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Preface

The New Science and Concepts

That Underl ie Current and Future

Treatments for Myeloproliferative

Neoplasms

Ronald Hoffman, MD Ross Levine, MD John Mascarenhas, MD

Raajit K. Rampal, MD,
PhD

Editors

The myeloproliferative neoplasms (MPNs) represent a group of chronic hematologic
malignancies that have been recently the subject of more intense investigation since
the discovery 15 years ago of driver mutations that underlie their biology and clinical
manifestations. Previously, these disorders, which include polycythemia vera, essen-
tial thrombocythemia, and primary myelofibrosis, were thought to represent diseases
that shared many clinical features and were unique in their ability to evolve from one
clinical phenotype to another and to eventually evolve into an untreatable form of sec-
ondary leukemia. Each of the guest editors (Ronald Hoffman, Ross Levine, John Mas-
carenhas, and Raajit K. Rampal) represents one in a long line of distinguished
hematologists and cancer biologists who have spent their careers studying these

Hematol Oncol Clin N Am 35 (2021) xvii–xix
https://doi.org/10.1016/j.hoc.2021.01.004 hemonc.theclinics.com
0889-8588/21/ª 2021 Published by Elsevier Inc.

Myeloproliferative Neoplasms



diseases and made innumerable contributions to this field. Our editorship of this issue
might seem to exemplify hubris, but we must apologize in that we clearly recognize
that the work presented here is the result of the whole community of past and present
MPN researchers and their patients. These efforts of the hematology community have
led to steady progress in the diagnosis and treatment of the MPNs, and fortunately,
the pace of success has heightened over the last decade. The focus of these efforts
has always been to improve the outcomes of patients with MPNs and to eventually
cure patients with these debilitating disorders. Many have frequently asked why these
relatively rare malignancies are the subject of so much interest. The answer to this
question was obtained by one of the authors (R.H.) when he was a hematology fellow
at the Mount Sinai Hospital in New York in the mid-1970s and his responsibilities
included rounding daily with Dr Louis Wasserman, one of the leading MPN clinicians
of that day. Although Wasserman was a connoisseur of art and much of the banter
during these rounds dealt with the education of the then young hematology fellow in
art, R.H. once asked Dr Wasserman why he was so interested in this group of dis-
eases. Wasserman looked out in amazement and provided an answer that resonates
with the content of this issue. The aging and often intimidating professor clearly stated
that by studying the MPNs one had the opportunity to learn about every aspect of not
only hematology but actually medicine and that lessons learned from studying MPNs
could be applied to numerous other areas of medicine. Our editorial team continues to
think about this response and its wisdom, which hooked each of us on studyingMPNs.
As you review the Table of Contents for this issue, you will quickly realize that the work
dealing with MPNs summarized here involves diverse areas of not only hematology
but also medicine and biology, including megakaryocyte and stem cell biology, epige-
netics, genetics, epidemiology, stem cell transplantation, inflammation, thrombosis,
bleeding, atherosclerosis, quality-of-life issues, murine modeling of hematologic ma-
lignancies, classifications of hematologic malignancies, new diagnostic and investiga-
tive laboratory techniques, and therapeutic options. The knowledge summarized here
by our talented group of authors is useful for individuals working with not only MPNs
but also many other disciplines. The science and medicine of the MPNs remain in their
infancy, but if we can be judged by the progress made during the last decade summa-
rized here, we remain optimistic that this multidisciplinary, scientific, and systematic
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approach will soon result in important therapeutic options that will be life-changing for
the MPN patients, who remain our focus.
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Overview of
Myeloproliferative
Neoplasms
History, Pathogenesis, Diagnostic Criteria, and

Complications

Douglas Tremblay, MDa, Abdulraheem Yacoub, MDb,
Ronald Hoffman, MDa,*

INTRODUCTION

Myeloproliferative neoplasms (MPNs) are a group of clonal hematologic malig-
nancies morphologically characterized by expansion of terminally differentiated
myeloid cells (white blood cells erythrocytes and platelets).1 There are three clas-
sical Philadelphia-negative MPNs (hereafter referred to as MPNs): (1) polycythemia
vera (PV), (2) essential thrombocythemia (ET), and (3) primary myelofibrosis (PMF).
In addition, a prefibrotic form of myelofibrosis (pre-PMF) is increasingly recognized
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KEY POINTS

� Myeloproliferative neoplasms (MPNs) are clinically and biologically related but clinically
and histopathologically distinct chronic hematopoietic disorders.

� Diagnostic criteria for each MPN have been established by the World Health Organization
and often include a bone marrow biopsy.

� Pathobiologically, MPNs are progressive clonal diseases originating at the level of the he-
matopoietic stem cell, which are associated with three specific driver mutations resulting
in constitutive activation of the JAK-STAT pathway, systemic inflammation, constitutional
symptoms, and splenomegaly.

� Major complications include thrombosis and progression of disease, either to a fibrotic
stage or blast phase.
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as a distinct member of the MPNs. Moreover, there are a group of patients that
share many features of an MPN that do not meet diagnostic criteria for PMF, ET,
and PV and they fall into a grab bag group termed MPNs-unclassifiable. MPNs
are often discussed together because they share similar pathobiologic and clinical
features. In addition, patients with ET and PV can progress to myelofibrosis (MF),
termed post-ET MF and post-PV MF, respectively.2 Other rarer diseases classified
as MPNs by the World Health Organization (WHO) include chronic neutrophilic leu-
kemia, mastocytosis, and chronic eosinophilic leukemia but are not discussed here.3

Initially chronic myeloid leukemia (CML) was included as a classical MPN, in addi-
tion to paroxysmal nocturnal hemoglobinuria. However, CML was found to be associ-
ated with a specific cytogenetic abnormality, a translocation between chromosome 9
and 22 resulting in the generation of the BCR/ABL fusion gene, which possessed tyro-
sine kinase activity.4 Patients with CML inevitably progressed to a universally fatal
form of acute leukemia termed CML blast crisis, which was refractory to chemo-
therapy. This progression of CML to CML blast phase was associated with the pro-
gressive acquisition of new cytogenetic abnormalities, which provided evidence of
the multistep pathogenesis of a hematologic malignancy.5 During the 1970s, 1980s,
and 1990s patients with CML could only be cured in the chronic phase of their disease
by allogeneic stem cell transplantation, confirming that CML was a stem cell disease.6

In fact, during this period CML was the most frequent indication for allogeneic stem
cell transplantation.7 However, this picture dramatically changed in the 1990s with
the discovery of specific tyrosine kinase inhibitors that inhibited the BCR/ABL fusion
protein and led to the depletion of CML progenitor and stem cells.8 This first-in-
class tyrosine kinase inhibitor, imatinib, was approved by the Food and
Drug Administration in 2001 and changed the outcomes of virtually all patients with
CML.9 The discovery of imatinib was a result of synergistic interactions between ac-
ademic scientists and clinicians with the pharmaceutical industry focusing on discov-
ery science and translating these findings into the development of strategies to
improve the lives of patients with cancer. The other Philadelphia chromosome–
negative MPNs, including ET, PV, and PMF, share many clinical characteristics with
CML. Although their clinical courses are frequently more indolent than CML, their or-
igins have proven to be more complex, which has hampered success in developing
therapeutic agents that share the clinical efficacy of imatinib.
Clinical manifestations across MPNs include panmyelosis (marrow hypercellularity

with multilineage involvement), splenomegaly, constitutional symptoms, and a pro-
pensity toward thrombosis or bleeding. An overactive JAK-STAT pathway is a unifying
pathobiologic feature of all the MPNs.10 Thrombotic complications and disease pro-
gression are the most serious complications of MPNs and often the most common
causes of death in patients with MPNs.11 Current treatment approaches involve cyto-
reductive therapy; aspirin; and JAK1/2 inhibitors, such as ruxolitinib and fedratinib.
Although these agents have demonstrated success in terms of symptom control
and reduction in spleen volume, they do not necessarily halt disease progression.12–14

At present, the only curative therapy for patients with MPNs is allogeneic stem cell
transplantation, which is offered to a limited proportion of patients with MF with
advanced-risk disease and without prohibitive comorbidities.15 Thus, there is consid-
erable interest in the development of novel agents for patients with MPNs, particularly
MF.16,17 These new therapeutic strategies are detailed in Sangeetha Venugopal and
John Mascarenhas’ article, “Current Clinical Investigations in Myelofibrosis,” in this
issue.
Epidemiologically, the MPNs are considered to be a rare disease. The incidence of

PV and ET is around 1 to 2 per 100,000 in the United States, whereas the incidence of
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PMF is 0.3 per 100,000.18 Although typically thought of as a disease of older adults,
with a median age of around 60 years, MPNs can also arise in young adults and chil-
dren.19,20 MPNs are generally more common in males as compared with females, with
the notable exception of ET, which is more prevalent among females.21 Amer Zeiden
and Nikolai Podoltsev delve into more specifics of the epidemiology of MPNs in their
article “Epidemiology of the Philadelphia Chromosome-Negative Classical Myelopro-
liferative Neoplasms,” in this issue.
In this introductory article on the series, we first detail the history of MPNs including

original observations and relevant scientific and clinical figures in the early conceptual
development. To set the stage for the remainder of this series, we detail diagnostic
criteria as defined by theWHO.We then briefly describe the pathophysiology, concen-
trating on unifying themes that run across each of the MPNs. Finally, we describe com-
plications of MPNs including thrombosis and progression.

HISTORY

The dawn of hematology occurred in the mid-1650s. The refinement of the light micro-
scope in the 1600s allowed Dutch biologist Jan Swammerdam to visualize the red
blood cells of a frog in 1658.22 Unaware of his work, Antonie van Leeuwenhoek also
visualized the red blood cells (from blood pricked from his thumb) and estimated their
size as “25,000 times smaller than a fine grain of sand.”23 White blood cells were first
described in 1749 by Joseph Lieutaud, calling them globuli albicantes.24 Platelets were
the last blood cell lineage to be identified by Alfred François Donné in 1842.25 The first
MPN to be described was CML, which was detailed in a 1845 case report by the En-
glish pathologist John Hughes Bennett.26 It was not until 1879 that cases of MF were
reported by Gustav Heuck, a German surgeon, who detailed two young patients with
massive splenomegaly, leukoerythroblastosis, and bone marrow fibrosis, differenti-
ating it from CML.27 The first description of PV came in 1882, when the French physi-
cian Louis Henri Vaquez described a 40-year-old man with chronic vascular
congestion with marked erythrocytosis. On autopsy, no cardiac abnormalities were
noted but he did observe splenomegaly and hepatomegaly. Vaquez concluded that
this disease was caused by hematopoietic hyperactivity, a remarkable conclusion
considering the time.28 This description was further defined by William Osler 1903
when he described four cases of “chronic cyanosis, with polycythemia and enlarged
spleen: a new clinical entity.”29 ET was the last MPN to be formally described. Two
Austrian pathologists, Emil Epstein and Alfred Goedel, described a patient with
extreme thrombocytosis (“more than three times normal values”) associated with
megakaryocytic hyperplasia. This patient had recurrent mucocutaneous bleeding.30

One of the most important figures responsible for developing the concept that the
MPNs are an interrelated group of disorders was William Dameshek. In 1951, he hy-
pothesized that trilineage myeloproliferation unified CML PMF, PV, and ET and coined
this group of diseases as “myeloproliferative disorders.” He considered these disease
to be clinically and biologically related and “perhaps due to a hitherto undiscovered
stimulus.”31 A major step in understanding the underlying cause of MPNs was
made by Philip Fialkow, who studied polymorphisms in the X-linked glucose-6-
phosphate dehydrogenase locus to confirm the clonal nature of PV,32 ET,33 and
PMF.34 Although many hematologists had debated whether these myeloproliferative
disorders represented blood cancers, the seminal investigations of Fialkow and his
talented group of collaborators indicated that these disorders were clonal in origin
and involved all types of myeloid cells, supplying the first indications that they repre-
sented hematologic malignancies that originated at the level of the hematopoietic
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stem cell. Although the pathobiologic understanding of MPNs progressed, methodo-
logic rigor was not applied to therapeutic efforts. Louis Wasserman, an American he-
matologist from Mount Sinai Hospital, formed the Polycythemia Vera Study Group in
1967. This group formalized clinical investigation of PV and included seminal multi-
institutional, international studies establishing the leukemogenicity of chlorambucil
and intravenous P-32,35 providing early evidence of hydroxyurea efficacy in reducing
thrombosis,36 and describing the dangers of high-dose antiplatelet therapy.37 The
next paradigm shift in the MPN field occurred in 2005 when four independent labora-
tories identified the gain-of-function JAK2V617F mutation that is possessed by virtu-
ally all patients with PV and 50% of patients with ET and MF.38–41 There have been
numerous other important discoveries over the last 15 years. Subsequently, driver mu-
tations in the thrombopoietin receptor (MPL) and chaperone protein calreticulin
(CALR) were reported in patients with ET and MF and a mutation in exon 12 of
JAK2 rather than exon 14 as occurs in JAK2V617F was shown to be associated
with a form of PV characterized by isolated erythrocytosis. As this issue outlines,
the understanding of MPNs has deepened dramatically since the days of Dameshek.
However, observations made by these pioneers in the field (Fig. 1) are still funda-
mental to the current understanding of the pathogenesis and treatment of MPNs.

DIAGNOSTIC CRITERIA

The WHO has proposed the most widely used diagnostic criteria for MPNs. The 2016
revision of these criteria for PV, ET, and PMF are listed in Boxes 1–3, respectively.3

Megakaryocytic hyperplasia and atypia is one of the cardinal histopathologic features
of each of the MPNs. The cause and consequences of this megakaryocytic hyperpla-
sia in the MPNs is discussed by Johanna Melo-Cardenas and colleagues’ article, “The
Role of Megakaryocytes in Myelofibrosis,” in this issue. The WHO criteria are far from
perfect and numerous investigators debate their value. They have, however, proven
useful in identifying patients with a particular MPN for entry in clinical trials but in
everyday practice they should be used as guides to diagnosis rather than rigid criteria.
PV is suspected in a patient with an elevated hematocrit; however, a full evaluation

is required. Polycythemia must be classified as relative or absolute. Relative polycy-
themia occurs in the setting of an absolute increase in hematocrit without an increase
in red cell mass. This is typically a spurious finding caused by a contraction in plasma
volume in the setting of protracted vomiting or diarrhea; plasma loss from an external
burn; insensible fluid loss in the setting of fever; or Gaisböck syndrome, a
benign condition classically found in middle-age, obese men who smoke.42,43 Abso-
lute polycythemia is characterized by an increase in red cell mass from primary or sec-
ondary causes. Causes of secondary erythrocytosis include hypoxemia as a result of
pulmonary or cardiac disease; erythropoietin-secreting tumors (eg, renal cell carci-
noma); and drug-induced, such as erythropoiesis stimulating agents, androgens,
and corticosteroids.44 There are congenital polycythemias that result from mutations
in the hemoglobin genes that lead to an increase in oxygen affinity with resultant
compensatory erythrocytosis.45 Other causes of congenital polycythemias include
2,3-BPG deficiency; methemoglobinemia; or genetic disorders of oxygen sensing
including Chuvash polycythemia (caused by a mutation in the Von Hippel Landau
VHL gene), gain of function mutations in the HIF-2 gene, and prolyl hydroxylases mu-
tations.46–49 These mutations in the oxygen-sensing pathway each ultimately result in
increased production of erythropoietin, which results in lifelong erythrocytosis. Chu-
vash polycythemia has been reported more frequently in Asia, Chuvashia, and the is-
land of Ischia in Italy and is associated with an abbreviated life span.50,51
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PV encompasses most primary polycythemias; however, there are familial causes of
erythrocytosis that result from activating gene mutations of the erythropoietin recep-
tor.45 The JAK2V617Fmutation is the genetic sine qua non of the diagnosis of PV, be-
ing present in about 98%of patients.52 In a patient with a subnormal EPO and absence
of JAK2V617F, evaluation for JAK2 exon 12 mutation identifies another variant of
PV.53 A bone marrow biopsy may not be necessary to make a diagnosis of PV in cases
of extreme erythrocytosis (>18.5 g/dL in men or >16.5 g/dL in women) when a JAK2
mutation is identified (see Box 1).3 Many investigators, however, argue that red cell
mass studies are necessary and hematocrit/hemoglobin values are at best imperfect
parameters for documenting the presence of erythrocytosis.54 Unfortunately, red cell
mass measurements are rarely available at most institutions throughout the world.
Thrombocytosis is often secondary to an acute inflammatory condition and termed

“reactive thrombocytosis,” which is often transient and resolves after resolution of the
precipitating process. Common causes of reactive thrombocytosis include infection,

Fig. 1. Major clinical investigators responsible for early diagnostic and therapeutic advances
in myeloproliferative neoplasms. Louis Henri Vaquez was the first to describe polycythemia
vera, which was later expanded by William Osler. William Dameshek described pathologic
links and coined the term “myeloproliferative disorders.” Philip Fialkow identified myelo-
proliferative neoplasms as a stem cell disease and Louis Wasserman formed the Polycy-
themia Vera Study Group, the first dedicated organization to study therapies in
myeloproliferative neoplasms.
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surgery, inflammatory conditions, and malignancy.55 Even with high platelet counts,
thrombosis is rare in patients with reactive forms of thrombocytosis.56 There are
also rare familial forms of thrombocytosis. Different mutant TPO alleles have been
described in families with an autosomal-dominant form of thrombocytosis.57 Each
of these mutations act by augmenting the efficiency of translation of the TPO
mRNA.57,58 The rate of thrombotic and hemorrhagic complications in family members
from two different kindreds has been reported to be comparable with that of patients
with sporadic ET.59 Most commonly, persistent thrombocytosis absent a prolonged

Box 1

Diagnostic criteria for polycythemia vera

Major criteria
� Hemoglobin greater than 16.5 g/dL in men, hemoglobin greater than 16.0 g/dL in women; or

hematocrit greater than 49% in men, hematocrit greater than 48% in women; or increased
red cell mass, more than 25% higher than mean normal predicted value

� Bone marrow biopsy showing hypercellularity for age with trilineage growth (panmyelosis)
including prominent erythroid, granulocytic, and megakaryocytic proliferation with
pleomorphic, mature megakaryocytes (differences in size)

� Presence of JAK2V617F or JAK2 exon 12 mutation

Minor criterion
� Subnormal serum erythropoietin level
Diagnosis of PV requires meeting either all three major criteria, or the first two major criteria
and the minor criteriony.

y Criterion number 2 (bone marrow biopsy) may not be required in cases with sustained abso-
lute erythrocytosis: hemoglobin levels greater than 18.5 g/dL in men (hematocrit, 55.5%) or
greater than 16.5 g/dL in women (hematocrit, 49.5%) if major criterion 3 and the minor crite-
rion are present. However, initial myelofibrosis (present in up to 20% of patients) can only be
detected by performing a bone marrow biopsy; this finding may predict a more rapid progres-
sion to overt myelofibrosis (post-PV MF).

From Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to theWorld Health Organization
classification of myeloid neoplasms and acute leukemia. Blood 2016;127(20):2391-2405.

Box 2

Diagnostic criteria for essential thrombocythemia

Major criteria
� Platelet count �450 � 109/L.
� Bone marrow biopsy showing proliferation mainly of the megakaryocyte lineage with

increased numbers of enlarged, mature megakaryocytes with hyperlobulated nuclei. No
significant increase or left shift in neutrophil granulopoiesis or erythropoiesis and rarely
minor (grade 1) increase in reticulin fibers.

� Not meetingWHO criteria for BCR-ABL11 CML, PV, PMF, myelodysplastic syndromes, or other
myeloid neoplasms.

� Presence of JAK2, CALR, or MPL mutation.

Minor criterion
� Presence of a clonal marker or absence of evidence for reactive thrombocytosis.

Diagnosis of ET requires meeting all four major criteria or the first three major criteria and the
minor criterion.

From Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to theWorld Health Organization
classification of myeloid neoplasms and acute leukemia. Blood 2016;127(20):2391-2405.
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underlying condition identified previously raises the concern for an underlying MPN.
CML must always be ruled out in patients with isolated thrombocytosis because
this presentation is not unusual. Diagnostic evaluation of suspected ET includes eval-
uation of a driver mutation, specifically JAK2, CALR, and MPL, and a polymerase
chain reaction testing for BCR/ABL (see Box 2). However, 10% to 15% of patients
with ET may be negative for these three driver mutations and are classified as so-
called “triple negative” ET.60 A minority of these patients may have noncanonical mu-
tations in JAK2 or MPL detected with whole exome sequencing.61 A bone
marrow biopsy is essential for establishing a diagnosis of ET because it can distinguish
ET from pre-PMF.3

The diagnosis of PMF requires exclusion of other MPNs, secondary forms of
marrow fibrosis (eg, metastatic cancer to the marrow, tuberculosis and fungal dis-
eases, hairy cell leukemia, autoimmune etiologies), myelodysplastic syndrome
(MDS), and CML (see Box 3). A bone marrow biopsy is essential because grade 2
to 3 fibrosis is a requisite for the diagnosis, which is accompanied by megakaryocytic
atypia and proliferation. Similar to ET, mutational assessment for a driver mutation is
also important; however, 8% to 10% of patients have triple negative PMF, which is
associated with a poor prognosis.60 In addition, other somatic mutations are
frequently present in patients with PMF including ASXL1, TET2, SRSF2, EZH2, and
IDH1/IDH2, among others.62 (See Jakub Szybinski and Sara C. Meyer’s article,
“Genetics of Myeloproliferative Neoplasms,” in this issue.)
In 2016, the WHO defined a new entity called pre-PMF pathologically characterized

by megakaryocytic atypia without reticulin fibrosis greater than grade 1 and a hyper-
celluar marrow (Box 4). Although this diagnostic entity was only recently incorporated
was a WHO diagnostic category, pre-PMF was first described as a distinct clinical

Box 3

Diagnostic criteria for primary myelofibrosis

Major criteria
� Presence of megakaryocytic proliferation and atypia, accompanied by either reticulin and/or

collagen fibrosis grades 2 or 3
� Not meeting WHO criteria for ET, PV, BCR-ABL11 CML, myelodysplastic syndromes, or other

myeloid neoplasms
� Presence of JAK2, CALR, or MPL mutation or in the absence of these mutations, presence of

another clonal marker,a or absence of reactive myelofibrosisb

Minor criteria
Presence of at least one of the following, confirmed in two consecutive determinations:
� Anemia not attributed to a comorbid condition
� Leukocytosis �11 � 109/L
� Palpable splenomegaly
� LDH increased to greater than upper normal limit of institutional reference range
� Leukoerythroblastosis

Diagnosis of overt PMF requires meeting all three major criteria, and at least one minor criter-
ion.a In the absence of any of the three major clonal mutations, the search for the most
frequent accompanying mutations (eg, ASXL1, EZH2, TET2, IDH1/IDH2, SRSF2, SF3B1) is of
help in determining the clonal nature of the disease.b Bone marrow fibrosis secondary to infec-
tion, autoimmune disorder or other chronic inflammatory conditions, hairy cell leukemia or
other lymphoid neoplasm, metastatic malignancy, or toxic (chronic) myelopathies.

From Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to the World Health Organiza-
tion classification of myeloid neoplasms and acute leukemia. Blood 2016;127(20):2391-2405.
LDH, Lactate dehydrogenase
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entity in 1976 and was formally introduced in the previous 2001 and 2008 WHO diag-
nostic criteria.63–65 Clinically, pre-PMF is often associated with isolated thrombocyto-
sis and is often misdiagnosed as ET. In fact, a review of more than 1000 cases of 2008
WHO-diagnosed ET demonstrated that nearly one in five meets criteria for pre-PMF
instead of ET.66 The pathologic considerations of MF are discussed Mohamed Sal-
ama, including the diagnosis of pre-PMF, in this issue. Although both disorders are
characterized by an increased risk of developing thrombotic events, the distinction be-
tween ET and pre-PMF is key because pre-PMF carries a significantly elevated risk of
transformation to leukemia and death.66

Survival among the classic MPNs is longest with ET, with an estimated median sur-
vival of approximately 20 years.60 Patients with PV have a shorter estimated survival
as compared with ET, with one study reporting a median overall survival 14.1 years
after diagnosis.52 Patients with pre-PMF have a median survival of approximately
14.7 years based on a large European series; however, survival is significant shorter
in patients with adverse karyotypic or mutational profiles.67 Overt MF portends the
worse prognosis among the MPNs, with a median survival of 3.1 to 5.8 years.67,68

However, the survival of all MPNs is highly dependent on many patient- and
disease-specific factors.
Other WHO-recognized MPNs, including chronic neutrophilic leukemia, mastocyto-

sis, and chronic eosinophilic leukemia, and MPNs not otherwise specified are not dis-
cussed in this issue. However, a group of disorders that have characteristics of MDS
and MPNs, called MDS/MPN overlap syndrome, is detailed by Andrew T. Kuykendall
and colleagues’ article, “Traipsing Through Muddy Waters: A Critical Review of the
Myelodysplastic Syndrome/Myeloproliferative Neoplasm (MDS/MPN) Overlap
Syndromes,” in this issue. These disorders include chronic myelomonocytic leukemia,
juvenile myelomonocytic leukemia, and atypical CML.

Box 4

Diagnostic criteria for pre-PMF

Major criteria
� Megakaryocytic proliferation and atypia, without reticulin fibrosis > grade 1, accompanied

by increased age-adjusted bone marrow cellularity, granulocytic proliferation, and often
decreased erythropoiesis

� Not meeting the WHO criteria for BCR-ABL11 CML, PV, ET, myelodysplastic syndromes, or
other myeloid neoplasms

� Presence of JAK2, CALR, or MPL mutation or in the absence of these mutations, presence of
another clonal marker,a or absence of minor reactive bone marrow reticulin fibrosisb

Minor criteria
Presence of at least one of the following, confirmed in two consecutive determinations:

� Anemia not attributed to a comorbid condition
� Leukocytosis �11 � 109/L
� Palpable splenomegaly
� LDH increased to greater than upper normal limit of institutional reference range

Diagnosis of pre-PMF requires meeting all three major criteria, and at least one minor criter-
ion.a In the absence of any of the three major clonal mutations, the search for the most
frequent accompanying mutations (eg, ASXL1, EZH2, TET2, IDH1/IDH2, SRSF2, SF3B1) is of
help in determining the clonal nature of the disease.b Minor (grade 1) reticulin fibrosis second-
ary to infection, autoimmune disorder or other chronic inflammatory conditions, hairy cell leu-
kemia or other lymphoid neoplasm, metastatic malignancy, or toxic (chronic) myelopathies.

From Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to the World Health Organiza-
tion classification of myeloid neoplasms and acute leukemia. Blood 2016;127(20):2391-2405.
LDH, Lactate dehydrogenase
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PATHOGENESIS

The pathogenesis of MPNs is multifactorial and incompletely understood. However,
substantial progress has been made over the last several decades toward under-
standing the biologic underpinnings of MPNs. It is important to recognize that all
MPNs originate at the level of a pluripotent hematopoietic stem cell.69,70 In murine
models, even a single cell carrying the JAK2V617F mutation can initiate the MPN
phenotype.71 However, there are considerable complexities in MPN pathogenesis
as it relates to the stem cell microenvironment. Interactions between hematopoietic
stem cells and nonhematopoietic marrow cells in MF are responsible for bone marrow
fibrosis, increasedmicrovascular density, and production of inflammatory cytokines.72

In particular, transforming growth factor-b (TGF-b) is a potent stimulator of fibroblast
growth, which is not part of the malignant clone.73 However, monocytes that belong to
the malignant clone can acquire the properties that resemble fibroblasts and are
termed fibrocytes. These fibrocytes along with fibroblasts contribute to bone marrow
fibrosis in MF.74 (See Gajalakshmi Ramanathan and Angela G. Fleischman’s article,
“The Microenvironment in Myeloproliferative Neoplasms,” in this issue.)
A key pathogenetic event in all MPNs is constitutive activation of the JAK/STAT

pathway. Seminal to this understanding was the identification of mutations JAK2 in
98% of patients with PV, and 50% to 60%of patients with ET and PMF.38–41 Additional
somatic mutations, such as the thrombopoietin receptorMPL in JAK2V617F-negative
patients with MPN suggest common genetic mutations resulting in overactivation of
the JAK-STAT pathway.75 In addition, a small subset of JAK2V617F-negative polycy-
themic patients harbor a mutation in LNK, which inhibits JAK2 phosphorylation and
serves as a negative regulator of MPL signaling.76,77 The CALR mutation, which is
generally exclusive to JAK2 andMPLmutations, creates a mutant protein that directly
binds the thrombopoietin receptor (MPL) leading to constitutive activation of down-
stream signaling molecules in the JAK/STAT pathway.78,79 The central role of the
JAK-STAT pathway in the pathogenesis of MPNs was confirmed by a seminal study
by Rampal and colleagues10 using gene expression profiling. JAK/STAT target genes
were upregulated, independent of JAK2 mutational status or clinical phenotype. Even
triple-negative MPN cases were characterized by upregulation of this pathway affirm-
ing the central role of hyperactive JAK/STAT pathway.10 This dependency on upregu-
lated JAK/STAT signaling accounts for the success of JAK2 inhibitors as a
cornerstone therapy in patients with MF regardless of driver mutation status.
Additional somaticmutations frequently occur in patientswithMPNs, especially those

involved in epigenetic regulation. In a study of 197 patients with MPN, after JAK2 and
CALR, the most commonly mutated genes were TET2, ASXL1, DNMT3A, and EZH2.80

Thesemutations are likely involved in disease initiation andevolution.80,81 Further details
of epigeneticmechanisms ofMF are included in AndrewDunbar and colleagues’ article,
“Epigenetic Dysregulation ofMyeloproliferative Neoplasms,” in this issue.
It has long been recognized that inflammation is an important contributor to

neoplastic development, sometimes referred to as “oncoinflammation.”82 In MPNs,
there is biochemical, molecular, clinical, and epidemiologic evidence that links over-
active inflammation and MPN development. Patients with MPNs have persistently
elevated C-reactive protein, an acute phase reactant, and the degree of elevation is
predictive of leukemic transformation.83,84 Several genes involved in immune regula-
tion and inflammation are upregulated, particularly interferon-related genes, such as
interferon-inducible gene IFI27.85 Upregulation of IFI27 is step wise, with higher levels
observed in MF as compared with ET or PV, suggesting a role of inflammation in dis-
ease progression.86 Fisher and colleagues87 showed that the increased production of
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cytokines in patients with MF, including tumor necrosis factor, was driven partly by
each of the nuclear factor-kB, MAP kinase, and JAK-STAT pathways. Their observa-
tions indicated that an intact nuclear factor-kB pathway is necessary for maximal pro-
duction of these cytokines in MF. Epidemiologic evidence also supports a link
between inflammation and development of an MPN. Patients with an autoimmune dis-
order, including Crohn disease, polyarthritis rheumatica, and giant cell arthritis, carry
an increased risk for subsequent development of an MPN.88 Tobacco smoking has
also been consistently associated with an increased risk of MPN development.89

Inflammatory cytokines are responsible for many of the clinical features of MF. TGF-
b has been implicated in angiogenesis, tumor growth, and collagen fibrosis in several
tumor types. In MF, TGF-b is more abundantly produced as compared with other
fibrogenic cytokines, such as platelet-derived growth factor, and fibroblast growth
factor-basic.90 Cytokine overexpression is also thought to be related to constitutive
mobilization of CD341 cells into the peripheral blood of patients with MF.91 In addition,
splenomegaly and constitutional symptoms have been correlated with hepatocyte
growth factor and interleukin (IL)-6, respectively. In addition, IL-8, IL-2R, IL-12, and
IL-15 have been shown to be independently prognostic in patients with MF.92 Adam
Mead expands on these topics in his article, “Application of Single-Cell Approaches
to Study Myeloproliferative Neoplasm Biology,” in this issue.

COMPLICATIONS

The major complications experienced by patients with MPNs include thrombosis,
bleeding, and progression of disease to overt phases of MF or MPN-blast phase
(MPN-BP). In PV and ET, the primary contributor of morbidity and mortality is throm-
bosis, which is either arterial or venous. In a large population-based Swedish study,
the hazard ratio for arterial thrombosis 3 months, 1 year, and 5 years after diagnosis
was 3.0, 2.0, and 1.5, respectively, as compared with the general population. The cor-
responding hazard ratio for venous thrombosis was 9.7, 4.7, and 3.2, suggesting a
significantly increased rate of thrombosis compared with patients without MPNs,
particularly in the few months following diagnosis.93 Another hallmark of MPN-
related thrombosis is the development of clots in atypical locations, particularly the
splanchnic bed.94,95 Thrombosis of the hepatic vein (Budd-Chiari syndrome) and
the portal vein are particularly prevalent and may be related to endothelial cells
harboring JAK2V617F and increased P-selectin expression.96,97 Erythromelalgia is
another microvascular disorder caused by platelet microthrombi and activation, which
is ameliorated by aspirin.98

Bleeding is also a concern for MPN patients, especially those with ET and PMF. In a
meta-analysis, bleeding complications occurred in 8.9% of patients with MF, 7.3% in
ET, and 6.9% in PV, with gastrointestinal and mucocutaneous locations being the
most common sites.99 Thrombocytosis is among the most important risk factors for
bleeding, as demonstrated in a post hoc analysis of the PT1 trial.100 In particular, sig-
nificant elevations in platelets can lead to acquired von Willebrand syndrome.101

Andrew I. Schafer describes these complications further in his article, “Thrombotic,
Vascular, and Bleeding Complications of the Myeloproliferative Neoplasms,” in this
issue.
Progression from a proliferative disease (ie, ET or PV) to a fibrotic disease (ie, post-

ET MF or post-PV MF) and MPN-BP is a primary concern for clinicians and patients
alike.11 The risk of progression varies depending on series and risk factors, such as
age, mutational status, and other clinical factors. In one series, progression rate
from ET and PV to post-ET MF and post-PV MF was 9.2% to 10.3% and 12.5% to
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21%, respectively.60 Transformation to MPN-BP is highest with PMF, with a 10-year
risk of 10% to 20%, followed by PV (2%–4%) and ET (1%–2%).102 Many clinical, lab-
oratory, cytogenetic, and molecular risk factors have been identified. These factors
have been incorporated into multiple risk scores.103–105 Unlike de novo acute myeloid
leukemia, MPN-BP is rarely associated with mutations in NPM1 or FLT3, highlighting
its unique biology as compared with other forms of secondary leukemia.106 Raajit K.
Rampal delves further into leukemic transformation in his article, “Accelerated and
Blast Phase Myeloproliferative Neoplasms,” in this issue.
Infections are more common in patients with MPN as compared with the general

population and remains one of the primary contributors toward mortality in patients
with MPN.107 Although the risk is highest in patients with PMF, there is still a significant
increase in the risk of infection with ET and PV.108 There is also growing evidence,
albeit controversial, that ruxolitinib may increase the risk of infection in patients with
MPNs.109,110 In addition, patients with MPNs are at an increased risk of developing
second primary malignancies, in particular skin cancer.111 The reason for this obser-
vation is not known, but has been hypothesized to be related to the chronic inflamma-
tory milieu in patients with MPNs.112 A recent provocative study suggested that
ruxolitinib was associated with the development of B-cell lymphomas.113 However,
this association has not been confirmed in subsequent studies.114,115

SUMMARY

MPNs represent a biologically related group of hematologic disorders with significant
clinical consequences. Early work from pioneering hematologists established the re-
lationships between this group of disorders and led to early understanding of its path-
ogenesis. Importantly, the 2005 identification of the JAK2V617F, which is present in
most patients with MPNs, has established the central role of the JAK-STAT pathway
in MPN biology. Inflammation is also a major contributor to disease initiation and pro-
gression. Further studies are needed to identify additional pathogenic mechanisms,
including the role of epigenetics, additional signaling pathways, and megakaryocyte
abnormalities.
Despite progress in the pathobiologic understanding of MPNs, significant advance-

ment in therapeutically impacting the natural history of disease remains elusive. For pa-
tients with proliferative disease (ET and PV), cytoreduction is the mainstay of therapy.
However, it is not clear if this intervention significantly impacts the thrombotic burden
in ET and PV. In addition, the impact on progression of disease to MF or MPN-BP is
lacking. Given the chronic nature of MPNs and the low event rate of disease transforma-
tion and thrombosis, which are key clinical outcomes, the performance of clinical trials in
MPNs is extremely challenging, as detailed in Heidi E. Kosiorek and Amylou C. Dueck’s
article, “Advancing effective clinical trial designs for Myelofibrosis,” in this issue. Despite
significant improvement in symptom burden and spleen size with JAK inhibitor treat-
ment of MF, these therapies are unlikely to significantly alter disease progression to
MPN-BP. Additional therapies are urgently needed that can deplete the MPN stem
cell and significantly impact the course of disease, with the ultimate goal of improving
the quality and quantity of life of patients with MPN.

CLINICS CARE POINTS

� Evaluation of erythrocytosis and thrombocytosis must include work-up of sec-
ondary causes.

� A bone marrow biopsy is essential for establishing the diagnosis of ET as it can
differentiate between ET and pre-PMF.
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� The major complications experienced by patients with MPNs include throm-
bosis, bleeding, and progression of disease to overt phases of MF or MPN-blast
phase.
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INTRODUCTION

Polycythemia vera (PV), essential thrombocythemia (ET), and primary myelofibrosis
(PMF) constitute the classical myeloproliferative neoplasms (MPNs), which are rela-
tively uncommon and characterized by the absence of the reciprocal translocation be-
tween chromosomes 9 and 22 (or Philadelphia chromosome) creating the BCR-ABL1
fusion gene.1 Throughout this article, reference to MPN specifically refers to classical
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KEY POINTS

� The classical myeloproliferative neoplasms (MPNs) are characterized by the absence of
the Philadelphia chromosome and include polycythemia vera (PV), essential thrombocy-
themia (ET), and primary myelofibrosis (PMF).

� The incidence of PV, ET, and PMF is estimated to be 0.5 to 4.0, 1.1 to 2.0, and 0.3 to 2.0,
respectively.

� PV and ET patients have overall survival rates that approach, but are not equal to, the gen-
eral population; a diagnosis of PMF predicts the shortest survival, with a median of 4 to
7 years.

� Germline predispositions constitute an underappreciated determinant in the development
of MPN.

� Age, sex, ethnicity, and limited number of identified modifiable risk factors contribute to
MPN risk.
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MPN or the diseases PV, ET, and PMF. The molecular pathogenesis of the MPNs is
rooted in hematopoietic progenitor cell JAK-STAT signaling pathway perturbations
and consequent disruption of otherwise tightly regulated cellular proliferation.2 PV is
universally associated with mutations in the JAK2 gene, including the most common
JAK2-V617F, which are also frequently found in cases of ET and PMF; mutations in
calreticulin (CALR) or thrombopoietin receptor (MPL) genes drive most of the non-
JAK2-mutated MPNs.2 Sequelae from the uncontrolled intramedullary cellular prolifer-
ation observed in the MPNs not only include blood count abnormalities, but also sig-
nificant symptomatology, risk of thrombosis, and acquired bone marrow failure states
such as terminal myelofibrosis, myelodysplastic syndrome (MDS), or MPN-blast
phase (MPN-BP). These substantial disease-related events occur at varying fre-
quencies predicated upon disease biology and risk, which together influence the prev-
alence and survival of patients with MPN.3

In discussing the epidemiology of the MPNs, one must consider the evolution of
their classification and the relatively recent and piecemeal identification of their molec-
ular drivers that now serve as diagnostic criteria; these issues influence the accuracy
of case ascertainment methods that are frequently employed to define disease inci-
dence, prevalence, and survival. MPNs were originally described as myeloproliferative
disorders in 1951.4 Eventual recognition of the malignant nature of the MPNs was not
systematically established until 2000 when the International Classification of Diseases
for Oncology, 3rd edition (ICD-O-3) changed their status from uncertain/borderline to
malignant.5 Recharacterizing the MPNs as malignant diseases has allowed for greater
case capture through registry-based analyses, which have been further facilitated by
the identification of MPN-specific driver mutations. The JAK2 V617F mutation was
only discovered in 20056; the JAK2 exon 12 mutation, harbored in the remaining
5% of PV cases, was discovered in 2007.6–8

These seminal events persuaded the World Health Organization (WHO) in 2008 to
revise the description of these entities from myeloproliferative disorders to MPNs
and also incorporate the JAK2-V617F mutation as a major criterion for PV diag-
nosis.9,10 The other JAK-STAT pathway activating mutations in MPL, exon 10 (found
in about 5% of ET and PMF patients)11,12 and CALR (found in about 25% of ET and
PMF patients), were discovered in 2006 and 2013, respectively.13,14 With these reve-
lations, in 2016 the presence of either a CALR or MPL mutation was included as a
WHO major criterion for the diagnosis of ET and PMF; further, this revision separated
PMF into the 2 biologically and prognostically distinct entities, prefibrotic/early PMF
(prePMF) and fibrotic/overt PMF.15,16 This evolution of classification and diagnostic
criteria has undoubtedly influenced the epidemiologic study of the MPNs over time.

ETIOLOGY

Beyond the identification of a driver mutation in JAK2, CALR, or MPL, the pathogen-
esis of the MPNs is not fully understood. Tobacco smoking is among a limited number
of exposures consistently associated with an increased risk of developing an
MPN.17–19 One study noted that, when compared with never-smokers, a higher risk
of MPN was observed for current smokers (hazard ratio [HR] 5 2.5, 95% confidence
interval [CI]: 1.3–5.0), particularly those smoking more than 15 g of tobacco/day,
generally equivalent to less than or equal to 15 cigarettes/d (HR 5 3.4, 95%CI: 1.4–
8.2); a monotonic relationship was observed with increasing cumulative exposure
(HR 5 1.14 for every 10 pack-years smoking, 95%CI: 1.06–1.22; ptrend5.0005).19

Studies attempting to isolate which specific event is responsible for this increased
risk observed for all MPNs have offered conflicting results. One prospective study
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demonstrated an increased risk of PV and not ET for female current smokers,20 but
another case-control study only observed an increased risk of ET among ever-
smokers.17 To reduce bias, the latter study employed a comparator group comprised
of patients with chronic lymphocytic leukemia, who have a similarly chronic malignant
disease with no evidence of protective impact of tobacco smoking from multivariable
analyses.17 These 2 studies, however, had differing methodology and specifically
qualitative exposure categories (eg, current, former, and ever-smokers). The NIH-
AARP Diet and Health Study evaluated a large cohort of over 460,000 individuals, of
whom 236 developed either PV or ET; active tobacco smoking was found to increase
the risk of PV/ET in women (HR 5 1.71, 95% CI: 1.08–2.71).21 Interestingly, this study
also demonstrated that increased caffeine intake was associated with a lower risk of
PV (ptrend<.01), but not ET.

21 In another study using the same NIH-AARP cohort, fruit
consumption was associated with an increased risk of MPN overall (third tertile vs first
tertile, HR 5 1.32, 95% CI: 1.04–1.67; ptrend5.02) and PV (third tertile vs first tertile,
HR 5 2.00, 95% CI: 1.35–2.95; ptrend<0.01).

22 High sugar intake was also associated
with the development of PV (HR 5 1.77, 95% CI: 1.12–2.79).22

Intrinsic risk factors have a more established role in the risk of MPN. Despite the
slight male predominance among patients with MPN (discussed in more in detail in
the following section), a history of autoimmune disease (in which 85% of cases affect
females23) is shown to increase the risk of MPN. One registry-based study using age-
and sex-matched controls reported an odds ratio (OR) of 1.2 (95% CI: 1.0–1.3;
P5.021) for individuals with an autoimmune disease to develop MPN; analyses by
specific MPN subtype were not performed.24 A similar registry-based analysis re-
ported ORs of 1.29 and 1.50 for acute myeloid leukemia (AML) and MDS, respec-
tively.25 It is unclear if a common upstream mechanism increases the risk of MPN
and autoimmune disease. Alternatively, a biologic mechanism linking autoimmune
disease or its immunosuppressive therapies (that may influence marrow immunosur-
veillance for abnormal proliferative clones) to downstream MPN development is un-
known. Although a debated example of an underlying inflammatory state,26 obesity
has been weakly associated with an increased risk of developing an MPN.27,28

Not all individuals with MPN are felt to have disease resulting from exclusively ac-
quired phenomena; inherited genetic abnormalities may serve as the substrate for a
greater risk of their development. One of the most illustrative examples in support
of this assertion is the observation that individuals with a first-degree relative affected
by an MPN are up to 7 times more likely than unaffected controls to develop an
MPN.29 The exact proportion of MPNs arising out of a familial syndrome or germline
predisposition is unknown, but estimated to be 5% to 10%.30 Given the significant
proportion of MPNs driven by mutations in JAK2, CALR, and MPL, much of the
research evaluating the burden of congenital MPNs has centered on these genes.
Inherited driver mutations in JAK2 (specifically the non-V617F mutations R564Q,
V617I, and H608N) have been uncommonly detected in individuals with MPNs.31–33

Germline MPL mutations have been reported, and particularly in cases of triple-
negative ET and PMF.34 Because mutations in CALR as they relate to MPN have
only been studied since 2013, a smaller body of data exists on germline variants,
currently limited to case reports.35

Congenital predispositions to acquire an MPN have been associated with specific
polymorphisms. The JAK2 46/1 or GGCC haplotype is the most well described and
is found in up to 25% of the general population.36–38 The JAK2 46/1 haplotype is hy-
pothesized to increase JAK2 locus hypermutability.39 Population level data from pa-
tients on multiple continents have supported this hypothesis and shown that
individuals with the JAK2 46/1 haplotype have an increased risk of developing a

Philadelphia Chromosome-Negative MPNs 179



JAK2-V617F-mutated MPN when compared with normal controls with ORs ranging
from 2.0 to 6.3.37,40–42 The influence of the JAK2 46/1 haplotype on the risk of non-
JAK2-V617F-mutated MPNs has been debated.37,40–43 Germline variants in TERT,
HBS1L-MYB,MECOM have also been identified in familial MPN studies as predispos-
ing to a higher risk of sporadic canonical driver mutations and triple-negative
disease.36,44–47

Similar to the more penetrant germline mutations and less penetrant single nucleo-
tide polymorphisms already described, not all of the acquired somatic canonical MPN
driver mutations will lead to the development of MPN. Mutations in JAK2 have been
reported to occur in 0.1% to 3% of the general population.48–51 The majority of these
mutations will occur in the absence of MPN and represent clonal hematopoiesis of
indeterminate potential (CHIP). However, individuals with JAK2-V617F CHIP are found
to have higher erythrocyte, platelet, and leukocyte counts and ultimately a higher risk
of coronary events and thromboembolism when compared with their nonmutated
counterparts.48,52 These data suggest that, despite being described as having an en-
tity of indeterminate potential, these patients exhibit clinical sequelae consistent with
MPN. In fact, similar to the risk of progression frommonoclonal gammopathy of unde-
termined significance (MGUS) to multiple myeloma or CHIP otherwise to MDS, individ-
uals with JAK2-V617F CHIP have an increased risk (up to 75% of individuals) of
progression to overt MPN.50

INCIDENCE

Most published data estimating the incidence of MPNs were obtained either through
registry-based or claims-based analyses. The largest cancer registry in the United
States is the Surveillance, Epidemiology, and End Results (SEER) program, which
began collecting data in 1973 and is most recently estimated to encompass 35% of
the US population.53 After the MPNs were formally recognized as malignant and
assigned ICD-O-3 codes in 2000, the initial SEER estimate in 2001 for the age-
adjusted incidence of the MPNs collectively was 1.6 cases per 100,000 population
per year.54 In evaluating the diseases individually, PV was the most incident at 0.8
cases per 100,000 population per year, with ET and myelosclerosis with myeloid
metaplasia (describing what would later be called PMF in 2008) having initial incidence
estimates of 0.5 and 0.3 cases per 100,000 population per year, respectively.54 The
SEER-based estimated incidences of the MPNs collectively have slightly increased
since 2001, with the most recent data in 2016 demonstrating an incidence of 2.7 cases
per 100,000 population per year.55 This increase appears to be largely driven by an
increase in the incidence of ET, which had a 1.1 case per 100,000 population per
year incidence rate as of 2016 (Table 1).55 The incidence of PV and PMF as of 2016
has remained unchanged from initial estimates.55 The reason for the relative increase
in the incidence of ET as per SEER from 2001 to 2016 is unclear, but has been corrob-
orated by other analyses using Norwegian and Australian registry-based data, which
also report generally similar incidence rates.56,57 The advent of peripheral blood
testing for driver mutations, namely those in JAK2 and MPL during this timeframe,
may have caused some providers to erroneously abandon the required bone marrow
evaluations to establish a correct diagnosis; for instance, a diagnosis of ET may be
incorrectly assigned to a patient with masked PV or PMF that would have likely
been revealed if the bone marrow evaluation had been performed.
Although registries are robust cancer incidence data sources, they are prone to

under-reporting because of incomplete case ascertainment. Many cases of MPN
are not identified in the hospital setting, and, as mentioned, pathologic confirmation
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of the diagnosis is sometimes not performed. Furthermore, many cases may be sub-
ject to delayed reporting that significantly underestimates the true incidence of MPNs.
For instance, 1 SEER-based analysis found that about 35% and 50% of PV and ET
cases, respectively, are reported with delay.58 The same study found that after ac-
counting for this delayed reporting, the estimated incidences of these disease
increased more than tenfold, with PV, ET, and PMF having an incidence of 10.9,
9.6, and 3.1, respectively.58 These estimates are notably higher than those offered
by claims-based analyses, which provide an alternative means of evaluating disease
epidemiology. Claims-based analyses have demonstrated an approximately 2.0 to
4.0, 1.0 to 2.0, and 0.5 to 2.0 incidence of PV, ET and PMF, respectively (see
Table 1).59–62 An informative example of the disconnect between registry- and
claims-based estimates was provided by Mehta and colleagues,60 who noted a three-
fold higher PMF incidence for those aged at least 65 years at time of case capture us-
ing Medicare claims when compared with SEER data for the same age group.
However, like registry-based analyses, claims-based studies may be affected by a
lack of pathologic confirmation of the diagnosis and coding errors. In addition, incident
patients may be inaccurately included within the prevalent population under the sce-
nario when the disease develops or is diagnosed before a relevant claim is eventually
filed.
The incidence of the MPNs is also influenced by several unmodifiable patient-

specific factors, particularly age, sex and ethnicity. The MPNs are diseases of the
elderly; the incidence of PV (Fig. 1), ET (Fig. 2), and PMF (Fig. 3) increases with
increasing age. The median age at diagnosis of PV, ET and PMF ranges from 61 to
65, 54 to 73, and 65 to 76, respectively, based on US, European, and Australian
studies.55,56,63–68 Significant heterogeneity exists in the studied populations to sug-
gest substantial differences in median age at diagnoses between individual MPNs.
However, among patients with ET, those with CALR-mutated (49 vs 58 years,
P<.0001) and triple-negative disease (47 vs 58 years, P5.004) are found to be diag-
nosed at an earlier age compared to those with JAK2-mutated disease.69 The
MPNs are also largely observed to be a disease of males with male:female incidence
rate ratios of 1.3 to 1.6 and 1.3 to 4.0 for PV and PMF, respectively (see Figs. 1 and
3).55,57,65,70–72 The exception to the male predominance within MPNs is patients
with ET, among whom there is a male:female IRR of 0.5 to 0.7 (see
Fig. 2).56–58,65,71,72 Males are also found to have a higher rate of transformation to

Table 1
Summary of epidemiologic data for the classical myeloproliferative neoplasia

Incidence
(per 100,000
Person-Years)

Median
Age at
Diagnosis
(Years)

Prevalence
(per 100,000
Person-Years) Survival

Polycythemia
vera

0.5–4.0 65 22–57 5-y relative survival:
84%–89%

Median OS: 12–14 y

Essential
thrombocythemia

1.1–2.0 67 24–58 5-y relative survival:
86%–91%

Median OS: 13–23 y

Primary
myelofibrosis

0.3–2.0 69 0.5–6.0 5-y relative survival:
35%–46%

Median OS: 4–7 y
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post-PV/ET myelofibrosis and MPN-BP after accounting for age at MPN at diagnosis
and mutations with known prognostic significance.73 In evaluating differences in MPN
incidence by race/ethnicity, patients diagnosed with PV are more likely to be white,
and those diagnosed with ET are more likely to be black.55 When compared with their
white or black counterparts, individuals of Latino, Asian/Pacific Islander, and Amer-
ican Indian/Alaskan Native descent have a lower incidence of each of these MPNs.55

PREVALENCE

The issues that trouble incidence estimates also limit the identification of the true prev-
alence of the MPNs. More recent estimates of both incidence and prevalence are likely
the more accurate representations given the widespread knowledge and availability of
driver mutation testing to aid disease recognition and accurate diagnosis. The esti-
mated prevalence of PV and ET immediately prior to the discovery of the JAK2-
V617F mutation was 22 and 24 cases per 100,000 population, respectively, based
on claims-based analyses; this corresponded to approximately 65,000 and 71,000
active cases of PV and ET in the Unite States, respectively at that time.74 Early esti-
mates of PMF prevalence were limited by its rare nature, lack of prior mutation testing,
and relatively poor prognosis.
More recent US claims-based analyses in the era of testing for JAK2-V617F, JAK2

exon 12 and MPL exon 10 and using both different data sources and methodology

Fig. 2. Age-adjusted incidence of essential thrombocythemia by age at diagnosis and sex as
per Surveillance, Epidemiology, and End Results (SEER) Program data, 2001 to 2016.

Fig. 1. Age-adjusted incidence of polycythemia vera by age at diagnosis and sex as per Sur-
veillance, Epidemiology, and End Results (SEER) Program data, 2001 to 2016.
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have offered higher estimates (see Table 1). During 2008 to 2010, the claims-based
estimated prevalence of PV and ET in the US was 44 to 57 and 38 to 58 per
100,000, respectively.60 European and Scandinavian registry-based studies during
the same time period and including data up to 2012 have estimated the PV and ET
prevalence to be lower in the 5 to 30 and 4 to 24 per 100,000, respectively.57,65 The
prevalence of PMF has been difficult to assess until recently. Claims-based and
registry-based analyses in the United States and Europe have estimated the age-
standardized prevalence of PMF to be 0.5 to 6.0 cases per 100,000 population, cor-
responding to up to 18,000 patients currently living with the disease in the United
States.57,60,65 Similar to incidence estimates, the range of MPN prevalence estimates
observed is likely because of heterogeneity in the data sources and methodology
employed in studies as well as possible ethnic differences that affect incidence and
survival, the 2 determinants of prevalence.

SURVIVAL

Although studies prior to the use of molecular testing reported a normal life expec-
tancy for patients with PV or ET when compared to the general population,75,76 later
data support a detrimental effect on long-term survival. The median survival of pa-
tients in the United States, Europe, and Australia after a diagnosis of PV is estimated
to be 12 to 14 years (see Table 1).55,68 When considering the older age at time of diag-
nosis for patients with MPNs, relative survival is a more meaningful description of sur-
vival. Studies have demonstrated that, when compared with the general population,
the estimated 5-year relative survival of PV patients ranges from 84% to
89%.55,56,68,77,78

The median survival of ET patients mostly mirrors that of PV patients, although
longer survival for patients with ET has been suggested. ET patients diagnosed in
the United States, Europe, and Australia are reported to have a median survival
ranging from 13 to 23 years.55,63,64 Five-year relative survival ranges from 86% to
91% for patients diagnosed up to 2011 (see Table 1).55,56,77,78 It is important to
note that the distinction between prePMF and fibrotic/overt PMF since 2016 has
allowed one to realize that many previous patients with these early histologic findings
may have been misclassified as ET. Consistent with this concern, 1 large study of pa-
tients diagnosed with ET reported that 16% were ultimately reclassified as prePMF
and were noted to have an inferior survival when compared with patients with true
ET.79

Fig. 3. Age-adjusted incidence of primary myelofibrosis by age at diagnosis and sex as per
Surveillance, Epidemiology, and End Results (SEER) Program data, 2001 to 2016.
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Patients with PMF have been found to have shortest survival of all MPNs. In contrast
to the near-normal survival observed for patients with PV or ET, the median survival for
all PMF patients diagnosed in the United States, Europe, and Australia is estimated to
be 4 to 7 years, with a 5-year relative survival of 35% to 46% (see
Table 1).55,66,69,77,78,80,81 The survival of PMF patients appears to be unchanged since
the JAK 1/2 inhibitor ruxolitinib became available in 2011.55

Survival variance is noted within each of these MPN groups, and several factors are
at play. PMF patients perhaps serve as the most informative example of the heteroge-
neity in prognosis and survival for the MPNs. Patient-specific factors, like age and
symptomatology, and disease-specific factors like cytopenias, transfusion-
dependence, and karyotypic/mutational profiles, assist in stratifying PMF patient
prognosis. Risk stratification tools, like the International Prognostic Scoring System
(IPSS), the Dynamic IPSS (DIPSS), the DIPSS-plus, the genetically inspired prognostic
scoring system (GIPSS), and more recently the mutation-enhanced IPSS (MIPSS)701
version 2.0 are able to identify PMF patients with a predicted median survival as short
as 2.6 years or as long as 26.4 years.82,83 When accounting for sex and karyotype
among other relevant covariates, increasing age at diagnosis of PV, ET, and PMF is
associated with shorter survival.63,68,84–86 This is likely explained by increasing risk
of post-PV or post-ET myelofibrosis and/or transformation to MPN-BP. The indepen-
dent impact of age at diagnosis is still accounted for in newer prognostic scoring sys-
tems that incorporate mutational profiles.83 The male sex also appears to
independently confer slightly shorter survival for patients with MPNs, with most of
this disparity driven by PV and ET.56,64,80,84

SUMMARY

The MPNs are a collection of entities that, despite having distinct WHO definitions,
often share similar biology and clinical sequelae. The etiology of these diseases is
not clear, but is rooted in the acquisition of a driver mutation that consequently acti-
vates the JAK-STAT pathway; these genetic abnormalities have been progressively
discovered and understood, although many cases have undefined drivers of disease.
Germline predispositions, including highly penetrant mutations and weakly penetrant
single nucleotide polymorphisms, have been described andmay be responsible for up
to 10% of all cases of MPN. The incidence of the MPNs has remained relatively un-
changed over time, except for ET, where a slight increase has been observed for un-
clear reasons. Similarly, the survival of patents with the MPNs has been static, mostly
owing to the lack of effective disease-modifying therapies other than allogeneic stem
cell transplantation. An unchanged incidence and survival for MPN patients over time
explains a stable estimated prevalence, although the methodology of epidemiologic
studies has been heterogeneous. Slight differences in incidence and survival for
MPN subtypes are noted by age, sex, and ethnicity among other weaker factors. Bet-
ter understanding of MPN pathogenesis and the development of disease-modifying
therapies are needed to significantly impact the lives of affected patients.

CLINICS CARE POINTS

� Not all identified MPN-associated mutations represent disease, but these patients should be
closely observed over time for disease development.

� A family history of MPN should always be examined to evaluate the possibility of hereditary
associations; suspicion for a patient to have an MPN should be heightened if a first-degree
relative is affected.
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� A bone marrow evaluation is required for most patients undergoing a work-up for MPN to
confirm the diagnosis and subclassify the disease type.

� Expert hematopathologic consultation is necessary to establish the appropriate diagnosis
and avoid misclassification such as that encountered in distinguishing between ET and
prePMF.
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The Role of Megakaryocytes
in Myelofibrosis

Johanna Melo-Cardenas, PhDa, Anna Rita Migliaccio, PhDb, John D. Crispino, PhDa,*

INTRODUCTION

The myeloproliferative neoplasms (MPNs) constitute a heterogenous group of related
hematologic disorders affecting different myeloid lineages.1 Activating mutations in
Janus Kinase 2 (JAK2), the thrombopoietin receptor (myeloproliferative leukemia pro-
tein [MPL]), and Calreticulin (CALR) have been found in more than 95% of patients with
polycythemia vera (PV), essential thrombocythemia (ET), and myelofibrosis (including
primary myelofibrosis [PMF] pre-PMF, post-PV MF, and post-ET MF).2–9 Each of these
mutations lead to constitutive activation of the JAK2/STAT pathway, but through
different mechanisms.10,11 MF is the most aggressive of the JAK2/CALR/MPL-
mutated MPNs, whereas patients with PV or ET can progress to myelofibrosis with
a 15-year cumulative incidence rate of 19% and 9%, respectively.1,12,13

PV is characterized by erythrocytosis and ET by thrombocytosis. Patients with MF
can present with thrombocytosis or thrombocytopenia, anemia, and leukocytosis or
leukopenia.13 Bone marrow histopathologic changes in MF include megakaryocytic
proliferation and atypia with clustering that is accompanied by fibrosis. By contrast,
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KEY POINTS

� Megakaryocyte abnormalities are a common feature of the myeloproliferative neoplasms.

� Activation of JAK/STAT signaling owing to mutations in JAK2, MPL, or CALR lead to an
overproduction of megakaryocytes.

� Atypical megakaryocytes in myelofibrosis show defects in maturation and release profi-
brotic and proinflammatory factors.

� Inducing the differentiation of megakaryocytes shows clinical activity in myeloproliferative
neoplasms.
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in ET there are increased numbers of mature, enlarged megakaryocytes with hyperlo-
bulated nuclei. Finally, the bone marrow is characterized by mature pleomorphic
megakaryocytes in PV.13

BACKGROUND
Normal Megakaryopoiesis

Megakaryocytes are derived from hematopoietic stem cells (HSCs) through a step-
wise process that depends on thrombopoietin (TPO). The traditional view of megakar-
yopoiesis begins with HSCs giving rise to multipotent progenitors, which generate the
common myeloid progenitor. These common myeloid progenitors then produce the
megakaryocyte erythrocyte progenitor (MEP), which gives rise to both erythroid cells
and megakaryocytes.14,15 Upon commitment, immature megakaryocytes undergo
multiple rounds of endomitosis and cytoskeletal rearrangements to generate propla-
telets, which enter the peripheral blood and generate platelets. Recent studies have
redefined this traditional view by showing that megakaryocytes can also be generated
directly from HSCs or multipotent progenitors without the canonical common myeloid
progenitor or MEP intermediate.16 Megakaryopoiesis is controlled by a number of
transcription factors, including RUNX1, GATA1, GFI1B, and several ETS factors. Their
importance in this process is highlighted by the presence of mutations in these factors
in individuals with congenital amegakaryocytic thrombocytopenia, bleeding disorders,
and Gray platelet syndrome, as well as by ineffective megakaryopoiesis in induced
pluripotent stem cells and animal models.17,18

Megakaryopoiesis in myelofibrosis
Asmentioned, megakaryocytes in MF are atypical in that they display morphologic ab-
normalities such as hypolobulated nuclei and clustering (Fig. 1). Studies with CD341

cells from patients with MF revealed their increased capacity to generate megakaryo-
cytes in culture, albeit immature ones with decreased ploidy.19–21 MPN megakaryo-
cytes have higher proliferative capacity and decreased apoptosis rate. More
recently, by using single cell approaches, 2 groups demonstrated that HSCs from

Fig. 1. Schematic representation of megakaryocyte contributions to MPN pathogenesis.
Upon acquisition of an MPN driver mutation, megakaryocytes in MF display impaired differ-
entiation, decreased GATA1 expression and enhanced cytokine/chemokine secretion. A
number of these secreted factors promote fibrosis, osteogenesis, and myeloproliferation.
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patients with ET and patients with MF express megakaryocytic genes indicating their
bias toward this lineage, consistent with the directed differentiation model of HSC
specification to megakaryocytes.22,23

In 2005, Migliaccio and Vannucchi reported that MF megakaryocytes express low
levels of the transcription factor GATA1.24,25 This finding was confirmed and extended
by the demonstration that restoration of GATA1 protein levels could restore normal dif-
ferentiation.26 This GATA1 deficiency is specific for megakaryocytes in MF, because it
is not observed in patients with PV or ET.27 Furthermore, a mouse model expressing
low levels of GATA1, theGata1low strain, displays similar megakaryocytic defects and,
with time, these mice uniformly develop bone marrow fibrosis.28,29 In MF, the
decrease in GATA1 expression has been attributed to a ribosomal deficiency27; simi-
larly, the megakaryocyte defects in Gata1low mice show abnormalities in ribo-
somes.26,30 Finally, it has been shown that Aurora Kinase A inhibitors, which induce
polyploidization and partial differentiation of MF megakaryocytes, increases expres-
sion of GATA1.31,32

Driver mutations in JAK2, MPL, and CALR have been detected in different hemato-
poietic cell types, suggesting their acquisition in a primitive hematopoietic cell.22,33–36

The acquisition of additional somatic mutations has been associated with progression
of ET, PV, or pre-PMF into overt PMF and acute myeloid leukemia.37–41 Typically,
these mutations can be detected in bulk preparations of leukocytes or CD341 cells.
Interestingly, a study by Guo and colleagues42 arrived at a different conclusion. By
comparing the mutation profile of bone marrow megakaryocytes with
megakaryocyte-depleted bone marrow cells from the same patients in MF, they found
that, although megakaryocytes had the expected driver mutations, they also had a
unique somatic mutational profile. MF megakaryocytes harbored mutations in genes
involved in chromatin remodeling and chromosome alignment, some of which were
not previously reported in MPNs. The extent to which these somatic mutations play
a role in disease pathogenesis or are passenger mutations needs further study. Finally,
with the advent of single cell DNA sequencing technologies, it would be interesting to
investigate the clonal evolution in megakaryocytes as they undergo multiple rounds of
endomitosis to determine whether they accumulate more genomic defects than other
lineages.

THROMBOPOIETIN SIGNALING

TPO, a key regulator of megakaryopoiesis, binds to its receptor, MPL, and induces
JAK/STAT, MAPK/ERK, and PI3K/AKT activation in HSCs, megakaryocytes, and
platelets.43 Mice lacking TPO or MPL are viable, but are thrombocytopenic with
decreased numbers of HSCs and megakaryocytes.44,45 MPL expression on megakar-
yocytes and platelets is essential to prevent myeloproliferation and megakaryocyte
expansion by limiting the availability of TPO from HSCs and progenitors.46–48 JAK2
binds MPL stimulating its recycling and enhancing its protein stability.49 Mice lacking
Jak2 in megakaryocytes and platelets are characterized by thrombocytosis and
expansion of HSCs,50 similar to the phenotype of mice lacking MPL in megakaryo-
cytes.48 These data indicate that the thrombocytopenia often observed in patients
treated with JAK2 inhibitors is due to the inhibition of JAK2 in HSCs rather than in
megakaryocytes or platelets.
Numerous reports have highlighted the role of the enhanced TPO–MPL signaling

axis in MPNs. Patients with ET and PV have normal to elevated levels of serum
TPO, whereas patients with MF have increased levels.51–53 More recent studies
have shown that MPL expression in bone marrow cells from patients with MPN
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is heterogenous and that megakaryocytes and platelets express low MPL
levels.54–56

The overexpression of TPO in the bone marrow has been shown to induce fibrosis in
mice.57 The constitutively active JAK2V617F mutation in patients with MPN has been
shown to decrease MPL expression by enhancing MPL degradation and decreasing
its recycling.58 In patients with MPN, an inverse correlation between the JAK2V617F

allele burden and MPL expression has been reported.59 The dependency of MPN cells
on the TPO–MPL signaling axis to initiate and maintain the disease has been shown
in vivo in murine models and in vitro in human samples. Decreasing the expression
of MPL in murine and xenograft MPN models decreased the disease burden and
fibrosis.60–62 The exciting potential of therapeutically targeting this pathway will be
important to test in future clinical trials.

JAK/STAT SIGNALING

The specific contribution of megakaryocytes in MPNs was studied by conditionally
expressing JAK2V617F using the PF4-Cre mouse line. In PF4-Cre mice, Cre is
expressed in the megakaryocytic lineage and to a low extent in other myeloid
cells.63–65 It has been shown that megakaryocytic restricted expression of JAK2V617F

in mice induces polycythemia or thrombocytosis, although with a longer latency
compared with mice expressing JAK2V617F in all hematopoietic cells.66–68 Importantly,
these phenotypes were not accompanied by the activation of JAK/STAT in the
erythroid lineage, confirming that the disease was not caused by the activation of
Cre in erythroid cells.67,68 The depletion of megakaryocytes using the Cre-inducible
diphtheria toxin receptor transgenic mice decreased the disease burden.67

Although studies have not to date been published addressing the role of mutant
CALR specifically in megakaryocytes in murine models, several studies have shown
the pronounced effect of mutant CALR on megakaryocytes. CALR is a multifunctional
protein found with different subcellular localizations where it plays diverse functions.69

In MPNs, mutations in CALR result in the expression of a protein with a novel amino
acid sequence at the C-terminus.70 By using antibodies that recognize mutant
CALR, 2 groups have shown that MPN megakaryocytes preferentially express the
mutant variant, unlike other cells in the bone marrow.71,72 The expression of CALRdel52

in the germline or in hematopoietic cells in mice predominantly affects the megakar-
yocyte lineage; these mice have thrombocytosis with megakaryocytic expansion.73–77

Mutant CALR has been shown to be an important regulator of TPO-MPL signaling.
CALR mutants bind MPL receptors, leading to the cytokine-independent activation of
JAK/STAT signaling, which in turn induces megakaryocyte proliferation.76–81 CALRdel52

also binds FLI1, a transcription factor important for megakaryopoiesis, leading to an
increased expression of MPL.82 Similarly, the expression of mutant CALR in cell lines
increases the expression of MPL, CD41, and NF-E2.83 More recently, Di Buduo and col-
leagues84 showed that megakaryocytes from patients with a CALRdel52 mutation lose
the interaction with the store-operated calcium entry machinery, leading to increased
TPO signaling and abnormal proliferation.
With regard to 2 downstream effectors of JAK2 signaling, STAT3 and STAT5, it has

been shown that STAT3 acts as a negative regulator in MPNs. The absence of STAT3
in JAK2V617F mice led to disease acceleration with an increase in dysplastic megakaryo-
cytes.85,86 This condition was attributed to an increase in STAT1 phosphorylation, which
has been shown to promote megakaryocyte differentiation in mice and in samples from
patients with JAK2V617F.87,88 By contrast, a loss of STAT5 in JAK2V617F mice prevents
MPN development, but is curiously dispensable for normal hematopoiesis.89,90
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MEGAKARYOCYTE SECRETOME

A wide variety of substances, including coagulation factors, cytokines, neurotransmit-
ters, and metalloproteinases, are secreted by megakaryocytes.91–94 Megakaryocyte-
derived transforming growth factor-b (TGF-b), C-X-C motif ligand 4 (CXCL4), and
FGF1 have been shown critical to maintaining HSC quiescence and facilitating he-
matopoietic recovery upon stress in vivo.95–97

In MPNs, abnormal megakaryocytes secrete a number of factors, including platelet-
derived growth factor, basic fibroblast growth factor, TGF-b, IL8, CXCL4, IL6, oncos-
tatin M, and bone morphogenic protein. Moreover, megakaryocytes release extracel-
lular matrix components and crosslinking enzymes important in the pathology of
MPNs. A detailed review of each of these factors was published by Malara and col-
leagues,98 therefore, we provide a brief overview of only some of these entities.

Transforming Growth Factor Beta

TGF-b is the main driver of fibrosis in different organs.99 TGF-b directly stimulates fi-
broblasts among other cells to produce extracellular matrix. TGF-b levels are
increased in patients with MPN and in mouse models.100,101 Abnormal megakaryo-
cytes and monocytes have been shown to be the main source.25,92,102–106 Chagraoui
and colleagues107 showed for the first time that the genetic ablation of TGF-b in an
MPN mouse model driven by TPO overexpression decreases bone marrow fibrosis.
Further studies have shown that TGF-b inhibition in MPN mouse models decreases
bone marrow fibrosis, although the effect on other aspects of the disease are less
clear.101,107–110 The effect of a TGF-b receptor inhibitor, AVID200, is currently being
tested in a clinical trial in MF (NCT03895112).

C-X-C Motif Ligand 4

CXCL4, also known as platelet factor 4, has been implicated in fibrotic processes in
the liver and in systemic sclerosis.111–113 Patients with MF have elevated CXCL4
levels, although its levels do not correlate with bone marrow fibrosis.114 Studies in
MPN models showed that CXCL4 derived from megakaryocytes is key in promoting
bone marrow fibrosis by inducing the myofibroblastic differentiation of stromal
cells.115 The absence of CXCL4 in MPN murine models decreases disease burden
and bone marrow fibrosis.116

IL-6

IL-6 is a proinflammatory cytokine implicated in several types of diseases.117 IL-6
levels are increased in patients with MPN and in murine models.67,118–120 Increased
IL-6 levels in the platelet factor 4–Cre/JAK2V617F animal model was shown to promote
erythropoiesis.67 Furthermore, MEPs in the MPNs have been found to release high
amounts of IL-6.118 Fibronectin, a component of the extracellular matrix that is
increased in patients with MF was shown to stimulate megakaryocytic secretion of
IL-6.121 Despite the important role of IL-6 in MPNs, targeting this cytokine has had
a modest effect in mice; the blockade of IL-6 with neutralizing antibodies or by genetic
deletion decreased erythropoiesis and myeloproliferation without a prominent
improvement in the overall MPN phenotype.67,118

INFLAMMATION

Inflammation is one of the key features in MPNs. Although a number of inflammatory
cytokines are increased in the serum of patients with MPN,122,123 few studies have
addressed the effect of proinflammatory cytokines on megakaryopoiesis in this
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disease. IL8 and TGF-b have been shown to promote the expansion megakaryocytes
in samples from patients with MF.92,124 Recent reports have demonstrated that inflam-
mation associated with aging induces changes in metabolic and signaling pathways in
the megakaryocytic lineage. Older mice show increased megakaryocyte-biased
HSCs, mature megakaryocytes, and platelet counts compared with young
mice.125–127 Aging-related changes induced mitochondrial dysfunction and altered in-
flammatory pathways in megakaryocytes. These changes were mediated by tumor
necrosis factor-a, which was found at high levels in the serum of old mice.127 In
MPNs, Rao and colleagues128 recently showed that MEPs have a decreased mito-
chondrial mass and increased oxidative phosphorylation. Inflammatory signaling
has been shown to promote megakaryopoiesis by increasing the protein expression
of megakaryocytic genes in megakaryocyte-biased HSCs and progenitors.129 MPNs
are chronic diseases that are more common in the elderly, indicating that age-
related changes might have a prominent role in the initiation and maintenance of the
disease. Further studies on the effect of inflammation and aging in megakaryopoiesis
in MPNs will improve our understanding of the disease.

SUMMARY

Megakaryocytes play a key role in the JAK2, MPL, and CALR mutated MPNs by pro-
moting myeloproliferation and fibrosis. Recent studies have shown that the aberrant
expansion in the megakaryocytic lineage results from increased numbers of
megakaryocyte-biased HSCs. An expansion of megakaryocyte-biased HSCs is also
observed with aging, indicating that microenvironmental factors and inflammation
might influence the initiation and progression of MPNs. Furthermore,
megakaryocyte-specific somatic mutations might influence the disease. Although
there is an expansion of the megakaryocyte lineage in MPNs, the resulting megakar-
yocytes are immature and release large amounts of proinflammatory and profibrotic
cytokines. Targeting MPNmegakaryocytes with the Aurora Kinase A inhibitor alisertib,
which promotes megakaryocytic differentiation, showed clinical benefit in a phase I
study. Future studies of Aurora Kinase A inhibitors or other modulators of megakaryo-
poiesis should be considered.
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INTRODUCTION

Myeloproliferative neoplasms (MPNs) are a classic example of a group of diseases in
which inflammation and the neoplastic clone are so intimately entwined that it is diffi-
cult to ascertain which is the “chicken” and which is the “egg.” MPNs are typified by a
chronic inflammatory milieu that provides a permissive microenvironment for disease
progression and severity. Inflammatory signaling involving the malignant and nonma-
lignant cells contribute to the MPN symptom burden, thrombotic risk, and disease
evolution and transformation to acute myeloid leukemia. Chronic inflammation is char-
acterized by elevated levels of circulating inflammatory cytokines and chemokines,
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KEY POINTS

� The inflammatory microenvironment in myeloproliferative neoplasms (MPNs) encom-
passes soluble cytokines and associated cellular players.

� A self-sustained inflammatory loop results in a milieu that supports the clonal expansion of
the neoplastic clone.

� Cytokine profiles in MPN can be leveraged for diagnosis, disease monitoring, and prog-
nostication, which will help to obtain more favorable patient outcomes.

Hematol Oncol Clin N Am 35 (2021) 205–216
https://doi.org/10.1016/j.hoc.2020.11.003 hemonc.theclinics.com
0889-8588/21/ª 2020 Elsevier Inc. All rights reserved.



whereas inflammatory cells and soluble mediators of inflammation constitute the in-
flammatory microenvironment in the MPNs. In addition to the presence of MPN driver
mutations, disease heterogeneity suggests that host factors likely shape the patho-
logic consequences of the presence of the MPN neoplastic clone.
Plasma/serum measurements of various cytokines and other soluble proteins

reflect inflammatory processes and could serve as noninvasive diagnostic or prog-
nostic tools for predicting disease evolution in patients with MPNs.1 Considerable
progress has been made on better understanding the genetic basis of the MPNs since
the discovery of major driver somatic mutations in Janus kinase 2 (JAK2),2–5 calreticu-
lin (CALR),6,7 and myeloproliferative leukemia virus oncogene (MPL).8–10 Despite this,
mutation-targeted and selective MPN therapies have been slow to exploit this knowl-
edge and remain challenging. One reason for this is significant disease heterogeneity
due to the effect of an altered microenvironment on disease pathogenesis. Thus,
applying broader approaches toward identifying novel biomarkers for disease moni-
toring and combined therapies will hopefully lead to better outcomes.
This review discusses the role of an inflammatory microenvironment as a driver of

clonal evolution in the MPNs, cytokine production in the MPNs, use of inflammatory
cytokines as diagnostic and prognostic tools, and the use of the inflammatory micro-
environment as a therapeutic target.

CHRONIC INFLAMMATION AS A CONTRIBUTOR TO THE DEVELOPMENT OF
MYELOPROLIFERATIVE NEOPLASMS

There is evidence supporting the notion that chronic inflammation precedes the devel-
opment of MPNs, thus creating a permissive environment for the expansion of the
mutant MPN driver clone. A prior history of an autoimmune disease is associated
with an increased risk of developing an MPN (odds ratio [OR] 5 1.2).11 A history of
inflammation mediated by an infection has also been associated with an increased
risk of myeloid malignancies; however, only a history of cellulitis was associated
with a significantly increased risk of an MPN (OR 1.34).12 Modifiable lifestyle factors
that lead to chronic inflammation may also play a role in the development of MPNs.
For example, smoking increases the risk of MPNs.13,14 Obesity has been associated
with an increased risk for multiple malignancies, including MPNs.14–16 This suggests
that aggressive treatment of autoimmune and inflammatory conditions and lifestyle
modifications aimed at reducing inflammation may be impactful to reduce one’s risk
of developing an MPN.
Nonmodifiable factors such as the patient’s germline predisposition also likely

contribute to the development of an MPN. Although MPN driver mutations are clearly
not inheritable, the predisposition to develop a somatic MPN driver mutation is. Inter-
estingly, first-degree relatives of patients with MPN have a 4- to 5-fold higher risk of
developing an MPN.17 The single nucleotide polymorphisms identified as being asso-
ciated with MPN include inflammasome-related genes18 and monocyte chemoattrac-
tant protein-1 (MCP-1),19 suggesting that the host’s immune milieu may contribute to
the genetic predisposition to acquire an MPN.

MYELOPROLIFERATIVE NEOPLASM SUBTYPE–SPECIFIC CYTOKINE SIGNATURES

Although MPN subtypes can share identical driver mutations such as JAK2V617F, the
resulting phenotype is variable. Just as other clinical MPN subtype–specific clinical
features, there seems to be subtype-specific cytokine signatures. A recent longitudi-
nal study of more than 400 patients20 identified specific inflammatory cytokine
signatures according to disease subtypes. Ten cytokines, including interferon gamma
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(INF-g), interleukin-1 receptor antagonist (IL-1RA), IL-6, IL-8, IFN-g–inducible protein
10 (IP-10), epidermal growth factor (EGF), eotaxin (CCL11), tumor necrosis factor-
alpha (TNF-a), transforming growth factor-alpha (TGF-a), and growth-regulated onco-
gene (GRO-a or CXCL1), were significantly altered and showed strong disease sub-
type specificity (Fig. 1). Specifically, primary myelofibrosis (PMF) was associated
with increased levels of TNF-a, IP-10, and IL-8, whereas TGF-a was unique to polycy-
themia vera (PV) and essential thrombocythemia (ET) presented with higher eotaxin,
EGF, and GRO-a levels.20

Another study measured plasma cytokine levels in patients with MPN, younger than
35 years, to identify possible subtype-specific biomarkers. Dickkopf-related protein 1
(Dkk-1) was found to be the most significantly increased protein in patients with MPN
compared with healthy donors.21 Plasma Dkk-1 levels normalized to platelet counts
were not significantly different between controls and ET but could discriminate ET
from pre-PMF, in both JAK2V617F and CALR mutant patients (Fig. 2).
The patients with PV exhibit an altered cytokine milieu with significantly higher levels

of IL-1RA, IL-5, IL-6, IL-7, IL-8, IL-12, IL-13, IFN-g, granulocyte-macrophage colony-
stimulating factor (GM-CSF), macrophage inflammatory protein-1alpha (MIP-1a),
MIP-1b, hepatocyte growth factor (HGF), IP-10, monokine induced by IFN-gamma
(MIG), MCP-1, and vascular endothelial growth factor (VEGF) compared with normal
controls.22 A comparative study of plasma cytokine profiles in PV and ET MPN sub-
types showed differentially elevated levels of IL-4, IL-8, GM-CSF, IFN-g, MCP-1,
platelet-derived growth factor (PDGF), and VEGF in ET as compared with PV.23

Fig. 1. MPN-associated cytokines and chemokines according to subtype. Dkk-1, Dickkopf-
related protein 1; EGF, epidermal growth factor; GRO-a, growth-regulated oncogene;
HGF, hepatocyte growth factor; IFNa, interferon alpha; IFNg, interferon gamma; IL-1RA,
interleukin-1 receptor antagonist; IP-10, IFN-g–inducible protein 10; MIG, monokine
induced by IFN-gamma; MIP, macrophage inflammatory protein-1; TGF-a, transforming
growth factor alpha; TNFa, tumor necrosis factor alpha.
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High levels of serum IL-8, IL-11, leptin, HGF, and MCP-1 have been reported in
PV,24,25 and IL-11 and HGF levels were correlated with neutrophil counts and hemat-
ocrit levels in patients with PV.25 Also, although IL-10 and IL-22 were increased in pa-
tients with both PV and ET compared with controls, IL-23 was selectively elevated only
in PV.26

Global cytokine analyses using human cytokine arrays showed increased TIMP-1,
MIP-1b, and insulin-like growth factor binding factor-2 in PMF patients with PMF but
notETorPV.27Serum IL-17wasalsoexclusively elevated inpatientswithPMFcompared
with healthy controls but not in patients with PV or ET.28 IL-17 is a marker of angiogenic
activity and is thought to enhance angiogenesis in the prefibrotic stage of PMF.28

In treatment naı̈ve patients, elevated cytokine profiles of GM-CSF, IL-1b, IL-4, IL-5,
IL-6, IL-10, IFN-a2, MIP-1a, IL-12, and TNF-a were observed in all 3 MPN categories
as compared with age-matched control subjects.29 MPN subset analysis also
revealed intra-disease variations, with PMF displaying additional cytokine modula-
tions such as increased IL-17A compared with controls; higher levels of IFN-g, IL-
12, IL-17A, and IP-10 in comparison to patients with ET; and elevated plasma levels
of IL-12, IL-4, and GM-CSF compared with patients with PV.29 JAK2V617F mutational
status was also associated with higher IP-10 levels in MF. Subsequently, although all
patients with MPN displayed an inflammatory status, PMF emerged as the highest
producer of cytokines and chemokines.29

Fig. 2. Overview of the inflammatory loop in MPNs. The neoplastic hematopoietic stem cell
(HSC) clone carrying the JAK2V617F, CALR, or MPL mutation secretes cytokines involved in
inflammation and differentiate into malignant cells of the myeloid lineage such as megakar-
yocytes, monocytes, and granulocytes. Together, these cells produce a host of cytokines
creating an inflammatory microenvironment, which in turn results in aberrant activation
and function of nonmalignant cells in the bone marrow and peripheral blood. MSC, mesen-
chymal stromal cell; NETs, neutrophil extracellular traps; PLAs, platelet-leukocyte aggre-
gates; vWF, von Willebrand factor.
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ASSOCIATION OF CYTOKINES WITH SPECIFIC DISEASE OUTCOMES

Specific cytokines are associated with specific disease outcomes, suggesting that
cytokine profiling could be useful clinically as predictive tools. A study involving 127
patients with PMF showed increased IL-1b, IL-1RA, IL-2R, IL-6, IL-8, IL-10, IL-12,
IL-13, IL-15, TNF-a, granulocyte colony-stimulating factor, IFN-a, MIP-1a, MIP-1b,
HGF, IP-10, MIG, MCP-1, and VEGF levels as well as decreased IFN-g levels
compared with normal controls. Treatment-naı̈ve subjects with PMF displayed
increased levels of IL-8, IL-2R, IL-12, IL-15, and IP-10, which predicted inferior sur-
vival. Association of phenotypic clinical features with cytokines included IL-8 with
constitutional symptoms, leukocytosis and leukemia-free survival, IL-2R and IL-12
with transfusion need; IP-10 correlated with thrombocytopenia, whereas HGF, MIG,
and IL-1RA corresponded with marked splenomegaly.30

Vaidya and colleagues22 assessed the disease phenotypic and prognostic rele-
vance of cytokine levels in PV and found that IL-12 levels correlated with hematocrit
levels, IL-1b with leukocytosis, and IFNa/IFNg with thrombocytosis. MIP-1b was
significantly associated with an inferior overall survival. A recent study found that
high levels of GRO-a was associated with an increased risk of transformation of ET
to MF. In addition, longitudinal sampling indicated decreasing EGF levels in patients
with ET strongly correlated with disease transformation risk.20

Bourantas and colleagues31 demonstrated increased serum beta-2-microglobulin,
IL-2, and soluble IL-2 receptor alpha (sIL-2RA) in patients with MPNs progressing to
advanced clinical stages. Panteli and colleagues32 observed that serum levels of IL-
2, sIL-2RA, and IL-6 were increased when PMF progressed to MPN-blast phase
(MPN-BP) and positively correlated with bone marrow (BM) angiogenesis, hence indi-
cating that disease progression is coupled with amplified inflammation and that cyto-
kine levels can be useful biomarkers to predict disease progression such as BM
angiogenesis.
Thus, measuring cytokines could potentially be leveraged as a tool for disease

monitoring and to provide parallel information in addition to genomic and clinical
data to predict disease progression/transformation.

CELLULAR COMPONENTS OF INFLAMMATION IN MYELOPROLIFERATIVE
NEOPLASM

Emerging evidence indicates that inflammation in the BM microenvironment and sys-
temic inflammation contribute to the development and progression of MPNs. Different
cell types act as mediators of inflammation in MPNs, including mutant and normal he-
matopoietic stem and progenitor cells, mesenchymal stromal cells, megakaryocytes,
monocytes, platelets, and endothelial cells. These cells produce numerous inflamma-
tory cytokines that act in an autocrine and paracrine fashion to provide a self-
perpetuating and permissive microenvironment for disease evolution, ultimately
resulting in BM fibrosis and transformation to MPN-BP.

Bone Marrow Hematopoietic Cells

The effect of MPN-driven mutations on inflammatory transcriptional programs and
cytokine secretion in hematopoietic stem and progenitor cells (HSPCs) can lead to
an inflammatory BM niche that supports the proliferation of mutant cells. The authors
observed increased circulating TNF-a in patients with MPN in comparison to healthy
controls and also demonstrated that mononuclear cells and CD341 cells from pa-
tients with JAK2V617F MPN unlike normal controls are resistant to the growth suppres-
sive effects of TNF-a while colony formation.33 Thus, the presence of JAK2V617F not
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only increases TNF-a secretion but also creates a favorable environment for MPN
mutant cell expansion.33 Similarly, lipocalin-2 is another molecule that has been
shown to be increased in the serum and conditioned media of BM mononuclear cells
from patients with MPN compared with controls.34 The presence of lipocalin-2 also
reduced the proliferation and colony-forming capacity of BM CD341 cells from pa-
tients without MPN or normal controls but not patients with MPN, thus providing a
relative growth advantage to MPN clones.34,35 Lipocalin was expressed by MF
marrow myeloid cells and not erythroid or megakaryocytic cells.35 BM neural death
has been associated with IL-1b released from mutant HSCs-reduced mesenchymal
stromal cells and allowed the uncontrolled expansion of mutant HSCs and disease
progression.36

Using single-cell technology to understand disease pathology in MF, Psaila and col-
leagues37 identified a megakaryocyte differentiation bias in early human multipotent
stem cells and strong expression of fibrotic mediators in megakaryocyte progenitors.
Furthermore, cell surface expression of G6B was specific to mutant HSPCs from pa-
tients with MF, thus identifying a potential selective target for MF HSPCs.37 CD341

cells from patients with CALR-mutations were profiled by integrating target genotyp-
ing with single-cell RNA sequencing. This technology revealed that the frequency of
CALR-mutated cells was higher in committed myeloid progenitors and megakaryo-
cyte progenitors, indicating increased fitness of the CALR mutation with myeloid dif-
ferentiation. Compared with wild-type HSPCs, an upregulation of NF-kB pathway
genes in undifferentiated mutant HSCs supports a cell-intrinsic role for CALRmutation
in NF-kB activation.38

Megakaryocytes in PMF possess an inflammatory and profibrotic secretome, which
is a major driver of BM fibrosis.39 The role of megakaryocytes in promoting inflamma-
tion has been reviewed separately in this edition and is not discussed here.

Mesenchymal Stromal Cells

BM mesenchymal stromal cells (also mesenchymal stem cells or multipotent stromal
cells (MSCs)) contribute to the maintenance of HSCs and normal hematopoiesis.
Leukemic myeloid cells remodel the BM niche into a “self-reinforcing leukemic niche”
that favorably supports leukemic stem cells but not healthy stem cells.40 Nestin-
positive MSC reduction was observed in the BM of patients with MPN and MPN
mouse models carrying the human JAK2V617F mutation due to IL-1b released by
mutant HSCs, resulting in a favorable environment for mutant HSC expansion.36

MSCs from patients with PMF are characterized by an increased secretion of TGFB,
BMP, and glycosaminoglycans and specific impairment of osteogenic abilities. Tran-
scriptome analysis identified a TGF-b signature in primary MF MSCs.41 Differentiation
of glioma-associated oncogene positive (Gli11) MSCs toward fibrosis-driving myofi-
broblasts was shown in mouse models of MF. Similarly, BM samples from patients
with MPN also showed an increased frequency of Gli11 cells and corresponded to
the severity of fibrosis by reticulin staining irrespective of JAK2V617 F or CALR muta-
tion status.42 Leptin receptor–expressing MSCs were also found to be expanded and
fibrogenic in a mouse model of MF.43

Monocytes

Mature hematopoietic cells in the peripheral blood are pivotal sources of increased
systemic cytokines in MPN. Classic CD141CD16� monocytes are a strongest pro-
ducers of cytokines including TNF- a, IL-6, IL-8, and IL-10 in MF.44 TNF-a is consis-
tently increased in all MPN subtypes and has an integral role in the clonal
expansion of JAK2V617F cells.33 The authors recently showed that primary monocytes
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from patients with MPN have extensive TNF-a production compared with normal con-
trols in response to stimulation due to a dampened response to the antiinflammatory
cytokine, IL-10.45 IL-10 receptor signaling via suppressor of cytokine signaling-3 was
found to be downregulated in patients with MPN. Interestingly, persistent TNF-a pro-
duction was observed in both unmutated and JAK2V617F monocytes indicating a non-
cell autonomous role for monocytes in MPN inflammation.45 Very recently,
CD561CD141 proinflammatory monocytes have been identified as a pivotal source
of GRO-a in patients with ET, thus creating an environment suitable for MPN disease
evolution.20

Granulocytes

Single-cell cytokine profiling of circulating granulocytes from patients with PMF
showed that several cytokines, including IL-6, IL-8, IL-10, IL-12, TNF-a, CCL2,
CCL3, and CCL5, were significantly increased compared with healthy controls.46

This was the result of an increased fraction of cytokine-secreting cells and the level
of individual cytokines per cell. The proportion of cytokine-secreting myeloid cells
was higher than the JAK2V617F-mutant allele burden, which suggested that nonmalig-
nant cells also contribute to cytokine production. Thus, aberrant inflammatory
signaling in MPN is not restricted to cell-intrinsic effects but also noncell autonomous
processes.46

The formation of neutrophil extracellular traps by neutrophils not only contributes to
innate immunity and host defense but also promotes thrombosis.47 Increased neutro-
phil activation has been reported in ET and PV with increased cell-surface CD11b
expression and circulating myeloperoxidase levels.48 Recently, Wolach and col-
leagues49 demonstrated that neutrophils from patients with MPN show increased
NET formation with a prothrombotic phenotype, which can be blocked by ruxolitinib.
Increased NET formation was associated with PAD4 overexpression in JAK2V617F PV
patient samples.49 Thus, premature neutrophil activation in MPN is a cell-intrinsic ef-
fect of the JAK2V617F mutation and is associated with thrombotic events. The authors
also demonstrated that N-acetylcysteine reduces NET formation in patients with MPN
and could be used as a potential antithrombotic in MPN.50

Platelets

Platelets play a role in innate immunity and inflammation in addition to their hemostatic
function and contribute to thrombo-inflammation in MPN.51 Thrombosis is a major
cause of mortality and morbidity in patients with MPN with several underlying mech-
anisms, including membrane alterations on red blood cells, activated platelets, acti-
vated leukocytes, platelet-leukocyte aggregates, and dysfunctional endothelium.
Systemic inflammation also plays a critical role in the development of vascular events,
as elevated high-sensitivity C-reactive protein is significantly associated with throm-
bosis risk in patients with PV and ET.52

Platelet interactions with neutrophils and monocytes in MPN triggers activation of
both cell types and stimulates inflammatory and thrombotic processes. We and others
have reported increased platelet-leukocyte aggregates in patients with MPN.50,53 We
also observed that MPN platelets can induce NET formation with normal and MPN
neutrophils without an external stimulus indicating that MPN platelets generate a pro-
thrombotic microenvironment.50 Platelet crosstalk with monocytes can also increase
cytokine synthesis and release because monocytes are already known to play an
important role in MPN inflammation.44,45 Inflammatory cytokines and reactive oxygen
species result in an activated and prothrombotic endothelium as observed by
increased von Willebrand factor and E-selectin levels.54 Recruitment of platelets
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and leukocytes to an activated endothelium results in a prothrombotic phenotype in
patients with MPN. Activated platelets themselves can act as immune cells by
releasing proinflammatory cytokines such as CCL5 and platelet factor 4 (PF4 or
CXCL4) stored in a-granules.55 Elevated cytokine levels lead to reciprocal activation
of platelets, thus driving the thrombo-inflammatory loop in MPN.

LOOKING AHEAD—HOW COULD WE INCORPORATE KNOWLEDGE OF THE
MICROENVIRONMENT TO AID IN THE CLINICAL CARE OF PATIENTS WITH
MYELOPROLIFERATIVE NEOPLASM?

Although our knowledge of the role of inflammation in patients with MPN is rapidly
expanding, we have yet to fully harness this knowledge toward improvements in diag-
nosis, prognostication, monitoring of disease progression or treatment, and use as a
therapeutic target.
Cytokine profiling remains relatively untapped as a clinical tool. MPN subtypes

seem to have unique cytokine profile signatures (see discussed earlier), and it is
conceivable that sometime in the future cytokine profiling could be incorporated
as a diagnostic tool to aid in delineating the MPN subtype. Moreover, cytokine
profiling could also possibly increase the accuracy of our prognostic scoring tools
in MPN. Not only could cytokines be leveraged to help predict general prognosis
but may be most helpful to identify patients at highest risk of specific outcomes
such as thrombosis. Moreover, cytokines could also possibly be used to help aid
in selection of drugs, for example, those who are most likely to benefit from JAK
1/2 inhibitors.
Targeting of specific microenvironmental offender cell types could be applied

therapeutically in MPNs. An example of targeting specific microenvironmental
cell subtypes involved in fibrosis is the drug PRM-151, which targets the differen-
tiation of fibrocytes, a cell type important for fibrosis.56 There are a multitude of
other potential targets, including GLI1 proteins on MSCs by GANT61,42 G6B on
mutant HSCs,37 PDGFRA signaling pathway in fibrosis,43 and reducing NETs and
platelet-leukocyte aggregates.50 A greater understanding of the intricate relation-
ship between inflammation and MPN disease pathogenesis will allow for more ac-
curate therapeutic targeting to achieve the much-desired goal of disease-
modifying therapy in MPN.
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CLINICS CARE POINTS

� Chronic inflammation is a characteristic feature of myeloproliferative neoplasm
(MPN).

� Reduction of inflammation is of clinical utility in MPN.
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Myeloproliferative
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BACKGROUND

Myeloproliferative neoplasms (MPN) are hematopoietic stem cell disorders with dys-
regulated production of mature myeloid blood cells including polycythemia vera (PV),
essential thrombocythemia (ET), and primary myelofibrosis (PMF). They were first
grouped together as an entity in 1951 by William Dameshek, suggesting that they
are driven by a so far undiscovered stimulus.1 Over the last 15 years, constitutive
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activation of JAK2-STAT signaling has been revealed as a common characteristic of
MPN owing to somatic mutations in the tyrosine kinase JAK2, the chaperone protein
calreticulin (CALR) or the thrombopoietin receptor MPL in the majority of patients2

(Fig. 1). In addition, the advent of modern sequencing technologies has enabled
detailed investigation of the genomic landscape of MPN. A set of additional mutations
frequently seen also in other myeloid malignancies, often co-occurs contributing to the
clinical phenotype, disease dynamics, and overall outcome3 (Fig. 2). In this review, we
provide an overview of the genetics in MPN, which by now provides us with helpful
diagnostic biomarkers4 and contributes to refined prognostication of several MPN
subsets.5,6 Importantly, the extensive characterization of the genetic basis has
revealed several promising candidates, which could serve as targets for novel,
mechanism-based therapeutic approaches, which represents a current need of pa-
tients with MPN.

SOMATIC DRIVER MUTATIONS MEDIATING CONSTITUTIVE JAK2-STAT ACTIVATION

The discovery of the JAK2 V617F mutation in 2005 by several groups using different
methodologies was a breakthrough for the field and initiated the era of genetic char-
acterization of MPN, which has progressed at a rapid pace.7–10 A somatic JAK2 V617F

Fig. 1. Somatic driver mutations in MPN activating JAK2-STAT signaling. (A) Approximate
frequencies of JAK2 V617F, JAK2 exon 12, CALR and MPL mutations in PV, ET, and PMF.
JAK2/CALR/MPL unmutated cases are referred to as triple negative MPN. (B) JAK2 V617F mu-
tations occur in association with EPOR and MPL in all MPN subtypes including PV, ET, and
PMF. JAK2 exon 12 mutations exclusively occur in association with EPOR in PV. CALR muta-
tions locate to exon 9 and occur in ET and PMF. MPL mutations are in exon 10 with missense
mutations affecting mostly residue W515 and occur in ET and PMF. Somatic driver mutations
in JAK2, CALR, and MPL converge on constitutively activated JAK2-STAT signaling. EPOR,
erythropoietin receptor; ER, endoplasmic reticulum; MPL, thrombopoietin receptor.
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mutation is present in the majority of patients with MPN, including 95% of PV and 50%
to 60% of ET and PMF (see Fig. 1, Table 1). The JAK2 non–receptor tyrosine kinase
essential for hematopoietic cytokine signaling via erythropoietin, thrombopoietin and
granulocyte colony stimulating factor receptors is constitutively activated by a G to T
transition in exon 14 mediating a valine to phenylalanine substitution at position 617 of
the protein. Functionally, the inhibitory effect of the JAK2 pseudokinase domain on the
kinase domain is abrogated.11 It results in the constitutive activation of JAK2-driven
signaling pathways, including STAT1, STAT3, and STAT5 transcription factors, as
well as the PI3K/AKT and the MAPK signaling pathway promoting proliferation, differ-
entiation, and survival of myeloid progenitor cells.12 The JAK2 V617F mutation ac-
quired at the level of hematopoietic stem cells is in line with the occurrence of
erythrocytosis, thrombocytosis, and/or leukocytosis in the peripheral blood.13 Howev-
er, the question how JAK2 V617F may induce the differential phenotypes of PV with
predominant erythrocytosis, ET with isolated thrombocytosis, and PMFwith increased
megakaryocytes, bone marrow fibrosis, and progressing cytopenias in patients dis-
playing the same V617F missense mutation in JAK2 is incompletely understood. It
has been shown that gene dosage and mutant allele frequency impact on the clinical

Fig. 2. Somatic mutations in genes broadly affected in myeloid malignancies occurring in
MPN. Somatic mutations in myeloid cancer genes are often co-mutated in MPN, particularly
in PMF. Epigenetic regulators involved in DNA methylation (DNMT3A), demethylation
(TET2), and in histone modification relating to the PRC2 complex (EZH2, ASXL1), as well
as factors involved in messenger RNA splicing (SRSF2, U2AF1, SF3B1, ZRSR2) are most
frequently affected. IDH1 and IDH2 mutations lead to accumulation of the oncometabolite
2-hydroxyglutarate instead of physiologic a-ketoglutarate, which interferes with TET2 func-
tion. Factors activating (RAS) or regulating (CBL, LNK/SH2B3) signaling as well as factors
involved in transcriptional regulation/DNA repair (TP53) are also found mutated. Mutations
in ASXL1, EZH2, IDH1/2, and SRSF2 (highlighted in red) are considered high molecular risk
(HMR) mutations, because they confer adverse prognosis, whereas mutations in TP53,
IDH1/2, and SRSF2 are enriched in blast-phase MPN. 5-hmc, 5-hydoxymethylcytosine; 5-mc,
5-methylcytosine; EPO erythropoietin; PRC2, polycomb repressive complex 2.
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presentation, because a low allele burden of JAK2 V617F rather presents as ET versus
higher mutational burden presenting rather as PV.14 Of note, it has been shown that
the MPN clone is often homozygous for JAK2 V617F in PV owing to a loss of hetero-
zygosity at chromosome 9p by uniparental disomy, whereas JAK2 V617F is mostly
heterozygous in ET.15 The concomitant presence of additional mutations as discussed
elsewhere in this article, as well as the order in which the mutations are occurring dur-
ing clonal evolution, may also impact the clinical picture.3,16

Subsequent sequencing efforts in JAK2 V617F–negative MPN revealed several
small insertions and deletions or missense mutations in exon 12 of JAK2 in 2007,
which occur exclusively in PV, accounting for 2% to 3% of patients, but not in ET
and PMF.17 Interestingly, JAK2 exon 12 mutated patients with PV preferentially pre-
sent with pronounced erythrocytosis in the absence of concomitant thrombocytosis
or leukocytosis, whereas JAK2 V617F rather is associated with an older age at diag-
nosis and erythrocytosis, often accompanied by neutrophilia and/or thrombocyto-
sis.18 The association of these specific JAK2 genotypes with differential PV
phenotypes has been recapitulated in preclinical models as well.19

Although JAK2 V617F or exon 12 mutations provide a genetic basis for the consti-
tutive activation of JAK-STAT signaling in the vast majority of patients with PV, a large
proportion of patients with ET and patients with myelofibrosis are negative for genetic
alterations in JAK2.12 In 2006, missense mutations in the thrombopoietin receptor
MPL, which signals through JAK2, were identified at position 515 in 4% of patients
with ET and 5% to 9% of patients with PMF, but not in patients with PV.20 Although
W515L represents the most frequent alteration in the MPL gene, W515K and rarely
others have also been reported and similarly induce constitutive activation of JAK2
signaling.21

After these exciting discoveries in 2005 to 2007, the genetic basis of JAK2- and
MPL-unmutated ET and PMF remained elusive for several years, leaving 30% to
40% of patients without a known driver mutation. The adaptor protein LNK (SH2B3)
and the Casitas B-lineage lymphoma proto-oncogene CBL, negative regulators of
JAK2, were found mutated in a relatively small proportion of patients, also leading
to JAK-STAT activation.22,23 Although LNK, an inhibitor of erythropoietin and thrombo-
poietin signaling, is mutated in 0% to 9% of patients with MPN, inactivating CBL mu-
tations interfere with ubiquitin ligase activity and induce prolonged activation of JAK2
signaling in up to 6% of PMF or secondary acute myeloid leukemia (AML). It was only
in 2013 that 2 groups reported another breakthrough discovery identifying a putative
driver mutation in 67% to 88% of the JAK2 and MPL wild-type MPN patients. By
applying whole exome sequencing to individuals with wild-type genotypes for JAK2
and MPL, both groups independently identified somatic mutations in CALR, an endo-
plasmic reticulum (ER) chaperone protein that has not been previously implicated in

Table 1
Approximate frequencies of somatic driver mutations in MPN

Mutation Frequency (%)

Molecular FunctionGene Location PV ET PMF

JAK2 V617F
exon 14

95 50–60 50–60 Non–receptor tyrosine kinase mediating
hematopoietic cytokine signaling

JAK2 exon 12 2–3 - -

CALR exon 9 <1 26 18–32 ER chaperone protein interacting
with thrombopoietin receptor MPL

MPL exon 10 <1 4 5–9 Thrombopoietin receptor
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cancer development.24,25 Under physiologic conditions, CALR is involved in the
appropriate folding of glycoproteins in the lumen of the ER containing a C-terminal
ER retention signal with a characteristic KDEL sequence.
CALR is also implicated in calcium homeostasis given its negatively charged C-ter-

minus facilitating calcium binding. Of the more than 35 CALR mutations identified, all
localize to C-terminal exon 9 and result in a 1 bp frameshift inducing a novel C-terminal
sequence. The 2 most frequent mutations accounting for 85% of the alterations
include a 52 bp deletion (CALRdel52, type 1) with 44% to 53% of patients and a
5 bp insertion (CALRins5, type 2) in 32% to 42% of patients. Alternative insertions or
deletions with lower frequencies account for the remainder (type 1 like or type 2
like). It rapidly became clear that the observed CALR mutations all interfere with the
distal ER retention signal via the altered C-terminal sequence, with the loss of the
typical negative charge and that activation of JAK2-STAT signaling as a common
feature of MPN was preserved also in CALR mutant MPN. Intense research efforts
over the last years have delineated how JAK2-STAT activation from mutated CALR
may occur and how the CALR chaperone may function as an oncogene in MPN.
Several elegant studies have shown that ER-located mutant CALR associates with
MPL, inducing aberrant activation of MPL-JAK2 signaling, whereas mutant CALR
would also leave the ER and associate with MPL at the cell surface.26–28 These find-
ings provide a plausible explanation as to why CALR mutant MPN phenocopy MPL
mutant MPN to large extents. Differential aspects relating to CALR as a driver include
the findings of more pronounced thrombocytosis, slightly lower hemoglobin levels,
presentation at a younger age, and a lesser incidence of thromboembolic events in
CALR versus JAK2 V617F mutant ET, which has implications for prognostication
and clinical management.29 In PMF, patients with a CALR mutant show a
more favorable prognosis as compared with patients with JAK2 V617F and MPL mu-
tations, which primarily relates to type 1 CALR mutations, with a significantly pro-
longed survival, making them a relevant parameter for modern, molecularly based
prognostication schemes in myelofibrosis.5,6,30,31

Although JAK2, CALR, and MPL mutations are mostly mutually exclusive in MPN
given their redundant effects with constitutive activation of JAK-STAT signaling, “dou-
ble hits” with 2 concomitant JAK2 mutations as, for example, JAK2 V617F and a JAK2
exon 12 mutation or JAK2 V617F with a concomitant JAK2 R1063H mutation, have
been reported, albeit rarely.3,32,33 Alternatively, concomitant CALR or MPL mutations
may also rarely occur, mostly in the setting of low allele burden JAK2 V617F. The
clonal architecture of such cases is not entirely clarified.
The insight into the genetic basis of MPN in the last 15 years now provides us with

information on somatic driver mutations in amajority of patients, because only approx-
imately 2% of PV and approximately 10% of ET and PMF are unmutated for JAK2,
CALR, or MPL. These “triple-negative” MPN require a particularly diligent diagnostic
workup, because reactive causes for a phenotype suggestive of MPN as well as alter-
native myeloid malignancies need to be carefully excluded. It has been reported that
triple-negative MPN tested positive for typical somatic driver mutations at low mutant
allele burden when resequenced using methodologies with greater sensitivity.3,32,33 In
addition, noncanonical somatic mutations in JAK2 and MPL have also been identified,
as well as germline variants, implying a familial basis of thrombocytosis or erythrocy-
tosis of nonclonal origin.32–34 Truly triple-negative ET have typically been found in
young, female patients with a benign prospect.3 In contrast, triple-negative PMF asso-
ciates with significantly poorer outcome as compared with CALR, JAK2, or MPL
mutant PMF, which show a more favorable prognosis in decreasing order. An adverse
prognosis of triple-negative PMF implies increased risk of progression as well as
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shortened overall survival and should be considered for decisions on clinical manage-
ment.30 With sequencing technologies rapidly moving forward, somatic driver muta-
tions in the triple-negative MPN might also be revealed.
Although the identification of the somatic driver mutations in JAK2, CALR, and MPL

has provided us with a set of biomarkers greatly facilitating the diagnosis of MPN, the
finding of constitutively activated JAK-STAT signaling resulting from each of these
driver mutations has posed a relevant target for therapy.2 Consequently, JAK2 inhib-
itors have been developed and 2 compounds, ruxolitinib and fedratinib, have entered
clinical use.35–38 Because these currently available JAK2 inhibitors, which bind to the
ATP pocket of the JAK2 kinase domain, are not selective for the JAK2 V617F mutant
form of the kinase, they are able to interfere with activated JAK2-STAT signaling not
just in JAK2 mutant, but also in CALR or MPL mutant patients, as well as in triple-
negative MPN. Of note, the recent findings on mutant CALR being exposed at the
cell surface could provide a therapeutic target specific to the MPN clone, which
may be addressable in the future.28

SOMATIC MUTATIONS IN GENES BROADLY AFFECTED IN MYELOID MALIGNANCIES

Several genes commonly mutated across myeloid malignancies were found to be
affected by somatic mutations also in MPN25,39 (see Fig. 2, Table 2). Overall, more
than one-half of individuals suffering from MPN carry accompanying mutations in
these myeloid cancer genes with increasing frequency at more advanced ages and
most prominently in PMF. Epigenetic modifiers and factors involved in messenger
RNA splicing are predominantly affected, whereas blast phase MPN shows character-
istic additional mutations.3

Epigenetic Modifiers

The DNAmethylation status of CpG islands modulating gene expression results from a
complex interplay of methylating and demethylating events. DNMT3A represents a de
novo methyltransferase prevalently mutated in AML, most commonly with the hotspot
mutation R882H. DNMT3A mutations were also frequently found in MPN with 3% to
15% in patients with PMF and up to 9% in patients with PV and patients with ET.40

A loss of DNMT3A function has been shown to occur early in MPN disease evolution,
typically before the acquisition of JAK2 V617F and to induce a clonal advantage with
overall expansion of the hematopoietic stem cell pool.39,41 The dynamics of clonal
evolution seem to relate to specific MPN phenotypes with PMF developing rather
from JAK2 V617F mutant clones with preexisting DNMT3A mutations, whereas
JAK2 V617F followed by late acquisition of genetic alterations in DNMT3A would favor
the occurrence of PV or ET.42

DNA demethylation occurs via the generation of 5-hydroxymethylcytosine con-
verted from 5-methylcytosine by TET2 found to be mutated in solid tumors and
myeloid malignancies. Also in MPN, TET2 mutations are prevalent and found in
7% to 22% of patients without a clear prognostic effect.43 Genetic alterations in
TET2 mediate expansion of the hematopoietic stem cell pool.44 Similarly to
DNMT3A, mutational order impacts clinical phenotype with patients acquiring
JAK2 V617F before a TET2 mutation presenting rather with PV or ET as compared
to patients acquiring JAK2 V617F afterwards.16 The observation that TET2 mutations
are mutually exclusive with mutations in the 2 isoforms of isocitrate dehydrogenase
IDH1 and IDH2 with largely overlapping DNA methylation and gene expression pat-
terns, has revealed their redundant functional effects. IDH1/2 mutations, initially
described in glioblastoma and AML, induce the accumulation of the oncometabolite
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a-ketoglutarate interfering with proper TET2 function.45 Of note, IDH1/2 mutations,
which are detected in 1% to 6% of patients with MPN, significantly impact prognosis
in PMF, with a higher risk for secondary AML, earlier transformation, and lower over-
all survival. In addition, IDH1/2 mutations are enriched in blast phase MPN occurring
in 19% to 31% of patients.46

The factors involved in histone methylation via polycomb repressive complex 2 are
also mutated in MPN, as for example, EZH2 and ASXL1, which mediate adverse prog-
nostic effects. Genetic alterations in EZH2, the enzymatic component of polycomb
repressive complex 2 mediating methylation at H3K27, are detected particularly in pa-
tients with PMF at 1% to 9%.47 Several studies demonstrated aggravating effects on
bone marrow fibrosis and observed EZH2 mutations to associate with adverse prog-
nosis and decreased overall survival.48,49 ASXL1, which is involved in mediating poly-
comb repressive complex 2 function, is mutated in 13% to 37% of patients with PMF
and 1% to 12% of patients with PV and patients with ET.50 Analogous to its adverse
prognostic effect in other myeloid malignancies, ASXL1 mutations are also unfavor-
able in MPN and associate with a poor outcome.51

Table 2
Approximate frequencies of additional somatic mutations in MPN

Class
Mutated
Gene

Frequency (%)

Molecular FunctionPV ET PMF

Epigenetic
regulation

DNMT3A 2–7 0–9 3–15 De novo DNA methylase
TET2 19–22 5–16 10–18 DNA demethylase
IDH1/2a 2 1 0–6 Isocitrate dehydrogenase

generating 2-HG
ASXL1a 3–12 1–11 13–37 Chromatin remodeling as

Polycomb group protein
EZH2a 0–3 1–3 1–9 PRC2 complex H3K27me3

methyltransferase
SUZ12 2–3 <1 2 PRC2 complex component

Messenger RNA
splicing

SRSF2a 3 2 8–18 Serine/arginine-rich splicing factor
U2AF1 <1 1 6–16 Spliceosome component
SF3B1 3 5 6–10 Splicing factor 3B protein complex

subunit 1
ZRSR2 5 3 4–10 Spliceosome component

Signaling N/KRAS 0–1 <1 3–4 Small GTPase activating MAPK
pathway signaling

CBL 1 1 4–7 E3 ubiquitin-protein ligase
regulating JAK2

SH2B3 (LNK) 9 3 3–6 Adaptor regulating hematopoietic
signaling incl. JAK2

PTPN11 <1 0–2 0–2 Protein tyrosine phosphatase
dephosphorylating RAS

Transcriptional
regulation

RUNX1 0–2 0–2 3–4 Transcription factor involved in
differentiation of
hematopoietic stem cells

NFE2 2–3 <1 0–3 Transcription factor involved in
myelopoiesis

DNA repair TP53 1 2–6 1 Transcription factor, cell cycle
regulator

PPM1D 1 2 1 Regulatory inhibitor of TP53

a High molecular risk (HMR) mutations.
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In addition to somatic mutations in epigenetic regulators modifying the epigenetic
landscape in MPN, JAK2 V617F itself has also been reported to mediate epigenetic
functions. JAK2 V617F phosphorylates the protein arginine methyltransferase
PRMT5, which is increasingly studied in different malignancies, including MPN.52,53

Additional reports have described the potential of JAK2 V617F to localize to the nu-
cleus impacting on histone H3 phosphorylation.54

Splicing Factors

Mutations in genes involved in messenger RNA splicing are frequent in myeloid malig-
nancies, particularly in myelodysplastic syndromes (MDS). Splicing factors are also
recurrently mutated in MPN with up to approximately 20% of patients with PMF
harboring genetic alterations in SRSF2, U2AF1, SF3B1 or ZRSR2 leading to mis-
splicing.55 Although SF3B1 is typically seen in MDS/MPN with ringed sideroblasts
and thrombocytosis and rather associates with a favorable prognosis in this setting,56

SRSF2 confers an increased risk for leukemic transformation and shortened overall
survival in patients with PMF.57

Signaling Molecules

Beyond the somatic driver mutations in JAK2, CALR, and MPL, additional signaling
molecules may also be subject to mutational events implicated in MPN pathogenesis.
RAS isoforms, including KRAS and NRAS, which are central drivers of MAPK pathway
signaling, represent well-established oncogenes not only in solid tumors, but also in
myeloid malignancies.58 Although AML particularly and certain MDS/MPN overlap
syndromes (eg, chronic myelomonocytic leukemia) recurrently show somatic RASmu-
tations, N/KRAS have also been found mutated in MPN,3,25,39 for which a relevance of
MAPK signaling has been established.59 Recent studies evaluating the significance of
RAS activation in myelofibrosis have shown somatic N/KRAS mutations in 6% of pa-
tients.3 They were typically subclonal relative to other, clonal genetic alterations and
associated with progressive disease and additional, high molecular risk mutations.
N/KRAS mutations predicted increased risk for leukemic transformation and signifi-
cantly shorter overall survival, which was improved in patients treated with the JAK2
inhibitor ruxolitinib.60

High Molecular Risk Mutations and Blast Phase Myeloproliferative Neoplasms

Concomitant mutations in myeloid cancer genes as discussed elsewhere in this article
play significant roles in determining MPN phenotypes, progression, and outcome.3

Although the sequence of mutation acquisition may determine the presentation of
PMF versus PV/ET as shown for TET2 and DNMT3A, several studies have demon-
strated adverse prognostic effects mediated by a greater overall number of mutations,
which often increase upon progression.39 Unfavorable outcomes have directly been
related with mutations in ASXL1, IDH1/2, EZH2, and SRSF2, which are therefore
designated as high molecular risk mutations and are increasingly implemented in
modern, molecularly-based prognostication schemes.55 In blast phase MPN, muta-
tions in IDH1/2 and SRSF2 are enriched and occur at an increased frequency.46,61

In contrast, JAK2 V617F is frequently lost upon transformation to blast phase MPN,
highlighting a clonal evolution from early subclones preceding JAK2 V617F or from in-
dependent JAK2 V617F negative clones.62,63 Of note, genetic alterations in the tumor
suppressor TP53 are seen in up to 35% of patients upon transformation. TP53 muta-
tions often herald blast phase when acquired in advancedMPN andmostly affect both
alleles via independent emergence of mutations or uniparental disomy at chromo-
some 17p.61
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GERMLINE GENETIC FACTORS INVOLVED IN MYELOPROLIFERATIVE NEOPLASMS

Familial clustering of MPN with 5% of patients with MPN having an affected family
member has suggested germline predisposition alleles, which increase the suscepti-
bility to acquire somatic MPN driver mutations.64 In 2009, several groups identified a
so-called 46/1 or GGCC haplotype still representing the strongest germline predispos-
ing factor for MPN today with 3- to 4-fold increased risk to develop sporadic or familial
MPN.65 The haplotype marked by several single nucleotide variants (as eg,
rs10974944) encompasses the JAK2 gene itself and the somatic JAK2 V617F has typi-
cally been found in cis with the predisposition allele.66 In addition, GWAS studies have
identified germline susceptibility alleles also in TERT, MECOM, TET2, and SH2B3
(LNK) genes.67 Although more prevalent risk alleles may promote the occurrence of
sporadic or familial MPN, rarer germline factors would more strictly associate with fa-
milial cases as, for example, variants in RBBP6 involved in p53 function.68 Importantly,
analyses of multiple pedigrees demonstrated analogous clinical manifestations, ge-
netic landscape, prognosis, and dynamics of progression for familial MPN as
compared with sporadic cases.69 In contrast, very rare germline variants with a high
penetrance, which are involved in erythropoietin and thrombopoietin signaling, have
been shown to mediate nonclonal, “MPN-like” diseases affecting only 1 myeloid line-
age with a benign prognosis and no prospect of transformation. Such germline muta-
tions in THPO, MPL, and JAK2 genes have been reported in hereditary
thrombocytosis, whereas variants in EPOR, EPO, SH2B3, VHL, EGLN1, and EPAS1
(HIF2A) are known in hereditary erythrocytosis and germline mutations in CSF3R in he-
reditary neutrophilia. These hereditary MPN-like disorders have been reviewed in
detail elsewhere.68

SOMATIC DRIVER MUTATIONS OF MYELOPROLIFERATIVE NEOPLASMS IN CLONAL
HEMATOPOIESIS

Somatic driver mutations of MPN, including JAK2 V617F, are not restricted to MPN,
but may occur in MDS, MDS/MPN overlap syndromes, and AML at lower fre-
quencies.70,71 Of note, the JAK2 V617F mutation has also been identified in clonal he-
matopoiesis of indeterminate potential (CHIP). This condition has gained increasing
interest in recent years and delineates a hematopoietic clone arising from a hemato-
poietic stem cell with a somatic myeloid cancer gene mutation in a healthy individual
with normal peripheral blood counts.72 Although first insights came from X-chromo-
some inactivation studies showing an age-dependent skewing of hematopoiesis,
modern sequencing methodologies have revealed clonal hematopoiesis character-
ized by somatic mutations in a greater than expected proportion of healthy persons.
CHIP turns out to be prevalent and represents an age-dependent process, with
0.6% of individuals younger than 60 years, but up to 19.5% of individuals greater
than 90 years of age presenting with clonal hematopoiesis. The most frequent are mu-
tations in DNMT3A, TET2, ASXL1, SRSF2, and SF3B1 followed by JAK2 V617F.73–76

Differential patterns have been described with DNMT3A and JAK2 V617F CHIP
observed already in young adults with an increasing prevalence at older ages,
whereas CHIP, characterized by splicing factor mutations as, for example, in
SRSF2, rather present after the age of 70 years with a high risk for evolution to a
myeloid malignancy.77

Why would JAK2 V617F CHIP matter? On the one hand, clonal hematopoiesis has
been associated with an increased risk for vascular events, including coronary heart
disease and ischemic stroke. This risk for vascular complications is particularly high
for JAK2 V617F mutant CHIP and has been shown to increase with CHIP clone

Genetics of Myeloproliferative Neoplasms 225



size.78 It is likely that JAK2 V617F CHIP cooperates with classic vascular risk factors
as hypertension, hyperlipidemia, diabetes, and smoking and may further promote
vascular complications. Thus, JAK2 V617F CHIPmay promote morbidity andmortality
in so far healthy individuals in the absence of overt MPN. On the other hand, similar to
CHIP with other myeloid cancer gene mutations, JAK2 V617F CHIP represents a pre-
malignant stage with an increased risk of developing MPN. A study in more than 4000
healthy individuals reported higher platelet counts in JAK2 V617F versus wild-type
CHIP, but still in the normal range, highlighting a propensity toward MPN develop-
ment.77 In a complementary approach, patients with JAK2 V617F mutant MPN with
an availability of blood samples several years before MPN diagnosis were studied,
which demonstrated JAK2 V617F CHIP in a majority of them.79 Of note, the dynamics
of clonal evolution were very variable between individuals ranging from an 0.36% to
6.20% annual increase of the JAK2 V617F allele burden, also among patients without
co-mutations in common myeloid cancer genes. The 46/1 haplotype promoted the
expansion of JAK2 V617F CHIP clones, but additional, as yet unknown factors are
likely to contribute to this process. Given the prevalence and clinical consequences
of JAK2 V617F CHIP, investigations into the biological processes driving clonal evo-
lution and progression to overt MPN as well as vascular complications in pre-MPN
and MPN phases are warranted.

CLINICAL SIGNIFICANCE OF GENETIC MARKERS IN MYELOPROLIFERATIVE
NEOPLASMS

In the last 15 years, the insight into the genetics of MPN has been substantially
extended and has started to immerse clinical practice at several levels including diag-
nosis, prognostication and therapeutic management.

Significance of Genetics for Diagnosis of Myeloproliferative Neoplasms

Although the World Health Organization implemented somatic JAK2 V617F, JAK2
exon 12, and MPL mutations promptly into its 2008 revision as a major diagnostic cri-
terion for MPN, CALR mutations were added to the updated version in 2016 (Table 3).
Thus, the somatic driver mutations, which constitutively activate JAK2-STAT signaling
in MPN, serve as helpful biomarkers in approximately 98% of patients with PV and
85% to 90% of patients with ET and patients with PMF, representing a mainstay of
MPN diagnosis. The prevalent co-mutations in myeloid cancer genes have also
been implemented to provide support in diagnosing the more challenging cases of tri-
ple negative PMF. The 2016 World Health Organization guidelines recommend to test
for ASXL1, EZH2, TET2, IDH1/2, SRSF2, and SF3B1 in triple-negative PMF to help
determining a clonal nature.4

The Significance of Genetics for Prognostication in Myeloproliferative Neoplasms

Much has been learned from the sequencing efforts in myeloid malignancies as to dif-
ferential effects of genetic alterations on the risk of transformation and overall
outcome. In MPN, a set of high molecular risk mutations, including ASXL1, EZH2,
IDH1/2, and SRSF2,55 which confer adverse prognosis, as well as mutations enriched
in blast phase MPN including IDH1/2 and TP53, have been delineated.57 In contrast,
mutations in CALR, particularly type 1, have been associated with favorable outcome
in ET and PMF.30 Although previous prognostication schemes for PMF, such as the
International Prognostic Scoring System (IPSS), the Dynamic IPSS, and the Dynamic
IPSS Plus have relied on clinical parameters and blood counts,80 novel prognostic
scoring systems are implementing the genetic make-up of MPN and are increasingly
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used. The Molecular IPSS70 adds genetic information on CALR and high molecular
risk mutations, as well as on the number of mutations to the classical prognostic fac-
tors to assess the urgency of allogeneic hematopoietic stem cell transplantation in pa-
tients up to 70 years of age.5 Rating the prognostic impact of genetics even higher, the
genetically inspired IPSS purely relies on genetic information including a subset of high
molecular risk mutations and mutations in CALR, as well as cytogenetic abnormalities
to predict outcome.6 The Myelofibrosis Secondary to Polycythemia Vera and Essential
Thrombocythemia Prognostic Model specifically assesses prognosis for secondary,
post-PV or post-ET myelofibrosis also implementing certain genetic factors81

(Table 4). Promising further developments for prognostication are under way as exem-
plified by personalized prediction tools based on large-scale genomic data, which will
be instrumental to individually assess the prognostic impact of a specific MPN pa-
tient’s comprehensive genetic profile3 (https://cancer.sanger.ac.uk/mpn-multistage).

Significance of Genetics for Myeloproliferative Neoplasm Therapy

Most importantly, the genetic characterization of MPN has initiated the era of targeted
therapies for these entities, as several genetic lesions are actionable. The identification
of JAK2 V617F as well as the observation that also CALR and MPL mutations induce
constitutive activation of JAK-STAT signaling has led to the development of JAK2 inhib-
itors. Although the JAK1/2 inhibitor ruxolitinib represents now a clinical standard of care
for the treatment of PMF and PV,35–37 fedratinib, a JAK2/FLT3 inhibitor, has recently
been approved.38 The fact that current JAK2 inhibitors are not selective for mutant
JAK2 turns out to be advantageous in the sense that activated JAK-STAT signaling in
CARL and MPL mutant patients is also addressed. However, JAK2 inhibition selective
for the MPN clone would be highly desirable to achieve more substantial disease-
modifying activity with decreased mutant clone sizes and efforts toward refined JAK2
inhibitors are ongoing.82 Adaptive changes of JAK2, MPL, or CALR mutant signaling
are also extensively explored as co-targets including, for example, MEK-ERK or
PI3K-AKT pathways.59 The increasing insight into the biology of mutant CALR exposed
at the cell surface holds potential as a target private to the mutant MPN clone, which
could be addressable.26 The genetic alterations in epigenetic and splicing factors could
also provide interesting targets for therapeutic intervention, particularly in patients with
JAK2 V617F–deficient founder clones or blast phase MPN with loss of JAK2 V617F.
Although hypomethylating agents or histone deacetylase inhibition with beneficial ef-
fects in AML are also being studied in MPN,83,84 PRMT5A or BRD4 inhibition represent
innovative approaches to epigenetic targeting with promising preclinical results.53,85 In
addition to single-agent approaches, combination strategies with JAK2 inhibition are
particularly explored aiming at increased efficacy of JAK2 inhibitor therapy. Important
open questions relate to the significance of specific co-mutational profiles for response
to targeted or conventional therapies.86 Comprehensive genetic characterization of
large treatment trials in MPN is desirable to evaluate which patient subgroups would
benefit from specific therapeutic approaches.

SUMMARY

Our understanding of the genetics of MPN has expanded at a rapid pace with substan-
tial impact on the way we diagnose, prognosticate and treat MPN. These develop-
ments are ongoing and will further refine our understanding of MPN pathogenesis
for example, in regard to clonal hematopoiesis as a pre-MPN state, as well as our abil-
ity to develop genetically guided, individualized treatment concepts for patients with
MPN.
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CLINICS CARE POINTS

� JAK2, CALR, and MPL mutations are present in approximately 98% of patients with PV and
85% to 90% of patients with ET and patients with PMF and represent a mainstay for
diagnosis of MPN according to World Health Organization criteria.

� In triple-negative MPN, evaluation for ASXL1, EZH2, TET2, IDH1/2, SRSF2, and SF3B1
mutations can assist to determine the clonal nature of the disease.

� Although CALR mutations associate with favorable prognosis in patients with ET and
patients with PMF, the presence of high molecular risk mutations, including ASXL1, EZH2,
IDH1,/2 and SRSF2, relate to an unfavorable prognosis in MPN.

� Genetic factors are increasingly implemented in modern prognostication schemes, including
the genetically inspired IPSS, Molecular IPSS7, and Myelofibrosis Secondary to Polycythemia
Vera and Essential Thrombocythemia Prognostic Model scores or novel personalized
prediction tools (https://cancer.sanger.ac.uk/mpn-multistage).

� The constitutive activation of JAK-STAT signaling by somatic driver mutations in JAK2, CALR,
and MPL provides a rational basis for JAK2 inhibitor therapy in patients with MPN.

� Novel targeted therapies, either as single agents or in combination with JAK2 inhibitors, are
currently being developed to provide improved treatment concepts.
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Epigenetic Dysregulation of
Myeloproliferative
Neoplasms

Andrew Dunbar, MDa,b, Young Park, MSc, Ross Levine, MDa,b,c,d,*

INTRODUCTION

Hematopoietic stem cells (HSCs) exist in a constant steady state, balancing self-
renewal with proliferative gene expression programs in response to various cell-
intrinsic and -extrinsic stimuli. Dynamic, reversable chromatin remodeling is essential
for maintaining this steady state to ensure proper cell fate determination.1 The domi-
nant mechanisms by which this epigenetic remodeling occurs, either by post-
translational modification of amino acid residues on histones or by methylation of
DNA at cytosine residues, ensure that hematopoietic demands are met while main-
taining the stem cell pool in response to stress.
It is perhaps not surprising then that mutations encoding the proteins involved in

chromatin remodeling, such as those modulating DNA methylation, for example,
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KEY POINTS

� Mutations of epigenetic modifier proteins occur frequently in myeloproliferative neo-
plasms and influence clinical outcomes and treatment response.

� Mutations of epigenetic modifier proteins are enriched in myelofibrosis; however, the
mechanisms of epigenetic dysregulation in disease progression remain poorly
understood.

� Emerging epigenetic therapies provide promise for the treatment of myeloproliferative
neoplasms, specifically myelofibrosis.
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ten-eleven translocation-2 (TET2), IDH, and DNA (cytosine-5)-methyltransferase 3
alpha (DNMT3A), as well as the histone modifiers enhancer of zeste homolog 2
(EZH2) and additional sex combs like 1 (ASXL1), are observed frequently across the
spectrum of hematologic malignancies.2 The aberrant DNA methylation and/or his-
tone modification patterns occurring as a result of these mutations lead to transcrip-
tional dysregulation, altered hematopoiesis, and, in many cases, enhanced
competitive HSC fitness and mutant clonal expansion. Often, these clones do not
evolve into overt hematologic disease but rather expand from a common ancestor
to dominate the hematopoietic hierarchy leading to a so-called clonal hematopoiesis.3

Interestingly, JAK2V617F, a major myeloproliferative neoplasm (MPN) driver, is itself
frequently observed in subclinical clonal hematopoiesis,4 suggesting that mutant cells
may lie dormant for years before manifesting as overt MPN. This finding further sup-
ports the notion that additional changes, including epigenetic alterations, are required
for the initiation and progression of disease.
In MPNs, mutations of epigenetic modifying proteins co-occur frequently with the

MPN driver mutations JAK2V617F, MPLW515L, and CALR. The presence of these muta-
tions is thought to further enhance the fitness of an already hyperproliferative mutant
clone expanded in response to constitutive JAK/STAT pathway activation. Recent
data reveal that epigenetic dysfunction in MPNs also enhances aberrant proinflamma-
tory cytokine signaling networks to promote a perturbed proinflammatory microenvi-
ronment favoring the mutant clone at the expense of normal hematopoiesis (and, in
turn, fibrotic progression).5 This might explain why epigenetic mutations are, in gen-
eral, enriched to a much greater degree in myelofibrosis (MF) than in the other MPN
subtypes polycythemia vera (PV) and essential thrombocythemia (ET).
Although considerable progress has been made over the last decade in our under-

standing of how epigenetic alterations cooperate with MPN driver mutations to pro-
mote disease progression, the specific ways by which chromatin alterations lead to
fibrosis remain unclear. The order in which mutations are acquired (epigenetic muta-
tion first, driver second, or vice versa) seems to influence this response. In addition,
there is also increasing evidence that JAK2 itself has important epigenetic regulatory
functions. Proinflammatory signaling pathways are also increasingly implicated in
fibrotic progression. Excitingly, however, these insights have helped to pave the
way for novel epigenetic therapies that increasingly show signs of promise for the
treatment of this heterogeneous disease.

EPIGENETIC DYSFUNCTION FROM ABERRANT JAK/STAT SIGNALING

JAK2 functions as a receptor tyrosine kinase, transmitting signals from the cell surface
by phosphorylating tyrosine residues on downstream effectors to stimulate gene reg-
ulatory programs important in cell division and differentiation.6 Constitutive JAK/STAT
signaling, occurring as a result of activating mutations of JAK2, CALR, or MPL, is a
hallmark feature of MPNs. Emerging data, however, highlight the noncanonical role
of JAK2 on the phosphorylation of important epigenetic mediators. Perhaps the
most critical example is the epigenetic regulation of JAK2 in the post-translational
modification of histones directly. In a seminal work, Dawson and colleagues7

observed that JAK2 itself can localize to the nucleus to phosphorylate residues on his-
tone H3 tyrosine 41 (H3Y41). The resultant alteration in chromatin structure disrupts
binding of the chromatin repressor HP1a to DNA leading to up-regulation of several
hematopoietic proto-oncogenes, including LMO2.
JAK2 has also been found to phosphorylate other proteins important for the epige-

netic regulation of DNA. PRMT5 is a methyltransferase that functions to adds methyl
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groups to arginine residues on various intracellular proteins, including histones, and
has an important role as a negative regulator of HSC division and differentiation.8

Liu and colleagues9 identified PRMT5 as a binding target of wild-type JAK2 that is
phosphorylated in the setting of JAK2V617F, leading to impaired PRMT5 methyltrans-
ferase activity, decreased global methylation, and enhanced HSC differentiation.9

More recently, JAK2 was also found to phosphorylate TET2, an important epigenetic
mediator of DNA methylation frequently mutated in myeloid disease. In patient sam-
ples, phosphorylation of TET2 by JAK2 promoted enhanced TET2 activity and, in
turn, decreased global methylation levels.10

A perturbed methylation state seems to be common in MPNs, particularly MF, inde-
pendent of any co-occurring mutation in an epigenetic modifying protein. Nischal and
colleagues,11 using targeted methylation assays to probe methylation profiles of neu-
trophils isolated from MPN patients, revealed an overall hypermethylation state in
MPNs in comparison with healthy cells, with patients with primary MF showing a
greater degree of global hypermethylation (as well as focal areas marked by hypome-
thylation) than patients with PV/ET. Similar findings were corroborated in a separate
study; however, less of a differential methylation effect was observed across MPN
subtypes.12 Recent studies comparing the methylomes of individual cell types from
patients with MF identified a distinct pattern of aberrant methylation changes in pa-
tients with ASXL1 mutations, particularly in areas marked by bivalent promoters13

(eg, areas primed for differentiation and exquisitely sensitive to a myriad of histone
marks), suggesting that ASXL1might have an important role in regulating DNAmethyl-
ation beyond its established role in polycomb-mediated histone modification.14

Finally, a separate study using whole methylation profiling of patients with MF identi-
fied aberrant methylation patterns enriched at enhancer regions suggesting a role of
altered cis-regulatory landscapes in MF.15 In support of this finding, in a separate
study by Kleppe and colleagues,16 chromatin immunoprecipitation profiling of
enhancer markers H3K4me1 and H3K27ac of megakaryocyte and erythroid progeni-
tor cells from a hMPLW515L adoptive transfer model of fibrosis confirmed dramatic
alterations in enhancer elements not observed in wild-type progenitors.16 These
changes were associated with greatly altered transcription, including enrichment in
an HP1a signature and the upregulation of proinflammatory tumor necrosis factor a
and nuclear factor kB (NF-kB) mediators, supporting an important role for these path-
ways in fibrotic development.

CO-OCCURRING EPIGENETIC MODIFYING MUTATIONS IN MYELOPROLIFERATIVE
NEOPLASMS

Genetic discovery studies of patients with MPN have revealed the depth and breadth
of somatic alterations across all MPN subtypes, reflecting the striking heterogeneity of
this disease at the molecular level. Mutations involved in the epigenetic regulation of
DNA are some of the most frequent co-occurring mutations in MPN and are associ-
ated with increased risk of progression to fibrosis and leukemia.17 Other mutations
frequently observed in MPNs, discussed elsewhere, include spliceosome modulators
(eg, SRSF2, SFB1, U2AF1),18 as well as transcription factors (eg, RUNX1, CEBPA,
TP53), and the signaling molecules NRAS/KRAS, CBL, and cKIT, among others.
Epigenetic mutations are enriched to a greater degree in MF over other MPN sub-

types (Fig. 1),19–23 supporting the notion that progressive epigenetic dysregulation
plays a critical role in fibrotic progression and development. Across multiple studies,
mutations of ASXL1, EZH2, and isocitrate dehydrogenase 1/2 (IDH1/2), as well as the
spliceosome modulator SRSF2, have all been shown to portend greater risk of fibrotic
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and/or leukemic progression with associated impairment in overall survival.19–23

Notably, the presence of 2 or more of these mutations co-occurring together seems
to correlate with particularly poor outcomes. In 1 study, the median overall survival
for those with 2 or more combined mutations was 2.6 years in comparison with 7 years
for those with just 1 mutation, and 12.3 years for those with no mutations.24 The pres-
ence of an ASXL1 mutation seems to confer a particularly high risk, with significant
enrichment in primary MF and in fibrosis evolved from an antecedent PV or ET.20

Importantly, ASXL1mutations, and to a lesser extent EZH2mutations, were also asso-
ciated with a decreased response to ruxolitinib inhibitor therapy,25 a finding similarly
observed in a more recent study also evaluating the alternative JAK2 inhibitor mome-
lotinib.26 These data suggest that ASXL1-mutant clones might be selected for in the
setting of JAK inhibitor therapy; however, this process remains yet to be functionally
dissected. Moreover, the presence of an ASXL1 mutation (as well as IDH1/2) was
shown in 1 study to be associated with worsened outcome and lower progression-
free survival after allogeneic stem cell transplantation27; however, these findings
were not corroborated in a more recent retrospective follow-up study,28 possibly as
a result of patient heterogeneity between the cohorts evaluated.
Importantly, the order in which mutations are acquired in MPN (ie, driver first, epige-

netic modifying second, and vice versa) has also been shown to influence disease
phenotype and clinical course. Certain mutations seem to be more likely to precede
JAK2V617F than to follow. Lundberg and colleagues29 and Grinfeld and colleagues,22

for example, each demonstrated that DNMT3A mutations were more likely to occur
before the acquisition of JAK2V617F, whereas IDH1/2 mutations were more likely to
occur after JAK2V617F.30–32 Similarly, other data suggest that, in contrast with de
novo acute myeloid leukemia (AML), ASXL1 mutations occur as a late event (ie,
following JAK2V617F).22,33 Importantly, TET2 can be acquired both early or late, and
the order in which JAK2V617 F versus TET2 is acquired influences disease phenotype.
Ortmann and colleagues34 demonstrated that patients who acquired TET2 first were

Fig. 1. Frequency of epigenetic modifying protein mutations across MPN subtypes.
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older at time of diagnosis and exhibited expansion of their HSCs with a tendency to-
ward an ET phenotype, whereas JAK2-first patients were younger at diagnosis, and
displayed more proliferative HSCs with an erythroid predominance and an associated
PV phenotype. This finding suggests that the mutational order might influence stem
cell biology and disease progression in MPNs. Although this process remains unclear,
the authors provide evidence to suggest that transcriptional changes occurring as a
result of the first mutation can influence the mutant cell’s response to the second.
Recent elegant work by Rodriguez-Meira and colleagues33 combining DNA muta-

tional and whole transcriptome analysis at the single-cell level has further highlighted
the transcriptional heterogeneity observed between various mutant subclones within
individual patients, including those with mutations in epigenetic-modifying proteins. In
addition to confirming the non–cell autonomous effects of mutant MPN clones on
gene expression patterns of surrounding wild-type HSCs, this study also revealed
howmutations in epigenetic modifying proteins can alter the transcriptional landscape
as the clone evolves. This result was evidenced in 1 patient in particular with multiple
individual MPN clones at various stages of evolution, including one with combined
JAK2V617F/EZH2 mutations. Distinct transcriptomic signatures were observed in the
JAK2V617F/EZH2 clone alone not seen with single-mutant JAK2V617F cells, with enrich-
ment in pathways involved in apoptosis, p53 signaling, hypoxia, and cell division.
These data provide further clarity in regard to how the addition of epigenetic alter-
ations might enhance clonal evolution over time.

PRECLINICAL MODELS OF EPIGENETIC MODIFYING PROTEINS IN
MYELOPROLIFERATIVE NEOPLASMS

To further uncover the mechanisms of epigenetic modifying proteins in MPNs and the
manner in which these mutations can cooperate with MPN driver mutations to
augment disease, several groups have explored different mutational combinations us-
ing various Jak2V617F knockin mouse model systems. Here, we explore our current un-
derstanding of the specific mechanisms of action of epigenetic modifying proteins in
the context of MPN.

Mutations in DNA Methylation Proteins: TET2 and DNMT3A

The methylation of cytosines in gene promoter regions is a highly dynamic process
and essential for the maintenance of steady-state gene transcription in HSCs. In gen-
eral, increased methylation of cytosines results in repression of gene transcription,
whereas the loss of methyl groups enhances transcription. In MPN, 2 frequently
mutated proteins involved in the methylation of DNA include those critical for the addi-
tion and removal of these methyl residues, specifically DNMT3A and TET2, respec-
tively. Mutations of DNMT3A impair normal DNMT3A activity and the addition of
methyl-groups (promoting a hypomethylation phenotype), whereas TET2 mutations
lead to loss of function and impairment in the removal of methyl groups (resulting in
global hypermethylation).2 Despite seemingly opposite effects on DNA methylation,
both mutated TET2 and DNMT3A models display a strikingly similar phenotype:
enhanced HSC self-renewal, impaired myeloid differentiation, and clonal expansion
on serial transplantation (Fig. 2).
The effect of Tet2 loss in the context of MPN has been explored using combined

Jak2V617F knockin and Tet2 knockout mouse models.35,36 Consistent with the
enhanced HSC fitness observed with tet2 loss alone, double-mutant Jak2V617F/Tet2ko

mice display expansion of long-term HSC and multipotent progenitor populations with
an enrichment in HSC gene signatures. In the model described by Kameda and
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colleagues,35 this translated to enhanced leukocytosis and a more pronounced
splenomegaly with an impaired overall survival of double-mutant mice in comparison
with single-mutant mice. More recently, Shepherd and colleagues37 analyzed the
gene expression profiles of Jak2V617F versus double-mutant Jak2V617F/Tet2ko cells
at single-cell resolution. They observed that Jak2V617F-mutant HSCs exhibit a hyper-
proliferative state exiting quiescence at a greater rate with defective self-renewal,
whereas Tet2-mutant HSCs displayed slower division with durable self-renewal. Com-
bined mutation resulted in a combinatorial effect whereby dual-mutant HSCs shared
both highly proliferative and durable self-renewal properties highlighting how 2 sepa-
rate cell programs, division and stemness, might cooperate in a potent way to prop-
agate disease.
To assess how Dnmt3A mutations augment Jak2V617F, Jacquelin and colleagues38

used a Jak2V617F/Dnmt3A–/– inducible Cas9 system in mice. Notably, the authors
observed a biphasic disease course in double-mutant mice not observed with
Jak2V617F alone, characterized by an early PV phenotype evolving to a myelofibrotic
phase after 7 to 9 months with associated dense reticulin fibrosis in bone marrow
and spleen, enhanced splenomegaly, and progressive bone marrow failure. Gene

Fig. 2. (Top) schematic of role of DNMT3A and TET2 in the addition and removal of methyl-
groups (lollipops) from DNA promoter regions respectively, and the role of IDH1/2 in oncome-
tabolite 2-hydroxygluterate (2-HG) synthesis. (Bottom) schematic of role of EZH2/polycomb
repressive 2 (PRC2) complex and ASXL1 in the placement of repressive methyl-marks on
H3K27 to silence gene transcription.
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expression data combined with methylome profiling and chromatin accessibility anal-
ysis revealed, in addition to enhanced HSC identify signatures of double-mutant cells,
an enrichment in proinflammatory signaling pathways including tumor necrosis factor
a via NF-kB. These findings confirm Dnmt3A loss alone is sufficient to engender
fibrotic transformation when co-occurring with Jak2V617F and supports the notion
that aberrant methylation may play an important role in the transcriptional dysregula-
tion observed in MF.

Mutations in IDH1/2

Somatic alterations of IDH1/2 represent a distinct subclass of epigenetic modifying
protein mutations observed in myeloid disease, including MPNs. IDH1/2 mutations
occur with regular frequency in de novo AML, but are also observed in 2% to 5% of
patients with chronic MPN.21,30,31,39 Activating missense substitutions of IDH1/2,
mostly commonly IDH2R140Q, results in gain-of-function activity and excess produc-
tion of the oncometabolite 2-hydroxyglutarate. Two-hydroxyglutarate has various
intracellular effects, including the inhibition of TET enzymatic function, which results
in a hypermethylation phenotype resembling in many ways that of TET2 loss of func-
tion.40 It perhaps is not surprising that IDH1/2 mutations are almost always mutually
exclusive of TET2 and that, like TET2, IDH mutant HSCs expand in vivo. A potent
myeloid differentiation block is also characteristic of IDH1/2 mutation, likely owing
to more diverse effects of 2-hydroxyglutarate on cell state beyond the regulation of
DNA methylation alone. Importantly, this differentiation block may explain why
IDH1/2 mutations are frequently present in de novo AML and are highly enriched at
time of leukemic progression in MPNs (up to 20%–25% in some studies).30–32

When combined with Jak2V617F, Jak2V617F/Idh2R140Q double-mutant mouse models
display enhanced leukocytosis, hematocrit, and splenomegaly with differentiation
block and increased immature progenitors consistent with the known effects of
IDH2 mutation.41 Of note, double-mutant cells were preferentially sensitive to the
IDH2 inhibitor AG-221 and exhibited reductions in mutant allele burden in response
to therapy—an effect that could be enhanced further when combined with ruxolitinib
therapy—providing a rationale for combined directed JAK2/IDH2 inhibitor therapy for
double mutant disease. Strikingly, however, leukemic progression was not observed,
suggesting that still additional factors are required to induce a transformation event.

Mutations in Histone-Modifying Proteins: Additional Sex Combs Like 1 and
Enhancer of Zeste Homolog 2

Post-translation modification of histones represents another critical regulator of chro-
matin structure and transcriptional state. Histones are subject to a wide array of
post-translational changes including phosphorylation, acetylation, methylation, and
ubiquitylation. These modifications alter the 3-dimensional structure of the histone
octamer allowing for the folding and unfolding of DNA, as well as the subsequent in-
duction or repression of gene transcription. The enzymes responsible for the deposi-
tion and removal of these various histone marks are numerous and act in a tightly
coordinated fashion to mediate appropriate gene transcription. Like DNA methylation,
aberrant modifications can alter this transcriptional balance to promote a clonal fitness
advantage of mutant cells.
The histone modifier proteins ASXL1 and enhancer of zeste homolog 2 (EZH2), both

named for their roles in homeotic gene regulation during Drosophila embryogenesis,
are frequently mutated in MPNs19–23 and are critical components of the polycomb
group of protein complexes. Polycomb proteins, specifically the polycomb repressive
2 complex (consisting of core components EZH2, EED, and SUZ12), are highly
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conserved across species and are responsible for the addition of methyl groups to
lysine residues on histone H3, specifically H3K27.42 Placement of these repressive
methyl “marks” promotes a closed chromatin state and the repression of gene tran-
scription (see Fig. 2). Ablation of polycomb repressive 2 activity then dampens this
repressive state, leading to the loss of the stem gene expression signatures necessary
for HSC maintenance. Of note, EZH2 also has been shown to interact and recruit DNA
methyltransferases to participate in DNA methylation, including DNMT3A,43 high-
lighting the significant cross-talk that occurs between these 2 seemingly disparate
epigenetic regulatory systems.
Conditional Ezh2 knockout alleles have been explored in the context of Jak2V617F

knockin mouse models by 3 independent groups.44–46 Remarkable concordance
was observed across all 3 studies. Combined Jak2V617F with Ezh2 loss resulted in
abnormal stem cell differentiation with impaired erythropoiesis and skewing and
expansion of the megakaryocytic lineage. Loss of the repressive chromatin mark
H3K27me3 leading to topological changes in chromatin structure was observed
consistent with the known effects of EZH2. Importantly, as in Jak2V617F/Dnmt3A–/–

knockout mice, fibrotic progression was also observed, along with the upregulation
of the proinflammatory genes S100a8/a9, TGFB1, and Hmg2A.45,46 Enrichment in
NF-kB expression signatures was also seen, once more highlighting the role of proin-
flammatory signaling, including NF-kB, in fibrotic progression.
Like EZH2, ASXL1 is a polycomb-associated protein important for the regulation of

genes involved in stem cell maintenance; however, its role in myeloid progression re-
mains incompletely understood. In addition to having activities to promote polycomb
repressive 2–mediated gene repression,47 ASXL1 also associates with BRCA1 asso-
ciated protein 1 to form the canonical polycomb repressive deubiquitinase complex
responsible for the removal of the repressive mark ubiquitin from histone H2A.14

Thus, ASXL1 seems to have both silencing and enhancing effects on chromatin struc-
ture. ASXL1mutations in myeloid diseases, includingMPN, are frequently nonsense or
frameshift mutations, which are hypothesized to lead to a truncated protein product. It
is unclear, however, if truncated protein product persists and acts in a gain-of-function
or dominant-negative fashion to suppress wild-type ASXL1 function, or if mutated pro-
tein is lost entirely (eg, by nonsense mediated decay) and thus functions as true loss of
function. Both knockout and truncating knockin mouse models of Asxl1 have been
developed with varying effects on HSC fitness, serial transplantation, and disease
phenotype,48–52 but in general promotes a myelodysplastic-like syndrome with defec-
tive erythropoiesis and impaired repopulation capacity. Importantly, evidence sug-
gests that the mechanisms driving polycomb dysfunction in the setting of perturbed
Asxl1might vary based on the specific knockout versus truncated protein knockin sys-
tem being evaluated, suggesting a more complicated, nuanced role for ASXL1 in the
modulation of chromatin structure.
More recently, Jak2V617F/Asxl1f/f knockout models have been evaluated to explore

effects of combined mutation in MPNs.53 In this study, the authors observed a spec-
trum of MPN phenotypes with a preponderance of MF or progression to fibrosis with
enhanced leukocytosis and expanded megakaryocytic/erythroid progenitor popula-
tions. Notably, transformation to acute leukemia was also observed in a subset of
mice. Transcriptional and chromatin analysis were not performed however, so it re-
mains unclear the degree to which combined mutation alters histone modification
and transcriptional changes. Regardless, these studies support the general high-
risk phenotype of combined JAK2/ASXL1 mutation observed in humans. Further
studies are required to more comprehensively identify the specific gene expression
programs involved.
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EMERGING EPIGENETIC MODIFYING THERAPIES FOR THE TREATMENT OF
MYELOFIBROSIS

With our improved understanding of the role of epigenetic dysfunction in disease pro-
gression in MPNs, there has been an increasing movement to explore novel epigenetic
modifying therapies. Here we explore these emerging therapies currently being eval-
uated for use in these diseases.

Hypomethylating Agent Therapy

As described elsewhere in this article, altered DNA methylation patterns are frequent
in MPNs and in other myeloid diseases and likely contribute to the dysregulated tran-
scriptional programs that promote mutant clonal expansion. Hypomethylating agent
(HMA) therapy, either with decitabine or 5-azacytidine, inhibits DNAmethyltransferase
activity and the addition of methyl groups to DNA, resulting in a global decrease in
genome methylation and, presumably, the restoration of key transcription programs
influencing cell growth and differentiation.54 Although HMA drugs have become a
mainstay in the treatment of myelodysplastic syndromes and de novo AML for pa-
tients unfit for intensive induction, limited studies evaluating single-agent HMA for
the treatment of chronic MF suggest only moderate effect.55 Retrospective series,
however, reveal some activity for HMA alone in the setting of accelerated- or blast-
phase disease,56 and a recent study evaluating combined HMA with ruxolitinib treat-
ment for treatment-naı̈ve chronic MF suggests a potential synergy between these 2
agents.57 In this study, 72% of participants ultimately achieved objective improve-
ments in spleen volume and/or symptom scores, and the combination was generally
well-tolerated. Of those who exhibited a spleen response, 95% demonstrated persis-
tent response at 4 years of follow-up, suggesting additive improvement beyond rux-
olitinib alone (when compared with historical COMFORT-I/II data).58 It should be
noted, however, that the majority of responses were observed in the initial period
on ruxolitinib, before the start of azacytidine, suggesting that ruxolitinib might be the
major driver of response. Still, 28% of participants demonstrated clinical improvement
after the addition of HMA suggesting that HMA might indeed have synergistic effects
in the setting of JAK inhibition.

Bromodomain and Extraterminal Domain Inhibitor Therapy

The bromodomain and extraterminal domain (BET) protein family binds to acetylated
histones to regulate a wide variety of genes implicated in cancer (ie, c-Myc, BCL-xL,
and CDK4/6).59 BET inhibitors impair the interaction of BET proteins to histones, lead-
ing to alterations in the chromatin state and subsequent gene transcription. As a result,
BET proteins have become a promising therapeutic target across the spectrum of
both liquid and solid tumors. In MPNs, Saenz and colleagues60 observed that treat-
ment of CD341 cells from post-MPN AML patients with combined BET 1 JAK inhibi-
tion resulted in enhanced cell apoptosis and growth arrest over either single-agent
therapy alone. Furthermore, recent important work by Kleppe and colleagues16

demonstrated that BET inhibitor therapy attenuates NF-kB signaling and synergizes
with ruxolitinib to abrogate fibrosis development in MPN animal models, and emerging
data suggest that the presence of EZH2 or ASXL1 mutations might sensitize cells to
BET inhibitor therapy.44,52 Given these findings, BET inhibitor therapy with or without
ruxolitinib is now currently under evaluation for the treatment of progressive MF. In a
recent phase I/II clinical trial, treatment with the BET inhibitor CPI-0610 in combination
with ruxolitinib resulted in a dramatic response in spleen volume reduction (67% of pa-
tients receiving combination therapy, as well as 35% of patients with CPI-0610 alone),
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and 52% of patients (including 38% of patients receiving CPI-0610 alone) reported a
more than 50% improvement in total symptoms scores as well.61,62 Notably, a
decrease in bone marrow fibrosis was also observed in 33% of patients across all
arms, suggesting potent disease-modifying activity. Based on these encouraging pre-
liminary data, a phase III trial of CPI-0610 plus ruxolitinib for untreated MF is now
currently underway.

LSD1 Inhibitor Therapy

LSD1 is emerging as a possible therapeutic target in MPNs. LSD1 carries enzymatic
function to remove methyl groups on histone lysine residues at active promoters.
LSD1 loss results in expansion of myeloid progenitor populations with impairment in
terminal differentiation, including megakaryocyte maturation,63 and has been found
to be overexpressed in patients with MF.64 Furthermore, LSD1 inhibition demon-
strated significant disease modifying activity in various preclinical mouse models of
MPNs.65 These findings have led to early phase evaluation of LSD1 inhibition for the
treatment of MF, including secondary MF. In a phase I/IIa trial of the LSD1 inhibitor
bomedemstat, a more than 50% symptom improvement was observed in 30% of par-
ticipants, with approximately 20%demonstrating amore than 35%decrease in spleen
volume.66 Improvements in bonemarrow fibrosis have also been observed in a smaller
percentage of patients.67 Based on these findings, a current phase IIb expansion
study remains on-going for high-risk MF (NCT03136185) and has been expanded
further to other MPN subtypes, including ET, for those having failed 1 previous stan-
dard therapy (NCT04081220).

Isocitrate Dehydrogenase 1/2 Inhibitor Therapy

IDH1/2 inhibition is an attractive target for IDH-mutant MPNs, highlighting the potential
role for combined mutation-directed precision therapy for specific MPN/post-MPN
AML genotypes. Given the enrichment of IDH1/2 mutations in post-MPN AML specif-
ically, there is a rationale for the use of IDH inhibitors for the treatment of IDH1/2-
mutated blast-/accelerated-phase disease. As such, clinical trials for advanced
IDH-mutant MPN, including post-MPL AML, are ongoing (NCT04281498), and recent
retrospective data evaluating IDH1/2 inhibitor use in the post-MPN AML setting sug-
gests some early promise.68

PRMT5 Inhibitor Therapy

Given the role of JAK2V617F in the phosphorylation of the arginine methyltransferase
PRMT5,9 there is a rationale for targeted PRMT5 inhibition in MPNs. In support of
this strategy, a recent study evaluating the PRMT5 inhibitor C220 demonstrated effi-
cacy in preclinical animal models, including improvements in bone marrow fibrosis
and overall decreases in the allele burden, possibly through the enhancement of
apoptosis and cell cycle arrest through E2F transcriptional activity.69 Given these find-
ings, PRMT5 inhibitors are also now currently being planned alone or in combination
with ruxolitinib therapy in clinical trials for the treatment of MF.

Histone Deacetylase Inhibitor Therapy

Histone deacetylases (HDACs) catalyze the removal of “active” acetyl groups from
histones and thus act to silence gene transcription. HDAC inhibitors have been
demonstrated to have a myriad of intracellular effects, including dampening the
repression of genes critical for DNA damage and repair and cell cycle regulation,
as well as enhancing protein degradation through acetylation of heat shock protein
90.70 As a result, HDAC inhibitors have been evaluated as anticancer therapy in a
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variety of liquid and solid tumor malignancies and are currently approved for use in
T-cell lymphomas and plasma cell disorders. In preclinical models of MPN, HDAC
inhibition preferentially induces apoptosis in JAK2V617F-mutant cells, including pri-
mary patient samples, possibly through the destabilization of mutant JAK2 as a
result of enhanced shock protein 9 activity,71–73 prompting the evaluation of HDAC
inhibitors for clinical use in MPNs. However, given the general lack of specificity of
current HDAC inhibitors for individual HDAC proteins, and the numerous (likely) pleo-
tropic effects of these agents, response rates have varied,74,75 and toxicity, primarily
hematologic, is frequently observed and a major cause of treatment discontinuation.
Notably, however, a recent study identified HDAC11 specifically as a key mediator of
aberrant megakaryopoiesis in MPNs, and genetic deletion of Hdac11 ameliorated
fibrosis and prolonged survival in MPN animal models,76 suggesting more selective
targeting of individual HDACs might enhance therapeutic efficacy while limiting off-
target effects.

SUMMARY

The enrichment of methylation/histone changes in MF compared with other MPN sub-
types underscores the importance of epigenetic dysregulation in fibrotic progression.
Emerging data highlight the role of aberrant proinflammatory signaling beyond JAK/
STAT in influencing fibrosis development. Evolving state-of-the-art technologies
allowing for the simultaneous detection of DNA mutation, gene expression, and chro-
matin state at the level of the single cell will provide granularity in ways never thought
possible. Already, these techniques are allowing us to better dissect how mutant
clones evolve and expand over time and how the acquirement of additional mutations,
in particular epigenetic modifiers, enhance clonal dominance. An improved under-
standing of how mutant cells influence gene expression changes in healthy bystander
cells to impair normal hematopoiesis and how aberrant cytokine production alters the
bone marrow microenvironment to promote fibrotic progression will be critical for
identifying even newer and more refined ways to treat this deadly disease.
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� Extended mutational analysis in MPNs provide important prognostic information.
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INTRODUCTION

Myeloproliferative neoplasms (MPNs), such as polycythemia vera (PV), essential
thrombocythemia (ET), and primary myelofibrosis (MF), are hematologic disorders
that have excess proliferation of myeloid blood elements with disease cells maintain-
ing the ability to differentiate. Through dedicated sequencing of patient samples,
disease-associated mutations in target genes have been identified and are used for
diagnostic and prognostic determination.1 In the case of MPNs, the associated ge-
netic changes have pointed to specific pathways that underlie disease biology. Using
mouse models of these genetic changes, investigators have gained understanding of
pathophysiology and therapeutic potential.

MOUSE MODELING

Although primary samples and tissue culture are used to study disease alleles, they
face limitations including the ability to investigate cellular differentiation and the micro-
environment in a physiologic context. To enhance research capabilities, mouse
models have been used throughout cancer research.2 One technique in hematologic
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KEY POINTS

� MPN models closely mirror human disease, validate driver mutations in MPNs, and asso-
ciate gene dysfunction with disease biology.

� MPN models confirm JAK2 pathway activation as central to MPN pathology with addi-
tional mutant genes in epigenetics, signaling, and cell-death that modify the disease
phenotype.

� MPN models are used for preclinical testing of therapeutics that can then be advanced
into clinical trials and for identification of new potential targets.
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malignancy studies is bonemarrow transplantation (BMT) (Fig. 1A). Bonemarrow cells
are transduced using a retrovirus that delivers the target gene and then transplanted.3

Multiple recipients can receive the same donor cells that can also be tracked. The
disadvantage is viral vectors integrate randomly into the genome and expression of
the target gene is nonphysiologic. Primary patient-derived cells (PDX) can also act
as donor cells in BMT models (Fig. 1B). To avoid immune rejection, immune-
compromised mice are used as recipients. Use of primary human cells has the clear
advantage of being the best source of disease cells themselves but are hampered
by variations between samples, difficulty in preserving primary cells, and the altered
environment in immune-compromised mice. In a transgenic model, the target gene
is integrated into the murine genome at a nonendogenous site (Fig. 1C).4 This provides
a consistent genetic model where regulation of the gene is under the same context.
Knockin mouse models use targeted gene recombination or editing to express the
mutant gene from the endogenous locus, under the control of the native promoter,
and thus, more faithfully modeling physiologic expression levels (Fig. 1D).

JAK2

Efforts from different groups led to the identification of the cytokine signaling compo-
nent Janus Kinase 2 (JAK2) as the most common mutation in MPNs. The first mouse
models to study JAK2V617 F used BMT to demonstrate that this gene functions as a
driver mutation.5,6 Mice transplanted with JAK2V617 F-transduced bone marrow cells
presented with a PV-like phenotype with increased hematocrit along with splenomeg-
aly, leukocytosis, and neutrophilia. Over time they developed MF, mirroring the spent
phase of PV with development of MF. Transgenic mouse models of JAK2V617 F also
developed MPN phenotypes.7–9 Because of the various promoters used to regulate
gene expression and different integration sites, the level of JAK2V617 F expression
differed across models. These models developed phenotypes ranging from thrombo-
cytosis that resembled ET to erythrocytosis resembling PV with associated leukocy-
tosis, suppressed Epo expression, splenomegaly, and evolution to MF.

Fig. 1. Mouse models of MPN. (A) Retroviral-BMT model. Bone marrow cells are derived
from a mouse and then transduced with a virus encoding a target gene. These cells are
then reinjected into recipient mice. (B) Patient-derived cells model. Disease cells are derived
from patient samples and then injected into immune-compromised mice. (C) Transgenic
model. Embryonic stem (ES) cells are targeted with a transgene that integrates into the
genome. Mice are then derived from these modified ES cells. (D) Knockin model. ES cells
are targeted with either recombination methods or gene editing methods to modify a spe-
cific endogenous locus of the target gene. Mice are then derived from these modified ES
cells.
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Investigators also developed conditional knockin models with JAK2V617 F.10–12

Again, these mice developed an MPN phenotype and had features similar to BMT
and transgenic models. Use of human JAK2V617 F or murine Jak2V617 F was asso-
ciated with variation in phenotype with heterozygous human JAK2V617 F developing
more ET phenotypes and homozygous human or mouse Jak2V617 F developing more
PV phenotypes. This suggests that the level of JAK2 activity may play a role in disease
physiology and mirrors the human disease condition where JAK2 mutations and ho-
mozygous mutant conditions are more common in PV than ET.13 Mouse models
have also been useful to understand more rare variants in JAK2 mutations.14 Trans-
genic mice that express human JAK2-N542-E543del, mirroring exon12 mutations,
developed elevated hematocrits, splenomegaly, and other MPN features.15

Analysis of these conditional mice also showed defects in the stem-progenitor
myeloid cell compartment. This defective hematopoietic stem cell (HSC) population
correlates with observations that identified the JAK2mutation in patient HSCs.16 There
has been some disagreement among the models as to whether mutation in JAK2 con-
fers a competitive growth advantage in stem cells. Single cell analysis of the stem cells
demonstrated decreased expression of important self-renewal regulators, such as
Bmi1.17 This agreed with other studies where transplanted mutant cells failed to out-
compete wild-type cells in BMT experiments.10 A knockin model that attempts to
address this issue used a promoter that led to mutant JAK2V617 F expression only in
a select number of HSCs in the bone marrow.18 These mice over time evolved from
an ET to PV phenotype and suggest that JAK2V617 Fmutant HSCs can gain a growth
advantage. The effect on stem cells is also supported by the observation of clonal he-
matopoiesis with JAK2V617 Fmutation in which a mutant clone expands.19

MPL AND CALR

After the identification of JAK2, other components of the cytokine signaling pathway
were deemed candidates in disease pathogenesis. Activated Mpl was identified early
on as the gene responsible for transforming HSCs by the myeloproliferative leukemia
virus.20 Sequencing efforts led to the identification of mutations in the thrombopoietin
receptorMPL in JAK2V617F-negative MPNs, specificallyMPLW515 L.21 The mutation
was most commonly found in ET patients, and retroviral transduction models
confirmed the oncogenic function of the mutant gene in ET-like disease.21

Using a more unbiased approach with next-generation sequencing, insertion and
deletion mutations in calreticulin (CALR) were identified.22 At first how CALR muta-
tions lead to MPN was not obvious because CALR was not a known component of
the cytokine signaling pathway. Using retroviral transduction BMT, transgenic, and
knockin mouse models, expression of the CALRdel52mutation led to thrombocytosis
and an ET-like phenotype with an increase in proliferation of megakaryocytes.23–25

These results confirm CALR mutations as driver mutations in MPN. By using donor
cells that were deleted for c-mpl, it was determined that MPL expression was essential
for CALR mutation to induce disease. Furthermore, simple deletion of a C-terminal
exon of murine Calr did not recapitulate the full extent of disease, suggesting that
the specific human neopeptide generated by the frame-shift mutation had functional
significance.26,27 Knockin mice with type I del52 mutant Calr developed ET-like dis-
ease with thrombocytosis particularly when the mutant gene was homozygous.28

The data suggest that type I CALRdel52 mutations may be associated with higher
levels of signaling and thus more aggressive phenotypes. These data supported a
model where a gain-of-function mutant CALR interacts with MPL and enhances signal
transduction from the receptor.
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PRECLINICAL TESTING

Besides functional genetic validation, mouse models have also been used to perform
preclinical testing. MPN models generated by JAK2V617 F andMPLW515 L were first
used to validate the utility of JAK2 inhibition and supported the development of ruxo-
litinib as targeted therapy.29,30 The authors show that inhibition with these agents
could decrease disease features, such as splenomegaly, bone marrow fibrosis,
thrombocytosis, and leukocytosis. By using mice that encode deletion of Stat5, it
was shown that when this pathway is disrupted, disease is largely attenuated.31 Dele-
tion of Jak2 in an MPLW515 L retroviral model also greatly attenuated disease.32

These models support efforts to target this pathway beyond ruxolitinib and the poten-
tial efficacy of more potent inhibition. For example, using a JAK2 inhibitor that binds to
an alternative site, investigators were able to reverse resistance developed with
ruxolitinib.33

These models have also been used to investigate additional therapeutic targets
beyond JAK2. Interferon-a was validated as an effective therapy.34 Targeting
HSP90 and HSP27 heat shock protein and their chaperone effect on JAK2 were stud-
ied as potential treatments in MPNs.35,36 The interaction of the JAK-STAT pathway
and programmed death ligand-1 pathway has also been studied, forming the basis
for potential studies with immunotherapy in MPNs.37

These models have been useful in testing combination therapies. In many studies
with JAK2 inhibitors, the mutant MPN clone is not eliminated and the mutant allele
burden persists in MPN models.38 The combination of a histone deacetylase inhibitor,
panobinostat was tested in combination with ruxolitinib.39 This led to greater treat-
ment response, and panobinostat itself has moved into clinical trials. MPN models
have been used to test dual signaling blockade, specifically combining JAK2 with
MEK inhibition.40 This stemmed from the observation that although JAK2 inhibition
was effective in inhibition MEK/ERK activation in vitro, it was less effective in vivo,
implying an alternative activation pathway observed in this model. Dual JAK and
MEK inhibition led to greater efficacy in this study.
These MPNmodels have been used to investigate pathways that may be implicated

in MF including vitamin D and transforming growth factor-b.41,42 Inhibition of AURKA
has also been proposed to be effective in treating MF through its effects on megakar-
yocyte differentiation.43 Using JAK2V617 F and MPLW515 L models, treatment with
AURKA inhibitor was able to reduce disease burden, increase megakaryocyte matu-
ration, and reduce pathogenic cytokines. This finding has been translated to clinical
trials studying AURKA inhibition in MF.44 Epigenetic therapy, such as bromodomain
inhibition, has been studied alone and in combination to target fibrosis in MPN
models.45,46 MPN mice treated with JQ1, a BET inhibitor, alone or in combination
with ruxolitinib showed signs of decreased fibrosis, prolonged survival, lowered cyto-
kine levels, and reduced self-renewal capacity of disease cells. BET inhibitor clinical
trials are in active investigation for MF.47

MPN models have also been used to investigate additional disease biology.
Mouse models were used to understand pathology of cytokine production from
stromal cells.48 These models have been used to study the bone marrow microen-
vironment and how MPN disease modifies stromal cells and the HSC niche.49,50

Mouse models have been used to study mechanisms of clotting defects that re-
lates to thrombosis risk. These models have described differential adhesion in
mutant cells.51 They have shown how platelet aggregation is defective in the
setting of MPN and increases the risk of bleeding.52 Jak2v617f mutation in endo-
thelial cells were shown to potentially contribute to thrombosis through P-selectin
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expression.53 Intrinsic defects in Jak2v617f mutant megakaryocytes and platelets
may contribute to thrombosis through responses to activating signals.54 Mouse
models of MPNs were also used to study how neutrophil extracellular traps lead
to thrombosis.55

EPIGENETIC MUTATIONS

Although murine MPN models have shown that mutation of a single gene is sufficient
to induce disease, sequencing of patient samples has identified additional mutations
that co-occur with those in JAK2, MPL, and CALR in greater than 50% of patients.56

Most of these genes fall within the class of epigenetic regulators, such as TET2,
ASXL1, DNMT3A, IDH1/2, and EZH2. Mutation in these genes has been shown to
affect processes including DNA and histone methylation. They are not specific to
MPNs but instead are found across the spectrum of myeloid malignancies including
myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML). Typically, a sin-
gle mutation in one of these genes is insufficient to induce overt myeloid disease.
Often they affect HSC function, such as providing a competitive growth advantage
or skewing their differentiation potential. To study this class of genes, investigators
have crossed mice to generate compound mutant mice to assess mutational
cooperativity.
TET2 acts as a 5-hydroxymethylase that leads to cytosine DNA demethylation.

Combining Tet2 and Jak2 mutations, HSCs gain competitive growth advantage and
have increased self-renewal, allowing disease to propagate in serial transplant exper-
iments.57,58 Specifically, these mice developed greater leukocytosis, splenomegaly,
and disease stem cell expansion. TET2 has also been shown to be a potential medi-
ator of JAK2V617 F activity, because specific tyrosines in TET2 are phosphorylation
targets of JAK2.59 Erythroid precursor cells isolated from MPN mouse models were
used to define specific genes that may be affected by activated TET2. Thus, haploin-
sufficiency of TET2 may influence JAK2V617 F activity.
EZH2 acts as member of polycomb repressive (PRC2) complex that leads to histone

methylation and gene silencing. Ezh2 loss in hematopoietic cells led to a variety of he-
matopoietic disorders including MDS, MDS/MPN overlap, and thrombocytosis.60

Combining Ezh2 with Jak2 mutations generates a more aggressive disease with
high platelet and neutrophil counts and advanced MF.61,62 The addition of Ezh2 mu-
tation also affected MPN HSC activity because limiting dilution assays demonstrated
that double mutant HSCs showed greater potency. Altered expression of genes regu-
lated by Ezh2 as marked by H3K27 methylation, such as Hmga2, and increased
expression of transforming growth factor-b1 may also contribute to megakaryocyte
pathology and MF. This tumor suppressive role has implications on the potential
use of EZH2 inhibitors in myeloid diseases.
Modeling of JAK2 mutation in combination with other additional mutations likewise

generated models of more advanced disease. JAK2V617 F and Asxl1mutation gener-
ated a more aggressive model with increased MF and increased risk of progression to
leukemia.63 This agrees with clinical findings that Asxl1 mutation is associated with
worse prognosis in MF.64 JAK2V617 F in combination with Dnmt3a deletion blocks
erythroid development and also induces fibrosis. Disruption of PRC2 complexes
affecting differentiation and increased inflammatory markers were determined to be
part of the disease mechanism.65 Mutations in IDH1/2 occur rarely in MPN. These mu-
tations are known to be gain-of-function that disrupt the activity of epigenetic regula-
tors. When JAK2V617 F mutation is combined with Idh2R140Q in a mouse model,
disease cells showed more aggressive phenotypes with blast-like cells.66
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Another class of genes mutated in MPNs encode factors involved in RNA splicing
including SRSF2, U2AF1, ZRSR2, and SF3B1. These mutations are rare in MPNs,
and mouse models demonstrate a range of effects.67–71 Pathways affected by aber-
rant RNA splicing have been identified including those regulating myeloid develop-
ment and HSC, such as those involving EZH2 and RUNX1.

SIGNALING, TRANSCRIPTION FACTOR, AND OTHER MUTATIONS

Mutations in signal transduction components other than JAK2 and MPL have also
been identified in patients with MPN. These include LNK, CBL, PTPN11, NRAS/
KRAS, and PPM1D.56 LNK is an adaptor protein that can negatively regulate
JAK2 signaling.72 When disrupted in mouse models, Lnk mutant mice develop an
MPN-like phenotype with increased in stem-progenitor cells, platelet counts, and
megakaryocytes.73–75 CBL is an ubiquitin ligase that regulates the stability and ac-
tivity of signaling proteins including receptor tyrosine kinases and JAK2. Mouse
models of CBL mutation lead to increased JAK-STAT signaling and enhances
HSC renewal.76,77 PTPN11 is a tyrosine phosphatase that regulates Ras/MAPK
signaling. Ptpn11 mutant mice develop stem-progenitor cells with hyperactive
signaling and leukocytosis with hepatosplenomegaly.78,79 Activated NRAS/KRAS
models develop a myeloproliferative disorder phenotype with elevated leukocytes,
inflammation, anemia, and hepatosplenomegaly.80,81 PPM1D is a downstream
target of TP53 that acts as a phosphatase, regulating the DNA damage response.
Ppm1d mutant mice demonstrated relative resistance to chemotherapy, which is
consistent with the observation that these mutations are more common in
therapy-related myeloid neoplasms.82

The transcription factor NFE2 is also mutated in a small proportion of patients with
MPN (w2%) with mutations typically resulting in truncated proteins.56 NFE2 regulates
myeloid differentiation, and murine BMT models develop increased counts in plate-
lets, erythrocytes, and neutrophils with overexpression of wild-type protein.83 In
mice with compound mutations combining JAK2V617 F and NFE2 mutation, a more
advance MPN develops.84

Mutations in TP53 occur in 2% to 4% of patients with MPN but are much more
frequent in post-MPN AML. Mouse models combining JAK2V617 F with Tp53 loss
led to an aggressive AML that demonstrated megakaryocyte-erythroid progenitor
dysfunction.85 Cell of origin studies from mouse bone marrow suggest that stem-
progenitor cells from various stages of differentiation can direct the type of disease
that develops, with leukemic potential arising from the erythroid cell lineage in the
setting of JAK2 and Tp53 mutation.86

Deletion in the long arm of chromosome 20 (20q) causing loss of heterozygosity has
been observed in MPN, suggesting the presence of one or more tumor suppressor
genes in this region.87 No definitive target gene has been identified but candidate
genes have been proposed by analyzing common and minimally deleted segments.88

Using mouse models that have deleted specific genes in this region, candidate genes
have been tested including Ptpn1, Stk4, and Mbyl2 with varying degrees of MPN
phenotype.89–92 It is also possible that more than one gene in this 20q region may
be responsible for the observed MPN association.

OTHER MYELOPROLIFERATIVE NEOPLASM DISEASE MODELS

Sequencing efforts have identified mutation profiles of other less common MPN diag-
noses including chronic neutrophilic leukemia and atypical chronic myelogenous leu-
kemia. Using a retroviral-BMT model, mutant CSF3RT618I was expressed in murine
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hematopoietic cells.93 These mice developed an MPN disease that mirrored chronic
neutrophilic leukemia with increased granulocytes and hepatosplenomegaly. The
model was also useful in preclinical testing by demonstrating that ruxolitinib is an
effective therapy by inhibiting JAK1/2 signaling downstream of the receptor.
Chronic myelomonocytic leukemia (CMML) is classified as a mixed MDS/MPN dis-

ease with features of both disease phenotypes. Mousemodels with mutations found in
MPN, such as CBL, TET2, and NRAS, can resemble CMML.94–97 Enhanced PDX ap-
proaches have also been developed by altering recipient mice. By engineering the
bone marrow microenvironment of mice to produce human cytokines that support
HSCs (granulocyte-macrophage colony–stimulating factor, interleukin-3, stem cell
factor), primary CMML samples have been more consistently engrafted into these
NSGS immune-compromised mice.98 These PDXmodels were then used to test treat-
ment with pacritinib, a kinase inhibitor targeting JAK2 and being studied for MPN trials.
Human bone marrow–derived mesenchymal stromal cells have been used to

generate ossicle-like niches in immunocompromised mice.99 These then become
sites to engraft a variety of primary human disease cells with greater efficiency. Intra-
tibial injection of MF cells into NSGS mice has also been successful to model individ-
ual patient disease and was able to identify existing subclones that were at risk of
evolving into acute leukemia and identify potential therapeutic targets.100

SUMMARY

Mouse models of MPNs have been guided by the identification of recurrently mutated
genes. These models have confirmed activation of JAK2 pathway signaling as central
to disease biology. They also show that disease is influenced by mutations in other
disease-modifying genes in epigenetics, signal transduction, cellular differentiation,
splicing, or cell-death. Although these mutations converge on similar pathways, the
disease phenotypes are clearly different as seen in patients and mouse models. The
levels to which the pathway is activated has an important influence on phenotypic out-
comes. The specific cell types affected, the signaling node onwhich themutation acts,
and the modifying mutations all affect outcomes. Questions remain on what drives the
rate of progression, particularly evolution to MF and acute leukemia transformation.
More careful dissection of these models may lead to greater insights into these pro-
cesses. What has been remarkable is how closely these murine models have mirrored
human biology. Treatments that show promise in preclinical models have advanced to
clinical trials. With improved mouse models and more in-depth analysis, much more
can be learned regarding disease biology and contribute to improved treatments for
MPN.

CLINICS CARE POINTS

� Preclinical testing in mouse models confirms activation of the JAK pathway in
MPNs and the efficacy of JAK2 inhibitors such as ruxolitinib.

� The strength of JAK pathway signaling and specific cell type affected may deter-
mine the phenotype (whether PV, ET, or MF) that results from driver mutations.

� More than half of all MPN patients may have other mutations or chromosomal ab-
normalities in addition to JAK2, MPL, and CALR. As observed in modeling,
particular mutations such as ASXL1 may portend more aggressive disease and
worse prognosis.

� Based on modeling studies, additional targets are being invested in clinical trials
to treat MPNs, including TGF-b, BET, MEK, and additional JAK inhibitors.
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Important Pathologic
Considerations for
Establishing the Diagnosis of
Myelofibrosis

Mohamed E. Salama, MD

INTRODUCTION

Primary myelofibrosis is a clonal stem cell disorder that is recognized as a distinct en-
tity within the broader World Health Organization (WHO) myeloproliferative neoplasms
(MPN) category, which also encompasses polycythemia vera (PV) and essential
thrombocythemia (ET). Primary myelofibrosis is further subclassified into “prefibrotic”
(pre-PMF) and overtly fibrotic primary myelofibrosis (PMF).1 To render a diagnosis of
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KEY POINTS

� The 2017 World Health Organization diagnostic criteria for primary myelofibrosis empha-
sized the relevance of histopathology and introduced scoring schemas for reticulin -
collagen fibrosis and osteosclerosis.

� Despite this notable progress, histopathologic evaluation of myelofibrosis suffers some
level of inconsistency related to interobserver variability and preanalytical variables. Cen-
tral pathologic review for multicenter clinical trials is well established as an important qual-
ity control measure to mitigate inconsistencies in interpretation.

� Next-generation sequencing provides diagnostic and prognostic implications and can
serve as a guide for selection of myelofibrosis (MF) patients for participation in clinical
trials.

� There is increasing evidence that the clinical features and outcomes of PMF and post–
polycythemia vera–MF and post–thrombocythemia-MF differ, providing a rationale for
their identification.

� Secondary nonneoplastic causes of MF might be associated with a more favorable prog-
nosis than PMF, emphasizing the need for establishing an accurate diagnosis in order to
pursue appropriate prognostication and risk-adapted therapy.
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pre-PMF or PMF, one must satisfy all major criteria and at least 1 minor criterion ac-
cording to 2107 WHO revision for classification of hematopoietic neoplasms.2 Overt
myelofibrosis may also occur during the clinical course of a subset of ET and PV pa-
tients, which are diagnosed as post-ET and post-PV myelofibrosis (MF), in accor-
dance with the International Working Group for MPN Research and Treatment
(IWG-MRT) criteria (Table 1).
WHO emphasizes the role of morphology and histotopography of megakaryocytes

(MK) in the classification of MPN. As such, histologic examination of peripheral blood
smear and adequate bone marrow (BM) biopsy is indispensable for making the diag-
nosis of myelofibrotic disorders. In this review, the author highlights important pitfalls
and pathology diagnostic considerations.

Discussion

Diagnosis of myelofibrosis
A classic picture of peripheral blood smears from a patient with PMF will show leu-
koerythroblastosis with dacrocytes (tear droperthrocytes) and anisopoikilocytosis.
Leukoerythroblastosis is a manifestation of extramedullary hematopoiesis and is char-
acterized by the presence of erythroid precursors, myeloid left shift with notable
blasts, and teardrop cells in the peripheral blood. The number of circulating CD341

blasts are generally higher in PMF compared with other MPN; however, blasts appear
in large numbers in the peripheral blood in PMF patients only in later stages of the dis-
ease. It is important to keep in mind that the etiologic causes of a leukoerythroblastic
blood picture are diverse and have been described in hematologic disorders, including
hemolytic and megaloblastic anemias, infections, metastatic cancers, and other he-
matologic malignancies.3 In contrast to PMF, the peripheral blood smear in pre-
PMF might not display overt leukoerythroblastosis.2

The BM histopathology examination entails microscopic evaluation of cellularity,
lineage proliferation or reduction, and atypical morphology, along with quantification
of blasts, fibrosis level, and osteosclerosis. Typically, the BM biopsy of PMF shows
clear-cut reticulin fibrosis (ie, fibrosis grades 2 and 3). The BM is often hypercellular
with increased MKs and granulocytic proliferation. However, cellular variability is not

Table 1
The International Working Group for Myelofibrosis Research and Treatment criteria for
diagnosis of postessential thrombocythemia and postpolycythemia vera myelofibrosis

Post-ET MF Post-PV MF

Required criteria Documented previous diagnosis of
ET according to WHO criteria

Bone marrow fibrosis grades 2–3
(on a 0–3 scale)

Documented previous diagnosis
of PV according to WHO
criteria

Bone marrow fibrosis grades
2–3 (on 0–3 scale)

Additional criteria Anemia and a <2 g/dL decrease in
hemoglobin level

Leukoerythroblastic peripheral
blood picture

Increasing splenomegaly
Development of �1 constitutional

symptoms
Increased LDH

Anemia or sustained loss of
requirement for phlebotomy

Leukoerythroblastic peripheral
blood picture

Increasing splenomegaly
Development of �1

constitutional symptoms

Diagnosis of both post-ET MF and post-PV MF must meet both required criteria and at least 2
additional criteria
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uncommon with normocellular or hypocellular areas of the biopsy. MK are conspic-
uously atypical and are arranged in tight clusters with juxtaposed cell surface without
intervening hematopoietic marrow cells. MK typically will show variability based on
the size of their cytoplasm. MK nuclei are bulbous (“cloudlike”), and hypolobated
with dysmorphic and bizarre forms (Fig. 1). Denuded and bare nuclei with
condensed chromatin are common. The BM in pre-PMF typically shows hypercellu-
larity, with increased granulocytes and atypical MKs but without a significant in-
crease in reticulin and/or collagen fibers (ie, fibrosis grades 0 and 1).
Erythropoiesis is often reduced. The identification of atypical MK morphology and
histotopography is fundamental for the recognition of pre-PMF. MKs form dense
clusters and are frequently adjacent to the BM vascular sinuses and bone trabec-
ulae. In addition, MKs will show variability in size and shape and will include hyper-
chromatic, bulbous, cloudlike, or balloon-shaped nuclei. Small forms are common
and often require immunohistochemical staining with megakaryocytic markers,
such as CD61 for visualization.
One notable improvement in revised 2017 WHO classification is the ability to distin-

guish pre-PMF from true ET. This distinction is important given that pre-PMF has a
different predicted survival and progression rate as compared with ET. In contrast
to pre-PMF, the MKs in ET are characteristically large with hyperlobulated nuclei (“sta-
ghornlike”) and are arranged in loose clusters. Despite this notable progress, signifi-
cant limitations and pitfalls exist and are discussed herein.

Pitfalls in grading of fibrosis, collagen deposition and osteosclerosis
MF is a collectively descriptive term that is used to label fibrotic changes affecting the
BM in patients with PMF, post-PV, and post-ET MF as well as other nonneoplastic
conditions. Patients with PMF, post-PV MF, and post-ET MF often have clinical sim-
ilarities as well as indistinguishable histomorphologic BM findings particularly with
marked fibrotic changes. However, distinct cytogenetic abnormalities and histomor-
phologic characteristics related to the underlying disease can provide support for their
discrimination. The hallmark of all MF entities is increased density of reticulin fibers,
along with increasing amount of collagen deposition and progressive osteosclerosis.
It is important to stress the importance of assessing both reticulin and collagen depo-
sition, as both are required to construct a comprehensive assessment of stromal
fibrosis composition and extent.4 Typically, reticulin fibers are visualized using silver

Fig. 1. (A) The histologic section from BM biopsy shows characteristic MF clues, including
cell layering, increased MK, and dilated sinuses with intrasinusoidal hematopoietic cells (he-
matoxylin and eosin [H&E] stain, original magnification �200). (B) This high-power magni-
fication shows MK with hypolobated and bulbous nuclei arranged in tight cluster with no
intervening hematopoietic cells (H&E stain, original magnification �500).
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impregnation methods, such as Gomori stain; however, collagen deposition is
assessed using Masson trichrome staining of core biopsy sections.
The harmonized BM reticulin fibrosis grading system adopted by the WHO (Fig. 2,

Table 2) enabled a high degree of reproducibility between pathologists.2,4,5 However,
the system suffers from some level of inconsistency related to the heterogeneity of
fibrosis within a BM biopsy section and variations related to staining or other preana-
lytical variables, such as fixation and decalcification techniques. Reports that address
these limitations are scarce. A recent consensus study for THE evaluation of reticulin
fibrosis noted the frequent heterogeneity of fibrosis patterns and recommended the
final score to be determined based on the highest grade present in at least 30% of
the BM area. This approach improved reproducibility of fibrosis scoring from 76.2%
to 83% between hematopathologists.2,4

Pitfalls to watch for in the assessment of reticulin fibrosis include assurance of
adequate core biopsy size (1.5-cm core length), avoiding areas with significant crush
artifacts, and insuring appropriate section thickness. Thick sections can lead to over-
estimation of fiber density. A staining of another section is warranted in cases with
observed overstaining or weak staining. Clues to overstaining are distinct framing of
adipocytes or dark precipitation, and inadequate weak staining can be inferred by
the lack of internal perivascular control staining.4

The 2017 WHO grading system for MF did incorporate a scoring schema for
collagen fibrosis and osteosclerosis.2 This modification is a significant addition to
the grading of MF, as it showed an overall hematopathologist agreement of 88.4%

Fig. 2. Reticulin-stained sections showing MF scoring with reactive internal control as noted
by blood vessel wall staining and dispersed linear fibers without crossover indicating MF-
0 score (A). Loose meshwork of reticulin fibers with conspicuous crossover, MF-1 (B). Retic-
ulin fiber density is markedly increased with diffuse and extensive intersection. Focal areas
of thick fibers representing collagen depositions along with focal osteosclerosis could be
recognized in these cases. MF-2 (C). There is increased reticulin fiber density with diffuse
and extensive intersection, but with notable course and thick bundle of collagen along
with significant osteosclerosis, MF-3 (D). (Silver stain, original magnification �200).
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and 92.6%, respectively.4 Collagen deposition scoring takes into account either a
local or an extensive deposition of collagen fibers in the BM space because of the
employment of the 4-grade system (Fig. 3).2–4 Scoring of osteosclerosis is also based
on a 4-grade system reflecting the level of formation of new bone and trabecular thick-
ness (Fig. 4).2–4 Significant collagen deposition and osteosclerosis are associated with
greater degree reticulin fibrosis, which remains the most significant biologic factor in

Table 2
World Health Organization 2008 criteria for semiquantitative bone marrow fibrosis grading

MF-0 Scattered linear reticulin with no intersections (crossovers) corresponding to
normal bone marrow

MF-1 Loose network of reticulin with many intersections, especially in perivascular
areas

MF-2 Diffuse and dense increase in reticulin with extensive intersections,
occasionally with focal bundles of thick fibers mostly consistent with
collagen and/or focal osteosclerosis

MF-3 Diffuse and dense increase in reticulin with extensive intersections and
coarse bundles of thick fibers mostly consistent with collagen, usually
associated with osteosclerosis

Fiber density should be assessed in hematopoietic (cellular) areas.
Adapted from Thiele J, Kvasnicka HM, Tefferi A et al. Primary myelofibrosis In: Swerdlow SH,

Campo E, Harris NL, et al (eds). WHO Classifications of Tumours of Haematopoietic and Lymphoid
Tissues 4th edn. IARC Press: Lyon, France, 2008, pp 44–47.

Fig. 3. Collagen stain sections showing collagen deposition scoring system. (A) Grade 0: only
positive staining is depicted in the wall of the blood vessel, indicating adequate internal
control. (B) Grade 1: Note only focal central collagen deposition without connecting mesh-
work. (C) Grade 1: More prominent central and paratrabecular deposition of collagen with
focal bridging fibrosis. (D) Grade 3: There is diffuse effacement by collagen bundles replac-
ing most BM hematopoietic space (Masson trichrome stain, original magnification �200).
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grading. The potential use of computer-assisted image analysis and infrared spectro-
scopic imaging as tools for quantitative assessment of trabecular volume and osteo-
sclerosis grading has been reported.6,7

Assessment of treatment impact by bone marrow histomorphology in clinical trials
Assessment of treatment impact by BM histomorphology continues to represent an
area of unmet need. The simplified WHO scoring system for reticulin fibrosis, collagen
deposition, and osteosclerosis has contributed significantly to the standardization of
MF evaluation; however, this system remains subjective because of some level of
interobserver inconsistency. This subjectivity is particularly conspicuous during quan-
tification of BM histopathology changes in sequential biopsy examinations for assess-
ment of disease progression or treatment efficacy as a surrogate endpoint in clinical
trials. Central pathology review for multicenter clinical trials is well established as an
important quality control measure to mitigate for these inconsistencies.8,9 The chal-
lenge was confirmed by the fair overall rate of agreement (low kappa statistic of
0.27) between the local pathologist and central pathology review MF grade assign-
ment in 261 MPN patients from 3 clinical trials.8

Successful application of the 2017 WHO consensus-based adjudication in a central
pathology review confirmed the long-term effect of ruxolitinib therapy as a disease-
modifying agent to reverse or markedly delay BM fibrosis progression in advanced
MF.9 This study also reported normalization of age-adjust marrow cellularity following
therapy in most cases in association with an improvement or stabilization of marrow
fibrosis at 24-, 48-, and 60-month follow-up timepoints.9 It is worth pointing out that
assessment of marrow cellularity in the setting of marrow fibrosis remains an area
that lacks consensus definition particularly with regards to accounting for the fibrotic
areas.

Fig. 4. Histologic sections depicting trabecular changes and osteosclerosis scoring in MF. (A)
Grade 0: Normal trabecular bone architecture with smooth and defined trabecular border.
(B) Grade 1: Note the new bone formation with focal buddings and spikes. (C) Grade 2:
There is diffuse irregularity of bone trabecule with notable increased trabecular thickness
and focal bridging connections. (D) Grade 3: There is diffuse and extensive new bone forma-
tion with effacement of BM hematopoietic space (H&E stain, original magnification �200).
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Interestingly, fibrosis grade concordance between pathologists on 728 BM biopsies
from clinical trials of fedratinib (SAR302503) was reported to be significantly lower for
biopsies taken after therapy compared with those at baseline,5 a finding further
speaking to the need for more objective approaches. Whole-slide imaging coupled
with image analysis has been proposed as a sensitive adjunct to morphology for
detecting changes in the level of marrow fibrosis in clinical trials.6,10 In addition, a
stereology-based method has proven to provide A high level of reproducibility and
can create a nonbiased random sampling to measure heterogeneity of marrow
fibrosis.11

Clinical relevance of other testing beyond bone marrow histomorphology
A great level of agreement between pathologists was reported on the diagnosis of
PMF compared with ET or PV.12 However, it is worth highlighting that using histopa-
thology alone to diagnose an MPN has limitations and that the availability of clinical
data and other testing results to improve the accuracy of diagnostic interpretation
of histomorphology cannot be emphasized.13 Driver mutations involving JAK2V617F,
CALR, and MPL are regarded as clonal markers that support PMF diagnosis. In the
absence of these mutations, the presence of other clonal markers consistent with
MF or the absence of reactive BM fibrosis meets this major criterion for MF diagnosis.
The initial evaluation of the PMF patient typically begins with molecular testing for
JAK2V617F mutation. If JAK2V617F testing is negative, then reflex testing for CALR
and MPL mutations is contemplated. Immunostaining using antibody specifically
recognizing the C-terminal peptide derived from all the frameshift mutations of
CALR is commercially available, serve as a rapid test, and is a sensitive surrogate
for the molecular assay (Fig. 5).14 All 3 driver mutations are negative in approximately
10% of cases, so-called triple-negative (TN) cases. Detection of other common
myeloid malignancy mutations in TN cases using large-scale next-generation
sequencing (NGS) can help establish the clonal nature of the disease particularly
when nonclonal causes of MF are being considered. In addition to establishing the
diagnosis, NGS can contribute to molecular risk stratification, and management deci-
sions, including clinical trial selection for patients when they are being evaluated for

Fig. 5. Histologic section of BM showing positive MK cytoplasmic staining reactive to calre-
ticulin antibody (CALR IHC stain, original magnification �600).
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MF. Similarly, karyotyping and fluorescence in situ hybridization testing can be helpful
in discriminating PMF from myelodysplastic syndrome (MDS) with marrow fibrosis as
well as providing some prognostic information.
Recent discoveries and characterization of driver mutations in JAK2, CALR, and

MPL along with other somatic mutations have significantly improved the understand-
ing of PMF pathogenesis and molecular prognostication relevance.15 For example,
detection of somatic mutations in ASXL1, EZH2, SRSF2, or IDH1/2, as well as the a
lack of driver mutations in TN cases, denotes high-molecular-risk disease with a worse
outcome and higher risk for transformation to acute leukemia.16

Prognosis and disease progression
BM from PMF patients usually contains foci of immature cells; however, myeloblasts
typically account for less than 10% of the BM cellularity. Immunohistochemistry stain-
ing for CD34 and CD117 is useful for enumeration and localization of BM blasts in a
fibrotic marrow. In patients with established PMF diagnosis, the identification of
10% to 19% blasts in the peripheral blood and/or BM and visualization of cluster for-
mation and/or an abnormal endosteal location in the BM indicate an accelerated
phase of the disease, whereas the finding of �20 blasts is diagnostic of blastic trans-
formation. Transformation of PMF to acute leukemia occurs in 10% to 20% of cases
within 10 years of diagnosis. Monocytosis is also reported to be a strong adverse pre-
dictor of inferior survival in PMF.17

Progression of BM fibrosis has prognostic implications. For example, it is well
recognized that patients with PMF and post-PV or post-ET MF have a worse prog-
nosis compared with patients with pre-PMF, PV, and ET.18–21 The prognostication
systems currently in use are based primarily on clinical characteristics; however, the
Dynamic International Prognostic Scoring System also incorporates cytogenetics in
the risk assessment. Two newly introduced risk-stratification systems for PMF include
genetically inspired prognostic scoring system (GIPSS) and mutation- and karyotype-
enhanced international prognostic scoring system (MIPSS701). GIPSS represents a
practical risk-assessment model based only on karyotype and a limited number of mu-
tations and features 4 risk groups. MIPSS701 (version 2.0) applies key clinical char-
acteristics, cytogenetics, and mutations to stratify cases into 5 risk categories.3 The
MIPSS70: Mutation-Enhanced International Prognostic Score System for
Transplantation-Age Patients with Primary Myelofibrosis does incorporate marrow
fibrosis for assessing MF patient prognosis.

Differential diagnosis of myelofibrosis
A variety of other pathologic conditions could be associated with MF. As such, the
appropriate caution must be exercised once MF is observed, particularly in TN
PMF, and further investigation is warranted. In addition to BM morphology, other clin-
ical findings (eg, splenomegaly), leukocyte count, karyotype, and molecular testing
can serve as a guide to correct diagnosis.
Myeloid neoplasms associated with marrow fibrosis include acute myeloid leuke-

mia (AML) with MF and myelodysplastic syndrome with myelofibrosis (MDS-MF).
These conditions tend to have similar pathologic and laboratory characteristics
and a misdiagnosis can occur because of overlapping morphology with PMF.
Both panmyelosis with MF and acute megakaryoblastic leukemia with MF represent
subtypes of AML that will show increased peripheral blood or BM blasts in a fibrotic
background. CD34, CD41, and CD117 immunohistochemical stains are essential in
these cases to highlight the increased (>20%) blast, which could be easily over-
looked in the BM biopsy by morphology or a dry tap, limiting the ability to identify
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blasts in peripheral blood or BM aspirate smear either by morphology or by flow
cytometry. Multilineage dysplasia and cytogenetic abnormalities commonly found
in MDS patients, such as �5/del(5q), �7/del(7q), or 18, are critical to discriminate
MDS-MF from PMF.22 Other malignancies commonly associated with BM fibrosis
include metastatic adenocarcinomas, Hodgkin lymphoma, mastocytosis, multiple
myeloma, and hairy cell leukemia. In contrast to PMF, secondary MF associated
with other malignancies lacks the characteristic MK tight clustering and nuclear
dysplasia of PMF and often show higher degrees of reticulin fibrosis without expan-
sion of the granulocytic lineage.23,24

Other reactive causes of MF that one must be consider while diagnosing MF include
autoimmune conditions and infections (eg, tuberculosis, osteomyelitis, and visceral
leishmaniasis). Autoimmune myelofibrosis (AIMF) is observed in association with sys-
temic lupus erythematosus, systemic sclerosis, and Sjogren syndrome, but is also
observed in patients who have autoantibodies without well-defined autoimmune dis-
orders. AIMF has been proposed as a distinct entity that has a benign clinical course
and responds well to steroids and/or other immunosuppressive therapy.25 Peripheral
cytopenias are the most common presentations in AIMF, and the BM is often hyper-
cellular with erythroid and megakaryocytic hyperplasia noted in three-quarters of the
cases. Granulocytic hyperplasia is noted in about one-third of cases. Althoughmarrow
fibrosis is often mild (11 MF) in most cases, moderate (21 MF) or marked (31 MF)
reticulin fibrosis is noted in 10% and 4% of the AIMF cases, respectively. In contrast
to PMF, AIMF does not present with splenomegaly, eosinophilia, or basophilia. In
addition, the absence of MK atypia or tight clustering, typically seen in PMF along
with prominent lymphoid infiltrate in the BM, should be regarded as a clue to consider
AIMF. Mild polytypic plasmacytosis and lymphoid aggregates are noted in the vast
majority of cases, and a small subset of cases exhibits only interstitial lymphoid infil-
trates. The lymphoid aggregates are typically well circumscribed, distributed in non-
paratrabecular locations, and composed of small mature T cells.25

BM fibrosis also has been reported in a variety of other conditions, including a heal-
ing fracture site, osteopathies, andmetabolic conditions (eg, hyperparathyroidism and
Paget disease), as well as a result of the effects of medications (eg, eltrombopag, a
thrombopoietin receptor agonist).23,24,26,27

Early-onset BM fibrosis should raise the possibility of nonneoplastic causes. Several
studies reported BM fibrosis in the context of gray platelet syndrome (GPS) and other
inherited platelet disorders (IPD) associated with variants in MPIG6B, Src family kinase
member SRC, and VPS45. In the author’s institution and in the literature, BM fibrosis
noted in IPD is most associated with GPS. BM evaluation in these cases often shows
normal MK number and histotopography (Fig. 6). Early recognition of IPD is critical for
the care of these patients, given the progressive nature of MF and associated deteri-
oration of peripheral counts often requiring transfusions.28–30

DISCERNING PRIMARY FROM SECONDARY POST–ESSENTIAL THROMBOCYTHEMIA
AND POST–POLYCYTHEMIA VERA MYELOFIBROSIS

The diagnosis of post-ET MF and post-PV MF, together referred to here as secondary
myelofibrosis (SMF), requires establishing moderate (MF 21) or marked (MF 31)
fibrosis as documented in BM histopathological examination. Significant MF may
obscure the BM histologic features of the underlying primary MPN to the degree
that makes cases morphologically indistinguishable from PMF based on morphology
alone. As such, adherence to IWG-MRT criteria (see Table 1) is required to make the
diagnosis in these cases.
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Although PMF and SMF may receive the same treatment in clinical practice today,
there is evidence that PMF and SMF patients differ in survival. For example, post-ET
MF patients have a superior overall survival as compared with PMF and post-PV MF
patients.31 In addition, a distinct molecular risk profile was recently reported in PMF
and SMF, whereby mutation involving ASXL1, EZH2, SRSF2, and IDH identifies
PMF patients who are at risk for premature death or leukemic transformation, but
only SRSF2 mutations are reported to predict inferior survival in SMF patients.16,32

In addition, a higher percent of complex karyotypic abnormalities were noted in
SMF in contrast to PMF.33 Recently, the MF secondary to the PV and ET prognostic
model was introduced to effectively stratify patients at diagnosis into 4 distinct risk
categories.34–36 Taken together, these findings indicate that there are clinical and bio-
logical differences between PMF and SMF that influence outcomes, providing a ratio-
nale for separation of PMF from SMF.33
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INTRODUCTION

Philadelphia-negative myeloproliferative neoplasms (MPNs) are an excellent tractable
disease model of a number of aspects of human cancer biology, including genetic
evolution, tissue-associated fibrosis, and cancer stem cells.1,2 MPN is associated
with long disease duration, well-characterized normal hematopoietic hierarchy, ability
to purify cell populations by flow cytometry, and ease of accessibility of tissue derived
from the malignant clone, facilitating the study of how this disease perturbs normal
blood cell development through time. Accordingly, new technologies developed to
study cancer biology have often been pioneered for the study of MPN. In this review,
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KEY POINTS

� Myeloproliferative neoplasms (MPNs) are an excellent tractable disease model for the
application of single-cell approaches to study human disease.

� Single-cell genetic analysis of MPNs has provided important insights into disease latency
and the importance of the order of mutation acquisition during disease pathogenesis, of
broader relevance for cancer biology.

� Single-cell transcriptomics has revealed aberrant megakaryocyte differentiation trajec-
tories in persons with myeloproliferative neoplasms.

� Digital pathology analysis combined with deep learning allows objective analysis of mega-
karyocyte heterogeneity in persons with MPNs.
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we discuss recent insights into MPN biology gained from the application of a number
of new single-cell technologies to study human disease: single-cell genomics, single-
cell transcriptomics and digital pathology (Fig. 1).

SINGLE-CELL GENOMICS

In the era of personalized medicine, genetic intratumoral heterogeneity (ITH) is increas-
ingly recognized as a critical factor defining the behavior of a particular tumor in terms of
clinical presentation, response to treatment, and risk of disease progression.3 Although
bulk next generation sequencing (NGS) techniques have undoubtedly provided exten-
sive insights into genetic diversity of clones within any given tumor,4,5 ultimately ITH
can only be fully resolved using single-cell technologies.6 For example, inferring clonal
structures from bulk variant allele fractions is inherently confounded by the presence of
loss of heterozygosity or convergent evolution in which the same genetic events might
occur multiple times in the same tumor.7,8 This makes it difficult to elucidate which
mutations are present in the same clone, to accurately measure clonal diversity during
therapy, to track disease evolution, or determine the order of mutations.
MPN has proven to be an important disease model providing an illustration of how

single-cell genomics techniques can be applied to provide new insights into disease
biology and how the technology might be moved toward application for precision
medicine. Indeed, to a degree, single-cell genomics approaches are already in routine
clinical use in myeloid diseases through application of cytogenetic analysis, including
fluorescent in situ hybridization. The most common driver mutation in MPN occurs in
exon 14 of the Janus kinase 2 (JAK2) gene, JAK2V617F, causing constitutive JAK-
signal transducer and activator of transcription (JAK-STAT) signaling and driving the

Fig. 1. Overview of single-cell approaches used to study MPN: current methods and future
applications. Created with BioRender.com.
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aberrant proliferation that is characteristic of MPN. Subsequently other mutations
causing aberrant JAK-STAT signaling in MPN have been reported to occur in patients
with MPN who are negative for the JAK2V617Fmutation,9–11 confirming that constitu-
tive JAK-STAT signaling is the key pathway driving MPN phenotype.12 The mutational
landscape of MPN has been extensive studied, revealing that MPNs are genetically
relatively simple compared with other tumors.12,13 Together with other disease char-
acteristics described in the introduction, this makes MPN an ideal tractable model for
the application of single-cell genomics to understand the genetic evolution and clonal
selection of mutant cells during disease development and progression. Consequently,
single-cell assessment of genetic clonal evolution in MPN already has a rich history for
the study of MPN over many years. Earlier studies benefited from the application of
well-established clonogenic hematopoietic assays,2 overcoming limitations of direct
genetic analysis of single cells by providing an expanded cell population derived
from a single cell for genetic analysis. For example, through the analysis of X-chromo-
some linked polymorphisms, including the study of single-cell–derived hematopoietic
colonies, it has long been appreciated that MPNs are clonal diseases14,15 that develop
on acquisition of a disease-initiating mutation in a single multipotent hematopoietic
stem cell (HSC).1 This mutant HSC clone undergoes a poorly understood process of
clonal expansion over time, with subsequent proliferation of mature cells of the
myeloid lineages.1 At the time that the JAK2V617F mutation was first described,16 it
was demonstrated that JAK2V617F selectively promoted the growth of single-cell–
derived erythropoietin-independent colonies in patients with polycythemia vera
(PV).17 This approach was also used to characterize clonal diversity in patients with
MPN with concurrent JAK2V617F mutation and a cytogenetic abnormality, demon-
strating that these genetic events were present in the same clone in some patients
but in separate clones in others.18 Furthermore, combined analysis of JAK2V617F
zygosity and loss of heterozygosity breakpoints using microsatellite markers in 6495
colonies revealed that JAK2V617F homozygous clones are recurrently acquired in pa-
tients with PV and patients with essential thrombocythemia (ET).19 However, PV was
typically associated with presence of a dominant homozygous subclone, unlike in ET.
The study of single-cell–derived colonies in MPN has more recently provided novel in-
sights into the importance of the order of acquisition of driver mutations. Analysis of
colonies derived from single cells from patients with JAK2 and TET2 co-mutated
MPN revealed differences in disease phenotype and response to targeted therapy
that were dependent on the order of acquisition of these mutations.20 The acquisition
of JAK2V617F first, followed by TET2 mutation, was more likely to result in a PV
phenotype, typically in younger patients, but if JAK2V617F was acquired on a
TET2-mutated background (“TET2-first”), an ET phenotype wasmore frequent. Similar
observations also applied to DNMT3A and JAK2 mutations.21 Together these studies
nicely illustrate how the study of MPN can provide insights into pathways of genetic
evolution of broader relevance for cancer biology.
Although analysis of hematopoietic colonies is a powerful approach, it is also asso-

ciated with certain limitations and potential biases, as not all stem/progenitors are
capable of growing colonies in vitro. Direct genetic analysis of single cells provides
a potential solution, but is more challenging than analysis of material derived from col-
onies due to the very small amount of starting material and extensive amplification
required.22 Single-cell mutation analysis can be carried out by targeted NGS of known
mutations, single-cell exome, or whole-genome sequencing.23 A number of methods
have been developed, each with advantages and also limitations in terms of the spec-
trum of mutations that can be analyzed and the sensitivity and specificity of mutation
detection.22,23 Whole-genome and whole-exome techniques allow the
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characterization of new genetic events, whereas targeted techniques rely on detection
of known mutations within a given tumor. Targeted mutational analysis is a higher
throughput and more cost-effective approach than whole-exome or genome
sequencing of single cells with improved sensitivity and specificity of mutation detec-
tion and high-throughput commercially available droplet-based platforms.24 Whole-
genome single-cell techniques are typically associated with higher rates of allelic
dropout, although new approaches to study low-input genomic DNA look set to
change this.6,25 To help address such technical problems, a number of bioinformatics
tools to resolve the tumor phylogenetic trees have been developed.26–28

One of the first examples of single-cell exome sequencing in human cancer was a
case of JAK2-mutation negative MPN, where 58 cells were sequenced, revealing
monoclonal evolution of the disease in this patient and potential new candidate muta-
tions driving clonal evolution.29 The integration of single-cell genotyping with
fluorescence-activated cell-sorting purification of specific cell populations allows mu-
tations to be mapped to distinct phenotypically defined cell types, confirming that all
mutations in MPN can be tracked back to the phenotypic HSC population.30 Single-
cell targeted mutation analysis in serial samples from patients with myelofibrosis
has revealed the very high level of clonal dominance in the CD341 compartment
seen in almost all patients with myelofibrosis.31 This study also elucidated pathways
of clonal evolution during JAK2 inhibitor therapy, and demonstrated that complex
clonal architecture correlates with risk of disease progression, particularly in associa-
tion with the acquisition of RAS/RTK pathway mutations.31

New technologies now allow targeted mutational analysis of single cells to be done
in a high-throughput manner using droplet-based approaches. For example, some of
the first examples of direct single-cell sequencing using the Tapestri platform report
the study of patients with MPN. In rare cases in which JAK2, CALR, and/or MPL mu-
tations co-occur, this approach was used to determine that the mutations are present
in independent clones.32 In a landmark study, the Tapestri platform has also recently
been used to analyze 740,526 cells from 123 patients with myeloid malignancies,
including cases of MPN that have progressed to secondary acute myeloid leukemia
(AML).24 As might be expected, the number of mutations present and clonal diversity
was higher in AML thanMPN and also higher in MPN than in clonal hematopoiesis. In 4
of 6 patients with transformation of MPN to secondary AML, a new dominant subclone
emerged that in some cases was present as aminor subclone during chronic phase. In
this study, the investigators also describe an exciting new methodology to combine
protein expression at the single-cell level with genotyping to link phenotype and
genotype.
Perhaps the most remarkable recent finding, revealed through single-cell genomics

approaches, relates to the origins and disease latency of MPN. These studies used
state-of-the-art single-colony whole-genome sequencing lineage tracing approaches
that rely on identification of background somatic mutations as a “molecular clock” to
determine the timing of clonal expansion and disease development following acquisi-
tion of the JAK2V617F mutation.33,34 With the caveat that both papers are available
only as “preprints” and have not yet undergone peer review, it is striking that both
studies reach a similar conclusion that the JAK2V617F mutation was reported to be
acquired typically decades before disease development; remarkably, in many cases,
the mutation was acquired in utero or in early childhood and yet only caused disease
after many decades in adult life. In the study from the Cambridge group, 448,553 so-
matic mutations were identified and used to determine clonal dynamics in 843 he-
matopoietic colonies from 10 patients with MPN. This study estimated the median
latency between JAK2V617F acquisition and disease onset to be 31 years, with
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remarkable interpatient variation in fitness advantage of the MPN clone.33 The study
by Van Egeren and colleagues34 analyzed a smaller number of colonies from 2 pa-
tients, also concluding that there was a disease latency of decades between
JAK2V617F acquisition and disease onset. This long latency is particularly striking
in view of the observation that many persons with normal hematopoietic parameters
have evidence of a small JAK2V617F clone.35 This suggests that many persons ac-
quire a JAK2V617F mutation and live with this mutation for decades, and perhaps
in many cases lifelong, without ever developing disease. The challenge is now to un-
derstand the heterogeneity of clonal fitness advantage exerted by the JAK2V617Fmu-
tation in HSCs. It is likely that this will involve an interplay among germline genetics
influencing HSC biology,36 heterogeneity of the HSC of origin, and extrinsic factors
such as “inflammaging.”37 To unravel this crucial aspect of MPN biology will no doubt
require extensive use of single-cell methodologies that look set to be at the forefront of
MPN research in coming years.

SINGLE-CELL TRANSCRIPTOMICS

Single-cell RNA-sequencing (scRNAseq) is the most widely applied assay in single-
cell genomics, and is extensively used to provide a comprehensive and unbiased
assessment of normal cellular and molecular tissue architecture and their perturba-
tions in disease states. Over the past decade, experiments have massively expanded
in their scale and implementation, due to technological advances resulting in high-
throughput methods that are relatively easy to implement.38,39 In parallel, there now
exists a wealth of user-friendly and open-source computational pipelines for data
analysis.40 Transcriptional profiling of cells individually has several advantages over
“bulk” analyses, including detection of rare cell types; determination of whether differ-
ences between samples are due to differences in the frequencies of cell types present
or alternatively changes in individual cell phenotype; and exploration of combinatorial
patterns of gene expression and differentiation trajectories.
A typical analytical pipeline includes organizing cells according to their transcrip-

tional profiles into discrete groups, or “clusters” that correlate with cell type or state.40

Although cells are captured as transcriptional “snapshots,” their differentiation trajec-
tories can be inferred computationally using trajectory analyses or ordering over
“pseudotime,” to identify key transition states and bifurcation points.41–44 In addition,
studying the ratio of spliced versus unspliced mRNA, or the “RNA velocity,” can be
used to predict the future direction of travel of individual cells along a computed tra-
jectory.45,46 scRNAseq can be readily combined with cell surface proteomics by incor-
porating barcoded antibodies,47 and analytical techniques have been developed to
infer cell-cell interactions using databases of receptor-ligand pairs.48

scRNAseq techniques have been widely used to study MPN, as these diseases pro-
vide an exemplar model of a cancer involving complex interactions among malignant
cells, diverse immune cell types (clonal and nonclonal), and mesenchymal stromal
cells. In chronic myeloid leukemia, stem cells were studied from patients before and
after tyrosine kinase inhibitor treatment and from the same patient before and after
transformation from chronic phase to blast crisis.49 Studying cells individually pro-
vided the necessary resolution to detect the rare, highly quiescent, BCR-
ABL1 stem cells in those responding to tyrosine kinase inhibition, and to demonstrate
that these cells were transcriptionally distinct from normal stem cells, suggesting
possible new targets for therapy. In this study, scRNAseq was combined with a novel
method enabling BCR-ABL positive and negative cells to be reliably distinguished with
high sensitivity, revealing that BCR-ABL negative stem cells also showed an aberrant
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transcriptional signature with activation of inflammatory pathways, especially in those
patients who failed to achieve an optimal response to treatment.49

scRNAseq has also been applied to study how mutations alter hematopoiesis in
Philadelphia-negative MPN, both in mouse models and in primary patient samples.
In studies of primary cells isolated from patients with MPN, high-throughput scRNA-
seq has been applied to study how hematopoiesis is altered in patients with
MPN.50,51 In a study of approximately 40,000 cells from patients with mutCALR-
driven MPN, scRNAseq using a widely used droplet-based 30 scRNAseq platform
(10x Genomics, Pleasanton, CA) with a new genotyping method involving targeted
amplification of mutation transcripts was performed.50 This method can easily be
applied to profile 10 to 100s of 1000s of cells in parallel, and is sensitive for mutations
that are highly expressed, such as mutCALR, for which approximately 90% cells were
accurately genotyped, albeit less sensitive for low-expressed mutations (eg, 7.3% of
JAK2V617F-mutant cells were genotyped) or those distant from the 30 end, for
example, SF3B1 (w24% sensitive).50 This study showed that CALR mutations in pa-
tients with ET affect the entire hematopoietic hierarchy, with mutant cells detected in
all stem and progenitor subsets, although a higher proportion of mutant cells in the
megakaryocyte progenitor (MKP) compartment. Trajectory analyses indicated that he-
matopoiesis was biased toward myeloid and myeloid-megakaryocytic differentiation,
with MKP showing increased cell cycling, and mutant cells had upregulation of genes
involved in the unfolded protein response to an NF-kB signaling pathway.50 A highly-
sensitive method combining genomic DNA and complementary DNA genotyping in
parallel with scRNAseq was also developed in MPN, enabling resolution of transcrip-
tional signatures of genetic subclones in MPN and confirming that nonclonal stem/
progenitors show aberrant, inflammatory gene expression signatures, highlighting
the importance cell-extrinsic effects of MPN mutant clones.30

A recent study of a mouse model of mutant calreticulin (CALR)-driven ET reported
similar findings. In this model, mutCALR resulted in an expansion of both HSCs and
megakaryocyte progenitors, and the investigators identified an aberrant intermediary
population termed “proliferative megakaryocyte progenitors (pMKP)” that fell on a
distinct differentiation pathway to MKP in normal hematopoiesis in their analyses.52

In addition, mutCALR HSC and MKP cell clusters showed significant dysregulation
of genes involved in cholesterol biosynthesis as compared with wild-type cells,52 in
addition to cell cycle and unfolded protein response genes as previously been
described in mutCALR patients with MPN.50

Profiling of more than 120,000 individual cells from a range of patients with primary
and secondary myelofibrosis and both JAK2V617F and mutCALR-driven disease also
demonstrated megakaryocyte-biased hematopoiesis, with an 11-fold increase in MKP
detected in patients with myelofibrosis as compared with controls in all clinical and
molecular subgroups.51 Notably, the MKP in patients with myelofibrosis fell into 2
distinct transcriptional subgroups: a small subset with a transcriptional profile similar
to MKP detected in age-matched healthy donors, and a larger population with global
upregulation of inflammatory/profibrotic genes. This study also identified that
megakaryocyte-associated genes, including a cell surface marker, G6B, as being
widely upregulated in myelofibrosis stem/progenitor cells, suggesting a strategy for
immunotherapeutic targeting of cells derived from the myelofibrosis clone.51

Single-cell analyses have also shed light on the changes to the nonhematopoietic
stromal cell compartment in MPN. Creating a “map” of certain stromal cell populations
in myelofibrosis mouse models highlighted mesenchymal progenitor cells as showing
the strongest upregulation in expression of extracellular matrix proteins in fibrosis.
This study highlighted the S100A8/S100A9 alarmin complex as a potential therapy
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target, demonstrating that its inhibition was able to ameliorate the disease phenotype
in the mouse model.53

These insights highlight the power of single-cell “omic” techniques to accurately
dissect cellular and molecular perturbations in MPN. Combined with emerging tech-
niques to capture cell states and transcriptomes in unperturbed tissues, so-called
“in situ sequencing” (see Fig. 1) single-cell approaches will prove to be a powerful
approach for target discovery and in the future look set to play a key role in clinical
diagnosis through more accurate disease classification and risk stratification.

DIGITAL PATHOLOGY

The bonemarrow represents a complex, dynamic, and highly regulated tissue in which
diverse cell populations lie in close proximity to an orchestrated network of extracel-
lular (stromal) matrix, blood vasculature, and bone.54 This complexity is compounded
by physiologic changes in response to aging, stress, and environmental factors that
manifest as shifting patterns of tissue cellularity, heterogeneity, and lineage matura-
tion.55 Such complex spatiotemporal relationships are increasingly recognized as
important for disease initiation, progression, therapeutic response, and relapse in pa-
tients with various myeloid malignancies, including MPN.56 Although advances in
high-resolution single-cell genomic technologies are well established in the search
for new treatment strategies, advanced diagnostics, and disease monitoring in
MPN, complementary approaches to decipher the important interactions among
neoplastic hemopoietic cells, stromal constituents, and immune cell populations of
the marrow in MPN are required.55,57 Recent developments in digital pathology, com-
puter vision, and image analysis have the potential to address this imbalance and
revolutionize the assessment of bone marrow tissues in MPN.
Key morphologic features relating to marrow cellularity, megakaryocyte pleomor-

phism/atypia, and fibrosis are firmly embedded in current MPN classification
schemes.58,59 However, inconsistencies in the interpretation of key morphologic fea-
tures may lead to inaccurate diagnosis and disease classification, with multiple
studies suggesting significant intraobserver and interobserver variability among pa-
thologists.60–63 Although this appears to be partly attributable to experience and
training,64 the subjective and qualitative nature of routine marrow biopsy reporting re-
mains a fundamental limiting factor in any classification scheme incorporating
morphology-based assessment of marrow tissue. The importance and value of
more accurate and objective strategies for capturing the complexity of marrow tissue
architecture in MPN extends beyond the potential for improving diagnosis and classi-
fication using current recommended criteria. As perturbations in the relationship be-
tween clonal and nonclonal hematopoietic cells and components of the marrow
stem cell niche are gradually elucidated using sophisticated murine models of myeloid
malignancies,55,56,65–68 therapeutic strategies targeting the mediators of tumor cell
survival, proliferation, and chemoresistance are beginning to emerge.69–72 Translating
these findings to human disease and validating novel therapies will require a
concerted effort to move from the conventional, subjective, and laborious description
of tissue morphologic features by pathologists to objective, quantitative, and auto-
mated descriptions of marrow constituents and their interactions.
Computational analysis of digitized images prepared from glass slide material has

evolved over the past few decades and significantly accelerated in recent years
with the development of sophisticated deep learning (DL) methods that emulate the
structure and function of human neurons in the form of artificial neural networks.73,74

DL methods have found ready application in the field of pathology, with image
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recognition convolutional neuronal networks (CNN) increasingly adopted for computer
vision tasks in histopathology and cytology.75–77 In contrast to common solid tumors,
image analysis has seen relatively limited application to disorders of the bone marrow,
with most studies describing strategies for cell identification, quantification, and the
resolution of specific leukemic differential diagnoses including B-ALL and common
B-cell lymphoma/leukemia subtypes.78–83 These machine learning strategies have
generally relied on morphology-based criteria to distinguish tumor cell subtypes rather
than interrogate tumor cells with the intention of gaining novel insights into disease
biology. However, recently machine learning has been used to correlate bone marrow
aspirate morphologic features with somatic mutations in myelodysplastic syndrome,
with specific morphologic profiles linked to unique clinical characteristics.84

Despite the central role of bone marrow biopsy assessment in the diagnosis and
classification of MPNs, and the importance of the marrow microenvironment in dis-
ease biology (as outlined previously), few studies have attempted to apply advanced
machine learning approaches to these disorders. In response, we recently demon-
strated the utility of an automated image analysis pipeline that uses machine learning
techniques to extract important cytomorphological and topographic features of indi-
vidual megakaryocytes from digitized images of bone marrow biopsies.85 This
enabled the differentiation of reactive samples from common MPN subtypes (ET,
PV, and primary myelofibrosis) and assisted in disease classification. Clustering of
megakaryocytes using the machine-learned features from extracted megakaryocytes
identified cellular subtypes beyond the sensitivity of detection by specialist hematopa-
thologists and were seen to correlate with the underlying MPN driver mutation status.
When combined with topographic assessment incorporating patterns of megakaryo-
cyte clustering and cell distribution, the extracted features could be combined to pro-
duce a multidimensional representation of an individual sample well beyond
conventional microscopic assessment. Moreover, the rapid automated analysis of
samples allowed index cases of MPN or reactive marrow to be contextualized against
libraries of previously analyzed samples (Fig. 2). This could be used to monitor or track
morphologic features over time, corresponding to either stable disease or

Fig. 2. Illustration of how digital pathology approaches can be used to study cellular hetero-
geneity in MPN.
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progression. This work highlights the potential of image analysis, driven by advanced
machine learning approaches, to improve tissue diagnosis in MPN and correlate
tissue-based morphologic features with standard mutational and clinical data
collected during the routine investigation of patients with MPN. Importantly, the auto-
mated extraction of objective quantitative data from routinely prepared hematoxylin-
eosin–stained slides is ideally suited to future integration with the results of whole-
tissue immunolabeling studies, advanced single-cell genomic analysis, and the out-
puts from high-resolution multiplexed tissue imaging performed in the research
setting.
An important consideration in the development of improved descriptions of tissue

morphology and the marrow microenvironment using digital pathology and machine
learning is the development of intuitive yet sufficiently detailed data visualization.
The methods used will depend on the application and requirements of the end user,
but it seems likely that for clinicians and researchers unfamiliar with the normal
bone marrow tissue architecture and its heterogeneity, visual representation of the
cellular target(s) of interest in the context of normal and/or previously analyzed disease
tissue will aid interpretation and understanding. Successfully designed outputs should
capture temporal changes in the course of disease or following treatment, but also
have the potential to highlight relevant diagnostic and prognostic features with atten-
tion drawn to potential therapeutic targets.
Notwithstanding the potential clinical application of automated analysis of discrete

single-cell populations, such as megakaryocytes in biopsies of MPN, a deeper under-
standing of the complex cellular interactions within the bone marrow of patients with
myeloid malignancies requires a more comprehensive description of the spatiotem-
poral relationships that exist between the cellular and stromal components of the
marrow. This will require integration of discrete cellular and extracellular morphologic
features with lineage specific markers of differentiation and maturation using multi-
plexed immunolabeling approaches. Although several analytical platforms already
use such approaches in the research setting, they are typically restricted to relatively
small tissue fields (roughly equivalent to conventional microscopic high-power fields)
from limited sample numbers.86–88 Translating the insights of such studies to cohorts
of routinely prepared clinical bone marrow samples will require the development of
powerful and robust computational approaches that can be adapted to identify, quan-
titate, and integrate diverse cellular and extracellular targets at scale. An additional
challenge will be building advanced 3-dimensional models of the bone marrow envi-
ronment and establishing methods for their validation using cohorts of patient samples
analyzed in 2 dimensions.
Although automated analytical pipelines using convolutional neural networks to

detect and segment targets of interest in digital images offer the potential for rapid
sample analysis, their generation is typically dependent on access to large numbers
of tissue samples accompanied by detailed clinical, laboratory, and genomic data.
In general, machine learning applications in pathology use supervised approaches
in which functions are learned by mapping annotated tissue features into some qual-
itative or quantitative output.77,89,90 This process is dependent on access to high-
quality training data that are sufficiently labeled to allow the training phase to ultimately
emulate the expert’s input data. Strategies to reduce the burden of manual annota-
tions by pathologists include transfer learning from preexisting CNNs and the develop-
ment of human-in-the-loop annotation approaches that leverage human interactions
to more rapidly train, test, and validate machine-learned functions.
Given the importance of accessing sufficient quantities of high-quality training and

validation material, important practical considerations surround access to suitable
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tissue. Few centers can rely solely on locally retained tissue archives to build and vali-
date models of discrete MPN subtypes that are sufficiently enriched with relatively rare
samples corresponding to important clinical or genomic events, such as disease
transformation or response to novel therapeutics. Access to trial sample cohorts
and sharing of tissue libraries between collaborating clinical centers will likely optimize
use of available diagnostic material and accelerate the development and validation of
machine learning models of MPN.
In summary, machine learning approaches to image analysis have already received

broad acceptance in several branches of solid tissue pathology and are widely
accepted as a transformational technology with significant clinical and research po-
tential. Realizing this potential in MPN will depend on the identification and extraction
of important cell-cell and cell-stroma interactions that complement and enhance our
understanding of the dynamics underlying the clonal expansion of single-cell precur-
sors that ultimately drive the disease phenotype in individual patients. This will require
close collaboration among hematologists, pathologists, bioinformaticians, biomedical
engineers, and software engineers and the integration of multimodality approaches
spanning novel single-cell and whole-tissue sample technologies.

SUMMARY

Single-cell technologies have over many years provided remarkable insights into MPN
biology, making conceptual advances of broader relevance across cancer biology.
Future technological developments in digital pathology, in situ sequencing, and
single-cell multiomics approaches (see Fig. 1) will undoubtedly be applied over the
coming years to tackle crucial questions in the field. One key question that will defin-
itively require single-cell approaches is why different HSC clones carrying MPN driver
mutations such as JAK2V617F show such heterogeneity in fitness advantage. This is
crucial to understand if we are to develop treatment approaches that reverse the
fitness advantage to induce molecular responses and ultimately alter the natural his-
tory of MPN. Another key challenge in the field is to translate these single-cell techno-
logical developments through to direct patient benefit. Although at the present time it
may seem farfetched for single-cell methodologies to be applied routinely in clinical
diagnostics, this will surely become a reality over the coming years with obvious utility
for improved approaches to diagnose and classify disease as well as monitor
response to treatment and predict risk of disease progression.
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Unmet Need in Essential
Thrombocythemia and
Polycythemia Vera

Ashwin Kishtagari, MD, Aaron T. Gerds, MD, MS*

INTRODUCTION

BCR-ABL1–negative myeloproliferative neoplasms (MPNs) comprise a group of clonal
hematopoietic stem cell disorders characterized by aberrant proliferation of mature
myeloid elements manifesting as erythrocytosis (polycythemia vera [PV]), thrombocy-
tosis (essential thrombocytosis [ET]), leukocytosis and/or bone marrow fibrosis. Dys-
regulated JAK-STAT signaling resulting from the acquired mutations involving janus
kinase 2 (JAK2), calreticulin (CALR), and myeloproliferative leukemia virus (MPL)
with in the hematopoietic stem and progenitor cells is at the heart of MPN pathophys-
iology.1 This leads to elevated inflammatory cytokines, which contribute to the wide
spectrum of symptomatology experienced by patients with PV and patients with ET,
including pruritis, fatigue, and splenomegaly. Patients with PV/ET have lifelong pro-
pensity for thrombohemorrhagic complications, and in some cases progression to
myelofibrosis, and evolution to acute myeloid leukemia.

CURRENT STATE OF TREATMENT OF ESSENTIALTHROMBOCYTOSIS/POLYCYTHEMIA
VERA

Despite the tremendous advances in understanding the pathophysiology of these
diseases, there are currently no curative treatments for these diseases outside of
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KEY POINTS

� Therapies that have demonstrated true disease modification are needed in PV and ET.

� Given the relatively favorable disease course for most patients with PV and ET, identifying
disease-modifying treatments is difficult.

� Development of new measures of disease modification along with new therapies will be
key to improving the long-term outcomes of patients.

Hematol Oncol Clin N Am 35 (2021) 295–303
https://doi.org/10.1016/j.hoc.2021.01.003 hemonc.theclinics.com
0889-8588/21/ª 2021 Elsevier Inc. All rights reserved.



allogeneic hematopoietic stem cell transplantation. Given the lifelong propensity for
thrombohemorrhagic complications, most currently approved treatments focus on
mitigation of these risks. Current therapeutic options for PV/ET include aspirin (ASA),
therapeutic phlebotomy for controlling hematocrit, andcytoreductivedrugs suchashy-
droxyurea. Therapeutic options for ET and PV are expanding, with many new agents in
various stages of clinical trial evaluation. Large-scale genomic studies have identified
the molecular underpinnings (JAK2, MPL, CALR) of the BCR-ABL1–negative MPNs,
leading to the development of molecularly targeted therapies, which are currently in
clinical trials. Ruxolitinib, a JAK1/2 inhibitor, is approved for the treatment of
hydroxyurea-resistant PV. Despite its benefit in management of symptoms and blood
counts, it does not appear to change the natural history of the disease.2 The quest
for disease-modifying treatments in PV/ET has propelled the exploration of several
agents in various stages of drug development, such as murine double minute 2
(MDM2) inhibitors, histone-deacetylase (HDAC) inhibitors, and lysine-specific histone
demethylase 1 (LSD1) inhibitors (Fig. 1). Even with these exciting advances occurring,
there are still several outstanding issues in considering the care of patients with PV and
ET, which we discuss.

SHOULD WE USE LOW-DOSE ASPIRIN IN ALL PATIENTS WITH ESSENTIAL
THROMBOCYTOSIS AND POLYCYTHEMIA VERA?

The ECLAP study has long been held up as the standard for antiplatelet therapy in
MPNs. This study was conducted in 518 patients with PV with randomization in a
double-blinded fashion to low-dose ASA (100 mg daily) or placebo.3 The use of aspirin
resulted in a relative reduction (60%) of combined risk of nonfatal myocardial infarc-
tion, nonfatal stroke, pulmonary embolism, major venous thrombosis, or death from

Fig. 1. Mechanism of action for IFN-a and emerging therapies in ET and PV.
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cardiovascular causes (P5 .03). The incidence of major bleeding was not significantly
increased in the aspirin group as compared with placebo (P 5 .08). However, this
study was conducted before the CYTO-PV study,4 and hematocrit was not as tightly
controlled as it is today. In fact, the median hematocrit was 48% and 47% for the ASA
and placebo groups, respectively. It is unclear if better hematocrit control would affect
the results of this study. Nonetheless, given the risk-to-benefit ratio demonstrated in
the ECLAP study, low-dose ASA is still recommended in PV.5,6

Randomized, prospective studies evaluating ASA in ET have not been conducted,
as noted in a Cochrane Review,7 and the recommendation for the use of ASA in ET
is largely extrapolated from the ECLAP study and retrospective analyses. In one retro-
spective analysis of patients with ET given either low-dose ASA as monotherapy
versus observation alone, JAK2 V617F-positive disease was associated with an
increased risk of venous thrombosis in patients not receiving antiplatelet medication
(incidence rate ratio [IRR] 4.0; 95% confidence interval [CI] 1.2–12.9; P 5 .02).8 An
additional retrospective analysis suggests that there is an increased risk of bleeding
in patients with CALR-mutated disease who receive low-dose ASA as compared
with those who did not (12.9 vs 1.8 episodes per 1000 patient-years, P 5 .03) and
no reduction in thrombosis risk.9 Based on this, low-dose ASA is recommended
only for patients with high risk for thrombosis.5,6

IS THERE A TARGET PLATELET COUNT WHEN USING CYTOREDUCTION FOR
ESSENTIAL THROMBOCYTOSIS?

The randomized CYTO-PV study set the standard for hematocrit control in PV.4 Keep-
ing the hematocrit less than 45%, as compared with less stringent range between
45% and 50%, resulted in a reduction in time until death from cardiovascular cause
or major thrombotic event (hazard ratio [HR] 3.91; 95% CI 1.45–10.53; P 5 .007).
Although the lower limit of the confidence interval includes possibility of marginal
benefit (0.45-fold greater risk in the high hematocrit group), consensus guidelines
have widely adopted the practice of keeping the hematocrit to less than 45% owing
to a favorable risk-to-benefit ratio.5,6 If you scour the guidelines, there is no equivalent
evidence-based cytoreductive goal for platelet counts in ET.
At a minimum, it makes clinical sense to reduce the platelet count numbers in those

who are at high risk for bleeding due to acquired von Willebrand syndrome as a result
of extreme thrombocytosis. The paradox of an association between extreme throm-
bocytosis (platelet counts more than 1000 � 109/L) and bleeding has been known
for some time.10 In one retrospective analysis of 565 patients with ET, extreme throm-
bocytosis was associated with a 2.3-fold increase (95% CI 1.3–3.7, P 5 .003) in the
risk of bleeding events in a multivariate analysis.11 However, in low-risk young patients
with ET, extreme thrombocytosis may not lead to an excess in bleeding events.12

Further complicating the matter, acquired von Willebrand syndrome has been
described in patients with ET without extreme thrombocytosis. A carefully taken
bleeding history can help identify patients who may have excess bleeding and warrant
a workup for a concurrent bleeding diathesis.
Extreme thrombocytosis aside, in the absence of a randomized controlled trial or

rigorous retrospective study, there is no consensus on a goal platelet count when
beginning cytoreduction to lower the platelet counts of patients with ET. In a prospec-
tive, randomized study of patients with high-risk ET (age >60 years and/or prior history
of thrombosis), 56 patients received hydroxyurea and 58 were not given cytoreductive
therapy.13 With a median follow-up of 27 months, the incidence of thrombotic epi-
sodes was found to be significantly lower in patients treated with hydroxyurea
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(3.6%) as compared with those who received no cytoreductive therapy (24%; differ-
ence of 20.4%, 95%CI 8.5%–32%; P5 .003). As of note, 69% of the patients in either
arm of the study were receiving antiplatelet therapy. In the treatment arm, the hydroxy-
urea dose was adjusted to a goal platelet count of 600� 109/L or less based on a prior
retrospective study.14 For many patients, it takes little cytoreduction, such as hydroxy-
urea dosages of 500 to 1000 mg daily, to attain platelet counts in the normal range.
However, for patients with counts more resistant to cytoreduction, the value of driving
the counts into the normal range is unknown. This fact underscores both the need to
approach platelet count goals on a case-by-case basis, and the need for new thera-
peutics that enact a deeper disease modification.

DO WE HAVE ANY MEDICATIONS THAT ARE TRULY DISEASE-MODIFYING?
Can Interferons Enact Disease Modification?

Interferon-alpha (IFN-a) and hydroxyurea are recommended cytoreductive treatments
of symptomatic and high-risk patients with PV and ETs.4,5 Over the past 3 decades,
various forms of IFN-a have been successfully used to treat patients with MPNs,
including PV and ET. IFN-a can control erythrocytosis and thrombocytosis, as well
as reduce the risk of thrombotic complications, splenomegaly, and pruritis in most pa-
tients with PV or ET. IFN-a treatment has a disease-modifying potential by inducing
complete hematologic-remissions, reversal of bone marrow fibrosis, and more
recently evidenced by a reduction in mutation allele burden.15 It induces this response
via antiproliferative, anti-angiogenic, pro-apoptotic, immunomodulatory, and differen-
tiating properties on hematopoietic progenitors and may preferentially target the ma-
lignant clone.16

Long-term efficacy and safety data show that IFN-a treatment accomplishes a high
rate of complete hematologic response, minimized the occurrence of thromboembolic
events, and remarkable rates of molecular responses.17,18 Most of these responses
are also durable, an appealing aspect of IFN-a treatment.
The efficacy of ropeginterferon alpha-2b, a monopegylated recombinant IFN-a, was

evaluated in the noninferiority randomized phase III PROUD-PV trial and its extension
study CONTINUATION-PV compared with best available therapy (80% of which was
hydroxyurea) in 257 patients with PV. Ropeginterferon alpha-2b treatment was asso-
ciated with well-controlled hematocrit (<45%) levels without requiring therapeutic
phlebotomy and minimized the occurrence of thromboembolic events. Most impor-
tantly, disease progression was sporadic during 5-year results with ropeginterferon
alpha-2b treatment. This indicates that the change in disease course may be related
to deep and durable molecular responses achieved with this treatment.19,20 Ropegin-
terferon alpha-2b is approved in the European Union as monotherapy for the treat-
ment of patients with PV without symptomatic splenomegaly.
Other critical evidence of the potential for IFN-a treatment to alter the natural history

of MPNs is that it is the only treatment that can provide a long-term complete hema-
tologic response after discontinuation of the treatment. This is particularly evident in
patients with a driver mutation VAF lower than 10% at the time of discontinuation.21

This suggests that deeper driver mutation remission may be a biomarker surrogate
for disease course modification. Recently published data show an association of
germline genetic factors such as interferon lambda 4 (IFNL4) diplotype status and mo-
lecular remission with IFN-a therapy in patients with PV reflecting the differential effect
of IFN-a treatment on JAK2 V617 F mutational burden.22

There is now evidence that IFN-a treatment in patients with PV will improve overall
survival and alter the disease course by reversing the bone marrow fibrosis.23 In this
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single-center retrospective study in 470 patients with PV, IFN-a (n5 93) demonstrated
superior myelofibrosis-free survival and overall survival advantage over hydroxyurea
(n 5 189) or phlebotomy only (n 5 133) treatments with a median follow-up of
10 years.23 This constitutes other data supporting the disease-modifying potential
of IFN-a.

A Case for Murine Double Minute 2 Inhibitors

The loss-of-function mutations in the TP53 gene, located on chromosome 17p13.1, is
seen in most cancers. Its protein product, p53, functions as an essential tumor sup-
pressor, and is tightly regulated by several mechanisms, including posttranslational
modifications and interaction with the negative regulator E3 ligase MDM2. JAK2
V617 F increases MDM2 protein translation, resulting in upregulation of MDM2 levels
in PV/ET CD341 stem/progenitor cells, and nutlins, a class of drugs that inhibit MDM2
activity and in turn lead to increased p53 activity, are capable of depleting mutated PV/
ET stem/progenitor cells.24,25 This is strong rationale to treat patients with ET/PV with
an MDM2 inhibitor.
The safety and efficacy of idasanutlin, a second-generation oral nutlin, was evalu-

ated in a phase 1 trial, alone or in combination with IFN-a in patients with high-risk
PV/ET for whom at least 1 prior line of therapy had failed.26 Twelve patients (PV,
n 5 11; ET, n 5 1) with JAK2 V617 F-positive PV/ET were treated with idasanutlin
at 100 and 150 mg daily, respectively, for 5 consecutive days of a 28-day cycle.
The overall response rate after 6 cycles was 58% (7/12) with idasanutlin monotherapy.
Median duration of response was 16.8 months (range, 3.5–26.7). Most importantly,
the treatment was associated with a 43% mean reduction in the JAK2 V617 F variant
allele frequency signifying the disease-modifying potential of the treatment. These
encouraging results prompted the international multicenter phase 2 study evaluating
idasanutlin in patients with PV who were hydroxyurea-resistant/intolerant and
phlebotomy-dependent (>1 phlebotomy in the 16-week period before screening). Ida-
sanutlin was given orally once daily for 5 consecutive days of a 28-day cycle for up to
24 months. The primary endpoint at 32 weeks was the composite response of hemat-
ocrit control and spleen volume reduction greater than 35% by computed tomogra-
phy/MRI in patients with splenomegaly and hematocrit alone in patients without
splenomegaly; 27 patients were enrolled with median duration of treatment of
257 days (range, 5–677). The median number of treatment cycles was 8 (range, 1–
22). At week 32, 16 patients were assessed for primary endpoint. Nine (56.3%) of
the 16 patients have achieved hematocrit control and 8 (50%) of 16 patients achieved
complete hematologic response. Idasanutlin treatment resulted in reduction in JAK2
V617 F variant allele frequency, which was observed as early as after 3 cycles (median
reduction, 39%; n 5 19) and was sustained in patients receiving treatment. Interest-
ingly, the reduction in the clonal burden was significantly greater in patients with com-
plete hematologic response and hematocrit control, indicating the disease-modifying
potential of the drug.27,28 These enthusiastic results were dampened by the toxicities
of the drug, a total of 3 serious adverse events were reported: atrial flutter, atrial fibril-
lation, and nausea/vomiting. The recurrent gastrointestinal toxicity (nausea/vomiting)
was common and was not alleviated with antiemetic prophylaxis throughout the treat-
ment and led to frequent treatment discontinuations.
KRT-232, another oral small molecule MDM2 inhibitor, is currently being evaluated

for the treatment of patients with phlebotomy-dependent PV. A randomized, open-
label, multicenter, phase 2a/2b study to determine the efficacy and safety of KRT-
232 compared with ruxolitinib is currently accruing patients (NCT03669965).
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Other Agents that May Lead to Disease Modification in Myeloproliferative
Neoplasms

Givinostat is an orally bioavailable, potent inhibitor of class I and II histone-deacetylase
(HDAC) that has demonstrated preclinical activity in selective targeting of the JAK2
V617 F clone by attenuating JAK2/STAT5 signaling and inducing apoptosis.29 Subse-
quently, several studies have shown that givinostat is clinically active either as mono-
therapy or in combination with hydroxyurea in patients with PV. The phase Ib/II proof-
of-concept trial of givinostat in patients with PV was studied at the dosage of 100 mg
twice daily. The objective response rate was 80.6% at the end of 3 cycles and 50% of
patients reported symptomatic improvement (pruritus, headache) with givinostat
treatment. Also, the givinostat treatment resulted in moderate reduction of JAK2
V617 F allele burden after 3 and 6 cycles of treatment. Almost all patients experienced
a grade 1/2 treatment-related adverse event (diarrhea, 51%; thrombocytopenia, 45%;
increased serum creatinine, 37%).30 Based on these results, a global registration
phase III trial that will evaluate the efficacy of givinostat versus hydroxyurea in high-
risk PV patients is under way.
Lysine-specific demethylase 1 (LSD1) is an epigenetic enzyme that can demethylate

mono- and di-methylated lysine residues, specifically histone 3 and lysine 4 and 9
(H3K4 and H3K9), and plays a critical role in regulating gene transcription. LSD1 is
essential for steady-state hematopoiesis as genetic knockdown or pharmacologic in-
hibition of LSD1 abrogates erythropoiesis, granulopoiesis, and thrombopoiesis in a
reversible fashion. In addition, LSD1 is found to be overexpressed in patients with
MPN.31 Bomedemstat (IMG-7289), an irreversible LSD1 inhibitor, reduced spleno-
megaly and bone marrow fibrosis, and normalized blood counts in the Jak2 V617 F
murine model.32 Most importantly, this treatment resulted in reduction in mutant allele
burden and improved survival of treated mice. This encouraging result has led to the
ongoing clinical evaluation of bomedemstat as a second-line agent in PV and ET
(NCT04262141, NCT04254978).
Hematocrit control through therapeutic phlebotomy in PV is achieved by reducing

the iron stores in the body available for erythropoiesis. However, iron deficiency can
also lead to symptoms including fatigue, brittle nails, and pica syndrome. Iron defi-
ciency also suppresses hepcidin levels, which, in turn, increases absorption of iron
and enhances red blood cell production. The hepcidin-mimetic PTG-300 is aiming
to control red cell counts, by degradation of the ferroportin receptor in iron-
absorptive enterocytes and iron-recycling macrophages, thus inducing iron-
restricted erythropoiesis. In the case of PV, the hematocrit could be controlled in
the absence of therapeutic phlebotomy and iron deficiency. It is currently being eval-
uated in an ongoing phase II trial in patients requiring at least 3 phlebotomies in the
preceding 24 weeks either with or without cytoreduction to maintain a hematocrit of
less than 45% (ClinicalTrials.gov Identifier: NCT04057040). Of the first 13 patients
enrolled (8 of whom have been treated for at least 3 months), all but 1 was
phlebotomy-free on PTG-300.33 Moreover, iron-related parameters suggested a
steady improvement in iron deficiency. This provides an exciting new way of control-
ling red blood cell counts in PV, but it remains to be seen if there will be an associated
reduction in symptom burden, thrombosis risk, or evidence of disease modification.

WHAT REALLY IS DISEASE-MODIFYING ANYWAY?

Most of the currently available treatment options for patients with PV/ET are mainly
aimed at minimizing the risk of thrombosis and/or bleeding. So far, none of the
approved treatments for PV/ET has shown clear evidence of disease-modifying

Kishtagari & Gerds300



potential. The ultimate goal of the novel treatments currently in various stages of drug
development is disease modification; however, there is significant ambiguity in how to
define this goal. Despite the tremendous success of JAK inhibitors in controlling the
symptom burden, spleen size, and blood counts in patients with MPNs, as well as pro-
longing survival in MF, these treatments are not considered disease-modifying.34 In
the era of genomics, the standard approach is to measure disease modification
with the reduction in the mutant allele burden of the driver mutation (JAK2, CALR,
or MPL). Although it is intuitive, achieving molecular remission is not a validated
endpoint in PV/ET, as its correlation with clinical outcomes, such has thrombotic
events, disease progression, or overall survival, has not been established. Given
that there are other pathways outside of JAK-STAT that are key in disease develop-
ment, reduction of the driver mutant allele burden may prove not to be an effective sur-
rogate endpoint for disease modification. Therefore, sustained exploration of the
pathobiology and continued consensus on measurement of disease modification is
needed for the future development of successful treatments.

SUMMARY

MPNs are a group of clonal hematopoietic stem cell disorders characterized by
abnormal myeloproliferation leading to elevated blood counts, splenomegaly, sys-
temic inflammation, and propensity to thrombosis. To date, none of the available ther-
apies for PV/ET have been shown to improve survival or prevent transformation to
myelofibrosis or acute leukemia, instead, therapies are primarily targeted at prevent-
ing thrombo-hemorrhagic complications and alleviating symptom burden. This is an
urgent unmet clinical need in PV/ET. Although genetic driver mutation-specific tar-
geted therapy is at the center of MPN drug development, recent evidence (eg, IFN-
a, idasanutlin, givinostat, bomedemstat) highlights the importance of targeting other
cellular pathways in MPN. There is now long-term evidence, albeit in a nonrandomized
setting, that IFN-a treatment in patients with PV will improve overall survival and
reverse bone marrow fibrosis in a fraction of treated patients, potentially altering the
natural history of the disease. This emphasizes the importance of a broader approach
to target novel pathways in MPN, with the goal of improving treatment outcomes.

CLINICS CARE POINTS

� Although low-dose aspirin is universal in PV to prevent thrombosis, it may not be needed for
all patients with ET.

� There are no prospective, randomized data that have identified a platelet count target in ET,
so platelet count goals are often individualized for each patient

� Retrospective data have suggested a potential myelofibrosis-free survival and overall survival
advantage for interferon therapy over hydroxyurea therapy.

� In addition to controlling counts, new agents in development are aiming to alter the natural
history of PV and ET.
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Thrombotic, Vascular, and
Bleeding Complications of
the Myeloproliferative Neoplasms

Andrew I. Schafer, MD

INTRODUCTION

It has long been recognized that thrombosis, vascular events, and bleeding are the
major causes of morbidity and mortality in patients with Philadelphia chromosome–
negative myeloproliferative neoplasms (MPNs).1 In a large, multinational cohort of pa-
tients with polycythemia vera (PV), the cause of death was thrombohemorrhagic
events in 45%, compared with disease transformation in 13%.2 Symptomatic patients
with MPNmay have exclusively thrombotic or exclusively bleeding complications dur-
ing the course of their disease, but many have both. In 1899, Dr. Robert C. Cabot3
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KEY POINTS

� Thrombosis pathogenesis in the myeloproliferative neoplasms (MPNs) involves the syner-
gistic effects of cell-intrinsic abnormalities of blood cells derived from the mutant MPN
stem cell, endothelial cells, and a state of systemic inflammation.

� Venous, arterial, and microvascular thrombotic events are the most common causes of
morbidity and mortality in the MPNs.

� Presentation of patients with unusual sites of thrombosis and vascular occlusion, such as
splanchnic vein or cerebral vein thrombosis, microvascular disturbances such as erythro-
melalgia or neuro-ophthalmologic problems, and recurrent pregnancy loss, should raise
clinical suspicion for an underlying MPN.

� Systemic bleeding complications in the MPNs are often caused by a form of acquired von
Willebrand disease that develops as abnormal MPN platelets and neutrophils selectively
remove the high-molecular-weight multimers of von Willebrand factor in the circulation by
adsorbing them to their cell surfaces or by proteolysis.

� Phlebotomy to maintain hematocrits of less than 45% and cytoreductive therapy to target
normalization of blood counts in patients who have had thrombotic or vascular complica-
tions are evidence-based mainstays of preventing their occurrence in patients with MPN,
but antithrombotic agents are still used as for others without MPNs, with recent concerns
about the indiscriminate use of aspirin.

Hematol Oncol Clin N Am 35 (2021) 305–324
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described the case of a 46-year-old masseuse with polycythemia who had a history of
spontaneous bruising and a transient ischemic attack. She presented with “very free
hemorrhage, lasting half a day, and controlled only by packing the cavity with gauze.
The bleeding seemed to make her feel better.” She died of a cerebral hemorrhage.3

Patients with PV are particularly prone to thrombosis, whereas patients with essential
thrombocythemia (ET) and myelofibrosis (MF) tend to have more bleeding problems.
It is common for patients to present with thrombotic, vascular, or bleeding events

that precede the diagnosis of MPN. In 9429 patients with MPNs and 35,820 matched
control subjects from the Swedish Cancer Register, the hazard ratio (HR) for any
thrombosis at 3 months after diagnosis was 4.0 in patients with MPN compared
with controls. The HRs for thrombosis at 1 and 5 years after diagnosis of MPNs
were 2.4 and 1.8, respectively. There was a nearly 10-fold increase in the rate of
venous thrombosis specifically (HR, 9.7) 3 months after diagnosis, which decreased
markedly at 1 and 5 years of follow-up, respectively, but remained significantly
increased compared with control subjects.4 The study clearly showed that most
thrombotic events in patients with MPNs occur before or shortly after the diagnosis
of MPN. Furthermore, the markedly decreased rate of venous thrombosis at 5 years
after MPN diagnosis was sustained for at least 20 years. For arterial thrombosis, the
greatest decrease is seen at 3 years after the MPN diagnosis, but then gradually in-
creases by 20 years up to at least 50% of the rate seen at 3 months.
A systematic review and meta-analysis of 29 prospective and retrospective cohort

studies showed that overall incidence of thrombosis at the time of diagnosis of an
MPN (presumably occurring earlier) was 20.0%, including 6.2% for arterial events
and 6.2% for venous thromboses.5 Comparable findings were reported in a real-
world study of a large, unselected group of patients with MPN seen at university
and nonuniversity hospitals or office-based practices, reported by the MPN registry
of the German Study Alliance Leukemia (SAL). Here, most thromboembolic events
occurred either before or at the time of diagnosis of an MPN. In contrast, most
bleeding complications in this population were noted after the MPN diagnosis.6

This finding raises the question of whether patients without known MPNs who pre-
sent with apparently unprovoked thrombosis should be screened for an MPN as part
of their hypercoagulability work-ups. It is reasonable to do so in individuals with sus-
tained thrombocytosis, leukocytosis, and/or erythrocytosis following the thrombotic
episode. However, transient blood count increases frequently occur as a reactive pro-
cess immediately after the thrombotic event and do not warrant prompt evaluation for
MPNs. Screening for an MPN after thrombosis in patients with unexplained spleno-
megaly is likewise reasonable. In those who present with thrombosis or a vascular
event that is characteristic of MPNs, such as hepatic vein thrombosis, portal vein
thrombosis, or erythromelalgia, evaluation for an underlying MPN is recommended.
In the absence of any of these findings, evaluation of MPNs is not routinely indicated
in patients who present with thrombosis.

GENOMIC PROFILE AND RISK OF THROMBOTIC AND VASCULAR COMPLICATIONS IN
THE MPNs

The classic Philadelphia chromosome–negative MPNs are PV, ET, and primary myelo-
fibrosis (PMF). Subsets of these disorders as they relate to progression of disease are
prefibrotic myelofibrosis, post-PV myelofibrosis, and post-ET myelofibrosis. The ma-
jor somatic driver mutations that have been identified to date for these MPNs are
JAK2(V617F), JAK2 exon 12/13, calreticulin or CALR (mostly type 1 CALR del152
and type 2 CALR ins5), andMPL(W515). The prevalence of the JAK2(V617F)mutation
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is 95% in PV, 50% to 75% in ET, and 40% to 75% in PMF. JAK2 exon 12mutations are
specific for PV. CALR mutations occur in 20% to 30% of patients with ET and PMF.7

MPNs that do not have any of these driver mutations (approximately 10%) are termed
triple negative, although many in this category do carry other rare mutations in these
genes that are likely to be pathogenic. In addition to the driver mutations, patients with
MPN can have other somatic mutations in cancer-associated genes. Such nondriver
mutations occur in primarily in chromatin regulatory genes (eg, ASXL1, EZH2), epige-
netic regulatory genes (eg, TET2, DNMT3A), or splicing machinery genes (eg, SF3B1),
and can carry prognostic significance.
The mutational profile and order of mutation acquisition have major (but not exclu-

sive) effects on MPN phenotype and patient outcomes, including the risk of throm-
botic and vascular events. A JAK2(V617F) mutation is associated with an increased
risk of thrombosis compared with patients with MPN with other driver mutations.
Those who have a JAK2(V617F) allele frequency of greater than 75% are at particularly
high risk of cardiovascular events and thrombosis, with each of these 2 complications
carrying a relative risk of 7.1 (P 5 .003).8 By contrast, patients with MPN who have a
CALR mutation have a lower risk of thrombosis.9 CALR-mutated and JAK2(V617F)-
mutated CD341 cells show different gene and microRNA expression profiles; in
particular, patients with CALR mutation–positive ET are characterized by downregu-
lation of several genes involved in thrombin signaling and platelet activation.10

In addition to the classic Philadelphia chromosome-negative MPNs, the 2016
revised World Health Organization (WHO) classification of MPNs11 includes several
other clonal hematopoietic disorders that have diagnostic somatic gene mutations:
chronic myeloid leukemia (CML) with the BCR-ABL fusion gene; chronic neutrophilic
leukemia with the CSF3Rmutation; systemic mastocytosis with the KIT(D816V) muta-
tion; and chronic hypereosinophilia with rearrangements of the PDGFRA, PDGFRB,
and FGFR1 genes. Some of these are also associated with thrombotic and vascular
complications.

Chronic Myeloid Leukemia

In the pre–tyrosine kinase inhibitor (TKI) era, bleeding complications were found in
some patients with CML, even in the absence of thrombocytopenia; however, throm-
botic and vascular complications were rarely seen.12 More recently the picture has
changed. A recent meta-analysis and systematic review of 72 prospective studies
including 9061 patients showed that the incidence rate of venous thromboembolism
among patients with CML was 13% (95% confidence interval, 1%–36%), in contrast
with incident rates of 5%, 3%, and 6% in patients with acute lymphoid leukemia,
chronic lymphocytic leukemia, and acute myelogenous leukemia, respectively.13

The potential confounding variable of treatment with TKIs that have been associated
with vascular events in patients with CML was not addressed. Imatinib and the newer
TKIs such as nilotinib, dasatinib, and ponatinib, to a greater or lesser extent clearly in-
crease the risk of cardiovascular or atherothrombotic adverse events, particularly cor-
onary, cerebrovascular, and peripheral arterial disease. Individual TKIs have different
risk profiles, as well as different clinical manifestations and mechanisms of vascular
toxicity.14 Composite analysis of 531 patients treated with these frontline TKIs in
different prospective CML trials found that, overall, 45% of patients developed cardio-
vascular adverse events and 9% had arteriothrombotic adverse events.15

Hypereosinophilia

Hypereosinophilia, whether it be clonal or nonclonal in cause, has been associated
with various thrombotic and vascular complications, including deep vein thrombosis,
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pulmonary embolism, superficial venous thrombosis, portal vein thrombosis, cerebral
arteriolar or venous thrombosis, and intracardiac mural thrombi. The frequency of
thrombosis in hypereosinophilias has not been adequately determined but it is gener-
ally not common. When they do occur, most involve large-vessel, medium-vessel, or
small-vessel arterial occlusions. A recently reported retrospective study of 63 consec-
utive patients with idiopathic hypereosinophilia or hypereosinophilic syndrome with
concurrent venous thromboembolism, which excluded patients with provoking factors
or any kind of underlying hypercoagulable states, found that independent risk factors
included the level and duration of absolute eosinophilia.16 The mechanism of throm-
bosis in these cases is probably multifactorial. Circulating eosinophils play a signifi-
cant role in activation and regulation of coagulation, expressing tissue factor (TF)
and TF-dependent thrombin generation.17 The strong endogenous thrombin-
generating capacity of eosinophils is also mediated by their procoagulant surfaces
that are enriched in 12/15-lipoxygenase–derived phospholipids.18 Eosinophil-
derived mediators, including cationic proteins and reactive oxygen species, can
also promote inflammation, fibrosis, and thrombosis by causing direct endothelial
toxicity. The entity of eosinophilic vasculitis has been shown in 117 patients with
hypereosinophilia who did not have asthma, antineutrophil cytoplasmic antibodies,
or other causes of reactive eosinophilia. Histopathologic findings showed an
eosinophil-rich, necrotizing form of vasculitis that affected not only arterial but also
venous vessels.19

Systemic Mastocytosis

In contrast with the other MPNs discussed earlier, patients with systemic mastocyto-
sis are at increased risk for only clinical bleeding, not thrombosis. The frequency of
bleeding problems is very low but, when it does occur, it may be severe and even
life threatening. In the French national database of 880 patients with well-
characterized and well-followed systemic mastocytosis (CEREMAST), meeting
WHO diagnostic criteria, 14 patients were identified as having a bleeding diathesis
and none with venous thromboses.20 Bleeding can be asymptomatic with only labo-
ratory abnormalities in the prothrombin time (PT) and/or activated partial thrombo-
plastin time (aPTT). In patients with overt bleeding, some had mucocutaneous
bleeding, reflecting platelet-vascular abnormalities, and some had severe deep
bleeding, indicating abnormalities in the coagulation system associated with pro-
longed PT and/or aPTT. Bleeding typically occurred at times of mast cell activation
and degranulation flares, and was most severe in patients with aggressive disease
who had multiorgan mast cell infiltration. Although it has been experimentally shown
that mast cell granular contents are thrombogenic,21 the almost exclusivity of clinical
bleeding complications suggests that the balance between the antithrombotic proper-
ties of activated mast cells (containing heparin, tryptase, and tissue plasminogen acti-
vator) outweigh the effects of their proinflammatory/prothrombotic mediators (eg,
histamine, tumor necrosis factor-a). In treating clinical bleeding in systemic mastocy-
tosis, hemostatic management alone may be inadequate; simultaneous, aggressive
treatment with mast cell mediator inhibitors and mast cell stabilizers may be
required.20

VASCULAR DISEASE AND THROMBOSIS IN CLONAL HEMATOPOIESIS OF
INDETERMINATE POTENTIAL

Clonal hematopoiesis of indeterminate potential (CHIP) refers to the acquisition of
nonmalignant clonal mutations in genes that are associated mostly with hematologic
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neoplasms, including the MPNs, with variant frequencies of greater than or equal to
2% in the absence of any clinical evidence of a coexisting hematologic neoplasm.
The risk of carrying CHIP increases dramatically with age, with a prevalence of greater
than or equal to 50% in patients more than 85 years of age.22 CHIP is now considered
to be an inevitable consequence of normal aging. In population-based cohorts that
had exome sequencing, the presence of CHIP was associated with an approximately
10-fold increased relative risk of developing a clinically overt hematologic malignancy,
including MPN, within the subsequent 8 years.23 Furthermore, it was unexpectedly
found that the risk of future atherosclerotic coronary artery disease and ischemic
stroke is more than doubled in carriers of CHIP.24 Genes that are frequently mutated
in CHIP may also be important mediators of inflammatory signals,25 and inflammation
(discussed later), which is an important contributor to the pathogenesis of MPNs,
thrombosis, and atherosclerotic cardiovascular disease. In particular, JAK2 has
been linked to inflammatory processes, serving as a signal transmitter downstream
of major inflammatory cytokine receptors.26

NONGENOMIC RISKS OF THROMBOTIC AND VASCULAR COMPLICATIONS IN THE
MYELOPROLIFERATIVE NEOPLASMS

Chronic inflammation is now recognized to be a critical participant in both the patho-
genesis of MPNs and their thrombotic complications (Fig. 1). The progeny of JAK2-
mutated MPN stem cells and the stromal cells within their bone marrow environment
generate proinflammatory cytokines that promote mutant clonal evolution. Increased
levels of interleukin (IL)-18, IL-6, IL-8, C-reactive protein, and other inflammatory me-
diators can be measured in circulating blood not only in patients with overt MPNs27

but even in those with MPN driver mutation CHIP.28,29 Some patients with progression

Fig. 1. The cycle of MPN, inflammation, and thrombosis. A simplified cartoon of thrombo-
genesis in the MPNs. The MPNs stimulate a microenvironmental and systemic inflammatory
state. In turn, inflammation fuels MPN driver mutation–induced clonal expansion. There is
also a reciprocal relationship between inflammation and thrombosis in MPN as well as pa-
tients without MPN. Thrombosis in general leads to an inflammatory state and inflamma-
tion, in turn, fuels thrombogenesis.
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of disease have systemic symptoms (eg, night sweats, weight loss) that reflect their
high level of systemic inflammation, but most patients with stable MPNs have only a
subclinical systemic inflammatory state. A close functional interdependence between
the processes of inflammation and thrombosis is now known to be operative in a wide
spectrum of disorders, not only in the MPNs. Inflammation stimulates thrombosis and,
in turn, thrombosis promotes inflammation (see Fig. 1), a generalizable pathophysio-
logic state that has been referred to as thromboinflammation.30,31 Specifically in the
MPNs, this sets up a potential vicious cycle wherein inflammation drives preferential
proliferation of JAK2(V617F)-positive rather than wild-type clones, fueling more sys-
temic inflammation that then leads to further mutant clonal evolution. The combined
effects of an increasing population of JAK2(V617F)-positive circulating blood cells
that have acquired prothrombotic and proadhesive phenotypes (discussed later), an
activated coagulation system catalyzed by activated blood cells, and an increasing
systemic proinflammatory state progressively heighten the risk of thrombotic and
vascular complications in the MPNs.
Aging in general, even in the absence of MPNs, is a strong risk factor for both

venous thrombosis and atherothrombosis.32,33 Advanced age is well established as
an independent risk factor for thrombosis in MPN risk stratification systems. Aging
and systemic inflammation are not completely separate prothrombotic processes
because advancing age is characterized by the gradual development of a state of
chronic subclinical inflammation (so-called inflammaging) and by progressive immune
system impairment.34,35

Other cardiovascular risk factors in addition to aging include obesity, smoking, dia-
betes mellitus, hypertension, hyperlipidemia, and the metabolic syndrome. Although
their role in the development of atherothrombosis is well established, they are prob-
ably likewise risk factors for venous thrombosis. Several studies have shown that pa-
tients with atherosclerotic arterial disease are predisposed to venous
thromboembolism and, conversely, patients with venous thromboembolism are at
greater risk of arterial thrombotic complications than matched control individuals.36

Therefore, aggressively managing cardiovascular risk factors in patients with MPN
should be an important part of the armamentarium to prevent thrombotic and vascular
complications.

VENOUS THROMBOEMBOLISM IN THE MYELOPROLIFERATIVE NEOPLASMS

Most venous thromboembolic complications in the MPNs take the form of common
deep vein thrombosis of the lower extremities and/or pulmonary embolisms that are
clinically indistinguishable from those seen in patients without MPNs. However,
more unusual sites of venous thrombosis may occur in the MPNs that are by nomeans
diagnostic of an MPN but are characteristic. These sites include superficial thrombo-
phlebitis; jugular, subclavian, or axillary vein thrombosis of the upper extremities
(Paget-Schroetter disease); renal vein thrombosis; central retinal or branch retinal
vein thrombosis; splanchnic vein thrombosis (SVT); and cerebral venous and
cavernous sinus thrombosis.

Splanchnic Vein Thrombosis

The splanchnic venous circulation involves predominantly the hepatic and portal
veins, with extension to the mesenteric and splenic veins.
Hepatic vein thrombosis is also referred to as the Budd-Chiari syndrome. SVT37 is

often associated with hepatic cirrhosis, where the mechanism involves both local,
anatomic factors as the nidus for thrombus formation and the systemic hemostatic
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abnormalities of liver failure. In noncirrhotic SVT, local intra-abdominal structural per-
turbations such as malignant or benign tumors of the hepatobiliary system, ab-
scesses, and abdominal surgery (eg, splenectomy, liver transplant, bariatric surgery)
provoke adjacent clot development. Other local causes of SVT are contiguous inflam-
matory disorders of the gastrointestinal tract, including inflammatory bowel disease,
diverticulitis, and complicated hepatobiliary tract inflammation or infection. Systemic
hypercoagulable states such as thrombophilias and hormonal changes (eg, oral con-
traceptives, hormone replacement therapy, pregnancy) can be triggers for such
events. Before the discovery of MPN driver mutations, at least one-third of patients
presenting with SVT were classified as idiopathic. It is now known that almost all
such cases are associated with MPNs or, rarely, another hematopoietic stem cell dis-
order, paroxysmal nocturnal hemoglobinuria (PNH). In many such patients, an impor-
tant clue that should raise suspicion of an underlying MPN is that circulating blood
counts are inappropriately normal. With other causes of SVT that lead to portal hyper-
tension, congestive splenomegaly, and hypersplenism, pancytopenia is expected.
The low normal hemoglobin and hematocrit levels in patients with PV with hypersplen-
ism has been referred to as masked PV.
The propensity for SVT in patients with MPN may be caused by several factors.

These factors include the low blood flow velocity within the splanchnic venous system,
which permits blood components to have prolonged contact with sinusoidal endothe-
lial cells.38,39 Vascular endothelial cells in MPNs have been shown to harbor the
JAK2(V617F) mutation specifically in splanchnic veins,40 and such JAK2-mutated
endothelial cells promote a prothrombotic and proadherent phenotype41 that has
been attributed in part to overexpression of P-selectin.42 SVT in PNH has been attrib-
uted to bacterial and food antigens present in the gut-draining mesenteric and portal
veins, which may locally activate complement, causing localized endothelial dam-
age.43 Similar mechanisms may be operative in SVT caused by MPNs. JAK2(V617F)
mutation–positive patients with MPN have poor long-term outcomes despite anticoa-
gulation,44 although direct anticoagulants have been found to be safe and effective in
patients with noncirrhotic portal vein thrombosis in general.45

Cerebral Venous and Cavernous Sinus Thrombosis

Cerebral venous thrombosis (CVT), a life-threatening condition, typically presents with
headache, papilledema, and diplopia. The most common risk factors in adults are oral
contraceptives, pregnancy, and thrombophilia. Even in the absence of other risk fac-
tors, MPNs alone can be associated with these complications.46 A significantly higher
prevalence of coexisting thrombophilia has been found in patients with MPN with CVT
compared with other patients with MPN. Furthermore, patients with MPNs and CVT
have a higher risk of developing recurrent thromboses compared with those having
other types of venous thromboses.47,48 In addition to controlling the underlying
MPN, anticoagulation is therefore required for an indefinite duration, even if coexisting
hypercoagulable states such as oral contraceptives or pregnancy are no longer risks.

ARTERIAL THROMBOSIS AND ATHEROTHROMBOSIS IN THE MYELOPROLIFERATIVE
NEOPLASMS

In contrast with venous thrombosis, most individuals with arterial thrombosis have un-
derlying atherosclerotic cardiovascular disease (so-called atherothrombosis).33,49 In
these cases, the nidus for arterial thrombus tends to occur at sites of atherosclerotic
plaque disruption. From the Swedish Canner Register, the 3-month HR for arterial
thrombosis was increased 3-fold in patients with MPNs compared with age-
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matched and sex-matched controls from the general population, and themagnitude of
this relative increased risk was comparable across MPN subtypes.4 Similar findings
were reported from the Danish National Patient Registry, adjusted for levels of comor-
bidity.50 Patients with MPN are prone to the development of secondary cancers. Inter-
estingly, after adjustments for confounders, multivariate analysis of a nested case-
control study of patients with MPN showed that the occurrence of arterial thrombosis,
but not venous thrombosis, was independently associated with an increased risk of
subsequently diagnosed carcinomas (odds ratio, 1.97; confidence interval, 1.14–
3.41), specifically noncutaneous malignancies.51 The mechanisms underlying this
observation remain unclear.
Acute myocardial infarction can be a presenting event in patients with MPN. The

diagnosis of MPN should be considered in selected patients, especially those who
have unexplained coronary ischemic events associated with persistent thrombocyto-
sis and no cardiovascular risk factors. These individuals may have coronary artery
thrombi, with or without spasm, but no underlying atherosclerotic changes in the cor-
onary arteries.52,53 The rates of ischemic cerebrovascular events in the MPNs are
approximately 10-fold higher than in the general population.54

MICROVASCULAR COMPLICATIONS IN THE MYELOPROLIFERATIVE NEOPLASMS

Several microvascular disturbances have been described in the MPNs. Although infre-
quently seen, they can be disabling and distinctive, although they are not exclusive to
the MPNs.

Erythromelalgia

Erythromelalgia typically presents as episodic burning and other forms of neuropathic
pain with corresponding areas of erythema, warmth, and tenderness.55 The symptoms
and signs most commonly involve the lower extremities, usually asymmetrically, espe-
cially the plantar surfaces of the feet and toes. Less common sites are hands, fingers,
and even face. Ambient heat, exercise, and limb dependence are provoking factors.
Primary erythromelalgia is an autosomal dominant inherited disease caused by muta-
tion in the SCN9A gene, which encodes for voltage-gated sodium channels. Second-
ary erythromelalgia is associated with many diseases but its most common cause is
the MPNs. Histopathology by skin biopsy of an involved area, which is not routinely
recommended, shows swelling of arteriolar endothelial cells, narrowing of the lumen
by proliferating smooth muscle cells, and occlusion by platelet thrombi.56 The pres-
ence of platelet thrombi in involved microvessels in patients with MPN, but their
absence in involved areas in patients with primary erythromelalgia, may explain the
lack of responsiveness to aspirin in the latter disorder.57 The hypoxia caused bymicro-
vascular occlusions in erythromelalgia may also trigger a neuropathy through ischemic
damage to cutaneous nociceptors, contributing to the sensorial manifestations.58 In
many cases, aspirin and, to a lesser extent, other nonsteroidal antiinflammatory drugs
offer prompt improvement of symptoms but may require higher doses than are used
for cardiovascular prevention. Coping strategies such as brief immersion of affected
limbs in ice-cold water can provide transient relief. Optimal control of high blood
counts may ameliorate the problem, but refractory cases pose a therapeutic
challenge.59

Livedo Racemose and Livedo Reticularis

Livedo racemose and livedo reticularis are characterized by violaceous, netlike ery-
thema of the skin. These disorders are caused by impairment of blood flow to
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cutaneous microvessels of the skin segments involved; the pattern of mottling relates
to the vascular anatomy of normal skin. There continues to be debate about the differ-
ences between the 2 terms, with racemose generally preferred in the European and
reticularis in the North American literature. The cutaneous manifestations are indistin-
guishable, but racemose tends to be more generalized, whereas reticularis is more
localized to the legs. It is thought by some that livedo reticularis is a physiologic phe-
nomenon caused by reactive cutaneous vasoconstriction (eg, to cold), whereas livedo
racemose is always associated with a pathologic condition, such as antiphospholipid
syndrome. If the two entities are not the identical disorder with merely different names,
they likely represent a spectrum of cutaneous manifestations.60 Livedo has been
noted to be a rare microvascular complication of ET.61,62

Sneddon Syndrome

Sneddon syndrome63 is an episodic or progressive disorder that is characterized by
generalized livedo racemose and recurrent cerebrovascular events, sometimes lead-
ing to cognitive decline. Histopathology of skin and brain shows noninflammatory
thrombotic vasculopathy involving medium-sized and small dermal and cerebral ar-
teries. It is seen in patients with MPNs but it is more commonly linked to antiphospho-
lipid syndrome.

Digital Ischemia

Large peripheral artery thromboses in the MPNs in the absence of underlying athero-
sclerosis is not well documented, but digital ischemia secondary to arteriolar throm-
bosis is well recognized. In these cases, the distal lower limb pulses are palpable
and ankle-brachial pressure indices are normal. By angiography, normal large and
medium-sized arteries are found to have minimal or no significant atherosclerotic
changes. However, angiography can sometimes visualize small arterial vessel occlu-
sions in the distal lower limb.64 Patients can present this way and even undergo unsuc-
cessful bypass surgery before thrombocytosis is noted and an MPN is diagnosed. The
digital ischemia can appear de novo or follow manifestations of erythromelalgia.
Without prompt diagnosis and appropriate treatment, cyanotic toes can progress to
necrosis, gangrene, and even autoamputation (Fig. 2).

Neuro-ophthalmologic Complications of Myeloproliferative Neoplasms

The prevalence of ocular and neuro-ophthalmologic complications in the MPNs has
been estimated to be between 7.5% and 25% in both treated and untreated pa-
tients.65 Microvascular disturbances that are caused by impaired retinal or cerebral
perfusion include monocular and transient blindness, amaurosis fugax, scintillating
scotomas, hemianopsia, and migrainelike transient ischemic attacks. With prompt
diagnosis of neuro-ophthalmologic complications of MPNs, the symptoms and signs
can usually be reversed. Vaso-occlusion caused by central retinal artery or vein throm-
bosis can cause retinal ischemia and vision loss. It can be caused in the MPNs by
increased whole-blood viscosity in PV and abnormal adhesion of JAK2-mutated blood
cells to the vascular endothelium.
Some MPN therapeutic agents potentially have adverse effects on the eyes. Inter-

feron-a has been associated with anterior ischemic optic neuropathy, although a
causal relationship is not well established. The immunosuppressive actions of ruxoli-
tinib can lead to retinitis secondary to opportunistic infections (eg, cytomegalovirus,
toxoplasmosis).
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Maternal and Fetal Vascular Events

Most pregnant women with MPNs deliver at term without complications. However,
many, especially those with ET, have significant maternal morbidity and poor fetal out-
comes. Complications include maternal thrombosis (especially during the third
trimester and puerperium) and hemorrhage. Fetal complications include early sponta-
neous miscarriage, preeclampsia, intrauterine growth restriction, stillbirth, and prema-
turity. Placental histopathology can show microvascular thrombotic occlusions with
infarction of the placental circulation, leading to uteroplacental dysfunction that is
similar to what is seen in acquired and inherited thrombophilias with an associated
miscarriage.66 Published series have reported live birth rates of 50% to 70% and
spontaneous abortion rates of 22% to 50% in mothers with MPNs, predominantly
ET.67,68 A systematic review and meta-analysis of 22 studies reporting on 1210 preg-
nancies found that the use of aspirin and interferon-a, but not heparin, was associated
with higher odds of live births.69

BLEEDING COMPLICATIONS IN THE MYELOPROLIFERATIVE NEOPLASMS

Most bleeding problems in patients with MPN are superficial surface bleeds such as
easy or spontaneous bruising, oral mucosal bleeding, epistaxis, hemoptysis, and
mucosal bleeding from the gastrointestinal and genitourinary tracts. This pattern of
bleeding is characteristic of abnormalities in primary hemostasis, associated with
platelet–vessel wall interactions, in contrast with the typically deep tissue and organ
bleeds seen in coagulation factor abnormalities (secondary hemostasis). In most
studies, the estimated prevalence of bleeding problems as an initial symptom of
MPN has been between 3% and 18% in ET, 3% and 8% in PV, and 12% in PMF.70

In a more recent systematic review and meta-analysis, bleeding as the initial manifes-
tation of MPN was noted to be 6.9% in PV, 7.3% in ET, and 8.9% in PMF. Major sites
of bleeding at presentation were mucocutaneous (2.8%), gastrointestinal (2.1%),
epistaxis (1.0%), and postoperative bleeding (1.1%).5 There have been conflicting
data about whether or not the use of aspirin in the MPNs increases bleeding
risk.2,70–72 Postsurgical bleeding episodes are increased in patients with MPN,
affecting 7.3% of all patients, with antithrombotic prophylaxis increasing the risk.73

In a retrospective study of bleeding and thrombosis of patients with MPN postopera-
tively, with about half of the 311 patient having major surgery, most on cytoreductive
therapy, there were 12 arterial and 12 venous thrombotic events after 3 months of
follow-up, and 23 major and 7 minor hemorrhages.74

The cause of bleeding in patients with MPN is not completely understood. Pa-
tients with MPNs have been reported to have a variety of functional platelet abnor-
malities (with or without thrombocytosis) in vitro, including some that seem to be
practically diagnostic of an MPN (eg, platelet a-adrenergic receptor or 12-lipoxyge-
nase deficiency). However, none of these platelet defects has been clearly associ-
ated with a clinical bleeding tendency. More recently, the finding of acquired von
Willebrand disease (aVWD), especially in a substantial number of patients with ET,
has been thought to be a major factor causing bleeding. The aVWD is related to
loss of the highest-molecular-weight multimers of von Willebrand factor, which are
the most hemostatically effective portion of the protein, because of their selective
adsorption onto the surfaces of high numbers of functionally abnormal platelets.
Loss of these multimers may also be caused by proteolysis associated with MPN
platelets and leukocytes. To test for this, clinicians should order not only a von Wil-
lebrand panel but also analysis of multimer distribution. The latter can reveal the ab-
normality when other measures of von Willebrand disease do not. Until recently, the
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aVWD was thought to develop only when there was extreme thrombocytosis (ie,
platelets >1 million). However, it is now known that patients with even near-
normal platelet counts can have aVWD.75,76

PATHOBIOLOGY OF THROMBOSIS IN THE MYELOPROLIFERATIVE NEOPLASMS

In PV, the degree of erythrocytosis is clearly related to thrombotic risk as a function of
increasing whole-blood viscosity.77,78 However, that cannot be the sole basis for the
vascular complications of PV because individuals with even higher levels of secondary
erythrocytosis (eg, persons living at high altitude) have little or no increased risk of
thrombosis. Functional alterations in red cells must coexist. For example,
JAK2(V617F) mutation–bearing red cells show abnormally avid adhesion to vascular
endothelial laminin because JAK2(V617F) triggers phosphorylation of the unique
erythroid laminin receptor, Lu/BCAM.79

Leukocytosis has been reported to be a risk factor for thrombosis in MPNs in
several studies that have used single time points for blood counts. More recently,
using subgroup trajectory modeling, which analyzes multiple leukocyte counts
measured longitudinally at regular intervals over up to 48 months of follow-up,
reflecting trajectories and cumulative exposure to leukocytosis, persistent leukocy-
tosis was not found to be associated with thrombosis.80 Leukocytes in MPNs
also circulate in blood in an activated state.81,82 Neutrophil extracellular traps
(NETs) consist of nuclear material released into the circulation by activated leuko-
cytes to produce an extracellular mesh that promotes thrombosis in general and
in the MPNs specifically.83,84 NETs also provide a surface for activation of the IL-
1 family cytokines,85 and they stimulate endothelial cell activation as well as TF gen-
eration.86 Moreover, activated neutrophils in patients with MPNs release proteolytic
enzymes and reactive oxygen species that injure endothelial cells and trigger the
coagulation cascade.87

The tenuous relationship between the level of thrombocytosis and thrombotic,
vascular, and bleeding complications in the MPNs was discussed earlier. Direct
platelet–red cell interactions have been noted to be mediated by FasL/FasR88 in
experimental thrombogenesis. Basal platelet hyperactivity has been found both
in vitro and ex vivo, possibly contributing to the prothrombotic phenotype of
MPNs.89 However, increased platelet reactivity is also seen other non-MPN inflamma-
tory disorders.
In the MPNs, the major cellular elements of blood (red cells, platelets, leukocytes)

and the vascular endothelial cells that they encounter throughout the circulatory
tree41,42,90 become further activated by their mutual interactions. They then work in
concert with inflammatory mediators and activated clotting factors to create a self-
perpetuating prothrombotic and proadhesive milieu.89 As indicated earlier, endothelial
cells themselves, which originate from the same mesodermal pluripotent stem cells
that give rise to hematopoietic lineages,91 may bear the JAK2 mutation in certain re-
gions of the vasculature, thereby becoming active participants in this complex
interplay.

PREVENTION AND TREATMENT OF THROMBOTIC, VASCULAR, AND BLEEDING
COMPLICATIONS IN THE MYELOPROLIFERATIVE NEOPLASMS

In general, the armamentarium of antithrombotic drugs available for prevention or
treatment of patients with MPN is no different than it is for general populations. The
difference is that the use of these agents in patients without MPN with thrombosis
is firmly based on high level of quality evidence from large, well-designed,
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randomized, double-blind, placebo-controlled clinical trials. However, this is not the
case for managing comparable thrombotic complications in the MPNs specifically.
Therefore, guidelines for the MPNs are often extrapolated from data generated from
studies in non-MPN populations. Importantly, the concurrent treatment of these pa-
tients for the underlying MPN must be considered along with decisions concerning
antithrombotic management.
First, the role of low-dose daily aspirin in preventing an initial thrombotic or vascular

event must be seriously reassessed in light of new information about its hemorrhagic
risks. Three large randomized clinical trials in the general population on risks and ben-
efits of aspirin were published in 2018. The ASPREE trial for reducing vascular events
in 19,114 elderly individuals found a 29% increase in major bleeds in patients taking
aspirin compared with the placebo group (with a median follow-up of 4.7 years).92

The ARRIVE trial of 12,546 individuals at moderate risk of cardiovascular disease
found that aspirin compared with placebo nonsignificantly reduced the risk of nonfatal
myocardial infarction, but doubled the risk of gastrointestinal bleeding (0.97% vs
0.46%; P 5 .0007; median follow-up 60 months).93 The ASCEND trial of 15,480 pa-
tients with diabetes mellitus to determine the effects of aspirin versus placebo on car-
diovascular complications found a 12% decrease in serious cardiovascular events in
the aspirin group, accompanied by a 29% increase in major bleeding problems
(approximately 41% gastrointestinal, 21% intraocular, and 17% intracranial bleeds),
with a median follow-up of 7.4 years.94 Subsequently published systematic reviews
and meta-analyses concluded that, in contemporary practice, the routine use of
aspirin for the primary prevention of cardiovascular events may have a net harmful ef-
fect.95–97 It is important to point out that all of these studies were designed for primary
prevention (ie, persons with no past history of a thrombotic or vascular event), not for
secondary prevention in patients with previous clinical events. Therefore, clinicians
now have to be more judicious in recommending aspirin to patients with MPN, taking
into account each person’s relative risks for thrombotic and vascular versus bleeding
complications.
Second, hematologists may often overlook the critical need to control modifiable

risk factors to prevent cardiovascular and thrombotic complications in patients with
MPN (including smoking, obesity, hypertension, dyslipidemia, and physical activity).
Whenever hematologists taking care of patients with MPN feel uncomfortable manag-
ing these chronic conditions, there should be assurance that they are being followed
by a primary care physician or a preventive, general cardiologist, in concert with the
hematologist.
With few exceptions,77,98 studies to examine the efficacy and safety of cytoreduc-

tion to prevent thrombosis and bleeding in the MPNs have generally provided less
than robust evidence. Based on the few high-quality studies available, the published
opinions or consensus of experts, and the author’s practice, Figs. 3 and 4 provide al-
gorithms for decision making to prevent thrombotic, vascular, and bleeding complica-
tions in patients with MPNs, with Fig. 4 focusing specifically on antiplatelet therapy. As
with any other algorithms, patient care must be personalized. The hematologist’s
experience and judgment should override any of these recommendations based on
the individual patient’s circumstances.

FUTURE DIRECTIONS

Understanding of the pathobiology of thrombotic, vascular, and bleeding problems in
the MPNs has grown substantially over the past 2 decades, alongside spectacular
progress in elucidating the molecular underpinnings of the MPNs in general.
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Fig. 2. Digital ischemia in MPN. This approximately 65-year-old homeless man was seen in
consultation by the author in the emergency department. He had presented months prior
at another hospital with symptoms and signs of digital ischemia, with toes of both feet
showing cyanosis. On angiography, his major lower extremity arteries were essentially
normal. Nonetheless, he underwent femoral-popliteal bypass, which did not improve blood
flow to the feet. Only in retrospect, a platelet count of 850,000 was noted at that time. On
this emergency department presentation, showing advanced gangrene and autoamputa-
tion of digits, his posterior tibial and dorsalis pedis pulses were still brisk, and his platelet
count was greater than 1 million.
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Fig. 3. An algorithm for the management of patients with MPN to prevent and treat throm-
bosis. CV, cardiovascular.

Fig. 4. An algorithm for antiplatelet therapy in the MPNs. This scheme was developed in
light of recent clinical trials that indicate bleeding risk in patients without MPN that is
higher than previously thought (see text). ASA (aspirin) resistance refers to either (1) failure
of ASA to prevent clinical cardiovascular or cerebrovascular events (clinical resistance), or (2)
failure of taking ASA to cause the ex vivo platelet defect expected (laboratory resistance).
The latter can be readily performed by a point-of-care platelet function analyzer (PFA-
100), a point-of-care turbidimetric optical detection of platelet aggregation in whole blood
(VerifyNow Aspirin), or enzyme immunoassay of urinary 11-dehydro-thromboxane B2.
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Prevention and treatment have lagged behind but, with the establishment of expert
cooperative study groups, strong evidence-based guidelines are anticipated. More-
over, the use of targeted therapy to prevent and treat these complications is rapidly
approaching, based on studies that are summarized in this article. Antiinflammatory
agents, such as ruxolitinib, seem to be crucial adjuncts to therapies targeting the
MPN stem cell (see Fig. 1). For example, the CANTOS trials of the IL-1b inhibitor can-
akinumab99 and of BET inhibitors100 show much promise. The development of antith-
rombotic agents that prevent or treat MPN-associated thrombosis and vascular
occlusive complications, based on what are now known to be key molecular and
cellular events that occur specifically in the MPNs, will be another new direction.
One example is P-selectin inhibition, which interferes with abnormal blood cell adhe-
sion to endothelial cells.101
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Accelerated and Blast Phase
Myeloproliferative
Neoplasms

Tania Jain, MBBSa,*, Raajit K. Rampal, MD, PhDb

INTRODUCTION
What Are Accelerated and Blast Phase Myeloproliferative Neoplasms?

Philadelphia negative myeloproliferative neoplasms (MPNs) are a heterogeneous
group of myeloid disorders arising from dysregulated clonal hematopoiesis, driven
by activating mutations in the Janus kinase-signal transducer and activator of tran-
scription (JAK-STAT) pathway. These driver somatic mutations primarily include those
in Janus kinase 2 gene (JAK2), thrombopoietin receptor gene (MPL), or calreticulin
(CALR) gene. The resulting clinical phenotype in chronic phase is characterized by
splenomegaly, constitutional symptoms, thrombovascular complications, aberrant
counts, and risk for progression to advanced disease.
Advanced disease includes the following phases:

� Accelerated phase, defined as 10% to 19% myeloid blasts in the peripheral
blood or bone marrow compartment
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KEY POINTS

� Blast phase myeloproliferative neoplasms (MPN) have inferior outcomes in comparison
with de novo acute myeloid leukemia (AML) or postmyelodysplastic syndrome AML.

� High-risk cytogenetic and somatic mutations are enriched in patients with accelerated
and blast phase MPN.

� Although enrollment on clinical trials should be encouraged, available treatment options
include induction chemotherapy as used for de novo AML, hypomethylating agent–
based therapy (with venetoclax or ruxolitinib) or targeted therapy based on mutational
biomarkers.
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� Blast phase, which refers to 20% or greater myeloid blasts in the peripheral blood
or bone marrow

Evolution to advanced phase MPN in patients with polycythemia vera or essential
thrombocythemia is usually preceded by myelofibrosis. The rate of blast phase trans-
formation from polycythemia vera or essential thrombocythemia is significantly lower
than primary myelofibrosis, with a cumulative incidence reported at 6.8%, 3.8%, and
14.2% in the Mayo Clinic cohort, respectively.1 In addition, most of the patients who
transform from chronic phase MPN to blast phase make this transition via the accel-
erated phase.2 In addition to the percentage of blasts greater than or equal to 10%,
platelet count less than 50 � 109/L, chromosome 17 abnormality, and lower perfor-
mance status were independently significantly associated with increased risk to blast
transformation.2 Blast transformation of MPN is usually myeloid in nature, whereas
cases of lymphoid transformation have been reported.3

Although the recent ongoing increment in the potential therapeutic options in
chronic phase MPNs offers optimism, survival in patients with accelerated and blast
phase MPNs has been grim historically.4–11 Over the past decade, there has been
minimal improvement in clinical outcomes of patients with blast phase MPN where
median overall survival remains less than 6 months and despite allogeneic hemato-
poietic transplantation (HCT), survival at 5 years remains low at around 10%.12,13 In
smaller series of patients with accelerated phase disease, the reported median sur-
vival has been less than 2 years.2,14,15

In summary, both accelerated and blast phase diseases represent the advanced
phase of the overall spectrum of myeloproliferative neoplasm and warrant immediate
evaluation and management strategies.

DISCUSSION
Who Is at Risk?

Various risk factors have been identified over the years that can identify patients in
chronic phase who have a higher likelihood of progressing into the advanced phase.
Some of these are listed as follows:
Clinical/laboratory features: worsening splenomegaly (?), Dynamic International

Prognostic Scoring System intermediate-2/high risk, transfusion dependence, plate-
lets less than 50 � 109/L, increasing circulating blasts.
Karyotype: high-risk karyotype including 18, 27/7q, i(17q), 25/5q2, 12p2, inv(3), and

11q23 or chromosome 5, 7, or 17p abnormalities.
Somatic mutations: ASXL1, IDH1/2, EZH2, SRSF2, TET2, TP53, U2AF1; absence of

CALR (in primary myelofibrosis), greater than or equal to 2 somatic mutations, germ-
line duplication of ATG2B/GSKIP*.13,16,17

Although the natural history of chronic MPN, a stem cell origin clonal disorder,
involves evolution to a more advanced disease including acute myeloid leukemia
(AML), the process can be expedited with the use of some other agents of leuke-
mogenic potential. Exposure to cytoreductive agents including 32P, chlorambucil,
pipobroman, and busulfan, previously used in management of chronic phase
MPNs, has also been implicated in portending a higher risk for transformation.18–22

The leukemogenic potential of hydroxyurea is disputable owing to some reports
showing a potential implication, whereas others showing no difference with the
use of hydroxyurea.19,21,23

It is of clinical relevance to identify patients at high risk, as they are usually consid-
ered candidates for an earlier intervention with an HCT, considering the poor prog-
nosis once the progression actually occurs. At the same time, most studies done to
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evaluate these risk factors are retrospective studies, and some variables of this het-
erogeneous disease clinic-pathological phenotype have shown variable impact in
different studies.

Biological Insights into Advanced Myeloproliferative Neoplasms

Biological features and mutational spectrum of blast phase MPN are remarkably
distinct from de novo AML, suggesting a distinct molecular pathogenesis pathway.
Poor-risk cytogenetics are more common in patients with blast phase MPN (38%)
compared with de novo AML (23%).14 Beyond the canonical mutations in JAK-
STAT pathway, specific somatic mutations have been shown to be distinctly enriched
in patients with accelerated or blast phase MPN including ASXL1, TET2, RUNX1,
TP53, EZH2, and IDH1.24–26 Contrarily, mutations in NPM1, cohesin complex, FLT3,
and CEBPA, which are commonly represented in de novo AML, are infrequent in
post-MPN AML.27 Of these, more prominently studied and described are mutations
in TP53 that are more frequently associated with blast phase MPN (w27%) than
chronic phase (w3%).27–29 Including gains of chromosome 1q that harbors MDM4,
a potent TP53 inhibitor, as high as 45.5% patients with blast phase MPN have p53-
related defect.28 Similarly, mutational frequency of IDH1/2 is significantly higher in
blast phase MPN (w21%) than in chronic phase (w4%).30,31

Genomic profiling of post-MPN AML samples, compared with chronic phase, has
also demonstrated co-occurrence of TP53mutation in patients with JAK2 V617Fmuta-
tion but not in patients with CALR mutations.27 It has also been demonstrated that low
variant allele frequency TP53 mutation may be seen in chronic phase, and with loss of
heterozygosity, the mutant clone can expand with clinical transformation to blast
phase.29 In another study, genomic evaluation of 17 matched chronic phase and blast
phase MPN samples showed an average gain of one mutation, a worse comparative
genomic hybridization profile, although no significant (>20%) variation in variant allele
frequency was noted in samples in blast phase.32 In addition, genes involved in RNA
splicing (SRSF2), chromatin modification (ASXL1, EZH2), and signaling pathways
(CBL, FLT3, RAS) were more commonly affected in transformed MPNs than in chronic
MPNs.32 Similarly, next generation sequencing in 17 paired chronic and blast phase
samples from Mayo Clinic showed more frequent mutations in ASXL1, EZH2, LNK,
TET2, TP53, and PTPN11 in the blast phase samples, whereas acquisition of JAK2,
MPL, CALR, SRSF2, or U2AF1 mutations were not noted at the time of blast transfor-
mation.25 These differences in the mutational profile at the time of transformation sug-
gest a possible contribution of these acquired mutations in the pathogenesis of
leukemia transformation (Fig. 1). If mutation analysis is performed clinically over the
course of follow-up, it can potentially predict clinical evolution of the disease.

Fig. 1. Acquisition of mutations contributes to leukemic transformation in MPNs.
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The sequence of mutation events in evolution of MPNs can vary and potentially have
variable impact on stem cell biology and MPN progression. In serial MPN samples us-
ing DNA from single colonies, TET2 and DNMT3Amutations preceded JAK2 V617F or
co-existed as a different clone, whereas IDH1 mutation occurred after JAK2V617F
mutation.29 Mutations in ASXL1 and EZH2 could occur before, after, or as a separate
clone than JAK2V617F29. One study has shown that clinically, patients who develop
JAK2 V617Fmutations preceding TET2 tend to be younger, present with polycythemia
vera, increased risk of thrombosis, and increased sensitivity to ruxolitinib in vitro.33 It is
plausible that sequence of additional mutations with the driver mutation may influence
the clinical phenotype in patients with MPN.

Treatment Paradigm in Advanced Myeloproliferative Neoplasms

Because the prognosis for both accelerated and blast phase remains relatively poor
and because accelerated phase is an interim transition step to blast phase, similar
treatment considerations are usually recommended (Fig. 2). The response rates to
standard AML therapy in these patients have been discouraging, possibly the result
of a more complex and higher risk genetic profile that renders the leukemia cells resis-
tant to standard therapy. In theory, HCT remains the only potentially curative option
but has limited applicability in patients with advanced age, comorbidities, or inade-
quate leukemia clearance before a planned HCT.34,35

Nontransplantation/chemotherapeutic options
Given the grim outlook in this space and the dire need to improve therapies, every
effort must be made to treat these patients on clinical trials depending on availability
(NCT04113616, NCT03289910). Outside of clinical trials, this decision primarily de-
pends on anticipated ability to undergo high-dose chemotherapy such as high-dose
induction chemotherapy with 7 1 3 regimen, used in de novo AML. Most patients
with advanced phase MPN, by virtue of their age or comorbidities, are not candidates
for induction-like chemotherapy. In 2 studies from Princess Margaret Cancer Center,
the benefit of intensive therapy has been most prominent in patients who achieve a

Fig. 2. Treatment schema for advanced MPN. AML-MRC, AML with myelodysplasia-related
changes; FLAG, fludarabine, cytarabine, plus G-CSF; HCT, hematopoietic cell transplantation;
HLA, human leukocyte antigen; HMA, hyomethylating agents; IDH, isocitrate dehydroge-
nase; LDAC, low-dose cytosine arabinoside (cytarabine); s-AML, secondary acute myeloid
leukemia; t-AML, therapy-related AML. aStudies suggest benefit of intensive therapy is
limited to patients who can undergo HCT.
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remission and undergo an HCT compared with those who did not undergo an HCT (2-
year overall survival 47% vs 15%).26,36

An emerging therapeutic option for patients with AML, and by extension, blast
phase MPN has been a combination of hypomethylating agent with BCL-2 inhibitor,
venetoclax. This option is being increasingly considered in patients with TP53 muta-
tion, which have historically demonstrated resistance or lower responses to chemo-
therapy.37 Based on a phase 3 trial comparing the combination to hypomethylating
agent alone, the combination of hypomethylating agent and venetoclax has received
approval from Food and Drug Administration (FDA) for use in older patients
(�75 years) or those in whom comorbidities preclude the use of high-intensity induc-
tion chemotherapy.38 Of note though, data specifically for patients with post-MPN
AML remains limited.39 Azanucleosides are pyrimidine analogues that are potent in-
hibitors of DNA methylation and are commonly referred to as hypomethylating
agents and have been a well-established alternative to induction chemotherapy
with comparable outcomes in retrospective studies,40,41 based on evidence impli-
cating hypermethylation of P15INK4b and P16INK4a in leukemia transformation.42

With 5-azacitidine, statistically similar response rates (54.6% vs 58.8% with induc-
tion chemotherapy) andmedial overall survival (7.9 months vs 8.3 months with induc-
tion chemotherapy) were demonstrated.41 Similarly, with decitabine, comparable
median overall survival of 6.9 months was reported compared with 7.6 months
with induction chemotherapy.40

Ruxolitinib-based therapies have also been studied although response rates
remain rather low despite high doses of ruxolitinib. In a phase 2 study of patients
with relapsed/refractory AML, 3/18 (17%) patients with post-MPN AML achieved a
complete response and spleen size reduction with ruxolitinib at a dose of 25 or
50 mg twice a day.43 JAK2 allele burden reduction was not noted in these patients.
In another trial, using higher doses of ruxolitinib (50, 100, or 200 mg twice a day), 0/5
patients with post-MPN AML was noted to have a meaningful response.44 Hence,
ruxolitinib alone is not recommended for use in patients with accelerated or blast
phase disease.
Finally, combination of hypomethylating agents (decitabine and 5-azacitidine) with

JAK inhibitors has been studied in a few recent studies. In vitro, post-MPN AML cells
demonstrated sensitivity to both decitabine and ruxolitinib.27 A phase 1 trial, based on
this observation, studied decitabine with escalating doses of ruxolitinib (10, 15, 25, or
50 mg twice a day), showed a complete or partial response (by modified Cheson
criteria) in 9/21 (43%) patients who had accelerated or blast phase disease.45 A sub-
sequent phase 2 study used the recommended phase 2 dose of 25 mg twice daily for
induction followed by combination of decitabine and ruxolitinib, 10 mg twice daily, on
days 8 to 12 and continuing ruxolitinib for the 28-day cycle,46 which resulted in a com-
plete or partial response in 11 out of 25 patients (44%) with a median overall survival of
9.5 months although response was not associated with improvement in survival.46

Another phase 2 trial evaluated outcomes with decitabine and ruxolitinib (50 mg
BID) in patients with post-MPN AML, and an overall response rate of 61% (including
11% complete response, 50% complete response with incomplete count recovery)
was seen in the patients treated with the phase 2 dose.47 Hematological and nonhe-
matological toxicity was manageable. Azacitidine was also studied in combination
with ruxolitinib where azacitidine was started at 25 mg/m2 day 1 to 5 but could be
introduced earlier or dose increased to 75 mg/m2 in patients with accelerated phase
disease.48 Among 3 patients with accelerated phase MPN, one (33%) patient
achieved clinical improvement in spleen and improved total symptoms score with
reduction of blasts to 2%, which was maintained for 28 weeks.
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Transplantation considerations
A recent study using registry data from Center for International Blood and Marrow
Transplant Research (CIBMTR) demonstrated a worse overall survival following HCT
in patients with blast phase MPN when compared with patients with de novo AML
in remission at HCT (hazard ratio [HR] 1.40, 95% confidence interval [CI] 1.12–1.76)
or postmyelodysplastic syndrome AML (HR 1.19, 95% CI 1.00–1.43).14 This was
mainly attributed to higher relapse in patients with blast phase MPN, yet again reflect-
ing on the more aggressive biology of advanced phase MPN. The importance of dis-
ease control (reduction of blasts) before HCT has been highlighted in prior studies that
repeatedly show superior outcomes in patients who are in remission or chronic phase
at the HCT.34,35,49 In a Japanese registry study where majority (82%) of patients were
not in remission at the time of HCT, overall survival at 2 years was 29%,50 similar to the
overall survival reported in the earlier studies among patients who had active disease
at HCT. In addition, patients with a chronic malignancy such as MPN can accumulate
comorbidities over the course of the disease (attributed to MPN or not) rendering them
a less favorable candidate for HCT. Hence, the optimal timing or window for HCT is
before transformation. A variety of conditioning regimens and donor choices have
been described without a clear or consistent indication of improved outcomes in gen-
eral although specific clinical scenarios may warrant specific considerations in chronic
or advanced phase MPN.34,35,49–54 Peripheral blood graft source was associated with
a lower risk of relapse in the CIBMTR registry study.14

Future Directions

Emerging knowledge of the mutational landscape in advanced phase MPNwould help
identify patients at higher risk of progression and hence, be considered for an earlier
intervention. In addition, the role of targeted agents such as IDH inhibitors is being
explored further not only in blast phase or accelerated phase MPN but also in chronic
phase MPN with IDH1/2 mutations (4% in chronic phase MPN vs w20% blast
phase).11,31 In a single-center experience, 8 patients with accelerated or blast phase
MPN were treated with IDH2 inhibitor as upfront therapy (n 5 6) or in relapsed/refrac-
tory setting (n5 2).55 Of 6 patients with complete/partial response, 3 remained on ther-
apy at last follow-up, 2 were subsequently stopped following progression after more
than 400 days, whereas another one experienced an early toxicity. Notable toxicity
was with grade 5 differentiation syndrome in 2 patients. MD Anderson Cancer Center
has also reported their experience with various IDH1/2 inhibitors (FDA approved and
under investigation) in 12 patients with newly diagnosed or relapsed/refractory post-
MPN AML.56 Among, the 7 newly diagnosed, 3 (43%) had a CR (in combination
with induction/venetoclax/azacitidine) that lasted a median 17.5 months, and median
overall survival for these patients was 19 months. Of the relapsed/refractory, none had
CR although 3 patients had a stable disease with greater than 50%blast reduction that
lasted for more than 8 months. Based on preclinical efficacy of combination of isoci-
trate dehydrogenase (IDH) inhibitor and JAK inhibitor,57 a clinical trial to systematically
study safety and efficacy of combination therapy with IDH inhibitor and JAK inhibitors
is planned (NCT04281498).
Similarly, mutations in TP53 are also enriched in patients with MPN at the time of

leukemic transformation, and hence, role of investigational drugs such as APR-246,
with the potential ability to restore function of point mutant TP53 in tumor cells, is
currently being explored in TP53-mutated myeloid malignancies in combination with
azacitidine (NCT03072043). Early data also suggest promising response of anti-47
antibody, magrolimab, in patients with TP53-mutated AML.58
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SUMMARY

Philadelphia chromosome-negative MPNs are the result of a driver mutation in JAK-
STAT pathway and manifests as a constellation of splenomegaly, aberrant counts,
constitutional symptoms, and other resulting complications. These can progress
into blast phase (myeloid blasts �20% in peripheral blood or bone marrow), and
this progression usually occurs via an accelerated phase (myeloid blasts 10%–
19%). Poor-risk cytogenetics as well as specific somatic mutations are specifically
seen at higher frequency in patients with accelerated or blast phase MPN. These
include chromatin modifiers (ASXL1, EZH2), DNA methylation genes (TET2, IDH1
and IDH2), transcription factors (RUNX1), and tumor suppressor genes (TP53). The
enrichment of these mutations in patients with advanced phase disease suggests
possible involvement in pathogenesis of this leukemia transformation. In addition,
sequence of mutations in context of driver mutations can vary and potentially affect
clinical phenotype and prognosis of these patients. For all these patients, consider-
ation for earlier intervention, including the potentially curative HCT, is warranted. Ther-
apeutic approach in both accelerated and blast phase is similar, given the predicted
transformation to leukemic phase from accelerated phase disease. Options include in-
duction chemotherapy and hypomethylating based therapies (in combination with
venetoclax or ruxolitinib), whereas the role of mutational biomarkers in predicting re-
sponses to treatment options is emerging.

CLINICS CARE POINTS

� Accelerated phaseMPN is defined as 10% to 19%myeloid blasts and blast phase MPN as 20%
or greater myeloid blasts in peripheral blood or bone marrow.

� Poor-risk cytogenetics and specific somatic mutations are enriched in patients who progress
to accelerated or blast phase MPN such as ASXL1, TET2, RUNX1, TP53, EZH2, IDH1, or IDH2.

� Therapeutic options depend on age, performance status, and comorbidities, which can
determine if patient can tolerate high-dose induction chemotherapy.

� Hypomethylating agents have shown similar responses compared with intensive
chemotherapy and can be used in combination with venetoclax or ruxolitinib.

� Emerging data will further elucidate the role of targeted agents (such as IDH inhibitors) or
use of biomarkers to predict responses to therapy.
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Traipsing Through Muddy
Waters
A Critical Review of the Myelodysplastic

Syndrome/Myeloproliferative Neoplasm (MDS/

MPN) Overlap Syndromes

Andrew T. Kuykendall, MDa,*, Franco Castillo Tokumori, MDb,
Rami S. Komrokji, MDa

INTRODUCTION

Myelodysplastic/myeloproliferative neoplasms (MDS/MPNs) are hematologic malig-
nancies that demonstrate increased and dysfunctional production of myeloid cells.1,2

The category of MDS/MPN includes chronic myelomonocytic leukemia (CMML), juve-
nile myelomonocytic leukemia (JMML), atypical chronic myeloid leukemia (aCML),
myelodysplastic syndrome/myeloproliferative neoplasm with ring sideroblasts and
thrombocytosis (MDS/MPN-RS-T), and MDS/MPN-unclassifiable (MDS/MPN-U). His-
torically categorized as either MDSs or MPNs, the emergence of MDS/MPNs as an in-
dependent diagnostic category acknowledges the spectrum on which myeloid
malignancies exist. Acceptance of MDS/MPNs as a distinct entity has been strength-
ened by an increased reliance on molecular information for diagnostic purposes.3

Although increased availability of molecular information provides clarity in some
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KEY POINTS

� MDS/MPNs are a group of diseases with overlapping clinical and genomic features.

� Clinical trials focusing specifically on MDS/MPNs are lacking, and the rationale for treat-
ment is largely extrapolated from other diseases.

� The emergence of readily accessible genomic data has led to a better understanding of
MDS/MPNs and laid the foundation for molecularly targeted therapies.
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cases, overlapping genomic features between diagnostic entities highlights the artifi-
cial nature of our strict criteria.4–6 MDS/MPNs pose a therapeutic challenge due to
their hybrid phenotypes, molecular complexity, and a lack of focused clinical research
from which to draw conclusions. Consequently, treatment approaches are varied and
are largely extrapolated from experience in MDS and MPNs.7

Herein, we review the group of diseases enveloped within the MDS/MPN category,
save for JMML, which is primarily a pediatric disease, focusing on the molecular ab-
normalities that drive these diseases as well as emerging therapeutic strategies.

HISTORICAL PERSPECTIVE

In 1997, the Society for Hematopathology and the European Association of Hemato-
pathologists worked together to develop a classification of hematological neoplasms
for the World Health Organization (WHO). Hematological malignancies were stratified
primarily according to lineage: myeloid neoplasms, lymphoid neoplasms, mast cell
disorders, and histiocytic neoplasms.8,9 Myeloid neoplasms included 3 broad cate-
gories: acute leukemia, MPNs, and MDS.9

The 2002 revision of the WHO classification for myeloid neoplasms introduced the
MDS/Myeloproliferative Disease (MPD) category, acknowledging that myeloid dis-
eases often present with proliferative and dysplastic features.10,11 Originally, the cate-
gory included CMML, aCML, JMML, andMDS/MPD-U. Clinicians were encouraged to
treat these diseases according to whether the dysplastic or proliferative component
predominated. Concurrently, MDS/MPNs were also incorporated into the third edition
of the International Classification of Diseases for Oncology (ICD-O-3). Before the pub-
lishing of ICD-O-3 in 2000, several MPNs were not considered malignant and thus
were not reportable to cancer registries in the United States, thereby hindering the un-
derstanding of these diseases and the development of specific therapies.12

The 2008 WHO classification further refined the MDS/MPN category. In terms of
nomenclature, MPD was replaced by MPN and aCML was renamed atypical CML,
BCR-ABL1-negative. Refractory anemia with ring sideroblasts and thrombocytosis
(RARS-T) was included as a provisional entity within the MDS/MPN-U subgroup. As
a harbinger to the next decade of manuscripts, considerable attention within the com-
mentary was given to molecular basis of MDS/MPNs.13 In successive revisions of the
WHO classification systems, the category has remained largely intact, although
RARS-T is now termed MDS/MPN-RS-T and is included as a full entity.3,14

DIAGNOSTIC CONSIDERATIONS
Chronic Myelomonocytic Leukemia

The diagnosis of CMML requires a persistent absolute (�1 � 109/L) and relative
(�10%) monocytosis in the peripheral blood. Alternative diagnoses that could ac-
count for a monocytosis must be ruled out and a prior MPN excludes a CMML diag-
nosis. Myeloid dysplasia and clonal abnormalities are preferred, but not required if
the monocytosis is persistent and otherwise unexplained.3 Recently, the require-
ment for an absolute and relative monocytosis has been challenged with a proposal
for inclusion of special CMML variants and early phases of CMML. Special variants
of CMML would account for instances in which a relative, but not absolute, mono-
cytosis is present (termed “oligomonocytic CMML”) and situations in which CMML
occurs with molecular findings suggestive of an alternative MPN. Cases in which
CMML coexists with another hematologic malignancy such as mastocytosis or an
MPN would also be included as a special variant. Pre-CMML phases would aim
to capture premalignant states with increased risk of CMML development. These
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would include the aforementioned oligomonocytic CMML as well as idiopathic
monocytosis of unknown significance and clonal monocytosis of unknown signifi-
cance.15 Within this proposal, the authors further advocate for amending the current
diagnostic criteria for so-called “classic” CMML to require either significant
dysplasia or clonal markers to accompany a persistent relative and absolute mono-
cytosis in the peripheral blood.15

The diagnosis of CMML is further refined by leukocyte count and blast percentage in
the peripheral blood or bone marrow. White blood cell count �13 � 109/L indicates
proliferative CMML, with the remaining patients being classified as dysplastic
CMML.3 Patients with proliferative CMML typically exhibit organomegaly and consti-
tutional symptoms, are enriched with RAS-pathway mutations, and have worse out-
comes than their dysplastic counterparts.16 Dysplastic CMML, on the other hand,
tends to present with cytopenias and transfusion dependence and frequently harbors
TET2 mutations.17 Subclassification based on blast percentage yields CMML-0 (<2%
peripheral blood blasts and <5% bone marrow blasts), CMML-1 (2%–4% peripheral
blood blasts or 5%–9% bone marrow blasts), and CMML-2 (>5% peripheral blood
blasts or 10%–19% bone marrow blasts). For the purposes of this classification,
promonocytes are considered blasts and the presence of Auer rods indicates
CMML-2.3

Atypical Chronic Myeloid Leukemia

A diagnosis of aCML relies on the presence of a peripheral blood leukocytosis with
prevalent immature myeloid cells and evidence of dysfunctional granulocyte produc-
tion.3 Incorporation of molecular abnormalities has helped to distinguish aCML from
frequent mimickers such as myelofibrosis, CMML, and chronic neutrophilic leukemia
(CNL), although it is unclear if this distinction exists more for diagnostic convenience
rather than reflecting true biologic differences.6 The presence of an MPN driver muta-
tion involving JAK2, MPL, or CALR suggests an MPN, whereas the presence of a
CSF3Rmutation is more commonly seen in cases of CNL. SETBP1 and/or ETKN1mu-
tations are enriched in aCML and, within the appropriate clinical context, support this
diagnosis. Within these confines exists considerable gray area evidenced by cases in
which MPN driver mutations are present at low allele frequencies in conjunction with
SETBP1mutations and cases of so-called triple-negative myelofibrosis (lacking a mu-
tation in JAK2, MPL, and CALR) that otherwise meet criteria for a diagnosis of aCML.

Myelodysplastic Syndrome/Myeloproliferative Neoplasm with Ring Sideroblasts
and Thrombocytosis

A disease whose name reflects its diagnostic criteria, MDS/MPN-RS-T is character-
ized by the presence of anemia, �15% ring sideroblasts, and platelets �450 � 109/
L. The dual presence of an SF3B1 mutation and an MPN driver mutation is
highly suggestive of MDS/MPN-RS-T but must occur within the appropriate clinical
context. Acquired causes of ring sideroblasts can mimic MDS/MPN-RS-T and include
alcoholism, lead toxicity, zinc and copper deficiency, and medications such as isoni-
azid, chloramphenicol, and linezolid.18 Additional nonmalignant mimickers include
iron deficiency anemia and anemia of chronic inflammation, which often feature ane-
mia and thrombocytosis but lack clonal markers or morphologic dysplasia. Iron defi-
ciency has also been shown to mask the appearance of ring sideroblasts.19 MDS with
isolated del(5q) can mimic MDS/MPN-RS-T, as it frequently presents with anemia,
dyserythropoiesis and thrombocytosis. In addition, patients with MDS with isolated
del(5q) have been shown to harbor SF3B1 and MPN driver mutations in 19% and
6% to 10% of cases, respectively.20,21
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Myelodysplastic/Myeloproliferative Neoplasm–Unclassifiable

Myeloid malignancies exhibiting proliferative and dysplastic features that fail to meet
diagnostic criteria for CMML, JMML, aCML, or MDS/MPN-RS-T are thereby deemed
MDS/MPN-U. Although dysplasia is characterized morphologically, proliferative fea-
tures can include leukocytosis, thrombocytosis, or splenomegaly. Previously, MDS/
MPN-RS-T was included as provisional entity within the MDS/MPN-U
diagnosis; however, improved molecular characterization and demonstration of
comparably better outcomes led to its categorization as a distinct entity. This experi-
ence suggests that within this wastebasket disease category, further investigation
may reveal additional distinct disease entities.22,23

MOLECULAR CHARACTERIZATION AND MANAGEMENT IMPLICATIONS

Increasingly, MDS/MPNs have become defined and distinguished based onmolecular
details. The 2008 revision of the WHO classification of myeloid neoplasms alluded to
the prevalence of RAS-pathway mutations in CMML, aCML, and JMML
while commenting on the frequent presence of JAK2 V617F mutations in MDS/
MPN-RS-T. The 2016 WHO classification built on this, linking CMML to TET2,
SRSF2, ASXL1, and SETBP1 mutations; aCML to SETBP1 and ETNK1 mutations;
and MDS/MPN-RS-T to SF3B1 and MPN driver mutations. Genomic investigations
have proliferated over the past decade as investigators have attempted to link genetic
abnormalities to diagnosis, clinical phenotype, prognosis, and treatment response. Ul-
timately, these investigations have revealed a molecular overlap that mirrors what is
seen clinically. Still, unique genotype-phenotype associations have been shown to
hold prognostic and therapeutic significance.

Cell Signaling Mutations (CSF3R, RAS-Pathway, JAK2)

CSF3Rmutationswere initially reported to be prevalent in cohort of patients with aCML
andCNL; however, they appear to be relatively specific to CNL and have been incorpo-
rated into the diagnostic criteria accordingly.3,24,25 The presence of a CSF3Rmutation
is associated with relative neutrophilia, monocytopenia and the presence of spleno-
megaly. CSF3R mutations commonly co-occur with ASXL1 and SETBP1 mutations
and can vary in order of acquisition.6 Ruxolitinib, a JAK1/2 inhibitor has demonstrated
efficacy in patients harboring membrane proximal CSF3R mutations, which lead to
upregulated signaling through the JAK-STAT pathway. Co-occurring SETBP1 or
RAS-pathwaymutationsmay negatively impact response to treatment.24,26–29 Trunca-
tionmutations inCSF3Rpreferentially activateSRC family kinasesandmaybesensitive
to dasatinib, though this needs formal clinical evaluation.24,30

RAS-pathway genes include KRAS, NRAS, CBL, PTPN11, and NF1, with mutations
occurring frequently in MDS/MPNs, with the notable exception of MDS/MPN-RS-T.
RAS-pathway mutations are estimated to occur in 30% to 53% of CMML cases,
30% to 40% of aCML cases, and 10% to 15% of MDS/MPN-U and are associated
with monocytosis, anemia, thrombocytopenia, and relative neutropenia.5,6,31–33

Although RAS-pathway mutations play the predominant role in initiating JMML, they
are usually secondary events in adult MDS/MPNs, occurring after mutations associ-
ated with age-related clonal hematopoiesis and often driving disease progression.34

Recently, RAS-pathway mutations have been implicated in resistance to therapies tar-
geting IDH and FLT3 mutations as well as the JAK/STAT pathway.35–37

RASmutations are the most common dominant lesions in human cancer. Neverthe-
less, rational targeting of mutant RAS has proved exceedingly difficult. Drug discovery
efforts have largely focused on inhibiting downstream kinase components, though
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recent efforts to specifically target mutant RAS in solid tumors have demonstrated
promising results.38,39 Efforts to target downstream Raf/MEK/ERK and PI3K/Akt/
mTOR in MDS/MPN are actively being pursued.40 A phase 1/2 study assessing the
use of the MEK inhibitor, trametinib, in relapsed/refractory myeloid diseases showed
preferential activity in patients with RAS mutations, with response rates ranging from
20% to 27% in RAS-mutant patients compared with 3% in patients with wild-type or
unknownmutations status. Despite low response rates, this study demonstrated proof
of concept for targeting the RAS-pathway MDS/MPNs.41 More recently, KRAS G12D
mutations have been shown to induce proliferative effects through activation of the
NLRP3 inflammasome, which may confer sensitivity to interleukin-1/NLRP3 inhibi-
tion.42 Direct targeting of Ras via inhibition of processing and activation or induction
of synthetic lethality is being investigated.43

JAK2 mutations are seen in most patients with polycythemia vera, essential throm-
bocythemia, and primary myelofibrosis and lead to hyperactive JAK-STAT signaling.
The prevalence of JAK2 mutations in MDS/MPNs varies, estimated at 5% to 10% in
CMML, less than 5% in aCML cases, greater than 50% of MDS/MPN-RS-T, and
25% in MDS/MPN-U.5,32,44 Expectedly, JAK2 mutations are associated with prolifer-
ative features such as erythrocytosis, thrombocytosis, and splenomegaly; however,
their presence does not appear to impact clinical outcomes.45 Although MPL and
CALR mutations commonly occur in patients with MPN lacking JAK2 mutations,
they occur less frequently in MDS/MPN-RS-T.18,46 Hyperactive JAK/STAT signaling
can be targeted with approved JAK inhibitors such as ruxolitinib or fedratinib. In a
phase 1/2 study, ruxolitinib treatment resulted in spleen size reduction and symptom
improvements in patients with CMML.47,48 A subsequent phase 2 expansion focusing
on patients with proliferative CMML is ongoing (NCT03722407). Additional JAK inhib-
itors such as momelotinib and pacritinib are in late-stage development in MPNs and
may have clinical activity in MDS/MPNs.

Epigenetic Modification (ASXL1, EZH2, TET2, DNMT3A, IDH1, IDH2)

Mutations in genes regulating epigenetic modifications are common across MDS/
MPNs and correlate with older age. TET2 mutations are seen in 26% to 60%
of patients with MDS/MPN, regardless of subtype, although they occur with
increased frequency in CMML and aCML.5,17,49 TET2 mutations are associated with
higher hemoglobin levels, lower platelet counts, lower percentage of circulating blasts,
and lower likelihood of being transfusion dependent.49 Although the prognostic signif-
icance of TET2mutations is not clear, they may be prognostically beneficial in patients
with CMML who lack ASXL1 mutations.17,50 In MDS and CMML, the presence of a
TET2 mutation in the absence of an ASXL1 mutation has been associated with
response to hypomethylating agents.51,52

Along with TET2, mutations involving ASXL1 are among the most frequent in MDS/
MPNs, occurring in 20% to 60% of patients. They occur more commonly in aCML and
CMML than MDS/MPN-RS-T.5 ASXL1 mutations lead to dysregulated transcription
and oncogenesis and are associated with leukocytosis and a need for platelet trans-
fusions.6,53 ASXL1 mutations frequently co-occur with mutations in CSF3R, SETBP1,
TET2.6,50,54 Frameshift and nonsense ASXL1 mutations independently and adversely
impact prognosis in CMML, and co-occurring mutations can further modify their prog-
nostic influence.50,55

DNMT3A mutations occur less frequently than TET2 and ASXL1mutations, ranging
from 2% to 18% with a bias toward MDS/MPN-RS-T. Accordingly, DNMT3A muta-
tions frequently occur with SF3B1 mutations and in the absence of SRSF2 mutations.
In CMML, DNMT3A mutations have been associated with shortened leukemia-free
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and overall survival, although they occur in onlyw6% of cases.56 The role of DNMT3A
mutations in predicting response to hypomethylating agent (HMA) therapy is not clear
at this point.57,58

Mutations involving IDH1, IDH2, and EZH2 occur infrequently in MDS/MPNs, sug-
gesting a limited role for currently approved IDH inhibitors and EZH2 inhibitors in
development. EZH2 mutations typically occur later in the disease process and within
a molecularly complex context.6 In CMML, EZH2 mutations occur almost exclusively
in the presence of ASXL1 mutations and appear to adversely impact prognosis in
these patients.55

Splicing Mutations (SRSF2, SF3B1, U2AF1, ZRSR2)

Mutations involving pre–messenger RNA splicing are seen in excess of 50% of MDS/
MPNs, with an incidence exceeding 80% in MDS/MPN-RS-T due to the ubiquitous na-
ture of SF3B1mutations in this disease.5,6 In aCML, CMML, and MDS/MPN-U, SRSF2
mutations predominate, with U2AF1 and ZRSR2 mutations occurring less frequently.
MostU2AF1mutationsoccurat theQ157codon,which is favored inMPNs, ascompared
with theS34codon,which ismore frequentlymutated inMDSandacutemeylid leukemia
(AML).U2AF1mutations are often acquired by an early founder clone, while SRSF2mu-
tations can occur in the founder clone or be acquired later.6 AlthoughSRSF2 andU2AF1
mutations have been shown to have prognostic implications in myelofibrosis, splicing
mutations have not been shown to be independently prognostic in MDS/MPNs.31,59

Currently, there are no approved therapies that selectively target splicing mutations;
however, this is an area of considerable interest. Mutations involving splicing machin-
ery are mutually exclusive and consistently heterozygous, suggesting the wild-type
allele of the mutated splicing factor is required. Efforts to leverage this requirement
by inducing synthetic lethality are actively being pursued.60 Recently presented results
of a phase 1 clinical trial investigating the splicing modulator, H3B-8800, in patients
with MDS, AML, or CMML harboring splicing mutations demonstrated safety in the
absence of significant efficacy.61 Alternative methods to target splicing are actively
being explored.

Transcription and Nucleosome Assembly Mutations (RUNX1, SETBP1)

Mutations in RUNX1 have been reported in 2% to 21% of MDS/MPNs, preferentially
occurring in patients with aCML and CMML.5 Although the impact of RUNX1 muta-
tions on survival is conflicting, RUNX1 is associated with an inferior leukemia-free sur-
vival.62,63 RUNX1 mutations frequently co-occur with RAS-pathway mutations and
correlate with thrombocytopenia and monocytosis. SETBP1 mutations occur in
23% to 32% of aCML cases and lend support to this diagnosis based on the most
recent revision of the WHO classification.3,54,64 SETBP1mutations occur with less fre-
quency in CMML (5%–15%) and MDS/MPN-U (9%) and are virtually absent in MDS/
MPN-RS-T.5,54,65 In CMML, SETBP1 mutations confer an increased risk of leukemic
transformation and have been incorporated in the molecularly updated CMML-
specific prognostic scoring system (CPSS-Mol) along with RUNX1, NRAS and
ASXL1.66 Therapeutic strategies targeting RUNX1 or SETBP1 mutations have not
been well-defined, although BET inhibitors may hold therapeutic potential for the
former.67

PROGNOSIS AND RISK STRATIFICATION

MDS/MPNs are aggressive myeloid malignancies with median overall survival esti-
mated to be between 1 and 3 years.45,68,69 The lone exception is MDS/MPN-RS-T,
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which is associated with more favorable outcomes.70 Disease progression and blast
transformation are the main drivers of poor prognosis. In one study of 274 patients
with CMML, 13% progressed to acute leukemia with a median follow-up of
17.1 months. Median survival after blast transformation was 4.7 months.71 Numerous
prognostic scoring systems have been established for CMMLwith comparable perfor-
mance.72 Among these systems, variables with adverse prognostic implications
include older age, anemia, circulating immature myeloid cells, marked monocytosis,
increase peripheral blood or bone marrow blasts, thrombocytopenia, transfusion
dependence, adverse cytogenetics, and mutations involving ASXL1, NRAS, SETBP1,
and RUNX1.53

Themedian overall survival in aCML has been estimated between 12 and 25months,
with transformation to acute leukemia seen in approximately 40% of patients within 11
to 18 months.22,73–76 Predictors of inferior outcomes in aCML include female sex,
older age, anemia, marked leukocytosis, increased immature precursors, and
SETBP1 mutations.22,64,73,77

MDS/MPN-U appears to have a favorable prognosis compared with aCML, though
this is still estimated at 19 to 26 months with 16% of patients transforming to acute
leukemia with a median follow-up of approximately 5 years.22,33 In this heterogeneous
group of patients, age, adverse cytogenetics (complex or involving chromosome 7),
increased blood or bone marrow blasts, and mutations in CBL or TP53 have been
independently linked to adverse outcomes.22

Among MDS/MPNs, MDS/MPN-RS-T has the most favorable prognosis with me-
dian survival estimated at 76 months, which is better than MDS-RS but worse than
essential thrombocythemia (ET). Leukemic transformation rate has been estimated
at 1.8 per 100 years.78 Adverse prognostic features include abnormal karyotype, ane-
mia, and the presence of SETBP1 and ASXL1 mutations. Incorporating these prog-
nostic features into a hazard ratio-weighted prognostic model stratifies patients into
3 risk categories with median survivals ranging from 11 to 80 months, underscoring
the significant prognostic heterogeneity within this disease.70 Given the favorable clin-
ical outcomes expected for most patients, attention must be paid to thrombotic risk
which is similar to that of ET.78 Multivariate analysis has shown the presence of
SF3B1 mutations to be associated with an increased risk of thrombotic events.79

TREATMENT APPROACH

The current approach to the treatment of MDS/MPNs is largely extrapolated from the
experience in MDS and MPNs.7 In patients with high-risk disease by clinical or molec-
ular models, allogeneic hematopoietic cell transplantation (AHCT) should be consid-
ered in fit patients as this represents the only treatment with curative potential.
Retrospective analyses of transplant outcomes in MDS/MPNs estimate 2-year and
5-year posttransplant survival from 42% to 51% and 41% to 47%, respectively with
disease relapses being common.80–83 Unfortunately, most MDS/MPN patients with
high-risk disease will not undergo AHCT due to age, comorbidities, or interval disease
progression.
In patients not receiving AHCT, treatment for MDS/MPNs is largely symptom-

directed. Molecular abnormalities should be assessed at diagnosis as they may pre-
sent therapeutic opportunities, as reviewed earlier. Azacitidine and decitabine are
often used based on positive results in trials that primarily enrolled patients with
MDS.84–86 Although less robust and often retrospective, the experience of HMA use
in MDS/MPNs is associated with an overall response rate of 30% to 48%, with com-
plete responses in 10% to 20% and amedian survival less than 2 years.87–89 A phase 2
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study comparing low-dose azacitidine to low-dose decitabine in low-risk MDS and
MDS/MPN suggested superiority of decitabine for MDS/MPN patients, although the
sample of MDS/MPN patients was low.90 In high-risk cases with excess peripheral
blood or bone marrow blasts, HMAs represent a reasonable option. A retrospective
analysis suggested improved transplant outcomes following HMA treatment
compared with intensive chemotherapy, although the retrospective nature of this anal-
ysis makes it susceptible to selection bias.91 Future studies will also need to address
the impact of venetoclax when added to HMA in MDS/MPNs given the benefit of this
combination in AML and emerging data in high-risk MDS.92

In cases marked by clinically significant cytopenias, a variety of agents have been
used. Lenalidomide is profoundly effective in MDS with del(5q) with more moderate
activity when del(5q) is absent.93–95 Favorable responses to lenalidomide have been
reported in case series of MDS/MPN-RS-T and the combination of lenalidomide
and azacitidine was associated with impressive overall response rates in a small
cohort of patients with CMML.96,97 Recently, luspatercept, an activin receptor ligand
trap, demonstrated superior rates of transfusion independence compared with pla-
cebo in patients with MDS-RS and was approved with an indication extending to
MDS/MPN-RS-T.98 Thrombopoietin-receptor agonists such as eltrombopag may pro-
vide benefit in the case of marked thrombocytopenia; however, due to concerns of
increased peripheral blasts and proliferative disease, further use of these agents
should be limited to clinical trials.99 Cytoreductive therapy with hydroxyurea can be
considered in cases of proliferative disease, and may be required in cases of MDS/
MPN-RS-T that are high risk for thrombosis.100

DISCUSSION AND FUTURE DIRECTIONS

A growing understanding of the molecular basis of MDS/MPNs has paved the way for
rationally designed clinical trials focused on patients with MDS/MPNs. The establish-
ment of uniform response criteria is critical for drug development as it identifies mean-
ingful endpoints that can be used across trials.101 Collaborative groups are necessary
to align efforts and combine patient populations in disease states that are extremely
rare. Although the inclusion of MDS/MPN patients in larger trials that primarily enroll
MDS or MPN patients provides therapeutic options for patients with unmet clinical
needs, efforts should be made to develop clinical trials that focus specifically on these
patient populations.
Increasingly, CMML, aCML, MDS/MPN-U, and CNL appear to exist on a spectrum,

as rigorous attempts to distinguish between them using mutational patterns and gene
expression analysis have failed.6 These diseases are hallmarked by molecular
complexity and co-occurring mutations leading to deregulating signaling, epigenetics,
and splicing. Diagnostic differentiation rests on morphologic assessments and labora-
tory thresholds that are of dubious significance.3

Beyond genetic similarities, these diseases are prognostically similar with abbrevi-
ated survival and frequent leukemic transformation that is influenced by older age,
cytopenias, increased blasts, and genetic abnormalities. Going forward, it will be
important to shift the focus away from determining how these diseases differ; instead,
focusing on therapeutic strategies that target shared features. Accordingly, it will be
vital for clinical trials to incorporate biologically significant translational correlatives
into their study design. Response rates of 20% to 40% are demonstrated all too often;
leading to persistent debate regarding the clinical relevance of these results. Identi-
fying predictive variables will be critical in designing later stage clinical trials that
may lead to drug registration.
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Overall, MDS/MPNs pose a daunting therapeutic challenge. For one, they are
aggressive, molecularly complex diseases that are difficult to target. Second,
they are clinically heterogeneous diseases that have defied standard classifica-
tion, thus making them difficult to study. Last, they are exceedingly rare,
requiring collaborative efforts to accrue the patient populations necessary for
clinical investigation. Yet, despite these challenges, MDS/MPNs present
numerous therapeutic opportunities, which, through rational study design and
collaborative efforts, can be exploited to better serve patients afflicted with the
diseases.

SUMMARY

MDS/MPNs represent a group of molecularly complex, clinically heterogeneous dis-
eases that have poor clinical outcomes and limited treatment options. Most treat-
ment options have been coopted from other disease states without rigorous
investigation in MDS/MPNs. With the recent incorporation of routine molecular
sequencing into the clinical evaluation of patients with aggressive myeloid diseases,
therapeutic opportunities have been identified. The mutational landscape of MDS/
MPNs has increasingly come into focus; however, instead of distinct
disease entities, a spectrum of disease has emerged. Preclinical efforts have pro-
posed novel mechanisms to target defects in signaling, splicing and epigenetics
and these concepts are beginning to translate to the clinic. Hopefully, this will
lead to disease-modifying therapies that will replace our current treatment, which
is largely symptom-directed. Development of uniform response criteria and
disease-based cooperative groups has laid the groundwork on which clinical inves-
tigation can commence.

CLINICS CARE POINTS

� MDS/MPNs are a group of diseases with overlapping clinical and genomic features.

� MDS/MPNs includes CMML, aCML, JMML, MDS/MPN-RS-T, and MDS/MPN-U.

� The presence of specific gene mutations or combinatorial mutation patters can aid in the
diagnosis of specific MDS/MPNs.

� CMML, aCML, andMDS/MPN-U are associatedwithmedian survival less than 3 years, whereas
MDS/MPN-RS-T is typically associated with a more indolent course.

� The prognosis for MDS/MPNs is influenced by the presence of increased peripheral blood or
bone marrow blasts, cytopenias, adverse cytogenetics and specific gene mutations.

� Targeted therapies have considerable therapeutic potential. Ruxolitinib has been shown to
be effective in patients with specific CSF3R mutations and in diseases that activate the JAK/
STAT pathway.

� Luspatercept, an activating receptor ligand trap, is approved for MDS/MPN-RS-T.
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Current Clinical
Investigations in
Myelofibrosis
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INTRODUCTION

Myelofibrosis (MF) is a clonal hematopoietic BCR-ABL1–negative myeloproliferative
neoplasm (MPN) characterized by constitutional symptoms, extramedullary hemato-
poiesis including symptomatic splenomegaly, bone marrow fibrosis, and megakaryo-
cytic hyperplasia.1 MF may be primary or secondary to polycythemia vera (PV) or
essential thrombocytopenia (ET)2 with a heterogeneous clinical course ranging from
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KEY POINTS

� Ruxolitinib and fedratinib are the two Janus Associated Kinase 2 (JAK2) inhibitors
currently approved for the treatment of intermediate-2 and high-risk myelofibrosis (MF).

� Pacritinib, a dual JAK2/IRAK1 (interleukin-1 receptor-associated kinase 1) inhibitor may
prove effective in patients with myelodepletive MF phenotype.

� CPI-0610, a bromodomain inhibitor is under phase lll clinical evaluation for JAK inhibitor-
treatment naive MF.
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and will now be tested in a phase lll study in JAK inhibitor refractory MF with overall sur-
vival as the primary endpoint.
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a chronic asymptomatic state to acute leukemic transformation. The management of
patients with MF is personalized and may be focused on alleviation of the spleen and/
or systemic symptom burden, improvement in cytopenias, prevention of leukemic
transformation, and prolongation of overall survival (OS)3 (Fig. 1). Janus Associated
Kinase (JAK) inhibitors were developed on the premise that hyperactivation of the
JAK–signal transducers and activators of transcription (STAT) pathway is central to
the pathogenesis of MF. Abrogation of this hyperactive intracellular signaling pathway
was anticipated to lead to pathologic, cytogenetic, and molecular responses.4 The
JAK1/2 inhibitors ruxolitinib5 and fedratinib6 currently are approved for the treatment
of MF patients with intermediate or high-risk disease by modern prognostic scoring
systems. Although ruxolitinib and fedratinib mitigate cytokine-driven symptom burden
and reduce burdensome splenomegaly associated with MF, they neither clearly alter
the natural disease trajectory nor convincingly halt leukemic transformation. Hemato-
poietic cell transplantation remains the only curative therapy for MF, which may not be
a viable option in many patients, owing to advanced age and competing comorbid-
ities. Therefore, there is a relentless need to improve upon existing management stra-
tegies in MF with novel therapeutics that leverage complementary disease-related
pathways involved in the complex pathogenesis of MF (Fig. 2).

OVERVIEW OF THE PATHOBIOLOGY OF MYELOFIBROSIS

Approximately 90% of patients harbor 1 of the 3 driver mutations involving JAK2,MPL,
or CALR that result in constitutive activation of JAK-STAT signaling as well as several
downstream signaling pathways, including ERK/mitogen-activated protein kinase and
phosphatidylinositol 3-kinase (PI3K)/AKT pathways.7–9 The JAK-STAT pathway plays
an obligatory role in normal hematopoiesis and facilitates the transcription of key reg-
ulators of cellular proliferation, differentiation, and apoptosis (eg, p21,BCL-XL,BCL-2,
cyclin D1, and PIM1).10 Other nondriver mutations frequently found in patients with MF
include mutated ASXL1, SRSF2, EZH2, IDH1/2, and U2AF1. These high-molecular-
risk genetic alterations encode proteins involved in epigenetic control of gene expres-
sion through histone modification (ASXL1), RNA splicing (SRSF2 and U2AF1), and
DNA methylation (IDH1/2).11

The pathogenesis of reactive bonemarrow fibrosis inMF is incompletely understood
and remains an area of ongoing translational investigation. Abnormal megakaryocytes
(MKs) within the bonemarrow ofMF contribute to the pathologic deposition of collagen
and reticulin fibers through altered expression of cell adhesion molecules. The
abnormal localization of P-selectin is believed to lead to impaired emperipolesis and,
ultimately, elaboration of inflammatory and fibrogenic cytokines, including

Fig. 1. Interrelated clinical features of myelofibrosis that constitute therapeutic targets.
EMH, Extramedullary hematopoiesis.
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transforming growth factor (TGF)-b from theMFMK12,13 These activated cytokine path-
ways lead to deregulated fibrosis, neoangiogenesis, and osteosclerosis inMF and offer
potential therapeutic targets to restore the bone marrow microenvironmental niche.14

In the past decade, several researchers have described an interconnection between
chronic inflammation and the evolution of MF.15–17 One intriguing hypothesis is that
chronic inflammation may both actuate and drive clonal evolution.18 These inflamma-
tory cytokines also activate the JAK-STAT pathway, providing a survival advantage to
various cells, including the neoplastic monocyte-macrophages and hematopoietic
progenitors, which in turn perpetuate the inflammatory signaling of nuclear factor
(NF)-kB, JAK1-STAT, and hypoxia-inducible factor 1a, thus propagating the cycle of
a heightened inflammatory milieu in MF.19 Inflammatory cytokines, namely tumor ne-
crosis factor (TNF)-a, interleukin (IL)-6, IL-8, IL-2R, IL-12, and IL-15, are up-regulated
in the plasma of patients with MF. Constitutional symptoms, such as fever, weight
loss, night sweats, and bone pain, are believed to be mediated by these circulating in-
flammatory cytokines and have been shown to be independent predictors of poor sur-
vival in MF.17

Current clinical investigation in MF is focused on harnessing the various pathways
governing the pathobiology of MF that may be complementary to JAK-STAT signaling
and, in some cases, added to a JAK inhibitor (Table 1).

Fig. 2. Interconnected network of complementary pathways amenable for therapeutic
exploitation in MF. Broad therapeutic domains include the epigenome, immune regulation,
cell cycling, and apoptosis pathway. 2HG, 2-hydroxyglutarate; 5-HMC, 5-hydroxymethylcyto-
sine; 5-MC, 5-methylcytosine; Acet, acetylated; APAF, apoptotic protease activating factor;
Acet - acetylated; BAK, Bcl-2 homologous antagonist/killer; BAX, BCL2-associated X; BCL,
B-cell lymphoma; bFGF, basal fibroblast growth factor; DDR, DNA damage response;
DNMT, DNA methyl transferase; eIF, eukaryotic translation initiation factor; eIF2a- Eukary-
otic translation initiation factor 2a; IDH, isocitrate dehydrogenase; Met, Methylated; Mut,
mutated; MDM, murine double minute; MHC, major histocompatibility complex; Met -
Methylated; Mut - mutated; PDGF, platelet-derived growth factor; TCR, T-cell receptor;
Ub, ubiquitylation; XIAP, X-linked IAP.
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Table 1
Investigational drugs currently in clinical trials in myelofibrosis

Drug Class
Investigational
Drugs Phase Myelofibrosis Setting

ClinicalTrials.
gov
Identifier

Agents targeting signaling pathways

JAK1/2 inhibitor Fedratinib III Frontline and R/R NCT03755518
(frontline)
and
NCT03952039
(R/R to RUX)

Pacritinib III Frontline and severe
thrombocytopenia

NCT03165734

Momelotinib III Against danazol in
anemic patients

NCT04173494

JAK1 inhibitor Itacitinib II Monotherapy NCT01633372

PIM inhibitor TP-3654 Ib Monotherapy NCT04176198
PIM447 I With RUX and LEE011

(CDK4/6 inhibitor)
NCT02370706

PI3Kd inhibitor Parsaclisib II Frontline setting
with RUX

NCT02718300
Umbralisib NCT02493530

Agents targeting epigenetic regulation

HMA Azacitidine II Frontline setting
with RUX

NCT01787487

IDH inhibitor Enasidenib II Frontline setting
with RUX

NCT04281498

BET inhibitor CPI-0610 II � RUX in frontline
setting

NCT02158858

LSD1 inhibitor Bomedemstat II Monotherapy NCT03136185

Agents targeting the apoptotic pathway

BH3 mimetic Navitoclax � RUX in frontline
setting

NCT03222609

APG-1252
(parenteral)

I/II � RUX in frontline
setting

NCT04354727

MDM2 inhibitor KRT-232 II R/R to RUX NCT03662126
Siremadlin I/II Platform study

design
NCT04097821

SMAC mimetic LCL-161 II R/R to RUX NCT02098161

TRAIL inducer ONC201 I R/R to RUX Not yet assigned

Agents targeting the tumor
microenvironment

TGF-b trap AVID200 I Frontline setting NCT03895112

Recombinant
human fibrocyte
inhibitor

PRM-151
(pentraxin)

II Frontline setting NCT01981850

Hsp90 inhibitor PU-H71 I Frontline setting
with RUX

NCT03373877

MAB against
P-selectin

Crizanlizumab I/II Platform study
design

NCT04097821

(continued on next page)
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JANUS ASSOCIATED KINASE INHIBITORS

Momelotinib, pacritinib, and itacitinib (INCB039110) are JAK inhibitors actively being
investigated in late-phase clinical trials in MF. Momelotinib is a JAK1/2 and type I acti-
vin A receptor (ACVR1) inhibitor shown to inhibit bone morphogenic protein receptor
kinase ACVR1–mediated hepcidin expression in the liver. This is thought to increase
the mobilization of sequestered iron from cellular stores and stimulate erythropoi-
esis.20 Momelotinib did not meet its key secondary endpoint (>50% total symptom
score [TSS] reduction) and primary endpoint (>35% spleen volume reduction [SVR])
in the phase III SIMPLIFY 1 and 2 trials that compared momelotinib to ruxolitinib
and best available therapy (BAT), respectively.21,22 More patients in the momelotinib
arm, however, attained transfusion independence (TI) at week 24 than those in the
BAT arm (43% vs 21%, respectively; nominal P 5 .0012), and 40% of momelotinib-
treated patients required no red blood cell (RBC) transfusions over the treatment
period compared with 27% of patients in the BAT group (nominal P 5 .10).22 MO-
MENTUM, a randomized, double-blind, active control phase III study, is currently
enrolling patients with MF previously treated with an approved JAK inhibitor and
randomizing them to either momelotinib or danazol, with TSS reduction as a primary
endpoint (NCT04173494).

Table 1
(continued )

Drug Class
Investigational
Drugs Phase Myelofibrosis Setting

ClinicalTrials.
gov
Identifier

AURKA inhibitor Alisertib I/II R/R to RUX NCT02530619

GSK-3b inhibitor 9-ING-41 II � RUX in frontline
setting

NCT04218071

NCT inhibitor Selinexor II R/R to RUX NCT03627403

NEDD8 inhibitor Pevonedistat I Frontline setting
with RUX

NCT03386214

Agents targeting cytokine/host immunity

CD123 targeted Tagraxofusp II Frontline setting
with RUX

NCT02268253

Interferon Pegylated IFN
alfa-2a

II Frontline setting
with RUX

NCT02742324

Checkpoint inhibitor MBG453 I/II Platform study NCT04097821
MBG453 1 NIS793,
MBG453 1 NIS793 1

decitabine, and MBG4531
NIS793 1 spartalizumab

NCT04283526

Telomerase inhibitor Imetelstat III R/R to RUX NA

Agents targeting cytopenias

Immunomodulatory
imide drug

Thalidomide II With RUX to mitigate
thrombocytopenia

NCT03069326

Pomolidamide With RUX to mitigate
anemia

NCT01644110

Agents targeting
erythropoiesis

Sotatercept II To mitigate anemia NCT01712308
Luspatercept NCT03194542

Abbreviations: HMA, hypomethylating agent; IDH, isocitrate dehydrogenase; R/R, relapse/refrac-
tory; RUX, ruxolitinib.

Current Clinical Investigations in Myelofibrosis 357



Pacritinib is a selective JAK2/fms-like tyrosine kinase 3 inhibitor in advanced-stage
clinical development for patients with MF and severe thrombocytopenia (platelet
count <50,000/mL). Pacritinib was placed on clinical hold in February 2016 due to con-
cerns centered on increased hemorrhagic risk and excess mortality in the phase III
PERSIST-1 and PERSIST-2 randomized controlled trials that compared pacritinib to
BAT and to a dose-comparison study in thrombocytopenic patients (baseline platelet
count �100 � 109/L), respectively.23,24 After an independent data review deemed that
the rates of cardiac and hemorrhagic events were not significantly different between
the study arms, the phase II PAC203 (NCT03165734) dose-finding (100 mg, daily;
100 mg, twice daily; and 200 mg, twice daily) study was conducted. This trial evalu-
ated pacritinib with risk mitigation strategies for cardiac and hemorrhagic events,
including the avoidance of anticoagulant/antiplatelet and QT-prolonging agents.
Pacritinib was well tolerated and the most significant rate of SVR35% was observed
in the 200-mg, twice daily, cohort with no excess cardiac or hemorrhagic events
compared with the lower doses tested. Spleen responses in the 200 mg, twice daily,
cohort was predominant in patients with severe thrombocytopenia (<50 � 109/L) at
17%.25 The ongoing phase III PACIFICA trial will evaluate the safety and efficacy of
pacritinib (200 mg, twice daily) compared with physician’s choice (low-dose ruxoliti-
nib, corticosteroids, hydroxyurea, or danazol) in patients with MF and severe thrombo-
cytopenia (<50 � 109/L) and less than 12 weeks of prior JAK inhibitor therapy26

(NCT03165734).
Itacitinib is a selective JAK1 inhibitor that curtails JAK1-mediated cytokine dysregu-

lation while sparing the myelosuppressive effects of JAK2 inhibition. Itacitinib was
evaluated in a phase II dose-expansion (100 mg, twice daily; 200 mg, twice daily;
and 600 mg, once daily) trial in intermediate-risk or high-risk patients with MF, with
the primary endpoint greater than or equal to 50% reduction in TSS at week 12. A total
of 35.7% and 32.3% of patients achieved the primary endpoint in the 200-mg, twice-
daily, and 600-mg, once-daily, cohorts, respectively. Most importantly, 53.8% of RBC
transfusion-dependent (TD) patients achieved greater than or equal to 50% reduction
in TD during the study period.27 Itacitinib currently is being evaluated in combination
with low-dose ruxolitinib or as monotherapy in patients with MF (NCT03144687).

SIGNAL CROSSTALK-BASED MONOTHERAPY AND COMBINATORIAL THERAPY

Murine and human MF hematopoietic stem and progenitor cells significantly overex-
press PIM1, a serine/threonine kinase induced by JAK-STAT activation that is known
to regulate hematopoietic stem cell growth and apoptosis.28 TP-3654, a second-
generation pan-PIM kinase inhibitor, abrogated the cellular proliferation and enhanced
apoptosis of murine Ba/F3-EpoR cells expressing Jak2 V617F or human JAK2 V617F–
positive HEL and UKE-1 cells. Although TP-3654 monotherapy in Jak2 V617F homo-
zygous mice restricted leukocytosis and splenomegaly, combined treatment of TP-
3654 and ruxolitinib almost normalized the leukocyte count and spleen size in addition
to reversing bone marrow fibrosis. Post-treatment RNA sequencing analysis on mu-
rine purified LSK (Lin�Sca-11c-kit1) cells showed that TP-3654 alone or in combina-
tion with ruxolitinib down-regulated TNF-a and WNT signaling–related genes.29

Accordingly, a phase Ib study is evaluating TP-3654 monotherapy in MF patients inel-
igible or refractory to JAK inhibitors (NCT04176198).
In addition to PIM1 kinase overexpression, JAK2-STAT5 activation promotes

CDC25A transcription, down-regulates p27 expression, and activates cyclin-
dependent kinases (CDKs) 4/6. Triple therapy with ruxolitinib, PIM447 (pan-PIM inhib-
itor), and LEE011 (CDK4/6 inhibitor) demonstrated synergistic antitumor activity in
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allografted Ba/F3 cells expressing EPOR-JAK2 V617F and prolonged the survival of
an MPLW515L-mediated murine retroviral transplant model. No additive toxicity
was observed in triple-therapy treated mice.30 This concept has been evaluated in a
phase I trial; however, results have not yet been published (NCT02370706).
Given that JAK2 V617F activates several signaling pathways, including the PI3K-

AKT pathway, Bartalucci and colleagues31 sought to evaluate the efficacy of
BEZ235, a dual PI3K/MTOR inhibitor in combination with ruxolitinib. This combination
strategy exhibited strong synergy by inhibiting more than 50% cell proliferation in Ba/
F3-EPOR JAK2 V617F and human SET2 cell lines. Furthermore, combined PI3K and
JAK inhibition reduced splenomegaly and prolonged survival in a JAK2 V617F–driven
murine model.31 Moreover, Choong and colleagues,32 in a cell-screen (Ba/F3 cells
expressing TpoR JAK2 V617F) assay, demonstrated that the synergistic effects of
PI3K and JAK inhibition are enhanced only in the presence of JAK inhibition, thus
attesting that hyperactive PI3K signaling likely is secondary to constitutive JAK2 acti-
vation and PI3K inhibitor monotherapy may not be beneficial in MF. Because PI3Kd
isoform is the predominant isoform expressed in MF CD341 progenitor cells,33 a
phase II study evaluated the safety and efficacy of umbralisib, a dual PI3Kd/CK1
epsilon inhibitor, in combination with ruxolitinib in MF patients with suboptimal
response to ruxolitinib monotherapy. Among the 23 evaluable patients, 9% (2/23)
achieved complete response and 56% (13/23) clinical improvement by International
Working Group for Myeloproliferative Neoplasms Research and Treatment (IWG-
MRT) criteria. Although hepatotoxicity (class effect) was rare with umbralisib, 9% (2/
23) patients had greater than grade 3 asymptomatic lipase elevation and 4% (1/23)
had colitis in the setting of preexisting mesenteric ischemia. Pneumonitis was not
observed.34 Most recently, a phase II study evaluated parsaclisib (INCB050465), a
highly selective PI3Kd inhibitor, in combination with ruxolitinib in MF patients with sub-
optimal response to ruxolitinib monotherapy. Given the preliminary efficacy of parsa-
clisib (daily for 8 weeks followed by weekly) add-on strategy to ruxolitinib in MF,35 a
recently presented randomized dose-expansion study evaluated the add-on strategy
with parsaclisib in 2 groups: daily/weekly (10 mg or 20 mg parsaclisib daily for
8 weeks/same dose weekly, thereafter; n 5 33) or all daily (n 5 18). The median
percent change in SVR and MFSAF TSS at week 12 was better with daily cohort
compared with the daily/weekly cohort (�2.3% [n 5 30] in daily/weekly and
�13.0% [n5 11] in daily; �14.0% [n5 21] in daily/weekly and �51.4% [n5 6] in daily
cohorts, respectively). Parsaclisib was reasonably well tolerated and 1 patient each in
the daily/weekly cohort had grade 3/4 nonhematologic treatment-emergent adverse
event (TEAE): disseminated tuberculosis, varicella zoster virus infection, enteritis, fa-
tigue, hypertension, and transaminase elevation. No colitis, dose-limiting diarrhea,
or rash (inherent to PI3K inhibitors) was observed. Because daily dosing appears
more efficacious than the daily/weekly combination, daily parsaclisib add on to ruxo-
litinib will be further evaluated in this ongoing trial in MF patients who had a suboptimal
response to ruxolitinib monotherapy36 (NCT02718300).

EPIGENETIC TARGETED THERAPIES

Given the perturbed methylation status identified in MF, azacitidine, a hypomethylat-
ing agent, was evaluated in a sequential combination approach with ruxolitinib (ruxo-
litinib monotherapy for the first 3 cycles followed by combination therapy with
azacitidine from cycle 4 onwards with a gradual dose titration from 25 mg/m2 to
75 mg/m2 on days 1–5). Seventy percent (n5 54) of treated patients achieved an over-
all response rate (ORR) by the IWG-MRT criteria. Improvement in bonemarrow fibrosis
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was observed in 60% of patients, with a median time to response of 12 (6–18) months,
which suggests a disease-modifying effect of this combination regimen. As expected,
additive myelosuppression is the most common TEAE (grade �3 anemia [35%],
thrombocytopenia [26%], and neutropenia [24%]), which led to treatment discontinu-
ation in 8% of treated patients37 (NCT01787487).
Mutations in epigenetic regulators, such as IDH, are associated with poor outcomes

in MF.11 McKenney and colleagues38 demonstrated that combined double-mutant
JAK2-IDH expression in murine models altered progenitor cell function, impaired dif-
ferentiation, and impelled MPN progression and was sensitive to IDH pharmacologic
inhibition. Combined JAK2/IDH2 inhibition in a double-mutant jak2/idh2 murine trans-
plant model ameliorated myeloproliferation with complete resolution of splenomegaly,
thus suggesting that this combination may offer a potential therapeutic advantage in
this high-risk MPN subtype.38 This concept is being evaluated with combination ena-
sidenib and ruxolitinib in a clinic, in patients with MF and MPN–blast phase harboring
an IDH2 mutation (MPN-RC-119) (NCT04281498).
MPNs are characterized by a chronic state of inflammation. In this regard, Kleppe

and colleagues, through integrated RNA-seq and ChIP-seq data, identified an NF-
kB–dependent transcriptional network that fuels the MPN-associated inflammatory
state. The bromodomain and extraterminal motif (BET) proteins are histone readers
that may have a key epigenetic role in aberrant NF-kB activation as well as the down-
stream consequences of TGF-b and C-MYC target gene expression in MPNs and,
therefore, an attractive therapeutic target. BET inhibitor monotherapy, or more impor-
tantly combined BET/JAK inhibitor treatment, reduced inflammatory signaling
and disease burden and reversed bone marrow reticulin fibrosis in anMPL-driven mu-
rine model.39 Based on this preclinical rationale, MANIFEST, an open-label phase II
trial, is evaluating the oral pan-BET inhibitor CPI-0610 as monotherapy or as an
add-on strategy to ruxolitinib in MF patients who are refractory/intolerant to ruxolitinib.
The primary endpoint is SVR35% for non-TD patients or conversion to TI in TD pa-
tients. In a cohort of JAK inhibitor–naı̈ve patients (arm 3), 67% (n 5 15) achieved
SVR35% with combination therapy40 and 36.8% (7/19) of TD patients converted to
TI (median TI duration: 14.1 weeks) accompanied by an improvement in bone marrow
fibrosis by greater than or equal to 1 grade in 64% (9/14) of evaluable TD patients, sug-
gesting potential disease-modifying activity with combination CPI-0610 and ruxoliti-
nib.41 CPI-0610 was well tolerated and included low-grade gastrointestinal-related
TEAEs (diarrhea and nausea) and minimal myelosuppression in less than 10% (grade
3/4 anemia and thrombocytopenia).42 Further expansion of the combination therapy
cohort for TD patients and JAK inhibitor–naı̈ve patients is ongoing (NCT02158858).
A randomized, double-blind, phase III trial comparing combination CPI-0610 and rux-
olitinib to placebo and ruxolitinib in JAK inhibitor–naı̈ve MF patients is planned to acti-
vate in the fourth quarter of 2020.
Another epigenetic target of interest in MF is lysine-specific demethylase 1 (LSD1).

LSD1 is an epigenetic enzyme critical for steady-state hematopoiesis and is overex-
pressed in patients with MF.43 Jutzi and colleagues44 showed that IMG-7289 (bome-
demstat), an irreversible LSD1 inhibitor, selectively inhibited proliferation and induced
apoptosis of JAK2 V617F cells by disrupting the balance between proapoptotic
(increased p53 up-regulated modulator of apoptosis [PUMA] levels) and antiapoptotic
proteins (BCL-XL) with concurrent increase in p53 expression. Although IMG-7289
decreased spleen volumes, improved blood counts, and prolonged survival in PV-
like Jak2 V617F murine model, it reduced bone marrow fibrosis in the ET/MF-like
MPL W515L–driven murine model. Bomedemstat reduced Nuclear Factor, Erythroid
2 protein levels, a transcription factor critical for thrombopoiesis, leading to on-
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target dose-dependent thrombocytopenia. Moreover, low doses of combination
bomedemstat and ruxolitinib exhibited synergistic efficacy in abrogating SET-2 cell
proliferation, inhibiting stem and progenitor cell expansion, and markedly decreasing
splenomegaly in a Jak2 V617F mouse.44 Accordingly, bomedemstat is being evalu-
ated in a phase I/IIa dose-finding study of patients with intermediate-2 or high-risk
MF resistant to or intolerant of ruxolitinib Given the expected for dose-dependent
thrombocytopenia, bomedemstat was slowly dose-titrated from a subtherapeutic
dose to achieve the target platelet count of 50 � 109/L to 100 � 109/L. The platelet
count was used as a biomarker for dose titration, and 85% patients (17/20) achieved
the target platelet count in approximately 45 days. Despite underdosing and slow
dose escalation, 50% (7/14) of patients treated with bomedemstat achieved modest
SVR (median SVR: �14%; Range: �2% to �30%). Bomedemstat was reasonably
well tolerated and is being evaluated as a second-line agent in patients with MF45

(NCT03136185).

AGENTS TARGETING THE APOPTOTIC PATHWAY

The JAK2/STAT5/BCL-XL axis is a crucial survival pathway for JAK2 V617F–driven
MPN cells, and combined targeting of JAK2 and BCL-2/BCL-XL exhibited synergism
in a JAK2 V617F MPN murine model and overcame acquired resistance to JAK2 inhi-
bition.46,47 Nonselective BCL2 inhibition (navitoclax) is limited by profound thrombo-
cytopenia because platelets are dependent on BCL-XL for survival. In a phase II
evaluation of combination navitoclax and ruxolitinib therapy in MF, 29% (7/24) of
evaluable patients achieved SVR35%; 25% (6/24) of patients had greater than or
equal to 1 grade bone marrow fibrosis reduction; and the median TSS at response
was 7.4 (range 0–23), a 20% improvement from baseline. Although combination navi-
toclax and ruxolitinib showed preliminary efficacy, 77% of patients (26/34) developed
grade 3 TEAEs or worse thrombocytopenia48 (NCT03222609). APG-1252, a parenteral
BH3 mimetic administered as weekly infusions, also will be evaluated as monotherapy
and in combination with daily ruxolitinib in patients with MF (NCT04354727).
The tumor suppressor protein p53 is a master regulator of DNA repair, apoptosis,

and cancer surveillance. Murine double minute 2 (MDM2) is an E3 ubiquitin ligase
that negatively regulates p53 through multiple mechanisms, including ubiquitin-
dependent degradation of p53. Therefore, MDM2 not only facilitates p53 degradation
but also binds p53 and inhibits its transcriptional activity.49 MDM2 is up-regulated in
Primary Myelofibrosis (PMF) CD341 stem/progenitor cells, supporting a possible ther-
apeutic role for MDM2 inhibitors in this patient population.50 The MDM2 inhibitor ida-
sanutlin demonstrated safety and on-target clinical activity in patients with refractory
PV in a proof-of-concept study.51 KRT-232, a potent, small-molecule, oral MDM2 in-
hibitor, currently is being evaluated in an open-label phase II study in patients with
advanced MF who relapsed on or are refractory to JAK inhibitors.52 Given the prelim-
inary efficacy (SVR35% in 16% [4/25] of patients) in the higher-dose cohort, the rec-
ommended phase IIb dose of KRT-232 was deemed to be 240 mg daily, for 7 days, in
a 28-day cycle. A total of 98% of treated patients experienced TEAEs, of which 51%
were grade 3 and 24%were grade 4. Gastrointestinal adverse events (AEs) were most
common (diarrhea [62%], nausea [38%], and vomiting [21%])53 (NCT03662126). Sire-
madlin, another selective inhibitor of p53-MDM2 interaction, is being evaluated in the
ADORE trial, a platform study exploring novel combinations with ruxolitinib in patients
with MF (NCT04097821).
Overexpression of the inhibitor of apoptosis proteins (IAP) allows cancer cells to

circumvent apoptosis by inhibition of proapoptotic caspases.54 When a cell is primed
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to undergo apoptosis, second mitochondria-derived activator of caspases (SMACs)
are released into the cytosol and bind directly to IAPs, promoting their degradation
and facilitating caspase-mediated apoptosis.55 Preclinical studies in solid tumors
have shown that NF-KB activation is critical for SMAC mimetic–induced apoptosis,56

which sensitizes cancer cells to TNF-a–induced cell death.57 Given that MF is a
chronic inflammatory disease characterized by elevated TNF-a levels and NF-KB
hyperactivation, Fleishman and colleagues sought to evaluate the role of an SMAC
mimetic in MPN.58 They demonstrated that murine and human JAK2 V617F cell lines
(HEL) and Jak2 V617F knock-in mice exhibited hypersensitivity to LCL-161–mediated
apoptosis. Adding a JAK2 inhibitor (ruxolitinib or pacritinib) to JAK2 V617F1 cells
in vitro rendered them insensitive to LCL-161, suggesting that the constitutive activa-
tion of JAK2 is critical for MPN cell sensitivity to SMAC mimetic–mediated
apoptosis.58 In a phase ll study of LCL-161 in patients with MF resistant/intolerant
to ruxolitinib, 32% (15/47) achieved an ORR by IWG-MRT 2013 criteria. Weekly oral
dosing schedule was well tolerated, and fatigue was a common cause for dose reduc-
tion in 36% of treated patients.59 Further clinical evaluation is ongoing
(NCT02098161).
ONC201 is a novel small molecule that promotes apoptosis through a p53-

independent mechanism. In solid tumors, ONC201 inhibits MEK-AKT signaling and
resultant activation of the transcription factor FOXO3 promotes TNF-related
apoptosis-inducing ligand (TRAIL) gene transcription and induces caspase-
mediated apoptosis (extrinsic) through TRAIL death receptor 5.60 In hematological
malignancies (Acute myeloid leukemia [AML] and mantle cell lymphoma), however,
ONC201 also was shown to facilitate apoptosis through an intrinsic mechanism utiliz-
ing the eukaryotic translation initiation factor eIF2a–transcription factor ATF4 pathway,
akin to an unfolded protein response and integrated stress response. Most impor-
tantly, ONC201 exerted an antileukemic effect on AML stem and progenitor cells while
sparing normal cells independent of p53 status.61 A recently presented abstract
showed that idasanutlin, an MDM2 antagonist, and ONC201 acted synergistically to
decrease MF CD341 colonies while sparing normal CD341 cells, suggesting a poten-
tial therapeutic role for ONC201 in MF.62 The MPN-RC 122 trial will evaluate the safety
and efficacy of ONC201 in patients with MF.

AGENTS TARGETING THE TUMOR MICROENVIRONMENT

MK-derived TGF-b is implicated in the pathogenesis of bone marrow fibrosis and
collagen deposition as well as in altering the dynamic balance between malignant
and normal hematopoiesis in MF.63 TGF-b1 has been shown to be elevated in bone
marrow of patients with MF,64 and MPN hematopoietic stem cells appear to
be resistant to the repressive signals of TGF-b.65 Among the 3 isoforms of TGF-b
(TGF-b1, TGF-b2, and TGF-b3), AVID200 is a selective TGF-b trap with specificity to
TGF-b1/b3 sparing TGF-b2 and can release the repressive effects of TGF-b1 on
normal hematopoiesis while decreasing bone marrow fibrosis and splenomegaly in
a GATA1low murine model of MF. Varricchio and colleagues66 demonstrated that
AVID200 selectively suppressed TGF-b1 signaling associated with mesenchymal
stem cell proliferation and type I collagen synthesis and depleted JAK2
V617F1 progenitors in MF mononuclear cell cultures. This concept is actively being
explored as multicenter phase Ib trial (MPN-RC 118) (NCT03895112).
Monocyte-derived fibrocyte proliferation is observed in the bone marrow of patients

with MF, and Verstovsek and colleagues67 demonstrated that MF bone marrow har-
bors neoplastic derived functionally distinct fibrocytes. Immunodeficient mice
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transplanted with bone marrow cells from patients with MF developed a lethal MF-like
phenotype. Xenograft mice treated with recombinant human fibrocyte inhibitor, serum
amyloid protein P (SAP; pentraxin-2; PRM-151) prolonged survival and mitigated bone
marrow fibrosis in these treated mice. Recently presented results of the first stage of
phase ll, open-label, extension study showed that PRM-151 was well tolerated as a
monthly infusion either alone or in combination with ruxolitinib and no unexpected
AEs were observed in patients with MF (NCT01981850).68 In the stage 2, randomized,
double-blind evaluation of PRM-151 monotherapy, greater than 1 grade bone marrow
fibrosis reduction was observed across all tested dose levels (0.3 mg/kg: 30% [10/33];
3 mg/kg: 28% [9/31]; and 10 mg/kg: 25% [8/32]); 26% of patients experienced greater
than or equal to 25% reduction in TSS, and SVR35% was observed in only 1 patient.
Up to 9 cycles of PRM-151 were reasonably well tolerated; fatigue, cough, and weight
loss were the most common AEs observed.69

The epichaperome is an integrated cellular network that regulates cell homeostasis
(protein folding and macromolecule assembly) during cellular stress. The 90-kDa heat
shock protein (Hsp90) is essential for epichaperome function and cell viability in addi-
tion to stabilizing protein folding of client proteins. Hsp90 is up-regulated in response
to cellular stress and DNA damage (hallmarks of malignant transformation), and Hsp90
overexpression correlates with malignant cell proliferation. Among others, JAK2 is a
client protein of Hsp90.70 AUY922, an intravenous HSP90 inhibitor, demonstrated clin-
ical activity in MPNs, but the trial was terminated due to significant drug specific
toxicity (gastrointestinal bleeding, night blindness, and altered mental status).71 PU-
H71 is a first-in-class epichaperome-specific Hsp90 inhibitor that inhibits cancer cells
through epichaperome disruption and degradation of JAK2 as well as other relevant
client proteins.72 This concept is being evaluated in the clinic in combination with rux-
olitinib in patients with MF73 (NCT03373877).
MF patient-derived MKs overexpress P-selectin, the adhesion receptor for neutro-

phils and other cell types. In a GATA1low murine model of MF, Spangrude and col-
leagues13 demonstrated that perturbed P-selectin expression fosters pathologic
emperipolesis between neutrophils and MKs, resulting in TGF-b accumulation in
MK, favoring a supportive microenvironment for MF hematopoietic stem cells in the
spleen, which may sustain extramedullary hematopoiesis in MF. Crizanlizumab, a
monoclonal antibody selective for P-selectin, approved for the prevention of vaso-
occlusive crisis in patients with sickle cell anemia,74 is being evaluated in MF as
part of the multiarm ADORE trial, discussed previously (NCT04097821).
MKs are among the rare cells that undergo polyploidization, an endomitotic process

during their terminal differentiation process.75 Wen and colleagues,76 through an inte-
grated proteomic and short hairpin (sh) RNA target screening approach, identified that
Aurora kinase A (AURKA) is a negative regulator of polyploidization, and alisertib, a se-
lective AURKA inhibitor, facilitated polyploidization and induced terminal differentia-
tion of MKs. In PMF CD341 cells, AURKA expression was found to be up-regulated,
which was mediated through increased C-Myc expression. In Jak2 V617F knock-in
and Mpl W515L murine models, alisertib ameliorated myeloproliferation, decreased
TGF-b, and reduced bone marrow fibrosis. Furthermore, combination alisertib and
ruxolitinib acted synergistically to decrease colony formation in vitro and eradicated
bone marrow fibrosis in a Mpl W515L transplant model.77 Accordingly, alisertib was
evaluated in an investigator-initiated phase l pilot study in MF patients who were intol-
erant or refractory to JAK inhibitors, including ruxolitinib. Among 22 evaluable patients
with MF, 29% (4/14) achieved a spleen response (greater than 50% SVR in 12 weeks),
and 32% (7/22) experienced symptom response (greater than 50% reduction in TSS);
more than grade 1 bone marrow fibrosis reduction was observed in 71% (5/7) after 5
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cycles of alisertib. Alisertib was reasonably well tolerated. Diarrhea, nausea, vomiting,
fatigue, and alopecia were the most common nonhematologic grade 1/2 TEAEs,
occurring in greater than 10% of patients78 (NCT02530619).
Glycogen synthase kinase-3b (GSK-3b) is a serine/threonine kinase associated with

aggressive tumor growth and chemotherapy resistance in advanced malignancies.79

Furthermore, GSK-3b inhibition blocked fibroblast activation, promoted myofibroblast
differentiation, and reversed pulmonary and pleural fibrosis in bleomycin and TGF-b–
induced pulmonary fibrosis murine models.80 9-ING-41 is a first-in-class, intrave-
nously administered, maleimide-based, small-molecule, selective GSK-3b inhibitor
with significant preclinical and clinical anticancer activity without significant myelosup-
pression.81 This concept will be evaluated as monotherapy and in combination with
ruxolitinib in patients with MF (NCT04218071).
Yan and colleagues,82 through lentiviral shRNA screening, identified that HEL and

SET-2 cell lines and primary MF cells are exquisitely dependent on nuclear-
cytoplasmic transport (NCT) for survival and proliferation. Selinexor, an NCT inhibitor,
selectively suppressed colony formation of MF CD341 cells compared with healthy
cells and enhanced ruxolitinib-mediated growth inhibition and apoptosis. In a JAK2
V617F–driven MPN murine model, combination selinexor and ruxolitinib synergisti-
cally acted to reduce disease burden, spleen volume, and suppress resistance to
JAK inhibitors in vivo.82 Selinexor is being evaluated in patients with refractory MF
(ESSENTIAL; NCT03627403).
Pevonedistat, a first-in-class inhibitor of NEDD8 activating enzyme, induced free

radical–mediated DNA damage and inhibited NF-kB activity in JAK2 mutant HEL
cells.83 A phase l trial of combination pevonedistat and ruxolitinib is under way in pa-
tients with MF (NCT03386214).

AGENTS TARGETING CYTOKINES/HOST IMMUNITY

CD123 (IL-3 receptor) is expressed in most myeloid malignancies, including MF. High-
expressing CD1231 plasmacytoid dendritic cells [(pDC)cell of origin of blastic plasma-
cytoid dendritic cell neoplasm (BPDCN)], have been identified in MF, which may play a
role in disease progression.84 Tagraxofusp is a CD123-directed cytotoxin consisting
of human IL-3 fused to truncated diphtheria toxin, approved for the treatment of blas-
tic plasmacytoid dendritic cell neoplasm.85 Given that plasmacytoid dendritic cells
and monocytes derive from a common precursor and monocytosis is reported to be
a poor prognostic factor in MF, tagraxofusp was hypothesized to be clinically active
in relapsed/refractory MF with monocytosis. In an open-label phase I/II study of
tagraxofusp monotherapy in patients with relapsed/refractory MF, objective IWG-
MRT responses were observed in 40% (7/17) of patients and 80% (n 5 5) with mono-
cytosis (>1 � 109/L monocytes) experienced spleen reductions. The most
common greater than or equal to grade 3 TEAEs include thrombocytopenia (8%)
and anemia (15%). Capillary leak syndrome was reported in 1 patient (grade 3).
Tagraxofusp was reasonably well tolerated and further evaluation is ongoing86

(NCT02268253).
RUXOPEG, a multicenter bayesian phase I/II adaptive trial, is evaluating the safety

and efficacy of combination ruxolitinib and pegylated interferon alfa-2a (IFN-a) in pa-
tients with PMF and post-PV or ET-related MF. The phase I part will enroll 9 cohorts of
3 patients each, with increasing doses of both drugs, to evaluate 3 dose levels of rux-
olitinib (10 mg, 15 mg, and 20 mg, twice daily) and IF-Na (45 mg/wk, 90 mg/wk, and
135 mg/wk). The 2 effective dose combinations selected from phase I will be random-
ized in phase II. No dose-limiting toxicity has been observed thus far in the first 5
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cohorts enrolled. Ruxolitinib and IFN-a combination demonstrated preliminary effi-
cacy in 10 evaluable patients, of whom 7 experienced hematological improvement
per IWG-MRT response assessment. Further evaluation is ongoing (NCT02742324).87

Prestipino and colleagues88 showed that JAK2 V617F up-regulated programmed
death receptor 1 ligand (PD-L1) protein expression in primary MPN patient-derived
monocytes, MKs, and platelets, and PD-L1–programmed cell death protein 1 (PD-
L1-PD-1) inhibition prolonged survival of the human MPN xenograft and primary
MPN murine models in a T-cell–dependent manner, thereby establishing a preclinical
rationale for the clinical evaluation of PD-1 pathway inhibitors in MF, with a goal of
reversing immune escape by tumor-directed T-cell reactivation.88 Two phase ll trials
of pembrolizumab (NCT03065400) and nivolumab (NCT02421354) in advanced MF
have been conducted with results expected to be reported in 2021. Several phase l
studies targeting the immune milieu in MF also are under active clinical evaluation.
T-cell immunoglobulin domain and mucin domain 3 (TIM-3) is an immune checkpoint
protein with a complex regulatory role in both adaptive and innate immune re-
sponses.89 MBG453, a high-affinity humanized anti–TIM-3 IgG4 antibody, currently
is under evaluation in MF as part of the ADORE platform trial (NCT04097821).
MBG453 also is being evaluated in a multiagent combination strategy approach
with NIS793, an anti–TGF-b monoclonal antibody, with or without decitabine or spar-
talizumab, a humanized monoclonal antibody against PD-1 (NCT04283526). This
concept is based on restoration of disease directed immunity through release of
different immune checkpoints across the genetic diversity that underlies MF biology.

IMETELSTAT

Human telomeres are structures of tandem (50-TTAGGG-30) repeats that cap chromo-
some ends and prevent cells from replicative senescence, thereby maintaining chro-
mosome integrity. Telomerase is the enzyme complex that retains telomere caps. Two
major subunits contribute to the enzymatic activity of telomerase: a structural RNA
template and a catalytic subunit with reverse transcriptase (hTERT) activity. Telome-
rase activity is up-regulated in proliferating myeloid stem cells, and shortened telo-
meres frequently are a feature of MPN stem cells, which is associated with poor
prognosis.90 Imetelstat is a 13-mer lipid-conjugated oligonucleotide, telomerase in-
hibitor that competitively targets the RNA template of hTERT. The initial single-
institution proof-of-concept trial involved 33 advanced MF patients, with an ORR of
21% (7/33) a median response duration of 18 months in complete responders and
10 months in partial responders. Three of the 7 patients who attained a clinicopatho-
logic response also achieved TI, and reversal of bone marrow fibrosis was observed in
all 4 patients who had a complete response with imetelstat.91 Despite these encour-
aging results, imetelstat was placed on full clinical hold in 2014 due to persistent
low-grade liver test abnormalities and concern for chronic irreversible liver injury noted
in an ET trial.92 After an independent data review and full resolution of liver test abnor-
malities in these patients, imetelstat development in MF resumed in 2015.
IMbark (MYF2001; NCT02426086), a randomized phase ll clinical study, evaluated 2

dose levels of imetelstat in patients with MF who were relapsed or refractory to JAK
inhibitor therapy. Imetelstat, at 9.4 mg/kg intravenously, administered every 3 weeks,
demonstrated modest clinical activity (SVR35% in 10% and TSS50% in 30%) in MF
but was associated with a notable median OS that approached 30 months, twice as
long as the reported survival of a similar population of ruxolitinib failure patients.93

Greater than 50% reduction of telomerase activity or hTERT expression correlated
with clinical responses and longer OS, and a greater proportion of patients treated
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with the active dose arm attained a 25% or greater reduction in driver mutation
burden.94 In light of these promising results, with evidence of target engagement
and reduction of clonal burden,95,96 a randomized phase lll registration trial will accrue
JAK inhibitor refractory MF patients, with a primary endpoint of OS.97,98

AGENTS TARGETED AT MITIGATION OF MYELOFIBROSIS-RELATED CYTOPENIAS

Anemia and thrombocytopenia in MF patients may be related to either disease or ther-
apy. Disease-related cytopenias are associated with a poor prognosis,3 and cytope-
nias, regardless of etiology, contribute to reduced quality of life and can restrict
treatment in this patient subset, who already have limited available therapeutic op-
tions. Immunomodulatory imide agents, such as thalidomide (NCT03069326) and
pomalidomide99 (NCT01644110), are being evaluated in combination with ruxolitinib
to mitigate cytopenias. A phase II study is evaluating combination ruxolitinib and
thalidomide in patients with MF, and responses were assessed according to the
IWG-MRT/European Leukemia Net 2013 criteria. The ORR was 60% (9/15), and
75% (6/8) of patients with baseline thrombocytopenia experienced a platelet
response. Combination ruxolitinib and thalidomide appears to be well tolerated;
events of interest included thromboembolic event and grade 3 neutropenia observed
in 1 patient each.100

Bone marrow stroma–derived ligands of the TGF-b superfamily inhibit the terminal
stages of erythropoiesis in myeloid malignancies. The activin receptor ligand traps,
sotatercept and luspatercept, administered subcutaneously every 3 weeks, prevent
the ligand binding to activin receptors IIA (sotatercept) and IIB (luspatercept), reduce
aberrant SMAD signaling, and promote erythrocyte maturation.101,102 The primary
endpoints in the clinical trial evaluation of these erythroid maturation agents include
a sustained hemoglobin increase greater than or equal to 1.5 g/dL for greater than
or equal to 12 consecutive weeks in TI patients or achieving RBC-TI in TD patients.
In a phase II study of sotatercept (NCT01712308) in MF patients with anemia, 35%
(7/20) of patients responded to sotatercept monotherapy, of whom 3 patients
achieved RBC-TI; 23% (3/13) responded to combination therapy with ruxolitinib;
and all were TI at baseline.103 The recently presented study of luspatercept monother-
apy and combination therapy with ruxolitinib evaluated TI and TD patients with MF.
Among the TI patients, 10% (2/20) in the luspatercept monotherapy arm and 21%
(3/14) in the combination therapy arm achieved a sustained hemoglobin
increase greater than or equal to 1.5 g/dL at greater than or equal to 12 weeks. Among
the TD patients, 10% (2/21) in the monotherapy arm and 32% (6/19) in the combina-
tion arm achieved RBC-TI for greater than or equal to 12 consecutive weeks
(NCT03194542).104 Sotatarcept and luspatercept were reasonably well tolerated
and TEAEs (hypertension and bone pain) were common to both drugs (class effect).
Further evaluation is ongoing, both as monotherapy and in combination with
ruxolitinib.

SUMMARY

In the past decade, ruxolitinib and fedratinib are the only 2 agents to have gained
approval for MF. Approximately 15% of patients with MF are unable to receive the
currently approved JAK inhibitors due to disease-related severe cytopenias or
therapy-related myelosuppression.3 Significantly, a majority of MF patients treated
with ruxolitinib fail after 3 years of therapy,105 and these patients are typified by dismal
outcomes, with a median survival of approximately 1 year.106 Therefore, an unmet
need for new agents targeting interdependent pathways that can alleviate cytopenias,
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reduce extramedullary disease burden, reverse bone marrow fibrosis, and extend sur-
vival are urgently needed. Advances in next-generation sequencing and expanded un-
derstanding of the molecular underpinnings of MF have propelled the development of
mechanism-based targeted therapeutics inMF. Preclinical modeling supports the cur-
rent cutting-edge clinical investigations, with an emphasis on non-JAK pathway–
based targeted approaches, rational combination therapy regimens, and modulation
of the tumor microenvironment in order to achieve more meaningful clinical responses
with an ultimate goal of cure.
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Quality of Life in
Myeloproliferative
Neoplasms
Symptoms and Management Implications
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INTRODUCTION

The myeloproliferative neoplasms (MPN) are a family of interrelated disorders that
include essential thrombocythemia (ET), polycythemia vera (PV), and myelofibrosis
(MF). These disorders share biological underpinnings with somatic mutation-driven
myeloproliferation, risk of thrombotic events, risk of hemorrhagic events, potential
splenomegaly, possible cytopenias (either disease and/or therapy toxicity related), po-
tential progression (from ET/PV to MF) or to acute myeloid leukemia (acute myeloid
leukemia or MPN blast phase). Importantly, in addition to this range of burdens that
patients with MPN can experience, they can also experience significant disease-
related symptoms such as fatigue, vascular symptoms (headaches, difficulties with
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KEY POINTS

� Myeloproliferative neoplasms can be associated with a number of different symptoms that
can be quantified by using the myeloproliferative neoplasm symptom assessment form.

� The symptoms likely have a biologic basis and are related to inflammation generated from
a dysregulated JAK-STAT pathway.

� Treatment for myeloproliferative neoplasms attempts to control counts, as well as
decrease inflammation and symptom burden.

� There are an increasing data supporting a nonpharmacologic/integrative approach to
managing the symptoms associated with myeloproliferative neoplasm, using activities
such as yoga and meditation.
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concentration, complex migraines), splenomegaly-related symptoms (abdominal
pain, abdominal fullness, early satiety), and constitutional symptoms (night sweats,
weight loss).
Quality of life is a complex construct that can include many subjective constructs

that are deeply individualized. Health-related quality of life narrows that focus and,
for someone with an illness, can include disease-related symptoms, drug-related tox-
icities, the financial toxicity of health care, the impact on employment and activities of
daily living, the impact on limiting desired activities, the stress of uncertainty, and fear
of the future. In this article, we discuss MPN symptoms (biological underpinnings, ac-
curate assessment), the impact of medical therapies on MPN symptoms, drivers of
MPN health-related quality of life, stem cell transplantation and health-related quality
of life, and nonpharmacologic strategies for improving health-related quality of life for
patients with MPN.

MEASURING PATIENT-REPORTED OUTCOMES IN PATIENTS WITH
MYELOPROLIFERATIVE NEOPLASMS

It has long been recognized by treating physicians and MPN patients alike that various
symptoms were characteristic and typical of MPNs, such as pruritus, fatigue, and
weight loss, but there has been little quantification of these symptoms before the early
2000s. In 2006, as a collaborative effort between patient groups (CMPN Education
Foundation led by Joyce Niblack, JD) and our team, we conducted the first large-
scale survey of patients with MPN, leveraging the outreach of an online
MPN community, to quantify the types of symptoms, their prevalence, MPN features,
comorbidities (measured by the Charlson Comorbidity Index), and demographics.1 A
total of 1179 patients with MPN (median age, 56 years; 41.4% men) completed the
survey. Fatigue was demonstrated to be the most commonly reported symptom
(80.7%). Additionally, quantification of the presence of other symptoms was demon-
strated. Other symptoms reported by patients with MPN included pruritis (53%), night
sweats (50%), bone pain (44%), fevers (14%), weight loss (13%), and spleen pain
owing to splenomegaly (6%). Furthermore, the majority of patients reported a
symptom-related restriction on their ability to participate in both social functions
and physical activity. Although slightly less common, approximately 35% reported
needing assistance with activities of daily living and approximately 11% reported an
MPN-associated medical disability. The findings of this survey helped to quantify
the presence of MPN-related symptoms, demonstrated the high prevalence and sig-
nificant impact of fatigue for patients with MPN, and underscored the importance of
health-related quality of life assessment in clinical trials owing to fatigue being a major
contributor to poor health-related quality of life.
Patient-reported outcome forms for MPNs had not been developed before the

phase I trial of ruxolitinib in MF, so when we observed dramatic and rapid improve-
ment in MPN symptoms as a result of that therapy it was clear we needed a validated
instrument for quantifying that benefit. We first interrogated existing patient-reported
outcome instruments, and found none were adequate to capture the spectrum of
symptoms relevant in MF (spleen-related symptoms, constitutional symptoms, etc).
We leveraged our prior survey data to create the construct of the
Myelofibrosis Symptom Assessment Form (MFSAF). In 2009,2 we initially developed
and validated the 20-itemMFSAF among 24 patients with MF, of which items included
the entire Brief Fatigue Inventory, splenomegaly-associated symptoms (eg, early
satiety, abdominal pain, inactivity, cough), catabolic and proliferative symptoms (eg,
night sweats, itching, bone pain, fever, weight loss), and overall quality of life. Patients
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rated the MFSAF as easy to understand and as addressing most of their symptoms.
Additionally, the MFSAF performed well as compared with other instruments that
assessed symptoms addressed in the MFSAF. Questions from the Memorial Symp-
tom Assessment Scale and Brief Pain Inventory were all highly correlated with their
MFSAF counterparts (P<.01).
In a 2011 trial of 87 patients with MF undergoing a phase II trial of the JAK1 and

JAK2 inhibitor INCB018424,3 we used a slightly modified set of questions for the
MFSAF, including some exploratory items in addition to the original MFSAF items,
which can be seen in Table 1. When assessing correlations between baseline disease
features and MFSAF items, we found massive splenomegaly (>20 cm below the costal
margin) to be positively associated with worse fatigue item scores (P 5 .01), a
decreased ability to walk around and exercise (P 5 .0001), decreased ability to
bend (P 5 .03), hindrance to perform daily activities (P 5 .004), and a worse quality
of life (P 5 .01). Therapy with INCB018424 resulted in a rapid decrease in MF-
associated symptoms, with 46% to 85% of patients experiencing improvement in
each individual item assessed by the MFSAF. The greatest improvements were re-
ported by patients experiencing abdominal discomfort, night sweats, pruritus, and
an altered body image, as well as fever, and corresponded with improvements in
the individual MF symptom scales as well as the patients’ overall assessment of qual-
ity of life (see Table 1).

Table 1
Modified MFSAF administered serially to 87 patients with MF

Original MFSAF Items Scale

General fatigue (Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Abdominal pain (and discomfort) (Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Inactivity (ability to move and
walk around)

(Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Cough (Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Night sweats (Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Bone pain (diffuse not joint
pain or arthritis)

(Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Fever (>100 �F) (Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Change in appetite/unintentional
weight loss in past 6 months

(Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Overall quality of life (As good as it can be) 0 1 2 3 4 5 6 7 8 9 10
(as bad as it can be)

Exploratory Items Scale

Ability to bend down including
to tie shoes

(Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Altered bowel movement and/or
difficult or painful urination

(Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Body image and hindrance to
perform daily activities

(Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Difficulty sleeping (Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Swelling of extremities
(arms and legs)

(Absent) 0 1 2 3 4 5 6 7 8 9 10 (worst imaginable)

Circle the 1 number that best describes how much difficulty you have had with each of the
following symptoms during the past week.
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Subsequently, we developed the MFSAF 2.0 to support the COMFORT-1 trial, and
this instrument was validated in the conduct of that trial.4 This version specifically
excluded fatigue out of deference to the US Food and Drug Administration, which
at that point felt fatigue was too multifactorial to function as a metric for drug efficacy.
Patients receiving ruxolitinib (n 5 127) in this trial experienced improvements in indi-
vidual MF-related symptoms, although patients receiving placebo (n 5 100) experi-
enced worsening (P<.001). The majority (91%) of ruxolitinib-treated patients
designated as 50% or more Total Symptom Score (TSS) responders (�50% TSS
improvement) self-reported their condition as either much improved or very much
improved on the Patient Global Impression of Change scale. These patients achieved
significant improvements in the European Organization for Research and Treatment of
Cancer Quality of Life Questionnaire-Core 30 functional domains and global health
status and quality of life versus patients receiving placebo, who experienced wors-
ening on these measures (P5 .0135). Ruxolitinib-treated patients with a lesser degree
of symptom improvement (<50% TSS responders) also achieved improvements over
placebo on these measures. The degree of spleen volume reduction with ruxolitinib
correlated with improvements in TSS, Patient Global Impression of Change, Patient
Reported Outcomes Measurement Information System (PROMIS) Fatigue Scale,
and EORTC Global Health Status/quality of life. Ruxolitinib-treated patients who
achieved a 35% or greater decrease in spleen volume experienced the greatest im-
provements in these patient-reported outcomes.
Further refinements in language, collaboration with the PRO Institute and members

of the Study Endpoints and Labeling Development team at the US Food and Drug
Administration led to the final version of the MFSAF 4.0 (Table 2).5 With a total of 7
items, the MFSAF 4.0 had a total possible score range of 0 to 70. Additionally, a 24-
hour recall format was chosen because this format is the most likely to be used in a
clinical trial. Subsequent efforts were undertaken to demonstrate that the results be-
tween these subtly evolved patient-reported outcomes are able to be compared (see
Table 2).

Table 2
Items of the MFSAFv4.0 diary

Item Scale

During the past 24 hours,
how severe was your worst fatigue?

(Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

During the past 24 hours,
how severe were your worst night sweats?

(Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

During the past 24 hours,
how severe was your worst itching?

(Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

During the past 24 hours,
how severe was your worst abdominal discomfort?

(Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

During the past 24 hours,
how severe was your worst pain
under your ribs on your left side?

(Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

During the past 24 hours,
what was the worst feeling of
full ness you had after beginning to eat

(Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

During the past 24 hours,
how severe was your worst bone pain
(no joint or arthritis pain)?

(Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)
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Patients with ET and PV have overlapping symptoms with patients with MF, yet
there can be additional symptoms present that are more prevalent with elevated
counts. In an effort to be able to adequately capture the spectrum of symptoms across
ET, PV, and MF we added and developed the MPN Symptom Assessment Form
(MPN-SAF; total items 5 10).6 Modified from the 7-item MFSAF v4.0, we added 3
additional items to capture the wider range of symptomatology experienced by pa-
tients with MPN as a whole. In addition to the 7 questions within the MFSAF v4.0,
we added 3 questions related to early satiety, inactivity, and concentration problems
(Table 3).7 We realized that certain symptoms might be reflected in more than 1 ques-
tion in the MPN-SAF, so we analyzed the performance of each question and were able
to refine to 10 core items. The MPN-SAF TSS (MPN-SAF TSS or MPN10 for simplicity)
is the most rapid, easy to use, and validated instrument to assess MPN symptoms in
clinical trials (see Table 3).7

BIOLOGY OF MYELOPROLIFERATIVE NEOPLASM SYMPTOMS AND INFLAMMATION,
CYTOKINES, AND BIOLOGY

Tobetterunderstand thebiologyof thesymptomburden, it is important tounderstand the
inflammatory milieu that is present in many patients with MPNs. JAK-STAT signaling is
dysregulated inmost MPNs, and STAT3 is closely tied to expression of immunomodula-
tory cytokines (IL-6, IL-10, and IL-17), growth factors (fibroblast growth factor and
vascular endothelial growth factor), andmatrixmetalloproteinases.8However, the impact
on the immunesystem is far greater than thatexplainedbydysregulation in theJAK-STAT

Table 3
MPN-SAFTSS (ie, MPN10)

Item Scale

Please rate your fatigue by circling
the one number that best describes
your worst level of fatigue during
the past 24 hours.

(Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

Circle the one number that describes how much difficulty you have had with each of the
following symptoms during the past week:

Filling up quickly when you eat (early satiety) (Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

Abdominal discomfort (Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

Inactivity (Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

Problems with concentration -
compared with before the diagnosis

(Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

Night sweats (Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

Itching (pruritus) (Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

Bone pain (diffuse, not joint pain or arthritis) (Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

Fever (Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)

Unintentional weight loss in 1ast 6 months (Absent) 0 1 2 3 4 5 6 7 8 9 10
(worst imaginable)
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pathway. In one study evaluating patientswith primaryMF, IL-1b, IL-1RA, IL-2R, IL-6, IL-
8, IL-10, IL-12, IL-13, IL-15, tumornecrosis factor (TNF)-a, granulocytecolonystimulating
factor, IFN-a, MIP-1a, MIP-1b, hepatocyte growth factor, IP-10, MIG, MCP-1, and
vascular endothelial growth factor were all found to be elevated in the peripheral blood.9

Elevations in the following 6 factors were associated with decreased survival: IL-8
(P<.001), IL-2R (P<.001), IL-12 (P5 .009), IL-15 (P5 .004), IP-10 (P5 .01), and MIP-1b
(P5 .03).9 Increased levels of IL-8 or IL-2Rwere associated with the presence of consti-
tutional symptoms, transfusion need, leukocytosis, anddecreased survival.9 An increase
in inflammatory cytokines has also been described in PV and ET.10,11 Interestingly, there
is evidence that the inflammation may not only be a hallmark of disease, but drive the
clonal progression of the disease.12

Connections between inflammation and quality of life are expected, because an in-
flammatory state often results in fevers, night sweats, muscle wasting, and decreased
appetite in the setting of malignancy.8 Specifically, in patients with MF in the COM-
FORT study, low ferritin was associated with itching and night sweats, a higher IL-
1RA level was associated with a loss of appetite, and higher CD40 L, Pal1, and
RANTES levels were associated with not sleeping well. Changes in these cytokines
were noted with treatment of ruxolitinib and improvement in symptoms.13 However,
in the JAKARTA studies evaluating fedratinib, the clinical response was not correlated
to cytokine levels.14

SYMPTOMS AND JAK INHIBITION

The introduction of JAK inhibitors has resulted in a marked improvement in the quality
of life of patients with MPN. As outlined elsewhere in this article, the symptom benefits
initially observed when treating patients with JAK inhibitors helped to drive the devel-
opment of our current symptom scoring systems. This ultimately led to the response
criteria proposed for MF, specifically a decrease in symptom burden as measured by
the MPN-SAF by 50% and spleen volume reduction of 35%. Although the response
criteria require a 50% decrease in the MPN-TSS, a meaningful benefit to the patient
can be observed with a smaller decrease in the MPN-TSS. An analysis was done on
the COMFORT1 study on relationship between Patient Global Impression of Change
and in which 27 of 59 patients who had less than 50% reduction in TSS reported they
felt very much improved or much improved.4

Ruxolitinib

The first JAK inhibitor studied was ruxolitinib, which was evaluated in the COMFORT-1
and COMFORT-2 studies. In addition to being important in establishing the critical
impact of quality of life for patients as an end point for studies, the COMFORT-1 study
in particular was instrumental in the development of MPN-SAF, as reviewed elsewhere
in this article. Ruxolitinib has also been studied in patients with PV in the RESPONSE
study.15 The primary end point of this study was a composite of patients who achieved
both hematocrit control and a spleen volume reduction of 35% or more.15 However,
patient-reported outcomes, including the MPN-SAF, were also collected. In patients
treated with ruxolitinib, 49% of patients experienced a 50% decrease in the MPN-
SAF score as compared with 5% of patients receiving standard therapy.15

Fedratinib

Fedratinib is another JAK inhibitor that was approved by the US Food and
Drug Administration for MF in the fall of 2019. The JAKARTA-1 study14 was the phase
III study conducted in 94 centers worldwide. Patients were randomized to 1 of 3
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groups: 400 mg/d, 500 mg/d, or placebo. A total of 289 patients were enrolled from
December 2011 to September 2012, with 96, 97, and 96 patients randomly assigned
to fedratinib 400 mg, 500 mg, and placebo, respectively. The symptom response at
week 24 was 33 of 91 (36%), 31 of 91 (34%), and 6 of 85 (7%) in the 400-mg, 500-
mg, and placebo groups, respectively. Improvement in symptom burden was noted
within 4 weeks and durable until week 24.

Momelotinib

Momelotinib is a JAK1/2 inhibitor, as well as direct inhibition of the bone morphogenic
protein receptor kinase activin A receptor, type I–mediated expression of hepcidin.16

This not only provides JAK inhibition, it also has a beneficial impact on anemia. There
were 2 studies to evaluate the efficacy of momelotinib, SIMPLIFY-1 and SIMPLIFY-2.
SIMPLIFY-1 was a study for JAK inhibitor–naı̈ve patients, and compared ruxolitinib
with momelotinib. A reduction in MPN-SAF TSS was achieved in 28% of patients
who received momelotinib and 42.2% of patients who received ruxolitinib, indicating
less symptomatic improvement in patients who received momelotinib.17 SIMPLIFY-2
was a randomized study of momelotinib versus best available therapy for patients who
had inadequate response to ruxolitinib.18 A reduction in a TSS of at least 50% was
observed in 26% of patients receiving momelotinib compared with 6% of those
receiving best available therapy, despite the fact that 80% in the best available therapy
arm received ruxolitinib.

Pacritinib

PERSIST-1 was a study that compared pacritinib 400mg/d with best available therapy
(excluding ruxolitinib) in a 2:1 randomization. The study was stopped early owing to
unexpected poor outcomes in PERSIST-2, so the median time of follow up was
23.2 months. A total of 327 patients were randomized in this study in a 2:1 fashion;
220 patients were assigned to pacritinib, and 107 to best available therapy; however,
owing to the early study closure, only 168 in the pacritinib arm and 85 in the best avail-
able therapy arm were evaluable. At week 24, in the intention-to-treat population, a
50% decrease in the MPN-SAF was achieved in 19% in the pacritinib arm and 10%
in the best available therapy arm, which was not statistically significant. The
PERSIST-2 study was conducted in patients who had a platelet count of less than
100� 109/L, approximately one-half the patients had been previously exposed to rux-
olitinib. This study compared pacritinib 400 mg/d, pacritinib 200 mg twice daily, and
best available therapy (which included ruxolitinib) in patients. A greater than 50%
reduction in the MPN-SAF was appreciated in 25% of the pooled pacritinib cohort
versus 14% in best available therapy cohort, which was not statistically significant.
Despite these results, the benefit to these patients, who constitute a patient popula-
tion in dire need of treatment options, may be present even in the absence of a
50% symptom decrease.

SYMPTOMS AND CYTOREDUCTION

The symptom burden in patients with MPNs is related to the inflammatory milieu; how-
ever, symptomatology can also be related to the higher blood counts. In patients with
PV, cytoreduction is almost uniformly recommended, whether it be through therapeu-
tic phlebotomy, hydroxyurea, or interferon. However, in ET and using the International
Working Group for Myeloproliferative Neoplasms Research and Treatment criteria, not
all patients will meet criteria for cytoreduction, because their risk of thrombotic events
may be quite low.19
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The symptom burden in PV can be quite severe.6 There is evidence that control of
hemoglobin may have an impact on the symptom burden. In a study of patients in the
original MPN-SAF study, as well as CYTO-PV, patients who were receiving therapeu-
tic phlebotomy were noted to have a higher symptom burden as compared with those
who did not.7 However, even those patients who have adequate cytoreduction may
experience a significant symptom burden.20 In 1 study, patients who had PV that
was well-controlled based on blood counts and spleen size, were randomized to either
continuation of hydroxyurea or ruxolitinib. Those patients who received ruxolitinib
achieved better symptom control, suggesting that the symptom burden may be due
to more than just blood counts.20

Some patients have a significant symptom burden with ET. Biologically, the symp-
tom burden should decrease as the platelets decrease, especially in the setting of
microvascular symptoms; however, there are fewer studies that demonstrate this
benefit. It was best shown in a study comparing ruxolitinib versus best available ther-
apy for ET. In this study, although both arms of the study sustained similar decreases
in platelet counts, the patients in the ruxolitinib arm experienced greater improvement
in their symptom burden.21

SYMPTOMS, QUALITY OF LIFE, AND ALLOGENIC STEM CELL TRANSPLANTATION

Allogeneic stem cell transplantation is a curative therapy for patients with MF. Owing
to the high morbidity and mortality associated with this therapy, it is reserved for those
with either Dynamic International Prognostic Scoring System intermediate 2 or high-
risk disease, or those with other high-risk molecular markers. In a survey, we demon-
strated that many patients did not want to proceed with transplantation owing
to concerns over quality of life.22 However, in a study done on patients with MF
who proceeded with transplantation, it was found that, although there was a decrease
in quality of life initially after transplantation, as would be expected, at 1 year 61% of
patients reported an improved quality of life as compared with before undergoing
transplantation.23 Interestingly, MF-specific symptoms were significantly improved af-
ter transplantation.23

FATIGUE

Fatigue is debilitating for patients with MPNs and is challenging to treat effectively. The
causes of fatigue are frequently multifactorial, related to both physical conditions,
such as the illness itself, inflammation, or medications, in addition to emotional and
psychological factors. In a survey done on patients with MPN, the average severity
of fatigue as measured by 24-hour Brief Fatigue Inventory was 6.2 of 10. It was noted
that fatigue negatively impacted multiple aspects of life and greatly limited daily activ-
ities.24 In this study, there was a higher prevalence of mood disorders that likely
contributed to the fatigue, in addition to the effects of the MPN.24 There are many
ways of dealing with fatigue, including pharmacologic as well as nonpharmacologic
methods. There is increasing evidence that a sedentary lifestyle increases fatigue24,25

and that physical activity may improve fatigue as well as quality of life.25 This factor is
reviewed more comprehensively in the section reviewing nonpharmacologic strate-
gies for managing MPN symptoms.

SYMPTOMS AND DRUGS IN THE MYELOPROLIFERATIVE NEOPLASM PIPELINE

As reviewed elsewhere in this volume, there are many new therapeutic options for pa-
tients with MPNs. It is an exciting time, and many novel therapeutics are being tested
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that not only control blood counts and symptoms, but may also impact the biology of
the disease. In MF, where the symptom burden is most severe, there are several ap-
proaches to address unmet needs. There are 2 primary unmet needs for those patients
with a high symptom burden. One group that has a severe unmet need is those pa-
tients who have failed ruxolitinib. This status is associated with clonal progression
of the disease and a poor survival rate.26 The response to ruxolitinib can be salvaged
by addition of a novel agent. One example is adding navitoclax, which binds to the
proteins in the B-cell lymphoma-2 family. In this group, MPN-TSS improved 20% as
compared with baseline.27 Another example is addition of a PI3Kd inhibitor such as
parsaclisib or umbralisib. A study recently presented at European Haematology
Congress adding parsaclisib to ruxolitinib in patients with inadequate response to sin-
gle agent ruxolitinib showed amedian improvement of MPN-TSS of 14.0% to 51.6% in
treated patients, depending on the dosing strategy.28 In a study adding umbralisib to
ruxolitinib, a median improvement of 35% was noted in the MPN-TSS.29 Another sig-
nificant unmet need is in patients with thrombocytopenia or anemia. Some of the novel
JAK inhibitors, as described elsewhere in this article, address this unmet need. These
drugs do not seem to induce severe myelosuppression and the dose can be adjusted
to provide enough JAK inhibition to ameliorate symptoms.

NONSYMPTOM DRIVERS OF QUALITY OF LIFE IN PATIENTS WITH
MYELOPROLIFERATIVE NEOPLASMS

Quality of life is related to more than just physical symptoms of disease. Quality of life
can also be impacted by psychological distress associated with the diagnosis, as well
as the impact that the MPN diagnosis can have a patient’s work and social life. The
MPN Landmark Survey had several aims, one of which, discussed in the next section,
was to identify treatment goals. Another aim sought to understand the impact MPNs
have on a person’s daily life, including finances, ability to work, and relationships with
others. Patients with MF, PV, and ET, expressed that their condition caused emotional
hardship in 33%, 14%, and 23% of patients, respectively, and 34%, 29%, and 26% of
patients reported that they had felt worried or anxious about the disease. One-quarter
of patients (26%) reported that their MPN interfered with daily activities. Further, pa-
tients with MPN felt their disease had a high impact on their family or social life
(26%). One-half of the patients who responded to this survey were employed at the
time of the survey; however, in patients with a high symptom burden, there were a
higher percentage who voluntarily left their job or were let go, took early retirement,
took a lower paying job, or received disability. Patients also reported that they missed
4.8, 3.3, or 2.6 hours of work in the last 7 days in MF, PV, and ET, respectively.

DIFFERENCES IN TREATMENT GOALS BETWEEN PATIENTS WITH
MYELOPROLIFERATIVE NEOPLASMS AND PROVIDERS

In 2017, we published an article that described the findings of our MPN Landmark Sur-
vey that had 813 MPN respondents and 457 hematologist/oncologist respondents
who treated patients with MPNs.30 These findings highlighted some of the disparities
in symptom perceptions and treatment goals between patients and providers. For
example, most physician respondents reported that their typical symptom assess-
ments included a prognostic risk classification as well as an inquiry into specific symp-
toms that patients are most important to manage. However, patients report far less
recollection of specific prognostic assessment use and inquiry into specific symp-
toms. Treatment goals also differed between providers and patients. Patients with
MPN reported that to slow or delay the progression of their condition was their
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most important goal, whereas physicians reported symptom improvement and the
prevention of vascular or thrombotic events to be most important in their treatment
goals for patients. Highlighting some of these disparities in perceptions and treatment
goals, more than one-third of patient respondents with MPN were not very satisfied
with their physician’s overall management and communication. These misaligned per-
ceptions and goals likely affect patient–provider satisfaction and success, and these
findings highlight some important areas of care and patient education that can be
addressed for better patient–provider communication.

QUALITY OF LIFE AND SYMPTOMS IMPACT ON TREATMENT GUIDELINES

In light of the differences in perceptions and goals, the assessment of quality of life and
symptom burden is critical when pursuing treatment for MPNs. The current National
Comprehensive Cancer Network guidelines highlight the importance of evaluating
symptom burden; in fact, in the decision trees for choosing therapy, symptom burden
is a consideration.31 For both ET and PV, symptomatic disease is an indication for
treatment along with other factors, such as thrombotic or hemorrhagic events. In
many cases, the degree of symptom burden helps to guide the therapy chosen; for
example, in those patients with debilitating symptoms, JAK inhibition is a suitable
choice.15,20,21

NONPHARMACOLOGIC STRATEGIES FOR MANAGING SYMPTOMS OF
MYELOPROLIFERATIVE NEOPLASMS

It has long been recognized that there are many possible nonpharmacologic ap-
proaches and interventions that can be used to help alleviate the symptoms of chronic
disease, including malignancies. Historically, the majority of research in nonpharma-
cologic interventions (ie, cognitive [meditation, education, etc] and/or physical
[yoga, exercise, dietary interventions]) have been conducted in breast cancer survi-
vors. The literature for these approaches has been limited in hematologic malig-
nancies and nonexistent for aiding patients with MPN. We formed the MPN quality
of life study group (www.mpnqol.org/) as a multidisciplinary research team to bring
scientific rigor to the study and application of these methods. In 2015 and 2016, we
conducted a feasibility study investigating the acceptability, practicality, demand,
and preliminary effects of an online-streamed yoga intervention on patients with
MPN.32 Patients with MPN were recruited nationally using internet-based strategies
(eg, social media, forums, email) and by reaching out to organizational and foundation
partners (eg, the MPN Research Foundation). Enrolled participants were asked to
complete 12 weeks of online-streamed yoga via Udaya.com. Participants were asked
to complete 60 min/wk of online yoga, but were able to participate in additional yoga
videos provided each week if they wanted to do more than the prescribed minimum of
60min/wk. A total of 55 patients with MPNwere enrolled at baseline and 38 completed
the intervention. Of those, 68% (n 5 21/28) were satisfied or very satisfied with online
yoga, 75% (n5 23/31) felt it was helpful for coping with MPN-related symptoms, 75%
(n 5 23/31) felt safe while participating in online yoga, and 82% (n 5 25/31) would
recommend online yoga to other patients with MPN.Weekly self-reported yoga partic-
ipation averaged approximately 50 min/wk, with 37% of participants achieving a 12-
week average of 60 min/wk or more. Additionally, there were significant pre–post (ie,
week 0 to week 12) changes in self-reported total symptom burden and fatigue
(measured with the MPN-SAF TSS) as well as anxiety, depression and sleep distur-
bance (measured with National Institutes of Health PROMIS). Feasibility measures
were defined according to Bowen and colleagues33 for this study. Although a priori
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benchmarks for demand were not met owing to fewer than 70% of participants
achieving a 12-week self-reported yoga participation average of 60 min/wk or more,
benchmarks were met for acceptability, practicality, and preliminary effects, demon-
strating the feasibility of online yoga for patients with MPN.
In a follow-up pilot study conducted in 2016 and 2017, we investigated the effects of

an online-streamed yoga intervention as compared with a wait-list control group in pa-
tients with MPN.34 Similar to our feasibility work, patients with MPN were recruited na-
tionally using internet-based strategies (eg, social media, forums, email) and by
reaching out to organizational and foundation partners (eg, the MPN Research Foun-
dation). Eligible and consenting participants were randomly assigned to 12 weeks of
online-streamed yoga via Udaya.com (the same 12-week prescription as in feasibility
study described elsewhere in this article) or a 12-week wait-list control group. In addi-
tion, we remotely gathered blood draws (through Quest Diagnostics) for inflammatory
biomarkers (ie, TNF-a, IL-1, IL-6, and IL-8), which were assessed at baseline and after
the intervention (week 12). A total of 62 patients with MPN were enrolled at baseline
and 48 completed the intervention (online yoga 5 27; control group 5 21). Self-
reported yoga participation was a bit higher than in our prior feasibility study at
approximately 56 min/wk with 48% (n 5 13/27) averaging at least 60 min/wk as pre-
scribed. Small to moderate effect sizes were seen from the yoga intervention at the
midpoint (week 7), after the intervention (week 12), and at follow-up (week 16) for sleep
disturbance (d 5 �0.26 to �0.61), pain intensity (d 5 �0.34 to �0.51), anxiety
(d 5 �0.27 to �0.37), and depression (d 5 �0.53 to �0.78) as assessed with the Na-
tional Institutes of Health PROMIS as well as a decrease in TNF-a from baseline to af-
ter the intervention (�1.3 � 1.5 pg/mL).
Based on findings from our online yoga research with patients with MPN, in which

participants reported that the mindfulness component of yoga was helpful for their fa-
tigue, we conducted a smartphone-based meditation app feasibility trial in patients
with MPN in 2017 and 2018.35 Again, patients with MPN were recruited nationally us-
ing internet-based strategies (eg, social media, forums, email) and by reaching out to
organizational and foundation partners (eg, the MPN Research Foundation). The aim
of this study was to examine the feasibility of 2 different consumer-based meditation
smartphone apps in patients with MPN and to examine the limited efficacy of
smartphone-based meditation on symptoms compared with an educational control
group. Eligible and consented patients were enrolled into 1 of 4 groups, 2 of which
received varying orders of 2 consumer-based apps (10% Happier meditation app
and Calm meditation app) and 2 that received one of the apps alone for the second
4 weeks of the 8-week intervention after an educational, fatigue management handout
control condition. Participants were asked to perform 10 min/d of meditation, regard-
less of the app and the order in which they received the apps. Feasibility outcomes
weremeasured at weeks 5 and 9 with an investigator-developed survey. The feasibility
outcomes were defined by Bowen and colleagues33 and included acceptability, de-
mand, and limited efficacy for depression, anxiety, pain intensity, sleep disturbance,
sexual function, quality of life, and global health via the National Institutes of Health
PROMIS, as well as total symptom burden via the MPN-SAF TSS. A total of 128 pa-
tients with MPN were enrolled across all 4 groups, with 73.4% of patients (n 5 94/
128) completing the intervention. Of the participants who completed the 10% Happier
app, 61% (n5 46/76) enjoyed it, 66% (n5 50/76) were satisfied with the content, and
77% (n5 59/76) would recommend to others. Of those who completed the Calm app,
83% (n5 56/68) enjoyed it, 84% (n5 57/68) were satisfied with the content, and 97%
(n 5 66/68) would recommend to others. Of those who completed the educational
control, 91% (n 5 56/61) read it, 87% (n 5 53/61) enjoyed it, and 71% (n 5 43/61)
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learned something. Participants who completed the 10% Happier app averaged
31 � 33 min/wk; patients completing the Calm app averaged 71 � 74 min/wk. The
10% Happier app participants saw small effects on anxiety (P<.001; d 5 �0.43),
depression (P 5 .02; d 5 �0.38), sleep disturbance (P 5 .01; d 5 �0.40), total symp-
tom burden (P 5 .13; d 5 �0.27), and fatigue (P 5 .06; d 5 �0.30), and
moderate effects on physical health (P<.001; d 5 0.52). The Calm app participants
saw small effects on anxiety (P 5 .29; d 5 �0.22), depression (P 5 .09; d 5 �0.29),
sleep disturbance (P 5 .002; d 5 �0.47), physical health (P 5 .005; d 5 0.44), total
symptom burden (P 5 .13; d 5 �0.27), and fatigue (P 5 .13; d 5 �0.27). Educational
control participants (n 5 61) did not have effects on any patient-reported outcomes,
except for a moderate effect on physical health (P<.001; d 5 0.77) (Table 4).
Through the last 5 years of our nonpharmacologic work with patients with MPN, we

have demonstrated the feasibility and preliminary effects of delivering online-streamed
yoga and meditation via a smartphone app to patients with MPN (see Table 4 for a
summary of outcomes across our prior work). Additionally, there is evidence of prelim-
inary effects of online-streamed yoga on a variety of physical and psychological out-
comes, particularly for improving anxiety, depression, and sleep disturbance; we saw
these outcomes improve in both our feasibility and pilot work. Elevated inflammation is
of particular concern for patients with MPN, and we also demonstrated preliminarily
reductions in TNF-a after 12 weeks of 60 min/wk of online-streamed yoga. Further-
more, qualitative data gathered from both our feasibility and pilot work36 reflected
some of what we saw quantitatively in that participants most frequently self-
reported improvements in sleep, decreases in fatigue, and decreases in stress. The
convenience of doing online yoga at home was also by far the most commonly re-
ported benefit of doing yoga remotely. Finally, smartphone-based meditation seems
to have preliminary effects on a range of physical and psychological symptoms over-
lapping with much of the improvements we saw in our online-streamed yoga work,
including improvements in total symptom burden, fatigue, anxiety, depression, sleep
disturbance, and physical health. Similar to the qualitative work in our online yoga
studies, qualitative data also revealed that participants in the meditation app study

Table 4
Summary of nonpharmacologic study outcomes

Study

Outcomes

Feasibility Preliminary Effects

2015/2016 Online Yoga
Feasibility Study

Demonstrated Acceptability
and practicality of delivering
online- streamed yoga to
patients with MPN

Y Total symptom burden
Y Fatigue
Y Anxiety
Y Depression
Y Sleep disturbance

2016/2017 Online Yoga Pilot
Study

N/A Y Pain intensity
Y Sleep disturbance
Y Anxiety
Y Depression
YTNF-a

2017/2018 Meditation App
Feasibility Study

The Calm app was more
feasible to deliver to patients
with MPN when compared
with the 10% Happier app

Y Total symptom burden
YFatigue
Y Anxiety
Y Depression
Y Sleep disturbance
Y Physical health
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reported improvements in sleep, decreases in fatigue, and improvements in overall
mental health most frequently.37 This line of research has shed some light on the po-
tential usefulness of nonpharmacologic, mindfulness-based strategies for improving a
range of outcomes among patients with MPN; however, questions remain, including
the following.

1. What are the unique components of these mindfulness-based strategies that have
specific effects on MPN symptoms or outcomes? (Is it the meditation and mindful-
ness aspect of yoga driving changes? Is the physical movement of yoga driving
changes? What components of meditation drive the changes we have seen?)

2. What are the true effects of online yoga or smartphone-based meditation on pa-
tients with MPN in larger powered trials?

3. What is the dose–response relationship between online yoga and smartphone-
based meditation on MPN patient symptoms? What is the minimum effective
“dose” with regards to how much time is spent participating in the activity, and
how many weeks the activity is done regularly?

4. What are the long-term, latent effects of these nonpharmacologic approaches on
outcomes?

Further work is underway to answer these questions and to better understand the
true effects of these mindfulness-based strategies on MPN symptoms and quality
of life-related outcomes.

SUMMARY

The MPNs have been a model for the identification of disease-associated symptoms,
development of validated instruments of patient-reported outcomes to quantify those
symptoms, and understanding of how those symptoms impact quality of life. Further
research in the linkages of disease-associated biology and the biological underpin-
nings of these symptoms has been impactful and may lead to therapeutic advances.
Subsequent inclusion of symptomatic improvement in the process of drug approvals
(ruxolitinib and fedratinib) and the vast majority of drugs in the development pipeline
should act as amodel for other hematologic malignancies. Finally, significant evidence
is developing that various nonpharmacologic interventions can aid in decreasing MPN
associated symptoms and that various modalities can be combined to develop
improvement in MPN patient quality of life.

CLINICS CARE POINTS

� It is important for providers to assess MPN symptom burden and quality of life at
each interaction they have with their patients in the clinic.

� Providers should ask patients what the goals of their treatment are in order to
better align themselves with the goals and needs of the patients they work with.

� When considering treatment for MPN patients to reduce or manage symptom
burden, know that there are both pharmacologic and nonpharmacologic treat-
ments and modalities available and for providers to consider.
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Application of Stem Cell
Therapy in Myelofibrosis

Marta B. Davidson, PhD, MD, FRCPCa, Vikas Gupta, MD, FRCP, FRCPathb,*

BACKGROUND

Myelofibrosis (MF) belongs to a group of clonal stem cell disorders known as the BCR-
ABL-negative myeloproliferative neoplasms (MPN). MF can occur as a primary bone
marrow disorder (primary myelofibrosis [PMF]) or evolve from a preceding MPN
such as polycythemia vera (PV) or essential thrombocytosis (ET), also known as
post-PV-MF or post-ET-MF, respectively. Aberrant cell signaling through the JAK2-
STAT3/5 pathway is at the center of MF pathogenesis, driven by mutually exclusive
somatic mutations in the Janus Kinase 2 (JAK2), calreticulin (CALR), or the thrombo-
poietin receptor (MPL) in most patients with MF.1,2 MF biology is further influenced by
altered gene expression promoted by somatic mutations in genes regulating DNA
methylation (TET2, DNMT3A, IDH1/IDH2), histone modification (ASXL1, EZH2), and
RNA splicing (SF3B1, U2AF1, ZRSR2, SRSF2). It is also well established that proin-
flammatory, profibrotic, and proangiogenic cytokines are overexpressed in patients
with MF.3 This altered cytokinemilieu contributes to the characteristic clinical manifes-
tations of MF, including constitutional symptoms, cardiovascular events, and disease
progression. MF is the most aggressive of the MPNs and carries a significant risk of
premature death and transformation to acute leukemia.
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KEY POINTS

� Hematopoietic stem cell transplantation (HCT) requires careful patient selection based on
disease-, patient-, and transplant-related factors.

� Genetic information may further optimize disease prognostication and patient selection
for HCT.

� In an era of JAK inhibitors, the optimal timing of HCT needs careful consideration.
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Allogeneic hematopoietic stem cell transplantation (HCT) is the only potentially
curative treatment option for patients with MF at present. HCT, however, can be asso-
ciated with significant morbidity and mortality. Appropriate patient selection is there-
fore paramount to minimize the risk-to-benefit ratio. It is important to note that no
randomized controlled trials have compared HCT with non-transplant treatment stra-
tegies, and recommendations guiding transplant decisions are largely based on retro-
spective analyses and expert opinion. The decision to proceed with HCT needs to be
individualized for each patient and take into consideration disease characteristics and
prognosis, patient fitness and preferences, and transplant logistics including available
donor type. Here we review the most critical questions in the management of patients
with chronic-phase MF with HCT: who, when, and how.

Trends in Allogeneic Stem Cell Transplantation for Myelofibrosis

The last decade ushered in targeted therapy for MF with Food and Drug Administra-
tion (FDA) approval of JAK inhibitors (JAKi), namely ruxolitinib (2011), and fedratinib
(2019). Although effective at decreasing symptom burden, JAKi do not have long-
term disease-modifying capability. Accordingly, HCT remains a valid treatment mo-
dality in MF, and its use has continuously increased over the last 2 decades
as indicated by registry data from the Center for International Blood and Marrow
Transplant Research (CIBMTR) (Fig. 1A). In 2018, the number of patients with MF un-
dergoing HCTmore than doubled compared with 2011. HCT for older patients with MF
has also steadily increased (Fig. 1B). Transplantation of older individuals has undoubt-
edly been facilitated by use of reduced intensity conditioning (RIC), which has been
gaining popularity (Fig. 1D). Peripheral blood remains the predominant stem cell
source among MF HCT recipients. The use of unrelated donors (URD) has also
been increasing among patients with MF (Fig. 1C). Although there has been a small
increase in the use of haploidentical donors in recent years, the use of alternative do-
nors (AD; haploidentical, umbilical cord blood [UCB]) in general remains low in MF (see
Fig. 1C).

Patient Selection for Allogeneic Stem Cell Transplantation

Consideration of disease-associated factors and hematopoietic stem cell
transplantation outcomes
The course of MF can be quite variable, ranging from an indolent disorder with survival
of more than a decade to a rapidly progressive disease with death occurring within
months. The early identification of patients at risk for poor outcomes and therefore
those in whom the risks of HCT may be warranted is critical. To that end, the prog-
nostic value of clinical factors associated with MF has been systematically interro-
gated to generate predictive models that facilitate such identification (Fig. 2).
Further, recent progress in our understanding of the mutational landscape of MF
has advanced these models through the inclusion of novel molecularly defined risk
factors. In this section, we review the major risk stratification tools for MF with a focus
on novel scoring systems, how they can be used to guide transplant decisions, as well
as their limitations.

Conventional risk stratification. In 1996, Dupriez and colleagues published the Lille
score, which became the first broadly adopted MF prognostic scoring system. The
Lille score, based only on hemoglobin (Hb) and white blood cell count, stratifies pa-
tients into 1 of 3 risk categories according to survival.4 Cervantes and colleagues5

(1998) subsequently proposed risk stratification according to 3 factors, namely anemia
(Hb <100 g/L), circulating blasts greater than or equal to 1%, and constitutional
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Fig. 1. Trends in HCT for MF from 2000 to 2018. Data provided by the CIBMTR. (A) The num-
ber of HCTs carried out by year. Timing of ruxolitinib approval by the FDA and the European
Medicines Agency (EMA) is indicated. (B) The percentage of HCT recipients by age group:
younger than 65 years and 65 years or older. (C) The percentage of HCT by donor type:
related (RD), unrelated (URD), haploidentical (HI), and umbilical cord blood (UCB). (D)
The percentage of HCT by conditioning regimen: myeloablative conditioning (MAC),
reduced intensity conditioning (RIC). The data presented here are preliminary and were ob-
tained from the Coordinating Center of the Center for International Blood and Marrow
Transplant Research. The analysis has not been reviewed or approved by the Statistical or
Scientific Committees of the CIBMTR.

Fig. 2. Evolution of risk stratification for myelofibrosis. Timeline of risk score publication
and their components.
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symptoms, delineating 3 risk groups. It would be over a decade before the next iter-
ations of major prognostic systems followed. In 2009, the international Working Group
for Myelofibrosis Research and Treatment (IWG-MRT) developed the International
Prognostic Scoring System (IPSS) designed to predict survival in patients with PMF
at diagnosis. IPSS is based on 5 clinical factors and delineates 4 risk groups
(Table 1).6 The following year, the IWG-MRT showed that acquisition of the same 5
IPSS risk factors at any time during a patient’s disease course also predicts survival,
giving rise to the Dynamic IPSS (DIPSS) (see Table 1).7 DIPSS was also shown to pre-
dict leukemic transformation.8 In 2011, newly emerging IPSS-independent prognostic
factors for inferior overall survival (OS) and leukemia free survival (LFS), namely
platelet count less than 100 � 109/L, red blood cell transfusion dependence, and “un-
favorable karyotype” (see Table 1), were incorporated into the DIPSS model to
generate the more refined DIPSS-plus score.9

Molecular risk stratification. Conventional risk models are powerful predictive tools,
but the significant outcome heterogeneity that exists within risk groups suggests
further refinements are required to improve prognostic accuracy. The progress
made in the elucidation of MF genetics over the last decade is facilitating such ad-
vancements in prognostication.
PMF is associated with mutually exclusive “driver mutations” in JAK2, CALR, and

MPL occurring at a frequency of approximately 65%, 23%, and 4%, respectively.10

About 8% of patients do not harbor any of these canonical mutations and are termed
“triple negative.” In addition to their intrinsic role in disease pathogenesis, driver mu-
tations have been shown to influence OS and LFS. Triple-negative patients were found
to have the worst prognosis with a reported median OS of just over 3 years, followed
by JAK2V617F andMPL-mutated patients with predicted survivals of about 9 years.10

CALR-mutated patients with MF were found to have the best prognosis with a

Table 1
Modern risk stratification models based on clinical and laboratory parameters

Risk Factor

Prognostic Scoring Models for Myelofibrosis (Points)

IPSS DIPSS DIPSS-Plusb

Hemoglobin (g/L) <100 (1) <100 (2) DIPSS risk level:
Low (0)
Intermediate-1 (1)
Intermediate-2 (2)
High (3)

WBC (x 109/L) >25 (1) >25 (1)
Age (years) >65 (1) >65 (1)
Peripheral blast count (%) �1% (1) �1% (1)
Constitutional Symptoms Yes (1) Yes (1)
Platelet Count (x 109/L) <100 (1)
Transfusion-dependence Yes (1)
Karyotypea Unfavorable (1)

Risk Group Points (Median OS, Years)

Low 0 (11.3) 0 (Not reached) 0 (15.4)
Intermediate 1 1 (7.9) 1–2 (14.2) 1 (6.5)
Intermediate 2 2 (4) 3–4 (4.0) 2–3 (2.9)
High �3 (2.3) �5 (1.5) �4 (1.3)

Abbreviation: WBC, white blood cell count.
a Unfavorable karyotype: complex karyotype or sole or 2 abnormalities that include 18, �7/7q-,

i(17q), �5/5q-, 12p-, inv (3), or 11q23 rearrangement.
b Calculation of DIPSS-plus score should begin with the calculation of DIPSS risk score. Points are

assigned according to risk category as indicated. Additional points should be assigned for the indi-
cated DIPSS-independent variables.
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reported median OS of 17.7 years. The survival advantage conferred by CALR muta-
tion was later shown to be restricted to type 1 or type 1–like mutations.11,12

Approximately 80% of the patients with PMF harbor additional mutations in genes
known to be recurrently mutated in myeloid malignancies, some with prognostic im-
plications.13 Mutations in transcriptional and epigenetic regulators including ASXL1,
SRSF2, IDH1/2, and EZH2 confer increased risk of mortality and leukemic transforma-
tion.14 Further, increasing numbers of mutations are also deleterious; patients with 2 or
more high molecular risk (HMR) mutations are predicted to have a median survival of
2.3 years, whereas those with one or none had predicted survivals of 7 and 12.3 years,
respectively.15

Guglielmelli and colleagues16 (2018) integrated mutational data with clinical and his-
tologic risk factors into the Mutation-Enhanced International Prognostic Scoring Sys-
tem (MIPSS70) for transplant-age patients (�70 year). MIPSS70 delineates 3 risk
categories (see Table 2). MIPSS70-plus (Karyotype-enhanced MIPSS70), described
in the same publication, also incorporated a 2-tiered cytogenetic risk variable, adding
a “very high-risk” category (see Table 2). The next iteration of the “mutation-
enhanced” systems wasMIPSS701 version 2.0 (MIPSS701 v2.0), which incorporated
a new HMR mutation in the U2AF gene, sex- and severity-adjusted hemoglobin
thresholds, and the revised 3-tiered cytogenetic risk stratification17,18 (see Table 2).
This model further defined a “very low-risk” category (see Table 2). The Genetics-
Inspired Prognostic Scoring System (GIPSS) is a simplified scoring system based
solely on cytogenetic and mutational data that also robustly risk stratifies patients
with MF.19 These genetic-based models have not yet been validated for “dynamic”
use.
Grinfeld and colleagues (2018) sequenced the coding regions of 69 genes among

2035 patients with MPN including 309 patients with primary and secondary MF. The
genomic data were combined with clinical variables to derive a personalized multistage
predictive model (https://www.sanger.ac.uk/science/tools/progmod/progmod). The in-
vestigators identified 8 genomic subgroups with distinct clinical phenotypes, risk of
leukemic transformation, and event-free survival.20 This model captures the prognostic
significance of TP53 mutations, not included in other risk systems. Mutations in TP53,
known to be deleterious across all malignancies, were shown to confer an especially
poor prognosis with high risk of leukemic transformation and a median OS of 2.4 years.
In addition, mutations in epigenetic regulators, spliceosome machinery, and RAS
pathway were found to be strongly associated with accelerated-phase MPNs. The
model outperformed IPSS and DIPSS, but it is unknown how it compares with other
mutation-based risk models.

Risk stratification for secondary myelofibrosis. In clinical practice, the above-
described models are frequently applied to secondary MF (SMF), although they
were derived from PMF cohorts and may have poorer prognostic accuracy in
SMF.21,22 Accordingly, MYSEC-PM (Myelofibrosis Secondary to PV and ET—Prog-
nostic Model) was developed based on the characteristics among patients with
SMF.23 It is important to note that MYSEC-PM heavily weighs age, such that the
high-risk group is primarily composed of patients aged 70 years or older, raising the
concern that this may decrease the sensitivity of the scoring system to other high-
risk features.24 Moreover, important prognostic factors such as cytogenetics were
not included in the model due to insufficient numbers of patients with available
data. To-date, enrollment in clinical trials for patients with both PMF and SMF con-
tinues to be based on traditional scoring systems, which we continue to apply to
SMF in our practice (see Table 1; Table 2).
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Although the above-described models are useful for identifying patients in whom
disease risk may call for HCT, it is important to recognize that they were not designed
to predict outcomes following HCT. Several studies, however, have shown that post-
HCT survival correlates with DIPSS,25 DIPSS-plus,26,27 and MIPSS701v2.028

risk categories. By contrast, a recent study by the European Blood and Marrow Trans-
plantation Group (EBMT) of 2916 transplanted patients with MF found no association
between DIPSS category and survival.29 To directly address prognosis after HCT,
scoring systems incorporating transplant-specific factors have been designed, of
which the most recent is the Myelofibrosis Transplant Scoring System that integrates
clinical, cytogenetic, molecular, and transplant-related information.30

It is currently unclear which risk model is optimal for prognostication in MF. Each
model has its inherent advantages and limitations. We favor models that incorporate
cytogenetic and mutation data due to their enhanced discriminative power over those
that rely solely on clinical features. In settings where such data are unavailable, DIPSS

Table 2
Molecular risk stratification models

Risk Factor

Prognostic Scoring Models for Myelofibrosis (Points)

MIPSS 70 MIPSS70 plus MIPSS70-plus v2.0

Online Calculator http://www.mipss70
score.it

http://www.mipss70
score.it

Hemoglobin (g/L) <100 (1) <100 (1) Moderatea (1)
Severeb (2)

WBC (x 109/L) >25 (2) – –
Peripheral blast count �2% (1) �2% (1) �2% (1)
Constitutional Symptoms Yes (1) Yes (1) Yes (2)
Platelet Count (x 109/L) <100 (2) – –
BM fibrosis grade �2 (1) – –
Presence of HMRc mutation Present (1) Present (1) Present (2)
�2 HMR mutations Present (2) Present (2) Present (3)
CALR type 1/like mutation Absent (1) Absent (2) Absent (2)
Karyotype

Unfavorable – Presentd (3) Presente (3)
Very High-Risk (VHR) – – Presentf (4)

Number of Risk Tiers 3 4 5

Risk Group Points (Median OS, Years)

Very low – – 0 (Not reached)
Low 0–1 (Not reached) 0–2 (Not reached) 1–2(16.4)
Intermediate 2–4 (6.3) 3 (24.2) 3–4 (7.7)
High �5 (3.1) 4–6 (10.4) 5–8 (4.1)
Very High – �7 (3.9) �9 (1.8)

a Moderate anemia: hemoglobin 80 to 99 g/L in women; 90 to 109 g/L in men
b Severe anemia: hemoglobin less than 80 g/L in women and less than 90 g/L in men.
c In MIPSS70 and MIPSS70-plus, high molecular risk (HMR) mutations include ASXL1, EZH2, SRSF2,
and IDH1/2; MIPSS70-plus v2.0 HMR also includes mutated U2AF1.
d Any abnormal karyotype other than normal karyotype or sole abnormalities of 20q2, 13q2, 19,
chromosome 1 translocation/duplication, -Y, or sex chromosome abnormality other than -Y.16
e Sole abnormality of18, 7q-, sole translocations not involving chromosome 1. Two abnormalities
not including a VHR abnormality. Monosomal karyotype without a VHR abnormality. Sole abnor-
malities not otherwise classified.
f Single/multiple abnormalities of �7, i(17q), inv(3)/3q21, 12p�/12p11.2, 11q�/11q23, or other
autosomal trisomies not including 18/19.
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remains a reasonable predictive tool. Further, at follow-up we continue to apply DIPSS
and DIPSS-plus to identify changes in risk category. In any case, it is incumbent on the
clinician to recognize the inherent limitations of the prognostic systems they are using
to avoid pitfalls. No model is entirely comprehensive, and important prognostic vari-
ables have been included or excluded based on statistical significance in any single
analysis. Moreover, these models have never been prospectively validated nor are
they based on patients treated with JAKi therapy, which may influence outcomes.31

One must also recognize that in certain situations, patients may fall into different
risk categories between the different systems (Box 1). Such discrepancies complicate
patient selection for HCT and underscore the need to comprehensively consider dis-
ease-, patient-, and transplant-specific factors in transplant decisions.

Transplant outcomes in comparative studies. There are no randomized trials
comparing HCT with non-HCT treatment strategies in MF. The comparative studies
that do exist are few and retrospective. During the pre-ruxolitinib era, the benefit of
HCT for higher risk MF was demonstrated in a matched analysis of patients with
PMF younger than 65 years, treated with HCT versus non-HCT approaches.32 Patients
with DIPSS intermediate-2 or high-risk disease had superior survival following HCT,
whereas the risk of HCT outweighed any benefit in low-risk patients. The benefit
among intermediate-1 patients was equivocal. More recently, a long-term OS advan-
tage was observed for patients with intermediate-1 MF or higher who underwent HCT
over patients treated with a non-HCT therapy; however, this was at the cost of inferior
survival in the first year following HCT due to the upfront treatment-related risk.33

Although some patients with intermediate-1 disease do benefit from HCT, appropriate
patient selection and timing are critical given the high risk of complications. Prospec-
tive trials are needed to evaluate the benefit of HCT compared with other therapeutic

Box 1

Variability in risk stratification between prognostic scoring systems

Case Presentation

59-year-old female with JAK2 V617F-mutated post-ET MF. The patient has no constitutional
symptoms and no splenomegaly. Hemoglobin is 118 g/L, WBC 26.2 � 109/L, platelets
962� 109/L, and 3% circulating blasts. Bone marrow biopsy revealedMF-2 fibrosis. Cytogenetic
analysis yielded only 4 metaphases, which showed a normal female karyotype. NGS revealed a
pathogenic TP53 variant and no HMRmutations. The patient has been intolerant of cytoreduc-
tion with hydroxyurea and anagrelide due to side-effects. She is otherwise healthy and fit. A
haploidentical donor has been identified. Her prognostic risk scores are as follows:

Prognostic System Risk Group

IPSS Intermediate-2
DIPSS Intermediate-1
DIPSS-plus N/A
MIPSS70 High
MIPSS70-plus v2.0 N/A
Personalized MPN Median OS 2.4 y

Should this patient undergo HCT?

The various prognostic models estimate a median OS for this patient in the range of 2.4 to
7.9 years. Given the presence of TP53 mutation, greater than 2% circulating blasts, and a
high MIPSS70 risk score, we referred the patient for HCT.
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modalities. To this end, a pan-Canadian study will be prospectively evaluating out-
comes among transplant-eligible high-risk patients with MF treated with either upfront
HCT or best available therapy (NCT04217356).

Consideration of patient-related factors
Age, performance status, and comorbidities. In addition to disease-based indications,
patient-specific factors need to be considered in transplant decisions. With a median
age at diagnosis in the seventh decade, the MF population naturally comprises an
older group. Age is considered an independent risk factor for inferior HCT out-
comes,34–38 and 70 years is generally considered the upper age limit for HCT although
this varies across institutions. However, successful HCTs have been performed in
well-selected older patients; we therefore caution against the use of age alone as
an arbiter for HCT referral. Performance status (PS) and comorbidities are also impor-
tant predictors of HCT outcomes.26,39,40 Poor PS may be due to MF or non-MF fac-
tors, and these should be carefully evaluated and optimized whenever possible.
JAKi therapy can ameliorate constitutional symptoms and possibly improve PS.41

“Wholistic” approaches such as a comprehensive geriatric assessment or the recently
described frailty index may also be informative regarding fitness for HCT.42–45

Patient preference. Not all patients may find the risks of HCT acceptable even in the
setting of optimal disease-based indications, donor, and candidate status. A retrospec-
tive analysis at our center found that 50% (38/71) of patients with an optimal donor did
not undergo HCT, primarily due to patient preference (30/38).46 Such patients may
choose to pursue other treatment options including JAKi therapy or clinical trials. Close
follow-up is required in these situations to detect early signs of treatment failure or dis-
ease progression, at which time patients may be more willing to consider HCT.

CURRENT EXPERT GUIDANCE

The poor survival predicted by conventional risk models and the apparent benefit of
HCT in higher-risk patients form the basis for the current European and North Amer-
ican guidelines for HCT in patients with MF (Table 3). Briefly, patients with a projected
survival of less than 5 years should be evaluated for HCT, and those deemed fit should
be offered HCT as a potential curative treatment.47,48 By contrast, low-risk patients
should be managed with non-HCT strategies, whereas decisions regarding HCT
need to be individualized in intermediate-1–risk patients based on additional high-
risk features.

Timing of Hematopoietic Stem Cell Transplantation

The optimal timing of HCT is a matter of debate. The probability of a successful HCT
significantly declines once patients progress to acute leukemia.49 With passage of
time, patients may also acquire other complications that compromise or even prohibit
successful HCT including advancing age, worsening PS, and development of MF and
non-MF–related comorbidities. Conversely, if performed too early, HCT may signifi-
cantly compromise quality of life due to treatment-related morbidity, especially among
patients who were asymptomatic or responding to JAKi, making the timing of trans-
plant a challenging decision (Box 2).

Hematopoietic stem cell transplantation in the era of JAK inhibitors
Several studies indicate that patients who respond to ruxolitinib therapy have improved
survival after HCT compared with nonresponders or those who lose response,50,51 sug-
gesting HCT should be pursued at the time of optimal JAKi response. However, it is
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unclear whether the improved HCT outcomes are directly due to JAKi or merely reflect
an inherently more favorable disease biology in these patients. The benefit of early over
delayed HCT in the setting of JAKi therapy merits prospective evaluation.
Peri-HCT ruxolitinib has also garnered interest for its immunomodulatory effect to

potentially ameliorate graft versus host disease (GVHD). Although results have been
mixed with respect to benefit, the rates of acute and chronic GVHD among
ruxolitinib-treated patients with MF seem similar to historical rates.50–54

Concerns about the safety of ruxolitinib in the peri-HCT setting have been raised.
Serious adverse events were observed in the JAK-ALLO trial including cardiogenic
shock and tumor lysis syndrome, necessitating a temporary suspension of the trial.55

It is speculated that the sudden cessation of JAKi may have contributed to these
adverse events due to rebound cytokine flare. However, the results of several studies

Table 3
Expert guidance regarding hematopoietic stem cell transplantation in myelofibrosis

Risk Group NCCN 201748 EBMT/ELN 201547

Low Should consider HCT if:
� Refractory transfusion-

dependent anemia
� Circulating blasts >2%
� Adverse cytogenetics
� CALR negative and ASXL1 mutated
Evaluation for HCT recommended in:
� Thrombocytopenia
� Complex cytogenetics

Monitor for disease progression
Intermediate-1 Consider if age <65 y and:

� Refractory, transfusion-
dependent anemia

� PB blasts >2%
� Adverse cytogenetics
� Triple negative
� ASXL1 mutated

Intermediate-2 Recommended in all fit patients;
fitness is based on age, PS,
comorbidities, psychosocial status,
patient preference,
availability of caregiver

All younger than 70 y
should be consideredHigh

Abbreviations: EBMT, European Blood and Marrow Transplantation Group; ELN, European Leuke-
miaNet; NCCN, National Comprehensive Cancer Network.

Box 2

Timing of HCT in patients treated with JAKi

Case Presentation

66-year-old male diagnosed with CALR (type1)-mutated Post-ET MF 2 years earlier. The patient
developed symptomatic splenomegaly and was therefore started on Ruxolitinib with excellent
spleen response (65% reduction). Currently his hematologic parameters are: Hemoglobin 97 g/
L, WBC 8.4 � 109/L, platelets 411 � 109/L, and 2% circulating blasts. Normal male karyotype. No
HMR on NGS. He remains asymptomatic at this time. Should this patient proceed to HCT?

Risk Score Risk Group

IPSS High
DIPSS Intermediate-2
DIPSS-plus Intermediate-2
MIPSS70 Intermediate
MIPSS70-plus v2.0 Low

Given the lower risk disease predicted by molecular risk scores taken together with the pa-
tient’s ongoing response to JAKi and his preference, HCT has been deferred for now.
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have shown that cessation of ruxolitinib close to the time of conditioning and/or a
gradual taper allows for the safe use of ruxolitinib before HCT.41,50,51,53,56

In summary, several retrospective and prospective studies have shown no adverse
impact on transplant outcomes with the use of pre-HCT JAKi. However, evidence for a
clear benefit of pre-HCT JAKi is also lacking. In our practice, we use JAKi therapy
before HCT in patients with symptomatic splenomegaly and/or constitutional symp-
toms with the aim of improving this symptom burden before HCT, as described in
the MPD-RC114 trial.56

How to Transplant

In addition to the many factors outlined thus far, the success of HCT in MF depends on
HCT strategies that must be carefully selected to balance the risk of transplant-related
toxicities, graft failure, and disease relapse.

Donor type and stem cell source
Generally, allografts other than those from matched-sibling donors (MSD) have been
associated with inferior outcomes in MF, including shorter OS and increased nonre-
lapse mortality (NRM), with mismatched unrelated donors having the worst out-
comes.27,57–59 Importantly, however, some studies have found no differences in
outcomes between MSD and well-matched URD.25,37,51 Given the advancing age of
most of the patients with MF, suitable MSDs are not available in a significant propor-
tion of patients, thus URDs continue to be readily used in MF (see Fig. 1C). In recent
years, advancements in preparative regimens, GVHD prophylaxis, and graft manipu-
lation have allowed for increasing use of AD, including haploidentical allografts, with
improving outcomes.60,61 Although the use of AD in MF has increased in the last
several years (see Fig. 1C), it still comprises only a small fraction of HCTs. Experience
with UCB allografts in MF remains limited, with use often reserved for transformed dis-
ease.62 Data thus far suggest engraftment with UCB may be inferior to other stem cell
sources.63

Data from the CIBMTR reveal that peripheral blood is the source of stem cells in
most of the HCT in MF (CIBMTR personal communication). There is limited data
regarding outcomes according to stem cell sources in MF.

Conditioning intensity
The optimal conditioning regimen for HCT in MF is unknown. Historically, 5-year sur-
vival rates following HCT with conventional myeloablative conditioning (MAC) have
ranged from 30% to 60%.36,40,58 MAC has been associated with significant toxicity
and treatment-related mortality especially among older patients.34,58,64 Accordingly,
the use of RIC has gained traction in MF HCT (see Fig. 1D). Prospective studies of
RIC in patients with MF have shown 5-year OS rates greater than 60%, with partic-
ularly favorable outcomes in younger patients.36,37,59 There are no prospective trials
comparing MAC and RIC; however, in retrospective studies, outcomes, including
survival, treatment-related toxicities, and relapse are generally similar, even with
RIC cohorts largely comprising older patients. A study by the Nordic cooperative
group actually showed a survival advantage for RIC after adjusting for age (5-year
OS MAC vs RIC; 49% vs 59%).36 A more recent retrospective study by the EBMT,
involving 2224 patients with MF, again showed no difference in OS and NRM be-
tween MAC and RIC but did show a nonsignificant trend toward relapse with RIC,
suggesting MAC may be more appropriate for younger patients who are more likely
to tolerate it.65
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Role of splenectomy before hematopoietic stem cell transplantation
More than 50% of patients with MF will develop splenomegaly during the course of
their disease. Massive splenomegaly is associated with inferior HCT outcomes
including increased engraftment failure and mortality, in some studies.38,66 Data on
the role of splenectomy before HCT are inconsistent, with some studies showing
benefit and some showing potential harm. More rapid engraftment has been shown
in splenectomized patients both retrospectively67 and prospectively.37 However,
both EBMT and CIBMTR registry data suggest no OS advantage for splenectomy.40,65

Contradictory data exist regarding post-HCT relapse in splenectomized patients.37,67

Elective splenectomy among patients with MF has been associated with perioperative
complications as high as 30%, of which thrombosis and bleeding comprise
a significant proportion.68 Taken together, there are no data at present to support
routine pre-HCT splenectomy for massive splenomegaly. At our center, decisions
regarding pre-HCT splenectomy are individualized and restricted to JAKi-refractory
patients with massive splenomegaly.

Approach

The Princess Margaret Hospital approach to hematopoietic stem cell transplantation
in patients with myelofibrosis
We begin selection of patients for HCT with an assessment of disease-risk, preferably
using tools that incorporate cytogenetic and mutation data, if available. We refer all
“fit” and agreeable patients with high-risk or very high-risk disease by comprehensive
risk models or those with TP53 mutations for consideration of upfront HCT (Fig. 3,

Fig. 3. The Princess Margaret Hospital approach to HCT in patients with MF. Patients with
higher risk MF are referred for upfront HCT. Symptomatic patients with non–high-risk MF
should be treated with symptom-directed therapies such as JAKi. Those who are asymptom-
atic should be monitored for symptom development and disease progression. Patients who
fail ruxolitinib due to either intolerance, lack of efficacy, or loss of response should then be
referred for transplant. Patients who develop other high-risk features such as refractory
transfusion-dependent anemia, severe thrombocytopenia, or increasing circulating blast
count should also be referred for HCT. HR, high risk; VHR, very high risk.
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Table 4). We consider TP53 mutations high risk due to the poor expected survival in
these patients20 and the lack of efficacy of HCT once these patients transform to acute
leukemia.69

We observe patients with intermediate-risk disease closely for development of other
high-risk features and/or progressive disease including those who fail JAKi therapy
owing to the subsequent poor survival in these patients, consistent with Canadian
consensus guidelines.70

At our institution, we initiate JAKi therapy in HCT-eligible patients who are symp-
tomatic while concurrently initiating a donor search and referring to HCT. We have
detailed discussions with patients regarding early versus delayed HCT. As outlined
earlier, post-HCT outcomes seem to be improved in ruxolitinib responders. However,
some patients choose to forgo early HCT. In such patients we monitor for signs of rux-
olitinib failure and progressive disease and reopen the HCT discussion at that time. It
is important to remember that JAKi are not disease modifying and that eventually more
than half of patients discontinue JAKi therapy either due to loss of response or due to
intolerance.31 The window of opportunity for cure with HCT must therefore not be
missed while pursuing these symptom-directed therapies.
For patients on ruxolitinib who are undergoing HCT, once HCT plans are confirmed,

we initiate a taper of JAKi over 4 to 5 days with cessation 1 day before the planned
date of start of conditioning therapy as described in a study from MPN-RC.56

Although the anticlonal activity of tyrosine kinase inhibitors has been shown to
reduce relapse in the post-HCT setting for Philadelphia-positive B-ALL, JAKi do not
have similar anticlonal properties. Therefore, in our opinion, there is currently no role
for JAKi for prevention of MF relapse post-HCT. Potential uses of JAKi post-HCT
include steroid-refractory GVHD, for which ruxolitinib has FDA approval. Further, the
use of JAKi can be considered in patients who have relapsed MF post-HCT and
who develop symptomatic splenomegaly and/or constitutional symptoms.

SUMMARY

MF is the most aggressive of the BCR-ABL negative MPNs. HCT remains the only
potentially curative treatment option at this time. Given the potential for significant
treatment-related morbidity and mortality, HCT candidates must be chosen carefully
with consideration of disease-, patient-, and transplant-related factors. Patients with
high-risk disease have the most to gain from HCT. Several risk stratification tools exist,
and ones that include cytogenetic and mutational data in addition to clinical factors

Table 4
The Princess Margaret Cancer Center approach to patient selection for upfront hematopoietic
stem cell transplantation

Cohort
Median
Survival Comments

TP53 mutated MF 2.4 y20 TP53-mutated patients are considered
high risk irrespective of other risk factors.

MIPSS70-plus v2.0
very high risk

1.8 y17 If cytogenetic results are available,
in TP53 wild-type patients, risk stratification
will be done using MIPSS70-plus v2.0.

MIPSS70
High risk

3.1 y16 If valid cytogenetic results are not available,
then in TP53 wild-type patients, risk stratification
will be done according to MIPSS70.
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likely have the most accurate predictive accuracy. Patient fitness for HCT including
age, PS, comorbidities, frailty, and preferences also need to be considered. Trans-
plant strategy then needs to be chosen based on patient factors and available donor
type. Furthermore, the timing of transplant needs to be considered. Some patients
may benefit from initiation of JAKi therapy before transplant. Lastly, lower risk patients
with MF should be closely followed over time for disease progression and assessment
for HCT eligibility.

CLINICS CARE POINTS

� Fit patients with MF with high-risk disease can potentially benefit from HCT.

� In low-risk MF, the harms of HCT outweigh the benefit.

� HCT decisions in intermediate-risk patients must be individualized.
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INTRODUCTION

Myeloproliferative neoplasms (MPNs) are characterized by increased clonal expan-
sion of peripheral blood cells of the myeloid lineage and classical BCR-ABL–negative
MPNs include polycythemia vera (PV), essential thrombocythemia (ET), and myelofi-
brosis (MF).1 Although the 3 conditions have distinct presentations, they are unified
by abnormal cytokine signaling, malignant clonal expansion, and varying levels of
bone marrow inflammation and fibrosis.2 Compared with healthy controls, patients
with MF had significant elevation in approximately 20 cytokines, of which increased
levels of IL-8, IL-2R, IL12, IL-15, and IFN-g–inducible protein 10 were all associated
with inferior survival.3 Tumor necrosis factor (TNF)-a has been previously shown to
promote leukemic progression by inducing failure of normal hematopoiesis and is
elevated in patients with MPNs.2,4 Interestingly, Fleischman and colleagues5 showed
that TNF-a selectively promotes the growth of JAK2V617F-positive MPN cells over
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KEY POINTS

� Myeloproliferative neoplasms are characterized by chronic inflammation.

� Various agents with immunomodulating and immunosuppressive properties, including
interferon-based approaches, immunomodulatory drugs, corticosteroids, and JAK inhib-
itors, have been used with varying degrees of success in treating different myeloprolifer-
ative neoplasms.

� New combinations of these agents will likely augment their therapeutic potential.
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controls, which could contribute to clonal expansion of mutant copies during MPN
progression.
Although the precise primary oncologic events underlying MPN pathogenesis

remain to be clarified, the most studied association has been with various driver mu-
tations.6 Genetic sequencing, clonal analysis, and protein expression showed that
tyrosine kinase JAK2V617F mutation occurs in 95% of patients with PV and 50%
to 60% of patients with ET and MF, leading to hyperactive Janus Kinase and Signal
Transducer and Activator of Transcription proteins (JAK-STAT) signaling pathways
downstream of erythropoietin receptor and thrombopoietin receptor (MPL).7–10

Additionally, activating mutation in MPL and inactivating mutations in LNK or c-
CBL (both are negative regulators of JAK-STAT pathways) have all been detected
at low frequencies in MPNs contributing to increased JAK-STAT signaling.11–13

Finally, somatic mutations in calreticulin (CALR) are found in 60% to 80% of patients
who do not have JAK2 or MPL mutations.14–16 CALR is an endoplasmic reticulum
resident chaperone protein and mutant CALR C-terminus has been shown to drive
pathogenesis of MPNs, likely through binding with MPL, leading to the activation of
JAK-STAT signaling.17,18 CALR mutation has also been linked to aberrant superox-
ide reduction pathway contributing to DNA damage in MPN cells.19,20 Finally, muta-
tions in epigenetic regulators, including TET2, DNMT3A, IDH1/2, EZH2, and ASXL1
have also been identified in patients who have MPNs with or without JAK2
mutations.21–25

The management of MPNs is highly individualized and constantly evolving. The
cornerstone treatment for higher risk patients with PV and ET include thrombotic
risk reduction using aspirin as well as cytoreduction with hydroxyurea (HU) or IFN-
based therapy.26,27 HU is associated with significant side effects and 24% of patients
with PV or ET develop resistance requiring second-line therapy.28 Interferon is also
frequently used as a frontline therapy with new formulations showing an improved
toxicity profile in recent clinical trials.29 Furthermore, the JAK1/2 inhibitor ruxolitinib
is approved in both intermediate- to high-risk MF, as well as advanced PV after HU
intolerance or failure.30–34

Ongoing research efforts are dedicated to improving the efficacy and safety of
established treatment modalities as well as characterizing novel therapeutic ap-
proaches, many of which target the immune system and are examined in this review
(Fig. 1).

INTERFERON-a

The interferons are a class of naturally occurring cytokines with diverse activities,
including modulating both innate and adaptive immunities, promoting apoptotic path-
ways, and regulating cell differentiation and angiogenesis.35 Clinically, IFN-a treat-
ment effectively controls not only myeloid proliferation, but also constitutional
symptoms and has been hypothesized to modify disease at MPN the genomic
level.36–38 Despite its effectiveness, the use of IFN has been historically limited in
many studies owing to its toxicities with frequent discontinuation owing to
treatment-related adverse events.35 A polyethyleneglycol tail was later added to the
cytokine to prolong its half-life and increase drug stability, with the goal of decreasing
the administration frequency and associated toxicities. Clinical trials have yielded pos-
itive results for this pegylated form.
For instance, the pegylated IFN-a2a (PEG) was shown to result in complete

response (CR) rate of 70% in patients with PV and 76% in patients ET, with excellent
tolerability at 90 mg weekly in a phase II study.39 In a follow-up analysis by the same
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group, complete hematologic response was observed in 76% and 77% of patients
with PV and ET, respectively, by 42 months. Additionally, 18% of patients with PV
and 17% of patients with ET had undetectable levels of JAK2V617F. Further genetic
profiling demonstrated that patients with mutations other than JAK2V617F such as
TET2 have lower response rates although the underlying mechanism remains to be
clarified.40

In the more recent Myeloproliferative Disorders Research Consortium (MPD-RC)-
111 study, Yacoub and colleagues41 demonstrated that PEG could also be effective
among patients with HU refractory or intolerant ET and PV. By the 12th month of study,
ET patients had overall response rate of 69.2% and CR of 43.1%. For the PV cohort,
the overall response rate was 60% and 22% of patients achieved a CR. Clinically, pa-
tients with a CR also had improved MPN-related symptom scores. Subgroup analyses
performed for patients with different driver mutation profiles including JAK2V617F,
CALR, MPL, and triple negative showed that patients with CALR mutation had higher
CR rates than non-CALR mutated patients (56% vs 28%), although the difference did
not reach statistical significance. Finally, patients with a CR also had reduced
JAK2V617F variant allele.41 In a related trial comparing HU and PEG for treatment-
naı̈ve patients with a high risk for ET or PV, the CR rates were similar for HU and
PEG at 12 and 24 months. Moreover, PEG caused a higher rate of grade 3 and 4 tox-
icities compared with HU.42 A longer follow-up analysis on the relative effectiveness
and adverse side effects of PEG compared with HU for ET and PV in this study pop-
ulation would be of interest.
The PROUD-PV and its extension, the CONTINUATION-PV studies showed that,

although ropeginterferon-a2b (ROPeg) was not statistically superior to HU for PV at

Fig. 1. Immunomodulating agents in MPN treatment. APC, antigen-presenting cell; CTLA-1,
cytotoxic T lymphocyte-associated antigen 4; EPOR, erythropoietin receptor; IAP, inhibitor of
apoptosis; IMiD, immunomodulatory drugs; MPL, thrombopoietin receptor; PD-1, pro-
grammed death 1; SMAC, mitochondrial protein second mitochondrial activator of caspase.
Immunotherapeutic agents used or investigated in treating MPNs are labeled in red.
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12 months, its effectiveness increased overtime.43 In this randomized, phase III study,
257 patients in Europe with early stage PV were assigned 1:1 to either the HU (500mg/
d) or ROPeg (subcutaneously every 2 weeks at 100 mg) to assess whether ROPeg is
noninferior to HU. At the end of 12 months, a CR with a normal spleen size was
achieved in 21% and 28% of the ROPeg and HU groups, respectively. However,
ROPeg (53% patients had a CR with normal spleen size) showed improved effective-
ness compared with HU (46%) with statistical significance (P 5 .012) by the end of
36 months. It is also important to note that ROPeg caused a lower rate of serious
treatment-related adverse events compared with HU. Overall, the study suggests
that ROPeg is noninferior compared with the standard of care therapy for both efficacy
and safety among patients with early stage PV. Interestingly, ROPeg and HU treat-
ments have different toxicity profiles, which makes ROPeg a valuable alternative for
patients who were intolerant of HU.43

To further minimize toxicity and improve effectiveness, combination therapy with
PEG and ruxolitinib has been studied for patients with PV and primary or secondary
MF in the COMBI study, which is a single-arm phase II trial. A total of 50 patients
were enrolled in the study, 46 of whom were previously intolerant or refractory to
PEG-IFNa2. They were started on PEG-IFNa2a (Pegasys) at 45 mg/wk or PEG-
IFNa2b (PegIntron) at 35 mg/wk subcutaneously and ruxolitinib at 5 to 20 mg twice
a day. At the end of the 2-year treatment, 9% and 31% and 28% and 44% of pa-
tients reached a CR or partial response (based on the 2013 ELN and IWG-MRT
response criteria) for PV and MF, respectively. Furthermore, MPN symptom scores,
peripheral blood counts, and JAK2 mutation burden all decreased with treat-
ment.44,45 The most frequent hematologic adverse events included anemia, throm-
bocytopenia, and leukopenia, and the most frequent nonhematologic adverse event
was upper airway infection. This study demonstrated that combination therapy with
low-dose PEG-IFNa2 and ruxolitinib could be an effective alternative treatment for
patients who could not tolerate or had failed standard dose PEG-IFNa2 single ther-
apy.30,45 These results were corroborated by the preliminary results of RUXOPEG,
an ongoing phase I/II clinical trial examining the safety profile and effectiveness of
a ruxolitinib–INF-a combination for patients with MPN-associated MF. By 6 months
of treatment, spleen size, blood counts, and the JAK2V617F allele mutation burden
had all decreased. Additionally, no dose-limiting toxicities were observed with rux-
olitinib 15 mg 2 times per day and IFN-a at 135 mg/wk.46 Long-term follow-up
studies comparing the combination therapy with current first-line therapies will be
valuable.

IMMUNOMODULATORY DRUGS

Immunomodulatory drugs refer to thalidomide and its analogues (lenalidomide and
pomalidomide), which are glutamic acid derivatives originally recognized for their anti-
angiogenic and anti-inflammatory properties through inhibition of TNF-a production in
the management of multiple myeloma.47,48 Over time, studies revealed the multifac-
eted functions of immunomodulatory drugs in cancer treatment, which can be catego-
rized as (1) a direct antitumor effect by promoting apoptotic signaling,49–51 (2)
regulation of the tumor microenvironment, including angiogenesis, cytokine produc-
tion, and cellular adhesion and migration,52–54 and (3) immune modulation including
costimulation of T cells, natural killer cells leading to their proliferation and activation
as well as suppression of T regulatory (Treg) cell expansion.55–57 Clinical trials have
demonstrated the effectiveness of thalidomide as single-agent therapy in the treat-
ment of MFwith myeloid metaplasia.58,59 To improve its efficacy andminimize toxicity,
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subsequent studies examined combination therapy with a tapering dose of predni-
sone, which resulted in further improvement in cytopenia and splenomegaly at lower
doses that were more tolerable.60,61 Lenalidomide– and pomalidomide-prednisone–
based combinations also demonstrated good response rates for patients with MF in
subsequent clinical trials with limitations.62–65 Although a pomalidomide plus predni-
sone regimen resulted in improved anemia in 40% of patients with MF with good toler-
ability at 0.5 mg/d of pomalidomide, a significant number of patients withdrew from the
study owing to a lack of response.66,67 This limited response was similarly demon-
strated in the RESUME trial, in which pomalidomide at 0.5 mg/d did not yield signifi-
cant increases in the percentage of patients achieving red blood cell transfusion
independence compared with placebo.68 Furthermore, single-agent pomalidomide
at doses of greater than 2.5 mg/d resulted in significant bone marrow suppression
in the majority of patients with MF enrolled in a subsequent dose-finding study, which
limits its therapeutic potential.69 Additionally, immunomodulatory drugs have also
been studied in combination with other agents including cyclophosphamide, TNF-
alpha inhibitor etanercept, as well as ruxolitinib.70,71 The first clinical trial testing the
feasibility, efficacy, and safety of a ruxolitinib–lenalidomide combination was termi-
nated early owing to treatment failure and significant toxicities.72 Thus far in the
ongoing study, the thalidomide–ruxolitinib combination has yielded improved throm-
bocytopenia, as well as a decrease in spleen size and symptom burden with good
tolerability in an ongoing phase II study for patients with MF.73

IMMUNE CHECKPOINT INHIBITORS

Immune responses to foreign and self-antigens are delicately regulated by a 2-signal
model.74 Currently, hundreds of on-going clinical trials are examining the role of im-
mune checkpoint inhibitors (ICIs) in diverse malignancies.75 Although ICIs have revo-
lutionized the therapeutic paradigm for solid tumors, their roles in the management of
myeloid malignancies remain to be clarified.76 Aberrant immune checkpoint pathways
have been implicated in the development of B-cell malignancies,77 multiple
myeloma,78 large T-cell lymphoma,77 mantle cell lymphoma,79 Hodgkin lymphoma,80

and T-cell leukemia,81 as well as acute myeloid leukemia (AML),82 among others. Spe-
cifically, studies suggest that increased programmed death (PD) ligand 1/2 expres-
sions are correlated with a worse prognosis, lower responsiveness to
hypomethylating agents, and an increased risk of relapse in AML.83–87 Additionally,
CTLA-4 was found to be highly expressed in blast cells from bone marrow samples
of patients with AML and CTLA-4 inhibition has been shown to have antileukemic ef-
fects in murine models for myeloid leukemia.88–90 Multiple clinical trials examining the
efficacy and safety of anti-PD1 and CTLA-4 antibodies for AML and myelodysplastic
syndrome have yielded promising early results.91 Although studies suggest that ICIs
are associated with significant immune-related adverse events, including colitis,
dermatitis, myositis, and transaminitis at therapeutic doses,92–94 the majority of
them fortunately responded to therapy95

Although the results from clinical trials for myelodysplastic syndrome and AML sug-
gest a possible role for ICIs in myeloid disorder management either as a single agent or
in combination with the standard of care regimens, our understanding of ICIs in the
treatment of MPNs remains limited. Although 1 study examining the role of PD-1 inhib-
itor (nivolumab) in patients with MF was terminated early owing to a lack of response
(clinicaltrials.gov), other active clinical trials are evaluating the role of PD-1 (pembroli-
zumab), programmed death ligand 1 (durvalumab), and PD-1 (nivolumab) plus CTLA4
(ipilimumab) blockade in patients with MF (clinicaltrials.gov).27,96
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CELL-MEDIATED IMMUNOTHERAPYAND CHIMERIC ANTIGEN RECEPTOR-MODIFIED
T CELLS

In addition to overcoming immune suppression by ICIs, one can also promote immune
surveillance of tumor cells through boosting the numbers and function effector cells.97

As one of the earliest attempts at augmenting cellular immune compartments, he-
matopoietic stem cell transplant (HSCT) was first shown have antileukemic effect,
leading to clinical remission among patients with leukemia in 1980.98 HSCT signifi-
cantly decreased the relapse rates of many hematologic malignancies and remains
the only known curative treatment for MF to date.99–101 Various immune cells including
T cells, natural killer cells, and macrophages were identified to be the major mediators
for this graft-versus-tumor effect.102–104 Building on this knowledge, donor leukocyte
infusion was successfully used as therapy for patients with recurrent chronic myeloid
leukemia in 1988 and later in AML and acute lymphoblastic leukemia.105,106

In addition to directly contributing to tumor cell killing, donor T cells could also
attack host tissues causing graft-versus-host-disease (GVHD).106 GVHD occurs in
approximately 30% to 70% of allogeneic HSCT recipients and causes significant
morbidity and mortality in those affected.107,108 As the frontline therapy for GVHD,
glucocorticoid is only effective in half the patients who develop GVHD.109,110 For pa-
tients with underlying malignant and nonmalignant hematologic diseases complicated
by glucocorticoid-refractory GVHD, ruxolitinib was recently shown to yield signifi-
cantly higher overall response rates and a longer median failure-free survival
compared with controls in a phase III clinical trial.32 This established a third US
Food and Drug Administration approval for ruxolitinib, following approval for interme-
diate- and high-risk MF and advanced PV.
Allogeneic HSCT and donor leukocyte infusion can be considered the original

personalized immunotherapy for cancer treatment, which inspired the subsequent
development of adoptive cellular therapy to further minimize GVHD by developing
effector cells that target specific tumor antigens.111 T cells could be genetically engi-
neered to express chimeric antigen receptors (CARs) that recognize specific tumor an-
tigens. Carl June and colleagues demonstrated that infusion of CAR-modified T cells
(CAR-Ts) expressing receptor for B-cell antigen CD19 coupled with costimulatory re-
ceptor CD137 led to CR in a patient with refractory chronic lymphocytic leukemia and
the response persisted for at least 10 months after treatment.112 Since then, much
advancement has been made in the field. The role of CAR-T therapy in the manage-
ment of myeloid malignancies, more specifically MPNs, represents an unexplored
and exciting topic for future investigations. Genetic studies identified many mutations
including JAK2 andCALR that can drive the pathogenesis of MPNs as discussed else-
where in this article and are therefore candidates for CAR-T antigenic targets. Addi-
tionally, those mutations are tumor specific and entirely absent from the human
genome. Therefore, they are known as neoantigens, which are more likely to be immu-
nogenic and can generate robust effector responses required for killing tumor
cells.113,114 Specifically, Holmstrom and colleagues115 showed that JAK2V617F-
specific CD81 cytotoxic T lymphocytes can recognize and kill cell lines with the
JAK2V617F mutation in vivo.
The same group were able to culture CD41 T cells that specifically recognized

patient-derived CALR mutant cells. Upon interaction with target cells, those CD41

T cells become activated, leading to cytotoxic effects likely through downstream acti-
vation of CD81 T cells and natural killer cells, which could be abrogated by PD-1/
CTLA-4 signaling.116,117 Additionally, mutant CALR was shown to be secreted to
interact with MPL receptors on neighboring cells leading to suppressed phagocytosis
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of cancer cells by dendritic cells.118,119 This paracrine immunosuppressive effect
makes targeting CALR a potentially attractive adjuvant to ICIs and antibody-
dependent cell-mediated cytotoxicity approaches such as anti-CD47 monoclonal an-
tibodies.120 CD47 signaling promotes the downregulation of leukemic cell phagocy-
tosis by immune cells, contributing to a worse prognosis. Anti-CD47 monoclonal
antibodies are under active clinical investigations for hematologic malignancies treat-
ment likely via increased phagocytosis of cancer cells121–124 (Clinicaltrials.gov). To
conclude, CALR is an ideal neoantigen candidate for cell-based immunotherapy,
including CAR-T therapy, in MPN.125

Despite the promising results of these early studies, patients can relapse after CAR-
T therapy because some of the tumor cells can lose the targeted antigen, which can be
particularly problematic for myeloid malignancies owing to the significant antigenic
variability and evolution that occurs over time.126 As a result, the coadministration
of several CAR-Ts or CAR-T–expressing multiple antigens such as both JAK2V617F
and CALR simultaneously, can be used to prevent tumor antigen escape in
MPN.127,128

RUXOLITINIB: FIRST-IN-CLASS JAK INHIBITOR, WITH A FOCUS ON
IMMUNOMODULATORY PROPERTIES

JAK inhibition represents the modern backbone of MF management in addition to
HSCT in appropriate patients.129 The first approved JAK inhibitor, ruxolitinib, was
established in the well-known COMFORT 1 and 2 studies, with follow-up studies con-
firming its long-term clinical benefit. The emerging story for the field of JAK inhibitors
has been the understanding of their class effect in terms of immunosuppressive and
immunomodulatory effects. Of interest, the administration of JAK inhibitors has
been proposed to have both deleterious and beneficial effects on the development
of infections and lymphoma. Further studies are required to clarify the conflicting roles
of JAK inhibitors in the disease courses of various conditions.
Although Porpaczy and colleagues130 alerted the increased incidence of aggressive

C-MYC rearranged B-cell lymphoma in patients with MF treated with JAK inhibitor, a
larger retrospective review of 2583 patients with MPNs by Pemmaraju and col-
leagues131 did not show a significant association between the development of lym-
phomas and JAK inhibitor use,132 which was corroborated by subsequent studies
from other groups.133,134 Finally, lymphoma was not reported as adverse events in pa-
tients on JAK inhibitors from the COMFORT1, COMFORT-II, and JUMP trials during
long-term follow-up.135–137 In fact, ruxolitinib has actually been shown to be effective
in treating subcutaneous panniculitis-like T-cell lymphoma, likely through the inhibition
of cytokine secretion.138

Given its known anti-inflammatory effects, ruxolitinib has been extended to treat
other conditions with aberrant immune activations including GVHD, as discussed
elsewhere in this article, hemophagocytic lymphohistiocytosis and novel coronavirus
disease-2019 (COVID-19) infection. A pilot trial demonstrated that ruxolitinib treatment
resulted in resolution of cytopenia as well as improved markers of inflammation and
immune cell activation in patients with hemophagocytic lymphohistiocytosis.139 The
immunomodulatory property of ruxolitinib can be a double-edged sword in the era
of the COVID-19 pandemic. On the one hand, the use of ruxolitinib in treating MPNs
needs to be carefully monitored given its immune suppressive properties and potential
association with opportunistic infections including tuberculosis, cryptococcal infec-
tion, and hepatitis B virus reactivation, especially considering that patients with
MPNs are at high risk for COVID-19 complications owing to older age and
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myelosuppression at baseline.140,141 At the same time, JAK inhibitors could also be
effective in the treatment of COVD-19 infection as an immunosuppressant. Studies
showed that the course of COVID-19 infection is characterized by fulminant proinflam-
matory cytokine release with multiorgan damage similar to that observed in hemopha-
gocytic lymphohistiocytosis and a JAK inhibitor has been proposed as a potential
therapy for COVID-19 cytokine release syndrome.142,143 Fedratinib effectively sup-
pressed TH17 signature cytokines, which are increased during COVID-19 infection,
in a murine cell culture model.144 In a pilot study on patients with moderate COVID-
19 pneumonia, 2 weeks of treatment with baricitinib at 4 mg/d resulted in fewer inten-
sive care unit admissions as well as an improved discharge rate, with no significant
adverse events compared with the standard of care therapy with lopinavir, ritonavir,
and hydroxychloroquine.145 After treatment with ruxolitinib for a median duration of
9 days, 12 of 14 patients achieved significant decrease in their COVID-19 inflammation
score and 11 patients had sustained clinical improvement. Four active clinical trials are
planned to examine the efficacy and safety of ruxolitinib in the treatment of COVID-19
infection (NCT04330495, NCT04348071, NCT04340232, and NCT04477993).

FUTURE DIRECTIONS: MPNs, INFLAMMATION, AND NOVEL AGENTS WITH
IMMUNE-MODULATING FEATURES

Recent studies have identified several novel agents that could also control MPN pro-
gression through regulating immune responses such as molecules that modulate the
inhibitor of apoptosis (IAP) signaling pathways.146 IAP family members are a diverse
group of proteins including cellular (c)-IAP and c-IAP2.147 Originally, IAPs were found
to suppress cellular apoptosis through inhibition of caspase activation.148,149 Studies
later showed that c-IAPs regulate nuclear factor-kB signaling through interaction with
TNF receptor-associated factor proteins within the TNF receptor complex.150,151 IAP
can be inhibited by the mitochondrial protein second mitochondrial activator of cas-
pase (SMAC) endogenously and SMAC mimetics (SMACs) have been used in cancer
management including myeloid leukemia initially because it disinhibits the apoptosis
pathway.152–154 Subsequently, preclinical and clinical studies demonstrated that IAP
antagonism also promoted tumor death through its immunologic modulatory roles.146

SMACs have been shown to augment proliferation of cytotoxic CD8 T cells and anti-
tumor cytokine production in vaccination and T-cell activation murine models.155,156

When combined with ICIs in murine models for melanoma, SMAC coadministration
yields improved cytotoxic T-cell activities and fewer immunosuppressive T cells medi-
ated by type I INF and TNF-a signaling.157 LCL161 is an SMAC that binds with high
affinity to cIAP1 and was previously shown to have significant antitumor effect in a pre-
clinical mouse model and patients with relapsed or refractory myeloma mediated by
TNF-a signaling.158,159 Importantly, LCL161 also selectively induced cell death in
cell line and murine models of JAK2V617F-driven MPNs over wild-type controls in a
JAK-STAT and nuclear factor-kB activation–dependent manner.160 In a phase II clin-
ical trial by Pemmaraju and colleagues161 examining the safety and efficacy of LCL161
in patients with primary MF or post-PV/ET MF, objective responses based on both
clinical improvements and cytogenetic remission were observed in approximately
30% of patients, supporting a role of LCL161 in MPN treatment. Considering that
TNF-a signaling is central to MPN pathogenesis, the therapeutic effect of LCL161
on MPN could be mediated by the TNF-a pathway.162

Tagraxofusp-ezrs (SL401) is an immunotoxin that consists of a recombinant protein
consisted of IL-3 fused to diphtheria toxin directed at the IL-3 receptor (CD123).163

CD123 has been shown to be expressed at high levels in AML, myelodysplastic
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syndrome, chronic myeloid leukemia, acute lymphoblastic leukemia, blastic plasma-
cytoid dendritic-cell neoplasm andMPN and, therefore, has been targeted in the treat-
ment of various cancers.164 Having demonstrated effectiveness of SL401 in blastic
plasmacytoid dendritic-cell neoplasm previously and attaining approval from the US
Food and Drug Administration as the first CD123 targeted agent and first agent
approved for blastic plasmacytoid dendritic-cell neoplasm,165 Pemmaraju and col-
leagues166 are currently performing a phase I/II clinical trial on SL-401 in patients
with intermediate or relapsed or refractory MF, who failed or are intolerant of JAK in-
hibitors. Early results from this trial suggest that SL-401 treatment can be efficacious
at doses associated with manageable treatment-related adverse events for MF. Addi-
tionally, preclinical studies (cells lines and patient samples) demonstrated synergistic
effects of SL401 with HMA and ruxolitinib in the treatment of chronic myelomonocytic
leukemia and MPNs, respectively,167,168 which could be explored in future clinical
trials.
As the most severe stage of the MPN disease progression, MF has poor prognosis

owing to lack of effective treatments.169 Activation of JAK-STAT pathway and associ-
ated excess production of profibrotic cytokine and growth factor contributes to the
development of MF.170 Additionally, fibrocytes and megakaryocytes have been iden-
tified as the major source of this altered milieu contributing to bone marrow
fibrosis.171,172 Verstovsek and colleagues172 demonstrated that bone marrow sam-
ples from patients with MF contain abundance of neoplastic fibrocytes that produce
collagen, fibronectin and growth factor b, which are known to promote tissue
fibrosis.173 Treatments with fibrocyte inhibitor pentraxin-2 delays the progression of
bone marrow fibrosis contributing to improved survival of MF murine models.172

Finally, the recombinant human pentraxin-2 molecule has been shown to have good
tolerability and yielded improvements in bone marrow fibrosis, blood counts, and
spleen size in patients with either primary or secondary MF at a median follow-up of
31 months.174,175 Megakaryocytes are precursors to platelets and are known to facil-
itate bone marrow fibrosis through chemokine production.171,176 Furthermore, small
molecules that induce megakaryocyte apoptosis such as the AURKA inhibitor
MLN8237 have been shown to decrease MF disease burden in preclinical and early
clinical studies,176,177 which further confirms impaired megakaryocyte differentiation
as a therapeutic target for MF. The first in-depth single-cell proteomic analysis of
MF megakaryocytes progenitors by Psaila and colleagues178 identified genes that
are associated with MF phenotype development during megakaryopoiesis and hence
are potential molecular targets. Specifically, they demonstrated that the surface
marker G6B is expressed at significantly higher level in mutant clone MF megakaryo-
cytes compared with wild type and is therefore a potential target for
immunotherapy.178

Finally, Treg cells are also a viable target for treating MPN. Tregs are T cells that ex-
press the transcription factor forkhead box P3 and they play important immune modu-
latory roles by promoting immune self-tolerance.179 MPN is characterized by a chronic
proinflammatory microenvironment associated with deregulated JAK-STAT
signaling180 and recent studies suggest that Treg population is decreased in patients
with MPN compared with healthy controls.181 Additionally, Treg can redifferentiate to
acquire a proinflammatory profile facilitating the activation of antitumoral effector
T cells, which has been postulated to synergize with JAK inhibition in treating
MPNs.181,182 The feasibility, safety, and efficacy of Treg infusion in treating hematolog-
ic malignancies is being actively investigated in an ongoing clinical trial by Kadia and
colleagues.183 Targeting Treg signaling represents a promising therapeutic avenue to
be investigated in MPN management.
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DISCUSSION

The link between cancer and chronic inflammation was proposed by Virchow as early
as the nineteenth century and this concept has been solidified by an enlarging body of
scientific evidence ever since that time.184 Epidemiologic, molecular, and clinical
studies all suggest that deregulated immune activation is not only central to the devel-
opment of MPNs, but can also lead to an increased prevalence of comorbidities,
including cardiovascular disease, thromboembolic complications, autoimmune dis-
eases, and secondary cancers among others.185,186 As a result, therapeutic interven-
tions that dampen immune activation including JAK inhibitor, steroids, IFN-a and
immunomodulatory drug has been used judiciously in the management of MPNs
(see Fig. 1). At the same time, tumor cells can develop the ability to escape immune
mediated cytotoxicity as a survival mechanism and therapies directed at promoting
antigen specific T-cell activation including ICI and CAR-T are under active investiga-
tion (see Fig. 1). From nonspecific immune suppression to personalized, antigen spe-
cific immune modulation, the field of immunotherapy has made significant progress
and further research will enable us to better harness the immune system in the treat-
ment of MPN.

CLINICS CARE POINTS

� Immunomodulatory therapy in treatment of patients with MPNs have historically
included various classes of agents including interferons and IMiDs.

� For patients with myelofibrosis (MF) who are intolerant or have failed standard
therapies including JAK inhibitors, novel approaches including clinical trials
should be considered; several new classes of drugs aiming to target the immune
micro-environment, apoptosis/cell death pathways, and a host of other immuno-
modulatory mechanisms, alone or in combination with other agents are being
actively investigated at this time.
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Advancing Effective Clinical
Trial Designs for
Myelofibrosis

Heidi E. Kosiorek, MS, Amylou C. Dueck, PhD*

INTRODUCTION

Myelofibrosis (MF) is a myeloproliferative neoplasm (MPN) associated with bone
marrow fibrosis, cytopenias, constitutional symptoms, hepatosplenomegaly, and/or
extramedullary hematopoiesis. Patients are at risk for premature death due to disease
progression, leukemic transformation, thrombohemorrhagic complications, and infec-
tions. MF is a rare cancer and can be primary in nature or the result of post–
polycythemia vera (PV) or post-essential thrombocythemia (ET) transformation, with
a median age of onset of 67 years.1 Median survival in MF from diagnosis ranges
from 2.3 years to 15.9 years, depending on risk category, and thus MF can become
chronic in nature for patients with low-risk disease.2 A majority of patients have inter-
mediate or high-risk disease and are eligible to receive JAK inhibitor treatment as first-
line therapy.
Effectiveness of ruxolitinib, a JAK inhibitor, for reduction of splenomegaly and symp-

tom relief in MF was demonstrated in both COMFORT-I and COMFORT-II phase III
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KEY POINTS

� Phase I and phase II adaptive designs may be useful for clinical trials of myelofibrosis.

� Clinical trial designs in myelofibrosis have shifted in recent years to accommodate new
challenges in the post–JAK inhibitors approval era.

� Despite the availability of standardized response criteria, alternative measures of
response in clinical trials evaluating newer agents may be warranted.

� Patient-reported symptoms remain a key outcome in myelofibrosis clinical trials, particu-
larly in the phase III setting; a validated questionnaire is available for measurement of pa-
tient symptom burden.
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trials.3,4 Fedratinib, also a JAK inhibitor, was effective for reducing splenomegaly and
symptom burden in more than one-third of patients with MF in an international, double-
blind, placebo-controlled trial.5 Food and Drug Administration (FDA) approval of both
JAK inhibitors as MF treatments has changed the treatment landscape for MF and
thus increased complexity of clinical trial designs in MF. Many patients with MF have
insufficient response, intolerance, or loss of initial response to ruxolitinib.6 Thus, clinical
trials likely will shift to focus on development of novel agents for patients who become
resistant to or intolerant of either of these agents. Alternative approaches also may
include testing of experimental agents in combination with an approved JAK inhibitor.
Evaluating efficacy and response in clinical trials is challenging because MF

response criteria are multifaceted and incorporate hematologic parameters, bone
marrow fibrosis, splenomegaly, transfusion dependency, and symptom measures
along with molecular and cytogenetic changes. Considering alternative ways to mea-
sure response with newer agents may be warranted. This article focuses discussion
on clinical trial designs as related to therapeutics for treatment of MF (primary,
post-PV, or post-ET types). Nonpharmacologic interventions may represent promising
therapeutic strategies and improve MF patient care.7,8 Challenges in designing symp-
tom management trials in cancer with complementary and alternative medicines are
discussed by Buchanan and colleagues.9

PHASE I

Phase I trials are conducted to understand howwell a drug/biologic can be tolerated in
a small number of patients and may represent a first-in-human study. Phase I studies
also can be used to evaluate standard-of-care treatment combined for the first time
with another tested therapy or a new modality (eg, immunotherapy). Determining
the maximum tolerated dose (MTD) for further testing is the goal of a phase I dose-
escalation trial. Typically, the design starts with the lowest dose and escalates dosing
levels until the MTD is reached based on dose-limiting toxicities (DLTs). Ethical con-
siderations include minimizing both the number of patients treated at subtherapeutic
doses as well as the number of patients treated at overly toxic dose levels. Phase I tri-
als can be categorized generally as (1) rule based, (2) model based, and (3) model
assisted (Table 1). Rule-based designs assign patients to dose levels according to
prespecified rules based on actual DLT observations. Model-based designs assign
patients to dose levels based on estimating the target toxicity level from a statistical
model of the dose-toxicity relationship. Model-assisted designs are a newer class
of designs that reside partway between rule-based and model-based designs, in
which designs are based on underlying statistical models but decision rules can be
prespecified.

Rule-Based Designs

The standard 3 1 3 design is considered a rule-based design and is the most
commonly used phase I design, although other up-and-down phase I designs exist.
More than 90% of published phase I trials used a 3 1 3 design due to ease of use
and simplicity of prespecifying decisions in advance.10 No prior assumptions about
the dose-toxicity relationship are needed, other than assuming a nondecreasing
dose-toxicity curve. In brief, 3 patients are treated per dose level to assess for DLT,
usually over the first cycle of treatment. If no patients experience DLTs, the dose is
escalated for the next cohort of 3 patients. If 1 patient has a DLT, an additional 3 pa-
tients are treated at this level with dose escalation only if none of these additional pa-
tients experiences DLTs. This process continues through the increasing dose levels
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and if greater than or equal to 2 patients experience DLTs at a given dose level, the
prior dose level is defined as the MTD. Therefore, the MTD is chosen as the highest
dose level where 6 patients are treated with less than 2 experiencing DLTs. The
3 1 3 design assumes that the target probability for DLT takes values that are close
to either 1/6 or 1/3. Disadvantages of the 3 1 3 design are that only 1/3 patients are
treated at optimal doses,11 and this design may start far from the target dose, repre-
senting a more conservative approach. This is especially problematic in rare tumor
types where large numbers of patients may not be available for study and there are
concerns for underdosing, and, therefore, subtherapeutic benefit of a significant num-
ber of patients might be realized. Despite these downfalls, the 3 1 3 continues to be
used due to its ease of use, simplicity, and lack of software needed to implement the
design. Furthermore, it is well received by institutional review boards and other regu-
latory agencies. Simple up-and-down, rolling 6, and accelerated titration designs also
are considered rule based.

Model-Based Designs

Model-based designs have seen increasing development during the past decade with
many variations. These include the continual reassessment method (CRM) and esca-
lation with overdose control (EWOC) along with other adaptive designs. Model-based
designs assume a parametric model for the relationship between dose and toxicity.
The general approach starts with an initial estimate of the probability of DLT for the
initial dose level and then observing the patient for occurrence of a DLT. After each
patient, the probability estimate is revised and the next patient is assigned to the target
dose level based on these updated estimates. These steps are repeated until the

Table 1
Selected characteristics of phase I designs

Design Characteristics Rule Based Model Assisted Model Based

Examples 3 1 3
Up/down

mTPI, mTPI-2
Keyboard
BOIN

CRM
EWOC
BLRM

Predetermined dose escalation rules
set up before study

Yes Yes No

Computationally intensive, repeated
estimation of dose-toxicity curve

No No Yes

Targets any prespecified DLT rate No Yes Yes

Number of patients treated at MTD
can be >6

No Yes Yes

Rapid dose escalation No Yes Yes

Good operating characteristics
relative to sample size

No Yes Yes

Allocates a high percentage of
patients to the MTD

No Yes Yes

Provides overdose control Yes Yes Yes

Does not escalate the dose when the
latest treated patient experiences
toxicity and never deescalates the
dose when the latest treated
patient does not experience toxicity

No Yes Yes

Abbreviation: BLRM, Bayesian logistic regression model.
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recommended dose level from the model does not change. The CRM approach does
not depend on the starting dose level and the model can result in skipping dose levels
(although restrictions often are implemented to moderate escalation in many studies).
Benefits of the CRM approach are that fewer numbers of patients typically are needed
to find the MTD than in the rule-based or model-assisted methods.12 Disadvantages,
however, include increased logistical burden and the requirement of ongoing data en-
try and monitoring after each patient. This can be difficult, especially for multicentered
trials. Software is required to implement this approach and a strong collaboration with
a biostatistician is needed.
The EWOC is an extension of the CRM method and is a Bayesian adaptive dose-

finding design. Similar to the CRM, the estimated dose-toxicity curve is updated
continuously. A feasibility bound parameter is prespecified in order to control con-
cerns about overdosing, and dose escalation does not proceed if the probability of
overdosing exceeds this prespecified value.13 Unlike the CRM, the EWOC design pro-
duces consistent sequences of doses without dose skipping. Other modifications of
the CRM include the Bayesian logistic regression model.14 A time-to-event version
(TITE-CRM) also is available.15

Model-Assisted Designs

Model-assisted designs represent a newer class of designs, with increasing use due in
part to availability of software packages and online applications (R Shiny apps, Web
sites, and so forth) for implementation. Model-assisted designs are based on under-
lying statistical models that represent a middle ground between the traditional rule-
based and model-based designs with decisions that can be prespecified in advance
for ease of use. An initial estimation (prior distribution) of the dose-toxicity curve is
used and occurrence of toxicities in patients enrolled at each dose level provides an
update to the statistical model, resulting in adjustment to this curve (posterior distribu-
tion). At the end of the trial, the posterior distribution is evaluated to identify the dose
closest to the targeted toxicity level. Designs include the modified toxicity probability
interval (mTPI), keyboard (which has been shown to be the same as the mTPI-2),
Bayesian optimal interval design (BOIN), and others. These models have been shown
to have good performance and superior operating characteristics compared with the
31 3 design in a variety of scenarios.11 Another benefit is that the model-assisted de-
signs can handle passive changes in the number of evaluable patients (such as when a
patient becomes inevaluable after enrollment for the cohort closes) per dose level
compared with the 31 3 design, which requires reopening in order to enroll additional
patients to fill the required cohort of 3 patients when 1 or more of the patients become
inevaluable.
The mTPI design specifies beforehand (a priori) 3 intervals corresponding to proper

dosing, underdosing, and overdosing. A local beta-binomial probability model is used
to describe the toxicities at the current dose level being studied. Dose-escalation deci-
sions then are based on the unit probability mass (UPM) of the 3 intervals corresponding
to the area under the posterior distribution curve. If the toxicity rate of the current dose
level lies within the underdosing interval, then dose escalation is indicated. If the toxicity
rate of the current dose level is within the proper dosing interval, remaining at the current
dose level is indicated. If the toxicity rate of the current dose level is within the overdos-
ing interval, then de-escalation is indicated. Dose-escalation decisions can be gener-
ated under a range of parameters (ie, do not have to assume toxicity of 1/3 or 1/6 like
a 3 1 3 design). Recommended sample size for the mTPI design is k � (d 11), where
k is cohort size and d is the number of dose levels evaluated.16 At the end of the study,
toxicity data across all dose levels are combined to estimate the nondecreasing toxicity
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probabilities across the dose levels using a pool-adjacent-violators algorithm. The dose
level with the toxicity probability closest to the target probability then is selected as the
MTD. If no dose level has a toxicity probability within the target probability interval, the
highest dose is considered the MTD or, if all doses have toxicity probability greater than
the target probability, then no dose is selected. Overdosing is the biggest concern of the
mTPI design due to the unequal width intervals of the UPM distribution. Therefore, ex-
tensions of themTPI known asmTPI-2 and the keyboard designswere developed17 and
later shown to be identical.18 These designs overcome the problem of overdosing by
dividing the underdosing and overdosing intervals (also known as keys) into shorter sub-
intervals. Thus, dose-escalation decisions are defined for the subintervals/keys to alle-
viate the concern of overdosing.
Risk of overdosing also is minimized by the BOIN design. Both mTPI and keyboard

designs require calculating the posterior distribution (area under the curve) whereas
the BOIN design relies on only comparison of the observed DLT rate at the current
dose with fixed, prespecified escalation/de-escalation boundaries. An overdose con-
trol parameter is used to assure elimination of current and higher doses from the trial to
prevent treating future patients if the DLT rate at the current dose level is greater than a
prespecified threshold.19 Similar to the mTPI design, once the prespecified sample
size is exhausted, the MTD is computed based on isotonic regression. The BOIN
design can be extended to use with combination of agents (BOIN-COMB) or late-
onset toxicity (TITE-BOIN). A utility-based seamless phase I/II trial design (U-BOIN)
for finding the optimal biological dose for targeted and immune therapies with the
incorporation of a risk-benefit trade-off (between toxicity and efficacy) in order to
reflect clinical practice more realistically.20

Phase I Designs of Combination Regimens

Dose escalation with drug combinations in a phase I setting can be examined in
various ways. Depending on the mechanisms of action and potential for overlapping
toxicities, consideration of the following approaches is warranted: alternating escala-
tion of the agents in a series of sequential dose levels, simultaneous escalation of both
agents, or escalation of 1 agent to the recommended dose for phase II trials while
holding the other agent at a fixed (generally high or low) dose.21 Bayesian models in
this setting also are useful. The dose-toxicity probability curves are updated after
each cohort of patients for both agents by using all toxicity data. Incorporating both
toxicity and efficacy endpoints might be useful in the combination setting.22,23 Syner-
gism and interaction between agents should be considered carefully with
pharmacokinetics.

PHASE II

Once the MTD has been established in phase I, a drug (or combination) may move to
the phase II setting, in which the goal shifts to providing initial estimates of efficacy and
ascertaining whether treatment warrants further development in future controlled trials
(ie, phase III setting). Single-arm (nonrandomized) Simon 2-stage designs are some of
the most popular phase II designs.24 The hypothesis is tested in 2 (or more) stages in
order to minimize the number of patients treated with a drug of low activity. The design
is based on properties of the binomial distribution and requires specifying the largest
success rate (typically, disease response rate) observed that would suggest a drug
does not warrant further investigation. The design parameters are expressed in terms
of the number of successes seen from n patients with a boundary (r) cutoff for deter-
mining whether to continue onto the second (or next) stage. The Simon optimal 2-
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stage design has the minimum expected sample size overall and require fewer
numbers of patients for the first stage whereas the minimax design requires the small-
est total sample size overall.
Other phase II designs similar to the Simon 2-stage design include the Fleming

version, which makes it possible to stop after the first stage if too few responses or
too many responses are observed.25 Single-arm (nonrandomized) 3-outcome phase
II designs also exist in which the hypotheses tested also include the conclusion that
the observed activity of the drug is borderline and the trial is inconclusive.26

A flexible, randomized, pick-the-winner design, in which patients are randomized
to 1 of 2 or more experimental regimens may be used as a way to mimic clinical
practice more closely, where there are many factors that determine a patient’s
choice of treatment including adverse events, cost, and treatment schedules.27 In
this case, the goal is to exclude a substantially inferior treatment for further study
and select a substantially superior treatment for further study (continue on to phase
III) when a superior treatment exists. If the observed difference in the success rate of
the treatments (could include multiple arms) studied is larger than a prespecified dif-
ference, then the treatment with the highest success rate is selected. Otherwise, if
the observed differences do not meet this requirement, other factors may be
selected for the treatment of choice. This design is appropriate for selecting among
experimental regimens (ie, selection design) and not versus a control (ie, screening
design in which 1 of the randomized arms is a standard-of-care arm), because the
selection design is not formally testing superiority (or more accurately, the null hy-
pothesis that the success rates are equal). For a discussion of screening designs,
see Rubinstein and colleagues.28

For small sample sizes and rare tumors, a design worth mentioning is the single-arm
(nonrandomized) Gehan29 design, which is a design with the minimum number of pa-
tients needed to conclude that a drug is worthy of further study or unlikely to be effec-
tive in a target number of patients. This design quickly screens out ineffective drugs in
a timely manner. Based on the target effectiveness rate, the design calculates the
chance of having a certain number of consecutive failures in a row (under the null hy-
pothesis), and 1 or more successes observed in the required sample size are note-
worthy for further study. For example, target effectiveness of 25% requires
observing at least 1 success out of 9 patients to warrant further study of the drug.
In the phase II arena, several Bayesian trial designs exist. The Bayesian optimal

phase II design is a flexible design that can include several interim analyses, can
handle efficacy and toxicity endpoints together, and can apply to single-arm and 2-
arm trials.30 Similar to the designs detailed previously, it minimizes the expected sam-
ple size if the regimen has low activity and controls the type 1 error rate. A TITE version
also is available for real-time interim decisions when patients’ outcomes still may be
pending, such as immunotherapy trials.31

Particularly in the era following ruxolitinib and fedratinib approval for MF, combina-
tion trials of novel agents combined with these standard-of-care drugs will become
the norm. In addition, patients who are deemed refractory or resistant to JAK inhibitor
therapies will be prime candidates for studying the effects of single-agent novel ther-
apies. Designing studies that target these unique subpopulations of MF patients is
crucial for trial conduct and conserving trial resources.

PHASE III

Phase III trials typically are designed to assess effectiveness of a new intervention
versus standard of care, in a randomized setting. Designs can be specified as testing
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superiority, equivalence, or noninferiority (NI). There has been a recent interest in NI
studies, in which the hypothesis of interest is that the difference between the experi-
mental treatment and active control (ie, standard of care) lies within a difference margin
of interest or that the new treatment is as good as the current treatment given. In 2005,
fewer than 100 NI trials were published versus 600 NI trials published in 2015.32 The NI
difference margin chosen should be prespecified in advance of the study and can be
estimated based on past performance of the active comparator arm in prior studies.
In addition, FDA guidance exists as to how to select this margin.33 The NI hypothesis
is tested using a 1-sided test of the upper bound of the 97.5% CI, including the margin
of interest. This may decrease the sample size needed compared with a superiority trial
design if superiority of the experimental regimen is expected relative to standard of care.
Adhering to high standards of study conduct in NI trials is crucial because deviations

(eg, treatment nonadherence, protocol violations, and attrition) typically create bias to-
ward an NI result (ie, making the arms look more similar). Such biases typically are of
lesser concern in superiority trials because they are in the direct of the null hypothesis
(not to suggest that superiority trials can be carried out in a sloppy fashion!). In addi-
tion, NI trials should be analyzed using both intent-to-treat (ie, patients according to
their randomized assignment) and per protocol (ie, patients according to their treat-
ment received) approaches. Only reporting intent-to-treat analyses may bias results
toward a false-positive conclusion of NI, because the difference obtained is narrower
between treatments if substantial amounts of nonadherence, crossover, or loss to
follow-up occur. Caution should be taken when interpreting studies that initially
were designed with superiority in mind and then fail to show a difference; NI based
on the absence of a significant treatment difference for a superiority study (ie, post
hoc analysis is not appropriate) cannot be concluded. Trials can be designed to test
NI first and then subsequently test for superiority difference after NI is established.
Fig. 1 shows the conclusions that can be made based on the upper bound of the CI
for treatment differences of various scenarios. NI trials might be useful for comparing
newer agents with standards of care in MF.

ADAPTIVE AND OTHER DESIGNS

Adaptive designs incorporate opportunities to change aspects of the study based on
accumulating data and interim analyses. Changes typically are prespecified and
detailed in advance. Changesmade to the study can include fluctuating randomization
probabilities to increase enrollment in treatment arm(s) that are doing well, sample size
re-estimation, and interim methods for early stopping for efficacy and/or futility.34 Hy-
potheses can be changed fromNI to superiority, or eligibility criteria can bemodified to
enrich enrollment of subgroups that are deriving benefit (such as biomarker enrich-
ment designs). Outcomes and analysis methods also can be modified based on accu-
mulating data. Advantages of adaptive designs include increased flexibility and
possible efficiency gains, but interim analyses rely on accurate data being quickly
available for patients. Caution should be taken when interpreting treatment effects
at the conclusion of the study because they are dependent on the adaptations
made throughout the study.
Master trials using umbrella or basket designs have been incorporated into clinical trial

design inorder to accelerate drugdevelopment.Basket trials evaluate a targeted therapy
in multiple diseases that have a common molecular alteration, whereas umbrella trials
evaluate multiple targeted therapies for a single disease, stratified by subgroups based
onmolecular signatures. The Beat AML trial is an umbrella trial, sponsored by the Leuke-
mia & Lymphoma Society, that is focused on testing novel targeted therapies and
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combination studies in specific genomic subtypes for acute myeloid leukemia based on
results of next-generation sequencing (NCT03013998).35 As the landscape of MF treat-
ment options and biomarkers evolves, the necessity for the basket/umbrella approach
may be warranted.

ENDPOINTS IN MYELOFIBROSIS

As clinical trial designs evolve in MF, so must the endpoints used for evaluating treat-
ment success. Typically, response in MF is assessed via International Working Group
(IWG) consensus criteria.36 Alternative response criteria are being examined, such as
decreased bone marrow fibrosis in patients who have moderate or severe fibrosis,
such as in the ongoing MPN-RC 118 clinical trial (NCT03895112). Overall survival
has been shown to differ by risk, although this endpoint may not be feasible when me-
dian survival is expected to be long. Median survival for patients under 60 with primary
MF ranged from 2.4 years to 13.4 years from diagnosis depending on International
Prognostic Scoring System risk level.37 These estimates were similar to those re-
ported by Cervantes and colleagues.2 A planned phase III trial (NCT04576156) of ime-
telstat versus best available therapy, however, recently was designed using overall
survival as the primary endpoint. This trial of 320 patients (randomized 2:1) targets
enrollment of patients with JAK inhibitor refractory MF and is designed to detect a
40% reduction in death (that is, a hazard ratio of 0.60 or improvement in median sur-
vival from 14 months in the best available therapy arm to 23 months in the imetelstat
arm). The timely observation of deaths and strong hazard ratio both contribute to this
design maintaining a feasible sample size. Overall survival as a primary endpoint likely
is not feasible in a small to moderately sized trial in earlier stage disease where overall
survival is expected to be much longer (eg, a combined analysis of the COMFORT-I/II
trials reported a median survival of 5.3 years for the ruxolitinib arms and 2.3 years for
the control arms38).
Splenomegaly and spleen size changes typically are evaluated in clinical trials

based on imaging, such as computed tomography (CT) or magnetic resonance imag-
ing (MRI). For example, the primary endpoint in the JAKARTA trial (NCT01437787) was
the proportion of patients achieving greater than or equal to 35% reduction from base-
line in spleen volume at the end of cycle 6 measured by MRI or CT, with a follow-up
scan 4 weeks later. These endpoints, however, may limit trial enrollment to only pa-
tients with enlarged spleens, thus limiting generalizability to the larger MF patient

Fig. 1. Possible conclusions from an NI trial design.
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population. In addition, clinical trial costs may be increased due to imaging costs
outside standard of care.
To control overall type 1 error (ie, a) across endpoints in a clinical trial, sequential

testing of endpoints can be performed in a hierarchical fashion. In this instance, the
primary endpoint serves as the gatekeeper for secondary analysis, such that if the pri-
mary null hypothesis was rejected, then formal statistical testing can be undertaken for
the subsequent secondary efficacy endpoints sequentially in a prespecified order. If
the primary null hypothesis is not rejected, formal sequential testing of secondary end-
points is halted. In the phase III SIMPLIFY-1 trial (NCT01969838), formal sequential
testing was stopped after the first secondary endpoint (total symptom score [TSS]
response at week 24) and the subsequent secondary endpoints involving anemia
response were not evaluated formally, although they would have supported benefit
of the experimental therapy.39 An alternative approach that avoids such a scenario
is simultaneous testing, but usually at a cost of increased sample size, which is
needed in order to split a across hypothesis tests.
Complex endpoints looking at both toxicity and efficacy combined may be useful,

particularly in phase I and phase II trials. Development of better endpoints using
pooled data and consortium-based work in MF is vital to evaluating newer agents
and drug classes with differing mechanisms of action. For phase I/II trials, toxicity
and efficacy of molecularly targeted agents may not follow traditional dose-toxicity re-
lationships historically seen with cytotoxic therapies. As such, toxicity and efficacy
may not be dose dependent in a monotonic fashion. An area of interest for future trials
is the investigation of biomarkers that could provide more rapid efficacy signals rather
than using typical response criteria that require several cycles or more of therapy
before response assessment is known. This is an area of ongoing work and still early
in development. For trials intended to support drug approval by a regulatory agency,
careful discussion prior to protocol finalization with the regulatory agency (eg, the FDA
in the United States) regarding study design, patient population, and primary/second-
ary endpoints is needed in order to support successful registration. Recommended
endpoints may differ based on earlier stage disease versus the refractory setting
and may involve coupling an endpoint demonstrating clinical activity (eg, spleen
response), with an endpoint demonstrating patient benefit (eg, clinically meaningful
improvement in patient-reported symptom burden).

PATIENT-REPORTED OUTCOMES

Clinical trials increasingly have been incorporating patient-reported outcomes (PROs).
Symptom burden in patients with MPNs is assessed via the MPN Symptom Assess-
ment Form (MPN-SAF) or the abbreviated TSS, which assesses the most clinically
relevant symptoms—fatigue, concentration problems, early satiety, inactivity, night
sweats, pruritus, bone pain, abdominal discomfort, weight loss, and fever.40 Recently,
to harmonize MF symptom burden questionnaires across academic and industry part-
ners, the MF-SAF version 4.0 was developed and includes 7 items: fatigue, night
sweats, pruritus, abdominal discomfort, pain, early satiety, and bone pain. The MF-
SAF version 4.0 is recommended for use in MF trials and is available as a 7-day diary
(24-hour recall) or 1-time (1-day recall) assessment.41 Graphical display of TSS data
appears in Fig. 2 and follows recommendations for optimal visualization of PROs by
Snyder and colleagues.42 Statistical analysis should be conducted on the TSS as
well as individual symptom items to ensure maximal use of data.
Symptom response for an individual patient in MF trials has historically been defined

as a decrease (improvement) from baseline by 50%; however, this may not represent
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an attainable endpoint, particularly in patients with lower baseline symptom burden.
Investigating other symptom response definitions is an ongoing area of investigation,
with decreases smaller than 50% likely representing meaningful improvements.
In addition to assessment of MF symptom burden, other PROs should be used in clin-

ical trials to assess important domains of health-related quality of life during a patient’s
treatment course. A possible approach is described by Kluetz and colleagues.43

MYELOFIBROSIS TRIALS DURING THE PAST DECADE

Frequency of clinical trials from 2010 to 2019 for MF treatment is presented in Fig. 3.
Data were abstracted from ClinicalTrials.gov and reviewed for phase and trial design.
A total of 165 treatment interventional studies, including MF patients (some with MF as
the primary cohort and others including MF along with other MPN/myelodysplastic
syndrome or hematologic malignancies related cohorts), were reviewed. A median
of 16.5 (range 13–20) trials were initiated per year: 33% phase I, 56% phase II, 10%
phase III, 1% phase IV, and 47% industry sponsored. For phase I trials with dose esca-
lation (n5 41/54 [76%]), the majority proposed a standard 31 3 design (or other rule-
based design) or did not specifically detail the dose escalation schema; fewer than 5
dose escalation trials were explicitly described as model-based or model-assisted.
Approximately half of the phase I trials (23/54 [43%]) included combination treatment,
with 17/23 (74%) using ruxolitinib or fedratinib. Median number of primary/secondary
outcomes was 6.0 (range 1–28) across all studies. Primary and secondary endpoints
were reviewed for patient-reported quality of life, symptoms, or other PROs. Overall,
63/165 (38%) studies included at least 1 PRO endpoint as a primary/secondary
endpoint; 28% in phase I, 36% in phase II, and 82% in phase III. Median target enroll-
ment for the phase III trials (n 5 16) was 192 patients; only 2 phase III trials planned to
enroll greater than 500 patients.

SUMMARY

Key design features of phase I, phase II, and phase III drug trials have been presented
and discussed. For phase I trials in MF, incorporation of model-assisted and model-

Fig. 3. Clinical trials conducted in myelofibrosis (2010–2019) by phase of study.
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based approached are encouraged in order to maximize therapeutic benefits and
include novel methods of dose escalation. Clinical trial designs in MF have shifted
in recent years to accommodate new challenges in the post–JAK inhibitors approval
era, and trials testing combination agents and/or employing NI or adaptive designs
may become more prevalent in the future. Despite the availability of standardized
response criteria, alternative measures of response with newer agents may be war-
ranted. Finally, PROs, including MF symptom burden and other domains of health-
related quality of life should be encouraged as endpoints in clinical trial designs.

CLINICS CARE POINTS

� A small number of phase I dose-escalation trials utilized a model-based or assisted design in
MF clinical trials conducted from 2010 to 2019; 43% included combination treatment.

� Standard and adaptive phase I and phase II designs are appropriate in MF.

� Consideration of combination treatment clinical trial designs in the post–JAK inhibitor
approval era with a small patient population is encouraged.

� Disease response by IWG criteria and patient-reported symptom burden assessed using MF-
SAF version 4.0 are standard, but additional endpoints are needed in some settings.
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