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Introduction

MPNSs are a group of clonal hematologic malignancies morphologically characterized by
expansion of terminally differentiated myeloid cells (white blood cells erythrocytes and
platelets).! There are three “classical” Philadelphia negative MPNs (hereafter referred

to as MPNs): polycythemia vera (PV), essential thrombocythemia (ET), and primary
myelofibrosis (PMF). In addition, a prefibrotic form of myelofibrosis (pre-PMF) is
increasingly recognized 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 (MPN-U).
MPNs are often discussed together as 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 leukemia (CNL), mastocytosis,
and chronic eosinophilic leukemia but will not be discussed here.3

Initially CML was included as a classical MPN, in addition to paroxysmal nocturnal
hemoglobinuria. However, CML was found to be associated with a specific cytogenetic
abnormality - a translocation between chromosome 9 and 22 resulting in the generation

of the BCR/ABL fusion gene which possessed tyrosine kinase activity.* CML patients
each inevitably progressed to a universally fatal form of acute leukemia termed CML-blast
crisis which was refractory to chemotherapy. This progression of CML to CML blast phase
was associated with the progressive acquisition of new cytogenetic abnormalities which
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provided evidence of the multistep pathogenesis of a hematological malignancy.® During
the 1970’s, 1980’s and 1990°s CML patients could only be cured in the chronic phase of
their disease by allogeneic stem cell transplantation, confirming that CML was a stem cell
disease.5 In fact, during this period CML was the most frequent indication for allogeneic
stem cell transplantation.” However, this picture dramatically changed in the 1990’s with
the discovery of specific tyrosine kinase inhibitors which 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 Federal Drug Administration in
2001 and changed the outcomes of virtually all CML patients.? The discovery of imatinib
was a result of synergistic interactions between academic scientists and clinicians with the
pharmaceutical industry focusing on discovery science and translating these findings into
the development of strategies to improve the lives of cancer patients. 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
origins have proven to be more complex which has hampered success in developing
therapeutic agents which share the clinical efficacy of imatinib.

Clinical manifestations across MPNs include panmyelosis (marrow hypercellularity with
multilineage involvement), splenomegaly, constitutional symptoms, and a propensity
towards thrombosis or bleeding. An overactive JAK-STAT pathway is a unifying
pathobiologic feature of all the MPNs.19 Thrombotic complications and disease progression
are the most serious complications of MPNs and often the most common causes of death

in patients with MPNs.1! Current treatment approaches involves cytoreductive therapy,
aspirin, and JAK1/2 inhibitors, such as ruxolitinib and fedratinib. While 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 MPNSs is allogeneic stem cell transplantation which is offered to a

limited proportion of MF patients with advanced risk disease and without prohibitive
comorbidities.1® Thus, there is considerable interest in the development of novel agents for
patients with MPNs, particularly MF.16: 17 These new therapeutic strategies will be detailed
in this series by Dr. John Mascarenhas in his article entitled “Current clinical investigations
in myelofibrosis.”

Epidemiologically, the MPNs are considered to be a rare disease. The incidence of PV and
ET is around 1-2 per 100,000 in the United States, while the incidence of 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 old, MPNs can also arise in young adults and children.1: 20 MPNs are
generally more common in males as compared to females, with the notable exception of ET
which is more prevalent among females.2! Drs. Amer Zeiden and Nikolai Podoltsev will
delve into more specifics of the epidemiology of MPNs in their article “Epidemiology of
myeloproliferative neoplasms.”

In this introductory article on the series, we will 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 will detail diagnostic
criteria as defined by the WHO. We will then briefly describe the pathophysiology,
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concentrating on unifying themes that run across each of the MPNs. Finally, we will
describe complications of MPNSs including thrombosis and progression.

The dawn of hematology occurred in the mid 1650s. The refinement of the light microscope
in the 1600s allowed Dutch biologist Jan Swammerdam to visualize the red blood cells
(RBCs) of a frog in 1658.22 Unaware of his work, Antonie van Leeuwenhoek also visualized
the RBCs (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 (WBCs) were first described in 1749
by Joseph Lieutaud, calling them globuli albicantes.2* Platelets were the last blood cell
lineage to be identified by Alfred Frangois Donné in 1842.25 The first MPN to be described
was CML, which was detailed in a 1845 case report by the English pathologist John

Hughes Bennett.26 It wasn’t until 1879 that cases of myelofibrosis were reported by Gustav
Heuck, a German surgeon, who detailed two young patients with massive splenomegaly,
leukoerythroblastosis, and bone marrow fibrosis, differentiating it from CML.27 The first
description of PV came in 1882, when the French physician 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.”2% 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 mucocontaenous 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 hypothesized

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 etiology 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
represented hematological malignancies that originated at the level of the hematopoietic
stem cell. While our pathobiologic understanding of MPNs progressed, methodologic rigor
was not applied to therapeutic efforts. Louis Wasserman, an American hematologist from
Mount Sinai Hospital formed the Polycythemia Vera Study Group (PSVG) 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.3” The next paradigm shift in
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the MPN field occurred in 2005 when four independent laboratories identified the gain-of-
function JAK2V617F mutation that is possessed by virtually 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 mutations in the thrombopoietin receptor (MPL)
and chaperone protein calreticulin (CALR) were reported in ET and MF patients and a
mutation in exon 12 of JAKZrather than exon 14 as occurs in JAK2V61 7F was shown to

be associated with a form of PV characterized by isolated erythrocytosis. As this series will
outline, our understanding of MPNs has deepened dramatically since the days of Dameshek.
However, observations made by these pioneers in the field (Figure 1) are still fundamental to
our 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 Table 1, 2, and 3, respectively.3
Megakaryocytic hyperplasia and atypia is one of the cardinal histopathological features of
each of the MPNs. The cause and consequences of this megakaryocytic hyperplasia In the
MPNs will be discussed in the paper by Dr. John Crispino, Dr. Anna Rita Franco Migliaccio
and Dr. Johanna Melo-Cardenas. 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 polycythemia
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 Gaisbtck syndrome, a benign condition
classically found in middle-age, obese men who smoke.#2 43 Absolute polycythemia is
characterized by an increase in red cell mass and can be due to primary or secondary causes.
Causes of secondary erythrocytosis include hypoxemia as a result of pulmonary or cardiac
disease, erythropoietin-secreting tumors (e.g. renal cell carcinoma), and drug-induced such
as erythropoiesis stimulating agents, androgens and corticosteroids.#* There are congenital
polycythemias that result from the mutations in the hemoglobin genes that lead to an
increased in oxygen affinity with resultant compensatory erythrocytosis.*> 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 Van Hippel Landau VHL gene), gain of function mutations in the H/F-2 gene and

prolyl hydroxylases (PHDs) mutations.#6-49 These mutations in the oxygen sensing pathway
each ultimately result in increased production of erythropoietin which results in lifelong
erythrocytosis. Chuvash polycythemia has been reported more frequently in Asia, Chuvashia
and the island of Ischia in Italy and is associated with an abbreviated life span.30: 51

PV encompasses the vast majority of primary polycythemias, however there are familial
causes of erythrocytosis that result from activating gene mutations of the erythropoietin
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receptor.*® The JAK2V617F mutation is the genetic sine qua non of the diagnosis of PV,
being present in about 98% of patients.>? In a patient with a subnormal EPO and absence

of JAK2V617F, evaluation for the exon 12 mutation JAKZ 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 JAKZ
mutation is identified (Table 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.>* 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, surgery,
inflammatory conditions, and malignancy.>® Even with high platelet counts, thrombosis

is rare in patients with reactive forms of thrombocytosis.>® There are also rare familial
forms of thrombocytosis. Different mutant 7P0O alleles have been described in families

with an autosomal dominant form of thombocytosis.>’ Each of these mutations act by
augmenting the efficiency of translation of the 770 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.%® Most commonly,
persistent thrombocytosis absent a prolonged underlying condition identified above raises
the concern for an underlying MPN. CML must always be ruled out in patients with isolated
thrombocytosis since this presentation is not unusual. Diagnostic evaluation of suspected ET
includes evaluation of a driver mutation, specifically JAKZ, CALR, and MPL, as well as

a polymerase chain reaction (PCR) testing for BCR/ABL (Table 2). However, 10-15% of
ET patients may be negative for these three driver mutations and are classified as so called
“triple negative” ET.50 A minority of these patients may have a non-canonical mutations in
JAKZor MPL detected with whole exome sequencing.51 A bone marrow biopsy is essential
for establishing a diagnosis of ET as it can distinguish ET from pre-PMF.3

The diagnosis of PMF requires exclusion of other MPNSs, secondary forms of marrow
fibrosis (such as metastatic cancer to the marrow, tuberculosis and fungal diseases, hairy
cell leukemia, autoimmune etiologies) myelodysplastic syndrome (MDS), and CML (Table
3). A bone marrow biopsy is essential as grade 2-3 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 8-10% of patients will have
“triple negative” PMF which is associated with a poor prognosis.®? In addition, other
somatic mutations are frequently present in patients with PMF including ASXL1, TET2,
SRSF2, EZH2, and IDH1/IDH2, among others.52 Dr. Sara Christina Meyer will explore
these topics further in her article entitled “Genetics of myeloproliferative neoplasms.”

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 hypercelluar
marrow (Table 4). Although this diagnostic entity was only recently incorporated into WHO
diagnostic criteria, pre-PMF was first described as a distinct clinical entity in 1976 and was
formally introduced in the previous 2001 and 2008 WHO diagnostic criteria.63-6° Clinically,
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pre-PMF is often associated with isolated thrombocytosis and is often misdiagnosed as ET.
In fact, a review of over 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 will be discussed in this series by Dr. Mohamed Salama, including the diagnosis of
pre-PMF. Although both disorders are characterized by an increased risk of developing
thrombotic events. The distinction between ET and pre-PMF is key as pre-PMF carries a
significantly elevated risk of transformation to leukemia and death.56

Survival among is longest with ET patients among the MPNs, with an estimated median
survival of around 20 years.50 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.6” Overt MF portends the worse prognosis among
the MPNs, with a median survival of 3.1 to 5.8 years.5”- 8 However the survival of all
MPNSs are highly dependent on many patient and disease specific factors.

Other WHO recognized MPNSs, including CNL, mastocytosis, and chronic eosinophilic
leukemia and MPNs not otherwise specified will not be discussed in this series. However,

a group of disorders which have characteristics of both myelodysplastic syndrome (MDS)
and MPNs, called MDS/MPN overlap syndrome will be detailed by Dr. Andrew Kuykendall,
Dr. Rami Komrokji, and Dr. Franco Castillo Tokumori in their article “MDS/MPN overlap
syndromes.” These disorders include chronic myelomonocytic leukemia (CMML), juvenile
myelomonocytic leukemia (JMML) and atypical chronic myeloid leukemia (aCML).

Pathogenesis

The pathogenesis of MPNs are multifactorial and incompletely understood. However,
substantial progress has been made over the last several decades towards understanding

the biologic underpinnings of MPNSs. It is important to recognize that all MPNSs originate

at the level of a pluripotent hematopoietic stem cell (HSC).%% 70 In murine models,

even a single cell carrying the JAK2V/617F mutation can initiate the MPN phenotype.’1
However there is considerable complexities in MPN pathogenies as it relates to the stem
cell microenvironment. Interactions between HSCs and nonhematopoietic marrow cells in
MF are responsible for marrow fibrosis, increased microvascular density and production

of inflammatory cytokines.”2 In particular, transforming growth factor beta (TGF-p) is a
potent stimulator of fibroblast growth, which are not part of the malignant clone.”® However
monocytes that belong to the malignant clone can acquire the properties that allow resemble
fibroblasts and are termed fibrocytes. These fibrocytes along with fibroblast contribute to
marrow fibrosis in MF.”* Dr. Angela Fleischman will expand upon this topic in her article
entitled “The microenvironment in myeloproliferative neoplasms.”

A key pathogenetic event in all MPNSs is constitutive activation of the JAK/STAT pathway.
Seminal to this understanding was the identification of mutations JAKZin 98% of patients
with PV, and 50-60% of patients with ET and PMF.38-41 Additional somatic mutations,
such as the thrombopoietin receptor MPL in JAK2V/61 7F-negative MPN patients suggest
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common genetic mutations resulting in overactivation of the JAK-STAT pathway.”® In
addition, a small subset of JAK2V617F negative polycythemic patients harbor a mutation in
LNK; which inhibits JAK2 phosphorylation and serves as a negative regulator of MPL
signaling.”8 77 The CALR mutation, which is generally exclusive to JAK2and MPL
mutations, creates a mutant protein that directly binds the thrombopoietin receptor (MPL)
leading to constitutive activation of downstream signaling molecules in the JAK/STAT
pathway.’® 70 The central role of the JAK-STAT pathway in the pathogenesis of MPNs
was confirmed by a seminal study by Rampal et al 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 affirming the central role of hyperactive JAK/STAT pathway.1? This dependency
on upregulated JAK/STAT signaling accounts for the success of JAK?2 inhibitors as a
cornerstone therapy in patients with MF regardless of driver mutation status.

Additional somatic mutations appear frequently occur in patients with MPNSs, especially
those involved in epigenetic regulation. In a study of 197 MPN patients, after JAK2and
CALR, the most commonly mutated genes were TET2, ASXL1, DNMT3A, and EZH2.80
These mutations are likely involved in disease initiation as well as evolution.8 81 Further
details of epigenetic mechanisms of MF are including in the article by Dr. Ross Levine
entitled “Epigenetics of myelofibrosis.”

It has long been recognized that inflammation is an important contributor to neoplastic
development, sometimes referred to as “oncoinflammation.”82 In MPNSs, there is
biochemical, molecular, clinical, and epidemiologic evidence that links overactive
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 transforomation.83: 8 Several genes involved in immune regulation and
inflammation are upregulated, particularly interferon-related genes such as interferon-
inducible (IF1) gene /F/27.8% Upregulation of /F/27is step wise, with higher levels observed
in MF as compared to ET or PV, suggesting a role of inflammation in disease progression.86
Fischer and colleagues showed that the increased production of cytokines in MF patients,
including tumor necrosis factor, were driven partly by each of the NFxB, MAP kinase,

and JAK-STAT pathways.8” Their observations indicated that an intact NFxB pathway is
necessary for maximal production of these cytokines in MF. Interestingly, epidemiologic
evidence also supports a link between inflammation and development of an MPN. Patients
with an autoimmune disorder, including Crohn’s disease, polyarthritis rheumatica, 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 myelofibrosis.
TGF-B has been implicated in angiogenesis, tumor growth, collagen fibrosis in a number of
tumor types. In MF, TGF-B is more abundantly produced as compared with other fibrogenic
cytokines, such as platelet-derived growth factor (PDGF), and fibroblast growth factor-basic
(FGF-b).90 Cytokine overexpression is also thought to be related to constitutive mobilization
of CD34+ cells into the peripheral blood of MF patients.®? In addition, splenomegaly and
constitutional symptoms have been correlated with and hepatocyte growth factor (HGF) and
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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 Dr. Adam Mead will expand on these
topics in his article “Novel technologies for understanding myeloproliferative neoplasm
biology.”

Complications

The major complications experienced by patients with MPNs include thrombosis, bleeding,
and disease progression of disease to overt phases of MF or MPN-BP. In PV and ET,

the primary contributor of morbidity and mortality is thrombosis, which can be either
arterial or venous. In a large population based Swedish study, the hazard ratio (HR) 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 corresponding HRs for venous
thrombosis was 9.7, 4.7, and 3.2, suggesting a significantly increased rate of thrombosis
compared to patients without MPNS, particularly in the few months following diagnosis.?3
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 the endothelial cells and increase P-selectin expression.%: 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.?9 Thrombocytosis is among the most important risk factors for bleeding, as
demonstrated in a post-hoc analysis of the PT1 trial.19 In particular, significant elevations
in platelets can lead to acquired von Willebrand syndrome.192 Dr. Andrew 1. Schafer will
describe these complications further in his article entitled “Thrombotic and hemorrhagic
complications of myeloproliferative neoplasms.”

Progression from a proliferative disease (i.e. ET or PV) to a fibrotic disease (i.e. PET-MF
or PPV-MF) and MPN-BP is a primary concern for clinicians and patients alike.1! 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 PET-MF
and PPV-MF was 9.2-10.3% and 12.5-21%, respectively.6% Transformation to MPN-BP

is highest with PMF, with a 10-year risk of 10-20%, followed by PV (2-4%) and ET
(1-2%).192 Many clinical, laboratory, cytogenetic, and molecular risk factors have been
identified. These factors have been incorporated into multiple risk scores.193-105 Unlike de
novo AML, MPN-BP is rarely associated with mutations in NPMI or FLT3, highlighting
its unique biology as compared to other forms of secondary leukemia.1% Dr. Raajit Rampal
will delve further into leukemic transformation in his article entitled “Accelerated and blast
phase myeloproliferative neoplasms.”

Infections are more common in MPN patients as compared with the general population
and remains one of the primary contributors towards mortality in patients with MPNs.107

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tremblay et al. Page 9

Although the risk is highest in patients with PMF, there is still a significant increase in the
risk of infection with ET and PV.198 There is also growing evidence, albeit controversial,
that ruxolitinib may increase the risk of infection in patients with MPNs.109 110 | addition,
patients with MPNs are at an increased risk of developing second primary malignancies,

in particular skin cancer.111 The reason for this observation is not known, but has been
hypothesized to be related to the chronic inflammatory 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
relationships between this group of disorders and led to early understanding of its
pathogenesis. Importantly, the 2005 identification of the JAK2V61 7F, which is present in
the majority of 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 progression. Further studies are needed to identify additional pathogenic mechanisms,
including the role of epigenetics, additional signaling pathways, and megakaryocyte
abnormalities.

Despite the progress in our pathobiologic understanding of MPNs, significant advancements
in therapeutically impacting the natural history of disease remains elusive. For patients 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 relatively low event rate of disease transformation and
thrombosis, which are key clinical outcomes, the performance of clinical trials in MPNs are
extremely challenging as Dr. Amylou Dueck will outline in her article “Advancing effective
clinical trial designs for MF.” Despite significant improvement in symptom burden and
spleen size with JAK inhibitor treatment for 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 MPN patients.
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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 hematopoietic 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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Synopsis

William Dameshek coined the term myeloproliferative disorders in 1951 to describe

a group of diseases morphologically linked by terminal myeloid cell expansion

that frequently evolve from one clinical phenotype to another and which each

eventually progress to acute myeloid leukemia. Diagnostic criteria for the Philadelphia
chromosome-negative MPNs have been established by the World Health Organization
and they are considered to be blood cancers. MPNs have a complex and incompletely
understood pathogenesis that includes systemic inflammation, clonal hematopoiesis, and
constitutive activation of the JAK-STAT pathway. Complications, such as thrombosis and
progression to overt forms of myelofibrosis and acute leukemia, contribute significantly
to the morbidity and mortality of MPN patients.
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Louis Henri Vaquez William Osler William Dameshek

Philip Fialkow Louis Wasserman

Figure 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
myeloproliferative neoplasms as a stem cell disease and Louis Wasserman formed the
Polycythemia Vera Study Group, the first dedicated organization to study therapies in
myeloproliferative neoplasms.
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Table 1.

Diagnostic Criteria for Polycythemia Vera3
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Major criteria

1. Hemoglobin >16.5 g/dL in men, Hemoglobin >16.0 g/dL in women

or,

Hematocrit >49% in men, Hematocrit >48% in women

or,

increased red cell mass (RCM), more than 25% above mean normal predicted value.

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

3. Presence of JAK2V617F or JAKZ exon 12 mutation

Minor criterion

Subnormal serum erythropoietin level

Diagnosis of PV requires meeting either all 3 major criteria, or the first 2 major criteria and the minor criteriont

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

Diagnostic Criteria for Essential Thrombocythemia3

Major criteria

1. Platelet count 2450 x 10%/L

2. BM hiopsy 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 very rarely minor (grade 1)
increase in reticulin fibers

3. Not meeting WHO criteria for BCR-ABL 1" CML, PV, PMF, myelodysplastic syndromes, or other myeloid neoplasms

4. Presence of JAKZ, CALR, or MPL mutation

Minor criterion

Presence of a clonal marker or absence of evidence for reactive thrombocytosis

Diagnosis of ET requires meeting all 4 major criteria or the first 3 major criteria and the minor criterfon
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Table 3.

Diagnostic Criteria for Primary Myelofibrosis®

Major criteria

1. Presence of megakaryocytic proliferation and atypia, accompanied by either reticulin and/or collagen fibrosis grades 2 or 3*

2. Not meeting WHO criteria for ET, PV, BCR-ABLI1* CML, myelodysplastic syndromes, or other myeloid neoplasms

3. Presence of JAKZ, CALR, or MPL mutation or in the absence of these mutations, presence of another clonal marker, * or absence of
reactive myelofibrosis¢

Minor criteria

Presence of at least 1 of the following, confirmed in 2 consecutive determinations:

a. Anemia not attributed to a comorbid condition

b. Leukocytosis =11 x 10%/L

c. Palpable splenomegaly

d. LDH increased to above upper normal limit of institutional reference range

e. Leukoerythroblastosis

Diagnosis of overt PMF requires meeting all 3 major criteria, and at least 1 minor criterion

Tln the absence of any of the 3 major clonal mutations, the search for the most frequent accompanying mutations (eg, ASXL1, EZH2, TETZ,

IDH1/IDH2, SRSF2, SF3BI) are of help in determining the clonal nature of the disease.

’tBM fibrosis secondary to infection, autoimmune disorder, or other chronic inflammatory conditions, hairy cell leukemia or other lymphoid
neoplasm, metastatic malignancy, or toxic (chronic) myelopathies.
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Table 4.

Diagnostic criteria for prePMF3

Major criteria

1. Megakaryocytic proliferation and atypia, without reticulin fibrosis >grade 1*, accompanied by increased age-adjusted BM cellularity,
granulocytic proliferation, and often decreased erythropoiesis

2. Not meeting the WHO criteria for BCR-ABL1" CML, PV, ET, myelodysplastic syndromes, or other myeloid neoplasms

3. Presence of JAK2, CALR, or MPL mutation or in the absence of these mutations, presence of another clonal marker, 7 or absence of minor
reactive BM reticulin fibrosis?

Minor criteria

Presence of at least 1 of the following, confirmed in 2 consecutive determinations:

a. Anemia not attributed to a comorbid condition

b. Leukocytosis =11 x 10%/L

c. Palpable splenomegaly

d. LDH increased to above upper normal limit of institutional reference range

Diagnosis of prePMF requires meeting all 3 major criteria, and at least 1 minor criterion

fln the absence of any of the 3 major clonal mutations, the search for the most frequent accompanying mutations (eg, ASXL1, EZHZ, TETZ,
IDH1/IDH2, SRSF2, SF3BI) are of help in determining the clonal nature of the disease.

’tMinor (grade 1) reticulin fibrosis secondary to infection, autoimmune disorder or other chronic inflammatory conditions, hairy cell leukemia or
other lymphoid neoplasm, metastatic malignancy, or toxic (chronic) myelopathies
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