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Preface

Myelodysplastic syndromes (MDS) are a group of clonal disorders characterized by
pancytopenias and the risk of progression to acute myeloid leukemia. The diagnosis
of MDS can be challenging as several other diseases could mimic MDS. The out-
come of MDS patients is very heterogeneous with some of the patients staying alive
decades after their diagnosis while others die within few months of their diagnosis.
The only potentially curative option for MDS is allogeneic stem cell transplant, but
a significant number of patients will not qualify either due to their age or other co-
morbidities. The treatment goals for patients with the lower-risk disease is to
improve quality of life and decrease transfusion burden while the goal of treating
patients with higher risk disease is to prolong their life. There are only three FDA
approved drugs for the treatment of MDS patients that include: azacitidine,
decitabine, and lenalidomide. Novel therapeutic agents are desperately needed to
improve the outcome of these patients.

In this book, 10 groups of international MDS experts have provided a concise but
yet comprehensive perspectives on different areas of the disease management from
biology, pathophysiology, and clinic presentation of MDS to the disease diagnosis
and treatment algorithms for lower and higher-risk diseases. Rena Buckstein reviews
the epidemiology and various etiologies of MDS and how the disease presents at
diagnosis while Goel and Hasserjian review the pathological diagnosis of MDS and
its challenges. Chan et al take a deep dive into the biology and pathophysiology of
MDS with del5q while Savona and colleagues review the biology of the MDS at the
stem cell level. Haferlach and Schmidts discuss the molecular landscape of MDS
while Bejar reviews how to use molecular data to differentiate MDS from its mimics
like idiopathic cytopenia of unknown significance or clonal cytopenia of unknown
significance. Bewersdorf and Zeidan summarize recent developments in prognostic
models. As MDS is mainly characterized as a lower-risk and a higher-risk disease,
Hambley and DeZern review the treatment algorithms for lower-risk disease while
Fenaux and Ades summarize the treatment algorithms for the higher-risk disease.
Finally, Kubasch and Platzbecker review at length the indications and clinical impli-
cations of allogeneic stem cell transplants in MDS patients.



vi Preface

I hope the readers will enjoy these highly curated reviews by international MDS
experts and find them useful in their clinical practices and research expeditions.

Cleveland, OH, USA Aziz Nazha



Acknowledgment

To my wife Sarah and my kids George and Sophia, without their support and love,
this book would never have happened. Thank you for all your sacrifices, I love you
and cannot imagine my life without you.

To all the authors and co-authors of this book, thank you for your time and effort.

To all my mentors and colleagues who helped me throughout my career, thank
you for your help and guidance.

To all my patients, thank you for making me live a life full of grace and gratitude.

vii



Contents

PartI Biology, Pathophysiology, and Clinical Presentation of MDS

1 Epidemiology, Etiology, and Clinical Presentation
of Myelodysplastic Syndromes. . ...............................
Rena Buckstein

2 Morphological, Flow Cytometry, and Cytogenetic
Diagnosisof MDS . ... ... ... .
Shalini Goel and Robert P. Hasserjian

3 Biology and Pathophysiology of MDS with del(5q) .. ..............
Onyee Chan, Chetasi Talati, David Sallman, and Alan List

4 MDSStemCellBiology ............... .. ... .. i
Matthew T. Villaume, P. Brent Ferrell, and Michael R. Savona

5 Molecular Landscape of MDS . . .. ........ ... ... ... ... .......
Torsten Haferlach and Ines Schmidts

6  MDS Mimics Including CHIP, ICUS,and CCUS .................
Rafael Bejar

Part IT Prognosis

7  Prognostic Models in Myelodysplastic Syndromes . ..............
Jan Philipp Bewersdorf and Amer M. Zeidan

Part III Treatment

8 Treatment Algorithms for Lower-Risk Myelodysplastic
Syndrome. .. ... .
Pierre Fenaux and Lionel Ades

9  Treatment Algorithms for Higher-Risk Disease. . ................
Bryan C. Hambley and Amy E. DeZern

ix



X Contents

10 Hematopoietic Cell Transplantation for MDS Patients. . .......... 165
Anne Sophie Kubasch and Uwe Platzbecker



Contributors

Lionel Ades Service D’hématologie Séniors, Hopital St Louis, Assistance
Publique — Hopitaux de Paris (APHP) and Université de Paris, Paris, France

Rafael Bejar Moores Cancer Center, University of California San Diego, La
Jolla, CA, USA

Jan Philipp Bewersdorf Department of Internal Medicine, Section of Hematology,
Yale School of Medicine, Yale University, New Haven, CT, USA

Rena Buckstein Odette Cancer Center, Sunnybrook Health Sciences Center,
Toronto, ON, USA

Onyee Chan Departmentof Medicine, University of South Florida, Tampa, FL., USA
Division of Malignant Hematology, Moffitt Cancer Center, Tampa, FL, USA

Amy E. DeZern Division of Hematologic Malignancies, Sidney Kimmel
Comprehensive Cancer Center at Johns Hopkins, Baltimore, MD, USA

Division of Hematology, The Johns Hopkins University School of Medicine,
Baltimore, MD, USA

Pierre Fenaux Service D’hématologie Séniors, Hopital St Louis, Assistance
Publique — Hopitaux de Paris (APHP) and Université de Paris, Paris, France

P. Brent Ferrell Department of Medicine and Program in Cancer Biology,
Vanderbilt-Ingram Cancer Center, Vanderbilt University Medical Center,
Nashville, TN, USA

Shalini Goel Department of Pathology and Lab Medicine, Medanta — The Medicity
Hospital, Gurugram, India

Torsten Haferlach MLL Munich Leukemia Laboratory, Munich, Germany

xi



Xii Contributors

Bryan C. Hambley Division of Hematologic Malignancies, Sidney Kimmel
Comprehensive Cancer Center at Johns Hopkins, Baltimore, MD, USA

Division of Hematology, The Johns Hopkins University School of Medicine,
Baltimore, MD, USA

Robert P. Hasserjian Department of Pathology-WRN 244, Massachusetts General
Hospital, Boston, MA, USA

Anne Sophie Kubasch Medical Clinic and Policlinic, Department of Hematology,
Cellular Therapy and Hemostaseology, Leipzig University Hospital,
Leipzig, Germany

German MDS Study Group (D-MDS), Leipzig, Germany

The European Myelodysplastic Syndromes Cooperative Group (EMSCO),
Leipzig, Germany

Alan List Division of Malignant Hematology, Moffitt Cancer Center,
Tampa, FL, USA

Uwe Platzbecker Medical Clinic and Policlinic, Department of Hematology,
Cellular Therapy and Hemostaseology, Leipzig University Hospital,
Leipzig, Germany

German MDS Study Group (D-MDS), Leipzig, Germany

The European Myelodysplastic Syndromes Cooperative Group (EMSCO),
Leipzig, Germany

David Sallman Division of Malignant Hematology, Moffitt Cancer Center,
Tampa, FL, USA

Michael R. Savona Department of Medicine and Program in Cancer Biology,
Vanderbilt-Ingram Cancer Center, Vanderbilt University Medical Center,
Nashville, TN, USA

Ines Schmidts MLL Munich Leukemia Laboratory, Munich, Germany

Chetasi Talati Division of Malignant Hematology, Moffitt Cancer Center,
Tampa, FL, USA

Matthew T. Villaume Department of Medicine and Program in Cancer Biology,
Vanderbilt-Ingram Cancer Center, Vanderbilt University Medical Center,
Nashville, TN, USA

Amer M. Zeidan Department of Internal Medicine, Section of Hematology, Yale
School of Medicine, Yale University, New Haven, CT, USA



Part I
Biology, Pathophysiology, and Clinical
Presentation of MDS



®

Check for
updates

Chapter 1

Epidemiology, Etiology, and Clinical
Presentation of Myelodysplastic
Syndromes

Rena Buckstein

Introduction

Myelodysplastic syndromes (MDS) encompass a family of clonal myeloid stem cell
disorders that increase with age, characterized by dysplastic and ineffective hemato-
poiesis and high frequency of cytogenetic abnormalities and genetic mutations. The
disease frequently presents with peripheral blood cytopenias, macrocytosis, aniso-
cytosis, and poikilocytosis and is diagnosed by bone marrow aspirate + biopsy with
cytogenetic testing. The phenotype is ineffective hematopoiesis with a propensity to
develop acute myeloid leukemia (AML). It has undergone a number of varied diag-
nostic criteria and classifications over the years ranging from the French American
British (FAB) criteria [1] and the World Health Organization (WHO) classifications
in 1999 [2], 2002 [3], 2008 [4], and 2016 [5] (Fig. 1.1). Major differences between
the 2008 and 2016 classifications include the replacement of “refractory anemia”
with by “MDS” with, the collapsing of “refractory anemia, thrombocytopenia and
neutropenia” into “MDS with single lineage dysplasia,” and the replacement of
“refractory anemia with ring sideroblasts” with MDS with ring sideroblasts (RS)
and single lineage dysplasia or multilineage dysplasia (MDS-RS-SLD, MDS-RS-
MLD). The international classification of disease (ICD) codes for MDS have
evolved over time and they do not encompass all forms of MDS. In the ninth edition
of the International Classification of Diseases (ICD-9-CM), MDS was coded as a
disease of the blood and blood-forming organs (ICD 238.72-238.75) but was reclas-
sified as a neoplasm in the tenth edition (ICD-10: D46) and the ICD for Oncology
Third Edition (ICD-03), the classification system used by population-based cancer
registries [6, 7]. When WHO reclassified MDS as a neoplastic disease and ICD-03
was implemented internationally, it became reportable to National Cancer Institute
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World Health Organization (WHO) Classification of Tumours of Haematopoietic and

Lymphoid Tissues
1982 French

American-British(FAB)

Group MDS Classification 2001 2008 2016
RA RA RA MDS-SLD
RARS RARS RN MDS-RS-SLD
CMML Del (5q) RT Del (5q)
RAEB RAEB-1 RARS MDS-EB1
RAEB-t RAEB-2 Del (5q) MDS-EB2
RCMD RAEB-1 MDS-MLD
MDS-RS-MLD
RCMD-RS RAEB-2 RCC*
MDS-U RCMD MDS-U
RCMD-RS
RCC*
MDS-U

Fig. 1.1 The classification systems for MDS from 1982 to 2016. Entities that encompass the same
subtype are color coded. Legend: RA refractory anemia, RARS refractory anemia with ring sidero-
blasts, CMML chronic myelomonocytic leukemia, RAEB refractory anemia with excess blasts,
RAEB-T refractory anemia with excess blasts in transformation, Del5q MDS with isolated del5q,
RAEB-1 refractory anemia with excess blasts type 1, RAEB-2 refractory anemia with excess
blasts type 2, RCMD refractory cytopenia with multilineage dysplasia, RCMD refractory cytope-
nia with multilineage dysplasia and ring sideroblasts, MDS-U MDS unclassifiable, RN refractory
neutropenia, RT refractory thrombocytopenia, RCC refractory cytopenia of childhood, MDS-SLD
MDS with single lineage dysplasia, MDS-MLD MDS with multilineage dysplasia, MDS-EB1
MDS excess blasts type 1, MDS-EB2 MDS with excess blasts type 2, * provisional. (Adapted from
Figure 1 of Zeidan et al. [13])

Surveillance, Epidemiology, and End Results (SEER) Program in 2001 and other
cancer registries worldwide. SEER is the authoritative source on cancer incidence
and survival in the USA and representing approximately 26.2% of the US popula-
tion [8]. Using SEER data encompassing the years 2001-2003, US incidence of
MDS was first published in 2007 [9] and updated in 2008 with the inclusion of data
from North American Association of Cancer Registries (NAACR) which encom-
passes 82% of the US population [10] and included 24,798 patients with MDS over-
all. Major findings from both studies included the following: the overall age-adjusted
(AA) incidence was 3.3 cases/100,000, this was a disease diagnosed at a median age
of 76 with 86% of cases aged >60 years, and incidence was increasing dramatically
with age (Fig. 1.2); men had a significantly higher incidence rate than women (4.4
versus 2.5 per 100,000/year); (AA) MDS incidence was more common in Caucasian
(3.3) than Black (2.4), Asian/Pacific Islander (2.5), and American Indian/Alaska
native (1.2) patients; MDS was associated with a 3-year overall and relative survival
of only 35% and 42%, respectively. The incident cases (defined by FAB) included
14% refractory anemia (RA), 10% refractory anemia with ring sideroblasts (RARS),
11% refractory anemia with excess blasts (RAEB), 2% refractory anemia with
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Fig. 1.2 SEER 2001-2003 Incidence/100,000 (y axis) according to age categories overall
and by sex

excess blasts in transformation (RAEB-T), 2% refractory cytopenia with multi-lin-
eage dysplasia (RCMD), and 2% deletion 5q MDS (del5q). Importantly, 56% inci-
dent cases had no MDS subtype specified therefore the observed subtype distribution
may not be entirely representative. Incidence increased over the 3 years from
3.3/100,000 in 2001 to 3.8/100,000 in 2004 [10] with an estimated 9700 new cases
made in 2004. Increasing incidence after 2001 has been reported by many disease
registries [11, 12] and may be a function of increased recognition and reporting in
an aging population. Using a SEER November 2017 submission, Zeidan et al. esti-
mated the 2015 incidence to be 4 cases/100,000 with 13,400 new cases of MDS
diagnosed annually in the USA [13], suggesting a leveling off in age-adjusted inci-
dence in recent years. The incidence data reported in some other Western countries
are summarized in Fig. 1.3 and are very aligned with that of SEER and the North
American Association of Central Cancer Registries (NAACR). Differences may
relate to sources (registry versus claims-based and chart review), years of case
ascertainment, ICD-version codes used, the inclusion or exclusion of entities no
longer classified as MDS such as chronic myelomonocytic leukemia (now classified
as an overlap MDS/MPN since 2001) or refractory anemia with excess blasts in
transformation (now classified as AML in WHO since 2001), or differences in eth-
nic makeup and population age.

In addition to ICD codes that do not always align with correct or histologically
confirmed diagnoses, another significant limitation to relying on cancer registries
for disease incidence is their reliance on inpatient reporting. For example, only 4%
of the MDS incident cases from NAACR originated from physician’s offices [10].
Using a novel, more stringent Medicare claim-based algorithm that looked at blood
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Fig. 1.3 MDS Incidence/100,000 in Western Countries from 1995-2010. Reference Source
Legend: the Netherlands 2006-2010 [11]; Australia 2003-2010 [27]; Greece 1990-2009 [12];
New Zealand 2005-2007 [75]; Washington, USA, 2005-2006 [76]; Dusseldorf, Germany,
2002-2005 [22]; the Netherlands 2001-2005 [11]; SEER and NAACR, USA, 2001-2003 [10];
England 1999-2000 [77]; RARECARE, Europe, 1995-2002 [78]

work and bone marrow testing applied to beneficiaries residing in a SEER region
between 2001-2005, Cogle et al. identified more than 9600 MDS cases not captured
by SEER. For 2005, they estimated the MDS incidence to be almost fourfold higher
than the SEER incidence in persons 65 years of age or older (75 versus 20
cases/100,000) [6].

A similar underestimation of true MDS incidence was also reported in a
population-based linkage study in Australia with the annual incidence for those
aged 65 years and older estimated to be 68/100,000 [14]. Despite these higher inci-
dence rates, most experts acknowledge that this likely still represents an underrep-
resentation of true incidence because of either underreporting of pathologically
confirmed cases to cancer registries (if not mandated) or the failure to perform diag-
nostic bone marrows in the investigation of unexplained anemia, a highly prevalent
problem in older adults [15]. Supporting this, an interrogation of electronic pathol-
ogy reports in Florida during 2006 identified that uncaptured cases of MDS by the
Florida cancer registry made up 38% of the total true MDS cases. This led to a cal-
culated incidence of 5.3 cases/100,000 (60% higher than SEER) [7]. Using physi-
cian billing claims of the ICD-9 code for MDS (not entirely specific to MDS) in
2003, Goldberg et al. identified the incidence to be 162 cases/100,000 with a median
age at diagnosis of 77 and 45,000 newly diagnosed cases. During the 3-year follow-
up, 73% of 512 patients suffered cardiac events (62% new) with an age-adjusted
odds ratio compared with non-MDS Medicare patients of 2.1 (95% CI 1.7-2.5).
MDS patients also had an increased prevalence of diabetes, dyspnea, hepatic dis-
eases, and infectious complications. Of interest was a higher 3-year survival rate of
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60% compared with 35% of SEER highlighting the potential referral and reporting
biases of cancer registries versus community settings or improved supportive care
over time [16].

The epidemiology of MDS reported in Asian countries has been reported to
differ from North America and Europe. In one study, Chinese patients with MDS
(compared with Western patients) were younger at diagnosis (median 49 vs
65—73 years) and had lower percentages of RARS (2.8 vs 6.6—15.3%) and chronic
myelomonocytic leukemia (CMML) (5.2 vs 11.7-31%). Similarly, incidences of
single chromosome 5 and 7 abnormalities were lower than those in Western coun-
tries (2.2 vs 17.8-42.5%) while complex karyotypes were more common (39%
versus 16-25%) [17]. These differences have been observed in other Asian coun-
tries such as Korea [18] and Japan [19], and younger age (56—61) at diagnosis has
also been reported in Thailand, Turkey, and Central Africa in smaller series
(review) [20]. In an analysis of the International Working Group for Prognosis of
MDS database IWG-PM) that encompassed 7012 patients, 300 Japanese (JPN),
and 5838 Caucasian (CAUC) patients aged >39 years old were compared. JPN
patients were 5.5 years younger at diagnosis (65.5 versus 71), had lower rates of
RARS (4 vs 12.6%) and del5q (1.3 versus 4.7%), but higher rates of refractory
cytopenia with multilineage dysplasia (41 versus 28%). JPN patients had lower
hemoglobin (85 versus 99 g/L), platelet counts (75 vs 130 x 10°/L), and absolute
neutrophil counts (1.3 versus 1.91 x 10°/L) and were less likely to be red blood
cell transfusion dependent at diagnosis (25 versus 33%). While cytogenetic risk
categories did not differ, there were some differences in selected karyotypic aber-
rations. CAUC patients were more likely to fall into very low international prog-
nostic scoring system revised (IPSS-R) (19.5 versus 10%) and Low international
prognostic scoring system (IPSS) (38.5 versus 20%) risk categories. Time to AML
did not differ between ethnic groups but the OS was significantly longer in JPN
even adjusted for age, FAB, and IPSS-R categories. The impact of cytopenias on
overall survival (OS) and leukemia-free survival (LFS) was lower in JPN but the
impact of BM blasts and cytogenetics risk group was higher [21].

Prevalence

Prevalence is harder to quantify and may be increasing with the aging population
and the availability of some disease-modifying agents that extend life. In 2003, it
was estimated to be 13/10000 in Dusseldorf, Germany [22], and applying compa-
rable numbers to the USA, the prevalence would be estimated to be 42, 600 cases in
2018 [13]. This is probably still an underestimate. Applying assumptions from the
national health and nutrition evaluation survey (NHANES) study on anemia,
Sekeres et al. estimated there may have been as many as 170,000 prevalent cases in
2010 [23]. If one applied the estimated prevalence of 155 cases/100,000 (derived
from private health insurance claims), the estimated prevalence in the USA could be
as high as 500,000 cases [24] although not all insurance claims are histologically
proven cases of MDS.
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Clinical Presentation

The median age at diagnosis ranges from 71-79 years of age [9, 25-27]. MDS is
more common in males than females with a male to female sex ratio of 3—4:2, a ratio
that increases with age [9].

The disease usually presents with either symptomatic or asymptomatic cytope-
nias in one or more cell lines. The most common symptoms may include fatigue
(55%), fever and infection (15%), or bleeding (8%) [12] as well as dyspnea on exer-
tion or angina. The blood film indices may show macrocytosis, anisocytosis, tear
drops, and a dimorphic population in the red blood cells. The leukocytes may dem-
onstrate aleft shift, “pelgeroid” neutrophils, and circulating blasts. Lymphadenopathy
and splenomegaly are uncommon but may be seen with the MDS/MPN overlap
syndromes. Fifty-two percent present with anemia (hgb < 10 g/L), 18% with neutro-
penia (ANC < 0.8 x 10°/L), and 40% with thrombocytopenia (plt < 100 x 10%/L)
[26], 35% have bicytopenia and 12% pancytopenia [12] at diagnosis.

In the international working group for myelodysplastic syndromes (IWG-PM)
project database (n = 7012), 32% of patients were transfusion dependent at diagno-
sis [26]. In a US physician survey that included 670 newly diagnosed patients, only
22% with lower risk disease were dependent on transfusions compared with 68% of
higher risk patients [25]. Similarly, 29% of MDS patients in the European Union
MBDS registry of lower risk MDS patients (EUMDS) were transfusion dependent at
diagnosis [28], however, 41% received transfusions within 1 year of diagnosis with
transfusion dose density in the first year correlating with progression-free survival
[29]. In the Medicare Standard Analytic File study, the 40% of transfusion-depen-
dent MDS patients suffered a higher rate of clinical complications like infections,
dyspnea, hepatic events, diabetes, fungal infections, and cardiac events [16].

Survival, Cause of Death, and Leukemia Rates

The median survival of MDS patients ranges from 0.8-8.8 years overall [26] but
varies considerably according to age, comorbidities, transfusion dependence, frailty,
karyotype, selected mutations, number and depth of cytopenias, and marrow blast
percentage. Prognosis for OS and leukemia-free survival (LFS) according to a num-
ber of established risk scores will be discussed in detail in a later chapter.
Approximately 25-30% of MDS patients develop AML [30] and the excess mortal-
ity in MDS appears to be driven primarily by non-leukemic factors [31]. Three and
5-year overall survival rates are 42% and 29%, respectively [32], and the 3-year
relative survival of MDS patients compared with age matched controls is only 45%
[10]. Where known, the leading causes of accelerated death in Germany were AML
(47%), infection (27%), bleeding (10%), and cardiovascular disease (8%) [30].
Using SEER data from 2001-2011, the most common cause of death in >21,000
patients were MDS/leukemia (50%), cardiovascular disease (19%), infection (5%),
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and other (11%) with cardiovascular disease cause of death rates matching that of
MDS/leukemia after 5 years [33]. Despite the advent of some disease-modifying
agents, the overall survival in MDS has not convincingly improved since 2001 [11,
31, 34].

Association of MDS with Autoimmune Diseases

Autoimmune and inflammatory conditions (AICs) are observed in 7-28% of
patients with MDS and may precede, coincide, or follow the diagnosis of MDS [35,
36]. This is not surprising since some of the same immune perturbations that result
in AICs (inflammatory cytokines, autoantibodies, increased T regulatory cells, and
myeloid-derived suppressor cells) or the treatments to suppress them may contrib-
ute to the pathogenesis of MDS. Having an AIC may increase the risk of developing
MDS (OR 1.5-2.0) [37, 38] possibly due to chronic immune stimulation although
one cannot discount the potentiating or causal effects of anti-inflammatory/immu-
nosuppressive agents used to treat the AIC or a common genetic or environmental
susceptibility to both. There may be usually a short latency between AIC and MDS
[39] and some but not all studies have found AICs to be more common in younger
MDS patients and those with higher risk disease [35]. The AICs associated with
MDS span polyarthritis, neutrophilic dermatosis (Sweet’s syndrome), connective
tissue diseases, vasculitis, hypothyroidism, immune thrombocytopenia purpura
(ITP), psoriasis, and autoimmune hemolytic anemia. In a pooled retrospective anal-
ysis from Moffit and Kings College Hospital of 1408 patients, 27% had an AIC, the
most common being hypothyroidism (44%), ITP (12%), and rheumatoid arthritis
(11%). MDS patients with AIC in this series were comprised disproportionately of
women (44%), associated more with RCMD, and were less likely to be RBC trans-
fusion dependent. In addition, MDS with AIC had improved overall survival com-
pared with those without (median OS 60 mos. versus 45 mos., p = 0.011) even
adjusting for IPSS-R and age [40]. However, other smaller studies have either found
no effect or inferior OS for MDS patients and AICs [35, 41].

Risk Factors for MDS

Age is one of the biggest risk factors for the development of MDS. One contributing
factor may be the acquisition of genetic mutations during aging in hematopoietic
stem cells that provide a clonal proliferative advantage but without cytopenias or
dysplasia. This phenomenon, deemed age-related clonal hematopoiesis (ARCH) or
clonal hematopoiesis of indeterminate potential (CHIP), is observed in 10% of the
general population above the age of 60-65 and increases with age. CHIP is associ-
ated with an increase in risk of hematologic cancer (HR 11.1-12.9) [42, 43]. Since
MDS is a clonal disease whose pathophysiology is linked to chromosomal
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abnormalities and somatic mutations in genes that regulate methylation, differentia-
tion, cell signaling, RNA splicing, nuclear transcription, and proliferation, the
increased prevalence with age of somatic mutations in genes regulating some of
these pathways may explain the higher incidence of MDS with age. This subject is
discussed in detail in a later chapter.

In addition, there are hereditary germ-line mutations and syndromes associated
with the development of MDS [44] that will be discussed in a later chapter.

A number of occupational, environmental, and lifestyle factors have been associ-
ated with MDS.

Pesticide exposure Pesticide exposure appears to be a risk factor for AML in man-
ufacturing workers and pesticide applicators [45], but is this finding applicable to
MDS? Because of conflicting case control studies, a large meta-analysis based on
1942 cases and 5359 controls was conducted and included 11 retrospective case-
control studies from USA, Italy, UK, France, Serbia, China, and France published
between 1990 and 2011. The findings were as follows: A) pesticide exposure was
associated with a 95% increased risk of MDS. B) Subgroup analyses showed a
stronger effect of pesticide exposure on RA/RARS than on RAEB/RAEB-t with
exposed MDS patients having a 63% increased risk of RA/RARS (95% CI
1.06-2.51) and 49% increased risk of RAEB/RAEB-T, respectively (95% CI
0.78-2.84). C) The risk from pesticides was primarily due to exposure to insecti-
cides (OR 1.71,95% CI 1.22-2.4), not herbicides (OR 1.16, 95% C1 0.55-2.43) and
fungicides (OR 0.7, 95% CI 0.2-3.2). D) The adverse effect of pesticide exposure
on MDS was observed in Europe (OR 2.13, 95% CI 1.35-3.36) and Asia (OR 2.0,
95% CI 1.17-3.41) but not in the USA (OR 1.52, 95% CI 0.3-7.73) [46].

Obesity and Lifestyle Factors

A prospective cohort study of the national institutes of health (NIH) and the
American Association of Retired Persons (AARP) examined the relationship
between diet, body mass index (BMI), exercise, and smoking on the development of
MDS incident cases identified through state cancer registry databases. Across the
USA, 470,000 men and women between the ages of 50-71 were included and 193
incident cases of MDS were identified. Obesity (BMI > 30) was associated with a
greater than twofold increased risk of MDS and there was a significant positive
trend for the relation between BMI and MDS. Physical activity (vigorous physical
activity >3 times/week) had a protective effective effect on MDS development (HR
0.68, 95% CI 0.49-0.95) compared with physical inactivity (< 3 x/month). Neither
alcohol consumption, fruit and vegetable intake, nor meat intake were associated
with MDS [47]. In a meta-analysis of five case-control studies, alcohol consump-
tion was also not significantly associated with MDS [48].
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Benzene

Benzene is a volatile organic compound most commonly used for the manufactur-
ing of plastic packaging, insulation, and other products. It is one of the top 20 chem-
icals produced in the USA, occurs naturally in petroleum products and premium
gasoline, and occupational exposure to benzene by inhalation or dermal absorption
spans many industries [49]. It is carcinogenic and myelotoxic [50] and its associa-
tion with acute leukemias is well known for many years [51]. One large hospital-
based case control study from China demonstrated a direct exposure-response
pattern (threshold >3 parts per million) with refractory cytopenias and multi-lineage
dysplasia the most common type of MDS in China [52]. Ambient air exposure to
benzene may also be important since it derives from many sources such as automo-
bile emissions, burning wood, cigarette smoke, mining, and many others. Using
data from the environmental protection agency (EPA) national air toxics assessment
(NATA) program, Teras et al. modeled census tract ambient benzene concentration
estimates to examine potential associations with hematologic cancers in a large pro-
spective cohort (n = 115,996) between 1997 and 2013. They found that total ambi-
ent benzene was associated with MDS (HR 1.16, 95% CI 1.01-1.33 per pg/m?),
follicular lymphoma (in men), and T cell lymphomas [49]. In another study, latency
(<10 years) from last exposure, total length of occupational exposure (2—10 years),
and younger age at first exposure (age < 30) also influenced the associations between
benzene and MDS/AML [53]. The conclusive associations between benzene expo-
sure and MDS has been recently expertly reviewed [54].

Smoking

Interestingly, smoking, a significant source of benzene exposure, was not positively
associated with all MDS or RCMD in the Chinese study highlighted above [52] but
showed associations with RAEB and refractory anemia among men in Japan with a
HR for current smokers relative to never smokers of 2.11 (95% CI 0.9-4.9) [55].
The largest meta-analysis of 10 case-control studies evaluating 1800 cases and 2000
controls found an overall risk of 1.45 (95% CI 1.2-1.7) with ever smoking [48]. In
the only prospective cohort study of the NIH/AARP, former smokers (HR 1.68,
95% CI 1.17-2.41) and current smokers (HR 3.17, 95% CI 2.02-4.98) had signifi-
cantly elevated risks of MDS, with the highest risk in those currently smoking more
than 1 pack of cigarettes/day (HR 4.70, 95% CI 2.68-8.24) [47]. In one study,
patients with chromosomal abnormalities were more likely to be ever smokers (OR
1.92) than patients with normal karyotype [56], and in another study, poor risk
karyotypes such as chromosome 7 abnormalities were more associated with smok-
ing as well [57].
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Therapy-Related MDS

MBDS is deemed therapy related if it follows treatment with cytotoxic chemotherapy
or irradiation and is classified as a therapy-related myeloid neoplasm in the WHO
classification and is combined with T-AML and T-MDS/myeloproliferative neo-
plasms (MPN) due to similar prognostic and genetic profiles [4]. T-MDS patients
tend to be younger (median age 68), and have a higher proportion of IPSS-R high
risk scores compared with primary MDS, have short time to progression to overt
AML, and median survivals of 16 months [58].

Therapy-related MDS comprises 10-15% of MDS cases [10, 25] and is associ-
ated with karyotypic abnormalities 85-90% of the time (compared with 45-50% in
de-novo MDS) [59]. The most frequent primary diseases are non-Hodgkin’s lym-
phoma (28%), breast cancer (16%), myeloma (6%), prostate cancer (96%),
Hodgkin’s lymphoma (5%), and gastrointestinal tumors with preceding chemother-
apy in 75% and radiotherapy in 47%. The most common chemotherapeutic drugs
received included alkylating agents (65%), topoisomerase inhibitors (44%), antitu-
bulin agents (26%), and antimetabolites (26%) [58]. In a nation-wide nested case
control study from Taiwan of 6300 cancer patients, the adjusted odds ratios for
developing MDS after radiotherapy and chemotherapy were 1.53 (95% CI
1.33-1.77) and 1.51 (95% CI 1.25-1.82), respectively, and there was an interaction
effect when both chemotherapy and radiotherapy were administered [60]. Radiation
has also been linked with increased risk of MDS in a number of tumors including
breast cancer [61, 62], prostate cancer [63], lymphoma [64, 65], and thyroid cancer
[66], although the absolute increased risks are often small . After involved field
radiotherapy, the risk appears to peak at 2 years and normalize after 10-15 years [67].

MBDS that develops after exposure to alkylating agents (cyclophosphamide, mel-
phalan, chlorambucil, etc.) often has a latency of 5-10 years and is associated with
deletions and unbalanced translocations affecting chromosome 5 and 7 or complex
karyotypes, often with associated 7P53 mutations. MDS that develops after expo-
sure to topo-isomerase-2 inhibitors (adriamycin, topotecan, etoposide) is less com-
mon, occurs earlier (2-3 years), and is associated with an mixed lineage leukemia
(MLL) translocation at 11q23 or RUNX1/AMLI1 at 21922 [68]. T-MDS is also
linked with exposures to nucleoside analogs (e.g., fludarabine) [69] and anti-metab-
olites (Imuran) [68, 70]. ARCH or CHIP may also be linked to T-MDS possibly due
to the clonal selection advantage upon bone marrow reconstitution post chemo-
therapy. This is relevant for both lymphoma [71] and solid tumor patients [72, 73]
and has been linked with pretreatment 7P53 and PPM 1D mutations [72]. The risk
of T-MDS/AML post autologous stem cell transplant (ASCT) ranges from 1% to
20% and has been associated with cumulative doses of alkylating agents, total body
irradiation, graft source, and preparative regimens [64], so it is notable that clonal
mutations were found in the stem cell product in 67% of the 12/401 patients with
non-Hodgkin’s lymphoma who underwent an ASCT and went on to develop a ther-
apy-related myeloid neoplasm (TMN) [74]. The 10-year cumulative incidence for
T-MN was 14.1% vs 4.3% for those with and without clonal mutations, respec-
tively; P = 0.002.
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Summary

MBDS is a heterogeneous clonal bone marrow malignancy diagnosed primarily in
older patients aged 71-76 with an age-adjusted incidence derived from cancer reg-
istries of 4-5 cases/100,000 that increases tenfold above the age of 80. Incidence
and prevalence have increased since its initial definition as a disease in 1982 primar-
ily due to better recognition, investigation of anemia, the availability of therapies,
and the aging population. These data are likely significant underestimates since
incidence data derived from chart reviews and reimbursement claim databases are
significantly higher. MDS is more common in men and Caucasians. The expected
survival of an MDS patient is curtailed by >50% due to disease-related complica-
tions that include acute myeloid leukemia, infections, bleeding, and cardiovascular
disease and is dominated by non-leukemic causes. The WHO classification of MDS
has undergone three revisions over a 15-year period, is continuously evolving, and
is currently based on the degrees of bone marrow dysplasia, blast %, the presence of
ring sideroblasts, and karyotype. While age is the biggest risk factor, environmental
exposures to radiation, pesticides, benzene, and lifestyle factors that include smok-
ing, obesity, and physical inactivity have been associated with higher rates of
MDS. Exposure to mutagenic chemotherapy and radiotherapy is associated with
therapy-related MDS, a devastating condition that accounts for 10-15% of all MDS
and is expected to rise in prevalence as the population ages and the number of can-
cer survivors increase. Finally, age-related clonal hematopoiesis and selected germ
line mutations are also risk factors for the development of de-novo and T-MDS.
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Chapter 2
Morphological, Flow Cytometry,
and Cytogenetic Diagnosis of MDS

Shalini Goel and Robert P. Hasserjian

Introduction

Myelodysplastic syndromes (MDS) are a group of clonal hematological prolifera-
tions presenting with unremitting cytopenias and morphologic dyspoiesis in one or
more hematopoietic cell lineages. The hallmark dyspoiesis can be appreciated mor-
phologically in the peripheral blood and bone marrow, and is associated with aber-
rant patterns of antigen expression on hematopoietic cells detected by flow cytometry
(FCM). FCM can be used as a part of the diagnostic algorithm in suspected cases of
MDS; however, in the revised 4th edition WHO Classification of Myeloid Neoplasms
published in 2017, the presence of FCM abnormalities alone in the absence of con-
clusive morphologic features is not considered sufficient to establish a diagnosis of
MDS [1].

The term clonal signifies that the abnormal hematopoiesis is due to recurrent
genetic abnormalities affecting the MDS stem cells, the proliferation of which over-
takes normal hematopoiesis, leading to ineffective hematopoiesis and peripheral
blood cytopenias. For nearly 50 years, these genetic abnormalities were detected by
bone marrow karyotype, which provides a global view of the full chromosome com-
plement. By conventional karyotyping, about 50% of MDS cases have cytogenetic
abnormalities, which usually result in unbalanced losses or gains of genetic mate-
rial. Specific chromosomal aberrations, along with the degree of cytopenias and
percentage of blasts in bone marrow, represent a cornerstone of MDS risk stratifica-
tion. The International Prognostic Scoring System (IPSS) was defined in 1997 for
predicting the prognosis and overall survival in MDS cases and was subsequently
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revised in 2012 [2]. Due to rapid advances in the field of molecular genetics, sub-
karyotypic genetic abnormalities detected by single nucleotide polymorphism
(SNP) arrays and next-generation sequencing (NGS) techniques have increased the
percentage of MDS cases with detectable genetic aberrations to over 90%. This
chapter addresses the use of morphology (in peripheral blood and bone marrow),
FCM, and cytogenetics to diagnose and classify MDS.

Diagnosis and Classification of MDS

In the initial approach to a putative MDS case, the diagnostician must first deter-
mine if the basic underlying criteria of MDS are fulfilled and exclude possible non-
neoplastic reactive mimics of MDS; the latter are discussed in another chapter. The
basic prerequisites to establish a diagnosis of MDS are as follows: (1) the presence
of at least one unexplained cytopenia, which is most often anemia (with or without
thrombocytopenia and/or neutropenia) and is less commonly isolated neutropenia
or thrombocytopenia; and (2) morphologic dysplasia (with or without an increase in
blast cells) in at least one of the three hematopoietic lineages manifesting in the
bone marrow and/or blood smear. MDS is known to be a clonal disease and this
clonality can often be documented by abnormal bone marrow karyotype and/or spe-
cific mutations detected by NGS. Additionally, FCM often demonstrates phenotypic
abnormalities in myeloblasts and maturing hematopoietic elements. However, while
genetic evidence of clonality and abnormal FCM immunophenotype can be sup-
portive of a diagnosis of MDS (and conversely, normal FCM and lack of detectable
mutations on a large MDS-directed NGS panel tend to argue against MDS), these
findings are insufficient to establish a diagnosis of MDS in the absence of the two
prerequisites mentioned above. The only exception is in cases bearing certain MDS-
defining cytogenetic abnormalities (discussed later), which can establish a diagno-
sis of MDS in a cytopenic patient even in the absence of sufficient morphologic
dysplasia.

Once a primary diagnosis of MDS is established, the disease must be classified
in order to help guide patient management according to the expected disease behav-
ior. The classification of MDS has changed over the years. These hematological
conditions were first described in the early 1900s and were labelled as “refractory
anemia/preleukemia.” The French-American-British (FAB) co-operative group in
1976 gave them the name “dysmyelopoietic syndromes,” which comprised refrac-
tory anemia with excess blasts (RAEB) and chronic myelomonocytic leukemia
(CMML). The term was modified to “myelodysplastic syndromes” in 1982, in order
to acknowledge the wide range of morphologic findings in the peripheral blood and
bone marrow seen in the disease. MDS according to the FAB comprised 5 entities:
refractory anemia (RA), refractory anemia with ringed sideroblasts (RARS), RAEB,
refractory anemia with excess blasts in transformation to AML (RAEB-t), and
CMML. This classification was widely used for the next 20 years by clinicians and
pathologists and had prognostic value; however, there was broad variation in patient
outcome in each category. The World Health Organization (WHO) classification in
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2001 built upon the FAB system and added new entities to this category, including
the distinction between single and multilineage dysplasia in refractory cytopenia
with multilineage dysplasia (RCMD), blast count stratification splitting RAEB into
two sub-categories, and the first use of a cytogenetic aberration, an isolated del(5q),
to define a new MDS subtype [3]. Additionally, CMML was removed and placed in
the MDS/myeloproliferative neoplasm (MDS/MPN) category and RAEB-t was
reclassified as AML by reducing the AML-defining blast count from 30% to 20%.
In 2008, the WHO also added a provisional category of MDS in children and an
unclassifiable MDS (MDS-U) category and also allowed for patients with cytope-
nias other than anemia (diagnostic names changed to “refractory cytopenia’ rather
than “refractory anemia”) [3].

The latest classification of MDS was published in 2017 by the WHO and is cur-
rently the most widely used classification system [1]. This classification removed the
terms cytopenia, anemia, neutropenia, and thrombocytopenia from the MDS names
and instead used the terms ‘“‘single lineage dysplasia” or “multilineage dysplasia.”
Another major change was that cases with erythroid predominance (>50% bone mar-
row erythroids) and non-erythroid blast count of >20%, previously considered to be
the erythroid/myeloid erythroleukemia subtype of AML, were re-classified as MDS
based on the blast percentage of total bone marrow cells. The following are the MDS
disease categories according to the 2017 WHO Classification [1]:

I. Myelodysplastic syndrome with single lineage dysplasia (MDS-SLD)
II. Myelodysplastic syndrome with multilineage dysplasia (MDS-MLD)
III. Myelodysplastic syndrome with ring sideroblasts (MDS-RS)

(a) MDS-RS and single lineage dysplasia (MDS-RS-SLD)
(b) MDS-RS and multilineage dysplasia (MDS-RS-MLD)
IV. Myelodysplastic syndrome with isolated del(5q)
V. Myelodysplastic syndrome with excess blasts (MDS-EB)
(a) MDS-EB-1
(b) MDS-EB-2
VI. Myelodysplastic syndrome, unclassifiable (MDS-U)

VII. Refractory cytopenia of childhood (provisional)
VIII. Therapy-related MDS (t-MDS)

Morphology in Peripheral Blood and Bone Marrow

Peripheral Blood

Examination of the peripheral blood smear is the first step in the diagnosis of
MDS. By definition, all MDS patients have at least one peripheral cytopenia at pre-
sentation. The peripheral smear may show the presence of blasts as well as with
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dyspoietic granulocytes, red cells, and abnormal platelets. In a five-part cell differ-
ential analyzer, certain parameters have been shown to be associated with an under-
lying MDS. These include NEUT-X and NEUT-Y, which are parameters for
neutrophil structure and maturation. NEUT-X is the direct measurement of side
scatter diffraction, corresponding to channel number, and is representative of the
internal structure of the neutrophils. It correlates with hypogranularity of neutro-
phils and when taken into consideration with anemia, abnormalities of NEUT-X can
be suggestive of an underlying MDS. NEUT-Y is the direct measurement of the
fluorescence intensity. These parameters can allow a more detailed workup of
cases with higher likelihood of MDS in places with limited resources and also aid
in differentiating MDS from secondary causes of cytopenia(s), such as megaloblas-
tic anemia [4]. In the latter condition, patients often present with pancytopenia and
dyserythropoiesis, potentially mimicking MDS. However, unlike MDS, NEUT-X
and NEUT-Y are noted to be high in these cases, helping differentiate them from
MDS and facilitating early diagnosis and cost effectiveness [5].

The dyspoiesis seen in MDS peripheral blood granulocytes is illustrated in
Fig. 2.1. It includes pseudo-Pelger—Huét abnormality, hypogranularity, and abnor-
mal nuclear lobation (typically hypolobation or non-lobated nuclei, but also less
commonly hypersegmentation). There can be a mild left shift noted in the granulo-
cytic series, with the presence of a variable number of blasts, which are usually
myeloblasts (Fig. 2.1 G, H), but can also show features of monocytic differentiation.
The percentage of circulating blasts in MDS is variable, but it is always <20%. Auer
rods can be seen in the blasts or in immature circulating granulocytes, and if present
in MDS, they upgrade the disease to MDS with excess blasts-2 (MDS-EB2).
Dyspoietic features seen in the red cells (Fig. 2.2) include basophilic stippling,
Howell-Jolly bodies, and poikilocytosis, as well as circulating nucleated RBCs.
The platelets can show dyspoiesis in the form of giant platelets, vacuolated and
hypogranulated platelets, and megakaryocytic fragments (Fig. 2.2).

Bone Marrow

The bone marrow in MDS usually shows increased cellularity relative to the patient’s
age; this finding, in the required setting of peripheral cytopenias, exemplifies the
ineffective hematopoiesis inherent to MDS (Figs. 2.3, 2.4 and 2.5). However, in
10-20% of cases the marrow is normocellular or hypocellular; the latter is some-
times termed “hypoplastic MDS,” although not a formal MDS subtype in the WHO
Classification.

As mentioned above, morphologic dysplasia is a defining feature of MDS and
there must be significant dyspoiesis in one or more hematopoietic lineages. The
WHO suggests that at least 10% of a given lineage should be dyspoietic to con-
sider it significant. However, due to inter-observer variations, dysplasia can be
missed or overcalled. Moreover, the presence of dyspoiesis is not pathognomonic
of MDS and can be seen in patients with non-MDS conditions. Since the
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Fig. 2.2 Peripheral smears stained with Leishman and Giemsa (100x) showing abnormalities on
red cells and erythroids in MDS, including anisopoikilocytosis with spherocytes (a); macrocytes
(b); fragmented RBCs (¢); elliptocytes (d); teardrop cells (e); cabot rings (f); basophilic stippling
(g); and dyspoietic nRBCs (g, h)

mainstay of diagnosis of MDS is morphology, the various hematological disor-
ders that may show dyspoiesis associated with cytopenias are close differentials.
These disorders need to be ruled out before rendering a diagnosis of MDS. One
of the most common differential in developing countries is megaloblastic anemia,
which presents with macrocytic anemia (with or without other cytopenias) and
often with significant dyserythropoiesis and megaloblastoid change, potentially
mimicking MDS [4]. Marrow recovery from chemotherapy and infections such as
parvovirus B19 can elicit variable dyspoiesis in myeloid and erythroid lineages.
Another differential, which is seen in some parts of the world, is the intake of
different forms of medicinal therapies that may include heavy metals such a lead,
arsenic, or zinc as a constituent. These agents can induce significant trilineage
dyspoiesis and sometimes an increase in blast percentage in the peripheral blood
and bone marrow. Certain hereditary conditions such as autosomal dominant
Pelger—Huét abnormality as well as paroxysmal nocturnal hemoglobinuria, auto-
immune disorders, and lymphomas involving the marrow can also cause dyspoi-
esis [6]. A careful, complete history and laboratory evaluation, including drug
history and ancillary microbiological studies, can help in most of the
differentials.
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Fig. 2.3 Bone marrow aspirate in MDS showing dyspoiesis in the myeloid lineage, including
hypogranulated, variably sized myelocytes (a); uneven granulation (b); abnormal nuclear lobation
in large hypogranular myelocyte (¢); abnormal nuclear hypersegmentation in neutrophil (d); blasts
(e and f); and pseudo-Pelger—Huét cell (g). (Leishman and Giemsa, 100x)

Interobserver variations can result from differences in specimen quality, prepara-
tion, and staining between different institutions, and hence a high quality of staining
is of utmost importance in the overall diagnosis of MDS. Bone marrow aspirate
smears are stained by Wright-Giemsa or May—Grunwald—Giemsa and they opti-
mally should contain spicules. Interpretation should be done in areas in which the
cells are well spread (Figs. 2.3 and 2.4) rather than crowded. Staining by the
Leishman—Giemsa stain enhances nuclear and cytoplasmic details [7]. An iron stain
should also be performed on the bone marrow aspirate in any putative MDS case in
order to allow for the identification of ring sideroblasts. The bone marrow biopsy
should be of sufficient length to include several intertrabecular areas of active hema-
topoiesis and should be decalcified for as short a period of time as possible to permit
sectioning while avoiding deleterious effects that many decalcifying agents have on
the morphology and immunostaining results. Thin sectioning (2 to 3 microns)
enhances evaluation of the cytology. In addition to Hematoxylin & Eosin staining,
a reticulin stain is recommended, as a subset of MDS cases manifests increased
reticulin fibrosis. Giemsa staining can be helpful to facilitate the identification of
early erythroid elements and distinguish them from myeloblasts. A Perls iron stain
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on the core biopsy is not recommended, as the ring sideroblasts are usually not vis-
ible in decalcified, paraffin-embedded material.

Granulocytic dyspoiesis in the bone marrow (Fig. 2.3) includes all the features
described above in the peripheral blood, as well as hypogranularity, uneven granula-
tion, or abnormally shaped granules in early granulocytic forms. There may be
abnormally prominent nucleoli in myelocytes and abnormal nuclear lobation in pre-
cursor cells, such as ring-shaped nuclei. The blasts can be normal or increased (>5%
of all cells) in number, and in the biopsy may show abnormal clustering away from
the bone trabecular surface where blasts and early myeloid elements normally reside
(see Fig. 2.6al, a3—a4). Blasts can be abnormally large or small in size and show
abnormal nuclear features (Fig. 2.3). Erythroid dyspoiesis includes both cytologic
dyspoiesis and abnormal disruption of the topographic erythroid islands normally
found in the biopsy (see Fig. 2.6b2). Erythroid elements are often left-shifted in
MDS. Cytologic erythroid dysplasia is illustrated in Fig. 2.4 and includes megalo-
blastic changes; nuclear abnormalities such as budding, fragmentation, inter-nuclear
bridging, bi-nucleation, and multi-nucleation; and cytoplasmic abnormalities such
as blebbing and basophilic stippling. Perls stain for iron should be performed on all
bone marrow aspirate smears of possible MDS cases in order to investigate for the
presence of ring sideroblasts (Fig. 2.41). Ring sideroblasts can help establish a diag-
nosis of MDS (since they are by definition dysplastic erythroids) and may also sug-
gest the specific subcategory of MDS-RS-SLD or MDS-RS-MLD. Megakaryocytic
dyspoiesis, illustrated in Fig. 2.5, includes abnormal clustering and paratrabecular
localization of megakaryocytes in the bone marrow biopsy. Cytologically, the mega-
karyocytes usually show pleomorphism, with non-lobated or hypolobated nuclei,
abnormal nuclear lobation, widely separated, rounded nuclear lobes, and abnor-
mally small size, including so-called “micromegakaryocytes” (Fig. 2.6¢2).

As an adjunct to the morphology on routine stains of the bone marrow aspirate and
biopsy, an immunohistochemical profile on the biopsy can also help in the final diag-
nosis of these conditions. CD34 aids in identifying blasts and their abnormal cluster-
ing and may help achieve a more accurate enumeration of blasts in cases in which the
aspirate is compromised due to hemodilution or preparation artifacts (Fig. 2.6al—a4).
CD71, E-cadherin, glycophorin, and other erythroid markers can highlight abnormal
disruption or localization of erythroid islands (Fig. 2.6bl, b2). CD61, CD42b, or
Factor VIII highlight abnormal megakaryocyte topography and cytology, particularly
very small forms (so-called micromegakaryocytes) that are often missed on routine
stains (Fig. 2.6c1, c2). P53 can also be a diagnostic aid, since if strongly expressed in
many hematopoietic cells, it supports a diagnosis of MDS and usually correlates with
a TP53 mutation and an adverse prognosis (particularly in the therapy-related setting).

Flow Cytometry

The clonal hematopoietic stem cells in MDS usually exhibit aberrant antigenic
expression and thus show an abnormal pattern when interrogated by FCM, as high-
lighted below. In the WHO revised fourth edition, FCM is not a required diagnostic
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procedure for MDS. However, multiple immunophenotypic abnormalities involving
one or more myeloid linages can be considered as suggestive or supportive of MDS
[8]. With the advancement to multi-color cytometers, the development of monoclo-
nal antibodies to an increased number of antigens, and new fluorochromes, there has
been significant improvement in use of FCM to support the diagnosis of MDS,
particularly in early and lower-grade MDS subtypes, where the morphologic abnor-
malities may be subtle and the karyotype is often normal. Recent ELN (International/
European LeukemiaNet Working Group) guidelines included FCM as a recom-
mended diagnostic procedure for MDS, if performed according to the published
guidelines. The ELN has recommended methods of cell sampling, handling, and
processing in order to standardize the results obtained by FCM across laboratories,
which remains a challenge [9].

There are different FCM scoring systems which have been developed in the past
decade, based on the interpretation of the surface marker abnormalities and quanti-
tative differences in immature progenitors versus normal counterparts. In the pro-
posed guidelines of the ELN group, the “Ogata score” can be used as a screening
test. It includes the percentage of CD34+ myeloid progenitor cells, the frequency of
B-cell precursors within the CD34+ compartment, CD45 expression on myeloid
progenitors compared to lymphocytes, and evaluation of neutrophil granularity by
comparison to the light scatter pattern of lymphocytes. A score of >2 has been con-
sidered to be reasonably specific for MDS after various validation cohort studies
[9]. However, some cases of reactive conditions can have high scores as well [9]. A
more comprehensive immunophenotypic panel has been suggested by the ELN
group, in which an aberrant finding in at least three tested features affecting at least
two cell lineages has been associated with an MDS or MDS/MPN diagnosis in sev-
eral studies [8]. Examples of flow cytometry aberrations in MDS in both the blast
compartment and in maturing myeloid cells are shown in Fig. 2.7.

Abnormalities in Progenitor Myeloid Cells Progenitor myeloid cells in MDS may
have an increased side scatter (SSC); decreased expression of CD45 and/or CD117;
and increased expression of HLA-DR, CD11b, and CD13/33. The CD34+ blast
compartment contains fewer CD19+ and CD38—/dim cells and CD34+/CD117+
cells may show abnormal expression of CD5, CD56, and/or CD7 [9]. However,
while aberrant expression of CD5 and CD7 in blasts is relatively specific for MDS,
the percentage of MDS cases showing these abnormalities is small (<2% and <10%),
respectively). The antigens collectively showing abnormal expression patterns in
more than 50% of MDS cases are HLA-DR, CD13, CD33, CD38, and CD117 [10].

Abnormalities in Mature Myeloid Cells The morphometric parameter of hypo-
granularity in neutrophils in the “Ogata score” has a good specificity for MDS
(nearly 90%) but can be discordant in hemodiluted aspirates. Abnormal expression
patterns of CD13/CD16 and CD11b/CD16, aberrant expression of CD56, and lack
of CD33 and CD64 expression can also be seen. The ELN Working Group has sug-
gested a strong association of MDS with an asynchronous expression of CD34;
aberrant pattern of CD11b/CD16; and abnormal expression of CD5, CD56, and
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CD7 in maturing granulocytes. Additionally, they documented an increased expres-
sion of CD117, HLA-DR, CD36, and aberrant patterns of CD15/CD10 and
HLA-DR/CD11b [9].

Abnormalities in Monocytes Maturing monocytes in MDS may have decreased
SSC and decreased expression of CD45, HLA-DR, and CD1 1b; abnormal expression
of CD36; and an aberrant pattern of CD36/CD14 and HLA-DR/CD11b. There is a
strong association of MDS with asynchronous CD34 expression; abnormal CD16
expression in CD11b+ monocytes; and abnormal CD5, CD56, and CD7 expression.

Abnormalities in Erythroid Lineage The ELN group describes four major FCM
abnormalities in erythroids in MDS: an increased percentage of CD117 positive
erythroid precursors, abnormally heterogeneous and low expression of CD36 and
CD71, and an aberrant pattern of CD71/CD235 expression [9]. Recently, increased
expression of CD105 in immature erythroid precursors has also been suggested [10].

Cytogenetic Studies

MDS is characterized by recurrent genetic abnormalities which can manifest as
gross chromosomal alterations, smaller chromosomal deletions or gains, or muta-
tions in specific genes. The first recurrent genetic abnormality associated with MDS
was reported in 1974 by geneticist Herman van den Berghe and his colleagues as
deletion in the long arm of chromosome 5 (del5q), which was associated with ane-
mia and thrombocytosis. The first point mutation reported in MDS was in the NRAS
gene in 1987, followed by KRAS mutations [3]. Since then there has been rapid
growth in this field of molecular biology from the traditional techniques such as
karyotyping, to the use of FISH and SNP arrays, and finally sequencing, including
next-generation sequencing (NGS), which has increased the rate of detection of the
genetic abnormalities in MDS cases from 50% detected by conventional karyotyp-
ing to approximately 90% detected by conventional karyotype plus NGS [11, 12].
Cytogenetic abnormalities play a significant role in the diagnosis, including specific
abnormalities defining particular disease subtypes within MDS and also strongly
influence the prognosis. Thus, a conventional karyotype should be performed on
bone marrow aspirate material in all putative MDS cases. FISH panels which inter-
rogate for the most common MDS-associated cytogenetic abnormalities, do not
substitute for a conventional karyotype, but can be used if the karyotype fails or is
insufficient [13]. Previously, in the 2008 4th edition WHO Classification, the only
genetic marker used in MDS classification was del(5q). In the recent 2017 revised
4th edition WHO classification, the presence of an SF3B/ mutation (detected by
molecular genetic methods rather than karyotype) can define MDS-RS even when
the RS count is <15%, provided other diagnostic features are fulfilled and there are
at least 5% RS [1]. The role of NGS in the diagnosis of MDS and its mutational
landscape are discussed in a separate chapter.
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The large majority of identified cytogenetic abnormalities in MDS consists of
loss or gain of large segments of chromosomes, the most frequent being —7, del(5q),
and +8. Deletions or losses of chromosomal material may also result from unbal-
anced translocations. These cytogenetic aberrations can be dynamic, increasing in
complexity or with some abnormalities disappearing over time with the progression
of the disease, with or without superimposed treatment [ 14—16]. The various cytoge-
netic abnormalities found in MDS strongly correlate with prognosis [17-20]. Thus,
karyotypes have been used in various MDS prognostic systems over the years, as
discussed in another chapter. Aside from their influence on prognosis, cytogenetic
abnormalities can also be diagnostically useful: some abnormalities are considered
to be pathognomonic for MDS in a cytopenic patient in the WHO classification
(Table 2.1). Of note, the presence of a del(5q) cytogenetic abnormality, present

Table 2.1 MDS categories with peripheral blood counts, morphology, and cytogenetic
abnormalities

Lineages with
significant Lineages
dysplastic with
MDS categories | changes Cytopenias | Blast (%) Cytogenetic abnormalities
MDS-SLD 1 1-2 <5% BM; Up to 50%; usually simple
<1% PB karyotype
MDS-MLD 2-3 1-3 <5% BM; ~50%; more frequent than
<1% PB in MDS-SLD and
MDS-RS-SLD
MDS-RS >5% RS with SF3BI; <5% BM,;
>15% RS without SF3B1 <1% PB
SLD 1 1-2
MLD 2-3 1-3
MDS with 1-2 12 <5% BM; Del(5q) only or any 1
isolated del(5q) <1% PB additional abnormality
except del(7q)
MDS-EB Any Any <20% on Clonal abnormalities are
BM/PB more frequent in MDS-EB
EB-1 1-3 1-3 2-4% PB; than in MDS-SLD/MLD;
5-9% BM often complex/high-risk
EB-2 1-3 1-3 5-19% PB; | Karyotype
10-19% BM;
Auer rods
MDS-U
SLD with 1 3 <1% PB; Any
pancytopenia <5% BM
Any MDS 1-3 1-3 1 PB; Any
category with <5% BM
1% blasts
Defining 0 1-3 <1% PB; MDS-defining abnormality
cytogenetic <5% BM
abnormality

Abbreviations: BM bone marrow; PB peripheral blood; Other abbreviations defined in text.
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alone or with a single additional abnormality (that does not involve loss of chromo-
some 7) in a cytopenic patient is associated with a specific MDS subtype, MDS with
isolated del(5q), discussed below and in a separate chapter. Illustrations of some of
the common karyotype findings in MDS are shown in Fig. 2.8a.

MDS Subtypes

The peripheral blood and bone marrow features described above are common to
different subtypes of MDS. The key diagnostic points of each subtype, including the
peripheral blood cytopenia(s), morphology, and defining genetic abnormalities, are
described below along with a brief discussion of the overall clinical behavior
(Table 2.2).

Myelodysplastic Syndrome with Single Lineage Dysplasia
(MDS-SLD)

This entity strictly is defined by significant unilineage dysplasia with cytopenia in
one or two lineages and no increase in bone marrow or blood blasts. The most com-
mon scenario is isolated anemia with isolated erythroid lineage dysplasia. However,
of note the dysplastic lineage often does not coincide with the cytopenic lineage(s)
(e.g., isolated anemia with megakaryocytic dysplasia but without significant ery-
throid lineage dysplasia still qualifies as MDS-SLD).

Cytogenetic abnormalities are present at diagnosis in up to 50% of patients and
tend to be relatively simple. These characteristics are consistent with the relatively
indolent behavior of MDS-SLD [21]. However, progression to AML can occur, par-
ticularly in cases with high-risk or complex karyotypes.

Myelodysplastic Syndrome with Multilineage Dysplasia
(MDS-MLD)

MDS-MLD is one of the most common MDS subtypes. It is characterized by sig-
nificant bilineage or trilineage dysplasia with variable cytopenias and no increase in
blasts in bone marrow or blood. There is some degree of interobserver discordance
in distinguishing MDS-MLD from MDS-SLD, as distinguishing single lineage
from multilineage dysplasia is subjective [22].

Cytogenetic abnormalities are present in approximately 50% of patients and tend
to be more frequent than in MDS-SLD or MDS-RS, but there are no specific or



2 Morphological, Flow Cytometry, and Cytogenetic Diagnosis of MDS 35

LI TR T IEY!
|

88 F 3§ 93 #8 2£ =»

Bk &f &5 #r 22 a8

2 F% ea 52 & o
b o
A TR (R IR

§6 4% 2k 23 28 38 52

2

WE BR A8 33 A3 3k

9/ .
- & ‘!2,0" - A s & 3 A

18 Fil 2 X Y

Fig. 2.8 Examples of common cytogenetic abnormalities in MDS. (a) Loss of the entire chromo-
some 7 (or just the long arm) is a relatively common finding in MDS and is considered to be a
high-risk finding. (b) Deletion 20q is a common finding in MDS, but unlike the —7 abnormality
illustrated in Panel a, it is not considered to be MDS-defining in isolation. (¢) A complex karyotype
in a case of MDS with excess blasts, illustrating numerical and structural abnormalities of multiple
chromosomes and “marker chromosomes” (designated by “A” at the bottom left), which cannot be
assigned to a specific chromosome number. Highly complex karyotypes in MDS (at least 4 inde-
pendent cytogenetic aberrations, as in this case) are associated with very high risk. (d) If the bone
marrow karyotype fails or is insufficient, interphase FISH studies can help confirm MDS-type
cytogenetic abnormalities. In this case of MDS with excess blasts and marked bone marrow fibro-
sis, the presence of loss of 5q and 7q (red) signals indicated the presence of del(5q) and del(7q)
abnormalities, supporting the diagnosis of MDS
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Fig. 2.8 (continued)
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Table 2.2 Recurrent 1. Gain or loss of chromosomal material (relatively common)
cytogenetic abnormalities in

= 1
myelodysplastic 7/del(7q)
syndrome (MDS) del(5q)

+8*

+21, =21
—17 and unbalanced translocations at 17p
—20/del(20q)*
del(11q)
Y
del(9q)
+6
del(12p) and unbalanced translocations at 12p
-13/del(13q)
II. Other translocations and inversions (relatively uncommon)
t(3;3)(q21;q26), inv3(q21q26), t(3;21)(q26;q22), and other
3q21 and 3q26 translocations
t(1;7)(pl1;pll)
t(2;11)(p21;923)
t(11;16)(q23;p13)
1(6:9)(p23;934)
t(2;11)(p21;923)
i(17q)
“Del (20q), +8, and —Y abnormalities, although common findings

in MDS, are not considered MDS defining and cannot in isola-
tion be used to make a diagnosis of MDS

defining cytogenetic abnormalities [23, 24]. The prognosis is inferior to MDS-SLD
[21, 23, 25-29].

Disease morbidity is usually due to evolving peripheral cytopenias and not to the
development of AML.

Myelodysplastic Syndrome with Ring Sideroblasts (MDS-RS)

MDS-RS is a category of MDS which shows ring sideroblasts (RS) on Perls stain
for iron. It is subcategorized into MDS-RS with single lineage dysplasia (MDS-RS-
SLD) and MDS-RS with multilineage dysplasia (MDS-RS-MLD), with similar dys-
plasia criteria as MDS-SLD and MDS-MLD, respectively.

In the latest WHO classification, the presence of SF3BI mutation is considered
to be supportive of this diagnosis and is associated with favorable prognosis.
Morphologically, on iron stain, the presence of >15% RS with or without SF3BI
mutation and >5% RS accompanied by an SF3BI mutation is diagnostic of this
entity [1]. However, if there are excess blasts in bone marrow or blood, then the case
is classified under MDS-EB.
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It is noted that patient survival of MDS-RS-SLD is similar to MDS-SLD with a
low rate of progression to AML [23, 25, 26, 30]. The prognosis of MDS-RS-SLD is
better than MDS-RS-MLD, which may have TP53 and ASXL/ mutations and more
aggressive clinical behavior [31].

Myelodysplastic Syndrome with Isolated del(5q) (MDS-del5q)

This entity is defined by the presence of macrocytic anemia and variable dyspoiesis
in the erythroid lineage and prominent megakaryocytic dysplasia. The myeloid
series is usually relatively unaffected, with <10% dyspoiesis and no neutropenia.
The platelet count may be normal or increased and there is usually an increase
in megakaryocytes in the bone marrow with predominantly non-lobated forms.
There are no increased blasts in bone marrow or blood.

Patients presenting with these classic features usually show an isolated del(5q) abnor-
mality, which as mentioned previously was among the first cytogenetic abnormalities to
be detected in MDS [3]; in the most recent WHO classification, a single additional cyto-
genetic abnormality is allowed, except for those involving deletion of chromosome 7 [1].

These patients generally have a favorable prognosis (although worsened if there
is a concomitant 7P53 mutation) and are more likely to respond to the drug lenalid-
omide than MDS patients lacking del(5q) [23, 25, 26].

Myelodysplastic Syndrome with Excess Blasts (MDS-EB)

This category is defined by the presence of increased blasts in the bone marrow and/or
blood in a background of variable degree of dyspoiesis and any number of cytopenias.
Based on the blast count of all nucleated cells and the presence of Auer rods, MDS-EB is
further classified as EB-1 and EB-2. Due to variable distribution of blasts, CD34 estima-
tion on the bone marrow biopsy can be done to corroborate the aspirate smear blasts count.

The presence of any Auer rods in blasts classifies the disease as MDS-EB-2 irre-
spective of the blast count, superseding all other MDS categories mentioned above.

Previously in the 2008 4th edition WHO classification, the entity acute erythroid
leukemia, erythroid/myeloid subtype encompassed cases with >50% bone mar-
row erythroid cells in which the blasts comprised >20% of the non-erythroid cells,
even if they were <20% of all nucleated cells. These cases are now classified as
MDS-EB in the 2017 revised 4th edition WHO classification, with the blast count being
taken from all nucleated cells [1]. This change has been made on the basis that such
cases of erythroid leukemias did not always have an aggressive clinical course and the
cytogenetic and mutation profile was more akin to MDS than to de novo AML [32-35].

Clonal cytogenetic abnormalities are more frequent in MDS-EB than in MDS-
SLD or MDS-RS and more often show complex or high-risk karyotype abnormali-
ties. The median survival is shorter and disease progression to AML is higher in
EB-2 when compared to EB-1.
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Myelodysplastic Syndrome, Unclassifiable (MDS-U)

This entity encompasses three specific scenarios which do not fit into the above
categories. This is based on the prognostic differences with the above entities.

1. Cases with features of MDS-SLD or MDS-RS-SLD with pancytopenia.
Prognostically, these cases have a more aggressive behavior, akin to MDS-MLD,
and are placed in the MDS-U category [36, 37].

2. MDS-SLD, MDS-MLD, MDS-RS, or MDS-del(5q) with exactly 1% blasts in
the blood, confirmed independently on two separate occasions. These cases appear
prognostically similar to MDS-EB and are placed in the MDS-U category [38].

3. The presence of MDS-defining cytogenetic abnormalities on karyotype in the
absence of significant dysplasia in any lineage in a patient with persistent unex-
plained cytopenia. These cases are placed in the MDS-U category because their
clinical behavior is uncertain.

Refractory Cytopenia of Childhood (RCC)

This is a provisional entity in the most recent WHO classification, encompassing
cases of MDS in the pediatric population that lack excess bone marrow or blood
blasts and typically show a hypocellular marrow [1].

The main differential diagnosis is with aplastic anemia.

Therapy-Related MDS (t-MDS)

Any of the above MDS subtypes occurring in patients with prior exposure to cyto-
toxic chemotherapy (for a neoplastic or non-neoplastic condition) and/or significant
bone marrow radiation exposure is considered to be therapy related.

Compared to non-therapy-related cases, t-MDS has a poorer prognosis, mainly
due to a much higher incidence of TP53 mutations and complex karyotypes.
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Chapter 3

Biology and Pathophysiology of MDS
with del(5q)

Check for
updates

Onyee Chan, Chetasi Talati, David Sallman, and Alan List

Introduction

Myelodysplastic syndromes (MDS) are a group of heterogeneous clonal hemato-
poietic stem cell malignancies characterized by morphological dysplasia and inef-
fective hematopoiesis. Clinical manifestations depend upon the lineage(s) affected,
with anemia the most common accompanied by red blood cell transfusion depen-
dence in approximately one-third of patients at diagnosis [1]. Understanding of the
clinical outcomes associated with specific chromosomal aberrations in MDS has led
to the development of prognostic models, including the International Prognostic
Scoring System (IPSS) and later revised-IPSS (R-IPSS) [2, 3]. Cytogenetic aberra-
tions are frequently observed in de novo MDS patients with some studies reporting
them in >50% of patients [4, 5]. The most common aberration is an interstitial dele-
tion of chromosome 5q (del(5q)) occurring in approximately 15% of patients with
most having an isolated del(5q) [4]. As molecular testing such as next-generation
sequencing (NGS) became more widely available, several recurring somatic gene
mutations were identified in MDS that carry prognostic significance [6]. In particu-
lar, TP53 gene mutations confer the worst overall survival, associated with a signifi-
cantly greater risk of acute myeloid leukemia (AML) transformation [6, 7]. TP53
mutations occur in 20% of patients with isolated del(5q) and in 70—100% of patients
with complex karyotype including del(5q) supporting a strong correlation with
TP53 mutations and del(5q) [8].
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MDS with isolated del(5q) represents a distinct pathologic subtype defined by
the 2016 World Health Organization (WHO) as the constellation of dysplasia in 1 to
3 lineages, bone marrow blasts <5%, circulating peripheral blasts <1%, and the
presence of del(5q) alone or with 1 additional chromosomal abnormality with the
exception of chromosome 7 deletion or del(7q) [1]. Some of the unique features
associated with del(5q) were first recognized in 1974 by Van den Berghe et al. [9].
It was initially referred to as the “5q- syndrome” and was described in a series of
patients with macrocytic anemia, dyserythropoiesis with erythroid hypoplasia, a
normal or elevated platelet count, and hypolobulated megakaryocytes with an indo-
lent natural history. Our understanding of the biology and pathophysiology of
del(5q) MDS has been transformed in recent years with the sequencing of the
human genome (Fig. 3.1). Herein, we will describe each major milestone and the
remarkable story of discovering how haploinsufficiency accounts for the hemato-
logical phenotype and selective sensitivity to the drug lenalidomide in del(5q) MDS.

Pathobiology of del(5q) MDS

In the mid-1990s, genetic mapping techniques were utilized for molecular delinea-
tion of the commonly deleted region (CDR) of chromosome 5q in myeloid malig-
nancies, encoded within a 1-1.5 Mb segment [10]. Further investigations in patients
with 5q- syndrome localized the distal CDR to 5q32-33 containing 40 genes, of
which 33 were transcriptionally haplodeficient in CD34+ cells, representing candi-
date genes possibly contributing to the disease [11, 12]. A second, more proximal
CDR was identified at 5q31 and thought to contain tumor suppressor gene(s) in
patients predominantly with therapy-related MDS (excluding cases of 5g- syn-
drome) and AML [13]. However, subsequent studies indicate most patients have
large interstitial deletions that span both CDRs [14]. Notably, only rare somatic
point mutations were identified in the remaining alleles, suggesting that the hema-
tological phenotype is dictated simply through genetic haploinsufficiency [15-17].
A number of genes in both the distal and proximal CDRs have since been implicated
in the pathogenesis of del(5q) MDS through haploinsufficiency, and they are sum-
marized in Fig. 3.2 [18].

Haploinsufficiency Underlies Hematologic Phenotype

In seminal investigations by Ebert and colleagues using short hairpin RNAs
(shRNA) to knockdown each of the distal CDR candidate genes in normal CD34+
human hematopoietic progenitor cells identified the ribosomal processing S14
(RPS14) gene as the key determinant of the hypoplastic anemia in del(5q) MDS
[19]. The RPSI4 gene encodes a key component of the 40S ribosomal subunit,
which when underexpressed results in a severe decrease in production and survival
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Chromosome 5 Dyserythropoiesis, macrocytic anemia
RPS14
* Decrease erythroid cell production
* Inhibit erythroid differentiation
* Increase erythroid cell apoptosis via p53 activation

HSPA9
* Erythroid precursors maturation delay
* Ineffective hematopoiesis

Thrombocytosis, hypolobulated megakaryocytes
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Haploinsufficienc:
plonsutiiciency * Lenalidomide promote p53 degradation by PP2A

Fig. 3.2 Haploinsufficiency underlies hematologic phenotype, clonal expansion, and lenalido-
mide selective sensitivity

of differentiating erythroid cells. The level of RPS14 protein expression after knock-
down was approximately half that in control cells supporting the hypothesis of hap-
loinsufficiency [19]. In addition, investigators were able to restore erythroid
differentiation in bone marrow cells of patients with 5q- syndrome through RPS74
overexpression, but not in patients lacking del(5q). This established RPS14 defi-
ciency as the principal genetic driver of the dyserythropoiesis in MDS with isolated
del(5q) [19]. Interestingly, Diamond—Blackfan anemia, known for its profound ery-
throid hypoplasia, is a heritable disorder of aberrant ribosome biogenesis caused by
haploinsufficiency of a different ribosomal processing gene, RPS79 [20].

In the last decade, animal studies provided evidence for p53-dependent mecha-
nism in the pathophysiology of the 5q- syndrome [21, 22]. Using large-scale chro-
mosomal engineering, Barlow and colleagues created a mouse model with allelic
deletion of the syntenic genes of the human CDR that phenocopied the morphologi-
cal and hematologic features of the 5q- syndrome [21]. Mechanistically, accumula-
tion of the p53 protein was indispensable for the phenotype, which was validated by
crossing the CDR haplodeficient mice with p53-deficient mice, demonstrating com-
plete rescue of the pathologic features. Mouse double minute 2 protein (MDM?2) is
a key negative regulator of p53 [23]. Free ribosomal proteins (RP) such as RPL11
are liberated as a consequence of RPSI/4 haploinsufficiency, binds to MDM2,
thereby inhibiting p53 ubiquitination [22]. Activation of p53 induces the pro-
grammed death of erythroid precursors ultimately manifest clinically as hypoplastic
anemia [24]. In a recent study, Youn and colleagues created a zebrafish model with
RPS14 deficiency that mirrors the anemia phenotype of del(5q) MDS and also dem-
onstrated the induction of matrix metallopeptidase 9 (MMP9) expression, a
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collagenase known to augment solid tumor growth and invasion, which has been
implicated in the initiation and progression of hematological malignancies [25, 26].
Treatment with MMPY inhibitors partially rescued the erythroid defect. Using a
double knockdown technique in human bone marrow progenitor cells, the negative
regulatory effect of enhanced MMP9 expression on erythroid development in RPS14
knockdown cells was confirmed, supporting its contribution to anemia [26].

Heat shock protein family A (Hsp70) member 9 (HSPA9), a gene located in the
proximal CDR (5q31.1), was also found to contribute to ineffective erythropoiesis.
HSPADO9, also known as mortalin, is the only HSP70 homolog localized in the mito-
chondria matrix that serves as chaperone for the client proteins p53 and S100A9
[27] and has a key role in iron-sulfur (Fe-S) biogenesis [28]. Knockdown of HSPA9
in the mouse model and in human cells results in erythroid precursor maturation
delay, growth arrest, and excess cell death [29]. Liu and colleagues demonstrated
that HSPA9 haploinsufficiency induces overexpression of 7P53, increased apopto-
sis, and inhibition of cell growth [30]. However, simultaneous knockdown of HSPA9
and TP53 mitigates this effect, suggesting the erythroid defects related to HSPA9
deficiency is p53-dependent, analogous to the pathogenesis of anemia in
del(5q) MDS.

MicroRNA (miRNA) are small, noncoding RNA molecules that post-
translationally silence genes by binding to complementary messenger RNAs
(mRNA) to direct their degradation. Haploinsufficiency of two miRNA genes,
miR-145 (5q33.1) and miR-146a (5q33.3), in the distal CDR are responsible for the
other key features of the 5q- syndrome, specifically thrombocytosis, hypolobulated
megakaryocytes, neutropenia, and deregulation of the myddosome signaling com-
plex [15, 31]. Starczynowski and colleagues identified two targets of miR-145/146a,
tumor necrosis factor receptor-associated factor-6 (TRAF6) and Toll-interleukin-1
receptor domain-containing adaptor protein (TIRAP), which lies upstream of
TRAFG6 in Toll-receptor (TLR) signaling [31]. Elevation of TIRAP and TRAFG6 acti-
vates the TLR-myddosome signaling axis and the downstream inflammatory tran-
scription factor nuclear factor-kappa B (NF-kB), promoting cytokine generation
and expansion of the del(5q) clone [32]. Enforced expression of TRAF6 or
miR-145/146a knockdown in murine models results in thrombocytosis, megakaryo-
cytic dysplasia, and mild neutropenia [31]. Mice transplanted with TRAF6-
expressing marrow progressed to either AML or marrow failure. In addition, Friend
leukemia virus integration 1 (Fli-1) is a megakaryocyte and erythroid transcription
factor that is normally repressed by miR-145. Fli-1 overexpression preferentially
expands megakaryocytic progenitors relative to erythroid cells, thereby contributing
to thrombocytosis [33].

The epistatic interaction between neighboring haploinsufficient genes, specifi-
cally miR-146a and TRAF-interacting protein with forkhead-associated domain B
(TIFAB), may further compound the neutropenia in del(5q) MDS [34]. In one ani-
mal study, deleting both TIFAB and miR-146a led to severe cytopenia mimicking a
bone marrow failure-like state. The severity and frequency of leukopenia were less
in mice with singular deficiency of either TIFAB or miR-146a [34]. Ribezzo and
colleagues also recently described how combined insufficiency of RPS14, CSNKIAI,
and miR-145/146a recapitulate the classic features of 5q- syndrome in a mouse
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model [35]. Furthermore, they demonstrated that these deficiencies activate the
innate immune response resulting in overexpression of SIO0AS8, an endogenous
Toll-like receptor 4 (TLR4) ligand that plays a role in inflammation, in the mesen-
chymal stem cell niche providing evidence that intrinsic defects of 5q- syndrome
directly alters the microenvironment that contributes to ineffective hematopoiesis
[35]. Figure 3.3 illustrates how allelic insufficiency drives aberrant innate immune
signaling in del(5q) MDS. Collectively, these data indicate that the molecular patho-
genesis of the del(5q) MDS hematologic phenotype is dictated by haploinsuffi-
ciency of genes encoded within the CDRs.

Haploinsufficiency Underlies Clonal Expansion

CSNKIA] is a tumor suppressor gene located in the distal CDR (5q32) that encodes
Casein Kinase I alpha (CKla), a regulator of Wnt signaling and stem cell self-
renewal [36]. Haploinsufficient CSNKI/AI reduces levels of the CKla protein, a
component of the f-catenin destruction complex, that binds to and phosphorylates
B-catenin. Conditional inactivation of CSNK/AI in a murine model showed that
haplodeficiency induces hematopoietic stem cell expansion and a competitive
repopulation advantage, whereas homozygous deletion induced hematopoietic stem
cell failure [37]. Secreted protein acidic and rich in cysteine (SPARC) is a haplode-
ficient candidate tumor suppressor gene found in the CDR that has roles in prolif-
eration and adhesion; however, the precise functional consequence of allelic
insufficiency remains unclear [38, 39]. Other genes thought to promote del(5q)
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1. Starczynowski D, et. al. Nat Med 2010; 16:49.; 2. Varney ME, et.al.J
Exp Med 2015; 212: 1967.; 3. Fang J, et. al. Cell Rep 2018; 22:1250.; 4.
Schneider RK, et al. Nat Med 2016; 22: 288,

Fig. 3.3 Allelic insufficiency drives aberrant innate immune signaling in del(5q) MDS
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clonal dominance include early growth response 1 (EGRI), located in the proximal
CDR and adenomatous polyposis coli (APC) [40]. In one study, haploinsufficiency
of EGRI1 and the loss of TP53 in HSC compounded the rate of hematologic neo-
plasm development [41]. Similarly, deficiency in both EGR1 and APC cooperate in
the presence of TP53 deficiency to promote AML transformation [41].

Lenalidomide in Del(5q) MDS and Its Mechanism of Action

Besides the distinct clinical phenotype, MDS with del(5q) is unique among other
subtypes of MDS because of its selective sensitivity to lenalidomide, a thalidomide
analog. The karyotype-specific activity was first observed int he dose-finding study
(MDS-001) where patients with del(5q) lesion had greater response rate (83%)
compared to patients with other karyotypes (57% for patients with normal karyo-
type and 12% with other karyotypes, p = 0.007) and led to clonal suppression and
cytogenetic response [42]. This led to the pivotal MDS-003 phase II clinical trial
which included transfusion-dependent patients with a del(5q) lesion and low/inter-
mediate-1 (int-1) risk disease according to IPSS [43]. Among 148 patients treated,
76% had a 50% or greater reduction in transfusion needs, and 67% achieved trans-
fusion independence with a median rise in hemoglobin of 5.4 g/sl, providing the
basis for its approval by the Food and Drug Administration (FDA) in 2005. At the
time of drug approval, the mechanism of action of lenalidomide was not fully delin-
eated; however, significant progress has been made since that time.

Lenalidomide is an immunomodulatory drug found to selectively inhibits del(5q)
clones through several mechanisms. The dual specificity phosphatases, CDC25C
(cell division cycle 25C) and PP2Aca (protein phosphatase 2A catalytic domain
alpha) encoded within or adjacent to the proximal CDR are important co-regulators
of the G2M checkpoint in the cell cycle [44]. Wei and colleagues showed that cells
with reduced expression of CDC25C and PP2Aca have enhanced sensitivity to
lenalidomide, which causes G2M cell-cycle arrest and induction of apoptosis [45].
Lenalidomide inhibits phosphatase activity directly and indirectly. Lenalidomide
inhibition of haplodeficient PP2A stabilizes MDM2 by hyperphosphorylating
inhibitory residues, thereby promoting p53 degradation [46]. Kronke and colleagues
in a proteomic study showed that haploinsufficient CSNK/A[ cells are sensitized to
lenalidomide, which makes these cells even more vulnerable due to additional deg-
radation of CKla [47]. Specifically, lenalidomide binds to cereblon (CRBN), the
substrate receptor of the CRL4-CRBN E3 ubiquitin ligase and induces recruitment
of the CKla (substrate) [48]. Regulator of Cullin 1 (ROC1) serves to recruit the E2
enzyme that binds to ubiquitin. Ubiquitination and subsequent degradation of CKla
led to del(5q) progenitor cell arrest and death [49]. Furthermore, overexpression of
CSNKIA]I reduced the sensitivity of lenalidomide only in the HSC of patients with
del(5q) MDS and not those with normal cytogenetics [50]. Taken together, the mul-
tipronged approach of lenalidomide in del(5q) MDS explains the high selectivity
and efficacy in this karyotypically defined MDS subset (Fig. 3.4).
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Fig. 3.4 Lenalidomide mechanism of action in del(5q) MDS. Reduced expression of cell division
cycle 25C (CDC25C) and protein phosphatase 2A catalytic domain alpha (PP2Aca) enhances
sensitivity to lenalidomide. Lenalidomide directly inhibits CDC25C inducing G2M cell cycle
arrest and apoptosis in malignant cells (top left). It also inhibits PP2Aca resulting in mouse double
minute 2 protein (MDM?2) stabilization and subsequently p53 degradation (top right). Recall it is
the haploinsufficient ribosomal processing S14 (RPS14) that produces free ribosomal proteins
(RP) that bind to MDM2 causing pathologic p53 accumulation. Inhibiting PP2A also causes
CDC25C inactivation. Lenalidomide thereby selectively eliminate del(5q) cells and restore effec-
tive erythropoiesis. In addition, it binds to cereblon (CRBN), the substrate receptor of the CRL4-
CRBN E3 ubiquitin ligase that is composed of damaged DNA-binding proteinl (DDB1), cullin 4a
(CUL4A), and regulator of cullins 1 (ROC1) (bottom left). It induces recruitment of CKla (sub-
strate). Ubiquitin-conjugating enzyme (E2) functions with ROC1 to facilitate ubiquitin transfer to
the substrate or ubiquitin chain (bottom middle) resulting in ubiquitination and degradation of
CKla (bottom right)

Mechanism of Lenalidomide Resistance in Del(5q) MDS

While most patients with lower-risk del(5q) MDS achieve remission with lenalido-
mide, the median duration of response is approximately 2.5 years [51, 52]. To deter-
mine if persistent malignant stem cells are responsible for relapse, Tehranchi and
colleagues investigated specimens from 7 patients with del(5q) MDS who achieved
a complete cytogenetic remission with lenalidomide [53]. Lenalidomide was able to
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selectively and generally complete deplete del(5q) progenitor cells (CD34+,
CD38+); however, a phenotypically distinct, quiescent group of del(5q) stem cells
(CD34+,CD38—/low, CD90+) persisted. As the del(5q) clone expands over time
under the selective pressure of lenalidomide, resistance develops and recurrence
occurs [53]. In a separate study, PP2Aca overexpression induces resistance to
lenalidomide, resulting in suppression of MDM2 and accumulation of p53 [46].
Strong p53 expression by immunohistochemistry (IHC) in turn is associated with
TP53 mutation, which can occur in about 18% of low-risk MDS del(5q) patients
[54]. Furthermore, Saft and colleagues examined bone marrow specimens of 85
patients with IPSS low or int-1 risk del(5q) from the MDS-004 trial who were
treated with lenalidomide and found strong p53 expression correlated with higher
rates of AML transformation (p = 0.0006), lower rates of cytogenetic response
(» =0.009), and decreased overall survival (p = 0.0175) [55]. Cells with strong p53
expression were confirmed to have 7P53 mutation by pyrosequencing analysis.
Developing novel medications targeting these defects is an area of active research
and promising therapeutics such as cenersen (works to reduce cellular p53) and
APR-246 (refold mutant p53 back to its wild-type conformation) is currently under
investigation [56, 57].

Conclusion

Over the past decade, new insights into the pathogenesis of MDS with del(5q) have
unveiled how allelic haploinsufficiency gives rise to the distinctive clinical pheno-
type. Haploinsufficient RPS74, miR-145/146a, and CSNKIAI located in the distal
CDR and HSPA9 and EGR] in the proximal CDR are epistatic molecular contribu-
tors to the hematologic manifestations of the disease. The selective sensitivity of
lenalidomide in the del(5q) clone arises from CKla degradation by binding to
CRBN, and CDC25C and PP2A phosphatase inhibition. Understanding these
mechanisms of lenalidomide action also sheds lights into the mechanisms of resis-
tance. Much work is still needed to discern strategies to circumvent resistance and
additional opportunities for therapeutic intervention.
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Chapter 4
MDS Stem Cell Biology

Matthew T. Villaume, P. Brent Ferrell, and Michael R. Savona

Introduction

Myelodysplastic syndromes (MDS) are clonal neoplasms characterized by cytope-
nias due to ineffective hematopoiesis, characteristic morphologic dysplasia, and
risk for transformation into AML [1]. As over 50 recurring somatic gene mutations
and chromosomal abnormalities contribute to the pathogenesis of MDS or its trans-
formation into AML, recent focus has been on the molecular epidemiology of muta-
tions, associated prognostication, and targeted therapy [1]. As the biologic
consequences of these mutations, and the biologic conditions which give rise to
these mutations, are explored, it is clear that commonly seen molecular aberrations
in MDS affect energy metabolism, ineffective hematopoiesis, and risk for AML
transformation. This story has grown more complicated as new research reveals the
role of the stem cell niche in MDS, indicating that there are both mesenchymal and
hematopoietic cell contributors to the disease [2]. Furthermore, increasing evidence
illustrates pro-inflammatory programmed necrotic cell death (e.g., necroptosis or
pyroptosis) drives cell death seen in the bone marrow (BM) of MDS patients [3].
This chapter will discuss the stem cell biology of MDS in the context of these rap-
idly growing areas of research: energy metabolism, the BM niche, and programmed
necrosis.
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Stem Cells, Hematopoiesis, and Energy Metabolism

Stem Cell Differentiation and Quiescence

A hallmark of healthy hematopoietic stem cells (HSC) is the ability to produce
multilineage hematopoiesis in the BM. The characteristic quantitative effects on
hematopoiesis in lower- and higher-risk MDS have been well elucidated (Fig. 4.1)
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Fig. 4.1 Disordered stem cell differentiation and energy metabolism in MDS. The cytopenias that
are characteristic of MDS have been attributed, in part, to decreased differentiation and accumula-
tion of precursors such as common myeloid progenitors (CMPs) in lower-risk and granulocyte-
macrophage progenitors (GMPs) in higher-risk MDS. Intrinsic epigenetic and genetic changes in
leukemia-initiating cells (LICs) are correlated with these differentiation blocks but changes in stem
cell energy metabolism represent another compelling, targetable, driver of disordered hematopoi-
esis in MDS
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[4]. Lower-risk MDS is characterized by an increase in the common myeloid
progenitor (CMP) population as well as a marked decrease in the megakaryocyte
erythroid progenitor (MEP). These findings suggest dysfunction in differentia-
tion that correlates well with the cytopenias seen clinically. Higher-risk MDS
marks a transition to acute myeloid leukemia characterized by an increase in
granulocyte monocyte progenitors (GMP) and significantly expanded long-term
hematopoietic stem cell population (LT-HSC) as programs of proliferation
emerge [5].

Most HSCs are in a quiescent state, where they cycle slowly or not at all but can
expand or contract in response to environmental cues [6]. This quiescent state is
thought to protect them from endogenous stresses and they have been shown to be
more radioresistant and have decreased intracellular ROS than their more differenti-
ated progenitors [7-9]. However, quiescence may be a double-edged sword, as
mouse HSC DNA repair occurs predominantly through error-prone nonhomologous
end joining (NHEJ), making them more prone to mutagenesis [10].

Stem Cell Immunophenotypes

The immunophenotype of human HSCs has been elucidated over the years and is
characterized by the absence of terminally differentiated cell surface markers and a
CD34+38~ immunophenotype [11]. Considerable effort to find immunophenotypic
differences between leukemic initiating cells (LIC) and healthy HSCs led to the
identification of upregulations of CD44, CD47, CD96, CD99, CD123, and Tim3 in
LSCs of myeloid malignancies, but yielded no sine qua nonimmunophenotype to
differentiate healthy HSCs and LICs [12-18]. Importantly, cell types throughout
mouse hematopoietic ontogeny are better elucidated with stem cells classically
identified by a Lin~Sca-1*c-Kit" immunophenotype. Key differences exist between
human and murine stem cell markers, adding complexity and challenge to translat-
ing work between the two. For example, there is profound enrichment of the signal-
ing lymphocyte activation molecule family (SLAM) in the murine long-term
(LT)-HSCs with the CD150*CD48~ immunophenotype mice but not in human
LT-HSCs [19, 20]. CD34*38~ cells constitute roughly 0.01% of healthy BM but
exist more frequently in acute myeloid leukemia (AML) [21]. The CD34*38~ immu-
nophenotype was first used to isolate LSCs, and this same population in MDS sam-
ples has revealed an enrichment for known disease-driver mutations and an ability
to persist even after clinical remission of the disease [5, 22]. This data suggests that
MDS disease cells arise from a clone that exists at the HSC stage. These cells show
a striking resemblance to healthy HSPCs and have a number of characteristics that
make them resistant to chemotherapy, including quiescence, increased DNA repair,
reduced apoptosis, increased neutralization of reactive oxygen species (ROS),
enhanced drug efflux mechanisms, and reduced immune clearance [23-25]. The
phenotypic similarities between normal HSCs and LICs present an obvious chal-
lenge for the investigation of selective treatments.
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Identifying targetable characteristics that are unique to MDS LICs is a growing area
of research; however, efforts have been complicated by difficulties in establishing
models of the disease and considerable heterogeneity between MDS cells and
patients. Whereas challenges remain in this vein in MDS, the capacity to propagate
leukemia in cell line-derived (CDX) or patient-derived xenograft (PDX) transplan-
tation models has accelerated understanding of leukemogenesis [26]. Only recently
have new immunocompromised murine strains allowed for MDS PDXs to success-
fully engraft [27]. Unique surface markers, signaling characteristics, and energy
production phenotypes have helped to refine this line of experimentation [28, 29].
Traditionally, malignant cells were thought to rely on glycolysis rather than oxida-
tive phosphorylation, a phenomenon referred to as the Warburg effect [30]. This is
true in certain tumor populations and has been attributed to the larger cell machin-
ery requirements of oxidative phosphorylation and the relative abundance of glu-
cose available to cancer cells [31, 32]. However, more recent work has shown LSCs
have lower rates of energy metabolism and low levels of reactive oxygen species
(ROS) [33]. In fact, Jones et al. demonstrated that LSCs were dependent on cysteine-
driven oxidative phosphorylation showing an increased resistance to glucose deple-
tion [34, 35]. Further, while observing AML blasts from relapsed patients, acquired
resistance to amino acid depletion and an upregulation of fatty acid metabolism was
noted, demonstrating the complex ways metabolism changes can lead to a survival
advantage of LSCs.

ROS-low CD123* MDS LICs also contain a significant upregulation of protein
synthesis machinery, which has previously been shown to play an important role in
stem cell survival [36-38]. Further, the protein synthesis was largely dedicated to
energy metabolism rather than cell replication as may have been expected of a
clonal neoplasm. The increased utilization of oxidative phosphorylation observed is
consistent with previous reports on stem cells in AML as well as in melanoma,
breast, and pancreatic cancer [39—41]. Most convincingly, MDS stem cells were
selectively poisoned by the administration of small molecules targeting the oxida-
tive phosphorylation pathway in xenograft models. This is, again, consistent with
studies in AML from Schimmer et al. which showed the selective killing of stem
cells with inhibition of the mitochondrial proteome [42, 43].

Work on AML stem cells has continued to advance the hypothesis that energy
usage differences represent a distinguishing and targetable feature of LICs. LICs
have been shown to decrease insulin sensitivity in peripheral tissue via insulin-like
growth factor BP1 (IGFBP1) [44]. By isolating AML LSCs based on their low ROS
phenotype, rather than by immunophenotype, LICs have been shown to be reliant
on FIS1-mediated mitophagy for renewal and maintenance [45]. Oxygen metabo-
lism via NADPH oxidases (NOX) in HSCs has been shown to play an increasingly
diverse role with recent studies highlighting its ability to suppress differentiation
and maintain LIC renewal [46, 47]. In each of these cases, inhibition of the dysregu-
lated pathway leads to the eradication of LICs, often in a selective manner over
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normal HSCs. Therapy targeting the metabolic liabilities of LICs has started to
appear in the clinic. For example, the combination of the BCL-2 inhibitor, veneto-
clax, and azacitidine has been shown to disrupt amino acid metabolism, and selec-
tively kill LSCs which cannot upregulate alternative energy use, and may explain
the combination’s selective activity against AML LICs [48]. More recently, Chen
et al. demonstrated leukemic mitochondria may maintain and buttress cristae struc-
ture in the face of the blockade of oxidative phosphorylation with venetoclax as a
mechanism of survival/resistance [49].

LICs also show increased expression levels of IL-1 receptor accessory protein
(IL1RAP) in higher-risk MDS [50]. Its expression level was independently associ-
ated with poor overall survival and its inhibition lead to decreased viability and
growth of AML cells. ILIRAP is involved in signaling through IL-1f, which is
known to stimulate AML blast growth and increase resistance to apoptosis [36,
51-53]. However, this increase in signaling is not solely due to an increase in
ILIRAP levels, opening questions as to the source of the increased inflammatory
signaling in this stem cell population. Recent work elucidating the role of the BM
niche and programmed necrotic cell death in inflammatory signaling could partially
explain this discrepancy.

Inflammatory Signaling and Cell Death

There has long been an association between systemic inflammatory disease and
MDS. Before a mechanism could be understood, reports highlighted that 10-20%
of MDS patients had a concurrent autoimmune disease such as Crohn’s disease or
rheumatoid arthritis [54-56]. The causative mechanism between inflammation and
MDS is still incompletely understood but significant headway has been made
through increased understanding of both the dysregulated innate immune signaling
pathway and the cell death mechanisms seen in MDS stem cells.

Disordered Innate Immune Signaling

There is a myriad of inflammatory cytokine and signaling changes in MDS patients,
which are covered in more detail elsewhere [57]. Healthy HSCs have been shown to
express Fas in response to increased levels of TNF-a or INF-y, and apoptosis rates
are correlated with levels of TNF-a in MDS samples [58, 59]. The pro-apoptotic
TNF receptor 1 has been shown to predominate over the anti-apoptotic TNF recep-
tor 2 in the stem cells of MDS with refractory anemia (MDS-SLD/MDS-MLD)
[60]. This ratio of TNF receptors reverses in MDS with excessive blasts (MDS-EB),
demonstrating the delicate way that innate immune signaling dysregulation can be
reflected in the clinical environment.
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Central to the disordered immune signaling in MDS stem cells are the toll-like
receptors (TLR). These pattern recognition receptors activate the innate immune
system in response to the pathogen (PAMP) or host-derived damage-associated
molecular patterns (DAMPs), which are also known as alarmins. There are 10 TLRs
and all serve distinct but overlapping roles [61]. TLR4 and subsequently TLR1,
TLR2, and TLR6 have been found to be overexpressed in MDS LICs with TLR4
signaling found to be linked to HSC death [62, 63].

The primary downstream effector through which TLRs signal is the myeloid dif-
ferentiation primary response gene 88 protein (MyD88). Cooperating with interleu-
kin-1 receptor-associated kinases (IRAK) 1 and 4, in a collection known as the
“Myddosome”, it leads to increased activity of the transcription factor NF-kB via
TNF receptor-associated factor 6 (TFAF6) and IxB kinase (IKK) [64]. Other media-
tors play important roles in TLR signaling and are reviewed elsewhere (TIR, p38
MAPK, JNK, AP-1) [61]. NF-xB plays a diverse role in MDS pathogenesis and its
activation has been found to increase the production of DAMPs and inflammatory
cytokines (IL-1p, IL-6, TNF-o) as well as anti-apoptotic proteins [65]. Modulators
of the TLR pathway have been shown to play key roles in models of MDS, with loss
of del(5q)-associated genes miRNA 145, miRNA146a, and TIFAB all leading to
upregulated TLR4 signaling and an MDS-like phenotype [66, 67].

Of the known DAMPs, the molecules ST00A8 and S100A9, and their heterodi-
mer calprotectin, have received the most attention in MDS stem cell biology. They
are endogenous ligands for TLR4 and have been previously shown to play an impor-
tant role in inflammatory conditions and more recently in malignancy [68].
S100A8/9 levels are known to be elevated in the serum of MDS patients and to
induce the expression of the pro-survival programmed cell death protein 1 (PD-1)
on MDS LICs [69, 70].

In addition to the increased production of DAMPs, S100A9-TLR4-mediated
NF-xB activity also leads to the increased expression of the nucleotide-binding
domain and leucine-rich repeat (NLR) pattern recognition receptor NLRP3, which
has been shown to play a key role in pyroptosis, a pro-inflammatory cell death path-
way discussed below [71]. Further elucidation of aberrant cell death types in MDS
LICs has led to a greater understanding of the connection between stem cell biology
and the inflammatory clinical phenotype.

Programmed Necrotic Cell Death

Pyroptosis and necroptosis are two examples of programmed necrotic cell death
[72-74]. Their evolutionary purpose is thought to be protective against infectious
microbes but the inappropriate activation of these pathways has been connected to
both autoimmune disease and now myeloid neoplasia [75]. While the pathways use
different machinery and signaling, they both result in a lytic cell death mechanism
that releases DAMPs and pro-inflammatory cytokines such as IL-18 and SI00A9
via membrane-damaging pore formation. Traditionally, HSC cell death in MDS was
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thought to occur via the immunologically silent apoptosis pathway. Previous studies
have shown increased cell-extrinsic apoptosis in lower-risk and increased cell-
intrinsic apoptosis in higher-risk MDS, and these pathways certainly still play a role
in the disease [76]. However, many of these studies were conducted before an
understanding of the molecular details of pyroptosis or necroptosis existed and the
assays used could not distinguish between these different mechanisms of cell death
[77]. An understanding of these two pathways and their relevance to the HSC BM
niche is becoming increasingly crucial in understanding MDS stem cell biology.

Pyroptosis is driven by a collection of molecules collectively known as the
“inflammasome” (Fig. 4.2) [3, 78]. Assembly of the inflammasome can be insti-
gated by several cell-extrinsic signals including binding of DAMPs such as SI00A9
to TLRs or by intracellular ROS. The inflammasome is composed of oligomers of
NLRP3 and it recruits apoptosis-associated speck-like protein (ASC) into linear
filaments termed ASC specks. These ASC specks trigger activation of caspase-1
which subsequently leads to the production of pro-inflammatory IL-18 and IL-18.
S100A9 and ROS are also generated in response to inflammasome activity and lead
to activation of the pyroptotic cell death pathway and, paradoxically, the Wnt/B3--
catenin pathway, which is known to promote LIC self-renewal [79]. Finally, these
pro-inflammatory signals are released from cells via pores formed by another
inflammasome product, gasdermin D. These pores simultaneously allow for the
influx of cations, leading to cell swelling that is reminiscent of necrotic cell death.
Evidence that the inflammasome is the driver of HSC cell death is compelling and
exists regardless of the underlying genotype. Basiorka et al. demonstrated that
pyroptosis is the predominant cell death mechanism in both a mouse model of MDS
and human MDS samples [80]. Inhibition of components of the inflammasome
pathway, such as S100A9 or NLRP3, attenuated pyroptosis and restored normal
hematopoiesis in their mouse model. Additionally, released ASC specks have been
shown to induce pyroptosis and serum levels of this inflammasome mediator have
been demonstrated to be a biomarker of medullary pyroptotic cell death [81].

Necroptosis is a caspase-independent programmed cell death pathway that has only
recently been shown to be increased in the BM of MDS patients by Wagner et al. [82]
Traditionally, the pathway is activated by stimulation of TNF death receptors, which
are usually associated with cell-extrinsic, apoptotic cell death. This signal triggers the
formation of the necrosome, a cell death platform composed of receptor-interacting
proteins (RIPK) 1 and 3 [72, 74]. This platform subsequently allows oligomerization
of MLKL which forms membrane damaging pores, allowing the release of DAMPs
and other cytokines, in a manner analogous to gasdermin D and pyroptosis. Importantly,
traditional apoptotic pathway proteins, such as caspase-8 and Bid, have been found to
be inhibitors of the necroptotic pathway through Ripk1 degradation and necroptosis
does not predominate in the BM of mouse models until multiple members of the apop-
totic pathway are inhibited [82, 83]. Necroptosis and pyroptosis are not likely mutually
exclusive, as there is evidence existing for crosstalk between the two [74, 84].

These complex pathways paint the picture of a positive feedback cycle, where
inflammatory cytokines trigger a lytic cell death in BM-resident cells which release
further inflammatory cytokines to trigger pyroptosis or necroptosis in neighboring



M. T. Villaume et al.

(o]
O

(o1dand) Sureusis utueied-g/ LN A BIA

[BAIAINS [[90 aseaIoul A[[eorxopered os[e Jnq uonezijiqeauliod QUBIQUIAW BIA YIBap [[90 AIOJeWWIRPUI pue SOY JO UONRISUIT XN 2SBAIOUI 0] UMOYS U] Sey
Surpeuss pa1opIosIp SIy [, ‘(UONBWLIO) dWosewwejul 103311 ued SO Je[n[edenur) sjeusts sernjooenur Jo (Surreusts §YPAIA pue uorssardxa ¢ TN pasearout
10831 ued Suipulq $YTL-JINVA) S[euSIs Ie[n[[ooenxd £q pa1a3sL) A[qeLIBA I8 pue Y[BISS0I0 9[qeIopISuod aAey sAemyjed 9say) jey) Joe} Y} WOl s)nsal
Kyrxordwo)) *(MO[[oA) awoso1ou pajerpaul- [ Ay oy pue ‘(an[q) SWOSLWWERHUT UIALIP-¢ TN oY) ‘(u0a13) AN YSnoay) SurjeuSIs ounuwii 9jeuul JuIpnjout
‘$10309Jj0 pue sioonpsuey [eusis uonewweyur-oxd opdnnu ur sIndo0 SIA Ul SurfeuSis paroplosi(] "SIA Ul Surjeusis A1ojewiwiegul paIopIosiq 7 “SLi

‘4N g UoAD qull
SdHTIN ‘SANVA <l w®_ 2o +—

MM
®® e N
P % L@ GaviD)  — EvHID
L
i

N

Pyroptosis -
GSDME Pore

BY/GY L-VNYIW

Necroptosis-
MLKL Pore

|-esedse)-oid
vdl
¢ dVHLLT gyvy

88aAIN

g-osedse:

BWO0S0I08N

s o

e-dNL
@ sdl
g1l
g1 @
el
6Y001S
SUNWIENY/SdNYA
o °® o ® \ﬂw
@ A s0eds OSY




4 MDS Stem Cell Biology 63

cells. Cell death in more differentiated myeloid progenitor cells leads to clinical
cytopenias observed in MDS patients. Whereas, the activation of pro-survival
3-catenin signaling in MDS LICs, in combination with the survival advantage
offered by their unique oxidative and metabolic state, leads to a maintenance of the
disease-driving stem cell. However, these stem cells exist in a complex environment
composed of both mesenchymal stroma and immune cells that are affected by, and
perhaps even perpetuate, this inflammatory milieu.

The Stem Cell Niche

The discussion thus far has centered on intrinsic changes in the MDS LIC, how its
unique characteristics lead to characteristic cytopenias and dysplasias while pre-
serving a growth advantage over neighboring healthy HSCs. The picture remains
incomplete, however, as intrinsic LIC growth advantage has not been observed with
all MDS driver mutations. The phenomenon of donor cell leukemia, where donor-
derived HSCs undergo malignant transformation upon transplantation but do not
become malignant in their original host, also invokes the possibility of a cell-
extrinsic driver of leukemic transformation [85]. The answer to this question may
lie in the myriad of cells that populate the BM stem cell niche.

This stem cell niche is composed of an HSPC-supportive stroma including endo-
thelium, osteoblasts, osteoclasts, adipocytes, undifferentiated mesenchymal stem/
stromal cells (MSCs), neuronal cells, and an array of immune cells [86—89]. Healthy
HSCs have been shown to localize to trabecular-rich areas of the BM, specifically
those rich in perivascular endothelial-lined sinusoids, which differs from more com-
mitted progenitors both by marrow location and surrounding cellular constituents
[86]. For example, common lymphoid progenitors localize to areas rich with mature
osteoblasts and require them to be maintained, while BM macrophages appear to
play a unique role in erythroid maturation [90-92]. Mesenchymal-derived chemical
mediators of this stem cell support have been identified and include stromal cell fac-
tor (SCF) and C-X-C motif chemokine 12 (CXCL12), with deletion of either result-
ing in decreased HSC number [93-95]. BM niche dysfunction has long been
suspected of playing a role in MDS, with early studies showing a correlation between
MDS and osteoporosis and histologic findings showing disrupted BM architecture
[96-98]. Since then, research has continued to reveal the contributions of both the
mesenchymal stroma and the immune microenvironment to MDS pathogenesis.

Mesenchymal Stroma

Early experimental evidence for niche disease contribution lies in the work from
Medyouf et al. showing that transplanted human MDS HSCs engraft more effi-
ciently if their donor’s BM mesenchymal cells are co-transplanted [99]. Additionally,
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there have been isolated examples where the transplantation of MDS HSCs into a
normal BM stroma largely rescues these stem cells from leukemic transformation
[100]. Mechanistic investigations into genetic drivers of this phenomenon have
focused on producing mouse models with genetically altered stroma. A myelodys-
plastic phenotype and a predisposition for AML transformation were observed with
deletions of Dicerl or Shds in osteoprogenitor cells (Fig. 4.3) [101]. Osteoblasts
with a deficient retinoic acid receptor (RARY) produce a myeloproliferative pheno-
type even when wild-type HSCs are transplanted into the environment [102]. This
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Fig. 4.3 Inflammation and immune tolerance in the MDS stem cell niche. Both mesenchymal and
immune cells found in the bone marrow play key roles in hematopoiesis, with their ability to
modulate the inflammatory microenvironment highlighted in this model. Bone marrow mesenchy-
mal cells show a myriad of changes in MDS. Changes in NF-kB and WNT mesenchymal signaling
have been tied to changes in the inflammatory signaling molecules found in the bone marrow
microenvironment and could have implications for both healthy and diseased HSPCs. Dedicated
immune cell changes also have important implications for HSPC health and function. A disordered
immune microenvironment exists in the bone marrow of MDS patients driven by a paradoxical
constellation of changes that include both immunosuppressive: increased Treg function, increased
suppressive functions of dendritic cells and MDSCs, and also pro-inflammatory changes: increased
inflammatory cytokine release by macrophages and Thl cells and increased death-ligand expres-
sion by CTLs
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phenotype was attributed to significantly increased BM TNF cytokine levels, impli-
cating the type of disordered inflammatory signaling discussed previously. AML
was induced via an activating mutation in p-catenin in mouse osteoblasts, which is
of considerable interest in MDS as upregulated p-catenin has been observed in the
BM of patients [103, 104]. In this case, the disordered stromal cells resulted in
upregulated Notchl signaling between the stromal environment and HSPCs. MSC
mutations or deficiencies in Ptpnll or Sipal have also been shown to give rise to
myeloid neoplasms in mouse models [105, 106]. Cytogenetic alterations in MSCs
from MDS patients have been identified that are unique from the malignant clone
but have yet to be definitively tied to disease pathogenesis, let alone demonstrated
to drive MDS de novo [107, 108]. Therefore, it is unclear whether the changes
observed in MDS mesenchymal stroma are the cause of the malignancy, are caused
by the LICs, or co-occur independently. Nonetheless, work is ongoing to understand
the molecular basis for how the niche could facilitate or support a clonal hematopoi-
etic neoplasm.

Pronk et al. recently summarized the existing molecular mechanistic proposals
for a niche facilitated model of MDS, highlighting mesenchymal changes in inflam-
matory signaling, WNT activity, and decreased support for normal hematopoiesis as
primary hypotheses (Fig. 4.3) [2]. Mesenchymal cells from MDS patients show
reduced expression of supportive factors (CXCL12), increased senescence, and
reduced ability to support HSCs ex vivo [109—111]. In this vein, FLT3 expression-
driven myeloproliferation has been proposed to suppress normal hematopoiesis
through a cell-extrinsic mechanism involving degradation of BM endothelium via
inflammatory cytokine release, resulting in a less supportive HSC niche [112]. The
WNT pathway is overexpressed in MDS patient-derived mesenchymal cells and is
thought to lead to B-catenin activation and disease progression in MDS [104]. This
WNT hyperactivity was due to hypermethylation of WNT antagonists and could be
reversed with the demethylating agent 5-azacytidine ex vivo. Disordered inflamma-
tory signaling pathways in MDS HSCs have also been observed in mesenchymal
cells. Pro-inflammatory SI00A9 and NF-«B signaling, this time of stromal cell ori-
gin, play a role in the destruction of healthy HSCs and the promotion of further
inflammatory cytokine production [104, 113].

Immune Microenvironment

The potential role of immune cells in a disease increasingly seen to be driven by
dysregulated inflammatory processes is an area of active research [114]. An
immune cell that has received considerable attention in MDS is the myeloid-
derived suppressor cell (MDSC). These cells, largely of monocytic lineage,
secrete immunosuppressive cytokines and their overabundance has been impli-
cated in cancer immune evasion in several solid tumor malignancies, attributed to
their ability to suppress cytotoxic T lymphocytes (CTL) and promote regulatory T
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cells (Treg) [115]. While the existence and important role of MDSCs has been
repeatedly demonstrated in other malignancies, questions remain about their char-
acterization and role in MDS. Of note, increased MDSC quantity has been associ-
ated with decreased BM T-cell proliferation and overall prognosis [116, 117].
S100A9 may play yet another role in MDS pathogenesis here by inhibiting den-
dritic cell (DC) maturation and driving MDSC expansion through CD33 autocrine
signaling [118]. Other studies have demonstrated that DC has a decreased ability
to activate T cells in MDS patients, with a cytokine secretion profile favoring
immunosuppression [119, 120]. The previously described decrease in the GMP
population has been attributed to increased phagocytic activity in BM-resident
macrophages [17].

There is a dysregulated balance between immune effector and regulatory cells,
particularly in lower-risk MDS patients, with CTLs, Th17 helper cells, and natu-
ral killer cells being increased and Tregs being decreased [121]. In some cases of
MDS, this pro-inflammatory cell environment likely leads to a growth advantage
in MDS HSCs, as these disease cells have been shown to overexpress the immu-
nosuppressive PDL-1, allowing them to escape immune-mediated destruction
[122]. The induction of PD-L1 is thought to be induced by overstimulation of
stem cells by TNF-a and IFN-y secreted by BM T cells but ST00A9 has recently
been implicated as well [70]. The increasing levels of PD-L1 on MDS stem cells
correlates well with the decreasing ratio of effector to regulatory T cells
(CD8:CD4) seen throughout disease progression and why NK cells show
decreased cytolytic function [123, 124]. These aberrancies of the stem cell niche
paint a chaotic picture of the classic “bad seed in bad soil” phenomenon where a
synergistically dysfunctional relationship exists between LICs and their
environment.

Conclusion

Considerable efforts to understand intrinsic differences in the stem cells of MDS,
specifically in metabolism and cell death mechanisms, have led to great strides in
elucidating the pathogenesis of this disease. However, these advances simultane-
ously invited further questions as to the role of the hematopoietic niche in disease
initiation and progression. The cross-talk between hematopoietic stem and progeni-
tor cells, stromal cells, and immune cells is critical in MDS pathogenesis and propa-
gation; and likewise, a wealth of new targets and the opportunity to rationally use
existing therapies.
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Chapter 5
Molecular Landscape of MDS

Torsten Haferlach and Ines Schmidts

Introduction

In the last decade, the advance of next-generation sequencing (NGS) has greatly
expanded our insight into the underlying pathobiology of myelodysplastic syn-
dromes (MDS). The contribution of cytogenetic aberrations to MDS was realized
early on and has been implemented into classification, prognostication, and treat-
ment planning [1-3]. However, only approximately half of MDS patients have a
detectable cytogenetic aberration [4—8]. On the other hand, large-scale studies iden-
tified molecular genetic abnormalities in up to 80-90% of patients with de novo
MDS [9, 10]. Mutations recurrent in MDS can also be found in other myeloid or — to
a lesser extent — lymphoid neoplasms, albeit at varying frequencies [11].

Categorized according to their biological function, mutations can be assigned to
one of seven major classes (compare Table 5.1).

Table 5.1 Overview of dysregulated pathways and biological processes in MDS

Class Affected pathway Effect

DNA methylation Epigenetic regulation | Transcriptional dysregulation

Histone modification

Transcription factors | Transcription

Cohesin components | DNA looping

Splicing factors Splicing Post-transcriptional dysregulation
Signaling factors Signaling Aberrant proliferation
p53 pathway factors | p53 pathway Genetic instability

Aberrant activation of DNA damage response
Disruption of cell cycle control
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Fig. 5.1 Recurrently mutated genes in MDS, categorized according to biological function and
mutation frequency. Circle size correlates with mutation frequency, light colored halos indicate the
upper limit of frequency. Genes are mutated at frequencies >5% according to [12]. Genes mutated
in less than 5% of cases are listed as bullet points, selection according to [9, 10]. Mutations that
confer an IPSS-R-independent negative effect are colored in red/light red, mutations with no clear
independent effect are displayed as gray/light gray circles. Only SF3BI mutations are associated
with a favorable prognosis (light blue). Prognostic relevance according to [13]

Recurrently Mutated Genes in MDS

Figure 5.1 gives an overview of frequently mutated genes in MDS. Molecular aber-
rations with mutation frequencies >5% will be discussed in greater detail below.

Molecular Aberrations Contributing to Transcriptional
Dysregulation in MDS

Epigenetic Regulation

Epigenetics is a major contributor to the regulation of gene expression. Based on the
signature of epigenetic marks, which in human cells comprise DNA methylation
and histone modifications, genes are either in a repressed or active state. However,
this is no binary phenomenon, and the expression strength of active genes is tightly
regulated. Setting epigenetic marks is an adaptive and reversible process and
requires “writers” and ‘“‘erasers.” The epigenetic signature is recognized by “read-
ers,” which directly or indirectly mediate the biological outcome of the respective
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epigenetic signature [14]. Epigenetic dysregulation is a hallmark of cancer since it
allows tumor cells to silence tumor suppressor genes, activate or overexpress onco-
genes, and to reset or halt cell differentiation [15, 16].

DNA Methylation

DNA methyltransferases (DNMT) can transfer a methyl group to the 5’ carbon of
cytosine in CpG dinucleotides and thus belong to the class of epigenetic writers
[17]. Erasure of DNA methylation is initiated by ten-eleven-translocation 2 (TET2),
a methylcytosine dioxygenase. TET?2 is thought to catalyze the first demethylation
step, that is, the conversion of 5-methylcytosine to 5-hydroxymethylcytosine [18]
(see Fig. 5.2). Both hypomethylation and hypermethylation phenotypes can contrib-
ute to pathobiology [17], the latter, however, can be pharmacologically antagonized
with hypomethylating agents (HMA). The extensive methylation of promotor
regions is strongly associated with gene silencing and malignant cells exploit this
property to silence (putative) tumor suppressor genes, especially in high-risk
MDS. The therapeutic effect of HMA appears to be greatly attributed to the re-
activation of these genes [16].

DNMT3A DNMT3A mutations can be found in ~10% of MDS patients [12], how-
ever, they also represent the single most frequent aberration associated with age-
related clonal hematopoiesis of indeterminate potential (CHIP) [19-21]. DNMT3A
mutations themselves are not considered sufficient to drive MDS pathogenesis, but
they contribute to gene expression deregulation by aberrant DNA methylation. Up
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Fig. 5.2 Recurrent mutations in DNMT3A, TET2, and IDH1/2 in MDS affect DNA methylation
and contribute to an aberrant epigenome by causing a hypo- or a hypermethylation phenotype
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to ~50% of DNMT3A mutations in MDS affect the arginine at position 882 [22-25].
A DNMT3A-R882H mutation leads to a loss-of-function phenotype and a decrease
of catalytic activity by 80% [26]. Moreover DNMT3A-R882H exerts a dominant
negative effect on wildtype DNMT3A, which adds to the loss-of-function pheno-
type [26]. DNMT3A mutations in MDS are associated with inferior overall survival
and higher risk of transformation in many but not all studies [22-25, 27-30].

TET2 In accordance with the role of wildtype TET?2 as eraser of DNA methylation,
loss-of-function mutations of the TET2 gene result in aberrant DNA hypermethyl-
ation [16, 31]. In MDS, up to 30% of patients have a detectable TET2 mutation [12].
TET?2 mutations are also recurrently detected in other myeloid neoplasms as well as
in CHIP, where the mutation frequency is approximately 10% [19-21]. While found
associated with favorable outcome in one study [32], several other studies could not
establish any influence of TET2 mutations on prognosis [33-35].

IDH1/2 Tsocitrate dehydrogenases IDH1 and IDH2 are predominantly known for
their role in the tricarboxylic acid cycle, where they catalyze the oxidative decar-
boxylation of isocitrate to 2-oxoglutarate. Mutations of IDH exclusively affect the
arginine (R) at position 132, and in IDH2 either codon R140 or R172 is found
mutated [16]. Mutations in IDH1/2 lead to a gain-of-function phenotype, since iso-
citrate is converted to 2-hydroxygluturate, instead of 2-oxoglutarate [36]. This aber-
rant metabolite competitively inhibits 2-oxoglutarate-dependent enzymes, including
TET2 [16, 37, 38] (see Fig. 5.2). Accordingly, IDH1/2 mutations are associated with
a DNA hypermethylation phenotype [39]. The prognostic importance of IDH1/2
mutations in MDS is unclear due to contradicting data [40, 41].

Histone Modifications

Histones, once thought of as merely “packaging material” for DNA, provide a ver-
satile and highly dynamic platform for a myriad of different post-transcriptional
modifications that fine-tune gene expression [15]. The concrete effect of histone
modifications on transcription depends not only on the individual type of modifica-
tion (e.g., acetylation, methylation, and ubiquitination) but also on the number and
specific position of histone marks and the combinatorics of histone modifications
(known as histone code) [15, 42]. Histone methylation, which can take the form of
mono-, di-, and trimethylation, can represent either a repressive or an activating
epigenetic mark. Here, a variety of “readers” are dedicated to interpret the respec-
tive methylation mark. For example, trimethylation of histone 3 lysine 4 is an
“active” mark, while trimethylation of histone 3 lysine 27 (H3K27me3) is an “inac-
tive/suppressive” epigenetic mark [15, 43].

H3K27me3 and its downstream effects are recurrently dysregulated in
MDS. Under physiological conditions, H3K27me3 is “written” by the polycomb
repressive complex 2 (PRC2), whose catalytic subunit is EZH2. Polycomb repressive
complex 1 (PRC1) is both “reader” and “writer” at the same time. Upon recruitment
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Fig. 5.3 Polycomb repressive complexes (PRC) contribute to transcriptional gene silencing by
establishing the repressive epigenetic marks H3K27me3 (by PRC2) and H2K119ubl (by PRC1).
The PR-DUB complex can antagonize the action of PRC1. Mutations in EZH2 and in ASXLI are
found recurrently in MDS and result in an aberrant histone code

to H3K27me3, PRC1 marks histone H2A at lysine 119 with an ubiquitin molecule,
and H2AK119 monoubiquitination (H2AK119ubl) results in further chromatin
compaction and transcriptional silencing [43, 44]. The H2AK119ubl mark can be
erased by the polycomb repressive deubiquitinase (PR-DUB) complex [43, 44], in
which ASXL1 functions as a chromatin binding subunit [45] (see Fig. 5.3).

EZH2 Mutations in the histone methyltransferase enhancer of zeste 2 (EZH2) gene
lead to loss of function by abrogating or strongly diminishing EZH2 catalytic activ-
ity and thus to impaired silencing by the PRC2 complex [46, 47]. Patients with
EZH?2 mutations have a poor prognosis [13, 47], independent from IPSS-R [13].

ASXL1 Wildtype additional sex combs-like 1 (ASXL1) interacts with a variety of
proteins; among other functions, it facilitates recruitment of PRC2 to target loci by
protein—protein interactions with PRC2 subunits [48]. As mentioned above, ASXL1
is also part of the PR-DUB complex. The nonsense or frameshift mutations
observed in myeloid neoplasms lead to truncated ASXL1 protein, which is thought
to gain in function. Truncated ASXL1 hyperactivates the PR-DUB complex [49,
50], and in contrast to wildtype ASXL1 it interacts with BRD4, an epigenetic
reader, which promotes transcriptional activation [51, 52]. Ultimately, mutations in
ASXLI cause aberrant gene expression. ASXLI mutations are associated with a
IPSS-R-independent poor prognosis [13, 53]. They are also found in ~9% of indi-
viduals with CHIP [19-21].

BCOR Aside to its name giving function as BCL6 corepressor (BCOR), BCOR is
a subunit of a variant polycomb repressive complex 1, called PRC1.1. In contrast to
the “canonical” PRC1 complex, PRC1.1 ubiquitinates loci independent from pre-
set H3K27me3 marks [54]. The physiological function of the PRCI.1 complex
appears to be the maintenance of a pluripotent state in stem cells. Mutations in
BCOR thus lead to differentiation dysregulation and contribute to pathobiology [54,
55]. BCOR mutations are associated with a poor prognosis [56].
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DNA Looping

Cobhesins are named for their essential function in sister chromatid cohesion. A mul-
tiprotein ring-shaped complex consisting of STAG2, RAD21, SMC3, and SMC1A
stabilizes the sister chromatids during metaphase and prevents replication fork col-
lapse [11]. Moreover, the cohesin complex is now known to mediate interaction
between distant genomic loci (e.g., promoter and its distant enhancer) by stabiliza-
tion of DNA loops [57] (compare Fig. 5.4). It appears that dysregulation of cohesin-
mediated DNA looping contributes to MDS pathogenesis through alteration of gene
expression, since cohesin mutations in MDS are not associated with chromosomal
aberrations [58]. In MDS, stromal antigen 2 (STAG2) is the most frequently mutated
cohesin [9, 10], and represents a poor prognostic marker [10, 58, 59].

Transcription Factors (TF)

Transcription is a well-orchestrated cellular process in which general transcription
factors enable transcription and specific transcription factors regulate gene expres-
sion. Specific transcription factors themselves are tightly regulated by expression in
a cell-type specific and/or temporal manner. Moreover, they are dedicated to the
regulation of a specific set of target genes [60]. The core binding factor (CBF) fam-
ily of proteins, for example, are master regulators of hematopoietic ontogeny and
differentiation [61]. Runt-related transcription factor 1 (RUNXI), which encodes
the DNA-binding o-subunit of the heterodimeric CBF, is the most frequently
mutated TF gene in MDS. RUNX mutations are associated with a poor prognosis
[10, 13, 62], independent from IPSS-R [13]. Moreover, individuals with a RUNX1
germline mutation have an increased risk of developing myeloid neoplasms. This
also holds true for germline mutations of the TF genes CEBPA, ETV6, and GATA2,
which all define “myeloid neoplasms with germline predisposition” in the WHO
classification [12]. Somatic mutations of CEBPA, ETV6, and GATA?2 are also found
in MDS with mutation frequencies <5% [10].

(PO {na oy

)

Enhancer

Fig. 5.4 Transcriptional dysregulation in MDS can result from abnormalities in cohesin complex-
mediated DNA looping, which allows to bring distant gene regulatory elements (such as enhancer
and promoter) into spatial proximity. Among the cohesins, STAG2 is the most frequently mutated
gene (gray). Transcription by RNA polymerase requires general transcription factors and is regu-
lated by specific transcription factors that bind to regulatory elements (e.g., enhancer and pro-
moter). Transcription factor (TF) mutations in MDS are found recurrently (gray) in master
regulators of the hematopoietic cell differentiation program, for example, in the RUNXI gene
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Molecular Aberrations Contributing to Dysregulation
of Splicing

Following transcription, pre-mRNAs undergo a number of maturation steps, among
them is splicing, that is, the removal of non-coding “intronic” sequences. The mod-
ular structure of metazoan pre-mRNAs, consisting of coding (exonic) and non-
coding (intronic) sequences, is the prerequisite for alternative splicing, i.e., the
selective inclusion or exclusion of a given exon. Due to alternative splicing, several
protein isoforms can be generated from the same gene sequence, resulting in a com-
plex proteome.

Splicing is a well-orchestrated, multi-step process catalyzed by the spliceosome,
whose composition changes during the splicing process, making different sub-
complexes distinguishable. Up to 60% of MDS patients carry a mutation in a splic-
ing factor [63—66]. Most interestingly, splicing mutations in MDS mainly affect
early spliceosome assembly at the 3’ splice site [11], see also Fig. 5.5.

Spliceosome formation is promoted by SR proteins, which are named after a
protein domain that is enriched in serine (S) and arginine (R) and binds to exonic
splicing enhancers. In MDS, SRSF2, which encodes such an SR protein, is found
recurrently mutated [12, 67].

Complex E

Branch —— PolyY — 3’ splice Exon B
site

5’ splice
site point

ATP + U2 snRNP
ADP 4+ SF1
Complex A
U2AF1
5 3
5 splice Bramch — PolyY — 3'splice [ ExonB ESE

site point site

Fig. 5.5 Early spliceosome assembly is promoted by recognition of exonic splicing enhancers
(ESE) by SR proteins. Correct positioning of splicing factors at regulatory intronic and exonic
sequences is integral to the splicing process. Ul snRNP is required for the recognition of the 5’
splice site, while the 3’ spliceosome is composed of multiple factors. In complex E (commitment
complex) splicing factor 1 (SF1) binds to the branch point region. The U2 auxiliary complex,
comprised of U2AF1 and U2AF2, recognizes the 3’ splice site and the polypyrimidine tract,
respectively (Y = pyrimidine). The transition to complex A (pre-spliceosome) is an energy-
dependent step and leads to displacement of SF1 and the recognition of the branch point region by
the U2 snRNP through its RNA binding subunit SF3B1. Factors found recurrently mutated in
MBDS are color-coded. Gray: factors without an independent prognostic value; red: U2AF] muta-
tions are associated with a poor prognosis, independent from IPSS-R; light blue: mutations in
SF3B1 confer a favorable prognosis. Prognostic relevance according to [13]
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Table 5.2 Interplay between cis (i.e., sequence) elements and trans (i.e., protein) factors to enable
precise recognition and definition of exon-intron boundaries

Sequence Recognized by

Complex E (commitment complex)

5’ splice site Ul snRNP

Branch point region Splicing factor 1 (SF1)
Polypyrimidine tract U2 auxiliary factor 2 (U2AF2)
3’ splice site U2 auxiliary factor 1 (U2AF1)
Complex A (pre-spliceosome)

5’ splice site Ul snRNP

Branch point region SF3B1 (as RNA binding subunit of U2 snRNP)
Polypyrimidine tract U2 auxiliary factor 2 (U2AF2)
3’ splice site U2 auxiliary factor 1 (U2AF1)

Correct splicing requires precise definition of exon-intron boundaries, which is
facilitated by recognition of specific intronic and exonic sequences by dedicated
factors (compare Table 5.2).

Mutations in SF3B1, SRSF2, and U2AF1 alter the binding preferences of the
respective encoded splicing factor, while mutations in ZRSR2 result in complete
loss of activity [67].

SF3B1 Mutations in splicing factor 3b subunit 1 (SF3B1) are strongly associated
with a ring sideroblast (RS) phenotype, caused by aberrant accumulation of iron in
mitochondria. The majority of MDS-RS patients carry a SF3B/ mutation [63, 64,
68]. The SF3BI mutational status influences classification according to WHO
(2017): in cases with wildtype SF3B1, >15% ring sideroblasts (as percentage of
bone marrow erythroid elements) are required for the diagnosis of MDS-RS, how-
ever, if SF3B1 is mutated, ring sideroblasts between 5% and 14% are sufficient [12].
Among splicing factors, it is also the only mutation that is associated with a favor-
able prognosis [13, 63, 68, 69].

SRSF2 Mutations in the serine- and arginine-rich splicing factor 2 (SRSF2) gene
are associated with a poor prognosis [70]. As is the case for SF3B/ and U2AFI
mutations, SRSF2 mutations are heterozygous missense mutations and occur in dis-
tinct hotspots [11, 67, 71]. As a consequence, the binding preference of SRSF2 is
altered, leading to an aberrant exonic enhancer site-binding pattern [67]. By this
mechanism, mutations in SRSF2 cause e.g. mis-splicing and aberrant degradation of
EZH? transcripts, indirectly contributing to an aberrant epigenome [72].

U2AF1 U2 small nuclear RNA auxiliary factor 1 (U2AFI) mutations confer an
inferior prognosis independent from IPSS-R [13]. Given the importance of U2AF1
for the recognition of intron-exon boundaries, mutations that affect binding prefer-
ences result in increased exon skipping [11, 67].



5 Molecular Landscape of MDS 81

ZRSR2 In “constitutive” splicing by the major spliceosome, ZRSR2 (zinc finger
CCCH-type, RNA binding motif, and serine/arginine rich 2) interacts with the
U2AF complex and stabilizes the formation of complex A [73]. However, a subset
of transcripts of 700 to 800 genes are spliced by the “minor” spliceosome, in which
ZRSR2 assumes the functional role of the U2AF complex [73-75]. ZRSR2 muta-
tions are thought to contribute to MDS disease biology by aberrant intron retention
and mis-splicing in minor spliceosome-dependent transcripts [76]. In contrast to
other splicing factors, mutations in ZRSR2 do not occur in distinct hotspots [71].
The outcome and clinical course of patients with ZRSR2 mutations is strongly
dependent on TET2 mutational status. Cases with mutated ZRSR2 and wildtype
TET2 were observed to have a high AML transformation rate and a poor progno-
sis [71].

Molecular Aberrations Contributing to Dysregulation
of Signaling

In comparison to other myeloid neoplasms, mutations in signaling factors are less
common in MDS. Signaling factor mutations in AML are considered to represent
late events and as such are often associated with progressive disease when found in
MDS. Most frequently, the MAP kinase pathway is affected in ~10% of MDS
patients [9-11]. NRAS (neuroblastoma RAS viral oncogene homolog), which
encodes one factor of this pathway, is found mutated in ~5% of MDS patients [12].
Mutations in CBL (casitas B-lineage lymphoma), which are also detected in ~5% of
MDS patients [12], are more prevalent in chronic myelomonocytic leukemia
(CMML). Both gene mutations are linked to an inferior prognosis [9, 13, 53, 77—
79], in case of CBL independent of IPSS-R [13]. Moreover, mutations in CBL are
associated with aberrantly prolonged activation of other signaling factors, for exam-
ple, FLT3 [80]. Mutations in the FLT3 gene rarely occur in MDS; however, if pres-
ent, they are associated with a very poor prognosis and progression to secondary
AML [81-83].

Molecular Aberrations Contributing to Dysregulation
of the p53 Pathway

Aberrations that affect the tumor protein p53, also often referred to as “guardian of
the genome” are recurrently found in every cancer type. Its physiological function
is to halt the cell cycle in case of cellular stresses or DNA damage and to promote,
if necessary, apoptosis [11, 84]. Alterations in 7P53, the gene encoding p53, are
caused by deletion or gene mutation. 7P53 deletion is frequent among cases with



82 T. Haferlach and I. Schmidts

deletion of chromosome arm 17q and is commonly accompanied by 7P53 mutation
of the other allele [85, 86], resulting in biallelic inactivation and a particularly infe-
rior outcome [87]. TP53 aberrations are associated with several predictors of poor
clinical outcome, such as low platelet count, high blast count, high-risk disease,
complex karyotype, and resistance to therapy [53, 88, 89]. The presence of TP53
aberrations is a negative prognostic factor, independent from IPSS-R [13]. The neg-
ative prognostic impact is retained also in the setting of allogeneic stem cell trans-
plantation [11, 29, 90].

In de novo MDS cases, TP53 alterations are detected in ~5% of patients [12]. In
the context of therapy-associated MDS, TP53 aberrations are found in up to 33%
[11,91]. TP53 and PPM 1D, which encodes a phosphatase that negatively regulates
P53, have been found mutated in CHIP, with frequencies of ~4% [20, 21]. This find-
ing provides one possible explanation for the development of therapy-associated
neoplasms (t-MN). Under the selective pressure of cytotoxic therapy, clones carry-
ing aberrations of TP53 and/or PPM 1D gain selective advantage and can undergo
clonal expansion. Screening patients for 7P53 and PPMID aberrations prior to
cytotoxic therapy could help identify individuals at risk to develop t-MN [92-95].

The Clinical Value of Molecular Genetic
Characterization in MDS

Currently, only SF3B/ mutations are considered as a diagnostic criterion in the
WHO classification [12]. Given the diagnostic challenge of cytomorphological
evaluation of (subtle) dysplastic features and the low reproducibility of blast count
determination, it is likely that molecular genetics will gain in importance in classi-
fication in the future. Today, molecular characterization already plays a crucial role
in state-of-the-art prognostic evaluation and therapeutic decision making.

Prognosis None of the prognostic models in MDS, discussed in depth in Chap. 7,
takes molecular aberrations into account. However, mutations in several genes have
been shown to have prognostic power independent from the revised IPSS score
(IPSS-R). Aberrations of ASXLI, CBL, EZH2, RUNXI, TP53, and U2AF1 have all
been associated with significantly shortened overall survival in a study with >3000
MDS patients. Detection of a mutation in one of the six genes should warrant plac-
ing a case in the next unfavorable IPSS-R risk group [13].

Therapy Decisions The response to hypomethylating agents is strongly influenced
by a patient’s mutational landscape, especially in genes encoding epigenetic factors.
Azacitidine resistance has been observed in the context of DNMT3A-R882 muta-
tions as well as for mutations that affect the SKI domain of SETBPI, which also
encodes an epigenetic regulator [96]. Another study found that mutations in ASXL/
and ETV6 are associated with short response duration [97]. In contrast, patients with
TET?2 mutation (in the absence of a concomitant ASXL/ mutation) showed a particu-
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larly high sensitivity to azacitidine [34, 98—100]. However, there were no significant
differences in overall survival and response duration between patients with mutated
and wildtype TET2 under azacitidine treatment [98, 100].

The mutation status of 7P53 should play a role in therapy planning in several
respects. In general, patients with isolated 5q deletion benefit from treatment with
lenalidomide. However, the presence of a concomitant 7P53 mutation poses the risk
of faster disease progression [101], therefore TP53 mutational status should be
determined prior to lenalidomide therapy [102]. Moreover, AML and MDS patients
with TP53 mutation have been found to show a better initial response to a 10-day
decitabine protocol than to conventional chemotherapy [103]; however, remission
was eventually lost in all 7P53 mutated cases, including the nine MDS patients car-
rying TP53 mutations. Although patients with 7P53 abnormalities should be con-
sidered for allogeneic stem cell transplantation [104], the negative prognostic effect
persists post-transplant [11, 29, 90]. In patients eligible for allogeneic transplanta-
tion, the 7P53 mutation status should be taken into account for the selection of the
conditioning scheme, since patients with 7P53 mutation do not benefit from mye-
loablative conditioning [105]. Therefore, whenever possible, alternative condition-
ing regimen should be considered for this patient group, possibly within a study
setting [104].

From Clonal Hematopoiesis to Secondary AML - A
Disease Continuum?

The advance of NGS led to the coincidental finding of leukemia-associated gene
mutations as drivers of clonal hematopoiesis in the absence of hematological dis-
ease. CHIP is now known to be an age-related phenomenon [19-21, 106], whose
clinical implications remain subject to discussion and research. Only 0.5-1% of
individuals with CHIP develop myeloid neoplasms later on [19, 21]. As described
above, mutations in three genes are strongly associated with CHIP: DNMT3A,
TET2, and ASXLI.

Clonality has also been demonstrated in a major subset of patients with unex-
plained cytopenia [107, 108]. The presence of gene mutations as clonal drivers was
associated with ~14-fold higher risk of progression to myeloid neoplasms compared
to cases with idiopathic cytopenia [107]. Accordingly, clonal cytopenia of undeter-
mined significance (CCUS) has been introduced as a pre-malignant condition
[107-109].

The recognition of CHIP and CCUS as well as insight into the genetic landscape
of MDS validates the multi-hit hypothesis in MDS pathogenesis (compare Fig. 5.6).
In MDS, 3 mutations were detectable in the median [0—12 mutations] [10]. Mutations
affecting DNA methylation and splicing factors show a higher mutational load than
mutations in histone modifiers and signaling factors, which makes early and late
mutational events in MDS pathogenesis distinguishable [9, 10].
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Fig. 5.6 Multi-hit hypothesis in the pathogenesis of myeloid neoplasms. Mutations found associ-
ated with CHIP and CCUS are not sufficient for MDS pathogenesis, however, they lay the founda-
tion. Acquisition of additional mutations and/or selective pressure can cause clonal evolution and
ultimately lead to the development of myeloid neoplasms

Progression of MDS to secondary AML is associated with abrogation of hema-
topoietic differentiation and/or uncontrolled proliferation [11]. Mutations in tran-
scription factor genes such as RUNXI, CEBPA, and GATA2 often herald disease
progression [11, 110]. Same holds true for mutations affecting signaling, especially
mutations of RAS pathway factors or FLT3 are linked to progression to AML [11,
110, 111]. It is of clinical importance to distinguish between cases with SAML and
de novo AML, since patients with SAML have an inferior prognosis and often are
refractory to chemotherapy [11, 110].

In conclusion, NGS-based panel testing has paved the way for a comprehensive
description of the molecular landscape in MDS within just a decade. Panel testing
in MDS is increasingly used to support or exclude a diagnosis of MDS in cases of
unclear cytopenia(s) and/or dysplasia. Several publications have demonstrated the
clinical utility of NGS screening using a panel of genes whose mutation status can
inform differential diagnostics, classification, and prognosis [104, 107, 112].
Particularly in light of the recently described pre-malignant conditions CHIP, ICUS,
and CCUS, there is a need to further investigate the molecular landscape in
MDS. Due to new technological advances, that is, whole exome sequencing (WES),
whole genome sequencing (WGS), and whole transcriptome sequencing (WTS), it
is now possible to gain a genome-wide molecular insight that not only tracks the
mutational status but also measures gene expression and detects cytogenetic aberra-
tions. In MDS, the implementation of gene mutations into the IPSS-M (molecular)
represents the next step; this is currently underway driven by efforts of the
International Working Group for Prognosis in MDS (IWG-PM). Since the clinical
course in MDS is quite heterogeneous, the definition of “best treatment” and goals
for outcome would most likely benefit from incorporation of cytogenetic and
molecular genetic findings.
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Chapter 6
MDS Mimics Including CHIP, ICUS,
and CCUS

Check for
updates

Rafael Bejar

Introduction

Medically speaking, the word “syndrome” refers to a collection of unrelated clinical
signs and symptoms that are observed to frequently co-occur in patients without a
requirement that all of those afflicted with a particular syndrome have a common
cause for their condition. Myelodysplastic syndromes (MDS) are no exception, and
have historically been defined almost exclusively by clinical and morphologic crite-
ria. Without a clear understanding about the etiology of disorders described as
MDS, even most MDS subtypes have similarly been defined by counting cells based
on their appearance. As a consequence, the diagnostic criteria for MDS require
potentially subjective morphologic interpretations and share many features with
related conditions including benign disorders. Patients who appear to be mildly
affected clinically may leave doubt as to whether their hematologic abnormalities
are due to reactive or malignant causes, for example.

In practice, there exist several MDS “mimics” that share findings characteristic
of MDS but are due to other causes (Fig. 6.1) [1]. These include a variety of benign
conditions, other neoplasms, or even pre-malignant states that fall short of strict
diagnostic boundaries. Several of these potential MDS mimics are covered in other
chapters in this text including those describing germline predisposition states, diag-
nostic approaches, and clinical presentations of MDS. Here, we will touch on these
briefly followed by a more in-depth examination of conditions that lay just outside
the diagnostic boundary of MDS but which may not meet the criteria for other dis-
orders. These can include pre-malignant states with varying potential for clonal
progression and have important clinical consequences that go beyond the risk of
developing a hematologic neoplasm.
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Fig. 6.1 Diagram showing the overlap of features characteristic of MDS and potential mimics that
share some or more of these features. Abbreviations: AA aplastic anemia, nc-ICUS non-clonal
idiopathic cytopenia of undetermined significance, CCUS clonal cytopenia of undetermined sig-
nificance, CH clonal hematopoiesis, CHIP clonal hematopoiesis of indeterminate potential, MDS
myelodysplastic syndrome, hMDS hypoplastic MDS, tMDS therapy-related MDS; IDUS idio-
pathic dysplasia of undetermined significance

MDS Diagnostic Criteria and Non-neoplastic Mimics

The most recent update to the World Health Organization (WHO) schema for the
classification of myeloid neoplasms in 2016 changed little about the criteria used to
diagnose MDS [2]. Patients are required to have a cytopenia in one or more mature
myeloid cell lines (red blood cells, platelets, or neutrophils) defined as a value below
the laboratory normal range for the population tested [2—4]. A cytopenia should not
have another evident cause and should not be transient with a recommendation that
it persists for 6 months in those with equivocal bone marrow findings [5]. In addi-
tion to a cytopenia, the bone marrow must show at least one of the following fea-
tures to diagnose MDS: morphologic dysplasia in one or more myeloid lineages
compromising at least 10% of cells in a lineage, the presence of 5-19% blast pro-
portion, or one of several MDS-defining cytogenetic abnormalities. The only excep-
tion to these criteria are cases with 5-15% ring sideroblasts in the marrow in which
a typical somatic mutation in SF3B/ is also present [2, 6].

Patients with a high blast proportion, extensive dysplasia, and typical karyotype
abnormalities are fairly straightforward to diagnose. However, most patients with
MDS have less aggressive presentations with potentially more subtle findings. In
particular, patients with no excess blasts or cytogenetic abnormalities often have
less pronounced morphologic changes, the interpretation of which can be subject to



6 MDS Mimics Including CHIP, ICUS, and CCUS 93

significant inter-observer variability [7]. And, in the minority of cases with a hypo-
cellular bone marrow, accurately determining whether 10% of the available cells are
affected can be difficult [8].

Adding to the potential ambiguity, many of the characteristic morphologic
changes observed in MDS can also be found in non-malignant conditions which
need to be considered before a diagnosis of MDS should be made. These include
certain mineral and vitamin deficiencies, autoimmune conditions, viral infections,
medications, liver disease, renal impairment, alcohol consumption, and several con-
genital syndromes (Table 6.1) [1, 9]. Most of these conditions will not reproduce all
features common to MDS and many will have additional hematologic findings that
are inconsistent with the diagnosis. For example, patients with chronic parvovirus
B19 infection typically do not have cytopenias beyond their profound anemia and
will have giant erythroblasts with characteristic nuclear viral inclusions in their
marrow [10]. These patients are almost universally immunocompromised demon-
strating how clinical context must be considered when trying to determine the cause
of dysplastic hematopoiesis. Factors like nutritional state, family history, pre-
existing medical conditions, and exposure history will influence the probability that
one of these “benign” mimics should be included in the differential diagnosis.
Correctly identifying these disorders has important clinical implications as they are
generally more reversible and amenable to treatment than MDS.

Congenital Syndromes with Predisposition to MDS

Several congenital disorders exhibit hematologic abnormalities that can resemble
MBDS including cytopenias and abnormal cellular morphology [11, 12]. Subsets of
these disorders have the potential for clonal evolution and the development of a
myeloid malignancy [13]. It can be challenging to determine when such a transfor-
mation has taken place versus when abnormalities are caused by the underlying
predisposition syndrome. For example, patients with familial platelet disorder with
associated myeloid malignancy (FPD/AMM) carry germline RUNX/ mutations and
can have thrombocytopenia decades before developing MDS or AML [11, 14].
Megakaryocytic dysplasia can be present long before evidence of clonal evolution
arises and should not be used as the sole criterion for diagnosis MDS [14]. Making
the distinction between syndromic features of the disorder and malignant progres-
sion is important as it affects when to consider an intervention like hematopoietic
stem cell transplantation. Testing for somatic mutations indicative of clonal hema-
topoiesis may be useful to help predict when a patient is at an increased risk of
malignant progression [13]. Other conditions like ANKRD26-related thrombocyto-
penia, Fanconi anemia, Shwachman-Diamond syndrome, and dyskeratosis congen-
ita are subject to similar caveats as bone marrow failure often precedes the
development of clonal neoplasm by a large margin [15-19].

In contrast, patients with germline DDX4/ variants typically do not have lifelong
hematologic abnormalities [20-22]. They may, however, develop cytopenias and
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Nutrient deficiencies

Common hematologic manifestations that can mimic MDS

Iron deficiency

Microcytic anemia, anisocytosis, hypochromia, thrombocytosis

Folate deficiency

Macrocytic anemia, megaloblastic changes, nuclear dysplasia,
pancytopenia

B12 deficiency Macrocytic anemia, megaloblastic changes, nuclear dysplasia,
pancytopenia
Copper deficiency Anemia, neutropenia, ring sideroblasts, erythrodysplasia,

megaloblastic changes

Metabolic derangements

Renal failure

Anemia, anisocytosis, poikilocytosis

Liver failure

Macrocytic anemia, leukopenia, thrombocytopenia (primary and
from splenomegaly)

Hypothyroidism

Macrocytic anemia

Autoimmune conditions

Aplastic anemia

Pancytopenia, marrow hypocellularity, clonal markers

ITP Thrombocytopenia, micromegakaryocytes
HLH Pancytopenia, dyserythropoiesis
SLE and RA Anemia, leukopenia, thrombocytopenia, or pancytopenia
Viral infections
HIV Pancytopenia, bone marrow dysplasia, megaloblastic changes
(often from treatment)
CMV, EBV Monocytosis, anemia, thrombocytopenia

Hepatitis B or C

Neutropenia, thrombocytopenia, macrocytosis (also related to liver
disease)

Parvovirus B19

Red cell aplasia, dyserythropoiesis

Medications and toxins

Anti-metabolites

Macrocytosis, pancytopenia

Cytotoxic chemotherapy

Pancytopenia, hypogranulation, bone marrow dysplasia, and
apoptosis

MMF

Pseudo-Pelger-Huet abnormality

Ethanol

Normo- or macrocytic anemia, erythrodysplasia, ring sideroblasts,
dysmorphic granulocytes

Congenital disorders

Sideroblastic anemias

Anemia, ring sideroblasts, erythrodysplasia

Diamond-Blackfan
anemia

Anemia, erythroid hyperplasia, dyserythropoiesis

SBDS

Neutropenia, thrombocytopenia, anemia, myeloid dysplasia

Fanconi anemia

Pancytopenia, dysplasia

Severe congenital
neutropenia

Neutropenia, granulocyte dysplasia

CDA

Anemia, erythroid hyperplasia, dyserythropoiesis

Other neoplastic conditions

LGL

Neutropenia, anemia
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Table 6.1 (continued)

Nutrient deficiencies Common hematologic manifestations that can mimic MDS
MDS/MPN Anemia, dyserythropoiesis, dysgranulopoiesis
AML Myelodysplastic changes, increased blasts, Auer rods

ITP immune thrombocytopenic purpura, HLH hemophagocytic lymphohistiocytosis, SLE sys-
temic lupus erythematosus, RA rheumatoid arthritis, A7V human immunodeficiency virus, CMV
cytomegalovirus, EBV Epstein-Barr virus, MMF mycophenolate mofetil, SBDS Shwachman-
Diamond syndrome, CDA congenital dyserythropoietic anemia, LGL large granular lymphocytic
leukemia, MDS/MPN myelodysplastic syndrome/myeloproliferative neoplasms overlap syndrome,
AML acute myelocytic anemia

bone marrow hypocellularity, months or years before they go on to meet diagnostic
criteria for MDS or AML. In these cases, this non-diagnostic prodrome may not be
a benign MDS mimic, but more of a harbinger of MDS that should be followed
closely as clonal evolution has likely already occurred.

These topics are covered in greater detail in the chapter on familial and germ-
line MDS.

Conditions at the Diagnostic Border of MDS

In clinical practice, we frequently encounter patients with cytopenias that remain
difficult to explain even after thorough evaluation and examination of the bone mar-
row. In some patients, it is clear that a disorder is present, but there is ambiguity
about which diagnosis to assign. In other cases, patients do not meet the criteria for
any recognized condition and are left with a label of idiopathic cytopenia and uncer-
tainty about their prognosis. With the advent of next-generation sequencing, it was
hoped that identification of somatic mutation patterns in these conditions could aid
in their assessment and proper diagnosis. This promise has partially been fulfilled,
but surprising discoveries about the high incidence of clonal hematopoiesis in
“benign” hematologic conditions, and even in normal individuals, can complicate
the interpretation of somatic mutations.

Aplastic Anemia

For example, there exists a clinical overlap between patients with aplastic anemia
(AA) and those with hypoplastic MDS (hMDS) [8, 23, 24]. Both conditions are
associated with clinically significant cytopenias, bone marrow hypocellularity, and
varying degrees of cellular dysplasia which may be challenging to quantify when
few cells are present. In AA, it is assumed that bone marrow failure is a consequence
of autoimmune destruction of stem cells and disruption of the normal microenviron-
ment. Autoimmunity is not excluded in hMDS, but it is presumed that there is a
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clonal, cell-intrinsic defect that contributes to the bone marrow failure whereas no
such clonal outgrowth is required in AA. If an AA patient develops an MDS defin-
ing clonal abnormality, like monosomy 7, they would be considered to have pro-
gressed to hMDS even in the absence of increased blasts or dysplasia. However,
careful sequencing and copy number analyses reveal that clonal outgrowth is
remarkably common in AA even in the absence of clinical progression [23, 25-27].
Clonal chromosomal abnormalities were known to be present in 5—15% of AA cases
and PIGA mutated paroxysmal nocturnal hemoglobinuria (PNH) clones detected in
more than half of patients when sensitive methods are employed. Many of these
lesions are not typical of MDS or associated with disease progression [28]. However,
recent sequencing studies have identified somatic mutations in a third to a half of
AA patients that include mutated genes common to MDS [26, 27, 29, 30]. Two
major patterns of mutation appear to be present. The first is associated with immu-
nologic escape and involves mutations or loss of heterozygosity (LOH) at the HLA
loci on chromosome 6 [31, 32]. Mutations of BCOR and BCORLI may also fit in
this category as they were not associated with resistance to immunosuppressive
therapy (IST) and often had a decreased clone size after treatment [26]. In contrast,
somatic mutations of DNMT3A and ASXLI were present in about 10% of cases,
particularly older patients, and tended to show clonal expansion after IST. Mutations
of splicing factor genes, cohesin genes, TET2, RUNXI, and TP53 were much rarer
in AA compared to MDS, but were associated with increased rates of malignant
progression and inferior outcomes. Somatic mutations in AA also tended to involve
fewer genes and have variant allele frequencies (VAF) of <10% compared to >30%
VAF in MDS. These differences suggest metrics that may help distinguish AA with
low potential for progression from hMDS and higher risk AA.

Clonal Hematopoiesis in Individuals with Clinically
Normal Hematopoiesis

Clonal hematopoiesis defined by the presence of somatic mutations is not diagnos-
tic of myeloid neoplasia (Fig. 6.1). Not only does it occur in AA, but it is also com-
mon in normal individuals who have no sign of a hematologic abnormality.
Examination of blood specimens used in genome-wide association studies and as
controls in cancer sequencing studies demonstrated a high prevalence of somatic
mutations in DNA derived from blood cells [33-36]. The genes mutated in these
individuals were typical of MDS and were dominated by epigenetic regulators like
DNMT3A, TET2, and ASXLI, although several rarer myeloid malignancy mutations
were identified in JAK2, TP53, splicing factors, and the IDHI and IDH?2 genes,
among others. The prevalence of these mutations rises significantly with age rang-
ing from 5% of persons at age 50 to over 20% at age 80 mirroring the age-related
rise in the incidence of MDS. However, MDS and other myeloid malignancies occur
at a rate more than 100-fold less often than the rate of clonal hematopoiesis in
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normal individuals. Therefore, it was not surprising that the absolute risk of devel-
oping a hematologic malignancy in this population was low at 0.5-1.0% per year
[37]. This is comparable to the rate of myeloma progression in persons with a
monoclonal gammopathy of undetermined significance [38]. For this reason, the
presence of a myeloid malignancy-associated driver mutation in a hematologically
normal individual was termed clonal hematopoiesis of indeterminate potential
(CHIP) [39].

A formal definition of CHIP has been proposed [39]. This requires the presence
of a somatic mutation in a common myeloid malignancy driver gene with a variant
allele frequency of 2% or greater. Most individuals with CHIP will harbor a single
driver gene mutation with an average variant allele frequency of 9-12%. Larger
CHIP clones appear to have a greater risk of malignant progression. Sensitive
sequencing approaches have identified very small somatically mutated clones with
VAFs well below 1% in a much greater proportion of individuals [40]. Nearly all
women in their 50°s sampled as part of the Nurses Health Study had one or more
somatic mutations detectable in this range. As with CHIP, most of the mutations
were in DNMT3A, but included other genes. A quarter of these clones could be
detected in samples collected 10 years later (along with more new ones), typically
with little change in VAF. Clearly, the almost universal nature of this “micro” CHIP
in unselected individuals implies that it is not associated with malignancy risk.
However, in specific clinical contexts CHIP can be highly relevant [41].

Despite its acronym, CHIP does not lack clinical significance. Otherwise normal
individuals with CHIP were noted to have greater overall mortality ascribed primar-
ily to cardiovascular disease [36, 42—44]. The degree of risk associated with CHIP
was comparable to or greater than that of well-established risk factors such as
hypertension and hypercholesterolemia. Whole-genome sequencing studies are
capable of identifying clonal hematopoiesis even if myeloid malignancy driver
genes are not present. In the study of an Icelandic population by Zink et al., the
prevalence of clonal hematopoiesis was twice as high when non-driver gene muta-
tions were used to identify patients with expanded clones [45]. These individuals
had comparable increases in mortality risk to those with myeloid malignancy
mutation-associated CHIP although not necessarily from cardiovascular causes,
suggesting a direct role for myeloid malignancy mutations in this phenotype. The
alternative to this interpretation is that CHIP is simply a marker of biologic age
which is related to cardiovascular disease or other causes of mortality through an
independent mechanism. However, the mutations responsible for CHIP can drive
the development of atherosclerosis through inflammatory insults which have been
modeled in mice [42, 46, 47]. The mediators of this process appear to be monocytes
and macrophages derived from the mutant clone that activate the NLRP3 inflamma-
some resulting in increased levels of IL1p, IL6, and other pro-inflammatory mole-
cules. Chemical inhibition of NLRP3 mitigates the atherogenic effects of Tet2 loss
in a murine transplant model [46]. In patients with a history of cardiovascular dis-
ease and elevated C-reactive protein levels, inhibition of IL1f activity with the
monoclonal antibody canakinumab was associated with a significant reduction in
overall mortality only in those individuals later identified as having CHIP [48, 49].
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Importantly, the NLRP3 inflammasome and IL1p signaling are now recognized as a
major contributor to the MDS phenotype, particularly in lower-risk MDS patients
[50, 51]. This connection between somatic mutations, CHIP, and MDS is examined
in greater detail in the chapter on MDS Biology.

Without cytopenias, CHIP is unlikely to be confused clinically with
MDS. However, the high background rate of typical mutations in older individuals
complicates the interpretation of somatic mutations in persons suspected of having
MDS [39]. It could be challenging, for example, to determine if a single DNMT3A
mutation in an anemic patient is indicative of acquired bone marrow failure or sim-
ply an incidental finding unrelated to a benign cause for their disorder. It is therefore
critical to consider the clinical context when interpreting sequencing results as their
impact varies significantly based on the clinical scenario [41]. Somatic mutations
alone cannot be used as presumptive evidence of MDS absent other diagnostic
criteria.

Recent studies suggest that CHIP defined by mutations in particularly adverse
genes may have significant malignant implications. First, pre-leukemic hematopoi-
etic stem cells harboring DNMT3A mutations can be identified in AML patients in
remission [52]. This indicates that clonal evolution from a preceding, clinically
silent, clonal hematopoietic state led to the development of AML. The latency
between clonal hematopoiesis and AML can be quite long. In a longitudinal health
study, individuals who developed AML had DNA sequencing performed on sam-
ples collected months to years prior to their diagnosis [53]. These results were com-
pared to sequencing from similarly aged individuals in the cohort who did not
develop AML. While preexistent CHIP was more common in the AML cohort,
mutations of 7P53, IDHI, and IDH2 were unique to this group, indicating a near-
universal progression to AML, albeit with a median latency of 5-7 years. A similar
case-control study by Abelson et al. confirmed the high risk of AML associated with
TP53 mutations and identified a comparable risk for U2AF1 [54]. In both studies,
time to AML diagnosis was inversely proportional to the VAF of adverse gene muta-
tions and the total number of mutations identified.

CHIP is also frequently encountered in cancer patients where the implications of
clonal hematopoiesis may be more severe than in unselected individuals [55]. This
may be, in part, because of the selective effects of cancer treatments on pre-existing,
somatically mutated clones. Clones with mutations that bestow chemo- or radio-
resistance may be selected for along with those that have a proliferative advantage
during recovery from myelosuppression [56]. Studies of relapsed/refractory lym-
phoma patients destined for autologous stem cell transplantation identified a high
rate of clonal hematopoiesis before the transplant was performed [57]. In contrast to
unselected CHIP, or the micro-CHIP noted in normal individuals, treated lymphoma
patients were much more likely to have mutations in 7P53 and PPM1D. These indi-
viduals had an increased likelihood of developing therapy-related myeloid neo-
plasms, but also had poor stem cell mobilization and early overall mortality
compared to lymphoma patients without CHIP. Studies of solid tumor patients have
confirmed a high frequency of blood cell-derived somatic mutations and the enrich-
ment of mutations in TP53 as well as an association with inferior outcomes [58-61].
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There is evidence to suggest that germline mutations in DNA repair pathways may
predispose to cancer-related CHIP and the development of t-MNs [62, 63]. Clearly,
some forms of CHIP are not benign in this context, but absent other criteria, do not
define a diagnosis of MDS.

Clonal and Idiopathic Cytopenias of Undetermined Significance
(CCUS vs ICUS)

The most challenging diagnostic dilemmas arise when some features of MDS are
present, but no alternative explanation can be identified (Fig. 6.1) [64]. Unexplained
cytopenias in patients with insufficient bone marrow dysplasia, low blast percent-
age, and a normal karyotype have been described as idiopathic cytopenias of unde-
termined significance (ICUS) [1, 65-67]. Determining whether these individuals
are at risk of developing a frank myeloid malignancy is difficult as longitudinal
studies of ICUS patients are lacking. However, the advent of genetic sequencing has
identified a high rate of clonal hematopoiesis in this population. MDS and AML
patients who had a non-diagnostic biopsy prior to their eventual diagnosis were
noted to have a high rate of somatic mutations in their initial sample [68]. While
these patients did not meet marrow criteria for a myeloid disorder initially, more
than 90% already carried a somatic mutation in one or more myeloid malignancy
genes. Less than half of these individuals acquired a new driver mutation at the time
of their eventual diagnosis, indicating that molecular evolution was not required for
progression in many instances [68]. A similar study of patients with unexplained
cytopenias who underwent a routine bone marrow evaluation found that many either
had insufficient dysplasia to diagnose MDS or no dysplasia at all, labeling them as
having ICUS [69]. Of those patients that were diagnosed with MDS, more than 90%
carried at least one clonal chromosomal abnormality or gene mutation. However,
more than 70% of ICUS patients with some dysplasia had a clonal marker as did a
quarter of those with no dysplasia. This rate of clonal hematopoiesis was much
higher than the 10-15% of CHIP identified in comparably aged normal populations,
suggesting that clonality and cytopenias might be related in these cases. The types
of mutations identified were somewhat different from CHIP in that they included a
higher rate of splicing factors, RUNX1, and TP53, were more likely to have multiple
mutations, and had greater VAFs than is typical for CHIP (Table 6.2). Therefore,
ICUS patients with clonal markers were described as having clonal cytopenias of
undetermined significance (CCUS) to distinguish them from non-clonal ICUS (ncl-
CUS) and to indicate that the risk of progression in these cases remained unclear [70].

A subsequent study by Malcovati et al. confirmed the high rate of clonal hema-
topoiesis in ICUS [71]. About 40% of patients suspected of having a myeloid disor-
der, but who fell short of diagnostic criteria, were found to have somatic mutations
indicative of clonal hematopoiesis. The predicted probability of subsequent pro-
gression to a myeloid malignancy was significant, approaching 50% at 4 years for
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Table 6.2 Distinctions among MDS mimics

Disease

features Aplastic anemia | CHIP nc-ICUS | CCUS MDS
Cytopenias Present Absent Present | Present Present

Bone marrow | Hypocellular Normal Mostly | Hypo- to Mostly
cellularity normal | hypercellular | hypercellular
Somatic 20% 5-20%* 0 35-40% 90+%
mutations

Most PIGA, BCOR, DNMT3A, None TET?2, TET2, SF3B1,
commonly BCORLI, HLA | TET2, DNMT3A, ASXLI, SRSF2,
mutated genes | alleles and/or ASXLI, ASXLI, DNMT3A,

DNMT3A, JAK2, splicing factors, | RUNXI, U2AF1,
ASXLI PPMID, TP53 TP53
TP53

Number of 1-2 1 0 1-2 2-3+

driver

mutations

Typical variant | 2—-10% 2-12% 0 30-40% 30-40%

allele

frequency

Karyotype 20% <2% 0 33% 50%
abnormalities

*The prevalence of CHIP is highly age dependent

patients with isolated mutations in DNMT3A, TET2, or ASXLI1, and nearly 100% at
5 years for patients with splicing factor mutations, RUNX/ mutations, JAK2 V617F,
or mutations in multiple genes. More importantly, ICUS patients without somatic
mutations on a multi-gene panel (i.e., presumed to have nc-ICUS), had an extremely
low rate of malignant progression, approximated at 1% per year. This strong nega-
tive predictive value supports the use of multi-gene panel testing at diagnosis for
patients suspected of having MDS as even an absence of mutations has important
clinical significance. A larger study by Baer et al. examined clonal hematopoiesis in
756 patients with unexplained cytopenias, comparing them to patients with MDS
and AML [72]. As before, AML-like mutations (i.e., NPM1, NRAS, RUNXI, and
IDH1/2) were rare in CCUS as were mutations of SF3BI which were seen most
often in MDS, suggesting diagnostic associations with some gene mutations [73].

Current guidelines would consider even high-risk CCUS patients to lie just shy
of the diagnostic border with MDS, yet their overall survival appeared comparable
to that of lower risk MDS patients [71]. This is also the case for the ~60% patients
with unexplained monocytosis who do not meet diagnostic criteria for chronic
myelomonocytic leukemia, but harbor mutations typical of the disease [74]. Larger
studies may demonstrate that certain mutations should be considered presumptive
evidence of MDS when unexplained cytopenias are present, much the same way
that specific cytogenetic abnormalities do today. The umbrella of WHO-defined
MDS will likely expand to include some forms of CCUS just as it did in 2016 when
SF3B1 mutant patients with as few as 5% ring sideroblasts were included in the
diagnostic classification [2].
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MDS Can Sometimes Be Considered an AML Mimic

On the other side of the spectrum of clinical severity lays the diagnostic boundary
between MDS and AML [75]. Patients with fewer than 20% bone marrow blasts are
considered to have MDS, while those with 20% or more have acute leukemia. In the
past, patients with 20-29% blasts were described as having a form of MDS then
called refractory anemia with excess blasts in transformation (RAEB-T) [76]. This
category was eliminated in 2008 when the boundary was reduced to 20% blasts as
outcomes were comparable between RAEB-T and AML patients of similar age [5,
77]. However, the 20% cut-off is somewhat arbitrary [78]. Outcomes for MDS
patients with 10-19% blasts are more like that of patients with oligoblastic leuke-
mia than lower-risk MDS. In particular, there appear to be some forms of AML that
are more MDS-like and others that resemble examples of de novo AML that are
seen more often in younger individuals [79]. Not surprisingly, secondary AML aris-
ing after MDS often shares morphologic and molecular features with MDS. In par-
ticular, mutations of splicing factors and chromatin modifiers such as ASXL/ and
EZH? were highly specific for secondary AML. Patients presumed to have de novo
AML who harbored mutations in these genes were more likely to be older and had
response rates and outcomes comparable to those with known secondary AML [79].
In contrast, AML patients with FL73 abnormalities, isolated biallelic mutations of
CEBPA, or frameshifts in NPM1 tended to be younger and were more likely to
achieve a complete remission. These gene mutations appear to identify patients with
disease that is fairly sensitive to chemotherapy, even when they have not yet passed
the 20% blast threshold [80-82]. Finally, there is growing evidence that certain
mutated genes (e.g., FLT3, PTPNI1, WT1, IDHI, IDH2, NPM1, and NRAS) and
patterns of gene expression can predict transformation to AML in patients with
MDS [83, 84]. These patients might be considered examples of MDS mimicking
AML. Different molecular profiles of patients in this oligoblastic area of overlap
between MDS and AML may identify groups that respond better to different thera-
peutic approaches regardless of which diagnosis is playing the mimic.

Summary

Establishing a diagnosis of MDS in a cytopenic patient can be challenging as it relies
on the presence of largely morphologic criteria and exclusion of alternative diagno-
ses that include both benign and neoplastic conditions. Many MDS mimics can
cause dysplasia or harbor karyotype abnormalities that are not specific enough to
establish an MDS diagnosis. Somatic mutations of MDS-associated genes can help
clarify the picture, but the interpretation of molecular findings is highly dependent
on the clinical context in which they are found. Future revisions to MDS diagnostic
criteria are likely to incorporate certain somatic events as evidence of disease lead-
ing to a more standardized definition of MDS. In the meantime, we must recognize
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areas of ambiguity, such as CCUS, clonality in aplastic anemia, and oligoblastic
leukemia that may not only mimic MDS, but might share therapeutic benefit from
treatment options available to patients on each side of these diagnostic boundaries.
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Chapter 7
Prognostic Models in Myelodysplastic
Syndromes

Jan Philipp Bewersdorf and Amer M. Zeidan

Introduction

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal hemato-
poietic stem cell neoplasms that are characterized by peripheral blood cytopenias,
dysplastic features in one or more cell lineages, and a variable risk of progression to
acute myeloid leukemia (AML) [1-3]. Given the heterogeneity of the disease patho-
biology and the highly variable disease course, tools to risk stratify patients are
essential for appropriate counseling and individualization of treatment decisions [1,
4]. Figure 7.1 illustrates the various factors influencing the prognosis of MDS
patients. Understanding the prognostic picture for individual patients is important
as the goals of care and treatment options vary significantly. For example, the treat-
ment of lower-risk MDS may entail watchful waiting, transfusions, erythropoiesis-
stimulating agents, lenalidomide, and immunosuppressive therapy, while patients
with higher-risk MDS are typically treated with therapies that aim to change the
natural history of the disease such as hypomethylating agents (HMA) and alloge-
neic hematopoietic cell transplant (allo-HCT) for eligible patients [4—10].

Several risk stratification tools have been developed over the last decades and
will be reviewed herein. While the earlier scoring systems such as the International
Prognostic Scoring System (IPSS) are based on the extent of peripheral blood cyto-
penias, bone marrow blast count, and certain cytogenetic features, recent advances
in technology, mainly genetic testing, have shown that the incorporation of this
information may provide a more accurate assessment of overall prognosis and
potentially serve as a predictive marker for response to certain treatment modalities
[7, 11-14]. Furthermore, MDS disease risk may change over the disease course, and
reassessment under specific circumstances such as HMA failure or prior to
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Fig.7.1 Factors influencing the prognosis of MDS patients: The prognosis of the individual MDS
patient depends on various factors and interactions thereof. These include patient characteristics
(age, comorbidities, ECOG performance status, a history of prior malignancies), clinical and labo-
ratory features (depth of cytopenias, transfusion dependence, selected laboratory markers [e.g.,
elevated ferritin, LDH, P2-microglobulin], bone marrow blast percentage, secondary MDS,
therapy-related MDS [t-MDS], prior MDS-specific treatments [e.g., hypomethylating agents], his-
topathologic and cytogenetic factors (WHO subgroup. Karyotype [normal, —Y, del(5q), del(20q),
complex (>3 abnormalities), chromosome 7 anomalies])), and mutational status. However, none of
the established risk stratification tools includes all of these factors leaving some residual uncer-
tainty when counseling MDS patients and warranting further research to derive better predic-
tion models

allo-HCT by the same tools used at the time of initial diagnosis has limitations.
Herein, we review established scoring systems, describe novel tools that incorporate
genetic characteristics as well as tools focusing on specific patient subgroups and
disease stages, and venture into the future with an emphasis on dynamic scores
incorporating more genetic information to further individualize treatments and pre-
dict responses.

Established Scoring Systems

The first MDS classification system subdividing MDS into five categories was
developed by the French-American-British (FAB) group based on morphologic
changes, blast percentage in the blood and bone marrow, as well as peripheral blood
monocyte count [15]. While the FAB classification is foremost a diagnostic classifi-
cation, several studies have shown that it also has prognostic utility [16—18]. For
example, refractory anemia with excess blast in transformation (RAEB-T) was
behaving more like AML, while other MDS subforms were associated with a more
indolent disease course [16, 17].
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In 1997, the International MDS Risk Analysis Workshop derived the International
Prognostic Scoring System (IPSS) that classifies MDS patients as low, intermedi-
ate-1, intermediate-2, and high risk based on a combination of cytogenetic features
that define a specific cytogenetic subgroup, the number of peripheral blood cytope-
nias, and the percentage of bone marrow blasts, Table 7.1 [11]. Based on these fea-
tures the authors showed a wide spectrum of 25%-AML progression risk and
median overall survival (OS) that ranged from 9.4 years and 5.7 years in the low-
risk patients to 0.2 years and 0.4 years in the high-risk patient population, respec-
tively [11]. While the IPSS was developed as a risk stratification tool at the time of
diagnosis and for untreated patients, it has subsequently been externally validated in
various settings including allo-HCT and has been the standard tool for treatment
decision-making and clinical trials in MDS for many years [19, 20]. However,
despite its ease and widespread use IPSS has several limitations, for example, in
patients with previously treated or secondary MDS, its emphasis on the prognostic
impact of blast percentage over the cytogenetics, and the fact that it included only a
limited number of cytogenetic abnormalities while not accounting for the depth of
cytopenias and other prognostic markers such as patient age, performance status,
and laboratory values (e.g., lactate dehydrogenase [LDH], ferritin) [19, 21-23].
These limitations have led to the development of various subsequent scoring sys-
tems that are compared in Table 7.1.

Based on the 2001 classification of MDS by the World Health Organization
(WHO), the WHO classification-based Prognostic Scoring System (WPSS) has
been derived that includes WHO subgroups, red blood cell (RBC) transfusion
requirements, and the IPSS karyotype [24]. The WPSS has subsequently been
refined to include the absolute hemoglobin level instead of transfusion dependency
[25]. A major strength of the WPSS is that it is a dynamic tool with applicability at
various time points during the disease course as well as its prognostic value in the
post-allo-HCT setting [24, 26]. However, the many limitations hampering IPSS are
also applicable to WPSS such as not accounting for the depth of cytopenias and the
limited number of cytogenetic subgroups. Furthermore, many pathologists in the
USA do not report the MDS WHO subtype in their reports.

The Global MD Anderson Risk Model Score for MDS (MDAPSS) has been
developed using patient (Eastern Cooperative Oncology Group (ECOG) perfor-
mance status >2, age >65 years) and disease factors (anemia, thrombocytopenia,
increased bone marrow blast percentage, leukocytosis, chromosome 7 of complex
cytogenetic abnormalities, prior transfusions) to derive a prediction rule that
includes patients with secondary MDS and chronic myelomonocytic leukemia
(CMML) who were not included in IPSS and WPSS [27].

Finally, the revised version of the IPSS was published in 2012 (IPSS-R) [28].
Based on 7012 MDS patients, prognostic variables were identified and the five most
impactful covariates (cytogenetic risk group, bone marrow blast percentage, depth
of cytopenias [hemoglobin, platelets, and absolute neutrophil count]) were included
in the model. Conversely to the original IPSS, IPSS-R contains 5 prognostic cyto-
genetic risk groups with updated and more extensive cytogenetic aberrations, splits
bone marrow blast percentage into 4 subcategories, and takes the depth of cytope-
nias into account, which had previously been shown to be a valuable prognostic
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factor [28]. The major advantages of the IPSS-R are the better stratification of
patients with 27% of IPSS lower-risk patients being “upstaged” and 18% of higher-
risk patients being “downstaged” in IPSS-R, respectively, which enables a more
individualized therapeutic approach given the different rates of progression to
AML. While other predictors of adverse survival such as patient age, serum LDH,
ferritin, and f2-microglobulin were also validated in this large patient cohort, they
did not have any prognostic impact on progression to AML and were therefore
omitted from the final IPSS-R [28]. The IPSS-R has been externally validated and
is increasingly used as the standard risk stratification tool for both research and
routine clinical practice [4, 29-31]. However, especially in the intermediate risk
group, the prognosis is variable and a further division into intermediate-favorable
and intermediate-adverse risk based on patients age >66 years, peripheral blood
blasts >2%, and history of RBC transfusions has been proposed [3, 32-34]. An
IPSS-R score of 3.5 points has been suggested as a cutoff for differentiation between
lower- and higher-risk MDS patients and has been demonstrated to retain prognos-
tic power over time [33].

Scoring Systems Dedicated to Specific Patient Populations
and Clinical Circumstances

However, several limitations affecting these scoring systems exist and individual
aspects of these have been addressed by the development of dedicated scores.
Table 7.2 provides an overview of selected risk stratification tools for designated
patient subpopulations.

Therapy-Related and Secondary MDS

IPSS and IPSS-R were derived from patient populations with de novo MDS and
excluded patients who had subsequent initiation of MDS-directed treatment [11,
28]. While these scores have subsequently been validated in patients treated with
azacitidine (AZA) and lenalidomide [35-37], there are concerns about their pre-
dictive potential in patients with therapy-related or secondary MDS [38, 39]. This
led to the development of a dedicated prognostic model for therapy-related MDS
(t-MDS) which identified 7 prognostic factors (age >65 years, ECOG perfor-
mance status >2, poor cytogenetics, WHO MDS subtype, hemoglobin <11 g/dl,
platelets <50 x 10° /dl, and transfusion dependence) as predictors for OS and
leukemia-free survival [40]. This t-MDS Prognostic Scoring System (TPSS) score
has been validated in only one retrospective study of 50 patients with t-MDS
treated with AZA and identified patient subgroups with different OS and leuke-
mia-free survival [41].
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Table 7.2 Selected risk stratification tools applicable to specific patient subpopulations
Patient subpopulation | Parameters Outcomes Reference

Therapy-related MDS | 1 point each for: Good risk (0-2 risk [40]
(281 patients) Age > 65 years, cytogenetics | factors): median OS:
(=7 and/or complex), WHO 26 months
classification (RARS, Intermediate risk (3—4
RAEB-1/2), hemoglobin (Hgb) | risk factors): median OS
<11 g/dl, platelets <50 mg/L, 13 months
transfusion dependence, ECOG | Poor risk (5-7 risk
performance status (PS) >2 factors): median OS
7 months
Lower-risk MDS (856 | Unfavorable cytogenetics (all | Score 0-2 points: median | [65]
patients with low or | but diploid and 5q): 1 point OS 80 months, 65%
intermediate-1 risk) | Age >60 years: 2 points 4-year OS
Hgb <10 g/dl: 1 point Score 3—4 points: median
Platelet <50 x 10° /L: 2 points | OS 27 months, 33%
Platelets 50-200 x 10° /L: 1 4-year OS
point Score >5 points: median
Bone marrow blasts >4%: 1 OS 14 months, 7% 4-year
point oS
Higher-risk MDS 1 point each for ECOG PS > 2, | Low risk (0 points): [52]
treated with HMA presence of circulating blasts, | median OS not reached
(282 patients with and RBC transfusion Intermediate risk (1-3
intermediate-2 and dependence >4 RBC points): median OS
high risk MDS) units/8 weeks, intermediate- 15.0 months
risk cytogenetics High risk (4-5 points):
2 points for poor-risk median OS 6.1 months
cytogenetics
Higher-risk MDS at | 0.75 points: bone marrow Low risk (£2.25 points): | [62]
time of HMA failure | blasts >20%, transfusion median OS 11.0 months
(310 patients treated | dependence (95% CI:
with AZA, 140 with | 1 point: ECOG PS >1, very 8.8-13.6 months)
DEC) poor cytogenetics (>3 High risk (>2.25 points):
karyotype abnormalities), age | median OS 4.5 months
7584 years, platelets <30 (95% CI: 3.9-5.3 months)
2 points: age > 84 years
Hypocellular (<20% | 1 point each for hemoglobin 0 points: median OS not | [73]

bone marrow
cellularity) MDS (253
patients)

<10 g/dl, ECOG PS >2,
unfavorable cytogenetics, bone
marrow blasts >5%, serum
LDH >600 IU/1

reached, 2-/3-year OS
71/61%

1 point: median OS

27 months, 2-/3-year OS
59/38%

2 points: median OS

19.4 months, 2-/3-year
OS 43/20%

3 points: median OS

9.3 months, 2-/3-year OS
14/7%

4 points: median OS

4.7 months, 2-/3-year OS
12/6%

5 points: median OS

2 months, 2-/3-year OS:
0%
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However, the TPSS is rarely used in clinical practice. In a large cohort of 370
patients with t-MDS, several well-established models (WPSS, IPSS, IPSS-R,
MDAPSS) were shown to retain their diagnostic utility in this setting [42]. In this
study, Zeidan et al. also showed that overall prognosis of patients with t-MDS was
worse compared to de novo MDS (19 months vs 46 months; p = 0.005) independent
of the prior malignancy and treatment strategy [42]. However, these results suggest
that factors in t-MDS patients not captured by standard risk stratification tools such
as comorbidities or specific genetic alterations have important prognostic implica-
tions [42, 43]. Given the heterogeneity of t-MDS disease courses, appropriate risk
stratification in t-MDS is important [44, 45]. While patients with t-MDS and higher
risk by IPSS-R tend to have adverse survival compared to de novo MDS, OS in
patients with lower-risk disease was comparable for t-MDS and de novo MDS
which emphasizes that risk stratification tools should also be applied in this setting
and standard tools such as IPSS-R are valid options [42]. However, further chal-
lenges remain such as the impact of specific mutations or the presence of pre-
existing clonal hematopoiesis of indeterminate potential (CHIP), and the lack of a
unifying definition of t-MDS needs to be addressed to develop better prognostic
scores for t-MDS patients [43, 46].

Prediction Rules for the Response to Hypomethylating Agents
and for Prognostication in HMA-Refractory Patients

The HMAs AZA and decitabine (DEC) are both approved in the USA for the treat-
ment of MDS. The overall response rate (ORR) ranges between 40% and 50% and
studies have shown a significant reduction of the risk of progression to AML and
substantial mortality benefit for AZA in patients with higher-risk MDS in compari-
son with conventional care options [47-51]. However, none of the general risk strat-
ification tools had been developed to predict the response to a specific treatment.

The Groupe Francophone des Myélodysplasies (GFM) studied factors associ-
ated with survival and response to AZA [52]. In a multivariate analysis, ECOG
performance status >2, intermediate- and poor-risk cytogenetics by IPSS, presence
of circulating blasts, and RBC transfusion dependency >4 units/8 weeks were pre-
dictive of an adverse OS and were used to construct a prognostic score that success-
fully discriminated the intermediate-2 and high-risk MDS patients into 3 groups
with statistically significant differences in OS (median OS not reached, 15.0 and
6.1 months, respectively [P < 107*]) [52]. Furthermore, an abnormal karyotype,
bone marrow blast percentage >15%, and prior treatment with low-dose cytarabine
were associated with a lower response rate to AZA [52]. These covariates have been
validated in subsequent studies by the same group and others [53, 54]. The addition
of platelet doubling time, an independent marker of response to AZA, did not
improve the predictive value of the IPSS and French Prognostic Scoring System
(FPSS) [55, 56].
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However, in an external validation study, the FPSS failed to provide a superior
OS prediction compared to IPSS-R [57]. Zeidan et al. subsequently compared vari-
ous risk stratification tools as outcome predictors for higher-risk MDS patients
treated with HMA and showed that all 5 studied scoring systems performed well in
predicting OS [58]. However, none of those scores was able to predict the objective
responses to HMA treatment and the FPSS did not outperform the other predictive
models [58].

It is important to note that responses to HMA are often transient and the progno-
sis after HMA failure is dismal with a median OS of 14—17 months and 4-5.6 months
for lower-risk and higher-risk MDS patients based on IPSS/IPSS-R, respectively
[59-61]. Although IPSS and IPSS-R have been derived from a population of de
novo MDS patients and their applicability to the HMA-refractory setting is ques-
tionable, they are frequently used as the basis for clinical trial enrollment [38]. This
is exemplified by the fact that up to 77% of lower-risk MDS patients treated with
HMAs remain in the lower-risk MDS strata by IPSS, which would predict a median
OS of 5.7 years while the observed median OS in lower-risk, HMA-refractory
patients is only 14—17 months [11, 59]. Acknowledging this discrepancy, a dedi-
cated risk stratification tool for HMA failure patients has been developed that
includes 6 covariants: patient age, ECOG performance status >1, complex cytoge-
netics (>3 abnormalities), bone marrow blast percentage >20%, platelet count <30,
and RBC transfusion dependency [62]. This score dichotomizes patients into low-
risk and high-risk categories with a median OS of 11.0 months and 4.5 months,
respectively, which is helpful for appropriate counseling of patients and treatment
decision-making. It has been validated in two separate cohorts and may be used as
a stratification tool for clinical trial eligibility after HMA-failure [62-64].

Scores in Patients with Lower-Risk MDS

The prognosis of patients within one IPSS risk category can vary substantially
which is of clinical relevance as patients with lower-risk IPSS but otherwise poor
prognostic features may benefit from a more aggressive upfront treatment [65-67].
For example, there are IPSS low-risk patients with poor prognostic features such as
advanced age and low hemoglobin and platelet levels requiring supportive transfu-
sions that are not sufficiently reflected by IPSS alone. As discussed above, this dis-
crepancy is reflected by the difference in predicted and real-world OS for low-risk
IPSS and IPSS-R patients who had been treated with HMAs with a predicted median
OS of several years but a real-world median OS of 4.3-5.6 months in higher-risk
and 15 months in lower-risk patients, respectively [59, 60, 62].

While the IPSS and other risk tools estimate risk of progression to AML, it has
become apparent that most patients with lower-risk MDS die rather with MDS or
from bone marrow failure or therapy complications rather than from progression
to AML [65, 68]. The realization that a substantial minority of patients with
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LR-MDS die within 2 years of diagnosis led to the derivation of a prognostic score
for low and intermediate-1 risk MDS that stratifies patients based on cytogenetic
features, age, bone marrow blast percentage, and peripheral blood hemoglobin and
platelet levels [65, 68]. Although elevated ferritin and f2-microglobulin levels
were associated with an adverse prognosis, they were not included in this score
[65]. However, especially in the IPSS-R intermediate-risk group, the addition of
additional parameters such as LDH, elevated ferritin, age, and poor performance
status might be helpful to better risk stratify these patients and aid in clinical
decision-making.

Additionally, IPSS and IPSS-R are validated to predict the risk of disease at the
time of diagnosis and are not dynamic. As shown in a large study from the MDS
International Working Group for Prognosis database including 7212 MDS
patients, hazards for OS and transformation to AML become similar among vari-
ous IPSS-R subgroups after about 5 years [33]. The authors showed that lower-
risk patients remained at lower risk while the risk for patients in the higher-risk
strata at the time of diagnosis was decreasing over time. This loss of prognostic
power over time might be due to the selective loss of higher-risk patients to MDS-
related death, the larger effect of comorbidities in lower-risk MDS patients, and
the exclusion of patients who received MDS-directed treatment, which was more
likely in the higher-risk group [33]. This suggests that the time since diagnosis
should be taken into consideration and that for patients with an initial high risk
who remain stable without treatment re-classification as lower-risk can be
considered.

Hypocellular MDS

While MDS mostly presents with a normo- or hypercellular bone marrow, 10-20%
of patients have a hypocellular bone marrow which has been shown to have different
cytogenetic features and prognostic implications compared to normo- or hypercel-
lular MDS [69-72]. Although hypocellular MDS is not considered a separate sub-
entity of MDS, studies have identified a hypocellular bone marrow as an independent
positive prognostic factor and showed that IPSS was insufficient to discriminate
hypocellular MDS into prognostic subgroups [71, 73]. In order to improve risk
stratification for this patient population, Tong et al. developed a dedicated score
using a cohort of 253 patients at MD Anderson Cancer Center with hypocellular
MDS that included ECOG >2, hemoglobin <10 g/dl, unfavorable cytogenetics
(=7/7q or complex), >5% bone marrow blasts, and high serum LDH (>600 IU/1) as
unfavorable prognostic factors [73].

However, this score lacks external validation and subsequent studies showed
that IPSS and IPSS-R were sufficient for risk stratification in hypocellular
MDS [70].
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A New Era: Risk Stratification Tools Including
Somatic Mutations

Thanks to the increasing availability of new diagnostic techniques such as next-
generation sequencing (NGS) various studies have shown that up to 90% of MDS
patients harbor recurrent somatic mutations in at least one gene [12, 74-76].
However, the role of genetic testing in diagnosis, treatment, and prognostication of
MDS remains controversial [12, 38, 77].

In 2011, Bejar et al. analyzed 18 genes in over 400 MDS patients by Sanger
sequencing and showed that mutations in TP53, ETV6, ASXLI, EZH2, and RUNX1
were adverse prognostic markers independent of IPSS, and upshifted the risk to the
next higher IPSS category [76]. These general findings have been confirmed in sev-
eral studies but nuances exist that necessitate a highly individualized approach to
genetic testing [75, 78, 79]. For example, while mutations in U2AFI, SRSF2,
SF3BI1, and ASXLI have been identified as adverse prognostic features, they lost
their independent prognostic value in patients with >5% bone marrow blasts [79].

Given the prognostic relevance of somatic mutations in MDS, various risk strati-
fication tools that incorporate genetic testing have been proposed (Table 7.3).

Nazha et al. studied 508 MDS patients treated at Cleveland Clinic and derived a
predictive model that included patient age, IPSS-R score, and somatic mutations in
EZH2, SF3B1, and TP53 [80]. By using paired samples, the authors showed that
their model retained its prognostic strength throughout the disease course and was
applicable to both primary and secondary MDS [80]. Such a dynamic model that is
not impacted by initial or subsequent treatment is important as the clonal architec-
ture of the disease changes and a significant proportion of patients acquire addi-
tional mutations along the disease course [80]. In a subsequent study, the same
group showed that the addition of the binary assessment (i.e., mutation present or
absent) of EZH2, SF3B1, and TP53 increased the predictive value of various estab-
lished scores (IPSS, IPSS-R, WPSS but not MDAPSS) for median OS (not for pro-
gression to AML) and led to the upstaging of 53% and 58% of patients with
intermediate-1 to intermediate-2 by IPSS and from intermediate to high-risk by
IPSS-R, respectively [81]. This reclassification of patients has potential implica-
tions on the therapeutic approach but needs additional external validation.

By means of a 104 gene panel in 944 patients with various MDS subtypes,
Haferlach et al. identified 25 genes that were significantly associated with survival
in univariate analyses [75]. Using a Cox regression in a proportional hazards model,
the authors developed a score that included mutations in 14 genes, age, gender, and
IPSS-R categories to stratify patients into four risk groups: low, intermediate, high,
and very high risk with 3-year survival rates of 95.2%, 69.3%, 32.8%, and 5.3%,
respectively [75]. While this combined model of genetic and clinical parameters
outperformed IPSS-R, a gene-only model was inferior to the combined model [75].

Finally, Xu et al. identified mutations in TP53, STAG2, DNMT3A, EZH2, RUNX1,
ROBO1/2, SRSF2, and WT1 as being associated with adverse prognosis and higher
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Table 7.3 Selected scores incorporating mutational testing
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Patient population Parameters Outcomes Reference
944 MDS patients Combined model: mutational Combined model: [75]
across all WHO analysis of 14 genes (ASXLI, 3-year OS of 95.2%,
subtypes and IPSS/ CBL, ETV6, EZH2, KRAS, 69.3%, 32.8%, and
IPSS-R risk groups LAMB4, NCOR2, NF1, NPM1, 5.3% in low-,
NRAS, PRPFS8, RUNXI, TET2, intermediate-, high-,
TP53), age, male gender, and very-high-risk
hemoglobin (8-10 g/dl, <8 g/dl), | groups, respectively
platelets (50-100 x 10° /L, Combined model
<50 x 10° /L), blasts (2-5%, superior to IPSS-R and
5-10%, >10%) genetic model alone
508 MDS patients (all | Age, IPSS-R score, mutations in | Low risk: median OS [80]
IPSS-R risk categories, | EZH2 SF3BI (improved 37.4 months
15% patients with survival), TP53 Intermediate-1 risk:
chronic median 23.2 months
myelomonocytic Intermediate-2 risk:
leukemia) median 19.9 months
High risk: median OS
12.2 months
320 MDS patients Presence of mutation in any of Low: 0—1 mutations [82]
28 tested genes (mutation in (except for DNMT3A,

TP53, STAG2, DNMT3A, EZH?2,
RUNXI, ROBO1/2, SRSF2, and
WT1 associated with poor
prognosis), IPSS/IPSS-R

TP53, WT'1, SRSF2,
IDHI1/2, STAG2, and
ROBO1/2);
Intermediate: 1 driving
mutation (DNMT3A,
TP53, WT1, SRSF2,
IDH1/2, STAG2, and
ROBO1/2) or 2 other
mutations

High: >2 poor
prognosis mutations or
>3 other mutations
Addition of mutation
analysis increased
prognostic value of
IPSS and IPSS-R

rates of progression to AML in 324 Chinese MDS patients [82]. Unlike other scores,
this model subdivided patients into 4 genetic risk groups: low (no mutations), inter-
mediate-1 (>1 mutation in any gene except those previously specified genes associ-
ated with adverse prognosis), intermediate-2 (2—3 mutations in any genes other than
those associated with worse outcomes or 1 mutation in genes associated with worse
outcomes with 0—2 mutations in any other MDS-related genes), and high (presence
of at least 2 mutations in genes associated with worse outcomes) [82]. Integration of
genetic information into IPSS and IPSS-R led to an increased predictive value of
both scores for OS and AML transformation [82].
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Although further validation of these combined genetic-clinical risk stratification
tools is necessary prior to routine clinical use, they seem to have higher predictive
value for OS than previous scores. However, as of now, genetic scores should be
regarded as a complementary tool rather than a replacement for established scores
but may provide important patient-level information that allows individualization of
treatment decisions.

Future Directions and Conclusion

Although significant progress has been made since the introduction of IPSS, several
challenges remain especially at the dawn of a new era in which a more detailed
understanding of the disease pathobiology, the increasing use of genetic testing, and
the availability of novel targeted therapeutic options are paving the way to a person-
alized treatment concept for the individual MDS patient.

Especially in the realm of genetic testing, further studies are needed to elucidate
the prognostic relevance of parameters such as the size of the clonal population, the
interaction of various different genetic alterations, and whether these mutations
have the same or variable impact on patients within different conventionally deter-
mined risk groups. Machine learning models are a promising tool to develop per-
sonalized geno-clinical models that allow individualized treatment concepts and
prognostication. These models randomly include clinical and molecular variables
and appear to better account for the complex interactions between those than classic
stepwise Cox regression models that had been used to derive conventional risk strat-
ification tools. Nazha et al. recently presented such a model derived from MDS
patients that outperformed other models in predicting OS and AML progression and
similar models have been used for AML patients and to distinguish patients with
MDS and chronic myelomonocytic leukemia [§3—85]. However, these models need
additional validation in larger cohorts before being used in clinical practice.
Furthermore, the risk of MDS patients is dynamic over time as a significant propor-
tion of patients acquires new mutations during the disease course and patients often
receive multiple sequential lines of therapy [80]. Tools such as IPSS-R lose their
prognostic power over time [33], emphasizing the need for better, dynamic tools in
clinical decision-making. The machine-learning model developed by Nazha et al.
has been derived from treated MDS patients and seems to be applicable to different
time points during the disease course [85].

Despite the great potential of genetic testing, the risk stratification of MDS
patients by conventional clinical-pathologic tools such as IPSS-R remains the main-
stay for prognostication and clinical decision-making in routine clinical practice.
However, dynamic tools that combine genetic and clinical parameters have been
developed and appear to provide a better risk prediction of the individual patient,
which is essential for appropriate patient counseling and holds promise for clinical
trial enrollment and potentially treatment selection.
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Chapter 8
Treatment Algorithms for Lower-Risk
Myelodysplastic Syndrome

Check for
updates

Pierre Fenaux and Lionel Ades

Lower-risk myelodysplastic syndromes (MDS), as defined by the international
prognostic scoring system (IPSS) or the revised IPSS (IPSS-R), have a low risk of
progression to AML, and patients mainly suffer from cytopenias, principally ane-
mia, whose treatment is generally the major aim [1].

Definition and Limits of Lower-Risk MDS

Since 1997, MDS patients are classified according to prognostic scores, i.e., the
(classical) International Prognostic Scoring System (IPSS), recently revised
(IPSS-R), both based on marrow blast percentage, number/extent of blood cytope-
nias, and marrow cell karyotype (Table 8.1). Those scores separate patients into 4
(IPSS) and 5 (IPSS-R) risk groups with different outcomes in terms of acute
myeloid leukemia (AML) evolution and survival. “Lower-risk” MDS traditionally
includes patients with low and intermediate 1 IPSS (and ‘“higher-risk” MDS,
patients with intermediate 2 and high IPSS) [14]. The IPSS-R, established on larger
patient numbers, is more precise than the IPSS [15], reclassifying a significant pro-
portion of “lower-risk” MDS into higher-risk, and vice versa. Therefore, although
currently available drugs are often licensed based on the classical IPSS (“higher”
versus “lower” IPSS), we feel an IPSS-R-based definition of lower risk is prefera-
ble: the term “lower-risk” MDS generally applies to cases with IPSS-R up to 3.5,
including very low and low IPSS-R patients, and part of intermediate IPSS-R
patients [15]. “Higher-risk” MDS include patients with IPSS-R >4.0, i.e., IPSS-R
high and very high-risk, and the remaining intermediate IPSS-R patients. There is
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Table 8.1 Revised International Prognostic Scoring System (IPSS-R) for myelodysplastic
syndromes [15]

Points
Prognostic characteristic 0 0.5 1 1.5/2 3 4
Cytogenetic risk category* Very Good Intermediate | Poor | Very
good poor
Blasts in bone marrow, % <2 >2-5% 5-10% >10%
Hemoglobin, g/dL >10 8to <8
<10
Platelet count, x10°/L >100 50 to <50
<100

Absolute neutrophil count, >0.8 <0.8
x10%/L
IPSS-R risk Median overall survival, Median time to 25% AML evolution,
group Score | years years
Very low <15 |88 NR
Low >1.5- |53 9.4

3
Intermediate >3- 3.0 2.5

4.5
High >4.5- | 1.6 1.7

6
Very high >6 0.8 0.7

*Very good: —Y and del(11q) as single abnormalities; Good: Normal, del(5q), del(12p), and
del(20q) as single abnormalities, double abnormalities including del(5q); Intermediate: del(7q),
+8, +19, i(17q), and any other single abnormalities, any other double abnormalities; Poor: —7 and
inv(3)/t(3q)/del(3q) as single abnormalities, double abnormalities including —7/del(7q), complex
(3 abnormalities); Very poor: >3 abnormalities

some uncertainty for intermediate IPSS-R, where the treatment approach (either
relatively intensive or less intensive) will particularly take into account additional
factors:

New prognostic factors have indeed emerged in MDS, including: the presence of
grade 2 or higher myelofibrosis associated with poorer survival [8]; immunopheno-
typic characteristics of blood and marrow cells in experienced laboratories [28];
and importantly the presence of somatic mutations, most of which worsen progno-
sis. New molecular technologies indeed identify somatic mutations in almost every
MDS patient [7, 16, 37]. Those mutations, involving in particular genes encoding
for splicing factors or epigenetic factors, are of help in the diagnosis of MDS in dif-
ficult cases (to confirm clonal disease), considering that some of those mutations
are also present in healthy elderly individuals at low variant allele frequency [49].
In MDS, most mutations (especially RUNX1, ASXLI, TP53) have a negative impact
on prognosis, while TET?2 appears to have a neutral effect and SF3B/ is associated
with a better outcome in patients without excess blasts [5, 33, 34, 37]. In addition,
prognosis worsens with the number of mutations. We therefore assess somatic
mutations by next-generation sequencing (NGS) (studying genes most frequently
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mutated in myeloid malignancies), particularly 7P53 mutation in all lower-risk
MDS with del 5q (who have 7P53 mutation in 20% of the cases), SF3B1 in patients
with MDS and ringed sideroblasts (MDS-RS), as those two mutations are associ-
ated with poor and favorable prognosis, respectively [20, 31], and IDH1 and IDH2
mutations, due to the recent development of specific IDH1 and IDH2 inhibitors,
although those mutations are seen mainly in higher-risk rather than LR-MDS [37,
50]. The presence of somatic mutation(s) may be of importance especially in
younger patients with intermediate prognosis, suggesting more intensive surveil-
lance and intensification of the treatment strategy including allogeneic hematopoi-
etic cell transplantation (allo-HCT), although this approach is not yet supported by
prospective studies.

Finally, comorbidities, frequent in elderly patients, can influence treatment
choice, with intensive versus less intensive therapies [9].

Proposed Algorithms for the Treatment of Lower-Risk
(LR) MDS

In lower-risk MDS, therapy generally mainly aims at improving cytopenia(s) espe-
cially anemia (which is generally the predominating cytopenia in LR —-MDS),
thereby improving quality of life [1]. For all patients, the therapeutic benefits of
drugs must be balanced with their potential side effects.

Watchful Observation

In many lower-risk MDS patients with mild and asymptomatic cytopenias, no treat-
ment may be required. Anemia is generally asymptomatic for Hb levels >10 g/dl,
although the threshold below which anemia becomes symptomatic is variable,
depending on age, comorbidities, and patient activities. Thrombocytopenia is rarely
associated with bleeding for platelet counts >50 g/dl, while infections are rarely
seen in lower-risk patients with absolute neutrophil count (ANC) >0.5 G/1. Regular
monitoring of disease evolution is however required, especially if more than one
cytopenia is present or in case of unfavorable somatic mutations (ASXL1, RUNX1,
SRSF2, RAS, etc.) especially if several of them are present. This observational
strategy in case of moderate cytopenias may change in the future if new and well-
tolerated treatments that are capable of modifying the natural history of lower-risk
MDS become available.

In addition, even moderate neutropenia or thrombocytopenia, in LR-MDS, may
occasionally cause repeated infections and bleeding complications, respectively,
due to neutrophil or platelet functional defects, and consequently may require
treatment.
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Treatment of Anemia

Anemia is generally the main symptom in lower-risk MDS, associated with fatigue
and poor quality of life (QoL), higher risk of cardiovascular complications, higher
risk of falls, and poor quality of life mainly in elderly patients [30]. One option is to
treat anemia with repeated red blood cell (RBC) transfusions, but this leads to only
transient improvement of anemia, low median average Hb levels, associated with
poorer QoL, requires substantial hospital resources (hospital beds...), induces for
patients a “dependence” to the hospital system, and leads to iron overload. For those
reasons, drugs increasing the Hb level and avoiding RBC transfusions are preferred
whenever possible. Erythropoietic-stimulating agents (ESAs) are generally the first-
line drugs used for the anemia of LR-MDS.

Erythropoiesis-Stimulating Agents (ESAs)

Treatment with ESAs (i.e., recombinant erythropoietin [EPO] or darbepoetin
[DARY]) as a single agent is considered the standard for first-line treatment in most
LR-MDS patients with anemia, at least those without del 5q [38]. A prospective
clinical trial of EPO alfa was recently completed in non-del 5q LR-MDS patients
with anemia leading to its formal approval for LR-MDS with serum EPO <200 U/1
in the European Union (EU), but not in most other countries [10]. A low (less than
200-500 U/1) endogenous EPO level and a transfusion requirement of less than 4
units every 8 weeks are predictive of a better response to ESA [18, 47]. Weekly
doses of 30,000-60,000 units of EPO or 150-300 pg of DAR yield erythroid
response rates above 50% (with concomitant improvement of QoL) when the base-
line EPO level is low (about 80% of LR-MDS patients have EPO levels below
200 IU/L and only 10% of patients above 500 IU/L) and transfusion requirement
absent or limited, with a dose-dependent effect (60,000 units/week of EPO or
300 pg/week of darbepoetin being superior to lower doses) [38]. Side effects of
ESAs are limited if one avoids a too rapid increase in Hb level (by close monitoring
of Hb level and dose reduction if required), which may be associated with increased
thromboembolic risk [38]. Most responses to ESAs occur within 3 months of treat-
ment onset, and the median duration of response is 18-24 months [38]. Predictive
factors of good response to ESAs (in addition to baseline EPO level and RBC trans-
fusion requirement) include lower-risk IPSS-R, presence of no more than 2 somatic
mutations, and possibly the immunophenotypic analysis of myeloid cells [25, 47];
however, patients with ring sideroblasts (RS) appear to have a shorter duration of
response to ESAs compared to non-RS patients [39]. In patients with no or loss of
response to single-agent ESA, the addition of G-CSF can rescue about 20% of the
cases [40].

ESAs are increasingly used before RBC transfusion dependence, when the Hb
level is between 8 and 10 g/dl. The initial dose is often reduced in elderly patients
due to frequent concomitant renal failure (for which high ESA dose may lead to a
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rapid increase in Hb level). Weekly blood counts are necessary during the first
weeks of treatment to adjust ESA dose, and then regular blood counts to maintain
the Hb level between 11 and 12 g/dl.

Treatment of Anemia of LR-MDS with del 5q

ESAs provide lower erythroid response rates and shorter responses in LR-MDS
with isolated del 5q than in non-del 5q patients [24]. In RBC-TD patients, lenalido-
mide gives red blood cell transfusion independence (RBC-TI) rates of about 75%
(with a complete or partial cytogenetic response in 65% of the responders), with a
median duration of 2.3 years [26]. It is approved as first-line treatment of LR-MDS
with isolated del 5q in various countries including the USA, and only after ESA
failure in the EU. Severe neutropenia and/or thrombocytopenia may occur during
the first weeks of treatment, requiring close blood count monitoring and, in case of
severe neutropenia (ANC <0.5 G/1), we recommend the addition of G-CSF [13].

TP53 mutation is present in 20% of the patients [20] and associated with lower
hematological but more importantly lower cytogenetic response rates, shorter
response to lenalidomide, and more progressions to HR-MDS or AML [32].
Therefore, TP53 mutations should be regularly assessed in LR-MDS with del 5q.
Patients presenting with or developing a 7P53 mutation during treatment with
lenalidomide require intensified disease surveillance. Except perhaps for small
or transient TP53-mutated clones [27], it is recommended to proceed, if possible,
to allo-HCT especially when no response to lenalidomide is seen. In non-7P53-
mutated patients, however, primary or secondary failure to lenalidomide, even in the
absence of obvious disease progression, is also associated with relatively poor prog-
nosis and requires more intensive treatment with hypomethylating agents (HMAs),
followed if possible by allo-HCT [44].

Second-line Treatment of Anemia in Non-del 5q MDS

The erythroid response is not obtained with ESAs in all LR-MDS, and most
responses are transient, so that second-line treatment of patients with anemia or
RBC-TD is generally needed at some point.

Lenalidomide

In a phase 3 placebo-controlled study in non-del 5q patients with RBC-TD refrac-
tory to ESAs, 27% of lenalidomide-treated patients achieved RBC-TI >8 weeks
and the median duration of response was 8.2 months [46]. In a GFM randomized
clinical trial, the combination of lenalidomide and ESA significantly improved
the erythroid response rate over lenalidomide alone, to about 45%, with a median
response duration of 16 months in ESA-resistant non-del 5q LR-MDS patients [53].
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Lenalidomide is however not registered in this indication in most countries, and its
use is difficult to recommend outside of clinical trials or registries. In non-del 5q
LR-MDS, neutropenia and thrombocytopenia induced by lenalidomide are gener-
ally milder than in del 5q patients, but still require close monitoring and the possible
addition of G-CSF, if needed [53].

Immunosuppressive Agents

Anti-thymocyte globulin (ATG), with or without the addition of cyclosporine
(CSA), yields response, including trilineage responses, in 16-67% of the patients
[42], and in 48% of patients in the largest series published so far [48]. Various pre-
dictors of better response have been described, including MDS with single lineage
dysplasia, absence of ring sideroblasts, a hypoplastic bone marrow, DR15 HLA
type, age less than 60 years, female gender, normal karyotype or trisomy 8, presence
of a PNH clone, and short duration of transfusion dependence, although they are
often disputed [48]. Higher response rates are seen with horse compared with rabbit
ATG [48]. ATG/CSA, using horse ATG, can probably be recommended in the rela-
tively rare non-sideroblastic MDS patients aged less than 65-70 years without
excess of marrow blasts, normal karyotype, with at least 2 cytopenias and/or hypo-
plastic MDS, after the failure of first-line therapy with ESAs.

Hypomethylating Agents (HMAs)

HMAs are approved in lower-risk MDS in several countries including the USA, but
not in the EU. Response rates of 35-45% have been reported in several US studies,
but somewhat lower response rates (20-30%) in two European studies. This differ-
ence in the results of these studies is possibly because they included mainly purely
anemic patients, treated after ESA failure in the European studies [51, 52]. In
LR-MDS, reduced HMA schedules are often used, especially with 5 day cycles of
azacitidine [29], and even in one study 3 day cycles of decitabine [19]. HMAs may
be particularly interesting as second-line treatment in anemic patients who also have
neutropenia and/or thrombocytopenia, in whom lenalidomide may be difficult to use.

It is currently unknown if second-line treatments after ESA failure including
Lenalidomide, HMAs, and ATG can improve survival over supportive care in
LR-MDS [39].

Iron Chelation

As second-line treatments after ESA failure often have moderate response rates and
yield transient responses, most LR-MDS patients eventually require regular RBC
transfusions containing iron. This leads to the saturation of transferrin and the
occurrence of non-transferrin-bound iron (NTBI) and labile plasma iron (LPI)
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which cause oxidative damage in the liver, pancreas, and heart. Liver and cardiac
MRI can adequately detect this iron overload. The risk of cardiac failure, in particu-
lar, becomes elevated when MRI cardiac T2* decreases below 20 ms [41].

Retrospective studies suggest that iron chelation, in case of iron overload in
MDS, may improve survival [45]. A recent placebo-controlled study with iron che-
lation in RBC-TD LR-MDS also suggests an improvement in event-free survival in
chelated patients, though several “events” were considered that included heart and
liver damage as well as disease progression which possibly made the conclusion of
the study difficult [3].

The most frequently used iron-chelating drug is deferasirox, especially with its
new coated form. Most guidelines recommend a ferritin-guided chelating approach
(in addition to liver and cardiac MRI monitoring) for the treatment of iron overload
in MDS patients. The threshold of iron overload triggering the onset of chelation in
RBC-TD LR-MDS is however disputed. In patients who receive allo-HCT, how-
ever, even moderate iron overload appears to lead to an increased risk of transplant-
related mortality [2, 4]. Patients scheduled for allo-HSCT, or who could be
candidates to allo-SCT in the future, may therefore require early chelation to main-
tain the serum ferritin level below 1000 ng/ml [21].

Allogeneic Hematopoietic S tem Cell Transplantation (Allo-HCT)

Allo-SCT is generally mostly indicated in HR-MDS, but some indications also
appear to exist in lower risk MDS, although their benefit has not so far been demon-
strated in prospective studies. Allo-SCT may be considered in lower-risk patients
with poor prognostic features (including intermediate R-IPSS, several somatic muta-
tions, 7P53 mutation in MDS with del 5q, clinically significant cytopenias without
response to other treatments), weighing in all cases the advantages and risks of the
procedure based on age, comorbidities, donor matching, and also patient opinion.

By contrast, patients with MDS-RS and isolated SF3B/ mutation may be at very
low risk of progression to higher-risk MDS and AML and, unless disease progres-
sion occurs, probably do not require HCT even if anemia does not respond to drug
treatments. A prospective trial of the Groupe Francophone des Myélodysplasies
(GFM) currently tests the role of allo-SCT in lower-risk MDS with additional risk
factors (especially intermediate IPSS-R or severe cytopenias).

New Treatments for Anemia in Low-Risk MDS

In a phase 2 study in LR-MDS patients, luspatercept (ACE-536) [43], a specific
activin receptor fusion protein acting as a ligand trap to neutralize negative regula-
tors of late-stage erythropoiesis, yielded 63% erythroid responses, including 38%
RBC transfusion independence. The presence of ring sideroblasts (RS) or SF3BI
mutation was associated with better response (69% versus 43% in patients without
RS). In a subsequent placebo-controlled randomized phase 3 study of luspatercept
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in 229 RBC-TD MDS-RS or with SF3B1 mutation, refractory to ESA, 37.8% of the
patients treated with luspatercept achieved RBC-TI, with a median response dura-
tion of 30.8 weeks. Clinical benefit (i.e., RBC-TI and/or HI-E) was observed in 65%
of the patients treated with luspatercept, and side effects were very limited, leading
to the hope that this drug may soon be registered in that indication [11].

Other drugs are currently being tested in clinical trials. Drugs showing some
efficacy include imetelstat, a telomerase inhibitor that leads to RBC-TI in 42% of
ESA-resistant, lenalidomide, and HMA naive LR-MDS patients in a recent
report [12].

In conclusion Non-del 5q lower-risk MDS with anemia generally receive an ESA,
except if they are both RBC-TD and have a serum EPO level >200 or 500 U/, a rela-
tively rare situation. After primary or secondary ESA failure, lenalidomide + ESAs,
or hypomethylating agents or, in the case of MDS-RS, luspatercept (if approved)
can be suggested but enrollment in a clinical trial or registry is always recom-
mended. Selected patients may be candidates to receive horse ATG + cyclosporine
or allo-HCT in case of poor risk features.

Patients with del 5q and RBC-TD anemia can receive lenalidomide, but can be
treated with ESA before anemia becomes RBC-TD. In case of primary or secondary
failure to lenalidomide, or if a significant and durable 7P53 clone appears, treating
patients with HMA or if possible allo-HCT is strongly suggested. These recommen-
dations are summarized in Fig. 8.1.

Treatment of Neutropenia and Thrombocytopenia

In lower-risk MDS, neutropenia and thrombocytopenia are less frequent than ane-
mia, and are generally less profound and less symptomatic.

Neutropenia

Absolute neutrophil counts (ANC) are below 1.5 G/l in less than 10% of LR-MDS
patients, and neutropenia is rarely associated with life-threatening infection unless
it is related to therapy. Furthermore, infections may also be seen in the absence of
significant neutropenia, if neutrophils dysfunction may be present. G-CSF can cor-
rect neutropenia in 60—75% of those cases, but its prolonged use has not shown any
impact on survival, while a higher risk of progression to higher-risk MDS or AML
has not been formally excluded. G-CSF may be used for transient periods, in
patients who experience severe sepsis, although this rarely occurs in LR-MDS.

In case of fever or other signs of infection, however, neutropenic MDS patients
should receive immediate broad-spectrum antibiotics. In the absence of previous
infection episodes with resistant strains, amoxicilline-clavulanic acid and ciproflox-
acine combinations are generally used in such situations.
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Fig. 8.1 Treatment algorithm for lower-risk MDS. *(for IPSS-R intermediate, whether they
should initially receive treatment of lower-risk MDS or higher-risk MDS is also based on other
factors including age, comorbidities, importance of cytopenias, somatic mutations, effect of first-
line treatment, etc.)

Thrombocytopenia

Platelets below 50 G/ are seen in 30-35% of lower-risk MDS, but major bleeding is
relatively rare unless therapy that interferes with hemostasis is used or platelet dys-
function is present. High-dose androgens can improve thrombocytopenia in about one-
third of thrombocytopenic lower-risk MDS, but the response is generally transient [17].



140 P. Fenaux and L. Ades

In rare cases, a peripheral mechanism of platelet destruction may predominate in
MDS, as shown by platelet lifespan studies, and ITP-like treatments can be tested,
including splenectomy with some success [6].

The TPO receptor agonists romiplostim and eltrombopag are being investigated
in MDS. In a phase 2 trial in lower-risk MDS with thrombocytopenia, high-dose
romiplostim (500-1500 pg/week) yielded 55% platelet responses [22]. A reversible
increase in marrow blasts was also seen in about 15% of the patients. In a subse-
quent randomized study versus placebo in LR-MDS with thrombocytopenia, romip-
lostim reduced the incidence of severe bleeding and platelet transfusions, but there
was a suspected increase in the AML risk, however not confirmed with longer-term
follow-up [23]. Eltrombopag also yields platelet response in about 50% of the
patients, with no apparent increase in the risk of disease progression [35], including
with longer-term follow-up [36]. As romiplostim and eltrombopag are not approved
for MDS, they should be used with caution in clinical trials or specific programs,
and in patients with marrow blasts <5%.

ATG and hypomethylating agents appear to give platelet response in 35-40% of
the cases of lower-risk MDS, in addition to erythroid responses, and can be used in
this situation.

In conclusion Thrombocytopenia is rarely the predominant cytopenia in low-risk
MDS. Patients with platelets above 30—40 G/l rarely require treatment, unless bleed-
ing (which can be due to concomitant platelet dysfunction) occurs. In patients with
platelets below 30 G/1, and when thrombocytopenia is the only significant cytope-
nia, androgens can be tested (in the absence of underlying prostate carcinoma) fol-
lowed in case of failure by TPO agonists if marrow blasts <5%. ITP-like treatments
may be considered in a background of concomitant immune disorder or if very
severe thrombocytopenia contrasts with the absence of any other cytopenia. If
thrombocytopenia is associated with other cytopenias, HMAs or ATG may be con-
sidered, and a few of those patients (severe refractory thrombocytopenia, bleeding,
etc.) may eventually require allo-SCT.
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Chapter 9
Treatment Algorithms for Higher-Risk
Disease

Check for
updates

Bryan C. Hambley and Amy E. DeZern

Introduction

Myelodysplastic syndromes (MDS) encompass a wide spectrum of pathophysio-
logic processes, with broad variation in the natural history of the disease [1].
Morbidity and mortality from MDS are related to cytopenias (particularly transfu-
sion refractory anemia and thrombocytopenia), opportunistic infections, leukemic
transformation, among other sequelae of the disease and its treatment [2, 3]. For
clinicians managing patients with higher-risk MDS, choosing the appropriate tim-
ing and therapeutic approach (Fig. 9.1) is critical to achieving optimal outcomes for
an individual patient.

This chapter will focus on therapeutic management for higher-risk patients,
as classified by the Revised International Prognostic Scoring System for
Myelodysplastic Syndromes (IPSS-R) [1] with a score of >4.5 as well as those
with intermediate-risk disease who may require treatment more akin to higher-
risk patients. These patients have a median survival of 0.8, 1.6, and 3.0 years
for very high risk, high, and intermediate categories, respectively [1]. Their risk
for transformation to acute myeloid leukemia (AML) is markedly higher than
those with lower-risk disease [1]. Emerging data indicate the incorporation of
mutational profiling may supplement the prognostic utility of the IPSS-R score
(which includes cytogenetic, but not molecular, characterization) [4, 5]. Once a
patient has been identified as having higher-risk MDS, treatment considerations
range from supportive transfusions and palliative care in the less robust or frail
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Fig. 9.1 Higher-risk MDS 2019 treatment algorithm

patient to HMAs for disease control to allogeneic stem cell transplant with cura-
tive intent in younger or more fit patients.

Initial Steps

Bone marrow aspirate and biopsy, including flow cytometry (where available), con-
ventional karyotyping, and molecular profiling for somatic mutations from aspirate
are important initial steps in the characterization of MDS [6-9].

All patients with higher-risk MDS should be assessed for fitness, both to evaluate
ability to tolerate various treatment paradigms as well as guide patient expectations
in terms of disease and treatment toxicity. In-depth assessment of activity, fatigue,
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and ability to take a long walk appears to enhance predictive capacity compared
with more general assessments such as the Eastern Cooperative Group (ECOG)
performance status and the Charlson Comorbidity Index [10-12].

Hypomethylating Agent Selection

Currently, only three agents are approved for the treatment of MDS by the U.S. Food
and Drug Administration (FDA): azacitidine, decitabine, and lenalidomide [13].
The vast majority of higher-risk patients will receive one of the two approved hypo-
methylating agents at diagnosis. Azacitidine was approved by the FDA in 2004 after
the CALGB-9221 study showed delay to leukemic transformation or death,
improved quality of life, and decreased transfusion burden [14]. Decitabine was
approved by the FDA in 2006, after the D-0007 trial showed improved response
rates, decreased transfusion requirements, and a trend toward improved progression-
free survival [15]. Each was approved based on data showing efficacy in limiting the
clinical impact of MDS through better outcomes compared to supportive care. All
are currently used as monotherapies with modest results.

Several multicenter randomized studies have compared treatment with HMAs
to supportive care in MDS patients, including the CALGB-9221 (azacitidine),
D-0007 (decitabine), AZA-001 (azacitidine), and EORTC-06011 (decitabine) tri-
als [14-17]. These studies have demonstrated delayed progression to AML fol-
lowing HMA therapy, with an improvement in median progression-free survival
over supportive care ranging from 3 to 8 months. Only the AZA-001 trial showed
statistically significant superior overall survival with an HMA [16]. The interpre-
tation of these trials has varied. Some construe these outcomes as decidedly posi-
tive; others view these data as dramatically demonstrating the need for more
effective agents. Regardless, optimal outcomes with HMA therapy demand close
attention to the details of treatment. Therapy must be started expeditiously, used
with the correct dose and schedule, and continued until progression occurs.
Typically, this requires at least 6 cycles comprised of azacitidine for 7 days at
75 mg/m? or decitabine for 5 days at 20 mg/m? both administered every
28 days [18].

No randomized studies have compared decitabine and azacitidine in patients
with higher-risk MDS. One retrospective study reported overall survival and leuke-
mic transformation were not significantly different between those receiving azaciti-
dine and decitabine, though a subgroup of patients 65 years and older experienced
superior survival with azacitidine [19]. A retrospective evaluation of 642 patients
with higher-risk MDS reported significantly longer survival in females treated with
decitabine versus azacitidine (median overall survival [OS] 21 versus 13 months),
with no survival difference between agents in males [20]. While the clinical signifi-
cance of these retrospective studies remains unclear, much interest has focused on
the potential benefit of decitabine in patients with a 7P53 mutation (see below
“Applying Molecular Data to the Therapeutic Paradigm”).
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Hypomethylating Agent Dosing Schedule

The trials proving the superiority of azacitidine over supportive/conventional care
used seven consecutive days of 75 mg/m? given subcutaneously [14, 16]. Some
infusion clinics are not structured to accommodate weekend dosing of chemother-
apy, and alternative dosing schedules have been investigated as listed in Table 9.1.
The 2006 study by Kantarjian and colleagues of decitabine versus supportive care
used a dose of 15 mg/m? every 8 hours for 3 days, virtually requiring inpatient hos-
pital admission [15]. The alternative daily dosing of decitabine has been investi-
gated to minimize hospital admission needs while maintaining efficacy.

Combination Therapy with Hypomethylating Agents

While HMAs provide improved outcomes compared with supportive care alone, they
are not a curative treatment [21]. In hopes of improving both response rates and dura-
bility of response, combination therapy has been explored in-depth as both first-line
therapy and in the setting of HMA failure. Combination therapy is based on the theory
that efficacy is increased by combining drugs with different mechanisms of action.
Unfortunately, the bulk of available evidence seems to oppose any such synergy, and it
appears that the addition of other agents to HMAs does not provide marked benefit over
single HMA therapy. The most promising combination has been of the two approved

Table 9.1 Hypomethylating agent dosing schedules

Agent Dosing schedule Comments

Azacitidine | 75 mg/m? SC or IV daily for | Standard treatment in most trials
7 days each cycle Requires weekend infusion clinic availability

Azacitidine | 75 mg/m? SC or IV daily for | No weekend infusion needs
5 days, off for 2 days, and on | Retrospective data indicate similar outcomes to 7
for 2 days consecutive day dosing [72]

Azacitidine | 50 mg/m? SC or IV for Requires 10 total infusion clinic visits

5 days, off 2 days, on 5 days | Equivalent response rate to 7 day schedule with
weekend holiday in prospective trial (not compared
to 7 consecutive days) [73]

Azacitidine | 75 mg/m? SC or IV for Retrospective data indicate lower response that
5 days regimens with 7 treatment days [72]
Decitabine | 15 mg/m? IV Q8 hours for Standard dose in initial trials leading to FDA
3 days approval
Q8 hour dosing virtually requires inpatient
admission

Decitabine | 20 mg/m? IV daily for 5 days | In trial, superior to SC dosing and 10 days of
infusions each cycle [74]

Decitabine | 20 mg/m? IV daily for Notable efficacy in trial of T7P53-mutated AML/
10 days MDS [31]
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agents azacitidine and lenalidomide [22]. Among 36 patients enrolled (18 phase 1, 18
phase 2), the overall response rate was 72%: 16 patients achieved a complete response
(CR), and 10 had hematologic improvement. Median CR duration was 17 months
(range, 3-39). In reviewing the patient population, it was noted that TET2/DNMT3A/
IDH1/2 mutational status was associated with response in some patients [22], arguing
that modest response rates in trials could be increased within select populations. Other
combinations have shown less promise and increased treatment toxicities have been
seen. For example, azacitidine has been combined with various histone deacetylase
[HDACT] inhibitors without a significant increase in efficacy but with increased toxicity
[23-27]. The most recent cooperative group effort, the S1117 trial, compared azaciti-
dine monotherapy to either azacitidine and vorinostat or azacitidine and lenalidomide
[25]. This study was stopped early due to the lack of improved outcomes of either
combination arm beyond single-agent azacitidine [25]. Enrollment criteria were broad
in this upfront trial, and patients with CMML and treatment-related MDS were enrolled.
Future reviews of these data may suggest populations (defined molecularly or other-
wise) that could benefit from further investigation of combination regimens.

Initial Intensive Chemotherapy

In patients with the physical and psychosocial fitness to receive intensive chemo-
therapy and blasts counts nearing the arbitrary 20% threshold for AML, dismal
long-term outcomes with HMA-based approaches may lead to consideration of
intensive induction chemotherapy. Younger patients, those presenting with the rap-
idly progressing disease, and those whose treatment goals include allogeneic stem
cell transplant may be considered for this approach. In these patients, the initial
strategy is to achieve the deepest remission possible with initial treatment—mini-
mizing the amount of active disease at the time of HSCT.

Intensive chemotherapy with cytarabine+anthracycline combinations can fre-
quently achieve complete or partial remissions, with occasional long-term
progression-free survival [28, 29]. Despite increased remission rates with intensive
chemotherapy, prospective and retrospective reports have indicated decreased sur-
vival with intensive upfront chemotherapy [16, 29]. While the AZA-001 prospec-
tively compared 42 patients randomized to azacitidine or intensive chemotherapy,
the trial excluded patients planned for allogeneic transplant [16]. The treatment
paradigm of intensive chemotherapy followed by HSCT compared to HMA-based
treatment followed by HSCT is currently being evaluated in NCT01812252 [30].

Applying Molecular Data to the Therapeutic Paradigm

With a retrospective review of larger cohorts of patients treated and examination of
the molecular phenotypes, it may become possible to identify subsets of patients
with specific somatic mutations that have higher or lower response rates to individual
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therapies. This is the first step toward using novel molecular data to guide therapy
and improve outcomes for MDS patients and emphasizes why full characterization
at diagnosis is so important. While a deviation from current standard therapeutic
strategies may not be guided at this time by molecular data, this information will be
increasingly important in disease classification, prognosis, and therapeutic selection
as our biologic knowledge of these diseases increases.

Two recent studies suggest that high-risk entity of 7P53-mutant MDS/AML
might be best treated with decitabine. In a study of 116 patients with MDS/AML,
outcomes were explored with a 10-day course of decitabine every 28 days [31].
Patients with a 7P53 mutation had a significantly higher overall response rate com-
pared with wild type (21 [100%] of 21 patients vs. 32 [41%] of 78 patients;
p <0.001) and higher rate of complete remission/incomplete marrow recovery (CR/
CRi; 13 [62%] of 21 patients vs. 26 [33%] of 78 patients; p = 0.04) [31]. In another
retrospective study evaluating 109 patients with MDS treated with decitabine, TP53
mutations were identified in 13.8% of patients [32]. TP53 was the only somatic
gene mutation predictive for complete response (CR), with 10 of 15 patients with
TP53 mutations (66.7%) achieving CR versus 20 (21%) of 94 with wild type
(p=0.001) [32]. Of those with monosomies, 80% achieved CR. The median overall
survival remained disappointing at 14 months. These favorable response rates have
not been uniformly seen in 7P53-mutant disease treated with decitabine in all stud-
ies. Additionally, 7P53 mutant clones probably do not display exclusive sensitivity
to decitabine compared with azacitidine so the use of either HMA remains reason-
able [33]. Survival in TP53-mutated MDS remains poor, and therapies with more
durable responses are needed [34, 35].

Assessing Response to Initial Therapy in Higher-Risk Patients

Assessment of higher-risk MDS after initial therapy is important to monitor for
treatment response and disease progression. This information may be of particu-
lar use in patients requiring a change of therapy for progressive disease, clinical
trial eligibility, as well as those requiring improved disease status prior to pro-
ceeding to allogeneic transplant. Peripheral blood counts are important markers
of disease, though cytopenias often worsen in the initial cycles of therapy [36].
There are no prospective management studies comparing the timing of bone
marrow assessment, though a common time point in clinical trials of azacitidine
was to obtain a bone marrow biopsy after 4—6 cycles of treatment [14, 16, 25].
Further bone marrow biopsies outside of a clinical trial are largely at the discre-
tion of the treating physicians and are particularly important in the setting of
suspected disease progression [36]. Morphologic, cytogenetic, and molecular
evaluations provide important data for treatment and prognosis (Table 9.2).
There is a growing clinical interest in the assessment of minimal residual dis-
ease in MDS [37].
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Table 9.2 Treatment response testing
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Test

Timing

Rationale

Complete blood count

At least biweekly with initial

2 cycles, monitoring for clinical
cytopenias to assess transfusion
needs

Guide transfusion support
Assess for improvement in
cytopenias

Bone marrow aspirate
and surgical pathology

After 4-6 cycles of HMA
(optimally just prior to next
cycle)

With suspected progression
Guide timing of allogeneic
transplant

Assess for disease response and
plan alternative therapy as needed
Evaluate for leukemic
transformation

Confirm desired response prior to
proceeding to allogeneic transplant

Flow cytometry (from | As above Further characterize disease

BM aspirate, where response [6]

available)

Conventional karyotype | As above Assess for clonal evolution, may

(from BM aspirate)

alter risk stratification/prognosis
[7, 8].

If poor growth, add on MDS FISH
(FISH not required in all patients)

Molecular profiling for
somatic mutations (from
BM aspirate)

At diagnosis at a minimum;
reassess if changing therapy

The emergence of certain mutations
may play a role in prognostication
and clinical trial eligibility [7, 9].

Therapy After Hypomethylating Agent Failure

In spite of demonstrable improvements in MDS treatment with HMAs and the fact
that HMAs remain the only effective therapy for higher-risk MDS, the disease is
still incurable outside of HSCT. Furthermore, in cases of absence or loss of response
to either azacitidine or decitabine, outcomes are extremely poor [38, 39]. Primary
HMA failure is defined as either no response to or progression during HMA ther-
apy; median OS in this situation is about 6 months [38, 39]. Secondary HMA failure
is defined as relapse after an initial response, and has a median OS of 7.4 months
[39]. Therapeutic options for either primary or secondary HMA failure are limited
(Table 9.3). HMA failure is usually a class effect; there are few data to suggest a
benefit from switching between decitabine and azacitidine when one or the other
has been ineffective. Intolerance to one HMA remains a viable reason to switch to
the alternative agent. Various other treatment approaches which have been studied
are listed in Table 9.3, characterized by low response rates, poor durability, and
increased toxicity compared with supportive care. Clinical trials remain the empha-
sis in this patient group where possible.

The development of HMA failure, and the associated grim prognosis, often leads
to revisiting discussions of HSCT, even in patients who have previously declined
this option. However, HSCT has limited applicability in this population, especially
in the setting of physical deconditioning.
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Table 9.3 Treatment after HMA failure
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Salvage therapy | Trial Results Therapeutic Utility
Cytarabine Retrospective analysis, ORR Salvage option in patients with a plan to
+Anthracycline | 39% for 7+3 subgroup proceed to HSCT after HMA failure
37% of responders proceeding
to allogeneic transplant [75]
Clofarabine 44% response rate, frequent Potential alternative
+Cytarabine infectious complications, 9/70 | cytarabine+anthracycline in patients
proceeded to allogeneic planned for HSCT
transplant [76]
Low dose Low response rates and short Minimal role as a single agent
cytarabine OS in both upfront and HMA

failure settings [39, 77]

Lenalidomide

Low response rates with high

Minimal utility outside of del5q in patients

toxicity related to infection and
cytopenias [78, 79]

Response rates of 19-40%,
poor durability [80-82]

with HMA refractory MDS

Alternating HMA Limited, can consider switching from
decitabine to azacitidine (or azacitidine to

decitabine) if poor tolerance

Supportive care
and hospice

Appropriate option to discuss in those who
are not clinical trial or allogeneic
transplant candidates

*Above agents, with the exception of HMAs and lenalidomide, are investigational or off-
label for MDS

While various relapse regimens described in Table 9.3 have the possibility of
response, the clinical reality is that many patients experience HMA failure and
simultaneous deterioration in their fitness to tolerate further chemotherapy.
Moreover, a national database study revealed that 28% of patients with MDS were
admitted to the ICU in their last month of life, and 7% received chemotherapy in
their last 2 weeks of life [40]. Supportive care at the time of HMA failure may be
the only reasonable option for elderly or deconditioned patients or those who are
otherwise ineligible (due to geographic, donor, social, or financial reasons) for
either HSCT or enrollment in a clinical trial. To prevent this dire situation, more
effective interventions from the onset and along the entire continuum of the disease
are needed. More effective first-line agents are urgently needed for MDS, but almost
as important is the identification of optimum treatment strategies in the setting of
HMA failure. Novel therapies, especially in higher-risk disease, are at the center of
ongoing clinical trials to improve treatment after HMA failure.

Targeted Therapy in Higher Risk Disease

A wide spectrum of somatic mutations, with no single dominant mutation, have
been implicated in MDS [41]. Various genetic and cellular pathways have been
implicated, with many genes expressing their own characteristic pathophysiology
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and some suggested higher-risk phenotypes [41, 42]. Compared with AML and
myeloproliferative neoplasms, many MDS mutations are loss-of-function mutations
which have been more difficult to target therapeutically [43]. Nevertheless, the iden-
tification of somatic mutations with characteristic disease manifestations along with
limited standard-of-care options for MDS has led to great interest in developing
therapies targeted at a patient’s specific disease. These therapies may be investi-
gated earlier in higher-risk disease when combined in trials with AML populations.
APR-246 has shown promising responses in a phase Ib/II clinical trial of patients
with TP53-mutant MDS/AML, and a phase III trial (NCT03745716) is currently
enrolling [44]. Ivosidenib achieved responses in 11/12 patients with /DHI-mutated
MBDS included in a phase I trial [45]. Given these results and the effectiveness of
IDH inhibition in AML, multiple phase II and III trials are currently investigating
ivosidenib and enasidenib for IDHI- and IDH2-mutated MDS. In vitro and mouse
models have shown vitamin C can activate TET2-mutant cells, and clinical trials to
investigate this concept are ongoing [46, 47]. Select targeted therapies under active
investigation are listed in Table 9.4.

Table 9.4 Select targeted therapy trials enrolling higher-risk MDS patients in 2019

Mutation
targeted Therapy Inclusion Study name and status
SF3BI, H3B-8800 MDS: HMA refractory NCT02841540
SRSF2, higher-risk and Phase 1, currently
U2AFI, transfusion-dependent enrolling
ZRSR2 lower-risk
AML not fit for intensive
induction
CMML refractory to
therapy
TET2 Vitamin C MDS with <20% blasts NCT03433781
(can be combined with and platelets>20,000/ul. Phase 1b/2a, currently
HMA) enrolling
TET2 Ascorbic acid + HMA MDS, MDS/MPN, or AML | NCT03397173
not fit for intensive Phase 2, currently
induction enrolling
IDH] FT1-2102 AML or MDS (IPSS-R NCTO02719574
R132 +/— HMA or Cytarabine INT, HIGH, or VERY Phase 1/2, currently
HIGH) either not candidate | enrolling
for or relapsed/refractory
to standard therapy
IDH] Ivosidenib Relapsed/refractory NCT02074839
R132 hematologic malignancies | Phase 1 results reported
June 2018, including 12
patients with MDS
(with 11/12 ORR, with
5/12 CR) [45]

(continued)



156 B. C. Hambley and A. E. DeZern

Table 9.4 (continued)

Mutation
targeted Therapy Inclusion Study name and status
IDH] Ivosidenib + Venetoclax AML relapsed/refractory | NCT03471260
R132 +/— Azacitidine or not candidate for Phase 1b/2, currently
standard induction enrolling
MDS and MPN with >10%
bone marrow blasts
IDH2 Enasidenib MDS, CMML, and AML | NCT03383575
+ Azacitidine with <30% blasts Phase 2, currently
Arms for HMA naive and | enrolling
HMA relapsed/refractory
IDH?2 Enasidenib MDS, CMML, and AML | NCT03383575
with <30% blasts Phase 2, currently
enrolling
IDH]I or Ivosidenib (IDH1) or Newly diagnosed AML or | NCT03839771
IDH?2 Enasidenib MDS with 10-19% Phase 3, currently
(IDH2) + standard marrow blasts (MDS-EB2) | enrolling
chemotherapy
IDH]I or AG-881 Hematologic malignancies | NCT02492737
IDH?2 Phase 1, enrollment
completed and results
pending
TP53 APR-246 MDS and AML with <30% | NCT03745716
(with AZA compared to blasts For Phase 2 of
AZA alone) combination arm (9/11
[82%]) CR rate in
Phase 1b reported in
abstract December
2018 [44]
Phase 3, currently
enrolling

Upfront Treatment Considerations in Patients Planned
for HSCT

Currently, the only treatment modality capable of curing MDS is HSCT. Unfortunately,
the applicability of HSCT has historically been limited by the inherent risks of the
procedure and the older age and attendant comorbidities of typical MDS patients.
Though the recent advent of reduced-intensity preparative regimens and more avail-
able alternative donors has begun to expand the use of HSCT, outcomes remain
mixed [48].

There are three key issues applicable to all treating physicians regarding the
management of higher-risk MDS patients planned for HSCT: identifying patients
who may proceed directly to HSCT, determining the optimal disease response and
timing of HSCT, and selecting initial therapy.

Retrospective data indicate some patients with MDS, particularly with a low
blast percentage, have up to 57% S5-year OS proceeding to HSCT without
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chemotherapy prior to a conditioning regimen; however, the applicability of this
approach to reduced intensity, nonmyeloablative, and unrelated donors is
unclear [30, 49, 50]. A clinical rationale for upfront chemotherapy prior to
HSCT is the recognition that patients with >5% bone marrow blasts at the time
of transplant have increased relapse post-HSCT [51, 52]. In patients selected for
pre-HSCT chemotherapy, cytoreduction with either an HMA or intensive che-
motherapy is reasonable based upon retrospective reports and a prospective ran-
domized trial (NCT01812252) to answer this question is actively enrolling [30,
53, 54].

Supportive Care

Regardless of treatment intensity planned, all patients with higher-risk MDS require
multifaceted supportive care.

Infections and Prophylactic Antimicrobials

Infectious complications are a common cause of morbidity and mortality in MDS
[55, 56]. Infectious complications are associated with cytopenias and higher-risk
disease [55, 56]. While antimicrobial prophylaxis decreases febrile episodes in
MDS patients undergoing treatment with HMAs, the impact of prophylactic antibi-
otics and G-CSF on serious infections is unclear [56, 57]. In the absence of high-
quality prospective studies, the National Comprehensive Cancer Network guidelines
do not recommend routine prophylactic antibiotics or G-CSF except in patients with
recurrent infections [58].

Growth Factors in Combination with Chemotherapy

Prior chapters have discussed the use of growth factors as single agents for lower-
risk MDS. A common clinical scenario in higher-risk MDS is whether to combine
growth factors with HMAs.

Combining an erythropoietin-stimulating agent (ESA) with azacitidine may
improve transfusion independence [59].

Randomized phase 2 studies have demonstrated improved platelet levels and
decreased transfusion needs with romiplostim when combined with HMAs in low-
and intermediate-risk MDS only [60, 61]. Similarly, the ASPIRE trial randomized
patients with AML or MDS undergoing supportive care to either eltrombopag or
placebo, showing increased platelet counts and lower “clinically relevant thrombo-
cytopenic events” [62].
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Transfusions

Anemia and thrombocytopenia occur commonly in high-risk MDS. Severe anemia
can lead to fatigue, dyspnea, and negatively impact the quality of life. Hemoglobin
less than 9 g/dL in males and less than 8 g/dL in females has been identified as an
independent predictor of mortality in MDS [63]. Severe thrombocytopenia can
increase the risk of potentially serious bleeding complications. While the deleteri-
ous impact of cytopenias are clear, understanding the threshold at which the bene-
fits of transfusion outweigh the harms is not straightforward and based on clinical
judgment. RBC transfusions in MDS may be used to improve quality of life and
mitigate end-organ injury; while no universal threshold exists, patients with hemo-
globin <8 g/dL often see symptomatic benefits [64]. An ongoing study for both
lower- and higher-risk MDS, NCT02099669, is evaluating the impact of an RBC
transfusion goal of 11-12 g/dL versus 8.5—10 g/dL on quality of life in patients with
MDS [65].

Prospective evidence for platelet transfusion in MDS is limited, and the practice
of transfusion to maintain platelet counts over 10-20 x 10°/L is largely extrapolated
from the leukemia literature [64, 66].

To reduce the risk of alloimmunization to HLA antigens, leukoreduction of red
blood cell and platelet products has become nearly universally adopted in the
United States and Europe [67]. While alloimmunization to minor red blood cell
antigens may be relatively common in the MDS population, these antibodies only
rarely complicate bone marrow transplant, and to date minor antigen RBC match-
ing has not routinely been implemented in MDS to prevent alloimmunization
[68, 69].

Irradiation is particularly important in patients proceeding to allogeneic stem cell
transplant (beginning either during pre-transplant chemotherapy or at the initiation
of pre-transplant conditioning chemotherapy) [67, 70].

Moreover, iron overload is associated with increased mortality in patients pro-
ceeding to allogeneic transplant, and should be a consideration when developing an
approach to red blood cell transfusion in patients with MDS [71].

Summary

Achieving optimal outcomes in patients with MDS requires complete initial assess-
ment, shared decision making with patients to set goals, and close clinical manage-
ment to guide therapy. While our understanding of the pathophysiology and
molecular underpinnings of MDS has continued to improve over recent years, this
has not translated yet into new approved therapies. Beyond HMAs and HSCT,
clinical trials will remain an important consideration in patients with higher-
risk MDS.
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Hematopoietic Cell Transplantation
for MDS Patients

Anne Sophie Kubasch and Uwe Platzbecker

Introduction

Allogeneic hematopoietic cell transplantation (HCT) remains the only potential
curative therapy for a small subset of fit patients with myelodysplastic syndromes
(MDS) [1], because currently available targeted therapeutic agents may lead to pro-
longation of overall survival but no cure of MDS. Individual stratification based on
age, comorbidities, and MDS risk scores [2] is important to select patients for HCT,
because overall only 10% of patients are potential candidates. In general, the earlier
the transplantation takes place during the disease course, the better the chances of
long-term cure [3]. Contrarily, patients with less advanced disease and without
high-risk cytogenetic and molecular features should not be exposed to the risk asso-
ciated with this procedure, because within the first year after HCT there is an
approximately 20% risk of treatment-related mortality (TRM) [4]. Thus, the selec-
tion of the right patient population, the appropriate timing of HCT, and the optimal
conditioning regimen are key questions that must be addressed. The introduction of
reduce-intensity conditioning (RIC) regimens have substantially extended the use
of HCT also to older patients with reduced fitness or present comorbidities [2].
Nevertheless, careful consideration should be given to who will optimally benefit
from an HCT approach. In addition, relapse remains the main cause of failure for
HCT and novel conditioning regimens and post-HCT prophylactic approaches are
demanded [4].
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Indication and Timing for Allogeneic Hematopoietic Stem
Cell Transplantation

Because the clinical course of MDS is highly variable, an accurate assessment of the
prognosis by IPSS/IPSS-R is essential before deciding about HCT [2]. Cutler et al.
made an attempt to facilitate the decision process and carried out an analysis to
determine which approach offers the longest life expectancy [5]. Results showed
that in transplant-eligible patients with lower-risk disease, HCT may be best carried
out when progression occurs to IPSS intermediate-2 risk [5]. Patients with less
advanced disease and good quality of life should not be exposed to the substantial
risk of mortality of this procedure due to the favorable prognosis with standard
treatment alone [1]. Nevertheless, the earlier the HCT is performed during the dis-
ease course, the better are the long-term results [6]. A prior study by the European
Society for Blood and Marrow Transplantation (EBMT) in 246 IPSS low/interme-
diate-1 patients demonstrated a 3-year survival rate of 58% and a 30% overall non-
relapse mortality rate [7]. Thus, clinically fit patients with lower-risk MDS failing
first-line standard of care treatment options and harboring poor-risk features includ-
ing frequent RBC transfusions (>2 units per month), life-threatening cytopenias
(neutrophil counts, <0.5 x 109/L, or platelet counts, <30 x 109/L), very poor prog-
nostic cytogenetic or molecular markers like RUNX1, EZH2, NRAS, TP53, or
ASXL1 should be considered for HCT as appropriate candidates if no clinical trial
is available [6].This may be especially important for the large group of lower-risk
patients with a high transfusion burden and lack of response to erythropoietin-
stimulating agent (ESA) [1, 6].

For higher-risk (IPSS intermediate-2 and high risk) transplant-eligible patients,
HCT should be performed as early as possible in the disease course, since any delay
appears to be associated with a loss in life years [1, 5]. On the other hand, consider-
ing the potential treatment-related complications associated with HCT, that is,
GvHD and infections, the stringent selection of patients by identifying the patient-
and disease-related factors is unavoidable and an important predictor of outcome
after HCT [6, 8]. HCT should be considered in patients up to the age of 70-75 years,
in MDS patients with intermediate-2/high or IPSS-R high/very high in good clinical
condition, and without severe comorbidities if an HLA-matched donor is avail-
able [9].

Moreover, patients that do not respond or lose response to established non-
transplant therapies like hypomethylating agents (HMA) including azacitidine and
decitabine are also potential candidates [1, 2]. In fact, higher-risk MDS patients
who fail HMA treatment typically have very poor prognosis with a median survival
of 5-6 months with best supportive care only [10, 11]. Given the dismal prognosis
of HMA failure and the current lack of available other treatment options, HCT
should be considered for those patients. Overall, choosing the optimal candidate
and timing for transplant and integrating HCT into the therapeutic algorithm remains
a challenge in many cases and the pros and cons of this procedure should be dis-
cussed in detail with the patients [1].
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Risk Factors Influencing Outcome After Allogeneic
Hematopoietic Cell Transplantation

Comorbidities, frailty, performance status (e.g., Karnofsky score), and age are rel-
evant patient-related factors that determine outcome after HCT [12, 13]. In addition
to conventional prognostic scoring systems like IPSS and IPSS-R, tools like the
hematopoietic cell transplantation-specific comorbidity index (HCT-CI) demon-
strated a strong prognostic impact on outcome after HCT [3, 12, 14]. The HCT-CI
was developed to enable HCT-related risk assessment and to identify relevant
comorbidities in the HCT population [3]. The comorbidity index comprises 17 dif-
ferent categories of organ dysfunction influencing non-relapse mortality and overall
survival (OS) in the HCT setting. Positive findings are summated into a total score
that enables the classification of patients into three risk groups: low risk (non-
relapse mortality 14% at 2 years), intermediate risk (non-relapse mortality 21% at 2
years), and high risk (non-relapse mortality 41% at 2 years) [3].

Regarding pre-transplant blast count, patients with less than 5% bone marrow
blasts showed a better outcome after HCT in prior studies [15]. For the rest of the
primarily HCT-treated MDS patients, the overall survival was not significantly
influenced by the percentage of bone marrow blasts [6], but fit, higher-risk patients
with bone marrow blasts of more than 10% should be considered for early HCT
after prior HMA or intensive chemotherapy treatment [6]. Concerning cytogenetic
risk classification, complex karyotype abnormalities and monosomal karyotype pre-
dict for increased mortality, higher rates of relapse, and inferior survival after HCT
[16]. When considering the mutational profile of the transplant-eligible patients,
high risk somatic mutations like TP53, RUNX1, and ASXL1 are independently asso-
ciated with adverse outcome and shorter survival after allogeneic HCT [17]. In a
prior small study including 87 transplant eligible patients, Bejar et al. demonstrated
that mutations in 7P53, TET2, or DNMT3A identify patients with shorter OS after
HCT [18]. Subsequent larger studies could not confirm these results and showed
that TET2 and DNMT3A mutations had no impact on transplant outcomes [19].
Moreover, Della Porta et al. showed that in patients with MDS/AML, somatic muta-
tion like ASXL1, RUNXI, or TP53 are independently associated with unfavorable
outcomes and shorter survival after allogeneic HCT [17]. Lindsley et al. also evalu-
ated the association of mutations with transplantation outcomes like overall sur-
vival, relapse, and death without relapse in 1514 patients with MDS. Again, TP53
mutations were associated with shorter survival and a shorter time to relapse com-
pared to TP53 wild-type patients. Moreover, the emergence of TP53 mutation in
combination with a complex karyotype resulted in an unfavorable outcome and
early relapse after HCT in prior studies [18]. In patients without 7P53 mutation, the
presence of RAS pathway mutations was associated with shorter survival and a high
risk of relapse. JAK2 mutations were also associated with shorter survival and a
high risk of death without relapse [20]. Thus, alternative conventional therapies
(e.g., APR236) or disease-specific post-transplant strategies to prevent relapse are
demanded for this patient population carrying high-risk somatic mutations.
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Cytoreductive Treatment Prior to Allogeneic Hematopoietic
Stem Cell Transplantation

Upfront HCT in higher-risk MDS patients is currently recommended in patients
with less than 10% bone marrow blasts [6]. In the absence of randomized trials, the
value of prior induction chemotherapy to reduce the percentage of bone marrow
blasts prior HCT remains unclear [1]. A few retrospective studies have addressed
the question, which cytoreductive approach prior to HCT conditioning is associated
with superior outcome [21, 22]. Comparing intensive chemotherapy versus HMA
therapy prior to the HCT, the relapse rates post HCT were similar for both cohorts
after adjustment for several prognostic factors including cytogenetic risk [22]. Thus,
a reduced toxicity approach using HMA treatment in order to “bridge” the time up
to the identification of a compatible donor [1, 2] prior to conditioning for HCT is
currently the preferred treatment in many centers. Nevertheless, there remains a
substantial number of patients who display disease progression or severe infectious
complications during the first 4 months of pre-transplant therapy and therefore can-
not undergo subsequent transplantation.

In patients with an anticipated short-term benefit of HMAs (e.g., due to the pres-
ence of a complex karyotypes), HCT should be planned as early as possible because
of the dismal prognosis of patients failing HMA therapy with a median survival
time of less than 6 months [10]. In these cases, exposition to HMAs should be lim-
ited with the goal to achieve the highest potential reduction in disease burden prior
to transplantation [1, 6]. The VidazaALLO study compared the 3-year overall sur-
vival after single agent azacitidine treatment with azacitidine followed by HCT
according to donor availability in elderly patients with newly diagnosed untreated
high-risk MDS aged 55-70 years (NCT01404741). Within the first 3 years, patients
treated with azacitidine followed by HCT had an overall survival of 49% (95% CI:
36-61%) compared to 22% (95% CI: 6-44%) with azacitidine monotherapy. Thus,
the VidazaALLO study demonstrated an improved event-free survival and overall
survival in favor of HCT [23].

When considering remission-induction using intensive chemotherapy regimens,
prior studies demonstrated considerable toxicity leading to treatment-related mor-
tality (TRM) in up to 16% of transplant-eligible patients [24]. The higher response
rates and better tolerability of the liposomal cytarabine-daunorubicin formulation
(CPX-351) compared to conventional chemotherapy makes it an attractive treat-
ment opportunity prior to transplant. Within the German MDS study group, the
randomized PALOMA study is currently comparing CPX-351 versus azacitidine
versus intensive chemotherapy treatment prior to HCT in patients with higher-risk
MDS and oligoblastic AML (NCT04061239).

Moreover, it is widely accepted that systemic iron overload directly contributes
to outcome after HCT in MDS [25, 26]. Available data showed that patients with
either higher ferritin or a pre-transplant liver iron content greater than or equal to
125 pmol/g had an increased incidence of non-relapse mortality after HCT [27].
The results of the ALLIVE study demonstrated that elevated labile plasma iron
(LPI) levels before or during HCT predict an increased incidence of
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treatment-related non-relapse mortality (33% vs 7%) and a decreased overall sur-
vival in patients with AML or MDS [27]. Therefore, eligible patients should receive
appropriate iron chelation prior to HCT.

Conditioning Intensity Prior to Allogeneic Hematopoietic
Stem Cell Transplantation

As the intensity of transplant conditioning is linked to mortality, the development of
reduced intensity conditioning (RIC) regimens has allowed the successful applica-
tion of HCT in older patients with MDS [1, 28]. Recent retrospective analyses have
suggested that HCT in older higher-risk MDS patients undergoing RIC regimens is
superior compared to treatment with HMA, although the observed benefit occurred
later following HCT [29, 30]. Many retrospective studies have assessed the value of
RIC regimens compared with conventional myeloablative conditioning (MAC) reg-
imens in patients with MDS. Kroger et al. demonstrated that RIC resulted in at least
a 2-year relapse-free survival and overall survival similar to MAC in patients with
MDS or secondary AML and a median age of 50 years [29]. In contrast to these
results, Scott et al. showed a non-significant higher overall survival following MAC
compared to RIC [30]. Moreover, RIC was associated with a lower treatment-related
mortality but higher relapse rates compared with MAC [30]. These results support
that higher-risk patients with good performance status and no comorbidities are
candidates for MA regimens, but less fit and comorbid patients should be consid-
ered for RIC schedules [6].

Post-transplantation Strategies

Since HCT represents an intensive and possible curative treatment for eligible MDS
patients, relapse after HCT remains one of the most important causes of treatment
failure and mortality with very limited salvage therapies. While many patients have
a high early mortality from relapse, some respond to salvage treatment and achieve
sustained remissions. In fact, the risk of relapse is mainly determined by the disease
stage at the time of transplantation and the relapse rate of patients is significantly
influenced by the cytogenetic risk, exceeding 50% in patients with very poor-risk
karyotype according to the IPSS-R [1, 2, 8]. Declining donor chimerism or mixed
chimerism early after HCT are usually considered signs of imminent relapse.
Measurement of chimerism in sorted CD34 cells has been used as minimal residual
disease (MRD) monitoring after HCT in MDS [6]. Therapeutic options for MDS
relapse after HCT consist of treatment with HMA or intensive chemotherapy, donor
lymphocyte infusions (DLIs), second HSCT, or palliative care [1, 6]. DLIs can be
administered prophylactically at the time of persisting or declining mixed donor
chimerism or therapeutically in cases of confirmed relapse.
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Oral azacitidine is currently under investigation as maintenance therapy follow-
ing HCT in higher-risk MDS or AML patients [1]. Recently, the phase 3, random-
ized, placebo-controlled QUAZAR AML-001 study demonstrated that maintenance
treatment with oral azacitidine (CC-486) [31] results in a significant improvement
in overall survival compared to placebo in newly diagnosed AML patients after
achieving the first complete response (CR) or complete response with incomplete
blood count recovery (CRi) with prior induction chemotherapy [31].

Alternative approaches include pre-emptive MRD-triggered azacitidine treatments
as shown by the recently published results of the multicenter prospective RELAZA2
trial [32]. Patients who had achieved a CR after conventional chemotherapy or HSCT
were prospectively screened for MRD by either quantitative PCR for mutant NPM 1,
leukemia-specific fusion genes (DEK-NUP214, RUNXI-RUNXITI, CBFb-
MYHI11), or analysis of donor-chimerism in flow cytometry-sorted CD34-positive
cells. MRD-positive patients in confirmed CR received azacytidine treatment. After
the first six cycles, MRD status was reassessed and patients with major responses
(MRD negativity) were eligible for a treatment de-escalation. Six months after initia-
tion of azacitidine, 58% patients were relapse-free and alive (p < 0.0001). Thus,
MRD-guided pre-emptive therapy with azacitidine was able to prevent or delay hema-
tological relapse in these MRD-positive patients with MDS or AML who are at a high
risk of relapse [32]. Further studies may incorporate novel strategies to prevent relapse
as either pre-emptive or maintenance therapy into their concepts.

Conclusion

HCT remains the only potential curative therapy for patients with MDS. Choosing
the right candidates and the optimal moment for transplant remains a challenge in
many cases. Fit patients with IPSS intermediate 2 or high-risk MDS should be
transplanted early in their disease course, if a suitable HLA-matched related or
unrelated donor is available [1, 6]. In MDS patients with lower-risk IPSS and with-
out poor-risk features, HCT can be postponed until disease progression to higher-
risk disease. Older patients (>60 or 65 years of age) and patients with clinically
relevant comorbidities can still be candidates for lower-intensity conditioning regi-
mens [1, 6]. Clinical trials, which investigate less toxic but intensive regimens prior
HCT and further prophylactic strategies to prevent relapse are currently recruiting
and results are eagerly awaited.
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