Send Orders of Reprints at reprints@benthamscience.org

Current Medicinal Chemistry, 2012, 19, 4399-4413 4399

Biology and Clinical Management of Myeloproliferative Neoplasms and Development

of the JAK Inhibitor Ruxolitinib

J. Mascarenhas', T.1. Mughal2 and S. Verstovsek*?

Mount Sinai School of Medicine, New York, USA; 2Tufts University School of Medicine, Boston, Massachusetts, USA; 3The Univer-

sity of Texas MD Anderson Cancer Center, Houston, Texas, USA

Abstract: Myeloproliferative neoplasms (MPN) are debilitating stem cell-derived clonal myeloid malignancies. Conventional treatments
for the BCR-ABL1-negative MPN including polycythemia vera (PV), essential thrombocythemia (ET), and primary myelofibrosis (PMF)
have, so far, been unsatisfactory. Following the discovery of dysregulated JAK-STAT signaling in patients with MPN, many efforts have
been directed toward the development of molecularly targeted therapies, including inhibitors of JAK1 and JAK2. Ruxolitinib (previously
known as INCB018424; Incyte Corporation, Wilmington, Delaware, USA) is a rationally designed potent oral JAK1 and JAK2 inhibitor
that has undergone clinical trials in patients with PV, ET, and PMF. Ruxolitinib was approved on November 16, 2011 by the United
States Food and Drug Administration for the treatment of intermediate or high-risk myelofibrosis (MF), including patients with PMF,
post-PV MF, and post-ET MF. In randomized phase III studies, ruxolitinib treatment resulted in significant and durable reductions in
splenomegaly and improvements in disease-related symptoms in patients with MF compared with placebo or best available therapy. The
most common adverse events were anemia and thrombocytopenia, which were manageable and rarely led to discontinuation. This review
addresses the cellular and molecular biology, and the clinical management of MPN.
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THE CLASSIFICATION,
SYMPTOMATOLOGY  OF
NEOPLASMS

Classification

PATHOPHYSIOLOGY, AND
MYELOPROLIFERATIVE

Myeloproliferative neoplasms (MPN) are stem cell-derived
clonal myeloid malignancies [1]. The World Health Organization
(WHO) classification system for hematopoietic malignancies rec-
ognizes MPN as a separate category which includes subcategories,
based on diverse clinical, morphologic, and molecular findings.
These subcategories are: polycythemia vera (PV), essential throm-
bocythemia (ET), primary myelofibrosis (PMF), chronic myeloge-
nous leukemia (CML), chronic neutrophilic leukemia, chronic eosi-
nophilic leukemia not otherwise specified, hypereosinophilic syn-
drome, mastocytosis, and MPN unclassifiable (Table 1). In recogni-
tion of William Dameshek’s remarkable insight over six decades
ago, when he collectively described PV, ET, PMF, and CML as
‘myeloproliferative disorders’ (MPD), these four subcategories are
also referred to as ‘classic’ MPN. The term ‘BCR-ABL1-negative’
MPN, used interchangeably with the term ‘Philadelphia chromo-
some-negative” MPN, refers to PV, ET, and PMF. The term mye-
lofibrosis (MF) is used to describe PMF as well as the phenotypi-
cally-related conditions that can arise in patients with PV (termed
post-PV MF; PPV-MF) or ET (termed post-ET MF; PET-MF).
MPN are potentially debilitating malignant disorders that clearly
require accurate diagnoses and risk stratification to help optimize
management [2, 3].

In 2005, the discovery of an acquired mutation in Janus kinase
2 (JAK2), a cytoplasmic tyrosine kinase (TK), termed JAK2V¢'"F in
patients with PV and related MPN, provided a unique opportunity
for the re-evaluation of the diagnostic criteria describing MPN [4—
8]. Sensitive methods demonstrate the presence of this mutation in
more than 95% of patients with PV and over 50% of those with ET
and PMF [9]. Accordingly, in 2008, WHO diagnostic criteria for
PV, ET, and PMF were revised [2, 3]. Furthermore, these seminal
observations ushered the era of targeting JAK2 on the notion of
developing new treatments for patients with MPN [10].

Currently, there are several somatic MPN-associated mutations
other than the seminal JAK2V®'"" which have been reported in
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Table 1. The 2008 World Health Organization (WHO) Classifica-

tion of MDS/MPN [2]

Myeloproliferative Neoplasms (MPN)

Chronic Myelogenous Leukemia (CML)

Polycythemia Vera (PV)

Essential Thrombocythemia (ET)

Primary Myelofibrosis (PMF)

Chronic Neutrophilic Leukemia

Chronic Eosinophilic Leukemia, Not Otherwise Categorized

Hypereosinophilic Syndrome

Mast Cell Disease

MPN, Unclassifiable
Myelodysplastic Syndromes (MDS)/MPN

Chronic Myelomonocytic Leukemia

Juvenile Myelomonocytic Leukemia

Atypical Chronic Myeloid Leukemia
MDS/MPN, Unclassifiable

patients with MPN (Table 2). These include mutations of the fol-
lowing genes: MPL, TET2, ASXL1, IDH1, IDH2, CBL, IKZF1,
LNK, and EZH2 which appear to originate at the stem cell (progeni-
tor) level; their precise roles in the pathogenesis of this disease
remain unelucidated at the moment [1, 11].

Diagnosis, Pathophysiology and Symptoms of Polycythemia
Vera, Essential Thrombocythemia and Primary Myelofibrosis

To establish a diagnosis of PV, the 2008 WHO diagnostic crite-
ria include the presence of erythrocytosis and the JAK2Y®'"" or
JAK2 exon 12 mutation (major criteria), as well as the presence of
one minor criterion, such as bone marrow biopsy consistent with
PV (hypercellularity and panmyelosis with prominent trilineage
proliferation), low serum erythropoietin (EPO) level, or endogenous
erythroid colony (EEC) formation in vitro. In the absence of JAK2
mutation, a PV diagnosis is established if two of the aforemen-
tioned minor criteria are reached. Diagnosis of ET requires sus-
tained unexplained (i.e., non-secondary) thrombocytosis to any
value greater than normal (>450 x 10°L), the presence of
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Associated with Epigenetic Dysregulation

Associated with Leukemic Transformation

Table 2. Mutations in Myeloproliferative Neoplasms [1, 11, 12]
Associated with Signaling Dysregulation
° JAKZ\”()HF
e JAK2exon 12 e TET2
e MPL e EZH2
e LNK e ASXL1
e CBL e  PRC2 members
e NRAS e DNMT3A
e NF1

e IKZF1

e RUNX1

e RB

e TP53

e IDH1,-2
e DNMT3A

JAK2V'F or another clonal marker, and a bone marrow specimen
showing proliferation of atypical megakaryocytes without an in-
crease or left shift in granulopoiesis and erythropoiesis. Criteria for
PMF include the presence of bone marrow histologic changes
(megakaryocyte proliferation and atypia accompanied by either
reticulin and/or collagen fibrosis or increased bone marrow cellular-
ity featuring granulocytic proliferation and decreased erythropoie-
sis); the absence of an alternative myeloid neoplasm (e.g., CML);
and either a clonal marker or no evidence of the marrow fibrosis
being related to an inflammatory or reactive state; as well as two
out of four minor criteria; the latter comprise anemia, leukoerythro-
blastosis, increased serum lactate dehydrogenase levels, or sple-
nomegaly [2, 3].

The cardinal features of the BCR-ABL1-negative MPN are the
presence of an increased red-cell mass in PV, an increase in the
platelet count in ET, and bone marrow fibrosis in PMF [13, 14].
Extramedullary hematopoiesis is often present in MF and may re-
sult in splenomegaly and hepatomegaly. Median life expectancy in
PV patients can exceed 15-20 years, although the emergence of
PPV-MF can significantly shorten survival to a median survival of
5.7 years [15]. A dynamic scoring system based on hemoglobin
level <10 g/dL, platelet count <100 x 10%/L, and white blood cell
(WBC) count >30 x 10°/L has been developed to predict survival at
any time from diagnosis of PPV-MF [16].

Symptoms of PV commonly include headaches, fatigue, dizzi-
ness, pruritus, excessive sweating, and erythromelalgia. Epistaxis,
gingival bleeding, and gastrointestinal (GI) bleeding are caused by
the increased red blood cell (RBC) mass or acquired von Wille-
brand disease (vWD), the latter explained by the fact that substan-
tial increases in platelet numbers deplete the large von Willebrand
factor multimers that are required to maintain normal hemostasis
[17]. Abdominal pain and early satiety due to splenic encroachment
are caused by splenomegaly [13, 14].

Risk stratification in PV estimates the likelihood of thrombotic
complication. High risk is classified as age >60 years and a previ-
ous history of thrombosis. The association between platelet counts
and risk of bleedin% is unclear, but extreme thrombocytosis (platelet
count >1,500 x 10°/L) may be associated with acquired vWD and
bleeding tendency [18-20]. Shortened survival in PV patients is
associated with age >60 years, leukocytosis, history of thrombosis,
and anemia [20].

There are currently no FDA-approved treatments for PV, al-
though several guidelines, such as the European LeukemiaNet
(ELN) have reflected efforts to guide the clinician in the appropri-
ate use of currently available treatment modalities (including phar-
macotherapy) [19-21]. The goals of therapy are to avoid or manage
thrombohemorrhagic events and control systemic symptoms. ‘Con-
ventional’ therapy often involves the use of phlebotomy and low-
dose aspirin as first-line therapy for low-risk patients [19-21].
Phlebotomy serves to reduce the RBC mass and blood viscosity,
improve platelet function, increase plasma volume, restore systemic
and pulmonary pressures, and decrease the risk of thrombotic
events. In most patients, there is a concurrent reduction in the

symptoms associated with hyperviscosity [22, 23]. Phlebotomy can
also sometimes provide relief from pruritus, although some patients
require H1 and H2 blockers, ataractics, hydroxyurea (HU; hydroxy-
carbamide), interferon alpha (IFN)-a, or psoralen with ultraviolet
light (A and B) exposure [24, 25]. Aspirin can relieve microvascular
complications of erythromelalgia and ocular migraine in PV, but
must be used with caution when the platelet count is in excess of
1,000,000/uL because it can cause serious bleeding in cases of ac-
quired vWD [20]. The efficacy of low-dose aspirin (81 mg daily)
for preventing thrombotic complications without increasing the risk
of major bleeding in PV has not been proven [26]. However, the
European Collaboration on Low-Dose Aspirin in Polycythemia
Vera (ECLAP) trial in 518 PV patients favored a risk reduction
with aspirin in terms of nonfatal myocardial infarction, nonfatal
stroke, or death from cardiovascular causes, and the incidence of
major bleeding episodes was not significantly increased in the aspi-
rin group as compared with placebo (relative risk, 1.62; 95% confi-
dence interval [CI], 0.27-9.71) [27].

Therapy with HU or IFN-a may be considered in PV patients
with splenomegaly and hepatomegaly and in high-risk patients. HU
may be effective in reducing thrombotic complications that are not
the major cause of death in PV patients. However, HU may play a
role in increasing the rate of leukemic transformation, although this
is not definitely established; leukemic transformation is a cause of
death in PV patients [28-31]. A large randomized trial conducted
by the Myeloproliferative Disorders Research Consortium is cur-
rently being performed throughout the United States and Europe
comparing HU and pegylated (PEG)-IFN-0-2-a in the treatment of
patients with high-risk PV. This trial will provide an opportunity to
evaluate the leukemogenic risk of HU in this setting.

Therefore, IFN-o may be the treatment of choice for PV pa-
tients younger than 60 years with no history of severe depression,
autoimmune disease, and peripheral neuropathy [32]. The use of
recombinant IFN-o (rIFN-a-2b) or PEG-IFN-0-2a in the treatment
of PV can result in a significant reduction in the phlebotomy rate
and is effective in inducing hematologic remission and in some
cases reducing expression of JAK2Y%'7" [33]. A phase II multicentre
study of PEG-IFN-0-2 in 37 evaluable patients resulted in a hema-
tologic response in all patients, including 94.6% complete re-
sponses (CR). After the first year, 35 patients remained in hema-
tologic CR, and median %V617F decreased from 45% before pegy-
lated IFN-a-2a to 22.5, 17.5, 5, and 3% after 12, 18, 24, and 36
months, respectively. Undetectable levels of JAK2Y®'"" was
achieved in 7 patients for 6 to 18 months and persisted in 5 patients
after treatment discontinuation. No vascular events were associated
with treatment [33]. In addition, low doses of r[FN-a have resulted
in a decrease in spleen size and successful treatment of the hyper-
cellular phase of PMF and fibrosis that occur after PV [32].

ET is characterized by isolated thrombocytosis without obvious
cause and proliferation of atypical megakaryocytes in the bone
marrow [34]. Symptoms include erythromelalgia, hemorrhage, tran-
sient ischemic attacks (including reversible ischemic neurologic
defects), microvascular ischemia of the digits, as well as a variety
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of constitutional symptoms, including headache, visual distur-
bances, chronic fatigue, and pruritus. Complications include large-
vessel arterial or venous thrombosis, especially in patients >60
years of age, those with history of prior thrombosis, and cardiovas-
cular abnormalities (including anatomic heart and vessel abnormali-
ties, e.g., patent foramen ovale). The above notwithstanding, ET
patients on aggregate have a relatively preserved life expectancy
[35-37].

‘Conventional’ treatment options for ET are limited. HU
is often the therapy of choice for high-risk ET patients (age >60
years, with a previous history of thrombosis, cardiovascular risk
factors or major hemorrhage, platelet count >1,500 x 103/uL) [38],
although there is concern about HU’s leukemogenicity with long-
term treatment; other therapies include IFN-o or anagrelide [39].
IFN-a therapy shows clinical efficacy in controlling myeloprolif-
eration and relieving pruritus and other constitutional symptoms in
ET: PEG-IFN-0-2a at 90 ng weekly resulted in an overall hema-
tologic response rate of 81% in 39 ET patients and a decrease in
JAK2V' allele burden [32, 40]. However, anagrelide was found to
be inferior to HU therapy: anagrelide plus low-dose aspirin was
associated with increased rates of arterial thrombosis, serious hem-
orrhage, and transformation to MF compared to HU plus low-dose
aspirin in 809 ET patients at high risk for vascular events [41]. In
some patients, microvascular symptoms can be managed with low-
dose aspirin (81 mg/day) alone or with the addition of clopidogrel
[42,43].

PMF, and the phenotypically related PPV-MF and PET-MF are
associated with bone marrow fibrosis, anemia, often progressive
splenomegaly, hepatomegaly, and various debilitating symptoms,
including the constitutional symptoms of fever, weight loss, and
night sweats. MF is associated with worsening cytopenias with
eventual bone marrow failure and transformation into a myeloid
blast phase, which is most often of myeloid phenotype, and mirrors
poor-risk acute myeloid leukemia (AML), termed secondary AML
or MF in blast phase (MF-BP). Portal or pulmonary hypertension
can also develop and cause significant morbidity. MF is associated
with a shortened survival, with a median life expectancy of ap-
proximately 5 years in aggregate [44, 45]. Patients with MF can be
risk stratified by the International Prognostic Scoring System (IPSS
by the International Working Group for Myelofibrosis Research
and Treatment [IWG-MRT]) based on clinical variables that hold
prognostic significance in multivariate analysis [44]. This prognos-
tic scoring system is based on 5 independent clinical factors (age
>60, hemoglobin <10 g/dL, peripheral blood blast count >1%, pres-
ence of constitutional symptoms, and leukocyte count >25 x 10°/L),
all of which have been determined to be predictive of a poor prog-
nosis. Four distinct risk groups can be identified based on the pres-
ence of 0 (low risk), 1 (intermediate risk-1), 2 (intermediate risk-2)
or >3 (high risk) of these variables, with median survivals of 135,
95, 48, and 27 months, respectively (P <0.001). The IPSS was de-
veloped for prognosis at the time of PMF diagnosis. Subsequently,
the Dynamic IPSS (DIPSS) was developed to assess prognosis at
any time during the course of PMF. DIPSS uses the same clinical
factors as IPSS; however, DIPSS confers a higher prognostic power
to anemia [16]. The DIPSS was further refined to the DIPSS-Plus
system, which incorporates additional risk factors: transfusion need,
thrombocytopenia, and unfavorable karyotype [46]. The potential
benefit of a given therapeutic intervention is weighed against its
potential toxicity and considered in the context of the individual’s
prognosis. This becomes particularly important when considering
experimental therapy for a particular patient and the benefit/risk
ratio of therapeutic intervention with the attendant risk of the ther-
apy, which in some cases may not be completely known.

Until November 2011, there were no FDA-approved drug
therapies for MF, and most patients received ‘conventional’ treat-
ment when they were substantially symptomatic, in particular as a
consequence of worsening cytopenias and splenomegaly. Alloge-
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neic hematopoietic cell transplantation (allo-HCT) remains the only
treatment approach which can offer a possible cure, but it is associ-
ated with not insignificant risk of morbidity and mortality [47, 48].
Thus, the risk of allo-HCT in low- or intermediate-risk patients and
older patients who typically suffer from multiple comorbidities may
not be justified. Indeed, the 1-year treatment-related mortality and
overall survival (OS) associated with conventional-intensity condi-
tioning allo-HCT are estimated at 30% and 50%, respectively. In
addition, 3-year disease-free survival, OS, and treatment-related
mortality have not been shown to be favorably affected by reduced-
intensity conditioning (RIC) in a retrospective review of the data-
base from the Center for International Bone & Marrow Transplant
Research (CIBMTR) [49, 50]. A phase II study of RIC allo-HCT in
patients with advanced MF was conducted by the Myeloprolifera-
tive Disorders Research Consortium (MPD-RC), and after a 24-
month median follow-up for survivors, 78% of patients in the re-
lated group versus 44% in the unrelated group at 12-month follow-
up were alive. This study suggests that allo-HCT with RIC and an
HLA-matched related donor remains a reasonable therapeutic ap-
proach in select MF patients with advanced disease and anticipated
significantly abbreviated survival. Studies such as these indicate the
need for a risk-benefit assessment of the use of allo-HCT versus
‘conventional’ or investigational pharmacotherapy [47-49, 51].

‘Conventional” drug therapies including corticosteroids, andro-
gen preparations, erythropoiesis stimulating agents (ESA), andro-
gens (danazol), immunomodulators (thalidomide/lenalidomide),
splenectomy, splenic irradiation, INF, and cytoreductive therapy
(such as HU, busulfan, and melphalan) have been used in patients
with MF to address leukocytosis or thrombocytosis, marked sple-
nomegaly, and constitutional symptoms [43, 52]. None of these
modalities have ever been shown to consistently, reliably, and
durably impact the clinical manifestations (symptoms and signs) of
this malignancy in the setting of large, randomized controlled clini-
cal trials. Only one of these agents, notably interferon, has been
capable of at least partially reversing or forestalling bone marrow
fibrosis, and in select patients restoring hematologic indices [32,
53]. Most importantly, none of these mentioned therapies has ever
proven to improve survival.

Following the seminal discovery of the JAK2 mutation and the
role of dysregulated JAK-STAT signaling in MPN, there have been
many efforts to improve the treatment of patients with MPN, in
particular MF [11, 54]. Currently there are several drug classes,
including JAK?2 inhibitors, pegylated IFN, and immunomodulatory
agents in various phases of clinical trials in patients with MF. In
this review we summarize the scenario pertaining to the JAK in-
hibitors, with a detailed medicinal chemistry description of the
FDA-approved JAK1 and JAK2 inhibitor, ruxolitinib, indicated for
patients with intermediate or high-risk MF (either primary, PPV-
MF, or PET-MF).

JAK SIGNALING AND THE MYELOPROLIFERATIVE
DISORDERS

Overview of JAK Signaling

JAKSs are a family of non-receptor tyrosine kinases (NRTKs).
The genes coding for JAKs were cloned by polymerization-chain
reaction and low-stringency hybridization during searches for novel
protein TKs. JAK1 and 2 were initially known as ‘Just Another
Kinase’, but were renamed Janus kinase to reflect the highly ho-
mologous kinase domains, one of which was later shown to in fact
be a pseudokinase [55, 56].

JAKs are critically involved in cell growth, survival, develop-
ment, and differentiation of hematopoietic and immune cells. They
provide the principal signaling pathway for a variety of hema-
topoietic cytokines and growth factors that depend on signal trans-
mission by cytoplasmic NRTKs [57]. There are four JAK family
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members in mammals, JAK1, JAK2, JAK3, and TYK2. In humans,
the JAK1 gene is located on chromosome 1p31.3, JAK2 is on 9p24,
and JAK3 is clustered at 19p13.1 with TYK2 at 19p13.2 [58, 59].
JAKs are relatively large proteins of more than 1,100 amino acids
and molecular masses of 120-140 kDa. There are seven JAK ho-
mology domains (JH1-JH7) shown in Fig. (1). The JH1 domain is a
catalytically active TK located at the carboxyl terminus. JHI is
immediately adjacent to JH2, an auto-inhibitory pseudokinase do-
main. At the amino terminus there is an SH2-like domain (JH3—
JH4) and a ‘F-Band-4.1°, ezrin, radixin, moesin (FERM)-like do-
main (JH6-JH7) [60]. The role of the SH2 domain may involve
scaffolding rather than signaling, as a mutation of the SH2 domain
in JAK1 did not affect its kinase activity or receptor binding, al-
though SH2 has a key role in other kinases [61]. The FERM domain
may mediate interactions with transmembrane proteins and regulate
catalytic activity [54].

ERTOED B

FERM SH2 Pseudokinase Kinase
Domain Domain Domain Domain

Fig. (1). Schematic structure of JAKs. There are seven JAK homology
regions (JH) containing the catalytically active kinase domain (JH1), the
auto-inhibitory pseudokinase domain (JH2), the SH2 domain (JH3, JH4),
and a FERM domain (JH6, JH7) [62]. Reproduced with permission from
Wiley-Blackwell.

In mammals, JAK1, JAK2, and TYK2 are ubiquitously ex-
pressed, while JAK3 is restricted to hematopoietic cells and im-
mune cells. JAK1 and JAK2 are involved in IFN-y signaling and
physically associate with receptors for type II cytokines such as
interleukin (IL)-6, IL-10, IL-11, IL-19, IL-20, and IL-22; JAK2 is
activated by hormone-like cytokines such as growth hormone,
prolactin, erythropoietin (EPO), thrombopoietin (TPO), as well as
those involved in hematopoietic cell development including IL-3
and granulocyte macrophage colony-stimulating factor; JAK1 and
JAK3 associate with yc cytokines, including IL-2, IL-4, IL-7, IL-9,
IL-15, and IL-21; and, finally, TYK2 associates with cytokine re-
ceptors that signal through various combinations with JAK1 and
JAK2, such as type 1 IFNs and the p40-containing cytokines IL-12
and IL-23 [54].

At the cellular level, JAKs localize from the cytoplasm close to
the plasma membrane and specifically bind (in a non-covalent fash-
ion) to the intracytoplasmic domain of various cytokine/growth
factor receptors by their FERM-like domain. Ligand binding to the
cognate cytokine or growth factor ‘kinase-less’ receptor promotes a
conformational change in the receptor and multimerization of re-
ceptor subunits which brings JAKs into close proximity; this subse-
quently allows trans-phosphorylation and activation. Activated
JAKs in turn phosphorylate specific tyrosine residues on the cyto-
kine receptors, thus promoting recruitment and phosphorylation of
downstream signaling molecules, including STATSs (signal trans-
ducers and activators of transcription), phosphatidyl-inositol-3-
kinase (PI3K), protein kinase-B (also known as AKT), and the mi-
togen-activated protein kinases (MAPKs). STATs comprise the
main family responsible for mediating signals derived from cyto-
kine receptors and assorted growth factor receptors via JAK activa-
tion. STATs bound to cytokine receptors are phosphorylated by
JAKs at a conserved tyrosine residue near the C-terminus. This
phosphotyrosine interacts with the conserved H2 domain of STATSs
to cause STAT dimerization. Subsequently, phosphorylated dimer-
ized STATs enter the nucleus by an importin o-5 or Ran nuclear
import-dependent pathway and bind specific regulatory sequences
in select gene promoter regions to activate or repress transcription
of target genes, thus leading to eventual corresponding biologic and
physiologic effects [63].

Mascarenhas et al.

A number of effector proteins that facilitate JAK activation
have been identified. These include STAMs (signal-transducing
adapter molecules), StIPs (STAT-interacting proteins), and select
members of the SH2B/Lnk/APS family. STAMs can facilitate the
transcription of target genes [64]; StIPs increase the phosphoryla-
tion of STATs by JAKs [65]; and SH2-Bf increases JAK tyrosine
phosphorylation and catalytic activity [66]. There are three major
classes of negative regulators of the JAK/STAT pathway: SOCS
(suppressors of cytokine signaling), PIAS (protein inhibitors of
activated STATs), and PTPs (protein tyrosine phosphatases). The
SOCS may bind phosphotyrosines on receptors and prevent them
from activating downstream signaling molecules; they may bind
directly to JAKs or JAK-associated cytokine receptors and inhibit
JAK kinase activity; or they may decrease the stability of the said
receptors as well as JAKs through ubiquitination [65, 67]. The PIAS
proteins bind to phosphorylated STAT dimers and prevent them
from interacting with target genes, while PTPs dephosphorylate
JAKs and receptors [65].

JAK Signaling in MPN

In 2005, a major advance in the understanding of the patho-
genesis of MPN occurred when JAK2V®'"F a clonal recurrent point
mutation in the pseudokinase domain of JAK2, was identified in
many patients with MPN [4-8]. In vivo studies showed that expres-
sion of JAK2V®'F in murine bone marrow transplant models re-
sulted in a PV phenotype with erythrocytosis, leukocytosis, and
splenomegaly, a clinicohematologic phenotype that progressed to
MF in the mouse in about 3 months. Thrombocytosis was not ob-
served, thus suggesting the involvement of additional genetic events
influencing the phenotype of ET and MF (which are both inextrica-
bly associated with megakaryocytic proliferation and atypia) [5,
54].

JAK2YS'F i a guanine to thymidine point mutation that results
in a valine (Val; V) to phenylalanine (Phe; F) substitution at codon
617 within the JH2 domain of JAK2. The corresponding protein is a
constitutively active TK that is phosphorylated at the activation
loop Y1007 and disturbs/partially abrogates the influence of JH2 on
the JH1 kinase domain; this influence is normally auto-inhibitory to
the JH1 catalytic domain. In this sequence of molecular events, the
JAK2V'" mutation results in a ‘gain of function’ (GOF) modifica-
tion that confers cytokine hypersensitivity and cytokine-
independent growth to hematopoietic cells [4-8]. In addition, the
JAK2VS'F mutation may increase the stability of the JAK2 protein
by rendering it resistant to the effect of SOCS3 binding, as overex-
pression of SOCS3 results in increased SOCS3 and JAK2Y®'™
phosphorylation [68].

The JAK2"®'"" mutation may occur in a hemangioblast, a stem
cell common to a hematopoietic stem cell and an endothelial cell
[69]. 1t is likely that clonal expansion occurs at later stages of dif-
ferentiation, as JAK2V®'"F allele burden increases in hematopoietic
stem cells and progenitors as disease progresses [54]. Of note, the
situation is in reality more complex, as the exact Phenotype of the
disease resulting from the presence of the JAK2Y®'"" mutation may
be dependent on gene dosage, which directs the level of signaling;
in transgenic mouse models, the level of JAK2Y®'™ expression
seems to determine whether the disease phenotype resembles PV or
ET [54, 70].

A cytokine receptor scaffold may be required for JAK2V6!"E-
mediated hematopoietic cell transformation as JAK2Y*'""-mediated
transformation to cytokine-independent growth appears to be most
efficient in cells that coexpress the EPO, TPO, and granulocyte
colony-stimulating factor homodimeric type I cytokine receptors.
These data may also explain the multi-lineage expansion seen in
JAK2V617F—p0sitive MPN [71]. Furthermore, JAK2V¢'"F activation
appears to involve a mechanism that requires the FERM domain, as
constitutive activation of JAK2V®'"" is prevented by the Y114A



Ruxolitinib for Myeloproliferative Neoplasms

mutation in the FERM domain, and introduction of the V617F mu-
tation in a protein composed only of the JHI-JH2 domains does not
result in constitutive signaling [54].

JAK2Y'F_mediated cellular transformation seems to involve
activation of JAK2-STAT3, JAK2-STATS, ERK1/2 MAPK, and
PI3K/AKT downstream signal transduction pathways, as: (i)
STAT3 and BCLyx overexpression are characteristic findings in
human PV, (ii) human hematopoietic progenitors expressing consti-
tutively active STATS and its target BCLx undergo EPO-
independent colony formation, and (iii) hematopoietic transforma-
tion in murine bone marrow by TEL-JAK2 requires STATS [52].
JAK2YS'F can also induce its effects directly, as it can translocate to
the nucleus of leukemic cells and primary CD34+ hematopoietic
progenitors to phosphorylate histone H3 at tyrosine 41 (H3Y41),
decrease the affinity of histone H3 for the transcriptional repressor
heterochromatin protein 1o (HP1cx), and promote the expression of
genes involved in cell proliferation and survival [72]. The mo-
lecular basis for the involvement of the JAK/STAT pathway in
neoplastic transformation in MPN (reflecting a torrent of recent
data) is summarized in Fig. (2).

The JAK2V®'" mutation is present in more than 95% cases of
PV, and over 50% cases of ET and PMF [9]. Recently, research has
been directed at understanding MPN cases that lack the JAK2V®!™
mutation. In JAK2Y*'""_negative PV patients, GOF mutations in
exon 12 of JAK2 that confer growth factor independence in Ba/F3-
EPO-R cells have been described [73]. Four of these occur in the
region between SH2 and JH2 and involve a point mutation, a dou-
ble mutation, a 2-amino acid deletion, and a 2-amino acid deletion
followed by an insertion in residues 537-543. JAK2V*'"_negative
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PV patients with mutations in exon 12 are phenotypically distinct
from those that are JAK2V¢'™"_positive, as they present with isolated
erythrocytosis instead of a trilineage expansion. The reasons for this
remain unclear, but the exon 12 mutant protein may exhibit a higher
constitutive kinase activity or increased affinity for the EPO recep-
tor (EPO-R). Mutations in exon 12 have not been reported in ET or
PMF [73].

The Genetic Complexity of MPN

Although JAK2V*'™ is a dominant mutation in MPN, many oth-
ers have been described at a lower frequency [1, 74]. These include
mutations in the cytokine/growth factor receptors that bind JAK2,
such as the TPO receptor (TPO-R; MPL). MPL mutations are pre-
sent in 5-10% PMF patients and 2-5% of those with ET. They
(MPLWSISL/K/N/A) occur in a stretch of five amino acids (K/RWQFP)
adjacent to the transmembrane domain of this receptor. These five
amino acids prevent spontaneous activation of the receptor.
MPLWY*"> mutations activate the TPO-R and are characterized by
spontaneous megakar%?cgte growth in the absence of EEC forma-
tion. A murine MPL"*"" expression model results in a JAK2-
dependent lethal MPN in the mouse characterized by thrombocyto-
sis and MF [75]. Other genetic underpinnings of importance are
alterations that affect epigenetic regulation of transcription, includ-
ing mutations in TET2 and DNMT3A as well as the recent discovery
of mutations and copy-number loss in multiple members of the
Polycomb Repressive Complex 2 (PRC2) [76-81].

CBL (casitas B-lineage lymphoma) gene mutations have been
found in <10% PMF cases [82]. The CBL gene family codes for
proteins with E3-ubiquitin ligase activity. The c-CBL and CBL-B
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Fig. (2). Involvement of the cytokine receptor-tyrosine kinase axis in MPN oncogenesis. The four main myeloid growth factor receptors involved in MPN
pathogenesis are represented with their principal downstream signaling event sequences, involving the binding of JAK2, and the phosphorylation of phos-
phatidyl-inositol-3-kinase (PI3K), protein kinase B (AKT; generally thought to be a cytoplasmic protein), the signal transducers and activators of transcription
(STATs), and the mitogen-activated protein kinases (MAPK). The adaptor and E3 ubiquitin ligase c-CBL (casitas B-lineage lymphoma) protein down-
regulates c-KIT and JAK?2 signaling (blue bars). Red stars indicate the oncogenic mutations that occur in MPN resulting in a constitutive or enhanced down-
stream signaling (red) with eventual modulation of transcription of genes that control and/or modulate cell cycle, proliferation, and apoptosis. Abbreviations:
VF, JAK2V"'7": Ex12, JAK2 exon 12 mutations; 505 and 515, MPLY*"> and MPL¥"N mutations, D816V, KIT"*¢". Several point mutations have been de-
scribed in c-CBL, resulting in both loss of its inhibitory functions (red crosses) and gain of function properties (red arrow) [71]. Reproduced with permission
by the courtesy of International Journal of Hematology.
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proteins are involved in the ubiquitination of growth factor recep-
tors and negatively regulate signal transduction pathways activated
by tyrosine kinases. c-CBL and CBL-B mutations have been found
in cases of post-MPN-AML. In the absence of wild-type functional
CBL, c-CBL mutants cause a GOF effect and hypersensitivity to
various cytokines including SCF, TPO, FLT3 ligand, and IL-3.
However, the functional significance of these findings in the patho-
genesis of MPN is unknown [83, 84].

The search for pre-JAK2 molecular events in MPN led to the
discovery of TET2 (ten eleven translocation-2) and ASXL1 (addi-
tional sex comb like-1) defects [71]. TET2 belongs to a family of
three genes and may participate in a DNA demethylation process.
Multiple mutations of the TET2 gene have been identified in 12%
MPN, 14% PV, 8% ET, 20% PMF, and 25% post-MPN-AML pa-
tients [71, 85, 86]. Most TET2 mutations encode truncated proteins
as a result of nonsense mutations or small insertions or deletions
leading to a frame shift. Some patients have missense mutations
localized in the two highly conserved domains, missense mutations
located outside the conserved domains, or splicing site mutations.
MPN TET2 mutations usually involve one copy of the gene; how-
ever, in a minority of patients, two defects are found. The role of
TET2 in the pathogenesis of MPN is still being deciphered, but may
involve modulation of epigenetic mechanisms that lead to dysregu-
lation of expression of genes involved in early hematopoiesis and
myeloid differentiation. Mutations involving the loss of two func-
tional copies of the TET2 gene may participate in the initiation of a
premalignant clone and the progression of the disease [71].

ASXL1 belongs to a family of three genes that are involved in
the control of development-related genes through chromatin remod-
eling. Mutations in ASXL1 are located in exon 12 and result in a
truncated protein. They are found in 15% cases MPN during the
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chronic phase of the disease and in 20% cases of post-MPN-AML
[71, 84].

Other mutations occur in genes which include: (i) LNK which
encodes a plasma-membrane adaptor protein responsible for inhibit-
ing wild-type and mutant JAK?2 signaling: loss of function muta-
tions in LNK have been identified in ET and PMF patients; (ii) en-
hancer of zest homologue 2 (EZH2) which is involved in epigenetic
repression of apoptosis and stem cell renewal: mutations are found
in 13% MEF patients; (iii) NF1 (neurofibromatosis-1) which is a
negative regulator of the RAS signal transduction pathway: loss of
NF1 can lead to progressive MPN; (iv) IDH1/2 mutations which
result in the production of 2-hydroxyglutarate; these are found in
5% ET and PMF patients and 21% post-MPN AML cases; and (v)
IKZF which encodes the transcription factor Ikaros (zinc finger-
containing protein) and has a role in the regulation of hematopoie-
sis: mutations found in 0.2% MPN [1, 71]. The role of these varied
mutations in the pathogenesis of MPN is unknown and likely
complex, but may be important in the modulation of signaling
pathways and the epigenome contributing to progression of
disease and leukemic transformation [11]. This information is
summarized in Fig. (3).

Further genetic complexity of MPN occurs at the microRNA
(miRs) level. miRs are non-coding 18-22 nucleotide RNAs that
regulate gene expression by destabilizing specific target mRNA or
inhibiting protein translation. miRs are important regulators of he-
matopoiesis and may act as tumor suppressors (e.g., miR-15/16) or
oncogenes (e.g., the miR-17-92 cluster) in the pathogenesis of
some acquired hematologic disorders. Some hematopoietic cell
lineages and hematologic diseases have defined miR signatures,
including abnormally high expression of miR-155 in Hodgkin lym-
phoma and diffuse large B-cell lymphoma, loss of expression of
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Fig. (3). Mutations in MPN. Genes involved in MPN pathogenesis are represented in a schematic linear fashion with their principal functional or conserved
domains. Molecular defects are shown in red. Point mutations are indicated by vertical arrows, with horizontal bars spanning the domains where multiple
mutations have been identified. Horizontal arrows indicate truncating mutations that may occur anywhere in the downstream coding sequence. Abbreviations:
SH, Src homology; JH, JAK homology; Ig, immunoglobulin; TK, tyrosine kinase; Pro, proline; ASXN and ASXM, ASX conserved domains; NR, nuclear
receptor; PHD, plant homeodomain [71]. Reproduced with permission by the courtesy of International Journal of Hematology.
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miR-15 and miR-16 in chronic lymphocytic leukemia, and aberrant
expression of let-7a, miR-182, miR-143, miR-145, miR-223, miR-
26b, miR-30b, miR-30c, and miR-150 in granulocytes, mononu-
clear cells, platelets, or reticulocytes of PV patients (with correla-
tions between aberrant expression of miR-143, let-7a, miR-30c,
miR-342, and miR-150 and JAK2V'™ mutation frequency). These
data provide further insight into the complex molecular pathogene-
sis of MPN [87].

The Role of JAK2 and JAK1 Inhibitors in MPN

Discovery of the different molecular pathways critical for de-
velopment of MPN have enabled the identification of more specific
diagnostic criteria and the rational design and development of tar-
geted therapies including JAK inhibitors, such as ruxolitinib
(INCB018424), TG101348 (SAR 30253), lestaurtinib (CEP701),
CYT387, pacritinib (SB1518), AZD1480, XL019, LY2784544; the
mTOR inhibitor everolimus; the epidermal growth factor receptor
(EGFR) inhibitor erlotinib; the proteasome inhibitor (that affects
the NF-kB pathway) bortezomib; as well as the histone deacetylase
inhibitors givinostat (ITF2357), panobinostat (LBH589), and vori-
nostat that are epigenetic agents affecting chromatin remodeling
pathways [88].

Therapies that inhibit JAK1 and JAK2 catalytic activities have
been designed and developed in response to the discovery of dys-
regulated JAK-STAT signaling in MPN patients, regardless of the
source(s) of this dysregulated activity. Clinical data on selective
inhibitors of JAK2 or JAK1 and JAK2 are promising and suggest
that they improve certain MPN-related symptoms and constitutional
signs, as well as reduce splenomegaly. As yet, it has not been
shown that these agents can reverse or forestall the hematopa-
thologic features of MPN or modulate disease progression at a cel-
lular/molecular level. The clinical efficacy of JAK inhibitors has
been attributed to a general dampening of cytokine signaling, a fact
which is particularly pertinent for JAK1 and JAK2 inhibitors. Class
1 JAK2 inhibitors act by competing for ATP-binding in the catalytic
site and are not specific for the JAK2Y®'™" mutation in the distant
pseudokinase domain. As a result, these agents inhibit both mutant
and wild-type JAK2. Inhibition of wild-type JAK2 partially blocks
intracellular signaling via the EPO-R and TPO-R required for nor-
mal hematopoiesis, thus resulting in predictable (expected) and
dose-dependent anemia and thrombocytopenia. Class II JAK2 in-
hibitors affect constitutive homeostasis through their indiscriminate
inhibition of non-JAK2 TKs and may be associated with various
toxicity profiles [88, 89].

Several JAK inhibitors are presently being evaluated in various
stages of clinical development [89]. Many of these agents have
clinical trial data available, with conclusions from randomized con-
trolled multicenter trials providing a higher level of evidence than
results from small single-arm studies (Table 3): (i) TG101348 ex-
hibits selectivity for JAK2 and JAK2"®'"" compared with other JAK
kinases. Phase I clinical data of TG101348 in 59 PMF, PET-MF, or
PPV-MF patients showed a significant decrease in allele burden at
6 months in mutation-positive patients (n = 51; P = 0.04), improved
constitutional symptoms such as early satiety, night sweats, fatigue,
pruritus, and cough, a modest reduction in serum cytokine levels, a
spleen response per IWG criteria by six and 12 cycles of treatment
in 39 and 47% of patients, respectively, and normalization of blood
counts in the majority of patients with leukocytosis or thrombocyto-
sis at baseline after six (57 and 90%, respectively) and 12 (56 and
88%, respectively) cycles [90]; (ii) Lestaurtinib is an oral
multikinase inhibitor. It is active against both wild-type JAK2 and
JAK2Y¢'" a5 well as FLT3. Phase I/II clinical data of lestaurtinib
showed little reduction in JAK2V®'F allele burden but a median
reduction of 6.4 cm in spleen size in 37% of 19 evaluable
JAK2V' " positive PMF, PET-MF, or PPV-MF patients [91, 92];
(ii1) CYT387 is a JAK1 and JAK2 inhibitor. Phase I/II clinical data
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of CYT387 in 60 patients with MF (68% PMF) suggested clinical
improvements in anemia and splenomegaly in 50% of evaluable
patients and 47% of patients with baseline splenomegaly, respec-
tively. Treatment was not associated with a decrease in JAK2 6I7F
allele burden [93-95]; (iv) pacritinib is a JAK1, JAK2, and TYK2
inhibitor. Phase II clinical data of 400 mg pacritinib in 34 MF pa-
tients showed a >50% reduction in palpable spleen volume in 44%
of patients and significant improvement in MF-related symptoms
(abdominal pain, bone pain, early satiety, inactivity, night sweats,
pruritus) at 6 months compared to baseline. A phase III clinical
study for pacritinib in MF patients is planned [96]; and (V)
AZD1480 exhibits marked JAK?2 selectivity. AZD1480 is currently
in an ongoing phase I clinical trial [97].

THE CHEMICAL AND PHARMACOLOGICAL PROPER-
TIES OF RUXOLITINIB

Preclinical Characterization of Ruxolitinib

Ruxolitinib [(R)-3-(4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)-
1Hpyrazol-1-yl)-3-cyclopentylpropanenitrile phosphate], formerly
known as INCB018424 or INC 424, is a rationally designed potent,
and orally bioavailable inhibitor of JAK1 and JAK2. It has a mo-
lecular formula of C;7H;NgO4P and a molecular weight of 404.36.
In vitro enzyme assays confirm that ruxolitinib inhibits JAK1 and
JAK2 with ICsq values of 3.3 nM and 2.8 nM, respectively; ICsq
values are approximately 6-fold greater for TYK2 and >130-fold
greater for JAK3 [98].

Studies were conducted in cytokine-dependent Ba/F3 cells
transformed to growth factor independence by ectopic expression of
JAK2YS'F and a requisite type 1 cytokine receptor (EPO). Nanomo-
lar concentrations of ruxolitinib inhibited constitutive JAK2Y!F,
STATS, and ERK1/2 phosphorylation, resulting in reduced cellular
proliferation with an ICsy = 127 nM, and promoted induction of
apoptosis. Ruxolitinib treatment of Ba/F3 cells transformed with the
BCR-ABL-1 oncoprotein and activating mutations in ¢-KIT had no
effect on cell viability or BCR-ABL-1 signaling, confirming the
selective nature of ruxolitinib inhibition. In primary culture of
mononuclear cells expressing the JAK2V®'”" mutant allele at fre-
quencies >90% from patients with PV, ruxolitinib treatment re-
sulted in dose-dependent inhibition of erythroid (ICso = 223 nM)
and myeloid (ICsy = 444 nM) progenitors and EEC formation (ICsg
=67 nM). In vivo, the efficacy of ruxolitinib in a murine JAK2"'7-
driven malignancy model was demonstrated by the fact that it sig-
nificantly reduced splenomegaly, decreased elevated levels of cir-
culating IL-6 and tumor necrosis factor (TNF)-a to normal, and
increased survival, without causing anemia or lymphopenia [98].

Metabolism, Excretion, Pharmacokinetics and Pharmacody-
namics of Ruxolitinib

Clinical metabolism and pharmacokinetic (PK) studies of oral
doses of [14C]-ruxolitinib were conducted in healthy adults. Rux-
olitinib and associated radioactivity were rapidly absorbed into
blood cells and plasma, with peak plasma concentrations (Cpax)
attained within 1 hour (T,,) which declined in a monophasic (t;, =
2.32 h) and biphasic manner (t;, = 5.81 h). Oral doses were >99%
metabolized with <1% of the dose recovered as parent drug. Recov-
ery of administered radioactivity was rapid (>70% within 24 h post
dose); a total of 96% was recovered (74% urine, 22% feces), indi-
cating that ruxolitinib was >95% absorbed. After oral dosing, 97%
of radioactivity in the circulation could be accounted for by parent
drug and identified metabolites. Parent drug represented 58-74%
total radioactivity in the circulation up to 6 hours post dose. A total
of eight metabolites were identified with two major metabolite
peaks (M18 and a peak containing M16/M27, both hydroxylations
on the cyclopentyl moiety of the parent molecule). Other circulating
peaks included mono- and dihydroxylated metabolites. Half-lives of
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Table 3. JAK Inhibitors in Clinical Development for MPN [89]
JAK Kinase Manufacturer Main Targets Clinical Development Clinical Activity Toxicity
Inhibitor Phase (MPN)
Ruxolitinib Incyte (US); Novartis JAKI, JAK2 Phase 3 Completed (MF); Reduction in spleen size; improvement in systemic Myelosuppression
(Rest of the world) Approved in US (Interme- symptoms, body weight, and performance status; (mainly low platelet
diate or high-risk MF); survival advantage versus placebo in MF; normaliza- counts)
3 (PV),2 (ET) tion of inflammatory cytokine levels in MF; normaliza-
tion of blood cell counts in ET and PV
TG101348 Sanofi JAK2, FLT3, RET 3 (MPB),2 (PV) Reduction in spleen size, improvement in systemic Myelosuppression,
symptoms gastrointestinal distur-
bances
Lestaurtinib Cephalon JAK2, FLT3, RET, 2 (MF, PV, ET) Reduction in spleen size, improvement in blood cell Gastrointestinal distur-
Trk-A count in MF; decrease in blood cell counts in PV and bances, low platelet
ET counts
CYT387 YM BioSciences JAKI, JAK2 2 (MF) Reduction in spleen size, improvement in systemic Myelosuppression
symptoms, preliminary suggestion of anemia improve-
ment
Pacritinib S*BIO JAK2, FLT3 2 (MF) Decrease in spleen size and improvement in symptoms | Gastrointestinal distur-
with minimal myelosuppression bances
AZD1480 AstraZeneca JAKI, JAK2 1/2 (MF) Data not yet available Data not yet available
LY2784544 Lilly JAK2 1/2 (ET, PV, MF) Data not yet available Data not yet available

Abbreviations: ET, essential thrombocythemia; FLT3, FMS-like tyrosine kinase 3; JAK, Janus kinase; MF, myelofibrosis; MPN, myeloproliferative neoplasm; PV, polycythemia vera.

Adapted with permission from the American Cancer Society.

radioactivity showed that the clearance of metabolites was slightly
extended compared to the parent drug but individual metabolites
were undetectable 24 hours post dose. Furthermore, in healthy sub-
jects receiving daily oral doses of unlabeled ruxolitinib, there were
minimal differences in parent and metabolite concentrations be-
tween day 1 and day 10. Taken together, these data suggest that
accumulation of metabolites during multiple dosing regimens is
unlikely [99].

Pharmacokinetic and pharmacodynamic (PK/PD) studies were
performed to investigate the effects of polypharmacy on the dosing
paradigm for ruxolitinib. Ruxolitinib is primarily metabolized by
cytochrome P450 enzyme, CYP3A4; therefore, the potential effects
of coadministering the CYP3A4 inhibitors ketoconazole and eryth-
romycin and the CYP3A4 inducer rifampin with ruxolitinib were
evaluated in healthy adults. Coadministration of ketoconazole (a
potent CYP3A4 inhibitor) decreased oral clearance by 48% and
increased total ruxolitinib plasma exposure by 91%. Concomitant
treatment with ketoconazole also resulted in a 2-fold increase in
ruxolitinib-induced inhibition of IL-6 stimulated STAT3 phos-
phorylation in whole blood (the area under the pharmacodynamic
effect curve [PD AUCE,] of IL-6 stimulated STAT3 phosphoryla-
tion, a PD index for the drug); the geometric mean ratio for PD
AUCE, between the ruxolitinib plus ketoconazole coadministra-
tion and ruxolitinib alone was 2.0 (90% CI 1.5-2.6; P = 0.0004).
Coadministration of erythromycin (a weaker CYP3A4 inhibitor)
increased plasma ruxolitinib exposure by 27%. Induction of
CYP3A4 with rifampin decreased plasma ruxolitinib exposure by
71% and its PD effect by only 10%. This discrepancy between the
magnitude of the PK and PD effects with rifampin coadministration
may be explained by an increase in the relative abundance of rux-
olitinib metabolites (which have pharmacologic activity). Collec-
tively, these data indicate that dosing regimens including ruxolitinib
and potent CYP3A4 inhibitors may need to be modified accord-
ingly [100].

RUXOLITINIB CLINICAL TRIAL PROGRAM
TIENTS WITH MPN

IN PA-

Ruxolitinib is currently the first JAK inhibitor to have com-
pleted phase III trials successfully in patients with MPN. Based on
the robust phase 11 study results of patients with MF and other data
from the MF development program, ruxolitinib was approved on
November 16, 2011 by the US FDA for the treatment of intermedi-
ate or high-risk MF (including PMF, PPV-MF, and PET-MF).

A Phase I/11 Study of the Efficacy and Safety of Ruxolitinib for
Patients With Primary Myelofibrosis, Post-Polycythemia Vera-
Myelofibrosis, or Post-Essential Thrombocythemia-Myelo-
fibrosis

The efficacy and safety of ruxolitinib were investigated in a
phase I/Il study (INCB018424-251; ClinicalTrials.ﬁgov number,
NCT00509899) of 153 patients with JAK2Y*'"positive or
JAK2V' " negative PMF (53%), PET-MF (15.2%), or PPV-MF
(31.8%0). Patients had a median age of 65 years, 82% were
JAK2YS T positive, and 92% had palpable splenomegaly with a
median palpable spleen length of 19 cm; 65% patients were in the
high-risk category according to the IPSS, with an expected median
survival of 27 months. In the phase I portion of the trial, the dosing
schedule was 25 mg twice daily (BID) with a subsequent increase
to 50 mg BID, or once daily doses of 25-200 mg. In the phase II
portion of the study, dosing schedules were 25 mg BID with a re-
duction to 10 mg BID after 2 months; 10 mg BID with dose escala-
tion if there was no response and no toxicity; and 10 mg BID in
patients with baseline platelet counts of 100—200 x 10°/L or 15 mg
BID in patients with baseline platelet counts of >200 x 10°/L, with
allowance for dose increases up to 25 mg BID if there was no re-
sponse and no toxicity [101].

In the phase I portion of the study, an MTD of 25 mg BID was
established based on the presence of clinically significant
thrombocytopenia. Phase II identified 15 mg BID with
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cytopenia. Phase II identified 15 mg BID with individualized dose
adjustment to be an optimal dose for the initiation of a phase III
program (see below). This phase II trial confirmed that ruxolitinib
treatment is associated with significant clinical activity and a sus-
tained reduction in splenomegaly and alleviation of MF-related
debilitating symptoms. Indeed, 52% of patients receiving the 15-mg
BID regimen achieved a rapid objective response of a >50% reduc-
tion in splenomegaly which was sustained for >12 months; this
included a median 33% reduction in spleen volume (as measured by
splenic magnetic resonance imaging [MRI] in a subset of patients)
and a median 52% decrease in palpable spleen length. After a me-
dian treatment duration of 12 weeks, RBC transfusion independ-
ence (CI by IWG-MRT) was achieved and maintained for a median
duration of 20 months in 14% of patients who were transfusion-
dependent at baseline, and mean baseline WBC and platelet counts
were reduced and remained stable for 1 year[101].

Subgroup analyses of 34 patients treated with 25 mg of ruxolit-
inib BID indicated that ruxolitinib significantly improved nutri-
tional status and exercise capacity. Patients on ruxolitinib therapy
showed improved appetite and gained weight as the trial progressed
(mean increase of 0.40 kg at 1 month, 2.93 kg at 2 months, and 3.70
kg at 3 months). In patients with baseline body mass indices (BMIs)
in the lowest quartile, weight gain was more consistent, of greater
magnitude, and sustained compared with those in the highest base-
line BMI quartile. At enrollment, median total cholesterol of the
study population was 95 mg/dL, with levels in 94% and 55% of
patients below 150 mg/dL and 100 mg/dL, respectively. Following
ruxolitinib treatment, median total cholesterol increased to 145
mg/dL (range, 72-289 mg/dL) with 73% patients increasing their
cholesterol above their baseline. In addition, baseline leptin levels
in the study population were very low (mean level being 2.55
ng/mL), with leptin levels in ~50% patients below 1 ng/mL (normal
range, 6—12 ng/mL). Ruxolitinib treatment increased plasma leptin
levels by 176% after 1 month of treatment. After 2 months, plasma
leptin increased to levels similar to those observed in healthy volun-
teers (mean, 7.04 ng/mL; range 0.2-35 ng/mL). These data suggest
that ruxolitinib treatment was able to at least partially reverse the
markers of chronic malnutrition (which occasionally manifests as
frank cachexia) in MF patients [102]. The phase I/II study also
showed that ruxolitinib treatment improved exercise capacity as
measured by the 6-minute walk test, with increases from baseline of
34, 57, and 71 meters after 1, 3, and 6 months of therapy, respec-
tively [101].

The improvements in clinical data and symptoms in MF pa-
tients in this phase I/II study provided clinical proof of concept
regarding the ability of ruxolitinib to target the underlying patho-
physiology of MF. Additionally, correlative marker results suggest
that the mechanism of action of ruxolitinib was at least partially
based on decreases in the levels of proinflammatory cytokines, as
improvements of clinical symptoms were associated with decreases
in the plasma levels of IL-1RA, MIP-1f (macrophage inflammatory
protein-1B), TNF-a, and IL-6, which were all elevated at baseline
but decreased following ruxolitinib treatment [101]. This informa-
tion is depicted in Fig. (4).

Importantly, in this phase I/ trial, ruxolitinib treatment proved
efficacious in patients with both wild-type JAK2 and those with
JAK2VS'" mutation. The proportion of all patients with a response
who received 15 mg BID and 25 mg BID was similar among the 61
patients with the JAK2V*'™" mutation and the 11 patients without the
mutation (51% vs. 45%). Furthermore, the clinical benefit of rux-
olitinib was independent of the magnitude of JAK2Y*'" allele bur-
den. These results suggest that although ruxolitinib does not delete
JAK2VSF_positive clones, it acts to inhibit in a potent and sustained
manner overactive JAK2 signaling, as well as JAKI1-dependent
cascades [101].
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Fig. (4). Effect of ruxolitinib treatment on cytokine levels. Changes in se-
lected cytokines and C-reactive protein (CRP), an acute-phase reactant and a
marker for inflammation, are shown in MF patients with a 50% or greater
decrease, those with less than a 50% decrease, and those with no change or
an increase in the composite symptom score after 6 cycles (months) of rux-
olitinib treatment as compared with baseline (ClinicalTrials.gov number,
NCT00509899) [101]. Reproduced with permission from the Massachusetts
Medical Society.

The median duration of therapy was >14.7 months, and low-
grade nonhematologic toxic effects occurred in <10% of patients.
Hematologic adverse events were predictable and included anemia
and thrombocytopenia. Of note, thrombocytopenia was less fre-
quent and less pronounced in patients who received the optimal (15
mg p.o. BID) regimen and reversible after dose interruption in those
on higher ruxolitinib doses. Serious adverse events (SAEs) that
were at least possibly related to treatment occurred in only 12 pa-
tients (mainly myelosuppression), and 3 cases of transformation to
AML were reported. The overall survival rate was 84% (90% sur-
vival when only deaths that occurred during the study were consid-
ered) during the follow-up period [101].

Based on the data from this phase I/II study, ruxolitinib was
tested in the COMFORT trials, the first controlled, randomized
phase III clinical trials in MF.

COMFORT-I: A Randomized, Double-Blind Phase Il Trial of
Ruxolitinib Versus Placebo for Patients With Primary Myelofi-
brosis, Post-Polycythemia Vera-Myelofibrosis, or Post-Essential
Thrombocythemia-Myelofibrosis

The clinical benefits of ruxolitinib were demonstrated in COM-
FORT-I (ClinicalTrials.gov number, NCT00952289), a double-
blind placebo-controlled phase III trial of 309 patients aged 40-91
years with intermediate-2 or high-risk (IPSS) PMF, PPV-MF, or
PET-MF resistant or refractory to treatment and with palpable sple-
nomegaly (>5 cm below left costal margin). Patients were random-
ized to receive placebo (n = 154) or 15 or 20 mg ruxolitinib (n =
155) BID depending on baseline platelet count (100-200 x 10°/L or
>200 x 10°/L, respectively). Crossover from placebo to ruxolitinib
was permitted for protocol-defined worsening splenomegaly. The
primary endpoint was defined as the proportion of patients with
>35% reduction in spleen volume at week 24 of therapy, assessed
by MRI (or computed tomography [CT]). At baseline, patients had
a median spleen volume of >2500 em® (>10 times normal). Secon-
dary endpoints were durability of spleen response, changes in
symptom burden as assessed daily by the modified Myelofibrosis
Symptom Assessment Form (MFSAF) v2.0, and overall survival
[103].

At 24 weeks, 41.9% ruxolitinib-treated patients achieved a
>35% reduction in spleen volume compared to 0.7% on placebo (P
<0.001) with a median reduction in spleen volume of 33%. In the
placebo group, there was a median increase in spleen volume of
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8.5%. In patients treated with ruxolitinib, reductions in spleen vol-
ume were apparent by the first measurement at 12 weeks. The mean
changes from baseline in individual patients are depicted in Fig.
(5)[103].
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Fig. (5). Percent change from baseline in spleen volume at week 24 or last
observation for each patient. A significantly larger proportion of patients in
the ruxolitinib group achieved a 35% or greater reduction in spleen volume
from baseline compared to placebo [103]. Reproduced with permission from
the Massachusetts Medical Society.

The study confirmed that ruxolitinib treatment is associated
with significant improvements in certain debilitating symptoms of
MF. The prevalence of MF patients who experienced disease-
associated symptoms at baseline was high. In the ruxolitinib-treated
group, abdominal discomfort was experienced in 95.3% patients,
left subcostal pain in 83.9%, abdominal fullness/early satiety in
94.0%, night sweats in 80.5%, itching in 75.8%, and bone/muscle
pain in 81.9%. Additionally, inactivity was documented in 91.9%
[104]. Percentages were similar in the placebo group at baseline. At
24 weeks, 45.9% of ruxolitinib-treated patients showed a >50%
reduction in Total Symptom Score (TSS, which includes scores for
abdominal pain, pain under left ribs, early satiety, night sweats,
itching, and bone/muscle pain) from baseline compared to 5.3% in
the placebo group (P <0.001). There was a mean 46.1% improve-
ment in TSS in ruxolitinib-treated patients compared with a mean
41.8% worsening in the placebo group (P <0.001). The majority of
responders had achieved a response within the first 4 weeks. Each
individual symptom of the MFSAF improved in ruxolitinib-treated
patients, whereas symptoms worsened in the placebo group (P
<0.01 for each), as shown in Fig. (6). In the ruxolitinib group, 63%
and 47% patients, respectively, with a >35% and <35% reduction in
spleen volume also had a >50% improvement in spleen-related
symptoms (combined score for abdominal discomfort, pain under
left ribs, and early satiety) [103].

At 24 and 48 weeks, ruxolitinib-treated patients showed mean
reductions in JAK2Y®'™" allele burden of 10.9% and 21.5%, respec-
tively; patients receiving placebo had a mean increase of 3.5% and
6.3% [103]. As demonstrated in the phase I/II trial, patients with
and without the JAK2Y*'"" mutation had clinical benefit from treat-
ment with ruxolitinib.

A survival analysis was conducted at the time of a planned
safety update (4 months after the primary analysis data cutoff date).
Thirteen patients in the ruxolitinib group and 24 in the placebo
group died (median follow-up of 52 and 51 wks, respectively), with
a hazard ratio (95% CI) of 0.50 (0.25, 0.98; P =0.04) [103].

Ruxolitinib was generally well tolerated in patients with MF.
Nonhematologic adverse events (AEs) that were more common in
the ruxolitinib versus the placebo group, included ecchymosis (all
grades, 18.7% vs. 9.3%), dizziness (all grades, 14.8% vs. 6.6%),
and headache (all grades, 14.8% vs. 5.3%); these events were pre-
dominantly grade lor 2. The most common hematologic AEs in the
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ruxolitinib group were thrombocytopenia and anemia. These were
usually managed with dose modifications (transfusions for anemia),
and rarely led to discontinuation. Hematology laboratory values are
shown in (Table 4). Patients are included at their worst-on-study
grade [103].
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Fig. (6). Mean percent change in individual symptom scores at week 24. At
week 24, individual symptom scores improved in the ruxolitinib group
(decrease from baseline), while scores worsened in the placebo group (in-
crease in score from baseline) (all P <0.01) (reproduced with permission
from NEJM) [103]. Reproduced with permission from the Massachusetts
Medical Society.

COMFORT-II: A Randomized Phase 11l Study of Ruxolitinib
Versus Best Available Therapy for Primary Myelofibrosis,
Post-Polycythemia  Vera-Myelofibrosis, or Post-Essential
Thrombocythemia-Myelofibrosis

The benefits of ruxolitinib compared to best available therapy
(BAT; other ‘conventional’ agents or no therapy) were shown in
COMFORT-II (ClinicalTrials.gov number, NCT00934544), a phase
II clinical trial in 219 patients with intermediate-2 or high-risk
(IPSS) PMF, PPV-MF, or PET-MF and palpable splenomegaly (>5
cm below left costal margin). Patients were randomized (2:1) to
receive oral ruxolitinib twice-daily (n = 146) or BAT (n = 73).
Therapies in the BAT group included HU, corticosteroids, erythro-
poiesis-stimulating agents, androgens, IFN, and other agents, with
67% of patients in the BAT group receiving one or more of these
therapies. The primary endpoint was defined as the proportion of
patients with >35% reduction in spleen volume at week 48 of ther-
apy, assessed by MRI (or CT). A secondary endpoint was the pro-
portion of patients achieving a >35% reduction in spleen volume at
week 24 [105].

For the primary efficacy outcome measure, 28% ruxolitinib-
treated patients showed >35% reduction in spleen volume com-
pared to 0% in the BAT group (P <0.001) at week 48. For the key
secondary efficacy outcome measure, at 24 weeks, 32% ruxolitinib-
treated patients showed >35% reduction in spleen volume com-
pared to 0% in the BAT group (P <0.001) [105]. Median time to
first >35% reduction in spleen volume from baseline was 12.3
weeks in the ruxolitinib arm, and of the 69 patients who achieved
>35% reduction at any time during the study, 44 (64%) did so at the
week 12 assessment. In contrast, only 1 BAT-treated patient
achieved a >35% reduction in spleen volume by week 12 and this
reduction was lost before the week 24 assessment [105]. The pre-
specified median duration of response in ruxolitinib-treated patients
was not reached; however, 80% of patients were still responding at
a median 12 months of follow-up [105]. Ruxolitinib treatment was
also associated with improvements in quality of life and symptoms
associated with MF compared with BAT.

In an analysis based on a planned safety update with approxi-
mately 2 months of additional follow-up (median, 61.1 weeks), 11
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Table 4. COMFORT-I: Hematology Laboratory Values (Worst Grade on Study) [103]
Ruxolitinib, n = 155 Placebo, n =151
All Grades % Grade 30or4 % All Grades % Grade 30r4 %
Hemoglobin 96.1 452 86.8 19.2
Platelets 69.7 12.9 30.5 1.3
Neutrophils 18.7 7.1 4.0 2.0
Table 5. COMFORT-II: Hematology Laboratory Values (Worst Grade on Study) [105]
Ruxolitinib, n = 146 BAT,n=73
Grade 3 % Grade 4 % Grade 3% Grade 4 %
Hemoglobin 34 8 21 10
Platelets 6 2 4 3

(8%) and 4 (5%) deaths were reported in the ruxolitinib and BAT
arms, respectively [105]. The median survival time had not been
reached. The authors note that interpretation of these data is limited
by significant crossover from BAT to ruxolitinib and limited sur-
vival follow-up in some patients.

Ruxolitinib was generally well tolerated. The most frequently
reported nonhematologic AE in ruxolitinib-treated patients was
diarrhea (all grades, 23% with ruxolitinib vs. 12% in patients
treated with BAT). Peripheral edema was the most frequently re-
ported AE with BAT (all grades, 22% with ruxolitinib vs. 26% for
BAT). The most frequently reported grade 3—4 nonhematologic
AEs were abdominal pain (3%) with ruxolitinib and dyspnea and
pneumonia (4% each) with BAT. Thrombocytopenia and anemia
occurred more frequently in ruxolitinib-treated patients vs. BAT-
treated patients. Hematology laboratory values are shown in (Table
5). Patients are included at their worst-on-study grade [105].

Ruxolitinib Therapy in Patients with Polycythemia Vera and
Essential Thrombocythemia Refractory to Hydroxyurea

A single-arm, open-label phase II trial (INCB018424-256;
ClinicalTrials.gov number, NCT00726232) investigated the effi-
cacy and safety of ruxolitinib therapy in patients with PV and ET
refractory/resistant to (or intolerant of) current treatment regimens
[106]. An initial 8-week run-in established 10 and 25 mg BID as
starting doses for expansion cohorts of 6-8 PV (n=34) and ET (n =
39) patients, respectively. The dose for each patient was appropri-
ately titrated based on efficacy and safety. Response in PV patients
was defined based on hematocrit control in the absence of phlebot-
omy, improvement or elimination of palpable splenomegaly, and
normalization of leukocytosis and thrombocytosis. Response in ET
patients was defined based on improvement or normalization of
WBC and platelet counts and elimination of palpable splenomegaly.

In patients with PV, 97% achieved hematocrit control to <45%
in the absence of phlebotomy, and all patients maintained phlebot-
omy independence (median follow-up of 15 months, range 8-21).
In the 74% of patients who had splenomegaly at baseline, 59%
achieved at least a 50% reduction in palpable spleen length or the
spleen became non-palpable. Leukocytosis (WBC count >15 X
10°/L), present in 47% of patients at baseline, improved (<15 x
10°/L) in 88% and normalized (< the upper limit of normal [ULNT)
in 63% of patients. Thrombocytosis >600 x 10°/L, present in 38%
of patients at baseline, improved in 92% (< 600 x 10%/L) and nor-
malized (< ULN) in 69% of patients. Overall, 59% of patients
achieved phlebotomy independence, resolution of splenomegaly
and normalization of leukocytosis and thrombocytosis. Grade 3
AEs potentially related to study medication included thrombocy-
topenia (n = 2), and neutropenia, renal tumor, asthenia, viral infec-

tion, and atrial flutter (n = 1 each). There were no grade 4 drug-
related AEs. Three patients discontinued therapy because of AEs.

In patients with ET, platelet counts normalized (< ULN) in 49%
of patients after a median of 0.5 months. This response was main-
tained for a median of 3.5 months; 82% maintained platelet counts
<600 x 10°/L for a median of 9.8 months. Among patients with
baseline platelet counts >1,000 x 10%/L (n = 14), 13 experienced a
>50% reduction. Normal WBC counts were maintained for a me-
dian duration 14.5 months. Palpable spleens resolved in 3 of 4 pa-
tients. Grade 3 AEs potentially related to study medication included
leukopenia (n = 2), GI disorder (n = 1), and peripheral neuropathy
(n = 1). No grade 4 drug-related AEs were reported. Four patients
discontinued therapy because of AEs.

Patients with PV and ET demonstrated improvements in symp-
tom scores for itching, night sweats, and bone pain. In addition,
42% of PV and 56% of ET patients had at least a 20% decrease in
JAK2YS'F allele burden. Clinical efficacy was not related to the
presence/absence of the JAK2Y®'”" mutation or changes in allele
burden [107]. There are no published data on the effect of ruxolit-
inib on thrombotic risk in patients with PV or ET.

Other Ruxolitinib Trials in MPN

Ruxolitinib is currently in clinical trials in patients with other
subtypes of MPN. RESPONSE (Randomized Study of Efficacy and
Safety in Polycythemia Vera with JAK Inhibitor INCB018424 Ver-
sus Best Available Care; ClinicalTrials.gov  number,
NCT01243944) is an ongoing global, open-label phase III trial
designed to compare the efficacy and safety of ruxolitinib to BAT
(1:1) in 200 adult patients with PV who are resistant/refractory to or
intolerant of HU (by ELN criteria), require phlebotomy due to in-
adequate hematocrit control, and exhibit palpable splenomegaly
with a two times normal spleen volume. The composite primary
efficacy endpoint after 32 weeks of treatment is based on achieving
both phlebotomy independence and a reduction in spleen volume.
The secondary endpoints are the proportion of patients who main-
tain the primary endpoint response at 48 weeks from randomization
and the proportion of patients achieving complete hematologic
remission at 32 weeks. All patients will be treated for 48 weeks to
assess safety and response durability. Patients randomized to BAT
may be eligible to cross over to receive ruxolitinib after week 32.

Two clinical trials are investigating use of ruxolitinib in patients
with MF and low platelet counts (i.e, <100 x 10%L):
CINC424A2201 (ClinicalTrials.gov number, NCT01317875) and
INCB018424-258 (ClinicalTrials.gov number, NCT01348490). As
clinical experience with ruxolitinib broadens, eventually, this drug
will acquire its place in the treatment of landscape of MF and PV.
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As is the case with every significant advance in therapy, clinical
development efforts have already started and will predictably inten-
sify to evaluate ways to optimize ruxolitinib’s use by testing it in
combination therapies (e.g., with panobinostat).

CONCLUSION

The enhanced molecular understanding of MPN has paved the
way for the development of clinically and biologically more satis-
factory treatments. The current experience with ruxolitinib clearly
establishes the dawn of the JAK-targeted era. The drug is generally
well tolerated in a wide spectrum of MPN patients, and results in
clinically significant rapid and durable reductions in splenomegaly
and improvements in disease-related symptoms. Ruxolitinib is cur-
rently in clinical trials involving patients with MF and low platelets
and patients with PV (phase II completed in PV and ET), and there
is enthusiasm to support the development of well-tolerated therapy
for all MPN sub-categories, as well as the myeloproliferative vari-
ants of myelodysplastic syndromes (the MDS/MPN ‘overlap’ phe-
notype). The latter group of studies should help assess the potential
for reducing the risk of vascular events, which are typically more
common in PV and ET, as well as assess ruxolitinib’s activity in
MDS/MPN. Furthermore, the recent observation from a large phase
II study in MF, COMFORT-I, suggests that there may be a sur-
vival benefit with ruxolitinib versus placebo. Clearly, persistence of
this survival advantage with longer follow-up would more strongly
suggest that inhibition of JAK1 and JAK2 by ruxolitinib can effec-
tively modify the long-term disease progression in patients with
MF.
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