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Abstract

Polycythemia vera (PV) is a chronic myeloproliferative neoplasm defined by erythrocytosis and
often accompanied by leukocytosis and thrombocytosis. Current treatment options, including IFN-
a and hydroxyurea, effectively manage PV in many patients. However, some high-risk patients,
particularly those who become hydroxyurea-intolerant/resistant, may benefit from IFN-a or new
treatment options. A better understanding of PV pathophysiology, including the role of the JAK/
STAT pathway, has inspired the development of new therapies. Several JAK inhibitors directly
target JAK/STAT pathway activation and have been evaluated in Phase I1/111 trials with promising
results. Pegylated variants of IFN-a, which reduce dosing frequency and toxicity associated with
recombinant IFN-a, have yielded favorable efficacy results in Phase 1l trials. Finally, histone
deacetylase inhibitors have been developed to manage PV at the level of chromatin-regulated gene
expression. The earliest Phase 11 results from these next-generation therapies are expected in
2014.
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Introduction

Polycythemia vera (PV) is a chronic myeloproliferative neoplasm (MPN) that results from
the clonal expansion of a hematopoietic progenitor, leading to erythrocytosis and potentially
leukocytosis and/or thrombocytosis [1]. Although the life expectancy of patients with PV is
relatively long (median, 13.5 years [2]) compared with many other types of cancer, PV is
associated with an increased risk of mortality [34]. This is particularly true in patients who
are resistant to hydroxyurea (HU) treatment, the usual first-line therapy for PV [5]. The
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leading causes of death in patients with PV include cardiovascular events such as stroke,
heart attack, and venous thrombosis. Hemorrhage and transformation to myelofibrosis (MF)
or, rarely, acute myeloid leukemia are additional complications of PV [46]. Patients often
develop splenomegaly, which can result in pain and discomfort [7] and a broad range of
other symptoms that often include headache, pruritus, and fatigue [/-13]. Together, these
conditions negatively affect overall health-related quality of life [7=13]. In the United States,
the age-adjusted prevalence of PV in 2010 was estimated to be 48-57 cases per 100,000
residents, with a mean age of approximately 55 years and a slight male predominance
(~65%) [14]. Prevalence in Europe has been estimated at 5-30 cases per 100,000 residents;
the discrepancy with the reported US prevalence rate may reflect challenges associated with
evaluating a rare disease rather than a true significant difference [15].

Polycythemia vera is associated with dysregulated activation of the JAK/STAT pathway,
which in about 98% of patients results from one of two types of constitutively active somatic
mutations [16-18]: mutations in JAKZexon 12 or, in most cases, the recurrent JAK2V617F
mutation (18211, In normal hematopoiesis, JAK? is specifically activated by the growth
factor erythropoietin (EPO) binding to the EPO receptor and the growth factor
thrombopoietin (TPO) binding to its receptor (MPL) [22]. JAK2 can also be activated in
response to the growth factors granulocyte colony-stimulating factor (G-CSF) and
granulocyte-macrophage colony-stimulating factor (GM-CSF) to promote proliferation or
prevent apoptotic cell death [23-26] Activated JAK2 then phosphorylates and activates STAT
family transcription factors, leading to hematopoietic stem cell proliferation and
differentiation [2227], JAK2V617F and JAKZ2 exon 12 mutations are associated with
constitutive activation of JAK2 and the JAK/STAT signaling pathway, leading to exaggerated
hematopoietic proliferation in the absence of EPO, TPO, G-CSF, or GM-CSF [18.20.21.27],
JAK/STAT signaling may also contribute to PV-related inflammation and resulting
symptoms. Serum inflammatory cytokine levels are increased in patients with PV [28.29] and
inflammation, as measured by serum C-reactive protein (CRP), is significantly correlated
with JAK2V617F gllele burden [301. In patients with MF, altered cytokine levels are associated
with several symptoms, including itching, night sweats, loss of weight and/or appetite, and
poor sleep quality; a similar association may exist in patients with PV [311. In addition to
JAK2, JAK1 may also participate in the signaling pathways that underlie PV-related
inflammation; selective inhibition of JAK1 has been shown to have anti-inflammatory
activity in preclinical models of inflammatory diseases [32]. Importantly, some clinical data
indicate that erythrocytosis, leukocytosis, mutant JAKZ2 allele burden [33], and serum CRP
levels [30] are associated with an increased risk of thrombosis in patients with PV.

Diagnostic and therapeutic guidelines for PV have been established by the World Health
Organization (WHO) 341 and individual clinicians [16:35]. However, these guidelines were
primarily derived from expert opinion and may warrant revisions based on currently
available and emerging clinical evidence. For example, WHO major diagnostic criteria for
PV include consideration of hematocrit, hemoglobin, or nuclear red cell mass and the
presence of JAK2V617F or JAKZ exon 12 mutations (TABLE 1). However, the validity of
measuring hematocrit or hemoglobin rather than nuclear red blood cell mass is under
debate [36-401_ Current treatment strategies stratify patients with PV based on risk of
thrombosis [16:35] and aim to achieve a hematocrit goal of <45% to reduce the risk of
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cardiovascular and thrombotic events [42:42]. For low-risk patients (<60 years of age with no
history of thrombotic events [16:35]) phlebotomy and antiplatelet therapy with low-dose
aspirin (100 mg/d) are recommended [16:35]. However, a recent Cochrane meta-analysis
indicated that aspirin conferred nonsignificant benefits in terms of all-cause mortality and
mortality from thrombotic events in patients with PV [43] and further evaluation may be
required to determine if aspirin is safe and effective in all patients with PV 441, High-risk
patients are defined as those aged =60 years or with a history of thrombotic events [16.35];
future treatment guidelines may be revised to include leukocytosis and/or thrombocytosis as
indicators of high-risk patients based on their associations with patient mortality risk [43].
The current treatment recommendations for high-risk patients suggest phlebotomy, low-dose
aspirin, and cytoreductive therapy with HU or recombinant IFN-a as first-line therapy, with
HU being the preferred option in many countries [16:3546] |t has also been suggested that
patients may benefit from early treatment with IFN-a—based treatment [4748]. In the acute
setting of cardiovascular events, cytoreductive therapy is recommended in addition to
phlebotomy. Allogeneic hematopoietic transplantation is not usually considered for patients
with chronic-Phase PV; a recent systematic review and decision analysis reported superior
survival in this setting with phlebotomy/aspirin (plus a cytoreductive agent as needed)
compared with allogeneic hematopoietic stem cell transplantation [491. Despite treatment
guideline endorsement of HU [16:35] clinical evidence of HU efficacy in patients with PV is
limited. An older study (initial findings published in 1986) compared patients with PV
treated with HU (n = 51) to historical controls treated with phlebotomy (n = 134); the overall
survival difference was not statistically significant between groups 591, A more recent study
(results published in 2011) demonstrated a statistically significant survival advantage for
patients with PV (n = 285) who received HU compared with those who received
pipobroman; however, a noncytoreductive treatment group was not included [4l. It is also
important to note that HU is not adequately effective for a subgroup of patients with PV. Up
to one quarter of patients may become intolerant of or resistant to HU (BOX 1) [551],
Moreover, some patients and clinicians may avoid HU treatment because of increasing
concerns about risks of skin cancer [52] and leukemic transformation [5:50.33], Indeed, some
centers have replaced HU with IFN-a—-based treatments as first-line therapy in patients <60
years of age because of potential leukemogenicity (48541, Finally, HU may not provide
antithrombotic benefit [53:55] or mitigate symptom burden [2:56] which should be the primary
goals of treatment for patients with PV [16:35]. Second-line treatment options include
recombinant IFN-a, pipobroman, 32P, and busulfan [16:35.46]. Recombinant IFN-a may
effectively reduce dependence on phlebotomy [57:58] normalize platelet [>7:58] and leukocyte
counts 571 and manage splenomegaly %81, with clinical benefits observed in patient
populations that include those who are intolerant of or resistant to HU 381, While the
toxicity profile of recombinant IFN-a, particularly at higher doses, has led to high
discontinuation rates in some clinical trials and may therefore be impractical for long-term
therapy for some individuals [%4], lower doses are well tolerated by many patients [58:59],
Pipobroman, 32P, and busulfan may effectively improve the patient’s condition but are
associated with significantly increased risk for leukemic transformation [4:60.61]1 New
therapeutic options are needed to better address the burden of PV, most notably in high-risk
patients who are intolerant of or resistant to HU, which is the subject of this review.
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Box 1

Current European LeukemiaNet criteria for resistance to or intolerance of
hydroxyurea

1. Phlebotomy requirement to maintain hematocrit <45% after receiving $2 g/d hydroxyurea for 3 months
OR

2. Uncontrolled myeloproliferation after receiving 32 g/d hydroxyurea for 3 months (platelet count >400 x
10%/1 AND white blood cell count >10 x 10%/1)

OR

3. Massive 7splenomegaly reduced by £50% as measured by palpation, OR persistent splenomegaly-related
symptoms, after receiving 2 g/d hydroxyurea for 3 months

OR

4. Absolute neutrophil count <1.0 x 10%/1, OR platelet count <100 x 10%I, OR hemoglobin <100 g/I, with the
lowest dose of hydroxyurea required to achieve complete or partial clinicohematologic response

OR

5. Presence of hydroxyurea-related nonhematologic toxicities, including leg ulcers, mucocutaneous
manifestations, gastro-intestinal symptoms, pneumonitis, or fever

fSpIeen extending £10 cm from the costal margin.
JtPer ELN 2009 criteria [41].
Adapted with permission from [51].

Emerging treatment options

A major hindrance to the development of targeted therapy options for PV before 2005 was
the absence of a molecular mechanism as an underlying cause of the disease. The discovery
of JAK2V617F and subsequently a more complete understanding of the pathophysiology
underlying PV, including the identification of JAK/STAT pathway activation as a unifying,
underlying, biological abnormality, has opened the door to more specific treatment options.

JAK inhibitors

In recent years, JAK inhibitors have received preclinical and clinical attention owing to their
ability to target the central molecular feature of PV, JAK/STAT pathway activation. Several
JAK1/JAK?2 and JAK2 inhibitors have been investigated in patients with PV, with results
supportive of this drug class as a promising treatment option.

Ruxolitinib—Ruxolitinib (Novartis International AG; Basel, Switzerland) is an oral
JAK1/JAK2 inhibitor currently indicated for intermediate or high-risk MF [62]. Worsening
severity of anemia has been a limitation of JAK inhibitor treatment for some patients with
MF; however, an anemic tendency could be potentially salutary in a disease with
erythrocytosis, such as PV.

The efficacy and safety of ruxolitinib in patients with PV who are resistant to or intolerant of
HU have been explored in a Phase Il clinical trial. Overall, clinicohematologic response per
modified 2009 European LeukemiaNet (ELN) criteria was achieved in most patients with
ruxolitinib (TABLES 2 & 3) [29]. Of 34 patients receiving ruxolitinib, 97% achieved a
clinicohematologic response, with a complete response achieved by 59%. In particular,
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treatment with ruxolitinib was associated with a reduction in white blood cell (WBC) and
platelet counts for most patients with elevated cell counts at baseline, and a 250% reduction
in palpable spleen by week 24 in a majority of patients with palpable spleen at baseline.
Response was durable; after 48 weeks, 85% of patients maintained a hematocrit <45%
without phlebotomy, and only 4 patients required phlebotomy during the 144-week study.
Patients receiving ruxolitinib also experienced a reduction in PV-related symptom burden.
Within the first 4 weeks of treatment, most patients experienced a 250% reduction in the
severity of baseline pruritus, night sweats, and bone pain. Some data suggest that the
JAK2VEI7F gllele burden positively correlates with several measures of disease severity,
including thrombosis, splenomegaly, and fibrotic transformation [17:33], After 3 years of
treatment with ruxolitinib, nearly one quarter of patients achieved a = 50% reduction in
JAK2V617F gllele burden [29], Adverse events (AEs) were primarily of grades 1 or 2. Grade
>3 AEs included anemia and thrombocytopenia, which were observed in 3 patients each,
and neutropenia, pyrexia, vomiting, and asthenia, which were reported in 1 patient each.
These results are consistent with the tolerability profile reported for ruxolitinib in patients
with MF, with the exception of cytopenia, which is a common AE in patients with MF but
rare in patients with P\/ [63.64],

Ruxolitinib is currently being evaluated for the treatment of PV in a Phase Il clinical trial,
with results expected in mid to late 2014. RESPONSE [6%] is a randomized, open-label,
Phase Il clinical trial that aims to evaluate efficacy and safety of ruxolitinib in patients with
PV who have splenomegaly and are intolerant of or resistant to first-line HU (FIGURE 1).
Overall, 222 patients with PV have been enrolled in RESPONSE [6] and preliminary
results indicate that treatment with ruxolitinib is superior to best available therapy (BAT) for
managing hematocrit without phlebotomy, reducing splenomegaly, and improving symptom
burden [67]. The primary end (hematocrit control without phlebotomy eligibility and a >35%
reduction in spleen volume) was achieved by 21 versus 1% (p < 0.0001) of patients
randomized to ruxolitinib versus BAT, respectively, and 91% of patients maintained their
response at week 48. At least 1 component of the primary end point was achieved by 77% of
patients receiving ruxolitinib. Treatment with ruxolitinib was associated with greater benefit
than BAT for both components of the primary end point: hematocrit control without
phlebotomy eligibility (ruxolitinib, 60%; BAT, 20%) and a =35% reduction in spleen size
(ruxolitinib, 38%; BAT, 1%). Complete hematologic response was achieved by 24 versus 9%
of patients randomized to ruxolitinib versus BAT. Symptom burden, as assessed by the
Myeloproliferative Neoplasm Symptom Assessment Form, was reduced by at least half in 49
versus 5% of patients randomized to ruxolitinib versus BAT. Among patients receiving
ruxolitinib, grade =3 AEs included anemia (1.8%) and thrombocytopenia (5.5%);
thromboembolic events were reported in 1 patient receiving ruxolitinib and 6 patients
receiving BAT. RESPONSE 2 [68] is a randomized double-blind study that compares
ruxolitinib and BAT for efficacy and safety in patients who are intolerant of or resistant to
first-line HU and do not have enlarged spleens [691. RELIEF [7% is a randomized double-
blind study that compares ruxolitinib and HU for improvement of PV-related symptoms
(FIGURE 1); patients who are currently on HU but still have uncontrolled signs and
symptoms of PV are eligible to participate. At the time of this writing, no clinical data from
RESPONSE 2 or RELIEF have been published.
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Other JAK inhibitors—Lestaurtinib (CEP-701; Cephalon, Frazer, PA) is an oral
multikinase inhibitor that blocks the activity of JAK2, as well as the tyrosine kinases Fms-
like tyrosine kinase 3 (FLT3) and neurotrophic tyrosine kinase receptor type 1 (TrkA), at
nanomolar concentrations [71-73]. Lestaurtinib has been evaluated for the treatment of
MPNSs, including a Phase 11 study that enrolled 27 patients with PV [74,75]. Evidence to
date suggests that lestaurtinib has limited efficacy in this setting. Of 18 evaluable patients, 2
(11%) met the primary end point of a >15% reduction in JAK2V617F allele burden within 18
weeks (TABLE 3) [74]. Phlebotomy requirement persisted on treatment for 75% of patients
who required phlebotomy at baseline. Ten of 18 (56%) evaluable patients experienced any
reduction in spleen size. Toxicity may be a concern with lestaurtinib; 11 (41%) patients
discontinued within the 18-week treatment period because of AEs, including diarrhea,
nausea, increased appetite, or muscle spasms [74]. These results emphasize the importance
of a well-tolerated agent when long-term administration is anticipated, as is the case with
PV. Additional clinical trials of lestaurtinib in patients with PV are not currently being
planned.

LY 2784544 (Eli Lilly, Indianapolis, IN) is an oral JAK2 inhibitor in early development for
the treatment of patients with MPNs. Preclinical work has demonstrated selective inhibition
of wild-type JAK2 and JAK2V617F signaling /n vitro and in vivo and reduced spleen volume
and JAK2V617F tymor burden in a murine MPN model [761. A Phase I clinical study of
patients with MF, essential thrombocythemia (ET), or PV identified a daily dose of 120 mg
LY2784544 for use in Phase 11 studies [77]. Serious AEs associated with LY 2784544 include
increased creatinine/acute renal insufficiency, hyperuricemia, hyperkalemia, and anemia [77].
LY2784544 is currently being evaluated in a Phase Il clinical trial in patients with PV, ET, or
MF who are intolerant of or resistant to ruxolitinib [78].

Momelotinib (CYT387; Gilead, Foster City, CA) is an oral JAK1/JAK2 inhibitor that is
currently being evaluated in a Phase |1 clinical trial in patients with PV or ET with no
previous exposure to a JAK inhibitor [7%]. Preclinical studies have demonstrated selective
inhibition of JAK1 and JAK2 at nanomolar concentrations and antiproliferative activity in
cell lines with constitutively active JAK2 mutations, including JAK2V617F colonies from
patients with PV [89.81] |n a murine MPN model, treatment with momelotinib was
associated with improved WBC counts, lowered hematocrit, reduced spleen size, and a
reduced JAK2Y617F gllele burden [82]. A Phase /11 clinical study of momelotinib in patients
with MF (n = 60) reported spleen and anemia responses in 48 and 59% of patients,
respectively, based on 2006 International Working Group-Myeloproliferative Neoplasms
Research and Treatment criteria [82]. Grade >3 treatment-emergent AEs included
thrombocytopenia (n = 19), increased lipase (n = 3), increased aspartate aminotransferase (n
= 2), increased alanine aminotransferase (n = 2), and headache (n = 2) [82],

Pacritinib (SB1518; Cell Therapeutics, Seattle, WA) is another oral JAK2 inhibitor.
Preclinical work has demonstrated that pacritinib selectively inhibits JAK2, JAK2V617F and
FLT3 and reduces spleen size in a JAK2Y627F murine model. In a cell culture system with
human erythroid progenitor cells, treatment with pacritinib was shown to inhibit colony
formation and reduce cell viability, with similar activity in cells derived from healthy
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volunteers and patients with PV [83]. Clinical trials of pacritinib in patients with PV are not
currently being planned.

The development of fedratinib (SAR302503; Sanofi, Bridgewater, NJ), an oral JAK2
inhibitor, was recently terminated during a Phase 11 trial [84] because of safety concerns
related to Wernicke-like encephalopathy. The failure of fedratinib development emphasizes
that JAK inhibitors have structural differences that may impact clinical outcomes; off-target
effects may result in meaningful differences in clinical outcomes.

Pegylated IEN-a: The mechanism by which IFN-a-based therapies function to treat PV
remains unclear and may result from a combination of antiproliferative, proapoptotic,
antiangiogenic, and immunomodulatory activities [3]. IFN-a signaling in melanoma tumor
tissue and lymphocytes has been associated with the activation of the tumor suppressor
STAT1 and inhibition of a promoter of immunosuppression, STAT3 [85:8¢]_|n hematopoietic
cells, IFN-a signals through a pathway that requires phosphorylation and activation of p38
mitogen-activated protein kinase to inhibit growth and induce apoptosis [87]. Furthermore,
the expression of hematopoietic cytokines, including GM-CSF and interleukin-1p, is
negatively regulated by IFN-a [88],

Clinical trials with recombinant IFN-a have reported encouraging response rates in patients
with PV; however, long-term patient tolerability of recombinant IFN-a can be challenging
because of toxicity concerns and inconvenient treatment schedules, limiting the duration of
treatment and patient benefit (as reviewed by Quintas-Cardama and colleagues [8%],
Hasselbalch 541, and Silver and colleagues [8]). Interferon-based therapy may be considered
treatment of choice for younger women seeking pregnancy or during pregnancy (331,

The conjugation of polyethylene glycol (PEG) to a protein can be used to lengthen exposure
time and reduce toxicity; these effects primarily result from PEG interference with
proteolytic enzymes and PEG disruption of immune cell interactions, which can lead to
reduced immunogenicity and antigenicity [90]. PEG-IFN-a variants have plasma half-lives
of 40.0 to 72.4 h, 10 times longer than that of recombinant IFN-a, and reduced renal
excretion, allowing for weekly rather than daily dosing [89.91],

Pegylated IFN-a2a—Pegylated interferon-a2a (Roche, Nutley, NJ) is approved by the
US Food and Drug Administration for the treatment of patients with chronic hepatitis C with
compensated liver disease and chronic hepatitis B with compensated liver disease, viral
replication, and liver inflammation [92]. Phase I1 trials have reported high response rates in
patients with PV, with clinicohematologic response observed in 79-100% of patients and
54-95% of patients experiencing a complete response (defined as hematocrit maintenance
<45% in men and either <42 or <45% in women [study dependent] without phlebotomy,
absence of thromboembolic events, WBC count <10 x 109/1, platelet count <400 x 109/1,
and absence of splenomegaly; TABLES 2 and 3) [93-961. The JAK2V617F allele burden was
reduced in most patients (54-90%) after median follow-up times of 21 months (range, 2—-45
months) and 31.4 months (Q1-Q3, 26.4-35.1 months) [93.94]: after 12 months of therapy, the
median allele burden was reduced by 42-50% [93.94]. |n a Danish long-term analysis
(median follow-up, 42 months) of treatment with IFN-a-based therapies (primarily PEG-
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IFN-a2a) in patients with MPNs, complete hematologic remission was reported in 68% of
patients with PV, with a median decrease in JAK2Y627F allele burden of 59-35% (95% ClI:
17-33%) [97]. A subset of patients with ET or PV (11%) had an allele burden reduction to
<2%. Furthermore, normalized bone marrow morphology was observed in 3 of 6 patients
with PV who paused IFN-a treatment to evaluate the sustainability of remission; all 6
patients had normalized blood cell counts that persisted for a median of 45 months after
discontinuation. Treatment of early disease (i.e., within 2 years of diagnosis) may portend a
better response, given the high response rates and absence of thrombosis that have been
observed after treatment for a median of 30 months [94]. Importantly, patients with mutations
in TETZ may be resistant to PEG-IFN-a; these mutations are associated with significantly
higher JAK2V617F gllele burden at baseline compared with patients without a 7£7.2 mutation
[93].

Adverse events were reported by 89-96% of patients, with most being of grade 1 or 2
severity [93-961 No grade 4 toxicities were observed; grade 3 AEs reported for >1 patient
included neutropenia (8% of patients) and liver toxicity (5% of patients) [#3-951. Toxicity
resulted in discontinuation of 10-24% of patients during the 24-92-month study periods.
Toxicities that resulted in the discontinuation of >1 patient included depression, fatigue,
dyspnea, muscular pain, and neutropenia [94.95],

A Phase 11 clinical trial 98] is currently ongoing to compare the efficacy and safety of PEG—
IFN- a2a versus HU in patients with high-risk PV (defined as JAK2Y617Fpositive and
hemoglobin >18.5 g/dl [men] or >16.5 g/dl [women], hematocrit >99th percentile, red cell
mass >25% above average, or hemoglobin >17.0 g/dl [men] or >15.0 g/dl [women] if it is
sustained above baseline with no known cause) or ET. The study is estimated to be
completed in late 2014.

Pegylated IFN-a2b—Pegylated interferon-a2b (Merck, Whitehouse Station, NJ) is
currently being investigated in a Phase |1 clinical study, with the final data collection
estimated for mid-2014 [99. Preliminary results indicate high response rates; of 19 evaluable
patients, 17 (89%) had a hematologic response after 18 months of therapy, and 9 (47%) had
a complete response (defined as hematocrit maintenance <45% without phlebotomy, absence
of thromboembolic events, WBC count <10 x 109/1, platelet count <400 x 109/I, and
normalized spleen size; TABLES 2 and 3) [100], After 12 months of therapy, 1 (5%) patient
still required phlebotomy for hematocrit maintenance. AEs were reported by 48 (94%)
patients, with 26 of 645 (4%) considered serious [109]. The most commonly reported AEs
were pruritus, headache, fatigue, arthralgia, diarrhea, and vertigo. Within the 18-month study
period, AEs led to the discontinuation of 10 (20%) patients. Cases of long-term reductions in
JAK2VEI7F gllele burden that persist for months following discontinuation of PEG-IFN-a2b
have been reported [47:101] byt prospective clinical trials will be required to confirm this
finding. Evaluation of pegylated interferon-a2b has also begun in a Phase 111 clinical
trial [1921. PROUD-PV aims to compare the efficacy and safety of PEG—-IFN-a2b and HU in
patients with JAK2V617Fpositive PV, with an estimated completion date of late 2015.

Histone deacetylase inhibitors: Histone deacetylases (HDACS) regulate gene expression
through chromatin modifications [193] and may play a critical role in facilitating the
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proliferative and cytokine-mediated aspects of the PV disease state. In patients with PV,
HDAC expression has been observed at elevated levels [104]. Inhibition of HDACs has been
shown to have antiproliferative and proapoptotic activity in leukemia and melanoma model
cell lines [195.206] Fyrthermore, HDAC inhibition has been associated with decreased
cytokine production by mesenchymal stromal cells in vitro [106],

Vorinostat: Vorinostat (Merck, Whitehouse Station, NJ) is indicated as third-line therapy
for patients with cutaneous manifestations of cutaneous T-cell lymphoma [207]. A Phase I
clinical study evaluating efficacy and safety of vorinostat in patients with MPNs reported
moderate response rates but also raised concern regarding toxicity-related discontinuation.
Clinicohematologic response was observed in 35% of 63 patients with MPNs (including 44
patients with PV/) at the end of the 24-week intervention period (TABLES 2 and 3) [108],
Forty-six percent of patients with palpable splenomegaly at baseline were splenomegaly-free
after 24 weeks of treatment. Among the 48% of patients who completed the study, the most
commonly reported AEs were fatigue and gastrointestinal toxicity [198]. Grade 3/4 AEs
reported by >1 patient included fatigue (13% of patients), gastrointestinal toxicity (11%),
diarrhea (5%), dry mouth (5%), nausea (5%), and anorexia (5%). After 24 weeks of
treatment with vorinostat, 28 (44%) patients had discontinued because of toxicity, with the
most common causes of discontinuation reported as diarrhea, fatigue, renal impairment, hair
loss, and nausea. No additional trials with vorinostat in patients with PV have been
registered with ClinicalTrials.gov at the time of this writing.

Givinostat: Oral givinostat (Italfarmaco, Milan, Italy) has been evaluated in 2 Phase Il
clinical studies in patients with PV, with promising efficacy results. In 1 open-label
multicenter study of 10 patients with PV who completed the 24-week schedule, 7 (70%)
experienced a hematologic response and 1 (10%) a complete response 1991 per ELN
criteria 41 (TABLES 2 and 3). Baseline splenomegaly per palpation was resolved in 5 of 8
patients. A second open-label, multicenter, Phase I1 clinical study randomized patients to
HU plus either 50 or 100 mg/d givinostat [110]. Overall, of 44 patients with PV, 52.3% had a
hematologic response after 12 weeks, with 4.5% reporting a complete response [110] per
ELN criteria [41]. Treatment with givinostat was associated with resolution of pruritus in
65.2% of patients with grade =2 pruritus at baseline. In contrast to the first Phase |1 clinical
study, treatment with givinostat was ineffective for the resolution of baseline splenomegaly
in 91.9% of patients. AEs (grade 2 thrombocytopenia, hyperkalemia, and arrhythmia; grade
3 psychiatric symptoms [disorientation], pulmonary embolism, and anemia) resulted in
discontinuation of 16.7 and 18.2% of patients in the 2 studies, respectively. Givinostat is
currently being evaluated in a Phase 11 clinical trial [111] for safety and efficacy in patients
with PV.

Expert commentary

Patients with PV have an increased risk of thrombotic events and splenomegaly, and they
may experience a broad range of symptoms that negatively affect overall quality of

life [3:4.6-13] patients with PV have increased risk of morbidity due to disease complications
and may have shorter life expectancy than normal. Although treatment consistent with
current guidelines can effectively manage PV in many patients, these guidelines are based on
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expert opinion rather than clinical evidence. For example, no prospective randomized
clinical trials to date have evaluated HU efficacy in reducing thrombotic risk and managing
PV-related symptoms, which are primary treatment goals in this setting. Furthermore,
suggested therapeutic strategies are not effective in all patient populations; a subpopulation
that includes high-risk patients who are intolerant of or resistant to HU does not receive
adequate benefit from current therapy options [>511. New therapies will be required to
address unmet needs in this patient population, and it is critical that randomized clinical
studies are designed to evaluate thrombotic risk and PV-symptom burden to ensure that
future treatment guidelines are supported by adequate clinical evidence.

Several clinical trials have highlighted the potential of new therapy options currently in
development in this setting. Clinical results to date suggest that JAK inhibitors are a
promising therapeutic option. Although it is challenging to make cross-study comparisons,
there do appear to be important efficacy and toxicity differences among JAK inhibitors
currently in development. These differences may result from JAK inhibition specificity
(JAK1/JAK2 vs JAK2 only), activity against other kinases, or other nonspecific activities.
IFN-a—based treatments also have a place in therapy for patients with PV, and clinical
results with PEG-IFN-a are supportive of an improvement over recombinant IFN-a;
however, Phase 11 clinical trial results will be required to substantiate reduced toxicity and
long-term tolerability of PEG-IFN-q in patients with P\ [93-96.100] physicians will have to
balance the efficacy of this drug class against a patient’s ability to tolerate the medicine and,
therefore, derive benefit. An intriguing treatment option for patients who are intolerant of or
resistant to IFN-a—based therapies is PEG-IFN-a plus ruxolitinib combination

therapy [112113] although clinical trial data will be required to adequately evaluate this
novel combination. Based on clinical results to date, HDAC inhibitors are associated with
high toxicity levels, and their role, if any, needs to be evaluated further in clinical studies.

Five-year view

New treatment options currently in Phase 111 development, including ruxolitinib and
therapies based on PEG-IFN-q, are positioned to become standard second-line therapy
options in coming years. Initial Phase 111 results for ruxolitinib have been reported,
suggesting that ruxolitinib may receive approval as a second-line therapy in the near future.
Beyond ruxolitinib, the number of clinical trials focused on new treatment options in this
setting emphasizes the potential for approval of several new therapies in coming years.
Determination of how new agents will be incorporated into updated treatment algorithms
will be an important challenge for physicians to overcome during the next 5 years. Given the
chronic nature of PV, preference should be given to treatments that are not only efficacious,
but also well tolerated over the course of long-term treatment.
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Key Issues

PV is a chronic MPN that is associated with excessive proliferation of
erythrocytes, leukocytes, and platelets, as well as splenomegaly.

Patients with PV have increased risk of thrombosis, as well as a broad
symptom burden that includes fatigue and pruritus. Taken together, these
can meaningfully detract from a patient’s quality of life.

Current treatment guidelines are based on expert opinion and need to be
validated with randomized clinical trials in patients with PV.

Currently available treatment options provide clinical benefit for some
patients; however, for other patients, PV is not adequately managed by
current treatment options, including up to one quarter of patients who
become resistant to or intolerant of HU.

Several new therapy options are in the clinical trial phase of development,
including JAK inhibitors, pegylated variants of IFN-a (as opposed to
recombinant IFN-a), and HDAC inhibitors.

The JAK1/JAK2 inhibitor ruxolitinib, PEG-IFN-a2a, and PEG-IFN-a2b
have exhibited promising efficacy and safety results in Phase Il clinical
trials and are currently in Phase 111 development.
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Figure 1. Ruxolitinib Phase 111 clinical trial designs
(A) RESPONSE is a randomized, open-label, Phase 111 clinical trial that aims to compare

ruxolitinib and best available therapy for efficacy and safety in patients with polycythemia
vera who are resistant to or intolerant of hydroxyurea [65]. (B) RELIEF is a randomized,
double-blind clinical trial in patients experiencing polycythemia vera—related symptoms
while receiving a stable dose of hydroxyurea that aims to evaluate ruxolitinib versus
hydroxyurea for the relief of symptoms [70].

ELN: European LeukemiaNet; MRI: Magnetic resonance imaging.
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Table 1

2008 WHO diagnostic criteria for polycythemia vera”

Criteria
Major criteria 1 Hb >18.5 g/dl (men), >16.5 g/dl (women)
OR
Hb or Hct >99th percentile of reference range for age, sex, or altitude of residence
OR
Hb >17.0 g/dl (men), >15.0 g/dl (women) if associated with a sustained increase of =2 g/dl from baseline
that cannot be attributed to correction of iron deficiency
OR
Elevated red cell mass >25% above mean normal predicted value
2 Presence of JAK2VS17F or similar mutation
Minor criteria 1 Bone marrow trilineage myeloproliferation
2 Subnormal serum erythropoietin level
3 Endogenous erythroid colony growth

TDiagnosis requires a patient to meet either both major criteria and 1 minor criterion or the first major criterion and 2 minor criteria.
Hb: Hemoglobin; Hct: Hematocrit; WHO: World Health Organization.

Adapted with permission from [34].
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Response criteria in Phase 11 trials

Table 2

Page 21

Study (year) Drug Partial response criteria Complete response criteria Ref.
Verstovsek efal.  ruxolitinib . Hematocrit <45% . Hematocrit <45% from [29]
(2014) from week 4 until week 4 until response
response (minimum (minimum of week 12)
of week 12)
. WBC count <10 x 109/
. Platelet count <400 x 10%1
. Normal spleen per palpation
. Pruritus-free for 21 week
Kiladjian et al. PEG-IFN-a2a . Hematocrit <45% . Hematocrit <45%/<42% in [94]
(2008) in men and <42% men/women without
in women with phlebotomy
splenomegaly
. Absence of splenomegaly
OR
. WBC count <10 x 1091
. Platelet count <400
%1091 . Platelet count <400 x 10%/1
OR
. >50% reduced
phlebotomy
requirement
Quintés- PEG-IFN-a2a . >50% reduction in . Hematocrit <45% in men [93,95]
Cardama et al. PEG-IFN-a2a phlebotomy and <42% in women
(2009) requirement or i
Quintés- spleen size . Absence of thromboembolic
Cardama et al. events
(2013) . WBC count <10 x 109/
. Platelet count <400 x 1091
. Normalized spleen size
. All of the above achieved
without phlebotomy,
hydroxyurea, or anagrelide
Gisslinger et al. PEG-IFN-a2b . Hematocrit <45% . Hematocrit <45% without [100]
(2013) without phlebotomy
phlebotomy
. Platelet count <400 x 10%1
OR
. WBC count <10 x 109/
. Phlebotomy
requirement . Normal spleen size
reduced by >50%
y 0 . Absence of thrombotic
events
Gowin et al. PEG-IFN-a2a . Hematocrit <45% Hematocrit <45% without phlebotomy [96,108-110]
(2012) 7 vorinostat without Platelet count <400 x 10
Andersen et al. g!V!nOSEaE phlebotomy WBC count <10 x 1091
7 givinosta Normal spleen size on imaging
(szr#aldi etal OR No disease-related symptoms
. Response in 23 of
(2010) 7
Finazzi etal the other complete
# response categories
(2013)

fEuropean LeukemiaNet 2009 criteria [41].

Expert Rev Hematol. Author manuscript; available in PMC 2016 July 06.



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Verstovsek and Komrokji

PEG-IFN: Pegylated interferon; WBC: White blood cell.
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