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ABSTRACT

Primary myelofibrosis is a member of the myeloproliferative neoplasms, a diverse group of bone marrow malignancies. Symptoms of myelofibrosis, particularly those associated with splenomegaly (abdominal distention and pain,
early satiety, dyspnea, and diarrhea) and constitutional symptoms, represent a substantial burden to patients. Most
patients eventually die from the disease, with a median survival ranging from approximately 5-7 years. Mutations in
Janus kinase 2 (JAK2), a kinase that is essential for the normal development of erythrocytes, granulocytes, and
platelets, notably the V617F mutation, have been identified in approximately 50% of patients with myelofibrosis.
The approval of a JAK2 inhibitor in 2011 has improved the outlook of many patients with myelofibrosis and has
changed the treatment landscape. This article focuses on some of the important issues in current myelofibrosis treatment management, including differentiation of myelofibrosis from essential thrombocythemia and polycythemia
vera, up-dated data on the results of JAK2 inhibitor therapy, the role of epigenetic mechanisms in myelofibrosis
pathogenesis, investigational therapies for myelofibrosis, and advances in hematopoietic stem cell transplant. Three
myelofibrosis cases are included to underscore the issues in diagnosing and treating this complex disease.

Introduction
Primary myelofibrosis (PMF) is a member of the myeloproliferative neoplasms (MPN), a diverse group of bone marrow
malignancies that includes chronic myelogenous leukemia
(CML), essential thrombocythemia (ET), polycythemia vera
(PV), chronic neutrophilic leukemia (CNL), chronic
eosinophilic leukemia, NOS (CEL-NOS), and systemic mastocytosis (SM). ET and PV are capable of evolving into a
myelofibrotic state (post ET-related MF and post PV-related
MF) that resemble PMF, and these three entities are collectively termed MF. MF is characterized by a hyperproliferative
bone marrow with dysmyelopoiesis and hypolobulated
megakaryocytes, bone marrow fibrosis, cytopenias or cytosis, and progressive splenomegaly.1 Symptoms of myelofibrosis, particularly those associated with splenomegaly (abdominal distention and pain, early satiety, dyspnea, and diarrhea)
and constitutional symptoms, represent a substantial burden
to patients. Most patients eventually die from the disease
with a median survival ranging from approximately 5-7
years.2,3 As shown in Table 1, the prognosis of PMF depends
on several factors, including age, presence of constitutional
symptoms, anemia, white blood cell (WBC) count, and percentage of peripheral blood blasts.4
Treatment of MF is generally based on the severity of the
patient’s disease and often directed to address an individual’s
clinical features (Table 2).5 Hematopoietic stem cell transplantation (HSCT) is the only potentially curative treatment;
however, it is associated with significant morbidity and mortality, and may not be a viable option for many MF patients
who are advanced in age and who suffer from other significant competing comorbidities. In recent years, the molecular

abnormalities underlying the natural history of MF have been
extensively studied. Mutations in Janus kinase 2 (JAK2), a
kinase that is essential for the normal development of erythrocytes, granulocytes, and platelets, notably the V617F
mutation, have been identified in approximately 50% of
patients with MF.6 The FDA approval of JAK2 inhibitor therapy in 2011 has improved the outlook of many patients with
MF. However, JAK2 tyrosine kinase inhibitor therapy does
not cure MF.
This article focuses on some of the important issues in current MF treatment management, including differentiation of
MF from ET and PV, up-dated data on the results of JAK2
inhibitor therapy, the role of epigenetic mechanisms in MF
pathogenesis, investigational therapies for MF, and improvements in the approach of HSCT. Three MF cases are also presented to underscore the issues in diagnosing and treating this
disease.

Diagnosis of primary myelofibrosis and its relationship
to essential thrombocythemia
Among the MPNs, PMF shares similarities with ET and PV,
both with respect to its molecular basis and its clinical presentation.7 For example, JAK2 mutations are estimated to be
present in approximately 95%, 50%-60%, and 50% of PV,
ET, and PMF patients, respectively.8 Furthermore, isolated
thrombocytosis can be the presenting sign for all three conditions.7 However, PV, ET, and PMF are distinct clinical entities with unique pathologies and varying prognoses. Thus,
the use of precise diagnostic criteria that can distinguish
among these MPNs is essential for proper patient management. Case 1 illustrates the complexities of making a diagnosis of PMF.
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Diagnosis of primary myelofibrosis versus essential
thrombocythemia
The WHO 2008 diagnostic criteria for PMF have been
widely accepted (see Table 3 for a summary).9 To confirm
a diagnosis of PMF, patients must meet all three major criteria plus two minor criteria. The major criteria are largely
histopathology-based. For example, the presence of
increased megakaryopoiesis with a preponderance of
atypical megakaryocytes is an important characteristic of
PMF. Such findings are usually associated with increased
bone marrow cellularity. The latter, although less frequently, can also occur in cases of ET. The integration of
major and minor criteria makes the diagnosis specific.
More commonly fulfilled minor criteria include the presence of a high lactate dehydrogenase (LDH) level,
splenomegaly, and/or anemia. Although reproducibility of
the histological parameters of the WHO classification has
been questioned in some studies, there is some published
evidence to support its validity.10 A gap in the literature is
evidence that a broad spectrum of pathologists find the
criteria applicable and reproducible.
The long-term survival of patients with ET is significantly better than that for patients with prefibrotic PMF.11
Patients with ET also have higher event-free survival (EFS)
rates.12 The differences in survival, progression, and complications between prefibrotic PMFs and ET patients are
summarized in Table 4.13,14 Although some of the same

Table 1. The International Prognostic Scoring System (IPSS) for
myelofibrosis 2 and the dynamic IPSS (DIPSS).4

Point/value
Parameter
Age >65 years
Presence of constitutional symptoms
Hemoglobin <10 g/dL
WBC count >25x109/L
Blood blasts ≥1%

Risk group
Low
Intermediate-1
Intermediate-2
High

IPSS

DIPSS

1
1
1
1
1

1
1
2
1
1

IPSS Score

Median Survival

0
1
2
≥3

11.25 years
7.92 years
4.00 years
2.25 years

Table 2. Therapeutic options for myelofibrosis patients based on clinical need.

Clinical need
Anemia

Agents/interventions

Corticosteroids, danazol,
erythropoiesis- stimulating agents
(ESAs), immunomodulatory drugs
(IMiDs)
Symptomatic splenomegaly
Ruxolitinib, hydroxyurea (HU),
cladribine, splenectomy
Extramedullary hematopoiesis
Radiation therapy
Risk of thrombosis or recurrence Low-dose ASA, HU
Constitutional symptoms/QOL
ruxolitinib
Risk for leukemia transformation None
Improved survival
HSCT

complications, especially evolution to overt MF, occur in
ET patients, their incidence and severity are generally
much lower than in PMF patients.
Prefibrotic PMF and ET are reported to have distinct
morphological characteristics.11 As illustrated in Figure 1,
prefibrotic PMF is associated with a hypercellular marrow
characterized by the presence of increased numbers of
hypolobulated megakaryocytes with atypical forms often
present in clusters, increased granulopoiesis, and
decreased erythropoiesis.11 By contrast, ET bone marrow
is notably less cellular with largely unremarkable erythro-

Table 3. WHO 2008 Diagnostic Criteria for Primary Myelofibrosis.9

Major criteria*
1. Presence of megakaryocyte proliferation and atypia,a usually accompanied by either reticulin and/or collagen fibrosis, or in the absence of significant reticulin fibrosis the megakaryocyte changes must be accompanied by an increased bone marrow cellularity characterized by granulocytic proliferation and often decreased erythropoiesis (i.e. prefibrotic
cellular-phase disease).
2. Not meeting WHO criteria for polycythemia vera,b BCR-ABL1+ chronic
myelogenous leukemia,c myelodysplastic syndromes,d or other myeloid
neoplasms.
3. Demonstration of JAK2V617F or other clonal marker (e.g., MPLW515L/K),
or in the absence of a clonal marker, no evidence that the bone marrow
fibrosis or other changes are secondary to infection, autoimmune disorder or other chronic inflammatory condition, hairy cell leukemia or other
lymphoid neoplasm, metastatic malignancy, or toxic (chronic)
myelopathies.e

Minor criteria*
1.
2.
3.
4.

Leukoerythroblastosisf
Increase in serum LDH levelf
Anemiaf
Splenomegalyf

* To confirm a diagnosis of primary myelofibrosis, patients must meet all three major
plus two minor criteria. a Small to large megakaryocytes with an aberrant nuclear/cytoplasmic ratio and hyperchromatic, bulbous, or irregularly folded nuclei and dense clustering. bRequires the failure of iron replacement therapy to increase hemoglobin level to
the polycythemia vera range in the presence of decreased serum ferritin. Exclusion of
polycythemia vera is based on hemoglobin and hematocrit levels and red cell mass
measurement is not required. cRequires the absence of BCR-ABL1. dRequires absence of
dyserythropoiesis and dysgranulopoiesis. eIt should be noted that patients with conditions associated with reactive myelofibrosis are not immune to primary myelofibrosis
and the diagnosis should be considered in such cases if other criteria are met. fDegree
of abnormality could be borderline or marked.

Table 4. Survival and complications in prefibrotic primary myelofibrosis versus essential thrombocythemia.13,14

Outcome

Prefibrotic PMF

10-year survival rate
15-year survival rate
Leukemic transformation rate
At 10 years
At 15 years
Progression to overt myelofibrosis rate
At 10 years
At 15 years
Thrombotic events
Major hemorrhagic events

ET

76%
59%

89%
80%

5.8%
11.7%

0.7%
2.1%

12.3%
16.9%
25%
21%

0.8%
9.3%
22%
6%

PMF: primary myelofibrosis; ET: essential thrombocythemia.
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poiesis and granulopoiesis. Megakaryopoiesis is increased
with large hyperlobulated (staghorn-like) megakaryocytes. Problems may arise when there is a mixture of
megakaryocyte morphology.

Polycythemia vera versus essential thrombocythemia
and primary myelofibrosis
In contrast to ET, which has no specific distinguishing
clinical or laboratory features and, therefore, remains a
diagnosis of exclusion,7 a unique set of PV diagnostic criteria has been developed.15 A diagnosis of PV requires the
presence of both major criteria and one minor criterion or
the presence of the first major together with two minor
criteria. Importantly, 50% of ET patients harbor
JAK2V617F. Although the diagnostic criteria for PV are
useful, they may not capture early phases of the disease.
The so-called “pre-polycythemic” PV must be excluded in
thrombocytotic patients, particularly those with microcytic anemia, low ferritin, and/or who lack stainable bone
marrow iron. The first major WHO criterion for diagnosing PV is often not fulfilled in such patients and they may
be erroneously considered to have ET.
Early stage PV can be distinguished from ET by bone
marrow histology. PV can be suspected in cases with a
hypercellular panmyelotic marrow with pleomorphic
megakaryocytes. In addition, a marrow fibrosis grade 1-2
on a scale of 4 is much more commonly seen in PV than in
ET.
A diagnosis of prefibrotic PMF raises several questions
that still have to be answered. 1) Can IFN or JAK2

inhibitor therapy be used to prevent disease progression?
2) Should low-dose aspirin or hydroxyurea (HU) be used
for thrombosis prophylaxis? 3) Is observation and blood
count monitoring sufficient? 4) Should bone marrow biopsies be periodically repeated? Unfortunately, the therapeutic implications of distinguishing between ET and early
PMF remain uncertain, and a therapeutic strategy that prevents or delays disease progression to overt MF has yet to
be identified. Cases 2 and 3 (see below) illustrate how
some of these questions are answered.

JAK2 inhibitors
Based on the observation that approximately 50% of
patients with MF harbor the JAK2V617F mutation,6 development of JAK2 inhibitor therapies has been actively pursued. The first such agent to be developed and given to
patients is ruxolitinib (Jakafi, Incyte; JAKAVI, Novartis), a
small-molecule inhibitor of JAK1/JAK2 that was approved
in 2011 for the treatment of patients with intermediate- or
high-risk MF, including PMF, post-PV MF, and post-ET
MF.16 Ruxolitinib was evaluated in a phase I/II study of
patients with MF that established the safety and efficacy
of this agent in terms of symptom improvement and
spleen reduction, and provided the rationale for phase III
studies.17 This study also established what has subsequently become a standard for determining response to
JAK inhibitors in clinical studies, which is the use of magnetic resonance imaging (MRI) to determine spleen volume based on the correlation between a 35% reduction in
volume and a 50% reduction in palpable spleen length.

Figure 1. Prefibrotic PMF is
associated with a hypercellular
marrow characterized by the
presence of increased numbers
of hypolobulated megakaryocytes with atypical forms often
present in clusters, increased
granulopoiesis and decreased
erythropoiesis (left). ET bone
marrow is less cellular with
largely unremarkable erythropoiesis and granulopoiesis
(right). Megakaryopoiesis is
increased with large hyperlobulated (staghorn-like) megakaryocytes.

(Top): republished with permission of
American Society of Hematology.
Permission
conveyed
through
Copyright Clearance Center, Inc.11

haematologica | 2013; 98(10)

1501

J.O. Mascarenhas et al.

The COMFORT-I and COMFORT-II studies were among
the first randomized phase III studies to be conducted in
MF patients.18,19 These studies had similar designs; COMFORT-I was conducted in the United States, Canada, and
Australia and compared ruxolitinib to placebo, while
COMFORT-II was conducted in Europe and compared
ruxolitinib to best available therapy.
Up-dated safety and efficacy results for the COMFORTI and COMFORT-II studies were presented at the
American Society of Hematology (ASH) meeting in
December 2012 (Table 5).20,21 Ruxolitinib treatment resulted in a significant decrease in spleen reduction, with
41.9% of patients in COMFORT-I achieving a 35% reduction or more in spleen volume at Week 24 and 28.5% of
patients in COMFORT-II achieving a 35% or more reduction in spleen volume at Week 48. The degree of spleen
reduction appeared to correlate with improved outcome.
A subgroup analysis of COMFORT-II revealed that the
vast majority of both JAK2V617F+ and JAK2V617F–
patients experienced a reduction in spleen volume.22
Overall, responses were observed for ruxolitinib-treated
patients in all subgroups and were higher than those in
patients receiving best available therapy (BAT).
Statistically significant differences in overall survival (OS)
were observed between study arms in COMFORT-I
(Figure 2), and a survival benefit was also observed in
COMFORT-II. The dose and duration of ruxolitinib therapy, as well as the degree of spleen reduction, appear to be
critical to survival outcomes.
The most common adverse events in both studies were
anemia and thrombocytopenia, although it should be
noted that the majority of patients had grade 1-2 anemia
and/or thrombocytopenia at baseline. To address the ane-

mia, a small number of patients (n=13) in the COMFORTII study received recombinant erythropoiesis-stimulating
agents (ESAs), which appeared to be well tolerated and,
interestingly, did not result in an increase in spleen size.
The management of thrombocytopenic patients treated
with ruxolitinib is currently being evaluated in the
EXPAND phase Ib study and a study sponsored by Incyte.
Non-hematologic adverse events associated with ruxolitinib therapy were not serious in nature and the most frequently reported were headache, dizziness, and easy
bruising unrelated to the platelet count. Both of these
studies were also up-dated at the ASH 2012 meeting and
appear to show equivalent efficacy and tolerability in this
subgroup of patients.23,24
Although no specific pattern of return of symptoms
after withdrawal of ruxolitinib was reported in either
COMFORT study, an investigator at a single institution
has reported the occurrence of life-threatening hemodynamic instability after abrupt cessation of ruxolitinib.25
Attempts to taper ruxolitinib whenever possible, combined with the use of prednisone taper to blunt the acute
return of symptoms, are generally recommended.
In addition to ruxolitinib, there are a significant number
of other JAK inhibitors at different phases of development.
Most of them show the same profile of efficacy as ruxolitinib, i.e. spleen and symptom reduction. However, as
data from early phase studies indicate, some of these
agents have different tolerability and efficacy. A phase I/II
study26 with SAR302503 reported that SAR302503 was
generally well tolerated with frequent grade 1 adverse
events, and significantly improved symptoms, such as
anorexia and pruritus. However, in contrast to the findings
with ruxolitinib, these effects occurred in the absence of a

Table 5. COMFORT-I and COMFORT-II studies.18-21
N.
Primary end point
% Patients that achieved primary end point
Survival

COMFORT-I

COMFORT-II

309, randomized 1:1
≥35% reduction in spleen volume at Week 24
41.9%
Ruxolitinib associated with OS benefit
(HR=0.58; 95% CI: 0.36-0.95; P=0.028)

219, randomized 2:1
≥35% reduction in spleen volume at Week 48
28.5%
Ruxolitinib associated with OS benefit
(HR=0.54; 95% CI: 0.27-1.00)

1.0

Survival probability

0.8
HR=0.50 (0.25-0.98)

0.6

P=0.04
0.4
Ruxolitinib

0.2

0.0

Number of patients at risk--Ruxolitinib
155 155 155 154 153 152 148 144 143 143 140 134 102 68
Number of patients at risk--Placebo
154 152 151 148 147 147 142 139 132 131 123 115 83 58

0

1502

Placebo

4

52

37

18

8

3

45

35

20

9

3

8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76
Weeks

Figure 2. Ruxolitinib-treated
patients in COMFORT-I experienced a statistically significant
increase in overall survival (OS)
compared to placebo.

Reprinted with permission from
Massachusetts Medical Society.18
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marked reduction in serum pro-inflammatory cytokine
levels (e.g. IL-2, IL-6, IL-8, TNF-α) and in the absence of
significant JAK1 inhibition. Two unique, potentially significant aspects of response to this agent include a decrease
in the JAK2V617F allele burden during therapy in the
mutation-positive subjects and the recently reported
reduction in marrow fibrosis scores.27 Following six cycles,
16 of 20 (80%) patients with a base-line JAK2V617F allele
burden of more than 20% experienced a median reduction
of 61%. These preliminary results reported with
SAR302503 are promising and of great interest if confirmed in phase III studies, although their clinical significance remains to be assessed, as the benefit is unlikely to
equate to the reduction in the level of BCR/ABL1 burden
in CML. The phase III JAKARTA study has completed
recruitment and results are expected this year; in addition,
JAKARTA 2, evaluating this agent in patients resistant or
refractory to ruxolitinib, is also open. In the phase II study
with SB1518 (pacritinib), rapid and sustained responses in
spleen have been seen for MF at the 400 mg/die dose.28 In
an update presented at the ASH 2011 meeting, after a
median time on-study of 8.2 months (range 0.5-12.1), 50%
of patients had discontinued treatment and response rates
were 44% on physical examination and 32% by MRI
(35% reduction in volume). Two patients met criteria for
anemia response,28 and a phase III study has been
launched. Pardanani recently presented data from a phase
I/II multicenter study with CYT387 demonstrating the
anticipated improvements in splenomegaly and constitutional symptoms, as well as in transfusion requirements.29
Subjects have now reached a minimum of nine months on
study, and up-dated safety and efficacy results were presented; 166 subjects were enrolled and the median duration (range) of follow up is 16.1 months (0.7-31.0 months).
Particular novel data of interest with this compound are
transfusion independence responses that were observed in
more than half of the RBC transfusion-dependent subjects
with a maximal transfusion-free period exceeding two
years and still ongoing. In addition, the percentage of all
subjects requiring RBC transfusions substantially
decreased over the treatment period. As has been previously reported, treatment with CYT387 resulted in rapid
and sustained reductions in splenomegaly, with maximal
response duration now approaching two years.
Concerning safety, the most common treatment-related
AEs were thrombocytopenia, peripheral neuropathy,
dizziness, diarrhea, nausea, and headache. Treatmentrelated peripheral neuropathy is a characteristic of this
agent. It was reported as sensory, and mainly grade 1.
There were no treatment-related deaths. A phase III study
with this agent is also due to start shortly.
Although JAK inhibition clearly reduces the symptomatic burden of MF, it is neither curative nor effective in
reducing the risk of leukemic transformation. Strategies to
improve upon JAK inhibition therapy include exploration
of other investigational small molecule JAK inhibitors,
combining JAK inhibitors with other agents, and combining JAK inhibitors with HSCT. The key to optimal JAK
inhibitor therapy is likely to lie between patient selection
and proper dosing strategy.

The evolving role of histone deacetylase inhibitor
therapy for myeloproliferative neoplasms
Epigenetic changes are increasingly being recognized as
playing an important role in the progression of malignanhaematologica | 2013; 98(10)

cies, including MPNs. Such changes encompass biochemical modifications to DNA or histones that are somatically
heritable from mother cell to daughter cell. Epigenetic
modifications lead to changes in the expression of downstream genes, and also contribute to genomic instability
and drug resistance. Thus far, two of the most well-studied epigenetic processes are DNA methylation and histone
deacetylation. DNA methyltransferases (DNMTs) catalyze the methylation of CpG islands within promoter
sites of DNA, thereby down-regulating transcription by
blocking access to transcription factor complexes.
Observations that support deregulation of DNA methylation in MPNs include hypermethylation of key genes
important for cell cycling, differentiation, and homing of
hematopoietic cells to the bone marrow,30-32 and hypermethylation of genes that negatively regulate the hyperactive
JAK/STAT signaling pathway.33
Histone deacetylases (HDACs) remove acetyl groups
from lysine residues on histone tails, thereby inducing an
inactive or closed conformation that restricts access of
transcription factors to DNA and thus downregulation of
transcription. HDACs fall into four classes that differ in
their subcellular localization, tissue distribution, substrates, and binding partners. Two HDAC inhibitors
(HDACis) have been FDA-approved for the treatment of
cutaneous T-cell lymphoma, and several others are in clinical development for a wide array of cancers. HDACis
modulate the acetylation status of histones as well as
other non-histone proteins, resulting in a variety of different biological effects, including growth and cell cycle
arrest, cellular differentiation, inhibition of angiogenesis,
apoptosis, and immune surveillance (Figure 3). Enhanced
HDAC expression has been observed in patients with
PMF.35 Pre-clinical data support the use of HDACis in
MPN.36-38 Characteristics and preliminary results for the
use of several HDAC inhibitors in MPNs are described
below.
Pracinostat is an orally bioavailable pan-HDACi that has
1,000-fold selectivity for class 1 and 2 HDACs.39,40 In a
phase II study of 22 patients with intermediate- and highrisk MF, single-agent pracinostat resulted in reductions in
splenomegaly in 27% of patients. The most common
adverse event was fatigue, and grade 3-4 toxicities included neutropenia in 13% of patients and thrombocytopenia
in 21% of patients; no grade 3-4 anemia was observed.41
Givinostat is an orally bioavailable inhibitor of class 1
and 2 HDACs.42 The safety and activity of single-agent
givinostat were demonstrated in a phase II study in
patients with JAK2V617F+ MPNs (MF, n=16; ET, n=1; PV,
n=12).43 Overall, 38% of patients with MF and 75% of
patients with ET/PV experienced a reduction in
splenomegaly, prompting phase II evaluation in patients
with ET/PV. In a separate study, combination
givinostat/HU in patients with JAK2V617F+ PV who had
suboptimal responses with single-agent HU resulted in a
response rate of 45-50% and a notable reduction in pruritus in a majority of patients; no grade 3-4 toxicities were
observed.44
Panobinostat is a pan-HDACi with superior nanomolar
potency for inhibition of class 1, 2, and 4 HDACs compared to other HDAC inhibitors.45-47 A phase II study of
single-agent panobinostat was conducted in 35 patients
with intermediate/high risk MF.48 Molecular assays
showed decreased JAK2 and PRV1 mRNA expression,
increased histone acetylation, and decreased JAK2 and p1503
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Figure 3. Cartoon depicting the
regulation of transcription by two
types of chromatin modifying
agents. HDAC inhibitors (HDACI)
inhibit the enzymatic activity of
HDACs which result in hyperacetylation of histones. DNA methyltransferase inhibitors (DNMTI)
inhibit the methylation of DNA
sequences by inhibiting the catalytic activity of DNMT. Increased
acetylation of histones and reduction in DNA promoter site methylation allow for transcription of
genes that result in a variety of different biological effects, including
growth and cell cycle arrest, cellular differentiation, inhibition of
angiogenesis, apoptosis, and
immune surveillance.

Reproduced by kind permission of
Springer Science+Business Media.34

STAT3/5 protein levels in peripheral blood mononuclear
cells from patients treated with panobinostat. While 69%
of patients who received at least one dose of panobinostat
experienced a 25% or more reduction in spleen size, the
dose of 40 mg thrice weekly was found to be too high
according to its toxicity profile (e.g. 53% grade 3-4 thrombocytopenia, 28% grade 3-4 anemia, and 22% grade 3-4
fatigue) that led to an early discontinuation rate. Two
patients achieved a 2 g/dL increase in hemoglobin level
(maintained less than 8 weeks) and a single patient
achieved a clinical improvement (CI) in spleen reduction
by international working group (IWG) criteria. A phase I
dose-escalation study of single-agent panobinostat administered at lower doses was conducted in 18 patients with
MF and proved to be clinically well tolerated (no nonhematologic
grade
3-4
adverse
events).49
Thrombocytopenia was determined to be the dose-limiting toxicity and 25 mg thrice weekly the recommended
phase II dose. Prolonged administration of panobinostat in
5 patients resulted in elimination of leukoerythroblastic
blood features, improvement in anemia, resolution of
1504

splenomegaly, reduction in MF symptoms, and in 2 cases
improvement in bone marrow histopathological features
and regression of marrow fibrosis. Thus far, low-dose, single agent, oral panobinostat appears to be both clinically
and biologically active as well as well tolerated.
Several ongoing and planned studies have been
designed to evaluate combination HDACi/JAK2 inhibitor
therapy, including a phase Ib European study and a phase
I/II US study (PRIME) that are investigating combination
panobinostat/ruxolitinib therapy in patients with MF, as
well as a pracinostat/pacritinib study. Pre-clinical rationale
for the combination of these two agents is supported by
compelling laboratory and murine models of MF.37,50 In
addition, combination HDACi/DNMT inhibitor therapy
trials are being planned.

Development of novel drug combinations for treatment
of myelofibrosis
A key therapeutic challenge in MF in the post-JAK2 TKI
era is to improve the efficacy against JAK2V617F, which
can theoretically be accomplished by two strategies:
haematologica | 2013; 98(10)
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reducing JAK2V617F allelic burden and inactivating downstream components of the JAK/STAT signal transduction
pathway. Currently, four classes of investigational agents
are being evaluated that target JAK2V617F or downstream
signaling molecules, as shown in Figure 4: HDACis/Hsp90
inhibitors, PI3K/mTOR inhibitors, PIM kinase inhibitors,
and MEK inhibitors.51

Heat-shock protein 90 (Hsp90) inhibitors
Hsp90 is an ATP-dependent, dimeric molecular chaperone that folds and stabilizes its client proteins, including
JAK2 and STAT5, into their active conformations.52 Hsp90
inhibitors bind to the N-terminal ATP-binding domain of
Hsp90 and inhibit its chaperone function, which has been
shown to induce proteasome-mediated degradation of
client proteins in MPN cells. Interestingly and importantly,
pan-HDACis, such as vorinostat and panobinostat, induce
Hsp90 acetylation, inhibit Hsp90 chaperone function, and
promote proteasomal degradation of Hsp90 client proteins
in MPN cells.
Hsp90 inhibitors have shown promise in both reducing
JAK2V617F allelic burden and overcoming resistance to
JAK2 inhibitor therapy. Panobinostat is an HDACi that
also mediates acetylation of Hsp90. This agent has been
shown to induce apoptosis in JAK2V617F+ MPN cells,
likely via the inhibition of chaperone association
between JAK2 and Hsp90, thereby resulting in proteasomal degradation of JAK2.53 Co-treatment of MPN
stem/progenitor cells with panobinostat and the JAK2

inhibitor TG101209 results in increased cell death compared to treatment with either compound alone, providing the rationale for combination JAK2/Hsp90 inhibitor
therapy as noted above.53
AUY922 is an Hsp90 inhibitor that has been shown to
deplete JAK2 and to induce apoptosis in MPN cells. This
compound is also known to disrupt chaperone association
of JAK2 with Hsp90 and induces degradation of JAK2.
Similar to the results observed with panobinostat
described above, co-treatment of primary MPN cells with
AUY922 and the JAK2 inhibitor TG101209 enhances
apoptosis.54
Two lines of evidence suggest that Hsp90 inhibitors also
appear to have a potential role in overcoming resistance to
JAK2 inhibition. First, JAK2 TKI-resistant MPN cells have
been shown to exhibit greater sensitivity to AUY922 than
non-resistant cells.54 Second, the Hsp90 inhibitor PU-H71
was demonstrated to abrogate heterodimeric JAK/STAT
activation in JAK2 inhibitor therapy-resistant cell lines.55

PI3K/mTOR inhibitors
The PI3K/mTOR signaling pathway plays an important
role in cell growth and proliferation in many malignancies,
including MF.56-58 BEZ235 is a dual PI3K/mTOR inhibitor
that has been shown to induce apoptosis in MPN cells.
Co-treatment of PMF cells with BEZ235 and the JAK2
inhibitor SAR302503 enhances JAK2 inhibitor-mediated
loss of survival, and BEZ235 also induces apoptosis in
JAK2-TKI–resistant MPN cells.59

Figure 4. HDACis/Hsp90
inhibitors, PI3K/mTOR
inhibitors, PIM kinase
inhibitors,
and
MEK
inhibitors
target
JAK2V617F or downstream signaling molecules.

Reproduced by kind permission of Elsevier 2012.51
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In addition to agents that abrogate Hsp90 activity, several other targeted therapies are currently being evaluated
for their activity in MF. Agents that show activity alone or
in combination with a JAK2 inhibitor include the MEK
inhibitor AZD6244, the PIM kinase inhibitor SGI1776, the
β-catenin antagonist BC2059, and DNMT1 inhibitors.51

Hematopoietic stem cell transplantation for myelofibrosis
Allogeneic HSCT remains the only potentially curative
therapy for MF. HSCT is an established treatment capable
of eradication of the disease process, normalization of
bone marrow findings (including reversal of bone marrow
reticulin and collagen fibrosis), and produces durable disease-free survival (DFS). However, this “high-reward”
treatment is also associated with high risk, and represents
a major commitment for the patient.
An important issue regarding the use of HSCT in MF
patients is the optimal timing for a particular individual.
As shown in Figure 5, patients with early stage disease, as
defined by Dynamic International Prognostic Scoring
System (DIPSS) risk category, have better survival after
transplant; such patients also tend to have lower nonrelapse mortality (NRM) rates.60 Unfortunately, the majority of patients with MF are beyond the 6th decade of life
and are not ideal candidates for this definitive therapeutic
approach.
In MF patients, HSCT has conventionally been performed with busulfan/cyclophosphamide-based myeloablative chemotherapy regimens. However, MF patients
tend to be older and intolerant to such aggressive regimens. Recently developed reduced intensity conditioning
(RIC) regimens have enabled treatment of older MF
patients with less transplant-related morbidity and mortality. For example, busulfan/fludarabine (Bu-Flu) conditioning has demonstrated both tolerability and the potential to
reverse clinical and pathological evidence of MF.61
Unpublished data from the MD Anderson Cancer Center
indicate that pharmacokinetic-based dosing (by area
under the curve, AUC) of busulfan rather than body surface area (BSA)-based dosing results in superior survival.
HSCT with Bu-Flu conditioning results in a dramatic
decrease in JAK2 activity and splenomegaly at one month
after transplant, and bone marrow fibrosis decreases to
81%, 72%, 37%, and 19% at 1, 3, 6, and 12 months after
transplant. (U Popat, personal communication, 2013).
Such low-intensity regimens are increasingly being recognized as an appropriate option for MF patients, and the
number of transplants performed in this patient population (including patients aged 60 years and over) has progressively increased in the past two decades.62

Case 1. ET and early phases of PMF: are they different
and does it matter? (courtesy of A. Orazi)
A 43-year old man with a history of thrombocytosis of
a few years duration was referred for evaluation of a possible MPN. His spleen was palpable 1 cm below the costal
margin, and his November 2007 complete blood chemistry (CBC) results were: hemoglobin (Hb) 13.1 g/dL;
hematocrit (Hct) 39.5%; mean corpuscular volume (MCV)
80.5 fL; WBC count 6.5x109/L; platelets 483x109/L. His
peripheral blood smear showed mild anisopoikilocytosis
and thrombocytosis, and the bone marrow aspirate was
inadequate. The following test results were also obtained:
lactate dehydrogenase (LDH) 248 U/L (normal range 961506

200 U/L); JAK2V617 was positive by polymerase chain
reaction (PCR); red cell mass (RCM) within normal range;
normal erythropoietin; normal bone marrow flow cytometry; normal karyotype; BCR-ABL1– (by fluorescent in situ
hybridization, FISH); and TCRγ and IgH chain gene negative (by PCR).
Bone marrow histopathology revealed hypercellularity,
increased granulopoiesis and megakaryopoiesis, highly
pleomorphic megakaryocytes displaying atypia, tight clusters of megakaryoctyes, grade 1 fibrosis by Bauermeister
scale, and lymphoid aggregates most consistent with lymphoid follicle formation. A diagnosis of early stage PMF
was made based on abnormal bone marrow histopathology and the presence of two minor criteria, splenomegaly
and elevated LDH.
Four years later, repeat biopsy indicated that the patient
had progressed to overt PMF based on marrow
histopathology. He also had splenomegaly and radiographic (documented splenic vein thrombosis). Portal
hypertension resulted in esophageal variceal bleeding
which was managed with serial banding and intermittent
beta-blockers. Pegylated interferon (IFN) therapy was initiated, but did not effectively reduce the splenomegaly. He
is currently receiving low molecular weight heparin for
secondary thromboprophylaxis.

Case 2. Symptomatic myelofibrosis (courtesy
of C. Harrison)
A 65-year old female who had been previously diagnosed with PV in 1974 was asymptomatic at re-presentation, but was noted to have a ruddy complexion. Initial
treatment consisted of phlebotomy and busulfan; however, she was switched to hydroxycarbamide (HC) in 1989
as the risks associated with busulfan became increasingly
apparent. The patient developed severe ulcers in January
2009, which resolved four months after HC discontinuation. The ulcers recurred upon HC re-challenge, so she
was switched to interferon (IFN). Although she found it
difficult to tolerate the IFN-related side effects, she continued to receive this agent. From 2007 to 2008, the patient’s
spleen progressively enlarged, she experienced night
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Figure 5. Patients with early stage disease, as defined by Dynamic
International Prognostic Scoring System (DIPSS) risk category, have
better survival after transplant.

Republished by kind permission of the American Society of Hematology,
2012.60 Permission conveyed through Copyright Clearance Center, Inc.
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sweats and fatigue, and she lost a notable amount of
weight (15 kg). Treatment with pegylated IFN was initiated in an attempt to reduce IFN-related side effects; however, this did not result in resolution of splenomegaly or
symptoms.
In June 2009, the patient was diagnosed with post-PV
MF that fulfilled the IPSS high-risk category. Symptoms
and signs included massive splenomegaly (32 cm in
length), leukocytosis (WBC 30x109/L), anemia, and
hepatomegaly. Although HSCT, splenectomy, and lowdose splenic irradiation were also considered, the patient
elected to enroll on a JAK2 inhibitor clinical trial.

Case 3. Myelofibrosis in blast phase (courtesy
of J. O. Mascarenhas)
A 52-year old woman was referred to a hematologist for
evaluation of isolated thrombocytosis, which was documented in November 2001 at 69 x109/L. Her medical history included hypertension, obesity, osteoarthritis of the
bilateral knees, and a Caesarean section 25 years prior. She
was currently taking amlodipine and metoprolol. On
physical examination she was obese and had no evidence
of organomegaly. In addition to the elevated platelets, laboratory results included WBC 8.6x109/L, Hb 12.2 g/dL,
and no evidence of leukoerythroblastosis on manual
review of peripheral blood smear. Her erythrocyte sedimentation rate (ESR) was 5, her LDH was normal, and she
had normal renal and hepatic function. Bone marrow evaluation revealed a hyperproliferative marrow with atypical
megakaryocytes seen singly and in clusters with atypical
nuclei in the background of dense hematopoietic elements. Molecular studies showed a JAK2V617F allele burden of 13% and BCR-ABL and MPL mutation were negative; her karyotype was normal. Following a diagnosis of
ET, she was treated with aspirin 81 mg/die and metoprolol
for better blood pressure control; she was also advised to
lose weight.
Seven years later, in November 2008, she re-presented
with mild night sweats, progressive fatigue, and global
weakness, and complained of left upper quadrant abdominal pain after eating. She had lost 20 pounds intentionally
with diet and exercise. Her spleen was now 6 cm below
the left costal margin and tender. Her liver tip was barely
palpable with deep inspiration. Hematologic values were:
WBC 23.5x109/L; Hb 9.5 g/dL; and platelet count
245x109/L, and there was evidence of early myeloid forms
on the peripheral blood smear. One percent blasts were
noted by manual count and confirmed by flow cytometry,
with occasional nucleated red blood cells and large platelet
forms. Her LDH was elevated at 330 IU/L, ALT was 80
U/L, creatinine was normal, and she had hyperuricemia.
Repeat bone marrow biopsy showed less cellularity with
a cluster of atypical tightly clustered megakarytocytes,
atypical nuclei, and distortion of the marrow architecture.
She also had dense, coarse reticulin fibers and collagen
fibrosis. Additionally, her JAK2V617F allele burden was
increased to 55% and she had acquired a 20q abnormality
as determined by FISH. Her hematologist started her on
HU for the symptomatic spleen and she was given the
diagnosis of post ET MF. Her DIPSS score was 4 points,
placing her in the intermediate-2 risk category with an
increased risk of leukemic transformation. Additional
treatment choices at that time would be observation,
immunomodulatory agents, ruxolitinib, HSCT, or enrollment on to a clinical trial.
haematologica | 2013; 98(10)

The patient initially did well on HU, with improvement
in her WBC count and her spleen. She was doing relatively
well until November 2012 when she developed worsening
night sweats and low-grade fevers, profound fatigue, global weakness, debilitating bone pains, abdominal discomfort, bloating, and diarrhea, and was requiring 2 units of
packed red blood cells every 2-3 weeks. Her spleen tip was
now 10 cm below the left costal margin, her liver was 3
cm, and she had a WBC count of 44x109/L, Hb 7.5 g/dL,
and platelet count 76x109/L. On review of her peripheral
blood, she had 45% blasts, which flow cytometry
revealed to be myeloblasts. Repeat bone marrow biopsy
showed distortion of the marrow architecture, and
immunohistochemical staining confirmed the presence of
myeloblasts. Thus, her disease has now effectively transformed into acute leukemia, the definition of which is at
least 20% blasts either in the peripheral blood or the bone
marrow, and the terminology is MF in blast phase.
Treatment options include supportive care, induction
chemotherapy,
hypomethylating
agents
(azacitidine/decitabine), HSCT, and enrollment onto a
clinical trial.

Conclusion
The MPNs are a collection of diseases that have overlapping clinico-pathological features and can present a challenge to the pathologist and hematologist in correctly distinguishing one from the other. This is particularly true in
the case of ET and early phase/pre-fibrotic form of MF. MF
is a challenging myeloid malignancy to treat effectively,
limited by advanced age in the majority of patients, the
presence of competing comorbid conditions, and the availability of tolerable disease-modifying agents. The development of oral JAK2 inhibitors and the approval of ruxolitinib for the treatment of MF patients have clearly impacted the treatment paradigm. Recent reports of survival
advantage with ruxolitinib therapy are exciting, but are
not explained by reversal of bone marrow pathological
features or elimination of JAK2V617F in treated patients.
Current MPN translational research focuses on developing
therapeutic approaches based on pre-clinical rationale and
attempts to combine agents that inhibit aberrant oncogenic pathways and target epigenetic alterations. HSCT
remains the only treatment approach that offers the
potential for cure at a risk of transplant morbidity and
mortality that is not insignificant. As conditioning regimens are refined and intensity reduced, and innovative
transplant approaches incorporate pre-conditioning JAK2
inhibition, more MF patients of advanced age will become
eligible for this treatment modality. In the last six years,
advances in the understanding of molecular mechanisms
underlying pathological features of MF have resulted in
improved therapeutic options and will allow for continued
success in developing effective treatments for all MF
patients.
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