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Abstract

Introduction—An increased understanding of cellular signaling pathways, like the JAK--STAT

pathway, and the identification of the JAK2 V617F mutation in the classic Philadelphia

chromosome-negative myeloproliferative neoplasms (MPNs), has generated great interest in the

development of targeted JAK2 inhibitors. In a recently completed Phase I--II study, ruxolitinib, a

selective orally available JAK1 and JAK2 inhibitor, has shown efficacy in patients with advanced

myelofibrosis. Constitutive activation of the JAK--STAT pathway has also been implicated in

other hematological malignancies suggesting a potential role of JAK kinase inhibitors in these

malignancies.

Areas covered—This article reviews the chemistry, pharmacodynamics, pharmacokinetics,

clinical efficacy, safety and tolerability of ruxolitinib. The literature for this article was retrieved

from PubMed database searches using the keywords ‘ruxolitinib’, ‘INCB 018424’, ‘JAK2

inhibitors’ and ‘leukemia’.

Expert opinion—The JAK--STAT signaling pathway plays a vital role in leukemogenesis.

Ruxolitinib, a potent JAK1 and JAK2 inhibitor, known to decrease spleen size and alleviate

constitutional symptoms in myelofibrosis, represents a potentially promising agent for the

treatment of leukemias by inhibiting the JAK--STAT signaling. Further studies of ruxolitinib, in

patients with acute and chronic leukemias, are now needed to establish the clinical usefulness of

this promising drug.
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1. Introduction

Leukemias are a group of clonal stem cell disorders that can be broadly classified into

myeloid and lymphoid lineages and further into acute and chronic subtypes. In adults, acute

myeloid leukemia (AML) is the most common acute leukemia, accounting for

approximately 80% of the cases [1]. The median age at diagnosis is 65 years. Most cases of

AML are idiopathic, but a significant number of cases are secondary to prior chemotherapy
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or radiotherapy, or arise from prior disorders such as myelodysplastic syndromes (MDS) or

myeloproliferative neoplasms (MPNs) [2]. Acute lymphoblastic leukemia (ALL), on the

other hand, is more common in children [3–5]. The median age of adults with ALL at

diagnosis is 39 years [6]. Chemotherapy remains the standard of care for the treatment of

acute leukemias. Although chronic leukemias such as chronic myeloid leukemia (CML)

have a more protracted course, they can transform into more aggressive, immediately life-

threatening disorders requiring effective treatment [7]. Over the past several decades,

improvements in chemotherapeutic agents and supportive care have resulted in significant

progress in treating patients with acute and chronic leukemias. In addition, better description

of the molecular abnormalities that occur in leukemic cells has resulted in the identification

of several new agents with potential therapeutic activity in patients with hematological

neoplasms including acute and chronic leukemias, MPNs and MDS [8]. Good examples are

all-trans-retinoic acid for the treatment of acute promyelocytic leukemia and imatinib

mesylate for CML. These agents, through targeting specific molecular aberrations important

in the pathogenesis of the leukemia, have demonstrated great efficacy and a better toxicity

profile than prior treatments. Despite this progress, the majority of adult patients with acute

leukemia still die from the disease and its complications. For patients with AML who fail to

achieve a complete remission (CR) with the first attempts at induction or who have relapsed

disease, current therapy is inadequate with a true long-term cure rate of < 10% [9]. The same

is true for patients with ALL [10]. Newer therapeutic strategies are therefore needed.

1.1 Present treatment guidelines

The primary goal of treatment in patients with leukemia is the eradication of disease from

the bone marrow and restoration of normal hematopoiesis. Chemotherapy is the main

modality of treatment. These differ depending on the type of leukemia. In AML, cytarabine-

and anthracycline-based regimens are the mainstay of the treatment [11]. Depending on the

age and patient selection, approximately 60 – 80% of the patients achieve a CR with such

regimens [12–14]. In ALL, multiple induction regimens have been developed based on

pediatric regimens. Most standard regimens consist of vincristine, L-asparaginase, an

anthracycline and a glucocorticoid [15–21]. With standard protocols, 85% of the adults with

ALL achieve CR with a median duration of remission of 15 months and ultimate cure rate of

30 – 40% [22,23]. However, acute leukemias remain challenging with a high incidence of

relapse despite post-remission treatment. It is likely that we have reached the full potential

of conventional cytotoxic chemotherapeutic agents used in the treatment of leukemias and

that further progress is likely to be achieved only using risk-adapted approaches

incorporating more disease-specific agents designed based on the molecular biology of the

disease.

1.2 Compounds in development

This article is a review of the new JAK2 inhibitor, ruxolitinib, and its potential role in the

treatment of leukemia (Box 1). Ruxolitinib is an inhibitor of the Janus kinase family of

protein tyrosine kinases (JAKs) that is currently being evaluated for the treatment of MPNs.

The discovery of a recurrent activating tyrosine kinase mutation known as JAK2 V617F in

MPNs has raised the specter of the role of tyrosine kinases in the pathogenesis of MPNs and

the potential for therapeutic efficacy of their inhibitors [24–26]. Humans express > 500
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protein kinases broadly classified into tyrosine, serine or threonine protein kinases [27].

These are further classified into receptor and cytoplasmic protein kinases [27,28]. The Janus

family of kinases is among the cytoplasmic protein tyrosine kinases and consists of JAK1,

JAK2, JAK3 and Tyk2 [29]. These play a major role in the transmission of signals from

cytokine and growth factor receptors into the nucleus [30,31]. JAK proteins activate several

intracellular signaling proteins, among which STATs are the best defined [32]. The STAT

transcription factors are coded by six known mammalian genes [32,33]. Their activation

through tyrosine phosphorylation results in their dimerization and translocation into the

nucleus where they activate specific genes [34–36]. STATs mediate diverse cellular events

that affect cell growth, differentiation and apoptosis [37,38]. For example, STAT1 mediates

the growth-inhibitory effects of gamma interferon, through induction of the CDKI p21waf1,

whereas STAT5 mediates proliferative effects of IL-3 and GM-CSF [39,40]. Similarly,

phosphorylation of STAT3 can result in both IL-6- and IL-10-induced growth arrest and

GM-CSF- and IL-3-induced proliferation [40–42].

Abnormal activation of JAK2 seems to play a vital role in various hematological

malignancies. The V617F mutation occurs in the pseudokinase domain of JAK2 (amino acid

617, valine to phenylalanine) resulting in the impaired ability of mutated pseudokinase

domain to negatively regulate the kinase domain (the active part of JAK2) [43,44]. The

result is the unchecked JAK2 activation causing uncontrolled cytokine and growth factor

signaling believed to play a major role in the pathophysiology of MPNs [24,26,45–46]. The

JAK2 V617F mutation is seen in approximately 95% of the patients with polycythemia vera

(PV) and in 50 – 60% patients with essential thrombocythemia (ET) and primary

myelofibrosis (PMF) [24,26,45–47]. In addition to JAK2 V617F mutation, other mutations

have also been discovered that abnormally activate JAK2. Recurring abnormalities in the

short arm of chromosomes 9 and 12 are commonly seen (7 and 15%) in childhood ALLs

[48,49]. Several studies have shown the presence of translocation t(9;12)(p24;p13) in

childhood ALL that results in the fusion of the 3′ portion of JAK2 to the 5′ portion of TEL

(gene encoding a member of the ETS transcription factor family). TEL-JAK2 constructs

result in constitutive activation of the tyrosine kinase activity of JAK2 causing an IL3-

independent cellular proliferation of the Ba/F3 hematopoietic cell line by STAT5 [50,51].

Recently, Ikezoe and colleagues have shown the constitutive expression of p-JAK2 in AML

cells. They report the elevated levels of p-JAK2 to be directly correlated with high white

blood cell count, low platelet count, lower CR rates and a poor overall survival in AML

(both de novo and secondary). They have also provided evidence that the inhibition of JAK2

in such patients results in the downregulation of p-JAK2 levels. This causes a decline in the

levels of p-STAT5 and p-STAT5-dependent activation of Bcl-xL, an anti-apoptotic protein

resulting in an inhibition of clonogenic growth of AML cells [52]. In a separate study, the

same group has shown that the inhibition of JAK2/STAT5 signaling stimulates cell cycling

in CD34+/CD38− cells in association with the downregulation of p21waf1, sensitizing these

cells to cytarabine-mediated growth inhibition [53]. Pradhan et al. described the

overexpression of IL-27R (a type 1 cytokine receptor) on the surface of AML cells. In

response to IL-27, the AML cells show high levels of various signaling proteins, including

JAK1 and JAK2. Inhibition of JAK proteins induces cell cycle arrest and apoptosis in these

cells [54].
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Several studies have also demonstrated constitutive activation of JAK--STAT pathway in

CML cells [55]. While resistance to the BCR--ABL tyrosine kinase inhibitors such as

imatinib can arise from mutations in the drug-binding site, previous studies have

demonstrated that cytokine signaling from the microenvironment can allow tumor cells to

overcome drug inhibition [56–58]. Wang et al. has demonstrated that GM-CSF (which also

signals using the JAK--STAT pathway) could induce resistance to the cytotoxic and

cytostatic effects of nilotinib without impacting the ability of the compound to inhibit its

target kinase [55]. Therefore, aberrant activation of the JAK--STAT pathway has been

described in a variety of leukemias and its inhibition can be a goal for leukemia therapy.

A number of JAK2 inhibitors have been discovered and are currently being evaluated for

their activity in hematological malignancies, in particular MPNs. It is important to recognize

that the V617F mutation is localized outside the ATP-binding pocket of the JAK2 enzyme

[25,59]. Hence ATP-competitive inhibitors of the enzyme are not likely to differentiate

between the mutated and the wild-type JAK2 enzymes. Unlike the endogenous ABL kinase

that has no indispensable function in hematopoiesis and its inhibition by BCR--ABL

inhibitors in CML causes no mechanism-related adverse effects, inhibition of the wild-type

JAK2 enzyme by JAK2 inhibitors results in the inhibition of normal hematopoiesis

especially thrombopoietin signaling that requires JAK2 [25]. Myelosuppression,

predominantly thrombocytopenia and anemia, is therefore an expected adverse effect of

JAK2 inhibitors if administered at doses that aim to inhibit the mutant enzyme.

Reports of three JAK2 inhibitors have been published so far in peer-reviewed publications.

As described in detail in this review, ruxolitinib, a selective JAK1 and JAK2 inhibitors, has

been the first to be evaluated in PMF and post ET/PV myelofibrosis. This compound has

demonstrated a ≥ 50% reduction in the size of palpable spleen as well as improvement of

constitutional symptoms namely fatigue, weakness and weight loss, in patients with

myelofibrosis [60]. CEP-701, a derivative of the indolocarbazole K252, is a staurosporine

analog that inhibits JAK2. CEP-701 has been evaluated in patients with myelofibrosis with

the JAK2 V617F mutation, at an established dose of 80 mg twice/day [61]. CEP-701

reduced the spleen size in a limited number of patients; its efficacy might have been

compromised due to its poor tolerance, as majority of patients experience gastrointestinal

toxicity (nausea, vomiting and/or diarrhea) [62]. TG101348 is a selective and potent

inhibitor of JAK2 [63,64]. It has been evaluated in Phase I/II study in patients with

myelofibrosis and has shown to cause reduction in the spleen size, marked reduction in

platelet and leukocyte count and improvements in patients’ symptoms, but with significant

myelosuppression and gastrointestinal toxicity [65].

2. Introduction to the compound

Ruxolitinib (INCB 018424) is a potent, selective and orally bioavailable inhibitor of JAK1

and JAK2 with an IC50 of 3.3 and 2.8 nM, respectively. Since abnormalities of the JAK--

STAT pathways have been described in a variety of leukemias, the role of ruxolitinib in the

treatment of several leukemias is currently ongoing (see Box 1).

Naqvi et al. Page 4

Expert Opin Investig Drugs. Author manuscript; available in PMC 2014 August 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.1 Chemistry

Ruxolitinib or INCB 018424 phosphate is (R)-3-(4-(7H-pyrrolo[2, 3–d]pyrimidin-4-yl)-1H-

pyrazol-1-yl)-3-cyclopentylpropanenitrile phosphate. The molecular formula of this

compound is C17H21N6O4P and it has a molecular weight of 404.36 g/mol. The drug

substance is a white to off-white powder. The drug has shown to be stable for up to 6

months at 40° C/75% RH and up to 12 months when stored at 25°C/60% RH. Stability

studies for 5 and 25 mg capsule formulations were conducted at 25°C/60% RH and

40°C/75% RH. The capsule formulations have shown to be stable when stored up to 6

months at 40°C/75% RH and 9 months when stored at 25°C/60% RH.

2.2 Pharmacodynamics

The first-in-human study conducted evaluated single oral doses of ruxolitinib of 5, 10, 25,

50, 100 and 200 mg in healthy volunteers (INCB 018424-131) [66]. Following fasting, oral

single-dose administration, ruxolitinib demonstrated dose- and time-dependent inhibition of

cytokine-induced phosphorylated STAT3 (pSTAT3) with maximal inhibition occurring 1 –

2 h after the administration of all doses, coincident with the Cmax. Maximal mean inhibition

of pSTAT3 ranged from approximately 40% at the lowest dose (5 mg) to greater than 90%

inhibition at the highest dose (200 mg). Levels of pSTAT3 returned to control levels by 24 h

in all instances. Similar effects on STAT3 phosphorylation were detected in patients with

myelofibrosis who were treated with ruxolitinib in Phase I/II study (INCB018424-251) [60].

Prior to treatment with the drug, patients with myelofibrosis had elevated levels of pSTAT3

as well as elevated response to IL-6 stimulation. Following the administration of the drug for

28 days, there was normalization of JAK signaling as measured in whole blood by pSTAT3

levels. No pharmacological evidence of drug accumulation or drug resistance was observed.

2.3 Pharmacokinetics

Following fasting, oral single-dose administration of ruxolitinib capsules, ruxolitinib was

absorbed rapidly, typically attaining peak plasma concentrations within 2 h after the

administration of all doses [66]. After attaining the Cmax, ruxolitinib plasma concentrations

declined in a multiphasic fashion with a mean terminal-phase disposition t1/2 of

approximately 3 h for the five lowest doses. The mean terminal phase disposition t1/2 was

slightly higher at 5 h for the highest dose of 200 mg. The oral dose clearance (CL/F) of

ruxolitinib was low (~ 20 L/h) and dose independent (p = .895). Similarly, the evaluation

of 14C-labeled ruxolitinib was conducted by Shilling et al. in six healthy human subjects by

administering a single oral 25 mg dose [67]. The study showed rapid absorption of the

parent drug and radioactivity attained peak concentrations within 1 – 2 h after

administration. The parent drug plasma concentration and the radioactivity declined in a

monophasic or biphasic fashion with a mean observed terminal half-life of 2.3 and 5.8 h,

respectively. The mean Cmax and AUC0 – ∞ for the parent drug were 1093 nM and 3200

nM h, respectively. The recovery of the administered radioactivity was fairly rapid (> 70%

within 24 h post-dose) with 74 and 22% recovered in the urine and feces, respectively. The

parent drug was the predominant entity in the circulation, representing 58 – 74% of the total

radioactivity up to an hour after administration. In vitro studies have also shown ruxolitinib-
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induced inhibition of IL-6 (IC50 = 281 nM) and proliferation of JAK2 V617F + Ba/F3 cells

(IC50 = 127 nM) [68].

2.4 Clinical efficacy

2.4.1 Role in myelofibrosis—Verstovsek and colleagues conducted a Phase I/II study

evaluating the role of ruxolitinib in myelofibrosis [60]. The Phase I dose escalation part of

the study used a starting dose of 25 mg twice/day followed by escalation to 50 mg twice/

day. Once daily dosing from 25 to 200 mg was also evaluated. Thrombocytopenia was

identified as the main dose-limiting toxicity. The maximum tolerated doses were identified

as 25 mg twice/day and 100 mg once/day. A dose-dependent suppression of phosphorylated

signal transducer and activator of transcription 3 (STAT3) was noted, irrespective of the

JAK2 mutation status. Additional doses of ruxolitinib were also studied. A 15 mg twice-

daily starting dose followed by individualized dose titration was established as the most

effective and safest dosing regimen. Besides the reduction in splenomegaly and alleviation

of debilitating symptoms like fatigue, weight loss, night sweats and pruritus were the major

clinical benefits (Table 1).

2.4.2 Role in other hematological malignancies—Ravandi et al. conducted a Phase

II study using oral ruxolitinib in patients with relapsed/refractory AML, ALL, MDS

(including chronic myelomonocytic leukemia (CMML)) and blast phase or tyrosine kinase

refractory CML [69]. Ruxolitinib was administered at a dose of 25 mg by mouth twice/day,

the maximum tolerated dose obtained from the Phase I dose escalation study in patients with

myelofibrosis. Patients were evaluated after one full cycle of therapy (28 days) for response.

In responding patients or those with stable disease, therapy was to be continued at the same

dose until disease progression. Treatment was to be held in patients with grade 3 or 4

toxicity until they recover to grade 1 or lower and then be restarted at a lower dose of 10 or

15 mg by mouth twice/day. In the event that there was no recovery in 2 weeks, the treatment

was to be completely stopped. Patients were then reevaluated after two cycles of therapy

and, at the discretion of the treating physician, those who had progressive disease were

either removed from the study or their dose escalated to 50 mg twice/day.

A total of 23 patients enrolled in the study with a median age of 68 years. Eight patients had

de novo AML, 8 patients had AML secondary to underlying MPN, 2 patients had ALL, 4

had MDS (including 2 patients with CMML) and 1 had CML. JAK2 V617F was detected in

eight patients, six of whom had secondary AML (post MF). A total of eight patients (35%)

showed clinical benefit (complete remission (CR), partial remission (PR) and stable disease

(SD)) to therapy with ruxolitinib, four with secondary AML, three with MDS and one with

Philadelphia + ALL. Out of the eight patients showing clinical benefit, one patient achieved

CR, one achieved PR, while the remaining six patients had SD over a median of four cycles

(range 2 – 8) of therapy. Five of these eight patients had JAK2 V617Fmutation. Data on

allele burden post-therapy were available only in three patients, with no significant decline

in the percentage of cells with mutated JAK2 V617F after treatment. The majority of

patients evaluated, and particularly those with JAK2 V617F mutation, demonstrated elevated

baseline pSTAT3 levels measured in whole blood. The levels of pSTAT3 declined

substantially 2 h post dosing with ruxolitinib indicating its on-target effect on the JAK--
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STAT pathway. The drug was overall well tolerated with only four patients developing

grade 3 – 4 toxicity while on therapy. This study suggests the potential activity of ruxolitinib

in patients with leukemia.

More recently, Eghtedar et al. reported an update of the study now including a total of 38

patients: 18 with secondary AML with underlying MPN, 10 with de novo AML, 5 with

MDS (including 4 patients with CMML), 3 with ALL and 2 with CML [70]. JAK2 V617F

was noted in 12 patients: 7 with secondary AML, 3 with de novo AML and 2 with MDS.

Clinical benefit was noted in 15 patients (39%): 2 with CR, 1 with PR and 12 with SD. The

three patients with CR and PR (11%) had post-MPN AML and two patients had JAK2

V617F. A decrease in the spleen size was noted in all the three patients on therapy. Patients

with SD included seven with secondary AML, four with MDS and one with de novo AML.

There was no suppression of the JAK2 V617F noted in the study. The toxicity profile

remained unchanged. Both the original and the updated study showed benefit predominantly

in patients with leukemia arising from MPNs.

2.5 Safety and tolerability

Non-hematological toxicity was seen infrequently (5% of the patients). The drug was overall

well tolerated with only four patients developing grade 3 – 4 toxicity while on therapy, one

with thrombocytopenia, one with neutropenia, one with elevated AST/ALT and one with

CNS hemorrhage. On study extension, the toxicity profile remained unchanged with

thrombocytopenia remaining the most common toxicity (8% of the total study group).

2.6 Conclusion

Preliminary evidence suggests a potential therapeutic role of ruxolitinib in the treatment of

hematological malignancies other than MPNs. Achievement of responses in a minority of

patients suggests that the drug may have activity in these disorders. Factors other than JAK2

V617F mutation such as high circulating cytokines or silencing of negative regulators of

JAK signaling are known to result in dysregulated JAK signaling. Activation of JAK--STAT

pathway and response to ruxolitinib were reported in myelofibrosis patients who were

positive or negative for JAK2 V617F mutation and hence lack of correlation between the

response and the expression of mutated JAK2 is not surprising.

3. Expert opinion

Despite the progress in leukemia therapy, most adult patients with leukemia still die from

disease progression or from therapy-associated complications. This emphasizes the need for

better, more targeted and less toxic treatments. The discovery of the JAK family of enzymes

and the JAK2 V617F mutation seen in MPNs has generated interest in the development of

JAK2-targeted therapies. Constitutive activation of the JAK--STAT pathway has been

reported in various leukemias as well, suggesting that targeted therapies directed at this

pathway may show clinical benefit. Several JAK2 inhibitors are in development. Ruxolitinib

is the first oral JAK1 and JAK2 inhibitor evaluated in primary myelofibrosis and post

ET/PV myelofibrosis. In our view, ruxolitinib represents a potential agent for relapsed/

refractory leukemias particularly those with a prior history of MPN. A starting dose of 15
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mg twice/day with individualized dose escalation was found to be the most effective and the

safest dose of ruxolitinib. The drug produced rapid and sustained reduction of splenomegaly

with alleviation of constitutional symptoms, like fatigue, weight loss and improvement of

performance status [60]. Thrombocytopenia, an expected adverse effect of the drug, was the

main dose-limiting toxicity. Non-hematological toxicity was infrequent, seen in 5% patients

and of low grade [69]. No direct effect on malignant clone was described in patients treated

with ruxolitinib so far, probably due to its lack of specificity for JAK2 V617F mutation and

limitations in how much the drug can be given due to undesirable myelosuppression. Further

studies of ruxolitinib in patients with acute and chronic leukemias are needed to establish

clinical usefulness of this drug.
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Box 1. Drug summary

Drug name (generic) Ruxolitinib (INCB018424)

Phase Currently in Phase III

Indication Treatment of relapsed/refractory leukemia

Pharmacology description/
mechanism of action

Selective inhibitor of JAK1 and JAK2

Route of administration Oral

Chemical structure C17H21N6O4P*

Pivotal trial(s) Patients with either primary or post-ET and post-PV myelofibrosis
(NCT:00952289)

Patients with polycythemia that are hydroxyurea resistant, refractory, or
intolerant (NCT:01243944)

ET: Essential thrombocythemia; PV: Polycythemia vera.
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Table 1

Clinical trials with Ruxolitinib in hematological malignancies [71].

Phase Disease Status

I Myelofibrosis with low platelets (50,000 – 100,000) Accruing patients

II Myelofibrosis: sustained release formulation Accruing patients

I/II Myelofibrosis Complete [60]

II Polycythemia vera and essential thrombocythemia Accrual complete; data to be published

III (COMFORT-I) Myelofibrosis Accrual complete; data to be published

III (COMFORT-II) Myelofibrosis Accrual complete; data to be published

II Advance hematological malignancies; AML, ALL, MDS, CML blast crisis Accruing patients

I Acute leukemia Accruing patients

III Polycythemia vera Accruing patients

I CML, leukemia, MDS, MDS/MPN, childhood solid tumor Accruing patients

ALL: Acute lymphoblastic leukemia; AML: Acute myeloid leukemia; CML: Chronic myeloid leukemia; MDS: Myelodysplastic syndromes; MPN:
Myeloproliferative neoplasms.
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