of body/liver Iron content
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(LIC) using MRI is important when IO is suspected. Finally, in the
era of genomics, the diagnostic conﬁrmation is often based on
genetic analyses using
targeted
gene sequencing or next generation
∗
∗
sequencing (NGS). 14, 15

Future perspectives
The increasing development of high throughput sequencing
methods in the medical diagnosis will probably lead in the future
to the discovery of new entities of AMAs due to new genes or
syndromes. Nevertheless, the implication of each new gene has to
be clearly correlated to the phenotype and thus a comprehensive
set of accompanying clinical and laboratory tests remains
mandatory.
Whatever the cause, the management of AMAs is increasingly
based on the precise assessment of the iron status. The availability
in the past recent years of LIC measurements by MRI has provided
a powerful tool for non-invasive assessment of the iron stores.16
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The development of new methods of investigation will undoubtedly help improve the medical management of patients.17
Finally, there is now a spectrum
of emerging drugs in the ﬁeld of
∗
disorders of iron metabolism. 18 The place of these new medicines
should be deﬁned for each pathology, taking into account not only
the speciﬁc diagnosis explaining the microcytic anemia, but also
other possible genetic or acquired modiﬁers determined through
NGS or WES analysis. This will bring patients toward the era of
precision medicine allowing a better management and outcome.
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New Therapies for Congenital Microcytic Anemias
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Take-home message:
 Novel therapies are transforming the clinical care of several forms of congenital microcytic anemias

Introduction
The primary forms of congenital microcytic anemias are due to
decreased synthesis of the globin chains (beta- or alphathalassemia). Alternatively, they can be caused by defects in iron
acquisition (ie, deﬁciency in transferrin synthesis), altered iron
metabolism, as in iron-refractory iron deﬁciency anemia (IRIDA),
or defective heme synthesis, as in congenital sideroblastic anemias
(CSA). In the last few years much progress has been achieved,
particularly focusing on the treatment of beta-thalassemia, leading
to a variety of novel therapeutic approaches, now in the clinic or in
clinical trials. Some of these novel therapies are represented by
drugs that improve iron metabolism, ineffective erythropoiesis or
correct the genetic defects. These drugs also have the potential to
be utilized (after appropriate modiﬁcations) to other form of
microcytosis, discussed further herein. (Fig. 1).

Current state of the art
Beta-thalassemia is a disease characterized by different clinical
features, some of which are more severe in some patients than
others. To simplify, patients have been classiﬁed as affected by
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transfusion dependent or non-transfusion
dependent thalassemia,
∗
respectively NTDT and TDT. 1,2
Luspatercept (Reblozyl) is a drug that has been recently
approved by the FDA for TDT patients, where it increases red cell
production and improves transfusion regimen.3,4 Currently,
Luspatercept is being tested in NTDT patients.3 This drug is a
trap ligand derived from the extracellular membrane of the
Activin Receptor 2B.5 It targets one or more ligands of the TGFbeta family, acting on the Smad pathway and improving the
differentiation of the erythroid precursors to enucleated eryth∗
rocytes.5 However, its mechanism of action is still ill deﬁned. 6
A second group of drugs have the potential to improve ineffective
erythropoiesis in beta-thalassemia. Their function is based on
their
∗
∗
ability to decrease iron absorption and erythroid iron intake. 1,7, 8,9
These drugs act as mimetics of Hepcidin (the hormone that limits
iron absorption), target the activity of Ferroportin (the molecule
that controls iron egress from the duodenum and it is degraded
by
∗
∗
hepcidin), or modulate Hepcidin or Ferroportin activity. 1,7, 8,9 In
general, these drugs (including administration of transferrin
molecules) reduce transferrin saturation, limits formation of heme
and, eventually, hemichromes,∗ which
are toxic aggregates made of
∗
alpha-globin chain and heme. 1,7, 8,9 As a consequence, red blood
cells (RBC) are less∗abnormal
and accumulate in circulation due to
∗
increased lifespan. 1,7, 8,9 These compounds may have additional
positive effects on erythroid cells’ proliferation and differentiation
by ameliorating∗iron∗ overload and limiting detrimental effects of
oxidative stress. 1,7, 8,9
A third group of drugs are being developed to increase RBC
synthesis by modulating the sensitivity of erythroid cells to
erythropoietin (Epo). The main target is the transferrin receptor-2
(Tfr2), expressed on erythroid cells.10 In a murine model of betathalassemia intermedia, partial deletion of Tfr2 in the bone
marrow leads to increased RBC synthesis.10 In this case, the
potential mechanism of action, still not completely elucidated, is
associated with the role of Tfr2 in modulating the exposure and
activity of the Epo-receptor (EpoR) on the surface of the erythroid
cells, therefore increasing the sensitivity of these cells to Epo.10
Interestingly, the potential different mechanism of actions of
these drugs can lead to combinatorial therapies (including the use
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Figure 1. Diagram summarizing the novel potential therapeutics for the treatment of ß-thalassemia discussed in this article.

of iron chelators) with the potential to further increase RBC
synthesis and/or decrease iron overload.
Of note, the use of JAK2 inhibitors have also been proposed in
beta-thalassemia to decrease splenomegaly and, eventually,
decrease transfusions.11–13 However, their use in mouse models
and humans affected by beta-thalassemia have showed only a
clear beneﬁt in the reduction of splenomegaly.11–13 Based on these
results, a tailored and limited administration of JAK2 inhibitors
could be considered, if splenomegaly cannot be reduced by blood
transfusion.11–13
Collectively, these drugs seem to have a greater potential to
modify NTDT. They may or not be as efﬁcacious in TDT, where
patients may only partially beneﬁt from reduced transfusion
regimens, amelioration of splenomegaly or decreased iron
overload. From this prospective, novel gene therapy approaches
may offer a deﬁnitive cure for many of these patients.
These genetic approaches can be divided in “gene addition”
versus “genome editing”. In the ﬁrst case, a corrected copy of the
human beta-globin gene or gamma-globin gene
is inserted into
∗
hematopoietic stem cells (HSC) ex vivo.12, 15,16 Alternatively,
the technique used for gene addition can be used to introduce
an shRNA sequence to target the mRNA encoded by BCL11A,
which suppresses the synthesis of fetal-hemoglobin.17 All these
approaches require a gene transfer system, such as lentiviral
vectors, to insert
the corrective sequence into the genome of
∗
patient HSCs.14, 15,16 In the case of genome editing, the HSCs are
modiﬁed using a variety of tools (ie, CRISPR/Cas9, Talens, ZincFinger proteins) to correct mutations in the beta-globin gene or
disrupt the expression of genes that inhibit the synthesis of fetal
hemoglobin.18 Both gene addition and genome editing require
myeloablation of the ∗patients prior reinfusion of the HSCs
genetically modiﬁed.14, 15,16
Gene addition is now a reality, as shown by the successful
application of a variety of vectors that were able to cure several
patients affected by beta-thalassemia, including the ﬁrst approved
vector indicated as Zynteglo, which requires
several copies of
∗
integration per genome to be curative.14, 15,19,20 If more powerful
vectors will be generated, these may be able to cure TDT patients
with less number of integrations per
cell, and therefore decreasing
∗
the chance of genome toxicity.12, 15,19,20
The main goal of genome editing is to correct mutations or
target speciﬁc sequences
to alter the expression of modiﬁer genes,
∗
such as BCL11A. 21 Since homologous recombination is still
challenging and relatively inefﬁcient, gene disruption is the current
approach to cure hemoglobinopathies, including beta-thalassemia. Speciﬁc targeting of the enhancer that controls expression
of
∗
BCL11 in erythroid cells is currently under investigations. 21

Future perspectives
Altogether, these novel drugs and genetic approaches could be also
beneﬁcial in other forms of hemoglobinopathies (such as alphathalassemia, combination of sickle cell disease/beta-thalassemia and
additional forms of hemoglobinopathies) and unrelated diseases

associated with iron overload (ie, hemochromatosis and some form
of congenital dyserythropoietic anemia or CDA). Furthermore,
similar gene therapy approaches could be eventually modiﬁed to help
patients affected by CSA, CDA and other form of congenital anemias.
In conclusion, the new therapies developed in beta-thalassemia are
paving the way to potentially cure many other diseases.
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Mutational Landscape in Myeloproliferative Neoplasms (MPN) and
Eosinophilia: Diagnostic and Treatment
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Myeloproliferative neoplasms (MPNs) are clonal hematopoietic
malignancies leading to an increased uncontrolled production of
differentiated myeloid blood cells. Phenotype driver mutations of
JAK2, CALR, and MPL genes are present in MPNs and may be
accompanied by additional mutations that can be acquired in
advance or occur later in the course of the disease. In 2013
mutations in calreticulin (CALR) were identiﬁed in 25% of the
JAK2 negative or MPL unmutated patients with essential
thrombocythemia and in 35% of the patients with myeloﬁbrosis.
In this educational session Prof. S. Constantinescu will explain
the mechanisms of the oncogenic effects induced by CALR mutants
on the thrombopoietin receptor (TpoR/Mpl) and the constitutive
activation of the JAK2-STAT5/STAT3 signaling pathway. These
mutated CALR proteins may also have an immunosuppressive
effect blocking antineoplastic immune responses and may be
potentially oncogenic. The different mechanisms described may
offer new therapeutic opportunities in the treatment of CALR
mutated MPNs.

MPNs are rare diseases but inherited factors may cluster them
within families. First degree relatives of MPN patients may have
a 5–7-fold risk to develop a MPN. Dr. I. Plo will elaborate on
the different entities in MPN families: the “true” MPN families
in which germ line variants contribute to the initiation and/or
development of a monoclonal disease and the “MPN-like
hereditary diseases” inherited in a Mendelian way and
presenting a polyclonal hematopoiesis with a generally good
prognosis.
A distinct category of myeloproliferative diseases are the
MPNs with eosinophilia. Prof. A. Reiter will present the
mutational landscape and treatment possibilities in a
category of clonal diseases for which diagnosis is often
difﬁcult and adequate treatment mandatory. Using RT-PCR,
FISH analysis and RNA sequencing techniques tyrosine
Kinase fusion genes, reciprocal translocations and cryptic
fusion genes may be detected conﬁrming malignant clonal
hematopoiesis.

Key points:
 Gaining insight into the mechanisms of the recently described calreticulin (CALR) mutational pathways in myeloproliferative
neoplasms (MPN)
 Becoming familiar with true MPN families and MPN-like hereditary diseases
 Take a deep dive in the mutational landscape and treatment possibilities of MPNs with eosinophilia
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Mutational Landscape in Myeloproliferative Neoplasms (MPN) and Eosinophilia: Diagnostic and Treatment –
Section 12

CALR Mutations in MPN
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Take home messages:
 Mutant CALR protein interacts with and activates TpoR, trafﬁcs via the secretory pathway bringing TpoR with immature Nglycosylation to the cell-surface, which is required for full-oncogenic effects, the mutant CALR-TpoR being potential therapeutic
targets for MPN treatment
 Mutant CALR proteins are secreted and might play immunosuppressive roles, as well as potentially pro-oncogenic roles
 JAK2-dependent signaling pathways are persistently activated in a TpoR-dependent manner while calcium homeostasis is
perturbed in a TpoR-independent manner

Introduction
The BCR/ABL-negative myeloproliferative neoplasms (MPNs)
are clonal hematological malignancies characterized by the
acquisition of somatic mutations in stem/progenitor cells leading
to overproduction of myeloid blood cells. Recurrent somatic
mutations in the gene coding for the chaperone protein
calreticulin (CALR) were identiﬁed in 2013 in roughly 25%
of ET and 35% of PMF cases.1 Over 60 different CALR
mutants resulting from a 1/+2 frameshifting mutation of the
CALR exon 9 are known, characterized by a de novo Cterminal sequence harboring positively and hydrophobic
residues and the loss of the ER-retention signal KDEL. The 2
prevalent mutations in CALR are a 52-base deletion (type-1:
del52, c.1092_1143del) or a 5-base insertion (type-2: ins5,
c.1154_1155insTTGTC). Several studies have demonstrated an
essential role for the thrombopoietin receptor (TpoR/Mpl) in the
oncogenic effects exerted by CALR mutants. These oncoproteins interact with and activate TpoR leading to persistent
JAK2-STAT5/STAT3 signaling.2–4
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Current states of the art
TpoR and mutant CALR interaction
CALR mutants are directly binding immature forms of
receptor and forces their
trafﬁc through the secretory pathway
∗
to the cell surface,5, 6 a prerequisite
localization necessary
∗6
for its full oncogenic
activity.
Mutant
CALRs require
∗
oligomerization 7 in order to activate TpoR by forming TpoRCALR mutant complexes, which need the most distal Nglycosylation site of TpoR (Asn117) and an intact lectin-binding
site on CALR. Aside from the Asn117, a hydrophobic patch in the
extracellular
domain of TpoR is required for stabilization and
∗
activation 6 and a threshold of positively charged residues in the
tail.8

CALR and its rogue chaperone activity
The CALR mutants act as rogue chaperones allowing transport
to the cell-surface of immature TpoR and also rescue of receptors
that are known to be blocked in the endoplasmic reticulum, such
as TpoR R102P, which in homozygous state induces congenital
amegakaryocytic
thrombocytopenia due to inaccessibility to
∗
ligand. 6

In vivo models
Several
in vivo knock-in models are available for CALR
∗ ∗
del52. 9, 11 In heterozygous state the phenotype is thrombocytosis, and a slow
dominance detected after 120 days post∗
transplantation. 11 Not all type I CALR mutants appear to induce
the same effect in vivo, as CALR del61 knock-in is induces a much
weaker effect than CALR del52
knock-in and only the latter
∗
phenotype is transplantable. 11
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Figure 1. Recent developments in understanding the pathogenicity of mutant CALR in MPNs. Hypothetically, therapeutic approaches could
aim at : (i) disruption of mutant CALR-TpoR intracellular and especially cell-surface interaction, (ii) induction of immunological response directed
against mutant CALR, TpoR or mutant CALR-TpoR complexes at cell-surface of the mutated clones, (iii) inhibition of downstream activated of
pathological signaling pathways (JAK/STAT, PI3K-Akt and MAPK) by speciﬁc pharmacological inhibitors alone or in combination, (iv) targeting cells
with an abnormal Unfolded Protein Response (UPR)/Endoplasmic-Reticulum-Associated protein Degradation (ERAD) pathways; (v) abnormal NFkB signaling in hematopoietic stem cells carrying CALR mutations; (vi) targeting and (vii) restoration the normal ER and cytosolic calcium
homeostasis. DC, dendritic cells, TCR, T cell receptor, MHC-I, major histocompatibility complex I. Secreted mutant CALR proteins (green) might
exert immunosuppressive effects. Both secreted, and cell-surface mutant CALR in complex with TpoR could be targeted by protein therapeutics (ie,
antibodies), while small molecules could penetrate cell membranes and target the mutant CALR-TpoR complexes intracellularly.

Calcium and CALR
The alteration of the calcium buffering function of mutant CALR
affects cell functionality and signaling, particularly in megakaryocytes, which show constitutive activity of the stored-operated
calcium entry (SOCE) machinery leading to sustained TpoR
signaling downstream and Mk proliferation.12 This is due to
relocation of CALR mutants to the membrane TpoR and hence
decreased formation of the CALR-ERp57-STIM1 complex.

∗

CRISPR Calrdel52 mice. 11,16,17 Cellular CALR release has been
shown to suppress antineoplastic immune responses through the
blockage of dying cancer cells’ phagocytosis by dendritic cells.16
Circulating CALR mutants may stimulate TpoR-expressing cells in
an autocrine or paracrine manner, as recently reported.17 The
preference of mutant CALR to oligomerize and bind TpoR with
immature sugars may explain why circulating mutant CALR proteins
do not induce polyclonal thrombocytosis and might favor the clone.

MHC type I assembly and CALR
Unfolded protein response, NF-kB signaling and
mutated CALR
CALR mutated cells lose their ability to respond to ER stress, in
particular the induction of apoptosis through unfolded protein
response (UPR).13 The low expression of CALR mutants observed
by many groups has been shown to result from a combination of
secretion and ERAD-proteasome degradation.14 Importantly, the
IRE1 arm of UPR is activated from hematopoietic stem cells to
megakaryocytes in the case of CALR mutated MPN cells, ∗as
shown by a recent single cell RNA and DNA sequencing study. 15
In contrast, only the mutated long-term hematopoietic stem cells
but not later
progenitors exhibit activated NF-kB signaling
∗
signature. 15

CALR secretion and immunosuppressive effect
Recently, secreted CALR has been found circulating in plasma
from patients with CALR mutated MPNs and from knock-in

As CALR is a key partner in the MHC class I peptide loading
complex, the effect of CALR mutation has been studied. In the
case of CALR frameshifted mutants, the peptide loading of MHC
class I is impaired even in the presence of CALR wild type,
suggesting that the heterozygous clones harboring mutant CALR
are unable to present antigen at their cell surface and to induce an
immune response.18 However, immune responses of CD4+ T-cell
to mutant CALR has been observed in healthy individuals,
indicating that mutant CALR is immunogenic.19

Perspectives
Although conventional MPN therapies (interferon, JAK2 inhibitors, anagrelide, hydroxyurea) have been effective in improving
quality life by decreasing symptoms, they are not curative.
Particularly, IFN alpha is less active in CALR mutated MPNs than
in JAK2 V617F MPNs,20 where it can induce molecular remissions.
Therapies against MPNs driven by CALR mutations could involve
several approaches (Fig.1) based on the recent understanding of the
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role of cell-surface TpoR-CALR mutant complexes and vulnerabilities given by abnormal UPR and calcium homeostasis.
The accessibility of CALR mutants at cell surface or free in the
plasma raises the possibility to develop immunotherapeutic strategies. The inability of mice transplanted with different ratios of wild
type and CALR del52 knock-in bone marrow to respond to a peptide
immunogen while mice transplanted only with wild type bone
marrow raises the issue of tolerance to the novel sequence, potentially
due to the presence of the antigen in hematopoietic
stem cells, and
∗
hence in antigen-derived presenting cells. 15
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Take-home messages:
 “MPN-like” hereditary diseases and “true” MPN families characterization
 Germline abnormalities include low-penetrance risk alleles, highly penetrant predisposing variants and germline Mendelian
variants depending on the familial entities

Introduction

Current state of the art

Myeloproliferative neoplasms (MPN) are clonal hematological
malignancies leading to overproduction of mature myeloid cells.
The main driver mutations involved in MPN are acquired in the
hematopoietic stem cell and concern 3 genes, JAK2, the
thrombopoietin receptor MPL and calreticulin (CALR). They
all lead to the constitutive activation of the cytokine receptor/
JAK2 signaling pathway. Most MPN are sporadic but inherited
factors can contribute to their development. Indeed, ﬁrst-degree
relatives of MPN present a 5 to 7-fold increased risk to develop a
MPN and rare familial cases are reported (<5%).1,2 Overall MPN
families are divided in 2 entities: “true” MPN families and “MPNlike hereditary diseases”. Cases from true families develop clonal
MPN diseases in adulthood when they acquire similar JAK2/
CALR/MPL mutations than the sporadic cases. The clustering of
MPN cases in families is due to rare germline variants
(predisposition factors). Thus, the disease is generally transmitted
through an autosomal dominant inheritance with incomplete
penetrance. In contrast, MPN-like families include cases with nonclonal diseases developing at young age. They are explained by
extremely rare genetic variants directly responsible for the disease
phenotype and which transmit through an autosomal dominant
inheritance with a complete penetrance (Fig. 1).

True MPN families are deﬁned by the presence of at least two
MPN cases. Analysis of large families (≥ 3 cases) showed that a
single type of MPN (essential thrombocythemia (ET) or
polycythemia vera (PV) or more rarely, primary myeloﬁbrosis
(PMF)) was present in half families while other families had mixed
phenotypes, generally ET and PV and, in rare cases, other
hematological myeloid malignancies. Familial cases of MPN are
completely indistinguishable from sporadic MPN in terms of
clinical presentation, age of onset, prognosis, complications
(hemorrhage and thrombosis), disease progression (MF or
leukemia), and molecular abnormalities.3,4 They harbor the same
types and recurrence of somatic mutations in JAK2V617F, CALR,
and MPL and in additional mutations.5
Since MPN display a low incidence of development, the fact that
several cases aggregate in families, suggests that germline variants
predispose to the initiation and/or development of the disease in
these families. Several germline variants have been identiﬁed: lowpenetrance risk alleles and rare predisposing germline variants.
The main low-penetrance risk alleles correspond to common
single-nucleotide variations (SNV) present in the general population that increase very weakly the development of MPN. Several
major susceptibility alleles have been identiﬁed in sporadic cases:
JAK2 haplotype (called 46/1 or GGCC), MECOM and TERT
SNV.6 This means that these 2 SNV and the JAK2 haplotype were
more frequently observed in a large cohort of MPN sporadic cases
compared to a population of control cases. However, the absence
or presence of these susceptibility alleles does not predict a MPN
diagnosis on an individual scale.
In MPN families, susceptibility
∗ ∗
alleles found in sporadic cases 7, 8 as well as other ones (TET2
SNV (D1858F)9 and SH2B3 SNV (E208Q))10,11 could partially
explain the familial clustering with conﬂicting ﬁndings. Indeed,
TERT rs2736100, but not JAK2 haplotype, was found
signiﬁcantly enriched in familial cases compared to sporadic
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Figure 1. (A) Features of “MPN-like” and “true” MPN families in term of lineages involvement, clonality, transmission, penetrance, and age
of onset of the disease. The germline abnormalities are indicated as well as their frequency and penetrance. (B) Scheme of the identiﬁed
germline structural variants in different families that correspond to copy-number variation (CNV) duplicated in tandem and located on
chromosome 14q32.

MPN cases. However, the association of both TERT rs2736100
and JAK2 haplotype presents an additive risk of developing a
MPN.7 Depending on families, germline SH2B3 and TET2
mutations were reported to segregate with MPN cases or not.10,11
Germline variants with a highly penetrance have also been
reported in some MPN families. RBBP6 R1569H variant was
found in an Australian pedigree with 5 affected members
presenting almost only PMF with JAK2V617F, CALRdel52 or
MPLW515L and 8 asymptomatic∗ family members suggesting a
low-penetrance of the mutation. 12 RBBP6 is a RING ﬁnger
ubiquitin ligase located in the nucleus, was initially found as
binding to retinoblastoma protein (RB) and later as favoring the
MDM2/P53 interaction and the degradation of P53. The JAK2
haplotype and TERT rs2736100 seem to have additive effect with
the RBBP6 variant. Three novel potential candidate variants
(ZXDC (P644R), ATN1 (R234Q), and LRRC3 (R234Q)) for
familial PV were identiﬁed in a 4-generation Finnish family
without further functional evidence.13 Finally, 3 groups have
identiﬁed germline structural variants in different families that
correspond to copy-number variation (CNV)
duplicated in
∗
tandem and located on chromosome 14q32 5,14,15: (i) a∗700 kb
CNV in 6 families from West Indies (more than 50 cases) 5, (ii) a
1.8 Mb CNV in a 5-generation North-American pedigree,14 (iii) a
700 kb CNV in a 4-generation Australian family.15 The
penetrance of development of MPN and other myeloid hemato| 106 |
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logical malignancies was very high but the spectrum of the diseases
was a bit different according to the CNV location. Indeed, MPN
were overrepresented in the West Indies families compared to
others families. The TCL1A gene was the only common gene
duplicated in the 3 CNV, suggesting that it must be involved in the
predisposition mechanism. However, ET/PMF phenotype of the
West Indies families is more related to the role of ATG2B/GSKIP
in megakaryopoiesis.5
“MPN-like hereditary diseases” are extremely rare and
characterized by one myeloid lineage deregulation leading to
hereditary thrombocytosis, erythrocytosis, or neutrophilia. They
present a polyclonal hematopoiesis contrary to familial MPN and
are generally of good prognosis and not associated with myeloid
transformation. They are due to germline Mendelian variants and
the diseases are generally transmitted through a complete
penetrance at a young age. Hereditary thrombocytosis are due
to mutations affecting the thrombopoietin (TPO)/MPL/JAK2 axis.
Indeed, gain-of-function mutations have been described in the
THPO gene leading to increased TPO translation, in the MPL
gene affecting extracellular, transmembrane and intracellular
domain (S505N, W515R, K39N) and in the JAK2 gene affecting
the FERM domain (T108A, G335D, L393 V), the pseudokinase
domain (R564Q, G571S, H608N, L611S, V625F, S755R) and the
kinase domain (R867Q, R938Q) of the protein.16 These JAK2
mutations speciﬁcally activate MPL. Loss-of-function mutations
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in MPL (R102P and P106L) have also been reported and lead to
the decreased TPO clearance by platelets and increased plasmatic
TPO levels. Hereditary erythrocytosis are due to germline gain-offunction mutations in genes affecting the erythropoietin (EPO)/
EPOR/JAK2
axis notably in SH2B3, EPOR, and EPO gen∗
es. 17,18 Mutations regulating the EPO production take also part
in the etiology of this disease (mutations in VHL, HIF2a, PHD2).
Finally, hereditary neutrophilia are due to germline gain-offunction mutations in the CSF3R gene (T618I and T640N).19,20

Signiﬁcance in clinical practice
We recommend 2 distinct analyses according to the driver
mutational status of familial MPN cases. In familial MPN cases
harboring JAK2, CALR, or MPL mutations, we suggest to look
for 14q32 CNV and to analyze the RBBP6 gene. In triple negative
familial cases, we recommend to analyze by high throughput
sequencing the genes involved in hereditary thrombocytosis,
erythrocytosis, or neutrophilia. The identiﬁcation of a molecular
etiology will allow to optimize the clinical management and to
offer genetic counseling for relatives. In contrast, we do not
recommend to genotype susceptibility alleles such as JAK2
haplotype and TERT rs2736100 since the absence or presence of
these alleles on an individual scale does not allow concluding on
the genetic predisposition and could not be used for genetic
counseling.

Future perspectives
Studying these 2 types of families is very important since the
predisposition factors and pathways found in true MPN families
could also be involved in the initiation of sporadic cases or other
hematological malignancies. Indeed, JAK2V617F and mutations
in CALR have been identiﬁed in the general population. Thus, it is
possible that the predisposing factors can select the mutated
hematopoietic stem cell to give a clonal advantage and a full
disease. Moreover, the MPN-like hereditary diseases are also of
interest to better decipher the general mechanism of myeloproliferation.
Altogether, the variants are involved in 2 main pathways: JAK2
signaling and the control of cell cycle/DNA repair. Nevertheless,
the function of several genes (TCL1, ATG2B, GSKIP, ZXDC,
ATN1, LRRC3) is not fully understood and their role in
hematopoiesis as predisposing factors remain to be determined.
Moreover, the predisposing alleles have not been identiﬁed in
most families and data linkage analyses suggest a large genetic
heterogeneity. However, this task is very challenging because
familial clustering could be due to: (i) private germline variants, (ii)
complex structural variants or non-coding variants located either
in deep-intronic regions or in regulatory regions, (iii) a
combination of several low-penetrance variants due to oligogenic
inheritance.
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Take-home messages:
 Clonality-associated eosinophilia is established through the ﬁnding of cytogenetic aberrations, tyrosine kinase fusion genes and
point mutations
 PDGFRA and PDGFRB fusion genes are exquisitely sensitive to imatinib, conferring an excellent prognosis
 New tyrosine kinase inhibitors are promising for MPN in association with FGFR1 (pemigatinib) and JAK2 (ruxolitinib) fusion
genes but allogeneic stem cell transplantation remains an important treatment option

Establishment of clonality by genetic techniques in patients with
unexplained eosinophilia has important prognostic and therapeutic
implications, ranging between watch and wait and rapid
∗ ∗
allogeneic hematopoietic stem cell transplantation (HSCT). 1, 2
The most frequent molecular aberration is the cytogenetically
cryptic FIP1L1-PDGFRA tyrosine kinase (TK) fusion gene, which
is usually identiﬁed by RT-PCR or FISH analysis, for which cells
from peripheral blood are sufﬁcient. We consider RT-PCR as the
gold standard, being aware of several FISH-negative/RT-PCRpositive cases but not vice versa. In contrast, the vast majority of
related but rare TK fusion genes with rearrangement of PDGFRB
(most frequently ETV6-PDGFRB or CCDC88C-PDGFRB),
FGFR1 (eg, ZMYM2-FGFR1), JAK2 (eg, PCM1-JAK2), ABL1
(eg, ETV6-ABL1) or FLT3 (eg, ETV6-FLT3) are usually identiﬁed
through cytogenetic analysis of cells derived from a bone marrow
aspirate.3 Distinct reciprocal translocations, most frequently t(5;12)
(q31-q33;p13) or t(8;13)(p11;q12), which imply involvement of
PDGFRB at 5q32 and FGFR1 at 8p11, guide the conﬁrmation
of the fusion gene by RT-PCR/sequencing analysis, which is
essential for molecular follow-up of response to therapy. Another
recurrent fusion, ETV6-ABL1, is created through a more complex
rearrangement but can also be cytogenetically cryptic. Due to its
strong association with eosinophilia, it should be included in
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the WHO subcategory of myeloid/lymphoid neoplasms with
eosinophilia (MLN-eo) and associated TK fusion genes.4 Some
cytogenetically cryptic fusion genes, mainly due to inversions or
small deletions, for example, ZMYM2-FLT3 or DIAPH1PDGFRB,5 have been identiﬁed through RNA sequencing, which
should become a routine diagnostic tool in the near future.
Besides eosinophilia, recurrent non-genetic characteristics of
TK fusion gene driven MLN-eo include (a) elevated serum levels of
tryptase, vitamin B12, and LDH, (b) cytopenias and monocytosis,
(c) hepatosplenomegaly and lymphadenopathy, and (d) variable
levels of ﬁbrosis and increased numbers of spindle-shaped and
loosely scattered, CD25+ positive neoplastic mast cells in the bone
marrow. Of note, eosinophilia can be absent, for example, in
association with involvement of FGFR1 or PDGFRB fusion
genes, which may at least in part depend on the partner gene, for
example, BCR. Special attention should be paid to the bone
marrow biopsy which should always include an aspirate for
standard morphology, cytogenetics and FACS (eg, T-cells, blasts)
and a core biopsy. The proportion of missed or incorrect
diagnoses whilst differentiating between clonal and reactive
eosinophilia is a concern and most prominent is the oversight of
systemic mastocytosis.6,7 Particularly important is the evaluation
of proliferation and dysplasia of non-eosinophilic lineages, ﬁber
staining and immunohistochemistry of megakaryocytes, monocytes, mast cells and blasts.8 Unexpected molecular genetic results
should prompt a re-evaluation and ﬁnal diagnosis should consider
both morphology and genetic proﬁle (Fig. 1).
The FIP1L1-PDGFRA fusion gene is exquisitely sensitive to
low-dose imatinib, for example, 100 mg/day following diagnosis
and 3  100 mg/week as maintenance dose after achievement of
complete molecular remission (CMR).9–12 Imatinib 100 mg/day
has also been successfully used in patients with PDGFRB fusion
genes.13 Rarely, patients are diagnosed in primary lymphoid or
myeloid blast phase, which is often present at extramedullary sites
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Figure 1. Diagnostic work-up and treatment options in eosinophilia-associated disorders.

in terms of T-cell, rarely B-cell lymphoma, or myeloid sarcoma.14
Without evidence from in vitro data or clinical trials, we
recommend treating patients in blast phase with imatinib 400
mg/day and to only consider dose reduction to 100 mg/day after
achievement of sustained CMR and the availability of frequent
sensitive molecular monitoring.13–15 Recent data have suggested
that imatinib can be interrupted/stopped
in FIP1L1-PDGFRA
∗
positive patients11,16,17, 18 in a similar way as in BCR-ABL1
positive CML. In FIP1L1-PDGFRA positive patients, we have not
yet observed primary resistance while the secondary resistance
may occasionally be caused by point mutations, for example,
T674I or D842 V.19 Despite encouraging in vitro data, potential
second-generation inhibitors, for example, nilotinib, have not
been effective and most patients reported have died within 12
months of emergence of imatinib-resistance.20 Potentially active
new drugs are either off-label, for example, midostaurin (T674I21)
or ponatinib (T674I and D842 V22,23), or only available in clinical
trials, for example, pemigatinib or avapritinib (D842 V). Due to
the poor prognosis, rapid HSCT should be considered in eligible
patients. ETV6-ABL1 positive patients can achieve complete and
durable remissions on ABL1-inhibitors with a better outcome
with nilotinib or dasatinib compared to imatinib.24 The situation
is different for patients with FGFR1 and JAK2 fusion genes.25
Primary or secondary blast phase in bone marrow or at
extramedullary sites is frequent and rapidly emerging. Patients
may therefore receive primary treatment with intensive chemotherapy but only rarely achieve durable remissions because of
primary resistance or early relapse. This may change through
the availability of ruxolitinib (JAK2)24,26,27 and pemigatinib
(FGFR1).28 Patients can achieve complete remissions, but the
long-term beneﬁt is yet unknown and (early) allogeneic HSCT
should always remain an option in every eligible patient.
The diagnostic criteria of “chronic eosinophilic leukemia, not
otherwise speciﬁed (CEL, NOS)” include a cytogenetic or molecular
genetic abnormality (with exception of an eosinophilia-associated
TK fusion gene) or blast cells ≥2% in the peripheral blood or >5%
in the BM. However, cytogenetic abnormalities other those being

associated with TK fusion genes or increased numbers of blast cells
occur very rarely. Recent data have highlighted the presence of
additional somatic mutations which are either deﬁning speciﬁc
subtypes of
myeloid neoplasms, for example, KIT D816 V or JAK2
∗
V617F,29, 30 or which are otherwise known to be of prognostic
relevance in myeloid neoplasms. Because signiﬁcant eosinophilia is
present in 20% to 30% of patients with KIT D816 V positive
advanced systemic mastocytosis, KIT D816 V represents in fact the
second most common eosinophilia-associated molecular aberration
after FIP1L1-PDGFRA. Clinical markers indicating KIT D816 V
positive advSM include cytopenia(s), monocytosis, elevated tryptase
and alkaline phosphatase
in serum, signs of portal hypertension and
∗
malabsorption.29, 30 Other recurrent
mutations include STAT5B
∗
N642H and JAK2 ex13InDel. 31,32 Extended molecular proﬁling
of STAT5B N642H and KIT D816 V positive patients has revealed
that the prognosis is predominantly determined by presence and
number of additional somatic mutations, for example, SRSF2,
ASXL1, RUNX1. Besides the speciﬁc use of KIT- (eg, midostaurin,
avapritinib) or JAK-inhibitors (eg, ruxolitinib), these patients may
be candidates for treatment with hydroxyurea or interferon-alpha.
Overall, all patients should be carefully checked upon eligibility of
HSCT because of the association of eosinophilia with additional
somatic mutations and consequently adverse prognosis.
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Acute myeloid Leukemia (AML) is not one disease but a
collection of multiple acute myeloid disorders, each with a different
biology, disease manifestation and clinical response. Molecular
studies emphasized the differences among AMLs and revealed that
at least 50 genes are frequently mutated, which can occur in distinct
combinations. Understanding the role of these genes and how the
mutations affect the biology of myeloid cells will be helpful to
develop “smart” medicines. The ﬁnding that multiple subclones
may occur within one AML patient sample further demonstrates the
complexity of the disease. Clonal evolution within patients will be a

challenge for future therapeutic options and monitoring. The
mutations are also relevant to determine the efﬁciency of treatment
by means of minimal residual disease (MRD) detection. In fact, the
sensitive detection of these combined mutations at remission will
become more and more relevant for choices of treatment at relapse.
The co-occurrence of certain mutations appears to differ across the
ages of the patients with AML. Young, adult and older patients with
AML are also treated differently. Current knowledge on molecular
events driving AML development has also impact on the treatment
of AML in each age group.

Key points:
 The importance of at least 50 genes that are frequently mutated in AML which are essential for current therapeutic decision-making
 How the distribution of certain mutations in AML alters across the ages from infant, childhood, young and older adults
 The value of NGS-based MRD detection, but also the achievements that have to be made to fully implement this technology in
routine diagnostics
 The era of precision therapy in AML is leading to signiﬁcant advances for elderly patients not eligible for intensive chemotherapy
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The Molecular Landscape of AML
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Patrick G Johnson Centre for Cancer Research, Queen’s University Belfast, United Kingdom
Take-home messages:
 There are at least 50 genes in which mutations have been identiﬁed in AML and which can co-occur to inﬂuence prognosis
 The frequency distribution of the mutations alters across the ages from infant, childhood, young and older adults
 Clonal evolution within patients will be a challenge for future therapeutic options or monitoring

Introduction
In recent years, technologies have advanced rapidly, moving
away from the traditional cytogenetic analysis and beyond Sanger
sequencing of candidate genes to whole genome or exome
sequencing and the use of targeted mutation sequencing panels.
The increase in capability and capacity with reducing costs and
reduced turn-around times have signiﬁcantly improved our
knowledge of the diverse genomic landscape of AML. Many of
the abnormalities have independent prognostic impact, although
the majority co-occur with many other driver mutations to add to
the complexity already associated with developing effective
therapeutic strategies.

Current state of the art
Prior to 2008, abnormalities associated with AML had mainly
been identiﬁed through cytogenetic analysis detecting mainly
balanced reciprocal translocations. Those such as t(8;21)(q22;
q22.1) (RUNX1-RUNX1T1 gene fusion), inv(16)(p13.1q22) or
t(16;16)(p13.1;q22) resulting in CBFB-MYH11 fusion, are in
favorable risk groups and the KMT2A (MLL) / 11q23 loci
chromosomal abnormalities are in intermediate risk categories.
Other recurring cytogenetic abnormalities are incorporated
into the World Health Organization (WHO) or the European
Leukemia Network (ELN) classiﬁcations.1,2 Inv(3) (q21.3q26.2)
or t(3;3)(q21.3;q26.2) leads to haploinsufﬁciency of GATA2 and
over-expression of MECOM (EVI1) and t(1;22)(p13.3;q13.1)
resulting in the RBM15-MKL1 fusion with involvement across
chromatin organization, HOX-induced differentiation, and
signaling pathways.3 Others including t(9;22)(q34;q11), t(6,9)
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(p23;q34); t(8,13)(p11;p13); t(7,12)(q36;p13) and those associated with NUP98 fusions or 11p15 rearrangements are associated
with extremely poor outcome. (Fig. 1).
A few gene mutations, such as those occurring in FLT3, NPM1,
and CEPBA were incorporated into the WHO classiﬁcation.
∗
Next-generation sequencing of a single AML patient in 2008 4
and then subsequent studies involving larger cohorts of patient
samples have demonstrated that mutations ∗can
occur in up to
∗
50 genes in different functional categories.5, 6, 7,8 Furthermore,
almost all samples had mutations in more than one gene/
functional group; some of these co-occurrences behave as positive
or negative prognostic modiﬁers7,8 and impact on a patient’s
response to treatment.8
The most frequent recurrent genetic abnormalities in AML can
be coalesced into six main functional categories; the presence of
multiple mutations in a single functional category is usually
mutually exclusive however, it is possible to have mutations in
different functional categories within a patient. Approximately
2/3rd of AML cases have mutations in genes leading to aberrant
activation of signalling pathways; genes in this group include
FLT3, KRAS, NRAS, KIT, PTPN11, NF1, JAK2, CALR, CSF3R,
CBL, or SETBP1. FLT3 mutations occur in approximately 1/3rd
of patients, often in combination with NPM1 or DNMT3A
mutations. The second functional group are epigenetic modiﬁers,
which have a role in DNA methylation and/or chromatin
modiﬁcation; these are DNMT3A, IDH1, IDH2, TET2, ASXL1,
EZH2, or KMT2A (MLL). Within this group, DNMT3A, a DNA
methyltransferase, is the most commonly mutated gene occurring
in 20% to 30% of cytogenetic standard risk AML. Mutations of
the Nucleophosmin gene (NPM1) represent a functional group;
present in around 32% of cases but, exhibits considerable
molecular complexity through co-occurrence with other mutations, notably DNMT3A or FLT3-ITD, which can alter the
prognostic signiﬁcance.9 Mutations in genes involved in RNA
regulation/Spliceosome complex (SRSF2, U2AF1, SF3B1, or
ZRSR2) occur in around 10% of patients and cause aberrant
splicing as well as affecting the transcriptome and proteome.
Around 23% of patients will have a mutation in a transcription
factor, mainly in the myeloid transcription factors, such as
RUNX1 or CEBPA but this group also includes GATA2, TP53,
ETV6, BCOR, WT1, and PHF6. The last functional category
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Figure 1. Protein–Protein Interaction Network of the commonly mutated genes in AML identiﬁed via STRING analysis (www.string-db.
org).22 Interactions shown are as experimentally determined (red lines), co-expression (green lines) or co-occurrence (dark blue lines). At this level
the clustering of protein-protein interactions are limited mainly to the different functional groups; further supporting the mutual exclusivity of gene
mutations within each functional group.

involves genes within the Cohesin complex (RAD21, STAG1,
STAG2, SMC1A, or SMC3), which catalyses the folding of the
genome into transcription associated loops. Although these
mutations are less common (<10%) they usually co-occur with
mutations from other functional classes. These mutations will also
have an overall impact on the transcriptional landscape of the
cells. Coding and non-coding, including lncRNA, miRNA and
circRNA will be effected and have an impact on prognosis and as
potential therapeutic targets.10–12
Gene mutations have been reported in AML patients across all
age groups from infants to older adults; however, there is now
increasing evidence to suggest that the spectrum of mutations is
dynamic and changes with age. Germline mutations have been
identiﬁed for some of these genes, notably GATA2 and CEBPA,13
leading to the inclusion of “germline predisposition” as a separate
WHO category2 whilst the ELN has recommended molecular
testing if this is suspected.1 Whole genome sequencing of AML
patients may also have the unintended consequences of identifying
genes associated with altered therapeutic responses or the
development of secondary cancers.
The majority of genomic studies are usually on younger adults,
from 15 to 65 years old at diagnosis, and the incidence ﬁgures
given above reﬂect this population age. However, there are clear
age related differences
in the mutational landscape of paediatric
∗
and adult AML. 14 Pediatric AML has been shown to be more
commonly associated with fusion oncogenes arising from
chromosomal translocation, frequently involving the KMT2A

(MLL) gene. In addition, in infants and children, gene mutations
often hit signaling and kinase pathway components, whereas
mutations in adults more often occur in epigenetic regulators or
transcription factors.15 Furthermore, in a study of AML patients
under 18 years old at diagnosis,16NPM1 mutations were
identiﬁed in only ∼9% of childhood cases whilst NRAS mutations
were detected in 30% of pediatric AML (c.f. 32% and ∼10%
respectively in adult AML).8 Indeed, recurrent focal deletions are
more common in pediatric
cases speciﬁcally involving ZEB2,
∗
MBNL1, and ELF1. 14
At the other end of the age spectrum, in patients over the age of
60, the top 5 mutated genes with an occurrence above 20% were
NPM1, DNMT3, FLT3-ITD, TET2, and SFSF2.17 A shift in
genes and functional groups mutated in different age groups is
demonstrated by mutations in genes associated with epigenetic
regulation, notably DNA methylation, observed in 73% of
patients over the age of 80 years old at diagnosis.18 The
occurrence of gene mutations in patients with clonal hematopoiesis of indeterminate potential (CHIP) will not be discussed except
to highlight that DNMT3A, TET2, and ASXL1 (epigenetic
modiﬁers) are frequently mutated in this aging patient population;
occurring during the natural ageing process and pathogenicity
cannot be directly correlated to these mutations.19
In addition to the changes in the mutational landscape due to
age, the spectrum of mutations within individual patients
throughout AML progression is not static. While the variability
was limited to sub-clones with late-acquired mutations, evolution
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mainly involved modiﬁcation of sub-clones leaving the clonal
background unchanged.20 However, single cell analysis has
demonstrated further genetic complexity with a preferred order
of
∗
mutation acquisition and simultaneous sub-clone evolution. 21

Future perspectives
The challenges that lie ahead are not associated with identifying
more mutated genes, although rare infrequent mutations may be
identiﬁed with increasing numbers of patients sequenced. The
challenge is how the global architecture of the disease functions
through interactions between mutations and how their cooccurrences inﬂuences therapeutic options. Thus, consideration
must be given to how we approach and treat the complex nature of
the disease as a whole as opposed to targeting single gene mutations.
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Risk-stratiﬁcation of acute myeloid leukemia (AML) based on
the presence or absence of recurrent somatic abnormalities has
evolved substantially over the years and is now summarized in the
current 2017 European Leukemia Net (ELN) recommendations.1
Our improved understanding of the molecular landscape of AML
has resulted in better treatment decisions at the time of complete
remission (CR) after induction treatment. High dose chemotherapy treatment results in CR rates of 80% and higher, however, the
majority of these AML patients will eventually relapse. Thus,
there is still a great need for adequate prediction of impending
relapse to adapt treatment accordingly and improve outcome of
AML patients at risk of relapse. Measurable residual disease
(MRD) detection has already proven to have substantial value in
predicting relapse when applied to AML in CR, but molecular
MRD detection has been
limited to only a subset of genetically
∗
deﬁned AML subtypes. 2,3,4,5 Next generation sequencing (NGS)
enables the detection of all, often patient-speciﬁc, mutations at
diagnosis and in CR and is applicable to virtually every newly
diagnosed patient with AML.6
Reliable detection of all mutant cell populations at diagnosis
and during the course of disease is required before NGS-based
MRD detection can be adopted in routine analyses. Sequencing
artifacts are introduced during DNA isolation, library prep and
the actual NGS-procedure, which makes sensitive detection
of all
∗
possible mutations at low level (<0.1%) challenging. 7 These
sequencing errors can be reduced by, for example, the use of
proof-reading polymerases, computationally or with various
∗
error-corrected NGS methodologies using molecular barcoding. 7
These strategies have been shown to increase the speciﬁcity of lowfrequency mutation detection in general, however, the most
optimal approach for reliable detection of MRD in AML needs to
be determined.
Recently, several studies addressed NGS-based MRD detection
in relatively large AML cohorts from clinical trials, all demonstrating that “NGS-based MRD∗ carries
profound
prognostic impact for
∗
∗
patients with AML”.8,9,10, 11,12, 13,14, 15 In these studies
persisting
∗
mutations in CR were measured with gene panels, 11,14 capture
The authors have no conﬂicts of interest to disclose.
Copyright © 2020 the Author(s). Published by Wolters Kluwer Health, Inc. on
behalf of the European Hematology Association. This is an open access article
distributed under the terms of the Creative Commons Attribution-Non
Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is permissible to
download and share the work provided it is properly cited. The work cannot be
changed in any way or used commercially without permission from the journal.
HemaSphere (2020) 4:S2
Received: 17 January 2020 / Accepted: 30 March 2020

∗

∗

deep sequencing8–10,12 or targeted sequencing. 13, 15 Only in the
latter NGS-based MRD detection included error-correction using
unique molecular identiﬁers, indicating that the other NGS-based
MRD studies may not have been optimal. Another successful
approach
to correct for noise is the usage of site-speciﬁc error
∗
models. 11 However, in this setting a series of reference samples to
discriminate true MRD from noise is a prerequisite. Since NGS
MRD seems to have consistent prognostic value technological
improvements should be accomplished to further optimize relapse
prediction in AML.
In the ∗initial∗ NGS-based
MRD studies in larger AML
∗
cohorts,10, 11,12, 13, 15 it became also clear that “gene mutations
persisting in CR that are well-known to be associated with clonal
hematopoiesis of indeterminate potential (CHIP),16,17 such as
mutations in DNMT3A, TET2 and ASXL1 (DTA), do not impact
on risk of relapse” (Fig. 1). After high dose chemotherapy, these
AML patients are in a state of clonal hematopoiesis (CH), where
mutations occurring late in leukemogenesis are eradicated but
mutations also found in CHIP persist. Besides acquired mutations
in DTA, other well-known pathogenic mutations such as those in
TP53, PPM1D, JAK2, CBL, SRSF2, and SF3B1 have also been
shown to be present in CHIP, however, at lower frequencies.16,17
It has to be demonstrated if and to what extent persisting
mutations other than DTA represent either true residual leukemia
or CH with and without increased risk of relapse, respectively.
RAS pathway-related mutations such as those in FLT3, RAS,
KRAS, PTPN11, and KIT are known to be late events in AML
evolution (Fig. 1). These mutations are generally cleared by high
dose chemotherapy. However, persistence of these mutations,
representing frank leukemia,
is clearly
associated with a higher
∗
∗
∗
risk of relapse.8,9,10, 11,12, 13,14, 15 Altogether, these results
indicate that molecular MRD monitoring should possibly focus
on these late events. AML patients with TP53 mutations fail to
reach a CR or relapse quickly after induction
treatment,
∗
irrespective of their molecular MRD status. 11 Thus, certain
subtypes of AML may whereas other may not beneﬁt from
NGS-based MRD testing. While the recent developments in
NGS-based MRD detection represent major steps forward in
predicting relapse, they remain imperfect. It is conceivable that
the non-DTA mutations include a mixture of mutations
representative of either true leukemia or CH. Therefore, it is
expected that a better distinction of these two conditions will
improve the prediction of AML patients with higher risk of
relapse. The numbers of AML patients included in the initial
studies did not∗ allow∗ an ∗in detail analyses of less frequent
mutations.8,9,10, 11,12, 13,14, 15 Consequently, future studies will
require larger cohorts of AML.
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Figure 1. Clonal hierarchy of the different types of mutations in AML development and recurrence. Initiating mutations that result in clonal
dominance, also present in healthy individuals with CH, are not, whereas, residual transforming mutations that arise later in leukemia development
present in CR are associated with increased risk of relapse.

How does NGS-based MRD detection compare to the ‘golden
standard’ multiparameter ﬂow cytometry (MFC) MRD detection?
Today, there are only limited studies with ∗a decent comparison
between NGS- and MFC MRD detection.10, 11 Both these studies
demonstrate that there is a concordance of 70% with regard to
MRD detection using the 2 technologies, and that those patients
with detectable MRD by both MFC and NGS have the highest risk
of developing an AML relapse.9,10 Interestingly, however, those
AML cases with discordant MRD detection
results with NGS and
∗
MFC still carry prognostic value as well. 11 We need to further
improve the sensitivity of our NGS assays as well as our
understanding of the biology of CH after high dose chemotherapy
to better understand the discordant cases and determine whether
we require both technologies or only one.
In most studies NGS-based MRD detection focused on AML
patients at ∗ the ∗time
of CR after high dose induction
∗
treatment.10, 11,12, 13, 15 However, AML patients with high risk
of relapse can also be recognized by NGS-based MRD detection
post-transplant.18 Ultimately, dynamic monitoring of the AMLspeciﬁc mutations during the course of disease by NGS will be
utilized to determine therapy responses in AML.
Currently, “the major limitations of the NGS-based MRD
detection methodology relate to: limited sensitivity and speciﬁcity
of the assay and the inability to correctly discriminate between
residual leukemia and CH”. Improvements should be made in all
these areas before NGS-based MRD detection can successfully be
implemented in routine practice.
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The Treatment of Older Patients with AML who are Ineligible for Intensive
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Take-home messages:
 The era of precision therapy in Acute Myeloid Leukemia is leading to signiﬁcant advances for elderly patients not eligible for
intensive chemotherapy
 Molecular characterization of Acute Myeloid Leukemia is now essential for optimal therapeutic decision-making
 Mutation-targeted inhibitors as monotherapy are effective and well tolerated; and are now being studied in rational combinations

∗ ∗

Introduction
Acute Myeloid Leukemia (AML) is the most common adult
leukemia, with a median age at diagnosis of 68-years old and an
incidence which increases with age.1 The overall prognosis of
AML remains poor, especially in older patients with poor
performance status ineligible to receive intensive chemotherapy
(IC). The treatment for these patients has been historically
challenging, with options limited to low-dose cytarabine (LDAC)
or the hypomethylating agents (HMA) azacitidine and decitabine.
Although these agents demonstrate improvements in overall
survival (OS) compared to best supportive care,2–4 the prognosis
of elderly unﬁt patients has remained poor, highlighting the need
for more effective therapies. Importantly, recent improvements in
sequencing technologies has expanded our understanding of
genomic alterations in AML leading to the development of a new
arsenal of targeted agents to improve upon the outcomes of elderly
AML patients.

Current state of the art
Venetoclax is an oral highly selective inhibitor of the
antiapoptotic protein BCL-2, which is overexpressed in multiple
hematologic malignancies and associated with therapy resistance.
In pre-clinical studies, the BCL2 inhibitor venetoclax demonstrated potent activity in AML5 and synergy in combination with
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HMAs or cytarabine. 6, 7 Venetoclax in combination with HMAs
was evaluated in a phase Ib/II clinical trial
for patients with newly
∗
diagnosed AML unsuitable for IC.8, 9 One hundred forty-ﬁve
patients with a median age of 74 received venetoclax 400, 800, or
1200 mg daily combined with standard 5-day decitabine or 7-day
azacitidine. The complete remission (CR) and CR with incomplete
hematological recovery (CRi) rate was 67%, with 29% of
responding patients achieving MRD negativity by centralized
ﬂow cytometry. While patients of all cytogenetic risk groups
and molecular subgroups responded well to therapy, the durability
of response appears to be dependent on genomics, with patients
with NPM1 and IDH1/2 mutations having particularly favorable
outcomes and those with complex cytogenetics and/or TP53
mutations experiencing shorter remissions. Overall, the median OS
was 17.5 months. These results compare favorably with historical
data of HMAs monotherapy with a median OS of <12 months.3,4 A
Phase III randomized study of venetoclax 400 mg with azacitidine vs
azacitidine alone, is eagerly awaited to conﬁrm the response rates
and survival seen with this combination.
The combination of venetoclax with LDAC was evaluated in
newly
diagnosed AML patients 60 years or older, ineligible for
∗
IC. 10 Patients received LDAC 20 mg/m2 daily for 10 days with
venetoclax 600 mg daily. The overall CR/CRi rate was 54%.
Patients with NPM1 or IDH1/2 mutations had higher response
rate with CR/CRi of 89% and 72%, respectively, whereas patients
with adverse risk cytogenetics, secondary AML, or prior HMA
treatment for antecedent hematologic disorder had CR/CRi rates
of 42%, 35%, and 33%, respectively. The median DOR was 8.1
months, and the median OS was 10.1 months. Again, patients
with IDH1/2 mutations experienced particularly favorable outcomes with a median OS of 19.4 months.
The combination∗of∗venetoclax with either LDAC or HMA can be
myelosuppressive.8, 9, 10 We recommend an end of cycle 1 bone
marrow in all patients, and in the setting of response without
adequate count recovery, venetoclax dose interruption up to 14 days
may be required. Many patients in remission require venetoclax
reductions to 21 or 14 days per cycle to prevent ongoing cytopenias.
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Figure 1. Our therapeutic approach of older patients with AML ineligible for chemotherapy. AML = Acute Myeloid Leukemia, HMA =
Hypomethylating agents, LDAC = Low dose cytarabine. Note: some of these drugs are not available in all countries.

Glasdegib is an oral selective hedgehog pathway inhibitor,
FDA-approved in combination with LDAC for newly diagnosed
AML patients 75 years or older or otherwise ineligible for IC
based on results of a phase 1b/2 randomized trial.11 In a 2:1
randomized study of 132 patients, the overall response rate (ORR)
for LDAC plus glasdegib was 26.9%, compared to 5.3% with
LDAC alone, with a median OS of 8.8 vs 4.9 months, respectively.
Gemtuzumab ozogamicin (GO) is an antibody-drug conjugate
against CD33, coupled to calicheamicin and approved for newly
diagnosed or relapsed CD33+ AML, as monotherapy or in
combination with standard IC. Optimal combination partners
for GO remain undeﬁned; GO is often prioritized in combination
with IC for patients with favorable risk AML including corebinding factor AML as well as for acute promyelocytic leukemia.12
The FLT3 inhibitor midostaurin is FDA-approved in combination with IC for younger patients with newly diagnosed AML, and
the FLT3 inhibitor gilteritinib is FDA-approved as a single agent
for relapsed or refractory FLT3-mutated AML. Quizartinib is also
approved in Japan for this indication. New investigational
strategies combining FLT3 inhibitors with HMA in elderly
patients with AML who cannot receive IC are ongoing, including
a randomized study of gilteritinib vs gilteritinib + azacitidine vs
azacitidine alone (NCT02752035).
IDH mutations are present in ∼20% of AML patients with an
increasing prevalence with older age. The IDH1 inhibitor ivosidenib
is approved as monotherapy for treatment of elderly patients with
∗
IDH-mutated AML ineligible for IC with a CR/CRh of 42.9%.13, 14
Additionally, the combination of ivosidenib with azacitidine for the
same older newly diagnosed population has demonstrated an ORR
of 78%, CR of 61% and a 1-year OS rate of 82%.15 Consequently,
a phase 3, double-blind, placebo-controlled study of azacitidine ±
ivosidenib is actively enrolling (NCT03173248). Another clinical
trial assessing the combination of ivosidenib and venetoclax with or
without azacitidine in AML patients with mutated IDH1 is ongoing
(NCT03471260). Initial results from the randomized phase II trial
of azacitidine ± enasidenib, the oral mutant IDH2 inhibitor, were
recently presented.16 In this newly diagnosed older and unﬁt IDH2mutated AML population, patients treated with enasidenib plus
azacitidine showed signiﬁcant improvement compared to those
receiving azacitidine monotherapy with CR of 50% and ORR of
68% for the combination group vs 12% and 42% for azacitidine
alone. Several additional clinical trials assessing enasidenib in
combination with azacitidine and venetoclax are ongoing

(NCT03683433), (NCT03881735), (NCT04092179). More prospective, convincing, comparative data is needed to strengthen these
recommendations.
Our therapeutic approach of elderly unﬁt AML patients is
illustrated in Figure 1. We acknowledge that some of these drugs
may not be available in all countries.

Future perspectives
Targeted agents are rapidly extending and improving our
therapeutic approach for AML patients. We look forward to
future strategies that will build upon these advances with rational
combinations to prevent resistance and further improve the
durability of response.
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Children are not little adults. This cliché is true also for acute
myeloid leukemia (AML). Genomic studies have revealed major
differences in the key driving events of pediatric and adult AML.
Childhood AML is caused by the activation of strong oncogenes
often by chromosomal translocations. The hematopoietic cell
targeted by these oncogenes is also developmentally different from
adults. Pediatric AML has often a fetal origin. This is
demonstrated not only by the unique preleukemia and leukemia
in children with Down syndrome, to be discussed by Dr Vyas, but

also in de-novo AML as will be presented by Dr Mercher. The
unique pathogenesis of childhood AML has implications for
therapy. Dr Kaspers will review the progress in the therapy of
pediatric AML, and how precision medicine leads not only to
better cures but also to the ultimate goal for normal life
expectancy without long-term toxicities. The translation of
science to daily medical care is a reason for our optimism that
most children with AML will be cured and become normal
functioning adults.

Key points:
 Learn the unique pathogenesis of childhood acute myeloid leukemia
 Learn about the progress in the treatment of children with acute myeloid leukemia
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De Novo Megakaryoblastic Leukemia
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Take-home messages:
 Genetic analyses have identiﬁed molecular subgroups with prognosis and therapeutic orientation values
 Several fusion oncogenes induce acute megakaryoblastic leukemia (AMKL)-like diseases more efﬁciently upon expression in fetal
than adult hematopoietic progenitors
 AMKL result from altered transcriptional circuitries in hematopoietic stem cells

Introduction
De novo acute megakaryoblastic leukemia (AMKL) in the
WHO 2017 classiﬁcation corresponds to AML M7 in the former
French–American–British classiﬁcation and represents a relatively
rare subtype of acute myeloid leukemia (AML) with blasts
attributed to the megakaryocyte lineage that give rise to blood
platelet production during normal hematopoiesis. AMKL affects
infants and young children more frequently than adults.1,2 The
cytological features of de novo AMKL are heterogeneous and
frequently associated with low blast counts. Blasts morphologies
range from clearly megakaryocytic to completely undifferentiated,
the later cases requiring immunophenotypic analyses using
megakaryocyte lineage markers (eg, CD41, CD42, CD61). The
clinical features are also heterogenous including frequent
hepatosplenomegaly or myeloﬁbrosis and some cases of other
organ inﬁltrations (eg, mediastinal germ cell tumors, central
nervous system, and kidney), chloroma and periostosis. Pediatric
de novo AMKL is treated with intensive chemotherapy or
hematopoietic stem cell transplantation but remains associated
with dismal prognosis.2

Current state of the art
Over the past 20 years, cytogenetic and sequencing analyses
have revealed that de novo AMKL is characterized in over 75%
of cases by chromosomal alterations leading to the expression of
fusion oncogenes. The t(1;22)(p13;q13) translocation, encoding
the RBM15-MKL1 (a.k.a. OTT-MAL) fusion oncogene, was ﬁrst
The author has no conﬂicts of interest to disclose.
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identiﬁed through classical cytogenetics.3 Alterations leading
to the NUP98-KDM5a fusion are observed in 10% to 15% de
novo AMKL and a case of NUP98-BPTF
was reported in an
∗
infant with refractory AMKL. 4,5,6 Rearrangements of KMT2A
(also referred to as MLL) leading to different fusions (eg, MLLAF4, MLL-AF9,
MLL-AF10) representing in toto 7% to 17% of
∗
cases. 4 The NUP98 and MLL subgroups are both associated
with aberrant expression of the homeotic HOX genes, including
the HOXA9 gene, which has been implicated in the development
and maintenance of other pediatric leukemia. The role of HOX
gene alterations in pediatric AMKL development is further
highlighted by the presence of rearrangements and overexpression of HOX genes (eg, HOXA7, HOXA9, HOXA10, HOXB8,
HOXB9) in ∼15% of cases. The CBFA2T3-GLIS2 (a.k.a. ETO2GLIS2) fusion, resulting from a “cytogenetically-silent” inversion of chromosome 16 and identiﬁed more recently by RNA
sequencing, is present in 18% to 27% of de novo AMKL.7,8
Other rarer fusions were also observed including TLS-ERG,
MN1-FLI1, BCR-ABL1, and MAP2K2-AF10. These genetic
alterations are rarely found in adult AMKL up to date.
Importantly, about 10% of de novo pediatric AMKL present
with the same genetic proﬁle as Down’s syndrome AMKL (ie,
GATA1 combined with epigenetic, cohesion, and signaling
mutations; described∗ by Dr Vyas below) in the context of an
acquired trisomy 21. 4 Other alterations remain to be identiﬁed
as 10% to 15% of patients do not show any clear causal mutation
to date.
This genetics-based classiﬁcation has important implications.
Mechanistically, it suggests different requirement for oncogenic
cooperation in pediatric AMKL. Indeed, some subgroups show
recurrent associations of genetic alterations. For example,
NUP98-KDM5A or HOX fusions have a remarkable association
with RB1 inactivating mutations and MPL activating mutations,
respectively. On the other hand, OTT-MAL and ETO2-GLIS2
fusions are rarely associated with known mutations. For the
clinical practice, these genetic alterations provide objective
markers for diagnosis9 and ∗some present value for prognosis
and therapeutic orientations. 4 While OTT-MAL was associated
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with a relatively good prognosis, the NUP98-KDM5A, MLL, and
ETO2-GLIS2 fusions present the poorest prognosis. This leads to
propose stem cell transplantation to ETO2-GLIS2+ AMKL
patients whenever possible (Fig. 1).
The genetic heterogeneity of AMKL raises the question of the
mechanism of transformation by AMKL oncogenes and their
pediatric speciﬁcities. Functional insights are emerging from
modeling approaches. A murine knock-in model of OTT-MAL
led to disease development with a low penetrance and long latency.2
The retroviral delivery of MN1-FLI1 in murine progenitors
transplanted in lethally-irradiated recipients induced bona ﬁde
leukemia with clear megakaryoblastic features.10 However, the
expression of NUP98-KDM5A, MLL fusion, NIPBL-HOXB9, and
GATA2-HOXA9 in a similar model led to myeloid leukemia
without megakaryoblastic features and lacked disease development
with ETO2-GLIS2.11 Interestingly, several AMKL fusions are also
found in other subtypes
of AML (eg, MLL, NUP98, and ETO2∗
∗
GLIS2 fusions). 12,13, 14 These observations further raise the
question of the bases for the association of multiple leukemic
phenotypes by one oncogene and suggest that the cell-of-origin in
which these oncogenes ﬁrst appear may represent an important
determinant for human AML development and phenotypes. Using
an inducible transgenic model, expression of ETO2-GLIS2 1-

A

GENETIC ALTERATIONS

induced transformation efﬁcient upon expression in fetal hematopoietic stem cells (HSC) but less so when expressed in adult HSC
and 2-gave rise to either a megakaryoblastic proliferation when
expressed in long-term HSC or a myeloid proliferation
upon
∗
expression in committed multipotent progenitors. 14 These
phenotypes are associated with different expression and activities
of several transcription factors including GATA, ETS, and CEBP
factors. Importantly, expression of MLL-AF9 in fetal long-term
HSC enhanced the megakaryoblastic features of leukemia while
∗
expression in adult cell led to exclusively myeloid leukemia. 14
These results suggest that ontogeny- and differentiation-speciﬁc
transcriptional circuitry cooperates with pediatric fusion oncogene
to determine the aggressiveness and phenotype of malignant cells.
Of note, using oncogenes found in other AML subtypes, a higher
aggressiveness was also observed when expressed in LT-HSC
compared to more committed progenitors15 or in early developmental stages compared to adult.16,17 The expression of NUP98KDM5A in human cord blood CD34+ progenitors led to in vitro
transformation and engrafted immunodeﬁcient recipient to
recapitulate AMKL features. While proper comparison of the
transformation capacities at different ontogenic stages remains to
be established in human hematopoiesis; this suggests that early
developmental stages allow for AMKL transformation.

B
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Figure 1. Genetic and cellular bases of pediatric de novo AMKL. A: Genetic alterations observed in pediatric de novo AMKL. B: Schematic
representation of some cellular and molecular bases involved in pediatric de novo AMKL development. In normal hematopoiesis, changes in the
differentiation potential toward megakaryocytes (yellow) and monocytic/granulocytic myeloid lineages (blue) are observed among different
hematopoietic stem cell and progenitors (hierarchy) and during the development (ontogeny). A higher megakaryocytic potential is observed during
fetal hematopoiesis and is associated with differences in the activities of transcription factors, including GATA1 relatively more active in fetal
hematopoiesis and CEBPA relatively more active in adult hematopoiesis. The expression of an AMKL fusion oncogene, like ETO2-GLIS2, results in
more prominent deregulations of self-renewal and/or signaling proteins in a fetal vs. an adult cell context. These dependencies could represent
bases for the higher incidence of AMKL (red) in early childhood. Thanks to Dr. Cécile Lopez for the development of this ﬁgure.
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Future perspectives
For clinical purposes, an important question to be addressed in
future work on pediatric AMKL is whether AMKL genetic
subgroups represent different diseases or whether there is a yet-tobe-determined common mechanism of transformation that
underlies the presence of the different fusions in this particular
subtype? Answering this question requires to consider and
characterize better (1) the differences between fetal, newborn
and adult hematopoiesis that may provide pediatric speciﬁcity to
these oncogenes and (2) the molecular consequences of these
different oncogenes in a cell-context speciﬁc manner. These
studies will guide the development of more efﬁcient and rationallydesigned therapies either toward a global AMKL-directed or
multiple fusion oncogene-directed approaches. Importantly,
engraftment of pediatric AMKL samples into immunodeﬁcient
models has previously been∗ used to document sensitivity to
18, 19
AURKA or JAK inhibitors
or to interference with transcrip∗20
tion factor complexes
and will be useful to test the preclinical
relevance of future therapeutic strategies.
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Take-home messages:
 Maturation arrest is a hallmark of myeloid leukemia and remains largely unexplored at the molecular level
 ML-DS is an excellent model to conduct mechanistic studies due to its genetic simplicity to explore maturation arrest and mutation
cooperativity

Introduction
A hallmark of blood cancers is the gradual acquisition of genetic
or epigenetic changes that progressively disrupts normal hematopoiesis and eventually leads to full transformation. Therefore,
most leukaemias are preceded by a pre-leukemic phase. For
example, Myeloid Leukemia of Down Syndrome (ML-DS) is an
acute leukemia with megakaryoblastic and erythroid features that
clonally evolves from a preleukemic condition referred as
Transient Abnormal Myelopoiesis or TAM. The pathogenesis
of ML-DS is well characterized and consists of 3 key temporally
separated stages.1 First, partial or complete trisomy 21 (T21)
alters hematopoietic stem cell (HSC) homeostasis in fetal liver.
Second, somatic mutations acquired during fetal life in the key
transcription factor GATA1 cooperate with T21 and result in the
pre-leukemic myeloproliferative disorder known as Transient
Abnormal Myelopoiesis, TAM. Third, a single allele mutation in
genes encoding the cohesin complex, epigenetic regulators or
in the JAK family kinases transforms the TAM clone to full-blown
leukemia. Due to its genetic simplicity, ML-DS and its precursor
clonal disease TAM, will server as a disease model to deﬁne the
molecular mechanism leading to maturation arrest (Fig. 1).
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Current state of the art
Trisomy 21 alters HSC homeostasis
The initiating genetic alteration in the multi-step model of
ML-DS is an extra copy of chromosome 21 (T21) in fetal
hematopoietic stem cells. T21 causes expansion of the immunophenotypically deﬁned fetal-liver HSC compartment with skewed
cellular differentiation toward the erythroid/megakaryocytic
lineage, and conversely sever impairment∗ of B-lymphopoiesis
and reduced granulocyte-monocyte output. 2 A cell-autonomous
gene imbalance due to T21 might be responsible for perturbation
of fetal hematopoiesis. In the few cases where ML-DS develops
from partial T21 suggest that the leukemic
risk is conﬁned to an
∗
8.5Mb region on chromosome 21 3 where key hematopoietic
genes lie, such as RUNX1, ETS2, ERG, DYRK1A. Unfortunately,
it is challenging to identify gene expression differences between
aneuploid and disomic cells mainly due to modest differences that
can be masked by patient variability. The molecular mechanism
by which T21 alters HSC homeostasis and predisposes to ML-DS
remains largely unexplored.

Aberrant transcription factor function due to GATA1s
The second step on the evolution of ML-DS requires mutations in
the X-chromosome encoded erythro-megakaryocyte transcription
factor GATA1. In normal GATA1-expressing cells, 2 GATA1
isoforms are detected; a full-length 414 amino-acid (aa) protein
(GATA1ﬂ) and an N-terminal truncated 331-aa protein, GATA1s.
Somatic GATA1 mutations identiﬁed in TAM and ML-DS
abrogate
GATA1ﬂ production but leave GATA1s
expression
∗
∗
intact. 4 Experimental evidence from murine modes 5,6,7 as well as
from patient-derived induced pluripotent cells,8 demonstrate that
exclusive expression of GATA1s promotes megakaryopoiesis at the
expense of erythropoiesis. At the molecular level, Gata1s fails to
repress Gata2 and Runx1 transcription despite both Gata1 and
Gata1s having similar chromatin occupancy at both loci.6 GATA2
and RUNX1 expression are required for hematopoietic stem and
progenitor cells (HSPCs) to balance self-renewal and differentiation
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Figure 1. Myeloid Leukaemia of Down Syndrome (ML-DS) as multistep disease model of leukemogenesis. Trisomy 21 is the initial genetic
change in ML-DS leukemogenesis. It leads to expansion of hematopoietic stem cells and the erythroid/megakaryocytic compartment but impairment of
lymphopoiesis. It is expected that, close to 30% of Down syndrome neonates acquire mutations in the GATA1 locus during fetal life. These mutations
abrogate expression of the full-length GATA1 isoform but lave expression of the short GATA1 isoform intact inducing a myeloproliferative disorder
known as TAM. 10% of TAM neonates develop ML-DS before the age of 4 after acquiring additional secondary mutations.

but their expression is normally down-regulated during terminal
differentiation.9–11 Moreover, RUNX1 has been shown to play a
fundamental role during lineage fate decisions at the erythroid/
megakaryocytic branching point by repressing KLF1 transcription,
an erythroid speciﬁc transcription factor and promoting a
megakaryocytic, FLI1-driven, gene expression program.11 However, since similar GATA1 mutations are not leukemogenic in the
absence of trisomy 21, the key constitutional abnormality present in
all patients with Down syndrome, the interaction between trisomy
21 and GATA1s is clearly of importance. It is still not clear if
GATA1 s inability to repress at least two key transcription factors,
GATA2 and RUNX1, cooperates with trisomy 21 to induce cellular
maturation delay.

Altered chromatin accessibility and activated signaling
in ML-DS
Finally, transformation of TAM to ML-DS is most likely due to a
single allele mutation in genes encoding the cohesin complex (47%),
the JAK family kinases, MPL, KIT (48%) or epigenetic
regulators
∗
such as KANSL1, EZH2, and SUZ12 (36%). 12 This mutation
frequency in ML-DS samples illustrates that transformation occurs
by cooperation between aberrant transcription factor function due
to exclusive GATA1s expression and activated signaling and/or
deregulation of epigenetic process. With the advent of gene editing
technologies such as CRISPR/Cas9, it becomes possible to
functionally annotate the genetic variants during transformation
of TAM to ML-DS. A murine model that closely resembles Gata1s
driven pre-leukemia served as a platform on which to interrogate
predicted ∗ loss-of-function variants required to induce frank
leukemia. 12 In this murine model of frank leukemia, a similar
frequency of variants inducing activated signaling (32%) were
observed. There was also an over representation of mutations in
epigenetic regulators (40%). Surprisingly, there was a reduced
mutational frequency in cohesin complex (5%), a four-protein ringshaped structure necessary to bring distant regulatory units in close
proximity to promoters through DNA-loop formation. This tells us
that cohesin mutations might not be easily studied in murine tissue
because of the difference in chromosome architecture between
species. Moreover, it suggests that trisomy 21 background might be
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required to produce the high cohesin mutation frequency observed
in ML-DS.

Future perspectives
Transformation of human preleukemia to leukemia is not
entirely understood. ML-DS and its precursor disease TAM are
genetically simple models where to study the transforming genetic
and epigenetic changes to deﬁne maturation arrest at the
molecular level. Despite our understanding of role of GATA1
and the mutation landscape in ML-DS, there are many questions
left unexplored. Why do GATA1 mutant progenitor cells have a
remarkable proliferative advantage during T21 fetal life? Why are
N’ terminally truncated GATA1 mutations virtually absent from
adult leukemia? Does the function of GATA1 changes according
to ontogeny? Why there is a higher frequency of mutations in the
cohesin complex in ML-DS than in adult acute myeloid leukemia?
Nonetheless, with the mutational landscape of TAM and ML-DS
deﬁned as well as understanding of ML-DS pathogenesis new
concept will emerge if mechanistic studies are performed on
oncogenic cooperativity. A full understanding of oncogenic
cooperation is necessary to prevent progression of pre-leukemia
to transformed leukemia.
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Take-home messages:
 Treatment outcome for pediatric acute myeloid leukemia (AML) has improved signiﬁcantly with current overall survival (OS) rates
of up to 75%, and will continue to improve with better risk-stratiﬁed treatment, introduction of novel agents and treatment
modalities, and improved supportive care
 Minimal residual disease (MRD) monitoring has become standard-of-care, using multiparameter ﬂowcytometry, and sensitivity
and predictive power may improve further by introduction of pcr-based MRD measurements and measuring leukemic stem cell
(LSC) load in addition to MRD
 Supportive care is of utmost importance in pediatric AML, and limited resources in low- and middle-income countries contribute
signiﬁcantly to the dismal outcome of pediatric AML in such countries

Introduction

Diagnostics and biological characterization

Cure rates of pediatric AML have improved signiﬁcantly in the
past years, up to 75% in high-risk countries.1,2 This is most likely
explained by improved risk-stratiﬁed treatment, advances in the
setting of allogeneic stem cell transplantation (allo-SCT) in general
and for relapsed disease in particular, and improved supportive
care. Indeed, new drugs have hardly or not been introduced in the
treatment regimens of the large cooperative groups. It is likely that
prognosis will continue to improve, because many novel drugs
and novel treatment modalities emerge. Novel drugs may target
AML-speciﬁc aberrations, or may have new mechanisms of
action. Furthermore, risk-stratiﬁed treatment will continue to
improve, as well as supportive care. Unfortunately, outcome of
pediatric AML in resource-limited settings is dismal and requires
our attention.

Morphology remains the mainstay of diagnosing AML, since it is
readily available, 724 hours, and all over the world. However,
discriminating AML from acute lymphoblastic leukemia can be
difﬁcult by morphology, and indeed leads to misclassiﬁcation in
about 10% of cases. Thus, additional immunophenotyping and
cytogenetic characterization is crucial to diagnose AML beyond
reasonable doubt, and in addition is important for risk-group
classiﬁcation. There is more or less consensus on the prognostic
signiﬁcance of known chromosomal and molecular aberrations, but
its application in risk-stratiﬁed treatment differs between cooperative groups. The NOPHO-DB-SHIP consortium (Nordic countries,
Netherlands, Belgium, Spain, Hong Kong, Israel and Portugal)
discriminates three subgroups, mainly dictated by treatment
response and MRD, and in addition the presence of inv(16),
leading to standard risk and “only” four courses of chemotherapy,
or the presence of an FLT3-ITD without concurrent NPM1
mutation, leading to high-risk treatment including allo-SCT after
three courses. In contrast, several other groups use many more
cytogenetic abnormalities to deﬁne the high-risk subgroup, leading
to a higher percentage of patients undergoing an allo-SCT in ﬁrstline treatment. This likely results in more survivors suffering from
late effects, while OS does not seem to signiﬁcantly improve with
this approach.3,4 More and more knowledge is emerging on
biological subsets of AML patients, with prognostic impact.
Examples are the monosomal karyotype and the relevance∗ of
additional chromosomal aberrations in t(8;21) positive AML.5, 6 A
recent development is that the load of LSC at initial diagnosis seems
to have prognostic signiﬁcance as well.7

Current state of the art
Treatment of pediatric AML has four elements. First is
appropriate diagnostics and extensive biological characterization
of the AML cells. Second is treatment response monitoring,
including MRD measurements. These two elements enable
optimal risk-stratiﬁed treatment. The third element is the AML
treatment itself. Finally, supportive care is crucial in the treatment
of children and adolescents with AML.
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Treatment response monitoring
Not achieving complete remission after 2 courses of induction
chemotherapy predicts a dismal outcome. Moreover, a poor
response after the ﬁrst course as identiﬁed by morphology already
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Figure 1. The four elements of treatment of pediatric AML.

predicts worse outcome and leads to high-risk treatment in
most protocols. However, extensive immunophenotyping with
multiparameter 6-, 8- or 12-colour ﬂowcytometry (MFC) allows
more sensitive MRD measurements. Such MRD monitoring has
been shown to have strong prognostic signiﬁcance and is used by
most groups for risk-stratiﬁed treatment.8 MFC also allows the
discrimination between AML cells and normal regenerating
blasts, a well-known pitfall with only morphology being available.
There are two approaches with MFC, either a ﬁxed combination
of antibodies, or a patient-tailored panel.
Recent publications in adult AML suggest that in addition to
MRD, determining the LSC fraction during treatment
has
∗
prognostic signiﬁcance in addition to biology and MRD. 9

AML treatment
In order to cure AML, induction and consolidation treatment is
required. Induction treatment consists of two courses of intensive
combination chemotherapy, typically including cytarabine and an
anthracycline or mitoxantrone. Often a third drug is added,
such
∗
as etoposide or, more recently, gemtuzumab ozogamicin. 10 Most
groups would use high-dose cytarabine in at least one course
during induction, and give high cumulative doses of anthracyclines or mitoxantrone of at least 300 mg/m2 daunorubicinequivalents. Consolidation treatment consists of either two
courses of intensive chemotherapy for standard risk patients
(being or including inv(16)), or one course of intensive
chemotherapy followed by allo-SCT for high-risk patients, and
three courses of intensive chemotherapy for the medium-risk
patients. Drugs typically used again are cytarabine and an
anthracycline or mitoxantrone, and sometimes etoposide. Nonhigh risk patients might need high-dose cytarabine only, based on
a randomized MRC trial.11 Other than gemtuzumab ozogamicin
being added during induction treatment by several (but not all)
groups, not much new drugs have been introduced in newly
diagnosed AML protocols. A recent exception are ﬂt3-inhibitors
for children with a FLT3-ITD positive AML, in between the
chemotherapy courses and after allo-SCT, used by most groups.
An important change regarding allo-SCT, is that the presence
of (even frank) disease prior to the procedure, does not mean an
allo-SCT would be useless and should not be done.12 Apparently,

the graft-versus-leukemia effect can overcome such disease,
although ideally disease is absent or as low as possible before
starting allo-SCT.
Treatment of pediatric AML in resource-limited settings is a
challenge, with so many obstacles that OS is less than 10%.
Recently, guidelines for adapted treatment in low- and middle
income countries have been reported.13

Supportive care
The treatment of AML requires very intensive, up-to-date
supportive care. This is one of the important reasons why survival
from AML in resource-limited setting is so low. One of the most
important areas is the prevention (and treatment) of infections.
Children being treated for AML are at high-risk for especially
bacterial and fungal infections, because of the prolonged and deep
neutropenia, in combination with mucositis and the presence of a
central line. Recently, more evidence is emerging from welldesigned clinical trials. Apart from the use of cotrimoxazole for
prevention of pneumocystis jerovecii pneumonia, this leads to the
frequent advice to use a quinolone, ∗such as levoﬂoxacin or
ciproﬂoxacin, and fungal prophylaxis. 14,15 Which drug is the
best for the latter purpose seems less clear, and this probably
explains extreme variation in its application.16 Another
important issue is cardioprotection, in view of the signiﬁcant
risk of late cardiotoxicity associated with high cumulative doses
of anthracyclines and anthracenediones.17 A simple and
important method is to give these drugs as infusion, and never
as i.v. push in order to avoid high peak plasma levels associated
with cardiotoxicity. Another possibility is using liposomal
formulations, but unfortunately liposomal daunorubicin is not
available any more, while liposomal doxorubicin does not have
myelosuppression as dose-limiting toxicity and thus might be
less effective. The liposomal formulation of cytarabine and
daunorubicin together is interesting, but not widely available yet
and very expensive. Finally, the cardioprotecting agent
cardioxane seems effective and safe.18
The use of G-CSF is often suggested as infection prophylaxis.
However, its use in general does not improve OS. Moreover,
several publications have suggested that the use of G-CSF in AML
patients is associated with increased risk of relapse.19,20
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Future perspectives
Improvements will impact risk-group classiﬁcation, in part
by better MRD monitoring, antileukemic treatment itself, and
supportive care.
Risk-group classiﬁcation will improve by determing the
prognostic value of known and novel cytogenetic and molecular
aberrations in the context of contemporary treatment. Likely, LSC
load at diagnosis will be added to the classiﬁcation. In addition,
improved MRD monitoring will be achieved by more sensitive
measurements, using better panels of antibodies for ﬂowcytometry,
the introduction of measurements of leukemia-speciﬁc aberrations
by pcr, and by measuring LSC load in addition to MRD.
Antileukemic therapy will improve by the introduction of
gemtuzumab ozogamicin in ﬁrst-line treatment. In addition, other
drugs if effective in phase II trials will be introduced in all patients
or in subgroups in case of targeted therapy. Candidate drugs are
kit-inhibitors, venetoclax, anti-CD38 and∗ CAR T-cells, among
others such as clofarabine and CPX-431. 21
Evidence-based supportive care will improve, especially
regarding infection prophylaxis, since both bacterial and fungal
infections cause signiﬁcant morbidity and mortality.
Thus, cure rates up to 90% might be achievable at the end of
this decade in high-income countries, while we should aim at
curing at least 30% of children with AML in resource-limited
settings.
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The primitive understanding of platelets as anucleated cells
required for primary hemostasis dates back to the late XIX
century, with the identiﬁcation of hemorrhagic disorders due to
thrombocytopenia. The initial discoveries of the functional basis
of platelet disorders at the beginning of XX century and
the subsequent recognition of the role of platelets in the
formation of pathologic thrombi led to extensive studies on their
activation and on the intracellular transduction of signal
pathways. In the last two decades, with the astonishing
advancements in genetics technology, an increasing number
of germ-line mutations causing platelet quantitative and/or
qualitative disorder has been identiﬁed. Now, we are more
aware that platelets have a key role not only in maintaining
hemostasis and endothelium integrity (in concerted and
balanced cooperation with coagulation factors, in particular
Von Willebrand factor), but also as active participants of
complement and immune systems. Within this framework,
platelets may appear not only as a cause of speciﬁc diseases

(hemorrhage and/or increased risk of thrombosis) but also as
victims of any derangement of these systems.
The themes mentioned above are concretely represented by the
illustration of three different disorders in which thrombocytopenia
is a common feature. A Koneti Rao, through selected examples of
congenital thrombocytopenias associated with functional defects
caused by genetic defects of hematopoietic transcription factors,
illustrates the intriguing complexity of platelet generation and the
association of some defects with an increased risk of leukemia
development.
JW Semple discusses the intricacies of the current understanding
of the autoimmune derangement at the basis of immune
thrombocytopenia and offers a rationale for the development
of better prognostication and treatment.
M Scully presents an update on organ- or life-threatening congenital and acquired microangiopathic disorders in which the interplay
between platelets, endothelium, VWF, immune and complement
systems ﬁnds clinical application for diagnosis and management.

Key points:
 Thrombocytopenia is a common feature of a variety of many hereditary and acquired disorders which may have implications
beyond hemorrhage and thrombosis
 This session offers a stimulus to dive deeper into the exciting world of platelets by giving an updated overview understanding of
selected disorders that require to be fully managed by a well-educated hematologist
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Inherited Platelet Disorders and Mutations in Hematopoietic Transcription
Factors
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Pennsylvania, United States; 2 Department of Medicine, Lewis Katz School of Medicine at Temple University,
Philadelphia, Pennsylvania, United States; 3 Department of Medicine and Pediatrics, Penn State College of
Medicine, Hershey, Pennsylvania, United States
Take-home messages:
 Transcription factors (TFs) are proteins that bind to speciﬁc DNA sequences and regulate gene expression, with each TF regulating
numerous genes
 Mutations in hematopoietic transcription factors are an important cause of inherited defects in platelet number and function
 Mutations in transcription factors RUNX1, FLI1, GATA-1, ETV6, EVI1, and HOXA11 are associated with platelet abnormalities
of number and function
 RUNX1 and EVT6 mutations are associated with predisposition to hematologic malignancies

Introduction
In a large proportion of patients with inherited platelet defects
in number or function the genetic mechanisms are unknown.
Studies over the last 2 decades establish that some of these patients
have mutations in hematopoietic transcription factors (TF) that
regulate the expression of genes involved in platelet and
megakaryocyte biology—starting with hematopoietic stem cell
(HSC) differentiation and megakaryocyte (MK) lineage commitment to MK maturation and eventual platelet release and function
(Fig. 1).1 TFs are proteins that bind to speciﬁc DNA sequences and
regulate expression of genes. They function in a combinatorial
manner as activators and repressors. Each TF regulates multiple
genes and thus can induce effects by inﬂuencing diverse
mechanisms and pathways. Several hematopoietic TFs have been
implicated in platelet disorders including the runt related
transcription factor 1 (RUNX1), Fli-1 proto-oncogene, ETS
transcription factor (FLI1), GATA-binding protein 1 (GATA1),
growth factor independent 1B transcriptional repressor (GFI1B),
ETS variant 6 (ETV6), ecotropic ∗viral integration site 1 (EVI1),
and homeobox A11 (HOXA11). 2 In addition to alterations in
platelet number and function, some TF mutations are associated
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and RO1HL137376.
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with a predisposition to leukemia. Of the TF mutations implicated
in platelet disorders, the best characterized are the abnormalities
associated with mutations in RUNX1.
Recent studies, including those using next generation sequencing (NGS), indicate that TF mutations may be the genetic basis
of
∗ ∗
platelet defects more frequently than generally considered.3, 4, 5,6
In 1 study,3RUNX1 or FLI1 mutations were found in 6 of 13
index patients with clinical bleeding and impaired platelet
aggregation and dense granule secretion. Germ-line alterations
in hematopoietic TFs need to be considered in the pathogenesis of
inherited platelet defects.

RUNX1 mutations and platelet dysfunction
RUNX1, also known as core-binding factor subunit alpha-2
(CBFA2), is encoded by the RUNX1 gene on chromosome
21q22.3. It has a 128 amino acid conserved runt homology
domain near the N-terminus that associates with its co-factor,
core-binding factor subunit beta (CBFB) and binds to sequence
speciﬁc DNA to regulate gene expression. RUNX1 knockout mice
die in utero because of bleeding
Heterozygous RUNX1 mutations are associated with familial
thrombocytopenia, impaired
platelet function and a predisposi∗ ∗
tion to acute leukemia. 2, 7 Patients with RUNX1 mutations
typically have a mild to moderate bleeding tendency due to the
platelet dysfunction and thrombocytopenia, with normal-sized
platelets; some patients may not have thrombocytopenia or
bleeding symptoms. Most of the mutations in RUNX1 are in the
conserved runt domain.8–10 Megakaryopoiesis
is impaired in
∗ ∗
patients with RUNX1 mutations. 2, 7
The platelet dysfunction associated with RUNX1 haplodeﬁciency
is complex and recent studies have provided major insights.
Numerous platelet function abnormalities are documented in
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[(Figure_1)TD$IG]
Figure 1. Hematopoietic transcription factors (TFs) involved in normal platelet genesis. RUNX1, GFI1B, ETV6, EVI1, and HOXA11 are
expressed in hematopoietic stem cells (HSCs). As denoted above by black arrows, various hematopoietic TFs, in combination with thrombopoietin
(TPO) stimulation, function to promote HSC differentiation, megakaryocyte (MK) lineage commitment and maturation, proplatelet formation and
platelet release. Proplatelet formation and platelet release are also driven by RUNX1 and FLI1 silencing of ANKRD26. EP = erythroid progenitor, MEP = megakaryocyte-erythroid progenitor, MK-P = megakaryocyte progenitor, P = phosphorylated, TPO = thrombopoietin (green dots). Reproduced
with permission from Songdej, N and Rao. AK, Blood. 2017;129(21):2873–2881.

patients with RUNX1 mutations and include decreased platelet
aggregation and secretion upon activation, deﬁciencies of dense
granules (DG) or a-granules (or both), decreased protein phosphorylation (myosin light chain and pleckstrin), activation of aIIbb3,
production of 12-HETE (hydroxyeicosatetraenoic acid), a product of
12-lipoxygenase and protein kinase C-u∗ (which phosphorylates
pleckstrin and other proteins) (Fig. 2). 2,8,11 RUNX1 regulates
TREML1 (TREM-like transcript-1) and integrin subunit a2
(ITGA2),12 both involved in platelet-collagen interactions.
A feature of the platelet defect in patients with RUNX1
mutations is decreased platelet granules or their contents (storage
pool deﬁciency, SPD), involving both the protein-bearing
a-granules and DG. Some patients previously described with
the SPD have ∗been later identiﬁed to have mutations in RUNX1 or
another TF.3, 5,8,13,14 Moreover, a-granule deﬁciencies
have been
∗
shown to be associated with mutations in RUNX1, 5,8GATA1,15
and GFI1B.13,14 The protein pallidin (encoded by the gene
PLDN) is involved in DG biogenesis; pallidin-deﬁcient platelets
from the pallid mouse and in the human Hermansky–Pudlak
syndrome, 9 have decreased DG. Platelet expression of PLDN is
decreased in RUNX1.16 Platelet a-granule contents
are decreased
∗
in patients with RUNX1 haplodeﬁciency. 2PF4 is regulated by
RUNX1.17 There is decreased expression of RAB1B, a small

GTPase linked to vesicle trafﬁcking of proteins, such as VWF, and
may contribute to the a-granule defect.18 Patients with RUNX1
mutations have defects in platelet activation
mechanisms that
∗
regulate aggregation and granule secretion. 2,3 Thus, the platelet
dysfunction is a result of simultaneous dysregulation of multiple
RUNX1-regulated genes and the defective secretion reﬂects
abnormalities in granules and in secretory mechanisms (Fig. 2).
Numerous MK/platelet genes that are direct RUNX1 transcriptional targets are down-regulated
in patients with heterozygous
∗
RUNX1 mutations 2,19: including ALOX12, PF4, MYL9,
PRKCQ, PLDN, RAB1B, PCTP, TREML1, ITGA2, MPL,
NF-E2, and NOTCH4. These alterations impact different aspects
of MKs and platelets. Recent studies implicate RUNX1 regulation
of MK/platelet genes in cardiovascular disease, extending the role
of RUNX1 to atherothrombotic disease, and show that RUNX1 is
an aspirin-sensitive TF.20
The most serious consequence of germ line RUNX1 mutation is
the predisposition∗to acute myeloid leukemia and myelodysplastic
syndrome (MDS). 21 The malignant transformation is heralded by
the development of additional mutations in other genes. In
patients with RUNX1 mutations who develop MDS or leukemia,
use of an undiagnosed RUNX1 haplodeﬁcient sibling donor has
been associated with recurrence of leukemia.
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Figure 2. Schematic representation of abnormalities in platelet responses to activation associated with RUNX1 mutations. Platelet receptor
activation results in the formation of intracellular mediators that regulate the end-responses, such as aggregation and secretion from a-granules (AG)
and dense granules (DG) and from vesicles bearing acid hydrolases. Receptor activation leads to hydrolysis of phosphatidylinositol bisphosphate
(PIP2) by phospholipase C to form diacylglycerol (DAG), which activates protein kinase C (PKC), and inositoltrisphosphate (IP3), which mediates the
rise in cytoplasmic Ca2+ levels. PKC phosphorylates numerous proteins including pleckstrin. The increase in Ca2+ levels leads to other responses,
such as activation of myosin light chain kinase (MYLK) to phosphorylate myosin light chain (MLC) and activation of phospholipase A2 (PLA2), which
mediates the release of free arachidonic acid from phospholipids. Arachidonic acid is converted by cyclooxygenase (CO) and thromboxane synthase
(TS) to thromboxane A2. Numerous defects in platelet function have been described in platelets with RUNX1 haplodeﬁciency. These are shown with
downward arrows (blue). Included below in this legend in parenthesis are some of the relevant genes that are RUNX1 targets and downregulated in
RUNX1 haplodeﬁciency. The abnormalities include reduction in the surface receptors for thrombopoietin (MPL); defects in signaling mechanisms,
including impaired pleckstrin and myosin light chain phosphorylation, decreased protein kinase C-theta (PRCKQ) and myosin light chain (MYL9);
decreased 12-lipoxygenase activity (ALOX12) and 12-HETE (12-hydroxyeicosatetraenoic acid) production; impaired activation of GPIIb-IIIa and
aggregation on platelet activation; dense granule (PLDN) and alpha granule (PF4) deﬁciency; impaired secretion of a- and dense granule contents
and from vesicles containing acid hydrolases. Some of the other genes shown to be downregulated and not shown in the ﬁgure include PCTP, NFE2,
TREML1, RAB1B, and NOTCH4. Reproduced with permission from Songdej, N and Rao, AK, Blood. 2017;129(21):2873–2881.

Mutations in other transcription factors and platelet
dysfunction
Other hematopoietic TFs have also been associated with
abnormalities in platelet number and/or function including
FLI1,
∗
GATA1, GFI1B, ETV6, EVI1, and HOXA11 (Table 1). 2 Some of
these, such as FLI1, GATA1, and GFI1B, are associated with

abnormalities in platelet granules
and platelet function, in
∗
addition to thrombocytopenia. 2,13–15

Conclusions
Transcription factor mutations are an important genetic
mechanism for inherited platelet disorders and may be more

Table 1
Hematopoietic Transcription Factor Mutations and Platelet Defects
Transcription
Factor

Chromosome
Location

RUNX1

21q22.3

FLI1
GATA1
GFI1B
ETV6
EVI1
HOXA11

11q24.1–24.3
Xp11.23
9q34.13
12p13
3q26.12
7p15.2

Selected Gene Targets
ALOX12, PF4, MYL9, PRKCQ, MPL, MYH9, MYH10, NFE2, PCTP,
PLDN, ANKRD26, NOTCH4, TREML1, IGA2, RAB27
ITGA2B, GP1BA, GP6, GP9, MPL, PF4, NFE2, RAB27B, ANKRD26
GP1BA, GP1BB, ITGA2B, GP9, PF4, MPL, NFE2
BCLXL, SOCS1, SOCS3, CDKN1A, GATA3, MEIS1, RAG1/2
PF4
RBM8A, MPL, ITGA2B, ITGB3

Platelet
Dysfunctiona

Associated Hematologic
Abnormalities

Yes

Increased risk of MDS/AML

Yes
Yes
Yes
Unknown
Unknown
Unknown

Unknown
Dyserythropoiesis
Red cell aniso/poikilocytosis
Dyserythropoiesis; Increased risk of ALL
Bone marrow failure
Bone marrow failure

a
All of the transcription factor mutations have been associated with variable thrombocytopenia. Platelet count may be normal, as seen in some patients with mutations in RUNX1 or FLI1. Thrombocytopenia may be
particularly severe in patients with mutations in GATA1, ETV6, EVI1, and HOXA11 (platelet count < 20  109/L). Abnormalities in platelet morphology, especially in a and dense granules, and in aggregation and
secretion responses on platelet activation have been described in association with mutations in RUNX1, FLI1, GATA1, and GFI1B. These abnormalities are described in the text and, for RUNX1, shown in Figure 2.
ALL = acute lymphoblastic leukemia, AML = acute myeloid leukemia, MDS = myelodysplastic syndrome.
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common than appreciated. Recognizing RUNX1 and other TF
mutations in patients with thrombocytopenia and/or platelet
dysfunction is important—to prevent unnecessary therapies, such
as based on an erroneous diagnosis of immune thrombocytopenic
purpura, and because some these patients have an increased risk of
hematologic malignancy. Studies in these patients are likely to
provide important insights into the genetic and molecular
mechanisms governing MK/platelet biology.
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Immune Thrombocytopenia (ITP): New Insights on Pathophysiology
John W. Semple
Division of Hematology and Transfusion Medicine, Lund University, Lund, Sweden
Take-home messages:
 Immune thrombocytopenia (ITP is due to a lack of immune tolerance leading to abnormal T cell activation
 Several abnormalities of B cells, T cells, megakaryocytes and antigen presenting cells are observed in patients with ITP
 Understanding these immune defects should lead to development of individualized therapy for patients with ITP

Introduction
Immune thrombocytopenia (ITP) is an acquired autoimmune
disorder characterized by an isolated thrombocytopenia due to
pathogenic anti-platelet autoantibodies, T cell-mediated platelet
destruction and impaired megakaryocyte (MK) function. The
disease is primarily due to IgG autoantibodies, which bind to
platelets and MK surface molecules such as glycoprotein (GP)
aIIbb3 (GPIIbIIIA) and GPIb-IX-V. Autoantibody-opsonized
platelets are then recognized by Fcg-receptor (FcgR) positive
macrophages that results in enhanced platelet phagocytosis and
destruction in the spleen. When these autoantibodies bind to MKs,
they can lead to their maturation being inhibited or to their
destruction in the bone marrow. Autoreactive T cells are also
involved in both platelet and MK destruction and subsets of these
lymphocytes are now known to be indispensable for platelet
autoimmunity and drive the autoimmune response. This lecture will
highlight the many abnormalities of immune modulation in patients
with ITP and will present a concise map of how autoimmunity is
initiated and perpetuated in the disorder. To cover all the immune
abnormalities observed in ITP is beyond the scope of this lecture but
the reader
is referred to several comprehensive reviews on the
∗ ∗ ∗ ∗ ∗
subject. 1, 2, 3, 4, 5

Current state of the art
Most anti-platelet antibodies are of the IgG class although more
rarely, some of them can be of the IgM or IgA classes. Of interest,
as many as 20% to 40% of the patients have no detectible
antibodies and it is not known whether this is due to the
robustness of present antibody tests used or perhaps due to a
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purely T cell-mediated disease process. The mechanisms involved
leading to autoantibody production are unknown but may include
infectious antigenic cross-reactivity (mimicry), somatic mutation
and defects in the autoreactive B-cell elimination. It now appears
that the speciﬁcity of the autoantibodies may play a critical role in
determining how and where the platelets may be destroyed.
Abnormal T cells are also observed in patients with ITP
including enhanced CD4+ T helper cell reactivity, enhanced Th0/
Th1 cytokine skewing and a lower proportion of CD4+CD25
+FoxP3+ T regulatory cells (Tregs). In addition, CD8+ cytotoxic T
cells (CTL) can be demonstrated in the blood of patients with ITP
and this has been conﬁrmed in animal models of ITP. It has been
demonstrated that the CTLs can directly bind to and lyse platelets
and collect in the bone marrow where they can affect
thrombopoiesis. It is still unknown how the autoreactive T cells
are allowed to mediated ITP but they may do so by having an
enhanced resistance to apoptosis and elevated clonal expansion
rates.
Tregs are critical for maintaining immune tolerance and like in
most autoimmune disorders, may reports have shown that
patients with ITP have reduced numbers and function of Tregs.
The lower levels of this T cell population may be responsible for
abnormally modulating autoimmune mechanism in ITP. It may be
that Tregs are abnormally skewed in patients with ITP because
they are either sequestered in immune organs such as the thymus
or they have a ﬂawed communication link with dendritic cells
(DC) and/or CD16+ monocytes (Fig. 1). The cytokine milieu
found in patients with ITP also points to abnormal immune
activation and may be responsible for disruption of the normal
B and T cell functions. For example, CD4+ T cells have enhanced
IL-2 and interferon secretion in patients with chronic ITP whereas
elevated IL-22 levels are also found. Alternatively, IL-17, IL-6,
and TGF-b are also found to be elevated in patients with ITP and
this may lead to the observed Treg impairment. It appears that T
cells play a critical role in ITP and the complex abnormal
interactions between these lymphocytes perhaps culminate in ITP
pathogenesis.
Antigen presenting cells (APC) have also been shown to have
abnormal features in patients with ITP. For example, during
inﬂammation, several studies have shown dendritic cell (DC)
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Figure 1. Proposed pathogenic mechanisms in ITP. Active disease is caused by a peripheral (splenic) deﬁciency of Tregs and tolerance inducing
SIRPa+ DC. It appears that the peripheral deﬁciency is due to sequestration of these cells within the thymus. These deﬁciencies lead to autoreactive
lymphocyte activation and the secretion of pro-inﬂammatory cytokines (IL-2, IFN-g and IL-17), which aggravate the response. These events lead to
the production of anti-platelet antibodies (Ab) that destroy platelets by enhanced phagocytosis in the spleen and autoreactive CD8+ T cells which
can inhibit MK production of platelets in the bone marrow. Upon therapy, ITP can go into remission by releasing the Tregs and SIRP-a+ DC from the
thymus which leads to enhanced TGF-b production and reduction of the inﬂammation. This allows for platelets to be generated from the bone
marrow to normalize the peripheral platelet count.

abnormalities in ITP and these include impaired stimulation of T
cells, lowered numbers of plasmacytoid DCs (pDCs) and reduced
levels of the DC enzyme indoleamine 2,3-dioxygenase 1 (IDO1),
the critical molecular switch which enhances Treg production.
In addition, Toll-like receptor (TLR)-mediated recognition of
infectious agents has also been associated with ITP. For example,
TLR4, which recognizes and binds lipopolysaccharide (LPS) has
been shown to be involved in LPS-induced ITP whereas DCassociated TLR7 was also shown to enhance B cell proliferation and
anti-platelet autoantibody production. It thus appears that APC
function may be impaired in ITP and this may contribute to the
autoimmune anti-platelet pathology.
Megakaryocytes (MKs) are also targeted by anti-platelet
autoantibodies and this can lead to MK morphological and
physiological changes. For example, it has been demonstrated
that anti-platelet binding to MK causes, for example, reduction
in granule content and vacuolization of the cytoplasm together
with plasma membrane abnormalities. It appears that in
patients with chronic ITP, a defective vascular niche in the
bone marrow exists which can lead to defective MKs with
impaired ability to interact with, for example, endothelial cells

and plasma cells. Thus, MKs appear to be directly affected in
ITP, however, the exact mechanisms of these phenomena are
still unknown.

Future perspectives
Understanding the immune pathophysiology of ITP is critical to
developing novel and targeted therapies for the disorder. While
signiﬁcant progress has been made in understanding the immune
pathology of this disease, much still has to be learned and placed in
a rational immunological context. At the moment, the biggest
challenge to researchers in this ﬁeld is to try and identify a
biomarker of the disease so that an accurate test can be developed
in order to better diagnose the disorder.
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TTP vs HUS–Novel Insights
Marie Scully
Department of Hematology and National Institute for Health Research Cardiometabolic Programme, UCLH/UCL
BRC, London, United Kingdom
Take-home messages:
 Treatment of iTTP includes plasma exchange, caplacizumab, immunosuppression, with steroids and rituximab
 Treatment of CM HUS: Supportive care and eculizumab
 New therapies for CM HUS include ravulizumab and for TTP: recombinant ADAMTS 13

Introduction
Thrombotic Thrombocytopenic purpura (TTP) and HemolyticUraemic syndrome (HUS) are both the causes of thrombotic
microangiopathy associated with thrombocytopenia, microangiopathic hemolytic anemia and organ dysfunction. In TTP brain
and heart is most likely affected at presentation, while in HUS, the
kidney is the target organ. However,
the underlying pathophysi∗
ology and treatments are different. 1

TTP
Most cases of TTP are immune mediated, with the majority
having no underlying obvious precipitants. 10% to 15% of these
may be associated with viral infections, including HIV, pregnancy
or associated with autoimmune disease. 5% to 10% of cases are
congenial, associated with homozygous or compound heterozygotes mutations.2 Central to the diagnosis of TTP is a deﬁciency
of the metalloproteinase, ADAMTS 13, required for the cleavage
of von Willebrand factor.3,4 Clinical scoring systems have been
developed,5,6 but conﬁrmation of the diagnosis is by undertaking
ADAMTS 13 assays.
The binding of ADAMTS 13 to VWF under shear force, to
allow exposure to the A2 domain and VWF.7 In iTTP, the
presence of antibody to ADAMTS 13, binds to prevent ADAMTS
13 mediated VWF cleavage and the generation of multimers. The
open form of ADAMTS 13 is associated with continues disease
activity.8 The importance of aiming for a normal ADAMTS 13
activity both following an acute TTP episode and in remission is
highlighted by 2 recent areas of the impact of reduced protease
levels. First, in iTTP, patients in clinical remission but ADAMTS

13 levels below the normal range, the risk of stroke is signiﬁcantly
increased compared to∗ patients with ADAMTS 13 activity levels
in the normal range. 9 Second, recent data on patients with
congenital TTP and there increased risk of end organ damage,
such as stroke, heart or renal failure, particularly if not on a
regular ADAMTS 13 replacement therapy protocol.10 In patients
over 40 years not on regular replacement therapy, the risk of
stroke is 50% in congenital TTP patients11

HUS
HUS can be divided into infection associated (IA), typically
STEC (Shiga toxin producing E Coli) related organisms or
atypical and complement mediated (CM), or atypical HUS
(aHUS). STEC HUS often presents with bloody diarrhea.
However, CM-HUS may also present with diarrhea and
abdominal pain, making differentiation difﬁcult. In 60% of cases
of CM-HUS, conﬁrmation of a mutation in a complement
regulating protein, normally controlling the alternative complement pathway. However, these mutations are mono-allelic. 10%
to 20% of all CM HUS cases are due to antibodies to Factor
H.12,13 Disease presentation is classically associated with an
additional environmental precipitant, for example, infections,
vaccinations, drugs or pregnancy.14
STEC HUS can be conﬁrmed by demonstrating the underlying
organism, typically by PCR.15 CM HUS, however, is a diagnosis
of exclusion with no speciﬁc diagnostic test. Awaiting the results
of complement genetics may take weeks and therapy needs to be
initiated as soon as CM-HUS is considered.16

Treatment
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At acute presentation, immediate plasma exchange (PEX)
should be initiated for cases of TTP and also HUS. PEX provides
ADAMTS 13 replacement but may also replace missing
complement factors. The role of PEX in TTP is the cornerstone
of therapy. In HUS, there remains controversy. However, PEX
provides a holding measure for HUS, with often improvement of
the hematology parameters and stabilization of renal function. In
Educational Updates in Hematology Book | 2020; 4(S2) | 139 |
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Figure 1. Summary of the treatment for CM HUS and iTTP.

IA HUS, therapy is primarily supportive, which may include renal
replacement therapy in severe cases. In CM HUS, renal outcomes
have signiﬁcantly improved with the use of complement inhibitor
therapy. The monoclonal antibody to C5, eculizumab, prevents
overactivation of the terminal complement pathway (C5–9) by
inhibition at the point of complement factor C5.
Use of the anti VWF therapy, caplacizumab, should be started
as soon as TTP is conﬁrmed and is associated with faster
normalization of the
platelet count and prevention of further end
∗
organ damage.17, 18 Caplacizumab is a bivalent monoclonal
antibody, binding to the A1 region on von Willebrand factor. This
prevents platelet binding and the development of platelet
aggregates by blocking the interaction between VWF and the
VWF receptor (GPIb) on platelets Steroids are used at presentation, aiming to inhibit antibodies to ADAMTS 13. However, they
have no role in CM HUS, unless there is an antibody mediated
process. Control of blood pressure and renal support is often
required in HUS. Rituximab is the most common immunosuppressive therapy used in TTP and is associated with a reduction in
ADAMTS 13 antibody and normalization of ADAMTS 13 and
achievement of remission.19 Caplacizumab is continued until
there is a sustained increment in ADAMTS 13 activity. In contrast,
patients who have a diagnosis of CM HUS, eculizumab is
initiated.

Long term follow-up
Both conditions require medium and long term follow up. In
TTP, monitoring of symptoms, which include anxiety and
depression, are prevalent following acute presentation.20 However, follow up is necessary also to prevent relapse of a further acute
TTP episode. The risk of TTP relapse is between 30% and 50%,
but this can be reduced signiﬁcantly by monitoring ADAMTTS 13
activity levels and prophylactically re treating with anti-CD20
therapy.21,22
One question is the length of eculizumab therapy. In patients
with continued renal impairment and associated hypertension,
therapy is likely to be continued. If renal function normalizes,
therapy can be stopped after a minimum of 6 months. In such
| 140 |
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scenarios, patients should be monitored closely for relapse.
However, more data is required to determine when therapy can be
safely stopped.23

The future
For TTP, the completion of the recombinant ADAMTS
13
∗
trials, following on from the phase I, ﬁrst in human study, 24 will
present a new therapeutic era in congenital and acquired TTP.
Management of congenital TTP will be extensively changed as
non-overt symptoms are better understood, as is the frequency of
prophylactic treatment to prevent end organ damage. Improvement in immunosuppressive regimes in iTTP disease may require
an altered immunological target.
In HUS, there are studies reviewing the use short term use of
complement inhibitors in IA HUS, speciﬁcally if STEC mediated
with a severe clinical presentation. The development of alternative
complement inhibitors, including ravulizumab,
a new comple∗
ment inhibitor with sustained C5 inhibition 25 and therapies
against other complement proteins are under investigation.
A summary of treatment for CM TTP and iTTP: Figure 1.
ADAMTS 13 activity levels differentiate TTP from CM HUS and
other thrombotic microangiopathies. PEX is initiated at presentation until the diagnosis is clearer. CM HUS is a diagnosis of
exclusion. Current and future therapeutics are included for both
conditions.
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Transformation of Indolent Lymphomas and Chronic Lymphocytic Leukemia
(CLL)
Andreas Rosenwald (Coordinating Author)
Institute of Pathology, University of Würzburg, Germany

Patients with transformed lymphomas represent a signiﬁcant
challenge in clinical practice and novel biological insights into the
process of transformation leading to novel, more speciﬁc
therapeutic approaches are clearly needed.
Dr Montoto (St Bartholomew’s Hospital, London, UK) is going
to provide an overview of current therapeutic guidelines in
patients with transformed lymphomas. Although transformation
can occur from various ‘indolent’ B-cell lymphomas (marginal
zone (MALT) lymphomas, Waldenstrom macroglobulinemea or
nodular lymphocyte predominant Hodgkin lymphoma), transformation of follicular lymphoma and chronic lymphocytic leukemia
(Richter transformation) is most frequent in clinical practice.
While transformation of CLL (Richter syndrome) is still
associated with poor outcome, Dr Montoto is going to
demonstrate that survival of patients with transformed follicular
lymphoma has much improved over the past 10 years.
It is obvious that improved therapies for transformed disease
require deeper insights into the biological basis of histological
transformation. Dr Klein (Division of Haematology and Immunology, University of Leeds, UK) is going to summarize current
efforts to translate ﬁndings from sequencing studies in thousands
of lymphomas into mechanistic insights of how certain mutations
in speciﬁc genes might drive histological transformation. Mouse

models that faithfully recapitulate human lymphomas, speciﬁcally
follicular lymphoma and chronic lymphocytic leukemia, have led
to insights of how mutations may contribute to progression or
transformation of the disease. This is exempliﬁed for the genes
TNFRSF14, RRAGC, and MEF2B in follicular lymphoma and
SF3B1 in CLL. These mouse models may therefore prove valuable
for testing new therapies.
Finally, Dr Rossi (Institute of Oncology Research, Bellinzona,
Switzerland) is giving an overview of current activities to test novel
drugs or drug combinations in patients with transformed
lymphoma. In transformed CLL, these include studies with
ibrutinib and other BTK inhibitors, selinexor (inhibitor of nuclear
export), BCL2 inhibitors (venetoclax), PI3K inhibitors and
checkpoint inhibition (Nivolumab, Pembrolizumab). In follicular
lymphoma, ﬁrst results are available from smaller studies using
PD1-blockage, CDK4/6 inhibition and PI3K inhibition.
In conclusion, signiﬁcant efforts are under way to more deeply
decipher the biological and clinical basis of how and when
histological transformation occurs in patients with indolent
lymphomas. Only the integration of our biologic/genetic knowledge, preclinical (mouse) models and well-designed clinical trials
testing novel therapies will pave the way forward to improved
treatment options for patients with transformed lymphomas.

Key points:
 Extensive genetic studies of transformed B-cell lymphomas and preclinical mouse models mimicking transformation events provide
novel targets that can be tested in current and future clinical trials
 Options for treating transformed B-cell lymphomas have increased over the last years leading to signiﬁcantly improved outcome in
some, but not all lymphomas
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New Insights into the Transformation of Indolent Lymphomas and CLL From
in Vivo Models
Ulf Klein, Ruth Kennedy
Division of Hematology and Immunology, Leeds Institute for Medical Research at St. James’s, University of
Leeds, Leeds, United Kingdom
Take-home messages:
 Mouse models that faithfully recapitulate human indolent lymphomas have extended knowledge in elucidating complex disease
mechanisms
 This knowledge has implications for personalized medicine harnessing target pathways and mutations which contribute to
lymphomagenesis

Introduction
Over the past several years, next-generation sequencing efforts
have identiﬁed a number of previously unrecognized, recurrently
mutated genes with roles in the pathogenesis of indolent
lymphomas, including follicular lymphoma (FL), and chronic
lymphocytic leukemia/small lymphocytic lymphoma (CLL/
SLL).1–6 In many cases it remained elusive as to how the speciﬁc
gene mutations drive lymphomagenesis. Studies on human tumorderived cell lines could provide initial insights into the
pathogenetic mechanism of those genes. However, it became
clear that the oncogenic function of a mutated gene can be fully
elucidated only using an in vivo model. Consequently, the
establishment of genetically engineered mouse models that
faithfully mimic genetic mutations found in human lymphoid
malignancies has markedly improved our understanding of many
tumor-associated genes. Here we discuss recent insights into the
pathogenic mechanisms of four genes that are frequently mutated
in FL, the most frequent indolent non-Hodgkin lymphoma, or
CLL (Fig. 1).

Current state of the art
FL is characterized by the t (14;18) translocation causing
constitutive expression of the anti-apoptotic BCL2 protein, and by
recurrent mutations in the genes encoding the histone-modifying
enzymes KMT2D methyltransferase (70% of cases), CREBBP
acetyltransferase (65%), and EZH2 methyltransferase (22%), in
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addition to several linker-histone family members (>44%).1–5,7
Thus, pro-survival signals and altered epigenetic regulation seem
to jointly contribute to the malignant transformation of FL.
Compared to most other non-Hodgkin lymphomas, CLL is
characterized by a largely different spectrum of genetic aberrations that comprise ampliﬁcations (trisomy 12) and chromosomal
deletions, including 13q14, TP53 and ataxia telangiectasia
mutated (ATM).6 We here focus on genes mutated in FL or
CLL whose function in malignant transformation has remained
elusive.

TNFRSF14
TNFRSF14 encodes the herpesvirus entry-mediator (HVEM) Bcell surface receptor. Mutations and deletions in TNFRSF14
causing loss of function of HVEM were reported in up to 40% of
FL cases,5 and its proposed role as a tumor suppressor was
established in a FL mouse model.8 Recent work revealed that,
mechanistically, HVEM is activated through ligation with B and
T-lymphocyte attenuator (BTLA), a surface protein on Tfollicular helper
cells (Tfh), in the germinal center (GC) micro∗
environment. 9 Biologically, this interaction restrains T-cell help
available to GC B cells; hence, loss of HVEM likely promotes Bcell proliferation
and lymphomagenesis by exaggerated T-cell
∗
help. 9 This may be achieved by increased CD40L expression
on Tfh cells, since in the wild-type context, it was found that
BTLA signaling restrains the mobilization of CD40L to the
immunological synapse, thus restraining
T-cell help to GC B cells
∗
with the highest antigen afﬁnities. 9 Importantly, this study
showed that HVEM-/-Bcl2-transgene GC B cells maintained the
growth advantage over the Bcl2-transgene wild-type HVEM
counterparts in a competitive setting (ie, HVEM-deﬁcient and
wild-type cells were transferred at equal portions into recipient
mice), indicating that the pro-survival pathways
are distinct, but
∗
can cooperate with high BCL2 expression. 9 The ﬁndings identify
soluble HVEM as a conceivable therapeutic strategy in
TNFRSF14-mutated lymphomas.
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Figure 1. Putative oncogenic mechanisms of genes recurrently mutated in FL or CLL. The proposed oncogenic mechanisms for genes
mutated in FL (TNSFRF14 encoding HVEM, RRAGC encoding RAGC, and MEF2B) or CLL (SF3B1) as identiﬁed by the use of mouse models that
mimicked the human mutations. See text for details.

RRAGC
The RAGC GTPase gene (RRAGC) shows missense mutations
in 17% of FL cases.10 RAGC GTPase functions with RAGA
GTPase in the cellular nutrient-sensing pathway. In the case of
sufﬁcient nutrients, the mammalian target of rapamycin complex
1 (mTORC1) is activated, resulting in cellular anabolism and
growth. Recent work has recapitulated the most common human
FL-associated RRAGC mutations using CRISPR-Cas9
technology
∗
to generate Rragc-mutant knock-in mouse models. 11 In a reduced
nutrient environment, these models showed increased mTORC1
activity compared to wild-type counterparts; hence, Rragc
∗
mutations were proposed to increase GC B-cell ﬁtness. 11
Critically these observations were recapitulated on
a Bcl2∗
transgenic background,12 accelerating tumorigenesis. 11 Following T-cell dependent immunization, GC B cells in Rragc mutants
showed dramatically higher abundance than wild-type counterparts, an
observation that was exacerbated in a competitive
∗
setting. 11 This increase is likely due to suppression of cell death
and a decreased dependency on microenvironmental signals,
critically including T-cell help. This competitive advantage
permits Rragc-mutant cells to undergo iterative cycles within
the GC where additional aberrations may be acquired that
promote lymphomagenesis. It is conceivable that such potential
tumor metabolic vulnerability can be exploited for therapy of
RRAGC-mutated malignancies.

MEF2B
Gain-of-function mutations in MEF2B protein occur in around
15% of FL cases.2,13 For example, amino acid substitutions
frequently occur in the amino-terminal DNA-binding domain,
which prevents MEF2B from interacting with negative modulators of its activity (histone chaperone complex HUCA, and
several class IIa-histone deacetylases; HDACs). A conditional
knock-in mouse model mimicking the most commonly identiﬁed
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amino-terminal mutation D83 V was generated and speciﬁcally
∗
activated in mature B cells by crossing to CD21-Cre mice. 14
Compared to the unmutated controls, these mice showed a
signiﬁcant increase in GC B cells upon immunization, and over
time developed clonal FL
and diffuse large B-cell lymphomas in
∗
around 20% of cases. 14 Crossing the mutated allele to Bcl2transgenic ∗ mice resulted in a fully penetrant lymphoma
phenotype. 14 Evidence suggests that the underlying pathogenic
mechanism is the inability of the mutated MEF2B to bind to the
HUCA complex, thus escaping repression.13 This lack of negative
regulation may lead to the establishment of an activated
phenotype in GC B cells, leading to the acquisition of additional
oncogenic mutations.

SF3B1
Missense mutations in the splicing factor SF3B1 occur in
around 10% of CLL cases, with the recurrent SF3B1-K700E
variant accounting for ∼50% of mutation events.6,15 In order to
elucidate the functional consequences of SF3B1 mutations, a
conditional knock-in allele (Sf3b1-K700E) was created and
∗
crossed to CD19-Cre mice to achieve B-cell speciﬁc deletion. 16
The B cells of the mutant Sf3b1 mice were associated with
disruption of pre-mRNA splicing and cellular senescence;
∗
however, the mutation did not lead to CLL development. 16
When bred on an ataxia telangiectasia mutated (ATM)-deﬁcient
background, approximately 50% of the animals developed a
clonal CLL-like disease late in life and phenotypically resembled
human CLL cells in terms of genome
instability and dysregulated
∗
B-cell receptor (BCR) signalling. 16 Of note, SF3B1 mutations and
chromosomal deletions encompassing the ATM gene frequently
co-occur in CLL. Interestingly, the mean expression of BCRsignaling genes was lower in SF3B1 CLLs compared to controls,
which is in agreement with the ﬁnding in the Sf3b1-mutant mouse
model that
the mutation alters BCR-signaling gene expression
∗
in vivo. 16

Klein and Kennedy

Future perspectives
These works that faithfully model human FL or CLL gene
mutations in mice all report oncogenic affects that were relatively
minor. For example, the biological consequences of the Tnfrsf14
and Rragc mutations could be conclusively detected only in a
competitive setting ∗where
mutated and wild-type B cells occurred at
∗
equal proportions. 9, 11 Thus, the effects of mutated TNFRS14,
RAGC and MEF2B proteins may accumulate over a longer
timespan during which GC B cells undergo repeated rounds of
mutation and selection to improve antigen afﬁnity. In this scenario,
GC B cells with gene mutations would have a competitive
advantage, outgrowing their unmutated counterparts. This is
further highlighted by the observation that in all three cases, the
simultaneous expression ∗of∗a Bcl2-transgene
markedly enhanced
∗
lymphoma development. 9, 11, 14 Importantly, the lymphoproliferations developing in those compound mice closely resembled the
lymphomas in humans. Thus, these mouse models represent useful
tools for studying oncogenic mechanisms and provide preclinical
models for testing new therapies. With regard to the ﬁnding that
mutated SF3B1 was found to be associated with down-modulated
BCR-signaling gene expression, it was noted this phenotype may be
exploited∗ for a personalized therapy of SF3B1-mutated CLL
patients, 16 as they would be expected to be more sensitive to
inhibitors targeting the BCR-signaling pathway.
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Current Treatment Options for Transformed Disease
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United Kingdom
Take-home messages:
 Histological transformation (HT) is a characteristic event in the natural history and clinical course of patients with indolent
lymphoma, with an incidence that varies signiﬁcantly in different histologies
 The outcome after transformation is highly variable, from very poor to similar to that in patients without transformation,
depending on the underlying indolent subtype and the management prior to transformation
 Treatment options at the time of transformation include a varied range, from standard ﬁrst-line treatment for aggressive
lymphomas (immune-chemotherapy) to salvage chemotherapy and consolidation with autologous or allogeneic stem cell
transplant (SCT), and will be mostly guided by previous treatment/s

Introduction
Histological transformation (HT) has been recognized for
decades as a characteristic event in the natural history and the
clinical course of patients with indolent lymphomas, including
chronic lymphocytic leukemia (CLL). There is abundant literature
on the incidence, risk factors, management and outcome of
patients who present HT. The great majority of the available
information is focused on patients with follicular lymphoma (FL),
this being the most common subtype of indolent lymphoma and,
hence, the most studied. However, several studies have reported
on the incidence and outcome of HT in patients with other types of
lymphoma such as nodular lymphocyte-predominant Hodgkin
lymphoma (nLP-HL), Waldenstrom macroglobulinemia (WM)
and mucosa-associated lymphoid tissue (MALT) lymphoma,
demonstrating that the incidence varies in different sub-types and
the outcomes can also be quite different. Likewise, the management of patients with HT is highly heterogeneous, mostly
determined by previous treatment/s.

Current state of the art
The comparison of the reported incidences of HT in different
series is hampered by their heterogeneity in terms of diagnostic
methods, deﬁnition of HT and length of follow-up. Of note,
although the gold-standard for diagnosis of HT is a tissue biopsy,
Roche, speakers fee; Gilead, travel grant; Bayer, DMC.
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many series include patients with ‘HT’ diagnosed based on other
methods, including clinical criteria. Allowing for these differences, it seems clear that HT is signiﬁcantly more frequent in FL
than in other indolent subtypes (Table 1). However, there is some
suggestion that the incidence of HT in FL has decreased in recent
years, which
has been attributed to the introduction of
∗
rituximab. 1 In terms of the outcome, HT has traditionally been
considered a devastating event with a considerably poor
prognosis. There are clear differences in the outcome of patients
who present with HT according to the underlying indolent
lymphoma (Table 1). Thus, a recent large study on patients with
nLP-HL showed that the overall survival (OS) after HT at 5 years
was 76% and there were no signiﬁcant differences in comparison
with that ∗of patients with relapsed lymphoma but no transformation 2; on the other extreme, the median OS for patients
with HT following the diagnosis of CLL (otherwise known
as Richter syndrome –RS-) is 8 to 16 months,3,4 although some
data suggest that the outcome varies depending on clonal
relationship with the underlying CLL. With regards to the
outcome of patients with transformed FL (tFL), data from
several recent studies suggest that it is not as universally
dismal as it used to be reported, but that there are subsets of
patients with a relatively good outcome. The improvement
in the
∗ ∗
outcome of patients with tFL included in recent series 1, 5,6 is,
most likely, due to an improvement in the management of
patients with FL thanks to the introduction of rituximab. In
the great majority of patients with HT, the “transformed”
lymphoma mimics, both from a clinical and from a histological
and biological point of view, diffuse large B-cell lymphoma
(DLBCL). The outcome of patients with DLBCL has signiﬁcantly
improved following the introduction of rituximab, so it is not
surprising at all that the outcome of many patients with HT has
also improved.
There is data strongly supporting that the outcome of patients
with tFL who are treated with the standard immune-chemothera-
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Table 1
Incidence and Outcome of HT in Patients With Infolent Lymphoma
Series
Tsimberiodou 20063,15
Rossi 20084
Xing 201516
Conconi 201517
Kiesewetter 201918
Castillo 201619
∗
Kenderian 2016 2
20
Montoto 2007
∗
Link 2013 5
Sarkozy 20166
Alonso 201721
∗
Federico 2018 1

Indolent lymphoma

Transformed lymphoma

Median follow-up

Actuarial risk/frequency

OS after HT

CLL
CLL
Splenic MZL
MZL
MALT
WM
nLP-HL
FL
FL
FL
FL
FL

DLBCL/HL
DLBCL
∗
DLBCL
‘aggressive’ lymphoma
DLBCL
DLBCL
DLBCL
DLBCL
∗
‘aggressive lymphoma’
DLBCL/BL
DLBCL/BL/3bFL
‘aggressive lymphoma’

NR
47 months
8 years
5 years
52 months
7 years
16 years
15 years
5 years
73 months
6 years
87 months

4%/0.4%
at 10 years: 16%
at 10 years: 18%
at 12 years: 10%
3.2%
at 10 years: 2.4%
7.6%
at 10 years: 28%
at 5 years: 11%
at 6 years: 4%
at 10 years: 8%
at 10 years: 8%

Median: 8/10 months
Median: 16 months
at 5 years: 33%; median: 8 months
at 2 years: 57%
NR
Median: 2.7 years
at 5 years: 76%; median: 8 years
Median: 1.2 years
at 5 years: 48%; median: 4 years
Median: 3.8 years
at 5 years: 26%
at 5 years: 43%

OS = overall survival, HT = histological transformation, CLL = chronic lymphocytic leukemia, DLBCL = diffuse large B-cell lymphoma, HL = Hodgkin lymphoma, NR = not reported, MALT = mucosa associated
lymphoid tissue, MZL = marginal zone lymphoma, WM = Waldenstrom macroglobulinemia, nLP-HL = nodular lymphocyte-predominant Hodgkin lymphoma, FL = follicular lymphoma, BL = Burkitt lymphoma
∗
also including cases with ‘clinical diagnosis of transformed lymphoma’

py for 1st line DLBCL (R-CHOP) is similar to that
of patients with
∗
de novo DLBCL treated with this regimen. 5 In addition, the
outcome of patients with tFL who receive R-CHOP for the episode
of transformation is considerable better
than that of patients who
∗
have received R-CHOP prior to HT. 5 Thus, in patients who have
not received immune-chemotherapy including anthracyclines
prior to the transformation, this is the recommended treatment
option. Whereas this strategy is mostly feasible in patients with
transformed CLL, WM or MALT, as R-CHOP is not frequently
used in these histologies, this might be more difﬁcult in patients
with nLP-HL (if they have previously received anthracyclines) or
in patients with FL. In this latter group, R-CHOP is the treatment
of choice in patients with composite or discordant lymphoma
(that is, both a component of indolent lymphoma and of
aggressive lymphoma either in the same biopsy sample or in 2
concurrent biopsy samples, also called by some authors
“transformation at diagnosis”) or for those who have been
managed expectantly at diagnosis or treated with single agent
rituximab or local radiotherapy. In patients who have already
received immune-chemotherapy including anthracyclines, a
second-line regimen for DLBCL and consolidation with autologous stem cell transplantation (ASCT) should be considered for ﬁt
patients, with around half the patients being alive and free of
disease at 5 years after this strategy. Perceived wisdom
traditionally recommended consolidation with ASCT in any ﬁt
patient with HT. This was based on the poor outcome of patients
with HT in old studies and a suggestion of a better outcome for
those receiving ASCT in retrospective studies.7 There is now data
supporting that ASCT is not necessary in patients who have not
received immune-chemotherapy
prior to HT and receive this
∗
treatment for HT. 5,8 On the contrary, given the poor outcome of
patients with RS there is general agreement in consolidating the
response either with ASCT or with an allogeneic stem cell
transplant.9 Consideration should be given also to include such
patients in clinical trials with targeted drugs if available. Finally,
some authors advocate the use of maintenance rituximab to
consolidate the response after induction therapy in patients with
tFL on the basis that this would “treat the FL-component”. There
is no data on the role of maintenance rituximab in patients with
tFL, as they were excluded from clinical trials, but there are several
randomized studies demonstrating that maintenance rituximab
does not improve the outcome in patients who have received 1st
line immune-chemotherapy for DLBCL.10 A recent retrospective
study from the British Columbia Cancer Agency showed no
signiﬁcant differences in outcome in patients with composite/
discordant according to whether they had received maintenance
rituximab or not.11

Future perspectives
The outcome of patients with HT has signiﬁcantly improved
over time but for a signiﬁcant subset of patients this continues to
be an event with a bleak prognosis. A better understanding of the
biology of HT might lead to better targeted drugs. In this sense, the
inclusion of patients with HT in prospective clinical trials is
crucial.12,13 The advent of cell therapy in the form of chimericantigen receptor T-cells (CAR-T)14 and the preliminary reports on
the subsets of patients with tFL receiving this strategy is
encouraging.
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Take-home messages:
 The acquisition of new genetic lesion in the tumor cells of the indolent lymphoma is proposed to be the predominant mechanism
leading to transformation
 Genomic studies are revealing new disease biomarkers and therapeutic targets, with the promise of achieving a precision medicine
approach for transformed lymphomas

Introduction
Acquisition of genetic changes in the tumor cells of indolent
lymphoma as well as re-education of the tumor immune
microenvironment are major driver of histological transformation
of lymphoma into an aggressive entity. Recent studies have
revealed the molecular pathogenesis of transformed lymphomas,
showing a complex process, resulting from a number of epigenetic
and genetic lesions occurring in the tumor cell population. Nongenetic mechanisms as pathway activation and changes in immune
checkpoints proﬁle are also involved in transformation. These
novel knowledge prompted clinical investigations on a variety of
targeted therapeutic strategies. Here we provide a review of
biological mechanism associated with histologic transformation
and the pre-clinical rationale for the use of targeted novel agents in
the treatment of Richter Syndrome (RS) and transformed
follicular lymphoma (tFL), which represent the more common
scenarios with the most consolidated data.

Current state of the art
Genetics of Richter syndrome
RS is the development of an aggressive lymphoma in patients with
chronic lymphocytic leukemia (CLL). Two pathologic variants of
RS are recognized, the diffuse large B-cell lymphoma∗ (DLBCL)
variant, and the rare Hodgkin lymphoma (HL) variant. 1 Based on
the analysis of immunoglobulin (Ig) genes, most of the DLBCL-type
RS (∼80%) are clonally related to the preceding CLL phase, thus
representing true transformations.2 However, a fraction of RS cases
display a rearrangement of Ig genes distinct from that of the CLL
phase, documenting a clonally-unrelated origin. The molecular
Copyright © 2020 the Author(s). Published by Wolters Kluwer Health, Inc. on
behalf of the European Hematology Association. This is an open access article
distributed under the Creative Commons Attribution License 4.0 (CCBY), which
permits unrestricted use, distribution, and reproduction in any medium, provided
the original work is properly cited.
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proﬁle of the DLBCL-type RS is heterogeneous, lacks a unifying
genetic lesion, and does not overlap with the genetics of de novo
DLBCL. TP53 mutations occurring in ∼60% to 80% DLBCL-type
RS and deletions of CDKN2A occurring in ∼30% of cases are
generally acquired at the time of transformation.2 The ∗MYC
network is generally deregulated in ∼70% of DLBCL-type RS ∗3,4 by
somatic structural alterations of MYC (∼30% of cases),2, 3 by
truncating mutations and deletions MGA (∼10%∗of cases),4 and by
mutations affecting NOTCH1 (∼30% cases). 5 The sole risk
factors for the DLBCL-type RS are the mutational status of
NOTCH1, the use of subset 8 Ig genes conﬁguration
(IGHV4-39/
∗ ∗
IGHD6-13/IGHJ5) and TP53 abnormalities. 3, 6 DLBCL-type RS
harbor ectopic PD-1 expression in up to 80% of cases, which is
instead rarely expressed by CLL and de novo DLBCL.7 Though not
affected by mutations, PI3K/AKT pathway activation is strongly
implicated in RS development in pre-clinical models. Most RS have
clues of AKT activation. Consistently the functional impact of AKT
signaling in RS was demonstrated by generating the ﬁrst murine RS
model in Em-Tcl-1 mice, where constitutive activation of AKT led to
a highly penetrant histologic shift of murine CLL into a clonally
related aggressive lymphoma.8

Novel agents for the treatment of Richter syndrome
Chemotherapy regimens commonly used to treat aggressive and
high grade B-cell non-Hodgkin lymphomas is considered the
standard of care for RS and provide the benchmark for
comparatively assess the activity of novel agents and combinations. R-CHOP (rituximab, cyclophosphamide, doxorubicin,
vincristine, prednisone) has shown a response rate of 67% (CR
7%), with a median progression free survival (PFS) of 10 months
and a median overall survival (OS) of 21 months.9
R-EPOCH (rituximab, etoposide, prednisone, vincristine,
cyclophosphamide, and doxorubicin) results in 37% response
rate (CR 20% of patients) in DLBCL-type RS, median PFS of
3.5 months and median overall survival of 5.9 months.10
Among novel agents, selinexor, a selective inhibitor of nuclear
export interfering with both MYC and TP53, two oncogenes
Educational Updates in Hematology Book | 2020; 4(S2) | 149 |

Rossi

Lymphoma Transformation

Table 1
Novel agents for the treatment of transformed indolent lymphomas.
Reference
11

Kuruvilla, 2014
13
Hillmen, 2016
12
Tsang, 2016
16
Ding, 2017
17
Jain, 2016
18
Younes, 2019
14
Davids, 2017
NCT03534323
21
Armand, 2013

Transformed Lymphoma type
DLBCL-type
DLBCL-type
DLBCL-type
DLBCL-type
DLBCL-type
RS
DLBCL-type
RS
tFL

RS
RS
RS
RS
RS
RS

Study design

Patients

Regimen

ORR

CR

PFS/FFS

OS

Clinical trial
Clinical trial
Retrospective
Clinical trial
Clinical trial
Clinical trial
Clinical trial
Clinical trial
Clinical trial

6
29
4
9
3
20
7
na
13

Selinexor
Acalabrutinib
Ibrutinib
Pembrolizumab
Nivolumab+Ibrutinib
Nivolumab+Ibrutinib
Venetoclax
Duvelisib+Venetoclax
Pidilizumab

33%
38%
75%
44%
50%
65%
43%
na
33%

0%
14%
25%
11%
na

na
3 months
na
na
na
5 months
na
na
na

na
na
na
na
na
10.3 months
na
na
na

0%
na
na

CR = complete response rate, DLBCL = diffuse large B-cell lymphoma, FFS = failure free survival, na = not available, ORR = overall response rate, OS = overall survival, PFS = progression free survival, RS = Richter
syndrome, tFL = transformed follicular lymphoma.

driving RS, showed signal of activity in 40% of DLBCL-type RS
patients that were refractory to the previous chemotherapy regimen.
(Table 1)11 Consistent with a retained dependency of RS on BCR,
transient responses to ibrutinib have been reported in DLBCL-type
RS. (Table 1)12 Also, in the ACE-CL-001 phase I/II trial, the overall
response rate to acalabrutinib, a highly selective BTK inhibitor, was
38% among DLBCL-type RS, the median PFS was 3 months and the
median duration of response 5 months. (Table 1)13
Venetoclax is a speciﬁc inhibitor of BCL2 that acts with a TP53
independent mechanism and is effective in high risk CLL. In the
M12-175 (NCT01328626) phase I study, a limited number of
DLBCL-type RS were treated with escalating doses of venetoclax,
achieving a response rate of 43% (no CRs) (Table 1).14 Duvelisib
is an oral phosphatidylinositol 3-kinase (PI3K)-d and g dual
inhibitor. A recent study showed promising responses in RS-PDX
models by testing duvelisib in combination with venetoclax
(phase 1/2 study clinical trial, NCT03534323) (Table 1).15
Pembrolizumab, an antibody that targets the PD-1 receptor,
provides signals of activity in DLBCL-type RS, including response
in four out of nine patients (MC1485 phase 2 trial;
NCT02332980) (Table 1).16 Nivolumab is a human Ig G4 PD1 immune checkpoint inhibitor antibody that blocks PD-1. The
combination of ibrutinib and nivolumab led to the highest
response rate, though of short duration, so far reported in RS
(Table 1).17 In the phase 1/2a study (NCT02329847), the
combination of ibrutinib and nivolumab led to overall response in
65% of RS patients, with a median PFS of 5 months and a median
OS of 10.3 months (Table 1).18

are common in ∗∼40% of cases, lesions acquired during
progression to tFL. 20

Novel agents for the treatment of transformed follicular
lymphoma
The PD-1 blockage by pidilizumab has been evaluated in a
subset of 13 patients with tFL. After median follow-up of
16 months from the ﬁrst treatment, PFS was 72%. (Table 1)21 The
high rate of genetic lesions inducing alterations of cell cycle
progression, suggests that the CDK4/6 inhibition through
speciﬁc agents, such as palbociclib, might represent an interesting
therapeutic strategy.22
The suppression of MYC translation and the silencing of MYCdependent transcription may be pursued also by targeting PI3Kd
and CK1e as suggested by in vitro studies testing the novel PI3K-d
inhibitor umbralisib and providing explanation of its activity in
aggressive lymphomas.23

Future perspectives
Future efforts to incorporate clinical and genetic factors into a
single prognostic model are likely to improve the accuracy of risk
stratiﬁcation. Further studies are still necessary to clarify the
biology of transformation as well as the identiﬁcation of
biomarkers, which might be future potential targets for individualized treatment of transformed lymphomas.

Genetics of transformed follicular lymphoma
tFL is the histologic
shift of FL into a high-grade tumor,
∗
usually DLBCL. 1 A recent study, of a large cohort of more than
10,000 FL cases, assessed the overall frequency of transformation in FL treated in the rituximab era, that is now <10%.19
Histological transformation can arise at different stages of the
indolent disease.
Genome sequencing data suggest a frequent nonlinear,
divergent, evolution of tFL from a common precursor clone that
only partially overlaps
at the genetic level with the preceding
∗
indolent phase. 20 Along with the t(14;18)(q32;q21) translocation, mutations in epigenetic modiﬁers including MLL2, EZH2,
CREBBP, EP300, and anti-apoptotic genes as BCL-2 and
FAS
∗
appeared to be soon introduced in the common precursor. 20 The
most common genomic aberration speciﬁcally acquired during
progression to tFL is the loss of CDKN2A/B in ∼45% tFL.
CDKN2A/B lesions and TP53 genetic abnormalities, which are
also frequently acquired at ∗transformation in ∼20% of cases, are
mutually exclusive in tFL, 20 suggesting that CDKN2A/B loss
may contribute to FL transformation by affecting both cell-cycle
regulation and TP53-dependent DNA damage responses, thus
promoting genomic instability. Genetic lesions deregulating MYC,
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Thromboembolic conditions are estimated to account for 1 in 4
deaths worldwide. Global public awareness for venous thromboembolism (VTE) is substantially lower than for arterial events. The
COVID-19 pandemic has highlighted the constant need to expand
our knowledge on the mechanisms leading to thrombosis, to
increase awareness, and to improve treatment options. In this
session, Robert A.S. Ariens will help us to explore how the
molecular and cellular composition of the blood clot inﬂuences the
risk of venous thrombosis and that of embolization. Results gained
by such studies may lead to novel treatments targeting thrombus
burden, without reducing clot elasticity, thus avoiding embolism.

In women of reproductive age, combined oral contraceptive
(COC) use and pregnancy are among the most frequent acquired
risk factors for thrombosis. Marc Blondon will provide an update
on the risk and management of COC-related VTE. Finally,
Beverley J. Hunt will discuss why despite the vast use of LMWH,
pulmonary embolism (PE) is still a major cause of death during
pregnancy and the puerperium. Recommendations for diagnosis
of PE in pregnancy were changing prior to the COVID-19
pandemic and will be critically discussed. An overview of the
effects of COVID-19 on PE diagnosis and management will be
provided.

Key points:
 To understand and appreciate novel ﬁndings on the structural and cellular composition of the blood clot and its potential impact on
VTE treatment research
 To become updated on the risk and current management of VTE caused by combined oral contraceptive (COC) use in women of
reproductive age
 To gain insights on the diagnosis and management of PE, a feared complication of pregnancy and the puerperium, pre- and during
the COVID-19 pandemic
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Contribution of Clot Properties to Thromboembolism
Robert A.S. Ariëns
Discovery and Translational Science Department, Leeds Institute of Cardiovascular and Metabolic Medicine,
University of Leeds, United Kingdom
Take-home messages:
 Venous thromboembolism affects more than 1 million people annually
 Clot structural properties play an important role in thrombus stability
 The degree of elasticity of ﬁbrin ﬁbres in the clot is essential to prevent thromboembolism and its recurrence

Introduction
Pulmonary embolism (PE) is a serious and potentially fatal
sequela of venous thrombosis. Venous thromboembolism (VTE)
involves thrombus formation in the arms or legs, followed by parts
of the clot (emboli) breaking off due to clot instability. The emboli
travel with the blood ﬂow from the extremities through the vena
cava, right atrium and ventricle into the lungs, blocking a part of
the pulmonary circulation. This leads to lung tissue ischemia,
pulmonary hypertension, oxygen depletion and – if left untreated
– possibly death. Clinically, VTE is a major problem
affecting
∗
more than 1 million people annually world-wide.1, 2 Current
treatment involves anticoagulation with direct oral anticoagulants
or vitamin K antagonists to reduce thrombus burden and prevent
recurrence. Catheter-mediated localized thrombolysis may also be
employed in cases not responding to standard anticoagulation.
However, improvements in treatment options are needed, since
current therapeutic strategies do not directly impact the quality or
the mechanical stability of the clot.

Current state of the art
There is substantial and increasing evidence that the molecular
and cellular structure and composition of blood clots formed in
plasma ex-vivo inﬂuences the risk of thrombosis. Searching “clot
structure” on Pubmed results in >1000 publications, with >400
in the last 5 years alone. Abnormalities in clot structure, leading to
clots that are denser and more difﬁcult to be broken down by the
ﬁbrinolytic system, ∗have been associated with an increased risk of
venous thrombosis. 3 The increased risk of thrombosis associated
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with denser, ﬁbrinolysis-resistant clots also translates to other
vascular beds including the arterial circulation, associating with
coronary artery disease,4,5 stroke6,7 and diabetes8,9 (reviewed
in10). Recent prospective cohort studies showed poor outcome
associated with abnormal clot structure in patients with
thrombosis.11,12 Together, these studies suggest that clot structure
may be an attractive target for the future development of new
antithrombotic strategies.
The reported abnormalities in clot structure in patients with
thrombosis are expected to modify the functional properties of the
clot. It is known that dense clot structures reduce the rate of
ﬁbrinolysis by tissue plasminogen activator and plasminogen,8,13
which is a possible mechanism by which such structures increase
the risk of thrombosis. However, the effects of clot abnormalities
on the visco-elastic or mechanical properties of the clot are more
complex and less well understood.14 What are the optimal
mechanical properties of a blood clot so that potential bleeding is
still effectively stopped, while the risk of thrombosis is reduced? In
addition to these unknowns, recent studies have elucidated new
clot structures that were hitherto largely overlooked. Red blood
cells at the center of blood clots or thrombi transform into
polyhedrocytes due to platelet contractile
force, providing a
∗
densely packed core that impedes lysis. 15,16 Another recent
discovery shows that, in addition to making ﬁbres that provide the
backbone of the clot, ﬁbrin also produces ﬁlm structures that
conﬁne clots and thrombi, trapping cells into the∗ clot, and
preventing bacterial infection in wound healing. 17,18 The
potential functional roles of polyhedrocytes and ﬁbrin ﬁlm in
thrombosis and thromboembolism remains to be fully elucidated.
Furthermore, studies are urgently needed to evaluate the role of
clot functional properties in the development of thromboembolic
events. Recent data indicate differences in the establishment of
visco-elastic properties of clots from patients with PE,19 altered
clot structure in patients with recurrent VTE,12 and prolonged
lysis in patients with a ﬁrst VTE.20 These studies suggest that
differences in clot structure, mechanical properties, and ﬁbrinolysis impact on thromboembolic disease. We have developed a novel
microrheological apparatus (magnetic tweezers) for the analysis of
clot visco-elastic properties in clots from patient plasma samples.
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[(Figure_1)TD$IG]
Figure 1. Clot properties contribute to venous thromboembolism. Venous clots with reduced ﬁbrin elasticity (left panel) increase the possibility
of clot fragmentation and the generation of emboli (middle panel). The clot emboli travel with the blood stream through the vena cava, the right atrium
and right ventricle of the heart to the lungs, blocking the pulmonary circulation (right panel). PE = pulmonary embolism.

Using this equipment, we recently showed that clots from patients
with recurrent
episodes of VTE clearly demonstrate reduced
∗
elasticity. 21 Clot elasticity therefore seems pertinent to prevent
fatal embolism in patients with venous thrombosis.
Studies into the disease mechanisms of VTE are complicated by
the fact that current preclinical embolism models for in-vivo
studies poorly reﬂect the pathophysiological process in patients,
since they are based on either systemic coagulation due to the
injection of collagen, or on the injection of exogenous clots into
the circulation. To further investigate the role of ﬁbrin elasticity in
VTE, we have developed a new in-vivo protocol for PE, based on
FeCl3-induced thrombosis in the vena cava, combined with stateof-the-art whole-body and whole-organ imaging of emboli
traveling from the site of thrombosis to the lungs. We used this
protocol in combination with a genetically modiﬁed murine
model in which the ﬁbrin g-chain cross-linking sites for FXIII
are eliminated. We based this murine model on our previous
studies which showed that eliminating the g-chain cross-linking
sites in recombinant human ﬁbrinogen reduced the elasticity of
clots. The results from these mechanistic studies distinctly show
a substantial increase in the number and size of pulmonary
emboli in the mutant mice compared to the wildtype, showing
that ﬁbrin g-chain cross-linking is critical to reduce thromboembolic events in-vivo (Duval et al unpublished). A new
paradigm is presented in which g-chain cross-linking by FXIIIa
prevents protoﬁbril slippage and ﬁbrin ﬁbre rupture, reducing
clot embolism.

Future perspectives
The mechanistic roles for clot structure and function in
the development of VTE are beginning to emerge from recent
studies showing a pivotal role for the elasticity of the clot in PE
(Fig. 1). These recent ﬁndings challenge current treatment
strategies for VTE, which are based on global anticoagulation
only. New treatment options should be developed that
target thrombus burden and size, but do not reduce clot
elasticity so that fatal embolism can be avoided. There could
be several optional strategies to achieve this, each of which
should be carefully evaluated in preclinical and clinical studies
of VTE.
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Update on Oral Contraception and Venous Thromboembolism
Marc Blondon
Division of Angiology and Hemostasis, Geneva University Hospitals and Faculty of Medicine, Geneva, Switzerland

Take-home messages:
 Combined oral contraceptive (COC) is one of the causes of about 50% of VTE among women of reproductive age
 The risk of COC-related VTE is determined by characteristics of the pill (dose of estrogen, type of progestin) and of the user (both
acquired and genetic risk factors)
 COC-related VTE prediction models would be clinically useful, with ongoing research
 Women should be advised not to stop the COC right at the time of VTE, but seek prompt contraceptive advice during the period of
anticoagulant treatment

Introduction
Deep vein thrombosis and pulmonary embolism, together
known as venous thromboembolism (VTE), occur at an annual
incidence of 5/10,000 women of reproductive age,1 corresponding
to ∼67,000 VTE annual cases at the scale of the European Union
(134 million women between 15 and 54 years). Hormonal
contraceptives, and in particular combined ∗oral contraceptives
(COC), found in 30% to 70% of such VTE, 2 represent a major
cause of such VTE. This short update will review the determinants
of COC-associated VTE risk and the management of contraception in case of VTE.

COC determinants of VTE risk
The type of progestin and the dose of estrogen inﬂuence the risk
of VTE.
Multiple systematic reviews and meta-analyses have demonstrated that, compared with a 2nd generation progestin
(levonorgestrel), more modern progestin is associated with greater
risks of VTE. In the most recent review,3 compared with
levonorgestrel, the relative risk (RR) of incident VTE for a 3rd
generation progestin (desogestrel, gestoden) was ∼1.5 to 1.8 and
that of cyproterone and drospirenone was 1.6 to 2.0. This
incremental risk of drospirenone has been challenged by the
EURAS and LASS pharmaceutical-funded prospective studies,
showing similar risks as levonorgestrel.4 Such discrepant ﬁndings
The authors have indicated that they have no potential conﬂicts of interest to
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have been debated in the literature, with a highlighted lack of
detailed methodology and a potential for non-differential measurement error. Biologically, switchers of COC from a 2nd generation to
drospirenone increase their resistance to activated protein C, a
recognized biomarker of COC-related VTE.5 Therefore, given the
current epidemiological and biological evidence, levonorgestrel
should be viewed as the safest choice of COC for VTE risk and
drospirenone as a more prothrombotic COC.
The ﬁrst contraceptive pills in the 1960s had high-dose potent
synthetic estrogens. Ethinylestradiol (EE) now represents the most
common estrogen of COC, impacts the hepatic synthesis of
hemostatic proteins in both oral and non-oral forms, and should
be prescribed at the lowest dose tolerated by the user. Indeed, in a
recent large French retrospective cohort, the risk of pulmonary
embolism was lower in users of EE 20 mcg than EE 30 to 40 mcg,
independently
of the progestin type (HR 0.75, 95%CI 0.67–
∗
0.85). 6 Whether the type of estrogen inﬂuences cardiovascular
events is unknown, but some COC now integrate a natural
estrogen (estradiol) instead of EE. The limited biological and
epidemiological comparative evidence suggests that estradiol/
dienogest (a new progestin) carries a similar VTE risk as EE/
LNG.7,8

User determinants of VTE risk
Older women, obese women (RR = 3),9 and active smokers (RR =
2)10 are at greater risks of COC-related VTE (Table 1). Recently, an
association between polycystic ovary syndrome (PCOS, RR = 1.7)
and VTE was found in a meta-analysis, which appeared independent
of hormonal treatment and obesity,11 and this adds complexity to the
management of PCOS. Surgeries, hospitalizations, and limb
immobilizations are transient high-risk periods.
Genetics are responsible for 35% to 60% of VTE,12 of which
little is characterized. There are >20 single nucleotide polymorphisms (SNP) known to cause VTE, but these explain only 10% of
the genetic variance. The most potent are Factor V Leiden (FVL,
rs4025), the G20210A prothrombin mutation (PTG20210A,
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Table 1
Non-transient VTE risk factors of COC users.
Acquired risk factor

Genetic risk factor

Advanced age
Obesity
Active smoking
Polycystic ovary syndrome
Personal history of VTE

Factor V Leiden (rs4025)
G20210A prothrombin mutation (rs1799963)
Non-O blood group
First-degree family history of VTE

rs1799963) and a non-O blood group, and the other SNP have
weak associations with VTE.
In COC users, some of these factors are speciﬁcally important.
Not only does FVL or PTG20210A increase the risk of
VTE 6∗
times among COC users (OR 5.9, 95%CI 4.2–8.2), 13 but a
synergism between these SNP and COC was suggested already 25
years ago, meaning that the relative risk associated with FVL and
with COC do not simply add but at least multiply. For example, in
a recent Swedish case-control study, the use of COC was
associated with a 3.4-fold increased risk, that of FVL with a 2.6fold increased risk and the combination with a 20.6-fold increased
risk of VTE.14
A ﬁrst-degree family history is readily-obtained and doubles the
risk of VTE, even among carriers of FVL.15 It triples and even
quadruples in case of a VTE event in a ﬁrst-degree relative <50
years and of multiple relatives with VTE. Whether the relative
with VTE is male or female appears unimportant, unless the
relative was a woman who had suffered a hormone-related VTE,
which further potentiates the risk associated with the family
history.16 Importantly, a positive family history is poorly
correlated with thrombophilia testing. In the MEGA study, at
least 1 genetic risk factor (FVL, PTG20210A, low AT/PC/PS
levels) was found in 29.7% of VTE cases with a positive 1st-degree
family history and 22.1% of VTE cases without a family history.15
Blood group is easily measured, often known by patients, and a
clear genetic predisposition to VTE: a non-O blood group doubles
the risk of incident VTE in the general population and among
COC users.17

Predicting the risk of COC-related VTE
High-risk women should not be prescribed a COC, especially
given the available alternative effective contraceptives without
thrombotic risk. Avoiding COC in women with a combination of
risk factors (described above) or with known thrombophilia
factors, as guided by the WHO,18 is a rough approach, and
developing a genetic and acquired risk score for COC-related VTE
would be an invaluable effort of personalized medicine. At this
time, recommendations advise not to undergo broad thrombophilia testing prior to the prescription of COC, because of a
negative cost-effectiveness balance.
Beyond FVL, PTG20210A and blood group, among women,
individual SNP (F11 rs2289252, PROC rs1799810, KNG1
rs710446, and FGG rs2066865) may be independently associated
with risk of VTE, albeit with weak relative risks.19 Yet, we lack
data speciﬁc for COC-related VTE with good generalizability. The
French PILLGRIM study suffers from selection bias in controls,17
which impacts its genetic associations. However, Its data have
been used to develop a clinical and genetic prediction model (Pill
Protect®),20 which is available in Switzerland. At this time, the
high potential for bias and the lack of external validation of this
tool indicate that it is not ready to be used in clinical practice,21
and more research is needed in this ﬁeld.

Management of COC in case of VTE
At the time of COC-related VTE, the goals are to prescribe an
effective treatment against VTE while minimizing the risk of

bleeding and protecting women from unwanted pregnancies.
Guidelines advise against the use of COC after the diagnosis of
VTE, including during the period of therapeutic anticoagulation.18
According to an international web-based survey of the
management of COC with VTE, about 50% of physicians advise
to stop it at the time of VTE∗diagnosis, and 50% either during or at
the end of anticoagulation. 22 In routine practice, we also observe
that women and a proportion of physicians tend to stop the COC
at the time of diagnosis, in fear of a higher recurrent VTE risk. This
may increase the likelihood of abnormal uterine bleeding,
especially during the ﬁrst 1 to 3 weeks of more
intense
∗
anticoagulation with direct oral anticoagulants, 23 and of
unwanted pregnancies that cause problems after VTE, with
potentially teratogenic anticoagulants.
In the rivaroxaban in VTE phase III EINSTEIN trials, the
continuous use of hormonal treatments during therapeutic
anticoagulation was not associated
with a greater risk of VTE
∗
(HR 0.56, 95%CI 0.23–1.39), 23 suggesting that the very potent
protection of high-quality therapeutic anticoagulation against
recurrent VTE (90%–95% relative risk reduction) outweighs the
hypercoagulability induced by estrogens. In contrast to the
guidelines,
but in accordance with the majority of thrombosis
∗
experts, 22 it appears therefore safe to continue with estrogenic
contraceptives during the period of anticoagulation, unless a low
compliance with anticoagulants is anticipated. Women should be
advised to seek their gynecologist promptly to discuss nonprothrombotic contraceptive alternatives, such as intra-uterine
devices (hormonal or not), progestin-only pills or implants.
Although the duration of persistant prothrombotic inﬂuence of
COC after their withdrawal is largely unknown, we suggest
stopping COC at least 4 to 6 weeks prior to the cessation of
anticoagulation. Clearly, once the anticoagulant treatment is
stopped, it is contra-indicated to restart any contraceptives
containing estrogens.
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Understanding Disease Pathophysiology for Better Treatment in
Myelodysplastic Syndromes (MDS)
Valeria Santini (Coordinating Author)
MDS Unit, Hematology, AOU Careggi, University of Florence, Italy

Therapy of myelodysplastic syndromes (MDS) is at present
based on the distinction between high and low risk, derived from
the evaluation of marrow blasts, depth of cytopenias and
chromosomal abnormalities. This approach is clearly not
sophisticated enough in the light of a higher level of heterogeneity
given to MDS by several newly identiﬁed intercurring variables.
First to be acknowledged is the frequent presence of somatic
mutations: their number, target gene, and allele burden impact
profoundly the biology and natural history of these diseases.
At the same time, there are other actors in the dysplastic play, like
the marrow microenvironment components, whose role is to inﬂuence the maturation of already intrinsically disturbed progenitors.

Finally, more often than we acknowledge, perturbation of the
immune system with too rarely recognized autoimmune
phenomena may confound clinical manifestations of MDS,
rendering diagnosis, prognostication and management more
difﬁcult.
The evaluation of this constellation of novel variables will yield
an even more complex puzzle than the one we face now when
treating MDS.
On the other hand, only a deeper dissection of the mechanisms
underlying the clinics of these diseases, unrevealing the interplays
of different cellular systems, will allow further improvement in the
management of MDS.

Key points:
 Clinical manifestations of myelodysplastic syndromes depend on multiple biological variables that inﬂuence also outcome
 Presence of somatic mutations, immune system perturbation and alteration of bone marrow microenvironment modulate the
biology and natural history of MDS
 Therapeutic approaches should be selected after careful consideration of all biological and clinical variables of individual MDS
patients
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The MDS Niche: Inﬂammation Driving Bone Marrow Failure and Clonal
Evolution
Marc H.G.P. Raaijmakers
Department of Hematology, Erasmus MC Cancer Institute, Rotterdam, The Netherlands
Take-home messages:
 Inﬂammation is a salient feature of MDS and encompasses both hematopoietic cells and their niche
 Niche inﬂammation is implicated in bone marrow failure and, likely, clonal evolution in MDS
 Targeting inﬂammatory niche interactions may attenuate tissue failure and leukemic evolution

Introduction: Clonal evolution in MDS
Myelodysplastic syndrome (MDS) is a clonal disorder of
hematopoiesis characterized by bone marrow failure and the
propensity for evolution towards acute myeloid leukemia (AML).
The disease is driven by (epi)genetic events in hematopoietic stem
and/or progenitor cells (HSPCs). Mutations in epigenetic
regulators such as DNMT3A, TET2, ASXL1 or genes regulating
the splicing machinery (such as SF3B1) are thought to initiate
disease pathogenesis. The mechanisms underlying the occurrence
and expansion of mutated cells, however, remain incompletely
understood. This seems particularly puzzling for mutations in
genes like ASXL1 and SF3B1 that do not seem to provide HSPCs
with a cell-autonomous (intrinsic) competitive advantage. This
suggests that external (non- hematopoietic) factors govern clonal
expansion, in line with Darwinian evolution principles explaining
the emergence and selection of genetic clones within a population.
In this educational session, we will review the emerging role of
niche inﬂammation in disease pathobiology.

Current state of the art: inﬂammation in the
HSPC niche and intrinsic alterations of HSPCs:
a feed-forward loop
The niche as a disease driving force in MDS
The importance of extrinsic factors to the initiation and
evolution of MDS is illustrated by the observation that the disease
is very difﬁcult to propagate in a cell-autonomous manner in
immunodeﬁcient mice. The phenomenon of donor-derived MDS
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after transplantation further supports the notion that extrinsic
factors may contribute to disease initiation and evolution.
The bone marrow microenvironment comprises many cell
types, including mesenchymal cells, endothelial cells, nerve cells
and cells of the adaptive immune system. Among these,
mesenchymal cells are the best studied in the context of
contributions to disease pathogenesis in MDS. They comprise ∗a
vast network of cells throughout the mammalian bone marrow, 1
providing structure and cues to hematopoietic elements. Mesenchymal cells constitute a functionally heterogeneous population of
cells, reﬂected in distinct transcriptional landscapes2 with different
subsets likely providing succinct cues to different hematopoietic
elements at various stages of differentiation.
Experimental support for a potential pivotal contribution of
mesenchymal cells to MDS pathobiology has been provided by
studies in mice, where speciﬁc genetic alterations in cells of
mesenchymal origin was sufﬁcient to initiate myelodysplasia and
myeloid leukemia in the context of Shwachman-Diamond syndrome,
∗
an activating mutation of b-catenin and Noonan syndrome. 3,4,5
Mesenchymal contributions to the initiation and propagation of
human MDS were further suggested in experiments showing that
patient-derived bone marrow stromal cells can facilitate the
propagation of MDS-initiating cells in xenograft models.6 The data
support a model of “niche-driven malignant transformation,” in
which primary alterations in niche cells drive dysfunction and
leukemic evolution of HSPCs. Vice versa, primary (epi)genetic
alterations in hematopoietic cells have the ability to change
mesenchymal niche cells such that niche cells facilitate disease
propagation, according to a model of “niche-facilitated malignant
transformation.” The molecular mechanisms driving these biologic
concepts have comprehensively been reviewed recently.7 Here, we
will focus on the emerging central role of inﬂammatory signaling
driving niche-induced repression of HSPC and clonal evolution.

Inﬂammation in the MDS niche driving activation and
functional repression of HSCs
Mouse models of congenital, monogenic, bone marrow failure,
and leukemia predisposition syndromes have provided important
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insights into the mechanisms underlying niche-driven bone
marrow failure and leukemic evolution.
In a model of Shwachman-Diamond Syndrome (SDS), targeted
deletion of Sbds from mesenchymal cells induced Tp53 dependent
upregulation of an array of inﬂammatory ligands in these
cells,
∗
including Ccl3 and the alarmins S100A8 and S100A9. 8 The
alarmins induced genotoxic stress, DNA damage and apoptosis of
HSPC, in part through Tlr4 signaling. Transcriptional activation
of this TP53-S100A8/A9-TLR4 signaling axis in was found in
mesenchymal cells in a subset of low-risk MDS patients and
predicted leukemic evolution, supporting a model in which
inﬂammatory alterations in mesenchymal cells attenuate
the
∗
genetic integrity and function of HSPCs in pre-leukemia. 8 This
notion is supported by ﬁndings in a mouse model of Noonan
syndrome in which mutations in Ptpn11 in mesenchymal
precursor cells promote a JMML-like disease and donor-cell
derived myeloproliferative neoplasm following stem cell trans-

∗

plantation. 8 Mechanistically, inﬂammatory alterations in stromal cells, including Ccl3 upregulation, recruited myeloid cells to
HSPC niches resulting in “hyperactivation” and loss of dormancy
of HSCs by interleukin-1b and possibly other proinﬂammatory
cytokines.5
Mesenchymal cells sorted from the bone marrow of low-risk
MDS patients display transcriptional activation of inﬂammatory
pathways, indicative of NF-kB, EGF, TGFß and TNF signaling.9
Inﬂammatory alterations include upregulation of CCL3, TGFß,
IL6, and IL8 and other factors known to be negative regulators
of hematopoiesis, in particular erythropoiesis and B-lymphopoiesis, typically affected in LR-MDS. Mesenchymal NF-kB
activation is a driver of the transcriptional upregulation of these
inﬂammatory ligands in low-risk MDS patients and results in ex
vivo attenuation of HSPCs numbers and function.10 The
combined human and murine data indicate that niche
inﬂammation, either direct or indirect, leads to attenuation of

[(Figure_1)TD$IG]
Figure 1. Model of niche inﬂammation driving bone marrow failure and clonal evolution in MDS. Inﬂammatory programs are elicited in HSPC
mesenchymal niche cells as a result of processes like aging, chemo/radiotherapeutic injury or secretion of inﬂammatory ligands by mutated immune
cells (eg, macrophages). Secretion of inﬂammatory ligands from niche cells creates a locally inﬂamed HSPC niche that induces activation/genotoxic
stress in normal HSCs. Cells carrying a mutation (eg, TET2, TP53) may be relatively resistant to the inﬂammatory stress (eg, by impaired cell cycle
checkpoint activation) and gain competitive advantage. At the same time, mutation rates may be increased by the local inﬂammation, facilitating
malignant transformation. Attenuating the inﬂammatory crosstalk may thus alleviate the drive and pressure for clonal induction and selection.
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HSPC homeostasis, preceding neoplastic transformation of the
bone marrow.

Niche inﬂammation as a consequence of interaction
with mutated hematopoietic cells
Niche abnormalities in MDS may be cell-intrinsic or induced
by aberrant hematopoietic cells. In congenital leukemia
predisposition syndromes, the primary event in niche cells is
the germline genetic event deﬁning the disorder. In acquired
forms of MDS, this is less clear. Genetic abnormalities have been
observed in ex vivo expanded mesenchymal cells from MDS
patients but, to date, there seems insufﬁcient experimental
support for the view that genetic events in mesenchymal cells are
the primary event in MDS. It is nevertheless possible that local
ﬁelds of genetically aberrant mesenchymal cells emerge through
environmental insults such as chemotherapy or irradiation.
Inﬂammatory alterations in stromal cells may further be induced
by ageing,11 a process referred to as “inﬂammaging” and may
contribute to clonal hematopoiesis of indeterminate potential
(CHIP).12
Alternatively, primary genetic alterations in hematopoietic cells
can induce niche inﬂammation in MDS. Mesenchymal inﬂammation is, at least partially, tissue-context dependent and lost when
stromal cells are cultured ex vivo, suggesting that cues from other
bone marrow cells drive inﬂammation.9 Indeed, MDS hematopoietic cells induce aberrant molecular features in healthy
mesenchymal cells, indicative of instructive remodeling of the
microenvironment.6 In a 5q- MDS mouse model, upregulation of
inﬂammatory signaling in macrophages subsequently
ignited
∗
s100A8/A9 activation in mesenchymal niche cells. 13 Interestingly, increased inﬂammatory signaling in macrophages has also been
associated with spliceosome and TET2 mutations.14 The data
indicate that enhanced inﬂammatory signaling from mutated
innate immune cells, in particular macrophages, induce inﬂammation in the HSPC niche which, in a feed-forward loop,
generates an inﬂammatory local environment resulting in
functional repression of HSPCs.

Future perspectives
Attenuating bone marrow failure and preventing clonal
evolution by modulation of niche inﬂammation?
How can an inﬂammatory, functionally repressing, local
environment of HSPC contribute to clonal evolution? It is
conceivable that genotoxic stress associated with the inﬂammatory signaling poise HSC for the accumulation of DNA damage,
thus increasing mutational rates in these cells. Niche-derived
inﬂammatory signaling thus drives the functional repression of
HSCs and the subsequent selection and clonal evolution of cells
carrying a mutation conferring resistance to this stress, at the cost
of “poising” the cell for malignant transformation. In line with
this, ageing-associated chronic inﬂammation may be a driver of
clonal selection15 and an inﬂammatory microenvironment has
been shown to induce the selection of
TP53 and TET2 mutated
∗
clones in experimental settings16,17, 18 Inﬂammatory cytokines
have further been implicated in clonal hematopoiesis
associated
∗
with microbial-dependent chronic inﬂammation 18,19 The inﬂammatory microenvironment may thus make a necessary contribution to drive the induction, selection and eventual expansion of
mutant clones, poised for subsequent malignant transformation
(Fig. 1). This view has important consequences for our thinking
about the treatment of MDS. Targeting the inﬂammatory
crosstalk between HSPC and their niche (eg, by inhibiting NFkB /TLR-signaling or the NLRP3 inﬂammasome which is
activated by S100A9 signaling) may attenuate bone marrow
failure and clonal evolution by alleviating the selective pressure on
mutated clones.20 Clinical trials have been initiated or recently

completed to corroborate this notion. Antagonizing TLR
signaling by OPN-305 (a humanized IgG4 k monoclonal antibody
against TLR2) in a phase 1 trial in lower-risk MDS resulted in
hematologic improvement in half of the patients including red
blood cell transfusion independence (NCT02363491). Bortezomib reduced NF-kB signaling in low-risk MDS patients which was
associated with modest attenuation of bone marrow failure
(hematologic improvement in 20% of patients). Bruton tyrosine
kinase (BTK) inhibition by ibrutinib may suppress the NLRP3
inﬂammasome which is currently undergoing investigation in
MDS in combination with lenalidomide (NCT03359460) and
azacitidine (NCT02553941). Suppression of the NLRP3 inﬂammasome by virtue of suppression of NF-kB activation through
IRAK4 inhibition is also being tested in MDS (NCT04278768).
Finally, inhibition of IL-1b signaling (which results in sustained
NF-kB signaling) by canakinumab (a neutralizing monoclonal
antibody) is going to be explored in a clinical trial in lower-risk
MDS (NCT04239157).
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Take home messages:
 TP53-mutant AML and MDS share clinicopathological features such as a higher frequency of complex karyotype, fewer comutated genes, and an extremely poor prognosis
 Due to high rates of refractoriness to standard induction chemotherapy, hypomethylating agents are now widely used in patients
with TP53-mutant AML
 Long-term remissions are rare even with allogeneic hematopoietic stem cell transplantation as post-remission consolidation therapy

Introduction
The transcription factor p53, encoded by the TP53 gene, is a
prototypical tumor suppressor and critically involved in regulating the response towards DNA damage and oncogene activation.1
TP53 is the most frequently altered gene in human cancer with
approximately 50% of tumors carrying deletions or mutations.
However, mutational frequencies vary substantially between
various tumor entities ranging from >90% in ovarian cancer to
only about 5% to 10% in de novo acute myeloid leukemia (AML)
and myelodysplastic syndromes (MDS).2 By contrast, 30% to
40% of therapy-related myeloid neoplasms (t-MN) bear mutations in TP53.3 In this brief review, we summarize the current
knowledge about TP53-mutant myeloid malignancies.

Current state of the art
Functional consequences of TP53 mutations in
myeloid malignancies
In contrast to other tumor suppressors that typically undergo biallelic inactivation via frame-shift mutations or deletions, most
genetic aberrations in TP53 are missense mutations that cluster
within p53’s central DNA-binding domain.1,2 This unusual
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mutational spectrum has been explained by either a gain-of-function
acquired by missense mutant p53 or by dominant-negative effects.4
We have recently demonstrated that a dominant-negative effect
(DNE) drives selection of TP53 missense mutations in myeloid
malignancies.5 While both TP53 missense as well as truncating
mutations (ie, frameshift, splice-site mutations, deletions) lose wildtype p53 activity, only missense mutant p53 variants suppress
wildtype p53 function in heterozygous mutant cells, leading to a
greater degree of functional p53 impairment than in cells with
heterozygous truncating mutations. Loss of wildtype p53 activity
negatively affects a multitude of fundamental cellular process
including cell cycle regulation, apoptosis, senescence, DNA repair,
metabolism, and autophagy.6 The exact mechanisms by which p53
exerts its tumor-suppressive effects have, however, remained
enigmatic. Overcoming the DNE represents a putatively attractive
therapeutic option that is currently under pre-clinical investigation.

Clinical characteristics of TP53-mutant myeloid
malignancies
TP53-mutant MDS and AML constitute distinct, poor-prognosis
clinical entities compared to their wild-type TP53 counterparts. In
MDS, TP53 mutations are associated with higher-risk clinical
features such as more severe cytopenias, increased bone marrow
(BM) blast counts, and higher risk for AML transformation.7
Notably, TP53 mutations remain an independent negative
prognostic factor even when adjusting for the resulting higher
IPSS-R scores.8 Intriguingly, it has recently been shown that these
adverse clinical characteristics are conﬁned to biallelic but not
monoallelic TP53 mutations.9 Moreover, TP53 mutations are
associated with del(5q) and complex karyotypes (CK).10,11 Among
CK-MDS patients, about 50% carry mutations in TP53 and have
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signiﬁcantly fewer co-mutated genes but higher chromosomal
aberration complexity including higher rates of monosomal
karyotypes.12 Importantly, the adverse risk of CK-MDS appears
to be largely driven by its association with TP53 mutations.12,13
TP53-mutant AML differs from other molecularly deﬁned
AML subgroups but shares many of the clinicopathological
features of TP53-mutant MDS as described above.14 In fact, it has
been suggested that TP53-mutant AML and MDS may form a
continuous spectrum of relatively similar diseases that are only
distinguished by an arbitrary BM blast percentage cut-off of 20%.

When do TP53 mutations occur during AML/MDS
evolution?
A signiﬁcant body of evidence supports a pathogenic model in
which TP53 mutations occur relatively early in the course of
AML/MDS evolution. This is probably best demonstrated in MDS
with isolated del(5q). Sequential sequencing studies conducted in
5q- MDS patients that progressed under therapy have demonstrated that in the vast majority of cases TP53 mutations are
already present in pre-progression samples but are only very rarely
acquired de novo.7,11 However, TP53 mutations are almost
always present in only a minor fraction of 5q- MDS cells at
diagnosis (ie, subclonal) but clonally expand during treatment,
especially with lenalidomide for which TP53 mutations represent
a major mechanism of therapy resistance.7,15
Moreover, contrary to the assumption that DNA-damaging
chemotherapeutics directly induce TP53 mutations, thereby
accounting for the high frequency of TP53 mutations in tAML, it has been demonstrated that most TP53 mutations rather
occur stochastically during ageing and are selected for by
exposure to chemotherapeutics.16 In clonal hematopoiesis of
indeterminate potential (CHIP),17 a pre-malignant condition
characterized by an expanded blood cell clone carrying leukemic
driver mutations, TP53 is among the most recurrently mutated
genes, aside from DNMT3A, TET2, and ASXL1.18-21 Of note,
TP53-mutant CHIP has a relatively high rate of progression into
AML indicating that TP53 mutations can indeed be initiating
genetic events in myeloid malignancies.22,23

How to treat TP53-mutant myeloid malignancies?
Given the association of TP53 mutations with high-risk
clinical features in MDS, most patients with TP53-mutant MDS
will have high IPSS-R scores and should therefore undergo
allogeneic hematopoietic stem cell transplantation (allo-HSCT)
if transplant-eligible and a matched donor is available. Bridging
to allo-HSCT with intensive AML induction chemotherapy or,
nowadays more commonly, hypomethylating agents (HMAs)
azacitidine or decitabine24 may be beneﬁcial – especially in
patients with BM blast counts >10%. Even with allo-HSCT
most patients with TP53-mutant MDS will relapse. Notably,
mortality is highest early after transplant, but patients surviving
the ﬁrst few years have better outcomes and can achieve longterm remissions.25
In transplant-ineligible MDS patients with TP53 mutations,
treatment with HMAs is considered standard of care. The choice
and dosing schedule of HMAs (azacitidine vs decitabine) has
been the matter of an ongoing debate. While recent studies
reported enhanced clinical activity of decitabine especially in
TP53-mutant AML and MDS,26,27 another retrospective analysis failed to conﬁrm these ﬁndings.28 However, one has to be
cautious directly comparing these analyses that substantially
differed in their patient cohort as well as type and dosing
schedule of HMA.
The extremely poor prognosis of TP53-mutant AML is in part
due to high rates of refractoriness to conventional anthracycline /
cytarabine-based chemotherapy.14 Thus, a similar therapeutic
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approach as described above for TP53-mutant MDS consisting of
remission induction with decitabine followed by post-remission
consolidation with allo-HSCT29 has become a standard practice
for TP53-mutant AML patients.

Future perspectives
TP53-mutant myeloid malignancies represent a clinically
challenging disease and patient outcomes have only moderately
improved even with the increased use of HMAs over the last
decade. This may partly be due to an incomplete understanding of
the molecular mechanisms underlying TP53-mutant myeloid
neoplasms. Given that loss of wildtype p53 itself is not sufﬁcient to
drive AML/MDS in conjunction with a lack of a discernible comutational pattern, with the exception of a strong association
with complex karyotype, the genetic and mechanistic drivers of
TP53-mutant myeloid malignancies have remained elusive to
date. Therefore, it can be envisioned that elucidating the
pathogenesis of TP53-mutant myeloid neoplasms may be key
for the development of more efﬁcacious treatment options for
patients suffering from these particularly lethal malignancies.
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Myelodysplastic Syndromes (MDS), Chronic Myelomonocytic Leukemia
(CMML) and Systemic Inﬂammatory Autoimmune Disorders (SIAD): Cause
or Consequence?
Pierre Fenaux
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Take-home messages:
 SIAD are seen in 10–15% of MDS and CMML, where they don’t seem to have an impact on prognosis
 The pathophysiological relationship between MDS/CMML and SIAD in those patients remains unclear
 Treatment with azacitdine, in MDS/CMML with SIAD may improve SIAD features and allow reduction or discontinuation of
steroid or immunosuppressive treatment

Myelodysplastic Syndromes (MDS) and systemic and autoimmune disorders (SIAD) are frequently associated, and 10 to 15%
of MDS patients experience SIAD, with a particularly high
∗
incidence in Chronic Myelomonocytic Leukemia (CMML).1, 2
Incidences of autoimmune disorders up to 30% have been
reported in MDS, but they included organ speciﬁc∗autoimmune
disease, especially thyroiditis, differing from SIAD. 3
In this setting, MDS/CMML are generally diagnosed concomitantly with symptomatic SIAD, or shortly before or after (excluding
from this association MDS occurring after prolonged immunosuppressive treatment with alkylating agents (cyclophosphamide),
methotrexate or azathioprine to treat severe SIAD) Conversely,
epidemiologic studies have demonstrated that patients suffering
from SIAD have a higher risk to develop MDS and/or AML
compared with the general population. This includes in particular
patients with rheumatoid arthritis, Sjögren syndrome, lupus
erythematosus (LED), seronegative arthritis, relapsing polychon∗ ∗
dritis, panarteritis nodosa (PAN), and autoimmune hemolysis.1, 2, 3
Although the frequency of the association and the usual
concomitance (or near concomitance) of SIAD and MDS show the
association cannot be a coincidence, the relationship between
MDS/CMML and SIAD in those patients remains unclear. While
immunological abnormalities may trigger or at least worsen
cytopenias in MDS, involvement of lymphoid cells in the MDS
clone could potentially trigger immune abnormalities. Perhaps
more importantly, treatment with immunomodulators may
improve MDS in some patients, while it was shown more recently
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that speciﬁc treatment of MDS with azacitidine, could dramatically improve severe associated SIAD.

SIAD occurring concomitantly with MDS
10 to 15% of MDS and CMML also have SIAD, developing
before, concomitanly and after, with∗a median interval of about 8
months between the 2 diagnoses. 2 Associated SIAD mainly
include systemic vasculitis, connective tissue disorders, inﬂammatory (generally seronegative) arthritis, neutrophilic disorders
(especially Sweet’s syndrome), relapsing polychondritis. The
combination is more frequent in CMML,
and signiﬁcantly less
∗ ∗
frequent in MDS with ring sideroblasts.1, 2, 3 MDS with SIAD, by
comparison with other MDS, occur at a somewhat lower age,
often has incomplete characteristics of the SIAD, while MDS tends
to be more severe but survival similar than in MDS without SIAD
association. CMML seems to be particularly associated with
vasculitis, while a strong association∗ between
Behcet’s disease and
∗
MDS with trisomy 8 is observed.1, 2, 3
Biological abnormalities of the immune system also
appear more frequent in MDS than in an age matched
population, including hypergammaglobulinemia, Monoclonal
gammopathy of undetermined signiﬁcance (MGUS), especially
in CMML, presence of autoantibodies and ANCA, frequently
asymptomatic,4,5 deregulation of subpopulations in T cells,
including abnormally increased T regulator cell populations
(Treg). Impaired levels of Treg seem to be associated with higher
risk MDS and poorer prognosis.6

Can inﬂammatory and immune abnormalities
trigger or worsen MDS?
Animal models have shown that an abnormal microenvironment can lead to MDS. Mutations leading to primary stromal

∗

dysfunction, 7 activating beta catenin mutations in osteoblasts,8
and primary bone marrow expansion of myeloid derived
suppressor cells (MDSC)9 may generate MDS. However, such
causative relationship has not been demonstrated in humans.
A small subgroup of MDS is associated with autoimmune
oligoclonal T cells directed against MDS stem cells and impaired
cytokine release resulting in cytopenias. Those MDS patients may
be good∗ candidates for immunosuppressive treatment (IST) (see
below). 10 In other patients (reviewed in 11 and 12), deregulation
of immune and inﬂammatory signals may have an impact on
MDS, and especially worsen cytopenias: Abnormal levels of
cytokines and chemokines are seen in MDS, including TNF -a,
IFN gamma, TGF beta, IL6, and they may contribute to general
symptoms. Increased rates of intramedullary apoptosis leads to
cytopenias in MDS. Apoptosis is thought to be initiated by the
death receptor Fas and its speciﬁc ligand (Fas-L), which is
overexpressed and correlates with the rate of apoptosis in MDS.
High levels of TNF-a are directly associated with apoptosis rates
in MDS BM cells.
Aberrant expansion and activation of myeloid-derived suppressor cells (MDSCs) within the bone marrow (BM) niche can be
seen in MDS. MDSCs produce S100A9, which mediates
premature death of hematopoietic stem and progenitor cells
(HSPCs).13,14 Increased expression of the checkpoint inhibitors
PD-1 in hematopoietic stem cells HSPCs and PD-L1 in MDSCs is
seen in MDS. MDS BM mononuclear cells treated with
recombinant PD-L1 undergo cell death, suggesting that the PD1/PD-L1 interaction contributes to HSPC death in MDS. In
accordance with this notion, PD-1/ PD-L1 blockade restores
effective hematopoiesis and improves colony-forming capacity in
BM-MNC from MDS patients.13,14
The NLRP3 inﬂammasone is also activated in MDS, leading to
pyroptotic cell death15 A number of Toll like Receptors (TLRs),
and many of the signal transducers in this pathway, are
overexpressed in a high proportion (40–80%) of MDS patients
(reviewed in 11). TLR4 is overexpressed in BM mononuclear cells
and CD34+ cells of MDS patients, and its levels signiﬁcantly
correlated with apoptotic rates. Increased expression of TLR2 and
TLR9 in all MDS subtypes, with levels of TLR9 also correlated
with those of TNF-a, and the expression of both decreased with
disease progression to AML. TLR1 and TLR6, its heterodimerization partners, are also signiﬁcantly overexpressed. Although
the precise role of TLR-mediated signaling in MDS has not yet
been elucidated, in vitro and in vivo assays suggest that the
deregulation of this pathway might be involved in the loss of
progenitor cell function and impaired differentiation in BM cells.
NF-kB activity is signiﬁcantly elevated in MDS, especially in
later stages (reviewed in 11 and 12). The blockade of NF-kB
activity has been shown to induce apoptosis in normal and MDS
BM precursors, suggesting that constitutive NF-kB signaling
provides malignant cells, which overpopulate BM in the late stages
of MDS, with a survival advantage.

Can abnormal immune function result from MDS?
Immune dysfunction resulting from MDS is less well documented than the role of inﬂammatory and immune abnormalities
in MDS progression. However, T cells and NK cells may be part of
the dysplastic clone in MDS, and have abnormal dysfunction
potentially leading to immune defects.16

Can the same genetic abnormalities induce both
MDS and abnormal immune dysfunction?
Another hypothesis, not exclusive from the previous ones, is
that genetic abnormalities leading to MDS may also induce
immunological dysfunction. A recent study in 73 MDS cases
showed that TET2 mutation, in MDS, was associated with an

increased risk of autoimmune disorders. TET2 mutation was seen
in 31% of MDS patients without autoimmune disorders,
compared with only 5% of those without immune disorders.
While TET2 mutations are clearly implicated in the pathophysiology of MDS, mechanisms whereby they could trigger
immunological dysfunctionremain to be be determined. TET2
mutations have been found in sorted T cells from MDS patients,
showing that T cells belonged to the MDS clone in those
patients.17 Epigenetic changes, including DNA methylation, are
essential to T cells development and maintenance,18 and TET2 has
been found to play a pivotal role in Treg homeostasis, by
stabilizing FoxP3.19 Recently, TET2 mutations were shown to
activate the IL 1 beta /NLRP3 inﬂammasome (leading to
accelerated cardiac failure in animal models).20

Therapeutic implications
The relationship between inﬂammatory and immune dysfunction and MDS currently has some therapeutic implications.
While anecdotally drugs like steroids or TNFa inhibitors have
been capable of improving cytopenias in MDS, immunosuppressive treatment with antilymphocyte or anti thymocyte
globulin has consistanly shown it could improve cytopenias
in lower risk MDS, particularly in patients aged less than 60 to
65 years with no excess of marrow blasts, hypocellular marrow,
normal karyotype, bi or pancytopenia, recent onset of RBC
transfusion requirement, and a small HPN clone, at least 40%
of whom may respond.10
Conversely, treatment of MDS/CMML with severe associated
SIAD with azacitidine has been associated with improvement not
only of hematological features, but also of SIAD, often allowing
steroid discontinuation or improvement of life threatening
immunological complications. In a retrospective study in 22
patients, response of SIAD to Azacitidine was observed in 19
patients (86%). Reduction or discontinuation of steroids and/or
immunosuppressive therapy was possible in 16 cases (73%).
Hematologic response was seen in 55% of the patients. MDS/
CMML and SIAD evolution was concordant in 13 cases (59%):
both favorable (n = 11), both unfavorable (n = 2), but SIAD
improved
while MDS/CMML worsened (n = 8) and vice versa
∗
(n = 1). 21 Those results lead us to launch a prospective study of
AZA in MDS and concomitant severe steroid dependent or
resistant SIAD, which just completed inclusion of 30 patients.
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